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To further an understanding of the mechanism of
constitutional chromosomal rearrangement, the
translocation breakpoints of two X-autosome
translocations carried by females with Duchenne or
Becker muscular dystrophy have been mapped, cloned
and sequenced. Breakpoints were mapped to specific
introns within the dystrophin gene and intron sequences
spanning the two breakpoints were cloned and used as
probes to identify DNA fragments containing the
translocation junctions. The junction-containing
fragments were cloned after amplification by inverse PCR
or single-specific-primer PCR. Sequence through the
junctions and the autosomal regions spanning the
breakpoints identified the mechanism of rearrangement
as non-homologous exchange with minor additions or
deletions (O- 8 nucleotides) at the breakpoints. Paternal
origin of these X-autosome translocations, coupled with
evidence for non-transmission of X-autosome
translocations through male meiosis suggested that the
translocations were the result of a post-meiotic
rearrangement in spermiogenesis.
Key words: Chromosome rearrangement/Duchenne muscular
dystrophy/inverse PCR /non-homologous recombination/X-
autosome translocation

Introduction

Duchenne muscular dystrophy (DMD) and its milder
counterpart Becker muscular dystrophy (BMD) are allelic
X-linked disorders characterized by progressive muscle
wasting. The defective gene at Xp2 1 has been cloned
(reviewed by Worton and Thompson, 1988) and the protein
product, dystrophin, has been identified (Hoffman et al.,
1987). Females with DMD and BMD are rare, but 22 cases

have been described with an X-autosome translocation that
disrupts the short arm of the X chromosome at band Xp21
(Boyd et al., 1986). In each case the disease was expressed
as a result of non-random inactivation of the normal X
chromosome, with variation in severity of the disease likely
depending on the percentage of active normal X
chromosomes in the muscle (Boyd et al., 1986). Parental
origin of a number of the translocations has been determined,
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and to date eight out of eight are paternal in origin (Bodrug
et al., 1990; Robinson et al., 1990).
High resolution cytogenetic analysis of nine X-autosome

translocations in affected females suggested that the
translocation breakpoints might be scattered over a
3000-4000 kb region of band Xp21 (Boyd and Buckle,
1986). In fact, all of 12 breakpoints examined at the
molecular level have now been shown to lie within the
2300 kb dystrophin gene (Boyd et al., 1988; Bodrug et al.,
1989, 1990), and five have been mapped to a specific intron.
These include a t(X;5) and a t(X; 11) translocation with
breakpoints in intron 1, a t(X;21) and a t(X; 1) with
breakpoints in intron 7 and a t(X;4) with breakpoint in intron
51 (Bodrug et al., 1989,1990).
Most information concerning mechanism of chromosome

translocation has been derived from analysis of somatic cell
rearrangements that occur in leukemias and lymphomas. In
contrast, constitutional translocations may arise in the germ
line, possibly by quite different mechanisms. The X-
autosome translocations in females with DMD have provided
the first opportunity to study germ line translocations. To
date, only the t(X;2 1) translocation breakpoint has been
cloned and sequenced; at the site of exchange both the X
and chromosome 21 were found to be missing a small
amount of DNA, and there was no sequence homology
between the two chromosomes at the exchange points
(Bodrug et al., 1987). There was, however, a 4 bp motif
at the site of the breakpoint on both the X and chromosome
21 that we speculated might be implicated in triggering the
non-homologous exchange.

In this paper we provide further information on the
mechanisms involved in constitutional translocation. We
establish the parental origin and map position of a
t(X;2)(p21;q37) (Holden et al., 1986) translocation
breakpoint. For this translocation and the t(X;4)(p21;q35)
mentioned above, we have cloned PCR-amplified
translocation junctions and the autosomal regions flanking
the breakpoints. Sequence analysis of these regions indicated
that both translocations were the result of non-homologous
recombination, and in contrast with the t(X;21) translocation
breakpoint, did not indicate a common sequence motif that
may have been involved in the generation of the
rearrangements. Considering the consistent paternal origin
of X-autosome translocations affecting the dystrophin gene
and the general lack of transmission of X-autosome
translocations through meiosis in the male we have suggested
that translocations causing Duchenne and Becker muscular
dystrophy in females result from post-meiotic non-
homologous recombination in spermiogenesis.

Results
Breakpoint mapping
The breakpoint of the t(X;4) translocation has been
previously mapped within intron 51 [exon designations as
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defined by Koenig et al. (1989)] (Bodrug et al., 1990). To
map the t(X;2) translocation exchange points in the two
translocation-derived chromosomes, der(X) and der(2),
somatic cell hybrids generated from cells of patient TM were
first characterized by Southern blot analysis using the
polymorphic probes 754 and 99-6. These probes flank the
dystrophin gene on the centromeric side and telomeric side
respectively, and TM is heterozygous at both loci. This
allowed identification of der(X)-containing hybrid clones
with only one fragment detected by the probe 754, and
der(2)-containing hybrid clones with only one fragment
detected by the probe 99-6 (data not shown), mapping the
t(X;2) breakpoint between these two markers. An intragenic
probe, J-66, from the 3' half of the DMD gene, hybridized
with DNA from the der(X)-containing hybrid (Figure lA,
lane 2), thereby mapping the breakpoint to the 3' end of the
gene.
The breakpoint was further localized using the 0.7 kb

BamHI fragment of cDMD 9-14, a cDNA fragment from
the 3' end of the transcript. In Figure 1B, HindIlI digests
were probed with the cDNA fragment, and seven HindIII
exon-containing bands were identified in the control lanes
(lanes 6 and 10). The cross-hybridizing mouse bands found
with this probe are shown in lane 9. The der(X) hybrid in
lane 7 shows the presence of five of the seven human specific
bands (representing exons 58 to 63). Exons 64 and 65, not
seen in the der(X) or der(2) (lane 8) hybrids, could have
been deleted, but the intensity of the bands in the
translocation carrier, TM (lane 6), and the control (lane 10)
indicated that this was unlikely. It was later confirmed that
the non-selectable der(2) hybrid carried the der(2)
chromosome in a minority of cells, producing a signal too
weak to be detected with the cDNA probe. Thus, the t(X;2)
breakpoint occurred within intron 63.

