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Summary

We have located a highly polymorphic region of DNA approximately 100 kb upstream of the human a-

globin genes (the a-globin 5' hypervariable region; 5'HVR). The element responsible is a minisatellite se-

quence comprising a variable copy number tandem repeat array of a G/C-rich 57-bp sequence. This in-
creases the number of minisatellite elements in the vicinity of the a-globin genes to five, all of which share
a region of sequence identity, thus raising questions concerning the distribution and origins of such tan-

dem repeat sequences. The 5'HVR is highly polymorphic and, together with other hypervariable regions at
this locus, provides a valuable genetic marker on the short arm of chromosome 16.

Introduction

The vertebrate genome contains many copies of a
class ofDNA elements, each member of which consists
of tandem repeats of short (about 14-64 bp), usually
G/C-rich sequence. These arrays of repeats are of limited
size and are referred to as minisatellite sequences by
analogy to the larger similarly structured segments of
satellite DNA. In addition to being G/C rich, certain
subsets of these arrays can be identified by virtue of
short shared core sequences (Goodbourn et al. 1983;
Jarman et al. 1986). This suggests that several discrete
minisatellite "families" may exist, and indeed DNA
probes constructed from individual minisatellites de-
tect related minisatellites in both the same and other
species (Jeffreys et al. 1985; Nakamura et al. 1987).
In general, minisatellites appear to be scattered through-
out the genome, examples being found on autosomes
(Bell et al. 1982; Ullrich et al. 1982; Capon et al. 1983;
Goodbourn et al. 1983; Jeffreys et al. 1985; Jarman
et al. 1986; Knott et al. 1986), the X chromosome
(Oberle et al. 1985), and the pseudoautosomal regions
of sex chromosomes (Simmler et al. 1987). Several
minisatellites have been found in close association with
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functional genes, although they show no consistent
structural relationship to the expressed sequences.
The number of repeats in any particular minisatel-

lite may be altered by unequal genetic exchange at mi-
tosis and meiosis or DNA slippage during replication
(Smith 1976; Goodbourn et al. 1984); the rate of such
mutation may be as high as 1-15 x 1O-4/kb for some
minisatellites (Jeffreys et al. 1985). Thus a proportion
of minisatellites give rise to highly variable segments
of the genome with multiple alleles detectable by South-
ern blot hybridization, segments referred to as hyper-
variable regions (HVRs). These loci are inherited in
a stable, Mendelian fashion and, because of their high
genetic information content, provide a valuable set of
markers for genetic studies in higher-order species. De-
spite their undoubted usefulness, very little is known
about the origins, evolution, or function of minisatel-
lite sequences.
The human a-globin gene complex includes a num-

ber of HVRs in and around the structural genes (ar-
ranged 5'- 2-W41-a2-al-a2-al-01-3'), providing an
interesting segment of the genome in which to study
the nature of minisatellite DNA. The interzeta (IZ),
zeta-intron-1 ((), and downstream (3') HVRs have been
characterized (fig. la; Proudfoot et al. 1982; Goodbourn
et al. 1983, 1984; Jarman et al. 1986) and consist of
tandem repeats of different unit sequences which
nevertheless share a core sequence. We describe here
a new HVR associated with a minisatellite located ap-
proximately 100 kb upstream ofthe a-globin genes (and
named the 5' HVR). Like the 3' HVR, this region is
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highly polymorphic, and it promises to be a very useful
genetic marker for a-globin and the short arm of chro-
mosome 16 in general (Reeders et al. 1985; Higgs et
al. 1986), especially when used in conjunction with the
3' HVR. Its sequence conforms to the pattern of G/C-
rich HVRs, and it shows a region of identity with the
other a-globin HVRs. The presence of five apparently
related HVRs clustered within 150 kb ofDNA around
the a-globin genes raises important questions about the
evolution and distribution of minisatellite sequences and
is of general relevance to the use of minisatellites as
genetic markers.

Materials and Methods

DNA Clones

The isolation and characterization of the cosmid,
cRN2103, of its subclone, pRN2103, and of the probe
derived therefrom (RAO.6) have been described
(Nicholls et al. 1987). The subclone, p5'HVR.14, was
constructed as follows: pRN2103 was digested with
DdeI, HinfI, AluI, and RsaI, and the resulting 770-bp
HVR-containing fragment was isolated by electroelu-
tion after fractionation on a 1.2% agarose gel (Mania-
tis et al. 1982). After "end repairing" with Klenow en-
zyme (Amersham), the DNA fragment was blunt-end
ligated into the phosphatased HincII site ofpSP64 (Mel-
ton et al. 1984). The insert could subsequently be
released from the vector polylinker using EcoRI and
HindIII and be used as a probe in Southern blot hybridi-
zations. For orientation, a larger 4.3-kb BamHI frag-
ment was isolated from cRN2103 by digestion, agarose
gel fractionation, and electroelution as before. This was
ligated into the BamHI site of the polylinker of pUC13
to give the plasmid, pAJ2103.
Growth of all plasmids was in a recA strain of E. coli

