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Myotonic dystrophy (DM) is the most common form of adult onset muscular dystrophy.
Patients have a large CTG repeat expansion in the 3' untranslated region of the DMPK
gene, which encodes DM protein kinase. RNA fra/is-dominant models, which hypothe-
size that the expanded CUG trinucleotide repeat on DMPK mRNA sequesters a factor or
disrupts the RNA metabolism of the DMPK mRNA itself and other mRNAs in a trans
dominant manner, have been proposed. A candidate for the sequestered factor, termed
CUG-binding protein (CUG-BP), exists in several alternatively spliced isofonns. We
found a human isoform with a twelve base insertion (deduced amino acids Leu-Tyr-Leu-
Gln) and an isoform with a three base insertion (deduced amino acid Ala) insertion. In
order to elucidate the effects of CUG-BP on DMPK expression, we introduced CUG-BP
and DMPK cDNA transiently into COS-7 cells. Cotransfection of CUG-BP did not signifi-
cantly affect the expression of either wild type or mutant DMPK at the mRNA leveL On
the other hand, cotransfection of CUG-BP significantly affected the expression of both
the wild type and mutant DMPKs at the protein level. This reduction was remarkable
when the mutant DMPK construct was used.
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Myotonic dystrophy (DM) is the most common form of
adult onset muscular dystrophy with an incidence of 1 in
8,000 births. Patients have a large CTG repeat expansion
in the 3' untranslated region (3TJTR) of the DMPK gene,
which encodes DM protein kinase {1-3). The clinical symp-
toms in adult patients vary widely. Mildly affected patients
suffer from cataracts and myotonia while the more severely
affected suffer from muscle weakness, progressive muscle
wasting, cardiac abnormalities, diabetes, and testdcular
atrophy. The most severely affected congenital myotonic
dystrophy (CDM) patients display mental retardation and
muscle hypotonia. The severity of the symptoms correlates
with the length of the repeat In normal populations, the
repeat number ranges from 5 to 37. hi DM patients, how-

1 This work was supported in part by a grant from the Ministry of
Health and Welfare, Japan, and Grant-in-Aid for Scientific Re-
search on Priority Area (C) —Advanced Brain Project— from the
Ministry of Education, Culture, Sports, and Technology of Japan.
Present addresses: 2 Laboratory of Molecular Genetics, National
Institute of Child Health and Human Development, National Insti-
tute of Health, Building 6B/Room 413, 9000 Rockville Pike,
Bethesda, Maryland 20892-2790, USA; * Department of Biochemis-
try, Graduate School of Pharmaceutical Sciences, Hokkaido Univer-
sity, Kita 12, Nishi 6, Kita-ku, Sapporo 060-0812, " Tokyo Metro-
politan Institute of Gerontology, 35-2 Sakaecho, Itabashi-ku, Tokyo
173-0015
5 To whom correspondence should be addressed. Tel: +81-3-5454-
6739, Fax +81-3-5454-6739, E-mail cisruura@mail eccu-tokyo ac.jp

© 2001 by The Japanese Biochemical Society.

ever, the repeat number increases to 50-100 repeats in
patients with mild symptoms to thousands of repeats in
those with the most severe symptoms. There is a tendency
for progeny to have greater repeat expansions than the
affected parent, resulting m earlier onset and more severe
symptoms, a phenomenon referred to as anticipation.

The molecular mechanism underlying myotonic dystro-
phy remains unknown, although three distinct but proba-
bly complementary hypotheses have been proposed (4, 5).
One hypothesis is based on the fact that the expression of
the DMPK protein is reduced in DM patients (6, 7). Haplo-
lnsufficiency has been proposed as a mechanism to explain
the dominant nature of DM. DMPK knockout mice develop
late-onset, progressive skeletal myopathy (8, 9), while het-
erozygous mice show atrioventncular conduction abnor-
malities (10). These mice, however, display neither the
myotonia nor cataracts that are the hallmarks of DM.
Although reduced levels of DMPK expression may contrib-
ute to some extent to the pathogenesis of DM, some other
mechanisms must exist in order to fully explain the com-
plex array of symptoms associated with the disease.

