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PHENOTYPE-GENOTYPE
RELATIONSHIPS IN MONOGENIC
DISEASE: LESSONS FROM THE

THALASSAEMIAS

D. J. Weatherall

The remarkable phenotypic diversity of the B-thalassaemias reflects the heterogeneity of
mutations at the B-globin locus, the action of many secondary and tertiary modifiers, and

a wide range of environmental factors. It is likely that phenotype—genotype relationships will

be equally complex in the case of many monogenic diseases. These findings highlight the
problems that might be encountered in defining the relationship between the genome and

the environment in multifactorial disorders, in which the degree of heritability might be relatively
low and several environmental agents are involved. They also emphasize the value of an

THALASSAEMIA

Inherited disorder caused by
the abnormal production of
haemoglobin.

Weatherall Institute

of Molecular Medicine,
University of Oxford,
John Radcliffe Hospital,
Headington,

Oxford OX3 9DS, UK.
Correspondence to D.J.W.

understanding of phenotype—genotype relationships in designing approaches to gene therapy.

A central problem for the medical sciences in general,
and for clinical genetics in particular, is the extent to
which it will be possible to relate findings at the molecu-
lar level to clinical phenotypes. This question will touch
on every aspect of medical practice and research in the
post-genome period. It will dominate predictive genet-
ics and genetic counselling, particularly at a time when
much effort is being directed at extensive population
studies to find the genes that are involved in common,
multifactorial diseases, most of which have been shown
to have a relatively small inherited component.

In estimating the magnitude of this problem it is
helpful to ask to what extent it has been possible to relate
the molecular pathology of simple monogenic diseases
to their associated clinical phenotypes. Here, | review
progress that has been made in the case of the inherited
disorders of haemoglobin, notably the THaLAssAEMIAS,
which are the most common genetic diseases and among
the first to be analysed at the molecular level*2,

Inherited disorders of haemoglobin
The normal human haemoglobins. The structure of
human haemoglobin (Hb) changes during develop-

ment®4, All the normal haemoglobins are tetramers of
two pairs of unalike globin chains. Adult (HbA) and
fetal (HbF) haemoglobins have a-chains that are com-
bined with B- (HbA, a,,), 8- (HbA,, a,8,) or y-chains
(HbF, a,y,), whereas in the embryo, a-like chains called
{-chains combine with y- (Hb Portland, ,y,) or &-
chains (Hb Gower 1, ,¢,), and a- and e-chains form
Hb Gower 2 (a,g,). Embryonic haemoglobin is con-
fined to the yolk-sac stage of development and there-
after is replaced by HbF until shortly before term. After
birth, HbF is replaced by HbA and HbA, over the first
year of life, although in normal adults small amounts of
HbF, constituting ~1% of the total haemoglobin, con-
tinue to be produced (FIG.1).

The a-like genes are encoded on chromosome 16
in the order 5'-2-Y1-Yoa2-Pal-a2-al-6-3', where-
as the B-like genes form a cluster on chromosome 11
as 5'-e-Cy-Ay-B-0-B-3'. The B-like genes contain two
introns of 122-130 and 850-900 base pairs (bp),
between codons 30 and 31, and 104 and 105, respec-
tively. The a- and {-genes contain similar, although
smaller, introns. As well as typical promoter and
enhancer sequences, each globin gene cluster has an
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Figure 1 | The a-globin gene cluster on chromosome 16 and the B-globin gene cluster
on chromosome 11. Vertical arrows indicate the location of DNasel hypersensitive sites
that are thought to be involved in globin gene regulation. The products of the ®y- and Ay-
genes are y-chains with either glycine (°y) or alanine (*y) at position 136. The insert shows the
sequential activation of the embryonic, fetal and adult globins. A megaloblast is a large red-

cell precursor, a macrocyte is a large red cell and a normocyte is a normal-sized red cell.
(LCR, locus control region.)

important upstream regulatory region. In the 3-gene
cluster, this is called the locus control region (LCR),
whereas in the a-gene cluster it is designated HS-40.
The B-globin LCR establishes a transcriptionally active
domain that spans the entire -globin gene cluster.
Each cluster contains various binding sites for both
erythroid-specific and more ubiquitous DNA-binding
proteins. The developmental regulation of the globin
genes reflects their sequential activation in a 5'-3'
direction; the way in which these developmental
switches is controlled in globin gene expression is still
not fully understood®.

The inherited disorders of haemoglobin. It has been esti-
mated that ~7% of the world’s population are carriers
for different inherited disorders of haemoglobin, making
them the commonest human monogenic diseases®. They
are divided into two main groups, the structural haemo-
globin variants and the thalassaemias, which result from
defective synthesis of the globin chains 8ox 1). There isa
third family comprising conditions in which there is a
defect in the normal switch from fetal to adult haemo-
globin production that is called hereditary persistence of
fetal haemoglobin (HPFH). Although of no clinical
importance per se, the co-inheritance of some forms of
HPFH can modify the phenotypes associated with the
structural haemoglobin variants or thalassaemias.

Over 700 structural haemoglobin variants have been
identified®, but only three, sickle haemoglobin (HbS),
HbC and HbE, occur at a high frequency in different
populations. The gene for HbS is distributed throughout
sub-Saharan Africa, parts of the Mediterranean region,
the Middle East and certain regions of India, whereas
HbC is restricted to West Africa and parts of the
Mediterranean region. HbE, the commonest structural
haemoglobin variant, occurs at a very high frequency in
parts of India, Myanmar and throughout Southeast Asia.

