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Abstract

Wereport here the second evidence of retrotransposition of L1,
which was found inserted into the dystrophin gene of a patient,
causing Duchenne muscular dystrophy (DMD). When the
PCRwas used to amplify a region of the dystrophin gene en-
compassing exon 44 from genomic DNA of two Japanese
brothers with DMD, it was found to be - 600 bp larger than
expected. Both the normal and the abnormally large products
were amplified from the DNAof their mother. However, the
maternal grandparents did not have the abnormal allele, and
the mutation must therefore have occurred in the mother. Anal-
ysis of nucleotide sequence of the amplified product from a
patient disclosed that the insertion was present zero to two
bases upstream from the 3' end of exon 44 and that two to four
bases of the exon sequence were deleted from the insertion site.
The insertion sequence was found to be composed of 606-608
bp and to be almost identical to the inverse complement of 3'
portion of the Li retrotransposon consensus sequence. The
dystrophin gene transcript from peripheral lymphocytes of one
of the patients was analyzed by using reverse transcription/
semi-nested PCR. The size of the amplified product encom-
passing exon 42 to 46 was smaller than expected. Sequencing of
the amplified product disclosed that the sequence of exon 43
was directly joined to that of exon 45. Exon 44 of the transcript
was thus shown to be skipped during splicing. This novel muta-
tion of the dystrophin gene has important implications regard-
ing retrotransposition of an active Ll element and provides a
new insight into the origins of mutations in the dystrophin gene.
(J. Clin. Invest. 1993. 91:1862-1867.) Key words: Duchenne
muscular dystrophy * dystrophin gene * exon skipping - Lli
retrotransposition

Introduction

Duchenne and Becker muscular dystrophies (DMD' and
BMD, respectively) are caused by mutations in the dystrophin
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gene, which is spread over 2,500 kb of the X chromosome. A
large proportion of mutations are partial gene deletions or du-
plications (60 and 6-10% of the total, respectively) of varying
sizes ( 1-3). Results of gene analyses show that in > 90% of
cases, mutations that maintain the reading frame in the dystro-
phin transcript cause BMD, while those in which a frameshift
has occurred cause DMD(4). Recently, we found that determi-
nation of translational reading frame by analyzing dystrophin
mRNAis far more reliable than gene analysis for the diagnosis
of DMD/BMDbecause exon skipping during splicing result-
ing from deletion of a very small segment of exon sequence has
been demonstrated to occur in dystrophin Kobe (5).

DMDis frequent (1 per 3,500 live male births), and it has
been estimated that one third of DMD/BMDcases result from
new mutations of the dystrophin gene (6). However, other
than its large size, there is no obvious explanation for the appar-
ently abnormally high rate of mutations in the dystrophin
gene. The dystrophin gene has been shown to have two muta-
tion hot spots, but they appear to be devoid of features that
might render them susceptible to mutation ( 1).

L 1 elements are a family of long, interspersed, repetitive
DNAsequences that are present at 105 copies (full length
and truncated) dispersed throughout the genome. The human
full-length Ll element comprises 6.1 kb, and contains two long
open reading frames (ORFs), the second of which could en-
code a polypeptide having sequence similarity to reverse tran-
scriptases, and a polyadenylation signal followed by poly (A)
tract. The majority of LI elements are truncated at their 5' end
and have premature stop codons in the ORF. Most of the ele-
ments have flanking target site duplications of 5 to 15 bases.
These structural characters suggest that L1 elements are capa-
ble of transposition by way of an RNAintermediate (7). Evi-
dence that some LI elements in the human genome are retro-
transposable was provided by de novo transposition of a trun-
cated LI DNAinto exon 14 of the Factor VIII gene on the X
chromosome in two individuals (8). Each new insertion con-
tained the 3' portion of an Ll element, including much of the
second open reading frame of the consensus sequence and a
poly(A) tract, and was flanked by a perfect target site duplica-
tion. From its unique 3' trailing sequence, the inserted se-
quences have been assigned to a subtype of LI family (9). In
addition, a full-length Ll element considered to be a progenitor
of the inserted sequence was identified on chromosome 22 (10)
and shown to have retrotranscriptase activity ( 11).

