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e HEIDHREEINTWS, —FDM21E, 3%
fa ko ZNF9 (zinc finger protein 9) &EZFDE
14 bR YIZHBCCTGY E— FofR TR
HZ L2001 EICER SN/, ZNFIIZT7TOD
COH2BD Vo 74 Y H—EF =T HRH 5720,
DNA F 723 RNA KA T LSS 2 L H#H
Ens. Lal, MakBE) vEB{LEE
DMPKS & 8B R F ZNF9 D BIZI3AT b #ag
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o PORIRICERET 2 2 n BR\REHL & 72 o
7z, BB, CTG2B0Y ¥ — 42729 v 7o E

DM protein kinase (DMPK) (19q13.3) ZNF9(3qg21)
exon exon exon

[ ANIHHHETE

CTGUE—-Mi R CCTGUE—MaE
{ !

(CUG)n

(CCUG)n

RNATE S E R E # iz

X1 BEEMESZ MNOT 1 — (DM) OBEEBIEZTF
& RNABBepE =R S

DM 3% 19 Je RIS ETET 5 DMPK BET 0
3" FEREBICH 5 CTG U ¥ — L i, DM2 ik
B3 RBMERMICHEIET 5 ZINFOREFOBELA > |
HYHBCCTGI K- hOMETEZ S, b
PEEEN/ZRNA Y ¥ — Mg, HEERE s
N5 TERIHET S, v ) DI RNA B/
HTH5B.

DWTORBENLL, LrdMELTHL YV
— FORTIIEEECTG, B HRNUERECCTG
THoH. LWTWRI, MHE bIEMRER Y
E— M5 LB CHo7. DM2DY
— MR, BETEI52:5 11,00012 b B A7,
DMID & 5% €— bR E FERL O/ o
BizAhohTwiwv., ZNFID 4 v Moz,
(TG)n(TCTG)n(CCTG)n & v 3 D E L 2%% b ,
ERTIXZORBED (CCTG)n D & 2 52l
AoTWnW5b,

B. BZFREYIXEHO 5

T I TEY, DMI1 & DMPK & OR{% % <5
KBTI bNIZ. DMPK /) v 77 b 2%
TEo/el 22, BEALERAPERE LAY, bun
IAERIZ T 5729, Z i, DMPK o #%gs3E
DRRDBE TRV E VI FHRE 57 Kz,
DM1 & DM2DBE S ADHH % BIRT 2 L,
7 DEMNIZCUG, CCUG EWVH ¥ — FRNAD
BEERARD B DR o 72, I, fFEL72RNA 28

=Y ORI TRR SR/ T 2T, HRE D
BRENID. 213, DMPKBIZTEW K
BRETIERC, ) E— OB L 5 T
RPEMHT B L RFRT b DTH - 72,

C. JE—~PRNAILHATSEHE
CUG-BP

DL, ZHED LR ¥ — M ioga+
BATFNHoT, ZORFEIE— Mo b5y
(#H#) &ha TZZOIIEFEREES R b = ks
£ o TDMBRIET 5 % &, DM OB {EA5
TTE2 (WD, 22CY V- ' E4ERED
BERPIET 5 77,

Timchenko 5%, DNA®CTG Y ¥ — } & 7-
ImRNADCUGY ¥ — MIEET 25T L LT
CELF 773V —1ZE3 2 CUG-BP (CUG-
binding protein) % HEEL7-8. DM ORIz iz
EHEIZNBNE % 00D B, CUG-BP &0
BhOR=ZUT (IMEREEE), {22 YRR
& (HERE), WEF v 30 (I 1 =7), »w
GEHIBRD), <A FF2—750 > ) %
EDmMRNADRAT S 43 Y ZILelT2 = & 48
MOPIZSHY (R1BH), CUGBP DM IcH
FTORVEELEFTH D &3 B0 <M

R1 DMERTSALLrRE

(X7?49Vfﬁﬁﬁﬁ%éhfwéﬁﬁ?&,

DM JEAR & o B )

chloride channel (CLCN1) R
insulin receptor (IR) — A YR U
cardiac troponin T (TNNT2) —— Q&% (?)

fast muscle t in T (TNNT3 -
ast muscle troponin ) } b EE

myotubularin-related 1 (MTMR1)
(?)

tau (MAPT)

NMDA receptor 1 (GRIN1)

HEEEE (?)

amyloid precursor protein (APP)
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1. MBNL7 73— (MBNL1, MBNL2, MBNL3)
R L 2CUG - CCUGY E~ MIFER & h, HEEHEI NS

