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Mechanism and Timing of Mitotic Rearrangements in the Subtelomeric
D474 Repeat Involved in Facioscapulohumeral Muscular Dystrophy

Richard J. L. F. Lemmers,' Petra G. M. van Overveld," Lodewijk A. Sandkuijl,"”
Harry Vrieling,> George W. Padberg,’ Rune R. Frants," and Silvere M. van der Maarel'

'Center for Human and Clinical Genetics and *Department of Toxicogenetics, Leiden University Medical Center, Leiden; and *Department
of Neurology, University Medical Center Nijmegen, Nijmegen, The Netherlands

Autosomal dominant facioscapulohumeral muscular dystrophy (FSHD1A) is associated with contractions of the
polymorphic D4Z4 repeat on chromosome 4qter. Almost half of new FSHD mutations occur postfertilization,
resulting in somatic mosaicism for D4Z4. Detailed D4Z4 analysis of 11 mosaic individuals with FSHD revealed
a mosaic mixture of a contracted FSHD-sized allele and the unchanged ancestral allele in 8 cases, which is suggestive
of a mitotic gene conversion without crossover. However, in 3 cases, the D4Z4 rearrangement resulted in two
different-sized D4Z4 repeats, indicative of a gene conversion with crossover. In all cases, DNA markers proximal
and distal to D4Z4 showed no allelic exchanges, suggesting that all rearrangements were intrachromosomal. We
propose that D474 rearrangements occur via a synthesis-dependent strand annealing model that relatively frequently
allows for crossovers. Furthermore, the distribution of different cell populations in mosaic patients with FSHD
suggests that mosaicism here results from D4Z4 rearrangements occurring during the first few zygotic cell divisions

after fertilization.

Introduction

A large proportion of eukaryotic genomes consists of
repetitive DNA. The head-to-tail tandem repetitive se-
quences, categorized according to repeat-unit length, are
highly polymorphic. Micro-, mini-, macro-, and mega-
satellite repeats are distinguished, each with their own
mutation characteristics. Several hypothetical rearrange-
ment models have been proposed, mainly on the basis
of micro- and minisatellite instability. These often in-
clude gene conversions with or without crossover (Jef-
freys et al. 1994; Paques and Haber 1999). However,
little is known about macro- and megasatellite instability
in human cells.

Facioscapulohumeral muscular dystrophy (FSHD1A
[MIM 158900], hereafter referred to as “FSHD”) is an
early-onset, autosomal dominant myopathy mainly char-
acterized by a progressive and variable atrophy and
weakness of the facial, shoulder, and upper-arm muscles
(Padberg 1982). The FSHD phenotype also presents with
extramuscular symptoms such as retinovasculopathy,
hearing loss, and, in severe cases, mental retardation
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(Brouwer et al. 1991; Padberg et al. 19954; Funakoshi
et al. 1998; Miura et al. 1998). FSHD is associated with
a macrosatellite repeat instability: the contraction of the
subtelomeric D474 repeat on 4q35. This polymorphic
D474 repeat is highly recombinogenic, since somatic mo-
saicism for a rearrangement of D474 is found in as much
as 3% of the general population (van Overveld et al.
2000). The D4Z4 repeat consists of identical Kp#I units,
each 3.3 kb in size, ordered in a head-to-tail fashion and
varying between 11 and 100 units on healthy chromo-
somes (van Deutekom et al. 1993). Patients with FSHD
carry a repeat of 1-10 units on one of their chromosomes
4 (Wijmenga et al. 1992). A rough and inverse correlation
has been observed between the severity and age at onset
of the disease and the residual repeat unit number (Lunt
et al. 1995; Tawil et al. 1996).

