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forward primer reverse primer
gSG 1F/R atgcgaagagctgtgtectg tgccaccaaagaagaaagaa
9SG 2F/R gcectececteatteectctet tcagagccagacagcaaagaa
gSG 3F/R ggagaaatgcagaaaaggtggt tgtgcacatgtatgcgcttt
gSG 4F/R cagcacctattttgcaaattttataaatc gcaccatgatgaagctggactc
gSG 5F/R tagggttgacgtggcatgtg tgtgtactccatggaatgttgtg
gSG 6F/R gcctgctaatttgtaattgcetttg gcggaaagtcttgaaaataaagg
gSG 7F/R ttttgtgcettettttcctcatcte cagtaggaggctgatctgtga
gSG 8F/R ccttaactcttcgteteccatett gcgtttacgteccatccacgetgec
gaDG 2F/R tccaactcggggtagatgtttt acttgaaaaggaaaagccacca
mSG 1F/7R cattctgtctgtggtagagctcgg gtttcagcatcaagcacaagcattcc
mSG 5F/8R aaatggtagaagtccagaatcaaca gcgtttacttcccatccacgetge

527), H-E staining revealed marked replacement of mus-
cle by adipose tissue along with increases in endomysial
connective tissue. We also found a few muscle fibers that
were remarkably different in size (data not shown). In
spite of the clinical diagnosis of DMD, the immunostain-
ing pattern for both dystrophin and merosin staining was
completely normal. Unexpectedly, there was no staining
for y-sarcoglycan, while there was only a mild reduction
for a-sarcoglycan and almost normal results for - and 8-
sarcoglycan (Figure 1). In order to confirm the y-sarco-
glycan deficiency, we looked for mutations in the SGCG
gene. When PCR was used to amplify the eight exons that
encompassed the regions of the SGCG gene, all regions
other than exon 6 could be obtained. This suggests a
homozygous deletion of exon 6 (Figure 2). To confirm
this, we used RT-PCR to analyze the SGCG mRNA from
the patient’s muscle. Amplification of the fragment
encompassing exons 5 to 8 resulted in a small-sized prod-
uct. Subsequent sequencing of this product revealed a
complete absence of the exon 6 sequence (data not
shown). Therefore, we concluded that this patient had a
homozygous deletion of exon 6 in the SGCG gene. In
addition, both the patient's mother and father were found
to carry this deletion in one allele (data not shown).

Because the exon 6 deletion removes 73 bp (nt 506 - 578)
from the mRNA, it was expected that a stop codon would
appear in exon 7, thereby leading to y-sarcoglycan defi-
ciency. It became clear that this patient had LGMD2C
rather than DMD.

In patient 2 (KUCG 280), H-E staining indicated excess
variability of muscle fiber size, clusters of regenerating
fibers, degenerating fibers, some acutely necrotic fibers,
and scattered inflammatory cells. Immunohistochemistry
revealed the absence of y-sarcoglycan and a patchy
reduction in - and B-sarcoglycan. The staining patterns
for dystrophin, 6-sarcoglycan, and merosin all appeared
normal (Figure 1). Since the findings suggested y-sarco-
glycan deficiency, PCR amplification of the patient's
genomic DNA was performed for all eight exons in the
SGCG gene. Amplification of all fragments resulted in
products that were of the expected size, and thus, subse-
quently could be used for direct sequencing. With the
exception of exon 7, sequencing of the amplified products
demonstrated a completely normal sequence. In exon 7,
subcloning of an ambiguous sequence of the amplified
product resulted in one clone with a completely normal
sequence and a second clone that contained a novel single
T nucleotide insertion between nt 602 and 603 within
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Figure 1 Immunostaining of skeletal muscle. Results of immuno-
histochemical examination using dystrophin, a-, 8-, y- and &-sarcogly-
cans and dystrophin antibodies are shown. There was clear staining of
every protein along the plasma membrane in the control. In patient 1,
y-sarcoglycan was completely absent, and there was a mild reduction
of a-sarcoglycan. Both -sarcoglycan and &-sarcoglycan were found to
be almost entirely intact. There was clear staining of dystrophin in pa-
tient 1.In patient 2, y-sarcoglycan was completely absent, and a patchy
reduction in both a- and 3-sarcoglycan was observed. Dystrophin, &-

sarcoglycan, and merosin staining patterns appeared normal.
gly J]

exon 7 (c.602_603insT). This mutation created a stop
codon in exon 7. The patient's mother was heterozygous
for this mutation, whereas the father had a normal exon 7
sequence (data not shown). Since patient 1 had a homolo-
gous deletion of exon 6 of the SGCG gene, we supposed
that patient 2 carried this deletion in one allele. When
semi-quantitative PCR amplification of exon 6 of the
patient's SGCG gene was performed, the results showed
nearly half the genomic dose for the exon 6 encompassing
region, indicating a heterozygous deletion of exon 6 (Fig-
ure 3). Further analysis of the SGCG mRNA from the
patient's muscle revealed two kinds of mRNA: one exhib-
ited an exon 6 deletion and the other demonstrated the
above-mentioned novel single nucleotide insertion
within exon 7 (Figure 3). Therefore, the y-sarcoglycan
deficiency in this patient was caused by a hemizygous
¢.602-603insT in exon 7 along with the deletion of exon 6
on the other allele.

To date, our analysis of patients suspected to have
DMD has revealed that two of the entire cohort examined
can be regarded as having LGMD2C. Thus, the relative
incidence of LGMD2C among Japanese patients sus-
pected to have DMD can be calculated as 1 in 161 (2 of
324 patients = 0.6%). When the DMD incidence is taken

Exon6 Exon7

Exonsd

Genome

mRNA

Figure 2 Mutation analysis of the SGCG gene in patient 1. Amplifi-
cation products of exons 5,6, and 7 are shown (c; control, p: patient) in
the upper part of the figure. Although PCR amplification of eight exons
of the SGCG gene was conducted, no products were obtained from
the fragment encompassing exon 6 (Exon 6 p). For the other exons, the
products of the SGCG gene met size expectations. Results of SGCG
mRNA analysis are shown in the lower part of the figure. RT-PCR (c;
control, p: patient) was used to analyze the muscle mRNA. The frag-
ment encompassing exons 5 to 8 was amplified as a small-sized prod-
uct in patient 1. Sequencing of the product showed a complete
absence of exon 6. It was concluded that patient 1 had a homozygous

deletion of exon 6 in the SGCG gene.
.

into consideration for the overall population (1/3,500
males), the incidence of LGMD2C can be estimated as 1
per 560,000 or 1.8 per million.

Discussion

This is the first comprehensive study that has been able to
definitively clarify the incidence of LGMD2C among
patients suspected to have DMD. In our cohort of 324
Japanese children clinically diagnosed with DMD, two
were diagnosed as having LGMD2C. The incidence of
LGMD2C among this cohort was calculated as 1 in 161
(0.6%) and the incidence in the Japanese population was
estimated at 1 per 0.56 million people. The relative pro-
portions of all LGMDs, including LGMD2C, have been
previously reported for various regions of the world {5,9].
However, these reports did not describe the relative prev-
alence of LGMD2C to DMD. The present study is the
first to describe the incidence of LGMG2C in one race.
The incidence of severe LGMDs was estimated to be
11.8% in a German study of patients with severe muscular
dystrophy with early childhood onset [16] and about 8 to
12% in a Brazilian study of males with a clinical diagnosis
of DMD [17]. In comparison, our results indicate a much
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Figure 3 Mutation analysis of the SGCG gene in patient 2. Capillary
electrophoretic patterns of the PCR products are shown in the upper
portion of the figure. Five genomic regions were co-amplified in one
PCR reaction, with the products separated using capillary electropho-
resis. The position of each of the amplified products of exons 5, 6, 7,
and 8 of the SGCG gene and exon 2 of the a-dystroglycan gene (DG)
are marked. In patient 2, the peak area of exon 6 is nearly half that of
the control, indicating a heterozygous deletion of exon 6. 1S refers to a
1,500-bp marker. The amplified fragments that encompassed exons 5
10 8 of the SGCG mRNA are shown in the lower part of the figure (c;
control, p; patient). Two different product sizes were obtained from the
patient. Sequencing of the products disclosed that one exhibited a
complete absence of exon 6, while the other included a nucleotide in-
sertion inexon 7 (¢.602_603insT). Thus, in this patient there was both a
heterozygous nucleotide insertion in exon 7 and a heterozygous dele-
tion of exon 6 of the SGCG gene.

lower incidence (0.6%) of LGMD2C among patients sus-
pected to have DMD. However, the low prevalence of
LGMD2C in Japanese is in accordance with the few
reports that have examined LCMD2C patients from
Japan [18,19]. Regardless of these differences, the poten-
tial presence of LGMD2C needs to be considered when
making a differential diagnosis of DMD, even in Japan.
Although originally reported to be a severe autosomal
recessive muscular dystrophy that resembles DMD,
LGMD2C has since been reported to have a heteroge-
nous clinical course, even with identical mutations [19].
Initially, both of our LGMD2C patients were tentatively
diagnosed as having DMD, even though both patients
showed only very mild muscle weakness during the origi-
nal observation period. A clinical hallmark for differenti-
ating DMD and LGMD2C involves the inheritance
pattern. However, this is impossible to determine in spo-
radic cases in males. In the current cases, the failure to
determine any dystrophin gene mutations that were
responsible for DMD led to immunohistochemical exam-
ination of muscle tissue. Quite unexpectedly, we found
normal staining for dystrophin in these patients (Figure
1). This finding proved to be the key for diagnosing the
complete or near-complete absence of y-sarcoglycan defi-
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ciency, which led to our using genetic analysis to defini-
tively prove the y-sarcoglycan deficiency.