A second model considers the effects of the CTG repeat
expansion on the expression of neighboring genes. The
SDC5 gene (formerly DMAHP) is located just downstream
of DMPK and the CTG repeat exists simultaneously in the
5' control region of SLX5 (11). The DMWD gene (formerly
59) is located just upstream of the DMPK gene (12). Some
studies have indicated that the expansion of the DMPK
(CTG) repeat reduces the expression of the SLK5 gene (13,
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14) while others have shown that the expression level of
the SLX5 gene is not altered in DM patients (15). Recently,
the tissue-specific and allele-specific reduction of SDC5
expression upon CTG repeat expansions was described
(16). Similarly, an allele-specific reduction in the DMWD
RNA level in DM patient samples has been reported (15,
17). Mice that overexpress or are deficient in these genes
have not yet been described, and the extent of their contri-
bution to DM pathogenesis remains unknown

RNA trans-dominant models have also been proposed
(18-20). These models hypothesize that the expanded CUG
trinucleotdde repeat on DMPK mRNA sequesters a factor or
disrupts the RNA metabolism of the DMPK mRNA itself
and other mRNAs in a trans-dominant manner. Decreases
in both the mutant and normal DMPK messages in poly(A)
RNA from DM patients have been observed (20). Others
have reported the nuclear retention of the DMPK tran-
script and the formation of nuclear foci in cultured cell lmes
from DM patients (18). A candidate for a sequestered factor
has been identified and termed CUG-binding protein
(CUG-BP) (21). The phosphorylation state and intracellular
distribution of CUG-BP is altered in DM patients and
DMPK knockout mice (19). CUG-BP regulates the alterna-
tive splicing of the human cardiac troponin T (cTNT) pre-
messenger RNA, and this regulation is lost in DM patients
(22).

For this study, we developed a cell culture system in
which to investigate the molecular mechanisms underlying
the phenomena observed in DM patient samples.

We introduced wild type ((CTG)5) and mutant ((CTG)130)
DMPK cDNAs transiently and examined the expression of
the DMPK mRNA and protein. We show that a (CTG)130

repeat has significant negative effects on the expression of
both the DMPK mRNA and protein We cotransfected
CUG-BP in these circumstances and further examined the
expression of the DMPK mRNA and protein CUG-BP has
significant negative effects on the expression of DMPK pro-
teins

MATERIALS AND METHODS

Construction of Plasnuds—Human CUG-BP cDNA was
amplified from a human cDNA library by PCR using the
oligonucleotides 5'-GCTCAAAGAAAATGAACGGC-3' and
5'-AAGAGACAGGGATTTGGACG-3' as sense (CUG-BP
forward) and antisense (CUG-BP reverse) primers, respec-
tively. The PCR mixture in 50 \il [5 M-1 of 10 x PCR buffer,
10 nmol of dNTP, 25 pmol of each primer, 0.1 (ig of cDNA
library (CLONTECH), and 1.25 units of Pfu polymerase
(STRATAGENE)] was subjected to 30 thermal cycles of
94"C for 45 s, 59*C for 1 min, and 72"C for 4 min. Mouse
CUG-BP cDNA was amplified from mouse total RNA by
RT-PCR. First strand cDNA was reverse transcribed with
CUG-BP reverse primer and the ThermoScript™ RT-PCR
System (Gibco BRL). The RT-PCR reaction was performed
essentially according to the manufacturer's protocol. One
microgram of total RNA and CUG-BP reverse primer (10
pmol) were incubated at 65"C and placed on ice An aliquot
(10 nl) of the cDNA synthesis mixture (4 pj of 5 x cDNA
Synthesis Buffer, 0.1 punol DTT, 20 nmol each of dNTP, 40
units of RNaseOUT™, 1 \d of DEPC-treated water, and 15
units of ThermoScript™ RT) was added to the tube and the
mixture was incubated at 55*C for 45 min. The reaction

was terminated by incubating at 85'C for 5 min. The PCR
mixture in 50 (jj [5 p.1 of 10 x PCR buffer, 0 1 jxmol MgCl;,
10 nmol of dNTP, 25 pmol of each primer, 5 \d of the RT-
PCR product, and 2.5 units of LA Taq polymerase
(TaKaRa)] was subjected to thermal cycles of 94°C for 45 s,
50°C for 1 min, and 72'C for 2 min.

pSRD (a mammalian expression vector having SV40 pro-
motor, kindly provided by Prof Shigeo Ohno, Yokohama
City University School of MedicineYCUG-BP was con-
structed by amplifying a fragment of about 1.6 kbp from a
human skeletal muscle cDNA library by PCR using the
CUG-BP forward and reverse primers. This amplified frag-
ment was ligated into the PvuU site of pSRD-MCS vector,
generating pSRD/CUG-BP

The full-length DMPK cDNA [pTVUSN/DMP^CTGy
was obtained as described before (23) This cDNA contained
a total of five (CTG) repeats. DMPK cDNA with an £coT22I
site in the 3TJTR instead of a CTG repeat [pTV118N/
DMPK(CfTG)^ was prepared as described before (24). A
(CTG/CAG)130 repeat DNA was artificially synthesized as
described before (25) and ligated into the £coT22I site of
the pTV118N/DMPK(CTG)0 vector, creating the mutant
pTVll8WDMPK(CTG)m cDNA. Wild type and mutant
DMPK cDNAs were ligated into the EcoRI site of pSRD
vector, generating pSRD/DMPi<:(CTG)6 and pSRD/
DMPK(CTG)m.

