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Summary

Using pulsed-field gel electrophoresis (PFGE), we have generated a 3-megabase (Mb) physical map of
Xq28, a region of the human genome known to contain many disease loci. We have determined the lo-
cation of the genes for protan/deutan colorblindness (R/GCP), factor VIII (F8), glucose-6-phosphate
dehydrogenase (G6PD), and a series of RFLPs and have derived the following order for this region:
R/GCP-GdX-G6PD-F8-DXS115-DXS33-DXS134-DXS15. Using newly isolated probes, we have also es-

tablished the direction of transcription of F8 within the map and have localized CpG islands flanking this
gene.

Introduction

Many X-linked diseases map to the subchromosomal
region Xq28, distal to the fragile site at Xq27.3 (reviewed
in Davies et al. 1988). Cloned DNA is available for
only three of these loci, hemophilia A (factor VIII [F8];
Gitschier et al. 1984; Wood et al. 1984), glucose-6-
phosphate dehydrogenase deficiency (G6PD; Persico et
al. 1986), and protan/deutan colorblindness (R/GCP
for red and green cone pigments; Nathans et al. 1986b).
Other diseases ofunknown biochemical basis, including
adrenoleukodystrophy (Aubourg et al. 1987), Emery-
Dreifuss muscular dystrophy (Boswinkel et al. 1985),
nephrogenic diabetes insipidus (Knoers et al. 1988),
dyskeratosis congenita (Connor et al. 1986), Hunter
syndrome (Upadhyaya et al. 1986), and a form of spas-
tic paraplegia (Kenwrick et al. 1986), are closely linked
to RFLPs in Xq28 or to the protein polymorphism ex-
hibited by G6PD.
Attempts have been made by genetic analysis to de-

termine relative positions for disease loci and for RFLPs
in Xq28. However, segregation analysis has yielded lit-
tle information regarding probe order, because of the
paucity of multiply informative individuals. Docu-
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mented examples include recombinants that place F8
distal to Stl4 (DXS52) and DX13 (DXS15) (Mulligan
et al. 1987; Patterson et al. 1989), and others that put
F8 proximal to these probes (Gross et al. 1988). Mul-
tipoint linkage analysis has also provided contradictory
results about the relative order of these loci (Upadhyaya
et al. 1986; Hofker et al. 1987). Precise localization
of disease genes in Xq28 will not be achieved until a
consistent order for genetic markers in this region is
established.

Pulsed-field gel electrophoresis (PFGE) has provided
the means for generating large-scale restriction maps
following fragmentation with restriction enzymes that
cleave DNA infrequently. Physical mapping of Xq28
by PFGE has been initiated by Patterson et al. (1987a,
1987b, 1988). In these studies two clusters of Xq28
loci were identified. The genes for F8, G6PD, and anony-
mous expressed sequence GdX were physically linked,
within 650 kb, and polymorphic loci MN12 (DXS33)
and DX13 (DXS15) were found to bracket Stl4 within
a distance of 550 kb. We have extended these studies
to include RFLP markers 767 (DXS115) and cpX67
(DXS134) and the R/GCP locus, which varies in size
in both normal and color-blind individuals (Nathans
et al. 1986a, 1986b; Vollrath et al. 1988). The resul-
tant map links the DX13/Stl4/MN12 cluster and
R/GCP to the F8/G6PD/ GdX cluster, to provide a con-
tiguous, large-scale map of about 3 megabases (Mb).
A number of important conclusions can be derived
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from the generation of this map. First, a comparison
of physical and genetic distance is possible. Second,
flanking markers for disease loci such as hemophilia
A can be determined. Finally, the ascertainment ofprobe
order will allow a more directed search for other dis-
ease loci.

Material and Methods

Cell Lines

Lymphoblastoid cell lines were maintained using stan-

dard methods. Cells with the karyotype 49,XXXXY
(GM1202A) were acquired from NIGMS Human Ge-
netic Mutant Cell Repository, Camden, NJ. Lympho-
blastoid cell line L558, derived from a hemophilia pa-

tient with a complete F8 gene deletion, was obtained
from Drs. Mario Pirastu and Emilia Vitale (Casarino
et al. 1986). B cell lines from male (A and B) and fe-
male individuals with a normal karyotype were also
used.

