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Leading article - Molecular biology series

Single gene disorders affecting the gastrointestinal tract

In this review we discuss inherited diseases with gastro-
intestinal consequences that are caused by mutations in one
or more genes. Familial cancers (discussed elsewhere in this
series), chromosomal abnormalities, and multifactorial and
congenital disorders are beyond the scope of this article.
Normal human cells are diploid - that is they carry two

copies of each chromosome and hence two alleles of each
gene - the exception being the X chromosome in men, where
it is present as a single copy, along with the Y chromosome.
The modes of inheritance of single gene disorders can be
dominant (one mutant copy of the gene confers the pheno-
type) or recessive (both copies of the gene must carry a
mutation to confer disease phenotype), and either autosomal
(the gene resides on one of the 22 autosomes) or sex
linked (the gene resides on a sex chromosome, usually X).
The precise mode of inheritance is often difficult to establish,
particularly when working with small pedigrees and in
diseases that show incomplete penetrance. Many diseases
have a multifactorial aetiology, where one or several genes
may act together with environmental factors to produce the
disease state. Clinically significant single gene disorders are
thought to affect about 1% of the population.' The incidence
of specific diseases varies with the population in question.
Cystic fibrosis, for example, affects 1 in 2000 live births in
northern Europe, and only 1 in 100 000 live births in the
Afro-American and Oriental populations.2 The incidence of
parental consanguinity in a population will also affect the
incidence of recessive aenetic disease.
To characterise fully a genetic disease, it is necessary

to identify the gene and its chromosomal location (gene
mapping). This has been approached by both 'forward' and
'reverse' genetics. In the former, a candidate gene (for
example factor VIII in haemophilia A) is purified and used to
identify molecular clones of the gene. Reverse genetics, now
called positional cloning, uses purely genetic techniques
(linkage analysis) to identify candidate genes with no a priori
knowledge of the gene product. Once a candidate gene is
identified, confirmation of its involvement in the disease
requires that the mutations responsible for the disease
phenotype be determined (mutation detection). At this stage
genetic counselling and prenatal diagnosis are possible using
either linked markers in conjunction with pedigree analysis
or, where possible, direct detection of the mutation. Having
cloned the disease gene it is then possible to investigate the
function of the gene and consider therapeutic intervention.
Estimates suggest that there are between 50 and 100 000
genes in the human genome, ofwhich 2325 (excluding fragile

sites and anonymous DNA segments) had been mapped by
1991.3 Progress in human genome mapping is loosely co-
ordinated by the Human Genome Organisation (HUGO).
Current databases summarising the human genome map
(the Genome Database) and inherited diseases (On-line
Mendelian Inheritance in Man) are continuously updated to
keep pace with rapid developments in this field.

Cystic fibrosis
Cystic fibrosis is a common cause of death in childhood and
the most common inherited disease in white populations.4 It
is inherited as an autosomal recessive condition, with a
carrier rate of about 1/22 in the UK. Cystic fibrosis has been
described in non-white populations, in which it is a much
rarer condition. The severity of the condition varies from
mild forms (including some cases where the predominant
feature is absence of the vas in men) to the more common
severe forms caused by a generalised dysfunction ofepithelial
glands. The cause of this has now been attributed to dis-
ruption of the ion channel function of the gene affected in
cystic fibrosis (see below). The lungs of patients with cystic
fibrosis are vulnerable to infection by common pathogenic
bacteria (as well as Pseudomonas, which is not pathogenic in
healthy unaffected subjects) and the main cause of death is
severe chronic infection of the lower respiratory tract. In
most of those with cystic fibrosis there is a defect of
pancreatic function, initially caused by a failure to produce
bicarbonate and water. Pancreatic secretions become viscous
causing blockage of the ductules and rupture of acini with
release of enzymes. Meconium ileus occurs in about 10% of
neonates with cystic fibrosis. The distal ileum becomes
obstructed by proteinaceous meconium because of reduced
water secretion from the pancreas and biliary system and the
absence of proteolytic enzymes. Rectal prolapse is a common
complication in the early years, and cystic fibrosis should be
suspected whenever rectal prolapse is seen in children less
than 3 years of age.5 Male patients are usually sterile because
of bilateral absence or atrophy of vas. The vas deferens and
associated structures are reabsorbed during embryogenesis.
Fertility is also reduced in women, probably because of
abnormal viscosity of the cervical mucus. Before DNA based
techniques, diagnosis was established by the detection of
raised sodium and chloride ions by means of a sweat test.6
Early in the course of the disease immunoreactive trypsin
values are raised in blood. Although this may not be seen in
infants with meconium ileus, the test is otherwise highly
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sensitive. Beyond the neonatal period blood immunoreactive
trypsin values decline because of advancing pancreatic
disease.