Cell Culture and Transfection Experiment—COS-7 cells
were cultured in Dulbecco's Modified Eagle's Medium
(DMEM, SIGMA) supplemented with 10% fetal bovine
serum (FBS, SIGMA) The cells were washed once with
phosphate-buffered saline without magnesium and calcium
[PBS(-)], lifted with trypsin, washed once again with
PBS(-), and resuspended in K-PBS (30.8 mM NaCl, 120.7
mM KC1, 8 1 mM NasHPO,,, 1 46 mM KJLPO.,, and 25 mM
MgCL,) at 1 x 10" cells/ml. This suspension (500 p.1) was
placed in an electroporation cuvette (Gene Pulser cuvette
0.4 cm, BIO-RAD) with 5 \ug of each plasmid. Electropora-
tion was performed under the following conditions' resis-
tance at infinity, voltage at 0.22 kV, and capacitance at
0.975 JJLF (Gene Pulser II Electroporation System, BIO-
RAD).

RNA Extraction and Northern Blotting—Mouse tissues
were washed with PBS(-), frozen immediately in liquid
nitrogen, and stored at -80*C until use. Tissues were
homogenized with a Polytron homogenizer and total RNA
was extracted by the standard acid guanidium-phenol-chlo-
roform (AGPC) method. The integrity of the RNA was con-
firmed by agarose gel electrophoresis and ethidium
bromide staining.

Sixty hours after transfection, cells were collected and
total RNA was extracted by the AGPC method. Total RNA
was separated by electrophoresis m 1% agarose-18% form-
aldehyde denaturing gels in MOPS buffer [20 mM 3-C/V-
morpholino) propanesulfonic acid, pH 7.0, 5 mM sodium
acetate, 1 mM EDTA] and transferred to Biodyne Transfer
Membranes (Pall). The blots were hybridized in
ULTRAhyb™ buffer (Ambion) containing the ^-labeled
probes overnight at 42"C. The final wash conditions were
2x SSC in 0.1% SDS at 42"C two fames for 5 min and 0.1*
SSC in 0 1% SDS at 42'C two times for 15 min. The filters
were exposed to an Imaging Plate (BAS-IP MS 2040, FUJI
PHOTO FILM) for 3-30 h and analyzed with a BASlOOO
system (FUJI PHOTO FILM).
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For the DMPK-specific probe, a 478 bp EcoTUl fragment
of DMPK cDNA was used For the human CUG-BP-spe-
cific probe, a 744 bp Kpnl fragment of human CUG-BP
cDNA was used. For the mouse CUG-BP-specific probe, a
534 bp EcoTUl fragment of mouse CUG-BP cDNA was
used. PCR was performed to prepare the P-actin— and
GAPDH-specific probes. A 321 bp fragment of the p-actin
cDNA was PCR amplified from a mouse cDNA library
using the forward primer 5'-GTGACATTAAGGAGAAGCT-
GTGC-3' and the reverse primer 5'-TCTCCTTCTGCATC-
CTGTCGGC-3'. A 348 bp fragment of the GAPDH cDNA
was PCR amplified from a mouse cDNA library using the
forward primer 5'-GCCAAAAGGGTCATCATCTCTG-3'
and the reverse primer 5'-CATGCCAGTGAGCTTCCCGT-
3'. These fragments were cloned into the pGEM-T Easy
vector. The fragments, 0.1-0.2 \Lg of each, were used as
templates for the DNA probes. The DNA probes were
labeled with [ a -^dCTP (Amersham Pharmacia Biotech)
using a Megapnme DNA labelling system (Amersham
Pharmacia Biotech)

H-Mapping—H-mappmg was performed essentially as
described before (23). Briefly, total RNA was dissolved in 20
\xl of DEPC-treated water supplemented with 1 mM EDTA
(pH 7 4) RNA was denatured by heating for 10 min at
70#C. Antisense ohgo DNA (5'-GCCGAAAGAAAGAAATG-
GTC-3'), 0.5 \>jg, was added and the solution was incubated
for 15 min at 20°C. One microliter of 4 M KC1 was added
and the solution was incubated for an additional 15 min at
20'C. Twenty microliters of TM buffer (40 mM Tris, pH 7.4,
and 60 mM MgCL.) and 0.8 unit of Ribonuclease H (Gibco
BRL) were added and the reaction was incubated for 30
min at 37"C. RNA was extracted one time with phenol-chlo-
roform and chloroform and ethanol precipitated. This RNA
was analyzed by the standard Northern blotting procedure.
For the DMPK 31JTR-specinc probe, a 305 bp Pstl frag-
ment of DMPK cDNA was used.