Identification of translocation junction fragments
In an analysis of DNA from the t(X;2) and t(X;4)
translocation carriers, we were unable to identify a
translocation junction fragment using the cDNA probes,
indicating that the breakpoint did not occur within, or
immediately adjacent to, an exon of the DMD gene. To
obtain intron sequences closer to each translocation junction,
a XXXXY phage library was screened with oligonucleotide
probes from the exons that flanked the two breakpoints. To
determine if any of the hybridizing phage clones contained
a region of the X chromosome that crossed the breakpoint,
riboprobes from the T3 and T7 promoters at the ends of the
phage clones were hybridized to DNA from the hybrids
carrying the translocation-derived chromosomes. One clone
containing exon 64 crossed the t(X;2) breakpoint, and a clone
containing exon 52 crossed the t(X;4) breakpoint. Restriction
maps of these clones were constructed (Figure 2A and B),
and multiple fragments from each phage were used as probes
on Southern blots to confirm the genomic collinearity of the
map.
To identify the t(X;2) translocation breakpoint position

within the phage clone, a restriction fragment (EXO.6 in
Figure 2A) was used to probe Southern blots ofDNA from
the translocation carrier, TM. Figure 3A shows the junction
fragments detected in TM. The unrearranged 3.6 kb PstI
fragment is seen in a normal control (lane 1) and in TM
(lane 2). The der(2) junction fragment of 3.4 kb is seen in
TM and the der(2) hybrid (lane 4), while the der(X) junction

Fig. 1. Mapping t(X;2) translocation in DMD gene. (A) Souther blot
of DNA digested with PstI and fractionated on a 0.8% agarose gel,
followed by hybridization with the probe J-66. (B) Southern blot of
DNA digested with Hindlll and fractionated on a 0.9% agarose gel.
The blot was probed with the 0.7 kb BamHl fragment of cDMD 9-14.
Exon numbers are labelled on the right. The order of exons is adapted
from Koenig et al. (1989) based on unpublished data from our
laboratory on one deletion patient and Southern analysis with
fragments of the 0.7 kb cDNA. Size of bands in kb are labelled on the
left of each blot. Lanes: (1) male control, (2 and 7) der(X)t(X;2)
hybrid, (3 and 8) der(2)t(X;2) hybrid, (4 and 10) female control, (5
and 9) mouse(RAG), (6) t(X;2) translocation carrier TM.

fragment of 6.0 kb is seen in TM and the der(X) hybrid
(lane 3). Restriction maps based on similar analyses with
a variety of enzymes were constructed for the der(X) and
der(2) chromosomes (Figure 2A).
To identify the t(X;4) translocation breakpoint position

within the phage clone, restriction fragments (HX 1.1 and
XO.6 in Figure 2B) were used to probe Southern blots of
DNA from the translocation carrier, EH. Figures 3B and
3C show the junction fragments detected in EH. In Figure 3B
the unrearranged EcoRI fragment of 6.2 kb is seen in a
normal control (lane 5) and in EH (lane 6). The der(4)
junction fragment of 7.5 kb is seen in EH and the der(4)
hybrid (lane 8). In Figure 3C the unrearranged SstI fragment
of 24 kb is seen in the normal controls (lanes 9 and 11) and
EH (lane 10), while the der(X) junction fragment of 16 kb
is seen only in EH (lane 10). Restriction maps based on
similar analyses with a variety of enzymes were constructed
for the der(X) and der(4) chromosomes (Figure 2B).

PCR amplification
Full molecular characterization of a translocation required
sequencing DNA fragments spanning the junctions on both
derivative chromosomes, as well as DNA fragments from
the normal X chromosome and autosome at the site of
exchange. As an alternative to cloning these DNA segments
by genomic library screening, inverse PCR (IPCR) (Ochman
et al., 1988; Triglia et al., 1988) and single-specific-primer
PCR (SSP-PCR) (Shyamala and Ames, 1989) were used to
amplify the translocation junctions based on sequence from
the X chromosome only. The specific amplification schemes
are shown in Figures4Ab-lD for the. t(X;2) tranrloentionadnd
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Fig. 2. Restriction maps of the chromosomes involved in the t(X;2) (A) and t(X;4) (B) translocations. Thin lines represent DNA from the X
chromosome, while thick lines represent DNA from the autosomal regions. The 5' to 3' direction of the DMD gene on the X chromosome is
indicated, as are the approximate locations of exons 64 (A) and 52 (B) within the phage clones. Subclones EXO.6 (A), HXl.1 and XO.6 (B), which
were used as probes in Southern blot analysis to identify junction fragments and generate maps of the derivative chromosomes, are indicated by
shaded blocks below the maps of the X chromosome. E-EcoRI, h-HincII, H-HindIII, P-PstI, RV-EcoRV, S-SstI, X-XbaI

4E-H for the t(X;4) translocation. Oligonucleotide primers
for the amplification of the four junctions, the der(X) and
der(2) of the t(X;2) translocation and the der(X) and der(4)
of the t(X;4) translocation, were chosen from the sequence

of the X chromosome in the region of the t(X;2) and t(X;4)
breakpoints (Figure 4). This X chromosome sequence,

derived from plasmid subclones of the phage clones
described above, is presented in Figures 5A [t(X;2)
translocation] and 6A [t(X;4) translocation].
The sequence of the four amplified junctions allowed

identification of the precise breakpoints in the X chromosome
and also provided new sequence from the autosomal side
of each junction. This autosomal sequence allowed
chromosome 2 and 4 primers to be chosen for amplification
from normal chromosomes of the autosomal regions
surrounding the translocation breakpoints (Figure 4).
Successful amplification of the expected size ofPCR product,
using primers generated independently from two different
junction sequences, was considered to be confirmation that
the amplified products were from the chromosomes 2 and
4 regions spanning the breakpoints. The autosomal sequence

surrounding the t(X;2) and t(X;4) breakpoints, which was

obtained from cloned PCR products, is presented in Figures
5B and 6B, respectively.
To confirm that each autosomal fragment was disrupted

by the translocation, non-repetitive fragments from
chromosome 2 (0.23 kb HpaI-Ball fragment) and
chromosome 4 (0.6 kb PCR product) were used to probe
blots containing DNA from the translocation carriers. The

A
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Fig. 3. Identification of junction fragments of the t(X;2) (A) and
t(X;4) (B and C) translocations. (A) Southern blot of PstI digested
DNA separated on a 0.7% agarose gel, followed by hybridization with
the probe EXO.6. (B) Southern blot of EcoRI digested DNA separated
on a 0.7% agarose gel, followed by hybridization with the probe
XO.6. (C) Southern blot of SstI digested DNA separated on a 0.6%
agarose gel, followed by hybridization with the probe HXl.1. Size of
bands in kb are labelled on the left of each blot. Lanes: (1, 5, 11)
female control, (2) t(X;2) translocation carrier TM, (3) der(X)t(X;2)
hybrid, (4) der(2)t(X;2) hybrid, (6 and 10) t(X;4) translocation carrier
EH, (7) der(X)t(X;4) hybrid, (8) der(4)t(X;4) hybrid, (9) male control.

der(X) and/or der(autosome) junction bands identified were

identical to those shown by an X chromosome probe that
spans each junction, providing this confirmation.

