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Summary.

Triplet repeats are simple tandem repeats with a basic
unit of three nucleotides. The CTG/CAG class, which is over-
represented in higher eukaryote genomes, occurs in a number of
regulatory genes, often encoding poly-glutamine. More recently,
expansion of CAG/CTG triplet repeats in certain human genes has
become associated with certain diseases, leading either to loss of
function (as the case may be with CTG in Myotonic Dystrophy) or
gain of function (CAG encoding glutamine stretches in SCAI,
Huntington's disease, Kennedy's Disease). Since the mouse is the
best mammalian organism in which to study the biology of
triplet repeats and the genes in which they occur, a set of mouse
cDNAs containing triplet repeats was isolated and partially
characterised.

To this end, DNA sequencing was performed to identify
the trinucleotide repeats. Sequences flanking the trinucleotide
repeat were used to identify genes which show similarity or
identity to previously characterised genes. This was used to
compare the lengths of the trinucleotide repeats found in the
mouse clones described in this work with those found in
(previously characterised) genes which have trinucleotide
repeats at identical positions.

To identify clones which showed changes to mRNA
abundance during development and adult tissue, reverse dot-
blot analysis was performed on a subset of cDNA clones derived
from the 8.5 and 12.5 dpc whole mouse embryo cDNA libraries.

Finally, four clones (two high and two low RNA
abundance) were selected for further molecular analysis. Of

these four clones, the two which exhibited high levels of RNA in



the reverse dot blot experiments, showed a more complex
expression pattern in northern analysis and all four clones
appear to derive from single copy (per haploid genome) genes.

In conclusion, this work has indicated that mouse genes
contained similarly sized trinucleotide repeats compared to those
found in human genes; that these repeats are possibly conserved
between distantly related species and this may be related to the
proper function of the genes. A third of those genes (which were
analysed for the existence of RNA derived from the parental
gene) displayed detectable amounts of expression and most
showed wvariations in the RNA abundance either at different
stages during development or in different adult tissues. Most of
those were derived from unknown genes. This indicates that
there may be many novel genes containing CAG/CTG
trinucleotide in the mouse which may be identified in the future
for further characterisation during developmental and organ
specific analysis.

One clone (MCTG 63), although not novel, contains the
largest perfect CAG/CTG triplet repeat found in this work. The
~repeat may be transcribed as CTG in the coding strand of this
gene. This situation is analogous to the CTG triplet repeat which
has a role in myotonic dystrophy (found in the 3’UTR of the

DMPK gene). This clone is worth further analysis for this reason.
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Chapter 1

General Introduction



1.1 Introduction.

One of the aims of today's research is to understand how the
various parts of an organism function and how they interact
together. This has been true from early modern biology where
scientists first described phenomena visually and later with the aid
of the microscope. As more elaborate and powerful equipment and
techniques have been invented, the rate of accumulation of
information and the resolution of the mechanisms has increased
rapidly.

Molecular biology techniques have been used with great effect
in understanding biological systems. For instance, the polymerase
chain reaction (PCR) has been applied to the identification of the
whole gene content of certain organisms including man and mouse.
For example, i1t has been used in the mapping of genes on to
physical and genetical maps (Love ¢t al, 1990) and the identification
of gene sequence using a modified version (i.e. cycle sequencing
using fluorescent dye-terminators as described by Perkin-Elmer;
Trower et al, 1995) of the DNA dideoxy sequencing protocol (Sanger
et al, 1978). The second example here highlights another point, that
these methods can always be improved.

Mammalian systems are relatively under-characterised as
concerning developmental processes. Most work has been done in
other organisms, particularly, the fruit fly Drosophila, in which it
has been easier to dissect development. As a result of this, many
mammalian developmental genes have been identified by their
homology to Drosophila genes. However, this assumes that genes

that are used in development, are common to all organisms. This



Figure 1.1

Whole organism
strain differences, ability to do genetic crosses
mutants (spontaneous, induced)
genome manipulation (transgenic, targetting)
phenotype assessment

Genetic map
abundant, cheap, easy to use polymorphic markers
high resolution mapping panels

cytogenetics
renewable mapping resources - radiation hybrids

Rl strains

somatic cell hybrids
Physical map

BAC, PAC, P1, YAC cosmid libraries

large DNA technology

gene-finding technologies - exon trapping
cDNA selection
CpG island hunting

Other

informatics

expression libraries
multilocus genotyping
repetitive sequences

rapid sequencing technology

Figure 1.1 Approaches for analysis of mammalian genomes.

This Figure details the different ways for the

analysis

of

mammalian genomes, to identify genes and to locate mutations that
cause disease. Adapted from Frankel (1995).



appears to be true for the primary developmental genes (such as
homeobox containing genes; see Section 1.3). However this does not
preclude the action of novel genes in the development of any
structures found to be unique to an individual species.

Alternative approaches have been developed that make it
easier to dissect development in mammals. A combination of older
and more recently developed techniques (see Figure 1.1), make it
now possible to dissect mammalian development more effectively.
The mouse has an important role in this process as it is the best
understood and characterised model system for the investigation of
developmental biology of mammals. The early embryological stages
post fertilisation are common to both human (a primate) and the
mouse. However, in rodents there is a process of "turning" where
the embryo is observed to invert with respect to the rostral-caudal
axis, with the primordial cell types rearranging themselves. After
this process major organogenesis occurs in a way which is similar to
human development. A more detailed description of murine

development can be found in Kauffman and Kauffman (1992).

1.2 Molecular techniques for finding novel genes.

1.2.1 Mass sequencing experiments.

The most basic of strategies rely on the random sequencing of
genetic material. Examples of this would be the human genome
project (Dausset et al, 1990), its mouse counterpart and mass
sequencing of cDNA clones from a particular library.

These projects initially generate a lot of information which is

subjected to other criteria to determine interest from a particular



view point. For example, an anonymous gene sequence would
require to be analysed for its spatio-temporal expression to assess
its possible involvement in developmental processes. This is feasible
for a few genes but to apply this to a large number of cloned genes
would be very time consuming.

Related to the mass sequencing projects outlined above, there
are a group of techniques which take advantage of the differences
in transcribed material between different cell types and different
stages during development. Among the differentially expressed
genes there are genes which are unique for a particular cell type or
developmental stage. These genes provide a way into the molecular
characterisation of that cell type and of specific developmental
processes.

The basic requirement for these techniques is the existence of
two distinct pools of expressed genetic information which can be
used to describe and identify differences between them. Subtractive
hybridisation (Hedrick et «l, 1984) uses solution hybridisation to
remove sequences which are shared between the two pools of
information. The remainder is specific to one library. A reciprocal
experiment is required to determine the unique portion of the other
library. This approach has also disadvantages. For example, genes
which have high steady state expression levels may be over-
represented in the final subtracted fraction because of an imbalance
in input material. This is counteracted by having an excess of the
driver library (which constitutes the probing sequences). Unique
sequences can also become excluded because of sequences
corresponding to specific protein domains which are shared
between different proteins like DNA binding domains and motifs for

structural proteins. These common sequences between genes can



lead to the removal of cell-type specific gene sequences containing
them.

mRNA differential display (Liang and Pardee, 1992) although
requiring two different reference points, does not rely on
hybridisation. It is PCR based. Essentially PCR is performed with
random primer sets on the two cDNA sources, the products are size
separated  electrophoretically and compared to each other.
Differences between the electrophoretic patterns are taken to be
specific to one or the other mRNA sources.

All of the above techniques generated much sequence
information, but it was necessary to apply other test criteria to
enhance the quality of the data for the specific question that was
originally asked i.e. which gene sequences are specifically expressed

in a particular cell type.

1.2.2 Comparative sequence analysis

Another way to identify genes with interesting patterns (e.g.
sequences which correlate with functional domains in proteins) 1s
the use of sequence comparison. This is based on the matching of
residues (amino acids or nucleic acid bases) between different
sequences and building up of a score of relatedness based on the
matches in sequence. These scoring methods are conducted by the
use of algorithm based programmes which add up the scores for a
comparison based on a system of marking matches positively, and
penalties for mismatches, insertions and deletions. These
programmes have been developed to handle sequences in two ways.
Global alignments (e.g. dot matrix) make comparisons over the

whole sequences. This is sensitive but it is long and slow while



making all the possible combinations of comparisons. More widely
used in explicit search programmes is the local alignment method
which searches for short perfect matches (called words) of a defined
minimum size (k-tuple value). Examples of such programmes are
the FASTA programme (Lipman and Pearson, 1985) and BLAST
(Altschul er al, 1990). FASTA is more sensitive than BLAST because
after an initial scoring round it then re-scores the data using a PAM
(Point Accepted Mutation) table. This assumes that not more than
one change has occurred at any one position and allows for more
distant relationships between sequences to be ascertained. A more
detailed explanationv and comparison of available search
programmes can be found in Chapter 7 (page 215-248) of the Guide
to Human Genome Computing (1994).

The identification of sequence patterns by informatics is a
useful technique, but one should be cautious of the results and it is
better to independently verify similarities by direct
experimentation. For example, repetitive sequence can alter
significantly the score of alignments and lead to mis-interpretation
of data. However, without computer based sequence comparisons, it
would be impossible to handle the large volume of data being
generated by the genome sequencing projects. This makes them an

invaluable tool for modern biology.



1.3 Semi-specific methods for the identification of genes.

Semi-specific methods are also available for the identification
of novel genes. Selection depends on ascertained qualities of
individual data. This can be a pattern within the information. For
example a motif within DNA which represents a conserved
functional domain of a protein, such as a DNA binding motif.
Alternatively it can take the form of other types of information, for

example expression analysis.

1.3.1 Heterologous screening.

As mentioned above, patterns within the sequence of both
RNA and DNA can be used to identify interesting anonymous genes.
There are many examples of the use of conserved sequence, which
relates to conserved functional domains in proteins. These can be
used to identify new members of gene families by way of
heterologous screening where similar sequences are picked up in

library screens by using relaxed screening conditions.

1.3.1.1 Using heterologous sequences as probes.

An example of this is the homeobox containing genes
(reviewed in Gehring, 1987) which are found in eukaryotic
organisms (Holland and Hogan, 1986). A homeobox is a 60 amino
acid domain which forms a helix-loop-helix structure which
mediates sequence specific binding to DNA (Gehring, 1987). The
homeobox was first identified in Drosophila where mutations 1in

genes which contained homeoboxes were found to be the cause of



developmental (homeotic) mutants (Lewis, 1978). Heterologous
screening found more genes in Drosophila which contained this
homeobox. Homeotic genes are organised in two clusters and the
physical order of these genes corresponds to the order in which
they are expressed along the anterior-posterior axis of the embryo
during development (Harding er al, 1985). The most 3' gene having
the most anterior expression limit. By further heterologous
screening homeobox containing genes have also been found in other
organisms which possess a segmented body pattern, (e.g. mouse,
Duboule et «l, 1986; Human, Boncinelli et al, 1988) where they are
similarly organised into clusters and exhibit the cluster position
effect described above both in body pattern formation (Graham et
al, 1989) and further elaborations in structures which develop after
the body pattern, ¢.g. hind brain (Wilkinson and Krumlauf, 1990).
Heterologous screening does have its limitations. For example it can
only be used for the identification of new members of a gene
family. It cannot be used to identify new classes of genes which

may contain un-described protein domains.

1.3.1.2 Degenerate PCR.

Another method of heterologous screening has been used
successfully; it is PCR based and relies on the design of degenerate
oligonucleotides which are used as primers to drive amplification of
new sequences between the primer pairs. Cloning and sequence
analysis is used to establish if the sequences amplified are those
from the original sequences or those which are derived from novel
members of that particular class of genes. For instance, additional

members of specific subgroups of the G protein linked seven trans-



membrane domain receptor super-family have been identified by

this method (Libert ¢t «l, 1989).

1.3.2 Insertional mutagenesis.

1.3.2.1 Enhancer traps.

Another technique which has been used is the introduction of
reporter genes into the genetic material of an organism. The
reporter gene product is expressed under the control of endogenous
regulatory sequences and therefore acts as an assay of activity of
regulatory sequences in the organism; the reporter gene expression
pattern  partially or wholly reflecting the expression of the
endogenous genes which are under the control of the regulatory
sequences. This approach was first appiied to the fruit fly,
Drosophila melanogaster (O'Kane and Gerhing, 1987). A modified
transposon (P-element) was used as the backbone for an integration
vector. It also contained a P-galactosidase gene under the influence
of a weak Drosophila promoter. In the presence of an active
transposase, this construct moved to other sites in the Drosophila
genome, where the P-galactosidase gene was expressed under the
influence of regulatory sequences. This construct was termed an
enhancer trap. A large number of independent transposition events
have been isolated in an attempt to saturate the Drosophila genome
and characterise the expression of genes.

Initial success in this organism lead other groups to extend the
use of the enhancer trap vector approach to other organisms (C
elegans; Hope, 1991; Zebrafish, Westerfield et «l, 1990) including

mouse (Gossler et «al, 1989; Korn et al, 1991). Two alternative



approaches to the construction of enhancer trap vectors were used
in the mouse. The first construct was based on mammalian
retrotransposons (Freidrich and Soriano, 1991). However like the P-
element vector used in Drosophila, these retrotransposons exhibit a
non-random integration pattern and are biased towards sequences
which are transcriptionally active at the time of integration. This is
restrictive because not all genes are actively expressed at any one
time in the cells which are transformed in these experiments (e.g.
oocytes or murine ES cells).

The second approach was to introduce enhancer traps directly
into the genome of embryonic stem (ES) cells (Gossler et «al, 1989:
Allen er al, 1990). Stable integration of the constructs was made
possible by the addition of a positive selectable marker under the
influence of a constitutive promoter. For example, the construct
used by Gossler ¢t «l (1989), contains a P-galactosidase reporter
gene linked to a minimal promoter from the heat shock protein
gene 68 (hsp68) and the Tn5 neomycin phosphotransferase gene as
a selectable marker, whose expression is driven by the mouse
thymidine kinase promoter.

Using this construct, Korn e¢r al (1992) targeted 59 ES cell lines
and detected reporter gene activity in 13 of them. Six of these
showed a spatio-temporal restriction in expression pattern in
chimaeric embryos. For non-staining targeted cell lines, only 9 out
of 46 showed changes in pattern® of expression when introduced into
donor blastocysts and allowed to contribute to chimaeric embryos.
From some of these cell lines which displayed a spatio-temporal
pattern of reporter gene expression in chimaeric embryos, putative
regulatory genes have been identified. For example ETL (enhancer

trap locus)-1 (Soininen et al, 1992) a gene which was found in the
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vicinity of the enhancer trap insertion site of ES cell line D6-028
(Korn et al, 1991), shows homology to the Drosophila gene, Brahma
(Tamkun et al, 1992), which controls homeobox expression. It also

has similarity to the RAD54 gene of yeast (Emery et «l, 1991).

1.3.2.2 Other types of insertional reporter constructs.

Other types of vectors have been developed because the
gene(s) which are the targets of the endogenous regulatory
elements detected by an enhancer trap vector may be at some
distance from the integration site. These constructs are known as
gene traps (e.g. Gossler at «l, 1989) or promoter traps (e.g.
Vonmelchner and Ruley, 1989) as activation of the reporter gene
relies on the insertion (of the construct) to be within the gene or the
promoter sequences immediately upstream of the endogenous gene.
This makes them more efficient for the identification of gene
sequences. Gene traps are distinguished from promoter traps in that
they have a 3' splice acceptor at the 5' end of the reporter gene.
These constructs work by the splicing of the transgene transcript
into frame with the endogenous gene sequences to create a hybrid
construct which 1is translated into a chimaeric protein which has
reporter protein activity and is expressed in the tissues where the
endogenous protein is expressed, thereby reporting the expression
profile of the endogenous gene. Promoter traps do not have a splice
acceptor and rely solely on integration near endogenous promoters

to drive expression of the marker gene.
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1.4 A new direction.

There are other sequences which are found in the coding
sequence of genes which do not correspond to specific protein
domains with defined function e¢.g. amino acid homopeptides. These
occur in a variety of protein types, but have been associated with
several general functions. There is a bias in the types of proteins in
which they occur but this is independent of other specific protein
domains. This quality could allow them to be used in a general way
to 1solate new proteins with unknown structural motifs. For
example it is been suggested that certain homopeptides of amino
acids have generalised function. In particular polyglutamine has
been proposed to be involved in protein-protein interactions by
adopting specific structures (Perutz er «al, 1994). Polyglutamine has
also been noted to occur in transcription factors (Gerber et al, 1994;
Karlin and Burge, 1996). These transcription factors have a variety
of binding domains (e.g. POU binding domain, Brain 2; zinc finger
DNA binding domain; TATA binding proteins; steroid receptors;
androgen receptor, glucocorticoid receptor; homeobox domain
proteins).

Trinucleotide repeats are the simplest nucleic acid sequence
that can be translated into homopeptides in proteins. Therefore
probes based on trinucleotide repeats may be used to identify genes
which contain homopeptides. There are other reasons which make
trinucleotide repeats attractive structures for further investigation.
These will be discussed in the rest of the introduction. A screen for
genes containing trinucleotide repeats of the mouse may lead to the
identification of novel regulatory genes with functional roles for

these repeats both as nucleic acid and/or as homopeptides.
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1.5 What are trinucleotide repeats?

Trinucleotide Repeats are a subclass of simple sequences and
are small tandem repeats of three nucleic bases in constant order.
They belong to a class of repetitive DNA, microsatellites (Weber and
May, 1989), that are widely dispersed throughout the genomes of
eukaryotes. Some classes of repeats have been observed to be over-
represented in the genomes of certain organisms e.g. both CAG and
(OGG trinucleotide repeats occur at a greater than expected number
in the genome of humans (Han et «l, 1994).

Microsatellites are also characterised by their ability to change
copy number, wusually by increments of the basic unit (three
nucleotides in the case of trinucleotides). This has made them
invaluable as markers for mapping purposes (e.g. Sheffield et al,
1995). they also have been used to create enriched libraries of
clones from eukaryotes bearing repeats of a particular class (e.g.
Ostrander et al, 1992).

More recently trinucleotides have been implicated in a novel
group of diseases, those associated with dynamic mutations.
Trinucleotide repeats that occur in coding regions give rise to the
simplest repeat possible in proteins, homopeptides, which may have
functions associated with them.

Recent research shows that organisms have used repetitive
motifs of nucleic acid in their genes as useful functional patterns.
This occurs both at the nucleic acid (both in DNA and RNA) and at
the protein level. The following section will discuss that, in higher
eukaryotes and mammals in particular, triplet repeats have been

used for a variety of functions.
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Legend for Figure 1.2 Models for secondary structures
formed by trinucleotide repeats.