Antibodies and Immunoblotting—The antibodies used
for analyses were raised in rabbits using peptddes synthe-
sized from the predicted peptide sequence as antigens. The
DMPK antibody recognizes DMPK amino acid residues
593-625 and the CUG-BP antibody recognizes CUG-BP
ammo acid residues 469-482.

Tissues were homogenized with a Polytron homogemzer
in RIPA buffer (0.15 M NaCl, 1% Nonidet P^0, 0.5% deox-
ycholic acid, 0.1% SDS, 50 mM Tris-HCl pH 8.0, and 1 mM
EDTA) and the total protein was extracted. Sixty hours
after transfection, the cells were collected and the total pro-
tein was extracted by sonication m buffer (25 mM Tris-HCl
pH 7.4,150 mM NaCl, 5 mM EDTA, and 1% Triton X-100).
Total protein concentration was measured with a DC Pro-
tein Assay Kit II (BIO-RAD). Protein (20-50 ug) was loaded
onto a 10% polyacrylamide gel and transferred onto a nitro-
cellulose membrane (NT-32, NIHON EIDO). The mem-
brane was blocked with 5% skim milk prepared with TPBS
buffer (2% NaCl, 0.725% Na2HPO4-12H2O, 0.05% KC1,
0 05% KJLPQ,, and 0.125% Tween 20) for 1 h at room tem-
perature. The membrane was washed and incubated with
primary antibody in TPBS buffer for 1 h at 37'C, then
washed and incubated with secondary antibody (Anti-Rab-
bit HRP-Linked Antibody, New England Biolabs) for 30
mm. Immunoreactive proteins were detected using a POD
Immunostain Set (Wako Pure Chemical Industries). Pro-
tein expression was analyzed with an Image Master™ Sys-

tem (Amersham Pharmacia Biotech).

RESULTS

The CUG-Binding Protein Exists in Multiple Isoforms—
First, we amplified a PCR fragment of CUG-BP from
human skeletal muscle and human brain cDNA libraries.
The polymerase chain reaction yielded a single band of the
predicted size (1.6 kbp) and the product was cloned.
Sequence analyses revealed that CUG-BP exists in several
alternatively spliced isoforms (Fig. la). In addition to the
originally reported isoform, we found an isoform with a
twelve base (deduced amino acids Leu-Tyr-Leu-Gln) inser-
tion at the 688th nucleotide from the initiation codon when
we sequenced clones from human skeletal muscle. How-
ever, an isoform with a three base (deduced amino acid Ala)
insertion at the 880th nucleotide was found exclusively
when we sequenced clones from human brain. These inser-
tions lie in a linker domain between the second and third
RNA binding domains (RBDs) (26). We termed these iso-
forms CUG-BP+LYLQ (GenBank accession no. AF267533)
and CUG-BP+A (GenBank accession no. AF267534),
respectively.

We also cloned CUG-BP from a mouse liver cDNA
library. Sequence analyses revealed that this clone contains
the same twelve base insertion at the same position as
human CUG-BP+LYLQ. We termed this isoform mCUG-
BP+LYLQ (GenBank accession no. AF267535). Human and
mouse CUG-BP share 93.7 and 98.8% homology at the
nucleotide and amino acid levels, respectively (Fig. 1, a and
b).

Tissue-Specific Distribution of CUG-BP—When consider-
ing the multisystemic nature of DM, it is very important to
examine the tissue distribution of the CUG-BP mRNA and
protein. Although previous studies have shown the exist-
ence of CUG repeat-binding activities in various tissues
(5), quantitative analysis has not yet been described. In
order to investigate the tissue distribution of the CUG-BP
mRNA and protein, total RNA and total proteins were
extracted from various mouse tissues CUG-BP mRNA was
detected with a mouse CUG-BP-specific probe. We
observed moderate signals m brain and testis and rela-
tively weak signals m heart, skeletal muscle, lung, and
spleen (Fig. 2a)

