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ABSTRACT

DNA Amplification i  Mammalian Cells

DNA amplification has been observed in mammalian cells derived from 

tumours and also in tissue culture cells. The initial amplification event is thought to be 

random and in some cases the amplified DNA contains a gene whose consequent 

over-expression can confer a growth advantage or reduced sensitivity to a cytotoxic 

compound. In tissue culture systems, specific drugs can be used to isolate cells 

which have previously amplified a specific gene. The mechanisms responsible for 

these DNA abnormalities have been difficult to study as the initial events are rare and 

the amplification products could previously only be visualised many cell generations 

after their formation. During this time secondary mechanisms may alter the structure 

and appearance of the amplified arrays making an evolutionary interpretation of the 

amplification difficult. Until recently, only indirect methods were available to study the 

structure of amplified arrays but advances in fluorescent in situ hybridisation of 

metaphase chromosomes have allowed direct visualisation of very early gene 

amplification events.

Part of this thesis describes an attempt to construct a model cell line in which 

a single predetermined locus could be amplified simultaneously throughout a cell 

population in a controlled manner. Cosmids covering the monkey CAD locus were 

available and one was used to construct a homologous replacement fragment 

containing an SV40 replication origin and a dominant selectable marker. The 

fragment was transfected into ts-COS cells and if a cell line could have been isolated 

in which the fragment had integrated by homologous recombination, it may have 

been possible to over-replicate the locus by a shift to the permissive temperature to 

mimic the 'onionskin' model of gene amplification.

Other chapters of this thesis are concerned with the evolution and stability of 

amplified DNA and also the analysis of ampfified DNA by in situ hybridisation on 

human metaphase chromosomes. Amplified DNA is lost very rapidly from PALA- 

resistant mutants selected in a single selection step but in mutants selected in several 

steps of increasing drug concentration the amplified genes are lost more slowly, if at 

all. PALA resistance in human cells has not been extensively investigated and, 

following recent advances in the understanding of early events in gene amplification 

provided by in situ hybridisation analysis of PALA-resistant BHK cells, a human 

system would provide a more accessible genome for further experiments.

page ii



To Christine, 

my long suffering supporter

Je me presse de rire de tout, de peur d'etre oblige d'en pleurer.

Pierre-Augustin de Beaumarchaise (1732-1799)

page iii



I am grateful to everyone who has been supportive to me in my time at ICRF, 

in particular Katy Smith, Andrew Ackrill, Catherine Mao and last but by no means least, 

Jim Wright. I am particularly in debt to Katy Smith without whose help the in situ 

hybridisation projects could not have progressed and also to Mary Stark for assistance 

along the way. I finally wish to extend my thanks to George Stark for the opportunity 

to find out what science is really like. As James Cabell once wrote: 'I am willing to taste 

any drink once'... it was an interesting experience.

As a post-script, I owe several large favours to Tim Copsey who risked life and lungs 

motorcycling around London collecting and delivering copies of this thesis in 

itsrevised form, whilst I was otherwise engaged in France.

page iv



C ontents

Abstract ii

Acknowledgement iv

Contents v

List of Figures xi

List of Tables xii

Abbreviations xiv

Suppliers xv

Commonly Used Solutions xv

Media Compositions xvi

Chapter I - Introduction

1.1 General 18

1.1.1 Introduction 18

1.2 Developm ental Gene Am plification 19

1.2.1 Introduction 19

1.2.2 Amplification in Xenopus 19

1.2.3 Amplification in Drosophila 20

1.2.4 Conclusion 21

1.3 Cytology of Amplified DNA 21

1.3.1 Visualisation of Amplified DNA 21

1.3.2 Extended Chromosomal Regions 21

1.3.3 Double Minutes 22

1.3.4 Episomal Forms 23

1.3.5 Inter-relationship between Amplified DNA Forms 24

1.4 Mammalian DNA Amplification 25

1.4.1 Amplification in Normal Cells 25

1.4.2 Amplification in Tumours 26

1.5 Am plification In Cultured Cells 29

1.5.1 Introduction 29

page v



1.5.2 CAD and PALA 32

1.5.3 Amplification of CAD in BHK Cells 35

1.5.4 Positional Effects 36

1.6 Models of DNA Amplification 37

1.6.1 Introduction 37

1.6.2 Model Requirements 37

1.6.3 Disproportionate Replication or 'Onionskin' Model 38

1.6.4 The Sister Chromatid Exchange Model 41

1.6.5 The Deletion-Episome Model 42

1.6.6 The Double Rolling Circle Model 43

1.6.7 The Spiral Model 43

1.6.8 Overview 44

1.7 Simian Virus 40 (SV40) 45

1.7.1 Introduction 45

1.7.2 SV40 Host Range and Life Cycle 45

1.7.3 SV40 Transcription 46

1.7.4 SV40 Replication I - Initiation 46

1.7.5 SV40 Replication II - Elongation 48

1.7.6 SV40 Replication III - Termination 48

1.7.7 Transformation by SV40 48

1.8 Large T-Antigen 49

1.8.1 Introduction 49

1.8.2 Structure and Function of T-ag 50

1.9 The Fate of Chromosomaliy Integrated Sequences 51

1.9.1 Introduction 51

1.9.2 Excision of SV40 Sequences 51

1.9.3 Excision of Polyoma Sequences 52

1.9.4 Summary 53

1.9.5 Amplification of Integrated Viral Sequences 53

page vi



1.10 The Aims of Projects Described in this Thesis 54

1.10.1 The Model System for DNA Amplification 54

1.10.2 Evolution of Amplified DNA 55

1.10.3 In Situ Analysis of PALA-Resistant Cell Lines 56

Chapter II - Materials and Methods

2.1 Nucleic Acid Preparation 58

2.1.1 Genomic DNA 58

2.1.2 Large Scale Plasmid Preparation 58

2.1.3 Large Scale Preparation of Bacteriophage Lambda 59

2.1.4 Small Scale Plasmid Preparation 60

2.1.5 Small Scale Lambda Preparation 60

2.1.6 Extraction of Episomal DNA 61

2.2 DNA Manipulations 61

2.2.1 Restriction Endonuclease Digestion of DNA 61

2.2.2 Recovery of DNA from Agarose Gels 61

2.2.3 Ligation of DNA Fragments 62

2.2.4 Oligo-Labelling 62

2.2.5 Nick Translation 63

2.2.6 DNA Sequencing 63

2.2.7 Polymerase Chain Reaction 63

2.3 Gel Electrophoresis and Transfer to Solid Supports 63

2.3.1 Agarose Gel Electrophoresis 63

2.3.2 Polyacrylamide Gel Electrophoresis 64

2.3.3 Alkaline Southern Blotting 65

2.3.4 Genomic Slot Blots 65

2.3.5 Nucleic Acid Hybridisation to Solid Support-Bound DNA 65

2.3.6 Densitometry 65

2.4 Bacteriology 66

2.4.1 Competent Bacteria 66

page vii



2.4.2 Bacterial Transformation 66

2.4.3 Preparation of Plating Bacteria 67

2.4.4 Bacterial Infection with Lambda 67

2.4.5 In Vitro Packaging of Phage Particles and Cosmids 67

2.4.6 Antibiotic Concentrations 68

2.5 Tissue Culture Techniques 68

2.5.1 Medium 68

2.5.2 Serum 68

2.5.3 Transfection I - Electroporation 68

2.5.4 Transfection II - Calcium Phosphate Precipitation 69

2.5.5 Selective Concentrations of Drugs 69

2.5.6 Frequency and Rate of PALA Resistance 70

2.5.7 Isolation and Storage of Cell Lines 70

2.5.8 Retrieval of Cells 71

2.5.9 Colony Staining 71

2.6 In Situ Hybridisation 71

2.6.1 Chromosome and Slide Preparation 71

2.6.2 RNase A and Proteinase K Treatment 72

2.6.3 Denaturation of Chromosomes 73

2.6.4 Hybridisation 73

2.6.5 Detection of Hybridisation 73

Chapter III - A Model System for DNA Am plification  

in Primate Tissue Culture Cells

3.1 Overview 76

3.1.1 Introduction 76

3.1.2 The Model System 76

3.2 Prelim inary Experiments 77

3.2.1 The Monkey CAD Locus 77

3.2.2 Initial Attempts at Homologous Recombination 83

3.2.3 Conclusion 84

page viii



3.3 Improved Design and Strategy 8 4

3.3.1 Construction of Homologous Replacement

Vector A,16neo 84

3.3.2 Transfection of ts-COS Cells with the Homologous 

Replacement Fragment 85

3.4 Analysis of G 4l8-Resistant Pools 88

3.4.1 Screening by PALA Resistance 88

3.4.2 CAD Copy Number Analysis of RNp4 91

3.5 Analysis of G418-Resistant Cell Lines 92

3.5.1 Whole Cell Slot Blot Screening of Lines

Cloned from RNp4 92

3.5.2 Nomenclature of Cell Lines 95

3.6 Further Analysis of Potential Homologous 

Recom binants 98

3.6.1 Southern Analysis 98

3.6.2 Further Analysis of the Integration Site of the Homo­

logous Replacement Fragment in the 1D6 Cell Line 107

3.6.3 Analysis of Hirt DNA Extracted from the Cell Line 1D6 110

3.6.4 Stability of Amplified Material in 1D6 Cells 114

3.6.5 PALA Sensitivity of 1D6 Cells 118

3.6.6 PALA Selection of 1D6 Cells 122

3.6.7 Analysis of SV40 Origin Sequences in Cell Line 1D6 123

3.6.8 Sensitivity of 1D6 Cells to Leakage of T-ag Activity 126

3.6.9 Diagnostic Southern Blots of Potential Homologous

Recombinants 127

3.6.10 Summary and Conclusion 130

3.7 Further Transfections and Screenings 131

3.7.1 New Transfections and Clones 131

3.7.2 Design of CAD-Specific and SV40/neo-Specific Primers 132

page ix



3.7.3 Construction of a PCR Positive Control 135

3.7.4 Limits of PCR 138

3.7.5 Use of PCR as a Screening Procedure 141

3.7.6 Isolation of New Homologous Replacement Fragment 

Transfectarrts 141

3.7.7 PALA Selection of Pools p1 to p25 145

3.7.8 Whole Cell Slot Blot Analysis of Pools p1 to p25 148

3.7.9 Southern Blot Analysis of Pools p1 to p25 151

3.7.10 Conclusion 151

3.8 Discussion 155

3.8.1 Overview 155

3.8.2 Design of the Homologous Replacement Fragment 155

3.8.3 Temperature-Sensitive COS Cells 157

3.8.4 PALA Selection of G418-Resistant Pools 157

3.8.5 Isolation of G418-Resistant Cell Lines 159

3.8.6 Analysis of Cell Linel D6 160

3.8.7 Analysis of New G418-Resistant Clones 163

3.8.8 Further Experiments 165

3.8.9 Epilogue 166

Chapter IV - Evolution of Amplified DNA

4.1 Introduction 169

4.1.1 Background 169

4.2 Degree of Amplification in a Second

Step of Selection 170
w

4.2.1 Background 170

4.2.2 Second-Step Selections at High PALA Concentrations 170

4.3 Stability of Amplified DNA 173

4.3.1 Background 173

4.3.2 Loss of Amplified CAD Genes 174

pagex



4.4 Resolution of In Situ Hybridisation 177

4.4.1 Introduction 177

4.4.2 In Situ Hybridisation of Co-Amplified DNA 177

4.5 Discussion 180

*.5.1 Amplification in Second-Step Mutants 180

4.5.2 Loss of Amplified DNA 183

4.5.3 Resolution of In Situ Hybridisation 184

Chapter V - DNA Amplification in Human Tissue 

Culture Cells

5.1 Introduction 187

5.1.1 Background 187

5.2 PALA-Resistant Cultured Human Cells 187

5.2.1 Selection of Cell Lines 187

5.2.2 The Rate of PALA Resistance in HT 1080 Cells 190

5.2.3 Southern Analysis of PALA-Resistant HT 1080 Mutants 191

5.2.4 In Situ Analysis of PALA-Resistant HT 1080 Clones 194

5.3 Discussion 199

R eferen ces  204

Appendix  215

Figures

1 .1  Amplified Cellular Genes In Tumours and

Tumour-Derived Cell Lines 28

1 .2  Gene Amplification in Drug-Resistant Cells 31

1 .3 a  Biosynthetic Pathway of UMP Synthesis 34

1 .3 b  AF(phosphonacety I)-L-aspartate (PALA) 3 4

1 .4  The Four Main Models of Gene Amplification 40

3 .1  Restriction Map of the Cosmids L41, R61 and C10 79

page xi



3 .2  CAD Coding Sequences within Cosmids R61, C10 and L41

3 .3  Construction of the Homologous Replacement Fragment

3 .4  Whole Cell Slot Blots of RNp4 Cells

3 .5  Representitive Whole Cell Slot Blots of Cell Lines 

Cloned from RNp4

3 .6  Predicted Pst I Patterns for the CAD Locus before and After 

Homologous Recombination

3 .7  Southern Blot of Transfectants Containing a Non- 

Homologous Integration of the Homologous Replacement 

Fragment

3 .8  Southern Blot of Potential Positive Homologous 

Recombinants isolated from the Pooled G418-Resistant 

Transfectants in RNp4

3 .9  Hybridisation of Various Probes to a Genomic Southern 

Blot of Potential Homologous Recombinants

3 . 1 0  Southern Blot of Hirt DNA Extracted from 1D6 Cells

3 .11  Copy Number of Different Sequences in 1D6 Cells After 

Exposure to Active T-ag

3 . 1 2  Sensitivity of 1D6 Cells to PALA

3 . 1 3  The Arrangement of SV40 Origin Sequences in the Cell 

Line1D6

3 . 1 4  Southern Blot of Genomic DNA from the Cell Line 1D6 

After Prolonged Culture at the Restrictive Temperature

3 . 1 5  Nucleotide Sequences of PCR Primers

3 . 1 6  Construction of the PCR Positive Control Template Plasmid 

PSVBP2.9

3 . 1 7  PCR with Decreasing Amounts of pSVBP2.9 template

3 . 1 8  PCR of an Internal Neomycin Resistance Gene Sequence 

from a Genomic DNA Template

3 . 1 9  Representitive Whole Cell Slot Blots of Pooled G418- 

Resistant Clones After Exposure to Active T-ag

3 . 2 0  Representitive Genomic Southern Blot of Pooled 

G418-Resistant Clones

82

87

94

97

100

103

106

109

113

117

121

125

129

134

137

140

140

150

153

page xii



4 .1  In Situ Hybridisation of Cosmids c64 and 171 to BHK

Metaphase Chromosomes 179

5 . 1 a  Human Chromosome 2 189

5 . 1 b  Bacteriophage Constructs Containing Human CAD

Sequences 189

5 .2  Southern Blot of PALA-Resistant HT 1080 Cell Lines 193

5 .3  In Situ Analysis of PALA-Resistant HT 1080 Clones (I) 196

5 . 4  In Situ Analysis of PALA-Resistant HT 1080 Clones (II) 198

5 .5  Schematic Diagram of Gene Amplification

in Human HT 1080 Cells 201

Tables

3 .1  The Number of PALA-Resistant Colonies Obtained from

G418-Resistant Pools Exposed to Active T-ag 90

3 .2  G418-Resistant Clones Screened for Homologous

Recombination 144

3 .3  PALA-Resistance Frequencies of Pooled G418-Resistant

Colonies After Exposure to Active T-ag 147

4 .1 Second-Step Selections at High PALA Concentrations 172

4 .2  Stability of Amplified CAD Genes in Various PALA-

Resistant Mutants Selected in One or Tzo Steps of Selection176

page xiii



Abbreviations

Abbreviations used throughout are those suggested by the Biochemical Journal, 

273, pp 1-19 (1991). Additional abbreviations used are listed below.

BHK Baby hamster kidney cells

CAD A multifunctional enzyme encoding carbamoyl phosphate

synthetase, aspartate transcarbamylase and dihydroorotase activties

CHO Chinese hamster ovary cells

ts-COS CV1, origin defective, SV40 containing monkey cells

DHFR Dihydrofolate reductase

DMSO Dimethyl sulphoxide

DTT DL-Dithiothreitol

FITC Fluorescein isothiocyanate

MTX Methotrexate

PALA A/-(phosphonacetyl)-L-aspartate

PEG Polyethylene glycol

SV40 Simian Virus 40

T-ag Large T-antigen of SV40

page xiv



Suppliers

Chemicals were purchased from Sigma Chemical Co. Ltd. or BDH, Ltd. with the 

following exceptions:

Acrylamide and bis-acrylamide (premixed)

Agarose (all types)

Agar, yeast extract, casamino adds 

and tryptone

Caesium chloride (CsCI)

Dulbecco's modified Eagle's medium 

(DMEM)

PALA

Restriction and other enzymes

National Diagnostics, USA 

BRL, USA

Difco, USA 

Koch Light, UK

Flow Laboratories, UK

manufactured and provided by the 

National Cancer Institute, USA

New England Biolabs, USA

Commonly Used Solutions

50x Denhardt's solution 

(aqueous)

1% Ficoll

1% polyvinylpyrrolidone 

1% BSA

2.5x HTM (aqueous) 0.5 M Hepes (pH 6.6)

0.125 M Tris (pH 8)
12.5 mM MgCl2

20 mM p-mercaptoethanol

PBSA 1% NaCI

0.025% KCI 
0.14% Na2HP04 

0.025% KH2P04

page xv



1x SSC (pH 7.5)

1x SSPE (pH 7.4)

1x TAE (pH 8)

1x TBE

TE

Luria-Bertani (LB) broth

NZCYM broth

Psi (cp) broth

0.58% NaCI 
0.2% MgS04.7 H20

50 mM Tris (pH 7.5) 

0.01% gelatin

150 mM NaCI

150 mM sodium citrate

150 mM NaCI 
10 mM NaH2P04

1 mM EDTA (pH 8)

40 mM Tris-acetate

1 mM EDTA

89 mM Tris-borate 

89 mM boric acid

2 mM EDTA

10 mM Tris (pH 7.5)

1 mM EDTA (pH 8)

Media Com positions

1% Bacto-tryptone 

1% NaCI

0.5% yeast extract

1% NZ-amine 

0.5% NaCI 

0.5% yeast extract 

0.1% casamino acids 

0.2% MgS04.7 H20

2% tryptone 

0.5% yeast extract 
20 mM MgS04.7 H20

10mM NaCI 

5 mM KCI

page xvi



Chapter I

Aspects of Gene Am plification



1.1

General

1.1.1

Introduction

Gene amplification - more accurately defined as DNA amplification - is the 

increase in copy number of part of the genome over the genome as a whole; it does 

not include phenomena such as polyploidy and chromosome duplication. Products 

encoded by genes present in amplified DNA are often expressed at elevated levels 

with consequent advantages and disadvantages (for reviews on DNA amplification 

see Stark and Wahl, 1984; Hamlin etal., 1984; Schimke, 1985; Delidakis etal., 1989; 

and Stark etal., 1989).

DNA amplification has been observed in prokaryotes and also in eukaryotes, 

either as part of a developmentally regulated programme (Drosophila and Xenopus, 

for example) where gene products are required at rates beyond those which can be 

attained by the transcriptional and translational rates of a single gene, or as an 

aberrant event where abnormal cellular mechanisms give rise to amplified DNA. The 

latter phenomenon has been observed in higher eukaryotic tumours and cultured cell 

lines, providing such cells with a growth advantage or providing a survival advantage 

in the presence of toxic compounds. Amplification has not been seen in normal cells 

despite several spirited attempts (Wright et a!., 1990 and Tlsty, 1990), and it is 

possible that the aberrant cellular mechanisms responsible for DNA amplification are 

linked to those responsible for other forms of genomic instability such as 

chromosomal inversion, translocation and perhaps chromosome loss (Stark et a l, 

1989).

This introduction will deal first with regulated (programmed) DNA amplification 

and then with the cytology of amplification as observed in tumours and drug resistant 

cells. These systems are then dealt with in more detail; in particular the CAD 

amplification system which is the focus of this thesis. Models of amplification are 

described as they are currently understood, but models in vogue as the main project
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was embarked upon are included with the evidence that existed for and against them 

at that time. The main body of work for this thesis comprises the attempted 

construction of an artificial amplification system to mimic a spontaneous event. The 

model was based on Simian Virus 40 (SV40) replication and therefore a section of 

relevant background information about SV40 is included. The aims and theory of the 

proposed model system conclude the chapter.

1.2

Developmental Gene Amplification

1.2.1

Introduction

During the development of certain organisms large amounts of specific gene 

products are required over a short period of time. The amounts needed may be in 

excess of those attainable using transcriptional and translational regulatory 

mechanisms. An increase in the copy number of relevant genes to produce 

additional transcription templates has been employed in several organisms. Two well 

documented situations are the amplification of rDNA genes of Xenopus and the 

chorion genes of Drosophila (reviewed by Kafatos etal., 1985 and Delidakis etal., 

1989).

1.2.2

Amplification In Xenopus

A mature Xenopus oocyte contains about 1012 ribosomes, and using known 

rates of transcriptional and translational efficiencies it is estimated that it would take 2 

months for a primary oocyte to produce the necessary ribosomal proteins from a 

haploid gene. It would take 120 years for the repetitive rDNA genes to produce an 

equivalent number of rRNA molecules (Kafatos etal., 1985). This demonstrates that 

the primary oocyte cannot produce sufficient amounts of the necessary gene 

products during oogenesis using transcriptional and translational mechanisms. In
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both male and female frogs the rDNA genes are preferentially amplified about 10- to 

40-fold in the gonial cells. At the beginning of meiosis the spermatocyte loses its 

extra copies but those in the oocyte undergo a second round of amplification to give 

a final 2500-fold increase in the copy number. At this point, approximately 70% of the 

nuclear DNA of the oocyte encodes rRNA. The mechanism for this amplification is 

thought to be via a rolling circle mechanism (see later) which replicates an 

extrachromosomal DNA fragment produced by an unknown mechanism.

1 .2 . 3

Amplification In Drosophila

The eggshell (chorion) produced around each Drosophila melanogaster 

oocyte comprises about 20 proteins; six are major proteins, each present at about 

1-4 x 1012 molecules per chorion and encoded by a single copy gene. During 

choriogenesis, major chorion protein mRNAs accumulate in about one hour and most 

of the protein is produced in 2 hours. To synthesize such large amounts of protein 

quickly the single copy chorion genes are preferentially amplified by 20- to 80-fold , 

depending on the chromosomal location of the particular gene. This system differs 

from the amplification of rDNA genes in Xenopus in one important aspect; in Xenopus 

the genes are amplified transiently - extra copies are produced for a short 

developmental period, and when they are no longer required they are degraded and 

lost from the cells as they continue their development; chorion cells, on the other 

hand, are terminally differentiated and the amplified genes are maintained in the cells 

throughout their existence. In chorion cells, the chorion genes are amplified by 

multiple rounds of local replication initiated at replication origins within or flanking each 

cluster of chorion genes (Osheim, Miller and Beyer, 1988). The amplified arrays exist 

as 80-100 kb gradients of amplified genes and are retained by the chorion cells 

throughout their existence, producing the proteins required in choriogenesis.
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1 .2 . 4

Conclusion

The cases described above are only two of several examples of regulated 

gene amplification, and all are important in developmental studies and as models of 

eukaryotic DNA replication. They are deliberate, tightly regulated events, and 

although they are included as examples of gene amplification, they do not represent 

another class of amplification where the event is the result of cellular mechanisms 

behaving in an abnormal manner.

1 .3

Cytology of Amplified DNA

1 .3 .1

Visualisation of Amplified DNA

To date, amplified DNA has been observed in three forms. These are 

referred to as; extended chromosomal regions (ECRs; previously called 

homogeneously staining regions or HSRs); double minutes (DMs); and other 

episomal forms which are sub-microscopic and therefore differ from DMs at least in 

size. Where known, the DNA in these structures has been observed in head-to- 

head, tail-to-tail or head-to-tail tandem arrays, and the arrangement probably depends 

on the mechanism responsible for its generation and the topology of sequences prior 

to the amplification event (Wahl, 1989).

1 .3 .2

Extended Chromosomal Regions

ECRs (or HSRs) have been observed in G-banded chromosome spreads 

from tumour cells of hamster, mouse, rat and human origin, and also in drug resistant 

tissue cultured cells. They are seen as chromosomal tracts that do not exhibit the 

usual pattern of irregular stained bands but are stained either uniformly dark or light,
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or show very faint regular bands (Cowell, 1982). These regions vary in length 

between tumours and cell lines, from hardly detectable to approaching the length of 

chromosome arms (250 kb to lens of megabases'; Smith et a/.,1990). In a stable cell 

line the ECR is usually located at the same position for all cells in a population. ECRs 

can be situated on the chromosome where the original gene resided, or on other 

identifiable chromosomes, usually at chromosome ends. They can also be present 

on unidentifiable chromosomes formed by recombination and rearrangement of the 

ECR and other chromosomal elements.

Molecular analyses of DNA isolated from cell lines containing ECRs have 

shown the extent of DNA rearrangement and the co-amplification of sequences 

flanking the amplified gene. In one particular example, BHK cells selected with PALA 

showed amplification of the CAD gene and large amounts of flanking DNA (Ardeshir 

et a!., 1983 and Zieg et al., 1983). It was also demonstrated that cell lines isolated in 

the same PALA selection experiment amplified the CAD gene and different flanking 

sequences to varying degrees, and even within cell lines the level of amplification of 

these sequences was variable. Although ECRs were observed to be stable between 

chromosomes and cell lines, the DNA within these regions could be relatively 

unstable.

1 . 3 . 3

Double Minutes

DMs are seen under a light microscope as paired, acentric chromatin bodies 

that stain poorly in metaphase spreads. They have been observed in tumour cells 

and in cell lines derived from mice, rats, hamsters and humans coincident with MTX, 

vincristine and metallothionein resistance, respectively (referenced in Hamiin et al., 

1984). DMs are unequally segregated at mitosis, and in resistant cells they are rapidly 

lost in the absence of the selective regime. Their number and size can vary widely 

between independent cell lines and also between individual cells of those lines; this 

is probably related to recombination and random segregation at mitosis. They 

replicate once per cell cycle and their accumulation in a cell is not thought to arise from
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disproportionate replication (Cowell, 1982). DMs stain poorly with most cytological 

stains, including those that identify AT- and GC-rich regions, but in many cases the 

nature of the DNA contained in DMs is uncertain. However, DMs present in MTX- 

resistan cells have been shown to contain amplified DHFR sequences (Kaufman et 

al., 1979).

1 . 3 . 4

Episomal Forms

Submicroscopic episomal elements were first described in amplified cells by 

Carroll et al. (1987) in a Chinese hamster cell system where an introduced CAD gene 

was amplified. In one particular clone the integrated gene gave rise to a circular DNA 

element. This episome was 250-300 kb in size, contained approximately 5 copies of 

the transfected sequence, and was semiconservatively replicated. An episome of 

-650 kb containing amplified DHFR genes was described by Maurer etal. (1987) in 

human MTX-resistant cells containing a 250- to 300-fold DHFR amplification, and Von 

Hoff etal. (1988) have described a submicroscopic episome containing amplified 

MYC oncogenes in 2 tumour-derived cell lines. Episomes have also been implicated 

in the amplification of the multidrug resistance gene mdr 1 (Ruiz et al., 1989). It has 

been suggested that submicroscopic episomes are the precursors of DMs on the 

basis of their replication and structural similarities. Their size (120-750 kb) has 

tempted some researchers to link episome size with the size of replication loop 

domains (replicons) and suggest a relationship between replication and episome 

formation (Wahl, 1989). Carroll et al. (1988) demonstrated that episomes in a PALA- 

resistant CHO cell system were the product of a chromosomal deletion event. They 

showed these episomes to be DM precursors, and the DMs were also shown to 

reintegrate into the genome at apparently random locations. However, the cell 

system used for the investigation was artificially supplied with the selectable gene by 

transfection, and the deletion/production of episomes may be artifactual in this 

particular case. It is possible that episomes containing endogenous amplified genes 

are not produced in the same manner and do not have the same properties as those
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described by Carroll et al. in their artificial system, but these episomal forms containing 

endogenous genes may still be intermediates in certain mechanisms of DNA 

amplification.

1 .3 . 5  

Inter-relationship Between Amplified DNA Forms

The relationship between DMs, episomes and ECRs is unclear. ECRs could 

be the integrated products of DMs which may in turn be derived from episomes. 

Carroll et al. (1988) showed that DMs can integrate into chromosomes, apparently at 

random locations. Trask and Hamlin (1989) and Smith etal. (1990) demonstrated, 

using fluorescent in situ hybridisation techniques, that ECRs containing amplified 

genes are usually located at the locus of the unaltered endogenous gene. This is not 

consistent with a deletion/reintegration model as, following a deletion, no homology 

would remain in the chromosome for the extrachromosomal element to reintegrate at 

its original locus by homologous recombination. An episomal element could integrate 

into its homologous sister chromatid during metaphase by homologous 

recombination, leaving one daughter cell with a deletion and the other with a 

duplicated chromosomal arm (Smith et al., 1990). In an alternative argument, excision 

events involving ECRs could give rise to episomes which in turn could give rise to 

DMs and so on. There is no conclusive evidence for either cycle of events, but 

recent developments (reviewed by Stark etal., 1989) favour ECRs as the primary 

arrangement of amplified DNA in most cultured cell lines.

The environment and type of cell could be important factors in determining 

the nature of amplified DNA (Wahl etal., 1984; Meinkoth etal., 1987). In MTX- 

resistant mouse cells the amplified DHFR cells are nearly atoays maintained on DMs; 

in PALA-resistant BHK cells the amplified CAD genes have nearly always been 

located in ECRs, even at very early stages of amplification (Smith et al., 1990). It is 

possible that ECRs and DMs represent the outcomes of different mechanisms of 

DNA amplification
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1.4

Mammalian DNA Amplification

1.4.1

Amplification In Normal Cells

Very few reports exist of amplified genes in primary somatic or germline cells. 

Prody et al. (1989) reported a case where a human gene was amplified 100-fold in a 

farmer who had been exposed to agricultural organo-phosphorous pesticides over a 

long period of time. Individuals such as the farmer who have a 'silent' (defective) 

version of the gene are vulnerable to such pesticides. A son and a grandson of the 

farmer also carried the amplification but grandparents did not. It was suggested that 

the gene was amplified in the early stages of embryogenesis. spermatogenesis or 

oogenesis by a mechanism consistent with the 'onionskin' model. Wright et al. (1990) 

exposed several primary cell preparations (mammary epithelial cells, human 

keratinocytes and human diploid fibroblasts) to different cytotoxic drugs previously 

shown to select cells which had amplified genes encoding the drugs' targets, and 

failed to establish any resistant mutants from 5 x 10® cells. Tlsty (1990) performed a 

similar study on rodent and human primary cells with the conclusion that these cells 

lack a detectable frequency of gene amplification. Therefore, the ability to amplify 

DNA and/or maintain it is presumed to be extremely rare in normal cells. It is not 

known whether the absence of detectable amplified DNA reflects a cellular failure to 

amplify DNA sequences or whether it reflects the non-survival or even active 

destruction of a cell harbouring amplified DNA.

It is evident that during evolution genes have been duplicated and amplified 

to create large gene families of similar but different genes that have a common 

progenitor (Matera, Weiner and Schmid, 1990; Ohta, 1988). Examples of this 

include the families of globin, tRNA, histone, immunoglobulin, actin, myosin, 

collagen, histocompatibility antigen, ovalbumin and interferon genes (Hamlin et al.,

1984). It is therefore possible that, during the evolution of higher eukaryotes a form 

of amplification has occurred and has been tolerated, but the structure of these
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multigene families suggests that mechanisms different to those in drug-resistant ceils 

may have been responsible. One major difference is the juxtaposition of duplicated 

genes without intervening non-gene sequences (Hamlin et al., 1984); in the light of 

the following sections it will be apparent that the mechanisms proposed for 

amplification are at a loss to produce such an arrangement.

1.4.2

Amplification In Tumours

Primary specimens from a number of tumours have been shown to contain 

amplified DNA. Figure 1.1 lists a number of oncogenes that have been found to be 

amplified in tumours. The myc gene family is often involved (for an example see 

Zehnbauer et al., 1988) and increasing myc copy number correlates with increasing 

metastatic potential and poor prognosis. Myc amplification is also correlated with 

increased cloning efficiency, shortened doubling times, decreased expression of 

differentiation markers and decreased adhesiveness in cell cultures (Klein and Klein,

1985). Amplified arrays in the form of DMs or ECRs (see below) have been observed 

in tumours from many animals including man, but the nature of the amplified 

sequences has not been established. There are also strong correlations between 

species and tumour type, and the manifestation of the amplified DNA array. 

Amplification of oncogenes or other genes may help the progression of a tumour 

once transformation has occurred, or alternatively, it may be a contributory 

tumourigenic factor. An increase in an oncogenic gene product through gene 

amplification may provide a tumour cell with a growth advantage, particularly in the 

development of growth factor and substrate independence.
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Figure 1.1

Amplified Cellular Genes In Tumours and Tumour-Derived Cell 

Lines

These genes have been found to be amplified to some degree in the 

tumours shown. The list represents a small fraction of the many tumours and 

cell lines that have been found to contain amplified DNA. Amplification has not 

been shown to be the cause of any tumour in which it is present but it may 

reflect the general chromosomal instability and abnormallity in such cells 

(HamKn eta i, 1984).
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Oncogene Tumour(s). Tumour Cell Lines.

c-myc Lung, breast, Burkitt's lymphoma, myeloid

leukemia cell line HL-60

N-myc Neuroblastoma, retinoblastoma

L -myc Lung

Ki-ras Lung, ovary

c-abl leukemia cell line K-562

Epidermal growth

factor receptor Glioma, squamous cell carcinoma
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1.5

Amplification In Cultured Cells

1 .5 .1

Introduction

Amplification has been observed in many cultured cell lines derived both from 

tumours and transformed, immortalized cells (for extensive examples see reviews 

listed in 1.1). DNA is thought to be amplified in a random fashion through out the 

genome as cells divide, but the amplified DNA is probably unstable and not 

maintained in the absence of selection pressures for its maintenance. Cells with 

amplified sequences may be lost from the population either because of retarded 

growth or from the lethal or deleterious effects of genes over-expressed due to 

amplification.

Cytotoxic inhibitors can be used to isolate resistant cells from a sensitive cell 

population and the mechanism of resistance depends on the specific inhibitor and in 

some cases, the amount of inhibitor used. A common form of resistance is over­

production of the target protein so that sufficient molecules remain uninhibited to 

continue their cellular function. This can be achieved by an increase in copy number 

of the gene encoding the target protein. Figure 1.2 lists some of the inhibitors to 

which cells can become resistant through amplification of a particular gene. In most of 

these cases amplification is the most frequent mode of resistance, so that other 

mechanisms such as regulatory mutations, altered inhibitor binding or transport and 

metabolic mutations are rarely observed. These mechanisms can account for some 

MTX-resistant mutants where resistance can also be acquired by altered inhibitor 

transport or by reduced affinity of DHFR for MTX (Schimke, 1984). Occasionally 

genes encoding non-target proteins can be amplified; for example, cells selected 

with one specific drug can become cross-resistant to a variety of other drugs which 

are often functionally unrelated (see figure 1.2). Such cross-resistant cells 

sometimes have amplified MDR genes (Biedler et al., 1988; Roninson etal., 1984) 

encoding a 170 kDa P-glycoprotein which is thought to actively transport certain

page 29



Figure 1.2

Gene Amplification In Drug-Resistant cells

Cell survival in the listed drugs or selective agents usually requires amplification of the 

appropriate gene. In the case of 'multiple drugs' the protein listed confers Multiple Drug 

Resistance (MDR) syndrome where cell resistant to one drug are often resistant to others. 

'Multiple drugs' include: Vincristine, maytansine, adriamycin, Baker's antifolate, colchesine, 

actinomydn D, cytochalasin B, emetine, puromydn and melphalan.
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Selective Agent,

•Methotrexate (MTX)

•PAL A

•Ouabain

•Cadmium

•6-Azauridine or pyrazofurin 

•Adenosine, alanosine 

and deoxycoformycin 

•Methionine sulphoximine 

•5- Fluorodeoxyu ridi ne 

•a-Methyl- or a-difluoro- 

methyl-ornithine 

•Hydroxyurea 

or deoxynucleotides 

•Aphidicolin

•Adenine and coformycin 

•Albizziin or p-aspartyl 

hydroxamate 

•Mycophenolic acid 

•Tunicamycin 

•Borrelidin

•Multiple drugs (see legend)

Gene/Blndlng Protein.

Dihydrofolate reductase (DHFR) 

CAD

Na+K+ATPase 

Metal tothionein (I)

UMP synthetase

Adenosine deaminase 

Glutamine synthetase 

Thymidylate synthetase

Ornithine decarboxylase

Ribonucleotide reductase 

Ribonucleotide reductase 

AMP deaminase

Asparagine synthetase 

IMP-5'-dehydrogenase 

N-Acetylglycoaminyl transferase 

Threonyl tRNA synthetase 

170 kDa P-glycoprotein
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classes of compounds from the cell and reduce the cellular concentration and effect 

of the inhibitor.

The MTX and PALA systems are the best characterised, and most work to 

date in understanding gene amplification in Dr. George Stark's laboratory has been 

done using the PALA system which is described in detail below.

1 .5 .2

CAD and PALA

CAD is the acronym for an enzyme with three functional domains which is 

involved in the UMP biosynthetic pathway (figure 1.3a): Carbamoyl phosphate 

synthetase, Aspartate transcarbamoylase and Dihydroorotase (Stryer, 1981). 

Carbamoyl phosphate synthetase catalyses the formation of carbamoyl phosphate 

from glutamine and ATP. Aspartate transcarbamoylase converts carbamoyl 

phosphate and aspartate into ^carbamoyl aspartate which is cyclised into a 

pyrimidine ring by the dihydroorotase activity to form dihydroorotate. The pathway 

continues through the activity of other enzymes to produce uridylate (UMP) which is a 

major pyrimidine nucleotide. In mammals, CAD is a single polypeptide of about 200 

kD and is encoded by a single gene. In BHK cells the gene covers 25 kb with about 

37 intervening sequences (Padgett et al., 1982) and produces a 7.9 kb mRNA 

(Padgett et al., 1979), of which about 6.5 kb has been cloned as a cDNA which lacks 

about 1.5 kb of 5' sequence (Shigesada et al., 1985). This sequence was used as a 

probe for the CAD gene in the experiments described later.

A/-(phosphonacetyl)-L-aspartate (PALA; figure 1.3b) was designed as a 

transition state analogue to E. coli aspartate transcarbamoylase and binds reversibly 

to the aspartate transcarbamoylase domain of CAD (Collins and Stark, 1971). It can 

enter cells, inhibit UMP production and, in the absence of uridine, cause cell death by 

pyrimidine nucleotide starvation. Cells can also use uridine as a precursor for UMP 

production through an alternative biochemical pathway and therefore, cultured cells 

are selected with PALA in medium containing serum from which uridine has been 

removed by dialysis. There is a danger in these selections that the cells are further
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Figure 1.3

a) Biosynthetic Pathway of UMP Synthesis

CAD catalyses the first three steps of the pathway to convert 

glutamine to dihydroorotate which includes the formation of a pyrimidine ring. 

