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Human mutations and their detection
by gene and linkage analysis, allele
sharing and association methods

J.A. Phillips Iit and R. Hamid'

SUMMARY It has been 20 years since DNA analysis was first used in the detection of sickle-cell
anaemia. Here, techniques for detecting human mutations are reviewed. We describe direct de-
tection of mutations using restriction enzyme analysis and polymerase chain reaction amplifica-
tion to detect gene deletions, rearrangements and point mutations. Indiroct detection of mutations
include the use of DNA polymorphisms in linkage analysis.

Introduction

Some of the many types of mutations that

can cause inherited disorders are:

* single base changes that can alter and
disrupt regulatory sequences, cap sites,
initiation, coding or termination codons,
splicing or polyadenylation signals;

* deletions or insertions of one, a few, or
many bases;

* rearrangements, siuch as inversions or
fusions.

Any of these mutations can perturb ex-
pression of the altered gene and cause dis-
ease. Detection and characterization of
mutations in human genes provide insights
into the pathophysiology of hereditary dis-
orders. Diagnostic tests can be developed
and new therapeutic approaches designed.

The basic tools used to detect gene mu-
tations include restriction endonucleases,
oligonucleotides and specific DNA
polymerases. Restriction endonucleases
can be used to produce fragments from ge-

nomic DNA, their size reflecting their nu-
cleotide sequence. Gene segments
and oligonucleotides can be labelled
and used as probes that anneal to, and
detect specific genomic fragments in South-
ern blots. Oligonucleotides and DNA poly-
merases can be used to synthesize
complementary genomic segments using
polymerase chain reaction (PCR) ampli-
fication. The PCR products can then be
cleaved by restriction endonucleases, or an-
nealed to complementary sequences to en-
able detection of mutations using a variety
of techniques. Applications of these tech-
niques for directly or indirectly detecting
gene alterations are illustrated in the follow-
ing examples [/-3].

Direct detectlon of mutations

Restriction enzyme analysis
Restriction enzyme analysis can be used to
detect chromosome fragments and a wide
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variety of mutations, including gene dele-
tions, insertions, rearrangements and point
mutations. Each restriction enzyme has a
unique cutting (restriction) site, giving in
turn a unique pattern when used to cut a
piece of DNA. The most common tech-
nique using this property of restriction en-
zymes is called Southern blot analysis.
Restriction enzymes are used to frag-
ment genomic DNA into reproducible siz-
es. These fragments are subjected to gel
electrophoresis to separate them by size [/-
3]. The fragments are then transferred to a
membrane and hybridized to a radicactive-
ly-labelled probe. The number and size of
DNA fragments are analysed, based on ap-
propriate imaging. Mutations or deletions
in a gene are picked up if they involve a
particular restriction site, thus giving a pat-
tern that is different from the control. In the
following section, some examples of re-
striction enzyme analysis are given.

Detection of gene deletions

Familial isolated growth hormone (GH) de-
ficiency type 1A (IGHD 1A) is an endo-
crine disorder caused by gene deletions.
IGHD 1A has an autosomal recessive mode
of inheritance. Affected individuals
have severe growth retardation due to com-
plete deficiency of GH. Most individuals
respond only briefly to GH replacement
therapy because of their tendency to
develop high titres of anti-GH antibodies
[4]. Restriction analysis of the structural
gene for GH (GH1) is complicated
by there being 5 GH related genes
(5'-GHI1:CSHP1:CSHI:GH2:CSH2-3") in
the GH gene cluster. Although these related
genes share extensive sequence homology,
only the GHI locus encodes GH. The GHI
gene is flanked by consistent BamHI sites
approximately 3.8 kb apart. While the
CSHP1, CSHI1, GH2, and CSH2? genes are
sufficiently homologous to hybridize to the
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GHI probe, they are all contained in Bam-
HI derived fragments that differ in size
from that of GHI. Autoradiograms of DNA
from IGHD 1A individuals lack the 3.8 kb
fragments that normally contain the GHI
genes. In addition, the intensity of the
3.8 kb hybridizing fragments from DNA of
the heterozygous {GH/del) parents is inter-
mediate between that of controls (GH/GH)
and their affected children, who are homo-
zygous (del/del) for GHI gene deletions.
Since homozygosity for these GH deletions
precludes production of any GH, IGHD 1A
individuals tend to be immunologically in-
tolerant to, and develop antibodies to exog-
enous GH.

