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Abstract

Wedescribe an English family with an atypical 'yS6-thalassemia
syndrome. Heterozygosity results in a ft-thalassemia phenotype
with normal hemoglobin A2. However, unlike previously de-
scribed cases, no history of neonatal hemolytic anemia requiring
blood transfusion was obtained. Gene mapping showed a deletion
that extended from the third exon of the G-yglobin gene upstream
for -100 kilobases (kb). The Ay-globin, #(3-, 5-, and fl-globin
genes in cis remained intact. The malfunction of the fl-globin
gene on a chromosome in which the deletion is located 25 kb
away suggests that chromatin structure and conformation are

important for globin gene expression.

Introduction
Studies with recombinant DNA technology have uncovered
many different molecular mechanisms that can cause defective
globin chain synthesis in the thalassemia syndromes. The com-

mon defects in ,B-thalassemia are point mutations that result in
abnormal globin mRNAtranscription or processing, and in
nonsense or frameshift mutations affecting globin chain trans-
lation (1-3). Less commonly, ,B-thalassemia is caused by gene

deletion. Deletions affecting the ,B-globin gene cluster result in
the syndromes of (3-thalassemia (4), hereditary persistence of
fetal hemoglobin (Hb)' (5-8), 6fl-thalassemia (7, 8), and -ybf-
thalassemia (9-15). The structural genes are usually inactivated
by the deletion, although an exception has been described in
one case of y6yl-thalassemia (11, 12).

'y6f3-Thalassemia is a rare syndrome that has been described
only in the heterozygous state. The carriers have a clinical course
marked by neonatal hemolytic anemia, followed by the hema-
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1. Abbreviations used in this paper: Hb, hemoglobin; kb, kilobase.

tologic picture of f3-thalassemia minor in adult life. Globin syn-
thetic studies reveal a ,3 to a ratio of -0.5, but unlike the usual
fl-thalassemia heterozygote, the levels of HbA2 (and HbF) are
normal. To date, the molecular defects responsible for this dis-
order have all involved extensive deletions of most or all of the
f3-globin gene cluster. In three of the previously described cases,
the deletion encompasses the entire fl-globin gene cluster, in-
cluding all or part of the f3-globin gene itself, and inactivates all
the f3-globin-like genes in cis (9, 10, 14, 15). In a fourth and
perhaps most interesting case, the E-, G7_, Ay-, and 6-globin genes
are deleted, whereas the fl-globin gene and 2.5 kilobases (kb) of
5' flanking sequence remain intact. Although the fl-globin gene
is present and structurally normal, it is not expressed (11, 12).

This report describes an English family with a syndrome
resembling y6fl-thalassemia. Restriction endonuclease mapping
revealed a large deletion that included the E-globin gene and part
of the Gy-globin gene, but spared the At_, 5-, and fl-globin genes.
Although the breakpoint of the deletion was located more than
25 kb from the f3-globin gene, the gene malfunctioned.

Methods

Hematologic values were determined by routine methods (16, 17). The
Aty and Gt ratios were determined by high pressure liquid chromatography
(18). DNAwas prepared from peripheral blood lymphocytes from two
of the subjects heterozygous for the disorder, and from normal controls.
Extensive restriction mapping was performed in one subject (I-1), whereas
selected enzymes were used in the second (II-1) to ascertain whether the
same lesion was inherited in the family. The DNAwas digested as rec-
ommendedby the manufacturers with the restriction endonucleases ApaI,
AvaII, BamHI, BclI, BglII, EcoRI, HindIIl, Hinfl, HpaI, MspI, TaqI,
and XbaI (Bethesda Research Laboratories, Gaithersburg, MD; NewEn-
gland Biolabs, Beverly, MA; Boehringer Mannheim Biochemicals, In-
dianapolis, IN). Digested DNAswere size-fractionated on horizontal 0.8-
1% agarose gels, transferred to nitrocellulose filters, and hybridized to
specific 32P-radiolabeled probes. Bound radioactivity was visualized by
autoradiography on X-ray film (19).