It has been reported that residual sarcoglycan expres-
sion is highly variable, and that this makes it difficult to
accurately predict the genotype {2,20]. In addition, both
sarcoglycanopathy and DMD were reported to show
weak staining of all types of sarcoglycan complexes [20].
On the other hand, patients with LGMD2C have been
reported to show a significant reduction or a complete
absence of y-sarcoglycan staining in conjunction with
reduced or only partially preserved staining of the other
sarcoglycan proteins [2,5,9,21,22]. In the present two
cases, we observed a marked reduction of y-sarcoglycan,
in addition to finding a reduction of staining intensity for
other members of the sarcoglycan complex (Figure 1).

Since the maintenance of the carboxyl terminus of y-
sarcoglycan is important for both the processing and sta-
bility of the protein, mutations in the extracellular
domain of y-sarcoglycan can lead to an absence of protein
expression [4]. While the most common cause of
LGMD2C is thought to be a homozygous del521T in exon
6 of the SGCG gene, this mutation has not been reported
in Japanese. However, in the current study we identified a
novel ¢.602_603insT mutation. We identified a homozy-
gous deletion of exon 6 of the SGCG gene in patient 1.
We also identified the exon 6 deletion in three of four
alleles in our two Japanese LGMD2C patients, This muta-
tion has been previously reported to occur as a hemizy-
gous condition in Japanese [19]. In Europe, this exon 6
deletion has been reported in both homozygous and
hemizygous conditions [23]. Taken together, these previ-
ous findings suggest that exon 6 can be considered prone
to deletions. Although our identification of the exon 6
deletion in one allele was initially difficult, we have now
been able to successfully detect deletions in one allele by
using semiquantitative PCR amplification (Figure 3).
Therefore, use of this methodology may help to increase
the mutation detection rate in patients suspected to have
DMD, and in addition, help to correctly identify
LGMD2C. Being able to successfully identify LGMD2C
patients in the future will help to ensure correct DMD
diagnosis and proper implementation of therapy in
patients who do indeed have DMD.

Conclusion

This is the first comprehensive study to describe the
prevalence of LGMD2C in one race from mutation study
results on patients suspected to have DMD. The inci-
dence of LGMD2C in the Japanese population was esti-
mated to be 1 per 560,000.
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Molecular characterization of the 5'-UTR of retinal dystrophin
reveals a cryptic intron that regulates translational activity

Ikuko Kubokawa, Yasuhiro Takeshima, Mitsunori Ota, Masahiro Enomoto, Yo Okizuka, Takeshi Mori,
Noriyuki Nishimura, Hiroyuki Awano, Mariko Yagi, Masafumi Matsuo

Department of Pediatrics, Graduate School of Medicine, Kobe University, Kobe, Japan

Purpose: Mutations in the dystrophin (DMD) gene cause Duchenne or Becker muscular dystrophy (DMD/BMD).
DMD contains a retina-specific promoter in intron 29. The short R-dystrophin transcript from this promoter has a retina-
specificexon 1 (R1) joined to exon 30 of the DMD gene. It has been claimed that this is responsible for the ophthalmological
problems observed in DMD/BMD. This research characterizes the structure of the 5'-untranslated region (5'-UTR) of
human R-dystrophin.

Methods: The 5'-UTR of the human R-dystrophin transcript was amplified from human retina and 20 other human tissue
RNAS by reverse transcription polymerase chain reaction (RT-PCR). Amplified products were identified by sequencing.
The translational activities of transcripts bearing differing 5'-UTRs were measured using a dual luciferase assay system,
Results: RT-PCR amplification of the R-dystrophin transcript from the retina using a conventional primer set revealed
one product comprising exon R1 and exons 30 to 32 (R-dys o). In contrast, three amplified products were obtained when
a forward primer at the far 5'-end of exon R1 was employed for RT-PCR. R-dys a, and a shorter form in which 98 bp was
deleted from exon R1 (R-dys B), were the two major products. A minor, short form was also identified, in which 143 bp
was deleted from exon R1 (R-dys ). The two primary retinal products (R-dys o and B) encoded an identical open reading
frame. The 98 bp deleted in R-dys f§ was identified as a cryptic intron that was evolutionarily acquired in higher mammals.
The shorter R-dys p was expressed in several tissues with a wide range in expression level, while R-dys o was retina
specific. The 5'-UTRs of R-dys a and B were examined for translational activity using a dual luciferase assay system.
Unexpectedly, the 5'-UTR of R-dys p showed lower translational activity than that of R-dys o. This lower activity was
presumed to be due to the removal of internal ribosome entry sites by activation of cryptic intron splicing.
Conclusions: An evolutionarily-acquired cryptic intron was identified in the 5'-UTR ofthe human R-dystrophin transcript.
The two abundant R-dystrophin transcripts in the retina showed different translational activities in vitro owing to their
differential splicing of the cryptic intron. This evolutionarily-acquired alternative splicing may act as a molecular switch
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that regulates translation of the R-dystrophin transcript.

The dystrophin (DMD) gene is responsible for the most
common inherited muscle diseases, Duchenne and Becker
muscular dystrophies (DMD/BMD). DMD is the largest
known human gene, spanning more than 2.5 Mb on
chromosome Xp21.2, and comprises 79 exons and large
introns. At least eight alternative promoters/first exons are
scattered among the introns. Four tissue-specific promoters at
the 5'-end of the gene express full-length dystrophin, while
four internal promoters express smaller isoforms containing
unique first exons that are activated in atissue-specific manner
[1-3].

An alternative promoter/first exon located within intron
29 is strongly expressed in the retina. The first exon (R1)
splices to exon 30 of the DMD gene to encode R-dystrophin
[3,4]. Exon R1 is 236 bp long and encodes 13 retina-specific
amino acids, leaving 197 bp as the 5'-untranslated region (5'-

Correspondence to: Masafumi Matsuo, Department of Pediatrics,
Graduate School of Medicine, Kobe University, 7-5-1 Kusunokicho,
Chuo-ku, Kobe 650-0017, Japan; Phone: +81-78-382-6080; FAX:
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UTR) [4]. This protein has been identified as human R-
dystrophin by western blotting of retinal dystrophin proteins
(Dp260) [5]. In addition, a single sequence with a 143-bp
deletion in exon RI1 has been deposited in GenBank
(NM_004011.3). This variant contains a 95 bp exon Rl
encoding a unique 16 amino acids of N-terminal end. R-
dystrophin has been shown to be involved in the commitment
of synaptic maturation and attachment of the retina to the
vitreous [6-8]. Furthermore, R-dystrophin has been
categorized as a cytolinker in skeletal muscle because it
organizes costameric microtubules in the skeletal muscle of
transgenic mdx mice expressing R-dystrophin [9].

DMD and BMD have been described to have
ophthalmological complications [8,10,11]. A reduced
electroretinogram (ERG) b-wave was identified in DMD and
considered a direct consequence of dystrophin deficiency [4,
5,8,10]. A subset of DMD patients with deletions downstream
of exon 30, affecting the splicing and transcription of R-
dystrophin, exhibit a red-green color vision defect, while
DMD patients who have dystrophin mutations upstream of
exon 30 have seemingly normal color vision [11]. This color
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vision defect is likely caused by a loss of R-dystrophin. Thus,
both molecular and clinical findings suggest an important role
for R-dystrophin.

Alternative splicing is a source of genetic variation, and
more than 95% of genes have at least one alternative splicing
site [12]. Alternative splicing within the protein-coding region
attracts much attention, because it is likely to directly impact
protein function. In contrast, alternative splicing in 5'-UTRs
has not been characterized as well. It is known that the 5'-UTR
is a major site of translational regulation through internal
ribosome entry sites (IRES) [13-15] or upstream AUG
(WAUG) motifs [16]. Abnormalities in the 5-UTR can be
pathogenic [13,17]. Alternative splicing in the 5'-UTR has
been shown to play a significant role in gene function [18].
However, the 5'-UTR of the human R-dystrophin transcript
has not been well characterized.

Here, we identified an evolutionarily-acquired alternative
splicing pathway in the 5’-UTR of the R-dystrophin transcript.
We showed that transcripts with an alternatively-spliced 5'-
UTR have a lower translational activity than those with a non-
spliced 5'-UTR.

METHODS

Transcript analysis: RT-PCR amplification was conducted to
examine the R-dystrophin transcript. Human total RNAs from
retina and 20 other tissues (adrenal gland, colon, cerebellum,
whole brain, fetal brain, fetal liver, heart, kidney, liver, lung,
placenta, prostate, salivary gland, skeletal muscle, spleen,
testis, thymus, thyroid gland, trachea, and uterus) were
obtained from a human total RNA Master Panel II (Clontech
Laboratories, Inc., Mountain View, CA). cDNA was
synthesized as described previously [19] from 2.5 pg of each
total RNA. A retinal promoter-derived transcript spanning
exon R1 to exon 32 was PCR amplified using the following
primers: forward primer, RdysF-N119: 5'-ATG CAG AGA
TCC CTG ATC CTA TAG-3' [4] and reverse primer on exon
32, 2F: 5'-TTC CAC ACT CTT TGT TTC CAA TG-3'. To
extend the amplified region, another forward primer was used
at the 5'-end of exon R1 (Rdys-F: 5-GGA GGA ACA TTC
GAC CTG AG-3"). PCR amplification was performed in a
total volume of 20 pl, containing 2 pl of cDNA, 2 pl of 10x
ExTaq buffer (Takara Bio, Inc., Shiga, Japan), 0.5 U of ExTaq
polymerase (Takara Bio, Inc.), 500 nM of each primer and
250 uM dNTPs (Takara Bio, Inc.). Twenty-eight cycles of
amplification were performed on a Mastercycler Gradient
PCR machine (Eppendorf, Hamburg, Germany) using the
following conditions: initial denaturation at 94 °C for 5 min,
subsequent denaturation at 94 °C for 0.5 min, annealing at
59 °C for 0.5 min and extension at 72 °C for 1 min. Amplified
PCR products were electrophoresed on a 2% agarose gel with
a low molecular weight DNA standard (¢X174-Haelll digest;
Takara Bio, Inc.), and stained with ethidium bromide.

