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ABSTRACT

A clone was isolated that contains the deletion éunction region from an
individual with a deletion associated with Chinese Gy*(Ay8B)© thalassemia. A
clone containing the normal DNA corresponding to the 3' breakpoint of this
deletion was also isolated. Portions of these two clones were sequenced and
compared to the region in the Ay-globin gene where the 5' breakpoint occurs.,
This comparison reveals that the breakage and reunion event was nonhomologous
and that it probably involved the insertion of 36-41 bases of DNA belonging to
the L1 (Kpnl) family of repetitive DNA. Genomic mapping revealed that the DNA
on the 3' side of this deletion is closely linked in normal DNA to the 3'
breakpoints of two different large deletions that are associated with
hereditary persistence of fetal hemoglobin (HPFH). We cloned and mapped 35
kbp of normal DNA from this region (greater than 45 kbp downstream of the
human B-globin gene) that contains the 3' breakpoints of the Chinese
thalassemia and the two HPFH deletions. An endogenous retrovirus-like element
and several other repetitive sequences are located within this region. We
show that the Chinese thalassemia deletion is greater than 80 kbp in length
and differs in size from the two HPFH deletions by less than 6%. We also show
that the Chinese thalassemia deletion is at least 40 kbp larger than several
other deletions associated with a very similar phenotype.

INTRODUCTION

The human B-globin gene cluster is one of the most thoroughly studied
regions of DNA in any mammal. Numerous naturally-occurring mutations
affecting expression of the adult B-globin gene have been described and
characterized at the DNA sequence level (1, 2). The majority of these
mutations are single nucleotide changes, but some are due to large deletions
or rearrangements of DNA. Some of the deletion mutations are associated with
changes in the expression of genes in the B-globin cluster that are not easily
interpretable. Most of the deletions are associated with thalassemia of
varying degrees of severity, but some give rise to the virtually asymptomatic
condition of hereditary persistence of fetal hemoglobin (HPFH) in which the
fetal y-globin genes remain active in adult life (3). Two hypotheses have

been suggested to account for this persistence of fetal chain synthesis: 1,
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the deletions remove sequences within the B-globin gene cluster that normally
suppress expression of the fetal globin genes in adults (1, 4); or 2, the
deletions juxtapose sequences next to the fetal genes that act to increase
their expression (1, 5). We have studied deletions associated with abnormal
globin gene expression in an attempt to distinguish between these two
possibilities and to gain insight into the normal process of hemoglobin
switching during development.

Naturally-occurring deletions are also useful in the investigation of the
nature of recombinational events that occur within mammalian genomes. Close
to 20 different deletions that remove part or all of the B-globin gene or
affect its expression in some way have been identified (1). Two of these, the
deletions associated with Hemoglobins Lepore and Kenya, appear to be the
result of homologous recombination between closely related linked genes
(6, 7). DNA sequence analysis has revealed that four of the deletions
associated with different types of B thalassemia resulted from nonhomologous
DNA exchanges (8-10). We have continued to analyze other B-globin gene
deletions with the aim of learning more about the mechanisms involved in these
DNA rearrangements.

We report here the cloning of the deletion junction region in a case of
Gy+(5763)0 thalassemia found in China (11, 12). The DNA sequence of the
deletion junction was determined and compared to the two normal sequences
involved in its formation. The sequence features revealed by this analysis
are discussed in terms of the recombination event that led to the deletion.
In‘addition, the normal DNA encompassing the 3' breakpoints of the Chinese
thalassemia deletion and two deletions associated with HPFH was isolated and
characterized. The extent of the Chinese Gy*(AySR)© thalassemia deletion was
compared to the extents of other deletions associated with Gy+(AysR)o
thalassemia and with HPFH. This comparison is discussed in relation to the
mechanisms of generating large deletions and in relation to the hypotheses
regarding the persistence of fetal globin gene expression caused by gene

deletion.

