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Diagnostic, predictive, and prenatal testing for
facioscapulohumeral muscular dystrophy:
diagnostic approach for sporadic and familial
cases

E Bakker, M J R Van der Wielen, E Voorhoeve, P F Ippel, G W Padberg, R R Frants,
C Wijmenga

Abstract
Facioscapulohumeral muscular dystrophy
(FSHD) is one of the common inherited
neuromuscular disorders. The major gene
involved, FSHD1, has been localised to
chromosome 4q35. This 4q35 locus, de-
tected by pE13-11 (D4F104S1), shows a

mutation frequency of about 10% of the
incidence. New mutants are characterised
by de novo deletions oftens to hundreds of
kilobases ofDNA. Although these deletion
fragments are very useful as a molecular
genetic tool, their use in diagnostic DNA
testing is hampered by multiple factors,
particularly in familial cases. In this report
we describe a protocol that can be used
for DNA testing in well defined familial
cases or proven de novo cases, and in the
differential diagnosis of muscular dys-
trophy patients clinically suspected ofhav-
ing FSHD. In addition, we describe a

prenatal diagnosis performed for FSHD1.
(J Med Genet 1996;33:29-35)
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Facioscapulohumeral muscular dystrophy
(FSHD) is a neuromuscular disorder char-
acterised by progressive weakness and atrophy
of the facial, shoulder girdle, and upper arm

muscles. The manifestation of the disease is
quite variable, both within and between famil-
ies. The disease has its onset usually between
the first and second decade, and progresses

gradually over time.'2 About 10% of patients
eventually become wheelchair bound3 and up

to two-thirds of patients have disease related
problems with their daily activities.4
FSHD shows an autosomal inheritance pat-

tern with a high penetrance (95% at the age of
20) and has a prevalence of 1 in 20 000. 3
However, this latter figure is certainly an un-

derestimate because of the recently estimated
high new mutation frequency of 9-6%, cor-

responding with one new case per 320 000 live
births.5 In the majority of FSHD families the
gene defect (FSHD1) has been localised to
chromosome 4q35,6-8 although a number of
classical FSHD families have been reported
that exclude this region,9 indicating locus

heterogeneity in at least 5% ofFSHD families.
Recently, specific deletions of chromosome

4q35 have been detected using probe p 13E-I 1
(D4F104S1), which play a causal role in the
aetiology ofFSHD 1.01`5 These deletions occur
in highly polymorphic EcoRI fragments which
generally vary in length from 50 kb to 300 kb,
as was shown on pulsed field gel electrophoresis
(PFGE), and have a VNTR-like structure with
a 3-3 kb repeat unit.'6 Owing to the deletion of
an integral number of these 3-3 kb repeat units,
as was assessed by both PFGE and "normal"
gel electrophoresis, the EcoRI fragments usually
become shorter than 35 kb in FSHD1
patients.'7 However, in the DNA of control
subjects a reduced size of the p1 3E- 1 EcoRI
fragment was sometimes found. Recently the
probe p 1 3E-1 1 has shown that fragments with
a similar 3-3 kb repeat polymorphism occur on
chromosome 10qter.18 In eight CEPH ped-
igrees, linkage of"normal" but <35 kb pl3E-1 1
fragments was shown with markers DlOS590,
DI OS 180, and D1OS212. Unfortunately, about
10% of the 1Oq linked polymorphic fragments
are smaller than 35 kb, a size comparable to
the 4q deletion fragments observed in FSHD 1
patients. 18

In this report we discuss the diagnostic pro-
tocol we currently apply for postnatal tests in
cases of familial and sporadic FSHD 1. Until
the FSHD 1 gene has been isolated, diagnosis
will be dependent on indirect methods and will
therefore be limited to either chromosome 4q35
linked families or to isolated patients who ex-
hibit a new p1 3E- 1 deletion mutation. Fur-
thermore, the P13E-11 deletion fragments
(<35 kb) are useful as a tool in the differential
diagnosis of isolated muscular dystrophy
patients. In addition, our first prenatal diag-
nosis will be described.

