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STELLINGEN

behorende bij het proefschrift

"Genome analysis by two-dimensional DNA typing

A.G. Uitterlinden
11 Maart 1993

1. Parallelle multilocus polymorfisme analyse van een genoom is efficiénter dan
seriéle monolocus polymorfisme analyse op grond van het veel kleinere aantal te

verrichten handelingen per genoomanalyse.

2: Polymorfe variaties in het aantal repeterende eenheden van tandem gerepeteerde
DNA basepaarvolgorden dienen met Variable Number of Tandem Repeats (VNTR) te

worden aangeduid, onafhankelijk van de grootte van de repeterende eenheid.

3. Het genereren van een DNA-fingerprint met "core probes" is in geringe mate
afhankelijk van de basepaarvolgorde van de repeterende eenheid in de core probe en sterk

afhankelijk van de hybridisatieomstandigheden.

4, Het gebruik van polymorfe "anonieme" DNA basepaarvolgorden in het opsporen
van genetische afwijkingen zal vervangen worden door het direct analyseren van

genpolymorfismen.

5. Pas wanneer het geheel aan erfelijke informatie van organismen in kaart is

gebracht kan de gerontologie als quantitatieve wetenschap haar intrede doen.

6. De hoge mate van inteelt in de Nederlandse rundveestapel maakt intensievere

toepassing van DNA-diagnostiek in de fokkerij noodzakelijk.



T Het voorschrijven van "Il Principe" van Machiavelli als handvest voor het
bedrijven van wetenschappelijk onderzoek gaat voorbij aan de historische achtergrond
waarin dit epistel in 1524 is opgesteld en is een geringschatting van het synergisme van

het collectief.

8. De gronden waarop tot de toelating tot de promotie wordt besloten dienen aan

internationaal geldende normen te voldoen.

9. De meest geschikte staatkundige organisatie van Europa is een federatie van

bevolkingsgroepen die een taalkundige en culturele eenheid vormen.

10. Privatisering van het openbaar vervoer bevordert het gebruik ervan.

11 Het aan het gezicht van passerende automobilisten onttrekken van de plaatselijke

nasleep van verkeersongelukken voorkomt filevorming.
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SECTION I: GENERAL OVERVIEW

CHAPTER 1

GENERAL INTRODUCTION:
ANALYZING THE HIGHER EUKARYOTIC GENOME
FOR DNA SEQUENCE VARIATION

1.1 INTRODUCTION

The phenotype of an organism is ultimately encoded by the sequence of basepairs
in the set of DNA molecules that constitute the genome of each species. Although
integrity of the basepair sequence is essential to normal development and functioning of
the organism this information infrequently undergoes changes each time a cell divides.
Errors in the DNA information content occur due to physical or chemical damage, either
directly or after aberrant enzymatic processing during replication and repair. Such errors
are termed "mutations" and range from rearrangements, sometimes involving large
chromosome segments, down to the change of a single basepair. Some mutations will
affect the encoded function of the DNA sequence and hence distort the metabolism of the
cell. These distortions can have mild effects on the functioning of the cell but occasionally
pathological changes, including lethal abnormalities, will result.

Mutations can be stably incorporated in the genome, thereby exerting influence
throughout the lifespan of the cell. When they occur in somatic cells they can only affect
the individual itself, for example by causing cancer and other age-related deteriorations
(Vijg and Gossen, 1993). When they occur in the germ cells, mutations are transmitted to
progeny and are responsible for the diversity of phenotypes present in a population of
organisms. At a larger time scale mutations are fundamental to the evolution of a species
and to the diversification of life forms.

At the basis of this diversification is the length and complexity of the sequence of

basepairs in the genome. Small genomes are found in organisms with a relatively simple
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TABLE1 HAPLOID GENOME SIZES OF VARIOUS

ORGANISMS.
ORGANISM GENOME SIZE (bp)
Mycoplasma capricolum 1.0 x 10°
Escherichia coli 4.7 x 10¢
Bacillus amyloliquefaciens 3.0x 10°
Saccharomyces cerevisiae 1.5 x 107
Aspergillus niger 1.5 x 107
Drosophila melanogaster 1.8 x 10°
Gallus domesticus 1.2 x 10°
Rattus norvegicus 2.9 x 10°
Lycopersicum peruvianum 3.0 x 10°
Xenopus laevis 3.1x10°
Bos taurus 3.2x10°
Homo sapiens 3.4x10°
Nicotiana tabaccum 3.8 x 10°
Allium cepa 1.8 x 10'°
Lilium formosanum 3.6 x 10"
Amoeba dubia 6.7 x 10"

Mitochondrial genomes

Homo sapiens 16,569

Viral genomes

Bovine Herpes Virus type 1 138,000
Bacteriophage Lambda 48,321

organization, such as viruses and bacteria, while longer sequences are found in more
complex organisms (Table 1).

For each species the sequence of the DNA molecules is more or less fixed but,
as described above, variations at particular positions can occur. The highly specific way
in which the genome of each species is organized indicates that only a limited number of
nucleotides can be variant. However, because of the considerable size of genomes the task
of identifying the variant nucleotides among the multitude of possible positions in such
genomes is not trivial. The detailed analysis of genomes is crucial to understand every
aspect of the biology of a species. Such an analysis encompasses the delineation of the

DNA sequence of the genome, the identification of the variant forms of the sequence, and

12



the deduction of causal relationships between sequence diversity and observed phenotypes.
Defining variant forms of particular DNA sequences is of importance, e.g., to find

disease genes, to understand the mechanism of disease, to define mutagenic substances.

1.2 GENOME ANALYSIS

In the past two decades the techniques to analyse DNA sequences have evolved
to a point where "genome programs" are now being executed, such as for the human
genome, instead of only being contemplated. In genome programs DNA sequence data on
the genome of a species of interest are being generated and collected in a coordinated
fashion through international collaborations of laboratories.

The human genome project was initiated as a result of a meeting of specialists in
the field of human mutation analysis (Mendelsohn et al., 1984). They were addressing the
question of how the human mutation rate could best be measured. It was concluded that
only when the complete sequence of the human genome was known, measurements at
different loci with existing or new mutation detection techniques could provide the most
accurate estimates. The perspective of having available the complete human genome
sequence made this project transgress the boundaries of human mutation analysis and
offers the possibility to unravel the complete molecular biology of Homo sapiens. Due to
the previous discovery of DNA polymorphisms (Kan and Dozy, 1978) and their
application in linkage analysis of genetic diseases (Botstein et al., 1980), the Human
Genome Project found support in different areas of biology. Due to its dimensions and
implications, this project has since then quickly gained attention of the public and national
parliaments as can be seen from its still increasing budget in all developed countries.

Genome programs have been initiated and already started to bear fruit for a few
model organisms having small genomes such as Caenorhabditis (Coulston et al., 1992)
and Saccharomyces (Oliver et al., 1992). For the human genome there is still no well
coordinated task force to sequence particular parts of the genome. Attention has focussed
on the construction of genetic maps of each of the chromosomes and there is discussion
on how and what to sequence.

In human genetic research some very detailed knowledge has been gathered on

particular loci in the genome in the past 10 years due to the occurrence of hereditary
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defects. In the course of the search for the causative DNA sequence variant(s) many new
techniques were developed to analyse DNA sequences. However, the techniques to
determine DNA sequences and DNA sequence variation are nowadays still limited in their
scope and capacity. They can analyse only a small part of the complete sequence of a
species’ genome at a time and the generation of DNA sequence data is still slow. Most of
the initial attention in the human genome program is therefore focussed at the
development of techniques which allow more DNA sequence data to be generated
simultaneously and analysed in a quicker and cheaper way.

Starting with a complete genome of a higher organism, DNA sequence and
sequence organization should be generated in a stratified manner, that is to order
fragments of ever smaller size in a linear fashion by using small known sequences as
landmarks. An example is shown in Figure 1. This allows for a coordinated approach in
which there is room to incorporate desirable or existing efforts to obtain DNA sequence
data from selected genomic areas (e.g., those harbouring disease genes).

DNA sequence variation can be studied on a population level to reveal the basis
of phenotypic variations observed in different individuals. The most striking variations in
this respect are disease-causing gene variants. Attempts to identify such gene variants are
time-consuming in view of the still large gap in our knowledge of the human genome in
terms of DNA sequence and organization. Especially when there is no a priori knowledge
on the biochemical basis of the defect and therefore no clue as to what protein might be
involved, these quests encompass little less than looking for a needle in a haystack
without knowing what the needle looks like.

The discovery of DNA sequence variants which are more or less randomly
dispersed over the genome gave a new impetus to what is known as genetic linkage
analysis. In genetic linkage analysis the transmission of DNA sequence variants with a
known location on a chromosome (referred to as genetic markers) is followed in pedigrees
and evaluated for the coupled inheritance of one or more markers with a particular trait
such as a disease. If such coupling or linkage is observed more frequently than
statistically expected, the marker and disease gene loci are said to be linked. According to
the Mendelian law of independent assortment, variants of two loci have a 50% chance of
being inherited together. If the two loci are in close proximity on the same chromosome

this frequency increases. The more frequently this genetic linkage is observed the closer
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CHROMOSOME -

EXONS I
BASEPAIRS —— ATACCGCTTACGCA——— NORMAL
ATACCACTTACGCA— MUTANT
Figure 1 Schematic representation of a stratified manner in which the organization

of a genome can be analysed using known sequences as landmarks.
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the two loci are on the chromosome. Sometimes such linkage is disturbed by the
occurrence of recombinations of homologous chromosomes during meiosis (crossing-over)
between the marker locus and the disease locus. The chance of such a recombination to
occur, is lower for a smaller distance between the disease locus and the marker locus.
This phenomenon is exploited to measure the "genetic distance" between the two loci: if
no or very few recombinations are observed in pedigrees segregating for the disease it can
be assumed that the marker locus and the disease locus are very close to each other on the
chromosome. Scoring of such recombination events between a set of defined markers and
the phenotype of interest is used to define the chromosomal area harbouring a particular
gene of interest.

Another application in which genetic polymorphisms spread over the genome can
help to identify the position of genes of interest is the comparison of tumor genomes with
their normal counterparts. Due to the frequent occurrence of deletions and amplifications
of particular areas in tumor genomes, DNA polymorphisms can identify such areas by
observing loss of heterozygosity (LOH) and/or amplification for particular loci. If LOHs
or amplifications occur very frequently in tumors from different patients these
chromosomal loci are then likely to contain genes contributing to tumor development
and/or progression (Vogelstein et al., 1985). Similarly, the scanning of genomes for DNA
sequence variation can be used to identify random variations that might occur during the
aging process (Vijg and Uitterlinden, 1987).

The many DNA sequence variations spread over the genome, have been exploited
for the construction of maps of genetic markers which are referred to as genetic maps.
The accuracy and effectiveness in establishing the location of a particular (disease) gene
on a chromosome is in part determined by the number of markers on such a map. If large
numbers of markers are available, the chance of finding close linkage between a marker
and the disease locus of interest will be high. The currently available marker systems are
locus-specific, i.e. they each detect DNA sequence variation at only a single site in the
genome. An example is a genetic map of the human genome based on a collection of over
800 (GT), markers (Chumakov et al., 1992). If a genome is to be scanned for variation
this will involve the sequential screening of many markers and, hence, be time- and
labour consuming. It is more effective to scan the genome at many sites simultaneously.

Such a parallel processing approach to the analysis of DNA sequence variation can consist
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of electrophoretic separation of DNA molecules in two dimensions and the subsequent

transfer of separation patterns to membranes for hybridization analysis.

1.3 OUTLINE OF THE THESIS

This thesis describes the development of a parallel processing technique, two-
dimensional (2-D) DNA typing, for analysing DNA sequence variation. It is based on a
2-D electrophoresis principle developed by Fischer and Lerman (1979) for separating
DNA fragments. By combining the 2-D separation of DNA fragments with their
subsequent hybridization analysis using repetitive sequences, 2-D displays of DNA
sequences derived from areas spread over the genome allow for an increase in the power
of analysis as compared to standard one-dimensional separation patterns such as in
Souther blot hybridization (Southern, 1975). Two-dimensional DNA typing allows many
(up to several hundreds) different sites in a genome to be assessed simultaneously for
DNA sequence variation in a single hybridization experiment. Additional hundreds of
sites can be assessed for variation by re-hybridizing the membrane with other probes. The
resolution obtained depends on the electrophoretic separation principles used to generate
the two-dimensional separation pattern, and on the type of probe which is used to detect
particular sequences in the genome of interest. The publications included in this thesis
(addenda 1 - 4) relate to both these aspects. Addendum 1 contains an example of how the
electrophoretic separation principle, Denaturing Gradient Gel Electrophoresis (DGGE),
used as the second dimension in the 2-D DNA typing procedure is used to detect
sequence variations. Addendum 2 describes the results obtained with the 2-D DNA typing
method as applied to the analysis of human genomic DNA. Addendum 3 relates to an
important aspect of the micro- and minisatellite repetitive sequences detected in the 2-D
DNA typing procedure; their GC-richness determines their suitability for generating 2-D
spot patterns of sufficient resolution. Addendum 4 describes one of the potential
applications of the 2-D DNA typing method to a biological problem. The latter study
illustrates the use of different types of probes in one- and two-dimensional DNA typing
and demonstrates the feasibility of analysing cells treated with genotoxic agents for DNA
sequence changes.

First, in Chapters 2 and 3 an overview is presented of ways of detecting DNA
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sequence variation and their application in the analysis of genomes. The concept of
"genome scanning"” based on the use of repetitive elements is discussed in Chapter 4.
Finally, a discussion on the 2-D DNA typing technique is presented including some of the
results which have been obtained with this method in the analysis of biological problems

which can be addressed by applying genome scanning techniques (Chapter 5).
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CHAPTER 2

MEASURING DNA SEQUENCE VARIATION

2.1 INTRODUCTION

When analysing DNA sequence variation a fundamental distinction should be
made between the analysis of known vs. unknown DNA sequence variations. Once a
sequence variant is known, one can apply a number of recently developed methods for its
rapid and accurate detection. Some of these methods are well suited for the simultaneous
analysis of large numbers of samples for one particular mutation and are referred to as
"mutation screening" methods. They are, however, generally not capable of assaying a
given DNA region for unknown mutations. These techniques, therefore, fall beyond the
scope of this thesis and shall not be further discussed. Other methods that, to some
extent, allow mutation scanning are forward mutation assays, such as the hypoxanthine
phosphoribosyl-transferase (HPRT) method (Albertini et al., 1982). Yet, in order to
obtain information on the type and position of the mutation, isolation of the mutant gene
is imperative. In both mutation screening and mutation selection methods the use of PCR
amplification (Mullis et al., 1987; Saiki et al., 1985) has become indispensible for the
detection of particular types of sequence variants. The only disadvantages of PCR in this
respect are its sensitivity for contaminants and its relatrively high error rate.

When within a given DNA region previously undefined DNA sequence variations
should be found, techniques have to be employed which allow a considerable number of
basepairs to be simultaneously analysed or "scanned" for variation. Table 2 lists the
presently available DNA scanning methods with their mode of action and their sensitivity
in terms of the number of basepairs that can be accurately scanned for variation. Below,

the suitability of these methods for serial genome scanning will be discussed.

2.1 DNA-SEQUENCING

The ultimate identification of DNA sequence variation is the comparative

determination of the basepair sequence of a wild type molecule and its variants. In
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TABLE 2

METHOD

DNA SEQUENCING
RFLP
RNase A

CHEMICAL
CLEAVAGE

DGGE
unclamped:
-homoduplex
-heteroduplex

clamped:
-homoduplex
-heteroduplex

SSCP
-DNA SSCP
-RNA SSCP

HETERODUPLEX
MOBILITY

! % of all possible base changes detectable in a given fragment
2 data based on the analysis of a limited number of sequences

* no data available yet

EFFICIENCIES OF "MUTATION SCANNING" METHODS

#BP SCREENED
PER LANE

400
10-20
250-500

50-1000

250-500

250-300

50-1000

SIZE RANGE EFFICIENCY"
TEST FRAGMENT (BP)
10-400 100 %
500-10000 <1 %
100-1000 <40 %
50-1000 <99 %*
100-1000
<40 %
<50 %
<75 %
<99 %
50-500
<40 %*
<75 %*
100-1000 »



essence, DNA sequencing involves the generation of end-labelled fragments of different
size which are electrophoretically separated in a polyacrylamide gel. Since 1977
twomethods have been developed and refined to sequence DNA fragments of up to 500
bp. They are based on nucleotide-specific chemical cleavage (hydrazine for T and C,
piperidine for A and G; Maxam and Gilbert, 1977; Gilbert, 1982) or the use of chain-
terminating inhibitors of DNA polymerases (dideoxynucleotides; Sanger et al., 1977). In
the chemical sequencing protocol the differently sized fragments find their origin in
reaction conditions that permit on average only one break per molecule at any of the
nucleotides for which the chemical is specific. In the enzymatic sequencing protocol the
fragments arise due to particular ratios of natural dNTPs to any of the chain-terminating
analogs which halt the polymerase at different positions along the molecule. In both
protocols the rungs of the ladder of bands which arise after size separation of the
fragments in polyacrylamide gel electrophoresis indicate the position of particular
nucleotides in the DNA molecule of interest.

Almost all DNA sequencing reactions nowadays are done according to the enzy-
matic protocol of Sanger, mostly due to its simplicity and accuracy. The protocol has
undergone considerable refinement by using modified polymerases such as T7 polymerase
or Sequenase (Tabor and Richardson, 1987) and by using fluorescent dideoxynucleotides.
The latter are used for non-radioactive DNA sequencing where the detection is based on
laser excitation using specially designed instruments so that the whole process of DNA
sequencing is semiautomated. Further improvements include the use of the PCR for
amplification of the fragment of interest making cloning of the fragment of interest
obsolete. These direct DNA sequencing protocols for determining DNA sequence variants
(Yandell and Dryja, 1989) have been applied in, e.g., the analysis of Lesch-Nyhan
mutations in the HPRT gene (Gibbs et al., 1989), the characterization of mutations in the
Factor VIII and IX gene (Higuchi et al., 1990; Koeberl et al., 1990).

DNA sequencing provides the ultimate tool in the detection of DNA sequence
variation. However, for measuring variation in large DNA regions (= 100,000 bp) it is
necessary to first subdivide the region in smaller sections of about 400 bp. Hence, large
numbers of sequencing reactions must be performed on each sample. To become
applicable for screening purposes, DNA sequencing requires dramatic improvements in

speed. Although more rapid methods for sequencing are presently under development

21



(Hood, personal communication), high speed at low costs can, most likely, only be
achieved by methods other than electrophoretic separation. Such methods, e.g. parallel
sequencing by hybridization (Drmanac et al., 1989; Strezoska et al., 1991), are currently
still under development but hold promise as fast and cheap sequencing methodologies.
From a conceptual point of view DNA sequencing for assaying interindividual
variation is unattractive since it provides much unnecessary information; by far the largest
part of the sequence to be comparably analysed is identical. It is therefore advantageous
to have methods available that only and uniquely identify deviations from a particular

wild type sequence.

2.2 RESTRICTION ENZYME DIGESTION: RFLP ANALYSIS

The very start of recombinant DNA research was the discovery of enzymes
capable of recognizing and cutting a particular short sequence of basepairs (usually 4-8
basepairs long) in a double stranded DNA molecule, thereby generating staggered or
opposite double strand breaks in the DNA molecule. The specificity of these enzymes
with respect to the particular basepair sequence recognized, appeared to be determined by
the bacterial species from which they were isolated. In the bacteria themselves these
enzymes serve as part of a host-defence (host-restriction) system to safeguard the bacteria
from intruding non-self DNA molecules from other strains or bacteriophages.

Restriction enzymes were subsequently used in a comparative way, by digesting
near-similar DNA molecules in parallel and analysing the different restriction fragments
by size after electrophoretic separation. A particular difference in sequence between the 2
or more original DNA molecules is revealed by differences in the length of the
fragments, provided the difference is in the recognition site of the enzyme, thereby
blocking its activity. This principle has revolutionized genetics when it was combined
with so-called Southern hybridization for the analysis of genomes of higher organisms
(Southern, 1975, 1979). In this technique the electrophoretic separation patterns of
restriction enzyme digests of the DNA molecules of interest are transferred onto a
nitrocellulose or nylon (DNA binding) membrane. By hybridization analysis using a
radio-actively labelled probe, specific for a particular genomic sequence, homologous

fragments within the separation pattern are visualized after autoradiography.
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Southern blot hybridization analysis of restriction enzyme digested genomic DNA
has been instrumental in the detection of DNA sequence variations, referred to as restric-
tion enzyme length polymorphisms or RFLPs (Flavell et al., 1978; Kan and Dozy, 1978;
Jeffreys, 1979). This source of polymorphism has been shown to be very rich even to an
extent where it is possible to construct genetic maps of chromosomes based on RFLPs
(Botstein et al., 1980; White et al., 1985). The chances of detecting unknown DNA se-
quence variation purely on the basis of altered restriction enzyme recognition sites are
quite slim. Nevertheless, DNA sequence variations have been detected in this way (e.g.
Greever et al., 1981; Maddalena et al., 1988; Carothers et al., 1988). Based on such
analyses the human genome was estimated to contain 1 in 300 (autosomes) to 1 in 1000
(X chromosome) polymorphic nucleotides (Barker et al., 1984; Hofker et al., 1989). The
method was also the first to be used to detect a disease causing point mutation for sickle
cell anemia (Chang and Kan, 1982; Orkin et al., 1982). At present it is still used in
combination with other techniques, like PCR, for the detection of particular mutations,
such as the sickle cell mutation in human DNA (Saiki et al., 1985) and the bovine
leukocyte adhesion deficiency (BLAD) mutation in cattle DNA (Shuster et al., 1992).

Although the mutation scanning capacity of RFLP analysis by itself is low,
restriction enzyme digestion is useful for the generation of fragments which can be further
separated by electrophoretic methods described below. In addition, it can be used in two-
dimensional separations in which a second restriction enzyme digestion is performed after

the first size separation and followed by a second size separation.
2.3 ANALYSIS OF BASEPAIRING

The structural basis of the double-stranded DNA molecules as discovered by
Watson and Crick (1953a and 1953b) is their sequence-dependent basepairing and
stacking characteristics: A can only perfectly pair with T, and C only with G. Deviations
from this Watson-Crick type of basepairing can form the basis of the detection of DNA
sequence variation within a particular sequence. Such sequence-specific deviations from
perfect basepairing can b; detected as changes in hybridization characteristics of a probe
to a target DNA molecule, changes in melting (strand separation) behaviour of a double-

stranded molecule or as vulnerability of heteroduplexed DNA molecules to react with

23



nucleases or particular chemicals.

2.3.1 Hybridization analysis

This method for detecting sequence variation is based upon whether or not there
is formation of a heteroduplex molecule (a double-stranded DNA molecule in which there
is incomplete basepairing due to a mismatch at one or more positions in the sequence)
between a labelled nucleic acid probe and a target under certain hybridization conditions.
In the usual format of this assay the target sequence is made single-stranded by denatura-
tion, after which a single-stranded labelled probe molecule is added. If there are more
than a certain number of basepair mismatches within the heteroduplex the probe will not
bind and hence no signal will remain after removal of unbound probe. This way of
detecting sequence variations using polynucleotides is very insensitive (typically more
than 70% homology in basepair sequence between probe and target is sufficient for probe
hybridization). However, it can for instance be applied for so-called "zoo blot" hybrid-
ization analysis where, in the search for homologous DNA sequences in different species,
large deviations from the wild type DNA sequence can be expected.

The hybridization principle was later employed in refined form by using oligo-
nucleotides to detect the presence or absence of point mutations (Wallace et al., 1979 and
1981). In this method two oligonucleotides are synthesized, complementary to either the
wild type sequence or to a particular mutant sequence, labelled and used as hybridization
probes on Southern blots or dried gels of genomic DNA separation patterns (Conner et
al., 1983; Piratsu et al., 1983) or PCR-amplified sequences spotted on filter (Saiki et al.,
1986, 1988). Examples of mutations detected through this method include Hex A muta-
tions (Paw et al., 1990) and lipoprotein lipase gene mutants (Emi et al., 1990).

Because of the exquisite sequence-specificity of the hybridization reaction only
one oligonucleotide can normally be applied. Tetra-alkylammonium salts however, can
reduce the dependency of the melting temperature on the base composition (Melchior and
Von Hippel, 1973; Wetmur et al., 1981). In this way identical hybridization conditions
can be applied for several different oligonucleotides in the so-called reverse dot blot assay
(Saiki et al., 1989). This can be especially advantageous when screening genes for several
different mutations. It is expected, however, that this will only be possible for the
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detection of no more than 30 different point mutations in a single hybridization analysis.
As such the method lends itself well for mutation screening purposes, that is, to look for
the presence of a given (set of) point mutation(s) at a particular location, rather than for
scanning areas of the genome for unknown DNA sequence variations.

One particular application of hybridization analysis using oligonucleotides
involves the use of very short oligonucleotides for mapping of ordered libraries of cloned
sequences (Michiels et al., 1989; Lehrach et al., 1990; Lennon and Lehrach, 1991) and
for sequencing (Drmanac et al., 1989). In these applications the redundancy of short
sequence motifs in the genome is exploited to an extent where information on order of
fragments and even the actual basepair sequence can be reconstructed on the basis of a
"hybridization signature" of a particular set of clones using a (large) collection of motifs.
In this respect, such an approach can be extended to comparison of genomes in which
slight deviations of a wild type sequence can be detected as aberrations in the

hybridization signatures of the respective sets of clones (Lehrach et al., 1990).

