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Asymptomatic and mild (3-thalassemia in homozygotes and compound
heterozygotes for the IVS2+1G>A mutation: role of the (3-globin gene haplotype
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Background and Objectives. We report on two families
in which the [3°-thalassemia mutation IVS2+1G - A occurs
either in the homozygous or compound heterozygous con-
dition with other B-thalassemia determinants. In the first
family the proband, homozygous for the IVS2+1 determi-
nant, is asymptomatic and was detected by chance during
a screening program for [3-thalassemia. In the second fam-
ily, the proband is a 43-year old female with a very mild tha-
lassemia intermedia due to compound heterozygosity for
the IVS2+1G>A and IVS1+110G>A mutations. Her father
was diagnosed as having a thalassemic disorder only dur-
ing the family studies carried out because of the proband's
condition. He is a compound heterozygote for the Sicilian
type O[°-thalassemia and the IVS2+1 mutation and has a
normal level of hemoglobin.

Design and Methods. In both families, the heterozygous
carriers of the IVS2+1G>A have unusually elevated levels of
fetal hemoglobin (HbF), and the homozygotes showed 98%
HbF, reflecting an increased production of well hemoglo-
binized F-cells not associated with a significant erythroid
expansion.

Results. The high HbF levels co-segregate with the [3°-
thalassemia mutation; the size and structure of both pedi-
grees do not allow the contribution of unlinked genes to the
elevated production of HbF to be assessed.

Interpretation and Conclusions. We propose that the
unusual phenotypes resulting from homozygosity and com-
pound heterozygosity for IVS2+1 are, against the back-
ground of a polygenic quantitative control of HbF expression,
principally due to elements, such as repetitive sequences or
single nucleotide polymorphisms, within or closely linked to
the [3-gene cluster. These are potentially implicated in chro-
matin environment modifications, and could, therefore, be
responsible for sustained HbF synthesis during develop-
ment.

Key words: thalassemia intermedia, 3-thalassemia
mutations, fetal hemoglobin, 3-globin gene cluster
polymorphisms.
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he clinical presentation of B-thalassemia is highly
variable, ranging from severe, transfusion-depen-
dent anemia to milder conditions known as tha-
lassemia intermedia; the disorder can also, in rare cas-
es, remain asymptomatic for years.

The patient's phenotype is determined by the [3-chain
deficiency and o/ globin imbalance and is influenced
by a variety of genetic factors linked or unlinked to the
B-globin cluster. The variable severity of B-thalassemia
alleles (from B° to B+, B+ or even "), sustained fetal
hemoglobin (HbF) production and the co-inheritance
of a-thalassemia are the three main factors that mod-
ify the phenotype.

The only apparent explanation of the mild phenotype
in some individuals who are homozygous or compound
heterozygous for [3° thalassemia is the persistent syn-
thesis of y-globin in adult life.

The genetic analysis of a number of thalassemic as
well as non-thalassemic pedigrees has led to the dis-
covery of loci unlinked to the 3-gene cluster that have
a major effect on the heterocellular expression of fetal
hemoglobin in the adult.>7 In other normal individuals
as well as in carriers of B-thalassemia or HbS, the
increased y-chain production is genetically determined
and partially associated with B-haplotypes character-
ized by the presence of particular microsatellite
sequences and/or the Xmnl/Gy polymorphism 8-

We propose that the unusual phenotypes found in
our two families are mainly due to the contribution of
cis-acting elements to the production of HbF.

This suggestion is supported by the following obser-
vations: (i) in some populations the IVS2+1G>A muta-
tion (and a number of other B°-thalassemia determi-
nants), when linked to an haplotype carrying the poly-
morphic Xmnl restriction site 5' to the Gy gene, are rep-
resented at a very significant excess in the genotypes
of people with mild thalassemia intermedia; (i) the
same thalassemia mutation(s), on the background of
other Xmnl negative haplotypes, usually cause a disease
with a severe clinical course.'o-"

In both pedigrees the extended (-cluster haplotype
identified in cis to the IVS2+1 mutation includes single
nucleotide polymorphisms (SNPs) and polymorphic
microsatellites which have been singly associated with
elevated expression of HbF.