The subtelomere of chromosome 10q is nearly iden-
tical to chromosome 4qter and also contains a highly
homologous and equally recombinogenic repeat. D474
repeats on chromosomes 4 and 10 are visualized in
EcoRI-digested DNA with probe p13E-11, which rec-
ognizes the region proximal to the D474 repeat within
the EcoRI fragment (Wijmenga et al. 1992). To dis-
criminate between 4qter- and 10qter-derived repeats, in
addition to EcoRlI, the restriction enzyme Blxl is used,
which digests only chromosome 10-derived repeat units
(Deidda et al. 1996). Conversely, the restriction enzyme
Xapl is specific to 4qter-derived repeat units and can be
used to complement B/nl (Lemmers et al. 2001). DNA
separated by pulsed field gel electrophoresis (PFGE),
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combined with differential digestion with Blul and
Xapl, allows sizing and chromosomal assignment of all
D474 alleles ranging from 10 to >350 kb.

In 10% of the population, translocated 4-type repeats
reside on chromosome 10q and, vice versa, translocated
10-type repeats on chromosome 4q are equally frequent.
This was first found in a Dutch survey (van Deutekom
et al. 1996; van Overveld et al. 2000), but comparable
translocation frequencies have now also been reported
in the Japanese, Korean, and Chinese populations (Mat-
sumura et al. 2002). These translocated repeats can be
homogeneous or heterogeneous (consisting of both 4-
type and 10-type units). Although this observation may
suggest frequent interactions between the regions of ho-
mology of both nonhomologous chromosomes, de novo
exchanges between repeat arrays originating from chro-
mosomes 4 and 10 have never been described. In con-
trast to chromosome 4, repeat contractions on chro-
mosome 10 are nonpathogenic.

Further complicating our understanding of FSHD
pathogenesis, a 4qter polymorphism distal to D474 was
recently described, giving rise to two distinct 4q chro-
mosome ends: 4qA and 4gB (van Geel et al. 2002). Both
alleles are almost equally common and equally recom-
binogenic in controls. Nevertheless, FSHD alleles are
always of the 4qA type (Lemmers et al. 2002).

As many as 10%-30% of patients with FSHD carry
a new mutation (Padberg et al. 1995b; Zatz et al. 1995;
Lunt 1998), with D4Z4 repeat contractions varying
from 1 to >50 units (van der Maarel et al. 2000). Several
studies have shown that almost half of these D474 re-
arrangements are of mitotic origin, resulting in somatic
mosaicism for the FSHD allele in either patients or
asymptomatic parents (Upadhyaya et al. 1995; Kohler
et al. 1996; Zatz et al. 1998; Galluzzi et al. 1999; van
der Maarel et al. 2000). A relationship has been estab-
lished between the severity of the disease and the per-
centage of peripheral blood lymphocytes (PBL) carrying
the disease allele in combination with the residual repeat
size (van der Maarel et al. 2000). This suggests that the
proportion of mosaicism detected in blood is represen-
tative of the mosaicism in muscle tissue. Furthermore,
patients with FSHD have been described who displayed
mosaicism for the disease allele in PBL and germline
(Galluzzi et al. 1999; Lemmers et al., in press), as well
as in fibroblasts (R.J.L.EL., R.R.E, S.M.v.d.M., M. To-
nini, and M. Zatz, unpublished data). Thus, mitotic
D474 rearrangements very likely occur early during
embryogenesis.

In all mosaic cases reported, two PBL cell populations
were identified: one carrying the parental, nonrear-
ranged allele, and one in which the D474 repeat had
been rearranged to FSHD size. Such an allele distribu-
tion generally is suggestive of a rearrangement by gene
conversion without crossover, since the hallmark of this
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mechanism is an unchanged donor allele and a changed
acceptor allele (Paques and Haber 1999).

Although many macrosatellite repeats have been iden-
tified in the human genome, little is known about the
mechanism by which they rearrange. Mitotic minisatellite
rearrangements were thoroughly studied in yeast, in
which gene conversion, usually without crossover, was
shown to be the main mechanism of rearrangement
(Paques and Haber 1999).

Similar to D4Z4, the polymorphic human RS447 me-
gasatellite repeat, which is comprised of 4.7-kb units,
displays both mitotic and meiotic instability. For RS447,
a high frequency of repeat contraction and expansion
has been shown (Okada et al. 2002). The tandemly
repeated human U2 snRNA genes (RNU2 locus) have
been studied more extensively and have provided insight
into the mechanism of concerted evolution. These 6.1-
kb U2 repeats display repeat homogenization by rare
interchromosomal gene conversion followed by rapid
intrachromosomal homogenization (Liao 1999).