In this paper, we report that a 5' truncated L 1 element was
inserted into an exon sequence of the dystrophin gene in two
Japanese brothers with DMD, and that the mutation, which
originated in their mother, resulted in exon skipping during
splicing of the dystrophin mRNAprecursor.
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Methods

Cases. A pair of Japanese brothers (20 and 19 yr old) born in the

northern part of Japan were enrolled in this study. They were diag-
nosed as having DMDbased on the findings of high serum creatine

kinase, electromyogram, and muscle biopsy. The elder and the younger

brothers became wheelchair-bound at the ages of and 10, respec-

tively, and were admitted to National Sanatorium Yakumo Hospital.
They now need respiratory support from an artificial ventilator. Their

mother was diagnosed as a carrier of DMDon the basis of high serum

creatine kinase activity but showed no signs of muscle weakness. Ma-

ternal grandparents had neither high serum creatine kinase activity nor

signs of muscle weakness. Informed consent was obtained to perform
molecular genetic studies on the family.

Amplification ofgenomic DNA. For the screening of deletion muta-

tions of the dystrophin gene, exon-containing fragments were ampli-

fied by using primers corresponding to regions in flanking introns ( 12,
13). Extraction of DNAfrom blood cells and the PCRwere carried out

according to methods previously described ( 14). An aliquot of ampli-

fied DNAwas electrophoresed on a 3% agarose gel and stained with

ethidium bromide along with low molecular size DNAstandards. The

position of primers used to amplify the exon 44-containing region are

shown in Fig. a. As the restriction enzyme recognition site for Afl is

a
Intron 43

6505 6578 *

Exon 44
Intron 44

| B. lO6bpLl
C. 236bp

A. 268bp

b 62B1 6893 6970

42 43 44 45 46

Figure 1. Schematic presentation of amplified region. (a) Amplifica-
tion of genomic DNA. The box represents exon 44 and the lines rep-
resent introns 43 and 44. Horizontal arrows indicate the positions and
the orientations of the primers. Numbers over the exon indicate nu-
cleotides in the dystrophin cDNA (36) where the 5' end of primers
are located. Brackets indicate the size of amplified products. Vertical
arrow shows the recognition site for AfI. For deletion screening,
primers indicated by bold arrows on introns were used to amplify,
and the size of the amplified product is calculated to be 268 bp
(bracket A). To amplify the fragment as two separate parts, primers
(bold arrows) were paired with each corresponding primers (thin
arrows) (brackets B and C). The amplified product shown by brack-
ets B and Care 106 and 236 bp long, respectively. The sequences of
the oligonucleotide primers (bold arrows) used for deletion screening
have been described elsewhere ( 12 ). (b) Amplification of dystrophin
cDNA. Three primers were designed for semi-nested PCR. For the
first amplification, a larger fragment was amplified using outer set of
primers, one based on the sequence of exon 42 (5'-GCTAAG-
GACT-TGAAGATCT-3') and the other complementary to a se-
quence in exon 46 (5'-CTTGACTTGCTCAAGCTTTTC-3'). For
the second amplification, an inner reverse primer complementary to
a sequence of exon 46 (5'-CTCTTTGAAATTCTGACAAG-3') was
used. Bracket indicates the size of amplified products which is calcu-
lated as 583 bp. Numbers in boxes indicate exon numbers and num-
bers over the exon indicate nucleotides in the dystrophin cDNA
where the 5' end of primers are located.

present at the 3' end of exon 44, the amplified product was digested
with this enzyme according to the method suggested by the supplier
(New England Biolabs, Beverly, MA) and the digested fragments were
electrophoresed in a 3% agarose gel. To localize roughly the insertion
site, primers based both on the exon 44 sequence and complementary
to the exon 44 sequence (Fig. 1 a) were synthesized on a DNAsynthe-
sizer (Applied Biosystems, Inc., Foster City, CA) and the exon 44-con-
taining region was amplified as two separate fragments.