Methods
Families for pre- and postnatal testing are
usually referred through one 6f the seven Clin-
ical Genetics Centres in The Netherlands.
Most of the sporadic patients are referred by
neurologists after these patients have been diag-
nosed clinically as possibly having a muscular
dystrophy, where FSHD has not yet been ex-
cluded. In these cases, DNA testing will serve
as a tool in the exclusion of FSHD.
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Blood is collected from all family members
or, in the case of new patients, from both
parents and the index patient. DNA is isolated
by use of standard methods"9 which in our

hands routinely yields high molecular weight
DNA (>300 kb). In the case ofprenatal testing,
a chorionic villus sample is taken at 11 weeks
of gestation. DNA from the chorionic villi is
isolated by using the phenol extraction method
as described previously.20
Typing for the DNA markers pH30

(D4S139), LILA5 (D4S163), and p13E-11
(D4F104S1) is performed as follows. DNA is
digested by the appropriate restriction enzyme
under conditions specified by the manufacturer
(Pharmacia). After electrophoresis through a

0 5% to 0 7% agarose gel for 18 hours (36
hours for the P13E-1 1 EcoRI digests), the DNA
is transferred to a Hybond N + (Amersham)
membrane. Hybridisation is performed over-

night at 65°C according to the method of
Church and Gilbert.2' Filters are washed to a

stringency of 0 3 x SSC/0- 1% SDS, followed
by autoradiography using Kodak XAR film
with an intensifying screen. For typing of the
chromosome 10q STR markers D1OS590 and
Dl 0S212, PCR amplification and detection is
performed as described previously.'8
Both pH30 (D4S 139)22 and LIILA5

(D4S 163)23 detect, by Southern analysis with
TaqI and PstI respectively, a VNTR poly-
morphism. P13E-1 1 (D4F104S1)11 identifies
an EcoRI polymorphism; however, only a subset
of the fragments will be detected using con-

ventional agarose gels.'6

DIAGNOSTIC PROTOCOL

Strategy in familial situations
To test for linkage to 4q35, DNA samples
from the family members are simultaneously
analysed by Southern blotting using EcoRI,
PstI, and TaqI digested DNA and hybridised
with p13E-1 1, pH30, and LILA5, respectively.
Evidence for FSHD1 linkage to 4q35 requires
a lod score of at least + 1 2, as discussed by
Lunt et al.3 Small families with a limited num-
ber of informative meioses (lod score <1.2)
need to show complete segregation between
FSHD 1 and the 4q35 markers including p 13E-
11, and, preferably, exhibit recombination

events between p13E-11 and the 10q loci
D 10S590 or D 10S212 or both.
Only the presence of a p 1 3E-1 1 EcoRI frag-

ment smaller than 35 kb, which segregates with
FSHD1 and originates from 4q35, can be
further used for presymptomatic, post-

symptomatic, or prenatal diagnosis.

Strategy in isolated cases

DNA from both the healthy parents and the
index patient is required for analysis using
p1 3E-1 1. If a p1 3E-1 1 EcoRI fragment smaller
than 35 kb is detected, which is not present in
either of the parents, the diagnosis FSHD1 is
as good as confirmed assuming that the 10q
locus does not generate de novo p1 3E- 11 frag-
ments associated with FSHD. In all these cases,

non-paternity will be excluded by use of mul-
tiple, highly polymorphic markers or DNA fin-
gerprinting. Haplotype analysis of additional
family members might show the parental origin
of the de novo mutation.

If one of the parents shares a <35 kb EcoRI
p 13E-1 1 fragment with the index patient, more
family members will be tested and linkage stud-
ies using both chromosome 4q35 and 10qter
markers will be carried out to determine the
chromosomal origin of this <35kb pl3E-11
fragment.
For all cases tested, especially sporadic cases

and those in which a de novo fragment with a

suspicion of mosaicism was detected, grand-
parents (if available and willing to cooperate)
were requested to give blood to determine the
paternal origin of the mutated chromosome
and prove the de novo mutation. If no DNA
from the parents is available for analysis a

<35 kb P13E-1 1 band is indicative of FSHD 1
(95%); in about 10% of controls a shortened
P13E-11 EcoRI fragment (chromosome 10q)
is present.'9 If no shortened P13E-11 band is
detected, FSHD1 becomes less likely, because
5% genetic heterogeneity is anticipated.

