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ABSTRACT Hereditary persistence of fetal hemoglobin
(HPFH) is a benign condition in which the normal shutoff of
fetal hemoglobin (Hb F) production fails to occur. In the Gyp+
type of HPFH, erythrocytes of adult heterozygotes contain
-20% Hb F, which is almost exclusively of the G~yglobin vari-
ety, without increased levels of -globin chains from the near-
by A globin gene. Unlike some forms of HPFH, no major de-
letions in the globin gene cluster have been found by genomic
blotting in the GYp+ variety. We report here a family with this
condition, from which cosmid clones of the fi-globin gene clus-
ter from the Gyp+ HPFH allele have been obtained. Sequenc-
ing around the fetal genes has identified a point mutation 202
base pairs 5' to the G~yglobin gene that is present in genomic
DNA of 3/3 unrelated individuals with G7yp+ HPFH but in
none of more than 100 non-HPFH individuals. Although the
mutation could represent a tightly linked polymorphism, its
location in a region suggested by recent data to be important in
tissue-specific control of gene expression suggests the possibili-
ty that the -202 mutation accounts for the phenotype. The
sequence created resembles elements of other eukaryotic pro-
moters known to be important for efficient transcription.

The orderly and regulated switch from fetal hemoglobin (Hb
F, a2Y2) to adult hemoglobin (Hb A, a2/32) synthesis in man
at about the time of birth (1) is of considerable current inter-
est. From the point of view of basic molecular biology, the
hemoglobin switch provides an accessible model system for
study of the differential control of gene expression. Further-
more, there is good reason to suspect that the ability to re-
verse this switch would be therapeutically beneficial in man-
agement of the 3-hemoglobinopathies, since individuals who
for genetic reasons synthesize unusually large amounts of
fetal hemoglobin as adults seem to be protected against the
ravages of homozygous sickle cell disease (2) and ,-thalasse-
mia (3).
Such genetically controlled synthesis of fetal hemoglobin

in adult life at levels greater than the normal 1% in the ab-
sence of erythropoietic stress or thalassemic imbalance of
globin chain synthesis is known as hereditary persistence of
fetal hemoglobin (HPFH). This is a benign but genetically
heterogeneous group of conditions, which are categorized by
the distribution of Hb F in erythrocytes, by the relative con-
tributions of the duplicated fetal genes (Gy and AY), and by
whether or not large deletions of the B- and 8-globin genes
are found by genomic blotting (4-6).

In the so-called Gyp+ HPFH seen in Blacks, adult hetero-
zygotes synthesize 15-25% Hb F that is almost exclusively
of the GY type; no deletions or rearrangements in the P-glo-
bin cluster have been found (7-9). No homozygotes are
known, but double heterozygotes for /-chain variants show
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FIG. 1. Pedigree of the Gyp+ HPFH family. Cloning was from
leukocyte DNA of individual II-2, who is doubly heterozygous for
Gyp+ HPFH and Hb S. These must be present in trans since her
sister and son, both ofwhom must share her Hb S allele, do not have
unexpectedly high Hb F (see text and Table 1).

that there is continued but reduced 8-chain synthesis in cis
to the mutation. In this paper, we report the cloning of the 83-
globin gene cluster from the Gyp+ HPFH allele of such a
double heterozygote and the demonstration of a point muta-
tion 5' to the Gy-globin gene that is found only in this allele
and may be responsible for the HPFH phenotype.

MATERIALS AND METHODS
Patients. The family we studied (see Fig. 1) was identified

through a large-scale newborn screening program for sickle
cell disorders in Jamaica (10). Fetal hemoglobin was deter-
mined by the method of Betke et al. (11), and the Gy/Ayratio
in individual 11-2 was quantitated by electrophoretic analysis
(12, 13).
Cosmid Cloning. DNA from individual II-2 was prepared

