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Mutations in the superoxide dismutase 1 (sod1) gene cause familial amyotrophic lateral sclerosis (FALS), likely
due to the toxic properties of misfolded mutant SOD1 protein. Here we report identification of various syn-
aptic molecules forming molecular complexes with misfolded SOD1 in mutant SOD1-associated FALS patient
tissues as well as in cellular FALS models. In the FALS cellular model system, we found that membrane depo-

larization that mimics synaptic hyperactivation/excitotoxicity could cause misfolding of mutant SOD, as well
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as acceleration of misfolded SOD1-synaptic protein complex formation. These results suggest that inhibition
of synaptic release mechanism by association of misfolded SOD1 with synaptic molecules plays a role in the

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal, progressive neurode-
generative disease characterized by motor neuron cell death in the
brain and spinal cord, accompanied by rapid loss of muscle control
and eventually complete paralysis [1,2]. Most cases of ALS are of un-
known etiology, while 5-10% are familial (FALS). Although the
cause of sporadic ALS remains unclear, 15%-20% of FALS patients
have point mutations in cytosolic Cu?*/Zn?* superoxide dismutase
(SOD1) [3]. SOD1 is an antioxidant enzyme ubiquitously expressed
in the cytosol, which converts the superoxide anion radical to hydro-
gen peroxide. More than 115 disease-causing mutations, affecting all
regions of the SOD1 gene product, have been identified.

Previous studies using transgenic animal models expressing mu-
tated human SOD1 have shown that the disease is not caused by a
loss of its dismutase activity, but by the gain of toxic properties [1].
Many mutant SOD1 proteins tend to become easily misfolded and
form aggregates especially under oxidative stress [4]. Intracellular
aggregates containing SOD1 were specifically detected in affected
regions of both patients and animal models possessing sod1 mutations.
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In spinal cords of mutant SOD1-Tg mice, misfolded intermediates of
mutant SOD1 proteins, which showed decrease in solubility and in-
crease in size, were found prior to disease onset. These results suggest
that misfolded mutant SOD1 may contribute to motor neuron-specific
damage in ALS.

We have previously reported that misfolded SOD1 specifically as-
sociates with KAP3, a component of the kinesin-2 motor complex [5].
Kinesin-2 constitutes a part of kinesin superfamily of molecules that
mediate anterograde axonal transport [6]. We showed that misfolded
SOD1 inhibits transport of choline acetyl-transferase (ChAT), a
kinesin-2 cargo, and that resultant decrease of Ach release at presyn-
aptic terminals may play a role in motor dysfunction observed in an
early stage of FALS [5]. In an effort to show association of misfolded
SOD1 species with KAP3 in FALS patient tissue homogenates, we ex-
amined migration profiles of SOD1- and KAP3-immunoreactivity in
density-gradient centrifugation. In addition to identify that KAP3 co-
migrates with misfolded SOD1 in this experiment, we realized that
this method would be suitable in screening molecules that associate
with misfolded SOD1 by using FALS patient tissues.

Here we report identification of various synaptic molecules that
co-migrate with misfolded SOD1 in SOD1-associated FALS patient tis-
sues as well as in cellular FALS models. In the FALS cellular model sys-
tem, we found that membrane depolarization that mimics synaptic
hyperactivation/excitotoxicity could cause misfolding of mutant
SOD1 molecules. These results suggest that inhibition of synaptic re-
lease mechanism by association of misfolded SOD1 with synaptic
molecules plays a role in the dysfunction of FALS.
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2. Materials and methods
2.1. Reagents

FLAG-tagged human SOD1 cDNA (wild-type and a mutant bearing
L126S mutation) at the carboxyl terminus were cloned into pcDNA3
and pTRE2hyg (Clontech) as previously described [5]. The integrity
of each clone was verified by nucleotide-sequence analysis. The anti-
bodies used in this study were obtained and used as previously de-
scribed [5,7].

2.2. Autopsy specimens

The studies were performed on frozen tissues (indicated regions
of the brain, spinal cord, femoral nerve, dorsal root ganglia) obtained
at autopsy from 2 FALS patients (A: 71 years old, female; B: 46 years
old male) who were members of a family, 2 sporadic ALS patients
(61 years old, female and 67 years old, male) , and 1 control patient
(73 years old, male) suffered from schizophrenia. Leucine to serine
substitution at codon 126 in the SOD1 gene in the two FALS cases
was identified by sequence analysis. Consent for autopsy was
obtained from legal representatives in accordance with the requirements
of local institutional review boards.

2.3. Isolation of misfolded SOD1-containing protein complexes by density
gradient centrifugation

The autopsy tissue samples were homogenized and the lysates
were separated by Nycodenz linear density gradient centrifugation
as previously described [5]. Briefly, the tissue samples were homoge-
nized in a buffer containing 20 mM HEPES, pH 7.4, 120 mM NadJ,
2 mM EDTA, pH 8.0, 1%Triton X-100, and complete protease inhibitor
cocktail (Roche)). The lysates were added to 3.2 ml of Nycodenz linear
density gradient in 10 mM HEPES, pH 7.4 and 1 mM EDTA, pH 8.0
(initial concentration of Nycodenz was 30%). After a centrifugation
at 87,480 x g for 2 hr at 4 °C, in Optima MAX-E using MLS 50 rotor
(Beckman Coulter), a 160 pl of aliquot was collected from the top
to the bottom of the tube, totaling 22 fractions. Twenty microliters
of each fraction was collected and analyzed by immunoblot.

