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Preface

During the second half of the 20th century, in less than 50 years, there have been two
revolutions in biology — one in protein biochemistry followed by one in molecular
genetics — with major repercussions both for fundamental research and medical
applications.

The development of protein biochemistry (at the end of the 1950s) has led to
the purification of many proteins followed by the study — using crystallography —
of their three-dimensional structure and, in parallel with this, their sequencing (iden-
tification of the linking of amino acids).

The study of variants for a peptide chain then allowed — by identification of
amino acid substitutions, notably those caused by missense mutations in the coding
sequence of a gene — the exhaustive definition of the causal relationships between
each mutation, its molecular effect and its cellular, tissular and clinical effects in
many pathologies. Of these, the most intensely studied relationship has been for the
protein haemoglobin in the haemoglobinopathies.

Following this first revolution there were many medical applications, but these
were unfortunately limited by the fact that the study of proteins can only be the
study of gene products, which requires that these products are present and accessible
for analysis.

The best example of this is the prenatal diagnosis of 3-thalassaemia, a lethal
haemoglobinopathy resulting from the absence of haemoglobin (3-chains in children
havingloss of function mutations in both of their copies of the 3-gene. The diagnosis
was already challenging because it required taking a fetal blood sample in utero
from a vein in the cord without contaminating it with maternal blood and without
provoking a miscarriage and, above all, any success was tempered by the fact that
because transcription of the (3-gene only starts replacing that of the y-genes in the
fourth month of pregnancy, biochemical tests of the presence or absence of adult
haemoglobin («x2(32) in the essentially entirely fetal haemoglobin (x2A2) are pushed
back to the fifth or sixth month, leading necessarily to late pregnancy terminations
with obvious psychological, clinical and ethical consequences.

The consequences of the second revolution — in molecular genetics — have been
more important in the domain of fundamental research than in its applications,
simply because it gives direct access to the genes which direct biological phenomena



X PREFACE

whereas before it was only possible, at best, to access their products or just the
phenotypic perturbations of the phenomena resulting from mutations.

Molecular genetics has allowed the cloning of genes, their sequencing and, above
all, the ability to isolate them in vitro, in vectors, to modify them in a targeted manner,
and to reintroduce them into cells or organisms to study, in a controlled manner, the
way in which they control one or other aspect of a phenomenon.

Genetics, in becoming molecular, has very rapidly become an integral part of
most biological fields, not only due to its power to dissect a biological phenomenon
but also because of its increasing ability to unify disciplines which had previously
appeared different or unrelated.

In all disciplines such as physiology, embryology and oncology, development and
aging, cell biology, population biology, ecology and evolution, the phenomena in
question are associated with the expression of specific genes, which can now be
localized and identified, cloned and modified at leisure by directed mutagenesis, and
so the effects can be studied in a chosen context, in vitro, ex or in vivo. Molecular
genetics is therefore a remarkable tool because potentially it allows the opening
of all the ‘black boxes’ that in these disciplines represent pertinent, but essentially
descriptive, approaches without taking account of the global view of the phenomena
or the studied structures.

For human genetic pathologies, the molecular and cellular description of the
physiopathology of a disease is the condition sine qua non for therapeutic research
and, in future, for the possible development of pre- or post-natal genetic diagnosis
or even genetic screening of heterozygotic carriers for recessive diseases.

Therefore, the question of the diagnosis of [3-thalassaemia can nowadays be re-
solved without difficulty since direct study of the 3-genes from fetal DNA shows
whether the two copies are mutated or not in the first weeks of a pregnancy, well be-
fore protein biochemistry could indicate the presence or absence of haemoglobin A.

However, genetic diagnoses — mainly pre-natal for severe pathologies — are only
one of the principal clinical applications of molecular biology. The molecular biology
of DNA has also revolutionized many approaches such as the diagnosis of infectious
diseases where the pathogenic agent, bacterium or virus, will be identified by the
presence of sequences specific to its genome, or the traceability studies that can now
be performed by searching for transgenic elements identifying genetically modified
organisms (GMOs).

Even the screening for anomalies in chromosome number (monosomies, tri-
somies) that is normally performed by karyotyping, which is a classic and highly
reliable technique, can sometimes be performed using quantitative techniques for
estimating molecular dosage much faster (24 to 48 hours rather than 10 to 15 days)
and much more cheaply, with nevertheless some limitations which will be described
in this book.

In addition, some karyotypic anomalies, not accessible to conventional cyto-
genetics (microdeletions, uniparental disomies) can be detected or identified by
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techniques such as fluorescent in situ hybridization (FISH) combining karyotyping
and molecular biology.

Oncology itself relies heavily on molecular biology which has allowed, at the
fundamental level, the identification of a very large number of genes implicated in
tumour phenomena (oncogenes and antioncogenes) and, therefore, identification of
mutationsin these genes, either in the tumours of affected patients (of both diagnostic
and prognostic value), or in healthy patients at risk from a hereditary form of cancer
(screening and prevention).

Finally, there is a field where the applications of molecular biology are so rev-
olutionary that they have contributed as much to the popularization of molecular
biology as to their medical application; this field is that of genetic fingerprinting
applied to forensic medicine (paternity testing or criminal identification).

This book therefore proposes, after a simple yet exhaustive description of the
principal techniques of molecular biology, to review the applications in the differ-
ent disciplines written by a recognized expert in that discipline, without neglecting
ethical questions or those that are raised by society in regards to current and future
applications.

Jean-Louis Serre
Université de Versailles
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1 Techniques and tools in
molecular biology used
in genetic diagnoses

Jean-Louis Serre, Université de Versailles

This chapter is not meant to be an exhaustive survey. Its purpose is to make the reader
familiar with molecular biology techniques and tools used for genetic diagnosis. Some
specific techniques will be described in the chapter describing the diagnoses for which
they are used.

1.1 Nucleic acids

DNA and RNA molecules are linear molecules made up of a succession of nucleotides.
Anucleotide consists of a sugar (pentose with five carbons numbered 1" to 5’) carrying
a phosphate on its 5 carbon and a nitrogenous base on its 1" carbon (Figure 1.1).
RNA contains a ribose while DNA contains a deoxyribose (no hydroxyl on the 2’
carbon, Figure 1.1).

Each deoxyribose of the DNA carries one of the four following bases: adenine (A),
guanine (G), cytosine (C) and thyamine (T); for RNA, each ribose carries one of the
following bases: adenine (A), guanine (G), cytosine (C) and uracil (U, acting in place
of the thyamine). Another nitrogenous base is sometimes present but at a very low
frequency.

Nucleotides are linked by a phosphodiester (sugar-phosphate) bond (Figure 1.1)
between the 5’ phosphate of one nucleotide and the 3’ hydroxyl of the previous
nucleotide. DNA and RNA are synthesized from the 5’ to the 3’ end in order to keep
the 5'P and the 3'OH extremities in the same orientation (Figure 1.1).

In most organisms (plants, animals and some bacteria), the DNA molecules carry-
ing the genetic information consist of two complementary and anti-parallel strands

Diagnostic techniques in genetics Edited by Jean-Louis Serre
© 2006 John Wiley & Sons, Ltd
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A DNA molecule consists of two strands held together by hydrogen bonds. Two hydrogen bonds in A/T base
pairs and three in C/G pairs assuring the cohesion of the double helix also called a DNA duplex. Each strand
consists of a nucleotide chain. The two strands are perfectly complementary. The two strands run antiparallel
to each other.

Figure 1.1  Unwound structure of DNA (after J.-L. Rossignol (2000). Génétique. Dunod, Paris)

(Figure 1.1) linked by weak hydrogen bonds while RNA molecules are only single
stranded. Bacteria and viruses are more diverse and have DNA or RNA genomes,
single stranded or double stranded.

The two strands of a DNA molecule are complementary, meaning A is always asso-
ciated with T and G is always associated with C, and vice versa. The complementary
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Box 1.1 DNA molecules consist of two complementary strands

The two consecutive strands of the DNA always put a thymine in front of an
adenine or a cytosine with a guanine, in such a way that knowing the sequence
of one strand allows the deduction of the other one. This complementarity is
a property used in natural mechanisms such as replication, transcription and
translation but also in all in vitro technologies based on molecular hybridization,
the capability of two single-stranded complementary sequences to associate and
form a double-strand sequence.

nature of the two strands underlies the mechanism of replication: once the strands
of a DNA molecule are separated, two new complementary strands are synthesized
using each of the existing strands as a template.

The complementary nature of the two strands also underlies all molecular biology
techniques using ‘hybridization, meaning the ability of two complementary DNA
strands to ‘renature’, or to ‘hybridize’ — the double-strand structure being thermo-
dynamically more stable (lower free-energy level than the single-strand structure).

The two complementary strands of a DNA molecule are assembled in an anti-
parallel fashion, in an inverse orientation so that the 5’ and 3’ extremities are in oppo-
sitedirections (Figure 1.1). This inversion of the 5'/3' polarity of the strands is the basis
for the helical structure of the DNA and for the different conformations of the binding
sites for regulatory factors. It also provides information for the transcription machin-
ery to distinguish between the coding and the non-coding strand at the level of the
promoter. In addition, the translation machinery is affected by the 5'/3’ orientation of
the messenger RNA, and knows how to identify useful sequences like the translation
initiation codon. Therefore, when doing molecular biology, it is important to keep
in mind that DNA fragments (genomic or not) which go through renaturation (hy-
bridization) not only have complementary sequences but also opposite 5'/3’ polarity.

It is useful to remember that DNA synthesis, as well as RNA synthesis, consists of
primer extension (RNA primer synthesized by a primase during replication) from its
3'OH extremity. Polymerization occurs in the 5’ to 3" direction, using a DNA (or an

Box 1.2 The two strands of DNA molecules are also antiparallel

The 5 phosphate extremity of a strand is always facing the 3’OH extremity of
the other in a way that the sugar—phosphate chains are orientated in a reverse
or antiparallel orientation. This reverse orientation of the two DNA strands con-
stitutes a property used in the orientation of natural mechanisms of replication,
transcription and translation, but also in most of the technologies based on molec-
ular hybridization such as PCR, sequencing and cloning.
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RNA) strand as a model, and to which the primer is hybridized in the opposite direc-
tion (3’ to 5). The duplex formed is complementary and has the opposite polarity.

Apart from the messenger RNAs that are transiently present during gene expres-
sion, other RNAs belong to the cellular machinery and constitute the ‘machine tools’
involved in gene expression and its regulation (ribosomal and transfer RNA for trans-
lation, nuclear RNA for RNA maturation and transport). RNA molecules are single
stranded, although they often fold to form partial duplex domains.

1.2 The different types of genetic material studied

For diagnosis, molecular biologists mostly study and manipulate DNA, but RNA can
also be studied, for example in virology where the genomes of many viruses are made
of RNA.

1.2.1 DNA origins and types

Individuals are formed of clones of cells, each cell containing the constitutional
genome, the totality of the genetic information present at conception in the cell
(zygote) arising from the fusion of the gametes. The DNA from the constitutional
genome, also called ‘constitutional DNA) can be extracted from all healthy tissue
biopsies. In most cases in man, it is extracted from lymphocytes after a blood test.

It is also useful to specify the origin of the DNA when it comes from a particular
tissue sample, for example ‘somatic’ DNA as opposed to ‘germinal’ DNA or ‘fetal’
DNA (constitutional DNA extracted from fetal cells taken from an embryo in vitro
or in vivo, amniotic cells taken from amniocentesis after 14 weeks of amenorrhoea,
or trophoblastic cells obtained through biopsy after 11-12 weeks of amenorrhoea).
Likewise, as DNA from tumour cells has local mutations compared to constitutional
DNA (the tumourigenesis resulting from multiple mutations affecting a certain num-
ber of genes), DNA extracted from tumour tissue will be called ‘tumour’ as opposed
to ‘constitutional’ DNA extracted from healthy somatic tissue.

1.2.2 RNA and cDNA

These are often the molecules of interest for molecular biologists within the frame-
work of research or diagnostics, messenger RNA or viral RNA (see RT-PCR
technique).

Isolation of messenger RNA is well understood in genes that code for peptide
chains. These mRNAs, for the most part, carry a long polyA tail, by which they can
be trapped within an affinity column containing a polyT carrying resin, binding in
this column to the free oligodT (the synthesized form of a oligodeoxynucleotide from
a thymidine mono-strand).
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1. The reverse transcriptase synthesizes a strand of DNA complementary to an mRNA template strand, by
lengthening the oligo-dT primer.

2. The messenger RNA strand is cut randomly and specifically by the action of RNAase H.

3. A DNA-polymerase L (E. coli or T4) is utilized to synthesize the second DNA strand, using the first as a
template, by growth of the RNA primer and digestion of the RNA primers further down the strand.

4. The cDNA obtained are often not complete at the 5’ region of the mRNA.

5. Certain methods allow generation of a complete cDNA.

Figure 1.2  Synthesis of cDNA

Messenger RNA can be studied directly after purification (see Northern tech-
nique), but can also be converted into complementary DNA (cDNA), that is to say
a double-stranded molecule of DNA made in vitro and without a ‘natural’ corre-
sponding molecule. This is done using a reverse transcriptase that, in the presence of
free triphosphate nucleotides, will start from an oligo-dT primer hybridized to the
polyA tail and synthesize a primary strand of DNA that is complementary to that of
the mRNA. After this, a DNA polymerase will synthesize a second strand of DNA
using the first as a template (Figure 1.2). There are several methods for replacing the
mRNA by the second DNA strand in order to obtain cDNA. The majority produce
an incomplete cDNA where the 5 part of the mRNA (which is generally non-coding)
is missing, but methods have been developed to have a complete cDNA, an integral
copy of the original mRNA sequence, in the form of double-stranded DNA.
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Box 1.3 Single-strand messenger RNA may be converted into
double-stranded cDNA

The cDNA copies of the polyA mRNAs vary from one tissue to another and
form a representative collection of the genes expressed, and therefore transcribed
into mRNA, in each of the tissues. It is possible using the RT-PCR technique
(see below) to obtain in the form of cDNA, and then to amplify, only the mRNAs
from this collection. In addition, cDNA contains the continuous coding sequence,
with the non-coding sequences (introns) having been removed when the isolated
mRNAs underwent nuclear maturation.

1.3 The enzymatic tools for in vitro treatment of DNA

Molecular biology started from the identification and purification of bacterial and
viral enzymes allowing the in vitro manipulation of DNA and RNA nucleic acids,
such as their cutting, joining, cloning, measurement of their size, establishing their
sequence and identifying specific variations (mutations). All of these manipulations
lead to the construction of recombinant genomes (genetically modified organisms)
that have been used as tools in research for nearly 30 years, and more recently have
had industrial applications in agronomy or pharmaceuticals. Table 1.1 shows a list
of some of the enzymatic tools used in molecular biology.

1.4 DNA fragmentation and study of the fragments
1.4.1 DNA fragmentation

DNA fragmentation is currently one of the operations executed on DNA in vitro.
Physical methods (pressure and ultrasound) perform well but work randomly, and
molecular biology really started on the day that bacterial endonucleases were discov-
ered. These enzymes, called restriction enzymes (because the protection they give
against viral genome infections is ‘restricted” to certain stocks), are endonucleases
capable of cutting the DNA double helix, at a specific recognition and binding site
(type IT endonucleases), so that several identical DNA molecules are cut in the same
manner, giving the same collection of fragments called ‘restriction fragments’.
Certain restriction enzymes function in a way that cuts uniformly leaving frag-
ments with blunt ends; others perform an overhanging cut creating fragments
with single-stranded extremities. These extremities are often present in the form
of complementary sequences because the restriction enzyme used in molecular bi-
ology recognizes a site in the DNA that constitutes a palindromic sequence. These
single-strand complementary sequences are also called cohesive sequences because
they allow the reassociation of the fragments through molecular hybridization of
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Table 1.1 Name, function, operation and use of certain enzymes currently used in molecular
biology

Name Function (origin) Operation and use

DNA pol 1 Polymerase (E. coli) —DNA polymerase with 5'/3" activity

Klenow fragment

Taq pol

Reverse transcriptase

T4 DNA pol

Terminal transferase

DNA ligase

T4 DNA ligase

Nuclease SI

Polymerase (E. coli)

Polymerase
(Termophilus
aquaticus)

Polymerase

Polymerase (E. coli
infected by T4)

Polymerase

Ligase (E. coli)

Ligase (E. coli infected

by T4)

Nuclease

—Lengthen 3’OH of a DNA or RNA primer
from a DNA template

—Exonuclease activity in reverse (3'/5) or
forward (5'/3") direction (digestion
nucleotide by nucleotide moving down the
strand hybridized to the template)

—DNA pol 1, without any 5'/3" exonucleasic
activity

—Utilized in the synthesis of a second DNA
strand from a DNA template: cDNA,
labelled probe etc.

—DNA polymerase with 5'/3 activity by
lengthening a DNA primer/DNA template

—Thermostable, used for PCR cycling

—DNA polymerase 5'/3 activity by
lengthening a DNA or RNA primer on an
RNA template

—Useful for the synthesis of cDNA and for
RT-PCR

—DNA polymerase with 5'/3" activity and 3'/5’
exonuclease activity, similar to the Klenow
fragment

—Preferable for certain protocols (directed
mutagenesis)

—Lengthen DNA molecules by the
incorporation of random nucleotides at the
3’OH end

—Useful to generate polydT or dU tails
carrying a marker

—Ensure the formation of a phosphodiester
link between two 3’OH and 5'P ends

—Useful for reattaching DNA fragments
reassociated by hybridization of their ‘sticky
ends’ and to form recombinant DNA

—Ensure the formation of a phosphodiester
link between the 3’OH and 5'P ends of two
fragments with sticky or blunt ends

—Useful for reattaching the fragments to be
cloned onto the blunt ends

—Digests exclusively single-stranded nucleic
acids, double-stranded DNA/DNA or
DNA/RNA are not affected

(continued)
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Table 1.1 (Continued)
Name Function (origin) Operation and use

Exonuclease 111

RNase A

RNase H

T4 polynucleotide
kinase

Alcaline phosphatase

Eco RI

Nuclease

Endonuclease

Endonuclease

Kinase (E. coli
infected by T4)

Phosphatase

Endonuclease (E. coli
strain R)

—Useful for generating blunt ends at the ends
of the restriction fragments or to eliminate
the unmatched DNA loops on a
heteroduplex

—Digests sequentially nucleic acid molecules
from their 3’OH end (3’ phosphatase
activity)

—Useful in forming a simple strand of DNA
from one of its extremities. The limited and
combined action of exonuclease III and
nuclease S1 allows deletions to be generated
in a DNA molecule that has undergone a
double-strand cut

—Exclusively digests single-strand RNA, no
effect on duplexes

—Useful for the purification of DNA, the
detection of mismatches in a DNA/RNA
duplex, nuisance factor during RNA polyA
purification

—Digest RNA exclusively in DNA/RNA
duplexes

—Useful for the synthesis of cDNA

—Transfers the y phosphate of an ATP to the
5'0OH end of a nucleotide

—Useful for marking synthesized oligoprobes
that are not 5'P but 5OH

—Removes the 5" phosphate of DNA or RNA

—Useful for blocking ligase action at a given
site

—The best-known ‘restriction’ enzyme and
the first to be identified

—Part of the type II class of restriction
enzymes, making a cut in the DNA double
helix at the level of its specific recognition
and DNA binding site (see Table 1.2).

Box 1.4 Restriction nucleases are efficient tools to cut double-helical
DNA into specific fragments

Each restriction enzyme cleaves (digests) the double-helical DNA at a specific

site called the restriction site (digestion site), in such a manner that the DNA
molecules are cleaved (digested) in exactly the same manner into a specific series

of restriction fragments (digestion fragments).
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Table 1.2 Examples of Type II restriction enzymes

Restriction site Site of the cut in the 5'/3" direction
Name (/ indicates cut) Consequences and Remarks
EcoRI 5" G/AATTC 3’ Overhanging cut, sticky ends 5’ AATT
3’ CTTAA/G S
MspI 5" C/ICGG 3’ Overhanging cut, cohesive extremities 5’'CG
3’ GGC/C 5’
HaeIll 5" GG/CC 3’ Blunt cut, between G and C
3’ CC/GG 5’ Note: the site differs from that of Msp I because of the
5'/3’ orientation
Smal 5" CCC/GGG 3’ Blunt cut, the Sma I site includes an Msp I or Hpa Il
3’ GGG/CCC Y site, the Sma I site is more rare than the Msp I (longer

palindrome), the restriction fragments of Sma are,
on average, longer than those of Msp 1

Apal 5" GGGCC/C 3 Overhanging cut, sticky ends GGCC3', includes a Hae

3’ C/CCGGG 5 III site, gives longer fragments, different from the Sma
I site due to the 5'/3" orientation

Avall 5 G/G(Aor T)CC3 Imperfect palindrome, overlapping cut, the 5G(T or
3’ CC(T or A)G/G 5 A)C extremity is not obligatorily sticky

Bgll 5" GCCNNNN/NGGC 3 Imperfect palindrome with any central bases, NNN3’
3’ CGGN/NNNNCCG 5 extremities are rarely sticky

Hpall 5 C/CGG 3’ Overlapping cut, sticky ends 5'CG, same site as Msp 1,
3 GGC/C 5’ but sensitive to methylation of the second cytosine (if

methylation, no cut) useful for showing the DNA
methylation status at this site

their extremities, an operation that is the basis of the construction of recombinant
DNA.

The specific site of connection and cleavage, called the ‘restriction site’ differs
from one enzyme to another (Table 1.2). It consists of a palindromic sequence (com-
plementary sequence, identical in both directions) of between four and eight base
pairs. The palindrome may either be perfect or imperfect and the cut may be either
blunt or overhanging (Table 1.2). In the latter case, the ‘restriction fragments’ each
possess the same single-strand end (Figure 1.3). This end is called ‘sticky’ because
the strands with the same ends can assemble themselves by renaturation of these
extremities.

1.4.2 Separation of DNA fragments by electrophoresis and membrane transfer

The goal of DNA fragmentation research is often the study of one or more particular

fragments, which are isolated by separating them from other fragments, and are then
identified.
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The specific binding site of Eco RI is 5'GAATTC3’; the cut is situated after the G, freeing the ‘restriction’
fragments.

Figure 1.3  Action of Eco RI endonuclease

Electrophoresis

This operation consists of separating the molecules in a mixture (in this case the
restriction fragments) by placing them in an electric field at one end of a polymer gel
(agarose or polyacrylamide) which, via pores in the gel, acts as a sieve. The negatively
charged DNA fragments (Figure 1.4) migrate in the direction of the positive pole with
longer molecules migrating more slowly as they are slowed down by the filtration
action of the gel. When the electrophoretic migration is stopped, the fragments are
separated with the longest ones remaining closest to the entry point of the mixture and
the shortest found furthest away if they have not left the gel entirely. It is possible to
play with the timing of the electrophoresis and the size of the pores in order to provide
the best resolution (separation) among the fragments to be separated and studied.

Results are visualized (Figure 1.4) by the addition of ethidium bromide (either in
the gel or after migration depending on the situation), a dye with high affinity for DNA
that will fluoresce orange when exposed to UV light. By placing the electrophoresis
gel in a UV transilluminator the separation of the fragments can be seen. When the
initial mixture is made up of a large number of different fragments (for example
the enzymatic digestion of genomic DNA), transillumination by UV will just show
a continuous streak, but if the mixture is made up of a limited number of fragment
types it is possible to count and measure the size of the fragments by comparing the
distance of migration of standard fragments in a parallel well. A range of fragment
standards of known size is used in electrophoresis within the agarose gel (for example
a phage A genome, digested by Hind III enzyme, or phage ¢X genome 174 digested
by Hae III). An abacus (a graph which shows the size of the standard fragments and
their migration distance) allows precise calculation of the size of all of the identified
fragments in the gel, or later on a Southern blot (see below).

There are different methods of electrophoresis that are specifically adapted to the
size of the molecules to be separated and/or identified (types of gel polymer and
electric field). Table 1.3 shows, in a simplified form, the range of uses of several kinds
of electrophoresis.
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(a) The wells are loaded with samples of restriction fragments from genomic DNA (1), a mixture of three
plasmids of differing sizes and linearized at a specific site (2), and a range of standard phage A restriction
fragments digested by Hind III (3), making respectively 23, 9.6, 6.4, 5.6, 2.3, 2.0, 0.5 and 0.125 kb.

(b) The fluorescence of the ethidium bromide allows visualizing of the genomic fragment smear (see (c)),
the separated plasmids and the range of standards (see (c); the smallest fragment at 0.125 kb is always

closest, if not past, the anode terminal).
(c) Gel showing the smears and the molecular weight marker (M).

Figure 1.4 The principal of electrophoresis on agarose gels

Box 1.5 Gel electrophoresis separates DNA restriction fragments

of different sizes

After the application of a restriction enzyme, the digested fragments can be sub-
jected to electrophoresis, a process that allows the separation of fragments based
on their size within a gel subjected to an electrical field. The location of the frag-
ments of interest after electrophoresis separation can be direct if the fragments are

individual or labelled, or indirect if the fragments were transferred from another
support (Southern blot), so as to be recognized by molecular hybridization with

a labelled probe within the complementary sequence or the target sequence.
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Table 1.3 Types of electrophoresis as a function of the size of the DNA fragments to be

separated
Support polymer and Size of separable
concentration Type of electric field fragments and range of utilization
Agarose between 0.6 and ~ Unidirectional From 0.2 to 20 kb used for genomic
1.5 % fragments
Polyacrylamide 4 to 11%  Unidirectional From 10 to 800 kb with a possible

resolution of base pairs when used with
small fragments (used after PCR or for

sequencing)
Agarose 1% Pulse field Large fragments prepared by extraction and
(multidirectional digestion arranged from 20 to 150 kb
and alternating) Field inversion gel electrophoresis (FIGE)

from 100 to 2000 kb or more
Pulse field gel electrophoresis (PFGE) used
for YACs or small chromosomes

Membrane transfer (Southern blot)

Most of the time, the fragments of interest are not visible in the gel because they
are mixed with too many other restriction fragments (Figure 1.4, well number 1 and
photo). Moreover, they are not easily accessible with a reactive inserted in the gel.
Finally, the gel itself is fragile and is not easily manipulated.

This is why, in these situations, the DNA fragments separated by electrophoresis are
transferred to a nylon membrane (Figure 1.5), a solid support where they are made
easily accessible to analytical techniques and identification. As this identification
technique (hybridization with a probe) requires single-stranded fragments, the gel is
subjected to a sodium bath in order to denature the DNA fragments, a blotter sheet
soaked in buffering solution is then placed on top of the gel followed by a stack of
wadding on top. This, by means of capillary action, causes the vertical transfer of the
fragments in the gel onto the membrane without modifying their respective distances
resulting from the electrophoresis. The fragments are now single-stranded, accessible
and attached in an irreversible fashion onto a solid support (some covalent bonds
can be stimulated by UV on certain types of membranes). This technique, invented
by Ed Southern, carries his name (Southern blot: Southern transfer; Figure 1.5).

By analogy, the transfer of RNA separated by electrophoresis onto a membrane
is called a Northern blot and the transfer of proteins separated by electrophoresis is
called a Western blot.

1.5 Selective amplification of a nucleotide sequence

Several methods have been developed to amplify selectively either a DNA or RNA
sequence. The only purpose of some of these methods is to provide a large quantity
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. The genomic DNA of an individual is digested into fragments by a restriction enzyme, for example Taq1.

. The fragments are separated by electrophoresis.

. The electrophoresis is visualized (see Figure 1.4).

. The fragments are transferred onto the nylon membrane: Southern blot.

. The membrane is hybridized to a labelled probe, which is specific to the fragments to be identified.

. After washing, the revealing of the labelling allows the position of the fragments hybridized to the probe
to be located; the diagram shows the three possible images for the studied individual with an RFLP specific
probe (see Section 1.9.8).

oUW

Figure 1.5 Realization, finishing and analysis of a Southern blot

of the sequence of interest (qualitative methods), while some other methods are set
up to measure the amount this sequence (quantitative methods).

All of the amplification techniques are second-generation techniques that assume
that the fragment of interest has already been cloned and sequenced (see below), at
least partially at the extremities. In this case, only a small amount of genomic DNA
(or plasmid DNA) containing the fragment of interest, or a few RNA molecules
in a mix, are necessary to amplify the fragment in vitro and obtain a large enough
quantity to perform the study, the digestion, separation, transfer and first-generation
analysis techniques then becoming useless.
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The most famous and most used specific amplification method is the polymerase
chain reaction (PCR) developed in 1985 by Kary Mullis (Nobel Prize for Chemistry in
1993). It revolutionized molecular biology and its applications by offering a simple,
economical and fast (a few hours) routine whereas the first-generation techniques
were laborious, expensive and time consuming (several days). Other amplification
methods less widely used except for RNA amplification are described later.

1.5.1 DNA sequence amplification by PCR
PCR framework (Figure 1.6)

The DNA containing the fragment of interest is pipetted into a small tube with:

e the four triphosphate nucleotides necessary for DNA synthesis

e single-stranded primers (of 15 to 30 bases) corresponding to the 5" extremities of
the two strands of the fragment to be amplified, labelled a/+ for the 4+ strand and
b/— for the — strand

e a few microlitres of Taq polymerase (Table 1.1) or another thermostable DNA
polymerase in an ad hoc buffer.

The primersare synthetic oligonucleotides, which requires knowledge of the sequence
of the 5" ends of the + and — strands of the DNA fragment to be amplified.

The tubes are then closed and submitted to three different temperatures during
a determined amount of time, this making up one cycle (Figure 1.6) that will be
repeated n times (n varies between 10 and 50) depending on the purpose of the
experiment. As the cycle is repeated n times, the number of copies of the fragment
obtained is theoretically 2” (see the limitations below).

Note 1 PCR reactions are feasible thanks to the discovery of the thermostable Tagq
pol. Otherwise, it would be necessary to add some polymerase in each tube
at each cycle, a process that would be time consuming, expensive and a cause
of contamination (see below).

Note 2 The n PCR cycles are generally preceded by a denaturation step of several
minutes because the starting material generally consists of large genomic
DNA duplexes; for each of the n cycles, a 30 to 90 s denaturation step is
sufficient because the DNA molecules to denature (amplicons) are short.

Note 3 The PCR quality is assured by the combination of several technologies in
physics and informatics. The tubes submitted to PCR are inserted in a thermal
block in which the temperature can increase or decrease at a rate of 1 to
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A PCR cycle consists of three steps:

Step 1: denaturation of the DNA duplex by heating at 95°C for 30 to 90 s.

Step 2: hybridization of the a/+ and b/— primers with the — and + strands for 30 to 60 s, at a temperature
allowing their specific hybridization with the 5" ends of the target sequence.

Step 3: elongation of the primers: the tube is kept for 30 to 120 s at 72°C, the temperature corresponding
to the optimum activity of the Tag pol which elongates the primers and synthesizes a new strand
from the — and + templates, which doubles the quantity of the target fragment.

Figure 1.6 The principle of the PCR

2 °/s; the block temperature is measured by sensors and a computer program
calculates the temperature inside the tube which is in contact with the block;
another computer program controls the increase and the decrease of the
temperature and the thermal inertia in order to avoid any overheating or
overcooling and to start the countdown when the tubes reach the selected
temperature.
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Note 4 At the end of each cycle, the strands — newly synthesized using the genomic
template — are only terminated at one of their extremities corresponding to
the primer. The number of copies with one border increases by one at each
cycle, their number reaching n after n cycles. On the other hand, after each
cycle and starting from the second cycle, the new strands synthesized from a
template with one or two borders will definitely be terminated at both ends
and their number will double and increase exponentially in such a way that
after n cycles, most of the DNA in the tube would correspond to amplified
fragments terminated at both ends.

Control and analysis of the amplification products

Once the PCR reaction is over, a part of the content of the tube is deposited on an
agarose or polyacrylamide gel in order to perform an electrophoresis to check the
presence and/or the conformity of the amplification products. It also enables a check
to be made for the absence of amplification (contaminations, see below) in the wells
where the ‘blanks’ or negative controls — PCR tubes containing all the reagents except
the DNA — were loaded.

The control gel is itself an analysis step when the size of the fragment of interest
is verified (analysis of a mutation characterized by a small deletion or insertion or a
motifrepeat). In other cases, the PCR products are treated and then analysed on a new
gel; this is the case when the fragment of interest contains an RFLP site (see below).

Dot blot and slot blot

If the PCR products have to be analysed using a molecular hybridization technique
with a probe (see below), they have to be transferred onto a membrane in the same
way that restriction fragments are transferred to perform Southern blot. However, it
is useless to perform an electrophoresis because the tube content is supposed to be
homogenous and should only contains copies of the fragment of interest, except for a
few genomic DNA molecules. Therefore the PCR products just have to be denatured
and deposited on a membrane called a dot blot (the term slot blot is sometimes used
to refer to the resulting slide that shows slots like a slot machine).

Limitation of the yield

The theoretical number of 2” copies is seldom reached: first because the fragments
present in the tube are not all necessarily used as a template, above all at the end of
the PCR, also because some inhibitors like pyrophosphate are produced, and finally
because at the end of the PCR, the amplified fragments, particularly if they are short,
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compete with the primers whose concentration is decreased. The yield is likely to
give 1.85" copies in optimal conditions.

Risks of errors: contamination, non-specific amplification or infidelity

Contamination is a permanent danger due to the presence in the atmosphere, par-
ticularly in a laboratory, of exogenous DNA that can contaminate the studied sample
and falsify the result of the analysis and, therefore, the diagnosis. Therefore, a great
deal of care must be taken in filling the PCR tubes and all PCR routines should
use negative controls, tubes containing all the reagents apart from the DNA and
whose content should not give any visible band on the control gel in the absence of
a contamination.

Non-specific amplification results from the hybridization, by homology, of the
primers elsewhere than at the extremities of the fragment of interest; this is why it is
necessary to choose a pair of primers long enough, purified (the chemical synthesis
is not error free), with identical or close annealing temperatures, which are as high
as possible.

Copy infidelity results from the fact that, in vitro, Taq pol has a relatively high rate
of incorporation errors (10™*). A mis-incorporation generates a mutated fragment,
and the earlier the mis-incorporation occurs, the higher the proportion of mutated
fragments among the amplimers because the amplification process will multiply the
mutated ‘strands’. Such a rate is admissible if the criterion for the analysis of the
fragment of interest, after the PCR, is its length, but it can raise some problems,
notably in the case where PCR products are sub-cloned for sequencing or in order to
perform expression studies (some sub-clones can carry a mutated sequence instead
of the original sequence).

Box 1.6(a) Specific DNA sequences may be amplified by PCR
and RT—PCR

PCRisatechnology that allows selective amplification of a specific DNA sequence.
This technology relies on thermoresistant polymerases, a necessary condition to
go through the denaturation steps at 95°C that occur at the beginning of each
amplification cycle. This step is followed by an annealing step during which the
primers (synthetic oligonucleotides) anneal (molecular hybridization) with each
strand of DNA, at one of the two extremities of the sequence of interest. The third
step of elongation allows the synthesis of the new strand by the polymerase by
elongation of the primer using the DNA strand as a template. After one cycle, the
number of copies of the target sequence is doubled, after two cycles, it is multiplied
by four, after n cycles, it is multiplied by about 2#.
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Hot start PCR

The simple hot start consists of adding Taq pol after the initial long step of denatu-
ration (see earlier note), in order to prevent the polymerase from spending several
minutes at 95°C (its thermostability, perfect at 85°C, is not so great at 95°C, especially
over a long period of time).

However, opening the tubes before the n cycles to add the enzyme to the tubes
increases the risks of contamination and of parasitic amplification, as well as the extra
time necessary to distribute the enzyme into the tubes. Even if this simple hot start
can still be done, the biotechnology company have now developed several molecular
systems that, once dispatched in a tube, require several minutes of incubation at 95°C
before release of a native and active Taq pol.

1.5.2 RNA amplification as cDNA by RT—PCR

RT-PCR is a PCR designed to amplify selectively as a double-stranded DNA frag-
ment, a specific RNA sequence present within a mix of polyA-mRNA or total RNA,
isolated from a tissue expressing the gene of interest. This is also a second-generation
technique that allows obtaining the cDNA from a specific mRNA, without having to
prepare or to sort a cDNA library, but that requires that the sequence of interest is
already known in order to define the primers.

The RNA mix is incubated with a DNA primer, called b, complementary to the
3’ terminal sequence of the sequence of interest and with a DNA primer, called a,
corresponding to its 5’ terminal sequence, in the presence of the four triphosphate
nucleotides, reverse transcriptase and Taq pol. At 37°C, only the reverse transcriptase
isactiveand synthesizesa (—) strand complementary to the mRNA starting from theb
primers that are hybridized to the 3’ end of the mRNAs. The tubes are then transferred
to a PCR plate for 7 cycles; the reverse transcriptase is denaturized and only Taq pol

Box 1.6(b) Specific RNA sequences may be converted into
double-stranded DNA and amplified by RT—PCR

RT-PCR consists of the amplification of a messenger RNA in a selective way and as
double-stranded DNA. For this purpose, an antisense strand of DNA is made by a
reverse transcriptase starting from an antisense primer specific to the 3’ extremity
of the mRNA of interest. The second strand of DNA is then synthesized by a classic
polymerase, starting from a primer specific to the 5" extremity of the antisense
DNA strand. From the moment when the two DNA strands are available, a classic
PCR using the same primers or more internal primers, will amplify the target
sequence.
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is active. During the first cycle, it uses a primers to make the (4) strands using as a
template the (—) strand of DNA synthesized by the reverse transcriptase ( Taq pol can
only use DNA templates), re-establishing an equal quantity of (—) and (+) strands
of the sequence of interest; the latter then starts to be amplified at the second PCR
cycle. Nowadays, the Tth polymerase is available (a thermostable polymerase from
Thermus thermophilus) that makes the use of the reverse transcriptase unnecessary
because it can use both DNA and RNA templates.

1.5.3 Quantitative PCR methods

The purpose of a diagnosis is sometimes quantitative; it consists of the quantity of
a sequence of interest contained (either mixed or integrated) within a certain mass
or volume of biological material; for example, the number of copies of a transgene
within a transformed genome, or the percentage of genetically modified seeds within
a possibly contaminated batch of seeds. The dosage of a sequence of interest using
PCR consists of the estimation of the number of copies of this sequence within the
tube at the beginning of the process. A simple rule of three is sufficient to estimate
the total quantity of the sequence of interest contained in the studied biological
or genomic material knowing the volume tested by PCR. Two quantitative PCR
strategies can be defined depending on whether the dosage is terminal — meaning
performed at the end of the PCR on the final amplimers, or real time, during the PCR
steps. These two types of strategies are illustrated by competitive PCR and TagMan
PCR® respectively.

Competitive PCR

This method allows estimation of the quantity of the sequence of interest or ‘target
sequence’ within a biological sample containing a known quantity of DNA. The
principle consists of the co-amplification by PCR of increasing amounts of the target
sequence together with a given amount of internal standard. This standard generally
corresponds to the target sequence sub-cloned into a plasmid and deleted or increased
by about 20 base pairs. The amplification primers are the same and the final quantities
of amplimers, easy to separate on a polyacrylamide gel thanks to the different length
of the two sequences, will only depend on the initial quantities of the target sequence
and of the standard sequence respectively. The quantity of the target sequence within
the sample can then be estimated knowing the quantity of co-amplified standard
and comparing the lanes on the gel where the quantities of amplimers are the same
(Figure 1.7). A simple rule of three will allow the determination of the total quantity of
sequence of interest in the total volume of the studied biological sample or transgenic
species genome. Of course, this technique requires a good standardization technique
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(Arrow = migration direction)

The amplimers of the standard sequence (cloned sequence equivalent to the target sequence, but with a
central insertion of 20 bp) are longer than those of the target sequence to be quantified, and migrate less
far. They correspond to the quantities present in the top band and are obtained in each tube from the same
quantity of standard sequence.

The amplimers of the target sequence correspond to the quantities present in the lower band and are
obtained by using increasing quantities in each tube.

The third lane corresponds to the tube where the quantities of standard and target amplimers are the
same because the quantity of amplimers synthesized as a competitor is the same, which makes it possible
to deduce the quantity of the sequence of interest in the tube, and in the DNA sample on which the PCR has
been performed.

Figure 1.7 Control gel of a competitive PCR

in order to define the quantities of standard likely to correspond to the amount of
target sequence.

PCR associated with TagMan® chemistry

This quantitative method makes it possible to follow in real time the selective ampli-
fication of a sequence and therefore to deduce the number of sequences of interest
contained in the tube knowing the number of cycles already performed.

One problem raised by real-time quantitative PCR comes from the fact that the
detection of the amplimers supposes a minimal quantity that is only reached after
a few cycles, each detection method having its own threshold. From the moment
the amplimers are detectable, it is theoretically possible to measure their exponential
increase during a few cycles before this increase stops at the end of the PCR, when
inhibition (see above) or competition phenomena seriously limit the efficiency of
the cycles. The part of the exponential phase usable for the real-time dosage will be
limited to a few cycles and defines the window of detection.

A second problem raised by real-time quantitative PCR concerns the detection
method. In some special circumstances (see Down’s syndrome molecular diagno-
sis), it is possible to interrupt the PCR at one point of the window of detection,
to compare the quantities of amplimers for the sequence of interest (chromosome
21 markers) with the one of a co-amplified control sequence (markers on other
chromosomes). Indeed, in this special case, the quantitative ratio between the se-
quence of interest and the control sequence is not too unbalanced and can take
previously known values, depending on whether or not there is a trisomy. In most
circumstances, the sequence of interest is seriously in the minority compared with
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Step 1: the amplification primers a and b, and the central probe hybridize during the annealing step.

Step 2: during the elongation of the a primer, the Taq polymerase reaches the hybridization site of the central
probe.

Step 3: the polymerase moves to the extremity of the probe.

Step 4: the polymerase hydrolyses the probe while moving forward, separating the nucleotides carrying the
fluorochome (reporter) from the quencher.

Step 5: the polymerase terminates the synthesis of the new strand.

Result: at each doubling of the sequence of interest, a nucleotide carrying the fluorochrome, capable of
emitting one unit of fluorescent signal, is freed in the buffer; the quantity of emitted signal gives
a measure of half of the amplimers synthesized in the first cycle from the target sequence.

Figure 1.8 Principle of TagMan® quantitative PCR

any other control sequence in a way that their co-amplification would lead to a
saturation of control sequence even before the detection level for the target se-
quence can be reached. It is therefore necessary to quantify precisely and continu-
ously the increase in the number of amplimers for the sequence of interest, without
any control sequence co-amplification. This is when the TagMan® chemistry is
useful.

TagMan® PCR (Figure 1.8) consists of a PCR on a target sequence, adding to
the two amplification primers a central probe that can hybridize with one of the
two DNA strands. This probe has at its 5" end a fluorochrome R whose emission is
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Box 1.7 Quantitative PCR

The goal of PCR quantitative methods is to estimate the quantity of a target
sequence within a population of molecules. The density of this sequence, generally
very low, justifies the use of the PCR amplification technique. The target sequence
can be quantified by co-amplification of a standard made up of various quantities
of another sequence accepting the same primers (competitive PCR). It is also
possible to follow in real time the exponential amplification of the target sequence
using an ad hoc display (TagMan® chemistry), and to calculate by extrapolation
the initial number of copies of the target sequence in the tested sample.

quenched by the action of a molecule Q (‘Quencher’), due to the transfer of energy
resulting from the proximity of R and Q (Forster effect). During the hybridization
step of each PCR cycle, the central probe can hybridize to one of the two strands.
During the elongation step of one of the primers, the Taq polymerase will then reach
the central probe, move it and hydrolyse it thanks to its 5'/3' exonuclease activity.
This hydrolysis will free the nucleotide carrying R which, once released from Q, will
emit a fluorescent signal. Therefore, at each amplification of the sequence of interest,
an R molecule is freed in a way that the measure of the fluorescence emitted from
the PCR tube, in real time, is a stoichiometric measure of half of the amplimers
already obtained. Considering the number of cycles already performed, it is possible
to deduce the initial number of copies of the target sequence. The measure of the
fluorescence is performed using a display in situ in the amplifier, linked to a computer
which graphically traces the increase in quantity of the amplimers and calculates the
starting quantity (see Section 5.3, GMO tracing)

1.5.4 RNA or DNA isothermic NASBA® amplification

Isothermic amplification nucleic acid sequence based amplification (NASBA) allows
exponential amplification of the sequence of interest, much faster than PCR and
without needing a specialized automated system to deal with the programmed tem-
perature cycles. Although it allows the amplification of both RNA and DNA, NASBA
isothermic amplification has essentially been developed to amplify RNA selectively,
notably in clinical virology.

The principle consists of the incubation of the biological material, assumed to
contain the RNA of interest, in the presence of three enzymes, a reverse transcrip-
tase (RT) capable of using an RNA or a DNA template, RnaseH (RH) and T7 RNA
polymerase (T7P) and two primers labelled a(4) and b(—). The b(—) primer is
complementary to the 3’ end of the RNA of interest and carries at its 5’ end a pro-
moter sequence for T7 RNA polymerase; this promoter is required for transcription
initiation in one of the steps of the amplification cycles. The tube is at a fixed and
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Initiation step

Step 1: the b primer hybridizes at the extremity of the RNA target sequence.

Step 2:  the RT elongates the b primer and synthesizes a DNA (—) strand carrying a 5" extremity corresponding
to the T7P promoter.

Step 3:  the RH frees the (—) strand of the sequence of interest by hydrolysing the RNA from an RNA-DNA
duplex.

Step 4: the a primer hybridizes with the (—) DNA strand of the free sequence of interest.

Step 5:  the RT elongates the a primer and forms the double-stranded cDNA of the target carrying a T7P
promoter.

Step 6: the T7P uses the promoting sequence to transcribe many antisense RNAs (as a (—) strand).

Cyclic step

Step 7: the a primer hybridizes at the extremity of the (—) strand of the RNA target sequence.

Step 8: the RT performs the elongation of the a primer and synthesizes the DNA (+) strand complementary
to each RNA (—) strand.

Step 9: the RH hydrolyses the RNA from the RNA-DNA duplex and frees the (4) strand of the target sequence.

Step 10: the b primer hybridizes with the DNA (+) strand of the freed target sequence.

Step 11: the RT performs the elongation of the b primer and of the (4) strand for the promoting sequence
for T7P brought by the b primer; a double-stranded cDNA carrying a promoter for the T7P is
formed.

Step 12: the T7P uses its promoting sequence to transcribe a large number of copies of the target RNA as
(=) strands.

the synthesized RNAs are therefore recycled for a new six-step cycle, without a need for the primers and the
enzymes to act synchronously.

Result: at each cycle, the sequence of interest is not copied in two sets but in as many copies as the
T7P can synthesize (around 1000). At the end of the reaction, the tube contains the sequence of
interest amplified both as cDNA and as about 100 times more RNA (—) strands.

Figure 1.9 NASBA® isothermic amplification

optimal temperature of 41°C at which the primers can hybridized and the enzymes
are active. The amplification starts by an initiation for six steps followed by a series of
a few asynchronous cycles, also in six steps (Figure 1.9), allowing the multiplication
of the sequence of interest by several thousands.
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1.6 DNA fragment ligation: recombinant DNA and cloning
1.6.1 Operating mode of ligases

DNA ligases are enzymes capable of rejoining DNA fragments when they are end to
end, by reconstituting a phosphodiester bond between a 3’OH extremity and a 5’
P extremity (there are also RNA ligases). Some ligases (T4 DNA ligase) can rejoin
blunt-end fragments, others like E. coli’s can only act if the fragments have been
previously renatured by virtue of their sticky ends.

1.6.2 Recombinant DNA

The action of the ligases, the ligation, allows the construction of recombinant DNA by
joining DNA fragments coming from different species as long as they have sticky ends.
The fragments of different origins are pooled in a single tube named the ligation tube,
where the ligase will combine them in various combinations; a selection screen should
then be set up to isolate the desired construct. The construction of recombinant DNA
is at the basis of DNA cloning and the construction of genetically modified organisms.

1.6.3 DNA cloning

Cloning a DNA fragment consists of the insertion of this fragment in a cellular host
in a way that this host will replicate the exogenous DNA fragment as it will replicate
its own genome. In other words, cloning a DNA fragment is the same as creating a
genetically modified organism that acquired this fragment in its genome.

However, behind this general definition, there are a large variety of modalities:

e depending on the nature of the cellular host, micro-organism (bacteria or yeast),
plant or animal;

o depending on the localization of the cloned fragment, inserted into the genetic ma-
terial (bacterial chromoneme or eukaryotic chromosome) or simply added to it
(plasmid or artificial chromosome);

o depending on the transformation mode of the genetically modified cells, insertion of
naked DNA or via a vector;

® depending on the preparation mode of the fragment of interest, mixed with many
other genomic fragments or PCR amplified. In the first case, the cloning of all
the fragments leads to the construction of a library (Figure 1.10) that will have to
be screened to identify and isolate the clone carrying the fragment of interest; in
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1. A bacterial plasmid carrying an antibiotic resistance gene, for example tetracycline resistance (tetR), is
linearized at the E site of the polylinker (PL), a sequence used as an insertion site and containing a
unique restriction site; the 5" ends are dephosphorylated with an alkaline phosphatase, avoiding a later
action of the ligase that would circularize the plasmid.

2. The human genomic DNA has been digested by an E enzyme giving sticky ends (or such extremities were
added if it is cDNA), and is mixed with the plasmid (the figure represents the destiny of one fragment
out of a million different fragments).

3. The ligation mix allows an eventual renaturation between type E cohesive ends and the formation of
recombinant plasmids.

4. The ligase links covalently the 5'P ends of the fragment with the 3'OH extremities of the plasmid, creating
an insert into the plasmid.

5. Tetracycline sensitive bacteria are transformed by penetration of the plasmidic DNA, cultured and plated
in the presence of tetracycline; the clones that develop have acquired a plasmid that confers resistance
and contain an insert, a necessary condition for the plasmid to circularize and replicate.

Each clone isolated from the plate comes from a single cell, its cells all contain the same insert; the
corresponding human DNA fragment has therefore been isolated and amplified; it has been cloned. Altogether,
the clones obtained this way constitute a genomic library or a cDNA Library depending on the origin of the
cloned fragments; it has to be screened to isolate the fragment of interest.

Figure 1.10 Construction of human DNA library in a bacterial plasmid
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the second case, the cloning is more direct because it starts with the fragment of
interest purified through its amplification.

Many host/vector systems have been developed in response to the different needs of
molecular biologists:

e 1o clone small fragments (few kb: plasmids, phages), medium (several tens of kb :
phages, cosmids) or large (several hundreds or thousands of kb: artificial chromo-
somes for yeast/ YAC, bacteria / BAC or mammalian / MAC);

® o sequence them or use them in order to perform cartography (ad hoc fragment
library to walk or jump along the chromosome)

® {0 express then in vitro or in vivo, in bacterial or eukaryote systems (expression
vectors);

® o use them as a directed mutagenesis tool by inactivation or allelic replacement, nec-
essary step for the construction of transgenic models (knock-out mouse, transgenic
Drosophila or mouse...);

® 10 use them to perform functional studies, protein-DNA or protein—protein interac-
tion studies.

1.6.4 Cloning vectors

Plasmids are the most used cloning tools because they are easy to purify, to ma-
nipulate in vitro and to introduce into cells in culture, whether they multiply apart
from the host genome or they integrate totally or partially (the sequence of interest
carried by the plasmid) into the genome. Nowadays, very sophisticated plasmids are
available, with the cloning site for the sequence of interest surrounded by efficient
sequences assigned to specific purposes (Figure 1.11). It is therefore possible to clone
a sequence and to express the protein it codes for in most cell types in order to
perform sequencing, functional analysis and production.

The sequences cloned in such plasmids have two possible origins, they can be
prepared by PCR starting from a known original sequence kept in small quantities,
or they can correspond to cDNA prepared from mRNA expressed in a tissue. In
both cases, a different solution is found to make sure the open reading frame is kept
between the initiation codon contained in the N-ter sequence (see Figure 1.11(b))
and the STOP codon for the fusion protein including the product of the cloned
sequence (see Figure 1.11(g)).

In the first case, the amplimers inserted into the plasmid have to be in frame with
the other sequences of the plasmid (see Figure 1.11(g)); knowing that all the am-
plimers are identical and are inserted at the same position into the plasmid, the PCR



1.6 DNA FRAGMENT LIGATION: RECOMBINANT DNA AND CLONING 27

Host specific | —® | Nter | Cloning | Antibody| Purification| STOP T7¢ Specific

promoter® | T3¢ | peptided|  site? tag® epitopef | codon® | ¢— |terminatorh
Selection Selection Replication
genel genel origini

Plasmids are now constructs aligning efficient sequences for specific purposes. The described sequences are
not necessarily present simultaneously.

(a) Cloning site: it allows the plasmid to close very efficiently on the sequence of interest, PCR fragment or
cDNA (see below),

(b) Promoter allowing the expression of the cloned sequence in a cellular host, bacteria (for example:
Arabinose operon promoter, that can be activated by arabinose), yeast (for example, GAL1 gene promoter
that can be requlated by the product of the GAL4 gene), mammalian (for example, strong cytomegalovirus
promoter),

(c) T3 or T7 sequence: promoter for T3 or T7 phages, allowing the transcription in vitro of the sense

or antisense strand; these sequences (or others) can also serve as hybridization sites for elongation

primers for the sequencing of the insert.

Sequence allowing the fusion of the peptide chain encoded by the cloned DNA to a terminus sequence

conferring diverse properties (for example the secretion in the bacterial periplasmic region or increasing

its solubility); this sequence is generally terminated by a site for a protease, that allows the cleav-
age of the fusion protein after purification in order to get the original N-ter extremity of the cloned
sequence.

(e) Monoclonal antibody recognition site, useful for in situ hybridization or for Western blots,

(f) Epitope allowing a very stringent purification of the fusion protein using affinity columns. This sequence
can also be at the C-ter end,

(g) Sequence containing the STOP codon for the fusion protein (which supposes that there is no other
upstream STOP: The d, a, e, f and g sequences constitutes an open reading frame starting from the
initiation codon of the sequence a up to the STOP codon in the g sequence)

(h) Terminator sequence specific of the cell type in which the plasmid is introduced (for example, in mam-
malian cells, the sequence BGHpA of the BGH gene / Bovine Growth Hormone / leading to a mRNA that
is efficiently poly-adenylated and therefore very stable.

(i) selection genes allowing a positive selection screening of the transformed cells, these can be several
genes allowing the transfer of the plasmid from bacteria (construction step) to the cells in which the
analysis should be performed if these are not bacteria

(j) Replication origin, specific for the cell type in which the plasmid is introduced; there is also an
origin in bacteria if the plasmid should be used in E. coli for the construction and multiplication
steps.

(d

-

Figure 1.11 Plasmid constructs containing specific sequences

primers are designed to fulfill this condition. One example of the type of plasmid de-
signed to clone PCR product is given by the topo-plasmids® from Invitrogen. These
vectors are linearized and the two 3’ extremities carry an overhanging T associated
with a topoisomerase; this enzyme will efficiently favour the insertion and ligation of
the PCR products themselves carrying at their 3’ ends an overhanging A added by the
Taq pol at the end of the PCR elongation steps. The mix between the PCR products
and the topo-plasmids leads in a few minutes to the exclusive insertion of the
amplified fragment of interest with an efficiency reaching almost 95 per cent of the
plasmids.
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Box 1.8 Plasmids are efficient tools for cloning and analysing
DNA sequences

Plasmids come from bacteria but now make up complicated constructions making
efficient tools with multiple functions which are usable in many cell types. They
have a cloning site where the sequence of interest can be inserted, one of several
selection genes allowing the positive screening of the cells transformed by the
penetration of this plasmid, and a eukaryotic or prokaryotic replication origin,
allowing its autonomous replication in one or the other cell types.

Depending on the other sequences located on both sides of the cloning site,
each type of plasmid allows a precise study of the target sequence, such as its
sequencing, transcription or translation, in vivo or in vitro, to performa functional
or a structural analysis of the sequence product, to localize the product in the cell
or, finally, to produce the product to allow it to be extracted and purified.

In the second case, the cDNA molecules are more heterogeneous than PCR prod-
ucts and two cDNA molecules obtained from the same mRNA can vary at their
extremities depending on where their synthesis stopped. To obtain recombinant
plasmids likely to incorporate a cDNA in frame with the other sequences of the fu-
sion protein, a mix of three plasmids for which the sequence containing the insertion
site for the ¢cDNA is shifted by 0, 1 or 2 base pairs relative to the AUG initiation
sequence, in a way that each cDNA will be in frame with the upstream sequences
in at least one of the three recombinant plasmids. However, this means that all the
sequences leading to a fusion protein have to be upstream of the cloning site, the
STOP codon being the cDNA natural codon.

1.7 DNA fragment sequencing

The two main in vitro DNA sequencing methods were published in 1977, a few
months apart, by Maxam and Gilbert and by Sanger et al. and will revolutionize
in the same way as for PCR molecular biology and its applications in fundamental
research as well as in diagnosis. Because it is simple and adaptable to the technological
evolutions, the Sanger method is now universally used.

1.7.1 Principle of the Sanger method: the sequencing reaction

The Sanger sequencing method is applicable to a target fragment purified or specifi-
cally accessible. It is based on the possibility of performing in vitro replication of one
of the two strands of the target, which supposes that a primer capable of hybridizing
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to the other strand that will be used as a template can be designed and added together
with the trinucleotides and the DNA pol.

If the target fragment was obtained by PCR, its extremities are known and the
problem of the sequencing primers is solved. If the target fragment is unknown, it is
necessary to clone it into a vector whose sequences at the border of the cloning site
are known and can be used to design primers.

