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Abstract

There are at least three major African haplotype backgrounds
on which the ,jS mutation arises. Sequence changes in the im-
mediate 5' flanking area of the y-globin genes may account for
differences in fetal hemoglobin expression among the three
haplotypes. We determined the sequence from -350 to 10 bp 5'
of the G~y and Aty fetal globin genes from one ,#-containing
chromosome on each of the three major haplotype back-
grounds. The Senegal chromosome had a T at -158 5' to the
G'y gene; the Benin (BEN) chromosome had an A to G change
at -309 5' to the G-y gene; and the Central African Republic
(CAR) chromosome had a C to T change at -271 5' to the A-
gene. Genomic DNA from patients with sickle cell disease was
analyzed using the polymerase chain reaction and radiolabeled
allele-specific oligonucleotide probes. The -309 G variant 5' to
the Gy gene is associated with BEN chromosomes, and the
-271 T variant 5' to Ay with CAR. The -309 change was also
found on #'A-containing chromosomes, while the -271 change
was not. The -309 change may have predated the fts mutation
on the BEN chromosome. (J. Clin. Invest. 1990. 85:364-370.)
fetal globin genes * haplotypes * sickle cell disease

Introduction

The fi mutation causing sickle cell disease arose in Africa
independently on at least three distinct chromosomal back-
grounds or haplotypes, which are defined by the pattern of
polymorphic restriction enzyme sites within and flanking the
fl-like globin gene cluster (1, 2). The three haplotypes are geo-
graphically distinct and have been extensively studied in Sene-
gal, Benin, and the Central African Republic (CAR).'

The variability in hematologic characteristics between dif-
ferent patients with homozygous sickle cell disease (Hb SS)
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hemoglobin; MCV, mean cell volume; PCR, polymerase chain reac-
tion.

may be partially explained by the association with specific
haplotypes (1, 2). Sickle cell patients from Senegal have a high
hemoglobin F (Hb F) (mean 12.1%) and a low percentage of
irreversibly sickled cells. Their Hb F has a high percentage of
Gy chain (mean 69.7%), a finding typical of normal infants
(70% Gy/30% Ay), and unlike the 40% Gy usually found after
the first year of life. In contrast, the Benin patients have a low
Hb F (mean 7.4%), a higher proportion of ISC, and a Gy/Ay
ratio of< 50%. The CAR patients have a relatively higher level
of Hb F (mean 10.4%) and a low percentage of irreversibly
sickled cells, as in Senegal Hb SS patients, while they have a
low percentage ofGy (mean 40%), as do Benin Hb SS patients.
The CAR patients can be further divided into two subsets, one
with Gy < 38% and a low level of Hb F (mean 6.3%), and
the other with Gy > 38% and a higher Hb F level (mean
12.5%) (3-6).

Genetic factors linked to the fl-globin gene cluster on chro-
mosome 1 I have been implicated in potentiating the high ratio
of Gy to Ay (7, 8). The subhaplotype (+ - + +), referring to
Hind III and Hinc II polymorphic sites within the y- and the
4ifq-globin gene regions, is found in Senegal sickle cell patients.
This subhaplotype has also been associated with a high ratio of
Gy to Ay in a variety of sickle cell patients from Georgia,
Eastern Saudi Arabia, and one from Jamaica with Asian-In-
dian ancestry, as well as in patients with fl-thalassemia from
Algeria and Georgia (7, 9-12). Linkage of this subhaplotype
with a high ratio of Gy to Ay suggests that the area encom-
passing the Gy-Ay-44,i region may contain a critical control
element.