Cystic fibrosis is one of the very few genes identified solely
by reverse genetic techniques, without the aid of rare
chromosomal abnormalities to guide early mapping studies.
In 1985 several groups reported linkage to DNA markers on
chromosome 7q, and the hunt for the cystic fibrosis gene was
accelerated with the identification of two markers at 7q3 1-32
which flanked the gene.7 Attempts by several groups to use
chromosome walking to move from these markers towards
the cystic fibrosis gene failed because some regions of the
genome were unclonable in the vector-host systems used.
This problem was overcome using chromosome jumping
techniques to jump over the unclonable regions, and in 1989
the cystic fibrosis gene was identified by a group in Toronto,8
together with the most common cystic fibrosis-causing
mutation. Soon afterwards, another group reported the
cloning of the complete cystic fibrosis gene in a yeast artificial
chromosome.9 The protein product has been named the
cystic fibrosis transmembrane regulator (CFTR). The CFTR
gene contains 27 exons within 250 kilobase pairs (kbp) of
genomic DNA. A messenger RNA of 6 5 kilobases is
expressed in secretory epithelial tissues. A protein product of
1480 amino acids consists of a membrane-spanning domain,
an adenosine triphosphate (ATP) binding domain, a hydro-
philic domain (the R domain) followed by another membrane
spanning domain and another ATP binding domain. The
function ofthe ATP binding domains is not known, although
these regions are critical for normal function and are the
target for about half of the known cystic fibrosis mutations.
The most common mutation, a three base deletion at codon
508, results in the loss of a phenylalanine residue from the
first ATP binding domain. In this case the mutant gene
product is not transported to the epithelial cell membrane,
although this defect is temperature sensitive and transport
and at least partial function does occur when the mutant gene
is expressed in cell cultures grown below 300C.'1 The
function of CFTR seems to be that of a low conductance
chloride channel regulated by cyclic adenosine monophos-
phate but a larger conductance outwardly rectifying chloride
channel is also defective in cystic fibrosis. The gene(s) or
protein(s) corresponding to the outwardly rectifying chloride
channel have not yet been identified, but it may be that the
CFTR is also involved in the regulation of this channel. " The
availability of a mouse model for cystic fibrosis'2 may help
to elucidate the pathophysiology ofCFTR.
Over 200 different mutations have been described in

CFTR giving rise to disease ofvarying severity. The common
mutation, delta F508 in exon 10, is present in about 70% of
northern European cystic fibrosis chromosomes. The next
most common mutation (in up to 5% of cystic fibrosis
chromosomes in some populations) is G551D (glycine at
residue 551 is substituted by aspartate) in exon 11. Both of
these mutations arise in the first ATP binding domain and are
associated with a severe form of the disease in the homozy-
gous state. Most of the other mutations are present at low
levels with strong local variations in frequency. This distri-
bution of mutations leads to difficulties in diagnosis and
screening using DNA technology. One solution (which
requires a priori knowledge of the types and frequencies of
mutations in the test population) is to perform a two phase
testing strategy in which the most common mutations are
screened in the first instance, perhaps using a single test such
as the multiplex ARMS test. '3 With a detection rate of80% of
mutations, 80% of carriers and 64% of affected individuals
will be fully characterised. Of the remaining affected cases,
32% would have a mutation detectable on one chromosome
and only 4% would not have a detectable mutation on either
chromosome. For those individuals incompletely charac-