PCR-amplified bands were excised from the gel with a
sharp razor, pooled and purified using a QIAGEN gel
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extraction kit (QIAGEN, Inc., Hilden, Germany), according
to the manufacturer’s instructions. Purified products were
subcloned into the pT7 blue T vector (Novagen, Inc., San
Diego, CA), and sequenced using a Taq dye terminator cycle
sequence kit (Life Technologies Corp., Carlsbad, CA) with an
automatic DNA sequencer (3130 Genetic Analyzer; Life
Technologies Corp.), as described previously [20]. RT-PCR
products were semi-quantified using a DNA 1000 LabChip
kit on an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA).

To check the integrity and concentration of the cDNA,
the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene was also RT-PCR amplified, as described previously
[21].

Translational activity assay:

Construction of plasmids—To measure the
translational activity of the 5-UTR of dystrophin transcripts,
dual-luciferase reporter assays using the psiCHECK-2 vector
(Promega Corp., Madison, WI), which allows simultaneous
expression of Renmilla and firefly luciferase from a single
plasmid, were conducted in HEK293 cells. The 5-UTR
sequences of R-dys o (a5-UTR) and B (B5'-UTR) were
inserted into the Renilla luciferase gene. Before inserting the
5'-UTR sequences into the psiCHECK-2 vector, the ATG of
the Renilla luciferase was mutated to TTG, named
psiCHECK-2-TTG, so that the Renilla luciferase expression
would be driven by the primary ATG initiation codon of the
gene under investigation. The 5'-UTR sequences, up to and
including the primary ATG initiation codon, were PCR
amplified. The amplified products were cloned and ligated
into the Nhel site directly preceding the Renilla luciferase
gene in the plasmid psiCHECK-2-TTG.

The a5"-UTR was PCR amplified using the primers H-
Dp260Ex1-F: 5'-cgc gct agc TAA TGA GAT CAG GAG
GAA CA-3' and H-Dp260Ex1-a: 5'-cgc get age CTC ATT
CAG CTC TGT TGA TA-3'; the B5-UTR was amplified
using H-Dp260Ex1-F and H-Dp260Ex1-B: 5'-cgc get age
CTC ATT CAG CTA TTA AGG AA-3'. Upper case letters
corresponded to sequences of the 5'-UTR. Lower case letters
were sequences attached to create an Nhel cut site (gct agc).

Luciferase activity assay—HEK293 cells were grown
at 37 °C in a humidified atmosphere containing 5% CO; in
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich Corp.,
St Louis, MO) supplemented with 10% fetal bovine serum
(Life Technologies Corp.) and 1% PSN antibiotic mixture
(Life Technologies Corp.). HEK293 cells were seeded at
4x10° cells per well in 12-well dishes. After overnight
incubation, the cells grew to approximately 80% confluency
and 800 ng of each of the three vector constructs (the
unmodified plasmid psiCHECK-2-TTG and the plasmids
psiCHECK-2-a and -B) were transfected into the cells using
Lipofectamine™ 2000 (Life Technologies Corp.). Twenty-
four h after transfection, cells were washed with phosphate-
buffered saline and resuspended in Passive Lysis Buffer
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Figure 1. Reverse transcription polymerase chain reaction (RT-PCR) amplification of the R-dystrophin transcript. A: Schematic description
of the region encompassing exons R1 to 32 of the dystrophin (DMD) gene. RT-PCR primers (RdysF-N119, Rdys-F and 2F) are shown as
horizontal arrows. Boxes and bars indicate exons and introns, respectively. Exon/intron structures are described according to previous studies
and the present study above and below the line, respectively. In this study, exon R1 is divided into three segments: the boxes labeled R1A
(horizontal-lined), IR1A (black) and R1B (vertical bold-lined) represent exon R1A (93 bp), intron R1A (98 bp) and exon RIB (45 bp),
respectively. Intron R1 was also incorporated into the mRNA (oblique-lined box). Numbers within the boxes indicate the exon number. The
actual lengths of exon R1 and intron R1 are 236 bp and 105 bp, respectively. B: RT-PCR-amplified products of the fragment encompassing
exons R1 to 32. Amplification from the retina using the conventional primer RdysF-N119 revealed one clear band of 529 bp (R-dys o; right).
In contrast, RT-PCR amplification using the outer forward primer Rdys-F revealed three bands: two major products of 636 bp and 538 bp
(R-dys a and B, respectively) and one weak product of 493 bp (R-dys v; left). In addition, sequencing of subclones revealed an additional,
larger product (R-dys 8). The exon structure of each product is described in the middle of each panel. The four R-dystrophin transcripts are
shown by four bars. A fragment of G4PDH (302 bp) was amplified as a control (bottom). MK refers to the size marker (¢X174 Haelll digest).

(Promega Corp.). The firefly and Rewilla luciferase activities
were measured using a dual-luciferase reporter assay kit
(Promega Corp.) with a plate reader (Fluoroskan Ascent FL;
Thermo Fisher Scientific., Waltham, MA), according to the
manufacturer’s instructions. All experiments were performed
in triplicate. To account for nonspecific effects on reporter
plasmids, experimental results were expressed as a
normalized ratio. The ratio of Rewilla and firefly luciferase
activity was normalized against the unmedified plasmid

psiCHECK-2-TTG. The relative ratio of Renilla/firefly
luciferase activity determined from cells transfected with the
plasmid psiCHECK-2-a was set at 1 and was compared with
that determined from the plasmid psiCHECK-2-p.

Analysis: The probability scores for the splice acceptor and
donor sites were calculated as described previously [22].
Statistical significance was examined using Student’s ¢ test
using GraphPad Prism software, version 5.02 (GraphPad
Software Inc., San Diego, CA). A significant difference was
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Figure 2. Genomic sequence of exon R1. A: Features of exon R1 (236 bp; GenBank NW_001842360.1). The 98-bp sequence, deleted in some
transcripts and presumed to be a cryptic intron, is marked by a box. This sequence starts with GT and ends with AG (shaded). Bars below the
sequence indicate internal ribosome entry sites. Dots over the ATG codons indicate a translation start site. B: Consensus dinucleotide sequences
for the cryptic intron. The AG and GT splice consensus dinucleotides are present in humans and other mammals, including chimpanzee,
orangutan and rhesus macaque. The mouse and rat genomic sequences contain GT/AA and AT/AA, respectively.

described, if the p value was less than 0.05. The secondary
structure of the 5'-UTR was analyzed using Mfold, version
3.2. Internal ribosome entry sites (IRESs) were analyzed using
IRESite.

RESULTS

Retinal dystrophin transcript: To characterize the 5'-UTR of
the R-dystrophin transcript, a region from exon R1 to exon 32
was RT-PCR amplified from human retina RNA using a
conventional forward primer on exon R1 (RdysF-N119) and
a reverse primer on exon 32 (2F). One clear PCR-amplified
product was obtained that comprised exons R1, 30, 31, and 32
(R-dys o) (Figure 1), as described previously [4]. This agreed
with the current understanding of retinal dystrophin [11].

To examine the full length of exon R1, the same region
was amplified using an outer forward primer (Rdys-F), 107
bp upstream of RdysF-N119 and located at the far 5’-end of
exon R1. Three amplified products were visualized on agarose
gels, with two major products and one minor product (Figure
1). Among the two major products, the longer product was
identical to R-dys a. The shorter major product had the same
exon content as R-dys o but had a 98-bp deletion within exon
R1 located 45 bp upstream of the 3"-end of exon R1 (R-dys
B; Figure 1). R-dys P was a novel variant of the R-dystrophin
transcript. Because the ATG start codon is present within the
common 45-bp region, the translational reading frame of both
R-dys o.and p was identical. R-dys B was expressed at a similar
level to R-dys o in the retina, and it was speculated that the R-
dys B may be physiologically important. The minor PCR band
was identified to have a 143-bp deletion in exon R1 that

shortened it to 93 bp (R-dys y; GenBank NM_004011.3). In
addition to the three visible products, a clone of 741 bp was
identified by sequencing of subclones. This clone retained a
105-bp intron R1 between exons R1 and 30 (R-dys §; Figure
1). This is suggested to be an immature mRNA transcribed
from the R-dystrophin promoter.

Alternative splicing of the 5-UTR of R-dystrophin: The
difference between the two major retinal transcripts (R-dys
o and B) was the absence or presence of the 98-bp sequence
from their 5'-UTRs. Examination of this sequence revealed
GT and AG dinucleotides at its 5'- and 3'-end, respectively
(Figure 2). The probability scores for these dinucleotides to
act as splice donor (GT) or acceptor (AG) sites were calculated
as 0.76 and 0.93, respectively. These values were within the
ranges of scores for the rest of DMD [23]. It was concluded
that the 98-bp region is anovel cryptic intron embedded within
exon R1. As a result, the 236-bp exon R1 can be divided into
three segments: the 93-bp exon R1A, the 98-bp intron R1A
and the 45-bp exon RI1B (Figure 1 and Figure 2). The
difference between R-dys o and B was thus caused by
alternative splicing of intron R1A.