There is ample evidence from naturally occurring and in-
duced mutations that the 5' flanking regions of the y-globin
genes play an important role in expression. The "ATAA,"
"CCAAT," and "CACC" boxes are localized in this region and
are known to play a critical role in expression ofhuman globin
genes (13-16). Single-base changes occurring within a few
hundred bases upstream from the y-globin genes have been
associated with nondeletional forms of hereditary persistence
of fetal hemoglobin (HPFH) (17, 18 and Fig. 1). Mutations at
-198, -196, -175, or -117 bp from the Ay-cap site are asso-
ciated with Ay-f3+-HPFH, while changes at -202 or -175 5' to
the Gy gene are associated with Gy-#+-HPFH (15-23). Addi-
tional changes at -202 5' to Ay and at -158 and -161 5' to Gy
have also been found associated with elevated levels ofAy and
Gy, respectively, in patients with mild forms of sickle cell
disease (24).

Restriction enzyme analysis shows that a T residue at -158
5' to Gy, which creates an Xmn I site, is associated with a high
ratio ofGy to Ay and the (+ - + +) subhaplotype in sickle cell
patients from Senegal, Georgia, Turkey, Surinam, and Eastern
Saudi Arabia (9, 25, 26). This Xmn I site is also associated with
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a high Gy to Ay ratio in ,B-thalassemia patients from Algeria
(4). Only one chromosome associated with the base change is
necessary for elevated G'y to Ay ratios.
DNA sequence differences in the areas flanking the 'y-glo-

bin genes might account for differences in fetal globin gene
expression associated with the three sickle cell haplotypes.
Therefore, we isolated fetal globin gene clones from the three
major haplotypes and determined the sequence ofthe immedi-
ate 5' flanking regions. The association between sequence dif-
ferences and (3 haplotype backgrounds was then determined
by screening genomic DNA samples using dot blot analysis of
polymerase chain reaction (PCR) products.

Methods

Haplotype analysis. Analysis of DNA within the I-like globin gene
cluster from patients with sickle cell disease was performed as pre-
viously described (2, 27) using the following enzymes and probes: a
1.6-kb Cfo I -y-cDNA fragment isolated from JW1 51 (kindly supplied
by B. Forget, Yale University) (28) was used to probe for Hind III
polymorphisms within the fetal globin genes, and a 1.7-kb genomic Bgl
II/Xba I fragment containing ,lfl isolated from pP3.9 (kindly supplied
by T. Maniatis, Harvard University) (29) was used to probe for Hinc II
polymorphisms within and 3' to ,8. Some samples were further ana-
lyzed using a 1. 1-kb Eco RI fragment from pRK29 (kindly supplied by
R. Kaufman, University of North Carolina) (30) to probe for Hind III
polymorphisms 3' to the fl-globin gene, and/or a 550-bp genomic Rsa I
fragment to probe for the Rsa I polymorphic site 5' to the ,B-globin gene
(27). Data for American and Jamaican sickle cell populations show
that 89% of sickle cell patients possess one of the three major African
haplotypes, characterized by 11 restriction enzyme polymorphic sites,
and the remaining 11% comprise minor haplotypes (2). By analyzing
the Hinc II, Hind III, and Rsa I polymorphic sites, we could make
haplotype assignments and assume the presence of a major haplotype
with - 90% certainty (1, 12, 31).

Fetal globin genes on the Benin (BEN) haplotype background were
obtained for DNA sequence analysis from a previously described pa-i
tient who is heterozygous for Gy-,t-HPFH on one chromosome and
the sickle mutation on the other (18, 32, 33). The Senegal (SEN) and
CAR chromosome fragments were from two patients with sickle cell
disease. Hb F and Hb A2 levels were determined by alkali denaturation
and DEAE cellulose chromatography methods, respectively (34, 35).
Mean cell volume (MCV) was determined on an electronic counter
(model S+3; Coulter Electronics, Inc., Hialeah, FL). Ratios of G'y to
Ay were measured using reverse-phase, fast-protein liquid chromatog-
raphy (Pharmacia Fine Chemicals, Piscataway, NJ). Restriction en-
zymes Bam HI, Bcl I, Bgl II, Hinc II, Hind III, Rsa I, Sac I, Sau 3A I,
and Sst I were used under buffer conditions recommended by the
supplier (Bethesda Research Laboratories, Gaithersburg, MD, or New
England Biolabs, Beverly, MA).
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Figure 1. The immediate 5' flanking re-
gions ofGy- and Ay-globin genes. Po-
sition of base changes associated with
nondeletional forms ofHPFH are indi-
cated above line (-175 and -202) for
G'y- and below (-198, -196, -175,
and -1 17) for Ay-#+-HPFH. The
boxes refer to the CCACC (-145),
CCAAT (-115 and -88), and ATAAA
(-30) boxes, while asterisks indicate
the six single-base sequence differences
between Gy and Ay in the 5' flanking
region up to -471 bp from the cap sites.