The thalassaemias are classified into a-, 3-, d3- and
eyd-thalassaemias, on the basis of the particular globin
chain, or chains, that is ineffectively synthesized!. Each of
these forms of thalassaemia is extremely heterogeneous.
There are two main varieties of a-thalassaemia, o*- and
o°-thalassaemia, designated in this way because they
reflect either a partial or complete defect in a-globin syn-
thesis from the affected chromosome, respectively’.
Normal individuals have two a-globin genes per haploid
genome and so their genotype can be written aa/aa. In
the a*-thalassaemias, one of the linked a-globin genes is
lost by deletion, —a/aa, or inactivated by a point muta-
tion, aTa/aa. In the a°-thalassaemias, both of the linked
a-globin genes are lost, most commonly by deletions that
involve part or all of the a-globin gene cluster; the het-
erozygous genotype is expressed as ——/aa. The B-thalas-
saemias are similarly subdivided into the p°-thalas-
saemias, in which there is no 3-globin chain production,
and the B*- or B**-thalassaemias, in which there is a
severe or mild reduction in the output of B-globin
chains, respectively. The &3- and eyd[>-thalassaemias,
which are quite rare, result from a series of deletions
involving the 3-globin gene cluster that remove either the
0- and 3-genes or all the genes of the cluster. Similarly,
many forms of HPFH result from deletions of this cluster,
or from point mutations in the y-gene promoters*.

Unfortunately, this classification of the inherited
haemoglobin disorders is not completely straightfor-
ward. A few of the structural haemoglobin variants are
synthesized at a reduced rate, or are highly unstable, and
result in the phenotype of thalassaemia. For example,
the substitution at 3-codon 26 (GAG — AAG) that gives
rise to HbE, B 26 (Glu - Lys), also activates a cryptic
splice site that causes abnormal mRNA processing®. So,
[3E-chains are produced in reduced amounts, which
results in a mild p-thalassaemic phenotype.
Furthermore, because the thalassaemias and structural
haemaoglobin variants occur together at a high frequen-
cy in many populations, it is not uncommon for an
individual to inherit genes for both types of condition.
For example, the compound heterozygous state for 3-
thalassaemia and HbE, HbE B-thalassaemia, is frequent-
ly encountered in parts of the Indian subcontinent and
throughout Southeast Asia’.

The B-thalassaemias pose by far the most important
global public health problem, and so this review is con-
fined largely to their phenotype—genotype relationships
and those of their interactions with HbE. However, |
also consider the a-thalassaemias insomuch as they
have an important role in modifying the phenotype of
the B-thalassaemias.
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Box 1 | Genetic disorders of human haemoglobin

Structural variants

Over 700 described. First called by letters of the alphabet (for example, HbC, HbE and
HbS), but later by place of discovery. Mainly due to single amino-acid substitutions,
although a few have elongated or short globin chains. All have the general structure
a,B,, except for Hb Bart's and HbH, which are y,- or ,-homotetramers, respectively,
and which are formed when a-chain production is defective in a-thalassaemia.

Thalassaemias

Disorders due to defective and imbalanced globin production. The B-thalassaemias
result from over 200 different mutations of -globin genes. The a-thalassaemias result
from more than 80 different deletions or point mutations in the a-globin genes.

Hereditary persistence of fetal haemoglobin
A heterogeneous group of inherited defects in the switch from fetal to adult
haemoglobin production, with persistent fetal haemoglobin production.

SPLENOMEGALY

Enlargement of the spleen that
results in the pooling of red
cells and in anaemia.

ANAEMIA

A reduction in the haemoglobin
level or red-cell count, which
leads to defective tissue
oxygenation.

INTERCURRENT ILLNESS
Anillness unrelated to the
primary disease (for example,
infection or malnutrition ina
child with thalassaemia).

OSTEOPOROSIS

Reduction in the amount of
bone without a change in its
composition. Associated with
bone pain and fractures.

Phenotypic diversity of p-thalassaemias

The hallmark of the B-thalassaemias is defective 3-glo-
bin synthesis, which leads to imbalanced globin chain
production and an excess of a-chains. The excess
chains aggregate in red-cell precursors, and cause
abnormal cell maturation and their premature destruc-
tion in the bone marrow. There is abundant evidence
that the severity of B-thalassaemia is related to the
degree of globin-chain imbalance®. It is equally clear
that its most important complications, such as
SPLENOMEGALY, bone disease, and endocrine and cardiac
damage, can be related to the degree of anaemia together
with the magnitude of iron loading of the tissues that
results from the increased absorption of iron and from
repeated blood transfusion®.

The B-thalassaemias have extremely diverse clinical
phenotypest. At the severe end of the spectrum, many
homozygous or compound heterozygous states are
characterized by profound anaemia from early life that,
if not treated with regular blood transfusions, leads to
death in the first year — a condition known as 3-thalas-
saemia major. Conversely, many patients with the same
disease have a milder iliness that ranges from being only
slightly less severe than the major form, through a spec-
trum of decreasing severity of anaemia, to one which is
symptomless and is ascertained only by routine exami-
nation of the blood. This diverse collection of 3-thalas-
saemias of varying severity constitutes the -thalas-
saemia intermedias.