2.4. Cell culture

NG108-15 cells (a kind gift from Dr. Akazawa in Tokyo Medical
and Dental University) were stably transfected with pTRE2hyg-WT
SOD1-Flag or pTRE2hyg-L126S SOD1-Flag as previously described
[5]. Transgene expression in the transfected NG108-15 cells was
induced by treating the cells with doxycycline per manufacturer's
protocol. Differentiation of the transfected NG108-15 cells was
performed as previously described for 7 days. Hyperstimulation model
was generated by treating the differentiated NG108-15 cells stably
expressing WT or mutant SOD1 with 100 M glutamate as previously
described [8].

3. Results

Misfolded SOD1 species observed in SOD1-associated FALS patients
likely show toxic properties in cells by associating with other molecules
and thereby inhibit their function [1,2]. Therefore, to gain mechanistic
insights on misfolded SOD1 toxicity, it is important to identify mole-
cules that specifically bind to misfolded SOD1. In our previous report,
we found by analyzing tissue lysate from SOD1%%*A-Tg mice in linear
density gradient centrifugation that some of the molecular motor com-
ponents, such as KAP3, co-migrate with misfolded SOD1, which lead
us to identify direct association of misfolded SOD1 with KAP3 [5].
To extend this observation in mutant SOD1-linked human FALS
cases and identify molecules that bind to misfolded SOD1 in

human FALS cases directly, we compared sedimentation of mis-
folded SOD1 in a linear density gradient centrifugation with that
of various molecules in lysates of motor areas of FALS postmortem
brain. We first examined representative molecules that compose
kinesin motor complex to confirm the findings that we reported
previously. Lysates of postmortem brain tissues from FALS cases
bearing L129S mutation in SOD1 were subject to linear Nycodenz
density gradient centrifugation analysis. Similar to what we ob-
served in the rodent FALS model, we found that misfolded SOD1
species migrate to a heavy fraction (Fig. 1A). Among kinesin
motor complex components, a fraction of KAP3 co-migrate with
misfolded SOD1, which confirmed our previous observations,
while immunoreactivity for p62, a nuclear protein, was not ob-
served in the fraction in which misfolded SOD1 is observed. These
results confirmed specificity of this assay and assured our previous
observation that KAP3 specifically associates with misfolded SOD1
in disease affected neuronal tissues in FALS.

Next, to identify other candidate molecules that associate with
misfolded SOD1, we examined migration profiles of the candidates
in this analysis. We chose to examine synaptic molecules as impor-
tant candidates, since inhibition of synaptic vesicle recycling has
been noted in other neurodegenerative disorders such as Parkinson's
disease. By applying the tissue processing and density gradient anal-
ysis strategy that we used above, we analyzed brain tissue lysate
from control patients and found that presynaptic molecules including
SNAP-25 (a SNARE complex component), and AMPA-type glutamate
receptor GluR2/3, as well as a post-synaptic molecule, PSD95 mainly
migrate to low density fractions (No1-8) as well as high density frac-
tions (No. 16-19), while synaptophysin (a synaptic vesicle protein)
migrates only to the low density fractions (Fig. 1A). We presumed
that the molecules that migrate to lower and higher density fractions
represent “free” molecules and molecules forming structural com-
plexes, respectively. These results suggest that the current experi-
mental condition allows most of the synaptic molecular structures
containing pre- and postsynaptic structural and signaling molecule
complexes to retain their association in the lysate. Analysis of the
FALS patient brain tissue lysates revealed that the pre- and post-
synaptic proteins show different distribution profile in the density
gradient. We found that major amount of synaptic molecules,
GluR2/3, SNAP-25, and PSD-95, as well as a synaptic vesicle protein,
synaptophysin, migrate to a very high density fraction (No. 19), in
which misfolded SOD1 species are observed (Fig. 1A). Decreased
amount of synaptic molecules located in the lower density fractions
relative to the amount in No. 19 was also noted. These results suggest
that, in mutated SOD1-linked FALS patients, misfolded SOD1 pro-
motes formation of very high density molecular complex in the syn-
aptic terminal region involving a large variety of synaptic molecules.

To examine how specific this observation is to motor regions of mu-
tated SOD1-linked FALS cases, we performed the same analysis using tis-
sue lysates from non-motor neuronal tissues of FALS cases and
precentral gyrus of sporadic ALS (SALS) cases. We found that the distri-
bution profiles of the pre- and post-synaptic proteins in these tissues
show patterns very similar to those in control tissues (Fig. 1B, C).
These results suggest that the shifted migration profile of synaptic pro-
teins in the density gradient analysis is observed specific to FALS
motor brain regions. Taken together, our data suggest that formation
of high-density molecular complex containing synaptic molecules
may contribute specifically to mutated SOD1-linked FALS pathogenesis.