Dihydroorotate is further converted to UMP by subsequent enzymes and is a 

major pyrimidine nucleotide in the cell.

b) Af-(phosphonacetyl)-L-aspartate (PALA)

This transition state analogue binds tightly but reversibly to the 

aspartate transcarbamoylase activity of CAD. In cells deprived of uridine its 

presence inhibits proliferation and causes death by pyrimidine starvation.
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a.

i) The carbamoyl phosphate synthetase domain of CAD catalyses the 

conversion of glutamine to carbamoyl phosphate and glutamate:

Glutamine + 2 ATP + HC03" — ► carbamoyl phosphate + 2 ADP + glutamate

ii) Aspartate transcarbamylase activity of CAD catalyses the formation of N- 

carbamoylaspartate from carbamoyl phosphate and aspartate:

9 0 V Pl ?\ ^
H j N - e - O - P - O -  +  H, N— COO  . H , N - C - N - C - C O O -

q _  q |_| transcarbamoylase Q|_|^

C O O “ C 0 0 “
Carbamoyl phosphate Aspartate /V-Carbamoylaspartate

iii) The pyrimidine ring is formed by the cyclizing of N-carbamoylaspartate, 

catalysed by dihydroorotase domain of CAD:

i  iC C |_j ■» |
H 2N ^ C H 2 h 20 HIJIX  ^ C H 2 nad+ naoh H N ^  ^ C H
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/V-Carbamoylaspartate Dihydroorotate Orotate

b.

N-(phosphonacetyl)-L-aspartate (PALA)
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compromised by the unintentional removal of small molecules such as growth factors 

along with uridine in the dialysis. There is therefore a risk that the selection is not only 

for PALA resistance but also for a decrease or loss of dependence on these lost 

molecules. This risk can be controlled for by growing cells in medium supplemented 

with dialysed serum in the absence of any drug, and all cell lines tested to date appear 

to grow as they do in normal serum.

Swyryd and co-workers (1974) showed that PALA blocked proliferation of 

cultured mammalian cells but that some cells were unaffected and showed large 

increases in aspartate transcarbamoylase activity. Wahl et al. (1979) went on to show 

that this increased activity was due to amplification of the CAD gene. Up to the 

present time, PALA resistance has never been shown to be achieved by any other 

mechanism. It is important to stress that PALA has not been shown to cause CAD 

gene amplification and its presence in culture media allows survival of cells which have 

already amplified the DNA that includes the CAD gene.

1 .5 .3

Amplification of CAD In BHK Cells

Amplified DNA containing the CAD gene has always been observed as ECRs 

in BHK cells resistant to PALA, and in most cases it has the same chromosomal 

location (the short arm of chromosome B9) as the original locus (Wahl etal., 1982; 

Smith et al., 1990). The amplified CAD genes of mutant cell lines selected in 

increasing concentrations of PALA are very stable and the extra copies of CAD are 

not lost when the ceils are grown out of selection over long periods of time. In 

contrast, cells selected in a single step at low PALA concentrations lose their extra 

CAD genes within 30 days of growth out of selection. This time increases to 

approximately 90 days for cell lines selected in two selection steps (Saito et al., 1989). 

Smith and colleagues (1990) demonstrated that single-step mutants analysed very 

early after selection had extended short arms of chromosome B9 and more 'mature' 

single-step mutants had condensed chromosomal extensions of the same 

chromosomal region. This was in agreement with the observations of Saito et al.
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(1989) where the amount of DNA co-amplified with CAD in the first step of selection 

was reduced in later rounds of amplification. Estimates of the amount of DNA 

amplified in the initial amplification event range from 500 kb per extra copy of CAD 

(Wahl etal., 1982) to 10,000 kb (Giulotto, Saito and Stark, 1986) or lens of 

megabases' (Smith et a!., 1990) and it is likely that the earlier one looks, the larger and 

more accurate the estimate will be.

1.5.4

Positional Effects

The frequency of amplification can be greatly affected by chromosomal 

position. Wahl, Robert de Saint Vincent and Derose (1984) showed that transfected 

Syrian hamster CAD genes were amplified at different frequencies in different 

independent CHO transformants. This difference was ascribed to the chromosomal 

location of the integrated DNA and the effect of sequences flanking the integration 

site. Transformants containing integrations near the centromere retained the 

donated genes at the original position; amplified genes were located in other 

chromosomes or in extra-chromosomal elements. Transformants which had 

insertions in the middle of a chromosomal arm showed no obvious cytogenetic 

rearrangements after amplification.

Amplification control elements (ACEs) that act in ds during Drosophila 

chorion gene amplification have been described (Spradling etal., 1987). They have 

been found in each gene cluster and mutations in these elements render the 

replicon unable to amplify. There are several other amplification-enhancing regions 

(AERs) in the area, and their presence is also required for normal amplification of the 

chorion genes (Delidakis and Kafatos, 1989). In higher eukaryotes where gene 

amplification has not been found to play a part in development, cfe-acting elements 

have also been detected. McArthur and Stanners (1991) and Beitel et al. (1991) 

have described elements which can stimulate amplification of a DHFR-containing 

plasmid in a variety of cell lines.
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1.6

Models of DNA Amplification

1.6.1

Introduction

Amplified DNA is found in different forms, influenced by factors such as 

species, locus, inhibitor dose and maturity of the amplified DNA. The diversity and 

inter-relationships between the amplified structures may reflect different mechanisms 

at work. A common feature of many models are inverted duplications. These 

structures may have special properties and effects that allow DNA surrounding them 

to be further amplified.

1 .6.2

Model Requirements

Any model that attempts to explain how DNA becomes amplified must 

address the following observations:

a) the amount of DNA amplified can be very large, up to 10,000 kb per gene (Giulotto 

etal., 1986; Smith etal., 1990; Trask and Hamlin, 1989; Windle etal., 1991);

b) amplification can manifest itself as linear intrachromosomal or circular 

extrachromosomal arrays;

c) novel joints (Ardeshir etal., 1983; Ford and Fried, 1986; Saito etal., 1989) are 

found in the amplified DNA but recombination hot-spots, on the whole, do not seem 

to exist (for an example of such a recombinational hot spot, see Hyrien et al. [1987]);

d) high levels of drug resistance are achieved by successive selection in increasing 

amounts of drug, but for some inhibitors, eg. PALA, resistance to a low level of drug 

in a single step, mediated by amplification, produces mutants that are resistant to 

much higher drug concentrations without any apparent further amplification (Zieg et 

al., 1983);
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e) intrachromosomal arrays appear to reside on the same chromosome as the original 

endogenous gene which is present and apparently unaltered at Its wild type 

chromosomal location (Trask and Hamlin, 1989; Smith etal., 1990);

f) the spontaneous rate of amplification can be 10'6 to 10'4 events/cell/division;

g) agents that block DNA replication (eg. hydroxyurea, MTX) or damage DNA (eg. UV 

light, MTX, 5-aza-deoxycytidine) can stimulate amplification of some genes (Sharma 

and Schimke, 1989; Sherwood, Schumacher and Schimke, 1988).

The models described below each satisfy most of the points above but it is 

unlikely that a single mechanism is responsible for all instances of DNA amplification. 

As stated before, several known factors can influence the outcome of an amplification 

event and so while a particular model may have merit in one situation, it may have 

none in another. Four major models are schematically shown in figure 1.4.

1 .6 .3

The Disproportionate Replication or 'Onionskin' Model

Figure 1.4 shows a schematic diagram of this model. A bidirectional origin 

initiates replication more than the statutory once per cell cycle. This unscheduled 

replication produces a structure which must be resolved if the chromosome is to 

segregate normally at mitosis. The figure shows three ways in which this structure 

could be resolved. Recombination between different duplexes would generate an 

intrachromosomal array, while recombination within a duplex would generate circular 

extrachromosomal elements. Two replication forks in very dose proximity could 

produce linear extrachromosomal elements whose fate would be determined by 

subsequent recombination events. The model is derived from the observations of 

Bullock and Botchan (1982) and Roberts etal. (1983) in an attempt to explain the 

exdsion mechanism of integrated SV40 sequences. How the cellular replication 

origin can escape normal control is not known. Mariani and Schimke (1984) showed 

that DHFR genes were amplified in a single cell cyde following inhibition of DNA 

synthesis with hydroxyurea after the DHFR region had been replicated. When the 

block was removed all the DNA, including that previously replicated, was re-replicated
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Figure 1.4

The Four Main Models off Gene Amplification

A) Unequal sister chromatid exchange: In the initial event a large 

DNA fragment is transfered from one chromatid to the other. The result is a 

duplication (one extra copy) on one chromatid and a deletion on the other.

B) Disproportionate Replication: This is the'onionskin'model; a 

replication origin misfires and initiates replication more than once in a single 

cell cycle. Recombination is required to resolve the mitotically unstable 

structure and this recombination determines the DNA arrangement.

C) The Deletion/Episome Modet. A chromosomal deletion is 

produced by recombination and this molecule is randomly segregated and 

amplified. Further recombination can increase the episome size, possibly to 

the size of DMs, or the episome may reintegrate into the genome.

D) Rolling Circle Replication: The direction of one replication fork 

initiated at a bidirectional replication origin is reversed by recombination 

across an inverted repeat. The two forks continue to replicate DNA but in the 

same direction, producing a concatamer of the amplified unit.

Schematics pilfered from Trask and Hamlin (1989).
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and a number of recombination events were proposed to lead to loss of non-selected 

DNA and preferential amplification of DHFR. This work was elaborated upon by Hoy et 

al. (1987) who also used aphidicolin or UV irradiation to block DNA synthesis and 

found that a subset of cells that were in S-phase at the time of the block contained 

over-replicated DNA. However, Painter and co-workers (1987) suggested that the 

results were artifactual and developed an alternative protocol in which inhibition of 

DNA synthesis did not lead to over-replication of parts of the genome. Although the 

question is still unresolved as far as cultured cells are concerned, this mechanism has 

been shown to be valid for amplification of the chorion genes of Drosophila and also 

for amplification of integrated $V40 and polyoma sequences. The model addresses 

the following features of amplified DNA: it can produce the large number of extra 

gene copies in the times observed; it can produce the large amounts of DNA thought 

to be amplified in the initial event; it can give rise to both linear and circular forms of 

amplified DNA through different recombination events; and finally, it can also explain 

the heterogeneity of co-amplified sequences between different isolates of resistant 

cells and also between individual cells of these isolates.

1 .6 .4

The Sister Chromatid Exchange Model

This model is primarily based on amplification of the CAD gene in Syrian 

hamster cells. Work by Giulotto et al. (1986) and Saito et al. (1989) showed that large 

amounts of DNA (up to 10,000 kb) were co-amplified with the CAD gene, and that 

novel joints detected in single-step mutants were not amplified to the same degree as 

the selected gene in subsequent selection steps. The rolling circle and episome 

deletion models (described below) predict that the novel joints formed when inverted 

duplications are created should be amplified to the same degree as the selected 

gene. Unequal sister chromatid exchange would involve the transfer of DNA from 

one sister chromatid to the other without a reciprocal exchange in the opposite 

direction as shown in the right hand route of figure 1.4a. Such an exchange could
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involve the large amounts of DNA described by Giulotto et al. (1986), Trask and 

Hamlin (1989), Smith et al. (1990) and Windle et al. (1991), but in the first step can 

only lead to one extra copy of the gene selected for. Further unequal exchanges in 

different cell divisions could generate additional copies of the selected gene, or a 

different mechanism could create multiple copies from an early exchange product. 

The outcome of such exchanges could be: (a) a normal homologue; and (b) an 

elongated homologue containing both the amplified genes and also the 

endogenous gene at its original chromosomal position. The first step of amplification 

would include both the unequal exchange and also a mechanism responsible for the 

rapid accumulation of extra copies of the selected gene.

1 .6 .5

The Deletion-Eplsom e Model

This model postulates that a circular DNA molecule containing an origin of 

replication is formed by a deletion event. The deletion could result from illegitimate 

recombination within a replicon (Carroll et al., 1988), perhaps containing an inverted 

repeat (Passananti etal., 1987; Ruiz and Wahl, 1988), or from an onionskin structure 

(Schimke et al., 1986). The circular DNA molecule (episome) would replicate 

semiconservatively but its acentromeric nature would allow accumulation through 

unequal segregation at mitosis. Recombination between episomes could increase 

their size to that of DMs and the relationship between episomes, DMs and ECRs has 

been described above. What this model cannot easily resolve is the retention of an 

unaltered gene and the existence of an ECR on the same arm as the original gene 

whilst the unaltered chromosome homologue is still present (Trask and Hamlin,1989; 

Smith et al., 1989). Production of the episome by deletion would restrict 

homologous sequences to the other homologue. Reintegration by homologous 

recombination could occur but an unaltered homologue would not be present
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1 .6.6

The Double Rolling Circle Model

This model was devised to explain the replication of the yeast 2\i plasmid 

(Futcher, 1986). This plasmid is indigenous in several Saccharomyces cerevisiae 

strains and confers no known phenotype on the host cell. A plasmid-encoded gene 

mediates site-specific recombination across two inverted repeats which are 

asymmetrically located with respect to the single origin of replication. If one of the 

replication forks has passed the recombination site when recombination occurs then 

the fork is inverted and is now travelling in the same direction as the other fork. The 

two forks follow each other indefinitely to produce a concatamer of the plasmid. 

Passananti etal. (1987) adapted the model for DNA ampKfication in mammalian cells 

following the discovery of an amplified inverted repeat in a polyoma-transformed rat 

cell line. Inverted repeats can be formed from a DNA duplication and are therefore 

important candidates for the initial structure formed in an amplification event. In the 

model a circular DNA molecule which contains the gene to be amplified within an 

inverted duplication is excised from a chromosome, perhaps by illegitimate 

recombination between newly synthesized DNA strands. Replication is initiated 

within the circle by a replication origin and, after one round of replication, homologous 

recombination occurs between the newly replicated strand and the unreplicated 

strand. This causes one of the replication forks to invert so that both forks are moving 

in the same direction. Further replication produces multiple copies of the inverted 

repeat derived from a single initiation of replication in a single S-phase. The amplified 

array could either remain extrachromosomal (as a DM) or could reintegrate into the 

genome.

1.6.7

The Spiral Model

Hyrien et al. (1988) developed this model to describe the formation of an 

inverted duplication and its subsequent role in amplification in coformycin-resistant 

Chinese hamster cells. A hairpin loop can form on one strand of DNA in palindromic-
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rich areas if the two strands are mismatched through partial homologies. This can lead 

to the formation of an inverted duplication if the replication machinery, when 

confronted with a hairpin loop, switches template strands and replicates the other 

DNA strand. If the hairpin loop is excised, the resulting structure has the appearance 

of a replication fork and can prime replication of the already duplicated DNA. If this 

occurs at both replication forks of the same replicon, two replication forks will follow 

one another and generate multiple copies of the inverted duplication. If the 

replication complex switches strands and replicates the second template from a 

slightly different location to the strand it left, then the duplicated elements of the 

inverted duplication will be separated by an asymmetric undupiicated DNA sequence. 

This is a common feature of inverted duplications (Ford and Fried, 1986; Looney and 

Hamlin, 1987; Nalbantoglu and Meuth, 1986; Saito and Stark, 1986).

1.6.8

Overview

Other models such as the uptake and utilisation of DNA fragments from dead 

cells and reverse transcription of RNA have been cited in the past as mechanisms of 

DNA amplification, but those described above are probably the most likely models for 

the different systems they are based on. In recent years new techniques have been 

developed and with time, patience and a certain amount of luck DNA can be analysed 

almost as soon as it is amplified (K. A. Smith and G. R. Stark, personal 

communication). In BHK cells resistant to low levels of PALA it is likely that 

homologous but unequal sister chromatid exchange is involved in the amplification of 

CAD genes (Smith et al., 1990). Initially a large part of the chromosome arm carrying 

the CAD gene is transferred from one sister chromatid to the other by non- 

homologous unequal sister chromatid exchange. After division both daughter cells 

would contain a normal homologue, but one would contain an elongated 

chromosome carrying the transferred DNA and the other would have a chromosome 

carrying a deletion. The copy number is rapidly increased by further unequal but 

homologous exchanges between duplicated chromosomal regions. A similar pattern
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of events also appears to be true for DHFR ampfification in CHO cells (Trask and 

Hamlin, 1989). However, in other systems the same mechanisms may not be 

involved as a result of other factors relating to cell type, selection regime and 

experimental design. Some models are based on experimental systems in which the 

amplification of artificially introduced genes is studied. Results from these systems 

are difficult to interpret in the context of endogenous gene amplification as many 

other variables such as integration effects and ds effects of vector sequences are 

introduced with the gene.

1.7

Simian Virus 40 (SV40)

1.7.1

Introduction

SV40 is an icosahedral, double stranded DNA papovavirus with a circular 

genome of 5243 bp (Tooze, 1973; Fiers et al., 1978). Other papovaviruses include 

polyoma virus and the papilloma viruses. The SV40 genome encodes two early 

genes, large T antigen (T-ag) and small t-antigen, and three late genes, viral proteins 

VP1, VP2 and VP3 (Fiers etal., 1978) defined relative to viral DNA synthesis. Early 

genes are transcribed counter-clockwise and the late genes clockwise. Infection of 

permissive cells results in a lytic life cycle whereas infection of non-permissive cells 

can lead to cellular transformation (Martin, 1981).

1.7.2

SV40 Host Range and Life Cycle

Infection of permissive cells results in production of virus from a lytic cycle.

The virus is transported to the nucleus, unmasked and early expression of T-ag 

initiates the viral productive cycle (Brady and Salzman, 1986). Infection induces 

production of host replicative enzymes and after the onset of DNA replication the late 

genes are transcribed. Progeny DNA is packaged into virions after which cell lysis and
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death occurs (Komberg, 1980). Infection of non-permissive cells follows the same 

course up to the expression of the early genes but replication, late gene transcription 

and capsid protein production are blocked. Infected cells are stimulated to replicate 

their chromosomes and enter mitosis, after which most become quiescent. A fraction 

of the infected cells become transformed and continue to divide; these cells were 

found to contain several chromosomally integrated copies of the SV40 genome or 

fragments of it (Komberg, 1980).

Permissive cells usually used are African Green monkey kidney-derived cell 

lines (eg. CV1), and non-permissive cell ines include mouse and hamster cell lines. 

Replication and transcription of SV40 are dependent on T-ag and cellular co-factors 

that interact with T-ag. The specificity of these interactions probably define the basis 

of cellular permissiveness.

1.7.3

SV40 Transcription

The early region of SV40 is transcribed soon after infection and uncoating 

and a single mRNA species is produced (Crawford et al., 1978). This is differentially 

spliced into transcripts for the small t and large T antigens (reviewed in Tooze, 1981; 

Salzman, Natarajan and Seltzer, 1986). Production of T-ag from the SV40 early 

promoter is autoregulated by T-ag itself, probably by binding to several defined sites 

close to the promoter. T-ag also initiates viral replication and the start of late gene 

expression is dependent on DNA replication and the activity of T-ag acting through a 

72 bp repeat sequence upstream of the late promoter. Viral transcripts are poly- 

adenylated prior to splicing through signals located 3' to transcripts in all reading 

frames.

1.7.4

SV40 Replication I - Initiation

SV40 replication is mediated by T-ag through the viral replication origin. The 

functional origin of SV40 replication for the purposes of this thesis is 340 bp long;
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from nucleotide 5171 through 0 to nucleotide 270 of the SV40 sequence registered 

on the EMBL and NIH DNA sequence databases, where the last G residue of the 

unique Bgl I recognition site is nucleotide 1. Bases 5171 and 270 correspond to the 

5' bases of a Pvu II and a Hind III restriction site, respectively.

T-ag is the sole viral protein required for initiation of SV40 replication; all other 

factors are provided by the host cell (see reviews by Campbell, 1986; Stillman, 1989; 

Challberg and Kelly, 1989). A complex containing T-ag and cellular co-factors binds 

to the replication origin and initiates bidirectional unwinding of the viral origin 

sequences (reviewed by Borowiec et al., 1990). There are two strong binding sites 

for T-ag in the origin in addition to several weaker ones. A 64 bp region from 

nucleotides 5210 through 0 to 31 represents the core-origin region and contains one 

of the strong binding sites. The presence of the other binding sites alters the binding 

activity of T-ag at this site and the additional presence of binding sites for the 

transcription factor Sp-1 greatly enhance the efficiency of DNA replication. Each T-ag 

binding site contains several G-rich consensus sequences which differ in number and 

spacing between the sites, and these act as T-ag recognition sites. Other elements 

critical for replication are a 10 bp region that partially overlaps an inverted repeat and a 

17 bp AT-tract; both undergo structural changes in the initial stages of replication. 

ATP increases the binding of T-ag to the origin and up to twelve T-ag monomers have 

been detected clustered around the region in a two lobed structure covering all faces 

of the DNA helix. The ATP-dependent T-ag complex denatures the origin region and 

continues to unwind the DNA bidirectionally in a 3' to 5' direction through a DNA 

helicase activity. This is linked to the presence of a single stranded DNA binding 

protein (SSB) which presumably keeps the single strands separate. Replication 

factor A (RF-A) has been shown to contain a substitutibie SSB activity but its 

elongation activity cannot be substituted for by any other SSB in an SV40 in vitro 

replication assay (Kenny et al., 1989). Phosphorylation of T-ag at critical residues is 

also required for the unwinding process (reviewed by Prives, 1990) and short RNA 

primers synthesized in the direction of early mRNA production by a primase activity 

initiate replication (Hay and DePamphilis, 1982).
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1.7.5

SV40 Replication II - Elongation

A multi-enzyme complex of T-ag, DNA polymerases and other accessory 

pnteins (including RF-A, RF-C and proliferating cell nuclear antigen [PCNA]) are 

responsible for replication of nascent DNA strands produced at the origin (reviewed 

by Challberg and Kelly, 1989). There is evidence for DNA polymerases a  and 5 being 

present and being involved with leading and lagging strand synthesis, respectively 

(Tsurimoto and Stillman, 1991). T-ag forms a specific complex with DNA polymerase 

a  and a DNA polymerase a-primase activity interacts with the unwound DNA complex 

which includes T-ag and RF-A. PCNA is closely associated with DNA polymerase 5 

and its presence is required for efficient SV40 replication in vitro, suggesting that it is 

involved with DNA polymerase 5 in DNA chain elongation. RF-C is a primer 

recognition protein and has stimulatory effects on the two DNA polymerases which 

are increased in the additional presence of RF-A and PCNA (Tsurimoto and Stillman, 

1989).

1.7.6

SV40 Replication III - Termination

Termination of viral replication occurs 180° from the replication origin and the 

gap is sealed by gap-filling cellular proteins (DePamphilis and Bradley, 1986). 

Separation of the newly synthesized daughter strands is mediated by topoisomerase 

II which may also be responsible for relieving superhelical tension in the SV40 DNA 

prior to unwinding at the origin. The latter function could also be performed by 

topoisomerase I (Challberg and Kelly, 1989)

1.7.7

Transformation by SV40

Infection of non-permissive cells causes transformation of a small sub-set of 

cells. Translation of the early genes produces the small t and large T antigens of 20 

kDa and 94 kDa, respectively. Most cells undergo abortive transformation where the
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early genes and some host genes are transiently expressed leading to a transient 

induction of cellular DNA synthesis and cell division (Martin, 1981). A small proportion 

of these cells become permanently transformed and contain integrated SV40 

sequences. Characteristics of fully SV40 transformed cells include continuous 

growth as an immortal population, ability to form clones when seeded at low cell 

density, low serum requirements, ability to overgrow a continuous cell layer to form 

foci, and anchorage-independent growth (Monier, 1986). Transformed cells 

continuously express the early SV40 viral antigens, with T-ag being mainly located in 

the nucleus and small t antigen in both the nucleus and the cytoplasm. A small 

population of T-ag resides on the cell surface and could influence the behaviour of 

cellular membrane proteins. Small t appears to provide an accessory function in 

cellular transformation and is not thought to be essential in the maintenance of in vitro 

transformation. T-ag on the other hand, is the only important transforming protein of 

SV40 and its multifunctional nature has made it difficult to determine how it affects the 

cell.

1.8

Large T Antigen

1.8.1

Introduction

T-ag is a multifunctional phosphoprotein with an apparent molecular weight of 

94 kDa (reviewed by Rigby and Lane, 1983; Livingston and Bradley, 1987; Butel, 

1986 and Stillman, 1989). It is produced from the single early transcript of SV40 by 

differential splicing and is the only viral protein required for SV40 replication. 

Functions mediated by T-ag include specific binding to the SV40 origin of replication, 

initiation of viral DNA replication, auto-regulation of SV40 early gene transcription, 

induction of SV40 late gene expression, initiation of cellular DNA synthesis and 

replication, and initiation and maintenance of the transformed phenotype in non- 

permissive cells. Several forms of T-ag have been described which are differentiated
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by apparent differences in molecular mass, and perhaps the different functions of T- 

ag can be attributed to these different forms.

1.8.2

Structure and Function of T-ag

T-ag is 708 amino acids long and is described as oncogenic because it can 

induce tumours in new bom hamsters. Ninety five to 98% of newly synthesized T-ag 

is transported to the nucleus and about 2% is destined for the plasma membrane. T- 

ag does not contain any signal peptide and the method of transport to the membrane 

is unknown. It is an integral membrane protein and when associated with an MHC 

class I product, it can act as a tumour-specific transplantation antigen. As described 

above, T-ag in the nucleus acts as an initiator of both viral and host DNA synthesis and 

also mediates late viral gene expression.

The different functions of T-ag have been mapped to different regions of the 

amino acid sequence. Site-specific origin binding is mediated by the region 

containing amino adds 132-246 (from the N- terminus) and the helicase activity has 

been mapped to the C-terminal half of the protein (Stillman, 1989). The N-terminal 

half has imited ability to initiate and maintain transformation (Rigby and Lane, 1983) 

and amino adds 418-528 contain the ATP binding site (Prives, 1990). The nuclear 

localization domain is located at amino adds 126-132, and residues 673-708 are 

involved with the host range of the virus (Prives, 1990).

The functions of T-ag are regulated by phosphorylation of two clusters of 

phosphorylation sites (reviewed by Prives, 1990). One cluster is close to the N- 

terminal and the other close to the C-terminal. Mutations at amino add positions 120 

(serine), 123 (serine) or 124 (threonine) which render these sites unphosphorylated 

completely abolish viral DNA replication. Removal of phosphate groups from serines 

and not from threonines by calf intestinal phosphatase increases the activity of T-ag in 

initiating viral replication. The effect was more marked in the early stages of 

replication, implying that dephosphorylation stimulated T-ag initiation activities at the 

SV40 replication origin. Phosphatase treatment did not affect the ATPase activity of

page 50



T-ag, suggesting that the dephosphorylation alters a domain involved in replication 

and not the overall protein structure. Mutation of ser-679 to an alanine residue 

appears to enhance SV40 replication in vivo. Phosphorylation of the threonine 

residue at position 124 in vitro by cdc2 kinase kads to more efficient binding of T-ag 

to the major binding site of the SV40 core origin. Phosphorylation at this single 

threonine residue of E. coli-synthesized T-ag, in the absence of serine 

phosphorylations, provides a T-ag which is more efficient at initiating DNA replication 

than T-ag produced in He La cells (McVey et a i, 1989). The model proposed from 

these data suggests that phosphorylation of the serine residues suppresses initiation 

of replication whilst phosphorylation of the threonine residue stimulates the process.

1.9

The Fate of Chromosomally Integrated SV40 Sequences

1.9.1

Introduction

In non-permissive cells that have been stably transformed with SV40, the viral 

sequences are integrated within chromosomal sequences (Sambrook et al., 1968). If 

such cells are fused with permissive cells, viral sequences are excised using the 

integrated viral copy as a replication template. Excision appears to occur in three 

phases: first an over-replication of the viral DNA and flanking host DNA is initiated by 

T-ag and the replication origin (the 'onionskin'); secondly, recombination resolves the 

structure produced; and thirdly, excision products may continue to replicate as 

extrachromosomal elements.

1.9.2

Excision of SV40 Sequences

In transformed cells the chromosomal site of SV40 integration appears 

random, as does the break point(s) in SV40 which produces linear integrated viral 

DNA (Botchan, Topp and Sambrook, 1979). The only SV40 DNA sequence required
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for the excision of extrachromosomal circular DNA is the SV40 origin of replication 

(Conrad, Liu and Botchan, 1982). A model was proposed in which integrated viral 

sequences, in the presence of T-ag, replicated in situ and that excision was a direct 

consequence of this replication (the 'onionskin' model - see shove; Botchan, Topp 

and Sambrook, 1979; Bullock and Botchan, 1982). Multiple rounds of replication are 

initiated at the SV40 origin by T-ag and the resulting structure of replication forks 

following one another along the same DNA sequence can be resolved in several 

ways. Gaps produced by replication combined with a confined space could increase 

the probability of homologous exdsional recombination. Cellular DNA repair 

mechanisms could also play a role in the removal of the 'onionskin' structure which it 

may see as an aberration of normal chromosomal replication.

Excision products can be grouped into three size-related categories:

(1) precise and constant in size, (2) random in size, and (3) a mixture of both. Cell 

lines that produce precise excision products usually contain tandem duplications of 

DNA including the replication origin, and also produce the largest number of excised 

molecules (Conrad, Liu and Botchan, 1982). Cell lines containing a single integration 

without any duplications produce a heterogeneous population of excised DNA 

(Botchan et al., 1980). Bullock and Botchan (1982) observed that for each product in 

a heterogeneous population of excised molecules, small amounts of homology pre­

existed at the excision sites. A possible source of the tandemly duplicated arrays 

found in transformed cell lines is replication prior to the integration event or intra- 

chromosomal resolution of early replication in situ. Dora, Schwartz and Knippers 

(1989) observed that host sequences flanking the integrated viral sequences were 

invariably excluded from the excision products, arguing that homologous 

recombination is involved in the excision event.

1 .9 .3

Excision of Polyoma Sequences

Another system in which integration-excision studies have been carried out is 

that of polyoma virus transformation. Polyoma virus (Py) is similar to SV40 in many
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ways (see Tooze, 1981). It is of the same class of virus as SV40 and also expresses a 

T-ag (Py T-ag) upon which viral replication is dependent. Excision of Py sequences is 

dependent on a functional Py replication origin, Py T-ag and duplicated Py 

sequences (Pellegrini, Dailey and Basilico, 1984). Unscheduled replication from the 

Py replication origin and recombination between homologous Py sequences could 

give rise to circular excision products. Colantuoni et al. (1982) showed that excision 

of Py can produce an integral number of viral genomes, leaving the flanking viral-host 

DNA junctions intact. This implied that homologous intramolecular recombination was 

responsible for the excision event in this system.

1.9.4 

Summary

In summary, integrated SV40 sequences can be excised from their 

chromosomal locations as circular products under certain conditions. These are that a 

functional viral origin of replication and active T-ag are present, as well as duplications 

in the integrated viral sequences. Homologous recombination between duplicated 

sequences during over-replication of the viral DNA can produce excision products. 

The fate of the integrated template DNA is unclear, but in some cases it is unaltered. 

During excision studies, amplification of viral sequences at the site of integration has 

also been observed and are dealt with in the next section.

1.9.5

Amplification of Integrated Viral Sequences

Rat cells can be transformed by integration of Py sequences. These 

sequences generally integrate in head-to-tail tandem arrays which have been shown 

to be unstable and can undergo amplification (Colantuoni, Dailey and Basilico, 1980). 

Cell lines containing partially duplicated Py sequences in a tandem array can amplify 

integrated DNA at a high frequency; cell lines carrying single, unduplicated 

integrations do not appear to amplify the viral sequences (Colantuoni etal., 1982).
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Integrated Py sequences have been shown to be amplified in situ (Pellegrini 

et al., 1984; Pellegrini and Basilico, 1987), although the genetic arrangement of the 

selectable gene was artificially created in these system. This may have been 

important in influencing the behaviour of the viral sequences. For example, certain 

transfection procedures have been shown to cause tandem integrations of 

transfected DNA and this may provide a structure with special properties relating to 

rearrangements and amplification. In the case of amplification of an introduced DHFR 

minigene attached to Py sequences (Pellegrini and Basilico, 1987), the endogenous 

DHFR gene was never seen to be amplified after selection with MTX, perhaps 

providing indirect evidence of positional and structural effects of surrounding 

sequences on introduced DNA.

1.10

The Alms of Projects Described in This Thesis

1.10.1

The Model System for DNA Amplification

Amplification of the CAD gene has always been intrachromosomal and until 

recently, very little had been discovered about the mechanism responsible. The main 

hurdle in uncovering the mechanism of amplification in the CAD and in other 

amplification systems is one of looking early enough at the amplified structure, before 

secondary rearrangements have occurred. If a population of cells is selected with a 

drug for cells that have amplified a particular gene, resistant cells are only visible when 

sensitive ceils have detached from the plate and resistant cells have formed colonies. 

A colony needs to be expanded in order to obtain enough cells for molecular 

analyses. During this expansion many secondary rearrangements, amplifications and 

deletions may have occurred, and the structure of the amplified array is not a 

reflection of the initial mechanism that produced it.

The aim of the main project of this thesis was to construct a cell line in which a 

single copy of the SV40 origin of replication was integrated into DNA sequences
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flanking the endogenous CAD gene of a monkey cell line. The cell line chosen would 

constitutively produce T-ag but the protein would only be active with respect to 

replication at a permissive temperature. Thus, the replicative activity of the SV40 

replication origin could be modulated by temperature. In the presence of active T-ag 

the origin would initiate DNA synthesis and amplify the surrounding DNA through 

over-replication. The advantage of such a model would be that a particular locus 

(CAD) could be synchronously amplified in all cells of a population. The nature of 

PALA would allow selection of cell lines which had successfully amplified the CAD 

gene and probes for the amplified area could be isolated before the amplification 

event. The effect of short pulses of T-ag activity could be analysed in the population 

as a whole and secondary amplification of amplified CAD genes could also be 

followed. With the development of in situ hybridization techniques, a time course of 

amplification could be observed.

In summary, the model system would allow visualisation of very early and 

secondary amplification events at a specific locus and it would provide a test for the 

disproportionate replication ('onionskin') model in this particular system of DNA 

amplification. The model is described in more detail in the introduction to Chapter 3.

1 .10.2

Evolution of Amplified DNA

Amplified DNA is lost from cells in the absence of the selective agent 

particular to the amplified gene and DNA co-amplified with such a gene is lost when 

the cell line is passaged in selective conditions over an extended period of time.

Also, cells that have been selected in a single step can increase the copy number of 

already amplified genes by large amounts in second and third steps of selection. All 

these observations suggest that amplified DNA is unstable and has special 

properties. One aspect of this is the loss of amplified genes in the absence of 

selection. If, during passage at a constant drug concentration, amplified DNA is 

arranged into more stable and condensed arrays then how does this effect the loss of 

amplified genes when the cells are grown out of selection? The aim of the work
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described in Chapter 4 was to investigate this question. Another aim was to measure 

the ability of various single-step resistant cell lines to produce second-step resistant 

colonies. This work contributed to the paper by Saito et al. (1989) which is included in 

this thesis.

1 .1 0 .3

In Situ Analysis of PALA-Reslstant Cell Lines

The last section of Chapter 4, and Chapter 5 describe in situ experiments in 

PALA-resistant BHK and human cell lines. The aim of the work in BHK cells was to 

determine the resolution of the in situ hybridization technique described in the 

enclosed paper by Smith et al. (1990) using probes that had been co-amplified with 

CAD in previous experiments. Amplification of CAD had not been described in 

human cells and the aim of other work in this chapter was to investigate PALA- 

resistant human cell lines and determine the pattern of amplified CAD genes for 

comparison with the patterns seen by Smith et al. (1990) in PALA-resistant BHK cells. 

The human cell line system also has several advantages over the BHK system. For 

example, using probes which have been mapped to the same chromosome or 

chromosomal arm as CAD, it would be possible to analyse co-ampfified DNA from all 

other parts of the chromosome. Such probes are available from various sources and 

gene banks and hybridised probes could be visualised using a two-colour detection 

protocol to distinguish the hybridisation pattern of each probe. Furthermore, many 

probes have been finely mapped to the chromosomal location of the gene encoding 

them and this makes the system highly accessible for analysis of not only CAD 

amplification but also for amplification of many other genes for which probes exist.

page 56



Chapter II

M aterials and Methods



2.1

Nucleic Acid Preparation

2 .1.1

Genomic DNA

Eukaryotic cells were trypsinised from semi-confluent monolayer cultures, 

washed once with PBS, the cell pellet suspended in PBS. SDS, sodium acetate and 

EDTA were added to 0.5%, 0.6 M and 5 mM, respectively (final volume is 5-10 

ml/106 -107 cells). When homogeneous, the lysate was gently mixed with an equal 

volume of TE-equilibrated phenol for at least 5 minutes. Chloroform (24:1 mixture of 

chloroform and iso-amyl alcohol), of half the volume, was added to the emulsion, 

followed by gentle mixing for at least five minutes. The organic and aqueous phases 

were separated by centrifugation for 10 minutes. The aqueous phase was recovered 

and extracted with an equal volume of phenol-chloroform (1 :1) by gentle mixing for at 

least 5 minutes. The aqueous phase was separated and extracted as before, with an 

equal volume of chloroform. High molecular weight genomic DNA was precipitated 

by the addition of 2.5 volumes of ethanol at room temperature and collected by 

spooling onto a plastic rod or a bent and sealed Pasteur pipette. The DNA was 

dissolved in 2-5 ml water containing 5 pg/ml RNase and incubated at 37°C for 30 

minutes. The DNA was ethanol precipitated (addition of sodium acetate to 0.3 M and

2.5 volumes of ethanol), spooled, washed with 70% ethanol and dissolved in TE to a 

concentration of 300-600 pg/ml.

2 .1.2

Large Scale Plasmid Preparation (M anlatls et al., 1982)

E. coli containing the plasmid were grown overnight at 37°C with vigorous 

shaking in LB medium containing an appropriate antibiotic. Cultures were harvested 

by centrifugation and the cells were suspended in 10 ml of an ice-cold solution of 50 

mM Tris.HCI/10 mM EDTA. After 10 minutes incubation on ice, 20 ml of a freshly
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made solution containing 0.2 N NaOH/O.5% SDS was added and the lysate was 

mixed by gentle inversion and left on ice for 10 minutes. Protein debris and 

denatured chromosomal DNA were precipitated with 15 mi of 3 M potassium acetate, 

pH 4.8 on ice for 10 minutes. The precipitate was gently broken up and cleared from 

the solution by centrifugation in a benchtop centrifuge. Plasmid DNA was 

precipitated from the supernatant by the addition of an equal volume of iso-propanol 

on ice. Plasmid DNA was pelleted by centrifugation and dissolved in 4 ml of TE. One 

gram of CsCI was added for each ml of solution and the mixture was sealed in a 

Beckman Quickseal tube with 200 pg/ml of ethidium bromide. After centrifugation at 

400 000 g for 4 hours in a vertical rotor (VTi65 series), the band of supercoiled 

plasmid DNA was collected using a syringe and needle. The plasmid DNA was 

diluted, CsCI added as before, and spun again for 18 hours. The DNA was collected 

as above, diluted to 5 ml with TE and extracted at least five times with water-saturated 

butan-1-ol to remove the ethidium bromide. The plasmid DNA was ethanol 

precipitated, pelleted by centrifugation, washed with 70% ethanol and dissolved in 

TE at 300-600 pg/ml.