Even the heterozygous states for 3-thalassaemia
show wide phenotypic diversity. Typically, the inheri-
tance of a single B-thalassaemia allele is associated with
mild anaemia and characteristic morphological changes
of the red cells. However, in some cases, the effect of a
single B-thalassaemia allele can be completely silent
with no definable haematological abnormalities, where-
as in others it might cause a phenotype as severe as the
major forms of the illness — that is, a dominantly
inherited form of B-thalassaemia®*:.

Definition of the p-thalassaemia phenotype

In attempting to relate phenotype to genotype for any
disease, it is essential to have a consistent definition of
the severity of the phenotype. Because nearly all the

clinical manifestations and complications of the B-tha-
lassaemias can be related to the degree of anaemia, the
steady-state haemoglobin level should be adequate to
compare different genotypes. Unfortunately, the situa-
tion is not as simple as this. For, although it is easy to
define phenotypes at the severe (major) and mild
(minor) ends of the spectrum of severity, the forms
that lie in between are much more difficult to catego-
rize'. The haemoglobin level at presentation is of little
value because many babies are first seen during an
INTERCURRENT ILLNESS, SUCh as severe infection, which
might temporarily exacerbate their anaemia. The phe-
notype is not static and the haemoglobin level can
decline with age owing to many factors, including pro-
gressive enlargement of the spleen, nutritional deficien-
cy and, particularly in poorer countries, recurrent
infection. Furthermore, the complications of the dis-
ease, particularly splenomegaly, bone deformity, osteo-
porosis and iron loading, are not always related to the
haemoglobin level.

Because of these difficulties, the relatively few studies
that have even attempted a rigorous definition of the [3-
thalassaemia phenotype in relationship to genotype!?6
have had to fall back on phenotypic classifications based
on the haemoglobin level and transfusion history of the
patients, with all the inherent shortcomings. In essence,
they have divided patients into those who are transfu-
sion dependent and those with intermediate forms of
the illness, subdivided according to their steady-state
haemoglobin levels and their requirements for intermit-
tent transfusion over a relatively long period of observa-
tion®>8, It is against this unsatisfactory background that
the relationship between phenotype and genotype in 3-
thalassaemia must be examined.

Mechanisms underlying phenotypic diversity
The remarkable variability in clinical severity of the
B-thalassaemias reflects both genetic and environ-
mental factors. It is becoming apparent that the
genetic element involves many loci, some of which
are directly involved with the basic defect in globin
synthesis, whereas others, which modify the variable
complications of the disease, have nothing to do with
globin. For this reason, it is convenient to classify
these genetic modifiers into the following groups:
primary, the many different mutations of the 3-glo-
bin genes that underlie B-thalassaemia; secondary,
loci that are also involved in globin synthesis; and ter-
tiary, loci that are not involved in globin production
but that might modify the complications of the dis-
ease in many different ways. The latter group includes
the many different polymorphisms that have been
co-selected with the thalassaemias and that might
further modify their phenotypes.

Complications acquired as the result of the primary
defect in 3-globin synthesis can have a profound effect
on the phenotype. Similarly, it is becoming increasingly
clear that for at least some forms of the disease, environ-
mental and social factors might also have an important
role in modifying individual responses to the different
forms of thalassaemia.
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Figure 2 | Human B-globin mutations. a | A schematic representation of the human B-globin
gene with the main classes of mutations that cause p-thalassaemia. Exons are indicated in red
and non-coding regions, such as introns (IVS1 and IVS2), are in yellow. Deletions associated
with thalassaemia are shown above the gene. Various point mutations have been identified in
coding and non-coding parts of the gene: PR, promoter; C, CAP site; |, initiation codon; NS,
nonsense; FS, frameshift; SPL, splicing. b | Mild and silent B-thalassaemia mutations. The mild
mutations are shown on the left and the silent mutations on the right. Those named Knossis,
Malay and HbE are all due to splice mutations that also produce a structural haemoglobin
variant at a reduced level, which results in the phenotype of mild B-thalassaemia. (UTR,
untranslated region; IVS, intervening sequence (intron); CD, coding region (exon).)

Primary modifiers: B-thalassaemia alleles

Over 200 different mutations have been identified in
the B-globin genes of patients with B-thalassaemial*’.
With the exception of a few deletions, the bulk of them
consist of point mutations or the loss of one or two
bases, which interferes with gene function either at the
transcriptional, translational or post-translational lev-
els (F1G.2). The resulting phenotypes reflect the effects
of the B°-thalassaemias, in which there is no 3-globin
gene product, and the 3*- or B**-thalassaemias, in
which there is a marked or mild reduction in the out-
put of B-chains, respectively™.

Some of the clinical heterogeneity of the B-thalas-
saemias can be explained by the differing severity of
particular alleles. Clearly, the B°-thalassaemias should be
associated with a severe phenotype although, as we shall
see later, this is not always the case. The B*- and **-tha-
lassaemia alleles are remarkably diverse in their effect on
the output of B-globin chains. They are most easily
described by their phenotypic effects in heterozygotes.