Alternative splicing of intron R1A has not been described
in previous reports [4,24]. It was found that the cryptic intron
R1A was evolutionarily acquired in humans but is not present
in rodents, in which intensive studies on R-dystrophin have
been conducted [25]. The mouse and rat genomic sequences
corresponding to the human donor and acceptor sites of intron
R1A have GT/AA and AT/AA, respectively, compared with
GT/AG in humans (underlining indicates a mismatched
nucleotide; Figure 2). Evolutionarily higher animals,
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Figure 3. R-dystrophin variants in human tissues. A: Semi-quantitative analysis of R-dystrophin variants in the retina and the skeletal muscle.
The ratio of each variant/GAPDH in the retina (R) and the skeletal muscle (M) are shown. A fragment comprising exons R1 to 32 was RT~
PCR amplified from the retina and the skeletal muscle and semi-quantitated. The value was obtained by three quantifications and shown as
mean+SD. In the retina (R), strong expression of R-dys a (a) and § () was observed. However, no significant difference between R-dys o
and B was observed (0.700.05 and 1.03+0.16, respectively). In the skeletal muscle (M), R-dys o, B and y (y) were not detected but R-dys §
(8) was observed at the quite low level. B: RT-PCR amplified products are shown. A fragment comprising exons R1 to 32 was RT-PCR
amplified from 21 human tissues. Four products were obtained from the retina (R-dys a, B, v, and ) but R-dys a and p were the main products.
R-dys a was also identified weakly in the cerebellum. R-dys § was present in several tissues including the adrenal gland. MK refers to the

size marker (DNA 1000 Markers).

including the chimpanzee, orangutan and rhesus macaque,
have the same sequence as humans in this region (Figure 2).

Tissue distribution of R-dystrophin variants: To examine the
tissue expression patterns of the four variants of the R-
dystrophin transcript, RT-PCR amplification using an outer
forward primer was conducted in 21 human tissue RNAs.
Semi-quantitative analysis was conducted in the retina and the
skeletal muscle where retina- and muscle-specific promoters
were active, respectively (Figure 3). In the retina, four variants
could be detected, but R-dys o and  were the two main
products. Expression levels of R-dys o and f were not
significantly different. In the skeletal muscle, R-dys a, B, and
y were not detected but R-dys & was marginally amplified.
Unexpectedly, R-dys B, the shorter retinal product, was clearly
amplified not only in the retina but also in the adrenal gland
(Figure 3). Furthermore, R-dys f was detected weakly in the
fetal liver, the lung, the placenta and the spleen. Expression

of R-dys a was observed strongly in the retina and weakly in
the cerebellum but not in any other tissues. It is interesting that
R-dys a was detected weakly in the cerebellum (Figure 3)
because R-dys a has been proposed to have a neuron-specific
function [6-8].

Translational differences mediated by the 5'-UTRs of R-dys
a and f: Although R-dys o and R-dys B encode an identical
protein, they may be differentially translated in human tissues,
because of their differing 5'-UTRs (a5'-UTR and B5'-UTR,
respectively). Using a dual luciferase assay system, the
translational activity of the B5'-UTR was significantly lower
than that of the a5-UTR (0.71£0.01 versus 1.00+£0.01)
(Figure 4). It was concluded that R-dys B is translated at a
lower level than R-dys o, even though it is more widely
expressed. Thus, R-dys o was considered more important in
regards to protein production.

2594



Molecular Vision 2010; 16:2590-2597 <http://www.molvis.org/molvis/v16/a277>

To investigate the mechanism providing the translational
difference between R-dys o and P, their 5-UTRs were
examined for upstream open reading frames (WORFs) [26,
27] or secondary structure [28], but no clear explanation was

m‘.
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Figure 4. Translational activity of the 5'-UTR. A: Structure of the
expression vector and inserted sequence. The psiCHECK-2 PCR
vector is described (bottom). This vector contains the Renilla (R) and
firefly (F) luciferases as the upstream and downstream cistrons,
respectively. Both the a5'-UTR and the BS'-UTR were amplified
(upper and middle, respectively) and inserted into the cloning site.
Before inserting the 5-UTR sequences into the psiCHECK-2 vector,
the ATG of the Renilla luciferase was mutated to TTG, so that the
Renilla luciferase expression would be driven by the primary ATG
initiation codon (reverse triangle) of the gene under investigation.
B: Luciferase activity. Three vector constructs (the unmodified
plasmid psiCHECK-2-TTG and plasmids psiCHECK-2-a and -B)
were transfected into HEK293 cells, and the firefly and Renilla
luciferase activities were measured 24 h after transfection. All
experiments were performed in triplicate. The ratio of Rewilia and
firefly luciferase activity was normalized against the unmodified
plasmid psiCHECK-2-TTG. The relative ratio of Renilla/firefly
luciferase activity determined from cells transfected with the plasmid
psiCHECK-2-0. was set at 1. The relative ratio of Renilla/firefly
luciferase activity was significantly lower for the B5'-UTR than for
the a5'-UTR (0.7120.01 and 1.00+0.01, respectively).
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obtained. When IRESs, which are considered to regulate
translation [29,30], were analyzed, four IRES motifs were
identified within the 98-bp intron R1A, and four were
identified within the 93-bp exon R1A (Figure 2). Because
intron R1A was rich in IRES motifs, R-dys §, which lacks
intron R1A, was considered weak for translational activity.

DISCUSSION

In this study of the 5'-UTR of the R-dystrophin transcript, four
different transcripts were identified in human retina (Figure
1). Two (R-dys o and y) were previously known (GenBank,
NM_004012.3 and NM_004011.3, respectively), and two
new transcripts (R-dys f and §) were cloned. Alternative
splicing was shown to provide diversity in the transcripts
produced from the retinal promoter, and a new,
evolutionarily-acquired intron was identified within exon R1
(Figure 2). Among the four transcripts, two (R-dys o and )
were the primary products in the retina (Figure 1); these
encode an identical open reading frame but have different 5'-
UTRs, depending on the pattern of intron R1A splicing. It is
proposed that splicing of the cryptic intron R1A in the 5'-UTR
is a key regulator of the physiologic roles of these variants.

Considering that R-dys B was expressed in several human
tissues (Figure 3), the production of R-dys  was considered
the default pathway for the R-dystrophin transcript. It is
supposed that an unidentified retina-specific factor shifts this
default pathway to include the cryptic intron R1A in the retina,
thereby producing R-dys a. R-dys a has a higher translational
activity than R-dys B, at least in vitro (Figure 4), which
produces R-dystrophin in the retina.

Intron R1A was found to have been acquired during
evolution between rodents and primates (Figure 2), suggesting
a higher physiologic role for the alternative splicing of cryptic
intron R1A. Important roles for alternative splicing in the 5'-
UTR have been demonstrated in the regulation of translation
in certain human genes [12,13,18,27]. The B5'-UTR, without
intron R1A, showed lower translational activity than the a5'-
UTR in a dual luciferase assay (Figure 4). This result is
contrary to the understanding that a long 5'-UTR suppresses
translation by increasing the energy that a navigating
ribosome needs to reach the AUG through a highly structured
5'-UTR, stable secondary structures or multiple uORFs [17].
Intron R1A retained in the a5'-UTR seemed to increase
translation of R-dys a by virtue of multiple IRESs (Figure 4).
It is known that mRNAs encoding proteins involved in cell
growth, proliferation and apoptosis have structured 5'-UTRs
that harbor IRESs [13]. Therefore, R-dys a retaining many
IRESs is supposed to have an important physiologic role.
Although an ERG abnormality and a red-green color vision
defect have been identified in DMD [11,31], the two variants
identified in the retina are considered to explain these
abnormalities. Further studies analyzing mutations in the 5'-
UTR region are required to clarify this.
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R-dys o was expressed in the retina and weakly in the
cerebellum (Figure 3). This may correlate with synaptic
junction formation i these tissues [7,32-35]. No clear
abnormalities in the cerebellum of DMD patients have been
reported; however, it is possible that a cerebellar phenotype
‘may be revealed as a more precise examination of cerebellar
function becomes possible, or when DMD patients can
survive for longer than at present. One third of DMD patients
show mental retardation [36], but direct genotype-phenotype
correlations have not been established for mental retardation
in DMD [37]. It would be interesting to analyze alternative
splicing of R-dystrophin in relation to mental retardation in
DMD.