A number of studies have supported the importance of excitotoxic
mechanisms in ALS pathogenesis [9-12]. We have previously shown
that decreased Ca®* permeability of AMPA-type glutamate receptors
expressed in motor neurons resulted in delayed onset and extended
lifespan in a mouse model of mutated SOD1-linked FALS, which sug-
gested that glutamate excitotoxicity promotes misfolding of mutated
SOD1 and motor neuron death [7]. To correlate the formation of high-
density molecular complex involving synaptic molecules in mutated
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Fig. 1. Synaptic molecules are associated with misfolded SOD1 (SOD1(L126S)) in motor regions of mutant SOD1-associated FALS brain tissues. Fractions obtained from Nycodenz
density-gradient centrifugation of lysates of precentral gyrus of cerebral cortex tissue from a non-ALS control and two mutant SOD1-associated FALS cases (both cases have L1265
mutation in SOD1) (A), or indicated tissues lysates from a mutant SOD1-associated FALS brain (B), or lysate of precentral gyrus of cerebral cortex from a sporadic ALS case (C) were
analyzed for the presence of indicated proteins (SOD1, KAP3, GluR2/3, PSD95, Synaptophysin, and SNAP25) by immunoblot analysis. Each lane (left to right) represents an aliquot
collected from the top. Note that misfolded SOD1 species migrated around fraction No.19, together with synaptic components, only when motor regions of mutant SOD1-linked

FALS brain were analyzed.

SOD1-linked FALS cases and excitotoxic mechanisms, we employed a
simplified cellular FALS model that we developed previously. In
this model, NG108-15 cells overexpressing FALS-related mutant
SOD1 become differentiated to cholinergic neuron-like cells in re-
sponse to elevated levels of cAMP and dexamethasone [5]. Misfolded
SOD1 is detected in the cells by exposing the cells to oxidative stress.
Here we applied glutamate to the cells to examine if hyperstimulation
by glutamate causes formation of protein aggregates containing mis-
folded SOD1 and synaptic proteins. We found, by a density gradient
centrifugation approach similar to what we used for patient tissue
analysis, that increased amount of synaptotagmin, a synaptic vesicle
protein, and SNAP25, a presynaptic terminal molecule, showed
shifted mobility in the density gradient by applying glutamate in

culture (Fig. 2). The shifted mobility was observed together with in-
creased levels of misfolded SOD1. We found these results in cells
expressing SOD1 bearing L126 mutation identified in the FALS cases
that we analyzed in the current study, but not wild-type SOD1
expressing cells (Fig. 2). These results suggested that excitotoxicity
caused by glutamate can increase misfolding of mutated SOD1 and
promote formation of protein aggregation involving misfolded SOD1
together with synaptic molecule.

4. Discussion

In this study, we tried to identify molecules that associate with
misfolded SOD1 in mutated SOD1-linked human FALS patient tissues
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Fig. 2. Association of misfolded SOD1 with synaptic components can be induced by excitotoxic hyperstimulation. Fractions obtained from Nycodenz density-gradient centrifugation
of lysates of NG108-15 cells stably expressing WT SOD1 or SOD1 bearing L1265 mutation were analyzed for the presence of indicated proteins (SOD1, GluR2/3, Synaptotagmin, and
SNAP25) by immunoblot analysis. Note that increased amount of misfolded SOD1 species, together with synaptic components, migrated around fraction No. 11 after hyperstimula-

tion by glutamate,

to find that misfolded SOD1 forms very high density molecular com-
plexes together with pre- and post-synaptic proteins in the synaptic
terminal region. Surprisingly, this phenomenon seems specific to mu-
tated SOD1-linked FALS cases, since we did not observe similar mo-
lecular complexes formed in SALS patient tissues. We further
showed that membrane depolarization that mimics synaptic hyperac-
tivation/excitotoxicity can promote formation of protein aggregates
containing synaptic components. While we did observe the formation
of molecular complexes containing synaptic components in our cellu-
lar FALS model, the size of the molecular complexes seemed smaller
compared with those observed in patient tissue lysates. This may be
due to the facts that the differentiated NG108-15 cell we used here
do not form differentiated synaptic structures or synaptic contacts
with neighboring cellular processes, and that the cells were exposed
only to experimentally possible transient excitotoxic stresses.

* We have previously shown that misfolded SOD1 associates with
KAP3, a kinesin-2 motor complex component [5] Kinesin-2 is required
for anterograde axonal transport of various molecules including
choline acetyltransferase [13,14], and disturbed Kinesin-2 function
may therefore explain a part of early pathogenesis of mutated SOD1-
linked FALS. Here we identified another pathogenic mechanism, i.e.,
dysfunction of synaptic molecules directly caused by mutant SOD1.
While synaptic dysfunction is observed during pathogenesis of not
only mutant SOD1-linked FALS but also ALS of other etiologies [1], the
large molecular complex involving various synaptic components
which we identified this time seems specific to mutated SOD1-linked
human FALS cases. This may suggest that mutant SOD1-linked FALS

has its own unique mechanism that causes synaptic dysfunction.
Thus far there have been limited numbers of reports analyzing molecu-
lar details of proteins accurnulated in the synaptic region [15] and
therefore further studies will be required for understanding of mecha-
nistic diversity of synaptic pathology in ALS.

