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Brief Communication

Hemoglobin E in Europeans: Further Evidence for Multiple
Origins of the pIE-Globin Gene

HAIG H. KAZAZIAN, JR.,' PAMELA G. WABER,' CORINNE D. BOEHM,'
JOSEPH I. LEE,' STYLIANOS E. ANTONARAKIS,' AND VIRGIL F. FAIRBANKS2

SUMMARY

We have determined haplotypes for the known restriction site poly-
morphisms in the ,3-globin gene cluster in two families of European
ancestry containing individuals who are heterozygous for hemoglobin
E. In both families, the pE mutation is associated with a haplotype not
previously found among the haplotypes of pE chromosomes in Southeast
Asia. Moreover, in one family, the mutation is present in a 13-gene
framework not found in pE chromosomes of Southeast Asia. These data
provide further evidence of multiple independent origins of the 1 E mu-
tation in human populations.

INTRODUCTION

Hemoglobin E (a21326 glu- lys) is a common hemoglobin variant in Southeast Asia
and the second most prevalent abnormal hemoglobin in the world [1]. The PE
globin gene is also a mild 13-thalassemia gene such that pE homozygotes have a
clinical picture resembling classical 3-thalassemia trait [2-5]. The pE mutation
affects P-gene expression by improving the efficiency of a normally inactive
donor site for RNA splicing at codons 25-27 of the ,B-globin gene [6]. Through
this mechanism, the mutation leads to a mild deficiency in normal 13 mRNA and
production of small amounts of structurally abnormal 1 mRNA. The high frequency
of the WE gene in Southeast Asia is thought to be secondary to a selective advantage
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of the gene. pE heterozygotes and homozygotes may have an increased resistance
to malaria over that of homozygotes for hemoglobin A [1].

Recently, we showed that normal P-globin genes exist in four forms in various
population groups. These forms have been called frameworks [7, 8]. Frameworks
1 and 2, which differ by a single nucleotide at IVS-2, position 74, are both found
in Caucasians and Asians. Framework 3 Asian has the IVS-2, position 74 sub-
stitution of framework 2 and three additional nucleotide substitutions that are
located at codon 2 of exon 1 and IVS-2, positions 16 and 666. Framework 3 of
Caucasians is identical to framework 3 Asian except that it contains an additional
nucleotide substitution at IVS-2, position 81. Moreover, there exists a strict
correlation between the pattern at three polymorphic DNA restriction sites (sites
7, 8, and 9 of fig. 1) (an HgiA I site that includes codon 2, an Ava II site that
includes IVS-2 position 16, and a Bam HI site 8 kb 3' to the f3 gene) and the
type of n-gene framework. When all of these sites are present (a + + + pattern),
a framework 1 n-gene sequence has been found in 22 of 22 cases studied ([9]
and S. H. Orkin and H. H. Kazazian, Jr., unpublished observations, 1983). When
the pattern at these sites is + + -, a framework 2 n-gene sequence has been
present in seven of seven cases. Finally, when the pattern at sites 7, 8, and 9 is
- - +, the 3-gene sequence has been framework 3 in seven of seven cases when
the subject was of Mediterranean origin and framework 3 Asian in five of five
cases when the subject was of Asian origin. Thus, when the pattern at these three
polymorphic restriction sites is known for any P-globin gene cluster, the type of
3-gene framework contained in that cluster can be predicted accurately.
In Southeast Asians, the 1Be mutation is present in two P-gene frameworks, 2

and 3 Asian. Since these two frameworks differ at positions 70 nucleotides to
the 5' side of the 13E mutation and 382 nucleotides to the 3' side of it, our data
have suggested the existence of at least two independent origins of the WE mutation
in Southeast Asia [8].
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FIG. 1 -Polymorphism haplotypes of pE-bearing chromosomes in Southeast Asians and Europeans.
A 50-kb region of chromosomes I lp containing the ,3-globin gene cluster is shown above. Polymorphic
sites designated 1-10 are discovered by the following restriction endonucleases: (1) Hinc II, (2) Hind
III, (3) Hind III, (4) Hinc II, (5) Hinc II, (6) Hinf I, (7) HgiA I, (8) Ava II, (9) Bam HI, and (10)
Hind III. The presence of a polymorphic site is designated + and the absence of a site is designated
-. Haplotypes a, b, and c were reported [8].
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Rarely are hemoglobin E heterozygotes observed in Europe, and they have the
same clinical phenotype as heterozygotes in Southeast Asia. Fairbanks et al.
described two such families with typical hemoglobin E trait: one of Czech extraction
and the other of Northern European ancestry [2]. In both of these families, the
WE gene was documented in heterozygotes by amino acid analysis of the abnormal
tryptic peptide, 1 18-26 [2]. We have now determined haplotypes for the known
polymorphic restriction sites in the 13-globin gene cluster in these families [8,
10-13]. In both families, the pE mutation is associated with a haplotype not
previously found among the haplotypes of BE chromosomes in Southeast Asia,
while in one family the mutation is located in 13-gene framework 1. These data
provide further evidence of multiple independent origins of the pE mutation in
human populations.

