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ABSTRACT

Most South Afiicans with clinically sigrificant haemoglobinopathics, rainly thalassaemia
major, are of Asian Indian origin. This study was undertaken to characterise the normal
and pathological variation around the « and 8 globin clusters, both at the haematological
and molecular level in the major religious and language subgroups of South African
Indians, These data were used to assess the need for a screening programme for the major
haemoglobinopathies ard to evaluate the local prepatal diagnostic service. The variation
was also used to assess the genetic relationships between the subgroups of South African

Indiaus, to compare them to Indians stadied elsewhere and to other populations.

The subjects of this study were all South African Indiass. They consisted of 638
individuals collecied in a school survey, 60 normal puclear famities, 31 families with at
Jeast one child with a major haemoglobinopathy, four families ‘at-risk” for having a child
with thalassaemia major, and seven families, with at least one abnormal globin gene,
ascertaine(. trough our genetic counselling clinic. Families were studied using st.ndard
haematological techniques, as well as with the DNA-based technicues of ‘Southern

k*ottire’ and the pulyieerase chain reaction.

Microcytosis and hypochromia are extremely comunon in South African Indians. This is
maialy due to a high fiequency of the -o chromosome, but also to a high rate of iron
deficiency. Although heterozygote rates for § thalassaemia are refatively iow, about 1-2%
in the maje- groups, it appears that a greater number of thalassaemia major patients are
ascertained, perhaps because of high rates of consanguinity and inira-caste marriage or
pockets of higher frequency in the minor groups, like the Mosiem Memon.

At the molecular level, o thalassagmia in South African Indians is maioly of the -o™
type, though the -o#™ and -o*” chromosomes are present, the latter at relatively high
frequency in the Hindu Hindi The -~ chromosome was not detected, and one tarnily with
a non-deletion HbH disease w. ascertained. HbH and Hb Bart’s hydrops fetalis are thus
rare in this population. § thalassdemds is heterogeneous, with 10 mutations described ox

67 chromosomes. The mutation at IVS1nt5 is the commonest in sl the major groups.



Together with the mutations at codon 41/42 and {VSintl and the 619bp deletion, it
accouuts for 84% of ail chromosoimes. Two mutations not previously described in Asian
Indians, frameshift codon 44(-C) and Poly-A (T-»C), were found in this cobort.

The costs of screening the South African Indian population for 8 thatassaemia, and the
other &-globin variants, is low compared to the costs of treatment for the existing patients.
A culturally-appropiiate screening progiamme targeted at young couples of child-bearing
age should be initiated as soon as possible. Detection of raised HbA, levels, using
'haeﬁxoglobin electrophoresis, appears to be the most cost-effective primary screen.

Wher:as linked marker analysis only provided a full diagnosis in 64.5% of families, the
availability of mutation anacysis, together with linked marker analysis, means that close
to 100% of famikies can now be offered a full prenatal diagnosis. At present, couples
requesting prenatal diagnosis are still predominantly those with a previously affected
child, atthough there is an increasing number of coupies shown to be ‘at-risk’ on
haematological screeming. For the latter mutation analysis is particularly useful. The
availability of CVS has increased the acceptability of the prenatal diagnostic service,
although it is still aot being used by all ‘at-risk’ couples.

Stuclies of normal variation in the o and B globin clusters, including gene ¢ rangements,
RFLP and haplotype frequencies, show that South African Indians share features with
Indiaus studied elsewhere, A number of the religious and language subgroups, particularly
the Hindu Gujerati and Hmndu Hindi, have distinctive features dve to geographical
isolation and genetic drift. The Indians, Jihough predominantly Caucasoid, also have
Mongoloid markers, reflecting common ancestry as well as more recent gene flow,
through political, economic and military interaction. The geographical distributions of the
§ thalassaemia mutations, together with siudies of the associated haploiypes, provide
evidence for 2 limited aumber of origins prior to population divergence, with subsequent
Hmited gene conversion and recombination events leading to the observed haplotype

diversity.
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CHAPTER 1 - INTRODUCTION

The buman globin gene family has been considered 2 paradigm for smdying differential
gene activity and the molecular basis of genetic disorders and gene expression. It has
frequently set the pace and established the precedents for novel discoveries ia the area of
normal gene structure and function as well as mechanisms of abnormal gene expression

leading to specific genetic diseases.

The search for the molecular basis of the thalassacmias reflects the recent history of the
advances in cellular biology and bicchemistry. The thalassaemias provided the first testing
ground for the application of recombinant DNA technology to human disease. The hutnan
globin genes were among the first mammalian genes to be clomed into plasmids and
analysed at the nucleotide level. The identification of mutations in globin genes in
inherited disorders of haemogiobin synthesis provided the first near complete description
of a disease at the molecular level and a basis for DINA-based prenatal diagnosis. The
haemoglobinopathies were thus the first inherited disorders for whick DNA analysis was
used in prenatal testing.

Analysis of naturally-occurring mutations and experimental systems has added much to
our understanding of the mechanisms underlying globin gene expression and the important
regions in globin regulation. Molecular advances in the study of the genes have assisted
in relating clinical phenotypes to underlying defects, in establishing prenatal diagnosis for
the disorders, and also in population genetics studies. The globin genes have served as a
model system and a point of reference for studies on the normal biology and molecular

pathology of ofbe: genc systems and their associated disorders in man.

Disorders of hacmeglobin synthesis (the haemogtobinopatliies) are not only important as
a research tool but also constitute a major disease load in some paits of the world, They
result from the synthesis of structurally abnormal haemoglobin chains (the hzemogiobin
variants) or reduced numbers of globin chains (the thalassacmia syndromes). The
haemoglobinopathies are among the commonest inherited disorders, generally having an
antosomal recessive pattern of inheritance. There are estimated i¢ be at least 190 milfion
carriers worldwide and 240 000 infants are borr annually with a major
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haemoglobincpathy, sickle cell anaemia, B or « thalassaemia. They ave reached their
high frequencies because the carrier state confers a selective advaniage against
Plasmodium falciparum malaria and their distribution therefore mirrors that of enderzic

Plasmodium falciparum malatia,

In South Africa, climically sigrificant haemogiobinopathies occur mainly in individuals
of Mediterranean or Asian Indian origin, with the major isease ioad falling ¢n the Iatter
group. Thus this study was undertaken to characterise the normal and pathological
variation around the ¢ and 8 clusters, both st the haematological and the molecular levels
in Sounihk African Asian Indiaus. . was hoped that this information would help assess the
need for a screening programme for tiwe haemogiobinopathies, refine the techniques wsed

in our prenatal diagnostic service and perhaps piovide some insights into the origins of

the different subgroups of the local Indian population.

In the introduction below the main historical developments, the stracture and function of
haemoglobin, the molecular organisation of the globin gepes, the associated clinical
diseases and their molecular bases and the ways in ihich this knowledge can be applied
to prenatal dizgaosis and treatinent are reviewed. The geographical distribution of the
Laemoglobinopathies is also discussed. Finally the history of the Sonth African Asian
tndians is dealt with and the aims of the study outlined.

As the literature and knowledge of haemoglobins is so extensive, it has not always been
possibie to reference alf the original iiterature and, instead, comprehensive reviews have

been cited in some sections.

1.1 An bistorical overview

The advances in the field of haemoglobin and thalassacmia are too numerous to discuss
individually. They have been divided into four phases and reviewed by Weatherall and

Clegg 1981.

In the first phase, between 1925 and 1940, the original descriptions of the .linical features
of the homozygous and heterozygous states for different types of thalassaemia appeaved.
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Although it is possible that Hippocrates referred to thalassaemia or sickie cell anazmia,

tha firgt clinical description of what was almost certainl?. ‘omozygous [ thalassaemia was
that of Cooley and Ley in 1925 in their paper entitled "A Series of Cases of
Splenomegaly in Children with Anaemia and Peculiar Bone Changes”. The early Cloes
were all of Mediterranean background and the condition was thus paswed thalassacmia,
by Whipple and Bradford in 1932, from-. waoow, the Greek for “sea’.

From 1940-1949, the second phase, the true genetic basis of the disorder was recognised.
Caminopteros in Greece and Angelini in Ttaly had noted abnormalities in the red cells of
relatives with thalassaemia as early as 1936. During the 1940°s steady prog2ss was made
in elucidating the genetic basis of thalassaernia and by 1949 it was clear that Cooley’s
anacmia was the homozygous state of a "partially dominant Mendelian geve”, the
heterozygous state being presenat in pavents of affectzu individuals and termec

‘thalassaemia minor’.

Similarly, as early as 1910 Hexrick hagd recognised that the cells of certain individuals had
the peculiar property of undergoing reversibie alterations in shape when the partiai
pressure of oxygen was lowered. Most people wkose cells:  wed ‘sickling” were healthy
and were said to have the ‘sickle cell trait’, while others had severe fatal chikihood
anaemia, called ‘sickle cell anaemia’, The disease was shown to be inherited and the
pedigrees of families were most simply explained by the hypothesis that individuals with
sickle cel! trait and sickle cell anaeinia were hererozygotes and homozygotes, respectively,
for a particular abnormal gene (Neel 1949),

Puring the third phase, from 1949-1960, much was learnt about the structure and geneiic
control of haemoglobin, the different haemoglobins and their relative compositions in
thalassaemia. Pauling and his colleagues showed that the haemoglobin present in the red
cells of patients with sickle cell anaemia could be separated from normal adult
haemoglobin by electrophoresis. They showed thet the proteins differed in physical
properties and presumably in structure. In addition, they demonsirated that haemogicbin
from individuals with sickie cell trait contained a mixture of normal (HbA) and abnormal
(HbS) haemoglobin, thus demonstrating a direct correlation between the proposed genetic
basis and the haemoglobins synthesiscd (Pauling ez al. 1949), The da‘a also provided
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evidence for a pait of genes controlling haemoglobin synthesis. The new electrophoresis

techiique was subsequently used to describe 2 large number of haeimoglobin varjants.

Further, Ingram demonstrated by ‘protein fingerprinting’ a position in the amice acid
chain which was ozcupied by glutamic acid in HbA and valire in HbS, providing the first
example of a genetically determined variant in which the structural abnormality vvas
identified. This finding also demonstrated that different alleles code for different primary
protein sequences (Ingram 1956, 1958).

During this perivd two non-allelic globin loci were shown to exist. The presence of the
miznor adult haemoglobin, HbA,, was also demonstrated. Simvltaneously the chemical
structure of haemoglobin was being elucidated. ‘The haemoglobin molecule was shown to
have two identical halves, each consisting of an o and # polvpeptide chain. Felal
hacmoglobin was shown to have y in place of 8 chains and by the early 1960°s the

cemplete amino acid sequences of the o, 8 and y chains had beci: determined.

It was shown that B thalassaemia caused a reduction in HbA synthesis. In addition, a form
of thalassaemia ‘non-allelic’ with sickle cell anaemia was recognised, in which the unusual
haertoglobin variants, HbH and Hbk Mart s, that lack o chains, were demonstrated.

In 1959 Togram and Stretton proposed thoir model describing the genetic basis of
thalassaemia. It incorporated Itano’s structure rate hypothesis, which suggested that the
primary structure of a haemoglobin determired its rate of syntbesis, and Panding’s idea
that thalassaemia was due o a low rate of production from the thalassaemia gere. Ingram
and Stretton proposed two major classes of tunlassaemia: « in which there is defective
production of « chains and § with defective £ che'n production. They also explained the
origin of HbH, They described the reduced rate of « or 8§ chain synthesis as due to a
"hidden amino acid substitution" wk*ch was pot visible on elecirophoresis (Ingram and
Stretton 1959). This paper according to Weatherall and Clegg (1981) was "a landmark
which became the basis for ali future work on the genetics and biosynthesis of
hasmogiobins in the thalassaemias and for the later elucidation of the molecular defect in

some of thesz disorders”.
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Duing tie fousth phase from 1960-1970, steady progress was made in elucidating the

biochemical and molecuiar natore of the thalassaeinias. Thalassaesnia was shown to be a
beterogeneous group of genetic disorders with a2 worldwide distribution. The disorders
were found to be common, and the « and 6 thalassaemias were distinguished more
cleacly. Globin chain syntbesis, a technique developed by Clegg and Weatherali, aided
the studies of the thalassaemias enormously; furthermore ineffective crythropoiesis was
demonstrated to be the path-~hysiological basis. The abnormalities in red cell maturation
were ascribed to wnbalanced globin p_roduétion and precipitation of the chains produced
in excess on the cell membrane, thus interfering with cell membrane function.

The 1970°s marked the advent of ihe techniques of recombinant DNA technology, which
has resulted in an exponential increase in the knowledge of glebi  gene structere and
function. Some of the detailed molecular knowledge gained from the 1970’s onwards will
be teviewed in the sections that follow.

1.2 The protein stracture and biosynthesis of haemoglobin

Haemoglobin, the major oxygen transpoit protein, is synthesised in adults in nucleated red
cell piecursors (normoblasts) which are located in the bone marrow. Globin synthesis
persists for 24-48 bours in the anucleate circulating red blood cell but is absent from the
mare red blood cell. The 5-7 day period of erythroid celi differentiation is marked by
progressive specialisation of the cell for synthesis and accumulation of large amounts of
haemoglobin, so that by the time the reticulocyte stage is reached, haemoglobin synthesis
accouants for over 95% of total cellular protein produced. The high haemoglobin
concentration in red blood cells and their easy availability is an importaat reason for the
major role haemoglobin has played in protein, genetic and molecular studics.

All human haemoglobins are tetrameric, consisting of two identical dimers each with an
a-like and a 8-like globin polypeptide chain. Each of the four globin polypeptide chains
is associated with a haem mofecale, which lies in a non-polar cleft in the chain and binds
oxygen. The monomers are linked together by electrostatic and hydrophobic interactions.
Haemoglobin is an allosteric protein, which changes conformation as it binds oxygen,

such that oxygen binding at one site facilitates binding at the three other sites.
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Tie globin chains are members of two developmentally regulated families: the a-like
globing with 141 amino acids and the §-like globins with 146 amino acids. The o-like
chains are either { or «, and the 8-like chaing ave ¢, y, & or B. The synthesis of a-like
and non a-like chaing appears to be regulated thronghout erythropoiesis so that nexly
equal amounts of each are produced, Consequently, nearly all newly synthesized subunits
are rapidly incorporated into soluble tetramers, with only minute amouants of unpaired
¢hains accumulating, and these are removed rapidly by proieolysis. This precision of
synthesiy is physiologically important because unpaired globin chains are insolubie and
tend to precipitate in erythroid cells.

The preiein structure and biosynthesis of haemoglobin is reviewed in Benz and Forget
1975, Weatherall and Clegg 1981.

1.2.1 The ontegeny of human haemoglobins

Human haemoglobin is heterogencons at ail stages of development. Haemoglobins Gower
1 (Z.€2), Gower 2 {aus,) and Portland ({y,) predomiinate in the early embryo. By $-10
weeks of gestation HbY (a,,) constitutes over 90% of the circulating bacmoglobin. HbF
may be of two tyjses, as there are two types of y chain, differing by one amino acid at
position 136, where they have either glycine (°y) or alanine (*y) (Schiroeder er al. 1968).
The %y and *y chains are produced in a rativ of 3:1 during fetal life. This aiters to the
aduit ratio of 2:3 within a few months of birth (Huisman e al. 1977). From 36 weeks
onwards there is a gradual decrease in HbF and a concemitant increase in adult HbA
-8,y production. In the normal adult about 97% of haemoglobin is HbA, while about
2.5% is HbA, {0,) and abc.it 0.5% is HbF.

The switches between the different types of hagmoglobin correlate broadly with the sites
of erythropoiesis. Harly erythropoiesis, up to six to seven weeks of gestation, eccurs in
the yolk sac where the ¢ genes, as well as o and predominantly { genes, are expressed
in primitive erythroblasts (Peschle ¢¢ al. 1985). The liver is the site of erythropoiesis from
uve weeks gestation to term, during which time definitive line erythroblasts in the liver
synthesise o and y globin predominantly (Peschle e al. 1985, Albitar ez al. 1992).

Hepatic haemopoiesis begins to decline at 20 weeks gestation as the bone marrow begins
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to take over as the main site of blood production. o and B globin become the predominant
chains, though & and a small amount of ¥ chaias are also produced. Although ¢ and ¢
mRNA have been detected in pormal adults (Albitar ef al. 1989), and low levels of {
globin chains have been detected in cord blood and in adults with some types of «
thalassaemia, 0o ¢ globin has been detected in normal 2dults (Chung er al. 1984, Hil es
al. 1985a, Chui er al. 1986, Yagi et al. 1986, Luo et al. 1988, Tang e al. 1992).

The developmental expression of the Vglobin genes, togethcr with the sites of

haerhopoiesis, is shown schematically in Figure 1.1.
1.3 The orpanisation and structurs of the globin genes

On the basis of evidence from protein and DNA sequence data, it appears that all the
globin genes have a common ancestor. The ancestral e-like and f-like genes were
separated by a translocation or transpositional event approzimately 500 million years ago,
so that the gene clusters are now present on different chromosomes (Efstratiadis et al.
1980). Each cluster has evolved by gene duplication, and the genes have been modified
by various processes, including divergence, deletion, gene conversion and retroposition.
Both clusters have pseudogenes, thought to be due to ancestral duplication followed by
sequence alteration in the coding or regulatory regions leading to their inactivation.

The human globin genes, which have all been sequenced fully, bave a basic common
stracture conserved within and between species. They are compact, 1-2kb, with three
exons and two introms, in homologous positions relative to the coding sequence, but of
variable length and seguence. In the o-like genes the introns occur between codons 31 and
32 and between codons 99 and 100, whereas in the B-like genes they occur between
codons 30 and 31 and between codons 104 and 105. The coding sequences of the genes
are conserved so that exon 2 encodes the regions of haem-binding and a8, interaction,
whilz exon 3 encodes the region of o, contact. The codon/intervening sequence splice
junctions conform to the Chambon rule (5'-GT/AG-3') that is a prerequisite for normal
splicing of nuclear mRNA. Conserved consensus sequences, for the dosor site (namely

the last three nucieotides of the exon and first six nucleotides of the intron) and for the
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acceptor site {the last 10 nucleotides of the intron and first nuclectide of the exon) are &iso

required for normal splicing.

Conserved sequences essential for expression in eukaryotic genes surround the globin
genes. The TATA box serves to locate franscription initiation at the cap site, about 30
bases downstream from it, and influences the rate of transcription. There are two
upstream promoters required for optimal transcription: the CCAAT box and a GC-rich
region with a sequence that can be inveried or duplicated, iocated 70-80bp and 80-100bp
upsiream of the cap site, respectively. The conserved polyadenylation signal site,
AATAAA, is sitinted 3 to the gene and is important in cutting the RNA transcript and
in the addition of adenosines to form a poly-A tract, necessary for nuclear to cytoplasmic

transport and mRNA ciability in the cytoplasm.

All the globin genes are expressed ondy in erythroid cells, with different members in eact:
family expressed sequentially from 5’ to 3’ during development (Eritsch ef ai. 1980,
Lauer et al, 1980). This arrangement occurs in several species and is thougit to be

important in regulation.

The organisation and structure of the globin genes is veviewed in Crkin and Nathan
1981a, Collins and Weissman 1984, Nienhuis er 4. 1984, Orkin and Kazazian 1984,
Higgs et al. 1939, Kazazian 1990.

1.3.1 The « globin gene cluster

The o giobin gene cluster, initially locatised to chromosome 16 using somatic cell hybrids
(Deisseroth er al. 1977), has been finely mapped to 16p13.3->pter (Buckle et al. 1988),
lying within a few hundred kilobases of the telomere (Wilkie ef al. 1991a). It spans 26kb
and consists, frow > o 3*, of the embryonic {2 gene, the {1 gene (which may
sometimes have the form of a functional { gene), ya2, Wel, the two duplicated adult o
genes (a2 and 1), and the 81 gene (Lauer e al. 1980, Pressley e al. 1980, Proudfoot
and Maniatis 1980, Proudfoot ef al. 1932, Hill ez al. 1985a, Hardison e al. 1986, Marks
et al. 1986a, Hsu e al. 1988, Higgs er al. 1989).
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The « globin gene cluster is situated in a GC-rich isochore, greater than 300kb in length
and it, like the sezrrbunding DNA, has featnres typical of such a region. It is aiso GC-
rich, earlv-repligating, associated with non-methylated CpG islands and contzins Alu
family repe_‘;;‘rﬁ;":"'?(Fische!-Ghodsian et al 1987a, Fischel-Ghodsian ef al. 1987b). Such
regions of the genome normally contain a high proportion of housekeeping genes and the

tissue-specific « globin gene ciuster is an interesting exception (Higgs er al. 1989).
1.3.1.1 The {2 and ¥{1 genes

The amino acid sequence of the { giobin d’hain corresponds to the sucleotide sequence of
{2, the functional { gene (Pressley er al. i980, Proudfoot e al. 1982). The {2 and ¢{1
genes are each situated in a duplicaied 2 000bp region and are highly homologous. Except
for some repeat sequence variation in the introns, the two genes differ by only six base
pairs, one of which introduces a siop mutation into codon 6 of ¢{1, converting it into a
pseudogene. The psendogene cannot direct protein synthesis or transcription, even when
this muiation is restored to a normal codon through gene conversion by {2, sugpesting
that other sequences in the divergent 3’ non-coding region are important for expression
(Proudfoot er al. 1982, Hill er al. 1985a). The downsiream J-like gene thus exists in two
forms: a pseudogene v7 a {1 form, the frequencies of which vary between populations
(Hill e; al. 1985a). The introns in { genes are mwch longer than in other o-like genes
and, unlike other globin genes, TVS1 is larger than IVS2. Both introns of the { genes
coniain tandem repeats (Proudfoot et @l. 1982, Goodbousn ¢f al. 1983).

1.3.i.2 The ¢yal and ya2 genes

The ¢al gene is 73% bomologous to the a2 gene, but has transcriptional conirol
mutations, an initiation codon mutation, an altered reading frame resulting in premature
stop codons and a non-functional polyadenylation site (Proudfoot and Maniatis 1980,
Whitelaw and Proudfoot 1983).

The o2 gene lacks a promoter region and is inactivated by frameshift mufations and

transcriptional control mutations (Hardison ef al. 1986).
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The o globin gene cluster js situated in a GC-rich isochore, greaier than 300k in length
and it, like the surrounding DNA, has features typical of such a region. 12 is also GC-
rich, early-replicating, associated with non-methylated CpG islands and contains Al
family repeats (Fischel-Ghodsian e al. 1987a, Fischel-Ghodsian ef al. 1987b). Such
regions of the genome normally contain a high proportion of housekeeping genes and the
tissue-specific « globin gene cluster is an interesting exception (Higgs er al. 1989).

1.3.1.1 The {2 and ¥{1 genes

The amino aci” sequence of the { globin chain corresponds to the nucleotide sequenice of
{2, the functional { gene (Pressiey er al. 1980, Proudfoot et al. 1982). The {2 and y{1
genes are each situated in a duplicated 2 000bp region and are highly homologous Except
for some repeat sequence variation in the irtrons, the two genes differ by only six base
pairs, one of which introduces a stop muiation into codon 6 of ¢ 1, converting it ieto a
pseudogene. The pseudogene cannot direct protein synthesis or transcription, even when
this mutation is restored to a normal codon through gene conversion by 2, suggesting
that other sequences in the divergent 3’ nop-coding region are important for expression
(Proudfoot ef al. 1982, Hill ez al. 1985a). The downstream {-like gene thus exists in two
forms: a pseudogene or a {1 form, the frequenc:es of which vary between populations
(Hill et al. 1985a). The introns in { genes are much longer than in other a-like genes
and, unlike other globin genes, IVS1 is larger than IVS2, Both intvons of the { genes
contain tandem repeats (Prowdfoot ¢t al. 1982, Goodbourn ¢ al. 1983).

1.3.1.2 The ¢al and ye2 genes

The ¢al gene is 72% homologous to the o2 gene, but has transcriptional control
mutations, an igitiation codon mutation, an altered reading frame resuliing in premature
stop codons and a non-functional polyadenylation site (Proudfoot and Maniatis 1080,
Whitelaw and Proudfoot 1983):

The o2 gene Jacks a promoter region and is inactivated by frameshift mutations and

transciiptional control mutations (Hardison et al. 1986).
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1.3.1.3 The ol and o2 genes

Family studies of specific « globin mutations had suggested that the o genes were
dupliéﬁted in hwmans but it was thought that the normal rumber of genes could be
polymorphic (Holldn ef ¢l. 1972). Solution hybridisation studies showed unequivocally
that normal individuals hai four « genes (Kan ef al. 1975a). The « genes are duplicated
in many species, suggesting that this event took place pricr to their divergeace, 360
million years ago {Zimmer ef al. 1930).

The o2 and ol genes are located 3.7kb apart, within a region of homology of

approximately 4kb, interrupted by two small non-homologous regions. The homologous

segments are thought to be the result of an ancient duplication event, while the non-
homologous sequences may have arisen later by insertion. Thus, the sequences within and
flanking the two o genes are virtually identical. The exons and YVS1 of the two genes are
identical, while IVS2 of o1 is 9bp longer and differs by 3bp from the same region of o2,
The two genes diverge considerably in their 3’ untranslated seguence, 13 bases beyond
the TAA stop codon (Orkin 1978, Lauer ef al. 1980, Liebhaber ez «ul. 1980, Mickielson
and Ogkin 1980, Licbhaber et al. 1981, Michelson and Orkin 1983, Hess ez al. 1984).
The high homology between the two genes is important in unequal crossover.

Although the two o genes encode identical polypeptide chains (Foldi e al. 1980), it bas
been shown using the 3’ sequence divergence that the o2 gene produces two to three
times as much mRNA. as the ol gene (Liebhaber and Kan 1981, Orkin and Goff 1981,
Liebkaber and Cash 1985) and two to threefoid more protein than o1 (Licbhaber et al.
1986). Thus, the human « cluster was said to contain a major and a minor &« iocus
(Liebhaber et al. 1986). It has been shown recently that the ratic of o2:«l protein is
1.19:1 [Moichanova et al. (1994) Br J Haematol 88, 300-6).

The dominant pattern of o2 is established after eight weeks gestation and maintained at
all stages of development (Orkin and Goff 1981). Pror to eight weeks of development
o2 and o1 are equally expressed {Albitar ef al. 1992).
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1.3.1.4 The 81 gene

'ﬁh; 81 gene is highly conserved in different species. It appears to-&ave no mactivadng
7:;¥mtations, although the promoter sequences, CCAAT and TATA boxes, are displaced
froin the coding sequence by the insertion of a 200bp GC-rich sequence (Marks er al.
1986a,b, Clegg 1987, Shaw er ai. 1987, Hsu et al. 1988).

8 mRNA has been found in embry&f-:ic and fetal erythroid tissue as well as in trace
amounts in adult reticulocytes, but there is no evidence that the gene is expressed as a
stable protein (Leung er ai. 1987, Hsu ez al. 1988, Albitar ez afl. 1989, Mamalaki et al.
1990). The © gene shows a pattern of developmental control reciprocal to £ and parallel
to «, such that it appears to represent a poorly expressed fetal/adult gene (Albitar ef al.
1989;. Its position in the o globin cluster does not appear to reflect its developmental
expression. ixdividuals with deletions of the geue have po recogmisable phenotype
{Fixchel-Ghodsian er al. 1987¢, Fei et al. 1988a).

A truncated processed copy of the 81 gene (762) has bezn found on chromosome 22
(Shaw et al. 1987).

1.3.2 The B giobin gene cluster

Early studies of Hb Lepore 2nd Kenya had suggested that the 8, v and § genes resided
on a single chromosome (Baglioni 1962, Huisman et af. 1972). The B globii gene cluster
was initiaily localised to chromosome 11p using somatic cell hybrids (Deisseroth er al.
1978, Jeffreys er al. 1979) and has been mapped to 11pl5 (Magenis ef al. 1985). The
cluster spans a region of over 60kb and consists from 5’ to 3/, in order of developmeatal
expression, of the embryonic ¢ gene, the two fetal y genes (°y and *y), the ¢81 gene and
the adult & and B genes (Flavell er al. 1978, Mears et al. 1978, Lawn er al. 1978,
Rernaras er al. 1979, Little er al. 1979, Tuan < al, 1979, Fritsch e al. 1980).

Th2 §-like genes are generally longer than thes o-like genes because of 2 farger TVSZ.
With the exception of the y genes, thera is Iitle sequence homology between IVS2 in the
B-like genes (Efstratiadis ez al. 1980). In contrast to the « cluster, the genes of the §
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eluster, have many Sig, __-_:.';frities to other tissue-specific genes in their siructure (Efstratiadis
ef gl 19%(), wethylation profile (Van der Ploeg and _;f_laveil 1980) and pattern of
- replicaiion timing (Holmguist 1987, Epner ez al. 1988). The cluster also contains Afit and
& family yepeats {Duncan ef @l. 1981, Shafit-Zagardo e af. 1982).

1.3.2.1 Thee, év and %y génes

The € pene, focaied 13.3kb 5’ to ®y, was shown tobe a globin-related sequence (Baratle
er al. 1980). The two y 3. ‘es, situated'3.5kb apart, are thought to have ariscn by gene
duplication and are situated in a 5kb region of homology (Little er al. 1979, Tuan er al.
1975, Shen ¢r of. 1981). The 5’ flanking, 5" untranslated, coding, the IVS1 and part of
the IVSZ sequences are virtually identical, homology being maintained by frequent gene
sonversion events. There is only one nucleotide sequence difference in the coding region,
namely that in codon 136 - GGA coding for glycine in ®y and GCA coding for alanine
in %y, The genes diverge considerably in the 3’ untranslated region (Cavaliesco et al.
1980, Slightom ¢t ol. 1930, Starck e al. 1990).

1.2.2.2 The %81 gene

This true pseudogene is located between the *y and 5 genes. A sequence 6-9kb 57 to ¢,
thonght initially to represent a pseudogene, was shown niot to be a globin-related sequence
(Tritsch et al. 1980, Shen and Smithies 1982).

1.3.2.3 The & and § genes

The § and § globin chains differ Ly only 10 out of 14€ amino acids. The genes reflect this
homology whick is maintained from the 5/ flanking region to 3’ to the polyadenylaiion
sequence, with the exception of IVSZ andt the 3’ uniranstated region (Efsirattadis ef al,
1980).

L.4 Normal variation in the globin zene clusters

Apart fromt monozygotic twins, no two individuals are gepetically identical. Alterations
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in DNA seguence in ~ - ‘un parts of the genome, particul~rly in coding and regulatory
sequences, may cause pafhology, but most variation is phenotypically silent and occurs
in the flanking sequences of genes, between genes, and in inirons. Sech ‘mormal’ variation
in DNA is extensiﬁfe and any particalar variant, if common, constitutes a DNA
polymorphism.

DNA polymorphism may be due to nucleotide substitution, or insertion Or deledon of a
single-capy segment of DBNA {Botsteir. er al. 1980). Variation is also caused by the
msertion '_ deletion of varying numbers of tandemly-repeated short sequences {(VNTRS)
(Nakaraura ef al. 1987), variation in the number of GT or AC repeats at a locas (Weber
and May 1989), and length variation at the 3’ end of Alu sequences (Economou ¢ al.
1989).

Nucleotide substitution, or insertion or deletion, may result in two different alieles at a
particular focus. In soime cases, the substitution may remove or create a cleavage site for
a restriction endonuclease, which can be used to detect it. Insertions or deletions may alter
the size of a fragment generated by a restriction endonuclease which cuts outside the
vegion. These mutations were traditiopally called ‘resiriction fragment Iength
potymorphisms’ (RFLPs}. VNTRs, also a form of RFLP, usually have many alleles, as
the nwvmber of repeat sequences is altered by unegual exchange at mitosis and meiosis or
DNA slippage during replication. They are inherited in Mendelian faskion and the length
polymorphism can also be detected by restriction enzymes which cut ouiside the variable
region or by PCR amplification of the region. They are thought to have a relatively high
rate of new mutation (1/20-1/250 meioses) (Jarman et al. 19806, Jeffreys et al. 1988).
Many new {echaiues have been developed to analyse DNA polymorphism.
Polymorphisms are uscful in population genetics, for mapping disease genes and for

prenatal diagnosis and carrier detection.

The pattera of polymorphisms along a chromosome constituies a haplotype, a coricept first
applied t0 DNA analysis b, Antonarakis ¢t al. (1982a). Haplotypes, which generally
require family studies for their determination, are potentially useful in evolutionary and
anthropological studies, for epistatic effects and also to study the history of mutations and
gene flow (Orkin et al. 1982a, Antonarakis et al. 1985, Wainscoat e @l. 1986a, Nagel
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and Ranney 1990). Newer techniques using single molecules ailow for haplotyping
without fam? 5 (Ruauo and Kidd 1989, Ruano ef al. 1990),

1.4.1. The a globia cluster

On average one in every 80bp it the & globin gene cluster varies between individuals and
heterozygosity at the locus is estimated at 0.93 (Higgs er gl. 1986). Some of tho viniants
have becn identified as RFLPs within and flanking the cluster. The race variants are efizn
popuiaticn-specific, whereas the m ve common ones occur in most populations, with the

frequency of the rarer aliele being greater than 0.05 (Higgs er al. 1986).

Sixteen dimorphic RFLPs have been described in the o globin cluster {Higgs ez al. 1985,
Fodde et al. 19990) as well a< a sumber of hypervariable regions, consisting of varying
numbers of tandem arrays of short, apparently related GC-rich sequenices (Higgs ef al.
10%0). The hypervariable regions are siteated: 5” to the cluster 70kb upstream of {2
(5'H*R) (Jarman and Riggs 1988); in ¥VS1 and 1VS2 of both the {2 and 1 genes
(Proudfoot ef al. 1582); between the {2 and ¥{1 genes (inter{ HVR) (Goodbourn et 4l.
1983, 1984); and 3’ to the cluster (3'HVR) (Higgs et al. 1981, Jarman ef al. 1986).
Such hypervariable regions may be particularly freqoent at telomeres (Higgs et al. 1989).

Further polymorphism has bee» described in and around the « globin cluster including
a multallelic locus at -122kb (Higgs e al. 1989), a dinucleotide repeat in ol
(Fougerousse ef al. 1992), and a major length polymorphism at the tciomere such that the
« globin cluster is 170kb, 350kb or 430kb from the tclomere, the latter being due to a
large imperfect (CA)n repeat (Wilkie er al, 1991a, Wilkie and Higgs 1992}

Nine of the polymozphic markers surrounding the « globin cluster have been used to
coastruct o globin haplotypes. The markers show marked linkage disequilibrium, so that
within a population there are a few common haplotypes and several others which occur
at low frequency. The haplotypes are classed according to their 3’ ends and, in genern!,
hapleiypes 12 to TVa appear to be the most frequent in most populations. Africans appetr
to have 2 wider array of haplotypes, incinding some rarely seen in Eurasians (Higgs ##
al. 1986). Haplotype analysis of the o globin claster has provided evidence for muitiple
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origins of the single o gene deletion or ~a chremosome (Higgs ef al. 1986, 1989).

Numerous gene m“ aligemnss"have been described in the o giobin cluster resulting in
chromosomes with between zere and four o globin genes and one 1o four { globin genes
(Embury er al. 1979, Goossens ef al. 1980, Higgs ¢ al. 1980, Winichagoon ¢z al. 1982,
Rappaport et al. 1984, Felice et al. 1986, Gu e ¢f. 1987, Titus and Huni 1987). These
are thought to be due to ike lighly homologous natare of adjacent genes, which promoics
mispairing and wnequal crossover. Several of the « :..ix¢ rearrangements arc of clinical

significance,

A numver of insertions and deletions have also been described in the o globin clasr,
including dele.” 'as invoiving the 81 {(Fei e al. 1988s), an insertion between o2 and i
(Nakatsuji e, . 786) and an insertion/Geletion polymorplism in the 5’ flanking region
of the « comi_h;,: that involves the Alu family of repeais (Higgs et al. 1939).

The o glokin cluster, in contrast to the f clusier, does not show different rates of
recombination in different regions (Higgs er al. 1986). It is highly welymorphic and the
variants are useful as genetic markers for the « globin gene compliex and the telomeric
recicn of chromosome 16p. It is thoaght that studies of these markers may help
differeatiate important regions of the cluster and illustrate important evolutionacy
mechanisins (Higes ef al. 1989).

1.4.2. The B globin clustcr

The f globin cluster is hought to be less polymorpbic than the ¢ cluster, yet
approximately onc in every 100 nucleotides of the £ globin cluster was shown to be
polyinorphic (seffreys 1979).

Eighteen single point RFLPs, spanning 63kb, have been defined in the B globin cluster
(reviewed in Boehm and Kazazian 1989). The first, a PssI site located in IVS2 of the §
gene, was detecied during a study of cloned DNA. from th~ region of the 6 and £ genes,
but was found to be a relatively rare polymorphism (Lawn er al. 1975). The first useful
nolymorphism, discovered simuiianeously, was the Hpul site 3/ to the [ gene. The site

oo
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was frequently absent downstreain from the £° gene and present on #* clwomesomes (Kan
«nd Dozy 1978a). Of the 18§ RFLYs described, the majority are found in non-coding
DNA. Mosi sites are yaiblic, the frequency of the rarer 2llelc being gieater than 3% in
most populations, while a few arc only polvmorphic in Blacks (reviewed in Orkin and
Kazazian 1984},

A simple tandem repeat sequence has been described in the 5’ flanking region of the
gene. Individuals have betw.aen four and seven repeat units and may have point mutations
in the repeat sequence (Spritz 1981, Takahashi ef af. 1991). A second repeat of the form
(AT)X, is found 5 {0 the & globin gene (Moschonas e al. 1982, Poncz ef al. 1983,
Cheblowsie et af. 1984, Scmenza e al, 1984a).

Sequence polyniorphism has been ohserved within the § globip gene itself, so thet in mest
population: three different normal B globin genes exist, .. ngh they occur at different
frequeacies. These different forms are termed ‘frameworks . Framewoiks 1 and 2 differ
by a single nucleotide, and are found in all groups studied to date, Fromework 3 has four
additional substituiions in Mediterraneans but only three in Asian Indians, south-east
Asians and Blacks. The frameworks can be identified by direct sequencing or by RFLP
analysis as they are in linkage disequilibrium with the Avail/8 and BamHI/B
polymozphisms (Antonarakis ef ¢f. 19820, Orkin e al. 1982a). A new framework variant
has recently been described in Africa (Carestia er al, 1991).

A hypervariable Al polymoiphism (Economou et al. 1989) and an (AC), repeat (Weber
and May 1969) have been described in the 8 globin cluster,

The 8 globin haplotype has been considered in three domains spanning 63kb: on the 5’
side, a 34kb region from the Aincli site 5’ to the ¢ gene to the Togl site 5 to the §
gene; and on the 3’ side, frvm the 3’ end of the B geone, exiending 19kb in a 3/
direction and a region between the 5 and 37 clusters, spauning about 9kb. In the 5/ and
3’ Jomains there is non-random association of polymorphic sites, while in the region
between the tvo there is random association with either segment and a relatively higher
sate of recombination may ocenr. The precise boundaries of this central region are

untenown. It has been estimated that 75% of the recombination in the 5 cluster occues in

Lciie WP
ShrnalLy R

P

&

T TR
I Hal L T

i

r

"?
et
>
M

;
%




18

this region and that recombination in this segment is about 2-30 times the average
expected rate for the length of DNA and is thus a hotspot for meiotic recombination, The
mechanism for high recombination is uacertain, though a repeat sequence may be
important (Miesfeld e; al. 1981, Antonasakis e afl. 1982a, Chakravarti ef al. 1984).

As in the « cluster, polymorphic sites are not randomly associated, thus only sevea to
nine of the sites have typically been used to construct § globin haplotypzs and only a
limited number of the possible haplotypes hiave becn observed (Antonarakis e: af, 1982a).

Five to 10 B glebin hapiotypes have heen observed amoag normal individuals in most
ethuic groups studied, with three or four being most frequent in each group. Most are also
yepresented on B thalassaemia chromosomes. Three 5° haplotypes account for 94% of
chromosomes in Caucasians and Orientals while four of the 3’ baplotypes account for
90% of chromosomes. The frameworks are invariably associated with the 3' baplotypes,
two haplotypes are associated with fiamework 1, 2 third with framework 2 and 2 fourth
with framework 3 (Antonarakis ef af, 1982, Ovkin ef al. 1982a).

The B globin haplotypes are similar in most populations though they differ markedly in
Africans, supgesting early emergence of a small population from Africa with subsequent
razial divergence of Orientals and Caucasoids (Wainscoat ef al, 1986a). The 8 globin
baplotypes have also assisted in the rapid characterisation of 8 thalassaemia alieles. It was
predacted that 2 muiation present on one haplotype would differ from one on a second
(Orkin et al. 1982a). A systematic sirategy to identify mutations was thus established,

ilthcugh the association was not absolute.

Rearrangements have also been demonstrated in the B ciuster, the most contmon involving
the two y genes. Chromosomes with one to five y genes have been described (Trent of
al. 1981a, Sukumaran ez af. 1983, Harano ef al. 1985a,b Hattori er ai. 1986a, Hill ez 2,
1986, Shimasaki and Iuchi 1986, Fei et al. 19886, Liu er al. 1988). While the mechanism
generating the -y chromosomas is uncertzin, it seems that the yyy and yyyy
chromosomes have been generated by unequal sister chromatid exchange (Hill ¢t al.
1936). In addition, chromosomes with only two *y or two % genes exist (Powers et /.
1984).
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The Lepors haemoglobins are also dne to misalignment and crossover between

homologons regions of the 6 and §§ genes (Baglioni 1962).

1.5 Repulation of globin gene expression

Despite the achievements in the stdy of haemoglobins, many questions remain
conceraing the contro! of globin gene expression, thongh there have been significant
recent advances  Any model that is proposed must explain how haemopoietic muitipotent
stzm cells ave directed o erythroid development, the erythroid specificity of globin gene
expression and the expression of different genes during fetal development, together with

a switching mechanism.

Expression appears to be mediated mainly at the level of transcription, with some fine
tutieg during transiation and globin-sebunit association Despite the overall simifarity of
the « and B gicbin genc clusters, several lines o1 evidence suggest that the processes
vnderlying o and B globin expression may be somewhat different and that the higher order
struciure of the two clusters niay be different (Hizgs er al. 1990a). This poses interesting
problems as to how the co-ordinated regulation of the « and § clusters may occur. It
appears that once the closters are activated during developnieni, no interplay ia subsequent

regulation occurs (Higas er al. 1989).

In general, regulation of globin gene expression is the result of the interaction of
ubiquitovs transcription foctoss, erythroid-specific factors snd stage-specific factors
(reviewed in Grosveld et @/, 1993, Higgs and Wood 1993).

Current models suggest that tissue-specific genes are arranged in discrete, independent!
controiled segments of chromatiz, termed regulatory domains, in which fransition from
a closed to an open regulatory structure may be an ireportant step in regulation of gene
expression. These domains contain thie structural genes and all cis-acting elements required
for their expression. The domain is sensitive to DNase I digestion and important
regulatory elements are associated with tissue-specific DNase I hypersensitive sites
(reviewed in Vyas ef al, 1992).
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Both proximal and distal regulatory sequences interact with trans-acting ceilular factors
in madiating globin gene regulation. The distal regulatory sequences include the SLCR
and HS40 regions in the B and o clusters respectively. In addition to distal regulation, all
globin genes have a promoter region, with three positive acting elements (TATA, CCAAT
and CACCC). These do not confer erythroid specificity as the proteins that bind them are
ubiquitous transcription factors, although tissue- and/or developmental stage-restricted
factors which bind these sequences may exist. Potential binding sites for additional
transcription factors have becn identified in the globin promoters. Enhancers and
negatively acting elements have also been ideatified in the o« and 8 clusters (reviewed in
Evans et al. 1990, Grosveld er al. 1993). It seems as though a few erytiiroid-specific
factors co-operate with 2 small cadre of stage-specific proteins and ubiquitous:factors to
achteve gene activation and fine control.

Eight lineage-specific factors are known which may be involved in regulating erythroid-
specificity of globin gene expression. The best characterised of these is GATA-1, while
NF-E2 also appears to be important (reviewed in Grosveld et al. 1993, Higgs and Wood
1993).

GATA-1 appears to have a central role, with binding sites in the promoters and enhancers
of erythroid expressed genes, including nearly all the globin genes, except o and in the
active subregions of the ol.CR and S8LCR. GATA elements appear to co-operate with
CACCC boxes to direct specificity (reviewed in Evans ef al. 1990, Grkin 1990, Grosveld
et al. 1993). GATA-1 may biad to ibe ¥ promoter and extinguish expression late in

development (Bervy et al. 1992).

NF-E2 also appears to be imporiant, with binding sites in the S8LLCR and HS40 regions
(Higgs and Wood 1993). Mutations in the mouse NF-E2 gene cause severe microcytic
hypochromic anaemia, as a result of failure to regulate globin production and iron

metabolism (Peters et al. 1993).

In the aduli environiment. a stage-specific DNA binding protein, NF-E4, is hypothesised
to direct association of the B promoter with the enhancer and thereby simultaneously
reduce e transcription (reviewed in Crossley and Qrkin 1993).
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The role of methylation in gene regulation has not been clarified. It appears to be
involved ia regulation, but is not a major mechanism (Van der Ploeg and Flavell 1980,
Mavilio er al. 1983, Loo and Cauchi 1992),

1.5.1 The B locus control region (BLCR)

The § globin cluster has been shown fo lie in a regulatory domain and is thus consistent
with the model of tissue-specific control. In erythroid cells, but not in other cell types,
the chromatin extending for 120-200kb arcund these genss is early replicating, DNase I
sensitive and transcriptionally active (Forrester ef al. 1986, Epner er al. 1988, Dhar ¢f
al. 1989). It has been proposed that the 8 globin locas control region (BLCR), situated
6-18kb upstream of the ¢ gene and defined by four sites that are hypersensitive to
DNase I cleavage in erythroid cells, plays a key part in regulating transcription,
replication timing and chromatin structure of the B dopain (Tuan ez al. 1985, Forrester
et al, 1987, Grosveld ez al. 1987, Forrester er al. 1982, Orkin 1990). The regions around
DNase 1 hypersensitive sites appear to bind #frans-acting factors (Talbot er al. 1990,
Lowrey et al. 1992). The region of the second hypersensitive site, HS2, seems t¢ account
for at least 50% of towal I.CR activity (Collis ef af. 1990, Philipsen et al. 1990). The sites
each consist of 200-300bp segments of DNA containing binding sites for erythroid and
ubiquitous trauscription factors (reviewed in Grosveld ef al. 1993). In addition,
hypersensitive sites are located 5’ w expressed genes (Tuan ef al. 1985).

The BLCR region appears to establish and maintain an open chromatin structure which
may permit frans-acting regulatory factors to gain access to individuai genes. it confers
a high level of expression on genes to which it is linked, independent of chromosomal
position, although it is parily copy-number dependent (Grosveld e al. 1987, Talbot ¢z al.
1989, Van Assenfeldt e al. 1989). The deleticn of SLCR in some thalassaemizs
inactivates the entire f complex, as evidenced by DNase insensitivity and late replication
over a distance extending at least 100kb 3’ of the B globin gene (reviewed in Epner et
al. 1992). As the SLCR is in an active chromatin configuration prior to erythroid
commitment, it may have a significant role for selective gene repression in lineage

specification (Jimenez et @l. 1992),
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In addition, the JLCR is thought €0 have a role in switching. It as been proposed. based
on the model of chicken globin switching (Choi and Engel 1988), that interaction between
the LCR and gene promoter elements is required for gene expression and that competition
between the promoters is important. Competition is dependent on proximity to the LCR,
achieved by loop formation and stage-specific regulatory factors, acting on sequences
flanking the genes and perhaps the LCR. Genes influence each other through a
competitive smeechanism with the LCR. The mechanism involves spatial distribution of the
genes relative to 2.CR and the stability of interactions bztween individual promoters and
the different hypersensitive sites, although the relative contributions of these are unknown
(Grosveld et al. 1993). Thus it appears that the inactivity of the B globin gene early in
development depends on compefition from the 5/ genes, which interact prefirentially with
LCR as they are closer. The ¢ and y globin genes are awtonomously silenced during
development by srans-acting factors, a mechanism which cannot be overcome by the
L/CR. Thus, ¢ silencing resuits in y/L.CR interaction and expression, and later y silencing
results in 8/LCR interaction and expression (reviewed in Epner ¢z al. 1992, Crossiey and
Orkin 1993, Grosveld ef al. 1993). The LCR can simultaneously interact with more than
one promoter, however (Furukawa er al. 1594). Sequences that comfer stage-specific
siiencing have been cbserved 5 to the e gene (Cao et gl. 1989a, Raich et al. 1992) and
a protein which binds to the silencer has been isolated (Wada-Kiyama et al. 1992). A
stage-specific protein which bound to DNA sequences in the BLCR, y globin promoter
and *y enhancer (Lavelle er al. 1991) has been shown to be a product of the homeobox
gene, HOXB2 (Sengupta et al. 1994). How.ver, multiple coutrol clements may be

required for complete regulation (Gumucio ef g, 1993).

Further, the possibility has been raised that subdomains of the BLCR may selectively
interact with the promoters and contribute to stage-specific expression (Crossley and Orkin
1993). ’

Nearly all the studies of LCR function in globin gene regulation have employed simple
constructs that do not mimic the proper arrangement of elements in normal chromatin, A
YAC containing the BLCR, the 8 globin cluster and the 3’ flanking sequences was
isolated (Gaensler ef 2l. 1991) and integrated into the gerin line of fransgenic mice

(Gaensler ef al. 1993) and into mouse erythroleukaemia cells where the globin genes were
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regulated like the chromosomal globin genes (Peterson ef al, 1993). A cosmid ligation
approach that permits the introduction of the complete B gene complex into transgenic
mice has also been described (Strouboulis er af. 1992). Both offer potential for future

studies on regulation of expression.
1.5.2 The « globin locus control region {11S40)

The repalation of the o globin cluster is rather more complex than that of the § globin
cluster. It lies within an early replicating GC-rich isochore in which there is a high
density of constitutively expressed genes as well as the tissue-specific globin genes, with
at least eight genes in 180kb (Vyas ef al. 1992). The genes in the « glebin complex are
only expressed in erythroid cells and, as with the 8 glohin cluster, expression is dependent
on a remote regulatory sequence located 40kb upstream of the {2 cap sile, HS40 or
oLCR, associated with an erythroid-specific DNase I hypersensitive site (Higgs er al.
19902, Jarman ef al, 1991). This region is similar in 3 :ition, structure and function to
" the BLCR and is copy-number dependent in part (Higgs e/ al. 1990a). There is a 350bp
core fragment with a cluster of binding sites for GATA-1, NF-E2 and CACC box proteins
(reviewed in Grosveld er al. 1593).

The o-like genes lie adjacent to at least four widely expressed genes, with HS40 lying in
an intron of 9ne of these genes, whose transcription is towards the telomere, in the
opposite direction to that of the « cluster (Vyas ef al. 1992), The 30kb segment
containing the {-o cluster is sensitive to DNase I in erythroid cells, with erythroid-
specific sites 5° to {2, ol and o2 (Yagi et al. 1986, Vyas et al. 1992), Thus, the cis-
acting sequences of the o cluster extend over 65kb, tlie minimal extent of the erythroid
domain, though no boundaries of the domain fike those in the B cluster have been defined,
presumably as the region exists in an open chromatin conformuation in ali cells (Vyas et
al. 1992). This is reinforced by finding no afteration ic the replication timing of the o
compiex in erythroid and non-ervthroid cells (Holmeguist 1987, Vyas e al. 1992). The
« genes themselves are not typical of tissue-specific genes as discussed in Section 1.3.1.
Thus, the o regulatory region may not need to subserve all fupctions of the 8L.CR,
specifically that of ‘domain-opening’ (Vyas ¢f al. 1992).
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The «L.CR may have a roie in the co-oxdiraie regulation of { and ¢, which is probably
partly dependent on gene order, and perhaps positive and negative trans-acung factors are
important {Orkin 1990).

1.6. The molecular basis of disease

The genetic disorders of haemoglobin ate divided into stractural variants, thalassaemias
and hereditary persistence of fetal haemoglobin (HPFH). The thalassaemias are
characterised by a decreased rate of synthesis of one or more globin chains and are
classtfied as o, B, 6-B and y-6-8, depending on which chains ¢ deficient. Ramirez ef al.
(1975) reported that o thalassaemia was due to deletions, while B thalassasmia was due
to abnormal processing of mRMA. Though this concept has been modified somewhat, the
general principle remains true in the majority of cases. In the structural varianis,
structurally abnormal globin chains are produced, while HPFH constitutes a group of
conditions in which the fetal to adult globin switch is disturbed.

In general, most thalassaemias and structural variants are mutations of exons, critical
regions of trozs, or regulatory sequences in or near the promoters. They are thus cis-
acting ard affect gene structure rather than melecules involved in modulation of gene

expression, though there are some exceptions.
1.6.1 « thalassacmia

Although the molecular basis of the « thalassaemias is heterogeneous, deletions of part
of the o globin gene cluster on chromosome 16 are the cause of the majority {more than
05%). Solution hybridisatica studies first demonstrated that o thalassaemia is due to the
inheritance of three, two, one or zero o genes (Ottolenghi e al. 1974, Taylor ez al. 1974,
Kan et al. 19753). Deletions can be broadly classified into those with one o gene deleted

(o'} and those with both & genes deleted on the same chromosome ().
1.6.1.1 Single o gene deietions (-a) (o thalassaemia 2)

Delesior of a single o gene are the commonest molecular defects causing o thalassaemia.

Figte

cidra

3 ¥ LA A RTEES

T
%

>




25

Two main types, -o*’ and -o*?, have been described (Embury er al. 1980a). The two o |

globin genes are embedded in two highly homologeus segments of DA, each about 4kb
in lenmgth, These regions are divided into bomologous subsegments (X, Y and Z}
interrupted by ron-homeologous elements (Lauer ef al. 1980, Michelson and Orkin 1983,
Hess et al. 1083, 1984). These homologous segments can misalign and crosscver resulting
in chrorrosomes with either a single o (-@) or three a genes (aoer). This is shown

schematically in Figure 1.2.

The homologous X boxes are located 4.2kb apart, 5’ to Yol and o2, respectively. Thus
deletious involving misalignment of the X boxes (or ‘lefiward deletions’) remove 4.2ko
of DNA, including the o2 gene, and a chromosome with only the ol gene remains, the
so-called ‘-o** chromosome. The homoiogous Z boxes, located 3.7kb apart, contain the
a2 and o1 genes. The single o gene that results from the 3.7kb deletion (or ‘rightward
deletion’), the se-called ‘-o"* chromosome, bas been classified into three subtypes, I, II
and 1II, depending on the exact position in the Z box where the recombin adon event has
occurred, The resultant e gene is commonly a Lepore-like fusion gene with the 5° end
of o2 and the 3° end of a1, which produces an al-like mRNA (Higgs ef ai. 1984).
There is, however, a compensatory increase in the mRNA produced by the single a1-like
gene (Licbhaber e al. 1985).

Apart from the chromosomes with an « gene deleted, a reciprocat chromosome also
yesults, namely one with three o genes, though this is of little clinical significance
(Goossens et al. 1980, Higgs er al. 1980). This can be of the con™™ or ™™ type,
providing evidence that these chromosomes have originated from interchromosemal
crossover, rather than intrachromosomal events (Lie-Injo er al. 1981, Trent er al. 1981b).
Similarly coo®™™’ chromosomes correspoading to the different -o7 subtypes have been
described. Further recombination events can give rise to guadraplicated « genes or other
rearrangements (Nakatsuji er al. 1986, Gu et al. 1987, De Angiletti ot al. 1992).

Ttecombivation in the e cluster is thought to be common, as evidenced by the presence
of the -« and aar chromosomes in many population groups and the association of the -o
chromosome with many haemogiobin variants, HVR alieles and haplotypes (Goodbourn
et al. 1984, Winichagoon et al. 1984, Flini. et al, 1986). The frequencies of the different
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FIGURE 1.2 The o globin genes showing the duplication units divided into X, Y and
Z voxes, separated by regions of non-homology (I, I and II) (after Higgs er al. 1989).

The extent of the common deletions are shown by black bars. Below, the mechanisms of the rightward
and leftward crossovers, and their derivative chromosomes, are indicated.
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types of -¢» chromosome correlate roughly with the length of the homologeus segment that
serves as a target area for crossover [-o*” (1436bp) > -o** {1339bp) > -a*™ (171bp) >

-o2™ (46bp)]. The world frequencics not only reflect the recombination rate but alsc
selection and other factc rs (Higgs e al. 1989). The o™ 15 the mrore common iype of
oy chromosome, strengthening the argument for different rates of crossom=+ (Hizgs and
Weatherall 1983). |

A rare - chromosome has been described in Asian Indians. It is due to a 3.5kb deletion
of o'l and its flanking DNA, though the mechanism is uncertain {Kulozik ez ;. 1988a).
Further, a 5.3kb deletion in an Halian family removes the 5/ end of o2 and vesults in a

- chromosome. It is thought to result from the formation of 2 multi-stem loop between
homologous Alu sequences (Lacerra er al. 1991).

1.6.1.2. Double o gene deletions (--) {« thalassaemia 1)

Chromosomes on which both « genes are deleted are of more limited geographical
distribution than the -« types, but are more important clinically since they can cause HbH
disease and Hb Bart’s hydrops fetalis.

A numbcr of deletions have been reported which completely or partially remove both «
genes on oue chromosome s0 that no o synthesis is possible. At least 23 types exist, the
most common being the south-east Asian and Mediterranean types. Some deletions
reraove the { genes as well (reviewed in Higgs ef @i, 1990b, Higgs 19%3a).

The mechanism of occurrence of these deletions remains uncertain, Often one breakpoint
of the deletion Iies in or close to an Afu sequence. In addition, palindromes, direct repeat
sequences, regions of weak homology and a GAGG motif have been found at the
breakpoints. Most of the 3/ breakpoints lie in » 6-8kb segment between «l and 3° EVR,
a hypomethylated regior of the « cluster that may be associated with an wnusual
chromatin structure that predisposes to recombination (Nicholls et al. 1987, Higgs ¢t al.
1989).
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1.6.1.3 Other deletions causing o thalassacmin

Deletions ef the ol.CR region may canse thalassaemiu, even though the o genes are stitl
present (Hatton e al. 1990, Licbhaber er al. 1950, Romao ef al. 1991).

Large terminal delétions of 16p13.3, which remove the entire o clusier, are associated
with o malagsgemia as well as mental retardation and dysmorphic featares (Wilkie ez al.
39’90&).1_; s

-

1.6.1.4 Non-deletion o thalassacmia muiations

Nea-detetion defects in o thalassaemia are relatively rare, though at least 19 have now
been characterised (reviewed in Higgs er al. 1990b, Higgs 19935). The first non-deletion
« thalassaemia was described by Kan e gl (1977), though the mufation was not
identified.

Almost all the mutations described to date are in the o2 gene. This is not unexpected
since o2 is the “major focus’ (Liebhaber er al. 1986) and thus mutatious in o2 would he
expecied to have a greater effect on the phenotype.

Mutations affect gene functioning at all leveis by intexfering with RNA processing (splice
junction and poly-A mutations), RNA tramsfation (initiation codon, nonsense mutation,
premature termination and termination codon mutations) or post-trapslational stability
(missense mutations) (reviewed in Higgs ¢f al. 1990b, Higgs 1993b).

1.6.2 B thalasszemia

The B thalassaemias are cxtremely heterogeneous at the molecular tevel. in contrast to the
o globin clusier, they are mostly caused by point mutations or small nucleotide insertions
or deletions and over 140 different mutationy hava been described, affectin,? almost every
stage of gene expression. Each ethnic group appears to have only » subset of these
mutations, with a small number (usually less than 7) accounting for 90-93% of the B

thalassaemia chromosomes present. A larger number of rarer alleies are observed,
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however, in each group (reviewed in Kazazian 1990, Thein 1993, Quaife ¢f al. 1994).

It is estimated that over 99% of 1§} thalassaeinia genes in the world population have been
defired (Kazazian and Boehm J€38). The mutations are characterised by deficient (8%)
or absent (8% B globin chain production, It is hoped that detailed studies of the different
mutations will help in more accurate prediction of the clinical »l:enotype, though this is

extremely complex.
1.6.2.1 Non-deletion B thalassaemia mutations

The point mutations have been classified into those affecting transcription, RNA
processing and modification, translation, and those procducing unstable globins. They are
reviewed by Kazazias (1990), Kazazian ef al. (1990) and Thein {1993).

Nearly 40% of the known mutations affect RNA translation. They may be nonsense
mutitions which terminate trapslation prematwrely, frameshift mutations due to the

irsertion or deletion of one to seven nucleotides, or initiation codon mutations,

RNA procesaing mutants affect splicing, resulting in abnornol mRNA. Alterations of the
critical GT and AT nucleotide:, located at the 5° and 57 crd of the intron respectively,
result in B° thalassaemias. Mutanms in the consensus sequences produce both 8° and 8*
thalassaemias, by reducing tee efficiency of splicing. Mutations can create new conserisus
sequences ir eitber an exon or intron. These may affect splicing by producing a new
donor site or by activating a cryptic splice site, a sequence which mimics the consercus
site and is not used ander normal circuinstance. Their severity depends on the proportion
of nozmai mRNA produced.

The transcription mutations are concengrated in tue ‘TATA’ box, located 30bp upsiream
of the cap site, or in the proximal and distal “CACACCC’ sequences at -90 and ~103
nucleotides upsiream of the § globin gene. They are ¢+ erally associated with reduced
transcription beginning appropriately at the cap site, though the phenotype is very
variable, No mutations have hosn described in ihe  CAAT box, which is thought to b2

important in transcription regulation.
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RNA modification mutations include those at the cap site and those affecting RNA
cleavage and polyadenylation. Although the cap site is the start of transcription, the
eutation at this site appears to have ap extremely mild effect. In combination with a

severe mutation it can cause severe disease (Wong et al. 1987). The AATAAA sequence

 is located 10-20bp &' to the site of cleavage of the RNA transcript and addition of the

poly-A t:.n'l_. Mutations in this signal sequence result in only a small percentage of
transcripts being appropriately cleaved, with most transcripts not being cleaved until
transcription reache mnother A ATAAA sipnal 1-3kb 3’ to the genc. These abnormally
elongated transcripts are unsiable, and these mutations thus result in 8% thalassaemia
(Orkin e al. 1985, Rund et al. 19923).

1.6.2.2. Deletions of the 8 globin genes

Seven deletions of the B globin gene have been described {(reviewed in Kazazian 1990,
‘Thein 1993). All are iare, except one which is found in A-"~n Indians and removes 619bp
of the 3 end of the § globin gene, from IVS2 onwards (Orkin e al. 1979a, 1980, Spritz
and Orkin 1982, hazazian er al. 1984a).

1.6.2.3 Other deletions causing 8 thalassaemia

A number of deletions which leave the B globin gene intact yet silence its expression,
have now been shown to delete the BLCR. They may also silence y and 6 expression (Van
der Plosg et @1, 1980, Curtin ef ¢f. 1985, Curtin and Kan 1988, Driscoll e al. 1989).