5. Conclusion

Here we report identification of various pre- and post-synaptic
molecules forming molecular complexes with misfolded SOD1 in mu-
tant SOD1-associated FALS patient tissues as well as in cellular FALS
models. The results suggest that inhibition of synaptic release mech-
anism by -association of misfolded SOD1 with synaptic molecules
plays a role in the dysfunction of FALS.
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Table 1 Summary of common questionnaire.
Cardiologist Diabetologist Gynecologist Ophthalmologist

Number of objective specialists 927 357 882 915
Institutions
Hospitals: Neurology (+) 381 149 242 233
Hospitals: Neurology (—) 258 73 179 87
Clinics 281 130 453 590
Unclassified 7 5 8 5
Number of responders 172 85 220 154
Institutions
Hospitals: Neurology (+) 74 37 58 46
Hospitals: Neurology (—) 39 13 46 0
Clinics 59 34 108 108
No answer 0 1 0 0
Years of experience as medical specialist
Underl0 years 7 2 21 10
11-20 years 37 29 47 58
Over 21 years 127 54 152 83
No answer 1 0 0 3
Experience to treat patients with myotonic dystrophy
Yes 63 36 65 49
No 107 48 154 104
No answer 2 1 1 1
Experience to diagnose myotonic dystrophy
Yes 13 16 29 6
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FEIRAFHTIREREEROME (251%), BE CIEFEER
A (281%) &BTEMDEh o7z,

LHFH DA OZBH

BHRLUAOZTER T brAHPETHRLTCH Lo 2
%, WRENE AR D 802% ki, MR 166%, BB
B 64%, MEF64% Efn7zAs, MEEAR - NREREoO L
BAZBLTVRVEENITE% H0, [Wo/zZ k] omEE
2, AR /SRR O 2R R B T OB L 0 3 2
YA Hoi

KFBIEE

TEERER R

THER L LA L 29 &, (REREE 23 4, LS -
M) 11 %, WARSIERRRE 8 %4, WIVMIGH 6 4, FS1EME L
IS 4, FBE 34, QT ERIEMGR 2 %, Mtk JEE 1
FHTHo. TOME LTS BMEERCRAR S, Wk, B
PREAAHEBE 2 COIMRBEAEZBIFLEMD 1245 -
72 (Fig. 2A). N— A A =% — « BHIBE OIS0V TdE
MZ& 714, —HEFUA69 %4, &fhfE 234, BEELS
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myotonia face history

Fig. 1 Clinical signs which remind myotonic dystrophy.
Abbreviation: CK: creatine kinase
The doctors having experiences of diagnosis of DM paid
more attention for grip myotonia, hatchet face and serum
high CK.

%, BMBWCHEIE4 2 Th o7 SN EOREE LT,
ADL ®REHREOTHEERT 5, BFIEBROEEIESE, Fi%
ROHIEZZEE T2, BRUARERSELEEE 70y 7 OFF
T, CIRESEERE SR B 2o THIT 5, 2 EMAHS
WIRAA RTA VPN L T LERPAN— A X — 1 — 208
BRICB LI THEENL BT 2EAL Do Hozo b &
LT, AN - FHEOBEBIHT 2%% - BFHRE THREA~ND
A 202 e BB - T8 - RO FI A L v, LR
SO G OHEF AWM, 2SR DRERA D B, DI X v b
o7

BRI

R ERR OO OMAE L LTld, OGTT #8120 4,
HbAlc 2518 %, &Il - 1 2 ) ¥ 510 4, HOMA-IR
WTHTH o720, EREBRIEOFME LTr v F—F 2
FRIERS B HR LB o R E~DBRBFE & LT
&, —REFUA 454, LDZEPHITIR2HBTLIHED 3
HENEh ot RIS T 2 E LTk, 77
) VHEAN 1280 LS ETTHA FEE10 4,
AR 5%, 07 Vay ¥ —EHEH 3LDIET, Ak
ZOVIRE (SU) 8] 2 205 - E T VW Ao 7.

el NF

TP B G IEALIR - WIED 44 %, TIEE 9 %, IEH A
Uk - HHRE 4 % RS R SO, ARERE LCEFE
fHE 16 44, EPENENS 12 4, RVENENS 7 %, FENBHE 4 4,
ZOM 3B TH -7z (Fig. 2B). JAEMEHEESL 334 (15%)
DERAFEBRLTE Y, ¥KB% 9 4 0M, RS IR
EPRE, B RARTE - EEREEATE 8 &, MBI AE - W
6%, NENR3HA, o3 4025 57 (Fig. 3). Hafgy
FREYCE D P TNEBITEMD 4 %d o7 =Rl
HOW o7 b & LT, MlDZLLBRICHER TS B,
AN O RIS A H HE, VIR RE ORI T & 2 356# 5
MRENDZ &, BREBIBIZI D NICU O~y FAEME
HEINBHEP, RBWOSBEPH CRBEEREE 2o
THR SN2, MOV THRINS OBIRRREEIC L 2 F 5 70V, 4
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Fig. 2 The consulted disorders of myotonic dystrophy pa-
tients.

The disorders which made patients visit medical agency

were asked in a multiple choice manner.

A. Cardiologist, B Gynecologist, C. Ophthalmologist

Abbreviations: SSS: sick sinus syndrome, Af: atrial fibrilla-

tion, AF: atrial flatter, PAT: paroxysmal atrial tachycardia,

IHD: ischemic heart disorders

RTEBHEMESRD RN EPFBT LN, 222 FORRE
13 114% & BOF: (TE5REE 5.8%. WERF 0%, BB 06%) (2
ORE Doz

R}
ZHHEBIIANES 4, BRI TEISL, - #8815
%, RIRS 4, WBAE3 %, ZoOfl &4 Tdh o7 (Fig 2C).