2.3.2 Solution melting of heteroduplex molecules

The solution melting method (Smith et al., 1988) exploits the phenomenon that
strand separation of duplex molecules, as caused by increased temperature, is sequence
dependent and occurs in so-called melting domains (see the section on DGGE). In this
technique the target RNA or DNA fragment is solution-hybridized to an RNA probe, and
the resulting RNA-RNA or RNA-DNA heteroduplexes are subsequently exposed first to
tetraethylammonium bromide, which destabilizes dsDNA and RNA molecules and
facilitates helix-coil transitions, and subsequently to a step-wise formamide gradient in
different tubes. At particular formamide concentrations the highest melting domain in the
duplex molecule will completely dissociate and single stranded fragments will arise. These
resulting fragments are then analysed by polyacrylamide gel electrophoresis to distinguish
between single-stranded (slow migrating) and double-stranded (fast migrating) RNA or
DNA molecules. Sequence variants of the highest melting domain in the fragment of
interest can be discerned by the different formamide concentrations at which they will
display complete strand dissociation. Under appropriate conditions even single base

substitutions can be detected. The method has the advantage that sequence variants in high
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melting domains can be detected (of up to 140 bp fragments for RNA-DNA heterodu-
plexes and up to 260 bp fragments for RNA-RNA duplexes) but considerable ambiguity
has been observed in distinguishing homozygotes from heterozygotes, thereby effectively

limiting the analysis to X-linked genes (Latham and Smith, 1989).

2.3.3 Basepair mismatch reactivity of heteroduplex molecules

The aberrant conformation of a nucleic acid heteroduplex molecule at the site of
a basepair mismatch can be the target for either enzymatic or chemical reactions. These
can form the basis of methods for finding DNA sequence variants through the formation
of heteroduplexes. One distinguishes between enzymatic reactions, based on S; nuclease
and RNase A digestion, and chemical reactions, based on carbodiimide modification and

chemical cleavage of mismatched basepairs.

2.3.3.1 S, nuclease digestion

S, nuclease recognizes and digests single-stranded DNA and has also been shown
to recognize single-stranded DNA regions in heteroduplex RNA-DNA and DNA-DNA
molecules (Shenk et al., 1975). Although sensitivity to single base mismatches has been
reported (Shenk et al., 1975), in general, only mismatches encompassing at least 4
basepairs can be reliably detected (Dickson et al., 1984; Chebloune et al., 1984).

2.3.3.2 RNase A digestion

Similar to S;-nuclease, ribonuclease A (RNase A) has been shown to recognize
single-stranded RNA in RNA:DNA duplexes (Myers et al., 1985¢ and 1989) and in
RNA:RNA duplexes (Winter et al., 1985). The method involves the generation of radio-
labelled single stranded RNA probes and their subsequent hybridization to a single stran-
ded (denatured) DNA target, followed by digestion by RNase A. The method is sensitive
to single base mismatches but some of these, depending on the sequence context of the
mismatch, have been shown to be refractory to RNase A cleavage (Myers et al., 1985¢).

By analysing each of the 2 strands of a particular DNA fragment with the their correspon-
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ding RNA probes (of opposite sense) in separate RNAse A reactions, it is possible to
detect up to 70% of all possible sequence changes in the DNA fragment. It appears,
however, that the presence of purines at the mismatch prevents such mismatches from
being cleaved (Cotton, 1993). The method has been successfully used, e.g. for the
detection of B-globin mutations in human genomic DNA (Myers et al., 1985e), cKi-ras
variants in RNA from tumour cell lines (Winter et al., 1985), and previously unknown
HPRT mutations in Lesch-Nyhan patients (Gibbs and Caskey, 1987) and an unknown
OTC mutation in mouse genomic DNA (Veres et al., 1987).

2.3.3.3 Carbodiimide modification

The reactivity of mismatched basepairs with carbodiimide was initially exploited
in a mobility shift assay in polyacrylamide gels (Novack et al., 1986). In this method
heteroduplexed DNA molecules are allowed to react with carbodiimide, which specifically
reacts with unpaired G and T residues and results in the presence of a tag at the site of
the mismatch. Sequence variants can then be detected by means of their altered gel
electrophoretic mobility caused by the presence of the carbodiimide tag.

More recently, this tagging system of heteroduplexed molecules was combined
with the application of antibodies specific for carbodiimide and used to detect mutations in
very large fragments (up to 7 kb) by immunomicroscopy (Ganguly et al., 1989). Another
variation of the method involves the use of heteroduplexed and carbodiimide-tagged DNA
molecules in a subsequent PCR reaction under conditions in which primer extension
terminates at the site of the modified bases. This will lead to the production of additional
shorter PCR products (Ganguly and Prockop, 1990). This method has been used to detect
a new mutation in the human type I procollagen (COLIAI) in a osteogenesis imperfecta

patient (Zhuang et al., 1991).

2.3.3.4 Chemical cleavage of basepair mismatches (CCM)

The base-specific reaction of particular chemicals with DNA molecules has been

first exploited in DNA sequencing (Maxam and Gilbert, 1977; see section 2.1). This prin-
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ciple, however, can also be used to establish the presence of sequence variations in
heteroduplexed molecules which contain basepair mismatches. Two reagents, osmium
tetroxide and hydroxylamine, were found to modify mispaired T and C, respectively.
When followed by piperidine-catalysed cleavage, the size of the resulting fragments can
give positional information on the- mismatch (Cotton, et al., 1988; Cotton and Campbell,
1989). Although particular mismatches have been shown to be cleaved less efficiently,
analysis with probes of opposite sense allows nearly 100% of possible mismatches to be
detected (Dianzani et al., 1991; Forrest et al., 1991). The method has been successfully
applied in the detection of sequence variations in human genes, e.g. the factor IX gene
(Montandon, et al., 1989), the B-globin gene (Dianzani et al., 1991a), the phenylalanine
hydroxylase (PAH) gene (Dianzani et al., 1991b), the B-hexosaminidase gene (AKkli et al.,
1991), the OTC gene (Grompe et al., 1991) and the dystrophin gene (Roberts et al.,
1992).

2.3.4 Gel electrophoretic mobility assays

Many of the above mentioned methods involve the electrophoretic size-separation
of DNA fragments as a secondary means of identifying DNA sequence variation. Below,
electrophoretic separation methods will be discussed based on different separation criteria
and exploiting sequence-dependent variations in base-pairing which cause differences in
conformation and lead to altered electrophoretic mobilities. In DGGE and TGGE, the
induced local loss of inter-strand basepairing leads to the arisal of molecules with a
conformation which is much different from the normal worm-like rods. Because the
migration of DNA molecules in polyacrylamide gels is dependent on their conformation,
this in turn determines the position in the gel where DNA molecules undergo severe
mobility retardation.

At increased temperature, differences in melting behaviour of duplex molecules
can form the basis of separation of DNA sequence variants by gel electrophoresis. Such
separations are based on the formation, before or during electrophoresis, of conformation
differences between the sequence variants, which will lead to different electrophoretic
migratory behaviour of the variants. In this way melting (strand-separation) characteristics

of double-stranded DNA molecules, DNA-RNA or RNA-RNA hybrid molecules can be
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assessed. Thermosensitive gel electrophoretic separations are based upon the use of
temperature gradients applied in the gel, either as a true temperature gradient
(Temperature Gradient Gel Electrophoresis: TGGE) or as a gradient of denaturants like
urea and formamide (Denaturing Gradient Gel Electrophoresis: DGGE).

In the other techniques altered electrophoretic mobility as such is measured,
which results from differences in intra-strand basepairing (as in SSCP), or by the
presence of a basepair mismatch (heteroduplex analysis). Gel electrophoretic separation of
homoduplex double-stranded DNA molecules under neutral conditions shows very little, if
any, sensitivity to the base sequence of the molecules but rather to their length. Under
special electrophoretic conditions the analysis of either single-stranded DNA molecules or
heteroduplexed DNA molecules can provide the means to detect deviations from a wild
type sequence. Examples of the direct dependency of electrophoretic mobility on DNA

conformation differences are SSCP and the analysis of heteroduplex molecules.

2.3.4.1 DGGE: Denaturing gradient gel electrophoresis

Principles

DGGE involves separation in a polyacrylamide gel containing a gradient of
denaturants (i.e. urea and formamide) at a fixed and elevated temperature (Fischer and
Lerman, 1979a and 1979b). The double-stranded DNA fragments will, at first, travel
through the gel according to their size, until denaturant concentrations are encountered
inducing the strands to leave their helical state and dissociate or melt. The strand
dissociation is length-independent (Fischer and Lerman, 1979a, 1980) and highly
sequence-dependent, due to differences in basepairing and the influence of neighbouring
bases on stacking forces in the double helical chain (Fischer and Lerman, 1979a, 1980
and 1983). Once part of the molecule is melted, the fragment undergoes a change in
conformation and a concomitant reduction in electrophoretic mobility (for reviews, see
Lerman et al., 1983, 1984 and 1986).

Melting of DNA fragments is not a gradual continuous process but proceeds in
discrete steps, due to the presence of so-called melting domains: stretches of roughly 50-
400 basepairs with nearly identical melting temperature. Strand separation of the domain

with the lowest melting temperature (the lowest- or first-melting domain) initiates the
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mobility drop. This migratory reduction, however, is critically dependent on the presence
of a juxtaposed higher melting domain (referred to as a "clamp"), the strands of which
are still helical at the melting temperature of the first melting domain. At that particular
concentration of denaturants a branched molecule will arise with a much lower mobility in
the polyacrylamide matrix. Therefore, at a certain position in the denaturing gradient,
migration of a particular fragment in the DGGE gel is no longer size-dependent but is
dictated by the basepair-sequence of the first melting domain. For calculation of the
melting temperature of a particular basepair sequence a computer algorithm is available,
developed by Leonard S. Lerman (Fischer and Lerman, 1979; Lerman et al., 1984 and
1986). Based on thermodynamical stability values of a given basepair with its
neighbouring basepairs, the computer program can calculate the T, (50) for each basepair
in a particular sequence. The T,(50) is the temperature at which the melting domain is
completely single-stranded in 50 % of the fragments. Since particular concentrations of
denaturants in the DGGE gel correspond to particular temperatures, T, (50) positions of
particular fragments in the gel can be calculated using parameters such as buffer concen-
tration, run time, etc. The computer program has been shown to be quite accurate in pre-
dicting gel position of particular fragments and their sequence variants, even when they
differ by only a single point mutation including A-T and G—C substitutions (Myers et
al., 1985a and 1985b; Lerman et al., 1986; Abrams et al., 1991). In reverse, fragments
observed at a certain position in the gel can be characterized by a certain T,(50). This
feature, however, has not been investigated to an extent allowing sequence variations to
be deduced from particular positions of a given fragment in a DGGE gel.

Thus, the sequence-dependent separation in DGGE gels is based mainly on three
characteristics of double-stranded DNA molecules: (A) melting (or strand separation) of
contiguous bases in DNA molecules is closely coupled to form so-called melting domains;
(B) the temperature (or the concentration of denaturants, suchq as urea and formamide) at
which strands of a melting domain part, is highly dependent on the sequence composition
of the domain; and (C) partially melted DNA molecules (containing both double-stranded
and single-stranded regions) have a decreased electrophoretic mobility in PAA gels in

comparison with native, double-stranded molecules.
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Analysis of genomic DNA
An important extension of the DGGE system has involved its application to the

analysis of total genomic DNA through the use of PCR amplification (Cariello et al.,
1988a; Sheffield et al., 1989) or by transfer of separation patterns to hybridization
membranes. The latter can be accomplished by capillary blotting using modified gel
media (Borresen et al., 1988) or by means of electroblotting. The latter was first
described for the analysis of micro- and minisatellite repeat motifs using core probes (Uit-
terlinden et al., 1989) and locus-specific VNTR probes (Uitterlinden and Vijg, 1991).
More recently, electroblotting has been extended to the detection of single-copy DNA
sequences in Drosophila (Gray et al., 1991) and in humans (Burmeister et al., 1991; Gray
et al., 1992).

GC-clamping

The attachment of a GC-rich sequence (referred to as a "clamp") to a fragment
which normally undergoes immediate strand dissociation upon melting has been shown to
alter the melting characteristics of the fragment (Lerman et al., 1984; Myers et al.,
1985b). The clamp prevents monodomain fragments to completely dissociate and
guarantees the adjacent sequence always to be the first melting domain. When a fragment
is "clamped", partially melted molecules can arise upon melting and hence allow the
comprehensive detection of mutations in the fragment of interest (Myers et al., 1985c).
This principle has been applied in the improvement of detection of sequence variations in
genomic DNA through PCR with "clamped" primers (Sheffield et al., 1989 and 1992),
through selective attachment of a clamp to genomic restriction fragments (Abrams et al.,
1990) or by "chemical clamping" involving the chemical modification of the outer

basepair to covalently link the opposite bases (Appligene, France).

Analysis of heteroduplex molecules
Although DGGE is capable of detecting single base differences by comparing the

naturally occurring homoduplexes, its sensitivity can be even further increased by
introducing base pair mismatches as they occur in heteroduplexes (Lerman et al., 1984).
This phenomenon has been exploited in the analysis of heteroduplexes formed between

genomic DNA restriction fragments and radio-labelled single-stranded DNA probes for
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human DNA (Myers et al., 1985a; Noll and Collins, 1987 and Bewsey et al., 1991) and
for maize plant DNA (Riedel et al., 1990). The same principle has also been demon-
strated for RNA:DNA heteroduplexes in human DNA (Takahashi et al., 1990) and for
DNA:RNA and RNA:RNA heteroduplexes in the analysis of mutation rates of retroviral
genomes (Smith et al., 1986; Leider et al., 1988).

CDGE

Increased resolution of sequence variants of particular fragments can be obtained
by applying so-called constant denaturing gel electrophoresis (CDGE). Here a constant
denaturant concentration is applied in the gel which corresponds to a specific melting
domain within the fragment of interest. Particular advantages are that increased separation
distances are obtained and that the system is more amenable for automation than DGGE.
However, disadvantages are the time-dependency of the separation and suitability for
analysing only one melting domain. A high sensitivity of CDGE in detecting point mutati-
ons was shown for the HPRT gene in mice and hamster DNA (Hovig et al., 1991) and
the p53 gene in human tumour DNA (Borresen et al., 1991).

Analysis of complex populations of molecules
A particular advantage of DGGE in comparison to other mutation detection

techniques is its potential to simultaneously identify different sequence variants in a
complex population of molecules. Such populations can consist of a wild type molecule
and mutants present at different abundancies or of a mixture of closely related molecules
derived from different organisms.

One important application of DGGE in characterizing the former population has
included the detection of sequence variants after treatment of DNA with damaging agents
(Myers et al., 1985d; Lillie et al. 1986; Cariello et al., 1988 and 1991a). In most of these
schemes DNA fragments, prepared from cells which have been in contact with a
mutagen, are amplified by means of PCR and subsequently separated on a DGGE gel
which has been optimized for separation of variants from the fragment of choice. This
application makes use of unique advantages offered by DGGE (or TGGE for that matter,
see below) which is the possibility to (a) isolate the mutant sequences in an intact form,

and (b) detect low frequency mutation events in populations of molecules. The results
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obtained sofar indicate that the fidelity of the amplification step is limiting the sensitivity,
due to errors which are introduced by the DNA polymerase (Cariello et al., 1991b).
Enzymes with higher fidelity than the original Taq polymerase have recently been
described, such as Sequenase, Vent, and Pfu polymerase. It appears, however, that even
with these high-fidelity enzymes a mutation must be present in about 1% of the cells in
the original cell population to be detectable (Cariello et al., 1991b). In a similar way
Keohavong et al. (1991) used DGGE to detect point mutations in exon 3 of the HPRT
gene in mass cultures of mutant cells (i.e. 6-thioguanine resistant) which were exposed to
UV light.

A similar application of DGGE analysis in this respect is the analysis of complex
populations of individuals, such as those found in bacterial mats. These mats represent
ecological niches in which a variety of different organisms are present in different
numbers. Such populations can be typed by means of DGGE analysis of their 16 S small
subunit ribosomal RNA (16 S ssu-TRNA) genes. For this purpose, a particular region
from the 16 S RNA (the V4 region) in which species-specific variation is expected, is
PCR amplified from genomic DNA isolated from a particular mat and subjected to DGGE
analysis. Based on species-specific sequence variations in these regions, DGGE-finger-
prints, consisting of 10-30 bands of different intensity, can be obtained for these popula-
tions (Muyzer, G., de Waal, E.C. and Uitterlinden, A.G., in press). In these DGGE-
fingerprints each band corresponds to the presence of a particular species in the mat,

whereby the intensity is a reflection of its relative abundance in the population.

Gene analysis
Since its introduction in 1979, DGGE has been used extensively and, as a result

of its exquisite sensitivity for differences in basepair composition, it has been widely used
for the detection of sequence variations as small as point mutations or even base
modifications such as methylation (Collins and Myers, 1987). Genes, allelic variants of
which have been detected by DGGE include the Adenine PhosphoRibosyl Transferase
(APRT) gene in the mouse (Dlouhy et al., 1989), and in human DNA the Hypoxanthine
guanine PhospoRibosyl Transferase (HPRT) gene (Cariello et al., 1988), the Coagulation
factor IX gene (Attree et al., 1989), the cHa-rasl proto-oncogene (Uitterlinden and Vijg,
1990), the Ornithine Transcarbamylase (OTC) gene (Finkelstein et al., 1990), the Factor
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VIII gene (Kogan and Gitschier, 1990; Traystman et al., 1990; Higuchi et al., 1991), the
cystic fibrosis transmembrane conductance regulator (CFTR) gene (Vidaud et al., 1990;
Devoto et al., 1991; Ghanem et al., 1992), the protein C gene (Gandrille and Alach,
1991), the rhodopsin gene (Sheffield et al., 1991), the tumor suppressor gene MCC, p53,
prealbumin, rhodopsin, S-antigen, and TGF-a (Sheffield et al., 1992), the insulin receptor
gene (Krolewski et al., 1992), the low density lipoprotein (LDL) receptor gene (Top et
al., 1992), the beta-globin gene (Losekoot et al., 1990; Rosatelli et al., 1992), and the
alpha-globin gene (Fodde et al., 1992).

2.3.4.2 TGGE: Temperature gradient gel electrophoresis

In modifications of the above described electrophoretic system, true temperature
gradients in combination with a constant urea and/or formamide concentration have been
applied instead of using chemical mimics in PAA gels at a constant temperature
(Rosenbaum and Riesner, 1987; Wartell et al., 1990). The method was first applied to the
detection of sequence changes in short, double-stranded satellitt RNA molecules from
viruses (Po et al., 1987; Steger et al., 1987). More recently, however, the system was
shown to be capable of detecting single basepair substitutions in DNA molecules (Wartell
et al., 1990). Although, in general, the results obtained with TGGE are similar to those
found with DGGE, there are differences with respect to the migratory behaviour of DNA
molecules. More specifically, an increase of mobility of fragments is observed at
temperatures slightly higher than the starting temperature, a phenomenon which is not

seen in chemical solvent-gradient gels (Wartell et al., 1990).

2.3.4.3 SSCP: single strand conformation analysis

Under non-denaturing conditions, single-stranded DNA has a folded conformation
which is stabilized by intra-strand interactions. The sequence will therefore determine the
conformation and hence the electrophoretic mobility. This principle has been exploited in
the electrophoretic separation of fully denatured genomic DNA on neutral polyacrylamide
gels followed by transfer of the separation pattern to a nylon membrane and hybridization

analysis with RNA probes for each of the strands of a target sequence (Orita et al.,
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1989a). It was shown that sequence alterations as small as a single base substitution could
be detected in genomic DNA after blot hybridization (Orita et al., 1989a) and after PCR
amplification of the target sequences (Orita et al., 1989b). Electrophoretic conditions have
been shown to be very critical in this method and, according to some reports, only 35 %
of all point mutations can be detected (Sarkar et al., 1992; Spinardi et al., 1991).
Observed variation in mutation detection efficiency seems to be related to the GC-content
of the fragments in that GC-rich fragments allow more different mutations to be detected
than GC-poor fragments. Similar to the situation with DGGE, SSCP would gain
advantage from a theoretical description the influence of intra-strand basepairing on
electrophoretic mobility of double-stranded DNA molecules. The SSCP protocol has
nevertheless been successfully applied to detect sequence variants of ras proto-oncogene
and individual Alu repeats (Orita et al., 1989b; Suzuki et al., 1990), the B-hexosamini-
dase gene (Ainsworth et al., 1991), the PAH gene (Labrune et al., 1991), the CFTR
cystic fibrosis gene (Dean et al., 1990; Iannuzi et al., 1991; White et al., 1991; Ivaschen-
ko et al., 1991), the neurofibromatosis gene (Cawthon et al., 1990), the lipoprotein lipase
gene (Hata et al., 1990), the factor IX gene (Demers et al., 1990), the KIT-proto-
oncogene and insulin-like-growth factor 1 receptor (IGF1R) gene (Poduslo et al., 1991),
the rhodopsin gene (Dryja et al., 1991), and the p53 gene (Runnebaum et al., 1991).

Modifications of SSCP

In a modification of SSCP analysis RNA conformation polymorphisms have been
detected by neutral gel electropnoresis of RNA molecules generated from PCR amplified
genomic DNA fragments (Danenberg et al., 1992; Sarkar et al., 1992a). When applied to
the scanning of fragments derived from 2.6 kb of the human Factor IX gene, RNA-SSCP
was shown to detect a higher fraction of point mutations in comparison with DNA-SSCP,
i.e. 70 % vs. 35 %, respectively (Sarkar et al., 1992a).

The SSCP mutation detection system has also been combined with dideoxy direct
sequencing to provide a screening system for mutations: dideoxy fingerprinting or ddF
(Sarkar et al., 1992b). In ddF, a ladder of bands of a sequence of interest is generated by
performing dideoxy sequencing reactions using one of the four dideoxynucleotides and
resolving these on a neutral polyacrylamide gel. Mutation detection can be done along

two lines: (a) a position where the dideoxynucleotide can be incorporated is lost or
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created resulting in loss or appearance of a band in the ladder, and (b) one but usually
more bands which contain the site of the mutation show different migratory behaviour as
in SSCP. When mutations in the Factor IX gene were analysed 84 out of 84 different
mutations could be detected by ddF (Sarkar et al., 1992b). As the authors stated,
however, sensitivity for detecting heterozygosity remains to be established. Furthermore,
it was difficult to detect mutations in GC-rich regions due to compression of bands in the

sequencing ladder.

2.3.4.4 Analysis of heteroduplex molecules

Direct dependency of electrophoretic mobility on DNA conformation is also
exploited in the analysis of heteroduplexed DNA molecules in neutral gel matrices.
Aberrant electrophoretic mobilities of heteroduplex molecules has been observed in
agarose gels (Shore and Myerowitz, 1990) and in hydrolink gels (Keen et al., 1991). Alt-
hough few DNA sequences have been analysed by this approach, sensitivity to single
basepair substitutions has been reported (Keen et al., 1990; White et al., 1992). Initially,
the separation of sequence variants from wild type was rather poor and essentially limited
to detection of deletions and/or insertions of several basepairs (see e.g. Paw et al., 1990).
More recently, studies have shown that more sequence variants can be detected if gel
electrophoretic conditions are optimized by using different gel media and running
conditions. These include sequence variants of the HLA locus (Sorrentino et al., 1991;
Clay et al., 1991) in which most of the variants differed by more than a single basepair,

and variants of the rhodopsin gene and the cystic fibrosis gene (Keen et al., 1991).

2.4 EVALUATION OF MUTATION SCANNING TECHNIQUES

From the previous sections it can be derived that there is presently a wealth of
techniques for detecting DNA sequence variation (reviewed in Rossiter and Caskey, 1990;
Cotton, 1993). These mutation scanning methods are capable of searching long stretches
of DNA for any given type of DNA sequence variation. Apart from the practical
differences such as requirements with respect to skill, laboratory equipment and reprodu-

cibility, the different methods have different scanning efficiencies in terms of number of
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basepairs that can be scanned per assay and the type of DNA sequence variations that can
be detected. In Table 2 some characteristics of the mutation scanning methods are listed
together with their estimated scanning efficiency. It should be noted that the numbers
given for the scanning efficiencies are approximations, since not every method has been
tested to the same extent on a number of different genes.

DNA sequencing has the highest efficiency in that it can identify any given
sequence variant but it is a typical serial approach for identifying DNA sequence
variation. RFLP screening is the least efficient mutation scanning method since very few
basepair alterations will fall within the palindromic recognition site of a restriction
enzyme. Even when large batteries of restriction enzymes are applied very little sequence
is effectively scanned for deviations. Restriction enzyme digestion of DNA fragments can
be applied in 2-D separation formats in a consecutive way by using two different enzymes
before each electrophoretic separation (see next section on two-dimensional formats).

An advantage of the methods other than sequencing is that they will only identify
deviations from the wild type sequence. The RNAse A and Chemical Cleavage methods
even have the possibility of localizing the site of the variation in the molecule under
study. This is accomplished by digestion and/or cleavage at the site of variation and by
subsequently measuring the size of the two resulting fragments. However, by doing so
these methods do not leave the variant molecules intact for further analysis. The latter is
of importance in, for instance, the screening of complex populations of molecules for
sequence variants which occur in low frequencies. Furthermore, although no previous
knowledge on the sequence of interest is required for the application of RNase A and the
Chemical Cleavage methods, they have been shown to be labour-intensive because several
manipulations are required for each sample after PCR amplification and to lack repro-
ducibility, in that not all of the variant molecules are digested/cleaved (Theophilus et al.,
1989). However, recent modifications seem to have overcome this problem (Forrest et
al., 1991; Cotton, 1993).

Methods in which sequence variants display anomalous electrophoretic mobility
have the advantage that the molecules remain intact and can be isolated and purified for
further analysis. In this respect, the SSCP method has gained growing popularity despite
of the fact that only up to 35-80 % of sequence variants can be detected (Sarkar et al.,

1992a). This is most likely due to its ease of use. The heteroduplex mobility assay
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remains to be evaluated in comparative studies but is unlikely to be able to detect more
than 50 % of possible sequence variations.