Results
By lengthy electrophoresis (36 hours) good
resolution of the high molecular weight EcoRI
fragments (30 to 35 kb) is achieved. This higher
resolving power was exploited in the analysis

Molecular genetic data for FSHD

No pl3E-11 No Linkage to No Parental Probability of
size (kb) pl3E-11 origin FSHDI(I )

Familial 33 <35 27 4q 4 99*
(index cases) Non 10q 8 99*

De novo 3 1 GM 100
2 GPt

4qt 2 95
10q 2 10
4q or 10q 8 90

>35 6 ? 6§ <10

Sporadic 57 <35 25 De novo 16 5 M 100
(index cases) 2 Pll

4qorl0q 9 90
>35 32 <10

*All known "short" p1 3E-1 1 chromosome 4 bands are FSHD associated.
t 1 mosaic.
t In these cases there is a <35 kb pl3E-1 1 band present which does not segregate with the FSHD or the chromosome 4 haplotype
(see fig 1).
§ Families too small for linkage.
11 2 mosaics.
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Figure 1 FSHD family 87. (A) In this pedigree FSHD (clinically confirmed by GWP) segregates with chromosome
4q35 markers D4S163 and D4S139. All affected subjects share the haplotype 5,7. Haplotypes for the chromosome IOq
markers DIOS555 and DJ OS590 are also depicted in the pedigree. (B) Southern blot results of EcoRI digested genomic
DNA hybnidised with the probe P13E-11 also shows a shortened fragment of 27kb in the DNA of unaffected subjects.This P13E-11 band does not segregate with either FSHD or the chromosome 4q haplotype nor with a chromosome 10q
haplotype.

of patient material, rather than PFG electro-
phoresis which is not operational in our diag-
nostic setting.

In total, 33 families and 57 sporadic cases
were referred for DNA analysis for exclusion
of FSHD. A summary of the data is given in

the table. All families were tested for linkage
to 4q35 with the three probes pl3E11
(D4F104S1), pH30 (D4S139), and LILA5
(D4S 163).

In 27 of the 33 families, a pl3E-11 EcoRI
fragment smaller than 35 kb was observed in
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Figure 2 FSHD family 38. (A) In relatively small families, the investigation of both chromosome 4 and chromosome 10 markers can be extremely
useful for correct interpretation of the pl3E-11 data. In family fsh38, two pl3E-11 fragments <35kb (one of 22kb and one of 25kb) are detected by
conventional Southern analysis. (B) Further DNA analysis suggests that the haplotype 2-1-22, (D4S163, D4S139, D4F104Sl) segregates with the
disease locus (FSHDI). However, subject 5, who does not show any symptoms of FSHD on clinical examination, shares this haplotype except for the
22 kb pl3E-11 fragment. This inconsistency can be explained as follows. (1) The 22 kb fragment is associated with FSHD and subject 5 is not affected
either because of a recombination or the fact that subject 2 is a new mutant. (2) Subject 5 is an asymptomatic carrier and FSHD is linked to 4q35 and
the 22 kb fragment originates from chromosome 10 and is not associated with FSHD. (C) Chromosome 10 markers show that the 25 kb p13E-11
fragment segregates with chromosome 1 Oq while the 22 kb fragment does not and therefore proves that it indeed segregates with 4q35 and thus is
associated with FSHD1 in this family.

the DNA of the index patient; the size of the
fragments ranged from 11 to 34 kb. The <35 kb
p13E-11 fragment was shown to be linked
(lod > + 1-2) to the FSHD1 gene in only four
families. In eight additional families this <35 kb
p 1 3E-1 1 fragment most likely originated from
4q35 since it was excluded from lOqter by
linkage analysis. In three families, the proband
carried a de novo mutation. In eight small
families the origin of the <35 kb p1 3E-1 1 frag-
ment could not be determined. Two families
showed a <35 kb allele which did not segregate
with either FSHD or with 4q markers; therefore
we assume that in these two families a >35 kb
p 13E-1 1 fragment might be associated with the
disease. Fig 1 shows one of these two pedigrees
haplotyped for both 4q35 and lOq; FSHD
is linked to 4q35 but no clear cosegregation is
observed with a <35 kb P13E-11 allele. In six
familial cases, suggestive of FSHD, no <35 kb
allele was detected; these families were too
small to include or exclude 4q or lOq in-
volvement. In total, 17 of the 33 "familial
cases" (51 %) satisfy either of the two following
criteria. (1) The FSHD phenotype is linked to
markers from chromosome 4q35 with a lod
score of at least + 1 -2, and (2) within the family
a p 13E-1 1 EcoRI fragment smaller than 35 kb
segregates with FSHD 1 and does not originate
from chromosome 1 Oqter; this is required to
make DNA analysis in FSHD 1 reliable enough
for diagnostic purposes.