(strain 1046; see Maniatis et al. 1982) to minimize rear-
rangements of the HVR element. Under these condi-
tions the 5'HVR element was both viable and stable,
with no deletions occurring on subcloning or extended
growth. The genomic source of the original cosmid li-
brary was unavailable, and so we cannot determine
whether deletion has occurred during the construction
of the library.

DNA Sequencing

Sequencing was carried out according to the base-
specific chemical degradation method of Maxam and
Gilbert (1980).

Genomic Blot Hybridizations

Genomic DNAs were isolated from peripheral blood
as previously described (Old and Higgs 1982). Restric-
tion digestion, gel electrophoresis, and Southern blot
hybridization were carried out as described (Southern
1975). For most restriction analyses 5 gg of digested
genomic DNA was fractionated on 0.8% agarose gels
and transferred onto nylon filters (Hybond-NO; Amer-
sham). For the DdeI analyses, 1.2% gels were used for
higher resolution and 10-gg samples were used to coun-
teract the poorer transfer of fragments below 300 bp.
The probe, RAO.6, was isolated from pRN2103 as a
0.6-kb NotI/EcoRI fragment. The insert ofp5'HVR.14
could be used as a direct probe for the HVR element;
for use it was released from the vector by digestion with
EcoRI and HindIII, fractionated on a 0.8% agarose
gel, and electroeluted from the appropriate gel slice.

Hybridizations were performed at 42C in a buffer
including 50% formamide, 3 x SSC, with posthybridi-
zation washing in 0.1 x SSC at 65 C (1 x SSC = 150
mM NaCl, 15 mM trisodium citrate). For low-
stringency conditions, the formamide concentration in
the hybridization buffer was reduced to 35% and the
filters were washed in 2 x SSC at 65 C.

Results

Characterization

The cosmid, cRN2103, has been isolated and charac-
terized as part of a chromosome walk upstream of the
a-globin genes (Nicholls et al. 1987) and containsDNA
from about 100 kb upstream of these genes (fig. la).
From a subclone, pRN2103, a single-copy DNA frag-
ment (RAO.6) has been localized. When used to probe
genomic DNA samples digested with XbaI, RAO.6 de-
tected a polymorphic segment of DNA (data not
shown). Although the fragments observed in XbaI-
digested DNA are large (about 10 kb) and hence poorly
resolved, it was clear that RAO.6 detected a polymorphic
locus with more than two alleles, i.e., an HVR. We
named this region the 5'HVR (the HVR 5' of the a-
globin genes). Screening other digests with RAO.6 local-
ized the polymorphism to a BamHI-HpaI fragment, cor-
responding to a 2-kb fragment in pRN2103.
Our strategy for isolating the element responsible for

the variability was to digest pRN2103 with four fre-
quently cutting enzymes (DdeI, HinfI, AluI, and RsaI),
upon which a 770-bp fragment remained intact along
with numerous very small fragments. We reasoned that,
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Figure I (a), Position of the variable region with respect to the ct-globin gene complex. A 14-bp tandem repeat exists in the first
intron of both ,2 and s1-globin genes (,HVR; Proudfoot et al. 1982); a 36-bp repeat is found between the two ,-globin genes (IZHVR;
Goodbourn et al. 1983); 8 kb downstream of the cl-globin gene lies a 17-bp repeat array (3' HVR; Jarman et al. 1986). The clone pRN2103
is derived from a cosmid, cRN2103, from a chromosomal walk (Nicholls et al. 1987). The probe RAO.6 (indicated by the box on pRN2103)
initially detected the HVR in XbaI genomic digests (X = XbaI), which was subsequently localized to the 2-kb BamHI/HpaI fragment shown
on pRN2103 (B = BamHI; H = HpaI). The 0-kb map coordinate represents the ,-globin mRNA cap site. (b), Map of pAJ2103, the 4.3-kb
BamHI fragment subcloned from pRN2103 and used to orientate the 5'HVR. The HVR is located between the BamHI/HpaI sites as deter-
mined by the presence of multiple StuI sites. The StuI/PstI fragment indicated was used to determine orientation (see text).

by analogy with other HVRs, this relatively large frag-
ment should consist of an array of tandem repeats whose
unit sequence lacked sites for these enzymes. Support-
ing this hypothesis, the 770-bp fragment still detected
the polymorphism when isolated and used as a probe
against RsaI genomic digests and the intensity of the
various genomic bands correlated with their length, an

observation that we have found to associate with tan-
dem repeat HVRs. The 770-bp fragment was therefore
subcloned into pSP64 to give the plasmid, p5'HVR.14.