DGGE and TGGE have a high potential for detecting sequence variants. Apart
from only displaying deviations from the wild type and leaving the variant molecules
intact, they have the additional advantage that after separation, the variant and wild type
molecules are widely spaced apart (cm rather than mm) in comparison to the other
electrophoretic mobility assays. This is of particular importance when this method is
incorporated as a separation criterium in a 2-D format since it allows most of the 2-D gel
space to be used for displaying fragments (see next section on 2-D formats). In this
respect, DGGE (and TGGE) have the additional advantage that fragments are retarded
and hence are less dependent on the duration time of electrophoresis, in contrast to CDGE
in which the separation is critically time-dependent. Finally, in practical terms, DGGE is
cheaper and more flexible than TGGE because of the more expensive apparatus
requirements for TGGE which, in addition, allows only one TGGE gel to be run while in

DGGE multiple gels can be handled and run simultaneously.

2.5 MEASURING DNA SEQUENCE VARIATION ON A TOTAL GENOME
SCALE

All methods reviewed above allow individual variation in the DNA sequences of
the genome to be studied but only at few sites simultaneously; such sites should not
comprise more than a few hundred basepairs. For simple problems, such as the detection
of a single basepair change or the scanning of a small area for sequence variation in a
population of organisms, this can be satisfactory. For more complicated problems the
scope of the search for variation in the genome, in terms of positions in the genome
screened, needs considerable expansion. Examples of such problems are: (1) genetic
linkage studies, especially those of multigenic traits which include common diseases; (2)
studies aimed at random sampling the genome at as many sites as possible for alterations
associated with, e.g., mutagenesis, tumorigenesis, aging; and (4) the detection of any
possible sequence variation in a gene, etc. Sequencing complete individual genomes is
redundant since approximately 99 out of every 100 basepairs will be identical between

individuals. Rather, mutation scanning methods will have to be applied allowing the
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identification of only the variant sequences. For this purpose some of the techniques
discussed above can be applied to the analysis of DNA fragments. In view of the size of
genomes, it is necessary to first generate fragments which are smaller than the original
DNA molecules: i.e. the chromosomes. Two enzyme-based methods exist nowadays to
generate DNA fragments from a genome under study: (i) restriction enzyme digestion,
and (ii) PCR amplification. Fragments generated in this way can be entered into the
mutation scanning analysis.

For the subsequent screening of individuals for sequence variation two different
strategies can be followed: a serial one and a parallel one. In a serial strategy, the
fragments are analysed one by one while in a parallel strategy many fragments are
analysed simultaneously. A disadvantage of the serial approach is that large numbers of
separate determinations are required. For example, for DNA sequencing it can be
calculated that, assuming 300 bp to be determined in a single sequencing reaction, at least
50 million sequencing reactions have to be performed to obtain the sequence of only a
single human genome (including correction for overlap but without correction for
redundancy). In principle, all of the methods mentioned above allow the scanning of
individual genomes for DNA sequence differences. However, their application for this
purpose is severly hampered by the fact that they have to be applied serially in large scale
studies, such as comprehensive mutation analysis of entire genomes or genomic regions.
Indeed, even the scanning of some large genes is already a problem in view of the length
of the region to be scanned and the number of different mutations which can occur (see
Table 4). An example of the comprehensive analysis of a large gene for mutations is the
scanning of the Factor VIII gene region in patients with unknown mutations (Kazazian et
al., 1991). In this study 45 different primer sets were necessary to cover 99% of the
coding part of the gene (6.9 kb), 41 out of 50 splice junctions and some regulatory
sequences. By applying DGGE analysis these authors were capable of detecting 25 out of
29 previously unknown point mutations in this 187 kb large gene.

Studies such as gene-identification by linkage analysis, genome scanning of
tumours and other forms of comparative analysis of closely related genomes are even
more demanding and represent a considerable number of handlings. This problem can be
solved by robotics; in practice this turned out to be hardly faster (G. Evans, personal

communication). This type of serial analysis is therefore, by its nature, rather money-,
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time- and labour-consuming and allows information only to be compiled after many
separate analyses. To assess individual DNA sequence variation on a total genome scale,
such as for addressing the problems mentioned above, the parallel processing approach is
more efficient. This second strategy seeks to analyze as many fragments as possible in
parallel rather than serially. It can maximize the information content of the analysis of a
single genome by simultaneously analysing many sites in the genome in parallel with
techniques that allow many basepair variants to be detected. One way of achieving
comprehensive parallel analysis of a genome is by 2-D gel electrophoretic formats based
on the combination of different separation criteria of DNA fragments. These formats will
be discussed in the next section. By combining efficient electrophoretic mutation scanning
techniques in a two-dimensional display of fragments, the information content of a single
analysis can be very high. Complete genomes of lower organisms can be resolved in this
way, while simultaneously allowing comprehensive detection of sequence variations at any
given site in the genome.

For the analysis of genomes of higher organisms, hybridization or amplification
techniques using different types of repetitive sequences can be applied to selectively
visualize particular subsets of fragments from the genome of interest. This will be
discussed in Chapter 4. By using this approach it is possible to analyse genomes of higher
organisms at many sites which can be classified according to the probe and/or primer
which is used. Such a classification can be useful in combining the data obtained from the
analysis of one individual genome to datasets obtained from the analysis of many
genomes. These datasets comprise both physical- and genetic mapping information on the

genome of interest.
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CHAPTER 3

TWO-DIMENSIONAL SEPARATIONS OF DNA MOLECULES

3.1 INTRODUCTION

In the previous sections several electrophoretic techniques have been discussed
which can be used in combination to constitute a two-dimensional separation format for
DNA molecules. Two-dimensional separation techniques can be based on a combination
of similar or completely independent separation criteria. In the first case, fragments are
clustered along a straight diagonal after two-dimensional electrophoresis. If completely
independent criteria are combined substantial deviations from the diagonal will arise after
separation. For example the use of a second restriction enzyme to digest size-separated
fragments generated by digestion with a first restriction enzyme, will result in only the
area below the diagonal being used to resolve the fragments.

Initially, 2-D DNA separation methods were applied to resolve enzymatic digests
of relatively simple prokaryotic genomes. Usually all fragments could be resolved in
agarose or polyacrylamide gels and visualized by ethidium-bromide staining or end-label-
ling. For more complex molecules only selective visualisation of sets of fragments from
the genome of interest will allow interpretable analysis. This can be accomplished by
hybridization analysis using probes hybridizing to multiple sites in the genome of interest,
or by selective end-labelling of separated fragments. Alternatively, PCR amplification
methods can be applied to selectively amplify particular DNA sequences such as those
bordered by repetitive sequences (inter-repeat sequences) or multiple fragments of a

contiguous stretch of DNA, like a complete gene.

3.2 ENZYMATIC DIGESTION AS SECOND DIMENSION CRITERION

Early applications of two-dimensional separation of DNA fragments involved the

use of two subsequent enzymatic treatments of genomic DNA either with two restriction
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endonucleases or with a restriction enzyme and S;-nuclease (reviewed in Yee and Inouye,
1983). In general, the procedure involves restriction enzyme digestion and a first
dimensional size-separation, followed by the incubation of a piece of polyacrylamide or
agarose gel in a solution, containing the second enzyme, to further digest the DNA frag-
ments. In view of the use of similar size separations in both dimensions, only the area

below the diagonal of size-separated fragments can be used for resolution of fragments.

3.2.1 S, nuclease digestion

Two-dimensional electrophoresis involving S,-nuclease (Yee and Inouye, 1984)
can be used to detect heteroduplex molecules in complex populations of homoduplex
molecules. The method includes digestion of genomic DNA with a restriction enzyme
recognizing four bases, followed by a denaturation / renaturation step, separation of the
fragments by size in a neutral polyacrylamide gel, incubation of the first dimension lane
in a solution containing S,-nuclease and, finally, a second dimension electrophoresis in a
second neutral polyacrylamide gel. As a result only few spots, derived from those
fragments which are deviating from the wild type, can be observed which all occur below
the expected diagonal of size-separated fragments. These fragments correspond to the
smaller-sized fragments resulting from the presence of a stretch of mismatched basepairs
(see also the previous section on S;-nuclease reactivity). This technique of two-
dimensional DNA separation can be used for scanning small fragments for sequence
variation but is much less applicable to problems relating to genome scanning.
Particularly the denaturation/reannealing step is not possible in the analysis of complex
genomes. This is a result of the presence of abundant repetitive sequences leading to the

formation of aberrant heteroduplexes.

.2.2 Digestion with a second restriction enzyme

When two consecutive restriction enzyme digestions are applied a two-
dimensional display of fragments will occur similar to the one described above for S,
nuclease. That is, all fragments are below the diagonal. Bands arising in the first

dimension separation can be individually excised and treated with the second enzyme
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(Chen and Thomas, 1983; Gilroy and Thomas, 1983). This approach has been
successfully applied to analyse and isolate repetitive sequences in Drosophila DNA.
Alternatively, the whole 1-D gel lane itself or its separation pattern transferred to a
DEAE cellulose membrane, can be incubated with the second enzyme.

For the visualisation of the fragments resolved on a 2-D gel three routes can be
pursued. First, DNA dyes such as ethidium bromide can be applied to visualize all frag-
ments on the gel. This has been applied to the analysis of simple prokaryotic genomes

such as Escherichia coli and Bacillus subtilis and the mycoplasma Acheloplasma laidlawii

to analyze repeated DNA sequence families and to estimate genome sizes (Potter and
Newbold, 1976; Potter et al., 1977; Yee and Inouye, 1982; Yee and Inouye, 1983;
Boehm and Drahovsky, 1984; Poddar and Maniloff, 1986). With appropriate restriction
enzyme combinations 180 to 1312 restriction fragments varying in size between 0.350 and
5 kb were observed allowing accurate estimates of the genome size of a variety of
prokaryotic species by this approach.

Second, transfer of the separation pattern to a membrane and hybridization
analysis using specific probes allows the visualization of particular subsets of fragments.
When applied to a more complex genome, such as that of the protozoan Tetrahymena
thermophilae which is roughly 200.10° bp, hybridization analysis was used to visualize a
repetitive subset of fragments (Hiivos et al., 1988). This approach allowed the resolution
of 80 members of a repeat family and was capable of detecting inter-strain differences in
this organism, Similar types of analyses have been performed with Saccharomyces (Rogan
et al., 1991), human genomic DNA (Sakaki et al., 1983), and mouse genomic DNA
(Fanning et al., 1985; Au et al., 1990; Sheppard et al., 1991). Polymorphisms were
detected in gene families such as the Major HistoCompatibility (MHC) system genes of
the mouse (Sheppard et al., 1991) and intra-cisternal A particles (Au et al., 1990; Shep-
pard et al., 1991) and included the detection of methylation polymorphism (Fanning et
al., 1985). In spite of the fact that only half of the gel area could be used for resolution
of the fragments detected, still up to 370 spots could be detected using this approach. The
use of agarose gels in these separation methods resulting in rather faint and blurry spots
limits the resolution (e.g. Sheppard et al., 1991). This can, however, be compensated for
by using polyacrylamide gels and electroblotting protocols (Uitterlinden et al., 1989).

A third way of visualizing particular subsets of fragments is by selective end-
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labelling or T4 polymerase strand displacement labelling of restriction fragments (see
Maniatis et al., 1982; Sambrook et al., 1990). That is, after digestion of genomic DNA
with a first restriction enzyme, fragments are labelled and subsequently further digested
with a second, more frequently cutting enzyme. This has been applied in the analysis of
strains of Escherichia coli (Yi et al., 1990) and in the analysis of the Drosophila and the
mouse genome (Hatada et al., 1991). The latter method is referred to as Restriction
Landmark Genomic Scanning (RLGS) and allows up to 2000 spots to be analysed in a
single gel and was shown to be capable of detecting polymorphisms among different
individual mouse DNA samples. The technique is based on the two-dimensional
separation of end-labelled DNA restriction fragments in which the first dimension is run
in agarose gels and the second dimension is run in PAA (polyacrylamide) gels. By using
two different matrices for the separations, efficient use is made of the 30 x 45 cm 2-D gel
area resulting in up to a few thousand spots per pattern. The application for mouse
genome mapping is based on the analysis of 26 DBAxC57/Bl6 recombinant inbred strains
and inter-species backcrosses of C57/Bl6 x Mus spretus. Between C57 and DBA 13.4%
(51/378) variant spots were detected while between M. musculus and M. spretus 51%
spot variants (188 out of 369) were detected. This illustrates the major drawback of the
method, i.e. the very low level of polymorphism that can be detected. As a result it can
not be used for human genetic analysis. Indeed, when two unrelated (Japanese)
individuals were compared by RLGS only 0.15% spot variants were detected (Hayas-
hizaki, personal communication). This is explained by the low informativeness of
restriction enzyme recognition sites in general. The technique has been applied to the
analysis of some tumors to detect amplifications (in a breast tumor 10 spot variants
showing 4 - 7 times amplification were detected). The most commonly detected genetic
change observed in tumors (as shown by other studies; Verwest, A.M., Molijn, A.C.,
Andersen, T.I., Borresen, A.-L., Uitterlinden, A.G., Mullaart, E., and Vijg, J.,
submitted), i.e. loss of chromosomal fragments (indicated by the loss of a spot variant), is
inherently more difficult to detect by RLGS because intensity decreases of two-fold have

to be observed.
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3.2.3 Pulsed field electrophoretic separation

The principle of two consecutive restriction enzyme digestions as basis for a two-
dimensional DNA separation can be extended to very infrequently cutting enzymes. After
digestion of genomic DNA with such an enzyme (for example Not I), separation of the
resulting fragments by Pulsed Field Gel Electrophoresis (PFGE; Schwartz and Cantor,
1984) or Field Inversion Gel Electrophoresis (FIGE; Carle et al., 1986) in the first
dimension is followed by in situ digestion with a more frequently cutting enzyme and
size-separation in the second dimension in normal agarose gels. This approach was
applied in the analysis of multigene families such as the murine T-cell receptor complex
(Woolf et al., 1988), and Ly-6 multigene family (Kamiura et al., 1992) and the human
Immunoglobulin Heavy chain variable region (Walter and Cox, 1989). In addition, FIGE
first dimension separation of partial digests, followed by in situ complete digestion of the
fragments and separation by FIGE second dimension separation has been used to create
macro-restriction maps of micro-organisms such as Mycoplasma mobile (Bautsch, 1988).
Although the method is suitable for large scale mapping of genomic regions or even entire
genomes of micro-organisms, the effectiveness as a genome scanning method is quite low
in view of the low number of fragments obtained and small mutation scanning efficiency.
That is, only large insertion or deletions can be detected and variation in the recognition
site of the restriction enzyme.

In summary, restriction enzyme digestion is helpful by generating many
fragments to be analysed. However, in the absence of an independent second dimension
separation criterium of the fragments generated, only the recognition sites of the restricti-
on enzymes used are screened for variation (see Table 2). In general, only the area below
the diagonal in a 2-D separation pattern will be used in these 2-D formats. The actual gel
area used can be increased by taking different gel media or concentrations of gel media

for the subsequent separations (e.g. Hatada et al., 1991).

3.3 CONFORMATION AS SECOND DIMENSION SEPARATION CRITERION

Attempts to combine two independent electrophoretic separation criteria involved

the separation on the basis of conformation of DNA molecules under different
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circumstances such as the presence of intercalating dyes (Meyer and Hildebrandt, 1986;
Vanweye et al., 1991; Snapka et al., 1991) and the use of different electric field
strengths, buffers and matrices (Bell and Byers, 1983; Shinomiya and Ina, 1991; Vanwye
et al., 1991; Snapka et al., 1991). These methods can reveal differences in GC-content,
DNA bending, single strand conformation, etc. which can be applied e.g. for mutation
detection when used in combination with SSCP (Kovar et al., 1991). Although these
methods can reveal minute differences, the resolution obtained is low in that only few
spots will deviate from the diagonal. These methods therefore do not allow large scale

scanning of genomic regions.

3.4 DGGE IN THE SECOND DIMENSION

The denaturing gradient principle as applied in DGGE was used in an early stage
of development as a second separation criterion in two-dimensional electrophoretic
analysis of highly complex mixtures of hundreds of different restriction fragments
(Fischer and Lerman, 1979a and b; see also previous section on DGGE). The method
could resolve essentially all Eco RI restriction fragments of the Escherichia coli genome
(estimated size: 4399 kb) and detect a 50 kb insertion of lambda DNA in the E. coli
genome (Fischer and Lerman, 1979a). In addition, the 2-D method has been used to
resolve digests of complete genomes of several other microorganisms with sizes ranging
from 724 to 1833 kb (Poddar and Maniloff, 1989).

In all the 2-D systems sofar discussed, migration is to a very large extent depen-
dent on fragment size in both first and second dimension. One particularity of the DGGE
separations, however, is their considerable independence of the length of a fragment due
to different migratory behaviour in PAA gels of partially melted DNA molecules. Initially
the PAA gels will sieve the fragments according to their size but upon reaching the
T,(50) of the fragments, this sieving is in most instances overridden by the sieving
according to the partially single stranded structures. As a result fragments of different size
but sharing a particular melting domain, will migrate to similar positions in the DGGE
dimension after 2-D separation. For sheared total genomic DNA, for example, this will
result in the appearance of streaks in a horizontal direction at different levels in the

second dimension gel pattern. In this way a two-dimensional display of melting domains
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present in a given DNA molecule will result, which can also be used for comparative
purposes. This feature has been exploited in the separation of sheared pBR322 fragments
(Fischer and Lerman, 1983; Lerman et al., 1981 and 1984).

Deviations from the normal position in a 2-D gel can occur due to changes in
length or sequence content of the fragment. The sensitivity in this respect is determined
by the percentage polyacrylamide (PAA) and the gradient of denaturants, respectively,
and by the size of the gel. Normally, 6 % PAA gels are used which allows for the
separation of fragments of 0.1 to roughly 2 kb with a resolution of approximately 5 % of
the fragment length using standard size equipment (see also chapter 2). Higher per-
centages PAA will allow smaller length differences to be detected when present in
fragments of a few hundred basepairs. For standard DGGE separations a gradient of 0-80
% denaturants is usually applied. This will allow most fragments to reach their melting
point and focus in the gel. The sensitivity for detection of sequence variations is lower in
this gradient but can be increased by taking gradients spanning a shorter range of
denaturants.

The efficient use of the 2-D gel area and the high sensitivity for sequence
variations, independent of the restriction enzyme used, make 2-D DNA separation with
DGGE in either the first or the second dimension, the ideal method for analysing complex
genomes by so-called "genome scanning". It allows the efficient detection of deviations of
a normal sequence at many possible sites in the genome of interest. It does not, however,
provide information on the location in the genome of the variation. In principle, a two-
dimensional DNA separation pattern represents a display of fragments derived from a
contiguous sequence of basepairs. The relation of the two-dimensional display of the
fragments to their original sequence in the genome of origin is usually not known a
priori. In two-dimensional DNA electrophoresis incorporating DGGE, this can be
established for each individual fragment on the basis of the size of the fragments and its
melting temperature T, (50).

For small genomes, yielding few restriction enzyme fragments, the relationship
between gel position and genomic position can be easily determined by partial digestion
experiments. For larger regions or genomes, however, additional characterization is
necessary to obtain interpretable 2-D separation patterns. A logical next step in this

respect is hybridization with probes. Probes detecting overlap of certain restriction sites in
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the genome of interest will identify adjacent restriction fragments and allow for the
construction of contigs of spots. When it is known that all possible fragments from a
given genome are resolved in a single 2-D gel and that no spots are derived from more
than one restriction fragment this approach will allow for the construction of a physical
"2-D" map of a genome. Alternatively, such a physical map can be composed by subse-
quent hybridization analysis with multiple short oligonucleotides (Michiels et al., 1987,
Craig et al., 1990; Lehrach et al., 1990). In analogy to this mapping approach, also the
sequence of the fragments can be obtained by means of hybridization with multiple
overlapping oligo’s (Drmanac et al., 1989). For larger genomes such a 2-D genome
mapping approach becomes unfeasible due to the great number of fragments; multiple
fragments are likely to be present at a certain spot position. Of course for smaller regions
contig mapping is possible using unique sequences as probe derived from cosmids or
YACs.

The most efficient method of obtaining information from a genome in this respect
is by using probes for repetitive sequences. When repetitive sequences are used as a
probe in hybridization analysis, multiple sites in the genome can be analysed but
information on order of fragments is lost and physical mapping information can no longer
be retrieved from the 2-D pattern. However, each spot can be assigned a third charac-
teristic (i.e. partial sequence content, apart from its length and T,(50)) which makes it
part of a group of related sequences with a particular function, organization and/or locali-
zation on chromosomes. Such repetitive sequences can include "anonymous" repeats such
as micro- and minisatellites, retroviral elements occurring in many genomes but may also
include motifs specific for groups of protein encoding sequences such as zinc-finger
motifs, homeobox motifs etc. Both (anonymous and protein-coding) type of sequences
have been shown to be present in numerous species and thereby even allow comparative
studies using 2-D DNA typing. A particular form of 2-D DNA typing in which repeats
are used but in which the physical and genetic mapping information can be preserved and
exploited is the use of primers for repetitive elements in (PCR) amplification reactions.
Inter-repeat regions can be selectively amplified from sources with a known physical map
location such as cosmids, YACs and somatic cell hybrids and used as probes in
comparative studies of different individuals. This allows combined physical- (position on

the chromosome) and genetic (variation between individuals) mapping of a particular
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region (Uitterlinden et al., 1991a).
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CHAPTER 4

REPETITIVE SEQUENCES AS ANCHOR POINTS
IN TOTAL GENOME ANALYSIS

4.1 DNA MARKERS

The identification and screening of many marker loci started with the introduction
of Southern blot analysis (Southern, 1975) which led to the discovery of so-called restric-
tion fragment length polymorphisms (RFLPs). RFLPs were first detected for the globin
gene locus (Kan and Dozy, 1978; Jeffreys, 1979). Soon thereafter RFLPs were described
for so-called anonymous DNA segments (Wyman and White, 1980). Especially, the latter
type of sequence displays DNA polymorphisms (see below) since as non-coding DNA it
is under much less evolutionary selective pressure to preserve its sequence in populations.

The first RFLPs discovered are based on the absence or presence of a restriction
enzyme recognition site and can be referred to as Restriction Site Polymorphisms or
RSPs. Extensive searches for such RSPs in the human genome showed that on average 1
in 300 to 1 in 1000 basepairs is polymorphic in the population for autosomes and the X-
chromosome, respectively (Cooper et al., 1985; Hofker et al., 1987). In this respect CpG
sites show a higher frequency of polymorphism due to the susceptibility of methylated
cytosine to undergo mutation (Barker et al., 1984).

The frequency of polymorphic basepairs in human DNA measured through RFLP
analysis is likely to be an underestimate since it is a very insensitive way of detecting
point mutations. Several other methods are now available, such as DGGE analysis, which
can detect sequence variation in any given stretch of basepairs much more efficiently.
Only recently, these methods have been introduced to exploit DNA sequence variation in
genetic linkage analysis of disease. A particular advantage of methods such as DGGE is
that they can discern multiple alleles of a given basepair sequence due to the presence of
several polymorphic basepairs in the sequence (e.g. Sheffield et al., 1992). Such multi-

allelic systems will increase the informativeness of the locus in genetic analysis. Another
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set of multi-allelic markers is based on a completely different type of polymorphism
involving repetitive sequences which are termed micro- and minisatellite sequences. These
sequences are found in several to hundred thousand copies dispersed throughout the
genome of many different species. In this respect, they represent ideal candidates for
genome scanning studies because a single probe, corresponding to a core sequence that
several micro- and/or minisatellite loci share, can detect many genetic marker loci
simultaneously. In Table 3 an overview is presented of the different forms of repeat

sequence polymorphisms found in the human genome.

4.2 MICRO-AND MINISATELLITE SEQUENCES

Micro- and minisatellite loci consist of short sequence units which are tandemly
repeated. Some representatives of these repeat loci show polymorphic variation in the
number of repeat units at the locus and can be termed Variable Number of Tandem
Repeat or VNTR loci. Microsatellite VNTRs are referred to as either microsatellites,
simple sequence repeat motifs (SSRM), short tandem repeats (STR), Variable number of
dinucleotide repats (VNDR) or simple sequence length polymorphisms (SSLP).

4.2.1 Minisatellites

Some of the VNTRs have been shown to be extremely polymorphic with more
than hundred alleles in the population. Notably, these repeats were originally described as
unrelated regions of short tandem repeats in anonymous DNA regions (Wyman and
White, 1980) and in the proximity of genes such as the alpha-globin gene (Higgs et al.,
1981), the insulin gene (Bell et al., 1982), the zeta-globin gene (Proudfoot et al., 1982;
Goodbourn et al., 1983, Ullrich et al., 1982) and the cHa-ras proto-oncogene (Capon et
al., 1983). Later, Jeffreys et al. organized them into sets of repeat loci (which were
named minisatellites) on the basis of common, short stretches of sequence homology,
termed core sequences (Jeffreys et al., 1985a). When such a core sequence was used as a
probe in Southern blot hybridization under relaxed hybridization conditions many mini-
satellites were detected simultaneously. The resulting banding pattern constitutes an

individual-specific "DNA-fingerprint" due to variable size of the large restriction
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TABLE 3

TYPE OF REPEAT

Alu I

Kpn I

alphoid-satellite

minisatellite

microsatellite

LTR

1 = estimates given as a percentage of total number of copies in the human genome

HUMAN REPEAT SEQUENCE POLYMORPHISMS

DISTRIBUTION

dispersed

dispersed

centromeric

subtelomeric

dispersed/

clustered

dispersed

COPY NUMBER

0.5.10°

1.10%-

1.10°

1.10*

2.10*

1.10%-

1.10°

5.10

TYPE OF POLYMORPHISM

-insertion/deletion
-point mutation
-polyA VNTR

-insertion/deletion
-point mutation
-polyA VNTR

-VNTR
-VNTR
-point mutation

-VNTR
-point mutation

-insertion/deletion
-point mutation

POLYMORPHIC FRACTION'

infrequent
50%
60%

infrequent
?
2

50-75%

?

50-75%
2

infrequent
?



fragments (Jeffreys et al., 1985b and 1991). This RFLP was demonstrated to be due to
allelic variations in repeat copy number at the rﬁinisatellite loci detected with the core
probe (Jeffreys et al., 1985a; Wong et al., 1986; Wong et al., 1987).