A) Simplified version of hairpin structures that are possible with
the CAG/CTG trinucleotide repeat (adapted from Kang ¢t al, 1995).
B) An example of a quadruplex structure involving bonding
between four guanidine residues and how they may stack up on
themselves to form the quadruplex (adapted from Williamson,
1993). C) Representation of hydrogen bonding base pairs for AT
and CG as proposed by Watson and Crick.
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1.6 Trinucleotide repeats in nucleic acids.

1.6.1 Structures that trinucleotide repeats can adopt.

Nucleic acid trinucleotide repeats can adopt structures, other
than the double-stranded anti-parallel helix described by Watson
and Crick (Watson and Crick, 1953; Crick and Watson, 1954; see
Figure 1.2.C). They can form pseudo-helical structures like hairpins
(Figure 1.2.A). This hypothesis has been supported by in vitro
evidence reported by various groups. For example, Gacy et «l (1995)
described the formation of stable hairpins by CGrich trinucleotide
repeats (CTG, CAG and CCG). According to them, the stability of these
hairpins is dependent on both the length and sequence of the
repeat. Imperfections in these repeats de-stabilise these structures.
Pearson and Sinden (1996), using CTG and CGG trinucleotide repeats,
observed complexes with reduced mobility in polyacrylamide gel
electrophoresis experiments. The complexes appeared to be stable
at physiological strengths and have a melting temperature of 55°C.
They also appeared to contain single-stranded DNA as they are in
part sensitive to mung bean nuclease.

Indirect evidence that repeats form hairpins in vivo comes
from the work of Darlow and Leach (1995), who inserted even and
odd number copies of a trinucleotide oligonucleotide into a position
in the lambda phage where the formation of a hairpin is necessary
for the inhibition of plaque formation. Plaque inhibition was found
with even numbers of CAGCTG and OGGQCOG but not with GACGTC
inserts. This suggests that not all types of trinucleotide have the

potential to form hairpins structures.
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What 1is happening at the molecular level to cause the
formation of hairpins? One suggestion is that the nucleotide chains
may bend back on themselves to form a stable hydrogen bonding
pattern between Cand G bases (Smith ¢r al, 1995; see also Figure
1.2). Smith et al, (1995) propose that CIG repeats are more stable
than CAG repeats, because of the difference in size of the middle
base (see Figure 1.2.A). On both sides of the central base, two (G
base pairs can form. Since thymidine is smaller than adenine, it
does not interfere as much with the neighbouring GC hydrogen
bonding. This may cause infidelities in replication by a slippage
mechanism (Levison and Gutman, 1987; see Figure 1.3). This model
has also been proposed to explain the variability observed in
microsatellite length, hairpin formation would cause the template or
newly synthesised DNA to detach from the partner strand with
reassociation at a non-cognate position in the repeat sequence,
leading to either shortening or lengthening of the repetitive DNA
stretch. However there are problems with this model: not all
microsatellites form hairpins (e¢.g. see Darlow and Leach, 1995) and
it has been recently shown that other trinucleotide repeats exhibit
dynamic instability (GAA trinucleotide repeats in Friedreich's
ataxia, Campuzano et al, 1996)

Other unusual base pairings have also been implicated in the
formation of trinucleotide repeats hairpins, like GG base pairs.
Mitas et al (1995) suggested that G(syn).G(anti) base pairs are
formed by CGG repeats which are associated with the fragile X sites.

Another structure has been suspected to be involved in the
reduced electrophoretic mobility of trinucleotide repeats; there is a
suggestion that OGG trinucleotide repeats participate in quadruplex

(four-stranded) DNA structures (Fry and Loeb, 1994; Smith et al,
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1994; see Figure 1.2.B), as the properties of these complexes are
consistent with quadruplex structures. Fry and Loeb (1994) observe
slower than expected migrating species when (CGG),:(CCG), double-
stranded duplexes are  electrophoresed. Interestingly the
appearance of these slowly migrating species is dependent on the
methylation state of the cytosine residue, but only in smaller
oligonucleotides. For instance, methylation dependence is observed
where the repeat number is five (i.e. (CGG)s5:(CCG)s), but there is no
effect when the repeat number is seven. Methylation involvement
is further implicated by the observation that treatment with
dimethyl sulphoxide (which inhibits methylation by modification of
the N7 position on the pyrimidine ring of cytosine) inhibited
complex formation. Smith er «l (1994) also observed these
complexes when wusing 30mer nucleotides (where the repeat
number is 10), they also suggest that there is a secondary structure
requirement, as substitution of guanine for ionosine abolishes
complex formation.

However, further experiments need to be done to characterise
the structures trinucleotide repeats can and cannot adopt. This must
include further in vivo work, specifically in a mammalian system.
This is necessary to understand their importance to human triplet
expansion diseases. This is important because recent research has
discovered that another repeat, which has hitherto been
unsuspected of involvement in secondary structure formation, has

been found to be the cause of dynamic disease, which are
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Figure 1.3
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Figure 1.3 A model for deletions and insertions at the DNA
synthesis replication fork, involving hairpin structures.
Hairpin structures are proposed to form at the replication fork on
the lagging strand at the DNA replication fork. This leads to either
deletion, where hairpin formation occurs on the template DNA
strand (see orientation 11) or insertion (or expansion) where they
occur on the newly synthesised DNA (see orientation 1). This figure
was adapted from Kang et ¢/, (1995).



characterised by an unstable trinucleotide repeat. A GAA repeat has
been found to be implicated in Freidriech's Ataxia (Campuzano et al,

1996).

1.6.2 Repeat dynamics.

Several ideas have been put forward to explain the precise
mechanism of expansion of GCrich trinucleotide repeats. Ohta and
Kimura (1973) describe how trinucleotide repeats (and other
repeats) could increase or decrease in length by single trinucleotide
units by mis-aligment of the template with the DNA polymerase
complex. Streisinger et al, (1966) proposed a mechanism of
expansion that involves replication slippage in which Okazaki
fragments  disassociate from the template DNA strand and
reassociate at a position different from the original (see Figure 1.3).
Crucial to this hypothesis is the formation of hairpin secondary
structure in the Okazaki fragments. Experimental evidence (Smith et
al, 1995) using NMR spectroscopy supports this idea. Kang et al
(1995) have proposed that this type of hairpin structure could occur
in both RNA and DNA to give scenarios for both expansion and
deletion events.

All above hypotheses propose mechanisms which can act both
ways to create extra triplet repeats (expansion) or to remove them
(deletion). However all the human dynamic diseases appear to be
due to an overall increase in numbers of trinucleotide repeat units,
which suggests that other factors are influencing the fluctuations in
repeat number. Kang et al (1995) observed expansion and deletions
of trinucleotide repeats (those involved in the human dynamic

diseases) in E. coli that was dependent on the orientation of CIG
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repeats relative to the direction of replication. Large units of a
trinucleotide repeat were deleted in an orientation where CIG
triplets were on the lagging strand relative to the origin of
replication of the plasmid. In an analysis of individual bacteria from
one culture containing a plasmid with 180 CTG trinucleotide repeat
units, it was observed that the deletions had a periodicity of 40
repeats (examples of 180 (un-deleted) 140, 100 and 60 CIG
trinucleotide repeat wunits). When the CTG triplets were in the

leading strand, increases in repeat size were observed.

1.7 Proteins that bind repeats in DNA.

Proteins have been discovered which specifically bind
repetitive  DNA in chromosomes. An example of this is telomeres,
which are the physical ends of a chromosome. They are fashioned
from tandem hexanucleotide repeats, (TTAGGG), (Van Der Ploeg et
al, 1984), which are conserved throughout higher eukaryotes
(Moyzis et «l, 1988). The sequences were first identified in
trypanosomes (Van Der Ploeg ¢t «l, 1984) and have been found to
bind specific proteins. These proteins are distinct from other
proteins which exhibit non-specific nucleic acid sequence binding.
This indicates a specific role for both the tandem repeats and the
proteins which bind to them. The proteins act as a bridge for
interactions between chromosomes and the cyto-skeletal structures
(e.g. Intermediate Filaments; see Traub, 1995 for a review.) which
are formed after the chromosomes have been replicated, in
preparation for cell division. Telomeres also adopt an unusual
secondary structure. They form a quadruplex in a similar fashion as

described above for the COGG trinucleotide repeats associated with
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human diseases (for review see Brahmachari et «al, 1995; Figure 1.2

and Section 1.6.1).

1.7.1 Proteins that bind DNA trinucleotide repeats.

Recent work has identified several proteins that interact in a
specific fashion with both single and double-stranded DNA
trinucleotide repeats. Timchenko er al (1996) and Yano-Yanagisawa
et al (1995) have biochemically characterised individual protein
activities that bind to single-stranded CAG and CIG repeats.
Timchenko et al (1996) used a radio-labelled DNA oligonucleotide
ss(CTG)g, in conjunction with HeLa cell protein extract, in a band
shift assay experiment, to show the formation of two complexes, ssl
(major) and ssIT (minor). These were shown to be specific by using
unlabelled oligonucleotide competitor; in their presence these
complexes were abolished. Challenging the reaction with unlabelled
ss(CAG)g and ss(CGG)y oligonucleotides had no effect on complex
formation. They also found specific protein-DNA interactions with
ss(CAG)g and ss(CGG)gs DNA oligonucleotides. Four complexes and
two complexes appeared when using labelled ss(CAG)g and ss(CGG)g
oligonucleotides, respectively. Comparison of mobilities of the
complexes formed by the three oligonucleotides, ss(CTG)g, ss(CAG)g
and ss(CCQG)g, lead Timchenko ¢t «l (1996) to conclude that the
major CIG binding complex (ssl) was specific to CTG, and they
termed it single-stranded CTG Repeat Recognising Protein (ssCRRP).
This binding activity contains at least two polypeptides of differing
size because fractionation by size of the HelLa whole cell protein

extract abolishes the formation of the complex. Binding activity was
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re-established by combining two fractions (4 and 5) of the cell
protein together.

In similar experiments, using HeLa nuclear extract as a
protein source for oligonucleotide binding assays, Richards er al
(1993) found a protein activity that interacted specifically with a
double-stranded 30mer DNA oligonucleotide, (CCG)jg. This was
competitively inhibited in the presence of cold (CCG)g
oligonucleotide but not when cold competitor oligonucleotides
representing the other 9 families of trinucleotide repeats were used.
This  complex was unaffected when two dinucleotide
oligonucleotides were used in competitive assays. Interestingly, this
complex is destabilised by methylation of the repeat at cytosine
residues in CpG dinucleotides. The oligonucleotide p(CCG)(.p(GGC)1g
was methylated enzymatically by CpG methylase. In band shift
assays, the CCG.BP1 complex (which consists of the double-stranded
un-methylated oligonucleotide, p(CCGQG);).p(GGC)jy and sequestered
cellular proteins) is not formed, it is replaced by a new higher
molecular weight complex that is abolished not only by unlabelled
methylated p(CGG)jg.p(GCC)jp, but also by other oligonucleotides
containing CpG dinucleotides which were methylase treated e.g.
P(ACG)10.p(TGC) (). Richards er al (1993) suggest that this may be
the previously described protein, MeCPl (Meehan et «l, 1990),
which 1s a sequence non-specific methyl-CpG binding protein.
Richards et «al (1993) also took the other oligonucleotides
representing the tri and di-nucleotide families and used them to
identify complexes that were specific to other double-stranded DNA
trinucleotide and dinucleotide repeats. Some of these complexes

have overlapping binding activity  with respect to other



oligonucleotides which represent different families of trinucleotide
repeat.

As mentioned by Richards er «l (1993), there are proteins
which bind to trinucleotide repeats, as part of a broader spectrum
of binding to nucleic acid. The example described by Richards et al
(1993), is MeCPl, which has a high affinity for methylated CpG
pairs. Other proteins have binding preferences CpG dinucleotides.
Another protein which has an affinity for (hemi-methylated) CpG
dinucleotides is the protein DNA methyltransferase  which is
required for the maintenance of methylation of cytosines in CpG
dinucleotides (Taylor and Jones, 1982). It maintains methylation by
the  recognition of hemi-methylated double-stranded CpG
dinucleotides, which are the product of semi-conservative DNA
replication, in which one strand is newly synthesised and does not
contain methylated cytosines but the parental strand retains its
methylated cytosine status.

CpG dinucleotides are not randomly distributed throughout
the genomes of vertebrates. Many CpG dinucleotides are
concentrated into regions which are known as CpG islands (for a
review see Meehan er «l, 1992). It has been shown that these
islands are associated with genes and are known to influence the
activity of the gene, dependent on the methylation status of
cytosines. The importance of this covalent modification of cytosine
is that it thought to either inhibit the binding of proteins required
for transcription, recruit factors which inhibit transcription (Meehan
et al, 1992), or even induce a regional conformational shift in DNA
structure from B form to Zform (Meehan ¢t «l, 1992). It has been
shown that DNA helices which adopt a Z conformation, repress

transcriptional activity of genes. It is proposed that this occurs by
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the inability of the transcriptional machinery to access the
appropriate sites to initiate transcription. This as well as the other
theories have been invoked to explain the phenomenon of
imprinting (for review see Monk, 1995), where there 1is only one
active copy of a gene, which is consistently inherited from one
parental sex.

More recently, this mechanism of gene silencing has been used
to explain the Fragile X syndrome of humans. These are
characterised by the expansion of CGG and GCC trinucleotide repeats
(CGG for FRAXA and FRAXE; Fu er «al, 1991, Knight et al, 1993). The
common denominator of these trinucleotide repeats 1is that they
contain CpG dinucleotides. The upward expansion of these repeats,
which have been associated with these diseases, is proposed to
create a new CpG island which is identified by the methylation
machinery of the cell, which acts to methylate the cytosines and
leads to a regional inaccessibility and down regulation of gene
expression. This leads to an apparent loss of function of a particular
gene or genes in the region. In case of FRAXA, the gene affected 1s
FMRI1. The product of this gene is involved in RNA binding (Siomi et
al, 1993). In support of the loss of function model, certain
individuals have been found to carry point mutations in the FMRI
gene which leads to a loss of activity of the FMRI protein (e.g.
Deboulle et «l, 1993) and they have similar phenotypes as those
with expansions of repeats. Mouse fmrl gene knockouts confirmed
this hypothesis (Bakker et al, 1994). Candidates for the recognition
of expanded repeats could be the proteins that participate in the
DNA-protein complexes, described by Richards et al (1993).

A functional role for repetitive DNA has recently been

demonstrated by Wang and Griffith (1995), who showed that long



tandem repeats of the trinucleotide CTG, have a strong effect on the
positioning of nucleosomes in DNA. This suggests that the CIG
repeat has a structural advantage in promoting interactions with
the constitutive proteins of the nucleosome, thereby altering local
chromatin structure. This could have an effect on the accessibility of
promoter sequences to the cellular transcriptional machinery.
Alternatively, other proteins as suggested by Richards er al (1993),
Timchenko et al (1996) and Yano-Yanagisawa et al, (1995) may be

allowed access to the repeat.

1.8 Proteins that bind repeats in RNA.

Proteins that bind RNA trinucleotide repeats have also been
described recently. Timchenko ¢t «l (1996) found two activities in
HeLa cell whole cell extracts that bound to an RNA oligonucleotide,
ss(CUG)g. The two complexes were inhibited by excess, unlabelled
ss(CUG)g oligonucleotide. The smaller complex had a similar mobility
to that of the ssCRRP complex that exhibited binding to the DNA
oligonucleotide ss(CTG)g. This RNA binding was abolished by the
addition of ss(CTG)gy DNA oligonucleotide. In contrast, the larger
RNA-protein complex was unaffected by the addition of the DNA
oligonucleotide or cold ss(CGG) RNA oligonucleotide. Timchenko et al
(1996) concluded that it exhibited a sequence specific RNA binding
specificity and termed it CUG-BP (CUG Binding Protein). CUG-BP
protein, appears to be found predominantly in the cytoplasmic
fraction of HeLa cells. ssCRRP DNA binding activity was also found to
be predominantly cytoplasmic, although some binding activity could

be detected in the nuclear extract. CUG-BP was also found in other
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cells types; for example, in extracts of fibroblasts and myotubes
(Timchenko et al, 1996).

The conclusions from the studies described in Sections 1.7 and
1.8 are as follows. 1) There are proteins which have a natural
specific affinity for both single-stranded (RNA and DNA) and
double-stranded (DNA) triplet repeats; CUG, CTG and CAG specific
repeat binding proteins have been observed. 2) Although these are
specific, other proteins can also bind to trinucleotide repeats non-
specifically. 3) Since Yano-Yanagisawa et «l (1995) found proteins in
the mouse brain that bound single-stranded DNA repeats and
Timchenko et «l (1996), focusing on human cell lines, found these
type of activities, it is probable that the human proteins have

functional homologues in mouse and vice versa.

1.9 Homopeptides in proteins.

The basic unit of information in the genetic code is the codon.
This links the information held in nucleic acids to the protein gene
products. The codon is three nucleotides in length and determines
the amino acid content of peptides. Homopeptides represent the
simplest repetitive pattern amino acids can adopt in proteins. They
can also be accommodated in existing genes without disturbing the
frame in which the protein is read from the messenger RNA
molecule. Increments of trinucleotides are gained or lost in a single
step, thus conserving the frame on both sides of the change.
However, not all homopeptides are represented in proteins. Some
homopeptides have functions within proteins whereas others have

not or have a negative effect on the function of the protein.
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Several amino acids are encoded by more than one codon that
does not belong to the same family. For example CAG encodes
glutamine and is a member of the repeat family which will be the
focus of the experimental work. However, CAA also encodes
glutamine but these two codons do not belong to the same group of
trinucleotide on the basis of frame and complementarity.
Homopeptides of glutamine can be therefore either be encoded by
repeats of CAG or CAA, or even a mixture of the two codons.
However, Green and Wang (1994) note from a database survey, that
glutamines in repeat stretches are more likely to be encoded by
CAG.

Homopeptides observed in proteins can be classified according
to which type of side chain the amino acid contains. The largest
represented group is the one comprising uncharged polar side
chains. According to Karlin and Ghandour (1985) and Karlin and
Burge (1996), this group consists of glutamine (Q), asparagine (N),
serine (S), threonine (T), proline (P) and histidine (H). The second
group consists of small aliphatic amino acids: alanine (A) and
glycine (G). The third group consisting of aspartate (D) and
glutamate (E) which have an acidic side chain. Karlin and Burge
(1996) also observed rare examples of leucine (L) repeats, the only

amino acid homopeptide to have a large aliphatic side chain.
1.9.1 Putative functions of homopeptides.