Two fl-globin gene probes derived from the plasmid H(#-IS were
used. One was the 0.9-kb BamHI-EcoRI fragment that contains the sec-
ond intervening sequence of the fl-globin gene. The other was the 1.8-
kb BamHI fragment containing the 5' portion and flanking sequence of
the fl-globin gene. The 4,# probe was the XbaI-BglII fragment of plasmid
Al 1-5 which contains the 4,#-globin gene. The -y-complementary DNA
(cDNA) probe was from plasmid JWI5 1. The 3' 'y-globin gene probe
was a 1.6-kb EcoRI fragment excised from a cloned Ge-globin gene. The
e-globin gene probe was the EcoRI-BamHI fragment of plasmid pe 1.3.
Two cloned unique sequence probes flanking the fl-globin gene cluster
were used. One was derived from the '#-I plasmid, which is homologous
to a locus more than 90 kb upstream from the ,3-globin cluster, and was
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isolated from the breakpoint of a large deletion in a case of y5b-thalas-
semia (1 1). The other was from the pRK28 plasmid, which is homologous
to a locus 17 kb downstream from the fl-globin gene and was isolated
from a Charon 4A library (20).

Results

Clinical and hematologic data. A 20-yr-old pregnant English
woman (II-1 in Table I) was found to have a microcytic hy-
pochromic anemia in the absence of iron deficiency. The HbA2
level was normal and the HbF was slightly elevated. Her father
(I-1) and one sibling (II-3) also have hypochromic microcytic
anemia with normal HbA2 and HbF. Her husband is hemato-
logically normal. A male infant (III-1) was delivered sponta-
neously and experienced an uneventful neonatal period, ac-
cording to the history. Hematologic data were not obtained until
the infant was 1 yr old, when he was found to have a hypochromic
and microcytic anemia. The HbA2 level was normal and the
HbF was elevated. Similar values were obtained at age 2 yr. At
2 yr the Gy to Ay ratio of the fetal hemoglobin was 1 to 1. We
also determined the Gy and Ay ratios for subjects 1-1 and II-1,
both of whomhad lower fetal hemoglobin levels. The high pres-
sure liquid chromatography showed predominantly Ayglobin
chains.

Intact map of the 6-, 5-, and fl-globin gene loci. Extensive
restriction endonuclease mapping was performed on DNAfrom
subject 1-1. Digestion with the enzymes AvaII, BamHI, BclI,
BglII, EcoRI, HindIII, Hinfl, HpaI, MspI, TaqI, and XbaI, and
hybridization with f3-globin gene probe produced normal-sized
restriction fragments. The fragments were also of normal inten-
sity, suggesting that the fl- and 6-globin loci were intact on both
chromosomes. To confirm this, we digested the DNAwith five
restriction enzymes known to result in polymorphic fragments.
The presence of two fragments of different lengths with a given
enzyme would indicate the existence of two loci. Of these five,
only the AvaII site in the fl-globin gene (21) was not informative
as it yielded only a single 2.0-kb band. The other four sites-
the HincII site at the Vvfl-globin gene (21), the Hinfl site 5' to the
,3-globin gene (22), and the BamHI (23) and HindIll sites 3' to
the f3-globin gene (24)-all revealed heterozygous patterns.

The 4,t locus lies 13 kb 5' to the fl-globin gene. One poly-
morphic HincII site occurs within the 46ftl gene and another is
3' to it. Digestion with HincIl followed by hybridization with a
Ad I probe yields a 3-kb band if the internal Hincd site is present
(Fig. I a). The subject's DNAdid not contain a 3-kb fragment
and thus lacked this site. However, the 6.0- and 7.6-kb bands

Table I. Hematologic Data of Family

Hb MCV MCH HbF HbA2 #/a

I-1 11.0 58 18.3 0.8 2.8 0.5
I-2 14.0 91 30.1 0.9 2.7
II-1 11.3 56 19.0 2.7 2.9 0.37
Husband of 11-1 15.8 88 29.5 0.4 3.0
11-2 15.3 85 29.0 1.3 2.6
11-3 10.8 60 18.7 0.7 2.5
III-I (I yr) 8.4 78 22.8 11.2 - 2.5

(2 yr) 10.3 54 16.9 10.6 2.8

Abbreviations: Hb, hemoglobin; MCV, mean corpuscular volume;
MCHI mean corpuscular hemoglobin.
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Figure 1. Autoradiogram of restriction analyses of DNAdigested with
(a) HincII and hybridized with 4,0 probe, (b) Hinfl with a 1.8-kb 5'

probe, (c) BamHI with 0.9-kb P probe, and (d) HindI11 with pRK28
probe located 3' to the P gene. The lengths of the fragments in kilo-
bases (kb) are shown. In this and subsequent figures, N indicates nor-
mal DNAcontrol (I and 2 when two normals are used), and P is
DNAfrom the subject I-1.

were present, indicating the presence of a 3' HincIH site on one

chromosome, and its absence on the other and confirming the
presence of the 4,f-globin gene loci on both Chromosomes.