Amplification of dystrophin cDNA in lymphocytes. Reverse tran-
scription/semi-nested PCRwas used to amplify the region across the
junctions of exons 42, 43, 44, 45, and 46 of dystrophin mRNAin
lymphocytes. Total RNAwas extracted from peripheral lymphocytes
(1 X 106 cells) by the method of Chomczynski et al. ( 15) and cDNA
was prepared as described before (5). Primers (20-21 bases long) de-
signed to amplify this region were synthesized. The position of primers
used are shown in Fig. 1 b. The 583-bp long target region extended
from the last 45 bp of exon sequence 42 to the first 45 bp of exon 46 was
expected to be amplified after semi-nested PCR. PCRamplification of
35 cycles with the outer pair of primers (5) was followed by a second
PCRamplification using the inner reverse primer. For this second am-
plification of 30 cycles, 1 gl of the 20 ,l of the first amplification mix-
ture was transferred to the second amplification mixture.

Sequencing of PCRproducts. The amplified DNAwas treated with
T4 DNApolymerase (Life Technologies, Inc., Grand Island, NY) and
subcloned into SmaI-digested PGEM7Zf( +) (Promega Co., Madison,
WI). The sequences of inserted DNAfrom three or four clones were
determined by an automatic DNAsequencer (model 373A; Applied
Biosystems Inc.) using the Taq dye primer cycle sequencing kit (Ap-
plied Biosystems Inc.).

Results

Wehave previously screened for deletion mutations in the dys-
trophin gene by using PCR ( 13, 16). Nine exons distributed
throughout the deletion-prone region of the dystrophin gene
have been amplified from genomic DNAfrom over 200 Japa-
nese patients with DMD/BMD. In the cases discussed here,
agarose gel electrophoresis did not reveal the presence of an
amplified product of the expected 268 bp fragment encompass-
ing exon 44, which was apparently replaced by a larger ampli-
fied product (Fig. 2, lanes 4 and 5). All other amplified exons
were of the normal size. These results indicated the presence of
an insertion mutation in the amplified region. To determine
the location of the insertion more precisely, the oversized frag-

Figure 2. Amplification of exon 44
encompassing region of the dystro-
phin gene from family members. The
fragments amplified from patients
migrated more slowly (lanes 4 and 5)

874 bp than that from a normal individual
(lane 6). From its mobility, the length

268 bp of the patient's amplified fragmentwas calculated to be - 900 bp, im-
plying roughly a 600-bp increment

1 2 3 4 5 6 Mk compared to the normal fragment
(268 bp). Segregation of the insertion

was studied in the family members. The mother (lane 3) had both
normal and larger amplified products and is therefore a carrier. Only
the normal amplified product was obtained from the maternal
grandparents (lanes 1 and 2). (Top) Pedigree with squares represent-
ing males and circles representing females. The affected individual
is represented by a filled symbol and carriers are represented by a
half-filled symbol. Mk refers to HincII digested OX 174 phage DNA
(Toyobo Co., Osaka, Japan).
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ment was amplified as two separate parts using primers both
complementary to central region of exon 44 sequence and
based on 5' end of exon 44 (Fig. 1 a). The amplified product
encompassing intron 43 to the middle of exon 44 was as large
as expected ( 106 bp), while the amplified product encompass-
ing the 5' end of exon 44 to intron 44 was - 600 bp larger than
the normal product (- 850 bp vs 236 bp) (data not shown).
These results indicated that an insertion was present in the
boundary region of exon 44 and intron 44.

To determine the inheritance of this mutation, the exon
44-encompassing fragment was also amplified from genomic
DNAobtained from the mother and from the maternal grand-
parents. Two different products were amplified from the
mother's DNA: one corresponding to the normal product and
the other corresponding to the product amplified from the
DNA of her sons (Fig. 2, lane 3). This indicated that the
mother is a carrier of this mutation. Only the normal-sized
fragment was amplified from DNAfrom the maternal grand-
parents (Fig. 2, lanes I and 2). All amplified products corre-
sponding to normal fragments could be cut into two segments
by restriction enzyme AflII (data not shown). These results
indicated that the maternal grandparents had only normal al-
lele and that the insertion mutation originated in the mother.