2. CELF7 73— (CUG-BP, ETR-3/CUG-BP2, CELF3-6)
27549 THB, BRI ESEENERER
DMBEDHATIE, CUG-BPORBENEMLTWS

AR BRI | [exoniT] I |

Gua-8P) B

MBNL & CUG-BPIZHEHBYIC A TS 1 2 T % 8IH§ 3
—MBNLOHIRIZ R TS5 L TRBIIOLEHN B
X2 DMICEEbH 2 RNAEERE
2200773 — (MBNL773Y—&CELF773
Y =) BEShTWwA., 72& 21F, CUG-BPIE,
AVAR) VEREDZFY V11 R AFy TEH, K
HEHOZEEZELE AP, MBNLLIZIZZD L) &
B v, S 0¥4, MBNL & CUG-BP iZHEHIRY

W TW AR, WOTHZ) Tk,

exon inclusion

exon skipping

72. CUGBPAA YA VEBRERDRA T4 Vv
FRE (ZFVVIIOAXFy ¥V T) 2L,
BEEDIET LA2dEBRANY 77 MAMESNT, &
nhi4 v 2 vIEEREEETI&SRIT (K2) 10
EVIHILOTHEH. FLHBENERF Y AN
CIC1DRTFA ¥ T REDVIED BFNEE 25
XBILIF b=7%EL, CUGBPEZhLHD
BIRWATSA Vv IR BETLRTTHD, &
WO bITTh5.

L L#7zbid, RNAMAREARLIER
three hybrid#E & W) RIZE oC, CUGBP&
CUGY ¥— M OMENRRZ R0, #ERT
FIEEICE L, RSEER IR DONZ» o7,
M e O R, CUG-BPIZCUG=EHEEY K
— MXYHUGCGTIERY Y— MIBREICHET S
ZEhhrol b,

D. MBNL DEi5

FNTIHERICEMKNTCUGY) ¥— MIHE
TAHERFITTH A ) D

#7251 MBNL1 (muscleblind-like 1: EXP &
bLidhTnwi) LwH)pgFIcEE LA, 2hid
vaylaunNToOBHROFEES LR EONRZE
HLOFAL " D& £ 5 muscleblind DA —v vz
EhrbTHsb, ZOMBNLLEK, CUGY ¥— |
LCCUGYE—PFOMAICHETAI LAET
DR SNz, BEOKE, MBNLLIX, CHHG
H@EZ7=vPAOX 7 LtFF) Lwyyy
— MIROBMAHEATHIEIHLMITR 07212,

MBNLIZC3HE DY V7 74 Vi —%4D%
DORNAKAEHE T, DMEZEOEANTCUG %
LUNMZCCUGY E— M BEREZE-oTWAE T
ENbhrol, £2MBNLI/ v 772 bR
BIF P=T7RHAELZ O DM OERE & <
BHTA I Ebbho/z®, Tbbh, MBNLIL
OIRERIBADMERICE DL L WMREEIE L &
o7z,

& ZAHe b AT, MBNL1 O4tti2 MBNL2
EMBNL3 W) REQFRFETHW, Zhbd
D¥FBIIT3ID X 512, IZEAEMBNLIERL
Thb., T2k ETZ I MBNLLERE,
ZLDTAVTa—h%boTBY, RIEDIFE
LEThHAH. BRIZINOFETTOMKE, RE
HERBAOLMILEWIRY, DMERZFHHT S
CERATETHL. LI Ihb0EBRICE
D, MBNL 773" —2DM DERERET S
BB BRI &S o 7.

L2 L, MBNL F 7 v 7EIZIE, WAWAH
HhHbH., 72 z2iE, DM2OCCTGY ¥— i
Avruavicdhy, 7L mRNAZIZCCUGY ¥
— FBHLY, ATIFTALAAEINTLE ) &R
mRNA OHIIZIFFED btz v, MBNLIASH T v
TENELRL, YE— 27 L mRNA KEE S
Niedhé, LA bBEBEmRNAKC BRI TH- T,
FNUBEIZIR NS vy TENDBEREY U= F 2T
LEWwhrbHTh5.
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MBNL1 chromosome 3

O H = H F——— 100

MBNL2 chromosome 13
73

MBNL3 chromosome X
59

homology

MBNL2 MBNL3
cuG21 +++ ++
COUG22 A+t  Aoppt
CUUG4D 44+ ++
CGG30 - +/—
CCG30 ++ ++
CAAGA0  H4++ ot
CGGG22 — —
CAG37 ++ ++
C6CG22  ++++ At