terised, some of the larger cystic fibrosis reference labora-
tories will undertake a fuller screening of CFTR. Ultimately
this requires the exon by exon mutational analysis and
sequencing of CFTR, or mutational analysis of CFTR
mRNA. 4 These are currently specialised endeavours and not
offered as a diagnostic service. If the cystic fibrosis case is
not the first described in a particular family, it is possible to
use intragenic markers, for example a multiplex intragenic
microsatellite analysis'5 to determine the high risk chromo-
somes in parents or other relatives. Their carrier status and
risks of affected children can then be established, and
prenatal diagnosis offered where appropriate.

Alpha, antitrypsin deficiency
Alpha1 antitrypsin deficiency was first identified in patients
whose serum lacked an a, globulin peak on protein electro-
phoresis. 16 The serum trypsin inhibitory capacity (STIC) was
also deficient, and the effect is inherited in a codominant
autosomal manner. Severe a1 antitrypsin deficiency results in
progressive obstructive emphysema, sometimes with the
appearance of bronchial asthma. The gene frequency of the
most common mutation in the UK is about 1/50, almost as
common as for cystic fibrosis. Alpha, antitrypsin is syn-
thesised predominantly in the liver but also in pancreatic islet
cells, mast cells, macrophages, lymphocytes polymorpho-
nuclear leukocytes, and platelets. Sharp'7 described intra-
hepatocytic globules composed of the Z variant of a,
antitrypsin in children with juvenile cirrhosis. Similar obser-
vations were made in adults carrying the Z variant, not
always in association with liver disease.'8 '9 The retention of
the Z variant by the liver is thought to be caused by
incomplete post translational processing of the propeptide.20
In most patients, the chest complications are far more severe
than the liver disease but liver disease has been reported in
about 15% ofal antitrypsin deficient cases between 51 and 60
years of age.2'
The al antitrypsin gene is located on chromosome 14q31-

32-1, close to the a1 antichymotrypsin and human corti-
costeroid binding globulin.22 This cluster of genes, and an
additional pseudogene, may have arisen by ancestral gene
duplication. The 12-2 kbp gene has two promoters, one
active in hepatocytes and the other in monocytes.23 The genes
are differentially spliced in a tissue specific manner, two
forms seen in monocytes contain one or two additional exons.
The mature glycoprotein contains 394 amino acids and is a
globular molecule. Methionine 358 and serine 359 are
thought to be critical for the binding of elastase, which
cleaves a, antitrypsin at this position and is then irreversibly
bound because of conformational changes in a1 antitrypsin.
There are several allelic forms of a1 antitrypsin, termed Pi

(protease inhibitor) M, Z, F, etc. PiM is the most common
allele in all populations studies, but the frequency of the
other alleles varies between different populations. High
resolution isoelectric focusing has shown several new alleles.
Mutations causing premature termination of the a1 anti-
trypsin protein or reduced synthesis are difficult to detect by
protein analysis, and for these mutations, or for prenatal
diagnosis, DNA analysis is the diagnostic method of choice.
The inhibitory structure of a1 antitrypsin is formed by
methionine at position 358, which is an exposed loop of the
molecule. A substitution of arginine at this position has been
reported to result in abnormal processing and catabolism of
protein C, resulting in a mild bleeding disorder.24 The most
common severe mutation is the Z allele, a replacement of
serine at position 342 by glutamic acid. Several methods have
been described for the identification of this mutation as an aid
to prenatal diagnosis, including direct sequencing of a1
antitrypsin exon 5,25 allele specific PCR,26 27 restriction
enzyme analysis of PCR products,28 denaturing gradient gel
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analysis,29 and a chemical cleavage method, which should
detect any mutation in the region ofDNA analysed.30

Liver disorders
There are several inherited metabolic disorders with sig-
nificant liver pathology.