Detection of gene rearrangements in
neoplasias

Acquired neoplasias can be associated with
specific chromosome rearrangements. For
example, in chronic granulocytic leu-
kaemia (CGL) the Philadelphia (Ph') chro-
mosome, a 9934;22q11 reciprocal translo-
cation, is consistently found. The break-
points producing Ph' are within the ab/
proto-oncogene on chromosome 9q34, and
a gene referred to as the breakpoint cluster
region (BCR) on 22ql1 [5,6]. DNA frag-
ments resulting from digestion of the fused
or chimeric abl: BCR genes can be detected
by Southern blots using a probe derived
from the @bl gene. Such studies can detect
the relative proportion of cells containing
Ph! chromosomes to monitor the response
to treatment as well as early relapses.

Detection of point mutations

Sickle-cell anaemia is an autosomal reces-
sive disorder characterized by episodic
sickle crises caused by irreversible sickling
and destruction of red blood cells. This re-
sults in anaemia and abdominal and muscu-
loskeletal pain. In the United States,
sickle-cell anaemia occurs predominantly
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in African~Americans who have a carrier
frequency of approximately 1 in 15, and
disease due to homozygosity in approxi-
mately | in 500 births. It is caused by an A
to T transversion in the sixth codon of the B-
globin gene encoding a GAG (glutamine) to
GTG (valine) substitution [7]. This trans-
version destroys an Mst II recognition site
(CCTGAGG) spanning codons 5-7 of the
pB-globin gene [2,3]. Digestion of genomic
DNA containing the sickle mutation yields
restriction fragments of 1.35 kb, rather than
the 1.15 kb fragments generated from the
normal B-globin squence. Detection of this
A—T transversion, to diagnose sickle-cell
anaemia by Southern blot analysis, was one
of the first applications (1982) of DNA
techniques to detect an inherited disease
prenatally. Subsequently Southern blot
analysis for the detection of sickle-cell
anaemia has been replaced by PCR-based
techniques.

Polymerase chain reaction
amplification

PCR amplification is a primer-directed en-
zymatic amplification of specific DNA
sequences [§]. The specificity of PCR am-
plification results from the use of specific

primers that flank the DNA segment to be

amplified, and a critical annealing tempera-
ture during the reaction [9]. For example,
after denaturing genomic DNA at 94 °C, the
specific primers are annealed to opposite
genomic strands at 45 °C. After annealing,
the reaction is incubated at 72 °C with a
specific DNA polymerase to synthesize a
new copy of each strand of the gene. The
PCR copies are then denatured at 94 °C,
and the next PCR amplification cycle be-
gins. After each cycle, the number of gene
copies synthesized doubles, so that after 30
cycles, there are between 10° and 107 cop-
ies. These PCR products, called amplicons,
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can then be analysed in a variety of ways to
detect mutations, as illustrated in the fol-
lowing examples.

Detection of gene deletions

The most common mutation in the cystic fi-
brosis transmembrane conductance regula-
tor (CFTR) that causes cystic fibrosis (CF)
is a 3 bp deletion in exon 10. This deletion
(called AF508) at codon 508 of the CFTR
gene, causes loss of phenylalanine and
shortens the normal 98 bp amplicon to 95
bp [/0]. Studies for this and other CFTR
gene mutations are usually carried out to
confirm that a patient has CF. or to deter-
mine the carrier status of individuals with a
family history of CF. The amplicons derived
from the DNA of individuals heterozygous
for the AF508 mutation form heteroduplex-
es. These heteroduplexes are sensitive indi-
cators for allelic PCR products that differ in
size or sequence. Heteroduplexes arise
when the forward and reverse strands from
two different alleles that differ in size or se-
quence anneal, causing “bubbles” to form
that alter their migration.