Junctional sequences
To understand fully the nature of the sequence changes that
resulted from the translocations, it was necessary to eliminate
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Fig. 4. PCR amplification of the t(X;2) (A-D) and t(X;4) (E-H) translocations. (A) Direct PCR amplification of X chromosomal DNA from the
father of TM. DNA (0.5 /Ag) was amplified using primers a and c (buffer 2; 50,l). After 30 cycles (94°C 90 s, 58°C 2 min, 72°C 3 min) the
product was re-amplified using primers b and d. After 35 cycles (94°C 90 s, 55°C 2 min, 72°C 3 min) the 0.5 kb PCR product was sequenced
directly. The 5' to 3' direction of the DMD gene on the X chromosome is indicated. (B) PCR amplification of der(X) DNA from TM. DNA
(10 tg) was digested with HincH (h) and XbaI (X), and the DNA between 1.7 kb and 2.0 kb was size-selected after separation on an agarose gel
(XbaI was included only to reduce the size of the corresponding fragment from the unrearranged X to below the size-selected range). Step 1: The
DNA was ligated under conditions favouring circularization [ <3.8 Mg/ml using 1 ML1 of ligase (IBI-2U/t1) per 20 t1 ligation] (Collins and Weissman,
1984). Step 2: One tenth of the ligation mix was amplified with primers c and e (buffer 1; 100 j1). After 35 cycles (94°C for 2 min, 60°C for 90 s,
72°C for 5 min) the product was re-amplified using primers d and e under the same conditions. The 1.2 kb PCR product was digested with EcoRI
(E) (linker on primer e and internal site) and cloned into the plasmid Bluescript (pBS-Stratagene). A 0.6 kb DraI (D) fragment was subcloned for
sequencing. (C) SSP-PCR amplification of der(2) DNA from TM. DNA (14 Mg) was digested with EcoRI and SstI (S) then treated with calf
intestinal phosphatase. DNA was separated on an agarose gel, and the fragments between 2.1 kb and 2.7 kb were purified from the gel. The plasmid
pBS (12.5 ytg) was similarly digested. Step 3: The size-selected and plasmid DNAs were ligated. Step 4: One tenth of the ligation mix was amplified
with primers t7 and a (buffer 1; 50 ,ul). After 60 cycles (94°C 1 min, 55°C 2 min, 72°C S min) a size selected fraction (- 1.9 kb) of the PCR
reaction was re-amplified with primers t7 and b. The re-amplification was initiated with a low stringency first cycle followed by a further 30 cycles
(same conditions). The 1.9 kb PCR product was digested with EcoRI (linkers on primers b and t7) and cloned into pBS. A 0.9 kb EcoRI-RsaI (R)
fragment was subcloned into pBS for sequencing. (D) Direct PCR amplification of chromosome 2 DNA from TM and her father. DNA from TM
(1 jLg) or her father (0.5 jg) was amplified using primers 1 and m (buffer 1; 50 ,l). After 25 cycles (94°C 1 min, 58°C 1 min, 72°C 2 min) the
0.8 kb PCR product from TM was digested with EcoRI and cloned into the EcoRI site of pBS for sequencing. The PCR product from her father
was sequenced directly. (E) Direct PCR amplification of X chromosome DNA from the father of EH. DNA (1 Mg) was amplified using primers g
and h (buffer 2; 50 Ml). After 30 cycles (94°C 90 s, 58°C 2 min, 72°C 3 min) the product was re-amplified using primers g and i (buffer 2; 50 11).
After 35 cycles (94°C 90 s, 55°C 2 min, 72°C 3 min) the 0.55 kb PCR product was sequenced directly. The 5' to 3' direction of the DMD gene
on the X chromosome is indicated. (F) IPCR amplification of der(X) DNA from EH. DNA (10 Mg) was digested with EcoRV (RV). The DNA was
separated on an agarose gel, and the fragments between 1.6 kb and 1.9 kb were purified from the gel. Step 5: The DNA was ligated under
conditions favouring circularization (as in Step 1). Step 6: One third of the ligation mix was amplified with primers i and j (buffer 1; 100 Ml). A low
stringency first cycle was followed by 35 cycles (94°C 2 min, 58°C 90 s, 72°C 5 min). The 1.4 kb PCR product was digested with PstI (P) (linker
on primer i and internal site), cloned into pBS, and sequenced from primer i. In addition, a 0.9 kb EcoRI-PstI fragment and a 0.6 kb HinclI
fragment were subcloned into pBS for sequencing. (G) IPCR amplification of der(4) DNA from the der(4)-containing hybrid. Hybrid cell DNA
(15 Mg) was digested with HindIll (H) and HincII, followed by a fill-in reaction with Klenow. The DNA was separated on an agarose gel, and
fragments between 1.5 kb and 2.0 kb were purified from the gel. Step 7: The DNA was ligated under conditions favouring circularization (as in Step
1). Step 8: One fifth of the ligation mix was amplified with primers f and k (buffer 1; 100 Ml). A low stringency first cycle was followed by 35
cycles (94°C 2 min, 60°C 90 s, 72°C S min). Re-amplification using primers g and k went through a low stringency first cycle followed by 35
cycles (94°C 2 min, 58°C 90 s, 72°C 5 min). The 1.3 kb PCR product was digested with EcoRI (linker on primers g and k) and cloned into pBS.
A 1.0 kb XbaI fragment was subcloned for sequencing. (H) Direct PCR amplification of chromosome 4 DNA DNA from EH (1 ug) or her father
(1 Mg) was amplified using primers o and p (buffer 1; 50 Ml). After 25 cycles (94°C 90 s, 50°C 2 min, 72°C 3 min) the 0;6 kb product from EH
was digested and cloned into the EcoRI site of pBS for sequencing. Re-amplification of the PCR product from her father used primers o and p
(buffer 1; 50 Ml). After 35 cycles (94°C 90 s, 48°C 2 min, 72°C 3 min) the product was sequenced directly.