Design and Methods

The Thalassemia Center of Catania referred the two
Sicilian families selected for this study. The probands
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Table 1. Extended [-haplotypes, including RFLP and microsatellites, segregating in both pedigrees analyzed.

A B C D E F
[IVS2+1G>A [IVS1+110 Sic. Of [ Hapl. Il [ Hapl. | B Hapl. |

HS, B-LCR (AT)9(AT)10 (AT)o(AT)11 (AT)a(AT)11 (AT)o(AT)10 (AT)o(AT)11 N.D.
Hincll € _ + + _ +
5'Gy-158 T C T C C
Hind 11l Gy + _ _ + _ _
Gy IVS2* GA GE GG GA GB GE
Hind Il Ag _ _ _ _ _ _
Ay IVS2* A AC AM A AC AC
Hinc Il Y3 + _ _ + _ _
Hinc Il B 3' + _ _ + _ _
Hinfl 5'8 _ + _ + +
Rsal 5 + _ + _ +
Silencer 5' (AT)oTs (AT)7T7 (AD)oTs (AD)7T; (AT)7T7
Avall B + + + + +
Rsal 3'B _ + _ + +

*Gyand Ay IVS2 (TG), polymorphisms were named according to Lapoumeroulie et al. 1999.17

(case I-1 and 11-2 of families G.L. and S.A., respec-
tively, Figure 1) are part of a series previously
described by Ragusa et al.'>*3 Red cell indices, HbA:
and HbF levels as well as determination of F-cells,
[B-haplotype and [B-globin gene mutation analysis
were performed using standard protocols.

Molecular characterization of the a-globin gene
defects was carried out by DNA analysis as report-
ed by Fichera etal'*

Segregation of multi-allelic polymorphisms
(AT)xN12(AT), of HS2 B-LCR, (TG).(CG)n repeat
region within the IVS2 of the Gy and Ay genes and
of the sequence (AT)x Ty upstream of the B-gene
were analyzed using the procedures described by
Ragusa et al.,'® Perichon et al.'®> and Lapoumeroulie
et al'® Repeat motifs of each polymorphic locus in
heterozygous individuals were verified by sequenc-
ing cloned polymerase chain reaction products as
described by Lapoumeroulie et al.'®

Results

The first family (G.L.) was discovered during a B-
thalassemia screening program involving school
children. The propositus, a 14-year old boy at the
time, was asymptomatic and showed normal
growth. His total Hb was within normal limits (12
g/dL) but consisted of 98% HbF an 2% HbA,. The
parents had never noticed any sign suggesting
anaemia. On clinical examination, however, the
spleen was palpable 3 cm below the costal margin.

Analysis of the propositus’ DNA revealed
homozygosity for the mutant IVS2+1G>A which
causes abnormal mRNA splicing and results in 3°
thalassemia. Both parents and the other three sib-
lings are heterozygous for the same mutation and

have a typical thalassemic blood picture with
microcytosis, high HbA2 and unusually elevated
HbF levels ranging from 3.4 to 14.0% (Table 1 and
Figure 1).

The extended haplotypes (including restriction
fragment length polymorphisms and microsatel-
lites) of all family members are presented in Table
1. The IVS2+1G>A mutation is in cis to -globin
haplotype Ill (here indicated as A) positive for the
Xmnl restriction site at position -158 upstream of
the Gy gene; the other two haplotypes (E and F) are
variants of haplotype | and are in cis to the normal
allele B~. Recent hematologic evaluation of the
propositus showed that the blood picture had not
differed significantly from that observed at the
moment of diagnosis (Hb 12.4 g/dL, Figure 1).

In the second family (S.A.), along with the
IVS2+1G>A, two more thalassemic determinants,
IVS1+110G>A and the Sicilian type &[° thalassemia
segregate in three generations. The former muta-
tion results invariably in a transfusion-dependent
[B-thalassemia major in homozygotes, whereas the
latter is a 13.377 bp deletion which includes the
third exon of the d gene and the whole [3-gene and
is responsible for thalassemia intermedia in homo-
zygotes and for mild anemia and elevated HbF (4-
19%) in heterozygotes.