from peripheral blood leukocytes (14, 15), digested to com-
pletion with Kpn I, and size selected over a 10-40% sucrose
gradient. One microgram of the 30- to 45-kilobase (kb) size-
selected DNA was ligated to 1 gg of Kpn I-cut pFC1 (see
Fig. 2), that had previously been cut with HindIII or Sal I
and treated with phosphatase to prevent tandem ligation
(16). pFC1 was prepared from the standard cosmid cloning
vector pJB8 (16) by insertion of a Kpn I cloning site using an
appropriate linker. Ligated DNA was packaged, transfected
into recA HB101, and plated using standard methods (17,
18). Approximately 30,000 cosmids per ,ug of size-selected
genomic DNA were obtained. Nitrocellulose filters were
screened with a purified 1.9-kb BamHI fragment containing
the 5' end of the 8-globin gene, nick-translated (19) to a spe-
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Table 1. Hematologic data on the Gy3+ HPFH family

Age at Packed cell Mean corpuscular
Individual determination, yr volume, % volume, fl % Hb A % Hb S % Hb F % Hb A

I-1* 59 29 86 35.0 39.4 23.5 2.1
I-2t 48 28 58 70.0 26.9 0.3 2.8
11-1 18 25 87 0 90.4 6.9 2.7
11-2 23 37 88 36.3 41.2 19.9 2.6
III-1 4 24 84 0 86.4 11.1 2.5

Individual 11-3 was not available for study but must be AS from the pedigree. Individual III-2 had an AF pattern on cord
blood and therefore represents a simple Gyp+ HPFH heterozygote.
*The anemia in individual I-1 is attributed to chronic illness; he died shortly afterward of congestive heart failure.
tThe low mean corpuscular volume and relatively low percentage Hb S in 1-2 individual suggests she may be homozygous
for a-thalassemia 2.

cific activity of 2 x 108 cpm/,tg. Hybridizing clones were
analyzed by restriction analysis; in some instances, restric-
tion digestions were carried out with the 39-kb cosmid in-
serts that were prepared by Kpn I digestion and purification
away from the vector on a 10-40% sucrose gradient.
Sequence Analysis. EcoRI fragments of the Gypf3 HPFH

cosmids were subcloned into plasmid pBR322. These were
cut with Nco I and subcloned into the HincII site of the sin-
gle-stranded bacteriophage M13mp8. Some M13 clones were
also obtained by sonication of the entire cosmid, purification
of the 300- to 1000-base-pair (bp) fragments on a Sepharose
2B column, repair of the ends with S1 nuclease and the large
fragment of DNA polymerase, and ligation into M13mp8, as
described (20). Clones of interest were selected by hybrid-
ization to a 2.6-kb EcoRI Avy-globin fragment, and both
strands were sequenced using the Sanger dideoxy method
(21).
Genomic Blotting. Five to 10 ,mg of genomic DNA was di-

gested with Apa I + EcoRI, electrophoresed on 0.8% agar-
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ose, transferred to nitrocellulose filters, and hybridized with
a nick-translated plasmid containing the 2.6-kb EcoRI At
globin gene fragment. Standard methods were followed (22).

RESULTS
Hematologic Findings. The pedigree of the family under

study is shown in Fig. 1; the pertinent hematologic data on
these individuals is given in Table 1. This demonstrates that
individuals I-1 and 11-2 produce large amounts of Hb F. He-
moglobin electrophoretic analysis of blood from 11-2 showed
that the increased y-globin chains were virtually all of the GY
type.
The levels of Hb F produced by individuals II-1 and III-1

are within the range expected for homozygous sickle cell dis-
ease at their respective ages (23, 24). This indicates that the
Gyp+ HPFH gene in I-1 and II-2 must be present in trans to
the Hb S gene. Synthesis of pA globin in I-1 and II-2 occurs,
but the level is reduced; in the usual AS patient, Hb A ex-
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FIG. 2. Cloning strategy for obtaining -globin cluster cosmids. The vector pFC1 is a modification of pJB8 (16), with insertion of a Kpn I
cloning site. The presence of a 39-kb Kpn I fragment that includes 'y-, A'y, 8-, and f-globin genes was exploited by digestion of genomic DNA

to completion with Kpn I and size selection of the 30- to 45-kb fragments prior to ligation to the vector.
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FIG. 3. Restriction digests of P-globin cluster DNA from HPFH
and ,3s cosmids. The 39-kb cosmid inserts were purified away from
the vector by Kpn I digestion and sucrose gradient separation, and 1
A of each was digested and electrophoresed. (a) Mst II digest. The
f3 cosmid is recognizable by the appearance of a 1.4-kb band result-
ing from the sickle mutation at codon 6 of the P-globin gene. The
normal pattern with a band at 1.2 kb must therefore represent the
HPFH allele. (b) Msp I digest. The ,fs cosmid should represent the
normal restriction pattern. No differences in fragment sizes or re-
striction sites are apparent in the HPFH cosmid.