The principle of the Sanger method consists of starting the synthesis of one of
the two strands of the target fragment in vitro in the presence of small quantities of
dideoxynucleotides (deoxyin 2’ butalso in 3’) that will stop the elongation in the event
that they are incorporated because in the absence of a 3’ OH, it is impossible to add
another nucleotide (Figure 1.12). The analysis of the size of the different randomly
interrupted synthesized fragments with respect to dideoxynucleotide incorporation
(Figure 1.13) will allow the deduction of the sequence of the studied strand (the
one synthesized starting from the primer). It is possible, and even recommended, to
realize the sequence of the other strand in four other tubes with a primer b/— that
can hybridize with the (4) strand that will become the template.

1.7.2 Reading of the sequencing reaction products

After the sequencing reaction, the goal is to measure, with single-base precision, the
length of the newly synthesized strands, which can only be done by separating the
fragments by high-resolution gel electrophoresis (precise separation of strands differ-
ing by one single nucleotide) and considering that the newly synthesized fragments
can be distinguished from the other DNA fragments that are not relevant (primers,
fragment of interest, etc.). Therefore, it is necessary for the newly synthesized strands
to be labelled in a way so that they can be specifically identified.

There are two ways of labelling synthesized strands: using a labelled primer (which
is done with universal primers corresponding to the sequences in the cloning vec-
tor), or using labelled dideoxynucleotides (see below for the labelling techniques).
Even if radioactive labelling is now obsolete, the associated reading technique will
be described in order to understand better the improvements made by fluorescent
labelling and the use of automated sequencers.

Reading of a sequence with the labelled fragment emitting only one type of
signal (radioactivity or cold labelling)

Using high-resolution polyacrylamide gel electrophoresis capable of separating frag-
ments differing only by one nucleotide, it is possible to load on the gel the products
of the four sequencing reactions and migrate them in four parallel lanes.

The DNA fragments will migrate according to their size and the revelation of the
signal of the labelled molecules, meaning the newly synthesized strands whose size



30 1 TECHNIQUES AND TOOLS IN MOLECULAR BIOLOGY

| 5’ Strand (+) TCGATTGGCAGCATGGACGC 3’

| 3’ Strand (-) AGCTAACCGTCGTACCTGCG 5’

| Amplification primer a (+) /30 b |

TUBE 1: in the presence of ddT

5’ + strand potential TCGATTGGCAGCATGGACGC 3’
Primer a (+) hybridized to the (=) strand M.
>

amplified: 30 nucleotides +? »

Result: size of the neo-strands depending on the possible incorporation of a ddT:
30+ 1or5or6orl4

TUBE 2: in the presence of ddC
5’ + strand potentiall TCGATTGGCAGCATGGACGC 3’

Primer a (+) hybridized to the (-) strand >
amplified: 30 nucleotides +?

A 4
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Result: size of the neo-strands depending on the possible incorporation of a ddC:
30 +2o0r9orl12or18or20

TUBE 3: in the presence of ddG
5 + strand potential TCGATTGGCAGCATGGACGC 3

»

—
—»

Primer a (+) hybridized to the (-) strand
amplified: 30 nucleotides +?

A 4

A

A 4

»
»

Result: size of the neo-strands depending on the possible incorporation of a ddG:
30+3o0r7or8orllorl5orl6orl9

TUBE 4: in the presence of ddA
5’ + strand potentiall TCGATTGGCAGCATGGACGC 3’

»

Primer a (+) hybridized to the (=) strand —————————————»
amplified: 30 nucleotides +?

v

Result: size of the neo-strands depending on the possible incorporation of a ddA:
30+4o0rl0orl13orl7
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[tube 1 (T)| [tube 2 (C)] [ tube 3 (G)] [tube 4 (A)]

Reading of the gel autoradiogram, with the sequence of the (+) strand after electrophoresis of the products

of the Sanger reaction, labelled with the same type of signal.

® The smallest fragment corresponds to the non-elongated primer (dotted line) that is only visible if labelled
primers are used instead of labelled ddNTPs.

® A fragment one base longer appears in the lane corresponding to the first tube and indicates that the first
base following the primeris a T.

® Then, moving up on the gel, it appears that the second base after the primer is a C (tube 2), then a G
(tube 3), etc., giving TCGATTGGCAGCATGGACGC.

Figure 1.13 Reading of the autoradiogram

is the direct consequence of the sequence of the (4) strand, will allow the direct
deduction of this sequence (Figure 1.13)

Thelabelling signal never allows direct reading of the gel; in the case of a radioactive
labelling (low intensity) the gel should be applied on a negative that will be revealed
a few days later; in the case of a cold labelling, the gel should be revealed and exposed
with an autoradiogram (Figure 1.13).

® The DNA to be sequenced is dispatched in four tubes after being denatured (heated then the tubes are
transferred to ice to prevent renaturation), together with the four tri-nucleotides, the DNA pol and the
ad hoc buffer.

® In each tube, a small quantity of one of the four dideoxynucleotides, ddT (tube 1), ddC (tube 2), ddG
(tube 3) and ddA, (tube 4)

® In each of the four tubes, the primer of 30 nucleotides will hybridize with the (—) strand and will be
elongated to form eventually a (+) strand whose sequence is as indicated above. However, this elongation
will be stopped as soon as a ddN is incorporated.

Due to the sequence of the (+) strand to synthesize, indicated on top of the primer, the size of the
fragments will never be the same in the four tubes, as it is clearly shown in the result relative to each
tube.

® To deduce the sequence, it is sufficient to ‘know how to measure’ the size of the different fragments
synthesized in each of the four tubes (Figure 1.13).

Figure 1.12 Sanger sequencing reaction
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Box 1.9 DNA sequencing

The most used sequencing method is the Sanger method. It consists of randomly
interrupting the elongation of a primer specific for the target sequence by incor-
poration of a dideoxynucleotide. Then, using high-resolution electrophoresis as
a separation system, it is possible to separate the fragments obtained by addi-
tion of one, two or n nucleotides before the interruption by incorporation of the
dideoxynucleotides which form the extremities of the elongated primers.

Because the labelling differs depending on the incorporated dideoxynucleotide
(depending on whether it carries a cytosine, thymine, adenine or guanine), the
visualization of the fragments separated by the electrophoresis is able to determine
the incorporated nucleotide, which corresponds to the sequence on the DNA
strand.

Reading of a sequence with a fluorescent labelling and use
of an automated sequencer

The advantage of fluorescent labelling relies on the fact that different signals can
be emitted as opposed to radioactive labelling which only emits one type of signal.
If the four ddNTPs are labelled with a different fluorochrome, the Sanger reaction
can be performed in a single tube (saving time and reagents) because the different
types of newly synthesized strands will be labelled in a different way depending on
whether they are terminated by a ddT, a ddC, a ddG or a ddA. Therefore, the elec-
trophoresis can be done in a single lane (Figure 1.14), the fragments being separated
by migration on the gel. The latter is fixed in a vertical orientation in an apparatus
containing a laser which keeps sending an incident ray in an open window at the
base of the gel in a way that any labelled fragment going through the window will
have its fluorochrome excited and will emit, at its specific wavelength, a signal that
will be captured by a receptor. This receptor is coupled to a computer which will
reconstitute the sequence obtained by the succession of fluorochrome types emitted
by the different fragments when they pass in front of the excitation and reception
window. The computer is also set up to give the decoded sequence, together with the
intensity of the emitted fluorescence of each strand passing through the laser window
(Figure 1.14)

Because the sequencing products do not need to migrate in parallel lanes, it is not
necessary to perform the electrophoresis in flat gels, and instead a gel confined in a
capillary tube can be used, which is really adapted to diagnosis by sequencing when
the number of sequences is small and variable (the washing of the capillary, pouring of
the gel, loading of the sequencing products, laser emission, signal reception and anal-
ysis are automated: it is sufficient to put a few microlitres of the sequencing reaction
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Single tube

Laser window

® Tnasingle tube, the fragments ending in a different ddN carry a different fluorochrome. The four fragment
types are shown schematically here by:
< if ddT, — if ddC, <« if ddG, — if ddA

® They migrate together on the same lane with a speed corresponding to their respective length.

® They pass successively in front of the laser window, the first one (the shorter) carries the fluorochrome
specific for ddT, then the one carrying the fluorochrome specific for the ddC passes, etc., giving: TCGATTG-
GCAGCATGGACGC.

<« Reading, by an automated sequencer, of the sequence of the (+4) strand after electrophoresis of the

products of the Sanger reaction, labelled with a different fluorochrome on each ddNTP

Figure 1.14 Reading with an automated sequencer

into the apparatus and to push the button to get the sequence out about 30 minutes
later).

Note 1 If the primers are labelled with a single nucleotide, it is necessary to perform
four reactions and then four migrations in parallel because the fragments
are labelled by the same signal, this one being read at the bottom of the gel
when they pass in front of a window covering the whole width of the gel.
If a set of primers labelled with four different fluorochromes is available, it
is still necessary to perform the reaction in four different tubes in order to
keep separate the newly synthesized strands ending in a ddT, a ddC, a ddG
or a ddA, but the contents of the tubes can be pooled for the reading of the
sequence on the gel.
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Note 2 The sequencing of a DNA fragment is completed when the sequences
of both strands have been performed and compared to verify their
complementarity.

Note 3 The trace of the fluorescence emission is very useful, either to remove some
uncertainties about the complementarity of the two strands, or to identify
point mutations, for example in a heterozygote where the two allelic frag-
ments of a gene have been co-amplified by PCR and then co-sequenced. In
such cases, at the level of the point mutation, two newly synthesized strands
with the same size will pass through the window and emit a different wave-
length. The computer coupled to the automated sequencer is able to interpret
quantitatively emissions of equal intensity, for example ‘green + red’, and will
indicate the sequence ‘A 4+ T’, meaning that one strand carries A and the other
T; in other cases, it cannot do so, and will indicate in this case the letter ‘N’ for
nucleotide; the experimenter will have to take over to interpret and remove
the ambiguities seen by the sequencer.

Automated sequencers with flat gels are also useful because their dimensions
adapt them to the sequencing of large series of sequences (about 30 lanes in parallel,
corresponding to 30 sequences).

It should also be noted that automated sequencers are extremely well adapted to
measure the size of PCR fragments, which makes them very effective in all diagnoses
based on such measures (repeat sequences in triplet disorders or genetic imprinting,
ARMS and OLA techniques, see below).

The automation of the sequencing associated with the automation of the se-
quencing reaction (more difficult) has made it possible to save a lot of time, which
is necessary in order to perform genome sequencing.

1.8 Modification of the sequence of a DNA fragment: site-directed
mutagenesis

In vitro site-directed mutagenesis of a gene is the first step towards directed muta-
genesis of an organism by replacing one of the two copies of a gene by a gene copy
mutated in vitro.

A simple method among others consists of the cloning of the sequence of the wild
type cDNA of the gene of interest into a suitable plasmid. A purified preparation of
this plasmid is then submitted to a PCR using parallel primers carrying a single-base
difference where the sequence should be modified, compared with the wild type
c¢DNA sequence. The PCR conditions are defined to tolerate a mismatch between the
‘mutated’ primers and the wild type sequence during the hybridization step, at least
during one or two cycles; the hybridization can become more stringent once a few
copies of the plasmid carrying the mutated sequence have appeared.
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This way, all the amplified plasmids are carriers of the mutated sequence;
the plasmids are individually cloned and re-isolated from a single clone and se-
quenced in order to test if the chosen clone carries the mutated sequence of the
gene.

1.9 Molecular hybridization techniques and applications
1.9.1 Introduction

The principle of molecular hybridization techniques relies on the ability of comple-
mentary single-strand DNA (or RNA) to renature spontaneously to form a double-
stranded molecule with lower free energy and therefore thermodynamically favoured.

This spontaneous annealing depends of course on the level of complementarity;
two sequences that are strictly complementary will renature more easily than two
sequences with a local variation. The local variation will introduce one or several
mismatches in the duplex which will destabilize it by lowering the denaturation
temperature.

Depending on the level of complementarity, the renaturing and the stability of
the duplex will then depend on the temperature which will be higher the more
complementary the sequences to anneal (hybridize) are.

The PCR is a technique based on molecular hybridization because priming is
the result of annealing the primers with the extremities of the fragment to amplify.
The primers are made of synthesized oligonucleotides whose sequences are strictly
complementary (exceptin special cases, see site-directed mutagenesis or ARMS). The
primers’ sequences are determined in such a way that the hybridization temperatures
are as close and as high as possible, precisely in order to limit ‘illegitimate’ renaturing
with other genomic fragments that would lead to a parasitic amplification.

The hybridization techniques are also used to identify a particular fragment within
a mix of fragments, and to study its size and possibly mutations of the sequence. In
this case, a known and purified DNA fragment is used as a probe. The probe is
labelled, meaning it is capable of emitting a signal, and the fragments are incubated
with the probe in order to reveal a possible hybridization with the target fragment
that might be there and that would therefore be indirectly labelled.

Of course, the fragments from the mix to be studied would have to be denatured,
as well as the probe if it is double stranded, in order to allow its hybridization with
the target fragment if present in the mix.

1.9.2 Probes, labelling and reading of the signal

Depending on the circumstances, probes can be a fragment of genomic DNA from
a DNA library cloned into a vector, or a cDNA also isolated from a clone from a
cDNA library. However, a synthesized oligo probe, or an RNA obtained by in vitro
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transcription of a DNA fragment cloned in a plasmid carrying a promoter next to
the cloning site and allowing this manipulation, can also be used.

Thelabelling techniques depend on whether the probe is single or double stranded.
The radioactive labelling of a probe allows the emission of a signal allowing detection
of the fragment recognized by hybridization by autoradiography on any substrate.
Non-radioactive labelling (cold labelling) of a probe does not make it capable of
emitting a signal but simply gives it the capability of binding to a system emitting
the signal.

In order to detect a fragment recognized by the labelled probe on any substrate, it
is necessary to insert a reading step that will add the emission system to the probe,
in order to reveal its hybridization by the presence and the measurement of the
emitted signal. This signal can be visualized directly (pigment visible by the eye) or
by autoradiography (photon emission).

Labelling of a synthesized oligoprobe

A synthesized oligoprobe is single stranded — due to the way it has been synthesized
it carries a 5’OH extremity instead of a 5'P. Radioactive labelling can take advantage
of this characteristic to use a polynucleotide kinase together with ATPy*2P, allowing
phosphorylation of the probe.

Radioactive labelling can also be performed using a terminal transferase in the
presence of ATP’*?P, allowing the formation of a radioactive polyA tail at the
3’ end of the probe. This kind of labelling is used when a very intense signal is
required.

The second type of labelling is specific for cold labelling, where the terminal
transferase acts in the presence of UTP with the uracil carrying a molecule (biotin or
digoxygenin being the most common) on to which the signal emission system can
be bound (Figure 1.15).

Labelling of a genomic probe or a cDNA probe

A double-stranded genomic or cDNA probe can be labelled using one of three
methodological principles.

1. The substitution of a nucleotide from the probe with a labelled nucleotide, ra-
dioactive (for example ATPo’?P) or cold (UTP with the uracil carrying the biotin
of digoxygenin). This technique (Nick-translation) consists of making small cuts
with DNAse I on the double-stranded DNA and, after inactivation, using all gen-
erated 3’ extremities to add the DNA polymerase I together with the four ANTS
and the ATP*P that will allow the incorporation of radioactive adenosine (or
biotinylated uridin) during the reparation of the duplex.
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T

| Biotinilated polyU tail (B) |

5" Oligoprobe 3’

3 Single-stranded target sequence in the mix capable of &
being recognized/hybridized by the probe

® The probe that is hybridized to the fragment of interest is labelled by the addition of a biotinilated polyU
tail (the digoxigenin can replace the biotin); the schema only shows one molecule of biotin from the tail.
® The presence of the probe, hybridized to the fragment of interest is revealed in several steps:
(a) addition of avidin, molecule carrying four sites of fixation for the biotin (for the digoxigenin labelling,
an anti-digoxigenin is used); each molecule of biotin binds a molecule of avidin;
(b) addition of free biotin, carrying a molecule able to emit a signal (4, fluorescence for example) or an
enzyme like alkaline phosphatase;
(c) the emitted signal is measured by measuring the fluorescence if the free biotin carries a fluorochrome,
by autoradiography after adding a substrate for the alkaline phosphatase capable of emitting photons
if the free biotin (anti-digoxygenin antibodies) is carrying this enzyme.

Note : It is possible to amplify a signal using the ‘sandwich” technique that consists of the superimposition
of several avidin-biotin free layers before adding the biotin carrying the signal.

Figure 1.15 Cold labelling and revelation principles

2. In vitro synthesis where copies of the probe are made in the presence of labelled
nucleotides. This technique (random priming) consists of denaturing the probe
to generate two single-stranded fragments that will be used as templates for DNA
polymerase I to synthesize labelled copies of these fragments in the presence of
random hexanucleotides that can renature locally with each fragment to serve
as primers, and of the four dNTP and ATPo*P (or UTP carrying biotin or
digoxygenin). This second technique is the more efficient of the two.

3. The lengthening at the 3’ end by a terminal transferase to form a labelled tail (see
above).

1.9.3 FISH and in situ PCR

Fluorescent in situ hybridization (FISH) is a molecular hybridization technique with
one or several probes each labelled with a different fluorochrome. These probes can be
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antibodies or DNA probes and their targets can be cellular or sub-cellular structures
that can be observed by fluorescence microscopy. FISH allows an analysis at a scale
thatlies between that of the nucleotide sequence or peptide sequence, at the molecular
level, and that of the chromosome or the cellular fraction, at the microscopic level.

When applied to karyotypes (in situ), this technique allows the study of chromo-
some anomalies (deletions, insertions, duplications, translocations) that are much
finer than those visible by band techniques, even at high resolution (see Chapter
4). In this way, a microdeletion undetectable at the level of the R and G bands can
be discovered by the absence of hybridization of a probe specific for the concerned
region associated with a fluorescent emission of a control probe hybridized at a site
next to the microdeletion site.

FISH does not only allow a reduction of the scale of analysis but it can also allow the
identification of the origin of the anomaly. The availability of an increasing number
of molecular probes specific for a particular chromosome sequence allows a non-
ambiguous identification of the chromosome origin of the translocated fragment or
of the extra mini chromosome (called ‘marker’ in cytogenetics), which is essential
for the diagnosis and prognostic evaluation.

The in situ karyotype analysis can be performed at an even smaller scale by in
situ PCR which allows, after partial DNA decondensation, the amplification of a
fragment of interest in the genome, before the hybridization of a labelled oligoprobe
specific for the amplified fragment is tested. However, in situ PCR is more often used
together with FISH to study tissues or slices, notably to detect mRNA or viral RNA.

1.9.4 Detection and dosage methods using signal amplification

These are detection and dosage methods which, instead of being based on the ampli-
fication of the target sequence, rely on the amplification of a signal whose emission

Box 1.10 Fluorescence in situ hybridization (FISH)

Molecular hybridization between complementary DNA sequences has been used
to develop a new technology allowing the visualization of biological material at
a scale that lies between the microscopic and the molecular scale, inaccessible
to microscopic visualization. Each cellular or sub-cellular structure visible with
the microscope and containing a nucleic acid molecule (chromosome, nucleus or
ribosome) can be treated in situ after fixation on a slide that makes the nucleic acid
molecule (RNA or DNA) accessible for a specific fluorochrome-carrying probe.
The fixation of the fluorescence shows that the specific sequence is present and
allows its localization. The absence of fluorescence shows that the sequence is
absent. FISH brings an important complementary technique to the cytogenetic
or genetic analysis because it gives information on the chromosome localization
of a sequence, whether it has been deleted or translocated.
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depends on the presence, even in minimal quantities, of the target sequence in the
biological test sample (for example, detection of the HIV virus or the hepatitis B or
C virus in serum).

The principle of these methods (bDNA which means branched DNA) consists of
the capture of the DNA on a solid surface by partial hybridization with probes fixed
on that surface. In a second stage, a first wave of probes is fixed by hybridization to
the possible target sequence where they are not hybridized to the capture probes,
then a second wave is fixed to the first wave probes so that an increasing amount
of DNA probes ‘branched’ one to the other accumulates, starting from the target
sequence, with the last ones being labelled. To a unique sequence constituting the
base of the ‘branched DNA tree’ are associated a large number of signals emitted by
all the extremities of its multiple arborescences.

1.9.5 Southern blot hybridization

A Southern blot is made up of a collection of restriction fragments that have
been separated by electrophoresis, denatured and transferred onto a solid mem-
brane where they are accessible to molecular hybridization techniques (see
Figure 1.5).

The transfer from the gel onto the membrane does not modify the electrophoresis
migration distances, allowing the measurement of the size of the fragments depending
on the migration pattern of the size marker that co-migrated in the gel.

The technique of molecular hybridization is used for the study of a Southern blot
to identify among thousands of restriction fragments, the fragment(s) of interest for
the study or diagnosis that are undistinguishable from the others in the smear visible
on the gel (Figure 1.4 and photo).

If a probe sharing a common sequence with the fragment(s) is available, it is
possible to hybridize the membrane (the fragments are single stranded) with the
labelled probe and then to detect the signal of hybridization of the probe to localize
the target fragment(s) (Figure 1.16). A use for this method is shown by the diagnosis
of fragile X syndrome (Figure 2.13) or haemophilia (Figure 2.16).

It is worth noting that after the annealing stage, the membrane should be washed
in order to leave only the probe molecules and leave the membrane free of any
non-specific adsorption of the probe. This washing step is always critical with hy-
bridization techniques; it determines the quality, sensitivity and reliability of the
analysis. The ‘stringency’ determines the strength with which the washing of the
membrane is performed. The stringency combines a set of three parameters that af-
fect the ‘release’ of the probe: the temperature, the ionic strength and the denaturing
agents. The stringency of the washes increases with increases in temperature (thermal
effect on the hydrogen bonds of the duplex or on the adsorption forces), with de-
creases in ionic strength and with increases in detergent concentration. By acting on
these three parameters, the good washing conditions for a given Southern blot can
be empirically determined. The same factors apply for a Northern blot.
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® (n the left: observation, using UV transillumination, of the electrophoresis gel showing the smear left by
the migration of the restriction fragments obtained by digestion of the genomic DNA of three individuals.
® The three arrows correspond to the three successive treatments applied to these fragments (Figure 1.5):
(a)denaturing and transfer onto the membrane (Southern blot);
(b)hybridization of the Southern blot with a probe containing a fragment of genomic DNA;
(c)washing of the Southern blot and revelation of the specific labelling by annealing of the probe to the
target fragment identified in the three smears.
® 0On the right: observation of the target fragments ‘recognized’ (hybridized) by the labelled probe, among
thousands of fragments on each smear.
Analysis: considering the pattern of the gel realized by co-migration of the ladder, it is possible to measure
the size of the recognized fragments:
- from the first individual: two fragments of 3 and 2 kb,
- from the second individual: three fragments of 5, 3 and 2 kb,
- from the third individual: a fragment of 5 kb.
This is the picture generally observed for three individuals with a different genotype concerning the
presence or the absence of a restriction site for the enzyme used to perform the genomic DNA digestion,
in the region of the genome specifically recognized by the probe (see below in section 1.9.8, RFLP)

Figure 1.16 Identification of target fragments on a Southern blot after hybridization by the
probe

1.9.6 ASO techniques: dot blot and reverse-dot blot

The study of DNA fragments amplified by PCR does not raise the same problems
as with the study of restriction fragments on a Southern blot where the goal is to
identify one (or several) target fragments in a smear and to measure its (their) size.

Indeed, PCR gives an almost pure solution of the target fragment(s) so, therefore,
its (their) analysis is easier:

o they are easily separable by electrophoresis and their size is directly measurable on
the control gel;

e they can possibly be sequenced immediately after the PCR;

e they can also be studied for possible variations in their nucleotide sequence (SNP
stands for single nucleotide polymorphism), notably when the PCR, being per-
formed using diploid tissue to start with, allows the co-amplification of the target
fragment from the two homologous chromosomes (allelic variation).
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Box 1.11 DNA blotting

The identification of a target sequence can require hybridization with a specific
probe that will reconstitute a double-strand molecule. The Southern blot consists
of transferring DNA fragments separated by electrophoresis and denatured onto
a nylon membrane; in this case, the target fragment(s) is(are) recognized by a
specific labelled probe. The transfer is called a Northern blot when the molecules
transferred after electrophoresis are RNA and it is called a Western blot when it
concerns peptides.

A dot (or slot) blot is made up of a nylon membrane on which is deposited a
certain amount of target sequence prepared by PCR, so it is chemically homoge-
nous (no need for electrophoresis in this case); this dot or slot blot can then be
hybridized with a labelled oligoprobe in order to test the conformity of the target
sequence with the oligo probe (allele specific oligonucleotide).

The reverse dot is a membrane on which a set of oligoprobes are bound and
that is hybridized with the PCR products obtained from DNA. This allows testing
in one single assay, the presence or absence of point polymorphisms in the PCR
products depending on whether or not they can hybridize with the oligoprobes.

An allelic variation (for example the mutation in a gene) can be easily and directly
detected if it is a size modification (deletion or insertion of one or several nucleotides,
see AF508 mutation in the CFTR gene; amplification of a repeat sequence, see fragile
X syndrome), measuring the size of the amplicons is sufficient.

An allelic variation can also be easily detectable if it creates or removes a restriction
site (see haemochromatosis or haemoglobinopathies); it is sufficient to test the size
of the PCR fragments after digesting them with the relevant enzyme.

If the allelic variation of the nucleotide sequence in a precise site of the amplified
DNA fragment does not present any characteristic making it directly observable on a
control gel (as described above), molecular biologists use, in some cases, allele specific
oligonucleotides (ASO) oligoprobes in order to test their possible hybridization with
the PCR fragments loaded on a membrane (dot blot or slot blot after having been
denatured (see Section 1.5.1 above).

The ASO probes, single stranded, with an average size of 20 nucleotides, are
determined with respect to the standard known sequence of a gene segment and
to the sequence or the different sequences of the mutated segment of this gene
(which supposes that these mutations have been previously identified). They al-
low the detection of the presence of a mutation on the amplified and tested
segment (Figure 1.17) depending whether or not they hybridize with the PCR
products.

This ‘all or nothing’ answer (hybridization or non-hybridization of the ASO to the
PCR products) is possible because the stringency defined for the washing of the dot
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® Fach ‘spot’ on the dot blot corresponds to the PCR products of exon 1 of a gene involved in a recessive
disease, performed on the healthy parents healthy carriers (father: spot 1, mother: spot 2), their affected
child (spot 3) and the child to be born (fetal DNA from trophoblast cells: spot 4).

® (On the left, display of the signal on a dot blot hybridized with a normal ASO probe for a 20 base segment
of the tested exon 1.

® (On the right, display of the signal on a dot blot hybridized with an ASO probe specific for a known mutation
m1 on the 20 base segment of exon 1.

Conclusions

® The parents 1 and 2 are both carriers of the same mutation m1. Because we know they are healthy carriers,
their genotype is N/m1 (where N is the ‘normal’ or functional sequence of the studied gene).

® Note: the presence of a normal allele in the parents is deduced from their healthy phenotype and not
from the normal ASO hybridization that tests 20 bp of the gene and not the entire gene (see Figure 1.18).

® The affected child is homozygous m1/m1; none of its two genes have the normal 20 bp segment so there
is no hybridization with the normal ASO.

® The expected child carries at least one mutated gene (hybridization with the mutated ASO). The hy-
bridization with a normal ASO shows that the other copy of the gene does not carry the m1 mutation,
and considering its parents genetic situation, it proves that this copy is obligatory N. The expected child
is a healthy carrier.

Figure 1.17 Analysis of a dot blot using ASO

blot allows only the ASO probe showing a perfect complementarity with the PCR
product tested to be kept.

However, it is important to understand the limits of the use of ASO probes, and
consequently the limits of the efficiency of the diagnosis associated with their usage
(Figure 1.18):

e because they are synthetic probes, the ASO probes only allow testing of gene
mutations that are already known;

e the absence of hybridization of an ASO probe specific for a mutation signifies that
the gene fragment, amplified by PCR and tested with the ASO probe, does not carry
the mutation but it does not mean that the gene is not mutated; the ASO probe
only tests 20 nucleotides in the gene sequence — the gene can carry a mutation
elsewhere, on a sequence not covered by the probe.

The ASO technique is easy, reliable, inexpensive, and fast when there is only one gene
or one sequence that is not too polymorphic (one or a few mutations), but can get
expensive (a dot blot by probe, a hybridization, washes and a revelation) and less
efficient when the number of allelic variations becomes large because it is necessary
to design a pair of ‘standard’ (or normal) and variant (or mutated) ASO probes for
each allelic variation.
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® FEach ‘spot’ on the dot blot corresponds to the PCR products of exon 1 of a gene involved in a recessive
disease, performed on the parents (carriers: father, spot 1, mother: spot 2), their affected child (spot 3)
and the child to be born (fetal DNA from trophoblast cells: spot 4).

® 0On the left, display of the signal on a dot blot hybridized with a normal probe ASO for a 20 base segment
of the tested exon 1.

® 0On the right, display of the signal on a dot blot hybridized with an ASO probe specific for a known mutation
m1 on a 20 base segment exon 1.

Conclusions

® The parent 1 carries the mutation m1. Because we know he is a healthy carrier, his genotype is N/m1
(where N is the ‘normal’ or functional sequence of the studied gene).
Note. The presence of a normal allele in the parents is deduced from their healthy phenotype and not from
the normal ASO hybridization that tests 20 bp of the gene and not the entire gene (see Figure 1.17).

® The parent 2 is not a carrier for the mutation m1, which can be seen by the absence of hybridization with
the mutated ASO, she is therefore a carrier for another mutation X, detectable using another pair of ASO
probes if it is known, or not detectable if it has not been identified yet. The genotype of this parent is
N/X.

® The affected child is a compound heterozygote m1/X (each copy of the gene carries a different mutation);
the hybridization with the normal ASO only signifies that the gene carrying the X mutation has a normal
nucleotide sequence in the 20 bp segment tested by this ASO.

® The expected child carries one mutated copy m1 (hybridization with the mutated ASO) transmitted by the
parent 1. The hybridization with a normal ASO shows that the other copy of the gene does not carry the
m1 mutation, and considering the genetic background, it is impossible to reach a conclusion (the same
way it has been done in figure 1.17). Indeed, whether the allele transmitted by the parent 2 is normal
(N) or mutated (X), the normal ASO will hybridize anyway because N and the gene carrying the mutation
X have a normal nucleotide sequence in the 20 bp segment tested by this ASO.

The expected child has a one in two risk of being affected and a one in two risk of being a healthy

carrier.

Figure 1.18 Limits in the analysis of a dot blot by ASO

This is the reason why the reverse-dot techniques have been developed, techniques
in which several ASO probes specific for several different mutations of a gene are
bound to a membrane and then hybridized with the PCR products used as mobile
probes after they have been labelled.

In addition, the development of multiplex PCR allowed the co-amplification, in a
single tube, of several different fragments of the same gene, bringing simultaneously
pairs of primers specific for the fragments to be amplified. Multiplex PCR primers
must be designed in such a way that their annealing temperatures, which are sequence
dependent, are as close as possible; however, it is possible to add to the PCR mix a
molecule that attenuates the effect of the sequence on the hybridization temperature.

The co-amplification of many segments of a gene using multiplex PCR, their
labelling and their use as mobile probes on a single reverse dot membrane, leads
to a considerable reduction in the cost (both in time and in consumables) and
allows the testing in one single experiment of 10 to 12 different mutations in a gene
simultaneously.
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1.9.7 ARMS and OLA techniques

The reverse-dot technique has been developed to test simultaneously for the presence
or the absence of a large number of polymorphisms (HLA typing) or of potential
mutations of a gene. However, the evolution of the technologies has made it pos-
sible to save even more time and consumables by skipping the steps of deposit
onto the membrane, hybridization and revelation and by replacing them by a di-
rect visualization of the multiplex PCR amplification products on an electrophoresis
gel.

Amplification refractory mutation system (ARMS)

The principle of this method consists of the amplification of a short fragment of
a gene using on one side a ‘common’ primer and, on the other side, two primers
that have at their 3’ terminus a base complementary to that present on the standard
sequence of the gene (standard primer), or for the base present on the mutated
sequence (mutated primer) (Figure 1.18). Also, these two primers are elongated so
that their length should be different.

For an individual whose two genes are not carrying the tested mutation, the
PCR will function with the common primer and the standard primer and will give
amplimers with a fixed length visible on a gel (Figure 1.19).

For an individual carrying two identical mutated copies, the PCR will only
function with the common and mutated primers, giving amplimers of different
lengths on the gel (the mutated primer being longer or shorter than the standard
primer).

| 3’ Strand (-) T (or G on mutated sequence) 5

| Common primer (+) | polyN

| T standard primer 5

| 5" Strand (+) A (or C on mutated sequence) 3

| G Mutated primer 5’

polyN’

® A common primer amplifies the (+) strand (it hybridizes with the (—) strand).

® The standard primer amplifies the (—) strand if it is not mutated and the mutated primer amplifies the
(—) strand if it is mutated; each of the two primers carrying different sizes polyN or polyN’ tails.

® The DNA fragment amplified by PCR will be longer if the tested DNA is mutated and shorter if it is not,
the size difference being visible on an electrophoresis gel.

Figure 1.19  Principle of the ARMS
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On an individual heterozygous for the mutation, the three primers will take part
of the PCR and the gel will allow the visualization of the two amplified fragments
with different size.

The possibility to realize multiplex PCR makes it possible to test simultane-
ously several mutations by setting up the PCR with a triplet of primers (com-
mon, standard and mutated) per mutation to test, making sure that the length
of the primers are quite distinct for the analysis of amplimer size not to be
ambiguous.

The oligonucleotide ligation assay (OLA) technique

This more recent technique is even more effective than ARMS because it can test
a larger number of mutations simultaneously thanks to an automatic reading of
the length of the fragment obtained when it passes by the reading window of an
automated sequencer.

In the first step, a multiplex PCR is performed for several segments of the gene
on which the presence of a mutation should be tested (for example, 15 segments in
the CFTR gene involved in cystic fibrosis). During the second step, several ligation
cycles are performed using a thermostable ligase and primers allowing testing for the
presence or absence of mutations.

The principle for the ligation test is as follows. For any point mutation tested, a
common primer (carrying a fluorochrome) is designed for one side of the strand
and two primers capable of hybridizing with that same strand adjacent to the
common primer are designed for the other side. These two primers have a dif-
ferent nucleotide at their 5" end, one corresponding to the standard site, and the
other to the mutated site; in addition, the two adjacent primers, standard and
mutated, are respectively carrying a polyN tail and a polyN’ tail of different sizes
(Figure 1.20).

If the sequence of the tested strand is standard (not mutated), the standard primer
will be able to hybridize normally while the mutated primer will not, and the ligase
will be able to join the two primers to form a fragment of a defined size. If the strand
is mutated, the common primer will be joined to the mutated primer generating a
fragment of a different length.

A series of n denaturation/annealing/ligation cycles will allow the generation of a
large number of ligation fragments. The products will be submitted to electrophore-
sis, in general in a capillary gel, and the fragments will migrate according to their size
and pass a laser window that will provoke the emission from the fluorochrome; the
co-migration of a size marker carrying a specific labelling allows the determination
of the size of the fluorescent fragments passing by the laser window. The presence or
absence of the tested mutation can then be deduced from the sizes seen (a ligation
fragment whose size equals the sum of the sizes of the common and adjacent primers,
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Ligase
action
Fluoro- l
chrome \ polyN 3’
5" Common primer | | 5’ A standard primer
3’ Strand (-) T (or G on mutated sequence) 5 |

| 5’ C mutated primer

polyN" 3’

® The (—) strands from the PCR are hybridized with a common primer carrying a fluorochrome, just upstream
of the tested mutation site, that carries a thymine (T) in the normal allele and a guanine (G) in the mutated
allele.

® A primer immediately adjacent can also hybridize with the (—) strand, whether a standard primer with an
A at its 5’ end and a polyN tail if the strand is not mutated, or a mutated primer with a C at its 5" end
and a polyN’ tail that have a different length if the strand is mutated.

® The ligase will, depending on the case, join the common primer with the adjacent primer, standard or
mutated, generating a labelled fragment (fluorochrome from the common primer) whose size will depend
on the polyN or polyN’ tail brought by the adjacent primer.

® Several denaturation/annealing/ligation cycles are performed (thermostable ligase).

® The labelled ligation products are analysed by electrophoresis (capillary or gel), in the presence of a size
marker whose co-migration allows the deduction of the size of the fluorescent fragment passing in front
of the laser window.

® The presence of a mutation is shown by the presence of a ligation fragment whose size equals the size of
the common primer plus the size of the mutated primer.

Figure 1.20 Principle of OLA

standard or mutated). All the standard fragments and mutated fragments obviously
have different sizes (see simultaneous test for the 31 mutations of the CFTR gene,
Figure 2.3).

Box 1.12 ARMS or OLA are efficient tools to detect single nucleotide
polymorphism (SNP)

A gene mutation or, more generally, a point polymorphism can be identified using
other methods than hybridization with a specific probe. The amplification refrac-
tory mutation system (ARMS) method identifies a point mutation by performing
a PCR using a set of three primers, one labelled and the other two that differ from
each other by their length and most of all by their hybridization with the wild
type sequence or with the mutated sequence; depending on the size of the PCR
product, the presence or the absence of the mutation can be determined.
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Box 1.13 Restriction fragment length polymorphisms are informative
markers in genetic analyses

If two homologous DNA molecules differ by the presence or absence of a re-
striction site at a particular position of the sequence, the digestion of these two
molecules by the restriction enzyme will give two small fragments if the site is
present and one large fragment if the site is absent, that is to say a restriction frag-
ment length polymorphism. This polymorphism behaves like a di-allelic marker
for its transmission (‘+ presence of the site and ‘—’ absence of the site) and
any individual is a carrier, for this marker, of one of the three possible geno-
types +/+, +/— and —/—. This type of marker is very useful in research and its
applications.

1.9.8 Definition, analysis and applications of RFLPs
Definition

Among the large number of restriction sites that cover the genomic DNA, some are
quasi-constant, meaning they are always present at the same locus on all homologous
molecules from the species. In contrast, some sites are facultative or occasional
and display molecular polymorphism both intra-individual (each individual being
diploid and carrier of two homologous molecules for each chromosome pair) and
inter-individual. In contrast to allelic polymorphism of the genes that concern the
expressed part of the genome, the polymorphism of the absence/presence of the
restriction sites covers the whole genome, in both the expressed as well as the non-
expressed sequences.

Analysis methods of an RFLP site

It is possible to visualize the presence or the absence of a given restriction site at a
particular genomic locus by their effects in the case of total digestion of genomic
DNA by the restriction enzyme. Indeed (Figure 1.21(a)), the presence/absence of
a restriction site leads to a polymorphism in the size of the restriction fragments
(RFLP stands for restriction fragment length polymorphism) visible on a Southern
blot (Figure 1.21(b)) if a genomic probe capable of identifying the fragments is avail-
able, or on a PCR control gel, after digestion, if a genomic fragment containing the
facultative restriction site can be amplified (Figure 1.21(c)). This allows the genotyp-
ing of an individual by defining the genotype for the RFLP studied as homozygote
—/— if the two homologous DNA molecules are not carrying the facultative site, or
heterozygous +/— if it is present on one and absent on the other.
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(a)A facultative site for EcoR1 is located between two constant sites at 5 and 2 kb respectively. Its presence
or absence leads to a polymorphism in the length of the restriction sites in this region of the genome
after complete digestion of the DNA.

(b)The size of these fragments can be seen on a Southern blot: after complete digestion of the genomic DNA,
electrophoresis on an agarose gel, transfer onto a membrane and hybridization with a labelled probe that
has partial homologies with the three types of fragments (see dotted lines on the top of the figure).

The analysis of the number and size of the fragments allows the genotyping of the individuals studied,
here from left to right, as —/—, +/— and +/+.

(c)If the genomic fragment containing the RFLP had been sequenced at least at its extremities, it is possible
to amplify it by PCR (arrows corresponding to the primers in the figure under the facultative site).

The PCR uses the complete digestion of the genomic DNA, the electrophoresis and the Southern. After
the PCR, the amplified fragments are digested and visualized on a control gel (polyacrylamide or agarose).
In the present example, a 120 bp fragment has been amplified with primers located 90 to 30 bp away
from the facultative site, leading to a 120 bp fragment in case of absence of the site, and of 90 bp and

30 bp fragments in case of presence of the site.
Figure 1.21 Definition, consequences and vizualization of an RFLP

Application to the indirect genetic diagnosis of a monogenic disease

RFLPs constitute a very useful tool because of their efficiency and reliability for the
indirect (or family) diagnosis of a monogenic hereditary disease, by analysis of the
co-transmission of the mutations and the RFLP linked with the gene (Figure 1.22).
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Genotypes of the individuals at the locus of the gene involved in an autosomal
recessive disease, deduced from their clinical phenotype and, for the fetus, of the
RFLP alleles inherited from the parents and co-transmitted with the normal allele
(N) of the gene or with the mutated (m) pathogenic allele. (The presence or absence
of the RFLP site at the vicinity of the gene is noted ‘" and ‘+ respectively.)

(N’_) (N:_)(m>+) (N»_) (N>_) (N)+) (m)+) (1’1’1,+) (N’_) (N:+) (m»+) (?)_)
or
(m,+) (m,+)(m,+) (N;-) - (m,+) (m,+) (my+)  (3+)  (m+) (m-) (m-)  (3+)

® The parents are healthy carriers, their affected child appears in grey and the prenatal diagnosis is performed
on the fetal DNA of the second child to be born.

® The gene involved cannot be directly studied if it has not already been cloned and sequenced, or if some
of the parents carry unidentified mutations (see limits of the ASO, ARMS and OLA techniques), but an RFLP
is known at the vicinity of the gene, with fragments that can be seen (the large fragment corresponding
to the absence of the RFLP site, and the two short corresponding to its presence).

® The family study should start from the RFLP analysis of the affected child (if the DNA is not available, this
strategy is not applicable); the child is necessarily mutated m/m on its two chromosomes and, therefore,
each parental mutation can be associated with one of the two RFLP alleles observed in the proband, which
makes it possible to deduce from the RFLP alleles transmitted to the studied fetus, which of the alleles N
or m has been transmitted (this assumes that the risk of having a crossing over is minimum; otherwise,
it has to be taken in account and the diagnosis result should be given with an error risk).

® family 1. The affected child is m/m for the gene and +/+ for the RFLP, therefore, he is (m,+)/(m,+);
the parents then have a chromosome (m,+) and the another chromosome that can only be (N,—) because
they are healthy carriers, and they have a chromosome lacking the RFLP site. The fetus being —/—, must
be N/N, homozygote for the normal allele, due to the co-transmission, and therefore will not be affected.
Note: in each case of transmission of a parental RFLP, the diagnosis can be performed in this family.

® Family 2. By a reasoning previously described (family 1), it is possible to conclude that the affected child
has genotype (m,+)/(m,+) and that the parents are respectively (N,—)/(m,+) and (N,+)/(m,+).

A problem of ambiguity is raised in the mother who is homozygous for the RFLP which means that the
transmitted allele ‘+’ can be both the one linked with the N and the one linked with m. If the father
transmits the RFLP ‘—’, the diagnosis is not a problem because the fetus will not be affected whether he
is N/N or N/m.

Here the father transmits the allele ‘+" and by co-transmission, the allele m, therefore, the child will be,
depending on the maternal input, impossible to identify m/m affected or m/N healthy carrier, which re-
quires parallel analysis (using another RFLP that would be more informative, or even better, a microsatellite
or a VNTR, that is almost always informative, see above).

® Family 3. By a reasoning previously describing (family 1), it is possible to conclude that the affected child
has the genotype (m,—)/(m,+), and that the parents are (N,—)/(m,+) and (N,+)/(m,—) without knowing
which is the father’s and which the mother’s. The genetic schema also leads to ambiguous situtations: if
the child to be born is +/+ or —/—, it is, considering the parental chromosome, a healthy carrier N/m,
without knowing if the mutation is of maternal or paternal origin; if the child is +/—, then he can be
N/N or m/m with the same probability.

Here again, an analysis with another RFLP or VNTR can remove the ambiguity, or even a simple ASO
analysis. Indeed, if one parent carries a mutation detectable by ASO or ARMS or OLA and one of these
techniques has identified the presence of this mutation in the fetus, the fetus can only be m/m if he is
+/—-.

Figure 1.22 Family analysis of the co-transmission of an RFLP with a pathological mutation
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Application for the diagnosis of loss of genetic material

Analysis of RFLP polymorphisms is also applied in the study of loss of heterozy-
gosity associated with deletion disomies or recombinations, notably in the macro-
mutations often affecting tumour cells (see Section 3.3.3)

Identification of gene mutations using PCR and RFLP

Some mutations can generate or remove an RFLP site. It is therefore easy to iden-
tify their presence by PCR amplification of the sequence of interest containing the
mutation whose presence or absence has to be tested. After amplification, the am-
plimers are submitted to the action of an endonuclease associated with the site created
or removed by the mutation; visualization on a gel of the obtained fragments will
allow a direct deduction of the presence or the absence of the mutation. This PCR-
restriction approach is simple and is often used when a mutation creates or removes
a restriction site (haemochromatosis or haemoglobinopathy.

In the case where a mutation does not create or abolish an RFLP site, it is possible to
create one artificially using a primer not strictly complementary (for one single well
chosen base) but able to hybridize in a first cycle performed with an annealing step at
low stringency. For this purpose, one of the two amplification primers has a sequence
defined to hybridize just before the mutation site and contains a base that can generate
an RFLP site on the amplimer in the case that the tested site is mutated, while no RFLP
site will be created at the test site if not mutated. The following cycles can be performed
with a normal stringency during the annealing steps. The PCR will be followed by
a restriction and visualization on a gel where the presence of fragments reveals the
presence of the mutation (the ARMS technique is a variant of this technique)

1.9.9 VNTRs and microsatellites

Variable number of tandem repeats (VNTRs), also called ‘minisatellites’, are a very
different type of polymorphic molecular marker than RFLPs. They consist of short
DNA sequences, most of the time dinucleotides, in tandem repeats. The microsatel-
lites are tandem repeats of two, three or four nucleotides. The best known and most
used are the CA and TA repeats. These repeats are very frequent and cover the genomic
DNA.

At one given repeat locus, the number of repeats can vary so that one individual
has a very small chance of having the same number of repeats at two homologous
sites.

Considering the important number of alleles for a repeat at one particular site (as
many alleles as different values in the number of repeats), the number of possible
genotypes is very large (see Chapter 7), much larger than the three possible genotypes
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Box 1.14 Microsatellite DNA are very polymorphic genetic markers

A microsatellite sequence is made up of a tandem repeat of two, three or four
nucleotides (di-nucleotide repeat, tri-nucleotide repeat, tetra-nucleotide repeat)
at a precise position in the genome. A microsatellite sequence can form a genetic
marker if the number of repeats vary at this position in a way that all individuals,
being diploid, have a high chance not only of being heterozygous, but also to
have very different genotypes, especially if there are a large number of alleles
for this microsatellite. These microsatellite sequences are part of the favourite
genetic markers for genetic fingerprints or for some types of genetic diagnosis
tests, notably the prenatal tests.

for an RFLP site. Therefore, two individuals have little chance of sharing the same
genotype for a VNTR marker or microsatellite and a probability almost null to be
genetically identical for several; this is why these polymorphisms are at the basis of
the genetic fingerprints techniques that allow, with great reliability, the analysis of a
biological sample (blood or sperm) to exclude or identify an individual supposed to
be at the origin of this material (paternity testing, legal identity, criminal enquiries,
see Chapter 6). This is also why microsatellites tend to replace the RFLP in indirect
diagnosis (see haemophilia, Figure 2.17).

On the technical side, microsatellite studies were first performed using the South-
ern method but are now almost exclusively done using PCR. The fragment containing
the microsatellite site is amplified using labelled primers, then the PCR products are
submitted to electrophoresis together with a molecular marker, in order to determine
the size of the fragment when it passes in front of the laser window at the bottom of
the gel or of the capillary, and to genotype the individual or biological sample tested.
It should be noted that the size of the repeat is sometimes such that PCR cannot be
performed and the Southern method is the only way to study the repeat sequence
(see fragile X syndrome).

The analysis of the genetic diversity of a repeat sequence is not only useful in the
application of forensic medicine (genetic fingerprints), but also constitutes the basis
for the genetic diagnosis of some hereditary diseases where the pathogenic mutation
is an amplification of a repeat sequence (see fragile X syndrome, neurodegenerative
triplet diseases), or in certain types of cancer such as hereditary non-polyposis colorectal
cancer (HNPCC) in which tumour cells are characterized by a replicative instability
leading to a large variation of the number of repeats in the tumour clone.

1.9.10 Single nucleotide polymorphism markers

Single nucleotide polymorphism (SNP) markers are di-allelic polymorphisms con-
cerning a base pair but not necessarily leading to the formation of the suppression of
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a restriction site, as is the case with the RFLP markers. They are distributed all along
the genome, within or outside of coding sequences.

The increasing number of identified SNPs constitutes a genetic analysis tool ri-
valling RFLP, VNTR or microsatellites, notably for indirect genetic diagnosis. They
can be tested by various techniques like ASO or the techniques derived from ARMS,
but mainly by OLA or DHPLC.

1.9.11 DNA microarrays

The miniaturization that touched a technology like informatics has developed even
faster in biotechnology. Indeed, the molecular hybridization tests between a target
sequence and a test probe that rely on optical visualization (Southern, Northern, dot
or reverse-dot blot, see Sections 1.9.5 and 1.9.6) can be performed nowadays on a
large scale thanks to the nano-technology in DNA microarrays.

These consist of a glass or a silicon surface of 1.6 cm? divided into a very large num-
ber of quadrants, on the surface of which are oligonucleotides capable of hybridizing
with a population of genomic DNAs or cDNAs. A DNA chip functions like a reverse
dot (see Section 1.9.6) but the oligoprobe density is such that thousands of different
molecules can be tested simultaneously and can even be quantified depending on
the intensity of the signal collected by the visualization system (computer controlled
confocal microscopy). The two main applications of DNA chips are transcriptome
studies and identification of genetic mutations.

Transcriptome studies

The transcriptome is the equivalent of a reverse Northern blot and allows the qual-
itative and most of all the quantitative analysis of the level of gene expression in a
particular tissue at a particular time. For this purpose the microchip is divided into
many spots, separated by about 400pum, and on each spot is a given quantity of a gene
specific probe, cDNA or synthetic oligo-probe. The microarray is then hybridized
with a cDNA library, made by RT-PCR on the mRNA collected from a tissue sample,
and labelled with a fluorochrome. This allows quantification of the expression of
all genes present on the chip in the tested tissue, that is to say, its ‘transcriptome,
through analysis of the fluorescent signals (Figure 1.23)

The microchip density is such that 260 000 oligonucleotides, corresponding to
the testing of the expression of 6000 yeast genes, have been laid on a surface of only
1.28 cm? (Figure 1.24) and that the expression of the 8000 genes making up the
Arabidopsis thaliana genome can easily be laid on a single microchip in order to
test their level of expression in the stem, leaves, root or flower tissues, giving the
transcriptome of each tissue.
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Use of chips carrying cDNA or oligonucleotides. Messenger RNAs are extracted from a tissue or cell culture,
fluorescent complementary DNA is synthesized using labelled nucleotides (F), the messenger RNA is then
eliminated, and the cDNA is hybridized to a chip containing as array of cDNA molecules or oligonucleotides.
Detection allows the evaluation of the presence and abundance of each messenger RNA: for example, the se-
quences matching B2 or E3 are abundant, those matching A1 or C2 are less frequent, and none match B1 or F1.

Figure 1.23  Protocol to set up a tissue transcriptome

Inhumans, the transcriptome is being used systematically to analyse the differences
in the expression levels of genes in normal cells compared with tumour cells and to
evaluate the effect of anti-tumour treatments (Figure 1.25).
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Hybridization of cDNA onto chips. cDNA representing 95 per cent of yeast coding sequences have been fixed
onto a slide. The spots are seperated by 380 um. The positive controls (A) represent the complete yeast
genome, the negative controls (B) are phage DNA. Shown on this figure are two columns of different matches
each comprising 219 distinct cDNAs. Each quadrant is vertically duplicated, to control for the reliability of
the hybridizations obtained.

Figure 1.24 Yeast transcriptome

Hybridization on an oligonucleotide chip. Part of the oligonucleotide chip hybridization allowing the analysis
of 8102 genes is shown. On the horizontal axis are oligonucleotides allowing the detection of transcription of
some of these genes (group f: 'y immunoglobulin, CSF (colony stimulating factor), NSF (neutrophil cytosolic
factor), seven regions of the A immunoglobulin chain, a class II MHC protein, pimmunoglobulin, EDR2 (early
development regulator 2), MIP-1 (max-interacting protein 1); group g: homeobox-1, somatomedin C, KIP-2
(cyclin dependent kinase inhibitor P57), five different proteins interacting with fatty acids, two collagen
receptors (CD36), a glutathione peroxidase, LIM protein, an alcohol dehydrogenase, a glycerol-phosphate
dehydrogenase, a protein recognizing retinol, a lipase, o7 integrin, four channels of the aquaporin type, Al
apolipoprotein, a cytokinin, and two receptors for endothelin). Each oligonucleotide occupies a 24 x 24 pum

surface. These chips have been hybridized to cDNA originating from 84 breast cancer patients, before and
after treatment with doxorubin (vertical axis).

iUt UbETIAnImRTIIna s

Figure 1.25 Transcriptome, on oligonucleotide microarrays, of breast cells from 84 patients
suffering from a breast cancer, before and after treatment with the doxorubine - the lighter the
spot the higher the fluorescence signal, and therefore the higher the expression level of the
tested gene
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Identification of gene mutations

The first technologies for the identification of gene mutations were specific for a
particular mutation (see DF508 for cystic fibrosis, or C282Y for haemochromato-
sis) but the identification of a large number of mutations in a single gene made it
necessary, for reasons of both time and cost, to develop protocols capable of testing
simultaneously for the presence of several mutations in the same gene (see Section
1.9.6, ASO, or Section 1.9.7 ARMS, OLA).

However, the most efficient of these methods can only test 10 to 30 muta-
tions in one gene. With the oligo-chips, the efficiency will be incomparable be-
cause it should be possible to perform ‘genome scans’ meaning the identification
of all the possible point mutations on the whole coding sequence of a gene, its
intron/exon boundaries, its promoter and terminator sequence. It just happens that
DHPLC technology (Figure 1.10.4) is still the most affordable on the economical
aspect.

In contrast, when its cost becomes affordable, DNA microarray technology will
become very useful for the systematic screening of at risk couples for a recessive
disease, before the birth of a first affected child (see cystic fibrosis Section 2.2.1
and Section 7.4). Indeed, microarrays carrying oligonucleotide probes of all known
mutations of a gene (less than all possible mutations) could be used to screen the
healthy carriers of these mutations and be advise about the possibilities of prenatal
screening for the first pregnancy.

It is evident that such a technology, so efficient for allelic screening, could used for
purposes less laudable than severe diseases prevention; as for any new technology,
the DNA microarray can be misused by those who wish to do so, if such uses are not
controlled.

1.10 Other techniques to study allelic diversity
1.10.1 Introduction

In some circumstances, genetic diagnosis is difficult or impossible because the gene
studied is mutated but carries a rare mutation, undetected in a routine test, or even
a mutation as yet unidentified.

The establishment of the diagnosis requires screening strategies, that is to say a
systematic search for a mutation along the entire gene sequence. This search can be
difficult due to the size of the gene, notably if it has many large introns. When this
is not the case, it is possible to amplify the exons by PCR and to sequence them,
bearing in mind that PCR fragment sequencing has now become a simple, reliable
and not that expensive routine. However, some mutations can be missed during the
sequential analysis of the exons (intronic mutations or mutations in the promoter
or the 3’ end of the gene).
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Box 1.15 Heteroduplex analyses are alternative tools for detecting DNA
polymorphisms

Genetic mutations and, more generally, polymorphisms carrying a single nu-
cleotide change can be identified by the fact that the hybridization between the
wild type DNA strand and the mutated one leads to a local mismatch that can
be observed using an adapted apparatus, avoiding the cost and the time required
by older techniques such as Southern blot, dot blot or reverse dot. These analy-
ses are: single-strand conformation polymorphism (SSCP), denaturing gradient
gel electrophoresis (DGGE) and DNA high-performance liquid chromatography
(DHPLC), in order of increasing usage and efficiency.

When the sequencing is not possible other more appropriate strategies have been
developed by researchers, with four being quite frequently used: single-strand con-
formation polymorphism (SSCP), denaturing gradient gel electrophoresis (DGGE),
DNA high-performance liquid chromatography (DHPLC) and the protein trunca-
tion test (PTT) whose purpose is to identify a mutation/polymorphism in the gene
sequence without requiring systematic sequencing.

1.10.2 Single-strand conformation polymorphism (SSCP)

This consists of amplifying many fragments of the studied gene using PCR, then
denaturing them before cooling them very rapidly in order to prevent renaturing,
leading to the folding of the single strands in a conformation specific of their re-
spective sequence (at least, that is what is expected) during a non-denaturing gel
electrophoresis.

If the two copies of a gene are identical, all the PCR of the different fragments
of the gene will contain only one type of double-stranded DNA fragment and two
types of single-stranded DNA, appearing on the gel as two different bands if their
conformation leads to a different migration speed.

If the two copies of a gene differ for a point mutation, one of the PCRs — the one in-
volving the segment carrying the mutation — will contain two types of double-strand
DNA fragments, one normal and the other one mutated, and four types of single-
strand fragment, appearing on the gel as four different bands if their conformation
leads to a different migration speed.