The mechanism by which D474 rearranges was fur-
ther examined in the present study, through use of the
4qA/4gB polymorphism as distal flanking marker in
combination with a newly identified RFLP within D474
proper, serving as a proximal flanking marker. Studying
these proximal and distal markers provided insight into
the mechanism and timing of D4Z4 rearrangements and
may stand as a model for macrosatellite repeat mutation
in general.

Subjects and Methods

Patients and Control Individuals

All families were ascertained via one of the Dutch
Neuromuscular Centers. In all but one family, the mosaic
child received a clinical diagnosis of FSHD, and the par-
ents did not display any FSHD features. In family 55611,
the FSHD allele of the affected mother was further so-
matically contracted in the affected child. Blood from
these families was collected after informed consent was
obtained. The Pvull polymorphism was determined in
a previously described population of anonymized Dutch
blood donors with a standard allele configuration of
homogenous 4-type repeats on chromosome 4 and 10-
type repeats on chromosome 10 (van Overveld et al.
2000). Four of 11 mosaic patients with FSHD studied
carried a homogeneous translocated 4-type repeat on
chromosome 4.

Somatic Cell Hybrids and DNA Clones

The following chromosome 4qA sources were used:
YAC Y25C-2E (Wright et al. 1993); the monochro-
mosomal rodent somatic cell hybrids HHW1494, SU10
(a gift from S. Winokur, Irvine, CA), and GM11448
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(Coriell Institute for Medical Research); and lambda
clones N42, N\68, and N260201 (van Deutekom et al.
1993). All sources, except for Y25C-2E and GM 11448,
represent patient alleles. Somatic cell hybrid GM 11448
contains a human chromosome 4qA with a D474 repeat
of 125 kb (data not shown).

As chromosome 4qB sources, we used the mono-
chromosomal rodent somatic cell hybrids GM11687
(Coriell Institute for Medical Research), 4L-10 (a gift
from E. Stanbridge, Irvine, CA), HHW416 (a gift from
M. Altherr, Los Alamos, NM), and 361-9 (a gift from
S. Winokur, Irvine, CA), with D4Z4 repeats of 140 kb,
85 kb, 96 kb, and 290 kb, respectively.

DNA Isolation

DNA was isolated from PBL essentially as described
by Miller et al. (1988). If possible, PBL were embedded
in agarose plugs (InCert agarose [FMC]) at a concen-
tration of 7.5 x 10° cells per plug.

D474 Analysis

For allele sizing, DNA samples were double digested
with EcoRI/HindIIl and EcoRI/Blxl. For analysis of the
allelic variation at 4qter (probes 4qA and 4gB [Lemmers
et al. 2002]), DNA was digested with HindIIl only. All
digestions were performed according to the manufac-
turer’s instructions. EcoRI and HindIIl were purchased
from MBI Fermentas, and Pvull and Blnl were purchased
from Amersham-Pharmacia. DNA was separated for 22
h on a 0.8% agarose gel (MP agarose [Boehringer]) by
pulsed field gel electrophoresis (PFGE) at 8.5 V/ecm at
21°Cin 0.5 x tris-borate EDTA (TBE) supplemented with
150 pg/ml ethidium bromide. PFGE was performed in
four identical cycles, with switch time increasing linearly
from 1 s at the start to 16 s at the end of each cycle.
Subsequently, DNA was transferred to a Hybond XL
membrane (Amersham-Pharmacia) by Southern blotting
and was hybridized in a buffer containing 0.125 M
Na,HPO, (pH 7.2), 10% PEG6000, 0.25 M NaCl, 1 mM
EDTA, and 7% SDS, for 16-24 h at 65°C. Hybridizations
with probe p13E-11 (D4F104S1 [Wijmenga et al. 1992])
were washed in 2 x saline-sodium citrate buffer (SSC)/
0.1% SDS, and those with probes 4qA or 4qB were
washed more stringently in 1 x SSC/0.1% SDS. The blots
were exposed for 1624 h to phosphorimager screens and
were analyzed with the Image Quant software program
(Molecular Dynamics).