DNA Probes

TheDNA probes used for the present study are listed
in table 1. All DNA probes were incorporated with 32p
by using the Amersham multiprime labeling kit (Fein-
berg and Vogelstein 1983) to a specific activity of at

least 109 cpm/pg.

Pulsed-Field Gel Electrophoresis

Lymphocytes, isolated from whole blood by using
ficoll/hypaque, or cultured cells were suspended at a

final concentration of 1.25 x 107/ml in 0.5% low-
melting-point agarose (Ultrapure; BRL). These blocks
were processed for restriction digestion according to
a method described elsewhere (Kenwrick et al. 1987).
Digested samples were run on a CHEF DRII electropho-
resis system (Biorad) using running conditions as recom-

mended by the manufacturer. Unless otherwise stated,
gels were 1% agarose and electrophoresis was at 200 V
and 140C. Additional details for individual gels are given
in the figure legends. For molecular-weight markers,
lambda concatamers and chromosomes from either Sac-
charomyces cerevisiae (YNN.295) or Candida albicans
were used (Clontech).

Southern Blot Analysis

Gels were acid treated (0.1 M HCI, 2 x 20 min) be-
fore conventional denaturation and neutralization for
Southern blotting onto HybondON filters (Amersham).
The filters were UV-irradiated (1 min, shortwave UV)
and baked for 1 h at 800C. Hybridization conditions
were as described elsewhere (Kenwrick et al. 1987).
Filters were washed at high stringency (0.2 x SSC, 0.1%
SDS, 650C). All radioactive signal was removed by boil-
ing in distilled water between sequential hybridizations,
and removal was verified by exposure to film.

Results

An Xq28 physical map resulting from the data in the
present paper is summarized in figure 1, where loci are

shown above their respective NotI fragments. Subse-

Table I

Xq28 DNA Probes

Probe Locus Size/Description Reference

hs7 ........ R/GCP 1.4 kb/cDNA of red pigment gene Nathans et al. 1986b
767 ........ DXS115 1.3 kb/RFLP marker with homologous copy in intron-22 Hofker et al. 1985

of F8 gene Patterson et al. 1989
Gds12 ...... GdX .9 kb/cDNA probe from a transcribed gene located Martini et al. 1986

40 kb downstream of G6PD gene
G6PD ....... G6PD 3.0 kb/cDNA of G6PD gene Persico et al. 1986
625.8 ....... F8 3.5 kb/CpG island probe located 30 kb 3' of F8 gene J. Gitschier, unpublished data
F8 ........ F8 9 kb/cDNA of F8 gene Wood et al. 1984
MN12 ...... DXS33 2.8 kb/RFLP marker Patterson et al. 1987a
DX13 ....... DXS15 2.0 kb/RFLP marker Harper et al. 1984
St14 ........ DXS52 3.0 kb/RFLP marker Oberle et al. 1985
cpX67 ...... DXS134 .6 kb/RFLP marker Hofker et al. 1987
700.1 ....... F8 .6 kb/CpG island sequence located 4 kb 5' of F8 gene Present paper, fig. 1
701.1 ....... F8 1.3 kb/Single-copy sequence located 17 kb 5' of F8 gene Present paper, fig. 1
710.1 ....... DXS115 1.3 kb/Single-copy sequence located 6 kb from Present paper, fig. 1

polymorphic copy of 767
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Figure I Physical map representing more than 3 Mb ofXq28. Loci are positioned above their respective NotI (N) fragments. An asterisk
(*) indicates that the size of the fragment for R/GCP is variable and may be separated from GdX by more than one site (see text). The
horizontal arrows indicate the direction of transcription for GdX, G6PD, and F8 genes, and references in the text to 5' or upstream are

relative to this orientation. The NotI site that is digested in the female DNA (see text and fig. 2) is indicated in parentheses. The vertical
arrow points to a NotI site is absent or undigested in DNA from patient L558. Two sections of the map are enlarged to show the positions
of additional restriction-enzyme sites: BssHII (B) and SacII (S) for the F8 region and ClaI (C) for the cpX67/DX13 region. For the F8 map,

the open box represents the extent of a chromosomal walk and the hatched box shows the position of the F8 gene. Five CpG islands, indicated
by the presence of both BssHII and SacII sites, are shown. The F8 sequence homologous to 767 is located a few kilobases downstream
of the internal CpG island. The close proximity of the cpX67 (DXS134) and DX13 (DXS15) loci within a small ClaI fragment is illustrated.
Size scales for the NotI map and the two enlarged sections are indicated.