Up to now several different core sequences have been described, with homology to
minisatellites in several animal species (Georges et al., 1988; Vergnaud et al., 1992). Se-
quence analysis of repeat units of particular minisatellite loci has revealed variation,
which occasionally can ablate or create restriction enzyme recognition sites (Wong et al.,
1986; Waye and Fourney, 1990; Uitterlinden and Vijg, 1991). This repeat unit sequence
variation is the basis of another (very rich) source of polymorphism which is charac-
teristic for the minisatellite loci and which is detectable by Southern blot hybridization

analysis (Jeffreys et al., 1990) or by means of PCR analysis (Jeffreys et al., 1991).

4.2.2 Microsatellites

Different from minisatellites, but a structurally very related type of tandemly
repetitive sequences are the microsatellites, the repeat unit of which has arbitrarily been
set at 5 bp or smaller. Due to large variations in repeat copy number, similar to those
observed for minisatellites, "DNA-fingerprint" patterns can be obtained when micro-
satellite "core-probes” are used in Southern blot hybridization analysis (Tautz and Renz,
1984; Ali et al., 1986; Schifer et al., 1988; Kashi et al., 1990). In addition, particular
microsatellite loci consisting of (GT), dinucleotides (Weber and May, 1989; Litt and
Luty, 1989; Tautz, 1989; Smeets et al., 1989) or different tri- and tetranucleotide motifs
(Boylan et al., 1990; Edwards et al., 1991 and 1992) can be analysed by using fully dena-
turing PAA gels in combination with PCR amplification techniques. They display similar
VNTR type of polymorphism as minisatellites, albeit with alleles of smaller length. The
gel type used allows differences as small as one repeat copy of 1-3 bp to be detected. In a
similar way the polydeoxyadenylate (polyA) tract of several Alu repetitive elements has
been shown to be of variable size due to a VNTR type of polymorphism of AT-rich
microsatellite motifs (Economou et al., 1990; Zuliani and Hobbs, 1990; Epstein et al.,
1990).
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4.2.3 Large satellites

In addition to the shorter tandemly repetitive sequences also much longer repetitive
arrays have been found to display polymorphism very similar to the VNTR type. These
include tandemly repetitive alphoid centromeric repeats which are used to create
centromere-based maps of a chromosome (Willard et al., 1986; Devilee et al., 1988;
Wang-Jabs et al., 1989; Haaf and Willard, 1992) and so-called midisatellites (Nakamura
et al., 1987b; Page et al., 1987).

ESN

.2.4 Origin of polymorphism of micro and minisatellites

The majority of minisatellites described to date are composed of GC-rich repeat
units which show homology to the chi sequence of Escherichia coli. This has led to
speculation that the "core" sequence may serve as a recombination signal to promote
unequal crossing over at the minisatellite sequence (Jeffreys et al., 1985a; Steinmetz et
al., 1986). In addition, however, several VNTRs have now been identified which are
composed of AT-rich motifs (Stoker et al., 1985; Knott et al., 1986; Bowcock et al.,
1989; Iwasaki et al., 1992) including AT-rich microsatellite motifs at the 3’ ends of Alu
repeats (see above). This indicates that the VNTR type of polymorphism is not uniquely
associated with a GC-rich chi-like motif.

Analysis of human pedigrees has shown that micro- and minisatellite VNTR loci
can vary widely with respect to the frequency of generating new alleles due to mutation
(Jeffreys et al, 1988 and 1991; Niirnberg et al., 1989). To determine the origin of the
mutation, pedigrees in which mutant minisatellite alleles are observed were analysed with
markers flanking the VNTR locus undergoing mutation. This showed that no homologous
chromosomal areas were exchanged and thus that unequal crossing-over recombination
events are not a common cause for this type of sequence variation (Wolff et al., 1988;
Wolff et al., 1989). Instead, polymerase slippage replication errors are a more likely
source of the variation observed. Further evidence for this was obtained by the creation of
length variants of microsatellite stretches by in vitro synthesis (Schldtterer and Tautz,

1992).
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4.2.5 Evolutionary background

Sequences, homologous and probably structurally related to the micro- and
minisatellite sequences, have been found in a wide range of taxonomic groups (Tautz and
Renz, 1984; Kashi et al., 1990; Uitterlinden et al., 1989; Turner et al., 1990; Schlotterer
et al., 1991). Besides in higher eukaryotes, their presence has been demonstrated in lower
eukaryotic organisms such as Caenorhabditis elegans (Uitterlinden et al., 1989), Musca
domestica and other insects (Blanchetot, 1989) and even unicellular organisms such as
Plasmodium spec (Rogstad et al., 1989; van Belkum et al., 1991). It is unknown if the
sequences detected over the wide range of taxonomic groups are related with respect to
function and origin. It has been speculated that the micro-, mini- and larger satellites play
a role in the chromatin folding network (Vogt, 1990).

The widespread occurrence of VNTRs provides an abundant source of DNA
markers also for comparative genome analysis. This was demonstrated for a number of
human VNTR loci shown to cross-hybridize with mouse minisatellite loci (Julier et al.,
1990), for several VNTR loci isolated from bovine DNA (Georges et al., 1991) and for

several cetacean (whale) microsatellite loci (Schlotterer et al., 1992).

4.2.6 Coding sequences containing VNTRs

In a search among entries of the DNA sequence databases micro- and minisatellites
have been found to be part of coding sequences (Tautz et al., 1986). In particular
instances the VNTR type of sequence variation can even be functional as is the case in
Plasmodium. Here, tandemly repetitive sequence motifs encode amino acid stretches in
immunodominant epitopes of membrane proteins (Galinski et al., 1987; van Belkum et
al., 1991 and 1992). In the human genome several examples have been found of coding
sequences containing micro- and minisatellite-like repeats and displaying VNTR
polymorphism. These include a tumor-associated epithelial mucin coding gene (PUM)
containing a 60 bp VNTR (Swallow et al., 1987), and the involucrin gene containing a 30
bp VNTR (Simon et al., 1991). In exon 1 of a sarcoplasmic reticulum protein gene called
HRC, (GAG), and (GAT), VNTRs were found (Hofmann et al., 1991).

Recently discovered and clinically relevant examples of microsatellite polymorp-
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hism within the coding regions of genes involve the expansion of particular trinucleotide
motifs present in human disease genes. They represent a novel mechanism of genetic
disease and involve the genes for X-linked spinal and bulbar muscular atrophy (SBMA or
Kennedy’s disease; La Spada et al., 1991), Fragile-X syndrome (Verkerk et al., 1991; Fu
et al., 1991; Yu et al., 1991) and Myotonic Muscular Dystrophy (DM; Fu et al., 1992;
Mahadevan et al., 1992). All three (CNG), micro-satellite arrays are found within the
mature transcript of the gene: (CAG), in the first exon of the androgen receptor gene in
Kennedy’s disease, (CGG), in the 5’ untranslated part of the FMR-1 gene in Fragile-X
syndrome, and (CTG), in the 3’ untranslated region of the myotonin gene in DM.
Whereas these microsatellite motifs display normal polymorphic variation in the human
population (6-54 repeats in Fragile X, 5-30 repeats in DM, and 17-26 repeats in SBMA),
a substantial expansion of the array was noted in patients with the disease (200-1,000
repeats in Fragile X, up to 2,000 repeats in DM and 40-52 repeats in SBMA). For
Fragile X and DM the expansion was shown to be correlated with the severity of the
disease indicating a close functional relationship between the repeat region and gene
regulation sites. In addition, the expansion was found to be somatically heterogeneous
probably as a result of mitotic instability, i.e. different cells show a different increment in
length of the repeat array. This phenomenon has also been noted in telomeric regions
containing the (TTAGGG), repeat arrays (for a review, see Kipling and Cooke, 1992).
Since the discovery of these disease genes, several other genes containing (polymorphic)
trinucleotide repeat stretches have been detected in human cDNA libraries and sequence
databases (Riggins et al., 1992). This indicates the presence of other human genes which

may undergo this new mechanism of mutagenesis giving rise to genetic disease.

.2.7 Polymorphic fraction of micro- and minisatellites

Since thus far only a fraction of the total number of short tandem repeat loci has
been analysed for the VNTR type of polymorphism, it is unknown how many of these
sequences are polymorphic in higher animal and plant genomes. Estimates of the
polymorphic fraction of both micro- and minisatellite loci vary from 25-75% (Jeffreys et
al., 1985a; Nakamura et al., 1987; Uitterlinden et al., 1989; Tautz, 1989; Armour et al.,

1991; Weber, 1991). This, in combination with their widespread occurrence in telomeric
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(Royle et al., 1988), centromeric (Willard et al., 1986) and interstitial (Luty et al., 1990)
regions on the chromosomes, make these repeat sequences good candidates as markers for
total genome scanning of eukaryotic genomes. Expressed sequences containing
polymorphic micro- and minisatellite motifs also present an ideal source of genetic

markers for performing genetic association studies.

4.3  OTHER INTERSPERSED REPETITIVE SEQUENCES

Repetitive sequences can be exploited as a valuable source of polymorphic markers
to be employed in a locus-specific manner by serial analysis for their local repeat copy
number. The repetitive nature of genomes can also be employed in total genome
comparison of individuals by using probes that detect many repetitive sequences
simultaneously. Because of sequence similarity of part of the repeat unit many micro- and
minisatellite sequences, including VNTRs, can be detected simultaneously by using core
probes. Other repetitive sequences can be detected by using probes representing a
consensus sequence of the repeat element. Here some general aspects of such repeat
families and their analysis will be discussed.

Allmost all genomes studied sofar but especially the eukaryotic genomes have been
found to contain a considerable proportion of DNA sequences which are repetitive, i.e.,
are present in more than two but usually in at least hundreds of copies. The proportion of
the genome consisting of repeats can vary widely in different species. A particular class
mainly found in lower organisms is formed by the transposons (Shapiro, 1984). These
sequences can undergo rapid change in genome position and have been found in
organisms such as bacteria, Saccharomyces, Drosophila, and Caenorhabditis and also in
plant species such as Zea mais.

The human genome consists of a variety of repetitive sequences that may comprise
up to 40% of the complete sequence (Britten and Kohne, 1968). Because the function, if
any, of most repeat sequences is unknown, current classification systems are based on
empirical characteristics, such as copy number (up to 1,000,000 copies), repeat unit
length (up to 6500 bp), distribution through the genome (clustered or dispersed), and local
organization (tandem arrays or interspersed). In addition, multigene systems such as the

MHC system and gene families such as the globin genes and homeobox genes can be
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considered as low copy repetitive sequences. Besides classifying repetitive sequences as
being derived from a particular, evolutionary defined repeat unit, particular sequence
motifs can also be found throughout the genome. Such motifs can be defined on the basis
of function (e.g. zinc-finger motifs) or on the basis of their structure (Z-DNA stretches,

palindromic recognition sites for restriction enzymes, etc.).

4.3.1 Polymorphism

Repetitive sequences with an interspersed organization have been shown to exhibit
polymorphisms in the human and other mammalian genomes (Table 3). In the human
genome such polymorphic sites can involve Kpn I repeats (Katzir et al., 1985;
Economou-Pachnis et al., 1985; Lakshmikumaran et al., 1985; Burton et al., 1985;
Shyman and Weaver, 1985; Musich and Dykes, 1986; Kazazian et al., 1988; Dombroski
et al., 1989; Woods-Samuels et al., 1989), Alu I repeats (Schuler et al., 1983; Lin et al.,
1988; Economou-Pachnis and Tsichlis, 1985; Hobbs et al., 1985; Lehrman et al., 1987;
Vidaud et al., 1989; Wallace et al., 1991), and members of the Sau3A family (Kominami
et al., 1983). These polymorphisms can be the result of the absence or presence of one or
more copies of a repeat unit. This will create or destroy a restriction enzyme recognition
site (RSP: restriction site polymorphism) or alter the length of a given restriction
fragment (insertion/deletion or variable number of tandem repeat (VNTR) polymorphism).
RFLPs of interspersed repeats (in which case a single repeat unit is either present or
absent at a particular locus) are not essentially different from "classical" RFLPs; only two
alleles can be discerned which have varying frequencies in a population. In general this
type of polymorphism is very infrequent.

Another class of repeats found in mammalian genomes involve viral-like elements,
including the so-called intracisternal A-particles (IAP) in mice and retroviral-like elements
in humans. IAP are a closely related set of endogenous proviral-like sequences present in
the genome of all inbred mice (Kuff and Lueders, 1988). They have been shown to be
polymorphic between strains of mice and probes for IAP sequences have been
successfully used to perform genetic linkage studies (Mietz and Kuff, 1992) and to detect
a disease-causing duplication in the mouse (Brilliant et al., 1991). In humans different

classes of retroviral elements, occurring in copy numbers of 1,000 - 2,000, have been
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found including the RTVL-H and the HERV-A elements. The low copy number of these
repetitive elements allows them to be used for characterization of somatic cell hybrids and
isolation of region-specific cosmid clones (Sugino et al., 1992; Meulenbelt, 1.M.,
Wapenaar, M.C., Patterson, D., Vijg, J., and Uitterlinden, A.G., 1993, in press).
Infrequent polymorphisms due to homologous recombination of LTRs have been observed
for the RTVL-H elements (Mager and Goodchild, 1989).

Sequence analysis of individual members of many of these repeat families has
revealed basepair substitutions within repeat units, suggesting a widespread occurrence of
polymorphic basepairs within repeat loci in the human population. Since point mutations
will only rarely alter a specific restriction enzyme recognition site, this kind of
polymorphism is difficult to detect by Southern blot analysis, especially in view of the

sometimes extremely high copy number of these repeat families.

4.3.2 PCR analysis

Single "consensus" primers for repetitive sequences in a PCR reaction can be used
for the simultaneous analysis of many inter-repeat regions. One such primer is capable of
detecting many loci simultaneously and therefore of great value in parallel genome analy-
sis. Repetitive sequences flank the region of analysis and hence this type of PCR analysis
is referred to as inter-repeat PCR (irPCR). The technique was first established for the
analysis of human-hamster somatic cell hybrids containing single human chromosomes
based on known repetitive sequences in the human genome such as Alu I (Nelson et al.,
1989) and Kpn I or LINE repeats (Ledbetter et al., 1990). The primers can be chosen
such that only the human Alu I repeats are detected but not the homologous but more
distantly related rodent B1 and/or B2 repeats. Similar irPCR primers have been developed
for the analysis of somatic cell hybrids of mouse chromosomes on a hamster (Cox et al.,
1991; Simmler et al., 1991) or human background (Herman et al., 1991). Besides primers
specific for known dispersed repetitive elements also primers homologous to microsatellite
sequences such as (GA[C/T]A), have been successfully applied (Cox et al., 1991). As a
result of the dispersed distribution of the repeats, the collection of fragments obtained
from a hybrid containing one human chromosome or part thereof constitutes a specific

"fingerprint" or karyotype. By comparing such patterns small variations in chromosome
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constitution can be analysed by comparison of electrophoretic separation patterns of the
PCR products (Ledbetter et al., 1990) or through in situ hybridisation (Lichter et al.,
1990). Such panels of chromosome-specific irPCR fragments have been established for
several human chromosomes including chromosome 6 (Meese et al., 1992) and
chromosome 10 (Brooks-Wilson et al., 1990).

Two different types of polymorphisms have been detected in the analysis of Alu I
repeats. One consists of a microsatellite type of VNTR polymorphism at the 3’ end of the
Alu repeat unit consisting mainly of (T[T/A]A), but also comprising other types of repeat
units (Economou et al., 1990; Zuliani and Hobbs, 1990; Epstein et al., 1990). The other
type is based on presence or absence of a priming site for the consensus primer either due
to basepair polymorphism or presence/absence of a complete repeat unit (Sinnett et al.,
1990). Similar types of polymorphisms might be found for the LINE type of repeats since
these have also been found to contain polyA stretches at the 3’ end (Economou et al.,
1990).

Besides using primers specific for known repetitive elements also "random"
primers have been applied in irPCR (Williams et al., 1990) including primers as short as
5 bp (Caetano-Anollés et al., 1990). This approach has been used successfully in several
species to detect polymorphisms based on the presence or absence of amplified fragments.
Since no locus information is available such markers are referred to as random amplified
polymorphic DNA (RAPD). In particular segregating populations (i.e. populations of sibs
from a single cross) the method has been used to develop markers in a region-specific
manner (Michelmore et al., 1991; Giovannoni et al., 1991). Disadvantages of the RAPD
system are the limited number of fragments, the low fraction of variant bands detected
per primer and the low informativity of the dominant bi-allelic polymorphism. These
characteristics require a very large number (several hundreds to several thousands) of pri-
mers and PCR reactions per individual for comprehensive genome analysis. Furthermore
their lack of species-specificity effectively constrains their application in chromosome
fingerprinting/karyotyping. Although Mendelian inheritance has been observed, an excess
of mutant bands was found in paternity analysis of primates (Riedy et al., 1992). Further
evaluation by cloning and sequence analysis of the polymorphic loci detected by RAPD
PCR will allow to determine the origin and location of these sequences and evaluate the

usefulness of this approach for genome analysis.
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In summary, inter-repeat PCR based on known repetitive elements seems a
powerful tool in parallel genome scanning approaches. A single primer can detect
hundreds if not thousands of potential marker loci and the method can be applied in a
chromosome-specific manner. Combination of several primers specific for different types
of repetitive sequences will allow comprehensive genome analysis and thereby total

genome comparison among individuals.

4.4 TOTAL GENOME ANALYSIS WITH DNA MARKERS

The essence of genome comparison studies, e.g. linkage mapping of disease genes
or the analysis of tumor genomes, is to scan the genome for DNA sequence variation at
evenly spaced points along each of the chromosomes. DNA markers, detecting such
points of variation, can identify chromosomal regions containing particular genes by
following the transmission of specific chromosomal regions in pedigrees, or in studies of
tumorigenesis, aging and mutagenesis to identify genome alterations. The efficacy of such
an analysis depends in part on the density of markers which constitute the genome map.

Sofar marker analysis in these studies proceeded in a serial way. That is, markers
are analysed one by one for a number of samples simultaneously. Three such locus-
specific marker systems have been available. Two systems involve Southern blot hybrid-
ization analysis of polymorphic loci detected by locus-specific probes. The first markers
used were detecting RFLPs based on bi-allelic restriction site polymorphisms while later
multi-allelic VNTRs were used (Nakamura et al., 1987; see also previous sections).
Although they are preferentially found in subtelomeric regions their high heterozygosity
(70-99 %) makes them suitable markers.

The third and by now the most widely used system involves the PCR analysis of
the (GT),/(CA), loci (Weber and May, 1989; Litt and Luty, 1989; Weber, 1990; Beck-
mann and Weber, 1992). Additional microsatellite markers have been developed which
consist of repeat units of 3 or 4 basepairs (Edwards et al., 1991) the PCR products of
which are easier to interpret. Of all microsatellite markers analysed sofar the (GT), loci
have been shown to be abundant in many different genomes and display heterozygosity
values of usually 70 % and for the most polymorphic ones even up to 85 % (Weber,
1991a and 1991b).
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Several genetic maps of the human genome have been published of which the first
(Donis-Keller et al., 1987) consisted completely of DNA markers analysed by Southern
blot analysis. More recent genetic maps consist entirely of (GT), loci, such as for mice
(Dietrich et al., 1992), cattle (Georges et al., personal communication) and humans
(Weissenbach et al., 1992). When combining the different markers on these maps an ever
increasing genetic resolution can be obtained allowing any given particular gene to be
mapped in the proximity of one or more of these genetic marker loci. To date there are
approximately 1,000 human (GT), markers giving an average resolution of more than 1
marker per 5 cM. For being able to extract the necessary genetic information from
particular families it is necessary to have a highly informative marker every 1-2 cM. It is
anticipated that over 4,000 human polymorphic (GT), loci should be available within the
next 2-3 years (Todd, 1992). According to this author close to 800 genotypes can be
determined per sequencing gel through sequential hybridizations.

A major application of the results to be obtained in the genome mapping and
sequencing endeavour will be to compare genome sequence organization in different
strains or individuals to identify and isolate specific genes. The approach to assess
individuality by sequencing complete individual genomes, however, is unfeasible and
cost-ineffective in view of the high level of similarity and the resulting redundancy of the
data generated. A more efficient approach is to directly focus on the sequence differences,
which can then be used as marker loci in linkage and/or association studies aimed at
identifying genes responsible for medical conditions and other traits in humans, animals
and plants.

When more complex problems are to be addressed, such as analyzing genetic
heterogeneity or polygenetic inheritance, the identification of the DNA sequence
variations involves substantial efforts. Such studies require the complete genome of
interest to be densely populated with (highly) polymorphic markers spread over the
genome and statistical methods that enable exploitation of such a rich source of genetic
information (Lander and Botstein, 1986 and 1989). The feasibility of such an approach
has been demonstrated by some preliminary studies, resolving particular quantitative
traits, influencing e.g. fruit mass in tomato (Paterson et al., 1988) and hypertension in
rats (Hilbert et al., 1991), into Mendelian factors and to map these quantitative trait loci

(QTL)s on the chromosomes.
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In view of the complexity of the higher eukaryote genome it would be
advantageous to be able to monitor sequence variation in parallel on a total genome scale,
i.e. at multiple sites simultaneously. Even when the number of fragments per individual
DNA sample can be increased to several hundreds to a thousand by using two-
dimensional electrophoretic separation of fragments, this will only allow small genomes
(with genomes of up to 5 Mbp) to be analysed comprehensively i.e. to analyse all
restriction fragments. For larger genomes the number of restriction fragments generated
will be too high. Therefore techniques have to be employed which visualize selected sets
of polymorphic DNA sequences dispersed over the genome of interest. Such sequences
can include families of repetitive sequences or can consist of recognition sites for
restriction enzymes. Techniques to visualize either of these can be divided in three cate-

gories:

(i) Hybridization analysis of electrophoretically separated genomic DNA fragments using
repetitive sequences as probes (Southern, 1975; Gusella et al., 1984; Jeffreys et al., 1985;
Porteous et al., 1986; Uitterlinden et al., 1989; Sugino et al., 1992; Meulenbelt, I.,
Wapenaar, M.C., Patterson, D., Vijg, J., and Uitterlinden, A.G., in press).

(ii) Inter-repeat PCR using primers specific for particular repetitive motifs derived either
from known repetitive elements (Nelson et al., 1989; Ledbetter et al., 1990; Uitterlinden,
A.G., Meulenbelt, 1., Patterson, D., and Vijg, J., submitted) or chosen randomly
(Williams et al., 1990).

(iii) Selective end-labelling of restriction fragments e.g. by first applying enzymes with
relatively few recognition sites (rare cutters) followed by labelling and digestion with a
more frequently cutting enzyme. This was first described for analyzing cosmids (Carrano
et al., 1989) but has also been applied for the analysis of total mammalian genomes (Yi et
al., 1990; Hatada et al., 1991).

These methods can be combined to comprehensively analyse any given genome of
interest. Since the occurrence of repetitive sequences varies with different genomes, both

the hybridization approach and the irPCR approach are somewhat limited in their
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application. This is, however, counterbalanced by the amount of polymorphism they can
detect in contrast to the limited DNA sequence polymorphism in restriction enzyme
recognition sites. These factors, however, remain to be evaluated in the practice of analy-

sing genomes.

4,5  APPLICATIONS OF TWO-DIMENSIONAL DNA TYPING

Comprehensive genetic analysis of large genomes can be accomplished by combi-
ning a two-dimensional electrophoretic method to resolve the maximum number of
restriction fragments and the use of particular probes in hybridization analysis or primers
in PCR analysis to detect polymorphic dispersed repetitive sequences. The application of
the DGGE dimension in the 2-D analysis can effectively circumvent the problem of lack
of polymorphism at certain sites in the genome.

Two-dimensional DNA typing is capable of linking detected sequence variants to
physical mapping information in several ways. First, all fragments constituting a rela-
tively small genome (or large region from a genome) can be completely resolved and
simultaneously analysed for DNA sequence variation. Second, for larger genomes a
fraction of sequences which have known physical map locations can be analysed
simultaneously as anchor points for DNA sequence variation. Ideal anchor points in this
respect are repetitive sequences which have a dispersed distribution through the genome.

Two-dimensional DNA typing can be applied in many areas of genome research.

These include:

(i) The direct mutational analysis of DNA fragments (generated by restriction enzyme
digestion or by PCR amplification) derived from contiguous stretches of DNA up to a
length of several million basepairs. Examples are a single genome in the case of lower
organisms (Fischer and Lerman, 1979) or large genomic regions like a gene with introns

and exons, in the case of higher organisms.

(i) Hybridization and/or PCR analysis of large genomes using repetitive sequences
specific for polymorphic loci in genetic studies or in studies of somatic instability.

Examples are the application of core probes (Uitterlinden et al., 1989) and inter-repeat
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PCR (Uitterlinden et al., 1991a).

(iii) analysis of complex mixtures of DNA molecules derived from pcpulations of
different individuals or different species. Examples are the analysis of 16 S RNA to
fingerprint populations composed of different microbial species (Muyzer, G., de Waal,
E.C., and Uitterlinden, A.G., in press), and the analysis of cDNA populations specifying
mRNA populations.

65



CHAPTER 5

DISCUSSION

Delineation of the DNA sequence of the genome of a species allows to understand
its molecular biology. By making an inventory of the variant forms of the genome
sequence one is able to deduce causal relationships between the sequence diversity and the
observed phenotypes. Defining these variant forms of particular DNA sequences can be
used, e.g., to track disease genes, understand the mechanism of diseases, study somatic
instability of the genome in cancer and aging, define mutagenic substances.

A wealth of techniques is now available which allow for the detection of DNA
sequence variation. They have been used to define individual genetic variation and relate
this to phenotypic variants but only for some loci. The pace with which these
undertakings are currently progressing allows complete sequence information on Homo
sapiens to be obtained not before 2005 even according to optimistic estimates. This is
mainly due to the nature of the analysis of sequence variation. For most techniques
described in the introductory sections, only some variations can be measured and at only
one or a few sites in the genome simultaneously. To achieve sufficient genome coverage
such analyses are now applied serially, which is time-consuming.