3 MBNL2 & MBNL3 () RNA #& 45 814
MMﬂQ&MMﬂ3@,Mmﬂaaﬁﬁ&RNAue~bﬁéﬁﬁ%§o.

E. MBNL & CELF

CHF7730~au,am3P&E®EM@
RNAMEGEEHE 7 73U —DZ & T, CUGRP
i% CELF1, CUG-BP2/ETR-3i% CELF2, &5
LIRHBENTWE, CELFIZE F 4 41013
6OFELTBY (M), FABEEA TS 4
v THRHEFE L IMFREMETFEZ 2 s hcn
%. FIZLDMBNL Y 73 —& CELF 7 7 3
V=, BI5EHETI0HEEE < OEF A mRNA

CELF (CUG-BP and ETR-3 like factors) 7 73—
—~HRRENZ TS5 1L T EImRTE

homology

———————CUG-BP 100
ETR-3 87

CELF6 57
CELF3 60
"L CELF4 56
CELF5 58
CUG-BP —RRM1 K RRM2 ——————/RRM3h

CUG-BPIADMBE DRI TREE A EM L T 1 3

TR CBRRELVLE NORZLTOR TS
YOURBIIED B EREM S TR AN T LS
R4 CELF773y—
6@@@0Mﬁ77su~@i%ﬁ.%@¢fk
CUG-BP DHEREREH DM THE XN T 3.

DATIAY T boTn g,
sziﬁm,%yxuy%§%®x7§4v
“71ZI& MBNL1 & CELF1 (CUG-BP) #SK% L
%5;5K@wfﬁb,:®;5&%ﬁw<o#
RO TETHDL, HBBIED, o7 r5=>
DATTA Y Y 7R OWMSTAER LI 2
7549>¢%%ﬁ?5.#&b%,:h%9%
%@%ﬁ%@éwm;ofz7§4>yfﬂy_
Vﬁ%%?éﬂ%ﬁ@ﬁﬁ%i%né.é%m,
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TIAY Y TR B S

TIU—RNABERE S 5 & /- DM B D
A%

DM D5 T DIER % BRI X 1 5 5 B0y 72 1
E@iﬁ&o#ofw&w.%ﬁwﬁ%miof
MBNL 7 7 3V — OSB82 5 05 ¢
ﬂ%%ﬁk%<&ofgfw5.tkz@,
MBNLI D8RI5 8% 815 i35 R AR W4 2 77 B
ﬁﬁ%é.:@%ﬁ,*%mﬁ?@éMEﬂ2@
MBNL3 DIUEMRIIEEST 2 D%, CELF 7 »
S BSEIIERT B Db &b ZEIC AN
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Myotonic Dystrophy (DM), the most common form of
adult-onset muscular dystrophy, comprises at least 2 sub-
types, DM1 and DM2. DM1 is caused by the expansion
of a CTG repeat located in the 3’ untranslated region of
the DM protein kinase (DMPK) gene. Recently, the expan-
sion of a CCTG tetranucleotide repeat located in the first
intron of the ZNF9 gene was identified as the mutation
responsible for DM2. Since both DM1 and DM2 are caused
by the expansion of repetitive sequences, some common
factors that interact with these sequences might be
involved in the pathogenesis of DM. MBNLI1 is a candi-
date for such factors and is thought to be sequestered by
the expanded forms of DM transcripts.

Key words: myotonic dystrophy, RNA repeat, MBNL1

Myotonic dystrophy is the most common form
of adult-onset muscular dystrophy [1]. It is inher-
ited by autosomal dominant fashion. Myotonic
dystrophy causes a consistent constellation of unre-
lated clinical features, including myotonia, car-
diac conduction defects, cataracts, and specific set
of endocrine changes, and so on. The underlying
genetic mutation causing myotonic dystrophy is
unstable expanded CTG repeat in the 3’-untrans-
lated region of a gene on chromosome 19 encoding
a DM protein kinase (DMPK) of unknown func-
tion [2]. The mutation is transcribed into RNA but
not translated into protein. Recently, myotonic dys-
trophy type 2 (DM2) was found to be caused by
a CCTG tetranucleotide expansion in intron 1 of
the Zn-finger protein ZNF-9 gene on chromosome
3 [3]. DM2 is also caused by a transcribed but
untranslated repeat expansion. Although DM2 is
generally a milder disease than DMI1, the DM2
CCTG expansions is much larger than DM1 CTG
expansions.