Various ideas about what function these homopeptides may
perform in proteins have been proposed. Some are general in

respect to amino acid homopeptide whereas others rely on the

nature of certain amino acid side chains.
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The first hypothesis put forward to explain the occurrence of
these homopeptides was that they were spacer domains between
functional domains of proteins. Their role would be to separate the
critical regions of proteins by an appropriate distance, enabling the
other domains to interact in meaningful way. This may account for
the occurrence of homopeptides consisting of amino acids with side
chains that are believed to be non-reactive and non-polar, i.e.
alanine and glycine.

Another hypothesis is that they act as interactive domains
between proteins. This could explain the runs of acidic residues in
general (Mitchell and Tjian, 1989) i.e. imperfect or perfect stretches
of either glutamate (D) or aspartate (E). The cumulative charge of
these regions is believed to facilitate interaction with basic or polar
regions in other polypeptides (Sigler, 1988).

Polar amino acid homopeptides can also participate in protein-
protein interactions. Serine and threonine can exist both as mixtures
or pure homopeptides that form strong polar regions (from
accumulative polarity), which could interact with other sections of

the polypeptide or other proteins.

1.9.2 Polyglutamine and polyproline.

These represent the two most studied homopeptides with
respect to their possible influence on the function of proteins. They
also appear to be relatively more abundant than other classes of
homopeptides. They are discussed below, relative to these

observations.

29



1.9.2.1 Polyglutamine

Polyglutamine is the most commonly found homopeptide 1in
eukaryotic proteins in reference databases (Green and Wang, 1994)
and has been implicated in the facilitation of protein-protein
interactions. Green and Wang (1994) also noted that the most
common trinucleotide encoding glutamine was CAG. Polyglutamine
tracts are the best studied so far, not only because of their function
but also because they have been associated with a novel type of
human disease, the dynamic mutation diseases (Ross, 1995).
Aspects of these diseases will be discussed later.

There 1s experimental evidence of the functional 1mportance
of polyglutamine tracts (Gerber et al, 1994). As a prelude to direct
experimentation, Gerber ¢t «l, (1994) conducted searches through
the protein database, Swiss-Prot using a polyglutamine sequence
(twenty residues, Q20) and the FASTA Programme (Lipman and
Pearson, 1985). They observed that a significant proportion of the
proteins that contained glutamine homopeptides were transcription
factors. From the 40 entries with the highest scores, 82% were
transcription factors and 17 were Drosophila melanogaster proteins.

Extensive developmental studies in this organism have
identified many transcription factors and other developmental
control genes (Karlin and Burge, 1996). The repeats are also known
in Drosophila as OPA repeats (Maginnis ¢t al, 1984). They were first
observed in Notch, a neurogenic gene. In a study conducted by
Wharton et «l (1985), the authors also observed a complex
hybridisation pattern on Southern analysis with a fragment
containing the repeat. They concluded that in the haploid genome of

Drosophila, there were about 500 individual OPA repeats. A probe
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containing the repeat also hybridised to multiple poly-adenylated
messenger RNA species.

The most abundant type of amino acid encoded by OPA
repeats in Drosophila is glutamine. In this case the third base is
either G or A, resulting in the two codons CAG and CAA. These
glutamine repeats can be interspersed with the amino acid
histidine, which is encoded by one of two codons which are CAC or
CAT. Progress has been slower in mammals and proportionally
fewer developmental control genes have been identified. It is likely
that many more mammalian proteins containing polyglutamine
homopeptides remain to be discovered. Li et «l, (1993), screened a
human cerebral cortex c¢cDNA library with a (CTG);9 30mer
oligonucleotide and found that of 50000 clones screened with a
(CTG)p radioactively labelled probe, 0.28% contained CAG/CTG
trinucleotide repeats. Of those which were sequenced and an open
reading  frame identified (six), four  contained putative
polyglutamine tracts.

Gerber et «al (1994) showed that the presence of
polyglutamine tracts has a positive effect on activity using in vitro
transcription complementation experiments (Gerber et al, 1992). A
series of constructs, containing glutamine stretches of various
lengths inserted between the GAL4 DNA binding domain (Giniger et
al, 1985) and the protein-protein transactivation domain of herpes
virus protein, VP16 (Sadowski et al, 1988) were generated. The
cognate proteins were produced in HeLa cells and were co-
precipitated with a reporter construct containing a GAL4 binding
site and a reporter gene. Activity was measured by the ability to
produce de¢ novo transcription from a promoter on the reporter

construct. The HeLa cell nuclear extract also provided other proteins



Figure 1.4

o- C". >C. O'" N,

Figure 1.4 Proposed structure of anti-parallel p sheet

adopted by polyglutamine.
Two paired anti-parallel “-strands of poly (L-gliitainine) linked

together by hydrogen bonds between the main chain and side chain
amides are shown. C, carbon, N, nitrogen and O, oxygen. The diagram

was adapted from Periitz et al, (1994).
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involved in transcription. These experiments show that there is a
stimulation of basal reporter gene activity with the addition of
between 10 and 40 glutamines. Beyond 40 glutamines, there is no
observable increase in transcriptional activity. Glutamines alone
with  a GAL4 DNA binding domain induced a decrease in
transcriptional activity if the copy number exceeds 40 residues.
Control constructs with glutamate-leucine-glutamine (ELQ)n, or
glutamine-glutamine-serine  (QQS) repeats showed a weaker
response, and activity was independent of the number of repeat
units. In a third set of experiments various glutamine rich regions
of known human proteins, Oct2 (Clerc er «l, 1988), Spl (Courey and
Tjian, 1988 and Courey et al, 1989), were fused to the DNA binding
domain of GAL4 and they showed stimulation of transcriptional
activity of the reporter gene.

However, an increase in length of (and in numbers of residues
contained within) a glutamine homopeptide does not always induce
an increase in transcriptional activity. For instance, Chamberlain et
al (1994) found that the deletion of a glutamine stretch in the
androgen receptor of humans lead to an increase in transcriptional
activity and that the expansion of the glutamine repeat decreases
the transcriptional-stimulating  activity of the protein. Their
suggestion is that the positioning of the glutamine tract relative to
other functional regions of proteins may also be important. For
example, the glutamine homopeptide in rat and human androgen
receptors is different. In the human protein, the polyglutamine tract
is upstream of the activation domain. In the rat protein it is
juxtaposed to the activation domain and deletion has little
functional effect. It therefore appears that polyglutamine function

may be context dependent, i.¢. the influence of polyglutamine 1is
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dependent either on its position in that protein, relative to other
critical domains or perhaps on the target molecules with which it
interacts.

Recently, polyglutamine stretches have been proposed to take
up a defined secondary structure (Perutz et al, 1994) which is an
anti-parallel beta sheet structure called a polar zipper (Perutz et al,
1993: see also Figure 1.4). This occurs by the formation of hydrogen
bonds between the main chain and side chain amide groups. Polar
zippers are believed to be one way in which proteins can interact
with each other. Further to this, Stott ¢t «l (1995) have
experimentally shown that the insertion (or substitution of existing
restdues) of a glutamine homopeptide, ten residues in length, into a
protein (CI2, Chymotrypsin Inhibitor 2; McPhalen ¢t al, 1985)

promoted the formation of stable dimers and trimers.

1.9.2.2 Polyproline.

Proline homopeptides were first observed in proteins of the
fruit fly, Drosophile melanogaster. They are encoded by
trinucleotide repetitive elements termed PEN repeats (Digan et al,
1986). This repeat also encodes other homopeptides, including
polyglycine (Haynes et «l, 1987). These amino acid tracts are
encoded by GGN codons. Both polyproline and polyglycine have
been noted by Karlin and Burge (1996) to occur in mammalian
species, such as rat, mouse and man as well.

Gerber ¢t al (1994) also identified a number of proteins from
the Swiss-Prot protein database which contain polyproline stretches
and observed that a high proportion of them (78%) were

transcription factors. The authors showed that medium sized proline



stretches could stimulate transcriptional activity when they were
used in an in vitro complementation transcription assay, but beyond
10 residues a reduction in activation was observed.

Karlin and Burge (1996) also noted that multiple
homopeptides (encoding different amino acids) occur selectively 1in
some genes. They found 68 Drosophila proteins, 36 human proteins
and 22 mouse proteins with multiple long homopeptides. They
suggested that some proteins were more susceptible to the
accumulation of repetitive sequences or that, alternatively, these
homopeptides were acting in an accumulative manner to add

functionality to the proteins.

1.10 Diseases associated with CAG/CTG trinucleotide

repeats.

A whole new class of genetic mutation leading to disease has
been found which is associated with expansion of trinucleotide
repeats in humans (for a review see Ashley and Warren, 1995). To
date, a number of different trinucleotide repeat expansions have
been described; 1) CAG (encoding a polyglutamine in affected
proteins), 2) CIG (manifested as CUG RNA triplets), 3) GOGand 04G
(which create de¢ novo methylation islands and are independent of
position with respect to the affected gene) and 4) GAA (present in
non-coding intronic DNA). These diseases have been characterised
by an upward expansion in the number of triplet repeats with
successive generations. This correlates with an increasing severity
of the particular disease and a decrease in the age of onset of
clinical symptoms specific to that disease. This phenomenon 1is

known as anticipation.



Legend to Figure 1.5 Human diseases which are caused
by CAG/CTG trinucleotide repeat expansions.

A) The left hand side indicates the major sites of neuronal
degeneration in each diseases. Dark red indicates the site of most
severe neuronal loss. Pink indicates areas where the loss of
neurones is variable or less pronounced. The circles in the cerebral
cortex represent Purkinje cell. The open reading frames of the
affected genes in each disease are shown schematically on the
right hand side with the glutamine repeats which cause a disease
phenotype are indicated in red, with the numbers of glutamines
shown at the side. AH, anterior horn; Cer, cerebellar cortex; C/P,
caudate/putamen; Ctx, cerebral cortex; DN, dentate nucleus; GP,
globus pallidus; LCN, lateral cuneate nucleus; PN, pontine nucleus;
RN, red nucleus; SN, substantia nigra; STN, subthalamic nucleus;
VL, ventolateral thalamic nucleus; V, VI, VII and XII cranial motor
nuclei. B) A representation of the genes DMPK, 59 and DMAHP
which lie near the expanded CIG (CUG) triplet repeat which is
associated with myotonic dystrophy. Adapted from Ross (1995)
and Bailey et al (1997).
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The types of repeats which have been associated with Q3G
(e.g. Fragile X, FRAXA ) and GAA (Freidreich's Ataxia, Campuzano et
al, 1996) trinucleotide repeat expansion will not be discussed
further in detail, since the focus of this study is the CAG/CTG family
of repeats and the pathological mechanism of the disease causation
is likely to differ from that of CAG and CIG (CUG) repeats.
Furthermore CAG/CTG repeats are more likely to be in the coding
regions of genes (Stallings, 1994). The explanation of this over
representation of CAG repeats in genes may lie with the positive
reasons for the existence of trinucleotide repeats discussed 1in
Sections 1.7 to 1.9. Alternatively it may be because CAG repeats are
similar to the splice acceptor tetranucleotide CAGG (Shapiro and
Senapathy, 1987), therefore CAG repeats may become excluded
from intronic sequence, rather than positive selection. This has been
shown in another case, where a minisatellite containing a CAGG
tetranucleotide repeat which became incorporated into a human

interferon-induced gene by alternative splicing (Turri et al, 1995).

1.10.1 CAG repeats, polyglutamine and human diseases.

There are five diseases which are associated with the
expansion of CAG trinucleotides that encode polyglutamine:
Huntington's Disease (Huntington's Disease Collaborative Research
Group, 1993), Spinal Cerebellar Ataxia type 1 (SCAI; Banfi et al,
1994), Spinal Cerebellar Ataxia type 3 (SCA3, also known as
Machodo-Joseph Disease; Kawaguchi ¢t «al, 1994), Dentato-Rubral
and Pallido-Luysian  Atrophy (DRPLA; Koide er al, 1994 and
Nagafuchi et «al, 1994) and Spinal and Bulbar Muscular Atrophy
(SBMA or Kennedy's Disease; LaSpada et al, 1991).
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A selective loss of neuronal populations is observed 1in all
these diseases. The set of neurons which are lost is specific to the
disease, although some overlap between some of the diseases 1is
observed. For example, in DRPLA (Dentato-Rubral and Pallido-
Luysian Atrophy) and MID (Machodo-Joseph Disease or SCA3),
lesions occur in the subthalamic nucleus, globus pallidus, red
nucleus and dentatenucleus. The pontine nucleus is the only region
to show specific lesion in MJD (SCA3). The regions of lesion for each

disease can be found in Figure 1.5 (Ross, 1995).

1.10.2 Polyglutamine pathology.

All these diseases are dominant disorders. They require only
one copy of the expanded allele to express the disease phenotype.
Gene knockouts in mouse have not replicated the disease pathology
(e.g. Huntington Disease; Nasir ¢t «l, 1995), which suggests that
these diseases are caused by the gain of a new function by the
affected gene product rather than by haplo-insufficiency (i.e. a lack
of protein with normal function).

The new function could be the result of a modification of the
structure of a protein. As discussed earlier in this introduction,
polyglutamine stretches are thought to promote protein-protein
interactions (Perutz et al, 1994). A specific monoclonal antibody
made by J.L. Mandel and co-workers (Trottier et «l, 1995a), which
was raised against the glutamine repeat of TBP (TATA binding
protein; Trottier et «l, 1995a), detects specifically mutant proteins
with an expanded polyglutamine stretch, but not the normal protein
in extracts from patients with HD, SCAl and SCA3 (MJD). The

sensitivity of detection is dependent on the length of the



polyglutamine tract, which suggests that the polyglutamine stretch
constitutes a specific epitope and adopts a stable structure 1in
proteins (as suggested by Perutz er «l, 1994). This antibody has
been now used successfully to detect proteins with expanded
polyglutamine runs in two other spino-cerebellar ataxias, SCA2 and
SCA7 (Trottier et al, 1995a), which were expected to be
polyglutamine triplet expansion diseases. Recently the existence of a
polyglutamine expansion in the gene for SCA2 has been confirmed
(Imbert et al, 1996).

Another suggestion (Green, 1993) is that the glutamine tract
acts as a target for the action of transglutaminases. These enzymes
covalently cross-link proteins by the formation of y-¢ glutamyl-
lysine dipeptide (Folk and Finlayson, 1977). The polar nature of the
homopeptide would position it to the outside of the protein making
it accessible to enzymatic attack. It is suggested that the protein
product would be degraded but the dipeptide residue would be
resistant to proteolysis, which may be lethal to the cell, in a
cumulative manner (Green, 1993). The neuronal specific cell death
observed in the polyglutamine diseases may be explained this way
since there is transglutaminase activity in neurones, which is
involved in the regulation of catecholamine release (Pastuszko et al,
1986).

This raises another question which is: why this does not lead
to the catastrophic loss of all neuronal and other tissues, since the
genes involved are all widely expressed and do not match the lesion
distribution specific to the disease (see Figure 1.5.A, adapted from
Ross, 1995). For example the huntingtin protein is also expressed
beyond the areas of lesion observed for the disease (Sharp et al,

1995; Trottier et al., 1995b).



There must be some specific component to the particular
subpopulations that are lost in each disease. Recent work has
started to unravel this conundrum. Various groups have used the
yeast two hybrid systems to look for proteins which interact
specifically with proteins that contain expanded polyglutamine
tracts. For example, by using the the yeast two hybrid methodology,
Li et al (1995) have identified a rat protein, termed huntingtin
associated protein-1 (HAP-1) which interacted specifically with
huntingtin proteins which contained expanded glutamine repeats.
This protein did not interact either with huntington's proteins that
contain glutamine homopeptides that correspond to normal
products in humans or with an atrophin-1 protein containing an
expanded glutamine homopeptide (atrophin-1 is the protein which
contains an expanded glutamine in the disease, DRPLA). This
interaction was also dependent on the number of residues contained
in the polyglutamine tract. A huntingtin protein with 82 glutamines
showed stronger binding compared to Huntingtin with 44
glutamines. In the same study, co-immunoprecipitation experiments
were used to test if the interaction occured in vivo. Transfected
rHAP-1 was coprecipitated with an antibody specific to Huntingtin.
Coprecipitation was also observed by repeating the experiment with
a HAP-1 specific antibody. This interaction was abolished by the
introduction of a Huntingtin peptide antigen. The authors used the
rat sequence to isolate the human homologue of HAP-1 by

heterologous screening.
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1.10.3 Myotonic Dystrophy.

Myotonic dystrophy (DM) is an autosomal dominant disease
with variable penetrance (Harper, 1989) which is associated with a
CAG/CTG trinucleotide repeat expansion. [t is the most common
muscular dystrophy in human adults, affecting 1 in 8000 (Harper,
1989). The disease is characterised by clinically variable symptoms
and age of onset. Symptoms include the progressive wasting of
muscle tissue, myotonia, cardio-respiratory abnormalities, cataracts,
mental retardation and gonadal atrophy. The mutation responsible
for DM occurs in the 3' UTR of a gene that shows homology to
serine/threonine kinases (Brook ¢t «l, 1992). This was confirmed by
Timchenko et al, (1995) who expressed the proposed protein and
demonstrated serine kinase activity. DM is different from the
CAG/polyglutamine diseases described in the previous section in
one main respect; the trinucleotide repeat is transcribed but not
translated (Brook et al 1992).

The effect of the expansion of the repeat 1is not clear.
Differences in DNA (e¢.g. Wang and Griffiths, 1995), RNA (e.g. Otten
and Tapscott, 1995) or protein levels (e.g. Dunne ¢t al, 1996) of
DMPK have been observed by individual groups and these have
been put forward to explain the disease. There is evidence of both

up and down regulation of mRNA and protein levels in DM.

1.10.3.1 Potential effects on DNA.

The argument for a DNA level effect centres round the
observation that CIG repeats exert a dominant nucleosome

positioning effect (Wang and Griffiths, 1995). It is proposed that
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due to an altered chromatin structure in the region, transcription is
repressed. To support this, Otten and Tapscott (1995) have
observed a loss of a DNAse I sensitive site in DM patients with an
expanded CIG trinucleotide repeat. However, the lack of sensitivity
may be the result of other proteins binding to the repeat.
Candidates for these may be the CTG binding protein observed by
Timchenko er al (1996; see Section 1.8). It is therefore possible that
the de novo binding of proteins could play a role in disease

aetiology.