The Puull polymorphism in the first proximal unit of
the D474 repeat (position 6044 of GenBank accession
number AF117653) was analyzed by applying a modi-
fied Bglll/BInl dosage test (van der Maarel et al. 1999)
on genomic DNA samples by double digestion with
Puull and Blul (fig. 1). After Southern blot and hybrid-
ization with probe p13E-11, blots were washed in 0.3 x
SSC/0.1% SDS. Chromosome 4-derived fragments are
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2,849 bp or 4,559 bp in size, depending on the presence
or absence of the Pvull restriction site, whereas chro-
mosome 10-derived fragments are 2,464 bp in size, be-
cause of the presence of Blul. Blots were exposed to
phosphorimager screens, and signals were quantified
with the Image-Quant software program. Restriction
analysis of this polymorphism in internal D4Z4 units
was performed on chromosome 4-only sources. A set
of seven 4qA- and four 4qB-derived repeats were hy-
bridized with the D4Z4 repeat probe 9B6A (Wright et
al. 1993) after digestion with Puull, separation on a
0.8% TBE agarose gel, and transfer to Hybond XL mem-
branes. The 3.3-kb fragment is derived from Pyull”
units, whereas the 1.6-kb fragment represents Pvull*
units. The most distal D4Z4 unit of the repeat array was
analyzed by specific PCR amplification of this unit, fol-
lowed by a Pvull digestion (primer sequences available
upon request).

Haplotyping

Haplotype analysis for family 36 was performed
using 24 polymorphic markers, including D45163,
D4S139, D10S555, and D10S595 (P. de Knijff, personal
communication)

Statistical Analysis

The presence of the Pyull site in the proximal unit of
the D4Z4 repeat of 4qA and 4gB alleles was compared
using the Pearson x” test. Allele size distributions in 88
control individuals (84 4qA and 92 4qB alleles) were
analyzed according to one-way ANOVA and a non-
parametric two-sample Kolmogorov-Smirnov test.

Results

Chromosomal Partner for D4Z4 Rearrangements

Repeat rearrangements usually occur between sister
chromatids or homologous chromosomes. To reveal the
common partner for D474 rearrangements, the allele
size distributions of 4gA- and 4qB-derived D474 repeats
were compared. A different D4Z4 repeat length distri-
bution of 4gA and 4gB type alleles would indicate that
these chromosomes do not often interact. The sizing was
performed by PFGE on homogeneous 4-type D474
repeats obtained from high-quality agarose-embedded
DNA plugs. In total, 84 4qA- and 92 4qB-type alleles
were analyzed. Statistical analyses revealed that D474
repeats derived from 4qA alleles (mean + 95% CI
136 + 7 kb) were significantly longer than those derived
from 4B alleles (mean + 95% CI 93 + 4 kb) and that
they had a different size distribution (P <.001). This
indicates that, in general, D4Z4 rearrangements occur
intrachromosomally.

To further elucidate the mechanism underlying D474
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Figure 1 A polymorphic Pvull site at position 6044 of GenBank accession number AF117653 was used to study recombination between
4gA and 4qB alleles. A, Double digestion with Pvull/Blnl normally gives rise to fragments of 4,559 bp (chromosome 4 alleles) and 2,464 bp
(chromosome 10 alleles). However, the presence of an extra Pvull site within the proximal D4Z4 unit yields a fragment of 2,849 bp. B, Example
of the modified Pvull/Blnl dosage test after hybridization with probe p13E-11. Samples in lanes 1-3 carry two 4qA alleles and two 10q alleles,
all of which are Pyull resistant (Pvull”). Samples in lanes 4—6 carry two 4gB alleles and two 10q alleles; in lane 4 and lane 6, a Pvull-sensitive
(Pvull") fragment is visible. “Y” indicates the cross-hybridizing Y chromosome. The table on the right shows dosage experiment results of the
Pvull RFLP in the proximal D4Z4 unit of 78 different 4qA and 62 different 4qB alleles. Twenty-nine percent of the 4qB alleles are Pyull”,
whereas 4qA alleles are almost exclusively Pvull” (P<107°). C, Distribution of the Pvull RFLP on 4qA- and 4qB-type alleles. The Pvull”
proximal D4Z4 unit on 4gA-type alleles is indicated by “—,” whereas D4Z4 units that were heterozygous for Pvull RFLP are indicated by
“t/=