R-dys B was produced by activated splicing of both
introns R1A and R1 from the transcript. This suggests that the
same splicing factors facilitate the splicing of both introns.
Conversely, in the retina, an unidentified splicing factor may
inhibit splicing of intron R1A. Clarification of these factors
may facilitate understanding of the physiologic roles of the
two variants. The pattern of intron R1A alternative splicing
was shown to be key in determining translational activity
(Figure 4). IRESs have been reported to provide molecular
switches, allowing maintenance of the expression of proteins
essential for cell survival or death [13]. Thus, the alternative
splicing of intron R1A may act as a molecular switch
regulating the expression of R-dystrophin in the retina. The
evolution of alternative splicing in the 5-UTR has been
proposed to contribute to the regulation of translation [18].
Our results add another example of an evolutionarily-acquired
alternative splicing pathway that regulates translational
activity.
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Congenital generalized lipodystrophy (CGL), characterized by generalized absence of adipose tissue, has
heterogeneous causes. Recently, a novel type of CGL complicated by muscular dystrophy was categorized as
CGL4 caused by PTRF-CAVIN deficiency. However, it is unknown whether CGL4 exhibits clinical
abnormalities during the infantile period. Here, we describe the youngest Japanese case of CGL4—a Japanese
girl with asymptomatic high serum creatine kinase (CK) levels at 3 months old. She was referred to our
hospital at 5 months of age because of her elevated serum CK (2528 [U/L). Generalized absence of adipose

ﬁgxﬂ;ﬁ:’dymophy tissue was first recognized at 2 years of age. Mutation analysis of genes known to be responsible for CGL1-3
lipodystrophy failed to disclose any abnormalities. Instead, analysis of the PTRF-CAVIN gene encoding PTRF-CAVIN revealed
PTRF-CAVIN compound heterozygous mutations, one allele contained an insertion (¢.696_697insC) and the other allele
CGL4 harbored a novel nonsense mutation (¢.512C>A). Our patient had low serum leptin and adiponectin levels
and insulin resistance. Pathological studies on biopsied muscle disclosed mild dystrophic change and highly
reduced expression of PTRF-CAVIN. It was concluded that our PTRF-CAVIN deficient patient showed not only

CGL but also asymptomatic elevation of serum CK because of her mild muscle dystrophic change.
© 2010 Elsevier Inc. All rights reserved.
Introduction inherited disorders characterized by muscle weakness, wasting and

Lipodystrophies are a heterogeneous group of acquired and
inherited disorders characterized by selective loss of adipose tissue.
Inherited lipodystrophies are rare disorders, which may manifest at
birth or may present with fat loss later in life [1]. The extent of fat loss
may also vary from being partial to complete [2]. The two main types of
inherited lipodystrophies are congenital generalized lipodystrophy
(CGL) and familial partial lipodystrophy. CGL is an autosomal recessive
disorder in which near total absence of subcutaneous adipose tissue is
evident from birth.

CGL patients have been described to show marked muscular
appearance with prominent veins, acromegaloid features, acanthosis
nigricans, hepatomegaly and umbilical prominence [3]. Metabolic
abnormalities related to insulin resistance, such as diabetes mellitus,
hyperlipidemia and hepatic steatosis, are evident at a young age and
are often difficult to control [3]. However, heterogeneity of CGL was
pointed out [4].

Muscle hypertrophy in CGL is suggested to be to the result of the
absence of adipose tissue [5]. Muscle dystrophy refers to a group of

* Corresponding author. Department of Pediatrics, Graduate School of Medicine,
Kobe University, 7-5-1 Kusunokicho, Chuo, Kobe 650-0017, Japan. Fax: +81 78 382
6098.

E-mail address: matsuo@kobe-u.ac.jp (M. Matsuo).

1096-7192/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
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degeneration. A number of forms of the congenital muscular
dystrophies are caused by defects in proteins that are thought to
have some relationship to the dystrophin-glycoprotein complex and
to the connections between muscle cells and their surrounding
cellular structure, including caveolae. Muscle dystrophy is subdivided
into nearly twenty sub-types [6]. An elevation of serum creatine
kinase (CK) concentration is one of the hallmarks for the identification
of muscular dystrophy [7].

Recently, PTRF-CAVIN (polymerase I and transcript release factor/
Cavin), has been reported as a new molecule linked to a condition that
presents with muscle dystrophy and generalized lipodystrophy [8,9]
and PTRF-CAVIN deficiency was categorized as CGL4 (OMIM
#613327). So far, four CGL loci have been identified: 1-acylglycerol-
3-phosphate-O-acyltransferase 2 (AGPAT2), Berardinelli-Seip Con-
genital Lipodystrophy 2 (BSCL2) , caveolin-1 (CAV1) and PTRF-CAVIN.
AGPAT2 plays a critical role in the synthesis of glycerophospholipids
and triglycerides required for lipid droplet formation. Another
protein, seipin (encoded by BSCL2 gene), has been found to induce
lipid droplet fusion. CAVT is an integral component of caveolae and
may contribute towards lipid droplet formation [10]. PTRF-CAVIN is
essential for the biogenesis of caveolae [11].

CGL4 was first characterized among five non-consanguineous
Japanese patients. All but one of the five cases shared one homozygous
mutation of in ¢.696-697insC. Their common clinical findings were
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muscle weakness, elevated serum CK and absence of adipose tissue
when patients were older than 8 years of age. But their clinical
findings in their younger period were largely unknown.

Here, we describe a Japanese child with generalized lipodystrophy
and asymptomatic elevation in serum CK levels and disclose
compound heterozygous mutations of c.696-697insC and a novel
nonsense mutation (c.512c>A) in the PTRF-CAVIN gene.

Materials and methods
Case

A 3-year-old Japanese female was involved in this study. All
_clinical materials used in this study were obtained for diagnostic
purposes and with informed consent. The institutional review board
gave approval for this study.

Gene analysis

Genomic DNA samples were prepared from the patient and her
parent's peripheral blood using a standard phenol-chloroform
extraction method, Mutations in the dystrophin gene were analyzed
using the MLPA DMD kit (SALSA MLPA KIT P034/P035 DMD/Becker,
MRC-Holland, Amsterdam, Netherlands) [12]. The coding regions of
five genes, AGPAT2, BSCL2, CAV1, LMINA and PTRF-CAVIN gene, were
amplified by PCR using gene-specific primers, as previously reported
[8,13-16]. The PCR products were confirmed by electrophoresis on a
2% (w/v) agarose gel. PCR products were purified and sequenced
using the BigDye Terminator v1.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA) on an automatic DNA sequencer (model
ABIPrism 3130 Genetic Analyzer, Applied Biosystems, Foster City, CA).
Subcloning sequencing was performed using the pT-7 Blue vector
(Novagen, EMD Biosciences, Inc., Darmstadt) as described previously
[17}.

Histochemical and immunohistochemical analyses of skeletal muscle

Skeletal muscle samples were obtained from the left biceps by
biopsy. As a control, a biopsy muscle sample obtained from a 2-year-
old boy with congenital myopathy was used. Biopsied muscle
specimens were flash-frozen with iso-pentane-cooled in liquid
nitrogen. Serial 10-pm-thick frozen sections were analyzed with
histochemical staining, including hematoxylin-eosin (H&E), modified
Gomori trichrome, NADH-tetrazolium reductase, cytochrome C
oxidase, acid phosphatase and alkaline phosphatase, according to
the standard protocols. Immunohistochemistry was performed as
follows: serial 10-pm-thick frozen muscle sections were fixed in cold
acetone for 5 min. After blocking with normal goat serum, sections
were incubated with primary antibodies overnight at 4 °C. Antibodies
used were anti-caveolin-3 (Santa Cruz Biotechnology, Inc, Santa Cruz,
CA), anti-dysferlin (Novocastra Laboratories Ltd, Newcastle upon
Tyne, United Kingdom), and anti-PTRF-CAVIN (A301-271A, A301-
269A, BETHYL Laboratories, Inc, Montogomery, TX). After six washes
in phosphate-buffered saline (PBS), sections were incubated with
secondary antibodies, Alexa Fluor 488-labeled goat anti-mouse or
anti-rabbit antibodies, at room temperature for 90 min.

Metabolic examination

All chemical examinations including insulin were conducted in the
central laboratory of the Kobe University Hospital. Adiponectin and
leptin plasma levels were determined by commercially available ELISA
(Quantikine; R&D Systems, Oxford, United Kingdom). To monitor
obesity status, the body mass index (BMI) was calculated using the
following formula: BMI=w/t? (w: bodyweight in kg; t: height in m)
[18].

Results
Patient history

A Japanese girl (KUCG 748) was referred to Kobe University
Hospital at the age of 5 months because of elevated serum CK levels.
She was born at 40 weeks gestation weighing 2600 g and was the first
child of a non-consanguineous healthy Japanese couple. No family
history of lipodystrophy or muscular dystrophy was found. At 1 month
of age she was diagnosed with congenital hip dislocation. At 3 months
old, weak body weight gain (weight: 4550 g, height: 57.3 cm, BMI:
13.9 (normal: 16~18)) was observed and blood chemical examination
was conducted to disclose abnormalities in serum CK, AST and ALT
levels (2528 (normal: 56-248 IU/L), 67 (normal: 13-31 IU/L) and 62
{(normal: 8-34 1U/L), respectively). At 5 months old, lipoatrophy over
both extremities and prominent umbilicus were observed. Given that
her serum CK levels were still elevated (1594 IU/L), her carrier status
for dystrophinopathy was highly supposed. At 2 years and 5 months of
age, facial lipoatrophy became marked and congenital generalized
lipodystrophy was clinically diagnosed. Her growth and development
was normal. Blood chemical examination revealed a high serum CK
level (2677 IU/L}. Head magnetic resonance imaging and electro-
encepharogram examinations showed normal results. Although blood
glucose was 90 mg/dl, her insulin was elevated to 16 IU/ L, suggesting
insulin resistance.

At 3 years of age, a muscle biopsy of her left bicep was performed.
Her weight was 13 kg, height was 96 cm and her BMI was 14.1
(Table 1). Physical examination showed generalized absence of
subcutaneous fat, but acanthosis nigricans and hepatosplenomegaly
were not observed. Cardiac examination revealed neither cardiome-
galy nor electrocardiogram abnormalities including long-QT syn-
drome. Muscle weakness and other muscle symptoms were not seen.
No mental retardation was detected. The biochemical investiga-
tion revealed that serum insulin was 28 U/l and blood glucose was
90 mgy/dl. Calculated insulin resistance index (HOMA-R) was elevated
to 6.2. Leptin and adiponectin were low, 0.8 ng/ml (normal, 10-
15 mg/ml) and 2.1pg/ml (normal, 5-10 pg/ml), respectively. The
serum CK concentration remained high at 1729 IU/L. Blood triglyceride

Table 1
Dwianingsih et al.