1.10.3.2 Potential effects on RNA function.

Conflicting evidence of messenger RNA levels has been
described by various groups. Fu ¢t al (1993) report that the level of
DMPK mRNA was inversely proportional to the size of the repeat in
adult tissues. Carango and co-workers (1993) fail to detect any
alternatively spliced RNA forms, or reduced DMPK mRNA transcript
levels in somatic cell hybrids containing affected chromosome 19
from a MD patient family. Carango e¢r al (1993) believe the
difference lies in the measurement of all transcripts in the case of
Fu et al (1993), who used a primer pair for RT-PCR analysis which
was co-linear with respect to primary and processed messenger
RNA, and themselves who wused another primer pair which
straddled an intron. Contradictory evidence came to light; when
using tissues from the congenital form of DM (CMD), Sabourin et al
(1993) observed an increase in the steady state levels of DMPK
mRNA. This probably reflects differences in expression levels of the
DMPK gene between adult and developing organisms. More recently

Taneja er al (1995) observe foci of expanded repeat transcripts in
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the nuclei of cells from DM patients. This was not observed in nuclei
from unaffected individuals and was specific to the expanded allele
transcripts. The authors suggest that the export kinetics of the
DMPK mRNA from the nucleus to the cytoplasm may be affected by

the expansion.

1.10.3.3 Potential effects on DMPK protein.

DM may also be due to a protein level effect. Since the DMPK
has been shown to have kinase activity (Timchenko et «l, 1995) it
has been proposed that it is involved in signal transduction
mechanisms important for correct muscle function. Mis-regulation
of DMPK, either by a loss of functional isoforms or an overall
reduction in protein levels, could possibly lead to some of the
clinical phenotypes associated with DM; for example, muscular
atrophy, myotonia and heart failure.

Immuno-histochemical analysis has identified several proteins
which cross react with anti-DMPK antibodies in muscles and other
tissues. Van Der Ven et «l (1993) localised a 53 kDa protein to the
intercalated discs of cardiac muscle and the neuro-muscular
junction of skeletal muscles, that might indicate some regulatory
function. However, the predicted molecular weight of DMPK is
between 70 and 80 kDa, and the 53 kDa protein is likely to be
either an isoform of the DMPK protein generated by alternative
splicing (as described by Fu et al, 1993) or a closely related protein
which cross reacts with the antibody. Dunne et al (1996) have
reported a 64kDa protein from skeletal muscle and a 79kDa protein
from brain which is detected by a DMPK specific antibody. The

proteolytic profile of the 64kDa protein matches closely that of the
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recombinant DMPK protein. Furthermore it has been shown that
there is a redistribution of this isoform in DM patients. There is a
shift from the triadic region (Dunne et al, 1996) to the peripheral
sarcoplasmic masses (Sabourin ¢t al, 1993).

The complex nature of DM is underlined in recent transgenic
knockout studies, in mouse, by Reddy et «l, (1996). In this study,
mice homozygous for the loss of mouse dmpk gene were viable and
were found to have progressive muscle weakness and myopathy.
However no myotonia is observed and heterozygous mice did not
display any overt phenotype. This is contrary to the human
situation where heterozygous individuals are affected and the effect
is dominant. This difference may be due to differences in muscles
between species. Alternatively some other factor may be involved,

e.g. other proteins being involved in the aetiology of DM.

1.10.3.4 Are other genes involved in myotonic dystrophy?

It is known that the region around DMPK has a high density of
genes and it has been proposed that DM is an oligo-genic disease
(Johnson et al, 1996; Harris et al, 1996), in which several genes are
implicated in the phenotype. In support of this is the contradictory
data so far obtained for the DMPK locus (see above). It is proposed
that the CIGrepeat expansion may not only affect DMPK, but also
other genes in the vicinity.

A novel homeodomain protein, DMAHP (DM-associated
homeodomain protein; Boucher ¢t «al, 1996) lies centromeric to
DMPK. It has become of interest to DM researchers because of its
close proximity to the DMPK locus and the expanded trinucleotide

repeat. The last exon of dmpk gene overlaps the promoter region of
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DMAHP. In addition this gene has been shown to be transcribed in
muscle, heart and brain, both in controls and patients with DM.
These are tissues that are affected in DM.

The mutant CTIG repeat lies within a CpG island that occurs at
the 3' end of the DMPK gene and at the 5 end of DMAHP. CpG
islands are known to affect gene expression and Harris ¢t al (1996)
suggest that an expansion of the repeat would disrupt the action of
the CpG island and affect DMAHP gene activity. In support of this,
the previously mentioned DNAse I hypersensitive site that is lost in
patients with an expanded repeat (Otten and Tapscott, 1995), is
thought to lie in the DMAHP promoter (Harris et al, 1996).

There is another gene on the telomeric side of the DMPK locus,
gene 59 (Jansen et al, 1995) in mouse or DMR-N9 in man (Shaw et
al, 1993). It has no known function but is expressed strongly in the
testes and brain in mouse. These are also sites of pathology in DM

(Harper, 1989).

1.11  Other diseases caused by CAG/CTG trinucleotide

repeats.

The discovery of the cause of this kind of disease is recent and
it 1s likely that more diseases will be found to be caused by the
expansion of CAG/CTG type trinucleotide repeats.

Attention has also centred on other diseases which display
anticipation. This includes some major psychiatric diseases. The
discovery of dynamic mutations has lead people to assess the
genetic linkage data accumulated on familial forms of schizophrenia
and bipolar affective disorder (Bassett and Honer, 1994; Petronis

and Kennedy, 1995) which challenges the idea that these are oligo-
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genic and poly-genic diseases. Family, twin and adoption studies
have indicated that there is a strong genetic component in these
diseases (Gottesman and Shields, 1982; Kendler et «l, 1985).
However, the search for individual loci for these diseases has been
hampered by the inability to replicate initial reports of linkage by
other groups (Bassett and Honer, 1994). Data reassessment has
concluded that the dynamic mutation/ anticipation model does also
fit the data available for these diseases (Bassett and Honer, 1994;
Petronis and Kennedy, 1995).

Initial work identified that repeats were expanded in some
patients suffering from psychiatric disorders. For example, Lindblad
et al, 1995 observed an overall increase in CAG repeats at
individual sites in genomic DNA from patients with BPAD (bipolar
affective disorder), compared to normal controls. However, some
initial data has ruled out certain classes of trinucleotide repeat as
having involvement in these diseases. Kauffman et «al, (1996)
working on some schizophrenic pedigrees found no evidence of
expansion of OGG trinucleotides, wusing the Repeat Expansion
Detection (RED) method (Schalling ¢t al, 1993). Other repeats may be
the cause of disease and not only those already associated with
dynamic mutations.

The screening of human  brain cDNA libraries with
trinucleotides which have previously been shown to be associated
with dynamic diseases have also identified candidate genes. For
example, a cDNA for the affected gene in the disease DRPLA, was
identified by Li ¢t «l, (1993) from a human cerebral cortex cDNA
library which was screened with a (CTG)|g oligonucleotide. It 1is

likely that other genes that are susceptible to dynamic mutation
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will be found within the subset of genes which contain trinucleotide

repeats.

1.12 CAG/CTG trinucleotide repeats and the mouse.

The mouse has an unrivalled position in modern molecular
biology. It is the best studied mammalian organism and acts as a
model in which to study normal function and disease. This is no less
true for trinucleotide repeats.

Trinucleotide repeats have been utilised extensively in mouse
as microsatellites to map genes (Love et «l, 1990). Triplet repeats
have also been found to occur in mouse genes. In a nucleic acid
database search (Genbank and EMBL), Abbott and Chambers, 1994
found a number of mouse genes that contained CAG/CTG type
repeats within cDNA sequences. Their position within the genes
varied. They were found in the 5' untranslated region, and in both

intronic and coding (exonic) sequences.

1.12.1 The mouse genome is rich in wun-characterised

expressed CAG/CTG repeats.

Furthermore there appear to be many more triplets of this
type expressed than has been previously characterised. In support
of this, Duboule (1987) took an OPA repeat probe derived from
Drosophila  melanogaster gene Notch, and used it to probe a
northern blot containing Poly-A enriched mouse RNA and found a
multiple banding pattern. This suggests that there are many
examples of OPA type repeats in expressed mouse sequences.

Although OPA repeats are described as repeats of CAN, a subset of
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those detected by Duboule e¢r al (1987) will contain perfect repeats
of CAG trinucleotides.

More recently, Chambers and Abbott (1996) have screened an
adult mouse brain c¢DNA library with oligonucleotides containing 35
copies of each of the 10 trinucleotide families. They found 3 CAG
repeat positive clones per 1000 recombinant phage screened. This is
similar to the results obtained by Li et «l (1993) and Riggins er al
(1992). Of the five clones presented in the paper (Chambers and
Abbott, 1996), only one has similarity to a known gene, a human
mitochondrial malate dehydrogenase. Of the remaining four, 3 have
similarity to human ESTs, which are the product of random mass
sequencing of cDNA libraries. These sequences have no assigned
function. The remaining clone shows no similarity to any sequence
in the Genbank or EMBL databases. Three of the clones had a repeat
sequence which contained [0 tandem copies of CAG/CTG. The
remaining trinucleotide repeats were greater than or equal to the
size of the probe, (CTG)s. Chambers and Abbott (1996) also looked
at the variability of four of the CAG/CTG repeats. Three exhibited
variability between different mouse strains derived from M.
musculus. The fourth, containing five copies of CTG/CAG, did not
show any variability even between different species of mouse (M.
musculus, M. spretus and M. caroli ). Overall, Chambers and Abbott
(1996) found that 24% of all repeat loci tested (a variety of loci
from all ten families of repeat) were found to vary between strains
of M. musculus and that 64% varied between M. musculus and
another species (M. spretus). For CAG repeat containing clones, 60%
were found to vary between inbred strains. These data were
compared with the author's previous results (Abbot and Chambers,

1994), where previously characterised mouse cDNAs from nucleic
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Table 1.1

residues/trinucleotides

Disease gene repeat human mouse rat
DRPLA atrophin  JCAG/Q |7-35 1 |n/a 52
SCA1 ataxin CAG/Q 6-39 3 24 n/a
HD Huntingtin |CAG/Q |25 5 76 n/a
SBMA androgen |CAG/Q |12-33 7 |58 n/a
receptor

MID/SCA3 CAG/Q 14-34 9 |[n/a n/a
myotonic |DMPK CTG/ 3" [5-40 10 LcTG)(CAGLCTG [n/a
dystrophy UTR

Table 1.1 Comparison of CAG/CTG repeats
rodent genes, which are associated with human disease.

The numbers

number

of glutamines

in human,

(in the

mouse

and rat

case

columns

in human

and

represent

the
of SCAI, spino-cerebellar

atrophy, type 1; DRPLA, dentato-rubral and pallido-luysian atrophy;
HD, Huntington's disease; MIJD, Machado-Joseph disease (SCA3) and
SBMA, spinal and bulbar muscular atrophy) or trinucleotides (in the
case of DM, myotonic dystrophy) at identical positions in the same
References, which are indicated by
numbers in bold type, are: 1 Li et «l, 1993; 2 Loev et al, 1995; 3
Banfi et al, 1994, 4 Banfi et «l, 1996; S5 Huntington's Disease
Collaborative Research Group, 1993; 6 Barnes ¢t «l, 1994; 7 LaSpada
et al, 1991; 8 Faber et «l, 1991; 9 Kawaguchi et al, 1994; 19 Brook et
al, 1992; 11
gene sequence is not available for that particular species.

gene, in different species.

Jansen et al, 1992. n/a indicates that the homologoue
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acid databases (Genbank and EMBL) were selected on the criteria of
having at least 7 CAG trinucleotide repeats. Of the 12 cDNAs which
fitted these criteria, 55% varied between inbred strains and 78%
varied between M. musculus and M. spretus. The figures for both
studies, 55% (Chambers and Abbott, 1996) and 60% (Abbott and
Chambers, 1994) are similar.

Polyglutamine stretches appear to have a positive effect on
protein-protein interactions, probably due to the polar nature of the
amino acid residues. A high proportion of proteins from a variety of
species that contain long stretches of glutamines are transcription
factors (Gerber et al, 1994). This is may be the case in mouse as
well, since a number of mouse transcription factors contain
polyglutamine. These include Brain 2 (an octamer repeat binding
POU domain protein; Hara et «f, 1992) and the glucocorticoid
receptor (a steroid receptor; Nohno et «l, 1989). Expressed CAG/CTG
repeats in mouse are not exclusively translated and of those that
are translated, not all encode polyglutamine. An illustrative
example is that described by Theodosiou ¢t «l (1996) who describe
a mouse MAP kinase phosphatase (M3/6) which contains an AGC
repeat which is translated as polyserine (AGC is a member of the
CAG/CTG codon family). This repeat is part of a greater polyserine
tract, which is made up with the addition of an AGT repeat. In
addition to this AGY repeat, where Y is a pyrimidine base and can
be either cytosine (C) or thymidine, (T), there is a juxtaposed GGN
repeat which is presumed (by Theodosiou er al, 1996) to encode a
polyglycine  repeat. The full length  of this repeat 1s
(AGC),(GGT),(GGC), (AGC),AAC(AGC)1,(AGT), at the nucleotide level.

This repetitive region is translated as S4G18S4NS|9. This is another



example of the existence of a CAG/CTG type repeat and a GGN
repeat in close proximity.

Using the stringent conditions of Li er ¢l (1993, hybridisation
solution: 50% formamide, 5xSSPE, 42°C and washes at 60°C in 1xSSC,
0.5% SDS, thrice 20 minutes) will facilitate the isolation of translated
CAG type repeats. Compared with the results of Riggins ¢t al (1992),
Li et al (1993) isolated larger CAG (and CCQG) trinucleotide repeats,
among which there were a large proportion of clones in which the
trinucleotide repeat is presumptively translated. Furthermore, 66%
of those which were translated encoded glutamine stretches. Indeed
this experiment isolated the protein which is associated with the
human disease, DRPLA (CTG-B37, Li et «l, 1993; Kawaguchi et al,
1994). There is no information about possible translation available
for the mouse repeats isolated by Chambers and Abbott (1996) but
they used a smaller probe, which is probably more sensitive to
hybridisation conditions. It is known that for oligonucleotides,
annealing 1s dependent on the length of the oligonucleotide, as well
as temperature. This may Ilimit the size of trinucleotide repeat

isolated.

1.12.2 Human-mouse comparisons in genes associated with

dynamic mutation diseases.

In a major effort in trying to understand the nature of genetic
diseases involving dynamic mutations in humans genes, the mouse
homologues have been cloned to develop animal models. However
CAG repeats found in the human genes (Table 1.1) affected are not
generally conserved in the mouse homologues. For example the

mouse HD gene homologue contains only seven repeats (Barnes et



al, 1994), whereas the human HD gene isolated from unaffected
control  patient contained 25 repeats (Huntington's Disease
Collaborative Research Group, 1993). Furthermore the CAG repeat in
the mouse gene is corrupted with a CAA trinucleotide, which also
encodes glutamine. These corruptions have been shown to have a
stabilising effect on trinucleotide repeats (Weber, 1990). It has been
noted that in the trinucleotide repeats which are associated with
human diseases, stability is conferred by such interruptions. For
example Eichler et al (1994) noted that the GGCrepeat of the fmrl
gene (which is affected in FRAXA) is interspersed by two AGG
trinucleotides. Instability of this repeat was only observed when
one or both of the AGG repeats were replaced with 004G
trinucleotides.

Gene knockouts have confirmed that the polyglutamine class
of disease is likely to be due to gain of function mutations, since the
lack of the proteins in the organism does not replicate the disease
phenotype. For example, separate groups which have developed
targeted disruptions have found that mice lacking the Huntingtin
protein do not display the HD phenotype (Duyao et «l, 1995; Nasir et
al, 1995 and Zeitlin et al, 1995).

1.12.3 Human transgene studies.

In a further attempt to understand the nature of the
polyglutamine associated diseases, human transgenes with the
appropriate expanded glutamine tracts have been introduced into
the mouse to replicate the disease pathology.

Attempts by different groups, working on different diseases

have had varying results. For example, the introduction of human



androgen receptor transgenes with expanded polyglutamine tracts
into the mouse failed to replicate the SBMA disease phenotype
(Bingham et al, 1995). However this transgene was not expressed in
the same tissues as the endogenous AR protein. Furthermore, lower
levels of the transgenic protein were detected (relative to normal
AR protein expression levels). These differences may account for
the lack of observable phenotype. For instance, a critical amount of
mutant AR protein may be required for the disease phenotype and
the lack of mutant protein in the affected tissue types may preclude
the disease from occurring.

In contrast to the AR transgene experiment, a disease
phenotype that is similar to that found in man has been observed
for ataxin (the effected gene in SCAI) transgenes (Burright et al,
1995). The authors wused the transgene in conjunction with a
Purkinje cell specific promoter of the gene pcp2 (Purkinje cell
protein 2), which had been shown previously to direct Purkinje cell
specific expression (Vandaele ¢r «l, 1991). It is known that these
cells are one of the cell populations that degenerate in SCAIl. The
age of onset of ataxia in these mice correlated with the level of
expression of a transgene containing an expanded glutamine repeat
(82 residues). Two transgenic lines which did not display an overt
ataxic phenotype in heterozygotes (but in homozygotes) were found
to have considerable Purkinje cell degeneration. This observation
correlates with previous Purkinje cell disruption in experiments
using an SV40 T antigen transgene, where no phenotype was
observed until up to 50-75% of the Purkinje cell population was lost
(Feddersen et al, 1992). This effect is dependent on the level of the
expanded glutamine transgene because these transgenic mice, when

bred to homozygosity, display an ataxic phenotype.



No ataxic phenotype was observed with a control transgene
which contained 30 glutamines, which correlates to a repeat length
which gives a normal phenotype in man. This is interesting because
it is 28 residues larger than that found in the mouse homologue of
Ataxin. This indicates that the pathological mechanism that 1is
activated in the presence of expanded glutamine to cause cell death
in humans is also present in the mouse. However no variation in
repeat length through the generations of transgenic mice was
observed; therefore there may be differences between man and
mouse in the level of expansion rates and mice may be protected in
some way from run away style expansion observed in humans. This
phenomenon was also cbserved in study using a human transgene
carrying an expanded glutamine in the AR, the protein involved in
SBMA (Bingham et al, 1995). Candidates for these differences would
be proteins involved in recombination mechanisms.