METHODS

Subjects

Our subjects were members of the C. family (subjects 7 and 10 of [2]) and the W. family
(subjects 19-21 of [2]). Certain family members had typical hemoglobin E trait characterized
by MCVs of 68-75 fl, MCHs of 23-26 pg, MCHCs of 32%-35%, and hemoglobin E
accounting for 30%-32% of their total hemoglobin. A detailed hematological description
is provided in [2].

Analysis ofDNA Polymorphisms

Polymorphic DNA restriction sites were analyzed as described [14-16]. The polymorphic
sites analyzed were: (1) the Hinc II site 5' to the e gene; (2) the Hind III site in IVS-2 of
the Gy gene; (3) the Hind III site in IVS-2 of the Ay gene; (4) the Hinc II site in the Gpil
gene; (5) the Hinc II site 3' to the dIs gene; (6) the Hinf I site 5' to the l gene; (7) the
HgiA I site in the 13 gene; (8) the Ava II site in IVS-2 of the l gene; (9) the Bam HI site
3' to the l gene; and (10) the Hind III site 3' to the l gene. This latter site was analyzed
using a 0.9-kb Bgl II-Eco RI fragment located 18 kb 3' to the 13 gene [7]. For each family,
the haplotype of the 13-globin gene cluster containing the BE gene was determined by
analysis of these polymorphic restriction sites in a number of family members [12]. 1-
gene frameworks were identified by DNA polymorphisms and not by DNA sequence
analysis.

RESULTS

The haplotypes of 13-globin gene clusters containing BE mutations that have
been observed to date are shown in figure 1. Haplotypes a, b, and c were previously
found in Southeast Asians, while d and e are reported here in Europeans. In the
C. family of Czech extraction (haplotype d), the pE mutation was present in a

1-gene framework 2. This framework is associated with a + + - pattern at sites
7, 8, and 9, respectively, and it is often associated with BE genes in Southeast
Asia (see haplotypes a and b). On the other hand, the portion of the haplotype
to the 5' side of the BE gene has not been previously observed in association with
WE genes in Southeast Asia. This new haplotype could have originated by a

crossing-over event 5' to a gene of Southeast Asian origin. We previously
suggested that the region 5' to the 13 gene is relatively susceptible to crossing-
over events [12].
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The 1-globin gene cluster containing the ME mutation in the W. family of
Northern European ancestry is even more interesting (fig. 1, haplotype e). The
ME mutation was present in a chromosome that is + + + at sites 7, 8, and 9 of
figure 1. Of 22 1 genes previously studied from chromosomes with this poly-
morphism pattern, all 22 have been framework 1 ([9] and S. H. Orkin and H. H.
Kazazian, Jr., unpublished observations, 1983). Thus, in all likelihood, this «E
mutation is present in a framework 1 13 gene that lacks all the nucleotide poly-
morphisms of frameworks 2, 3 Asian, and 3. Although only four common 1-
gene frameworks (1, 2, 3, and 3 Asian) have been recognized [8], the WE gene
has now been found in three of them (1, 2, and 3 Asian). Note that framework
3 Asian is seen in haplotype c and is associated with a --+ pattern at sites 7,
8, and 9, respectively.
The pE mutation of the W. family was present in a E-gene cluster that was