1.6.2.4 Dominant B thalassaemia matations

A number of rare mutations have becn described which cause severe disease in the
heterozygous state. These mutations can be divided into: those resulting in an unstable §
variant as a result of a single base substitution or deletion of i tact codons, those with a
truncated B chain due to a premature terménation codon, and those with an eloapated 3
chain with an altered carboxy-terminal as a result of frameshift mutation. Many of the
matations are located in exon 3 aad it thus appears that a longer abnormal chain is more

problematic than non-synthesis or degradation of a shoit chain (teviewed in Thein 1992).
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1.6.2.5 B thalassacmia due to mutations not linked to the B globin cluster

Arn Albacian and an ftalian family hias been reported in which 8 thalassaemia is valinked
to the B cluster (Semenza ef al. 1984b, Murru ef al. 1992). A few other individuals are
reported in whom sequencing of the entire 8 globin gene and critical pasts of the 8L.CR
have not reveated a mutation (Kaza?,iian et gl, 1990, Thein et al. 1993).

B

1.6.3 68 thalassacmia and HPFH

The (50)° thalassaemias ate generally due to relatively small deletions which remove or
rnactivate the 6 and B genes. However, deletions that cause (*y68)" thalassaemia, extend
into or beyend the *y gene in the 5 direciion and beyond the 8 gene in the 3’ direction.
One form of Indian (§8)° thalassaemia is a complex rearrangement with two deletions and
an inversion. The deletional types of HPFH form a continuum with the (58)° thalassaemias
in phenotype and exient of deletions, and differ only in their output of y chains (reviewed
in Kutlar and Lancios 1987a,b, Cao and Murm 1989, Weatherali 1991a), At present there
is ro adeguate theory to explain the phenotypic differences, though the deletion of a
negative repulatacy region, juxtapesition of enhancer sequences or the modification of
chromatin stracture have heen suggested (Ottolenghi and Giglioni 1982, Ottolenghi et al.
1982, Toan e al, 1983, Camaschella et al, 1987, 1990a).

S thalassaemia is also associated with Lepore hacmoglobins, which, after misaligament
and recombination between a 8 and a B gene, result in a fusion gene with a low globin
protein output (Baglioni 1962, Otiolenghi ef al. 1979). Sardinian 3§ thalassaemia is dve
o two point mutations on the same ch omosome, one in ilie § gene and the secoud in the

*v promoter {Ottolenghi er al. 1988a).

In non-deletion TiFH, sither the *y or ®y gene is over-expressed, resulting in high HoF
levels in aduli fifz, »ids is in contrast to the deletional types in which both y genes are
over-cxpressed. The noa-deletion HPFH disorders iiave been associated with point
mutations clustered in three regions upstream of the transcription initiation site {reviewed

in Forget 1990). The mutations may alter the binding of .rans-acting factors to the
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promoter regions and prevent postnatal suppression of y expression, or they could prevent
binding of negative ieguiatory factors, or enhance the binding of positive ones (Facharoen
et al. 1990a, Gumucio et al. 1. 0, Berry et gi. 1992, Gumucio et al. 1991).

A C-T mutation at -158 to the ®y is associated with 2 type of % HPFH (Labie et al.
1985a), particularly when it occurs in association with the 5' (-+-+--) haplotype
{Haitori et al. 1986b) and (AT)T; 5 to the § gene. Increased %y expression occurs under
conditions of erythropoietic stress aithough the mutation apnears to have no effect on a

normal chromosome (Thein ef al. 1987a, Ragusa ef al. 1992).

HPFH not linked to the 8 cluster has also been reported (Cao and Murra 1989). One type
has been linked vo Xp22.2 (Dover er al. 1902, an interesting region as t.e erythroid-
specific factor (NF-E1) has been localised to a similar area, Xp11.23 (Miyoshi ez al.
1988, Zon et ai. 1990, Camlo & al. 1991). A second type has been localised to
chromosome 736 (Sampietro and Thein 1991).

1.6.4 Siructural variants

At Jeast 621 struchural haemoglobin variants have been described (reviewed in Huisman
1993). Such variants may arise by point mutations, deletions, insertions, frameshifis,
chein termination mutations, or by unequal crossing over with the production of firsion

genes.

The B allele is caused by an A-T mutation in codon 6 of the B globin gene, which causes
a glutamic acid to valine substitution in the polypeptide chain. Genetic data (based on
haplotype studies, variation in an area of (AT)(T), repeuts 5’ tc the B globin gene and
sequence variation 5° to. the § globin gene) have defined five independent origins of the
sickle mutation, four in Africa and cne somewhere between the Horn of Oman and
southern India (Wainscoat er af. 1983a, Antonarakis er of. 1984, Pagrier ef al. 1984,
Kulozik ¢r al. 1986, Chebloune ef al. 1988, Trabuchet er al. 1991a, Lapouméroulic ef
al. 1992, Nagel and Fleming 1992). The fivc differeat haplotypes, termed Senegal,
Benin, Central African Republic (or Bantu), Cameroon and Arab-Indian are important in

determining the severity of the disease associated with the B° mutation.
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The B* allele is caused by a G->A mutation at codon 26, resuiting in an amino acid change
from glutamic acid to lysine. This mutation reduces mRNA piucessing by activating a
cryptic donor splice site, resulting in an aberrant mRNA which cannot be translated, in
addition to a low Jevel of normally spliced mRNA (Traeger ef al. 1980, Orkin e al.
1082b).

3% is the resnit of a G~A mutation in codon 6, resulting in an amino acid change from

glatamic acid to lysine.

The first structural o variant described at the amino acid level was H Constant Spring,
a mutation in the termination codon of o2, which is frequent in sounth-east Asia (Clegg
et al. 1971, Milner et al. 1971),

1.7 Clinicai features of the haemoglobinopathies

The thalassaernias are 2 diverse group of hereditary microcytic, hypochromic anaemias
characterised by defective synthesis of one or more of the glebin subwnits. Continued
synthesis of the unaffected chain at normal rates leads to the accumulation of relatively
insoluble aggregates of unpaired globin chains, which precipitate and form inclusion
bodies that damage the cell membrane and canse premature destruction of the red blood
cell. In the stractural variants, clinical features d2pend on the physical properties of the
abnormal globin chain produced. Only the major features of the commen types of
thalassaemia and §° variants will be discussed. The HPFH conditions are of little clinical
significance but are importint in studies of gene regulation. They are discussed further
in Section §.2.4.

1.7.1. The a thalassaemias

The o thalassaemdas, due to impaired synthesis of « globin chains, are heterogeneous at
the molecular ievel. There are potentially several hundred interactions that could take
place beiween the different o thalassaeinia deferminants. The clinical severity depends
ultimately on the resultant namber of functional o genes and thus four clinicaj phenotypes

can be distinguished from the normal: the sitent carrier, « thalassaeniis trait, FIbH discase
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and Hb Bart’s hydrops fetalis. As the number of functional « genes decreases, the /8
syathetic ratio in reti{tulocytes declines from the normal of 1 to approximately 0.9, 0.7,
0.4 and O respectivefiv (Kan er al. 1968). Since production of non-¢ globin continues in
fetal and postre+at life, non-« chains are produced in excess, forming v, (Hb Bart’s) in
the fetus and B, (HbH) in the adult.

Normal individuals have four o genes active in erythroid celis usually with an ao/ow
genotype. Individuals with -o/ o OF ao;?&aa are generaily indistinguishable from normal
e/ individuals baematologicaliy, though individuals with five o genes produce a
slightly increased amount of o2 mRNA and « globin (Liebhaber and Kan 1981, Higgs
et al. 1980, Galanello er 4l. 1983, Trent et al. 1085).

The « thalassaemias have been extensively reviewed by Wasi ef al. 1974, Weatherall and
Clegg 1981, Higgs and Weatherall 1983, Higgs e al. 1589, Kazazian 1990, Weatherall
19914,

1.7.1.1 “Silent carricr’ state

The mildest phenotype, or “silent carrier’ state, which is often difficult to distinguish from
normal, occurs commonly in individuals with a single « gene deletion (-o/wer). They have
normal hagmatological parameters, except for a mean MCV of 78-80ff and a borderline
low MCH. Some ‘silent carriers’ detected by « gene analysis have MCVs in the 80-85:¢
range. It appears as if the -a**/ac genotype may produce a marginaily more severe
phenotype than the -0’ "/oer type as reflected in 2 higher level of Hb Bart’s (v4) at birih
in the former type (Bowden ef al. 1987). The mild phenotype is in part accounted for by
a compensatory increase in ol expression from the -’ chromosome, perhaps because it
has a 5’ o2 region (Liebhaber er al. 1985).

1.7.1.2 « thalassaemia trait
« thalassaemia trait includes individuals with mild haematological abnormalities, but no

clinical symptoms. It is commonly due to either the -o/-x or --/aer genotype. Individuals
have an MCV iu the 70-75ff range, an MCH of 24-27pg, and a normal or low HbA,
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level. Some individuals, particularly children, may have mild anaemia which may lead
to an exronsous diagnosis of iron deficiency anaemia, Although in general the correlation
of phenotype and genotype is good, the genotype in a single individual canaot be
predicted as there is overlap of haematological indices, globin chain synthetic ratios and
levels of Hb Bart’s in cord blood between the genotypes of «: thalassaeinia trait and also
the silent carrier state,

1.7.1.3 HbH disease
HbH disease s most commonly due to the /- genotype, but can * Tue o
homozygosity for pon-deletion o2 muatations.

Although an extremely variable disease, there is a strong overall correlation between
severity and (legrec of « chain deficiency, The disease is characterised by chronic
haemotytic miﬁemia, with an Hb level between 2.6 and 13.3g/d¢, jaundice and
hepatospienorﬂegaly. Some patients may require regnlar biood transfusions.

The B, tetramers are soluble and only precipitate as the red cells age, forming inclusion

bodies. The damaged cells are desiroyed by the spieen, cavsing anaemia and ultimately .
resulting in the comnonest complication, hypersplenism, Individuals may also get

infections, leg ulcers, folic acid deficiency and acute haemolytic episodes. They rarely
require hospitalisation and usually have a normal lifespan. Jron overload is uncommon,
but has been recorded in vider patients.

The blood fik and indices show typicai thalassaemic features. Incubation of the red cells
with brilliant cresyl blue results in inclusion bodies i all the cells. In addition, while
HbA always constitutes ilie major haemoglobin, HbH (8,) varies between 5% and 30%
and traces of Hh Bart’s (v.) may be found.
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1.7.1.4 Haémoglobin Bart’s hydvops fetalis

The Hb Bart’s hydrops fetalis syndrome is due to the absence of « chain synthesis and
nearly all cases are due to the -~/ penotype. All affected individuals are stillbors at 34-
40 weeks gestation or die shortly after birth of severe hydrops fetalis. Clinical features
e those of a pale oedematous infant with signs of cardiac faii.re and prolonged
intrauterine anaemia. Hepatosplenomegaly is present and there may be associated skeletal
and cardiovascular anomalies. There is marked extra-medullary hacmopoiesis and
placental culargement, reflecting the intra-uterine hypoxia. The enlarged placcnea is
associated with maternal toxaemia.

The blood film of these infants shows marked amisopoikilocytosis, hypochromic
macrocytes and nucleated RBCs in peripheral blood. The Hb is generally 3-10g/df with
over 80% Hb Bart’s (y,), as first described by Lie-Injo and Jo (1960). The remainder of
the hacmoglobin is HbH and Hb Portland, which is responsible for in utero survival.

1.7.1.5 Acquired o thalassaemia

A rare form of acquired « thalassaernia HbH discase has been described in a
myetoproliferative disorder, which cccurs in elderly males and often progresses to
feukaemia. There Is a normal « gene structure, but a severe reduction in cemRNA from
both chromosomes, due to an unknown rrans-effect affecting transcription {Anagnou et
al. 1383, Higes er al. 1983, Higgs ¢ al. 1989).

1.7.1.6 « thalassacmia/mental retaroation

Individuals have been described with « thalassaemia, associated with mental retardation
and other developmental abnormalities. In these cases neither of the parents appzars to
carry a severe o thalassaemia determinant (Weatherall ez @l. 1981). Two syndromes have

now been delineated,

In the first syndrome, the probands have haematological abnormaiities, together with mild

to moderate handicap and mild dysmorphic features. They have a de novo germ-line
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deletion of one chromosome 16p, variable in extent but limited to 16p13.3. The deletions
remove more than 1Mb of DNA including the « cluster and probably apother locus,
resulting in mental retardation. The individuals have generally inherited a mild «
thalasszemia determinant from oune parent on the second chromosome. This thus
constitutes a microdeletion syrdrome (Wilkie ef al. 1990a).

In the second syndrome, individvals have milder forms of o thalassaemia, profound
megatat handicap and dysmorphic features (Wilkie ez al. 1990b). It was mitially shown to
be X-linked from family siudies (Harvey er al. 1990, Cole et al. 1991, Donnai et al.
1991, Gibbens er al. 1991, Wilkie er al. 19910.¢), and has now been localised 1o
Xq12-21.31 (Gibbons ef al. 1992). The proposed locus may encode a trans-factor
involved in ¢ globin expression (Higgs 1993a), though the mechanism by which the locus
causes mental retardation, dysmorphism and down-regulation of the o globin genes is stiil
uncertain (Gibbons er al, 1992),

1.7.2 B thalassaemia

As there are only two § genes per genome, an individual can be heterozygous or
homozygous for a 8 thalassaemia determinant, resulting in thalassaemia minor or
thalassaernia major, respectively. As the & gene only produces about one-fiftieth of the
amouant of polypeptide produced by the B gene, deficiencies of the § gene product are not
important ciinically.

The clinical features are reviewed in Weatherall and Clegg 1981, Kazazian 1990,
Weatherall 19913, and the management in Fosburg and Nathan 1990, Davies and Wonke
1991,

1.7.2.1 Thalassaemia minor

3 thalassacmia hetecozygotes are clinically normat, though they do have mild ineffective
erythropoiesis which may result in moderate anaemia during periods of stress, such as
pregnancy or severe infection. Excess « chains are removed by the red blood cell

proteolytic system, and thus do not accnmulate. Individuals typically have an Hb greater
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than 11g/de, together with an elevated red blood cell count, an MCV <f 55-75f¢ and an
MCH of 20-25pg. The sharacteristic finding is an eievated HbA, level of 3.5-7%. About
half the individuals have an increased HbF of 1-3%.

Atypical B thalassaemia heterozygotes with normal HbA, levels and/or normal
haematological indices have been reported, and are called ‘silest carriers® {reviewed in
Pirastu e al. 1990).

1.7:2.2 Thalassaemia major

Individuals with two defective § globin genes typicaily have thalassaemia major, though
there are marked variations in severity. Because so many different b thalassaemia alleles
occur in each geographic region, many individuals with thalassaemia major carry two
different alleles and are genetic compound heterozygotes. True homozygotes are in the
minority, except parhaps in groups with high rates of consanguineous marriages. The
genotype is important in determining the phenctype, though the extent of this is still to
be fully defined. In addition, modifiers such as coinherited « thalassaemia or determinants
for increased HbF may alter the phenotype.

The disease is characterised by anaemia, ineffective erythropniesis, haemolysis and
reduced hzemeylobinisation of cells. The full clinical synérome desilizd below is rarely
seen nowadays in children on ap adequate transfusion programme, the mainstay of
treatment in most countries.

Infants are well at bisth and only present within the first year of life with progressive
anaemia, as the neonatal y to B switch occurs and the lack of § chain synthesis becomes
significant. They may also show failure to thrive, poor weight gain, irritability as well
as fever, diarrhoea and vomiting.

The excess e chains form tetramers which are insoluble and precipitate, damaging the cell
membranes of the duveloping red blood cells in the bone marrow, and resulting in
ineffective erythropoiesis. The excess haemoglobin sshuniis generate free oxygen radicals

and form Heinz bodies which bind to membrane proteins causing early red ceil death
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(Schrier er al. 1989, Shinar and Rachmilewitz 1990). A large proportion of developing
erythroblasts are destreyed in the marrow, those that are released being destroyed by the
Spleen. This is in contrast to « thalassaemia where £, and vy, bomotetramers are soluble

and caly precipitate as the red cells age.

Ineffective erythragoiesis leads to anaemia and a compensatory expansion of bone marrow
to 15-30 times normal, resulting in deformity of the skull and face bones, porosity and
fragility of the long bores and stunted grdvm. Apart from pathological fractures, poor
development and wasting result because of the diversion of calories to the marrow. The
massive cell turnover can also cause secondary hyperuricaemia and folate deficiency. In
addition, the reticuloendothelial system becoines overloaded, hepatosplenomegaly and
hypersplenism result, causing increasing anaemia, thrombocytopenia i'nd neviropenia.
Splencctomny may be required to control these problems. The overactive bone marrow also
enhances gastrointestinal iron absorption resulting in hasmosiderosis,

At presentation, Hb levels are in the 2-3g/df range, with an increased level of HbF
ranging from 10—100%, and variable HbA, levels. In 8° thalassacmia no HbA is produced.
The cells show marked anisopoikilocytosis, hypochromia, target cell formation and
basophilic stippling. Nucleated red cell precursors are seen in the peripheral blood.

Without treatment, children with thalassaemia major generally die before the age of rive
years. Life expectancy has increased considerably with treatment {despite its problems).

1.7.2.2.1 Treatment of thalassaemia major

The treatment consists of blood transfusions every three to four weeks, sufficient to
maintain a pretransfusion Hb of 10-12g/d¢, with which children grow and develop
normally until the end of the first decade when the effects of iron /'verload, mainly due
v hyperivansiusion, appear. Hypertransfusion noi ouly prevenis anacmia, but also
suppresses the endogenous ineffective erythropoiesis, which leads to many of the
thalassaemia complications. It is associated, however, with the problems of chronic

transfusion therapy, including transmission of viral infections and antigen sensitisation.
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fron causes doserelated damage to the liver, endoctii. organs and heart. Skin
hyperpigmentation and ‘late’ growth failure at age 7-8 years result, followed by pubertal
failure, insulin dependent diabetes, hypothyroidism, hypoparathyroidism and finally death
from cardiac failure or conduction abnormalities in the teens or twenties. Iron overload
is reduced by daily chelation with desferrioxamine, the only drug available for ivon
chelation. It is only minimally absorbed and therefore bas to be givea parenterally,
zenerally subcutaneously, delivered by continuous infusion over 8-12 hours, uwsing a
portable pump. (Figure 1.3 shows one of the oldest B thalassaemia patients in South
Africa with his rew infasion pump). This is responsible for the major climical problem
with desferrioxamine - non-complance. There have been some promising reports on oral
iron chelators, tlf(mgh none has yet been proven safe and effective (Porter 1989, Olivieri
et al. 1990, Tondury ef al. 1990). Iron chelation provides sufficiert irua binding capacity
to bind excess intracellular mobile and extracelivar free irom and also air s to ¢ ate a
uegative iron balance. Though relatively non-toxic, desferrioxamine can cause toxic
effects if the drug is started when the iron burden is very low. Its impact oa long-term
survival, particularly when started at an early age, is as yet uncertain, but it is thought
that daily iron chelation protects thalassaemics from the lethal complications of iron
overload for at least two dzcades. It is sall wecertain whether it prevents growth
retandation and dejayed sexuai develcpment, but the results are promising (Bronspiegel-
Weintrob ef al. 1! 0. Eblers et «l. 1991).

The life-long treatment of thalassaemia with medical therapy provides a good quality of
life and high survival for 20-30 years, but requires compliance and is enormously
expensive. Rone marrow transplantation, if successful, can offer the chance of cure and
perhaps a normal life expectancy and is cheaper overall than medical therapy. Bone
marrow transplantation is a difficelt choice for family and physician alike. Many patients
are ineligible becanse of a lack of HL. A-matched donors. Recent studies have shown a
disease-free survival of 94% for the procedure in younger patients on optimal treatment,
with low iron load and fewer transfusions. In older patients, however, with liver fibrosis
or enlargement ang inadequate chelation, the figure drops, though it is improving with
newer preparative regimens pretransplantation (Lucareli 7 al. 1990, 1992, 1993).
Morbidity and mortality are due to infections, ca:Jiac problems rclated to iron deposition,

graft versus host disease, which is increased because of prior sensitisation, and fatlure of
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FIGURE 13 The oldest South African Asian Indian thalassacmia major patient
(aged 28 years) with his new purmp for desferrioxamine infusion,
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engraftiment with persistence of the thalassaemia. In adui.ion, late complications including
malignancy and growth retardation due to the cytotoxic drugs or radiation preparation for

trgnsplant may occn ™.
1.7.2.3 Thalassaemia intermedia

Thalassaemia intermedia is ili-defined, referring to priients with a clinical syndrome moie
sever2 than thalassaemia minor but milder tnan transfusion-dependent thalassaemia major.
Thus the spectrum of disease is wide, ranging from severe types requiring transfusion to
paients who are asymptomatic and have a norii»! haemoglobin, except under stressful
conditions. The molecular basis is varied and includes homozygous B thalassaemiz, due
to mild B thalassaemia mutations (such as those in the promoter} or with coinherited «
thalassaesiia (reducing the chain imbalance) or co-inherited HPFH. Homozygous 88
thalassaemia may also be responsible, as may beterozygous 8 thalassaemia, either where
the mutation is dominant or where there is a coinherited oy chromosome (reviewed in
Wainscoat ef af. 1987).

In the dominant thalassaemias, the elongated chains aggregate xnd precipitate, resulting
in imbal aced synthesic and ineffective erythropoiesis. In the milder forms, tetramers
which fall apast in peripheral RBCs result in the picture of haemolytic anaemia. Unstabie
variants are rapidly degraded (Thein 1992).

1.7.3 Sickls cell anaemia

The sickle cell mutation can be present in an individval in heterozygous or homozygous
form, giving rise to sickle cell trait or sickle cell anacmia, respectively. Since the
mutation is in the B globin gene, compound heterozygosity for I’ and B thalassacmia or
other structurally abnormal 8 globin alleles may occur.

Many authors have reviewed these disorders (Weathesall and Clegg 1981, Nagei and
Ranney 1990, Powars ef al. 1990, Beutler 1991, Davies and Wonke 1991) and only the

main features will be discussed.
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1.7.3.1 SicKe cell trait

Individuals with sickle cell trait are clinically sormai, although uader conditions i
extreme hypoxia sickling of the cells may occur, Individuals have a normal full blood
count and red céll morphology. On haemoglobin electrophoresis, the cells contain 55-65 %
HbA and 35-45% HbS, with normal amounts of HbA, and HbF. « globia chains have an
increased affinity for normal B chains, thus relatively more of the abnormal B chains are
destroyed, resnlting in less than 50% abnormal haemoglobin.

The aumber of o genes present in individuals with sickle cell trait determines about 90%
of the variance in the percentage of HbS, The latter is trimodaily distributed, depending
on whether there are four, three, or two « genes present in heierozygotes (Brittenham
1977, Brittenham er af. 1979, 1980).

1.7.3.2 Sickle cell homozygotes

Sickle cell anaemia is a major risk to health with higin morbidity and mostality at all ages.
Like B ti:alassue =it it typically presents between six months and two yoars of age, as the
prodnction of ¥ decreases. At presentation, children have an Hb ¢f 6-9g/d?, 90-95%
HbS, no BuA and a small amount of HbF on electrephoresis. Sickled cells are seen on
the blood film.

Infection, hypoxia, dehydration, cold and exhaustion can all p: _.ipitate sickling, which
results in vaso-occlusive crises. The effects can range from mild pain, to infarction of
major organs, to death. Aplastic crises also oceur, often as a result of infection, but are
usually self-limniting. Sequestration crises can result in up to one-third of the blood volume
being trapped in a rapidly enlarging spleen.

In childhood the most dangerous complication is infection, particularly fulminant
pneuimococcal septicacmia  ral pesnicillin prophylaxis is thus important, as i maleria
prophylaxis when visiling malaria aveas. Painful vaso-occlusive crises and acute splenic
sequestration occur due to cbstruction of the microvasculatre. In adolescents,

cerebrovascular acciacnts are an important cause of morbidity and mortality. Chronic
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orgaa damage (including avascular necresis of the femoral head) occurs from repeated

sickling crises. Tn adults, deaths are frequently refated to respiratory complications.

Ahbough ali sickle cell anzemia is due to homozygosity for the 8° muiation, marked
differences in clinical, haematological and genetic features have been roted, linked largely
to the different 8° haplotypes. The primary effect of the mutation is modificd by epistatic
effects, which can come from linked or unlinked genes. Environmental effects may also
be important (Nagel 1993).

The Arab-Indian and Senegal haplotypes (with the presence of an Xmnl site 5 to Sy) are
as. ~ciated with higher fetal haemoglobin levels and the preservation of the newborn
preyonderance of Sy HbF, Aduit patients who are homozygous for these two haplotypes
have HbF levels well above 20%. The Bantv haplotype is associated with adult type low
levels of %, and HDBF is cften less than 5%. The HbF with the Benin haplotype is
intermediate, at 5-15%. HbF levels above 10% appear to protect against major organ
failure including stroke and avascular necrosis, whereas a HbF above 20% protecté
against painful crises and pulmonary complications (Powars et al. 1384).

Sequence changes near the y genes in linkage disequilibrium with the different haplotypes
may be important in HbF expression (Dimovski ¢ af. 1991, Lanclos ez al. 1991). In
addition, sequence changes in the BLCR region may affect the binding of trans-acting
factors produced usder conditions of ervthropoietic stress (Oner et al. 1992).

In general, the Arab-Indian haplotype is associated with the mildest disease, followea by
Senegal, Benin and Bantu with the most severe (Nagel er al. 1985, 1987). Mild disease
is reflected in lows» reticulccyte counts, lower LDH, lower perceatage dense cells and
higher Hb levels, as well as the high HbF levels, Coinberited o thalassaemia has also
been shown to reduce haeinolysis, raise the Hb and lower the reticulocyte count and the
bilirubin level (Embury e al. 1982, Higgs er al. 1982)

1.7.4 Other kaemoglobinopathics

Hounzygotes for HbE and HbC have mild haemolytic disease with abnormal red cell
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morphology, while significant illness occurs iﬁ compound heterozygotes for B85/8°, 88
thalassaemia and B%/5 thalassaemia. Many other combinations of alleles exist, with
snormous variation in severity. Thesc conditions are reviewed in Weatherall and Clegg
1981, Beutler 1991,

1.7.5. Future treatment prospects for the Raemoglobincpathies

- Bone marrow (ransplantation offers the possibitity of cure for the severe

haemoglobinopathies and is likely to become an important mode of therapy as the risks
associated with the procedure decrease.

Prospects for improvements in the medical treatment of thalassaemia include the
development of oral iron chelators. Pharmacvi «al agents that may increase y gene
expression by nypomethylating cytosine residues near the y genes are potentially usefut
in B tha.1ssaemia and sickle cell anaemia.

The insertion of normal globin ger.. into bone marrow stem cells offers another
possibility of cure. This requires isolation of the genc and its regulatory sequences as well
as detailed knowledge of their iuteractions, so that expression at normal level can be
achieved. At present, these techniques are associated with problems of low transformation
frequency, regulation of tissne-specificity, developmenta! stage-specificity and
transcription rate regulation. These problems are particularly important for the globin

geaes which require tight regulation.

Many methods of somatic gene therapy have been proposed, inclading the direct insertion
of genes using calcium uptake, direct microinjection into tie nucleus, electroporation,
genome delivery using retroviruses, targeted modification of genes using site-directed
mutagenesis or horaologous recombination. Many of the probiems of somatic gene therapy
are welated to efficiency. Thus, if stem cells could be expanded in culture while
forestalling differentiation, major herdles would be overcome. Growth factors offer this
possibility.

Thie transgeric approach invoives the introduction of DNA by microinjection or refroviral
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travsfection if:tcgramd into chromosomal DNA so it is carried in germ cells and
tiansmitted to subsequent generations. Although this is a nseful mode! for studying genes
aid regulation, it is not appliéable to human genc therapy because of ethical prodlems

associated with germ line manipulation.

The future teeatment prospects for the haemoglobinopathies have been reviewed in Bank
et al. 1988, Fesburg and Nathan 1990,

1.8 Preveniion of the haemoglobinopathiés

Althongh treatment of the severe haemoglobincpathics has resulted in a marked increase
in the life span of affected individuals, it requires cousiderable financial resources and
continuovs patient co-vperaiion. Prospects for cur of the disease are still limited. In
addition, the conditions are generally inherited in an autosomal recessive manaer and thus
parenis, who are obligate carriers, have a 25% rvisk of an affected child with each
pregnancy. A few new mutations have been reported (Chehab e al. 1986, Kazazian ef
al. 1986a, Chehab er al. 1989).

Thus counselling for ‘at-risk’ couples should include the natural history of disease,
problems of living with the discase, improved therapies now available and improved
prognosis. As there is no cure for thy dis~ase, the options of prenatal diaganosis and
selective abortion in order to ‘prevent’ the disease should be discussed.

For a comprehensive prenatal diagnosis programrie, the first prerequisite is public
education. Preventive programmes rely heavily on education, counselling and screeniog
aund detection of couples before the birth of an affected child (Cao e al. 1924,
Angastiniotis ef al. 1986, Kazazian 1990). A reliable screening programme is also
esseatial. Screeming includes the obtgining of an adequate family history and the
performance of haematological investigations in individuals from ‘high-risk’ ethnic
groups. In countries with high frequencies of hacmoglobin disorders routine screening
should be available.
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£.5.1 Techniques wszd in prenatal diagousis of the hacmoglobinopathies

Prenatal diagnosis bas evelved from globin chain biosynthesis through i analysis by
Zeuthern blotting to polymerase chain reaction (PCR) based techniques. Prenainl diagnosis
was initially s~ up for 8 thalassaemia using fetal blood sampling and glohbin chain
synthesis studies, the first procedure being done by Kan e al. (1975b). This procedure
alonc reduced the incidence of the disease in the Mediterranean counside ably (WHO
Woiking Group 1982, Alter 1990). Fetal blend sampling was initially done by placentsl
aypiration with divect visualisation via fetoscopy, with an overall fetal loss of 6-7%. A
mixture of fetal and maternal blood was obtained and had to be separated. Though fetal
blood sampling has largely been replaced by DNA techniques, some indications for its use
stil remain. Courrently, cordocentesis (performed at 18-20 weeks of gestation) is used,
where a pure fetal blcod sample is taken frm the umbilical cord vader ultrasound
guidance, with a fetal loss rate of no more than 1% (Weatherall 1991b).

There have also been advances in the methods of anaiysis of fetal blood. Initially, globin
chain synthesis was done with labelled reticulocytes, followed by CMC (carboxy methyl
cellulose) ciiromatography in which the radioactivity incorporated into each chain was
measured, and the ratic of B to ¥ chains was measured. The ervor rate was small, mainly
due to maternal cell comtamination or poor chromatograpitic icchnigue (Weatherail
1991b). HPLC allowed separation of smauller amounts of chains in hours rathier than days
{Congote e ol. 1979), Nowadays, wiih pure fetal blood samples, isoelectric focusing Cart
be done and no biosyuthesis is required.

Fetal blood analysis has been largely replaced by DNA analysis, in which any fetal calls
can be used, not those specifically expressing the protein. DNA analysis was initially done
after amniocentesis performed at 16-20 weeks of pregrancy. This procedure has the
advaatage ¢i' a low fetal loss rate (0.5-1%), but the disadvantage of a !ate second trimester
prenatal disgrosis result and possible termination of pregnancy. Amniccyics are generally
cultured to obfain sufficient DNA for analysis, although with PCR analysis this is so
longer necessary. DNA analysis was first performed on amniocytes for « thalassaemia by
DNA-DNA solution hybridisation and required 100-200uxg of DNA (Kan et al. 1976},

Restriction endonuclease and Southern blot analysis used for sickle cell anaemia in 1978
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(Kan and Dozy 1978b) and B thalassaemia in 1980 (Kazazian et al. 1980, Little ez al.
1980) only required 10-20xg of DNA. Chorionic viltus biopsy (CVS) maierial was shown
to be a relisble and hetter source of fetal ...NA for molecular analysis and many couples
soon opted for this technique for prenatal diagnosis of hasmoglobiropathies becase it wasg
performed at 9-11 weeks gestation, when termimation is safer and involves less
psychological trauma, though the fetal loss rate is slightly higher than that for
amniocentesis (Williamson et al. 1981, Old et al. 1982, 1986). Precautions must be taken
to dissect the maternal decidua adequately from the fetal tissue, particularly where PCR
is 0 be used for the prenatal diagnosis (Old and Ludiam 1991).

Initially DNA apalysis was cairied out using Southern blotting and linkage analysis using
RFLPs. These require the esiablisiiment of a linkage phase ia the heterozygous parents
to deterniine which allele is associated with B thalassacmia, so that the § thalassaemia
status of the fetes can be determined by observing its RFLP types (reviewed in Old and
Ludiam 1991).

Some mutations were detectable with Southern blotting and restriction enzyme dJigests or
altele-specific oligomicleotides. Recently the molecuiar analysis of fetal DNA has been
revolutionised bv the discovery of PCR and particularly thermosta.sle Tag polymerase,
which has made analysis ot fetal DNA quicker, simpler and easier, with much smaller
amounts of DNA being required (Saiki ¢ al. 1983, 1986, Mullis and Faloona 1987, Saiki
et al. 1988a,b). It is possible to obtain 2 diagnosis within 24 hours, oftes. without the use
of radioactivity, as sufficient DNA results from the PCR amplification to visualise the
products on a stained gel. The technique is so sensitive that it is possible to analyse DNA
sequences in single cells (Li ez af. 1988). PCR has aliowed for the development of new
techniques for DNA and particularly mutation analysis including the chemical cleavage
methed (Dianzaui ef @l. 1991), ARMS (awmplification refractory mutation system) {Old
et al. 1990) and multiplex ARMS (Fortina et al. 1992), competitive priming using
fluorescent labelled primers (Chehab and Kan 1989, 1990), digestion with iastriction
enzymes which recognise natural or artificially created restriction sites (Chang e al.
1992), denaturing gradient gel electrophoresis (Cai and Kan 1990, Losekoot et al. 1990),
heteroduplex analysis (Cat er al. 1991) and direct sequencing of amplified DNA (Wong
et al. 1987). In addition, RFLP analysis (Kulozik ¢f al. 1988b, Semenza et al. 1589, Old
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ef af. 1990) and mutation analysis using oligonucleotides or enzyme dizcrtion (Saiki et
al. 1983, 1986) are also possible and more rapid with PCR.

Newer techniques have alsy increased the number of families to whom prenatal diagnosis
can be offered. In 1978 prenatal diagnosis vsing the Hpal RFLP for sickle cell anaemia
provided a diagnosis in 60% of ‘at-risk’ pregnancies (Kau and Dozy 1978a). Similarly,
for B thalassaemia, prenatal diagnosis was possibie in 75% of families in 1980 (Kazazian
et al. 1980) ard progressed to 92% in some ethnic groups (Wainscoat er al. 1986b), but
required detailed family stucies and the availability of critical family members. All
Hinkage analysis is subject to error, albeit small, due (0 non-paternity or recombination
between the marker and the allele of interest and noa-paternity. Newer techniques using
PCR for hapiotyping single individuals may obviate some of the problems of obtaining
multiple family members for linked marker stodies (Ruano and Kidd 1989, Ruano er gl.
1930, Sarkar and Sommer 1991).

Once it was recognised that the substitution in codon 6 which causcs sickle cell disease
destroys a restriction endonuclease site, the 8° allele couid be deiscted directly, making
prenatal diagnosis theoretically possible in 100% of ‘at-risk’ pregnancies, without the
requirement for family studies (Chang and Kan 1981, Geever ef al. 1981, Orkin e al.
1982¢, Wilson er al. 1982)., The R° mutation could also be detected directly by
oligonucleotide hybridisation (Conner ez al. 1983). The majority of B thalassaemia
mutations have also . <en characterised. In any ethnic group screening for a small sumber
of mutations by various technigues should reveal the parents’ mwtations in a large
proportion of the cases. This allows for increased accuracy of prenatal dizgnosis and
decreased beachwork obviating the need for extended family studies.

1.8.2 Practical approach to prenatal diagnosis

Up to 1990, over 20 000 fetuses in 35 ccatres had been tested for baemoglobinopathies,
13 000 by blood sampling, the rest by DNA analysis (Alter 1993). An increasing number
of prenatal diagnoses for haemogiobinopathies are now being done by DNA analysis; over
100 per month (Alter 1990). The numbers may be even higher as some prenatal diagnosis

cenires are not included in the analysis. Such prenatal diagnostic programmes in the
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Mediterranean and for Cypriots in Loadea bave reduced thalassaemia births profoundly
(Madell e al. 1984, Cao er al. 1984, Kuliev 1986, Lrukopoulos ef al. 1990).

For § thalassaemia it is important to determine the common mutations in a particular
ethuic group. Once cartier parents are ascertained, an attempt is made to identify the
mutations they carry. If the mutation(s) remain(s) unknown, haplotype analysis can be
wsed, If, in rare cases, this is not possible dr- to late referral or unavailabitity of family
members or uninformative RFLP systems, fetal blood sumpling can be used for presatal
diagnosis. If possible, it is recommended that both direct mutation analysis and indirect
RFLP analysis be performed on all prenatal samples to minimise the risks of laboratory
errors (Old and Ludlam 1991). With newer techniques § thala. ..emia results can tuke a
few hours and it is generally less than one week from the time of a CVS to a result. The
errors in analysis with such technigues sre estimated to be 0.5% or less (Altr 1990).

Similar principles can be applied to sickle cell anaemia, though it is obviously unnecessary
to identify the parents mutations once they are known heterozygotes. Currently prenatal
diagnosis of sickle cell anaemia is achieved using PCR together with hybridisation to
oligonucleotides (Saiki ¢ al. 1988a), digestion (Saiki er ai. 1985, Chehab ef al. 1987a),
ARMS (Old and Ludlam 1571) or colour complemeatation (Chehab aad Kan 1990), The
other structurally abnormal haemoglobins can aiso be detected using PCR techniques (Oid
and Ludlam 1991).

Prenatal diagnosis of « thalassaemia is mostly requested where both parents carry the

-- chromosome and thus have a 25% tisk of a fetus with Ho Bart’s hydrops fetalis, but
may be requested for HbH disease. In general, this is still achieved using Southern
blotiing and « and ¢ probes, the latter being particutarly useful to detect deletions. The
¢ probe does not hybridise if the & genes are deleted and thus there is no sigpal. This
procedure oy iake 10 days to three weeks to obtain a result. More recently PCR has
been used 1o identify o thalassaemia. Initially, a region within the ¢ gene was amplified
and a second gene used as a control. A diagnosis of o° thalassaemia was made if no
product was seen from the in.cagenic o primers (Chehab ef al. 1987a, Lebo ef al. 1990).
This system i5 somewhat problematic as heterozygotes cannot be detected as the technique

1s non-guantitative and, in addition, results based on failure of amplification are
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notoriously unreliahle. A newer PCR method using amplification across the breakpoint
with visualisation of @ fragment specific for the deletion has been reported for uetection
of the - and --*** chromosomes (Bowden ef al. 1992, Ko et al. 1992Z), -7 and
e (Dodé€ ef al. 1992). The technique has been used for prenatas Qiagnosis of a fetus
‘at-risk’ for compound heterozygosity for --* and Ho Constant Spring, the latter
identified by an aliered Msel cleavage site (Ko er al. 1993).

New approaches to prepatal diagnosis, based on the ability of PCR to detect mutations i
a single DNA molecule, have recently been reported (Li ef al. 1988). The embryo can
be tested prior to implantation, either by testing the first polar body and selection of
oocytes without the defect (Monk and Holding 1990) or, after in virro fertilisation, testing
biopsied cells from the three-day-old embryo (e?ght-cell or blastocyst stage) (Adinolfi and
Polani 1986, Holding and Monk 19{9, Handyside ef al. 1989, Varawalla ef al. 1991a).
Although most still consider these techaiques experimental and contamination appears 0o
be a major problem (Vatawalia ef al. 1991a), others feel that clinical preimplantation
diagnosis by amplification of single copy sequences from a single cell of an eight-cell
embryo couid be carried out safely and reliably (v nk ef al. 1993). One can also test for
mutations in nucleated fetal cells in the maternal blood, " .is has been demonstrated with
PCR amplification of the Y chromosome int male fetuses (Lo et ai. 1989, Lo et al. 1993},
and Hb Lepore at 8-10 weeks (Camaschella o al. 1990b). For recessive diseases this
approach is pfoblematic as only the paternal atlele can be detected, and oaly if it differs
from the maternal one. DNA ligase that has the potential to amplify DNA and
discriminaie single base substitution simultaneously is also potentially useful (Barany
1901y

The techniques and approaches to prenatal diagnvsis have been reviewed recently by
Boehm and Kazazian 1989, Old and Ludiam 1991, Weatherall 1991a,b.

3.9 Population genetics
The haemogiobinopathies are all common single gene disorders in humans, their

distributions being largely limited to tropical and subtropical regions. In addition, multiple

maiations have arisen independently in different populations and achieved high frequencies
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by selection. These observations led to the hypothesis that such var-acts confer an
increased fitness on heierozygous individuals living in areas where the parasite P.
Jalciparum is endemic, It was Haldane in 1949 who first suggested that ¢ slassaemia
might have reached its high frequency in tropical areas because the heterozygotes are
protected against maiarfa. The so-called ‘malaria hypothesis® is supported by

microepideruiological data and by i vitro exneriments.

1.9.1 « thalassacmia and « globin cluster rearrangemens

The o thalassaemias are frequent on a worldwide scale. Most individuals origiaate from
tropical or subtropical regions where the high frequency is thought to have resuited rom
a selective advantage afforded to carriers of « . halassaemia in the preseace of endemic
P. falciparum malsria (Flint et al. 1986).

The -« thalassaemia chromosome nas a worldwide distribution, with frequencies ranging
from 20-90% in different African, Mediterranean, Middle East, Indian, south-east Asian
and Melancsian populations (reviewed in Weatherall ef gf. 1988, Higgs et al. 1989,
Kazazian 1997), The -’ chromosome ssems to be the most widely distributed, with the
™ type occurring at varying frequencies in most populations exam =d. Its wide
distribution and association with multiple baplotypes suggest that it has arisen on more
than one occasion. The ~o™ type has been reported in individuals from Jamaica, south-
east Asia, India, Nepal and the Mediterranean (Higgs et al. 1984, Fodde ¢ al. 1988,
Modiano ez al. 1991). The -o*™ chromosome, on the other hand, may bave had a single
origin, probably in or near Melanesia, as it is restricted mainly to Polynesia and
Melanesia and is associated with a single haplotype (Higgs et al. 1984, Hill er al. 19850,
Hill et ai. 1989). The -o** variety occurs sporadically in many groups. It is relatively rare
in Africa and the Mediterrancan, but more common in south-cast Asia (Embury ef al.
1980a) and the Middle Bast (Trent ¢f al. 1981c, El-Fazmi 1986). It almost always occurs
at a lower frequency than the -o** chromosome, excopt in Papua New Guinea where the
-a** occurs at a higher frequency aad is thought to be goiny to fixation in the northern
coastal regions where it is found in over 80% of the population (Oppenheimer e al. 1984,
Yenchitsomanus er al. 1985).
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In the south-west Pacific micro-epidemiological data suggest that « thalassacmia is likely
to have been seclected through its interaction with malaria, The Frequency of «
thalassaemia and malaria coryelates with latitude and altitude (Oppenheimer ef al. 1984,
Flint et af. 1986, Hill 1986). ft has not been possible to define, however, the mechanism
whereby thalassaemic red cells protect against malarial parasite growth, but the protective
effect may be related to enhanced immune recognition and clearance of parasitised cells
[Luzzi er al. (1991) J Exp Med 173, 785-91]. Although parasite growth is inhibited by
HbH ceils, iz vitro studies in culis lacking one or two « genes Jo not show abnormalities
of invasion or growth unless the cells are ans'er unusual oxidant stress {Ifediba o2 al.
1985), suggesting that the increase in fitness may be relatively small (Higgs ez al. 1989).

The -- chromosome is generally rarer fi.aa *ic -a (reviewed in Weatherall er al. 1988,
Higgs e al. 1989, Kazazian 1990). The most prevalent is the south-east Asian type,
which has a frequency of (.1-0.2 in me 1egion. A second type occurs in the
Mediterranean, and a third makes up 30% of the « thalassaemia genes in Filipinos. It is
extremely rare in Africa and the Middle East (Dozy er al. 1979, Higzs et al. 1975, Orkin
et al. 1979b, Embury ef al. 1980b). In view of their limited geographical distributions,
it is thought thai each of these mutations only arose once. This is supporied by haplotype

analysis.

As HbH disease and Haemoglobin Bart’s hydrops fetalis generally require the presence
of the -- chromosome, they ara feund predomirantly in south-east Asians and Filipinos,
and only occasionally in Mediterraneans. Similarly, they are extremely rare diseases in
Africa and the Middle East, The « chain termination mutant, Constant Spring, found in
about 5% of individuals in south-east Asia and Thailand, contributes to the prevaleace of
HbH disease.

The axa chromosome, the reciprocal of the -o chromosome, occurs at frequencies of 0.5-
2% in most populations studied and, in geasral, has not reached bigh frequencies probably
vecause there bas been no selection for it (reviewed in Higgs and Weatherall 1983,
Weatherail er al. 1988). However, in a mumber of groups, icluding Greek Cypriots
(Goossens et al. 1980), Polynesians (Lie-lnjo e al. 1985, Trent et al. 19835, 1986) and
Saudi Arabians (Trent ef al. 1981b), the chromosome has reached relatively higher
frequencies, probably due to local founder effect and genetic drift.

- 1% B




54

Chromosomes with a single { gene are cotmon in west Africa and in Polynesiap Niueaas
and occur sporadically in other populaﬁonﬁ {Winichagoon ef al. 1982, Rappaport 7 al.
1984, Felice e al. 1986, Higgs ef al. 1989, Trent et al. 1991). They are found in
association with different haplotypes and different numbers of o genes, suggesting they
may havs arisen’: more than once (reviewad in Weatherall er al. 1588, Higgs eral. 1939).

‘The tiplicated { chromocsome, which has the arrangement {2-¢{1-¥{1, occurs at
refatively high frequencies in south-vast Asia (Winichagoon e al. 1982), China {Chas ¢t
al. 1586), Micronesia (O’Shaughaess: ef al. 1990) and Polynesia (Trent er al. 1986),
though isviated cases occur in most popuistions (reviewed in Hig~s ef al. 1989). It seems
to have arisen by aa unusual interchiymosomal recombinstion event and 2ll the
chromosomes studied from south-exst Adia and the Pacific appear to have a single
cemsnon origin (Hill er al. 1985a, Hill et al. 1987a).

1.9.2 B thalasssemia and 8 globia cluster rearrangements

& thalassaemia genes aitain high freguencies in many paris of the world including the
Mediterranean Basin, the Middle East, parts of India and south-east Asia. The disease is
less common in Africa, occurring only in isolated pockets in west Africa (notably in
Liberia) and in pans o€ uorth Africa. It occurs sporadically, however, in all racial groups
(reviewed in Kazazian 1990, Weatherall 1991a). Its major distribution again follows that
of endemic P. falcinarum, as carriers of & thalassaemia have less morbidity when infected
with malaria and thus positive selection has acted on the genes.

8 globin haplotypes have been used in an attempt to clarify the origins of 8 thalassaemia
mutations. The large number of § thalassaemia mutations suggests that multiple mutations
together with selection have =esulted in high frequencies of % thalassaemia. In general, in
a population, the alleles with: higher gene frequency are thought to have originated earlier
than the rarer alleles. Even the high frequency [ thalassaemia alleles seem to postdate tie
divergence of himan races as each ethnic group and/or racial group has its own battery
of mutations, each found in strong association with only one or two haplotypes (Orkin ef
al. 1982a, Kazazian er al. 1984b, Hill an? Wainscoat 1986). When the same muta%ion is
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samd in two different groups on strikingly different chromosomal backgrounds, two or
axwe wlependent origins are likely (Huang ef al. 1986, Wong ¢ al. 1986} Not
sacommoaly the same mutation may be seen on different haplotypes in the same
noplabon. In general, ‘hey are consistent with cressover 57 to the gepe, within the
reaion of increased recombination (Kazazian er al. 1984b, Antonarakis et al. 1984, 1935).
However, the same mutation may be found in a population on two or more different
frameworks, This is best explained by recurrent mutation, although gene conversion as
& means of transmitfing mutations cannot be discounted (Antonarakis ef al. 1985). Those
mntations which occur on multiple framewosks in one ethnic group all appear o be in
coding regions. This may suggest a role for spliced TNA transcripts in certain rare gene
couversicns (Amronarakis £ af. 1985). Thus, mutation/haplotyps associations appear 1o
be due 10 a combination of gene migration, interallelic gene conversion and recurrent
muiation (Wong et «l. 198G).

Micro-ei)idemiological and in-viiro studies have veritfied the ‘malaria hypotbesis® in the
case of § thalassaemia. In Sardinia (Siniscalco ef al. 1966) and Melanesia (Hili er al.
1988), B thalassaemia was shown o be less common in mountainous areas where malaria
transmission is low, suggesting that the incidence of B thalassaemia was increased a the
lowlands due to protectior against malaria, In vitro, thalassaemic red cells have been
shown to inhibit parasite growth (Brockelman er al. 1987).

Dominsnt # thalassoemias are rare in all populations 25 they canse severe disease in
heterozygoies and thus offer no selective advantage. 68 .alassaemia occurs sporadically
in many racial groups, as does Hb Lepore, though the latter occus's at increased frequency
in ceniral Italy and Yugoslavia (reviewed in Kazaziau 19%0).

v Gene ‘riplications have been detected in naunerous populations at fow frequency, though
the few homozygotes detected wers of Japanese descent (reviewed in Huisman 1987). The
-y arrangement has been observed in Mediterranean, Indian, Japanese and Chinese, but
not in Black populations (Huisman ez al. 1983, Hattori e al. 1986a). Chinese, Japaness,
Meditesranean and Blacks have *y-*y and %y-%y rearrangements (Powers et al. 1984,
Harano et al. 1985b, Hattori ez al. 1936a, Shimizu er al. 1986).
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1.9.3 The 8% pene

The 55 gene is found at high frequencies in Africa, especially in the sub-Sabaran regions.
it also occurs at fower frequencies in populati~ns on tiie norih coast of the Mediterranean,
ia the Arabian Peninsulz, Iraq, Ivan, India, 'Afghanistan and parts of the former USSR
(teviewed in Nagel and Fleming 1992).

The existence of five different haplotypes in distinct geographical locations associated wiih
the B° pene has been seen as evidence for at least five independent origins or centres of
exgansion .f the mutation, This is reinforced by recent sequencing data as well as the

i.f‘t"erent clinical presentations of sickle cell anaemia in the different geographical
locations, suggesting different epistatic influences associated with the different haplotypes
(Nagel and Rauney 199, Nagel and Fleming 1992, Flint ez al. 1993a).

Rarer haplotypes do exist, probably as a result of crossover aronnd e hotspot 5 to the
B globin gene (Srinivas e al. 1988). The major haplotypes differ from each other beth
5’ and 3’ to the 8 gene and each exists in a distinct geographical area with little overlap.
They are thus unlikely to have arisea by recombination (Pagnier ¢f al. 1984, Nagel and
Fleming 1992}, but may have arisen by gene coaversion in gersticaily isolated
populations carrying a single ° mutation on to the different haplotypes in Afiica. The
Asian Indizn mutation is likely to have had a separate mutation, however (Livingsione
1989, Fiint ez al. 1993a).

Different mutatious in the 5' promoter and 1VS2 sequences of the ®y aud *y genes have
been shown tc distinguish the #° haplotypes. Further the Cameroon chromosome has an
“yT gene. Though the variation does not appear to have a primary role in Jde*ermining
HbF levels, the high and low HbF chromesomes have different configurations. It is
proposed that the sequences may be imporioct in regulating expression in vivo,
particularly »uder conditions of anaemic stress (Dimovski er al. 1991, Lanclos et ai.
16%91).

The configuration of the (AT),T, motif 0.5kb 5' and the ATTTT variable repeat 1.3kb
5’ to the B3 globin gere distingnish cach of the haplotypes. Therc is additicnal nucleotide
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variation in the 5’ and intragenic regions ¢f the B globin gene, so that there are five
different patterns corresponding to the five RFLP-deficed haplotypes, supporting the
theory of at least four §° origins in Africa, and a fifth unicentric origin in Arab-India

(Chebloune er al. 1988, Trabuchet er al. 1991a).

It has been suggested that the mutations arose or expanded coincident with mal2ria
becoming endemic, when man pregressed from a food-gathering to a food-producing way
of life. Agriculture favours endemicity of malaria by creating water sources, which
provide breeding areas for mosquitoes. As there are farge numbers of humans, they
displace other primates so that man becomes the preferred host for the parasite (Nagel and
Ranney 1990, Nagel znd Fleming 1992, Flint ef al. 1993a).

The $° gene appears to have three main centres in Africa: (i) between the Niger and
Benue rivers, (if) the Congo and (ifi) Senegal, corresponding to the three main African
haplotypes, Benin, Bantu or Ceniral African Republic and Senegal, respectively. The
haplotypes are virtvally exclusive to each of the geographic areas, though each has
expanded through diverse ethnic groups. The Benin and Senegal haploty . s are estimated
to be 2 000-3 000 years old. The Benin hapiotype bas spread by gene flow to the north,
south and eest of the Mediferranean and to western Saudi Arabia. The Bantu haplotype
has spread through the Beutu-speaking areas of equatorial and southera Africa and thus
must have occurred before the Bantu expansior, earlier than 2 000 years ago (reviewed
in Wage! and Labie 1989, Nagel and Ranaey 1990, Nagel and Fleming 1992). The fourth,
recently defined African haplotype, designated “Cameroon’, is limited to the Eton ethnic
group from the Sanago river valley of Camercon (Lapouméroulie e al. 1992).

The Arab-Indian §° haplotype is found in the eastern oases of Saudi Arabia and in India
(Bakiogl ef al. 1985, Wainscoat 2t 21. 1985, Kulozik er al. 1986, Miller et al. 1986,
1987). In India it is found both in tribal populations living in ¢ : malaria infested areas
of northern India (Gujerat, Orissa and northern Andhsa Pradesh), and in soathcrn India
(Tawvil Nadu). This suggests that the tribal populations of India, sow isolated and
surrounded by mainstream Indians that have a lower frequency of B°, were previously in
direct contact and subject to gene flow (Kar ef al. 1986, 1987, Labie ef al. 1989, Nagel
and Labic 1989, Trabuchet et al. 1971a, Nagel and Fleming 1992).
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The high frequency of 5° has been shown to be due tc the higher relative fiiness and
survival rates of B° heterozygotes compared to normal homozygotes, as this state aifords
partial protection against severe P. fulciparum rTarasitaemia asd s often fatal
complicaiions. The advantage is balanced against the decreased fitness of the sickle cell
homozygote, reaching equilibrium in the B® frequency. This is evidenced by the
geographical distiibution of the allele, population studies, hospital studies aed in vitro
experiments (reviewed in Nagel and Ranney 1990_, Nagel and Fieming 1992). The 8° gens
it found at poly'morphic frequencies only in pépuiations living in regions where P.

Jalciparum is or was endemic. In vitre studies show that paragitised AS cells sickle more

frequently than non-parasitised cells, possibly because the parasite reduces the cell pH,
thos inducing cickling. The parasitised sickled cells are removed by the spleen and
miacrophages, resulting in a suicidal infection (Luzzatto er al. 1970, Rotk ef al. 1978,
Luzzatto and Pinching (1990) Blood Cells 16, 340-7). Secondly, parasites that escape the
first line of defence may find their intra-erythrocyte growih inhibited in AS cells during
deep vascuiar schizogony. Recent in vivo experiments in B° transgenic mice confirm that
HbS is protective against malaria and implicaie the spleen in this protection (Shear et al,
1993;.

1.9.4 The 8° gene

The 8* aliele is found with high frequency in Kampuchea, Laos, Thailand, Burma aad the
Kachari of India (reviewed in Magel and Ranoey 1990). It is associated with three
haplotypes cn two frameworks in south-east Asia, suggesting at least two origins
{Antonarakis er al. 1982b, Hundrieser ef al. 1988a). A third Europe;n origin has been
preposed (Kazazian et al. 1984c).

The distribuiion is again related to aveas of malaria endemicity. A moderate decrease in
growth of P. falciparum occurs in EE cells and AE cells with oxidative stress, possibly
related to the instability of HbE and its ability to generate free radicals (reviewed in Nagel
and Ranney 1990).

1.9.5 The B° gene

The B° aliele appears to have originated in a single locale on the west coast of Africa,
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where it is observed. To date it is found associated with one common haplotype
suggesting a single origin of the mutation. Two other rare haplotypes, probably resuit
from 5‘ crossover (Kan and Dozy 1980, Boetim ez al. 1985, Trabuchet ¢t al. 19%1b).

1.10 The Soutk African Asian Indians

1.10.1 The history of the Indian ssbcontinent

. T&e history of the Indian subcontinent s complex. It has been reviewed in Encyclopaedia

Britannica (1977). The peoples of India are largely the product of successive invasions
that have swept into the counii, from prehistoric times and are broadly divided into two
linguistic groups, Indo-Aryan and Dravidian, sitvated geographically in the sorth and
south of the subcontinent, respectively. More than four-fifths of the population is Hindu,
one-tenth Moslem, followed by Christians, Sikhs, Buddhists and Jains.

The Dravidian languages are the oldest, but it is uncertain whether the Dravidian-
language-speaking Indians were autochthonous in southern India, though they are rot
thought to have been asscciated with the Harappan or Indus civilisation which thrived in
north-west India froin 2 300-1 750BC.

The Artyan languages were introduced by the Aryan or Indo-Evropean peoples who
invaded India across the Iranian platean between 1 500 and i 200B/C and began the
urbanisaticn of the Ganges valley. They iniroduced the Sanskrif language from which the
Indo-Aryan languages are derived. Hindi developed from one of the spoken Sanskrit
dialects or Prakrits and incorporated many of the words of the focai inhabitants. Gujerati
was also derived from Sanskrit, incorporating a language spoken in porthern and western
India, as well as Persian, Arabic, Turkish, Portuguese and Linglish. Hinduism, the
religion of four-fifths of India’s population, evolved from Vedism, the religion of these

Indo-Aryan people.

Moslem invasions of India began in the 8th century AD. The invaders cverthrew the
ealier Indo-Aryan rufers and controlled northern India until the 14th century when they
in turn were overthrown by the Mughals (Moslerss of Mougol origin from cenfral Asia).
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During this period many Hindus were converied to Islem. In the west and north-west Hf
the subcontinent, the Arabic and Persian languages of the Moslems merged with Hindi
and develeped into Urdn, a language still spoken predominantly by Moslem Indians (Meer
1969).

1.10.2 The origins of the South African Indians

The origins of the South African Asian Indians have been traced to a number of discrete
geographical regions in India, and they thus represent 2 subset of the total Indian
population. Most descend from a relatively small founder population of approximately

150 000 individuals who entered South Africa between 1860 and 1911, The population

- has expaaded rapidly, mainly due fo natural increase, with a very small percentage of

immigration, to the 10000001 s living in South Africa today, 90-95% of whom are
urbanised (Department of Central Statistics 1990, Van Rensburg e al. 1992).

Two mair groups of Indians arrived in South Africa in the late nineteenth and early
twentieth century, the indentured immigrants and the passenger Indians. Detailed studies
of their origins have been undertaken by Bhana and Brain (1990) and Bhana (1991) and
some of their findings are detailed below. Figure 1.4a shows the geographical origins of
the different religious and language sabgroups of the South African Indians, together with
theic routes of migration to South Africa. Figure 1.4b shows the Indian subcontinent

enlazged so that the areas of origin can be seen more clearly,
1.10.2.1 The indentured immigrants

The 152 184 indentured immigrants made up the largest group who arrived in Natal
between November 1860 and July 1911. They were imported to man new and labour-
intensive plantation crops, roainly sugar, along the coastal belt, although very few of the
employers of the first indentured labourers who arrived between 1860-66 were actually
engaged in sugar proguction. Indentured labourers were recruited in towns and in
hundreds of small villages in India by professional recrniters in the employ of the
emigration agents situated in Madras and Calcutta,
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FIGURE 1.4a The geographical origins of the different religious and language
subgroups of the South African Indians and their routes of migration to South Africa.

The indentured Indians came along the roufes marked with 2 solid line, while the passenger Indians
cam: along the routes marked with a dashed line.
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MOSLEM MEMON

FIGURE 1.4b Map of the Indian subcontinent showing the areas of origin of the

different religious and language subgroups of the South African Indians,
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Nineteen ships arrived ie South Africa between November 1860 and Jaly 1866, mainly
from Madras, with indentured immigrants predominantly from the Madras Presidency and
the Ganges Valley, though individual immigrants came from further afield. Although
immigrants spoke a variety of languages as well as being of many different castes, they
were predominantly Hindu, speaking Tamil or Telegu. The period 1866-1870 was one of
economic depression and many labourers were indentured . sacolvent estates. Many were
shipped back to India ard lodged complaints of their poor treatment in Natal. While this

was investigated no furti;;r immigration was permitted.

A genvirz labour shortage in Natal led to the re-establishment of the indenture system
with a protector of indian immigrants appointed and new regulations, after which
importation of indian labourers started again in 1874. In the 1870°s the majority of
indentured labourers were recruited in the north-eastern states of India and sailed from
Calcutta. These immigrants were allocated fo employers along the coast, corporations of
Dusrban and Pietermaritzburg and the Natal Government railways. A large proportion
were Hindi-speaking Hirdus.

The indentured system continued until 1911 with ships coming from both Madras and
Calcutta. While for the first decade most indentured Iabourers were emp.oyed in the
coastal belt, they gradually spread inland with the demand for Jabour, When the
indentured system came to an end indentured Indians were distributed over most parts of
Natal. Upon terminaticn of their contracts, the indentured Indians sometimes returned ¢o
India at government expense and at other times elected to stay, swelling the numbers of
the so-called “free Yudians’. They were free to settle in Natal or to leave Natal and seek
their fortunes elsewhere in the country. Magy of the labourers settled where they had been
stationed, bringing their families and secking employment. They became market
gardeners, business men and hawkers of fresh fruit, vegetables and fish. Increasing
numbers were employed indand as waiters, domestic servants, stockmen and labourers.
Others became wage earners in factories, municipal employees or shop assistants. Some
took to independent occupations including jewellery-making, tinsmithing, blacksmithing,
basket-making or carpentty. The largest numbers became artisans and labourers. Some
of the indians who terminated their indentures went into farming, where they played an

Yy
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isaportant part in the agriculiural sector in the 1890°s. Thev produced most of the fiunit

and vegetables for the urban markets. They were mainly Hindi- and Tamil- speakers and
were largely confined to Natal.

Thers were also some small groups on the immigrant ships of “special servants’, skilled
men brought in under contract and paid far more than indeatured labourers to occupy
positions as waiters, carriage drivers, dhobies (laundrymen) and grooms in hotels and

clubs,

1.10.2.2 The passenger Indians

The second major group consisted of the passenger Indians, individuals who artived at
their own expense as British subjects and under the ordivary laws of the colony, They
cane predominantly from western India, though some came via Mauritins., Most came
between 1396 and 1900. They inciuded teachers and interpreters, though the majority
were traders and hawkers. The presence of the indentured immigrants offered them
opportunities for trade in goods that could be supplied from India. Theagh ihey came
initially to serve the needs of ihe imdentured and free Indians, they quickly saw
opportunitics for trading with Blacks engaged in subsisience farming or wage Iabour, and
later also sold to white clients. They first settled in Durban and Natal in the 1870’s, but
later moved into the interior. Gold and diamond mining offered further opportunities for
trade and tng Indians were soon found in the Transvaal and Cape. They were prohibited
from micing but capitaiised on opportunities in petty trade and services created by the
mining activity.

