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SUMMARY The inheritance of Duchenne muscular dystrophy in 25 families was studied with 13 X
chromosome specific cloned DNA fragments from 10 loci in and surrounding Xp2l. When
multiple probes were informative, the meiotic exchange points for each meiosis were located in
individual families. Neither genetic nor physical evidence indicates an unusually high recombi-
nation rate across Xp2l in these 25 families.

Duchenne muscular dystrophy (DMD) is an X
linked human genetic disorder with a frequency of
one in 4000 live male births. In recent years 12
females have been described with phenotypes simi-
lar to DMD and each of these females was found to
be a carrier of a balanced X;autosome translocation
involving the Xp2l region of the human X
chromosome.' Several patients with deletions of the
Xp2l region and the associated DMD phenotype
have also been described.2-5 Formal genetic linkage
analysis in DMD families, in addition to the physical
X chromosomal abnormalities cited above, supports
evidence that the DMD locus resides in Xp2l.6 7
However, while physical and genetic data clearly
locate DMD in Xp2l, a close cloned marker locus
DX5164 (pERT87), which is able to detect micro-
deletions in DMD patients, 8 iS still an appreciable
genetic distance from certain DMD mutations.9 10

Recently, the idea has been proposed that there
might be an increased frequency of meiotic ex-
change within or nearby the DMD locus.1' To test
this hypothesis, 13 X chromosome specific cloned
DNA sequences from 10 loci surrounding or within
Xp2l were used to follow the inheritance of DMD in
25 families. The meiotic exchange points in these 25
families were mapped for the Xp2l region. The
physical relationship of the various loci relative to
one another was determined by mapping the 13
cloned DNA fragments versus X;autosome trans-
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locations and cytologically detectable deletions.
Two of the previously published cytologically de-
tectable deletions have been estimated to be missing
between 10 and 20 million base pairs of DNA,12 L
allowing for the assignment of approximate relative
distances between the cloned DNA loci within this
region. The incidence of meiotic exchange within
the region of approximately 20 million base pairs of
DNA using these 13 cloned loci does not indicate an
unusually high recombination rate in Xp2l for the
25 families studied.

Materials and methods

PATIENTS AND FAMILIES
Twenty-five DMD families with one or more
affected males and obligate carrier females were
studied. Diagnosis of DMD was based on standard
criteria: family history of DMD, clinical examina-
tion, blood enzyme levels (including CK), muscle
biopsy, and other laboratory tests.'4 1 Fifteen of the
25 families were obtained from The Children's
Hospital, Boston, the MDA Portland, Maine, or the
Center for Human Genetics, Bar Harbor, Maine.
Nine families were obtained from the University of
Pennsylvania. One family was provided by Dr Jean
Amos of the Shriver Center, Waltham, Mas-
sachusetts.

DNA ISOLATION, RESTRICTION ENZYME

CLEAVAGE, AND SOUTHERN BLOTTING
Human DNA was isolated from whole blood
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leucocytes.16 Human DNA (3 ig) was digested to
completion under conditions recommended by the
manufacturer for each particular restriction enzyme.
DNA concentrations were determined using the
DNA specific fluorescent dye 4', 6-diamidino-2-
phenylindole (DAPI)17 and measured on a

fluorescence spectrophotometer (Perkin-Elmer).
DNA (1 tg) was loaded per lane onto 0-7%
horizontal agarose gels and DNA fragments were
separated by electrophoresis according to molecular
weight. Following denaturation and renaturation,
DNA was transferred18 onto nitrocellulose
membranes (Schleicher and Schuell).

