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ABSTRACT A DNA fragment containing the deletion
junction region from an Indian individual with a type of
hereditary persistence of fetal hemoglobin has been cloned.
Using a probe isolated from this deletion-spanning clone, we
located the 3' breakpoint of the deletion in normal DNA to a
region 30 kilobase pairs (kb) downstream of the B-globin gene.
The deletion removes 48.5 kb ofDNA. Sequences ofthe deletion
junction and of the normal DNA surrounding the 3' breakpoint
were determined and compared to the previously determined
sequence of the normal DNA surrounding the 5' breakpoint.
This comparison shows that the deletion was the result of a
nonhomologous recombinational event, although there is a
5-base-pair (bp) region of local homology between the normal
DNAs at their breakpoints. The 5' deletion breakpoint occurs
in the Alu family repeat 3' to the Ay-globin gene. The 3'
breakpoint is located within a region that contains the follow-
ing: a portion of an Li (Kpn I) repeat, a perfect 160-bp
palindrome, and a set of 41-bp direct repeats that are found
elsewhere in the human genome. A variation in restriction
fragment lengths was observed in this region in one family.

More than 20 different deletions of over 100 base pairs (bp)
of DNA have been identified in the human P-globin gene
cluster. Many of these deletions remove part or all of the
f3-globin gene, giving rise to a thalassemia phenotype. How-
ever, in some instances of P-globin gene deletion, synthesis
of an unusually high percentage of fetal hemoglobin (Hb F)
persists throughout adult life and ameliorates the thalassemia
phenotype. This condition is known as hereditary persistence
offetal hemoglobin (HPFH). We have undertaken analyses of
the HPFH deletions to learn about the mechanisms involved
in chromosomal rearrangements in mammalian cells and to
identify regions important in the control of 83-globin chain
expression.

In the present study, we have characterized a deletion in
the ,B-globin gene cluster that is associated with increased Hb
F production in an Indian patient variously referred to as
GvAvHPFH type III (HPFH-3) or Indian HPFH (1). Patients
heterozygous for this deletion have 20-30% Hb F and other
hematologic parameters consistent with their classification as
HPFH (1, 2). This condition is distinguishable phenotypically
from two other forms of HPFH also associated with dele-
tions, HPFH-1 and HPFH-2 (3, 4), primarily on the basis of
the ratios of G0y- and Ay-globin chains in the Hb F of
heterozygotes (1, 2). HPFH-1 and HPFH-2 heterozygotes
have Gy to Ay ratios of about 50:50 and 30:70, respectively,
whereas HPFH-3 heterozygotes have a Gyto A y ratio ofabout
70:30 (1, 2, 5). In normal adults, in whom the amount of Hb
F averages less than 1%, this ratio is 40:60. Each of these
three deletions has been found as a compound heterozygote
with f8+ thalassemia, in which case the HPFH-3 deletion

gives rise to a thalassemia phenotype more severe than the
phenotypes associated with either the HPFH-1 or HPFH-2
deletions (5). This difference led Wainscoat and coworkers to
classify the phenotype associated with the Indian deletion as
a form of (8,3)0 thalassemia (5).

In previous studies the 5' breakpoint of the HPFH-3
deletion was mapped to a region 3' to the Ayglobin gene but
the location of the 3' breakpoint was not determined (1, 5). In
this study we used DNA cloning and sequencing methods to
locate the 5' and 3' breakpoints precisely and to characterize
the deletion event. Localization of both breakpoints of this
Indian HPFH deletion also enabled us to determine the length
ofthe deletion and to compare it to other deletions associated
with related phenotypes.

MATERIALS AND METHODS
DNA. High molecular weight DNA was prepared from

cultured human fibroblasts of a karyotypically normal em-
bryo (563, from Robert DeMars). DNA from the individual
B.P.C. (2), who is heterozygous for the HPFH-3 deletion, and
from the other individuals studied was isolated from leuko-
cytes by using the procedure of Poncz et al. (6) with minor
modifications.