A polymorphic Hinfl site is present just 5' to the fl-globin
gene. Digestion with this enzyme and hybridization with the
1.8-kb probe results in a 0.7-kb band if the site is present, and
a 1-kb band if it is absent. Both bands were present in the subject's
DNA (Fig. I b) and thus two intact copies of this locus are

present.
Similar results were obtained when the polymorphic BamHI

site 3' to the fl-globin gene was examined using the 0.9-kb (3-

globin gene probe (Fig. 1 c). Both the 22-kb band resulting from
the absence of this site and the 9.3-kb band resulting from its
presence are seen in the subject's DNA. Thus, two intact copies
of the fl-globin gene and its 3' flanking sequence are present.

Examination of the polymorphic HindIII site 7 kb 3' to the
fl-globin gene confirmed that two intact copies of this locus are

present. Digestion with HindIII followed by hybridization with
the pRK28 probe resulted in both a 13.5- and a 15.5-kb band
in the subject's DNA(Fig. 1 d), indicative of the presence of the
site on one chromosome and its absence on the other. Hence
the normal restriction patterns obtained with many enzymes
and the detection of heterozygosity for the four polymorphic
restriction sites flanking the (3-globin gene demonstrate that the

fl'-, 5, and fl-globin loci are intact on both chromosomes.
-y-Globin gene map. Polymorphic HindIHI restriction sites

are present in the second intervening sequence of the 0y_ and
AY-fglobin genes (24). WhenDNAis digested with this enzyme
and hybridized with a y-cDNA probe, the presence or absence
of the polymorphic site in the A_-globin locus yields a 2.7- or
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3.5-kb band, respectively. Both fragments were visible in the
subject's DNAand hence two alleles of the A'y-globin gene locus
are present (Fig. 2, left panel). At the G-yglobin locus, the pres-
ence or absence of the polymorphic site produces a 7.2- or 8.0-
kb band, respectively. Only the 8.0-kb band was visualized in
the subject's DNA, which could imply that the polymorphic
HindIII site is absent in the Gy gene on both chromosomes. If
this were the case, the H.indIII sites would be -- for the Gy and
Ay loci on one chromosome and -+ on the other. However, a
chromosome with the combination of HindIII -+ for the Gy
and Ay loci in cis has never before been observed.

An alternate interpretation of the results is that the GI-globin
gene is deleted from one chromosome, and the subject is hemi-
zygous for the Gy locus. Digestion with PstI followed by hy-
bridization with a y-cDNA probe suggested that a deletion had
indeed affected the Gy locus (Fig. 2, midde panel). PstM digestion
normally produces a 5. 1-kb fragment containing the 5' portion
of the AY-yglobin gene, the intergenic sequences and the 3' portion
of the Gy-globin gene, in addition to a 4.0-kb band containing
the rest of the G1y-globin gene and its 5' flanking sequences. Both
these fragments were present in the subject's DNA. However,
the intensity of the 4.0-kb band was approximately half that of
the 5. 1-kb band, suggesting that only one intact copy of the Gy_
globin gene was present.

Digestion with BglII and BclI, both of which cleave DNA
outside the G-y and At loci, confirmed the presence of a deletion
involving the 'y-globin gene loci (Fig. 2, right panel). Normal
DNAyields a 13-kb BglII fragment or a 18.0-kb BclI fragment
containing both the G0y and Ay-globin loci. Digestion of the
subject's DNAwith BglII followed by hybridization with a y-
cDNAprobe produced the normal 13-kb band and a novel 1 1-
kb band. Similarly, digestion with BclI resulted in the normal
18-kb band and a novel 12-kb band. If the deletion was confined
to the short segment of the 0-globin gene, both fragments would
be shortened by the same extent. The fact that the BgiII fragment
was shortened by 2 kb and the BclI fragment by 6 kb suggests
that the deletion was extensive and not limited to a short DNA
segment. The new BglII and BclI sites were probably generated
by the juxtapositioning of distant DNAsequences.