3934



X-autosome tranlocations in females with DMD

A
QVITCA=C ACTA=TCA&= OZGQTC0C 60

LCCAGCLGC ATC&GCA!IC& CCTGroAAAT !GCTLAGA TC&CWT2CCC AQCTTC 120

:fG CTAGG 180

TCC&CTCC5 GTGS=2cTGL CCATGTTCT AGCLGC&G& 240

TZCCA& AYTZCAGCCT AGG CC&O TCCA&G&C 300

G!TCT CTAAACTC& AT"AAOC12 TMAR2T" 360

C:!CA!I!!! TGCAAACCAC TAATATCACT ACACAGGCCC GTCTAACTAT TAATTAGGAA 420

AATTAATGAA ACCCCTGGTG TAATAAGAGC TAAATATAAC TGAATCACTT ACAGTGGCCG 480

CCTGTGGCAT GAGGCTTTTT GATTAATTGC TAGCCAACCA CCCTTGGAGT TCACTCCTGA 540

TTAAGACAAC TGACCACCTC TACAGTGTAG CTTAAGCTAA CACACACATA CATCAGAGTG 600

TACTGTTCAT GTGAGGGTTT TTAAAGACTC TTAAAATTTA CCTTATCAGG GCATAATTTA 660

AACACTATAA CATGTTTCCA TTTTAAGTGT TCAGGTTAGA TTTTGGCAAA TGTATACACT 720

CGTGTAACCA CCATGCCAAT CAAGATATAA CATTTCGATC ACCTAGAAAA CACCCTTGTG 780

TTCCTTTGAG GTCAGTTACC TACTCCCACC ACACCCCAGG CTACCATCTG GCATAGTAGC 840

TAAGTTTTGC CTGTTCTAGA 860

B
CAGGTGGGCA GGACAAGTCT TCAGTATCTA CAGAAATGCC TAGTATTGAG CTAGCCCATT 60

TGAGAAAGTA AAGATGTTTC TGGAAAGACA ATCTGATTAT TTTCTTAGGA AGTAGTGTGA 120

AATAATCTAT GTTACTATGC GCTAGATGAT GTGGCCAAGA CTGGGAGTAA CACGTATTGG 180

AAGAAGAGAA TGGGGTCCTG TCTTTTCTCT GTTCTGGGGA AGAAACCTCA TCTCTTAACA 240

GACGTTCCGC ACATCCTTTC CAGTATGCCG TGTTCACGTG AGGTGAGACG AGGAAGAGCG 300

AGTGTTTC ACAAGAGTCT CATGGAATCC AAAGAGTAAT GACCGTTCCT GGATGTTTTG 360

CATCATGTTC CAAATCATAG CCACCGGGCT GTCAGGGTCA GCCATCCGTC CTGTGCTATC 420

TCATCTGGCA AAGAGAAGGA CATGTTGTGS Yg9CTCT!S 480

COCAGC 540

-cAaGO0AOG C ZSC GLCLGMA MCC OCOOCC : 600

A0CATCC!CTQAAM&TE CG S SGCAT 660

CcSZSC Z!GAc!OC GA G NTGW 720

c OCCTA CA GOOCAACA WOCCCC 775

C

X CALCAATCTTCATATTTTGCAAACCLCTAATATCACT
der(X) CAACATCTTCATATTT

CAAACCACTAATATCACT

W TATGTTCCTGTAAGACA
der(2) AAAGAGAAGGACATGTT

2 AAAGAGAAGGACATGTTGTGTATGTTCCTGTAAGACA

Fig. 5. Sequence of t(X;2) translocation chromosomes. (A) Sequence
from the unrearranged X chromosome surrounding the t(X;2)
breakpoint, obtained from plasmids which were cloned from phage.
(B) Sequence from the unrearranged chromosome 2 surrounding the
t(X;2) breakpoint, obtained by sequencing of four plasmid clones
generated from three PCR reactions. (A and B) The sequence in bold
type is identical to that of the der(X) chromosome, obtained from four
clones generated from three PCR reactions, each from an independent
ligation. The sequence in plain type is identical to that of the der(2)
chromosome, obtained from four clones from one PCR reaction. Due
to the uncertainty as to the exact location of the translocation (as
discussed in the text), the sequence defined by the arrows indicates the

range over which the translocation may have occurred. (C) Diagram
of the origin of the nucleotides on the translocated chromosomes. The

sequence in bold type is from the X and der(X) chromosomes, while

that in plain type is from der(2) and 2 chromosomes. The circled
nucleotides could have originated from either the X chromosome or

chromosome 2. The boxed nucleotides are potential additions of

unknown origin as discussed in the text. The bold arrow indicates the
location of a topo I consensus sequence [rat liver and wheat germ topo
I consensus: 5'-A/C/T, C/G, A/T, T*-3'] (Been et al., 1984). *

indicates the location of cutting by the topoisomerase within the

consensus sequence.

those changes that may have resulted from individual

heterogeneity. Since it was established that both
translocations originated in the father's DNA (data below),