rearrangements, we studied a polymorphic Pvull site (po-
sition 6044 in GenBank accession number AF117653)
(Gabriels et al. 1999) in the proximal D4Z4 unit of the
repeat through use of a modified Bg/II-Blnl dosage test
(fig. 1) (van der Maarel et al. 1999). A Pvull/Blnl double
digestion was performed to separate chromosome 4
Pvull-sensitive (2,849-bp) from Pyull-resistant (4,559-
bp) alleles. In addition, Blxnl was used to avoid interfer-
ence of chromosome 10-type alleles (2,464 bp). Analysis
of this Pvull-RFLP in 78 independent 4qA alleles and
62 independent 4gB alleles (fig. 1A and 1B) showed that
the Pyull site is present in 29% of 4B alleles and only
in 1% of 4qA alleles (P <107°), suggesting a marked
linkage disequilibrium (LD) between the proximal and
distal ends of the D4Z4 repeat.

Next, internal D4Z4 units were analyzed for the

Pvull-RFLP on DNA sources containing only a single
chromosome 4-derived D474 repeat. A set of seven
4gA- and four 4qB-derived D474 repeats revealed that
the repeat units following the first unit were polymorphic
for the Pvull polymorphism on both alleles (data sum-
marized in fig. 1C).

D474 Repeat Analysis of Mosaic Kindreds with FSHD

Eleven kindreds with FSHD, consisting of father,
mother, and mosaic child with FSHD, were analyzed for
their D474 repeat size and distal 4qA/4gB origin (table
1). For most of these families, D474 allele sizes have
been described elsewhere (van der Maarel et al. 2000).
In all mosaic individuals, we identified three nonmosaic
alleles: two alleles derived from chromosome 10 and one
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Table 1
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Sizing and Typing of Chromosome 4-Derived D474 Alleles from Mosaic Patients with FSHD

LENGTH AND PROPORTION OF D474 ALLELES (4QA-TYPE)
AFTER INVOLVEMENT IN MITOTIC REARRANGEMENT

Ancestral Contracted Rearranged HomoLroGous
Allele Allele® Allele 2° ALLELE

SEX OF  Length Length Length Chromosomal  Length  Allele

FAMILY  PATIENT (kb) % (kb) % (kb) % Origin (kb) Type
1 Male 70 37 14 26 96 37  Paternal 96 4qB
5 Male 130 40 14 60 Maternal 80 4qA
6 Male 280 60 10 40 Paternal 175 4qA
7 Male 160 70 16 30 Paternal 65 4qB
12 Female 80 10 23 90 Maternal 45 4qB
24 Male 50 50 17 50 Maternal 80 4qB
26 Male 130 50 14 50 Maternal 80 4qB
35 Male 90 50 33 50 Maternal 220 4qA
36 Male 240 0 16 60 384 40  Maternal 135 4qA
Rf120 Female 100 20 20 70 55 10  Maternal 50 4qB
55611 Male 33 80 30 20 Maternal 130 4qB

* Contracted FSHD-causing allele.

> Mitotic gene conversions with crossover produce two rearranged D474 alleles (contracted and rearranged

allele 2).

derived from the unaffected chromosome 4 homologue.
In all cases, the de novo mosaic alleles had the same
distal flanking marker (4qA) as their ancestral alleles,
despite heterozygosity for this distal flanking marker in
seven of them (Lemmers et al. 2002) (table 1). This sug-
gests that D474 rearrangements generally do not occur
between both chromosomes 4. In 8 of these 11 mosaic
individuals, we observed a mosaic mixture of a de novo
FSHD allele and an unchanged parental allele, suggestive
of a mitotic D474 rearrangement by gene conversion
without crossover. An example is shown in figure 2. The
remaining three mosaic patients displayed a more com-
plex mosaic pattern, since they carry two somatically
rearranged D474 alleles, suggestive of rearrangements
with crossover.