The hematologic and molecular data of the fam-
ily are presented in Table 1 and Figure 1. The
propositus (I1-1) was a 43-year old female, affect-
ed by a very mild form of thalassemia intermedia
caused by compound heterozygosity for the [VS2+1
and IVS1+110 B-globin gene mutations.

The patient's clinical condition is so mild that the
diagnosis was made only when she was already 34
years old. Since then the patient has been trans-
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Family G.L. Age
Hb g/dL
MCH
66
I igﬁ 12.3 MCV

a— 22 HbA:

o 1 2 2595

gzg T HbF%

. 0.46

2_3 . HbF g/dL

-+ I+ Fcell%

Xmnl Gy polymorphism

T 30 28 26
126 11 124 127 % IVS2 + 1G>A
20 19.7 26 215
61 62.6 7% 65 Hpl 1l
5.6 1 5 2 1.4 3 5.1 4 2
35 3.8 98.6 14 7
0.65 0.4 11.9 1.8 7 o3 DEL
n.d. n.d. 100 24
-+ -1+ +/+ -+
BA
Hpl 1
IVS1 + 110G>A
Hpl |
. A
Family S.A. B
Hpl |
65 [7 S 63
| 15.3 / ~y 11.7
27 g 20.1
81 61.2
110 1 2 42
98.9 2
15.1 0.2
n.d. 10
-1+ -+
39 34
116 14.7 7
] 10.9 239
61 68
5.29 2.17
1 6.8 3 4 30 6
0.7 42
29 64
-1+ -+
8 18 14 13 8
1 11.04 12,6 10.5 12.3 14.6
18.5 26 17.8 26.2 26
54.8 78 54.3 78 78
5.3 2.5 5 2.8 24
8 1 12 2 386 3 12 4 <1 5
0.9 0.15 0.4 0.1 n.d.
n.d. n.d. n.d. n.d. nd.
-+ I+ -+ I+ I+

Figure 1. Pedigree of families G.L. and S.A.
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fused only twice.

The father (I-1) is a compound heterozygote for
Sicilian df° thalassemia and the IVS2+1 splice
mutation. His genotype was first characterized dur-
ing the family study carried out because of the
proband's condition. Until then he had remained
asymptomatic despite a large splenomegaly. The
hematologic analysis showed a Hb of 15 g/dL, con-
sisting almost exclusively of fetal hemoglobin. The
mother (I-2) is heterozygous for the IVSI+110 and
shows the characteristic blood picture of tha-
lassemic trait.

Five B-haplotypes segregate in the pedigree
(Table 1). The IVS2+1 determinant (A) is associat-
ed with a haplotype Ill identical to that identified
in family G.L, the IVS1+110 mutation (B) is locat-
ed in cis to haplotype |, the Sicilian &f° thalassemia
(C); the normal B~ allele is in cis either to haplo-
type IIl (D) or haplotype I (E).

HbF levels range from 2 to 8% in the heterozy-
gous carriers of [3-thalassemia and up to 30% in
the individual carrier of @ thalassemia in whom
64% of F cells were found (Figure 1). The ratio
Gy/Ay ratio is higher than 1 (59-63% Gy) in all
members of the family.

o thalassemia, as well as deletions or single base
substitutions of the 3 globin cluster leading to
hereditary persistence of fetal hemoglobin, were
excluded in both families.

Discussion

The striking aspect about the patients of these
two families is the asymptomatic phenotype of
homozygosity for the IVS2+1 mutation and the
extremely mild thalassemia intermedia presented by
the two compound heterozygotes for the same
mutation and either [ thalassemia or the severe
[VS1+110 determinant.