It has been observed that in some cases of colorectal cancer,
microsatellite loci become hypervariable in size in tumour cell
populations (Ionov ¢t «al, 1993). The basis of this is likely to be a
defect in the fidelity of recombination or repair. This is similar to a
class of bacterial mutations, known as mutator mutations.

It has been found that the repeat in these human transgenes
does not vary from generation to generation as is the case in the
human genes. It has from this been suggested that the mouse in
some way differs from humans in respect to repeat variability. This
is questionable because of the existence of large repeats in mouse
and that they are variable in a frequency not too dissimilar to
humans (Chambers and Abbott, 1994). Furthermore, the genes

which have been introduced into the mouse, are human and lack



introns. It could be possible that 1mportant co-sequences are
missing.

The effect of random integration of the transgene containing
the affected human gene may also be an important factor in
determination of the variability of trinucleotide repeats. It is known
that the position of integration can have an effect on the expression
of transgenes. This position affect has been observed in many
eukaryotic species where transgenes are introduced and is thought
to be an effect of local chromatin structure, regulatory sequences
and other co-sequences which affect regional transcriptional
activity.

For Myotonic Dystrophy in which there is thought to be a loss
of functional protein, two knockouts of the mouse gene (Jansen et al,
1996; Reddy et al, 1996) gave phenotypes which are partially what
is observed in the human disease. Furthermore, no phenotype was
observed in heterozygotes carrying the dJdmpk deficiency. This is
contrary to DM in humans in which dominance is observed. Over-
expression of DMPK protein in mice did not show any observable
phenotype; there were no histological differences or
electrophysiological changes (Jansen er al, 1996). This data supports
the proposition that other genes may be affected in DM (Johnson et
al, 1996). There is a high degree of conservation of genes in the DM
region between mouse and man and it is likely that the mouse will

be an important model to examine the co-effectors in DM.

1.12.4 Models for CAG/CTG binding proteins.

There are now three independent groups which have isolated

trinucleotide specific binding proteins. Richards ¢t «l (1993) and



Timchenko ¢t «l (1996), both working in humans, found proteins
which were specific to double-stranded and single-stranded DNA
and RNA triplets. Since Yano-Yanagisawa et al (1995) found CAG
specific proteins in mouse, it is likely that the human proteins have
their homologues in mouse. This will provide an animal model in
which the function of these proteins can be analysed to see which
roles they play in cells as well as repeat expansion mechanisms and

disease pathology.

1.13 Aims of this project.

The objective of this research is to isolate, identify and
characterise mouse genes which contain CAG/CTG trinucleotide
repeats. This is an interesting approach to take because of their
potential functions, as described in Sections 1.5 to 1.9 of this
Chapter. A general study of CAG triplet repeats in mouse would lay
the ground work for an understanding of the biology of this class of
repeat in the mouse and in other organisms. Furthermore this class
of trinucleotide repeat has become associated with a new form of
human disease. An examination of mouse triplet repeats, could help
in the wunderstanding of these diseases if any cross species
correlation could be made. Finally these triplet repeats can be used
to identify new genes which may be involved in regulatory

processes.



Chapter 2

Materials And Methods



2.1 Strains and vectors.

2.1.1 Bacterial strains.

Strain Genotype Reference

NovaBLUE Novagen

endAl hsdR17 (rkl12- mkI2+) supE44
supF58 thi-1 recAl gyrA96 relAl lac
(F' proA*B* lacl4ZAM15::Tnl0

(tet’))

TG1 Gibson, 1984
supE hsdD5 thiD(lac-proAB) F(traD36 1osen

proABY lacli lacZAM15)

XL1-BI Bullock et al,
e supE44 hsdR17 recAl endAl gyrA46 ! (l)C98(7 .

thi  relAl  lac- F' (proABY lacly
lacZAMI1S TnlO(tet”))

Karn et al,
Q338 supE hsdR (807 leln9 (8 th
c600hflA Young and

supE44 hsdR thi-1 leuB6~ hflA150 Davis. 1983

(chr::TnlO(tet®)lacY] tonA2] F

|

/

supE44  AlacUI169 (w80 lacZAMIS) Hanahan,

1983

DHS5a

hsdR17 recAl endAl  gyrA96 thi-1
relAl /.

Table 2.1 List of bacterial strains.

Refer to the individual references for the details of the origin of

each strain. /
/

/

/



2.1.2 c¢cDNA libraries.

Tissue source strain primer vector reference
8.5dpc whole C57BL oligo-dT AgtlO Hogan B.,
mouse embryo unpublished
12.5dpc whole C57BL random AgtlO Logan et al,
mouse embryo priming 1992

(hexamers)

13.0dpc whole C57BL oligo-dT Aunizap Allen N,
mouse embryo unpublished
adult mouse C57BL oligo-dT pSPORT Meier-Ewart
brain SB,
unpublished

Table 2.2 ¢DNA libraries screened with the oligonucleotide
(CTG)10-

20-40000 clones from each library were plated and screened with a
v-32P-ATP  end-labelled  oligonucleotide, (CTG)[y. Column 1)
represents the tissue source for the mRNA from which c¢DNA
libraries were constructed; Column 2 (strain) represents the mouse
inbred strain from which the tissue was taken; Column 3 (priming)
describes the method of first round cDNA synthesis priming; Column
4) (vector) DNA vector in which library is maintained; Column 5)
References.



2.1.3 Plasmid Vectors.
pBluescript KS vectors.

Phagemid vectors which contain an ampicillin resistance gene
(B-lactamase)  for  selection, a [-galactosidase polypeptide
engineered with an extensive polylinker in situ containing unique
restriction sites for cloning, and an origin of replication for single
stranded DNA production. The full sequence for these phagemids
can be accessed through Genbank (accession numbers: X52327, KS+

and X52329, KS-).
pSPORT]I.

Available from Gibco BRL-Life Technologies. This plasmid was
used as the parent plasmid vector backbone of the adult mouse

brain ¢cDNA library described in Table 2.2.

2.1.4 Lambda vectors.

Agtl0.

Parent lambda vector used in the construction of the 8.5 dpc
and 12.5 dpc whole mouse embryo ¢cDNA libraries used in this work.
It was created by Huynh et «l, (1985) for the purposes of cloning
cDNA inserts up to 6 kb in size into a unique EcoRI site in the imm
434 gene which renders recombinant phage cI-. Non-recombinant
cI* lysogenise very efficiently in hfIA E. coli strains (e.g. C600hfIA,
see above), cl- phage cannot, but go on to re-infect other bacteria

and will form plaques on a bacterial lawn.
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AZAP 1I.

This lambda phage based vector was used in the construction
of the 13.0 dpc whole mouse embryo library (N. Allen,
unpublished). It contains a number of modifications to the basic
phage structure.  Discrimination of recombinant and non-
recombinant phage is based on the disruption of a lacZ «
polypeptide when material is cloned into the multiple cloning site
contained within the lacZ sequences. This vector is available from
Stratagene and was constructed by Short er «l, 1988. It also contains
sequences which allow for the in viveo excision of phagemids

containing the cDNA inserts, using a helper phage.

2.1.5 DNA oligonucleotides wused in this study.

The sequence of each of the oligonucleotides used in this work

is indicated in Table 2.3.

2.2 Growth and maintenance of bacteria and vectors.

2.2.1 Bacterial growth media.

2YT

For 1 litre, dissolve 16 g of bacto-tryptone, 10 g of yeast
extract and 5 g of NaCl into 800 ml dH20. Adjust to pH7 with 5 M

NaOH. Adjust to 1| litre with distilled HpO and autoclave to sterilise.
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Table 2.3

Primer sequence reference
neol0 CGGAAAACGATTCCGAAGCC Gossler et al,
unpublished
neoll AGCCGATTGTCTGTTGTGCC Gossler et al,
unpublished
neol GGAGAACCTGCGTGCAATCC Gossler et al,
unpublished
neo2 GAGTACGACCTCAAGAAGCG Gossler et al,
unpublished
T3 ATTAACCCTCACTAAAGGGA Promega, 1995
T7 TAATACGACTCACTATAGGG Promega, 1995
bT7 GTAATACGACTCACTATAGGGC Stratagene,
1995
T3/T7a AGCGGATAACAATTTCACACAGG BRL-Life
technologies
(CAG)10 CAGCAGCAGCAGCAGCAGCAGCAGCAGCAG Chapter 2,
Section 2.20
(CTG)10 CTGCTGCTGCTGCTGCTGCTGCTGCTGCTG  Chapter 2,
Section 2.20;

Table 2.3 List of DNA oligonucleotides used in this work.

Sequences represent the 5" to 3' sequences

named.
reference. For

The origin of the primers
further details refer
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to these references.

of each oligonucleotide
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LB

For one litre, dissolve 10 g tryptone, 5 g yeast extract, 10 g
NaCl, 1 g glucose and 20 mg of thymine in to 800 ml of dHyO. Make
up to 1 litre with distilled H2O and autoclave. LB was used where it
was necessary to propagate with the antibiotic tetracycline, which

has been shown to be inhibited by the presence of magnesium ions.

NZCYM

This medium was used in the preparation of phage competent
bacteria, except for strain XLI-Blue (Bullock ¢t «l, 1987). This strain
requires tetracycline selection and therefore requires to be grown
in Mg2+-free medium for the reason detailed above. To 950 ml of
dH70, add 10 g NZ amine, 5 g NaCl, 5 g bacto-yeast extract, casamino
acids and 2 g of MgS0O4.7H,0. Mix to dissolve solids and adjust to pH

7.0. Make up to one litre with dHpO and autoclave.

Solid and semi-solid media for bacteria.

As required, the different media were prepared as above. Just
before autoclaving bacto-agar was added to the concentration of

either 15 g/ litre or 7 g/ litre for plates and top agar respectively.

63



2.2.2 Growth conditions for Bacteria and Phage.

Liquid cultures.

Bacterial samples were inoculated into the appropriate sterile
liquid media (in a flask) and put at 37°C, in an orbital shaking

incubator at 200 rpm, for a period of 16 to 20 hours.

Solid Media.

Solid agar was melted in a microwave oven until totally
dissolved. The molten agar was allowed to cool until 55°C.
Antibiotics were then added (if required) to their working
concentration (see Section 2.6). The agar was then poured into petri
dishes and allowed to solidity. Before use the agar was dried to
remove excess moisture. The plates were stored at 4°C if not used
directly. Bacteria were streaked out on to plates containing the
appropriate  selective antibiotics and colorimetric indicators if

required.

2.3 Sterilisation of media.

All solutions were sterilised for 20 minutes at 15 Ib/sq. in. on
liquid cycle. Heat Ilabile materials were sterilised by filtering

through a 0.2 pm filter (Sartorious) and stored in previously

sterilised containers.
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2.4 Transformation of Bacteria.

2.4.1 Preparation of electro-competent bacteria.

Electro-competent bacteria were prepared using the method
described in Current Protocols (Ausubel et al, 1990). The cells can
be re-suspended directly into Hy;O and used directly for
electroporation, but it is wise to test each batch of cells with a series
of standard dilutions of plasmid before proceeding to use them in
any experiments. With the testing procedure lasting 2 days after
the preparation of the cells it is better to preserve them at -70°C in
the way described below as the cells deteriorate rapidly if left at

4°C or on ice.

Procedure.

1) A single colony from a fresh plate was inoculated into 5 ml of
appropriate growth medium with selective antibiotic and was

grown for 16- 20 hours (i.e¢. overnight).

2) Dilute 2.5 ml of the overnight culture in 500 ml of pre-warmed
2YT medium in a 2 litre flask (for maximum aeration), without any
antibiotics. Measure the O.D. (optical density) at wavelength of 600

nm of the culture regularly until it reaches 0.5-0.6.

3) Chill the culture for 15 minutes in an ice-water combination and
decant into 2x 250 ml polypropylene centrifuge tubes. Balance the

tubes to within 0.0l g with a fine balance.



4) Pellet the bacteria by spinning the tubes at 4200 rpm for 20
minutes in a JA-14 rotor (Beckman). The rotor must be pre-chilled

to 2°C.

5) Decant the supernatant and keep the bacterial pellets at 2°C for

the rest of the subsequent procedures.

6) Resuspend the cells gently but fully in an equal volume of pre-
chilled distilled HO (2°C). This is best done by first resuspending
the pellets in 5 ml of water by extensive swirling action and on ice.
Once bacterial suspension is achieved add the rest of the water. Do
not pipette as this mechanically sheers the cells and will result in a
reduced number of cells at the end of the procedure and hence a

lower transformation efficiency.
7) Spin the bacterial suspension at 4200 rpm at 2°C for 20 minutes.

8) Decant the supernatant and resuspend in an equal volume of

dH,2O in the manner described above.

9) Centrifuge the resuspended bacteria at 4200 rpm for 20 minutes

(2°C).

10) Decant the supernatant and resuspend each pellet in 5 ml of
10% glycerol solution. Place in a fresh 45 ml polypropylene tube.
Make the volume up to 45 ml with water ice cold 10% (v/v) glycerol
solution and spin against a balanced tube (containing water) for 10

minutes at 4200 rpm (2°C) in a JA-20 rotor (Beckman).
11) Pour off the supernatant and replace the tube on ice.

12) Add 500 pl of 10% glycerol and resuspend the bacterial pellet
g P

gently.
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This procedure should yield about | ml of competent bacteria
which can be used directly for electroporation or can be frozen for
later use. Freezing the electro-competent bacteria can be achieved
by placing 40 pl aliquots in pre-chilled 1.5 ml microcentrifuge tubes
followed by snap-freezing on dry ice for 15 minutes before placing

them at -70°C for long term storage.

2.4.2 Electro-transformation of bacteria.

The bacteria were prepared as described above and
transformed in the following way. The equipment was the custom
electroporation unit manufactured by Biorad and electroporation

was carried out using the manufacturers cuvettes and conditions.

Preparation.

Fill the appropriate amount of | ml syringes with 2YT
medium, flaming to retain sterility. Dilute the DNA solution if

required to reduce the concentration of salt.
Procedure.

1) Take the appropriate numbers of fresh or frozen aliquots of
electro-competent bacteria (usually corresponding to the number of
individual transformations to be done). Thaw an extra aliquot in

case one electroporation attempt fails. Place on ice to thaw slowly.

2) Once thawed, pipette | pl of DNA containing solution into the

cells. Mix by pipetting up and down twice with a micropipette set at

20 pl and leave on ice for 5 minutes.
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3) Transfer the DNA/bacteria solution into an electroporation
cuvette (which has been pre-chilled on ice). Avoid the introduction
of bubbles into the cuvette chamber as this will produce pockets of
conductivity which will cause the reaction to fail and kill the cells.

Tap the DNA/bacterial mixture to the bottom of the chamber.

4) Wipe the outside of the cuvette to remove excess moisture which
builds up due to condensation when the cuvette is transferred to

room temperature after pre-chilling.

5) Place the cuvette in the electroporation chamber, slide into
position between the electrode contacts and apply a pulse. For a 0.1
cm diameter cuvette, use the following settings: 1.6 kv, 400 ohms
resistance and 25 pF capacitance. 0.2 cm diameter gap cuvettes

require 2.5 kv, 400 ohms and 25 pF.

6) Immediately resuspend the cells in 1 ml of 2YT and transfer to a

sterile 20 ml universal.

7) Incubate the transformed mixture for 1 hour at 37°C shaking at

200 rpm.

8) Plate out the appropriate amount of transformed bacteria on to
pre-prepared  plates containing the required antibiotic and
colorimetric indicators as required. Incubate the plates overnight at
37°C. The rest of the transformed mixture can be stored at 4°C and

plated out the next day, if necessary.
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2.5 Lambda phage manipulation.

2.5.1 Preparation of phage competent bacteria.

A fresh colony of bacteria was used to inoculate 100 ml of LB
with tetracycline to a final concentration of 50 pg/ml, 10 ml of 20%
(w/v) maltose (filter sterilised). Maltose is included to stimulate the
accumulation of the maltose receptor (malB), which is the binding
site for bacteriophage lambda on the bacterial cell surface, prior to

infection.

2.5.2 Infection of bacteria with lambda phage.

Phage-competent  bacteria were initially mixed with an
appropriate amount of phage then incubated for 20 minutes at 37°C
to allow the phage to absorb to the bacteria. This mixture was then
mixed with top agar at 48°C in a sterile pre-warmed universal,
swirled to mix, and then plated onto a square 10x10 cm plate
containing bottom agar (pre-dried to remove excess moisture).
After leaving the top agar mixture to solidify for 10 minutes on the
bench, the plates were then transferred to the 37°C incubator to
allow growth of the bacteria and phage. The plates were left at 37°C

until the phage plaques were visible but not touching each other.
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2.6 Antibiotics and colorimetric indicators.

2.6.1 Antibiotics

Antibiotic working Storage conditions
concentration
Ampicillin 100 pg/ml 100 mg/ml in H20 and stored
at -20°C.
Tetracycline 50 pg/ml 50 mg/ml in ethanol. Stored
at -20°C.

2.6.2 Colorimetric indicators.

X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside), a chromogenic
substrate for the [-galactosidase enzyme, was used with IPTG
(isopropyl-B-D-thiogalactopyranoside), an inducer of the E. coli luc
operon. In the presence of active [-galactosidase, X-gal is converted

into a product which gives a strong blue colour.

Xgal Stock. X-gal is made up to a stock solution of 20 mg/ml in
HyO, filter sterilised by the method described above (Section 2.3)
and stored at -20°C.
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IPTG. IPTG is made up to a 20 mg/ml stock in DMF (di-methyl
formamide) and stored at -20°C. IPTG is light sensitive and it is best

stored in a sterile universal bottle, wrapped in silver foil.

2.7 Long term maintenance of bacterial, plasmid and phage

stocks.

2.7.1 Bacterial stocks.

Parent strains of bacteria and bacteria containing individual
plasmids were kept in long term storage as 50% (v/v) glycerol
solutions of overnight cultures derived from single colonies from
fresh plates. These stocks were stored at -70°C in 2 ml

polypropylene screw cap tubes (Nunc).

2.7.2 Maintenance of lambda bacteriophage.

Individual plugs (and individual plaques) were stored at 4°C
in 1 ml of SM with 50 ul chloroform.

2.7.3 Bacteriophage reagents and solutions.

SM Add 5.8 g NaCl,2 g MgSO4.7H,0, 50 ml IM TrisHCI, pH 7.5 to

800 ml of dH7O and allow to dissolve. Add sterile gelatine to a final
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concentration of 0.01% (w/v) and adjust to one litre. Aliquot the SM

into glass bottles and sterilise by autoclaving (Section 2.3).

