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Summary

The genomic sequences recognized by the anonymous probe 767 (DXS115) are localized to two sites
within Xq28. One site lies within intron 22 of the factor VIII gene (FBC). Physical mapping suggests that
the second site lies within 1.2 megabases of the F8C gene. The RFLPs detected by 767 are located within
the second site. Genetic data suggest that F8C and DXS115 are tightly linked (Omax = .04; Zma. = 8.30).
Recombination events in meioses informative for DXS52 (Stl4), DXS115, and F8C suggest that DXS115
and F8C lie distal to DXS52.

Introduction

In the course of our analysis of the Xq27/28 region
of the human X chromosome, we have been able to
determine the order and physical separation of cloned
genomic segments and genes by using pulsed-field gel
electrophoresis (PFGE). We have shown, for example,
that the probes Stl4 (DXS52), DX13 (DXS15), and
MN12 (DXS33) lie within a 470-kb region (Patterson
et al. 1987a). In addition, we have presented data sug-
gesting that the gene encoding glucose-6-phosphate de-
hydrogenase (G6PD) lies within 500 kb of the factor
VIII (F8C) gene (Patterson et al. 1987b). Thus it is be-
coming possible both to relate physical with genetic dis-
tance and to unravel the uncertainties, which have arisen
from linkage analyses, regarding locus order in Xq28
(reviewed in Davies et al. 1988).
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The anonymous probe, 767, was originally isolated
from an X chromosome library and was localized by
using somatic cell hybrids to Xq27-qter (Hofker et al.
1985). Recently, RFLPs have been reported for 767 by
using the enzymes BstXI and PstI (Arveiler et al. 1988;
Patterson et al. 1988a). To assess the utility of these
RFLPs, it is important to establish the location of these
polymorphisms relative to other markers in Xq28. Else-
where we have presented data that suggest that 767 lies
within 250 kb of F8C (Patterson et al. 1987b). How-
ever, in the present paper we present the results of a
range of physical and genetic mapping experiments,
which provide a more complete picture of the relation-
ship between 767 and F8C. First, we show that 767
is homologous to a region within intron 22 of F8C.
This region is duplicated in the human genome (Wion
et al. 1986), and we show by PFGE and deletion-
mapping experiments that both RFLPs associated with
767 derive from the duplicated site within 1.2 mega-
bases (Mb) of F8C. Finally, we have used linkage anal-
ysis in normal pedigrees and in pedigrees affected by
the fragile X syndrome to examine the location of the
767 RFLPs and F8C relative to the cluster of poly-
morphic loci around DXS52 (St14). The data suggest
that DXS115 and F8C are distal to DXS52.
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Material and Methods

DNA Probes

767 is a 1.3-kb HindIII fragment cloned in pAT153
and localized to Xq27-qter (Hofker et al. 1985).

Three probes from the factor VIII gene were used:
F8.19 (450-bp EcoRI/SstI fragment in pGemini 3), from
the promoter (J. Gitschier, unpublished observations);
114.12 (647-bp StuI/ScaI fragment in pUC12), contain-
ing part of exon 17 and all of exon 18 (Gitschier et
al. 1985b); 625.8 (3.1-kb EcoRI fragment in pUC18)
from the 3' end of the gene (J. Gitschier, unpublished
observations).

Probes were radioactively labeled, after purification
of the insert DNA, by the random priming method
(Feinberg and Vogelstein 1983).

Southern Analysis

Standard methods were employed for conventional
Southern analysis (Southern 1975; Davies et al. 1983).

PFGE

Sample preparation, restriction digestion, and as-

sociated methods were performed as described else-
where (Kenwrick et al. 1987; Patterson et al. 1987b).
A commercial apparatus was used for PFGE (Phar-
macia-LKB, Ltd.). An orthogonal array of electrodes
was used to produce the results shown in figure 1, and
a hexagonal array was used to produce those shown
in figure 4. The running conditions used for these gels
are given in the figure legends.

Genetic Analysis
Fragile X pedigrees reported by Thibodeau et al.