To characterize the insertion mutation further, the larger
fragment amplified from the elder brother was sequenced. The
nucleotide sequence of the 5' portion of the fragment was com-
pletely homologous to that of the boundary region between
intron 43 and exon 44 of the dystrophin gene up to nucleotide
6642 of dystrophin cDNA (Fig. 3). The region immediately
downstream from nucleotide 6642 was completely different
from that of the wild-type sequence, and contained a 606-bp
long insertion starting with a C followed by 18 successive T
nucleotides. Sequences homologous to the last two nucleotides
of 3' end of exon 44 sequence (nucleotides 6645 and 6646 of
dystrophin cDNA) and the sequence of intron 44 were identi-
fied after the end of the insertion sequence (Fig. 3). Thus, the
insertion sequence is 2 bp upstream from the 3' end of exon 44,
and two nucleotides of the exon sequence (TA, numbered
6643 and 6644 in the sequence ofthe dystrophin cDNA, respec-
tively) appear to have been deleted. The insertion occurred
within an A + T rich region in the dystrophin gene at the Afl II
restriction enzyme recognition site (CTTAAG: nucleotides
6641-6646 in the dystrophin cDNA) in the dystrophin gene.
The mutation was named dystrophin Yakumo.

By screening DNAsequence data banks, the inserted se-
quence was found to be 98% identical to the inverse comple-
ment of the 3' portion (nucleotides 5563 to 6161) of the con-
sensus genomic sequence of the L1 element (named L1.HS)
(17) (Fig. 4). Although some nucleotides of the insertion in
dystrophin Yakumo (Ll.DY) differed from the consensus se-
quence, the 3' portion of the second ORFwas conserved.
LL.DY has a poly (A) tract preceded by a polyadenylation
signal (AATAAA), but has an additional seven successive A
nucleotides and one Gnucleotide downstream of the 3' end of
the region that is highly homologous to LI.HS (Fig. 4). Among
the 598 nucleotides that are homologous to the consensus LI
sequence, nine nucleotides of LL.DY differ from those in
L1.HS. However, eight of these nine nucleotides are same as
those in consensus L1 cDNA sequence (18). The sole differ-
ence between LL.DY and this cDNAconsensus is the A to G
transition at nucleotide 5823 (Fig. 4). Ll elements can be sub-
typed according to the sequence of the 3' trailing region, and a
consensus sequence has also been proposed for this region from
the analysis of 20 randomly selected human genomic LI ele-
ments (9). L1 .DY has exactly same nucleotide sequence as the
cDNAof the Ta subset of LI elements ( 18). All of these data
strongly suggest that retrotranscriptional insertion of an active
LI occurred very recently in the dystrophin gene.

As the insertion sequence in dystrophin Yakumo was
found to be a 5' truncated L1 element, and the two nucleotides
at the 3' end of the inserted element are the same as those at the
5' end of the target site of exon 44 (Fig. 3), the insertion se-
quence might be two bases longer (608 bp), and four nucleo-
tides of the 3' end of exon 44 might have disappeared from the
target site. In this extreme case, none of the exon 44 sequence is
left at the 5' end of disrupted dystrophin gene.

It is very important to determine the effect of mutations on
the translational reading frame for the diagnosis of DMD/
BMD. For this purpose, an illegitimate transcript of the dystro-
phin gene in peripheral lymphocytes has been used to deter-
mine the reading frame of dystrophin transcript in muscle cells
(19). In this study, we analyzed the dystrophin transcript
around exon 44 region by amplifying a region encompassing
exons 42-46 on dystrophin cDNA (Fig. 1 b). A 583 bp long
product was amplified from the normal transcript by semi-
nested PCR(Fig. 5, lane 1), while an - 600-bp longer frag-
ment was expected to be amplified from cDNAprepared from
lymphocytes of the elder brother. Instead, the amplified prod-

Exon 44 Figure 3. Scheme of insertion mutation into
6499 6642 6646 exon 44 of the dystrophin gene. The insertion

Normal dystrophin gene 5, exo 44oh3ytohn ee hnetoNormaldystrophingene513'

sequence was present at a maximum of two
bases upstream from 3' end of exon 44 of the
dystrophin gene and nucleotides T and A
(numbered 6643 and 6644, respectively, and
part of the AflII restriction enzyme cutting
site) are missing. Three potential sites at which
the insertion took place were proposed because
of the commonnucleotide sequence (AG) at

6191 irsertion <55 the 3' end of the insertion and the 5' end of the
Dystrophin Yakumo gene 5' __ _ -__ 3' disrupted gene. Filled and open boxes repre-