Detection of gene rearrangements

CGL cells containing Ph' chromosomes can

be detected by PCR amplification using

one primer specific for BCR, and one spe-

cific for abi sequences. The BCR/abl fusion

products can be detected using such a prim-.
er pair to amplify cDNAs derived from leu-

kocyte-isolated mRNA. Another applica-

tion of this approach is the detection of
certain types of lymphomas resulting from

fusion of specific segments of chromosome

14 and 18. These can be detected by ampli-

fication of their chimeric PCR products.

Detection of point mutations
Medium-chain acyl-CoA dehydrogenase
(MCAD) deficiency is a rare (approximate-
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Iy 1 in 50 000 live births) autosomal reces-
stve disorder of fatty acid oxidation. Onset
of symptoms (hypoglycaemia, metabolic
acidosis, lethargy and coma) usually occurs
in infancy or early childhood after pro-
longed fasting. While MCAD plays a cen-
tral role in fat metabolism, some symptoms
of its deficiency result from secondary car-
nitine deficiency. The trecatment of MCAD
deficiency includes not fasting, and supple-
menting with oral L-carnitine. While sever-
al mutations have been identified in the
MCAD gene, an A to G transition of codon
329 (K329E) represents more than 90% of
reported cases. The K329E mutation can be
detected by Nco I digestion of amplicons
containing a segment of the MCAD gene.
Normal MCAD alleles yield CCATGA
PCR products that are not cut by Nco 1, thus
producing 63 bp fragments, while K329E
alleies yield CCATGG products that are
cleaved into 43 bp and 20 bp fragments.

DNA sequence analysls of amplified
DNA

DNA sequence analysis is usually carried
out on PCR-amplified products (ampli-
cons) that contain segments of interest. Se-
quence analysis of amplicons provides data
on the sequence of an individual’s genomic
DNA. Cycle sequencing is the method that
is most often used to directly sequence PCR
products. This method requires very small
(i.e. nanogram) quantities of amplicons. It
uses the PCR cycles of denaturation and
extension at temperatures that prevent re-
annealing of the two strands of template
DNA. This forces the primer used in se-
quencing to anneal with its complementary
template strand for primer extension.
Dideoxy terminators are used and the prod-
ucts are analysed by size to infer their DNA
sequence.
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Indirect detection of mutations

In maost inherited disorders the exact gene
mutation is unknown. Despite this, linkage
analysis using DNA polymorphisms can be
used to determine the transmission pattern
of the defective gene.

DNA polymorphisms

Most variations seen between individuals
at the DNA level are associated with DNA
polymorphisms which occur approximately
every 250-500 nucleotides in noncoding
regions of the genome. DNA polymor-
phisms are defined as DNA changes that
are seen in the normal population at fre-
quencies of more than 1% [/-3]. In some
cascs these changes alter the number and
location of restriction enzyme recognition
sites. The resulting differences in DNA
fragment sizes, referrcd to as restriction
fragment length polymorphisms (RFLPs),
are easily detected by analysis of Southern
blots or PCR products,

A second, common type of DNA
polymorphisms are the 2 (di), 3 (tri)
or 4 (ietra) nucleotide repeats, called
microsatellites. Microsatellites are small
simple repeats of 1 to 6 bases (i.e. AGAG,
CAGCAQG, CGGGCGGG), which are
found throughout the genome. Because
of their frequency and wide distribution,
they provide a source of abundant markers.
Their uses include facilitating the identifi-
cation of many genes, determining the order
and locations of genes on the chromosomes,
and traditional linkage studies for diagnos-
tic analysis. In forensic applications they
are used for idenlity and paternity testing.