Next, we developed a rabbit polyclonal antibody raised
against the C-terminal 14 ammo acids of CUG-BP. CUG-
BP was detected with this antibody, and a tissue-specific
distribution of the protein was observed. CUG-BP is moder-
ately expressed in lung and spleen and weakly expressed in
brain, eye, and testis (Fig. 2b). No signals were detectable
in heart, skeletal muscle, liver, or kidney. In previous stud-
ies (5, 7), CUG-BP was found as a doublet of 49 and 51
kDa, but we observed a major band at about 50 kDa in
brain, lung, and spleen. This is exactly the same size as
that of CUG-BP expressed ectopically in COS-7 cells (Fig.
2b, COS). However, two bands were detected in eye and
testis, the molecular mass of the latter the same as re-
ported. The bands disappear when the CUG-BP antibody is
preincubated with antigen polypeptide, confirming that
these bands represent CUG-BP (data not shown).

Cotransfectwn of CUG-BP Does Not Affect the Expression
of DMPK mRNA—In order to elucidate the effects of CUG-
BP on DMPK expression, we introduced CUG-BP (pSRD/
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(a)

fiCICAAASAM

4IHAACe£CACCCTGeACCACCCA6ACCAACCA6ATCTT6AraCTATCAA6AI6TTT6rQ 60

G^A6GTIKAAGGAMTG6TCT6AAMS6ACTTGC6fi8AACTCTIMA4CA6TAI66T 120

GCT6T6TATGAAATCAAC6TCCTAAGGGATAGGAGrcAAAACCC$CCTCASA(H:AAAGSG 180

TGCTGTIIIGTTACATTTTACACCCGIAAAfiCTGCATTAGAAGCTCAGAATGCICTTCAC 2 4 0

AACATGAAAGTCCTCCCAGGGAr6CATCACCCrArACA6ATGAAACCrGCTGACAQTGAG 3 0 0

M6AACAAT6CAGT6GAAGACAGGAAGCTGTTTATTGGTATGATTTCCAAGAA6T6CACT 360
• • *T . . . . . . Q . . . . . . . ] .

GAAAATGACATCCSAGTCATGTTCTCTTCGTTTGSACAGATTGAAGAATGCC6GATATTG 420

C^GGGACGrGATGGCGT6AGCCGAGGTT6rGCATrr6TGACTrrTACAACAAUGCCArG 480

GCACA6ACGGCTATCAA6GCAAT6CACCAAGCACAGACCATGGAGGGTrGCTCATCACCC 540
• *• A A A C'*A

ATGGTSGTAAAATTTGCTGATACACAGAAGGACAAAGAACAGAAGAGAATGGCCCAGCAG 600

CTCCAGCAGCAGATaCAGCAAATCAGCGCAGCATCTGTGTGGGGAAACCTTGCrGGTCTJ 660

CTTTATTTGCA6

AATACTCTTGGACCCCAGIATITA6CACTCCTTCAGCAGACT6CCTCCTCTGSGAACCrC 720
AACACCCTGAGCAGCCTCCACCCAATeGGAGGGTTSAATGCAAIGCAGTTACAaAATITG 780
• • • • • • • • • • • • • A * * • * C * • • •

GCTGCACTAGCTGCTGCAGCrAGTGCAGCTCAGAACACACCAAGTGGrACCAATGCTCTC S40

GCA

ACTACATCCAGCAGTCCCCTCAGCGTGCTCACTAGTTCASGGTCCTCACCTAGCrciAGC J00

AGCAGTAATTCTGTCAACCCCATAGCCTCACTTGGAGCCCTGCAGACATTASCTSGAGCA 960

ACGGCTGGCCTCAATGTTeGCTCTTTGGCAGGAATSGCTGCTTTAAAIGGTaSCCTflGGC 1020

AGCAGT6MCTTTCCAATGGCACCG66AGCACCATGGAGGCCCTCACICAGSCCrACTM 1080

GGTATCCAGCAATATGCTGCTGCTSCGCTCCCCACTCT6TACAACCA8AATCITCT6ACA 1140

CAGCAGAGTATTGGTGCTGCTGaAAGCCAGAAGGAAGGTCCAGAGGGAGCCAACCTeTTC 1200

ATCTACCACCIGCCCCAGGAGTTTGGTGAICAGGACCTGCrGCAGATGTTrAIGCCCTTT 1260

6G6AATGTC8TGTCTGCGAAGGTTTTCATAaACAAGCAGACAAACCTflAaCAAGT6TTTT 1320
G - • • • C ' - -

GGTTTTGTAAGTTACGAGAATCCTGrTTCGGCCCAAGCTGCCATCCAGTCCATGAACGGC 1380

TTTCAGATTGGCATGAA0CG6CTTAAAGTGCAGCTCAAACGTTCGAAaAATaACA6GA>G 1440

CCCTACT6A 1449

GC^GCTCCCCTCTaAGA-CTGGAGIGAGAGGGTCrTCIGATTCCTGCCOTTIOTTCATCG 1508

TTGTGCCTAAA6CATGrC6AT6TG6CGTCAA6TACATC6TrjAAATCCCTGrCTCTT 1 566

(b)