3' 51 sent exon 44 and the LI element, respectively.
The arrow points towards the 3' end of the LI

sequence. The box with diagonal lines corresponds to TA nucleotides which disappeared from the dystrophin gene of dystrophin Yakumo. The
shaded box indicates commonAGnucleotides sequence to the insertion and exon 44. Numbers over upper and lower scheme indicate positions
in dystrophin cDNA (36) and the consensus nucleotide sequence of LI ( 18), respectively.
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GGGACTGTAAACTAGTTCAACCATTGTGGAAGTCAGTGTGGCGATTCCTC5600
CAAAGACTTACM------------------------------------ 570

AGGGATCTAGAACTAGAAATACCATTTGACCCAGCAATCCCATTACTGGG

GTATGTTTATTGCGGCATTATTCACAATAGCAAAGACTTGGAACCAACCC

CATGGAATACTATGCAGCCATAAAAAATGATGAGTTCATGTCCTTTGTAG

GGACATGGATGAAATTGGAAACCATCATTCTTAGTAAACTATCGCAAGAA

CAAAAAACCAAACACCGCATATTCTCACTCATAGGTGGGAATTGAACAAT

GAGATCACATGGACACAGGAAGGGGAATATCACACTCTGGGGACTGTCGT
----------------------------------------------- G--

GGGGTAGGGGGAGGGGGGAGGGATAGCATTGGGAGATATACCTAATGCTA
C----__----_----_----_------------

GATGACAAGTTAGTGGGTGCAGCACACCAGCATGGCACATGTATACATAT
-------CA-----------------------------------------

GTAACTAACCTGCACAATGTGCACATGTACCCTAAAACTTAAAGTATL
----------------------------------------- G-----

8161

-__________u _ TC_

L1.HS
Li .DY

5650 L1.HS
520 L1.DY

5700 L1.HS
470 L1.DY

5750 L1. HS
420 LU.DY

5800 L1.HS
370 Ll.DY

5850 L1.HS
320 L1.DY

5900 L1.HS
270 Ll.DY

5950 L1.HS
220 L1.DY

6000 L1.HS
170 L1.DY

6050 L1.HS
120 L1.DY

6100 L1.HS
70 L1.DY

6150 L1.HS
20 Ll.DY

L1.HS
-30 Ll.DY

Figure 4. Comparison of the inserted sequences and L 1 sequences.
The inserted sequence (L1.DY) is shown below and numbered 5' to
3'. The LI consensus sequence (L1.HS) is shown above and num-
bered as reported ( 18). Boxes enclose the sequence of exon 44 of the
dystrophin gene. On the insertion sequence dashes indicate nucleo-
tides that are the same as in the LI consensus sequence. The LI in-
sertion showed 98% homology to the consensus genomic LI sequence
outside of the 3'-trailer region. The nucleotides that differed from the
LI consensus sequence but matched those of the consensus L1 cDNA
are shown. The underlined nucleotide is that which differs from the
consensus LI cDNA (A to G transition). The insertion is not flanked
by a target site duplication. The bracket indicates the polyadenylation
signal and asterisks correspond to stop codon.

uct was found to be 150 bp smaller than normal (Fig. 5, lane
2), which suggested that some aberrant splicing occurred in
dystrophin Yakumo.

To study this in more detail, the abnormal amplified prod-
uct from cDNAwas sequenced. The sequence was completely
devoid of exon 44, and the 3' end of exon 43 was joined directly
to the 5' end of exon 45 (Fig. 6). This indicated that exon 44 of
the patient's dystrophin gene was skipped during splicing of the
mRNAprecursor. The translational reading frame of the dys-
trophin gene was thereby shifted by 2 bases and a stop codon
appeared at codon 2182 (Fig. 6). Considering that patients
were suffering from DMD, this truncated dystrophin transcript
was probably the main in situ spliced product in muscle cells.

