Prenatal diagnosis of common single gene disorders by
DNA technology

V Chan, TK Chan

Using the new DNA technology, it is now possible to offer prenatal diagnosis or presymptomatic testing
for many genetic diseases. For prenatal diagnosis, foetal tissue is obtained by chorionic villus sampling at
9 to 11 weeks gestation or amniocentesis at 18 weeks. The programme in Hong Kong, which started in
1982, is reviewed here and now includes o and [ thalassaemia, haemophilia A and B, Duchenne muscular
dystrophy, Huntington’s disease, and spinal muscular atrophy. DNA diagnosis can now be performed
using a single cell obtained from pre-implantation embryos or from rare foetal cells isolated from mater-
nal peripheral blood. The latter is safer and more acceptable to parents. Presymptomatic testing for
untreatable diseases such as Huntington’s disease poses new ethical and social problems that need to be
resolved. As many more genes are being discovered, prenatal diagnosis and presymptomatic testing pro-

grammes will continue to meet new challenges in the future.
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Introduction

The advent of DNA technology in the past 15 years
has advanced our understanding of the molecular pa-
thology of many diseases. This knowledge has been
applied not only to devising new treatment modalities
and designing new therapeutics with recombinant DNA
techniques, but also to the improvement of diagnostic
tests. Many diseases were previously diagnosed by
biochemical means, which sometimes proved to be
non-specific due to the presence of various isoforms
or sources of the enzyme, as in Duchenne muscular
dystrophy' or yielded equivocal results due to X-inac-
tivation, in the case of carrier testing for haemophilia.?
The use of DNA techniques to define the molecular
defects of disease has enabled specific, accurate, and
more sensitive diagnostic tests to be developed.

Genetic diseases account for 20% of the deaths
during the newborn period and a higher percentage of
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serious morbidity in infancy and childhood.* The inci-
dence and severity of single gene diseases varies in
different ethnic groups and may occur in up to 2% of
newborns.* Besides the high financial cost incurred in
the management of such newborns, and for some
throughout life, the physical and psychological
sufferings of those affected and their families are im-
measurable. Before there is any radical cure for such
diseases by gene therapy, prenatal diagnosis and pre-
vention through therapeutic abortion of affected foe-
tuses, is a usetul option. For diseases that manifest later
in life, such as Huntington’s disease, predictive test-
ing in an adult may facilitate their planning for the
future and prenatal diagnosis should be advocated to
prevent the birth of further affected progeny.™®

Prenatal diagnosis programme in Hong Kong

Prenatal diagnosis for o and P thalassaemia was first
established in Hong Kong in 1982. This was a col-
laborative effort of the DNA Diagnostic Laboratory
of the University Department of Medicine, Queen
Mary Hospital, and the Wu Chung Prenatal Diagnosis
Laboratory of the University Department of Obstet-
rics and Gynaecology, Tsan Yuk Hospital. Over the
past 14 years, the DNA Diagnostic Laboratory has had
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to cope with the increasing repertoire of genetic de-
fects requiring diagnosis as well as the evolving new
DNA technologies. The introduction of the polymer-
ase-chain reaction (PCR) in 19857# revolutionised the
whole approach to DNA diagnostics in the 1990s. The
ability to amplify a gene of interest one million-fold
in vitro (Fig 1) has simplified and expanded the scope
of DNA diagnostics. To date, more than 1200 prenatal
diagnoses have been made and 235 affected pregnan-
cies confirmed (Fig 2). This review summarises the
approaches used in the prenatal diagnosis of common
inherited single gene diseases in Hong Kong.

The thalassaemias

The thalassaemias (thal) [o and B] are the most com-
mon inherited diseases in Southeast Asia and the
Mediterranean region. Within Southeast Asia, the in-
cidence for both types of thal trait ranges from 1% to
20% in various regions. Couples who are both o or B
thal trait (carriers) run a 25% risk of having a ho-
mozygous foetus with each pregnancy. Such a foetus
would either die in utero in late pregnancy or at birth,
as in homozygous o thal 1 (Hb Barts hydrops foetalis),
or develop severe anaemia in infancy and become
transfusion-dependent throughout life, as in the case
of homozygous B thal. Many places in the region, e.g.
Hong Kong, Singapore, and Australia have established
prenatal diagnosis programmes. Couples at risk are
screened at the antenatal clinic and premarital clinic
and counselled as to the mode of inheritance of the
disease, management of the severely affected child,
and the reproductive options available to them.

Prenatal testing of o thal is done mainly by the de-
tection of o genes in foetal DNA extracted directly
from chorionic villus or amniocytes.” For most serv-
ice laboratories, Southern blotting or dot blot is still
the preferred method because of the risk of a false nega-
tive associated with the PCR amplification of the o
thal 1 chromosome. Contamination of 0.01% mater-
nal or normal DNA template will give a false result.