PROBES

The cloned DNA fragments used as hybridisation
probes were isolated either from plasmid subcloned
inserts or from subfragments of whole phage inserts
released from their vectors by digestion with the
appropriate restriction enzyme. Except for the
probe OTC, where the oligonucleotide primed
radiolabelling technique was used,19 all the cloned
DNA fragments were 32P radioactively labelled
using the enzyme T4 DNA polymerase.2 With the
exception of C7, prehybridisation of nitrocellulose
filters was at 45°C in 50% formamide, 4 x SSC, 0-05
mol/l sodium phosphate buffer (pH 6.8), 8%
dextran sulphate, 10 x Denhardt's, 100 sg/ml
transfer RNA, 25 ytg/ml sheared salmon sperm

DNA, 0 1% SDS, and 1 mmol/l EDTA for six to 12
hours. C7 was prehybridised at 68°C in 4 x SSC,
0-05 mol/l sodium phosphate buffer (pH 6.8), 5%
dextran sulphate, 2 x Denhardt's, 100 [ig/ml tRNA,
25 Zg/ml sheared salmon sperm DNA, 01% SDS,
and 1 mmol/I EDTA. Hybridisation of nitrocellulose
filters was under the same conditions as
prehybridisation using fresh solution with the
addition of 0X5 to 1X0 x 106 cpm/ml radiolabelled
DNA to the hybridisation solution and hybridised
for 16 to 20 hours. Nitrocellulose filters were washed
in 0.1% SDS, 0X1 x SSC several times at room
temperature and at 55°C for one hour.
Autoradiography was at -70'C on X-OMAT film
with a Du Pont intensifying screen for one to seven
days.

Results

The 10 independent cloned loci examined all reside
within or near Xp2l and DMD. Many of these
cloned loci have previously been mapped relative to
various translocation breakpoints in Xp" 12 16 21 22
and to patients with Xp deletions.2 s 12 22 Here, we
present a further delineation of the physical map by
testing the DNA of four patients with glycerol
kinase (GK) deficiency4 for presence or absence of
the 10 cloned loci. In addition to the GK deficient
patients, results are presented for DNA isolated
from series of other interstitial deletion samples and

TABLE 1 Physical ordering ofXp2J loci using the DNA ofpatients with cytologically detectable deletions and X;autosome
translocations.

Probe Hybridisation results

Human DNA samples Rodent-human hybrids

2470 KC BB RUS RON TJ MIC EDN B12 617 422

L1-28 (DXS7) - + + + + + + NT + + -
OTC (OTC) - - + + + + + NT + + -
pERT145 (DXS141) - - - + + + + NT + + -
754 (DXS84) - - - - + + + NT + _ _
pERT84 (DXS142) - - - - + - + + + - -
pERT87 (DXS164) - - - - + + - - -