Discussion

Evidence for the contemporary movement of an L I element in
humans was first obtained in cases of hemophilia A that re-
sulted from de novo insertion of an Ll element into Factor
VIII gene (8). The structural characteristics of LI elements

Figure 5. Amplification of cDNAprepared from
5E83 bp lymphocyte mRNA.The amplified product en-

435 bp compassing exons 42 to 46 was obtained by
semi-nested PCR. The expected fragment corre-
sponding to 583 bp was obtained from the con-

Mk 1 2 trol (lane 1). In contrast, neither the normal size
fragment nor the fiagment corresponding to in-

sertion mutation were amplified from patient's cDNA(lane 2). In-
stead, the amplified fragment from the patient migrated faster than
that from the normal individual. From its mobility, the length of the
patient's amplified fragment was calculated to be - 435 bp, implying
roughly a 1 50-bp reduction compared to the wild-type fragment. Mk
refers to Hinc1I digested OX174 phage DNA(Toyobo Co.).

indicate that they can amplify themselves by a cycle of tran-
scription, reverse transcription, and integration in germline
cells or in cells designated to become germlines. By using the
largest L1 element inserted into Factor VIII gene as a probe,
Dombroski et al. were able to find a full-length LI element
(named Ll .2) that is considered to be a progenitor of the LI
element inserted into Factor VIII gene, and to map it on chro-
mosome 22 (10). Furthermore, it was shown that the protein
encoded by LI.2 has reverse transcriptase activity ( 11). These
findings support a self-propagation model for the spread of the
LI element through the human genome (10).

Dystrophin Yakumo described here is the second example
of the disruption of a human gene induced by the insertion of
an LI element. The mutation is considered to be a fairly rare
and relatively recent event, since the insertion of an Ll element
into the dystrophin gene was found only in this family among
> 200 Japanese families of dystrophy patients screened. The
insertion event was found to have occurred in the mother (Fig.
2). The LI element found in dystrophin Yakumo (Ll.DY)
was 98% homologous to 5' truncated consensus L1 element
(Fig. 4). The inserted sequence has the following characteris-
tics: (a) The insertion occurred in an A + T rich region of the
dystrophin gene. (b) L 1.DY retains the ORFfor retrotranscrip-
tase, although it is truncated at the 5' end, and has a polyadeny-
lation signal at its 3' end followed by poly (A) tract (Fig. 4). (c)
L1.DY differs by only one nucleotide from the consensus se-
quence of a subtype of LI which is known to be active retropo-
son ( 10).

In dystrophin Yakumo, the poly (T) tail of LI cDNAmay
be involved in base-pairing with the A-rich dystrophin se-
quence after the introduction of staggered single-strand breaks.
This break may have occurred at the palindromic structure
that includes the Afl I restriction enzyme recognition site.
However, sequencing of genome showed that gap repair oc-
curred, causing the loss of least two nucleotides of dystrophin
sequence (Fig. 3). In addition, one Gnucleotide was detected
at the end of poly (A) tract (Fig. 4). Aguanosine is known to be
present in this position in the probable progenitor of L1.2 ( 10).
Therefore, the last Gnucleotide in Ll.DY may be transcribed
from the flanking sequence of the progenitor element. This
suggests that the poly (A) tract was not added after transcrip-
tion, but is rather transcribed from the genomic element.

One of the most intriguing findings reported here is that the
insertion of L1 .DY did not create a target site duplication (Fig.
4), which is considered to be one of the hallmarks of retropo-
sons. However, the absence of target site duplications has been
described for some other L 1 elements (20).

The results of the study presented here suggest that at least

Insertion of an LI Element into the Dystrophin Gene 1865



Exon 43
Exon 45

codon 2182
End

,G OAAC TCCA aa AT GOC A. T T OGoC A CGGAAAC T T TQTTC A QSAACA TT AA TOC AAC T

Figure 6. Sequence of the amplified product from patient's cDNA. Sequences of the region joining exons 43 to 45 are presented. The sequence of
the 3' end of exon 43 (5'-ACAAGG-3') is joined directly to the 5' end of exon 45 (5'-GAACTCC-3'). Because of this exon skipping, a stop
codon (TGA) appears at codon 2182.

some copies of the LI elements in the human genome are func-
tionally active. On the basis of nucleotide sequences of their 3'
trailing regions, LI elements have been divided into several
subtypes (9). The active L I element L 1.2 ( 10) has almost same
sequence in the 3' trailing region as the consensus sequence of
LI cDNA. The 3' trailing region of the LL .DY element is com-
pletely homologous to that of Li.2. This strongly suggests that
Li.DY also originated from the same progenitor sequence as
that which gave rise to the sequences inserted into Factor VIII
gene (8).