Restriction Enzyme Mapping of Genomic DNA. Mapping of
genomicDNA and hybridizations were as described by Vanin
et al. (4). The yIVS probe is a 457-bp BamHI-Pvu II fragment
consisting principally of the 5' half of the second intervening
sequence of the G0yglobin gene. The 3' IH probe shown in
Fig. 1B is a 680-bp Fok I-Bgl II fragment isolated from a
plasmid subclone of phage IH21. Probe pRK28, provided by
R. Kaufman, is a 0.7-kilobase-pair (kb) Bgl II-EcoRI frag-
ment located 17 kb 3' to the 8-globin gene.
Phage Cloning. Preparative agarose gel electrophoresis

was used to isolate 9- to 18-kb fragments from a complete Xba
I digest ofDNAfrom individual B.P.C. These fragments were
ligated to Xba I arms of DNA from X phage Charon 35 (7).
Assembly of ligated DNA molecules into phage particles in
vitro was as described by Maniatis et al. (8). Resulting phages
were screened without amplification.
DNA Sequencing and Analysis. DNA sequencing was per-

formed as described by Maxam and Gilbert (9). Sequences
were determined either by sequencing both DNA strands or
by sequencing the same DNA strand at least twice. DNA
sequences were analyzed by using the software provided by
the University of Wisconsin Genetics Computer Group (10).
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RESULTS AND DISCUSSION
Isolation of a Clone Spanning the Indian HPFH Deletion

Junction. The genomic mapping data of Kutlar et al. (1)
identified a novel 11.5-kb Xba I fragment that is detected in
DNA from individual B.P.C. using a probe (yIVS) that
hybridizes to the second intervening sequence of the y-globin
genes. Their data showed that this Xba I fragment spans the
HPFH deletion. To isolate a clone containing this fragment,
recombinant phages containing size-fractionated Xba I frag-
ments from the heterozygous Indian HPFH individual were
screened with the yIVS probe. The size fractionation step
effectively excluded all other fragments that hybridize to this
probe. Six hybridizing phages were isolated, all containing
the 11.5-kb Xba I fragment identified by genomic mapping
(1). A restriction map of one of these phages, IH21, is
presented in Fig. 1B and shows that this phage contains the
fragments expected for a clone spanning the deletion.

Fig. 1 compares the published map of a portion of the
/3-globin gene cluster with the map ofthe phage IH21. The Bgl
II site normally found 5 kb downstream of the Avglobin gene
is absent in phage IH21, indicating that the 5' deletion
breakpoint occurs on the 5' side of that Bgl II site. The
furthest 3' site common to normal and Indian HPFH DNA is
an EcoRI site approximately 3 kb 3' to the Avglobin gene.
The deletion junction is therefore located within the 1.75-kb
EcoRI-BamHI fragment of phage IH21. This 1.75-kb frag-
ment was subcloned and its map was compared to that of
normal DNA from this region to localize the deletionjunction
to within 600 bp of the 3' end of the 1.75 EcoRI-BamHI
fragment (data not shown). The nucleotide sequence of this
region was determined and is presented below.

Localization of the Normal DNA Surrounding the 3'
Breakpoint. To locate the 3' breakpoint, normal genomic
DNA surrounding this breakpoint (which we call the 3'
normal DNA) was mapped by using a unique probe from
phage IH21 isolated from the 3' side of the deletion junction.
The location of this probe (3' IH) is shown in Fig. 1B. The
normal genomic map derived from the use of this probe is
shown in Fig. 1C. When the map derived from genomic DNA
is compared to the map of phage IH21 there is complete
agreement with all restriction enzyme sites located on the 3'
side of the deletion junction. This comparison also agrees
with the location of the 3' deletion breakpoint between the
Nco I and BamHI sites in Fig. 1C.

Our hybridization data and the map of the 3' normal DNA
enabled us to locate the 3' breakpoint to a region 3' to the
,B-globin gene already cloned by Grosveld and coworkers.
They have isolated overlapping cosmid clones that extend at
least 40 kb 3' to the &3-globin gene. Within these cosmids are
two adjacent Bgl II fragments of 6.1 and 1.72 kb (F. G.
Grosveld, personal communication) that correspond in size
to the Bgi II fragments seen in the normal DNA surrounding
the 3' end of the Indian HPFH deletion (see Fig. 1 B and C).
In addition, probe 3' IH hybridizes to a cosmid subclone,
GSE340 (kindly provided by F. G. Grosveld), that contains
the 6.1- and 1.72-kb Bgi II fragments as well as the DNA
extending to the Kpn I site identified by an asterisk in Fig. 1C.
The restriction enzyme map of the plasmid GSE340 agrees
completely with the map of the region generated by mapping
genomic DNA with the 3' IH probe (not shown). We there-
fore determined the sequence of the region between Nco I
and BamHI sites in plasmid GSE340, and we present the
sequence below.
These hybridization and mapping data indicate that the 3'