After 1857, when Natal passed a law requiring a literacy test for immigrants, as the
Europeans feared the conirol exercised by the Indian traders, many Indians chose to
disembark at the Portuguese East African (Mozambique) port of Delagoa Bay or at poris
in the Cape. By 1911 passenger Indians were to be found in nearly all the main towns and
citics in South Africa, with a fairly even distribution of settlement between the Transvaal
and Natal, although less in the Cape. A 1911 census showed 149 791 Indians in South
Africa of which about 30 000 were passenger Indians.
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About half the passenger Indians came from the disizicis of Surat and Valsad, the major
towns being Surat, Rander, Kholvad, Kathor, Bardoli, Baroda and Navsari. Kholvad and
Kathor supplied mainly Moslem immigrants while Navsari and Bardoli sent Hindus.
Kathiawar was the third major source, from towns and villages between Yamnagar near
the Gulf of Kuich and Porbandar on the coast of the Arabian sca, including Rajkot,
Kaiavad, Lalpur, Gondal, Bhanvad and Ranavav. The majority of passenger Indians were
Gujerati-speaking Moeslems and Hindus. There were a few Tamil-speakers and among the
Moslems were Memons and Vohras. I'ne Moslems, particalarly, engaged in large business
ventures and expanded Indian trade considerably, making extensive use of family
conne'cﬁons. The Hindus engaged in small trade or service, becoming shop assistants,
accountants, bookkeepers and teachers, though some became prominent businessinen.
Kinship networks were important in areas of settlemest, especially in cutlying areas. For
example, many of the immigrants irom bhavoad and Ranavav in Kathiawar, who were
mainly Memons, settled in Potchef;i_g"oom and Pietersburg, in the western and snorthern
Transvaal respectively, where tb.ey.':;i'-gaged in trade with the Blacks and the Boers.

The offspring of both the indenture and passenger Indians became a new class as they
were free 1o go where their work took them. Those with indentured parents sought work
in the civil service or entered professions; those of passengers often went into their
fathers” businesses.

1.10.5 The preseat South African Indian population

The present South African Asian Indian population can b considered heterogeneous, but
can be divided along religious and linguistic lizes into smaller subgroups, corresponding
to their geographical origins in India, as shown in Figure 1.4b (Grierson 1927). About
70% of the population are Hindu, speaking either Gujerati, Hindi, Tamil or Telegu, while
20% are Moslem, speaking mainly Gujerati, but also Urdu or Memon, a dialect of
Gujerati. The remainder of the population are Christians, Buddhists and fains. Th» Tamil
and Telegu are people of Dravidian culture, whereas the other groups are of Indo-Aryan
culture (Mistry 1965).

The groups differ from one another in dietary habits, marriage and social customs and
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caltaral activities. Religi"i)l;i\ home language, casie or community continue to play a
significant role in the 11fe ;lf Indians wf‘:o retain their sirong traditions despite living
amongst other ethnic groups Mamages sull tend to take place among members of the
same religion, languaje and caste, so the subgroups are maintained “ad can be used as
a guide to the geographical erigins of individuals (Mistry 1965). I.

Todav at 1east 80% of South Afncan Asxan Indians still live in Natal, approximately 15%

live in the 'I'ramsvaal and 4% in the Cape (Depaciment of Central Statistics 1990). They
are concentrated around the large cities. While the majority of Natal Indians are Hindy,
Moslems form over 50% of the: Transvaal Indizns, refiecting their historical origins.

i.11 Aims of the study

)
In South Africa the majorit” of cases of § thalassaemia, sickle cell anaemia and otier
haemoglobinopathies are known to occur in Indians, but nd popuiation surveys have been
carried out to determine the exact frequency of these disorders. In addition, the molecular
basis of these disorders in this popuiation had not been characterised. Thus, the aims of
this stady were as follows:

1, To carry out a population-based survey io determine the allele frequencies of 8§
thalassaemia, B°, o thalassaemia aund other haemoglobinopathies in the major
subgrougs of the South African Asian Indians.

2. To determine the frequencies of non-pathological variants, inclasding numerical
variation in gene number, RFLPs and VNTRs, in both the o and 8 globin clusters.

3. To establish the o and £ globin haplotypes associated with normal o and 8 globin
genes, with B thalassaemia, 8°, and other abnormal B globin alleles, as well as with

« thalassaermia alleles.

4. To delineate tire different types of deletions or mutattons which cause o

thalassaemia.
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“fo characterise the £ halassaens’ nutations in the Scuth African Indian

Poptflation. _. ' \

To use the mutation/haplotype associations of both the abnormal o and B globin
alleles to indicate the possible geographical origins of the mutations and the

number of tmes they have @ isen.

-To use the population frequency daia to assess the need for estabiishing a screening
- programme for the major haemoglobinopathies.

To gvaluate the local prenatal diagnosﬁc service for the major haemoglobinopathies
by ;letemliiiing the most useful linked markers and the most common mutations
_in the families who have used the service, and by assessing the service itself.

T9 assess the differences between thi: sajor religious and linguistic subgroups and
te comnare them with other Asian indians, using the normal and pathological

variation in both glebin clusters,
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CHAPTER 2 - SUBJECTS AND METHODS

2.1 Sobjects

The individuals studied were all South African Asian Indians, who were classitied into

- 2 retpious and linguistic subgroup after an interview. Seven religious and linguistic

subgrouns are inchuled iv the stady, namely: Moslem Gujerati, Hindu Gujerati, Hindu
Hindi, Hi du Tamil, Moslem Memon, Moslem Urda and Hindu Telegu. As the first four
constitute the majority of the South African Indien population, these were classified as
major subgroups for the purposes of this sy, while the latter three were classified as

minor sabgroups.

An aitermnpt was made to determine the town or village of origin of the family in India,
though this was often difficult as most of the individuals interviewed were third or fourth
generation South Africans and were not aware of their origins. ‘This information hzs not
been xetained through the generations, whereas religion, language and caste, important
for marriage, bave been passed down.

The purposes of the study were explaioed to all individuals and informed coasent, either
verbal or written was obtained prior to phlebotomy. In the case of minors, parental
consent was ootained.

The stady was carried out in a number of stages, with samples from different individuals
used in separate parts of the study. This was necessary to ensure random selection, where
required, but also sufficient numbers of individuals with rare genotypes.

2.1.1 Lenasia schools sarvey

Blood samples were collected from 638 unrelated teachers and senior pupils (Standard
eight upwards) at five Lenasia high schools. Lenasia is a municipality south of
Johannesburg where the majority of Johannesburg Indians reside. The average age of ¢
individuals was 22.2 1+ 10.3 years, with » range from 15-60. Writien parental consent
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was obtained ir. the case of pupils who were minors. The consent form used can be found
in Appendix 1.

The group consisted of:
305 Moslem Gujerati
175 Hindu Guyjerati
115 Yinda Tami!
21 Hindu Hindi
13 Moslem Urdu
2 Hindu Telegu
I Moslem Memon
2 Other
4 Unknown

As; the sampling was donc as part of a coliaborative study, with bicod being collected for
HLA and other genetic marker studies simultaneously, only a 5mnf EDTA specimen was
obtained from each iedividual and a small aliquot of serum, sufficient for iron studies,
was obtained in most cases. The aim of this part of the survey was o determine the
frequencies of § thalassaemia and other haemoglobin variants. In addition, the cavses of
microcytic hypochromic anaemia could be assessed. Thus, on each sample & fuil blood
count, qualitative baemoglobin elecirophoresis and HbF determination were done, as well
as a serp iron and transferrin determination, where possible. If the MCV was < 80f?,
the MCH <27pg or the Hb less than 13g/d? in males or 12g/d? in females, HbA, was
quantitated. It is estimated that in excess of 95% of 8 thalassacmia heterozygotes have
microcytic and/or hypochroinic indices (Weatherall and Clegg 1981). In addition, if an
abnormal haemoglobin was deiected on qualitative electrophoresis, this was also
quantitated.

As a service to the individuals studied and to confitm our results, we aitempied to get
repeat samples from the 177 individuals with microcytosis, hypochromia acd/or anacmia.
Blood was collected froms 137 of these individuals and DNA siudies to identify the
presence of o thalassaemia, iror studies §o exclude iron deficicncy anzemia, and further
haematological investigations were carried out to confirm the presence of B thalassaemia



or other haemoglobin variants.

Individuals who were iron deficient were sent a letter advising them of the resolts and
urging them to contact their doctor. Where B thalassaeinia or §° was idenfified in an
individual, the family was offered genetic counselling and testing of “at-risk’ individuoais
and their spouses. Where o thalassaemia carriers were ideniiﬁed, families were offered
counselling to explain the benign cause of their microcytosis or kypochromia. All farilies
with a haemoglobinopathy were sent a written repori detailing the diagnosis and

unplications.

When a family member with a haemoglobinopathy was identified, blood was collected
from the miclear family, where possible. Eleven such families were obtained. These
familics were used to identify B thalassaemia mutations and their associated brplotypes,
as well as the haplotypes associzied with the B5 mutation and normal b globin hapiutypes.
& haplotypes associated with ce and ~ox chromosomes were aiso stadied as well as othez
non-pathological variation in both the o and £ globin clusters.

2.1.2 Random families

Although the Lenasia school survey provided estimates of the frequency of B thalassaemia
ard other 8 globin variants in the Indian population, it only provided a minimam estimate
of the o thalassaemia frequency. Firstly, a significant percentage of individuals who have
the -cv/ovee genotype may have normal haematology (Bowden ef al. 1985) and weuaid thus
not have been detected in the initial survey. Secondly, although individuals with the -o/~or
or ~-/ae genotype would have niicrocytosis anc hypochromia and would thus have been
detzcted haematologically, it was cnly possible to obtain DNA samples from about 80%
of these individuals to determiue their o thalassaemia genotypes. Determination of the o
thalassae aia frequency thus requires DONA studies on all individuals.

Blood was collected from a second subject group of 60 nuclear families, with at least two
children each, 15 from each of the major religious and finguistic groups, namely Moslem
Guajerati-speaking, Hindu Gujerati-speaking, Hindu Tamil-speaking and Hindu Hindi-
speaking. These families were collected randomly mainly in Lenasia, though about one-
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fifth were collected in Durban, Natal. Individuals in the community were used as contacts
to ascertain families. As far as possible, families in whkich there were consanguineons
marriages were excluded. No families had any history of thalassaeniia or any other genetic
condition. In addition to a verbal explapation, each family was provided with an
information sheet explaining the study (see Appendix IT) and verbal informed consent was

obtained from alt individuals, with parental consent in the case of minors.

The 120 parents were considered random individuals and were used to estimate the
trequencies of o thalassaemia, as weil as of other o and B globin cluster variants, in each
of the major religious and language groups. In addition, the families were used to study
normal « and § globin haplotypes and those associated with « thalassaemia.

2.1.3 Families with major haemzoglobinopathies

Blood was collected from nuclear families in which at least one child had a major
bacmogiobinopathy. This included 17 families where the affected child{ven) was(were)
being treated at Coronation Hospital in Jobannesburg, one family where the affected
childre:t were being treated at Johannesburg General Hospital, and 14 families under the
care of the Natal Genetics $ wvices” Sisters. All these families had requested a “workup’
in preparation for prenaial dingnosis. They included 26 thalassaemia major families, three
BS/87 families, two B%/B" fuc.ilies and one family with HbH disease. These families were
used to identify B thalassacmia mutations and the haplotypes associated with the different
abnormal § globin genes. In addition, normal § globin haplotypes, « glchin variation and
o giobin haplotypes were also studied. In four consanguineous familics, the ciromosomes
of one parent were excluded from the analysis, so that the same chromosome was not

counted twice.

In four families, the parents were identified as f thalassaemia carriers, prior to the birth
of an affecied child. The parents were used to identify 8 thalassaemia mutations, but no
haplotype studies were possibie.

During the course of the sty %y, from 1984-1993, 22 prenatai and two preclinical (at birth)

diagnoses were carried out for these familics.
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2.1.4 Additional families

Through the Genetic Counsetling Clinic, an additional seven families were ascertained,
in which an abnormal haemoglobin had been identified. These families werc used to
characterise both normat and abnormal « and B variation and haplotypes. Consanguinity
was apain taken into consideration for the analysis, as defailed above.

%2.1.5 Venous blood sampling and processing

As described in Section 2.1.1, the Lenasia school snurvey was a larger study and only Smf
of the blood collected from all subjects by venepuncture was used in this part of the
study. ¥For the remaining sabjects in this study, approximately 30-50m¢{ of blood was
collected, From each individual ope Sm# tube, with EDTA as anticoagulant, was used for
haematological studies. A 5m¢ sample was collected into a plain glass tube, allowed to
clot and em aliquot of the serum used for iron studies. The remainder of the serum was
frozen for possible future uwse in genetic marker studies. The rest of the blood was
collected into either ACD or EDTA tubes and was used for DMA studies.

The blood intended for DNA studies was centrifuged at 3 000rpm in a bench-top
centrifuge for 15 minutes to separate it into its major components. The plasma was
removed and stored for possible later use. The levcocytes, or buffy coat, were removed
with a Pasteur pipetie and frozen at -20°C until required for DNA extraction. The
remaining red cells werve mixed in a 1:1 ratio with preserving fiuid (see Appendix I1) and
stored at -20°C for future use in genetic mavker studies.

2.2 Hacmatological mcthods
2.2.1 Full blood counts (FBCs)
FBCs were performed on a Sysmex K1000 or equivalent machine, which automatically

determined the red blood cell count (RCC), haemogicbin (Hb), haematecrit (Het), mean
cell volume (MCV) and mean cell haemoglobin (MCH). The machines were focated in

TN
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2.1.4 Additionai families

Through the Genetc Counselling Clinic, an additional seven families were ascertained,
in which aa abnormpl haemoglobin had been identified. These families were used to
characterise both normal and abronmal « and £ variation and haplotypes. Consanguinity
was again taken into consideration for the analysis, as detailed above.

2.1.5 Vencus blood sanpling and processing

As described in Section 2.1.1, the Lenasia school survey was a larger study and only Sm{
of the blood collected from all subjects by venepuncture was used in this part of the
stedy. For the remaining subjects in this study, approximately 30-30m/f of blvod was
collected, From each individual one 5mif tube, with EDTA as anticoagulant, was used for
hacmatological studies. A 5Smf sample was collected into a plain giass tube, allowed to
clot and an aliguot of the serum wsed for iron studies. The remainder of the serum was
frozen for possible future vse in genetic marker studies. The rest of the blood was
collected inio either ACD or EDTA tubes and was used for DNA studies.

The blood intended for DNA studies was centrifuged at 3 000rp:2 in a bench-top
centrifuge for 15 minutes to separate it into its major components. The plasma was
removed and stored for possible later use. The leucocyies, or buffy coat, were removed
with a Pasteur pipette and frozen at -20°C until required for DNA extraction. The
remaining red cells were mixed in a 1:1 ratio with preserving fluid (see Appendix III) and

stored at -20°C for future use in genetic marker studies.

2.2 Haematological methods

2.2.1 Full biood counts {I’BCS)

FBCs were performed on a Sysmex K1000 or equivalent machine, which automatically

determined the red blood cell count (RCC), haemoglobin {Hb), haematocrit {Hct), mean
cell volume (MCV) and mean cell haemogiobin (MCH). The machines were located in

gy
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the routine haematology laboratory and standards and controls were run daily, ¢ ensure
that they were accurately calibrated.

2.2.2 Preparation of haemolysates

Cells from 2-3mf of whole blood from an EDTA tube were wasbed three times with
normal (0,9%) saline and then-once with 1.2% saline. Drabkin’s sclution (see Appendix
11T) was added, about half as much as the total red ceil volume, and the mixture was Jeft
*o stand for about 10 minutes. This procedure converted the haemoglobin to
cyanimethaemoglobin. An equal volume of carbon tetrachloride was added, the solution
vigorously mixed to lyse the cells and then spun for 20 minutes at 3 0C0spm in a bench
top centrifuge. The haemolysate was removed, the haemoglobin ¢oacentration r¢ad on the
Sysméx K1000, and adjusted to a final concentration of 10g/d{ by adding additional
Drabkin’s solution.

2.2.3 Haemoglobin electrophoresis
2.2.3.1 Cellulose acei=*e electrophoresis

Both qualitative and quantitative electrophoresis were carsied out using the Gelman
Hernoglobin Electrophoresis System (Gelman Sciences Incorporated), designed to separate
by electrophores:s, detect and quantitate haemoglobins on cellulose acetate membranes in

an alkaline medinm.

Electrophoresis was carried out in a Gelinan semi-micro electrophoretic chamber, using
Geiman Hemoglobin Buffer (No. 51126), reconstituted according to the manufacturer’s
specifications, and Gelman Sepraphore IIT cellslose acetate membrane {(No. 51010).
Haemolysate at a concentration of 3p/df was loaded onto the strips and aliowed 1o run
at 400V for 45 minutes.

For qualitative clectrophoresis, eight samples were loaded on a cellulose aceiate strip.
After electrophoresis, the strips were stained in Gelman Poncean S sofution (No. 51284)
for one ininute, destained in acetic acid for 30 minutes and analysed. With this technique,
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HbA,, HbC and HbE run together, as do HbS and HbD, while HbF and HbA are clearly
separated, Thus, this iechnique was used as a screen to detect gualitative electrophoretic
variaticn in haemoglobin, though the exact identity of variants had Sﬁﬂ to be determined
{sec Section 2.2.3.2).

For quantitative electrophoresis, a single sample was loaded on a cellulose acetate strip.
Two strips were ron for each sample. After electrophoresis, the bands were cut out of the
strips, cluted in distitled water for three hours and the optical densities measured at
- A=A413mi. The contribution of each band to the total hacmoglobin could thus be
calculated.

2.2.3.2 Citrate agar electrophoresis

Cirrate agar electrophoresis, which separates hasmoglobins based on their electric charge
and adsorption in an agar medium, was use to confirm the identity of haemoglobin
-variants detected on the Gelman system, particularly to distinguish HbS froma HbD and
HbC from HLE.

The Helena Laboratories Sysiem was used, with electrophoresis being carried out in a
Helena electrophoretic chamber, using Helena citrate buffer (No. 5121), reconstituted
according to the maaufacturer’s specifications, and a Helena Titan IV citrate agar plate
(No. 2400). Haemolysate at a concentration of 3g/df was loaded onto the agar plate and
run at 40mA for 45 minutes. The plate was stained with an O-toluidine stain (see
Appendix HI), then rinsed with 5% acetic acid, after which the bands could be clearly
visualised.

2.2.4 HOF quantitation - alkali denaturation

This technique is based on the fact that HbF is more resistant to alkali depaturation than
the other normal hacmoglobins, BbA and HbA, (Betke ef al. 1959). 3.2mf of 0.08N
NaOH was added to 0.2m¢ of haemolysate, mixed and allowed to stand for two minutes,
after which 3.2m{ of 0.08N HCI, 3.2M ammonium suiphate was added. The mixture was
left to stand for one minute and then filtered through Whatman 1MM paper. The OD of
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the filtrate at A=540nm jas measurcd and compared to that of a non-denatured
haemolysate, thuy enabling the percentage of HbF to be calculated.

2._2.5 Iron studies

Serum iron and transferrin levels were determined in the routine chemical pathology
laboratory of the South African Institute for Medical Research (SAIMR). The transferrin,
saturation was calculated from these two parameters.

2.3 DNA methods

In these studies humar genomic DNA, isolated from white blood cells, fetal fibroblasts
or trophiblastic tissue, was analysed by Southern blot transfer techmiques or the
polymerase chain reaction (PCR).

During the course of ihe siudy, newer, generaily more cfficient technigues, gradually
teplaced the older ones. Only the isost recent methods will be included in this chapter.
Details of media and solutions used are Iisted in Appendix III. All centrifugations were
done in a Beckman benchtop centrifuge model TJ-6, unless otherwise stated.

2.3.1 Preparation of DNA probes

In order to study the o and 8 globin gene clusters a aumber of probes were used which
detect vasiation in these regions. The probes wsed were ail contained in plasmid veciors
and the details of the probes, their veriors, insert sizes and characteristics are shown in
Tables 2.1 and 2.2 for the o and B clusiers respectively. The o globin gene clusier probes
were all supplied by Dr DR Higgs, John Radcliffe Insttute, Oxford and the 8 globin gene
cluster probes by Dr IS Wainscoat and Dr § Old, John Radcliffe Institute, Oxford.

2.3.1.1 Transformation of plasmid DNA

Probes were generally received as DNA preparations and it was thus necessary to
transform the recombinant plasmid DNA into a bacterial host.



TABLZ 2.1 DNA probes used for analysis of the « globin gene cluster

PROBE VECTOR | ANTIBIOTIC INSERT DESCRIPTION OF PROBE REFERENCE
RESISTANCE : :
pS’HVR.14 pSP&4 Ampicillin 770bp EcoRI17Efiad(ll Hypervariable region 100kb 57 to the | Jarman and Higgs 1988
o cluster, consisting of a 57bp
tandem repeat
pBR{1 pBR322 Ampiciliin 4,5%b BamHi/EcoRI Humean {1 gene Laver er ul. 1980
pSG21 pBR322 Tetracycline 1.1kb Alul Interzeta hypervariable region, Goodbourn et al. 1983,
consisting of & 38bp tandem repeat 1984
pPHa pBR322 Tetracycline 3.7kb Beltl/EcoRl Human «l gencmic DNA Lauer er gl. 1980
pDHI2 pSP64 Ampicillin 1.9kb Hindlll/Sacl Genomic single-copy sequence 3kb 3° | Higgs et al. 1986
to ol
po3'HVR.64 pSEad Ampieillin 4kb Hinfl Hypervariable region 8kb 3' 16 «l, Higgs ef al. 1981

consisting of 17bp tandem zepeat _

Jarman et al. 1986

LL



TABLE 2.2 DNA probes used for analysis of the 8 globin gene cluster

2

PROBE VECTOR ANTIBIOTIC | INSERT DESCRIZTION OF PROBE | REFERENCE
RESISTANCE
pel.3 pBR322 Ampicillin 1,3kb BamHi/EcoRY Human ¢ globin genomic Bayalle er al, 1989
g DNA {(from 3’ end of exon 2)

»Hd3.2 (p*y) | pBR322 Ampicillin 3.2kb Hind:l Humen *y globin gene and Dr J Wainscoat -

lanking DNA personal coramunication

to Dr'M Ramsay (1985)

pP3.9 pER322 Tetracycline 3.9%b Pl Human 81 genomic DNA Fritsch ez al. 1980
8Ivsz pBP‘.‘”Z Ampicillin 920bp BamHl/EcoRY Human # globin [VS2 Bums et al. 1981
pR¥29 pBR322 Ampicillin 1.2kb EcoRY Genomic DNA situated 18kb | Tuan er al. 1983

3 of B
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Competent E. coli cells (strain HB101), were prepared using a CaCl, technique. E. coli

“. was grown in Laria broth (LB) at 37°C urtil the culture had an ODy,e ~7C.5. The culture

e .,:‘E'f*was chilied on ice for 10 minutes ant centrifuged at 3 000«pm for 15 minutes to harvest

the cells. The peliet was;tesuspended in 10m¢ 50mM CaCl,/10mb Tris HCI (pH=8.0)

. and centrifuged once again. The pellet was then resuspended in 1m? of the CaCl,/Tris

HCI solution, aliguotied into 0.1m¢ amounts and kept on ice uantil required.

One pl of plasmid DNA was added to the competer: celis and placed on ice for 30
minnies. The solution was heat-shocked in a 45°C waterbath for two minutes and returnieu
to ice for . ‘minutes. The transformation mix was 2-ded to 3mf LB and incubztzd a
37°C for 1-3 hours prior to being plated out and grown overnight on LA plates, with 1.,
dppropriate antibiotic (t0 which the plasmid was resistant}, afier which single transformed

coionies were identified.
-~ 2.3.1.2 Long term storage of bacterial sirains

Once a plasmid had been transformed, a single colony was grown overnight in 10pz’ ¢f
1B, with the appropriate antibiotic. 0.85mf amounts were added to 0.15m/ of sterife
glycerol, mixed, frozen rapidly in an ethanol/NaCl bath and stored at -70°C. These
transforme- «wains conld be used at a laier date for further culture.

2.3.1.3 Large scale prepacation of plasmid DNA

The quirk plasmid preparation from Fromega (Promega Protocols and Applications Gnide
1989) was used. After overnight growth of a transfe raved bacteriat colony in 250mé L3,
with the appropriate antibiotic, bacterial cells were pelleted and lysed using Lysozyme
(2mg/m¢) in 6m¢ ice~-culd lvsis buffer. After 20 minutes on ice, 12mf 0.2M NAOH:1%
SDS was added and lysis ailowed to proceed for another 10 minutes before 7.5mf 3M Na
Acetate (pH=4.6) was adaed. The bacterial debris was pelleted by spianing the solution
at 15 000rpm for 20 minuvies in a Sorvall RC5C centrifuge. The supernatant vvas placed
in a clean tabe aud the RNA removed by adding 5ul KNase A (10mg/mf) and incubating
the sclution at 37°C for 20 minutes. Contaminating proteins were then removed by two
phenol.chlorcform (1:1) and one chloroform extracrion {all chioroform extractions in
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these technigues were done wiih 2 24:1 chloroform:isoamyl alcobol selution). The DNA
wags precipiiates by the addition of 2.5 volugaes of absolute ethanol and storage at -70°rC
for 20 minufey, . he precipitated DNA was pelleted by centrifugation at 3 000vpm for 50
mines, washed with 70% cthanol to remeve excess salt and resuspended int 1mé TE
(pH=8.0), |

Though not specificaily recommended by the protocol, the plasmid DNA was purified on
a vaesian chloride ethidivm bromide density equ: irivin gradient to remove any bacterial
or RNA contaminants. The dissolved plasmid DNA pellet was adend to 4g CsCl in 3m{
TE and 3201 of ethidiom bromide (10mg/m¢). The solution was tiznsferred imio a
Beckmen Geickseal polyaliomer tube (13x5] mm) and spun in o vertical rotor (Reckman
Vti65.2) . - 16 hours 2t 45 ODrpin in a Beckman 1.8-55 Ultracentrifuge. Using this
method . ;,:. bands were visualised under UV light, a thin upper band of bacterial
chromostwsal DNA and nicked linearised plasmid DNA (pot abways visible), a large

entral band of closed circular plasmid IDNA, which was removed by inserting a wide
bore ncedle attached to a syringe into the side of the centrifuge tube and aspirating the
band, and a lower band of RNA (not always visible).

The ethidium hromide was removed! from the plasmid sample by repsated isoamyl alcohol
extraction, until the pick colour in the lower phase had disappeared. The sample was then
dialysed against TE on a Millipore VS filter (pore size 0.025pm) to remove the caesium
chloride.

2.3.1.4 Vaerification of the plasmid

A smail sample of the purified plasmid DNA was run op an agavose gel alongside a
marker of known size2, usuaily the BRL kb fadder, o check that the plasmwid was of the
correct size. In addition, the size of the insert was verified by cutting it out of the plasimid
with the appropriate restriction enzyme(s) and running the digested sampie on an agarose

gel with a sized marker.

4
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2.3.1.5 Isolation and purification. of DNA fragment for radiolabelling

Although 'n some cases it was possible to radioactiveiy label the whole plasmid, certain
of the plasmids gave poor hybridisation signals and some of (e imserts contained
repetitive DNA. In these cases it was necessary to isolate and purify a DNA fragment
from the plasmid for oligolabelling. |

A dipestion was set up with about 50-100pg of plasmid and the appropsiate restriction
enzvme(s) aed bufier(s). In the case of double digests, some could be done by adding the
two enzymes sequentiatly in the same: buffer. In other cases it was necessary to adjost tne
salt concentrations for the two enzymes, starting with the enzyme requicing a lower salt
baifer, and ther adding salt prior to adding the secord enzyme. Digestions were checked
at each step, by agarose gel electrophorzasis of an aliquot. to cnswre the reaction had gone

to complelion,

Once the digestion was complete, the sample was loaded onto o ' % kow melting point Sea
Flague agarose gel and vun in 1IXTBE buffer at 4°C, until the fragment of interest and the
vost of the DNA were clearly separated. The fragment was then cut out of the gel with
a blade and the fragment-containing agarose finely chopped up. Aliguots of 0.3mé were
placed in an Eppendorf tube with as equal volume of pherol, vortexed vigorously, then
frozen rapidly in an cthanol/NaCl bath for five minutes and then spun in a
microcentrifuge for five minutes. The vortexing, freezing and contrifuging cycles, which
released the DNA from the agarose, were repeated twice more. The aqueous phase was
then removed and extrscted with chioroform to remove any remaining phenoi, and the
DNA was precipitated using 1/10 volume 3M NaAcetate and 2.5 voluines of absclute
ethanol. 1t was placed at -70°C for 20 minutes and then spun in a microcentrifoge for at
least 30 min io pellet the DNA. The pellet was rinsed in 70% ethanol and resusperded
in 50-250u1 of TE. Th's technique provided extremely pure DNA which could be
oligolabelled to high specific activity and gave strong hybridisation signals with minimal
backgroond,

W
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2.3.2 Gesomic DNA extraction

+ 2.3.2.1 DNA extraction from peripheral blood

DNA was extacted from the buffy coat vsing the method of Sykes (1983), in which celis
were washed with a non-ionic defergent solution, 0.2% Triton-X/0.9% NaCl and then
lysed with a vrea-containing buffer and SDS. Protein wos removed wusing
phenol:chloroform and chicroform extractipns and the DNA precipitated by adding
absofute ethanel to the solution. The DNA was collected by speoling, then dissolved and
stored in TE, at 4°C for short term storage or -70°C for long term storage.

2.3.2.2 DNA extraction from fetal fibhroblasts

Afier amniocentesis, fetal fibroblasts in amniotic fluid were cultured by the Cytegenetics
Unit of the Depariment of Heman Genetics, SAIMR, pntit a confluent layer of adberent
cells was obiained, One to three flasks of cells were generally obtained.

The mediwem was poured oif and the cells in each flask were rinsed with phosphate-
buffered saline (PBS). The celis in the first flasks were lysed by incubating them in 3m{
Tris/EDTA lysing butfer with 2541 Proteinase K (10mg/m?) at 45°C for 10 minuies. The
lysate was transferred to the second flask, incubated again, transferred to the third flask
and reincubat:d. The lysate was placed at 68°C for 30 minutes and then at 45°C for 90
minutes. Protein was removed by one phenol:chloroform and two chitoroform extractions
and the DNA was precipitated by adding SM NaCl {to a final concentration of ¢.3M) and
2.5 volumes of absoiute ethanol, followed by storage at ~7(°C for 20 minutes, The
solution was centrifuged to peliet the DNA, the pellet was rinsed with 70% ethanol, and
dissolved in TE.

2.3.2.3 DNA extraction from trophoblastic tissuc
After chorionic villus sampling (CVS), sufficient material was generally obtained to

extract DNA directly without cuture. If the cells were cultured, the same method as that
used for fetal fibroblasts was used to extract DNA (Section 2.3.2.2).

g
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After the Cytogenetics Unit staff had dissected the villi from the maternal tissue, to avoid
maternal contamination, the villi were spun down at 3 (00rpm for 10 minutes. They were
resuspended in 50041 of amniocyte buffer, with 10p! 10% SDS and 10x! Proteinase X
(10mg/maf) and incubated at 55°C for 2-3 hours, vatil the viili were completely lysed.
Protein was removed using one phenol:chioroform and two chloroform extractions. The
DNA was precipitated using 1/10 volume 3M NaAcetate and 2.5 volumes absolute ethanol
and, after spooling or centrifugation, was resuspended in TE.

2.3.2.4 Quantitation of DNA

A small volume of DNA was run on & 0.8% eihidium bromide stained agarose gel, with
DNA of known concentration alongside. This crude quantification provided sufficient
information for calculating the amount of DNA required for restrictiva endonuclease
digestion. In addition, visualisation of the DNA as a single, slow-trovelling, high
molecular weight band indicated that the DNA was of high quality, non-sheared and sion-
degraded.

2.3.2.5 Dialysis of DNA

As the DNA from fibroblasts and trophoblastic tissue was precipitated with high salt
solutions and dissolved in relatively small volumes, it was mecessary to dialyse the
samples prior to either restriction enzyme digestion or PCR amplification to remove the
salt. Samples were dialysed against TE using Millipere VS filters (pore size 0.025pm).

2.3.3 Anaiysis of genomic DNA by “Southern blotting’

2.3.3.1 Digestion of genomic DNA

DNA was digested witli Type II restriction endonuclieases which had been shown to reveal
polymorphic variation in and around the .« and 8 globin gene clusters. The restriction

endonucleases were purchased from Amersham, Anglian, Boehringer Mannheim, Bethesda
Research Laboratories or Promega, depending on availability and cost.
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Digestions were set up according to the manufacturer’s specifications using 5-10ug of
ocenomic DNA, the recommended buffer, 141 of 0. 1M spermidine trihydrochloride, which
uncoils DNA and aids digestion, 25-30 units of enzyme and distilled water to a final
volume of 40ul. Digestions were allowed to proceed for 6-18 hours at the specified
temperature, after whick 1710 of the volume was ren on a trial gel at 80-100V for 1.5-2
hours to check that the digestion was complete. Complete digestion was indicated by an
even smear on the gel, with no high molecular weight DNA present. In the event of
incomplete digestion, additional enzyme was added and the sample incubated for an
additional 3-4 hours, which generally completed the reaction. Once the samples were
completely digested, 5 of ficoll loading dye was added. This solution stops the reaction,
raises the density which facilitates loading, and acts as a tracking dye.

2.3.3.2 Agarose gel electrophoresis

After digestion the samples were loaded onto agarose gels, Agarose acts as a filter,
slowing down larger fragments and allowing smatler fragments to migrate further, such
that fragments are separated on a gel inversely proportional to the logarithm of their size

or molecular weight.

Horizontal slab gels were prepared for gel electrophoresis with agarose concenirations
between 0.6 and 1,0%, the higher concentration gels being used for separation of smaller
fragments. In general, fragments from about 1-30kb can be effectively separated on
agarose gels, Gels were made using the appropriate concentration of Seakem HGT agarose
in TBE buiver. The agarose was dissolved by boiling. After the solution had cooled,
ethidium bromide was added to a fina' concentration of 0.5ug/m# 50 that the DNA could
be visualised after electrophoresis. The gel mixture was poured into a perspex gel mould
(18x20cm), with a gel comb in place to form loading wells, and allowed to set at room
temperature,

Prior 10 electrophoresis, the ge .45 submerged in TBE butfer, and samples were loaded
into individual wells. In addition, two molecular weight markers were loaded on each gel
so that the sizes of alt fragments could be determined. Bochringer Mannheim markers 11
and III, consisting of bacteriophage A digested with HindIlI and HindII/EcoRI
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respectively, were used. The markers conld be detected by including radiolabelied
bacteriophage A in the hybridisation mix.

Electrophoresis was carried out at a constant voltage of 35-50V for 15-18 hours at room
wenperatare. The distance the Ficoll dye had moved from the origin was used to
stanidardise the length of each run. Conditions varied slightly, depending on the sizes of
the-fragients 1o be separated,

2.3.3.3 Sozthern blotting

Southern gel transfer allows DNA fragments that have been separated according to size
by agarose gel electrophoresis to be fransferred in sizu to a solid support (Southern 1975).

For most of this study the nylon membrane, Hybond-N (Ainersham), was used as a solid
support and the manufacturer’s protocol for Southera blotiing and capillary transfer was
followed, except that the first depurination step was found to be unnecessary. After
electrophoresis, the gel was photographed on a transilluminator (Spectrofine TC312A,
A.=312nm) using Polaroid 667 film, then denatured, neutralised and placed in 20xSSC.
A standard capillary blot was set up {Sambrook er af. 1989), using 20xSSC as transfer
buffer. Gels were inveried and transfer was allowed to proceed for 24-48 houss to
improve the efficiency of transfer and subsequent hybridisation signals, particularly of
larger fragmenis. After transfer, the membranes were rinsed in 2xSSC to remove the
residual agavose, baked at 80°C for two hours to fix the DNA and sealed in plastic until

required.

2.3.3.4 Radioactive labelling of probe DNA

DNA probes were radicactively labelled by the incorporation of ¥P-dCTP using the
Amersham Multiprime DNA labelling kit. This is based on the random priming method
of Feinberg and Vogelsteinr (1983) in which random sequence hexanucleotides prime DNA
synthesis on a denatnred DNA template at namerous sites along its length. This technique,
using the Klenow fragment of DNA potymerase I, results in higher specific activities and

higher levels of radionucleotide incorporation than nick translaiion.
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"ath whole plasmids and purified DNA fragments were labelied using 25ng of DNA and
the Amersham RPN 1601 protocnl, supplied with the kii. The procedure was modified
by adding 1ud of 0.1M spermidine after the reaction had proceeded for five minutes at
37°C. The reaction was alloweG to contioue for another 15 minutes, prior to terminating
it by adding an equal volume of TE. Incorporation was highly efficient and thus not

routinely checked.

Al reactions were put through TE-saturated Sephadex (G50 spin columns to separate the
labelled DNA from the unincorporated nucleotides. This reduced the non-specific
backgrousd on the autoradiographs after hybridisation (Satabrook er af. 1989). The
volume of the labelled probe was made np to 1mé and the specific activity of the probe
was estimated by measuring the activity of 10ul in a scintillation counter. Prinr to
hybridisation, the labelled DNA was denatured by heating to 95-100°C for 10 minutes and
then placed on ice.

2.3.3.5 Hybridisation and antoradiography

The Hybond-N filters, prewet in 2xSSC, were placed in plastic bags with 7-10m¢
prehybridisation solution per filter for at least one hour. The solution was modified from
the manufacturer’s specification, firstly by adding 50% deionised formamide so that the
hybridisation temperature could be reduced from 65°C to 42°C, and secondly by
incorporating the denatured sonicated hevring sperm DNA directly into the solution.

The desaturea Tabelled probe DNA was added to the packet and hybridisation allowed to
proceed for 36-42 hours. An increased time of hybridisation appeared to improve the
signals considerably,

The hybridisation solution was removed and the filters washed. The washes for pSG21
were: 10 minutes in 3xSSC at room teinperature; two washes in 3xS8C at 65°C for 30
minutes each; one wash in 0.5xSSC/0.1% SDS at 65°C for 30 minates; one wash in
(0.2xS8C/0.1% SDS at 65°C for 30 minutes; and two washes in 0.1xSSC/0.1% $DS at
65°C for 30 minutes each.
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For all probes, except pSG21, the filters were washed twice in 2xSSPE/0.1% SDS for
15 minutes at room temperature, followed by two 20 minute washes in 1xSSPE/0.1%
SDS at 65°C. These washes were sufficient for probes pDHee, pDH12, pel.3 and pty.
The other probes (p5’HVR.14, pBRZ1, pa3’HVR.64, pP3.9, BIVS2, pRK20) required
two additional higher stringency washes, 0.5xSSPE/0.1% SDS at 65°C for 30 minutes
each. In addition, pP3.9 required two additional 0.1xSSPE/Q.1% SDS washes for 30
minutes at 65°C followed. All filters were finally rinsed three times in (.1xSSPE/0.1%
SDS and then individually sealed between plastic sheets for autoradiography.

The probe could be reused immediately by adding it to another set of blots which had
been prehybridised in plastic bags. The prehybridisation solution was removed and the
probe in solution simply added to the blots. If there was a delay before reasing the probe,
it was heated to 70°C to ensure that it was denatured.

The filters, sealed individually between plastic, ywere placed in Ckamoto cassettes with
Du-Pont Cronex tungstate intensifying screens. An Agfa Curix X-ray film was placed
over the filters and the cassette was kept at -70°C for 2-14 days, depending on the
intensity of the sigoal. The film was removed, developed in a Kodak RP X-omat
Developer and analysed.

2.3.3.6 Recuse of nylon filiters

One of {he major advaniages of nyloa filters is that repeat hybridisation can be done to
the same filter without significant loss of signal intensity or membrane disintegratios.
Prior to rehybridisation, it is necessary to strip the membrane to remove any bound probe
from the previous hybridisation. This was achieved by soaking the membrane for 10
minutes in denaturing solution and then soaking it twice for 10 minutes in a neotralising
solution, all at room temperature. The filters were . ored in 2xSSC at 4°C until reguired.

2.3.4 Approach to charactesisation of individuals using "Southern blotting®

Both the o and B globin gene clusters of all individuals were investigated in order to

determine the presence of gene rearrangements, the allele frequencies of different RFLPs
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and 1o characterise the o and § globin haplotypes present. Prior to RFLP and hapiotype
analysis, it is important to assess the number of genes ou a cliromosome, as this may

influence the interpretation of resulis.
2.3.4.1 Variation in the o globin gene cluster

T was found that the pBR{ probe hybridised to DNA digested with EcoRI was the most
etficient way to screen for ¢ cluster rearrangements, as both variations in the nurmber of
{ and « genes could be detected. Rearrangements of the { and « genes were confirmed
or. both BamHI rad Belll digests with the pBR¢1 and pDHe probes respectively. The
DNA fragments produced by the different rearrangements are¢ shown in Table 2.3.

The - chromosomes were subtyped using Apal digests and the pDHe probe. While the
e chromosome is recognised by fragments of 2.7kb, 1.7kb and 0.89kb, the -&*” is
associated with a 2.5kb fragment, the -o*™ with a 3.5kb and the -&™ with 2.7kb and
0.7kb fragments (Higgs e al. 1984).

The polymorphic sites studied in the o cluster are shown in Figure 2.1. Details of the
associated probes, enzymes asad fragment sizes for {{oo chromosomes are shown in
Table 2.4. Alterations produced by the different rearrangements are not shown.

The « globin haplotypes were constructed using RFLP sites 2-9 and typed using the
nomenclature of Higgs et al. (1986). The enzyme AccT was excluded from the anaiysis
as it was too costly. Thus types 1l and VI haplotypes and haplotypes Iie and VIIa could
not be distinguishied, as they differ only at the Accf site. Family studies were used to
determine the linkage phase of the markers, though it was not always possible o assign
haplotypes wnequivocally. The linkage phase of sites 1 and 10 with the haplotypes was

also determined,
2.3.4.2 Variation in the 8 globin gene cluster

v Uene rearrangements were detected using Bglil and the probe, py*. The yyy
chrrnosome is associated with an 18kb fragment, the normal yvy with a 13kb and the -y

Skell el n
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TARLE 2.3 DNA fragments produced by {and « gene rearrangements'

DiXOBE | ENZYME CHROMOSOME ]
{len Tiiaa -Joex §p-Ae
pBX{1 LeoKl 23.0 2 18.0 17.2
5.0 115 5.0
5.0
BamHI 9.1-14.0 9,1-14.0%(2)* 6.5or 20.0
5.9 5.9 6.2 5.9
Bglll 12.6 12.6 12.6 10.5
10.0-12.0° 10.0-12.0%2)°
- aa {Tooo e’ e
pDHa EcoRY’ 23.0 27.0 19.0 19.0
Lam#l 14.5 18.0 10.3¢ 9.8¢
Bglll 12.67 12.67 | 15.8 8.7
7.4 7.4
3,7 i
e R e TR S S st — ||

' Embury et al, 1980a, Goossens et al, 1980, Pressley ¢ al. 1980, Higgs f al. 1981, Trent ef al. 1981b,
Winichagoon et al, 1982, Lie Injo e al. 1985, Felice ¢r al. 1986.
All fragment sizes are approximate and are in kb,

% Fragment size may vary as it spans the inter-{ hypervariable region.

* Two fragments in the size range are present.

* Fragments are showa for the caa™®’, They are similar for aaa™** with EcoRI and BamHI, but
with Bglll, fragiments of 16.0and 7.4are seen.

S These fragments can bs detected with pBR{1 as well.

S Fragments are difficult to distinguish, unless in the same lane.

" The presence of an additional Bg/Il polymorphism may rvesult in a 5.2kb fragment with pBR{1 or
a 7.4kb fragment with pDHe in place of the 12.6kb fragment,

¥ The --* variant hybridised with the pBR{1 probs produces fragments of 7.0kbwith Bgll, 5.9 with
BaHI and 5.0kb with EcoRI (Vandenplas et al. 1987).
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FIGURE 2.1 Polymorphic sites studied in the « globin cluster

1: 5 hypervariable region, 2: Xbal, 3: Ssil, 4: Bglh, 5: Interl hygpervarisble region, €: Ssil site,
distinguishing {1 (PZ) from {1 (Z) form of gene, 7: Rsal, 8: Pstd, 9: Psel, 10: 3" hypervariable region.




TABLE 2.4 « globin gene cluster RFLPs

PROBE RFLP } FRAGMENTFOR ENZYME FRAGMENT REFERTNCE
SITE' | OLIGOLABELLING SIZES? :

pS’HVR, 14 1 '770bp EcoRU/Hindll Rsal 1.9-10.2kb Jafmm and Higas (988

PBRI1 2 1.9kb Hinfl Xbal 20kb () ~~ | Felice ef af, 1986
16kb {+) -

ps321 3,5 1.1kb Alul Ssl 5.7-7.2Kb(-)? Goodboum ef al, 1983, 1984
3.0-5.0kb(+) ,

pSG21? 4,5 1.1kb Afut Bell 7.5-9.5kb{-)* Higgs et al. 1986
4.24.5kb{+)

pBR{1 6 1.16kb Belll/Pyull Serl 1.85-2.0kb(PZ)" Hill & al. 1985a
1.55kb ¢Z,

pDHa 7 1.5kb Psri Rsal 3.5kb (-) Higgs et al, 1984
2.4kb (+)

pDHe 8 1.5kb Psi] Psil 1.5kb () Higgs et al. 1986
L.3kb{+)

pDH12 9 0.8%b BamHI i pei 2.9kb () Higes et al, 1986
1.9kb (+)

o3’'HVR 10 4kb Hinfl Pull 1.6-9.4kb Jarman er ol. 1986

! The positions of RFLP sites are as shown in Figure 2.1.
2 Fragment sizes are shown for chromosomes with the nosmal complement of genss ({{aa). Rearrangements in the cluc ar may alter these,
- apd + derote the absence and presence of 2 polymorphic reseriction enzyme site respectively.

A range of fragment sizes are seen wher2 a VNTR region is included in the analysis.
3 Fragmenis span ihe inter{ hypervariable region, whick has aileles broadly classified into S, M and L.

7~
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4 Fragments span the hypervarable region of the first intron of the {1 gene. y{1 forms of the gene arc designated PZ and {1 formns Z.
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witly an 8kb (Trent ef qf. 1981a, Sukumaran eof al. 1983). The °y%% and “y'y

rearrangements were sought using Psif and s wrabe, py* (Powers er al. 1984),

The polymorphic sites stadie] in the 8 cluster are shown in Figure 2.2, with details of the
probes, enzymes and fragment sizes showit in Table 2.5. Sites 1, 3-7 and 9 can now be
studied using PCR (as described in Section 2.3.5.1).

B globi.: haplotypes were constructed using sites 1 and 3-9 and family studies were again
ustd to establish the linkage phase. The linkage phase of site 2 with the haplotypes was
“also determined.

2.3.5 Analysis of genomic DNA using the polymerase chain reaction (PCR)

The PCR reaction, first described by Saiki ez al. (1985) and Muilis and Falcona (1987),
enables DNA to be amplified rapidly in virro and, compared with Soutkerc biotting,
reduces the time for analysiz considerzbly. As the technique culy bzcame available
relatively late in the study, most of the work was done by Southern blotting. However,
it was used for mutation analysis, DNA sequencing and limited RFLP analysis.

All PCR reactions were done in a Perkin-Elmer Cetos or a Hybaid thermocyclet, in a 25-
50p1 volume, using 2 umits of Promega Taq Polymerase, 1/10 volume of the
recommended buffer (final concentration 50mmol/¢ KCl, 10mmol/f Tris HCI, 1.5mM
Mg Ci,), 0.5-1xdNTPs (62.5-123uM of each nucleotide) and 5-12.5pm of each primer.

2.3.5.1 RFLP analysis

Towards the end of this study, primer sequences became available that allow: 1 detection
of all but one of the RFLPs in the 8 globin haplot, pe. No primers are available for the
HindIl\/3’B RFLP as .. sequence of the region bas not been published (Dr J Old,
personal communication 1990). The orimer sequences are shown in Table 2.6, together
with the enzyrae/probe combinations for <he corresponding RFLP sitss, and the sizes of
the fragments produced after amplification and digestion respectively.
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FIGURE 2.2 Polymorphic sites studied in the g globin clusi:

v Hincll, 2: Xmnl, 3: Hinalll, 4: Hindili, 5: Hinell, 6: Hincll, 7: Avall, 8: HindUl, 9: BamHI.




TABLE 2.5 ( globin gene cluster REFLPs

P .i _
PROBE RFL? TRAGMENTFIR ENZYME TRAGMENT SiZES* REFERENCE
SITE: | OLIGOLABELLING
pzi.3 3 1.2¥b Bamiii/EcoRI HirncH 8.0kb¢-) Antonarakis ef i, 1982a
3.7k6{+)
By 2 3.2k Hindlll Xl 8.0kb (- Gilman and Huisman 1985
TORB( ¥
iy 3.4 3.2kb RindIlT HindI}l Gy 7.8kb (< Jeffreys 1979
7.1kb {+) Tuan ef al, 1979
A 3,5kb ()
! 2.8kb (%)
i pP3.9 5,5 1.7kb Bgfll/Xbal Hinclt 7.6kb{-) Antonarakis er al. 1982a
- 6.0kb (-+)
4.6kb/3.0kb ()
3.0kb/3.0kb {+ +}
f BiV82 7 0.92kb BamHI/EcoR1 Avall 2.2kb () Antonarakis er al. 19823
2.0kb (+)
pRK2% 8 0.9kb Beill/EcoR] ; Eindil i5.5kb {9 Tuan ¢f al. 1983
} 13.5kb (+)
BIVS2 9 0.92kb BamHI/EcoRI BamHI 22.0kb{-) Kan et af. 1980
' 9.3kb{+)
i

! The positions of the RFLP sites are as showa in Figure 2.2,
2_and + denote the absence or presence of the polymorphic restriction enzyme site respectively.
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KN




TABLE 2.6 PCR primers for § globin gene cluster RELP analysis

‘ .
FRODUCT FRAGMENTS AFTER
RFLP SITE® FPRIMER SEQUENCES> SIZE DIGESTION® f
{bp) thp) !
- + C
Hincllle (1) TTAAGAGAGCTAGAACTGTTGAG 158 158 | 86/72 -
AAGCCTCATATAAAGGAGCAAATC
HindllEGy (3) AGTGCTGCALGAAGAACAACTACC 323 323 23598 .
CTCTGCATCATGGGCACTGAGCTC
HindlliAy (4) ATGCTGCTAATGCTTCATTAC 635 635 327/308 -
TCATGTGYGATCTCTCTCAGCAG
Hincll/5"Y2 (5) TCCTATCCATTACTGTTCCTTGAA 794 794 687/107 -
ATTGTCTTATTCTAGAGACGATTT
Hincll/3° 48 (6} GTACTCATACTTTAAGTCCTAACT 914 914 4807434 -
TAAGCAAGATTATITCTGGTCTCT
Avall}f (7} ACTCCCAGGAGCAGGGAGGGCAGG 676 315 214/101 361
TTCGTCIGTITCCCATTCTAAACT .
HinfHIF (9) TGGATTCTGCCTATTAAAA 743 341 2137128 2441154
GGGCCTATGATAGGGTAAT

! The pusnbers correspond o the positions of the RFLP sites shown in Figure 2.2.

 Primer sequences were kindly supplied by Dr 7 OId in 1990. The Hindlli/% and Hinfl/8 sequences were previously pablished (Kulozik er al. 15880, Sewenza ef
al. 1989). The Hindillf*y primer seguences are those published by Varawzila ef al, 1992},

8 Primpr sequences are shown from 5° to 3/ for the forward znd reverse primers sespectively.
- spd - denote absence and presence of the polymorphic site respectively. C denotes constant bands.

5 ‘This site has been skown fo be in complate linkage disequilibrium with the BamHI site and can thus be used in place of it (Semenza 2t al. 1999). If the Ae,lan

Ina.an 619bn deletion is present, the binding site for the forward primer is deleted, ‘There is therefore no ampiification from the chromosome currying the delerion. O
v
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Tk PCR condition: and methods used followed those described previously (Old ez al.
1990). A firal concentration of 62.5pM of each of the deoxynucleotides and 5pm of each
primer was used, with the exception of the Hinfl/B system where 12.5pm of ¢ach primer
was required for efficient amplification. Samples were denatured at 93°C for seven
minutes, after which annealing was allowed to occur for seven minutes at 53°C. During
the annealing period the enzyme was added, a so-called ‘hot-start’, Thirty step cycles of
denaturing at 93°C for 60 s2conds, annealing at 65°C for 60 seconds and extension at 72°C
for 90 seconds, respectively, were followed by a final extension step at 72°C for three
minutes. Conditions were ideptical for all sets of primers, with the exception of primers
Hinfl/B and Feici 348 which gave better results with annealing temperatures of 59°C
and 61°C respectively.,

Products were digested after amplification by adding 5-10 units of the appropriate
enzyine, together with the recoramended buffer, directly into the PCR tube and incubating
for 1.2 hours at tite recommended temperature for the enzyme. Digested products were
ron on 1.5% Nusieve/1.3% HGT composite agarose gels for all the systems except
Hincll/e and Hinfl/B, where a 3% Nusieve/1% HGT composite agarose gel was required
to separate the fragments.

Although the bulk of the population screening work was completed using Southern
bloiting, the primers have been used in 2 number of prepatal diagrioses, whete the time
for analysis has been reduced dramatically (see Section 7.2.3.3.2)

2.3.5.2 Mutation analysis

2.3.5.2.1 The ARMS technique for detection of B thalassazemia mutations

The ARMS (Amplification Refractory Mutation Systemn) technique, originally described
by Newton ef al. (1989), was applied by Old e al. (1990) to the detection of B
thalassaemia wmutations. Tt relies on the principle that an oligonucleotide with a '
mismaich will sot function as a primer for PCR amplification under controlied conditions.

Thus, an oligonucleotide complementary to the normal sequeace will not amplify he
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DNA if a mutation is present at the 3° site. Similarly, an oligonuclectide complementary
to the mwiant scguence at the 3’ site will not amplify the normal DNA. Absence or
presence of a particular amplification product can therefore indicate the absence or
presence of a mutation, Specificity of primers is increased by introducing a deliberate
mismatch four base pairs away from the end of the primer. A second set of primers is
introduced into the reaction as a control, so that non-amplification due to mistaatch can
be distinguished from non-amplification for other technical reasons (OI4 er al. 1990).

In order to identify the § thalassaemia mutaticns present in the South African cobost, we
first aimed fo identify most of the 17 pieviously described :\sian Indians mutations
(Kazazian et al. 1984a, Thein et al. 1988, Old er al. 1990, Varawalla ¢f al. 1991b,c).
The two mutations described most recently (Garewal et af. 1994) were nol specifically
sought, as the daia were pubiished after completion of the study.

The ARMS technique was used io screen for 13 mutations, including the five thought to
be most common (Thein ef af. 1988, Varawalla ef al. 1991b), namely IVSintS, IVSiatl,
codon 41742, codon 8/9 and the 619bp deletion, the latter detectable with the contro!
primers, The primers used are shown in Tables 2.7 and 2.8, together with the mutations
they detect and the size of the amplified product. Primers for the normal DNA sequence
at the positions of ¢i:2 four comaon mutations were also synthesised so that heterozygotes
and homozygotes could be distinguished (O1d ez ¢, 1990). These are also shown in Table
2.7,

Primers for the remaining four rare mutations, vamely codon 5 (-CT), codon 30 {G—>A),
cedon 88 (4T) and IVSInt110 (G-A), were not syafaesised as the mutations were
considered rare and DNA sequencing was considered a more cost-effective way to screen
for them. DNA sequencing also covered the regions where two new mutations have

recenily been described (Garewsl ez of. 1994).

In all reactions two sets of primers were used, those designed to detect the sequence at
the site of the mutation and a control set of primers to ensure that the DNA had
amplified. 5pM of cach primer were used, as well as 62.5 uM of each nucleotide and
0.25mM spermidine teibydrochloride, found to increasc amplification specificity (Straub




TARLE 2.7 PCR primers for detection of the five common Asien Indian mutations

s e momssames | g | ST | comor
IVSint5 (G=C) m CTCCTTAAACCTGTCTTIGTAACCTTIGTTAG C 285 AB
fVS8int5 n CTCCTTAAACCTGTCTTGTAACCTTGTTAC C 285 A/B
[VSinti (G-»T) m TTAAACCTGTCTTGTAACCTTGATACGAAA C 281 AB
V&intl n | GATGAAGTTGGTSGTGAGGCCCTGGGTAGG D 450 A/B
Codon 4142 (-CTTT) m G.%GTGGACAGATC&CCAAAGGACT CAACCT C 439 AB
Codon +41-42n GAGTGGACAGATCCCCAAAGGACTCAAAGA C 443 A/B
Codon 8-9(+3G) CCTTGCCCCACAGGGCAGTAACGGCACACC C 215 AfB
Codon 8-9n CCTTGCCCCACAGGICAGTAACGGCACACT C 214 AB

! m = mutation-sequence specific, n = nommal-sequence specific.
% Primer sequences were kindly supplied by Dr J Old, Oxford in 1990 and all cequences are shown from §' to 3°,
* Sequence of primer C: ACCTCACCCTGTGGAGCCAC
Sequence of primer D: CCCCTTCCTATGACATGAACTTAA
1 Sequence of primer A: CAATGTATCATGCCTCITTGCACC
Sequence of privier B: GAGTCAAGGCTGAGAGATGCAGGA
Primers A and B normally amplify 2 fragment of $61bp. They span the common Asmn indiaa 619bp deletion which, if presant,
resvlis iz a fragment of 242bp (OId er o 1590).

O
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TABLE 2.8 PCR primers for detection of eight of the rare Asian Tndian mutations

At et

PRODUCT -
ALLELE-SPECIFIC . oz PAIRED CONTROL
PRIMER" PRIMER SEQUENCE PRIMER® S{hli;‘,‘ PRIMERS® REFERENCE
Codon 15 (G+A) m TGAGGAGAAGTCTGCCGTTACTGGCCAGTA D 500 AIB Dz § Old, personal
communication 1990
Codon 16 (-C) m TCACCACCAACTTCATCCACGTTCACGTIC C 238 A/B Pr ¥ Old, personal
communication 1990
-88 (C-T) - TCACTTAGACCTCACCCTGTGGAGCCTCAT D 655 A/B Dr 3 Oid, personal
commanication 1990
Cap +1 (&~ m ATAAGTCAGGGCAGAGCCACTTATTGGTTC D 567 AlB Dt J Old, personal
compunicatics 1950
IVS: (-25k> v m CTCTGGGTCTAAGGGTAGACCACCAGCATA C 354 AlB Dr J Gid, personal
commmunication 1990
Codon 30 (G-C) m TAAACCTGTCTTGTAACCTTGATACCTACG 280 A/B Varawalla er al. 1991b
iVS82atl (G~A) m AAGAAAACATCAAGGGTCCCATAGACTGAT C 634 A/B Varzwalla et ai. 1991b
1V S2at837 (T~3) m CCTTTIGCTAATCATGTTCATACCTCGTAG B 646 Sy RFLP Varawalla et al. 199ic

' m = mutation-cequence spacific.

* All primer sejuences are shown from 5' to 37,

* Sequences of primers A, B. C and D are shown below Table 2.6.
The sequesces of the Oy RFLP primers are shown in Table 2.5.

66
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and Bale 1990). All amplifications were done using the same PCR programme as that
used for the RFLPs, except that the number of cycles was reduced to 25 to prevent the
generation of misprimed products in significant quantities. The annealing temperature for
1VS2nt837 m (Table 2.8) was reduced to 64°C.

In each set of reactions, negative controls were inctuded and a positive control, where
possible. Vhen a mutation was identified in a proband, its presence in one or both parents
was aiways confirmed, Apart from using the ARMS technique fo screen for B
thalassaemia mutations in the population survey, it has also been used for prenatal

diagnosis (see Section 7.2.3).

Products were loaded on ethidium bromide stained 1.5% Nusieve/1.5% HGT composite
agarose gels and run for 1-2 hours at 100V. Gels were photographed on an ultraviolet
transilluminator and analysed.

2.3.5.2.2 Detection of the B85 mutation

‘The sickle cell mutation was detected by PCR amplification of the 3’ region of the §
globin gene, followed by Ddel digestion. This was used for a number of prenatal

diagnoses,

The primers, systhesised based on information supplied by Dr § Old (personal
communication 1990), were:

5.  GGCCAATCTACTCCCAGGAG

3:  ACATCAAGGGTCCCATAGAC

5pM of each primer and 125:M of each deoxynucleotide were used in the reaction, which
consisted of 30 cycles of denaturation at 94°C for 48 seconds, annealing at 59°C for 48
seconds and extension at 72°C for 90 zeconds, after an initial depaturation and annealing
step as in the RELP reaction {(see Section 2.3.5.1). A final exiension period of 10 minutes
at 72°C completed the reaction.

The product of 605bp was digested with Ddef and run on a 3% Nusieve/1% HGT
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composite agarose gel. The presence of a $° muiation results in a fragment of 351bp,
while the 8* chromosome results in fragments of 201bp and 150bp. Constant fragments
of 89bp, 88bp, 40bp and 37bp are also produced. The resulis of a typical reaction are
shown in Figure 2.3.

2.3.5.2.3 Detection of the B° cnd 8°™* mutaticns

The 8% mutation can be detected by amplification of part of the § globin gene with
primers codon 41/42n and C (described in and below Table 2.7 respectively), followed
by Mnll digestion (Old and Ludlam 1991), as the £° mutation abolishes an Mn/I site
(Thein e al. 1987b).

The presence of the 8% mutation is indicated by a 230bp fragment, while the 8* gene
results in fragments of 170bp and 60bp. These can be detected on a 3% Nusieve/1% HGT
composite agarose gel.

The B°™* mutation can be detected by amplification of part of the 8 globin gene with
primers A and B (described below Table 2.7}, followed by EcoRI digestion (Old and
Ludlam 1991), as the 87 mutation abolishes an EcoRlI site (Trent ef al. 1984).

The presence of the 8°™* mutation is indicated by a 867bp fragment, whereas the B*
gene results in fragments of 558bp and 309bp.

Neither of these detection methods has been used yet for a prenatal diagnosis, although

families with these haemoglobin variants have requested workups.
2.3.3.3 DNA sequeacing

Direct DNA sequencing of the B globin gene from PCR products was carried out in an
attempt to identify the unknown mutations on the remaining B thalassaentia chromosomes,
where no mutations had been detected with the ARMS techiniqus. Primers that had already
been synthesised as part of the ARMS screening technique were used to Iimit costs, The
primer pairs C and D and A and B were used to amplify the two fragments of the £

Iy e )
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FIGURE 2.3 Detection of the §° mutation by PCR.

Lanes 1,2 8% homozygotes, lanes 3,4 8% homozygotes, lans 5 B*/B* heterozygote. tane 6 tkb molecwlar

stze marker.

The fragments produced after Ddel digestion of the 605bp product are indicated alongside the
photograph and shown schematically below the photograph for the 8* znd §° genes, respectively.

The * indicates codon 6 of the 3 slobin gens, the site of the 8° mutation.
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globin gese shown in Figure 2.4, They span the areas in which the majority of 8
thalassaemiz mutations has been found (Kazazian 1990). Due to the cost of primer
synthesis, it was not possible to synthesise additional primers to span the remainder of the

gene.