IDIOPATHIC HAEMOCHROMATOSIS
This is an autosomal recessive iron overload disease that
affects patients of both sexes, usually in middle age (neonatal
haemochromatosis probably represents a separate disease
entity).36 In advanced forms of the disease, pronounced
hepatomegaly and cirrhosis are consistent findings, although
portal hypertension is rare and liver function tests may be
normal. Serum iron, ferritin and transferrin saturation are
increased and liver needle biopsy specimens show appreci-
able iron deposition in hepatocytes and Kupffer cells.
Primary hepatocellular carcinoma may develop after
cirrhosis, even after correction of iron overload, and is
responsible for about one third of deaths in homozygotes32
emphasising the need for early detection of mild or sub-
clinical cases through family studies. Other organs affected
include the pancreas (glucose tolerance is commonly im-
paired) and the heart. An early sign of the disease may be
hypermelanotic pigmentation ofthe skin, but signs ofhepatic
involvement before the onset of cirrhosis are rare, hence the
need for family studies to detect latent or subclinical cases.
Treatment (regular phlebotomies to remove 400-500 ml of
blood) shows a good response and survival is greatly in-
creased.33 The gene locus has been mapped to the short arm
ofchromosome 6 near the HLA class I genes (6p2 1), the most
significant linkage being to HLA A3.34 Estimates of the
prevalence of the gene in the population have varied widely
and the disease may often be undiagnosed. Absence of
expression in the homozygous state is rare in the adult male,
but is more frequent in premenopausal women. In the
heteroxygous state, no clinical expression is observed, al-
though biochemical markers may be raised. Simon35 suggests
the gene frequency is about 0 03, and the homozygous state
less than 1 in 1000 in whites.

WILSON'S DISEASE
Wilson's disease (or hepatolenticular degeneration) is a
disorder of copper metabolism characterised by juvenile, or
later onset, progressive liver disease, basal ganglia disturb-
ances, and greenish brown pigmentation of the iris (Kayser-
Fleischer rings). Penicillamine can be a very effective
treatment for Wilson's disease, which is one of the few
potentially treatable causes of chronic liver disease or neuro-
degeneration. Approximately 20% of all cases of cirrhosis
presenting between the ages of 4 and 16 years are a result of
this condition.-' Penicillamine treatment takes some weeks to
be effective and in cases of fulminant liver failure, liver
transplantation may be the only treatment option. Improve-
ments after transplantation suggest that extrahepatic effects
are secondary to overflow from the liver.36 Inheritance is by
autosomal recessive mode and the incidence ofhomozygosity
is in the range of 1 in 50 000 to 1 in 100 000. Heterozygotes are
asymptomatic but may have decreased serum copper and
caeruloplasmin. Linkage analysis of a large inbred kindred
placed the gene locus on chromosome 13, close to the esterase
D gene,37 and further kindreds confirm the locus at 13ql4,
closely linked to the retinoblastoma gene and distal to the
esterase D gene.38 The nature of the gene product is
unknown, but a strong candidate gene, caeruloplasmin,
is unlikely to be the culprit, it having been mapped to
3q25.39

ARTERIOHEPATIC DYSPLASIA
Of the many structural defects of the liver, arteriohepatic
dysplasia (cholestasis with peripheral pulmonary stenosis;
Alagille syndrome) is considered to be an autosomal domi-
nant condition. The syndrome is characterised by neonatal
jaundice as well as changes of the heart, eyes, bones, nervous
system, and facies.4"

Liver histology shows few intrahepatic bile ducts. Al-
though the gene locus is unknown, similar conditions in
patients known to carry chromosomal deletions at 20pll-2
suggest that the gene for arteriohepatic dysplasia may be at
this site.4'

Diarrhoea syndromes
Diarrhoea is a feature of several rare genetic disorders,
including the secretory diarrhoeas and various inborn errors
of metabolism.