quent sections will describe the generation of this map
by using pulsed-field gel electrophoresis with the series
of probes listed in table 1. In addition to previously
described Xq28 markers, we have employed the follow-
ing sequences generated during a chromosomal walk
around the F8 gene: 625.8, 700.1 and 701.1. The rela-
tive positions of these probes are indicated in figure 1
and are described in table 1. The RFLP marker 767
has a homologous but nonidentical copy within the F8
gene (Patterson et al. 1989). To facilitate unambiguous
mapping of the polymorphic copy of the probe, we have
isolated a single-copy sequence (710.1) that is 6 kb from
767 and is not homologous to part ofthe F8 gene. This
sequence was isolated from a library of size-selected
fragments, chosen to contain only the non-F8 copy of
767 (S. Kenwrick, unpublished data).

Linkage of the F8 Gene to 767

Previous attempts to link the polymorphic probe 767
to other sequences in Xq28 have been complicated by
the presence of a homologous, nonpolymorphic copy

of the probe within intron 22 of the F8 gene (Patterson
et al. 1989). Using DNA probe 710.1, described above,

we show that both copies of 767 and the F8 gene reside
within a NotI fragment of about 1.3 Mb. To confirm
this linkage we have utilized DNA from a hemophilia
patient (L558) that is deleted for the whole of the F8
gene (and hence for the intronic copy of 767) but that
retains 625.8 (a sequence 30 kb downstream of F8) and
the polymorphic version of 767. DNA probes were se-

quentially hybridized to the Southern blot of NotI-
digested DNA shown in figure 2.

For normal individuals (fig. 2, lanes 1, 3, and 4) a

NotI fragment of about 1.3 Mb is detected by 710.1
and all sequences from the F8 region. This band is par-
tially dissected in the female DNA in lane 3 to yield
1.1-Mb and 230-kb fragments. The 1.1-Mb band is de-
tected by 710.1 and 701.1, and the 230-kb band is de-
tected by F8 and 625.8. Predictably, 767 identifies all
three bands in this sample, because of its duplication
within this region (not shown). The fragmentation of
the female DNA is due to cleavage at a NotI site 1.7
kb 5' to the first exon of the F8 gene (see fig. 1, NotI
site in parentheses). This site was identified during a

walk from the F8 gene, and a probe upstream of this
site, 701.1, identifies the 1.1-Mb and not the 230-kb

N N
l l:Pl. I. I 1.

I.-.1-1,

I.. s

875

, _e



Kenwrick and Gitschier

F8 625.8 701.1

1 2 3 4 1 2 3 4 1 2 3 4

IM-
>1 300-

1300-
1100-

230-

710.1 G6PD

1 2 3 4 1 2 3 4

>1300-
1300-
1100-

310-

Figure 2 Linkage of 767 to F8. Five DNA probes, identified above each autoradiograph, were hybridized to NotI-digested DNA from
lymphoblastoid cell lines. Lane 1, male A; lane 2, L558; lane 3, female; lane 4, male B. Samples were resolved using 70-s pulse time for
16 h followed by 120 s for 14 h. Fragment sizes in this and all subsequent figures were estimated by comparison with lambda concatamers
and chromosomes from YNN.295 yeast, and all are given in kilobases. The size of the large altered fragment in lane 2 cannot be accurately
determined but is smaller than a yeast chromosome of 1,600 kb. LM is the region of limited mobility which contains unresolved DNA.
As for all Southern blots shown in the present paper, the origin is represented by the top of the photograph.

band. We were able to confirm this interpretation with
conventional agarose gels by showing that an 18-kb
BamHI fragment identified by 700.1 is partially cleaved
by NotI to generate a 1.5-kb fragment in DNA from
the individual in lane 3 (data not shown). Furthermore,

710.1 and 625.8 identify the same altered band of ap-
proximately 1.5 Mb in the hemophilia patient DNA,
a result that would be expected for probes linked on
a single NotI fragment. An increase rather than a de-
crease in the size of the band indicates that, in DNA
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from this patient, a flanking NotI site is either absent
or not cleaved (potentially because of polymorphism
or increased methylation). Further evidence to support
this conclusion will be presented in the next section.
Linkage of the 767 region to F8 is also supported by
the finding that 710.1 and F8 identify a 1.3-Mb frag-
ment in DNA from two peripheral blood lymphocyte
samples (data not shown). The results presented above
are summarized in the composite map in figure 1.