J-Bir - - + - + - - + - - -

C7 (DXS28) - - + + - + - NT - - -
99-6 (DXS41) - + + + + + + NT - - -

D2 (DXS43) + + + + + + + NT - - -

The cloned loci tested here are presented to the left of the table, and the DXS numbers for each locus are given in parentheses. Some clones have been
previously mapped relative to some of the breakpoints in the cell lines used in this study. Each cell line is described, followed by a reference and the cloned loci
previously mapped. The cell lines were as follows: 2470, a 46,X,del(X) human cell line with an interstitial deletion from Xpll to Xp22 on one X chromosome13 23
(L1-28, OTC, C7); KC, a 46,X,del(X) human cell line with an interstitial deletion from Xp2l-1 to Xp21-3'2 (L1-28, OTC, 754, C7, 99-6, D2); BB, a 46,Y,del(X)
human cell line with an interstitial deletion from Xp21-1 to Xp21-3 and RP, CGD, and DMD2 (L1-28, OTC, 754, C9, 99-6, D222: pERT145, pERT84, pERT87);
RUS, a DNA sample isolated from a human male with an interstitial deletion in Xp21, the phenotype of DMD, and glycerol kinase deficiency; RON, a DNA
sample isolated from a male with an interstitial deletion in Xp21 and only GK deficiency; TJ, a DNA sample isolated from a male with DMD, GK deficiency, and
an interstitial deletion in Xp2l; MIC, a DNA sample isolated from a human male with DMD, GK deficiency, and an interstitial deletion in Xp2l; EDN, a rodent-
human hybrid cell line DNA sample with human X chromosome representation from Xp21 to Xqter24 (generously supplied by Dr Y Boyd); B12, a rodent-human
hybrid cell line DNA sample with human X chromosome representation from Xp2l to Xqter, although it has a different translocation break from EDN25
(pERT145, pERT84, pERT8722); 617, a rodent-human hybrid cell line DNA sample with X chromosome representation from Xpl-3 to Xqter2l (L1-28, 99-6,
D2) (the breakpoint of the translocation chromosome in this hybrid line is currently being redetermined, for the previous assignment is inconsistent with the
probe results and other breakpoints); 422, a rodent-human hybrid cell line DNA sample with human X chromosome representation from Xpll to Xqter2l
(L1-28, 99-6, D2). For the human cell lines with a normal X chromosome as well as the deleted X, hybridisation intensity was used to judge whether one or two
copies of a probe was present. The symbol - refers to the absence of the cloned DNA in the abnormal X, + indicates normal hybridisation, and NT indicates that
this sample has not been tested in our laboratory with these cloned DNA loci.
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from rodent-human hybrid cell lines with different
representation for sections of the human X chromo-
some. All 10 cloned sequences were hybridised to a
panel of these DNA samples and the results are
presented in table 1. The hybridisation results are
indicated by absence (-) or presence (+) of the
cloned sequences in the various patient or hybrid
cell line DNA samples. In cases where a normal X
was also present in a cell line, absence or presence
was judged by hybridisation intensity similar either
to that of a normal female or a normal male. An
interpretation of the results indicates the following
order of separable loci: pcen-L1*28-OTC-
pERT145-754-pERT84-pERT87-J-Bir-C7-99-6-
D2-pter.
Each locus mapped in table 1 detects the

informative restriction fragment length poly-
morphism (RFLP26) alleles presented in table 2.
The allele frequencies for each probe-enzyme
combination are given with the observed
heterozygosity at each locus in the 25 families
studied here. pERT87-1, pERT87-8, pERT87-15,
and pERT87-30 are separate subcloned fragments
mapping in the same 112 kb region and can
therefore be considered for linkage analysis as
tightly linked markers from within the same locus.
J-Bir is in close proximity to the pERT87 clones at

TABLE 2 Cytogenetic location andpolymorphism
description ofeach ofthe human Xchromosome cloned
DNA fragments.

Cloned Location Restriction Allele Rare allele Observed
DNA eniyme sizes (plq) frequency (q) hetero-
fragment zygosity

(%)

L1-28 Xp11-3 Taql 16/12 0-32 39
OTC Xp21l1 MspI 6-6/6-2 0-39 58
145-12 Xp21-I TaqI 3 7/4-8 0-23 36

MspI 4-8/18 0-22 16
754 Xp21-2 PstI 18/13 0-38 65
8410 Xp2l-2 TaqI 4-5/2-6 0-17 20
87-30 Xp21-3 Bg[II 30/7-7 0-33 24
87-15 Xp21-3 Xmnl 1-6,1-2/2-8 0-32 29

Xp21-3 TaqI 3-1/3-3 0-33 57
Xp21-3 BamHI 7-1,2-3/9-4 0-38 -

87-8 Xp21-3 BstXI 4-4/2-2 0-40 42
Xp21-3 Taql 3-8/1-1 0-29 47

87-1 Xp21-3 XmnI 8.7/7-5 0-34 50
Xp21-3 BstNI 3-1/0-6 0-37 50

J-Bir Xp21-3 BamHI 5,16/21 0-29 40
C7 Xp21-3 EcoRV 7-5/8-0 0-15 29
99-6 Xp22 PstI 23/13 0-29 56
D2 Xp22 PvuII 6-0/6-6 0-29 63