Preparation ofgenomic libraries. Genomic DNA from the three
patients described above was isolated from peripheral blood leukocytes
(36), digested overnight with Bcl I or for varying times with Sau 3A I,
and fractionated by sucrose gradient sedimentation (37). DNA frag-
ments - 18 kb in size were isolated from gradients, dialyzed overnight
against 10mM Tris HCl, pH 7.8/1 mM EDTA, and the DNA was then
extracted with an equal volume of sec-butanol, precipitated with 2.5
vol of ethanol, and then resuspended in Tris-EDTA buffer (37). The
fragments were ligated to Bam HI arms of the lambda vector EMBL
3A (38), and phage were packaged and introduced into NM539 (39).
Approximately 7.5 X I04 recombinants were screened by filter hybrid-
ization (40) with a 'y-IVS 2 probe (supplied by 0. Smithies, Depart-
ment of Pathology, University of North Carolina, Chapel Hill, NC)
(41), and positive clones were purified after three rounds of plaque
purification. Fetal globin gene clones from the sickle cell patient het-
erozygous for SEN and BEN haplotypes were digested with Hind III to
distinguish between the two chromosomes (1), and the SEN clone was
used for further analysis.

Sequence analysis ofthe Gy- andAy-globin genepromoter regions.
Phage DNA encompassing the linked G-y-Ay globin genes on the three
,l haplotype backgrounds was prepared using CsCl gradients (37).
DNA was digested with Bam HI for 4 h, and the 2.6-kb 5' Gy- and
4.9-kb Ay gene fragments were isolated by electroelution (Interna-
tional Biotechnologies, Inc., New Haven, CT) after fractionation on a
0.7% (wt/vol) agarose gel.

The 2.6-kb Bam HI fragment, extending from the 3' end ofexon 2
to - 2,100 bp 5' to the Gy cap site, was ligated to Bam HI-digested
M13mpl9 (42). Ligations were performed using T4 DNA ligase at a
DNA concentration of 10 ng/,l and a molar ratio (insert/vector) of2: 1.
DNA was transfected into calcium-shocked Escherichia coliJM 107 or
HB O1, and bacteria were plated in the presence of isopropyl thioga-
lactoside and 5-bromo-4-chloro-indoyl-B-D-galactoside to identify re-
combinants (43). Double-stranded DNA was purified from clear
plaques (44), digested with Bgl II, and separated by electrophoresis on
agarose gels to determine the orientation of the inserts.

The 4.9-kb Bam HI 5'-Ay-gene fragment was digested with Sst I
and precipitated with M13mpl8 or M13mpl9 which had been di-
gested with Bam HI and Sac I. The 2.7-kb Sst I-Bam HI 5' Ay-gene
fragment extends from - 2,350 bp 5' to the Ay cap site to the 3' end of
exon 2.

Single-stranded DNA preparations were made from inserts in both
orientations and used as templates for sequence determination, using
the dideoxy sequencing method (45-47). Synthetic oligonucleotides,
one spanning -391 to -377 (ACTACAGGCCTCACT) and the other
spanning 53 to 71 (CTCTGTGAAATGACCCATG), were prepared by
the phosphoramidite method on an 380B DNA synthesizer (Applied
Biosystems, Inc., Foster City, CA) and used as primers for sequence
analysis of -y-globin genes from both loci.