The unusual clinical picture of the three individ-
uals is clearly related to the high capacity of the
bone marrow to produce a sufficient number of well
hemoglobinized F-cells without major signs of inef-
fective erythropoiesis and erythroid expansion. Sev-
eral structural changes of the yd[-complex could
account for the beneficial increase of fetal Hb levels
observed in the thalassemic individuals of both pedi-
grees.'” Besides the Sicilian o[ mutation, we did not
find any other deletion which might cause hereditary
persistence of fetal hemoglobin (HPFH). Mutations of
y-genes promoters were ruled out by sequencing. It
is, therefore, quite likely that the elevated production
of HbF in the thalassemic individuals studied is
caused by the co-inheritance of B-thalassemia and
a form of HPFH. This heterogeneous group of condi-
tions is characterized by a small or moderate increase
of HbF and F-cells in the normal individual, but is
responsible for a marked effect following erythro-

poietic stress. The capacity for elevated Hb F pro-
duction has been attributed to single nucleotide or
microsatellite polymorphisms in cis to the -gene
cluster as well as to the action of genes or regulato-
ry elements located on other chromosomes.'” A poly-
genic control of fetal hemoglobin is well document-
ed and three quantitative trait loci (QTL) have been
mapped to chromosomes X, 6 and 8.5'8-1

In both families presented here, the high HbF lev-
els co-segregate with the IVS2+1 mutation in cis
to the B-haplotype llI, involving the presence of
the restriction site Xmnl site (C>T at -158 5' to the
Gy gene cap site), described as being associated
with increase of HoF and F-cell levels, delayed GyAy
switching and a fetal type Gy/Ay ratio (60-70
Gy/40-30 Ay) in the residual fetal Hb present in
the adult.9-23

The same Xmnl+ haplotype, in cis to the normal
[3* gene, segregates in family S.A. and is found in
the heterozygous condition in three normal indi-
viduals and in a carrier of [ thalassemia. Two out
of the three normal individuals show HbF percent-
ages higher than 1%. Considering their age this
finding might not be significant; the high percent-
age of HOF (30%) and F-cells shown by the het-
erozygote for O thalassemia is, however, remark-
able.

To date, two other thalassemic families with
IVS2+1 mutation have been reported. However, in
the first case the mutation was located on haplo-
type | and the high fetal Hb production was limit-
ed to only one of the two homozygotes carrying the
same mutation on an identical haplotype. In the
second one, the mutation was in cis to different
hybrid Xmnl-haplotypes, and the pedigree includ-
ed non-thalassemic individuals with higher than
normal numbers of F cells.#2

In the Sicilian families, polymorphic microsatel-
lites were further identified within the haplotype
carrying the IVS2+1 mutation: (AT)sNi2 (AT)10 in the
3' region of the B-LCR/HS:, a (TG):s sequence in
the Ay gene IVS2, in cis with a (TG)1(CG)s sequence
in the Gy gene IVS2, and finally the (AT)sTs motif 0.5
kb 5' to the 3-gene.

All these polymorphic variants have been singly
associated with an increased production of HbF
but to the best of our knowledge these polymor-
phisms have never been found associated in a
unique haplotype.

The frequency of the [P°-thalassemia allele
IVS2+1G>A is rather low in Italy and Greece (about
20), higher in the Middle East (7 to 47%), Azerbai-
jan (21%), and in the African population of Guade-
loupe (15%).26 The mutation can be linked to vari-
ous 3 haplotypes (I, Ill, IX or atypical) and results in
a disease of variable severity. However, very mild to
moderate phenotypes are virtually only found among
individuals who are homozygotes for the mutation
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in cis to the Xmnl+ haplotype 111127 The same
observation holds also for other [3° determinants
such as Cd 6 (-A), Cd 8 (-AA) and Cd 30 (G>C). These
mutations, when in cis to Xmnl+, often result in a
mild or moderate anemia in homozygotes, whereas
Xmnl negative determinants, such as Cd 39 (C>T) or
IVS1+110G>A, frequent in the Middle East, almost
invariably cause severe Cooley's anemia.

In Sardinia mild thalassemia occurs in homozy-
gotes for Cd 39 (Xmnl-) as well as compound het-
erozygotes for Cd 39 and the Xmnl+ Cd 6 (-A).28
Family studies suggest the involvement of an
unlinked HPFH determinant in many cases.?®

In Greece a measurable (1.7-9.0%) amount of
HbF is found only in heterozygote carriers of the
Xmnl+ haplotype [l1a.3° These findings seem to
restrict the propensity to produce higher levels of
HbF to a specific Xmnl + haplotype Ill.