(1988) were analyzed with F8C and 767 (DXS115), by
using the BstXI RFLP (Arveiler et al. 1988). The in-
formative pedigrees used in the linkage analysis are Fx7,
Fx2O, Fx32, Fx33, Fx62, Fx64, and Fx73. In addi-
tion, the pedigree presented by Patterson et al. (1988a)
was analyzed with F8C. The data include one addi-
tional nuclear pedigree with three offspring, all ofwhom
are affected. This pedigree was informative only at the
F8C locus. The parameters used in the linkage calcula-
tions were as described elsewhere (Thibodeau et al.
1988).
Normal families from the Centre d'Etude du Poly-

morphisme Humain collection were analyzed with 55E
(DXS105; Heilig et al. 1988), St14 (DXS52; Oberle et
al. 1985), F8C, and 767. Informative pedigrees are 2,
17, 28, 35, 37, and 45. The LINKAGE program was

used for two-point and multipoint calculations (Lathrop
and Lalouel 1984; Lathrop et al. 1985).

Results and Discussion

PFGE Mapping Using 767

PFGE has already provided evidence for the physical
linkage of 767 and F8C. In particular, 767 identifies
the same size NruI fragments in partial digests as F8C,
at 250 kb and 500 kb (Patterson et al. 1987b). How-
ever, with other enzymes, such as Sfil and SstII, 767
was found to hybridize to bands in addition to those
recognized by F8C. An example of this is shown in figure
1, in which partial SstII digests are used to construct
a long-range map of the F8C region. Partial digestion
was encouraged by using salt concentrations greater than
those recommended by the manufacturers. The vari-
ability of the band intensities reflects the differing
degrees of partial digestion under the different diges-
tion conditions. While it is possible that altering the
conditions of the restriction digest in this way may
change the specificity of the restriction enzyme, this
does not seem to be the case for SstII or NruI (Patterson
et al. 1987b). The higher-molecular-weight bands ob-
served in the partial digests at elevated salt concentra-
tion are also present, albeit at reduced intensity, in the
digestion under the recommended conditions.
The F8C probes, 114.12 and F8-19, are known to lie

approximately 140 kb apart, F8-19 being derived from
the 5' end of the F8C gene (J. Gitschier, unpublished
observations) and 114.12 being derived from the exon
17/18 region (Gitschier et al. 1985b). Both probes pro-
duce identical patterns with SstII digests, identifying
the smallest band at 150 kb. Thus, the probes must
lie at opposite ends of this fragment, as shown in figure
ld. The third F8C probe, 625.8, is a genomic probe
which is 90 kb distal to 114.12 and hybridizes to smaller
fragments in addition to fragments common to 114.12
and F8-19 (fig. lb). From the sizes of the fragments a
unique map of the SstII sites can be constructed (fig.
ld), with 625.8 straddling a SstII site. This prediction
was upheld, since the 625.8 probe was found to be sus-
ceptible to cleavage by SstII.
When 767 was hybridized to the SstII filter, a com-

plex pattern of bands was observed (fig. 1c). Some of
the bands detected by 767 are shared with only 625.8
(blocked arrows), while others are common to all the
factor VIII probes (clear arrows). This suggests very
strongly, therefore, that 767 lies within the factor VIII
gene at the location indicated in figure ld. However,
in addition to the F8C bands, 767 appears to hybridize
to at least four other SstII bands which remain after
washing at high stringency. A similar observation is
made when using the enzyme Sf1l, where 767 detects
two bands; the first, at 280 kb, is coincident with the
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Figure I SstII restriction-site map across the F8C gene. The DNA samples on the left half of the gel are from a normal male, and
those on the right from a fragile X male. Samples were digested with SstII, but with varying amounts of salt (NaCl) in the restriction buffer:
the manufacturers' recommended buffer (containing 50 mM NaCl) was used for the samples run in the outermost two lanes on each side.
The salt concentration was increased to 100 mM in the samples run second from the center and was increased to 150 mM for the most

central lanes. The 1% gel was run at 200 V, with a pulse time of 35 s. The filter was hybridized successively to probes as indicated. Open
and closed trinagles indicate bands common to probes. The lines in the center of the gel show the positions of the lambda concatamers

(multiples of 50 kb) used as markers. A restriction-site map is shown in panel d, with the short vertical lines representing SstII sites.

single band detected by all three F8C probes, and a sec-

ond, at 310 kb, is shared with no other probes (results
not shown). Since 767 does not contain sites for SstII
or Sfi1, these observations suggest that 767 hybridizes
to two regions: one within F8C and the other elsewhere
in the genome.