Present case Reported case

Age (year)/sex 3/female 8/female

Mutation c512C>A/ €.696_697insC/
¢.696_697insC €.696_697insC

Height (cm)/weight (kg) 96/13 124/213

BMI 141 138

Lipodystrophy Generalized Generalized

Mental retardation No No

Acantosis nigricans No No

Hepatosplenomegaly No Yes

Umbilical prominence Yes No

Endocrine abnormalities No Growth hormone

Muscle weakness No Distal dominant

Muscle mounding No Positive

Muscle hypertrophy No ' Yes

Cardiac symptoms No Arrhythmia

Skeletal abnormalities Hip dislocation Lordosis, contracture

Other symptoms No Constipation

Serum CK (IU/L) 1729 1374

Fasting glucose (mg/dl) 90 75

IRI (U/ml) 28 228

HOMA-IR 6.2 9.85

HbAlc (%) 47 N/A

Total cholesterol (mg/dl) 138 164

Triglyceride (mg/dl) 115 93

Leptin (ng/mi) 0.8 N/A

Adiponectin (g/ml) 2.1 N/A

Lipid droplet in muscle No Yes

N/A: not available.
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or cholesterol levels were 171 (normal, 28-149 mg/dl) and 158 mg/dl
(normal, 146-219 mg/dl), respectively.

Genetic examination

Because of the asymptomatic elevation of the patient’s serum CK
levels at the age of 3 months, a carrier status for dystrophinopathy
was strongly suggested. Mutation of the dystrophin gene was
examined using multiplex ligation-dependant probe amplification
(MLPA), but no abnormality was detected. On the diagnosis of
congenital general lipodystrophy at the age of 2 years, mutations on
AGPAT2, BSCL2 and CAV1 genes were examined by PCR and direct
sequencing, but no mutations were detected in the three genes. In
addition, no mutation in the LMNA gene, which is responsible for
familial partial lipodystrophy, was identified.

Recently, Hayashi et al. [8] disclosed another category of CGL by
identifying mutations in the PTRF-CAVIN gene in five muscular
dystrophy cases complicated with lipodystrophy. Therefore, we
conducted a mutation analysis on the PTRF-CAVIN gene in our case.
Regions of the PTRF-CAVIN gene were PCR-amplified and the amplified
product was subjected to direct or subcloning sequencing. The exon 2
encompassing region was amplified as two separated fragments. In
the fragment of the 3' region of exon 2, the sequencing result became
blurred in its 3' region (Fig. 1). Careful examination of sequencing
results disclosed that two sequences were rearranged in this blurred
region; one sequence completely matched with the wild sequence,
but the other was found to have a single nucleotide insertion of a C
between ¢.696 and ¢.697 (¢.696-697insC) (Fig. 1). These results were
confirmed by subcloning sequencing (data not shown). This mutation
matched with that of the common mutation in a previous study [8].
This insertion shifted the translational reading frame, replacing the
last 158 amino acids to an unrelated 191-amino acid sequence. In the
previous Japanese study, another mutation of c.515delG was
identified in the 5’ part of the exon 2 encompassing region [8]. The
possibility of c.515delG was closely examined, but no identical
mutation was present in the genome of the patient in the current
study. Instead, an ambiguous peak was revealed at ¢.512 where the
peak of wild C overlapped with A (Fig. 1). The wild ¢.512C encoded a

A 512 C/A

3
AA A TC GC TG

AAA;‘S}CTG

TCG codon for serine but ¢.512A (c.512C>A) encoded for a TAG stop
codon (p.S171X). This nucleotide change was confirmed by subclon-
ing sequencing (data not shown). The inheritance patterns of these
mutations were examined. ¢.696-697insC and ¢.512C>A were inher-
ited from the patient's father and mother, respectively (Fig. 1). The
compound heterozygous situation of these two mutations was
concluded as the cause of her clinical phenotype.

In addition, a 9-bp insertion (c.1235_1236InsTCTCGGCTC), a
known polymorphism [8], was identified in the 3' untranslated region
in one allele (data not shown). This 9-bp insertion was also found in
one allele of the patient's mother. In this family, the 9-bp insertion
segregated with ¢.512C>A. Taking into consideration that the 9-bp
insertion was observed heterozygously in 26% and homozygously in
2% of 200 Japanese control individuals [8], c.512C>A segregating with
the 9-bp insertion was considered a relatively new event confined to
this family.

Immunohistochemical examination of skeletal muscle

Biopsied muscle showed moderate variation in fiber size,
increased fibers with central nuclei, minimal necrosis and regenera-
tion, and mild endomysial fibrosis (Fig. 2A). No lipid droplets were
observed. Immunohistochemistry using antibodies against dystrophin
(DYS1, DYS2, and DYS3), a- and B-dystroglycan, o-, B-, v-, and §-
sarcoglycans, merosin, syntrophin and emerin showed no abnormal-
ities. Caveolin-3 was feathery expressed in the cytoplasm and slightly
decreased in the sarcolemma (Fig. 2B, F). Immunoreactivity for
dysferlin was markedly decreased in the cell membrane (Fig. 2C, G).
The expression of PTRF-CAVIN detected by anti-PTRF-CAVIN anti-
bodies (A301-269A and A301-271A) (Fig. 2D, H and E, |, respectively)
was significantly reduced in the sarcolemma and the stromal blood
vessels as compared with control muscle.

Discussion
This study has examined the youngest Japanese child with

mutations in the PTRF-CAVIN gene. Compound heterozygous muta-
tions of ¢.512C>A and ¢.696-697ins C were identified in the index case

€.696-697insC

T T Calh GAAGGCC
T T c[C]a 4 GA & GG C

W\

ATAATNAY

696ins

512A
1235ins

512A
¢.1235ins

696ins

Fig. 1. Nucleotide changes in the PTRF-CAVIN gene. (A) Parts of sequencing results are shown. The region encompassing exon 2 of the PTRF-CAVIN gene was PCR-amplified as two
separate fragments and the PCR-amplified products were directly sequenced. In the 3' part of exon 2 sequencing peaks of nucleotides became overlapped after ¢.696 (right). The
blurred region consisted of a combination of two sequences. One sequence had a completely normal sequence (top line over the sequencing result). The other was found to have a C
insertion between 696 and 697 nucleotide (c.696-697insC) (box) (bottom line over the sequencing resuit). This shifted the translational reading frame. In the sequencing of the 5'
part of exon 2, an overlapping of wild C with A nucleotides were observed at ¢.512 (c.512C/A)(left). This C to A nucleotide change (box) shifted the TCG codon for serine to a stop
codon of TAG (c.512C>A) (dots in the bottom line). (B) Pedigree of the family is described. The patient’s father is a carrier for the ¢.696-697insC (half-filled box), while her mother
carries both ¢.512A and ¢.1235-1236insTCTCGGCTC (half-filled circle). The patient has two responsible mutations ( ¢.696-697insC and ¢.512A) and one polymorphism (c¢.1235-

1236insTCTCGGCTC) (black circle).
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caveolin-3

patient: A,B,C,D,E
control: F,G,H,I

dysferlin

cavin-1
(271A)

cavin-1
(269A)

Fig. 2. Histochemical examination of skeletal muscle. Results of histochemical examination are shown from the patient (A, B, C, D and E) and control (F, G, H, and 1). Hematoxylin
eosin staining of skeletal muscle showed dystrophic changes, including moderate variation in fiber size, increased fibers with central nuclei, few necrotic and regenerating fibers and
endomysial fibrosis (A). Intramuscular lipid droplets were not present. Immunoreactivity for caveolin-3 was clearly localized to the sarcolemma of the control muscle (F), whereas it
was distributed vaguely in the sarcolemma as well as in the cytoplasm in this patient (B). Dysferlin-immunoreactivity was remarkably decreased in the patient (C) as compared to
control muscle (G). Immunoreactivity for PTRF-CAVIN recognized by antibodies of 269A (D, H) or 271A (E, 1) was significantly decreased in the patient's muscle (D, E) as compared to
the control, which showed distinct PTRF-CAVIN expression in the sarcolemma and the endomysial blood vessels (H, I). Scale bar = 60 pym.

(Fig. 1), and the former and latter mutations were inherited from her
mother and father, respectively. Subsequently abnormality of PTRF-
CAVIN localization in skeletal muscle was confirmed immunohisto-
chemically (Fig. 2). This is the sixth Japanese case of CGL4 as far as we
know [8]. This case had a novel nonsense mutation of ¢.512C>A. In five
reported cases, four homozygous mutations (¢.696_697insC) and one
compound heterozygous mutation (c.525delG and ¢.696_697insC)
were identified, disclosing two mutations in the PTRF-CAVIN gene [8].
The presently reported mutation is the third mutation but the first
nonsense mutation. Totally, c.696-697insC was identified in 10 out of
12 alleles, indicating a common mutation in the Japanese cases
examined. In our patient, c.512C>A was inherited from the mother
together with a 9-bp deletion polymorphism in the 3’ UTR (Fig. 1).
However, the 3' UTR polymorphism has been reported independently
from CGL [8]. Therefore, it was hypothesized that the allele with the
9-bp deletion acquired the nonsense mutation in our family.

To date, the three discovered Japanese mutations are all located in
exon 2 of the PTRF gene. This clustering of mutations may be
explained by further studies on the structure and function of PTRF-
CAVIN.