A few B-thalassaemia mutations are completely
‘silent’: they have no demonstrable effects in carriers and
have usually been ascertained by finding individuals with
intermediate forms of 3-thalassaemia in whom one par-
ent has typical B-thalassaemia traits and the other seems
to be normal*®-2, Overall, they are uncommon except for
the —101 C — T mutation, which has been observed fre-
quently in the Mediterranean region. There, it interacts
with a variety of more severe -thalassaemia alleles to
produce mild forms of 3-thalassaemia intermedia®®%.

The mild B-thalassaemia alleles are listed in FIG. 2b.
The majority result from mutations in the promoter
elements of the B-globin genes or in the poly(A) cleav-
age sites; a few involve mutations at cryptic splice sites
in exons or consensus sequences in introns.
Phenotypically, they all result in milder, although
clearly definable, changes in the red cells in heterozy-
gotes, and disorders of intermediate severity in
homozygotes. Overall, their interactions with severe
alleles result in transfusion-dependent disorders or
intermediate forms of B-thalassaemia at the more
severe end of the spectrum?.

The world distribution of the different B-thalas-
saemia alleles is shown in FiG.3. The only common
mild alleles are the promoter element mutations in
African populations?, BIVS1 6 T-C in the
Mediterranean region?*?® and 3CD 26 G - A (which
gives rise to HbE?® and is widely distributed through-
out the Indian subcontinent and Southeast Asia?).
Clearly therefore, because mild B-thalassaemia alleles,
with the exception of HbE, are relatively uncommon
(FIG. 3) in many high-frequency populations, mild
alleles cannot account for many of the less severe
forms of the disease.

From recessive to dominant inheritance. A form of 3-
thalassaemia with a dominant mode of inheritance
was first identified in an Irish family in which several
members had a moderately severe form of B-thalas-
saemia that was clearly inherited as a Mendelian dom-
inant®. Subsequently, it was found that the underlying
mutation of the 3-globin gene involves two deletions
of 4and 11 bp in exon 3 (interrupted by an insertion
of 5 bp), which give rise to a frameshift and the pre-
dicted synthesis of an elongated [3-chain variant with
an abnormal carboxyl terminus?*. It was suggested
that heterozygotes for this condition are more severely
affected than those for other forms of 3-thalassaemia
because, as well as producing an excess of a-chains,
they synthesize highly unstable B-chain products that
bind haem and precipitate in the red-cell precursors;
more recent studies of the constitution of the inclu-
sion bodies in the bone marrow in this condition have
confirmed that this is the case?. Since this first
description, numerous families with dominantly
inherited -thalassaemia have been described, arising
from a heterogeneous series of mutations that include
missense mutations, minor deletions leading to the
loss of intact codons and frameshifts?-2.

As shown in FIG. 4, most in-phase chain-termina-
tion mutations that result in dominantly inherited 3-
thalassaemia are in exon 3 or beyond, whereas those
that are recessively inherited lead to termination in
exons 1 or 2. In the latter case, very little abnormal 3-
globin mRNA is found in the cytoplasm of red-cell
precursors. It has been suggested that the effects of
these premature termination codons on the accumula-
tion of MRNA (nonsense-mediated RNA decay) might
reflect a surveillance mechanism to prevent mRNAS
coding for truncated peptides?®-%L. Conversely, the exon
3 mutations that cause dominant [3-thalassaemia are
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HAEMOLYTIC ANAEMIA
Anaemia due to reduced red-
cell survival.

ERYTHROPOIESIS
Differentiation and maturation
of red blood cells.

IVS1 110G —A IVS1 110 G- A
CD39C-T CD39C-T
IVS16T-C IVS21G—A
IVS11G-A IVS15G-C
IVS2 745 C—.G CD 8-AA
CD6-A CD 44 -C
—29A-G —
88C-T IVS15G—C
CD 8/9 +G
IVS11G~C
619 bp DEL

CD 26 G — A(HbE)
CD 41/42 -TCTT

Figure 3 | The global distribution of the B-thalassaemia mutations. The common mild mutations are shown in bold.
B-thalassaemia also occurs in the regions shaded in grey, but little is known about its molecular pathology in these areas.

associated with substantial amounts of abnormal cyto-
plasmic mRNA, leading to the synthesis of B-chain
products®?8 that are unstable and hence that also act
in a dominant-negative fashion and damage red-
cell precursors.

Variation in the degree of instability of these
abnormal B-globin gene products provides a further
basis for phenotypic variation. Although highly
unstable products precipitate in the red-cell precur-
sors and produce dominant (3-thalassaemia, less
unstable products are able to combine with a-globin
subunits to produce a haemoglobin tetramer that sur-
vives through the different stages of red-cell matura-
tion, only to precipitate in the mature red cell in the
peripheral blood. In this case, red-cell production is
relatively normal and the phenotype is that of a
HAEMOLYTIC ANAEMIA assOciated with inclusion bodies in
the red blood cells. Indeed, there is a wide range of
phenotypes that extends from typical thalassaemic
disorders, through conditions in which there is defec-
tive ervtHroPOIESIS and severe haemolysis, to pure
haemolytic anaemias?2,

In summary, the broad spectrum of B-thalas-
saemia alleles can produce a wide spectrum of differ-
ent B-thalassaemia phenotypes that ranges from
silent carriers to homozygous (recessive), heterozy-
gous (dominant) or compound heterozygous inheri-
tance of the principal forms of the disease. But this is
not the whole story.