The cloned fragments LI-28 and 754 were provided by Professor P L Pearson
of Leiden, The Netherlands.6 27 The cloned fragment OTC was provided by
L Rosenberg of Yale University.28 29 The cloned fragment C7 was provided by
J-L Mandel of Strasbourg, France. l The cloned fragments 99-6, D2, and the
pERT87 clones were isolated in our laboratory.8 16 The allele frequencies for
the various loci were as previously published or calculated as part of this study.
The observed heterozygosity was calculated from the proportion of women in
this study heterozygous at a particular locus relative to those who were not.
There were insufficient data on the BamHI alleles of 87-15 to calculate a
frequency of heterozygosity.

an unknown distance towards the terminus (A P
Monaco, unpublished observations), yet maps as
present in the DNA of the patient BB.2 The allele
frequencies for the various loci were as previously
published or calculated as a part of this study. The
observed heterozygosity was calculated as the
proportion of obligate carrier women in this study
who were heterozygous at a particular locus relative
to those who were not.
DNA samples isolated from family members of

women heterozygous for a particular locus were
tested with the probe defining that locus. An
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FIG 1 Segregation offive Xp loci in a DMD family.
DNA was isolated from five members ofDMD family 102.
Diagnosis ofDMD was according to standard criteria
described in detail in Materials and methods. The mother
was judged to be a carrier of the DMD mutation based on
raised CK levels, previous family history, and an affected
son. The daughter was judged to be a carrier of the DMD
mutation based on raised CK levels. The DNA samples
were cleaved with the appropriate restriction enzyme for
each of the cloned DNA fragments. Gel electrophoresis,
transfer, and hybridisation were as described in Materials
and methods. The different loci were assessed by
hybridisation with the cloned DNA fragments (from the
centromere towards the terminus to the left of the figure):
L1-28, 754, pER T87-15 (TaqI), 99-6, D2. The half-filled
circles indicate carrier females, the filled box indicates an
affected male, and the open symbols indicate the absence of
the DMD mutation. Under each subject is shown the
autoradiograph pattern revealing the genotype of each
subject with respect to: the TaqI polymorphism of the probe
L1-28, the PstI polymorphism of the probe 754, the TaqI
polymorphism ofpERT87-15, the PstI polymorphism of
the probe 99-6, the PvuII polymorphism of the probe D2.
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example of the segregation of alleles for five cloned
DNA fragments in a particular DMD family
pedigree is illustrated in fig 1. This family shows a
segregation pattern in which no recombinants are
seen in three meiotic events for each of four
sequences, 754, pERT87-15, 99-6, and D2, yet a
fifth, Ll*28, exhibits recombination (SB, fig 1).
Within the distance between the cloned sequences
754 and D2 (which includes pERT87-15) there were
no meiotic exchanges observed in the three
possibilities. The more distant clone, Li-28, shows
the single meiotic exchange point across the region
in this particular family.
The cloned DNA segments of pERT87 have been

observed to detect microdeletions of the DNA of
boys affected with DMD.8 Of the 25 families studied
in this analysis, two families were observed to have
heritable deletions of the pERT87 region. In addi-
tion to deletions, one family seems to have a
member who has a duplication of the pERT87
region. This DMD male was identified as having a
duplication due to his consistent hybridisation in-
tensity for the pERT87 cloned DNA segments
which was similar to that of a female. The same
nitrocellulose filters probed with other cloned Xp
fragments never yielded hybridisation intensities
similar to a normal female. Family members were
tested (fig 2) and it appears that this subject's
mother, who was deemed a carrier based on a
considerably raised CK level, has normal two copy
hybridisation for the pERT87 probes. The un-
affected brother of the duplicated male has single
copy hybridisation intensity for all probes tested; he
also has the opposite alleles to his brother for Xp
loci, as shown in fig 2. The duplicated region of the
DMD male appears to be large, encompassing all
the pERT87 subclones (data partially shown), but
not J-Bir or D2, as seen in fig 2, nor 754 (data not
shown). The manner in which this duplication yields
the DMD phenotype is unknown, but for both
deletions and duplications these major disruptions
in the region are presumably the cause of the
disorder. Of interest to this study was the observa-
tion that there did not appear to be an increased or
decreased frequency of recombination for surround-
ing loci in the two families segregating for deletions
or in the one family with a male with a duplication of
pERT87. In one family segregating for a deletion,
there were no recombinants observed in three
meioses. A second family segregating for a deletion
showed a single meiotic exchange between the
cloned DNA sequences C7 and D2 in three meioses.
The family with the subject with a duplication of the
pERT87 region exhibits one recombinant in two
meioses between DMD and 145-12.
By observing the segregation of alleles for various