Muscular dystrophy with congenital generalized lipodystrophy is a
new category of muscular dystrophy [8,9]. This categorization was
based on findings of aged patients who showed a finding compatible
with muscular dystrophy. In our case, muscle abnormality was first
suggested at 3 months of age by accidental identification of elevated
serum CK levels (2528 1U/1). This asymptomatic elevation of serum CK
was suggested to be because of the slight dystrophic changes in
skeletal muscle at age 3 (Fig. 2). During the follow-up period until the
age of 3, there was no complaint of muscle weakness. Though CGL has
been described to be recognized at birth or shortly thereafter [10], our
case was not recognized based on general adipose tissue deficiency at

birth. The patient received medical attention for skeletal abnormal-
ities because of her congenital dislocation of the hip at 1 month of age.
Her general deficiency in adipose tissue was brought to our attention
at 2 years of age, although poor body weight gain was pointed out at
3 months of age. Compared to the known CGL [10,19], absence of
generalized adipose tissue was not initially observed.

To characterize the young Japanese CGL4 case, clinical findings
were compared with that of the second youngest case (8 years old) of
CGL4 with homozygous ¢.696_697insC mutation [8] (Table 1). Both
cases showed similar clinical findings of low BM]I, and generalized
lipodystrophy without complications of hypertriglyceridemia or
hypercholesterolemia. They did not show mental retardation or
acanthosis nigricans. These two cases had differing skeletal abnor-
malities: congenital hip dislocation in our case but lordosis and
contracture in the other case. High serum CK levels were common to
both cases (Table 1). Pathological findings including lipid droplets in
skeletal muscle were more severe in the 8-year-old patient case,
indicating progressive muscle wasting and weakness. In addition, it is
suggested that cardiac muscle is also affected by CGL4, as the 8-year-
old patient showed cardiac arrhythmia and life-threatening arrhyth-
mia had occurred in older CGL4 cases [9].

PTRF-CAVIN is thought to play an important role in the process of
caveolin protein stabilization in caveolae [11,20]. Animals lacking
PTRF-CAVIN have no morphologically detectable caveolae in all cell
types examined and show dyslipidemia and glucose intolerance [21],
In humans, CGL4 causes secondary deficiency of caveolins, leading to
malformation of caveolae in cell membranes [8]. This could have
consequences for the regulation of insulin signaling in adipocytes, as
caveolae are known to concentrate insulin receptors along their
margins [22]. In fact, both CGL4 cases showed insulin resistance as
observed by elevated HOMA-IR at a young age (Table 1). This insulin
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resistance is suggested to be the result of caveolae abnormalities
caused by CGL4 [22].

In the absence of adipocytes designed for synthesis and storage of
neutral lipids, dietary lipids accumulate in non-adipose tissues such as
the liver and muscle, leading to cellular toxicity and metabolic
abnormalities [10]. Our youngest case did not show hepatomegaly or
lipid drops in skeletal muscle (Fig. 2), whereas the 8-year-old case
showed hepatosplenomegaly and lipid droplets in skeletal muscle
(Table 1). Therefore, it appears that lipid accumulation occurs over
long periods of time in these tissues.

The adipocytes also secrete a variety of biologically active
substances such as leptin and adiponectin [23]. Our case showed low
Jevels of leptin and adiponectin (Table 1) [24,25]. It was pointed out
that abnormalities in leptin and adiponectin were already apparent at
the age of 3 {26]. Although leptin and adiponectin are both secreted by
adipocytes, they show different behavior, leptin levels being related to
adipose tissue mass, and adiponectin levels to insulin sensitivity [27].
Redefining lipodystrophy as an adipokine deficiency syndrome leads
to the hypothesis that supplementation of one or more adipokines may
improve metabolic outcomes in lipodystrophy [28]. To prevent the
development of metabolic complications, leptin therapy would be
considered in our case in the future [29,30].
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Contemporary retrotransposition of a novel non-coding
gene induces exon-skipping in dystrophin mRNA

Hiroyuki Awano, Rusdy Ghazali Malueka, Mariko Yagi, Yo Okizuka, Yasuhiro Takeshima

and Masafumi Matsuo

Non-autonomous retrotransposon-mediated mobilizations of the Alu family are known pathogenic mechanisms of human disease.
Here, we report a pathogenic, contemporary, non-autonomous retrotransmobilization of part of a novel non-coding gene into the
dystrophin gene. In a Japanese Duchenne muscular dystrophy patient, a 330-bp-long de novo insertion was identified in exon
67 of dystrophin. The insertion induced exon 67-skipping in the dystrophin mRNA, creating a premature stop codon. The
sequence of the insertion had certain characteristics of retrotransposons: an antisense polyadenylation signal accompanied

by a poly(T) sequence and a target site duplication. The insertion site matched the consensus recognition sequence for the

L1 endonuclease, indicating a retrotransposon-mediated event, although the inserted sequence did not match any known
retrotransposons. The origin of the inserted sequence was mapped to a gene-poor region of chromosome 11. The inserted
fragment was expressed in multiple human tissue RNAs, indicating that it is a novel transcript. The full length of the transcript

was cloned and showed no meaningful protein coding ability.
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INTRODUCTION

Mobile DNA elements are discrete DNA sequences that have the
remarkable ability to transport or duplicate themselves to other regions
of the genome. Mobile elements can be divided into two different
classes based on how they duplicate themselves within the genome.}2
DNA transposons mobilize through a DNA intermediate, typically
using a so-called ‘cut-and-paste’ mechanism. Retrotransposons mobilize
through RNA and proceed via a ‘copy-and-paste’ mechanism. In this
process, an RNA copy is first generated from the original retrotrans-
poson and is subsequently reverse transcribed back into DNA using the
enzyme reverse transcriptase. cDNA is then inserted into a new location
in the genome, sometimes disrupting host gene function.>

Retrotransposons can be further subdivided into those elements
that are autonomous, meaning that they encode their own replication
machinery (for example, long interspersed nuclear element 1: L1 or
LINE1),5 and those elements that are non-autonomous, such as the
Alu family.? Non-autonomous retrotransposons borrow the enzymatic
machinery required for their propagation from L1 elements. L1
endonuclease-dependent retrotransposition has been reported to
cause many human genetic diseases.”

Processed pseudogenes are another retrotransposable element
resulting from the random integration of reverse-transcribed mature
RNA molecules into genomes. They are characterized by a lack of
introns, the presence of a poly(A) tail and the presence of flanking
direct repeats.® This gene retrotransposition may arise as a by-product

of L1 retrotransposition.” Recently, an ancient retrotranspositional
insertion of a transcript from chromosome 6 (chromosome 6 open-
reading frame 68) has been shown to disrupt the SLC25A13 gene.l?
Contemporary retrotransposition of a gene transcript has never been
shown to cause a genetic disease.

Mutations in the dystrophin gene, the largest human gene spreading
over 2500 kb on the short arm of the X chromosome, cause Duchenne
muscular dystrophy (DMD), the most common inherited muscular
disease affecting one in every 3500 male subjects. Although deletions
removing one or more exon of the gene have been reported as the
most common mutation, more than 200 mutations have been
identified in the dystrophin gene (http://www.dmd.nl/). To date,
retrotranspositional insertions into this gene have been reported in
four cases. In our previous Japanese study, an L1 insertion was
identified in one Japanese DMD patient.!! All three other insertions
were derived from L1 retrotransposons,!-14

Here, we identify a contemporary retrotranspositional insertion of a
novel non-coding gene from chromosome 11 into exon 67 of the
dystrophin gene in a Japanese DMD patient. This is a novel retro-
transposon-mediated transmobilization that causes human disease.

MATERIALS AND METHODS

Case

The proband (KUCG732) was a 4-year-old Japanese boy. He had no family
history of neuromuscular disease. At 3 years old, his serum creatine kinase level
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was found to be high (14 780 IU1!) on blood chemical examination. At 4 years
old, a muscle biopsy was performed and immunohistochemical examination,
using three dystrophin monoclonal antibodies that recognize three different
epitopes, found an absence of dystrophin staining, and the DMD diagnosis was
confirmed. Informed consent was obtained from his parents for molecular
analysis and the study was approved by the ethics committees of Kobe
University School of Medicine (approval no. 28 in 1998).

Methods

Mutation analysis. The patient’s genomic DNA was extracted from peripheral
blood. Each of the 79 exons of the dystrophin gene was polymerase chain’
reaction (PCR) amplified as described previously.’> The region encompassing
exon 67 was amplified using the forward primer DMD-67U (5-GAAGTA
ACCCCACTACTGTGGAA-3) and the reverse primer DMD-67L (5-AAACGA
AGCTCTGTGGGTTT-3").

The dystrophin mRNA expressed in the skeletal muscle was examined by
reverse transcription PCR (RT-PCR) as described previously.!® Briefly, total
RNA was isolated from thinly sliced (6-pm) sections of frozen muscle using
Isogen (Nippon Gene, Toyama, Japan). After synthesizing cDNA with reverse
transcriptase (Invitrogen Corp., Carlsbad, CA, USA), a fragment extending
from exons 64 to 68 was amplified using a forward primer corresponding to a
segment of exon 64 (c64f, 5-CTCCGAAGACTGCAGAAGGC-3') and a reverse
primer complementary to a segment of exon 68 (5D, 5'-TTTCTGCAGCCA
CTCT-3') as described previously.!”

The PCR-amplified products were electrophoresed on agarose gels. Purified
PCR products were subjected to sequencing either directly or after subcloning
into the pT7 blue T vector (Novagen, Madison, WI, USA).