2.8 Nucleic acid isolation and manipulation.

2.8.1 Isolation of plasmid DNA.

Miniprep of plasmid DNA was performed using a modified
method of the BD miniprep using Wizard miniprep columns (Gareth

Griffith, unpublished data; Promega).

1) Inoculate 5 ml of 2YT culture containing the appropriate
antibiotics with a single bacterial colony from a fresh plate.

Incubate for 16 to 24 hours in a shaker (200 rpm) at 37°C.

2) Pellet 3 ml of above culture into a 1.5 ml Eppendorf tube. To do
this, add 1.5 ml of culture and then spin for 15 seconds at full speed
in a bench top microfuge. Decant the supernatant and then add
another 1.5 ml of culture into the same tube. Decant the
supernatant  again and remove any remaining medium by

aspiration.

3) Add 250 pl of Pl solution to each tube. Vortex to re-suspend the

pellet fully.

4) Add 250 pl of P2 solution and mix by gentle inversion of the
tube six times. Do not shake the tube or contamination of the

recovered plasmid DNA by bacterial genomic DNA will occur.
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5) Add 250 pl of P3 solution and mix as in step 4. A viscous white

precipitate should appear.

6) Spin at 14000 rpm in a microcentrifuge for 20 minutes. Remove
pelleted white scum with a sterile toothpick and spin for a further
10 minutes. For DNA to be sequenced spin times should be adjusted

to 30 and 20 minutes respectively.

7) Attach 2.5 ml syringes (Becton Dickinson) to Wizard miniprep
columns without plungers. Set up the syringe barrel on the vacuum
manifold (Promega), if you have one. Otherwise you will have to

retain the plunger for use later.

8) Pour the cleared supernatant into a fresh tube containing 750 pl
of Wizard miniprep resin. Mix by inversion and stand for one
minute. Pour the mixture into the syringe and apply a vacuum
through the manifold or insert the plunger into the syringe and

push the liquid through.

9) After the buffer in which the resin was suspended has cleared
the column, apply 3 ml of wash buffer to the syringe. Re-apply the
vacuum to draw the liquid through. Continue to draw air through
the syringe barrel for a further 10 minutes after the wash buffer
has passed through. Detach the syringe, remove the column and
place it in a fresh 1.5 ml Eppendort tube. Spin for 30 seconds in a
microfuge. Remove the column and place in a fresh tube. Let stand
for 15 minutes to dry off excess ethanol. If doing this with a
plunger, spin immediately after pushing the wash solution through

and stand for 15 minutes in a fresh tube.



10) To each tube add 20 pl of T,,,mE ;M. pH 8.0 (pre-heated to 85°C)

and immediately spin for 15 seconds at 14000 rpm. Repeat elution
with a further 20 pl of hot T,,,sE,.m and spin again. For sequencing
grade DNA substitute distilled H2O for T,,,mE,;um, pH8.0.

11) Analyse | ul of the miniprep DNA on a 1.0% agarose gel with 7
ul of H2O and 2 pl of agarose gel loading buffer (x 35).

Regeneration of Wizard miniprep columns.

It is possible to re-use the Wizard miniprep columns by
washing them in sterile water. This is done by placing them in a
heat resistant flask, shake, and heating the water in a microwave
oven. Shake again, cool and replace distilled water with clean batch.
Repeat the procedure above, until all the old resin has been
removed. Dry the columns in a incubator and mark the columns so
as to distinguish them from new ones. Syringes and plungers can be
cleaned and dried in the way described above except that it is

better to do it in a Pyrex dish rather than in a beaker.

Solutions for Promega Wizard miniprep.

P1 50 mM TrisHCI (pH 8.0), 10 mM EDTA and 100 pg/ml RNAse

(low grade, Sigma). Store at 4°C.

P2 0.2 M NaOH, 1% SDS. Make this up fresh by combining 8 ml
H>O, 1 ml 2M NaOH solution and 1 ml of 10% SDS. If the SDS

precipitates, gently warm this solution.

P3 3 M CH3COOH. pH 5.2. Store at room temperature.
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Column Wash Solution.

20 mM TrisHCI (pH 7.5), 200 mM NaCl, 5 mM EDTA, 50% (v/v)
ethanol. To make | litre of stock solution (without ethanol), add 10
ml of 2 M TrisHCI (pH 7.5), 50 ml of 4 M NaCl and 10 ml of 0.5 M
EDTA (pH7.5). Make the volume up to one litre with distilled water.

Sterilise by autoclaving. Add an equal volume of ethanol before use.

2.8.2 Isolation of A phage DNA.

A DNA was prepared in the following way (page 1.13.6,
Ausubel et al, 1990).

2.8.2.1 Lysate production.

A sample of freshly grown phage strip was put into 400 pl of
SM and left for a minimum of 2 hours at 4°C. 50 to 100 pl of this
suspension was mixed with 100 pl of phage competent bacteria and
incubated for 15 minutes at 37°C to allow infection of bacteria by
the phage particles. This phage-bacteria mixture was added to 50
ml of NZCYM broth. This was incubated at 37°C in a shaking

incubator (200 rpm) until lysis was observed. This was generally

between 6 to 9 hours post infection. After lysis, 500 pl of
chloroform was added to kill off the remaining bacterial cells and

aid lysis.

75



2.8.2.2 A DNA extraction.

The prepared phage lysate was transferred to Nalgene
polypropylene tubes and DNase and RNAse were added to the final
concentrations, 5 mg/ml and 10 mg/ml, respectively. The tubes

were then incubated for one hour at 37°C.

Afterwards the tubes were centrifuged at 4°C in a Beckman
J20 rotor at 20000 rpm for 2 hours |5 minutes, to pellet the phage.
The supernatant was disposed of and the pellet of phage particles
was resuspended in 500 pl 50 mM TrisHCI pH8.0. Protein and lipids
were removed by a series of phenol extractions (aqueous phenol,
Tris buffered to pH 8.0) until no more white waste material was
observed on spinning this mixture at 14000 rpm. A final chloroform

extraction was performed to remove any residual phenol.

2.8.3 Isolation of Mammalian genomic DNA.

Genomic DNA was extracted from a variety of sources (e.g.
cultured cells, adult mouse tissue, cell lysates) with the aid of the
Nucleon II kit from Scotlab Bioscience. The manufacturer's

conditions were used throughout.
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2.8.4 Isolation of total RNA.

Total RNA was extracted by the acid phenol-guanidinium method of
Chomczynski and Sacchi (1987). This procedure was used to extract
total RNA from whole embryos, adult tissues and cultured cells. The

protocol is described below.

You will need a mortar and pestle, 2 Nalgene 45 ml
polypropylene tubes, blue and yellow tips and 1.5 ml microfuge
tubes. All solutions and materials must treated in the appropriate

way to render them Rnase-free.

Glass-ware and other heat resistant materials must be heat-
baked at 180 °C for two hours. Heat labile materials must be treated
in a 0.01% DEPC solution overnight and autoclaved the following

day.

Procedure.

1) Measure the weight of starting material on silver foil on a fine

balance.

2) Transfer to mortar, add liquid nitrogen and grind with pestle
until tissue is reduced to a fine powder. Add more nitrogen and

transfer to an RNAse-free polypropylene tube.

3) Evaporate the remaining liquid nitrogen and add solution Din a

proportion of 600 pl of solution D to 100 mg of tissue. Mix by

inversion.
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4) Homogenise the solution by three 30 second pulses at the yellow
setting (8000 rpm, Ultra-Turrax T25 homogeniser (Janke and

Kunkel). Keep the tube on ice while this is being done.

§) Add sequentially: 0.2 M NaOAc, pH 4.0 (60 ul per 100 mg of

original material), mix by inversion and add water-saturated phenol

(600 pl per 100 mg) and chloroform (120 pl per 100 mg). Mix

thoroughly and then stand in ice for 5 minutes.

6) Spin for 15 minutes in a Beckman JA-20 rotor at 12000 rpm at
4°C.

7) Transfer upper, aqueous layer to a fresh polypropylene tube,

taking note of the total transfer volume.

8) Add equal volume of propan-2-ol, mix and stand on ice for more

than 2 hours.
9) Centrifuge at 12000 rpm at 4°C for 15 minutes.

10) Discard supernatant and dry the pellet with tube inverted for

10 minutes.

11) Resuspend RNA pellet in RNase-free 70% ethanol (500 ul per
100 mg of original tissue) and aliquot into .5 ml microfuge tubes.

Store at -70°C until required.
2.9 Synthesis of oligonucleotides.

All oligonucleotides described in this work were synthesised
on a DNA synthesiser by the standard phosphoramidate chemical
synthesis. The bases were added in a 3' to 5 manner. Other
oligonucleotides were purchased from commercial sources where

indicated.

78



2.10 Quantification of nucleic acids.

Measurements of DNA quantities in solution were performed
using a spectrophotometer set at the wavelength 260 nm. At this
wavelength it has been calculated that the absorption unit
coefficients of various nucleic acids have a relationship to their
concentration. For  one absorption unit, double-stranded
deoxyribonucleic acid is at a concentration of 50 pg/ml, single-
stranded DNA at 40 pug / ml and RNA 40 pg/ ml. Readings at the
wavelength of 280 nm was also measured. The ratio of 260 nm and
280 nm absorbtions for a particular sample gives a measurement of
the purity of the nucleic acid in solution. Both pure DNA and RNA

have a ratio of between 1.8 to 2.0 (Maniatis ¢t al, 1989).

2.11 Restriction endonuclease digestion of DNA.

All restriction endonucleases described in this work were
supplied by Life Technologies and wused with the REact buffer

system supplied with these enzymes.

2.11.1 Plasmid and lambda phage DNA.

These were digested with a 4-5 fold excess in units of enzyme
with the appropriate restriction buffer and in a final volume which
diluted the enzyme 10 fold. Enzymatic activity can be inhibited by
glycerol concentrations of >5%. Glycerol is a major component of the

enzyme storage buffer (50% v/v).
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2.11.2 Mammalian genomic DNA.

Genomic DNA was allowed to diffuse in an appropriate volume
of sterile HpO and restriction buffer left on ice or at 4°C. To aid
diffusion of the DNA it was mixed regularly with a sterile pipette tip
and replaced on ice. When the DNA had diffused, half of the
intended amount of enzyme to be used for the digestion was mixed
in slowly to the DNA/buffer solution. The tube was then left at 4°C
for 5 minutes before being transferred to 37°C for 30 minutes. The
rest of the enzyme was then added in the manner described above.
When the digestion had been allowed to proceed for 5 hours, a 1 ug
sample was taken and used for gel electrophoresis, to see if

digestion was complete.

2.12 Generation of a deletion series using exonuclease III.

This  procedure was carried out  according to the
manufacturers protocol with the omission of the step to remove
nicked and linear plasmid prior to restriction endonuclease

digestion (Erase-a-base System, Promega).
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2.13 Agarose gel electrophoresis of nucleic acids.

2.13.1 Agarose gels for DNA electrophoresis.

Solutions and materials.

10x T.B.E.

Dissolve 108 g Tris base, 55 g boric acid and 40 ml 0.5M EDTA
(pH8.0) in 800 ml of dH0O. Adjust to | litre final volume. Use at 1x

strength as the working concentration.

50x T.A.E.

Dissolve 242 g Tris base and 37.2g NapEDTA.2H20 in 800 ml of
dH,0. Add 57.1 ml glacial acetic acid to adjust the pH to 8.5. Adjust
the volume to 1 litre, decant into glass bottles and sterilise by

autoclaving (Section 2.3).
Agarose.

Electrophoresis grade agarose was supplied by BRL-Life
technologies. Low melting point agarose (used for DNA band

recovery from agarose gel matrices) was obtained from Nusieve.
10x gel loading buffer.

Make up to 20% Ficoll 400; 0.1 M EDTA, pH 8.0; 1% SDS; 0.25%

bromophenol blue and 0.25% xylene cyanol.
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Procedure.

The appropriate amount of agarose (BRL-Life technologies)
was mixed in a Ix T.B.E. buffer solution to give the final
concentration relative to the size of DNA molecules being used.
Generally 1.0% (w/v) agarose was used for plasmid DNA separation,;
0.7% agarose for the separation of digested genomic DNA and 0.3%

was used for undigested genomic DNA.

Sample preparation.

The appropriate amount of DNA was mixed with dHO and 10x
loading buffer to a final concentration of one times. Genomic and A
DNA was heated to 65°C for 10 minutes then allowed to cool on ice
briefly before being loaded into the wells of a preformed

submerged agarose gel.

Running the gels.

A constant voltage was applied to the submerged agarose gel
for the appropriate length of time, or until the DNA had migrated

sufficiently.
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2.13.2 RNA gels.

Preparation of denaturing agarose gel for RNA

electrophoresis.

For 200 ml of gel mix, add 2.96 g of agarose to 148 ml of

DEPC-treated dH,0O. Microwave to dissolve the agarose and cool to
80°C, add 20 ml of 10x M.O.P.S., mix and leave to cool to 65°C. In a
fume hood add 32 ml of formaldehyde, mix thoroughly and pour

into the prepared gel cast.

Preparation of RNA gel sample buffer.

For the stock solution, add sequentially 2 ml of RNAse-free

glycerol, 3 ml of DEPC-treated H;0O with 20 mg each of methylene
blue and bromophenol blue and 2 ml of 10x M.O.P.S. buffer. Mix and

store at room temperature. Just before use mix 340 pl of the stock

solution with 160 pl of formaldehyde.

Preparation of samples for loading.

The appropriate amount of RNA was mixed with a I:1 ratio
with the gel loading buffer (containing formaldehyde) and
incubated for 10 minutes at 65°C. The samples were chilled on ice

before being loaded onto a formaldehyde gel.
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Running formaldehyde gels.

10 pug samples of total RNA was loaded into each well and
electrophoresed in a 1.5% agarose, Ix M.O.P.S. buffered gel in a fume
hood for 4 hours at 200 volts. A peristaltic pump was used to

circulate the buffer during this time.

2.14 Staining, visualisation and photography of nucleic

acids.

2.14.1 DNA visualisation.

Agarose gels containing DNA samples were soaked in a dilute
solution of ethidium bromide (50 ng/pl) for 30 minutes, after which
the gel was transferred to fresh HO for rinsing. The gel was
visualised under UV light. If over-staining occurred, the gel was
allowed to soak in dH0O for 30 minute intervals until background
staining was lost. Permanent records of the gels were either
photographs taken by a Kodak polaroid instamatic camera or by a

video-imaging facility.

2.14.2 RNA visualisation.

After transfer of the RNA from the formaldehyde-agarose gel
and fixation to nylon membrane (Dupont Genescreent), the RNA was

visualised in the following way. The membrane was washed in 2%
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SDS to remove migrating dyes, then in DEPC-treated dH;0 and
immersed in an excess volume of 0.5 M sodium acetate (pH 5.2)
with 0.04% methylene blue, for 10 minutes. The membrane was
then destained with a series of 25% ethanol solutions until the non-
specific background staining was removed. The stained membrane
was wrapped in cling film and photocopied to provide a permanent

record of the distribution of the RNA.

2.15 Recovery of DNA fragments from agarose gels.

Where it was necessary to isolate restricted DNA fragments,
the DNA was digested and the fragments were separated by
electrophoresis in low melting point (LMP) agarose using Ix T.AE.
buffer at 4°C. The appropriate band(s) were dissected with the
minimal amount of agarose and DNA was extracted by spinning
through COSTAR spin-X columns in the manner described by the
manufacturer. As a final step, the DNA in the column eluant was
ethanol precipitated in the manner described in Maniatis ¢t al
(1989). The recovery of DNA was checked by taking a sample of the
re-dissolved  precipitate and subjecting it to agarose gel

electrophoresis with the relevant DNA molecular weight markers.

2.16 Ligation of lambda c¢DNA inserts into pBluescript.

5 ug of lambda phage DNA was digested by the enzyme Eco RI

(as described in Section 2.11.1). After the digestion of the A DNA

had been completed, restriction enzyme activity was destroyed by
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heating the reaction to 65°C for 10 minutes. 1 pg of the restricted A
DNA was mixed with 0.2 pg of linearised pBluescript plasmid DNA.
This DNA mixture was added to a cocktail solution which contained
the appropriate amount of T4 phage DNA ligase (1-3 U/ul,
Promega), buffer (x10: 300 mM Tris-HCIl, pH 7.8, 100 mM MgCl; and
100 mM DTT; Promega), 10 mM rATP and dH20 in a final reaction

volume of 10 pl. This reaction was incubated at 4°C for a minimum

of 16 hours.

2.17 Transfer of nucleic acids to nylon membranes.

2.17.1 Electrophoretically separated DNA fragments.

Denaturation of DNA.

Prior to the transfer of the DNA to nylon membrane, it is
necessary to denature the double-stranded DNA. To achieve this,
the gel containing the DNA was placed in a 0.4 M NaOH solution for
30 minutes (in the case of plasmids) or 45 minutes (for genomic
DNA). The gels were thoroughly rinsed in dH7O and immersed in the

electro-blotting buffer (1x T.B.E.) for 20 minutes.
Electroblotting DNA from agarose gels.

The DNA was transferred by constant electric current (1.5
Amp) using an electroblot apparatus in Ix T.B.E. buffer solution.

This was allowed to proceed for 2 hours in the case of lambda and
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plasmid DNA digests. For genomic DNA a 1.0 amp current was
applied for 6 hours (or longer) to allow for the Ilarger DNA

fragments to transfer to the membrane.

2.17.2 Denatured plasmid DNA for slot blots.

One microgram (spectrophotometrically determined) plasmid
DNA was denatured with a 0.1 M NaOH solution, in the presence of
Ix agarose gel loading buffer (see Section 2.13.1.1) for 10 minutes.
The samples were drawn by a vacuum onto dry nylon membrane
(Dupont Genescreent). The vacuum was continuously drawn for a
further 30 minutes to allow the DNA to dry on to the membrane.
The DNA was cross-linked to membrane using the UV cross-linking

apparatus as described below (Section 2.18).

2.17.3 RNA

This was done by the standard capillary method as described

in Maniatis et al, (1989), Chapter 7, page 49.

2.18 Covalent cross-linking of transferred nucleic acids to

nylon membrane.

Nucleic acids (DNA and RNA from agarose gels and slot-blotted
denatured  plasmid) were covalently cross-linked to Dupont
Genescreent nylon membrane by UV exposure for 3 minutes in a
custom cross-linking apparatus (Stratagene Stratalinker) at a power

setting of 1200 W.
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2.19 Inverse polymerase chain reaction.