2 . 1 . 3

Large Scale Preparation of Phage Lambda (X) (M anlatis et al., 1982)

Four hundred millilitres of NZCYM medium was inoculated with 4 ml of E. coli 

strain LE392 plating bacteria (prepared as described in section 2.4.3) and 1-50 x 107  

pfu (plaque forming units) of X. The culture was shaken at 37°C until the bacteria 

lysed (8-16 hours). RNase A and DNase, both at 5 pg/ml, were added to the lysed 

cultures which were incubated at 37°C for 30 minutes. NaCI was added to 1 M and 

the culture cooled and allowed to stand on ice for at least 60 minutes, after which 

precipitated proteins were removed by centrifugation. PEG 6000 was added to the 

supernatant to 10% and dissolved using a magnetic stirrer. The solution was left on 

ice for at least 60 minutes, after which the phage particles were collected by 

centrifugation and suspended in 10 ml of SM. The PEG was extracted by vortexing
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the suspension for 30 seconds with an equal volume of chloroform. CsCI was added 

at 0.75 g/ml and the suspension was spun at 285 000 g at 4°C for 24 hours in a 

Beckm&i SW40 rotor. The phage particles appeared as a blue/white band midway up 

the tube and were collected with a syringe and needle through the side of the tube.

2.1.4

Small Scale Plasmid Preparation (Manlatls et al., 1982)

Single bacterial colonies were cultured overnight in 2.5 ml LB + antibiotic at 

37°C. Approximately 1 .5 ml was removed, the cells pelleted and resuspended in 

100 pi of ice-cold 50 mM Tris.HCI/5 mM EDTA. Two hundred microlitres of 0.2 N 

NaOH/O.5% SDS was added and mixed by gentle inversion. Protein debris and 

chromosomal DNA were precipitated with 3 M potassium acetate (pH 4.8) and 

extracted with 100 pi chloroform. The aqueous phase was extracted once each with 

an equal volume of phenol, phenol/chloroform and chloroform. Plasmid DNA was 

ethanol precipitated, washed with 70% ethanol and dissolved in 30 pi of TE 

containing 20 pg/ml RNase.

2.1.5

Small Scale X Preparation (Manlatls et aZ.,1982)

Single X plaques were individually picked with a Pasteur pipette into 500 pi of 

SM. A drop of chloroform was added and the tube was briefly vortexed and spun. 

Fifty microlitres of E. coli LE392 plating bacteria were mixed with 50 pi of phage 

particles and the mixture was incubated overnight in 5 ml of NZCYM at 37°C with 

vigorous shaking. RNase and DNase (both to 5 pg/ml) were added to each lysed 

culture. After 30 minutes at 37°C, X particles were precipitated with an equal volume 

of 2  M NaCI/20% PEG 6000 on ice for at least 60 minutes. X particles were spun 

down and resuspended in 500 pi SM. SDS and EDTA were added to 0.1% and 5 

mM, respectively, and the mixture incubated at 6 8 °C  for 30 minutes. After phenol
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extraction, the X DNA was precipitated with an equal volume of iso-propanol, 

pelleted, washed with 70 % ethanol and dissolved in 30 pi of TE.

2 .1.6

Extraction of Eplsomal DNA (Hlrt, 1967)

Cells were grown to 106  cells per 100 mm dish and washed extensively with 

PBS. Two millilitres of a solution containing 10 mM EDTA and 0.6% SDS was added 

directly to the plate and left at room temperature for 10 minutes. The lysate was 

poured into Beckman Ultraclear centrifuge tubes with 500 pJ of 5 M NaCI and placed at 

4°C for 48 hours. Precipitated protein was pelleted by centrifugation at 18,000 rpm 

for 60 minutes at 4°C and the supernatant was phenol extracted. DNA was ethanol- 

precipitated and dissolved in an appropriate amount of TE.

2.2

DNA Manipulations (Manlatls ef al., 1982)

2 .2.1

Restriction Endonuclease Digestion of DNA

DNA was generally restricted in 10 mM Tris.HCI (pH 7.5), 10 mM MgCl2  and 1

mM DTT supplemented with NaCI from 0-150 mM as recommended by the supplier, 

or in the buffer supplied by the manufacturer. For some enzymes and for genomic 

DNA digestion, BSA was included at a final concentration of 100 pg/ml. Restriction 

enzymes were normally used at a 5- to 10-fold unit excess and incubation was at 

37°C for 1-4 hours.

2 .2.2

Recovery of DNA from Agarose Gels

DNA fragments were recovered from gel slices by one of two methods: (a) by 

using a Geneclean kit (Bio 101, Inc.) as directed by the manufacturer; or (b) by cutting

page 61



the fragment from the gel and electroeluting it within Spectropore dialysis membrane 

in 1x  TAE running buffer. For fragments larger than 8 kb the latter procedure was 

used.

2.2.3

Ligation of DNA fragments

Plasmid DNA was digested with restriction enzymes and incubated for 10 

minutes at 37°C with 1 unit of calf intestinal alkaline phosphatase (CIP; Boehringer- 

Mannheim). The DNA was agarose gel-purified and mixed with a 5-fold excess of 

insert DNA. Ligation with 10 units of T4 DNA ligase was performed in 50 mM NaCI, 10 

mM Tris.HCI (pH 7.5), 10 mM MgCl2  ,1 mM DTT and 1 mM of freshly added ATP for 4-

18 hours at 14°C. After incubation, the ligase was inactivated at 65°C for 10 minutes.

2.2.4

Ollgo-Labelllng (Adapted from Felnberg and Vogelsteln, 1983)

Fifty to two hundred nanograms of DNA were added to 2 pi of random 

hexamer primers (p(dN)g, Pharmacia; 90 OD units/ml) and 10 pi of 2.5x HTM buffer 

(0.5 M Hepes pH 6,0.125 M Tris.HCI pH 8,12.5 mM MgCl2  and 20 mM p- 

mercaptoethanol). The mixture was boiled for 3 minutes, cooled on ice and 166 pM 

each of dATP, dGTPand dTTP, 70 pCi of deoxycytosine 5'-[a-3 2P] triphosphate 

(radio-labelled dCTP; Amersham) and water were added to a final volume of 24 pi.

The mixture was incubated at 37°C for 1-3 hours with 4 units (1 pi) of the Klenow 

fragment of DNA polymerase (Amersham). The reaction was stopped by adding 

EDTA and SDS to 5 mM and 1%, respectively, and unincorporated nucleotides were 

removed through a Sephadex ® G50 (medium) spin column.
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2.2.5

Nick Translation (Rigby et eh, 1977)

Cosmids used as probes for in situ hybridisation were labelled either with 

bk>tin-11-dUTP using a BRL Nick Translation kit or with biotin-14-dATP using a Bio­

nick kit (Bethesda Research Laboratories) as instructed by the supplier.

2.2.6

DNA Sequencing (Sanger et al., 1977)

Double stranded plasmids were sequenced using a Sequenase kit (U. S. B. 

Corp.) with adenosine S '-a-I^S] thiotriphosphate as instructed by the manufacturer.

2.2.7

Polymerase Chain Reaction

DNA fragments were ampKfied in 10 mM Tris.HCI pH 8.3,50 mM KCI, 0-6 mM 

MgCl2  and 0.001% gelatin, 0.5-1 pM of each primer, 200 pM of each dNTP and 2.5

units of Taq DNA polymerase (Amplitaq, Cetus Corp.) with 10 pg-1 pg of template 

DNA. Optimum concentrations of primers and MgCl2  and annealing temperatures of

the primers were determined using a positive control template. Thirty cycles of 

denaturation (94°C,1.5 minutes), primer annealing (37-65°C, 3 minutes) and 

extension (72°C, 5-10 minutes) were typical. Amplified fragments were visualised by 

agarose gel electrophoresis.

2.3

Gel Electrophoresis and Transfer to Solid Supports

2.3.1

Agarose Gel Electrophoresis

Agarose was dissolved in 1x TAE by boiling, cooled to 50°C before adding 

Ethidium Bromide to 0.5 pg/ml and cast to a depth of 5-10 mm in a gel tray. Samples

page 63



were mixed with 6 x loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol 

and 25% type-400 Ficoll in water) and run at 2-4 V/cm in 1x TAE running buffer 

against 400 ng of a 1 kb ladder (BRL) or Hind Ill-digested X DNA as a size reference. 

Photographs were taken using a U.V. light box (360 nm) and Polaroid 654 instant 

black and white positive film.

2.3.2

Polyacrylamide Gel Electrophoresis

The products of sequencing reactions were run on vertical, 0.5 mm thick, 8 % 

polyacrylamide (19:1 acrylamide:bis-acrylamide) gels containing 7M urea, 0.1% 

ammonium persulphate, and 1x TBE polymerised with 40 pi TEMED (N, N, N'.N'- 

tetramethyl-ethylenediamine) per 50 ml gel. Reactions were stopped using 2.5x stop 

solution (95% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene 

cyanol green) and denatured at 80°C for 5 minutes before loading. Gels were run in 

1x TBE and pre-run for 20 minutes prior to loading.

2.3.3

Alkaline Southern Blotting (Reed and Mann,l985)

One to fifty nanogrammes of plasmid DNA or 5-20 pg of genomic DNA were 

restricted and fractionated on agarose gels. Size marker lanes were removed after 

photography and the gel was depurinated in 0.25 M HCI for 10 minutes. The gel was 

rinsed with water before being neutralised in 0.4 M NaOH for 5 minutes. The DNA 

was transferred to a pre-wet nylon membrane (Zetaprobe [Bioradjor Genescreen plus 

[Dupont]) by capillary action in 0.4 M NaOH for at least 4 hours. After transfer the 

membrane was neutralised in 2 x SSC for 5 minutes and then air-dried for at least 1 

hour.
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2.3.4

Genomic Slot Blots (McIntyre and Stark, 1988)

Ten thousand-105  eukaryotic cells in 50 pi of PBS were added to 200 pi of 

0.5 M NaOH and heated to 80°C for 10 minutes. One hundred microlitre aliquots 

were applied to duplicate slots of a slot blot manifold containing a nylon membrane 

and were drawn through by capillary action. Each slot was washed through with 100 

pi of 0.4 M NaOH. When all the Kquid had been absorbed, the blotter was dismantled 

and the membrane neutralised in 2 x SSC for 5 minutes before being air-dried for at 

least an hour.

2.3.5

Nucleic Acid Hybridisation to Solid Support-Bound DNA

Pre-wet (2 x SSC) nylon membranes were pre-hybridised in 50% formamide, 

5 x SSPE, 5 x Denhardt's solution, 0.1-1% SDS and 100-200 pg/ml of sonicated, 

single stranded herring sperm DNA (300-500 bases long) at 42°C for at least 1 hour. 

One to two million dpm/ml of denatured 3 2 P-labelled DNA was added directly to the 

prehybridising membrane and left at 42°C for a further 12  hours. Membranes were 

rinsed twice in 2 x SSC for 5 minutes each, and then washed in 2 x SSC/1% SDS 

followed by 0.2x SSC/1% SDS for 30-60 minutes each at 50-68°C. Washing 

temperatures depended on the stringency of hybridisation required. Bound probe 

was visualised by autoradiography using Kodak XAR5 X-ray film and two Cronex 

intensifying screens (Dupont) at -80°C.

2.3.6

Densitometry

The signals of hybridisation on Southern blots and slot blots were quantified 

where necessary using an LKB UltraScan II densitometer. For BHK Southern blots 

the signals were normalised for loading differences with a repeat-free 5 kb EcoR I 

fragment from the cosmid c981. This cosmid contains genomic DNA present at a
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single copy in the BHK genome (Saito et al., 1989). Whole cell slot blots were 

corrected for loading differences by hybridisation to a total genomic DNA probe. In 

each case the slots were internally controlled with wild type cells of the relevant 

species.

2.4

Bacteriology (Manlatls et al., 1982)

2.4.1

Competent Bacteria

A single colony of E. coli JM109 or DH5a bacteria was grown to OD5 5 0  = 0.3 

in 7 ml of y  broth. 5 ml was sub-cultured into 200 ml of y  broth and grown to OD5 5 0  = 

0.5. The bacteria were transferred to pre-chilled centrifuge tubes, left on ice for 15 

minutes and pelleted. The pellet was suspended in 20 ml of TfB I (100 mM RbCI, 50 

mM MnCl2 , 10 mM CaCl2 , 35 mM KOAc pH6 .8  and 15% glycerol) and left on ice for

20 minutes. The cells were pelleted, resuspended in 7 ml of TfB II (10 mM Mops pH 

6 .8 ,75  mM CaCl2 , 10 mM RbCI and 15% glycerol) and left on ice for 20 minutes. Two

hundred microlitre aliquots were frozen in a methanol/dry ice bath and transferred to - 

80°C until required. Transformation efficiency was 106 -107  transformants/pg of 

plasmid.

2.4.2

Bacterial Transformation

One to fifty nanograms of DNA were added to 200 pJ of competent E. coli and 

left on ice for 30 minutes. Bacteria were heat shocked at 42°C for 90 seconds and 

returned to ice for 5 minutes. One millilitre of prewarmed LB was added and the cells 

incubated at 37°C for 30-60 minutes. Cells were pelleted in a microfuge, 

resuspended in 100 pi of LB, and 10 pi and 90 pi were spread on LB plates (LB +

1.5% Bactoagar) containing antibiotics). Plates were incubated overnight at 37°C.
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2.4.3

Preparation of Plating Bacteria

A single colony of E. coli strain LE392 bacteria was grown overnight at 37°C 

in NZCYM medium supplemented with 0.2% maltose. The cells were pelleted, 

resuspended at half the original volume in 10 mM MgS0 4  and stored at 4°C for up to

7 days.

2.4.4

Bacterial Infection with X

E. coli strain LE392 plating bacteria were incubated at room temperature for 

30 minutes or at 37°C for 10 minutes with X. Cells were then mixed with molten 

NZCYM/0.7% agarose (at 42°C), poured onto a prewarmed NZCYM plate and 

incubated at 37°C.

2.4.5

In Vitro Packaging of Phage Particles and Cosmids

One to fifty nanograms of phage or cosmid DNA were added to a 1:1.5 

mixture of the packaging extracts supplied as part of a Giga-Pack Gold Packaging kit 

(Stratagene) and left at room temperature for 90 minutes. The packaged DNA was 

mixed with 500 pi of SM and 1 pi, 50 pi and 450 pi aliquots were used to infect 

separate 500 pi aliquots of E. coli LE392 plating bacteria. For packaged phage the 

bacteria were mixed with 3.5 ml of NZCYM medium containing 0.7% molten agarose 

(at 42°C) and plated onto NZCYM plates which were then incubated at 37°C  

overnight for plaque formation. Bacteria infected with packaged cosmids were mixed 

with prewarmed NZCYM and incubated at 37°C for 60 minutes. Bacteria were then 

pelleted, resuspended in 100 pi of NZCYM medium and 10 pi and 90 pi were plated 

on to separate NZCYM plates containing the appropriate antibiotic.
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2 .4 .6

Antibiotic Concentrations

AmpidUin (Ap; Sigma) was used at 50 pg/ml in LB or NZCYM media. 

Tetracycline (Tc; Sigma) was used at 12.5 pg/ml in media that did not contain MgSO^

which antagonises Tc.

2 .5

Tissue Culture Techniques

2.5.1 

Medium

All cell lines were grown in Dulbecco's modified Eagle's medium - (DMEM; 

Flow Laboratories) supplemented with 10% foetal calf serum (FCS), 100 U/ml 

penicillin, 100 pg/ml streptomycin and 2 mM glutamine.

2 . 5 . 2  

Serum

FCS was purchased from Gibco or Bockneck and was either heat-inactivated 

for 60 minutes at 55°C (HiFCS) or dialysed (Swyryd, Seaver and Stark, 1974) in order 

to remove uridine (dFCS). One hundred millilitres of serum was serially dialysed for 24 

hours each against 4 L of 0.15x PBSA, 0.5x PBSA and 0.15x PBSA at 4°C. All 

serum was filtered through a 0 .2 2  pm filter, aliquoted and frozen until required.

2.5.3

Transfection I - Electroporation

This method for the introduction of exogenous DNA into cells is based on the 

procedure of Chu, Hayakawa and Berg (1987). DNA enters the cell via holes in the 

plasma membrane induced by the discharge of an electrical current through the 

medium in which the cells are suspended. The method is said to be biased towards
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the integration of individual copies at a single site per cell due to the non-precipitation 

and concatamerisation of input DNA.

Approximately 105-10® cells were suspended in 0.8 ml of ice-cold PBS and 

placed in a Gene Pulser (BioRad) electroporation cuvette. The cuvette was left on ice 

for 10 minutes, shocked and returned to ice for a further 10 minutes. Cells were then 

plated in medium containing 10% HiFCS for 48 hours before the appropriate drug 

was added.

2 . 5 . 4

Transfection II - Calcium Phosphate Precipitation

Cells were seeded at 106 per 100 mm dish and allowed to attach overnight. 

DNA was prepared in sterile TE at a concentration of 2-10 pg per 40 pJ. For a single 

100 mm dish, 40 pi of the DNA solution was added to 440 pi of 2 x Hebs buffer (20 

mM Hepes, 137 mM NaCI, 10 mM KCI and 2 mM Na2 HPC>4 ; pH 7.05) and air was 

gently bubbled through the mixture while 400 pi of CC mix (250 mM CaCl2  in 0.1 x TE) 

was added dropwise. The solution was left at room temperature for 20-40 minutes 

and the culture medium on the cells was replaced with 6  ml of fresh DMEM. Eight 

hundred and eighty microlitres of the CaPC>4 precipitate was added to each dish and

thoroughly mixed with the medium. The cells were left undisturbed for 8  to 16 hours 

and then glycerol-shocked with 2.5 ml of pre-warmed DMEM containing 25% glycerol. 

The cells were rinsed twice with 10 ml of prewarmed DMEM and incubated for 48 

hours in DMEM + serum before selection with the appropriate drug.

2 . 5 . 5

Selective Concentrations of Drugs

Stable ts-COS transfectants were selected in 400 pg/ml of G418 (neomycin) 

or 200 pg/ml of hygromycin B and BHK stable transfectants were selected in 500 

pg/ml of G418. All selections were carried out at the restrictive temperature (where 

applicable) in DMEM containing 10% HiFCS.
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2.5.6

Frequency and Rate of PALA Resistance

The frequency of PALA resistance for a ceil line was determined by plating 

1-5 x 105  cells on a 100 mm dish in the concentration of PALA required. At least five 

dishes were usually set up. The number of colonies obtained for that drug 

concentration reflects the steady state number of resistant mutants present in the 

population. This frequency is useful for determining the sensitivity of a cell line to a 

particular drug and is different to the rate of amplification, which is the number of 

amplification events per cell per division.

For the analysis of amplification events, cells were selected using a Luria- 

Delbruck fluctuation analysis (Luria and Delbr0ck,1943) so that only independent and 

non-pre-existing amplification events are studied. A small population of cells (100- 

1 0 0 0 ; dependent on the frequency of resistance for the particular cell line) were 

grown in non-selective conditions until they numbered about 106. The cells were 

dispersed and placed in medium containing a concentration of PALA which was close 

to the minimum required to select for amplification of the CAD gene (usually about 3 

times the LD50  of PALA for the cell line). If a large number of resistant colonies

survived then a pre-existing mutant was most likely present in the starting population 

and was expanded during the selection. If only a few resistant colonies arose then 

the amplification event probably occurred within a few cell divisions before selection.

2.5.7

Isolation and Storage off Cell Lines

Isolated colonies were ring cloned when they reached approximately 300- 

500 cells in size and were expanded in successively larger dishes. Aliquots of about 

105  cells were suspended in 50% HiFCS, 40% DMEM and 10% DMSO and placed in 

vials which were wrapped in tissue. After 24 hours at -80°C the vials were transferred 

to liquid nitrogen.
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2.5.8

Retrieval of Cells

Frozen vials were removed from liquid nitrogen and rapidly thawed in a 37°C 

water bath. Cells were plated in DMEM containing 10% HiFCS without selection.

After allowing time to attach, the cells were washed several times with PBSA and 

refed with fresh DMEM and serum. Selective medium was added (if required) after 

the first passage.

2.5.9

Colony Staining

Plates were washed at least once with PBSA and cells were fixed in formol 

saline for at least 20 minutes. After fixing, the cells were washed with distilled water 

and stained with 20% giemsa stain in PBSA for at least 20 minutes. Plates were 

rinsed in water, inverted and air-dried. If necessary, colonies were examined under a 

light microscope to distinguish colonies from cell clumps.

2.6

In Situ Hybridisation (Smith et al.t 1990)

2 .6.1

Chromosome and Slide Preparation (Wahl et at., 1982)

Cells were seeded in T-flasks and grown to 80% confluence overnight. 

Colcemid (BRL) was added to each culture (BHK cells received 150 ng/ml and human 

cells 50 ng/ml) and the flasks were returned to an incubator for 1.5 to 2 hours (BHK 

cells) or 90 minutes (human H T 1080 cells). Metaphase-arrested cells were dislodged 

from the flask by vigorous shaking and were removed from the medium by 

centrifugation at 1000 rpm for 5 minutes. Most medium was aspirated off and the cell 

pellet was gently resuspended in the remaining drops of medium. Five millilitres of 

prewarmed (37°C) 75 mM KCI was gently added to the cells and incubated at 37°C for
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13 minutes. The ceils were very gently pelleted at 800 rpm for 5 minutes, the KCI was 

removed and the cells were fixed on ice for 5 minutes in pre-cooled methanol/acetic 

add (3:1, vA v fixative. The cells were very gently pelleted for 5 minutes and 

resuspended in approximately 1 ml of fixative.

Glass microscope slides were cleaned by immersion in 30% RBS (Pierce and 

Warriner, Ltd) for 1 hour then rinsed with distilled, deionised water and stored in 

alcohol. Chromosomes were dropped onto the slides from a siiiconised Pasteur 

pipette equipped with a rubber bub. Each slide was checked with a light microscope 

for areas with abundant metaphase spreads of chromosomes, which were marked 

with a diamond etcher. Slides were matured at room temperature for at least 24 hours 

before use.

2 .6.2

RNase A and Proteinase K Treatment

Sides were incubated with 100 pg/ml of DNase-free RNase A (in 2x SSC) at 

37°C in a moist chamber and under a 50 mm x 2 2  mm ooverslip for 1 hour. Coverslips 

were removed and the sides were dehydrated by sequential 5 minute washes in 

70%, 85% and 100% alcohol. Dehydrated sides were air-dried for at least 1 hour 

before proteinase K treatment.

Proteinase K (Boeringher) was diluted from a stock solution to 600 ng/ml in 

20 mM Tris.HCI and 2  mM CaCfc (pH 7.4) and pre-warmed to 37°C in a copin jar.

RNase A-treated sides were immersed in the jar for 7.5 minutes and then sequentially 

rinsed at room temperature with 20 mM Tris.HCI and 2 mM CaCl2  (pH 7.4) and with 

PBSA containing 50 mM MgC^- Sides were fixed in 4% paraformaldehyde in PBSA 

for 10 minutes at room temperature, rinsed with PBSA and dehydrated as before.
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2.6.3

Denaturation of Chromosomes

Slides previously tr eated with RNase A and proteinase K were denatured in 

70% deionised formamide and 2x SSC (pH 7) at 76°C for 7.5 minutes (BHK 

chromosomes) or at 73°C for 5 minutes (human chromosomes) in small batches to 

maintain accurate denaturation times and temperatures. Denatured slides were 

dipped through ice-cold 2x SSC and washed for 5 minutes in ice-cold 70% alcohol 

before being dehydrated as before, except that the slides were not allowed to dry out 

after the final wash.

2.6.4

Hybridisation

For a single slide,100-200 ng of nick-translated probe was added to 10-50 pg 

of competitor DNA and the volume was adjusted to 3 pi. Seven microlitres of a 

hybridisation master mix was added to give a final solution containing the probe and 

competitor in 50% formamide, 10% dextran-sulphate, 2 x SSC and 1% Tween-20 

(Surfact-Amps 20; Pierce). The probe and competitor were denatured at 70°C for 10 

minutes and repeat sequences in the probe were suppressed at 37°C for 20 

minutes. After the final dehydration wash following denaturation, slides were drained 

until the last of the alcohol had evaporated (about 1 minute) and 10  pi of hybridisation 

solution containing the competed probe was added to the marked area of each slide. 

A coverslip was placed over the area, bubbles were expelled and the edges were 

sealed with rubber solution. Slides were incubated in a moist chamber at 37°C for 18 

hours.

2.6.5

Detection of Hybridisation

The rubber seal and coverslip were removed from each slide and the slides 

were washed three times in 50% deionised formamide, 2x SSC (pH 7) at 42°C for 5
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minutes each, followed by three washes in 2x SSC (pH 7), also at 42°C for 5 minutes 

each. All further washes were at room temperature. After a 5 minute wash in 4x SSC, 

0.057 Tween-20, slides were blocked with 100 pi of blocking solution (4x SSC, 

0.05% Tween-20 containing 57o non-fat rehydrated milk (Carnation; Nest£))under a 

coverslip for 10 minutes. One hundred microlitres of 5 pg/ml avidin-FITC in blocking 

solution was added under a coverslip and the slides were left for 2 0  minutes, after 

which they were washed three times for 5 minutes each in 4x SSC, 0.05% Tween-20. 

The slides were drained and 100 pi of 5 pg/ml biotinylated goat anti-avidin in blocking 

solution was added to each slide under a coverslip. The slides were given three 5 

minute washes in blocking solution and avidin-FITC was applied as before. Excess 

avidin was washed off with blocking solution followed by two 5 minute washes with 

PBS. Chromosomes were counterstained for 5 minutes in 0.1 pg/ml propidium 

iodide in PBS followed by a rinse in PBS. Forty microlitres of Citifluor Antifade 

mountant was added to the marked area of each slide and a 50 mm x 2 2  mm coverslip 

was placed over the area. Air bubbles and excess mountant were expelled and the 

edges of the coverslip were sealed with rubber solution. Slides were stored in a 

desiccated box at 4°C until analysis using a MRC-600 confocal microscope.
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Chapter III

A Model System for Gene Amplification In 

Primate Tissue Culture Cells



3.1

Overview

3 .1 .1

Introduction

Recurring problems in gene amplification studies have been the rarity of 

amplification events at a specific locus, and the time that lapses between an event 

and the earliest time that it can be recognised as such and studied. When these 

'early* amplified structures are dissected by standard molecular techniques it is likely 

that rearrangements will have taken place and this confuses the mechanistic 

implications of the structures. A system was devised in which a single defined locus 

could be amplified throughout a cultured cell population at the same time in each cell. 

This would facilitate analysis of early events before secondary rearrangements could 

occur. Central to the proposed system was the 'onionskin* model (see Chapter I), in 

which a cellular replication origin is thought to initiate replication more than once in a 

single cell cycle, thereby generating either intra-chromosomal or episomal amplified 

arrays following recombination of newly replicated strands. The project was to test 

the 'onionskin' mechanism and to determine the outcome of over-replication from a 

single origin and its consequences on the surrounding the DNA. This chapter 

describes the progress in setting up a cell line with a viral replication origin targeted to 

the CAD locus by homologous recombination. Also described are the effects of 

over-replication from a viral origin integrated into a cellular genomic background.

3 . 1 . 2

The Model System

In order to over replicate a defined locus, a viral origin of replication was 

chosen as the sequence requirements of a mammalian replication origin are not 

known. The viral origin would be delivered to the locus with minimal disruption of the 

surrounding DNA and it was hoped that this could be achieved by homologous 

replacement of an existing region of DNA with a modified fragment containing the
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viral replication origin. A restriction fragment from the locus, which did not contain 

coding sequences would be modified by insertion of the viral origin and following 

transfection of this modified fragment, a certain number of integrations would replace 

the fragment's cellular homoiogue.

The SV40 replication origin initiates bidirectional replication multiple times 

per permissive host cell cycle when SV40-encoded T-ag is present. The model 

required integration of the SV40 origin into sequences flanking the CAD gene in 

permissive cells. Previous studies (Mark Rolfe, unpublished results) using CV1 cells 

(African green monkey kidney cells) and a temperature-sensitive SV40 early mutant 

virus as a source of T-ag showed that single copy integrations of an SV40 origin- 

containing plasmid did not give rise to episomal DNA at the permissive temperature. 

To simplify the system in terms of the number of variables, ts-COS cells (Rio, Clark 

and Tjian, 1985) were used. These cells have a single integrated copy of the SV40 

tsA 1609 gene under the transcriptional regulation of the Rous sarcoma virus long 

terminal repeat (RSV LTR). T-ag is constitutively produced but is inactive with 

respect to replication at a restrictive temperature (40°C) and active at a permissive 

temperature (33°C). Therefore, replication of the SV40 origin is temperature- 

dependent in these cells. The SV40 origin would be targeted to the CAD gene by 

homologous recombination using DNA isolated from the CAD locus. Once 

integrated, replication from the SV40 origin could be switched on and off by a 

temperature shift to and from the permissive temperature with consequent 

replication of the flanking DNA, including CAD.

3.2

Preliminary Experiments

3.2.1

The Monkey CAD Locus

Cosmid C10 was isolated from a monkey genomic library probed with a 

hamster CAD cDNA at low stringency. Terminal fragments from the insert of C10
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Figure 3.1

Restriction Map of the Cosmlds L41, R61 and C10

The central Cosmid C10 was isolated from a monkey genomic 

cosmid library using a hamster cDNA probe. Terminal fragments of the C10 

insert were used to isolate L41 and R61. A major coding region was located, 

using the CAD cDNA, on an 8  kb EcoR I fragment unique to the cosmid R61. 

The restriction sites shown on each cosmid were mapped by partial and 

mixed restriction digests (M. Rolfe, unpublished data). The left hand end of 

cosmid L41 was sub-doned into a bacterial plasmid and mapped in more 

detail using mixed restriction digests. The heavy line between two EcoR I 

sites on L41 was the region selected as CAD homology in the homologous 

recombination fragment. The two fragments shown beneath the fine map of 

the left hand end of cosmid L41 were extensively used to analyse the 

integration site of the homologous replacement fragment in transfected 

cells.

E-EcoR I; H-Hind III; P«Pst I; S»Stu I; Xb=Xba I; Xh=Xho I
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were used to isolate the left and right flanking cosmids L41 and R61. The three 

cosmids were mapped using mixed restriction digests and partial restriction digests, 

and the partial map that was provided by M. Roife is shown in figure 3.1.

To determine where the major CAD coding sequences were located in the 

three cosmids, each was digested with EcoR I, Southern blotted and hybridised with 

a CAD cDNA probe (Shigesada et al., 1985). The hybridised filter was washed under 

high stringency conditions and the autoradiogram is shown in figure 3.2b. The probe 

hybridised to a 8  kb EcoR I fragment unique to cosmid R61 as shown by comparison 

with the ethidium bromide stained gel prior to Southern blotting. This shows that a 

large amount of coding sequence is located in the region of cosmid R61 that does 

not overlap with the central cosmid C10. Although the cosmid C10 was isolated by 

hybridisation to the same probe as that used above, these sequences were not seen 

on the Southern blot as the filter was washed under more stringent conditions than 

those used to screen the monkey library (M. Roife, personal communication). No 

coding sequences are seen in the L41 lane, although it may be possible to see 

hybridisation in blots washed at lower stringency. The coding sequences of C10 with 

low homology to the hamster CAD cDNA and the more homologous sequences in 

R61, indicate that a large coding region for CAD exists in the area of overlap between 

these two cosmids; this makes it less likely that coding sequences are present in 

cosmid L41.

The strongly hybridising 2.9 kb band in all the lanes is a vector fragment 

bound to labeled pUC fragments which are present in the probe preparation. The 

differences in intensity between the vector band and the CAD-specific band are 

probably due to the differences in homology between the probe sequences and the 

hybridising band sequences. One hundred percent homology exists between the 

pBR322 sequences of the cosmid and those contaminating the probe. On the 

other hand, the hamster CAD gene has been shown to contain a large number of 

small introns separated by small exons and spread over 30 kb. If this is the case for 

the monkey locus also, then the amount of non-homology between the cDNA
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Figure 3.2

CAD Coding Sequences within Cosmids R61, C10 and L41

a) Each of the cosmids provided by M. Roife was digested with EcoR I 

and size-fractionated by agarose gel electrophoresis in the presence of 

ethidium bromide. The lanes are as follows: (1) cosmid R61; (2 ) cosmid C10; 

(3) cosmid L41.

(b) After depurination the DNA was transfered to a nylon membrane 

under alkaline conditions and probed with a CAD cDNA. The filter was 

stringently washed in 0.2x SSC/1% SDS at 65°C for 30 minutes.

Preflashed X-ray film was exposed for 15 hours at -70°C between two 

intensifying screens.

The lane containing R61 DNA shows a fragment of 8  kb which 

hybridises to the CAD probe, indicating that coding sequences reside on 

this cosmid. Although the cosmid C10 was isolated using the same probe 

fragment, the washing conditions were less stringent and the coding 

sequences in C1 0 are not seen. The 8  kb band of hybridisation is unique to 

the cosmid R61 as the 8  kb band seen in the agarose gel is only seen in the 

R61 lane. Finally, no coding sequences are seen in the L41 lane although 

it may be possible to see hybridisation in blots washed at lower stringency. 

The low homology-coding sequences of C10 and the more homologous 

sequences in R61 indicate that a major coding region for CAD exists in the 

area of overlap between these two cosmids and this makes it less likely that 

coding sequences are present in cosmid L41.
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probe and the genomic sequence of CAD could be substantial and this could give 

rise to the relatively poorly hybridising CAD band.

3.2.2

Initial Attempts at Homologous Recombination

A initial attempt to target an SV40 replication origin to the CAD locus was tried 

using two plasmids which were provided by M. Roife, each of which contained a sub­

cloned fragment from the insert of either L41 or R61 as homology for targeted 

integration into the monkey CAD locus. The cloned fragments were terminal regions 

most distant from the overlap with C10, cloned into a pSV2neo-derived plasmid 

containing an SV40 replication origin and the dominant selectable gene for 

hygromydn B resistance. pCXba.L41 contained a 2.7 kb Sal l-EcoR I fragment from 

the extreme left hand end of L41 and was linearised within the insert by Xba I. 

pCHind.R61 contained a 2 kb EcoR I fragment from the extreme right hand end of 

R61 and was linearised within the insert by Hind III. Terminal fragments had been 

chosen by M. Roife as they were unlikely to contain CAD coding sequences which 

would be interrupted by homologous recombination.

Each plasmid was separately linearised with the respective restriction 

enzyme and transfected into ts-COS cells using the CaP04  precipitation technique.

Forty eight hours after the glycerol shock, the cells were selected at the restrictive 

temperature with 200 pg/ml of hygromydn B. When colonies were visible, those on 

each plate were pooled and expanded. An aliquot of each pool was frozen and the 

remainder were plated at 1-5 x 105  cells per 100 mm dish and incubated either at the 

permissive or restrictive temperature with 150 pM PALA and hygromydn B. Medium 

was changed every 5 days for four weeks. No PALA-resistant colonies were 

observed at either the restrictive or permissive temperature for any of the pools of 

hygromydn resistant clones. The reason for this was not entirely due to the lack of 

homologous recombination and the experimental design is discussed in the 

following section.
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3.2.3

C onclusion

The absence of PALA-resistant colonies in the pool of hygromydn B- 

resistant clones, following exposure to active T-ag, could be the result of several 

factors: (i) the amount of CAD homology used in the vectors may be too small to give 

a detectable frequency of homologous recombination; (ii) the PALA concentration 

used after exposure of the cells to active T-ag may have been too high; and (iii) 

excessive incubation of the cells at the permissive temperature, in the presence of 

an SV40 replication origin, could be fatal for the cells. A paper published at the time 

of this experiment (Thomas and Capecchi, 1987) demonstrated that, as the amount 

of homology increased so did the frequency of homologous recombination. I also 

investigated for myself the lowest concentration of PALA that would be required to 

remove the background of spontaneous PALA-resistant mutants, and found it to be 

75 pM (the frequency of PALA resistance for ts-COS cells at this concentration is <1 

x 10~6). With these points in mind the experimental design was improved in the 

following ways: (i) the amount of homology used in a homologous replacement 

fragment was increased to improve the chances of homologous recombination 

following transfection of the fragment; (ii) cells were selected in 75pM PALA; and (iii) 

cells were incubated at the permissive temperature for a maximum of 6  days.

3.3

Improved Design and Strategy

3.3.1

Construction of Homologous Replacement Vector X l6 neo

To increase the frequency of homologous recombination, a larger amount of 

homology was used than before in the fragment that was to be modified by inclusion 

of a SV40 replication origin. To reduce the amount of non-homologous sequence in 

the modified fragment, all bacterial plasmid sequences were removed from the SV40 

replication origin and neomycin resistance gene used. Thus a bacteriophage lambda
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(X) vector was chosen in which the fragment would be cloned and modified. Another 

advantage of using a X vector was that large DNA fragments are more easily 

manipulated in such a system than they are in a bacterial plasmid. A 16 kb EcoR I 

fragment from L41 was chosen as homology with the CAD locus because: (i) it is 

large, increasing the frequency of homologous recombination, (ii) it does not contain 

coding sequences, and (iii) the fragment contains a unique BamH I site, useful for 

modification by insertion of an SV40 origin. This 16 kb EcoR I fragment was cloned 

into the X vector EMBL3a to form X16. The construction of the homologous 

replacement vector is shown in figure 3.3. For transfection, the X arms were removed 

by digestion with EcoR I and the 18 kb EcoR I insert was purified by agarose gel 

electrophoresis.

3 . 3 . 2

Transfection of ts-COS Cells with the Homologous Replacement 

Fragment

Electroporation was the transfection method of choice as it favours single 

copy integrations. The efficiency of stable transfection using electroporation with a 

BioRad GenePulser was determined using the pSVneo2  and pSVneolO 

intermediate plasmids. This also served to check that the neo gene was functional in 

these constructs and also in ts-COS cells. Stable transfectants, following 

electroporation with linearised plasmids and selection with G418, were stained and 

counted, and the best conditions (250 pF, 450 V in PBS) were used to transfect ts- 

COS cells with the homologous replacement fragment.
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Figure 3.3

Construction of the Homologous Replacement Fragment

A 16 kb EcoR I fragment from L41 was selected as the CAD homology for the 

homologous replacement fragment and was subcloned into the EMBL3a bacteriophage 

vector. An SV40 replication origin (stippled box) and a gene for G418 resistance (hatched 

box) were removed from the plasmid pSV2neo (Southern and Berg, 1982) and were cloned 

into the unique BamH I site of the cloned 16 kb EcoR I fragment of L41. As these sequences 

could not be removed directly from the plasmid, each was removed as shown in the diagram. 

The SV40 replication origin was removed by digestion vrith Hind III and Pvu II. Pvu II creates a 

blunt-ended DNA end which could be exploited during cloning as the vector was cut with Hinc 

II (as well as Hind III), which also creates a blunt DNA end. To remove the SV40 origin from the 

plasmid intermediate pSVori, the BamH I site in the vector polylinker was used to release Pvu 

ll/Hinc II end of the insert; Hind III was used to release the other end. The BamH l-Hind III 

SV40 origin fragment was doned, simultaneously with the Bam H l-Hind III neomycin 

resistance gene fragment, into the vector pUC19. The SV40 origin and neomycin resistance 

gene could be removed from this plasmid as a BamH I unit to facilitate modification of the 

subcloned 16 kb EcoR I fragment. To generate the homologous replacement fragment from 

the resulting construct, the X arms were removed by EcoR I digestion and the 18 kb insert 

was gel-purified before transfection.

B=BamH I; E-EcoR I; H=Hind III; Pv=Pvu II; Xh*)(ho I
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3 .4

Analysis of G4l8-Reslstant Pools

3 .4 .1

Screening by PALA Resistance

Following transfection of the homologous replacement fragment a large 

number of G418-resistant colonies would be obtained. It was not known what the 

ratio of random integrations of the transfected fragment to homologous replacement 

of the endogenous CAD locus sequences would be. A functional screening method 

was employed to determine if an increase in the frequency of PALA resistance could 

be observed in a pool of G418 resistant clones following deliberate exposure of the 

cells to active T-ag. If such an increase could be seen, then the number of founding 

clones in the pool would indicate an approximate frequency at which the 

homologous replacement fragment was integrating at the CAD locus.