Linkage of the MN12/DX13 Cluster to F8

MN12 and DX13 were also hybridized to the NotI
Southern blot described above, and the results are shown
in figure 3. DX13 reveals 220-kb and 370-kb bands in
all DNA samples tested, although differences in the de-
gree of digestion around this sequence are apparent.
The smallest fragment identified by MN12 is 700 kb.
This band and partial bands of 950 kb and 1,100 kb,
also observed using DX13, are not present for the pa-
tientDNA (L558) in lane 2. In this case MN12 identifies
the same large fragment ("'1,500 kb) observed previ-
ously for 710.1 and 625.8 (sequences that bracket the
deletion). This result implies that the NotI site, discussed
in the previous section and that is absent or refractory
to digestion in L558 DNA, lies between 710.1 and
MN12 (indicated by a vertical arrow in fig. 1) and that
these two sequences are linked within a distance of ap-
proximately 1.8 Mb, the sum of the smallest fragments
seen when these probes are used. The linkage ofMN12
to 767, however, must be considered tentative until such
a linkage can be confirmed in normal DNA.

Orientation of the F8 Gene

From the results presented in figure 2 we can also
determine the orientation of the F8 gene within the NotI
map. Probes upstream of F8 hybridize to the 1.1-Mb
band detected by 710.1 in the female sample, whereas
G6PD reveals a band of 300 kb. GdX, G6PD, and F8
have been shown to be linked, in that order, within a
distance of 650 kb by using the enzyme NruI (Patter-
son et al. 1987b). GdS12 is routinely found to identify
both an 8-kb NotI band on conventional Southern blots
and a partial band of about 300 kb when PFGE is used.
In combination, these result show that the direction
of transcription for F8 is the same as that for G6PD.

Linkage of cpX67 to DX13, MN12, and Stl4
The following evidence shows that RFLP marker

cpX67 lies between probes DX13 and MN12. In NotI
digests, cpX67 identifies a 700-kb fragment identical
in size to that observed when MN12 is used, whereas

MNI 2 DX13

1 2 3 4 1 2 3 4

LM-
>1 300 -

1100.
950-
700 -

370 -

220 -

Figure 3 Linkage ofMN12 and DX13. MN12 and DX13 were
hybridized to the same Southern blot described in fig. 2. Note that
the patient DNA in lane 2 possesses an altered fragment in place
of the normal band for MN12.

DX13 reveals a band of 220 kb (fig. 4a). However, when
enzyme ClaI is used, cpX67 identifies the same three-
band pattern as does DX13 (fig. 4b). The smallest of
these bands is smaller than 50 kb. We have analyzed
this linkage further by using double digestion with NotI
and ClaI. DX13 and cpX67 reveal bands of 6 kb and
20 kb, respectively, following digestion with both of
these enzymes, indicating that they lie within 26 kb
of each other. Furthermore, we observe an identical pat-
tern with DX13 and cpX67 in MMuI digests, including
a partial band of 550 kb in common with MN12. The
close linkage ofDX13 and cpX67 is a surprising result,
given a level of 3% recombination between these loci
(Lehesjoki et al., submitted).
The highly polymorphic probe Stl4 hybridizes to NotI

fragments in common with both MN12 and DX13,
confirming that several copies of this sequence are dis-
tributed across this region (data not shown). No addi-
tional Stl4-specific fragments are observed. The exact
location of the polymorphism detected by Stl4 within
the cluster MN12, cpx67, and DX13 cannot be deter-
mined at this stage.