PCR is the selective amplification of DNA between two points
defined by sequence specific primers. IPCR (a variation of standard
PCR) uses a circularised template from which outwardly directed
primers can be used to amplify sequences in the opposite or inverse
direction relative to normal PCR (which generally amplifies
sequences between two convergent primers). This technique has
been used successfully by Korn er al (1992) to identify flanking

sequences from enhancer trap integration site positive cell line DNA.
Digestion of enhancer trap site (ETS) genomic DNA.

Template DNA was digested to completion with an appropriate
restriction enzyme. Digestion was monitored by applying a sample
of the DNA to agarose gel electrophoresis (see Sections 2.11.1 and
2.13.1.1). The restriction enzyme was removed by a phenol (pH 8.0)
extraction and once with chloroform. The DNA was precipitated (as

described by Maniatis et al, 1989) and resuspended in dH7O.

Circularisation of digested DNA.

The DNA was resuspended to a concentration of 1 pg/ml.
These conditions favour the formation of circularised monomers of
restricted DNA rather than intermolecular ligations reactions. Collins
and Weissman (1984) first described these conditions and Maniatis
et al (1989) describe the relationship between the concentration of
DNA (c, measured in pg/ml), the size of the molecule (in base pairs)
and the likelihood of intramolecular ligation. The relationship 1is
described by the expression, 1900/c(bp)!/2. Generally if the
calculated value of this ratio is less than 1, circularisation will be

favoured.
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Therefore the previously digested DNA was allowed to ligate
at a concentration of 10 pg/ml in the presence of T4 ligase at a
concentration of 1 U/ul. The ligation was allowed to proceed
overnight at 16°C. The ligase enzyme was heat killed at 68°C for 15
minutes. The DNA was precipitated and resuspended to a

concentration of 25 pg/ml, after a phenol (Tris buffered, pH 8.0) and

chloroform extractions.

Amplification conditions.

100 ng (4 pl) of ligated DNA was combined with 30ng each of
primers neolO and neoll (1 pl each), 4 pl of 1.25 mM dNTPs, 2.5 pl
Taqg amplification buffer (TAB) x10 (Promega), 0.5 pl (5U) Tag DNA
polymerase (Promega) and dH;0 was added to adjust the final

reaction volume to 25 pul.

First round PCR.

DNA was denatured with the appropriate amount of HyO for
10 minutes at 98°C. The DNA/H;O solution was placed on ice to cool
and any condensate was spun down in a microfuge. 10xTAB and
dNTPs were added along with the appropriate primers to the DNA
solution. This mixture was overlaid with mineral oil (Sigma) and
placed in a Perkin Elmer DNA thermocycler and heated to 80°C for 5
minutes. Tag DNA polymerase was then added and the whole
mixture was heated to 94°C for 3 minutes. This was followed by 30
rounds of: Annealing 60°C, 30 seconds; Extension 72°C, 2 minutes;
denaturation: 94°C 30 seconds. PCR was completed with a 7 minute
extension at 72°C, after which reactions were stored at -20°C until

required.
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Second round PCR.

This was carried as first round PCR except that the template

was 1 pl of a 1/1000 dilution of the PCR reaction from round one

(see above) and a nested set of primers, neol and neo2 were used.

2.20 Radioactive labelling of nucleic acids.

2.20.1 Random priming of DNA fragments.

This  procedure was carried out according to the
manufacturers recommendation using the Prime-It random priming
kit (Stratagene). Generally 50 ng of double stranded, linearised DNA
was labelled with 50 pCi of dCTP (specific activity = 3000 Ci/mmol)

in a final volume of 50 pul. The reaction was incubated for 30

minutes at 37°C.

2.20.2 End labelling of oligonucleotides with y-32P-ATP.

1 pmol of oligonucleotide to 10 pCi of YATP (3000 Ci/mmol,
NEN) in a 20 pl reaction of Ix T4 polynucleotide kinase buffer

(Promega) and 8 units of T4 Polynucleotide kinase (Promega). The

reaction was incubated at 37°C for 30 minutes.
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2.20.3 Labelling of first strand cDNA.

Annealing and labelling.

This was performed on 10 pug of total RNA, to which 500 ng of
oligo-dTi,.18 primers (Pharmacia) had been annealed. To this
mixture, 1 pl reverse  transcriptase,  Superscript II  (Life
Technologies) and 4 pl of the 5x first strand buffer were added for
the synthesis of complementary first strand molecules. | pl cold
dNTPs (10 mM each dATP, dGTP and dTTP; final concentration, 2
mM) and 2 pl 0.1M DTT were also added. 70 uCi of a-labelled dCTP
(deoxycytosine triphoshphate, 3000 Ci/mmol, NEN Dupont) was
used per reaction to label the newly synthesised first strand

products. This reaction was allowed to incubate at 42°C for 2 hours.

Cold chase reaction.

After the labelling, a chase step was performed with cold
dCTP, to maximise the length of products from the reaction. 2 pl 5x
first strand buffer, 2.5 pl 10 mM dCTP, 4.5 pl dH20 and 1 pul of
Superscript II were added sequentially. The reaction was incubated

at 42°C for 90 mins.
Removal of RNA by NaOH hydrolysis.

RNA was removed by alkaline hydrolysis by adding 1M NaOH
(1.5 pl IM NaOH and 1 pl 0.5 M EDTA pH 8.0 were added). The

treated reaction was then incubated at 50°C for 75 minutes. The
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alkali was afterwards neutralised with the addition of the

appropriate molar amount of I M HCI (1.5 pl IM HCI).

2.20.4 Separation of labelled nucleic acids from
unincorporated radioactively labelled deoxynucleoside
triphosphates.

Labelled probes (from random priming, first strand cDNA
synthesis and oligonucleotide end-labelling reactions; see Sections
2.20.1 to 2.20.3 above) were separated from unincorporated
radioactively-labelled deoxynucleoside triphosphates by passing the
reaction over a column containing G50 (or G25 in the case of
oligonucleotide seperation) Sephadex (Sigma) which was either
purchased from the manufacturer (Pharmacia) or on a home made
column. The home made G50 column was constructed from a sterile
Pasteur pipette blocked with siliconised glass wool and filled to the
top half centimetre with G50 Sephadex slurry which was re-
hydrated and autoclaved in STE (100 mM NaCl, 10 mM TrisHCI and
1 mM EDTA, pH 8.0). The G-50 Sephadex slurry was prepared by
adding dehydrated G-50 Sephadex to the STE solution. This mixture

was autoclaved (Section 2.3) to re-hydrate the Sephadex.

The probe was loaded onto the column and this was followed
by 3 ml of S.T.E. Fractions, each containing five drops, were collected
as the probe made its way through the column. 1 ul of each of the
fractions was then taken to be measured in a scintillation counter
(Beckman) using Cherenkov counting. Dpms (disintegrations per

minute) were recorded. From this a profile of the elution of



radioactivity from the column was determined. The first peak of

radioactivity corresponds to the labelled fragments.

2.21 Hybridisation analysis of nucleic acids.

Materials and solutions.
20xSET

3 M NaCl, 0.4 M TrisHCI (pH 8.0), 20 mM EDTA. To make 2 litres, add
350.6 g NaCl to | litre of distilled H7O, dissolve, then add 800 ml 1

M TrisHCI, pH 8.0 and 80 ml of 0.5 M EDTA, pH 8.0. Adjust the

volume to 2 litres and sterilise by autoclaving.
10% SDS.

Add 10 g of SDS to 80 ml HyO. Dissolve the SDS and adjust to 100 ml.

50x Denhardt's solution.

For 500 ml of stock solution: Add 5 g Ficoll 400, 5 g
polyvinylpyrrolidone and 5 g of BSA to 450 ml H0. Adjust to 500

ml, filter sterilise and store at -20°C.
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De-ionised Formamide.

This was prepared freshly for each experiment by the following
procedure. 20 g of de-ionising resin was added per litre of
formamide and was left to mix with the aid of a magnetic stir bar
for at least one hour. The solution was then filtered through
Whatman paper and used immediately for the hybridisation

solution.

Sheared salmon sperm genomic blocking DNA.

Salmon sperm DNA was prepared according to the procedure
described in Maniatis et al (1989, Appendix B, pl5) and adjusted to
a final concentration of 10 mg/ml. The sheared DNA was aliquoted

into 1 ml samples and stored at -20°C until required.

Hybridisation solution.

All probing experiments were conducted in the following
solution: 4x SET, 50% formamide, 0.5% SDS, 5x Denhardt's solution
and 1 M phosphate buffer, pH 6.8.
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Method.
Prehybridisation.

Nylon membranes containing the fixed nucleic acid were
treated with an excess amount of hybridisation solution with heat-
denatured sheared Salmon sperm DNA at a concentration of 100

pg/ml for a minimum of 2 hours in a cylindrical flask in a Techné

hybridisation oven.

Hybridisation.

Prehybridisation solution was replaced with fresh
hybridisation buffer along with freshly denatured blocking DNA.
The probe was first denatured then added to a concentration of

1X106 cpm/ml relative to the volume of hybridisation solution used.
Calculation of the length of incubation.

The length of hybridisation was allowed to proceed for the
length of time corresponding to 3x Cotj/2 (Anderson and Young,
1990). Cotj/» was calculated by the equation where Cotj/; = N=(1/x
X Y/s x Z/1g) x 2 where N is time (in hours), X=the weight of probe
added (in mg), Y is equal to the complexity of the probe (for unique
sequences, in kilobases) and Z is the total volume of the

hybridisation reaction in ml.
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Washing regime.

Filters were washed in solutions of 0.1% SDS and first 1x SET
and then O.1x SET at the appropriate temperature indicated in the

specific experiment.

Specific modifications for reverse northern hybridisaton.

Slot-blotted plasmid DNA panels were prehybridised and
hybridised with the appropriate radio-actively labelled first strand
cDNA probes under identical conditions as described above, except
for the addition of 100 pg/ml unlabelled trinucleotide repeat
oligonucleotides, (CAG)|y and (CTG);y. This was done to block
CAG/CTG repeat loci which may encourage misleading cross-

hybridisation reactions.

2.22 Autoradiography.

Autoradiography was performed either using cassettes and
film where the membranes were exposed for an appropriate length
of time at -70°C (in the case of 32P labelled probes) with intensifier
screens with ‘Fuji RX film (Fuji) or the filters were exposed to a
light-sensitive screen. The screen was analysed using the MacBAS
phosphoimaging system. The files that were generated were stored
as Bas type files and manipulated therein. In the case of the use of
a-358-dCTP (manual sequencing), no intensifying screens were used
and cassettes were left to expose at room temperature. Exposed
autoradiographic film was developed with the aid of a X-OGRAH

Compact X2 automated film processor.
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2.23 DNA sequencing.

2.23.1 Manual sequencing.

This  was  performed throughout by  the di-
deoxynucleotide sequencing method (Sanger et al , 1977) using T7
polymerase in a kit as described by Pharmacia (Pharmacia). Double-
stranded DNA templates were used and the primers which prime
DNA synthesis were obtained either from commercial sources or
made on the automated oligonucleotide synthesiser. Samples were
run on 7% polyacrylamide gels using the Base Runner gel kit (IBI) at
40 watts power setting in a 1.0x T.B.E. buffer. After the samples
were run for the appropriate time, the gel apparatus was dis-
mantled and the gel was recovered by transfering it to a sheet of
3MM Whatman paper. A vacuum was drawn through (and heat
applied) the gel to dry it. The gel was exposed to autoradiographic

film in the manner described in Section 2.22.

2.23.2 Fluorescent labelled automated sequencing.

This was performed using the Dye-deoxy terminator cycle
sequencing kit (Applied Biosystems) using the standard procedures
as described by the manufacturer. DNA templates were prepared as
above (Section 2.8.1). The primers which were used were those
which met the criteria for automated sequencing by this method

(Applied Biosystems). The reactions were performed as described
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below. Plasmid DNA was adjusted to give the approximate amount

of DNA (0.1 to 0.2 pg) as required.

Reaction example:
6.0 ul DNA (= 0.1-0.2 ng DNA)

9.5 ul Reaction mix, ddNTP, dNTP and Tagq polymerase

4.5 pyl HO

Total vol. 20 pl

These ingredients were mixed in a thin wall tube and placed
in a Perkin Elmer GeneAmp 9600 thermocycler, pre-heated to 96°C.
The thermocycle was performed 25 times as: a rapid thermal ramp
to 96°C and held at 96°C for 15 seconds; a rapid thermal ramp to
50°C and held at 50°C for 1 second; a rapid thermal ramp to 60°C
and held at 60°C for 4 minutes. The labelled DNA was recovered by
ethanol precipitation, followed by spinning, washing (in 70%
ethanol), spinning for 15 minutes at drying. The pellet was then re-
suspended in 4 pul of gel loading solution. The samples were loaded
on to a 7% polyacrylamide gel after heating to 85°C for 5 minutes,
followed by quenching on ice. The gel was run according to the
manufacturer’s recommendations. The data was interpreted by

using the software provided by the manufacturer.
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2.24 Computer-Aided Sequence Analysis.

2.24.1 UWGCG sequence analysis software package.

This was available for use in the laboratory via a Telnet link
to UNIX machines (Lenzie and Newton) at the University of Glasgow
and the VAX server Sc2a at the University of Geneva. Access was
via NCSA Telnet programme on Macintosh computers using a VT100
terminal emulation configuration. See "Programme manual for GOG'
for references to specific programmes in the UWGCG (University of
Wisconsin Genetics Computing Group; Devereux et «l., 1984) package
version 8.0 and UNIX users guide (University of Glasgow computing
services publication) for a list of commands for the UNIX. Sc2a VAX
server in Geneva had UWGCG Version 8.1 installed.

2.24.2 Nucleic acid and protein databases.

Access to the Genbank, DDBJ and EMBL nucleic acid databases
and Protein databases (Swissprot and PIR) was gained through the

UWGCG package.

2.24.3 Database search algorithms.

Two main search algorithms were used in this work. These
were the FASTA hash-coding local alignment algorithm (Lipman and
Pearson, 1985) and the BLAST (Basic Local Alignment Search Tool,
Altschul et al, 1990). Both use local alignment protocols to build up

regions of similarity. FASTA was used generally for nucleic acid
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database searches. The BLAST derivative programme BLASTX was
used to search non-redundant databases with a six-frame
translation of the sequence derived from a particular clone. The

output was in an amino acid format.

2.24.4 MacVector sequence maintenance programme.

Manual DNA sequence data was transferred into the sequence

analysis package via a sequence gel reader from IBI.

2.24.5 MacAlign Sequence alignment programme.

This programme was used in conjunction with the MacVector
programme to align sequence into contiguous sequence to generate
full sequence of clones to enable work on the nature of the open
reading frame of these «clones and to assign the putative

homopolymer the repeat encodes if it proved to be in an ORF.

2.24.6 GeneJockey (Version 2).

Sequence derived from automated sequencing was handled by

this software as it could interpret the ABI derived files.

2.24.7 ABI automated sequence interpretation software
package.
This was used to interpret electrophoretogram data of single

primer sequence reactions from the automated sequence protocol.
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Chapter 3
Screening Of Mouse c¢DNA Libraries For Inserts Containing

CAG/CTG Family Of Repeats; Initial Expression Analysis.
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3.1 Introduction.

As described in chapter one, human cDNA libraries (Li et al,
1993; Riggins et al, 1992) that were screened with CTGy
oligonucleotides yielded many clones containing triplet repeats.
These studies showed that cDNA libraries derived from brain tissue
(foetal brain, Riggins et «l, 1992 and adult cerebral cortex, Li et al,
1993) are rich in CAG/CTG repeats, compared to libraries from other
tissues (Riggins et «l, 1992). From this it can be concluded that
complex cDNA libraries are a good source of CAG/CTG triplet repeat
containing genes. Duboule et «l (1987) detected a large number of
RNA species in mouse poly-A enriched RNA that cross hybridised
with a Drosophila OPA repeat-rich probe. This indicates that there 1s
a large number of CAG/CTG-type repeats in the mouse gene
repertoire. OPA repeats are CAN (where N= A, C,Gor T) nucleotide
repetitions, which are found in numerous Drosophila proteins where
they encode amino acid homopeptides. The two most frequent
repeated trinucleotides are CAG and CAA, which are the two codons
for the amino acid glutamine. The majority of these repeats encode
polyglutamine  stretches, others encode alanine and serine
homopeptides.

To determine experimentally if expressed gene sequences of
the mouse contain CTG/CAG trinucleotide repeats, three whole
embryo mouse cDNA libraries, derived from 8.5 dpc (Hogan et «l
unpublished); 12.5 dpc (Logan ¢t «l, 1992) and 13.0 dpc (N. Allen,
1993) embryos were screened. In addition, an adult mouse brain
cDNA library (Meier-Ewert et «al, 1992) was screened. Clones were
purified from the 8.5 dpc (Hogan et «l, 1984) and 12.5 dpc (Logan et

al, 1990) embryonic c¢DNA libraries. Reverse dot-blotting was
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performed to identify clones with different expression levels at
different times in development. This provided a basis for further
study of selected clones. The results of these initial experiments are

detailed in this Chapter.

3.2 Screening of mouse cDNA libraries.

Various libraries were screened with an oligonucleotide
comprising ten copies of the repeat CTG, as described by Li er al
(1993). The particular conditions used by Li et al (1993) were
chosen because they yielded a high proportion of longer repeats,
many of which were in coding regions, whereas conditions used by
Riggins et al (1992) gave smaller repeats, which were frequently
found in 5' untranslated regions (UTRs) of mRNA. A summary of the
results can be found in Table 3.1.

The mouse embryonic c¢DNA libraries, 8.5 dpc (Hogan et al,
unpublished) and 12.5 dpc (Logan et «l, 1992) were screened 1in
tandem, because they share the same vector, Agtl0. All clone
numbers are given as follows: plate numbers 1-5 were plaques
derived from the 8.5 dpc mouse whole embryo cDNA library; plates
6, 7, 8 and 9 contained clones from the 12.5 dpc mouse whole
embryo cDNA library. The remaining numbers in the clone names
are arbitrary and relate to the order in which the plaques were
picked from the individual plate. For instance, Clone 210 1s derived
from plate 2 and is the tenth clone picked from that plate.

Fifteen thousand plaques from the 8.5 dpc mouse embryo
cDNA library (B. Hogan et «l, unpublished) were screened and 44
replicating signals were identified. This translates to a percentage

occurrence of 0.29%, relative to the total plaques screened.