A
A2TCTITA TITZA^lTTZ T 5A&CT AAA GAAThGCA2CLGTC TACA2TGTTA 60

CATTTCAOCT TAATTCAT2T TCATTTACTG. CATTTGAAA ATCATCATSG 120

GCATTTATGC TATCTAGATT GC0!GTTTTT AA TAAARATAT G&CCAGTTTG 180

ATTTTCAAAG TCTTCTTA 0AcATCTARA TACTA&OCA= TCALCTCAAC ATATAGACTT 240

TTTATTCAG TATTATTTAG GT0CAATTCT ATTTTAATGA ATACAATAAA AAATTCTA&T 300

TTCTTCTAAK ACCT=AAAAT GCCCTACTTA TAATATCTAT CATTTCACT TTTA.CTTCC 360

TATTTCATAG CCTTzCTATT TAT2ACCACT TCCTCACS CGGGGAC TTAGTGAOT 420

TAA8G8CTTC TCATTCACTT TCTATTTAA CA2TTTTTT TCCTCCATCT TTGCTCAOCT 480

A0TGGUATC ATCATGAANT CTCATCTCCA AGOCTAAGC AGTTTTTAGT AAAGCCCAGT 540

AGCTGACTTA TGACTCCTTA GAAATAGCAT TGATTCCTTC CTTCTCCTGT GTTTTGTTTC 600

CTCTAGAATG ATAGAATCCA TGTAGACACG ATCCATTATC ATGCTTAGGT ACTGGTAAGC 660

ATGTAATGAT TTTAGTTTTG TTCGCTTTAA GTTATTTGTG TCACAAATAT CTGCGATCAT 720

ATCAGAGAAA TAAATAAGCA CAATTAGCAT TCTACTTGTT TGTTATGACT AAAGCTAGGT 780

TGAGGAAACA GAAAAGGACC AGAGGTCATA TGAGGATGAA GATAATACTA GGAACAGCAT 840

GTTTGGGAGA GTAACATCTG GTAGGGNTAG CAGATTGGGN NNAGAGAACA GAATTTTATA 900

GATGGATATT TTGGAGGCAA GTAGTTTGAG TAATGATTAG TCTAAGGTGT TTTCTCATCT 960

GTGGGTGGCT CGAAGGAATA GAGGTGAAGG TCAGTTTATT TGAGAAGTTC TGGAATTATA 1020

AAACTAAGTT GAAGTCAAAG AAAGTATAGT AGCAAATAAA TAGAATACCC TTAAAAGGAA 1080

ACCAAATGAA AAATAATCGT TACTCTCACC ATATGCTTGT GTTCTTATTA GCAAGAAATT 1140

CTTTTAACCA CTGTTTTTAT AATATCTTAA TGAAAAAATA CTGAAGCGTA TGCCATATTA 1200

AATCCCTCTC TTTATTTCTA GAAAGGGAAT CAAAGGAGAA AATTCCCATT CTGCTATACT 1260

AAAAGACCAC TAAGTAAAGA GCCTATTAGT GTATGATAAA TCCCATAGCA ATATACATTA 1320

TCATTTTACA GCTTCTTTGT TGAAATGAAT GTTTGTATGT GTTGACCATA GAGTGGGATA 1380

AAAAGTTGAA ATTTTGTTTT GAAATATTTT AGAAATGCAT AGTTGTACTG CAG 1433

B
GACACGTATG GATATTACAC AAAAATACAA GCCTTAAGGA AATAGGGGAT TTGGTCCACC 60

TTGTTCTCTG TGGTATCTCT AGCATTCAGA TTAAGGCTTA TCTCATAGTT AATGTTCAGA 120

CATACATGTT AAGTAAATGA ATTATTATTT TTTTAAATTT GATTTTGTAA CATCTGAAGT 180

ATGAAGATTA TAATAATCAG CATTAAAATC TGGTTTGGAG AGACCTGTAT TAGAGGTGTG 240

TAAACATTGG TCTCCTTTAT TTCCTAITAA C2TCThTATA GTCLOTGTZG AATTTAAAAT 300

G&TCTAAATC 5SQIC OCTGA GT ATCATA TZATC&GG ATCACCAT 360

G!TATCATCT GACTT CA&ACCTACT TTOCTCTAA AAGTTA!TTA CACTTTGA& 420

sTGTXTGZaa ACTACCUAta TCTGTATaDT TTCACTATcT TTGTGCrAGA CJCA-TTTGA 480

AA&TAAG^A& ATQAPJJAC& ATATATTACA TATA2GTT?G CA& AGATAACCCC 540

AACTTTAGAA ASCTCACA CGCCTAZATT TCTCTCCAA 579

C

X CTCATCTCCAAGGGGTAAGCAGTTTTTAGTAAAGCCC
der(X) CTCATCTCCAAGGGGTAA

GTTTTTAGTAAAGCCC

GTCTCCTTTATTTGC
der(4) TATTAGAGGTGTGT
4 TATTAGAGGTGTGTAAACATTGGTCTCCTTTATTTGC

Fig. 6. Sequence of t(X;4) translocation chromosomes. (A) Sequence
from the unrearranged X chromosome surrounding the t(X;4)
breakpoint, obtained from plasmids which were cloned from phage.
(B) Sequence from the unrearranged chromosome 4 surrounding the
t(X;4) breakpoint, obtained from four clones generated from three
PCR reactions. (A and B) The sequence in bold type is identical to
that of the der(X) chromosome, obtained from five clones generated
from two PCR reactions from one ligation. The sequence in plain type
is identical to that of the der(4) chromosome, obtained from five
clones generated from one PCR reaction. Due to the uncertainty as to
the exact location of the translocation (as discussed in the text), the
sequence defined by the arrows indicates the range over which the
translocation may have occurred. (C) Diagram of the origin of the
nucleotides on the translocated chromosomes. The sequence in bold
type is from the X and der(X) chromosomes, while that in plain type
is from der(4) and 4 chromosomes. The circled nucleotide could have
originated from either the X chromosome or chromosome 4. The
boxed nucleotides are additions of unknown origin. The bold arrow
indicates the location of a topo I consensus sequence (as for
Figure 5C). The long thin arrows indicate the location of topo II
consensus sequences [70% match to vertebrate (chicken) topo II
consensus sequence: 5'-AIG, N, T/C, N, N, C, N, N, G, T/C * N,
G, G/T, T, N, T/C, N, T/C-3' (Spitzner and Muller, 1988). *

indicates the location of cutting by the topoisomerase within the
consensus sequence.
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DNA from the father of each of the translocation carriers
was used as template to amplify the X and autosomal
sequences surrounding the translocation junctions. The PCR
products were sequenced directly, and no polymorphic
differences between the sequence of the fathers'
chromosomes, the translocation carriers' chromosomes, or

the phage clones from the XXXXY library, were found in
100 bp on either side of the breakpoints.
The junction sequences of the t(X;2) translocation

chromosomes are shown in Figure SC. In the model
presented in this figure, there are two nucleotides (TG) on

the der(X) chromosome with junctional homology. These
nucleotides could have originated from either the X
chromosome or chromosome 2. On the der(2) chromosome
there has been an addition of either an A or an AG of
unknown origin. If the TG on the der(X) did not originate
from the X chromosome, the G on the der(2) chromosome
could have originated from the X chromosome. Depending
on the origin of the der(X) and der(2) junctional nucleotides,
the X chromosome has lost from zero to two nucleotides,
while chromosome 2 has lost from one to three nucleotides
in the generation of the translocated chromosomes.
The junction sequences of the t(X;4) translocation