unusual for pE genes not only in the 1 gene itself but also in the partial haplotype
3' to the 13 gene (sites 7, 8, 9, and 10, fig. 1). In this family, the mutation was
contained in a 1-gene cluster that lacked a newly discovered polymorphic Hind
III site (site 10, fig. 1). This Hind III restriction site polymorphism is located
about 7 kb 3' to the 13 gene (B. Forget, personal communication, 1982). We have
studied this site in 85 MA chromosomes representing all four E-gene frameworks
and a comparable number of 13-thalassemia and 13s chromosomes. The site is
uniformly present adjacent to 1 genes of framework 2 (site 10 in haplotypes a,
b, and d of fig. 1) and is absent next to all 13 genes of frameworks 3 and 3 Asian
(site 10 in haplotype c of fig. 1). On the other hand, chromosomes containing 1
genes of framework 1 can be subdivided into those that contain the polymorphic
Hind III site and those that lack this site. Among these chromosomes in Caucasians,
Indians, and blacks, 20%-25% lack this site.
To place these data into perspective and to review, we previously reported

three common patterns of polymorphic restriction sites involving the 1 gene and
the 8 kb 3' to it [12]. Each of these patterns correlates strictly with a type of 1-
gene framework. The Hind III site continues the strict linkage disequilibrium in
this region, but subdivides one of the common patterns into two, so that we now
recognize four patterns instead of three. However, the sequence of the 1 gene
derived from a chromosome with the fourth pattern (+ + - + at sites 7-10 of
fig. 1) is identical to that of a 1 gene derived from a chromosome with a more
common pattern + + + + at sites 7-10 of figure 1, that is, both contain framework
1 (S. Orkin, personal communication, 1983). The WE gene of the W. family is
present in a chromosome with a + + - + pattern at sites 7-10 of figure 1.

DISCUSSION

Only one type of mutation can produce WE globin, a G --A substitution at the
first nucleotide of codon 26 of the 1-globin gene. This mutation has now been
observed in association with five different haplotypes in the 1-gene cluster; three
in Southeast Asians and two in Europeans. Among these five haplotypes, the
mutation was previously found in two different 1-gene frameworks in Southeast
Asians, and now it has been found in a third 1-gene framework in a family of
European origin. Since the haplotypes involved are ancient and found commonly
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in all ethnic groups studied, we previously suggested that the PE mutations observed
today arose after the divergence of human races and had at least two independent
origins in Southeast Asia [8].
We now believe that recurrent mutation is but one of three possible mechanisms

by which a mutation may appear on more than one haplotype in a given population
group. The other two mechanisms are: (1) meiotic recombination 5' to the 13-
globin gene [8] and (2) a specific interallelic gene conversion event [18]. Meiotic
recombination could account for the presence of the HE mutation in haplotypes
a and b. Although it is still highly speculative, a specific interallelic gene conversion
event could theoretically explain the HE mutation in haplotype c in Southeast
Asians. This event would transfer the sequence at codon 26 of a HE gene of
haplotype a to a HA gene of haplotype c, converting the latter to a PE gene. Data
presented here strongly suggest at least one additional independent origin of the
1E mutation in Europe (haplotype e, fig. 1).
Evidence from studies of other mutations suggests that the nucleotide that is

substituted to produce 1E is not necessarily a site susceptible to mutation. The
Ps mutation has now been observed associated with 16 different haplotypes and
three E-gene frameworks in blacks [19]. The 13-thalassemia gene produced by a
nonsense mutation at codon 39 of the 1 gene has been observed in four different
haplotypes and two E-gene frameworks in Mediterraneans [8, 9]. Using an oligo-
nucleotide probe, we recently obtained evidence for the existence of a common
Indian 3-thalassemia mutation, a nucleotide substitution at IVS-1, position 5, in
a Chinese 13-gene cluster containing a different 1-gene framework from that
associated with the mutation in Indians (S. H. Orkin and H. H. Kazazian, Jr.,
unpublished observations, 1983). Thus, even though meiotic recombination and
possibly interallelic gene conversion may account for a sizable fraction of the
diversity of haplotypes associated with these mutations, there is good evidence
that these three mutations, P3s and the two thalassemia mutations, in addition to
the HE mutation, have occurred more than once in human populations. It follows
that any nucleotide substitution may have arisen several times in human history.
A particular origin of a specific mutation may have a low frequency in a population

if that origin was a recent event or the mutation is of no selective advantage in
the environment in which it is placed. Either or both of these factors may account
for the low frequency of the HE mutation in European populations.
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