The PCR couditions were the same as those used for the RFLP analysis (see Section
2.3.5.:). The nroduct was run into a 1% low-melting point agarose gel, until the produci
could be seen as a distinct band. A DNA plug containing the product was removed with
a pipette tip and placed in 500p1 of distilled water. This was heates 10 65°C for 5-10
minutes and vot'exed vigorously to dissolve the agarose, following which 10ul of the
solution was used to set up a second round of PCR in which conditions were again
identicat to those used in Section 2.3.5.1, except the number of cycles was increased to
35 and one of the primers in each reaction was diluted 25-100 fold to obtain single-
stranded product for sequencing. An aliquot of the reaction product was again run on a
gel to check that asymmetric product was obtained. In both seis of reactions it was only
possible to obtain single-stranded product in one direction, namely when primers D and
A respectively were in excess, despite numerous attempts at altering reaction conditions.

The PCR product was purified on a Miilipore Ulirafree-MC 30 000 NMWL Filter Unit.
TE was passed through the filter three times, by spinving the unit at 5 600rpm for five
minutes. The BNA, which was used as a sequencing template, was recovered from the
mesnbrane, resaspended in 30-50x1 of TE and stored at 4°C.

DNA sequencing was performed by the dideoxy chain terraination method of Sanger ef
al. (1977) following ihe Sequenwse version 2 protocol (United States Biochemical),
supplied with the Scyuenase kit. 7ul of template DNA was used, together with 4pm of
the appropriate sequeneing primer, ¢ her that which was limiting in the PCR (C or B) or
the TVS1nil n primer as an additional internal primer with the C/D product (see Figure
2.4). Samples were radioactively labelled using *S-dATP and both 1/5 and 1/20 dilutions
of the labelling mix were used, so that a greater area of the sequence could be rens.

After the sequencing reaction was complets, samples were ren on 2 0.2mm 6% denaturing
polyacrylamide gel at 50-55°C and 1200-1400V for 1,5-4 hours, depending on the region
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FIGURE 2.4 Regions of tie § globin gene amplified for sequencing
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The sequences of primers A, B, C and D are listed below Table 2.7, while that « . . /Sint] n is shown
in Table 2.7.The DNA sequences of the regions from 70 to the cap site to IVSZnt33 and from +34to
the termination coden to +3C0 to the Poly-A site could be clearly read on sequencing gels, As
sequencing was only done in one direction and intermediate primers for th: A/B product were
unavailable, the complete region ampiified could net be sequenced.
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of the sequence which was 1o he read. Gels were fixed with a 10% methanal 0% ac\ut'c ,
acid sclution and transferred on to filtkr paper, prior to drying and autoradlography |
‘ !
All the samples saluénced came from individuals who were compound heterozygotes foil l| |
two different B thalassacmia mutations. Thus, a point mutation appeared as two bands & :
the same position on a sequéncing gel and a frameshift mutation appeared as a doubl;
fadder from the site of the mutation Once a mutation had been identified in a pioband l_‘_i,
’ its preserce was confirmed by sequencing the same region in the parent whose mutatic .

|
was unknnwu ~id also sequer g DA from a normat individual to exclude artefact |
the rcgmn. "

2.4 Siatistical analysis of resnits

The student’s t-test was used to covapere ¢ . mally distributed data, while a cln-qqua ].d

test was used for comparison of allele frequencies between populations. Genetic divex (ty

was calculated according vo Nei (1987). i
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CHAPTER 3 - A HAEMATOLOGICAL PROFILE OF THE SOUTH AFRICAN
ASIAN INDIAN POPULATION

In this chapter, a haematological profile of the South African Asian Indian population is
presented, based mainly on the resuits of the svrvey of Leisasia schools. The survey also
provided data from which the frequencies of the B thalass.emia and 8° alleles in the magor
religious and linguistic swbgroups could be estimated and the major causes of
microcytoesis, hypochromia and/or anaemia could be determined. Minimusm estimates of
o thalassaemia frequencies in the different subgroups, dased on the survey, were refinec
using molecular studies on the parents of the randomly collected families. These data were
used 10 assess the vaine of a screening programsse for carviers of the B thalassaemia and
##* alleles since these disorders, in homozygous form, cause serious and disabling diseascs,

and thus present a major drain on heath resources (see Section 7.1).
3.1 Resulis
3.1.% Haematolopical parameters

Haematological parameters were determined on an electronic cell «ounter. Table 3.1
shows the means and standard deviations of the red cell covnt (RCC), kzemoglobin level
(Hb), mean cell volume (MCV) and mean cell haemoglobin (MCH) for the total Lenasia
sample studied (including the minor religious and language groups) and, individually, for
the maior religions and linguistic subgroups. The mean values in the different groups were
compared using the Studeot’s t-test.

Since gender influences the haematological parameters, each group, except the findu
Hindi, was divided into males and females for comparison, and also compared as a
compiete group, with the sexes combined. The Hindu Hirdi group was considered too
small to divide by sex and the whole group was not used in statistical comparisons with
the other religious and langnage groups, as there were uneven numbers of males and

feimnales.
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TABLE 3.1 Resuits of red blood cell pag'ametera_ detefmined in the Lenasia schools survey

'n = number of individuals sindied. _
* Lenasiz refers to the total sample studied in the Lenasia schools survey, including the minor-refigious and laaguage groups.

RCC (x102/¢) Hb ‘gldt) - MOV MCH (o)
GROUP w e -
it Mean Sb Kean” - SE:. i Mean - SD Mean b L
Lenasia® 638 5.33 0.56 1< T 18 85.3 7.0 28.3 2.8
Male 329 5.64 0.45 15.2 1.4 86.0 €9 28.8 2.5
Female 309 4.99 0.45 13.8 1.4 84.6 ° 7.0 27.8 3.0 T
it Moslera o
Gujer; ~ 305 5.36 0.56 15.1 1.8 £5.3 6.1 28.2 2.7
Mot 155 5.66 0.47 16.2 1.3 86.2 5.0 28.7 2.2
Female 150 5.06 0.47 13.9 1.5 84.4 7.0 771 3.0
Hindu
Gujerati 175 5.29 0.59 14.7 2.1 84.4 9.4 28.0 3.3
Male 89 5.64 0.51 6.0 1.7 84.9 10.4 28.6 3.0
Female 86 4.94 0.43 13.4 L6 83.6 8.2 27.3 2.4
Hiuda
Tamil 115 5.21 0.47 15.1 1.5 87.0 4.6 25.1 2.0
" Male 57 5.51 0.32 16.3 0.8 87.5 3.9 29.6 L6
Female 58 4.92 2.40 14.0 1.1 86.4 5.2 28,6 2.2
i Hindu Hindi 21 5.59 0.56 15.5 L5 848 | 5.8 21.8 2.5

01
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The RUCs, Hos and MCHs of the males were significantly higher than those of the
temales (p<0.001) in all groups studied (namely the fotal Lenasia sample, the Moslem
Gujerati, Hinduy Gujerati and Hindu Tamil). While the males’ MCVs were higher than
those of the females in all the groaps, the differences between thie sexes in the total
Lenasia sample andjthe Moslem Gujerati were the only ones to reach significance
(p<0.05)

When the subgroups, consisting of approximately equal zumbers of males and females,
were cinpared, the Moslem Gujerati had the highest mesn RCC, the Hindu Tamil the
lowest aqd the Hindu Gujeran were intermediate. The RCCs of the Moslem Gujerati and
Hindu Tamil were significantly different in the combined and male samples (p <0.05).
Hb levels were similar in the Moslem Gujerati and Hindu Tamil, but lower in the Hindu
Gujerati, Hb levels in Hindu Tami! females were significantly higher thag in Hinda
Gujerati females (p<0.01). The Hindu Tamil had the highest mean MCV and MCH,
followed by ihe Moslem Gujerati and the Hindu Gujerati. The mean MCV in the Hindu
Tamil was significantly higher than in both the Moslem Gujerati and the Hinda Gujerati
in the combined (p<0.001) and female (p<90.05) samples. Similacly the MCH was
significantly higher in the Hindue Tamil than in both the Hindu Gujerati and Moslem
Gujerati combined (p <. 0.001 for both these groups) and male (p < 0.05) samples and than
Hindu Gujerati fernales (p<0.05).

Tron studies and HbF determinations were cone oni as many samples as were available.
Table 3.2 shows the mean and standard deviations for the serum iron, transfercin,
percentage saturation of transferrin and HbF for the towy Lenasia group stucied as well
as for the major subgroups. In some cases, the samples were insufficient for alt the assays
and thus the nambers are reduced from those presented in Table 3.1. The Hindu Hindi
were again excluded from the comparative analysis because of the small <ample, with

uneven numbers of males and females.

The mean values in the subgroups weie compared using the Student’s t-test. The mean
serum irca levels 2ad percentage transferrin saturation were higher (p<0.001} and the
transfezti; level was ‘ower (p-<0.001) in males compared to females for the total Lenasia
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TABLE 3.2 Resuits

of iron studies and HbF determination in the Lenasia schools survey

SERUM IRON TRANSFERRIN TRANSFERRIN HbF
{smol/?) SATURATION (%)
GROUP o (%) o
Mzan 5D Meaxs SD “fean SD < & Mean SD
Lenasia® 560 17.4 7.8 3.46 0.71 20.3 10.6 649 0.5 0.3
Male 289 20.9 7.9 3.30 0.67 24.2 10.9 325 0.5 0.3
Female 271 14.6 6.6 3.62 0.72 16.2 8.4 - 304 0.5 0.3
Moslem
Gujerati 257 17.4 7.4 3.41 0.71 20.6 10.3 299 0.5 5.3
Male 135 19.9 7.5 3.27 9.70 24.3 10.6 153 0.5 0.3
Female 122 45 | 62 3.56 0.70 16.5 8.1 146 0.5 0.3
Hindu
Gujerati 155 16.7 8.7 3.66 0.69 18.6 113 172 | 0.4 0.2
Male 75 19.8 9.1 3.45 0.68 23.2 2.2 87 0.4 0.2
Female % 13.8 7.1 3.86 0.66 14.2 8.4 85 0.4 0.2
Hindn
Tamil 108 18.5 7.6 3.30 0.66 22.2 10.4 i16 0.4 0.4
Mate 53 21.5 15.6 3.08 0.48 26.9 10.2 58 0.4 0.2
Female 55 15.6 6.5 3.50 0.74 17.7 8.5 58 2.5 ¢.5
Hindu Hindi 18 17.6 7.5 3.53 0.50 19.3 8.8 21 04 | o2

' 1 = pumber of individuals for iron studies.
*n = number of individvale for HF determination.
3 Lenasia refers to the toisf sample studicd in the Lenasia school survey, including the minor religicus and Janguage groups.

.. "60T
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group and the subgroups studied. The Hindu Gujerati had the highest transferrin Jevels

and the lowest serum iron and percentage teansferrin saturation. The Hindu Tamil had the
Jowest transferrin levels, with the highest serum ircn and percentage transferrin saturation,
while the Moslem Gujerati were intermediate, Transferrin levels were significantly higher
in the Hindn Gujerati than in the Hindu Tamil and Moslem Gujerati in the male, femaie
and combined samples (p<0.001). Similarly the transferrin saturation was significantly
lower in the Hindu Gujerati than in the Hinde Tamil (p <0.001). Average HbF levels
were higher in the Moslera Gujerati than in the Hindn Gujerati (p<0.601) or Hindu
Tamit (p<0.C5* In general, HYF levels were <1% in individuals with normal
haematology. A few individuals with levels between 1 % and 2% were found, the majority
being carriers of either § thalassaemia or £°. One Hindu Tamil individual with normal
haematology and a normal 3bA, had a HbF of 3.6%. Unforiunately it was not possible
to obtaia additional samples from her or ber family to determine the cause.

3.1.2 B thalassaemia, 8° and other 8 globin variants

HbA; levels, which are raised in heterozygous 8-thalassaemia, were determined on all 171
individuals who had microcytosis (MCV <80f¢), hypockromia (MCH <27pg) and/or
anaemia (Hb< 13g/d? in males and < 12g/df in females). The MCV/RCC ratio was not
useful, since it is not diagnostic in cases with ~oncurrent iron deficiency (see section
7.1.3). 8 thalassaemia heterozygotes were identified in the Moslem Gujerati and Hindu
Gujerati groups. These results were confirmed on a /epeat blood sample. The estimated
frequencies are shown in Table 3.3. B thalassaemia alleles do occur in the other major
groups, Hinds Hindi and Hindu Tamil, as well as in the minor groups, Moslem Mermon,
Moslem Urdu and Hindu Telegu, as evidenced by the families with major
haemoglobinopathies encountered in the study. The families all had individvals with
thalassaemia major, except where stated otherwise. They were distributed as follows:

Moslem Gujerati 13 (2 compound beterozygotes with 85, 1 with 8°)
Hindu Gujerati 6

Hindu Hindi 5 (1 compound heterozygote with £, 1 with 5%
Hindu Tamil 3

Moslem Urdu 6 (2 compound heterczygote with §°)

Moslem Memon 2

Hindu Telegu 1



ke

TABLE 3.2 Prequencies of the § thalassaemia and §° alieles in the Seuth African Indian groups studied
8 THALASSAEMIA fid ]

GROUP! " HETEROZYGOTE ALLELE HETEROZYGOTE ALLELE

- RATE FREQUENCY SE’ RATE FRFQUENCY sg’

(%) (%)

Moslem 305 2.0 0.016 0.004 1.3 0.007 0.003
Gujerati
Hindu 175 1.1 - 0.006 0.004 - . .
Gujerati
Hindu 115 - - - 0.9 0.004 0.004
Tamil

! Ope Hindu Telegu f° heterozygote was also observed in the random survey. Only two Hindu Telegn individuals were studied and thus
¢ frequency was not calculated.

?n = number of individuals stadied.

3 SE = standard errcr, calculated a9 vipg/2x).

il



AN
N

12

Insufficient population data are available on the numbers of individuals in the Indian
subgroups in South Africa ~ud it is thus rather o .deult to estimate allele frequencies from
the homozygote frequencies. In addition, the cases studied do not represent ail o ajor
haemoglobinopathy famities in South Africa, but only those encountered in our research
and diagnostic work on the haemoglobinopathics, and thus ascertatnmert was incomplete.

Cualitative celiulose acetate electrophoresis was carried out on the 638 saraples to identify
any haemoglohin variants present. HbS, confirmsd on citrate agar electrophoresis, was
the only variant detected in the survey. Estimates of the allele frequency were only
possible in the Moslem Gujerati and Hindu Tamil. Yhese are shown in Table 3.3. In the
Hindu Gujerati, no B° heterozygotes were fomnd zmong the 177 individu*s tested and
aithough the sample was small the frequency can thus be estimated to be less than 0.003.
I the Hindu Hindi too few individuals (20) were studied to estimate the frequency.

The B* allele also occurs in at least some of the oiher subgroups, namely Hindu Gujerati,
Hindu Hindi, Mosiem Urds and Hindu Telegu, as evidenced by families encountered in
the course of the study who carry the allele. Similarly, Moslem Gujcrati and Hindu Hindi
families with a 8° alleie and Moslem Gujerati and Moslem Memon families with a £>¥=#®
(henceforth referred to as B%) allele were encountered.

The frequencies of the B thalassacnda and £ alleles did not deviate from Hardy-Weinberg
equilibvium and were not significantly different in the groups in which there were

sufficient individuals for comparison,

3.1.3 Causes of microcytosis and hypochromia in Souih African Indians

Of the 638 individuals surveyed, 171 individuals or 27.5% had microcytosis

{(MCV < 80£¢), hypochromia (MCH <27pg) and/or anaemia {(Hb <13g/d? in males and
<12g/d¢ in females). Although there were individuals who had microcytosis and/or
hypochromia without anaemia, none of the araemic individuals had normocytic,

normochromic or macrocytic indices.
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The causes of microcytosis and/or hypochromia were:

6
1
1
54

3
54

13
)
I
1
13

# tholassarmia heterozygotes and ow/oo

8 thalassaemia heterozygote and ~o/-ce

8 thalassaeoni heferozygote and ovar/cvex

-oeloee

-of-o

Tron deficiency and ao/ae

Iron deficiency and -o/oe:

Iron deficiency and -o/-o:

ac;al’cza

Normal & globin genes and haematological indices on repeat sampling

Norraal irgn levels, no repeat sample available for determination of « thalassaemia
statas

Unknown - no seruin available for iron studies or repeat sample for DNA studies

The e thalassacmia status of individuals was determined by DNA analysis, as discussed l‘
in Section 2.3.4.1, |
I

Thas, of the 171 individuals, eiohit (4.7 %) were b thalassaemia heterozygotes, 68 (39.8%) |
were iren deficient and at least 67 (39.2%) were -a/aa and seven (4.1%) -¢.' . Fourteen !

individuals had o thalassaumia and iron deficiency and two individuals were found to be
aver/oer. The pumber of individuals with o thalassacmia is an underestimate 2s it was
only possible to get repeat samples for DNA analysis from 137 of the individuals and thus
35 of the individuals, including 13 of the non iron deficient individuals did not have their

« thalassaemia status determined., t

The rate of microcytosis and hypochromia in the swhgroups were:

The relative contzibutions of thalassaemia, both « and 8, and iron deficiency differ in the

Meslem Gujerati 27.9% :
Hindu Gujerati 31.0% |
Hindu Hindi 23.8% '
Hinda Tamil 16.5%

T A e AR T T T 2 1 e T S T A TR e A i - _ B 3 t =t b e SR ™
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groups. In the Moslem Gujerati, Hindu Tamil and Hindu Hindi the ratio of thalassaemia

carriers to iron deficient individuals was 1.6, 2.2 and 1.5 respectively, while ir the Hinda

Gujerati it was 0.7.
3.1.3.1 Iron deficiency

The average rates for ircn deficiency in the major groups were estimated and are shown
ia Table 3.4. All iron deficient indivi-luals were microcytic (MCV < 80f?) or Irypochromic
(MCH<27pg), and all had fow serum iroa (< 14pmol/f in males, <1ipmol/f in
females) and transferrin saturation (<20% in males, <135% in females) aud high
trapsferrin (>4.3g/f). Twenty-seven of them were anaemic (Hb<13g/d7 in males,
< 12g/d¢ in females). However, these average rates do not really reflect the true profile,
as the rates differ dramatically between males and females, as shown in Table 3.4.

3.1.3.% « thalasszemia

The frequency of the -« haplotype in the subgrcups was estimated using the Lenasia data.
In those groups where the -o/-r genotype was found, the homozygnte frequency could
be used to estimate the haplotype frequency, in conjunction with the Hardy-Weinberg
equation. This method is relatively imprecise because of the smad number of homozygotes
and, in addition, ascertainment may have been incomplete. The standard error is thus
large, particularly in the smaller sample. The frequency of the -« haplotype could also
be determined by gene counting from the frequency of the -a/ao genotype. However, this
is likely to be an pnderestimate, as again ascertainment was incomplete, not only because
all microcytic hypochromic individuals could not be tested, but also because those
individuals with the -afav gemotype and normal haematology wonld not have been
detected (Walford and Deacon 1976, Bowden et al. 1985). The estimated frequencies
using both methods are shown in Table 3.5.

In view of the problems with the estimations of the -« haplotype frequency, an attempt
was made to refine the data by estimnating the -¢r frequency in the major groups using the
parents of the randomly collected families. Table 3.6 sliows the frequency of the -o

chromosoine in the different religions and langvage groups together with the expected




TABLE 3.4 Rates of iron deficiency in South African Indicns
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GROUP o IRON DEFICIENT RATE OF IRON
INDIVIDUALS® DEFICIENCY (%)
Maoslem
Gujerati 305 29 9.5
Maie 155 4 2.6
Female 150 25 16.7
Hindu
Gujerati 175 26 16.5
" Male 89 7 7.9
Female 86 22 25.6
Hindu
Tamil 115 5 4.3
Male 57 0 0
Female 58 5 8.6
Hindu
Hindi 21 2 9.5
Male . 14 1 1.1
Female 7 1 14.3

! o = nomber of individuals studied.

% Iron deficieat individuals were defined as those with low serum iron Ievels, hngh

transferrin levels and a fow uercentage tramsferrin satration.

Normal serum ison levels: 14-31uincl/f (males), 11-29umol/f (femsles).
Normal transferrin levels: 1.9-4.3g/¢.

Normal transfervin saturation 20-50% (males), 15-50% females.

N ma—r——— R ——— )



TABLE 3.5 Estimates of -« haplotype frequencies using the Lenasia schools survey

USING USING

GR.OUP nl - / oo -Gl GENE COUNTIN G }IARDY'“’EINBERGI.'AEP;;

FREQU._NCY SE? FREQUENCY 123 0
Moslem 305 34 8 0.075 0.011 G.140 0.040
Gujerati .
Hindu 176 18 0 0.051 0.012 - -
Gujerati
Hindu 21 2 1 0.095 0.045 0.218 0.151
Hindi
Hindur 115 11 0 0.048 0.014 - -
Tamil
Moslem 13 2 0 0.977 0.052 - -
Urdu

"n = number of individuals studied,

*SE = standard error calculated asV/{pg/2n).

3 SE = standard error calculated as v/(1-q%2n).

o1



TABLE 3.6 Estimates of the -o frequency using the parents in tne random
families
NUMBER OF - HAPLOTYPE ,
GROUP | CHROMOSOMES I HETER DL YoOTE
STUDIED FREQUENCY". SE (%)
i
|
Moslem &0 0.217 0.053 i34
Gujerati '
Hindu 62 0.145 0.045 25
Gujerati
Hindu - 60 0.050 0.028 10
Hindi
Hindu 63 0.032 0.022 6
Tamil

117
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carrier rates. The frequency was significautly hither in the Moslem Gujerat than in the
Hinde Hirdi (p<0.02) and Hinde Tamil (p<0.01), while the Hindu Gujerati had an
intermediate frequescy.

The red cell indices for the -a/ove individuals from ihe randomly collected families were:

RCC (x10%/£) 517 + 0.52
Hb (g/df) 13.8 + 1.49
MCV (£f) 80.2 + 4.6
MCH (pg) 26.7 + 1.4

A low MCH (<27pg) appeared to be the most consistent feature in these individuals,
with a low MCV (< 80f¢}, the next most constant feature. Howeves, about 35% of these
individuals bad completely normal haematological indices and wuuld thus have been
missed in the Lenasia survey. All the ~a/-¢ individuals bad microcytic hypochromic
ind’zes. The frequencies for the Moslem Gujerati and Hindu Gujerati in Table 3.5 are
cléﬁrly snrerestimates of the true frequency. For the Hindu Hindi and Hinda Tamil, the
smaller sample size and lower -o/oe frequencies probably resulted in lasger errors in the
original estimates.

In the entire study, in which the o globin status of at least 360 random individuals was
determined, no -- chromosomes were detected. These would have been suspected if
abnormal sized fragments had been seen with the enzymes and probes described in Table
2.3,

There was some evidence for a non-deletion type o thalassacmia, one consanguineous
Moslem Gujerati fumily studied "ad two children with HbH disease, but an intact o
ciuster on the chromosomes carrying « ihalassaemia. They had normal sized fragments
after BamH1, Bglll and EcoR1 digestion, when probed with both the pDHo and pBR{ 1
probes, and also with the additional enzymes and probes described in Tabie 2.4. This
allele, however, probably does not cccur at any significant frequency as no individuvals
with unexplained micvocytosis or hypochroinia were found after adequate har.atofogical

and DNA assessment.
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3.2 Discussion
3.2.1 Haematologi~al profiles of the Indian groups in South Africa

In ail the groups studied males had higher RCCs, Hbs, MCVs and MCHs as well as
migher serum iron and transferrin saturaticn, with lower transfersin, than the
corsesponding females. In addition, the rates of iron deficiency were higher in the females
than males (Table 3.4). These findings are consistent with the well-defined increased
phystological iron requirements of females in the reproductive years. They have a greater
daily requirement for iron, mainfy because of increased menstrual losses. Pregnancy also
results in a strenuous nutritional challenge due to the transfer of iron to the fetoplacental
complex. In addition, females have a lower iron intake and are more prone to iron
deficiency. Adult males gererally have a favourable iron balance and nutritional iron
deficiency is thus raver (reviewed in Bothwell ¢r al. 1979). In the Hindu Gujerati and

Hindu Hindi groups, however, iron deficiency was found in about 7% of males.

The haematological indices in the different subgroups can be explained by combining the
datz on the frequencies of thalassaemia, mainly ¢, and the iron studies. In general, for
the subgroups siudied in the Lenasia survey, the mean values obtained for the
haematological and iron parameters were within the rormal range, albeit towards the
fower end. As Lenasia is sitvated in Johannesburg, at 2 000m above sea level, the mean
RCC, Hb, MCV and MTH levels couid be considered somewhat 1o, This is reflected
in the relatively high rates of microcytosis and hypochromia in all groups. Tue Hindu
T'amil had the kighest mean Hb, MCV, and MCH, correlating with the highest servm ivon
levels and percentage transferrin saturation, the lowest transferrin levels and the lowest
rate of both iren deficiency and o thalassaemia. In contrast, the Hindu Gujerati had the
fowest Hb, MCV and MCH, correlating with the highest rate of iron deficiency, the
lowest serom iron and transferrin saturation values, the highest transferrin levels and a
relatively high rate of o thalassacmia. The Moslem Gujerati had intermediate
haematological values, iron parameters and rate of iron deficiency. They did, however,
have the highest rate of « thalassaemia, which probabiy accounts for this group having
the highest mean RCC. The frequencies o1 § thalassaemia are too low to influence the
overall haematological prufile.
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3.2.1.1 Iron deficiency

The carrier state for thalassaemia does not have a major efvect on the Hb Ievel and thus
mest anaemic individuals were iron deficient. Iron deficier..y has been reporied to occur
commonly in South African Indians (Mavet er af. 1972, Adams 1973). In a study in
Durbian in Natal, 33% of females and 20% of males were thought to be iron deficieat,
and a significant percentage were thought to have latent deficiency, as they had a normal
Hb with microcytic indices (Mayet 1976). A more recent study showed 14.4% of Indian
women in Natal to have ".on deficiency anaemia and a further 26% to have depleted iron
stores (Macphi i er al. 1981). In the Transvaal a study on 100 pregnant Indian women
found a high prevalence of iron deficiency. Interestingly, no significant differences were
found between the religicus subgroups (Lamparelli ez al. 1988), possibly due fo small

 sample size, as similar trends to those observed in this study were documented. o

thalassacmia was not excluded as a cause of microcytosis and hypochromia in any of these
studies.

The ratey of iron deficiency correlate broadly with the dietary habits of the subgroups.
The Hinde Gujerati was the group with the highest rate of iror deficiency. Although
many Indo-Aryan Hindus are nop-vegetarian, some communities, particularly among the
Gajerati-speakers, are largely lacto-vegetarian (Mistry 1965}, possibly accounting for the
higher rate of iron deficiency. Some Hindi-speaking Hindus are also vegetarian, whereas
the Tamil-speakers and the Moslem Gujerati, with lower rates of iron deficiency, are non-
vegetarian (Mistry 1965). Although iron intake studies in South African Indians have
shown no direct relavionship between daily iron intake on a quantitative basis and iron
deficiency, poor iron availability, vather than poor dietary content, does appear to be
importaot. Legumes and cereals are important sources of dietary iron, particularly for the
vegetarians, but these contain high dietary phytate and low calcium which reduce iron
availability for absorption, Those whe have diets rich in protein iron have less deficiency
(Mayet er al. 1972, Adw.as 1973).

In general, § thalassaemia heterozygotes are thought to have better iron nutsition than
normal individuals, though the diagnoses of iron deficiency and thaiassaemia are not
mutually exclusive (Economidou et al, 1980) and investigations shouald be done for both
in microcytic hypochromic iqdividuals. A study in India of § thalassaemia carriers showed
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better iron nutrition than controls, though iron deficiency sill occurred in up to 6% of
males and 24% of females ‘Mehta and Pandya 1987). 8 thalassaemia carriers appear to
have some advantage in maintaining il on balance, perhaps through the mild ineffective
eryihropoiesis increasing iron absorptﬂ }n. The difference in iron status may not be as
pronounced in poputations with good ivsn nutrition, but if iron nutrition is poor, it seems
as if factors that increase iron absorption may conitibute (Mehta and Pandya 1987).
Conversely, it is thought that Iong-term iron therapy in B thalassacmia heterozygotes may
cause haemosiderosis (Pearson et al. 1974), though more recent studies have shown that *
the risk of iron overload does not appear to be large (Pippard and Wainscoat 1987). Data
on the potential for iron overload in « thalassaemia are scant, though the risks are not
~ considered large.

!
In view of the high incidence of microcytosis and hypochromia in South African Indiass,
the data on « and § thalassaemia may be of clinical significance. In many cases the
diagnosis of iron deficiency is made through response to a therapeutic trial of iren. In
Indians, as in viber tropical and subtropical populations, hypochromic anaemia shoy i not
necessarily be athibuted to iron deficiency, and detailed studies of iron status shouid be
undertaken prior to iron therapy (Bowden er al. 1985). In addition, the risks of iron
overload, particnlarly in « thalassaemia, need i0 be assessed, prior to embarking on
dietary iron supplementation in the South African Indian population, as has been proposed
(Lampaveli ez al. 1987).

3.2.1.2 o and £ thalassaemia in South African Indiars

Although iron deficiency has been extensively studied in Souwth African Indians, few
studies have addressed the other causes of microcytosis and hypochromia. o thalassaemia
has been studied in a number of families (Drysdale and Higgs 1988, Fei er 7. 1992) bat
no population surveys have been aitempted. For £ thalassaemia, reporis of local
management of cases provide evidence that the disorder is known to oceur it Indians
(Poole et al. 1989), but no other reports of local families or population surveys kave been
published.
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3.2.1.2.1 o thajassaemia

The frequencies of « thalassacmiz in the non-tribal Asian Irdians in South Africa appear
to be higher in the two groups originaiing on the west coast (the Mosfem Gujerati and
Hindo Gujerati), and lowest in the southers Indians (the Hindu Tamil), and they sre
probably related to past malarial exposure, as they are elsewhere in the world (see
discussion in Section 1.9.1). The soutkern part of the Indian subcontinent has historicaily
had less malaria thae the central parts and it was in the Hindu Tamil from the southern
parts that the Jowest frequencies of « thalassaemia were noted. Studies of o thalassaemia
have been mainly confined to forest tribes in India, where high frequencies have
correlated with raalarial exposure (Brittenham et al. 1980, Kar ez al. 1986, Fodde et al.
1988, Kulozik er al. 1988a, Fodde et al. 1991). In some of the iribal pspulaticns, the -o
chromosome is so common thay most individuvals in these populations have enly two active
o globin genes (Brittenbam er al. 1979). A study of Dravidian Indians in Singapore
reported 2 - frequency of 0.04 (Tan er @l. 1991). This is very close to the frequency in
the Hindu Tamil (also Dravidian Indians) in this stedy. A frequency of 0.012 was
reported in a non-tribal Indian population in Andhra Pradesh (Fodde ef al. 1991).

1o view of the extremely low prevalence of HoH disease and absence of Hb Bart’s
hydrops fetalis in the South African Indians, as in other Indians (Saka and Ennctjee
1973), the absence of a - chromosome in this study was not unexpected. A unigue

~~ chromosome has beep described in South: Ajrica. It was originally identified in a
Coloured individual {Vandenplas ef al. 1987). It was subsequently found wn: an Asian
Indian family and it was therefore postulated that the mutation originated in the Gujerat
region of India (Drysdale ard Higgs 1988). Another Indian family in South Africa, whose
religious «nd linguistic affiliation is not specified, has recently been described with the
same mniation (Fei ez al. 1992).

There was also evidence for the presence of a non-deletion o thalzssaemia in the South
African Indians; ene consanguineous Moslem Gujerati family was ascertained during the
course of this study in which two of the children had HbH disease, ..ith no deletions of
the o genes detected (see Section 4.2,2).
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3.2.1.2.2 B thalassaemia

In India, B thalassaemia is thought to represent the most common clinicaily significant
haemoglobin disorder, with catrier frequencies between 1-17% (reviewed in Chatterjea
1966, Saha aud Bamnerjec 1973, Mitra 1983, Sangani ¢ al. 1990). The populatio:, of
nearly 700 million is divided into thousands of highly endogamous groups, many of which
are virtnal gesatic isolates. Consequently resuits from a survey of haemoglobin
abnormaiities i1 one group may not be generalise( to others (Brittenham 1981).

In the local population § thalassaemia carzi’ rates were highest in the Moslem Gujerati
and Hindu Gujerati, corresponding with the highest « thalassaemia rates and thus the areas
of origin with higher malarial exposure. The 8 thalassaemia alleles atiair polymorphic

frequencies in the Mosiem Gujerati.

Since the Department of Human Genpetics, University of the Witwatersrand,
Joharnesburg, has the only laboratory in South Africa offering prenatal diagnosis for
haemoglobmopathies, affected families are drawn from the entire coustry, though
predominantly from the Transvaal ard Natal where over 95% of South African Indians
reside (Depariment of National Health and Population Development 1990). Greater
numbers of Moslem than Hindu patients have been asceriained, despite the South African
Indian population being 70% Hiadu and 20% Moslem (Cooper ¢ af. 1989/90).

Althongh the ascertainment of ihalassaemia major families at the Department of Human
Genetics is probably incomplete, one might expect the distribution of the families,
according to religious and langnage groups, to reflect the general distribution of families
in the comununity, unless particulac subgroups have different access to resources or are
more resistant 10 genetic counselling and prematal diagnosis than others, The Moslem
groups, for example, appear to have stronger objections to prematal diageosis and
termination of pregrancy than the Hindu groups, and thus more Moslem families may
have been missed. All groups are likely o have equal access to services as there is a wide
referral systens through hospital thalassaemia clinics, gemetic counselling clinics, the
Department of National Health Genetic Services’ nurses and medical practitioners in
private practice. As far as can be determined, the majority, if not ali, patients are treated

2 . : J



LG

124

in state hospitals becanse of the high costs of therapy.

The Transvaal Indian population is approximately 55% Moslem and 30% Hindy (Mistry
1965) boik predominantly Gujerati-speaking. Using the estimated aliele frequeacies for
§ thalassaemia obtained in the present study, we would expect between three and five
Moslem aed zero and one Hindu thalassaemia major komozygotes to live in the Transvaal,
at present [see Appendix IV(Ai) for calculation]. Using the gumber of “at-risk’ couples,
a maximum of 12 Moslem angd two Hindu affected patients would be expected to live in
the Transvaal at present [sce Appendix IV(Ait) for calculations]. At present there are 22
thalassaemia patients, 18 Moslem and four Hindu, from 14 Moslem and foar Hindu
familics, who live in the Transvaal and are known to the Department of Human Genetics.
This is probably au uaderesiiinate of thetot  mber as some may have died young and
Sbme may be treated by private dogtors or at peripheral hospitals. The calculations have
assumed that thaiassaemis major children live to a median age of 25 years, but some of
the patients, particularly those who were born up to 25 years ago, have died at an earlier
age. Further, prenatal diagnosis has been offered in South Africa since 1984, and a
number of cases were referred overseas prior to this date. A number of affecied

pregnancies have thus besn terminated.

'Thus there appears to be a greater number of observed homozygotes than expected,
though the numbers are not statistically significant and may reflect sampling error. The
increased numbers may result from the high rate of consanguineous and intra-casie
marriages in the Moslems, fisst-cousin marriages being greatly encouraged. In the Hindu
Gujerati consin marriages are prohibited, although intra-caste mariiages are common
(Mistry 1965). Further, it appears as if the Moslem Urdu and Mosiem Memon are over-
represented in the thalassaemia major families, as they constitute a very small percentage
of the total population. These groups are highly endogamous and also have a high rate of
consanguineous marriages. A founder effect may have resulted in a high frequency of 8
thalassaemia alleles in these two groups.

As the data are rather less complete for other geographical areas, it is difficult to
extrapolate information useful for Natal or the entire country from these Transvaal
figures. About 40 thalassaemia major cases in 34 families are known i the Natal region
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where 80% of Indians live (Depariment of National Health and Population Development
1990), though again ascertainment may not have been complete. If one assumes a median
survival age of 25 years, an average allele frequency of 0.010 is obtained [see Appendix
IV(B)), a figure compatible with those obtaineqd in the Transvaal. However, if the number
of hamozygotes is similarly raised, this may suggest that the frequency is an overestimate
and that the rates for B thalassaemia are actvaily lower in the Hindu Hindi, Telegu and
Tamil who constitute the majority of Natal Indians {Mistry 1965). Among the Hinda
Hindi, consin marriages are forbidden by custom and religion, but marriages still take
place among members of the same caste (Mistry 1965) and thus inbreeding may be
important. In the Hindn Tamil and Telegu, cousin marriages are favoured (Mistry 1963)
and one might thus expect consanguinity to be important agant in raising the proportior
of families from the latter two groups.

In general, however, the number of thalassaentia major homozygotes appears to be greater
than that expected from the estimated allele frequencies and constitutes a significant
disease load. Thirty-five percent of the ascertaiued thalassaemia cases come from the
Transvaal, where only 15% of the total Indian population reside. This may be related, in
part, to access to the Deparinzent of Human Gexetics, and to the publicity and heightened
interest which inevitably accompanies a study like the present one.

3.2.1.3 The £° alicle and other 8 globin variants

The sickle cell gene was first described in tribal popuiations in India by I.ohmann and
Cutbush (1952). Sickle celt anaemia has since been detected in many groups in India. It
is thought to occur predominantly in the tribal populations, which have acted as a
reservoir from which the gene has permeated the rest of society (Kar er al. 1987), such
that it occurs at lower frequency in the caste communities (reviewed in Saha and Banerjee
1973, Brittenham et al. 1977, Nagel and Ranney 1990, Nagel and Fleming 1992). Many
other haecmoglobin variants have been described on the Indian subcontinent, including
HbE, HbD, HbY, HoK, HbM (reviewed in Chatterjea 1966, Saha and Banerjee 1973,
Mitra 1983)

Berk and Bull (1943) described the first Asian Indian patient with sickle cell anacmia; he




described (Botha et al. 1967),
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was a South African. Other heterozygotes and homozygotes have sirjilce been described in
Snuth Africa {(Naude and Neame 1961, Reddy and Ward 1969)..""".6113 frequency of sickle
cell-frait was estimated o be 1% in a sample of Natal Indians, not classified. by religion
or language (iaude and Neame 1961). One Indian family with homozygous HbE has Leen

| )
Sickle cell anaemin in Indians is a uniformly mild disease (Brittenham ez al. 1977). This
phenomenon has been noted both in our South African cases and those reported in the

. literature. The patients have generally presented as adults, mainly with bone pain (Berk

Q:-:‘.JBu{l '1943_). One Indian sickle cell anzemia homozygote was investigated ai the
molecular level, in an attempt to determine a cause for her mild disease (O’Byrne 1983).

Only three sickle cell anaemia homozygotes are known in the Transvaat, all extremely
mildly affected. Two are Moslem Gajerati siblings and the third a Hindu Gujerati. We
would ¢xpect three to five homozygotes, based on the average §° allele frequency,
assuming that such individusls have a near normal lifespan [see Appendix IV(C)].
Hwever, in view of the number of thalassaemia homozygotes observed, we would expect
more cases due to consanguinity. ¥ is likcly that the cases are not coming to medical
attention or are being misdiagnosed because of the mild nature of their disease.
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CHAYPTER 4 - CHARACTERISATION OF o THALASSAEMIA AND THE o
GLOBIN CLUSTER IN SOUTH AFRICAN ASIAN INDIANS

In the chapter that foliows, the types and subtypes of -« thalassacmuia chromosomes, as
well as other o globin gene cinster rearrangements that occur in South Afvican Asian
Indians, are characterised. The allele frequencies for the coramon o globie: cluster RFLPs
on ao and -« chromosomes are presented. Using family studies, « globin haplotypes have
hieen consiructed for the different types of rearvanged chromosomes. Further,
characteristics of iwo VINTR systems, which flank the « cluster, have been studied. The
data obiained have been used to compare the different Indian: groups and to try to define
the numbers of origins of the different rearrangements. Data presented for the major
groups, namely Moslem Gujerati, Hindu Gujerati, Hindu Hindi and Hinde Tani!, have
been analysed statistically. For the minor groups, namely Moslem Urdu, Moslem Memon
and Hindu Telegu, the data are presested, but the numbers are too smail for statistical

analysis.
4.1 Results
4.1.1 Types of o chromosomes

As discussed in Chapier 3, -« appears to be the only type of o thalassaemia which occurs
at significant frequency in South African Indians. The subtypes of -« chiromosome found
are shown in Table 4.1, The majority of -« chromusomes in all the groups were of the
-o" type. Though the -o** chromosome occurs in all groups, the proportion of this type
was significantly increased in the Hindn Hindi compared to both the Moslem Gujerati
(p<0.001) and the Hindu Gujerati (p<0.93). Only two -o™ chromosomes were seen,
boik in Moslem Gujerati individoals. No -o*™ chromosomes were found.

4.1.2 Other « globin cluster rearrangements

The cae™>™ reasrangement was found on five ot of 60 unrelated chromosomes in the




TABLE 4.1 Subtypes of -o chromoczomes in South African Indian groups

wgf T g™ -at? TOTAL

GROUP - .

Nt % N % Nt % Nt
Moslem 68 96 2 3 1 1 71.
Gujerati
Hindu 0 97 0 0 1 3 7l
Gugerati
Hindu 8. 67 0 0 4 33 12
Hindi
Hindn 3 03 0 0 g 7 14
Tamil

' N = nuisber of -a chromosomes studied.
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randomly collected Hiedu Hindi families. The frequency in the Hindu Hindi can be
estimated to be 0.083 + 0.036. Although the rearrangement was not observed on the 60
chromosomes studied in the randomly collected fumilies of the other major groups, it was
also detected in three Moslem Gujerati individuals from the Lenasia schools survey. They
were all investigated because of microcytosis, not necessarily reiated to the rearrangement.
Oaly a minimum estimate of the frequency in the Moslem Gujerati (0.005) could be
calculated. The rearrangement was also found in ome non-random Moslem Gujeratt

family., The oxo™™? chromosome was not found in any of the groups studied,

One Mosles Gujerat, one Hindu Hindi ard one Moslem Urdu family in the study bad
individuals with a {{{ rearrangement. One Moslem Gujerati family had a -

rearrangement,
4.1.3 o globin cluster RFLPs

The allele frequencies for the eight conumon o globin cluster RFLPs studied on oo and
- chiromosomes are shows in Table 4.2a for the major groups. The -a subtypes have not
been analysed separately because the numbers of chromosomes were 100 smail. The RFLP
frequencies for co chromosomes in the minor groups are shown in Table 4.2b. The allele
frequencies were not calculated for the -o: chromosomes as very few chromosomes were
studied. In some cases, there was insufficient DNA fo type the individuals for all the
RFLPs, and thus the numbers of individuals studied vary.

Because of the presence of polymorghic repeat sequences in the « globin cluster, alleles
classified as vis tems may actually vary in size. In the IZHVR system {cystem 5), ai least
three sizes of . (large) allele 14.6kb, 4.8kb and 5.0kb (-)] and two of M (reedium) allele
[4.2kb or 4.4kb (+) and 6.9kb or 7.2kb (-)] 4.could be distinguished. Ali, except the
third L allele of 4.6kb correspond to those previously described by Goodbour et al.
(1984). Similarly, there were at least three sizes of PZ allele (system 6), due to variation
in the size of IVS1 of {1, the commonest 1.85kb P22 allele, a less common 2.0kb PZ7
aliele and a raver 1.75kb PZ3 allele {Goodbourn et al. 1983, Fodde et al. 1991). In the
Bgil/{ system a new allele of 5.0kb was observed and termed ‘A’ in this studs.

¢t —
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TABLE 4.22 Allele frequencies of the common o globin cluster polymorphisms for e and - chromosomes in the major
South African Indian groups

MOSLEM GUJERATE RINDU GUIERATE HINDU HiNm HINDU TAMIE?
SYSTEM" ALLELE? CHROMOSOME
N Freq SE N Freg SE N Freq SE N? Freg SE
2 + e 103 0.709 0.044 77 0.688 0052 | 75 € 733 0.651 67 0.701 0.05¢
-0 2 0.667 0,103 i4 0.643 0.128 8 0.125 G117 - - -
3 + 'G3 107 0.682 0.045 76 0.763 0.049 7% 0.658 0,054 78 0.6390 0.055
0 24 0.833 0.076 13 0.923 0.074 8 0.500 Q177 - - .
4 + oo 107 0.252 0.042 16 0.184 0.044 76 0.237 0.049 75 0.333 0.054
- -t 24 0.125 0.068 14 0.071 0.069 8 0.500 0,177 - - -
H o 107 0.00% 0.009 76 0.02¢ 0.018 76 G.053 0826 75 0.00¢ .
« 2% 0.000 - 14 | 0.000 - g | 0000 S - -
5 S Qo 107 0.637 0.018 76 G.039 0.022 76 0.132 0,039 75 0.027 .09
~ 24 2.042 0.840 13 0.000 - 8 0.000 - - - -
M oo 107 0.63¢6 0.047 76 (.645 0.055 76 0,539 0.057 15 0.627 0.05¢
~X 24 0.54% £4.102 i3 0.534 0.138 8 0.625 0.171 - - -
L oo 107 011_427 0.045 76 0.316 0.053 76 0.329 0.054 75 0.347 9.055
-x 24 0.417 0.100 i3 0.462 0.13% 8 0375 0.171 - - -

Continged /
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TABLE 4.2a Allele frequencies of the comiron « globin cluster polymorphisms for ca and -« chromosomes
South African Indian groups (continued)

in the major

MOSLEM GUJERATI HINBU GUJERATL HINDU HIND HINDU TAMIL
SYSTEM' ALLELE? CHROMOSOME
Nt Freq SE N* Freq SE N I Freq sE N Freq SE

6 z o 107 | 0355 | o046 { 77 | 0273 | 0031 % 0237 [ 0040 { 3 0370 { 0.057

- 22 | oas2 | cosz | BB | 0076 | 0073 g 0.750 { .52 - - .
P21 e 107 | o1z | 0030 | 77 | 0417 § 0037 7% 0158 | 0042 | T3 0.205 | 0.047

i - 22 ) 0301 § 0105 } 13 | 0692 | ©0.128 8 oa2s | ez | - - .
' PZ2 ooy 107 | 0533 § ceae [ 77 | 0597 | 0.056 76 0539 | 0057 | " v 0562 [ 0058

-0t 22 | 0227 | 0080 i3 0.231 | 0117 3 o125 | o417 | . -

rZ3 ace {7 | 6000 - 77 | 0013 { 2013 76 0065 | 0025 | 73 | 0.000 -

- 22 { 0.000 . 13} 2.000 - 8 0.000 = . - .
7 + ace 107 | oam | o043 | 77 | o3%e | 0.5 76 0329 | 0054 | 7 0.25¢ | ar

- 3| eess ] 7 13 | 038 | 0a2s 3 @167 § 0,152 - - -
8 + o 108 | 0037 | odms § 77 | o026 | 0018 76 0.066 | 0028 | 74 0327 | 0.0i8
9 + o 108 | 0037 { oo | 77 | 0039 | o622 | 75 007 | oom | 4 § o027 | oo

o 22 | 0.000 . 14 | 0.000 . % 0.000 i : - -

! The numbers of the systems correspend to the sites labelled in Figure 2.1 and the RFLPs described in Table 2.4.

2 In the bialielic systems only the frequency of the *+’allele is shown. In Sysiem 4, the frecaency of the newly described ‘K allele 55 also included.

For the other multi-lleiic systems frequencies of all alleles ave stown.
3 Allele frequencies were not calcnlated for the -o chromosomes in the Hindu Tawil 25 onlx 3 chromosomes were studied,

4N = number of chromosomes studied.

S The Psal site detected with the pDHa probe is deleted on -o*? chromosomes, thus the number of ~o chzomosomes is reduced in sorse grohps.

6 The Psti site detected with the pDHe: probe is deleted on -o®” chromo<omes, thus incufficient - chromosomes were available for analysis.

S . - Y
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TABLE 4.2b Allcle frequencies of the common « globin ciuster pclymorphisms for e chromesome-
in the minor South Aftican Indian groups '

ACGSLEM URPU . MOSLEM MEMON HINDU TELEGU
SYSTEM ALLELE? CHROMOSOME® :
N* _ Freg SE Nt Freq SE N Freq SE

2 + o 16 0.75¢ 0.108 12 0.833 0,108 8 0.375 0117
+ (13 16 0.625 0.121 2 0,333 ‘ 0.108 g 0.875 0.117

4 + ! cz 12 C.000 - 12 6.167 0,108 8 6.00% -
H o i2 0.083 9.660 iz 0.cce - 3 0.125 G.117
5 ] o 16 0.132 0.098 iz 0.800 - g 0.125 0.117
M ox 16 0.625 0.12% i2 0.917 $.080 8 0.375 0.171
L e 16 6.188 6.098 12 0.082.7 0.080 8 0.50@ 6.177

8 Z ax 16 0.125 0083 ¢ 12 2167 0,031 8 £.000 -
PZ1 oc 16 3.125 062 i2 ¢.000 - g 0.250 0.153
P72 o 15 0.588 0.136 iz 0.833 C o3t & 0.750 6,153

PZ3 %] 16 0.062 0258 2 0.63 - & (.000 -
7 + o 14 0.286 G221 1z §.756¢ G.125 3 0.565 0.177

3 + oo 16 0.128 0.833 1z 0.000 - 3 0.006 -

g + ax i6 0.125 0.083 12 0,800 - 3 0.040 -

! The mpmhers of the systems comespond to the sifes labelled in Figure 2.1and the RFLPs described in Table 2.4,
2 In the biallelic systems only *ke frequency of the ‘4 allele is shown. In System 4, the frequency of the rewly described
‘B allele is also incli?:4. For the other malti-alielic systems freqaencies of all alleles are shown.
? Allele frequencies were not calculated for the -or chromosomes in any of the groups as very few chromosomes were studied.
* N = number of chromosomes studied.
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There were no significant allele freguency differences among the major religious and
language groups for the oar cliromosoraes. Statisticai comparisons were not done for the
minor groups as the numbers of chromosomes studied were too small. For the Rsalia
polymorphism (system 7), the Moslem Memon group appeared to have 2 high freqﬁency
(0.750) of the -+ allele, though ihis may be _se to a sampling error, as only 12

chromasomes were studied.

For the -« chromosomes, the Hindu Hindi had a significantly fower frequency of the Xbal
(system 2) + allele than the Moslem Gujerati (p<0.05). They also had a higher
frequency of the Z allele at the PZ/Z locus (System &} than the Moslem Gujerati (p < 0.05)
and the Hindu Gujerati (p <0.01).

i The allele frequencies on ao: and -o chromoscmes were compared in each of the groups.
In the Hindv Hindi the -o chyemoszomes had significanily lower Xbal/{ (system 2) +
(p<0.01), higher PZ/Z (system 6) Z (p < 0.01) and lower Rsal/c (system 7) + (p<0.01)
allele frequencies compared to the oo chromosomes, In the Moslem Gujerati, the
frequency of the Rsglie (system 7) -+ allele was sigaificantly lower on the -o
chromosomess than on the o chromosomes. In addition, the PZ/Z (system 6) PZI subtype
was more common on -« chromosemes, while the PZ2 subtype occurred more commonty
on ce chromosomes in the Moslem Gujerati (p < 0.001) and Hindu Gujerati (p <0.001).

4.1.4 « globin hapletypes
4.1.4.1 a«a haplotypes

« globin haplotypes were determined using the RFLP sites 2-9 (Figure 2.1) and family
studies to assigo the linkage phase. A total of 375 ca chromosomes were typed from the
different rcligious and janguage groups aad it was possible to determine 322 hapiotypes
unequivocally. The o baplotypes are shown in Tables 4.3a and b for the major and
minor groups respectively. The haplotypes are divided into grougps according to their four
shared 3’ sites. The group; are numbered with Roman numerals. Within each group the
four 5' sites define a subtype, which is named with a small letter following the Roma.

numeral,
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TABLE 4.3a Frequencies of o globin haplotypes on aa chromossmes in the major

South African Indian groups

HAPLOTYPE MOSLEM HINDU HINDU HINDU
GUJERATI GUJERATI HINDI TAMIL
Type' Description® =91 M=74) (N=68)° FH=61P
Freq S5 Freiq SE Freq SE Freq SE
In + - M P 4+ - - {o0264] 0046 | 035t | 0.055| 0.309 | 0.056 | 0.262 { 0.056
I - 4+ - ™M P 4+ - - foooo| - | 0000 ~ § 0029 | 0.020] 3816 { 0.6
Td - ¢+ - L P 4+ ~ - joooe] - foo014 [O04{ 0000 - ]OO00}| - 1
k' + + - L P 4+ -~ - [0011]0011] 004t | 0.023{ 0915 0.015( 0000} -
Da - 4+ ~ L P = =« |012;0035] 0122 | 0.038)] 0103 } 0.027| 0,148 0,045
I + 4+ - L P~ = o~ 1014370037} 0108 { 0.036 ] 118 { 0.039{ 0,197 | 0.05!
Yic +# 4+ - M P -~ - - loon]oos}o0027 |o012}fo000}t - | o0w] 0016
it + - =~ S P~ - - DO} 0.0 ] 0,000 - | 0015 | 0qus ] 0.000] -
ur - 4+ § P - = ~ looo| - | o0c00 - 1oos| oot ogoo| -
Hh* - &+ M ¥ - = = |eont} oon| oo - Jogoo} - o0 0016
W’ - - 4+ M P -~  — - loot] oon| oo - loo00) - |Joceo] -
1" 4 ~ H 8§ P ~ -~ ~ 10000] - 0.014 | 0.014 | 0,050 | 0.029 | 0.600 | -
e - - H M F ~ -~ - foga{ - |oot4 {aot4{o0000| - !ooo0| -
Ml - = 4+ M Z ~ -~ = }0055] 0024 0249 | 0,041} 0.118 | 0.039 } 0.098 { 0.038
o 4 -~ + M 2 =~ - ~ [o0187] 0.041] 0,027 | 0.019 ] 0118 | 0.039 | 0.197| 0.051
e - 4 - zZ - - = [003] 0019] 0000 - looooy . |oogo]| -
e - ¥ - 2 - ~ = {o011]001t] ooi4 | oowa] occoy - | 0016 0.016
m - - - M Z = = - j00%} oon| 0000 - loo0d] - }ooo0] -
mg' |+ 4+ - Mz -~ - - |0055| 0024] 0088 ! 002/ 0015 0015} oon0] -
5" + 4+ =~ L Z «~ -~ - F0000f - {0014 Jootaioo00} - {owno0] -
(- + + M Z - ~ = loow! - 1} 0000 - 1 0015 | n015) 0.000
IVa + - -~ 8§ P - 4 00001 - | 0027 | 0.019] 0,044 | 0,025 | 0.033 | 0.c23
Ve - 4+ ~ L P - + |oo0m! - 10000 - laoots)| o015 o6o0| -
va o+ - L P - 4+ « {oon| oou | 0.000 -~ joooo{ - §ooo0| -
Vo - - 8§ P = = 4 1o0d1] 0011} 0000 - joooo{ . | o000
ve' 4 - L P - - 0c00] - | 0014 | 0.0141 0015 0.085) 0000]
Villa |+ - -~ &8 P ~ 4+ - o011 001t} 0000 - joooe] - loooui -

' Denotes a haplotype nut Jescribed previously.

2

3

Sites 2-9 in Figure 2.1 were used to construet haplotypes. As the Acel site (not shown) was excluded

types II and VI haplotypes and types Ifle and VIe could not be distinguished (Higgs et al. 1986).

N = nember of chromosemes on which haplotypes could he determined. In each religious/ianguage
group a number of haplotypes were indeterminate and were excluded from the analysis.
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TABLE 4.3b Frequencies of « globin haplotypés on o chromosomes in the

minor South African Indian groups

HAPLOTYPE MOSLEM MOSLEM HINDU
MEMON URDU TELEGU
Type! Descripticn? N=12) N=8y =8
Freq SE, Freq SE Freg SE
in + + - M P + - G750 | 0125 | 0500 | 0177 0375 0171
1b “ s - M P 3 - - - - . - -
63 - 4+ - L P 3 - - - . . = .
Ic” + 4 - L P 4 - - = . - 1 oazs] 0417
Ma ~ - L P - - 0.083 | 0.080 | 0.125 y 0.117] 9,125 0.417
R T S T - - | o325 b om7| ozsol 0153
ji& + + - M P - = . - - - " -
He + - - s P - - - - - - - .
nf + - + & P - - - - . - . .
" + ~ 4+ M P o~ - - - . . . -
iy - - 4+ M P - - - - - - - .
i + - H 8 P~ - - - 0025 [ 0117 0.125 [ 0.117
i - - H M P - - - - - - - -
IHa - M 2 - - 0.083 | 0.080 - - - -
111 + - M 2 - - 0.083 { 0,080 - - - -
I - 4 - L Z - - - - - - - -
113 - + - M Z - - - - - - - -
vty - - - M Zz - - - . 0.125 1 0.117 - -
i1l + o+ - M Z - - - . - - - -
iy - L z - -~ - - - - . R
115} - + M Z - - - - - - - -
Va + - - $ P - + " - - - - -
Ve - - P - - - - N . .
ve" + - P~ - - - - - -
Ve - - 8 P e . . . - . .
Ve + + ~ L P - - - - - - - .
Vil + - - 8 4 - + - - - - - -

' " Denctzs a haplotype not deseribed previously,
Sites 2-9 in Figure 2.1 were used to construct haplotypss. As the Accl site (not shown) was excluded

2
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types Il and Vi haplotypes and types Ille and ViIa could not be distinguished (Higgs er al. 1986).

N = number of chromosomes on which haplotypes could be determined. In each religious/language

group a number of haplotypes were indeterminate and wese excluded from the analysis,
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Twenty-seven different haplotypes were observed on the o chromosomes, 17 of which
had been previously described (Higps ez al. 1986). Haplotypes 1Id, Va and Vb previously
observed in Asian Iandians, at low frequency (Higas ef al. 1986), were not seen in the
present study, Haplotype Ia was the commonest in all the groups studied.

The distribution of haplotype groups was compared among the major religious and
language groups and no statistical differences were found, However, within the group I
haplotypes, differences in the distribution of subiypes occur. The Moslem Gujerati had
a ratie of type [Ha:lIb of 1:3.4, the Hindu Tamil of 1:1.3, while for the Hindu Gujerati
the xatio was 5.5:1. The Hindu Hindi had an intermediate ratio of 1:1. The differences
between the Hindu Gujerati and both the Moslem Gujerati and Hindu Tamil were
statistically significant (p <90.01).

The disiribution of PZ alleles among the hapiotypes was interesting. Groups I, IV, V and
VIIT haplotypes only had FZ2 alleles, whereas in group I haploiypes, except subtypes 1k
and Tik, about 50% bad PZI and 50% FiZ2 alleles. PZ3 ouly occurs in association with
haplotypes IT§ and 11k, the majority of chromosomes bearing this allele. However, PZ2
alleles also occur with these haplotypes. Haplotypes IIj and ITk were also associated with
the new Bgll H allele. In addit’ :n, on the chromosome with the IIj haplotype, there was
an insertion into {2 of 4-0.4ki {ir DR Higgs, personal communication 1992), detectable
as a band of 5.4kb and 6.3kt . m EcoRI/pBR{! and BamHI/pBR{1 biots respectively.

Genetic diversities (Nei 1987) caiculated for the haplotype distributions on oo
chromosomes in the major groups were as follows:

Moslem Gujerati 0.858
Hindu Gujerati 0.829
Hindu Hindi 0.857
Hindu Tamit 0.837

4.1.4.2 « thalussaemia hapiotypes

The haplotypes associated with the - chromosomes were also determined. The nexmbers

,c.c.?l
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of chromosomes siudied were relatively small and thus statistical amalysis was not
possible. Table 4.4 shows the haplotypes associated with the -o’” chromosomes, together
with the associated PZ alleles. The haplotypes were classified according to their most
likely 5 origin, but other possibilities for classification exist, as shown below the table.
No -o*" haplotypes were deternined in the Moslem Memon or Hindu Teiegu groups. On

all -o" chromosomes, the Psfl/pDHa site is deleted.

The -o*” rearrangement occurs on 10 different haplotypes, 12 if PZ subtyping is included.
A new haplotype, Xa, has been assigned which has a Illa 5” end but a 3’ end derived
from a group IV or V chromosorze. The haplotypes did not appear to be confined to any
religious or language group, though there appeared to be some clusterisg, especially in
the Hinde Hindi where most ~o™™ chromosomes appeared to be associated with a Ila
haplotype. In the Moslem Gujerati most of the -o™ chromosomes were associated with
a IIb or Ifc haplotype and in the Hindu Gujerati with a Yz or Ila haplotype.

Only two -o*™ chromosomes were siudied and these both had the same haplotype, namely

type Ilc derivative:
(+ + -MP -~ *-), with a PZ2 alicle.

The -a** chromosome occurred with two haplotypes:
(+ -+ MZ*--)in one Hindu Gujerati family and
(- + - L Z ¥ - -) in two Hindu Hindi and one Moslem Gujerati family,
They appear to be derived from a IIIb and 11lc ciiromosome at their 5 ends respectively,

but their 3’ ends conld origivate from a type I, II, III or VI haplotype.

In one consanguineous Moslem Gujerati family, two children with HbH disease were

shown to be homozygous for the haplotype 1ilb.
4.1.4.3 Haplotypes associated with other a globin cluster rearratgements
4.1.43.1 acc haplotypes

Three haplotypes were associated with the acn chromosomes studie:d:
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TABLE 4.4 o globin haplotypes on -’ chromosomes in the South African Indian
groups

MOSLEM RINDU EINDU HINDU | MOSLEM

HAPLOTYPE: TI;ZPE GUJERATI | GUJERATI | HINDI | TAMIL | URDU

N? % N? @3 N o | N % | N | %

Ia 2 1 7 3 27 1 17 1713371 - )

Iia® ‘. 2 | 14 4 1|l 1t bur -1 -1 -

7" 1 7 = : - - - - . =

J300 1 3 21 2 8 - - il33) - “

Ik 1 3 21 2 18 - . - - 1 33

2 1 ¢l - - . - - - . -

Iila . . - - . 4 67 | - | - 1 33

Iib - 1 7 . - - . -1 . ) .

e - 1 7 - - - . -1 - ) .

g - = - - - = - -1 - 1 33

TihS . 1 7 = = - - I . .

X+ - - - - - - - 1] 33 - -
Indeterminate 8 - | - 0 - 0 - 0
Total 22 12 6 3 3

! In the assigoment of -7 haplotypes, the Rsal pelymorphism is useful in defining the S origin of the

haplotypes, but the 3’ end is difficult to assign as the Psil/e site is deleted.
2 N = number of chromosomes observed.
® The percentages of each haplotype were calculated from the number of chromosornes with assigned

haplotypes only (chromosomes with indeterminate hapiotypes excluded) so that the groups could be

compared.
* The 5’ end may also have been derived from a IVa, Va, Via or VIIIb chromosome. !
S The 5' end may also kave been derived from a IVd, Ve ¢r VIb chromosome. :
¢ The ITh haplotype (4 — — S Z —~ *~) has a unique 5' end not seen on the aa chromosomes studied. i
7 The Xa haplotype (— — 4+ M Z — * +) appears to be the result of a crossover between a Il haplotyp:

(5' end) and a type IV or V haplotype (3’ end), and thus 2 new haplotype results,
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(-~ -+ MZ-~-~-)in threg Hindy Hindi and one Moslem Gujerati family

(- +-LP----)in one Hitidu Hindi famity

(- + -MP----)in one Hindu Hindi family.
Their 5 osigins appeared to be from a Ib, Iz and IIfa chromosome respectively, while
the 3’ origins were difficult to determine. Two Rsal/o fragments were seen because of

thre additional « gene.