PCR analysis of '- and f#'-containing chromosomes. Genomic
DNA was isolated from peripheral blood leukocytes (35) of normal
blacks and patients with sickle cell disease. Also, genomic DNA was
obtained from buccal epithelial cells (BEC) after a 10-s mouthwash
with 15 ml of0.9% (wt/vol) saline (48). BEC were pelleted by centrifu-
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gation at 500 g for 10 min, resuspended in 500 ,ul water, boiled for 10
min, centrifuged briefly, and an aliquot of the supernatant was used
for PCR.

Amplification was as described (49), with minor modifications.
Reactions in 100 td contained 0.5-2 ,g genomic DNA or 50 jul BEC
lysate, 50 mM KC1, 10 mM Tris-HCI, pH 8.3, 1.5 mM MgC12, 0.1%
(wt/vol) gelatin, 200 MM each of dATP, dGTP, dCTP, and TTP, and
30-50 pmol of the two primers (see Fig. 2). Samples were heated to
950C for 5 min, centrifuged briefly, 2.5 U Taq polymerase (Perkin-
Elmer Cetus, Norwalk, CT) was added, and the sample was covered
with 100 Ml paraffin oil. PCR was accomplished using a DNA thermal
cycler (Perkin-Elmer Cetus) for 30-35 cycles of amplification, with
each cycle defined as follows: 93-950C (1-2 min), 50-550C (1-2 min),
and 720C (2-5.5 min). Samples were then incubated at 4VC, extracted
once with 100 Ml chloroform, and 10 Ml (- 10% total) was electro-
phoresed on a 2% (wt/vol) agarose gel to monitor size of the amplified
product.

The sequences and positions of PCR primers (AI-A3) and radio-
labeled probes (P1-P4) are shown in Fig. 2. For monitoring the
G-y-309 variant, a 462-bp region was amplified using primers Al and
A3, which resulted in amplification of both G-y and Ay 5' flanking
regions. Synthetic oligonucleotide probes, P1 and P2, extending from
-300 to -318 5' to the Gy gene, and containing either the -309
normal (A) or -309 variant (G), respectively, were then used to screen
dot blots of the A1/A3 PCR products. The probes were constructed to
anneal selectively only to the Gy 5' flank. The Gy and A'Y flanking
sequences differ at positions -307 and -317 5' to their respective cap
sites (50), and probes P1 and P2 contain only the Gy sequence at these
sites, facilitating distinction between the two genes. For monitoring the
Ay -271 variant, a 734-bp fragment was amplified using primers A2
and A3 (see Fig. 2), which selectively amplified only the Ay 5' flank due
to sequence specificity of primer A2 for A'y (50). Oligonucleotide
probes, P3 and P4, extending from -280 to -2625' to the A-y gene and
incorporating either the -271 normal (C) or the -271 variant (T),

respectively, were used to screen dot blots ofthe A2/A3 PCR products.
It was important in this instance to amplify only the Ay 5' flank
because the -271 Ay variant is identical in sequence to the normal Gy
5' flank.

Dot blots, probes, and hybridizations. Typically, 20 Mil of the PCR
product was adjusted to 0.3 M NaOH in 40 M1 and incubated 3-5 min
at room temperature. 40 MlI of 1.2 M Tris- HCl, pH 7.4/3 M NaCl was
then added, and 40 Ml was applied immediately to a pre-wetted (with
20X standard saline citrate [SSCl = 3 M NaCl/0.3 M sodium citrate)
nitrocellulose membrane (0.45 Mm) using a dot blot or slot blot appara-
tus with vacuum applied (Schleicher & Schuell, Inc., Keene, NH).
Each well was rinsed with 40-50 ,l of 0.6 M Tris - HCl, pH 7.4/1.5 M
NaCl and the membrane was held under vacuum for 20-30 min and
then baked at 80°C for 2 h.