MATERIALS AND METHODS

Sources

The normal human DNA used in all cloning and mapping experiments was
isolated from cultured fibroblasts from a normal female abortus (13). DNA
from the individual (AH) heterozygous for the Chinese thalassemia deletion was

provided by Dr. David Weatherall.
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Probes and Hybridizations

The YIVS2 probe (box 1 in Figure lc) is a 457 bp BamHI-PvuIl fragment
from the large intervening sequence of the Ay-globin gene. Probes 2 and 3
(boxes 2 and 3 in Figure lc) are respectively a 470 bp RsaI-HindIII fragment
and a 1.4 kbp EcoRI-Stul fragment from the 3' side of the Chinese thalassemia
deletion junction. The 3' HPFH-2 probe mentioned in the text but not shown in
Figure 1 is a 1.08 kbp SstI-BamHI fragment (called probe W in ref. 8) from the
3' side of the HPFH-2 deletion junction.

The L1 (KpnI) repeat family probes, pCa4A-10 and pCa4A-12, are two halves
of a long primate L1 family member and were provided by Dr. Maxine Singer.

The Alu family probe was isolated in our laboratory and contains the Alu
repeat found immediately 5' to the Gy-globin gene.

Mapping of genomic DNA and hybridizations were performed as described
previously (8).

Cloning

Clone ChT-1, mentioned briefly elsewhere (14), was obtained from a
library constructed by isolating, by preparative agarose gel electrophoresis,
5 to 7 kbp fragments from a complete BamHI-BglII digest of DNA from an
individual (AH) with Chinese thalassemia and ligating these fragments into
BamHI arms of DNA from A phage Charon 27 (15). The ligated DNA was then
packaged in vitro (16) and the resulting phages screened without
amplification. Clone B1H2-1 has been described previously (8) and contains a
14 kbp deletion-spanning BamHI fragment from an HPFH-2 homozygous cell line.

Phages N3'R-2 and N3'Bdel-3 were obtained from a library containing 8-10
kbp fragments of a complete HindIII digest of normal DNA ligated into HindIII
arms of A phage Charon 30 (15). Phages N3'3-1 and N3'B-4 were isolated from a
Charon 32 (17) partial EcoRI library constructed by Dr. Jerry Slightom from
normal DNA. Phage N3'B-5 was isolated from a Charon 30 partial Sau3A library
constructed in our laboratory by Dr. Elio Vanin from normal DNA. Probe 2
(Figure 1lc) was used to obtain phages N3'B-1 and N3'f-2. Phages N3'B-4 and
N3'8-5 were obtained using the 1.08 SstI-BamHI fragment from phage BlH2-1.
Phages N3'Rdel-3 and N3'R-4 were referred to previously as N30Hdel-1 and
N32E-14 respectively (14).

DNA Sequence Analysis

All DNA sequences were determined by the method of Maxam and Gilbert
(18). More than 90% of the sequences were determined from both DNA strands

and the remainder were sequenced at least twice. DNA sequences were analysed
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using software provided by the University of Wisconsin Genetics Computer Group
(19).

RESULTS

Isolation of a Clone Spanning the Chinese Thalassemia Deletion Junction

From genomic mapping and solution hybridization analysis, Jones et
al. (12) determined that the deletion associated with Chinese Gy*(Ay8B)o
thalassemia (Ch-thal) has its 5' endpoint in the Ay-globin gene and extends in
the 3' direction deleting the YB-, §- and B-globin genes. (The terms 5' and
3' are assigned relative to the direction of globin gene transcription.) The
5' breakpoint of the Ch-thal deletion was localized to between the Xbal and
Hpal sites in the large intervening sequence of the Ay globin gene (12). A
restriction enzyme map of the affected chromosome in the region of the
deletion junction is shown in Figure 1b where it is compared with a map of the
normal fetal globin gene locus shown in Figure la. The sites 3' to the
deletion junction were determined by mapping DNA from an individual (AH)
heterozygous for the Chinese thalassemia deletion (12, unpublished data). The
map of the DNA on the 3' side of the deletion is not similar to any mapped
region downstream of the B-globin gene (1, 20, unpublished data) suggesting
that the 3' deletion breakpoint is in a region not previously cloned.