This method is simple and widely used despite the fact that many mutations stay
undetectable (detection level is about 70 per cent) because they do not have a large
enough effect on the conformation of the mutated strands for their migration to be
distinguishable from the non-mutated strands.

Finally, it is important to note that this method allows the identification of point
mutations of the nucleotide sequence, and that it is necessary to check if it has a
pathogenic effect, i.e. if this polymorphism is the suspected pathogenic mutation.
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1.10.3 Denaturing gradient gel electrophoresis (DGGE)

This method is much more efficient (a detection rate of up to 95 per cent) than the
SSCP one but it is much more complicated to set up. The principle of the method
relies on the observation that the melting (or denaturing) temperature of a double-
stranded fragment depends on its sequence in a constant environment, and on the
environment at a constant temperature. Two DNA fragment with a single base pair
difference can have very different melting conditions.

The double-stranded fragments obtained by PCR are loaded on a gel where the de-
naturing conditions are increasing (increase in urea and formamide concentrations).
Two fragments with a single base pair difference will not denature at the same level
in such a gel. As soon as a fragment is denatured, its migration is severely slowed
down because the two single-stranded DNA are still bound to each other thanks
to a Psoralene molecule added at their extremities after the PCR, which suddenly
increases its volume and therefore its resistance to passing through the gel matrix.

If two copies of a gene are identical, all PCRs will contain a single type of double-
stranded DNA fragment, leading to a single band on a denaturing gel. If the two copies
of a gene are mutated and carry the same mutation, all PCRs will contain one single
type of mutated double-stranded DNA fragment leading to a single band but atalevel
that can be different from the level reached by the non-mutated fragment. If the two
copies of a gene differ for a point mutation, one of the PCRs of the gene, involving
the segment carrying the mutations will contain two types of fragments called a
‘heteroduplex’ made up of one normal + strand renatured with a mutated — strand
and a normal — strand renaturated with a mutated + strand (with a mismatch at
the level of the mutation). Indeed, these heteroduplexes form spontaneously during
PCR and a final additive step can even favour their formation, which is interesting
for the analysis because their presence confirms that a polymorphism (a mutation)
is present. The DGGE can show up to four bands corresponding to four types of
fragments if the melting conditions differ (Figure 2.4).

The gradient of denaturing agent concentration should be adapted to the sequence
of the studied fragments, the standard fragment being the reference to determine the
denaturing conditions. As is the case for the SSCP, it must be noted that this method
reveals a polymorphism in the nucleotide sequence, but it must be tested to check if
it is the suspected pathogenic mutation.

1.10.4 Searching for polymorphisms using DHPLC

DNA high-performance liquid chromatography (DHPLC) is liquid chromatography
adapted for the identification of SNP type polymorphisms. This display, even if it is
different from the one used for DGGE (see above), is based on the same principle,
which consists of the identification of heteroduplex molecules obtained by PCR after
simultaneous amplification of the two different allelic sequences from a heterozygote.
It has the same reliability as DGGE.
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The PCR products are loaded on a polystyrene column and then eluted with an
acetonitrile gradient buffer. The DNA fragments will be easier to elute the lower
their melting temperatures, this temperature depending on the duplex size and
its GC/TA composition but, most of all, on a possible mismatch in the case of a
heteroduplex.

Knowing the standard elution profile of the sequence obtained in a standard
homozygote, it is then easy to notice the variation in elution characteristics of the
presence of an SNP type mutation that can be identified by sequencing afterwards.

For SNPs which are already known, reference elution profiles for the carriers
are available, which allows the direct identification of their presence (see oncology
applications, Chapter 3).

1.10.5 Protein truncation test (PTT)

This test is designed to search for a mutation in a gene by finding it directly in the
protein encoded by this gene, when the consequence of the mutation is essentially
the shortening of the peptide sequence (stop mutation, frameshift mutation, partial
deletion, mainly in the very big genes).

The method (Figure 1.26) consists of RT-PCR with a — primer that will allow
the formation of a — strand using reverse transcriptase, and a 4+ primer carrying
at the 5" end an extra sequence corresponding to the phage T7 promoter, in a way

| T7 promoter

5" primer (+) 3’ DNA strand (+) |

DNA strand (-) 3’ primer (=) 5

5 mRNA of the studied gene (+ sequence) 3
| T7 promoter | 5 primer+ 3’ | DNA strand (+) |
| T7 promoter | DNA strand (-) 3’ primer (=) 5

® The mRNA of the target gene is submitted to RT-PCR with a (—) primer in order to make a (—) strand.

The (+) primer allowing the synthesis of a (+) strand carries the T7 phage promoter upstream.

® Fragments of the gene defined between the (+) and (=) primers fused to the T7 promoter are collected,
allowing a coupled in vitro transcription/translation in the presence of tRNA filled with radioactive amino
acids.

® The synthesized peptides are separated by PAGE-SDS electrophoresis and transferred onto a membrane.

® The Western blot is auto-radiographed and the size of the fragments is determined by comparison with
the standard.

Figure 1.26 Principle of the protein truncation test (PTT)
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that the DNA fragments amplified by RT-PCR can be in vitro transcribed (the T7
sequence at the 5" of the primer does not affect its capability to anneal with the —
strand synthesized from the — primer, Figure 1.19).

The fragments obtained are transferred to an in vitro transcription/translation
system (reticulocytes lysate) in the presence of tRNA, some being labelled with ra-
dioactive amino acids. After peptide synthesis, the content of the tubes is loaded on
an electrophoresis gel in the presence of SDS, a denaturing agent that will separate
the peptides according to their size. After transfer of the peptides onto a membrane,
the Western blot is auto-radiographed and the size of the fragments is determined
by comparison with the size of the standard fragments, obtained from the standard
gene that co-migrated at the same time.

This method is widely used for the search of mutations in the gene APC (Ade-
nomatous Polyposis Coli) involved in cancers with predisposition for colon polyps,
or the genes MSH2 and MLH]I involved in cancers without predisposition for colon
polyps and most of all, the gene for dystrophin involved in Duchenne and Becker
dystrophy (Section 2.3.3).
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2.1 Introduction

The increase in the number of genes cloned and the identification of the mutations in
those genes responsible for a disease, both contribute to the progress made in human
genetics and in genetics in general, both in basic research and in its applications. This
chapter deals with the applications that can be made from this research, but it is im-
portant to present first the major input introduced by gene cloning and sequencing.
The identification of the mutations responsible for a particular disease gave rise to
anew field: molecular pathology. It consists of linking the mutation with its biochem-
ical effects on the gene product, quantitatively or qualitatively. It helps to explain the
clinical observations due to this biochemical effect, in one particular cell type or at
one particular developmental stage. Therefore, ‘molecular pathology’ contributed
extensively to the elucidation of complex links between the clinical phenotype, the
disease and the pathological genotype, sometimes leading to unexpected results.
Formally, a hereditary disease is Mendelian when it is caused by a single gene.
A disease is recessive if the patient carries two mutated alleles (copies) of the gene,
both parents being heterozygotes, with one functional allele and one pathological
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allele, especially if the disease causes death before reproductive age. Functionally,
the ‘normal’ allele is considered to be the one that compensates for the effect of the
pathological allele in the healthy individual. This shows why two mutated copies are
necessary to cause the disease.

A disease is dominant if one mutated copy of the gene seems sufficient to cause the
disease. In this case, the ‘normal’ allele activity cannot compensate, or compensates
only partially, for the effect of the mutated allele, showing why one mutated copy is
sufficient to cause the disease.

However, this functional link is very theoretical and molecular pathology is indis-
pensable in the full explanation of the links between the genotype (which gene, which
mutation, which effect) and the phenotype (which disease, which clinical form).

2.1.1 Different mutation classes

A gene cannot be restricted to a coding sequence because it also contains sequences
necessary for its expression, i.e. the promoter, the 5" and 3’ untranslated regions
(5'UTR and 3'UTR), the polyadenylation signal, and intronic sequences that have to
be very precisely excised to reconstitute the exact coding sequence of the messenger
RNA (or several coding sequences if the gene is alternatively spliced). Therefore, a
mutation in a gene will have different effects depending on its site and its nature.

In the end, at the functional level, we distinguish two types of mutation depending
on whether they affect the quantity or the quality of the gene product. In the latter
case, the mutation generally affects the coding sequence.

The mutations can also be divided at the functional level into two other categories,
not overlapping the two previous ones.

e The loss of function mutations causes a decrease or a loss of the gene product
(quantitative mutations) or a decrease or a loss of the activity of the gene product
(qualitative mutations);

¢ The gain of function mutations causes an increase in the amount of gene product
(quantitative mutation) or an increase in its activity, and sometimes creates a new
property, leading to a toxic product responsible for a pathological effect.

Depending on the mutated region in the gene (promoter, intron, coding sequence,
poly(A) site, 5 or 3’ UTR) and depending on its type (base pair substitution, dele-
tion or insertion of one or several base pairs, repeated sequence extension), a mu-
tation will have a quantitative or a qualitative effect leading to a loss or a gain of
function. It is important to mention that all combinations (site, nature, effect) are
possible but some are more often seen than others. A stop mutation in the coding
sequence usually leads to a loss of function but might occasionally cause a gain of
function.
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Box 2.1 A mutation in one gene may lead to a loss or a gain of function
of this gene

® When it has an effect, a mutation in one gene always leads to a loss or a gain of
function.

® The loss of function can be the result of a quantitative effect of the mutation —
there is less of the product (partial loss of function) or there is no more product
(complete loss of function); it can also be the result of a qualitative effect — the
product is less functional or not functional at all.

o The gain of function can be the result of a quantitative effect (there is more
product) or qualitative effect (the productis moreactive) ; it can also correspond
to the emergence of a new property or biological activity.

2.1.2 Dominance and recessivity are explained by molecular pathology

Loss of function mutations frequently have a recessive effect compared with the
functional gene effect, the latter having an activity sufficient to compensate for the
loss of the mutated gene. This is the case for most of the recessive diseases ([3—
thalassemia, cystic fibrosis, haemophilia, Duchenne/Becker myopathy).

On the other hand, many dominant pathologies are not caused by loss of function
mutations but are caused by gain of function mutations, also referred to as dominant
negative mutations when they lead to the presence of a toxic product (haemolytic
anaemia with unstable haemoglobin, Huntington’s disease and spinocerebella ataxia
where the CAG triplet extension leads to the formation of an expanded and toxic
poly-glutamine domain).

Box 2.2 Dominant versus recessive diseases

o A disease is called recessive when it requires the simultaneous presence of two
mutated copies of the gene involved in that disease. In contrast, when only one
copy of the gene is sufficient, despite the presence of a wild type copy, the disease
is called dominant.

e Asaconsequence, for a recessive disease, the heterozygote that carries a mutated
and a functional copy of the gene is not affected — he is called a healthy carrier.
For a dominant disease, the carrier of two mutated copies of the gene is affected
a fortiori because one copy is sufficient to be affected. In fact the carriers of
two mutated copies are very rare and the effects are often more serious, even
sometimes lethal.
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The associations ‘loss of function/recessivity’ and ‘gain of function/dominance’
are too frequently made; but even if the correlation is strong, it is not absolute, and
famous counter-examples exist.

e Some dominant diseases are caused by loss of function mutations and can only be
partially compensated for by the functional allele activity (dosage effect), the cell
or the tissue needing a minimum amount of product superior to the 50 per cent
present. The loss of function mutation is called dominant by haplo-insufficiency
(familial hypercholesterolemia, mature-onset diabetes of the young (MODY)).
This ‘dosage effect’ is often illustrated by the fact that the severity of the disease is
linked to the intensity of the loss of the function and that the patients carrying two
mutated copies are more severely affected.

¢ In contrast, there are some recessive diseases associated with gain of function
mutations, like sickle-cell anemia, caused by haemoglobin HbS, whose polymer-
ization capacity is toxic in the homozygote, but only mildly deleterious in the
healthy carriers because this haemoglobin is then diluted.

e Finally, there are some paradoxical special cases, like fragile X syndrome (see be-
low) and hereditary retinoblastoma, where a loss of function mutation leads to a
dominant disease, not because it is haplo-insufficient, but because of a biological
peculiarity. In the fragile X syndrome (Section 2.3.1) this peculiarity is the random
inactivation of one of the X chromosomes in females. In the hereditary retinoblas-
toma, only a few cells in the organism are affected. Indeed, the affected parent
transmits a loss of function mutation in the RB gene, completely compensated for
by the retina cells. However, because the number of mitoses during eye embryo-
genesis is very important, some cells lose the other copy by somatic mutation and
therefore become tumourous. This phenomenon is certain enough to affect several
independent cells, at the origin of multiple tumoural ‘nodules’ in both eyes. This is

Box 2.3 Loss and gain of function mutations may be either dominant
or recessive

¢ Aloss of function mutation can lead to a recessive disease if the heterozygote is
a healthy carrier because a single functional allele, not mutated, is sufficient to
give the physiological function of the gene (haplo-sufficiency), but canlead to a
dominant disease if the functional allele is not sufficient (haplo-insufficiency).

¢ A gain of function mutation can lead to a dominant disease if the mutated allele
has a toxic effect that cannot be counteracted by the effect of the not-mutated
allele (dominant negative effect) but can lead to a recessive disease if this toxic
effect has to be homozygous to give a pathology with a detectable phenotype.
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aform of hereditary cancer transmitted in a dominant fashion (each parent has half
of its descendants affected) although the mutation responsible for the pathology is
a loss of function completely compensable for (recessivity at the level of the cell).

Therefore molecular pathology can clarify the dominance or the recessivity of
Mendelian diseases, in defining the causal relationship between the genotype and
the pathological phenotype.

2.1.3 Genetic heterogeneity can be explained by molecular pathology

Genetic heterogeneity means that one phenotype or one disease can correspond to
various genetic situations and, more generally, that the relationship between genotype
and phenotype is often more complex than expected.

Inter-locus heterogeneity: one disease/several genes

The simplest way to consider a Mendelian disease is as a monogenic disease, meaning
a disease for which every patient is affected in the same gene (one disease/one gene).
This is the case for diseases like phenylketonuria and cystic fibrosis.

However, even before molecular biology existed, the fact that one particular disease
could be due to mutations in different genes, even if each patient is mutated in only
one of those genes, was well understood. The disease is monofactorial because each
patient is only mutated in one gene, but heterogeneous (not monogenic) because
this gene can be different from one patient to another. This is the case, for exam-
ple, for haemophilia, where you can distinguish patients with a deficiency in factor
VIII (haemophilia A) from those with a deficiency in factor IX (haemophilia B).
This distinction is based on the biochemical properties of the two disease-causing
products. In other circumstances (Charcot—Marie—Tooth), genetic heterogeneity has
been shown by the fact that one disease could be transmitted as an autosomal dis-
ease in some families, while it could be sex linked in others, meaning that at least
two genes are involved, one autosomal and the other on the X chromosome. Ge-
netic heterogeneity can also be shown when all the descendants of two affected
parents are healthy (for example in the case of monofactorial recessive deafness).
This result is expected after functional complementation when two mutations are
carried by different alleles (affecting different genes). With the localization, cloning
and sequencing of the genes, molecular biology helped confirm the heterogeneity
of some diseases (Charcot—Marie—Tooth, Fanconi anaemia, Xeroderma Pigmento-
sum) and helped discover that some diseases thought to be monogenic were in fact
heterogeneous and simply monofactorial (diabetes MODY with at least four autoso-
mal genes, pigment retinitis with eight autosomal genes for seven dominant forms
and one recessive and three genes on the X chromosome).
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Intra-locus heterogeneity: one gene/several diseases

A more unexpected result in molecular pathology is shown by another kind of
heterogeneity that associates several diseases to one single gene instead of asso-
ciating one disease to several genes. This situation, already known in the case of
mutations in the genes encoding for haemoglobin o or 3 that are responsible
for several different forms of haemoglobinopathy (see below), appears to be more
frequent than was first thought. For example, Duchenne and Becker myopathies
have different clinical characteristics (see below) and are due to different muta-
tions in the gene encoding for dystrophin. Four sometimes very different diseases
like Hirshsprung disease (malfunctioning of the colon due to a lack of innerva-
tion) and three types of hereditary cancers (multiple endocrine neoplasia type 2A
or 2B and medullary thyroid carcinoma) are the result of mutations in the RET
gene, affecting different domains of the protein and leading to dominant nega-
tive loss of function (Hirshsprung) or gain of function (cancers) depending on
the case. Likewise, when the PMP22 gene is duplicated in tandem on chromo-
some 17 (three copies in the patient), it is responsible for one of the severe adult
forms of Charcot—-Marie-Tooth (CMT 1A) disease, while its deletion (only one
copy on the patient) leads to a benign hereditary neuropathy (painful when the
nerves are pressed). In each case, the disease is dominantly transmitted and fol-
lows, in half of the offspring, the transmission of the mutated allele (duplication or
deletion).

The existence of several diseases linked with mutations in the same gene is only
one extreme form of intra-locus or allelic heterogeneity. In most cases, allelic hetero-
geneity is only responsible for part of the variability in disease expression, meaning
the existence of forms more or less serious with more or less clinical signs (see Section
2.2.1, cystic fibrosis). It is worth mentioning that another part of the variability in
disease expression is the result of the action of other genes, the modifier genes, dif-
ferent from the gene principally involved in the pathology, that reduce the severity of
the pathology (fetal haemoglobin still present in thalassaemia or drepanocytosis) or
increase it (meconium ileus in 15 per cent of newborns affected with cystic fibrosis).
This diversity of disease expression due to modifier genes can explain the clinical
heterogeneity between families or populations as well as the heterogeneity between
affected patients within the same family.

Because it permits the determination of all causal effects, from the primary defect
within the gene to the different clinical signs of a disease, human molecular pathology
has lead to a therapeutic way of thinking and doing research. It has also allowed
the whole genetic field to progress in understanding the genetic message and the
consequences of all types of mutation in the message. Indeed, doctors and hospitals
have played an exceptional role in screening for ‘natural mutants’ in humans affected
in essential genes for cellular functions, those being impossible to detect in other
species or to induce in research animal models like mice or drosophila. Nowadays,
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Box 2.4 Clinical and genetic heterogeneity

e Many diseases present a clinical heterogeneity (phenotypic heterogeneity) char-
acterized by the severity or the extent of the symptoms, by the severity or the
way the disorder evolves.

e One part of the clinical heterogeneity can be explained by allelic heterogeneity,
by the fact that different mutations can have variable phenotypic effects, either
in their type or in their strength.

e Another part of the clinical heterogeneity, notably between affected individuals
within the same family, can be explained by the effect of modifying genes that can
increase or decrease the effect of pathological mutations in the gene principally
involved, without being responsible for the appearance of the pathology.

e Finally, the effect of the environment on the appearance of the disease and on
its clinical variability should not be neglected.

molecular pathology can pursue its fundamental studies on animal models and
apply the results to humans, so far through genetic diagnosis, as the next chapter
will show.

2.2 Example diagnoses for autosomal diseases
2.2.1 Cystic fibrosis
Introduction

Cystic fibrosis, also called pancreatic cystic fibrosis, is the most frequent of the severe
recessive autosomal disorders in the Caucasian population. About one newborn out
of 2500 is affected (between 1/1600 and 1/3500 in France), which corresponds to a
carrier frequency of 1/25 (see Chapter 7).

In its classical form, it is a paediatric disease associated with both lung and diges-
tive problems. However, the disease expression varies with respect to the age of onset,
the diagnosis circumstances and the severity of the disease. Some forms appear just
before or at birth, or during the first few months in the form of severe bronchial infec-
tions, but also later during childhood, adolescence or even adulthood. Symptoms can
be more digestive or more respiratory. Also, for a certain number of cases for which
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clinical and/or biological diagnosis is not obvious, genetic studies happened to be
especially effective. The characterization of the mutations in the cystic fibrosis trans-
membrane conductance regulator (CFTR) gene allows linking cystic fibrosis to some
adult symptoms such as male sterility and some types of diffuse bronchiectasis
chronic pancreatitis, showing a real continuum in the expression of the CFTR gene
mutations. Since the gene was cloned in 1989, over 1000 mutations have been de-
scribed. However, for most of them, the deleterious effect can not be easily proven
because the functional tests (cellular mechanisms leading to maturation and mem-
brane expression of the mutant protein) are still part of the research process. Correla-
tion studies between genotype and clinical phenotype are indeed difficult, especially
since the mutation diversity can only explain a part of the variability of the clinical
phenotype. It is therefore difficult to propose a prognosis when considering a given
genotype. Despite those difficulties, and considering the genetic counselling aims,
molecular studies of the CFTR gene are important, and many laboratories are now
performing such studies using a wide range of tools.

Clinical description

Cystic fibrosis was first described in 1938 by Andersen as a pancreatic cystic fibrosis, a
clinical pathology responsible for malabsorption and growth retardation hardly dis-
sociable from other causes of malabsorption. The pulmonary attack, due to recurring
infections, started to be considered as a major factor for diagnosis in the 1940s. The
observation made by diSant’Agnese, during a heatwave in the United States in 1953,
that children suffering from cystic fibrosis tend to become dehydrated faster than
the others, with the excess of salt in their sweat, lead to the development of a reliable
biological test, the sweat test, which was the major diagnostic criterion up until the
discovery of the gene. This test reveals an increase in chloride and sodium ions in the
sweat of affected patients. Most of the lesions of the target organs can be explained
by the obstruction of the conduits due to secretions or to thick, dehydrated mucus:
the recurring bronchi and sinus infections; gut obstructions (about 15 per cent of
the children show such an obstruction at birth, the meconium ileus); an exocrine
pancreatic insufficiency responsible for steatorrhea (oily stool) due to malabsorption
of fat, found in 85 per cent of the children; a hepatic attack that can lead to cirrhosis
in 5 per cent of cases; a progressive atresia of the vas deferens in boys, responsible for
infertility in 98 per cent of the cases. Identification of mutations leads to a revision
of the diagnostic criteria. Even if a positive sweat test stays an essential criterion for
diagnosis in most cystic fibrosis cases, it can fail and certain pathological conditions,
like severe malnutrition, can lead to a positive sweat test.

Identification of mutations in the CFTR gene allows the recognition of some
non-typical forms of the disease with a late onset or with mainly respiratory or
digestive symptoms. More recently, it has allowed the expansion of the spectrum
of diseases involving the CFTR gene to monosymptomatic forms in the adult, like
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male infertility due to a lack of vas deferens, or certain types of diffuse bronchiectasis
(bilateral dilatation of the bronchi) or chronic pancreatitis. The distinction between
the concepts of ‘disease spectrum’ and ‘continuum’ in cystic fibrosis is fairly small.

From the CFTR gene to the protein

The gene responsible was characterized in 1989 using a positional cloning approach,
by the North American teams of L.C. Tsui and E Collins. It is a large gene located
in region 7q31 on the long arm of the chromosome (Figure 2.1). It extends over 250
kilobases (kb) of DNA and contains 27 exons. It is transcribed as a 6.5kb messenger
RNA and it encodes for a transmembrane protein with 1480 amino acids.

The CFTR protein is expressed at the apical pole of the epithelial cells of the
pancreatic, biliary and intestinal tracts, tracheobronchial tree, renal tubules, genital
ducts and sweat glands. The level of expression varies depending on the tissue and
the developmental stage. Environmental factors and the biology of the respiratory
epithelial cells probably play a determining role in the physiopathology of cystic
fibrosis, more than the level of expression of the CFTR protein. For example, the lack
of any kidney pathology despite the fact that the protein is expressed in the kidney
ducts suggests that other tracts can compensate for the hydroelectric transport defect
due to the absence of functional CFTR in affected patients. In contrast, the CFTR
protein is only mildly expressed in the respiratory cells even though the respiratory
tractis the main target in cystic fibrosis. The anatomical structure is also an important
element: The narrow vasa deferentia are especially sensitive to dehydration of the
intraluminal fluid.

There are several functions for the CFTR protein. It is a chloride ion channel (CI™)
that makes Cl™ ions exit the epithelial cell. Because this channel has a defect in cystic
fibrosis, the Cl™ ions are kept in the cells and block the water from freely exiting,
leading to dehydration of the secretions and mucus. At the level of the sweat glands,
the ions transfer in the reverse direction, which explains the elevated concentration
of CI™ ions in the sweat of affected patients. Its involvement in regulating other ion
channel functions explains how the hydroelectric transport disequilibrium observed
in cystic fibrosis increases mucus dehydration, which in turn is mainly responsible for
obstructive phenomena in the different target organs. In addition, the high frequency
of respiratory infections due to Pseudomonas aruginosa (bacille pyocyanique) in
patients suffering from cystic fibrosis suggests that a defect in the CFTR protein
could be directly or indirectly linked with this susceptibility.

Molecular pathology and genotype—phenotype correlations

Molecularepidemiology Assoonasthe genewas discovered in 1989, the most fre-
quent mutation, named AF508 because it corresponds to the loss of a phenylalanine
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residue at position 508 of the protein, was identified. This mutation is found in about
70 per cent of the mutated chromosomes, which means that 50 per cent of affected
patients are homozygous for this mutation (see Chapter 7). Most of the other patients
are compound heterozygotes, meaning that they carry two different mutations in the
CFTR gene. Besides the AF508 mutation, about 1200 different mutations have been
found up to 2006, spread all over the gene. A few rare deletions have been described.
All types of mutations have been found: nonsense mutations, splice-site mutations,
microdeletions and microinsertions causing frameshift, and missense mutations.
About 30 mutations have a relative frequency between 0.1 and 5 per cent. Very few
de novo mutations have been described.

There are geographical and ethnic variations in the way the mutations are dis-
tributed. The AF508 mutation, found in every population affected by cystic fibrosis,
is more frequent in the north than in the south of France, illustrating the gradient
found in Europe: in Denmark, it is found in 88 per cent of the mutated chromo-
somes, but only 50 per cent of the mutated chromosomes in southern European
countries. It possibly appeared about 50 000 years ago in an ancestral population of
the European populations, and its frequency has been maintained due to a heterozy-
gous selective mechanism. The carrier of the mutations might have been protected
against a hydroelectrolytic loss caused by diarrhoeas due to bacterial infections from
salmonella type bacteria (this hypothesis has recently been contested). Some mu-
tations are quite frequent in some ethnic groups, like W1282S in Ashkenazi Jews,
G551D in Celtic populations, 394delTT in Scandinavian populations. The knowl-
edge of these geographical variations is crucial for the development of molecular
genetic tests.

Genotype—phenotype correlations Genotype—phenotype correlations, mean-
ing the correlations between the mutations and the clinical symptoms, first depend
on the mutation types. These can be separated into six classes depending on the
protein defect (Figure 2.2).

Globally, class I, 1, III and VI mutations have a severe effect, while class IV and
V have more moderate effects, even very moderate. The combination between two
‘severe’ mutations is generally found in typical cystic fibrosis children cases, with
a pancreatic insufficiency. The combination between a ‘severe’ and a ‘moderate’
mutation is likely to be associated with a moderate form, with a later age of onset, and
pancreatic function unaffected. The combination of a ‘severe’ and a ‘very moderate’
mutation, or of two ‘moderate’ mutations, can be found in adults suffering from
isolated infertility due to a lack of the vas deferens, or from a mainly respiratory or
pancreatic disease expression.

Mutation classification depends on functional studies that can only be performed
for a minority of mutations in research laboratories, while new mutations are con-
stantly being found. Among those, the missense mutations can be either deleterious
or functional (polymorphisms). Also, most of the studies that have been done use
different protocols and different cellular models depending on the laboratory, which
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makes it difficult to interpret the real effect of a mutation. The biologist has to use
several indicators to predict whether the identified defect is a severe or a moderate
mutation or a polymorphism.

The variability of the clinical forms can only be partially explained by the hetero-
geneity of the mutations and genotypes. Even if the correlation between the genotype
and the effect on the pancreatic functions is quite high, the respiratory effect is much
more variable in patients with the same genotype. This variability could be due to
the association of several mutations on the same gene, whose joint effect on the
CFTR protein function would be different from their individual effects. Specifically,
the presence of 5 thymidine (5T) (instead of 7 or 9), in a splicing accepting site on
intron 8 is associated with an aberrant splicing of the mRNA, and therefore with a
significant decrease in the level of normal CFTR protein, and can increase the effect
of another mutation located on the same allele. For example, the same genotype
with the two mutations (AF508/R117H) has been found in patients with different
phenotypes, one with a moderate form of cystic fibrosis (with a normal pancreatic
function) and one with infertility due to the absence of both vasa deferentia. This
difference in the phenotypes has been explained by the fact that the R117H-5T allele
(variant 5T in cis of the mutation R117H) is found in patients having cystic fibrosis,
while the allele R117H-7T is more often observed in infertile patients. In addition,
other genetic factors (mutations in other genes, called modifiers) and environmental
factors can modulate the phenotype.

Molecular diagnosis methods

The cloning of the gene and the identification of the mutations has allowed the setting
up of some diagnosis strategies that fit the clinical situation. The techniques used
almost all depend on the analysis of PCR amplified DNA fragments of the gene.

Indirect approach The indirect approach, which depends on the results from
a genetic linkage analysis using DNA markers of the CFTR gene (co-transmission
between the markers and the mutation, see Chapter 1), still gives a few indications
(Figure 2.5) but requires study of the affected child (proband).

Direct approach to diagnosis The direct approach to diagnosis, which is cur-
rently the most frequent, essentially depends on the detection of the anomalies re-
sponsible for cystic fibrosis, either in an affected child or in the necessarily heterozy-
gous parents. Therefore, the search for causal mutations can be performed a priori
on the parents of a deceased child. When the molecular study of the CFTR gene is
requested to give a diagnosis (atypical forms of cystic fibrosis or monosymptomatic
adult forms), this is the only approach that can confirm the diagnosis by identifying
a mutation on each gene copy.
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Among the mutation detection methods, it is possible to distinguish between those
based on the search for one or a few specific mutations and those called scanning
methods, which can detect any sequence variation within a several hundred base
pair DNA sequence (see table linked with Figure 2.6). The scanning methods allow
determination of the most frequent mutations responsible for the disease, depending
on geographic or ethnic origin, followed by selection of the most suitable tools to
perform the molecular diagnosis.

At the moment, most of the laboratories initially use tools designed to de-
tect targeted mutations, mainly kits which can detect quickly between eight and
31 mutations simultaneously (see OLA, Chapter 1, and Figure 2.3), identifying 75 to
90 per cent of the alleles in affected patients (Figure 2.6).

In cases where the molecular study needs to be continued (for example, when
only one mutation has been identified in a patient), the scanning tools, still used by
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(a) Profile of a control DNA sample without any mutation; the software separates the peaks corresponding
to the blue, green, yellow and red fluorescent fragments as four different lines.

Figure 2.3  Detection of CFTR mutations using the OLA technique and chromatography



2.2 EXAMPLE DIAGNOSES FOR AUTOSOMAL DISEASES 75

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
10-BS M2... OLA67 P5 10 Blue

i

[549] [R553]  [Vs20] | [F0s] | 771 G [Rs60]
[Q193 [G542]
[edel F508 |

10-BS M2... OLA67 P5 10 Green
1500

1000
500

IR347| 13849+4 Al R334 ||10'78| | IR1162I| [3659 | [3905 |

¢

fwizs2 [3849+10kb CJ[N1303]
10-BS M2... OLA67 P5 10 Yellow

* 2000
1500
1000
500

[Aas5] [eHi117] Izmw&e”[&u&cl] IGs5]
[R117] |[2183AA][1898+1G] [711+1G]
Y122

10-BS M2... OLA67 P5 10 Red

4000
3000
2000
1000

[Std 30} [sed3s] [Swdas) td 62 [Std76] [s:d90]
(b) Std 34

(b) Profile of a DNA sample from a patient affected with a moderate form of cystic fibrosis, composite
heterozygote AF508/R117H. A diminution of the size of the peak F508 and R117 and the addition (arrows)
of the peaks AF508 and R117H compared with the standard profile in (a) can be seen.

Figure 2.3 (Continued)

a few referenced laboratories, are requested. The 27 exons and the flanking intronic
regions are sequentially analysed, allowing the detection of all previously described
mutations, as well as the identification of new mutations. These tools take longer to
run and are only used where the specific tests fail to give a result. One of the most
frequently used methods is denaturating gradient gel electrophoresis (DGGE, see
Chapter 1 and Figure 2.4).

Another method, denaturing high-pressure liquid-phase chromatography (dH-
PLC), seems very promising because it is semi-automatic. It relies on the differential
elution properties of a double-stranded DNA fragment with and without a mutation.

These two methods (DGGE and dHPLC) have a very high sensitivity, mostly for
heterozygous mutations. However, even the DGGE method can only detect 95 to



76 2 THE DIAGNOSIS OF INHERITED DISEASES
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Figure 2.4 Denaturating gradient gel electrophoresis (DGGE, see theory in Chapter 1) profile
for three exons of the CFTR gene amplified and analysed simultaneously (multiplex conditions).
Note: migration from left to right

98 per cent of mutations, and the direct sequencing of the 27 exons cannot identify
100 per cent of the mutations, some still being unknown because they are located
within introns that have not been analysed yet. As a consequence, the absence of
mutation, or the identification of only one mutation in a patient, cannot rule out a
diagnosis for cystic fibrosis or the fact that the CFTR gene is involved in the observed
pathology.

The choice by a laboratory of one particular method depends on its sensitivity
and reliability, but also on the laboratory history and on the tools already available,
as well as on the cost. Each method has its advantages and disadvantages which must
be well known by the laboratories (table linked with Figure 2.6), and that can add to
the PCR amplification limits. The failure to identify a mutated or a normal allele can
be due to: (1) the absence of amplification of this allele because of a deletion of the
gene, a mutation or a polymorphism in the PCR primer hybridization sequence or
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a technical problem; (2) an interference with the mutation research method because
of a mutation or a polymorphism in the probe hybridization site or the ligation
sites of the two probes. In general, a result suggesting that a patient is homozygous
for a mutation can only be confirmed if both parents carry this mutation. This is
especially important when the cystic fibrosis diagnosis is not certain, or when a
heterozygous diagnosis is requested in the family. If an affected child is a compound
heterozygote for the AF508 mutation and for a deletion of exon 10, they will appear
as if they were homozygous for the AF508 mutation. A negative result from the
search for AF508 in the sister or brother who wants to have children might give false
reassurance.

In contrast to point mutations, unknown deletions are not routinely looked for
because of their low frequency (globally below 5 per cent) and because of the inability
of classical PCR techniques to quantify DNA. A deletion can only be detected in two
circumstances:

® in a patient who has a homozygous mutation, because in that case, one or more
exons fail to be amplified,

® in a patient heterozygous because of a bad segregation of the intragenic polymor-
phic markers in the family (Figure 2.5). A deletion can be quickly and efficiently
looked for, in homozygotes as well as in heterozygotes, only if its size and limits
have been characterized. It is for the detection of previously unknown deletions
that the real-time quantitative PCR technique has a considerable interest.

Another promising technique is DNA chip/array technology, based on molecular hy-
bridization, where a patient’s DNA would be put together with hundreds (possibly
thousands) of specific probes, concentrated in one cm? chip. In the case of the CFTR
gene, this would allow you to search in one step, either for all of the mutations iden-
tified so far — which is not of so much interest knowing that a large number of the
mutations are very rare and that some other mutations will soon be identified —
or for the most frequent mutations, taking into account ethnic and geographic
specificities.

Situations and strategies for the use of molecular tests in genetic counselling
for cystic fibrosis

Molecular tests can only be performed after a medical prescription has been written
following a genetic consultation; this is a key step in the process. The consultation
has to be on an individual basis, and is to inform the patient, or an asymptomatic
individual, of the risks of having a child suffering from cystic fibrosis and of the
limitations, possible results and consequences of the test. During this consultation,
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(a) Indirect diagnosis approach: identify the alleles of markers or the haplotypes (association of different
transmitted by the parents to the affected child. In this
case, the study is informative and it is possible to offer a prenatal diagnosis. The ‘morbid” haplotypes are
indicated in bold. The fetus inherited the ‘morbid" haplotype from his mother and the normal haplotype

(b) An ‘anomaly’ of allele transmission leads to the suspicion of a partial deletion of the gene removing the
last two markers: the mother and child appear homozygous for different alleles. The analysis does not
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allow detecting if an individual is homozygous or hemizygous for one allele.
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the doctor has to obtain a written agreement from the person who will be tested, or
her/his parents if the patient is a minor.

Besides systematic prenatal diagnosis, which is organized in a special way, there
are three other types of situation leading to a molecular study of the CFTR gene
(Figure 2.6):

o family study (child affected with cystic fibrosis and his parents) in the context of a
prenatal diagnosis,

e screening for the relative of an affected patient, or the spouse of a heterozygote,

e help for the diagnosis of atypical or adult forms of cystic fibrosis.

An increasing number of requests concern aid for diagnosis and screening of het-
erozygotes. Knowing the ethnic and geographical origin of the patient allows the
determination of how sensitive a test searching for only a few mutations would be,
and the orientation of the study towards a search for the mutations not detected by
the test, but occurring frequently in the population the patient is from.

Family studies and prenatal diagnosis  For a couple who already have one child
affected with cystic fibrosis, the risk to have another affected child is 1/4 for each
pregnancy. Before doing the prenatal diagnosis, it is necessary to perform a molecular
study of the CFTR gene in the family to detect the alleles linked with the disease using a
direct approach or, eventually, an indirect approach. The indirect approach is doable
only if the cystic fibrosis diagnosis is certain.

Screeningrelatives of an affected individual and their spouse  The a prioririsk
for a healthy individual related to an affected patient, to carry a mutation in the CFTR
gene, depends on their blood relationship with the patient; 2/3 for the siblings, 1/2
for uncles and aunts, 1/4 for first cousins, etc. The heterozygous frequency for cystic
fibrosis in the general population being 1/25, the a priori risk for the couple to have
an affected child is then respectively 1/150 (2/3 x 1/25 x 1/4 =1/150), 1/200, 1/400.
The strategy for performing the study depends on the knowledge of the mutation

(c) A false paternity is suspected if the paternal haplotype is not found in the child.

(d) A sample error is suspected if a child carries alleles other than those found in the parents.

(e) Contamination of fetal cells by maternal cells can happen when the fetal sampling is performed. If the
contamination is significant, the result of the analysis will show the same genotype as the mother.

(f) A uniparental disomy signifies that the two chromosome 7s of the child are inherited from the same
parent. A priori, it is the same chromosome 7, carrier of a mutation responsible for cystic fibrosis, present
in two copies in the child.

(g9) The observation, within the same sibship, of one affected child and one healthy child who share the
same parental haplotypes, can exclude the implication of the CFTR gene in the pathology.

Figure 2.5 Indications from a study of microsatellite, RFLP or SNP markers in the CFTR gene



2 THE DIAGNOSIS OF INHERITED DISEASES

80

suorjeynur juanbaiy jsowr
a3 10§ YoI1edg snryeasdued oruoIyd —
IYOU0Iq 3Y) JO UOTIRIR[Ip —

ASofotped sty) 10§ suoreInw juanbay

sisougerp [eyeusiq

JSOW 3Y] 10§ YDILIS 7
SUAI9JOP SeA 3} JO _

20UdsqE d) 0} anP AJI[IIAJUT d[RW —

$31dnod YstI-1y

surioy snewojdurdsouour
Inpyvy

suis urerdouos

woxj sn3dJ 3y uo uomidsns — urduio [estuya/[esryderdoad ay) uo
suwog [eo1dAye —  Surpuadap suoneynur juanbaiy ysour oY) 10j—
UI0qMaU 3 10§ sisouderp prder —

s1s01q1y 154D 7 $2ATIE[21 3Y]) JO SUTUIIIOG 7

SUOTJeINUI U} 10J [DTBS Apmys 1oyreW © 0) SUTPIOdIE 10 —
peordde pamp Afug  pueqoad a1} ur punoj (s)uoneINuI ) 10§ —

7 spre onsouder(q 7 7 SIATB[21 JO SUTUIIIG 7

a1ed [epads

7 Mﬁmﬁvvhuw [ereUOSN. 7 A”_ Juag ALdD 2y jo %ﬂv—aww 9} 10j [0d>0}01d

3SBISIP I} pue 2UIF Y} UIMIaq
szorewr orydiow£jod Sursn Apnys

a3exur ‘yoeoxrdde yampur ue —
suonenu 3y} 10§

yo1eas ‘yoeoidde 1oa1p € —

:4q sapa[[e padayge Yy

Amuap] syuared pue pueqoi

Apmys Afrureg




81

2.2 EXAMPLE DIAGNOSES FOR AUTOSOMAL DISEASES

auab Y14 ay3 jo Apnis ay3 104 10303014

9°2 anby

*25UBISUT JSITY Y} UT SN 0} dATsuadxy

"05G8-08 03 PANWI] AJATISUIG

Juawrdmba aarsuadxyg
'STONeINW SNOJAZOWOY JO SUOTIIP peg

‘snoSAzowoy
USYM SUOTIBINTU JWOS SUTSSTW JO
sy “arewroine o3 a[qrssoduuy dn 3as 03 JNOYYIT

*(aa1suadxoa) 190uanbas YN ® Jo asn saxmbay

*(I]) 8051V 10§ 1daoxa) sar084zo1aroy

pue $91034zowoy UsaM1aq UONIUTISIP ON

's1onpoid YD JO Y- Y1 UO Paseq SINSRY
“Teontd st sxowitid YD Y Jo 0107 3],

dn 30s 03 3O
*([JPUTH J0J 1S UOTIDLISAI dUIES ) YSI[Oqe
XE€SSY PUB (JTSSD) 1911 UOTIOTIISIT dUIes
oty ssaxddns ues suoneinuwr Surmoqusu
0M}) 23IS TOTIO1I)SaI e sassarddns

uonenw 3] J1 A[eradss ogmads JoN

‘uoneInuw
renonted e 0] oyoads jou ayyoid suonerdiy

*(A1001]) UT) AJTADISUDS 0400 T

-ordwts pue 1seg

‘parewroine-ruas .umdm

“(%$6<) Ananisuds ysiyg

‘08 suo ur suoneinuu [eI9A9S 1seq

‘08 suo ur suonenui [eI9A9S 1seq

*08 2UO UT SUOTIBINUI [BI2AIS
:JO[q JOP-3SIAANY dBUIOINE ISe]

*(3urouanbas sproae) poyjow
Suruuess e £q pa10239p uonEINUI
® Jo uonedynuapy a[dwirs pue jseg

-orduuts pue iseg

SI9pI0q UOIIUT
a1 Je pue suor3ax Surpod
3} UI Pajedo] SUOTBINW [V

(amy) suoneinuw ¢

(apy) suonenwi 0z 03 71

(Iny) suonenw /1 0} 8

ouanbas a1y wo spuadag
SUOTA[P
/SUOT}IdSUT-OIOTUI 11O

"L0SAV PUB 80SAV APSON

Supuanbag

wsrydiouwdjod
JSB] UONBULIOJUOD pueIls -o[3uIs) JDSS

Aydei3ojewroryd
pmbry soueurroyrad -ydry Surmieusp) DTIHP

(s1sa101ydomyoard
198 Juarped Surrmeusp) gHoQq
spoyjaw Suruuedg

(uonesi| apnospnuosio) y10

(uonesyrduwe >yads dp[[e) SNYY
10[q 10P-3519A31/10[q 1OP (UONRZIPLIGAY
Symads dp[[e) UONEZIPLIGAY OSY

(128 Jonu0d + UOTIIIISAI
+ Dd) uonsaSip sWAZud WO
(198 fonyuod
+9Dd) (Y2IBWSIUW © YIIM SI[NII[OW
papuexns -a[qnop) sisi[eue xo[dnpoIraloy

sagejueapesiq

sagejueApy

suonenux
pa1919q

PoyIaw Uo1)2333p paradiey,

Sua3 Y 14D Y3 U SUOTIBINUI }23)3P 0) SPOYIIUI JO s9FejueApesIp pue safejueApy



82 2 THE DIAGNOSIS OF INHERITED DISEASES

in the proband, and the urgency of the situation (if there is an ongoing pregnancy
or not). The best strategy is to first screen the relative for the anomaly found in
the patient. If he does not carry the anomaly, the couple can be reassured. If the
relative is heterozygous, the risk for the couple becomes 1/100, whatever the blood
relationship, and it is necessary to search the spouse for the most common mutations
linked with the disease. As soon as a known deleterious mutation is identified in the
spouse, the risk reaches 1/4 and a prenatal diagnosis can be offered. If the screening
tests are negative in the spouse, the risk of having an affected child decreases, which
allows the parents to be reassured, and avoids the need for a prenatal diagnosis.
The absence of the AF508 mutation decreases the risk to 1/320, the absence of
the eight most frequent mutations (80 per cent of the mutated alleles) decreases it
to 1/480, and the absence of the most frequent 31 mutations (85-90 per cent of
the mutated alleles) to 1/640—1/960. The minimum risk cannot go below 1/2000,
considering that the maximum detection rate is 95 per cent. Knowing the origin
of the individuals allows searching specifically for the most frequent mutations to
determine precisely the risk of having a child affected with cystic fibrosis. However,
it is sometimes difficult to establish a precise risk when the geographical origins are
diverse.

Diagnosticaids Diagnosticaids concern the atypical forms of cystic fibrosis whose
diagnosis can be confirmed only if two allelic mutations (inherited from each parent)
have been identified, and can eventually allow the proposal of a prenatal diagnosis
to the parents. They also concern adult patients who present with infertility due to
the absence of the vas deferens, dilatation of the bronchial tubes which cannot be
explained, chronic pancreatitis or a naso-sinusal polyposis especially with chronic
infection that started during childhood or adolescence. Between 50 and 85 per cent
of patients who are infertile due to absence of the vas deferens carry two allelic
mutations of the CFTR gene, and about 30 per cent of the patients with a bronchial
tubes dilatation or a chronic pancreatitis carry at least one mutation in the CFTR
gene. In those situations, there is a double interest in studying the CFTR gene:

e to identify the cause of the disease and, eventually, to recognize an atypical form
of cystic fibrosis so as to be able to offer an adapted system of treatment;

e to offer genetic counselling to the patients and their spouses, or their relatives who
could be heterozygous for a severe mutation.

In practice, if none of the most frequent mutations is found, the possibility to search
for rare mutations is discussed with the clinician. The presence of one of the most fre-
quent mutations in a heterozygous state encourages the search for another mutation
to confirm the role of the CFTR gene in the patient pathology.

In the case of male infertility, and when a couple is asking for a medically assisted
fertilization, knowing the high proportion of infertile males carrying two mutations
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and considering the fact that those mutations can take a long time to be identified,
it is reccommended to first search in the wife for the most frequent mutations. If
this search is negative, the couple is reassured. If the wife is heterozygous, it is very
important to identify the mutations carried by the man in order to provide appro-
priate genetic counselling. With an infertile man carrying two mutations, the child
will definitely inherit one of the paternal mutations, and will inherit the mother’s
mutation with a probability 1/2. If the man’s genotype combines one severe mutation
(like AF508) and a very moderate one, like the 5T variant of intron 8, the risk of
classic cystic fibrosis for the child is 1/4. If the man is a compound heterozygous for
two mutations with a moderate effect, the risk of cystic fibrosis is 1/2 in theory, but it
will probably be a moderate or minor form of the disease. However, this is the worst
type of prediction, for a moderate form of cystic fibrosis is not necessarily reassuring.
A prenatal diagnosis, or pre-implantation diagnosis in the case where a medically
assisted fertilization using intra-cytoplasmic sperm injection (ICSI) is considered
because of the male infertility, can be perfectly acceptable.

Special mention should be made about couples having no family history of cystic
fibrosis and expecting a child suspected to have the disease because of echogenic
bowel seen on the sonogram, suggesting an intestinal blockage (bowel obstruction).
If the pregnancy is at less than 20 weeks, measuring the intestinal enzymes in the
amniotic fluid is helpful. A normal dosage before this term can rule out cystic fibrosis;
extremely low values reflect a digestive obstruction that can be due to cystic fibrosis.
However, most of the time, the pregnancy is more advanced, and measuring the
intestinal enzymes in the amniotic fluid is not interpretable. A search for an anomaly
in the CFTR gene, in parallel with the fetal karyotype and a specific viral serology
and parasite serology to find causes other than cystic fibrosis, is worth doing only
if the couple is well informed and is asking for a medical pregnancy interruption in
case the diagnosis is positive (3 per cent of echogenic bowels are due to cystic fibrosis);
this request largely depends on the term of the pregnancy. Only the identification of
two mutations in the fetus, inherited from both parents, gives a diagnosis for cystic
fibrosis. In practice, the search for the mutations is first made in the parents. If the
AF508 mutation is the only one looked for and is not detected, the risk of the fetus
being affected with cystic fibrosis reaches about 1/350; and about 1/1400 if none of
the 31 frequent mutations is detected. The discovery of a mutation in only one of the
parents requires searching for this mutation in the fetus: if the fetus did not inherit
the mutation, the diagnosis of cystic fibrosis is ruled out. However, if the fetus carries
the mutation, the risk for him to be carrying another mutation undetected in the
first test made in the parents is significant (11-13 per cent after the test for the 31
mutations), justifying a search for a second mutation.

Conclusions  Since the CFTR gene was discovered in 1989, important progress has
been made in developing tools to study this gene. These permit characterization of
a considerable spectrum of mutations and to determine their geographic and ethnic
distribution and, from there, to set up efficient strategies for molecular diagnosis and
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genetic counselling, and also to show that mutations in the CFTR gene are responsi-
ble for very heterogeneous clinical forms. Despite this progress, the demonstration of
the deleterious or neutral character of many mutations is impossible to do routinely,
which sometimes makes genetic counselling difficult. Investigation into the corre-
lation between genotypes and phenotypes shows that a large number of factors —
genetic and environmental — modulate the expression of the CFTR gene mutations
(see page 96 of French edition).

2.2.2 Haemochromatosis

Haemochromatosis is the most frequent hereditary disorder, affecting between three
and four individuals out of 1000 in Caucasian populations. The discovery of the HFE
gene in 1996 and the setting up of a simple genetic test have considerably modified
the diagnosis for this disease.

Clinical and biological aspects of haemochromatosis

The term haemochromatosis was first used by Von Recklinghausen in 1889 to de-
scribe a generalized iron overload in the organism, leading to many visceral and
metabolic complications. The facts that the disease was hereditary and was trans-
mitted recessively were only shown in 1975.

Haemochromatosis, characterized by an increase in intestinal iron absorption, is
a late onset disease. The first phase is latent, then some biological non-symptomatic
anomalies appear such as an increase in the serum iron level, in the transferrin
saturation coefficient and finally, in the serum ferritin level. Clinical signs tend
to appear in men between the ages of 30 and 40 and slightly later in women
due to menstruation and pregnancies. When fully expressed, the clinical picture
of the disease associates many symptoms in correlation with a general excess of
iron:

¢ skin and body signs dominated by a melanodermy, typically metallic grey, possibly
with ichthyosis, nails abnormalities and an abnormal hair smoothness;

e hepatopathy with cirrhosis leading to a hepatocarcinoma in one third of the cases;

e frequent arthropathy — the most characteristic expression being chronic arthritis
of the second and third metacarpal-phalange joints;

e type I diabetes (insulin dependant diabetes);

e other endocrine disorders are rare, mostly affecting the gonads: early menopause
in women, impotency and testicular atrophy in men;
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e rare effects on the heart, with dilated cardiomyopathy.

This typical clinical picture is rarely observed. Currently, the diagnosis of haemochro-
matosis is more often suggested by less characteristic chronic signs such as asthenia,
arthralgia and moderate increase in transaminase levels.

For all cases, the treatment consists of regular venesections whose spacing and
number is determined by the initial medical examination and, in particular, the serum
ferritin level. The benefit of the depletive treatment depends on how early the disease
was diagnosed. At an advanced stage, only the cardiomyopathy is sensitive to the
treatment while most of the other complications (cirrhosis, diabetes, arthropathies
and endocrinopathies) do not improve much. In contrast, when the diagnosis is
made before the stage of tissue lesions, the life expectancy of the patients is close to
that of the general population.

Genetic determinism of haemochromatosis

One gene responsible for haemochromatosis, named HFE1, was localized to 6p21.3
in 1975 on the basis of a strong linkage to the HLA-A3 antigen, and was cloned in 1996
(Feder et al., 1996). The definitive implication of this gene in haemochromatosis was
shown by the description of mice which had the HFE1 gene knocked-out (inactivated)
and an iron overload in their liver the same as the patients with haemochromatosis.

Genetic heterogeneity: one disease/several genes The discovery of the gene
HFEI1 leads to the establishment of a new classification of the primary iron overload-
ing, from which three are well identified:

e haemochromatosis HFE1 is in first place because more than 90 per cent of the
patients showing clinical signs of haemochromatosis carry two mutated copies of
HFEL;

e the childhood form of haemochromatosis (HFE2), a special form of haemochro-
matosis with an earlier onset, is characterized by major heart and endocrine com-
plications — two genes responsible for HFE2 have been localized and cloned: HJV
on the long arm of the chromosome 1 (Roetto et al., 1999; Papanikolau et al., 2004)
and HAMP on the long arm of chromosome 19 (Roetto et al., 2003);

¢ haemochromatosis (HFE3), described in patients from Sicily with a typical clinical
picture: these patients are homozygous for the Y250X mutation in the TfR2 gene
(transferrin receptor 2) localized on 7q22;

e dominant haemochromatosis (HFE4) involves the SLC11A3 gene (also called Ireg
1 or ferroportin);
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e two forms for which the genes have not been localized or identified: first, neonatal
haemochromatosis, characterized by a major hepatic iron overload leading to
death during the neonatal period; the second form is iron overload in African
populations, considered up until recently as having an alimentary origin;

e multifactorial forms associating several special genotypes for the HFE1 gene and
environmental factors.

Haemochromatosis involving the gene HFE1 The HFE1 gene extends over a
12 kb region, contains seven exons and codes for a 343 amino acid protein with high
similarities to the major histocompatibility complex class | HLA molecule (Fergelot
et al., 1998) (Figure 2.7(a)).

® The main mutation C282Y, located on exon 4, leads to the replacement of cysteine
282 by a tyrosine. This mutation is found in the homozygous state in more than 90
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The translation initiation codons (ATG) and stop codons (TGA) are found respectively at positions +1248 and
48033 based on the first known base of the gene.

Correspondence between the genomic sequence and the protein domains

exon 1 (296 bp) : 5" UTR and peptide signal

exon 2 (263 bp) : extracellular domain «1

exon 3 (275 bp) : extracellular domain o2

exon 4 (275 bp) : extracellular domain «3

exon 5 (113 bp) : transmembrane domain
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Figure 2.7 Gene and protein organization for SFE, positions of the C282Y and H63D mutations
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per cent of patients with haemochromatosis in north-west Europe (Jouanole et al.,
1996). This frequency decreases following a north-west to south-east gradient to
reach 40 per cent in the south of Italy. It is specific to European populations, or
populations with a European origin, in which the allelic frequency in the general
population reaches 7 per cent. It is not found in Africa or in Asia.

e Private mutations, that are very rare: a mutation in the splicing site (IVS3 4+ G/T)
causing the elimination of exon 3; two missense mutations in exon 3 (E168X and
W169X) can be the result of a founder effect in the north of Italy.

e Two main polymorphic variants:

(a) H63D, in exon 2, leads to the replacement of a histidine with an aspartate
in the protein sequence. This variant is mutually exclusive with the C282Y
mutation (the two are never present on the same chromosome) and is found
with a frequency of 16 per cent in the general population. It should be
considered as a single nucleotide polymorphism (SNP) that can modulate
the iron overload in association with mutation C282Y (Beutler, 1997).

(b) S65C, also in exon 2, leads to the replacement of a serine with a cysteine in
position 65 of the protein sequence. Its allelic frequency is 3.2 per cent in the
general population (Douabin et al., 1999). The implication of this variant in
iron overload is still controversial.

The HFE1 protein

Although the HFE gene was described in 1996, the role of this protein in mechanisms
of intestinal absorption and mechanism of the tissue overload are still not fully
understood.

e The HFE1 protein belongs to the family of class I HLA molecules and therefore
consists of three extracellular domains (1, 2, ®3), one transmembrane domain
and ashortintracytoplasmic tail. Crystallization studies show that they cannot bind
to endogenous peptides, in contrast to the classic class T HLA molecules. However,
its transport to the cell surface involves a covalent bond with b2 microglobulin;
this bond is broken by the C282Y mutation (Figure 2.7(b)).

e Immunohistochemical studies reveal the presence of the HFE protein in the ep-
ithelial cells of the digestive tract: at the level of the plasma membrane of the
non-polarized cells of the oesophagus and at the basolateral membrane of the
polarized epithelial cells of the stomach and the colon. In the intestinal crypts,
the protein is mostly perinuclear. It does not seem to be present in the hepatocytes,
or in the mononuclear phagocyte system cells.
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e The HFE protein can form a complex with the transferrin receptor (TfR), decreas-
ing the affinity of this receptor for its ligand and, therefore, the entry of the iron
into the cell. This HFE/T{R interaction is not sufficient to explain in a coherent
fashion the role of HFE in the regulation of intestinal iron absorption that happens
at the level of the duodenum and in the cryptal enterocytes of the jejunum. The
hypothesis is made that in the crypt cells, HFE could play a sensor role, program-
ming the iron absorption at the level of the enterocytes depending on the iron
content of the organism.

Molecular diagnosis of the HFE1 gene mutation identified

The gold standard method is PCR-restriction (see Chapter 1), easy to set up in any
molecular genetics laboratory.

Detection of the C282Y mutation Localized in HFE gene exon 4, it creates a
restriction site for the Rsal restriction enzyme. An exon4 sequence covering the
mutation site is amplified by PCR using primers located on both sides of the region
of interest. The amplified fragment corresponding to the normal allele (387bp) has
a single restriction site for Rsal at the position 247; the mutated allele has an extra
site for Rsal (Figure 2.8). After the PCR, the amplified fragment is incubated with
Rsal and the analysis of the restriction profile after electrophoresis gives the patient
genotype.