ceeds Hb S. This compensatory reduction of /3A-globin syn-
thesis in cis to the Gyp+ HPFH mutation has been noted
previously (3, 7-9) and remains unexplained.
Cosmid Cloning. Noting the existence of a 39-kb Kpn I

fragment containing the G, Ay, &-, and 3globin genes (Fig.
2), we constructed a Kpn I cosmid cloning vector and took

advantage of the -10-fold enrichment of B-globin sequences
by Kpn I digestion of genomic DNA and size selection of the
30- to 45-kb fragments. Four cosmids were obtained from
28,000 screened; results of cosmid cloning from two other
individuals confirm that with this strategy approximately 1 in
every 6000 cosmids will contain the 83-globin cluster (unpub-
lished data).

Identification of which cosmids represent which allele was
accomplished by Mst II digestion. This enzyme directly rec-
ognizes the P3s-globin mutation, giving a fragment of 1.4 kilo-
bases (kb) with 8s and 1.2 kb with PA (25-27). This analysis
is shown in Fig. 3a; two cosmids representing each allele
were identified.
The pS and Gyp+ HPFH cosmids were digested with sev-

eral common restriction enzymes to look for any evidence of
small deletions, insertions, or rearrangements that might
have been missed by previous genomic blotting studies (7-
9). None were found. An example is the Msp I digest shown
in Fig. 3b. This also demonstrates that the C-C-G-G sites 5'
to the Gy- and Ay-globin genes are unaltered; thus the Gyf3+
HPFH phenotype cannot be attributed to loss of one of these
methylation sites.
DNA Sequencing. We then subcloned portions of the y-

globin genes and their 5' flanking regions into bacteriophage
M13mp8 and determined their sequence. Because the in-
creased Hb F in Gyp+ HPFH is almost exclusively of the Gy
type, the possibility of a mutation in the Gy regulatory region
was investigated. The region from 540 bp upstream from the
Gy cap site (-540) to codon 37 in the Gy second exon was
sequenced, as was the region from -405 to codon 37 in the
Ay gene. The Ay gene sequence exactly matched the se-
quence of the chromosome "B" allele from a non-HPFH pa-
tient described by Slightom et al. (ref. 28 and J. Slightom,
personal communication). The entire -globin gene region
sequence of the allelic chromosome "A" has been published
(29). Allelic differences between the Ay-globin genes of chro-
mosome A and chromosome B occur at positions -369 (cy-
tosine in A, guanosine in B), +25 in the 5' untranslated re-
gion (adenosine in A, guanosine in B), and at position 65 in
intervening sequence 1 (cytosine in A, thymidine in B).
The Gy-globin gene sequence differs from the published A

sequence (29) in five positions. Three of these must repre-
sent simple allelic differences, since they are also present in
the non-HPFH chromosome B (J. Slightom, personal com-
munication): these occur at positions -535 (guanosine in A,
adenosine in B), -534 (adenosine in A, guanosine in B), and
position 65 of intervening sequence 1 (cytosine in A, thymi-

500 bp

CCAAT

AATAAA

-Il

-200

-CCTCTTGGGGGCCCCTTCCCC- Normal
- CCTCTTGGGGGCEICCTTCCCC - Gry+ HPFH

IIIIlIi
TCGGGGCGGC HSV TK "'1st Distal Signal"