HPFH-3 deletion breakpoint is located 30 kb 3' to the
,l3globin gene, in a previously cloned region. Consequently
the length ofthe HPFH-3 deletion can be calculated; it is 48.5
kb.
DNA Sequence Analysis of the Deletion Junction and 5' and

3' Breakpoints. The nucleotide sequences of the regions
encompassing the 5' and 3' breakpoints in normal DNA, and
of the deletion junction, were determined and used to
characterize the nature ofthe deletion event. Fig. 2A presents
an alignment ofthese sequences. The sequence of the normal
DNA in the region of the 5' breakpoint (which we call 5'
normal DNA, or 5'N) is part ofthe sequence ofthe Alu family
repeat that occurs 3' to the Av.globin gene. This sequence had
already been determined in our laboratory (John Devereux,
personal communication). The sequence of the deletion
junction region (DEL), indicated in Fig. 1B, is from a
subclone ofphage IH21. The 3' normal DNA sequence (3'N),
indicated in Fig. 1C, was determined from the plasmid
GSE340. Homology between the 5' normal and deletion
junction sequences ends between positions 189 and 190. This
position is within the Alu family repeat approximately 40 bp
from the poly(A) sequence found at the 3' end of Alu
sequences (11). The deletionjunction sequence and 3' normal
DNA sequences are identical from position 185 to the ends of
the sequenced regions, indicating that the 3' breakpoint is
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FIG. 1. (A) Map of the normal P-globin gene cluster between the A. and 8-globin genes. A solid horizontal arrow shows the location of an
Alu family repeat. The hatched box shows the region hybridizing to the 'yIVS probe. The location ofthe 5' normal DNA sequence (5'N) presented
in Fig. 2A is indicated. q3,8 indicates a f-globin pseudogene. (B) Map of the 11.5-kb Xba I fragment insert of phage IH21 that spans the deletion
junction (indicated by a vertical arrow). The solid box near the vertical arrow indicates the Alu family repeat, part of which has been deleted.
The location of the deletion-spanning DNA sequence (DEL) is shown. The location of the 3' IH probe (see text) is indicated by a hatched box.
The portion of the clone 3' to the deletion junction is represented by a broken line. (C) Map ofihe normal 3' DNA of the Indian deletion. All
restriction sites shown were derived from mapping normal genomic DNA by using the 3' IH probe. The asterisk indicates a Kpn I site discussed
in the text. The bracket indicates the 3' normal sequence (3'N) presented in Fig. 2A. Restriction enzyme abbreviations: B, BamHI; Bg, Bgi II;
E, EcoRI; H, HindIl; K, Kpn I; Nc, Nco I; S, Sst I; St, Stu I; X, Xba I.

A. 5 Normal

B. IH21

C. 3-Normal
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A
120

3 'N CCATGGTGT6TATGTGCCACATT TTCTTAAT CCA6.TCTAT CATTGTT6GIGCATTT66GGTTGGTT CCAA6TCTTTGCTAT TGTGAATAGT6CCGCAATMAATT.CATTTAC'AACCTTTAG
240

5 'N G6A6GCTGAGGCAGGAGAATGGCGTGAACCTGGGAGGCAGAGCTTGCAGTGAGCAGAGATCGCG CCACjI6CACACTCCAGCTTGGGTGACAAAGCGAGACTCCATCTCAAAAAAAAAAAA
111111111111111111111111111111111111111111111111111111111 111 1111 11 11

DEL GGAGGCTGAGGCAGGAGAATGGCGTGAACCTGGGA66CAGAGCTTGCAGTGAGCAGAGATCGCG CACITATTCTTTGTTCCTCACCATGAAATATGGAACTGGAGAACTTTCATGTCT