Secondary modifiers

Sibship and family studies have shown that there is
wide phenotypic diversity even among individuals
with the same B-thalassaemia genotype. There are two
particularly striking examples. First, not every
homozygote or compound heterozygote for [3°-thalas-
saemia, in which there is no output of B-chains, is
severely affected®2®, Second, studies of compound het-
erozygotes of Indian or Southeast Asian origin, who
have inherited an HbE allele from one parent and the
same B-thalassaemia allele from the other, show wide
phenotypic variability in the resulting disorder, HbE
[-thalassaemia®. For example, recent studies in Sri
Lanka have shown that individuals with this condition
who carry identical f-thalassaemia mutations have
phenotypes that range from transfusion-dependent
anaemia in early life to a clinically ‘silent’ condition
that is ascertained by chance in middle age®. At least
some of this remarkable phenotypic diversity can be
explained by the action of the products of other loci
involved in globin synthesis.

Because the severity of the anaemia of B-thalas-
saemia reflects defective B-globin chain production,
which leads to excess a-chains and their deleterious
effects on red-cell production and survival, it follows
that anything that modifies the magnitude of the sur-
feit of a-chains should have an important effect on
the phenotype. Variation at two loci that mediate this
effect have been identified — the a- and y-globin loci.
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Normal

NS 15,17

FS 6,8,8/9,16
NS 39

FS 41/42,44
FS 71/72

NS 121

NS 127

FS 1,D,128

FS 94,109,114,123,126

Hb Tac FS 147
Hb Cranston FS 145

—14,16
—17-21

146

[ ] Recessive

38 ;
Eoes [ ] bominant
72

120

126

153

156

157

157

Figure 4 | Dominant B-thalassaemia. Nonsense (NS) or frameshift (FS) mutations in exons 1
and 2 of the B-globin gene are associated with recessive (3-thalassaemia. Exon 3 mutations
result in long and sometimes unstable B-chain products that bind haem and precipitate in red-
cell precursors. The lengths (in amino acids) of the abnormal products are indicated, with the
wild-type product shown at the top. Note that, some elongated products are associated with
recessive forms of B-thalassaemia (for example, Hb Tac and Hb Cranston).

Co-inheritance of a-thalassaemia. Because a-thalas-
saemia coexists with B-thalassaemia at a high frequency
in many populations (FIGs 3,5), it is not uncommon to
inherit both conditions®. So, homozygotes or com-
pound heterozygotes for severe 3-thalassaemia alleles
might also be heterozygous or homozygous for a*-tha-
lassaemia, or heterozygous for a°-thalassaemia. From
studies of the phenotypes of these remarkable experi-
ments of nature, it is apparent that the co-inheritance of
o-thalassaemia can ameliorate the severity of -thalas-
saemia. And because there is a wide range of phenotypic
expression of the different a-thalassaemia alleles'”, this
provides a further mechanism for extensive clinical
diversity of the B-thalassaemias. These interactions are
reviewed in detail elsewherel. In short, the co-inheri-
tance of different a-thalassaemia alleles might reduce
the severity of the homozygous or compound heterozy-
gous states for 3°-thalassaemia to some degree® and can
convert the severe forms of 3*-thalassaemia into milder,
non-transfusion-dependent conditions®,

As well as providing a mechanism for the ameliora-
tion of the B-thalassaemia phenotype, the fact that the
coexistence of a-thalassaemia can reduce the severity of
[-thalassaemia provides clear evidence that the chief
pathophysiological mechanism in the 3-thalassaemias
is imbalanced globin chain production rather than the
under-production of haemoglobin. So, although the
red cells of individuals who have inherited both types
of thalassaemia might be grossly under-haemoglo-
binized, the anaemia is less severe and consequently the
phenotype is milder®.

Variation in fetal haemoglobin production. When it
became clear that some homozygous [3°-thalassaemics
have a mild clinical phenotype and are able to maintain a
relatively high haemoglobin level, all of which is HbF, it
seemed likely that an unusual propensity for the produc-
tion of HbF after birth might be an important factor in
modifying the clinical course of B-thalassaemia. There is
now good evidence that this is the case. Normal children
and adults produce small amounts of HbF that seem to
be confined to particular red-cell populations called F
cells®. In a patient with B-thalassaemia, the y-chains