Although a correlation between high HbF pro-
duction and the Gy-Xmnl site was demonstrated in
1985, the functional significance of this has never
been documented so far.2°

Conversely, several studies in different genomic
environments, propose that multiallelic microsatel-
lites polymorphisms play a functional role in quan-
titative control of gene expression and thus of phe-
notypic variation.3-33

In particular for the 3-gene cluster, binding of a
trans-acting factor (BP1) to a silencer sequence 5'
to the B-globin gene was shown in 1989 by Berg
et al3* A variation in this (AT).Ty polymorphism was
later proven to correlate in AS individuals with
decreased expression of the S-globin gene and
increased expression of the y-globin genes.3

The gene coding for the BP1 protein, mapped on
chromosome 17, is an isoform of DLX4, a home-
obox gene involved in developmental processes.3

Several authors have reported a negative requ-
latory action of the AT rich zone of the H2S-LCR,
(AT)xN12(AT), sequence.3’%2 The specific confor-
mation of the H2S-LCR site observed in the carri-
ers of the IVS2+1 mutation was shown to be asso-
ciated with an increased proportion of F-cells
among normal Sicilian individuals.*

On the other hand, a potential binding site for
BP1, similar to the sequence identified upstream of
the B-globin gene, has been identified in the 3'
part of the (AT)xN:2(AT), core segment. It seems,
therefore, of special interest that the factor bind-
ing to the H2S-LCR and the B-globin promoter
region is a homeotic protein with identified
repressing properties, reminiscent of another
homeodomain protein with putative regulatory
functions, coded by the HOXB2 gene that binds to
(AT) rich regions of the LCR, the y-globin promot-
er and the Ay-globin enhancer.® The silencing of
the B-gene could thus be balanced by an increased
expression of y-genes during erythropoietic stress.

A reciprocal regulation of 3 and y-globin genes has
been previously documented in vitro and in vivo.#445
Finally the tandem repeat (TG):s within the IVS2
of the Ay-gene has been found'® more frequently
in Sicilian individuals with thalassemia intermedia
than in patients with severe Cooley's anemia.

The fundamental question arising from these
data is, therefore: besides the presence of the
Xmnl-Gy site, is the association of the other poly-
morphisms, in particular a B-globin haplotype, rel-
evant to the reactivation of HbF production under
erythropoietic stress?

It can be hypothesized that the combination of
specific recognition sites and their interaction with
transcription factors could generate chromatin
structures with requlatory properties (gene activa-
tion or repression).35-37.43-46

Our observation goes a step further, since it
involves the co-existence of several microsatellite
polymorphisms which have been singly proven to
be the binding sites for trans-acting factors.

An interaction of these factors is obviously pos-
sible, and could induce chromatin modifications.
Our hypothesis is that of a possible epigenetic
effect due to modification of the chromatin envi-
ronment. The y genes could then entirely compen-
sate for the [3° thalassemic defect.

Epigenetic requlation of gene expression during
development is now a well-recognized phenome-
non, as is the role of DNA methylation in this fea-
ture.*” Transcriptional de-repression has been
shown to be a potential cause of genetic diseases.*
Why not propose the same hypothesis for the
expression of y genes and the rescue of thalassemia
phenotype?

The mildness of the -thalassemic phenotype in
both families presented here seems to correlate
with intrinsic property(ies) of a particular haplo-
type. The study of the structural and functional
properties of such haplotype(s) in the relevant pop-
ulations will give insights into the mechanism of
the benign evolution of the disease in some
homozygous [3° thalassemias.
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What is already known on this topic

The clinical presentation of individuals who are
homozygotes or double heterozygotes for B-tha-
lassemia mutations is highly variable, ranging from
severe, transfusion-dependent anemia to milder
conditions known as thalassemia intermedia. The
ability to produce HbF is a factor capable of modu-
lating the clinical phenotype of thalassemic patients.

What this study adds

The unusually mild thalassemic phenotypes
reported in this study appear to be mainly due to
the contribution of cis-acting elements to the pro-
duction of HbF.

haematologica/journal of hematology vol. 88(10):0ctober 2003 1105