Sequencing
The insert in p5'HVR.14 was sequenced in both direc-
tions by specifically end-labeling sites in the vector poly-
linker flanking the insert and then sequencing inward.
The sequence obtained (fig. 2) shows that the 770-bp
fragment consists of tandem repeats of a 57-bp unit

sequence, with very little flanking nonrepeat sequence,

and we conclude that the tandem repeats are responsi-

ble for the hypervariability. Although the sequence data
in each direction do not overlap, from the number of
repeat units visible on the sequencing gels, and from
the size of the allele sequenced, we can estimate that
13 copies of the repeat are present in p5'HVR.14. From
the sequence of the vector/insert junctions it seems that
the 770-bp fragment has DdeI ends (C/TNAG); thus
this enzyme can be used alone to cut out the 5'HVR
specifically.

The sequence shows that the 5'HVR is a member
of the G/C-rich family of tandem repeats that includes
most HVRs characterized to date; in common with these
HVRs the sequence is highly asymmetric in that one

strand is G rich (G = 47%). On closer inspection areas

of high identity with other HVRs can be found, the
best relationships being drawn with the C-globin HVR
(fig. 3). Within this, a partial fit is seen with the previ-
ously defined core sequence [5'-GNGGGG(N)ACAG-3']
present in all other a-globin HVRs (Jarman et al. 1986).
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Figure 2 Sequence of the 5' HVR. Deviations from the consensus repeat sequence are shown. The recurring StuI site is underlined.
The only flanking DNA sequence in the clone is shown above and below the array. As shown diagrammatically below the sequence, the
G-rich strand represented here runs in the opposite direction to the a-globin gene sense strands.

Other alignments show weaker degrees of identity (with,
for example, the minisatellite core of Jeffreys et al.
[1985]), and the sequence element G ---- TGGG com-

monly found in G/C-rich HVRs is also present
(Nakamura et al. 1987). However, in view of the G/C
richness of these sequences the significance of such
matches is unclear.

Sequence relationships between HVRs have success-

fully predicted the existence of minisatellite families de-
tectable by probing at reduced hybridization stringency
with a variety of HVR sequences including the myo-

globin (Jeffreys et al. 1985), a-globin (Jarman et al.
1986), and insulin (Nakamura et al. 1987) repeats. We
expected the 5'HVR to show the same characteristics,
but when used at low stringency (see Methods) the 770-
bp fragment continued to behave as a single-copy probe.
Differences in repeat unit length may account for the
variable behavior at low stringency of these otherwise
related probes.
The sequence in figure 2 has been arbitrarily displayed

as the G-rich strand, which illustrates the homologies

with the other HVRs. It was of interest to know the
orientation of this sequence with respect to the a-globin
genes, as the other three HVRs in the cluster have a

common orientation, with their G-rich strands in the
same direction as the C- and a-gene coding sequences.
The insert in pS'HVR.14 includes very little flanking

GNGGGGNACAG Core

GGGGAGCATTCAGGAGGCCTTCCCGGAGGTAGGGTGGTGiGAAGAAGGGG-TCAGCGT
II 11111 III
RGGAGGGG-ACAGTG

li1 III
TGTGGGG-ACAGGGG

III III
TGTGAGGGTGCCCGGGACGGCTTGTGGGGCACAG-GT

li1 III I
ACACGGGGGGAACAGCG

S' mVR

t. HVR

insulin mVR

IZ-HVR

3' m

Figure 3 Sequence relationships between the HVRs. The 5'
HVR has a region of high identity with the ,HVR as detected by
computer alignment using the Staden ALIGN program. Interestingly,
this coincides with a partial identity with the core sequence previ-
ously identified in all a-globin complex HVRs and the insulin HVR
(Jarman et al. 1986). The commonly occurring G----TGGG motif
is underlined.
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DNA (fig. 2). Therefore, to determine its orientation
in the genome the following strategy was used: the
5'HVR was resubcloned from pRN2103 as a larger 4.3-
kb BamHI fragment to give pAJ2103 (fig. lb). The se-
quence shows that most repeats in the array have a StuI
site. Mapping pAJ2103 with HpaI and StuI oriented
the insert with respect to the chromosome, the array
being 5' of the HpaI site. Mapping also showed a PstI
site close to the 5' end of the multiple Stul sites and,
therefore, of the array. The 5' StuIIPstI fragment was
end-labeled at the StuI site, isolated, and sequenced.
The HVR sequence obtained was that of the 3' end
of the array, as represented in figure 2. Therefore, the
5'HVR is oriented such that the G-rich sequence is on
the opposite strand to those of the other a-gene-complex
HVRs.