3' N CTAGACATGAAAGTTCTCCAGTTCCATATTTCATGGTGAGGAACAAAGAATATAGTGGGGATC CCCA TATTCTTTGTTCCTCACCATGAAATATGGAACTGGAGAACTTTCATGTCT

360
' N AA^AAAAAAAAGAAAGAAAG^AAAGAAAAAAAAAGTGATGAAAT TGTGTATTCAATGTAGT CTCAAGAGAATTGAAACC;AGAAAG6.CTG'TGTGG.CTTC TTCCACATA^AGCTTGGATGA

III I 11 11 111 Il II II
DEL AGCTAAAGGTTTGTAAATGCAC CAAT CAGCAATCT6TGTCTAACTCAAGGTTTGTAAAGGCACCAAT CAGCACCCTGTGTCTAGCTCAAGGTTTGTAAATGCACCMTCAGTGCTCT6TG

3 'N AGCTAAAGGTTTGT^AATGCAC CAATCAGCAATCTGTGTCTAA CTCAAGGTTTGTAAAGGCAC CAATCAGCACC CTGTGTCTAGCTCAAGGTTTGTAA^TGCACCAATCAGTGCTCTGTG

480
S'N ATAACGGATAACACGTTGTTACATTGTCTCACAACTCCTGATCAGGAATTGATGGCTAAGATATTCGTAATTCTTATCCTTCTCAGTTGTAACTTATTTCCATTTGTCAGCTTCAGGTAT

II1 11111 11
DEL TCTAGCTAATCTAGTGGGGACTTGGAGAA CTTTTGTGTCTAGCTAAAGGATTGTAAATG6CACTAATCAGCACT CTGTTCTAGCTCAAGGTTT6TAAATGCACCAATCAGCACTCTGTCA

3 'N TCTAGCTAATCTAGTGGGGACTTGGAGAA CTTTTGTGTC TAGCTAAAGGATTGTAAATGCACTAATCAGCACT CTGTGTCTAGCTCAAGGTTTGTAAATGCACCAATCAGCACTCTGTCA3'~N

600
5'NTGCGNCTGCTGGCGAAGTCCTTGAGAAACAAACTGCACANTGGATGGTGGGGGTAGTGTAGGAAAATGGAGGGGAAGAGTAAAGTTTCAAATTAAGCCTGAACAGCA;AGTTCCCCTG

11 11 11111 11 11 III 11
DEL AAACGGACCAATAAGCTCTCTGTAAAAT6GGCCAATCAGCAGGATGTGGGTGGGGT CAGATAAGGAAATAAAAG6CAGGCTGCCAGAGC CAGCTGTGACAACGGACTTGGGTTCCCTACCA

3 'N AACGGAC CAATAAGCTCT CTTAAAATGGGC CAATCAGCAGGATG6TGGGTG T CAGATAAGGAAATAAAAGCAGGCTGCCAGAG CCAGCTGTGACAACGGACTTGGGTTC CCTACC

DEL TGCTGTGGAAGCTTTGTTCTTTTATTCTTCACAATAAATCTTACGCTGCTCACTC

3'N TGCTGTGGAAGCTTTGTTCTTTTATTCTTC

B

¢---¢-----eEE
v I

I

50 bp

FIG. 2. (A) Sequences from the regions of the Indian HPFH deletion junction and of normal DNA surrounding the 5' and 3' deletion
breakpoints. The 5' normal sequence (5'N) is from the Alu family repeat found 3' to the A-tglobin gene (see Fig. 1A) and was kindly provided
by John Devereux. The deletion-spanning sequence (DEL) is from the region of clone IH21 indicated in Fig. 1B. The 3' normal sequence (3'N)
is derived from clone GSE340 in the region indicated in Fig. 1C. The regions of the deletion junction and 5' and 3' breakpoints are enclosed
in a box. Vertical lines connect identical bases. The 160-bp palindrome in the 3'N sequence is underlined with heavy solid and broken arrows.
Two pairs of short direct repeats discussed in the text are indicated by a pair of light solid and a pair of light broken arrows. (B) Representation
of the repeated sequences surrounding the HPFH-3 3' breakpoint (marked with a vertical arrow). The broken bar with an arrow indicates the
Li repeat and its orientation. The large open arrows show the 160-bp palindrome. The solid bars and arrows show sequences belonging to a
family of tandem repeats discussed in the text. The hatched boxes indicate sequences that are unrelated to the family of tandem repeats but
occur within one copy of these repeats (see text and Fig. 3A). These sequences also occur within the 160-bp palindrome.