Search for the H63D variant  The H63D mutation, localized in the HFE gene
exon2, removes one restriction site for the Mbol enzyme. A genomic sequence of
208bp covering the mutation site is amplified by PCR and digested by the Mbol
enzyme. A normal allele would give two fragments of 138 and 70 bp while the
mutated allele will give the same size as the amplified fragment, that is to say 208bp
(Figure 2.9).

Diagnostic strategies
They only concern the diagnosis for HFE1 Haemochromatosis, defined as follows.

The positive diagnosis In most cases, the diagnosis is suggested by clinical signs
more or less evident or by biological signs like moderate hypertransaminasaemia or
a perturbation of the iron level.

The second step consists of an evaluation of the transferrin saturation coefficient
that constitutes the most specific biological marker for haemochromatosis. A normal
level (<30—40 per cent) indicates a negative diagnosis in the absence of bleeding or
of inflammatory syndrome.
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| 247 bp 140 bp |
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| 247 bp lllmpb [29bp |

CRE2Y:if4,
C282Y+/-
C282Y-/-
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Top: amplicon from the normal allele. bottom: amplicon from the C282Y allele.
Control electrophoresis of the amplicons after restriction with the enzyme Rsal (3 per cent agarose).
zone a : 247 bp bands; zone b : 140 and 111 bp bands.

Figure 2.8 Detection of the C282Y mutation

The third step requires a genetic test with the search for the C282Y mutation.
If the patient is C282Y homozygous, haemochromatosis can be affirmed. The in-
tensity of the iron overload, in general well correlated with the ferritinaemia, still
has to be evaluated. When ferritinaemia is below 1000pg/ml, in the absence of hep-

| 138 bp 70 bp |

Top: amplicon from the normal allele. Bottom: amplicon from the H63D allele.
Control electrophoresis of the amplicons after restriction with the enzyme Mbol (3 per cent agarose).

Figure 2.9 Detection of the variant H63D
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atomegalia and of hepatic cytolysis, the risk of cirrhosis or of fibrosis is null and the
hepatic biopsy puncture gives no indications of problems. However, when the fer-
ritinaemia is above 1000 pg/ml, the hepatic biopsy puncture must be performed for
prognostic purposes because a fibrosis is observed in half of the cases (Brissot et al.,
2000).

In a few rare cases, faced with an apparently classic case of haemochromatosis
not associated with C282Y homozygosity, mutations can be looked for by a complete
sequencing of the HFE1 gene, or even of TfR2. Finally, when signs indicate childhood
haemochromatosis, the sequencing of the HJR or HAMP genes (localized on 1q and
19q respectively) could be performed to identify mutations.

Comment. Despite the presence of clinical or biological signs suggesting
haemochromatosis, the genetic test can be negative (C282Y—/—) or can reveal
the presence of the C282Y mutation in a heterozygous state (C282Y +/—). In
this case and on the request of the practitioner, the H63D variant can be looked
for. The genotype C282Y/H63D can favour iron overload, in conjunction with
other genetic or iatrogenic factors, but does not allow genetic counselling for the
family

Genetic counselling This relies on the search for the C282Y mutation in the
family of a homozygous proband, and concerns primarily the proband’s brothers
and sisters. Any C282Y homozygous patient will have to perform an exhaustive
clinical and biological examination and, eventually, a regular biological surveillance
if no expression is observed.

The proband’s children are at least heterozygous, but considering the frequency
of the mutation in some populations, the probability of having a union between a
homozygote and a heterozygote is not negligible, thereby increasing the risk of having
an homozygous child. It therefore seems necessary to test the spouse first.

Systematic screening

Haemochromatosis HFEI has all the characteristics normally considered for a dis-
ease suitable for systematic screening: frequent ( three to four per 1000), potentially
serious, and whose complications can easily be avoided through an easy and low-cost
treatment. Even if the expressivity of the C282Y homozygous state is variable, the
identification of the carriers using a simple genetic test would allow the start of treat-
ment before the appearance of the first biological signs and avoid the complications
of the disease.
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2.2.3 Thalassaemias and drepanocytosis
Introduction

Haemoglobinopathies are among the most frequent monogenic diseases in humans
with more than 5 per cent of the world population possibly carrying a clinically
detectable haemoglobin (Hb) anomaly. This particularly large distribution is due to
the selective advantage given by some of these diseases against malaria that was (and
stillis in some regions) very important. Due to population migration, these anomalies
are also very frequent in most large urban centres where they create problems for the
genetic diagnosis of these diseases.

Most of these diseases are inherited as recessive traits and lead to chronic anaemias
with variable severity that can lead to extremely serious disorders with a complete
dependency on blood transfusions. Treatments are being evaluated like the hydrox-
yurea induction of fetal haemoglobin that can compensate for the absence or an
abnormality of the (3-globin chain. However, the only therapies against the se-
rious forms are blood transfusions for life, associated with the prevention of the
side effects of such a treatment (iron overload, infections, etc.), or a bone marrow
transplant.

The clinical severity of the diseases, and the absence of any real therapy, often
justifies performing prenatal diagnosis. In some countries (Sardinia, Cyprus) where
the prevalence is very high, the treatment cost has lead to an active policy of genetic
screening of carriers and the setting up of genetic counselling with the possibility of
prenatal diagnosis to reduce greatly the frequency of homozygous patients.

Erythrocyte biology

The way to make a diagnosis for a patient carrying or thought to carry a
‘haemoglobinopathy’ is linked to the biology of the erythrocyte, the last stage of
differentiation of the erythroid lineage that presents two main characteristics at the
end of its differentiation.

e Tt has lost its nucleus and all of its organelles (mitochondria. ..) and ‘survives’
thanks to the messenger RNA accumulated during the last steps of its develop-
ment. Because of its energetic metabolism it uses anaerobic glycolysis exclusively;
anomalies in this pathway (pyruvate kinase deficiency for example) are themselves
causes for chronic anaemia.

e About 30 per cent of its weight is constituted of haemoglobin (Hb), one heterote-
tramer composed of two alpha globins (x-globin) and two non-alpha globins
(B-globin). Two gene families, deriving from the tandem duplication of the same
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ancestral gene, code for these two different types of chains (in 16p13.3 for the
«-globin genes and in 11p15.3 for the non-alpha globin genes).

Their activation leads to the production of equilibrated quantities of the two types
of proteins. There is an embryonic x-globin gene (zeta) and two «-globin genes
expressed during the fetal stage and adult stage (x2 and oc1). There is an embryonic
[3-like globin gene (epsilon), two fetal genes expressed after epsilon and two adult
genes, 6 and mainly 3. Even though the o« and 3 chains have very different primary
structures (141 and 146 amino acids respectively, and 44 per cent homology overall),
their tertiary structures are very similar.

Each o chain associates tightly with a 3 chain and then two o—[3 dimers associate
less tightly to produce the tetramer. Hb’s affinity for oxygen (one molecule at each
haem, located in a pocket of each globin) is in relation with a modification of its
quaternary structure, the low affinity form (deoxyhaemoglobin) being more compact
(‘tense’ or T form) than the high affinity form (‘relaxed’ or R form). This variation
of affinity follows a sigmoid curve influenced by several elements. The first of these
elements is the fixation of the first oxygen molecule (allosteric interaction) that
permits the transition from the T form to the R form and, therefore, the rapid
fixation of the other three oxygen molecules. Among the other elements, a product
from glycolysis, 2.3 diphosphoglycerate (2.3 DPG), intercalates between the two ot—f3
dimers and stabilizes the T form, deoxyhaemoglobin, with low affinity for oxygen.

As a consequence, a haemoglobinopathy can result either from a qualitative defect
of the haemoglobin (a chain with an altered capacity to bind the haem or that has its
interaction properties with the other chains modified), or from an insufficient pro-
duction of one of the two chains, & ‘non-«, giving respectively the x—thalassaemia
and 3—thalassaemias. In the same way, an anomaly in the glycolysis pathway (in-
creasing the 2.3 DPG concentration) or in the haem production (iron deficiency)
will have an effect on the consequences of a haemoglobinopathy.

Phenotypic diagnosis of haemoglobinopathies

The phenotypic diagnosis of haemoglobinopathies is a useful step for their genetic
diagnosis. Indeed, the study of the erythrocyte phenotype often allows determina-
tion of the gene involved and of the type of anomaly in a way that orientates the
molecular test toward the locus implicated. The phenotypic diagnosis also allows the
detection of associations with mutations affecting different loci, associations that
happen frequently in some population groups (HbS and o—thalassaemia).

Theblood count Theblood count allows the estimation of the haemoglobin (Hb)
quantity, the number of red blood cells (RBC), the mean corpuscular volume (MCV),
the red blood cell distribution width (RDW) and the mean corpuscular haemoglobin
concentration (MCHM). Anaemia is defined by a haemoglobin concentration below
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120g/1 in men and 110 g/l in women. The reduction of this value is proportional to
the number of altered genes.

The mean cell volume (MCV) is an important value allowing for the appreciation
ofthe intramedullary dyserythropoiesis that characterizes certain thalassaemias. This
parameter also allows the determination of the role of an iron deficiency in chronic
anaemia, if it has decreased significantly. An increase in the red blood cell distribution
width (increase in RDW) is also an element in favour of an iron deficiency as the
origin of the anaemia.

Haemoglobin study The study of haemoglobin allows the orientation of the ge-
netic exploration by showing an abnormal ratio and by estimating precisely the
quantities of fetal Hb (x2y2) and HbA2 (x282), two minor fractions frequently
increased in haemoglobinopathies. The HbA2 value is very important for the tha-
lassaemia diagnosis (see later) because it is almost always increased in the case
of severe [3-thalassaemia (>3 per cent of the total Hb), while it stays at normal
levels in o-thalassaemia. Hb F (x2y2) will be the only haemoglobin in severe
[3-thalassaemia with HbA2, and an element in the diagnosis of hereditary persistence
of fetal Hb (HPFH) otherwise. The existence of HPFH is a prognostic element for
haemoglobinopathies, because in a certain number of cases it compensates for the
consequences of the Hb anomaly. The existence of Hb H ((34) or Hb Barts’ (y4) is a
diagnostic element for severe x-thalassaemia with three out of four x-genes deleted.
Even though itis a very important step, the haemoglobin study can be of no benefit
unless it uses different techniques whose results, when compared, allow the detection
of different variants. For example, electrophoresis at alkaline pH does not allow the
differentiation of the A2, E, C and O haemoglobins or the S, D and G haemoglobins.
The isoelectric focalization of the Hb allows a better differentiation of the different
abnormal haemoglobins but is only performed in very few laboratories. The Itano
test allows a formal identification of HbS, taking advantage of a particularity in
its solubility, which allows differentiation with another haemoglobin variant which
co-migrates with it during a simple electrophoresis (for example HbD).

Molecular diagnosis of genetic anomalies of haemoglobin

The small size of the implicated genes (three exons and less than 2000 base pairs
for the genomic sequence of the x-type and 3-type genes) is beneficial. However,
800 qualitative mutations have been counted, affecting the coding sequence of the
[3—globin and a—globin genes, and leading to more or less pathogenic haemoglobin
variants. Two hundred thalassaemic point mutations (quantitative) have also been
counted, affecting one of the expression steps of the mutated gene (transcription,
splicing, polyadenylation, stability and translation of the messenger RNA) or partial
or complete deletion of the gene. Also, a few gene fusions due to unequal cross-overs
are seen.
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Depending on the clinical, cellular and biochemical diagnosis, the molecular anal-
ysis will be oriented toward the search for mutations of a particular type ina particular
gene, and for this various methods can be used.

Methods for the search of a known mutation

e Restriction site analysis: PCR followed by enzymatic digestion. If the mutation
creates or removes a site, or if a site is created by a specific primer conditional on
the presence of the searched for mutation (see Section 1.9.8).

o Allele-specific oligonucleotide hybridization (ASOH, see Section 1.9.8): PCR fol-
lowed by hybridization of oligonucleotides specific for the mutations fixed to a
membrane support (reverse-dot blot) or mixed with PCR product immobilized
on a support (dot blot).

o Allele specific amplification: PCR using primers whose terminal 3” nucleotide is
specific for the nucleotide variant (ARMS, see Section 1.9.7).

Methods for the search of unknown mutations
¢ PCR followed by a migration technique DGGE or SSCP (see Section 1.10).

¢ Direct sequencing of the three exons of the gene, and of the intronic regions
involved in splicing, of the 5" promoter region and of the 3’ region carrying the
polyadenylation signal.

Indirect method The indirect method of family analysis (see Section 1.9.8, Figure
1.21) is useful when previous methods failed or are not applicable, but requires DNA
from the proband. It is easily applicable in the case of mutations in the (3-globin
gene because several polymorphic restriction sites define restriction haplotypes in
the region of these genes. In a family carrying a mutation in the 3-chains, if there
is any informativity, it is possible to use these restriction polymorphisms to follow
the chromosome carrying the mutation and to determine ‘carrier’ or ‘non-carrier’
status of a patient (at the risk of a recombination). Four polymorphic sites are located
within the [3-globin and allow the use of this approach with a recombination risk that
is almost zero. The modification of the stability of the amplified fragment associated
with intragenic polymorphic sites is especially well exploited by the DGGE method.

Molecular diagnosis of the main mutations of the (3—gene

More than 434 variants of the [3-chain have been characterized. Most of these variants
are silent in their clinical aspect and rare. Only three frequent {3-globin variants,
responsible for severe pathologies and that are therefore often looked for, will be
discussed here.
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Table 2.1 Evolution of HbS and HbA2 rates in heterozygotes
depending on the number of x—globin genes

Number of « genes %HDbS %HDbA2
5 genes : oxocox/ oxex 45 to 60% <3%
4 genes : ocor/ xex 40 % 3.8%
3 genes: —ot/axx 35% 4%
2 genes: —o/ — & Or —oex 30% 4.5%
lgene: — —/—« 20% 4.5%

Sickle cell anaemia mutation This consists of a missense mutation at codon
6, GAG— GTG, leading to a Glu— Val substitution. The presence of this mutation
leads to the formation of haemoglobin S (HbS), completely in homozygotes, and at a
minor concentration in heterozygous healthy carriers. When the HbS concentration
is above 50 per cent of the total Hb, its deoxygenated form has the property to
polymerize, which deforms the red blood cells and makes them rigid.

In the homozygous state, HbS is responsible for sickle cell anaemia, a severe disease
that consists of the destruction of the red blood cells in the spleen and vascular
microthrombosis responsible for multiple side effects (articular, central nervous
system, renal, etc.). The severity of this disease can justify a prenatal diagnosis.

Due to a lower affinity of the 3S-chain for the x-chains compared with the 3A-
chain, the HbS represents about 35 to 40 per cent of the total Hb in heterozygotes.
An associated oc-thalassaemia leads to a decrease of the HbS level in the red blood
cell. This peculiarity allows the identification of the «-thalassaemia associated with
HbS, an association that is especially frequent in some African populations. Table 2.1
gives the approximate HbS value depending on the number of x-genes present.

The genetic diagnosis of the 3S mutation uses two of the approach types men-
tioned above. It can be shown by allele specific hybridization (Figure 2.10(b)), or
by PCR-restriction (Figure 2.10(c)). Indeed, the mutation GAG— GTG modifies
a restriction site recognized by several restriction enzymes (MstIl, Bsu36I, BseRI)
that can be used to identify the mutation on a PCR fragment surrounding exon
1 of the f—globin gene. Due to the presence, in some populations, of the sickle
cell anemia mutation together with another mutation affecting the same codon
(36 GAG— AAG), and responsible for HbC haemoglobin, the enzymes Bsu36I and
BseRI are preferred because they allow the differentiation of the two mutations.

Note 1 It is the deoxygenated form of HbS that is susceptible to polymerization.
A deficiency in pyruvate kinase that leads to an increase in 2-3 DPG will
then favour its polymerization and induce a clinical phenotype of sickle cell
anemia in the BA/(3S heterozygote.

Note 2 In the heterozygous state, the (3S chain is responsible for a pathologic mani-
festation only in extreme physiological situations favouring its polymeriza-
tion (dehydration, hypoxia, etc.). However, some others mutations of the
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At the top of the figure, 3-gene structure, nucleotide sequence of the first seven exons, mutations sequences
of the exon 6 leading to the presence of HbS or HbC.

Figure 2.10 Genetic diagnosis of sickle cell anaemia syndromes

[3-globin chains can give a pathogenic effect to the presence of a single dose
of S, creating the sickle cell anemia syndrome. It is very important to know
of these mutations because, when unknown, they can lead towards a false
prenatal diagnosis due to the fact that the only anomalies looked for in these
kinds of studies are the ones identified in the parents as being potentially
responsible for a severe pathology in the child to be born.

HbC mutation The HbC mutation also affects codon 6 but leads to a Glu to
Lys substitution (GAG—AAG). It gives a haemoglobin variant named HbC (when
both —chains are mutated). When in the homozygous state, this variant (frequently
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found in Africa) is responsible for a haemolytic anaemia less severe than sickle cell
anaemia (HbS), and without any microthrombotic type symptoms. When in the
heterozygous state, the abnormal chain represents about 45 per cent of the total Hb
and its concentration evolves like those of HbS in the case of combination with an
o—thalassaemia.

The molecular diagnosis of the HbC mutation relies on the same techniques as
for the 3S-chain (Figure 2.10).

HbE mutation The HbE mutation affects codon 26 (GAG— AAG) and leads to
a Glu— Lys substitution. It is responsible for the presence of a haemoglobin variant
named HbE, especially frequent in south-east Asia, the mutation having appeared
in Cambodia. The BE-chain has a very similar function to the normal chain and its
pathogenicity results from the formation of an abnormal splicing site responsible for
10 per cent of messenger RNA being abnormal. The phenotype of this variant is then
a phenotype [[3-thalassaemic] with a moderate anaemia (see below). Its molecular
diagnosis relies on the same techniques as for 3S-chain. The mutation modifies a
restriction site for the enzyme Mnll.

Compound heterozygotes In the (3S/3C compound heterozygote, a severe
pathology, close to sickle cell anemia, results in microthrombosis. It can justify a
prenatal diagnosis. Other 3-chain variants are susceptible to be pathogenic when
combined with the (3S-chain. The most frequently found are the mutations Hb
O-arab : 3 121 GAA—GGA (Glu—Lys) and HbD-punjab : 3 121 GAA—CAA
(Glu—Gln). S/f3 thal. compound heterozygotes have a phenotype whose severity
depends on the type of the 3-thalassaemia mutation (see below). The phenotype is
the same as a 3S/BS homozygote if the 3-thalassaemia mutation is 3°(with micro-
cytic red blood cells and 80 to 95 per cent HbS, 2 to 20 per cent HbF and a rate of
HbA2 above 3 per cent) or a less severe sickle cell anaemia phenotype depending on
the level of HbS if the thalassaemia mutation is of 3+ type (55 to 75 per cent of HbA,
10 to 30 per cent HbA and 3 to 6 per cent HbA2) The severity of these combinations
make their detection specially important in the context of prenatal diagnosis.

The thalassaemia mutations The thalassaemia mutations are mutations leading
to a deficiency, or even a loss, of one of the two types of chains, & or 3. The resulting
syndrome is very frequent in the eastern Mediterranean, and for this reason it was
named [3-thalassaemia (thalassa is the word for sea, in Greek).

In the case of a [3-chain deficiency, the extra a-chains do not have the possibility
to associate with each other but precipitate, right at the beginning of globin chain
synthesis (medullary erythroblast). This precipitate is at the origin of many anomalies
that lead to the erythroblast destruction, making erythropoiesis inefficient, which
then leads to anaemia due to a deficiency in medullary production (central anaemia).

All types of mutations able to affect gene expression quantitatively have been
isolated in (3-thalassaemias. Creation of a stop codon, frameshift, appearance or
disappearance of a splicing site, defect in promoters, defect in maturation sites of the
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messenger RNA (capping site, splicing site, polyadenylation site), translation signals
(ATG initiator, missense mutation, modification of the stop site). Besides the point
mutations, there are a large number of deletions (partial or total).

The mutations are divided into ‘B +thalassaemia’ and ‘B thalassaemia’ depending
on the presence of a residual synthesis of 3~ chain; more than 200 mutations have
been described.

The difficulty for the diagnosis of such a large number of 3~ thalassaemia mu-
tations is reduced by the fact that about 30 of them are responsible for most of the
thalassaemias, and by the fact that some of these mutations are grouped depending on
the geographical origin of the patient. Table 2.2 gives the main mutations depending
on the geography.

Molecular diagnosis of the [3-thalassaemia mutations will use a search approach for
known mutations if the patient belongs to a geographical zone in which it is possible
to have a substantial coverage (over 85-90 per cent) with only a few mutations, as is
the case for [3-thalassaemia in south-east Asia.

A certain number of screening tests dedicated to a ‘region mutations’ group are
available and are based on techniques using ‘multiplex PCR’ that is hybridized on

Table 2.2 Main B-thalassaemia mutations depending on the geographical origin

North Africa/Maghreb Type Middle East Type
c6, —A B° IVS1nt110G > A B°
IvsInt1G>A p° IVSInt5G > A B+
IVS2nt1G> A 3° IVS1nt6T > C B+
IVS2nt745C > G B+ c39C>T B°
c39C>T p° c 8 del AA B°
IVS1nt6T > C B+
IVS1nt110G > A R°

India Mid and Southern Africa
IVS1nt5G > C B+ —29A>G B+
Del 619 bp ° —88C=>T B+
c89+G B° c24T > A B+
IVS1nt1G>T B° Poly A, T > C B+
c41-42 del CTTT B°

South-east Asia Southern China
HbE (c26G > A) B+ c41-42 del CTTT B°
IVS1nt5G>C B+ IvVS2nt654C > T p°
c41-42 del CTTT p° cl7A>T p°
cl7A>T 3° c71-724+A 3°
IVS2nt654C > T B° IVS1nt5G > C B+
cl9A>G B° HbE (c26G > A) B+
C71-72+ A B°
—28A>G B+
c35C>A B+
-8 C>G 3°
c14-15+G B°
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oligonucleotide probes corresponding to the mutants present in the population,
immobilized on a membrane (reverse-dot blot).

In the case that the number of suspected mutations is too large, it is easier to use
simple scanning methods (DGGE or sequencing of the gene). The use of DGGE in this
case will allow the association of the mutation with a restriction haplotype internal
to the 3-globin gene (the framework (3-globin) and if the family is informative, it
will also allow the realization of the indirect diagnosis for the presence or absence of
a mutation with an almost zero risk of recombination. In addition, there is strong
linkage between some restriction haplotypes internal to the [3-globin gene and some
[3-thalassaemia mutations, this can help direct the search for mutations, knowing
the geographical origin and the {3-globin haplotype of the patient.

If point mutations are the most frequent causes of [3-thalassaemia, there are some
cases in which the cause is a deletion, which can be small or large, removing a [3-globin
gene (deletional B°-thalassaemia) or the p—and d-globin genes (& B°-thalassaemia)
or the v, & and {3 genes (y5p°-thalassaemia). The diagnosis of these anomalies can
be performed by PCR if the boundaries of the deletion are constant enough to define
pairs of primers surrounding the break points, or by Southern blot.

Molecular diagnosis of the main mutations of the «-gene

One particularity of the &—globin gene family is the presence of a tandem of genes
active at the same time in adults (the x2—geneis twice as active as the ct1—gene). There-
fore, four genes participate normally to the production of the a—chains. Qualitative
anomalies 436 o variants have been described, but most of the time they have almost
no effect on the phenotype. Indeed, the presence of four active genes make the pres-
ence of an abnormal chain very minor and therefore without clinical consequences.
The only « variants clinically effective are the unstable ones able to destabilize the
tetramer.

Quantitative anomalies In contrast to the 8~ thalassaemias, the ot-thalassaemias
do not lead to inefficient medullary erythropoiesis. Indeed, the excess 3—chains can
associate to form ‘homotetramers), either of y—chains (y4 = Hb Bart’s) immediately
after birth, or of 3—chains (34 = Hb H) after a few months of life. These two abnormal
Hb are not functional because they have an oxygen affinity that is too strong, but
they do not induce important defects in the cell. Progressively, these chains will form
a precipitate (Heinz’s body) that will cause the destruction of the cells in the spleen
(peripheral haemolysis). Depending on the number of genes that stay active, one can
distinguish:

o the a—thalassaemia trait with three functional genes almost without clinical sign;

® minor x—thalassaemia when two a —genes are functional (microcytosis with Hb
A2 normal);
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¢ haemoglobin H disease with only one functional x—gene (severe microcytic
anemia with 3 to 30 per cent of Hb Bart’s (y4) or Hb H ([34), visible as a
precipitate in the red blood cells (Heinz’s bodies) and identified during Hb
electrophoresis;

e the &®—thalassaemia with total absence of «-chain, lethal in utero.

The a—thalassaemias are essentially due to deletions affecting the oc—globin locus
and removing fragments of different sizes. One particular type of deletion is linked
with the presence of repeated sequences surrounding the oc—genes that promote
unequal reciprocal recombinations, responsible for the loss of one x—gene on one
of the chromatids and triplication of the gene on the other. This type of anomaly
is represented by the two x—thalassaemia deletions ‘—o’7” and ‘—a*?’ found in
Africa and in south-east Asia respectively, and responsible for an «x—thalassaemia
phenotype (—a /) in the heterozygous state. The triplications are silent unless
they are associated with a (3 —thalassaemia trait that they make more severe.

The most frequently observed deletion takes a very large fragment, removing both
al— and o2—genes; it is called (x°—thal —*¢*) due to its frequency in south-east
Asia, where it leads to «’—thalassaemia (—*¢3/—*%) in the homozygous state, or to
haemoglobin H disease in combination with the deletion (—a*?), also very frequent
in this part of the world (genotype : —=*/—o*).

A certain number of point mutations in the «x—chain are responsible for the
o—thalassaemia phenotype, for example the mutation o« Constant Spring o142
TAA— CAA (stop— Gln) that destabilizes the messenger RNA during its translation
due to an increase in the length of the protein chain.

The methods for the molecular diagnosis of qualitative or quantitative mutations
affecting the c—gene family are similar to those used for the 3 —gene family, with a
predominance of the PCR technique used to identify deletions.

Dominant haemoglobinopathies

The large majority of the haemoglobin variants (missense mutations) are only re-
sponsible for severe pathologies when homozygous, but some are pathogenic in the
heterozygous state.

The association, on the same allele, of the mutation 327 val— Ileu with the classic
sickle cell anaemia mutation (36 glu—val (double-mutated allele) leads to the for-
mation of haemoglobin HbS-Antille that can polymerize like the haemoglobin HbS
in the heterozygous state despite the presence of a A allele.

Some other mutants of the ®x— or 3-chains are particularly unstable and are able to
destabilize the tetramer and to produce severe chronic anaemias in the heterozygous
state. These are often mutants affecting amino acids involved in making contact with
the haem group.
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2.3 Example diagnoses for X-linked diseases
2.3.1 Fragile X syndrome
Epidemiological, clinical and genetic aspects

Fragile X syndrome is the most frequent cause of inherited mental retardation, and the
second most frequent cause overall of mental retardation after Down’s syndrome. Its
frequency in boys is 1 out of 4000 and in girls, 1 out of 7000. Among all of the genetic
diseases called ‘dynamic mutation diseases’ or ‘triplet repeat diseases’ identified so far
(see Table 2.3 and Section 2.4), fragile X syndrome was the first one to be identified,
in 1991.

The disease is characterized by mental retardation, dysmorphic facial features and
macro-orchidism in pubescent boys. When adult, the patients can perform manual
work provided that they are taken charge of by relatives or by a suitable care structure.
Fragile X syndrome has a variable expressivity, the degree of mental retardation varies
from one individual to another, and the disease is often more discrete in girls.

Fragile X syndrome is characterized by a dominant transmission with an incom-
plete penetrance (the penetrance is the frequency with which the disease appears in
individuals carrying the mutation). Only 80 per cent of men carrying a mutated chro-
mosome are affected, which means that 20 per cent of male carriers are normal, and 55
per cent of female carriers are affected. In addition, the penetrance varies within one
generation and it increases from one generation to the next (the phenomenon of ge-
netic anticipation found in other ‘triplet repeat diseases’). Therefore, the penetrance

Table 2.3 Dynamic mutation diseases

Number of triplets

Disease Triplet type Normal Pathologic
Fragile X syndrome (CGG)n n=6-54 n > 200
Kennedy’s syndrome (CAG)n n=14-32 n > 40
Steinert’s myotonic dystrophy (CTG)n n=>5-37 n > 50
Huntington’s disease (CAG)n n = 6-35 n > 37
Spinocerebellar ataxia type 1 (CAG)n n=6-39 n > 40
FRAXE mental retardation (CCG)n n=4-39 n > 200
Jacobsen syndrome (FRA11B) (CGG)n n=11 n > 100
DRPLA* (CAG)n n=3-36 n>49
Machado-Joseph disease (SCA3) (CAG)n n=13-44 n> 60
Friedreich’s ataxia (GAA)n n=6-29 n > 200
Spinocerebellar ataxia type 7(SCA7) (CAG)n n=7-35 n> 37
Spinocerebellar ataxia type 2(SCA2) (CAG)n n=13-32 n>33
Spinocerebellar ataxia type 6(SCA6) (CAG)n n=4-18 n>21

* Dentatorubral and pallidoluysian atrophy.
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is strong in the brothers of an affected boy, but weak in the brothers of a boy who is a
healthy carrier. It has also been observed that the daughters of male healthy carriers
or affected men never have mental retardation, meaning that the mutation has to
be passed through a female meiosis to be expressed in the child. This phenomenon
of preferential transmission by one sex (called parental imprinting) is also found in
many others diseases due to dynamic mutations, but not always in such a strict way.
In the case of fragile X, it is probably due to contractions of the (CGG)n sequence in
the male germ line. These transmission particularities of fragile X posed some prob-
lems for prenatal diagnosis and genetic counselling until molecular biology provided
the explanation for this surprising transmission, as well as tools allowing a reliable
genetic diagnosis for the disease.

Molecular biology and physiopathology

Mutations responsible for fragile X syndrome The ‘fragile X mutation’ is an
amplification of a triplet Cytosine~Guanine—Guanine (CGG) repeat sequence, lo-
cated in the 5UTR of the first exon of the fragile X mental retardation 1 (FMR1)
gene (Figure 2.11). The significant lengthening of this sequence due to the increase
in the number of repeats is linked with a methylation of FMR1, which is then is no
longer expressed. A normal chromosome has this repeat sequence (CGG)n, but with
a low number of repeats, from six to 54 depending on the individual (Figure 2.11).
In affected individuals, however, the number of repeats is over 200 and can reach
1000. Between 54 and 200 repeats, the carriers are said to be premutated: the FMR1
gene is normally expressed but the (CGG)n sequence is very unstable leading to the
complete mutation in subsequent generations. Besides the variability in the number
of repetitions observed from one individual to another, both in normal individuals

Eco RI Eco RI
l FMRI l
NN | Normal
(CGG)n=6-54
Eco RI Eco RI
l FMR1 l
NN N | Premutated

(CGG)n = 50-200

Eco RI Eco RI
l FMR1 l
N N | Mutated
(C™GG)n > 200

Schematic representation of the FMR1 gene and of the (CGG)n triplet whose expansion is responsible for the
fragile X syndrome. In the case of a complete mutation (n>200), the cytosines belonging to Cytosine-Guanine
doublets (CmG) become methylated which represses gene expression.

Figure 2.11 FMR1 gene and CGG triplet
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Table 2.4 Risk of transmission of a complete mutation by
a pre-mutated mother depending on the number of CGG
repeats - the transmitted chromosome is supposed to be
the mutated one (from Fu et al., 1991)

Size of the premutation Probability of transmission
(number of repeats) of a complete mutation
<60 <1 %

61-70 17 %

71-80 71 %

81-90 82 %

>91 99 %

and in patients, there is a variability within one individual, premutated or (mainly)
mutated, with many different values for the number of repeats in different cells,
indicating that this sequence is highly unstable during zygotic development. This
somatic instability probably occurs very early during development. Because it abol-
ishes FMR1 gene expression, it is the methylation that is responsible for the fragile X
phenotype. Therefore, there is no correlation between the severity of mental retar-
dation and the average size of the complete mutation at the level of the lymphocytes,
which can actually vary slightly during life. It has been suggested that the size of the
normal allele or of the premutated allele could have a role in intellectual functions,
and notably learning ability, but this has not been confirmed.

The very special genetics of fragile X syndrome has a precise molecular basis that
has begun to be well understood, even though some shadowy areas remain. The study
of microsatellite markers in the fragile X region allows the identification of normal
chromosomes carrying lengthened (CGG)n sequences which point to the existence
of a small number of ‘founder’ chromosomes that have given rise to the fragile X
chromosomes (Oudet et al., 1993).

The size of the CGG sequence is directly responsible for the status — normal, pre-
mutated or mutated (Fu et al., 1991). The study of many pedigrees has also shown
that it is the size of the premutation in the mother that determines the transfer of
the complete mutation to her children, which leads to the phenomenon of anticipa-
tion (found in all genetic diseases with dynamic mutations). Indeed, the longer the
premutation in the mother, the higher is the risk for her child carrying the complete
mutation. If the size is below 60 repeats, she has no risk of having an affected child,
but ifit is above 90 repeats, the risk of having an affected child is 1 if the chromosome
carrying the amplification is transmitted (Table 2.4).

The FMRI1 gene The FMRI1 gene is expressed at different levels in many tissues,
notably in the brain, testes and lymphocytes. It has been highly conserved through
evolution, and codes for a protein involved in messenger RNA export from the nucleus
to the cytoplasm (Eberhart eral., 1996). The fact that the FMR1 protein binds different
types of messenger RNA explains the pleiotropic effect of the fragile X mutation. The
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lack of gene expression due to methylation, associated with the lengthening of the
(CGG)nsequence, constitutes most of the cases found in patients affected with fragile
X syndrome, but a few cases of patients carrying point mutations leading to a loss of
function in the FMRI1 gene or a deletion of this gene have been described.

Molecular mechanisms leading to fragile X mutations There are two distinct
phenomena: the first one is an amplification, sometimes impressive, of the (CGG)n
sequence which is probably responsible for a local difficulty in DNA replication, lead-
ing to a delay in replication and a more or less clean break, visible using cytogenetics;
the second is a methylation of this region. The methylation might be a response to
the amplification of the Cytosine—~Guanine doublets present in each CGG triplet.

The molecular mechanism that could explain the (CGG)n sequence amplification
is replication slippage. It is a phenomenon that occurs during DNA replication,
essentially with di-nucleotide or tri-nucleotide repeated sequences, and that favours
the formation of secondary structures on the single-stranded DNA due to Cytosine—
Guanine pairing (Figure 2.12).

The size of the (CGG)n sequence and the existence or not of an interruption
of the repeated motif by an AGG triplet are determining factors in the formation
of those structures and the instability of the (CGG)n sequence (Hirst, Grawal and
Davies, 1994; Eichler et al., 1994). Some mutations in other genes (notably the genes
involved in mismatch repair) could also play a role in (CGG)n sequence instability.

The genetic diagnosis

Cytogenetic diagnosis  The diagnosis of fragile X syndrome depended for a long
time on the detection of the fragile site at Xq27.3 using cytogenetics, which is the
origin of the name of this disease (Figure 2.13). The karyotype must be done in special
lymphocyte culture conditions (media low in folic acid and with methotrexate). This
cytogenetic diagnosis is made difficult by the fact that the fragile site can only be seen
in 10 to 50 per cent of mitoses in affected boys and only 5 to 15 per cent of mitoses in
affected girls. Also, about 50 per cent of female carriers do not show the fragile site.
There is no correlation between the level of expression of the fragile site (that is to
say the percentage of mitoses where the extremity of the X chromosome is broken)
and the severity of the disease, in either boys or girls.

Molecular diagnosis Even though a few point mutations and deletions of the
FMRI1 gene have been described in the literature, most of the fragile X cases are due
to (CGG)n sequence amplification.

Molecular probes for the FMR1 gene give a very satisfactory system for genetic
diagnosis of the disease because they make it possible to distinguish all the possible
statuses (normal, premutated and mutated) in both sexes. The method relies on
the Southern technique and the use of two restriction enzymes, one of them being
sensitive to the methylation state of the gene and allowing the detection of the
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(a) If the hairpin forms on the newly-synthesized strand and if the S-phase of the next cell cycle starts
before any reparation is carried out, the elongated newly synthesized strand will be used as a template
to form a DNA duplex carrying the amplified sequence. In the case where there is reparation before the
S-phase starts, the original sequence will be restored.

(b) If the hairpin forms on the template strand and if the S-phase of the next cell cycle starts before any
reparation is carried out, the shortened newly synthesized strand will be used as a template to form a
DNA duplex carrying the shortened sequence. In the case where there is reparation before the S-phase
starts, the original sequence will not be restored and will stay contracted.

Figure 2.12 Replication slippage:this occurs when ‘hairpin’ secondary structures, stabilized by
hydrogen bonds, form during DNA synthesis between cytosine and guanine nucleotides of one
strand

methylation associated with the complete mutation (Figure 2.13). This method is
reliable and can give the result of the diagnosisin 8 to 15 days. Most of the laboratories
have also developed a method using PCR to measure precisely on an electrophoresis
gel the size of the small premutations, an important parameter for the prediction of
(CGG)n sequence stability (Figure 2.14) and for the determination of the carrier or
non-carrier status of the relatives of the patient. This method has the advantage of
being cheaper and faster than the Southern method and is also used to search for
the fragile X mutation in patients suffering from mental retardation. However, the
large number of CGG triplets makes amplification of the mutated alleles difficult.
The PCR is therefore a useful complementary tool but it cannot completely replace
the Southern technique, notably in girls in whom it is not possible to distinguish a
normal allele in the homozygous state from a normal allele associated with a mutated
allele that could not be amplified by PCR. The PCR makes it possible to recognize
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quickly all unaffected boys and 65 per cent of unaffected girls (the average rate of
heterozygosity for the (CGG)# sequence in the general population is 65 per cent).

Genetic counselling

In a certain number of families, the diagnosis of fragile X syndrome has already
been made using cytogenetics and molecular biology. Therefore, most of the time,
the purpose of the genetic counselling is to confirm the existence of a mutation in
a patient affected with mental retardation and related to the proband, or to search

2.4 Kb 2.8 Kb
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.|- T (CGG)n FMR1 T
Probe 1
EcoR1 Eag 1 L= EcoR1
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(a) Restriction profiles after double digest (enzymes Eco RI and Eag I) of the genomic DNA and hybridization
with a molecular probe recognizing the FMR1 gene. The Eag I enzyme is sensitive to methylation and
does not hydrolyse methylated DNA, notably the inactive X in females

- m.N. Normal male

- f.N. Normal female: the 5.2 kb fragment corresponds to the sequence on the methylated inactive X
chromosome

- m.PM. Premutated male with an amplification of about 400 bp = 130 CGG triplets

- f.PM Premutated female: the four restriction fragments observed correspond to the four possible types
of chromosome: normal active X (2.8 kb), normal inactive X (5.2 kb), premutated active X (3.2 kb) and
premutated inactive X (5.6 kb).

- m.M. Mutated male: male carrying a complete mutation. The methylation associated with the mutation
leads to the absence of restriction by the enzyme Eag I. The smear reflects the variability in the size
increase of the CGG sequence in the analysed cells (leucocytes for example)

- f.M. Mutated female: in addition to the complete mutation, two fragments of 2.8 and 5.2 kb corre-
sponding to the two possible statuses (active and inactive) of the normal chromosome X are visible.
Note that the complete mutation and the premutation are co-existing in 10 to 15 per cent of patients
Autoradiography of a Southern blot

The genomic DNA was digested with the enzymes Eco RI and Eag I, separated by gel electrophoresis,
transferred onto a nylon membrane and hybridized with the molecular probe pFxa 1NHE labelled with
digoxygenin.

M-DNA marker (lambda bacteriophage DNA hydrolysed by the enzyme HindIII: see Chapter I)

1: Female carrier for a premutation; 2: male carrying a complete mutation; 3 and 4: normal males; 5 and
6: normal females.

(b

=

Figure 2.13  Fragile X syndrome diagnosis using the Southern technique
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Figure 2.13 (Continued)

if a woman of childbearing age is a carrier. A second common case consists of
searching for the fragile X mutation in a child suffering from mental retardation or
behavioural problems. Finally, in a few cases, the fragile X mutation is searched for
because cytogenetics reveals a break on the long arm of the X chromosome when
performing a standard karyotype for a patient with mental retardation. Fragile X
syndrome has also been identified in a few families thanks to the existence of a girl
affected with a moderate mental retardation.

When the anomaly is already known in the family, a prenatal diagnosis can be
offered to female carriers, normally from the second month of pregnancy and using
a chorionic villus biopsy. A karyotype revealing the sex is performed, and the fragile X
mutation is searched for using the Southern technique and PCR. The same tests can
be performed using amniotic cell cultures from amniosynthesis. Pre-implantation
diagnosis is currently being developed.

2.3.2 Genetic diagnosis of haemophilia A and B
Epidemiologic and clinical aspects
Haemophilias are X-linked, recessive, hereditary bleeding disorders, and are caused

by a deficiency in clotting factor VIII (haemophilia A) or in clotting factor IX
(haemophilia B). Haemophilia A, that concerns one male birth out of 5000, is more
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The PCR products are labelled with fluorescent bases detectable by the light emitted when they are excited
by a laser beam on passing through the read window at the bottom of the gel in an automated sequencer.
The co-migration of a DNA standard allows the determination of the size of the PCR products, and therefore
the identification of the alleles. Top: normal male carrying an allele with 23 CGG repeats. Bottom: normal
female with two alleles carrying 20 and 37 CGG repeats.

Figure 2.14 PCR analysis of the (CGG)n sequence responsible for fragile X

frequent than haemophilia B (about one male birth out of 30 000). The clinical
severity depends on the importance of the deficiency, giving several forms: severe
haemophilia, with a residual level of activity for the factor VIII or IX less than or
equal to 1 per cent, moderate haemophilia, when the residual level is between 2
and 5 per cent and the minor forms with a residual level between 6 and 30 per
cent. Prevention and treatment of bleeding accidents can nowadays be kept more
or less under control, and life-threatening events are essentially linked with the
complications of the substitutive treatment by transfusion: virus contaminations,
inhibitory antibodies against one of the transfused factors that cancel the effect of
the treatment. Therefore, there are many families asking for genetic counselling and
a prenatal diagnosis can be requested.
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The main aim of the genetic diagnosis of haemophilias is to identify women who
are carriers of haemophilia, meaning the women are heterozygous, who are not
affected but are able to transmit the affected allele, and therefore the disease, to their
sons. In theory, when it is a sporadic haemophilia, a third of the cases are due to new
mutations (see Haldane’s rule, Chapter 7). In this case, the purpose of the genetic
study is to define with certainty the status of the women requesting, in order to
perform eventually an early prenatal diagnosis for the carriers.

Biochemical and genetic aspects

Clotting factors VIII and IX The gene coding for clotting factor VIII (F8) is
one of the ‘big’ genes, covering 186 kilobases of the long arm of the X chromosome
(position Xq28). It has 26 exons coding for a protein having 2351 amino acids. The
release of the signal peptide allows the secretion of a still inactive protein, made up
of three types of domains A,B and C, more or less repeated. In the bloodstream,
it forms a complex with the von Willebrand factor (FvW). Activation by thrombin
leads to the complex dissociating, and starts a cascade of protein cleavages, the
produced fragments associating through calcium ions to form the activated factor
VIIL

The gene for clotting factor IX (F9) is of medium size (33 kilobases), located at
position Xq27 and contains eight exons. The mRNA is translated into a pro-peptide
containing six different functional domains. The cleavage of the signal peptide, and
then of the following 18 amino acids, generates a mature protein of 415 amino acids.
Activation is the result of the excision of a central peptide, generating a light chain
and a heavy chain that stay linked through a disulphide bond. The activated factors
VIII and IX allow the activation of factor X and, therefore, have a central role in the
intrinsic coagulation pathway.

Molecular pathology of haemophilia A A recurrent mutational mechanism ac-
counts for about 45 per cent of the severe cases of haemophilia A. It is an inversion
of one segment of the X chromosome containing exons 1 to 22 of the F8 gene. This
inversion is the result of an intrachromosomal recombination between these two
homologous sequences, one located in intron 22 and the other one downstream of
the gene, towards the telomere of the long arm of chromosome X (Figure 2.15), and
seems to happen essentially during male meiosis. The existence, upstream of the
gene, of several copies homologous to the one in intron 22, is responsible for several
types of inversion. In all cases, the result is an interruption of the gene that cannot
be transcribed entirely. More recently, another recurrent inversion, much rarer, has
been characterized at the level of intron 1.

Many point mutations have been described, scattered all over the coding sequence.
They consist of ‘private’ mutations, meaning that they are different in each family
because there is no recurrent mutational mechanism. These mutations account for
about 50 per cent of the severe cases of haemophilia A and almost all of the moderate
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The existence of homologous sequences between intron 22 of the gene and a telomeric region (grey boxes)
favours a pathologic intrachromosomal pairing during meiosis. The recombination between intron 22 and
one of the telomeric sequences leads to the inversion of a part of the X chromosome, not detectable through
cytogenetics, which interrupts the F8 gene. This gene can be expressed as a truncated protein corresponding
to exons 1 to 22 (from Lakich et al., 1993)

Figure 2.15 Inversion mechanisms in the F8 gene

or minor cases. They can be no-sense mutations (stop codon) responsible for severe
forms, missense mutations with a variable severity, and mutations causing splicing
defects, also associated with severe, moderate or minor forms. Deletions/insertions
of a few base pairs can also cause haemophilias of variable severity depending on
whether or not they cause a frameshift.

The remaining 5 per cent of severe haemophilia cases are due to rearrangements,
most of the time large deletions covering different regions of the gene but whose
breakpoints are not determined in most cases. Other mutational mechanisms have
been exceptionally described, like duplications of certain exons, insertions of repeat
sequences or X-autosomal translocations. The phenotypic variability that can be
observed for a particular mutation can be explained by the influence of additional
mutations in the F8 gene or by the presence of other coagulation anomalies. The
appearance of inhibitors (antibodies against the transfused factor VIII) occurs most
of the time in severe forms, but is described in a few moderate forms associated with
no-sense mutations.

Molecular pathology of haemophilia B Most of the mutations (95 per cent)
are no-sense or missense point mutations, insertions/deletions of a few base pairs.
Several hundred different mutations are reported and are scattered all over the gene.
The remaining 5 per cent are due to larger deletions.
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Diagnosis of haemophilias

Biological diagnosis The biological diagnosis relies on the dosage of the clotting
activities of the two factors (FVIIIc or FIXc) in haemophiliacs. The combination with
an antigen dosage makes it possible to distinguish between haemophilia where the
deficient factor is absent in the bloodstream (levels of clotting factors and antigens
decreased) from haemophilia where the factor is present but not functional (the level
of clotting factor diminished but antigens normal or slightly diminished). The dosage
of the clotting factors in women for whom the carrier status is being determined is
not always informative: because of the lyonization process (random X chromosome
inactivation in women) and of the high variability of the normal values of the clotting
factors, a third of the carrier women have a normal haemostasis assessment.

The detection of haemophilia B carriers relies on the dosage of FIXc: a dosage
reading of FIXc < 0.6 several times in a female relative of a patient with haemophilia
B is sufficient to diagnose her as a carrier. Concerning the detection of haemophilia
A, the dosage of factor VIIIcis not sufficient because its level also depends on the FvW
(its transporter) level in the bloodstream, Therefore, it is necessary to measure the
FvW antigen and to calculate the fraction FVIIIc/FvWAg. These readings should not
be performed during pregnancy as the synthesis of these factors in the liver increases
at this time. A reading showing the fraction FVIIIc/FvWAg < 0.7 several times in a
female relative is sufficient to diagnose her as a carrier.

Molecular diagnosis In general, two types of approach allow the detection of
a mutated allele: a direct approach, based on the identification of the mutations
responsible for the disease, and an indirect approach relying on the linkage between
the disease locus and polymorphic markers located near or inside the gene. The
advantage of the direct analysis is considerable in haemophilia where the status of
the women has to be determined. The identification of a pathogenic mutation in
a haemophiliac makes it possible to offer a simple screening of all potential carrier
women in the family, even for those who are only distantly related. In contrast, the
indirect approach often requires a study of a large number of family members and
cannot give the status of the mother of a sporadic haemophiliac (the mothers of
affected individuals are not necessarily carriers because one case out of three can
result from a new mutation, see Chapter 7).

The direct approach for moderate haemophilia A relies on the search for point
mutations in all coding sequences of the gene. This work is time consuming because
of the size of the gene and the heterogeneity of the mutations, and can only be done
by a few laboratories. Therefore, an indirect approach is more often used (see below).

The direct approach is more often proposed in severe forms for the search of an
inversion. This is usually performed on the genomic DNA by Southern blot,which
can detect several inversion types (Figure 2.16). About 85 per cent of the inversions
are due to a recombination between a sequence in intron 22 of the F8 gene and an
extragenic homologous copy located distally (type 1 inversion), 12 per cent are due



112 2 THE DIAGNOSIS OF INHERITED DISEASES

Type 1 inversion Type 2 inversion
&qyo ..&Qo
N > >
O K & K &
§ & & &L
c® Q& IS &237 <
215 —> — —
20 ——>
Migration
17.5 —> — — direction
16 —— — — — E—
155 —> — —
14 — —
1 2 3 4 5
Migration
direction

i

The two most frequent types of inversion are represented in this figure and the corresponding photo.
Hybridization is realized with a probe (probe a) corresponding to the part of intron 22 of the gene F8 whose
sequence is also present outside the gene and is responsible for inversions (see Figure 2.15).

The 21.5 kb band corresponds to the intragenic copy (intron 22), the 16 kb band corresponds to the distal
extragenic copy and the 14kb one, to the proximal extragenic copy. The 20, 17.5 and 15.5 kb bands correspond
to copies rearranged by the inversion.

Figure 2.16 Southern blot to search for an inversion of the F8 gene

to a recombination with a proximal homologous copy (type 2 inversion) and the
remaining 3 per cent result from a recombination with an extra copy. More recently,
the setting up of a long fragment amplification technique (long PCR) facilitates the
search for inversion, but cannot determine the type of inversion involved.

The indirect approach relies on the study of the co-transmission of the pathogenic
mutation with DNA markers. Several types of markers are used.

e RFLPs (di-allelic, see Chapter 1), notably a Bcll site in intron 18, and an Xbal site
in intron 22. In the latter case, the presence of repeat sequences in intron 22 and
upstream of the gene (see previous paragraph) makes the interpretation of the
results more complicated.

e Microsatellites (see Chapter 1), notably at the level of introns 13 and 22, the most
used markers because they are multi-allelic (Figure 2.17).
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(a) According to the data given by the pedigree, 12 and II3 are carriers. The III3 female inherited from her
mother II3 the allele 24 that is linked with haemophilia in this family. Therefore she can be considered as
a carrier for haemophilia A, assuming there is no recombination (the risk of which is generally considered
to be negligible with an intragenic marker). It has to be noted that in the case represented here, a false
paternity can lead to a diagnostic error in III3.

This example represents a sporadic case of haemophilia. The female III3 does not have a common allele
with the haemophiliac III1 (exclusion diagnosis). However, it is not possible to conclude on the status
of II4 because she shares an allele with her haemophiliac nephew.
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Figure 2.17 Indirect diagnosis example using intragenic microsatellites analysis

When the intragenic markers do not give any information, it is possible to use
extragenic markers but it is indispensable to take into account the risk of having a
recombination between the marker and the F8gene that can cause an error in the
diagnosis. The development of genetic and physical genome maps during the last
10 years makes it possible to study several markers located on both side of the factor
VIII gene, in order to detect recombinations and to give a result with a satisfactory
security.

In the case of haemophilia B, it is simpler because the smaller size of the gene makes
the direct study more accessible as a routine technique, despite the large amount of
molecular heterogeneity. It consists of the use of ‘scanning’ techniques to test the
whole gene for the presence of mutations responsible for the disease in each family.
In the case of a negative result, large deletions can be searched for. Finally, several
intragenic markers allow realization of an indirect diagnosis, in the very few cases
where no mutations have been detected using the direct approach.

Genetic counselling

Its purpose is to answer the following two questions.

e Is a female relative a carrier of the anomaly?

e In the case of a severe haemophilia, can she be offered a prenatal diagnosis?
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Molecular genetics makes it possible to answer both questions in a large number
of cases. Prenatal diagnosis always starts with the determination of the sex of the
fetus using the karyotype because, except in a few cases (see paragraph ‘special cases’
below), only boys are affected.

The mutation present in the family is identified This is the case in almost all
haemophilia B cases and 45 per cent of severe haemophilia A cases due to inversion.
It is therefore very simple to search for the mutation in the potential female carriers
in the family, and determine their status without any ambiguity. An early prenatal
diagnosis using DNA from trophoblast cells after 12 weeks of amenorrhea is offered to
the female carriers. This approach can be particularly useful to solve certain difficult
cases (sporadic cases, deceased haemophiliac).

The causal mutation cannot be identified The test using DNA markers is the
only one possible; consequently, each case is special. The determination of female
carrier status depends on their relationship with the haemophiliac and on the infor-
mativity of the markers.

The situation is particularly complicated when it concerns sporadic haemophilia.
A woman carrying alleles other than the alleles found in the related haemophiliac for
intragenic markers could be reassured (‘exclusion’ diagnosis, Figure 2.17). In contrast,
if she carries alleles in common with the related haemophiliac, no conclusion can
be made because it is not possible to know when the mutation appeared in the
family — the mutation could indeed have been silently transmitted by female carriers
during several generations. In this case, a direct analysis through the search for
point mutations in the gene coding for factor VIII is highly recommended, but it
is important to keep in mind that such an approach can take longer because it is
generally part of a clinical research study.

For a prenatal diagnosis using the indirect approach to be offered to a woman
shown to be a carrier (according to her family history, haemostasis tests or a molecular
study), she must be heterozygous for at least one of the markers.

Molecular study cannot give an answer  In this case, the risk of a woman being a
carrier should be precisely calculated, taking into account her position in the pedigree,
the result of her haemostasis tests and whether or not she previously has had healthy
sons (theory of conditional probability).

Ultimately, when the prenatal diagnosis cannot be performed using molecular
genetics, it can be done by measuring the level of clotting factors in blood from
the umbilical cord, after a sonogram has been performed to determine the sex. The
collection and the dosage are delicate. The contamination of the cord blood with
maternal blood or by amniotic fluid can be at the origin of errors in the diagnosis
and requires checking the purity of the fetal collection.
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Special cases Girls can exceptionally be affected with haemophilia. The causes
are:

e skewed inactivation of the X chromosome carrying the normal allele (the expressed
gene is the one carrying the mutation);

e Turner syndrome 45, X;
e translocation between an X-chromosome and an autosome;

e X chromosome isodisomy (nondisjunction of the X chromosome during the sec-
ond maternal meiotic division, responsible for the presence of two identical X
chromosomes in the zygote).

Thereisalso a particular from of von Willebrand disease, leading to a binding anomaly
between factor VIII and the von Willebrand factor, which simulates a haemophilia
clinical picture. The transmission is autosomal recessive and affects girls as well as
boys.

Conclusion

Haemophilia A and B are two relatively frequent X linked hereditary diseases, that
can still justify, mainly for the severe forms, the request for a prenatal diagnosis.
Female carriers are still very difficult to diagnose. Knowing the molecular defects at
the origin of the disease should make this less difficult and allow the determination
of the carrier status of these women to offer an early prenatal diagnosis. As for all
genetic diseases, the direct study of the causative mutation in each family should
be preferred when possible. In contrast, the indirect approach through the study of
marker segregation makes it possible to solve most of the cases, but the study of
sporadic haemophilia A can sometimes still remain difficult.

2.3.3 Molecular diagnosis of Duchenne and Becker muscular dystrophies
Mode of transmission and clinical feature

Duchenne and Becker muscular dystrophies are inherited as X-linked recessive traits.
As for haemophilia, only men are affected and women are carriers of the dis-
ease, showing signs only exceptionally. However, there are women really affected
by Duchenne muscular dystrophy due to homozygosity or hemizygosity,
Duchenne muscular dystrophy is the most severe of the myopathies. The preva-
lence at birth is about 1 out of 3 500 male newborns. The disease was identified by
Dr Guillaume Duchenne in 1860. The first clinical signs of the disease are subtle and
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can often stay undetected for several years. A small delay in learning to walk and
frequent falls can sometimes be noticed. The clinical picture is more precise around
3 to 4 years old: the child can have difficulty climbing the stairs, or getting up from
a prone position. The way of walking is duck-like. Running is almost impossible
and falls are frequent. When fallen, the child can only get up by climbing along his
legs (Gower sign). At this stage, the clinical examination shows a hypertrophia of
the calves in 80 per cent of the cases. The level of creatine kinases (CK, a muscle
enzyme) in the serum is very high. The evolution of the disease is then unavoidable
and corresponds to a muscular atrophy affecting every muscle progressively. Walking
becomes harder and harder and at the age of 10, it is only possible using orthotic
devices. At about 12 years old the child cannot walk anymore. When the muscles
of the spine and of the upper limbs are affected it leads to spinal deformation and
thorax deformation causing respiratory insufficiency. In parallel, retraction of the
muscles and tendons of the lower limbs occurs with flexion of the hips and knees,
and equinism of the feet. At about 15-16 years old, the patient becomes completely
dependant. Very often a myocardiopathy occurs. Death happens between 16 and
25 years old with several clinical pictures: respiratory failure, cardiac failure or para-
lyticileus. Even if the effect on muscles is the best known among the defects, a third of
those affected also suffer from a cognitive deficiency (average IQ of 80). The mental
retardation is not progressive and is not correlated to the muscular defect. It leads to
a decrease of the verbal intellectual capabilities, reading defects and problems with
other memory functions.