Membranes were prehybridized for 1-16 h at 37°C in 10 ml of6X
SSC/SX Denhardt's (0.1% [wt/vol] each of Ficoll, BSA, and poly[vi-
nylpyrrolidone])/50 mM sodium phosphate, pH 6.8/0.1 mg/ml dena-
tured salmon sperm DNA. Hybridizations were carried out at 370C for
2-16 h in 5 ml of the same solution containing 5 X 105-l X 106
cpm/ml of labeled oligonucleotide probe. The blots were then washed
three times for 15-30 min each in 100 ml of 6X SSC/0.05% (wt/vol)
sodium pyrophosphate, the first wash being at room temperature, the
second at 20C below the melting temperature (Tm) of the probe esti-
mated to have the lowest Tm [Tm = 4(G + C) + 2(A + T)], and the third
wash at an empirically determined temperature that adequately dis-
criminated annealing of the two probes. Membranes were sealed in
plastic wrap and autoradiographed at -70°C with two intensifying
screens.

Probes were labeled at their 5' end by the following procedure: 200
ng ofoligonucleotide in 3 Ml was heated to 90°C for 3 min, centrifuged
briefly, Ml lOX T4 polynucleotide kinase buffer (IX = 70 mM
Tris * HCl, pH 7.6/0.1 M KCI/10 mM MgCl2/5 mM DTT) was added,
and the reaction was transferred to a tube containing 15-20 Ml of
'y-[32P]ATP (> 5,000 Ci/mmol; Amersham Corp., Arlington Heights,

A PCR Primers and Probes

Al 5' ACTACAGGCCTCACTGGAG 3' (-391 to -373)
PCR PRIMERS A2 5' CATTAGGTCTTATATTATG 3' (-663 to -645)

A3 5' CTCTGTGAAATGACCCATG 3' (+53 to +71)

P1 5' GGTGGGAGMGAAAACTAG 3'
PROBES P2 5' GGTGGGAGAfGGAAAACTAG 3'

P3 5' AGAGAAAAAQTGGAATGAC 3'
P4 5' AGAGAAAAAITGGAATGAC 3'

(-300 to -318)
(-300 to -318)
(-262 to -280)
(-262 to -280)

B PCR Strategy

5'
CODING STRAND

NON-CODING STRAND

grA ene

3'

Ay
AIG
Gy

C Size of PCR Product

-391F

-663 F

462 bp

734 bp

4 71

-71

Figure 2. PCR analysis of the -309 Gy and -271 Ay
variants. Sequences ofPCR primers (A1-A3) and
probes (P1-P4) are shown with coordinates relative
to the cap site of the 'y genes in A. Underlines indi-
cate probe positions -271 or -309. Strategies for
PCR using primers Al and A3 for amplification of
G'y and Ay, or primers A2 and A3 for A'y are shown
with the normal (P1 and P3) and variant (P2 and P4)
probes in B. Expected size ofPCR products with co-
ordinates is shown in C.
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IL) that had been lyophilized to dryness in a Speed-Vac concentrator
(Savant Instruments, Inc., Hicksville, NY). The tube was vortexed
vigorously, centrifuged briefly, and 10 U of T4 polynucleotide kinase
(Bethesda Research Laboratories) was added. The reaction was heated
to 370C for 30 min, centrifuged briefly, and cooled on ice. The labeled
oligonucleotide was added to 50 mM KH2PO4 and then allowed to
bind to 20 mg of a C-18 resin (Corasil, 37-50 Mm; Waters Associates
Inc., Milford, MA), which had been pretreated with 50% methanol and
50 mM KH2PO4. The resin was rinsed once with water, and labeled
probe was eluted with 60% (vol/vol) methanol. An appropriate volume
of probe was added directly to the hybridization solution.