GGGGCGGG SV40 21 bp Repeat

FIG. 4. Mutation 202 bp 5' to the Gy-globin gene cap site in Gyf3+ HPFH. The regions from -540 to the second exon of theGy gene and from
-405 to the second exon of the Ay gene were sequenced. The only unique abnormality encountered in a total of 1500 bp is that shown. The
sequence created has similarities to elements of the herpes thymidine kinase (HSV TK) first distal signal and the simian virus 40 (SV40) 21-bp
repeat (here shown in inverted form), which have been shown to be important for efficient transcription.
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dine in B). A fourth difference in the Gy flanking DNA is at
-158, where the Gyp+ HPFH chromosome has a cytosine,
whereas both A and B have a thymidine. However, both A
and B have a cytosine at -158 of the normal A7y-globin gene
(29), which seems to rule against any functional significance
of this finding. The fifth difference, guanosine instead of cy-
tosine at -202, is not found in the 5' flanking region of Gy or
Ay of chromosome A or B but only in the Gy-globin gene of
the Gyp+ HPFH chromosome (Fig. 4).

This base difference abolishes a normal Apa I (G-G-G-C-
C-C) site and creates an Hha I (G-C-G-C) site, which al-
lowed direct confirmation that the mutation is present in
both of the independently derived Gyp+ HPFH cosmids and
in neither pS cosmid. The analogous sequence in the 5'
flanking region of the Ay gene is unaltered in all cosmids.
Genomic Blotting. Apa I sites are rare in the /-globin clus-

ter (5). Unequivocal demonstration of loss of one of these
sites by genomic blotting requires double digestion with Apa
I and another restriction enzyme (we used EcoRI). This was
carried out and showed that, as expected, individuals I-1 and
II-2 are heterozygous for loss of the Gy Apa I site, whereas
this site was present on both chromosomes of 12 non-HPFH
Black individuals (data not shown). DNAs from two other
unrelated individuals with Gyp+ HPFH were subsequently
subjected to the same analysis and show loss of the same
Apa I site (R. W. Jones and D. J. Weatherall, personal com-
munication; G. Stamatoyannopoulos and H. Kazazian, per-
sonal communication). An additional 60 pA and 100o s chro-
mosomes from non-HPFH Black individuals have also not
shown the Apa I site mutation (C. D. Boehm and H. H. Ka-
zazian, personal communication). The Apa I site is present
in the Ay 5' flanking region of all DNAs studied.

DISCUSSION
Understanding the mechanism of human hemoglobin switch-
ing has been a subject of intense interest in the past few
years, particularly because of the conviction that increasing
the expression of the fetal globin genes should be beneficial
in treatment of the j3-hemoglobinopathies (2, 3). The appear-
ance of hypomethylation and nuclease hypersensitivity of
the 5' flanking region of the fetal globin genes has been
shown to correlate with their expression (30, 31), but it re-
mains unclear whether these changes are primary or are a
result of other more fundamental and specific control mech-
anisms. A beginning therapeutic effort based on these obser-
vations has been made with the introduction of the hypo-
methylating agent 5-azacytidine (32-34), but its long-term
toxicity remains unknown, as does its exact mode of action
(35).
The HPFH syndromes are particularly interesting, there-

fore, because they offer the opportunity of identifying spe-
cific cis-acting DNA sequence elements that are involved in
the switching mechanism. Many individuals with HPFH are
found to harbor large deletions removing the6- and ftglobin
genes but leaving the embryonic and fetal globin genes intact
(36-40). These deletions have led to proposals regarding the
possible location of control elements (39) or enhancers (40)
in the globin cluster, but the fact that many involve a loss of
more than 60 kb of DNA has made it difficult to use these to
map all of the possible cis-acting elements. Some varieties of
HPFH, however, do not involve detectable deletions and
could well provide more subtle clues to normal developmen-
tal control of globin gene expression. Such a disorder is
Gyp+ HPFH, which is present in the family described here
and depicted in Fig. 1. The phenotype of the heterozygotes
in this family matches closely to that described in the litera-
ture (3, 7-9): the presence of 15-25% HbF in adult erythro-
cytes, which is almost exclusivelyGy, reduced but not ab-
sent P3-globin synthesis in cis, and a benign course.