IfflGTLDHPOQPDLDA I KlFyGOVPRTlSIKpLRELFEOYGAVYE IHVLRDRSONPFOSKG M

CCFVTFYTRKAALEAQHALHHiaVLPGirHHP IOUKPADSEXUNAVEMKLFI6UISKKCT 120

IICAMHOA0riEGCSSP 180

LTLO

limFADTOKDKEOKRHAOOiOOOIIOOl SAASyVGHLAGLNTLGPOYLALLHTASSGin. 240

^ y i . T s 3 E s S P S S S 3 0 0

SSNSVNPIASLGAL0TUGArA6U(¥GSl.AGIlAAUIGGLGSSGLSHGTGSICALT0AYS 3 6 0
R A *•

GIOOYAAAALPTLYHONUTOOSI GAAGMKEGPEGANlf lYHlPOEfGDOOLOIFIlPF 4 2 0

GNVVSAKVFI OKOTHLSKCf GFYSYOHPVSAOAA1OSHHGFOI GlttHLKVnKRStCHPSK 4 8 0

n: 482

Fig. 1. Nucleotide and deduced amino acid sequences of hu-
man and mouse CUG-BP cDNA. (a) Alignment of the human and
mouse CUG-BP messages. The human sequence is shown on top and
the mouse sequence below, identical nucleotides are indicated by
dots and gaps by hyphens. Sequence positions of CUG-BP forward
and reverse primers are underlined Twelve or three nucleotide in-
sertions found in CUG-BP+LYLQ and mCUG-BP+LYLQ or CUG-
BP+A, respectively, are indicated above the sequences. ATG initia-
tion codons and TGA termination codons are shown in bold face (b)
Alignment of the deduced arruno acid sequence of human and mouse
CUG-BP. The human sequence is shown on top and the mouse se-
quence below, identical amino acids are indicated by dots. Insertions
of four or one amino acids found in CUG-BP+LYLQ and mCUG-
BP+LYLQ or CUG-BP+A, respectively, are indicated above the se-
quences. The 14 amino acid sequence recognized by the CUG-BP an-
tibody is underlined

CUG-BP

GAPDH

(b)

oo
c

m W LJJ

Fig 2 Tissue distribution of mouse CUG-BP mHNA and pro-
tein, (a) Northern blot analysis of CUG-BP mHNA expression in
various mouse tissues Each lane contains 15 (ig of total RNA. The
membrane was rehybndized with radioactive GAPDH cDNA as an
internal reference for the amount of RNA loaded (b) Western blot
analysis of CUG-BP protein expression Each lane contains 50 ng of
total protein

CUG-BP) and DMPK [pSRD/DMPif(CTG)5 or pSRLV
DMPK(CTG)130l cDNAs transiently into COS-7 cells. We
constructed a mutant DMPK cDNA artificially (see "MATE-
RIALS AND METHODS"). Total RNA and protein were
extracted from the cells 60 h after transfection. DMPK
transcripts were analyzed by Northern blotting and
detected with a ^-labeled ZMfPif-specific probe.

Expression of both DMPK(CTG\ and DMPK(.CTG)130

mRNA was observed (Fig. 3a: lanes 2 and 3), with the
DMPK((JTG)130 mRNA migrating more slowly than the
DMPK(C?TG\ mRNA, as expected. Autoradiography of the
bands revealed that the level of DMPK«JTG)m mRNA
expression was sh'ghtly lower than that of DMPK(.(JTG\
(Fig. 3b- bars 2 and 3), but the difference was not signifi-
cant. When we cotransfected CUG-BP with DMPK, the
expression of both wild type and mutant DMPK mRNA
was reduced (Fig. 3a: lanes 5 and 6 and Fig. 3b bars 5 and
6), but, again, not significantly.