In molecular biology examples of parallel processing approaches can be found in
the construction of physical maps of the genome of an organism. Lehrach (Lehrach et al.,
1990) has deviced a system whereby many cosmid clones, spotted on a nylon membrane
in a regular grid are hybridized subsequently with many different short oligonucleotides.
The oligonucleotides have been chosen such that only a fraction of all cosmids will
hybridize. By taking several hundreds to thousands of oligo’s, overlap among cosmids can
be deduced from overlap in hybridization signature of each cosmid. In this way ten
thousands of cosmids can be processed simultaneously. In a model system a contig map
of overlapping cosmid clones could be generated obtained from the Herpex simplex virus
type 1 (HSV-1) genome (Craig et al., 1990). In a similar way the system was applied to
construct a complete map of the Schizosaccharomyces pombe genome by hybridizing
cosmids to a spotted YAC library (Maier et al., 1992) and to isolate chromosome 21-
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specific YACs (Ross et al., 1992).

For parallel detection of DNA sequence variation in complex molecules such as
the human genome, no efficient analysis system was available up to now. Two-
dimensional electrophoresis of DNA molecules according to independent criteria would be
best suited for increasing power of the analysis. The 2-D DNA separation system
described in 1979 by Fischer and Lerman is unique in combining two independent
separation criteria. The second dimension criterium, DGGE has been shown to be a very
powerful method of detecting DNA sequence variation and represents the most
comprehensive system for analysis of complex DNA molecules or for complex mixtures
of DNA molecules currently available.

The 2-D DNA electrophoretic separation principle according to Fischer and
Lerman was considered to be very suitable for assessing DNA sequence variation at many
sites in parallel in large genomes. For the analysis of small genomes such as those from
bacteria, ethidium-bromide staining of a 2-D DNA separation pattern can visualize all
restriction fragments of a given digest. However, for analysis of larger genomes the
existing 2-D separation method had to be extended by including a hybridization step. This
allows parts of the genome to be displayed which can be selected on the basis of the
probe used. The use of consensus probes detecting repetitive elements in this respect
results in a parallel analysis system. This approach allows for the first time to
simultaneously analyse hundreds of sites in a complex genome for DNA sequence
variation.

From the many types of repetitive elements micro- and minisatellites were chosen

as probes for hybridization analysis for a number of reasons:

(1) The copy number of the loci detected by a single core probe (i.e. several hundreds)
allows all members belonging to the set to be resolved on a standard size 2-D gel (180 x
180 mm).

(2) They display high levels of (VNTR) polymorphism.

(3) When particular (i.e. GC-rich) core probes were applied the homologous sequences

were found to display advantageous melting behaviour in the DGGE gel when compared
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to other repetitive elements (Uitterlinden et al., 1989; Uitterlinden and and Vijg, 1991a;
Uitterlinden and Vijg, 1991b). This is due to the fact the micro- and/or minisatellite
sequences detected by these core probes are GC-rich, i.e. have stretches which contain
more than 50% GC’s. These micro- and/or minisatellite sequences function as a natural
clamp, allowing optimal separation in the DGGE gel based on the sequences adjacent to
the GC-rich tract which constitute the first melting domain of the restriction fragment

containing these sequences.

(4) The sequential use of the many different core probes, each detecting a different set of
loci, allows the screening of thousands of loci by (re)hybridization experiments. Thus,

genomes can be analysed at different levels of resolution.

The work described in this thesis shows that it is possible to analyse hundreds of
micro and/or minisatellite sequences simultaneously by resolving genomic DNA digests
by two-dimensional electrophoresis according to the scheme originally designed by
Fischer and Lerman (1979), followed by hybridization analysis using consensus or core
probes. In keeping with the occurrence of these sequences throughout the animal and
plant kingdom it has been possible to generate 2-D spot patterns not only in human
genomic DNA (Uitterlinden et al., 1989, 1991a and 1991b), but also of several other
species including rodents (Uitterlinden et al., 1991a; Slagboom et al., 1991), cattle
(Uitterlinden et al., 1991b; Morolli, B., Molijn, A.C., te Meerman, G., den Daas,
J.H.G., Uitterlinden, A.G., Mullaart, E., and Vijg, J., submitted), pigs (unpublished
observations), tomato (Uitterlinden et al., 1991b), and yeasts and fungi (unpublished
observations). The different distribution of different sets of these sequences throughout
almost any genome allows effective scanning for DNA sequence variations at the site of
the micro- and/or minisatellite. The advantageous electrophoretic behaviour of micro
and/or minisatellite sequences in DGGE gels can be explained by the repeat units being
GC-rich relative to the adjacent sequences. It was demonstrated for several cloned human
VNTR loci that as a result different size alleles of a VNTR-locus show so-called
isothermal electrophoretic behaviour. While their size difference causes them to migrate
to different positions in the first dimension neutral sizing gel, they migrate to almost

identical positions in the second dimension DGGE. Since a micro- or minisatellite core
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probe detects many VNTR loci simultaneously, a 2-D spot pattern is in fact composed of
many different size alleles occupying different positions in the denaturing gradient gel due
to differences in the VNTR flanking sequences. It follows that alleles of the same locus

will migrate to the same position in the second dimension.

5.1  APPLICATIONS OF MICRO- AND MINISATELLITE SEQUENCES IN 2-D
DNA TYPING

A particular advantage of two-dimensional DNA typing in genome comparison
studies is its efficiency. It is efficient since many genetic markers dispersed over the
genome are analysed simultaneously. Increased resolution in defining the region of
interest can be relatively easily obtained by rehybridization with additional core probes. It
is also efficient since only a single genomic DNA digest is used for the analysis and only
spots of interest are analysed further. Particular spot variants can then be identified as
markers for a region in the genome. One or more of the genes located within this region
are then suspected to be involved in the biological process under study. Another
advantage of 2-D DNA typing is that its application does not require the creation of a
genetic map. This is especially useful for the analysis of organisms, such as cattle and
other economically important animals and plants, for which such maps are not yet
available.

A disadvantage is that no a priori information is available on the genomic position
of spots of interest. Such information has to be obtained, either by isolating the spot of
interest and subsequent mapping, or by studies on co-segregation of the spots, with
themselves or with other known markers alleles (t¢ Meerman, G., Mullaart, E., Scheffer,
H., Uitterlinden, A.G., and Vijg, J., submitted). A procedure has now been developed
that allows spot variants of interest to be directly isolated from a 2-D gel and mapped
(Molijn, A.C., Borglum, A., Verwest, A.M., Mullaart, E., Kruse, T., Vijg, J., and
Uitterlinden, A.G., submitted). The procedure is based on eluting DNA from a position
corresponding to the spot variant of interest in a duplicate 2-D gel and subjecting the
DNA to PCR amplification using primers for the core sequence used to generate the spot

pattern.
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Two-dimensional DNA typing using micro- and minisatellite core probes can be

applied in the following areas:

. Analysis of tumor genomes
. Mutation analysis
. Comparison of young vs. old cells

. Genetic linkage analysis

LN A W N =

. Genetic association analysis

1. Analysis of tumor genomes
It has been shown that a number of different chromosomal regions display allelic

imbalance (gain or loss of one of the alleles at a locus) in different types of tumours
(Vogelstein et al., 1985). The studies of allelic imbalance are based on the use of RFLP
probes which allows one to identify the lost allele in the tumor tissue. The allele then
represents a larger area of the chromosome in which genes crucial to the arisal and deve-
lopment of the tumour are likely to be located. Genome searches to identify chromosomal
regions altered in the tumour tissue have consisted of the serial application of different
locus-specific probes, the number, informativity and location of which determines the
efficiency and accuracy of the search. To increase the number of informative cases,
locus-specific VNTR probes have been used in several studies. The application of micro-
and minisatellite core probes greatly increases the number of sites that can be detected
simultaneously in a search for alterations in the tumor genome. By means of 2-D DNA
typing the number of sites in the genome which can be simultaneously analysed for
variations can be increased to several thousands, simply by hybridization analysis with
many different core probes. Two-dimensional DNA typing analysis of human tumours has
successfully been performed and is still ongoing for breast tumours (Hovig,E., Mullaart,
E., Borresen, A.-L., Uitterlinden, A.G., and Vijg, J., in press; Verwest, A.M., Molijn,
A.C., Andersen, T.I., Borresen, A.-L., Uitterlinden, A.G., Mullaart, E., and Vijg, J.,
submitted; Slagboom, P., personal communication), lung tumors (unpublished
observations) and brain tumours (Niirnberg, P., personal communication). Genomic
instability of tumors as detected by 2-D DNA typing can be exploited in two ways. First,

the 2-D spot pattern itself can be of prognostic value since the changes as a whole can be
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of prognostic value. In this respect, the choice of the core probe, which may detect, e.g.,
telomeric, centromeric, truly dispersed loci, can be important; that is different areas of
the human genome can display different frequencies and types of variation. Second, for
some specific spot changes locus-specific markers can be developed identifying the region
undergoing genetic alterations such as deletions or amplification. Here positional cloning
will ultimately identify the gene(s) involved in the pathology of the tumour. In the
analysis of breast tumors several specific spot variations have been identifed in more than
one breast cancer patient (Verwest, A.M., Molijn, A.C., Andersen, T.I., Borresen, A.-
L., Uitterlinden, A.G., Mullaart, E., and Vijg, J., submitted). The chromosomal areas
from which these spot variants are derived might therefore contain genes important for

tumor progression.

2. Mutation analysis
Current approaches for biomonitoring humans thought to be at risk for DNA

damage include mutation analysis at selectable genes such as HPRT and MHC. Although
the results thusfar obtained with such systems have greatly contributed to our
understanding of the mechanisms underlying mutagenesis in vivo, these methods neverthe-
less suffer from the disadvantages that (a) selection of cells in culture is involved; (b) due
to their inherent stability coding genes could be insensitive indicators for permanent
genetic damage; and (c) mutations are measured at only a single site in the genome (See
also Neel et al., 1993 for a discussion on this in relation to the study of mutation in
atomic bomb survivors). An alternative would be to look directly (i.e. without selection)
to large numbers of naturally unstable (hypermutable) mutational target sequences spread
over the genome. A category of naturally present DNA sequences that offer such a
possibility are micro- and minisatellites. By employing 2-D DNA typing, which is capable
of resolve virtually all members belonging to a particular set of micro- and minisatellites,
the genome can be "scanned" for variations in micro- and minisatellite DNA sequences.
An important issue in this respect is whether or not micro- and minisatellite
regions are subject to similar types of mutation processes as other (e.g. coding) regions in
the genome. One way of evaluating this aspect is to analyze induced mutations in cloned
cells caused by agents which are known to cause mutations in for example the HPRT

gene. An example of the potential use of 2-D DNA typing to detect genetic change as a
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result of the challenge of cells with genotoxic agents is presented in addendum 4. Since
many different core probes exist detecting many different loci spread over the genome,
this approach offers the possibility to provide a better description of the mutational
spectrum of genotoxic substances than existing genotoxicity tests do. In addition, the
micro- and minisatellite loci in general show higher spontaneous mutation rates, which
may make them more susceptible to genotoxic agents. In interpreting the results obtained
on mutation frequencies at micro- and minisatellite loci it should be realized that the
sequences detected by core probes comprise an array of different loci. This might be the
result of differences in sequence composition of the repeat unit of which a locus is
composed, the length of alleles of the locus, the location in coding vs. non-coding regions

in the genome, and the location on the chromosomes (e.g. subtelomeric vs. interstitial).

3. Comparison of young vs. old cells
2-D DNA typing also offers immediate advantages when looking for unknown

changes in genomes derived from young vs. old cells. Somatic cells are suspected in
many aging theories of undergoing substantial genetic alterations as a result of continuous
exposure to both endogenous and exogenous genotoxic substances (Vijg and Gossen,
1993). With time some of these changes might ultimately damage genes essential for cell
metabolism, thereby leading to an increasing number of cells showing departures from
normal functioning. Untill recently, however, molecular genetic techniques which could
detect unknown changes randomly occurring in the genome were lacking. In this respect,
micro- and minisatellite sequences could be sensitive indicators for the detection of
changes in genomic instability with age similar to what has been described under
"mutation analysis” (Vijg and Uitterlinden, 1987). An example of the analysis of young
vs. old cells involving 2-D DNA typing of genomes is provided by the work of Slagboom
et al. (1991). They analysed skin fibroblast clones derived from young and old rats and
observed mutations to occur at a frequency of 2.7.10% per micro- or minisatellite
containing fragment. However, no increase of this frequency was observed in the

fibroblast clones derived from aged vs. young rats.

4. Genetic linkage studies
Since the discovery of human DNA polymorphisms in the late seventies, the large
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reservoir of DNA markers enabled genetic linkage studies. These studies rely on the
observation in pedigrees in which a particular disease is segregating, of co-inheritance of
a particular variant of a genetic marker locus together with the disease locus. If such co-
inheritance is observed more frequently than statistically expected the two loci are said to
"be genetically linked. This means that the two loci show very infrequent recombination in
meiosis as a result of physical proximity on one of the chromosomes.

Genetic linkage studies require the analysis of many marker loci in several
individuals of disease pedigrees. In this respect, 2-D DNA typing allows for the rapid
simultaneous screening of hundreds of polymorphic marker loci. For linkage analysis each
2-D spot variant is treated as a dominant marker system in which the other allele is
unknown. This reduces the genetic information of the markers scored in a 2-D DNA
typing experiment by a factor of about 2 meaning that twice as many individuals have to
be analysed to obtain the same statistical likelihood of observing genetic linkage (te
Meerman, G., Mullaart, E., Scheffer, H., Uitterlinden, A.G., and Vijg, J., submitted).
The lack of information on the loci from which particular 2-D spot variants are derived
can be solved by direct isolation and mapping of the spots from the gel, and by co-
segregation studies with known markers. The observation that alleles of a VNTR locus
show very similar electrophoretic behaviour in the DGGE gel (Uitterlinden and Vijg,
1991a) will facillitate this. Thus, 2-D DNA typing can be applied in genetic linkage
analysis in pedigrees segregating for a particular trait. In view of the occurrence of
polymorphic micro- and minisatellites in many different species 2-D DNA typing could be
widely applicable for this purpose.

5. Genetic association studies
Genetic linkage analysis can be applied to any monogenetic trait in humans,

animals or plants, if sufficient pedigree material is available. In multifactorial diseases,
however, alleles at a number of different gene loci interact and determine (in combination
with environmental factors) an individual’s risk of a trait or disease. Many genetic traits,
including the most frequent ones, in the human population as well as in economically
important animals or plants, are multifactorial. In humans, multifactorial diseases (e.g.,
heart diseases, cancers, diabetes, arthritis, high blood pressure) are diseases with an

unknown genetic background, i.e. which genes interact. Two-dimensional DNA typing
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can analyse thousands of DNA polymorphisms by detecting presence or absence of alleles
at VNTR loci. The application of 2-D DNA typing for association studies has the
potential to reveal presence of particular gene variants through linkage disequilibrium.
The analysis proceeds in two phases: an search for variations in allele frequency associa-
tions is followed by developing a locus-specific marker for the spot variant with which
association is found (Molijn et al., 1993). With this fully informative genetic marker
initial associations can be confirmed. However, even when many individuals are analysed,
2-D DNA typing will not always generate statistically significant results since mostly
anonymous genetic markers are analysed. In this respect it would be much more
advantageous to directly screen only the coding part of the genome in the form of cDNAs

(see below: future applications).

5.2  FUTURE APPLICATIONS

Also in other areas of genome research different modalities of 2-D DNA typing
can be applied. Three of these will be briefly discussed here. They are in the field of
analysis of particular chromosomal regions by inter-repeat PCR (region-specific 2-D DNA
typing), analysis of populations of RNA molecules (2-D cDNA typing) and high

resolution analysis of large genomic regions (gene scanning).

Region-specific 2-D DNA typing
Particular advantages of repetitive sequences such as Alu I and Kpn I in the human

genome and similar repeats in other genomes (higher copy number, dispersed distribution)
can also be exploited by the 2-D DNA electrophoresis protocol as described here by using
the inter-repeat PCR approach. The irPCR approach allows unique (inter-repeat)
sequences bordered by dispersed repeats to be selectively amplified from total genomic
DNA and from sources containing reduced amounts of genomic DNA such as somatic cell
hybrids and YACs. In a model study it was shown that chromosome-specific irPCR
fragments can be detected in 2-D separation patterns (Uitterlinden et al., 1991a;
Uitterlinden, A.G., Meulenbelt, 1., Patterson, D., and Vijg, J., submitted).

This application allows physical mapping information (dictated by the origin of the
irPCR products used as probe, such as YAC or radiation hybrid, etc.) to be combined
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with genetic mapping information by following transmission of 2-D spot variants in
pedigrees. Although several types of polymorphism for the type of repeat used in this
approach have been described in the literature (deletion/insertion of complete repeat units,
VNTR type of polymorphism for polyA stretches in the repeat) more extensive studies

have to demonstrate the feasibility of such an approach.

2-D cDNA typing
Apart from the analysis of genomic DNA it is also possible to analyse only the

protein encoding part of the genome by means of analysing cDNA prepared from mRNA
populations. In view of the complexity of mRNA populations in cells, 2-D DNA typing
can offer a high resolving capacity to analyse many individual mRNA species (as cDNAs)
in parallel from a given cell type. For comparative purposes such cDNA libraries can be
prepared from different cell types and from different individuals. The introduction of
amplification primers and application of probes (such as particular sequence motifs) in
hybridization experiments allows particular subsets to be analysed. Of particular interest
might be the analysis of patients from disease pedigrees such as Fragile X and Myotonic
Dystrophy. The defect causing these diseases is related to trinucleotide microsatellite
polymorphisms (Verkerk et al., 1991; Fu et al., 1992). It thas been shown that patients
suffering from these diseases carry extreme length mutations in [CNG], stretches in the
disease genes. Furthermore, the phenomenon of genetic anticipation (increasing severity
of the disease in patients further down the pedigree) has been shown to correlate with
increasing length of the trinucleotide stretch. Using core probes for such trinucleotide
motifs in the 2-D DNA typing analysis of genomic DNA isolated from these partients and
patients in pedigrees of other diseases showing anticipation, it might be possible to
directly detect similar mutations. In addition, such a screening can be performed on 2-D
separation patterns of total cDNA prepared from mRNA from particular tissues of such
patients. In general, two-dimensional cDNA typing allows the simultaneous analysis of
polymorphisms in many candidate genes and presents a useful tool to perform genetic

association studies.
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TABLE 4

DISEASE
INCIDENCE
CARRIER
CHROMOSOME
GENE

LENGTH (kb)
#EXONS
mRNA(nucl.)
MUTATIONS
-population frequency
-type:

% INS/DEL (large)
% POINT MUTATION
% VNTR

-% spontaneous

-# different mutations

-prevalent mutations

MUTATIONS IN HUMAN DISEASE GENES

Fragile-X AAT"
1:1,250(3) 1:1,600
1:20
Xq27.3 14¢24.3
FMR-1 Pi
4,300
1%
99%
Z

250
27

6,500

1%
99%

>300

30-70% 6F508

DMD"

1:3,500(3)

Xp21
dystrophine
2,300

76

14,000

1.10*

66%

33%

>300

* AAT = q,-anti trypsine; CF = Cystic Fibrosis; DMD = Duchenne Muscular Dystrophy

Haem.A

1:10,000(3)

Xq28
Factor VIII
186

26

7,053

5.10°

5%
95%

50%

>100

Haem.B

1:30,000(3)

Xq2.7
Factor IX
33

8

1,383

3.10°¢

10%
90%

>115



Gene scanning
Finally, also in relation to the ever increasing number of genes that is being

identified and of which their molecular genetic involvement in disease processes is being
dissected, 2-D DNA typing can be of help in the comprehensive analysis of large regions
in the genome. In Table 4 an overview is presented of some of the genes identified until
now and specific variants of which are known to be involved in disease processes. High
resolution mutation analysis of especially the larger genes is presently impossible but
might become feasible by 2-D DNA typing of these regions. These regions can include
single but large to very large genes but also the analysis of sets of genes which interact or
are involved in particular disease processes. Examples of the latter are the genes involved
in cardiovascular disorders such as Apo B, LDL receptor etc.

Accurate mutation analysis of these regions is guaranteed by the inclusion of the
DGGE separation which is the most comprehensive mutation scanning method currently
available. The format of analysis is likely to involve PCR amplification of fragments of
interest (to be selected on the basis of optimal melting behaviour in the DGGE gel),
inclusion of a GC-clamp, separation in a neutral sizing gel and subsequent separation in a
second dimension DGGE gel. A possibility to allow automated on-line detection of
fragments (Carrano et al., 1989) is to switch dimensions and first separate in the DGGE

gel and subsequently separate in a neutral sizing gel.

5.3 RECAPITULATION

In conclusion, it can be stated that the 2-D DNA analysis system as described in
this thesis will be of help in the study of biological problems which require the scanning
of large stretches of DNA for sequence deviations. Examples include tumourigenesis,
aging, and mutagenesis, in which chromosomal areas have to be defined which might
undergoing alteration upon a challenge. In addition, the method may be of help in
performing genetic linkage or association studies where screening many individuals for a
large number of polymorphic sites spread over the genome is required. Micro- and
minisatellites are particularly useful as probes in the hybridization analysis of 2-D gels
since they detect many polymorphic loci spread over the genome. Other repetitive

elements, e.g. with higher copy numbers, are also suitable for 2-D DNA typing provided
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inter-repeat PCR amplification is applied to selectively visualize regions bordered by these
repeats. For all these applications the 2-D DNA typing method presents an increase in
speed and efficiency when compared to existing methodology. Together with the
development of automated 2-D gel electrophoresis equipment and image analysis
software, the high genome-scanning efficiency of 2-D DNA typing is likely to result in
the rapid isolation of markers for genetic traits, including diseases with genetic
components, in many different species. Future applications of the 2-D DNA analysis
method include the analysis of only the coding regions of the genome (2-D cDNA typing)
and the high resolution analysis of large contiguous (coding) regions in the genome ("gene
scanning"”). In concert with the increasing knowledge on genome organization and
sequence, these different 2-D DNA typing formats are expected to provide further

insights in the causal relationship between genome variation and the individual phenotype.
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Denaturing gradient gel electrophoretic analysis of the human cHa-ras1

proto-oncogene
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Activation of ras proto-oncogenes frequently involves point
mutations at different sites in the gene. Here we describe the
application of denaturing gradient gel electrophoresis to
identify and characterize such mutations in the cHa-ras1
proto-oncogene. We calculated a melting map of the
cHa-ras1 gene and designed optimal conditions to separate
mutant from wild type sequences in the first exon. As an
example we ex dthe T24 g to thymidine point
mutation in the first exon which has been found in T24
bladder carcinoma cells. Denaturing gradient gel analysis of
both homoduplex as well as heteroduplex molecules
resulted in separation of the wild type sequence from the
mutant sequence. On the basis of the melting map we
present a general scheme for screening the cHa-rasl
proto-oncogene sequence for the occurrence of point muta-
tions.

Keywords: Denaturing gradient gel electrophoresis; T24
mutation; DNA polymorphism; heteroduplex analysis.

Introduction

Activated transforming genes (oncogenes) have been
found in a number of human tumours by use of assays in
which transformed foci result from transfection of
tumour DNA into NIH3T3 cells. In several cases the
transforming genes detected in this way are members of
the ras gene family and the mechanism by which they have
been activated usually involves a point mutation (Bos et
al., 1985; Cohen & Levinson 1988). The first example was
a point mutation in the first exon of the cHa-rasl
proto-oncogene which was present in T24 bladder carcin-
oma cells (Premkumar Reddy er al., 1982). In this case a
guanosine to thymidine substitution was found at codon
12. In general, an alteration of amino acid residue 12 or 61
of the protein encoded by the ras gene is involved (Bos et
al., 1987). However, in vitro mutagenesis experiments
have shown that in transformed cells also codons 13, 59
and 63 of the ras genes can contain point mutations
(Fasano et al., 1984).

The presence of these point mutations has been shown
by sequence analysis and oligonucleotide hybridization
analysis. These methods are either not suitable for
screening purposes or they require knowledge of the
sequence alteration in advance and are therefore not
suitable for detecting novel sequence alterations that
might be involved in the mutational process. An alterna-
tive and potentially fully informative method for screen-
ing for sequence alterations is denaturing gradient gel

Correspondence: A.G. Uitterlinden
Received 19 October 1989; accepted in revised form 16 January 1990

electrophoresis (DGGE; Fischer & Lerman 1979). This
method is based on the sequence dependent melting
behaviour of so-called low melting domains within DNA
molecules (see Lerman et al., 1984 for a review). In
practice, the lowest melting domains within restriction
fragments can be screened for sequence alterations as
small as point mutations (Fischer & Lerman 1983). In
order to analyse the highest melting domains too, a
so-called GC-clamp should be attached (Myers et al.,
1985a). The DGGE method has been successfully applied
in the analysis of sequence variations in the B-globin gene
region (Myers et al., 1985a), minisatellite sequences
(Uitterlinden et al., 1989) and various other sequences
(Cariello et al., 1988; Leider et al., 1988; Borresen et al.,
1988; Uitterlinden & Vijg, 1989).

Here we describe the application of this technique to
the analysis of the T24 point mutation in the cHa-rasl
proto-oncogene. We have constructed a melting map of
the entire cHa-ras! gene and show that the mutated site is
present in a low melting domain. Using cloned sequences
we show that this guanosine to thymidine substitution can
be detected by homoduplex and heteroduplex analysis
with DGGE. By using labelled, strand-specific probes we
characterize the heteroduplex molecules and we describe
a general strategy for detecting sequence variations by
DGGE within this gene region in genomic DNA.