In family 36, we observed a mosaic patient with a
mosaic mixture of a 384-kb-sized expanded and a 16-
kb-sized contracted allele in almost equal proportions
of PBL (fig. 3A). Haplotyping of the patient and his
parents excluded nonparenthood (data not shown). In
family 1, the presence of three mosaic alleles was initially
overlooked because of the comigration of one of these
mosaic alleles with the nonrearranged chromosome 4qB
homologue (fig. 3B, left image). However, sequence com-
parison of the region distal to D4Z4 on 4qA (GenBank
accession numbers U74496 and U74497) and 4qB (Gen-
Bank accession number AF017466) (van Geel et al.
2002) revealed an RFLP for EcoRV. This EcoRV restric-
tion site is directly adjacent to D4Z4 on 4gA, whereas
its location on 4gB is 10 kb distal to the D4Z4 repeat
(data not shown), allowing separation of these comi-
grating 4qA and 4qB alleles and visualization of the

previously undetected mosaic allele. The patient now
clearly displayed three mosaic alleles; one FSHD-sized
allele of 14 kb, one expanded allele of 96 kb, and the
parental unchanged allele of 70 kb, each of them equally
frequent in the PBL (fig. 3B, right image). The third
complex mosaic patient, in family Rf120 (data not
shown), displayed a mixture of three mosaic alleles: two
de novo contracted alleles of 20 kb and 55 kb in 70%
and 10% of PBL, respectively, and the unchanged pa-
rental-sized allele of 100 kb in the remainder of cells.

Discussion

To elucidate the mechanism by which D474 rearranges,
we analyzed the exact repeat size, composition (Pvull-
RFLP), and origin (4qA/4gB) of all D4Z4 repeats in
individuals in whom we had established that a D474
rearrangement had occurred de novo through the pres-
ence of mitotically rearranged D474 repeats. We ob-
served that the mechanism by which D474 rearranges
shares features common to that of other tandemly re-
peated DNA sequences.

General Features of D474 Rearrangements

To reveal the common partner in D474 rearrange-
ments, D4Z4 repeat length distributions on 4qA and 4qB
alleles were compared. Statistical analyses show a signif-
icant difference in the distribution between 4gA- and 4gqB-
type alleles, excluding a frequent recombination between
D474 repeats on 4gA and 4qB chromosomes. Most prob-
ably, D474 rearrangements preferentially occur between
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Figure 2 Example of p13E-11 hybridization after PFGE and
Southern blot analysis: analysis of mosaic family 26 with FSHD (GC-
CO = gene conversion without crossover). DNA was double digested
with EcoRI/HindIIl (“E”) and EcoRl/Blul (“B”), separated by PFGE,
and hybridized with p13E-11. The patient inherited the paternal (“p”)
60-kb chromosome 10 allele and 90-kb 4¢B allele and, from his mother
(“m”), the 100-kb chromosome 10 allele and the 140-kb 4gA allele
(unblackened arrowhead), which is present in only 50% of his PBL.
The 14-kb 4qA allele (blackened arrowhead) causing FSHD is derived
from the 140-kb maternal allele and is detected in 50% of his PBL.
Estimation of the proportion of mosaic alleles is based on the signal
intensities of the D4Z4 fragments, with a CI of 5%. Allele types are
not shown. Marker sizes (“M”) in kilobases are indicated on the left.

sister chromatids, the most common partners for rear-
rangements in mammalian cells (Johnson and Jasin 2000).
In addition, the repetitive nature of D4Z4 enables an in-
trachromatid rearrangement by the formation of an intra-
allelic DNA loop.