Deletion of the e-globin gene. To ascertain whether two intact
copies of the e-globin gene were present, we examined the poly-
morphic HincII site in that gene (21). The results were not in-
formative in that we found no heterozygosity and observed only
one 3.7-kb fragment. Hence, we determined the number of e-
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Figure 2. Autoradiogram of filters containing DNAdigested with
HindIII, PstI, BglII, and BclI, and hybridized with the ycDNA probe
JWl51.
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Figure 3. Comparison of intensity of hybridization of DNAfrom the
subjects and normal. The DNAsamples on the filters were digested
with the enzymes indicated and were first hybridized to either the e or
'y#-l probes. The filters were washed and rehybridized to the f-globin
gene probe. Note the reduced intensity of hybridization of the subject
DNA(I-1) with both the f and 'y-lI probes, while the intensity for the
fl-globin probe is about equal. The faint 5.2-kb EcoRI fragment visual-
ized with the 'y#- I probe is due to the presence of a short segment of
this sequence in this probe.

globin alleles by gene dosage analysis. Equal amounts of normal
and subject DNAwere digested with EcoRI and XbaI, and hy-
bridized with the e-globin probe (Fig. 3, left panel). The expected
3.7-kb band was obtained in each case. However, the intensity
of the bands in the subject's DNAwas approximately half that
of the normal DNA, suggesting the presence of only one intact
copy of this locus. To ensure that equal amounts of normal and
proband DNAwere present, the filter was washed and rehybrid-
ized with a fl-globin gene probe. The expected 5.2-kb EcoRI and
10.8-kb XbaI fragments were of equal intensity in both DNA
samples (Fig. 3, middle panel). Hence the deletion also involves
the e-globin gene.

Extent of upstream deletion. Wedetermined the extent of
the upstream deletion using the -yt- 1 probe isolated from a seg-
ment of cloned DNAfrom the breakpoint of a large deletion
that causes 'yb-thalassemia-l (1 1, 12). Studies by Vanin et al.
(13) have shown that this sequence is homologous to a region
of DNA>90 kb upstream from the e-globin gene. Digestion
with EcoRI and hybridization with the 7y(- I probe produced a
0.5-kb band in both normal and subject DNA. However, the
intensity of the band in the subject's DNAwas less than in the
normal DNA. When the filter was washed and rehybridized with
a (,3globin gene probe, the expected 5.2-kb band was present in
equal intensity in both normal and subject DNA(Fig. 3, right
panels). Thus, the -y#-I locus is also deleted, and the deletion
extends at least 90 kb upstream from the G-globin locus.

Fine mapping of the deletion breakpoint. Wefine-mapped
the breakpoint at the 3' end of the deletion with a 1.6-kb 3' Gy
probe extending from the EcoRI site in exon III to the 3' flanking
sequence. Because of sequence divergence in this region between
the Gy- and Ay.-globin genes, only the bands corresponding to
the G-yglobin gene were visualized. In addition to the normal
fragments, we observed novel restriction fragments in the sub-
jests' DNAafter digestion with Hpal (1 1.2 kb), HindIII (1.1 kb),
Xbal (10.8 kb), BamHI (4.7 kb), and ApaI (8.3 kb) (Fig. 4). The
normal recognition sites for these enzymes must have been de-
leted from the thalassemic chromosome, and the novel fragments
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Figure 4. Autoradiography of filters hybridized with a 3' Ga probe
which extends from the EcoRI site at exon III to the 3' flanking se-

quence. This probe does not hybridize to the Ay sequence. Note the
novel fragments with the HpaI, HindI!, XbaI, RamHI, and ApaI
digestion. Only normal fragments were obtained with Sac!, PstI, and
EcoR!. (The novel 11.2-kb HpaI band shown here was lighter than
usual; in other autoradiograms it had the same intensity as the 5. 1-kb
band.)

result from juxtaposition of sequences that carry these new re-

striction sites.
In contrast, digestion with EcoRI, Sacl, and Pstl produced

only the expected fragments. Thus the breakpoint of the deletion

must lie between the EcoRI site in exon III and the Hpal site
in the second intervening sequence. As the Pst! site at the 5'
region of the second intervening sequence must also have been
deleted, the preservation of the normal PstI fiagment is probably
due to the chance occurrence of a new PstI site generated at
approximately the same location as the normal site. The restric-
tion map of the thalassemic chromosome is shown in Fig. 5.