Materials and methods

Plasmids

The first exon of the normal and the T24 mutant ras
oncogene were obtained in the form of a 327 bp Smal-
Kpnl restriction fragment, derived from the HOMER 6N
and HOMER 6T cosmid inserts, respectively (Spandidos
& Wilkie 1984). The 327 bp fragments were subcloned in
Hincll-Kpnl digested pTZ18R plasmids (Pharmacia).
The resulting plasmids were termed pN (containing the
normal cHa-rasl proto-oncogene) and pT (containing
the T24 cHa-rasl oncogene). When the subclones were
digested with Pstl, a single 234 bp fragment was gener-
ated in which the point mutation was present at position
79.

Melting maps

For the construction of the melting map of the cHa-ras1
proto-oncogene region, we used the computer algorithm
designed by Dr L.S. Lerman. Basepairs 0 to 4500 of the
GENBANK entry were used for the calculation. Separate
melting maps were calculated for the 234 bp Pstl frag-
ments of plasmids pN and pT. These fragments corres-
pond to position 1640 to 1853 (213 bp) of the gene
sequence of the GENBANK entry and include a 21 bp
piece of the multiple cloning site of the pTZ18R vector.
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Heteroduplex analysis and single strand probe preparation

Heteroduplex analysis of the double stranded pN and pT
plasmids was performed by mixing Pstl digests of both
plasmids, boiling for S min and annealing at 50°C for 1 h.
After this the samples were analysed by DGGE.
Single-stranded radiolabelled probe was prepared from
pN and pT, essentially as described by Myers et al.
(1985b). Single stranded DNA was prepared from the
pTZI18R plasmids according to the manufacturers’
instructions (Pharmacia). A synthetic 20-mer primer
which anneals 3" of the first exon of the cHa-rasl
proto-oncogene (60 bp downstream of the first Pstl site 3"
of exon 1) was used for primer extension synthesis.
Annealing of the primer (30 ng) to the single strand
phage DNA (1 pg) was performed at 40°C for 10 min in
50 mM NaCl, 6 mM Tris.Cl (pH 7.4) and 6 mM MgCl,.
Complementary strand synthesis was performed at 37°C
for 30 min in a volume of 30pul containing 1 unit
Klenow enzyme (Boehringer Mannheim) and 0.1 pM
o[ *P]-dATP, a[*P]-dCTP, «[*P]-dTTP and o[*P]-dGTP
(3000 mCi mM™"). The reaction was chased by adding
I mM dNTP and incubating for another 20 min. The
DNA was recovered by ethanol precipitation and dis-
solved in a volume of 20 pl containing 20 units HindIII
restriction enzyme and the buffer recommended by the
manufacturer (Boehringer Mannheim), to truncate the
probe upstream of the Pstl site in the pTZ18R plasmid.
The labelled strand was purified by electrophoresis in a
6% polyacrylamide/5.6 M Urea/32% formamide gel run
at 60°C. Heteroduplex analysis was performed by mixing
single stranded pN or pT DNA (50 ng) with single
stranded probe (1.10° cpm) prepared from either pN or
pT in a solution containing 0.6 M NaCl, boiling for 5 min
and annealing at 50°C for 1 h. After ethanol precipitation
the annealing products were digested with Pstl resulting
in the 234 bp fragment that was analysed by DGGE.

Denaturing gradient gel electrophoresis

Samples were analysed on either parallel or perpendicular
denaturing gradient gels. Perpendicular gel analysis was
performed in 2.5mm thick 6% polyacrylamide gels
containing a 0-80% denaturant concentration gradient
(80% = 5.6 M Urea and 32% deionized formamide)
perpendicular to the direction of electrophoresis. The gels
were run at 60°C at 150 V for 2.5 h in 1 X TAE. Parallel
gel analysis was performed in I mm thick 6% polyac-
rylamide gels containing a 35-65% denaturant concent-
ration gradient. Electrophoresis was performed for 8 h at
150 V at 60°C in 1 x TAE. Separation patterns were
visualized either by ethidium bromide (EtdBr) staining at
0.1 ugml~' or, when labelled probe was used, by
autoradiography at room temperature using Kodak
XAR film.

Results

Melting maps

In Figure 1 the schematic organization is shown of the
cHa-ras] proto-oncogene together with the melting map
which was calculated from basepair position 0 to 4500.
Several features can be discerned in the T,,(50) plot, such
as the HTF island representing a very high melting
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Figure 1 Calculated melting map of the human cHa-ras1 proto-
oncogene using basepairs 0 to 4500 from the GENBANK entry
(HUMHRASI). HTF = Hpall tiny fragments

domain and the polyadenylation signal region which
stands out as a small dip in T, (50). Strikingly, large parts
of all four exons are low melting domains. The melting
maps constructed for the 234.bp Pstlinserts of pN and pT
(spanning positions 1640 to 1853 of the gene shown in
Figure 1) is shown in Figure 2. The lowest melting domain
spans base position 20 to 150 for both plasmids but the
T,,50 of this domain was 0.4°C lower for the pT Pstl insert
due to the presence of the G to T transition at position 79
in this domain.

Denaturing gradient gel electrophoresis

Figure 3 shows the perpendicular DGGE analysis of the
Pstl insert of pN. Two inflections can be observed: a
major one at 48% denaturant concentration which
corresponds with the lowest melting domain and a minor
one at 52% denaturant concentration, which indicates
melting of the highest melting domain and beyond which
the strands will be completely separated.
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Figure 2 Calculated melting map of the first exon of the human
cHa-ras1 proto-oncogene and the T24 variant sequence as present in
the 234 bp PstI fragments used for DGGE analysis
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Electrophoresis

| |
0% 48% 80%

Denaturant concentration

Figure 3 Perpendicular denaturing gradient gel analysis of the
cloned 234 bp Pstl fragment containing the first exon of the human
cHa-rasl proto-oncogene. The thick band in the top of the gel is the
plasmid DNA from which the Pstl insert was excised

We subsequently analysed pN and pT Pstl fragments
on a 35-55% parallel DGGE gel. As shown in Figure 4
the normal and T24 derived fragments migrate to slightly
different positions in the gradient after prolonged electro-
phoresis. The pN migrated 2 mm further in the gel than
the pT Pstl fragment which was sufficient to separate both
fragments in a mixture (right lane in Figure 4).

Since the DGGE gel system has been reported to be
exquisitely sensitive for mismatches in heteroduplexed
molecules we performed heteroduplex analysis of the two
Pstl inserts. Figure S shows the parallel DGGE gel of the
heteroduplexed mixture. In addition to the homoduplex
bands we observed two extra bands which were halted
earlier in the gel due to the presence of mismatches. In
order to identify these bands we performed heteroduplex
analysis with labelled single strands derived from both pN
and pT plasmids. Figure 6a shows a schematic representa-
tion of the production and sequence composition of the

Electrophoresis
Denaturant
concentration

+

Figure 4 Parallel electrophoresis of the 234 bp Pstl fragment
containing the first exon of the human cHa-ras1 proto-oncogene. N
stands for the wild type sequence and T for the T24 variant. On the
left results are shown for neutral 6% polyacrylamide gel elect-
rophoresis, run at 150 V for 1h at 60°C, and on the right the
denaturing gradient gel electrophoretic separation pattern. Mix is a
mixture of the wild type and T24 derived 234 bp Pstl fragment
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+

Figure 5 Parallel denaturing gradient gel analysis of the hetero-
duplex molecules of the 234 bp Pstl fragments. N stands for the wild
type homoduplex sequence, T for the T24 homoduplex sequence and
mix stands for the heteroduplex mixture. Note that in this experi-
ment the two homoduplex molecules are not separated probably due
to overloading. I indicates the CT-mismatch containing
heteroduplex and 11 the GA-mismatch containing heteroduplex

labelled strands and the annealing products. In Figure 6b
the DGGE analysis of the heteroduplex experiment is
shown. The CT-mismatch is less stable than the GA-mis-
match, as demonstrated by the position of the CT-mis-
match band at lower denaturant concentration (i.e.
higher in the gel) than the GA-mismatch. From this we
infer the upper band in the plasmid heteroduplex mixture
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Figure 6 (a) Schematic representation of the procedure followed to
obtain single stranded, radiolabelled probe derived from the wild
type and T24 mutant 234 bp Pstl fragment. H = HindIII recogni-
tion site; P = Pstl recognition site. (b) Autoradiograph of the
denaturing gradient gel analysis of the homo- and heteroduplex
molecules formed using the labelled single-strand probes for the
234 bp Pstl fragment. Lettering below the lanes refers to the
basepairs at position 79
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(I'in Figure 5) to be composed of CT-mismatch contain-
ing molecules and the lower band (II in Figure 5) to
contain the GA-mismatch containing molecules.

Discussion

Much of the molecular genetic analysis of ras-proto-
oncogenes has focussed on the identification -of point
mutations which are associated with the acquisition of
transforming capacities of the ras proteins. Most of these
point mutations have been discovered by sequence
analysis of cloned genes and screened for by the oligo
dot-blot hydridization method in combination with the
PCR method (Bos et al., 1987).

Here we describe the calculation of a melting map for
the entire cHa-ras! proto-oncogene sequence, which was
used to determine the position of low melting domains
amenable to DGGE analysis. From the calculation of the
melting map for the first exon containing the T24 point
mutation, a lower T, (50) was predicted for the lowest
melting domain in this sequence than for the wild type
sequence. In accordance with this prediction, the T24
point mutation in the first exon could be detected by
DGGE analysis of both homoduplex molecules as well as
heteroduplex molecules. Separation of the homoduplex
wild type molecule from the T24 mutant form was very
poor when compared to separation of heteroduplex
molecules. By using labelled single stranded DNA we
could identify the heteroduplex bands and characterize
the CT-mismatch as a more thermolabile mismatch in
DGGE.

The melting map of the entire cHa-rasl proto-onco-
gene revealed that large parts of all four exons represent
low melting domains. This feature makes the exons of this
gene amenable to screening for sequence variations by
DGGE. The results presented here and elsewhere (Myers
etal., 1985; Cariello et al., 1988; Uitterlinden & Vijg 1989)
demonstrate that there is good correllation between
predictions by the melting program on the influence of
sequence alterations on melting temperature and the
detection of sequence variants with altered electro-
phoretic mobility in DGGE gels. This can be used to
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ABSTRACT The limiting factor in the presently available
techniques for the detection of DNA sequence variation in the
human genome is the low resolution of Southern blot analysis.
To increase the analytical power of this technique, we applied
size fractionation of genomic DNA restriction fragments in
conjunction with their sequence-dependent separation in de-
naturing gradienl gels; the two-dimensional separation pat-
terns obtained were ntly transferred to nylon mem-
branes. Hybridization analysis using mlmsa!elllte core se-
quences as probes resulted in two-di 1 DNA
fingerprints with a resolution of up to 625 separated spots per
probe per human individual; by conventional Southern blot
analysis, only 20-30 bands can be resolved. Using the two-
dimensional DNA fingerprinting technique, we d rate in
a small human pedigree the simul ission of 37
polymorphic fragments (out of 365 spots) for probe 33.15 and
105 polymorphic fragments (out of 625 spots) for probe 33.6.
In addition, a mutation was detected in this pedigree by probe
33.6. We anticipate that this method will be of great use in
studies aimed at (i) measuring human mutation frequencies,
(i) associating genetic variation with disease, (iif) analyzing
genomic instability in relation to cancer and aging, and (iv)
linkage analysis and mapping of disease genes.

The possibility to identify DNA sequence heterogeneity is of
major importance for the analysis of genetic diseases and
genomic instabilities. This identification depends on the
availability of probes that detect variable sites in the genome
and on the resolution of electrophoretic separation tech-
niques for the analysis of DNA restriction fragments.

The discovery of hyperpolymorphic VNTR (variable num-
ber of tandem repeat) DNA sequences or minisatellites has
greatly facilitated studies of genetic variation in the human
population (1-6). It has been demonstrated that so-called
core probes derived from minisatellites can be used to
simultaneously detect a large number of hyperpolymorphic
VNTR loci, dispersed in the genome, to provide genetic
fingerprints of human individuals (7, 8). Core sequences have
been successfully applied in the analysis of tumors for genetic
instability (9) and in linkage analysis of genetic diseases (3).
Such applications rely on the resolution of Southern blot
hybridization analysis, which is based on the gel electropho-
retic separation of genomic DNA restriction fragments ac-
cording to size (10). One-dimensional separation of DNA
fragments allows only =30 hypervariable minisatellite frag-
ments to be resolved (ref. 3; this publication).

It has been demonstrated that by combining ordinary size
separation with sequence separation in denaturing gradient
gels, all restriction fragments in an EcoRI digest of the
Escherichia coli genome can be resolved (11-13). To inves-
tigate whether this principle can be applied to the analysis of
DNA sequence variation in the mammalian genome, we
separated genomic DNA restriction fragments of human
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individuals according to size and base-pair composition by
neutral and denaturing gradient polyacrylamide gel electro-
phoresis, respectively. By subsequent transfer of the elec-
tropherograms to nylon membranes and hybridization with
radiolabeled minisatellite core sequences as probes, high-
resolution DNA fingerprints were obtained. We show that
many polymorphic DNA restriction fragments can be de-
tected in the molecular size region of fragments <3 kilobase
pairs (kbp), which is not accessible for conventional Southern
hybridization analysis. We demonstrate the applicability of
this technique in genetic studies on humans by showing that
a large number of transmitted polymorphic spots can be
simultaneously followed in a two-generation human pedigree
of three members.

MATERIALS AND METHODS

DNA Isolation and Restriction Enzyme Digestion. Genomic
DNA:s, isolated from peripheral blood lymphocytes accord-
ing to standard procedures, were a kind gift from E. Bakker.
DNAs were digested with the restriction endonucleases Hae
11T or Hinfl (BRL) under conditions recommended by the
manufacturer.

Electrophoretic Separations. Agarose gel electrophoresis of
5 ug of DNA restriction fragments was performed in a
horizontal 1.2% gel in 1x TAE (40 mM Tris-HCI, pH 7.4/20
mM sodium acetate/1 mM NaEDTA) at 65 V for 14-30 hr.
Gels were stained for 10 min in a solution containing ethidium
bromide (EtdBr) at 0.1 ug/ml followed by destaining for at
least 30 min. Two-dimensional separations of S ug of DNA
restriction fragments were performed in 1-mm-thick poly-
acrylamide gels (acrylamide/bisacrylamide, 37:1) using a gel
apparatus that was essentially the same as the one described
by Fischer and Lerman (12). The first dimension was run in
a neutral 6% gel at 50°C for 2 hr at 250 V in 1x TAE. The
separation patterns were visualized by staining the gel in the
dark with EtdBr (0.1 ug/ml) for 10 min, followed by de-
staining for at least 30 min. The 0.34- to 2.8-kbp region (probe
33.15) or the 0.54- to 10-kbp region (probe 33.6) of the lane
was quickly cut out of the gel and applied to a 6% polyacryl-
amide gel containing a 10-75% linear concentration gradient
of denaturant (100% denaturant = 7.0 M urea/40% formam-
ide) parallel to the direction of electrophoresis. This gradient
was found to give optimal separation patterns for the VNTR
sequences. Gels were poured by mixing two solutions,
containing the desired boundary denaturant concentrations,
in a linear gradient maker with a peristaltic pump. After
electrophoresis for 12 hr at 225 V and 60°C, the gel was
stained with EtdBr as described above.

Transfer of Separation Patterns. DNA separation patterns
in agarose gels were capillary transferred to a nylon mem-
brane (Nytran 13N, Schleicher & Schuell; Zetaprobe, Bio-
Rad)in 0.4 M NaOH/0.6 M NaCl for 12 hr. After transfer, the
filter was rinsed in 2x SSC (1x SSC = 150 mM NaCl/15 mM

Abbreviations: EtdBr, ethidium bromide; VNTR, variable number of
tandem repeats.
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sodium citrate), air dried, baked for 1 hr at 80°C, and
irradiated with 302-nm UV light (Transilluminator, UVP
Products, San Gabriel) for 45 s, which was found to be
optimal for cross-linking DNA to the filter (results not
shown). DNA separation patterns in denaturing gradient
polyacrylamide gels were fragmented by irradiating the gel
with 302-nm UV light (Transilluminator, UVP Products) for
4 min, which was found to be optimal (results not shown).
Before transfer, the gel was boiled for S min in 1x TBE (89
mM Tris-borate, pH 8.0/89 mM boric acid/2 mM NaEDTA)
and subsequently placed in an identical solution at room
temperature. Transfer to a nylon membrane (Nytran 13N,
Schleicher & Schuell; Zetabind, Bio-Rad) was achieved by
semidry electroblotting at 400 mA (6-28 V) between hori-
zontal graphite plates. Electrophoresis was performed twice
for 45 min between 10 Whatman 3MM paper sheets, which
were soaked in fresh 1x TBE between the two transfers.
After transfer, the filter was rinsed in 2x SSC, air-dried,
baked for 1 hr at 80°C and irradiated for 45 s with 302-nm UV
light to cross-link the DNA fragments to the filter.

Probe Preparation and Labeling. The probe was prepared
by using T4 kinase (Boehringer Mannheim) to individually
phosphorylate the 5'-hydroxyl groups of two partially com-
plementary and overlapping oligonucleotides, each repre-
senting the complete 33.15 (5'-~AGAGGTGGGCAGGTGG-3'
and 5" CCACCTCTCCACCTGC-3') or 33.6 (5'-AGGGCTG-
GAGG-3’ and 5'-AGCCCTCCTCC-3') minisatellite core se-
quence (7). Subsequently, the two 33.15 or 33.6 oligonucle-
otides were mixed and allowed to anneal at 57°C for 1 hr,
followed by ligation according to standard procedures (14).
The synthetic probes thus prepared had an average length of
500 bp or more. Occasionally, T4 kinase phosphorylation and
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ligation were repeated to increase the average length of the
probe. The ligation products (20 ng) were [a-3?P]JdCTP-
labeled either by the random-primer oligolabeling method
(Boehringer Mannheim) or by self-priming, after boiling for 5
min and reannealing at 37°C in the presence of 1 unit of
Klenow enzyme (Boehringer Mannheim)/2 uM dNTP/50
mM Tris:HCI, pH 7.2/10 mM MgCl,. Specific activities of 3
x 10*-8 x 10% cpm/ug were obtained.

Hybridization Analysis. Filters were prehybridized in 5x
SSC/20 mM sodium phosphate, pH 7.2/1% SDS/1 mM
NaEDTA/heparin (50 ug/ml) for 2 hr at 65°C. After adding
denatured probe at a concentration of 1 x 10° cpm/ml,
hybridization was performed for 12 hr at 65°C. The filter was
washed three times for 5 min at room temperature and three
times for 20 min at 65°C in 2.5x SSC/0.1% SDS. Auto-
radiography was performed for 12-48 hr at —80°C using fine
intensifying screens and XAR-5 film (Kodak). For subse-
quent rehybridizations of the filters, the probe was removed
by boiling the filter for 20 min in a solution containing 0.01x
SSC and 0.1% SDS. Filters were rinsed in 2.5x SSC and
hybridization analysis was performed as described above.
Two-dimensional spot patterns were interpreted by eye
examination, using grids to quantitate the spots and to match
individual two-dimensional fingerprints.

RESULTS

In Fig. 1, Southern blot autoradiographs are shown of a
human pedigree (of six members) obtained after prolonged
electrophoresis in agarose gels and by using the synthetic
probes derived from minisatellite core sequences 33.15 and
33.6 (7) on Hae 11I- and Hinfl-digested genomic DNA. A
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Southern blot hybridization analysis of DNAs isolated from six members of a human pedigree (DL63; schematically depicted above

the lanes in the autoradiographs) and one from an unrelated individual (DL 63.5), digested with Hae 111 or Hinfl, and using 35.15 (Left) or 33.6
(Right) minisatellite core sequences as probe. The autoradiograph on the Right was obtained by rehybridizing the filter that was used to obtain

the autoradiograph on the Lefr.
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number of simultaneously transmitted polymorphic bands
were detected in this pedigree in the high molecular weight
area of restriction fragments. For the restriction enzyme
Hinfl, this number was 28 for probe 33.15 and 33 for probe
33.6. With Hae 111, the number was 28 for probe 33.15 and 22
for probe 33.6. After Hae 111 digestion, the size range of
bands detected by probe 33.6 was found to be smaller than
after digestion with Hinfl, which could be an indication for
the presence of Hae Il recognition sites in the minisatellites
homologous to this probe.

When genomic DNA was digested with Hae 111 and
subjected to a two-dimensional separation (on the basis of
size and base-pair sequence in neutral and denaturing gradi-
ent polyacrylamide gels, respectively), clusters of restriction
fragments were observed in the EtdBr-stained two-
dimensional gel as shown in Fig. 2 (Left). A large cluster is
seen in the upper part of the gel, containing low concentra-
tions of denaturant, and a smaller cluster is located near the
bottom of the gel, which contains the highest concentration
of denaturant.

Hybridization analysis of VNTR sequences detected with
probe 33.6 resulted in a more or less evenly spread spot
pattern. The total number of spots observed for probe 33.6
under the stringency of washing applied here (2.5x SSC) was
545 for this individual (DL 63.4 from the pedigree shown in
Fig. 1). Slightly smaller numbers were obtained when the
stringency was increased to 1x SSC (results not shown).

We subsequently analyzed three members of the pedigree
described above (mother, father, and a son) by two-
dimensional DNA fingerprinting. For optimal comparisons a
30-cm-wide version of the gel apparatus originally described
by Fischer and Lerman (13) was constructed and used in
these experiments so that up to six individuals could be
compared on one denaturing gradient gel. Close inspection
and comparison of individual spot patterns of the two parents
obtained with probes 33.6 (Fig. 3) revealed a total number of
569 spots for the father, 607 for the mother, and 625 for the
son. Between the two parents, 150 spot polymorphisms were
observed, 105 (70%) of which were transmitted to the son (52
of maternal and 53 of paternal origin). Details of the separa-
tion patterns are shown in Fig. 3 (Lower Left). Using probe
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33.6, we detected a fragment in the son that was not present
in the mother or the father (Fig. 3 Lower Right) and four
fragments, common to the parents, could not be detected in
the son (two examples are shown in Fig. 3 Lower Right). With
probe 33.15, considerably less VNTR-containing fragments
were detected than with probe 33.6 (Fig. 4). Among the 372,
290, and 365 spots for the father, mother, and son, respec-
tively, 50 spot polymorphisms could be detected. Among the
37 transmitted spot polymorphisms (74%), 17 were of pater-
nal and 20 were of maternal origin. Some of these spot
polymorphisms are shown in detail in Fig. 4 (Lower).

DISCUSSION

With the two-dimensional DNA fingerprinting system pre-
sented here, we were able to distinguish up to 625 spots per
individual for probe 33.6 and 372 for probe 33.15. Since we
did not observe severe clustering of spots, it is likely that we
have resolved all VNTR sequences belonging to the sets of
sequences detected with these probes. The difference be-
tween the two probes in number of spots detected could
therefore be due to a different copy number of these sets of
repetitive sequences. In addition to 33.15 and 33.6, we have
also used other core sequences (5) as probes in two-
dimensional DNA fingerprinting and obtained comparable
results. In this respect, VNTR sequences appear to exhibit an
exceptional distribution of spots over a considerable part of
the denaturing gradient in the second-dimension gel. By
contrast, as illustrated in Fig. 2 (Left), total genomic DNA
digests have a tendency to cluster in the second dimension.

Most spots were found in the 20-50% denaturant range and
should therefore have a high to medium AT/GC ratio of their
lowest melting domain. Although the number of repeat units
of any VNTR locus is high enough to generate a melting
domain, both 33.15 and 33.6 are G+C-rich. Therefore, the
gradient level of the majority of homologous restriction
fragments in the two-dimensional pattern cannot be deter-
mined by the VNTR sequences themselves. Instead, the
position of most of the spots in the gradient will be deter-
mined by sequences adjacent to the VNTR regions. Virtually
all VNTR alleles with a particular locus are therefore iso-

Fi16.2. Two-dimensional DNA fingerprint analysis of a human individual (DL 63.4). The two-dimensional separation pattern is shown after
EtdBr staining (Left) and after hybridization analysis of the nylon replica filter with probe 33.6 (Right).
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thermal—i.e., reach identical positions in the denaturing
gradient. This characteristic and the fact that in the two-
dimensional system virtually no sequences detected with a
particular core probe are lost in a smear allows one to identify
them.

When individuals from a human pedigree were analyzed by
two-dimensional DNA fingerprinting, the majority of spots
detected with both probes were found to be monomorphic
(75-85%). However, a large number of spot polymorphisms
(up to 150 for probe 33.6) were observed. Evidence for
heterozygosity of the parents at particular VNTR loci de-
tected by probe 33.6 was provided in four cases in which the
parents shared a spot that could not be demonstrated in the
son (Fig. 3 Lower Right). The percentage of spot polymor-
phism transmitted to the son was found to be 70% for both
probes 33.6 and 33.15. This phenomenon could be due to
clustering in the genome of VNTR loci or to the presence of
one or more Hae Il restriction sites in the minisatellites
themselves. In the latter case, several polymorphic spots
could stem from the same minisatellite locus, thereby result-
ing in a number of spots being cotransmitted as minisatellite
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FiG. 3. (Upper) Two-dimen-
sional DNA fingerprint analysis of
Hae 1ll-digested genomic DNA
from three members of the human
pedigree DL63 (DL63.1, -2, and
1 -3), using probe 33.6. (Lower Left)
t Details from three different areas
indicated in Upper, showing the
transmission of particular spot
polymorphisms. O, Maternal frag-
ments; O, paternal fragments. Ar-
rows indicate nontransmitted
polymorphic fragments. (Lower
Right) Details from Upper, dem-
onstrating the presence’ of a
VNTR fragment in the son that is
absent from the parents (circles in
row A) and two cases in which
both parents share a spot that is
absent in the son (circles inrows B
and C).

haplotypes (3). This possibility is supported by the data in
Fig. 1 (Right), which indicate the presence of Hae I1I sites in
large alleles detected by probe 33.6 in these individuals. The
spot present in the son but not in the parents is likely to have
arisen by unequal exchange between two VNTR regions
rather than by point mutation in a VNTR region (6).