In all mosaic cases studied, we observed no change of
distal flanking marker 4qA/4qB between de novo and
ancestral alleles, despite the fact that the majority of
mosaic individuals were heterozygous for this distal
marker (table 1). The different D474 repeat length dis-
tributions of 4qA and 4gB alleles and the observed LD
between the proximal Pyull RFLP and the 4gB allele is
suggestive of a strong suppression of recombination be-
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tween 4qA and 4gB alleles. This suppression of recom-
bination between 4qA and 4qB appears not to be sus-
tained throughout the entire repeat, on the basis of the
observation that internal D4Z4 units are equally poly-
morphic for the Pyull restriction site on 4gqA and 4qB
chromosomes. This latter may be explained by ongoing
or incomplete concerted evolution, as has been described
for the RNU2 locus (Liao 1999). Apparently, a rare in-
terchromosomal gene conversion copied Pyull from 4qB
to 4gA and subsequently spread over this repeat by in-
terallelic rearrangements. It is possible that the proximal
D474 unit has escaped this homogenization until now
(fig. 1C), which is suggestive of a 3’ polarity of D474
rearrangements, as described for meiotic minisatellite re-
arrangements (Jeffreys et al. 1998).

D474 Rearrangements by Gene Conversion
without Interchromatid Crossover

The results of the present study strongly suggest that
most mitotic D474 rearrangements occur via an inter-
chromatid gene conversion mechanism without cross-
over in which the donor allele remains unchanged, since
the majority of mosaic patients with FSHD carry two
distinct cell populations: one that encompasses the pa-
rental-sized D4Z4 alleles prior to rearrangement and one
that encompasses the de novo disease-causing D474 al-
lele (for an example, see fig. 2).

Gene conversions not associated with crossover can
be explained by synthesis-dependent strand annealing
(SDSA) models, as proposed for recombination in yeast
(Nassif et al. 1994). In these models, a 3’ end of a resected
double-strand break (DSB) invades the donor template
and primes DNA synthesis. Next, the newly synthesized
DNA strands are unwound from the template and re-
turned to the broken molecule, allowing them to anneal
to each other. Out-of-frame annealing of the newly syn-
thesized strand can lead to repeat contractions or ex-
pansion, while the donor template remains unchanged.
Alternatively, intrachromatid looping-related or single-
strand annealing rearrangements could also explain our
observations. However, these mechanisms can give rise
only to D4Z4 contractions, which cannot explain the
rapid expansion of D4Z4 repeats in the hominoid line-
age (Hewitt et al. 1994) or our observation of D474
expansions in the population (R.J.L.EL., G.W.P,, R.R.E,
and S.M.v.d.M., unpublished data).

D474 Rearrangements by Gene Conversion
with Interchromatid Crossover

The presence of two rearranged D474 repeats in 3 of
11 mosaic families with FSHD is indicative of the rel-
atively frequent occurrence of gene conversion with in-
terchromatid crossover (as shown in fig. 3). Gene con-
version with crossover is commonly observed in only a
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Figure 3 Two examples of p13E-11 hybridization after PFGE and Southern blot. Analyses, as in figure 2, of mitotic interchromatid gene

conversion with crossover (GC+CO) in families 36 and 1 with FSHD. Estimation of the proportion of mosaic alleles is based on the signal
intensities of the D4Z4 fragments, with a CI of 5%. Allele types are not shown. A, Male patient with de novo FSHD in family 36, who inherited
10q alleles of 50 kb and 130 kb and a 140-kb 4qA-type allele. He also has mosaic alleles of 384 kb (40%; 4A**) and 16 kb (60%; 4A""),
which are expanded and contracted alleles, respectively, most probably produced by an interchromatid gene conversion with crossover in the
maternal 100-kb or 240-kb allele. Maternally and paternally inherited alleles are indicated by “m” and “p,” respectively. Comigrating chro-
mosome 4 and 10 alleles of 130 kb in the father are marked with an asterisk. Marker sizes (“M”) in kilobases are indicated on the left. B,
The left panel shows EcoRI/HindIIl (“E”) and EcoRI/Blnl (“B”) digestion of DNA from family 1 with de novo FSHD. The patient from this
family has three mosaic alleles—of 14kb, 70 kb, and 96 kb—that originated from the paternal 70-kb 4qA allele. The 96-kb 4qA mosaic allele
is comigrating with a maternal 96-kb 4B allele. Furthermore, he inherited a paternal 60-kb 10q allele and a maternal 135 kb 4gB-type allele
(marked with an asterisk), which originated from chromosome 10 (translocated 4-type repeat (t10;4) (van Deutekom et al. 1996). Quantification
of all alleles revealed 100% intensity for the 135-kb (t10;4) 4qB allele, 137% for the comigrating 96-kb 4qA and 4qB alleles, 37% for the 70-
kb 4qA allele, 100% for the 60-kb 10q allele, and 26% for the 14-kb 4qA allele. An EcoRV (“EV”) digestion allows separation of the comigrating
4qA and 4B alleles at 96 kb (137%). On the basis of EcoRV digestion (right panel) the patient clearly has six alleles; of these, the contracted
14-kb 4qA allele (26%; FSHD allele, 4A™") and the expanded 96-kb 4qA allele (37%; 4A®®) originate from the mitotic rearranged parental
70-kb allele (37%; 4A°). Two arrows indicate D4Z4 expansion and contraction. Allele quantifications after EcoRV digestion are indicated in
the right example panel. Marker sizes (“M”) in kilobases are indicated at the right. In the box, the constitution of the three different cell
populations of this patient is schematically depicted.