Becker muscular dystrophy was identified in 1955. It consists of a muscular dys-
trophy evolving the same way as the Duchenne muscular dystrophy, but much more
slowly. The first clinical signs appear between 5 and 25 years old. There is also pseudo
hypertrophy of the calf muscles, but the muscle weakness is less severe in general.
The life expectancy of the patient is longer, but after 40, the heart should be tested
regularly. This myopathy is rarer, with an estimated prevalence at birth of 1 out of
18 500 male newborns.

It must be noted that two thirds of female carriers for muscular dystrophy have an
elevated level of CK, and 17 per cent present muscular signs, even though they
are normally considered as being not affected. Several studies also showed that
40 per cent of female carriers over 16 have myocardial defects such as hypertro-
phy (30 per cent) or dilatation (10 per cent). These observations justify a systematic
cardiac examination but it is still carried out too rarely.

Electromyogram and muscle biopsy

In the Duchenne disease, the electromyogram reveals a pattern consistent with my-
opathy: no muscular activity at rest, shortening of the duration of the motor unit
potentials and polyphasic potentials. There is also a contrast between the weakness
of the voluntary movements and the richness of the collected traces.
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This test — always pathological in affected individuals — also shows anomalies in
some female carriers. The muscle biopsy is also a usual element for the diagnosis.
It shows a defect in the diameter of the fibres (10 to 200 um instead of 50 pm)
and an anarchic distribution of atrophied fibres. There are also hypertrophied fibres.
The connective tissue is increased and the endomysial fibrosis is intense. Within the
muscular fibre, some nuclei appear to be hyperchromic with an increase in their
size and number. They lose their peripheral position to migrate to the centre of the
fibres. There is fibrillar degeneration with necrosis, phagocytosis and regeneration,
together leading to a cellular impoverishment that can be extreme. All of these
alterations appear progressively, giving an aspect that evolves with the disease stage.
Finally, different levels of histological defect can be observed in the muscles of some
female carriers, although there is no general pattern for this occurrence.

The gene and function of dystrophin

The Duchenne and Becker muscular dystrophies are ‘allelic diseases’ because they
are associated with defects in the same gene: the dystrophin gene, located on the
short arm of chromosome X (Xp21). It is the largest gene found so far in humans
with a size of 2.4 Mb. It contains 79 exons and encodes a major transcript of 14 kb.
The main product of the gene, dystrophin, has a molecular weight of 427 kDa. Dys-
trophin is a sarcoplasmic protein localized just under the sarcolemma (Figure 2.18).
Dystrophin has the property of self-association like proteins from the actinin and
spectrin families. Dystrophin molecules associate to form variable size filaments on
which individual molecules can slide. The dystrophins could be the principal ele-
ments of an elastic net, or a kind of web inside the muscle cell. They could slide
against each other allowing the deformation of the entire net during contraction and
relaxation. The dystrophin interacts with two types of protein (Figure 2.18): first,
with proteins of the sarcoplasma (actin, dystrobrevines, syntrophines) and second,
with a complex of glycoproteins that are part of the membrane. These proteins as-
sociated with the dystrophin (dystrophin associated glycoproteins or DAG) permit
its attachment to the sarcolemma. The DAG themselves interact with the laminin,
a component of the extracellular matrix. Finally, the dystrophin gene has several
promoters with different tissue specificities (lymphoblast, brain, cerebellum, retina,
kidney, peripheral nervous system) that give rise to transcripts and proteins with
different sizes and functions, still poorly characterized.

Molecular defect of the gene and molecular analysis methods
Deletions  Systematic analysis of the DNA from individuals affected with

Duchenne or Becker muscular dystrophy showed that partial deletions are the major
cause for the gene dysfunction. The frequency of the observed deletions increased
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Figure 2.18 Model of interaction of dystrophin with cytoplasmic and sarcolemma proteins

during the process of cloning the gene (partial genomic probes, then total cDNA
and entire gene cloning). The size of the deletions is very variable — it goes from 0.5
kb to 2000 kb, with rare deletions of the entire gene or even of the genes next to it.
Studies undertaken by several groups showed that the deletions affect mostly two
regions of the gene, called deletion hot spots. These two regions of predilection are
located in the 3’ median region and in the 5 region of the gene. The first hot spot
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A Southern blot with HindIII fragments of genomic DNA was hybridized with the 9.7 probe that recognizes
nine fragments of well-defined size corresponding to exons 9 to 11 of the dystrophin gene. A fetus, five cases
and one control (FNC: female non-carrier) have been studied.

The comparison of the control’s profile with those of the cases reveals the absence of bands corresponding
to the presence of a deletion in DMD655 and DMD683. For DMD655, the only band left (3.2 kb) is specific to
exon 1. This patient presents a deletion covering the exons 2 to 11. For individual DMD683, two bands are
missing corresponding to a deletion of the exons 8 to 11.

Figure 2.19 Examples of deletions in the dystrophin gene as shown by Southern blot

concerns exons 43 to 52 with a frequent break point in intron 44. The frequency of
the breakpoints in this intron is not perfectly understood yet. The large size of the
intron (160 to 180 kb) is not sufficient reason to explain such a proportion (30 to
40 per cent depending on the authors). The search for repeat sequences has also not
shown evidence that the effect is due to a high unequal recombination probability
(Blonden et al., 1991). The second deletion hot spot is in the 5 region of the gene
with breakpoints in intron 7 in 10 to 15 per cent of cases depending on the authors.
The size of this intron is estimated to be 110 kb. Overall, the deletions detected in this
region cover a domain larger than with the first region. Finally, it should be noted
that deletions after the exon 60 are very rare.

The search for deletions requires use of the Southern method (Figure 2.19) and
‘multiplex’ PCR (Figure 2.20) techniques. In the latter case, several regions of the
gene are amplified and examined simultaneously. The probes for the amplification
products obtained within a single reaction are chosen to have different sizes to make
it simple to distinguish them. In this way, 44 exons can be tested quickly using only
four multiplex amplification reactions.
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In this analysis, a set of 18 primers allows the simultaneous amplification of nine exons. The exon number
and the size of the amplified product are indicated for each band on the right of the figure. The gel analysis
reveals the presence of nine bands in the control (FNC: female non-carrier) and gives a quality control for
the multiplex PCR due to the absence of any unspecific amplification in the ‘blank’ (tube without DNA). The
analysis of each lane for each studied patient reveals the absence of a variable number of bands corresponding
to different deletions. In fact, patient DMD933 is a carrier for a deletion covering exon 51, patient DMD571
is a carrier for a deletion that affects at least exons 12 to 17 but that does not expand upstream of exon 5
(presence of exon 4) or downstream of the exon 18 (exon 19 present), etc..

Figure 2.20 Examples of deletions in the dystrophin gene as shown by multiplex PCR techniques

Duplications Some partial duplications have also been identified. The localiza-
tion of these duplications is widely spread and variable. Less than a third of the
duplications are found in the deletion hot spots, and there does not seem to be any
duplication hot spot, even though they seem to be more concentrated in the 5’ region
of the gene (exons 5-7). The duplication frequency is estimated at 6 to 7 per cent
depending on the laboratory. This number is probably underestimated because they
are difficult to identify. Indeed, the Southern and multiplex PCR methods used for
the identification and analysis of deletions (see Figures 2.19 and 2.20) are useless to
detect duplications because the hybridized or amplified sequences are present and
because the functional alteration of the gene comes from the duplication of one of
them, requiring the use of quantitative methods (Southern or real-time PCR, see
Chapter 1). In some cases, the duplication can be observed thanks to the presence of
an abnormal restriction fragment by the Southern method or pulsed field gel elec-
trophoresis. Several mechanisms, such as unequal crossing over (sister chromatid
exchange), intra-chromatid exchange, replication slippage (see fragile X syndrome
in this chapter) can explain the appearance of a duplication.

Point mutations About a third of the mutations responsible for the Duchenne
and Becker muscular dystrophies are associated with point mutations or with very
small alterations of the dystrophin gene, that cannot be detected by the Southern
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technique or by PCR. The international database (http://www.dmd.nl) has at the mo-
ment information on 1588 unique point-mutations. These mutations are essentially
no-sense mutations, rarely recurrent and spread all over the gene, without any muta-
tion hot spot. However, because almost all these mutations lead to truncated proteins,
they can be search for using a test specially adapted to this mutational context: the
protein truncation test ( PTT, see Chapter 1). By combining an RT-PCR and an
in vitro transcription translation system, it is possible to visualize the abnormal pro-
tein product. Several protocols and several pairs of primers have been reported. In
general, 10 reactions are necessary to test the conformity of the complete coding
sequence of the gene.

A special context concerning mental deficiency found in one third of patients
suffering from muscular dystrophy should be mentioned. Four transcripts of the
dystrophin in the brain are known: two full-size isoforms and two isoforms that are
shorter distally Dp140 (promoter in intron 433) and Dp71 (exon 63-79). There is
a preferential link between cognitive defects and mutations in the dystrophin gene.
It consists of distal mutations (starting from exon 40), with more severe effects
associated with mutations located between the exons 55 and 72.

Genotype/phenotype correlations and physiopathology

Genotype/phenotype correlations have been studied since the first deletions were
identified. At that time, however, the phenotype severity was not explained by the
localization or the size of the deletion. As soon as anti-dystrophin antibodies were
available, immunohistological studies revealed different results between patients af-
fected with the Duchenne type muscular dystrophy, and patients affected with the
Becker type: for the patients affected with the Duchenne type, almost no labelling
could be seen while for the Becker’s patients, there was a signal but very weak.
The same applied for the Western blot analysis: the protein was totally absent for the
Duchenne’s patients and a smaller immuno-reactive product was observed in the
Becker’s patients. In 1988, Monaco et al. proposed a molecular mechanism to ex-
plain this difference. An intragenic deletion can have two consequences: it can create
a frameshift leading to a wrong transcript that cannot give a protein product, or the
deletion can have no effect on the reading frame and therefore induces the synthesis
of a smaller protein. Later, the precise borders of the exon/intron boundaries in the
dystrophin gene confirmed the ‘reading frame’ theory and its different effects on the
severity and the evolution of the Duchenne and Becker types (Roberts et al., 1993).
The identification of the point mutations also gave results in accordance with this
theory. Indeed, in 98 per cent of the Duchenne’s patients, the mutation creates an
early stop codon, while splicing mutations are more frequent in the Becker’s patients.
However, in about 8 per cent of the cases, there is a discrepancy between the reading
frame and the disease severity, with some Becker’s patients suffering from a severe
form and some Duchenne’s patients not showing any frameshift. The most typical
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exception is a deletion that covers exons 3 to 7 and creates a frameshift leading to a
Duchenne or to a Becker type muscular dystrophy. Many antibodies directed against
different epitopes of the dystrophin are available now. These antibodies are routinely
used for the diagnosis of the Duchenne and Becker forms. They can also be used in
some circumstances to perform a prenatal diagnosis on a fetal muscle biopsy.

General instability of the dystrophin gene and intragenic recombinations

From the first stages of the cloning of the dystrophin gene, a relatively high recom-
bination level was observed, suggesting that the gene could be quite large. However,
even before its size was known, there was a discrepancy between the genetic size (ex-
pressed in terms of the recombination frequency) and the physical size of the cloned
region. For a distance of about 2.4 Mb, the theoretical risk of recombination should
be close to 2.5 per cent. In fact, a much higher recombination rate was reported by
different groups, and is between 7 and 10 per cent for the entire gene. A detailed study
of the gene shows that the recombination rate is not homogenous over the entire
gene. Therefore, in the same way that there are two deletion hot spots, there are two
recombination hot spots, the two being more or less identical. The first region is at the
5’ end of the gene, between introns 1 and 8, and the second one is centred on introns
44 and 45. In these regions, the recombination rates are 7 and 5 per cent respectively.
Finally, some true double recombinants have been identified without any ambiguity
making these types of event not just a hypothetical possibility for the dystrophin
gene, and making family analysis using polymorphic markers more difficult.

Mosaicism

Duchenne muscular dystrophy is a lethal genetic disease with a high frequency.
The geneticist Haldane showed in the 1930s that a third of patients affected with
an X-linked disease were carriers of a de novo mutation (see Chapter 7). The high
frequency of the Duchenne and Becker muscular dystrophies means that a high
spontaneous mutation rate affects the dystrophin gene, which is linked with the two
recombination/deletion hot spots identified and the fact that most of the mutations
are precisely deletions or duplications. This phenomenon is confirmed by the obser-
vation of families in which the patients suffering from dystrophy carry an identical
family mutation except for one of them who has a different mutation, which is a
new mutation. In addition, abnormal recurrence of the disease has been identified,
and this event could be explained by a phenomenon of germ cells mosaicism of
a paternal or maternal origin. This phenomenon makes the evaluation of the sta-
tus of at risk women more complicated in some circumstances, such as when the
family mutation is unknown and the diagnosis has to be made by indirect family
analysis.
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Strategies for biological diagnosis (limits and reliability, efficiency)

Study of dystrophin and of its gene had three main purposes: a precise proband
diagnosis, the evaluation of the status of at risk women and prenatal diagnosis.

Proband diagnosis The study of dystrophin and the study of its gene will be seen
in two situations, often not independent of each other: to confirm the Duchenne—
Becker clinical diagnosis at the molecular level, and to identify precisely the molecular
defect in the context of a family study, notably to prepare for a prenatal diagnosis.

Protein analysis. Dystrophin analysis of a muscular biopsy is of major importance
to distinguish a dystrophinopathy from an autosomal recessive form of dystrophy and
therefore orientate the molecular study. Initially limited to the analysis of dystrophin
using two specific antibodies, the analyses are now performed with eight antibodies
allowing the study of six proteins: dystrophin, sarcoglycans («, {3, v, ) and calpain.
There is a multiplex system of Western blotting that allows the simultaneous study
of the six proteins. This fast method also allows the detection of size differences, even
if minimal, like the deletion of just exon 48. This technique is expensive, delicate to
perform and requires a high level of expertise. Also, the results can be hard to interpret
due to a large variation in the quantities of sarcoglycans found in the Duchenne’s
patients (from zero to an almost normal quantity) or in the quantity of dystrophin
in the patients suffering from ‘adhalinopathy’ (DAG2 or &x—sarcoglycan alteration,
see Figure 2.18) and not from a Becker dystrophy.

Search for deletion and duplication of the gene. The study will be performed most
of the time using lymphocyte genomic DNA extracted from a blood sample. The
strategy used consists of searching first for a deletion in one of the mutation hot spots
using gene amplification. Once the region of the deletion has been identified, its exact
size (in terms of the exact number of exons deleted) will be determined either by
amplification of the flanking exons or by the Southern technique. Next, several blots
will be obtained and they will be hybridized successively with different cDNA clones
in order to explore the entire coding sequence. Even if it is more time consuming, this
method can detect, in some cases, a restriction fragment with an abnormal size, which
can be used to perform a direct diagnosis in a female relative at risk. If no deletion
has been identified, a duplication will be searched for by a careful examination of
the Southern blots. Then, the gene dosage assessment will be performed using the
same technique associated with a quantification using the PhosphorImager, or using
real-time PCR (see Chapter 1). In some cases, a pulse field gel electrophoresis (see
Chapter 1) might be required, or even FISH or a molecular combing.

Search for point mutations. The search for a point mutation is time consuming,
difficult and expensive, and therefore it should only be performed secondarily. Even
if many fast screening techniques have been described, the best method is the PTT
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due to the length of the gene and the frequency of truncating mutations (no-sense or
stop). Finally, whatever the mutation, it is important that all the individuals suffering
from muscular dystrophy in a family are studied to make sure that they all carry the
same mutation. Indeed, families where some of the individuals carried different
mutations (meaning the family mutation or a new mutation) have been reported.
Considering that this type of event could affect 3 per cent of the familial forms, it
is important to rule out this possibility before starting a family study or a prenatal
diagnosis.

Family studies The purpose of a family study is to determine the carrier status of
females who are at risk. The strategy used will vary and depends on the accessibility
of the proband and on the identification of the familial molecular defect. Usually, the
family mutation will be searched for directly or, if it is unknown, an indirect family
study will be performed using intragenic molecular markers (see Chapter 1).

Direct evaluation of the status of at-risk females. When the family mutation is
known (deletion, duplication, point mutation identified in the proband or an oblig-
atory female carrier) it will be directly searched for. The technique used will depend
directly on the type of family mutation. The particular case of deletions removing a
region containing one (or several) polymorphic marker(s) should be mentioned. In
this case, it will be possible to observe a loss of heterozygosity in the carriers. In the
same way, the presence of junction fragments will also be valuable in determining
the status of at-risk females. Whatever the context of the diagnosis, it is important
to use two different techniques performed in parallel and whose results should be
identical. The purpose of this imperative is to compensate for the limitations of the
methods used (with the Southern technique it is difficult to perform a gene dosage
assessment, and with amplification it could be that null alleles exist or there is a de-
fect in DNA repair or DNA replication after slipped-strand mispairing). Very often, a
family study limited to the informative polymorphic markers flanking the mutation
will be performed in parallel to the mutation search.

Indirect evaluation of the status of at-risk females. The dystrophin gene contains
many polymorphic markers: RFLP, microsatellites and SNP. When it has not been
possible to identify the family mutation, the status of the at-risk females will be
evaluated through an indirect family study using markers. The main procedures of the
strategies used are represented in Figure 2.21. The family study is especially difficult
when it concerns the dystrophin gene because it is very unstable, and therefore hosts
intragenic recombination events that will have to be taken into account.

In the experience of the authors, a recombination is found in 35 per cent of tested
families and it is quite frequent to observe two different events in the same family.
Therefore, informative markers spread all over the gene and in flanking regions, distal
and proximal, will have to be identified for each family, and even for each branch of a
multiplex family. Finally, every analysis will have to be completed by a risk evaluation



2.3 EXAMPLE DIAGNOSES FOR X-LINKED DISEASES 125

No accessible proband for the molecular study
Possibility to study a healthy male relative?

T

Yes No

Possibility to study the at-risk woman’s father?

Yes No Yes No

A

Search for informative markers in the mother of the at-risk woman

Establishment of phase Deduction of the 1. If several
phase of the normal sisters:
chromosome and of phase of
the chromosome carrying the father
the mutation 2. No

Carrier status individual
other than
the woman
at risk —

Special case: markers not informative in the at-risk woman or

phase impossible to determine — status stay unknown. impossible to

determine the
phase

Figure 2.21 Different strategies for family studies in the absence of an accessible proband to
perform a molecular study

for any studied woman. Different probabilities should be combined to integrate the
a priori risk (according to the pedigree), the level of CK in the plasma, and the error
risk in the molecular analysis. In this latter case, it will be the error risk due to a
double recombination event that would not have been identified with the studied
markers (most common case), or to an intragenic recombination (in case of a lack
of information in the region of the gene).

Prenatal diagnosis

Molecular analysis. Prenatal diagnosis is usually performed using chorionic villus
sampling performed at 10-13 weeks of amenorrhea, or using amniotic cells from
amniotic fluid sampled either at 16 weeks of amenorrhea or after. The strategy used
for the prenatal diagnosis will vary and, as for a family study; it will take into account
the existence or not of the family mutation identification and therefore a direct
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Figure 2.22  Strategy for prenatal diagnosis

or indirect analysis. The different steps are summarized in Figure 2.22. As for the
evaluation of the carrier status of at-risk women, the analysis will be completed by a
risk evaluation.

Dystrophin in utero biopsy analysis. It has been possible to perform the dystrophin
analysis using an in utero biopsy since 1993. This type of analysis is only suggested in
special circumstances: deceased proband for whom no study has been made, fetus
who has inherited his grand-mother’s X-chromosome or an intragenic recombina-
tion visualized on the fetus haplotype, in a context where the family mutation has
not been identified. In all of these circumstances, the mother’s status is unknown,
her total CK level is normal and the fetal risk is between 5 and 10 per cent. The
biopsy is performed at about 32 weeks, a date where the biopsy is accessible and the
fetus is viable. The biopsy is performed by trained obstetricians. Two samples are
taken under sonogram and are analysed by Western blot (with two antibodies) and
by immunofluorescence on tissue section. This test makes it possible to confirm or to
formally exclude a diagnosis of Duchenne muscular dystrophy. It is only performed
as an exception and raises a more general problem (obstetrical and ethical) of a very
late pregnancy interruption if the answer turns out to be positive.
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To conclude, even though 14 years have passed since the dystrophin gene was
cloned, further studies are necessary to understand, at the molecular level, the
mechanisms that make the gene so unstable and, at the protein level, the pre-
cise functions of dystrophin and of its different isoforms. In terms of diagnosis,
the cloning of the gene and the identification of deletions and duplications makes
the diagnosis much easier, both for the prenatal diagnosis and for the evaluation
of the status of at-risk females. However, there are still cases for which the di-
agnosis is very difficult: death of the proband before any molecular study was
performed, lack of family information making the detection of new mutations
impossible, or sibships too small to do a family study. Even if these situations
are less and less frequent, they are difficult to handle by the doctors and the bi-
ologists who are powerless and have to face ethical problems when asked for a
prenatal diagnosis. These are cases where the only possibility is to offer a diag-
nosis of the sex of the fetus, with either a therapeutic abortion and a study of
the dystrophin from the aborted fetus, or a study directly on fetal tissue at the
end of the pregnancy, followed sometimes by a very late abortion. More efficient
and cheaper molecular techniques are expected in order to solve these difficult
situations.

2.4 Neurodegenerative diseases
2.4.1 Introduction

The neurodegenerative diseases constitute an important chapter in neurology. The
most common are: Alzheimer’s disease, Parkinson’s disease and Charcot’s disease
(amyotrophic lateral sclerosis). These pathologies represent a public-health problem
that gets worse with an aging population. Indeed, most of the time these diseases
start in adulthood. At the pathophysiological level, a neuronal effect in a few neurons
is observed which can expand during the evolution of the disease to many territories
of the central nervous system (CNS).

Since case/control and twin studies have been performed, a genetic component
has been suspected of playing a role in the determination of these diseases. However,
it has not been possible to identify a simple transmission model (Mendelian inher-
itance, meaning monofactorial). Therefore, these diseases are called multifactorial
diseases. Because it is very difficult to identify the genes responsible when the inher-
itance model is complex, many research teams have chosen to study the inherited
neurodegenerative diseases for which a Mendelian transmission can be determined,
allowing a strategy called ‘positional cloning’ This is the case for Huntington’s dis-
ease and other Mendelian neurodegenerative disorders like the autosomal dominant
cerebellar ataxias (ADCA). This research has been very fruitful because on the one
hand they have allowed the identification of a new type of mutation, and on the
other hand they showed the link between the pathologic process and the presence of
intranuclear inclusions, in particular degenerating neurons.
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2.4.2 Polyglutamine neurodegenerative disorders
Dynamic mutations

During the last 15 years, a new class of mutations has been involved in diseases
affecting the nervous system. These mutations are the result of DNA instability and,
therefore, they are called dynamic mutations. They consist of trinucleotide repeats
with a size of array normally stable from generation to generation, but not transmitted
following the classical rules of genetics in patients. The number of repeats can vary
from a few to several hundreds.

Two classes of dynamic mutations have been identified: thelong expansionsin non-
coding regions (see Section 2.3, fragile X), associated with CGG, CTG or GAA trinu-
cleotides, and the medium sized expansions in coding regions (exons) concerning the
CAG, or GCG trinucleotides (Table 2.5). This section concerns the latter class. The

Table 2.5 Diseases associated with trinucleotide expansion in coding regions

Genes - IT15: important transcript 15; HD: Huntington’s disease gene; PAPBD2: poly(A)
binding protein 2; AR: Androgens’ receptor; PPP2R2B: protein phosphatase PP2A regulatory
subunit B, brain specific; TBP: TATA-binding protein

Transmission modes - XR: X-linked recessive; AD: autosomal dominant; AR: autosomal recessive

Disease Gene Heredity Triplet Site

Kennedy’s syndrome AR XR CAG 5" coding
(BSMA)

Spinocerebellar ataxia 1 SCAl AD CAG 5’ coding
(SCA1)

Spinocerebellar ataxia 2 SCA2 AD CAG 5’ coding
(SCA2)

SCA3/MJD MJD1 AD CAG 3’ coding
(Machado—Joseph
disease)

Spinocerebellar ataxia 6 CACNL1A4 AD CAG 3’ coding
(SCA6)

Spinocerebellar ataxia 7 SCA7 AD CAG 5 coding
(SCA7)

Huntington’s disease IT15 (HD) AD CAG 5’ coding
(HD)

Dentatorubro- B37 AD CAG Central
pallidoluysian (DRPLA)
atrophy (DRPLA)

Oculopharyngeal PABP2 AD GCG 5" coding
muscular
dystrophy (OPMD)

Ataxia associated TBP AD CAG Coding

with dementia
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Figure 2.23  Glutamine repeats

CAG or GCG trinucleotide repeat expansions, found in coding sequences, contain
less than 300 repeats that are translated as glutamine or alanine homopolymers in
the corresponding gene product (Figure 2.23).

The example of Huntington’s disease

Clinical picture Huntington’s disease (HD) is the perfect example of an autoso-
mal dominant neurodegenerative disorder. Its frequency is relatively high in Western
Europe—5/10000. It is characterized by the presence of involuntary movements asso-
ciated with cognitive and psychiatric problems. The disease generally develops when
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people are between 40 and 50 years old, more rarely in childhood or at a later age
up to their 80s. The early symptoms are often anomalies of the ocular saccades —
sharp, uncontrollable movements of the face and limbs — that turn into chorea
(where the common name Huntington’s chorea comes from). In 50 per cent of cases,
psychiatric symptoms appear before the chorea. The juvenile form is characterized
by rigidity in the first instance, discrete choreic movements and a fast progression
of the disease leading to death in 8 to 10 years. The neuronal loss affects mostly
the striato-efferent GABAergic neurons. The loss is more important in the caudate
nucleus than in the putamen. Later, the cortex, the hypothalamus and the cere-
bellum are also affected, leading to a reduction of up to 20 per cent of the brain
volume.

IT15 gene and responsible mutations The gene responsible had been localized
by linkage analysis on the short arm of the chromosome 4. After 10 years of ge-
netic and physical mapping, the candidate region had been reduced to 2 megabases,
entirely covered by yeast artificial chromosomes (YACs) and overlapping cosmids.
A classic technique of positional cloning then allowed the identification of a 210 kb
gene, important transcript 15 (IT15). The gene responsible for Huntington’s disease
contains 67 exons and seems to have a ubiquitous expression.

The most important discovery was the observation of a CAG trinucleotide expan-
sion unstable in the first exon of the gene in patients affected with HD. On normal
alleles, the size of the repeat varies from six to 35 CAG while pathologic chromo-
somes have between 36 and 180 CAG. The normal and the pathologic alleles are both
transcribed and translated.

In the case of HD, the threshold is difficult to determine. Indeed, three groups
of alleles should be considered depending on the number of repeats. The normal
alleles present six to 35 repeats. The alleles with 41 to 180 CAG are always associated
with the Huntington’s disease. The intermediate alleles with 36 to 41 CAG are most
of the time associated with the HD phenotype, but are also found in asymptomatic
individuals at an advanced age. For this reason, these alleles are said to belong to the
zone of reduced penetrance.

Genotypic diagnosis  This is based on the specific PCR amplification of the IT15
gene fragment containing the CAG expansion. Often, it is possible to distinguish
pathologic alleles from normal alleles on an agarose gel by comparing the elec-
trophoretic profile of healthy control individuals and affected individuals. The am-
plification products (amplicons) are then submitted to electrophoresis on a high-
resolution polyacrylamide gel that can separate fragments with only a two base pairs
difference. The co-migration of a size marker with the amplicons from the tested
patients gives the number of CAG repeats for each of the two copies of the IT15
gene. The results are similar to those shown for fragile X (Figure 2.14). For the
patients, two fragments (two alleles) are visible with a large size fragment corre-
sponding to the pathologic allele. In healthy control individuals, the number of CAG
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repeats is often different for each allele of the IT15 gene but is always less than 35
repeats.

Negative correlation between the number of CAG repeats and the age of onset

In each disorder caused by a CAG trinucleotide expansion, a negative correlation
between the age of onset and the number of CAG/glutamine repeats on the mutated
allele has been observed. However, the large variation between the observed ages
of onset for a given number of repeats makes this correlation impossible to use to
predict the age of onset, especially in a presymptomatic diagnosis. For example, for a
given number of triplets, the age at which patients develop the first signs of the disease
can vary by as much as 40 years. Indeed, the number of repeats only accounts for 50
to 75 per cent of the variability of the age of onset, suggesting that other factors —
genetic or environmental — are also involved.

The dynamics of unstable mutations

For a long time, clinicians have noticed in certain neurologic disorders (like HD),
a phenomenon called anticipation: The age of onset decreases over successive
generations and, often, some juvenile forms (before 20 years) will appear with pa-
ternal transmissions. The properties of the unstable mutations can now explain this
observation.

There is indeed a replicative instability of the pathological allele through trans-
mission, notably through paternal transmission. When the number of pathological
alleles present in male sperm is compared with the number present in the lympho-
cytes, a much wider distribution of their size and a much higher average size can be
seen in the sperm. Therefore, there is a high instability and a propensity for expansion
of pathological alleles during spermatogenesis.

The correlation between the age of onset and the number of CAG repeats, together
with the tendency for the repeat number to increase from generation to generation,
explains the phenomenon of anticipation observed in HD and in other polyglutamine
disorders. The number of CAG repeats also influences the clinical picture of the
patient as shown for HD, BSMA and above all for ADCA. Finally, the large normal
alleles (29-35 CAG repeats) — also called intermediate alleles — which are moderately
and more rarely unstable, in particular during paternal transmission, could be at the
origin of de novo mutations replacing, in the pool of pathologic alleles, those that
have been eliminated by selection.

Medical applications of the molecular test and ethical implications

Diagnosticaids The identification of mutations associated with a neurodegener-
ative disease allows for the confirmation of a diagnosis in a patient presenting some
signs of the disease, thanks to a molecular test.
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Presymptomatic diagnosis The molecular test also allows the determination
of the status of an asymptomatic individual with respect to the disease affecting a
relative. This condition belongs to the application area of predictive diagnosis. It is
often the situation for HD as well as for other polyglutamine diseases for which the
age of onset is in adulthood. Presymptomatic testing raises ethical questions when
the pathology is severe and when no preventive or curative treatment can be offered,
as is the case for HD. Presymptomatic testing has been the object of serious thought
at the international level. Some guidelines for presymptomatic testing have been
determined: benefits, informed consent, autonomy of the individual, privacy, right
not to know, equal access to tests. A protocol for taking charge of and following up
the person requesting testing has been set up: it requires a multidisciplinary team
that may include neurologists, genetic counsellors, social workers, psychiatrists and
psychologists.

It has to be noted that if a person, still young, knows that he is a carrier for a
pathological mutation, then it implies ipso facto that one of his parents is a carrier
due to the autosomal dominant transmission which can generate a conflict between
the right to know for one, and the right not to know for the other.

Prenatal diagnosis This is rarely asked for in the first intention, for neurode-
generative diseases, notably for polyglutamine disorders. Indeed, it would mean
indirectly performing a presymptomatic diagnosis of the parent at risk. Therefore,
before planning a prenatal diagnosis that might be useless if the parent is not a carrier,
a presymptomatic diagnosis is offered to the parent at risk. If someone knows that
they are a carrier of a mutation for a neurodegenerative triplet disorder, this will
often cause them to rethink their ideas of having children.

2.4.3 Pathophysiology of polyglutamine disorders
A common signature: the nuclear inclusions

The mechanisms by which the CAG/polyglutamine repeat expansions induce the
selective neuronal death observed in these disorders are still unknown. However,
it seems to be a gain of function; this means the acquisition by the corresponding
protein of a novel and toxic function, in accordance with the dominant transmission
mode of these diseases, and with the fact that the two alleles are expressed at the
same rate in a given tissue. In all the diseases associated with a CAG trinucleotide
expansion, there is a threshold in the number of repeats after which the pathology
appears. This threshold varies depending on the locus and is 30 to 40 repeats, except
in the case of SCA6 (20 repeats). How can proteins tolerating 20 to 35 glutamines
become toxic for the cell after a threshold of 35¢? The physical and/or biological
properties of these proteins must be altered.
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All the immunohistochemical studies agreed on the fact that, at the opposite of
the normal forms, the pathological forms of the proteins involved in those diseases
have a nuclear localization within intranuclear inclusions in the affected tissues.

The discovery of an anatomopathological signature common to all these disorders
is an important point from which many hypotheses can be made. Whether the
intranuclear inclusions are the consequences or the direct cause of the disease, they
constitute a good marker because their density is correlated with the size of the
expansion. They are also found post mortem, on brain sections of the patients affected
with HD. In the CNS, these inclusions have been found only in neurons, and especially
in those located in the affected structure. However, there is no correlation for a given
structure between the density of inclusions and the level of neuron loss.

Inclusion formation

In order to identify the mechanisms involved in these disorders, it is necessary to
understand the steps leading to their formation. The first step of the pathologic
process seems to be the conformation change of the protein due to the expansion.
This phenomenon, at the origin of the gain of function, is ubiquitous because the
pathological form of the protein can be detected in many structures, even the ones
that are not affected, peripheral or central. This change of conformation is likely to
induce the multimerization of these proteins but this phenomenon does not happen
in any tissue. In vitro experiments showed that the polyglutamine expansions form
insoluble filaments that could have an antiparallel 3-sheet structure. Furthermore,
the proteins with polyglutamine expansions constitute an in vitro substrate for the
transglutaminases expressed in the nervous system. These enzymes could establish
stable chemical bounds between polyglutamines of different mutated proteins.

Huntingtin, the product of the IT15 gene, should be transported in the nucleus
to form aggregates and induce neurodegeneration. It is probable that the nucleus
constitutes a primary site for the pathogenesis of the disorders with polyglutamine
expansions. [tis possible to speculate that once the polyglutamine proteins are present
in the nucleus, they form aggregates through a mechanism depending on their con-
centration and the size of their polyglutamine domain.

The reason for the specificity of the defects, despite a ubiquitous expression of the
mutated proteins, is still not understood. One of the hypotheses is that the specificity
is due to the interaction of the mutated protein with partners specifically expressed
in the affected tissues.

Inclusions in other mono- or multi-factorial neurodegenerative pathologies

The presence of intranuclear inclusions is one of the neuropathological signs com-
mon to polyglutamine diseases. The analysis of cell models and animal models
demonstrate the link between the formation of the inclusions and the degenerative
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process of the neurons. What is the situation for common neurodegenerative diseases
such as Alzheimer’s (AD) and Parkinson’s (PD) diseases?

AD has been known for a long time to be characterized by extracellular
(senile plaques) and intracellular (neurofibrillary degenerations) deposits. The se-
nile plaques are mostly composed of the 3-amyloid peptide while the neurofibrillary
degenerations contain the cytoskeleton protein Tau. The (3-amyloid peptide is pro-
duced by cleavage of a transmembrane protein, the [3-amyloid peptide precursor,
which can be cleaved in different ways depending on the secretase involved in the pro-
cess. The main {3-amyloid peptide contains 40 amino acids (A340) while A342/43
is minor in physiological conditions. The current pathophysiological theory consid-
ers that the central event in AD is an overproduction of (3-amyloid peptide. This
hypothesis about the amyloid pathway is supported by the results of the study on
the autosomal dominant forms of AD. In fact, the identified mutations in the gene
encoding for the (3-amyloid peptide precursor (APP) and in the genes encoding the
presenilins affect the 3-amyloid peptide metabolism by inducing an overproduction
of its insoluble form, A(342/43. A342/43 has the property to form aggregates more
easily than the main form A 340, so can form amyloid fibres. The amyloid fibres then
accumulate to form the senile plaques.

Parkinson’s disease is another common neurodegenerative disorder whose preva-
lence reaches 2 per cent after the age of 70. The clinical manifestation is the trio of
akinesia, rigidity and rest tremor, which respond favourably to a substitutive treat-
ment with levodopa, at least at the onset of the disease. In fact, the disease is due to
a neuronal loss preferentially affecting the neurons from the substantia nigra that
produce dopamine. The lesions appear together with a histopathological marker,
the Lewy body, eosinophile and ubiquitinylated cytoplasmic neuronal inclusions.
The monogenic forms are considered as being rare but several genes responsible for
Parkinson’s disease have been identified: cc—synuclein and the ubiquitin carboxy-
terminal hydrolase L1 (UCH-L1) for the autosomal dominant forms, and Parkin for
the autosomal recessive ones. Their identification could allow the understanding of
some of the steps of the pathological process. Indeed, it is interesting to notice that
x—synuclein constitutes a major component of the Lewy bodies present in idio-
pathic Parkinson’s disease. In addition, the overexpression of oc—synuclein in mice
and in drosophila happens to be toxic for the neurons, especially the dopaminergic
neurons.

Therefore, these elements together demonstrate the central place that both nu-
clear and cytoplasmic inclusions have in the pathophysiology of neurodegenerative
diseases. It is also interesting to notice that the study of the monogenic forms, even
though they are rare, is very informative. Indeed, it allows for the identification of
common aspects concerning the neurodegenerative process. The family forms of AD
and PD, like the neurodegenerative disease with polyglutamine expansions, are due
to mutations that favour the formation of proteins with physiochemical character-
istics different from that of the normal proteins (lower solubility, tendency to form
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aggregates, tendency to form structures poorly degradable by cellular catabolism,
etc.), resulting in their accumulation within intra- or extracellular deposits that will
have direct or indirect consequences on neuron survival. If the mechanisms leading to
the formation of the inclusions are beginning to be elucidated, the initial steps of the
degenerative process still need to be understood in order to identify new therapeutic
targets.
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3 Molecular diagnosis
in oncology

Dominique Stoppa-Lyonnet, Institut Curie, Paris

3.1 General introduction

Cancer is a genetic disease of the cell. Transformation of a normal cell into a cancer
cell is linked with the accumulation of chromosome alterations progressively leading
to a cell in an undifferentiated state, with local and metastatic proliferation and
diffusion capabilities. Tumourigenesis is based on alterations that give a selective
advantage to the cell compared with others; this selection process is analogous to the
one occurring during the Darwinian evolution, proceeding by successive random
changes and selections. The number of alterations necessary for a normal cell to
be transformed varies from one type of tumour to another one but is likely to be
small, estimated as being between four and seven (Renan, 1993). These alterations,
or mutations, happen spontaneously because of DNA replication errors during cell
division, or are induced by mutagenic agents. In most cases, they only appear in
tumour cells or cells about to be tumourous: these are somatic mutations.

The cytogenetic and molecular genetic developments that have taken place dur-
ing the last 20 years have seriously modified our knowledge of the mechanisms of
oncogenesis, allowing identification of recurrent anomalies in all cancers or in site-
specific cancers. The aim of the cytogenetic and molecular study of cancers concerns
both the diagnosis and prognosis, therapy and prevention. Even if the description of
the genetic anomalies leading to a tumour is far from finished, the first clinical ap-
plications are appearing. In this chapter, the main cellular pathways affected during
the formation of a tumour and the different types of genetic alterations leading to
it will be schematically described. A few examples will illustrate how genetic studies
can have an effect on the diagnosis, prognosis and therapy. Genetic predisposition

Diagnostic techniques in genetics Edited by Jean-Louis Serre
© 2006 John Wiley & Sons, Ltd
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to cancer will then be discussed, and the molecular diagnoses already available and
how they are put to use will be presented.

3.2 Cellular pathways targeted by the tumour process

Even though the number of genetic alterations is extremely large, preventing an
exhaustive follow-up of the literature in this field, it is possible to have a broad idea if
they are pooled depending on the selective advantages they give to the cell. Hanahan
and Weinberg (2000) recently defined six classes of selective advantages:

independence of the cell from the effects of growth factors

loss of negative control of cell proliferation

e avoidance of apoptosis

unlimited cell division capabilities

® angiogenesis

local diffusion and metastasis.

The acquisition of these selective advantages seems necessary for a tumour to develop,
but the genes involved in conferring a particular advantage can vary from one type of
cancer to another. For example, it has been shown in colon cancers that the tumours
carrying a mutation in the APC gene do not have a mutation in the gene encoding
[3-catenine and vice versa, while the products of both of these two genes are involved
in the negative control of cell proliferation.

1. Cell proliferation depends on extracellular growth factors that bind trans-
membrane cell receptors activating a cascade of proteins leading to cell prolif-
eration (mitogenic signal transduction). To become independent of extracellular
growth factors, the cell can: (a) synthesize its own growth factors and create
an autocrine stimulation loop (synthesis of tumour growth factor, TGF{3, and
glioblastoma); (b) have a permanently activated growth factor receptor (activat-
ing mutation in the Ret gene leading to a permanent tyrosine kinase activity in the
thyroid medullar cancers); (¢) gain a permanent activity of the protein upstream of
the growth factors receptors (Ras protein activated in 50 per cent of colon cancers).

2. Cell proliferation also depends on anti-proliferative signals that block the cell in
the G1 phase of the cell cycle — the post mitotic state which corresponds to a cell
differentiation state — or that remove the cell from the cell cycle, leaving it in a
quiescent GO state. One of the best-known proteins involved in the G1-S transi-
tion control (where S is the DNA synthesis phase) is RB (retinoblastoma).
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The de-phosphorylated RB protein sequestrates the protein E2F a
transcription factor controlling the expression of a large number of pro-
teins directly involved in the G1/S transition and in DNA synthesis. Conversely,
phosphorylation of RB frees E2F allowing the transcription of key proteins of the
cell cycle. RB phosphorylation itself depends on kinases and kinase inhibitors like
CDK4 and P16 respectively. Some of these kinase inhibitors themselves depend
on extracellular factors like TGF[3. Another pathway leading to the cell being in
the G1 phase is the APC-f3 catenin pathway that is very often inactivated in colon
cancer as we saw before. Therefore, it is easy to understand the tumourigenic
effect of a homozygous loss of function mutation in the RB gene.

3. Apoptosis is a cell death driven by an endogenous programme and started when
a cell becomes useless or dangerous for the organism. Apoptosis occurs during
development or when a cell accumulates a number of genetic alterations that
it is not able to repair or that are critical for cell survival. Two types of proteins
are involved in apoptosis: the proteins leading the cell toward apoptosis and that
are directed by p53, and the protein effectors represented by the caspases. p53
inactivation is one of the most frequent processes in the tumourigenic process to
escape apoptosis being found in more than 50 per cent of cancers.

4. Cell division is limited — after a certain number of divisions, the cell enters
into senescence. One of the mechanisms leading to senescence is the shortening
of the telomeres by 50 to 100 bases pair at each cell cycle, a phenomenon
that is absent in 85 to 90 per cent of the cancers. During the tumourigenic
process the telomeres are protected by a telomerase that adds the missing
nucleotides.

5. Neovascularization or angiogenesis is ‘indispensable’ to the development of
tumour cells that need oxygen and nutriments. Angiogenesis is driven by a
delicate equilibrium between angiogenic factors (vascular endothelial growth
factor (VEGF) for example) and anti-angiogenic factors (thrombospondin 1,
interferon f3, etc.). The regulation of these factors is affected during the tumouri-
genic process. Considering the important number of identified angiogenic and
anti-angiogenic factors, there are a huge number of possible mechanisms for
tumourigenic angiogenesis.

6. Tissue homeostasis is maintained thanks to inter-cellular interactions between
cell-cell adhesion molecule (CAM) proteins like E-cadherin. The local and
metastatic diffusion abilities of a cell can result from a loss of expression of the
CAM proteins, from the expression of proteases in the extra-cellular matrix, or
from an adaptation of the cell to its new environment thanks to the expression of
new integrins (cellular proteins that bind the extracellular matrix). Nevertheless,
mechanisms leading to the modification of the expression of these different
proteins are still not well understood.
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3.3 Types of genetic alteration leading to cancer
3.3.1 Introduction

Among the mutations involved in oncogenesis, we distinguish the gain of function
mutations (also called activating mutations) that correspond to an increase of ac-
tivity or to the gain of a new activity, from the loss of function mutations (see the
introduction to Chapter 2). Due to the functional effect of these two types of muta-
tion in tumour genesis, molecular biologists defined the affected genes as oncogenes
in the first case because the activation of the gene is part of the tumourous process,
or as tumour suppressors in the second case because the loss of function of the
gene is associated with the tumourous transformation, meaning that the physiolog-
ical function of these genes is the suppression or the protection of the cell against
tumourigenesis.

3.3.2 Activating mutations

The activating mutations lead by definition to the activation of an oncogene. Only
one of the two alleles needs to be activated to have an oncogenic effect (dominant
effect, see introduction to Chapter 2). In general, these are missense point mutations
(amino acid substitution). The Ras genes, whose codons 12, 13, 59 and 61 are fre-
quently mutated, constitute one of the most-studied gene families in oncology. These
mutations keep Ras proteins in an activated state that has been shown to play a role in
mitotic signal transduction. A second type of activating mutation causes an increase
in copy number for a gene, for example, the amplification of the N-myc gene in the
neuroblastoma. A third example is the activation of a gene due to the translocation
of its coding sequence next to the promoter of another gene. In Burkitt’s lymphoma,
the c-myc gene is activated by the translocation of its coding sequence (chromosome
8) next to the promoter of one of the immunoglobulin genes (most of the time on
chromosome 14, and sometimes on chromosome 2 or 22) that are constitutively
transcribed in B lymphocytes, leading to an abnormal and high expression of the c-
myc protein. A fourth example, an oncogene can be fused to another gene to create a
chimeric gene with a higher oncogenic activity. In chronic myeloid leukaemia(CML),
the ABL gene, normally located on chromosome 9, is fused with the BCR gene on
chromosome 22 to create the BCR-ABL hybrid gene that has a constitutive tyrosine
kinase activity.

3.3.3 Inactivating mutations

Inactivating mutations lead to the inactivation of the corresponding protein. In
general, an inactivating mutation of one allele is associated with the inactivation
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of the second allele (which is necessary to have a complete loss of function of the
corresponding protein, see introduction to Chapter 2). Inactivating mutations consist
of point mutations leading to a stop codon, small deletions or insertions causing a
frameshift or creating a stop codon, or missense mutations causing a loss of function
of the protein. The large diversity of inactivating mutations compared with the
activating mutations can easily be explained by the fact that there are multiple types
of mutations and multiple sites whose mutation can cause a loss of function. The
inactivation of a gene can be the result of its complete deletion or the deletion of its
entire region. Chromosome deletions are intensively studied, and one of the most
common methods is to search for the loss of an allele in a tumour, called loss of
heterozygosity. It is an indirect way to detect a deletion performed by a comparative
analysis of the alleles found in normal tissue and those found in a tumour (see
Chapter 4).

Finally, inactivation of a gene can result from an epigenetic mechanism like methy-
lation of the promoting region or the sequestration of a viral protein: the RB protein
and the E7 protein of the papilloma virus (strain 16 and 18) in uterine cancers.

3.4 Alteration origins: the role of the repair genes

Mutations happening during a human’s lifetime can be due to mutagenic agents
like tobacco, X-rays, UV-rays but can also be the results of DNA replication errors
during the S phase of the cell cycle (see Table 3.1). These random alterations on the
genome can affect a gene coding for a key process in oncogenesis, making it easier
for the cell to enter one of the selection processes mentioned in the introduction.
Statistical studies have shown that, in the absence of anomalies in the DNA repair
mechanisms, the probability for these mutations to accumulate in one single cell or
its daughter cells was low compared with the frequency of cancers in the population.
Therefore, it has been suggested that defects in the DNA repair process are a prereq-
uisite for the mutations to accumulate. During the last few years, the identification
of mutations in DNA repair genes in several colon and breast cancers linked with
a genetic pre-disposition made this hypothesis more likely. Kinzler and Vogelstein
(1997) introduced the notion of caretaker genes to designate the DNA repair genes as
opposed to the genes involved in one of the six key steps of oncogenesis mentioned
above, which are called gatekeepers.

3.5 Benefits of molecular studies to patient healthcare

In many haemato-oncology pathologies, non-random chromosome anomalies ap-
pear during the transformation. These chromosome anomalies are termed primary
and can be specific for a given haemopathy and therefore help with the diagnosis.
Other anomalies can appear during evolution of the disease and these additional
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anomalies are termed secondary and are the sign of a progressing disease. Among
the acute myeloid leukaemias, all chromosome anomalies do not have the same
meaning for the diagnosis, some give a good prognosis, others a bad prognosis, so
their characterization is therefore important in choosing a good therapy.

3.5.1 Chronic myeloid leukaemia (CML)

CML is a myeloproliferative syndrome with hyperplasia of the granulocytes. After
several years, the disease progresses faster and becomes acute leukaemia. The CML
is the first neoplasic pathology that has been described which is associated with
an acquired genetic anomaly, an exchange of a part of the long arms of chromo-
somes 9 and 22 called translocation t(9;22)(q34;q11). This translocation is found in
90 per cent of the CML and is called CML Ph, the derived chromosome 22 being
the Philadelphia chromosome (because it was described in this town in 1960) (see
Figure 3.1(a)).

The BCR-ABL chimeric fused gene (Figure 3.1(b)) is leukaemogenic because
the protein has a constitutive tyrosine kinase activity, activating the transduction
pathways and interfering with many cellular processes like proliferation, adhesion
or apoptosis. Tyrosine kinase inhibitors have been developed and Imatinib me-
sylate, a specific inhibitor for the ABL tyrosine kinase, gives exceptionally good
results in the therapeutic tests (Mauro et al, 2002). The BCR-ABL kinase ac-
tivity inhibition leads to a transcriptional modulation of the genes involved in
the cell cycle control, in adhesion and in cytoskeleton organization, causing the
apoptosis of the Ph™ cells. The BCR-ABL fusion can be detected in the CML
Ph™ by molecular cytogenesis using fluorescent probes located at the level of the
breakpoints.

The CML diagnosis can be performed using regular cytogenesis, molecular cyto-
genesis or molecular biology using RT-PCR. To follow the evolution of the disease
during treatment, it is possible to evaluate the cytogenetic response depending on
the percentage of Ph+ cells left. In regular cytogenetics about 30 mitoses are stud-
ied, and in molecular cytogenesis, between 200 and 500 nuclei are tested. It is also
possible to evaluate the molecular response using quantitative RT-PCR techniques
like TagMan(@)quantitative PCR. These molecular biology techniques have the ad-
vantage of being more sensitive and can detect one BCR-ABL+ cell out of a million.
It is therefore possible to obtain a complete cytogenetic answer (0 per cent of Ph*
cell) with still a certain level of detection of the transcription product BCR-ABL. To
follow the response to a treatment, the molecular biology is more sensitive. However,
the cytogenetics can detect secondary chromosome anomalies that are the first sign
of transformation into an acute leukaemia like the appearance of a chromosome
17q (Figure 3.1(a)). It is therefore justified to follow the evolution both with cy-
togenetics and molecular biology, both techniques giving complementary pieces of
information.
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3.5.2 Acute myeloid leukaemia (AML)

The AML are classified using the FAB (French American British) classification, from
AMLO to AML7 depending on the maturation of the myeloid blasts. The presence
of certain chromosome anomalies specific for a type of AML helps diagnosis. The
translocation between the long arms of chromosomes 8 and 21 t(8;21)(q22;q22) is
specific of certain AML2 and leads to the fusions of the genes AML1-ETO that can
be detected using RT-PCR. The AML3 are characterized in 94 per cent of cases by
the t(15;17)(q22;q21), fusing the gene coding for the retinoic acid receptor o« RAR,
on chromosome 17 to the gene PML on 15. However, in 4 per cent of cases, the
fusion PML-RARw is infracytogenetic, meaning there is no visible chromosome re-
arrangement. The gene rearrangement can only be detected by FISH using specific
probes or by RT-PCR using primers located on both sides of the fusion gene. Lastly,
2 per cent of the AML3 have another translocation, implicating RARo on the 17
but PML on the 15. It is indispensable to detect the t(15;17) or the PML-RARx
fusion because the only AML3 that respond to the retinoic acid treatment leading to
a normal maturation of the blasts are those having this rearrangement. The value of
certain chromosome anomalies for prognosis is well known for AML. The transloca-
tions t(8;21), t(15;17) and the chromosome 16 inversion are good prognostics while
conversely, complex karyotypes (more than three anomalies), monosomies of either
the entire 5 and 7 chromosomes or just the long arms, the translocation t(6;9) and
t(9;22) and anomalies of the long arm of chromosome 3 are bad prognostics. The
choice of therapies depends on which of the two prognostic groups the anomaly
belongs to. All the other chromosome anomalies, as well as a normal karyotype, are
interpreted as intermediate risks for the patient. However, the karyotype is normal
in 30 to 50 per cent of AML cases, and it is particularly interesting for these cases
to find some genetic anomalies in order to distinguish disease types having a differ-
ent prognosis. Currently, several genes for AML are studied using the Southern blot
technique or sequencing: FLT3, MLL, CEBP«, N-ras and C-kit. FLT3 is a tyrosine

(a) Philadelphia chromosome: t(9;22) translocation in chronic myeloid leukaemia generates a fusion between
the gene c.abl in chromosome 9 and the ber region in chromosome 22. The presence of an isochromosome
17q (two times the long arm, secondary classic anomaly for CML indicating the acutization) can be observed
(photograph from Jérome Couturier, I. Curie).

(b) C-abelson fusion protein: this exchange of chromosome material fused the gene BCR to the gene ABL
on chromosome 22 and ABL to BCR on chromosome 9. In the 10 per cent of CML cases without the t(9;22),
called Ph™, the gene rearrangements can be detected one time out of two using RT-PCR with primers located
on both sides of the created fused gene. At the level of ABL, the breakpoint is most of the time between
exons la and 1b, giving the junction a2. At the level of BCR, the breakpoint is most of the time in a 5kb
region called MBCR (stands for major breakpoint cluster region) between exons b2 and b3 or between exons
b3 and b4, giving the transcription products b2a2 or b3a2 respectively and coding for a 210kDa protein
(p210ber2bly  More rarely, the break is upstream, between exons el and e2, giving a transcription product
with the first abl exon ela2 coding for a 190kDa protein (p190P<r-abl),

Figure 3.1
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kinase receptor. There are two types of mutation for this receptor: internal tandem
duplication or point mutation. These mutations lead to the receptor activation with
dimerization and autophosphorylation. FLT3 duplication is found in 23 per cent of
AML cases, mostly in those with a normal karyotype, and a point mutation in 6 per
cent of the cases. It seems that FLT3 duplications are associated with a bad prognos-
tic. Several inhibitors of FLT3 tyrosine kinase have been developed and are currently
being studied in humans. A molecular biological study of the genetic anomalies in
AML cases is essential in addition to a cytogenetic study.

3.5.3 Burkitt’s lymphoma

Burkitt’s lymphoma is a proliferation of one hyperbasophile lymphoid B precursor
poorly differentiated with a peculiar morphology. It is rare in the occident but en-
demic in Africa, in the region infested with malaria. The Epstein—Barr virus (EBV)
is found at the level of the tumour in 95 per cent of the endemic forms and in only
15 per cent of the sporadic forms. A polyclonal expansion of B lymphocytes can
be caused for example by malaria. Then, chromosome translocations will put the
c-myc oncogene in 8q24 under the control of the strong promoter of one of the im-
munoglobulin genes, most of the time IgH in 14932, IgKin 2p12 or IgL in 22q11, and
its over expression will favour proliferation of the cell. Lastly, cells with a cytogenetic
rearrangement will be immortalized by the EBV.

The karyotype therefore shows a t(8;14)(q24;q32) or a variant translocation
t(2;8)(p12;q24) or t(8;22)(q24;q11). The rearrangement of c-Myc next to one of
the immunoglobulin genes can be shown with molecular biology by RT-PCR using
specific primers located in both parts of the genes.

3.5.4 Anatomopathologic diagnosis, therapy and prognosis

Anatomopathologic diagnosis is not always easy, especially in the case of round cell
sarcomas that cover a heterogeneous set of tumours. Their diagnosis has been greatly
improved by the identification of specific translocations, detected using a cytogenetic
approach or a molecular approach with, in the latter case, the detection of the fusion
transcription products by RT-PCR. The diagnosis of Ewing’s sarcomas, malignant
melanomas of soft tissues, desmoplastic tumours, myxoid chondrosarcomas, alveolar
rhabdomyosarcomas, synovialosarcomas can be confirmed by only one amplification
step using primers specific for each translocation (Delattre and Dauphinot, 1998).
Some other therapeutic applications for these inhibitors are being developed, es-
pecially for some rare digestive tumours called gastro-intestinal stromal tumours
(GIST), that almost always have a defect in the c-kit oncogene that also has a physio-
logical tyrosine kinase activity. Another therapeutic application can be cited, with a
monoclonal antibody, trastuzumab or Herceptine®. Certain breast cancers, with bad
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(@) Breast cancer without HER2 amplification  (b) Breast cancer with HER2 amplification

Revealed by hybridization using a specific DNA probe (FISH) (photograph by Jérome Couturier).

Figure 3.2 HER2 amplification and breast cancer

prognoses, are characterized by the amplification of the HER2 growth factor, a trans-
membrane receptor that also has tyrosine kinase activity (Figure 3.2). Herceptine®
recognizes and specifically inactivates HER2. Its efficiency for the treatment of these
cancers has been shown recently (Hortobagyi, 2001).

The study of the genetic characteristics of cancer can also help with their
prognosis. One of the most obvious and most used factors for the clinical as-
pect is the amplification of the transcription factor N-myc in neuroblastoma.
The amplification, sometimes resulting in a very large number of copies (several
hundreds), is visible by FISH on a biopsy (Figure 3.3). The amplification of N-myc
is a bad prognostic factor, independently of the extension state of the lesion. Its
detection leads to a more intensive therapy.