For  thal, there are at least 12 known 3 thal muta-
tions in the southern Chinese population.'” An earlier
method of direct mutation detection involves the hy-
bridization of allele-specific oligonucleotide (ASO)
probes to PCR-amplified  gene in the test sample,
which was dotted onto nylon strips. This requires hy-
bridization to 24 different probes (both normal and
mutant probe for each of the 12 defects) in the screen-
ing procedure. A recent improvement is the reverse
dot blot (RDB) technique,'' whereby the sets of 12AS0
probes pertaining to the normal and mutant sequences,
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respectively, are each dotted onto a single nylon strip,
and hybridization is made with the amplified B gene
in solution. Both ‘normal’” and ‘mutant’ strips are hy-
bridized and washed simultaneously. This allows si-
multaneous screening for the molecular defect within
the family and prenatal diagnosis for the foetus in a
single step. It is now possible to obtain a result for B
thal prenatal diagnosis within five to six hours of foe-
tal sampling. For those with unknown molecular de-
fects, foetal blood sampling and analysis of the B/y
globin chain ratio'? is the obvious option.

The haemophilias

Haemophilia A, the most common congenital bleed-
ing disorder, affects 1:10 000 live-born males. Females
are usually only carriers of the disease, thus carrier
testing and prenatal diagnosis, if required, should be
offered to those with a positive family history. Forty
per cent of severe haemophilia A arises as a result of
intrachromosomal meiotic recombination between an
F8 associated gene (F8A gene) in intron 22 of the FVIII
gene itself and either one of two copies of the same
gene at the telomere of the X chromosome.'* This de-
fect can be detected by Southern blotting of Bel I di-
gested genomic DNA and hybridization with an intron
22 probe." Thus the detection of intron 22 inversion
is the foremost strategy in diagnosis.” Given the huge
size of the FV1II gene (186 kb), detection of other types
of molecular defect is somewhat labour intensive.”
Linkage of the affected gene by restriction fragment
length polymorphism (RFLP) at the common
intragenic sites, e.g. Bel I, Xba I/Kpn I, and extragenic
sites (Taq I - St 14), or microsatellite repeat polymor-
phism (MRP) at the intron 13 and intron 22 loci 1s the
alternate approach.'® All of the southern Chinese hae-
mophilia A families in this region would be able to be
diagnosed by linkage analysis.'” Recentimprovements
in diagnosis include the development of a semi-auto-
mated procedure using fluorescein dye-labelled prim-
ers for PCR and analysis of the PCR product on an
automated DNA sequencer.” Laser quantitation of
fluorescence and dedicated computer software
(Genescan, Applied Biosystems Inc., Foster City, Ca,
US) provide added sensitivity and rapid haplotype
analysis.

The incidence of haemophilia B is approximately
half that of haemophilia A. It usually manifests a milder
phenotype and therefore few cases may present at clin-
ics or hospitals, giving the impression of a much lower
incidence. The FIX gene is much smalier in size (33.5
kb) with a cDNA of 1.4 kb only. This small size makes
direct detection of the mutation feasible by PCR of



the exons and direct genomic sequencing.' Since Chi-
nese and other Orientals lack heterozygosity for the
common RFLP sites, detection of the mutation is the
standard strategy in diagnosis and carrier testing for
these ethnic groups.' In Caucasians, various intragenic
RFLPs are available for linkage studies'®* in addi-
tion to direct mutation detection.

STEPS

TEMPERATURE

Double-stranded
DNA

Strand
separation

Primer
annealment

Primer
extension

Repeat
Cycles

ENRICHMENT OF TARGET > x 100

Fig 1. Schematic diagram showing the steps in-
volved in the polymerase chain reaction (PCR)

Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) and its milder
form, Becker muscular dystrophy (BMD), are caused
by mutation of the dystrophin gene located on the short
arm of the X chromosome at Xp21. This X-linked re-
cessive disorder affects 1:3500 live-born males.”
Affected DMD individuals usually present with proxi-
mal muscular weakness in early childhood, with loss
of ambulation by 12 to 15 years of age and eventual
death from respiratory failure in the third decade of
life. Those with BMD have a milder phenotype and
many are still mobile in mid-life (45-50 years). Re-
cent gene therapy efforts using myceblast transplant

DNA-based prenatal diagnosis

have not measured up to expectations.”> Hence, pre-
vention is still the mainstay of management for families
at risk. With the isolation of the DMD gene by ‘re-
verse genelics’ in 1987,* prenatal diagnosis and carrier
testing for this condition has become widely available.
Unlike thal, there is no established screening proce-
dure for females at risk, except for the presence of
increased serum creatinine kinase in approximately
60% of carriers.' Anyone with a family history of the
disease will be eligible. Since the indexed patient may
die within the third decade, storage of the Epstein-Barr
virus transformed lymphocytes to establish a perma-
nent cell line of the propositus is advisable.