To characterize the Ch-thal deletion junction, a phage clone containing
the 6 kbp BamHI-BglII fragment that spans the deletion junction was isolated
and analyzed. A restriction enzyme map of the insert of this clone, ChT-1, is
shown in Figure lc and agrees with the genomic map of DNA from the patient AH
(Figure 1b). The first mapped restriction enzyme site on the 3' side of the
deletion junction in the cloned DNA is a Rsal site (starred in Figure lc).
Thus the deletion junction occurs within the PvulI-Rsal fragment of ChT-1, a
distance of approximately 280 bp. The 1.2 kbp BamHI-EcoRI fragment from phage
ChT-1 that spans the deletion junction was subcloned into a plasmid and the
DNA sequence of the 280 bp PvuII-Rsal fragment was determined.

Isolation of a Normal Clone Containing the 3' Deletion Breakpoint

To clone the normal DNA surrounding the Ch-thal 3' breakpoint, two
fragments containing single copy sequences from the 3' side of the deletion
junction (boxes 2 and 3 in Figure lc) were isolated from subclones of phage
ChT-1. These fragments were used as probes to screen phage libraries of
normal human DNA for clones containing the 3' breakpoint region. One clone
containing the region was obtained when a Charon 32 phage library of partially
digested EcoRI fragments was screened with probe 2. This clone, N3'f-1,

contains a 13 kbp insert and the region hybridizing to probe 2 was localized
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Figure 1. a) Restriction enzyme map of the human fetal globin gene region.
The exons and introns of the Gy—and A'y-globl.n genes are shown by solid and
open boxes respectively. b) Restriction map of the Chinese thalassemia
deletion junction region (12, unpublished data). The sites 3' to the
deletion junction (marked by a vertical arrow) were derived by mapping the
genomic DNA of an individual heterozygous for the Ch-thal deletion. c¢)
Restriction map of the phage clone ChT-1. Box 1 represents the YIVS2 probe
used to isolate the clone. Boxes 2 and 3 show probes isolated from ChT-1.
The bar shows the 280 bp PvuII-Rsal fragment that was sequenced. d) Map of
the 3' portion of phage N3'B-1.  The bar indicates the 540 bp BstNI fragment
that was sequenced. Dashed lines represent normal DNA from around the 5'
deletion breakpoint and solid lines represent normal DNA from around the 3'
breakpoint. B, BamHI; Bg, BglII; Bs, BstNI; E, EcoRI; H, HlndIII,, Hp,
Hpal; R, Rsalj S, §££I, St, Stul; X, Xbal. Not all BstNI H1ndIII Rsal,
Pyull and Stul sites are shown.

to one end of this insert. Figure 1d is a map of this region of the clone
which also includes the 3' breakpoint of the Ch-thal deletion (marked with an
arrow). The right-most 1.6 kbp BglII-EcoRI fragment from N3'B-1 was subcloned
and the DNA sequence of a 540 bp BstNI fragment containing the 3' breakpoint
was determined.

Comparison of the Sequences Involved in Deletion Formation

Figure 2a compares the DNA sequence of the Ch-thal deletion junction
region and of the regions containing the 5' and 3' breakpoints in normal DNA.
The normal 5' DNA sequence is from the large intervening sequence of the
Ay-globin gene and the normal 3' DNA sequence is from phage N3'BR-1. A
comparison of the normal 5' and deletion-spanning sequences shows that the 5'

breakpoint in the normal Ay-globin gene is between positions 192 and 193 of
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Figure 2. a) Comparisons of sequences across the deletion junction of the
Ch-thal deletion and of the corresponding normal 5' and 3' DNAs. The normal
5' sequence is from Slightom et al. (13) and includes their residues
929-1268 of the 165.24 “y-globin gene sequence. The Ch-thal sequence is
that of the 280 bp PvuII-Rsal fragment from phage ChT-1. The normal 3'
sequence is that of the 540 bp BstNI fragment from phage N3'R-1. The
apparent insertion of DNA at the deletion junction is underlined. Vertical
lines connect identical bases and dots are placed at 10 bp intervals.

b) Comparison of the Ch-thal sequence (bases 169-248 of part a) to
residues 5685-5764 of the L1 family consensus sequence (M. Singer, personal
communication). This region of the consensus long L1 family repeat was
compiled from 8 different sequences.