3.6 Genetic predisposition to cancers
3.6.1 Introduction

The transformation of a cell is linked with the accumulation of a certain quota of
mutations that most of the time appear only in the tumour cells or in the cells about
to become tumour cells (see introduction to Chapter 3), and are somatic mutations.
These somatic mutations are different from the constitutive or germ mutations,
present in all cells of the organism, and especially in the germ cells. The quota of
alterations necessary for cell transformation is reached faster in some individuals
who carry: (a) a mutation that participates in tumour formation and that is present
constitutively, mutation in a ‘gatekeeper gene’, or (b) a constitutive mutation in a
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Amplification of the N-myc gene in neuroblastoma tumour cells (revealed by hybridization with a specific
DNA probe (FISH)). Note the amount and the dispersion of the copies in the genome (photograph by Jérome
Couturier I.Curie).

Figure 3.3 Neuroblastoma and N-myc amplification

‘caretaker gene’ involved in the genome stability or in the detoxification of mutagenic
agents, leading to a large number of somatic mutations.

An individual carrying one or other of these genetic constitutive alterations has
a higher risk of developing a cancer than anyone else in the general population,
and can also potentially transmit this predisposition to their children, the alteration
affecting the germ cells. The importance of the risk and the tissues at risk depend on
the function of the affected gene in the tumour formation process and on the tissue
it is expressed in (Thomas, 1995).

Predispositions linked to genetic factors outside of the cell have not been con-
sidered here. However, they are likely to be frequent, could concern a large number
of cases in the population, could occur via interactions with environmental factors
and could be associated with low tumour risks. A variation in the hepatic enzymes
involved in the detoxification of mutagenic agents, or the sensitivity of individual
immune responses to oncogenic viruses like some papillomaviruses, are good
examples.
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3.6.2 Genetic predispositions to cancers identified so far

In 15 years, more than 30 genes giving a predisposition to cancer have been identified.
From rare familial childhood cancers (retinoblastoma, nephroblastoma, Table 3.2) to
common familial cancers (colon cancer, breast cancer, Table 3.3), and including the
tumour predisposing syndromes whose associated symptoms are in the forefront of
cases presenting at clinics (Von Recklinghausen’s disease or type I neurofibromatosis,
ataxia-telangiectasia), most of the severe genetic predispositions to cancer have been
studied and the genes responsible have been identified.

This research was inspired and stimulated by the fact that the identification of
the genes responsible could give the same number of pathways to understand cancer
formation, and also because they could provide a basis for genetic tests to find out
whether or not an individual with a family history is predisposed to cancer, and to
adapt the healthcare provided accordingly.

The genes predisposing to cancer belong to several of the gene categories already
mentioned: oncogenes, tumour suppressor genes, repair genes (caretaker genes).
However, only four oncogenes have been identified so far as being at the origin of a
predisposition: Ret, Met, C-kit, CDK4 (Tables 3.3 and 3.4).

Since the mutations of tumour suppressor genes and caretakers are inactivating
mutations, there is (as previously mentioned) a considerable diversity of mutations
that can only be detected using a complete screening of the suspected gene(s). Because
of these difficulties with the investigation, the study is first done in the individual who
has the most chance of being predisposed, taking into account their personal history
(having had a cancer) and their family history. The first individual being tested is,
by definition, the ‘proband’. When a mutation has been identified in the proband,
then a test can be offered to the relatives. Even though the testing of the relatives is
easy, based on the mutation previously identified, the test in the proband is complex
because it requires a complete study of one or several genes. Lastly, a negative result
(no mutation identified) often gives little information because it does not rule out
an underlying predisposition. It is, however, reassuring for the relatives.

The tests offered at the moment in medical practice are those meeting the three
criteria:

e risk of tumour based on epidemiologic data published and validated by indepen-
dent studies

e taking care of the patient and their relatives with a defined risk — that is to say a
risk defined by experts or by consensus from a multidisciplinary group

e indications from the genetic tests performed on the proband.

Cancers are extremely frequent so every cancer family history does not signify an
underlying predisposition and, because of the limited significance of a negative result
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Table 3.4 Familial multiple endocrinopathies

Predisposition ~ Main tumour sites Course of action  Estimated Identified
frequency* of gene(s)
the carriers in
the general
population
(G) and
among the
cancer cases
(©)

Multiple Parathyroid hyperplasia ~ Guide to the (G) 1/30 000 to MEN1

endocrine and thyroid, pancreas, surgery, 1/40 000
neoplasia small intestine serum test,
type 1 tumours target organs
imagery
Carney’s Cardiac myxoma, Cardiac (G) 1/60 000 to ~ PRKARIA
syndrome pituitary adenoma, sonogram, 1/80 000
testicular tumour pituitary MRI
Multiple Medullary carcinoma, Calcitonin (G)1/30000to  RET
endocrine thyroid, dosage, 1/40 000 (C)
neoplasia pheochromocytomas complete thy- 1/10 to 1/20
type 2 roidectomy

* These estimates are given as an indication.

in the proband, it is at present necessary to limit the conclusions from a genetic test
to the most likely situations (Tables 3.1 to 3.5.). In the future, when a negative result
in a proband could rule out the presence of a predisposition factor and when the
laboratories’ capacities are greater, then the conclusions from tests could only be
expanded.

3.7 Genetic tests for cancer predisposition
3.7.1 Introduction

The way to proceed for prediction in oncology is based on the principle that the
identification of a tumour risk in an individual should help in taking better care
of them, and that a negative result should be reassuring. Even if these perspectives
are truly a common point, the reality of genetic testing in 2006 is in fact more
complex, and is very variable from one predisposition situation to another. The
ethical problems generated by oncogenetics are becoming more important as the
efficiency of treatments is limited and negative tests do not rule out the presence of
an underlying predisposition. These problems will be illustrated using three different
cancer predisposition situations.
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3.7.2 Help taking care of at-risk individuals: multiple endocrine
neoplasia type 2

Multiple endocrine neoplasia type 2 (MEN2) are the best examples of the inter-
est of cancer predisposition testing. The MEN2 (Table 3.4) are characterized by a
major risk of medullary thyroid carcinoma (MTC), close to 90 per cent. The risk
exists from childhood and is associated with a risk of parathyroid hyperplasia and
pheochromocytomas (Figure 3.4). The potential severity of the disease raises the
option, before the age of 10, of a preventive thyroidectomy associated with a substi-
tutive hormonal treatment in predisposed children. The RET gene, whose alteration
is responsible for MEN2, encodes for a transmembrane protein with a tyrosine ki-
nase activity. Germline mutations are not frequent and are mostly localized in the
transmembrane domain or in the kinase domain of the protein. Also, the relation-
ship between the position of the mutations in the gene and the importance of the
risk is known. For example, the risk of having a pheochromocytoma is seven times
higher with a mutation in codon 634 compared with a mutation in codon 618.
Finally, an estimate of 5 per cent of sporadic MTC, with no family history are, how-
ever, associated with a constitutive mutation in the RET gene. In most cases, these
are neo-mutations appearing in the gametes of one of the two parents. It is now a
common practice to offer a study of the RET gene for each case, even sporadic, of
MTC. Therefore, the relative simplicity of the molecular analysis due to the absence
of genetic heterogeneity of the disease (predisposition associated with a single gene:
RET), and the low diversity of the mutations in this RET gene, the correlations

Multiple endocrine neoplasia type 2

MTGC, 25 years old

ol O e

Parathyroid hyperplasia, MTC, 17 years old
17 years old
MTGC, 30 years old
Pheochromocytomas,
35 years old
MTC, 28 26 24 25 MTC, MTC,

20 yearsold yearsold yearsold yearsold yearsold 23 yearsold 20 yearsold

MTC stands for medullary thyroid carcinoma

Figure 3.4 Pedigree of a MEN2 family



3.7 GENETIC TESTS FOR CANCER PREDISPOSITION 157

genotype—phenotype and the tangible possibilities for prevention, made the pre-
disposition tests for MTC a model situation in oncogenetics. The performance of
the genetic tests, even in the sporadic cases of MCT, confirms their use in medical
practice.

3.7.3 Some genetic tests are of limited interest: search for a constitutive
mutation in the TP53 gene

In contrast to the previous situation, the search for mutations in the TP53 gene in-
volved in Li-Fraumeni syndrome (LFS) (Table 3.2) is far from being part of common
medical practice. Indeed, the importance of the risks, the diversity of the tumour
sites, the types of cancer for most of which an early diagnosis does not modify the
chance of recovery, make taking care of patients carrying a constitutive mutation
of the TP53 gene extremely difficult. Besides a mammography screening initiated at
an early age, before 30, and an annual clinical exam, there are no other preventive
possibilities at the moment (Frébourg et al., 2001). Nevertheless, it is important to
give an answer to those families who want to know the origin of their terrible family
history, and to the individuals who need to know whether or not they carry the
RP53 mutation identified in their father or mother. For example, in the author’s
department, there was the case of a couple who lost one son to glioblastoma at the
age of six, another son to sarcoma at 10, and where the mother had an osteocarcoma
followed by a breast cancer (Figure 3.5). Even though they refused a genetic consul-
tation several times after their oldest son had been diagnosed, they wanted a genetic
study after the diagnosis of the second son. During the informed consent process,
they expressed clearly that they needed to understand, to know and to be able to
point to the origin of their drama in order to rebuild and assimilate the situation,

Li—Fraumeni syndrome

B O

CNS T, 35 years old

° °

Sarcoma, 39 years old Sarcoma, 15 years old
Breast T, 38 years old Breast T, 41 years old

Breast T, 39 years old

28 17 CNS T, Sarcoma,
years old years old 6 years old 10 years old

Figure 3.5 Li-Fraumeni pedigree
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which had been unbearable up to then. The request level for genetic testing in such
a situation will probably stay low. However, those who want it should still be able to
access a genetic test.

3.7.4 Molecular genetic testing for breast cancer predisposition through the
search for mutations in the BRCA genes

The predispositions to breast cancers (Table 3.3) combine all of the difficulties in
genetic diagnosis and appear as an intermediate situation between the two extremes
described above (Figure 3.6). Indeed, not all breast cancer family histories indicate
a genetic predisposition, some familial clustering could be fortuitous and reflect the
frequency of the disease in the population. For example, three sisters affected with
breast cancer between the age of 60 and 69 have a genetic predisposition probability
of about 20 per cent.

Two predisposition genes were identified in 1994 and 1995: BRCA1 and BRCA2
(BRCA stands for breast cancer). However, the alterations are in general different
from one family to another, and more than 1500 different mutations in BRCAI and
BRCA2 have been identified.

They are dispersed on very long coding sequences, making family studies complex
and, most of all, time consuming (see the problems with cystic fibrosis, Chapters 2
and 7). This is the reason why the strategies known as scanning and, in particular, the
denaturing high-performance liquid chromatography (DHPLC) system (Chapter 1)
as shown in Figure 3.7, are preferred. The sensitivity of the classical strategies to
detect BRCAI and BRCA2 mutations is estimated at 70 per cent. Finally, BRCAI and
BRCA?2 are only involved in 65 per cent of hereditary cases, suggesting that one or
several more genes still have to be identified. Therefore, the incomplete sensitivity

0
© o

O

68 Ovary T, Breast T, 45 years old
years old 42 years old Breast T, 46 years old
Breast T, Breast T, Old, Breast T,
36 years old 34 years old 39 years old 40 years old

Figure 3.6 Breast cancer pedigree
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PCR fragments elution profile on a denaturing high-performance liquid chromatography (DHPLC) system (see
Chapter 1). The profiles 2, 3 and 4 are identical and characteristic of a standard sequence; profile 1 is
characteristic of the presence of a heteroduplex obtained in a carrier of a BRCA1 mutation (substitution of
a cytosine with a thymine leading to a stop codon instead of an arginine codon). Ordinate: optical density;
abscissa: minutes.

Figure 3.7 Detection of a BRCA1 mutation using DHPLC

of the analysis methods and the presence of other breast cancer predisposing genes
limit the significance of a negative result after a first family study, because a genetic
predisposition cannot be ruled out. However, finally, when after a long search a
woman happens to be carrying a predisposition genetic factor giving her an 80 per
cent risk of developing a breast cancer before the age of 80, and a 20 to 40 per cent
risk for an ovary cancer, what type of preventive care can be offered to her? At the
moment, she has two main options: frequent surveillance examinations initiated
at an early age or prophylactic surgery. Even though mammography surveillance
starting at the age of 30 in women at high risk has not been formally shown to
lower the mortality by breast cancer, it is reasonable to extrapolate the results from
previous screenings to this group of patients and to make assumptions about its
efficiency. In contrast, to choose prophylactic surgery means to limit the maximum
risk of cancer but at the cost of a mutilating and irreversible intervention. It is
indeed reasonable to hope that in a few years time, chemoprevention of breast cancer
could be available. A first promising study showed that Tamoxifen®, a molecule
blocking oestrogen receptors, decreases by half the risk of breast cancer in at-risk
women.

3.8 Conclusions and perspectives

The development during the last 25 years of cytogenetic and molecular genetic tech-
niques has made it possible to comprehend the main mechanisms of tumoural trans-
formation. A new pharmacopoeia is appearing thanks to the understanding of these
mechanisms. Its leaders are the tyrosine kinase inhibitors. The current development
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Table 3.6 Between dysmorphology, neurogenetics, dermatogenetics and oncogenetics:
the fringe cases

Predisposition Main tumour Course of action ~ Estimated Identified
sites frequency* of the gene(s)
carriers in the
general
population (G)
and among the
cancer cases (C)
NF1 Skin signs, central ~ Clinical, CNS (G) 1/3000 NF1
and peripheral MRI
NS tumour
Tuberous Mental Clinical, kidney (G) 1/10 000 to TSC1, TSC2
sclerosis retardation, surveillance, 1/15 000
(Bourneville epilepsy, CNS neurogenetic
disease) tumour, kidney counselling

tumour, skin
lesions

* These estimates are given as an indication.

of high turnover techniques making possible the description of all the genetic and
protein alterations of a tumour should ensure the definition of a personalized treat-
ment, adapted to each tumour.

The domain of cancer predisposition is a more recent domain of knowledge that
started in 1986 with the identification of the predisposition gene to retinoblastoma,
the RBI gene. More than 24 cancer predispositions are now part of the medical
practice. However, it is important to keep in mind that the cancer predisposi-
tions discovered up to now are the tip of the iceberg. They are the most obvi-
ous predisposition situations because they are the rare familial cancers (retinoblas-
toma), the severe forms of frequent familial cancers (colon cancer, breast cancer)
or finally, diseases associated with a tumoural risk (ataxia-telangectasia or risk of
haemopathy). The submerged part of the iceberg, very important by definition,
still has to be discovered and concerns the predisposition associated with a low tu-
moural risk and whose origin is multifactorial, combining environmental and genetic
factors.

This research, like all research done on the living, constitutes an important eco-
nomical issue. The opposition of several cancer research centres and French hospitals,
raised at the European patent office concerning a patent granted to Myriad Genet-
ics in relation to cancer predisposition tests based on the BRCAI gene’s sequence,
illustrates this issue. The objective of the opponents was to challenge any monopoly
on genetic testing that would have a blocking effect instead of contributing to the
research progress (Gad et al., 2001) and, therefore, to public health, which is the
main purpose of the patents.
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4 Applications of molecular
biology to cytogenetics

Etienne Mornet and Brigitte Simon-Bouy,
Université de Versailles

4.1 Introduction

Many chromosome anomalies in humans have been described (de Grouchy and
Turleau, 1982; Gardner and Sutherland, 1996). Even if the karyotype (see Box 4.1)
remains the only way to have an exhaustive view of all the chromosomes and of
any eventual chromosome anomalies, the molecular biological methods are a useful
complement in many cases, in particular for fast identification of anomalies in the
number of chromosomes, of microrearrangements, and uniparental disomies.

4.2 Molecular diagnosis of anomalies in the number
of chromosomes

4.2.1 Introduction

Anomalies in the numbers of chromosomes 13, 18, 21, X and Y constitute 80.5 per
cent of the chromosome anomalies detected by karyotype analysis during pregnancy,
which corresponds to one case out of 286 births (Boué, 1989). For a long time, the
main criteria that have been used to justify a prenatal diagnosis are a mother being
over 38 years old (the risk of having a child with a trisomy 21 is about one out 150),
biological indicators (maternal serum markers) and ultrasound warning signs, which
are now well defined. Currently, the diagnosis rests on the fetal karyotype performed
after withdrawing a sample of amniotic fluid (amniocentesis) and cell culture. The

Diagnostic techniques in genetics Edited by Jean-Louis Serre
© 2006 John Wiley & Sons, Ltd



164 4 APPLICATIONS OF MOLECULAR BIOLOGY TO CYTOGENETICS

Box 4.1 The Karyotype

The setting up of the karyotype allows a global visualization of the 46 chromo-
somes in 23 pairs, 22 pairs of autosomes and one pair of sex chromosomes. It can
be performed using any nucleated cells (the cells most often used are blood lym-
phocytes and amniocytes) that are cultivated in an appropriate medium to obtain
metaphasic mitoses, the stage at which the chromosomes are most condensed and
therefore the best stage for analysis (with optical microscopy at a magnification
of 1000). The chromosomes are then at a stage of the cell cycle where they have
been duplicated without undergoing a mitotic division. They therefore appear in
a linear form of two sister chromatids linked by the centromere (each chromatid
containing exactly the same genetic material).

The homogenous colouring of the chromosomes is obtained with the help
of a dye, the Giemsa (standard colouration). This allows the description for a
chromosome: a short arm called p and a long arm called q, separated by the
centromere. Certain techniques (controlled denaturation) cause the appearance
of dark and light bands specific to each chromosome. Essentially, the R bands
(obtained after heat treatment of the chromosomes) and the G bands (the chro-
mosomes are treated with trypsin) can be distinguished. The topography of the
G bands is reciprocal to that of the R bands. DNA fractionation on a caesium
gradient has shown that the distribution of bases CG and AT is far from uniform
on the chromosomes: the R bands are richer in CG and the G bands are richer in
AT bases. The chromosome markings from the bands allow the chromosomes to
be identified and classified by pairs according to a regularly updated international
nomenclature (the nomenclature in question is ISCN 1995) and to possibly de-
termine break points. It is typical to work with a level of resolution of 400 to 550
bands per haploid genome; it is possible to arrive at a larger number of bands
(850) by using particular culture techniques, which will stretch the chromosomes
(called a high-resolution karyotype). One of the large advances in cytogenetics
in the 1990s was its combination with molecular hybridization allowing the use
of DNA probes coupled to a fluorochrome directly on the slides of chromosome
preparations. These probes could be specific to a locus, a band, an arm or an
entire chromosome allowing visualization of the interesting region under the mi-
croscope using UV light, and its possible deletion or displacement in the case of
a chromosome translocation.

amniocentesis can be performed from the 14th week of amenorrhea and the result
is obtained within 10 to 15 days because of the requirement to culture the amniotic
cells. It is also possible to perform the karyotype using chorionic villus biopsy as
early as the 11th week of amenorrhea but, again, the cells need to be cultured for the
result to be reliable.
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The delay between sampling and the result of the karyotype is long and creates
anxiety in the parents, while the ultrasound warning signs are visible earlier and are
more evocative. For these reasons, it is interesting to have a rapid method for the
prenatal diagnosis of anomalies in the number of chromosomes whose result could
be given before the karyotype, which should be done anyway because it is the only
test showing all chromosome anomalies.

Apart from this, some situations exist where the karyotype cannot be performed
due to a failure in cell culture (in utero fetal death, sampling performed late in the
pregnancy). For these cases, alternative methods have been developed using in situ
hybridization techniques or PCR amplification of DNA sequences called microsatel-
lites (or VNTRs, see Chapter 1).

4.2.2 Diagnosis using fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) consists of using molecular probes spe-
cific for chromosomes 13, 18, 21, X and Y, labelled with a fluorochrome, that are
hybridized directly on the uncultured amniotic cells or the cells from the chori-
onic villus mounted on slides. A microscope with UV light is used for viewing the
fluorescent spots in interphase nuclei of uncultured cells. In a normal fetus, two
spots can be seen for the two chromosome 13s, two spots for the 18, two spots
for the 21, one spot for the X chromosome and one spot for the Y chromosome
(in the case of a boy) and two spots for the two X chromosomes (in the case of a
girl). In the case of a trisomy, three spots will be seen instead of two. The use of
different colour fluorochomes allows detection of several chromosomes in one nu-
cleus. Large prospective studies (on about 150 000 karyotypes) have shown that this
method is reliable considering that a large number of nuclei are analysed for each
fetus.

4.2.3 Molecular biology diagnosis
Microsatellite markers

Microsatellite markers (see Chapter 1) are multiallelic genomic DNA sequences that
consist of a motif — most of the time a di-, tri- or tetra- nucleotide motif — repeated
in tandem a variable number of times. If for a given microsatellite motif, the number
of repetitions is highly variable, the number of distinct alleles at this locus is very
high. Therefore, most of the individuals in a population have a high probability to be
heterozygous, and any two individuals have a high probability not to have any allele
in common.

Microsatellites are frequent and evenly distributed throughout the genome so the
probability of finding two individuals with the same genotype for all these loci is
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almost zero, meaning that all of the genotypes of one individual together constitute
a unique signature or genetic ‘identity card’ (see Chapter 6).

These are the markers used for the molecular diagnosis of abnormalities in
the number of chromosomes. In the case of trisomy 21, it is possible to select
highly informative markers that allow the diagnosis of trisomy 21. For example,
the D21S11 locus contains a complex repeated tetranucleotide sequence of the type
of TCTA or TCTG that exists with 14 different allelic forms in the Caucasian pop-
ulation. The trisomy 21 is detected when there are three distinct alleles, or two
distinct alleles with one being represented twice as much as the other. The latter
case requires performing the PCR using quantitative conditions in order to ob-
tain a gene dosage (see later). The only situation where the diagnosis is impossible
is the case where a fetus carries three chromosomes with the same allele for the
marker, which is then called non-informative. It is then necessary to use other mi-
crosatellite markers on the same chromosome. The polymorphism of these mark-
ers is such that it is rare to have several non-informative markers in the same
family.

The different possible genotypes for a trisomic foetus

The informativity of a microsatellite marker depends essentially on its heterozygosity;
forafetusto carry atleast two distinct alleles, it is necessary to have at least two distinct
alleles segregating in the parents.

The informativity of a microsatellite marker also depends, when it is close to the
centromere (see later), on the nature of the non-disjunction. Retrospective studies
have shown that in two thirds of the cases the non-disjunction occurs at the first
meiotic division, and in the other third of cases at the second division (Antonarakis,
1991; Muller et al., 2000).

(a) Non-disjunction at the first meiotic division without crossing over. The gamete will be a carrier of two
distinct parental chromosomes and two distinct alleles of the studied marker if the parent is heterozygous
for the marker.

(b) Non-disjunction at the second meiotic division without crossing over. The gamete will be a carrier of a
single parental chromosome duplicated and of two identical alleles for all markers.

(c) Non-disjunction at the first meiotic division with crossing over. As a function of chromatid segregation at
meiosis II this produces:

e one time out of two (case no. 2) disomic gametes carrying all of the two chromosomes from a single
parent (in an altered form or not)

e one time out of two (case no. 1) carrying one entire chromosome from one parent and one altered
chromosome so just a fragment (centromeric or telomeric) from the other parent.

(d) Non-disjunction at the second meiotic division with crossing over at meiosis I. The gamete will carry
two identical alleles for all markers located between the centromere and site of the crossing over
(prereduction), and two different alleles for the markers located after the site and for which the parent
was heterozygote (postreduction)

Figure 4.1 Schematic representation of chromosome non-disjunction
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In the case of a non-disjunction at the first meiotic division (meiosis 1), in the
absence of crossing over (Figure 4.1(a)), the fetus inherits three distinct parental
chromosomes — two from the parent where the non-disjunction occurred, and
one from the other parent. The three chromosome 21s can carry one, two or three
distinct alleles, the probabilities of the different configurations is linked to the

Figure 4.1 (Continued)
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heterozygote status of the parents, and so to the heterozygosity of the marker. If
the marker is very polymorphic, the probability of observing three alleles becomes
important.

¢ In the case of a non-disjunction at meiosis 2, in the absence of crossing over
(Figure 4.1(b)), the two chromosomes from the disomic gamete are identical, and
the fetus will have at the most two distinct alleles, one of which will be in a double
dose.

¢ In the case that a crossing over occurs, the situation is more complicated and

requires distinguishing between the markers centromeric and telomeric vis-a-vis
the CO.

In fact, in the case of a CO, the chromatid pairs are not altered before the CO and
carry identical alleles (paternal for one of the pairs, maternal for the other), and they
are altered after the CO and each pair of chromatids then carries a paternal allele on
one chromatid and a maternal allele on the other (Figure 4.1(c) or (d), third line:
homogenous with solid or dotted lines before the CO, heterogeneous that is to say
altered) after the CO).

If the non-disjunction occurs at meiosis 1 (Figure 4.1(c)), the fetus inherits a
paternal and a maternal allele, systematically for markers centromeric to the CO, but
only two times out of four for the markers telomeric to the CO. In contrast, if the
non-disjunction occurs at meiosis 2 (Figure 4.1(d)), the fetus inherits a paternal and
a maternal allele, systematically for the markers telomeric to the CO, and always two
identical alleles, paternal or maternal, for the markers centromeric to the CO.

In these conditions the informativity of a marker depends firstly on its heterozy-
gosity (different maternal and paternal alleles), then its distance from the centromere
as a function of the non-disjunction event; if this event occurs in meiosis 1 the cen-
tromeric markers will be more informative, if the event occurs in meiosis 2 the
telomeric markers will this time be more informative. Figure 4.2 shows an example
of the possible genotypes at a microsatellite locus for a trisomic fetus.

Molecular diagnosis

This depends on PCR amplification of the microsatellite markers and the use of
electrophoresis to distinguish the alleles present.

e If the qualitative analysis allows three types of amplimers to be distinguished on
the basis of their size (Figure 4.2, case 1), the molecular diagnosis of trisomy is
qualitatively confirmed.

e If the qualitative analysis only allows one type of amplimer to be distinguished
(Figure 4.2, case 4), molecular diagnosis is impossible because the result would be
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The fetus could inherit two distinct alleles from its mother and a third distinct allele from its father (case
no. 1), two distinct alleles from its mother and a paternal allele identical to one of the two maternal alleles
(case no. 2), a single maternal allele present in two copies and a distinct paternal allele (case no. 3) and,
lastly, a single maternal allele present in two copies and an identical paternal allele (case no. 4). Only
the last case does not allow the detection of a trisomy 21. Its frequency depends on the heterozygosity
of the marker in the population, and also on the distance between the marker and the centromere (see
Figure 4.1).

Figure 4.2 Segregation of the alleles of a microsatellite in the case of a maternal origin trisomy
21 (95 per cent of cases)

the same in the case of a non-trisomic fetus who was homozygotic for the marker
allele; the studied marker is not informative and it is advisable to study another
marKker.

e Ifthe analysis reveals the presence of two types of amplimers distinguished by their
sizes (Figure 4.2, cases 2 and 3), the distinction between a trisomic fetus carrying
two distinct alleles and a non-trisomic fetus also carrying two alleles rests on the
number of copies of each of the alleles. It is therefore necessary to use ‘quantitative
PCR.

PCR is only quantitative when in the part of the amplification curve where the
number of copies amplified is proportional to the initial number of copies. It is
therefore necessary to limit the number of PCR cycles so that the process does not
reach the plateau of the curve where the number of copies obtained no longer depends
on the initial number of copies (Figure 4.3). Quantitative PCR is delicate in the sense
that there is only a narrow window between the minimum number of cycles required
to obtain sufficient signal, and the maximum number of cycles so as to keep within
the exponential part of the curve. This window varies as a function of the initial
number of copies, that is to say the nature of the sample and the term of the patient.
In practice, the number of PCR cycles to be performed is of the order of 20 to 30;
Figure 4.4 shows an example of quantitative PCR in the case of marker D21S11 used
in the molecular diagnosis of trisomy 21.
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In this example, amplification is exponential in the first 28 cycles of PCR with an amplification rate close to
2" where nis the number of cycles. After that, change in the composition of the reaction medium (exhaustion
of free nucleotides and primers, high concentration of product, diminution of the enzymatic activity of DNA
polymerase) leads to a diminution of the rate that will progressively approach one (plateau). It is also clear
that it is necessary to perform enough cycles to obtain a detectable PCR product. The dosage window appears
here between cycles 23 and 33.

Figure 4.3 Representation of the PCR curve

4.3 Chromosomal microdeletions
4.3.1 Introduction

A chromosomal deletion is the loss of part of a chromosome, leading to a partial
monosomy for the chromosome fragment in question; they appear most frequently
as de novo mutations (the karyotypes of the two parents are normal) and are most
often internal (not reaching the most extreme parts of the chromosome). The first
case — described in 1963 and which has become the most classic —is that of a deletion
responsible for ‘cat cry syndrome’ (Lejeune et al., 1963). This is caused by the loss of

The fetal genomic DNA is extracted from 2 ml of amniotic fluid taken during an amniocentesis and not
cultivated. The genotype of the fetus for the microsatellite marker D21511 is determined by PCR following an
electrophoretic migration on an automatic sequencer like the ABI PRISM 310. The PCR products are tagged
using a fluorochrome detectable by its fluorescence when excited by a laser beam. The co-migration of a
standard-sized marker (peak heights corresponding to fragments from 100 to 250 bp) allows determination
of the size of the PCR products and therefore identification of the alleles. In this example, the parental
genotypes for the marker are indicated, but are not necessary for the diagnosis.

(a) Control fetus. The fetus has inherited the allele (TCTN)31 from his mother as a single copy and allele
(TCTN)g from his father. Quantitative PCR shows that the number of copies of each of these two alleles
is the same. It can also be seen that the detection threshold of the signals emitted by the PCR products
occurs at around 25 PCR cycles.

(b) Trisomic fetus having inherited the two maternal alleles (TCTN)27 and (TCTN)s,, and the paternal allele
(TCTN),s, detected after 27 PCR cycles.

(c) Trisomic fetus having inherited two copies of the maternal allele (TCTN)2 and a copy of the paternal
allele (TCTN)31p, detected after 27 PCR cycles.

Figure 4.4 Molecular diagnostic of trisomy 21 using the microsatellite marker D21511
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a variable sized fragment of the short arm of chromosome 5 (partial monosomy 5)
responsible in newborns for a group of symptoms associated with a very characteristic
high plaintive cry after which the syndrome has been named. Other deletions have
alsobeen described asbeingassociated with syndromes of malformations with mental
retardation, the example Wolf-Hirschhorn’s syndrome and the deletion of a of the
short arm of 4, or Williams’ syndrome and a deletion situated under the centromere
of 7 (which amongst other things involves a deletion of the elastin gene).

Depending on its size, the deletion will be more or less visible by classical cytogenic
methods. When deletions cannot be seen using standard karyotyping they are called
microdeletions. Actually, more and more clinical syndromes are described as being
associated with microdeletions. Among the more classical examples is DiGeorge’s
syndrome (microdeletion on the long arm of chromosome 17 carrying in particular
the LIS1 gene which plays a role in brain morphogenesis). These microdeletions
occur most frequently de novo (that is to say that they do not exist in the parents of
the affected child), butin rare cases they can be transmitted with variable phenotypes.
It is very important to have methods that allow diagnosis of the syndrome in the
child and genetic counselling for the family.

4.3.2 Mechanisms for the generation of microdeletions
and microduplications

The observation that deletions and microdeletions associated with clinical syndromes
occur most often de novo, but always in the same genomic regions, provides evidence
that certain regions are more susceptible to deletions. Several hypotheses have been
proposed for their generation, in particular the existence of repetitive sequences that
favour bad meiotic pairings that lead to deletions/duplications, that is to say a dupli-
cation on the homologous chromosome to that which carries the deletion. Therefore,
there exist some loci for which a syndrome is described for a microdeletion and an-
other syndrome for the corresponding duplication; for example, Smith—-Magénis
syndrome (microdeletion at the level of the short arm of chromosome 17) and the
‘dup(17)(p11.2) syndrome’, which is the corresponding duplication with a clinically
different phenotype, or Charcot-Marie—Tooth disease type 1A (duplication at the
level of the long arm of chromosome 17) and hereditary neuropathy with a sensitivity
to pressure palsies (the corresponding deletion). It must be noted that there are more
syndromes associated with deletions than with duplications.

In certain cases the microdeletion is associated with a reciprocal translocation. A
reciprocal translocation is an exchange of chromosome segments between two non-
homologous chromosomes. All chromosomes can be affected and all break points
are possible. When the translocation occurs, there can be a loss of chromosomal
material (deletions or microdeletions) at the break point that can possibly be detected
by the same methods previously described with the proviso that microsatellites or
corresponding probes are available.
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Finally, the regions located in the sub-telomeric part of chromosomes are, without
doubt, the zones most sensitive to microdeletions because of their strongly repetitive
structure. In this case as well, to detect the deletions, it is necessary to have microsatel-
lites or specific probes (probes called ‘all telomeres’ are available commercially, but
are not used much because of their high cost).

4.3.3 Methods to detect chromosomal microdeletions
Fluorescence in situ hybridization (FISH)

Molecular cytogenetics uses hybridization with fluorescent probes (the FISH method,
see Chapter 1), which can be direct or indirect. In the indirect method, a DNA
probe specific for the deleted region is attached to a protein (for example biotin,
see Chapter 1) that has a strong cytochemical affinity for a molecule attached to
a fluorochrome (for example avidin). Another system frequently used is that of
digoxigenin (the DNA probe is marked with digoxigenin and the fluorochrome with
an antibody against digoxigenin). The direct method uses a DNA probe specific for
the deleted region already coupled with a fluorochrome. In all cases the marked loci
are immediately visible under a microscope equipped with an ultraviolet light. When
there is no microdeletion in the tested region, two fluorescent spots are seen on the
two homologous chromosomes, whereas in the case of a microdeletion only one spot
on the normal chromosome will be seen.

Using combinations of probes marked with different fluorochromes simultane-
ously, several chromosome regions can be hybridized in the same mitosis and possibly
visualized with different colours. Typically, a probe specific for the microdeletion is
used with a probe (called the control) for another region of the chromosome — for
example centromeric or telomeric — which allows localization of the mitotic chro-
mosome. In the case of a microdeletion, only the control spot is seen (Figure 4.5),
while the normal chromosome has two spots (for the control locus and the studied
locus). A certain number of probes specific for known chromosome microdeletions
are commercially available.

As with microsatellites, the use of fluorescent probes is specific for a locus and so
is subordinate to the clinical data. A simple and effective method to detect a priori
all chromosome microdeletions does not currently exist.

Use of microsatellite markers

Microsatellite markers have frequently repeated sequences and are distributed
throughout the genome (cf. previous paragraph). It is sufficient that one of them is
located in a microdeletion to indicate a loss of heterozygosity (hemizygosity) in the
deleted region. In fact, in the absence of a microdeletion, the paternal and maternal
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Normal chromosome 7

Fluorescence in situ hybridization of the metaphase of a child affected with Williams’ syndrome with
a probe specific for the deleted locus WSCR (Oncor). The deleted chromosome is recognized because
of the telomeric control probe, the deletion for this syndrome is located just under the centromere of
chromosome 7.

Figure 4.5 Microdeletion

alleles are found in a child; however, in the case of a microdeletion, the only mark-
ers detected will be those on the normal homologous chromosome (Figure 4.6).
For the analysis of the microdeletion to be possible it is necessary that the markers
used are sufficiently informative, and that the DNA of the affected child is studied
at the same time as that of its parents. Above all, it is necessary to know and study
the microsatellite markers in the deleted region and therefore suspect clinically that
microdeletion.

crr),, 4 F ccr), crr), 4 F ccr1))0
(VB | (VN (CA), o | (€AY

(CTT)y; (CTT)y

(CA); Microdeletion

In this example, the use of a dinucleotide repeat polymorphism (CA), allows detection of a de novo mi-
crodeletion of maternal origin; indeed only the paternal (CA); is found in the child.

Figure 4.6 Molecular diagnosis of a microdeletion
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4.4 Uniparental disomies

A person carries a uniparental disomy (UPD) when they have inherited the two ho-
mologues of a pair of chromosomes from a single parent, the other parent having
not contributed anything to the pair considered (Engels, 1993, 1995). Obviously a
standard karyotype analysis will show no anomaly, as all the chromosomes are nor-
mal. Uniparental disomy can only be detected when it is specifically looked for by a
microsatellite analysis of the proband and their parents (Figure 4.7) which shows the
absence of a contribution from one of the two parents for the pair of chromosomes
considered. Several hypotheses can explain the origin of uniparental disomies; the
classic is the return to disomy after a trisomic conception. In fact, it has long been
known that aneuploid conceptions (in particular trisomies) are very frequent in hu-
mans, with the majority not being viable. They result from an error in mitosis at the
level of the paternal or maternal gamete during the first or second meiotic division.
After fertilization, the nonviable trisomies will be eliminated naturally unless a ‘res-
cue’ mechanism intervenes by the loss at random of one of the three homologous
chromosomes, leading to a return to the disomic state. In between a third and a half of
cases, the fetus will find itself with two homologous chromosomes originating from
the same parent, and therefore carry a uniparental disomy. Sometimes a trace of the
trisomy remains in the mosaicism of the placenta, which can be detected ifa karyotype
of the placenta is performed, and can be the source of complications of the pregnancy
or retardation in intrauterine growth. If a non-disjunction, without crossing over,
was produced in meiosis I, the pair of chromosomes will, one time out of three after
rescue, be a uniparental pair (heterodisomy, Figure 4.8(a)). A heterodisomy can have
clinical consequences that are more or less serious depending on the chromosome
involved; in particular, they can be responsible for specific pathologies when genes

crn), 4 } T, (cr1) A} (CTT),
(ca), 4 | (cay, (€A, | (cay

(CTT)y4 (CTT),
(CA); (CA)q
The use of dinucleotide repeat polymorphisms (CA), and trinucleotide repeats (CTT), allows detection of the

case where the child has received two paternally derived chromosomes (heterodisomy) without any maternal
contribution to the pair of chromosomes considered.

Figure 4.7 Molecular diagnosis of a uniparental disomy
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(a) Heterodisomy: distribution of a pair of chromosomes with non-disjunction at meiosis I. The ‘rescue’ of
the trisomy by random loss of one of the three chromosomes can lead to the formation of a uniparental
heterodisomy (in fact in a third of cases, the embryo receives two parental chromosomes without any
contribution from the other parent of the pair of chromosomes).

(b) Isodisomy: distribution of a pair of chromosomes after non-disjunction in meiosis II. The ‘rescue’ of
the trisomy by random loss of one of the chromosomes can lead in half of the cases to the formation
of a uniparental isodisomy (the embryo has a pair of chromosomes derived from a single parental
chromosome).

Meiosis I

Meiosis 1

Figure 4.8 Heterodisomy orisodisomy: schematic representation of the generating mechanisms
of a uniparental disomy, heterodisomy or isodisomy
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which are under the control of parental imprinting are present on the chromosome.
The best example is that of a uniparental disomy of chromosome 15 which is re-
sponsible for both Prader—Willi and Angelman syndrome according to whether the
origin is respectively maternal or paternal. In contrast, if a non-disjunction without
crossing over was produced in meiosis II, the pair of chromosomes will, one time
out of two after rescue, be derived from a single parental chromosome (isodisomy,
Figure 4.8(b)) and could possibly lead to the appearance of an autosomal recessive
disease, the parent carrying the recessive allele transmitting a double dose of it by this
mechanism.

It is important to notice that a non-disjunction in meiosis I or meiosis II, followed
by a crossing over event can lead to a partial heterodisomy for the genes telomeric
to the crossover, and a partial isodisomy for the genes centromeric to the crossover
(see Figures 4.8(a) and 4.1(d) for the first case and Figures 4.8(b) and 4.1(d) for the
other).

Finally, a uniparental disomy of certain chromosomes can also lead to no particular
pathology. The most difficult problem is to recognize the indications leading to a
specific search for a uniparental disomy and on which chromosome, because there
is no method available to search them all systematically. Disomies are probably quite
rare but they should be suspected starting from the cytogenetic data (existence of
mosaicism or a Robertsonian translocation for example), family history or from
specific echographic signs (Engels, 1995).

4.5 Conclusions and perspectives

The standard karyotype analysis remains the golden standard for visualizing the
collection of all chromosomes and enabling the detection of a large majority of chro-
mosome anomalies. However, molecular biology is becoming more and more like an
indispensable complement bringing a useful rapidity to urgent tests of anomalies of
number, and above all anomalies undetectable from the karyotype. The description
of clinical syndromes associated with microdeletions, duplications and uniparental
disomies will, in the years to come, become more precise and wider in scope, and
the methodologies for diagnosing them will become more and more indispensable.
The development of DNA chips should, for example, allow the use of a method for
testing a very large number of chromosome microdeletions and duplications located
in the telomeric regions at the same time.
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5.1 Clinical virology
5.1.1 Introduction

Viral diseases have been known for thousands of years since the clinical characteristics
of smallpox were described by the Chinese around 2500 BC. In the 18th century,
Jenner discovered that infection by vaccine protected humans against smallpox. At
the end of the 19th century, the virus was defined as an infectious agent responsible for
transmissible diseases, characterized by their invisibility under an optical microscope,
and their filterability using a porcelain membrane. In the 20th century considerable
progress in the knowledge about viruses and viral infections was made leading to the
possibility over the last few decades of diagnosing these infections or, in a broader
sense, the performing of medical virology analyses. These analyses have for their goal:

e to prove that a virus is responsible for an acute infection;

® t0 associate a virus with a chronic infection;

Diagnostic techniques in genetics Edited by Jean-Louis Serre
© 2006 John Wiley & Sons, Ltd
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¢ to determine the immune status of an individual, by checking whether the indi-
vidual has been in contact with a virus without considering the date of infection;

e to follow the evolution of a viral infection;

¢ to study the epidemiology of viral infections.

5.1.2 C(Classical methods of analysing viral infections

Until the end of the 1980s, only the so-called classical methods were used in the
medical analysis domain. Despite the development of molecular biology, these tech-
niques are still very much in use today; this is why, in this chapter, the classical tech-
niques will be described first, followed by the advantages and disadvantages of both
techniques.

Classical direct methods for virus detection

These methods are based on the detection of viral antigens. Viruses are obligatory
parasites that can only multiply in living cells. Today, only cells in culture are used
in normal practice from embryonic chicken eggs or laboratory animals relevant to
the search.

In cell culture, characterization of a virus can be done by observation of mor-
phological modifications of the cells (cytopathic effect) or by the characterization
of viral antigens. Viral antigens are recognized by specific antibodies; these can be
polyclonal antibodies, usually obtained by experimental immunization of animals
or, more frequently nowadays, monoclonal antibodies, most frequently from mice.
The interest of the latter rests in the precision of the recognized antibody structure.

The visualization of the antigen—antibody complexes can be performed using
various procedures: agglutination of sensitive particles, detection of fluorescence
or coloration due to the antibody being marked by a fluorochrome or an enzyme
respectively.

Indirect methods

These methods are based on the detection of antibodies synthesized in response to
a viral infection. According to the goal of the research, it is possible to consider the
total antibody population or a particular class of antibody (IgG, IgM, less frequently,
IgA). The IgM antibodies appear first, on average about 2 weeks after the contagion
(contact with a contaminated subject); they disappear at around 2 months. The IgG
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antibodies appear several days after the IgM antibodies and last, in general, for life.
In the case of infections acquired in utero, the IgM antibodies can be detected in
blood from the umbilical cord from the 22nd week of amenorrhea. In practice, it is
not possible to distinguish between IgG antibodies transmitted passively from the
mother to the fetus from IgG antibodies synthesized by the fetus.

The main techniques to detect antibodies in use at the moment are the immunoen-
zymatic techniques (ELISA), which are based on the detection of antigen—antibody
complexes with the help of enzyme-marked antibodies.

Uses of classical methods

The classical methods have a number of advantages in common and some particular
advantages depending on the method used. As a general rule, the classical methods
are simple to set up and are relatively cheap.

The infection of cells in culture is the only technique that permits isolation of
a virus and the study of its sensitivity to antiviral agents. Detection methods for
viruses that are based on the detection of viral antigens have the advantage of a
rapid response in comparison with culture-based approaches. Indeed, several days
or weeks are necessary to detect a virus in culture, while detection of viral antigens
can be performed in several hours.

Only serological methods, which have as their goal the detection of antibodies,
permit establishment of the immune status of an individual. This property is im-
portant to consider because, for infections such as rubella or hepatitis B, it can be
discovered if an individual is protected against the infection (presence of antibod-
ies), or if it is necessary to vaccinate (lack of antibodies). In addition, determination
of the class of antibodies allows differentiation between a primary infection (first
contact with the virus) and a secondary infection (reinfection, replication). This
is particularly important in certain circumstances, notably in pregnant women. In
fact, infections which can be transmitted from the mother to the child in utero (cy-
tomegalovirus, parvovirus B19, rubella and chickenpox) have much more serious
consequences for the fetus in the case of a primary infection than with a secondary
infection.

Disadvantages of classical direct methods

Methods for virus detection by cell culture or by the detection of viral antigens have
the major disadvantage of low sensitivity. This is a real problem, notably in patients
who have received grafts for whom it is very important to identify an infection
early so that it can be treated as rapidly as possible. In the same way, it is very
difficult to make a diagnosis of herpetic meningitis by looking for the virus in the
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cerebro-spinal fluid by culture methods, because of the low concentration of the virus

in the biological medium. These methods allow diagnosis of an active infection, but

do not allow a primary infection to be distinguished from a secondary infection.
Culture-based methods have some specific disadvantages.

e Firstly, and very importantly, several viruses cannot be cultivated (certain en-
teroviruses), or are difficult to cultivate (parvovirus B19, the rubella virus).

e The viruses must be ‘alive) but viruses possessing an envelope are fragile and
degrade very rapidly. In these conditions, it is necessary that the samples that
potentially contain such viruses are stored at a very low temperature (—80 °C) in
order to obtain reliable results.

e Despite the presence of antibiotics in the culture medium, the possibility of bacterial
contamination is always present.

e The length of time required for the detection of certain viruses by culture-based
methods can lead to a delay in the diagnosis of a viral infection.

e The difficulty of culturing certain viruses, as well as the low sensitivity of this
method, means thatapart from the diagnosis of cytomegalovirus infection, culture-
based methods are not well adapted to antenatal diagnosis of fetal infections.

e Finally, culture-based methods give little quantitative information about viral
levels.

Disadvantages of classical indirect methods

On average, antibodies cannot be detected until about 2 weeks after the start of the
infection, which greatly delays diagnosis.

As was seen before, it can be important to distinguish between a primary and a
secondary infection. The diagnosis of a primary infection rests on the observation
of a seroconversion (appearance of antibodies), or the detection of both IgG and
IgM antibodies. Seroconversion is, in fact, rarely observed as it is only detected
in the case of a systematic screen for infection. At the moment when the clinical
signs are present, the antibodies are generally already detectable; in addition, certain
infections are asymptomatic and can pass completely unnoticed. The presence of IgM
antibodies is often difficult to interpret without an evocative clinical context. IgM
antibodies are, in fact, always detected during a recent primary infection if sufficiently
sensitive methods are used, but they can also be detected a long time after the start
of a primary infection (persistence of IgM), during a secondary infection, because
of a cross reaction between the pathogenic agent and another virus, or because of a
polyclonal non-specific stimulation of the immune system due to other infectious
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agents. The latter reason is very likely to be the most frequent cause of the detection
of specific IgM antibodies not linked to the studied disease.

It is theoretically possible to detect IgM antibodies in fetal blood from the
22nd week of amenorrhea. This presence signifies a fetal infection because maternal
IgM antibodies cannot be transmitted to the fetus. In fact, only infection with rubella
can be reliably detected by this method. For other infections, the detection of IgM
antibodies is random. In the same way, after the birth it is not possible, apart from
for rubella, to use this method to make the diagnosis of a congenital infection.

Finally, serological methods do not allow the evaluation of the seriousness of a
viral infection in any situation.

5.1.3 Analysis methods for viral infections using molecular biology
Reasons and limits of success

Molecular biology techniques have quickly spread into virology practice. They have
radically modified the care for diseases such as that due to human immuno-defiency
virus (HIV) or the hepatitis C virus (HCV). Because they use samples as inert me-
dia (not requiring culture), molecular biological techniques are less subject to the
major constraints of the classical analysis methods (see above). This is the reason
for the rapid spread of molecular biology methods in virology practice. In addition,
the extremely detailed genetic information, previously unavailable, on the infecting
viruses given by these methods assures that their use will become more and more
widespread.

However, apart from the general limitations which slow down the expansion of
the use of molecular biology techniques (cost, size and weight of the equipment to
be put in place, extreme sensitivity that opens the door to contamination), these
techniques have two significant disadvantages for their use in virology.

Genetic variability  Viruses are capable of extreme evolutionary adaptation that
translates into a high level of plasticity of the genetic material. The mutations, more
or less frequent depending on the virus and the genomic regions, appear during
replicative cycles. However, all of the molecular biology techniques depend for at
least one of their steps on hybridization, determined by the complementarity be-
tween the viral sequence and an oligonucleotide. A large amount of genetic variation
imposes strong constraints on the choice of sequence and size of the oligonucleotides.
These limitations are reinforced when an amplification step is performed because a
single mismatch at the 3’ end of the primer can prevent the initiation of the reac-
tion. The consequence of the high viral variability is that the choice of techniques
and primers has to be made with great care, using data from sequence banks. The
result is that certain techniques, like ligase chain reaction (LCR, see Chapter 1) or
differential amplification of certain viral sub-populations by selective priming, are
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difficult to set up for a given virus, even in a region of supposedly low variability.
In certain circumstances, it is wise to perform multiple amplifications to detect a
virus with extreme variability. The effects of the variability are not limited just to the
hybridization region. In general, it can be considered that techniques based only on
hybridization are more resistant to the constraints imposed by viral variability, since
the oligonucleotides will have been selected with some care.

The sensitivity threshold While the most sensitive amplification-based methods
are capable of detecting between one and five copies of target sequence per reaction,
the effects of earlier steps (volume of the test sample, extractions, possible reverse
transcription) means that the minimum sensitivity threshold is actually between
20 and 50 genome equivalents per millilitre (ml) of sample or for 10° cells. The
usual thresholds for amplification methods are 10 to 50 times higher and methods
based only on hybridization, except for the DNA branching method, are more than
1000 times less sensitive. The temptation to conclude that it is preferable to use
the most sensitive method is a mistake. For viruses (such as the rubella virus) that
are present in certain biological liquids in concentrations lower than 10? to 10*
genome equivalents/ml, a highly-sensitive method is justified. Conversely, for viruses
commonly found at 10° or 10® genome equivalents/ml like the hepatitis B virus
(HBV), itis prudent to use a more robust method, less sensitive to contamination. For
HBYV, the choice of technique is radically different when tracking a residual replication
during or after specific antiviral treatment or when it is a question of dealing with the
safety of transfusions, than when (for technical reasons) it is necessary to perform the
analyses on serum pools, requiring the technique with the maximum sensitivity. In
the same way, the choice of a detection method specific for cytomegalovirus (CMV)
is made using different criteria if it is a question of detecting a viral replication in
an immuno-suppressed patient or to confirm the existence of a fetal infection. The
sensitivity threshold of the molecular biology methods used should be adapted to
the clinical question.

Methods to detect a viral presence applied to acute diseases

In this context, molecular biology methods are used whereas the indirect diagnostic
methods are no longer usable. Often, the detection of a viral marker during an
acute phase of an infection, when there are characteristic symptoms, is enough to
confirm the viral origin of the disease. Theoretically possible for all viruses, diagnostic
approaches using molecular biology techniques are actually used for potentially
serious diseases or in the following circumstances.

(a) When reagents for a recently described virus allowing confirmation of viral in-
fection by a less onerous method (monoclonal antibodies for the direct methods,
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antigens for serological analyses) are not yet widely available, as for the search for
infection by the virus responsible for hepatitis E. It is then the flexibility of the
setting up of molecular biology methods that makes them successful, because
they ‘only’ require knowledge of the genomic sequences and their variability, and
to have proven experience.

(b) When an easy to use direct diagnostic method does not exist for some well
known viruses, while the clinical symptoms are very suggestive, so that a pos-
itive result allows the interruption of a difficult etiological inquiry to detect
an underlying genetic pathology, and would justify the use of a treatment which
would make the direct approach ineffective (i.e. acute non-regenerating anaemia
due to parvovirus B19). It is because they are easily applicable when serological
analyses are not yet available or are not informative that these techniques are
developed.

(c) When the direct diagnostic methods are ill-suited or are judged unsatisfactory,
while the disease is particularly severe or acute and requires quickly putting in
place specific therapeutic and preventative measures. Examples would be the
rabies virus or, for a patient affected with fulminating hepatitis, the search for
hepatitis 8. In both cases, the classical reference techniques can only give results
too late to be medically useful. It is the speed with which molecular biology
techniques can give a result that counts. Occasionally it is also the high sensitivity
of the molecular biology methods that justifies them being put in place. In this
category, examples are herpetic meningoencephalitis (for which viral culture
is not sensitive enough and the detection of specific immunoglobulins in the
cerebro-spinal fluid too slow) or the search for respiratory syncytial virus in the
case of bronchiolitis in infants (for which there exists rapid and reliable direct
methods).

(d) When the clinical symptoms that lead to the viral inquiry are caused by a limited
number of viruses (use of group or ‘multiplex’ amplifications).

In conclusion, the techniques of molecular biology used during acute infections
enter into the collection of direct diagnostic methods. Their flexibility in setting up,
their great sensitivity (which can also lead to the use of more accessible samples) and
their capacity to give results quickly are the reasons for their success. As techniques for
direct diagnosis, they only give results in a window of time limited to the productive
phase of the infection, whether a primary infection, a reinfection or a replication.
Because they are more sensitive than classical methods, the duration of detection of
viral replication is increased. However, because of the diversity of methods used, the
sensitivity thresholds are variable and the windows of use of these methods cannot
always be determined exactly.
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Methods to detect a viral presence applied to chronic diseases

Aside from the case of a major immune deficit, the detection of specific antibodies
indicates the existence of a previous contact with the virus and, in general, gives little
information about the current state of the patient. Serological analysis is of little use
in the case of very common infections (such as infection by the Epstein—Barr virus
or EBV) or where it is difficult to distinguish the medically interesting subgroups
(such as for the papillomaviruses, which are potentially oncogenic during viral in-
fection of the cervix). In rare cases (HBV), serological analysis can establish the exis-
tence of an incomplete immune response showing a chronic or persistent infection.
The direct diagnostic methods fit downstream of the serological approach and give
more information about the link between the virus and the pathology. There-
fore, in the case of a hepatitis B infection, having established by serological tech-
niques that the patient is infected, estimation is then made of whether per-
sistent viral multiplication exists by a qualitative research for the virus in the
plasma.

As a general rule, detecting a virus associated with a chronic infection in a quali-
tative manner is not enough to establish its responsibility for the infection. A critical
analysis of the clinical, biological and epidemiological data is required. The inter-
pretation of the results and the selection of the molecular biology methods to be
used in the search for a virus responsible for a chronic infection will be influenced
by the host, the virus, the pathology considered, the nature of the sampling and the
technique. This step will probably succeed in identifying the virus responsible for
the clinical symptoms. Sometimes, it is useful to measure in a subsequent step cer-
tain quantitative characteristics like the ‘viral charge’ for infection with the hepatitis
C virus (HCV) and/or qualitative characteristics like the type of papillomavirus in
cervical dysplasias or the genotype of the HCV virus which can affect the choice of
therapy.

In practice, the high sensitivity of molecular biology techniques is used in chronic
persistent infections:

e in the case of a negative result, to verify the eradication of the viral infection by the
immune system or by therapy;

¢ in the case of a positive result, to justify a complementary inquiry and a clinical
follow-up that will give more information about this chronic infection.

Particular applications in clinical virology
The molecular biology methods used can differ depending on whether a DNA or

an RNA virus is being studied. The methods of sample amplification can be distin-
guished from the methods of signal amplification.
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Sample amplification methods Methods based on iterative amplification of
DNA molecules (PCR, LCR) can be distinguished from those based on iterative
amplification of RNA (NASBA, see Chapter 1). The former allow the detection of
the genome of a DNA virus and require adaptation through the addition of a prelim-
inary reverse transcription stage to be able to detect RNA viruses. The latter, which
in theory are not constrained by the nature of the initial genetic material, are most
often used on RNA samples. They are used in virology for the quantification of RNA
viruses or for the detection of transcripts associated with the replicative cycle of a
DNA virus, either latent or reactivated.

Signal amplification methods Essentially based on a single hybridization
(branched DNA method, Qreplicase, RNA/DNA hybrid detection), the signal am-
plification methods are effective for the detection of viral genomes whatever their
nature.

Examples The following three examples show the special use of these methods in
virology.

Herpetic meningoencephalitis. A primary herpetic infection or a recurrence of her-
pes in a fever context can produce a set of symptoms which can lead to the suspicion
of viral meningoencephalitis. To establish the diagnosis quickly justifies the mainte-
nance of an intravenous antiviral treatment for 2 to 3 weeks, based only on the clinical
criteria and, in the case of a negative result, to continue the diagnostic investigation.

The other viruses in the herpes group can be associated with encephalitis, menin-
goencephalitis, with medullary attacks or with cerebral lymphomas (VZV, CMV,
EBV, HHV-6, HHV-7). Depending on the clinical cases with which they are faced,
the laboratories can be pushed to widen their diagnostic strategy. They could keep a
PCR strategy capable of detecting all viruses in the herpes group, and therefore avoid
performing a specific analysis for each virus. This is done either by targeting a con-
served region amplifiable by a single pair of primers (group PCR), the identification
of the virus responsible obtained by secondary characterization of the amplicon, or
by performing a series of PCR reactions in a single tube, each specific for a given
virus so the amplification products can be simply distinguished by electrophoretic
migration (multiplex PCR).