Transcript analysis. A fragment covering the inserted sequence was amplified
by RT-PCR from human tissue RNAs (Human Total RNA Panel; Clontech,
Mountain View, CA, USA). First-strand cDNA synthesis was carried out with
3 pug of RNA using SuperScript II reverse transcriptase (Invitrogen Corp.). To
amplify the fragment covering the inserted sequence, the forward primer
awallg3Lf (5-GCCTCTGGATCAGGAAGAGC-3") and the reverse primer
awallg3Rr (5-TTTTTGAAATTTGAAGCATTTTTCC-3) were used. Thirty-
five PCR cycles were performed in a mixture as described before,!” using the
following conditions: initial denaturation at 94°C for 4min, subsequent
denaturation at 94 °C for 1min, annealing at 60 °C for 1 min and extension
at 72°C for 1 min. The final extension reaction was carried out at 72 °C for
1 min. An aliquot of amplified DNA was electrophoresed on a 3% agarose gel
and stained with ethidium bromide along with a low-molecular-weight DNA
standard ($174X—Haelll digest; Takara Bio, Shiga, Japan). In addition, a
fragment of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene
was also amplified using two primers: the forward primer GAPDH-F106
(5’-CCCTTCATTGACCTCAAC-3") and the reverse primer GAPDH-R407
(5’-TTCACACCCATGACGAAC-3"), as described before. These PCR products
were verified by sequencing.

Cloning of the novel transcript. 'To obtain the 5" end of the novel transcript,
5’-rapid amplification of cDNA ends (5-RACE) was performed using the
5’-RACE System (version 2.0; Invitrogen Corp.). Single-stranded cDNA was
synthesized from brain RNA (Clontech) using a gene-specific primer, GSP1
(5"-TGAAATTTGAAGCATTTTTCCAA-3"). A homopolymeric T-tall was
added to the 3" end of the cDNA using terminal deoxynucleotidyl transferase
and dCTP. The dC-tailed ¢DNA was amplified with the gene-specific
primer, GSP2 (5'-GGCTGTGAATAATAGCATTCT-3'), and the cassette primer,
Abridged Anchor (5-GGCCACGCGTCGACTAGTACGGGGGGGGGG-3').
The resulting product was re-amplified in a second round of PCR using the
primers nestedGSP (5-CCACCAAACTGTTAAACTCA-3") and AUAP (5'-GGC
CACGCGTCGACTAGTAC-3"). PCR products were separated by agarose gel
electrophoresis and subjected to subcloning and sequencing.

DNA sequencing. DNA sequencing was performed using the BigDye 2.0 or 3.1
Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA).
PCR products for sequencing were either gel-purified and/or cloned into the
pT7 blue T vector (Novagen) using the TOPO TA Cloning kit (Invitrogen
Corp.). The primers used for sequencing PCR products were identical to the
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primers used for amplification of the corresponding targets. Sequencing of PCR
fragments cloned into the pT7 blue T vector was performed using the forward
primer PT7-F (5-CTATAGGGAAAGCTTGCATGC-3') and reverse primer
PT7-R (5-GTTTTCCCAGTCACGACGTTG-3"). Sequencing was performed
on an ABI 310 capillary sequencer (Applied Biosystems).

Database searches and multiple sequence alignments. Homology searches
were conducted using the Basic Local Alignment Search Tool (http://blast.
ncbinlm.nih.gov/) at the nucleotide, transcript or protein level in GenBank
(http://wrww.ncbinlm.nih.gov/genbank/), Refseq_rna (http://www.ncbi.nlm.nih.
gov/RefSeq/), dbEST (http://www.ncbi.nlm.nih.gov/projects/dbEST/), Swissprot
(http://www.expasy.org/sprot/) and Refseq_protein (http://www.ncbinlm.nih.
gov/RefSeq/). Micro-RNA analysis was performed using miRBase (http://
mirbase.org/). DNA sequences encompassing the inserted sequence were
analyzed for repetitive elements using the RepeatMasker web server (www.
repeatmasker.org) with Repbase (http://www.girinst.org/repbase/) database.
The core promoter was analyzed using Genetyx, version 8.2.0 (Genetyx Corp.,
Osaka, Japan).

RESULTS

To identify the responsible mutation in the dystrophin gene in the index
case, all 79 exons of the dystrophin gene were PCR amplified using
primers in the flanking introns. All exons except exon 67 could be
amplified at their normal lengths. The amplified region encompassing
exon 67 was obtained as a fragment larger than the same region
amplified from the patient’s father or mother (Figure 1a). Sequencing
of the amplified product (Figure 1b) revealed that the 5 portion of the
sequence was identical to the normal sequence until the eighth nucleo-
tide of exon 67 (c.9657C), but this was followed by approximately 330 bp
of unknown sequence. The unknown sequence was followed by the
3’ portion of exon 67, beginning at ¢.9655T, and the amplified portion of
intron 67. This indicated that there was an approximately 330-bp
insertion mutation in exon 67. As the patients mother displayed only
one normal-sized amplicon for this region, as did his father (Figure 1a),
she was deemed a non-carrier for this mutation. Therefore, we con-
cluded that the insertion event occurred de novo in the patient.

The impact of the large insertion on splicing was examined by
RT-PCR amplification of dystrophin mRNA obtained from skeletal
muscle. When the region extending from exons 64 to 68 was
amplified, the amplified product was shorter than expected (Figure 2).
Sequencing of this product showed that the 3’ end of exon 66 joined
directly to the 5" end of exon 68, indicating complete exon. 67-
skipping. As the result of a frame shift, a premature stop codon was
created at the second codon in exon 68. We concluded that the
insertion caused exon 67-skipping, which led to the DMD phenotype.

To identify the insertion, we examined the inserted sequence and
discovered two important characteristics: (1) TTC trinucleotides from
€.9655 to 9657 were present at both ends, indicating that TTC was the
target site for duplication (Figure 1b); and (2) the inserted sequence
had an approximately 115-bp stretch of T (Figure 1b). These hall-
marks indicated that the inserted fragment was a retrotransposed
element. In addition, the remaining 212bp of the inserted sequence
had the reverse sequence of the polyadenylation signal (TTTATT) at
the 26th nucleotide from the end (Figure 1b). However, a homology
search for the 212-bp unknown sequence revealed no homology
in any retrotransposon or transcript sequence database. Instead, we
found a single genomic sequence on the long arm of chromosome 11
(11g22) that the complementary sequence of the 212-bp insertion
matched perfectly (9041614-9041825, GenBank accession no.,
NT_033899.8) (Figure 3). As expected, a poly(A) stretch complemen-
tary to the poly(T) was not present in this genomic region. These
results indicated that the inserted fragment was a reverse-transcribed
product from a transcript with a poly(A) tail.
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Figure 1 Analysis of the exon 67-encompassing region of the dystrophin gene. (a) Polymerase chain reaction (PCR) amplification of the exon 67-
encompassing region. From the index patient, one clear product was obtained, but its size (735 bp) was larger than that amplified from his father or mother
(405 bp). The pedigree of the family is also shown. (b) Schematic description of the exon 67-encompassing region of the patient. Open bars indicate the
separated exon 67. The horizontal lines indicate introns. Horizontal arrows indicate the location and directions of primers. The shaded bar indicates a
~330-bp inserted sequence. The 5’ portion of exon 67 ended at the eighth nucleotide (¢.9657), and the 3’ portion started at the sixth nucleotide of exon
67 (c.9655). The underlined TTC appears twice, at the end of the 5 portion of exon 67 and at the beginning of the 3" portion of exon 67. The inserted
sequence is divided into two parts: the first has a poly(T) stretch of approximately 115bp and the second has a unique 212-bp sequence that is described
below. The candidate polyadenylation signal (TTTATT) is boxed. (c) Sequences around the insertion site. The consensus sequence for the L1 endonuciease
site is shown on the upper line. The wild-type sequence of exon 67 is described on the lower line. Vertical lines indicate nucleotide matches. The filled
triangle indicates the cleavage site. The open triangle indicates the site of the insertion.
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Figure 2 Reverse transcription-polymerase chain reaction (RT-PCR)
amplification of dystrophin exons 64-68. RT-PCR products encompassing
dystrophin exons 64-68 are shown (left). The size of the product obtained
from the patient was smaller than the expected 582bp (control). On the
right-hand side is a schematic representation of the exon organization of the
amplified fragment. Exon 67 has been completely removed from the
dystrophin ¢cDNA in the patient. The lower panel shows part of the sequence
at the junction of exons 66 and 68. The 3’ terminal sequence of exon 66
(GAT) is directly joined to the 5" end of exon 68 (GCT). The underlined
sequence represents a stop codon (TAA).

When the sequence around the inserted site in exon 67 was
examined, TTTTCAA, which is highly similar to the consensus
sequence for the L1 endonuclease cleavage site (TTTTT/AA;
denotes the cleavage site), was found in the wild-type exon 67
sequence (Figure 1c). These sequences differed by only one nucleotide,
with the fifth T replaced with the other pyrimidine nucleotide, C
(underlined). Remarkably, the insertion was present at exactly the
endonuclease cleavage site (Figure 1lc). This indicated that an L1
endonuclease cut at TTTTC/AA creating the TTC target duplication.
From the characteristics of the inserted sequence and the insert site
sequence, we concluded that the insertion event was an L1-mediated
retrotransposition.

Our findings strongly suggested that the source region on chromo-
some 11 is actively transcribed and thus can be reverse transcribed. As
a database search failed to disclose the presence of this transcript in the
human transcriptome, we assumed that the transcribed sequence has
gone undetected because of a high tissue or developmental specificity.
To observe expression of the source region, RT-PCR amplification of a
fragment of the inserted segment was conducted using 10 human
tissue RNAs (Figure 4). Remarkably, the expected product (206 bp)
was observed clearly in the brain, thyroid, placenta, skeletal muscle
and testis, and faintly in the heart, lung and kidney. The validity of the
PCR products was confirmed by sequencing. No product was
observed from the liver and bone marrow. Accordingly, no product
was obtained from any of the 10 examined tissues (data not shown)
when the PCR was conducted without the reverse transcription step.
This indicates that the inserted sequence was present as a transcript in
these tissues.
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