In 25 out of the 57 sporadic cases pl3E-11
fragments were detected between 11 kb and
35 kb. Sixteen of these 25 cases were proven
to be de novo mutations after analysing both
parents. In five cases, neither or only one parent

was available for analysis, and in four cases

the index patient was found to share a small
fragment with one of the parents. In the latter
cases no additional family members were avail-
able for haplotype analysis using additional
4q35 and 10qter markers, leaving these cases

inconclusive. The clinical information on most
of the 32 patients, in whose DNA no <35 kb
allele can be detected, is usually limited to
"suggestive FSHD" in patients with limb-
girdle-like symptoms with some facial weak-
ness. Usually those patients are sent in by
regional neurologists for refinement ofthe diag-
nosis.

In total, three cases of somatic mosaicism
were detected among 19 de novo deletion mut-
ants at the pl3E-11 locus.

DIAGNOSTIC USE OF loq MARKERS

In family fsh38, two p13E-11 alleles smaller
than 28kb were identified by Southern blot
analysis using EcoRI (22kb and 25kb). To
distinguish between the two possibilities (fig
2B), chromosome 1 Oqter markers (fig 2C) were

used to exclude that this 22 kb fragment ori-
ginates from chromosome 10, and, therefore,
that it must segregate with 4q35 and is as-

sociated with FSHDI1 in this family.

SOMATIC MOSAICISM

In family fsh25, a de novo 16-5kb pl3E-11
fragment was detected in the index patient
(subject 3, fig 3). Despite the fact that equal
amounts of DNA were loaded in every lane,
the clinically healthy father presented the same

C
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2 4

25 kb

D1OS212
P13E-1 1
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(fig 4, subject 3) was recently diagnosed as a
sporadic FSHD 1 patient by showing a de novo
22 kb p 13E- 11 fragment (fig 4). Non-paternity
was excluded by analysing different random
microsatellite markers and the two highly poly-
morphic VNTR markers pH30 (D4S 139) and
LILA5 (D4S 163). After his spouse became
pregnant they were referred to determine the
FSHD 1 status of the fetus. As shown in lane
8 the fetus inherited the rearranged 22 kb frag-
ment from the father (subject 3) that is as-
sociated with FSHD1. The couple decided to
terminate this pregnancy. Haplotype analysis
of the fetus showed that the deletion leading
to this de novo 22 kb fragment occurred on the
grandmaternal chromosome 4 (subject 1).

16.5 kb

y- 0S

p13E-11

Figure 3 Somatic mosaic. FSHD family 25. A de novo
16 5kb P13E-11 fragment was detected in a sporadic
FSHD patient. Upon critical inspection and repeated
analysis a weak signal of the 16 5 kb band was present in
the DNA of the father (indicated by an arrow),
highlighting somatic mosaicism for this de novo mutation.

1 6 5 kb fragment, except that in his case the
fragment had a much weaker intensity (fig 3,
indicated by an arrow). The signal remained
after repeated analysis, highlighting the mosaic
status of subject 1 for this de novo mutation.

PRENATAL DIAGNOSIS
So far, only one couple has requested prenatal
diagnosis. The index patient in family fsh22

Discussion
The use of indirect methods for diagnostic
purposes in FSHD1 has been hampered since
its localisation in 1990 because (1) no flanking
markers are available, (2) genetic heterogeneity
exists in about 5 to 10% ofthe families, and (3)
homologous chromosome 1 Oq alleles identified
by p 1 3E- 11 occur, whose size interferes with
the FSHD associated deletion fragments, mak-
ing interpretation of data very difficult.

In this report we describe the diagnostic
protocol we have developed for pre- or post-
natal testing in those FSHD families that meet
the followingtwo criteria: (1) the FSHD pheno-
type is linked to markers from chromosome
4q35 with a lod score of at least + 1-2, and (2)
within this family a p13E-11 EcoRI fragment
smaller than 35 kb segregates with FSHD 1, and
does not originate from chromosome 1 Oqter. A
<35kb EcoRI pl3E-11 fragment which ori-
ginates from 4q35 is diagnostic for FSHD1
with a probability of over 99% because all
known fragments <35 kb and linked to chro-
mosomes 4q35 are associated with FSHD.
From the 33 FSHD families that were re-