Results

Hb F, Gy, MCV, and haplotype analyses for the three patients
are shown in Table I. One patient was homozygous for t on
the CAR haplotype (+ - - -), the second was homozygous for
if but heterozygous for haplotypes BEN (- - - +) and SEN
(+ - + +), and the third was a compound heterozygote with a
nondeletional form ofGy-,+-HPFH on one chromosome and
a ,1 gene with a BEN haplotype background on the other.

The patient with one SEN chromosome expressed a high
level of Hb F (12.4%) and high Gy (6 1%), while the one ho-
mozygous for the CAR haplotype had a lower level of Hb F
(3.9%) and low Gy (36%). These results are consistent with
previous data (5, 6) and within the wide range found in pa-
tients with sickle cell disease in the United States. Since the
BEN chromosome came from a patient heterozygous for
G'y-(+-HPFH, the effect of the BEN haplotype on Hb F ex-
pression could not be discerned; the patient had a high Hb F
(29.5%), which was all Gy (18, 32, 33).

The DNA sequence of the immediate 5' flanking region
was determined for the Gy- and Ay-globin genes on the three
different haplotype backgrounds from -350 bp 5' to 10 bp 3' to
the cap sites, and compared with reference fetal globin gene
sequences (50) (Fig. 3). The Gky-globin gene on the BEN hap-
lotype background had an A to G change at -309 and a C at
-158, while the linked Ay gene sequence was identical to the
reference gene. The reference gene from the first report of this
sequence has a T at -158 in Gy, but recent data show that a C
is usually present here (15, 20, 25, 26). The Gy-globin gene
from the SEN haplotype background had the expected T at
-158, which is associated with a high Gy to A'y ratio in a
variety of patients with sickle cell disease and f3-thalassemia
(12, 25, 51). The Ay gene on this SEN chromosome was iden-
tical to that of the reference gene in the region of sequence
analysis. The Gy gene sequence from one of the two chromo-
somes from the patient homozygous for on the CAR haplo-
type background showed a C at position -158, while the
linked Ay gene had a T at position -271.

We next addressed the question of whether sequence
changes at -309 (A to G) 5' to the Gy gene on the BEN

Table L Haplotype and Hematologic Parameters

Patient MCV Hb F G-y

sM % %

CAR/CAR 85 3.9 36
SEN/BEN 95 12.4 61
BEN/G-y-fl-HPFH 93 29.5 100

BENIN

309 271
l l

( T

SENEGAL

309 271

CAR

Gy
158

C

158 m

A T 6

309 271 158

A T C

309 271
a

Ay
1 58

,..

A C C

Ay
309 271 158. , m
A C C

Ayf
309 271 158 m
i iA

A (D C

Figure 3. Base changes in the immediate 5' flanking region of the
gamma globin genes on the three African As haplotype backgrounds.
Sequence analysis spanned from -350 to 10 from the cap sites. Base
changes found are circled, and the normal base found in the other
two haplotypes is shown for comparison.

chromosome, and at -271 (C to T) 5' to the Ay gene on the
CAR chromosome were haplotype associated and only found
on ,'-containing chromosomes. Genomic DNA amplifica-
tions (PCR) using synthetic oligonucleotide probes were used
to amplify and analyze the fetal globin gene 5' flanking regions
(Fig. 2). A portion ofthe PCR product was electrophoresed on
a neutral agarose gel, revealing the presence of the anticipated
- 460 bp amplified product using primers Al and A3, and a
- 760-bp product using primers A2 and A3. Results of dot
blot analysis of the PCR products, using selective hybridiza-
tion of radiolabeled, allele-specific, synthetic oligonucleotide
probes are shown in Table II.