Detection of enteroviruses. The enteroviruses form a heterogenous sub-group of
the picornaviridae family. The name covers diverse groups such as polioviruses
(three types), group A coxsackieviruses (23 serotypes), echoviruses (31 serotypes),
enteroviruses 68 to 71 and hepatitis A virus (enterovirus 72). The enteroviruses,
grouped according to a common genetic structure with a marked variability, show a
wide divergence in their pathogenic capabilities. In general, they are responsible for
epidemics of classically resolved acute meningitis, without side effects, when caused
by echoviruses, coxsakievirus B and, rarely, coxsackievirus A. Their detection in the
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cerebro-spinal fluid is problematic due to the wide range of viruses looked for, with
a given virus having high levels of genetic variability. The target ‘consensus’ regions
of the primers that can be used for detection by single or nested RT-PCR are highly
constrained and even so can contain degenerate sequences. An original strategy for
making primers has been developed using ‘stair primers’ With this method, in a given
low variability region, the effects of the residual variability can be reduced using a
mixture of overlapping primers where the 3’ end is shifted progressively one base at
a time. This strategy reduces the effects of viral variability, however, depending on
the virus and the primer mixture, it can have variable detection thresholds and it can
be difficult to reproduce an identical mixture.

Selection of amplification controls. In the case of negative results, it is necessary to
consider the entire process, the type of test and sampling procedure, going back to
the study of the symptoms, whether the methods used for the clinical analysis were
sensitive enough, and whether the analysis was performed correctly. The amplifica-
tion controls commonly used in PCR analyses to test the success of the extraction
and amplification steps and the absence of common causes of PCR problems (single
copy genes, mRNA of ‘house-keeping’ genes) are often non-operational in virology,
with analyses performed on acellular fluids or windows of detection of the controls
disproportionate with respect to the number of viral particles that could be present
in the sample. It is necessary to use a marker quantity that is close to the detection
threshold of the method, so that it has the same detection constraints as the virus.
The best situation would be to have a control almost identical to the virus being
investigated, added to the sample, which would then pass though all stages of the
analysis procedure.

Quantitative methods allowing the control of the infection

These methods are set up, at least in theory, after the demonstration of the presence of
the virus using direct methods. The reasons and modalities for their use vary for each
virus. For practical or historical reasons, the detection and characterization of the
virus can be combined in a single step, as in the case of certain quantitative techniques.
In general, the aim is to establish the parameters allowing guidance of the therapy,
to evaluate the prognosis for the infection, and to give more information about the
epidemiology and chains of transmission. It is necessary to separate quantitative
methods from qualitative methods.

Interpretation principles and criteria The quantity of virus present in a tissue,
an organ and an organism is the result of its capacity for replication and the immune
and/or therapeutic response that limits replication. For the moment, with respect to
acute infections, use of virus quantification correlated to some symptoms is neither
practical in general, nor usual. It is only possible to consider in the long term the
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quantity of virus as a factor in the severity of an infection allowing a statistical
prediction of associated after-effects, in the case of herpetic meningoencephalitis, or
during a fetal infection by CMV.

For viruses responsible for chronic latent diseases that are susceptible to reactiva-
tion, like CMV and EBV, quantification by molecular biology methods can provide
thresholds above which the presence of a virus is clearly associated with symptoms
(current or future), thresholds below which the hypothesis that a virus is the causal
agent of a pathology must be rejected, and a vast grey area where interpretation is
more complex.

For viruses responsible for chronic persistent diseases, quantification does not
allow at a given moment the establishment of a strict link with a precise set of clinical
symptoms. It can allow evaluation of the efficacy of an on-going treatment with a
viral replication inhibitor for HIV and HBV, or the chances of success of a planned
treatment for HCV. In a prospective manner, it can serve, among other factors, as
a predictor of the evolution towards a more serious form of the disease (HIV) or
of the transmission risk (HIV, HBV, HCV), therefore justifying the introduction of
preventative strategies.

Application of viral quantification Quantification is performed by methods
that must be adapted to the viral titres spontaneously present in biological fluids. It
can be performed using hybridization, detecting hybrids in the normal way using
radio-isotopes (I'** for HBV), or through using a signal amplification technique
(DNA-RNA hybrid method for HBV and CMV, branched DNA method (bDNA, see
Chapter 1) for HBV, CMV, HIV and HCV).

Quantification can also be performed using substrate amplification techniques.
Those based on the iterative amplification of DNA or RNA molecules, semi-
quantitative methods where a signal obtained after amplification is compared with
that obtained using an external range standard, are no longer used. They have been
replaced by competition-based methods where a wild-type genome and a standard
are amplified in the same test tube. This can be done by evaluation at the end of ampli-
fication, or during the exponential phase (‘real-time’ quantification, see Chapter 1);
the latter is for the moment reserved for PCR-based methods.

Qualitative methods allowing the control of the infection

Interpretation principles and criteria  Qualitative analysis of an infection is, as
a general rule, performed in the case of chronic diseases. It can be performed in
order to account for the failure of a previously completed course of therapy (the
search for viral resistance), or to predict the chances of success of a future course
of therapy (the search for mutations associated to the resistance to antiviral agents,
HCV genotyping). Some qualitative information can also be indispensable, when it
is a question of analysing the modes of transmission of a virus from one patient to



190 5 SCREENING AND IDENTIFICATION OF PATHOGENIC AND EXOGENIC AGENTS

another, or of a virus in a hospital ward or other location. These epidemiological
approaches are often in the domain of medical-legal practice or scientific research.
From the point of view of interpretation of qualitative methods, it is necessary to
distinguish the methods used for a prospective study from those that describe (a) a
viral population present at the moment of the analysis and arrive ata direct conclusion
such as the search for resistance to an anti-viral agent, or (b) the similarity (estimated
using criteria that are sufficiently discriminating) of two strainsisolated from patients
implicated in the same chain of transmission. The former put diagnostic virology in
the established domain of predictive viral genetics. Their development has been/is
founded on statistical data or even on evolutionary physiopathological models.

Qualitative methods in practice The acquisition of qualitative information on
the infecting virus can be performed in the following ways.

e By differential amplification: with the help of specific primers capable of distin-
guishing different viral sub-types (initial methods of typing HCV and HCB, certain
methods of sub-typing HIV).

® By enzymatic digestion followed by electrophoretic separation: (a) the amplicon
segments resulting from differential truncation performed with the help of re-
striction enzymes that recognize some characteristic sequences (RFLP analysis),
(b) segments derived from whole genome RFLP analysis of the strain (Figure 5.1).

® By differential hybridization of the amplification products: these methods are per-
formed with the help of selective probes targeting the characteristic sequences
followed by detection of the results of hybridization. Techniques based on probes
of restricted size are sometimes not well-adapted for viruses with marked variability
(HIV).

e By differential migration: in native gel, of single-stranded DNA obtained, after
dilution and denaturation of the amplicon, followed by guided reannealing so that
the separated strands fold up on themselves according to the constraints imposed
by their sequence (SSCP technique). These methods are mostly used when, for
epidemiological reasons, it is desired to distinguish many isolates that are very
similar with marked genetic stability.

® By direct sequencing of the amplification product: these laborious methods provide
a lot of information, but their use requires the capability of finding those data of
medical interest within this large amount of information.

® By construction of recombinants: these methods can be used where a database —
sufficiently complete to allow the reliable interpretation of sequencing results —
does not yet exist, and isolation of the original strain is difficult or impossible.
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Another way of characterizing an infection uses markers of a particular replication
cycle in a given tissue type. Thus, for certain DNA viruses responsible for chronic
reactivatable latent infections, with certain samples such as blood, demonstrating
the viral genome in leucocytes is not enough. It can be preferable to look for viral
mRNA transcripts specific for an active infection using RT-PCR or NASBA. In a
similar fashion for HIV, it is possible to look for markers of residual replication
in peripheral circulating lymphocytes, in the ganglions, while detecting and even
quantifying there the mRNAs that code for viral transactivators, by quantifying
the genomic RNA.

5.1.4 Conclusions

In this chapter, several of the details of the practice of molecular biology applied
to diagnostic virology have been presented in a succinct manner. Molecular biol-
ogy methods have extended the diagnostic possibilities of virology laboratories, by
substituting for laborious procedures poorly adapted to clinical requirements, sim-
plified strategies more in tune with the requirements of the area. They have enabled
taking control of diseases caused by certain viruses that are inaccessible using the
other direct diagnostic techniques. It is, among other things, for these reasons that
in virology the techniques have been adopted in an early and widespread fashion.
It is, however, necessary to note that their virtue of simplicity had not been pushed
as far as in other diagnostic domains, in part due to the diversity of the pathogenic
agents, the variability of the clinical situations, and the multiplicity of the host—virus
relationships which exist. Even when it is just’ a question of testing for the pres-
ence of the virus, a certain complexity remains, not so much in the technological
requirements too often put forward as in the choice, in an occasionally urgent con-
text, of a well-adapted procedure and in the interpretation of the results, notably for
chronic infections. From this point of view, it is not certain that the uniformity of
analyses associated with the availability of diagnostic kits (for which viruses, which
diseases, validated for which samples?) is sufficient to resolve these complexities and
diversities.

Because in virology the practice of molecular biology is ‘old” and can sometimes
give insufficient results and because the knowledge and practices of virology are
extending, approaches which establish viral parameters and that can be used to
guide the therapeutic course of treatment are being used more and more frequently.
They use a very varied set of methods, even if some are going to fall into disuse.
Above all, they do not follow the simplifying tendency. They sometimes rely on
a high level of specialized knowledge, use complex strategies and need for their
interpretation large databases that require time to acquire. The longevity of each of
these methods depends on its informativity and on its degree of adaptation to the
practical constraints imposed by operational virology. It also depends on the capacity
of virologists to use difficult methods that possess a certain degree of inertia with
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respect to adaptation, for the study of subjects where certain aspects can evolve very
rapidly.

5.2 Clinical bacteriology
5.2.1 Introduction

In the domain of bacteriology, the classical techniques of detection and identification
of microorganisms in clinical samples remain the ‘gold standard’ by virtue of their
ease of use and interpretation as well as their low cost. The technological revolu-
tion of the last few years, with the appearance of molecular biology techniques, has
nonetheless improved the classical approach, when it has been shown to be necessary
in domains as varied as taxonomy, bacteriological diagnosis, detection of antibiotic
resistance and bacterial typing.

5.2.2 Bacterial taxonomy

Taxonomy is the science of classifying living organisms. It is the practice of putting
organisms into groups. The species is a concept that appeared, for bacteria, with the
improvement in the knowledge of physiology from molecular biology. In microbi-
ology, the aim of classification is to summarize all of the properties of a group of
bacteria. The assigning of a bacterium to a given group enables the prediction of
its properties without having to completely explore them. This predictive aspect is
very useful to clinicians, who are passive users of bacterial classification, because it
permits them to deduce all of the characteristics of a bacterium once it has been
assigned to a group.

The identification of a bacterium is traditionally done starting with a certain num-
ber of tests concerning morphology, characteristics of their biochemistry and culture.
These traditional ‘hierarchical’ classifications, characterized by a chosen order of the
characters, are currently being called into question. The development of informatics
methods has allowed the appearance of numerical taxonomy that helps take account
of all observed characteristics without giving them a particular value individually.
Numerical identification uses visual or automatic reading of biochemical tests.

The current revolution in taxonomy is based on the development of phenetic and
genetic methods. The phenetic and, above all, the genetic criteria allow the precise
definition of a bacterial species. A study restricted to a single phenotype has the
drawback that a single error in a main pathway can cause the entire identification to
collapse. Molecular and genomic analyses of bacteria concern the physio-chemical
nature of their genomes, and look notably at the estimation of the percentage of
[guanine+cytosine] nucleotides in the genomes, their degrees of homology, their
size and their diversity, but these analyses can only be performed in laboratories
which specialize in bacterial taxonomy.
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The [G+C] percentage is the number of base couples guanine + cytosine per 100
base couples in a bacterial DNA molecule; it is measured by high-performance liquid
chromatography (DHPLC, see Chapter 1). The G/C percentage varies between 25
per cent and 70 per cent in the majority of studied bacterial species. For example, its
value is 32-36 per cent in Staphylococcus aureusi and 50 per cent in Escherichia coli
K12.

The degree of homology between two DNA bacteria is evaluated by DNA/DNA
hybridization from the fraction of genomes susceptible to form duplexes in given
conditions of ionic force and temperature. It is considered that two bacteria are from
the same species if their genomes hybridize at more than 70 per cent.

5.2.3 Bacteriological diagnosis

Clinical bacteriology is the study of the bacteria responsible for infections in humans.
The nature of these infections can be diverse: respiratory, urinary, genital, etc. The
search for the agent responsible for the infection requires a procedure with several
steps, from the isolation of the bacterium in the pathological sample to the identifi-
cation of the bacterial species. Initially, a direct examination of the bacterial sample
is performed using Gram staining to differentiate Gram positive bacteria (coloured
violet), from Gram negative bacteria (coloured pink), or Ziehl-Neelson staining for
mycobacteria, which are acid—alcohol resistant. After this first step, the bacteria are
cultivated on solid or liquid gel medium. The delay for culture is usually 24 hours,
but can be between several days and several weeks depending on the species, after
which a complete identification is undertaken. While bacteriological diagnosis is still
currently based on ‘classical” techniques, molecular biology methods allow in certain
cases more rapid or more precise identification. Direct quantitative or qualitative
testing for bacterial nucleic acids (DNA and RNA) in the clinical samples can be
performed. However, for rapidly growing bacteria, this detection mode is limited to
a few specialized laboratories. Its use is restricted to a few very particular cases such
as the testing using PCR of Neisseria meningitidis in the cephalo-spinal fluid when
the culture is negative in a patient on antibiotics. In contrast, for slow growing bacte-
ria, or for those requiring sophisticated culture techniques (cell cultures), molecular
biology techniques have been developed in several laboratories. Some examples are
described below.

The mycobacteria

Mycobacterium tuberculosis is very important on the global scale with around
10 million new cases each year. Pulmonary tuberculosis is the most frequent clinical
form and kills more people in the world than all of the infectious pathologies due to
the other microorganisms.
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For many years, the only rapid diagnostic test for bacterial tuberculosis was the
microscopic examination of sputum using Ziehl-Neelsen staining. The specificity
(capacity to specifically identify a given bacteria) of this technique is good, close to
95 per cent, but the sensitivity is low (40—-60 per cent) as bacteria are emitted in
an intermittent fashion that makes repetition of the sampling indispensable. With
either a positive or negative microscopic test, the definitive diagnosis rests on the
isolation in culture of mycobacteria from the biological samples (sputum, gastric
tubes, urine, etc.) on special media. The sensitivity and specificity of cultures is
higher. The principal problem comes from the delay for a positive test, which varies
from 3 to 50 days, depending on the number of bacteria found during the direct
examination.

Since their introduction, molecular identification techniques have had a large
amount of success and their application to this problem has rapidly become
widespread because they normally allow results to be obtained in several hours.

Mycobacterial DNA is directly looked for in respiratory samples using PCR. Several
kits are commercially available in Europe. The sensitivity of this method is strongly
influenced by the concentration of bacteria in the sample. A sample with few bacteria
can lead to a false negative result. On the other hand, there can be the fear of a false
positive result resulting from possible contamination of the sample by exogenic DNA,
produced by previous or concurrent reactions. In terms of sensitivity, the detection
of M. tuberculosis in a sample remains less than that of culture. For these reasons, the
place for molecular biology in bacteriological diagnosis is still a controversial subject.

However, molecular biological techniques have been developed with the goal of
differentiating between different clinically interesting species of mycobacteria. Cur-
rently, certain commercially available kits allow distinction and identification of M.
tuberculosis, M. avium, M. intracellularae, M.kansasii and M. gordonae. This test
is based on the use of DNA probes marked with acridinium ester (luminescent
molecule) that specifically complement the different types of bacterial ribosomal
RNAs. The results are available in around 1 hour. The interest in these identification
probes rests in the interpretation of positive cultures from clinical samples grown on
liquid or solid media in immuno-suppressed patients where a pulmonary infection
may be due to so-called ‘atypical’ mycobacteria (M. avium/intracellulare, M. kansasii,
etc.).

Chlamydiae

Chlamydiae are bacteria that have an obligatory intracellular development with a
particular cell wall structure (absence of peptidoglycan). Four of the known species
are pathogenic in humans, of which C. trachomatisand C. pneumoniaeare responsible
for urogenital and respiratory infections respectively.

C. trachomatis is the main worldwide bacterial cause of sexually transmitted dis-
eases (STD) and has a high morbidity if it reaches the upper genital tracts of women.
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It can also be a cause of tubal sterility and increases the risk of extra-uterine preg-
nancies. The biological diagnosis of this organism is difficult because C. trachomatis
cannot be cultivated in normal media. The diagnostic method used up to the present
(direct immuno-enzymatic and serologic test) is not very sensitive, or specific (cross-
reactions between different species) and are difficult to perform. The reference test
is still cell culture, which demands fastidious care of the cells as well as a delay of 3
to 7 days before obtaining a result. Some molecular biology techniques have been
developed to reduce the delay necessary for bacteriological diagnosis and facilitate
the test procedure. The most used technique is PCR which has the advantage of
having a high sensitivity (stability of nucleic acids in the sample and detection of a
small number of bacteria) and a high specificity (choice of probes, reduction of false
positive reactions by inclusion of an anti-contamination system), as well as results
which are reliable and reproducible. These gene amplification techniques are more
sensitive than isolation in cell culture (the reference method), which has a sensitivity
of 80 per cent.

C. pneumoniae is responsible for a diverse range of respiratory infections: pneu-
monia, bronchitis, sinusitis and pharyngitis. The direct or indirect detection of
C. pneumoniae is difficult because cell culture has low sensitivity, is long, difficult
and rarely positive. The direct search for C. pneumoniae in clinical samples by using
fluorescently labelled antibodies has a subjective interpretation. In addition, inter-
pretation of serology is made difficult by the absence of seroconversion (increase
in antibodies in the body of the patient), the presence of cross-reactions with other
species and raised seroprevalence (certain people keep the antibodies for along time).
As for C. trachomati, the diagnosis can be performed using gene amplification. The
nucleicacids are detected in pharyngeal samples. The detection of DNA from C. pneu-
moniaein these samples without an accompanying serological response (appearance
or significant increase in antibodies) could be due to a prolonged carrying period
rather than an acute infection. The development of a quantitative PCR technique
could allow better distinguishing of carrier and infection status (see clinical virology).

Mycoplasmas

Mycoplasmas are mollicute bacteria, which are distinguished from other classes of
bacteria by the absence ofa cell wall. This organism cannot be seen on coloured smears
and cell culture requires specific solid and liquid media for which the delay is 10 to
20 days. One of the species in this bacterial class, Mycoplasma pneumoniae, provokes
respiratory infections, most commonly in children or young adults. These infections
are often not well recognized due to the lack of rapid reliable diagnostic methods.
Bacteriological diagnosis is based on serology, and is difficult to interpret because the
time course of the increase in antibody levels is not the same in all patients. Currently
the diagnosis can be performed by amplification of species-specific sequences. At this
moment, the genome sequence of M. pneumoniae is known and available.
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5.2.4 Molecular detection of antibiotic resistance

Currently, in medical laboratories, antibiotic resistance is determined by the antibi-
ogram method, either in gel medium or in liquid medium. The goal is to detect a
bacterial culture in the presence of an antibiotic gradient which diffuses radially in
a nutrient gel from a disc loaded with antibiotic (gel diffusion method), or in the
presence of a given concentration of antibiotic in a nutrient soup (liquid medium
method). If the culture is positive in the presence of critical concentrations of the
studied antibiotic, the strain is called resistant. These techniques are simple, easy
to set up, with a satisfactory response time and remain the most used. Indeed, the
direct detection of resistance genes in the original samples is a rapid method but does
not have a single interpretation. The samples are often contaminated with bacterial
flora from areas adjacent to the infection site. In these samples, the isolated bacte-
ria are not all of clinical interest and can carry resistance genes. The detection of a
resistance gene can therefore be falsely associated with the strain responsible for the
infection. On the other hand, there exists a wide variety of mechanisms and genes
for resistance (mutations in the genes coding for the target of an antibiotic or in
regulator genes, acquisition of new genes). This genetic diversity makes for a com-
plex choice of probes to test all implicated genes and to define a test having a chance
of being exhaustive. For these reasons, the standard antibiogram remains the most
frequently used method of detecting resistance. The problem comes from resistance
mechanisms that are difficult to detect in standard conditions and so clinical and
epidemiological information are important. Examples would be the detection of me-
thicillin resistance in staphylococci and certain vancomycin resistance phenotypes in
enterococci that can pass undetected through a standard antibiogram. In these two
cases, an additional detection test by PCR or using a marked probe, the resistance
genes absent in the sensitive wild-type strains allow classifying the strains as resistant.
This detection allows adjustment of the antibiotic treatment and the setting up of
isolation procedures to avoid dissemination of the infection from the carriers. With
slow growing bacteria such as M. tuberculosis, the detection of rifampicin using PCR,
sequencing, or detection using probes, allows very early adaptation of the treatment
whereas the delay for a response would be very long with classical techniques.

5.2.5 Bacterial typing

In communal situations like a hospital environment, the knowledge of reservoirs of
pathogenic organisms and their transmission pathways is important for understand-
ing epidemics, the mechanisms implicated in the occurrence of hospital-acquired
infections and in the dissemination of multi-resistant bacteria, which currently
constitute a major public health problem. During its dissemination, a bacterium
does not stop to divide more or less rapidly. The bacteria coming from these divi-
sions (clones), and detected in several different individuals or in the environment,
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determine the chain of transmission. The possibility to determine, in a bacterial
species, the strains that form a part of the same chain of transmission from those
that are independent greatly helps the interpretation of data from epidemiological
studies. As well as sorting strains according to criteria that can differentiate within a
species, typing can also determine the links of clonality between isolated strains in a
particular epidemiological context.

Historically, typing was performed by the study of phenotypic characters like an-
tibiotic resistance, sensitivity to bacteriophages, activity with respect to various sub-
strates, etc . . However, the lack of reproducibility of the results, their non-quantitative
aspect, the often large number of strains which could not be typed and the com-
plexity of certain techniques have favoured the development of molecular typing.
Numerous methods and techniques have been proposed exploring different bacterial
components such as proteins, isoenzymes, plasmid DNA or total DNA. They reflect
the difficulty, whatever the method, of determining the links of clonality between
strains. The techniques currently most used to test clonal links between strains are
those that analyse the bacterial genome.

Analysis of plasmid content

Bacteria can contain autonomously replicating extra-chromosomal double-stranded
DNA in the cell, called plasmids. The study of plasmid content from a bacterial
strain is based on simple and cheap methods. After extraction of the plasmid DNA,
migration on agarose gel allows the determination of the number and size of the
plasmids. The profiles obtained after enzymatic digestion and electrophoresis of
plasmid DNA allow comparison of plasmid content between studied strains with
a high degree of precision. However, the instability of plasmid content, frequent
genetic rearrangements, absence of plasmids in certain strains or the presence of the
same plasmid content in independent strains (not having an epidemiological link so
a priori without a clonal link) are major inconveniences with the use of this tool as
an epidemiological marker.

Analysis of cellular DNA

Restriction polymorphism of total DNA, obtained after digestion of DNA by restric-
tion endonucleases having frequent cut sites and after electrophoretic migration, has
been used to compare bacterial strains and evaluate their clonal links. The separated
fragments of DNA have sizes from 0.5 to 50 kb. However, the profiles obtained gen-
erally contain a very large number of bands of which several are overlapping, making
the comparison of profiles difficult.

The analysis of total DNA restriction polymorphisms, after Southern blot hy-
bridization with a hot or cold marked probe, has been proposed. Therefore, the
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number of bands to analyse is reduced to the fragments homozygous for the probe
marked sequences. The localization of the fragments that hybridize to the probe
varies with the cut sites and reflects the diversity of the genetic code between the
studied strains.

Several probes have been studied, including those recognizing DNA coding for
the 16S and 23S ribosomal RNAs. The conservation of these genes in the world of
eubacteria allows utilization of a universal probe. Nevertheless, the diversity of the
probes obtained varies with the species studies and the marker can display weak
discriminatory power. The discriminating characteristic of a method is its capacity
to differentiate independent or non-linked strains (without clonal links). In contrast,
certain profiles are characteristic of a species and can help the diagnosis of a species
when the classical methods do not allow strain identification. Other probes have been
evaluated, among them those that carry the sequences coding for virulence genes or
the repeated insertion sequences like IS6110 in Mycobasterium tuberculosis or 1S256
in Staphylococcus aureus. These last two probes have increased determination power
but are reserved, for technical reasons, to reference centres.

Classical electrophoresis in a unidirectional electric field allows the separation of
DNA fragments of a size smaller than 50 kb. Other electrophoresis methods allow
the separation of fragments from 50 to more than 800 kb, such as those used in the
contour homogenous electric field (CHEF) technique, the most frequently used for
bacterial typing (Figure 5.2). The profiles obtained with these methods have generally
less than 20 bands and are easily compared. The restriction endonucleases used are
those that have only a few cut sites (macrorestriction) in the studied species. The
principle of the electrophoresis consists of exposing digested DNA to the electric
field, which regularly alternates its orientation. In this case the DNA strands have
to regularly re-orientate themselves in the sense of the electric field during their
migration in an agarose gel. The time required for re-orientation of the DNA strands
is proportional to their size and allows their separation. For the DNA extraction,
the bacteria must be included previously in the blocks of agarose (insert). These
blocks are then submerged in several solutions (lyse solution, washing) to obtain
cellular DNA extracted and non-fragmented on the interior of the block during the
manipulation. This method has a high power of discrimination, high reproducibility
and is applicable to a wide range of organisms after adaptation of the protocols.
However, the delay before obtaining the results is relatively long — more than 3 days —
and the necessary techniques and equipment are onerous.

Analysis of genomic polymorphism after random amplification

Among the amplification techniques described for typing bacterial strains, the tech-
nique of random amplified polymorphic DNA (RAPD) is the most commonly used
(Figure 5.3). This method consists of amplifying several DNA fragments with the
help of arandom sequence primer (some 10s of nucleotides and a GC content greater
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485.0
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242.5

Group B streptococcal strains isolated during an epidemic over the period of 1 month compared by the CHEF
technique. All of the profiles are different.

Track 1: lambda ladder (multimers of the phage A genome, molecular size marker);
Track 2: strain n° 1;
Track 3: strain n° 2;
Track 4: strain n° 3;
Track 5: strain n° 4;
Track 6: strain n° 5.

Figure 5.2 CHEF technique

than 40 per cent) hybridized at low temperatures (between 37 and 45°C) to partially
homologous sequences and close enough to each other to allow amplification. After
electrophoresis of the amplified fragments, a profile is obtained consisting of a vari-
able number of bands representing the fragments of variable size that characterized
the target DNA. This method does not require information on the target sequence. It
is rapid, cheap, technically simple to set up and applicable to all bacteria. The essential
problem remains with the reproducibility, but this can be improved by rigorously
standardizing all steps of the experimental protocol.

Interpretation of results

The bacterial genome is subjected to permanent variation occurring during cell di-
vision (random mutations, genetic rearrangements, exchanges of genetic material,
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Strains of multiresistant Klebsiella oxytoca, isolated from neonatal reanimation during the period of 1 month
in six different newborns, compared with the RAPD technique.

Track M: size marker; Track 1: strain n° 1; Track 2: strain n° 2; Track 3: strain n° 3; Track 4: strain n° 4; Track
5: strain n° 5; Track 6: strain n° 6 (identical profiles for strains 3, 4 and 5).

Figure 5.3 RAPD technique

etc.). Genetic variability can therefore be found amongst strains descended from the
same parental clone. In theory, this variability is all the more important as the strains
become subdivided. Nevertheless, the degree of genetic similarity is generally higher
amongst strains recently descended from the same clone than amongst independent
strains. For the macrorestriction profiles, it is allowed that strains with profiles differ-
ing by less than three bands are strongly related, by four to six bands are potentially
related, and by more than six bands are independent or non-related. These criteria
should nonetheless be adapted to the studied species thus to the epidemiological
context in which the strains were isolated.

5.3 Detection of GMOs

Thanks to the accumulation of scientific knowledge in molecular biology, the first
transgenic bacterium was created in 1973, the first transgenic animal, a mouse, in
1981, the first transgenic plant in 1983. A transgenic tomato showing a slow-down
in its maturation was put on the market in the United States in 1994 and Europe saw
the arrival of genetically modified maize in 1997.

Genetically modified plants arrived at the same moment as the contamination of
the blood supply, mad cow disease, dioxine, etc. having already raised the fears of
the public. The exercising of their right to free choice led to a European regulation
allowing them to be informed of the presence of genetically modified elements in
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food products. The recent affairs of soya, rape or maize seeds found to be contam-
inated by traces of genetically modified organisms (GMOs) has renewed the need
for reliable and sensitive methods for the detection and identification of GMOs, but
their development is still continuing because of the significant number of factors still
needing a solution.

5.3.1 What is a GMO?

A GMO s defined as ‘an organism whose genetic map has been modified in a different
way from what happens in nature by means of cross-breeding or natural genetic
combination’ (directive CEE 90/220 and French law 92/654). A GMO is therefore
a product of genetic engineering! that has allowed the transfer, into the genetic
inheritance, of one or several genes permitting the modification, suppression or
introduction of certain characters.

The introduced genes (transgenes), because of the universality of the genetic code,
can come from any organism: virus, bacterium, yeast, fungus, plant or animal. For
example, transformation in plants can consist of:

¢ improving agricultural characteristics (herbicide resistance, resistance to insects,
nematodes, fungi, bacteria, viruses, etc.);

¢ helping the production of ‘hybrid variety’ seeds between two parental lines: one
line produces no more pollen (male sterility), the other allows the restoration of
fertility;

¢ improving the conservation of fruits by delaying ripening;

e improving the nutritional quality of food products by modifying the fatty acid
composition of oily grains, by modifying the starch so that it is more digestible
for animals and by reducing the allergic properties of a plant (research ongoing in
rice);

e production of products for medical use (collagen, gastriclipases, albumin, vaccines,
etc.).

GMOs correspond to organisms or parts of living organisms that are biologically
active, capable of DNA transfer to other organisms and which can spread into the

! The introduction of a gene into the genetic inheritance of a plant is carried out in one of two ways as
follows. (a) The first method transfers DNA with the help of bacteria from the genus Agrobacterium —
these soil bacteria naturally transfer a part of their DNA into the cells of certain plants and therefore
provoke cell proliferation (e.g. the appearance of galls or root nodules). The genes responsible for the
disease in the bacteria are replaced by the genes which are transferred. (b) The second method transforms
protoplasts by injecting naked DNA by electroporation or using a DNA gun.
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environment; for example in the case of a plant, it is as much a question of the whole
plant as of the fruit, grain, pollen, etc. In contrast, derived products such as flour,
oil, etc., are not considered as GMOs.

5.3.2 Regulations
Legal context and evaluation techniques

The analysis of health and environmental risks is the fundamental element and a
prerequisite before any GMO can be put on to the market (directive CEE 90/220,
French law 92/654, CE rule 258/97).

The evaluation of a GMO is aimed at an individual genetic modification or a
‘transformation event), that is to say, a genetic construct inserted at a particular place
in the genome?.

In France, the risk analysis linked to the dissemination of a GMO into the envi-
ronment is performed by the CGB? for environmental questions and by the AFSSA*
for food-related questions (human or animal feed). The evaluation is performed on
a case-by-case basis and takes account of numerous elements such as the nature of
the transgene, the genetic construct, the species and variety, and the usage to which
it will be put (food, industrial or other).

Imported or cultivated GMOs

The voluntary distribution of GMOs in the environment is governed by the directive
CE 89/220; the use of GMOs — and their derived products — in foods is covered
by the directive CE 258/97. Certain varieties of maize resistant to pyral (a parasite)
and/or herbicide tolerant are authorized for culture and/or for importation for their
industrial transformation. For transgenic soya, only the importation is authorized
with the goal of industrial transformation. One tobacco variety and two chicory
varieties are authorized for culture only for producing seeds for export. Carnations
modified to last longer are also authorized, but only for the production of cut flowers.
Certain GMOs that are authorized in the European Union can be forbidden in a
member state, e.g. in France (oil-seed rape moratorium).

Labelling and traceability of GMOs

Rule CE 258/97 states that the labelling must indicate at the level of the finished prod-
ucts destined for human consumption, the presence of GMOs and of their derived

21f the same genetic construction used for the same species is inserted into a different location, the GMO
obtained has to undergo a new evaluation.

3 CGB stands for the Commission de Génie Bio Moléculaire.

4 AFSSA stands for the Agence frangaise de sécurité sanitaire des aliments.
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products. At the moment, there is not much in the way of GMOs (melon, tomato,
etc.) on the European market. In contrast, products derived from GMOs can be used
today as food or ingredients (maize flour, maize semolina, maize starch and starch-
based binders, derivatives of maize starch (glucose syrup, dextrose, maltodextrins,
etc.), soy flour, vegetable fats (maize, soy, rape)). The mentions of labelling (rules
CE 1139/98 and CE 49/2000) give some leeway to reply to the problem of fortu-
itous ‘contamination’ with GMOs (involuntary mixture of non-transgenic varieties
with GMO varieties by wind dispersal of pollen, technological constraints, etc.).
The threshold of tolerance defined by ingredient (for each vegetable species) was
fixed at 1 per cent. Food products and ingredients containing additives and flavours
derived from GMOs are subject to the same labelling requirements (rule CE 50/
2000).

The application of this rule requires the use of two complementary utilities
(Bertheau and Diolez, 1999).

e Traceability from the raw materials, that is to say the documented trail that allows
identification of the origin and nature as well as the destination of the products
within a company and at each commercial transaction. In fact, the current EU
procedure on labelling relates on the one hand to seeds and on the other to fin-
ished products. In contrast, between these two extremes, there is no longer the
obligation to mention ‘genetically modified’. These gaps create problems for food
manufacturers who need to have accurate information about the GM status of the
ingredients delivered to them so that they can label the finished products correctly.
The traceability of GMOs currently relies on voluntary conformance while waiting
for new regulations.

® Laboratory analyses to detect and quantify DNA or proteins coming from GMOs
(the two targets kept in accordance with the regulations) in the raw materials,
ingredients or finished products, analyses that fall under the step of traceability
and self checking.

The authorities have at their disposal laboratories to analyse the products as well
as classical control methods (document verification, invoices and evaluation of the
reliability of the traceability of the professionals).

5.3.3 Detection of GMOs and their derived products

Detecting the production of the modification

It is normally a question of looking for the protein expressed by the transgene by im-

munological and phenotypic tests. These tests are mostly used in regions producing
and exporting grains and beans such as North America.
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Immunological tests It is necessary to have antibodies available corresponding
to the protein being sought. This is not always possible in the case where a genetic
modification does not lead to the synthesis of a new protein, but in contrast acts
to reduce or increase the production of a protein already present (such as with the
delayed maturation of the tomato) or in the case of a genetic construct leading to the
synthesis of a protein produced in a organ different from that being tested.

Immunological tests are attractive because they are simple to perform and cheap.
However, the main limitation of these methods is that they can only be applied to
the raw materials or to products in the nearly raw state. Indeed, thermal or chemical
treatments in particular will alter the conformation of the proteins, even degrade
them, and so make this type of analysis impossible.

Immunological tests are mostly performed in the form of a dip-stick (strip of paper
carrying antibodies and dipped into the solution to test for the antigen) or the ELISA
test.” The dip-stick is usable in 10 to 20 minutes in the field or in the laboratory,
either plant-by-plant, in the case of GM seed production for example, or by batch
(collection of multiple plants or grains) to look for the accidental presence of GMOs
inthe batches of grain. With these methods atleast 0.5 per cent GMOs can be detected.

Phenotypic tests A part of the AOSCA® certification, particularly in the case of
soya, is based on the effect of applying herbicide to seedlings issued from seed batches
that are not meant to contain GMOs. Phenotypic tests are always restricted to easily
controllable phenotypes like herbicide resistance. Moreover, they can only be applied
to living material, dependent in this case on the capacity of the seeds to germinate.

The interest of phenotypic and immunological tests must not be underestimated
since there will be an operational requirement for reliable traceability of origins and
processes. These tests can indeed be used for the certification of pure products at the
start of production.

Detection of modification at the DNA level

Amongst all the methods for DNA amplification, the most used technique for the
detection of GMOs is PCR. To set up this technique it is necessary to have available:

e a sufficient quantity of DNA” of sufficient purity® because the PCR reaction is
sensitive to the presence of inhibitors co-extracted with the nucleic acids — the
extraction and purification protocols are adapted to each type of product;

5 ELISA stands for enzyme linked immunosorbent assay.

¢ AOSCA stands for the Association of Official Seed Certifying Agencies.

7 The efficiency with which the cell and nuclear membranes are broken down is an element determining
DNA accessibility in a sample. Various techniques, using detergents and chelating agents to dissolve the
membranes and inhibit nucleases, are then used to free the DNA from the matrix.

8 Purification is generally performed by fractional precipitation, by adsorption on silica or anion exchange
resins.
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Transgenic insert

Plant Plant
genome genome
Promoter Gene Terminator
="
t ¢ t 4 ottt t ¢t t
3 1 2 2 1 3
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Scheme of the insertion of a genetic construct in a plant genome. This construct contains at least the gene
of interest surrounded by regulation and transcription signals, promotor and terminator.

Figure 5.4 The PCR targets

e a primer pair (specific oligonucletides) that allows specific amplification of the
studied fragment’ —in order to detect the low numbers of DNA copies, the ampli-
fication conditions should be optimized;

e the standard GMO controls to interpret the results — the current calibration stan-
dards are based on crushed seeds,!® but standards in the form of genomic or
plasmid DNA could equally well be used.

Qualitative tests These are based on the capacity to amplify a particular sequence
using PCR of a construct inserted into a GMO. Depending on the probe utilized
(Figure 5.4) the following results can be obtained (Bertheau, 1998).

e The detection of the presence of GMOs without more information. This test called
the ‘screen’ uses probes in the regulation regions P35S or Tnos (Figure 5.4-1),
which are identical in all GMOs authorized in Europe (Lipp et al., 1997);

e The identification of the type of construct present in a GMO by amplification of
a part of the transgene (specific probes) — this can be the same in different GMOs
(Figure 5.4-2);

e The accurate identification of a GMO by amplification of edge fragments more
specific than those of the transgene (Figure 5.4-3)

At the moment, only official laboratories with the task of controlling GMOs have
available the edge primers for several GMOs. The modification of directive 90/220

°In highly refined products, the DNA fragments are less than 400 bp in size, the size of the amplification
products should be between 30 and 250 bp.

10 Reference materials for the quantification of genetically modified organisms (GMOs) issued by the
IRMM (Institute for Reference Materials and Measurements).
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improves the procedures by which the biotechnology companies make available the
edge primers as well as the standards necessary for the analyses. In addition, an
important European programme has been put in place to develop quantitative tests
based on the edge fragments.

Finally, it is useful to note that the verification of the presence of a non-authorized
GMO requires the prior knowledge of the characteristics of the GMO and to have the
primers available as well as the control standards. An international register (being
set up) of analytical tools would be very useful to perform this type of research.

Quantitative tests The aim of quantitative tests is to measure the percentage of
GMO present in a sample by estimating the quantity of target DNA in the sample
using PCR (Larrick, 1997) compared with a range standard. Note that the determi-
nation of the GMO percentage in a finished product is defined with respect to each
vegetable species. In consequence, except for pure non-transformed products like
grains and seeds, the determination of the GMO content of a substrate requires two
quantifications.

® The first aims to know the vegetable species contained while determining the num-
ber of copies of a DNA target specific for the species. This assumes the availability
of a certain number of varieties representative of the worldwide diversity of the
considered species, in order to verify the conservation of target sequences and their
number of copies.

® The second aims to determine for the same sample the number of copies of a DNA
target specific to the location of the GMO for that species. The probes used for the
screen (P35S) can only be used for the quantification of pure products (a single
vegetable species and even a single GMO because, for example, the number of P35S
copies in different GMOs from maize are not the same). Primers specific for the
insert can be used in quantitative PCR in a mixture as long as another GMO with
the same sequences is not permitted in the EU. Only tests based on edge fragments
allow the exact quantification of mixed products, provided that the GMO does not
come from gene stacking, that is to say a cross between two previously authorized
GMOs.

The ratio of the number of GMO copies of the same vegetable species to the num-
ber of specific copies for the species gives the GMO content by species. The final
detection variability will therefore be a function of each test PCR, which must be
optimized.

To determine the number of GMO copies from a vegetable species and the number
of genomic copies of the same species, two approaches can be taken.

o Thedifferent types of quantitative PCR known as ‘end-point’ measures the number
of amplicons after PCR by image analysis after gel electrophoresis on agarose in
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the presence of DNA intercalating agents (for example, BET) or after capillary
electrophoresis (see Chapters 1 and 4). For GMO, the method of competitive PCR
(see Chapter 1) has been used (Larrick, 1997) but is being replaced progressively
by real-time quantitative PCR; it is still used to find out if the GMO content is
above or below a certain threshold.

e The different types of PCR known as ‘real-time’ continuously measure the quanti-
ties of amplicon during the PCR (Gachet et al., 1999). Measurement of the increase
in amplicon copy number is ensured by measuring the fluorescence liberated by
their synthesis thanks to the use of a probe internal to the amplicon (see Chapter
1, TagMan® chemistry) or by utilization of an agent binding to the DNA of the
amplicon (SybrGreen® method).

Figure 5.5 shows the results of a dosage of an unknown quantity of the genome of
transgenic maize Bt 176 parallel to a range standard consisting of 100, 1000 and 4000
copies of this genome. The real-time amplification curves (Figure 5.5(a), emitted
fluorescence) allow estimation of the Ct (cycle threshold) which, shown on a semi-
logarithmic scale (Figure 5.5(b)) with the range standard, permit quantification of
the number of genome Bt 176 copies in the tested sample.

This sensitive and specific method requires the use of expensive apparatus.'! Nev-
ertheless it is used more and more for the quantification of the percentage of GMO
in a range of samples.

Statistical approach to the sampling design  This approach studied under the
aegis of the FIS'? and the ISTA' is mainly used in the United States for seed exporters.
Such an approach allows the acceptance or rejection of a batch of seeds as a function
of a fixed tolerance threshold. This method uses qualitative tests (ELISA or PCR) on a
certain number of samples of a defined size. The sensitivity of the method depends on
the sample number and size and the reliability is expressed in terms of the statistical
confidence rather than the analytical precision.

Future evolution of the techniques The increase in the number of GMOs to
detect, authorized or not within the EU, raises the question of the evolution of the
detection methods. The ‘micro-array’ systems and ‘DNA chips’ or ‘branched DNA’
could supplant PCR, at least for the cases where the DNA content is sufficient. Given
the sensitivity of these hybridization-based methods, it is likely that the response will
be positive for seeds, grains, beans and other non-transformed products. In contrast,

' ABI Prism 7700 SDS ( PE Applied Biosystems), Gene Amp 5700 SDS ( PE Applied Biosystems), LightCycler

(Roche Diagnostics), Icycler (Bio-Rad), with a cost of € 50 000-100 000 before tax.
12 F¢dération Internationnale des semenciers.
13 Internnational Seed Testing Association
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Figure 5.5 Dosage of an unknown quantity of transgenic maize genome

the interest of such hybridization techniques for substrates with low DNA contents,
and therefore requiring preliminary amplification before the hybridization, remains
to be seen. A recently accepted European programme aims to evaluate the interest
of the micro-array techniques both with and without preliminary PCR steps, and to
develop the first commercial chip dedicated to GMOs.

The verification of the compatibility of all of these methods must be undertaken
urgently in order to reduce as much as possible all chance of discordance between
laboratories. The definition of acceptable variability makes up an important factor
in the accountability of these methods.
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5.3.4 Harmonization of analysis methods

The harmonization of analysis methods appears essential to avoid professionals facing
commercial disputes linked to contradictory results. The French standard AFNOR
aims to define a certain number of quality assurance practices as well as diverse
positive and negative controls, in order to allow clients to know what they have the
right to expect from an analysis method.

Sampling and under-sampling are recurrent problems to bear in mind, because
it is clear that, following the example of other detection domains, these aspects
condition the statistical validity of the performed analyses and should be taken into
account by the future standard at the level of the CEN'* (Philipp, Seyler and Bertheau,
2000).

5.3.5 Conclusions

It was the labelling requirement more than the contamination threshold which kick-
started the development of DNA amplification methods in agriculture and, as a side
effect, in the areas concerned with sensitive detection of DNA molecules (human and
animal health, vegetable pathology, biodiversity studies, etc.), as well as identification
(authentication in agriculture etc.).

Because the standards did not exist in other domains, the detection of GMOs
has not been able to profit from the experience of others, and it has therefore been
pioneering work. The requirements are a long way from being satisfied but work has
begun.

The problems encountered in developing the detection tests and in their use should
prompt the proper authorities and the European Commission from now on to only
authorize GMOs for which the conditions of reliable detection are met. Free choice
would thus benefit in terms of speed, reliability and cost.
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6 Identification using
genetic fingerprints

Jean-Paul Moisan and Olivier Pascal, CHU de Nantes

6.1 Introduction

It was in the 1980s that, for the first time, the idea of DNA variation was highlighted,
but it was not until 1985, following Alec Jeffreys’ publication, that DNA evidence
was accepted in legal cases. It was in fact at that moment that this young researcher
(who later would be knighted by the Queen) showed that the DNA of an individual
could appear in the form of an image which is unique for each person. Using this
tool to identify a murderer who had left sperm at the crime scene, he showed the
power of biological evidence as an essential complement to traditional investigation
techniques. Since then, a long road has been followed which has brought genetic
fingerprinting into the limelight as ‘the queen of proofs..

6.2 Genetic fingerprints by the analysis of nuclear DNA

In the early years, only nuclear DNA was used for genetic identification, and it
still remains the most reliable evidence in spite of the undeniable contribution of
mitochondrial DNA analysis. Using the comparison between a test sample (whose
origin is unknown and that the investigation has the responsibility to identify) found
at the scene of a crime and reference samples (DNA of known individuals), the
method of genetic fingerprinting depends on three principles: the unique character
of the individual genome (only monozygotic or identical twins have strictly the same
DNA), the identical composition of DNA in all cells of the human body (allowing
the comparison to be made between the DNA contained in sperm with that of blood

Diagnostic techniques in genetics Edited by Jean-Louis Serre
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214 6 IDENTIFICATION USING GENETIC FINGERPRINTS

or hair), and the allelic segregation of homologous sequences of genes in the same
way as for molecular polymorphisms (allowing for paternity testing).

6.2.1 The molecular and technological basis of the
scientific approach

VNTR and microsatellite variable regions

The technology used to reveal genetic fingerprints studies DNA variation using vari-
able number of tandem repeats (VNTR, see Chapter 1) regions. The analysed re-
gions of DNA contain a sequence of bases repeated a variable number of times.
The loci studied are located on the autosomes, so the DNA for each individual
is characterized (in theory) by a maximum of two alleles. The length of the se-
quence unit varies, and repeat units of less than six nucleotides are called short
tandem repeat (STR) regions. In legal medicine, microsatellite repeats of three
(trinucleotides) or four (tetranucleotides) are used the most, whereas the genetic
genome map, defined by Genethon, uses repeats of two nucleotides (dinucleotides)
which are much harder to interpret. According to the size of the base unit and
the number of repetitions, the size of the alleles varies from several tens to thou-
sands of nucleotides. The technique should therefore be adapted to the studied
regions.

The choice of a variable region for medical—legal use

It is through use that good products are recognized! Over the last few years, several
systems have been evaluated. Some of them are still around, others have disappeared.
The criteria of choice are based on the needs of the analysis. For paternity testing,
the favoured loci have a low rate of new mutations, whereas for penal applications
the favoured regions are short (allowing the generation of genotypes even from
partially degraded DNA using PCR amplification), and above all show a high level of
inter-individual variation, that is to say a large number of alleles with a population
frequency distribution that is as even as possible (see Chapter 7, informativity).
Because a VNTR allele is not unique, it can found in the DNA of a large number of
individuals, its frequency varies from a fraction of a per cent to more than 25 per
cent for the most frequent alleles. This phenomenon explains the requirement of
analysing a large number of loci to identify an individual, giving the most specific
possible genotype.

The techniques evolved and STRs, revealing fragments of DNA of several hundreds
of nucleotides, are now favoured for all applications. The most commonly used STRs
are found in some 20 systems that are known worldwide.
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Determination of a genotype relative to a variable region

The old Southern technique (using enzymatic digestion, transfer, hybridization
with a marked probe and autoradiography) has been progressively replaced by
amplification techniques. Over the period of a few years, PCR has revolutionized
genetic fingerprinting with a thousand-fold increase in sensitivity and a reduction
in the time for an analysis to several hours (compared with several days using the
Southern technique). However, each situation has its advantages and disadvantages:
amplification is subject to the risk of contamination (see Chapter 1) and itis necessary
to put in place strict quality control procedures to ensure the validity of the results.
The extraction step is the most critical and requires particular skill. DNA from a
putrefied cadaver is not extracted using the same techniques as those used for a 5
ml tube of blood freshly extracted in sterile conditions. A quantification step is then
required to give the ideal quantity of DNA for amplification. Most of the time, PCR
is performed using commercial kits, perfectly optimized, which allow characterizing
up to 16 loci (VNTR or STR) in the same reaction (Figure 6.1). Such complex analy-
ses are not possible with classical separation and coloration techniques, and only the
use of automatic sequencers (on polyacrylamide gels or by capillary electrophoresis)
with reading by laser allows differentiation of the co-amplified regions. The transfor-
mation of the visual signal into allele sizes requires very specific analysis programs.

Even if many of the steps can be automated, the interpretation is still in the
human domain. It is imperative to set rules for the analysis which conform to the
manufacturers’ recommendations, and which most of the time are simply common
sense. How is it possible to allow a reference sample (that is to say of very high quality)
to show an inequality in intensity between the alleles when it is simply a matter of
regulating the starting quantity of DNA (Figure 6.2)?

Quality control!

In addition to the technical performance, the setting up of quality control procedures
at each level of responsibility has become essential to the credibility of the analyses.

The experts have an accreditation that lasts for 5 years. This requires that the
candidates appear on the list of experts of an appeal court, but they must also have
high level degrees (e.g. science doctorates) related to the technology used. In ad-
dition, several times a year the French agency in control of the sanitary security
of health products uses control samples to evaluate the competence of the experts.
All of the internal personnel trained in these specific techniques must follow the
written procedures and modify them according to requirements. Keeping up to

! This section is specific to France.
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date with measurement techniques and the maintenance of equipment are both
necessary to the validation of the process. In addition to the risk of errors from
human activities (tube inversion, switching of reactives), the technique used pro-
duces — because of its high sensitivity — a risk of false results. All DNA found in
the tube will be amplified, whether it comes from the original sample or not. If
the chance of contamination by the investigator at the sampling step is minimal
(cheek or skin cells for example), the principal risk lies in the laboratory, firstly by
the quantities of DNA handled. If 10 ng are extracted from a cigarette end, there
are several (g coming from a blood sample. In the same way, starting from sev-
eral copies of test DNA, there will be several billion copies of amplicon generated,
ready to disappear into the atmosphere in the form of droplets, which can con-
taminate the neighbouring tubes. In the light of these observations, preventative
practices can be implemented: separate extraction of the samples in question (ori-
gin to be identified) and the reference samples (known origin), physical separation
of the extraction, amplification and sample reading zones, rooms kept under posi-
tive pressure, etc.. Controls are also introduced: negative controls for amplification
(consisting of all of the reactives for the amplification with the exception of the
DNA), negative controls for extraction (tube submitted to all of the analysis steps
but containing no biological tissue at the start), and positive controls which are
meant to give a known genetic profile. The move towards automating the techniques
contributes to reducing all of the risks, as long as the machines are known and are
well maintained. Finally, all analytical laboratories accepting the ‘Good Laboratory
Practices’ must in future move towards accreditation to European and world stan-
dards.

International nomenclature

At the moment, a uniform analysis system for STRs shown by amplification is be-
ing set up. The international nomenclature is based on the number of repetitions
comprising the alleles — thus for system THO1, the allele called 6 in the nomencla-
ture is composed of six base units. Moreover, the installation of an automated file in
France (and soon in Europe) makes such standardization necessary. During analyses,
in order to identify the alleles to be characterized, markers are introduced into the
experiments. They are made up of the principal possible alleles, and are analysed
in parallel. The comparison of different samples with these references allows the
attribution to unknown samples of a code known worldwide (Figure 6.3).

The special case of rare alleles

Some mutations can occur in the middle of a repeat unit causing the appearance of
an allele with an unusual size. Consider a system where the repeat unit is composed
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of four nucleotides ATCG. The possible alleles are:

e allele 2 (two repeats) ATCG ATCG = 8 nucleotides
e allele 3 (three repeats) ATCG ATCG ATCG = 12 nucleotides
e allele 4 (four repeats) ATCG ATCG ATCG ATCG = 16 nucleotides

Imagine for a given individual, a mutation has caused the deletion of the A and the T
in the first unit of allele 3: CG ATCG ATCG = 10 nucleotides. The allele will appear
with a size of 10 nucleotides intermediate between alleles 2 and 3. These alleles are
extremely interesting, as they indicate in a quasi-formal way the identity of their
owner.

Application to the medical—legal domain

In daily practice, a genetic fingerprint must respond to the specific question: who
does this biological tissue, found at a crime scene, come from?

To reply to this question, it is necessary to make a comparison between pieces of
biological evidence (samples taken at the crime scene and of unknown origin) and
reference samples (samples where the origin is perfectly identified: suspect, victim,
witnesses, etc.) in order to know if there is an identity or a non-identity between the
evidence and the reference sample. The unfolding of the analysis can be described
in three steps. The first consists of visualizing and identifying the alleles present in
the DNA extracted from the samples. This is an essential step, but can be subject
to difficulties or involve errors. During the second step, the comparison is made
between the DNA coming from different sources to decide the identity or non-
identity of the samples. If the response is positive (an identity is found between an
evidence sample and a reference sample), the third step allows the assessment of
the strength of the identity of the two samples by the calculation of a risk of error
statistic.

6.2.2 The mathematical basis of the scientific approach

All comparisons rest on the existence of two hypotheses where it is necessary
to measure the weight of evidence for one against the other. This is why sci-
entists have rapidly introduced, as the first steps of science, tools to measure
the weight of evidence. In the medical domain, the best known law is that
of Bayes for evaluating the probability of an event conditional on the occur-
rence of another known event. This law is used directly by some authors, but
experts confronted by examinations in their daily routine will use simplified
formulae.
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The hypotheses of the prosecution and defense

While the exclusion of identity has no risk of error (at minimum two loci differing for
nuclear DNA or two different mutations for mitochondrial DNA), the confirmation
of identity cannot be so categorical. Indeed, the analysis relates only to the identity of a
fewloci, which represents for 10 of them, each having a size of 300 nucleotides, around
3000 nucleotides, so just one millionth of the genome. It seems reasonable to imagine
thatin the general population, two individuals could possess the same genetic profiles
(same genotype for the 10 polymorphic markers studied) for this piece of DNA.

There are two opposing hypotheses: that of the prosecution that affirms that the
individual has a very small chance of not being responsible for the crime, and that
of the defense that espouses the idea that there exists a real chance that the accused
is not guilty. The expert, who should not be party to either of the sides, must explain
the results in the most even-handed fashion possible, keeping as close as possible to
the technical observations. Two hypotheses are compared: the probability that the
identified genotype (piece of evidence) is that of the accused over the probability
that the identified genotype is not that of the accused.

While the value of the numerator is 1 (the two genotypes are completely identical),
the denominator takes into account the frequency of the genetic profile in the general
population (that is 1/X millions). The result presented by the expert is equal to 1
over 1/X and is explained in the following fashion: it is X million times more likely
that the unknown DNA is that of the accused than that of an individual taken at
random from the general population.

Calculation of the frequency of the genetic profile

Assume that, fora givenlocus THO1, the DNA of the piece of evidence is characterized
by the alleles 7 and 9. The frequency of allele 7 is 18.81 per cent in the general
population, and that of allele 9 is 25 per cent, the frequency of the genotype (that is
to say the presence of the two alleles in an individual) will be equal to R1 = 0.25 x
0.1881 x 2 = 5.2 per cent by the Hardy Weinberg hypothesis, see Chapter 7.

The same calculation is repeated for each of the analysed loci, and under the
hypothesis that they are in gametic equilibrium (absence of genetic disequilibrium,
see Chapter 7), the final frequency of the genetic profile will be equal to the product
R1 x R2 x ...Run. In practice, the use of multiplex systems with more than 13 loci
produce frequencies less than 1/one billion, so giving a very low risk of a false identity
being made between the evidence sample and a reference sample.

Population studies

These are indispensable since (see above) the calculation of a frequency for a given
genotype assumes knowledge of the population allele frequencies. These studies and
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their results are available for numerous ethnicities. The problem is not so much in the
scientific part of the method asin its application in relation to the idea of ‘race’. Certain
countries are compelled to calculate the frequencies using population studies relating
to individuals of the same race as the person accused. It is for that reason that in the
USA, three large categories have been defined: Caucasian (white), Afro-Americans
(black) and Hispanic (individuals from South America). This division seems a little
artificial when the inter-population variances that exist are known, for example in the
heart of the South American continent. This step goes against the ethno-geographic
observations that completely reject splitting humanity into races suggesting instead a
planetary continuum. Aside from that, it is all the more illusory to take account of the
differences in marker allele frequencies between populations of different ethnic ori-
gin, when the origin of the evidence sample remains unknown and the reference sam-
ples come from individuals who come from a mixture of different population origins.