ferred to us for DNA analysis, 81% (that is, 27
families) showed a <35 kb pl3E-1 1 fragment.
From these 25 families only 15 (55%) fulfil the
criteria (sufficient proof of linkage or a de novo
deletion ofP13E-1 1) for eitherpresymptomatic
or prenatal DNA testing. In two of the 33
families a <35 kb P13E-1 1 allele was detected
but was not diagnostic because it did not se-

gregate with either the FSHD or the 4q35
markers (fig 1). In these two families pre-

symptomatic or prenatal DNA testing is only
possible using linkage studies. In large 4q35
linked FSHD families that lack a diagnostic
p 13E-1 1 fragment (estimated to occur in about
5% of families), the reliability of detecting car-

rier status decreases to 85%, based on a 5%
probability of recombination between D4S 139
and FSHD1. An alternative in these families
would be to analyse all p13E-11 fragments
using pulsed field gel electrophoresis (PFGE) .

However, PFGE is too labour intensive and
practically difficult to perform as a standard
diagnostic test.

In the case of sporadic patients identification
of a de novo deletion confirms the diagnosis of
FSHD1. The failure to detect a new fragment
in patients who are suspected of having FSHD

1

3
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Figure 4 Prenatal diagnosis. FSHD family 22. Subject 3, diagnosed as a sporadic FSHD patient, requested prenatal
diagnosis by DNA analysis. In his DNA a 22 kb p13E-11 EcoRIfragment was detected which was not present in the

DNA of his parents (subjects 1 and 2). Non-paternity was excluded by analysing different random microsatellite markers
and the two highly polymorphic VNTR markers D4S139 and D4S163. Also the DNA of his wife was tested to exclude
the presence of an interfering "short" p13E-11 allele. In the 11th week of gestation chorionic villi were taken and
analysed. As shown in lane 8 the fetus inherited the rearranged 22 kb fragment of the father (subject 3) associated with
FSHD. The couple decided to terminate this pregnancy. The deletion leading to the de novo 22 kb fragment occurred on

one of the chromosomes transmitted by the grandmother (subject 1).

makes it very unlikely (<10%) that these
patients suffer from FSHD 1. Owing to the
presence of an undetectable mutation, as-
sociated with FSHD 1, or to locus heterogeneity
(each anticipated to occur in <5%), these
patients are most likely (>90%) to be clinically
misdiagnosed.
Our first prenatal diagnosis was carried out

in a well defined family situation where a de
novo mutation could easily be followed in a
subsequent generation (fig 4).
The observation of three cases of presumed

somatic and germline mosaicism in a total of
19 de novo mutations (table) has consequences
for the recurrence risk in proven de novo muta-
tion cases. By analogy with earlier empirical
data on recurrence risk owing to germinal mo-
saicism for Duchenne muscular dystrophy mut-
ations (DMD),24 for FSHD 1 we would propose
about a 10% risk for a sib of a de novo case
being a carrier. The figure of 10% (10-15%)
is based on the observation that, as in DMD,
both somatic and germinal mosaics are de-
tected, indicating that both types of mutations
occur early in embryogenesis and therefore will
give rise to a high percentage of mutated germ
cells.

The authors would like to thank the Dutch "Prinses Beatrix
Fonds" (PBF), the Muscular Dystrophy Association (MDA) of
America, the Association Muscular FranSaise (AMF), and the
European Neuro Muscular Center (ENMC) for financial sup-
port, and Dr M Losekoot for critically reading the manuscript.

1 Padberg GW. Facioscapulohunmeral disease. Thesis, Leiden
University, 1982.

2 Munsat TL. Facioscapulohumeral dystrophy and the sca-
puloperoneal syndrome. In: Myology. New York: McGraw
Hill, 1986.

3 Lunt PW, Compston DA, Harper PS. Estimation of age
dependent penetrance in facioscapulohumeral muscular
dystrophy by minimising ascertainment bias. 3 Med Genet
1989;26:755-60.

4 Wevers CWJ, Brouwer OF, Padberg GW, Nijboer ID. Job
perspectives in facioscapulohumeral muscular dystrophy.
Dis Rehabil 1993;15:24-8.

5 Padberg GW, Frants RR, Brouwer OF, Wijmenga C, Bakker
E, Sandkuijl LA. Facioscapulohumeral muscular dys-
trophy in the Dutch population. Muscle Nerve Suippl 1995;
2:81-4.