Figure 2a because that is where the homology between the two sequences ceases.
The most distinctive sequence feature near the 5' breakpoint in normal DNA is
a region of simple sequence consisting primarily of the dinucleotide TG that
is located 22 bp downstream of the 5' breakpoint. The 3' breakpoint in normal
DNA is between positions 228 and 229 in Figure 2a. No distinctive sequence

features are present in this region.
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Alignment of all three sequences shows that there are 36 nucleotides in
the Ch-thal deletion-spanning sequence (underlined in Figure 2a) that are not
found in either of the two normal DNA sequences. A search for the possible
origin of this 36 bp segment revealed that it is a member of the L1 (KpnI)
family of repetitive DNA. Full length members of this family are over 6 kbp
long but the family members are highly heterogeneous in size with most being
truncated, usually from the 5' end (for review see 21). A compilation or
consensus sequence of a full length primate L1 family member has been
assembled from many L1 sequences by Singer and co-workers. Figure 2b shows
the alignment of the deletion-spanning sequence to an 80 bp portion of the Ll
consensus sequence. A 41 bp sequence (the 36 bp segment plus 4 bases on its
5' side, TGGA, and an A residue on its 3' side) is homologous to the L1
sequence with only one mismatch. On either side of these 41 bp there is no
significant homology between the deletion-spanning sequence and any L1 family
sequences. Therefore a 36 to 41 bp L1 family repetitive sequence appears to
have been inserted at the Ch-thal deletion junction.

The normal DNA in the vicinity of the 5' and 3' breakpoints was examined
for local sequence features such as stretches of homology or direct or
inverted repeats that might have facilitated the deletion event. When the
sequences were aligned as in Figure 2a, no homology between the normal 5' and
3' DNAs was found. These sequences also showed no homology when the apparent
36 bp L1 family insertion in the deletion-spanning sequence was removed and
the sequences realigned (data not shown). No significant direct repeats could
be detected in the normal DNAs or the deletion-spanning sequence. In
addition, when 60 bp sequences immediately surrounding each breakpoint were
analyzed for possible secondary structure, no structures were found that were
significantly more stable than those found in several other 60 bp regions of
the sequences shown in Figure 2a. Thus the only unusual sequence feature
detected in the normal 5' and 3' DNAs is the simple sequence "TG" repeat

located near the 5' breakpoint.

Linkage of the 3' Breakpoints of the Chinese Thalassemia and HPFH-2 Deletions

Because the Ch-thal deletion extends an unknown distance 3' to the
B-globin gene into a region not previously characterized, we used probes 2 and
3 (Figure 1lc) to map the normal DNA encompassing the 3' breakpoint. We have
also mapped the normal DNA surrounding the 3' breakpoint of a deletion,
HPFH-2, that is associated with hereditary persistence of fetal hemoglobin
(22, 23). This deletion and different deletion of similar size associated

with HPFH-1 (5, 8, 23, 24) also extend an unknown distance 3' to the B-globin
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Figure 3. Autoradiographs of Southern transfers of normal human DNA
hybridized to the 3' Ch-thal probe (box 2 in Figure lc) and the 3' HPFH-2
probe W. Both sets of digests were electrophoresed on the same gel.