4.1.4.3.2 {{{ haplotypes

The {{{ chromosome was associated with two haplotypes:

(+ +--- MS PZPZ - - -} in 2 Moslem Urdy family and

(+ - ++ MM PZPZ - - -) in a Hindu Hindi family.
The Moslem Urdu {{{ is typical of the south-east Asian iype and is the result of an
interchromosomal crossover between a Ia chromosome on the 5’ end and a Ild/e at the
3 end (Hill er al. 1985a, Hertzberg et al. 1988, O’Shaughnessy ¢ al. 1990). The Hindu
Hindi chromosome appears to be the result of a inter- or intrachromosomal recombination

eventi between two IIf chromosomes.
4.1.4.3.3 -{ haplotypes

One -¢ chromosome in a Moslem Guijeradi farnily was associated with the haplotype:
{4 del del del PZ - + +)

The 5’ region of the haplotype was indeterminate, while the 3/ part derives from a type

IV haplotype.

4.1.5 VNTR analysis

The distribution of the alleles at the 5 and 3’ hypervariable loci, 5’'HVR and 3’'HVR,
were characterised in the different groups. Fragmeats of similar sizes were binned for
frequency analysis, in bin sizes of 0.1xfragmeni cize, as suggested by Budowie of al.
(1991). The distributions on o chromosoimes for the major and misor greups are shown
in Tables 4.5a and b for 5'HVR and Tabies 4.62 and b for 3'HVR respectively. The

sample sizes for the minor groups were too small for any statistical analysis.
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TABLE 4.5a2 ‘Allele bin® frequencies for 5'HVR on o chromosomes in the major

South African Indian groups

MOSLEM HINDU HINDU HINDU
ALLELE GUJERATI GUJERATI HINDI TAMIL
BINS {N=108)! N=TD! N=76)* (N=68Y"
(b Freq SE Freq SE Freqg SE Freg SE
<1.9 0.000 - 0.000 - 0.000 - 0.015 0.015
1.91-2.10 0.130 $.,032 0.039 0.022 0.145 0.040 0.19 0.048
2.11-2.30 0.167 | 0.036 0.273 0.051 0.132 0.039 . 0.221 0.050
2.31-2.50 0.213 | 0.040 0.247 0.049 0.211 0.047 0.221 0.050
2.51-2.70 0.148 | 0.034 0.065 0.028 0.211 0.047 0.074 0.032
2,71-2.90 0.083 0.027 0.052 0.025 0.105 0.035 0.074 0.032
2.91-3.20 6.028 0.016 0.039 0.022 0.000 - 0.015 0.015
3,21-3.50 0.037 0.018 0.039 0.022 0.000 - 0.015 0.015
3.51-3.80 0.00% 0.009 0.026 0,018 0.000 - 0.000 -
3.81-4.10 0.009 0.009 0.000 - 0.000 - 0.044 0.025
4.11-4.50 0.000 - 0.026 0.018 0.000 - 0.000 -
4.51-4.90 0.009 0.009 0.000 - 0.000 - 0.015 0.015
4.91-5.40 0.000 - 0.039 G.022 0.000 - 0.000 -
5.41-5,90 0.00% | 0,009 0,000 - 0.000 - 0.000 -
5.91-6.50 0.000 - 0.000 - 0.000 - 0.000 -
$.51-7,1G 0.000 - 0.000 - 0.039 0.022 0.059 0.029
7.11-7.80 0.019 0.013 0.039 0.022 0.053 0.026 0.044 0.025
7.81-8.60 0.083 0.027 0.091 0.033 0.079 0.031 0.000 -
8.61-9.50 0.028 0.016 0.000 - 0.013 0.043 0.015 0.015
9.51-10.50 | 0.028 | 0.016 0.026 0.018 0.013 0.013 0.000 -

' N = number of chromosomes studied,

L



TABLE 4.5b ‘Allele bin’ frequencies for S’HVR on aa chromosomes

in the minor South African Indian groups

MOSLEM MOSLEM HINDU

ALLELE URDU MEMGON TELEGYU
BINS (N=13)! N=12) N=8)!
(kb_) Freg SE Fireq SE Freg SE
<1.9 0.077 | 0.074 { 0.000 - 0.000 -
1.91-2.10 | ©0.077 | 0.074 | 0.000 - 0.250 0.153
2,11-2,30 1 0385 | 0.135 | 0.333 0.135 0.250 0.153
2.31-2.50 | 0.077 | 0.074 | 0.500 0.144 | 0,000 -
2.512,70 { 0.077 | 0.074 | 0.083 0.080 0,250 0.153
271290 | 0.154 | 0.100 | 0.000 - 0.000 -
2.91-3.20 | 0.000 - 0.000 - 0.000 -
3.21-3.50 | 0.000 - .000 - 0.000 -
3.51-3.80 | 0.000 - 0.000 - 0.125 0.117
3.81-4.10 | 0.000 - 0.000 - 0.000 -
4.11-4.50 | 0.000 - 0.083 0.080 0,000 -
4.51-4.90 | 0.000 - 0.000 - $.000 -
4,91-5.40 | 0.000 - 0.000 - 0.000 -
5.41-5.90 | 0.000 - 0.000 - 6.000 -
5.91-6.50 | 0.000 - 0.000 - 0.000 -

“‘“j ' 6.51-7.10 0077 | 0.074 0.600 - 0.000 -
7.11-7.80 | 0.000 - 0.000 . 0.000 -

/ 7.81-8.60 | 0.000 - 0.000 - 0.000 -
8.61-9.50 | 0.077 | 0.074 | 0.000 - 0.125 0.117
9.51-10.50 | 0.000 . .000 - 0.000 -

'N = number of chruniosomes studied,

L
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TABLE 4.6a ‘Allele bin’ irequencies for 3'HVR on ao chromosomes in thc Yna'](}r
South African Indian groups .

MOSLEM HINDU HINDU HINDU

ATLELE GUJERATI GUJERAT! HINDI TAMIL

va (N=108) (N=77)" N=75)" N=71)!

¥ U ireg | SE | Freq SE Freg SE Freq | SE
<19 0000 . 0030 | oz | o013 | 0013 0.014 | 0.014
1.91-2.10 | 0.009 | “0.009 0.104 | 0.035 0.054 0.026 0.042 | 0.024
2.11-2,30 | 0.102 ; 0.020 | 0208 § 0046 | 0107 | 0036 | 0.098 | 0.035
231250 | 0250 | 0042 | 0143 | o000 | o160 | 0002 | 0497 | 6047
2558270 ) 0130 | 0032 | 0104 | 0035 | 0133 | 0039 0.183 | 0.046
271290 | 6.074 | 0025 | oos2 | o025 | oodo | 0022 | 0028 | 0.02
291320 | 0037 | 0018 | 003 | 0022 | 0133 | o0.039 0.000 .

321350 | 0019 | 0013 | 0039 | 0022 | 0040 | 0.022 0.056 | 0.027
3.51-3.80 | 0019 | 0013 | 002 | 0018 | 0040 | 0.022 0.014 | 0.014
3.81-4.10 | 0.056 | 0.022 | 0091 | 0033 | 0.027 | 0.019 0.028 | 0.020
4.11-4.50 | 0.056 | 0.022 | 0.026 | 0.018 | 0040 | 0022 | 0.141 | 0.041
451490 ) 0.083 | 0027 | 0039 | 0022 | 0027 | 0019 | 0.042 | 0.02
4.91-5.40 | 0074 | 0025 { 002 { 0018 | 0054 | 0602 | 0.08 | 0.0233
541590 | 0019 | 0013 | 0052 | 0025 | 0.040 | 0022 | 0.004 | 0014
5.91-6.50 1 0.037 | 0018 | 0013 | 0013 | 0027 | 0.019 ¢.0z8 | 0.020
6.51-7.10 ; 0.019 | 0.013 | 0.000 . 0.040 | 0.022 [ 0014 | 0.014
7.117.80 | 0.005 | 0.009 | 0.000 . 0.013 | 0013 | 0.014 | 0.014
7.83-8.60 | 0.000 . 0.000 - 0.013 | 0.013 0.000 -

!N = number of chromosomes studied,
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(> “TABLE 4.6b ‘Allele bin’ frequencies for 3’HVR on o chromosomes in the

minor South African Indian groups

[ MOSLEM MOSLEM HINDU
ALLELF URDY MEMON TELEGU
RINS N=17) N=12" N=8)
by Freq SE Freq SE Freq SE

| I 0.000 ; 0.000 . 0.000 .
19210 | 0.000 - 0,167 0.108 0.125 0.117
2.112.30 0.050 | 0.057 0.167 0.108 0.375 0.171
2.31.2:50 o118 | 0.078 0.233 0.136 0.000 .
2.512.70 0176 | 0.082 0.083 0.080 0.000 .
2.712.90 0.118 | 0.078 0.083 0.080 0.000 .
2.91-3.20 0.118 | 0.078 0.000 . 0.000 .
3.21-3.50 0.000 . 0.000 - 0.000 .
3.51-3.80 0.059 | 0.057 0.000 . 0.000 ;
2.81-4.10 £.000 . 0.000 - 0.000 -
4.11-4.50 0.059 | 0.057 0.083 0.080 0.000 .
4.51-4.90 0235 | 0.103 0.000 . 9.000 .
4.91-5.40 0.000 . 0.083 0.080 0.125 0.117
5.41-5.90 0.000 . 0.000 . 0.000 .
5.91-6.50 0.05¢ | 0.057 0.000 ) 0.125 0.117
6.51-7.10 | * 0,000 . 0.000 | - 0.000 .
7.11-7.80 0.000 . 0.000 . 0.000 .
7.81-8.60 0.000 . 0.000 ; 0.125 0.117
§.04-9,50 0.000 - 0.000 ; 0.125 0.117

!N = number of chromosomes studied.
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... Thz 5’HVR bad a bimodal distribution, apparent in all tie major groups stusied {Table

""f;{ia), with no fragments in the 5.91-6.50kb range. This distributicn is due to a

: ﬁolymorphic Rsal site, which is either present or absent. 53 alleles were observed prior

~ to binning and these were pooled into 20 bins. The heterozygosity rate at this lorus was

observed to be 78.3% prior to binning.

The frequencies of the “allele bins® were not significantly «<ificrent among the groups,
with the majority of fragments in all groups being associated with the presence of the Rsal
sitc and thus : tt-shifted. The most common ‘aileles’ in the Moslem Gujerati, Hindu

Gujerati. and Hindn Tamil appeared to be the two ‘bins’ in the 2.1-2.5kb range. In the

Hindu Hindi the most common ‘alleles’ were between 2.31kb and 2,70kb, a slight shift
to the right from the other major groups. In the Hinco Hiedi the distribution was very
rarrow with 2o fraginents sized between 2.91kb and 6.50kb. In the Hindu Gujerati the
two common ‘bins’ account for greater than 50% of ‘alieles’, whereas in the Moslem
Gujetati there appeared to be a slightly greaier spread with the two commonest bins only
accounting for 38%. The Hindu Tamil were intermediate with the two common alleles
accounting for 44%.

The 3’'HVR sve* m also has a bimodal distribution with a less well-deficed antimode in
the 3.51-3.80Fy range (Table 4.6a). The majority of fragments were again in the smailer
size range, though the distribution in this case is not due to a superimposed single site
RFLP. Prior to binning there were 56 alleles, with 88.7% of individuals being
heterozygotes.

No sigoificant differcnces in “allele bin® frequencies » ers observed betw >n the major
groups. In all groups except the Hindu Gujerati, the mest comimon ‘bin’ was in the 2.31-
2.50kb range. In the Hindu Gujerati fragmente of 2.11-2.30kb werz more common,
accounting for about 20%, with a second mode appearing @t 3.81-4.10kb. In the Moslem
Gujerati 25% of alleles were in the 2.31-2,50kb range with a fong right tail. The second
mode, thongh present, was not distinct in the Moslem Gujerati and Hindu Hindi. In the
Hicdu Tamil most fragments occurred between 2.31 and 2.70kb, a larger range and the
second mode occurred at 4.11-4.50%b.
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The distribusions of the 5'HVR and 3'HVR alleles on the aer and -« chromosomes were
also cempared. The samples from the different religicus and language groups were pooled
in 0.  to facilitate statistical analysis. The data, shown in Table 4.7, were not
significantly different between ihe two groups for either S’HVR or 3"HVR.

The major religious and langnage groups were assessed for heterozygote deficiency oi the
S'HVR and 3’HVR loci, using e total number of individuals studied in each group,
izrespective of the haplotype or the pre - nice of « globin clusier reatrangements. These
data together with the genetic diversities are shown in Tables 4.8 and 4.9 respectively.
The minor groups were not assessed as the samples were too small. Heterozygote
deficiency was significant in the total sample for both sy:tems (p<0.001) and in the
> *aslem Gujerati for 5'FIVR (p<0.05). However, if true homozygotes were considered,

v  whe had identical 3’HVR and 5'HVR fragmenis as well as an identizal o globin
b otype, no Leterozygote deficiency was observed in any group fur either system.
{enetic diversity was >0.950 in all groups stwiied for both the 5’HVR and 3TIVR

systems.

The distributions of the 5HVR and 3’'HVR alleles were compared amoag the different
haplotype growps. Figores 4.1 and 4.2 show these distributions. The sample was not
divided according to the refigrions and linguistic groups, as the nrumbers would have been
too small for meaningiul analysis. For tue 5'HVR sysiem group I hapletypes had a
sigaificantly different 5'KVR distribution from groups 1 (p<0.01) and T {p <0.05).
Group I haplotypes were predominantly associated with small alleles and the presence of
the Rsal site. Sixty percent of the alleles were between 1.90kb ang 2.50kb in size, while
< 5% were associated with absence of the Rl site, In groups I and HI at feast 20% of
the alleles were associated with absence of the Rsal site and the most common fragment
sizes were between 2.11 and 2.70kb, with a peak between 2.31%b and 2.50kb, Similarty,
using the 3'HVR system, the distributions were significantly different between groups I
and II (p<0.0001), groups I and I {p <0.001) and groups I and 11 {p <0.05). Group
I alleles were again mainty swnll, clustesing between 2,11kb and 2.50kb with a sinall tail.
Group II fragments were predominantly large, between 3.81kb and 3.40kb, whereas
group 1II appeared to bave an intermediate pattein with ho peaks, one at 2.31-2.50kb
and a second at 4.21-5.40kb.
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TABLE 4.7 Distribution of ‘allele bins’ on e and -a chromosomes for 5'HVR and
3'HVR in the total South African Indian sample

ALLELE R : A

BINS oo e o ~al

(b N % N % N % N % é
%

<19 2 0.6 1 2.0 5 i.4 2 3.8 ¢

1.91.2,10 44 i2.2 74 137 13 5.2 2 3.8

2.11-2.30 178 267 11 | 2L6 48 13.0 6 11.3

2.31-2.50 30 21| 1! 215 71 19.3 4 7.5 )

251270 45 | 127 7 1| 4 13.3 5 9.4 :

2.712.50 23 7] 3| . 20 | 54 | 4 75 i

2.91-3.20 7 19 3 5.9 i) 5.2 3 5.7

3.21-3.50 8 2.2 1 2.0 i2 3.3 8 15.1

3.51-3.80 4 1.1 0 - Y 2.4 4 7.5

3,81-4.10 4 3 0 - 17 4.6 6 11.3

4.11-4.50 3 0.8 0 . 23 6.3 3 5.7

4.51-4.90 2 0.6 0 - 21 5.7 2 | as

4.91-5.40 3 0.8 0 . 22 6.0 1 1.9

5.41-5.90 1 0.3 0 - 10 2.7 1 1.9

5.91-6.50 0 - 0 - 11 3.0 2 3.8

6.51-7,10 8 2.2 1| 20 6 1.6 0 .

7.11-7.80 12 3.3 1 2.0 3 0.8 0 -

7.81-8.60 22 6.1 1] 20 2 0.5 0 -

8.61-9.50 7 1.9 1 2.0 . i 0.3 0 -

9.51-10.50 6 1.7 0 - 0 . 0 -

TOTAL 362 51 368 53

s - L =

!N = pumber of chromosomes studied.




TABLE 4.8 Numbers of heterozygotes obsarved and expected and genetic diversities for the 5'HVR system in the South
African Indian groups

INDIVIDUALS HETEROZYGOTES HOMOZYGOTES . . GENETIC
GROUP STUDIED CoVALUESY | prverstry
Ohbserved Expected Observed Expected Trus'

5.009° 0.938
Moslem 65 50 60 15 5 1
Gujerati
Hindu 43 35 39 8 4 2 1.550 6.923
Gujerati I
Hindu 45 39 42 6 3 2 1.111 0.933
Hindi
Hipdu 40 35 37 5 3 0 0.556 0.455
Tamif
Tetal® 209 164 195 45 14 6 13.8557 0.933

! Tyue horiozygotes are thoce who act only have the same 5'HVR on both their chromosomes, but also the same o glohin cluster haplotypes and
rearmngements,
2 Chi-squared values refer to the comparisons of observed and expected values, only using S'HVR, not trae homozygotes,

" p<0.05," p<0.001.
3 rTotal” refars to all individuals ctudied, incinding those from the minor religious/langnage groups.

N
1




TABLE 4.9 Numbers of heterozygoteé observed and expected and genetic diversities for the 3'HVR system in the South
African Indian groups

| HETRERGZYGOTES HOMOZYGOTES !}
Group | INDIVIDUALS , GENETIC |i
STUDZED Observed Expected Observed Expected True' -VALUES)* | DIVERSITY j
Moslem 66 58 63 g 3 1 2.47% 0.957
Gujerati
Hindu 44 41 2 3 2 2 0.212 0.955
Gujerati
Hindu 45 41 43 4 2 2 0.714 0.965
Hindi
Hindu 40 34 38 6 2 0 2.222 0.936
Tamil
Total® 213 189 204 24 9 6 7.391" 0.959

' Trae homozygotes are those who not only bave the same 3’HVR on both their chromoscemes, but alao the same o globin cluster haplotypes and
rearrangements.
2 Chi-squared vales refer to the coraparisons of observed and expected values, only using 3'HVR, not tmue homozygotes.

T p<0.0i.
3 'Total’ refers to all individuals siudied, including those from the minor religious/language groups.
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FIYURE 4.1 5'HVR distributions for major haplotype groups

Haplotypes are grouped as shows in Tuble 4.3,

*Allele bin’ numbers correspond to ‘allele bins’ as follows:

1: <1.9kb, 2: 1.91-2.10kb, 3: 2,11-2.30kb, 4: 2.31-2.50kb, 5: 2,.51-2.70kb, 6: 2.71-2.90kb, 7: 2.91~
3.20kb, 8:3.21-3.50kb, 9: 3.51-3.80kb, 10: 3.81-4,10kb, 11: 4.11-4,50kb, 12: 4.51~4,90kb, 13: 4.91-
5.40kb, 14:5.41-5.90kb, 15: 5.91-6.50kb, 16: 6.51-7,10kb, 17: 7.11-7,80kb, 18:7.81-8.60kb, 19: 8.61-
5.50kh, 20:9.51-10.50kb.
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FIGURE 4.2 3'HVR distributions for major haplotype groups

Haplotypes are grouped as shown in Table 4.3,

*Allele bin' mumbers correspond to ‘allele bins® as follows:

1: <1,9kb, 2: 1.91-2.10kb, 3: 2,11-2,30kb, 4; 2.31-2.50kb, 5: 2.51-2.70kb, 6: 2.71-2.90kb, 7: 2.91-
3.20kb, 8: 3.21-3.50kb, 9: 3.51-3,80kb, 10: 3.81-4,10kb, i1: 4.11-4,50kb, 12: 4,51-4.90kb, 13: 4,91~
5.40kb, 14: 5.41-5.90kb, 15: 5.91-6.50kb, 16 6.51-7.10kb, 17: 7.11-7.80kb, 18: 7.81-8.60kb.
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4.2 Discussion

4,2.1 Types of - chromosomes in South African Asian Indians

The - chromosomes, encoontered in aimost all racial groups originating in tropical and
subtropical regions of the world, are thought to be the result of unegual crossover between
homologous subsegments surrounding the o globin genes. The geographical distributions

of the -0/ and -o*? chromosomes are discussed in Secdon 1.9.1,

The South African Asian Indian data, consistent with the world trends, show a higher
proportion of - than -o*? chromosomes in all the groups studied, thopgh the relative

coatributions of -o*? chromosomes to the total differ considerably among the groups.

Using the calculated -o haplotype frequencies (Table 3.6) and the relative proportions of
-o7:-0** (Table 4.1), the frequency of the -o** chromosome could be estimated to be
0.002-0.005 in all the major groups, except the Hindu Hindi. In the latter, the ratio of

-a*7:-¢* chromosomes was only 2:1 and the frequency of -o** was estimated to be 0.017.
As few studies have been done on the different subgroups in India, it is difficult to
compare thesc data with those of the corresponding parent groups in India. A ratio of §:1
has been described in a previous mixed Indian sample from Punjab, Gujerat and Kashmic
(Hill et al. 1985b), in north and north-west India. This is higher than that observed in the
Hindu Hiedi, but mach lower than the ratios observed in the Moslem Gujerati and Hindu

Gujerati in this study, who also originate from Gujerat.

As the Hindu Hindi originate from the more central and north-eastern regions of the
Indian subcontinent, the higher -o** frequency may reflect a south-east Asian influence,
as the frequency of the -o** chromosome is higher in south-east Asia (Embury ef al.
1980b). Alternatively it may be the result of genetic drift in the parent population,
especially as over 28% of the South African INindu Himdi originated from a limited
geographical area, namely a smalf number of districts in the United provinces of Agra and
Oudh in India (Bhana 1991) and each community maintains & system of inira-caste
marriages. In addition, many of the Indians who came to South Africa came in family

groups and they intermarried within their caste system, so some rare alleles may have

i
¥
1

=




T
A4

152

increased in frequency due to genetic drift or founder effect.

The dist;ibution of -’ subtypes in the present study is as expecied. The -o™
chromosyme, commonest in most world populations studied (Higgs e al. 1984), occurs
most ﬁeqﬁenﬂy, with 2 smali number of -o*™ chromosomes, only in the Moslem
Cujerati. Az expected, the -o*™ chromosome, restricted to Polynesia and Melanesia (Hill
et al. 1985b, Hill er al. 1987a) and the most prevalent type in Melanesia, was not found
in this study. |

There has been much speculation on the reasons for the varying frequencies of the
different types of -o chromosome aad particularly for the higher -o’ frequency in most
populations studied. Though ail are derived from crossover events in regions of high
homology (Higgs et al. 1984), it has been suggested that there may be higher crossover
constraints for the -o*? chromosome (Higgs et al. 1989). In the -o*” subtypes, the
frequencies correlate with the length of the homologcus region that serves as a target area
for the crossover (Hipgs ef al. 1989). Alternatively the -o** chromosome may have
evolved more recently or the ~o*’ chromosome may be at a preater selective advantage
(Trent e al. 1981b, Higgs ot al. 1989). The -o** chromosome is thought to produce a
marginally morc severe phenotype than the -’ type, as reflected by a higher percentage
of Hb Bart’s in the cord bloods of -o** homozygotes (Bowden er al. 1987), though there
are no significant differences in the mean cell volumes or mean cell haemoglobin levels
of adult heterozygotes (Bowden et al. 1985).

A further type of -« chromosome with a 3.5kb deletion, reported in Orissa State, India
{Kulozik e al. 1988a), was not observed in this study.

4.2.2 Noa-deletion o thalossaemia

There is also evidence for the presence of non-deletion o thalassacmia in the South
African Indians fiom one consanguineous Moslem Gujerati family in which two of the
chiidren had relatively severe HbH disease. Neither parent had any o globin gene
deletions, The children had inherited an identical chromosome 16 from each of their
parents, as demonstrated by o globin cluster haplotype analysis, as weil as analysis of the
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5'HVR and 3‘HVR alleles in the family. It is proposed that HbH disease in these :'
individuals s due o homozygosity for an o2 mutation. The o2 gene has beea shown to 1,
encode a 2-3 fold higher steady state level of mRNA (Liebhaber and Kan 1981, Orkin and E
Goff 1981, Liebhaber and Cash 1985) and 2-3 fold more protein than «1 (Licbhaber ef :
. al. 1986). Thus mutations in the o2 gene are likely to have 8 greater effect than thuse in «

w1, as they result in a loss of 37% and 13% of activity respectively (Licbhaber et al.
1936).

4.2.3 The -- ckromosome in Indians @

A deletion removing 22.8-23.7kb of the « glo ‘in cluster was originally described in a
South African ‘Coloured” individual (Vandanplas ef al. 1987) and subsequently in an
individual from Vayra in Gujerat (Drysdale and Higgs 1988) and a South African Indian
family (Fei et al. 1992). An Indian origin for the deletion was therefore proposed. No
individuals with the deletion were ascertained in the present study. In view of the rarity
of HbH disease and Hb Bart’s hydrops fetalis in Indians, the deletion is unlikely to be

£OMMOon. @
4.2.4 Other o globin cluster rearrangements

The geographical distribution of the o globin cluster rearrangements is reviewed in
Section 1.9.1.

The oo™ ™ was the commonest e chromosome in the South African Asian Indians, o
as it is in most populations (reviewed in Weatherall ef al. 1988). As expected, it occurs ;
at a lower frequency than the - chromosome in all the groups, except the Hindu Hindi
where it reaches a relatively high frequency of 0.083, higher than the -« frequency of
0.050. Again it is difficult to determine whether this is typical of the patent population
in India or is a feature specific to the local group, as discussed for the -o”:-o** ratio (see
Section 4.2.1). In a study of Dravidian Indians in Singapore {(Tan e al. 1991) a cow
frequency of 0.0048 was reporied, in a similar range to the minimum Moslem Gujerati
frequency.

TH s ml - .
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The {{¢ and -¢ chromousomes oceur sporadicéﬂly in the South African Indians as in most

other populations. None of the {I{ chromosomes in this study was associated with the

Bglll polymorphism finked to the {{{ chromosoms in Polynesians and Melanesians -

{Yrent ef ai. 1986, Hertzberg er al. 1988).
4.2.5 « globin RFLP frequencies
4.2.5.1 RFLP frequencies on co chromosomes

The « giobin cluster is highly polymorphic (Higgs er al. 1986) and only a limited number
of the known polymorphic sites have been tested in this study. However, even with these,
additional variation Las been observed.

The three PZ alleles at the PZ/Z locus have been previously described in a study of
Indians from Andhra Pradesh (Fodde e al. 1991) and in south-east Asia (O’Shaughnessy
et al. 1990). The PZ3 allele occurs in the Hindu Gujerati av Hindu Hindi, but not in the
Moslem Gujerati or the Hindu Tamil. The new Bg/l H aliele similarly occurs at highest
frequency in the former two groups.

Alihough the allele frequencies of the eight « globin associated FFLPs do not show
significant differences among the major religious and language groups of Indians i South
Africa on «ex chromosomes, there do appear to be some significant differences from
previously published Indian data (Higgs er af. 1986). The lader sumple was drawn
predominantly from the Punjab region of northern India and not classified according to
religious or language origins (Dr DR Higgs, persoral communication 1992). Compared
10 the sample of Higgs er al. (1986), there was a significant increase in the frequency of
the Z allele at the PZ/Z locus (site 6) in the Moslem Gujerati (p <0.001), Hindu Gujerati
(p<0.05) and Hindu Tamil (p <0.01); in the frequency of the Bgil (siie 4) + and H
alieles in the Moslem Gujerati (p<0.05), Hinc: Elindi (p<0.05) and Hindu Tamil
(p<0.001) and in the frequency of the Rsal/or (site 7) - allele in the Moslem Gujeraii
{p <0.05) and Hindu Tamil (p <0.05). The differences may be due to samples originating
from different areas, as none of the South African Indian groups originates from Punjab.
South African Indiaas also differ from Punjabis in studies of the 8 globin cluster (see
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Sections 5.2.3 and 6.2 for discussion). It is interesting that the Z allele at the PZ/Z locus
and the Bgll + allele, partly respopsible for the differences have previously been
described as cemmon in Papua New Guinea and Melanesia (Higgs ef al. 1986), though
the Z allele is seen in most human populations at low frequencies (Hill ez al. 1985a). Hill
et al. (1985a) also describe an Indian sampie of undefined origin with a frequency of the
Z allele ¢f 16%, similar to the 14% of Higgs et al. (1986). This is in contrast to the
findings of the present study where frequencies of Detween 24 and 37% were observed,
¢ highest being in the Hindu Tamil from the south of the subcontinent.

The South African Indians come from the western, southern and central regions of the
Indian subcontinent (see Figure 1.4), regions perhaps less vulnerable to invasion and
admixture than the nortbern areas. The alleles found further south may represent the
older, ancestral types, wiich have been less influenced by types brought by the peoples
who have invaded the Indian subcontinent from the north.

On oo chromosomes, the Z allele was {ound in associadon with a Hmited number of
IZHVR sizes and Sy alleles, namely L+, M- and M-, though predoiminantly with M-,
perhaps suggesting a limited number of origins of this mutatiop in India.

In the IZHVR sysiem, the M allele predominates in the South African Indians, as in most
other populations studied (Guodbourn er al. 1984, Higgs er al. 1986). There were also
significant frequencies of the § and L alleles. The § allele has also been described
previously in populations from Melanesia, Papna New Guinea and Asia {Goodbourn ez
al. 1984, Chapman ¢t al. 1986, Higgs e al. 1986), while the L allele is common in
Caucasoids and Asians (Geodbourn er al. 1984, Higgs et al. 1986).

The Moslem Memon appeared to have a high frequency of the Rsai/« + allele, though
the sample was very small. The individuals of this group came from a few towvns and
villages in the Kathiawar region of Gujerat, and seitled in South Africa in two rclatively
isolated groups (Bhana and Brain 1990) where they have maintained a high wzie of
consanguineous and endogamous marriages., The  1ay thus have wunsual allele
frequencies due to their limited founder numbers.
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4.2.5.2 RFLP frequencies on -a chromosomes

Thongh the numbers of ~c¢ chromosemes were small, comparisons among the groups did
show some significant differences. The differences in #equencies between the Hindu
Findi -¢x chromosemes and those of the other groups can be accounted for parily by the
relatively high frequency of -o** chromosnmes and also ~nparently more fimited
origins of the -’ chfomosome in the Hindu Hindi (see Section 4.2.6.2 o discussion).

Jifferences also occur in allele frequencies on ihe -« aud ao chromosomes for some
systems. As the -a chromosome frequency is likely to have incr>2sed by natural sclection,
a different distribution of allcles from the xew chromosemes is not unexpectad, the allele
fiequencies on the -o chronsosomes depending on which original subset of parent
chromosomes gave rise to the -o chromosomes.

4.2.6 « globin haplotypes
4.2.5.1 Haplotypes on aa chromosomes

The « globin haplotype is characterised by eigh. dis: »phic RFLPs and a ninth marker,
with threg alleles, for the purposes of analysis. The Accl/o site was exciuded from this
analysis, because of the high cost of the enzyme. Only 50 out of a possibie 768 haplotype
combinations, using the nine sites, have been observed in population studies, suggesting
lirkage disequilibrium of afleles between these polymorphic markers. In all populations
the commonest haplotype frequency exceeds that predicted by a factor of 5-50, though the
average “~terozygosity was high at 0.93 (Higgs er al. 1986). In the present study, a total
of 27 eight-site haplotypes was observed and the heterozygosity rates in all groups were
high, >>0.83. Even with grouping of similar alleles for haplotvping, a high level of
polymorphism remains. Type Ia was the most frequent haplotype in all groeps, although
chromosomes of groups I, 11 and I each account for similar proportions of the total,
about one-third cach. |

The haplotype distributions in the South African Asian Indian groups did not differ
significantly, but all had significantly different baplotype frequencics from a previously
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4.2.5.2 RF¥LP frequeacies on -e: chromosomes i
Though she aumbers of -« chron | ‘; were small, comparisons among the groups did ’/ R
show some sipnificant Jifferences. The differences in frequencies between the Hindu | ﬁ,
Hindt -o chromosomes and those-of the other groups can be accounted for partly by the "
relatively high frequency of -o*® chromosomes and also the apparently more limited o

origins of the -&’ chiromosome in the Hindu Hirdi (see Section 4.2.6.2 for discussion). Y
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Differences also occur in allele frequencies on the -« and wo chromosomes for some
systems. As the ~a chromo ome frequency is likely to hav e increased by natural selection,
a different distribution of alleles fr¢m the aer chromosomes is not unexpected, the allele
frequencies on the ~o chromosnmes depesding on which original subset of parent ,, ( i
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chromosomes gave rise t0 the -o chromosomes.
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4.2.6 o globin haplotypes

TN N — .

A=
-

4.2.6.1 MJapiotypes on aex chromosomes

The « globin haplotype is characterised by cight dimorphic RFLPs and a ninth marker, L .
with three alleles, for the purposes of analysis. The Accl/w site was excluded from this
analysis, because of the high cost of the enzyme. Only 50 out of a possible 768 haplotype .
combinations, using the nine sit.s, have been observed in population studies, suggesting r K
linkage diseguilibrivm of alleles between these polymosphic markers. In all populations :

the commonest haplotype freguency exceeds that predicted by a factor of 3-30, though the .
average heterozygosity was high at 0.93 (Higgs ¢r a/. 1986). In the present study, a total ;
of 27 eight-site haplotypes was observed and the heterozygosity rates in all groups were
high, >0.83. Even with grouping of similar alleles for haplotyping, a high level of
polymorphism remains. Type Ia was the st frequent haplotype in all groups, althongh
chromosomes ~f groups I, 1T and 11T each account for similar proportions of the total,
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about one-third each.

The haplotype distributions in the South African A...) Indian groups did not differ
sigaificantly, but all had significantly different haplotype frequencies from a previously
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described Indiun sample (p<<0.01 in all cxcept the Hindu Gujerati group where p<0.02)
(Higgs ot al. 1986). These data reinforce the findings of the RFLP data. The difierences
vrere wainly due to an increase in the frequency of group 11 haplotypes, particularly types
iz and IiIb ia the present study. Group IV haplotypes were also observed in all groups
in this study but were absent from the previous sample (Higgs et al. 1986). More
recentiy, Higgs et al. (1989) have noted that types Ta, Ia and Illa are present in India,
but that IVa I s ot beea recor -4,

The haplotypes in the sample of Higgs et ol. (1986) were determined from homozygotes
and ihus the distributions noted were not true frequencizs, since commoner haplotypes
would have beer over-represented. ka addition, haplotypes were typed Ia if they had an
Rsal + allele, but there are other group I haplotypes, which may therefore have been

underestimated,

Five haplotypes predoaicate in the world, Ia, 14, Iila, IVa, VIIa, with Ia commonest in
Caucasoids (British, Mediterronean, Saudi Arabia 2ad Indian) (Figgs et al. 1936). Types
Ia, Ha and 1ld/e constitate D0% of the haplotypes in south-east Asia, while in Metanesia
iypes Ila, IVa aud Ve predominate (O Shaughaessy et al. 1993) and i Polynesia Ia, Tia
and IVa are commonest (reviev.ed in Flint ez al. 1993b). Type llla was shown fo be the
second commonest haplotype in the Hindu Gujerati in this study, as it was in a study of
tribal populations of Andliwa Pradesh (Fodde ef al. 1991). Type IHla is the third most
commoen haploiype in Sri Lanka and Saudi Arabia (reviewed in Filil oz af. 1993b). Intae
Moslem Gujerati and the Hindu Tamil type b was the second inost comimon, Thus the
groups from India aprear to represent a mixture of Caucasoid and south-east Asian types.
The origin of the high frequency of group III haplotypes is difficelt to determine, perbaps
the resalt of founder i¥ect and genetic drift in the relative isolation of the Indian
subcontinent, Alterr *ively, group III haplotyges may represent the ancestral hapiotypa

o e fndian subconiingat.

The exact mechagisms - .ulying the differences between populations are still poorly
vnderstood, however it has been proposed that the common haplotypes must have
preceded humar: racial civergence and have been inberited as stable linkage groups siece,

Rarer haplotypes may have arisen in different populaticns by recombination or mutation
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(Higgs et al. 1986). The association of particular haplotypes and PZ alleles reinforces the
concept of stable linkage groups, as does the presence of the §{2-{1 polymorphism in
all racial groups (Hill ef af. 19854). Similar associations to those in this study between
PZ types and baplotypes have aliso been observed in south-east Asia (O’ Shaughnessy ef
al. 1990), though Fodde er al. (1991) also observed PZI in type I haplotypes.

Similarly the insertion in {2 reported in the Hindu Gujerati and Hindu Hindi groups in
this study has only been observed ia association with a single haplotype (I1j), suggesting
a single origin. In addition, the haplotype appears to be associated exclusively with the
PZ3 allele and the Bgll H allele. The insertion bas been previously sbserved in Indians
of unspecified origin and Sri Lankans (Dr DR Higgs, personal communication 1992),
though no haplotype associations have been described.

4.2.6.2 « thalassacmia haplotypes

The -o chromosome haplotypes were studied in an attempt to determine the number of
mutations wiich have occurred. The -« chromosomies are assumed fo be the resuit of
interchiromosomal crossover and the resultant asscciated haplotype is the result of
recombination between two hapiotypes. It is difficuit to determine the derivative
chromosomes of the - haplotypes unequivocally. The 5 ends are uct necessarily unigue
to any particular haplotype (see Table 4.3a), while at the 3’ end minimal information is
available, because of deleted sites (the Rsal/a site in the crossover resuiting in the -o*
chromosoine and the Psil/e site in the crossover resulting in the -o?7 chromosome).
Further, the remaining 3’ sites bave low frequencies of the rarer allele and thus provide
litile information. There is also no fixed reference point in the cluster, like the framework
in the 8 glol .a cluster. In the assignment of ~o*7 chromosomes to hap! .ypes, the Rsal/a
polymorphism is useful in defining the 5° origin of the haplotypes, but the 37 end is siiil

equivocal.

Each different -e haplotype may represent a new mmtation. Alternatively, each of the
tyges and subtypes of - mutation may have occwred once and the present day haplotypes
iy be the rcsult of an accumulation of mutation and recombination events on these

chromosomes. Natural se*ection wonld then have increased the frequencies of the ddferent
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-z chromosomes. The true number of -o mutational events is probably somewsere

between these two theories, but is difficult to estimate.
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Twelve difforent haplotypes (with PZ subtyping included) were associated with the -o'”
chromosomes, one with the -o*™ and two with the -o#? chromosomes, thus providing an
estimate of at least 15 origins for the -« mutations in South African Asian Indians. This
number could be expanded if the different sized IZHVR alleles were included. In
addition, if one includes the 3'HVR and 5'BVR alleles at ejther end of the haplotype,
eack of the haplotypes could be divided further. However, if one attempts to determine
a minimum number of origins, it can be assuned that different size VNTR alleles hre due
to recent mutation, although this is not necessarily supported by analysis of
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hapiotype/VNTR association, which seems to have been maintained over a long period
(see discussion in Section 4.2.73. Further, those hoplotypes that differ by a single
restriction enzyme site may be assumed to differ becavse of recent mutation. All the ~¢*™
haplotypes observed in South African Indians could therefore be derived from three or
four original mutations, if reccmbination events and point mutations were important in

contsibuting to the carrent variability. Recombination could decrease this number further. @
Aithough the two -o** haplotypes cannot be derived from one another by a single .
mutation event, a single crossover 3’ to IZHVR could explain a single origin for the two ﬂ : |
haplotypes. Thus there could be as few as five or six origins of - cromosomes in Soutk '
African Indians. _

There is some evidence for increased crossover on chromosome 16p in general (Donis-

Keller ¢t af. 1987)., There is increased male recombination at both chromosome 16
ielomeres (Julier er al. 1990) and increased chiasmata in the region of 16p {Saadallah and
Hultén 1983). Areas with an increased GC content and hypomethylation, which have been
implicated in prokaryotes as regions of high recombination (Fischel-Ghodsian e al. | ._
19873a), also exuist in the region of the o globin cluster. In addidon, it is thought that .

tandem repeats, which are prevalent in the cluster, may promote recombination events
(Jeffreys er al. 1985, Jarman er al. 1986).

A hotspot for recombination has been proposed in the « cluster, between IZHVE! and
IVS1, in exon 1 of {1, though none has been definitively demonstrated and ao linkag.
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disequilibrium is observed on either side of IZHVR (Higgs e al. 1986, Higgs et al. 1989,
Fod¢ er al. 1991). A breakpoint cluster region has zlso been proposed upstream of
FHVR (Nicholls ¢ al. 1987) and the presence of aca/-o and I {/-Z chromosomes have
been used as evidence for the occarrence of homologons interchromosomal crossover
(Winickagoon ez al. 1982). There is aiso some evidence for gene conversion (Hill et al.
19852) and interchromatid or intrachromosomal events (Higgs ez al. 1986). Cn the other
hand, 1t has been suggested that recombination may be somewhat sappressed in the cluster
{Ramsay and Jenkins 1988). No recombination evenis between F'HVR and 3’'HVR
within the cluster were observed in 157 paternal and 157 maternal informative meioses
in this study or by Jarman and Higgs (1988) and Higgs er al. (1989) in 500 meioses.

The ubiquity of the -« chromosome suggests that it may be a very old mutation (Ramsay
and Jenkins 1984). In addition, it is known that natural selectior has acted to increase its
frequency. However, the true number of origins remains difficult to determine. It seems
likely that the true nomber of mutations lies somewhere between the minimusn and
maximum estimates. Further it is also uncertain whether the same mutation in different
populations suggests common ancient origin or recurrent mutation (Chapman ez al. 1986).

Evidence for the association of multiple haplotypes with -o was first demonstrated by
showing no consistent linkage between ~a types and IZHVR (Gocubourn e al. 1984).
Other evidence for multiple mutation events comes from the association of - and
different hacmoglobin variants and HVR alleles (Goodbourn et af. 1984, Flint et al.
1986).

The findings in this stady are in keeping with studies elsewhere, where the -o
chromosome is associated with a number of haplotypes and thus thought to have multiple
origins. Multiple origins have also been proposed for the -o chromosomes of Kenyans
(Ojwang ef al. 1987), Australian Aborigines (Tsintsof ¢f al. 1990} and southemn Italians
(Di Rienzo ez al. 1986). Although tribal Indians in Orissa and Andhra Pradesh appeared
to have 2 single origin (judged only by the Rsal/e: site) (Labie ef al. 1989), a study in
forest tribal communities from Andhra Pradesh in India showed genetic heterogeneity of
o thalassaemia haplotypes. This was ascribed to multiple recembination events and natural
selection (Fodde er al. 1991). The wide geographical distribution and multiple haplotypes
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associated with the -o™" chromosome are suggestive of multiple origins (Weatherall e al.
1988). In contrast, the -o*™ in Melanesia has a single haplotype associated with it (Hill
et al. 1985b, Flint er al. 1986, O’ Shaughnessy ¢t al. 1990), as does e -a chromosome
in Sardinia {Di Rienzo et al. 1985) and the different - chromosomes (Goodbouwrn ef al.
1984, which have increased due to selection and disseminated. A fimited diversity of o
globin Laplotypes has beer found in Polynesia and is thought t0 be due to common
ancestral founders with genetic drift resniting in group differences (Hestzberg er al.
1988).

Fodde et al. (1991) proposed three origins for the -o*? chromosot\e in Andhra Pradesh.
One of the -o** haplotypes is similar in this stady and in that of Fodde ez al. (1991).
Threc of four south-east Asian and Polynesian -o** haplotypes differ from those in India
(Flint er al. 1986, Hill 1986). All three - haplotypes described in Melanesia (Hill e
al. 1989) are different from those in South African Indians.

4.2.6.3 Haplotypes associated with o globin cluster rearrangements

The -, {{{ and coa chromosomes may provide better inforsation than the -o
chromogomes on genetic affinities between populations as they are under no seiective

pressure but the data are relatively limited at present.

At least three different awes chromosomes were detected in this study, all different from
those previously described in Polynesia (Hertzberg er al. 1988). Because of the difficulties
in ascertaining which haplotypes were involved in the crossover events to form the -« and
worx chromosomes, it is not possible to determine whether any of the mutations represent

reciprocal chromosomes.

One of the two £ chromosomes studied was of the south-east Asian type (Hilt e al.
1983a, Hill ez al. 1987a, Hertzherg et al. 1988). This chromosome is thought to bave
spread by migration through south-east Asia, Melanesia, Micronesia and Polynesia (Hill
et al. 1989), The second Z{{ chromosome in this study has a different haplotype, which
is unlikely to have arisen from the south-east Asian type. The {{{ chromosomes wers
agawn unusuai as the haplotypes from which they appear to be derived, td/e and Ui, are
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rare in India. A single south-east Asian ancestral origin of {{{ has been proposed -

(Hertzbery et al. 1988, Trent et al. 1988, O’Shaughnessy er al. 1990), though the -{ does
not appear {0 be a reciprocal chromosome and is probably the result of a separate
crossover event, The south-east Asian {{{ chromosome is associated with the acquisition
of a Bg/ll polymorphism on the chromosome in Melanesia and Polynesia (Hill ef al.
1087a). Similarly the second {{{ chromosome in this study suggests at Ieast two
mutational events have given rise to the {{{ chromosome. Even in Polynesia where each
of the waw, -a, {4, -{ chromosomes is associated with a siagle haplotype, at least four
crossover events have o be propesed io explain the data (Hertzberg e af. 1988),

The single - chromosome observed was interesting in that it had a (- + +) at the 3’ end
typical of a Type 1V haplotype, which is rare in Indians, but is the type associated with

-{ in Polynesia (Hertzberg er al. 1988). The 5 end was uninformative as a number of
the sites were deleted and two were indeterminate. It did however have a Qif” vent Xbal
site from the Polynesian chromosome. There is further evidence for mnltiple origins of

- as it occurs with and without the XbaJ site and on chromosomes with and without «
thalassacmia (Weatherall ez al. 1988), and is associated with fonr haplotypes in American
Biacks (Felice et al. 1986).

Some of the ~{ and {{{ chromosomes in India appear to kave a common origin with the
south-east Asian types. They may represent old Asian mut:¢ions which have remained at
low frequency in most of the populations as 1o natural selection has operated on them.

4.2.7 VNTR analysis

The region of the o cluster confains several loci with tandemly repeated segmenis of
apparently refated GC-rich sequences (Higgs e al. 19%9), including the S’HVR and the
3’HVR, which have a 57bp aad a 17bp tandein repeat segquence respectively. The number
of repeats may be altered by un: jual genetic exchange at meiosis or mitosis or by DNA
siippage during replication thus producing highly polymorphic regions.

In the VNTR systems studied the sizes of the repeats are small and thus alleles which
differ by only a few repeats are not resolverd using Southern blotting methods.
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Neverthicless, a large number of alleles were observed at both ¢f the VNTIR loci, with
high heterozygosities. The distributions aze similar to those previously noted for these two
systems (Jarman and Higgs 1988, Aliew ef al. 1989). There were no significant
differences between the major groups, although the impostance of small variations

between groups is difficult to determine. The narrow 5’HVR distributic: in the Hindu -

Hindi is perhaps suggestive of a small number of more closely related founders than in
other groups.

Both the 5’HVR and 3'HVR distributions we~ “ewed to the left, with smailer
fragments predominating. This has been thought to veflect a balance between unequal
interchromosomal exchange producing both large and small alleles and intramolecular
deletions generating smaller alleles (Jarman and Higgs 1988). Others have proposed
hitchhiking as the explanation, particularly as the distributions differ markedly from those
of VINTRs at other loci (Deka e al. 1991). The large number of alleles at these loci
together with the low sequence divergence of the r _ -~ oquences is thought to peint to
rapid concerted evolution (Jarman ef al. 1986). The ..itation rate of 3’HVR has been
shown to be high in vitro (Jarman et gl. 1986), while 5’HVR is more stable (Jarman and
Higgs 1988). These findings have not been verified in vivo, however. Estimates of the
mutation rate in VNTR loci have varied, though the mean is estimated at 0.({d per DNA
fragment per gamete (Jeffreys er al. 1988). In 314 informative meioses in this - ludy, there
were no paternal or materpal exclusions, which could be ascribed 10 new mutations,
though the high heterozygosity rates suggest at least a 10-50 times higher mutation rate
to account for the increased genetic variation {Deka er al. 1991). As the function of
VNTRs is unknown, the significance of this is vncertain. They may play a role in
recombination or other cellular functions (Higgs et al. 1989).

VNTR systems have heen used widely in genetic studies in, for example, paternity testing
and linkage studies. The S'HVR and 3'HVR systems together provide a very powerful
tool because of their high combined heterozygesity, with no high degree of linkage
disequilibrium beiween them (Yarmew ot “'rgr {$88).The 3'HVR system was used to
localise the autosomal dominant polycystic kidney disease (ADPKD) locus (Reeders et al.
1985) anc the familial Mediterrancan fever locus (Shohat ¢ @?. 1992) to chrromosome
16p. It was also used to exclede the vresence of uniparental disomy as a cause of
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Rubinstein-Taybi syndrome (Hennekam ef «f. 1993), after it was shown to be due to a
submicroscopic interstitial deletion within 16p13.3 in 25% of patients (Breuning ef al,
1993). In this study, the VNTR markers, together with the o giobin haplotypes, were
used *0 shiow that non-deletion HbH disease in the offspring of a consanguineous marriage
was associated with homozygosity for 16p and probably with homozygosity for a point
mutatior in the &2 gene. At present, population studies using VNTRSs are difficult because
intra-population variation is greater than inter-population variation. They are potentially
extremely useful, however, and may be able to provide some depth to other mutational

events and haploiype origins (Higgs ez al. 1986).

In this study 2 correlation was demonstrated between the haplotype groups ang the ailele
sizes at the 5’HVR and 3'HVR loci (Figures 4.1 and 4.2). The haplotypes are classed
arcording to their 3’ ends and it is not surprising that there is a greater correfation with
3’HVR than 5'HVR atiele sizes. In addition, the lesser correlation between S’HVR and
haplotypes may be due io the greater distance of 'HVR from the cluster, as more distant
markers show progressively less correlation with ihe established o globin baplotypes
(Higgs et al. 1989). Higgs et al. (1986) have previously noted the uniformity in 3'HVR
fragments with the Ia haplotype, findings which were less obvious with ffa and Ilia
baplotypes, but the sample sizes were small. In this study distributions of allele sizes were
compared in haplotype growps, rather than is individual haplotypes. Clear trends in the
allele sizes in different groups were observed. Higgs ef al. (1989) also showed an
association between some haplotypes and the presence or absence of the Rsal sitc i the
5'HVR regi~rn. In this study, all groups had 5'HVR alleles with and without the
restriction enzyme site, though group I haplotypes do appear to have a lower proportion
of fragments lacking the Rsal site.

The differences in allele distribution in the different haplotype groups reinforce the idea
that the haplotypes may be old and have relatively few origins in this population. T7 3
variaiion in VNTR size is distributed zround the size of the founder chromosome. The
Hianited distribations of VNTR allele sizes arcund distinct modes in each of thi: haplotype
groups may provide some evidence fo suggest that forward and backward mutaiion due
to slippage and resulting in small allele size changes may be more common than larger

allele size changes due t0 unequal recombination or sister chromatid exchange. The more
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frequent alleles are often shared between populations and, it is proposed, may precede
geographical dispersal (Deka er al. 1991). Detailed studies would be required to determine
whether the same haplotypes in different populations are associated with similar ailele
disteibutions. If so, this would support the theory that haploiypes are ancient and have

common origins in all populations. Their size correlation with common haplotypes

remzins o be determined in other populations.

All popuiations are thought t0 maintain numerous alleles and high beterozygosities for
VNTRs, unless they have been through recent bottlenecks. This is well demonstrated in
this study where all groups kad heterozygosities greater than 0.9. One might also expect
to find a deficiency of heterozygetes in VINTR analysis due to poor resolution of similarly
sized fragments. This phenomenon was found in the total sample, but aot in the individual
groups, though in all groups the expected number of homozygotes was less than the
observed number. The small nmnbers of observations may explain why the differences
de not reach significance. Fragments may, in theory, differ by as little as one repeat
sequence {(17bp for 3'HVR or 57bp for 5’HVR), and thus fragments which are measured
on a Southern blot to be the same size may actually be different. If one looks at the true
homozygotes, individuals who share a complete o globin haplotype in addition to the
same sized VNTK fragments, no heterozygote deficiency exists, reinforcing the idea that
different allcles are being pooled in the analysis. An additional reason for excess
homozygosity at a locus may be forward and backward mutation to similar sized alleles,
though these would be distinguished by comparing the rest of the haplotype.

In some of the South African Indian groups the rate of consanguineous marriage may be
as high as 30%. This could raise the number of individuals homozygous at a locus
considerably. The study sample was not representative in that families in which the
paients were consanguincous wore excluded, so the true rate of homozygosity in the
groups may be higher than that observed here. It is interesting that the high rate of intra-
caste marriage does not seem to have decreased the heterozygosity markedly, perhaps
because of a high new mutation rate, although the narrow Hindu Hindi distribution may

in part be explained by the intra-caste mairiage system.
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CHAPTER 5- CHARACTERISATION OF THE 8 GLOBIN CLUSTER IN SOUTH
AFRICAN ASIAN INDIANS

This chapter deals with the § globin cluster polymorphisms and rearrangements that ocvur
in South African Indians. The allele frequencies for the common B giobin cluster RFLPs
are presented for chromosomes with normal § globin genes (8*) and those cairying a
wutation causing § thalassaemia (87). 8 globin haplotypes were constructed, using family
studies, for chromosomes carrying 8%, 87, 8%, B°, and 87 giobin genes. The data were used
to compare the different indian groups and to try to define the origins of the different
haemoglobin variaats, excluding the B thalassaemias, in Indians. The B thalassaemia
mutations and their origins are presented in Chapter 6. In addition the Xmnl site 5 to %y
has been characterised and its relationship to the haplotypes is described. A new Xmnl

variant is also reported.

Data presenied for the major groups, namely Moslem Gujerati, Hindo Guijerati, Hindu
Hindi and Hindu Tamil, were analysed statistically. For the minor groups, namely
Moslem Urdu, Mosiem Memon and Hindu Telegu, data are presented for completeness,

but the samples were too small for statistical analysis in most cases.
5.1 Resulis
5.1.1 B globin cluster rearrangements

The most common rearrangements in the § globin cluster involve the two y genes. The
yyy reatrangement was observed in three individuals, one Moslem Gujerati out of 70
individpals sindied and iwo Hindu Hiodi oui of 45 studied. The frequencies of the
rearrangement were thus estimated to be 0.007 + 0.007 and 0.022 + 0.015 in the
Moslem Gujerati and Hindu Hindi, respectively. All occur on chromosomes with normal
B globin genes and appear to be of the Sy%y*y type, as there is no 4.2kb fragment after
Psf1 digestion and the 5.1kb fragment is increased in intensity (Trent ef al, 1981a). The
rearrangement was not found in 47 Hindu Gujerati nor in 34 Hindu Tamil individuals
studied.
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The -y rearrangement of the *y type was observed in one Hindu Tamil individuai out of
39 studied, on a chromosome with a normal § globiy gene. The frequency of the
rearrangemest in this group was thus estimated to be 0.013 + 0.013. It was pot found
in 70 Moslem Gujerati, 7 Hindu Gujerati or 45 Hindu Hindi individuals studied.

Al the individuals with yyy and -y rearrangements had normal FBCs. Unfortanately

HbF levels and "y :*y ratios were not determined.
No %y or *y*y rearrangements were found in any of the groups.

5.1.2 8 globin cluster RFLPs

The altele frequencies for the nim. corvmon B globin cluster RFLPs studied on 8* and #
chromosomes are shown in Tables 5.1 und b for the major and minor South African

Indian groups respectively.

For the B* chromosoines, the allele frequencies differed significantly (p <0.05) between
the Moslem Gujerati and Hindn Hindi gronps for Hincll/e (System 1), HindlII/%y (System
3), HindIll/*y (System 4) and Hincll/pP3.9 3° site (Systern 6). The Hindu Hindi also
differed ~ignificantly from the Hindu Tamil at HindIII/°y (p <0.05) and Hincil/pP3.9 5’
and 3’ sites (Systems 5 and 6) (p<0.035 and p <0.01 respectively). The Hinda Hindi and
the Hindu Gujerati had significantly different allele frequencies at the HincIi/pP3.9 3
site (p <0.05). In addition, the Moslen Urdu differ frose the Moslem Gujerati at Hincll/e
(p<0.05), and the Hirduy Tamil from the Hindu Telegn at Hincll/pP3.9 (p<0.05).

The allele frequencies on the §7 chromosomes differed significantly {p <0.03) between the
Hindu Hindi and Hindu Gujerati chromosomes at the Hincille, Hindii/Py and
Hincl/pP3.9 3 sites, between the Moslem Gujerati and Hindu Gujerati at the BamHI/B
site (p<0.05) and between the Hindu Hindi and Moslem Memon at the Hincll/e,
HindIll/%y and Hincll/pP3.9 5’ and 3’ sites {p <0.05 for all sites). The sample sizes aic

relatively small, however.

The allele frequencies or the B* and 8" chromosomes were also compared in each of the
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TABLE 5.1a Allele frequencies of the common S globin cluster polymorphisms for 8* and 37 chromosomes in the major..
South African Indian groups b

MOSLEM GUJERATE HINDU GUJERATI RINDU HINDE HINDU TAMIL
SYSTEM! | ALLELE* | CAROMOSOME
_ N Freg SE N Freq SE N Freq SE N Freq SE
1 + @ 108 | 0685 | 0045 | 66 ; 0621 0.060 3 68 0.529 6.061 57 0.632 | 0.064
i 22 | o636 | 0103 8 0.550 0.177 19 1 000 - 6 0500 | 0204
2 + gt 103 | 0269 | o043 | 65 0.16% 0046 | 68 0.294 0055 ; 57 0.175 | 0.050
i 22 | 0227 | o0.089 8 0.37% 0.171 16 0.000 - 6 0333 | o192
3 + i 1038 | 0380 | 0047 | 66 0.403 0.061 | 48 0.559 0.060 57 0368 | 0.064
& 22 | 0364 | 0.103 3 0.500 0177 10 0.000 . 3 0.500 | 0.204 '
4 + i 108 | o011 | 0030 § €6 0.182 0047 | '3} o250 0.053 57 eann | 0054
& 22 | 043 | o007 8 0.125 0.117 0.7 000 - 6 0.167 | 0.152
5 + iy 18 | 0278 | 0043 | &6 0.197 0.045 | 68 0.309 2.056 57 0.158 | 0.048
& 2 | o227 | o089 8 0.375 817 r. 0.000 . 6 €333 | 0192
6 .+ G 108 | 0382 { 0047 | 66 0.37% 0.060 | 6 0.359 0.060 | §7 0.316 | 0052
g 22 | 0364 | 0.03 8 0.500 0.177 t 1 nooo . 6 6.500 | 0204
7 * & 108 | 067 | 0045 | 65 0.636 0058 | 68 0.544 0.050 57 0684 | 0.062
gt 22 | 0273 | 0095 8 0.500 0177 | 19 0.100 0,095 6 0.167 i 8.152 f _
g + & 108 0.495 0.048 66 0.500 9.062 68 0.485 ouél | 57 0.614 | 0.064
& 2 | 003 | 00m % 0.250 0.152 10 0.10¢ 0.095 6 6.600 .
9 b B um | 0815 | 0037 | 66 0.742 0954 | 68 8.772 0.050 37 0842 | 0.048 .
& 1.600 : 8 0.500 0.177 i) 0.900 0.095 6 1.000 - A

' Th2 numbers of the systems correspond to the siis labelled in Figure 2.2and the RFLPs described in Table 2.5,
2 All systems are biallelic and the frequency of the ‘+’allele is shown.
3 N = pumber of chromosomes studied.
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TABLE 5.1 Allele frequnnmes of the coinmon § globin cluster polymorphxsms for §* and 8"
chromosomes in the minor South African Indian groups _ -

i MOSLEM URDU © MOSLEM MEMON “ HINDUTELEGU =~
SYSTEM' | ALLELE* | CHROMOSOME : — 7
N Freq |  SE N Freq SE N ¥1.9 SE )
1 + & 10 | 0300 § 90.145 6 0.500 0,204 5? 0.333 9.192 '
& 6 | 0667 | a9z 5 0.400 o219 { 1 1000 |- -
2 + 8 8 | 0250 | 0153 6 .7 0467 | 052 | 6 0.500 0.204
a 3 9.200 0.179 5 ' 0.500 0.218 i 0.000 -
E + st : i0 0.660- | O0.IS5 6 0.167 0.152 6 i 0.833 0.152
i 6 | G333 0192 51 0.680 0.219 1° - eo0 | -
4 + gt 10 § o3ce | o.4s ; 0.167 0.152 6 0333 1 0,192
& 6 | 0167 | NSz 5 000 . 1 0.500 - -
5 + o 0§ o2 | wias | 6 | o167 | oa5z § 6 0500 | 0.204 -
o 6 | o167 | 0152 5 G600 0219 i 0.000 - ;
6 + 8 10 { oeos [ oass | 6 § 0323 | 0wz | 6 0.833 | 0.152 B
) 5* 6 | 02333 | 0492 s 0,600 0219 i ¢.000 = ) ' R
7 + gt 10 0.500 0.158 6 0.833 0.152 6 0.667 0.192
g 6 0.167 0.152 5 0.600 0219 1 2.000 .
8 - s 0 | oso | oass 6 1. 0.8 0.152 6 0500 | 0.204
i 6 4.000 - 5 2.000 - 1 0.000 -
9 + s ¢ | osoo | o1 | s 0667 | 0.9z | 6 1.060 - &
1 g € 1.000 - 5 1.00% - 1 1.060 -

i’l’he aurbers of the s, s*ems cortespoad to the sites labelled in Figure 2.2a0d the RFLYs desoribed 1 Table 2.3,
* All systems are biailelic and the frequency of the ‘+’allele is shown.
*N = number of ¢ .romosomss studied.
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major gmlipsx In ﬁlemdu Hindi frequencics were sigaificantly different for the Hincll/e
0 < 0.05). dirdlI1/%y (p< (.01}, pP3.9 3/ site (p<0.01) and Avall/§ (p <(.05) systems.
The Avall/B and Hirdi11/3"3 allele frequencies differed significanily in both the Moslem
Gujerati (p «::':Efi;l}'-and'tﬁe' Hindu Tamil (p<0.05). In the minor groups, the numbers
were 09 small for statistical analysis, bat nevertheless in the Moslem Memon, the
Hind1/5'B frequencies differed between the B* and 8" chromosomes (p <0.05).

A numbef of £, 8° and B* chromosomes were !0 studied. The aliele frequencies were
no_t_.calculated as the numbers in each religious and linguistic group were too smali for
comparison. The data are presented as hapiotypes in Sections 5.1.3.3-5.1.3.5.

5.1.2.1 A new Xmnl variant

| In contrast to the o globin cluster where the silcic sizes vary considerably ane io the
presence of tandem repeats, the § globin ReLPs are single site polymerphisms and thas
alleles are generally of fized size. Additional bands were observed, however, with Ximnl
digestion aad the p*y probe in individuals from three families, one Moslem Gujerati ang
two Hindn Gujerati.