767 Hybridizes to a Region within F8C

To test directly whether 767 is located within F8C,
we hybridized 767 to a series of genomic clones cover-

ing most of the factor VIII gene. 767 clearly identifies
a 9.6-kb EcoRI fragment within cosmid 542, a result
that localizes 767 within intron 22 of F8C (fig. 2). At
this stage, it became possible to explain the additional
bands detected by 767 in PFGE digests such as those
in figure 1. This is because the intron 22 region to which
767 hybridized is known to be present at one other lo-
cation in the human genome (Wion et al. 1986). 767
therefore identifies bands from both the F8C region and
the second region. From the results presented previously,
the location of the duplicated region, homologous to
intron 22 could not, however, be determined.
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Figure 2 Hybridization of767 to F8C genomic clones. A, EcoRI
digests of cosmids covering most of the F8C gene were hybridized
to 767. B, Schematic diagram showing the location of the genomic
clones within F8C. The scale used is the same as that used by Git-
schier et al. (1984), and the position of intron 22 which contain the
EcoRi fragment to which 767 hybridizes is shown.
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Figure 3 Mapping the RFLPs detected by 767. DNA samples
from a control (4X) cell line and from a patient deleted from the
intron 22 region of F8C were digested with enzymes as indicated.
A 0.8% agarose gel was run, and the results of hybridization to 767
are shown. C and P indicate, respectively, the constant and poly-
morphic bands detected by 767.

Mapping of the 767 RFLPs outside F8C

Recently, 767 has been shown to detect two RFLPs
with the enzymes BstXI and PstI (Arveiler et al. 1988;
Patterson et al. 1988a). After it was established that
767 hybridizes to two separate regions of the human
genome it became important to determine which of
these regions contained the polymorphic sites. This
question was addressed using a hemophilia A patient
who carries a 39-kb deletion encompassing all of in-
tron 22 of F8C (patient H96; Gitschier et al. 1985a).

The results are shown in figure 3. First, in an EcoRI
digest, 767 identifies 9.6-kb and 21-kb fragments in con-
trol DNA (4X), whereas the 9.6-kb fragment is absent
in the patient DNA. In BstXI and PStI digests 767 de-
tects an upper constant band and a lower polymorphic
pair of fragments. For both enzymes the patient DNA
reveals one of the polymorphic bands but is deleted for
the constant bands. Thus, both the PstI and the BstXI
polymorphisms which constitute the genetic locus,
DXS115, derive from the non-F8C region to which 767
hybridizes. This is also consistent with the almost com-
plete linkage disequilibrium that we have observed be-
tween the BstXI and PstI polymorphisms.

Both the constant and the polymorphic bands de-
tected by 767 cosegregate in a number of somatic cell
hybrids, including hybrids whose only human X com-
ponent is that from Xq26-qter (results not shown). In
addition, all the bands detected by 767 are present in
a single dose in three unrelated females who carry a
terminal deletion of the distal tip of the long arm of
one of their X chromosomes (Patterson et al. 1987b).
Thus, the polymorphisms detected by 767 are likely
to be located distal to the fragile site at Xq27.3.

Physical mapping suggests that the duplicated regions
may lie within a single large NotI fragment. F8C probes
such as 114.12 detect a 1.2-Mb NotI fragment (fig. 4).
As expected, 767 also detects this fragment, but it de-
tects no other fragment below 7 Mb. ty using gels that
resolve in the kilobase range, we have excluded the pos-
sibility that 767 hybridizes to a small NotI fragment.
It is possible that 767 lies within a very large NotI frag-
ment of greater than 7 Mb, although we consider this
unlikely given the relatively high density of sites for rare-
cutter enzymes on the distal side of the fragile site (Pat-
terson et al. 1988b). These results therefore suggest that
the polymorphisms detected by 767 are within 1.2 Mb
ofF8C. This mapping also increases, to approximately
1.5 Mb, the region that has been mapped around G6PD
and F8C (Patterson et al. 1987b). However, the physi-
cal distance between this region and the cluster ofpoly-
morphic loci around DXS52 (Stl4) has not been estab-
lished.