FIG 2 Segregation of three loci in the family ofa male
duplicated for the pER T87 region. DNA was isolatedfrom
a normal 46,XXfemale and 46,XY male and three members
ofDMD family 114. Diagnosis ofDMD was according to
standard criteria described in Materials and methods. The
mother was judged to be a carrier based on raised CK levels
and the birth ofan affected son. All DNA samples were
cleaved with the appropriate restriction enzymes for each of
the cloned DNA fragments. Gel electrophoresis, transfer,
and hybridisation were as described in Materials and
methods. The different loci were tested by hybridisation
with the cloned DNA probes listedfrom the centromere
toward the terminus: pER T87-15, J-Bir, D2. Under each
subject is shown the autoradiograph pattern revealing the
genotype ofeach subject with respect to: the XmnI
polymorphism of the probe pERT87-15; the BamHI
polymorphism ofthe probe J-Bir; the PvuIIpolymorphism
ofthe probe D2. The affected male shows normal, single
copy hybridisation intensity for both the probes D2 and
J-Bir. Yet, this same subject shows two copy hybridisation
similar to that ofhis mother and the normalfemale for
pER T87-15 (XmnI). The strong hybridisation intensity of
the 46,XY male for the XmnI polymorphism ofpERT87-15
is because the 1J6 kb and 1-2 kb alleles always hybridise
with less intensity than the 2-8 kb allele.
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TABLE 3 Recombination fractions between each of the markers analysed.

Probe D2 99-6 C7 J-Bir pERT87 DMD 84-10 754 145-12 OTC

L1-28 10/19 5/16 1/1 2/17 7/28 7/28 1/4 3/13 1/6 3/11
OTC 5/15 3/21 1/4 0/8 0/21 1/30 1/4 0/12 1/6
145-12 5/17 2/12 0/2 1/4 3/21 3/21 0/6 1/11
754 7/25 5/20 1/6 0/12 1/37 3/49 0/4
84-10 0/4 0/6 NI NI 1/6 1/8
DMD 11/40 7/50 2122 1/22 2174
pERT87 12/4(0 9/48 2/22 0/22
J-Bir 5/12 1/11 NI
C7 4/7 1/5
99-6 3/24

27%

pter D2

25%

99-6 C7 J-Bir pERT87 DMD 754 145-12 OTC L1-28

1 3% 1 6% 1
4% 1 14%

I 9% l 3% l

14%

cen

Pairwise comparison of recombination fractions between each of the cloned DNA fragments analysed when informative in the same family. The data are
expressed as the number of observed meiotic exchanges between two particular loci versus the total number of informative meiotic possibilities tested. It should be
noted that if. for example. a recombinant event occurs between DMD and 99-6. and if D2 is also informative in that particular family, D2 will also appear
recombinant. NI indicates that no families were informative for both probes and thus no information could be obtained. Below the table is a schematic map of the
probes aligned along the chromosome. Their recombination distances are derived directly from the recombination fractions between DMD and the individual
cloned loci. While the genetic data on OTC seem inconsistent with its physical relationship to the loci. in the families where recombination was observed
somewhere between DMD and OTC. OTC was not usually informative. There was insufficient data on 84-10 vs DMD to include it.