When DNA is digested with X! and hybridised to the probe p*y an 8.2F.0 fraginent is
produced when the polymorphic site at -158 to %y is absent and a 7kb fragment when it
i» present (Gilinap and Huisman 1985). Tn the Moslem Gujerati family additional
fragments of 4.9kb and 2. 1kb were seen and in both Hindu Gujerati families, fragments
of 6.1 and Z.1kb were seen (see Figere 5.1},

The Hindlll/°y and Rindiil/*y polymorphisms had previously been characterised in these
families and no aberrant bands had been noted. Aberrant bands wese also not seen with
the p*y probe and the enzymes Bglll or Psi in these families, suggesting «hat the varianis

were point mutations altering sites for the enzyme Xnmmnl,

In an attempt. to define these variands further, double digests with Xmnl and HindIlI were
done and a resiriction map constructed. This is shown in Figure 5.2. As HindiH cuts
between the two y genes, it was hoped that this enzyme would kelp to localise the variant



A

171

7'0“ -'.-.
B el '

&3

K i "
L. 2 !
20 i B w
) : 75 ¥ n
o
L .: .
T R
{fu ;
K B ! [ i
Nl < - -
}
N \
« 0’ e peema ————— !
M1 M2

FIGURE 5.1 Autoradiograph following Xmnl digestion and p*y hybridisation,
demonstrating the normal Xmnl/y polymorphism and the variants observed in this
study

When DNA is digested with Xmn 1 and hybridised to the probe %y aa 8.2kb fragment is produced
when the polymorphic site at -158 to y is absent and a 7kb tragment when it is present. Individua's
$-1 in family A, I-2 in family B and I-] in family C are all heterozygotes for this polymorphism, wiile
11-1 in family A and II-2 io family B are homozygotes for the 3.2kband 7kb fragments, respectively.

Family A is a Moslem Gujerati far ~ -, in which additional fragments of 4.9kb and 2,1kb were seen
(individuals I-1 and 1I-2).

Families B and C are both Hindu Gujerati families, in which additional tragments of 6.1 and 2.1kb
were seen (Family B, individuals 1-1, I1-1 and II-3; Family C, individuals [-2 and I1-).

Lapes marked Mi and M2 represent the Hindill and HindlIl/EcoRI molecular weight markers,
respectively,
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FIGURE 5.2 Restriction map of the % and *y genes, showing the Hinc'll and
Xmnl sites

Constant sites are indicated with solid lines. Polymorphic sites are marked with an asterisk aand

indicated with dotted lines. The proposed position of the variant site observed in this study, at position
-158 to the “y mne, is shown with a # and a broken line.

In the Moslem Gujerati family studied, the Xmnl site 5’ to %y is also present, resulting in the 4.9kb
fragment, whereas in the 2 Hindu Gujerati families it is absant, resulting in the 6.1kb fragment.
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10 one of the two genes. Both Xmnl variants were shown to be dee to the presence of an
additional Xmnl site 5 to *y gene. Ir viev, of the high homology between the *y and %y
genes, it is proposed that it is the same site in all the families and that it is at position

-158 to *y, in the homologous position to the Xmnl site 5° to Sy, Definitive proof must
await sequencing. In the case of the Moslem Gujerati family the site 5 to %y is also
present, resulting in the 4.9kb fragment, whereas in the two Hindu Gujerati families it
is absent, resulting in the 6.1kb fragment, as shown in Figure 5.2. In both Hindu Gujerati
families the variant was on a 87 chromosone, carrying the frameshift mutation at codon

41/42, while in the Moslem Gujerati it was on a 8* chromosome.

In the Moslem Gujerati group, the variant was observed on oae of 136 chromosontes
studied, giving a gene frequency of 0.007 + 0.047. In the Hindu Gujerati, the frequency
of the variant could not be determined as it occusre  on ¥ chromosomes and the two
families in which it was found were ascertained non-rasdomly through their thalassaemia
major child.

‘The HbF levels in the two members of the ™ “islem Gujerati family with the variant were
1.9% and 1.2%, respectively. In one Hindu Gujerati family, HbF levels of {.6% and
0.8% were found in two members. In the second family HbF levels were not available,
The ratio of % :*y chains was not determined.

5.1.3 B globin bhaplotypes

# globin haplotypes were determined using eight RFLPs {sites 1, 3-9 shown in Figure 2.2
and described in Table 2.5). The linkage phase was assigned with family stdies. A tofal
of 445 chromosomes were studied in 711 families of different religious and language
groups and 403 haplotypes couid be unequivocally deterrnined.

No consistent nomenclature has been forinulated for the B globin haplotypes. In additior,
many studies have excluded the HindlIl/3'B (Site 8) from their analysis making complete
comparisons difficult. A hotspot for recombination has been shown to exist between the
6 and 8 genes (Antoparakis ef al. 1982a, Chakravarti ef al. 1984), and thus, for the
purposes of analysis, the haplotypes are grouped according to their three 3° sites, which
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lie 3' to the hotspot. T ‘ic hapletypes are numbered consecutively and these numbers will

be used in the discussion and for comparison with previous studies.
5.1.3.1 B* haplolypes

A total of 320 8" hapiotypes has been determined. The 8* haplotypes and their frequencies
are shown in Tables 5.2a and 5.2b for the major and minor groups respectively. Of the
29 haplotypes cbserved, nine have been described previously on B* chromosomes and
three on " chromosomes in Asian Indians (Kazazian ef @l. 1984a). In addition, a further
eight haplotypes were similar at all sites studied (Old er al. 1984, Thein et al.
1984b,1988, Verawalla er al. 1992) but the HindIll/3’f was not defined and may
therefore differ. Thus nine haplotypes not previously described in Asian Indians are
reported. Five haplotypes previously observed at low freguency were not found in this
study (Varawalla et al. 1992).

In each major group four common haplotypes account for 57-61.5% of the chromosomes.
There were no significant differences in the overall haplotype frequencies between the
major groups, though the distributions of the hanlotypes vary somewhat. Haplotypes 1 and
16 occur at the highest frequencies in all groups, each accounting for between 13.6% and
26.3% of chromosomes. In the Moslem Gujerati and Hindu Tamil haplotype 16 was the
comimonest, whereas haplotype 1 was the most common in the Hindn Guierati and Hindu
Hindi. Together the two haplotypes account for between 34.8% and 47.4% of
chromosomes in all the major groups. Haplotypes 7 » d 22 were the niext most common
in the Moslem Gujerati, while in the Hindu Gujerati haplotypes 17 and 22, in the Hindu
Hindi haplotypes 2 aed 24 and in the Hindu Tamil haplotypes 18 and 22 make up the
remainder of the common haplotypes. The distributions of these haplotypes in the major
groups are shown in Figure 5.3.

It is difficult io comment on the haplotype frequencies in the minor groups as the numbers
of chromosomes studied were very small. In general, similar kaplotypes were seen,
although a new haplotype (kaplotype 29), not observed in any othes group, was described

in a Moslem Memon individual.



TABLE 5.2a Frequencies of § globin haplotypes on 8* chromosomes in the 175
major South African Indian groups
HAPFLOTYPE MOSLEM FINDU HINDU HINDU
GUJERATI GUJERATI HINDI TAMIL
N=107) MN=66; (N=68) N=57)
Type Description® T Con
Frey SE Freg SE Freq SE g SB S
i b S -~ - - - -~ + 0.168 | 0036 { 0.212 | 0.056{ 0.205 | 0.049 1 C.,Ti1 | 0.054
2 - + - + W - - 0.093 | 0.028 | 0.076 0.033 | 0.083 § 0.034 1 0.035 | 0.024
3 - + + = + - - + 0,018 | 0.013 | 0.061 0.029 | 0074 § 00321 0.053 | 0.030
¥ + + - b + - -~ 4 0,047 | 0.020 | 0.00C | - 0.059 | 0.029 ] 0.018 | 0.018
b - + + - -~ - - + 0000 | - 0.015 0.015 { 0.015 | 0.015( G000 { -
6 -~ - -~ - ¥ - -~ + 0,000 | - 0500 | - 0.045 | 0015 0.000 ] -
7 + - - - - - + 0.112 } 0,030 | 0.076 0.033 | 0.015 ] 0.015 | 0.053 | 0,030
8 - + - + + -~ + 0,019 § 0.0l3 | 0.000 | - 0.029 { 0.026 | ¢ | -
¢ - + + - o+ o+ - + 0.009 { 0.009 | 0,015 0.015 | 0.000 | - Q.00C | -
10 ¥ + - + + + - + 0.009 § 0.009 | 0.0CC § - 0.015 | 0.015| G000 | ~
n ~- 3 + - - + - + 0.009 § 0.009 [ 0.000 | - 0.000 | - 0,000 | -
vl - + ~ - + + - + 0.000 | ~ 0.015 | 0.015 | 0.000 | - 0.000§ -
12° g - . - + + - + 0.009 | 0.009 { 0000 ] - 0.006 | - 0.000 | -
14* + - - - + + - + 0.009 | 0.005 | 0.000 | - 0.000 § - 0.000 | -
5 + - + - + + - + 0.000 [ -~ 0,000 | - 0.000 § - 0.0I18 | 0.018 i .
16 + - - - - + + + 0.224 | 0.040 | 0.136 | 0.042 { 0.162 | 0.045 | 0.263 [ 0,058
17 - + ~ + + + + + 0.056 | 0,022 | 0.091 0.035 | 0,058 | Q029 } 0.uS3 | 0.030
18 - + + - + + + + 0.037 | 0.018 { 0.030 | 0.021 | 044 }F 0,025 | 0.070 | 0.034
19" + + - + + + + + 0.000 | - 0.015 | 0.015 | 0,000 | - 0000, - "
20 - + + - - + + + 0.000 | - 0000 | - 0.000 | - 0.053 | 0.030
21" -~ + - - - + + + 0,000 | - 0.000 { -~ 0.000 § - 0.018 1 0.018
22 + - - - - + - 0.103 | 0.029 { 0.136 | 0.042 [ 0.05¢ | €.029 | 0.070 | 0.034 )
23 - + - + + + + - 0.047 7 0.020 | 0.000 § - 0.044 | 0,025 0053 | 0,030
247 - + + - + + + - 0.019 | 0.013 § 0.061 | 0,029 | 0.118 | 0.035] 0.018 | 0.018
25¢ + + - + + + + - 0.009 | 0,009 1 0.018 0.018 | 0.000 { - 0.000 | -
2% b~ % - - - 4 4 = |0000}- 0.0t5 | 0015 | 0.000 | - 0.000 | - |
27 |- ~ - -~ - + + - logo]- 0.000 0.000 | - 0.018 | 0,018 :!
287 t+ - -~ - - + - - $.060 | ~ 0,030 | 0021 § 0.OOO | - 0.000 § -
! Unmarked haplotypes have been described previously, though 6, 7 and 23 were described on 7
chromosomes (Kazazian ef al. 1984a).
" Denotes a haplotype not previously described in Asian Indians.
* Denotes a haplotype which resembles a previously described haplotype at all sites except site 8,
Hindl[l/pRK29, which was not determined in the previous studies (Old ez al. 1984, Thein er af. :
1984b,1088, Varawalla et al. 1992).
% Sites 1, 3-0 shown in Figure 2.2and described in Table 2.5 were used to constr t haplotypes. ‘
* N = number of chromosomes on which haplotypes couid be determined, In each group 2 number of
haplotypes were indeterminate and were excluded from the analysis.
3
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TABLE 5.2b Frequencies of 8 globin haplotypes on 8* chromosomes in the

minor South African Indian groups

HAPLOTYPE MOSLEM M SLEM HINDU
URDU MEMON TELEGU
WN=10p MN=6y N=6)
Type' | Description* *
. Freq | SE Freq SE Freg SE
3 + = e = = e = 0100 | 0.009 - - - -
3 - - * - = 0.206 | 0.126 - 1| 0167] 0.52
3 - ¢+ = - - + 0200} 0.126 - - 0.167 ) 0.152
29* - - - - - - - + - 0.167 1 0.152 - -
0 R T T - + = o * . . - 0.167 } 0.152
16 4 = =~ = 4+ 4 o+ | 0200] 04267 0.167 | 9.152 | 0.167] 0.I52
17 - + - + + + 4+ + 0.100 | 0.00% | 067 | 0.152 | 0.167 | 0.15%
18 - + - + 4 + <+ - - 0.167 { 0.152 - -
19* + 4 - + 4 + + o+ - - - 0.167 ] 0.152
22 - - - - + + - - - €333 | 0.192 - -
24¢ - + ¥ - + + F - 0.100 | 0,009 - . - .
27 - = - =~ 4 = 0.100 | 0.00¢ - - - -

! Unmarked haplotypes have been described previously, though 6, 7 and 23 were described on

§* chromosomes {(Kazazian et al. 1984a).

* Deuotes a haplotype not previously described in Asian Indians,
# Denotes a haplotype which resembles o previously described haplotype at all sites except
site 8, HindI11/3'8, which was not determined in the previous studies (Old et al, 1984,

Thein et al. 1984b,1988,Varawalla et al. 1952).

2 Sites 1, 3-9 shown in Figure 2.2 and described in Table 2.5 wers uised to construct haplotypes.

N = number of chromosomes on which haplotypes could be determined. In each group a

number of haplotypos were indeterminate and were excluded from the analysis.
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HAPLOTYPES
BR Moszlem Gujerati - T Hindu Gujerati
L1 Hindu Hindi Hindu Tamil

FIGURE 5.3 The corvon §* haplotypes in the major South African Indian
groups.

v

The haplotype numbers correspond to thoze in Table 5.20.

Hapiotypes 1 and 16 are the two commonest haplotypes in all the groups.

Hapiotyper 2,7, 17, 18,22 or 24 are the third or fourth most common haplotypes in at least one of
- the major groups.
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As there is a hotspot for recombination betw§ ;e 8 and 8 genes (Antonarakis ef al,
1982a, Chakravarti et ¢l. 1984), the 5’ and 3° parts of the haplotypes were also analysed
separately. The distributions of the 5° and 3’ haplotypes are showa in Tables 5.3 and
5.4, vespectively. Eleven of the 32 possible 5’ haplotypes were observed on £*
chromosomes with three accounting for between 87.6 and 92.5% of all chromosomes in
the roajor groups. There were no statistically significant differences between the major
groups. The (+—--) haplotype was the commonest in ail the major groups, accounting for
at least 41% of ci. -omoscmes. In the Moslem Gujo.ati {-+-+ 1) was next, followed by
(-++-+), with frequencies of 21.4% aaud 8.4% iespectively. In the other groups,
however, the latter two types had al'10st equal freguencies of between 14 and 24%. Two
of the rarer 5° haplotypes bave not been described previously in Asian Indians (Kazazian
¢t al. 1984a, Old er al. 1984, Thein e al. 1988, Varawalla er al. 1992, Flint 2t al.
1993a,b).

Five of the eight possible combinaticns of 3’ haplotypes were observed and ail three
frameworks were represeated, as shown in Table 5.4, In afl the groups haplotypes (—--+)
and (+ + +) were the two most common. They occur at almost equal frequencies in the
Moslem Gujerati, while in the Hindu Gujerati and Hindu Hindi (--+) was more common
and in the Hindu Tamil (+ + <) was more cox'mon. The differences between the major

groups are not statistically significant, however.

Genetic diversities (Nei 1987) or average heterozygosities for the haplotype distributions
on B* chromosomes in the major groups were:

M()slel’_ﬁ Gli, erati  0.887

Hindu Gujerati 0.902

Hindu Hindi 0.901

Hindu Tamil 0.875

5.1.3.2 8" haplotypes
A total of 58 §7 haplotypes coeld be determined unequivocally. The 8" haplotypes amd

their frequencies are shown in Tabie 5.5 for the major and minor South African Indian
groups. Of the 11 haplotypes observed, five have been described previously on §°

b
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TABLE 5.3 Distribution of 5’ 8 haplotypes on $* chromosomes in South African Indians
MOSLEM | HINDU HINDU HINDU | MOSLEM | MOSLEM | HINDU
GUJERATI | GUJERATI HINDI TAMIL ~ URDU MEMON TELEGU
5" BAPLOTYPE" N=107 (N=65)° (N=68)° (N=57V (N=10) (N=6y* (N=6P
Nle |l ~N]jas|Njas|[nNlas]|N]a!lNnlalNn] «
+ - - -~ - 65 |1 607 39 §59.1 ) 3¢ | 441 | 34 | 506§ 3 300 3 | 500
- + - + + 23 Lo1s| 110 J167) 15 } 221} 8 | 140] 3 360 [ t ] 167
- + + = + 9 g4 | 1t [ 167] 16 | 235] 8 | @woi 3 00| 1 | 167
+ + = + + 7 | 65| 2 [30] 5 }74: 1 1.8 - ) - -
- + + -~ 1t oot 1 {15 1 15| 3 | 53 - y - . ] )
- + - - + - - i 1.5 i 1.5 - - - - - - - -
- - - - + 1 0.9 - - - = - - . . . - - -
+ —_ - - +* 1 0.9 - - - - - - - - - - - -
+ - + - + - - - - - - 1 1.8 - - - - - -
—~ + - ~ ~ - - 1 .o - - i 1.8 ’ - . -1 - -
- - - = -~ . - - . - -1 1.8 1 woef 1 {wr| - .
I .

U Sites 1,36 slmwn in Figure 2,2and described in Table 2.5 were used to construct haplotypes.
2* Denotes a 5’ haplotype not previously described in Asian Indians (Kazazian e al. 1984a, Old er al. 1984, Thein er ol. 1988, Varewalla er al. 1992)
3 N = number of chromosomes on which haplotypes could be de*ermined. In each group a number of haplotypes were indeterminate and were excluded from the.

analysis.
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TABLE 5.4 Distribution of 3' 8 haplatypes on 8* chromosomes in South African Indians

“ "HINDYU

MOSLEM HINDU HINDU | MOSLEM | MOSLEM | HINDU

GUJERATI { GUJERATI HINDI TAMIL URDU MEMON TELEGU

3’ HAPLOTYPEY | (N=107)° (N=66)° N=68)° (N=57 (N=10)* (N=6)° (N=6p
N % N % | N % N % | N % | N % N %
- - +* 35 2.7 24 36.4 31 45.6 i8 3i.6 5 50.0 1 16.7 2 33.3
- +3 i9 17.8 7 10.6 4 5.9 4| 70 - - - - 1 168.7
+3 ] 34 3181 18 | 2734 181 265 ) 26| 4561 3 ['300] 3 | 500 | 3 50

+ 5 i9 17.8 15 22.7 15 22.t 9 i5.8 2 Z0.0 2 33.3 - -

+ o . - 2 3.0 - - - - - - - . . -

1 Sites 7-9 shown in Figure 2.2and describad .in Table 2.5 were used to construct haplatypes.
2* Denotes a 3’ haplotype not previously described in Asian Indians (Kazazian er al. 1984a).
N = number of chromosomes on which haplotypes covid be determined. In each group a aumber of haplorvpes were indeterminate

3

4
J
6

and were excluded from the analysis.

Framework 3
Frameviork 1
Framework 2
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TABLE 5.5 Frequencies of 8 globin haplotypes on A7 chromosomes in the major and minor South African Indian groups

HAPLOTYPE MOSLEM HINDU HINDU RINDU MOSLEM MOSLEM HINDU

GUJERATI GUJERATS BD TAMIL URDU MEMON TELEGU

' D 3 N=229 (N=8) N=10 T Neo) N=6 =5 N=1p

Type escription’ T

Feog | 57 | Freq | SE § wreq | SE | Freq | SE ] Freq | SE | Freq | SE | Freq | SE

I - ~ - 0.591 8.105 Q.125 . 6,157 09007 0695 | 0.5006 | 0.200 0.667 $.192 0.400 0.21¢ 1.000 -
2 - e 0.045 | 0.044 ] 0.373 .11 - - 0,323 1 0,037 - - - - - -
k] + - + 09t | 0.061 - - - - - - 0.167 0.152 - - - -
8 - 0.136 | 00731 - . - - - - 0467 | 0352 ] 0600 { 0218 | - -
9 + -+ . . - . - - |oae7| o3| - - . . .
H 3 - - - ¢.045 | 0.04¢ - - - - - - - - - - - -
17 - + 0,045 | 0.044 - - - - - '-k- - - - . - -
18 - 0.045 | oces | - . - - . ;I - n N . .
2 - - - - - {0250 0153 0.100] cos0| - . - . - . -
297 = oo . . 025 { 017} - - - - - g . . - .
ag? + - 4+ . - 035 | o.n17] - . - Il . . . .

' Unmarked haplotypes have been described previously, though 2,9, 16 and 17 were described on 8% chromosomes {Kazazian ef al. 1984a).

¥ Denoies a haplotype which resembles a previously described haplotype at all sites except site 8, HindIIl/3'8, which was not detemuned in the previcus
studies {(Old er ai, 1984, Thein et al. 1988, Varawalla ef af, 1992). g :
2 Site, 1,3-9 shown in Figure 2.2 and described in Table 2.5 were used fo construct haplotypes.

® N = nomber of chromosomes cn which haplotypes could be Jetermined. Tn some groups haplotypes were indeterminate and were excluded from the analysis.
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chromosomes and a forther four on 8 chiromosomes (numbers 2, 9, 16 and 17) in Asian
Iﬁdians (Kazazian 2¢ al. 1984a). For the fatter four haplotypes, 8" haplotypes have been
described whick were the same ai all sites stadied \sites 1, 3-7, 9 in Figure 2.2) (Old ¢
al. 1984, Thein et al. 1988, Varawalla ¢ al. 1992). The HindIll/3'R site (site 8) was
again not studied and may difter. Haplotype 28 was only found in the Hiadn Guierati on
£* and & chromosomes. -Haplotype 30 was not found on B* chromosomes in this study
or that of Kazaziau ef al. {1984a), but a similfar haplotype without the HindII}/3’8 site
was described on 8* and 8" shromosomes (Varawalla ¢f al. 1992). Four haplotypes
observed by Varawalla er al. (1992) on 8 caromosomes at frequencies <1% were not
found in this study. '

The haplotype frequencies on 87.chromosomes we e compared between the major groups.
Haplotype 1 appesis to be the most common in all groups cxcept the Hindu Gujerati,
although the numbers of chromosomes studied were small. The differences were not
statistically significant. The associations of the 87 haplotypes with 8 thalassaemia
mutations are preseated and discussed in Chapter 6.

The §' aird 3” 8 haplotypes were also anaiysed separately, The distributions of the 5/
and 3’ haplotypes are shown in Tables 5.6 aad 5.7 respectively. Three of the 11 5 8
giobin haplotypes observed on §* chromosomes were observed on 87 chromosomes. The
same three haplotypes were wmnost common on B* and 8" chromoesomes. Further, the
distributions of the 5’ haplotypes on B” chromosomes do not differ sigrificantly between
the major groups. In the Hindu Hindi only one 5’ haplotype was observed.

As on the 8* chromosomes, five of the eight possible 3’ haplotypes were observed,
represeating the three frameworks, In all the major groups the (-+-) (Fw3) haplotype
appears to be most common. In the Mostem Gujerati, the rest of the chromosomes either
had thie (+-+) or (++ +) haplotype. both Fwl, the former also occurring in the Hindu
'Tamil. In the Hindu Gujerati haplotypes (+ -} and (+--), both Fw2, occur, while in tie
Hindue Hindi the former was present. In each group only two of the three frameworks
were observed on 8 chromosomes, The distributions between the groups were not
sigaificanily different.



TABLE ‘5.6 Distribution of 5’ 3 haplotypes on ' chromosomes in South African Indians

MOSLEM HINDU HINDU HINDU | MOSLEM { MOSLEM ! éﬂNDu

GUJERATI { GUJERATI HINDI TAMIL URDU MEMON ;| TELEGU |

5' BAPLOTYPR (N=22 {N=8)° IN=10}" (N=6¥ N=6)? (N=5)¢ M= ’
N % N % o % N &% { N % | N % | N %

- = - = 4 | 63.6| 4 | 500 10 |1000| 2 {s00] 4 {6672} 4a00] ]| 1000
- + - - + §127% 3| 3715 - 2 1333} 1] 1671} 3-1 600} - -
— 4 + - + 3 13.6 1 12.5 - - 1 16.7: 1 167§ - - - =

I
H —--—L—-*-——'—"—mmm #’wm

! Sites 1, 3-G shown in Figure 2.2and described in . ble 2.5were used to construct haplotypes.

2 N = numbsr of chzomosomes on which . “lotypes could be determined. In some groups a number of haplotyz2s were indeterminafe zxd were
axcluded from the analysis.
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TABLE 5.7 Distribution of 3’ 8 hapiotypes on ' chromosomes in South African Indians

MOSLEM HiNDU HINDU I HINDU MOSLEM f MOSLEM HINDU

. GUJERATY | GUJIERATI HINDY I TAMIL URBU = MEMON TELEGU
3' maPLOTYFEYZ | (N=22)° N=R® (N=10)° (N=6)* (N=6)° N=5) N=1p
N % N % N % N % N % N % N %

-~ - +4 16 727 4 50.0 9 90.0 5 83.3 5 83.3 2 40.¢ 1 100.0

+ - +5} 3 13.6 | - - - - 1 {167} 1] 1671 3 | 600} - -
+ +3 3 13.6 - - - - - - - - - - - -
+ - - - 2 250§ 1 1 100 - - . ) - - - -
+ = - - 256 | - - - - - - . - - -

! Sites 7-9 in chown ia Figuce 2.2 and described in Table 2.5 were used to constmict haplotypes.
Denciez o 3° haplotype not previousiy described in Asian Indians (Kazazian er al. 1584a).
N = numbser of chromosomes on which kaplozypes could be determined. In some groups a number of haplotypes were

2=

3

indeterminate and were excluded from the analysis.
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5.1.3.3 Comparison of 8* and 8" haptoiypes

The §§* genes appear on a nore limited subset of haplotypes than do the 8* genes (Tables

5.2a and 3.5, and the frequency distributions of the baplotypes on B° chromosomes

* appear {o differ from those on 8* chromosomes. In the Moslem Gujerati haplotypes 1 and
8 represemt 72.7% of the B™ chromosomes, while only forming 18.7% of B*
chvomosomes. Haplotype 16 which represents 22.4% of 8* chromosomes only occurs on
4.5% of 8" chromosomes. In the Hindu Gujerati haplotypes 2 and 22 were commonest
on the B* chroniosomes studied. These types account for 62.5% of 87 chromosomes, but
only 21,2% of 8* chromosomes. In the Hindu Hindd haplotype 1 was commonest on both
chromosome types. In the Hindu Tamil haplctype 1 tepresents 50.0% of B ckromosomes,

“but 21.1% of §* chromosomes. Haplotype 16 which occurs on 26.3% of B* chromosomes
was not represented on the B chromesomes studied. The differences between the
kaploiype distributions reach significance in the Moslem Gujerati (p<0.01), but not in
the other groups. In the minor groups differences were also apparent, but the numbers
were too small for any comparisons. The distributions between 8* and 87 chromosomes
in the pooled sample were statistically significant (p<0.001).

When the 5 and 3’ haplotypes were compared scparately, no significant differences were
observed in the 5° haplotype between B8* and 8% chromosomes. The 3’ haplotype
distributions, however, differed sigaificantly in the Moslem Gujerati (p< 0.01).
5.1.3.4 B haplotypes

Eleven 8° chromosomes were studied: two Moslem Gujerati, three Hindu Gujerati, three
Hindu Hindi, one Hindn Tamii, one Hindu Telegu and one Moslem Urdu. All were
shown to be haplotype 25 (++-+ + ++-).

5.1.3.5 4° haplotypes

The B® gene was associated with haploivpe 23 (-+-++4 + 4--) in one Moslem Gujerati
individval and baplotype 22 (4----- + +--) in one Hindu Hindi.
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5.1.3.6 B haplotypes

The B gene occurs in association with haplotype 16 (+--- -+-+-) on the two
chromosomes studicd, from a Moslern Gujerati and a Moslem Memon individual,

respectively.
£.1.3.7 Haplotypes associated with y globin rearrangements

Haplotypes could be determined on two of the yyy chromosomes. in the Moslem Gujerati
individual the haplotype was {(+[+4+}++ =+++) and in the Hindu Hindi
(+]{£+£]++ ~—+). The haplotype on the -y chromosome was (-[-1:£ £ —+).

5.1.3.8 Haplotypes associated with £ie Xmnl variant

Tn the Moslem Gujeraii family, the Xmmnl variant was associated with haplotype 4
(++-++ ---+) on a B* chromosome, whereas in the two Hindu Gujerati families it was
associated with haplotype 22 (-+---- + -} on a 8" chromosome.

5.1.4 Correlation of B gicbin haplotypes and the Xmnl polymerphic site

The association of the presence or absence of the Xmmnl site with the different haplotypes
has been studied on 316 8* chromosomes, 38 A7 chromosomes, 11 §° cromusomes, 2 fi°
‘chromosomes and 2 §* chromosomes. Since the Xl site is sitvated in the 5’ part of the
B giobin cluster (site 2 in Figure 2.2}, the haplotypes were grouped according to their 57
haplotypes for analysis. The results ave shown in Table 5.3,

There was a strong, but not absolute, correlation beiween the presence or absence of the
Xmwl site and the 5’ haplotype. Thus, for example, 174/176 or 98.9% o1 the
chromosomes and 100% of the 87 chromosomes with a (+---) 5° haplotype lacked the
polymorphic Xmnl site. The B* chromosome in this group represents an interesting
exception as it was associated with the presence of the Xmnl site. Similarly for the 5
haplotype (-+-+ ), 93.4% of 8* chromosomes and 100% of 8" chromosomes had the

polyimorphic Xmmnl site. The two 8° chromosomes again represent an interesting exception
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B’!

CHROMOSOMES

TABLE 5.8 Association of § globin haplotypes with the Xmrl polymorphism

A7, 4% 8% AND g*
CHROMOSOMES’

+

- +

5 HAPLOTYPLE' ) NUMBER?
Hy e o ~ - Sy
o 7
16
22
\ 28
- e R, 2
8
17
23
S . 3
9

- - = o+

+ o~ o+ - 4 15

60
20
61
3
2

l

19
I¢

a2 -

2 .
3

—
L}

200) 6

! Sites 1, 3-6 shown in Figure 2.2 and described in Table 2.5 were used to construct the

5' haplotype.

* The numbers of the haplotypes correspond {o those in Tables 5.2a,band 5.5.

* All uninarked numbers represent £7 chromosomes.
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us they did not have the site. The majority of 87 chromosomes lack the site. Of the 26
thalassaemia major individoals studied, 14 were (-/-), nine {(~/+) and three (+/4-) for the
Xmnl site. .

All the B° chromosomes were associated with haplotype 25 and the presence of the Xmnl
site. Similarly both B° chromosomes were associated with haplotype 2 and the absence of
the Xmnl site. Both §* chromosomes had the Xl site, though they were associated with
different haplotypes (22 aand 23), which differ at their 5’ end.

The Xmnl sites bhave also been determined on the chromosomes with the triple
rearrangemients. The Sy%y*y chromosomes all lack the Xmnl site §' to both y genes.

5.2 Discussion
5.2.1 8 globin cluster rearrangements

The most common rearrangements in the B globin cluster involve the two y genes. As a
result of unequal, but homologous crossover, chromosomes with one and three y genes
occur, the single or middle y genes being hybeids Sy*y or *y°y, respectively (Trent ez of.
1981a, Sukumaran e al. 1983, Hill ef al. 1986, Shimasaki and Juchi 1986). Individuals
with four or five y genes also occer (Harano er al. 1985a, Hill of al. 1986, Fei et al.
1988b). Chromosomes with two %y or two *y genes only have been reported as well
(Powers et al. 1984). The y gene rearrangements are thought to be selectively neutral,
so that differences between populations represent genetic drift (Hill ez al. 1986).

The triple y rearrangement has bzen detected in numerous populations at low frequencies
(reviewed in Huisman 1987). It occurs at polymorphic frequencies in the Japanese
(Harano ¢f al. 1985a), in Melanesia and Poiynesia (Flint ez al. 1986, Hill e al. 1986,
Trent ez al. 1986, Hill er al. 19872), Fiji (Trent ¢f al. 1988) and in Micronesia and south-
east Asia (O’Shaughnessy ef al. 1990). The popalations of the Cook Islands and western
Samoa in Polynesia have the highest reported frequencies of 16% and 14% respectively
(Trent ef al. 1986).
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The frequency appears to be low in all the major Soutk Afvican Indian groups studied,
with the possible exception of the Hindu Hindi. In the latter group, the triple y
rearrangement was found on 2.2% of chromosomes (although the standard error was
large). This rearrangement may represent another example of a founder effect in this
group, which originated from a limited ommber of districts in India (Bhana 1991) and has
been shown to have a number of nnusual features including a high frequency of the -«'?
and evorrr iaplotypes (discussed in Sections 4.2.1 and 4.2.4). The yyy rearrangement had
been previously reported in an Indian subject from the Punjab (Thein ef gl. 1984a) and
in the tribal populations of Andhra Pradesh (Fodde er al. 1988), though no frequencies
for the rearrangement wers estimated.

All the yyy rearrangements in the present study were of e Sy%y*y type, as are ¢
majority of yyy chromosomes, though considerable heterogeneity has since been shown
in the location of the crossover (Huisman 1987, Liu er al. 1988). At least four
independent unegual crossover events have occurred (Liu ez al. 1988).

In the: first yyy rearrangement, described in Vanuata in Melanesia, the expression of the
v genes was shown to be affected only marginally (Trent ¢ al. 1981a). Further studies
have shown that heterozygotes for the yyy rearrangement have slightly higher mean HbF
levels than normal imdividuals, although individuals may have HbF jevels in the normal
range (Thein e al. 1984a, Hill e ql. 1986). Individual. homozygous for the yyy
rearrangement have also been shown to bave normal haematological indices and HbER
levels. The additional y genes do, however, appear to be expressed, o0 refiected in an
increased y Ay ratio (Hill er al. 1986). In a Turkish family heterozygous far a “y%ySy*y
rearrangement, the ®y:*y ratic was 95:5 (Yang ¢f al. 1986). More recent studies have
shown four categories of triplication with different HbF levels and %y :*y ratios, depending
on the presence or absence of Xmni restriction sites (Liu ez af. 1988). These are discussed
further in Section 5.2.4.

The -y rearrangement similarly has been reported in a number of populations. It is found
at frequencies of 2-12% in Melanesia, but occurs in less than 1% of Polynesians and
south-east Asians (Hiil er al. 1986, Trent er al. 1986, Hill ef al. 1987a, O’Shaughnessy
et al. 1990), and was not feand ‘n Micronesia (O’Shaughressy ef al. 1990). I has also
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been reported to occur in Jepan (Shimasaki and fuchi 1986}, Fiji and Papua New Guinea
{Trent er al. 1988), India and China (Sukumaran ef al. 1983).

The -y rearrangement was only found in one Hindu Tamil individual, suggesting that the
frequency of this rearrangement is i)robably relatively low in all the major Indian groups
studied. This is consistent with previous observations where y chain composition stadies
were used to calculate a frequency of 0.012 in Indians (Huisman ez al. 1983). Sukuvmiaran
et al (1983) reported an Indian newborn homozygous for this rearrangement. The child
was, however, the product of a consanguineous marriage. The rearrangement has also
been described in tribal Indians of Andhra Pradesh (Fodde ¢z al. 1988).

The remaining y gene is a hybrid “y*y gene, whose product is an *y chain since the 3’
end includes the codon for alanine at position 136. 1t is, however, synthesised at birth at
Sy levels because of regulatory signals originating 5° to ®y. The most likely lecation for
the crossover is thus within the @anscribed portion of the y genes 5’ to codon 136
(Huisman et ql. 1983, Sukumaran e al. 1983).

Heterozygosity for the -y rearangement does not appear to aiter the HbF levels
markedly, though heterozygcies do have slightly fower mean HbF levels than normal
individuals. In addition, a low ®y:*y ratio is observed in newborns and adults with the
condition, The homozygotes, however, appear to bave low FIbF levels at birth, with only
“y chains, and a rapid decrease in HbF levels during the first few months of life. No
overt disease or aunaemia appeared to be associated with the condition. Two adult
hoinozygotes studied had HG6F levels in the normal range (Huisman ef al. 1983,
Sukumaran e al. 1983, Hill et al. 1986).

The absence of the ®y®y and *y*y rearrangements in the South African Indian sample is
not unexpected, since these rearrangements have been reported at low frequency in most
populations stadied {Powers ez ql. 1984, Harano e al. 1985b, Hatiori ¢ al. 1986a).

5.2.2 8 globin RFLPs

At least 18 pelymorphic sites have been described in the § globin cluster (reviewed in
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Boebm and Kazazian 1989), but only nine of these sites have been studied in the South
African Asian Indians. '

5.2.2.1 RFLP frequencies ca §* chromosomes

When the frequencies of the nine RFLP sites in the 8 globin cluster were compared, the
Hindu Hindi appear to differ most from the other groups. They differ significantly from
the Moslem Gujerati at four sites, from the Hindu Tamil at three and from the Hindu
Gujerati at one. If the frequencies in the different groups are arranged in ascending or
descending order, the Hindu Hindi are at one exireme in cight of the nine systems
studied. Thus, again the Hindu Hindi had features which appeared to distinguish them
from all the other groups. In contrast, none of the other groups had significant’y different
frequencies from each other at any of the nine sites, and it is thus difficuit to determine
which are more closely related. The numbers of chromosomes studied in the minor groups

were too smatl for meaningfui statistical analysis.

The frequencies in the South African Indians appear to differ from those previously
published in an Asian Indian sample of undefined geographical origin, studied in the
United States (Orkin ef af. 1984). The Hindw Hindi frequencies again appear to differ the
most. Unfortunately insufficient information is provided in the published ata for
statistical comparison,

Although the frequencies observed it South African Iadians differ from those previously
published, whea the RFLP site frequencies were compared with a number of other
populations (reviewed in Chen e al. 1990), the South African Asian Indians had
frequencies consistent with the observed trends for the sites studied. For example, site 1
(Hinctl/e) occurs most commonly in Polynesians and Micronesians at frequencics of 0.89-
0.99 (Cken er al. 1990), while Africans have the lowest freguencies (0.00-0.23) (Ramsay
and Jenkins 1987, Long er al. 1990). Frequencies in other Asian Pacific populations are
0.54-0.79 (Chen e¢ al. 19%0), consistent with those observed here of 0.53-0.6% in the

major groups.

Most Asian Indian groups studied in other studies have originated from the north-western
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and western vegiors of the subcontinent, as these have been the groups who have
emigrated to the United Kingdom (Varawalla et al. 1992) or the United States (Kazazian
er al. 1984a). In the present study, most groups criginate from the western, central or
southern regions of the subcontinent (see Figure 1.4b). Frequencies of the different
polymorphisms may show clines from west to east across the subcontinent and the
different frequencies in the Hindu Hindi may, in part, reflect their different geographical
origing from the centval, more isolated, part of the subcontinent. Unfortunately,
insufficient data were available from the diifercat regions of wuwr ‘subcontinent to
substantiate this observation.

5.2.2.2 RFELP frequencies on 8" chromosomcs

A number of significant differences in aliele frequencies on the 8" chromosomes were
noted between the different groups, though there were no obvious trends. These
differences refiect the presence of different § thalassaemia muiations in the major groups
occurring on different chromosomal backgrounds. These are discussed further in Section
6.2.2.

Significant differences in allele frequencies between 8* and §° chromosomes occur in a
number of the groups at some of the sites. As with the -o chromosomes, chromosomes
carrying B thalassaemia mutations are likely to have undergone positive selection. Tne
allele frequencies reflect the original subset of parent chromosomes on which the
mutations arose. Differences do not cccur at all sites or in all the Indian groups, parily
because relatively sinall nambers of 87 chromosomes wexe studied in most of the groups
and thus only large differences between the frequencies reach statistical significance.
Further, similar frequencies may occur at some sites by chance.

I differences in allele frequencies occur between B* and B£F chromosomes, the
polymorphic site is likely to be useful for prenatal diagnosis using linked marker analysis,
as this type of analysis relies on distinguishing the two chromosomes. Thus, one might
expect the Avall/B (site 7) and the Hindill/3’'B (site 8) RFLPs to be most useful for
prenaral diagnosis using linked marker analysis in the South African Asian Indians as
these differ significantly in most of the groups. In the analysis of 31 families with B
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thalassa” :nia, the Avall/8 system was most useful, but stili only fully informative in four
familics and semi-informative in 22, The HindIIi/3'8 site was fully iaformative in five
and semi-informative in 20. The assessment of the usefuiness of the imdividual linked

markers results are presented and discussed in Section 7.2.1.1.
3.2.2.3 A new Xmnl variant

A new variant due to the creation of an additional Xmnl site 5° to the *y gene was
described. The fragment sizes produced are consistent with a mutation occurring at ~-158
to the *y gene, the homologous position to the polymorphic site at position -158 to the
Oy gene. Further it is proposed that a similar (T transition must occur {0 produce an
Xmnl site. A patient with low HbF ®yfi* HPFH has been described m which an Xmnl site
was found 5’ to both y genes. However, further analysis in this patient showed that the
chromosome carried the “¢%y rearrangement (Gilman and Huisman 1985). In the
individuals iz this study, ithe chromosomes were of tie *y*y type, thus suggesting separate
origins for the mutavens. In addition, the variant in this siudy appears to occur on two
different chromosomal backgrounds. The chromosomes differ both §°, at the Xmnl site
at -158 to the Sy gene, and 3/, within the § globin sequence, suggesting that the mutation
has occurred at Ieast twice in South African Indians.

The mechanism for the mutation has not heen determined and may be due to a point
mutation or a gene conversion event. Gene conversion as a mechanism of maintaining
identity or gencrating diversity between the two y genes has been implicated in a number
of studies (Jeffreys 1979, Slightom ef al. 1980, Starck vz al. 1990, Lanclos ez ef. 1991).

5.2.3 & giobin haploiypes
The 8 globin haplotypes in this study were characierised using eight dimorphic RFLP
systems. Unfortunately, not all studies characterising the §§ globin haplotypes have used

the same sites, thus making comparisons difficult iu some cases.

As with the o globin haplotypes, marked linkage disequilibrium exists betwesn the
polymorphic sites {Antonarakis er af. 1982a), so that only a limited nurmalcr of the
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possible haplotypes have been observed. This non-random association of the sites limits
their combined usefulness for prenatal disgnosis, so that little additional information is
obtained by increasing the number of DNA polymorphisms studied (Antonarakis ef af.
1982a).

5.2.3.1 8" haplotypes

In the present study, 29 haplotypes were observed on 320 B* chromosomes, with four
common haplotypes zccounting for between 57 and 61 5% of the chromosomes ia each
major group. The heterozygosity rates are, however, still high, >0.875 in all groups. At
least nine haplotypes not previously described in Asian Indians are reported. All occor ai
relatively low frequency, with the exception of haplotype 4, which occurs at frequencies
of 4.7% and 5.9% in the Moslem Gujera** and Hindu Hindi respectively. As this is the
largest sample of Indian §* chromosomes studied, one might expect to find additional rare
haplotypes. Varawalla et al. (1992) stedied 196 norms! Asian Indian chromosomes from
north-west Pakistzn, Gujerat, Punjab and Sindh and described 19 different haplotypes,
five of which were not observed in the South African Indian sample. All occur at low
frequency and thus their absence may be due to sampling error or the different
geographical origins of the two samples. Thus, at least 34 different 8* haplotypes bave
bezn described in Asian Indians.

In: the South African Asian Indiuns, haplotypes 1 (-+---- --+) and 16 (+- +-++) were
commonest in all groups, though the next two most common haplotypes differ. Nore of
the gronps differs significantly, however, in overail haplotype distribution. Flaplotype 16
was the commonest in the Moslem \Gujerati and Hindu Tamil, while haploftype 1 was
commonest in the Hindu Gujerati and Hinds Hindi. In a study of Asian Indians and
Pakistanis in the United States 16 followed by 1 were also the two most common
haplotypes (Kazazian ez al. 1984a). Similarly, a study of Asian Indians in the United
Kingdom was consistent with 1 and 16 being the commonest two haplotypes, accounting
for between 40 and 55% of chromosomes (Old et al. 1984, Varawalla et al. 1992),
although the Hindll¥/3’8 site was not studied and thus haplotypes 7 and 16 could not be
distingsished. In individuals from north-western Pakistan and Sindh, haplotype 16 was

more common, while haplotype I was more common in Guijerat and the Punjab. In
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" individuals from Sindh, however, bhaplotype 1 {;scurs in oply 9% of individuals
(Varawalla et al. 1992). Thus, haplotypes 1 and 16 appear to be the two comamonest op
virtually the entire subcontinent, together accounting for at least 35%, and sometimes up

to 55%, of chromosomes.

Haplotype 1 was aiso the commouest in a rumber of other Asian populations stadied,
including the Japanese (Shimizu ** -, Chinese (Chas er al. 1986b) and Cymbodiaas
(Antonarakis e al. 1987). In Thaﬂ:ind, bowever, haplotype 22 occurs most commonly
(Hundrieser et al. 1988a). Haplotype 16 was also the commonest haplotype in the
Mediterranean (Cypriots) (OId er al. 1984). Thus there appears to be an increase in
f}tequency of haplotype 1 from west to east, with a corresponding decrease in haplotype
16, though individual groups may vary because of factors such as genetic drift,

In general, in all the groups studied in the present and previous studies (Kazazian ef «l.
1084a, Old er al. 1984, Varawalla . al. 1992), anoiher two or three haplotypes of
haplotypes 2, 17 (or 8), 18 {or 9) and 22 make up ancther 20-30% of chromosomes. The
interesting exception was again the Hindy Hindi who had haplotype 24 on 10% of
chromosomes, though the latter occurs at frequencies of 2-6% in the other groups. No
geographical trends in the haplotype distributions w ~ obvious from the available ‘ata,
but perhaps further studies on the Indian subcontinent would reveal these. Other factors
apart from geographical location, including genetic drift, may be impertant in detesrmining
the haplotype frequencies in individual groups. Many groups have remained isolated and
factors such as inbrecding and strict encogamy of the caste system may have altered the
frequencies and perpetuated local genetic diversity. For example, a group of individuals
from Gujerat were studied in the United Kingdom (Varawalla et al. 1992) and in the
present siudy two major groups originate from the province of Gujerat. The United
Kingdom Gujerati have haplotypes 17 (o7 8), 18 (or 9) and 2 as the next most common
after haplotypes 1 and 16, wiile in the South African Moslem Gujerati haplotypes 7 and
22 were the next most common, and in the Hindu Gujerati it was haplotypes 17 and 22,
The groups thus had some shared features, but also some differences, though all originate
from roughly similar geographical areas.

The B globin cluster consists of 3° and 3’ regions of non-randoin association, separaied
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by 9.1kb of DNA 5 to f which is a hotspot for meiotic recombination and in which
there is a 3-30 times increased recombination rate (% marakis ef al, 1982a, Chakravarti

et al. 1984). The 5’ and 3’ haplotypes have thus been analysed separately.

Only 11 of the 32 possible 5’ haplotypes were observed on §* chromosomes, thus
confirmi=y the non-random associzzion of the RFLP siles observed previously
(Antonarakis ef al. 1982a, Wainscoat et al. 1986Ga). This is thought (v be due to selective
pressurz for DNA sequences within these regions and different frequencies of
recombination within and between these regions (Antonarakis et al. 1982a). The (+---)
5’ haplotype was the commonest in all the major groups of South African Asian Indians,
as it was in all other Asian Indians (Kazazian ef al. 1984a, OM er al. 1984, Varawalla
et al. 1992), accounting fur at least 449%, and up to 66% of chromosomes. This is not
unexpected since the two comsnonest haplotypes, 1 and 16, share this §° haplotype. Three
5’ haplotypes, (+~--), (~++-++) and (-+ +-+} account for approximately 0% of ail
chromosomes in the gioups of South African Asica Indians studied here as well as in
previous Indian s~moles (Antonarakis ef af. 1982u, Fazazian ¢ af. 1984a, OM e af,
1984, Varawalla ef al. 1992),

The relative contributions of the three haplotypes differ, however. The (-+-++) was the
second most common 3’ haplotype in the Moslem Gujerati as it was in samples from
Gujerat, Punjab and Sindh (Varawalla et al. 1992). The Hindu Gujerati, however, also
from the province of Gujerat, had equal frequencies of the 5 haplotypes (--+-~-++) aud
(-4 +--1), as do the Hindu Hindi and the Hindu Tamil. In rorth-west Paiistan, the

(- 4--+) was the secoud most coramon (Varawalla e; al. 1992), The differences betwaen
the groups do not appear to correlate well with their geographical origins and factors such
as genetic drift in the isolated growps may bs important.

The same three §' haplotypes account for over 907% of chromosomes in Europe, Asia and
©Qceania (Antonarakis er al. 1982a, veviewed by Flint ef al. 1993b). Thus three 5°
hapiotypes are cominon in most non-African populations, with (-~} being the most
common glovally, followed by (-4-++). In Africa, a fourth haplotype (----+)
predominates, and a fifth, (-+--+), was also relativsly common, the tatter two dividing
African and other poypulations (Wainscoat ef al. 1986a). The 5’ haplotypes are thought
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to be relatively stable over time, with four ancestral haplosypes identified, uone of which
cen be derivad from a,my other by a single point mutation or crossover evesnt, predating
racial divergence. Alﬁﬁost ali other 3’ haplotvpes can be derived from the four ancestral
tvpes by single recombination events (Wainscoat er al. 1986a). The reason for the stabitity
in the region is, however, uncerain, though a low raie of intrachromosomal
recombination kas been implicated (Antonarakis e? af. *982a, Hill en¢ Wainscoat 1986,
Wainscoat ef al. 1986a). The division between African and other Eurasian populations and
the greater heterogeneity of haplotypes in Africa are consistent with 2 smail foonder
population migrating out of Africa and giving rise to all non-African populations
(Wainscoat et al. " 986a). Others see the distributior of the haplotypes as evidence for
separate African and non-African lineages for mankind (Jones and Roubani 1986).

The similarity in 5° haplotype frequencies between all non-African populations makes this
regiod relatively insensitive for population comparisens. This is emphasised by population
affinity studies in the Asian Pacific populations which do not show consistent patterns in
haplotype disiributions, suggesting that sampling error, the confounding effects of gene
flow, and genetic drift may be important (Hill and Wainscoat 1986, Wainscoat ef al.
1986a, Chen et al. 1990).

Three 5 haplotypes not previously described in Asian Indians (Kazazian e af. 1984a,
Old et al. 1984, Thein er ¢, 1988, Varawalla ¢f al. 1992) were seen in the South African
sample. One was the common African haplotype (~—--+) and a second (+---+) has alse
been described in Africans, though it occurs at relatively low frequency (Ramnsay and
Jenkins 1987). As both occur in single individuals African admixturc is a possible
explanation, although such admixture appears to be relatively rare in the South African
Indians. There is some evidence for a small amount of admixture, about 1-4%, based on
red cell antigens, serum protein markers and mitochondrial DNA studies {Jenkins ef al.
1970, Moores 1980, Soodyall 1993). The (-----+) baplotype, however, also occurs at low
frequency in Melanesia, while the (+----) heplotype occurs at low frequency in
Australian Aborigines, Papua New Guinea Highlanders, Polynesians and Micronesians
(Chen et al. 1990, Flint e al. 1993b). Their presence may thas reflect a common ancicot
origin of the Indians with these peoples and the haplotypes may cepresent rare Asian
haplotypes.
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The 3’ haplotypes are jovariably associated with the different polymorphic normal #

globin gene sequences or ‘frameworks’, hree frameworks (Fw) occurring ian each raciat
group {Aatonarakis ef al. 1982b, Owkin et al. 1982a). Five of eight possible 3
haplotypes were observed, representing all three frameworks. The haplotypes (— +) and
(4 - -+) were the most common, occurring at almost equal figquencies in the Moslem
Guijerati, (--+) being more common in the Hindu Gujerati and Hindu Hindi and (+ ++)
being more commoen in the Hinde Tamil. In a study of udians in the United States,
mainly from Bombay and New Delhi, (+++) was the most common (Kazazian ef .
1984%). As most studies have excluded the HindIl}/3'8 site, it is necessary to combine
haplotypes (+-+) and (- + +) (Fwl) as well as (+ +-) and {+---) (Fw2) for comparison.

Previous descripticns of 3/ haplotypes have noted the HindIIl/3'f; site {o be present or
absent on Fwl, present on Fw2, and absent on Fw3 (Kazazian e/ af. 1984a,c). In the
present study, a few Fw2 clwromosomes with the site absent have been described on £°
and 8§ chromosomes, but only in the Hindu Gujerati. This may be due to a relatively
recent mutation and genetic drift in this group.

In all the major growps Fw2 was found on the fewest chromosomes, between 15% and
25%. In the Moslem Gujerati and Hindu Tamii, the majority of chromosomes were Fwl,
while in the Hindu Gujerati there were approximately cqual numbers of Fwl and Fw3
chromosomes, and in the Hindu Hindi most chromosomes were Fw3. In the study of
Indians in the United States, about 50% of chromosomes were Fwl, 30% Fw3 and 20%
Fw2. In the study by Varawalla ef al. (1992) of Indians in the United Kingdom, about
50% of the chromosomes were Fwl, 35% ¥Fw3 and 15% Fw2. The common haplotypes
accounting for approximately 90% of chromosomes were presented according to the
geographical origins of the sabjects. From these data, and assuming the rare haplotypes
were not of a single framework, Fw1 was conumonest in north-west Pakistan and Sindh,
while Fwl and Fw3 occur at approximately cqual frequencies in Gujerat and Punjab
(Varawalla e al. 1992). In contrast to the Hipdu Tamil in this study, where the majority
of chromosomes were Fwl, Fw3 was the commonest in a group from Tamil Nadu in
southern India (Venkatesan ¢f af. 1992). The latter sample from Tamil Nadu were from
thalassaemia major families, whereas the South African Hindu Tamil studied were {rom

a random group who do not appear to have as high a rate of § thalassaenzia. It is possible
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that B tha.lassaema only occurs at high frequency in 2 subset of the population of Taruil
Nadu. Further, ghe families with individvals who have thalassaemia major have a high
ratc of consang mmty and thus their 8* chromosomes may not represent a random sample.
The Som!i African sample may have vriginated from different geographical regions or
may be different due to a founder effect, though no other evidence for this theory has
been seen in this group. Fwl may thus be more common in the northere and western
areas of the Indian subcontinent, while Fw3 may be more common in the east. The
commonest Fw in the south is difficult to determine.

“In Medliterzanean and Black populations Fw1 predominates and Fw3 is the least frequent
{Antonarakis ef qf. 1932b), while in south-east Asian populations, including those of
China, Carabodia and Thailand, Fw2 and Fw3 were more common, with Fw3 occurring
at 2 hig'i:ef frequency in China and Cambodia (Antonarakis ef al. 1982b, Chan e «l.
1986b, Hundrieser e7 al. 1988a). In Melanesia, Fw2 is most common in Papua News
(Guinea, whereas Fwl predominates in Vonuatu (Hill e al, 1988). The Indians appear 1o

 have a framework distribution intermediate between that of Mediterranean and south-gast

&sian groups, However, Fw3 has four nuclectide substitutions in Mediterraneans, but

only three in Asians and Blacks relative t Fw2 (Antonarakis ef al. 19826). The presence

of Fw3 in the Hindu Hindi at high frequency may thus suggest a higher south-east Asian
contribution to this group. The Iatter group has been found to have other features

suggestive of a south-east Asian influence, including a high frequency of the -o*?

chromosoime (see Section 4.1.1).

5.2.3.2 B" baplotypes

The 11 different haplotypes observed on 58 A chromosomes in the present study were all
consistent with those previousiy reported in Asian Indians on §* chromosomes, though six
could differ at the Hindll/3’8 siic (Kazazian ef al. 1984a, Old et al. 1984, Thein ez al.
1988, Varawalla ef al. 1992). As has been previcusly reporied (Old e al. 1984,
Varawalla ¢t al. 1992), the 87 haplotypes were less diverse than the 8* ones, occurring
as a subset of the B* haplotypes. All the B haplotypes were represented on B*
chromosomes in the South African Indians, except haplotype 30. A consistent haplotype
is, however, reported by Varawalla et al. (1992) on (* and §° chromosomes.
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No significant differences in the B" haplotype distributions were seen between the
subgroups of South African Asian Indians. This may in part be due to the small numbers
of chromosomes studieG in each group, as there do appear fo be interesting features and
different haplotype frequencies in some of the groups.

Haplotype 1, one of the two common haplotypes on 8* chromosomes, was also the most
common on §* chromosomes in all groups except the Hindu Gujerati ard the Moslem
Memon. 1t occurs at much higher frequency, however, on the 6° chromosomes. This
haplotype was also the most common on 87 chromosomies in Asian Indians in the United
States, occurring on 63.6% of chromosomes (Kazazian ez g, 1984a) and in Asian Indians
in the United Kingdom originating from Gujerat, Punjab and Sindh, occurring on 62%,
37% and 60% of chromosomes respectively, bui not ia those from north-west Pakistan
(Varawatla ef al. 1992). The haplotype frequency was highest it the Hindu Hindi, where
it reaches 90%, though only 10 chromosomes were sindied and sampling error may have
occurred. The Hindu Hindi have, however, heen shown to have unique features with a
number of systems, possibly due to their geographical origin or genetic drift. On the basis
of these data, one might have predicted that the mutations associaied with haplotype 1,
namely IVS1nt5 (G-+C) and the 619bp deletion would be the most coinmon on the Indian
subcontinent in aii the groups, except the Hindu Gujerati, Moslem Memon and those from
north-west Pakistan. In general, hap'.<ype 1 appears to increase in frequency from west
to east across the subcontinent, though there were some exceptions, possibly due to

genetic drift or founder effect in tui. e of the groups.

Haplotype 16, the second most common haplotype on B* chromosomes, appears to be
extremely rare or absent on 87 chromosormnes in all the South African Asian Indian groups.
It was only found on one chromosome in the eatire study. (Haplotype 7, which differs
only at the HindlX/3'8 site was also absent). This is in contrast to the groups studied in
the United Kingdom, where (+--— 4 +) was the most commoa £ haplotype in north-
west Pakistan (45%), second most common in Punjab (17%), and third most common in
Gujerat (9%) and Sindh (15%) (Varawalla et al. 1992). Cne might thus predict that the
mutation associated with this haplotype, namely frameshift codon 8/9, would be extremely
rare in South African Asian Indians. In the study of Indians in the United States, the
frameshift codon &/9 mutation is ac - ociated with haplotype 7, which differs only at the

:
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Hind3§/3'B site from haplotype 16 (Kazazian et al. 1984a), thus the haplotype in the
Usited Kingdom Indians may be haplotype 7 rather than 16. The (+--— ++) haplotype
thus appears to be more common in the north-western parts of the Indian subrontinent,
decreasing in frequency toward the south and east. The clines in frequency of haplotype
1 and 16 {or 7) on B* chromosomes thus appear to mirror those which occur on §*

chromosomes.

The Hindu Gujerati appearcd to have different 87 baplotypes from all the other groups in
this study, though onfy eight chromosomes were studied and thus sampling error may
have occurred. The commonest haplotype in this group, 2, was rare in all the other
groups, except perhaps the Hindu Tamil. It does, however, occur at significant
frequencies in United Kingdom Indians, originating from Sindh and Gujerat (Varawalia
et al. 1992). In addition, haplotypes 22, 28 and 30 do not occur in any of the other
groups in this study, though 22 has been reported among the common haplotypes in
Indians from the United Kingdom (Varawalla er gl. 1992). One might thus predict that
the Hindu Gujerati roay have a different distribution of 8 thalassaemia mutaiions compared
to the other groups. There were insufficient data available to determine whether the
differences were specific to the South African Hindu Gujerati or occur ir his group in
India also. They may be due to an wausual composition of the South African group,
perbaps due to a large number of related individwvals, or individuals from the same caste
having emigrated together. Alternatively genetic drift may have occurred in the parent
group in India, perhaps because of a high rate of intra-caste marriages.

3 thalassaemia mutations are likely to have arisen a few times. The chromosomes carrying
these mutations would be expected to undergo positive selection in malarial areas, as
heterozygotes for B thalassaemia are refatively well proiected against the disease, resulting
in a difference in haplotype distribution on 8* and 8” chromosames, as well as a more
Iimited pumber of haplotypes. This was observed in all the groups, though the differences
were only statistically significant in the total sample and the Moslem Gujerati. This is
probably because of the smaller sample sizes in the osher groups. Differences in haplotype
distribution on $* and #° chromosomes, with a more limited number of 8° than 8
haplotypes, have been observed in previous studies of Asian Indians (Kuzazian ef al.
1984a, Varawalla et al. 1992), as well as in studies on other populations, including those
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in Itely (Wainscoat ef al. 1936b, Toffoli er al. 1988), Sardinia (Wainscoat ef al. 1983b)
and south China {Chan et al. 1986b). The similarity of B* and 8" haplotypes on the Indian
subcountinent as a whole and in the regional groups is scen as evidence for a relatively
recent origin for the B thalassaemia mutations oa chromosomsl backgrounds alceady
existing in the population (Varawalla et al. 1992).

The 5’ und 3’ £” haplotypes were also analysed separately. As on the B* chromosomes,
{4----y was the commonest 5/ haplotype and three 5 haplotypes, (-+---), (-+-++} aad
{-4- +--F), account for 100% of all 87 chromosomes in South African Asian Indians
studied. In the Indians in the United Kingdom the three 5” haplotypes account for 99%
“of all B7 chromosoines (Vairawalla et al. 1992). The rarer 5’ haplotypes thus seem to be
under-represented on the BT compared to the 8* chromosomes. The frequencies of the
haplotypes were similar in all the groups on * and 87 chromosoines, except in the Hindu
Hindi where (+—-) only occurs on 44% of #* chromosomes, but on 100% of 8°
chromosomes. The 3/ 87 haplotypes do uot coutain the 8 globin gene, the region which
has undergone positive sefection. Thus there would be no selection against recombination
at the hotspot between the & and B genes and one might expect the 5° haplotype
frequencies to approach those on B* chromosomes, after many generations of
recombination. The 3’ baplotype (---+), associated with Fw3 was the commouest on 7
chromusosacs in all the groups, except the Moslem Memon, in the present study and
oceurs on at least 50% of chromosomes. Fw3 was also the commonest in United Kingdom
Indians from Gujerat, Punjab and Sindh, accounting for 67%, 52% and 60% of
chromosomes respectively (Varawalla e al. 1992), in United States Indians,
predominantly from Bombay and New Delhi, accounting for 68% of chromosomes
(Kazazian er al. 1984a) and in Indians from Tamil Nadu in southern India, accounting for
80% of chromosomes (Venkatesan ef ¢l. 1992), In Indians from north-west Pakistan,
however, Fwl was the commonest and reflects tne haplotype occuering with the
predominant mutation in this region, frameshift codon. 8/9 (Varawalla ef al. 1992). Fw3
was associated with two of the comznon mutations, namely the IVS1IntS (G-C) and the
619bp deletion, and it is thus not surprising that it was the commonest framework,
Further, one could predict from the high frequency of Fw?3 in the South African Indians,
that these two mutations are likely to be commion.
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Th:é 3’ haplotype or framework is in strong linkage disequilibrivm with the 8
thalasseemia mutations, which have undergone positive selection. It is not unexpected that
only a limited number of haplotypes were present in each group, and ibat their
distributions were different from those on 8* chromosomes, both in the present study and
those of Old et al. (1984) and Varawalla et @l. (1992). These differences only reach
statistical significauce in the Moslem Gujerati, possibly because the sample sizes in the

other groups were t00 small.

The associations of haplotypes and B thalassaemia mutations are discussed further in
Chapter 6.

5.2.3.3 5 haplotypes

In all the South African Indians studied, originating from the four major groaps and two
of the minor groups, the B° gene was associated with haplotype 235, which is extremely
rare on B* chromosomes in the South African Indians and in Asian Indians studied in the
United Kingdom (Varawalla ef 4l. 1992). It is, not unexpectedly, identical to the Arab-
Indian $° haplotype previously described (Bakioglu ef ol. 1985, Wainscoat ef al. 1985,
Kulozik et el. 1986, Miller et al. 1986,1987, Labie et al. 1989) and has reached its high
frequency on B* chromosomes because of positive selection aciing on the heterozygous
carriexs of the B gene. The haplotype differs from the four African §° haplotypes both 5
and 3’ to the recombination hotspot and is therefore likely to be of independent origin
{(Kulozik ez al. 1986).