chromosomes are shown in Figure 6C. In the model
presented in this figure, there is one nucleotide (A) on the
der(4) chromosome with junctional homology. This
nucleotide could have originated from either the X
chromosome or chromosome 4. On the der(X) chromosome
there has been an addition of three nucleotides (TGA) of
unknown origin. Depending on the origin of the A with
junctional homology, the X chromosome has lost two or

three nucleotides, while chromosome 4 has lost seven or

eight nucleotides in the generation of the translocated
chromosomes.
The sequence of the regions flanking the t(X;2) and t(X;4)

translocations from the X chromosome, chromosome 2 and
chromosome 4 is presented in Figures 5A and B, and 6A
and B. Comparison of these sequences with those in
GenBank did not show any notable homology. Comparison
with those involved in another translocation in a muscular
dystrophy female (Bodrug et al., 1987) did not indicate a
common sequence motif that might be involved in the
translocation process. Further analysis of the sequences
indicated an Alu sequence on chromosome 2, oriented away
from the translocation breakpoint with its 5' end -50
nucleotides from the breakpoint. No other Alu or LINE
homologies were noted. A search for sequences thought to
be involved in recombination or rearrangments included a
search for chi sequences, minisatellite sequences, Z-DNA
sequences and topoisomerase I and II (topo I and topo II)
sites. The only homologies evident were topo I and topo II
sites. Predicted topoisomerase cut sites on the unrearranged

chromosomes which would potentially cut in the region of
the junction are indicated in Figures SC and 6C. The
topoisomerase sites over the rest of the sequences (Figures
SA and B, and 6A and B) showed a random distribution with
the expected number of cut sites based on the degeneracy
of the consensus sequences.

Parental origin
The t(X;2) translocation carrier was analyzed with X-linked
polymorphic markers flanking and within the DMD gene
to determine in which parent the de novo translocation
originated. Table I provides a summary of the results with
all informative probes tested. In every case the paternally
derived marker is found in the hybrid carrying one of the
two translocation-derived chromosomes, indicating paternal
origin of the t(X;2) translocation. The t(X;4) translocation
was previously shown to be of paternal origin (Bodrug et al.,
1990).

Discussion
There are many possible mechanisms by which translocations
could occur, and these are summarized in Figure 7. In
somatic cells, translocations may be the result of a
homologous exchange (H) between repetitive elements, or
a non-homologous exchange (NH) as a result of random
breakage and reunion (r) or a non-random event (nr) such
as an enzyme cleavage. In the germ line, the situation is more
complex since translocations occurring in male or female
germ cells may occur by different mechanisms, and a
translocation may occur during one of the mitotic divisions
prior to meiosis, during meiosis, or during post-meiotic
development. The best information available concerning
mechanism of translocation has been derived from analysis
of somatic cell rearrangements that occur in lymphoid
malignancies where translocation is often the result of
aberrant immunoglobulin gene or T cell receptor gene
rearrangements (reviewed by Haluska et al., 1987). The
Philadelphia chromosome translocation found in leukemia
is less well understood, although Alu sequences have been
identified on one of the two chromosomal partners in the
few cases studied, suggesting that homologous recombination
is not the general mechanism of formation (van der Feltz
et al., 1989).
The X-autosome translocations in females with DMD

provide the first opportunity to study exchange mechanisms
in germ line translocations. Analysis of the sequences
surrounding the t(X;2) and t(X;4) translocation breakpoints
showed no potential sequence alignment between the
translocations which would indicate a common sequence
important in the generation of translocations. The CGGC
motif found at the t(X;21) translocation junction (Bodrug

Table I. Parental origin of t(X;2) translocation

Probe Size of polymorphic bands (kb)

father patient mother der(X) hybrid der(2) hybrid

D2 6.6 6.0/6.6 6.0/6.6 - 6.6
p87-l5Taq I 3.3 3.1/3.3 3.1/3.1 3.3 -

58-1 4.0 2.5/4.0 2.5/4.0 4.0 -
CXS.7 3.5 3.5/7.0 3.5/7.0 3.5 -
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et al., 1987) was not apparent in the DNA surrounding the
translocation breakpoints reported here, and is not likely to
be involved in a general mechanism of translocation. The
only repetitive sequence identified was a single Alu sequence
about 50 bp from the junction on chromosome 2, this
distance making it unlikely that the Alu has played a role
in the generation of this translocation. Purine -pyrimidine
tracts (presumably in the Z-DNA form) and a chi-like
octamer (strongly conserved in human minisatellites) have
recently been implicated in the generation of oncogene
translocations (Boehm et al., 1989 and Krowczynska et al.,
1990, respectively), but no such sequences were found in
the vicinity of the t(X;2), t(X;4), or t(X;21) translocations.
Our sequence analysis leads to the conclusion that all three
X-autosome translocations were generated by a non-
homologous recombination event. Non-homologous
recombination also appears to underlie the molecular
mechanism of dystrophin gene deletions (Love et al., 1991)
and duplications (Hu et al., 1991) that are frequently found
in patients with Duchenne and Becker muscular dystrophy.
A common feature of all three dystrophin gene

translocations was deletion and addition of a few nucleotides
at the site of rearrangement. The deleted regions ranged in
size from 0 to 2 nucleotides in the t(X;2) translocation to
70 nucleotides in the t(X;21) translocation while the addition
of random bases involved at most three nucleotides. This
contrasts markedly with dystrophin gene duplications where
the rearrangements are 'clean' in that no sequences are lost
or gained at the site of the recombination event (Hu et al.,
1991).
Extra nucleotides at the point of circularization have been

observed following transfection of linear SV40 DNA
suggesting a non-homologous recombination mechanism that
includes a stage with free DNA ends (Roth et al., 1989).
Roth and Wilson (1988) suggested that DNA ends may have
arisen from errors of DNA metabolism (i.e. replication,
repair, recombination or transcription) or from DNA
damage, while joining of DNA ends may involve either
direct ligation or repair synthesis primed by homology of
a few nucleotides at the free termini. Thode et al. (1990)
proposed an 'alignment protein' which would align free
DNA ends allowing primed repair of gaps and ligation.
Junctions of germ line deletions in the ,B-globin gene showed
characteristics similar to Roth's experimentally-derived
junctions (Henthorn et al., 1990), suggesting that Roth's
results could be extrapolated to naturally-occurring
rearrangements. Our results would further support this.
The finding of paternal origin for the t(X;2) and t(X;4)

translocations is of particular interest, since six other
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Fig. 7. Hierarchy of possible mechanisms of chromosomal

translocations. H: homologous, NH: non-homologous, r: random, nr:
non-random. Shaded circles represent the most likely mechanism for
X-autosome translocation. Refer to the text for a complete description.