bind some of the excess a-chains to produce HbF, and so
red-cell precursors that are synthesizing y-chains come
under intense selection, a mechanism that accounts for
much of the increased HbF in the blood of B-thalas-
saemics*. Because the number of F cells in normal indi-
viduals is under genetic control*, it is not surprising that
there is a variable propensity for producing HbF in
patients with B-thalassaemia. However, it is now clear
that many different genes must be involved, some in the
[-globin gene cluster, others on different chromosomes.
There are several determinants within the 3-globin
gene cluster that are involved in setting the level of HbF
in B-thalassaemia. The conditions that constitute hered-
itary persistence of fetal haemoglobin result from dele-
tions that involve the B-globin gene cluster or point
mutations in the promoters of one or other of the
duplicated y-globin genes. They are all characterized by
the persistent production of high levels of HbF into
adult life#. However, these genetic variants are rare and,
numerically, play a relatively small part in the modifica-
tion of the B-thalassaemia phenotype. By contrast, there
is a relatively common polymorphism at position —158
in the ©y-gene, which involves a C— T change®.
Although this seems to have little effect in normal peo-
ple, there is good evidence that homozygous individuals
have an increased propensity to produce HbF under
conditions of haemopoietic stress, and that this can have
the effect of raising fetal haemoglobin levels in patients
with B-thalassaemia. As this polymorphism is wide-
spread, it is an important factor in the modification of
-thalassaemia phenotypes, particularly those with (3°-
thalassaemia of the intermediate variety®*#, In addi-
tion, some B-thalassaemia alleles might themselves
favour a higher output of HbF. This is certainly true in
the case of promoter mutations?, or deletions that
involve the promoter elements of the 3-globin gene®,
an observation that might reflect competition between
y- and 3-globin gene promoters for rate-limiting regula-
tory proteins or for interaction with the LCR. The possi-
ble role of y-globin gene triplication or other structural
changes in the B-globin gene complex in the modifica-
tion of HbF production are reviewed elsewhereY.
There are also genetic determinants responsible for
increasing the output of HbF in some patients with 3-
thalassaemia that are not encoded in the 3-globin gene
cluster. For example, in families with milder forms of (3-
thalassaemia owing to increased HbF production, unusu-
ally high levels of HbF are sometimes found in one of the
heterozygous parents, or one or more unaffected relatives
have slightly increased levels of HbF. In studies of sever-
al generations of a large family in which a gene of this
type segregated independently from the 3-globin gene
cluster, the locus involved has been assigned to chromo-
some 6 (REFS 47,48). However, analyses of similar families
indicate that there are genetic determinants involved in
increased HbF production in B-thalassaemia that are not
linked to the B-globin gene cluster or chromosome 6 (Rer.
49). There is also a locus on the X chromosome that seems
to have an effect on the numbers of F cells in adults®,
although its role, if any, in determining the level of HbF in
[-thalassaemia is not yet clear. In short, it is apparent that
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Figure 5 | The global distribution of the a-thalassaemias. The a*-thalassaemias result from deletions of 3.7 kb or 4.2 kb,
which remove a single a-globin gene. There are three subvarieties of —a37, designated —a7', —a®7" and —a7", depending on the
site of the crossover event that underlies the deletion. Non-deletion forms of a-thalassaemia are written a™. In some cases, they
are associated with the production of a haemoglobin variant. For example, oS refers to the a-globin chain-termination mutant,
Hb Constant Spring. This mutation downregulates the a2-globin gene and is also associated with the production of an
elongated a-chain variant. The a°-thalassaemias result from deletions of both of the linked a-globin genes, and are further
characterized by their length and place of discovery. (MED, Mediterranean; SEA, Southeast Asia.) The small fork in northern India
represents a localized population with an extremely high frequency of a-thalassaemia. Note that the a-thalassaemia distribution
is not as well charted as the thalassaemia distribution shown in FIG. 3, and it is therefore not possible to be as precise about the

ranges of the various alleles.

there are several genes that are not linked to the 3-globin
gene complex that can fine tune the level of HbF, both in
normal adults and in those with B-thalassaemia.
Presumably they encode transcription factors that are
involved with the activation or repression of y-chain syn-
thesis or in modulating the kinetics of haemopoietic-cell
development to make y-chain synthesis more likely in
conditions of haemopoietic expansion.

Increasing the severity of 3-thalassaemia. Just as the a-
thalassaemias, or a genetically determined increase in
HbF production, can ameliorate the phenotype of -
thalassaemia, variability at the a-chain loci can also have
the opposite effect. Instead of the duplicated a-globin
gene arrangement, aa, some individuals are heterozy-
gous or even homozygous for triplicated or quadrupli-
cated a-globin gene arrangements, aaa or oo 5452,
They are found in most populations, although the fre-
quency of chromosomes that contain additional a-glo-
bin genes is not known in detail. They have no pheno-
typic effect in normal people — presumably the small
excess of a-chains that is synthesized can be dealt with

by proteolysis — but this is not the case in individuals
with B-thalassaemia. The consequences on the pheno-
type of B-thalassaemia of the inheritance of additional
numbers of a-globin genes have been best defined in
heterozygotes. For example, B-thalassaemia carriers
who are heterozygous or homozygous for triplicated a-
globin gene arrangements have a 3-thalassaemia disor-
der of intermediate severity>*5*; a similar effect is seen in
those who have inherited a chromosome with the qua-
druplicated a-globin gene arrangement®,

Tertiary modifiers

Particularly now that patients with 3-thalassaemia are liv-
ing longer, it is becoming apparent that variability at loci
that have nothing to do with globin chain production
might have important phenotypic effects, related particu-
larly to the complications of the disease. Although so far
there are only limited data about these tertiary modifying
genes, it seems likely that they will become of increasing
importance, particularly if the polymorphisms that affect
their function are common in populations in which
[3-thalassaemia occurs at a high frequency.
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BILIRUBIN
A principal metabolic product
of haemoglobin breakdown.

HYPOGONADISM

Reduction in ovarian or
testicular function. This might
be primary, due to disease of
the ovaries or testes, or
secondary due to disease of the
hypothalamic—pituitary axis.