A form of sickle cell anacmia, associated with mild clinical and haematological
manifestations, and characterised by high HbF levels in the homozygotes, had been
observed in individaals from eastern Saudi Arabia (Weatherall ex gl. 1969, Perrine et al.
1972, Pembyrey et al. 1978, Perrine ef ¢, 1978), Kuwait (Ali 1970), Iran (Haghshenass
et al. 1977) and India (Brittenham ez al. 1979, Kar e al. 1986). The distribution of the
Arab-Indien 8° haplotype corresponds with the disiribution of this mild form of the disease
(Kulozik et al.1986).

On the Indian subcontinent, the Arab-India haplotype accounts for over 90% of the &
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haplotypes in india. Two atypical haplolypes described could have arisen by
recombination at the hotspot in the B globin ciuster (Labie et al. 1989). The virtual
homogengity of the R* haplotype in both the tribal and ncn-tribal populations of India, as
well as in a number of the Arab populations, has some important anthropological
implicatious.

It is suggested that the Arab-India #° mutation arose once at a time when the tribal
populations were in direct contact and sutjected to either pammixis or gene flow, a
different situation from that of today where these populations are isolated, endogamous
groups, with different langnages, cultures and religious customs, scattered all over the
Indian subcontinent and surrounded by the mainstream or ‘non-tribal” Indian populations.
It is hypothesised that the toihal populations originated from the Harappan culture that
flourished in the Indus river region, in what is now Sindh and Pakistan, about 4 000-

5 000 years ago. It has beea suggested that the ixibal populations of India were part of the
original inhabitants of the subcontinent and they may have preceded the Aryan and
Mongo! invasions of India. They migrated east after the collapse of that civilisation,
around 5 000-2 000BC, and constituted the original inbabitants of the Indian subcontinent.
They may have been further dispersed and isolated by the Aryan and Mughal invasions
about § 660-2 000BC. Figure 5.4 iilustrates the proposed origin and spread of the Arab-
Indian #° haplotype. The Harappan culture was one of active advanced agriculture, based
on the cultivation of barley, wheat and other crops and animal husbandry, in an area
subjected to floods. Further, there was a large concentrated population estimaied at about
five million people, at the height of the civilisation, and thus ideal conditions existed for
the developmeni of malaria as 2 pandemic, a necessary requirement for the selection and
expansion of the £° gene. The mwudation would have arisen 4 000-7 {(X) years ago, making
it older than the African mutations that arose 2 000-3 000 years ago, at the time of the
development of agriculivre, and malaria pandemics, on the African subcontinent (Labie
et al. 1989, Nagel and Labie 1989, Nagel and Ranney 1990, Nagel and Fleming 1992).

The non-tribal populations of India would have acquired the §° gene from the tribal
populations over a foug peried of time during which they co-existed (Labie et ol. 1989).
Further, under the influence of the Aryan invasion, groups could have migrated from the
Indus valley west, east and south carrying the §° gene to aveas including what is presently

e — e e e v e e
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FIGURE 5.4 The proposed origin and spread of the Arsb-Indian (£° haplotype
(from Labie et al, 1989, Nagel and Fleming 1992).

The open arrows on the right represent the dispersion of the Karappan culture members after the
collapse of the civilisation and the Aryan invasion (open arrows - left).

The solid arrows represent the possible pathways of gene flow of the §° gene between the Indian
subcontinent and the Arabian peninsula,




eastern Saudi Arabia; Afghanistan and Iran (Nagel and Labiz 1989).

The Senegal and Arab-India haplotypes, which both have a mild phenotype, have the
Xmn¥ site, § to Sy, which is associated-i;viﬂl high Sy levels and relatively high HbF
levels under conditions of erythropoigtic siress (Thein ef al. 1987a). The Xmnl site is, not
unexpectedly, present on all the B8° chromosomes in this study k

It is uncertzin whether this mutation alters the binding of é regulatory protein or whether
it is"in linkage disequilibrivm with an important muotation. This site is discussed further
in Section, - 2.3.7. The (AT), T, motif 5’ to the b globin gene, which differs on each of
the haplotypes, appears to act as a silencer for transcription of the B globin gene, by
binding the repressor protein, Bpl. Binding is strongest to the Indian motif and weakest
to the Banty motif. Thus the Indian haplotype produces less §F protein, resulting in a
Jower intracellular concentration of HbS, less polymerisation and a reduced severity. It
is suggested that the silencing of the 8 globin gene may lead to increased HbF levels by
altering the balance between y and 8 expression (Elioa ef al. 1992).

A study of the 5‘ hypersensitive site-2 of the locus control region from Beain and
Senegal haplotypes found nucleotide variation in areas hinding Spl, Bpl and oiher
erythroid-specific and ubiquitous proteins. It ic suggnsted that factors produced under
conditions of hacmopoietic stress, together with the zenetic determinants of the differsnt
haplotypes, may allow for high level expression of the y genes (Oner er al. 1992).
Further, five different sequence couofigurations of a repeat motif (AT)N,,(AT), are in
strong linkage disequilibriem with each of the five major 8° baplotypes, which may be of
functional relevance (Périchon e al. 1993).

The mechanisms by which the different haplotiypes influence the severity of the disease
are, however, still incompletely defined, though it does appear as if indivi tzals have a
preset rate of progression of disease, which is, at least in part, haplotype determined
(Powars er al. 1990). In addition, it secms as if other factors not related to the haplotype,
which may or may not be linked to the § cluster, have a major effect on HUF levels
(Rieder ez al. 1591). Other genetic factors, such as co-inherited o thalassaemia also alter

the clinical manifestations of the disease (veviewed in Powars er al. 1990).
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5.2.3.4 B® haplotypes

The two haplotypes found associated with the B° gene in the South African Indians,
pamely 22 (+--—- ++-) and 23 (-+-++ -+ +-), are both associated with framework 2.
Haplotype 23 was the commonest % associated haplotype in most south-cast Asian
popalations, followed by haplotype 22 (Hundrieser ef ol. 1988a}. As both occur in south-
east Asia and can be derived from one another by a single meiotic crossover at the
recombination hotspot, they are thought to represent a single origin of the B° gene
(Antonarakis ef al. 1982b). In the Kachari people of Assam in north-castern India, who
have an extremely high frequency of the B® gene, the haplotypes were also types 23 and
22 {Hundrieser et al. 1988b).

A third haplotype associated with framework 3, also occurs in south-east Asia and is
thought to represent a second origin of the gene (Antonarakis er al. 1982b). The
framework 3 haplotype is found at high frequercy only in the Khmer population of
Cambodia (Hundrieser er al. 1988a, Nagel and Ranney 1990) and was not found in this
study,

In view of the limited geographical distribution of HbE, it has been suggested recently
that the matation arose only once in south-east Asia and has spread to two different
frameworks by gene conversion events (Flint ez al. 1993a,b), a similar explanation to that
put forward for HbS (this is discussed in detail in Section 6.2.2).

The data on the B® haplotypes on the Indian subcontinent are consistent with a common
origin of the gene in the populations of south-east Asia and India. Although there are no
higtorical links between the Indian subcontinent and south-east Asia, a number of south-
east Asian geretic markers were found on the Indian subcontinent, including the £® gene,
the -¢** cliromosome (see Section 4.2.1) and the codon 41/42 B thalassaemia mutation
(see Section 6.2.1), suggesting either that gene flow has occurred between the populations
or that they *ad a comunon ancesiry,
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5.2.3.5 0" haplotypes

_:_."m R  gene was associsted with the same haplotype in the two mleldllh": sidied,

o mﬁ.xg evidence for a common origin for the mutation. The haplotypes associated with

ahe_,xﬁr,en‘x have not been studicd ef<ewhere and thus no comparisons were possible.

5.2.3.6 Haplotypes associated with y globin rearrangements

'The yyy haplotypes observed in the two fadividuals studied camnot be unequivocally

determined at the two %y sites. They were thus (+[++%j++ +++) and
(+[+ 4 +]++ --+,. The haplotypes associated with this rearrangemesnt have not been
studied in other populationy, except the Melanesians, where the 5 haplotypes were either
(+§{~—1--) or (-[++-1+-+) (Hill e al. 1986), and thus of different origins from those

obiserved in this study.

The yyy rearrangement is more likely to be due to intrachromosomal sister chromatid
exchange, rather than interchromosomal recombisation (Hill ez al. 1986). The two types
found in Melancsia are derived from the two commonest 57 haplotypes, {(-----) and

{~+-++). The rearrangements in the Asian Indians caonot be derived from any of the
5’ haplotypes observed in this study or cther studies of Asian Indians, either by intra- or
interchromosomal ~=¢-mbination. Their origin is thus difficuit to determine. They do,
however, have the same 5’ haplotype. The 3’ ends differ but this could be due to
recembination at the hotspot between the § and § genes. They are therefore likely to have

a single common origin.

The -y chromosome has a (-[-]4- & --+) haplciype, This guiv he the same as the more
frequently observed -y haplotype in Melanesia, {~{-]-+-+}, the sccond commosgest being
(+[-}-). If shared, the haplotype may suggest a common ancestral origin. I studies of
the o globin haplotypes (see Sections 4.2.5.1 and 4.2.6.1), Indians and Melanesians Lave
been shown to share some featuves. This is discussed in Section 8.2.2. The -y
rearrangement may be due to unequal intrachromosomal cross-over or ‘nérachromaiid
deletion (Hill e; al. 1986) and recurrent rstation on the common (-+-- 1) haplotype

could have occurred.

L

JRIOT L &*E“y
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5.2.3.7 Haplotypes associated with the Xmo variant

“The haplotypes which were associated with the new Xmnl variant in the Moslem Gujerati

and Hinén Guje ~<$iffer beih 57 and 3/ to the recombination hotspot, strengibening the

evidence for {wo ofiging for the mutation, one on a 8* chromosome, with an Xmnl site

3" 16 % and a second on z 7 chromosome, facking an Xmm! site 5* te %y. The Xmnl site

5’ to "y oceurs on 2 number of different haplotypes as shown in Table 5.8. 1t is thus
possible that the sequence at ~158 37 to sither of the y genes represents a hotspot for
mutation. Alternarively, as the site is situated in an area of bomology between the two y
genes, cone conversion may be implicated. The mutation 5 to Sy has been shown to
increase gene expression, particularly under conditions of erythropoictic stress (Thein ef
al. 1987a). Positive selection may have acted on the muiation to increase its frequency.

5.2.4 Cors.ation ¢f 8 globin bapiotypes and the Xmnl polymorphic site

The HPFH syndromes mzy be of the deletion or non-deletion type. In the former group,
both v genes are iypicaily over-expressed, resulting in raised HbF levels in adult life. In
ihe latier grovp, however, either the expression of the %y or "y gesc is imcreased,
resulting in raised BbF, predominantly of either %y or *y type. They are due to point
mutations clustered upsiream of the genes, which are thought to alter the binding of frans-
noting factors, with increased affiniiy for proteins which activate the y genes, or
decreased affinity for repressor molecules (Superti-Furga ef al. 1988, Murtin ¢f al. 1989,
Ronchi er ¢f. 1989, Wood 1993).

Mutations 5/ to Sy at -202 (C~G) (Colling ef ar. 1984} and -175 (T-C) (Ottolenghi ¢z
al. 1988b) result in HbF levels of 15-25% in heterozygotes, predominantly of %y type.
In vontrast, mutalions 5/ to Ay at -196 (C-T) {Giglioni et al. 1984, Gelinas et al. 1986),
-117 (G=A) (Collins er al. 1985, Gelinas er al. 1985) and -198 (-A) (Tate er al. 1986)
result in HbF levels in heterozygotes of 5-20%, predominantly of *y type. A 4bp deletion
in the *ypromoter reduces binding of a trans-acting factor, thus reducing *y expression
{Beldjord er al. 1992).
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The C-T mutaiion at ~-158 to Py, which creates an Xminl site, is somewhat different in
that it appears to alter the ®y:*y ratio from the normal adult 40:60 to 640, typical of
a neonate, but produces minor or no elevations in the HOF levels in noerL individuals.
HbF levels, predominaniiy of %y type, are raised under conditions of erythropoietic stress,
such as sickle cell annemia or § thalassacraia, though ihe site itself i poorly correfated
with absolute HbF levels. Lack of the site is, in peneral, correfated with low Sy
expression (Gilman and Huisman 1985, Labie e al. 1985b, Motum of al. 1989). in
neonates, the site is not correlated with HbF levels or composition (Rochette ez al. 1990).

1t is uncertain whether the Xonrl umtation is the determinant responsible for increased %y
expre.ssion or whether it is linked to the determinant, though DNA sequencing revealed
no other mutations in the region (Miller ez al. 1987). Additional circumsuantial evidence
suggests that the base substitution at -158 is itself responmsible for increased HbF
production (Thein ef al. 1987a). Chromosomes with the “y%y*y can be classified into four
types based on the presence or ahsence of the Xmnl site ~ J’ to the two °y geses and the
correspondiag %y levels. %y levels are raised where both ;5230 sites ave present, and low
when they are absent (Liu et al. 1988). In the South Africon Indians, the yyy
chromosonics Jack the Xmnl site 5° to both %y genes and would tius be expected to have
low %y ievels. As the site is near a DNase I hypersensitive site, it was proposed that the
substitution increases the probability of an open chronratin configuration, making it more
accessible o components of the transcription apparatus of the adult erythroid cell in vivo
(Gilman an¢ Huisman 1985). High HbF (°y type) expression under erythropoietic stress
and the Xl site, appears to be in sirong linkage diseguilibrium with the 3° haplotype
(4 +-++) (Gilman and Huisman 1984, Harano et al. 1985¢, Labic et al. 19856, Hattori
et al. 1986b, Thein et al. 1987a), though the mechanism is not defined. Recent studies
have shown that interaction between the Xmml site and a rare (AT),T; motif 57 to the §
gene may be iraportant in generating high HbF levels (Ragusa ef af. 1992). This motif
may be linked to a particolar haplotype.

Recent research has shown that the mutation occurs in the region of a binding site for the
ubiquitons cctamer binding protein, OCT-1, flanked by binding sites for the ¢rythroid
prolein GATA-~1. Recent evidence suggests that the GATA-1 eryihroid wranscription factor
binds slightly more efficiently to the mutated promoter (-175) than to the normal one
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freviewed in Ottolenghi ¢f al. 1992), while the mutation abolishes binding of OCT-1 in
vitro {reviewad in Wood 1993).

In contrast, ihe haplotype (~-++-+ 4 +) has no associated Xmmnl site, but high %
expression, snggesting that the site, although highly correlated with %y expression, does
n;;t perfectly predict the presence of high % expression and that the site is pot solely
involved in determination of high %y expression. Other site substitutions in the samic area
or control sequence elsewhere in linkage disequilibrium with the haplotype may have
similay effects (Labic e al. 1985a). Some hetcrozygotes for § thalasscamia have raised
HbF levels, independent of the mutation at position -158 (Kutlar ez al. 1990).

in addition, other factors, not linked to the B gicbin cluster may alse alier HOF levels,
For exawple, an X-linked determinant appears to affect the level of HbF response to
anaemia (Miyoshi ez al. 1988, Dover e al. 1992). Evidence for a major gene for
heterocetlular HPFH ualinked to the f. zlobin cluster has been found in a large Asian
Indian pedigrae (Thein e al. 1994). Analysis of Mediterrancan patienis with thalassaemiy
major suggests a major role for unknown loci untinked to the £ globin cluster controlling
¥ chain production (Efremov et al. 1904).

The association of the Xmnl site and haplotypes was studied in South African Indians. As
previously reported, the 5° haplotypes (-+-+ -+) and (-4 -+-+ +) were strongly correlated
with the presence of the site, and (+4-----) and (-+ +--) with the absence of the site on f}*,
87 and B® chromosumes. Unfortunately we were not able to correlate this with %y or HbF

lzvels.

The majority of 87 chromosomes studied originate from individuals with thalassaermia
major and it is thus not surprising that most chromosomes studied lack the Xm#l site and
most individuais were (-/-), since the inkeritance of the Xmmnl site is associated with 3
milder clinical phesnotype due to higher HbF levels (Thein ez af. 1988). Further, only one
of the two 5/ hapiotypes found to be strongly linked to the Xmal site, (-----++), was
found on B" chromosomes and it was found on only a small percentage of the
chromosomes (24.6%). Although nine thalassaemia major individuals were (-/+), ihe
evidence suggests that a single copy of this deterininant may not be enough to effect a
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safficient increase in HbF to modify B? thalassasmia (Thein ef al. 1987a). As most of e
common Astan Indian 8 thalassaemia mutations cause 8° or severe B* thalassaemias, it
wonld thixs be expected that the (~/+) individeals would still have thalassacmia major.
Three individuals with a severe thalassaemia major phenotype were (+/+), suggesting
that, even two copics of the Xmnl site may, in certain cases, be insufficient to modify the
phenotype, perbaps because these chromosomes lack the other necessary cofactors or
unidentified motifs for raised HOF, like the (AT),T, motif.

The 8° chromosomes in this study have the Xmn! site, consistent with previous fiadings.
Farther an (AT)Ts motif is found on this haplotype and is associated with high HbF
expression (Trabuchet e o/, 1991a).

The B chromosome and the two 8° chromosomes associated with the (+----) and
(«+--+ -} haplotypes represent interesting exceptions. The 8* chromosome has the Xmnl
site, a paftern found only on two of 176 8* chromosomes with the (+---) haplotype.
Similarly, the two B° chromosomes lack an Xmml site, like only fonr of 61 A
chromosomes with a (-+---+ ) haplotype. 1t is possible that the 8° and 8° mutations arose,
by chanes, on such a chromosome, Alternatively, the altered site could be due to a point
nuiation or gene coaversion event on these chromosomes. In the case of % a
chromosome with the Xmnl site present may have been at a selective advantage, because
of the increased ®y expression, with erytiwropoietic siress.

Two variani chromosomes chserved in this study had an Xmnl site at the homologous
position 5’ to the *y genc. It would be interesting io study the effects of these mutations
on the differential expression of ithe two genes. Unfortunately this was not possible, as
no facilities for determinatior of globin chain ratios are available in South Africa. One
could speculate that the chromosome wich sites 57 o both ®y and *y wouild have norimal
ratios of the two chains, but may bave slightly increased ¥ expression and HbF levels.
HbF levels of 1.9% and 1.2%, oniy slightly above the normal rangs { < 1%), were noted.
In the individuals with a site 5¢ 10 *y, but no Sy site, a relative increase in *y chains
would be expected. One of the two individuals studied has slightly raived HbFE levels of
1.6%. However, this variant was found on a 8" chiomosome and the individuals are B

thalassaemia heterozygotes and thus may have slightly raised HbF levels due to the effects

ean
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of the thalassacraia gene. The variant previously described with Xmnl sites 5 to the two
Yy genes on a %y chromosome is associated witi high % levels and modestly elevated
Hb¥ (Gilman and Huisman 1985).

it appears as if the (AT)Ts motif may be necessary, but not sufficient alone, for high
HbF expression. A combination-of the haplotype (--+-+ +), the Xmnl site and the motif
may elicit high HbF levels even in patients with very mild anaemia (Ragasa e2 al. 1992).
A study of two Sicilian thalassaemia major patients, one with a mild and one with a
severe phesiotype, supports this hypothesis. Both had the same haplotypes and the Xmnl
site, but the mild phenotvpe was associated with the presence of homozygosity for an
(AT)T; moiif, whereas the severc one was homozygous for an (AT)T, motif at the
(AT),T, site 5’ tc the B gene. K is suggcsted that the (AT), Ty motif is a negative
regulatory binding sequence, whereas the more conunon (AT), T, has less "'hffinity for a
regulatory protein (Ragusa et al. 1992). The (AT T, motif has been shown to act as a
sil_éncer in K562 cells (Berg er al. 1989, 1931). However, more recently it bas been
@s&d that variation in this motif is a common polymorphism, with'no role in
 tepudation of y expression (Wong et al. 1689, Galanello er al. 1993, Dimovski et al.
1994,

v i -
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CHAPYER 6 - 8 THALASSAEMIA MUTATIONS AND THEIR ASSOCIATED
HAPLOTYPES IN SOUTH AFRICAN INDIANS

This chapter describes the mutations causing B thalassaemia in the South African Indians.
The associated 8 globin haplotypes have been characterised in an attempt to provide some
insight into the origins of the mutations.

6.1 Results
6.1.1 B thalassaemia mutations

Altogether 68 8 thalassaemia chromosomes from unrelated individuals ip 44 Asian Indian
families were stodied. The religious and linguistic affiliations were not known for three

of the families (six chromosomes).

The # thalassaemia mutations identified are shown in Table 6.1, together with the
religious and linguistic affiliations of the individuals studied. The IVSiat5 (G-Cj),
IVS1ntl (G—T), codon 41/42 (-CTTT), codon 30 (G-»C), codon 15 (G—A), cap site (+1)
{A~>C) mutations were identified vsing he ARMS technique. The 619 bp deletion was
detected with the conirol primers A and B used for the ARMS technique. The remaining
muiations, codon 30 (G—A), codon 44 (-C) and Poly-A (T-»C) were identified by

sequen.ing,

Four of the five mutations, previously described as common in Asian Indians (Kazazian
et al. 1984a, Thein et al. 1988, Varawalla ef gl. 1991b, 1992), namely IVS1IntS (G—>C),
the 619bp deletior, IVS1ntl (G-T) and codon 41/42 (-CTTT), were found in this cohort,
and account for the majority (84%) of the B thalassaemia chromosomes, The fifth
mutanonr, codon 8/9 (4G}, was not found,

The IVSint5 mutation was the commonest mutation, occurring in all but one group (the
Moslem Memon) with frequencies between 40% and 83%. The other three common
mutations each account for between 8% and 60% of chromosomes in the different groups,
in which they were found. In the Hindu Gujerati, the IVSInt5 and codon 41/42 mutations

LTy
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TABLE 6.1 Frequencies of 8 thalassaemia mutations in South Afvican Indians

MUTATION' (B;':?.ns;:%n’imn (;gljggf’u Iz!f?;g? b Eg?;‘x{‘ _szu;f‘r mm: | ;'J:ég'u TOTAL

W | Freg | N | Freg | N | Freq | & | Freq | N | Freq | W | Frea | N | Freq | N | Freg
IVSIntS (G-C)” 13 | 054 41 040} 7| 070 4 | 067f 5| 08] -] - 1] 1.00§35}! 057 j
619bp deletion” 2 | 008! - - 1| 0w - - - - 2] 040} - | - 51 007 ¢
iVSintl (G-T)" 3 o3} -1} - -y - - - 1| 017y 3] os0f -1 - 71 0.10
Codon 41/42 (-CTTTY i {0041 4| 040) 1 6.10§ - - - - - - - - &) o0
Coden 30 (G~C) ™ 1 {o04a] 1§ o0} -} - . . N R RV R S R 2| o3
Codon 15 (G-A}" 1 {00} 1{ 00| - { - 1 joer! -t - -} - -1 - 31 0.04
Cap site (+D(AC)" 1 {eaa] -} - -1 - F -1 - N P N A Y
Codon 30 (G>A)* 1§ oo4]| - - -1 - - - - -t -d - -1 - 1] o0t
Codon 44 (-C)* 1 | 0.04 - - - - - - - - - - - - i} 601
Poly A (T~C)* - - - - - - 1§ oy7| - - - - - - 1] o0l
Unknown = - = - 1 010} - - - - - - - - 1 | s.01
Total 24 10 10 6 6 |5 1 68

! The following mutations wers not found in this cohort: codon 8/ {+GJ’, codon § (-CT¥, codon 16 (-C)°, IVS2ni837 (T=5) ", IVS2ail {(G~A)",
-88 (C-T)", codon 88 (+T), IVS1 -25bp deletion”, codon 55 (+A), codon 47-48 (+ATCTY,
“ Identified by the ARMS techoique.
¥ Ydentified by direct sequencing from PCR products,
2 N = number of chromosomes.
3 The religious sad linguistic affilistions were unknown for fndividuals with 6 of the §-thalasszemia mutations, 5 IVSint5 and 1 Cap site (+1).
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account for equal numbers of chromosomes. The Moslem Gujerati appeared to have the
largest nomber of different mautations.

Seven mutations (;i;étected by the ARMS system) accomnted for 64 out of 68 (94.1%) R
thalassaemia chrommosomes. Four 8 thalassaemia chromosomes with usknown mutations
reimnained and DNA sequercing was carried out in an atterpt to identify these. Three
mutations were defined, two of which have pot been previously described in Asian
Indians:

) Codon 30 (G-»A) - reporied previously as a rare Indian mutation
(Varawalla er al. 1991¢) (Figwre 6.1a).

(i) Frameshift mutation codon 44 (-C) (Figure 6.1b).

(it) Polyadenylation site mutation (AATAAA-*AACAAA) (Figure 6.1¢).

The fourth mutation remains undefined after sequencing the regions of the § globin gene
where the majority of B thalassaemia mutations have heen found. The regions of the gene
which remain 1o be sequenced include V82, from at30 onwards, exor 3, as well as the
region 5 to -60 from the cap site. All 17 previously described Indian mutations
(Kazazian et al. 1984a, Thein er al. 1988, Varawalla et al. 1991b,c) have been excluded
on this chromosome by ARMS screeping or DNA sequencing. The two mutations most
recently described in individuals from Maharashtra and Punjab, codon 55 (+A) and codon
47-48 (+ATCT) respectively (Garewal er al. 1994) have also beea excluded by
sequencing. A large deletion or rearrangement is also unlikely as normal-sized fragments
were observed on Southern blots after digestion with the restriction enzymes 4vall,
BamH1, Hinfl and PsiY and hybridisation with the £ globin probe.

Eight of the 19 previously described Indian § thalassaemia-causineg mutations (Orkin ef
al. 1983, Kazazian e al. 1984a, Thein 2t al. 1988, Varawalla er al. 1991b,c, Garewal
et al. 1994) were identificd in this cohort. Two mu..sions not previously described in
Indians were also found, while one mutation still remains unknown. Thus, in total, 10
mutations have been identified in South African Asian Indiaus, on 67 of 68 (98.5%) 8

thalassaemia chromosomes studied.
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FIGURE 6.1a Sequence analysis of the amplified 8 globin gene DNA from a
thalassaemia major patient (P) heterozygous for the zare Indian mutation, codon
30 (G—~A), and a normal control (C)
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FIGURE 6.1b Sequence analysis of the amplified @ globin gene DNA from a
normal control (C) and a thalassaemia mcjor patient (P) heierozygous for the
frameshift mutation, codon 44 (-C) :
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FIGURE 6.ic Sequence analysis of the amplified 8 globin gene from a norma
control (C) and a thalassaemia major patient (P) heterozygous for the
polyadenylation site mutation, AATAAA-AACAAA
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6.1 Waplotypes associai.d with B thalassaemia mutations

The mutations and their associated haploty f: shown ia Table 6.2. There were 11
haplotypes associated with te thalassaem... saceations. Four haplotypes were associated
with more ihan one mutation and three mutations occur on more than one haplotype in
this cohort. The association between the common mutations and their major baplotypes
varies from 50-100%, while the mutation can be predicied from the haplotype with an
accuracy of 66-100%.

The TVS1nt5 mutation occurred in this study with three different baplotypes, though aill
were Fw3. Haplotype 1 (+-~— - +) was predominant in all the subgroups, in which the
mutation was found, except the Hindu Gujeraii, as shown in Figure 6.2. The codon 41/42
muiation cecurs with four haplotypes, with four 3/ aplotypes and two frameworks. The
haplotype distributions in the subgroups in which the mutation occurs are shown in Figure
6.3. Haplotype 22 (+--—- ++-) appears to be the most common, though the numbers in
the groups were smail. All the haploiypes occur on the same framework (Fw2), except
the one chiromosome in a Moslem Gujerati individual {Fwl). Codon 15 {G—A) was
associated with haplotype 2 (-+~-++ --+) in a Hindu Tamil individual and hapiotype 3
{~++-+ --+) in 2 Moslem Guerati, thongh both have the same framework (Fw3).

6.2 Discussion
6.2.1 B thalassaemia mutations

Of the 19  thalassacmia mutations described in Asian Indians to date (Orkin ef al. 19792,
Orkin et al. 1983, Kazazian et af. 1984a, Thein ef al. 1988, Old e al. 19%, Varawalla
et ai. 1991b,c, Garewal et al. 1994), eight occur in the South African cohort. Two
mations not previously described in Indians were found and a third metation remains
to be characterised. Thus. a total of 21 Asian Indian B thalassaemtz mutations are now
knowa, 10 of which have been identified in the South African Asian group.

An inifial survey of Indians in the Usnited Kingdom (Thein ef al. “788) showed that no
one mutation predominated, but that 88% of ihe  thalassaemia aileles were due to five

R A L N g




TARBLE 6.2 B thalassaemia mutations and their asscciated haplotypes in South African Indians

-
HAFLOTYPE! MUTATION E
Sites IVSinis 6¥0p FVSinst Cndof Lodon Codon Cspsiie Ca:don Lawon . Pay & '
Type (G~} delefion (GT} 31/42 ag i5 {+1) 3 a4 T ? Total
i 3 4 5 5 ? 3 9 -® {CTTT) § {G~0) {G~=A) (AT} G4} () i
: - e = e = - 2 5 - - B - 1 - . . 1 32
2 - &+ - 4+ o+ o~ o~ T 5 . . . - 1 - - - - . 6 -
3 L 2 . - - - 1 - - . - - 3
3 R T T - - 7 - - - - - - - - 7
2
9 - + - - + - + - - - - - - - - - i - i i
16 T - - - . - - - ! 1 - - 2
17 -+ - + 4+ + + + - - - - 1 - - - - - - i
i8 -+ -+ 4+ - - - I - - - - - - - i %
22 + - - - - + + - - - - 3 - - - - - - - 3
2 {4+ - - - - - = . - - t - - - - - - - 1
20 - -+ o+~ - - - i 1 - - . - - - - ! I
ot determined 6 - - - 1 i 1 - - . N 9 !
H Total 30 5 7 & 2 3 2 1 1 i 1 6% |

! Sites 1, 3-9 chown in Figure 2.2 aud described in Table 2.5 were used to construct hapiotypes.
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FIGURE 6.2 B globin haplotypes associated with the TVSinty mutation in the
South African Asian Indian groups
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FIGURE 6.3 € globin haplotypes associated with the codon 41/42 mutation in the
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Sites 1, 3-9 shown in Figwie 2.2 and deseribed in Table 2.5 were used to copstruct haplotypes
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mutations, with the IVSIntS mutation, the 619bp deletion and the codon 8/9 mutation
each accounting for about 20% and the IVSintl and codor 41/42 mutations accounting
for 14% and 12% of mutations, respectively. Further studies of Indians in the United
Kingdom have shown similar overall frequencies, the five mutations accounting for 89-
98.5% of mutations, though the 1VS1atS mutation appears commoner than originally
estimated, wp to 43% in some groups {Parikh ef al. 1990, Jain e al. 1991, Varawalla er
al. 1991b, 1992}, The distributior. of § thalassaemia mutations in different regions of the

Indian subcontinent is shown in Figure 6.4,

Similarly, in the South African cohort, four of \ie common mutations account for the
majority (67-100%) of the chrnmosomes in the subgroups studied. However, the fifth
mutation, the codon 8/9 mutation, has not been found in South African Indians. The
differences between the studies can be explained partly by the different geographical
erigins of individuals but also by factors such as genetic drift or founder effect, which
may have operated both in India and in the small groups that bave emigrated to different
countries. For example, individuals in the study of Thein er al. (1988), came from
Punjab, Rajasthan, Kashmir, Pakistan and Gujerat. The only area comunon with this study
is Gujerat, from which three different groups were studied, all of which have different
mutation distributions, Regional differences have also been shown by Varawalla ef al.
(1991b, 1992).

The IVSlntS (G->C) mutation bas been shown to be the commonest on the Indian
subcontinent (Varawalle e af. 1991b, 1992). 1t appears to be even more common in the
Asian Indians in South Africa, occurring at higher frequencies (40-83 %) than reported in
previous studies. As predicted from the haplotype and framework data (Section 5.2.3.2),
IVSintS was the commonest mutation in ali but the Moslem Memon, where sampling
error cannot be excluded because of the small sawple size, The mutation accounts for
79% of the hapiotype | chromosomes, In general, there appears to be a rise in the
frequency of this mutation from the western and northiern regions of India towards the
eastern and southern regions, the Hindu Hindi, Moslem Urdu and Hindu Tamil having
the highest frequencies in this study. High frequencies were also observed in Bangladesk
and Bengal in the east and Tamil Nadu in the souih (Varawalla e al. 1991b, 1992,
Venkatesan et al. 1992) and the lowest frequencies were observed in Pakistan, Punjab and
particuiarly Sindh (Varawallg er al. 1991b, 1992). A high frequency of the mutation was
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FIGURE 6.4 Distribution of § thalassaeraia mutations in different regions uf the
Indian subcontinent {after Varawalla er al. 1991b).
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also found in the United Arab Emirates (El-Kalla and Mathews 1993, Quaife er al, 1394).
Further relatively high frequencies (>5 %) of the mutation were also found in scuth-cast
Asia, including Indonesia (Lie-Injo ¢ al. 1989), Thailand (Fucharoen ¢t af. 1989, Laig
et al, 1989, Thein et al. 1990, Laosombat et al. 1992), Burma (Browsn et al. 1992) and
Malaysia (Yang ef ai. 1989, Fucharoen et al. 1990b). Low frequencies of the mutation
were found in China (Huang et «f. 1990), Turkey (Aliay and Gurgey 1992), Italy
(Rosatelli ez al. 1992a), Algeria (Bennani ef al. 1993), Albania (Boletini ef al. 1994),
Azerbaijan (Kuliev et al. 1994) and among the Kurdish Jews (Rund ez af. 1991). Groups
in the northern and western regions of India may bave had more contact with traders and
invading groups and thus have a higher percentage of admixture with other groups. This
is supported by finding that thc Hindu Tamil from the southern regions were the most
homegencous, both in the carrent cohort and in the studies of Varawalia ez al. (1991b)
and Venkaiesan ef al. (1992). In addition, groups from the Gujerat region, Punjab and
north-west Pakistan appear to have more diverse subsets of mutations in this study ar..
others (Parikh ¢f ul. 1990, Varawalla ef af. 1991b).

The ~19bp deletion is unique to Indians and reaches its highest frequencies in subgroups
from Sindh, where it is more common than the IVSintS mutation (Parikh er al. 1990,
Varawalla ef al, 1991b, 1992). It was originally thought to be confined to Gujerati- and
Sindhi-speaking groups of Pakistan and adjacent Guj2rat (Thein ef al. 1984b), but has also
been found in Tamil Nado and Punjab (Parikh ef af. 1990, Varawalla ¢ al, 1991b, 1992)
and in the central subcontinent, in the Hindu Hindi in this study, albeit at lower
frequency. It is thought io have arisen in Sindh and spread to the other regions at the time
of the Harappan culture and subsequent Aryan invasion by gene flow with population
migration (Thein et al. 1984b, Varawalla ¢f af. 1992). In the South African Indians the
mutation appears t0 be more common in the Moslem groups, though its frequency (0-
10%) was generalty lower than thai predicted from the haplotype 1 distribution (Section
5.2.3.2) and lower than in previous studies, where it accounts for 13-36% of mutations
(Kazazian et al. 1984a, Thein et al. 1988, Marikh et al. 1990, Varawalla ef al. 1951b,
1992}, Even in groups that appear to have come from the same region, namely Gujerat
province, the South African groups bad lower frequencies, possibly suggesing that
individuzls who emigrated to South Africa were not representative of the parent
population. The South African groups also had a lower incideace of 8 thalassaemia trait
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than the 10-15% found in Gujerat (Sukumaran and Master 1974). In addition, the South
African immigrants from Gujerat originated from the more southern parts of Gujerat (see
Figure 1.4b), regions which may have had less ccatact with Sindh.

The IVS1nil (G-T) mutation occurs exclusively in the Moslems in this study, at <‘milar
freguencies to those previously reported in individuals from Gujerat and Sindh (Thein et
al. 1988, Parikh f al, 199G, Varawalla ef al, 1991b, 1992), arourd 15%, except for the
Moslem Memait, where it reaches 60%. Its frequency was lower in Punjab and Pakistan,
<10% (Varawallz ef al. 1991b, 1992), again suggesting a "~ in frequency from west
to east on the Indian subcontinent. It also occurs at frequenci.. >35% in Burma (Brown
et al. 1992), Indonesia (Lie-Injo et al. 1989), and Malaysia (Yang ef al. 1989), and at
lower frequency in Thailand (Fucharoen et al. 1989, Thein er al. 1990, Laosombat ez o,
1992) and China (Kazazian et al. 1986b, Zhang ez al. 1988, Huang ez al. 1990, Liang
et al. 1894),

The small Mosiem Memon group studied in South Africa has ..., 1ke 619bp deletion and
the IVS1itl mutation. These individuals came from a few towns and villages in the
Kathiawar region of Gujerat, and seitled in South Africa in two relatively isolated groups
in Potchefstroom and Rustenburg, in the western Transvaal (Bhana and Brain 1999),
where they have maintained a high raic of consanguineous and endogamous marriagy 3.
A founder effect may thus have operated in this group to produce the wnusual mutation
distribution. The aumbers of chromosomes studied are, however, sinall and the
significance of the ditrerences is difficult to determine, This group is disproportionately
represented in the thalassaemia major families, which may be due in part to a high rate
of consanguineous marriages, but also to a higher carrier frequency for 6 thalassaemia in

this subgroup, although this stiil requires verification,

While the 619bp deletion and IVSIntl mutations appear to occur predominantly in
Moslems in South Africa, the codon 41/42 mutation cccurs predominandy in Hindus. In
the Hindu Gujerati, it occurs at the same freg .y =8 o TV TntS mutation (40%). The
presence of the codon 41/42 mutation is responsible for the different haplotype
distribution noted in tbe Hindu Gujerati (Section 5.2.3.2), particularly as it occurs on
three different haplotypes in this group. The sales are, however, very small. The
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mutation was alsn absent in two Moslem groups studied by Parikh ef al. {1990), but
appears inore widespread in the groups studied by Varawalla er af. (1991b, 1992). Xt also
occurs at high frequency in Burma (Brown et al. 1992), Thailand (Facharoen et al. 1989,
Laig et al. 1989, Thein et al. 1990, Laosombat et al. 1989), Tatwan (Chicu ef al. 1993)
and China (Kazazian ef gf. 1986b, Chan et al. 1927, Zhang ¢t al. 1988, Huang et al.
1990, Liang e al. 1994), and at lower frequency in Malaysia (Yang ef al. 1989) and
Indonesia (Lie-Injo e al. 1989).

The codon 8/9 (+G) mutation has not been found in Scuth African Indians, which may
bave been predicted from the raxity of haplotypes 7 and 16 on 87 chromosomes (Section
5.2.3.2). The mutation was found predominantly in Pakistan, Punjab and Sindh
(Varawalla et al. 1991b, 1992), regions not represented in the South Aftican sample,
though it has been reported in Gujerat at relatively low frequency (Parikh er al. 1990,
Varawalla ef al. 1992). As the sample sizes were relatively small, # is possible that it
does occur at low frequency in South Africa. The mutation also occurs in Malaysia
(Fucharoen et af. 1950b), Bulgaria (Eftemov et al. 1992), the Urited Arab Emirates (Fl-
Kalla and Mathews 1993, Quaife er al. 1994), Azerbaijan (Kuiiev ef al. 1994) and in
Turkey (reviewed in Flint ez al. 1993b).

The rest of the Indian mutations are relatively rare, and it is thus difficult to comment on
their distributions. The codon 15 (G-»A) mutation has also been reporied in Turkey
(Aulehla-Scholz ef «l. 1990), the United Arab Emirates (EI-Kalia and Mathews 1993,
Quatile ef al, 1994), Azerbaijan (Kuliev ef al, 1994) and Indonesia (Lie-Injo et al. 1989),
while the IVS2ntl (G->A) matation occurs in Turkey (Diaz-Chico et af. 1988, Altay and
Gurgey 1992}, Egypt (Novelletto ¢ al. 1990), the United Arab Emirates (El-Kalia and
Mathews 1993, Quaife e? al. 1994), Azerbaijan (Kuliev e al. 1994) and Iran (Quaife et
al. 1994), Italy (Rosatelli ez al. 1992a), Yugoslavia (Efremov ef al. 1992), Bulgaria
(Efremov ¢t al. 1992) and in the Kurdish Jews (Rund et af. 1991). The codon 30 (G—~A)
mutation has been found in Algeria (Bennagi er ¢i. 1993) and the codon 30 (G-C)
mutatios hos been found in the Kurdish Jews (Rund er al. 1921), Italians (Rosatelli ¢f ai.
1992a), the United Arab Emira‘es (Quaife e al. 1994) and Indonesians (Lie-Injo ¢f al.
1989).
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Although only cight of the 19 previously described Asian Indian mutations were found

in this cohort, others may be found in due course, as the sample size is increased, Two
‘new’ Asian Iadian mutations are described in this study. The frameshift niutation, codon
44 (-C), was first described in a Kurdish Jew (Kinniburgh ef al. 1982) and was thought
to be exclusive to Kurdish Jews (Oppenheim e al. 1988, Rund er a/. 1991). It has also
now been described in Italy (Rosatelli e af, 1992a), Albania (Boletini ef al. 1994),
Azerbaijan (Curuk er af. 1992), and Tunisia (Fattoum ez al. 1991). The polyadenylation
mutation (AATAAA->AACAAA) has been described in an American Black (Orkin et al.
1985), an individual of Malay origin (Fucharoen et al. 1990b) and in a Turkish family
(Altay et al. 1991).

One unidentified 8 thalassaemia mutation remains i this survey, even after sequencing
the regions of the § giobin gene where the majority of mutations have been found. The
proband has a typical transfusion-dependent thalassaemia major. He was a compound
heterozygote for the IVS1nt5 mutation and the unknown mutation, determined by both the
ARMS technique and sequencing. He had rormal sized fragments with the probe/enzyme
combinations described in Table 2.5 and his mother, who carried the unknown mutation,
was heterozygous at the intragenic Avall/8 site. She appeared haematologicaily to be
typical of thalussaemia minor, though her HbA, value of 7.2% was relatively high. There
have been a few reports of § thalassaemia not linked to the 3§ globin cluster (Semenza ef
al. 1984b, Thein et al. 1993), however the limited data in this family were consistent
with linkage to the Is globin cluster. The mutation may still be in the uasequenced regions
of the gene or in the S’ promoter region, which includes tie TATA box and the proximal
and distal transcriptional clements at -80 and -105. Deletions of the 5’ regions of the b
globin gene have been found to be associated with unusually high HbA, in the
hetesczygous state (>6.5%) (Craig et al. 1992, Motum ef al. 1992, Dimovski er ai.
1993, Motum ef al. 1993, Thein 1993). Two mechanism have been proposed, one
implicating removal of competition for limiting transcription factors and the second
pronosing that loss of the 5° B gene promoter removes competition for the locus control
region, leading to increased interaction between the enhancer elements in the LCR and
the 6 genes in cis, thus enhancing their expression (Haascombe e al. 1991, Waye et al.
1991, Craig ez al. 1992). Some additional sautations may lie in the upstream locus control
region. Some mutations still remain unknown after sequencing this region and the entire
B globin gene (Kazazian 1990, Kazazian et af. 1990, Garewal er al. 1994).

R )
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The 10 B thalassaemia mutations identified in South African Asian Indians account for
98% of the 8" chromosomes studied. As a large proportion of these mutations were
identified in thalassaemia major patients, it is pessible that the mutations which cause
milder disease may have been missed or their frequencies underestimated. As an iniportant
aim of the mutation analysis was to refine the prenatai diagnosis service, those which

cause thalassacmia major are of most concern.

6.2.2 Mutation/haplutype associations

In general, B thalassacmia mutations are strongly assoctated with specific haplotypes
within an ethnic group, usually on the same framework (Orkin ef ol. 1982a, Kazazian et
al. 1984h). The Asian Indians were no exception and strong linkage disequilibrivm
between the B thalassaernia mutations and the major haplotypes was found in this cokort
and in previous studies. The associations were not absolute and vary from 50-100% with
the common mutations in this and other studies (Kazazian ef af. 1984a, Thein er al. 1988.
Varawalla ez al. 1992). Furiher, the mutation could be predicted from the haplotype with
an accuracy of 66-100% both in this study and that of Varewalla er al. (1992). Generally,
there were no differences in mutation-haplotype associations in the different groups
studied, irrespective of their regional origins, though the haplotype distributions may
vary, as shown in Figures 6.2 and 6.3.

6.2.2.1 IVS1nt5 haplotypes

All three haplotypes associated with the IVSint5 mutation, in this study, had the same 3’
haplotype or framework (Fw3). A furtber six haplotypes occur with this mutation in Asian
indians, three of which were associated with Fwl (Kazazian ef af, 1984a, Thein ef al.
1688, Varawalla et al. 1992, Venkatesan ef al. 1992). Haplotype 1 was the most common
in all the studies. None of the haplotypes appeared to be specific to any group, suggesting
that they existed prior to the extant religious and linguistic divisions of the Indians.

It appears as if the commonest haplciype in the Hinduw Gujerati, kaplotype 3
{~+-++ --+), differs from that in the other groups, haplotype 1 (4---- -- +), although
only 4 IVS1nt5 bearing chromosomes were studied. In previous studies, this haplotype
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was only rarely associated with the mutation, 0/23 chromosomes (Thetn e al. 1988} and
3/148 chromosomes (Varawalla et al. 1992). In addition to the uausual Fw2 configuration
and general B thalassaemia mutation and haplotype distribution in the Hindu Gujerati (see
Sections 5.2.3.1, 5.2.3.2 and 6.2.1), this provides further evidence for the presence of
snusual frequencies of genetic markers in this group and the possibility of a founder effect
or genetic drift having occurred.

The IVSIntS mutation has also been found in Indonesia on four haplotypes, witk two
frameworks. Two haplotypes were shared with the Indiaps, while a third, the ¢c.nmon
Indonesian haplotype differs frnm the common Indian haplotype, at the Hindlli/3'8 site
only (Lie-Injo ¢f al. 1989). This may suggest a common origin, with a subsequent point
mutation at the Hindill site, or recombination 3’ to the gene, or a gene conversion event.
The mutation was also found in China (Kazpzian et al. 1986b, Zhang er «l. 1988),
Malaysia (Yang et al. 1989), Kurdistan (Ruad ef al. 1991}, Lebanon (Chehab er ai.
1987b), Turkey (reviewed in Flint et al. 1993a), Burma (Brown ef al. 1992), Thailand
(Laig ef al. 1989) and Algeria (Bemmnani e al. 1993) on haplotypes which were found in
India, though the frequencies of the different haplotypes vary. An additional four rare
baplotypes were associated with the mutation in Burma (Brown e al. 1992). The mutation
also occurs at high frequency on a smgle haplotype on #i:¢ island of Maewo in Vaauatu
(il et ai. 1988), a haplotype shared with the Indonesians, the Chinese and the Indians.
it was, however, thought unlikely that the Melanesian and Asian mutations had 2 common
origin as there is lack of evidence for early migration from India to the south-west Pacific
and it was thought to bave arisen locally (Hill er al. 1988), though the origin of

Melanesians is uncertain.

The IVSint5 (G-C) mutation was thus found associated with at least 15 haplotypes and
two frameworks over a geographical area, spannin,, the Asian continent, from the middle
east to south-cast Asia, and extending to the Pacific islands and north Africa. It is possible
that the IVS1nt5 position is a hotspot for mutation, as G=A and G-T mutations have also
been reported, and that recurrent mutation has occened, However, the geographical
distribution, together with shared haplotypes in differeat groups, argue for one or two
common ancient origin(s). The different haplotypes which share a common framework
are relatively easily explained by recombination events at the recombinational hot spot and
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are likely to have a single origin. The haplotypes associated with the st . framework,

not found in this study, may represent the results of a second msutation or a geme

conversion. event followed by recombation.
5.2.2.2 Codon 41/42 haplotypes

The codon 41/42 mutation/haplotype associations preseni an even more cowplex picture,
The cedon 41/42 mutation was associated with two frameworks, Fw2 an. Fw3, and fow’
haplotypes in South African Asian Indisns. Two of the haplotypes, 22 (+--- -+ -+-) and
28 (4~ -+--), differ only at the Hindill/3’'B site. Another {ive haplotypes have alse
been observed in Asian Indians (Thein er g, 19€8. varawalla e al. 1992, Venkatesan et
al. 1992}, making a total of nine haplotypes oa at least ivo fra...2works. One haplotype
bas a (--) 3’ haplotype and the associated framework is not defined (Venkatesan er al.
1692). The haplotype (-+--—~ +-) was commonest in all the studies. Ii is interesting to
note that the singie Moslem Gujerati haplotype represenis one of the rarer ones. It is
difficult to interpret the significance of this findicg, as it may represent sampling error.
However, it may be the r.sult of genetic drift ia this group.

¥, st Malaysia hadl the same common haplotype as the Indiacs (Yang er al. 1989), while
ihe commonest haplotype in Burma (Brown et al. 1992), Thailand (Laig ef al. 1989),
China (Kazazian et al. 1986b, Chan et al. 1987, Zhang et al. 1988) and Indonesia

(+--- ++) (Lie-Tnjo et al. 1989) is one of the rarer Indian haplotypes. A further 12
haplotypes were associated with the mutation in south-east Asia, including five on - |
and two with the uedefined Fw, (--) 3’ haplotype (Zhang er al. 1988, Laig et al. 1989,
Lic-Injo e al. 1989, Brown ef a.. 1992). The coden 41/42 mutation thus appears to be
associated with a greater number of haplotypes than the IVS1at5 haplotype, but appears
to have g more limiited geographical distribution, inciiding India and south-east Asia, but
excluding the Middle East and Pacific islands. The .hared haplotypes are again suggestive

of a common origin at a time when these porlations were in close contact.

The IVSiatl (G-T) mutation was fonnd only in a.sociation with haplotype 8 (Fwl) in
this study and those of Kazazian ef al. (1984a) and Thein ez al. (1988). Although this was
the predominant haplotype, two other minor haplotypes have heen found in Asian Indians,
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one of which occurs with Fw3 (Varawalla ef al. 1992). In Burma, the mutation also
eccurs predominantly on haplotype 8, with no fewer than eight miuor haplotypes (on all
three frameworksy (Brown et al. 1992), whiie in Malaysia it occurs on the rater Fwl
haplotype reported in Indians (+---- - 4-) (Yang et al. 1989). In Indonesia the mutztion
occurs 02 a single haplotype that differs from the Indian one at the 3' HindlI site only
(Lie-Injo er al. 1989).

6.2.2.3 619%p deletion baplotypes

The 619bp deletion, found only in Asian Indians, was associated a’most exclusively with
one haplotype in this and other studies (Kazazian er al. 1984a, Thein et al. 1988,
Varawalli er al. 1892). Ope individual stndied by Varawalla ef al. (1992) has a different
haolotype on the same framework. Theze data are consistent wifil a single origin for this
mutation and a crossover in onpe individual at the recorabiination hetspot. This mutation
is thus likely to be of more recent origin than the cther mwtations, having arisen on the
Irdian subcortinent, probably in the region of Sindit (Varawalia er al. 1992). |

6.2.2.4 Codor 8/9 haplotypes

The cedon 8/9 mutation was found on four haplotypes and two frameworks in Asian
Indians, the haplotype (+-—- +-+) being predominant (Jiozazian ef al. 1984a, Thein et
al. 1988, ¥avawalla er al. 1992). The matation oceurs in Turkey (reviewed in Flint ef al.
19932) and in an Irauian (Wong er al. 1986) on the ssme hapiotype.

6.2.2.5 Haplotypes associated with the rare Indian mutations

Sorse of the rarer mutations found in this study were also described on multiple
haplotypes and in different ethnic groups. The cadon 30 (G—C) mutation occurs on three
haplotypes, all Fwl, in Asian Indians (this study; Varawalla er al. 1992), oue of which
was shared with Indonesians (Lie-Injo ¢z ai. 1989) and Kurdish Jews (Rund e ¢l. 1991).
The codon 15 (G—~A) mutation was found on five haplotypes, 1-ith iwo frameworks (this
siudy; Varawalla ef al. 1992), two being shared with Indonesian« (Lie-Injo er al. 1989).
The cap site (+1) mutation occurs on two haplotypes with thie saine framework, but
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appears 1o be confined to Indians. It accounts for 6% of 3 thalassaemia genes in Punjab
znd may hizve origina‘ed in this region (Garewal er al. 1994), Further, the newly
describzd codon 44 (-C) mutation was found on the same haplotype as in Kurdish Jews
(Ruad et ai. 1991).

The codon 5 (-CT) mutation, not found in this stedy, wos associated with three haplotypes
with two frameworks (Varawalla ¢r @l. 1992), one of which was shared with Grecks
(¥oliia er al. 1989), while the 1VSZntl (G—+A) occurs on the same haplotvpe in India
(Varawalla et al. 1992), Turkey (Diaz-Chico et al. 1% 38), Egypt (Novelleito er ol. 1990},
Lebaunor and Italy (reviewed in Flint e al. 1993a), and on a second haplotype with the
same framework in Kurdistan (Rund ef @/, 1991), Balgaria and Terkey (reviewed in Flint
et al. 1993a).

6.2.2.6 The sigunificance of (e B thalassaema mutation-haplotype associations

The mutation distribton data together with the haplotype data suggest that most or the
mutations predidte the religious and linguistic subdivisions of the Indian peopls, a: they
are not contuied to any patticular subgroup. Furthermore, as described above, many of
the mutations have been found in other Asian, Middle Eastern and even southern and
eastern Eycopean populations, ca different haplotypes with different frameworks, in some
cases, but also on shared haplotypes. |

While initial studies suggested that each haplotype might indicate the presence of a
specific § thalassaemia allele, it was soon realised that in many cases there was an
association of a single mutation witk more than one haplotype and also the presence of
more than one mutation on a single haplotype (Orkin e 2. 1982a). It was proposed that
different frameworks (polymorphisms within the more limited region of the B glubin gene
itself) are <lear evidence ior mwultiple origins of a mutation, perhaps in a mutation
sensitive region. Muitiple haplotypes but with the same framework suggest a single origin
for the mutation, with subsequent recombination events at the hotspot between the 8 and
B globin genes (Orkin er al. 1982a, Wony, et al. 198G).

Th: evidence for multiple recombination evenis at the hotspot is strengthened by finding
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that most of the mutation-associated haplotyjpes have one of the three common 5
haplotypes found on $* chromosomes. Further, with the exception of the IVSintl
mutation, the predominant haplotypes associated with ail the common mutations, and
many of & rarer ones, have a (+-—-) 5” haplotype, the commonest 5 haplotype. It is
possible that they have arisen, by chance, on these kaplotypes as they are the cominonest
on B* chromosomes, with each framework (see Table 5.2a), but they may aiso have
resulted from recombination events, so the frequency of 5° haplotypes approaches that
ot: §* chromosomes.

The geographical clustering of a samber of the mutations and the association of many of
the comrmaon mutations with at least two frameworks in a limited geogranhical region seem
to favour a limited number of origins prior to divergence of the populations or spread of
the mutations by gene flow between the populations, rather than a mutationai hotspot
theory.

The obse.vstion of a mutation on at least two frameworks in a population is more likely
*3 be due i interasclic gene conversion. A Chi sequence is Jocated in the B globin gene
betyreer codon 2 wind IVS2atl6, the region in which most of the mutations discussed ave
focated. Chi sequences are known to promote or initiate recombination in E. Coli or 1

phages (Matsuno et ai. 1992).

A number of mutations including 8§° in Africa, £° in Asia and many of the § thalassaemia
alleles have been associated wiith more than one haplotype in a defined geographical
region. It has been argued that this is more suggestive of gere conversion than recuirent
mutation, since it would be extremely unlikely that the same 8° mutation arose four times
in Africa at more or less the same time, but not in south-cast Asia, or that the B allele
arose twice in south-east Asia, but not elsewhere {Flint ef al. 1993a,b). Based on the
haplotype distribution of the ?° gene in Adrica, it has been argued that it is more likely
that a single mutation arose in . small genetically isolated population in a region with a
noumber of such populations. The wauiation would have reached high frequency on 2 single
haplotype in this population, providing a source for occasional migration to carry the gene
into other populations, which might have had different haplotyps compositions as a result
of gemetic drift. The presence of different haplotypes wounld make it possible for

\
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recombination and gene conversion to spread the mutation onto new haplotypes, which
in turn could each high frequency by natnral seleciion. The proposed gene conversions
would be small, not affecting flanking sequences. The 8° gene would thus, initiaily, be
associated with a large mumber of haplotypes, all equally selectively advantageous.
Genetic drift and selection would then operate so that finaily a single, probably different,
haplotype dominated in each group (Flint er al. 1993a,b). A similar meckanism, invoking
recombination and gene conversion, could explain the associations of the B thalassaemia
mutations with different haplotypes and frameworks in Asia. However, there is not a
single mutation in each group as there is with 6%, perhaps suggesting morz prolonged gene
flow .2tween the small populations so that the new haplotypes were widely spread.
Alter~tively, the population may have expanded rapidly so thes a number of haplotypes
increased in frequency together, although, in general, one hzplotype is still dominant in
each group.

The high frequency and wide distribution of the 1VSIntS mutation on the Indian
subcontinent, together with its multiple haplotype associations has been szen as evidence
for its being a very old ummtation (Varawalla et al. 1992), particularly as five of the
haplotypes oscur with one framework. This argument is reinforced by its very wide
distribution in Asia, from the Middle East, to India and south-east Asia. It may be older
than the 8° mutation in India, estimated to be 4 000-7 000 yeass oid, which has one
predominant haplotype and only two other haplotypes associated with it, all with one
framework. It also occurs in south-east Asia, where B§° is not found, perbaps suggesting
a more ancient origin, when the peoples of south-east Asia and India were ia direct
contact. Further. its high frequency, in some areas, may suggest a particular selective

advantage or an older origin than other B thalassaemia mutations.

The other mutations appear to cluster into four groups, those only described in Jidians,
inciuding the $1%bp deletion and the cap site (1) mutation; those shared by Tadians and

south-east Asian populations, including the IVSintl and codon 41/42 mutations; those

shared by Indians and Middle Eastern populations, including the codon 8/9 mutation,

IVS2ntl {G-A) and codon 44 (-C) mutations; and those, in addition to the IVSiat5

mutaticn, thet api=ar to be spread across Asia from the middle east to south-east Asia,

like he ¢don 15 anw codon 30 (G—»C) mutations.
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The mutations shared by the Indians and Middle Eastern populations have a distribution
stmilar to that of the Arab-India 8° mutation and it is thus proposed that these mutatious,
similarly, originated and spread from the Harappan culture of the Indus river valley. It
is likely, however, that some of the spread, particniarly to areas like Twurkey, may have
occurred through later interactions, like the Turkish invasion of north Ind.a in the eleventh
ceninry, which is thought to kave spread the IVS2ntl mutation to Tutkey (Varawalla &
af. 1992),

The mutations which are common to India and sowth-east Asia are generally associated
with a larger number of haplotypes. This may suggest that they are older, so that enough
time has elapsed for multiple recombination, and verliaps gene conversion, events (o
occur. However, their place of origin is more dift it to determine. Political, military
and commercial intcractions with central, western and south-east Asia, and later Europe,
are part of he history of the Indian subcontinent, and are likely to have resulted in gene
flow, and thus spread of the alleles (Varawalla ez al. 1992), perhaps from south-east Asia
to India or from India to south-cast As.2. Indian sea-traders exploring ibe coasts of
Burma, the Malay peninsular and western Indonesia, as early as the 6th century BC, may
have been a possible route of spread of the alleles (Varawalla ez al. 1992). However, the
Thailand and Chinese atleles cannot be similarly explained. Independent origins may be
responsible (Varawalla er al. 1992), though the number of shared haplotypes and
mutations make this less likely. In addition, the codon 41/42 was associated with a rare
3’ haplotype (--) in India (Venkatesan ef al. 1992) and in China, and this is highly

suggestive of 2 common origin.

The IVSIntS matation may have originated with the other Indian/South-east Asian
mutations, and only spread to the Middle East later, perhaps as a result of migrations
associated with the spread of the Harappan culture or later interactions, as its frequency
in the Middle East is much lower than in south-east Asia. However, high frequencies in
the United Arab Emirates suggests ihat this and other Asian Indian mutations were
introduced by population migration across the straits of Hormius via Oman from the region
previously knows as Baluchistar, now in Iran, Afghanistan and Pakistan (Quaife er al.
1894).
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Although it is difficult to date the mutations accurately, it has been suggested, based on
studies in Mediictranean populations, that the B thalassaemia rauiations are of relatively
recent origin, because they occur on a sabset of haplotypes and B globin frameworks
(Orkin er al. 1982a). This appears to be true also for the Asian Indian mutations. Further,
the different § thalassaemia mutztions in different parts of the world suggest that they
arose afier the Asian and European populations split. If the mutations arose when the
founder population left Africa, one would expect shared muwuations, as is fonnd with other
genetic markers, including the 8 globin haplotypes {Flint er al. 1993a,b). 1t 15 suggested
that 1 thalassaemia mutations arcse at similar times throughout the world and reached high
frequencies by natural selecticn, though genetic drift and population migration were also
important, particularly for bringing the wutations into comtact with new pools of
haplotypés and promoting furtber haplotype diversity by gese conversion and
recombination {Flint ef al. 1993a,b).

Further evidence for the theory of a limited number of ancient common mutations comes
from the codon 44 (~-C) mutation, found in an Indian ir the present study, on the same
haplotype as in Kwidish Jews (Rund ef al. 1991). The mutation has also been fournd in
other Middle Eastern and Mediterranean countries (see Section 6.2.1), although no
haplotype data are available. Kurdish Jews constitute a small highty inbred group, but stili
- have inutational diversity, with 13 § thalassaemia mutations having bze» found, Some of
“these mutations occur in uther populations, including thoss from the v.editerranean and
India. Four, possibly five, of the other mutation have been cousidered unique to the
Kurdish Jews, including three of the five most prevalent and including the codon 44
mutation, Furthermore, the codon 44 mutation occurs predominantly in central
Khurdistan, the area from which the vaigque Kurdish mutations are thought to have arisen
(Rund ¢r af. 1991). Although a second origin for the mutation cannot be excluded, the
finding of the mutation in the present study and in other Middle Eastern couniries is more
consistent with a common ancient origin with subseguent founder effect and natural
selection baving operaied in the geographically isolated Kurdish Jewish population to
increase the local frequency. Fuithermore, the IVS{nt5 mutation, as well as the codon 20
(G->C) and 1VS2ntl (G~>A) mutations, occur on the same haplotypes in Kurdish Jews
(particularly those from eastern Turkey) as the common Indiar ones {Rund et al. 1991),

further suggesting an ancient common gene poo!, although the frequencies differ




238

considerably. A recent study on the Mestizo Mexicans has shown a aumber of typically
Asian Indian mutations on identical haplotypes to those in their presumed parent

population. In addition, they carry another of the mutations considered vngue f the Jews |

of central Khurdistan {-28 (A-+C)] on the identical haplotype (Economou et al. 1991).