between positions 184 and 185. Since the five residues,
CCACT, between positions 184 and 190 are identical in all
three sequences, we assign the deletion junction point and
deletion breakpoints to between positions 184 and 190 of the
relevant sequences.
With the exception of the 5 bp in common at the

breakpoints, the sequences surrounding the 5' and 3'
breakpoints in normal DNAs show no significant homology
to each other. Computer searches for homology included
comparing the 5' and 3' normal sequences by dot matrix
analysis and by alignment ofboth sequences with and without
gaps and comparing the number of matches to the number of
matches found when one of the sequences was scrambled.
Junctions of this type, in which there are a few nucleotides (1
to 5) of identity at the junction but in which there is no
extensive homology between the recombining DNAs, are
frequently observed in the products of nonhomologous
recombinational events in mammalian cells. For example,
Roth et al. (12) observed that 5% ofjunctions involving viral
DNA analyzed at the nucleotide sequence level contain as
many as 5 bp of homologous sequence at the junction.
Repeated Sequences Near the 3' Breakpoint. The DNA

surrounding the Indian HPFH 3' breakpoint was found by
computer analysis to contain a complex array of repeated
sequences, including a part of a Kpn or Li repeat (13), a long
palindrome, and a set of short tandem repeats. This array is
shown schematically in Fig. 2B. Bases 1 through 100 of the
3' normal sequence are 98% identical to bases 5654 through
5555 of the 6000-bp consensus Li family sequence (M.
Singer, personal communication). The portion of the Li re-

peat seen here is in the 3'-to-5' orientation with respect to the
previously defined 5'-to-3' orientation of Li repeats. Since
the sequence upstream of the 3' normal sequence shown in
Fig. 2A was not determined, the total length of the Li repeat
is not known.
A perfect palindrome occurs in the 3' normal DNA span-

ning a region of 160 bp beginning at position 102 and ending
at position 261. The two 80-bp halves of the palindrome,
indicated in Fig. 2B by large open arrows and in Fig. 2A by
a heavy solid arrow and a broken arrow under the normal 3'
sequence, could form an 80-bp stem and loop structure. The
midpoint of the palindrome repeat is between positions 181
and 182, only 3 bp from the 3' breakpoint of the IH deletion.
Because at least three bases appear to be required in a DNA
loop because of conformational constraints (14), the 3'
breakpoint may be within a single-stranded loop at the end of
a stem-loop structure in normal DNA.
A set of short tandem repeats also occurs in the 3' normal

DNA, as shown in Fig. 2B from position 237 through position
522. These repeats consist of a 41-bp sequence repeated
wholly or partially at least seven times, with one interruption
of 24 bases of unrelated sequence at positions 370 through
393. The sequences TAGTGGGGA and TGGAGAACTTIT
from the 24 bases of unrelated sequence are also found
elsewhere in the 3' normal sequence, at positions 173-181
and 223-233, as indicated by light arrows in Fig. 2A and by
heavy and light hatched boxes in Fig. 2B.

Fig. 3A shows an alignment of the short repeats illustrated
in Fig. 2B. Pairwise comparisons show that the sequences of
different copies of the direct repeat are 85-100% identical to
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A. 3' NORMAL SEQUENCE