Differing from germline cells, the LI element has been re-
ported to be functionally active in neoplastic cells (2 1). Brat-
thauer et al. suggested that retrotransposition of the L I element
may be involved in the neoplastic process (22). Recently Miki
et al. reported that a truncated LI element has been inserted
into exon sequence of the APCgene, a tumor suppressor gene,
of colon cancer cells (23).

Exon skipping during splicing of mRNAprecursors has
been reported in some genomic mutations. The primary effect
of almost every mutation which induces exon skipping during
splicing is to change the consensus splicing sequence. This is
not the case with dystrophin Kobe, however, which has a dele-
tion mutation near the 3' end of exon 19. Wehave shown that
exon 19 of the dystrophin transcript is skipped during splicing
even though the consensus splicing sequence is unaffected (5).
In dystrophin Yakumo, exon 44 of the dystrophin transcript
was found to be skipped during splicing (Fig. 6), indicating
that the original 5' splicing donor site of intron 44 of the dystro-
phin gene was inactivated because of the LI insertion in the 3'
end of exon 44. In one-third of mutations with 5' splice site
inactivation, activation of cryptic splice sites has been reported
(24). The insertion mutation of dystrophin Yakumo created a
sequence of CAGGTTAGT,which had only one nucleotide
difference from the consensus sequence (CAGGTAAGT)
(25), at 57 bp downstream of the insertion site. Though this
was supposed to be a candidate sequence for splice donor site,
no amplified product corresponding to this splice site was ob-
tained from dystrophin cDNA prepared from lymphocytes

(Fig. 5, lane 2). This suggest that factors other than a nucleo-
tide sequence may determine the splice donor site (26, 27).

In dystrophin Yakumo, the consensus sequence for the 5'
splice donor site has been displaced to - 600 bp downstream
from its original site due to the insertion mutation. As a result,
an A nucleotide located 5' end of the consensus splicing se-
quence was replaced by a T, but this change is not considered to
be critical for splice site recognition (25). According to the
model for exon recognition, the size of exon is at most 300 bp
(27); the length of exon 44 with the insertion mutation (754
bp) is considerably larger. Therefore, the exon may not be rec-
ognized by the splicing machinery and therefore is skipped.
Although the dystrophin transcript in lymphocytes is consid-
ered to be spliced in the same way as in muscle cells, further
studies are needed to examine splicing in muscle cells from the
dystrophin Yakumo. Unfortunately, this cannot be done be-
cause most of the patients' muscle have been replaced by con-
nective and fatty tissues. Furthermore, we need to determine
whether cryptic splice site activation occurs as a result of this
mutation, as has been reported in some other exon skipping
cases (28, 29).

By using in situ hybridization, the LI family of retrotrans-
posons was found to be present dominantly in Giemsa/Quina-
crine-positive bands of chromosomes which are rich in A + T
residues (30). LI elements have been reported to be present in
intron sequences of the dystrophin gene approximately every
30 kb (31 ). In the present paper we report that the dystrophin
gene is a target for LI insertion. From these findings, we hy-
pothesize that unequal crossing over between two related LI
elements, which results in deletion or tandemly duplication of
a region of the DNAsequence, might be a major cause of muta-
tions of the dystrophin gene. This hypothesis is supported by
the following evidence: (a) More than 60%of mutations of the
dystrophin gene are deletions or duplications. (b) A small seg-
ment of an LI sequence has been found between the break-
points of a deletion in the ,3-globin gene cluster (32). (c) Fitch
et al. showed that duplication of the y-globin gene resulted
from unequal homologous crossover between two related LI
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elements flanking the single ancestral y globin gene (33). (d)
Two deletion breakpoints in the dystrophin gene which have
been sequenced are bordered by nucleotide sequences highly
homologous to the L 1 consensus sequence (34). (e) Homolo-
gous recombination between Alu sequences, the other repeti-
tive sequence of the human genome, have been shown to result
in the deletion of a receptor gene coding for low density lipo-
protein (35). Further studies are needed to test this hypothesis
for the origin of mutations in the dystrophin gene.
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