£ =

SEOHAETIE, BEEFEEHT201% (168~257%) T
HoT2H, BV REMEICE o TIEEMAL O S
CNT BT r— b Tholzl b #FETHE, fEWLDOT
BRVwEEZ D 7z, I 2 B & BEE OB HES M
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Fig. 3 Perinatal complications of myotonic dystrophy pa-
tients.
Perinatal complications were asked in a multiple choice
manner, Thirty-three gynecologists had experienced
perinatal complications. Among them four doctors re-
ported troubles in using ritodrine hydrochloride.

FEakotigz KL TB Y, Mhefofms oL -d
DTHDHEWENT A, BWHEERR F T TVEEBN S b ERO
BASAR <, SRR AERL Y OECHEEL TV AT
L BB TERWVY, FEOTFHEILASHTICBEINT
WLHHILZ W EHE XN S,

SEOMETIE, KB E D 30~40% FE OB FIE A DML

BHRBEALCBY, DML BEI L 2Rz ZB LW
LEBPEMTON. DML 2B L -2 AT 5EMD
65 % d bV, HRENELRNBHEER 2 EORPMR DA O ZZ &
BIICRRINLFR L LW LS HER SN RN
N E AT AIBEICETE L Cw A EMSBRER - 2
BEBILho b ERTH-7. THRRAERE DL M
RAREZZZLC0BI LMz, BEROGIHEZ AT 572
DICRAETEEE ZH T ARENL 2 L, MRANRE~D D
UV P THEEBHIS LR T WI e EAEET 5 L HER S
ns.

AHE O FREPE VAT AR - AR SIER E R ERE D
5, A HFAERICEREA 2 WEEM E TRELESD B
728, EAREERREIR I IE B B REN AR R - AR X
N HICIRE PR 2 35 AW HEE SR V. AEAS IR AR
BThRFNEMPILETHL I, RBREHSSEHY
WMEEMR R SN R RESLETHH I L, FELCRDH
FTRPH 2 EEBI LDV I T TAEBI LTV
L Eh s, JERMEICOBEIRE A & BRI
SV HERPETH B ERE, B R TIRBM G OHE R IR
By s ) RS COREY - B Ty, EREER
ANORIE A AR R SN ERAPR L -7z Thbid,
FANCBR STV RIE—ZOTFR - #HEFRIL TV 72k
AT, FERREERD D A RIS E SR R e EOhF
BIERAN OB LD <, RBERO 7 W IR RN KT BLAbA~
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ERORMERE 51%9% (2011: 9)

GAT ) - JEERR - W REEL I LT, B
EyareHifieh s,

TEREBROZHEEE ko B, AP bo b %
{, FEREPTEIRIC SNOAREDETHES RV E
THMROIME L LR BERTH 7. ZORKWE LT,
DAREOFEPREREEZ SNTWAD LV EVTREELH S b
OO, T LARERERCAERIIZ DX VIERTES
RO L, DAREOZBENFVDTELVRE
He SN B, 70, R CIIERIFE A LA O NEHE IHER
HEEFREEOLDICZZ L TWAEELSh o7, PR
TRBROEMEZE L T RD 272720 2 O EAERRE A
DI BENR—LF 25— LTREDAEEREE XL
TwbZ EbRBEI N

N—RAA—71— - BB 2800, — LY b
B e T 2EMARBN L T2EMEY £ 0 o7 Thid,
AIENIBIT A=A A =D —#iE%, AHA2006 A A FS
A9 CH - BEROINIEFTF-RRENIEEE 70y 7
(classI), - HERDO T EZ S L) ELNVOEET T Y
7 (class ITb), I D JCS2006 FELLETH A4 ¥ 54 TR
IR EEE7ay 7 (cass]) &L, FEWICESZ2T
WBRIZEERBHTH o7 BERO—DIL, HTYAPTT 4 —
EVIAIRBIC L BHENA A — VPR EEN B, pacing
KL OBENOERELBETIERLD . RED
N AR BEHIERR I D W TR TR I ISR E X
NTW Y99, RIPOEFICH b7 HIE 2w THRREN
Bl & TEBRIFARL O M THBERZ R L T BERD B &
Bbhi —7, WO B2 S BEE 5 HEN 236 b 4
S, BELUBLERELZRETHS.

PERIFTIX, —#%897% OGTT, HbAlc iz, &HKimpE -
4 A1) % HOMA-IR 28U EMb R hhote.
BN A3H D 4 v 2 ) VIRBIMIEE e 2 AT 5 F
TV YHEERC T T F A FHE L, SUBKIA AR L
RIEDA ¥ A VIR EHRE IR - 54 A 2 iE”
FEHBLUICEEFZEIN TSI NSNS F0—)
T, BB VR L T B ENAE L $ B E
IV &hot. FORBIIOWTIHEMEREL TV Lo
Tl ORHITH BA5, 1R & MRET RIS § 2 BB Sk
PREOMBOKEIZELTVL I LN S NG,

FERAFHEIER - BEIEIER - BESL - L b Eh o/
HEBH ORI, SREBIBOMBEZT T4 <, RIGE - TE
BITHIERER - MET L 2% E, HEHNS 7L
kA ZERE LRIV, NMEHETOZZLE VI LN
MR INTZAN, REBE ORI HBEO BT 2 BLE S
PETHY, NEEEETRIEDOR 7 ) —= v 7 L HiEf#3
AL GHEW AT ) Y OLEEIE U AT
HTOZBIE L, AEOEREICBI 5 EFAROBLE
VAR SN FEY b 9 70 O8BE 3, FEORRE
OBPHCB LT, FHHEERLI A FERREOEHI LS
W, ERAFHITOISICERB SN T EE[D) 10T L
7=
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Abstract