Stable G418-resistant colonies from 7 independent transfections of the 

homologous replacement fragment were separately pooled and designated G418- 

resistant pools RNpl to RNp7. To determine the frequency of PALA resistance 

before and after exposure to active T-ag, six 100 mm plates were seeded with 

aliquots of 105 cells each for each pool. Cells were allowed to attach for 24 hours at 

the restrictive temperature, after which 4 plates were moved to the permissive 

temperature. Two plates were maintained at the restrictive temperature for 24 hours 

before being selected with 75 pM PALA. After 3 days two of the plates at the 

permissive temperature were returned to the restrictive temperature, followed by the 

remaining two plates after 6 days of exposure to active T-ag. The temperature- 

shifted cells were selected at the same concentration of PALA 24 hours after their 

return to the restrictive temperature. Pools were maintained in G418 throughout. 

After 4 weeks the plates were fixed, stained and colonies were counted.

Results of the PALA selections are shown in table 3.1. The frequency of 

PALA resistance in ts-COS cells at 75 pM PALA was determined to be <1 x 10*6 and
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Table 3.1

The Number of PALA-Resistant Colonies Obtained from G418- 

Resistant Pools Exposed to T-ag

One hundred thousand (105) cells were plated per 100 mm dish, in 

duplicate, and half the plates were moved to the permissive temperature after 24 

hours to attach at the restrictive temperature. After a temperature shift of 3 or 6 days 

the cells were allowed to recover at the restrictive temperature for 24 hours before 

the culture medium was replaced with medium containing dFCS and 75 pM PALA. 

Unshifted cells were selected in the same concentration of PALA after 48 hours 

incubation at the restrictive temperature. The medium in each plate was changed 

every 5 days and the cells on each plate were fixed and stained after 4 weeks of 

selection. The table shows the number of PALA-resistant colonies scored per plate 

in each of the G418-resistant pools. The two columns beneath each length of 

exposure to active T-ag represent the duplicate plates, and the number of founding 

clones refer to the number of G418 -resistant transfectants which were pooled.

page 89



G418r
POQl

RNp1

RNp2

RNp3

RNp4

RNp5

RNp6

RNp7

contro l

ts-C O S

Founding
clones

Exposure to active T-ag 
Odavs 3 da vs 6davs

15 0 0 0 0 0 0

15 0 0 0 0 0 0

30 2 10 24 - 100 70

50 1 1 1 6 70 74

200+ 11 0 13 8 23 10

250+ 10 0 51 39 100 79

100+ nd nd nd

0 0 0 0 0 0

nd = not determined.



this frequency was not increased by the temperature shift and corresponding 

change in T-ag activity as the frequency of PALA resistance did not increase 

following exposure to active T-ag. The G418-resistant pools RNpl and RNp2 

showed no T-ag activity-dependent increase in PALA resistance, but 'he G418- 

resistant pools with more founding colonies (RNp3 to RNp6) did. This experiment 

shows that some clones in RNp3 to RNp6 appear to amplify the CAD gene in 

response to T-ag activity, and this allows survival and growth of these clones in the 

presence of PALA after incubation at the permissive temperature. The G418- 

resistant pool with the fewest founding clones that showed a T-ag activity-dependent 

increase in PALA-resistance frequency was RNp3 which had 30 founding clones. 

The G418-resistant pool RNp4 had 50 founding clones and showed a similar 

increase in the PALA-resistance frequency following exposure to T-ag activity, but 

gave fewer PALA-resistant colonies in the unshifted population. A tentative figure for 

homologous recombination was determined to be approximately one homologous 

replacement event per 50 integrations. As the G418-resistant pool RNp4 had the 

cleanest increase in PALA-resistance following exposure to active T-ag and also had 

relatively few founding clones, further analysis was restricted to this pool of 

transfectants.

3 . 4 . 2

CAD Copy Number Analysis of RNp4

To confirm that amplification of CAD sequences had occurred in the pools of 

G418-resistant cells that gave rise to PALA-resistant colonies after exposure to active 

T-ag, the experiment was modified using cells derived from the G418-resistant pool 

RNp4. After exposure to active T-ag for 0 ,3  or 6 days, small aliquots of cells were 

removed and analysed by whole cell slot blots for the copy number of a CAD-specific 

sequence. Filters were hybridised with a probe specific to the CAD locus which 

flanks the target sequences but has no homology to the transfected fragment. The 

fragment used as a probe was a 2.3 kb Xba l-EcoR I fragment which was cut from the 

cosmid L41 .This fragment is located immediately to the left of the target for
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homologous recombination and is indicated on the restriction map of the CAD locus 

shown in figure 3.1. After exposure to X-ray film, the filters were rehybridised with a 

probe made by oligo-priming total genomic monkey DNA to normalise the signal 

between the slots. The autoradiograms are shown in figure 3.4. The relatively faint 

hybridising signal obtained for cells maintained at the restrictive temperature was 

caused by fewer cells being present on the plates used for lysates than were present 

on the shifted plates. The signals were quantified by densitometry and corrected for 

loading differences. The copy number of the 2.3 kb Xba l-EcoR I fragment increased 

2-fokJ in the pool as a whole after 3 days exposure to active T-ag. This increased to 5- 

fokJ after 6 days exposure. However, It was not possible to determine the state of the 

amplified DNA because the slot blot method cannot differentiate between extra- and 

intra-chromosomal arrays. This experiment confirmed that concurrent with an 

increased frequency of PALA-resistance following exposure to active T-ag, 

sequences at the CAD locus were increased in copy number.

3.5

Analysis of G4l8-Reslstant Cell Lines

3.5.1

Whole Cell Slot Blot Screening of Lines Cloned from RNp4

A T-ag activity-dependent increase in PALA resistance was observed in the 

G418-resistant pool RNp4. This pool was founded by 50 G418-resistant 

transfectants and an approximate frequency of homologous recombination was 

thought to be 1 homologous recombinant ceil line per 50 transfectants. With such 

an apparently high frequency of homologous recombination, it was decided that 

instead of sub-dividing the pool of transfectants and repeating the temperature shift 

and PALA selection, individual cell lines derived from the pool would be separately 

screened for homologous recombination of the transfected fragment. The cell lines 

would be screened using the whole cell slot blot technique of cells before and after
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Figure 3.4

Whole Cell Slot Blots off RNp4 Cells

AKquots of cells were lysed in 0.4 M NaOH and applied through duplicate 

slots on to a nylon filter. Slots were loaded as follows: (a) cels maintained at the 

restrictive temperature; (b) cells cultured at the permissive temperature for 3 days; 

and (c) cels cultured at the permissive temperature for 6 days. The filter was first 

hybridised with a 2.3 kb Xba 1-EcoR I fragment from L41 which has no homology with 

the transfected fragment but is located immediately next to the target site of 

integration of the homologous replacement fragment. After hybridisation with the 

2.3 kb Xba l-EcoR I fragment the filters were hybridised to a total genomic DNA probe 

to allow normalisation of the slots for loading differences.
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exposure to active T-ag. A potentially positive homologous recombinant ceil line 

would show an increase in copy number of a CAD locus-specific probe.

An aliquot of cells from the G418-resistant pool of transfectants, RNp4, that 

had always been maintained at the restrictive temperature, was plated at low density 

and 96 individual colonies were ring-cloned. Fifty-six clones survived cloning and 

each was separately expanded. When sufficient cells had grown, an aliquot was 

frozen in liquid nitrogen and the remaining cells were plated into duplicate 24-well 

dishes. After 24 hours at the restrictive temperature, one dish was moved to the 

permissive temperature for six days and the other remained at the restrictive 

temperature until the cells reached semi-confluence. Clones at the permissive 

temperature were given 24 hours to recover at the restrictive temperature before 

harvesting. Genomic slot blots were made for each clone and the filters were probed 

with the 2.3 kb Xba l-EcoR I fragment that flanks the target site for the transfected 

homologous replacement fragment. Examples of the screening are shown in figure 

3.5. Twenty-three out of fifty-six clones showed some form of increase in copy 

number of the probe sequence after exposure to active T-ag. This was a surprisingly 

high number of potentially positive homologous recombinant cell lines but over­

representation of one particular clone within the G418-resistant pool could give such 

a result. Also, if homologous recombination occurs in more than one transfectant, 

the independent transfectants could not be told apart as the integration site of the 

transfected DNA would be the same in each clone.

3 . 5 . 2

Nomenclature of Cell Lines

Cell lines bearing a RN suffix, eg. 3RN, are G418-resistant clones that were 

randomly picked from dishes following transfection of cells with the homologous 

replacement fragment and selection with G418. These cell lines were used as 

control cells as is was unlikely that any were homologous recombinant cell lines. Cell 

lines which bear a numerical prefix and suffix to a letter are clones that were deemed 

to be potential homologous recombinant cell lines on the basis of the screening
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Figure 3.5

Representative Whole Cell Slot Blots of Cell Lines Cloned from 

RNp4

Aliquots of cells from each cell line isolated from the pool of G418- 

resistant transfectants, RNp4, were maintained at the restrictive temperature 

or were exposed to active T-ag for 6 days. The cells were lysed in 0.4 M 

NaOH and applied to a nylon membrane which was hybridised with the 2.3 kb 

Xba l-EcoR I fragment that contains no homology with, but immediately 

flanks, the target integration site of the transfected homologous replacement 

fragment. The filter was then hybridised with a total genomic monkey DNA 

probe in order to normalise the slots for loading differences. Slots were 

loaded as follows: rows 1-4 represent four different cell lines isolated from 

the pool of G418-resistant transfectants, RNp4; the cells in first column had 

been maintained at the restrictive temperature and those in the second 

column had been grown at the permissive temperature for 6 days. Clones 1 

and 4 are potentially positive clones; in clone 1 the loading is approximately 

equal for shifted and unshifted cells, but the copy number of the CAD- 

specific sequence is increased in cells exposed to active T-ag; a similar 

situation is observed for clone 4. Clone 3 shows the same loading ratios for 

shifted and unshifted cells with both of the probes, indicating that the copy 

number of the 2.3 kb Xba l-EcoR I fragment has not increased after exposure 

to active T-ag in these cells.
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procedures performed upon them after isolation from the G418-resistant pool of 

transfectants, RNp4.

3 .6

Further Analysis of Potential Homologous Recombinants

3 .6 .1

Southern Analysis

Several of the ceil lines which had been isolated from the pool of G418- 

resistant transfectants, RNp4, were chosen for further analysis. To determine 

whether these ceil lines were homologous recombinants, Southern blot analysis was 

performed on genomic DNA isolated from these cell lines which had been maintained 

at the restrictive temperature. The basis of the Southern blot analysis is shown in 

figure 3.6. The left hand end of the cosmid L41 was finely mapped by mixed 

restriction enzyme digests to produce the map shown in the figure. By comparison 

of the restriction pattern for the unaltered region with the restriction pattern predicted 

should homologous recombination occur, it can be seen that the pattern of Pst I sites 

in the region is changed by the presence of the neomycin resistance gene. If a 

Southern blot of Pst l-restricted genomic DNA from the potential homologous 

recombinant cell lines is probed with a restriction fragment that can hybridise to the 

Pst I fragments that are affected by the changes in the Pst I site pattern, then the 

nature of the integration site can be examined. For such an analysis the 3 kb Xba I 

fragment shown was chosen as a hybridisation probe. This fragment overlaps the 

EcoR I site that marks the left hand end of the sequence from which the homologous 

replacement fragment was derived. This 3 kb Xba I fragment therefore contains 

homology with the transfected fragment and can indicate, by hybridisation, all the 

integration sites of the transfected DNA, including homologous recombination 

events. As the Pst I sites of the homologous recombination target site and the 

flanking region have been mapped, the size of the Pst I fragment(s) to which the 3 kb 

Xba I fragment hybridises are indicative of the site where the homologous

page 98



Figure 3.6

Predicted Pst I Restriction Patterns for the CAD Locus Before and 

After Homologous Recom bination

The cosmid L41 is shown at the top of the diagram and the subcloned 16 kb 

EcoR I fragment, used in the construction of the homologous replacement fragment, 

is shown as a heavy line. Diagram (A) shows the predicted pattern of Pst I fragments 

for the left hand end of the endogenous, unaltered CAD region. The two probe 

fragments used on Southern blots are shown as broken lines above the map. Below 

the map, the Pst I fragments which are hybridised by these probes are shown. If 

either of the two probes were used on a Pst l-digested genomic Southern blot, the

2.2 kb and 3.8 kb Pst I fragments would be seen. Part (B) shows the predicted 

arrangement of Pst I sites following homologous integration of the homologous 

replacement fragment (shown as a heavy line). The integrated neomycin resistance 

gene sequences introduce additional Pst I sites to the region and this is reflected by 

the different size of one of the Pst I fragments which hybridise to the two probes 

shown. The size of the novel Pst I fragment is predictable from the anticipated 

restriction map. Part (C) shows the situation at a random integration site of the 

homologous replacement fragment. The 2.3 kb Xba l-EcoR I fragment has no 

homology with the replacement fragment and therefore random integrations cannot 

be observed with this probe. The 3 kb Xba I probe can hybridise to left hand end of 

the transfected DNA but the size of the hybridised Pst I fragment is unpredictable as 

it depends on the distance to the nearest Pst I fragment in the flanking DNA.

The stippled box = the SV40 replication origin; the hatched box = neomycin 

resistance gene; B=BamH I; E=EcoR I; P= Pst I; Xb=Xba I; Xh=Xho I
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replacement fragment has integrated. If the hybridisation pattern obtained with this 

probe comprises a novel band in addition to those generated by an unaltered target 

region (2.2 kb and 3.7 kb), then the size of such a novel band would be predictable 

(ie. 4.8 kb) if ta rgeted integration had occurred at the other allele of the cells. The 

size of such a novel band of hybridisation would be unpredictable if the transfected 

DNA had randomly integrated into the genome.

Genomic DNA was prepared from several clones that had shown T-ag- 

dependent amplification of the 2.3 kb Xba 1-EooR I fragment probe by slot blot 

analysis and also from several G418-resistant clones that had been chosen at random 

from another transfection experiment. The DNA was digested with Pst I, Southern 

blotted and hybridised with the 3 kb Xba I fragment which had been labeled with 32P- 

dCTP. A 2.2 kb Pst I fragment was always seen. This is in agreement with the 

mapping data and represents the Pst I fragment to the left of the Pst I site present in 

probe fragment. This fragment is not affected by homologous recombination of the 

transfected homologous replacement fragment and will therefore be present in both 

homologous recombinants and random integrants. The autoradiograms shown in 

figures 3.7 and 3.8 also show a band of 3.7 kb - this band is the size expected from 

an endogenous, unmodified CAD locus as demonstrated by the pattern of 

hybridisation forts-COS DNA (fig. 3.7, lane 7). It is assumed that, if homologous 

recombination occurred, only one target site would be modified and the wild type 

pattern would always be present in addition to any novel bands of hybridisation. An 

additional, novel band of a predictable size would only be seen following a successful 

targeting event. Random integration events would be characterised by a novel 

fragment of unpredictable size when probed with this 3 kb Xba I fragment. All the cell 

lines analysed in this manner showed at least one further band of hybridisation when 

probed, indicating that the homologous replacement fragment had integrated 

somewhere in the genome (figure 3.7). In several cell lines previously screened by 

slot blot analysis after isolation from the G418-resistant pool of transfectants, the 

additional band is 4.8 kb - in agreement with the predicted fragment size if 

homologous recombination had occurred (figure 3.8). One cell line (2B2, lane 3) has
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Figure 3.7

Southern Blot of Transfectants Containing a Non-Homologous 

Integration of the Homologous Replacement Fragment

Genomic DNA was isolated frcm independent G418-resistant 

colonies and digested with Pst I. The fragments were fractionated by 

agarose gel electrophoresis and transferred to a nylon membrane. The filter 

was hybridised with the 3 kb Xba I fragment described in figure 3.6. 

Approximately 10 pg of genomic DNA was loaded per lane except for lane 1 

where 50 pg of Pst l-digested L41 DNA was loaded with 10 pg of sheared 

herring sperm DNA. The lanes are loaded as follows: (1) cosmid L41, (2) 

clone 1RN, (3) clone 3RN, (4) clone 4RN, (5) clone 5RN, (6) clone 6RN, (7) 

ts-COS genomic DNA; sizes marked are in kilobases. The pattern of Pst I 

fragments which hybridise to this probe show that each cell line contains a 

single, random integration of the transfected homologous replacement DNA.

During cloning, the smaller Pst I fragment of L41 that hybridises to 

the 3 kb Xba I fragment was truncated when ligated into the cosmid polylinker 

and therefore runs faster than its genomic equivalent.
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an additional band, indicating that a second integration site is present. In cell lines 

isolated at random (see figure 3.7), the third band is of variable size (3.5 kb to about 8 

kb) between the cells in lanes 2-6, and in the cell line 6RN (lane 6) there are 2 extra 

bands of different sizes, suggesting that there are at least 2 integration sites of the 

transfected fragment in this ceK line. In figure 3.8 the novel band seen in all of these 

cell lines was more intense than the other bands, and a possible cause of this was 

amplification of the sequences by the SV40 origin due to leakage of T-ag activity. 

This implies that during expansion of these cell lines amplification of the region has 

occurred. To test this possibility the earliest frozen aliquots of these clones were 

expanded taking great care to maintain the cells at the restrictive temperature. 

Genomic DNA was isolated and the Southern blots repeated. In this second attempt, 

the same pattern of hybridisation was seen but the bands were of similar intensity 

(figure 3.9a) thus showing that during expansion of these cell lines prior to the first 

Southern analysis, amplification of the sequences flanking the SV40 replication 

origin has occurred.

In conclusion, G418-resistant clones that had been chosen at random 

following transfection of the homologous replacement fragment, showed mostly 

single integrations at random locations. This was demonstrated by the variable and 

unpredictable size of an additional and novel fragment seen after hybridisation with 

the 3 kb Xba I fragment as a probe. Cell lines that had been isolated from the G418- 

resistant pool of transfectants all showed an additional and novel fragment which was 

the same size as that predicted for an accurately targeted homologous replacement 

fragment. During initial expansion of these cell lines the predicted fragment had 

been amplified but earlier freezings of the cells which had been minimally expanded 

did not appear to have amplified these sequences.
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Figure 3.8

A Southern Blot of Potential Positive Homologous 

Recombinants Isolated from the Pooled G 4l8-Reslstant 

Transfectants in RNp4

Cell lines, isolated from the pool of G418-resistant transfectants, and 

which amplified the 2.3 KB Xba l-EcoR I fragment probe after exposure to 

active T-ag, were expanded and genomic DNA was prepared. Ten 

micrograms of DNA were digested with Pst I, fractionated by agarose gel 

electrophoresis and transferred to a nylon filter. The filter was hybridised with 

the 3 kb Xba I fragment probe from L41. This probe can detect all 

integrations, both targeted and random, of the homologous replacement 

fragment. The lanes are loaded as follows: (1) cell line 1D6, (2) cell line 2D1, 

(3) cell line 2B2 and (4) cell line 2B1; sizes marked are in kilobases. Cell line 

2B2 (lane 3) appears to have more than one integrated copy of the 

transfected fragment as at least two bands are visible. All the other cell lines 

appear to have the same integration pattern which is consistent with an 

accurately targeted 18Rneo molecule. These cell lines could either be 

siblings or independent homologous recombinants.
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3 .6 .2

Further Analysis of the Integration site of the Homologous 

Replacement Fragment In the 1D6 Cell Line

From Southern blot analysis of several G4l8-resistant cell lines isolated from 

the pool of transfectants, RNp4, it was shown that integration of the homologous 

replacement fragment produced a hybridisation pattern which was consistent with a 

modified CAD locus. The analysis also showed that the integration site in these cell 

ines was susceptible to amplification during growth at the restrictive temperature. A 

possible cause of this amplification could be leakage of T-ag activity at the restrictive 

temperature and its interaction with the SV40 replication origin. As the SV40 

replication origin would be involved in such events, these sequences were 

examined in the potential homologous recombinants shown in figure 3.9a.

The Southern blot filter used in figure 3.9a was stripped of the hybridised 3 

kb Xba I probe and a probe comprising the SV40 replication origin and the neomycin 

resistance gene was hybridised in its place. The result is shown in figure 3.9c. The 

autoradiogram shows three bands which hybridise to the probe. The 1.6 and 0.9 kb 

bands agree with restriction map data as being fragments of the sequences cloned 

into X16 to make X16neo. The 4.8 kb band previously seen with the 3 kb Xba I 

fragment probe is also seen on this blot, indicating that this fragment contains both 

neo sequences and sequences in common with the probe fragment. However, the 

relative intensities of the 4.8 kb band and the neomycin resistance gene indicate 

that the copy number of the SV40 origin and neo sequences are much higher than 

the genomic sequences. This is not due to a very small amount of overlap between 

the neo/SV40 origin probe and the novel 4.8 kb fragment, as the restriction mapping 

data shows a 1.5 kb overlap between the two sequences. It is likely that the 

neo/SV40 origin sequences have been amplified and may reside on excised DNA in 

the form of episomes or are integrated amplified sequences. The filter was stripped 

once again and was hybridised to a probe comprising the SV40 origin only. This 

probe hybridised to the 1.6 kb band previously seen with the SV40 origin/neomycin 

resistance gene probe. This information implies that the 4.8 kb Pst I fragment that
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Figure 3.9

Hybridisation of Various Probes to a Genomic Southern Blot of 

Potential Homologous Recom binants

The potential homologous recombinants shown in figure 3.8 appear to have 

amplified the novel fragment hybridising to the 3 kb Xba I fragment probe. A frozen 

aliquot of each cell line, which had been minimally grown before freezing, was thawed 

and expanded with care to maintain the cells at the restrictive temperature. Genomic 

DNA was prepared from each cell line and approximately 10 pg was digested with Pst 

I and Southern blotted. The nylon filter was hybridised with the following probes: 

panel (a) 3 kb Xba I fragment from L41; panel (b) 2.3 kb Xba l-EcoR I fragment from 

L41; panel (c) mixed probe containing SV40 origin and neomycin resistance gene 

sequences: panel (d) SV40 replication origin. Lanes are loaded as follows: (1) ts- 

COS genomic DNA, (2) cell line 1D6, (3) cell line 2D1, (4) cell line 2B2, and (5) cell line 

2B1.
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hybridised to both the 3 kb Xba I fragment and to the SV40 origin /neomycin 

resistance gene probe contains only neomycin resistance gene sequences and 

sequences in common with the 3 kb Xba I fragment.

The blot shown in figure 3.9c also shows an extra band of hybridisation in the 

cell line 2B2 (lane 4). Hybridisation with a probe for the SV40 origin alone showed 

this band to comprise neo sequences only (as shown by their absence in lane 4 of 

figure 3.9d). The significance of this is unclear, but it may be linked to a second 

integration of all or perhaps a part of the homologous replacement fragment, that is 

carried by this cell fine (see figure 3.8). This was not investigated further as 

subsequent analyses were directed at cell fine 1D6. This cell line was selected as it 

appeared to contain a single integration of the transfected fragment but any other 

potentially positive homologous recombinant cell line carrying a single integration 

could have been used in further experiments.

3.6.3

Analysis of HIrt DNA Extracted from Cell Line 1D6

The Southern blot analysis of potential homologous recombinant cell lines 

described above suggested that the neomycin resistance gene and SV40 origin 

sequences may have been amplified through leakage of T-ag activity at the restrictive 

temperature. The sequences amplified did not appear to include those that 

hybridise to the 3 kb Xba I fragment used as a probe, although previously these 

sequences had been seen to be amplified. Analyses of integrated SV40 sequences 

including the replication origin have been carried out in other laboratories (including 

work by Gurney and Gurney, 1989; Conrad, Liu and Botchan, 1982; Botchan, Topp 

and Sambrook, 1979; Botchan etal., 1980) and it has been shown that excision and 

amplification of SV40 origin sequences and the surrounding DNA can occur, giving 

rise to episomal DNA. The only viral component required for excision was found to 

be a SV40 replication origin and active T-ag (Conrad, Liu and Botchan, 1982). 

Intrachromosomal events have also been described in some of these reports.
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To determine if excision and amplification of episomal DNA, mediated by 

active T-ag and the SV40 replication origin, were occurring in the potentially positive 

homologous recombinants, the low molecular weight DNA (<20 kb) extraction 

technique of Hirt (Hirt, 1967) was applied to these cells before and after deliberate 

exposure to active T-ag.

Cells from one of the potential homologous recombinant cell lines, 1D6, 

were plated in duplicate 100 mm dishes and incubated at the restrictive temperature 

for 24 hours. Hirt DNA was prepared from the plates either after the initial 24 hour 

incubation or after a shift to the permissive temperature for two days followed by a 24 

hour recovery period at the restrictive temperature. Twenty microlitres of each Hirt 

DNA extract was fractionated by agarose gel electrophoresis either undigested or 

after digestion with the restriction enzyme Stu I, and transferred to a nylon membrane 

(Zetaprobe). Stu I cleaves the SV40 replication origin at a single site and no Stu I 

sites exist in the neomycin resistance gene. Therefore digestion with this enzyme 

should linearise each episomal molecule unless sites exist in flanking DNA which has 

been included in the episome during the excision event. The membrane was 

hybridised with an SV40 origin probe and washed under stringent conditions to 

determine if episomes were produced when the SV40 replication origin was active. 

An SV40 origin probe was used, as any episome capable of replicating would need 

these sequences to do so, and the SV40 origin is also likely to be a component of 

any excision event that occurs as a result of over-replication. The results are shown in 

figure 3.10.

The autoradiogram shows that episomes are produced when the cells are 

incubated at the permissive temperature. The uncut Hirt DNA runs as several bands 

which may represent the different forms of circular DNA, ie. supercoiled, negatively 

supercoiled or relaxed, or may represent several species of episome. When the Hirt 

DNA was digested with Stu I and then gel-fractionated the episomes were resolved 

into a single major band of 2.5 kb. This suggests that one species of episome 

prevails in these cells. The filter was stripped and rehybridised with the 2.3 kb Xba I- 

EcoR I fragment from L41 which has no homology with the homologous replacement
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Figure 3.10

Southern blot of Hirt DNA Extracted from 1D6 Cells

Hirt DNA was extracted from 1D6 cells which had either been 

maintained at the restrictive temperature, or had been exposed to active T-ag 

for 24 hours. Approximately 20 pi (out of 100 pi) was size-fractionated by 

agarose gel electrophoresis, either undigested or after digestion with Stu I 

(this enzyme cleaves the SV40 replication origin at residue 5193 but has no 

sites in the neomycin resistance gene, including the SV40 splice and 

termination signals). The gel was Southern blotted and the nylon filter was 

hybridised to a probe specific for the SV40 replication origin. The lanes are 

loaded as follows: (1) undigested Hirt extract from cells maintained at the 

restrictive temperature, (2) Stu I digested Hirt extract from cells maintained at 

the restrictive temperature, (3) Stu I digested Hirt extract from cells shifted to 

the permissive temperature for 24 hours, and (4) undigested Hirt extract from 

cells shifted to the permissive temperature for 24 hours. ts-COS cells treated 

in the same manner do not produce detectable episomes at the permissive 

temperature (data not shown). Size markers are in kilobases.
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fragment but is located immediately to the left of the transfected fragment's 

integration target. No hybridisation signal was observed, implying that the episome 

contained no CAD-related sequences. This result could explain why the SV40 origin 

and neomycin resistance gene sequences appear to be amplified in the Southern 

blots described in figures 3.9c and 3.9d. It is possible that some of the SV40 origin 

and neomycin resistance gene sequences could be amplified intra-chromosomally. 

Episomal DNA is not detectable in the cells maintained at the restrictive temperature 

(lanes 1 and 2, figure 3.10) and therefore the amplified neomycin resistance gene 

and SV40 origin sequences could be integrated into the chromosomal DNA.

3 . 6 . 4

Stability of Amplified Material In 1D6 Cells

The previous section describes the production of an episomal DNA element 

in the potential homologous recombinant cell line 1D6 when these cells are 

incubated at the permissive temperature for T-ag activity. Southern blot analysis of 

this cell line showed that the neomycin resistance gene, SV40 replication origin and 

sequences that hybridised to the 3 kb Xba I fragment could be amplified, although 

the cells were always maintained at the restrictive temperature. Episomal DNA could 

not be detected in cells when they were maintained at this temperature and therefore 

it was possible that the amplified DNA sequences were integrated into the genomic 

DNA. The persistence of episomal DNA elements at the restrictive temperature, after 

deliberate exposure of the cells to active T-ag was assessed.

Cells from the potential homologous recombinant cell Mne,1 D6, were 

seeded onto 100 mm dishes and were allowed to attach at the restrictive temperature 

for 24 hours. Several dishes were moved to the permissive temperature for 1 ,3  or 6 

days, and those remaining were maintained at the restrictive temperature for several 

days but were not allowed to achieve confluence. After each time point, cells were 

returned to the restrictive temperature and allowed to recover for 1 ,3  or 5 days. After 

the recovery period, the cells were removed from the plate, counted and either 

replated at 5 x 105 cells per 100 mm dish and selected with 75 jiM PALA, or washed
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with PBS and frozen at -20°C for whole cell slot blot analysis. When aliquots for all 

time points were ready, whole cell slot blots were made. The filter was hybridised with 

a series of probes, stripping the filter between each hybridisation. Probes used 

were: (i) the 3 kb Xba I fragment of L41, (ii) the 2.3 kb Xba l-EcoR I fragment of L41, 

and (iii) an SV40 origin probe. The 3 kb Xba I fragment would hybridise to sequences 

derived from the a random integration or homologous recombination event involving 

the transfected fragment and the Xba l-EcoR I fragment would only hybridise to 

sequences derived from the endogenous CAD locus. These sequences would be 

present in episomal DNA only if excision was occurring at the CAD locus, ie. following 

homologous recombination. The final hybridisation was with a total monkey genomic 

probe which was used as a loading control for densitometric analysis. The results of 

the densitometric analysis are shown in figure 3.11. It is apparent that after a single 

day at the permissive temperature and a single day's recovery, amplification of 

sequences including the SV40 replication origin has occurred. This amplification 

reaches a maximum at 3 days before failing to a level equivalent to 1 day's 

amplification after 6 days. This shows that the amplified sequences which hybridise 

to the 3 kb Xba I fragment of L41 and the SV40 origin probe are quickly lost from the 

cells following the removal of T-ag activity - the degree of amplification is halved after 

3 days of recovery and is nearly normal after five days recovery at the restrictive 

temperature. Amplification of sequences with homology to the 3 kb Xba I fragment 

also occurs. Amplification is greatest - about 4.5-fold - during the first day at the 

permissive temperature, and returns to pre-amplified levels 6 days after exposure to 

active T-ag. As with the SV40 origin hybridising sequences, the sequences that 

hybridise to the 3 kb Xba I fragment are rapidly lost at the restrictive temperature. The

2.3 kb Xba l-EcoR I fragment, which has no homology with the transfected fragment, 

does not appear to hybridise to any amplified material. Slight increases in signal 

intensity are seen after exposure to T-ag, but this is most likely due to non-specific 

hybridisation between the probe and the amplified material as the signal increases 

and decreases in the same manner as SV40 origin-containing episomes.
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Figure 3.11

Copy Number of Different Sequences in 1D6 Cells After Exposure to 

Active T-ag

Cells from the potential homologous recombinant cell line, 1D6, were plated 

at the restrictive temperature and after 24 hours several plates were moved to the 

permissive temperature. Plates were returned to the restrictive temperature after 

either 1,3 or 6 days exposure to active T-ag and aliquots were removed for analysis

1,3 or 5 days later. The cells from each aliquot were washed in PBS, counted and 

stored as cell pellets at -20°C until all time points had been taken. DNA from these 

cells were analysed by whole cell slot blot and the nylon filters were hybridised in turn 

with: (i) the 3 kb Xba I fragment (middle graph), (ii) the 2.3 kb Xba l-EcoR I fragment 

(lower graph), and (iii) an SV40 origin probe (upper graph). The filter was stripped 

between each hybridisation and the signal for each duplicate slot was quantified by 

densitometry and plotted against the length of exposure to active T-ag and recovery 

time. The arrow on time point 3.1 for the SV40 origin copy number, indicates that the 

intensity of the signal was beyond the linearity of the film and that the real relative 

copy number is significantly higher than a 30 -fold increase.
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The aliquot of cells which were removed at each time point and cultured in 

PALA showed no PALA-resistant colonies after 4-5 weeks of selection at the 

restrictive temperature, and on staining all plates were free of attached cells. This is in 

agreement with the ‘Jot blot analysis of the same cells described above and implies 

that the CAD locus is not amplified at the permissive temperature in these cells.

3.6.5  

PALA Sensitivity of 1D6 Cells

If the potential homologous recombinant cell line 1D6 did have an SV40 

replication origin accurately targeted to the CAD locus, as suggested by the 

Southern blot analysis, then it was curious as to why incubation at the permissive 

temperature did not increase the frequency of PALA resistance, as would be 

expected. It was possible that the amplified CAD sequences could not be 

maintained long enough for resistant colonies to be identified. To address this 

possibility, the PALA sensitivity of these cells was checked before and after 

exposure to active T-ag by measurement of growth inhibition of the cells in the 

presence of PALA. This experiment would determine if any amplified CAD 

sequences which were produced at the permissive temperature, could render the 

cells less sensitive to the drug. The experiment was started before the results 

described in the previous section were complete, and therefore the lack of 

amplification of sequences specific to the CAD locus was not known.

Cells of the potential homologous recombinant cell line 1D6 and ts-COS 

were plated at 1.5 x 105 cells per well in 2 sets of duplicate 24-well dishes. After 

incubation for 24 hours at the restrictive temperature, 2 plates were moved to the 

permissive temperature for 48 hours followed by a 24 hour recovery period at the 

restrictive temperature. The other 2 plates were maintained at the restrictive 

temperature. The cells were then exposed to PALA concentrations of 0 ,50 ,100  or 

200 pM for 72 hours. Cells were washed twice with PBS, lysed in 1 M NaOH and 

heated to 50°C for 30 minutes. One tenth dilutions were made of each lysate and 

the OD260 was measured as an indication of the number of cells that were still
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attached to the dish. Percentage survival was calculated as the ratio between the 

number of attached cells in the absence of drug and those in increasing 

concentrations of PALA (0 pM PALA = 100% survival). The plot of survival against 

PALA concentration is shown in figure 3.12. Cells maintained at the restrictive 

temperature gave better survival curves as the plating efficiency and metabolic rate of 

the cells are both higher than for cells incubated at the permissive temperature. It can 

be seen that the slope gradients for ts-COS cells from both shifted and unshifted 

populations and for unshifted 1D6 cells are similar. This implies that growth inhibition 

by PALA is similar in these cells. 1D6 cells which have been grown at the permissive 

temperature have a much shallower curve, suggesting that PALA does not inhibit 

their growth to the same degree. After an initial inhibition at the lowest PALA 

concentration, the ceils survive at the same rate in increasing PALA concentrations. 

These results imply that active T-ag can decrease the inhibitory effects of PALA in 

the cell line 1D6 but does not have a corresponding effect on the PALA sensitivity of 

ts-COS ceils. However, this method for assessing the the inhibitory effect of PALA is 

flawed in the following way. The optical density of each lysate is dependent on the 

amount of DNA present. In cells which do not produce episomal DNA this is 

dependent on the number of cells which are lysed. For the 1D6 cells, which have 

been shown to produce episomal DNA at the permissive temperature, the optical 

density of the lysate does not reflect the number of cells lysed as episomal DNA will 

contribute to the overall DNA content. Because of this factor, the apparent 

increased number of cells not inhibited by PALA is misleading as the increase in 

optical density reflects the higher amount of DNA in each cell and not increased cell 

numbers. Thus it is probable that cells from this potential homologous recombinant 

are equally sensitive to PALA both before and after exposure to active T-ag.

The lack of PALA resistant colonies and the lack of CAD locus-specific 

amplification shown in the previous section and the constant sensitivity of the cells to 

PALA before and after exposure to active T-ag strongly suggest that the cell line 1D6 

does not contain an SV40 replication origin which has been accurately targeted to 

the CAD locus by homologous recombination.
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Figure 3.12

Sensitivity of 1D6 Ceils to PALA

Triplicate samples of cells were plated in different PALA concentrations 

following exposure to T-ag activity, or having been maintained at the restrictive 

temperature. After 72 hours the cells were lysed in NaOH and the OD2eo was

measured for each lysate. The average of the three readings was converted into 

survival, where the OD of cells not placed in PALA was taken as 100% survival, and 

plotted against the concentration of PALA used. The graph shows that the cell line 

1D6 appears to be less sensitive to growth inhibition by PALA after exposure to 

active T-ag. However, as these cells have been shown to produce episomal DNA at 

the permissive temperature, this effect may be the result of increased DNA per cell 

rather than more cells being present on the dishes.
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3 .6 .6

PALA Selection of 1D6 Cells

To determine in a controlled way, whether the potential homologous 

recombinant cell line 1D6 could give rise to PALA-resistant colonies at an increased 

frequency following exposure to active T-ag, the experiment described below was 

performed. The control cell line 3RN had previously been shown to contain a single, 

randomly integrated homologous replacement fragment by Southern blot analysis. 

This cell line was included in the experiment as it would not be expected to show an 

increased frequency of PALA resistance following incubation at the permissive 

temperature. As a positive control, an aliquot of the G4l8-resistant pool of 

transfectants RNp4 was also included as these cells had previously shown an 

increase in the frequency of PALA resistance following T-ag activity. This pool of 

transfectants was also selected as it was the source of the cell line 1D6.

Populations of 1D6,3RN and RNp4 cells were separately plated into 

duplicate 100 mm dishes and incubated at the restrictive temperature for 24 hours. 

One set was moved to the permissive temperature for 3 or 6 days followed by a 24 

hour recovery period at the restrictive temperature, and the duplicate set was 

maintained at the restrictive temperature as a control. Rve aliquots of 5 x 105 cells 

each were taken from the shifted and control populations and separately plated in 75 

pM PALA at the restrictive temperature. For cell lines 1D6 and 3RN, no colonies 

grew within the 4 weeks of selection before the plates were stained. Examination of 

stained plates under a microscope showed that no cells remained attached to the 

surface of the dishes. PALA-resistant colonies were obtained from RNp4 cells that 

had been shifted to the permissive temperature. PALA-resistant colonies also grew 

in control plates of RNp4 cells, but these were fewer than had been observed before 

(see table 3.1). The whole experiment was repeated with the same result. The lack 

of PALA resistant colonies from the shifted population of the potential homologous 

recombinant 1D6 confirms the results of previous experiments and again, strongly 

suggests that this cell line is not a homologous recombinant. Another possibility is 

that this cell line does contain an accurately targeted integration of the transfected
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fragment, but that the arrangement of the DNA does not allow amplification of the 

CAD gene following exposure of the cells to active T-ag. The following section seeks 

to determine the stability of the integrated SV40 origin sequences in this cell line.

3 .6 .7  

Analysis of SV40 Origin Sequences in Cell Line 1D6

The arrangement of SV40 sequences in the now dubious homologous 

recombinant cell line 1D6 was investigated to determine whether any amplification or 

rearrangement of these sequences had occurred. Data from Gurney and Gurney 

(1989) showed that such events can occur and that the frequency of such events 

was variable, possibly depending on the local environment of the integrated SV40 

replication origin.

Genomic DNA isolated from 1D6 cells could be digested with a restriction 

enzyme that cleaves the SV40 replication origin at a single site. The pattern of 

restriction fragments which could hybridise to an SV40 origin probe would show the 

complexity, and possibly the copy number, of integrated SV40 origin sequences in 

this cell line.