Linkage of the Colorblindness Cluster to G6PD

We have exploited the variation in size exhibited by
the R/GCP gene cluster to establish linkage of this locus
to GdX, a gene 40 kb downstream of G6PD. Initially,
hs7, Gd512 (cDNA probes from R/GCP and GdX loci,
respectively), and G6PD sequences were hybridized to

877



Kenwrick and Gitschier

a)

LM-

950 -

700 -

220 -

b)

330-

150-
100 -
50

Figure 4 L
blot showing hyl
digested cell line I

DX13 cpX67 MN12 these (100 kb, 200 kb, and 250 kb) are identified by
1 2 1 2 1 2 G6PD, which lies only 40 kb upstream of GdX, indi-

cating that the GdX locus lies between R/GCP and

This suggestion of linkage between Gd512 and hs7
was investigated further by using ClaI-digested DNA
from the peripheral blood lymphocytes of a series of
color-blind individuals. We would predict that partial
bands revealed by hs7 should exhibit a wide variation,
because of rearrangements affecting the size of the
R/GCP cluster, and that partial bands revealed by Gd512
should show a concomitant variation if the two loci
are closely linked. Figure Sb shows that such a covaria-
tion of partial bands is observed (indicated by *),
confirming close linkage of the GdX and R/GCP loci.
In this experiment an internal control for artifactual
variation is that the smallest bands identified by Gd512
are the same size (120 kb and <50 kb) for all DNA
samples. The differences in digestion pattern between

2 1 2 1 2 DNA in figures Sa and Sb may be due either to differ-
ences in methylation at specific Clal sites for cell lines
versus lymphocytes isolated from blood or to the presence
of inactive X chromosomes in female and GM1202A
cells. It is difficult to derive a ClaI map based on these
results, because of the number of partially digested sites
in this region. Additional experiments indicate that ClaI
bands as small as 4.5 kb are observed when GdS12 is
used. This high density of sites may be a reflection of
the CpG islands in the vicinity of the GdX locus (Toniolo
et al. 1988). Although variation in the size of the R/GCP
cluster was reflected by the sizes of the NotI fragments
for these samples, we were unable to link hs7 and Gd512
by using this enzyme, resulting in a break in the NotI
map shown in figure 1. We can conclude, however, from

ridization of DX13,cpXt7, and MN12 to NotI- the ClaI data described above that the R/GCP and GdX
DNA, resolved using a 120-s pulse time and 150 V loci are within 320 kb of each other.

for 50 h. Lane 1, male A; lane 2, female; b, Hybridization of the
same three probes to ClaI digests of DNA from cell lines separated
for 24 h by using 70-s pulse time with 200 V. Lane 1, female; lane
2, GM1202A. LM is the region of limited mobility.

ClaI digests ofDNA from normal female and GM1202A
(49XXXXY) cell lines (fig. Sa, lanes 1 and 2, respec-
tively). The partial bands shared by hs7 and Gd512 differ
in size between the two samples. The common bands
are 320 kb and 400 kb, respectively. In lane 2, faint
partial bands of 750 kb and 900 kb are also shared.
Smaller bands revealed by Gd512 are the same size for
both samples and are not revealed by hs7. Several of

CpG Islands Flanking the F8 Gene
Five CpG islands are in the region of the F8 gene.

One of these is located within intron 22 of the F8 gene
and has been shown to be associated with a transcript
(Levinson et al. 1988). Two additional islands, repre-
sented by sequences 700.1 and 625.8 (fig. 1), have been
isolated during genomic walks from both ends of the
locus. Following digestion with SacII and BssHII, two
more CpG islands, 70 kb 5' and 90 kb 3' to F8, are
revealed by hybridization with these probes. The rela-
tive positions of islands associated with the F8 gene
are shown in figure 1. The possibility that the four flank-
ing islands are expressed is being examined.

878



A 3-Mb Map of Xq28

G6PD Gd512 hs7

1 2 1 2 1 2

*

*

*

Gd512

*

*

hs7

1 2 3 4 5 6 1 2 3 4 5 6

LM

950

850-

600-

300 -

120
50

Figure 5 Linkage of colorblindness locus to GdX. a, Hybridization of G6PD, GdS12, and hs7 to the Southern blot of ClaI-digested
DNA described in fig. 4b. Lane 1, female; lane 2, GM1202. Horizontal bars and asterisks indicate the positions of bands of equivalent
size for GdS12 and hs7 in DNA samples from female (lane 1) and GM1202 (lane 2) cell lines, respectively. b, Southern blot of ClaI-digested
DNA from white blood cells from a series of red/green color-blind individuals. Samples were resolved for 24 h by using 70-s pulse time
and hybridized sequentially to Gd512 and hs7. Asterisks (*) highlight the fragments that cohybridize to the two probes.