A survey of cardiologists, diabetologists, gynecologists and ophthalmologists practicing in Osaka on the
medical consultation behaviors of myotonic dystrophy patients

Tsuyoshi Matsumura, M.D.”, Takashi Kimura, M.D.”, Yosuke Kokunai, M.D.?,
Tomoya Kubota, M.D.”, Masanori P. Takahashi, M.D.” and Saburo Sakoda, M.D."¥
"Department of Neurology, National Hospital Organization Toneyama National Hospital

“Neurology, Department of Internal Medicine, Hyogo College of Medicine
“Department of Neurology, Osaka University Graduate School of Medicine

An anonymous postal survey of cardiologists, diabetologists, gynecologists, and ophthalmologists in Osaka
was performed to assess the medical care-seeking behaviors of and problems associated with the medical manage-
ment of patients with myotonic dystrophy (DM). The questionnaires were sent to 927 cardiologists, 357 diabetolo-
gists, 882 gynecologists, and 915 ophthalmologists. Of these, 172 cardiologists, 85 diabetologists, 220 gynecologists,
and 154 ophthalmologists responded. More than 30% of responders had provided care to DM patients, and ap-
proximately 10% had experience diagnosing DM patients. These facts suggest that DM patients receive medical
care from various specialists due to complications involving multiple systems and some of them visit other special-
ists prior to neurologists. Some patients were diagnosed after perinatal or perioperative difficulties. Therefore, it
seems important to improve the ability of physicians to identify DM patients. Because specialists with experience
diagnosing DM paid more attention to the characteristic features of DM, such as grip myotonia and hatchet face, a
simple screening test may be useful for detecting DM. Some responders pointed out the negative attitude of DM
patients toward medical care and the lack of neurologists for consultation as problems in the medical management
of DM patients. Cooperation among neurologists and other specialists and education of DM patients are important
to improve the medical management of DM patients.

(Clin Neurol 2011;51:677-682)
Key words: Myotonic dystrophy, medical consultation behavior, multidisciplinary management, anonymous question-

naire survey
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Myotonic Dystrophy: Therapeutic Approaches to RNA Toxicity

bR 2

% 1E #2V

Masayuki Nakamori*®, Masanori P. Takahashi”

Abstract

Myotonic dystrophy (DM) is the most common hereditary muscle disease in adults, caused by unstable
genomic expansions of simple sequence repeats. The mutant RNA transcripts containing the expanded
repeat give rise to a toxic gainoffunction by perturbing splicing factors in the nucleus, leading to the
misregulation of alternative pre-mRNA splicing. Although no curative treatment exists, recent advances
in research and pharmaceutical technology have provided clues for therapeutic intervention in DM.
Herein, we review the RNA-dominant mechanism of DM and potential therapeutic approaches for degrad-
ing or neutralizing the toxic RNA, restoring splicing factors, correcting splicing misregulation, and stabiliz-

ing the repeat.

Key words : myotonic dystrophy, splicing, MBNL!, CELF!, antisense

U &IC

FFEE Y A b o 7 4 — (myotonic dystrophy : DM)
&, BFEEHN1/8,000 AL, BATRVEEDEVERE
HHRETH Y, BRakEhEERR%E & 29, DM &
Hix, BRE (34 b=7) DETHOHHET - HE
MEOE D, REEE, RAMREES, AR, Now
WERERE, ZELLEEREET 5, F, DM O
PWREDO Y, BETF EOEERED RS H» SEE S
3, BERNATHE I LBbhoT &k, KBTI,
“RNA dominant disease” £ L T®H DM DiEfE L, Zh
WL TR SN T 2 RERIZ DWW TS 2,

I. BaEMIZANO7 14— (DM) DEkE

KFRO DM FEGI O KER S % 5 8 2 HsEE Y A b o

74— 18 (DM1) ¥, DMPK #&EFD 3 FERIERGER
(3’ untranslated region : 3 UTR) 2% % CTG3 titis
DELESIOREFRRENFER E ST w32 (Fig. 1), TF
HEOCTGVE—IRIZ5~37 TH B0t L, DML &
DR TIE 3,000~6,000 F THU T 33, —i
2, CTG YV E— MRIZEREHEBELTED, VEe— 8
ROWIEEHEVSEL L3, TORE CTG ) ©— b gt
REEs JMET 2MEfS5H D, DM1 ORHE» & 4
ENFTE, VE-FENS S HETU b HUT,
FRMEDML EMEN 2 BERIE 2B b B, k72
EA—BEOHBHE T E—  RIZELY, BAEET
HHEER D TRICEL, 35 IERE L b IcHE
BT B4,

DM1 [E)#, BEF L0 3 HEE D E LRSI AR E 12
K325 b7y 2 Y E—MEIZKE, Huntington &%
B EME, EEETHINERER S L H 39,
INSDEBTEWTIN b EAFFRERICH 2 CAG Y