Reddy et al. showed that DMPK knockout
mice did not fully recapitulate DM. This means

that loss of DMPK function is not the main cause
of DM [4]. RNA inclusions of CUG/CCUG repeats
are observed as foci in the nuclei of DM patients.
Transgenic mice expressing CUG repeats under
the skeletal muscle actin promoter showed
myotonia and abnormal muscle histology [5]. In
this case, the severity of phenotype was correlated
with the expression level of CUG repeat RNA.,
These results suggest that abnormality in RNA
metabolism is involved in DM [1].

The clinical features common to both DM
and DM2 may be caused by a gain-of-function
RNA mechanism in which the CUG and CCUG
repeats alter cellular function by sequestering
repeat RNA-binding proteins.

Two families of RNA-binding
proleins

Two families of RNA repeat-binding proteins
have been implicated in DM pathogenesis: CELF
(CUG-BPI1 and ETR-3-like factors) and
MBNL(muscleblind-like) proteins. Six CELF
gernies have been identified in human genome and
they have been shown to be involved in alterna-
tive splicing [6]. Among these, CUG-BP1 regu-
lates alternative splicing of cardiac troponin T
(cTnT), insulin receptor (IR) and chloride channel
1 (CIC-1) that are misregulated in DM muscle
[7,8]. MBNL is a homologue of Drosophila mus-
cleblind which is involved in the differentiation
of skeletal muscle and photoreceptor [9]. Three
genes (MBNLI, 2 and 3) are identified in humans.
A mouse knockout reproduced myotonia and
cataract, and misregulation of splicing was
observed [10].

We investigated the in vivo binding-sequence
specificity of these proteins using a yeast 3 hybrid
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system [11,12]. In this assay, the association of
an RNA-binding protein Y with its cognate RNA
X binding site leads to the transcriptional activa-
tion of a reporter gene, such as His3 and (-galac-
tosidase, in yeast. We generated a variety of repet-
itive RNA sequences and examined them.

The results are shown in Table 1. CUG-BP1
(this protein is first identified as a CUG triplet
repeat-binding protein) strongly interacted with
UG dinucleotide repeat [11]. Neither PKR (pro-
tein kinase R), a double stranded nucleotide-
binding protein, nor CUG-BP1 interacted strongly
with CUG/CCUG repeats. By contrast, MBNL1
showed apparent interactions with both CUG and
CCUG repeats.

Table 1. RNA-binding specificity of candidate proteins.

Repeat CUG-BP1 MBNL1 PKR
UG24 i+t

CA24

CuG? -

CUG16 - ++

CuUG21 - ++

CUG37 - ERs -
CUG70 - ++ +
Cccuar + -
CCuG22 - 4t

CCUGH0 - 4t

CAGG22 - -

CAGGS0 +

CGGG20 -

CCCG21 ++ bt

UAUGT7+CAUA7 o+t
CAG16+CUG16 4ttt

The transformation of yeast cells and reporter gene assays were per-
formed as previously described (11,12). We classified the binding activ-
ity @s (+++++), (++++), (+++) and (++), when yeast grown was observed
on the plates containing 1, 0.5, 0.1 and OmM 3-AT, respectively. (+) yeast
grew in the absence of 3-AT after more than 1 week, (-) no growth of yeast
transformants was observed even after prolonged incubation.

We confirmed these results by surface plasmon
resonance technique. Surface Plasmon Resonance
(SPR) is a powerful technique to measure bio-
molecular interactions in real-time in a label free
environment. Protein is immobilized to the sensor
surface, and the repeat RNA is passed over the
surface. Association and dissociation is measured
and displayed in a graph called the sensor-gram.
CUG-BP!1 strongly interacted with UG-repeat but
not CUG repeat, while MBNLI1 interacted with

myotonic dystrophy

CCUQG repeat (data not shown). These results indi-
cate that loss of function of MBNL1, not CUG-
BP1, may be important for DM pathogenesis.
Sequestration of MBNL1 by the long CUG/CCUG
repeat may disrupt normal cellular function of
MBNLI, which leads to abnormal phenotype of
myotonic dystrophy.