Genetic Analysis
Linkage analysis both in normal pedigrees and in fam-

ilies affected by the fragile X syndrome provides evi-
dence for tight linkage between the loci DXS115, DXS52,
and F8C. The two-point lod scores are shown in table
1, and the results are in good agreement with previous
data (Arveiler et al. 1988).
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Unfortunately, this family is not informative at DXS52,
and, overall, multipoint analysis of the normal data set
does not distinguish significantly between different
orders for the three distal loci. Two recombinants are
also observed in the fragile X families. The recombina-
tion between DXS115 and DXS52 shown in figure Sb
(III.2) has been reported elsewhere (Patterson et al.
1988a). The information at the F8C locus presented
here suggests that both DXS115 and F8C are distal to
DXS52. Finally, figure Sc shows a recombination event
between DXS52 and F8C, providing further evidence
for a distal localization of F8C with respect to DXS52,
although this assumes that individual III.1 is not a non-
penetrant male carrier. Multipoint analysis of the frag-
ile X family data suggests that the order FRAXA-
DXS52-(F8C,DXS115) is approximately 12 times more
likely than any other.

Not I
Figure 4 1.2-Mb NotI band detected by F8C probes. Male DNA
samples from five independent EBV-transformed cell lines were

digested from NotI and were subjected to PFGE through a 0.6%
agarose gel at 40 V with a pulse time of 60 min. After Southern
transfer the filter was hybridized to 114.12. The size markers used
were Saccharomyces cerevisiae and Schizosaccharomyces pombe chro-
mosomes with sizes as estimated by Vollrath and Davis (1987).

In order to construct a complete physical and genetic
map of Xq27/28, we are interested in the relative posi-
tions of DXS52, DXS115, and F8C, and three multiply
informative recombinants shed some light on this ques-
tion. In the normal families a recombinant is observed
between DXS115 and F8C (fig. Sa, II.4). Since this fam-
ily is also informative for DXS105 (55E) (Heilig et al.
1988), the results suggest that DXS115 is distal to F8C.

Conclusions

A variety of physical and genetic mapping strategies
have been used to determine the relationship in Xq28
between DXS115 (detected by 767) and F8C. First, the
locus DXS115 does not lie within 250 kb of the F8C
locus as has been suggested elsewhere (Patterson et al.
1987b), since the probe 767 hybridizes to two regions
within Xq28. One of these regions is within intron 22
of the factor VIII gene. The second region, which con-

tains both RFLPs detected by 767 and can therefore
be considered to correspond to DXS115, probably lies
within 1.2 Mb of F8C. Linkage analysis reveals tight
linkage between the loci DXS115, DXS52, and F8C,
and multiply informative recombination events suggest
that the most likely locus order is FRAXA-DXS52-
F8C-DXS115-Xqter.

Table I

Linkage Analysis between Loci in Xq27-qter

RECOMBINATION FRACTION (0)

Locus 1 Locus 2 Zmax Omax .001 .01 .05 .1 .15 .2 .3 .4

FRAXA ............ DXSS2 (St14) 1.91 .19 -13.12 -5.84 -.46 1.26 1.83 1.90 1.37 .53
F8C (F8) 1.18 .13 -1.90 -.27 .86 1.15 1.17 1.06 .68 .24
DXS115 (767) .49 .20 - 4.73 - 2.17 - .36 .23 .44 .49 .36 .12

DXS52 (St14) ....... F8C 6.27 .07 -1.93 4.77 6.18 6.18 5.76 5.15 3.55 1.62
DXS115 (767) 5.80 .06 3.11 4.97 5.78 5.56 5.14 4.54 3.02 1.28

F8C ............... DXS115 (767) 8.25 .02 7.28 8.12 8.09 7.42 6.61 5.70 3.65 1.49

114.12

Mb

-5

-3

-1.2
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Figure 5 Recombination events that help to order loci within Xq28. A, Normal pedigree from the CEPH panel (CEPH 28). B, Part
of the fragile X pedigree analyzed by Patterson et al. (1988a). C, Part of the fragile X pedigree (Fx7) analyzed by Thibodeau et al. (1988).
Loci are abbreviated as follows: Q, q = DXS105 (55E); 2, 3, 4, 6, and 8 = DXS52 (Stl4); F, f = F8C; E, e = DXS115 (767). Shading is
used to indicate the most likely haplotypes and the positions at which recombination is thought to have occurred. Affected individuals are
indicated by a black symbol, and phenotypically normal carriers are indicated by a dot within the symbol.
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