Cotransfection of CUG-BP Reduces the Expression of
DMPK at the Protein Level—The expression of the DMPK
protein was analyzed by Western blotting and immuno-
staining with an antibody that recognizes the carboxyl ter-
minus of DMPK. DMPK expression was observed when
wild type or mutant DMPK cDNA was introduced into cells
(Fig. 4a: lanes 2 and 3). In each case, the relative molecular
mass of DMPK was about 70 kDa, as expected, because the

J. Biochem.
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1 2 3 4 5 6
Fig 3 CUG-BP weakly suppresses the expression of DMPK
mBNA. (a) Northern blot analysis of DMPK and CUG-BP mRNAs
in cells cotransfected with the corresponding cDNAs. Each lane con-
tains 10 ng of total RNA extracted from cells transfected with vector
(lane 1), pSRD/DMPK(CTG)8 (2), pSRD/DMPK(CTG)1M (3), vector
and pSRD/CUG-BP (4), pSRD/DMPK(CTG)s and pSRD/CUG-BP (5),
or pSRD/DMPK(CTG),M and pSRD/CUG-BP (6) A representative
result of three independent experiments is shown (b) Quantitative
analysis of DMPK and CUG-BP mRNAs. Solid bars represent rela-
tive radioactivities of bands probed with a DMPK-specific probe
(lane 2 = 10). Hatched bars represent those probed with a CUG-BP-
specific probe (lane 4 = 10) Error bars denote the standard devia-
tions for experiments performed in triplicate

CTG repeat lay within the 3TJTR of DMPK Quantitation
of the bands with a densitometer revealed that the expres-
sion of the DMPK protein from the DMPK(CTG)m con-
struct was reduced significantly by 20-30% as compared
with the DMPK(CTG\ construct (p < 0.05) (Fig. 4b: bars 2
and 3). When we immunostained the same samples with
the CUG-BP antibody, a single band of endogenous CUG-
BP was observed. When we cotransfected CUG-BP with
DMPK, the expression of the DMPK protein from both wild
type and mutant constructs was significantly reduced by
30-40% (p < 0.05) (Fig. 4a: lanes 5 and 6 and Fig. 4b: bars 5
and 6). Unexpectedly, the expression of the CUG-BP mRNA
and protein was significantly increased by DMPK (p < 0.05)
(Fig. 3b: bars 4-6 and Fig 4b: bars 4-6). Ectopically ex-
pressed CUG-BP migrated at exactly the same position as
endogenous CUG-BP and was still observed as a single
band (Fig. 4a).

Poly(A) Lengths of Wild Type and Mutant DMPK mRNA
Are Not Altered upon CUG-BP Expression—A previous
study showed that the levels of both the mutant and nor-
mal DMPK messages in the poly(A) RNA of DM patients
are decreased (20). Poly(A) lengths of the wild type and
mutant DMPK mRNAs can not be compared directly be-
cause the two massages differ originally in length and are
relatively large. Therefore, we performed so-called "H-map-
ping," originally described by Brewer and Ross (27) (see leg-
end of Fig. 5). The sizes of the DMPK 3TJTRs generated by

DMPK

CUG-BP

Fig 4 CUG-BP significantly suppresses the expression of the
DMPK protein, (a) Western blot analysis of DMPK and CUG-BP
proteins in cells cotransfected with the corresponding cDNAs. Each
lane contains 20 ug of total protein extracted from cells transfected
with vector (lane 1), pSRD/DMPK(CTG)6 (2), pSRD/DMPK(CTG)130
(3), vector and pSRD/CUG-BP (4), pSRD/DMPK(CTG)s and pSRD/
CUG-BP (5), or pSRD/DMPK(CTG)130 and pSRD/CUG-BP (6). A rep-
resentative result of three independent experiments is shown (b)
Quantitative analysis of the DMPK and CUG-BP proteins. Solid
bars represent relative densities of bands probed with a DMPK-spe-
cific antibody (lane 2 = 10) Hatched bars represent those probed
with a CUG-BP—specific antibody (lane 4 = 1.0) Error bars denote
the standard deviations for experiments performed m triplicate

DMPK
TUTR

Fig 5 Poly(A) shortening of the DMPK transcript is not ob-
served, regardless of the CTG repeat length and coexpres-
sion of CUG-BP. Poly(A) shortening was assayed as follows: A de-
oxyoligonucleotide complementary to a region immediately down-
stream of the CTG repeat was annealed to the mRNA. The hybrids
were treated with RNase H to cleave the mRNA at the RNA-DNA
duplex, and the RNA fragments were separated by electrophoresis,
blotted, and hybridized to a ^-labeled probe specific for the 3' end
fragment Each lane contains 10 jig of total RNA extracted from
cells transfected with vector (lane 1), pSRD/DMPK(CTG)s (2), pSRD/
DMPK(CTG)130 (3), vector and pSRD/CUG-BP (4), pSRD/DMPK-
(CTG)6 and pSRD/CUG-BP (5), or pSRD/DMPK(CTG)130 and pSRD/
CUG-BP (6)

RNase H digestion were almost the same (Fig. 5: lanes 2
and 3), and the poly(A) lengths were estimated to be 200-
300 bases long. Coexpression of CUG-BP did not altered
the poly(A) lengths of either the wild type or mutant
DMPK mRNA (Fig. 5: lanes 5 and 6).