Cloning of the A3-globin cluster from the GYp3+ HPFH allele
and subsequent analysis with multiple restriction enzymes
has allowed us to determine that no detectable deletions or
rearrangements of more than 30-50 bp are present in the re-
gion cloned (Fig. 2), which confirms and further extends pre-
vious genomic blotting analysis (7-9). The phenotype, how-
ever, is striking in that the Ay-globin gene turns off normally;
this suggests the possibility of a mutation in the Gy-globin
control region, which was the impetus to focus our sequenc-
ing efforts on the 5' regions of the fetal genes. The finding of
a unique base change 202 bp 5' to the Gy-globin gene (Fig. 4)
is thus an intriguing observation. There are reasons to sus-
pect that this mutation might actually be the one responsible
for the HPFH phenotype: (i) it falls in the general region
(-50 to -300, see below) where other promoter elements
important for differential control of gene expression have
been described; (ii) it is the only mutation in the 1500 nucleo-
tides sequenced that is not found in normal GY or Ay DNA;
(iii) the same Apa I site abolished by the mutation in our
family is absent in two other Gy/p+ HPFH patients not
known to be related to each other or to our patient; and (iv)
no examples of loss of this Apa I site have been encountered
in studying more than 100 non-HPFH individuals. None of
these arguments, however, completely excludes the possibil-
ity that the -202 mutation is a polymorphism in virtually
complete linkage disequilibrium with the HPFH mutation.

Is it possible that the -200 area could normally have an
influence on Gy-globin gene expression? Dierks et al. (41)
have studied in detail the expression of the rabbit /8-globin
gene incorporated in a pBR322-polyoma vector and trans-
fected into mouse 3T6 cells. Deletions up to position -109
show no loss in transcription, whereas the duplicated C-A-C-
C-C sequences from -85 to -105, the C-C-A-A-T box at
-75, and the A-T-A box at -30 were all shown by site-di-
rected mutagenesis to play important roles in efficent tran-
scription. However, this does not rule out a more subtle role
for sequences distal to -110, since these experiments were
not done in erythroid cells; the need for inclusion in the vec-
tor of an enhancer sequence to obtain expression of non-a
globin genes (41, 42) is further indication of the artificiality of
the system. The recent identification of a tissue- and devel-
opmental-specific protein factor in chicken erythrocytes that
specifically binds to a DNA region extending at least 268 bp
5' to the chicken,3-globin gene cap site (43) is evidence of the
importance of the -100 to -300 region of globin genes in
vivo. It is possible that 5' tissue-specific promoter elements
will turn out to be a common feature of specialized genes:
the human insulin, rat insulin, and rat chymotrypsin genes
have also been shown to possess such elements in the -170
to -300 region (44).

If the -202 Gy-globin gene mutation is indeed responsible
for overproduction ofGy in adult life, there are at least three
possible mechanisms. First, the mutated sequence could ser-
endipitously create a promoter-stimulating element out of
previously nonfunctional DNA. It is interesting that the new
sequence has the form G-G-G-G-Py-G (Fig. 4). The herpes
simplex thymidine kinase promoter possesses two short in-
verted sequences of this form, shown by McKnight to be
important for normal transcription (45, 46). The simian virus
40 early promoter similarly depends for efficient transcrip-
tion on the six-times-repeated motif C-C-G-C-C-C (47, 48).
In both instances, these elements function if inverted or
moved upstream to about -150.
Second, the -202 mutation could augment transcription of

theGy-globin gene by increasing the efficiency of a positive-
regulatory sequence that normally occupies this region. The
effect would have to be dramatic, however, to account for
the approximately 4Q-fold increase inGy expression.

Finally, the mutation might act to disable a negative regu-
latory sequence responsible for shutting off fetal globin syn-

Genetics: Collins et aL



Proc. Natl. Acad. Sci. USA 81 (1984)

thesis at the time of birth. Such a negative regulatory se-
quence has been described in the -107 to -210 region of the
,p-interferon gene (49) and conceivably could interact with a
protein or RNA repressor molecule. This mechanism is a
plausible way of explaining such a drastic increase in G
globin synthesis by a single point mutation.

Note Added in Proof. The Apa I site 5' to the Gy gene has now been
studied by genomic blotting in three more families with Gy3+ HPFH
(50). All 11 HPFH individuals in these families were found to lack
the Apa I site.
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