Linkage analysis using DNA
polymorphisms

Linkage analysis involves proposing a
model to explain the inheritance pattern of
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phenotypes and genotypes observed in a
pedigree. It is the method of choice for sim-
ple Mendelian traits, because the allowable
models are few (autosomal dominant, re-
cessive or X-linked) and easily tested. In
linkage analysis, the transmission patterns
of DNA polymorphisms are used to infer
the transmission of genes that lie adjacent
to, and co-segregate with, these markers.
The closer DNA polymorphisms or other
markers and genes are physically, the more
likely they will co-segregate. Rough esti-
mates indicate that a DNA polymorphism
and gene that are approximately 10° bp
apart have a 99% probability of segregating
together. For predetermined recombination
frequencies, (0) probabilities are calculat-
ed. Then the logarithm of the ratio of
probability (6)/probability of random as-
sortment (6 = 0.5) = the logarithmic odds
score (LOD score) or Z score (Z = log, ), is
used to determine the most probable 6
(method of maximum likelihood). The peak
LOD score is used as an approximation of
the 95% confidence interval for a given 8.
For example, for a simple Mendelian reces-
sive or dominant disease, 8 = 0% between
the disease gene marker with a LOD score
of 1, 1.5, 2 or 3 indicates no recombination
between the marker and discase phenotype,
with probabilities of significant linkage be-
ing 1/10, 1/32, 1/100 and 1/1000 respec-
tively. When LOD scorcs are negative they
reflect the probability against linkage.
When the recombination frequency () is
0.00, 0.05, 0.10, 0.30, the recombination
frequencies are 0%, 5%, 10% and 30%,
with 50% being the theoretical maximum
that is observed. For rapid calculations of
LOD scores for multiple 8s, linkage com-
puter programs are used,

A clinical example of the use of DNA
polymorphisms and linkage analysis is hae-
mophilia A caused by deficiency of clotting
factor VIIL As previously mentioned, under
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restriction enzyme analysis, an inversion
within the factor VIII gene can occur, lead-
ing to its inactivation. This rearrangement
accounts for the disease in approximately
45% of severe cases. However, many dif-
ferent mutations have been found in the
factor VIII genes of different haemophili-
acs [11,12]. This heterogeneity makes di-
rect detection of non-inversion mutations
impractical. Linkage analysis using DNA
polymorphisms within the factor VIII gene
provides an alternative method to deter-
mine if female relatives are carriers. For ex-
ample, a DNA polymorphism that affects a
Bcl 1 recognition site lies within IVS18.
Since approximately 50% of females are
heterozygous for this Bel I/IVS18 DNA
polymorphism, its analysis often enables
inference of a factor VIII status for their
offspring. For example, a woman, an obli-
gate carrier of haemophilia A, is heterozy-
gous for the [IVS18 DNA polymorphisms,
and has the 1.2 kb and 0.9 kb fragments as-
sociated with the absence and presence of
the Be/ 1 site. Her affected sons and grand-
sons all inherited her factor VIII gene con-
taining the 1.2 kb DNA polymorphism,
indicating that her factor VIII gene, “cou-
pled” to the 1.2 Bel I/IVS18 allele, is her
mutant factor VIII gene. Thus, her three
younger daughters are all carriers, because
each inherited her 1.2 kb DNA polymor-
phism. By contrast, her eldest daughter is a
non-carrier because she inherited the 0.9 kb
DNA polymorphism, which is in “repul-
sion” to her mother’s mutant factor VIII
gene, and is therefore on the chromosome
that contains her normal factor Vill gene.

Conclusion

In summary, four different ideas are impor-

tant in understanding diagnostic applica-

tions using DNA analysis. These are:

* When DNA changes in a gene are de-
tected, it must be determined if the
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changes represent DNA polymorphisms
(changes not associated with disease) or
mutations that affect expression of the
gene.

« Differences seen in mutations in differ-
ent patients (heterogeneity) often ex-
plain clinical variation at a molecular
level.

¢ Current methods used for gene analysis
include restriction enzyme analysis,
PCR amplification, allele specific
oligonucleotides, denaturing gradient
gels and DNA sequence analysis.

* Gene diagnosis is applicable to many
clinical disorders, both genetic and ac-
quired. What is required is a portion of
the gene involved, or a segment of DNA
that lies close to the gene.
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It has been 20 years since DNA analysis
was first used in the diagnosis of sickle-cell
anaemia [/3]. Since that time, accurate
tests using different methods of DNA anal-
ysis have been developed for many inherit-
ed diseases. With the Human Genome
Project, the number of such applications
should increase dramatically in the next
few years. This initiative in gene mapping
and sequencing will identify all DNA mark-
ers and genes contained in the human ge-
nome. This will provide countless DNA
segments, oligonucleotides and PCR prim-
ers that could be used to detect mutations
underlying many inherited disorders, both
single and polygenic, as well as acquired
gene rearrangements associated with neo-
plasias and ageing.
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