6 Sarfarazi M, Wijmenga C, Upadhyaya M, et al. Regional
mapping of facioscapulohumeral muscular dystrophy gene
on 4q35. Combined analysis of an international con-
sortium. Amn Hunm Genet 1992;51:396-403.

7 Wijmenga C, Frants RR, Brouwer OF, Moerer P, Weber J,
Padberg GW. Localisation of fasioscapulohumeral mus-
cular dystrophy gene on chromosome 4. Lancet 1990;336:
651-3.

8 Wijmenga C, Padberg GW, Moerer P, et al. Mapping of
facioscapulohumeral muscular dystrophy gene to chro-
mosome 4q35-qter by multi-point linkage analysis and in
situ hybridization. Genonmics 1991;9:570-5.

9 Gilbert JR, Stajich JM, Wall S, et al. Evidence of hetero-
geneity in facioscapulohumeral muscular dystrophy
(FSHD). Anm . Hunm Genet 1993;53:401-8.

10 Wijmenga C, Hewitt JE, Sandkuijl LA, et al. Chromosome
4q DNA rearrangements associated with facio-
scapulohumeral muscular dystrophy. Nature Genet 1992;
2:26-30.

11 Wijmenga C, Brouwer OF, Padberg GW, Frants RR. Trans-
mission of de novo mutation associated with facio-
scapulohumeral muscular dystrophy. Lanicet 1992;340:
985-6.

12 Passos-Bueno MR, Wijmenga C, Takata RE, et al. No
evidence of genetic heterogeneity in Brazilian facio-
scapulohumeral muscular dystrophy families (FSHD) with
4q markers. Hunm Mol Geniet 1993;2:557-62.

13 Weiffenbach B, Dubois J, Storvick D, et al. Mapping the
facioscapulohumeral muscular dystrophy gene is com-

-o
7I;5

34

.k.



DNA diagnostics in facioscapulohumeral muscular dystrophy

plicated by 4q35 recombination events. ANature Genet 1993;
4:165-9.

14 Upadhyaya M, Jardine P, Maynard J, et al. Molecular ana-
lysis of British facioscapulohumeral muscular dystrophy
families for 4q DNA rearrangements. Hum Mol Genet
1993;2:981-7.

15 Cacurri S, Deida G, Piazzo N, et al. Chromosome 4q35
haplotypes and DNA rearrangements segregating in the
affected subjects of 19 Italian families with facio-
scapulohumeral muscular dystrophy. Hum Genet (in
press).

16 Wijmenga C, van Deutekom JCT, Hewitt JE, et al. Pulsed
field gel electrophoresis of the D4F104S1 locus reveals
the size and the parental origin of the FSHD associated
deletions. Genonmics 1994;19:21-6.

17 van Deutekom JCT, Wijmenga C, van Tienhoven EAE, et
al. FSHD associated rearrangements are due to deletions
of integral copies of a 3-2 kb tandemly repeated unit. Hum
Mol Genet 1993;2:2037-42.

18 Bakker E, Wijmenga C, Vossen RHAM, et al. The FSHD
linked locus D4F105S1 (pl3E-11) on 4q35 has a hom-
ologue on 10qter. Muscle Nerve Suppl 1995;2:39-44.

19 Miller SA, Dykes DD, Polesky HF. A simple salting out
procedure for extracting DNA from nucleated cells. Nuc-
leic Acids Res 1988;16:1215.

20 Bakker E, Bonten EJ, de Lange LF, et al. DNA probe
analysis for carrier detection and prenatal diagnosis of
Duchenne muscular dystrophy: a standard diagnostic pro-
cedure. JMed Genet 1986;23:573-80.

21 Church GM, Gilbert W. Genome sequencing. Proc Natl
Acad Sci USA 1984;81:1991-5.

22 Milner ECB, Lotshaw CL, Willems van Dijk K, Charmley
P, Concannon P, Schroeder HW Jr. Isolation and mapping
of a polymorphic DNA sequence pH30 on chromosome
4 (HGM provisional no D4S 139). Nucleic Acids Res 1989;
17:4002.

23 Neuweiler J, Ruvolo V, Baum H, Grzeschik KH, Balasz I.

Isolation and characterization of a hypervariable region
(D4S 163) on chromosome 4. Nucleic Acids Res 1990;18:
691.

24 Bakker E, Veenema H, den Dunnen JT, et al. Germinal
mosaicism increases the recurrence risk for 'new' Du-
chenne muscular dystrophy mutations. JMed Genet 1989;

26:553-9.

35