CHLORIDE DIARRHOEA
Autosomal recessive chloride diarrhoea presents with watery
stools containing an excess of chloride. It is present from a
few weeks of age and potassium chloride is the main
treatment. The disorder is caused by a defect in the ion
exchange mechanisms of the intestinal brush border. Dis-
ruption of chloride/bicarbonate exchange leads to chloride
diarrhoea, and a similar condition, sodium diarrhoea is
caused by impaired Na+/H+ exchange.

DISACCHARIDASE DEFICIENCIES
The disaccharidase hydrolytic enzymes (lactase, sucrase,
isomaltase, and maltase) cleave disaccharides before absorp-
tion from the small intestine. Disaccharidase deficiencies
cause disaccharide accumulation which encourages intestinal
bacterial overgrowth; clinical manifestations include flat-
ulence, abdominal cramps, and diarrhoea. Disaccharide
intolerance I is an autosomal recessive condition caused by a
sucrase-isomaltase deficiency. Symptoms in homozygotes
vary with the amount ofingested sucrose, but tend to be more
severe in the younger child. Heterozygotes have intermediate
enzyme activity, and may have mild symptoms in infancy.
Peterson and Herber42 reported the incidence of sucrase-
isomaltase deficiency to be 0-2% in North America, while
up to 10% of the Greenland Eskimo population may be
affected.43 The gene for human sucrase-isomaltase has been
localised to 3q22-26.

Disaccharide intolerance types II and III are respectively,
congenital and adult onset lactase deficiency. Both seem to be
autosomal recessive, but the relation between the conditions
is unclear. The neonatal form is rare but several studies have
found diarrhoea and lactose intolerance in a considerable
proportion of adults, particularly in black" and Oriental45
populations. The lactases expressed in childhood and adult
life are immunologically indistinguishable"1 and McKuisick47
suggests that adult hypolactasia may have predominated in
early man and that the adult lactase polymorphism evolved in
the postneolithic period when animal milk entered the diet.

Pancreas
Cystic fibrosis is the principle genetic disease of the pancreas
but there are other inherited conditions with pancreatic
pathology. Hereditary pancreatitis is a relatively rare auto-
somal dominant trait causing acute pancreatitis. Sibert"
identified 72 patients in seven families in England and Wales.
Penetrance was about 80%, and the onset of the disease
occurred in two peaks, one in early childhood and a second at
age 17 years thought to represent genetically susceptible
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persons presenting with symptoms precipitated by alcohol.
Mediterranean fever may present with fever and severe
abdominal pain, mimicking pancreatitis but without raised
serum amylase. Symptoms also include pleurisy and
synovitis and this autosomal recessive trait occurs most
frequently in Armenians and Sephardic Jews. The disease
has recently been genetically mapped to the short arm of
chromosome 16, and linkage disequilibrium between differ-
ent ethnic groups suggests the presence of at least two
different mutant alleles.

Intestinal defects
There are few monogenic disorders with symptoms affecting
only the intestines, most occur as part of other syndromes or
are associated with chromosomal disorders. Of the many
defects of gross anatomical structure of the gastrointestinal
tract, only multiple intestinal atresia (described in an inbred
kindred by Dallaire and Perreault49) seems to be transmitted
as a Mendelian trait, as a result of an autosomal recessive
mutation. Of the diseases presenting as functional defects,
several rare familial pseudo-obstruction syndromes have
been reported. Idiopathic pseudo-obstruction with mega-
duodenum can be transmitted as an autosomal dominant
trait, whereas intestinal pseudo-obstruction caused by
neuronal disease (with defective myenteric plexus) and
megacystis-microcolon-intestinal hypoperistalsis syndrome
are autosomal recessive traits.

In conclusion, new molecular techniques are leading to the
identification ofthe specific genes responsible for many of the
disorders described above, opening the way to molecular
therapies which may lead to the amelioration or eradication ot
many inherited diseases.
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This is the last paper in the Molecular biology series.
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