probe loci as presented in fig 1 and 2, and as
described above, individual crossovers were local-
ised in all 25 families. Table 3 is a pairwise
comparison of all the crossover points between two
loci when both were informative in the same family,
expressed as the number of observed exchanges
versus the total informative meiotic possibilities.
Below the table is a schematic map including the
approximate distances between the separable loci.
When the location of recombination exchange
points were identified, the physical location of the
loci, as determined by the physical mapping results
presented in table 1, was substantiated. If, for
example, C7 is observed as recombinant with DMD,
then the other more distal markers such as 99-6 and
D2 also appear recombinant in the same person.
The genetic order of loci agreed with the physical
order in all instances.
The segregation of multiple cloned sequences

across Xp2l through an individual family allows one
to map accurately the majority of meiotic exchange
points in that family. The identified exchange points
can be counted to determine if there is an unusual
clustering or increased incidence of exchange in a
particular region when relative physical
relationships between loci are known. The number
of crossover events can also be calculated as the
number of all meiotic exchanges observed in the

region set by various loci limits for all meiotic
possibilities. If the two loci limits are defined by
OTC and 99-6, the meiotic exchanges between
these loci can be identified, even if these particular
cloned loci are not always informative in a chosen
family. The cloned locus defined by pERT145,
which is physically closer to 99-6 than OTC (table
1), might be observed to recombine in a family not
informative for OTC. This exchange can still be
considered to be between OTC and 99-6, despite
being only detected with pERT145. In the total 87
meiotic possibilities studied here in 25 families,
there were 13 exchanges mapped as physically and
genetically residing between the probes 99-6 and
OTC. Increasing the physical distance, for example,
to the limits set by the probes Li-28 and D2
increases the number of total observed exchanges to
27; decreasing the physical distance between loci
limits decreases the number of exchanges observed.
The number of observed exchange points will be a
slight underestimate of the actual number of
exchanges for not all probes were informative in
every family.
Discussion
The physical location of several previously pub-
lished cloned sequences has been implicated as
being very near the mutations giving rise to

535

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.23.6.531 on 1 D
ecem

ber 1986. D
ow

nloaded from
 

http://jmg.bmj.com/


Corlee J Bertelson et al

DMD. 2 8 12 Yet, linkage analysis of several of these
probes, OTC, 754, C7, and more recently pERT87,
places them from 5 to 10 cM away from
DMD.7 9 U1 29 The question of why recombination is
observed in DMD families with deletion detecting
probes remains unanswered.8 9 The clones from the
Xp2l region appear to recombine more frequently
than other regions of the genome (for example,
cystic fibrosis3033), implying either that the DMD
locus is very large or that the frequency of meiotic
exchange in Xp2l is higher than in other portions of
the genome. The data presented here argue against
the latter explanation. In the region set by the limits
of OTC and 99-6, the 13 recombinant events
observed in 87 meioses corresponds to a minimum
genetic distance of 15% recombination between
these loci. By mapping the exchange points between
OTC and 99-6, the results obtained from the small
number of families in this analysis agree well with
previously published data with these loci in larger,
non-DMD families.34 The exact relationship
between the incidence of meiotic exchange and
physical distance, however, must await a complete
physical map across the region.35

It is evident from previously published data and
the data presented here that additional information
concerning the area surrounding the Duchenne
muscular dystrophy locus is important. Given the
allele frequencies of the cloned loci examined, it is
difficult to find many families informative for more
than four cloned Xp DNA fragments. Thus, cloned
DNA fragments which show multiple RFLPs with
different restriction enzymes, such as the DXS164
locus, are highly valuable. It will also be essential to
increase the number of high frequency polymorphic
probes within this region to map more accurately
their exchange points within individual families.
Steps towards achieving this goal are being made by
expanding the regions of cloned DNA by
chromosome 'walking'36 and searching for other
polymorphisms detected by the locus. Furthermore,
the acquisition of completely new loci within Xp21
will provide additional information obtainable in
these families and further define this region.
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Boyd, Craig, Francke, and Mohandas for the gift of
both hybrid and human cell lines. We would also
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