pansion of the D4Z4 repeat. In family Rf120, the orig-
inal 100-kb allele is mitotically reduced to a 5§5-kb allele
and an FSHD-sized allele.

Gene conversions that allow for crossovers are often

small proportion of rearrangements (Paques et al. 1998).
It is possible that the telomeric localization of D474
repeats is underlying the increased crossover rate. In
family 36, a mitotic D4Z4 rearrangement of the mater-

nal 100-kb or 240-kb allele resulted in alleles of 384 kb
and 16 kb, which are observed in almost equal propor-
tions in the patients’ PBL. The patient with de novo
FSHD from family 1 has three PBL cell populations, one
of which carries the original allele (37%), whereas the
other two contain contracted and expanded alleles of
the same chromosome, in 26% and 37% of cells, re-
spectively. Regardless of the exact mechanism, to our
knowledge this is the first observation of a de novo ex-

explained by a DSB repair model (Szostak et al. 1983)
but can also be explained by an SDSA model that in-
cludes the possibility of crossover (Paques et al. 1998).
In both models, DSB formation is followed by 5-to-3'
resection, leaving two recombinogenic 3’ ends that can
invade the donor template. In both models, the resolu-
tion is postulated to occur through cutting and resolving
of two Holliday junctions, which may result in either
crossover or no crossover (Holliday 1964). The DSB
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repair model was initially proposed to explain gene con-
versions in yeast that were accompanied by crossover in
half of the cases (Orr-Weaver and Szostak 1983). When
subsequent studies showed much lower crossover rates,
other models were proposed that did not require Hol-
liday junctions. However, the suppression of crossover
during the resolution of these junctions can also explain
the overrepresentation of gene conversion without cross-
over (Wu and Hickson 2003). On the basis of our find-
ings, we propose that mitotic D4Z4 rearrangements oc-
cur preferentially via a SDSA model that allows for
CrOSSOVETS.

Timing of D4Z4 Rearrangements

The coexistence of mosaicism for D4Z4 in PBL, germ-
line, and fibroblast cells of patients with FSHD already
indicated that mitotic D4Z4 rearrangements occur early
during embryogenesis. More specifically, the absence of
the mosaic parental-sized repeat in family 36 might sug-
gest that the rearrangement had occurred at the one-cell
stage, before the first embryonic cell division. Also, all
other somatic rearrangements most probably occurred
during the first few zygotic divisions after fertilization,
resulting in a proportion of affected cells that depended
on the timing of the rearrangement and on stochastic
events related to which cells contributed to the embryo
proper. Mitotic D4Z4 rearrangements that occur at a
later stage of development will generally result in de
novo mosaic alleles in <25% of the cells, as detected in
asymptomatic carriers of the FSHD allele (van der Maa-
rel et al. 2000).

Different mechanisms could underlie this early occur-
rence of D474 rearrangements. During the first repli-
cation steps after fertilization, paternal and maternal ge-
nomes still display some characteristics of their progeny
cells (Mayer et al. 2000; McLay and Clarke 2003). It is
tempting to speculate that chromatin conformational
changes during the first rounds of cell division may result
in DNA strand breaks that initiate these mitotic D474
rearrangements.
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