Approximately 50% to 60% of DMD cases arise
as a result of gene deletion. Direct detection of this
type of defect can be made by PCR of deletion-prone
exons or Southern blot hybridization with cDNA.** %
For other families, RFLP linkage can be made using a
number (8-10) of intragenic sites.” In addition, a
number of MRPs have been localised around the 3’
end of the gene.”~* Multiplex PCR with fluorescein-
labelled primers can be employed to provide a rapid
linkage study. Since these MRPs are strategically lo-
cated in the deletion-prone region of the DMD gene,
failure to PCR is a positive indication of deletion de-
fect. Furthermore, hemizygosity of the MRP in an at-
risk female in these families would be indicative of
carrier status.” As the DMD gene is 2000 kb in length,
there is a risk of error due to meiotic recombination
when RFLP is used to link the affected gene. To re-
duce this chance of error, multiple intragenic sites as
well as sites on 5" and 3’ flanking regions of the gene
should be used.

Huntington’s disease

Huntington’s disease (HD) is a neurodegenerative au-
tosomal dominant disorder that manifests in mid-life
and presents with involuntary choreic movement, cog-
nitive and psychiatric disturbances, and dementia.
Currently, there is no effective treatment, cure, or
means of arresting or delaying the inexorable progres-
sion to death, which usually occurs some 10to 15 years
after the onset of disease. The identification of the HD
gene (ITS5) and detection of the defect as an expansion
of the 5" trinucleotide repeat sequence (CAG)n,* have
allowed more accurate diagnosis of the disease. With
a disease that manifests in mid-life, the penetrance rate
is usually high, since patients might have married and
produced a family before the onset of illness.
Presymptomatic testing of at-risk individuals and pre-
natal diagnosis are seen as welcome preventive meas-
ures to help stop passage of the disease to future gen-
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erations.*'** However, various ethical and psychoso-
cial issues need to be considered. Since the condition
is untreatable, testing and results should be requested
by and only made available to concerned individuals
after adequate counselling has been given.

Spinal muscular atrophies

Spinal muscular atrophies (SMAs) are a group of com-
mon, fatal, autosomal recessive disorders, with an inci-
dence of 1:6000 newborns. They are characterised by
degeneration of the anterior horn cells of the spinal cord,
leading to weakness and wasting of the voluntary mus-
cles, and paralysis. Childhood SMAs are classified into
three types, depending on the age of onset and clinical
course. Type I (Werdnig-Hoffman) is the most severe,
with clinical onset before six months of age, death oc-
curring in the first year, and those affected never being
able to sit unaided. Type II is of intermediate severity;
patients can usually sit unaided and survive beyond 10
years. Type 111 (Kugelberg-Welander) represents a mild
form with symptoms manifesting in infancy or youth
and the individual being able to walk unaided. The SMA
candidate gene region was mapped to the long arm of
chromosome 5 (5q 11.2 - q 13.3} by linkage analysis
and more recently, three candidate genes have been re-

ported.** Two copies of the survival motor neuron gene
{SMN) were found, one centromeric (¢cBCD 541) and
the other telomeric (SMN), differing from each other
by one nucleotide in exon 7 and exon 8, respectively.
Homozygous deletion of both exons 7 and 8 or exon 7
only in the SMN gene was found in 96% of type [ SMA,
94% of type II, and 82% of type IlI, as well as in 0.3%
of SMA parents” and a PCR-based method has been
described for its detection.*

In addition, homozygous deletion of another nearby
gene, the neuronal apotosis inhibitory protein gene
(NAIP), was also observed in approximately 50% of
type I and 18% of types II and III patients.”” Point
mutation of the SMN gene may account for the mo-
lecular pathology in 10% of cases without deletion;
three types of point mutation have been reported. This
high frequency of homozygous SMN gene deletion in
SMA patients and its virtual absence in control sub-
jects makes it a likely cause of SMA. The finding of
homozygous deletion in unaffected siblings of
about 10% of SMA families, however, makes
presymptomatic testing difficult, since it implies that
deletion is not necessarily associated with disease and
other determining factors may play a role.”” These
points should be considered in genetic counselling.
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Fig 2. DNA-based prenatal diagnosis currently performed in Hong Kong
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Future prospects

With the genetic mapping and cloning of disease genes,
our understanding of the genetic basis of diseases will
increase and with it, the means to offer accurate
presymptomatic and carrier testings as well as prena-
tal diagnosis. Commensurate with this, is the improve-
ment in the techniques of procuring foetal tissue. First
trimester diagnosis can be made using CVS obtained
at 9 to 11 weeks, and although a two to three per cent
incidence of abortion***" is recorded at this gestation
period, this cannot be ascribed entirely to the proce-
dure, as miscarriage of problematic pregnancies tends
to occur in early gestation.** Amniocentesis is only
associated with a 0.5% risk of abortion,*' but is usu-
ally performed at 18 weeks gestation. Thus termina-
tion of an affected pregnancy, diagnosed after
amniocentesis, cannot be made until the second tri-
mester. This obviously is in itself associated with a
higher risk compared to first trimester termination.
Currently, much effort is placed on the isolation of
foetal cells from maternal peripheral blood.** I suc-
cesstul, this will provide a non-invasive prenatal di-
agnosis with no inherent risk to the foetus. Meanwhile,
highly sensitive and specific tests are being developed
for use in single cell analysis*** and these can be ap-
plied to pre-implantation diagnosis as well as to rare
foetal cells harvested by non-invasive procedures from
maternal blood.
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