The restriction enzyme Stu I cleaves the SV40 origin at base 5190 but does not cut 

the flanking neo sequences. The restriction sites of this enzyme were mapped in the 

cosmid L41, and genomic DNA from ts-COS, 1D6 and 3RN cells was prepared and 

restricted with either EcoR I or Stu I, or with both of these enzymes. The DNA 

fragments were fractionated by agarose gel electrophoresis and transferred to a 

nylon membrane. The membrane was hybridised to a SV40 origin probe and washed 

at high stringency (figure 3.13). The autoradiogram shows that the random integrant 

3RN has a simple, non-rearranged and non-amplified integration of the homologous 

replacement fragment. DNA from the now dubious homologous recombinant cell 

line 1D6 shows a more complex pattern of SV40 origin sequences and previous 

Southern blot analysis had shown that this cell line contained integrated material at a 

single site within the cell. Material at this site had been shown to be amplified during 

expansion of the cell line at the restrictive temperature. The simple hybridisation
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Figure 3.13

The Arrangement of SV40 origin Sequences in the Cell Line 1D6

Genomic DNA was prepared from the potential homologous 

recombinant cell line 1D6 and from the cell line 3RN, which had previously been 

shown to have a single, random integration of the homologous replacement 

fragment.The DNA was digested with either EcoR I or Stu I or simultaneously 

with both enzymes.The restricted DNA was Southern blotted and hybridised to 

an SV40 replication origin probe. The enzyme Stu I cleaves the SV40 origin at a 

single site but does not cleave the neomycin resistance gene. EcoR I should 

cut out the transfected DNA within a genomic fragment which is larger than the 

transfected DNA. Stu I digestion of the transfected fragment should produce a 

6.5 kb fragment which is not affected by codigestion with EcoR I. Digests with 

both enzymes can show whether the sequences surrounding the origin have 

been rearranged and/or amplified. If the Stu I fragment is affected by EcoR I 

digestion, then rearrangements of sequences surrounding the origin have 

placed an EcoR I site within the Stu I fragment, where no EcoR I site previously 

existed.

The lanes are loaded as follows: (1): 3RN DNA cut with EcoR I and Stu I; (2) 3RN 

DNA cut with EcoR I; (3) 3RN DNA cut with Stu I; (4) 1D6 DNA cut with EcoR I 

and Stu I; (5) 1D6 DNA cut with EcoR I; (6) 1D6 DNA cut with Stu I.
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pattern seen for the control cell line 3RN , confirms that it has a single integrated 

SV40 origin and that no rearrangements have occurred during the expansion of this 

clone. The complex pattern of Stu I fragments and the two novel EcoR I bands, in 

addition to the transfected fragment, which hybridise to the SV40 origin probe in the 

1D6 cell line may be the result of either secondary integrations of the transfected 

fragment (or fragments of it) or of intra-chromosomal rearrangements of integrated 

material following amplification. The 6.5 kb Stu I fragment seen in both 3RN and 1D6 

DNA is the predicted size for an unrearranged homologous replacement fragment.

Its size is not affected by EcoR I digestion (see the double digest lane of 3RN DNA). 

When 1D6 DNA was digested with both enzymes, a novel Stu l/EcoR I fragment is 

seen. This is consistent with the Integration of an episome containing an SV40 origin 

or the rearrangement of an integrated homologous replacement fragment. It is not 

possible to determine, from this Southern blot, whether the rearranged DNA is 

present at the original site of integration or at a secondary integration site. The 

pattern observed raises the possibility that 1D6 cells may be intrinsically unstable 

over time with respect to integrated SV40 origin sequences when compared to other 

cell lines containing different integration events.

3.6.8

Sensitivity of 1D6 Cells to Leakage of T-ag Activity

Southern analysis of genomic DNA from the cell line 1D6 suggested that the 

SV40 sequences present at the original integration site of the transfected fragment 

could be amplified and rearranged during growth at the restrictive temperature for T- 

ag activity. It was not dear whether the events were mediated by leakage of T-ag 

activity or through instability of the sequences at the integration site. An experiment 

was designed to determine if the integrated SV40 sequences in cell line 1D6 were 

stable at the restrictive temperature. 1D6 cells which had previously shown no CAD 

sequence amplification by Southern blot analysis (figure 3.9a) were maintained at the 

in culture for several weeks at the restrictive temperature. At the same time cells from 

the cell line 4RN were grown in parallel. These cells have previously been shown to
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contain a single, random integration of the transfected homologous replacement 

fragment and no amplification of sequences that hybridised to the 3 kb Xba I fragment 

of L41 was observed.

Genomic DNA was isolated from 1D6 and 4RN ceHs that had been in culture 

at the restrictive temperature for several weeks. The DNA was digested with Pst I, 

blotted and probed with the 3 kb Xba I fragment of L41; the result is shown in figure 

3.14. An additional, novel band not seen in ts-COS DNA, is amplified in 1D6 ceils 

but is of nearly normal intensity in DNA isolated from 4RN cells. Southern blots of Pst 

l-digested genomic DNA isolated from each cell line at an earlier date confirmed that, 

at that stage of expansion, both cell lines had a normal or low copy number of the 

novel fragment. An amplified novel fragment had been seen previously in 1D6 cells 

(figure 3.8), and a similar analysis of 1D6 cells which had been minimally expanded 

showed a normal or low copy number of this fragment (figure 3.9a). These results 

further suggest that the integrated SV40 origin in 1D6 cells is relatively unstable at 

the restrictive temperature when compared to the same sequences in other cell 

lines.

3 .6 .9

Diagnostic Southern Blots of Potential Homologous Recombinants

It had become evident from Southern blot analyses of genomic DNA isolated 

from the potential homologous recombinant cell line 1D6, that this cell line was 

intrinsically unstable with respect to the integrated SV40 replication origin 

sequences. Results had suggested that when these cells were maintained at the 

restrictive temperature the SV40 origin and sequences flanking it underwent 

amplification and rearrangement. Control cell lines which had been shown to contain 

a single random integration of the transfected homologous replacement fragment 

were shown to maintain these integrated sequences in a stable manner when 

cultured in parallel with the 1D6 cell line. Cell culture experiments showed that the 

cell line 1D6 could not give rise to PALA-resistant colonies, or amplify CAD-specific 

sequences, following deliberate exposure to active T-ag. To determine if the cell line
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Figure 3.14

Southern Blot of Genomic DNA from the Cell Line 1D6 After 

Prolonged Culture at the Restrictive Temperature

1D6 cells and cells from a cell line which had been shown to contain a single, 

random integration of the homologous replacement fragment, 4RN, were expanded 

in parallel for several weeks at the restrictive temperature. Genomic DNA was isolated 

and approximately 10 pg was restricted with Pst I, Southern blotted and hybridised to 

the 3 kb Xba I fragment from L41. This probe had previously shown amplification of a 

novel Pst I fragment in the cell line 1D6. In 1D6 cells which had been minimally 

expanded, the novel fragment was detected at normal, unamplified levels. The lanes 

are loaded as follows: (1) ts-COS genomic DNA, (2) cell line 1D6, and (3) cell line 

4RN. The blot shows that although the continuous growth of 4RN cells has not 

affected the copy number of the novel Pst I fragment in this cell line, the novel 

fragment detected in the potential homologous recombinant cell line 1D6 appears to 

have been amplified. Sizes marked are in kilobases.
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1D6 did contain an accurately targeted homologous replacement fragment, a 

diagnostic experiment was designed. The approach was to probe Pst l-digested 

genomic DNA from this cell line with a shortened version of the 3 kb Xba I fragment 

from the cosmid L41. The shortened fragment has been described previously in this 

chapter and comprises a 2.3 kb Xba l-EcoR I fragment from L41. This fragment has 

no homology with the homologous replacement fragment but hybridises to a Pst I 

fragment from L41 which overlaps the EcoR I site which forms the boundary of 

homology between the transfected fragment and the CAD locus. When Pst I 

digested, Southern blotted DNA is hybridised to this 2.3 kb Xba l-EcoR I fragment, 

an additional, novel band should only be seen if homologous recombination has 

occurred due to the additional Pst I sites that would be introduced into the locus by 

integration of the neomycin resistance gene and the SV40 replication origin. The 

size of a novel fragment identified by this probe would be 4.8 kb for an unrearranged, 

but modified, locus

The Southern blot shown in figure 3.9 was stripped and rehybridised with 

the 2.3 kb Xba l-EcoR I fragment. The autoradiogram of the blot is shown in figure 

3.9d. By the absence of any hybridisation, except that of the unmodified locus, not 

one of these potential homologous recombinant cell lines appear to have an SV40 

replication origin, accurately targeted by homologous recombination.

3 .6 .1 0

Summary and Conclusion

Several potential homologous recombinant cell lines were identified, 

following isolation from a pool of G418-resistant transfectants. They were identified 

by their ability to amplify a CAD locus-specific fragment after deliberate exposure to 

active T-ag. The cell lines initially showed a Southern blot hybridisation pattern 

consistent with an accurately targeted integration event of the homologous 

replacement fragment and one of these potential homologous recombinant cell 

lines, 1D6, was further investigated. It was found that in this cell line, the integrated 

SV40 origin sequences were unstable at the restrictive temperature and underwent
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amplification and rearrangement. The cell line was unable to give PALA resistant 

colonies following incubation at the permissive temperature for T-a activity and that 

during such an incubation, episomal DNA was produced by excision and amplification 

events. Finally, a diagnostic Southern blot of DNA from this cell line showed that an 

SV40 replication origin was not present at the CAD locus of this cell line and work was 

discontinued on these cells. However, the possibility remains that amplification and 

rearrangement of the SV40 sequences may have led to the loss of these sequences 

from the CAD locus during the course of the experiments described.

3 .7

Further Transfections and Screenings

3 .7 .1

New Transfectants and Clones

Initial attempts to screen G4l8-resistant transfectants for homologous 

recombination of the homologous replacement fragment were confusing, 

ambiguous and ultimately unsuccessful (see summary above, 3.6.10). The results 

obtained from selecting pooled G418-resistant tranfectants in PALA, following 

deliberate exposure to active T-ag, gave a frequency for homologous recombination 

of approximately 1 in 50 integrations. It was decided that, if G418-resistant 

transfectants were cloned and screened as early as possible, potential homologous 

recombinant cell lines could be identified with minimal expansion of the clone. If the 

frequency of homologous recombination was close to 1 homologous integration per 

50 random integrations, then the pooling of G418-resistant clones could be avoided 

as independent G418-resistant colonies could be analysed. This approach would 

keep unintentional amplification and rearrangements to a minimum as the cells would 

not be cultured for extended periods and also, independence of the cell lines could 

be maintained.
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New transfections of the homologous replacement fragment were performed 

and independent, unexpanded G418-resistant colonies were obtained. These cell 

lines were screened by Southern blot, PALA selection and slot blot with minimum 

expansion. It was also hoped that PCR could also be used to screen such clones at 

an early stage. The advantages of such an approach would be that relatively small 

numbers of cells could be used for a template, therefore allowing minimal expansion 

of the G418-resistant cell lines. A second advantage of using a PCR screening 

technique would be the ability to process large numbers of G418-resistant cell lines 

at one time. If a CAD-specific primer with no homology to the transfected 

homologous replacement fragment was used in conjunction with a neomycin 

resistance gene-specific primer, then a PCR product of a predicted size could only 

be obtained If the two primers were correctly orientated at the correct distance apart. 

This arrangement would only occur if the homologous replacement fragment had 

integrated at the CAD locus. The possibility of using PCR was explored as described 

below.

3.7.2

Design of CAD-Specific and SV40/neo-Specfflc Primers

To screen newly selected G4l8-resistant transfectants by PCR, a CAD- 

specific primer was required that would anneal to CAD sequences not present in the 

transfected DNA but would be sufficiently close to the SV40/neomycin resistance 

gene sequences introduced into the CAD locus by homologous recombination. The 

smallest distance for such a sequence from the SV40 origin/neomycin-resistance 

gene sequences is 2.7 kb, ie. the distance from these sequences to the end of the 

homologous sequence in the homologous replacement fragment. The sequence 

which immediately flanks the homologous recombination target site at the CAD locus 

comprises part of the 2.3 kb Xba l-EcoR I fragment used as a probe in the Southern 

blot analysis of the potential homologous recombinant cell line 1D6. This fragment 

was cloned into the Promega transcription vector pGEM4 and sequenced from the 

SP6 transcription site using a SP6 site-specific sequencing primer and a Sequenase
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Figure 3.15

Nucleotide Sequences of PCR Primers

The nucleotide sequences of the PCR primers were derived as 

follows: sequences of primers specific for the CAD locus and having no 

homology with the transfected homologous replacement fragment were 

obtained from sequencing part of the 2.3 kb Xba l-EcoR I fragment which had 

been previously used for Southern blot hybridisations. The DNA close to the 

EcoR I end was sequenced and PCR primers were made corresponding to 

this region; all other sequences were obtained from the EMBL or NIH 

nucleotide sequence databases.
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CAD locus-specific PCR primers

a) 20mer;

5’- CATTCTACAATTAATATACA -3'

b) 40mer;

5'- TAATTGTAGAATGCCTCTGACTAAATTTGGACTCGTTGAG -3'

SV40 term ination sequence-specific PCR prim ers

a) 20mer; bases 2562-2542 of SV40

5’- TC AT C AAT GTAACTT AT CAT G -3’

b) 40mer; bases 2581-2542 of SV40

5'-AGTTGT GGTTT GT CC AAACT CAT C A AT GTAT CTTAT CAT G -3'

Internal neomycin resistance gene PCR prim ers

a) 20mer; bases 135-154 of the neo gene

5'- ATGAGGATCGTTTCGCATGA-3’

b) 20mer; bases 1200-1181 of the neo gene

5’- CGG ATTTGC ACT GCCGGTAG-3'

SV40 replication origin-specific PCR primers

a) 40mer; bases 226-265 of SV40

5'- GGGGAGCCTGGGGACTTTCCACACCCTAACTGACACACAT-3’
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kit. Primers were designed from the sequence obtained and the primer sequences 

are shown in figure 3.15. The Southern blot analysis shown in figure 3.9 shows that 

the sequences of the transfected fragment that hybridise to the 3 kb Xba I probe of 

L41 are located on the same Pst I fragment as the neomycin resistance gene 

sequences and therefore these sequences are closest to host DNA flanking the 

integration site. The SV40 transcription termination sequences present in the 

neomycin resistance gene were obtained from the EMBL database and the primers 

shown in figure 3.15 were designed. All primers were made using an oligonucleotide 

synthesiser by I. Goldsmith at ICRF, Clare Hall Laboratories.

3 .7 .3

Construction of a PCR-Posltlve Control

In order to establish the PCR conditions required for amplification of the 

sequences between the primers, and also as a positive control, a construct was 

designed in which the sequences of the CAD and SV40 primers were arranged as 

they would be predicted following homologous recombination of the homologous 

replacement fragment.

The plasmid pSVBP2.9 was constructed as shown in figure 3.16. The 

plasmid pSV2neo was the source of the neomycin resistance gene and SV40 

replication origin which were cloned into the homologous replacement fragment.

This plasmid was modified to include the DNA from the CAD locus which would be 

predicted to separate the PCR primers following homologous recombination of the 

transfected DNA. Therefore the plasmid construct pSVBP2.9 contains the genomic 

targets for the CAD and SV40 termination signal sequence PCR primers described 

above, separated by the predicted CAD sequences. The SV40 termination signal 

primer was tested against a primer specific to a pBR322 sequence about 700 

nucleotides distant, using pSV2neo as a template. After 30 rounds of amplification a 

single product of the correct size was observed. The CAD-specific primer was 

checked against the SV40 primer using the PCR positive control construct, 

pSVBP2.9, as a template, and a single fragment of the correct size was produced

page 135



Figure 3.16

Construction of the PCR Positive Control Template Plasmid, 

p S V B P 2 .9

A positive control template plasmid was designed and constructed as 

shown. A Pst I fragment was removed the cosmid from L41. This fragment 

contains the sequences that would separate the neomycin gene from the 

flanking DNA of the target region, and also the monkey sequences which are 

contiguous with those in the homologous replacement fragment. This Pst I 

fragment was cloned into a pSV2neo-derived fragment to form pSVBP2.9. 

This plasmid therefore contains the neomycin resistance gene and CAD-locus 

sequences in an arrangement which is analogous to those that would be 

present at the CAD target site following homologous integration of the 

transfected DNA. The position of PCR priming sites in pSVBP2.9 are shown 

(heavy arrows) and therefore this plasmid could be used as a positive control 

template for PCR between the CAD-specific sequences and the neomycin 

resistance gene. If a similar predicted arrangement of sequences occurred 

following homologous integration of the transfected fragment, then PCR could 

be used to screen for these integration events.

The SV40 replication origin is lightly stippled, the neomycin resistance 

gene is hatched, the fragment from cosmid L41 is densely stippled and the 

pBR322 sequences of pSV2neo are shown as solid lines. The positions of 

PCR primers are shown with heavy arrows in the plasmid pSVBP2.9.

B=BamH I; E=EcoR I; P=Pst I; Xb=Xba I; bracketed restriction sites are those 

which have been filled in at their cohesive termini and have been destroyed.

page 136



Left hand end of cosmid L41

Xb Xb
J—

P P
I_______ I

fragment of L41 removed with Pst I 
and the cohesive ends filled prior to 
digestion with BamH I

(P) E B

B

pSVBP2.9

(E)
J__

(E)

(P/R)
• “ i

Ligate to­
gether to 
form pSVBP2.9

B

A
Cut with BamH I and 
isolate 4.9 kb fragment

B

i
(E)

J

Cut pSV2neo with EcoR I 
and fill in cohesive ends

pSV2neo

page 137



after amplification. Conditions of MgCl2  concentration, primer annealing temperature 

and primer concentration of the 20-mer (and later 40-mer) primers for the CAD locus 

and the SV40 termination sequence primers were determined using pSVBP2.9 as a 

template.

3 .7 .4

Limits of PCR

Conditions for the PCR with the CAD- and SV40-spedfic primers were 

determined using pSVBP2.9 as a template and at best, a product of the correct 

length (2.7 kb) could be detected after 25 cycles with 10 pg of template DNA (figure 

3.17). The ethidium bromide stained gel shows a single product of 2.7 kb when 100 

pg of the template plasmid pSVBP2.9 was used (lane 2). When larger amounts of 

template plasmid were used the amount of non-specific amplification increased, 

probably due to non-specific hybridisation of the primers to the template plasmid.

To determine the efficiency of the PCR in a cellular DNA environment the 

positive PCR control template plasmid pSVBP2.9 was transfected into BHK clone 13 

cells. Using lysates from these transfectants or genomic DNA prepared from them, it 

was hoped that the PCR and template preparation conditions could be established 

prior to screening the homologous replacement fragment transfectants.

In preparation for transfection, the control plasmid PCR template pSVBP2.9 

was linearised by digestion with the restriction enzyme Nde I and stably transfected 

into BHK cells by electroporation. Following G418 selection, genomic DNA was 

isolated from pooled G418-resistant colonies and used as a PCR template. The 20- 

mer CAD and SV40 signal sequence primers were initially used to attempt to amplify 

the integrated plasmid region. Using genomic DNA from these transfectants as a 

template for the 20-mer oligonucleotide primers of CAD and the SV40 termination 

signal, a product could not be amplified under any of a wide range of conditions. A 

second set of primers, 40 nucleotides long and of different sequence to the 20- 

mers, were designed to increase the specificity of primer/target hybridisation (see 

fig. 3.16) It was hoped that the extra homology and different sequence of the 40-
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Figure 3.17

PCR with Decreasing Amounts of pSVBP2.9 Template (upper panel)

The DNA sequence between the 40-mer CAD and 40-mer SV40 termination 

signal primers was amplified using different amounts of pSVBP2.9 as template. 

Primers were used at 1 pM each in 2 mM MgCI2 and amplification was from 25 cycles

of 3 minutes at 94°C (denaturation), 5 minutes at 60°C (primer annealing) and 9 

minutes at 72°C (primer extension). The amounts of template per lane are as follows: 

(1) 10 pg, (2) 100 pg, (3) 1 ng, (4) 10 ng, (5) 100 ng, and (6) 1 pg. 10 pi (out of 50 pi) 

were run per lane; size markers are in kilobases.

Figure 3.18

PCR of an Internal Neomycin Resistance Gene Sequence from a

Genomic DNA Template (lower panel)

Primers for the neomycin resistance gene sequence (see figure 3.14) were 

used at 1 pM in 1.5 mM MgCI2. Amplification was from 30 cycles of 94°C for 1.5

minutes, 60°C for 3 minutes and 72°C for 5 minutes. The templates used for each 

reaction were different;

lane 1:1 pg of clone 3RN genomic DNA with 4.5 pg of ts-COS genomic DNA as 

earner; lane 2:500 ng of 3RN genomic DNA and 2.25 pg of ts-COS genomic DNA; 

lane 3:100 ng of 3RN genomic DNA and 450 ng of ts-COS genomic DNA; lane 4:1 

pg of 3RN genomic DNA; and lane 5:13 ng of pSV2neo (see Southern and Berg, 

1982). Size markers are in kilobases.
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mer primers would make the annealed primer/target sequences more stable and 

increase the efficiency of the PCR. Using the control plasmid pSVBP2.9 alone as a 

template, these primers were more efficient than the 20-mer primers at amplifying the 

target sequence, but using genomic DNA from the transfected BHK cells as template 

the reaction could still not be made to work. Lysates from ts-COS cells were 'spiked' 

with 100 pg to 1 pg of the positive control template plasmid and the PCR did not 

amplify the target sequence with either set of primers. However, primers made 

against internal neo sequences approximately 1 kb apart amplified a fragment of the 

correct size using the genomic DNA as a template. The amplification of this fragment 

is shown in figure 3.18. The amplified fragment is the predicted size and non-specific 

PCR products can be seen.

3 .7 .5

Use of PCR as a Screening Procedure

Although PCR would have be a powerful screening technique for identifying 

homologous recombinant cell lines, the target sequence for the PCR primers could 

not be amplified in a cellular environment. A n internal neomycin resistance gene 

target could be amplified in the presence of isolated genomic DNA suggesting that 

an inhibitor in the DNA preparation was not responsible for the failure of the PCR 

using the CAD and SV40 termination sequence primers. A control cell line 

containing the integrated PCR positive control plasmid showed that the target 

sequence could not be amplified when in a genomic DNA background. For this 

reason the PCR screening strategy was discontinued and the newly transfected 

G418-resistant cell lines were screened using Southern and slot blots of the DNA 

and a functional PALA selection of the cells.

3 .7 .6

Isolation of New Homologous Replacement Fragment Transfectants

Previous work with potential homologous recombinant cell lines had shown 

that the integrated DNA can be amplified and rearranged during expansion of the cell
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lines at the restrictive temperature. Therefore an effort was made to expand G418- 

resistant clones for the shortest amount of time possible, before attempting to 

identify potential homologous recombinants. New, independent homologous 

replacement fragment transfectants were produced by electroporation of ts-COS 

cells which were plated at low density to give 10 to 20 G4l8-resistant colonies per 

plate after G418 selection. When large enough to done, about five, weH separated 

colonies from each plate were ring-cloned. When each clone had reached 

approximately 1 x 105 cells, duplicate aliquots were frozen and a third aliquot was 

expanded to 106 cells. At this point, clones were pooled and genomic DNA from 

each pool was digested with Pst I, Southern blotted and probed with the 2.3 kb Xba 

l-EcoR I diagnostic probe fragment from the cosmid L41. This probe would only 

hybridise to an additional, novel band if the homologous replacement fragment had 

integrated at the CAD locus.

Table 3.2 shows 25 pools of independent G418-resistant transfectants, 

named p1 to p25. When each clone reached approximately 106 cells, 2 aliquots of 

2 x 105 cells each were frozen and the remaining cells were pooled with other clones 

at a similar stage of expansion. The pooled cells were expanded to a total of 1 -2 x 

107 cells and genomic DNA was isolated from the pool. If all clones grew at the same 

rate, each done would have been expanded from 5 x 105 to 1 -2 x 106 cells. Before 

the preparation of genomic DNA, some cells were removed and replated at the 

restrictive temperature. Manipulations of these cells are described in the following 

section.
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Table 3.2

G4l8-Resistant Clones Screened for Homologous 

Recombination

Pools of G418-resistant transfectants p1 to p25, several cell lines 

isolated from the G418-resistant pool RNp4 (1D6, 2D1, 2B2, 2B1, 2C6, 2B3) 

and also several clones containing a single, random integration of the 

transfected fragment (3RN, 9RN, 4RN, c54 and c55) were all screened by PALA 

resistance and whole cell slot blot before and after exposure to T-ag activity and 

also by Southern blot. Other clones listed were analysed by Southern blot and 

whole cell slot blot only. The nomenclature of the clones is as follows: the initial 

number of each clone is the dish from which it was isolated and the following 

letter is the clone designation from a particular dish, eg. 8A and 8E are the first 

and fifth clones isolated from the same dish. In some pools the number and 

letter of clones are listed in reverse order as these clones are derived from a 

different set of plates; in this case the letter defines the dish and the number of 

the clone from that particular dish. Clones designated c1, c2 and so on were 

isolated from a yet another set of transfectants; several clones were analysed 

on their own without being pooled because each clone reached the required 

number of cells at a time when no other clones were ready.
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Pool Clones Pool Clones

p1 6D 5A8E9A 9C p13 C15 c8 c3 c5

P2 5B 8A 7E M2 (2 clones) p14 C9C11 C12C19

p3 6E5C5D10EM 1 (2 clones) p15 C18 C16 C13 C17 c20

P4 6A 7C 7A 5E 9B p16 C21 c10 C24 C29 C33

P5 10A10B 2B 2A 3E P i7 C26 C25 C28 c27

p6 1C2C 4E3E1E p18 C30 c31 c 38 c 37

P7 G3 3F 2D p19 C23 c14 C22

P8 D5F5A8 10DH6 p20 C35 C39 C32

p9 E10 D3 A5 4A p21 C44 C34 c36 6C

p10 4B 1B9E p22 C40 c41 C42 c43

P11 c15 c8 c5 c3 p23 C39 C47

P12 C610E1D p24 C50 c51 C52 c48

p25 C45 c46 C49 c53

The following clones were analysed as cell lines, ie. they were not included in a 

pool: 6C, 9D, 10C, 10D, c54 and c55.

56 other clones, isolated from RNp4, had been previously analysed (see 3.6.1) 

and a further 7 (1RN, 3RN, 4RN, 5RN.6RN, 7RN and 9RN) had also been 

screened.

Total = 170.
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3.7.7

PALA Selection of Pools pi to p25

Each pool of G418 resistant transfectants was tested to determine if 

exposure to active T-ag caused an increase in the frequency of PALA resistance. If 

such an increase could be observed then it could be possible that one of the 

founding transfectants contains an accurately targeted homologous replacement 

fragment. Each cell fine contributing to the pool could then be independently 

screened for such an event as all cell fines were individually frozen in liquid nitrogen 

prior to being pooled.

When each pool had been expanded to 1-2 x 107 cells, the plates were 

trypsinised and 105 cells/dish were seeded on to five 100 mm dishes. The remaining 

cells were washed with PBS and high molecular weight genomic DNA was isolated 

from them. The seeded cells were allowed to attach overnight at the restrictive 

temperature, after which 3 dishes of each pool were shifted to the permissive 

temperature for 3 days and then allowed to recover at the restrictive temperature for 

24 hours. The other 2 dishes were maintained at the restrictive temperature 

throughout. All dishes were trypsinised and populations of shifted and unshifted 

cells were made for each pool. Triplicate aliquots of 5 x 104 cells were taken for 

whole cell slot blots and the remainder were plated at 5 x 105 cells/100 mm dish and 

selected in 75 pM PALA at the restrictive temperature. Medium was changed every 5 

days and plates were stained after 4 weeks of selection.

The frequencies of PALA resistance for each pool before and after exposure 

to T-ag are shown in table 3.3. As can be seen, some pools had a detectable 

frequency of resistance at the restrictive temperature but this frequency was not 

altered by exposure to active T-ag. Pools which showed no PALA-resistant colonies 

have been given a upper limit to the frequency of resistance, based on the number 

of cells selected. Other concurrent selections using the same stocks of PALA, dFCS 

and medium provided PALA-resistant colonies at expected frequencies and rates, 

showing that the reagents being used were not preventing resistant cells from

page 145



Table 3.3

PALA Resistance Frequencies of Pooled G 4l8-R esistant 

Clones Before and After Exposure to T-ag

Cells were seeded at 1-5 x105 cells per 100 mm dish and were 

allowed to attach at the restrictive temperature overnight. Several plates 

were moved to the permissive temperature for 3 days and then returned to 

the restrictive temperature for 24 hours before being counted, dispersed 

and selected in 75 pM PALA. Unshifted cells were also counted, dispersed 

and selected in the same manner. Medium was changed every 5 days and 

the plates were stained after 3 to 4 weeks. No increase in the frequency of 

PALA resistance was seen in any pool.
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Frequency of PALA Resistance (x 10“6)
P ool U nshifted S h ifted

P1 <10 1.25

P2 <1.6 <1.6

P3 <1.3 <1.3

P4 <2 <2

P5 <1.5 <1.6

p6 <1.3 <1.3

P7 <1.6 <1.8

P8 <1.4 <1.3

P9 1.2 2

p10 <1.25 <1.25

P11 <1.4 <1.4

P12 1.25 3

p13 <1.4 <1.4

p14 n/d <1.25

p15 2 1.3

p16 <2 <1.4

P1 ? 10 7

p18 12.8 9.6

p19 5.5 5.2

p20 1 3.2

P21 1 4

p22 4 4

p23 1 0.25

p24 10 7

p25 1 <1.25

C54 <1 <2

c55 <1 <1

ts -C O S  1 <1

n/d = not determined.

< = no colonies for the number of cells selected.
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surviving the selection. The lack of PALA resistance in the pools after exposure to T- 

ag is consistent with a homologous recombinant not being present in any of the 

pools.

3.7 .8  

Whole Cell Slot Blot Analysis of Pools pi to p25

To determine if any of the pools contained amplified CAD DNA in the 

absence of PALA resistance the cells were analysed by whole cell slot blots as 

described below. It was possible that, although homologous recombination may 

have occurred in one of the pools of transfectants, amplification of the DNA 

surrounding the SV40 replication origin did not include a functional CAD gene. 

Alternatively, a functional CAD gene may be amplified following exposure to active T- 

ag but instability of the amplified sequences may prevent stable PALA resistance in 

the cells.

Whole cell slot blots were made from cells of each pool that had been 

maintained at the restrictive temperature or that had been shifted to the permissive 

temperature for 3 days (see see previous section). The filters were first hybridised 

with the 2.3 kb Xba l-EcoR I fragment of cosmid L41. This fragment is specific for the 

CAD locus and has no homology with the transfected homologous replacement 

fragment. Amplification of this sequence could only occur if the transfected fragment 

had integrated at the CAD locus. After satisfactory exposures were obtained for this 

probe, the slots were normalised for loading differences by hybridisation with a total 

monkey genomic DNA probe. The signal obtained with the 2.3 Xba l-EcoR I fragment 

was corrected for loading differences and none of the pools showed elevated levels 

of the CAD-specific sequence after exposure to active T-ag activity. A representative 

slot blot result showing no increase in the copy number of this fragment is shown in 

figure 3.19. There is no obvious difference in signal intensity between the two 

probes following incubation at the temperature permissive for active T-ag. This is 

consistent with there being no homologous recombinant cell lines present and is in
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Figure 3.19

Representative Whole Cell Slot Blots of Pools of G418- 

Resistant Transfectants Exposed to Active T-ag

Whole cell slot blots were made from cells of each pool of G418- 

resistant clones that had been maintained at the restrictive temperature or 

that had been shifted to the permissive temperature for 3 days. The filters 

were first hybridised with the 2.3 kb Xba I fragment from L41 which has no 

homology with the transfected DNA (panel a) and later with a total monkey 

genomic DNA probe (panel b) to normalise the slots for loading differences 

As can be seen, no amplification of the L41-derived probe has occurred 

following exposure to T-ag.
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agreement with the constant frequency of PALA resistance seen in the pools before 

and after exposure to active T-ag.

3.7.9  

Southern Blot Analysis of Pools pi to p25

As final confirmation of there being no homologous recombinant cell lines in 

the pools of transfectants, a diagnostic Southern blot analysis was performed on 

each pool. Each pool comprised cells which had atoays been strictly maintained at 

the restrictive temperature. Genomic DNA was isolated from each pool, digested with 

Pst I, size fractionated by agarose gel electrophoresis and Southern blotted. Each 

filter was hybridised with the the diagnostic 2.3 kb Xba l-EcoR I fragment of L41. An 

additional novel fragment would only be seen using this probe if homologous 

recombination had occurred. A typical Southern blot is shown in figure 3.20 which 

shows the two expected bands consistent with an unmodified CAD locus; an 

additional band of 4.8 kb is not present. All pools showed the wild type pattern of two 

bands and a novel band of the predicted size was not seen in any pool. This confirms 

the previous conclusion that a homologous recombinant cell line is not present in any 

of the pools analysed and at this point it was decided that no future screenings would 

be done.

3.7.10  

Conclusion

Following transfection of the homologous replacement fragment, a total of 

170 cell lines were screened for a targeted integration event and no positive cell lines 

were identified. A pool of transfectants had shown a T-ag activity-dependent 

increase in the frequency of PALA resistance but no cloned cell line could 

demonstrate the same effect. CAD locus-specific sequences were shown to be 

amplified in the pool of transfectants and also in some cell lines isolated from the pool 

but following Southern blot analysis, these cell lines were shown not to contain an 

accurately targeted SV40 replication origin. One cell line studied in detail, showed
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Figure 3.20

Representative Southern Blot of Pooled G 4l8-R esistant 

Transfectants

After an aliquot of each cell line had been frozen, cell lines were pooled and 

expanded. Genomic DNA was isolated, digested with Pst I and Southern 

blotted. Filters were hybridised to the 2.3 kb Xba l-EcoR I fragment of L41 

which would only hybridise to a novel, additional fragment if the homologous 

replacement fragment had integrated at the CAD locus. An additional, novel 

band was not seen for any cell line.
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that the integrated SV40 sequences could be unstable, with amplification, 

rearrangement and excision events contributing to this instability. Bearing in mind 

these factors and also emerging data that strongly suggested that over-replication 

was not likely to be responsible for mammalian gene amplification (Trask and Hamlin, 

1989; Smith etaL, 1990), the project was closed.
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3.8

Discussion

3 .8 .1  

Overview

This chapter has dealt with the attempt to set up a cell line in which gene 

amplification events at a predetermined locus could be studied simultaneously in all 

cells of a population. The model was also to be an experimental test for the 

disproportionate replication model of gene amplification. Overall, the project was not 

successful and possible improvements that could be made to increase the chance of 

success are discussed below.

3 .8 .2

Design of the Homologous Replacement Fragment

The homologous replacement fragment was designed with the following 

features in mind. The monkey sequence (insert of X16) which was used as 

homology for homologous recombination was selected to be as large as possible. 

Thomas and Capecchi (1987) describe the features of homologous replacement 

vectors which increase the efficiency of homologous recombination. Generally, the 

greater the homology between target and input DNA, the higher the homologous 

integration frequency; repeated elements were not thought to effect the efficiency 

of the process. If the free ends of the linearised input DNA were normally non­

contiguous in the genome sequence, homologous replacement would occur; if they 

were normally contiguous then homologous sequence integration, forming a 

duplication of the target sequence, would take place. The 16 kb EcoR I fragment 

from the cosmid L41 was the largest convenient fragment which could be used for 

sequence replacement, and it possessed a useful site into which the SV40 

replication origin and neomycin resistance gene could be cloned. Southern blot 

hybridisation of the cosmids with a CAD cDNA probe demonstrated that the fragment 

did not contain any CAD coding sequences, and so modification of the fragment or

page 155



its homologous integration should not interfere with expression of the CAD gene 

product.

The SV40 replication origin was chosen as it is the best characterised origin 

known to function in eukaryotic cells, and the specific nucleotide sequences that 

constitute a mammalian replication origin have not yet been determined. The only 

viral protein required for SV40 replication is T-ag and this may be used to control the 

activity of the SV40 replication origin. In the presence of active T-ag the origin 

continually initiates bidirectional replication into the flanking DNA sequences, and in 

doing so may mimic the activity of an aberrant mammalian repfication origin. Several 

attempts were made to control the activity of the SV40 origin before my arrival in the 

laboratory. Preliminary work (Mark Rolfe, unpublished results) on a CV1 cell line 

which contained a single, randomly integrated SV40 replication origin showed that 

infection of these cells with wild type SV40 virus (as a source of T-ag) caused cell 

death as part of the viral lytic cycle. However, an encouraging observation (M. Rolfe, 

unpublished data) was that replication at the integrated viral replication origin did not 

produce circular excision products during replication, presumably due to the 

absence of duplicated DNA which can act as a substrate for homologous 

recombination as described in Chapter I. In contrast, a CV1 cell line containing 

several copies of the SV40 replication origin and other vector sequences integrated 

in tandem produced large amounts of Hirt-sized DNA excision products after 

infection by SV40 (M. Rolfe, unpublished data). The replacement fragment was 

designed to exploit this effect as it contained a single copy of the replication origin 

and neomycin resistance gene. The integration was biased towards single, 

unduplicated events by using electroporation to transfect the cells. Excess foreign 

sequences were removed from the homologous replacement fragment in order to 

reduce the modification of the CAD locus to a minimum and also to reduce the 

amount of non-homology in the fragment. In particular, unnecessary bacterial 

sequences (eg. promoters etc.) were eliminated from the SV40 origin/neomycin 

resistance gene insert of the transfected fragment to avoid the possible formation of 

sequence duplications.
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3.8.3  

Temperature-Sensitive COS Cells

In order to control the activity of T-ag, ts-COS cells (Rio, Clark and Tjian,

1985) were used. These cells contain a single integration of an SV40 A gene (ts A 

1609) which encodes a temperature-sensitive T-ag. The gene is constitutively 

expressed from the promoter of the Rous sarcoma virus LTR which is insensitive to T- 

ag repression. At the restrictive temperature (40°C) the T-ag produced is inactive 

with respect to initiation of SV40 repfication, and at the permissive temperature 

(33°C) repfication is initiated in the usual way. It is unknown whether the cellular 

effects of T-ag are also temperature sensitive.

Experiments to investigate the frequency of PALA resistance in ts-COS cells 

that do not contain an SV40 replication origin have shown that exposure to active T- 

ag does not significantly raise the frequency of PALA resistance in these cells (see 

table 3.1). The frequency of resistance to 75 pM PALA at the restrictive temperature 

is <1 x 10-6 and this figure does not increase after exposure of the cells to active T- 

ag. Upon infection of permissive cells, SV40 stimulates cellular DNA synthesis and 

cell division. The repertoire of cellular genes induced by T-ag are involved in DNA 

replication, recombination and possibly mitosis, presumably for the vims' own 

reproductive requirements. The developers of ts-COS cells suggest that the 

transcriptional activities are also temperature sensitive in these cells, and the 

experimental evidence described above implies that the frequency of PALA 

resistance is not increased by the expression of these cellular genes.

