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We report here on the order of three DNA markers, C7,
B24, and L1, based on the arrangement of their fluorescently
labeled hybridization sites in interphase cell nuclei. The three
markers map distal to the Duchenne muscular dystrophy
(DMD), glycerol kinase deficiency (GKD), and adrenal hypo-
plasia (AHC) loci on human chromosome Xp21.3. Their order
has been a matter of controversy. In interphase chromatin,
B24 maps between C7 and L1. We estimate from interphase
distance that C7 and L1 are 300-500 kb apart. When the
three markers are hybridized to interphase cells of Nijme-
genl, a patient with DMD, GKD, and AHC, only C7 appears to
be deleted, rather than both C7 and L1, as had been reported
elsewhere. C7 is also the only one of the three markers deleted
in several other DMD patients studied by others. The deletion
results indicate that C7 is the most proximal of the three
markers and allow the trio of ordered probes to be oriented on
the chromosome: cen—C7(DXS28)-B24(DXS67)-L1(DXS68)-
tel. © 1992 Academic Press, Inc.

The three DNA markers, C7 (DXS28), B24 (DXS67),
and L1 (DXS68), map distal to the AHC, GKD, and
DMD loci in human chromosome Xp21 (4). These
probes are frequently used to define the extent of dele-
tions in patients with contiguous gene syndromes in-
volving these loci. They also aid in long-range mapping
of this clinically important chromosomal region.

The order of these three markers has been a matter of
controversy. A number of publications have addressed
this issue, with conflicting results and conclusions (1-3,
8-10, 14). In fact, of the six possible permutations of the
order of these three loci, only one has not yet been put
forth in the literature.

Pulsed-field gel electrophoresis (PFGE) analysis
shows that an ~1.1-Mb partial BssHII restriction frag-
ment is shared by L1 and B24, but not C7, and that B24
and C7, but not L1, hybridize to a common 800-kb
BssHII fragment (3). These PFGE results suggest the
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order C7-B24-L1, but provide no orientation of the
cluster relative to the aforementioned disease loci. Segre-
gation analysis in a DMD family suggests that B24 maps
between C7 and DMD (8). This conclusion is in conflict
with the analyses of patients with deletions involving
AHC, GKD, and DMD. The deletions in three such pa-
tients include C7, but not L1 or B24 (1, 9, 10). These
deletion results indicate that C7 is the most proximal
(closest to DMD) of the three markers. However, the
deletion of one patient, referred to as Nijmegenl, has
been reported to include both C7 and L1, but not B24
(14). The result on this patient is inconsistent with the
PFGE results.

To resolve these discrepancies, we employed a differ-
ent approach, interphase chromatin mapping, to derive
the order of C7, B24, and L1. In this approach, the order
of probes is derived from the relative positions of their
fluorescently labeled hybridization sites in interphase
nuclear chromatin. The distance between hybridization
sites in interphase has been shown to increase with the
genomic distance separating DNA probes in the range
from 50 kb to at least 1 Mb (7, 12, 13). Using interphase
mapping, we show here that B24 maps between C7 and
L1. In addition, we have used fluorescence in situ hybrid-
ization (FISH) to reexamine the deletion in the Nijme-
genl patient. We find that the deletion does not include
L1 as previously reported and is thus consistent with the
map cen-DMD-C7-B24-L1-tel.

The following probes were labeled with either biotin-
dUTP or digoxigenin-dUTP using a nick-translation kit
(BRL). L1 is a cosmid clone isolated by hybridization to
probe L1-4 (3). C7is a 15 to 20-kb A clone kindly pro-
vided by H. Zoghbi (Baylor College of Medicine) and
isolated by hybridization of C7 (from ATCC) to a human
genomic library cloned in A\-DASH (15). B24 is pooled
DNA from two phage clones, HXB24A and HXB24B,
which contain overlapping inserts of ~15 kb and were
obtained by screening a EMBL3 human genomic library
{constructed and kindly provided by G. Benzi and A.-M.
Frischauf, ICRF, London) (unpublished results; (5))
with the probe B24. Probes 1.1-4 and B24 (6) were kindly
provided by L. Kunkel (Childrens Hospital, Boston).

The probes were hybridized together in various combi-
nations to G1 interphase nuclei from normal male fibro-
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blast culture cells (HSF7), as described elsewhere (13).
In some experiments, the slides were incubated in 0.08
ug/ml proteinase K for 7 min at 37°C before denatur-
ation to decrease nonspecific signals (11). After hybrid-
ization and washing, biotin- and digoxigenin-labeled
probes were detected with avidin-Texas Red and FITC-
conjugated antibodies, respectively, as described (13),
with minor modifications (Trask et al., manuscript in
preparation). Slides were mounted in an antifade solu-
tion containing the DNA stain DAPI. Texas Red and
FITC fluorescence were viewed simultaneously through
a dual band pass filter (Omega, Brattleboro, VT) on a
Zeiss Axioskop microscope (100X, 1.3 NA).