The calculation of the frequency of a genetic profile is performed by reference to
the general population. If the enquiry is restricted to the interior of a small group of
related individuals (a murder in an Indian village in the middle of the Amazonian
forest) or above all to the same family (several brothers or cousins implicated in
armed robbery), this calculation is no longer valid. The magistrate must be certain
that all other individuals suspected have been tested so that they can be excluded and
return the suspect to the general case — that of an individual in the general population.

Significance of the statistical result

The calculation takes into account a statistic based on a comparison in relation
to the general population. This is a conservative hypothesis in favour of the suspect
because all individuals are taken into account, both males and females of all ages. The
population of delinquents is much smaller then this, even smaller because the suspect
is not in general taken at random from the general population. Other features of the
investigation have given indications (identification by the victim, diverse witnesses,
fingerprints, etc.) and the genetic fingerprint is only one part of a puzzle forming the
search for the truth.

The search, at random in the general population, for a criminal individual, such as
was made in the case of La Plaine-Fougere, is very controversial, the more so because
arecent publication has shown that two non-related individuals could have, for nine
loci, the same genetic profile.

6.2.3 Applications
Paternity testing

Paternity testing is the area of choice for genetic fingerprinting, since the material to
be tested is generally abundant and of high quality. For this application, molecular
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biology has revolutionized the practice. More than 10 years ago the experts, with
the groups and sub-groups of blood, could exclude paternities, but did not dare to
affirm them: ‘we cannot exclude that Mr Y is the father of child G’ These times have
changed. With the exception of a few fossilized dinosaurs, all of the community has
switched to the magic of DNA — it is possible to affirm paternity!

An individual’s genetic inheritance derives from each of their parents: half of their
DNA is received from the mother and half from the biological father. By comparing
the maternal DNA with that of the child, it is possible to identify the maternal allele
and deduce the allele from the biological father. It is then sufficient to examine the
DNA of the presumed father to determine the presence or absence of this allele. For
a formal exclusion, the affirmation of paternity is completed by a calculation giving
an index and a probability of paternity expressed as a percentage. This is generally
superior to 99.999 per cent. Finally, the possibilities of using these techniques for
research into maternity or the identification of cadavers by the intermediary of a
sister or brother should be noted.

Paternity testing raises ethical questions. It arrives at a painful moment for the
families who are tearing themselves apart, and the expert who represents the all-
powerful science that makes the split definitive. Does he have the right? Is the true
father always the biological parent or rather he who loves the child?

As for the rights of the dead, this has raised many problems concerning a recent
show-business affair. Is the right for a child to know stronger than the right of peace
for the dead? The proposed amendment to the laws on bioethics takes this element
into account by specifying that paternity testing cannot be carried out if the person
was opposed to it while he was alive.

Criminology

Rape It is with sexual aggression that genetic fingerprinting has most helped jus-
tice. Before the development of this technique, the biologist depended on the presence
of spermatozoa and occasionally managed to determine the blood group. Consid-
ering that more than 40 per cent of the population have blood group A and more
than 40 per cent have blood group B, the precision of the results can be understood!
The preferred form of evidence for the analysis is the swab. The techniques used
allow separation of the victim’s cells (epithelial cells from the vaginal, anal or buccal
regions) from the spermatozoa using the higher resistance of the latter. Demonstra-
tion of the victim’s genetic fingerprint in the fraction enriched with epithelial cells is
an excellent internal control, allowing testing of the experiment at the same time as
testing the supposed origin of the sample.

For rapes, aside from the swab, all elements carrying sperm are usable; the slip isan
excellent material if it stays dry and is kept out of the light (a similar material allowed
characterization, after several years, of the genetic fingerprint of a serial rapist), the
slides used by biologists for looking for sperm, tissues, or clothes.
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The minimum number of spermatozoa that can be detected is between 100 and
200. This detection threshold has been fixed voluntarily quite high. Reading cer-
tain publications shows that some teams work with a single cell. These are set in a
particular context where sterile conditions can be maintained from the beginning to
the end of the manipulations. In legal medicine, there is no control of the initial op-
erations (sampling from the victim) and numerous contaminants can be introduced.
Lowering the threshold of sensitivity requires increasing the number of PCR cycles
and multiplies the risk of amplifying foreign DNA present in the initial sample (DNA
carried by the investigator or introduced during manipulations in the laboratory),
which would result in returning a result without being able to certify its validity.

The condom is an excellent form of evidence provided that the owner leavesit at the
crime scene. This object presents an enormous advantage; apart from protecting the
victim from all sexually transmissible diseases, it carries a double set of information:
inside is found the spermatozoa of the rapist and on the outside it is possible to detect
the DNA of the victim. Thus several rapists who pretended to have used the condom
with one of their friends, have been confounded by the DNA of the victim present
on the outside.

To close this section on sexual aggression, it should be remembered that genetic
fingerprinting can only identify the sperm of an individual and confirm a sexual
relationship. The notion of consent is still not possible to resolve by these methods!

Other Crimes All biological traces are analysable providing that the cells are
present in sufficient numbers: a tiny blood stain, saliva on a cigarette end, glasses or
the necks of bottles, nasal mucus on hoods, samples from car steering wheels. The
list is not definitive, and the sensitivity threshold will once again be the determinant.
It is necessary to find a balance between maximum sensitivity and the validity of
the results.

Hospital applications

Following of a bone-marrow graft In certain types of leukaemias (cancers of
the blood), doctors are lead to grafts of bone-marrow cells. The choice of donor
is conditioned by the compatibility of the cells of the receiver and the donor, an
important element in graft rejection. The closest individuals are, of course, brothers
and sisters or possibly the parents. While this choice of donor is the best with regards
to the question of compatibility, it raises the problems of following the intervention.
Indeed, after an irradiation that will destroy the blood cell lines of the receiver,
the cells of the donor are injected. The practitioners want to be able to diagnose a
possible rejection. By the classical systems (HLA in particular) it is very difficult to
differentiate between two individuals from the same family (the donor and receiver
having been chosen in particular for the compatibility of their HLA systems). Genetic
fingerprinting therefore comes to the help of the clinician allowing the DNA of
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brothers and sisters to be easily distinguished, and to determine if the graft is stable
(only donor DNA), if there is a relapse with the presence of chimerism (that is to say
a mixture of donor and receiver DNA), or if there a complete rejection of the graft
(only receiver DNA).

Genetic fingerprints and prenatal diagnosis During prenatal diagnosis of ge-
netic diseases (Duchenne’s muscular dystrophy, Cystic fibrosis, fragile X syndrome,
etc.), some fetal cells (trophoblasts or cells from the amniotic fluid) are sampled by
the obstetrician. It is very difficult to visually control the quality of the sampling and
to confirm the total absence of maternal tissue amongst the fetal cells. A mixture
could lead to an erroneous result and an error in diagnosis. Use of genetic finger-
printing allows the maternal DNA to be distinguished from that of the fetus and the
sample purity to be verified. This step has become obligatory in the quality control
protocol for prenatal diagnosis.

Genetic fingerprintsand twinbirth  Diagnosis by genetic fingerprinting of iden-
tical or fraternal twins (mono- or dizygotic twins) is important for the case of diseases
or malformations in utero because it conditions the therapeutic decision of the clin-
ician.

Genetic fingerprints and spontaneous mutations In the case of a sudden ap-
pearance, without family history, of a genetic disease, the biologist will look in the
chromosomes or the DNA to find the anomaly responsible for the disease. If this
anomaly is not found in the mother, or in the father, it is pronounced to be a
de novo mutation. It will still be necessary to exclude, by genetic fingerprinting, a
false paternity — an event as likely or possibly more likely than that of a spontaneous
mutation.

6.2.4 A special case: the Y chromosome sequence

The Y chromosome is a special marker for males. In the same way as mitochondrial
DNA is specific for maternal transmissions, the Y chromosome allows following of
the paternal line: all boys receive their Y chromosome from the biological father. As
with the autosomes, the Y chromosome also possesses variable regions. Unfortunately
these show much less variability between individuals or in their alleles.

The analysis of these variable regions can only be considered as a supplement to
the variable regions of the autosomes. Their low power of discrimination does not
allow them to be used on their own as a proof of identity. However, they can be used
in several specific situations.

e In multiple rape, analysis of the variable regions of the Y chromosome allows
the number of individuals having had sexual intercourse with the victim to be
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Figure 6.4 Symmetric usage of the Y chromosome and of mitochondrial DNA

counted: the female DNA will not appear, and the DNA from the males will only
contain a single allele.

¢ In the research in a family group where DNA of a suspect individual presents
characteristics very close to the DNA of the aggressor it is possible to formally
exclude the possibility of identity, but it is likely that the guilty party is a close
relative. In such a situation, while mitochondrial DNA analysis allows identification
of the maternal line, analysis of the variable regions of the Y chromosome gives
information about the paternal line (Figure 6.4). These indications are important
to the investigators, as they allow them to limit their investigations to the people
designated by the biologist.

¢ In complex tests of paternity (comparisons with distant relatives), analysis of the
variable regions of the Y chromosome brings an essential element in terms of
exclusions.

It is indispensable to have in the toolbox the analysis of the variable regions of the Y
chromosome, bearing in mind that it is only a complementary technique requiring
prudent interpretation.

6.3 Genetic fingerprints with mitochondrial DNA
6.3.1 Introduction

For many years only nuclear DNA was studied, until a researcher, Anderson, pub-
lished in 1981 the complete sequence of the mitochondrial DNA. This DNA, coming
from the organelle responsible for cellular respiration, possesses no link with nuclear
DNA. While less discriminating in the analysis of STRs than nuclear DNA, the char-
acterization of mitochondrial DNA represents important progress in identification
for legal medicine.
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6.3.2 Specific characteristics of mitochondrial DNA
Listed below are the specific characteristics of mitochondrial DNA.

1. The mitochondrial genome is completely different from nuclear DNA. Compared
with two times three billion (3 x 10°) nucleotides assembled into 23 pairs of linear
molecules contained in the nucleus, a mitochondrion has a single circular DNA
molecule with just 16 569 nucleotides.

2. In the cell where the nuclear DNA is represented by a unique copy (or two for
diploid cells), there exist several tens (or several hundreds) of copies of mitochon-
dria. An enrichment is naturally performed and supports later amplifications.

3. Mitochondria are extremely solid organelles, which can resist extreme conditions
that would destroy the nucleus.

4. Mitochondria have variable zones, which are points of mutations at one or several
nucleotides. The variation is, however, less informative than observations on
nuclear DNA.

5. Mitochondria being transmitted by females, it is simple to identify a cadaver using
any relative, provided there is a maternal link (mother, sister, etc.). A contrario,
unknown DNA found at a crime scene will implicate all individuals in the same
maternal lineage (brothers, maternal cousins, etc.).

6.3.3 Utility of mitochondrial DNA

The enormous advantage of nuclear DNA is its large power for discrimination. With
current technology, the frequency of a genetic profile in the general population is
so low as to render all discussion useless. However, there exist a certain number of
cases where nuclear DNA is not accessible, or in such low quantities that it is very
difficult to characterize (identification of a body, characterization of excrement or
hair).

6.3.4 Methods and techniques

Not all of the mitochondrial DNA is studied; just a region of around 600 nucleotides
is sequenced, the control region (Figure 6.5) which presents a sufficiently high spon-
taneous mutation rate (around one spontaneous mutation every 30 generations), to
show inter-individual heterogeneity in the heart of a population. As for the analysis
of nuclear DNA, the study of mitochondrial DNA consists of three steps.
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Structure (simplified) of mitochondrial DNA showing the control region with the two variable fragments HV2
and HV1, and the cytochrome b gene.

Figure 6.5 The study of mitochondrial DNA

Definition of mitotype

The sequencing of the control region is carried out. This step is largely automated and
only poses problems when the DNA quality is bad or the quantity is very low. As the
sequencing step involves the technique of amplification, the risk of contamination
problems during the manipulations always has to be kept in mind (see Chapter 1).
The comparison of the obtained sequence with the ‘Anderson’ reference sequence
(determined by this author in 1981 from a unique individual) allows the definition
of the mitotype, which is constructed from the differences observed between the two
sequences.

Comparison of mitotypes

The comparison of mitotypes from a piece of evidence (samples taken from the
crime scene) and reference samples (identified individuals) is carried out, in the
same way that genetic profiles are compared for nuclear DNA. If the mitotypes from
the evidence and the reference sample are different, identity can be excluded. In
contrast, if they are absolutely identical, the conclusion of identity has a degree of
uncertainty estimated as the error risk.

Determination of the error risk in the event of
a conclusion of identity

The characterization of mitochondrial DNA is in its infancy and the problems are
more complex than for nuclear DNA. The observed mutations being carried on
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the same small region, it is dangerous to consider that these polymorphisms are
randomly associated as for nuclear markers in gametic equilibrium (see the earlier
risk calculation for nuclear DNA and Chapter 7). Obviously most of the mitochon-
drial markers are statistically associated and the frequency of a haplotype may differ
greatly from the product of frequencies of single markers. In this case, it would be
scientifically incorrect to calculate the frequency of a mitotype as the product of the
frequency of each mutation (or allele), as is done for STRs. This is why the idea of
referring to a DNA collection on an international scale prevailed. A bank was set up
in the USA, in the laboratory of the American Army in Washington DC, to form
the reference. Started with 742 individuals, it is currently composed of 4360 mito-
types from non-related individuals of different ethnic origins (Caucasians, Asians
and Africans). The frequency of a given haplotype if given by comparison with this
bank, going from 2.6 per cent (the most frequent) to less than 0.02 per cent (no
individual found in the bank).

The conclusion of the comparison test and reference samples will therefore be
either:

® an exclusion, or

e an affirmation of identity, with as corollary the mitotype frequency in the bank
database and above all the note that this mitotype can be found in all individuals
in the same maternal lineage.

Several cases exist where this technique of fingerprinting using mitochondrial DNA
fails, such as a single nucleotide difference between a cadaver to be identified and their
relative. In fact, there is no possible interpretation because it is impossible to know
if the two DNAs come from two unrelated persons (a single nucleotide difference
occurring by chance) or if the two persons are related and that there has been a
new mutation during the transmission of the mitochondrial DNA from one to the
other.

6.3.5 Heteroplasmy

Mutations are frequent enough in mitochondrial DNA that, sometimes, the same
individual can have two populations of mitochondria (heteroplasmy). At position
16069 (Figure 6.6), the nucleotide described by the Anderson sequence is a C. For an
individual Y, a superposition of two nucleotides could appear —a T and a C. Indeed
two types of mitochondria coexist in the individual: those where a T is present
at position 16069 and those where a C is present in the same individual. Cloning
techniques are therefore necessary to be able to separate the two populations. Certain
sections of mitochondrial DNA (region 309 and 315) are particularly sensitive to this
phenomenon and hair is an extraordinary laboratory for observing the phenomenon.
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16 051
16 060
16 069
16 080
16 090
16 100

ACCACCCAAGTATTGACTCACCCATCAACAACCGCTATGTATTTCGTACA
ACCACCCAAGTATTGACTT ACCCATCAACAACCGCTATGTATTTCGTACA

The upper line shows the number attributed to each nucleotide, the next line gives the Anderson reference
sequence, the last line gives the mitochondrial DNA sequence of F, where a mutation at 16069 replaces a C
byaT

Figure 6.6 Anderson reference sequence

Hair is clonal (each hair comes from a single line of cells), whereas blood is polyclonal
(all cell lines are represented). For an individual displaying heteroplasmy, one or
other of the situations (homoplasmy or heteroplasmy) is determined, according to
the analysis of the hair.

6.3.6 Application to the identification of cadavers
Utility of using genetic fingerprints from mitochondrial DNA

Whereas the nuclear DNA of a ‘fresh’ cadaver is intact, the more time passes the more
the phenomenon of cell destruction becomes important. In extreme conditions,
the flesh completely disappears and only the bones are accessible. It is sometimes
possible to characterize nuclear DNA from old bones (the identification of the Tsar
and his family, etc.), but this is a difficult exercise and it is random whether a result
is obtained. On the other hand, it is not always possible to have access to close
relatives (parents, children) for comparison, while in most cases it is still easy to
find a relative from the maternal line (cousins, aunts, etc.). Up until the present
day, all cadavers submitted to a study of identification by genetic fingerprinting (the
oldest being 200 years old) have been identified using the technique of mitochondrial
DNA.

The identification of the remains of the Tsar

At the time of the Russian Revolution, the Tsar, the Tsarina, their children and
certain family members were executed by the Bolsheviks, then buried during the
night of August 16, 1918. An uncertainty remained concerning the exact localization
of the burial and in 1991, a group of Soviet doctors and anthropologists brought
to light some human bones from the region of Ekaterinbourg, and it was said that
they could be those of the imperial family. An Anglo—Russian group took charge of
the study and nine bodies could be reconstituted (four male and five female). The
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examination of the DNA was immediately considered and the anthropological study
and maternal line descendants from the families of the Tsar and of the Tsarina were
sought. The analyses showed that the tomb contained the remains of the Tsar, the
Tsarina and those of two of their children. Two children were missing, the Tsarevitch
and Anastasia. However, for many years a woman in the USA had claimed to be the
princess. This supposed Anastasia had unfortunately died several years earlier and
had been incinerated. By chance, a fragment of her intestine (taken at the time of a
biopsy) had been conserved. The analysis performed by two independent laboratories
showed that the mitochondrial DNA was different from that of the Tsarina. The truth
was much less romantic than the legend: Anastasia was an imposter. Her identity
was definitively established by comparison with an inhabitant of Pomerania who was
said to possibly be the nephew of this woman.

The mystery of Louis XVII

As everyone knows, the French Revolution saw the fall of King Louis XVI and of
Queen Marie-Antoinette. Their children, the Dauphine and the Dauphin were im-
prisoned, with the last place of imprisonment being the Temple where they died
on June 8, 1795, and were then buried in the cemetery of the church Sainte-
Marguerite in Paris. However, most historians claim that the child buried in the
cemetery Sainte-Marguerite was not the young Louis XVII. While this point appears
to be accepted, the rest remains enigmatic: what happened to the child? Was he
buried at the cemetery Sainte-Marguerite? Did he die prematurely and another child
substituted to serve as a hostage to the Convention? Could he have escaped from
imprisonment?

Shortly after the revolution, around a hundred people claimed to be the true Louis
XVII (including a person of mixed race). Most were easily disproved without trouble,
butsome of them appeared more credible. Amongst them, a certain Naundorff (genial
inventor of arms and explosive devices to some, swindler to others) was so credible
that he was buried in 1845 at Delft in Holland under the epitaph ‘Louis XVII, King
of France and Navarre’. A bone coming from the tomb of Naundorff, taken at the
time of an exhumation in 1950, could be studied. The comparison was made, after a
genealogical study, with the descendants, from the mothers, of the mother of Marie-
Antoinette. The two DNAs differed by three mutations, allowing the exclusion of
Naundorff as being Louis XVII. The descendants of Naundorft contested the origin
of the bone and claimed that a substitution had taken place, the bone not having
been kept sealed since 1950. Only a new exhumation and re-sampling would allow
a new analysis and certain results.

However, recently a new study was carried out on a heart that could be that
of the child autopsied at the Temple. The analysis revealed that the mitochondrial
DNA of the heart was identical to that of the descendants of Marie-Antoinette. The
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conclusion was therefore clear: Louis XVII died at the Temple, without descendants.
Unfortunately the mitotype is not unique (0.2 per cent) and above all the traceability
of the sample could not be more certain than the bone of Naundorrf. The polemic is
all the stronger because the heart of the first Dauphin (elder brother of Louis XVII
who died in 1789) had been conserved at the time of the death of the child, but
mysteriously disappeared during the 19th century.

6.3.7 Application to the identification of hair

The analysis of mitochondrial DNA allows an extraordinary advance in the identifi-
cation of hair. This material is largely found in offences and crimes linked to robbery
(simple robbery, armed robbery, hostage taking) and terrorism. Hoods, clothes and
various objects are repositories for hair. Hair consists of two parts.

e The bulb, responsible for growth of the hair, contains the cells containing both nu-
clear and mitochondrial DNA. Unfortunately hair found at a crime scene usually
has fallen naturally (and up to 50 are lost each day), that is to say that the bulb is
dead. The quantity of nuclear DNA extracted is often insufficient to allow charac-
terization by nuclear STRs. Most of the time only mitochondria remain accessible.

e The stem is composed of keratin, but retains a large number of mitochondria.

This hair is the focus of attention of the enquiries. Unfortunately limitations exist:
the low quantity of DNA which does not allow the obtaining of results in all cases, the
low discriminatory power (high frequency of certain mitotypes), and the possible
implication (without possible discrimination) of all individuals belonging to the
same maternal lineage.

6.3.8 Applications to the discrimination between man
and animal, or between animals

Since the cytochrome b gene, situated in the mitochondrial DNA, shows a specificity
linked to the kind of animal, it is possible, by analysis of this region (different from
the control region), to determine if a DNA sample is of human origin or, if not,
to determine the animal from which it comes. The technique is so powerful that
it is possible to distinguish between Pacific and Atlantic salmon. This technique is
mainly used in the field of agroalimentation in the study of fraudulent contamination
(presence of chicken meat in a product certified as pure beef, presence of pork in
food destined for Muslim countries, etc.).
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6.3.9 Conclusions

Theanalysis of mitochondrial DNA, even with alarge amount of automation, remains
long and costly. The power for discrimination never reaches that of nuclear DNA.
Nevertheless the analysis gives important information about elements which would
have been impossible to analyse up to now like hair or bones. The interpretation of
the results has to be made with extreme care and the limits of the analysis explained
to the judge.

6.4 Society facing the question of genetic fingerprint files
6.4.1 Introduction in the form of an anecdote

In 1995, the authors’ laboratory worked in collaboration with the criminal investi-
gation unit of Paris on the unsolved murders of several young women. It was certain
that they had been performed by the same man, because the same genetic fingerprint
was found at the crime scenes. This man was also supposed to have committed other
murders (cases J. and E) but, unfortunately, no biological argument allowed con-
firmation of this. For one of the victims (case F.), a blood stain was found without
knowing if it came from the perpetrator or from a close friend or relative of the
victim. It is in this context that the examining magistrate regularly asked the authors
to compare the genetic profile of this stain with samples taken from suspects. And
thus, in 1995, a suspect X was excluded from being at the origin of the blood stain.

In March 1998, the authors were again working on case F. and this time on the
hair. Several unknown DNAs had been characterized leading to re-examination of
all of the suspects on file, whose nuclear DNA had therefore been characterized but
not their mitochondrial DNA. And this was the breakthrough! When the mitotype
of X appeared it was recognized, because since 1995 the mitochondrial DNA of the
serial killer had been characterized and had been kept on file. Several days later, X
was arrested. Was this a reason for happiness or pride? Without doubt it would have
been if two young women had not been murdered in 1997. If a true DNA file had
existed in 1995, those two women would still be alive today.

6.4.2 Creation and maintenance of genetic fingerprint files

In the USA and the UK

Itis in the US and the UK that the first genetic fingerprint files appeared. The British
took the lead in characterizing all individuals who had committed a crime or an

offence — but at what price! An enormous intellectual and financial investment, but
giving a file with extraordinary power. The database is maintained by the Forensic



234 6 IDENTIFICATION USING GENETIC FINGERPRINTS

Science Service, a private company under contract to the British government. In the
rest of Europe, the governments are more cautious and few have taken this step. The
affair of the serial killer of East Paris was the catalyst which, in France, brought the
problem to people’s attention.

The French situation

On the technical level: operation of the file On the technical level, anarchy
presided over the setting up of genetic fingerprinting in France, notably with the
difficulty in standardizing the markers. However, to be able to compare, it is necessary
that all laboratories characterize the same variable regions of DNA. A commission
made up of experts decided in favour of a European model (seven DNA regions to
analyse). This decision is even more important given that the techniques are largely
evolutionary and it can already be seen that DNA chips are revolutionizing DNA
analysis in the same way that DNA amplification replaced the Southern technique in
less than 10 years. The chosen system will define for several years the characterization
of DNA for judicial uses. Of course, nothing stops working in duplicate, using at the
same time the old techniques for the file and the new for efficiency and speed. Note
also that the choice of informatics system for management will strongly influence
the efficacy of the database.

As this file essentially concerns sexual offences, a system will be introduced to
conserve on the one hand unknown DNAs (traces) and on the other hand DNAs
from individuals definitively condemned (references). The DNA of suspected persons
will be able to be compared to the file but in no case will their characteristics be entered
into the bank. The demands will be overseen by the magistrates in charge of the files.
The files will be installed in the heart of the Interior Ministry and the exhibits kept
by the soldiers of the Gendarmerie.

On the ethical level: the dangers  There is no attack on freedom as long as genetic
fingerprints are used with a judicial aim, in a democratic country. No one cries scandal
when digital fingerprints are taken to obtain an identity card. Today, only criminals
could fear leaving their genetic fingerprints in a database.

The real danger comes from the analysis of DNA for other purposes than judicial.
For police usage, the fragments of characterized DNAs are anonymous, their function
in the body being unknown. However, DNA contains coding or regulatory regions
that are known to have important effects on the functioning of the organism, whether
the anomalies lead to genetic diseases, or if they lead to a predisposition to some mul-
tifactorial pathologies. It is in this domain that the danger is strongest. An insurance
company could multiply the premium if they could prove that a client carried a sus-
ceptibility gene for breast cancer, or an employer could refuse to hire a man under the
pretext that he carries a gene increasing by 10 the risk of a heart attack. Does not the
risk come from a misuse of DNA rather than judicial use intended to protect citizens?
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Current state and perspectives While the law in France for the protection of
minors, which contains the birth certificate on file, dates from 1998, the structures
allowing comparison are not always operational, and probably will not be before the
year 2003. The reality of such a tool can only be imagined with the usual material
and people given to investigators (police and gendarmes) and to magistrates to make
things work. In parallel with the new laws protecting individual liberties, it is time
to become aware that the technical and scientific police force represents one of the
axes of the development of justice in the 21st century.

6.5 Conclusions

Has the system moved from consensual proof to scientific proof? Is genetic finger-
printing the ‘queen of proofs’? In the authors’ opinions, certainly not. The scientist
or the expert holds a part of the truth. They are capable of identifying the owner of
a biological trace, and their contribution stops there. It is not up to them to demon-
strate the guilt of an individual. This role is held by the jury of the court who listen to
all of the elements assembled by the presiding judge over the course of the enquiry.
The DNA evidence is only one of the pieces of an immense puzzle and to forget this
would give to the scientists and experts a power to which they do not have the right.
Let us use and abuse the techniques of scientific investigation, but keep them in their
context. Thus the identification of sperm from a sample does not automatically make
its owner a rapist, as the absence does not prove innocence. The discovery of DNA
of its polymorphisms has advanced genetics by giant steps over the last half century.
The domain of justice has greatly benefited from genetic fingerprinting which is,
without being the ‘queen of proofs) an enormous help for the protection of society
in the search for truth while minimizing the risk of errors.
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7 Molecular genetics
and populations

Jean-Louis Serre, Université de Versailles

7.1 Hardy—Weinberg equilibrium and measures of
genetic diversity

For all genes, the genetic diversity of a population can be defined and measured at
the phenotypic, genotypic and allelic levels, by the frequencies of the various pheno-
types, genotypes and alleles that are observed in the population. These frequencies —
called phenotypic, genotypic and allelic, respectively — are directly measurable when
studying codominant phenotypes, where each phenotype corresponds to a single
genotype. In this case, the genotypic frequencies are equal to the phenotypic fre-
quencies, and the frequency of each allele of the gene is equal to the frequency of the
homozygote plus half the frequency of the heterozygote carriers of the allele. This
situation is currently found with polymorphic DNA markers (RFLP, microsatellites,
SNP or VNTR).

However, for a gene with certain alleles having dominant or recessive effects, the
genotypic and allelic frequencies are no longer directly measurable. In this case, it
is currently necessary to use the Hardy—Weinberg model to estimate the allelic and
genotypic frequencies (Box 7.1).

7.1.1 Analysis of recessive diseases

Applied to recessive autosomal diseases, the Hardy—Weinberg model (Box 7.1) allows
calculation of the frequencies either of the disease alleles, healthy carriers, couples at
risk or all of the parameters useful for an epidemiological analysis or calculation of
risk (Table 7.1)

Diagnostic techniques in genetics Edited by Jean-Louis Serre
© 2006 John Wiley & Sons, Ltd
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Box 7.1 Hardy—Weinberg equilibrium

The factors which can modify the genetic composition of a population are:

e mutation, migration and selection,
e sampling variation due to small population size,

e patterns in the choice of spouses, that is to say deviations from panmixia (non-
random mating).

The theoretical model of ‘Hardy—Weinberg equilibrium’ corresponds to a popu-
lation respecting the three conditions of panmixia, large population size and the
absence of mutation, migration and selection. Under these three conditions, the
genetic composition of the population is invariant:

e the allelic and genotypic frequencies remain constant from generation to gen-
eration,

¢ a relationship is established between the allele frequencies and the genotype
frequencies—the genotype frequencies are simply the product of the frequencies
of the relevant alleles.

This relationship between the allele and genotype frequencies, called panmictic
equilibrium or Hardy—Weinberg equilibrium, is very useful for estimating the
allele frequencies of genes controlling recessive traits, notably the allele frequencies
of disease-causing alleles responsible for genetic disorders, and the frequency of
healthy carriers.

For a diallelic gene with alleles A and a, recessive with respect to A, and with
allele frequencies p and g respectively, the following table can be created.

Genotypes A/A Ala a/a
Phenotypes [A] [A] [a]
Phenotype frequencies flA] flA] flal
Genotype frequencies P 2pq q*

under H.—W. equilibrium
Estimation of allele p=1—g p=1—gq q=+/fla)

frequencies under
H.—W. equilibrium
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Table 7.1 Application of the Hardy-Weinberg model to several recessive autosomal diseases

Calculated ~ Frequency Ratio of healthy
Observed  frequency of  of healthy carriers to

frequency at ‘the mutation™  carriers: affecteds:
Disease Population birth: f[a] qg=+/fla] 2q(1—¢q) 2(1—¢q)lq
Cystic fibrosis France 1/2500 2% 4% 100
Phenylketonuria France 1/16 000 0.8% 1.6% 250
Galactosemia France 1/40 000 0.5% 1% 400
21-OH deficiency France 1/10 000 1% 2% 200
11p3-OH deficiency France 1/100 000 0.32% 0.63% 625
Sickle cell anaemia France 1/400 4.7% 9.5% 40
(Antilles)
Sickle cell anaemia  Africa (Great 4/100 20% 32% 48
Lakes)
3 —thalassaemia Mediterranean 1/100 10% 18% 18

For most heritable diseases that affect lifespan or fertility, that is to say fecundity,
the condition of absence of selection on the Hardy—Weinberg equilibrium is not
strictly valid, but it is easy to demonstrate that the effect of selection on several
generations is sufficiently weak that it can be ignored in the calculation of genotypic
and allelic frequencies. Moreover, the frequency of a disease and that of the mutation
responsible have very often stabilized over time because the effect of selection is
counterbalanced by that of another factor (see below).

The heterozygote frequency can appear quite high when looking at a fairly rare
disease (for example, cystic fibrosis with one healthy carrier in 25 in the general
population), but for most recessive diseases, the great majority of mutated alleles
present in the population are carried by the heterozygotes. This fact is illustrated
by the value of the ratio 2pq/q* = 2p/q = 2(1—q)/q (last column, Table 7.1) that
expresses the number of healthy carriers, heterozygotic for a disease mutation, in
terms of the number of affected individuals, carriers of two disease alleles. This ratio
is higher the rarer the allele.

Note 1 With clinical analysis, it is not possible to distinguish between the different
disease mutations: the frequency g therefore corresponds to the frequency of
all of these, collected together under the title ‘disease mutation’ These ‘ho-
mozygotes’ arerevealed, at the molecularlevel, to be compound heterozygotes
(carriers of two different disease mutations).

Note 2 For the great majority of known recessive diseases (about 1500), the mu-
tations are so rare that g2 is essentially zero and the few examples of the
mutation are carried by heterozygotes. In this case, the few observed ho-
mozygote patients result mainly from marriages between relatives and not
from panmictic marriages.
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Table 7.2 Application of the Hardy-Weinberg model to several autosomal dominant diseases

Calculated Number of
Observed frequency of heterozygotes for
frequency at  the mutation: one homozygote:
Disease Population birth: (F) p=1—.,/(1—-F) 2(0—p)/p
Familial hypercholesterolemia Europe 1/500 1073 2000
Neurobibromatosis Europe 1/3000 17 x 107° 12 000
Myotonic dystrophy Europe 1/7000 7 x 1073 28 000
Huntington’s disease France 1/10 000 5x 1073 40 000
Achondroplasia Europe 1/20 000 2.5 x 1073 80 000
Marfan syndrome Europe 1/25 000 2 x 1073 100 000
Osteogenesis imperfecta Europe 1/25 000 2x107° 100 000
Denmark 1/4857 11 x107° 18 346
Retinoblastoma Europe 1/30 000 1.7 x 107 120 000

7.1.2 Analysis of dominant diseases

The use of the Hardy—Weinberg model is also useful for the calculation of al-
lele frequencies for genes with dominant-acting mutations, and notably for genes
responsible for dominant genetic diseases. In the latter case, the healthy phenotype is
without ambiguity a/a, while the affected phenotype is A/a or A/A (if this one is not
lethal). Under the hypothesis of panmixia, the frequencyF of affected individuals is
then equal to p* 4 2pq, which means that the complementary frequency (1—F) of
the healthy individuals is equal to g

Knowing F, the frequency of affected individuals, we can directly infer the fre-
quency of the functional allele by g = 4/(1—F), or the frequency of the mutation
responsible by:

p=1-J(1-F)

since p = 1—¢.

We can consider, if the disease is rare as is often the case, that the homozygotes
are very rare (Table 7.2, last column), or missing if they are lethal. All the affected
individuals are then heterozygotes and the frequency of the mutation can be directly
estimated as being equal to half the frequency of the affected heterozygotes:

Itisinteresting to note that dominant diseases, although having frequencies similar
to those of recessive diseases (at the phenotypic level), result from mutations that are
much rarer at the genotypic level (1000 to 10 000 times rarer). This comes from the
fact that individuals affected with a recessive disease are all homozygotes, whereas
individuals affected with a dominant disease comprise both homozygotes and above
all heterozygotes, which are always more frequent. However, selection — which has
no effect on the healthy carriers of a recessive mutation — exerts an effect equally on
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Table 7.3 Allelic, genotypic and phenotypic frequencies for sex-linked diseases (X
chomosome) (note that p is the frequency of the dominant allele, and g that of the recessive
allele)

Result: frequency
of the disease in

Male sex Female sex each sex
Phenotypes Affected  Unaffected  Affected  Unaffected
Genotype frequency q p q° P’ +2pq q’<q
(recessive disease)
Genotype frequency P q P>+ 2pq q PP +2pg>p

(dominant disease)

homozygotes and heterozygotes for a mutation responsible for a dominant disease,
which limits the allele frequency. In this case, the heterozygote/homozygote ratio is
much higher with dominant diseases and gives further justification for assuming that,
without exception, homozygotes are rare enough to assume that affected individuals
carry a single disease-causing allele.

7.1.3 Analysis of sex-linked diseases

In the case of a gene located on the X chromosome and controlling a ‘sex-linked
trait, the situation is appreciably different. In humans (or drosophila), males are
hemizygotic for all genes carried by the heterochromosome X. Whether a gene mu-
tation has a dominant or recessive effect with respect to the wild-type allele does not
matter in this case, and all males having a given phenotype will be carriers of the
allele associated with the phenotype, which allows a direct estimation of the allele
frequency from the phenotypic frequency (Table 7.3, columns 2 and 3). In contrast,
the genotypic and phenotypic frequencies in females are very different from those in
males, even under Hardy—Weinberg equilibrium (Table 7.3, columns 4 and 5) when
we assume the allele frequencies are equal in the two sexes (they will become so after
several generations if, after a mixture of populations, they were not already).

This analysis allows us to predict that a sex-linked disease or trait will become
(under Hardy—Weinberg equilibrium) more frequent in males if it is recessive, and
more frequent in females if it is dominant. This prediction is clearly seen for reces-
sive diseases (Duchenne muscular dystrophy, haemophilia), but not for dominant
diseases, as the expected excess in females is statistically negligible. In addition, this
excess is counterbalanced by biological phenomena linked to X inactivation in the
cells of females.

7.2 Multiple alleles and informativity

The Hardy—Weinberg model is not only applicable to the diallelic situation with
monofactorial diseases or RFLP markers, but is also very useful for multiallelic
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markers, notably when molecular analysis of DNA allows distinguishing either the
different disease alleles of a gene, or the different alleles of a VNTR marker or mi-
crosatellite. In this case, with a multiallelic marker or gene, we can distinguish n
allelic types named Aj,A,, .. .., A, with allele frequencies py,p,, ..., pa-

Box 7.2 The number of possible genotypes for a multiallelic gene
or marker

Under the conditions of the Hardy—Weinberg model, in the absence of mutation,
selection and migration and in a population of infinite size, the allele frequencies
are stable; under panmixia, the system of randomly selecting two gametes from
an urn allows the construction of the next generation. It is simple to see that
the table with four cells obtained in the case of a diallelic gene is replaced by
a table with n? cells in the case of a gene or marker having n different alleles.

Gametes A, A, A; An
(frequency) D1 P2 pi Dn

A] A1 /A1 Al /Az

2 Pt pLpi

A2 AZ/AZ

P P

A; AilA; AilA;

pi pip1 p?

A, A, /A,
P p;

We can see that the homozygotes correspond to the genotypes on the leading
diagonal and that there are as many as there are different alleles. The heterozy-
gotes then correspond to the rest of the table, but since we should not count the
same genotype twice, we must divide by two the number of cells remaining after
removing the leading diagonal. We thus obtain the number of heterozygotes from
the #? cells in total in the table minus the n homozygotes, all divided by 2, that is
to say:

(n* —n)/2=nn—1)/2
The total number of genotypes is equal to:
n+nn—1)/2=nn+1)/2

If there are 13 possible alleles for a marker (for example, a microsatellite, see
Chapters 1 and 6), the population will have 91 different genotypes.
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For a diallelic gene or marker we count two homozygotes and one heterozy-
gote. For a gene with 7 distinct allelic types, we count n distinct homozygotes and
n(n — 1)/2 heterozygotes, which makes in total n(n + 1)/2 distinct genotypes, and
as many phenotypes, if there is codominance, notably for polymorphic markers
(Box 7.2).

The genotypic frequencies of the #n homozygotes are equal to the square of the
frequency of the allele they carry, and the frequencies of the n(n — 1)/2 heterozygotes
are equal to twice the product of the frequencies of the two alleles they carry.

In the case of a multiallelic gene, the Hardy—Weinberg relationship between the
allele and genotype frequencies for a diallelic gene,

(p+a)=p +2pg+q°
is generalized to give:
(pr+ P2ty +pu) =2pi + %2p;pjwhere(i > j)

Note: The heterozygosity H defined as the frequency of heterozygotes in the popu-
lation, is equal to 1 — T p?.

Insofar as many genetic analyses (linkage mapping of a gene or genetic fingerprint-
ing) take the heterozygosity as being ‘informative) the value of H is often described
as ‘the informativity’ of a gene or a marker in a population. We can see that the
maximum value of H is never higher than 50 per cent for a diallelic gene or RFLP
marker, where the frequenciesp and g are equal (1/2), whereas it can easily reach
80 or 90 per cent with a multiallelic gene (HLA) or a microsatellite. If the » alleles
are equally frequent, the value of the allele frequencies will be equal to 1/n and the
maximum value of the heterozygosity will be equal to:

Hyox=1—-X/n)?=1—-n(l/n)?*=1—=1/n=(n—1)/n

7.3 Selection—mutation balance and Haldane’s rule

Disease alleles, even if they are deleterious, are never totally eliminated if we consider
that at each generation a certain number of de novo mutations arrive which partially
replace the mutations lost through natural selection.

It is simple to think that an equilibrium of the frequencies of disease alleles will
be established when the flow of alleles eliminated by selection is counterbalanced by
an equal flow of new mutations.

In the case of arecessive disease, it has been shown that the equilibrium frequency of
‘the disease mutation’isequalto g = /(1/s), where [Lis the rate of de novo mutations
and s the selection coefficient (percentage of fecundity loss, equal to 100 per cent in
the case of lethality before reproductive age). In the case of a dominant mutation, the
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equilibrium frequency of ‘the disease mutation’ is equal to p = p/s. In the case of
sex-linked diseases, the situation was analysed by the geneticist Haldane according to
a rule which bears his name and which is demonstrated in a simplified form below.

Since women are always healthy carriers and are never affected (see above), we can
consider that selection only acts upon males where, because they are all hemizygous,
all carriers are subjected to the effect of selection. All of this occurs as if selection was
restricted to males where, because of hemizygosity, the effect of the mutation is as if
it was dominant. Since males contain only a third of the mutations in the population
(assuming a sex ratio of 50 per cent), only this third of mutations is subjected to
selection, so we can write the equilibrium frequency as:

q=(u/s)/3

In the case of lethal diseases such as Duchenne muscular dystrophy, the value of s is
equal to 1 and the equilibrium value is equal to p/3, which signifies that a third of
affected boys are carriers of a new mutation. In consequence, a third of mothers of af-
fected boys are not carriers, so preventative DNA testing will not work for these cases.

7.4 Diagnosis with genetic testing: cystic fibrosis—an academic
case

Cystic fibrosis is a severe childhood Mendelian recessive disease (monogenic), most
frequent in Europe with one affected child in 2500 births. In the absence of non-
palliative therapies, many at-risk couples consult a genetic counselling service for
prenatal diagnosis (PND). However, diagnosis is only an option if the couple know
that they are at risk, most commonly because they already have an affected child,
which allows PND for subsequent pregnancies (Figure 7.1). PND can nowadays be
successfully performed either directly by identification of the mutations, or indirectly
using markers (see Chapters 1 and 2).

The practice of PND over the last 15 years brings couples who are the descendants
or relatives of couples at risk to consider a PND for the first pregnancy, where their
risk, without being equal to 1/4, is considerably higher than that for a random couple.
However, the use of PND requires that certain conditions should be met (Box 7.3).

Box 7.3 The risk of having a child affected with cystic fibrosis for
various types of couples

The risk for a couple who already have one affected child (II-1 and I1-2) is 1/4 and
a PND can be proposed for subsequent pregnancies. The risk for a couple from
the general population without a family history (II-5 and II-6) is 1/2500.




7.4 DIAGNOSIS WITH GENETIC TESTING: CYSTIC FIBROSIS—AN ACADEMIC CASE 245

The risk for the couple (II-3 and I1-4) of having an affected child depends on
two events.

o IsII-3 a healthy carrier? The risk of this event, R1, is increased because his sister
is one.

e IsII-4 also a healthy carrier? The risk of this event, R2, is known — it is equal to
the frequency of healthy carriers in the general population, so 1/25 (see Table
7.1).

The risk of an affected child is equal to R1 x R2 x 1/4, so R1/100. What is,
therefore, the value of R1?

If II-2 is a healthy carrier, then she received a mutated allele from one of
her parents. It is known, therefore, that one of the parents of II-2 is N/m;
the second can also be N/m with frequency 1/25 (the frequency of heterozy-
gotes in the general population), or N/ N with the complementary probability
24/25.

In the first case, the probability that I1-3 is a heterozygote is 1/2 if his phenotype
is not known, but knowing that he is not affected this probability is 2/3. In the
second case, the probability that II-3 is a heterozygote is 1/2. The global risk R1
that I1-3 is a heterozygote is (1/25 x 2/3) + (24/25 x 1/2) = 38/75. The risk
of an affected child being born is then R1 x R2 x 1/4 = 38/75 x 1/24 x 1/4
or approximately 1/197. This is 12.5 times greater than the risk in the general
population (1/2500).

Very often, the mutation found in II-2 has been identified during a genetic
study using PND (or indirectly identified using a polymorphic DNA marker). It
is then possible to diagnose the presence or absence of this mutation in II-3. If
the result is negative, II-3 is then N/N and the risk for the child becomes null;
there is also no need to analyse the mother. If the mutation is present, the risk R1
becomes equal to one, and the global risk for the child at birth climbs to 1 per
cent (25 times more than the general population risk). It then becomes critical to
determine the carrier status of II-4, possibly by systematic analyses using SSCP
or DGGE (see Chapter 1 and Section 2.2).

Figure 7.1
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However, all of the PND methods in use today, even if they can produce individual
solutions to identified couples at risk to their relatives, do not allow the resolution
of the epidemiologic and public health problem which results from the fact that the
majority of affected children are born to couples without a family history of the
illness, like II-5 and I1-6. To avoid such births and reduce the frequency of the disease
significantly, it would be necessary to identify at-risk couples to be able to perform
a PND for the first pregnancy, but a systematic identification of healthy carriers and
at-risk couples poses technical, ethical and economic problems.

In fact, detection of an at-risk couple by molecular DNA analysis requires testing
initially just a single member of the couple, and only testing the partner if the first
is a healthy carrier. It would be useless to test the partner of an individual having a
negative test result, whether this result was a true or false negative.

‘False negative’ individuals are non-identified healthy carriers, where the mutation
they carry is either still unknown, or too rare to be tested for systematically (more
than 100 different mutations are currently known for the CFTR gene). Define a
detection rate H taking into account available knowledge and techniques to test the
maximum number of mutations for a minimum time and cost. The complement
(1 — H) represents the failure rate for detection, that is to say the false negative rate,
among a tested population of healthy carriers. A screen based only on testing the
mutation AF508, the most frequent, only detects 70 per cent of carriers (H = 0.7),
whereas today it is possible to detect 80 per cent of carriers with a somewhat higher
but still affordable cost.

The calculations carried out in the strategy diagram (Figure 7.2) show the results
from using two detection rates H = 0.70 and H = 0.90. The failure of such a strategy
is obvious since, of the four affected children in a cohort of 1000 couples (1/2500 =
4/10000), only 1.96 can be detected (in light grey, sensitivity 49 per cent) if H = 0.70.
with 2.04 affecteds still remaining undetected (in dark grey) because one member of
the couple was a carrier for a mutation not tested or not detectable. With a rate H =
0.90, the sensitivity only increases to 81 per cent (four affecteds detected out of five)
whereas the cost to reach H = 0.9 becomes prohibitive.

In addition, such a strategy leads many couples to a distressing situation where one
of them is a carrier and the other is negative, without knowing if this is a real or a false
negative, with the paradox that the situation worsens as the detection rate increases
(moving from 272 to 347 couples as H changes from 0.70 to 0.90). This situation
poses an ethical problem as the average risk for these couples is definitely higher
(1/324 if H = 0.70 and 1/964 if H = 0.90) than the risk prior to the test (1/2500)
with few possibilities to reassure those whose risk is really null and to inform those
whose risk is in fact equal to 1/4. It has been calculated that it is necessary to wait
until the detection rate is 0.96 until the risk for the ‘uncertain couples’ drops to the
population level of 1/2500 and becomes ethically acceptable (the test not having a
negative effect on the prior information). However, that remains for the moment
economically impossible.

It is possible, however, that systematic testing of at-risk couples will become pos-
sible fairly quickly, partly because of rapid technological development (DNA chips)
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reducing the cost of molecular analyses, and partly because of the possibility which
seems to be developing to select the couples with the highest risk for whom a sys-
tematic test could be proposed (see Section 2.2).

7.5 Gametic disequilibrium

The study of the genetic composition of a population for a single gene is very restric-
tive, the more so as many traits are not monogenic but are dependent on multiple
genes. However, studying the alleles of multiple genes or markers (cf. ‘genetic fin-
gerprints, Chapter 6), and of the diverse corresponding genotypes, the situation
becomes quite complicated. A satisfactory example to illustrate this can be obtained
by considering the genetic composition of a population for two diallelic autosomal
genes or markers. The study of this situation allows the introduction of a new con-
cept, gametic disequilibrium, to describe a reality which, if ignored, risks the drawing
of false conclusions, equally well for basic research (gene mapping, analysis of the
genetic diversity of populations, and the origins of certain mutations) as for applied
research, notably in the calculation of risk associated with genetic fingerprints.

7.5.1 Allele frequencies and gamete frequencies

When studying genetic diversity relative to a single gene, the allele and gamete fre-
quencies are always confounded, because even though alleles and gametes are not
the same type of object they are, in this particular case, interchangeable: a gamete
contains one allele of the gene, and the frequency of the gamete Al is equal to the
frequency of the allele Al.

As soon as a genetic study pertains to more than one gene, gametes and alleles are
no longer interchangeable, and neither are allele and gamete frequencies. Consider
the case of two diallelic genes A and B. For the first gene, define the alleles A1 with
frequency p and A2 with frequency g. For the second gene, define the alleles B1 with
frequency u and B2 with frequency v.

The gamete frequencies correspond to four different objects, with each one con-
taining an allele from each of the two genes, that is to say the gametes (A1, B1) with
frequency g11, (Al, B2) with frequency g12, (A2, B1) with frequency g21 and (A2,
B2) with frequency g22, where the position in the index refers to the genes (gene
A in the first position and B in the second), and the value of the index refers to the
allelic type of the genes (value 1 for Al or BI, value 2 for A2 or B2).

7.5.2 Gametic equilibrium and disequilibrium

A relationship clearly exists between the values of the gamete frequencies and the
allele frequencies, p and q for gene A and u and v for gene B, but it is not obvious
what this relationship is.
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Imagine for the moment that the alleles in the two genes combine independently
from each other in the gametes, with the selection of each allele being at random. In
this case there is genetic equilibrium, and the four gamete frequencies are given by:

for (Al,Bl) gll=p-
(A1,B2) gl2=»p-
(A2, B1) g2l=gq-
(A2, B2) g22=q-

However, this situation of gametic equilibrium is neither obligatory nor common
in natural populations, even where there is Hardy—Weinberg equilibrium for the
two genes separately (see below). When the situation of gametic equilibrium, for
the two genes considered, is not present, the two genes are said to be in gametic
disequilibrium. Thisis defined, for each of the four gametes, as the difference between
the real frequency of a gamete, and the theoretical frequency for the gamete if it was
in the state of gametic equilibrium, so:

ALBL)  All=gll-p-u
ALB2)  Al2=gl2—-p-v
A2,Bl) A2l=g21-q-u
A2,B2) A2=g22—-q-v

| R =z

for

(
(
(
(

7.5.3 Origin of gametic disequilibrium

Numerous circumstances in the genetic history of the population can generate ga-
metic disequilibrium, in fact all of the mechanisms which the model of Hardy-
Weinberg assumes to be non-existent: mutations, migration, selection, genetic drift
(which exists when the population size is small) and certain types of deviation from
panmixia.

Generation of gametic disequilibrium following a migration

Two populations, even if they are close genetically, rarely have identical genetic com-
positions. In these conditions, migration between or mixture of the two populations
will generate gametic disequilibrium between two polymorphic genes. This is a very
common situation in humans when the populations are derived from a mixture of
two or three continents (USA, Latin America, Mauritius, etc.).

Take the simple example of an equal mixture from two populations, A consist-
ing exclusively of double homozygotes (A1/A1; B1/B1) and B consisting exclusively
of double homozygotes (A2/A2; B2/B2). The resulting population will have allele
frequencies equal to 1/4 for all of the alleles A1, A2, B1 and B2, but no individual
will produce the gametes (A1, B2) or (A2, B1) — their frequencies will be zero, even
though the product of their allele frequencies is equal to 1/4 for each of the two cases.
Conversely, gametes (A1, B1) and (A2, B2) will have frequencies equal to 1/2, even
though the product of their allele frequencies is only equal to 1/4. These differences
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between the gamete frequencies and the product of the frequencies of the alleles
associated in the gametes illustrate gametic disequilibrium.

Clearly, in the next generation, the recombinant gametes (A1,B2) and (A2,B1)
can be produced by A1B1/A2B2 individuals resulting in the first panmictic couples
A1B1/A1B1 x A2B2/A2B2. This shows that gametic disequilibrium thus generated
will progressively disappear under the effect of genetic recombination. However, it
is clear that this disappearance will be slower the lower the frequency of genetic
recombinations. In fact, if genes A and B are genetically independent (physically in-
dependent, or physically linked but with a large distance between them), A1B1/A2B2
individuals will make as many parental gametes (A1, B1) and (A2, B2) as recombi-
nant gametes (A1, B2) and (A2, B1). In contrast, if genes A and B are strongly linked,
then A1B1/A2B2 individuals will essentially only make the parental gametes (Al,
B1) and (A2, B2), and very rarely the recombinant gametes (A1, B2) and (A2, B1).
In this case, genetic disequilibrium is maintained for a long time and can be named,
but only in this case, ‘linkage disequilibrium’.

Generation of gametic disequilibrium following a mutation

Among the pathological mutations of the human gene CFTR implicated in cystic
fibrosis (cf. Section 2.2), the most common, mutation AF508, is found in France in
70 per cent of healthy carriers. Upstream of the CFTR gene, exist two RFLP sites for
the restriction enzymes Taq I and Pst I. According to whether the sites are present
(+) or absent (—) at this position on chromosome 7, four associations in cis called
‘haplotypes’ can be defined (Table 7.4).

A chromosome 7 carrying the mutation AF508 is also carrying in 91.4 per cent
of cases the haplotype B upstream of gene CFTR. In contrast, a chromosome 7 not
carrying a mutation of CFTR only carries haplotype B in 19.4 per cent of cases. There
exists, therefore, an association (non-functional but just physical or cartographic)
between haplotype B on the one hand and the mutation AF508 on the other. This

Table 7.4 Frequency of each RFLP haplotype on the wild-type chromosomes in the French
population and on the chromosomes carrying the mutation AF508

Relative Relative
haplotype haplotype
Population frequency on frequency on
Taq1 Pst1 haplotype a wild-type a chromosome
restriction sites Haplotypes frequency chromosome carrying AF508
— — A 32.6% 33.8% 1.3%
- + B 22.4% 19.4% 91.4%
+ - C 33.6% 34.8% 0.5%
+ + D 11.4% 12.1% 6.8%
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association stems from the fact that the mutation AF508 (very old, its age is estimated
at close to 40 000 years) occurred on a chromosome carrying haplotype B. The
distance between the mutation and the RFLP sites is so small that crossovers between
the two loci are very rare and the association between the mutation AF508 and the
facultative sites on haplotype B has been maintained through time. This association
constitutes a gametic disequilibrium also called, in this case, linkage disequilibrium.

The frequency, in the subset of gametes carrying the mutation AF508, of those
who at the same time are carrying haplotype B, is equal to 91.4 per cent. The gametes
carrying AF508 themselves represent 70 per cent of gametes carrying mutations of
the CFTR gene, of which the global frequency in the general population represents
2 per cent (see above). The frequency of gametes carrying AF508 in the general
population is therefore equal to

2% x 70% = 1.4%

The frequency of gametes carrying at the same time the mutation AF508 and hap-
lotype B is then equal to

91.4% x 1.4% = 1.27%

At gametic equilibrium the frequency of these gametes would simply be equal to the
product of 22.4 per cent (the general frequency of chromosomes carrying haplotype
B) and 1.4 per cent (the frequency of chromosomes carrying AF508) giving 0.31 per
cent. The gametic disequilibrium between the AF508 mutation and haplotype B is
therefore equal to 1.27 — 0.31 = 0.96 per cent.

7.5.4 Changes in gametic disequilibrium or linkage disequilibrium

As shown in the two previous examples, gametic disequilibrium tends to diminish
under the effect of genetic recombination. This change is slower the tighter the
linkage or the closer together the two genes are. It can be shown (see Serre, 1997)
that disequilibrium changes following the equation:

A =(1—r1)Ag

where 7 is the recombination rate between the two genes (1/2 in the case of indepen-
dence), i is the number of generations since the origin of the disequilibrium, and A,
is the original value of the disequilibrium. It is therefore possible to estimate the time
necessary to achieve equilibrium as a function of the recombination rate r between
the two genes A and B.

It thus clearly appears, as the examples showed intuitively, that disequilibrium
tends to zero over generations, and that this reduction depends strongly on the
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linkage or lack of genetic linkage between the two genes. If the genes are independent,
r is equal to 1/2 and (1—r)’ tends very quickly to zero — in practice in eight to 10
generations. However, if the genes are tightly linked, the disequilibrium can persist
for hundreds or thousands of generations. Gametic disequilibrium generated for
two genes A and B, genetically independent (physically linked or not, this makes
no difference), will have disappeared in eight to 10 generations (two centuries in
humans). Gametic disequilibrium needs 60 generations if the genes are linked with
a rate of 10 per cent; this represents 15 centuries in humans (the time since the
baptism of Clovis!), and signifies that the disequilibrium generated between Gauls,
Romans, Celts and other Germanic tribes should still persist for genes closer than 10
centi-Morgans (cM). As for disequilibrium existing between genes closer than 1 cM
(r < 0.01), like the genes of the major histocompatability complex, this persists for
thousands of years and could date back to the origin of modern man.

However, it is crucial when studying the genetic diversity of a population — par-
ticularly when using the method of genetic fingerprinting (cf. Chapter 6) — to have
verified that the markers analysed are in gametic equilibrium. The calculation of the
frequency of a genetic profile observed over several genes consists of the multiplica-
tion of the genotype frequency for each of them, which only corresponds to reality
if the markers studied are in pairwise gametic equilibrium.

On this subject it is advisable to note that the fact that two genes are genetically
independent, including those which are physically independent, is not a guarantee
of gametic equilibrium: in the example of population mixture, which is a common
situation in human populations, the genes A1—A2 and B1—B2 could be physically
independent and the mixture would generate disequilibrium. What changes with
genetic independence, is the speed with which equilibrium is reached, it is faster, but
10 generations is still two centuries!
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