1) RERFASFBER - RPIERR AR (T565-0871 ARAFRHETILEE 2-2) Department of Neurology, Osaka University
Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan
2) BF 2R —KEXAT 4 AN Y —HES Department of Neurology, University of Rochester Medical Center
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DM1

o BB

(CTG),
DM2
- e

(CCTG®),
Fig.1 DM OEREEF
HO box ixx27 V¥ (Ex) 277, M box IXIEFIRER,
DM1 Tk DMPK 85T 3 FERIR#EEIC CTG ) -1+ 0,
DM2 Tlx CNBP (ZNF9) #i5F4 >~ +u > 1 i CCTG
VE—bOREEBEEAD,

E— MHRELTCEYD, FABERTRY vy s v
EUABEAVERS L, EREIIEBEITEEISN
Tw3, Zhizstl DM1 TliX, CTG VY ¥ — M iZFERIER
HBWCH D, BEL DMPK EEHVWE U BRTIE RV, %
7o, BEHMBTDMPK BT LLETLTES T,
DMPK %5l FEHELRW/ v I 7T T TATH
DMIBDERIEHED H5NBBI L™, £
DM1 DEEMF IR TH -7, L L, DMPK Tik
BT F EETFO Y IERRERC 250CTG Y £~
FERHAANTE TV X (HSAXR) #8 DM R S 4
TR EOERERT ST LY, DML EEIL ER
ERTDM2OBEEMNDMPK i3 g-7 < B& 5
CNBP (ZNF9) #&fzF4 > a1 LD CCTG U E—
FOHETHB I L5 (Fig. 1), BETIZIDM i
DMPK % CNBP & o R EHBEROREE T34, #
£ L7 CUG, CCUG VY ¥—+ 2FDHEYE RNA »FE
OHLTHB LEZS>NTWS (RNA dominant dis-
ease) ¥,

II. DMERTSAIVTEE

DM1 BEAB BT, BEEHEL CTG 28>
7 VIVEFROEE DMPK mRNA b, IEE 7 Y VHED
DMPK mRNA LB ciEE s h %5, IE#H DMPK
mRNA B NEENEHCERENE—F, EF
DMPK mRNA T, HE L% CUG Y E¥— b+ (CUG™®)
MATEVEEZ LD, MRE~NGRES N TENT
RNA ##1E (ribonuclear foci) T3 (Fig. 2),
2 L THRNERS L CUGIC LY, &K CUG
Ee5l % & RNA ZHA T 28601 2K > MBNL (mus-

cleblind), CELF1 (CUGBP1) &\xo7 2 DOEHEEDN
BEEZITHED, IN5I13E B premRNA A 77 4
VU7 REET AEATHY, HFIFKBIHED SFERD
SEBEANORIRRA 754 & > 7EBREHFEG L T
%, MBNL i, ZDEW CUG BFI~DFEEHIMBFE L
T RNA BERIED L o h, DM R TIER I BEE

% MBNL 545183 %9 (Fig. 2), — 77, CELF1 iZ RNA
BEAELBEALZVHOO, U rEBLSMEES NEE
EL, ®AT CELF1 88 s 51, Z0#EE, DM1 T
1 MBNL + CELF1 W3 A 754 &> J4IHEFO 7
YNTUADEL, TELELmMRNADATIA v
TEE WEBATSIAYTT AV T 5 — A0
P& aND (Fig. 3),

DM2 T %, EHE WCHE L % CCUG % & & RNA
(CCUG) SN ERE L T MBNL 285 L, DM1 &
HEOATTA VY TBERE T, TORATITA Y
TEEX, HSAR <Y ADA% 5T MBNLL /v 27
7 b= AR CELFl @FIFEHE~ VA THHEHEIATY
B, 7z, INODRTAMNIF b7 RMEEEE R
BT 2263159 DM OEEZERE CUGH?
CCUG*™® & oz toxic RNA DS 72 67 premRNA
ATIGAV Y TRELLIZODEEZONTV S,

BREHH a4 FF v 32 (CLCNI) 3, B TO8
BRI EE 2 BB 2B LT3, DM T3 A
T4V THEBBORE LD, 7Y Ta b
ASNIHERIA T T4 > T EYHSEINT 27 20
AT T A v T EWD S RIER S H#EE® b D CLCN1 #8
FERENT, BWEET 2F v A NVEIEA T 57 D5
BEOREELEEY, 34 =7 25| IT. %7 DM
TlEA A VBB, VMR TOAT T4 Y
YIBRENREINTBY, ThENMBERREE, OfE
BEEQFRNE % 2 ATREMRRIBE T 51819, [
WWH VT YR, BANAEA NS T AR T,
Wo RO VYT AMEEEEES EHY, YA b
U744y, YAMaTVEY Lo AR EE L
ERD 0 HEVDATT A > T EEN DM B8P
O, MTRHEEN TS (Table), LHL%RMS, DM
THROEBELER L V2 2 ETEHIET - HEHEOR
Rz 2RA774  TREIEELTBST, 88
EFRATIA Y T REPEEGNCES L T 3R
bEZOND,

. DM BB \DRE

INEFTDM T, NaF v 3 VHEERZPLIC I A
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Table DM T&SHN S pre-mRNA A 7S4S FEE