gene. The probe used for mapping the normal DNA encompassing the 3'
breakpoint of the HPFH-2 deletion is from the 3' side of the HPFH-2 deletion
junction (called probe W in ref. 8). Figure 3 shows that probe 2 (see Figure
lc) and the 3' HPFH-2 probe W hybridize to the same-sized BamHI, Hpal, BglI
and HincII restriction fragments. The two probes therefore must hybridize to
DNA sequences within 18 kbp of each other since the smallest common fragment
(HincII) is 18 kbp in length. In the HincII digests, probe 2 also hybridizes
to a 13 kbp fragment and the 3' HPFH-2 probe W to a 5 kbp fragment (Figure 3).
These fragments are formed when a HincII site located between the regions
hybridizing to the two probes is cleaved. This HincII site does not cleave
completely in DNA samples derived from fibroblasts and this results in the
presence of a partially digested 18 kbp HincII fragment. This genomic mapping
analysis demonstrates that the 3' breakpoints of the Ch-thal and HPFH-2
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endpoints

fragments
site that

a) Restriction map of the normal DNA that encompasses the 3'
of the Ch-thal, HPFH-2 and HPFH-1 deletionms.
in kbp and sizes smaller than 2.5 kbp are not shown.
is not completely cleaved is indicated by a dot.

Numbers are sizes of
The HincII
The dashed line

shows a region that is not cloned and in which possible BglII sites could

not be mapped.

The fragments marked by asterisks were mapped in genomic DNA
using the probes shown as bars in the upper part of the figure.
most probe is a 500 bp HindIII fragment isolated from phage N3'R-1.
middle two probes are fragments 2 and 3 from ChT-1 (see Figure lc).

The left
The
The

rightmost probe is a 1.08 kbp SstI-BamHI fragment isolated from clone B1H2-1

and is the 3' HPFH-2 probe W used in Figure 3.

b) Bacteriophage clones encompassing the region shown in part a. For
the deletion-spanning clones ChT-1 and BlH2-1, only the portion of the clone

that is 3' to the deletion junction (marked by an arrow) is shown.
isolation of the phage clones is described in Materials and Methods.

The
Sa,

Sau 3A; all other enzyme abbreviations are as in Figure 1. Only the
restriction sites that mark the ends of the clones are shown.

c) Regions of repetitive DNA.

The dark and hatched boxes represent

restriction fragments from the clones in part b that hybridize to Alu family

or L1 family repeat probes respectively.

The open box shows the location of

the repetitive retrovirus-like element described previously (14).
Horizontal arrows represent that element's long terminal repeats or LTRs.
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Figure 5. Restriction maps and alignment of the deletion junction regions of
the Ch-thal, HPFH-2 and HPFH-1 deletions. The dashed portion of the top
line shows the normal 5' DNA including the Ay-, yB- and &-globin genes. The
map of the normal 3' DNA (the solid portion of the top line) was derived
from Figure 4a. The regions between the brackets represent the deleted DNA.
The Ch-thal and HPFH-2 maps are derived from clones ChT-1 (Figure lc) and
B1H2-1(8, unpublished data) respectively. The map of HPFH-1 is from
previous work (5, 8).

deletions, two deletions of unknown length, are relatively close to each
other.
The Normal DNA Surrounding the 3' Breakpoints of the Ch-thal, HPFH-2
and HPFH-1 Deletions
Because the 3' Ch-thal and HPFH-2 probes hybridize to closely linked

regions of DNA, they were used to isolate several overlapping phage clones
that encompass the region of the 3' breakpoints of the Ch-thal, HPFH-2, and
HPFH-1 deletions. The restriction map derived from these clones is shown in
Figure 4a and the location of each clone is shown in Figure 4b. All of these
clones were isolated from libraries of normal human DNA except for ChT-1 and
B1lH2-1 which are the deletion-spanning clones of the Ch-thal and HPFH-2
affected chromosomes respectively. BlH2-1 contains a 14 kbp BamHI fragment
from an HPFH-2 homozygote (8). All restriction sites shown in Figure 4a have
been mapped in cloned DNA and all fragments that have been sized by genomic
mapping (marked by asterisks) agree with the map derived from the phage
clones.