translocations in females with DMD or BMD are also of
paternal origin (Bodrug et al., 1990; Robinson et al., 1990).
A further four X-autosome translocations, not associated with
DMD, have been studied and all are of paternal origin
(Robinson et al., 1990). The probability of finding 12 out
of 12 cases of paternal origin by chance is (1/2)12 or
2x10-4.
Among de novo chromosome rearrangements in general,

84% are of paternal origin, suggesting that preferential male
origin may be a reflection of the greater opportunity for error
during the many mitotic divisions in spermatogenesis (Olson
and Magenis, 1988). It is tempting to suggest that error
during a mitotic division in spermatogenesis is the reason
for the preferential paternal origin of the 12 X-autosome
translocations. However, X-autosome translocations in man
or mouse invariably lead to male sterility, with an inability
to pass on the translocation (Mattei et al., 1982; Madan,
1983; Russell, 1983; Chandley, 1988). Meiotic studies on
sterile human males with reciprocal X-autosome
translocations have demonstrated spermatogenic arrest at
meiosis I (Faed et al., 1982; Quack et al., 1988).
Furthermore, in mice X-autosome translocations may be
generated by mutagenesis of postspermatogonial germ cells,
but not by mutagenesis of spermatogonia (Russell, 1983),
suggesting that spermatogonia with an X-autosome
translocation are not viable. Based on these results, Chandley
(1990) has proposed that de novo X-autosome translocations
of paternal origin originate as post-meiotic events, a model
that implies greater opportunity for post-meiotic
rearrangement in male germ cells than in female germ cells.
Consistent with this is the fact that female meiosis is
completed after fertilization allowing little or no time for
post-meiotic chromosomal rearrangement, whereas in the
male post-meiotic development of spermatocytes to mature
sperm (spermiogenesis) lasts -27 days (Erickson, 1990).
During spermiogenesis there is little or no legitimate

replication, repair or recombination, with transcription being
the only active process (Willison and Ashworth, 1987;
Erickson, 1990). It is possible that DNA breakage leading
to translocation occurred in genes which are transcriptionally
active in spermiogenesis, but only a limited number of genes
are known to be transcribed at that time (Erickson, 1990).
The dystrophin gene is transcribed at a low level in testis
(Nudel et al., 1989), but there is no evidence for or against
transcription during spermiogenesis.
Topoisomerases I and II have both been implicated in

illegitimate recombination because of their ability to make
transient cuts in DNA (Bae et al., 1988; Champoux and
Bullock, 1988). These enzymes are crucial for DNA
condensation, and condensation ofDNA into the sperm head
is a major event during spermiogenesis (Hecht, 1989). Topo
II has been reported in non-replicating and transcriptionally
inactive late spermatids of chicken (Roca and Mezquita,
1989) suggesting that it might modulate the topology ofDNA
during the nucleo-histone- nucleo-protamine transition at the
end of spermiogenesis. A search for topo I and topo II
consensus sequences at the breakpoint regions of the three
translocations indicated that consensus sequences for
topoisomerase cleavage occurred within some, but not all,
of the breakpoint regions. Evidence for topo I and 11 cleavage
playing a role in chromosomal rearrangement also exists for
dystrophin gene duplications where cleavage sites were
found within one nucleotide of the breakpoint in all four
breakpoints of two duplications studied (Hu et al., 1991).

3937



S.E.Bodrug et al.

Figure 7 presents a model of the various pathways leading
to chromosomal rearrangement. From the data presented
here we conclude that X-autosome translocations affecting
the dystrophin gene occur primarily, if not exclusively, in
the male germ line by a post-meiotic non-homologous
recombination event (the shaded path in Figure 7). We
suggest that the initial breakage of the translocated
chromosomes may be a random event, or in some cases may
involve a non-random event such as a topoisomerase
cleavage. The breakage is followed in most cases by
degradation of the free DNA ends, followed by the addition
of extra nucleotides to the free ends. The last step of the
process must involve ligation of the free and modified ends
to inappropriate partners, perhaps brought into close
proximity during the extreme condensation of the DNA
during spermiogenesis. It is possible that this illegitimate
recombination mechanism is the only mechanism by which
X-autosome translocations arise, although analysis of more
events will be the test. For reciprocal translocations not
involving the X chromosome this mechanism is likely to be
only one of a number of mechanisms since these events can

presumably happen in stages of germ cell development other

than spermiogenesis.

Materials and methods
Translocation carriers
Translocation carrier TM is a female with BMD and a de novo translocation
t(X;2) (p21.2;q37) (Holden et al., 1986). She is 21 years old and not yet
confined to a wheelchair. Translocation carrier EH is a 6 year old female
with a de novo translocation t(X;4)(p21;q35) whose disorder has not yet
been classified as DMD or BMD (Bodrug et al., 1990). Lymphoblast cell
lines from TM and EH have been submitted to the Human Genetic Mutant
Cell Repository (HGMCR) (Camden, NJ, USA) and assigned identification
numbers GM1 1024 and GM1 1025, respectively.

Somatic cell hybrids
t(X;2) translocation. 2-4 x 106 lymphoblastoid cells from TM were fused
with 2 x 106 mouse RAG cells. Fusion was induced with Sendai virus (800
HAU) or with 42% PEG 8000 and 15% DMSO. Growth and selection of
clones containing the der(X) chromosome or the der(2) chromosome, but
not the unrearranged X chromosome, was as previously described (Bodrug
et al., 1990). Detailed chromosome analysis to determine which other
chromosomes were present in the hybrids was not performed. The der(X)-
containing hybrid has been submitted to the HGMCR; identification number
GM 1 1022.
t(X;4) translocation. Somatic cell hybrids that contained either the der(X)
or the der(4), but not the unrearranged X chromosome, have been described
(Bodrug et al., 1990). The der(X)-containing hybrid has been submitted
to the HGMCR; identification number GM1 1023.