Bilirubin metabolism. Because of the rapid turnover
of red-cell precursors in patients with 3-thalassaemia
and the resulting breakdown of haem products, many
of those with more severe forms of the disease are
mildly jaundiced and have a propensity to gallstone
formation and gall bladder disease. It has been found
that the level of eiLiruin in B-thalassaemia heterozy-
gotes is related to a polymorphism in the promoter of
the gene that is involved in the hepatic glucuronida-
tion of bilirubin, UDP-glucuronosyltransferase
(UGT1L). In normal individuals, the promoter has a
run of six TA repeats (TA),. Individuals who are
homozygous for an additional repeat, (TA)., tend to
have mild hyperbilirubinaemia; B-thalassaemia het-
erozygotes with the (TA), arrangement can have
more persistent jaundice®”%8, Recently, it has been
found that the (TA), arrangement is extremely com-
mon in Sri Lanka and that patients with HbE [3-tha-
lassaemia, who are homozygous for (TA),, have
unusually high bilirubin levels and a significantly
increased likelihood of developing gallstones (A.
Premawardhena, manuscript in preparation).

Iron metabolism. Cardiac disease, hepatic disease and
diabetes are important complications of 3-thalas-
saemia that reflect tissue damage from iron loading,
not only from transfusion but also from increased
intestinal absorption. Although there have been few
studies to date, preliminary data indicate that the
common mutation of HFE that causes hereditary
haemochromatosis, C282Y, might be involved in
the variability of iron loading in some patients
with the intermediate forms of B-thalassaemia®.
Furthermore, there is recent evidence that the 3-tha-
lassaemia trait favours higher rates of iron loading in
C282Y homozygotes®. However, this mutation is rare
in parts of the world in which B-thalassaemia is com-
mon and so it will probably have only a small role in
iron loading in the more severe forms of B-thalas-
saemia. By contrast, the HFE polymorphism H63D,
the functional significance of which is still being eval-
uated, occurs commonly throughout many of the
populations affected by B-thalassaemia®:. The further
study of genetic variability in the rate of iron loading
in the thalassaemias will be of considerable impor-
tance, because polymorphisms that result in more
effective iron absorption are likely to have had a
selective value in the past, and because there are
now so many candidate genes that are involved in
iron homeostasis®.

Bone disease. Another increasingly common problem
in young adults with -thalassaemia is progressive osteo-
porosis, associated with bone pain and fractures that
might, in part, be related to secondary Hvroconabism due
to iron-mediated damage to the hypothalamic—pituitary
axis. There is increasing evidence that this complica-
tion might be modified by polymorphisms at loci
that are involved in bone metabolism, including the
genes for the vitamin D receptor, collagen, and the
oestrogen receptors?-6,

Phenotypic variation due to co-selection. There is
strong evidence that the high frequency of the a-tha-
lassaemias®”®8, and almost certainly the B-thalas-
saemias®, is a reflection of heterozygote advantage
against P. falciparum malaria. The fact that, as shown
in FIG. 3, every population has its own unique set of
B-thalassaemia mutations indicates that, in evolu-
tionary terms, the exposure of these high-frequency
populations to malaria might have been fairly recent.
In other words, individual mutations have arisen
locally and have been expanded by heterozygote
advantage. Recent studies indicate that exposure to
malaria has not simply expanded mutations at the
haemoglobin loci, but that varying susceptibility to
malaria is also reflected by polymorphisms at many
other loci, including the major histocompatibility
complex loci HLA-DR (REeF. 70), tumour-necrosis fac-
tor-a (TNF)™, intercellular adhesion molecule 1
(ICAM1)™, and others®. Just as in the case of the tha-
lassaemias, the malaria-related polymorphisms of
these systems vary greatly between different racial
groups, again reflecting fairly recent exposure to
malaria. Because these systems have an important
role in defence mechanisms against many infectious
agents, it follows that children with thalassaemia
from different parts of the world might have quite
different responses to infection, an important com-
plication in this disease™.

Acquired and environmental factors

Although it is self-evident that environmental factors
must have some effect on the phenotype of the tha-
lassaemias, it is not possible in the absence of any
twin data or similar studies to calculate the relative
importance of genetic compared with environmental
factors in modifying the clinical phenotype. Acquired
complications, such as progressive enlargement of
the spleen, folic-acid deficiency and recurrent infec-
tion, can undoubtedly modify the clinical course of
B-thalassaemial. Much less is known about the over-
all role of the environment. Preliminary studies to
compare the clinical course of patients with HbE
B-thalassaemia, who carry identical -thalassaemia
mutations and who live in tropical countries or more
developed Western societies, indicate that the
environment might have an important role in modi-
fying the phenotype of this disease®* . The mecha-
nisms involved are not clear. It seems likely that the
pattern of infectious illnesses and the frequency of
recurrent fever, which might shorten the survival of
HDbE (Rer. 75), might be important factors; the delete-
rious effect of high body temperatures on HbH,
which is the B,-molecule that reflects defective
a-chain synthesis in a-thalassaemia, has been
well documented™.