The locations of several different repeats in the region are shown in
Figure 4c. The open box containing two arrows represents a repetitive
retrovirus-like element, RTVL-H, found in the region (14). This element

appears to cause some DNA cloning instability and is at least partially
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Figure 6. Extents of several deletions in the B-globin gene cluster. The
top portion, showing the EcoRI, BamHI and Hpal restriction maps of the
B-globin cluster and regions downstream was compiled from mapping either
cloned or genomic DNA and is from published maps (1, 20), Henthorn et al.,
manuscript in preparation, unpublished results of F. Grosveld and Figure 4a.
The regions between the slanted lines are gaps of unknown length that have
not been cloned or mapped. The BamHI site immediately 5' to the gap in the
BamHI restriction map was determined by genomic mapping and is located
within the gaps in the EcoRI and Hpal maps. Sites marked with an asterisk

are polymorphic (see ref. 1). The top three black bars show the minimum
extent of the HPFH-1, HPFH-2 and Chinese Cy*(Ay8B)O thalassemia deletions.
The other bars show the extents of four different Sy*(Ay§R)© thalassemia
deletions. The references for these cases are: Black (26); Indian (27, 10);
Turkish, (28, 5, Henthorn et al., manuscript in preparation); Malaysian,
(29).

responsible for our inability to isolate the DNA between clones ChT-1 and
N3'B-4 (see Figure 4b). Clone N3'Bdel-3 was expected to contain this DNA on a
9.2 kbp HindIII fragment but was found to have undergone a deletion through
homologous recombination during cloning between the long terminal repeats
(LTRs) of the retrovirus-like element (unpublished data).

Alu family (25) and L1 (Kpnl) family (21) repeats are also found in the
cloned region and their locations are shown in Figure 4c. The locations of
the two Alu repeats in the 3' portion of the map agree with those found by
Tuan et al. (5) in the same region. The DNA immediately 3' to the
retrovirus-like element hybridizes weakly to an L1 family probe (Figure 4c).
In addition, DNA sequence analysis has revealed that the DNA immediately 5' to
the RTVL-H element is also homologous to L1 family repetitive DNA but this
homology is not sufficient to be detected in hybridization experiments (14).

Comparison of the Ch-thal Deletion to Other B-Globin Gene Deletions

Earlier work demonstrated that the deletions associated with HPFH-1 and 2
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have their 3' breakpoints approximately the same distance apart and in the
same relative order as their 5' breakpoints (5, 8). This arrangement of
breakpoints indicates that the two HPFH deletions differ in length by only 1
kbp. This is illustrated in Figure 5 which shows the regions surrounding the
deletions associated with Ch-thal, HPFH-2 and HPFH-1. The 5' breakpoint of
the Ch-thal deletion is 6 kbp to the left of the 5' breakpoint of HPFH-2 and
the 3' breakpoints of the two deletions are 11 kbp apart in the same relative
order. Thus the Ch-thal deletion is 5 kbp (11 kbp-6 kbp) shorter than the
HPFH-2 deletion.

Although the absolute lengths of the Ch-thal, HPFH-2 and HPFH-1 deletions
are not known, minimum estimates of their sizes can be made. By genomic
mapping Tuan et al. (5) estimated the minimum size of the HPFH deletions to be
70 kbp. With the additional mapping data now available, we can revise this
estimate. Figure 6 shows a restriction map and the minimum extents of the
Ch-thal, HPFH-1 and HPFH-2 deletions. By adding distances of restriction
fragments we have determined that the EcoRI site immediately 3' to the region
of unknown length is greater than 45 kbp 3' to the B-globin gene (Figure 6).
This indicates that the two HPFH deletions are greater than 85 kbp in length
and the Ch-thal deletion is at least 80 kbp long. Thus the Ch-thal deletion
differs in length from the HPFH deletions by less than 6%.

The Ch-thal deletion can also be compared to other deletions associated
with Gy*(Ay8B)° thalassemia. Figure 6 compares the extent of the Ch-thal
deletion to the extents of four different deletions associated with a similar
phenotype. Although the 5' breakpoints of all five deletions are relatively
close to each other, localization of the 3' breakpoint of the Ch-thal deletion
reveals that it is at least 40 kbp longer than the Black, Indian and Turkish
Gy*(Ayéﬂ)° thalassemia deletions.