Population Genetics
We have used the insert of p5'HVR.14 as a probe for

a
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9.4- 1

6-7-

4.4- 1

2-3-
2-0-

the 5'HVR in population studies. Mostly, we have ana-
lyzed genomic RsaI digests for a variety of populations
(fig. 4a) (populations analyzed: Jamaican, Nigerian,
Saudi Arabian, Southeast Asian, Sri Lankan, Icelan-
dic, British, Filipino, and Mediterranean). In these
digests, not only is the 5'HVR detected but also a com-
mon site RFLP close by, RsaI- alleles being about 4
kb larger than corresponding RsaI+ alleles. Therefore,
when characterizing the range of alleles and heterozy-
gosity displayed by the 5'HVR, we concentrated on
chromosomes containing the RsaI+ allele, as resolu-
tion is much higher.
The range of alleles found (on 304 RsaI+ chromo-

somes) is from 1.7 to 4.6 kb. By comparison, digestion
of pAJ2103 with RsaI gives a 5'HVR-containing frag-
ment of 2.1 kb. On the basis of the finding of 13 repeats
within the sequenced allele, we estimate that RsaI frag-
ments contain 1.35 kb of nonrepeat sequence. From
this the repeat-containing region varies from 0.35 to
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Figure 4 Detection of the 5'HVR in eight random Jamaican genomic DNA samples. a, Probing RsaI digests with the 770-bp fragment
allows the detection of a site polymorphism as well as the HVR. However, the additional 4 kb of DNA included in the RsaI- alleles limits
the resolution of the HVR-containing fragments. This is particularly noticeable in Jamaicans in whom the RsaI- allele is common. The
last track contains pAJ2103 digested with RsaI for comparison. b, Probing the same samples digested with DdeI on a high-percentage agarose
gel allows a much higher resolution of the HVR alleles. In this small sample, each individual has two distinguishable alleles (a very small
300-bp allele in the first track is only seen on a longer exposure; data not shown).
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3.35 kb, corresponding to a range of approximately
5 to 55 repeats.
A large number of alleles are seen, dependent on gel

resolution. Heterozygosity is lower than expected, how-
ever, because the distribution of allele sizes is biased,
in all populations analyzed, toward smaller RsaI alleles,
with a mode of about 2.2 kb and RsaI alleles larger
than 3.5 kb being relatively uncommon. Even so, het-
erozygosities are about 70% for a number of popula-
tions. In addition, in a range of populations (British,
Mediterranean, and Saudi Arabian) the RsaI site poly-
morphism increases the heterozygosity to 75%-80%.
In populations of African origin, however, heterozy-
gosities are not improved, owing to the high frequency
of the RsaI- allele (Jamaicans + = .31; Nigerians +
= .15), the resulting larger fragments decreasing the
resolution of 5'HVR alleles.
The sequence shows that the pS'HVR.14 insert is ac-

tually a DdeI fragment, and therefore this enzyme cuts
out the entire HVR with very little flanking sequence.
Consequently, the best resolution of alleles should be
obtained on genomic DdeI digests. DdeI analyses on
a small group of individuals have shown that this is
correct (fig. 4b): the range of alleles seen is 0.35 to 3.25
kb with a mode of approximately 0.8 kb; the cloned
allele in p5'HVR.14 is 0.77 kb. Distinct small alleles
can now be distinguished that differ by single repeat
copies only, although the number of larger alleles may
still be limited only by gel resolution. The limited popu-
lation screening using DdeI suggests that very high het-
erozygosities, approaching 100%, may be observed.