Finally, there are various ethnological and cultural
factors that have an important role in modifying
patients’ responses to the severe forms of thalas-
saemia. What little is known about this neglected
aspect and the phenotypic diversity of the disease has
been summarized recently® ™.
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Figure 6 | A summary of the main genetic mechanisms
that contribute to the phenotypic diversity of the
B-thalassaemias. The secondary modifiers, that is the a-
and y-globin genes, are shown at the top of the figure, as they
affect the magnitude of the excess of a-chains. The tertiary
maodifiers are shown at the bottom of the figure: VDR, vitamin D
receptor; ESR1, oestrogen receptor; collagen, several genes
determined in collagen synthesis; HFE, the locus for hereditary
haemochromatosis; UGT1, UGT glucuronyltransferase
involved in bilirubin glucuronidation; HLA-DR, major
histocompatibility complex locus; TNF, tumour-necrosis
factor-a; ICAM1, intercellular adhesion molecule 1.

Conclusion

The picture that is emerging is that the phenotypic
diversity of the B-thalassaemias is determined by layer
upon layer of complexity: a wide variety of primary
mutations at the B-globin genes; the action of two
well-defined secondary modifying loci; and several less
well-characterized tertiary modifiers. It also reflects the
effects of co-evolution and the so far neglected but
clearly important role of the environment (FiG.6). Even
with this background of knowledge, it is still difficult
to give a precise prognosis for a baby with B-thalas-
saemia, which bears out this extremely complex inter-
action between the genome and the environment. And
so far we only have a limited picture of phenotypic
variation that is mediated by individual modifiers; it
will be necessary to extend these studies into larger
populations to determine how they interact with each
other and the environment to produce these remark-
ably diverse phenotypes.

There is abundant evidence that other monogenic
diseases have equally variable clinical pictures, even
when they result from the same mutations. There has
been less progress in identifying genetic modifiers for
these conditions, although in a few cases a pattern is
emerging that is similar to the B-thalassaemias’-".
The principal lesson from the thalassaemia field is that,
before it is possible to start making real sense of phe-
notypic diversity, it is very important to establish the
precise pathophysiological mechanism of the disease.

So, although it might be possible to identify modifiers
by sophisticated genome searches, without an under-
standing of the cellular pathology of a disease it will be
very difficult to determine the significance of putative
loci that are ascertained in this way.

These observations provide some indication of the
difficulties that will be encountered when trying to
identify the major genes involved in susceptibility to
common multifactorial disorders, such as heart disease,
hypertension, diabetes, the common psychoses and so
on. If this still primitive understanding of the mecha-
nisms for the phenotypic diversity of the B-thalas-
saemias has told us anything, it is that it will be absolute-
ly vital accurately to define phenotypes and broad
pathological mechanisms at the same time as embark-
ing on a search of the genome for susceptibility loci. If
this is not done, many candidate genes that are no more
than very minor phenotypic modifiers might be mistak-
en for important players in the basic pathogenesis of
these complex diseases.

Finally, it is becoming apparent that, at least from
what has been learnt from the human haemoglobin
field, a better understanding of the mechanisms of
phenotypic modification might provide important
information for work directed at the partial or com-
plete correction of monogenic diseases by somatic-cell
gene therapy. For example, the observations that the
basic pathophysiological mechanism of the anaemia of
B-thalassaemia is imbalanced globin production,
which leads to abnormal red-cell maturation, and its
modification by the action of at least three different
gene loci, provides several options for novel therapeu-
tic strategies; - or y-globin synthesis could be aug-
mented, or a way of selectively reducing a-globin pro-
duction could be designed.

Knowledge of the pathophysiology of pheno-
type—genotype relationships also provides some indi-
cation of the degree to which the augmentation of a
defective gene might be required to control a particu-
lar disease. Because it is unlikely that preliminary
efforts to increase 3-globin chain production by gene-
replacement therapy will result in complete restora-
tion of normal output from the B-globin locus, a cen-
tral question is how much gene product would be
required to control the disease. Although a relatively
high output might be required to control the more
severe forms of 3-thalassaemia, studies of the milder
varieties, notably HbE p-thalassaemia, indicate that
growth and development might be restored by raising
the steady-state haemoglobin level by as little as 1-2
gm dI* (ReFs 1,34). Conversely, a similar result in the
case of sickle-cell anaemia would be unlikely to ame-
liorate the disease and might even exacerbate it; the
production of a genetically engineered cell population
that raised the haemoglobin level by only a small
degree would still leave the number of sickleable cells
well above 30% of the red-cell population. At this level
of sickleable cells, or above, vaso-occlusive episodes
are common®; the introduction of the normal cell
line would simply increase the viscosity of the blood,
further increasing the likelihood of such events.

NATURE REVIEWS | GENETICS

VOLUME 2 | APRIL 2001 | 253

#2 © 2001 Macmillan Magazines Ltd



REVIEWS

10.

11.

12.

13.

14.

15.

16.

17.

The type of haemoglobin that is produced by such
manipulations, and its intercellular distribution, might

inform efforts to identify the genetic components of
complex disease, but also is likely to provide important

be equally important. Because HbF inhibits sickling, the
stimulation of its production across the red-cell popula-

tion might be advantageous, but the introduction of a
small population of cells expressing HbF might have the
opposite effect — it would raise the haemoglobin level

but leave a large population of sickleable cells. Similarly,
because HbF has a high oxygen affinity, it is far from
clear whether its minor elevation would benefit patients
with severe forms of B-thalassaemia intermedia.

In conclusion, a better knowledge of the mecha-
nisms of phenotypic diversity and of pathophysiological
mechanisms in monogenic disorders not only will
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