Probes
Polymorphic probes flanking the DMD gene included 754 (DXS84) (Hofker
et al., 1986), centromeric to the DMD gene, and 99-6 (DXS41) (Aldridge
et al., 1984) on the telomeric side. Intragenic probes included J-66 (DXS268)
(Van Ommen et al., 1987) and a 0.7 kb BamHI fragment of cDNA probe
cDMD 9-14 (American Type Culture Collection) (Koenig et al., 1987).

DNA analysis
DNA was prepared from cell cultures or blood by standard procedures.
Restriction digests were done on 5 Ag of human or mouse DNA, or 10
to 15 ieg of hybrid DNA. Southern blots were hybridized with 32p-
radiolabeiled probes (Feinberg et al., 1984). Probes containing repeats were

pre-annealed with sheared placental DNA (Sealey et al., 1985). Hybridization
of Southern blots was carried out overnight at 42°C in 50% formamide,
3 xSSC, 0.05 mol/l NaPO4, 1% SDS, 0.5% (w/v) non-fat milk powder,
0.3 mg/ml sheared herring sperm DNA, 10% dextran sulphate, and 1 to
3 x 10° c.p.m./ml of labelled probe. Washing conditions varied depending
on the probe used. Autoradiography was at -70°C for 1-7 days.

Genomic library
A Sau3A partial digest of DNA from an individual with four X
chromosomes, karyotype 49, XXXXY (HGMCR, GM1202B) was size
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selected and ligated into the phage vector XDash (Stratagene). 8.5 x I05
recombinant phage were plated and transferred to Hybond-N (Amersham).
Oligonucleotide probes for library screening were 32P-end-labelled using
T4 polynucleotide kinase. Hybridization of library filters was carried out
overnight at 62°C or 64°C in 6xSSC, 0.5% (w/v) non-fat milk powder,
1% SDS and 1 x 106 c.p.m./ml of labelled oligonucleotide. Washing of
filters was in 6 xSSC at 41°C or 46°C. Autoradiography was at -70°C
for 1-3 days. DNA was prepared from plaque-purified hybridizing clones
by the method of Grossberger (1987). Labelled RNA probes (riboprobes)
were generated from the T3 or T7 promoters at the ends of the phage clones
by incorporating [32P]rUTP with T3 or T7 polymerase, respectively
(Stratagene XDash instruction manual).
The sequence of oligonucleotides used to screen the library corresponded

to the sequence of the exons flanking the translocation breakpoints. This
sequence was chosen from the published cDNA sequence of the DMD gene
(Koenig et al., 1987). The sequence of the oligonucleotide for exon 52 was
5'-AAGAACTCATTACCGCTGCCC-3' (nucleotides 7790-781 1) and of
the oligonucleotide for exon 64 was 5'-TTCTCAGCTTATAGGACTG-
CC-3' (nucleotides 9514-9535).

Polymerase chain reaction
General reaction conditions. PCR reactions were carried out in a DNA
thermal cycler from Perkin-Elmer Cetus. Two buffers were used: buffer
1 is as described by Kogan et al. (1987) but without the addition of DMSO;
buffer 2 contained 50 mM KCI, 10 mM Tris-HCI (pH 8.3), 1.5 mM
MgCl2, 0.01% gelatin and 200 itmol of dNTPs. Taq DNA polymerase
(Perkin-Elmer Cetus) was used at 2.5 units per 50 tel reaction volume.
Primers were added at 11 pmol of each primer per 50 1d reaction volume.
All PCR reactions included an extra 7 min extension at 72°C after the final
cycle. Some PCR reactions as indicated with 'low stringency first cycle'
went through one first cycle at a reduced stringency in which the mixture
was denatured at 94°C for 4 min, annealed at 220C for 2 min, and extended
at 720C for 7 min.

Primers. Primers with a superscript contain an extra 7 or 9 nucleotides at
the 5' end which contain an EcoRI (e) or PstI (p) restriction site (underlined).
All sequences are given in the 5' to 3' direction. The location of each of
the primers is indicated in Figure 4.

a: CCTCACATGAACAGTACACTCTGA
be9: GACGAATTCGTTAGCTTAAGCTACACTGTAGAG
C: CTCCAGGTGATTCTGATGTTTGCT
de9: GACGAATTCTTGTTCTAGCAGCAGGATTCCCTC
ee9: GACGAATTCTCTGTATACCAACACCATCCTGTG
f: AGCCACCCACAGATGACAAAACAC
ge9: GACGAATTCTATGATCCCAGATATTTGTGACAC
h: ATCATCATGGGCATTTATGCTATG
i09: GACCTGCAGGACCAGTTTGATTTTCAAAGTCTT
jP9: GACCTGCAGAACCATCCTCATTGTCTTCCACTT
ke9: GACGAATTCAGCGTATGCCATATTAAATCCCTC
le7: CGAATTCCAGGTGGGCAGGACAAGTCTT
me7: CGAATTCGAGATGGAGTCTTGCTCTGTT
oe7: CGAATTCTTGGAGAGAAATATAGGCCTG
pe7: CGAATTCGACACGTATGGATATTACACA
t7e9: GACGAATTCAATACGACTCAGTATAGGGCGAAT

Amplification ofjunctions. Translocation junctions were amplified by inverse
PCR (IPCR) (Ochman et al., 1988) or by single-specific-primer PCR (SSP-
PCR) (Shyamala et al., 1989) according to the scheme described in Figure 4.

Sequencing
Direct sequencing was carried out by the method of Winship (1989) after
purification of the amplified DNA (Heery et al., 1990). A modified
procedure of Sanger's dideoxy sequencing of plasmids was carried out on
double-stranded DNA (Hattori and Sakaki, 1986) using Sequenase (United
States Biochemical Corporation).
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Note added in proof
The sequence data reported here are available from the EMBL/Gen-
Bank/DDBJ databases under the following accession numbers: M62508,
chromosome 2, 775 bp; M62509, chromosome 4, 579 bp; M62510, X
chromosome, part of intron 63, 860 bp; M625 11, X chromosome, part of
intron 51, 1433 bp; M62512, derivative (X) chromosome from t(X;2)
(p21 ;q37), 36 bp; M62513, derivative (2) chromosome from t(X;2)
(p21 ;q37), 37 bp; M62514, derivative (X) chromosome from t(X;4)
(p21 ;q35), 36 bp; M62515, derivative (4) chromosome from t(X;4)
(p21;q35), 31 bp.
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