DISCUSSION

Recombinational events in higher eukaryotes are poorly understood. In
this study we have shown that the Chinese Gy*(Ay$B)© thalassemia deletion,
like four other B thalassemia deletions analyzed previously (8-10), was
generated by a nonhomologous breakage and reunion event. The 5' breakpoint of
the Ch-thal deletion is located 22 bp upstream of the "TG" repeat in the
Ay-globin gene. Stretches of alternating purine and pyrimidine residues have
the potential to form Z-DNA (30) and there is some evidence that such regions
may be hot spots for recombination (13, 31). Thus it is possible that the
(TG),, sequence found near the 5' breakpoint of the Ch-thal deletion could have

been involved in the recombination event.
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The Ch-thal deletion junction is of interest because it contains a 36-41
bp segment of L1 (KpnI) family repetitive DNA. This segment is not derived
from either the normal 5' or 3' sequences. There are several explanations for
the occurrence of this apparent insertion. First, this segment could have
been inserted as part of the deletion-forming event, possibly during the
repair process. Second, this sequence could be the remnant of a larger Ll
repeat that was inserted in the normal DNA at the 5' or 3' breakpoint prior to
the deletion and then mostly removed during the generation of the Ch-thal
deletion. Finally, it is possible that the Ch-thal deletion was formed by two
smaller deletions each with an endpoint in the same region of an L1 family
repeat located somewhere between the final 5' and 3' breakpoints. The 36-41
bp segment would represent the only undeleted portion of the L1 repeat.
Consistent with this third explanation is the observation that the 3'
breakpoints of at least four other B-globin gene deletions are located in Ll
family repetitive DNA (Henthorn et al., manuscript in preparation). The data
presented here cannot distinguish between these possibilities but the first
explanation, that this sequence was inserted at the time of the deletion,
receives some support from the finding of other examples of deletions in the
B-globin gene cluster that appear to have sequences inserted at the deletion
junctions (9, 10, Henthorn et al., manuscript in preparation). In fact,
recombination junctions containing insertions of DNA have been found during
the analysis of several types of DNA rearrangements (32-35). In most cases
the origin of this "extra" DNA is unknown but these many examples suggest that
the insertion of such segments during the rejoining of broken ends of DNA is
not uncommon.

It was reported previously that four large deletions in the human
B-globin gene cluster, two associated with (y8B)© thalassemia (8) and two with
HPFH (5, 8), form different sets of similar-sized deletions. In this study we
have shown that the deletion associated with Chinese Gy+(Ay8R)© thalassemia
differs in size from the two deletions associated with HPFH by less than 62.
In addition, the 5' breakpoints of the three deletions are closely linked, as
are the 3' breakpoints, and all the breakpoints are in the same relative
orders (see Figures 5 and 6). Thus the Ch-thal deletion and the two HPFH
deletions are grouped both in terms of their sizes and in the relative
positions of their breakpoints. This finding is consistent with our
previously described hypothesis (8) that some deletions may be close in size
because they represent deletions of similarly-sized loops of DNA anchored to

the nuclear matrix.
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We find it intriguing that the 3' breakpoints of the Ch-thal, HPFH-2 and
HPFH-1 deletions are located relatively close to an endogenous retrovirus-like
element (Figure 4). This retrovirus-like sequence may facilitate nearby
recombinational events, possibly by changing the chromatin structure of the
region. Alternatively, the presence of the retrovirus-like element may
indicate that this is a region that is particularly susceptible to breakages
or integrations of foreign DNA. The possibility that deletion breakpoints may
tend to occur in such susceptible regions is supported by our finding
(Henthorn et al., manuscript in preparation) that the 3' breakpoint of a
deletion associated with an Indian HPFH (36) occurs in a repetitive sequence
that shows evidence of genomic instability. Localization and analysis of
other deletion breakpoints is likely to provide further clues to the
mechanisms involved in chromosomal rearrangements in mammalian cells.