INV 126 GTCTAGCTAAAGGTTTGTAAATGCA 102

1 237 GTCTAGCTAAAGGTTTGTAAATGCACCAATCAGCAATCTGT 277
1111111 IllII1111 IIII1111i iii1

2 278 GTCTAACTCAAGGTTTGTAAAGGCACCAATCAGCACCCTGT 318
11111 IIIIIIIIIIIIIII Il111111111 1 1111

3 319 GTCTAGCTCAAGGTTTGTAAATGCACCAATCAGTGCTCTGT 359
11111111 1 .I11

4 360 GTCTAGCTAA tctagtggggacttggagaacttt TGT 396

5 397 GTCTAGCTAAAGGATTGTAAATGCACTAATCAGCACTCTGT 437
11111111 liii I11111111111 11111111111111

6 438 GTCTAGCTCAAGGTTTGTAAATGCACCAATCAGCACTCTGTCAAAACGGACCAATAATCTCTCTGT 503
liii1111111111

7 504 AAAATGGGCCAATCAGCA 521
C

B. Consensus GTCTAGCTAAAGGTTTGTAAATGCACCAATCAGCACTCTGT

C. 66 bp
Consensus

GTCTAGCTAAAGGTTTGTAAAYGCACCAATCAGCACTCTGTAAAAACGCACCAATCAGCRCTCTGT
L IL A

16 bp 25 bp 25 bp

FIG. 3. (A) Alignment of the direct repeats in the 3' normal DNA. The copies of the repeated sequence are aligned to show their homologies
to each other and to the previously identified repeat shown below in C. All bases from positions 237 through 521 are shown. Sequence segments
written in lowercase show no similarity to the repeats. A portion of the repeat found in inverted orientation, positions 126 through 102, is labeled
INV. (B) A 41-bp consensus sequence of the repeating unit. (C) A consensus sequence derived from the 66-bp repeating unit reported by Yang
and coworkers (15). The sequence shown is the reverse complement of the sequence they report. The limits of the duplicated 25-bp unit and
the 16-bp unit are shown.

each other. The consensus of the 41-bp repeat unit is shown
in Fig. 3B. Note that the ends of the 160-bp-long palindrome
contain 25 bp of this 41-bp repeat. In total there are eight
complete or partial copies of this 41-bp repeated sequence;
the seven copies between positions 237 and 521 are in the
same orientation and the copy between positions 102 and 126
is in the opposite orientation. This complex array suggests
that the region has undergone multiple rearrangements.
The short repeats found near the Indian HPFH deletion 3'

breakpoint are closely related to a set of repeats described
previously by Yang and coworkers (15). These workers
identified an array of eight 66-bp tandem repeats in a clone
isolated from human DNA. Their 66-bp element consists of
two almost identical 25-bp sequences and an unrelated 16-bp
region. A comparison of the 41-bp consensus sequence of the
repeats described here (Fig. 3B) to the consensus sequence of
their 66-bp repeat unit shown in Fig. 3C shows 100o
homology between them. Although the basic repeat unit
characterized here consists of alternating 25-bp and 16-bp
segments, rather than the two 25-bp units alternating with one
16-bp segment seen by Yang et al. (15), the two repeats are
closely related.
The short repeats 3' to the Indian HPFH deletion are

repeated elsewhere in the human genome. A DNA fragment
containing these repeated sequences was labeled and hybrid-
ized to a Southern transfer of restriction enzyme digests of
human genomic DNA. Hybridization of the repeated se-
quence to genomic DNA gave a smear throughout the lanes
(data not shown). No specific hybridizing bands [such as are
seen in DNA hybridized to Kpn or Li family repeats (16)]
were apparent. Restriction enzymes used included HindIII,
Bgl II, EcoRI, Xba I, Kpn I, and BamHI.

Variations in the Lengths of Genomic and Cloned 3' Normal
DNA. The region surrounding the Indian HPFH 3' breakpoint
appears to be particularly susceptible to recombinational
events both in vivo and during cloning. To analyze genomic
DNA arrangements in this region in the general population,
DNA from 16 individuals of Black, Caucasian, or Asian
origin was digested with Nco I and Bgl II and hybridized to
the 3' IH probe. The map of the 3' normal DNA (Fig. 1C)

predicts that this probe should detect a 1.7-kb Nco I-Bgl II
fragment containing the region ofinverted and direct repeats.
In 14 individuals only the expected fragment was detected.
However, DNA from two related Black individuals (A.R. and
T.R.) was found to contain both 1.7- and 1.6-kb Nco I-Bgl II
fragments (Fig. 4). A.R. and T.R. thus appear to be
heterozygous for different length Nco I-Bgl II fragments in
this region. Additional mapping ofDNA from A.R. and T.R.
confirms that the length difference results from a deletion of
DNA between the Nco I and BamHI sites in this region. In
Sst I-Bgl II digests two bands of 3.3 and 3.2 kb are seen in
A.R. and T.R. DNA, but only a single 1.1-kb band is seen in