The order of C7, B24, and L1 was first determined by
hybridizing the three probes simultaneously to male G1
interphase nuclei. The site of one probe was labeled in a
color distinct from the other two probe sites (Fig. 1a).
The identity of the odd-colored site was varied among
experiments. The position of the odd-colored probe was

FIG. 1. FISH analysis of interphase nuclei from normal male and
Nijmegenl patient. (a) Hybridization of C7 and L1 (both yellow-
green) and B24 (orange-red) to G1 interphase nucleus of a normal
male. B24 falls between C7 and L1 in this and the majority of other
nuclei (see Table 1). (b) Hybridization of 1.1 (yellow-green) and B24
(orange-red) to a nucleus from the Niymegenl cell culture. L1 is not
deleted in this patient as evidenced by the presence of a green hybrid-
ization site in this and >93% of the other nuclei (see Table 2). Bar = 5
am.
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TABLE 1

Probe Order in Interphase Nuclei®

Color label® of probes

Observed order®

C7 B24 L1 (number of nuclei)
RRG (G outside) RGR (G inside)
G R R 66 33
R G R 39 65
R R G 65 36
GGR (R outside) GRG (R inside)
R G G 57 31
G R G 42 79
G R Ge 64 140
G G R 74 38

® Three probes hybridized simultaneously to G1 interphase nuclei
from fibroblast cell culture of normal male. The slides bearing each
probe combination were coded before scoring at the microscope.

® @, green; R, red.

¢ The position of the odd-colored probe was scored as either “inside”
or “outside” a circular area between the other two hybridization sites.
The diameter of this circular area was defined as the line connecting
the two like-colored sites. The values supporting the order C7-B24-
.1 are highlighted in bold type in each row.

¢ Results of a duplicate experiment on a different nuclear prepara-
tion of the same individual.

scored as either inside or outside the area between the
two like-colored probes in ~100 nuclei (Table 1). In all
experiments, the most frequently observed arrangement
of hybridization sites was consistent with the order C7-
B24-L1.

Probe order was also derived from the relative dis-
tance measured between probes in interphase chroma-
tin. Here, the probes were hybridized in pairs to G1 nu-
clei. One probe site in each pair was labeled in green and
one in red. Photographic slides were taken of 80-140
randomly selected nuclei per probe pair from coded
slides. The distances between red and green hybridiza-
tion sites were measured from projected (1 um enlarged
to 1.4 cm) images of coded photographic slides (12). The
mean interphase distance between L1 and C7 (0.67 +
0.03 pm; +SEM) was significantly greater than the dis-
tance between either C7 and B24 (0.53 + 0.02 um) or B24
and L1 (0.51 + 0.03 um). The relative distances again
indicate that B24 lies between C7 and L1.

The FISH results are inconsistent with the published
results on Nijmegen1, a patient with a deletion causing
DMD, GKD and AHC and described to include C7 and
L1, but not B24. We used FISH to reexamine the dele-
tion in interphase cells from this patient. The cells were
kindly provided by G.-J. van Ommen and M. Wapenaar
(University of Leiden) and H. H. Ropers and F. Oerle-
mans (University of Nijmegen). B24 (red) was paired
with either C7 or L1 (green) (Fig. 1b), and the number of
red and green hybridization sites was scored in >100
nuclei (Table 2). The results confirm that C7 is deleted
in this patient but show that both L1 and B24 are re-
tained.

Interphase distance and probe ordering place B24 be-
tween C7 and L1. This order assumes a direct correla-
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TABLE 2
DNA Probes Hybridizing to Nijmegen1 Patient Nuclei®

Green (G) and red (R) sites/nucleus

Probe pair (number of nuclei)

Green Red 1G/1R 0G/1R 1G/OR 0G/OR
L1 B24 96 6 4 1
c7 B24 0 100 0 0

% Two probes hybridized simultaneously; sites labeled in indicated
colors.

tion between interphase and genomic distance in this
chromosomal region. Such a correlation has been ob-
served in a number of chromosomal regions including
two on chromosome X ({7, 12, 13), B. Trask et al., manu-
script in preparation). The observed order is consistent
with previously published PFGE results, which also
placed B24 between C7 and L1 (3).

Analysis of deletions in patients with DMD, GKD,
and AHC provides orientation of the C7-B24-L1 trio
with respect to these more proximal disease loci. C7 is
the most proximal of the three markers. C7 is deleted,
but L1 and B24 are retained in three described patients
(1, 9, 10). Our reexamination by FISH of the Nijmegen1
patient shows that his deletion also includes C7, but
does not include B24 or L1, as had been reported previ-
ously. Difficulties with early stocks of the L1 phage (6)
may have led to the original erroneous results (14). Nij-
megenl is apparently not deleted for L1-4 (G.-J. van
Ommen, personal communication), the subclone used to
identify the L1 cosmid for our FISH studies.

We estimate that L1 and C7 are 300-500 kb apart by
comparing the mean interphase distance between them
(0.67 um) to interphase distances measured between
probes in other well-characterized chromosomal regions
((7,13), B. Trask et al., manuscript in preparation). This
estimate assumes that, after hybridization, DNA is simi-
larly condensed in different regions of the genome over
this distance range. The distance estimate is consistent
with the 300- to 1500-kb separation estimated from
PFGE results (3).

In the course of the last 5 years, five of the six possible
orders of C7, B24, and L1 relative to DMD have been put
forth in the literature. We now conclude that the sixth
and as yet unchampioned order, cen-DMD-C7-B24-
Li-tel, is supported by FISH interphase analyses,
PFGE results, and deletion analyses.
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