DISCUSSION

We cloned alternatively spliced forms of CUG-BP from
human skeletal muscle (CUG-BP+LYLQ) and human brain
(CUG-BP+A) cDNA libraries. The mouse poly(C)-binding
protein exists in multiple alternatively spliced isoforms
with small peptide insertions (28). Alternative splicing
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within two contiguous acceptor sites (ag/CAG) in an exon/
intron boundary produces isoforms with or without one
peptide insertions. The inserted nucleotides of CUG-
BP+LYLQ also contain a potential splice acceptor sequence
(AG) at the 3' end. The twelve nucleotides might not be
encoded by an individual exon, but alternative splicing at
the 5' end of an exon might produce isoforms with the
insertion. The inserted nucleotides of CUG-BP+A can occur
at the positions indicated by capital letters in the following
sequences: tCAGcaggg, tcAGCaggg, tcaGCAggg, or tcag-
CAGgg. The inserted nucleotide might be a CAG tnnucle-
otdde and an AG dinucleotide might function as alternative
splice acceptor site. The RNA-binding specificities of alter-
natively spliced isoforms differ (26).

Next, we examined the expression of CUG-BP in various
mouse tissues. Northern blot analysis revealed that the
CUG-BP mRNA is expressed in a tissue-specific manner,
moderately in brain and testis and weakly in heart, skele-
tal muscle, lung, and spleen. Similarly, the CUG-BP protein
is moderately expressed in lung and spleen and weakly
expressed in brain, eye, and testis. Unexpectedly, CUG-BP
was not observed in skeletal muscle, a tissue primarily
affected in DM patients. The binding of CUG-BP to
expanded CUG repeats may have effects on both the
metabolism of DMPK mRNA and CUG-BP itself The
molar ratio of the two molecules may be a determinant,
and further studies are needed in order to understand fully
the contribution of CUG-BP in the respective tissues.

In order to elucidate the effects of CUG-BP on DMPK
expression, we introduced CUG-BP and DMPK cDNA tran-
siently into COS-7 cells. Cotransfection of CUG-BP had no
significant effect on the expression of either wild type or
mutant DMPK at the mRNA level. On the other hand,
cotransfection of CUG-BP significantly affected the expres-
sion of both wild type and mutant DMPKs, at the protein
level. This reduction was remarkable when the mutant
DMPK construct was used. Multiple CUG-BPs might bind
the expanded CUG tnnucleotide repeat of the mutant
DMPK mRNA and exert greater effects Previous reports
have shown that the expanded CTG trinucleotide repeat
reduces the expression of DMPK at the protein level (24)
and the expression of the upstream reporter gene product
(29). The amount of DMPK protein is reduced in DM
patients (6, 7). This reduction in DMPK at the protein level
might be caused by the binding of CUG-BP to the
expanded CUG trinucleotide repeat within the DMPK
mRNA.

It has been reported that shortening of the poly(A) tail of
an mRNA precedes the degradation of the mRNA itself
(30-32), and that the poly(A) length correlates positively
with the efficiency of translation of the mRNA (33). EDEN-
binding protein (EDEN-BP), an Xenopus homologue of
CUG-BP, has been reported to be a factor that mediates the
shortening of the poly(A) tail of the bound mRNA (34). It
has been argued that Xenopus EDEN-BP and human
CUG-BP might have analogous functions because of their
very high sequence conservation (88.4% in the amino acid
sequence), and this might explain the decreases in the lev-
els of DMPK messages in poly(A) RNA from DM patients
(34). Our results, however, showed that the length of the
poly(A) tail is not altered upon expansion of the CTG tnnu-
cleotide repeat and coexpression of CUG-BP. This suggests
that the reduction in the amount of DMPK at the protein

level is not caused by a shortening of the poly(A) tail lower-
ing the efficiency of translation. The nuclear retention of
the DMPK transcript and formation of nuclear foci in cul-
tured cell lines from DM patients have been reported (18,
35) The binding of CUG-BP to expanded CUG trinucle-
otide repeats might result in the nuclear retention of the
DMPK transcript and prevent its translation. Our results
raise the possibility that CUG-BP may contribute to DM
pathogenesis by binding to the expanded CUG repeat of
the DMPK mRNA, and thus reduce DM protein kinase.
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