co cc cc 0 ccm 0 cc cc(V, Lo L

-3.2

-N B
Nc-Bg S-Bg B-Bg

FIG. 4. Autoradiograms demonstrating the restriction fragment
length variation detectable with the 3' IH probe. Lanes labeled 563
containDNA that does not show variation. Lanes labeledAR and TR
contain DNA from two related individuals who are heterozygous for
the length variation. Restriction enzymes: Nc, Nco I; Bg, BEg II; S,
Sst I; B, BamHI. Fragment sizes are given in kb.
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BamHI-Bgl II digests from these individuals (Fig. 4). The
simplest explanation of these data is that a small deletion has
occurred between the Nco I and BamHI sites in one chro-
mosome of these two individuals. Such a deletion would alter
the sizes of both the Nco I-Bgl II and Sst I-Bgl II fragments
but would not affect the size of the BamHI-Bgl II fragments
(see Fig. 1C).
The molecular event that generated this length variation

may have involved the 160-bp palindrome, the shorter direct
repeats, or both. When we attempted to isolate the normal
DNA surrounding the 3' breakpoint we found that several
clones from this region had rearranged during cloning (data
not shown). For example, one of these clones had suffered a
deletion of 82 bp within the palindrome from position 149 to
230 but was otherwise identical to the normal 3' sequence
presented in Fig. 2A. A similar deletion in the inverted repeat
in genomic DNA could account for the length difference in
individuals A.R. and T.R. Alternatively, rearrangements of
the tandem repeats in this region may be responsible for the
small deletion. Recombination between directly repeated
sequences has been shown in several instances to be a source
of length polymorphisms in genomic DNA (17-19).

Effect of the HPFH-3 Deletion on Hemoglobin Expression.
Three hypotheses have been proposed to account for the
effects of various deletions on the expression of fetal hemo-
globin in affected individuals. (For reviews see refs. 20 and
21.) One hypothesis is that a regulatory region exists between
the At and 8-globin genes, the deletion of which results in
increased Hb F synthesis (22). This hypothesis is compatible
with the phenotype associated with the HPFH-3 deletion,
since the deletion removes the region of DNA previously
implicated as the control region. A second hypothesis pro-
poses that fetal and adult globin gene chromatin domains
have distinct 5' and 3' boundaries and that persistent expres-
sion ofHb F occurs when the adult domain is partly or totally
deleted, leaving the fetal domain functional (23). The HPFH-
3 deletion is also compatible with this hypothesis because it
could be assumed to remove 48.5 kb ofDNA from the domain
containing the adult 8- and p-globin genes, leaving the fetal
globin domain intact. The third hypothesis suggests that the
expression of the fetal globin genes is at least in part
controlled by the "new" DNA that has been brought adja-
cent to them by the deletion event (3). Because the DNA
sequences brought near to the fetal globin genes in the
HPFH-3 case are different from the "new" sequences in any
other deletion described to date, the validity of the third
hypothesis cannot be evaluated by the present case.
The three deletions, HPFH-1, -2, and -3, are each associ-

ated with different Gy to Ay chain ratios. These differences
could be the result of the different extents of these three
deletions; that is, the locations of the breakpoints or the
lengths of the deletions could in some way lead to differential
expression of the two fetal y-globin genes. Alternatively, it is
possible that the different Gy to Ay ratios observed are due at
least in part to additional mutations that are linked to the
deletions, which alter the ratio of Gy to Ay chain expression.
For instance, single base changes that apparently affect
,--globin gene expression have recently been described for
both the and -globin genes (for reviews see refs. 21 and
24).
We have precisely located the breakpoints of the deletion

associated with HPFH-3. The 5' breakpoint is in the Alu
family repeat found between the Atr and q43-globin genes.
The 3' breakpoint is found in a region containing several
different types of repeated DNA. This breakpoint is located
very close to a possible single-stranded loop of a stem-loop
structure formed by a palindrome in the area. The possible

secondary structure in this region may have facilitated the
breakage event. The palindrome lies between an Li (or Kpn

I) repeat and a set of tandemly repeated sequences found
elsewhere in the genome. We have detected a length differ-
ence in the DNA containing these repeats in one family.
Clones encompassing this region are difficult to isolate and
they frequently rearrange during growth. Taken together,
these results suggest that this region is a highly recombino-
genic part of the human genome.
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