Discussion

We have detected a new HVR in the human genome
about 100 kb upstream of the a-globin gene cluster.
Like others characterized, this HVR (the a-globin
5'HVR) consists of an array oftandem repeats of a short
DNA sequence unit, in this case 57 bp long. This poly-
morphism thus arises from allelic variation in number
of tandem repeats, the range of variation estimated as
being between 5 and 55 repeats. The number of dis-
tinct alleles observed is large and increases with greater
gel resolution, and heterozygosities are correspondingly
high. It can thus be inferred that a high rate of new
allele production occurs, in common with other HVRs,
by the processes of unequal genetic exchange or DNA
slippage during replication. The rate of allele produc-
tion may be a reflection of unit length and copy num-
ber of repeats and in turn determines the degree of se-

quence homogenization through rapid spread of point
mutations throughout the array (concerted evolution).
Despite this high rate of genetic activity the 5'HVR was
isolated from a standard cosmid library grown under
recombination-proficient conditions and does not seem
to undergo deletions on subcloning or extended growth.
Thus it is both viable and stable in bacteria, unlike other
highly variable HVRs such as the 3'HVR (Nicholls et
al. 1985; Jarman et al. 1986). The lower tandem repeat
copy number (13 vs. 227) and long unit sequence (57
vs. 17 bp) of the 5'HVR may be responsible for these
differences.
Although the number of alleles is large, their fre-

quency distribution is skewed such that small alleles
(with fewer repeats) are much more common than other
lengths. Similar allele frequency distributions have been
observed with the 3'HVR (Higgs et al. 1986) and an-
other highly variable repeat locus (Wong et al. 1986).
This distribution may reflect the balance between une-
qual exchange, producing both large and small alleles,
and intramolecular deletions that generate smaller al-
leles.
As a highly polymorphic marker the 5'HVR will be

most useful in combination with the 3'HVR. The lat-
ter has been extensively used as a marker for the a-
globin gene complex (Higgs et al. 1986) and was ini-
tially used to show the linkage of the complex to adult
polycystic kidney disease (APKD; Reeders et al. 1985).
For the analysis ofAPKD and as a marker for the short
arm of chromosome 16 in general, the use of these two
HVRs alone will be very powerful owing to their very
high combined heterozygosities. This holds true because
preliminary studies have shown that, although no
recombination events have been observed between the
5' and 3' a-globin HVRs in 500 meioses (S. T. Reeders,
personal communication), a high degree of linkage dis-
equilibrium has not been observed (data not shown).
The 5'HVR sequence conforms to the general pat-

tern of most HVRs: it is G/C rich with marked strand
asymmetry, and the sequence motifG - - - -TGGG is pres-
ent in common with a wide variety of tandem repeat
sequences (Nakamura et al. 1987). A short block of
identity is also found with the CHVR and, through this,
to the other a-globin-complex HVRs, via a partial
match to a previously identified core sequence (Good-
bourn et al. 1983; Jarman et al. 1986). Although other
repeat families such as the minisatellites have been de-
scribed, it has been their method of isolation (cloning
of related sequences by screening libraries at low strin-
gency [Jeffreys et al. 1985; Nakamura et al. 1987]) that
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has allowed the characterization of such families. The
significance of the 5'HVR is twofold: first, five tandem
repeat regions have now been described from 150 kb
around and within the a-like globin genes; furthermore,
although independently isolated and characterized,
these all share sequence similarities. The reasons for
these observations are at present unclear, owing to our
lack of understanding of the behavior of HVRs, par-
ticularly with respect to their origins, function, and dis-
persal mechanisms. Thus it is not known whether the
sequence relationships are due to functional convergence
or to the dispersal and divergence of an ancestral tan-
dem repeat sequence; the existence of blocks of homol-
ogy suggests the former. It may be important that the
a-globin genes are embedded within an extended G/C-
rich domain or isochore which is characterized by the
presence of HTF-islands which may have structural or
functional significance (Fischel-Ghodsian et al. 1987).
It has been suggested that such isochores may be in-
vaded by mobile G/C-rich tandem repeat arrays, rein-
forcing their G/C richness and so lending isochores a
self-perpetuating character (Zerial et al. 1986). Such
dispersal of HVRs may be a by-product of a genetic
function, such as their possible role in recombination
(Jeffreys et al. 1985; Kobori et al. 1986); or else they
may be spread by viral integration, as a number of
viruses have tandem repeat arrays with known func-
tions (Lupton and Levine 1985). Tandem repeat arrays
have also been found in association with a dispersed
member of a SINE family (Mermer et al. 1987).

If the clustering of HVRs is common, then this may
have implications for HVR probes used for minisatel-
lite detection, a situation where independent segrega-
tion of loci is an important feature. Although cluster-
ing has also been suggested for an A/T-rich group of
repeat arrays on chromosome 19 (Das et al. 1987), it
does not appear to be a problem so far with the
minisatellite probes. It is also clear that, among the a-
globin HVRs at least, clear sequence relationships
drawn between independently isolated HVRs do not
predict the possibility of their cross-hybridization at re-
duced stringencies. This is particularly highlighted by
the inability of the 5'HVR to detect a clear minisatel-
lite pattern in the low-stringency conditions used here.
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