Ofthe 39 patients with sickle cell disease examined for the
-309 A to G change 5' to Gy, all 15 BEN homozygotes were
homozygous for G; one patient homozygous for SEN and one
for CAR were both homozygous for A. Of the 18 patients

Table II. Relationship between A to G Change at -309 G~y
or C to T Change at -271 Ay and Haplotype in Patients
with Sickle Cell Disease

Patient genotype

-309GO (A or G) -271 Ay (C or T)

Patient Total Total
haplotype A;A A;G G;G patients C;C C;T T;T patients

BEN/BEN 15 15 14 1 - 15
SEN/SEN I I - I
CAR/CAR I - I 2* 2
BEN/SEN 1 - 1 2* 2
BEN/CAR I 11 - 12 10 10
SEN/CAR 2 - 2 2 2
BEN/minor 5 - 5 5 - 5
SEN/minor - - I - I
CAR/minor I - 1 1 I
Minor/minor - - 1 1 - I
flA 8 7 3 18 12 - - 12

* One of these patients was the source of the CAR or SEN chromo-
somes for which sequence data are presented in this paper.
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identified as BEN heterozygotes, 17 were heterozygous at
-309 (A; G); 3 ofthe 4 non-BEN heterozygotes were homozy-
gous for A. Therefore, there is a strong association between the
BEN haplotype background and the -309 Gy variant in the
patients with sickle cell disease that we screened; 17 homozy-
gotes and 20 of 22 heterozygotes were consistent with this
association. Two patients violated this association: one with
two minor haplotypes was homozygous for G and one BEN/
CAR heterozygote was homozygous for A at this site. Ofthe 18
normal blacks (hemoglobin A) studied, 8 were homozygous
for A, 3 were homozygous for G, and 7 were heterozygous (A;
G), indicating a polymorphism at the site.

Of the 40 patients with sickle cell disease examined for the
-271 C to T change 5' to Ay, 2 CAR homozygotes were ho-
mozygous for T, one SEN homozygote and 14 of 15 BEN
homozygotes were homozygous for C, and the remaining BEN
homozygote was heterozygous (C; T). Of the 13 CAR hetero-
zygotes, all were heterozygous (C; T). Of the 9 non-CAR het-
erozygotes, all were homozygous for C. Therefore, there is an
association of the -271 Ay change with the CAR haplotype:
17 homozygotes and 22 heterozygotes were consistent with
this association, while 1 homozygote was not. None of 12
normal blacks (Hb A) examined had a T at the Ay -271
position.

Discussion

The 5' flanking regions ofGy- and A-y-globin genes are identi-
cal out to 471 bp 5' to the cap sites, except for six base differ-
ences clustered in the region -271 to -398 bp (Fig. 1) (50).
This divergent region may potentiate changes in Gy to Ay
ratios and Hb F levels. The sequence changes we found on the
BEN and CAR chromosomes occur in this region, and may be
important in the control of fetal globin gene expression. Our
PCR analysis ofa variety of,'-containing chromosomes shows
that the -309 variant 5' to the Gy gene predominates on BEN,
while the -271 change 5' to the Ay gene predominates on
CAR. The -309 variant was also found associated with Gy
genes on normal (3A-containing chromosomes (13 of 36 had
the variant), while the -271 variant was not. Although these
data are not sufficient to determine whether the sickle muta-
tion or the additional Gy alteration occurred first in each in-
stance, a possibility is that the -309 change predated the 1'
mutation on the BEN haplotype since it is also common in the
normal population, while the -271 change may have occurred
after or concurrent with the (3 mutation on the CAR chromo-
some. Another possibility is that the -271 change predated the
#S mutation on CAR, but that the frequency of this haplotype
in the normal population that we screened was too low to be
detected. Other arguments are equally feasible on the basis of
current data, and further population studies are now indicated.
The findings for the -309 Gy variant with respect to Hb F
production may be similar to the -158 C to T change 5' to the
Gy gene on SEN chromosomes; the presence of the -158
change on normal chromosomes is associated with limited
effect on fetal globin gene expression (24).