Table 1 also shows that MBNLI interacted
strongly with CCCG, modestly with CUUG and
CAUBG, but not at all with CGGG and so on. On
the other hand, PKR strongly interacted with
double-stranded RNAs. All these results suggest
MBNLI1 binds to repeats with incomplete double
strand, but not to the complete one. The deduced
target sequence of MBNLI1 could be CHHG or
CHG repeat, where H is the nucleotide other than
G. Secondary structure of CHHG repeat can be
calculated as a long hairpin with mismatches.
Since MBNL1 does not bind to CUG/CAG double
strand repeat without mismatch, the presence of
mismatch is necessary for the binding of MBNL1
to the target sequences.

To confirm the results of the three-hybrid
analyses, we performed gel retardation analysis
[12]. First, we fused MBNLI1 with glutathione S-
transferase (GST) in the N-terminus and a His-
tag in the C-terminus. GST-MBNL1 was expressed
in E.Coli and purified. GST-MBNL1 bound to a
32p-labeled CCUG probe, and supershift was
observed when an anti-GST antibody was added.
The extent of band shift was reduced by adding
non-labeled CCUG RNA. We also examined the
dependence of the binding between CCUG repeats
and MBNL1 on the repeat length. Free probes of
CCUG27 and CCUG35 disappeared at the highest
dose of MBNLI1. The number of shifted bands
represents the variety of RNA-protein complexes,
mainly reflecting the number of proteins binding
to a single probe.

Structure of MBNL1
and homologues

MBNL1 has at least nine splice variants.
MBNL1 has four Zn finger motifs at the N-ter-
minal half of the molecule, which may be involved
in the RNA-binding. There is a nuclear localiza-
tion signal at the C-terminus. Some of the iso-
forms of MBNL1 was localized at the nucleus.
The others were in the cytosol. Therefore, MBNL1
might have many cellular functions. Furthermore,
not only MBNL1 but also MBNL2 and 3 are
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reported to be colocalized with RNA foci of
CUG/CCUG repeats. We have determined the
binding specificity of these MBNL families to
various RNA repeats. MBNL2 and MBNL3 had
almost similar specificity to MBNL1 (data not
shown). These MBNL isoforms also showed dif-
ferent localization. Therefore we have to be
careful for analyzing the data, because three
MBNL proteins have many isoforms and these
isoforms may have diverse functions in various
tissues.

Regulation of alternative splicing
by BNA repeat-binding proteins

Myotonic dystrophy is an example of a dis-
ease that alters the function of RNA-binding pro-
teins to cause misregulated alternative splicing [1].
Many misregulated alternative splicing events have
been demonstrated for eight pre mRNAs. In all
cases, normal mRNA splice variants are produced,
but the normal developmental splicing pattern is
disrupted, resulting in the expression of fetal pro-
tein isoforms.

The insulin resistance and myotonia observed
in DM1 correlate with the disruption of splicing
of targets, IR and CIC-1. The counter regulation
of mRNA splicing by the two proteins, CUG-BP1
and MBNL1 is demonstrated [9]. When ¢TNT
mini-gene was expressed with CUG-BP1, a fetal
isoform including exon 5 was predominantly
expressed, while coexpression with MNBL1 sup-
pressed the formation of the fetal isoform. In the
case of insulin receptor mini-gene, MBNL1
enhanced the formation of long form with exon
11, while CUG-BP1 was not. These results sug-
gest that these two RNA-binding proteins coun-
teracted in vivo.

However, in the case of alpha-actinin, MBNL1
may not always act antagonistically against CUG-
BPls. Alpha-actinin has two exons, nonmuscle
type and skeletal muscle type. These are exclu-
sively expressed in vivo. However, in our assay
system, MBNL1 does not act antagonistically
against CUG-BP1. Both enhanced the production
of non-muscle type (Fig.1). These data also pre-
dict that change in expression of these alternative
splicing regulators would result in the splicing
alterations that have been shown to be character-
istic of the myotonic dystrophy. However, all tar-
gets of these proteins have never been clarified.

—p—

In addition, these regulators appear to express
independently.

There have been many reports that excess
oxidative siress occurs in the muscle with
expanded CTG repeats [13-15). The stress accel-
erates an apoptotic process, leading to cell death.
The increase in oxidative stress in response to
expended RNA repeats is likely to involve yet
unidentified signaling event that remain to be
determined. Misregulation of splicing may also be
evoked by the cellular signaling processes.
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Figure 1. MBNL andCUG-BP1 promote exon skip-

ping.

A. The a-actinin minigene contains two exons (non-
muscle type NM and smooth muscle type SM)
flanked by EFta and EF2_exons.

B. COS cells were cotransfected with the minigene and
each of RNA-binding protein expression plasmid.
Exon inclusion was assayed by RT-PCR.
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