Discussion

We have generated a 3-Mb physical map around the
F8 gene incorporating polymorphic loci frequently used
for analysis of diseases in Xq28. According to a recent

estimate of 5-6 Mb for the size of Xq28 (Warren et
al. 1989), the map presented here represents a significant
fraction of this region. A number of disease loci, e.g.,

adrenoleukodystrophy and Emery-Dreifuss muscular
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dystrophy, are closely linked to F8 and Stl4 and there-
fore may lie within this 3 Mb of DNA. The physical
order for polymorphic markers will allow the position-
ing of recombinational events during segregation anal-
ysis and hence assist in the localization of these disease
genes within Xq28. A comparison of genetic and phys-
ical distance for this region is also now possible; for
example, a genetic distance for the interval St14 to F8
has been estimated as 3% recombination (z = 14.62)
(Mulligan et al. 1987), whereas the physical data
presented here suggest that they are 1-2 Mb apart. A
more surprising result is that DX13 and cpX67 are less
than 30 kb apart, as several crossovers have been ob-
served between these two probes (Hofker et al. 1987;
Lehesjoki et al., submitted). This interval may, there-
fore, contain a hot spot for recombination. From the
probe order generated, we can also determine that poly-
morphic probes from the 767 and colorblindness loci
flank the F8 gene, a result that will complement the
use of intragenic probes for hemophilia A.
During the preparation of the present paper, Arveiler

et al. (1989) reported evidence for physical linkage of
GdX and R/GCP within a distance of 750 kb by using
the enzyme ClaI and DNA from GM1202. The data
we present from use of the same enzyme and a series
ofDNA samples from red/green color-blind individu-
als show that the distance between these sequences is
maximally 600 kb. In our hands, use of GM1202 and
a cell line from a normal female refined this distance
to as little as 320 kb.
We have also used the results of physical mapping

experiments to determine the positions of a number
ofCpG islands near the F8 gene. These represent poten-
tially expressed- and therefore candidate- genes for
disease loci in Xq28. Although one of these islands is
located only 4 kb 5' to the first exon of F8, it is not
associated with the expression of F8.

It is tempting to speculate that a region for which
contradictory results have been presented with respect
to probe order may be subject to gross rearrangement
leading to a difference in physical order from family
to family. Relevant to this is the fact that many of these
studies, as well as the multipoint linkage analyses, have
been conducted in families with a genetic disorder in
Xq28, often the fragile X syndrome. During our analy-
sis using a variety of DNA sources, we have found no
evidence to support a variation of probe order. How-
ever, a much more extensive analysis including DNA
from the controversial families would be needed to ad-
dress this question fully. Demonstration ofphysical link-
age for the sequences in the presented map has for the

most part been confirmed by using a series of DNA
samples. The exception is the linkage of 767 to the
MN12 cluster, which was observed when DNA from
a hemophilia patient with a deletion of the F8 gene
was used. The possibility remains that this patient pos-
sesses a gross rearrangement of this region, resulting
in an abnormal probe order. One argument against this
is that the NotI fragments for G6PD and DX13 are un-
altered. We are currently examining this linkage further.

It is clear from the generated map that some regions
contain a greater number of polymorphic probes than
do others; for example, the Stl4 region is rich in mark-
ers, whereas the interval between F8 and Stl4 is not.
In order to improve the possibility of localizing disease
genes, more probes should be isolated from the stretches
ofDNA that are underrepresented by RFLPs. Now that
a physical map has been established, libraries greatly
enriched for these regions can be generated using PFGE
fractionation ofDNA from human/rodent hybrids con-
taining part or all of a single X chromosome (Anand
et al. 1988). This approach could also be used to gener-
ate markers from the ends of this physical map, in or-
der to link the map to probes lying proximal to the
fragile site, and to the Xq telomere. In addition, ob-
taining cDNAs for expressed sequences associated with
CpG islands may result in the isolation of single-copy
probes dispersed across a much larger region ofgenomic
DNA because of the presence of introns.

In conclusion, the generation ofthis contiguous phys-
ical map for a large section of Xq28 will allow both
a better interpretation of genetic data and a more sys-
tematic approach to the isolation of candidate genes
for disease loci in this region.
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