On the basis of the results obtained with VNTR core
sequence probes, we anticipate that two-dimensional DNA
fingerprinting can be applied in a number of different areas in
genetic research. The method should be useful in the analysis
of large parts of the genome for measuring mutation frequen-
cies (15) and for detecting putative changes in VNTR loci or
other unstable DNA regions during tumor induction and
growth (9, 16) or during aging (17).

Two-dimensional DNA fingerprinting can be used in as-
sociation studies and to extend and improve linkage analysis
and gene mapping. In this respect, it should be noted that the
introduction of the denaturing gradient separation principle
offers a solution to the problem of not being able to identify
the same VNTR locus in different pedigrees, which effec-
tively constrains widespread application of one-dimensional
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DNA fingerprinting to genetic analysis. Sequence-specific
separation allows one to identify alleles with a particular
locus in different pedigrees on the basis of their position on
the same isotherm (see above). Furthermore, by using
locus-specific probes in parallel experiments, each VNTR
core homologous spot in a two-dimensional gel can be
identified by comparison.
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Denaturing gradient gel electrophoretic analysis of
minisatellite alleles

By two-dimensional DNA fingerprinting, an electrophoretic method which com-
bines separation according to size with separation in a denaturing gradient, virtually
all minisatellite sequences detected with a minisatellite core probe can be resolved
(Uitterlinden et al., Proc. Natl. Acad. Sci. USA 1989, 86, 2742-2746). To investi-
gate the electrophoretic behavior in denaturing gradient gels of allelic restriction frag-
ments containing minisatellite sequences, we analyzed alleles of the two highly poly-
morphic minisatellite loci D7S22 and D2S44. The results obtained indicate that for
these loci, depending on the restriction enzyme used to digest genomic DNA, alleles
of different sizes migrate to regions of similar denaturant concentration, i.e. to
isothermal positions in the denaturing gradient. Denaturing gradient gel electro-
phoresis also allows for the discrimination of restriction fragments which are the
result of the presence of internal recognition sites in the minisatellite and, therefore, to
distinguish between VNTR and restriction site polymorphisms.

1 Introduction

An important set of highly informative DNA markers is the
category of minisatellite loci that contain a variable number of
tandem repeat DNA sequences (VNTRs), a large number of
which has been isolated [ 1, 2]. Due to extensive allelic varia-
tion in the number of repeat units per locus, the VNTR loci dis-
play high to very high heterozygosity values (70-99 %). By
using minisatellite core probes, it has been demonstrated that
several such loci can be simultaneously detected to provide a
DNA fingerprint [3]. By combining size separation in neutral
gels with sequence-dependent separation in denaturing gra-
dient gels [4], we have demonstrated that it is possible to
obtain high resolution two-dimensional DNA fingerprints by
hybridization with minisatellite core probes [5]. Recently,
two-dimensional separation patterns were obtained by using
other repeat sequence probes as well, such as simple sequence
motifs and inter-Alu fragments (manuscripts in preparation).
Therefore, two-dimensional DNA typing could permit the
analysis of genetic variations among individuals on a total
genome scale. A major disadvantage, however, is the difficulty
in identifying individual spots in the separation pattern as
alleles of a specific locus.

We now report that alleles of two highly polymorphic VNTR
loci, D7S22 and D2S44, detected by probes plambdaG3 [6]
and pYNH24 [7], respectively, display similar and locus-
specific electrophoretic behavior in denaturing gradient gels.
Depending on the restriction enzyme used to digest genomic
DNA, VNTR alleles, which range in size from 800 to as much
as 14 000 basepairs (bp), migrate toisothermal positionsin the
denaturing gradient gel. This locus-specific behavior may
facilitate the identification of minisatellite alleles in a two-
dimensional DNA fingerprint.

Correspondence: Dr. A. G. Uitterlinden, Genetic Diagnostics Department,
Medscand Ingeny, 2280 AJ Rijswijk, The Netherlands

Abbreviations: bp, basepairs; DGGE, denaturing gradient gel electro-
phoresis; HMD, high melting domain; LMD, low melting domain; RFLP,
restriction fragment length polymorphisms; SBA, Southern blot analysis;
VNTR, variable number of tandem repeats

@® VCH Verlagsgesellschaft mbH, D-6940 Weinheim, 1991

2 Materials and methods
2.1 DNA isolation and restriction enzyme digestion

Genomic DNA was isolated from whole peripheral blood ac-
cording to standard procedures. Restriction enzyme digestion
of 5 ug of DNA was done for 1 hin a buffer reccommended by
the manufacturer (BRL).

2.2 Locus-specific VNTR probes and probe labelling

The locus-specific VNTR probe plambdaG3, detecting locus
D7S22,16] was akind gift of Dr. A.J. Jeffreys. This probe con-
tains an Sau3A/BamHI insert, schematically depicted in Fig.
1. The probe pYNH24, detecting locus D2S44 [ 7], was akind
gift of Dr. Y. Nakamura. Plasmids were radiolabeled by the
random prime labeling method.

2.3 Gel electrophoresis and hybridization analysis

For Southern blot analysis (SBA), restriction enzyme digests
were electrophoresedin 1 % agarose gelsin 1 X TAE (150 mm
Tris-acetic acid, 150 mM sodium acetate, | mm Na,EDTA)
and transferred to Gene-Screen (NEN Biolabs) by vacu-blot-
ting (LKB)in 0.4 N NaOH, 0.6 MNaClfor 45 min. Denaturing
gradient gel electrophoresis (DGGE) and electrotransfer to
Zetaprobe membranes (Bio-Rad) was performed as described
[5]. For parallel denaturing gradient gels a 30 cm wide version
of the gel apparatus was used. Hybridization analysis was per-
formed in glass tubes in a hybridization oven (GFL) at 65 °C.
Filters were prehybridized in 7 % sodium dodecyl sulfate
(SDS), 0.5 M sodium phosphate buffer and 1 mm Na,EDTA
for 30 min and hybridization was carried out overnight at
65 °C in the same solution. In order to suppress cross-hy-
bridization of the probes to other minisatellite loci and, in the
case of plambdaG3, to A/lul repetitive elements, hybridiza-
tion was performed in the presence of 100 pg/mL denatured,
sheared human genomic DNA. The filters were washed once
in 1% SDS, 100 mM sodium phosphate buffer for 2 min at
room temperature and once in 100 mM sodium phosphate buf-
fer for 45 min at 65 °C. The filters were rehybridized by strip-
ping at 65 °C in 50 % formamide, 0.5 x SSC (saline-sodium
citrate), 25 mM/mL heparine, 10 mM sodium phosphate buf-
fer,0.5 mMNa,EDTA and 0.5 % SDS for 30 min. Filters were
exposed to Kodak XAR film in cassettes with intensifying
screens for 2-48 h at -80 °C.

0173-0835/91/0101-0012 $3.50+.25/0
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3 Results
3.1 Melting map of the D7S22 minisatellite region

By using a computer algorithm [8], melting maps were con-
structed for a number of G +C-rich minisatellites. The melting
map of an allele of the D7S22 locus, detected by plambdaG3,
containing 14 repeat units (Fig. 1) shows that the minisatellite
region represents a high melting domain (HMD), whereas the
adjacent sequences are low melting domains (LMD). Of the
LMDs, the one 5’ to the minisatellite, between the A /ul repeat
and the simple sequence region, represents the lowest melting
domain. This domain isincluded in an Haelll restriction frag-
ment encompassing the minisatellite region. Therefore, it can
be assumed that this domain will determine the position of the
Haelll restriction fragment after DGGE, irrespective of the
size of the allele. HinfT sites are outside the sequence shownin
Fig. 1;therefore, it is unknown whether Hinfl fragments share
the 5’ lowest melting domain with Haelll fragments. For the
D2S44 locus, detected by pY NH24, no melting maps could be
constructed due to a lack of sequence information. However,
in addition to the plambdaG3 locus, several other G+C-rich
minisatellite sequences were found to represent HMDs. It can
therefore be predicted that, in general, G+C-rich minisatellite
alleles will migrate to the same position in a denaturing
gradient gel on the basis of their common flanking sequences,
which represent lower melting domains.

3.2 Parallel DGGE analysis

In order to experimentally test the theoretical predictions
made above, we analyzed genomic DNA, digested with the
most commonly used DNA-fingerprinting enzymes Hinfl

simple
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Figure I. Calculated melting map of the D7S22 VNTR locus detected by
plambdaG3. The sequence was taken from [6] with the minisatellite con-
sisting of 14 repeat units of 37 bp (the first five repeat units as published and
the following nine according to the consensus sequence with Y=T and
R=A). The schematically depicted sequence at the top is included in the
probe used for hybridization analysis.
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and Haelll. A total of 33 unrelated human individuals were
analyzed with respect to the electrophoretic behavior in dena-
turing gradient gels of minisatellite-containing fragments from
the two loci detected by plambdaG3 and pYNH24. For that
purpose genomic digests were separated by DGGE and elec-
trotransferred to a nylon membrane, which was subsequently
hybridized with the locus-specific probes.

In Fig. 2 results are shown for the Hinfl digests of genomic
DNA from several individuals hybridized with plambdaG3
and pYNH24. For both these polymorphic loci, alleles of dif-
ferent sizes were observed after neutral agarose gel electro-
phoresis and SBA of the individuals tested. After DGGE,
however, only a single hybridizing band could be observed at
38 % and 39 % denaturant concentration for plambdaG3 and
pYNH24, respectively. The position of this band was identical
for pYNH24 among the individuals, but varied slightly for
plambdaG3, within a 3 % denaturant concentration range.
When more narrow gradients were used (i.e. from 35-50 %
denaturants) it was possible to separate the alleles of this locus
by parallel DGGE (results not shown).

When human genomic Haelll digests were analyzed by
DGGE, we obtained more complex banding patterns. For
plambdaG3 (see Fig. 3) an intense band was observed in the
DGGE gel at 38 % denaturant concentration, which we infer
to be derived from the Haelll fragments containing the 5’
LMD plus the minisatellite sequence or a part thereof. The
allelic fragments containing the 5” domain (whichrangein size
from 2.5 kb to about 14 kb) comigrate except for 9 individuals
(15 %), whose short common allele (SCA, see [6]) is visible
as a sharp band at 42 % denaturant concentration (note
homozygous individual #31). This different electrophoretic
behavior might be due to a particular sequence difference in
the 5" LMD, which all SCAs have in common, in contrast to
the 5" LMD in larger alleles. The variations in gradient posi-
tion of the larger alleles detected in Haelll digests were also
observed in Hinfl digests, albeit within a more narrow
denaturant range (Fig. 2).

In Haelll digests of genomic DNA, probed with plambdaG3,
we observed more than two strong bands per lane after neutral
agarose gel electrophoresis and SBA in 12 out of 33 cases
(18 %). This indicates the presence of Haelll recognition sites
within the minisatellite region, a phenomenon which has been
observed previously for this locus [6, 9]. This was also
reflected by the presence of one or two hybridizing bands in the
DGGE gel at about 50 % denaturant concentration (Fig. 3).
These fragments most likely only contain the G +C-rich mini-
satellite sequences and no adjacent sequences. The presence of
internal melting domains in the minisatellite region (Fig. 1)
results in their position at higher denaturant concentrations in
the denaturing gradient gel. The slight variation in the posi-
tion of the bands, derived from internal fragments in the dena-
turing gradient, is independent of size and suggests differ-
ences in sequence composition of minisatellite repeat units.
We could discern only six variants, a—f, differing in their posi-
tion in the gradient (Fig. 3). The low frequency at which these
variants occur, together with the low incidence of internal
Haelll sites in the minisatellite region, indicate that the repeat
units of VNTR alleles from this locus have a relatively high
level of sequence homogeneity.

Neutral agarose gel electrophoresis and hybridization analy-
sis of Haelll-digested genomic DNA, probed with pYNH24,
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Figure 2. Hybridization analysis of the D7S22 and D2S44 loci, detected by plambdaG3 and pYNH24, respectively.in genomic DNA from 14 unrelatedin-
dividuals. Genomic DNA was digested with Hinfl and separated by neutral agarose gel electrophoresis (SBA) and by DGGE. Results for pY NH24 were
obtained by rehybridizing the filters used for the plambdaG3 hybridization. SCA, short common allele detected by plambdaG3 [6].

resulted in banding patterns which were almost identical to
those obtained after Hinfl digestion, albeit with a slightly
lower allele size (results not shown). After DGGE of the
Haelll digestions, however, we observed uninterpretable
banding patterns with pYNH24. One hybridizing fragment
was observed at a denaturant concentration which was iden-
tical among the individuals but, in addition, we also observed
two more fragments, at different and higher denaturant con-
centrations, in each individual (results not shown). In view of
the smaller allele size after Haelll digestion in comparison to
Hinfl digests, we infer this aberrant DGGE behavior to be due
to the loss of a stable LMD in pYNH24 Haelll alleles.

3.3 Two-dimensional electrophoretic analysis

In order to obtain information on the origin of restriction frag-
ments observed in parallel DGGE, we analyzed genomic
digests by two-dimensional electrophoresis. Figure 4 shows a
two-dimensional gel analysis of the plambdaG3 locus in

Haelll and Hinfl-digested genomic DNA from two unrelated
individuals. First the digests were separated according to size
in neutral polyacrylamide, after which the lanes were perpen-
dicularly applied to a denaturing gradient gel. As demon-
strated by one-dimensional parallel DGGE (Fig. 3), the short
common allele (0.8 kb) migrates to a slightly different gradi-
ents position than the Haelll fragments derived from the
much larger alleles (7.5 and 9.5 kb). Thetwoextra Haelll frag-
ments of 2.5 and 2.6 kb in individual #26 migrate further into
the gradient. As suggested by the data shown in Fig. 3, these
fragments most likely represent restriction fragments which
are generated as a consequence of two internal Haelll sites in
the minisatellite sequences of the large allele in this individual
(note that the two fragments appear as a single band of about
2.5 kb in Southern blot hybridization. This was confirmed by
using Hinfl to digest the same genomic DNA samples. In that
case only two spots could be observed under identical hybrid-
ization conditions. These spots correspond to the large and
small allele; no internal fragments were observed.
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Figure 3. Hybridization analysis of the D7S22 locus in genomic DNA from 33 unrelated individuals. Genomic DNA was digested with Haelll and
separated in neutral agarose gels (SBA) and in parallel DGGE. The letters a-findicate different variants of internal Haelll fragments of the locus (see Sec-

tion 3.2). SCA, short common allele detected by plambdaG3 [6].

4 Discussion

The results presented in this paper indicate that different size
alleles of a VNTR locus, which belongs to the G +C-rich set of
minisatellite sequences, can display similar electrophoretic
behavior in denaturing gradient gels. We observed such iso-
thermal electrophoretic behavior in DGGE gels for two such
VNTR loci, D7S22 - detected by plambdaG3, and D2S44 -
detected by pYNH24, in Hinfl digests of human genomic
DNA. For VNTR locus D7S22, we could demonstrate that
this size-independence is caused by the fact that alleles from
the locus share a relatively monomorphic sequence, repre-
senting an LMD which lies outside of the highly polymrohic
minisatellite. The position in the denaturing gradient gel of a
restriction fragment containing a minisatellite allele is deter-
mined by this LMD since the minisatellite sequence itself can
effectively function as a GC-clamp (an HMD) to form stable,
partially single-stranded/partially double-stranded molec-
ules. The slight deviations from this isothermal electrophore-
tic behavior of VNTR alleles are most likely due to sequence
differences in the LMD. Separation of sequences which vary
only by point mutations in their LMD can be expected to be
minimal when broad gradients (i.e. from 10-75 % denaturant
concentrations) are used.

The presence of internal restriction sites in the minisatellite
region of D7S22 generates fragments which migrate to a

higher denaturant concentration than the fragments contain-
ing the 5" and/or 3’ ends of the minisatellite. This feature of the
separation by DGGE allows for the discrimination of these in-
ternal fragments in a single digest and, therefore, todistinguish
between VNTR and restriction site polymorphisms. In this
respect, hybridization analysis of minisatellite lociresolved by
DGGE offers an alternative to neutral agarose gel electro-
phoresis, and to SBA of multiple restriction enzyme digests of
the same DNA sample, for the determination of allelic frag-
ments in Haelll digests for this locus [9].

The isothermal electrophoretic behavior in DGGE gels of
VNTR alleles may facilitate the identification of alleles in a
two-dimensional DNA fingerprint when a minisatellite core
probe is used [5] or when a pool of several locus-specific
VNTR probes is used. In that case, however, it is necessary to
use a restriction enzyme lacking recognition sites within the
minisatellite regions, detected by one or more given core- or
locus-probes. In addition, the enzyme should preserve the
LMD outside the minisatellite sequences detected. For both
the loci detected by plambdaG3 and pYNH24 there were no
internal HinfI recognition sites in the chromosomes of the 33
individuals we investigated, and isothermal DGGE behavior
of alleles of these loci was demonstrated using this enzyme.
Preliminary results obtained for other loci suggests that not all
minisatellites lack Hinfl recognition sites (see also [2]).
Therefore, several other enzymes or combinations of enzymes
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have to be tested in order to demonstrate the general ap-
plicabilitiy of sorting alleles of a minisatellite locus in denatur-
ing gradient gels.
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ABSTRACT

One- and two-dimensional DNA-fingerprinting was applied to monitor genome
stability of cultivated lymphoid cells. Heterogeneity among cells was assessed for
spontaneous variations by analysing sub-clones derived from the lymphoblastoid cell line
TK6 and T cell clones from normal human individuals. Using five different core probes,
each detecting several hundred micro- and/or minisatellite loci, more than 1200 non-
overlapping restriction fragments derived from loci dispersed over the human genome
could be analysed. In sub-clones from both the lymphoblastoid cell line TK6 and the
normal T cell clones, several spontaneous variations were detected. The results obtained
indicate that the system presented here can be used to study the induction of genomic

variation in unselected cells after treatment with genotoxic agents.

INTRODUCTION

The human genome is estimated to contain several thousand micro- and
minisatellite DNA sequences more or less evenly spread over the different chromosomes
(Jeffreys et al., 1985; Ali et al., 1986; Nakamura et al., 1987). Together these sequences
roughly comprise about 1 % of the total number of basepairs. It has been demonstrated
that a fraction of these sequences (the so-called Variable Number of Tandem Repeats or
VNTRs) represent a relatively "unstable" part of the human genome displaying both
somatic instability, such as in tumours (Thein et al., 1987; de Jong et al., 1988; Pakkala
et al., 1988; Lagoda et al., 1989; Niirnberg et al., 1991), and germ line instability
(Jeffreys et al., 1988; Niirnberg et al., 1989). The latter is considered to be responsible
for the extensive allelic variation of these sequences in the human population. Micro- and
minisatellite sequences can be found in non-coding regions as well as expressed DNA
sequences. Examples of recently discovered human microsatellite polymorphisms within
genes involve the expansion of particular trinucleotide motifs in the coding regions of the
genes for X-linked spinal and bulbar muscular atrophy (Kennedy’s disease; La Spada et
al., 1991), Fragile-X syndrome (Fu et al., 1991) and Myotonic Muscular Dystrophy
(MMD; Fu et al., 1992; Mahadevan et al., 1992).

By using so-called core probes for micro- and minisatellites in Southern blot
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hybridization analysis, genomic DNA-fingerprints can be generated (Jeffreys et al., 1985;
Ali et al., 1986). Each core probe generally detects DNA sequences derived from
hundreds of different loci, only few of which (the largest) can be resolved as restriction
fragments of 2-20 kb by one-dimensional DNA fingerprint analysis. By using 2-D DNA
fingerprinting, however, all but the largest DNA restriction fragments containing such
micro- and minisatellite sequences can be resolved (Uitterlinden et al., 1989 and 1991).
By employing these two DNA-typing techniques, the genome can be "scanned" for varia-
tions in micro- and minisatellite DNA sequences.

In the current study sub-clones from lymphoblastoid cells, i.e. the established cell
line TK6 and T cell clones derived from a normal individual were analysed, to monitor
genome stability in cultured cells. A number of spontaneous variations were detected
indicating that the method is sensitive for the detection of molecular changes in the
genome of unselected cells. The results obtained suggest the possible future application of
one- and two-dimensional DNA-typing for the measurement of mutation rates in cloned

human cells after treatment with genotoxic agents.

MATERIAL AND METHODS

Cells and culture conditions

T Cells were obtained from normal donors and from the established
lymphoblastoid cell line TK6. Cell culture was essentially as described previously (Tates
et al., 1991). In brief, lymphocytes, isolated from whole blood with Ficoll density
centrifugation, were plated at a density of 2.10° cells/ml in RPMI 1640 plus supplements
to start initial growth (Tates et al, 1991). After 44 h of incubation at 37 °C and 5-6%
CO,, lymphocytes were plated for sub-cloning in 96-well microtiter plates at 2 cells/well
in non-selective medium (200 ul/well; Tates et al., 1991). In addition, 6-thioguanine (6-
TG) resistant cells were selected by plating 2.10* cells/well in selection medium
containing 2.5 ug/ml 6-TG. During culturing each well also contained 1.10* irradiated (40
Gy) TK6 lymphoblastoid cells as feeder cells. After 12 to 14 days the wells were scored
for colony growth using an inverted microscope. Stock cultures of the established human
lymphoblastoid TK6 cell line were grown in RPMI 1640 + 10% calf serum. Cloning of
TK6 cells was performed according to the method of Furth et al. (1981). Each well
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contained 200 ul RPMI medium + 10% calf serum. After seeding, the cells were allowed

to grow in the microtiter plates for 7 days at 37 °C.

DNA isolation and restriction enzyme digestion
For isolation of genomic DNA, cells were harvested, washed with phosphate-

buffered saline (PBS) and lysed in 10 mM Tris-HCI, pH 8.2, 400 mM NaCl, 2 mM
Na,EDTA, 1 % SDS and 100 pug/ml proteinase K (Merck) for 20 h at room temperature.
Subsequently, the DNA was extracted by adding an equal volume of a phenol-chloroform
(1:1) mixture. Thereafter, the water layer containing the DNA was twice extracted with a
chloroform-isoamylalcohol (24:1) mixture. Finally, 2 M Na-acetate, pH 5.5 (0.1 volume)
was added to the remaining water-phase and the DNA was precipitated at room
temperature after adding an equal volume of isopropanol. The precipitated DNA was
dissolved in 10 mM Tris-HCl, pH 8.0 to a concentration of 1 ug/ul. Digestion of the
DNA with the restriction endonuclease Hae III (Pharmacia) was performed under

conditions recommended by the manufacturer.

Electrophoretic separation
In one-dimensional DNA fingerprinting, agarose gel electrophoresis of 7 ug of

DNA restriction fragments was performed in a horizontal 1% gel in 1 x TAE (40 mM
Tris-HC1 pH 7.4 / 20 mM Na-acetate/1 mM Na,EDTA) at 65 V for 22 h. Marker
fragments (500 ng of the "1-kb ladder" [Gibco-BRL]) were included for pattern
comparison. Alternatively, one-dimensional DNA fingerprints were prepared by
electrophoresis in 1 % gels in 1 x TBE (89 mM Tris-borate, pH 8.0; 89 mM boric acid;
2 mM Na,EDTA) at 65 V for 44 h. Gels were stained for 15 min in a solution containing
ethidium bromide (EtdBr) at 0.1 pg/ml followed by destaining in water for at least 30
min. In two-dimensional DNA fingerprinting (Uitterlinden et al., 1989, 1991), first size-
separation of 10 ug of DNA restriction fragments was performed in a 1 mm thick neutral
6% polyacrylamide gel (acrylamide/bisacrylamide, 37:1) for 2.5 h at 200 V in a vertical
gel apparatus completely surrounded by vigourously stirred 1 x TAE buffer kept at 50
°C. The separation patterns were visualized by staining the gel with EtdBr (0.1 pg/ml)
for 10 min followed by destaining for at least 30 min. For the second dimension

separation the 0.54 to 10 kbp region of the size-separated DNA fragments was cut out of
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the 1-D gel and applied horizontally on top of a 6% poly-acrylamide gel, containing a 10-
75% linear gradient concentration of denaturant (100% denaturant = 7.0 M urea and
40% formamide) parallel to the direction of electrophoresis. Gels were poured by mixing
two solutions, containing the desired boundary denaturant concentrations, in a linear gra-
dient maker using a peristaltic pump. For separation in the second dimension a gel
apparatus wider than the one used in the first dimension was used (Uitterlinden et al.,
1991b). After electrophoresis for 14 h at 200 V and 60 °C, the gel was stained with
EtdBr as described above.

Blotting of electrophoretic separation patterns
DNA fragments were capillary transferred from one-dimensional agarose gels to a

nylon membrane (ZetaProbe, BioRad; Hybond N plus, Amersham) in 0.4 N NaOH / 0.6
N NaCl for 12 h. After transfer the nylon membrane was rinsed in 2 x SSC (1 x SSC =
150 mM NaCl /15 mM Na-citrate) air-dried, baked for 1 h at 80°C and irradiated with
254 nm UV light for 1 min. For two-dimensional gels, DNA fragments were, after
staining and destaining, fragmented by irradiating the gel with 302 nm UV light for 4
min. Before transfer the gel was boiled for 5 min in 1 x TBE in order to denature the
DNA and subsequently allowed to cool in the same buffer at room temperature. Transfer
of DNA to the nylon membrane was performed by semi-dry electroblotting at 400 mA (7-
30 V) between horizontal graphite plates. Electrophoresis was carried out for 1-2 h
between 12 Whatman 3MM paper sheets which were soaked in 1 x TBE. After transfer
the filter was rinsed in 2 x SSC, air-dried, baked for 1-2 h at 80°C and irradiated with
254 nm UV light for 1 min. Membranes were marked with fluorescent dye to aid in

comparing rehybridization patterns obtained from the same membrane.