Sequence changes in the immediate 5' flanking region of
the fetal globin genes could affect gene expression by altering
chromatin structure, modifying DNA methylation patterns,
and/or potentiating changes in critical DNA-protein interac-
tions (17, 52, 53). A concensus core enhancer binding site

(TGGAATG) for SV40 is present in the -270-bp region 5' to
the y genes (24), so that sequence changes here might lead to
altered binding of ubiquitous or erythroid-specific protein fac-
tors (54, 55) resulting in changes in expression of the fetal
globin genes. The -271 (T) variant 5' to the Ay gene on CAR
chromosomes might lead to altered expression ofthe Ay gene.
The A to G change at -309 5' to the Gy gene on BEN chro-
mosomes occurs within an area so far not described to be
critical for fetal globin gene expression or protein binding.

Sequence analysis of the SEN chromosome revealed the
expected T at -158 5' to the Gy-globin gene cap site, with no
other base changes in the regions from the cap sites ofGy and
Ay globin genes up to -350 bp. Sequence analysis of the y-
globin promoter regions from an Eastern Saudi Arabian sickle
cell chromosome also showed a T at -158 5' to the Gy gene
and no other base changes (51). This alteration may be impor-
tant for gene expression because it is the only base change in
this region on a F3 chromosome associated with a high Hb F
and a high ratio of Gy to Ay. The presence of a T at -158
cannot, however, be solely responsible for the high Hb F and
high Gy/Ay phenotype, since normal Eastern Saudi Arabians
(genotype AA) with a T at -158 5' to the Gy-cap site and the
same subhaplotype (+ - + +) do not have increased Hb F in
peripheral blood or in burst-forming unit-derived cells (51).
Hemolytic stress appears to be required for an effect on fetal
hemoglobin expression.

The C to T change at position -271 5' to the CAR Ay gene
may, in fact, be the result of a gene conversion event causing
the Gy and AT genes to resemble each other more closely (Fig.
3), perhaps conferring changes in function of the Ay gene as
well. Analysis of the Gy and Ay genes on both chromosomes
from one individual (41) suggested that the 5' region of the
Ay-globin gene, from -50 to IVS 2, could convert by inter-
genic exchange, resulting in the linked Gy-Ay genes being
more alike than the two Ay genes. Alternatively, this change at
-271 could be a neutral polymorphism.

Results for the -271 AT variant may be of relevance to the
origin of an Rsa I polymorphism located - 550 bp 5' to the
(3-globin gene (27). Our earlier study showed association be-
tween CAR-containing (3 chromosomes and cleavage at this
Rsa I site (31). We have further extended those results with
analysis of additional patients in this report, and found the Rsa
I cut site was also present on a minor #'-containing haplotype
found in at least five unrelated families (seven total patients
with sickle cell disease). This minor haplotype (- - --+) (Rsa
I site follows the usual Hind III and Hinc II sites) differs from
CAR-containing (3 chromosomes at the Gy-Hind III site (-
instead of +), suggesting that either (a) the Rsa I polymor-
phism occurred once on CAR and then the chromosome di-
verged at the G'y-Hind III site, or (b) the polymorphism oc-
curred twice, independently on CAR and on the minor haplo-
type. Our results favor the latter explanation, because
Ay-globin genes on this minor haplotype background contain
C at the -271 position instead of T, which is associated with
the CAR haplotype. Analysis of haplotype frequencies and
distribution of these variants in the normal black population
should help delineate origins of these single-base changes.

Functional expression of isolated genes or 5' DNA regions
are now required to determine the role of these changes in the
expression of the fetal globin genes. Although the immediate 5'
flanking area is important, there is evidence that determinants
affecting Hb F expression may be in other parts ofthe fl-globin
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gene cluster on chromosome 11, or even on other chromo-
somes (56, 57). Further investigation including additional
DNA sequence analysis and functional studies will be neces-
sary to define these genetic determinants.
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Note added in proof Recently, after our manuscript was submitted,
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the -271 C to T change is part ofan Ay to Gy globin gene conversion
event in >80% offs chromosomes with the Bantu (CAR) haplotype.
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