Table 3.1

Library Vector p.f.u. primary percentage
screened positives occurrence

8.5 dpc Agtl0 15000 44 0.29

embryonic

mouse

12.5 dpc Agtl0 25000 19 0.076

embryonic

mouse

13.0 dpc Aunizap 20000 33 0.165

embryonic

mouse

adult brain pSPORT 20000 53 0.265

mouse

Table 3.1 Summary of results of primary library screens.
The results are discussed in this Chapter. p.f.u. refers to the number
of plaque forming units; primary positives to the signals found 1in
the primary screen of the libraries and percentage occurrence is the
number of primary positives, as a proportion of total plaque
forming units screened. Further details of the individual libraries,
the vectors and hybridisation conditions of the library screen can be
found in Chapter 2, Section 2.20.

104



Twenty-five thousand plaques from the 12.5 dpc mouse
whole embryo cDNA library (Logan et «l , 1992) were screened and
19 replicating signals were identified in the primary screen. This
equates to a percentage abundance of 0.076%.

A 13.0 dpc whole mouse embryo library was obtained from
Nick Allen in Cambridge (unpublished) and was screened to check
that the reduction in numbers obtained from the 12.5 dpc mouse
embryonic library compared to the 8.5 dpc mouse embryonic
library was real (Logan et al, 1992). Twenty thousand plaques were
screened and 33 replicating signals were identified in the primary
screen. Thus, 0.165% of the recombinant phage screened contained
putative CAG/CTG triplet repeats.

An adult mouse brain c¢DNA library (Meier-Ewert et al,
unpublished) was also screened. Fifty-three replicating signals were
identified in the primary screen. Twenty thousand clones were
screened and this equates to a 0.26% incidence of CAG/CTG triplet

repeat containing inserts.

3.3 Subcloning of phage inserts from the 8.5 and 12.5 dpc
whole mouse embryo libraries into  the phagemid

pBluescript.

To enable further manipulation and analysis of the putative
trinucleotide repeat-containing c¢cDNA clones described in Section
3.2, the inserts putatively containing CAG/CTG repeats were sub-
cloned into the phagemid vector, pBluescript KS- (Stratagene). A
shot-gun sub-cloning strategy was adopted. This was because of the
large numbers involved. This strategy makes use of general

observations about cloning experiments. For example, it is known
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that small DNA molecules are preferentially cloned compared with
larger DNA molecules and secondly, lambda arms will not be sub-
cloned as they have a single restriction enzyme cut at one end. The
other end of these fragments contains the lambda phage specific
sticky end (cos) and 1is not compatible with restriction enzyme
cleavage sites in a ligation reaction. Because of the procedure's
simplicity, this strategy also allowed for the rapid cloning of many
inserts in a set of parallel experiments which are easy to set up.
Details of the procedure can be found in Section 2.16 of Chapter 2.
Fourteen sub-cloned inserts were used in the preliminary
analysis of gene expression described in the next section of this

chapter.

3.4 Analysis of gene expression detected by selected
clones from the 8.5 and 12.5 dpc mouse whole embryo
cDNA libraries during development and in adult brain and

liver.

This section describes the initial work to identify
developmentally expressed clones from fourteen of the initial sub-
cloned inserts from the 8.5 and 12.5 dpc whole mouse embryo
libraries. This group represents the first clones purified and sub-

cloned in the phagemid vector, pBluescript KS- (Stratagene).
3.4.1 Results of reverse northern experiments.

Reverse dot blot experiments were performed to identify
potentially developmentally regulated genes. The clones used here

were the first 14 positive lambda clones purified and shotgun sub-
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cloned (Section 3.3) into the phagemid vector, pBluescript KS-
(Stratagene), from the 8.5 dpc (Hogan ¢t «l, unpublished) and 12.5
dpc (Logan et al, 1992) whole mouse embryo libraries. Those used
from the 8.5 dpc library were Clones mCTG 23, 24, 26, 28, 210, 43,
45, 411, 56 and 59. Clones mCTG 61, 63, 82 and 86 derive from the
12.5 dpc cDNA library screen. One microgram
(spectrophotometrically determined) of denatured plasmid DNA
containing cloned inserts was fixed to nylon membrane strips
(Dupont  Genescreent). The membranes were  probed with
radioactively labelled heterogeneous first strand cDNA, synthesised
from total RNA extracted from 8.5 dpc, 12.5 dpc and 17.5 dpc
mouse embryos (Chapter 2, Section 2.8.4). A probe was also
prepared from embryonic stem (ES) cells (Doetschman et al, 1985).
This probe represents a time in development of the embryo where
little or no organogenesis has taken place. ES cells represent
totipotent cells from the inner cell mass of the pre-implantation
embryo and are equivalent to 3.5 dpc (Doetschman et «al, 1985).
Probes were also prepared from two adult mouse tissues, brain and
liver. The results are shown in Figure 3.1 and quantitatively
(densitometric readings) in Figure 3.2.

A total of 5 clones (mCTG 23, 26, 411, 63 and 82) have a high
level of steady state mRNA expression and show some variation in
expression during development. mRNA from three clones (nCTG 26,
63 and 82) was highly abundant at all developmental time points
tested (including ES cells). These genes are also expressed in adult
tissues. Of these three clones, mCTG 26 and 63 have reduced
expression levels compared to Clone mCTG 82 in the adult tissues.
In addition, messenger RNAs from mCTG 26 and 63 have lower

abundance in adult liver than in brain. mRNA from Clone 82 is
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Legend to Figure 3.1: Reverse dot-blot analysis of
expression of selected clones from the 8.5 dpc and 12.5
dpc whole mouse embryo libraries (opposite page).
Denatured plasmid DNA was slot-blotted on to nylon membrane
and probed with radioactively-labelled heterogeneous first strand
cDNA derived from total RNA extracted from ES cells (3.5dpc); 8.5,
12.5 and 17.5dpc whole embryos; adult mouse brain and liver.
horizontal series of numbers represent blotted DNAs from 1
pBluescript KS-; 2 GIuT, glutamine transporter; 3 GABA receptor
subunit g2; 4) GABA receptor subunit a6. Clones mCTG 23, 26, 411,
63 and 82 are indicated.
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Figure 3.2
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Figure 3.2 Expression of Clones niCTG 23, 26, 411 and 63.

The expression of the Clones mCTG 23, 26, 411 and 63 were
measured by MacBas imaging programme (Fuji) and their level of
expression relative to the expression of Clone mCTG 82 was
calculated (vertical axis, a value of one equals the Ilevel of
expression of Clone mCTG 82; see also top section of this Figure). The
horizontal axis refers to the source of the total RNA from which the
first strand cDNA probes originated. These were; 1) embryonic stem
cells, 2) 8.5 dpc whole mouse embryos, 3) 12.5 dpc whole mouse
embryos, 4) 17.5 dpc whole mouse embryos, 5) adult mouse brain

and 6) liver.
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expressed consistently in all developmental stages and adult tissues
tested. This was used as a base line to calculate the abundances of
the four clones (MCTG 23, 26, 411 and 63), relative to the
expression of Clone mCTG 82. mRNA from Clone mCTG 23 can only
be detected in adult liver. Clone mCTG 26 appears to equal or
exceed that of Clone mCTG 82 throughout development and in adult
brain. However there is a reduction in the liver. mRNA from Clone
mCTG 411 is present during development and is more abundant at
12.5 dpc. It was not detectable in adult tissues. mRNA from all other
clones tested were undetectable by probes from any developmental
time point or adult tissue probes used (brain and liver). The cDNA
clones used as post 8.5 dpc positive controls (GABA receptor
subunit, 2 (David Livingston, personal gift) and the glutamate
transporter, GIuT, (M. Sutherland, personal gift) failed to give
signals. The negative controls, the parent phagemid, pBluescript KS-
acted as a control for background. The GABA receptor, o6 was
included as another negative control, except for post natal
cerebellum, where its expression is restricted to cerebellar granule

neurones. Both of these yielded no signal in this set of experiments.

3.5 Discussion and analysis.

3.5.1 Library screens.

The primary screens of the mouse embryonic cDNA libraries
with an oligonucleotide, (CTG)j(, yielded large numbers of positive
signals. This is true for the adult mouse brain cDNA library as well.
However the numbers of clones isolated from each library are not
the same. A three fold reduction in positive clones is observed from

the 12.5 dpc whole mouse embryo cDNA library, in terms of
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percentage occurrence, compared to the percentage occurrence 1in
the 8.5 dpc whole mouse embryo cDNA library. In the 13 dpc whole
mouse embryo library (Nick Allen, Cambridge) a reduction
compared to the 8.5 dpc mouse embryo cDNA library (Hogan et al,
unpublished) is also observed, but only 1.5 fold. Between the 12.5
and 13 dpc whole embryonic cDNA libraries, there is a two fold
increase in observed percentage occurrence of trinucleotide positive
replicating signals. The incidence for the mouse adult brain cDNA
library (0.26%) is similar to the incidence of replicating signals in
the 8.5 dpc mouse embryo library (0.29%). What is the explanation
of this changes? There are various possibilities to be considered.
These explanations are not mutually exclusive and may overlap in
contribution to the phenomenon.

First, these data might just reflect qualitative differences
between the individual libraries used for this study. Influencing
factors to be considered here are the type of vector used (ie.
lambda vectors or plasmids, or even different lambda vectors), and
the bacterial strains; e.g. whether these tolerate simple repetitive
sequences in plasmid vectors. It is known that E. coli strains which
are deficient in the Mut proteins MutS, MutL and MutH are more
tolerant of triplet repeats (Kang et al, 1995; Bowater ¢t al, 1996 and
Rosche ¢t al, 1996). In addition it has been reported that other
proteins which are involved in mutation repair, replication and
recombination show varying effects on repeat stability. These genes
include recA, ssb and gyrase (Bowater e¢r «l, 1996 and Rosche et al,
1996).

The method of priming the first strand cDNA product may
also have an effect on numbers of clones containing trinucleotide

repeats. For  example, if CAG/CTG trinucleotides were



disproportionately found in the 5' end of genes, oligo-dT primed
libraries would be under-representative in terms of trinucleotide
repeats. This, however, is unlikely as there is a large difference
between the whole embryo 8.5 dpc, whole embryo 12.5 dpc and
mouse adult brain cDNA libraries which are all oligo-dT primed. In
addition, the mouse adult brain cDNA library (which is also oligo-dT
primed) appears to contain as many CAG/CTG triplet repeats as
described for the human libraries (Li et «l, 1993; Riggins et al,
1992). Interestingly, a recent study by Chambers and Abbott
(1996) who screened an independent mouse adult brain cDNA
library, which was oligo-dT primed, yielded the same proportion of
positives as the mouse adult brain cDNA library described here. In
the Chambers and Abbott (1996) library, 60 clones per 20000 p.f.u.
screened was observed, whereas 53 clones (of 20000 p.f.u.
screened) were identified in the mouse adult brain cDNA library
screened in this work. This can be taken as a guide to the
effectiveness of the experiments detailed here because the numbers
of CAG/CTG repeat containing clones isolated from two adult mouse
brain ¢cDNA libraries, relative to the total number of clones initially
screened in two independent experiments, is similar.

Another interesting point to consider is that this reduction is
not the result of changes in expression levels of genes, but a dilution
of transcripts of genes from one specific region or organ. The brain,
which is known to be a rich source of CTG containing genes (Li et al,
1993; Riggins et al, 1992), becomes proportionally less in terms of
overall volume of the developing embryo. If the levels of
transcriptional activity are assumed to be constant, a reduction in
positive clones as a percentage of total clones would be observed

progressively throughout development.
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Taken at face value, the level of primary replicating positives
for the mouse adult brain ¢cDNA library screening (0.265%) is similar
to that observed for the human foetal and adult (cerebral cortex)
brain ¢cDNA library screens, conducted by Li et «l (1993) and Riggins
et al, (1992). Respectively, the results in terms of percentage
replicating positives for these human experiments were 0.26% and
0.28% for the foetal brain (Li er «l, 1993) and the cerebral cortex
(Riggins et al, 1992) libraries. A direct comparison cannot be made
because of the differing regions and time points that separate the
mouse and human data. However, it seems that brain ¢cDNA libraries
from both species are in general a rich source for CAG/CTG
trinucleotide repeats. What is the basis of this? Is it that
trinucleotide repeat containing RNA is selectively isolated more
readily from this source than from other tissues; this seems unlikely
as it 1s known that RNA is more difficult to obtain from brain than
from other tissues. An alternative answer to the higher numbers of
CAG/CTG repeat-containing clones found in brain cDNA libraries
may lie in that the brain is very complex in terms of number of cell
types. The larger number of different cells and the larger the brain
specific repertoire of genes, leads therefore in a random model of
trinucleotide occurrence in genes, to an increased number of
trinucleotide repeat containing positives in a library screen.

In addition to brains being a rich source of CAG/CTG repeat
containing inserts, from the results presented here, mouse embryo
cDNA libraries are an additional rich source of CAG/CTG triplet
repeat positive clones. This has provided a useful pool of cloned
genes to analyse in terms of development.

It has been observed in the human cDNA library screening

studies that brain cDNA libraries yield more CAG/CTG containing



clones (Riggins et al, 1992). The results presented here are
consistent with this observation. The mouse adult brain cDNA
library yielded as many positives as the human brain libraries, as
well as the 8.5 dpc whole mouse embryonic library screened in this
work. The whole embryo cDNA libraries also contain a significant
proportion of cDNAs derived from the developing brain. It is
possible to suggest that a large proportion of the embryo derived
transcripts are expressed in the brain. To test this a set of
experiments was required to determine the transcriptional activity
of positive clones derived from embryo library screens was
constant and if they were expressed in adult tissues, specifically the

brain. These experiments are discussed below.

3.5.2 Analysis of reverse dot blot experiments.

The aim of the reverse dot-blot series of experiments was to
identify genes which had variable levels of mRNA transcription
levels during development, implying developmental regulation of
their expression. In addition, two other tissues were looked at to
test for differential expression of the cloned genes in the adult
mouse. Initial expression analysis of selected clones by reverse dot-
blotting showed that mRNA from five of the Clones, mCTG 23, 26,
411, 63 and 82, was highly abundant. Furthermore some variation
in abundance of mRNA was observed between the different
developmental stages and also between brain and liver from adult
mouse. Four of the Clones (mCTG 26, 411, 63 and 82) do not appear
to be associated with organogenesis because their expression level
is the same when tested with pre-organogenesis first strand cDNA

probe, derived from ES cell RNA. Some have significant differences
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in messenger levels between adult tissue types. Clones mCTG 26 and
63 are more abundant in the adult brain compared to adult mouse
liver. There is no detectable expression of Clone mCTG 23 messenger
RNA at the developmental time points tested or in adult brain of the
mouse. However, Clone mCTG 23 mRNA was detected in the liver.
This suggests that the gene product of Clone mCTG 23 may have a
role in the adult liver. The expression of the other clones tested was
below the level of sensitivity of these experiments. Other
experimental procedures will have to be used to analyse the level of
expression of these clones. For example PCR based technology with
increased sensitivity, could be used. RT-PCR using first strand cDNA
products as templates to drive PCR could detect very rare products.
This technique however requires that sequence information derived
from the clones is available to design suitable primers for PCR. This
is quickly done for one or a few clones, but laborious for many
clones. Run-on experiments could be used to detect transcriptional
activity, but requires the isolation of nuclei from different cell
types. This is easier for certain cell types than for others. For
examplc, nuclei of white blood cells can be easily retrieved but
nuclear isolation from neurones is difficult because of the large
proportion of extra-cellular material and lipid membranes from
glial cells.

Because the reverse dot-blot experiment did not give
information about the numbers of distinct messenger RNA species
transcribed from a specific gene, it cannot be ruled out that this
apparent difference in expression levels may be due to alternative
splicing. The result of this would be the reduced representation of
individual or sub-groups of messenger species containing sequences

with the up-regulation of others.



The controls described here, (i.¢. GluT and y2) are expressed

beyond 8.5 dpc embryos, specifically in the brain (GluT, M.
Sutherland, Pers. Comm.; 42, Luntzleybman ez al, 1993). This should
allow for selection of clones displaying pre and post 8.5 dpc
expression, because it is observed that there is an increase in
differentiation of the nervous system at this stage (Kauffman and
Kauffman, 1992). However these genes are not widely or
abundantly expressed and in retrospect it would have been better
to include moderately and highly expressed well characterised
genes as positive controls so as to have a benchmark for measuring
the results (¢.g. GAPDH or B-actin). The GABA receptor subunit a6 is
negative apart from the post natal cerebellum (R.W. Davies Pers.
Comm.), where it is expressed in low amounts. However, Clone mCTG
82 is consistently expressed through all developmental stages and
tissues tested, relative to the activity of the probe in each case. This
clone was used as a standard to test differing levels of expression
amongst the other clones which were detected in this series of
experiments. The background control, the phagemid pBluescript KS-
(Stratagene) did not return any signal, therefore it must be
concluded that the signals that are detected from hybridisation of

probe to the fixed plasmid containing the cDNA inserts are genuine.

Interestingly, the genes corresponding to Clones mCTG 26, 63
and 82 were shown to have detectable amounts of mRNA in
development, were also expressed in the brain. This correspondence
of developmental and brain expression has been noted also for
Drosophila proteins with large homopeptides (Karlin and Burge,
1996). They postulate that fewer mammalian genes contain these

continuous runs of the same amino acid, because of a negative bias
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due to the fact that relatively few developmental or regulatory
genes have been sequenced in mammals, compared to Drosophila.
which has been studied extensively by molecular genetics 1in
development. A screen of mammalian c¢DNA libraries would
therefore identify novel genes involved in development. To assess
this, the putative CAG/CTG triplet repeat positives described above
were subjected to sequencing analysis to identify novel sequences
and characterise the repeat loci of these inserts. That is the subject

of the next Chapter.



Chapter 4
Sequence Analysis Of CAG/CTG Repeat Containing cDNAs.



4.1 Introduction

In Chapter 3, a number of recombinant clones, from the 8.5
dpc (Hogan ¢t «l, unpublished) and 12.5 dpc (Logan et al, 1992)
mouse embryonic cDNA libraries were sub-cloned. These were
purified by consistent hybridisation to a trinucleotide repeat probe,
(CTG)10. Some of the first sub-cloned inserts were shown to have
high expression during development and in adult tissues. To
establish if these clones indeed contain CTG trinucleotides, DNA
sequencing was performed to identify the repeat(s) in each clone.
Some clones may have multiple independent rep