Despite their # thalassaemia mutational diversity, the G6PD deficiency in Kurdish Jews
is atmost entirely the Mediterranean variant from all three geographical regions,
saggesting that this variant may predate their exne. It has been suggested that the G6PD
variant may be due to an ancient mutation anc founder effect, while the thalassaemia
mutations are largely unig..c and may have arisen through local mutation events before
or after migration to Khurdistan (Oppenheim ez al. 1993). It is more likely that the 8
thalassaemio mutations also originated from an ancient common gere pool, and have
increased in frequency in the Kurdish Jews due t¢ founder effect and natural selection as
fliscussed above.

Further, the poly-A mutatior, the second sew Indian mutation, was found on the same
haplotype in the Indian in this study as in an American Black (Orkin ez al. 19%3), agaia
suggesting a possible common origin, particularly as there is considerable genetic
. admixture in the American Black population. The mutation has also been described in an
individual of Malay origin, but on a different haplotype and framework (Fucharoen ez al.
1990b) and in a Turkish family, where no haplotypé was determined (Altay ez al. 1991).

While the haplotypes provide valable information for some mutatinns and reinforce the
idea that some mutations have arisen once, proboily relatively recently, ihey do little to
resolve the extent to which recurrent mutation, interallelic gens conversion,
recombination, mutant gene migration and other factors have contributed to the more
widely disiribnted B thalassaemia mutations with multiple haplotype associations, In
general, it was thought that the same framework suggested recomiliination at the
recombinational botspot (Antonarakis et al. 1982a), while different frameworks in
different ethnic groups suggested multiple, independent origins (Wong et al. 1986).

In the popuiations of India and south-east Asia, the evidence seems to point towards
common ancient origins of the mutations with subsequent recombinat’ 'a and limived gene
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cpnversion to explain the multiple associated haplotypes. However, differences may have
occurred between more closely related grovps: 1{x more recent hisiory due to founder effuct
and genct:lc drift as t:ie _¢oups have become ;_;eogré/btucally, religiously and imgmstacally‘
nolated thus compounding the problem of dmermfhmg the origins of the mutatmns L | '
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CHAPTER 7 - MEDICAL IMPORTANCE OF THE STUWsY OF THE
HAEMOGLOBINOPATHIES IN SOUTH AFRICAN INDIANS

B thalassaemia is the commonest clinically significant haemoglobinopathy in South African
Indians, and it appears to represent a greater discase load than expected. Sickle cell
anaemia also occurs, though patients appear to be under-represented in haemoglobinopathy
climics (see Section 3.2.1.3), possibly because of the mi}dness of e disease.

Wiile the severe forms of o thalassaemia, namely HbH disease and Hb Bart’; hydrops
fetatis, are cxiremely rare in South African Indians, the mild forms, -a/oe and -a/-c are
common. The clinical importance lies in distinguishing individuals with these genotypes

from those who are B thalassaemia heterozygotes and those with iron deficiency anaemiia.

At present, no formal haemogiobinopathiy screening programme to detect *at-risk’ couples
exists, though a local prenatal diagnostic service has been available sin 3 1984, and before
that a few patients were referred fo overseas centres. Thus, it is necessary to assess the
peed for and value of a haemoglobinopathy screening programme in South African
Indians. Further, the data on the families who have used the prenatal diagnostic service
nced to be analysed and the service itself evaluated.

7.1 Screening for th« haemoglobinopathies in South African Indiaus

In order to assess the viability of a haemoglobinopathy screening programme, the
princindes of screening need to be reviewed, well-established programmes need to be
analysed, a technical approach suitable for the local population has to be defined, a
cost/benefit analysis must be carried out, and other social and cultural problems specific
to the local population need to be identided.

The term ‘hacmoglobinopathy’ will, unless otherwise stated, be used in the test of this
chapter to refer to the main clinically-significant haemoglobinopathies in South African

Indians, namely those involving mutations of the B globin gene,

.....
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7.1.1 Principies of screening

A disease for which a screening programime is established niust represent a substantial
health problem, the preveaticn of which would be a worthwhile goal. The screening
programme should accurately identify the majority of ‘at-risk’ individuals, with a
minimum of false positive results, and the detection of these individuals shouid result in
an improved o« *come for the affected families a:2.] cociety as a2 whole, so that people with
a gesetic disease can live and reproduce as normally as possible. The technical Orocedures
used should be safe acceptable tc. the patient, simple, accurate and relatively inexpenswe

The henefits of the pmgramme should outweigh the disadvantages. The effectiveness of

the programme reguires a comprehensive service, equally accessible, in terms of
information and facilities, to the entire “at-risk’ commungity, and constant monitoring, with
a network of collaboration for information and laboratory coatrol. in general, the
programme should be established as an integral past of the primary Leaith care facilities;
an association of affected families or individuals should be established; and the patients
idemufied shouid be educated, counselied, treated and vffered support, where appropriate.
According to the WHQ a control programme for a genetic disorder should be “an
integrated approach combining the best possible patient care, with preventica through
community information, carrier screening and counseliing, and the availabiiity of ﬁtenat_:dl
Hagoosis" (reviewed in Westring and Grand 1973, Kaback 1982, Modell and Kuliev
1993).

In addition there are other ethical and tegal considerations. Prior to testing, individuals
should be appropriately informed, participation sheuld be voluntary, and individual
privacy wmust be protected. This is a point of potential conflict as there are implications
to the family of a positive result. Possib.e legal issues relate to the disclosure of the risks
of the procedure, fzilure to screen, misiabelling of samples, laboratory esror, poor guality
control and informed consent (Westring and Grand 1973, Kaback 1982).

7.1.2 Screeaing for the ha¢ asoglobinopzathies

In general, the haemoglobinopathies have been shown to be good cardidate diseases for
the establishment of screening programme,;, For geretic diseases, in general, primary
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prevention is not possiie and treatinent is burdensome, expensive and unsatisfaciry. Fog
the haemoglobinopathies, however, carriers can be detected by a procedure which requires
a single blood sample and is safe and generally acceptable. Carriers can be counseiled on
their risks and prenatal diaguosis can be offered to ‘high-risk’ couwples. A prenatal
diagnosis programme can reduce indiscriminate abortion and the associated guilt, decrease
anxiety and allow for family planaing. In view of the high costs of thalassaemia
management, community control programmes by prospective heterozygote detecvion,
education and fetal diagnosis are seen to be vital even in deveioping countrics. The low
costs of setting up and running such programmes are trivial compared to the financial and
social implications for the commuuity of supporting individuals with the disease. As
treatment for the disease improves, so the costs increase, becausse of prolonged survival
of the patients, thus a preventive programme becomes essential to contain the costs (WEO
Working Group 1982, WHQO 1983, Modell 1985).

The WHO working group for the community control of hereditary anacmia proposed that
the strategy for prospective control of thelassaemia should be planned on three levels:
sensitisation and involvement of the popelation, identificr*ion of ‘at-risk’ couples, and
counselling. Such control programmes should also inchude optimal care of existing patients
and prenatal diagnosis (WHO working group 1982, WHO 1983, Modeil 1985).

An educated population is one of the most vital components of a successful screeiming
programme. Many problems arise finm inadequate information and there is therefore a
sirong ca<e for improving the community’s and the medical profession’s knowledge about
the disease, the genetic risks and the vole of prenatal diagnosis. In Sardinia and Cyprus,
where the two most successful programemes have been introduced . national programmes
were initiated to educaie the population. The high incidence of disease, together with the
itcreasing survival of homozygotes and the increasing costs of therapy, had virtually made
preventive programmes imperative. The success of these programmes is evidenced by a
dramatic decline {of over %0%) in homozygote births (Angastiniotis ef al. 1986, Cao ¢
al. 1989b).

The programmes in Cyprus and Sardinia werz based on the general principles outlined by
tire WHO working group for the community control of hereditary anaemias (WHO 1983).
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The entire population was involved. The local community, voluntary associations and
parent associations participated in community education and counselling. Meetings were
set up with comumunity leaders to enconrage co-operation and obtain advice. Medical
teams were consulted to discuss the approaches to the progrsmmes, formal education was
introduced into the school curricula and mass media education and information leafleis
were writier: and widely circulated. Provision was made for follow-up and assessment of
individuais. Speciaily trained counsellors were involved in individual heterozygote
counselling, which included reassurance of carriers, information on the risks to their
children of 'having the disease, the availability of prenatal diagnosis aed discussion of

treatment, where relevant,

These programmes were facilitated by having a small concentrated population, a high
literacy rate, a relatively high standard of living, a low birth rate and high standards of
health care. In addition, because of the digh incidence of the discase, most individuals had
some awareness of it (Angastiniotis er al. 1986, Cao er al. 1986b, 1590). It has been
showa that uptake of screeping and prenatal diagnosis requires informed coupies and
experience of the disease (Aniopwe ef al. 1988).

7.1.3 Technical considerations

There are a number of methods which can be used to screen for B thalassaemia
heterozygoies (reviewed in Rowley 1976). Abnormal red cell morphology may be studied,
though this is fime-consuming, variable and requires expert evaluation. Reduced osmotic
fragility is a cheap and simple screening test but it is non-specific for all hypochromic
anaemias (Kattamis ef al. 1981). The rate of globin chain synthesis appears to be the best
measurement to diagaose § thalassaemia trait, the fatter being characterised by a reduced
B:ex synthetic rativ. However, the method is too elaborate and time-consuming for routine
screening. Microcytosis and/or hypochromia appear tv be the best criteria for ideniifying
subjects requiring determination of HbA, levels (Tammis-Hadjopoulos ez al. 1977). HbA,
levcls, raised in individvals with 8 thalassaemia trait, require electrophoresis, elution ard
absorption spectrephotometry for accurate quantitation. Column chromatography may be
used, but quantitation by densitometry is unsatisfactory. This technique is relatively time-
consuming, expensive and requires some experience {Schmidt er al. 1975).
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‘Thus, an ideal method for 8 thalassaeméa trait screening is stili not available, though in
countries where § thalassacmia is common, screening programmes have generally relied
oa using a fow MCV as an indicator to guantitate the HbA,.

in South African Indians microcytosis and hypochromia have been shown 0 be extremely
common, mainly due to iron deficiency and « thalassaemia. Only & wminority of these
cases, a maximum of 5%, are due to B thalassaemia heterozygosity. If one were to use
a low MCV or MCH for screeuing, one would lrave to quantitate HbA, on about 30% cf
those screened. In addition, while homozygous sivkle cell anaemia is a relatively mﬂd
disease in Indians, the compound heterozygetes for § thalassaemia and B° have a relatively
severe disease and it would be wnacceptr 1o miss thetn in a screeming programme.
Carriers of the B° gene gererally have normai haematology and are thus only detectable
on Hb electrophoresis. The B® allele occurs at a low frequency in Indians, Lut may also
cause fe!aﬁvely severe disease in homozygous form or, possibly, together with B
thatassaemia. Carriers of the £° allcle have microcytic indices (Fairbanxs ez al. 1979) and
would thus be detected with elecirophoresis 0t MCV screening.

As there are many populations ta which o and/or § thalassacmia as weil as iron deficiency
occur together, there have been numerons attempis to design formuiae which distinguish
between these conditions on the basis of red blood cell indices (England and Fraser 1973,
Mentzer 1973, Srivastava 1973, Shine and Lal 1977, Bessman and Feinstein 1979, Green
and King 1989). Most are based on the principle that in thalassaemia the MCV and MCH
are disproportionately low with a high RCC, whereas in iron deficiency the RCC, MCV
and MCH are all proportionaily low. Quantitative anisocytosis or the measurement of red
cell volume dispersion or red cell distribution width (RDW) is also used. The RDW is
narrow in thalassaemia and wide in iron deficiency (Bessman ard Feinstein 1979, Green
and King 1989). Free erythrocyte protoporphyrin (FEP) (Stockman et al. 1975), zinc
protoporphyrin (Han e al. 1990) and thre> dimensional plots of red bicod cell indices
(Han and Fung 1991) have also been used in an attempt tc distinguish thalassaemia from
iron deficiency. These discriminant functions have diagnosiic efficiencies between 50 and
82% in uncomplicated cases, but perform worse in combination cases (Bentley et al.
1989). Further, in mixed cases with « or 8 thalassaemia, iron deficiency predominates,
a major problem for screening, especially as in communities where iron deficiency is
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common, thalassaemiz carriers are not exempt (Ecoromidou er e, 1930).

Two alterndtive screening proiocols are possible in South Adfrica using currently
zsiablished techniques. Microcytosis and/or hypochromia could be screened for using an
eiectrosic cell counfer and then HbA, guantitated on those with an MCV <80ff and/or
an MCH<27pg. In addition, qualitative elecircphoresis would have to be donc on all
sampies for 8 globin varianis. With this protocol, no diagnosis wouid de made in the
majority of microcytic hypochromic individuals, and it may thus be necessary {0 assess
the costs of establishing the causes of micxiscytosis and hypochrom®™ in these individuals.

Alternatively, quantitative elecirophoresis cirild be done on ali samples to determing the
HbA, levels. Those with raised HbA, cmx!d have a follow-up electronic ceil count 0
confirm that the indices are consistent, ¥ concordance with WHO (1983)
recoinmendations that the diagnosis in heterozygotes be confirmed by at least two methods
because of the clinicat significance of the results. The other B globin variants would be
derated simultaneousiy on the electrophuretic strips. In both protocols, citrate agar
electrophoresis would be necessary to confirm the identity of the electrophoretic variants

detected on cellulose acetate.

Theoretically, some cases way be missed by both screening methods. In Mediterranezn
countries, individuals with raised HbA, and normal RBC indices were shown to have
coinherited B thalassacmia trait and either -of-a or o/, which normalises the chain
imbalance and improves the haemoglobinisation of the red cells (Kanavakis ef al. 1982,
Melis et @i, 1983, Rosatelli e¢ al. 1984). On this basis, it was suggested that in areas
where both o« and B thalassaemia were prevalent, MCV/MCH screeping may miss a
significant proportion of those with £ thalassaemia frait, whereas HbA, would still be
raised and appears to be more sensitive for carrier detection (Globin Gene Discrder
Working Party of the BCSH Gi:wral Haematology Task Force 1994). HbA, levels do not
appear to he normalised (Kanavakis ez al. 1982, Melis ¢f al. 1983, Cao et al. 1984), even
though MCV’s up to 90ff have been found in -of-o heterozygotes (Kanavakis er af.
1982). In the preseat siudy, seven obligate 2 thalassaemia carriers who had coinherited
a -o/eey genotype and two with a -o/-e genotype all had microcytic hypochromic indices,
although the MCV and MCH were significantly higher in obligate § thalassaemia carriers
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with -o/cee than with ao/oe (p<0.01). No significant differences in the HbA, levels
were however observed between the two gioups. 4a MCV less than 755¢ or an MCH less
than 25pg are recommended 43 the cut-offs for screening for 8 thalassaemia (WHO 1983).
These figures were baszd on stadies such as that of Waliord and Deacon (1976), where
no B thalassaemia heterozygote had an MCV above 70£f, whereas in « thalassaemia 64%
had an MCV between 70 and 80ff. In the present study these figures are tme for 8
thalassaemia heterozygotes who are ac/ac, but not for those with coinherited -o/ou.
Thus, in a population such as the South African Indians, with a high incidence of o
thalassaemia, it seems as if cut-offs of an MCV < 80f¢ or and MCH <27pg would be
more sensitive. Such screening would be undicly to miss many heterozygoies, especially
if one considers that in the Moslem Gujerati, in whom the o and £ thalassaemia allele
ivequencies are highest, only 1/500 individuals would have 8 thalassaemia trait together
with ~a/-e and only a small percentage of these would be likely to have normal red blood

cell indices.

Coaversely, there may be individuals with 3 thalassaemia variants who have abnormal red
blood cell indic2s and normal HbA, levels, inclucing o8 thalassaemia carviers or “silent
carriers” with coinherited 8 thalassaemia, who may constitute up to 10% of B thalassae -ia
carriers in Greece (Kattamis ef al. 1979, Marsh and Koenig 1982, Cao er al. 1989).
These individuals tend to have HbA, levels in tire high 10rma! range, in contrast to o
thalassaemia carriers who may also have abnormal indic -, but tend to have relatively low
HbA, levels (Paglietti ef al. 1985). In addition, HbA, levels in normal iron deficient
individuals are reduced compared with those who are nor. won deficient, thongh there is
no correlation between the decrease and the degree of apaema or hypochromia (Steiner
et al. 1971, Kaitamis ez al. 1972). However, iron deficient B thalassaemia heterozy goves
still have levels which are always within ilie carrier range (Galapello 2¢ af. 1981, Mehta
and Pandya 1987). In 52 obligate B thalassaemia heterozygotes in the preseat study atl had
HbA, levels above the normal range. Thus, the incidence of normal HbA, £ thalassaemia
carriers is probably low in Souih Afrivan Asian Indiaus, consistent with a study in Punjab
n north India, where only 3% of B thalassaeinia heterozygotes had normal HbA, (Dash
1988). It is likely that th¢ normal HbA, B thaiassaemis heterozygotes may have a
particular B thalassaemia mulaiion or a coinherited § thalassaemia mutation which, once
identified, could be tcsied for in ‘high-risk’ couples where one is a B thalassaemia

LA
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heterozygote and the other has equivocal haematological indices. The mean BbA, of the

Som—=me ~0fove Beterozygotes with normal 8 glovin genes was 2.9 3+ 0.4 and of the -of-«
\ homozygotes 2.8 + 0.3, aeither of these being significantly different from the normat.

/ It appears that both approaches to screening would detect the majority of individuals, if

not ali, ‘s-risk” of producing offspring with a severe clinical phenotype. Recent studies

/ have shown a correlation between the haematoiogical phenotype, patticularly the MCV

. ﬂ/ and MCH, in § thalassaemia heterozygotes and the B thatassaemia mutation present (Rund

| ] et al. 1990, Re~telli et al. 1992b, Rund er al. 19925). The HbA, level does not appear

ya t0 be jelated t0 the B thalussaemia mutation, in general, though a mumber of variasts
associated with high HbA, levels have been described (Craig ef al. 1952, Motum ef al.

1992, Dimovski er al. 1993, Motum er al. 1993). Thus, the wide variation of

haematological characteristics in heterozygous £ thalassaemia is related not only to co-

exisient o {ielassaemia and iron deficiency, but also to the type of mutation present (Rund

et al. 1990, Rosatelli et al. 1992b, Rend ¢t al. 1992b). The assessment of the phenotype

\ associated with the different mutations present in the South African Indians may further

gsist in evaluating the most reliable method for screening,

7.1.4 Cost/benefit analysis

The costs of both screening protocols for the detection of carriers of B thalassaemia and
8§ globin variants have been estinmated using techniques cuerently operational in the
veference laboratories in South Africa. The details are shown in Appendix V(A). The
Yaboratory costs to identify one ‘at-risk® couple are virtuafly identical using the two
protocols (4 R17 0090). If one were to follow up all the microcytic hypochromis
individuals identified, do iron studies and DNA analysis to determine the causes of their
microcy.osis and hypochromia, and counsel them, this would raise the corts of the first
protocel enormonsly. In contrast, in the second proiocel, only those individuals who were
ideniified as ha g raised HbA, levels, the f§ thalassaemia heterozygotes, would require
counselling.

Counselling and follow-up of microcytic and hypochromic individuals, once detected,
would be important, particularly where a screening programne is establiched as part of
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a primary heaith care programme and one is attempting to offer a comprehensive service.
Firstly, iron deficiency anaemia may be clinically important ard require treatment;
secendly, individﬁéls with o thalassaemia should be made aware of the cause of their
microcytosis and hypochromia so they are not subjected to winecessary investigation or
iron replacemeut therapy in the future. Since the -- chromosome is rare in South African
Indians, individuals with a -o/ee Or -o/- genotype need to be reassured of their low
risks of a child with a major haemoglobinopathy such as FIbH disease or Hb Bart’s
hydrayps fetalis. The diagnosis of « thalassaemia, however, requires DNA studies which
are highly specialised and expensive. In addition, the anxiety associated with recalling
microcytic hypochromic individuals for frllow-up and counselling requires consideration.
Although, in theory, such arxiety sad fears could be allayed by counselling, there would
still be a period of anxiety while the investigations were proceeding.

It nas been suggested that in populations with 2 high rate of microcytosis, such as the
South African Indians, couples should be screened and only those recalied where both
spouses are microcytic or hypochronic (Modell and Modell 1990). Howerex, in the local
population, it would still mean that 10% of couples would be recaiied for further
investigation.

It appears that it would be more cost-effective to follow the second protocal, based on
HbA, determinations, in the South African Indian population. The costs for detection of
an ‘at-risk’® couple [Appendix V{A)] have been estimated assuming random mating. The
frequencies for the Moslem Gujerati have been used as these were most complete, A
higher iacidence of homozygotes has been noted due to the high vate of consanguincous
marriage and inira-caste marriage. Thus, one may find ‘at-risk’ couples in the Moslem
Gujerati subgroup more often than the 1/918 expected from the allele frequencies,
reducing the cost of finding each couple. In the other subgroups. however, the allele
sequencies may be slightly lower and the cost; of finding ‘ai-tisk’ couples may be
slightly increased. Again consanguiniiy and intra-caste marriages may alter this somewhat.
Thus, a sumber of assumptions, which may not always be valid, have been made ia the
calculations, but they are uniikely to affect the figures o any large degree.

The testing proredure would identify those ‘at-risk’ of having children with thalassaemia



249

major, sickle cell anacmia, HHE disease and compound heterozygosity for 3 thalassacmia
and 8° or 8° or other electrophoretic variants. Not all ‘at-risk’ couples would necessarily
elect 1o have prepatal diagnosis, though they would be fuliy informed of their risks. Those
“at-risk’ of having children with sickle cell anaemia would be faced with a difficult choice
considering the benign nature of the disease in most patients. The costs for gach "at-risk’
couple to have an average-size family, without an affected child, have been estimated to
be about RY 656. The calculations appear in Appendix V(B).

The major haemoglobinopathies in South Africa occur in a minority ethaic group and at
refatively low frequency compared to some areas of the world, thus the total number of
patients with the disease is relatively small. The disease still represents a substantial health
problem in terms of the costs of therapy, the minimum sanval cost of treatment for cre
child with §§ thalas: =mia having been estimated at K78 500, This ¢xcludes the cost of
specialist and other staff who look after these patienis as well as the cost of making the
initial diagnosis. The defails of the cost ¢stimation are shown in Appendix. V(C).

The costs of the screening and prenatal diagnosis programme have been compared to the
cost of treatment for thalassaemia major. The details are shown in Appendix V(D). For
the calculations # has been assumed that all children with kaemoglobinopathies are
similacly treated. This is not wecessarily true, particularly with regard to sickie cell
anaemia where hospitalisation and medication are rarely required. The detection of
couples ‘at-risk’ for children with sickle cell disease may not be eaiirely justified in & .;0st
benefit analysis, because of the mild nature of the condition. The moin aim of a screening
programme would be prevention of the major haemoglobinopathies, which have
significant associated morbidity. The increased cost of detection of some couples ‘at-risk’
of a less severe disease can be justified in this context. It could be argued that couples “at-
risk’ for children with sickle cell anaemia, aibeit mild, have the right to {ull information
and free choice with regard to prenatal diagnosis for affected pregnancies. Further, the
possibility of consanpuineous marriages, which may raise the number of ‘at-risk’ couples

has been excluded.

Despite the relatively low frequency of the discase, the costs for treatment of the existing
patients are extremely bigh compared with the costs for prevention of the disease. As
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treatient improves so the costs escalate, as more patients survive and require reatrent
for longer peéiml:; and the treatment regimens become more intensive, There are other
additional costs for families with affected childven which are difficult to evaloate, Parents
are ofien required {p teke time off work to take ‘Children to the hospital for their
wransfusion therapy and regular monitoring. The burdens of a chronic disease on a family
are iletvy. The costs for detection of an “at-risk’ couple and the prevention of the birth
of an affected chld in their family are estimated at 34% of that of one year of treatment
fora ,fiii}d with ﬂlalassae;fﬁa major or 1.4% of the lifetime cost of treatment of one child
with thalassaetnia major [Appendix V(D)]. At the same time, the child and family are
saved much emotional turmoil ac:? “sychological and functional morbidity.

At a poputation level, the Cost of screening the entire South African Indian population
between the ages of 20 and 50, with the prevention of the birth of childres’ affected with
thalassaemia major in afi of them, togetner with the achievement of a faraily size of 2.4
children for each, would be equivalent to the lifetime cost of treating 3.5 thalassaemia
major children or the costs of treatment for the existing patients for one and a half years
! ippetudix V(D).

In Cyprus wheve the § thalassaemia carrier rate is 1/7, the cost of prevention of the
disease for 1584 was the same as the cost of treatment for the existing patienis for an 8-
week period (Angastiniotis ef al. 1986). It was estimated that if no preventive programime
was instituted, the fotal medical budget of Cyprus would be doubled within 20 years and
40% of dlood donativns would be for thaiassaemia major (WHQ 1983). Similarly in a
mixed population in Quebec the cost per case prevented was slightly kess than the cost per
patient treatment year or about 4% of the treatment cost incurred in 25 ycars for an
affected individual (Scriver et al. 1084).

Although the cost-benefits of the screening and prevestion programress bave been
demonstrated in other countries, particularly where thalassaemia is common, the current
study emphasises that such programmes are bencficial even where the disease has a
relatively low frequency.
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7.1.5 Targeting 2 screening programme

In the calcplations above, the target population has been asswned to be Asian Indian
adults of childbearing age (20-50 years), with the aims being to identify ‘at-risk’ couples
{where both are heterozygotes for a major haemoglobinopathy) There has been much
debate on the appropriate time to screen individualz for recessive disease.

Senior school pupils represent an ideal target for screening in that they are accessible and
generally close to their families. If a heterozygote is detected, it is relatively easy to test
other members of the family ‘at-risk’; testing of adolescents may present other problems,
however. C:;rrier status may lead to stigmatisation and loss of self-esteem ¥2 individuals
at a vulnerable age. In addition, ag#* information is not of immediate refcyance, it may
not be remembered and individuals ...ély have to be tested again at a later stage (Westring
and Grand 1973, Kaback 1982). It appears that screening should be focused on individuals

for whom a positive result has high significance.

Young individeals or couples imirediately before matriage or engaged in reproduction
represent the best target group (Motulsky 1973). Factors shown to predict screening
success (as judged by higher knov/zdge after counselling or transmitting information to
other family members) include plans to have children in the near future, younger age,
higher education level, knowledge of having a trait personaily or in the family, and the
spouse’s carrier siatus (Lipkin er al. 1986, Loader et al. 1991a). Screening should be
appropriately targeted to individuals or couples who are fully informed and know alt the
available options open to them. Couples offer an advantage over individuals in that if an
equivocal result is obtained in one spouse a.ad the other is normal, the couple can be
reassured and thus uadue anxiety is alleviated and further detailed investigation is avoided.
In rare cascs where the second spouse is a heterozygote, further testing may be necessary,
perhaps involving globin chain synthesis or detatied DNA studies (Akerman ef af. 1990,
Kazazian 1990).

‘At-risk’ couples should be identified at least before they reproduce, so that the birth of
affected children can be prevented. Premarital couples would be an ideal target, as they
would have the widest choices available to them, including the choice not 0 marry,
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though genetic information rarely affects the choice of a marriage partner (Modell 1990).
They are a difficult group to access, though it has been achieved in Cyprus where there
is virtwally a single marriage system, through the church. Alter marriage, screening
should opdmally be offered prior to conception as part of a primary heslth care
programme, although access to couples may be difficult, wnéess the population is highly

informed.

‘At-risk’ couples may choose not to reproduce, to ‘iake a chance’, to reproduce only with
prenatal diagnosis and selective abortion, to reproduce with a substitute partner (e.g.
artificial insemination by donor) or to divorce and find another marriage partner, the latter
two being unpopular choices. Prenatal diagnosis allows couples to ensuxe healthy children
and 10 achieve the family size they want. First trimester prenatal diagposis bas wicreased
the uptake rate considerably and thus couples need to be informed early enough to take
advantage of this technique. Prior to the availability of prenatal diagnosis, maay couples
avoided conception and 70% of accidental pregnancies were terminated indiscriminately,
Some couples opted to “iake a chance’, at least once, but stopped if they had an affected
child, thus frustrating their arabitions for a normal family (Modell ez al. 1980, Modeli
1990).

As married cooples are difficult to access, screening through antenatat clinics has been
proposed, especiaiiy as a full biood count is often done as a routine investigation. Most
women would present too late for first trisnester prenatal diagnosis, however, and some
too late for prenatal diagunosis at all. In addition, the Jaboratory bn¢ litde time te confirm
results and often hurried decisions are made because of deatlines. The emotional
involvement of a couple with a pregnancy may increase the Jifficulties of making an
objective decision (Modell 1590, Petron ef al. 1990).

In the South African Indian population, young couples would be the preferred target
group. Although the population is a heterogeneous one, religion and culture continue {o
play a significant part in the lives of Indians (Misiry 1965). As almost all couples are
married with some type of religious ceremony, premarital screening with the co-operation
of these religious institutions may be possible in this group. Such co-operation would also
increase the acceptability of the screening programme. Screening through primary health
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care facilities may also be possibie, though it would have {0 be combined with screening
through general practitioners, who often represent a privuary heaith contact. Screening of
couples would be particalarly important in the local context because of the high incidence

of iron deficiency and o thalassaemia which may inierfere with the diagnosis.
7.1.6 Social considerations

Part of the reason for the success of screening prograpimes in countries such as Sardi. ia
and Cyprus was the involvement of the entire country. Programmes were organised at the
national fevel and targeted the emtire population. A similar screening prograumme
introduced in the United Kingdore and aimed at Cypriots and Asians, mainly Pakistani
Moslems, had rather less success initially (Modell er al. 1984). A number of reasons were
proposed, including the groups being smail and scattered through a large population not
‘at~risk’, thus making access and a nationwide level of awarcaess among ‘at—risk’
comumunities difficult. Communication problems in first-generation Pakistani Moslems
were identified related to culture and r ligion. it was shown that adeguate delivery of
genetic counselling had to be provided at home by a woman of the same ethnic group who
also shared the Mcslem religion (Modell er al. 1984, Modell 1985). Where minority
groups are involved, it is particularly important to involve the whole population in
education programmes so that screening is accepted by the minority commnity and not
seen as a miethod of stigmatising the group by the larger population (Motuisky 1973).

The South African Indians constitute such a minority group. Although the total population
is refatively small (947 000 individuals), over 95% reside in Natal and the southern
Transvaal (Depariment of National Health and Population Development 1990). The
majority lives in large ‘Indian’ townships near to the major city centres of Durban or
Pietermaritzburg in Nata!; or Johaonesburg or Pretoria in the Transvaal, or in the cities
themselves. Access to screening would not be a major problem for thte majority of the
population. The smaller groups cannot be ignored, however, as in cutlying areas kinship
networks often operated most strongly in promoting immigration (Bhana and Brain 1990).
Such groups often originated from one village in India and have maintained highly
endogamous miarriage customs and may represent pockets with a higher disease frequency.
The Moslem Memon commuaity of Poichefstroom in the sonth-western Transvaal may
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represent such a group,

The majority of local Indians are third or fourth generation South Africans, but despite
consiclerable envivonmental changes, novel economic circumstances and wide corizcts
with peoples of other cultures and traditions, traditional coltures and religtons have been
widely maintained (Mistry 1965). Tavolvement of the commurity would therefore be vital
in designing an acceptable screening apd prenatal diaguosis programme. Further,
counsellors from the different subgroups would have to be trained in order to deliver
effective genetic counselling.

The importance of ethnocultural sensitivity in addressing the health care needs of various
populations has been emphasised by Wang and Marsh (1992). Some of the differences
between Western thought and the Asian ethrocultural perspective may compromise the
delivery of effective genetic services, the main differences being the idea of collective
autonomy in Asian cultures in contrast to individual autonomy in Wesiers culture, which
may influence the decision-making process. The Western medical model is complementary
to Asiun expeciotions of authority and may result in readily agreed upon consent to
recommendations due to the respect of authority valued by Asians, rather than personal
feclings. Direct, structured and concrete recommendations for a specific course of action
are expected trom an puthority figure and the perceived ambigueons nature of non-directive
counselling may result in inappropriate decisions due to incongraent expeciations of a
presumed authoritarian model (Wang and Marsh 1992).

In the Asian family, the exiended family unil is the fundamental social wnit, and thus,
contrary to Western perspective, the individnal’s behaviour has different importance and
consequence. Personal actions reflect not only on the individual, but also on preceding
and future geoerations and personal autonomy is not a fundamentat factor in decision-
making. Individuals are enconraged to submerge behaviour and feelings that may disrupt
family barmony {0 further the welfare and reputation of the family. Acts of individsality
and independence are dissuaded, and harmonious familial rejationships are maintained by
fostering dependence and cornformity in the family. The family is seen as a team, with
role bebaviour determined by generation, age and sex. The father’s position is one of
undisputable leadership and wvnquestionable authority. Further, in Asian culture,

A
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dishonourable situations such as infertility and ill health diminish not only tie individual,
but the whole family. Such perceived failures are viewed as a reflection of the family’s

collective consc:enre and assistance outside the family is considered a public admission
of shame and is nﬂi condored (Wang and Marsh 1992). These concepts can be a major
impediment {0, Asian patients accepting screcping or counseiling, and these have to be
introduced ina cultm'ally acceptable fashion, so that problems of gmlt loss of self-esteem
and blame are avoided (Naveed et al. 1992). ’

7.3.7 Overall aséessmeﬁi of viability of a screening programme in Souvth Africa

Though rot as common as in some of the Mediferranean countries, the
haemoglobinopathies still constitute a major health Joad on the South African Indian
coramunity, particularly when the costs of maintenance therapy are considered. The
technical--ei{perﬁse required for establishing 2 screening programme is present in the main
centres, though laboratories may have to increas their staff to cope with an increased
workload initially. Some consideration as to how to screen smaﬂ_g_u_tiying communities
would be necessary. The establishment of further specialist lal;Oratotiw may not be
warranted. As long as an efficient method for transportation of samples is available, these
samples could be tested in the major centres, though provision for connsefling would have
to be made, Screening by determination of HbA, levels and haemoglobin electrophoresis
appears to be the most suitable protocol, with couples of childbearing age appeating to
be the most appropriate target group.

A laboratory offering prenatal diagnosis by DNA analysis is available in Johannesburg.
At present testing is offered to couples mainly identified retrospectively ihrough the birth
of an affected child. The current service is discussed in detail in Section 7.2. Again
saraples from other parts of the country could be transported to this laboratory, as is being
done at present, rather than establishing other prenatal diagnosis centres at great cost.
Centralised services which accumulate relevant experfence ave also better in small
countries.

Some consideration would have to be given to the methods for delivery of effective
community education, so that the awareness of the population is increased. At present,
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the majority of the popvdation is scemingly unaware of the existence of ‘the
haemoglcbinopathies in the community. The presence of the disease or even
heterozygosity for the disease in a family is considered a stigma and often hidden from
other ‘at-risk” family members. Smail parent associations do exist, their main functions
being support of new familics and fund-raising to help families to buy pumps for
desfersioxamine infusion. Parent suppoit groups should be capable of mobilising
substantial reserves, producing and distribuiing information, raising funds, exerting
political pressure and acting as an information and informal counselling network (WHO
1083), and should thus be actively involved in a screening programme.

The entire community should play an active role in the planning, organisation, delivery
and targeting of services. Community leaders must be included, so that the programme
is accepted by the community. Ideally counsellors from the different subgroups would
have to be trained for effective delivery of the service, so that information regarding
inheritance and prenatal diagnosis is provided in a culturally-acceptable fashion. The
niroduction of the relevant facts into the school curriculum needs to be considered, as
well as the use of the mass media. Radio and television programmes directed at the indian
community exist and could be used effectively in community education.

A screening programme for haemoglobinopathies in Sounth African Indians is therefore a
viable proposition and it should be planned and initiated as soon as possible. The initial
costs in mass education and traicing will be minimal compared to the ongoing escalating
costs of maintenance therapy for an ever-increasing number of affected homozygotes.

7.2 An assessment of the prenatal diaguostic sexvice for haemoglobinopatiies in
South African Indians 1984-1993

The diagnostic service providing prepatal diagnosis by DNA analysis for
haemoglobinopathies in South African was initiated in 1983, for both the Mediterranean
and Asian Indian communities, the first prenatal diagnosis being done in 1984 for an
Indian couple. Prior fo this time, the only option available to ‘at-risk’ couples was fetal
blood sampling and globin chain synthesis studies, or DNA studics, carried out in

overseas centres like London.
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Linked marker analysis was wsed initially, followed by muation analysis, when this
became available. The use of these two techmiques in the South African situation is
evalusated and compared to the experience elsewhere. A practical approack for the South
African service is proposed in this cection. The use of prenatal dizgrosis in the South
African Indians is assessed and the Jactors affecting uptake or prenatal diagnosis are
reviewed. Fetal tissue sampling b .:; been achieved vsing amniocentesis and chorionic
villus sampling (CVS) and the impact of these procedures is also discussed. Only the
service for the South African Asian Indian patients will be covered. The patients are those
described in Section 2.1.3.

Most of the family workups and prenatal diagnoses were carried out by the author from
1986-1993. The carlier ones were performed in the same Iaboratory by Dr Michele
Ramsay, using linked marker analysi;. The techniques for mutation detection using ARMS
were set up and all ihe mutstion analysis in the families was done by the author.

7.2.1 Linked marker znalysis

Linked marker analysis, using eight RFLPs, was performed in 31 families, who had
requested studies in order to assess the feasibility of prenatal diagnosis. All had at least
ope child with a major haemoglobinopathy, 26 with § thalassaemia, four with B%/8
thalassacmia and one with 8%/8 thalassaemia.

7.2.1.1 Usefulness of linked marker systems

In 15 or 48% of families, at least ane system was fully informative, while n ¢ further
five, each of the parents was informative with at jeast ome system, making prenatal
diagnosis possible using linked marker anaiysis iz 20 or 64.5% of the families, Further,
in one of the B%/8 thalassaemia families, the uninformative parent was the carrier of the
B® gene, which could be identified directly, initially with Southern biotting and later with
PCR. In the other 10 families or 32.2%, however, only one parent was informalive. In
these families it was only pessible to offer a modification of the risks for prenatal
diagnosis, either excluding the informative parent’s B thalassaemia chromosome (in which
case the fetus couid only be normal or a heterozygote) or including the informative
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parent’s chromosome (in which case 3 fetus conld either be affected ¢c a hetcrozygme),
though these two possibilities wou!d not by distinguished, For many of the latter group

. of families, prenaml diagnosis was m:acq,ptable because of the pussibility of terminating

a pregnancy where the fetus was at-only 50% risk of being affected.

Ina smdy of Asian Indmn fooles in the United ngdom, using only: seven of the ¢ight
RFLP systems i’excludlng mndHUS ‘8), the number of informative families was slightly

higher than those obtained here. Tn 76% of familics a full diagnosis was possible, while

in the remaining families, there was a 50% chance of successful diagnosis in 19% and no
diagaosis possible in 5% . However, a diagnosis coulG be made using one enzyme in 63%
of families, compared to the 48% in this study (Old e @’. 1984).

In general, linked marker studies rely on the differentiation of 8* and 8" chromosomes,

theiv usefulness depending on the frequency of alleles in the target population, and not on ;

linkage disequilibrium wiih either the 8* or B” chromosomes (Kazazian ef al. 1980).
Further, the usefulness of individual markers is affected by linkage disequilibrium
Letween them, so that a second marker may not provide much more information than a
first, if it is newby (Chakravarii and Buetow 1985).

One of the two common haglotypes on 8* chromosomes, haplotype 1, is the commonest
on B thalassaemia chromosomes. This has important practical implications as parents often
bave identical haplotypes associated with their normal and mutant genes, making linked
marker analysis for prenatal diagonsis impossible. n the other sand, the second common
B* haplotype, haplotype 16 is raze on ¥ chromosomes, a useful finding for linked marker
analysis in those parents wio have this haplotype. The two haplotypes vary in frequency
in the different South African Indian subgroups and in other Indiaz groups studied, as
discussed in Section 5.1.3.1. The differences in the numbers of izformative families and
in the usefulness of markers may reflect the different haplotype distributions of these two,
and to a lesser exient, the other haplotypes.

The eight most commonly used RFLPs in the 8 globin cluster {sites 1, and 3-9 in Figure
2.2} were assessed in the 31 families in order to determine which were likely to be most
taformative for prenat.: liagnosis. These results are shown in Table 7.1. Two other
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TARLE 7.1 Analysis of linked “marker systems used for workups in South African

Indian families

| R
i FAMILIES

SYSTEM! | KKLP | INFORMATIVE INFORMATIVE INFORVTIVE

ot % o % o %
| Hinclle 1 3 9,7 15 48.4 13 49
Hindlii% 3 2 6.9 19 61.3 10 | a4
Hino Iy 4 0 0.0 14 45.2 17 54.8
Hinliig 5,6 6 19.4 18 58.1 7 22.6
A Eims g 5 3 9.7 14 a5.2 1 55.5
Hincli™ @ 6 5 16.1 16 51.6 10 32.3
Avalllg’ 7 4 12.9 2 7.0 5 16.1
HindlIl/3' 8 5 16.1 20 64.5 19.4
BamHUg 9 0 0.0 13 419 18 58.1

! 'The niabers correr **ad to the RFLP sites labelled in Figure 2.2and deseribed in

Table 2.5,

"2 == number of families. More than one system may have been informative in o family.

? The two sites of the Hir, WG system were analysed together with Southern biutting, but are

analysed separaiely with PCR,
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polymorphic sites, HgiAl/G and Pvull/8; showa to have diff.srent frequencies on f* and
B’ chrcg}nosomcs, and thus to be potentially useful (Old and Wainscoat 1983, Orkin and
Kazazian 1984), were not studied in the South African cohort and have also been used
rarely in other studies.

As predicied from the differences between allele frequencies on 8* and 7 ckromosomes,
e Avall/ff and Hind{l}/3'B sites are probably the most useiul, as they are fully
informaiive in 13% and 16%, and semi-informative in 71% and 65% of femilies, thus
proviving some information in 84% and 81% of familics, respectively. The most
informative system, when uvsed alone, however, is the Hincil/ 4 system analysed with
Southern blotting, as two RFLP sites are studied together. Even this system was only fully
ieformative in 19% of famities and is semi-informative in another 58% of families,
providing at ieast some info~mation in 77% of families. When the twe Hincil/y8 sites are
analysed separately, as they are vsing PCR, the 3’ site provides more information than
the §’ site, providing full information in 16%, and partial information in 52%, of
families respectively.

The Hindlil/*y and BamHI/B systems were the least informative systems and were not
fully informative in any of the famifies. This is not unexpected, since the rarer ailele in
both these systems occurs at relatively low frequency in most of the groups studied, on
both §* and 8" chromosomes.

In previous stadies on Asian Indians in the United Kingdom and the USA, the Avall/8
(site 7) polymorphism was found to be useful (Old ¢f al. 1984, Orkin and Kazazion
1984), but the Hindlli/3’0 site was not used. However, the Hincll/e (site 1), tae two
Hindlll/y (sites 3 and 4) and the two Hinckl/yB sites (sites 5 and 6) were found to be
most useful and the BamHI/B site to be least wseful. Further, because the five 5 sites are
non-randomly associated, it was found that if the Hincll/e could be used for prenatal
diagnosis, so could the other four in most cases (Old ¢ af. 1984). This does not seem to
occur in the South African Indians, and may again reflect some differences in haplotype
distribution between the two groups. The differences in linked markers, and mutation
distribution, between groups emphasise the importance of surveying the local “arget
population prior to embarking on a service.
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7.2.1.2 Practical approach to linked marker analysis

PCR is cusrently the method of choice for analysis as it is more rapid and less expensive
than Southern blotting. The two systems likely to provide the most information are the
Avail/$ and Hincll/3' ¢f systems. In view of the low information rate provided, the other
systems may well have io be tested in many of the families, to obtain a fuli diagnosis. In
general, the 3/ haplotype (sites 7 and 9) should be studied first, as there is always a
chance of recombination at the recombination fotspot. No PCR primers are available yet
for the Hindlll/3'6 system and, in addition, the probe, pRKZ9, wsed with Southern
blotting, tends to be wnreliable, making it relatively impractical to use this system for
prenatal diagnosis.

At least two generations are required for linkage analysis, and studies are generally not
feasible for first pregnancies, unless detailed family studies are undertaken. Family studies
are often tedious reguiring blood from large numbers of individuals, For example,
analysis of 281 Cypriot, Indian and Pakistani families required blood from over 1800
individuals (Old e al. 1985). In addition to DNA from the parents, DNA is required
from a normal or affected child, or from one set of grandparents if a heterozygous child
is available, or both sets of grandpavents if no children are avaiiable, with one of the
grandparents on each side normal with respect to B thalassaemia, so that a linkage phase
can be established. Linkage analysis is dependent on cotrect phenotyping and true
paternity for correct assignment as well as finding an informative marker (reviewed in Cld
and Ludlam 1991). Further, recombination resulting in error is estimated to occur in
1/350 meioses and is potentially a problem for linkage analysis (Chakravarti ef al. 1954).

7.2.2 Mutation analysis

Mutation analysis was performed in 35 families, to assess the feasibility of prenatal
diagnosis. This included the 31 families with a child with a major haemoglobinopathy,
analysed with linked markers (in Section 7.2.1), as well as four in which both members
of a couple were diagnosed as B thalzssaemsia heterozygotes prior to any affected children
being born. An additicral family, where both parents were shown to be 8 heterozygotes,
prior to the birth of any affected children, also requested prenatal diagnosis.
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7.2':._'2-1 Uscfulness of mutation analysis

Table 7.2 shows the distribution of mutations in the 35 families {(excluding the family “at-
risk” for sickle cell anzemia). As the mutation distribution in the religious and language
groups is virtually identical to that in Table 6.1, the mutation distribution of the families
according to their subgroups is not shown. Of 64 § thalassaemia chromosomes analysed,
59 or 92% mutations were identified using five sets of ARMS primers and the internal
control primers A and B, which aiso identify the 619bp deleticn. The four common
mutations account for 84% of chromosomes, and the codon 15 (G->A} and codon 30
{G—~C) mutations, a further 8§%. A further three mutations were identified using DNA
sequencing, but ARMS primers have not been synthesised for these as they have been
found in single families and would thus not add considerably to our diagnostic service,
at present, In iwo of the families the parent with the mutation was informative with 2
linked marker while in the third family, the parent was uninformative with linked
markers, but he had 2 f° mmtation on his second chromosome 11 which could be
identified, as described in Section 2.3.5.2.3, and thus a full prenatal diagnosis could be
offered to these families. One mutation remains unknown, though the pareat was
informative with a linked marker.

Tu four of the haemoglobinopathy families, one parent was a B° heterozygote and this
mutation can be identified directly using PCR amptlification of the f§ globin gene and Ddel
digestion, as described in Section 2.3.5.2.2. In ome family, one parent was a 8°
heterozygote. This mutation can also be identified directly as described in Section
2.3.5.2.3,

Using mutation analysis alone, with the ARMS primers we have available at preseat, as
well as technigues for direct detection of the 8°, 8° and 8° mutations, 33/36 or 92% of
families wouid be fully informative. The ARMS technique thus makes a comprehensive
prenaial diagnosis programme for B thalassaemia possible in Scuth African Indians as it
dees in the United Kingdom (Old ef al. 1990). Combined with linked marker analysis,
100% of the families studied are informative and can b2 offered a full prenatai diagnosis,

I 13 or 45% of the thalassaemia major families, both parents share the same mutation,
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TABLE 7.2 Mutation analysis in South African Indian families requesting
prenatal diagnosis

MUTATION N! %
IVStat§ (G-C) 37 | 52.9
Codon 41/42 (-CTTT)" 6 8.6
IVSintl (G-T) 6 8.6
619bp delstion” 5 7.1
Codon 30 (G-C)" 2 2.9
Codon 15 (G»A)" 3 4.3
Cap site (+1) (A-C)" 1 1.4
Codon 36 (G—A)’ 1 1.4
Codon 44 (-C)* i 1.4
Poly A (T~C)* 1 1.4
p° 4 5.7
g 2 2.9
Unknown 1 1.4
Total 0 100.0

! N == number of chromosomes.
" Identified by the ARMS technique.
* Identifiedd by direct sequencing from PCR products,
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the IVS1ntS in i1 families, and the IVSintl and codon 41/42 each in one family. Based
on tlie frequencies of the mutations calculated (Table 6.1), one would expect parents in
35% of families to share the same mutations by chance. As four of these families are
known consanguineous marriages, the observed rumber of parents sharing mutations by
chance is nine or 31%, close to that expected.

The number of parents who share mutations due to consanguinity is lower than expected,
as all the Moslem groups and the Hindu Tamil encourage consanguineous marriages. It
is estimated that up to 30% of marriages may be consanguineous in some groups.
Consanguinity is thought to have important social functions in other Indian groups, and
io result in greater compatibility of the bride with the husband’s family, the maintenance
of family property, reduced dowry payments and reassurance in marrying into a known
tamily background (Modell 1991, Bittles et al. 1992). It is possible that those individuals
who maintain the tradition of consanguineous marriage have the strongest religious beliefs
and thys the strongest objections to prenatal diagnosis and texmination of pregnancy. They
may therefore not be presenting for genetic counselling and testing.

If about 30% of marriages are assumsed to be consanguineous, and prenatal diagnosis
becomes acceptable to the majority of the population, it can be estimated that ie over 50%
of prenatal diagnoses carried out, it would only be necessary to test for a single mutation,
either 2 common mutation shared by chance or a mnation shared because of
consanguinity, This is consistent with a study of Indians in the United Kingdom, where
the majority of patients were homozygous for a single mutation, a finding thought to be
related to customs and marital practices, with consanguinity favoured in some
communities and muiations thought to be confined to individual endogamous groups
(Thein et al. 1988). Further, in a study of 32 thalassacmia major patients from Tamil
Nadu in India, 75% were the result of consanguineous marriages and none was a
compound heterozygote (Venkatesan ef al, 1992), probably due to the high frequency of
consanguinily and of the IVS1atS mutation.

7.2.2.2 Practical approach to suctation analysis

As 38% of families were found to be homozygous for the IVSiat5 mutation, it would
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seem most cost-effective to screen for it first in all vew families. The 619bp deletion
would be detected simultaneously, 2s a smaller fragment would be amplified by the
internal control primers, as described previously. If the IVS1ntS mutation is absent, the
codon 41/42 mutation should be tested for in Hindu families, and the IVSint] and then
the codon 41/42 muiztion in Moslem families. The IVSintl mutation appears to be
absent, or at least occurs at low frequency, in the South African Hindu groups. In all
groups, the coden 15 (G—A) followed by the codon 30 {G—C) mutations should then be
sought. If these are absent, ite other known Indian mutations could be tested for, using
the available primers (shown m Table 2.8). If a mutation is still not found and linked
markers are mﬁnformaﬁve, the $ globin gene can be sequenced if time permits. Usiag this
approach, ver); few nninformative or semi-informative families should be found.

This is a slightly different approach to that of Ol ez al. (21990), who screen initially for
their five common mutations {(including the deletion detected by the centrol primers) in
one PCR run, and then screen for the next five rarer mutations, if required in the
remaining 10% of sampies, later the same day. In the local comiext, this approach would
seem to be more expensive thaa that outlined above, but may be used fer urgent workups

to save time,

The ARMS technique is far less time-consuming and expensive thau other methods of
mutation analysis using *P-labelled oligonucleotides and dot blot analysis, and is non-
radioactive (Old ¢¢ al. 1990). Mutational analysis may be informative in cases where
linked markers are not. Ferther, the main advastage of mutation analysis is that it
eliotinates the need for extended family studies, particularly when an affected individual
is unavailable. Only the parents are needed, to identify the mutations they carry. Linkage
analysis is, bowever, a useful backup if the relevant family members are available, or
where a mutation cannot be identified. The ARMS technique was assessed using 32 first
trimester Indian prenatal diagnoses in the United Kingdom. All were confirmed with
RFLP studies or DNA sequencing, where no informative linked markers were found, and
the technique was found to be at least as reliable as linked markers and even more so in
one case where samples had been mislabelled (Qld ef al. 1990,

Although, there is still 2 need for prior identification of mutations in a particular family,
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this can be done rapidly with the ARMS technique, so that the parents’ and fetus’
mutations can be identified in one day. This is particularly important in 8 thalassaemia,
as due to the wide range of mutations, fetuses are often compound heterozygoics. The
technigue thus has wide application to carrier detection and prepatal diagnosis of
monogenic disease with heterogeneous molecular defects (Old ef al. 1990).

Rund er «l. (1992a) have shown that almost all carriers of $° mutations had an
MCV <67, while B* carriers were above this level. The different 8" mutations have
different MCV and MCH ranges, while virtually all 8° mutations had a similar range.
Mutations within the intervening sequences resolting in activation of cryptic splice sites
caase lower MCVs than muwlations in consensus sequences or splice signals, while
transcriptional and polvadenylation signal mutations are milder with higher MCVs (Rund
et al. 1992a). In theory this may be useful to predict which mutations to screen for in
known heterozygotes, but there are a number of problems in wsing this approach in
Tndians. The majority of common mutaiions are of the 8° or severe B* {in the case of
TVS1ntS) types and thus are likely to have similar MCV and MCH ranges. Further, while
most of the MCV and MCH values are coacistent with the values suggested by Rued et
al. {1992b) in individuals who are ao/oo, o thalassaemia and iron deficiency are
common and both affcct the MCV and MCH, increasing the MCV and MCH range and
making prediction of 2 mutation based on hacmatological indices extremely difficult.

7.2.3 Prenatal diagnosis

The family distress caused by the birth of a child affected with thalassaemia major, the
medical effort involved in treating it and the cost-benefit advantage of prenatal detection
and termination are alf significant (Modell ef af. 1984). Primary prevention 1$ not possible
and treatment is burdensome. expensive and unsatisfaciory, making prenatal diagnosis,
with its aim of enabling couples ‘at-risk’ to have thalassaciria-free families, a necessary
service (Kuliev 1986, Modell 1990). Prenatal diagnosis is the major factor in the
reduction of new cases, with very few being prevented by avoidance of cartier marriages

or avoidance of pregnancy in ‘at-risk’ couples (Angastiniotis er al. 1986).

The aims of prenatal diagnosis are “to allow the widest range of informed choice to

SkEia,
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women and couples ‘at-risk” of having a child with an abnormality, to provide reassurance
and reduce the level of anxiety associated with reproduction, to allow couples “at-risk’ to
embatk on having 2 family knowing that they may avoid the birth of seriously affected
children through selective abortion, to ensure optima! treatment of affected individuals
through early diagnosis" (Royal College of Physicians of Lordon Working Party on
Prenatal Diagnosis and Genetic Screening 1989).

7.2.3.1 Prenatal diagnosis in South African Indians

The development of techniques for DNA analysis has revolutionised the prenatal diagnosis
of genetic disease, including the haemoglobin disorders. The techriques for prenatal
diagnosis of haemoglobinopathies have evolved from globin chain analysis through DNA
anaiysis by Southern blotting to PCR-based diagnostic methods.

In South Africa, fetal blood sampling and globin chain analysis have not been avaiiable.
three Indian couples, two ‘at-risk’ for B thalassaemia and one ‘at-risk’ for sickle cell
anaemia, had prenatal diagnoses dome overseas, using these techniques prior to the
availability of DNA diagnosis in South Africa.

Of the 36 families studied using DNA analysis, 17 have had 22 prenatal diagnoses, in
witich linked markers or mutation analysis have been used for fetal analysis after either
araniocentesis or CVS. The details are shown in Table 7.3. A diagnosis was obtained in
all cases. Figure 7.1 shows one of the families who have used the prenatal diagnosis
service to achieve their desired family size. In general, prenatal diagnosis in South Africa
is following the trends elsewhere by increasingly using CVS rather than amnioceniesis for
collection of fetal tissue, The first CVS for B thalassaemia in South Africa was done ir
1984 (Ramsay ez al. 1985). PCR analysis is used ratuer than Southeen blotting and direct
mutation detection rather than linkage analysis. Where a family study is possible, linked
markers should always be used in addition to direct deiection, to confirm the resuit,
avoiding errors due to wrongly labelled samples, non-paternity, contamination with
previously amplified target DINA sequence or maternal DNA contamination (Oid and
Ludlam 1991, Globin Gene Disorder Working party of the BCSH General Haematology
Task Force 1994).
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TARLE 7.3 Aﬂal}*sis of techniques used in South African Indian families for
‘prenatal diagneses of haemoglobinopathies (1984-1993)

METHOD OF \ CHORIONIC VILLUS
ANALYSIS AMNIOCENTESIS | “q\apr NG (CVS)
Linked Markers 5 5
Mutation analysis 4 8

Total 9 13

R <
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FIGURE 7.1 A South African Asian Indian family who have used the prenatal
diagnosis service to complete their family

The couple’s oldest child (left) is a 8 thalassaemia heterozygots, while his yuusger brother (middle) has
thalassaemia major, The couple’s third pregnancy was terminated after an affected fetus was diagnosed

on VS, CVS in (he subsequent pregnancy showed the fetus to be a § thalassaemia feterozygote, and
the couple mow have a healthy daughter (vight).
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Sizteen of the families who have had prenatal diagmosis have been ‘at-risk’ for
thalassaemia major. Three of the feinses were shown to be homozygous B*, 11
deterozygous for B thalassaemia and three to be affected with thalassacmia major. Two
of the affected pregnancies were *erminated. A further two fetuses were shown to be at
50% risk of being affected, and one of these pregnancies was terminated. The second
pregnancy went to term snd the baby was later shown to be heterozygous for
thalassaemia. The diagnosis was confirmed postuataily by haematofogicai techniques in
alt pregnancies that went to term. Ji: two of the pregnancies that were terminated, DNA
studies on the fetns showed the same results as on the amniocentesis. In the third
pregnancy, terminated after CVS, no fetal tissue was obtaired for confirmation. Theie
were 1o errors in diagnosis as far as could be determined.

The seventeenth family, ‘at-risk” for sickle cell anacmia, has had three prenatal diagnoses
with amnioceatesis. Two of the fetuses were shown to be §* homozygotes, while the third
was a 6° homozygote and the pregnancy was terminated. Since sickle cell anacmia is a
relatively mild disease in Indians, prenatal diagnosis is not frequently requested.

It is difficult to determine the number of pregnancies which have proceeded without
prenatal diagrosis. The uptake of prenatal diagnosis is currently about 60-70% in couples
wito aitend the Genetic Coumselling Clinic, A significant number do not keep
appointmenis made for them, horvever. Further, there are likely to be additional families
who do not even make appointments at the clinic. At least five thalassaemia major
chiidren have becn born since 1988, two in families with a previous affected child and
a third in an “at-risk’ couple identified during the pregnancy, all of whom had attended
a genetic counselling clinic. The remaining two couples were unaware of their
thalassaemia risk status. The number of thalassaemic rewborns reflects the efficacy of the
whavle preventive programme, rather than prenatal di;. osis alone (Loukopoulos 1985).
Residual cases have been shown to be a resuit of lack of inforination mory {requently than
misdiagnosis or refusal of preaatal diagnosis (Cao e ai. 1989b). Thus, in South Afkica,
. here there is ro formal screening and education programme, the occurrence of new

cases is not entirely surprising, and it reinforces ike need for such a programme,
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Siace there i8 no formal screening programme, the majocity of ‘at-risk” couples are still,
unfortunately, identified by the birth of an affected child. 1¥ewever, the-e is an increasing
awareness of the disorder in the fndian community and the doctors serving it, so that 2
sumber of ‘at-risk’ cowiples have now been detected prior to the tirth of an affected child.
Only two of the 19 pi'enatal diagnoses done for thalassaemia major were done in ‘at-risk’
couples detected prior to the birth of a child with the disorder. A third couple was
determincd (0 be ‘at-risk® during their first pregnancy. Prenztal diagnosis by
amniocentesis was offered to them, but they declinad o5 they felt the pregnancy, at 20
weeks gestation, would be too far advanced to be tesminated. A major factor in this
couple’s idecision was their lack of knowledge and experience of the disease.

7.2.3.2 Factors zifecting aptake of prenaial diagnosis

Many factors have been identified which itifluence a couple’s decision to accept prenatai
diagnosis, including wanting more children, awareness of their risks, more years of
education and older patient age, as well as the severity of the disease in question, the
inheritance pattern and degree of cisk, the ethmic group and the manner in which an ‘at-
tvigk’ pregnancy is identified {(Modell er al. 1980, Rowley ¢ al. 1991a). Women who
decide against prenatal diagnosis often fear the pain of the procedure or fetal injury or
miscarrin;, or may feel unable to terminaie a pregnancy on moral or religious grounds.
They m..y have a poor obstetric history, are less likely to have experience of the disease
(eithcr having had no family members with the disease or individuals mildly affected at
the time of prenatal diagnosis), or have not been informex of the disease prior to prenatal
counselling (Modell ef al. 1980, Cao ef al. 1984, Driscoll ¢ al. 1987, Anionwu & al.
1988, Loader ¢f al. 1991b, Rowley e al. 1991a,b, Petrou ez al. 1992). Further, in those
who refuse prenatal diagnosis, the pariner is irequently absent ¢ ihe time of the
counselling session, or the woman is not living with the pariner or siae may be more than

18 weeks pregnant (Rowley ez af. 1991a).

It has been demonctrated that the level of uaderstanding obtained thromgh semefic
counselling is orten below c;icpectaﬁon, with higher knowledge related to younger patients,
with more years of education, no pricr children and prics kaowledge of their carrier status
(Loader e al. 1991a). It was found that many individuals lacked an understanding of
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probabiiity and basic biclogical concepts, making genetic counselling difficult (.oader et
al. 1401a), In addition, in arcas where the disease is less common or where the disease
represenis.  xh risk for a minority group ia a low risk country, and has not been
identified as an important local problem, prenatal testing is less accepted (Modell et al.
1984, Driscoll e nl. 1987). A systematic screcning and cownselli~y programms is
required with ircreased awareness of haemoglobinopathies io place couples in a position

to make a fully-informaed decision.

Many problems related to poor acceptance of prenatal diagnosis arise from ifnasduquate
information and there is therefore a strong case for improving community and medicui
educatior about the nature and frequency of genetic risks and the role of prenatal
diagnosis (? Iodell ef al. 1980). The most efficient changels o inform ‘at-risk” cuuples
have o shown to be ihe mass media, and general practitioners or obstetricians (Tao 2
al. 198 %),

it has heen shown that the establishment of services for carrier testing, genetic counselling
aud prenatal diagnosis assists in eduration, altering psychosocial, colivral and religions
attitudes, and resulting in increased acceptance of the procedures (Yuen er al. 19903, In
Greece, the increasing confidenice of the pubdlic in the procedure is reflected not only in
the steady increase in the aumbar of prenatal diagnoses performed, but also in the increase
in prenatal diagnoses for second and subsequent pregnancies (Loukopoulos 1985).
Further, when offering prenatal diagnosis to a minority population, cultural, linguistic,
religious, social and economir: factors must be taken into account (Anionwu ¢t al. 1588).

In the local contexs veligious belicfs piay a mmajor role, particularly in the Moslem groups,
where second trimester termination of pregnancy is completely vnacceptable to many
couples. A number of couples, including Moslems, who had previously refused prenatal
diagnosis with amniocentesis, because of their concerns with a late termination of
pregnancy, have accepted CVS for prenatal diagnosis. The increased vptake of prenatal
diagnosis with the availabitity of CVS has also been shown in Indian communities living
in the United Kingdom (Modell 1985, Petrou ez al. 1990) and in other commanities,
inciuading Lebanese Moslems (Der Kaloustian ef <. 1887) and Sardinizns (Cao et al.
1987). Yor most people abortion appears t¢ be more accepiaple morally in early
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