3.8.4

PALA Selection of G4l8-Reslstant Pools

Early pools of G418-resistant colonies transfected with the homologous 

replacement fragment were relatively small, containing up to 15 colonies (RNp1 and 

2). When aliquots of these pools were incubated at the permissive temperature for 

limited periods of time, no resistant colonies survived the following PALA selection.
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Larger pools of transfectants (RNp3 to 6) showed a T-ag activity-dependent increase 

in the frequency of PALA resistance following incubation at the permissive 

temperature. The pool of transfectants RNp3, was founded by about 30 

independent G418-resistant colonies, and PALA resistance appeared to be 

dependent on the length of exposure to active T-ag (see table 3.1). However, the 

control cells of this pool which were maintained at the restrictive temperature also 

gave rise to PALA-resistant cells. There are at least two reasonable explanations for 

this. Firstly, a pre-existing PALA-resistant mutant could be present in this particular 

pool of transfectants in which case the frequency of PALA resistance should be 

independent of exposure to active T-ag. Secondly, leakage of T-ag activity from 

unintentional exposure to active T-ag during cell manipulations could have caused 

over-replication and amplification of CAD sequences flanking an accurately targeted 

SV40 replication origin in one of the founding transfectants. The number of PALA- 

resistant colonies in the pool RNp3 is dependent on the length of exposure to active 

T-ag, supporting the latter explanation. Cell lines were not cloned from RNp3 for 

further analysis because it was not known when and for how long T-ag had been 

active in these cells. It was possible that frozen stocks of the pool could already 

contain cells that were resistant to PALA through leakage of T-ag activity. It was also 

known from earlier work that prolonged culture of ts-COS cells at the permissive 

temperature was fatal if the cells were carrying a functional SV40 replication origin. 

The plating efficiency and metabolic rate of the cells are also reduced at 33°C. Cells 

incubated at the permissive and restrictive temperatures were seeded at the same 

density, but because of the above mentioned differences the proportion of cells 

surviving before selection with PALA is higher in the unshifted populations. The 

PALA resistance frequency following incubation at the permissive temperature is 

therefore probably higher than the figures suggest; the lower plating efficiency and 

doubling time of cells at the permissive temperature mean that less cells are selected 

in shifted cell populations. To minimise these effects, all cells were plated at the 

restrictive temperature and cells which were to be exposed to active T-ag were given 

24 hours to attach at the restrictive temperature before being moved to the
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permissive temperature. After the temperature shift, cells were given a 24 hour 

recovery period at the restrictive temperature before being detached from the plate, 

counted and dispersed. In this way the plating conditions and densities prior to 

PALA selection were the same for both shifted and unshifted populations of cells.

3.8.5  

Isolation of G4l8-Reslstant Call Linas

The pool of transfectants RNp4 showed an increase in PALA resistance 

which was dependent on exposure to active T-ag. A CAD-specific sequence not 

present in in the transfected DNA was amplified 5-fold after 6 days at the permissive 

temperature. Assuming that all founding clones were equally represented in the 

pool, the copy number increase of the sequence could be between 250-fold in one 

done or 5-fold in all clones. If one clone had grown more than any other and was also 

a homologous recombinant, then the fold increase per cell of that clone would be 

lower than 250.

The RNp4 pool of transfectants containing the homologous replacement 

fragment was chosen as a source of cell fines which could be screened for 

homologous recombination because the number of founding dones was low 

(approximately 50), which meant that a sib-selection screening method could be 

avoided. The results of screening each isolated cell line by whole cell slot blots 

before and after exposure to T-ag were surprising. Approximately 41% of the clones 

showed an increase in copy number of a CAD-specific sequence. This could be due 

to over-representation of one clone in the population or it could be related to the 

probe. If a repetitive element was present in the probe sequence, it could give 

misleading results when amplified in another part of the genome. The three CAD 

cosmids were tested for repetitive elements and none were found in the probe 

region (M. Rolfe, unpublished data). The increase in specific signal may also be the 

result of non-specific hybridisation background, arising from high amounts of nucleic 

adds in the cell samples (espedally in the form of episomes resulting from exdsion 

events at the permissive temperature). Certain rearrangements of the SV40
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sequences (for example small sequence duplications) may promote excision events, 

and these rearrangements could occur in some of the clones. Another explanation is 

the over-representation of one particular clone which has amplified a sequence 

which cross-hybridises with the probe, or alternatively has amplified the CAD locus. 

Several of the clones were expanded, and Southern blot hybridisation showed a 

similar restriction fragment pattern (figures 3.8 and 3.9a) which at first suggested that 

homologous recombination had occurred in these lines. The consistency of the slot 

blot and Southern data implied that these lines were homologous recombinants. It 

was not be possible to tell if the lines were siblings and further analysis was 

performed on one of the potential homologous recombinant cell lines, 1D6.

3 .8 .6

Analysis of the Cell Line 1D6

The potential homologous cell line 1D6 showed promising results when 

initially screened for homologous recombination of the transfected fragment. 

However, Southern blot hybridisation with a shortened probe which could only give 

an additional, novel band of hybridisation if homologous recombination had 

occurred, demonstrated that this cell line did not have an accurately targeted CAD 

locus. Whilst this analysis was being performed, the cell line was characterised by 

other means. Hirt DNA extractions from shifted and unshifted cells showed that one 

main species of episomal DNA was produced on exposure to active T-ag and that this 

DNA did not hybridise to a CAD-specific probe. Such events are in agreement with 

published data described in the introduction (Botchan et al., 1980; Bullock and 

Botchan, 1982), where excision events involving SV40 sequences have been 

observed in transformed cells. The published data suggest that a homogeneous 

excision product is consistent with a duplication of the integrated SV40 sequences. 

During replication of the integrated SV40 sequences homologous recombination 

between duplicated sequences causes excision of episomal DNA. In the potential 

homologous cell line 1D6, a homogeneous excision product is produced which 

implies that the excision is mediated via a duplication and not through some other
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mechanism. The nature of the excision product also suggests that some 

amplification (at least a duplication) has occurred intra chromosomally at the 

integration site of the transfected DNA. If the excision event occurs at a low 

frequency then a small number of episome types will be produced, and these could 

be amplified to high copy number by extra-chromosomal replication. Alternatively the 

excision event could occur at a high frequency with moderate extra-chromosomal 

replication. In the latter hypothesis, the excision event would have to be accurate 

and repeatable to produce homogeneous episomes and this implies that specific 

recombination sites are used. In the former case, the event need only occur once 

per cell to produce the original episome, but for each cell in a population to produce 

an identical episome, a specific recombination site is required as before. With the 

data described here it is not possible to say which hypothesis is the most credible. A 

detailed analysis of the episome population and also of individual molecules cloned 

in bacteria could shed some light on the origin of these excision products. Finally, 

because the excision product is the same in most cells in the population, then the 

rearrangement and duplication which mediates the excision event must have 

occurred soon after the integration event as most descendants of the original 

transfectant must have a similar rearrangement in order to produce a homogeneous 

episome size.

A comparison between the potential homologous recombinant cell line 1D6 

and cell lines containing a single random integration of the homologous replacement 

fragment, suggested that the SV40 sequences in 1D6 cells were intrinsically 

unstable. After passaging this cell line for several weeks, the integration pattern of 

the SV40 sequences became more complex, but in control cell lines remained 

simple. Gurney and Gurney (1989) reported that SV40 sequences in transformed 

rodent cell lines were unstable to varying degrees. The SV40 sequences of one 

particular cell line were highly prone to rearrangements and it was suggested that 

DNA sequences within or near the integration site were responsible for this activity. 

Although duplications of the integrated DNA were present in this cell line, other cell 

lines with a similar or higher degree of duplication were relatively stable. These data
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suggest that the immediate environment of an integrated sequence may be a 

contributory factor towards its stability at that site. It is possible that, for 1D6 cells, 

small leakages of T-ag activity during cell manipulations and the local genetic 

environment had a great effect on the stability of the integrated DNA, and with time 

these factors destabilised the sequences around the integration site. It was apparent 

that the copy number of the novel fragment in 1D6 cells became amplified during 

passage at the restrictive temperature, and as described earlier, the arrangement of 

the integrated DNA also evolved into a more complex state.

Neither of the above aspects of 1D6 cells were pursued as the primary 

objective remained the isolation of a homologous recombinant cell line containing an 

SV40 replication origin which had been accurately targeted to the CAD locus.

The behaviour of 1D6 cells in the presence of PALA was apparently 

contradictory. All selections for PALA-resistant cells following exposure to active T- 

ag were negative. In contrast to this lack of resistant colonies, 1D6 cells appeared 

less sensitive to PALA after exposure to active T-ag. This was probably an artifact. 

Following exposure to PALA, the number of attached cells per dish was quantified by 

measurement of the cellular DNA content by optical density; the higher the optical 

density, the more cells present. Episomal DNA would only be present in cells 

containing an SV40 replication origin and active T-ag, and this additional DNA could 

increase the optical density measurement and give the impression that these 

particular cells had grown more than control cells in the presence of PALA.

In summary, the potential homologous recombinant cell line 1D6 looked 

promising. The restriction pattern of the CAD locus was encouraging but eventually 

the cell line was shown not to have an accurately targeted SV40 replication origin. At 

the permissive temperature episomal DNA was produced but it did not contain CAD- 

specific sequences and the chromosomally located SV40 sequences in this cell line 

were shown to be unstable during culture at the restrictive temperature. Finally, 1D6 

cells were unable to give PALA-resistant colonies after exposure to active T-ag. 

Because the cell lines had been isolated from a pool of transfectants which had been 

expanded for some time before the leakage of T-ag was fully appreciated, it was
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decided that new, independent transfectants would be screened for homologous 

recombinant cell lines containing an accurately targeted SV40 replication origin.

3.8.7 

Analyses of New G4l8-Reslstant Clones

G418-resistant cell fines were isolated from new transfections of the 

homologous replacement fragment and were analysed by Southern blot 

hybridisation, whole cell slot blots and by PALA resistance. It was hoped that PCR 

could be used to screen independent clones, but this methodology was not 

effective. Sequence information for the region flanking the homologous 

recombination target sequence was obtained by sequencing part of the 2.3 kb Xba I- 

EcoR I fragment from L41; this fragment has no homology with the homologous 

replacement fragment but immediately flanks the targeted integration site. PCR 

primers were designed from this sequence first as 20-mers and later as 40-mers. 

Using a positive control plasmid template that contains the SV40 origin/neomycin 

resistance gene and CAD sequences in the orientation that would be predicted 

following homologous recombination at the CAD locus, a product of the correct size 

could be amplified with both sets of primers. However, neither set of primers could 

amplify the target sequence after it had been transfected into a BHK cellular 

background. The reason for this is not clear. Using a set of primers specific for the 

neomycin resistance gene, which is part of the positive control template, a PCR 

product of the correct size could be amplified in all situations. The distance between 

the primers was about 1 kb, approximately 1.7 kb shorter than the template between 

the CAD and SV40 sequences in the control plasmid, and for these primers the PCR 

was less efficient on a chromosomal template than a plasmid template.

The predicted distance between the CAD- and SV40-specific primers at an 

accurately targeted CAD locus was about 2.7 kb, towards the upper limit of efficient 

PCR. It was tested whether the reaction might be less efficient in a cellular 

background, especially when crude cell lysates are used as templates. Highly 

purified genomic DNA from BHK cells, transfected with the PCR control plasmid, was
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used as a template in the reaction, but the same non-result was obtained over a wide 

range of conditions. Lysates were also prepared from ts-COS cells and these 

preparations were 'spiked' with the PCR control plasmid. In this system also, PCR 

could not amplify the target fragment. As the CAD-specific and SV40 transcription 

termination signal primers can work on the control plasmid template but not on 

templates derived from a chromosomal environment, the results suggest that the 

state of the DNA is different, perhaps as a result of the purification techniques used, 

and this difference somehow effects the efficiency of the PCR reaction. Certain 

templates cannot be amplified by PCR because of the nature of the templates and/or 

primers. Some sets of primers have been known to anneal to one another or 

themselves and certain templates can assume secondary structures after 

denaturation, eg. hairpin loops, which may impede the progress of the Taq 

polymerase (Frohman and Martin, 1990). The reason why PCR could not be made to 

work in this system may be a combination of the length of target template and the 

cellular environment from which it is derived. As the PCR could not amplify a 

chromosomally located target template, the technique was discontinued as a 

screening procedure for identifying homologous recombinant cell lines.

The analysis of new homologous replacement fragment transfectants did not 

identify a homologous recombinant cell line in the 100 or so clones examined. All 

were negative with respect to hybridisation patterns on Southern blots, by 

quantitative whole cell slot blots and by PALA resistance after exposure to active T- 

ag. In total, 170 clones had been screened by a combination of methods but no 

homologous recombinant cell lines had been detected. The frequency of 

homologous recombination was thought to be about 1 homologous recombination 

per 50 integrations, as determined from pooled G418-resistant transfectants. This 

figure was in rough agreement with Thomas and Capecchi (1987), albeit in a different 

system. These workers found that if the amount of homology was approximately 

doubled (in their case from 4 kb to 9.5 kb), the frequency of homologous 

recombination rose from 1 in 40,000 transfectants to 1 in 950. However, 

Doetschman etal. (1989) managed to correct a deleted HPRT gene in mouse
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embryonic stem ceils by homologous recombination using 2.5-5 kb of normal HPRT 

DNA at a frequency of 1.4 corrections per 10 transfected cells. These experiments 

show by way of example that the amount of homology used is not the only factor 

which can influence the frequency of homologous recombination. For the pooled 

homologous replacement fragment transfectants, PALA-resistant colonies were 

consistently obtained after exposure of the cells to active T -ag . All pools showed 

PALA-resistant colonies, the number of which was dependent on the length of 

exposure to active T-ag. A tentative figure of 1 homologous recombinant in 50 

transfectants seemed reasonable, and individual clones were screened for an 

accurately targeted SV40 replication origin. Most research involving homologous 

recombination of transfected DNA in eukaryotic cells has been performed in micro­

injected or electroporated mouse embryo-derived stem cells. These cells may differ 

from other cells in their ability to recombine DNA, especially homologously, perhaps 

because of their pleuripotential nature. Thus the frequency of homologous 

recombination quoted above may have little meaning in terminally differentiated cell 

lines such as ts-COS. There is no simple explanation for the discrepancy between 

the apparent frequency of homologous recombination in G418-resistant pools and 

the failure to find a homologous recombinant, except that perhaps the cellular activity 

of T-ag may be responsible. If these factors have an effect in the pool then why is the 

same effect not seen in at least one of the isolated clones?

3 .8 .8

Further Experiments

The objective was to obtain a cell line in which the CAD locus had been 

modified by the integration of an SV40 replication origin. Although such a cell line 

has not been isolated, the system may still have potential for other avenues of 

research. It was observed that episomes produced in the once-potential 

homologous cell line 1D6 are of a consistent size range and this precise excision 

event may depend on sequence duplications surrounding or including the SV40 

replication origin. The different cell lines could also be used to determine whether
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episomes are produced by a high frequency consistent event with little, if any, extra- 

chromosomal replication, or whether episomes are produced rarely, with post- 

exdsional replication accounting for their high copy number. Another avenue of 

exploration may be the integration sites of the transfected fragment in the different 

cell fines. Although each clone has a different integration site for the homologous 

replacement fragment, there may be chromosomal regions into which the fragments 

integrate more frequently. The sequence of DNA flanking the integration site could 

be determined from rescued episomes after T-ag-induced excision.

3 .8 .9

Epilogue

If another attempt were made to construct the model system, the following 

changes should be considered. The length of homology should be kept the same 

but certain modifications to the replacement fragment could be made. A small 

oligonucleotide could be cloned into the homologous replacement fragment, about 

500-1000 bp from the either end. Another oligonucleotide, complementary to the 

cloned oligonucleotide, could be used as a PCR primer so that homologous 

recombinants could be screened using PCR to amplify the DNA between the cloned 

oligonucleotide and DNA flanking the targeted integration site. The reaction should 

be more efficient than before as the distance from the oligonucleotide primer to the 

nearest CAD-specific sequence could be reduced to 500-1000 bp. Small pools of 

G418-resistant transfectants could be screened for homologous recombinants at an 

early stage using PCR, allowing minimal expansion of the transfectants. A different 

strategy would be to adopt the approach of Thomas et al. (1989), where the 

replacement fragment has a thymidine kinase (TK) gene ligated to one or both ends. 

If integration occurs at the homologous site the TK sequences are usually lost during 

the cross-overs that lead to integration, and selection against TK+ cells with 

gancyclovir would allow an enrichment of homologous recombinants ( TK") which 

could then be screened by conventional methods. If integration occurs at a non- 

homologous site, the TK sequences are likely to be integrated with the rest of the
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transfected DNA, and these cells could be selected against as they are TK+ 

Improvements might be made to the control of T-ag activity. The A gene encoding T- 

ag could be more tightly controlled using a highly regulatable promoter with no basal 

expression, or perhaps by introducing the protein rather than the gene into the cell 

by microinjection, cell fusion, Kpofection or spheroblast fusion. A tight control of T-ag 

production is probably the cleanest way of regulating the T-ag activity as protein 

delivery systems, with the possible exception of microinjection, would involve other 

biological materials which could indirectly affect the response of the cell to T-ag 

and/or PALA.
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Chapter IV

Evolution of Amplified DNA



4.1

Introduction

4.1.1

Background

To form a clearer impression of events that occur at different stages of DNA 

amplification, it is desirable to study the amplification of a single gene in a single cell 

line. Zieg etai. (1983) and Giulotto, Saito and Stark (1986) extensively analysed 

amplified DNA in BHK cells selected in a single, low concentration of PALA (single- 

step PALA-resistant mutants) and observed that the amount of DNA amplified in the 

first step of selection was very large - up to 10,000 kb. This estimate was based upon 

the very low number of novel joints detected in a large number of independent first- 

step mutants and upon earlier work which showed amplified CAD genes to be 

present on large marker chromosomes found in PALA-resistant cells. In contrast, 

highly resistant mutants selected in multiple steps of increasing PALA concentrations 

showed a much smaller amount of co-amplified DNA than that found in single-step 

mutants. These data suggest that different mechanisms may be responsible for the 

primary and secondary amplification events. To determine whether different 

mechanisms are responsible for different stages of DNA amplification, the evolution 

of amplified DNA was studied over several steps of selection.

This chapter describes experiments which determine the degree and stability 

of amplified DNA in resistant cells selected in a single, low concentration of PALA and 

also in derivatives of these cells, which had been selected in higher doses of the 

drug. An attempt to determine the resolution of an in situ hybridisation technique 

using DNA sequences which are co-amplified with CAD in single-step PALA-resistant 

BHK cells is also described. The results of these experiments contributed to the 

papers by Saito etal. (1989) and Smith etal. (1990).
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4.2

Degree of Amplification in a Second Step of Selection

4 .2 .1

Background

The additional copies of CAD which can be obtained by a BHK cell in the initial 

amplification event is usually small, with up to 6 or so copies being generated (Zieg et 

al., 1983). Using a higher dose of PALA in the initial selection step does not produce 

mutants containing many more copies of the CAD gene, but rather no resistant 

mutants survive. If a step-wise selection method is employed using gradually 

increasing amounts of PALA, a large number of extra CAD gene copies per cell can 

be generated giving mutants with high resistance to PALA and huge CAD gene copy 

numbers (Ardeshir et al., 1983). These two different selection protocols give rise to 

mutant cell lines whose amplified DNA is very different. It is therefore possible that 

different mechanisms are involved in secondary steps of amplification than those 

involved in the initial amplification event. To determine if this was true, mutants which 

had been selected in a single, low dose of PALA were challenged with a second, 

much higher dose. The number of resistant colonies obtained was measured for 

each mutant tested.

4 .2 .2

Second-Step Selections at High PALA Concentrations

Three single-step mutants, originally selected in 15 pM PALA, were plated at 

105 cells per 100 mm dish in PALA concentrations ranging from 100 to 1000 pM. 

Medium was changed every five days for four weeks, after which PALA-resistant 

colonies were stained and counted. The results are shown in table 4.1. As the 

number of colonies obtained for each cell line shows, at the highest concentration of 

PALA (1000 pM) used, mutants 15.6 and 15.2 gave resistant colonies at a frequency 

of 2-3 x 10'5 and 15.3 cells gave no resistant colonies above 200 pM.
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Table 4.1

Second-Step Selections at High PALA Concentrations

To determine the frequency at which first, single-step PALA-resistant 

mutants could generate second-step mutants at higher PALA concentration, cells 

from several single-step mutants were seeded at 105 cells per 100 mm dish in 

medium containing 10% dFCS and PALA. the medium was changed every five 

days and colonies were stained and counted after four weeks of selection.

The table shows that the single-step mutants 15.2 and 15.6 can give rise 

to PALA-resistant colonies at 1000 pM PALA. The single step mutant 15.3 cannot 

do so, giving resistant colonies at PALA concentrations up to 200 pM.
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PALA 

Concn (|iM)

Colonies /105 cells of each mutant

1 5 . 6  1 5 . 2  1 5 . 3

100 nd 115 4

200 34 23 5

350 15 nd 0

500 9 nd 0

1000 3 2 0

nd: not determined.
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Second-step mutants 15.6-500.1 and 15.6-500.2, which were selected from

15.6 cells in a fluctuation analysis experiment, and a previously isolated second-step 

mutant of 15.3, 15.3-120D (Saito et al., 1989), were analysed for CAD gene copy 

number using the whole cell slot blot method. The increase in copy number was 

found to be 37 extra copies in 15.6-500.1, 62 extra copies in 15.6-500.2 and 68 extra 

copies in 15.3-120D. Therefore, a 20- to 30-fold increase in CAD copy number was 

achieved in a single, second step of selection at high PALA concentrations. This 

shows that DNA can be amplified to a greater degree in a second step of selection 

than it can be in the first step. This strongly implies that there are separate 

mechanisms involved at these different steps of selection. It is also possible that the 

state of the amplified DNA, after a single step of selection, is in a more accessible 

state for further amplification and the initial amplification mechanism is still responsible 

for secondary amplification events.

4 . 3

Stability of Amplified DNA

4 .3 . 1

B ackground

In BHK cells amplified CAD genes have only been observed on intra- 

chromosomal arrays (Wahl et al., 1982; Zieg etal., 1983) and not on extra- 

chromosomal structures such as DMs, although in mouse cells amplified CAD genes 

have been found on such elements (Meinkoth etal., 1987). Maintenance of these 

two amplified DNA states in the absence of selection is very different; DMs are rapidly 

lost by random segregation at cell division, but the fate of intrachromosomally 

amplified DNA is not clear. Zieg etal. (1983) studied the stability of amplified CAD 

genes in multi-step PALA-resistant mutants and found them to be very stable with no 

reduction in copy number after continuous culture in the absence of PALA for several 

months. The stability of amplified CAD genes in single-step mutants resistant to low
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concentrations of PALA, and second-step mutants derived from these cells in higher 

PALA concentrations, had not been tested. To determine the stability of amplified 

DNA containing the CAD gene, single-step mutants and second-step mutants 

isolated from them (Zieg et al., 1983) were assayed for loss of amplified CAD genes 

and PALA resistance during growth in the absence of selection as described below.

4 . 3 . 2

Loss of Amplified CAD Genes

Five first-step and three previously isolated second-step mutants were 

cultured in normal serum in the absence of PALA over a 90 day period. Samples of 

cells were removed at intervals and analysed by genomic slot blot for loss of CAD 

sequences. The filters were hybridised with a BHK CAD cDNA probe (Shigesada et 

al., 1985) and quantified by densitometry. Differences in signal intensity between cell 

samples caused by unequal loading were corrected for by hybridisation of a BHK total 

genomic probe. The results are shown in table 4.2. As the table shows, first step 

mutants 15.3,15.6, 30.7, and 20.2 all reached a normal, wild-type copy number of 

CAD genes after about 30 days of selection. The mutant 30.7 was shown to lose its 

amplified DNA within 103 days and although aliquots of cells were only taken at the 

beginning of this period and again at the end it is likely that the additional copies had 

been lost early on in the experiment. This would be consistent with the three other 

cells lines described above and also with other single step mutants tested, but not 

described here. The single step mutant 10.1 had lost only half its extra copies of CAD 

by 36 days and this may reflect an extraordinarily stable arrangement of amplified DNA 

in this cell line.
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Table 4.2

Stability of Amplified CAD Genes in Various PALA-Resistant 

Mutants Selected in One or Two Steps of Selection

The stability of amplified CAD genes was determined in several single-step or 

two-step PALA-resistant mutant cell lines. Cells were grown in the absence of 

PALA and in HiFCS. At intervals, small aliquots of cells were harvested and 

analysed for CAD gene copy number by whole cell slot blots. Cell lines 15.3, 

15.6,10.1, 30.7 and 20.2 are independent and were isolated in a single step 

of selection (Zieg et at., 1983); the first number refers to the concentration of 

PALA used and the second is the clone number. Cell lines 30.7-70B and 

30.7-70.2I are independent mutants isolated in a second step of selection (at 

70 pM) from 30.7 (Zieg et al., 1983). 15.3-120D was previously selected in a 

second step of selection (120 |iM) from 15.3. All cell lines had been 

previously isolated and been stored in liquid nitrogen until this time. The copy 

number analysis shows that, in general, single-step mutants lose their extra 

copies of CAD within the space of 30 days. Second-step mutants, in 

contrast, generally take about three times as long to lose additional copies of 

CAD.
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Mutant
Days 

In Culture
Extra Copies of 

CAD/cell

15.3

15.6 

10.1

30.7  

20.2

30.7-70B

30.7-70.21 

15.3-120D

2
0

3
0.5

9
4.5

5
0

13.5
5.5 

0

31
20
9

0.5

27
16
13
3

68
17

5.5 
0

0
39

0
39

7
36

0
103

7
21
36

18
26
38
82

18
46
76
91

0
19
32
64
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4.4

Resolution of In Situ Hybridisation

4 . 4 . 1

Introduction

Amplified DNA containing the CAD gene has been shown to be unstable in 

the early stages of amplification in BHK cells, and when single-step mutants are 

selected in higher concentrations of PALA, the copy number of the CAD gene 

increases as the amount of co-amplified DNA decreases (Saito et al., 1989). Giulotto 

et al. (1986) isolated 6 cosmids totaling 290 kb that contained sequences co­

amplified with the CAD gene in a single-step BHK PALA-resistant mutant, and these 

were characterised and used by Saito and colleagues to study the frequency at which 

these sequences were amplified in further rounds of PALA selection. The cosmids 

have not yet been linked to each other or with CAD but none overlap with the 90 kb of 

contiguous DNA that has been isolated from the CAD locus. These cosmids were 

used as probes to determine if the fluorescent in situ hybridisation technique, which 

had been developed to observe CAD gene amplification in BHK cells (Smith etal., 

1990), could resolve these cosmids when they were hybridised to BHK wild type 

metaphase chromosomes.

4 . 4 . 2

In Situ Hybridisation of Co-Amplified DNA

Cosmids representing DNA regions which had been classified by Saito et al. 

as 'near* or ’far' to the CAD gene, based upon the frequency of their co-amplification 

with the CAD gene in a single step PALA-resistant mutant, were hybridised to 

metaphase chromosomes isolated from wild type BHK cells. The ‘far’ cosmids are 

872,171,671 and 971, and the 'near' cosmids are 276 and 773. Probes derived 

from these cosmids were used either individually or mixed with cosmid c64 which is 

specific to the CAD locus. Metaphase chromosomes were prepared from wild-type
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Figure 4.1

The Resolution of In Situ Hybridisation to BHK Chromosomes

To determine if sequences coamplified with the CAD gene could be 

seen as separate hybridisation signals on metaphase chromosomes, a CAD- 

specific cosmid, cCAD64, was used simultaneously with a 'near* or 'far* 

cosmid, on chromosomes. These 'near* and far* cosmids were characterised 

as such based upon the frequency at which they were coamplified with CAD 

in a single-step PALA-resistant mutant. Metaphase chromosomes were 

prepared from BHK clone 9.4 cultures treated with 150 ng/ml of colcemid at 

37°C for 1.5-2 hours. Metaphase chromosomes were dropped onto slides 

and were hybridised with either cosmid cCAD64 alone (panel a); with each 

'near1 or 'far' cosmid alone (panel b shows hybridisation with cosmid 171); or 

with a 1:1 mixture of cCAD64 and a 'near* or 'far' cosmid (panel c shows a 

hybridisation of mixture of cCAD64 and 171). Photographs are not shown 

for chromosomes probed with the other five 'near1 or far* cosmids, either 

alone or with cCAD64, as all hybridisations were essentially identical to 

panels (a) and (b). The hybridisation pattern in panel c shows four 

hybridisation signals, two on each chromatid. This corresponds to one 

separate spot of hybridisation for each cosmid on each of the sister 

chromatids.
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BHK cells (clone 9.4) and the nick-translated, biotin-labeled probes were hybridised 

to the chromosomes as described in section 2.6.

None of the far* and 'near' cosmid-derived probes hybridised to a region 

along the length of the chromosome distinguishable from that hybridised to by the 

c64-derived probe. Fluorescence microscopy of metaphase spreads hybridised to 

both CAD and 'near* or far* probes showed the same pattern of hybridisation as that 

seen for hybridisation of the CAD cosmid alone. This pattern is shown in figure 4.1, 

(panel a). However, some of the metaphase spreads that were probed with both the 

CAD cosmid cCAD64 and the 'far' cosmid 171, showed two spots of hybridisation on 

each sister chromatid s shown in panel c of figure 4.1. This was seen in approximately 

20-30 % of the spreads analysed. Such a pattern of hybridisation could be consistent 

with the target sequences for each cosmid being sufficiently separated on the 

chromosomes to be seen as separated spots of hybridisation when both cosmids are 

simultaneously used as probes. It could also be consistent with the spatial 

arrangement of DNA sequences in the superhelical chromatin structure of 

chromosomes.

4 .5

Discussion

4 .5 . 1

Amplification in Second-Step Mutants

There is a large contrast in the degree of amplification which can be achieved 

in a single step of selection between first- and second-step mutants. This and work 

from other investigators suggests that different mechanisms are responsible for 

amplification at primary and secondary events. Giulotto etal. (1986) and recently 

Smith etal. (1990), have demonstrated that large amounts of DNA are amplified in the 

first step of selection. The amount of co-amplified DNA decreases in secondary steps 

as the number of additional CAD genes increases (Saito et al., 1989). This, and the
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fact that there is a large difference between the number of extra copies generated at 

each stage, suggests that a large amount of DNA is amplified to a small degree in the 

first step of selection and that secondary steps of selection involve the amplification 

of relatively small amounts of DNA but to a high copy number. This difference could 

be explained by different mechanisms being active in each situation.

On exposure to high levels of PALA, single-step mutants 15.6 and 15.2 were 

able to produce colonies resistant to a maximum of 1000 pM PALA. Colonies 

produced from another single-step mutant (15.3) were only resistant up to 200 pM, 

with no cells surviving at higher PALA concentrations. However, the number of 

additional CAD genes in second-step PALA-resistant clones previously isolated from

15.6 and 15.3, showed considerable increases in copy number which did not 

correlate with the PALA concentration in which the single-step mutants were 

reselected. For example, 15.2-120D was selected in 120pM PALA and was found to 

contain 68 extra copies of CAD; 15.6-500.1 and 15.6-500.2 were both selected in 

500 pM PALA and have 37 and 62 extra copies, respectively.

The lack of a clear relationship between the number of extra copies of CAD 

and the concentration of PALA used in the second step of selection could perhaps 

be explained as follows; DNA containing the few extra copies of the CAD gene which 

are the result of the first step of selection is amplified by an unknown mechanism 

which is not influenced by PALA . The amplification is therefore mediated by some 

other regime and is terminated at a point not dependent on the PALA concentration. 

Only cells containing sufficient CAD genes and CAD gene product to overcome the 

PALA concentration will survive. It would follow that the number of additional CAD 

genes in different cell lines resistant to PALA would vary above a certain threshold 

which would be set by the concentration of the drug.

The arrangement of the amplified DNA in single-step PALA-resistant mutants 

may affect the frequency and extent of further steps of amplification. For example, 

the potential properties of inverted duplications or inverted repeats may influence the 

path along which the DNA is further amplified. This principle was used by Hyrien et al.
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(1988) to develop a model for AMP deaminase amplification. Different mechanisms 

may amplify DNA at different rates with different efficiencies and each mechanism 

could be terminated at different times depending upon how that particular mechanism 

is regulated. These factors could all affect the degree of amplification in a second 

step of selection, either co-operatively or individually, leading to heterogeneity 

between cell lines with respect to amplified gene copy number and the concentration 

of inhibitor.

It is interesting that the second-step mutant 15.2-120D was found to contain 

68 extra copies of the CAD gene but was selected to be resistant to 120 pM PALA. 

The second-step mutant 15.6-500.2 has 62 additional copies of the CAD gene but is 

resistant to 500 pM PALA. If 15.2-120D has a similar number of additional genes to 

15.6.500.2, then why are resistant colonies not observed at concentrations above 

200 pM when second-step mutants are selected from 15.2? It is possible that the 

arrangement of amplified DNA in 15.2 is such that a second step of amplification may 

occur at a frequency which is not detectable with the experimental design used, ie. at 

a frequency below 5 x 10'6. If the selection was performed as a rate experiment, then 

a more accurate figure for the occurrence of second-step resistance at the 

concentrations of PALA used could be determined. Alternatively, if more cells were 

used in the selection, a detectable frequency of second-step resistance could be 

detected. The cell line 15.2-120D was isolated from a fluctuation analysis 

experiment, but it is not known at what frequency second-step mutants of 15.2 were 

observed at different PALA concentrations. If 120 pM was the highest PALA 

concentration in which 15.2-120D could grow it would imply that not all the additional 

copies of CAD were functional or, if they were, then additional factors were 

responsible for the high level of resistance of the 15.6 second-step mutants.

In conclusion, 15.6 and 15.3 cells were able to give rise to second-step 

PALA-resistant mutants at PALA concentrations up to 1000 pM. Single-step mutant

15.2 could only give resistant colonies up to 200 pM. This difference could be a 

reflection of the structure of the amplified DNA after the first step of selection in each
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cell line. These differences could affect the frequency and degree of amplification in 

the second-step mutants by influencing the mechanism responsible for further 

amplificatior events.

4 . 5 . 2

Loss of Amplified DNA

The loss of amplified DNA containing additional CAD genes in the absence of 

PALA falls into three categories. The results shown in table 4.2 show two of these 

classes. PALA-resistant mutants which were selected in a single step lose their 

additional CAD genes within 30 days of growth in the absence of PALA; mutants 

derived from these cells in a second step of selection take about 90 days to return to 

a normal wild-type copy number of CAD. Previous experiments, described by Kempe 

et al. (1989), demonstrated that PALA resistance in serially-selected cells was very 

stable with no loss during one year of growth in the absence of PALA. These results 

are consistent with a model in which the DNA containing amplified CAD genes is 

continually being rearranged with the loss of sequences for which there is no 

selection. If PALA is removed from the growth medium then there is no selection for 

the maintenance of the CAD genes and these are also lost. Therefore, in single-step 

mutants the DNA has been rearranged to the least degree and could be the most 

prone to further rearrangements, ie. single-step mutants contain the least stable 

amplified DNA compared to second- and multiple-step mutants. Second-step 

mutants have undergone further amplification events and this is reflected in the 

reduction of co-amplified DNA and the increase in CAD copy number. The 

rearrangements which the amplified DNA has undergone have produced a more 

stable array, and this is reflected in the length of time the cell line requires to dispose 

of the extra copies of CAD. Loss of extra CAD genes and PALA resistance could be 

seen as the loss of cells which contain such DNA from a population. Cells without 

amplified DNA may have a growth advantage over those that contain amplified arrays, 

especially in the case of single-step mutants which have been seen to carry amplified
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regions up to tens of megabases in size (described by Trask and Hamlin, 1989 and 

Smith etal., 1990). Several single-step PALA-resistant mutants, including cell lines

15.3,15.6 and 20.2, were analysed by fluorescent in situ hybridisation with a CAD 

probe, and extra copies of the CAD gene were located on extended chromosomal 

regions (Smith etal., 1990) suggesting that the rapid loss of amplified sequences in 

these cell lines was not due to the loss of extra-chromosomal elements through 

random segregation at mitosis. Although these cell lines are mature with respect to 

their expansion since isolation (having reached about 1015 cells at the point of 

analysis), clones examined by Smith etal. at the 105 cell stage also showed extended 

chromosomal regions albeit more extended than the more mature cell lines. This 

suggests that from a very early stage DNA containing the CAD gene is amplified intra- 

chromosomally and it is from these chromosomal regions that amplified DNA is lost or 

further amplified.

To summarise, amplified DNA containing additional CAD genes is lost from 

single-step mutants within 30 days of growth in the absence of PALA, and from 

second-step mutants within 90 days. Previous work had shown that multiple-step 

mutants have extremely stable amplified arrays of the CAD gene with no loss after 1 

year of growth in the absence of PALA. These data suggest that amplified DNA is 

being continually rearranged into more stable structures with each step of 

amplification. This process may be related to the loss of co-amplified DNA and the 

preferential amplification of CAD genes in secondary amplification events.

4 . 5 . 3

Resolution of In Situ Hybridisation

None of the co-amplified DNA sequences represented by the six 'near1 and 

far1 cosmids gave additional spots of hybridisation when used to probe the CAD locus 

of wild-type BHK cells. On some occasions cosmid 171 hybridised to a region distinct 

from the CAD signal seen as two additional spots of hybridisation across the 

chromosome in the same region as CAD. This phenomenon has been observed
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before (Lawrence etal.,1988) and is thought to be caused by the superhelical 

arrangement of DNA in chromatin. The lack of other separate hybridisation spots with 

these cosmids puts the 'near1 and 'far* cosrctids within an estimated few megabases of 

the CAD gene. This estimate suggests that, as the 'near and far sequences are fairly 

close to the CAD gene and are not amplified to the same degree as CAD in 

subsequent amplification events, the mechanisms responsible for secondary 

amplification events do not act on the complete structure formed in the first step of 

amplification, but on a sub-region close to the amplified CAD sequences.
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Chapter V

DNA Amplification in Human Tissue Culture Cells
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O . 1

Introduction

5 . 1 . 1

Background
*

Several systems, including Syrian hamster cells, rat cells and Chinese 

hamster ovary cells, have been used to investigate the nature and the mechanism(s) 

responsible for amplification of the CAD gene. Most data to date has been obtained 

using molecular biological techniques and an important limitation of this approach is 

the number of divisions a cell containing a new amplification must progress through 

until sufficient cells exist for DNA isolation and analysis. For example, a cell may have 

to divide 20-30 times before sufficient DNA is present for a comprehensive Southern 

blot analysis and during this time the initial amplified structure can be obscured by 

rearrangements of the DNA. With the advent of fluorescent in situ hybridisation of 

metaphase chromosomes it is possible to visualise new amplification events at a very 

early stage and it is desirable to study these events in a human system. The human 

karyotype is well known and there are catalogues of cloned and mapped human DNA 

sequences. Probes that have been mapped relative to the CAD gene can be used to 

determine which sequences are included at different times of the amplification 

process. The human CAD gene has been mapped to the short arm of chromosome 2 

(figure 5.1; Chen etal., 1989) and clones for this region were obtained from Dr J. A. 

Davidson, University of Kentucky, USA.

5 .2

PALA-Resistant Cultured Human Cells

5 . 2 . 1

Selection of Cell Lines

It was not known which human cell lines would be amenable to selection in 

PALA or at what PALA concentrations resistant mutants could be selected. Three 

cell lines were tested for resistance to PALA: fibrosarcoma-derived H T 1080 cells,
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Figure 5.1a

Human Chromosome 2

The human CAD gene is located at position 2p21-23 on the short arm of 

this chromosome. The diagram was obtained from the Yale-HHMI Gene Mapping 

Library from material published as part of the Human Gene Mapping Workshop 10 

(Povey and Falk, 1989).

Figure 5.1b

Bacteriophage X Constructs Containing Human CAD Sequences

Two clones containing genomic CAD sequences were provided by J. 