The same deletion is present in the proband (II-1). To de-
termine whether the thalassemia phenotype seen in other family
members was due to the same deletion, DNAwas obtained from
the proband (II-1), subjected to digestion with BamHI, BclI,
Blg!!, Hpal, and Xbal and hybridized with the 3' Gy probe (data
not shown). In each case the restriction fragments obtained were

Normal

Bc

I

Gy Ay

1 kab BPXHpHESHHSHEH BPXHpSHH
P Bg A A

In this report we describe an English family in which several
members manifest the hematologic picture of fl-thalassemia mi-
nor. In addition to the mild microcytic hypochromic anemia
characteristic of this syndrome, the typical imbalance of globin
synthesis (,8/a globin -0.5) was found in two of the affected
subjects in which this was studied. However, in contrast to the
usual fl-thalassemia heterozygote, HbA2 levels were normal in
all family members. This phenotype is inherited through three
generations.

Wemapped the P-globin gene cluster by restriction endo-
nuclease analysis of DNAfrom one affected subject and uncov-

ered a novel deletion on chromosome 11. Mapping data on a

second affected member indicates that the same deletion is pres-

ent. An extensive deletion of>90 kb extends from the 0'y-globin
gene upstream and removes the e-globin structural gene. The
deletion breakpoint starts immediately 5' to the EcoRI site in
exon III of the G1y-globin locus. The Aty, 'f_-, 6-, and (3-globin
structural genes are intact.

Although this deletion resembles the previous cases of 'ybf-
thalassemia in that an extensive deletion affects the fl-globin
gene cluster, it differs from them in several respects. First, a large
portion of the f3-globin gene cluster remains intact, whereas most
or all of the fl-globin gene cluster is deleted in the previously
described cases (9-15) (Fig. 6). Secondly, the clinical presentation
during the neonatal period differs from the other cases. None
of the affected family members had a history of hemolytic disease
of the newborn requiring transfusion, as was reported in the
previous cases. The reason may be that the intact Ay-globin is
functional to some degree in the newborn period, thus amelio-
rating the severity of globin chain imbalance during the neonatal
period. However, this hypothesis can only be tested by analysis
of the Gy and Ay-globin chains in the neonatal period. Certainly
at 2 yr of age, subject III-1 with a G7/AY ratio of 1:1 did not
show increased At synthesis.

The mechanism causing the fl-thalassemia phenotype in this
family is not yet understood. Two explanations are possible.
First, a separate mutation in the fl-globin gene on the chromo-
some carrying the deletion could inactivate the (3-globin gene.
This type of double mutation has been described in the Sardinian
650-thalassemia, in which a nonsense mutation occurs in the (3-

globin structural gene on a chromosome that also harbors a high
A.y-producing gene (25). In order to rule out this possibility, we

are in the process of cloning the (3-globin gene on the mutant
chromosome for sequencing and expression studies. A second
possibility is that the malfunction of the (3-globin gene is a result
of the extensive deletion upstream from the Gy locus. This

y6p-Thalassemia Ay
BgPBHESHHSHEH BPXHpSHH

Figure S. Fine map of the region of chromosome 11 containing the
G0y- and ^y-.globin genes. The broken line indicates DNAsequences
brought in by the deletion and the asterisks denote the two poly-
morphic Hind!!! sites. Bc, BelI; P, PstI; Bg, BglII; A, Apal, B, BamHI;
X, XbaI; H, HindIII; Hp, HpaI; A, LcoRI; S, SaI.
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Figure 6. Summary of the deletions defined in the several -yb6-thalas-
semias described to date.
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mechanism may be likened to the Dutch y5I3-thalassemia (1 1,
12) in which the deletion breakpoint occurs 2.5-kb upstream
from the fl-globin gene. The Dutch patient's DNAin this region
was found to be hypermethylated and SI -insensitive, reflecting
its inactivity. The inactivity may be due to altered chromatin
structure which affects gene expression, or the juxtaposition of
inhibitory sequences brought close to the f3-globin gene by the
deletion. In the present case, the 25 kb separating the breakpoint
of the deletion and the f3-globin gene makes it unlikely that the
malfunction is caused by inhibitory sequences. Rather, altered
chromatin structure and conformation may be responsible for
the lack of fl-globin gene expression.
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