Probe preparation and labelling
The following core probes were used for preparation of one- and two-dimensional

DNA fingerprints of the cloned human T cells (see also Uitterlinden et al., 1991a):
minisatellite core probes 33.15, 33.6, and microsatellite core probes (CAC),, (TCC),, and
(AGC),. The core probes used in this study were prepared as described previously
(Uitterlinden et al., 1989 and 1991a and b). The ligation products (25 ng) were a->’P
dCTP-labelled either by the random primed oligolabelling method (BRL) or by self-
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priming after boiling for 5 min and re-annealing at 37 °C in the presence of 1 unit
Klenow enzyme (Pharmacia), 2 mM dNTP, 50 mM Tris-HCI pH 7.2 and 10 mM MgCl,.
Marker fragments (25 ng of the 1 kb ladder or lambda DNA) were also «-*’P dCTP-
labelled using the random primed oligolabelling method.

Hybridization analysis and pattern interpretation
Pre-hybridization of the filters was performed in 500 mM phosphate buffer pH

7.2, 1 mM Na,EDTA and 7 % SDS for 2 h at 65°C. After addition of the denatured
probe at a concentration of 1.10° cpm/ml, the hybridization was carried out for 12 h at
65°C. The filter was washed two times for 5 min at room temperature and two times for
30 min at 65°C in 2.5 x SSC and 0.1 % SDS. Autoradiography was performed for 12-48
h at -80°C using fine intensifying screen and XAR-5 film (Kodak). Rehybridization of
membranes was performed after first removing the hybridized radioactive probe by
placing the membrane in boiling 0.1 x SSC, 0.1% SDS, letting the solution cool down to
room temperature for 30 min and rinsing the membrane in 2.5 x SSC. Membranes were
checked for residual radioactivity by inspection with a monitor (Berthold type LB 122;
Wildbad, Germany). If more than the background signal (> 30 cps) was measured the
stripping procedure was repeated until no residual activity could be measured. Band- and
spot-patterns of the one- and two-dimensional DNA typing gels were analysed by eye by
at least two persons. For determining overlap in one-dimensional patterns, the 1-kb ladder
in the Etbr stained gel separation pattern was compared to the 1 kb ladder hybridization
pattern, and the fluorescent marker points on the membrane were used to align the two
hybridization patterns. Overlap was concluded if a band occurred at the same position in
the gel in the two hybridization patterns. For 2-D patterns, grids (dividing the 2-D gel

pattern in 16 equal parts) were made on transparent overlays to ease scoring of spots.

RESULTS

Number of fragments analysed
The frequency of changes as observed by the DNA fingerprinting approach was

expressed as the number of variant 1-D bands and 2-D spots detected among clones

versus the total number of alleles detected in all clones together. It was assumed that each
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band/spot is corresponding to one allele of a micro- or minisatellite locus. Mutation
frequencies were then expressed as the number of variant alleles (mutants) per total
number of alleles analysed in all clones together. Table 1 lists the number of fragments
detected by core probes 33.15, 33.6, (CAC),, (TCC),, and (AGC), in cells derived from
a human individual (GK) after one- and two-dimensional DNA fingerprinting. Examples
of the hybridization patterns obtained with the different core probes used are shown in
Figure 1. The number of fragments detected in one-dimensional DNA fingerprint analysis
varied between 14 and 27, while the two-dimensional analysis allowed between 175 and
390 fragments to be analysed per core probe. The total number of fragments detected by
2-D analysis was over 1600 with 5 core probes (Table 1). When a correction is made for
position overlap in the spot pattern of hybridizing restriction fragments, the total number
of fragments is lower, i.e. 1260 (see Table 1). More overlap among core probes was
detected in one-dimensional analysis (11-54 %) than in two-dimensional analysis (3-22
%), which is most likely due to the higher resolution of two-dimensional gels. When all
five core probes were taken into consideration, 49 % ([113-58]/113 x 100 %) of the
bands in the 1-D analysis were detected by more than one core probe. This decreases the
number of loci screened. For 2-D analysis this percentage was only 24 % ([1660-
1260]/1660 x 100 %).

Spontaneous variations
The background mutation frequency observed in one-dimensional analysis was

measured by comparing clonally expanded T cells from individual FF and from the
established cell line TK6. In total 12 clones were analysed from individual FF and 34
from the TK6 cell line using three different core probes (Table 2). In the T cell clones
from individual FF one mutant 33.6 allele of 11.5 kb was detected in a single clone,
among a total of 440 alleles analysed. In several clones of the TK6 cell line identical
mutant alleles were observed. Rather than representing independent mutation events, these
are likely to be derived from subpopulations of cells. Three subpopulations could be
discerned (Figure 2). The normal population constituted 76 % of the total number of cells
while 15 % lacked a 33.15 allele of 2.9 kb and 9 % had an extra mutant 4.7 kb (AGC),
allele. Thus, in total 2 mutations had occurred in 1870 alleles analysed.
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TABLE 1

A. Percentage of overlapping bands detected in 1-D analysis of Hae III digested
genomic DNA from individual GK using different core probes. In brackets the

absolute number of overlapping bands detected by two core probes is given.

PROBES | (AGC), | (TCC), |(CAC), |33.6 33.15 TOTAL
BANDS
(AGC), | 100 29 (4) 21 3) 43 (6) 21 3) 14
(TCC), |20 @) 100 25 (5) 45 (9) 25 (5) 20
(CAC), |11 (3 19 (5) 100 4111|5204 |27
33.6 23 (6) 35 9) 42711 | 100 39 (10) |26
33.15 12 3) 19 (5) 54 (14) [3910) | 100 26
TOTAL 584

Corrected for overlap among the different core probes

B. Percentage of overlapping spots detected in 2-D analysis of Hae III digested
genomic DNA from individual GK using different core probes. In brackets the

absolute number of overlapping bands detected by two core probes is given.

PROBES | (AGC), |(rco), |(cac), |33.6 33.15 TOTAL
# OF
SPOTS
(AGC), | 100 A A 39) A 175
(Tco), |- 100 9 (36) 2168) |13(50) |375
(CAC), |-+ 10 36) | 100 15@48) | 11@2) |39
33.6 5 9) 1868 |12¢48 |100 19 (73) | 325
33.15 A 1360) |11@2) |22@3) |100 390
TOTAL 1260®
A Not determined
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TABLE 2 Background mutation frequency of one-dimensional DNA fingerprints*

PROBE FF TK6
33.15 0/290 4/850°

33.6 1/260 0/884

(AGC), . 3/612°

TOTAL 1/550 2/2346°
TOTAL® 1/440 (0.23%) 2/1870 (0.11%)

The mutation frequency is estimated from the number of mutant alleles detected in 1-D analysis of
separate, clonally expanded T cells from individual FF (12 clones) and established lymphoblastoid cell
line TK6 (34 clones from two independent cloning experiments).

B five identical 33.15 mutant fragments were detected indicating the presence of two subpopulations.
Three identical mutant (AGC)n fragments were detected which were not overlapping with the
subpopulations defined by the 33.15 mutant allele. This indicates the presence of three subpopulations
of clones A (the 33.15 mutant allele) constituting 15% of the number of clones analysed, B (the
(AGC)n mutant allele, constituting 9% of the total number of clones analysed, and the "wild type",
constituting 76 % of the total number of clones analysed

€ Total number of non-overlapping fragments

DISCUSSION

In this present paper we describe an approach to measure DNA mutations by the
direct and simultaneous analysis of hundreds of micro- and minisatellite loci by using core
probes in one- and two-dimensional DNA-typing of clonally expanded cells. To evaluate
the usefulness of this approach a strategy was chosen whereby lymphocyte populations
were cloned and subsequently compared.

The results indicate that by a combination of one- and two-dimensional DNA-
typing, a considerable number of alleles can be analyzed in a single DNA sample. Using
only 5 core probes more than 1200 restriction fragments are analysed from an estimated
number of 900 loci (assuming at least 25% variant fragments among the total number of
fragments detected; Uitterlinden et al., 1989, 1991a). This number can be increased even
further by using additional core probes (Uitterlinden et al., 1991a), depending on the

overlap among different core probes detecting different loci. We observed less overlap
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Figure 1 (A) One-dimensional DNA fingerprints of human T cell clones derived from
individual GK obtained using core probes 33.15, 33.6, (CAC),, (AGC), and
(TCC), obtained by rehybridization of a single membrane containing the

electrophoretic separation patterns.

in 2-D analysis than in 1-D analysis, which is most likely due to the higher resolution of
the 2-D system. Overlap can be the result of fortuitous co-migration of 2 or more
different restriction fragments, but in view of the high resolving power of this 2-D
electrophoretic system it is more likely to be the result of cross-hybridization of core
probes to alleles of a single micro- and/or minisatellite locus.

The possibility to detect random genomic variations by this approach is
demonstrated by the detection of three subpopulations of cells in the TK6 lymphoblastoid
cell-line, characterized by particular mutant micro- or minisatellite fragments. The
presence of these mutations can be explained by the relatively high spontaneous mutation

frequency of some minisatellite loci, especially the ones which have long alleles
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Figure 1 (continued) (B) Two-dimensional DNA fingerprints of human T cell clones derived from individual GK using core probes

33.15, 33.6, (CAC),, and (TCC), obtained by rehybridization of a single membrane containing the
electrophoretic separation pattern.



kb
115~

b ..

kb

=
TK6-(AGC)n

Figure 2 Spontaneous mutant alleles found by one-dimensional DNA fingerprint
analysis of T cell clones (FF) and TK6 sub clones. A represents a mutant
33.6 allele found in a T cell subclone from individual FF and B shows
mutant 33.15 and (AGC), alleles found in TK6 sub clones. The two latter
mutant alleles were detected in both TAE and TBE agarose gels (see also
Table 2).

(Jeffreys et al., 1988). The micro- and minisatellite type of DNA sequences detected by
core probes in fact comprises an array of different loci with respect to variability and
spontaneous mutation frequencies (Nakamura et al., 1987; Jeffreys et al., 1985, 1988).
This might be the result of differences in sequence composition of the repeat unit of
which a locus is composed, the length of alleles of the locus, the location in coding vs.
non-coding regions in the genome, and the location on the chromosomes (e.g. sub-
telomeric vs. interstitial). Some loci (the non-VNTR loci) are known to be almost
completely "silent" and have a mutation frequency very close or identical to that of other
DNA sequences (i.e. 1.10°%; Jeffreys et al., 1988; Niirnberg et al., 1989). Other loci (the
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VNTR loci) are known to be mutable within a very broad range of mutation frequencies
but sometimes to an extreme extent. For example, the human VNTR locus detected by
probe pMS 1 (D1S8) is known from pedigree studies to have a (meiotic) mutation
frequency of 1/20, meaning that 5% of the gametes of an individual have a mutated allele
at this locus (Wong et al., 1987; Jeffreys et al., 1988).

In comparison to other tests for genotoxicity such as the HPRT test (Tates et al.,
1991), the approach described here has the particular advantages that genomic DNA is
directly analysed at a large number of loci for sequence variation in unselected cells.
Assuming the spontaneous mutation frequency of the micro- and minisatellite loci to be on
average much higher (i.e. 1.10%) than that of e.g. the HPRT gene, concomitantly less loci
would have to be screened to detect induction of sequence changes above this level. In an
HPRT test 10 million T cell clones must be screened to detect 10 mutants (Tates et al.,
1991) equaling the analysis of 10 million times 1 kb of coding sequence (=1.10" bp) for
mutations. In the (1-D and 2-D) DNA typing test using five core probes a single clone is
analysed for 1,200 fragments of, on average, 1,000 bp equalling approximately 1.2.10°
bp analysed (1 core probe equals approximately 250,000 bp analysed). This would mean
that the sensitivity of the 1-D and 2-D DNA typing method has to increase to reach a
sensitivity that equals that of the HPRT test, assuming equal spontaneous mutation
frequencies of the HPRT locus and the micro- and minisatellite loci for mutation. It can
be argued (see above) that the latter is not the case so if we assume the average
spontaneous mutation frequency of micro- and minisatellites to be 1.10%, i.e. 100 times
greater than that of the HPRT gene, 100 times less bp would have to be analysed, i.e.
1.10" bp, to detect induction above background levels of spontaneous mutations.
Compared with the 1,200,000 bp obtained in this study for the analysis of a single clone
with five core probes, this can be accomplished by analysing a single clone using
approximately 25 core probes (assuming each core probe detects approximately 250 non-
overlapping fragments of on average 1,000 bp), or by analysing 10 clones with five core
probes.

The spectrum of mutations that can be detected by the 2-D DNA fingerprinting
method includes size changes, deletions but also 40 % of all possible point mutations in
the flanking sequence of the micro- and/or minisatellite region (Uitterlinden and Vijg,

1991). In this respect, the 2-D DNA typing approach as described here represents a
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powerful tool to perform genome scanning studies of somatic DNA sequence variation. It
can be applied in mutation studies as is proposed here or in studies of genome variation

during aging (Slagboom et al., 1991) and tumorigenesis (Hovig et al., in press).
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SUMMARY

The phenotype of an organism is ultimately encoded in the nucleus of each cell by
the sequence of basepairs in the set of DNA molecules that constitute the genome of each
species. This information infrequently undergoes changes ("mutations") due to physical or
chemical damage which can distort the metabolism of the cell. When occurring in somatic
cells mutations can give rise to diseases such as cancer and other age-related deteriorati-
ons. When occurring in germ cells they can lead to hereditary disorders. At a larger time
scale mutations are fundamental to the evolution of species. To gain a better insight in
these processes it is important to be able to measure variations in the DNA sequence. The
comparison of DNA sequences can also reveal the underlying molecular causes of genetic
disorders including cancer.

This thesis describes a method, two-dimensional (2-D) DNA typing, to analyse the
genome of higher organisms including humans for sequence variation at many sites
simultaneously. Untill recently, the existing techniques could only measure such variation
at very few sites in the genome simultaneously and such genome scanning studies were
therefore time-consuming. 2-D DNA Typing allows to scan the genome at hundreds of
sites in parallel and requires only little manipulation of the DNA. This facilitates
particular studies such as genetic linkage analysis with DNA markers and analysing
tumors for genome alterations.

2-D DNA Typing is based on separation of short DNA fragments in a two-
dimensional electrophoretic system. The first dimension separation is by size of fragments
while the second dimension encompasses denaturing gradient gel electrophoresis (DGGE)
in a polyacrylamide gel containing a linear gradient of denaturants. DGGE is based on the
decreased electrophoretic mobility of partially single-stranded DNA fragments. Such
molecules are formed during electrophoresis in DGGE gels due to the presence of
denaturants which cause the molecule to "melt". Melting of DNA molecules is dictated by
the basepair sequence and allows to discriminate molecules with subtle sequence differen-
ces but of a similar size. Addendum 1 describes DGGE and its application to detect a
point mutation in the human cHa-rasl proto-oncogene. Optimal separation of sequence

variants in DGGE is only achieved if the molecules become partially single stranded
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while maintaining regions where the molecule is double stranded. Such regions are
ususally GC-rich and function as a "clamp"”.

Addendum 2 describes the 2-D DNA typing of human genomic DNA using
probes for repetitive elements that occur dispersed through the genome. This allows to
analyse the genome at hundreds of sites simultaneously. To achieve this, human genomic
DNA is digested with the restriction enzyme Hae III and separated by 2-D electrophore-
sis. After transferring the separation pattern to a nylon membrane, hybridization analysis
using micro- or minisatellite core probes is performed. These probes detect repetitive
elements thousands of which occcur in the genomes of many species and which also
display a high degree of variability in the population (polymorphism). Using these probes
spot patterns can be generated consisting of up to 600 spots depending on which probe is
applied. A considerable part of the spots (25%) is variant among individuals and in a
pedigree study the transmission of 150 spot variants could be followed. The observed
Mendelian transmission of spot variants indicates that these spots are derived from
independently segregating loci and thus that 2-D DNA typing can be applied in genetic
studies.

In general, micro- and minisatellites are characterized by their GC-richness. This
feature makes these sequences to function as a clamp in the restriction fragments in which
they are present en thereby ensure an optimal melting behaviour in the second dimension
separation of 2-D DNA typing. This is demonstrated in Addendum 3 by the DGGE and
2-D analysis of two highly polymorphic variable number of tandem repeat (VNTR) loci in
human DNA. Alleles with these loci differ greatly in length but upon separation by
DGGE, all alleles migrate to a single, locus-specific position in the DGGE gel. This is
corroborated by computersimulation of the melting behaviour of a VNTR allele which
shows that the minisatellite repeat unit sequences function as a clamp. This means that
after 2-D analysis two alleles of the same locus but which differ greatly in length will
migrate to the same position in the denaturing gradient: the isotherm.

Many different core probes have been described which can each detect many
different GC-rich micro- and/or minisatellites. Such probes are therefore very suitable to
screen hundreds of VNTR loci in many different species by 2-D DNA typing. Addendum
4 describes a potential application of 2-D DNA typing in the mutational analysis of
human cells. 2-D DNA typing of clonally expanded cells exposed to genotoxic agents can
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detect possible alterations in the genome caused by the induction of damage in the DNA.
The analysis of unselected cells at many different loci in the genome is an important
advantage in this respect in comparison with other mutation analysis systems. The
sequences detected by the core probes comprise an array of loci with different spontane-
ous mutation frequencies. This allows a better assessment of the genetic damage after
exposure to genotoxic agents.

The most important applications of 2-D DNA typing using core probes are in the
field of "genome-scanning: the detection of unknown changes and the measurement of
many polymorphic sites in the genome. Examples include mutational analysis and the
search for genome alterations which might occur during tumorigenesis and aging of cells.
The measurement of many polymorphic sites is key in genetic linkage analysis. Here the
location of disease genes is determined by the analysis of genetic markers in pedigrees
segregating for a genetic disease. 2-D DNA typing is also very suitable for the analysis of
multifactorial traits, including some of the most common human diseases such as heart
disease. In concert with the development of automated gel electrophoresis equipment and
image analysis software, the high "genome-scanning" efficiency of 2-D DNA typing is
likely to result in the rapid isolation of markers for genetic traits including diseases with

genetic components.
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SAMENVATTING

De volgorde van baseparen in het geheel van DNA moleculen in de kern van
iedere cel (het genoom) is de basis van de verschijningsvorm van ieder organisme. Door
chemische en fysische interacties kunnen er soms veranderingen (mutaties) optreden in
deze volgorde waardoor een cel anders kan gaan functioneren. Als mutaties in de
lichaamscellen optreden kan dit aanleiding zijn tot ziektes zoals kanker en wellicht ook tot
veroudering. Treden dergelijke veranderingen op in de voortplantingsscellen, dan kunnen
er erfelijke afwijkingen ontstaan. Op de lange termijn ligt het optreden van mutaties zelfs
ten grondslag aan de evolutie van soorten. Om een beter inzicht in dergelijke processen te
kunnen krijgen is het dus van belang veranderingen in de basepaarvolgorde van het DNA
te kunnen waarnemen. Tevens kan het vergelijken van de basepaarvolgorde tussen
individuen een beter inzicht verschaffen in de onderliggende oorzaken van erfelijke
ziekten, inclusief kanker.

Dit proefschrift beschrijft een methode, twee-dimensionale (2-D) DNA typering,
om het genoom van hogere organismen inclusief de mens op vele plaatsen tegelijkertijd te
analyseren op het voorkomen van individuele variatie in de basepaarvolgorde. Voorheen
kon met de bestaande technieken DNA sequentievariatie slechts op een beperkt aantal
plaatsen in het genoom worden vastgesteld. Studies waarbij het genoom moet worden
afgezocht op het voorkomen van dergelijke variaties (genoom-"scanning" studies) zijn dan
ook tijdrovend. Met 2-D DNA typering kan het genoom op honderden plaatsen tegelijker-
tijd worden onderzocht op variatie, na slechts een klein aantal bewerkingen aan het DNA.
Hierdoor kunnen een aantal studies sterk versneld worden zoals het aantonen van
genetische koppeling met behulp van DNA merkers en het analyseren van tumoren op het
voorkomen van veranderingen in het genoom.

2-D DNA Typering is gebaseerd op het scheiden van korte DNA fragmenten in
een twee-dimensionaal electroforese systeem. De eerste dimensie bestaat uit een scheiding
op grootte van DNA fragmenten. De tweede dimensie bestaat uit Denaturerende Gradiént
Gel Electroforese (DGGE): electroforese in een polyacrylamide gel waarin zich een
lineaire gradiént bevindt van denaturantia. DGGE is gebaseerd op de sterk verminderde

electroforetische mobiliteit van een DNA fragment zodra een gedeelte van het molecuul
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enkelstrengs is geworden. Dit gebeurt tijdens de electroforese van het fragment in de
DGGE gel ten gevolge van de denaturantia die het DNA doen "uitsmelten". Het uitsmel-
ten van DNA is sterk afhankelijk van de basepaarvolgorde van de fragmenten en DGGE
is in staat zeer kleine verschillen aan te tonen tussen fragmenten van dezelfde grootte
maar van een verschillende basepaarcompositiec. Addendum 1 beschrijft DGGE en haar
toepassing om een puntmutatie in het menselijk cHa-rasl proto-oncogen aan te tonen.
Hieruit blijkt onder andere dat optimale scheiding met behulp van DGGE slechts wordt
bereikt indien het DNA molecuul gedeelrelijk enkelstrengs wordt en de twee strengen
plaatselijk nog aan elkaar zijn verbonden. Zo’n plaats is doorgaans GC-rijk en fungeert
door de sterke baseparing van GC'’s als een soort klem ("clamp").

In Addendum 2 wordt de 2-D DNA typering beschreven van menselijk DNA. Het
gebruik van probes voor repeterende elementen die verspreid door het genoom voorkomen
maakt het mogelijk honderden plaatsen tegelijkertijd te analyseren. Hiertoe wordt het 2-D
scheidingspatroon van menselijk DNA geknipt met het restrictie-enzym Hae III wordt
overgedragen op een nylon membraan en onderworpen aan hybridisatieanalyse met probes
voor micro- of minisatellieten. Deze repeterende elementen komen bij duizenden
verspreid door het genoom van zeer veel species voor en vertonen een hoge mate van
variabiliteit (polymorfisme) in de populatie. In 2-D DNA typering resulteert het gebruik
van deze probes in een spotpatroon dat per individu uit ongeveer 600 spots bestaat
afhankelijk van welke probe gebruikt wordt. Een aanzienlijk deel (25%) van de spots is
variant tussen individuen en in een familiestudie werd de transmissie van 150 spotvarian-
ten van ouders op kind aangetoond. De waargenomen Mendeliaanse transmissie van de
spotvarianten duidt erop dat de spots afkomstig zijn van onafhankelijk overervende loci en
dus dat 2-D DNA typering gebruikt kan worden om genetische studies te doen.

Micro- en minisatellieten worden in het algemeen gekenmerkt door een bijzonder
hoog gehalte aan GC-baseparen. Deze karakteristiek zorgt ervoor dat juist de micro- en
minisatellieten als "clamp" fungeren in de betreffende restrictiefragmenten en deze dus
een optimaal uitsmeltgedrag vertonen in de tweede dimensie scheiding van de 2-D DNA
typering. Dit wordt in Addendum 3 gedemonstreerd aan de hand van DGGE en 2-D
analyse van twee zeer polymorfe Variable Number of Tandem Repeat (VNTR) loci in
menselijk DNA. Allelen van deze loci vertonen grote verschillen in lengte door het

VNTR polymorfisme. Na DGGE analyse echter komen alle allelen op een voor het locus
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specifieke plaats in de denaturerende gradiént terecht. Uit computersimulatie van het
uitsmeltgedrag van een VNTR allel blijkt dat dit te wijten is aan de GC-rijke repeterende
eenheden van de minisatelliet die als "clamp" fungeren. Na 2-D analyse zullen de twee
allelen van een locus van een individu zich op eenzelfde lijn in een denaturerende gradiént
bevinden: de isotherm.

Er zijn verschillende sets van GC-rijke micro- en minisatellieten beschreven die
ieder met een andere core probe kunnen worden aangetoond. Dergelijke probes zijn dus
uitstekend te gebruiken in 2-D DNA typering om tegelijkertijd honderden VNTR loci in
het genoom van een groot aantal species te analyseren. In Addendum 4 wordt een
potenti€le toepassing beschreven van 2-D DNA typering met een aantal van dergelijke
core probes in mutatie-analyse van menselijke cellen. Na klonale uitgroei van gekweekte
cellen die aan genotoxische agentia zijn blootgesteld kan 2-D DNA typering mogelijke
veranderingen in het genoom aantonen die zijn ontstaan na inductie van schade in het
DNA. Een belangrijk voordeel van een dergelijke mutatie-analyse is dat, in tegenstelling
tot andere mutatie-analysesystemen, niet-geselecteerde cellen worden geanalyseerd op
veranderingen op een groot aantal loci in het genoom. De geanalyseerde loci worden
gekenmerkt door een spectrum aan spontane mutatiefrequenties zodat een beter inzicht
kan worden verkregen in de genetische schade na blootstelling aan genotoxische agentia.

De belangrijkste toepassingen van 2-D DNA typering met core probes liggen op
het gebied van genoom-"scanning": het opsporen van onbekende veranderingen en het
doormeten van veel polymorfismen in het genoom. Voorbeelden hiervan zijn de eerder
genoemde mutatie-analyse en het opsporen van veranderingen zoals die tijdens tumorgene-
se en veroudering van cellen kunnen optreden. Het doormeten van veel polymorfismen is
van groot belang in genetische koppelingstudies om ziektegene te isoleren. Door de
analyse van genetische merkers in stambomen waarin een genetische ziekte optreedt wordt
de plaats bepaald waar zich het ziektegen moet bevinden. 2-D DNA typering is tevens bij
uitstek geschikt voor de analyse van multifactoriéle ziekten waaronder enkele van de
meest voorkomende ziektes bij de mens zoals hart- en vaatziekten. Tezamen met de
toepassing van geautomatiseerde gelelectroforeseapparatuur en beeldanalyse-software, zal
de grote genoom-"scanning" efficiéntie van 2-D DNA typering leiden tot een versnelling
in het isoleren van merkers voor genetische eigenschappen waaronder ziektes met erfelijke

componenten.
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