Davidson of the University of Kentucky. The EcoR I restriction map is shown and 

includes the coding regions for aspartate transcarbamoylase (ATCase) and 

dihydroorotase (DHOase).
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were individually plated at either 105 cells or 106 cells per 100 mm dish at 20,50 or 80 

p.M PALA. Medium was changed every five days for three weeks after which the 

plates were fixed, stained with giemsa and examined for colonies. All the cell lines 

gave PALA-resistant colonies at the lower concentrations of PALA, ie. 20 and 50 pM, 

but no cells survived at 80 pM. H T 1080 cells were used for further selections 

because they appeared to be the most stable of the three cell lines and had the most 

'normal' karyotype. HeLa cells have an uncharacteristic heteroploid karyotype and HT 

29 cells are known to differentiate when they grow beyond the logarithmic phase of 

growth.

5 . 2 . 2

The Rate of PALA Resistance in HT 1080 Ceils

The rate of PALA resistance was determined for HT 1080 cells to determine 

how often new amplification events involving the CAD gene occur in this system.

This quantity is more meaningful than the frequency of PALA resistance as it 

excludes pre-existing amplifications, and for any colonies which are cloned from a rate 

experiment, it can be determined if the amplification was pre-existing or whether it has 

arisen within the last few cell divisions before the selection was applied. This is done 

by counting the number of PALA-resistant colonies present on each plate of 

selection. If an amplification pre-existed in the population, then during growth of a 

small number of cells prior to selection, a large number of resistant offspring would 

arise. Therefore, following selection with PALA, a large number of resistant colonies 

will be seen. If, for example, one PALA-resistant colony is seen at the end of a rate 

experiment, then the amplification event must have taken place during the cell 

generation immediately prior to selection as there are no descendants of the 

founding cell to form other PALA -resistant colonies.

Small populations of 1 x 103 HT 1080 cells each were expanded to 2.5 x 105 

cells, dispersed in 100 mm dishes and selected in 30, 40 or 50 pM PALA. Medium 

was changed every five days for four weeks after which the dishes were examined by 

light microscopy for colonies. One to three colonies were ring-cloned from dishes
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the dishes were fixed, stained with giemsa and the dishes were examined for 

colonies. Clones isolated from dishes which were found to have contained more than 

five colonies were discarded. The number of colonies from all the dishes were 

recorded and used to calculate the rates of resistance to PALA for these cells, using 

the tables of Capezzi and Jameson (1973). The rate of PALA resistance in HT 1080 

cells was found to be 1-3 x 10"® events per cell per generation. This number is in line 

with the rates of gene amplification observed in other cell systems where amplification 

has been shown mediate drug resistance. The fluctuation analysis experiment 

described above was repeated and instead of staining the colonies observed, several 

PALA-resistant colonies were cloned. These cell lines were analysed by in situ 

hybridisation and by Southern blotting.

5 . 2 . 3  

Southern Blot Analysis of PALA-Resistant HT 1080 Mutants

To confirm that gene amplification of the CAD gene was responsible for the 

PALA resistance seen in these colonies, several newly arisen PALA-resistant 

mutants were analysed by Southern blot. If CAD amplification had occurred in these 

cells then an increase in CAD copy number should be evident.

Several HT 1080 PALA-resistant colonies were cloned following selection in 

a fluctuation analysis experiment. When each clone reached approximately 4 x 105 

cells, two aliquots of 1 x 105 cells each were frozen in liquid nitrogen and the 

remaining cells were expanded and used as a source of genomic DNA for Southern 

blot analysis. Genomic DNA was isolated, restricted with EcoR I and Southern blotted 

after electrophoresis in an agarose gel. The nylon filter was hybridised with a hamster 

CAD cDNA probe and later with a single copy reference probe. The DNA fragment 

D1S63, provided by Dr. N. Spun (ICRF, Clare Hall) and mapped to human 

chromosome 1, was used as a single copy control probe as it was an unlikely 

sequence to be coamplified with CAD DNA. The copy number of CAD in several of 

the PALA-resistant clones was determined by densitometry of the signals obtained
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Figure 5.2

Southern blot of PALA-Resistant HT 1080 Cell lines

Genomic DNA was isolated from each cell line and restricted with EcoR

I. Digested DNA was size fractionated and transferred to a nylon membrane. 

The membrane was hybridised to a CAD probe (pCAD142) and later to a single 

copy probe, D1S63. The single copy probe had been mapped to 

chromosome 1 and is a single copy genomic fragment. The signals for each 

probe were analysed by densitometry to determine the degree of CAD 

amplification. Lanes are loaded with DNA isolated from the following PALA- 

resistant HT 1080 cell lines : (1) 40.11b; (2) 40.6a; (3) 40.5a; and (4) HT 1080 

wild-type cells. Metaphase chromosomes from these cell lines were also 

analysed by fluorescent in situ hybridisation. The cell line 40.5a is shown in 

figure 5.3, panel d. Figure 5.4, panel a, shows the cell line 40.6a, and panel c 

of the same figure shows the cell line 40.11b. The number of fluorescent 

spots correlates with the CAD copy number derived from the Southern blot.
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were found to have 1.5-, 1.1- and 1.6-fold amplifications of the CAD gene, 

respectively. This is in agreement with the number of fluorescent spots seen by in 

situ hybridisation, using a CAD probe, on these cell lines (see below).

5 . 2 . 4  

In Situ Analysis of PALA-Resistant HT 1080 Clones

To determine the arrangement amplified CAD genes in the PALA-resistant 

HT 1080 mutants, several cell lines were analysed by fluorescent in situ hybridisation. 

Each PALA-resistant clone was recovered from liquid nitrogen storage and expanded 

to approximately 5 x 106 cells. Colcemid was added to 50 ng/ml and the cultures were 

maintained at 37°C for 45 minutes. Cells arrested in metaphase were dislodged from 

the flasks by shaking and metaphase chromosomes were dropped on to glass 

microscope slides. Slides from each cell line were hybridised with a human CAD 

probe derived from the bacteriophage clones XCAD-1 and XCAD-M1 shown in figure 

5.1b. The results of the in situ analyses are shown in figures 5.3 and 5.4.

The hybridised spreads from 9 independent cells lines showed an increase in 

the copy number of CAD hybridising sequences. Eight of these cell lines showed a 

similar arrangement of amplified CAD genes. The extra copies of CAD reside near the 

telomeres of each arm of a novel chromosome. This chromosome was seen in over 

90% of all hybridised spreads of each line and when absent, only a single wild-type 

chromosome was observed. Cell line 50.4a does not have this arrangement. Instead 

almost every hybridised spread of this cell line had the additional CAD genes located 

at regular intervals on what could be an extended p arm of chromosome 2.
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Figure 5.3

In Situ  Analysis of PALA-Reslstant HT 1080 Clones (I)

To determine the structure of the amplified DNA in PALA-resistant 

HT 1080 clones, metaphase chromosomes from each cell line were prepared 

and probed with a mixture of biotinylated XCAD1 and XCAD-M1. The results 

show that eight out of nine independent cell lines, the same pattern is seen. 

In the exceptional cell line (mutant 50.4a), a ladder-like structure is observed. 

This mutant was also the only resistant cell line to show more than one 

additional spot of hybridisation. The eight similar mutants all carry what looks 

to be a peri-centromeric inversion of the short (p) arm of human chromosome

2. Each panel shows a representitive metaphase spread from one of the 

following mutant cell lines (except panel a): panel (a) wild-type HT 1080 

cells; panel (b) 20.2a (chromosome carrying the amplified CAD genes is 

arrowed); panel (c) 30.6a; panel (d) 40.5a. Nomenclature is as follows: the 

initial number indicates the concentration of PALA in which the clone was 

selected, the number after the decimal point indicates the dish from which 

the colony was cloned and the ending letter designates the sequence in 

which the colony was cloned. For example, 50.5b (figure 5.4) was selected 

in 50 pM PALA and was the second colony to be cloned from plate number 

5.
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Figure 5.4

in Situ  Analysis of PALA-Resistant HT 1080 Clones (II)

M taphase chromosomes from each cell line were prepared and 

probed with a mixture of biotinylated XCAD1 and XCAD-M1as described in 

the legend of figure 5.3. Chromosome spreads are from the following PALA- 

resistant clones: panel (a) 40.6a (unaltered chromosome 2 is arrowed); 

panel (b) 40.10a; panel (c) 40.11b; panel (d) 50.5b; panel (e) 50.3a; panel 

(f) 50.4a ('ladder* of amplified CAD genes is arrowed).
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Discussion

The in situ data and Southern blot analysis both confirm that PALA resistance 

in H T 1080 cells is mediated by gene amplification. The level of CAD amplification is 

low at 1 extra copy per cell as estimated by Southern blot and by the number of spots 

of hybridisation on metaphase chromosomes hybridised to a CAD probe.

As panel (a) of figure 5.3 shows, HT 1080 cells are diploid for CAD and the 

genes are located in a position consistent with the mapping data (see figure 5.1). 

Resistant HT 1080 clones isolated in PALA concentrations of 20, 30,40 and 50 pM 

all showed the same simple pattern of amplified CAD genes with the exception of one 

cell line which is discussed below. Amplification appears to involve the fusion of two p 

arms of chromosome 2, with one centromere separating the two arms. The length of 

each arm of this novel chromosome is similar to that of the p arm of chromosome 2 and 

in all spreads this structure was never seen in the presence of both chromosome 2 

alleles. Therefore the novel chromosome would appear to be derived from human 

chromosome 2. Panel (c) of figure 5.4 shows two wild-type chromosomes and the 

novel chromosome, but one chromosome 2 has been contributed by a neighbouring 

spread. A model for the fusion of two chromosome 2 p arms can be developed based 

on the model of Smith et al. (1990) who describe the amplification of CAD in BHK cells 

at an early stage after a single step of selection. The extra copies of CAD are regularly 

spaced along an extended arm of the BHK chromosome B9, the usual location of the 

unamplified CAD gene. The model proposed by Smith etai. (1990) involves the 

transfer of an entire chromosome arm from one B9 sister chromatid to the other via 

recombination between telomeric and peri-centromeric sequences on the same arm 

of two adjacent sister chromatids. An adaptation of this model can give the novel 

chromosome seen in PALA-resistant HT 1080 cells. If recombination were to occur 

between centromeric sequences on the long arm of one sister chromatid and on the 

short arm of the other sister chromatid (ie. on either side of the centromere), the 

outcome would be two novel chromosomes. One would comprise two long arms and 

the other two short arms, and both would retain a centromere. A schematic diagram is 

shown in figure 5.5. If recombination were to occur between the centromeric
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Figure 5.5

A Model for Gene Amplification in Human HT 1080 Cells

This schematic shows the outcome of recombination between peri- 

centromeric sequences of each sister chromatid. Panel (a) shows 

recombination between these sequences on opposite sides of the centromere, 

resulting in the formation of two novel chromosomes. Each new chromosome 

contains a duplication and inversion of either the long or short chromosomal arm 

and at cell division each daughter cell will receive only one of these 

chromosomes. The daughter cell containing the duplicated short arm, therefore 

receives one extra copy of the CAD gene. Panel (b) shows the outcome of 

recombination between these sequences on the same arm of each sister 

chromatid. A dicentric and an acentric chromosome are produced with each 

chromosome containing an inverted duplication of either the long or the short 

chromosomal arm. Recombination between sequences on the other side of the 

centromere would result in an acentric chromosome containing a duplicated 

short arm and a dicentric chromosome containing a duplicated long arm.
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sequences ot tne long arm or snon arm ot eacn sister cnromaua îe. on trie same siue 

of the centromere) then the outcome would be a dicentric chromosome and deletion 

of the chromosome arms distal to the recombination region. A dicentric chromosome 

can also be formed if a break occurs in one chromosome arm, causing loss of the 

telomere and resulting in the fusion of the free chromosome ends (Kaufman, Sharp 

and Latt, 1983; Cowell and Miller, 1983). In the cell division following the formation of 

a dicentric chromosome a break can occur at some point between the two 

centromeres, leading to the transfer of chromosomal material from the arm of one 

chromosome to the arm of another. This can form heterogeneous amplification 

products, including inverted duplications, and chromosomal deletions. An acentric 

chromosome can be formed by deletion of a chromosomal region or by non- 

homologous sister chromatid exchange mediated by recombination between 

centromeric and telomeric sequences on the same chromatid arm. The acentric 

chromosome may segregate unequally at mitosis, increasing the copy number of the 

resident sequences, and integrate into the genome (Windle etal., 1991).

The novel chromosome, possibly containing two inverted chromosome 2 p 

arms, has been observed in 8/9 independent cell lines selected at different PALA 

concentrations. This implies that the same mechanism is responsible for amplification 

in these eight lines and also that the structure formed in the first amplification step is 

stable, at least up to the 5 x 106 cell stage.

Had more time been available the proposed model could have been tested in 

several ways. The nature of the novel chromosome could be confirmed as being from 

chromosome 2 by at least two experiments. First, it is possible to band chromosomes 

after in situ hybridisation with giemsa or other stains and this methodology could be 

employed to determine the banding pattern of the novel chromosome and compare it 

to that of chromosome 2p. Second, additional probes could be selected from the p 

arm of chromosome 2 at varying distances from CAD and could be used in 

conjunction with a CAD probe in in situ hybridisation experiments on PALA-resistant 

cells. The probes could be used in a two-colour fluorescence detection system so 

that each could be separately identified, thus the relationship between CAD and 

these 'near' or far' sequences in the novel chromosome could be determined.
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was not seen. Instead, the amplified CAD genes in this cell line were regularly spaced 

along an extended chromosome arm with the unamplified gene located at its normal 

position with respect to the centromere. This pattern of amplified genes is 

reminiscent of that observed by Smith et al. (1990), who interpreted their 

observations in terms of unequal non-homologous sister chromatid exchanges. 

Possibly the same mechanism is responsible for the structure observed in 50.4a 

cells.

In conclusion, it would appear that amplification of the CAD gene in human HT 

1080 cells is mediated by one particular mechanism in the majority of cases observed 

to date. A model for this event involves recombination between peri-centromeric 

sequences on opposite sides of the centromeres of each sister chromatid. Such an 

event would generate one chromatid comprising the two short arms and a second 

chromatid comprising the two long arms. Both would contain a centromere and after 

mitosis each daughter cell would receive one or the other chromosome - only the 

daughter cell containing the inverted short arm chromosome would survive selection 

with PALA. If recombination were to occur between the centromeric sequences of 

one sister chromatid and the telomeric sequences of the same arm of the other sister 

chromatid then the regularly spaced array seen in 50.4a cells could be achieved 

according to the model of Smith et al. (1990). It is likely that in the HT 1080 system 

DNA amplification is mediated by non-homologous unequal sister chromatid 

exchange between the centromeric regions of sister chromatids. Depending on the 

relative location of each of the participating regions, the outcome of the exchanges 

can differ. However, in HT 1080 cells recombination between the short arm 

centromeric sequences of one sister chromatid and the long arm centromeric 

sequences of the other sister chromatid appears to be favoured, giving rise to a 

metacentric chromosome comprising the duplication and inversion of chromosome 

arm 2p.
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Distinctive Chromosomal Structures Are Formed 
Very Early in the Amplification of CAD Genes 
in Syrian Hamster Cells
Kathleen A. Smith, Patricia A. Gorman, 
Mary B. Stark, Richard P. Groves, 
and George R. Stark
Imperial Cancer Research Fund 
Box 123
Lincoln’s Inn Fields 
London, WC2A 3PX 
England

Summary

As visualized by in situ hybridization with fluores­
cence detection, newly amplified CAD genes in 10s 
cell colonies are contained in multiple copies of very 
large regions of DNA, each tens of megabases long. 
The extra DNA is usually linked to the short arm of 
chromosome B9, which retains CAD at its normal site. 
The widely spaced genes are often interspersed with 
new G-negative regions. Individual cells within a clone 
have highly variable numbers of CAD genes (range 
2-15). When resistant clones are examined later, at the 
1015 cell stage, the amplified genes are usually found 
in much more condensed structures. We propose that, 
in the Initial event of CAD gene amplification, much of 
the short arm is transferred from one B9 chromosome 
to another. In subsequent cell cycles this initial dupli­
cation expands rapidly through unequal but homolo­
gous sister chromatid exchanges. Relatively rare sec­
ondary events lead to more condensed structures.

Introduction

Knowledge of the basic mechanisms of DNA amplification 
is important for a full understanding of both tumorigenesis 
and drug resistance (reviewed by Stark et al., 1989,1990; 
Wahl, 1989; Schimke, 1988). Although amplified onco­
genes are a common feature of many tumors, most of our 
current ideas concerning mechanisms come from studies 
carried out with cells in tissue culture, which often achieve 
resistance to cytotoxic drugs through amplification of spe­
cific genes. About 20 such examples are known (Stark 
and Wahl, 1984; Stark, 1986), and several have been ex­
amined in considerable detail. We have studied Syrian 
hamster BHK cells, which achieve resistance to the aspar­
tate transcarbamylase inhibitor N-phosphonacetyl-L- 
aspartate (PALA) through amplification of the CAD gene 
(Wahl et al., 1979). CAD is a trifunctional protein carrying 
carbamyl-P synthetase, aspartate transcarbamylase, and 
dihydro-orotase, the first three enzymes of UMP biosyn­
thesis (Padgett et al., 1979). In contrast to other systems, 
amplification of the CAD gene is the only mechanism of 
achieving resistance to PALA that has been detected. Fur­
thermore, amplified CAD DNA has always been found 
within chromosomes; in contrast, double-minute chromo­
somes and other extrachromosomal forms are a common 
feature in other situations (Wahl, 1989).

Some of our recent observations have indicated that 
amplified CAD DNA is unstable in BHK cells. For example, 
Saito et al. (1989) observed that first-step mutants, 
selected in a single low concentration of drug, lost their 
amplified DNA rapidly when grown without selection, de­
spite the fact that the amplified DNA was chromosomal. 
Furthermore, second-and third-step mutants, selected se­
quentially in higher concentrations ot PALA, lost much of 
the DNA that had been coamplified with CAD in the first 
step, leading to the conclusion that only a part of the initial 
array was coamplified later. A common implicit assump­
tion in studying the nature of amplified DNA has been that 
the structures seen reflect initial or at least early events. 
However, if the structures formed very early are very un­
stable, they may well have been missed in most previous 
studies. In such a situation, it is crucial to examine new 
and independent colonies, selected in a low concentration 
of drug, as soon as possible after they can be identified.

The initial event is rare (probability M O -5 per cell per 
generation) and is recognized only retrospectively when 
a drug-resistant colony can be seen. Most molecular tech­
niques useful for studying amplified DNA (Southern blot­
ting, for example) require DNA from 10®-107 cells, but in 
situ hybridization allows analysis of individual resistant 
cells. By using biotin-labeled probes and fluorescent tech­
niques for detection, it has now been possible to see 
single-copy genes rapidly and reliably in most metaphase 
spreads, and individual genes on sister chromatids are 
resolved well (Pinkel et al., 1986; Lawrence et al., 1988). 
Using this technique, we have examined the structures 
present very soon after the first step of CAD gene amplifi­
cation (about 10s cells per colony) and those present 
later, at about 1015 cells per colony. The results lead to a 
model with three major phases. In the initial step, a very 
large region, perhaps an entire chromosome arm, is 
transferred from one B9 chromosome to the other. Rapid 
expansion of this duplicated region gives very long arrays 
containing many copies of the initial structure. Finally, 
relatively infrequent secondary events generate more 
highly condensed structures containing the amplified 
CAD genes.

Trask and Hamlin (1989) studied Chinese hamster cells 
selected in steps of gradually increasing concentrations of 
methotrexate by using in situ hybridization with fluores­
cence detection. It is striking that some of the clones they 
observed have very large regions of amplified DNA with 
widely spaced dihydrofolate reductase genes, attached to 
the end of the same chromosome arm that carries the 
single-copy gene in unselected cells, with the gene still 
present in its normal position in the marker chromosomes. 
Other clones show more condensed structures containing 
amplified dihydrofolate reductase genes that have been 
translated to other chromosomes. The variety of struc­
tures observed by these workers at a later stage in the am­
plification process may well be derived from long arrays 
of amplified genes similar to those we observed in all very 
early events.
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Figure 1. Examples of Chromosomes Carrying Amplified CAD Genes in Eight Independent PALA-Resistant Clones at the 105 Cell Stage 

An example of an unselected cell (WT) is also shown. The CAD genes are revealed by the binding of fluorescein-labeled avidin to biotin-labeled 
DNA probes after in situ hybridization. The chromosomes are stained with propidium iodide.

Results

In Situ Analyses at the 10s Cell Stage
In the selection scheme used (see Experimental Proce­
dures), the history of each clone is known, with about 15

cell divisions separating the initial event from analysis. 
About 90% of the metaphase spreads gave a signal with 
the CAD probe and were scored. Representative exam­
ples are shown in Figure 1. Analyses carried out on 195 
spreads from eight independent clones are summarized



Table 1. Summary of Analyses of Clones Studied at the 105 Cell Stage

Number of Cells Bands of Hybridization

Clone Analyzed With B9a With B9p+

With a
Non-B9p+
Marker

With an
Unscorable
Marker

With a
Dicentric
B9p+

With More 
Than One 
Marker

pei wen~

Range Mean
Standard
Deviation

20-1 bcde 44 25 35 5 16 3 7 2-15 5.5 3.4
20-2ab 24 14 16 2 13 2 7 2-13 5.6 2.3
20-2C 5 3 1 5 0 0 3 3-12 6.0 3.9
20-3bc 17 6 6 6 8 1 7 2-10 5.2 1.7
30-2ab 29 17 11 11 9 0 3 3-15 5.3 2.5
30-7a 13 9 1 7 3 0 0 3-7 4.6 1.4
30-8ab 27 11 18 4 7 0 3 3-10 5.8 2.3
40-1 ab 20 10 8 8 8 0 1Q 3-10 5.2 2,4
50-2a 16 13 11 2 2 1 0 2-8 4.8 1.4

Total 195 108 107 50 66 7 40 - - -

a There was almost always one copy of B9 per cell. Many cells scored as lacking B9 also have an obviously incomplete set of chromosomes. 
b Number of discrete regions of hybridization along the chromosome, usually seen as a separate spots on each sister chromatid. Such a pair of 
spots counts as one band. The band on the normal B9, if present, is included.

in Table 1. Clones are named as follows: the first number 
is the concentration of PALA (jxM) used for selection, the 
second is that of the plate, and the letter identifies a spe­
cific clone from that plate. Clones isolated from separate 
plates must be independent, but clones from the same 
plate are likely to be siblings. Except for 20-2c, the proper­
ties of clones from the same plate were similar and were 
considered together, as indicated in Table 1.

The major findings are as follows: First, in every cell ex­
amined the CAD genes were chromosomal, and hybrid­
ization to extrachromosomal DNA was not observed. Sec­
ond, in each independent clone, marker chromosomes 
carried several distinct regions of CAD hybridization, 
separated from each other by tens of megabases, almost 
always seen as two spots of hybridization, one on each 
sister chromatid. Third, in unselected cells, both copies of 
the CAD gene were on the short arms of the two B9 chro­
mosomes. The newly amplified regions often appeared at 
or near the end of the short arm of one copy of chromo­
some B9, to generate a B9p+ marker chromosome. 
Clones 20-2c and 30-7a had a majority of marker chromo­
somes that did not appear to be derived from B9, and such 
markers were also present in all the other clones, on aver­
age about half as often as B9p+. Only a few dicentric 
marker chromosomes were seen, in several different 
clones. About 20% of all cells examined contained more 
than one marker chromosome, but the percentage was 
especially high for clones 20-2c, 20-3b, and c, and 40-1 a 
and b. Fourth, the number of distinct locations to which 
the CAD probe hybridized in each cell, representing the 
minimum number of copies of CAD, varied widely within 
each clone (range 2-15). Six examples from clone 20-1c 
are shown in Figure 2. Fifth, the length of chromatin carry­
ing the amplified CAD genes was seldom less than 1 or 
more than 2.5 times the length of the entire B9 chromo­
some, with an average of about 1.5 (data not shown). 
Sixth, one copy of CAD was in its normal position within 
the former short arm of the B9p+ chromosomes in 104 of

the 110 cases examined (95%). Seventh, most parental 
cells had two copies of a normal B9 chromosome (see Fig­
ure 1); 55% of the mutant cells examined had a normal B9 
chromosome, usually only one copy. This is probably a 
low estimate for most clones because, as a technical prob­
lem, many spreads had fewer than the normal number of 
chromosomes per cell and because clones 20-2c and 30- 
7a, included in the average, rarely had a normal B9 chro­
mosome.

The average copy number of CAD in five mutant clones 
(20-1c, 20-2b, 30-2a, 30-8a, 50-2a) was determined by 
analyzing Southern transfers of genomic DNA cut with 
EcoRI, with normalization to a single-copy EcoRI frag­
ment, as described by Giulotto et al. (1986). The average 
number of copies of CAD per cell was 6.3 (data not shown), 
in reasonably good agreement with 5.4, the average esti­
mate made by counting bands of hybridization per cell for 
the same five clones (Table 1). The correlation indicates 
that each spot of hybridization usually represents an in­
dividual CAD gene.

In situ hybridizations for the CAD gene were carried out 
with two cosmid probes representing about 80 kb of con­
tiguous DNA. Usually, this pair of probes gave two spots 
across the width of the pair of B9 sister chromatids, but 
occasionally three or four spots were seen (see Figure 2c 
for an example). Hybridizations together with CAD in nor­
mal BHK cells were also carried out with cosmids 276 and 
773 ("near") and 171, 671, 872, and 971 ("far”), character­
ized by Saito et al. (1989) as corresponding to six separate 
regions of DNA often coamplified with CAD in first-step 
mutants. In no case was the site of hybridization distin­
guishable from that of CAD along the length of the chro­
mosome (data not shown), demonstrating that these six 
regions all lie within a few megabases of CAD. When cos- 
mid 171 was used with CAD, four spots of hybridization 
were often seen across the width of the pair of B9 sister 
chromatids. Resolution of two relatively near sequences 
across the width of a chromosome probably reflects the



Figure 2. Examples of Six Different Spreads from Clone 20-1c, Examined at the 105 Cell Stage 

Note the highly variable number of CAD genes on the marker chromosomes of different cells.

*

Figure 3. Examples of Chromosomes Carrying Amplified CAD Genes in Six Independent PALA-Resistant Clones at the 1015 Cell Stage



Table 2. Summary of Analyses of Clones Studied at the 101S Cell Stage

Number of Cells

With a With More
Ana­ With With Non-B9 Than One

Clone lyzed B9 B9p+ Marker Marker Comments

10.1 15 11 15 1 2 Two to three hybridization bands per marker on a region 1 x B9 length.
12C5 17 0 0 17 10 Characteristic truncated B9p, with intense hybridization at the very end.
12G1 20 16 18 0 0 Characteristic B9p+ with one band of hybridization on a region 0.75 x B9 

length. All have obvious G-negative gap at the position of the normal 
B9 end.

15.3 18 12 15 0 3 Gap visible on almost all B9p+ at normal position of B9 telomere. No hybridiza­
tion in gap. Three to four hybridization bands per marker on a region ~1 x 
B9 length.

15.6 15 4 0 15 4 One to three hybridization bands per marker on a region 0.75 x B9 in length.
20.2 16 1 0 16 5 Single band of hybridization on a characteristic marker chromosome with a 

banding pattern quite distinct from that of B9.

superhelical winding of DNA within chromatin and has 
been observed before (Lawrence et al., 1988).

In Situ Analyses of Single-Step Clones 
at the 101S Cell Stage
The six independent clones analyzed were isolated previ­
ously by Zieg et al. (1983); the results are summarized in 
Table 2 and illustrated in Figure 3. With the exception of 
clone 10.1, the widely separated pattern of amplified CAD 
genes was not seen in these clones, which were grown in 
PALA for a relatively long time. The CAD genes were pres­
ent in much more highly condensed arrays. In four of six 
clones, marker chromosomes could still be recognized as 
derivatives of B9 by G-banding. In clone 12C5 the p arm 
of B9 was truncated, with an intense band of hybridization 
at one end, near the normal position of CAD.

Chromosome Banding
In many cases it was possible to G-band chromosomes 
with Wright’s stain after the in situ analysis had been com­
pleted. Thus we could compare hybridization and banding 
patterns on the same chromosomes, even though the pat­
terns were often not as distinct as those observed with 
chromosomes that had not been subjected to the hybrid­
ization procedure. Forty B9 chromosomes, previously 
identified on the basis of hybridization, lengths of the p 
and q arms, and positions of the centromeres, were also 
analyzed by banding (see Figure 4 for examples). Thirty- 
three (83%) were confirmed to be B9, as judged by the 
banding pattern of the q arm (data not shown), and the 
other seven could not be scored. Forty B9p+ marker 
chromosomes were analyzed similarly. Thirty-eight (95%) 
were confirmed by the same criteria, often by comparison 
with an unchanged B9 chromosome present in the same 
spread (data not shown), and the other two could not be 
scored.

Fifty-nine B9p+ or other marker chromosomes that hy­
bridized to the CAD probe were examined by banding. 
Fifty-eight showed at least one characteristic G-negative 
region in the area of hybridization. Examples for clones 
12G1, 20-1b, 30-2b, and 40-1 b are shown in Figure 4, 
where the number of separate regions of hybridizations is 
given for each chromosome. G-negative regions were not

observed in unselected BHK cells or on chromosomes 
that did not carry amplified CAD genes in cells selected 
with PALA. In all but one of the clones listed in Table 1, 
virtually all the marker chromosomes had G-negative 
regions. A clear exception was clone 30-7a, which had 
none. There was a G-negative region at the point where 
the p arm would normally end in 26 of 32 (81%) of the 
B9p+ chromosomes analyzed (see Figure 4 for exam­
ples). The total number of G-negative regions was about 
half the number of regions containing CAD genes (105 of 
238) in the 59 chromosomes examined. CAD genes were 
almost always present between the G-negative regions 
and not within them. In 105 examples, 75 were between 
and 30 were next to these regions. Two examples are 
shown in Figure 5. Note that chromosome 20-1b in Figure 
5 is a relatively rare example of a dicentric B9p+.

Discussion

The Initial Event
Multiple initiation of replication at a single origin within a 
single cell cycle cannot be involved in the initial event be­
cause the rate of elongation during DNA replication, about 
3 kb/min (Edenberg and Huberman, 1975), is too slow. 
Only about 1.5 Mb of DNA can be copied from a single ori­
gin during a single S phase 8 hr long, and to make one 
copy of a 30 Mb region would require 160 hr of continuous 
synthesis. It seems unlikely that a cell would lose replica­
tion control simultaneously for many origins within such 
a very large region. Even if it did, the resulting polytene 
structure would have to recombine specifically enough to 
generate the regular arrays observed, which also seems 
unlikely.

The initial event is proposed to be duplication of a large 
region by recombination between sister chromatids. Ex­
pansion of the initial duplication, discussed below, has to 
occur in later cell cycles. As a specific example, we con­
sider mechanisms that involve telomere-centromere or 
telomere-telomere recombination. Alternatively, other spe­
cific recombinogenic sequences may be involved, and it 
is important to perform further experiments to define the 
points of recombination in different events. Experiments 
with biotin-labeled (TTAGGG)n probes have thus far
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Figure 4. Examples of Chromosome Spreads Banded with Wright's Stain after Analysis by In Situ Hybridization

Normal B9 chromosomes, which show a single region of CAD hybridization, are labeled wt. Marker chromosomes are labeled to show the number 
of regions of CAD hybridization observed and their approximate locations. The truncated B9 chromosome carrying amplified CAD genes in clone 
12C5 is labeled C.

20-1b

Figure 5. Correspondence of Regions of Hybridization with G-Neg- 
ative Regions

Note that the areas of hybridization are well resolved from the G -nega­
tive regions in clone 40-1b and that they are near but not coincident 
with these regions in 20-1b. The marker chromosome in the spread of 
20-1b is dicentric, with a B9q arm apparent at each end.

failed to give evidence for interstitial telomeric sequences, 
but many telomeres are not revealed in Syrian hamster 
cells by this method owing to its limited sensitivity at pres­
ent. Although there is no direct evidence that telomeric se­
quences are involved, two observations are consistent 
with this possibility: First, regularly spaced arrays of inter­
stitial G-negative regions, not seen in unamplified DNA, 
are a common features of newly amplified CAD DNA in 
BHK cells. These regions sometimes also appear as con­
strictions. It is known that telomeres and interstitial telo­
meric sequences do not stain well and are often con­
stricted (Sutherland and Hecht, 1985; Hastie and Allshire, 
1989). Second, a G-negative region is often seen in B9p+ 
at the position of the normal B9p telomere.

Two additional observations lead us to consider that 
recombination between telomeric sequences and peri- 
centromeric sequences may be important: First, there is 
strong homology between the -TTAGGG- repeat of mam­
malian telomeres and at least some pericentric se­
quences, as shown by their hybridization to a (TTAGGG)n 
probe (Moyzis et al., 1988; Meyne et al., 1989,1990). Sec­
ond, the similar spacing of the CAD genes and of the 
G-negative regions suggests that some common measur­
ing device is employed. Specific recombination between 
telomeres and centromeres could provide such a mea­
sure. Random recombination or recombination between
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Figure 6. Models for the Initial Event of CAD Gene Amplification in 
BHK Cells in Which Telomeric Sequences are Involved 

C, CAD gene: filled circles, centromeres; hatched arrows, telomeres or 
interstitial telomeric sequences.

dispersed repetitive sequences would not be expected to 
give such regular spacing in many independent events.

Figure 6A shows the predicted products of telomere- 
telomere joining to form a dicentric chromosome, which 
then participates in bridge-breakage-fusion cycles. A 
bridge might break as shown to give a fragment that has 
two copies of CAD but lacks a telomere. Replication and 
fusion of ends lacking telomeres might generate a new 
chromosome with four copies of CAD, as shown. Although 
this structure is consistent with dicentric chromosomes 
carrying one copy of B9q at each end, seen occasionally 
(Figure 5), it does not predict that the CAD genes or inter­
stitial telomeric sequences will be spaced evenly. This 
model makes the testable prediction that each region con­
taining CAD is inverted with respect to those that flank it.

Figures 6B and 6C show homologous recombinations 
between telomeres and pericentric DNA. We consider 
only events in which the orientation of the recombining se­
quences is the same. Intra- or interchromosomal non- 
homologous recombination between sequences inverted 
with respect to one another (not shown) are not productive 
since they do not place two copies of CAD on the same 
piece of DNA. If a homologous event is intrachromosomal

(Figure 6B), the initial structure containing CAD could be 
either a circular episome lacking a centromere (shown) or 
a circular chromosome with a centromere (not shown, 
formed by recombination on the other side of the centro­
mere). Finally, to generate the structures observed, ho­
mologous reintegration into a normal B9 chromosome 
must be frequent and rapid, and nonhomologous integra­
tion into other sites must be very rare. These constraints 
make the model shown in Figure 6B unlikely but do not 
rule it out.

The most likely possibility is an interchromosomal event 
(Figure 6C), which would lead to transfer of an entire arm 
to the recipient sister chromatid if pericentric sequences 
proximal to the telomere are involved. If pericentric se­
quences distal to the telomere are involved (not shown), 
a dicentric chromosome is generated that would then be 
likely to participate in bridge-breakage-fusion cycles 
(Figure 6A).

Propagation of an Initial Duplication
Two observations give strong support to the hypothesis 
that the initial duplication is propagated rapidly by means 
of homologous, unequal sister chromatid exchanges.



First, individual cells from single small colonies show wide 
variation in CAD gene copy number; and second, there is 
no selection for copy numbers as high as 15 per cell, yet 
these are commonly observed. The initial events pro­
posed give three copies of CAD in one daughter cell and 
one copy in the other after the first cell division, and addi­
tional copies must be generated in subsequent cell cy­
cles. By using time-lapse cinematography, we have ob­
served that many cells in a BHK population exposed to 
20 jiM PALA do go through one or two divisions before 
they die (Marie-France Poupon, Christopher Gilbert, and 
G. R. S., unpublished data). Homologous sister chro­
matid exchange is known to be frequent and thus is an at­
tractive possibility (Gorden et al., 1990). Unequal ex­
change between duplicated chromosome arms (Figure 
6D) may well be able to give as many as 15 copies by the 
10s cell stage, since homologous recombination at any 
point along tens of megabases of DNA would result in net 
transfer of DNA from one sister chromatid to the other. In 
the first such event, either one or two copies can be trans­
ferred, to give a daughter cell with up to five copies of CAD 
(including the one on the normal copy of B9). In each sub­
sequent step, the number of copies transferred can dou­
ble. The number of possibilities quickly becomes very 
large, consistent with our observation that the copy num­
ber of CAD is highly variable among individual cells within 
a single clone of 10s cells (see Figure 2 and Table 1).

Cells with only a small increase in the copy number of 
CAD are resistant to relatively high concentrations of 
PALA (Kempe et al., 1976; Zieg et al., 1983). Since a large 
increase in resistance results from a small increase in 
CAD, cells don’t need as many as 15 copies of CAD to re­
sist the low concentrations of PALA employed. This impor­
tant observation shows that the presence of many copies 
of CAD within a single chromosome (see Figures 1 and 2) 
is an inescapable consequence of the amplification 
mechanism once it has been set in motion, and can be ex­
plained by events such as those depicted in Figure 6D.

Later Events
When first-step clones are maintained in the original con­
centration of PALA until the 1015 cell stage, the amplified 
CAD genes become much more highly condensed (see 
Figure 3), with the region surrounding each CAD gene a 
few megabases long rather than tens of megabases as 
originally seen. Such structures must arise through rela­
tively rare secondary amplifications events. Several mech- 
nisms that might account for such events have been dis­
cussed in a recent review (Stark et ai., 1989). It is 
interesting that the amplified CAD genes often still reside 
on chromosome B9, sometimes even in mutants selected 
stepwise to resist very high concentrations of PALA (Wahl 
et al., 1982). Formation of more highly cdndensed struc­
tures may be facilitated by an unusual feature of the ex­
tended array. Miele et al. (1989) conclude that the 
presence of amplified CAD genes on Chinese hamster 
chromosomes renders them unstable; they tend to be ex­
cluded from cells and are more prone to rearrangements. 
Cells with condensed arrays would have a selective ad­
vantage if cells with very long arrays were to grow more 
slowly.

Generality of the Features Observed in the 
Amplification of CAD Genes in BHK Cells
The previous data of Trask and Hamlin (1989) and prelimi­
nary results with CAD in Chinese hamster cells (K. A. S., 
M. B. S., G. R. S., and Elena Giulotto, unpublished data) 
and with AMP deaminase in Chinese hamster cells 
(Michelle Debatisse and K. A. S., unpublished data) reveal 
highly extended chromosomal structures with widely 
spaced amplified genes. These observations indicate that 
events similar to the ones described in detail here do oc­
cur in other situations. Trask and Hamlin (1989) conclude, 
and we agree, that it is very unlikely that such structures 
are generated by any mechanism involving deletion of a 
relatively small episome, followed by reintegration of mul­
tiple copies of the episome. If the rapid evolution of ampli­
fied CAD DNA in BHK cells is also true for other genes in 
other species, many conclusions concerning so-called 
early events will have to be evaluated again. It will be es­
pecially interesting to study cases such as amplification 
of dihydrofolate reductase genes in mouse or human cells 
at a very early time, to see whether the extrachromosomal 
DNA so often observed in such cells examined after an 
unknown number of generations (for a recent example, 
see Pauletti et al., 1990) is a product of the initial event or 
of secondary amplification.