Studies of the extents of deletions associated with HPFH or thalassemia
have resulted in the formulation of two main hypotheses to explain the high
expression of the fetal globin genes in adults (for review see 1). The first
hypothesis initially proposed by Huisman (4) suggested that a region between
the Ay- and §-globin genes regulates expression of the fetal y-globin genes.
This hypothesis assumes that deletions including this region remove important
control sequences that normally cause the shutdown of the fetal genes in
adults. The second hypothesis suggests that DNA sequences located far
downstream of the normal f-globin gene cluster, but brought near to the fetal
y-globin genes by the deletions, are important in regulating the expression of
the genes. This second hypothesis was suggested by Forget and others (1, 5)
mainly because of the finding that the 3' breakpoints of the HPFH-1 and 2
deletions are only 6 kbp apart so that in both instances the same region of
new DNA is brought close to the fetal genes. The supposition is that the
presence of this new DNA in some way increases expression of the y-globin
genes.

With regard to these two hypotheses, the Chinese thalassemia deletion is
of interest because it is similar in length to two deletions associated with
the different phenotype of HPFH. However, although these three deletions are
close in size, they are not very useful for distinguishing between the two
models because of important differences in their 5' and 3' extents. The most
obvious difference at the 5' end is that the Ch-thal deletion removes part of
the Ay-globin gene while the HPFH deletions leave both fetal genes intact and
functional. This difference is the simplest explanation for the thalassemia

phenotype associated with the Chinese deletion. However, at the 3' end the
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retrovirus-like element is brought close to the y-globin genes by the Ch-thal
deletion but is deleted in HPFH-1 and 2. Thus the different 3' extents of the
deletions may also play a role in determining phenotype.

The Ch-thal deletion can be grouped with four other Gy+(Ay&B)°
thalassemia deletions on the basis of associated phenotype and this group is
more useful for testing the two hypotheses. All five of these deletions
remove part or all of the Ay-globin gene but leave the Gy-globin gene intact
(Figure 6). Trent et al. (29) compared the hematological data in
heterozygotes affected with the Chinese, Indian, Turkish and Malaysian forms
of Gy+(AYSB)O thalassemia and found them to be remarkably similar. The
hematological findings in heterozygotes for the more recently described Black
thalassemia deletion shown in Figure 6 are also very similar to the
hematological findings in the other four cases (26). This phenotypic
similarity coupled with the finding of different genomic maps of the 3' DNA
led Trent et al. (29) to suggest that the similar phenotypes of the Gy*(AySB)©
thalassemias result from removal of the same critical sequences from between
the Ay- and §-globin genes and not from the juxtaposition of new DNA on the 3'
side. Figure 6 shows that the 3' extents of all but the Malaysian deletion
have now been more precisely defined. The 3' breakpoint of the Chinese
thalassemia deletion is more than 40 kbp from the 3' breakpoints of the Black,
Indian and Turkish deletions. Thus these data support the first hypothesis
that it is the 5' extent of the deletions that may be most important in
determining the phenotype in these affected individuals.

The large variations in size of the Gy*(Ay8B)© thalassemia deletions
shown in Figure 6 suggest that the new DNA brought into the B-globin gene
cluster by these particular deletions may not affect the Gy-globin gene
expression. However, there is at least one deletion, a Dutch (y8B)°
thalassemia (8, 37), in which the features of the DNA brought into the cluster
appear to affect B-globin gene expression. This deletion leaves the B-globin
gene intact but inactive and there is evidence that the DNA normally found
almost 100 kbp upstream and brought close to the B-globin gene by the deletion
is in an inactive configuration (38). Thus there may be several ways in which
different deletions can increase or decrease the expression of a nearby gene.
Continued analysis of the B-globin gene deletions should lead to a better
understanding of the variety of mechanisms that control gene expression in

higher eukaryotes.
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