Experimental Procedures

Selection with PALA
Dialyzed fetal calf serum (10%) was used during selection and propa­
gation of Syrian hamster BHK cells in PALA, essentially as described 
by Kempe et al. (1976). To isolate new and independent resistant 
clones, individual populations of 103 cells were grown to approxi­
mately 105 cells in separate wells without selection. Each group of 
cells dispersed, seeded independently onto 9 cm dishes, and treated 
immediately with 15, 20, 30, 40, or 50 pM PALA. Small resistant colo­
nies (50-200 cells), picked only from plates with fewer than eight colo­
nies, were grown in PALA to approximately 10® cells before analysis 
by in situ hybridization. PALA-resistant clones isolated previously by 
Zieg et al. (1983) and grown to the 101S cell stage were recovered from 
frozen stocks and grown for a minimal additional period in PALA at the 
concentration used for selection.

In Situ Hybridization with Biotinylated Cosmid Probes
Cultures of about 2 x 104 cells were incubated with 150 ng/ml of col- 
cemid (Gibco) for 1.75 hr, and mitotic cells were shaken off, collected, 
swollen for 15 min in 75 mM KCI at 37°C, fixed in fresh ice-cold metha­
nol-acetic acid (3:1), and dropped onto microscope slides. An equal 
mixture of two cosmids (C64 and C81; Giulotto et al., 1986) was used 
routinely as the probe. The DNA was labeled with biotin-11-dUTP (Enzo 
Diagnostics) by nick translation (Rigby et al., 1977). A trace of 
[3H]dATP (Amersham) was added to allow analysis of incorporation. 
Labeled probe, approximately 50-500 bp long, was isolated by using 
a spin column containing Sephadex G-50 (Pharmacia).

The fluorescence in situ technique of Pinkel et al. (1986,1988) was 
used, with minor modifications to optimize conditions for analysis of 
Syrian hamster cells. Briefly, mitotic metaphase spreads were treated 
with 100 pg/ml of RNAse A in 0.3 M sodium chloride, 30 mM sodium 
citrate (pH 7) (2x SSC) at 37°C for 1 hr, dehydrated through an alcohol 
series, and dried. The slides were treated with proteinase K (Boeh- 
ringer), 600 ng/ml, in 20 mM Tris-HCI, 2 mM CaCl2 (pH 7.5) at 37°C 
for 7.5 min, postfixed in 4% paraformaldehyde in phosphate-buffered 
saline, 50 mM MgCI2 (pH 7) for 10 min at room temperature, de­
hydrated as described above, and dried. The chromosomes were 
denatured in 70% (vol/vol) formamide, 2x SSC (pH 7) at 76°C for 75 
min, placed in ice-cold 70% ethanol, and dehydrated. Hybridization 
with 5 ng/pl of probe was carried out in 50% formamide, 1% Tween-20 
(Pierce), 10% dextran sulfate (Pharmacia) in 2x SSC (pH 7). Soni­
cated Syrian hamster genomic DNA (200-600 bp) was added to the



mixture to a final concentration of 1 ixg/|ii to suppress hybridization of 
repetitive genomic sequences. The hybridization mixture was heated 
to 70°C for 10 min, cooled, and placed at 37°C for 20 min before adding 
it to the chromosomes, to allow the repetitive sequences to preanneal. 
After incubation with probe overnight at 37°C, the slides were washed 
at 42°C in three changes of 50% formamide, 2x SSC (pH 7) for 5 min 
each and then in three changes of 2x SSC for 5 min each.

Fluorescein-labeled avidin DCS (Vector Labs) was used at 5 ng/ml 
in 4x SSC, 0.05% Tween-20, 5% nonfat dried milk (Carnation) (pH 7) 
at room temperature for 20 min. After washing in 4x  SSC, 0.05% 
Tween-20 (pH 7), the fluorescent signal was amplified by treating the 
slides with biotin-conjugated goat anti-avidin (5 ng/ml, Vector Labs.) 
followed by fluorescein-labeled avidin, as above. After washing with 
4x SSC, 0.05% Tween -20 (pH 7) and then phosphate-buffered saline 
(pH 7), the chromosomes were counterstained with 0.1 ng/ml of 
propidium iodide (Sigma) in phosphate-buffered saline for 5 min and 
mounted in Citifluor AF1, an antifade preparation (Citifluor, Ltd.).

Preparations were viewed with a Nikon Microphot FX microscope 
equipped with optics for propidium iodide and fluorescein epifluores- 
cence as well as for conventional bright-field microscopy. The micro­
scope was used with an MRC-500 laser-scanning confocal imaging 
system (Bio-Rad Microsciences) with a filter system optimized to obtain 
separate images for each fluorochrome. All photographs were taken 
directly from the video screen using Kodak Ektar 125 color-print film.

G-Banding
After the images of individual metaphase spreads had been recorded, 
the slides were destained in methanol, incubated in 1x SSC at 60°C 
for 5-15 min, and banded in Wright’s stain (B.D.H.) diluted 1:3 in 50% 
Sorenson’s buffer (equal volumes of 30 mM KH2P 04 and 30 mM 
Na2HP04).
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We have compared clones of Syrian hamster cells selected for the first amplification of the CAD gene with 
clones selected for further amplification. The large domain amplified initially was not reamplified as an intact 
unit. Instead, subregions were reamplified preferentially, and parts of the initial array were often lost. These 
events reduced the average amount of coamplified DNA accompanying each copy of the selected gene. The 
degree of amplification was small in the first step (about three extra copies of CAD per cell), but second-step 
amplifications to a high copy number (up to 60 extra copies per cell) occurred frequently. After several separate 
steps of amplification, highly condensed arrays that brought many CAD genes close together were formed. In 
striking contrast to the stability of these highly amplified arrays, the low-copy chromosomal arrays formed 
early were quite unstable and were often lost completely within 1 or 2 months of growth without selection. The 
results suggest that different mechanisms may be involved in the first step of amplification and in the later 
evolution of an already amplified array.

It is striking that cellular oncogenes are found to be 
amplified in many different human cancers, especially in 
highly malignant tumors, which strongly suggests a caus­
ative role for the overexpressed c-Onc proteins in tumor 
progression and possibly also in tumorigenesis (for reviews, 
see references 22, 23, 26, and 27).

Gene amplification is also a major cause of resistance to 
cytotoxic drugs for cells in culture. Such amplifications have 
been selected in distinct, operationally defined steps of 
increasing drug concentration. A primary event takes place 
in a single cell (and therefore has not been amenable to direct 
study so far), generating extra copies of the target gene or 
perhaps a form that will segregate unequally in subsequent 
cell divisions. Secondary events, not necessarily selected for 
by the drug, may then follow during growth of the initial cell 
to a clonal population large enough to be analyzed. If the 
amplified DNA is intrachromosomal, a second and distinct 
event, again taking place in a single cell, is required to 
generate the additional copies of the target gene needed for 
survival at a higher drug concentration. Although such a 
second event could involve any copy of the target gene, it 
seems to involve preferentially only some of the copies 
present in the amplified array formed after the first step (see 
below).

Syrian hamster (BHK) cells become resistant to A/-(phos- 
phonacetyl)-L-aspartate (PALA), a specific inhibitor of as­
partate transcarbamylase, through amplification of the gene 
for the trifunctional protein CAD, which catalyzes the first 
three reactions of UMP biosynthesis. We have found this 
system to be particularly useful for carrying out a detailed 
analysis. Amplification is the only mechanism yet observed 
for resistance to PALA, and amplified CAD DNA is always 
found within chromosomes in BHK cells (30, 31) but not in 
mouse cells (17). Differential screening of bacteriophage 
libraries made from the DNA of the multistep mutant B5-4,
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t  Present address: National Institute of Health, 2-10-35 Kami- 

osaki, Shinagawa-ku, Tokyo 141, Japan.
t  Present address: Dipartimento di Genetica e Microbiologia, 

27100 Pavia, Italy.

which carries many copies of the CAD gene, led to isolation 
of a set of clones corresponding to large amounts of coam­
plified DNA (1, 3). Giulotto et al. (10) then screened a 
cosmid library from the first-step mutant 10.1 with several of 
the phage clones to isolate a set of larger clones correspond­
ing to a 90-kilobase (kb) region, which includes the entire 
CAD gene, and also to six additional coamplified regions, 
totaling 290 kb, which have not yet been linked to each other 
or to CAD. The cosmids were used to study how often each 
of the six outlying regions was coamplified with CAD in 33 
independent first-step PALA-resistant mutants and also to 
search for novel joints in the 380 kb of DNA that had been 
cloned. On the basis of (i) the finding that only three 
single-copy joints were detected in the 33 first-step mutants 
and (ii) the earlier observation that all of the first-step 
mutants tested contained large marker chromosomes carry­
ing amplified CAD DNA (31), Giulotto et al. (10) suggested 
that the average amount of DNA coamplified with each copy 
of CAD could be as large as 10,000 kb (0.3% of a haploid 
genome). This surprisingly large estimate is consistent with 
estimates made in some other systems, which have been as 
large as 3,000 kb per copy of the selected gene (2, 12, 25). 
However, the amount of coamplified DNA is much smaller 
(a few hundred kilobases) when the copy number of the 
selected gene is as large as 1,000 per cell (6, 15).

Quite different pictures of the size and organization of 
amplified DNA have been arrived at by comparing situations 
in which different genes have been amplified to different 
degrees in cells of different species. To obtain a consistent 
picture in a single system, we have extended the analysis of 
first-step CAD amplifications in BHK cells begun by Zieg et 
al. (31) and continued by Giulotto et al. (10). The selection 
scheme used to isolate cells with new and independent 
first-step amplifications has now been applied to second and 
third steps of CAD gene amplification. Comparison of later 
steps with first steps has revealed many differences, leading 
us to imagine that different mechanisms may predominate in 
the first step, when normal DNA becomes amplified, and in 
later steps, when an already amplified array evolves further. 
Amplified DNA contains structures not present at the nor­
mal locus, such as novel joints and inverted repeats. Fea-
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T A B L E  1. C osm ids and p robes from  seven different regions 
coam plified in first-step PA L A -resistan t m utants"

Amplified
region

Total length of 
amplified region 

cloned (kb)

Representative
cosmid

Length of 
repeat-free 
probe (kb)

N 1 60 276 3.0
N 2 80 773 2.4
C A D 90 c64 2.1
F I 35 872 1.5
F2 40 171 1.4
F3 40 671 1.2
F4 35 971 1.1
SC 981 5.0

" Names of the original phage clones and the cosmids derived from them are 
given in Table 2 of Giulotto et al. (10). The probes are £coRI fragments, free 
of repetitive DNA, derived from each cosmid as shown. Cosmid 981 contains 
a control single-copy (SC) sequence that is not amplified in PALA-resistant 
cells.

tures o f these new structures may allow the primary event of 
a second step to proceed by a mechanism not available for 
the primary event o f a first step.

MATERIALS AND METHODS

Cell culture and selection with PALA. BHK cells were 
grown as described by Swyryd et al. (28). Dialyzed fetal calf 
serum was used during drug selections. The nomenclature 
used for mutants is given in the legend to Table 2. A ll 
second- and third-step mutants were selected from first-step 
mutants isolated previously (10, 31) by using a procedure 
which ensured that each mutant was independent and that 
each initial amplification event occurred only a few genera­
tions before selection with PALA  was imposed. Briefly, 
about 1,000 cells per dish were grown to about 5 x 105 cells

per dish. The cells on each dish were dispersed and then 
selected with P ALA. Independent clones (never more than 
one per dish) were picked only from those dishes with four 
or fewer colonies. The cells were then grown for a minimal 
time in the presence o f PALA  to small populations suitable 
for freezing and for preparing D NA (usually about 20 to 25 
generations). When frozen stocks o f cells were used for 
preparing more D N A, for in situ hybridizations, or for 
analyses o f stability, the experiment was initiated within 1 
week after thawing one o f the original vials, during which 
time PALA was present at the concentration originally used 
fo r selection.

Analysis of copy number. Southern transfers o f DNA were 
prepared and analyzed by the method o f G iulotto et al. (10). 
Probes free o f repetitive D N A  were obtained from some of 
the cosmids described by these authors (Table 1). A fter 
autoradiography, the amount o f D NA in each band was 
quantified by densitometry. Preflashed film was used in a 
linear range, and several different exposures were often 
used. The densitometric signals were normalized to a single­
copy D N A standard. This ratio, the copy number per 
haploid genome (c), was used to calculate extra copies per 
cell (2c -  2) on the basis o f the approximation that the cells 
are exactly diploid. Some experiments (see Table 5) were 
analyzed by the slot blot method o f McIntyre and Stark (16), 
using the cD NA probe pCAD142 (24), w ith standardization 
to the total amount o f D N A  in each slot.

RESULTS

Fate of DNA amplified in the first step. We have monitored 
amplified D N A in second- and third-step mutants by deter­
mining copy numbers for a 90-kb region surrounding the 
CAD gene, for six coamplified regions that have not been 
linked to each other or to CAD, and fo r a control region. The 
analyses have been done simultaneously, by probing South-
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T A B L E  2. Fate o f coam plified DNA in later steps 
o f am plification"

Cell line
Extra copies of DN A/cell

CAD N l N2 FI F2 F3 F4

12C5 7 2 2 0 0 0 0
12C5-150 26 5 6 1 1 1 1

12G1 1 1 1 1 1 1 1
12G1-96A 16 8 10 0 0 0 0
12G1-96B 4 4 2 1 1 1 1

12B1 3 2 2 2 2 2 2
12B1-80B 8 1 1 2 2 2 2
12B1-160 16 6 7 7 2 2 2
12B1-80A 11 1 0 9 9 9 2
12B1-80A-300 28 1 0 20 20 20 6
12B1-80A-450 22 1 0 3 3 3 1
12B1-80A-600 18 1 0 4 4 4 1
12B1-80A-800 22 1 0 20 20 20 6

B5-4 (multiple) 90 40 3* 40 40 40 40
BH2-1 (multiple) 30 0 0 0 0 0 0
165-28 (multiple) 400 4 5 3 3 3 3

" Mutants are named according to the PALA concentration (micromolar) 
used in each step o f selection. As examples, 12B1 and 12C5 are independent 
first-step clones, each selected at 12 pM PALA, 12B1-80A-300 is a third-step 
mutant selected sequentially in 12, 80, and 300 pM PALA, and 12G1-96A and 
12G1-96B are independent second-step mutants selected from 12G1 in 96 pM 
PALA in different plates. The names of multiple-step mutants, isolated 
previously and not selected in a clonal sequence, do not follow this conven­
tion. The probes used are shown in Table 1. The extra copy number per cell 
for each coamplified region has been normalized to values for unselected 
BHK cells, which are assumed to carry two copies o f CAD per cell (no extra 
copies).

h Although the 2.4-kb N2 probe from cosmid 773 is amplified to only three 
extra copies per cell, most o f the remaining DNA represented in this cosmid 
is amplified to 40 extra copies. An amplified novel jo int, previously reported 
in phage 11-1700 (1), is present in B5-4 at the junction with the more highly 
amplified part o f cosmid 773.

ern transfers o f EcoRI-cut genomic DNAs from the PALA- 
resistant cell lines with a mixture o f probes (Fig. 1), using 
repeat-free EroRI fragments o f different sizes derived from 
each region (Table 1). As shown by Giulotto et al. (10) and 
confirmed here, two o f the coamplified regions, N1 and N2, 
were usually (30 o f 33 mutants) amplified to the same extent 
as CAD in the first step, whereas the other four coamplified 
regions, F I to F4, were amplified in only about half (17 o f 33) 
o f the first-step mutants. In only one case was the copy 
number o f any coamplified region higher than that o f CAD: 
in mutant 5.3, there was only one extra copy o f CAD per 
cell, whereas there were four extra copies o f N1 and two 
extra copies o f N2.

Six independent second-step mutants were selected from 
the first-step mutants 12G1, 12C5, and 12B1. Although the 
copy number for CAD was always increased, the average 
amount of coamplified D NA was often decreased in the 
second step (Fig. 1 and Table 2). In the three second-step 
mutants derived from 12C5 and 12G1, there was no ream­
plification o f regions F I to F4 and, although regions N1 and 
N2 were reamplified in all three cases, the extent was usually 
less than that o f CAD. In the three second-step mutants 
derived from 12B1, three different patterns o f reamplification 
were seen. Only CAD was reamplified in 12B1-80B, only 
CAD and F I to F3 were reamplified in 12B1-80A, and only 
CAD, N l,  N2, and F I were reamplified in 12B1-160. It is 
interesting to note that none o f the six second-step mutants 
examined showed reamplification o f CAD, N l,  N2, and F I
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FIG . 2. Fate o f novel jo in ts  form ed in the first-step m utant 15.3. 
FcoR l-digested  genom ic D N A s from  second-step  m utants w ere 
probed with the 4.3-kb E co R l-X ho l fragm ent purified from  phage 
clone 11-200 and with the 5-kb single-copy fragm ent (SC) show n in 
Table 1. H alf as much wild-type (BH K ) DN A  w as loaded in the first 
lane. The E coR \-X ho \ fragm ent is fully hom ologous with the 8 .5-kb 
novel FcoR I fragm ent (m apping data  not show n).

to F4 together, in contrast with the first-step mutants, in 
which CAD and all o f the more remote regions were often 
amplified together.

Single-copy novel joints mark specific sites o f recombina­
tion in first-step mutants such as 15.3 and 30.7. The fates of 
two such joints were monitored in nine second-step mutants 
derived from 15.3, and some o f the results are shown in Fig.
2. Most mutants maintained the novel jo in t at a single copy 
per cell (Fig. 2, lanes 4 to 7), but two clearly had lost the jo in t 
(lanes 8 and 9), although their CAD genes were amplified 
further. In some mutants, the novel jo in t was amplified 
slightly: compare the intensities o f the 8.5-kb novel bands 
with those o f the single-copy bands in Fig. 2, lanes 3 and 4. 
Four second-step mutants derived from 30.7 were also 
analyzed, and loss o f the novel jo in t was observed in one 
(data not shown).

The degree o f amplification that can be achieved in the 
first step is relatively small (10). On average, the 33 first-step 
mutants had 3.1 extra copies o f CAD per cell, 2.6 extra 
copies o f regions N l and N2, and 1.6 extra copies o f regions 
F I to F4. In contrast, the degree o f amplification achieved in 
the second step can be quite large. Three first-step mutants, 
originally selected in 15 p.M PALA, were exposed to con­
centrations o f PALA as high as 1,000 |xM (Table 3). Mutants

T A B L E  3. S econd-step  selections at high concen trations 
o f PALA

PALA concn 
(gM)

Colonies/105 cells for given first-step mutant

15.6 15.2 15.3

100 ND" 115 4
200 34 23 5
350 15 ND 0
500 9 ND 0

1.000 3 2 0

" ND. Not determined.
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15.6 and 15.2 both gave resistant cells at a frequency o f 2 x 
10-5 to 3 x 10“ 5 in 1,000 p,M P ALA , whereas mutant 15.3 
gave no colonies from 105 cells in PALA  concentrations 
above 200 |xM. Copy numbers were determined for two 
second-step mutants newly derived from 15.6 and for a 
mutant derived from 15.3 in a previous experiment. In each 
case, there was a large increase, from 2 to 3 extra copies o f 
CAD per cell to 37, 62, and 68 extra copies per cell for the 
independent mutants 15.6-500.1, 15.6-500.2, and 15.3-120D. 
respectively (slot blot data not shown). Thus, first-step 
mutants can often give rise to a 20- to 30-fold increase in 
CAD copy number in a single second step. The difference in 
degree o f amplification when normal DNA is amplified for 
the first time and when an already amplified array is ream­
plified might reflect the operation o f different mechanisms in 
these two different situations.

To investigate evolution o f the amplified region present in 
a second-step mutant, four independent third-step mutants 
were selected from 12B1-80A and analyzed for copy number 
(Fig. IB  and Table 2). In 12B1-80A-300 and 12B1-80A-800, 
both the CAD gene and regions F I to F3 were amplified 
approximately equally, just as in the step from 12B1 to 
12B1-80A, which suggested that a unit similar to the one 
amplified in the second step was amplified again in the third 
step. Interestingly, in 12B1-80A-450 and 12B1-80A-600, the 
other two third-step mutants examined, the copy number o f 
F I to F3 decreased despite a further increase in the copy 
number o f CAD. Analysis o f the multistep mutants BH2-1 
and 165-28, selected previously without cloning after each 
step (1), gave further examples in which coamplification of 
regions N and F with CAD was not maintained in later steps. 
In mutant BH2-1, regions N l,  N2, and F I to F4 were not 
coamplified with CAD at all, and there was only a little 
coamplification o f these six regions in 165-28, a highly 
resistant mutant that has 400 extra copies o f CAD (1). The 
multistep mutant B5-4 was the original source o f phage 
clones for the six N and F coamplified regions, and therefore 
it is expected that these regions are highly amplified in this 
mutant.

Formation of new novel joints in later steps of amplification.
The same Southern transfers o f EcoRI-cut DNAs used for 
the analyses o f copy number (Table 2) and two additional 
transfers o f the same DNAs, but digested with Kpn\ or Apal,  
were probed with each o f 10 different cosmids corresponding 
to 380 kb o f cloned coamplified DNA (10). Only three 
single-copy jo ints were detected in 33 first-step mutants 
(Table 4). Low-copy jo ints were detected in 5 o f the 15 
stepwise and multistep mutants newly tested in this work 
(Table 4). In these cases, we did not perform the rigorous 
analysis (10) necessary to distinguish joints present in only 
one copy per cell from those present in a few copies per cell. 
In the second-step mutant 12G1-96B, the two low-copy 
joints detected were not present in the first-step parent 12G1 
and therefore must have arisen during the second step of 
amplification. Sim ilarly, the low-copy jo in t in the third-step 
mutant 12B1-80A-800 was not present in 12B1-80A. Thus, 
the types o f recombination events that generated the single­
copy joints detected in the first steps o f amplification can 
also occur in later steps.

A very interesting observation was made with 12G1-96A. 
Two different amplified novel jo ints were found in this 
second-step mutant, and neither was present in the parental 
single-step mutant 12G1. One jo in t (Fig. 3) was 6 kb 3' o f the 
CAD gene, and the other (data not shown) was in group N2. 
There were 16 extra copies o f CAD and 10 extra copies o f 
the N2 fragment in 12G1-96A (Table 2), and the sequences

T A B L E  4. D istribution o f novel jo in ts  in first-step and 
m ultiple-step m utants"

Mutants in which Amplified region
joints were 

detected
CAD 5' 

(40/’
CAD 3' 

(25)
Group N 

(140)
Group F 

(150)

First-s tep '
(33 tested)

15.6 
15.3
30.7

s
S (Nl)

S (F I)

Stepw ise
(12 tested) 

12G1-96A 
12G1-96B 
12B1-80A-800

L
H

L

H (N2)
L (F 2 )

M ultistep 
(3 tested) 

BH2-1 
B5-4 
165-28

L
H J
H I / ' H2

L
H
H ''

H (N 2 )/' L  (N2) 
L (N l)

H (F2y

" Southern transfers of DNAs digested with EcoRI, ApaI, or Kpn\ were 
probed with 10 cosmids representing 380 kb o f DNA from seven different 
amplified regions (Table 1; 10). For representative examples o f the data, see 
Fig. 3. S, Single copy of the novel jo int per cell: L , low-copy joint, not 
distinguished from single copy; H, high-copy amplified joint. 

h Numbers in parentheses are total lengths (in kilobases) o f probes used. 
c Previously reported by Giulotto et al. (10). 
d Joint is at the center o f an inverted duplication o f CAD (21).
'' Previously reported by Ardeshir et al. (1).

beyond the joints were not amplified at all (data not shown). 
Since 12G1-96A was selected by using a scheme which 
ensured that the amplification event took place only a few 
cell divisions before selection w ith P ALA  was begun (Ma­
terials and Methods), and since two different amplified joints

<
CDCT>I

FIG . 3. Amplified novel fragm ents in 12G1-96A. G enom ic DNAs 
w ere digested with E coR I, and Southern  transfers w ere probed with 
an 8.3-kb E coR l fragm ent located  next to the 3 ' end o f the CAD 
gene. The sam e probe also d e tec ts  an am plified novel fragm ent in 
165-28 (1). The position o f the novel 5.4-kb band is indicated . H alf as 
m uch w ild-type (B H K ) DN A  w as loaded in the second lane.
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were present in the same mutant clone, it is very likely that 
both joints were formed and amplified during the same 
event. The de novo genesis of amplified joints has important 
mechanistic implications (see below).

Most of the novel joints detected in 12 stepwise and 3 
multistep mutants were near the two ends of the CAD gene 
rather than in the six coamplified regions (Table 4). This 
concentration of joints near CAD is not random, since the 
regions flanking CAD represent only 65 kb of coamplified 
DNA, compared with 290 kb for the other regions. The 
predominance of joints near the ends of CAD and the 
observation that many of these joints are amplified has 
implications which are considered later.

Stability of the amplified DNA. Although it is clear that 
extrachromosomal amplified DNA (located, for example, in 
double minute chromosomes) is unstable in the absence of 
selection, much less work has been done to study the 
stability of chromosomally amplified DNA. Since PALA- 
resistant BHK cells have always been observed to carry 
amplified CAD DNA only on chromosomes and since double 
minutes have not been observed in these cells, they provide 
a good system in which to carry out such an analysis. In 
studying four multistep mutants, Wahl et al. (30) found that 
the amplified CAD genes of all were chromosomal and that 
in three of mutants the genes could be localized to the short 
arm of chromosome B9, the normal position of CAD. In 
studying nine first-step mutants, Zieg et al. (31) again found 
that the amplified CAD genes were chromosomal in every 
case and that they were usually localized to chromosome 
arms much longer than the short arm of B9, but their 
positions were not defined further. We had previously ana­
lyzed the stability of chromosomally amplified CAD genes 
only in multiple-step mutants and had found them to be 
remarkably stable. The same level of resistance was main­
tained for as long as 1 year in culture without PALA 
selection (14). Confirming these results, the copy number of 
CAD in mutant 165-28, resistant to 25 mM PALA, was 
unchanged after culture for 103 days (Table 5), as was the 
plating efficiency in high concentrations of PALA (data not 
shown). Similar results were obtained for the third-step 
mutant 12B1-80A-450. However, in striking contrast, the 
copy number of CAD was unstable during growth in nonse- 
lective medium for all seven first-step mutants and three 
second-step mutants tested (Table 5). As expected, loss of 
copy number was paralleled by loss of resistance to PALA. 
For first-step mutants 15.3 and 15.6, the plating efficiencies 
in 15 |xM PALA were reduced by 90 to 95% after 60 days of 
growth in nonselective medium, whereas mutant 30.7 lost 
plating efficiency in 30 p,M PALA more slowly, with a 
reduction of 70% after 60 to 90 days in nonselective medium. 
Two of the first-step mutants analyzed in Table 5, 10.1 and 
20.2, had been shown previously by in situ hybridization (31) 
to have chromosomally amplified CAD genes, and 15.6 has 
recently been shown to carry all the amplified CAD genes in 
a single chromosome (data not shown). The remaining seven 
first- and second-step mutants tested have not yet been 
analyzed by in situ techniques, but it is important to note 
that we have never observed a PALA-resistant mutant of 
Syrian hamster cells without chromosomally amplified CAD.

DISCUSSION

Loss of coamplified sequences and preferential reamplifica­
tion. Region N was almost always coamplified with CAD 
(region C) in the first step, and region F was coamplified 
about half of the time. In contrast, regions C, N, and F were
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TABLE 5. Stability of CAD gene amplification in BHK cells"

M utant Days in culture
Extra copies of 

CAD/ceU

15.3 0 2
39 0

15.6 0 3
39 0.5

30.7 0 5
103 0

10.1 7 9
36 4.5
63 1

20.2 7 13.5
21 5.5
36 0

15P1 5 6
20 4
41 0.5

15P2 5 4
20 0.5

30.7-70B 18 31
26 20
38 9
82 0.5

30.7-70.21 18 27
46 16
76 13
91 3

15.3-120D 0 68
19 17
32 5.5
64 0

12B1-80A-450 0 22
103 22

165-28 0 400
103 400

“ Cell pellets, sampled from cultures grown without PALA for the times 
indicated, were dissolved in 0.4 M NaOH and analyzed by the slot blot 
method of M cIntyre and Stark (16). Extra copies o f CAD per cell are relative 
to numbers in unselected BHK cells, which are assumed to have two copies 
per cell (no extra copies). Not all time points analyzed are shown. Localiza­
tion of amplified DNA in chromosomes o f three o f the cell lines was done by 
Zieg et al. (31) for 10.1 and 20.2 and recently for 15.6 (data not shown). In all 
cases, the cells for in situ analysis were grown from frozen cell stocks in the 
presence of PALA for about 1 week before each experiment, comparable to 
the times used for the samples analyzed for stability. Thus, cells grown for 
very similar lengths o f time after selection are being compared. Also, the 
majority of 10.1 and 20.2 spreads had chromosomal amplifications. A compa­
rable analysis has not yet been done for 15.6.

never observed to be reamplified together in subsequent 
steps. Regions N l and N2 were lost in the amplification step 
between mutants 12B1 and 12B1-80A, and many copies of 
the amplified F1-F3 regions were lost in the third steps 
between mutants 12B1-80A and 12B1-80A-450 or 12B1- 
80A-600 (Table 2). The changes observed can be summa­
rized in a model (Fig. 4) which proposes that each loss is 
accompanied by preferential reamplification of a subregion 
of the amplified array. There is no simple way that all of the 
N regions can be removed from a -CNFCNFCNFCNF- 
array as in 12B1 to give an (-FC-)9 array as in 12B1-80A. It 
seems much more likely that loss of all or most of the 
-CNFCNFCNFCNF- array occurred either at the same time 
as preferential reamplification of an -FC- subregion (required 
to give enough copies of C for selection) or shortly thereaf­
ter, during growth of the initial clone but before analysis of 
the DNA. A similar argument can be made for loss of part of 
an (-FC-)9 array in 12B1-80A together with preferential 
amplification of a -C- subregion in two independent third- 
step mutants.
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Cell Line Hypothetical structures of
amplified DNA

wt-BHK - - C N F -

12B1 - - C N F C N F C N F C N F - -

12B1-80A - - C N F - -  + ( - - F C - - ) 9

12B1-80A-450 - - C N F  - - + ( - - C - - ) 16 + ( - - F C- - ) 4

FIG. 4. Model for loss of amplified sequences and preferential 
reamplification. Shown are hypothetical structures that can account 
for the number of copies of C, N, and F found in the 12B1 cell 
lineage.

Regions N and F, which represent only a small fraction of 
the approximately 10,000 kb of DNA amplified initially, are 
usually lost together with most of the coamplified DNA in 
generating highly amplified arrays. Although the earlier steps 
have not been analyzed, events such as those depicted in 
Fig. 4 are likely to have taken place in the first-step ancestors 
of the multistep mutants BH2-1 and 165-28. In BH2-1, the 
sequences coamplified initially were lost completely, 
whereas in 165-28 a few copies of an array including C, N, 
and F, which must have been formed in the first step, still 
remained. However, most of the CAD genes are now found 
in a unit which includes neither N nor F. In addition to loss 
of amplified arrays, it was possible to observe in independent 
events loss or reamplification of specific sequences, marked 
by single-copy novel joints, in some second-step mutants 
derived from the first-step mutants 15.3 (Fig. 3) and 30.7 
(data not shown). Gudkov et al. (11) also observed loss of 
initially coamplified DNA in later steps of amplification in 
their study of multidrug-resistant Djungarian hamster cells, 
as did Hyrien et al. (13) in their study of AMP deaminase 
amplification in Chinese hamster cells.

It is very likely that later amplification events involve the 
already amplified array rather than a region, for example, on 
a homologous chromosome, which has not yet been ampli­
fied. Thus, whenever region N or region F was not amplified 
in the first step, it was also not amplified later. Similarly, 
when the amplified copies of N were lost in mutant 12B1- 
80A, region N was not reamplified in four independent 
third-step mutants derived from 12B1-80A. In two oFthe 
four, the coamplified region containing CAD and F I to F3 
was amplified further as such. These phenomena can be 
understood if there is strong selection against further expan­
sion of the already large amount of amplified chromosomal 
DNA present in first-step mutants (10) and if it is more likely 
that new amplification events occur within an already am­
plified array than in a region that has never been amplified.

If two copies of the CAD gene become juxtaposed during 
the first event, reamplification of this region should be 
favored, since PALA resistance can then increase twice as 
rapidly as it would through reamplification of a region 
containing only one CAD gene. The region reamplified in 
B5-4 fits such a model well. As shown previously (21), most 
copies of CAD in B5-4 lie within an inverted duplication, 
with their 5' ends joined. There is also a novel joint near the 
3' end of the CAD gene in B5-4 (data not shown). The most 
highly amplified region of this mutant, which lies between 
these two novel joints, is only about 60 kb long. Similarly, 
amplified novel joints were detected on both sides of CAD in 
the highly resistant mutant 165-28, one near the 3' end of the 
gene (1) and the other about 40 kb 5' of the gene (data not

shown). Therefore, the most highly amplified region in 
165-28 is also quite short, about 65 kb in length. Similar small 
sizes have been reported for the most highly amplified 
regions flanking the dihydrofolate reductase gene in two 
cases in which the overall degree of amplification is very 
high (6, 15).

Novel joints were found preferentially near the ends of 
CAD in late stages of amplification but not in earlier stages 
(Table 4). There was only one single-copy joint near CAD in 
33 first-step mutants, but there were six highly amplified 
joints near CAD in 15 later mutants. Whenever the copy 
number of CAD had increased more than that of N or F in a 
second or third amplification step (for examples, see 12G1- 
96A, 12B1-160, 12B1-80A-450, and 12B1-80A-600 in Table 
2), it is possible that reamplification of a region in which two 
copies of CAD lie relatively close was selected preferen­
tially. Knowledge that the most highly amplified region in 
highly resistant cells is likely to lie near the selected gene can 
be exploited to clone the gene, by walking from coamplified 
sequences that have been isolated previously. In the recent 
work of Debatisse et al. (5), the AMP deaminase gene was 
cloned in this way. It is also interesting that two striking 
examples of preferential reamplification were observed by 
Debatisse et al. (5). Two novel joints, one on either side of 
the AMP deaminase gene, generated independently in dif­
ferent first-step mutants, were amplified in every second- 
and third-step mutant studied by these authors.

Preferential reamplification and loss of previously ampli­
fied regions can be imagined to occur in more than one way. 
As suggested by Carroll et al. (4), a chromosomally amplified 
array might give rise to a relatively small extrachromosomal 
element that can be amplified further and then reinserted 
either into the original site, or into a new site. In at least some 
cell lines, amplification is usually associated with chromo­
somal translocations and other rearrangements. (For a re­
cent well-studied case and references to additional exam­
ples, see Biedler et al. [2].) Chromosome loss could also be 
involved. If a subregion of the original array were to be 
reamplified and moved to a new chromosome, loss of the 
chromosome carrying the original array would be possible.

Stability of amplified DNA. It was quite unexpected to find 
that chromosomally amplified CAD genes were readily lost 
from first- and second-step mutants in the absence of selec­
tion, in strong contrast to the stability of multistep mutants 
observed by us previously (14,29) and confirmed here. From 
results of previous work (16, 22, 23, 27), instability has 
usually been associated with location of the amplified DNA 
in double minute chromosomes. To the best of our knowl­
edge, there is only one other case in which an observation 
similar to ours has been published. Gudkov and Kopnin (12) 
found that amplified multidrug resistance genes in Djungar­
ian hamster cells were unstable even when the majority of 
the amplified sequences were chromosomal rather than 
extrachromosomal.

Retention of a chromosomal array of amplified DNA may 
be selected against because a very large chromosome (10) is 
disadvantageous or because some coamplified sequence is 
harmful (for example, through overexpression of a coampli­
fied gene). Eventual stabilization of an amplified chromo­
somal array could be achieved by deleting any destabilizing 
sequence, perhaps accompanied by further amplification of 
the selected gene. Such a process might occur by deletion 
and extrachromosomal amplification of a subregion contain­
ing the selected gene, followed by reinsertion by either 
homologous or nonhomologous recombination (4). We 
showed previously (30) that in three of four multistep mu­
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tants the highly amplified CAD genes resided at or near the 
normal site of the unamplified CAD gene, the short arm of 
chromosome B9. Retention of the amplified array in the 
original location might represent either reamplification in 
situ or extrachromosomal reamplification followed by ho­
mologous insertion.

Are there different mechanisms in different steps? The work 
of several laboratories suggests that more than one process 
may be responsible for gene amplification in mammalian 
cells and that different mechanisms may predominate in 
primary and secondary events. In the first step of CAD gene 
amplification in Syrian hamster cells, each copy of CAD is 
amplified together with a very large amount of flanking 
DNA, estimated to be as much as 10,000 kb (10). Very few 
studies have been undertaken to analyze the structure of 
amplified DNA in first-step mutants, as it is a daunting 
prospect to attempt analysis of such a huge amplified domain 
in detail. Since the analyses we have performed so far were 
done after 20 to 30 generations (to accumulate enough cells), 
it is possible that the structures and properties observed 
represent secondary manifestations rather than primary 
events in first-step mutants. It is important to bring the 
analyses as close to the primary event as possible in the 
future.

After the initial observation of inverted and amplified 
novel joints by Ford et al. (7), several laboratories have 
shown that inverted joints are a common feature of highly 
amplified DNA (8, 13, 15, 18, 19, 21). In mechanisms 
proposed to account for these observations, an inverted 
duplication arises either before or during replication, and 
subsequent recombination leads to a circular structure in 
which two replication forks are moving in the same direc­
tion. Many copies of the circular element, including the 
inverted novel joint, can thus be formed. Such events are 
proposed to take place either extrachromosomally (19) or 
within replicating chromosomal DNA (13, 18). If the events 
are extrachromosomal, reintegration, as proposed by Pas- 
sananti et al. (19) and Carroll et al. (4), could lead to eventual 
location of the amplified array either at the original site or at 
a different site. Hyrien et al. (13) have discovered an 
amplified inverted joint that arose de novo during the second 
step. In the work of Ma et al. (15) with Chinese hamster 
cells, it is clear that the two amplified inverted joints which 
characterize their type II units arose during the third or 
fourth steps. In the work reported here, we found two 
different amplified joints in the second-step mutant 12G1- 
96A that were not detected in the parental line 12G1. All of 
these examples are consistent with the newly proposed 
mechanisms, but it is also possible to explain them by 
overreplication and recombination if recombination occurs 
before most of the overreplication.

Whatever mechanism accounts for the majority of first 
events, different mechanisms, capable of giving a very large 
increase in copy number in a single step (see Table 3), may 
predominate later, perhaps dependent on some unusual 
feature of an already amplified array. In our work, the fact 
that the coamplification of regions C, N, and F often seen in 
the first step is not seen later suggests that different events 
are dominant in later steps; i.e., the amplification of a very 
large region occurs only during the first step in the great 
majority of Syrian hamster cell lineages resistant to PALA. 
However, the finding of low-copy-number novel joints that 
were not present in the parental cells in second- and third- 
step mutants (Table 4) does show that unique recombina­
tions still occur in later steps.

Amplification can be stimulated by irradiating cells, treat­

ing them with chemicals, or depriving them of oxygen (20). 
Alternatively, it has been possible to isolate mutant amplif- 
icator cells which carry out amplification events much more 
often than do the parental cells (9). In the future, identifying 
and characterizing the gene products responsible for increas­
ing rates of amplification and then comparing amplification 
events stimulated in different ways might give important 
clues about the mechanisms involved. It is important to 
examine the state and properties of amplified DNA in cells 
selected as soon after an amplification event as possible and 
to perform such analyses in as many situations as possible by 
examining different loci in cells of different species after 
different steps. In this way, we shall learn more about the 
various mechanisms proposed for amplification and about 
the situations in which each mechanism predominates.
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