#ETF EH

BIEET TNNT3 BREM I oR=>T
INSR 4R BEE
CLCN1 BRHEESF v 2V
MTMRI X FaTIY) VEEER
RYRI V7Y R EE
SERCA1  f/INigfk Cazr By 7

SERCA2  fi/MElk Car* R 7
LDB3 LIM domain #&&&EH

MBNLI Y ANT T4V PEREA
MBNLZ2 TV ANT T4V FRES

TTN ZAF

CAPNS3 AL

FHODI 74V EEER

GFPTI1 TNF IV e TNT h—RAR-6-1

Bro VAT EF—¥
NRAP A7V BEEH

PDLIM3  PDZ/LIM domain EH
MAPT ZvEH
DMD VA M7 4w

DTNA A ruTrEy

MEF2C Ml >N Y —REF
) TNNTZ2 DEHE e R=>T
MTMR1 $4Fa77) VEEEH
KCNAB1 BAEEEEA VY LF v I
LDB3 LIM domain f5&EH
TTN ZAF
PDLIMS3 PDZ/LIM domain &EH
DMD VA raT 4
DTNA YAraTreEy
it APP 7 oA FEIBREES

GRIN1 NMDA &4
MAPT 5 EH

b =7 BRI T AEREM TN T &, Lrl, R

A a7, B TETEOBIMET I & 2 R
FePLEEEEC L 2RRIER EOERE L 5, L
L%, RNA dominant disease & L CORREELEIA &
h, REREEEE UTAATRRY —7 Y S
oT& (Fig. 3, BEZNLFhOY—¥ v bickd
23 8FhT7TTu—FPERINTBY, UTZED
FHEE & RIS AN OTBEE I D W TS T %,

1. ToxicRNA (CUG™®) &4 —4'v NET DREE

HIRD 8D, DM TR LY E— M 2FO8EE
RNA ZREBORBE 2T, ZORE RNA OERE %
#flTENIE, DM OEREZS|ERITATSIA v v IR
HEMBHICKETES 20, BERKRNA 25—
T NEeTRRET Su—FRRbEFEN, ZE
LEATY S, ZOSF THESESIE L LETE LT,

TrFeyAAFYITX 7 vEF F (antisense oligonu-
cleotide : ASO) 7z ¥ DIKRREZRE & FWic Fknd 5, &%
BEZEIZS —7 v b &35 RNA KRN RES % &
BOEEL 2 WIEES»S LY, -4 v P RNA &
WETHIELTIERARRIET 5, IR T 2ER
DEF L FRAENEME ZOTA v ic L VRENE
72D, KREL 2HEVRHEEINS, 1 DIk RNA S fFRESE
(RNase H) ® RNATH%2FHL TS —% v b RNA
PEHESETIERERFOLO, 51285 —7 v b
RNA &HEEL, RNA 2 SEANDOERRRLEN»DEH &
DOFEEZIHTH2ERAERH LD TH %,

BIEDIERTRE RNA 253 Z L 2HNIZL T,
Puymirat 5D 7 V—71%, DMPK 3 UTR 2% —% v
h &9 % short hairpin RNA ® RNA-ASO #v huw
ANVARZ F—IZ X ) DMI B EFEM B A, £
DMPK mRNA % &K 80% A & ¥, HiFHldORl&E
HUEEE D I LK L2220, EiE 7 NV—71,
DMPK 3 UTR &% % cleavage site ¥ —7 v F & ¢
% hammerhead ribozyme @ DM1 fFEIIE~DEA
XV, B%¥ DMPK mRNA & RNA BEAREA T3 2
ERBELLE®, UL, 267 7u—FEmr~
VTRIEEENTHEST, S5V E—bOHELTWR
WIEEE DMPK mRNA V-~ b EEHZ R DIET S
%5, DMPK /v 779 b ATRBETIEH 20
FEEELECR2RT I NS, B DMPK EH{ETIC
L EELEEEING,

—77, BED ASO I & 2 2% RNA FREA - F A
LT, MBNL OEEEANDEEERFICT a—F bR
A BN T3, Wansink & @ 7 V— 7% 2-O-methyl-
phosphorothioate (CAG), ASO #%, DM #ifg€ 7T
RNA BEEEPRAI SR ERHE L9, /2 2-0-
methyl-phosphorothioate (CAG), ASO % HSA\W <=
ANBARANEES T 5 Z LT, BERTROBR & BEAk
D & 5T wiz MBNL1 OB, 61
THTREDE2DB Clenl B EDAT 74 v v T RENH
ETDBIEERLIZ, $72EIZRIEIC Thornton & D
I Nn—71%, (CAG),s morpholino ASO % HSA' =7
ANHARES L, EEEOFEA £ MBNL1 O#NES
i, 85K Clenl DAT 74 v 7% EHELL, 24 b
ST HWE TSI EEREL TWBE, F70 I il
Furling 5 ® 7 V—7"%, DM1 M CTIEH 2 4,
(CAG),s 2% U7-small nuclear RNA 28 A LT, &
EHOWA £ MBNL] OB, —HOA TSI 4 &
VIU/RERHET S IERRLLTWL S, BEIREN
L, Ths CUGYVE—+E2Y -5y bELT3FED
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ASO 3 8% DMPK mRNA 2 HE#ESET 28 izt w
bOD, MFIETIV-ET VYR EBIZCUGSP UL
ZERCET IR T3, SRRV £ 2R
2, CUG™ & MBNL L D& 2HHIT2 2wk
CUG®*® D#ZHM R e & h, HIfEE TD RNA decay
RN B AIREME R, BN TORMO RNA ZEME 2 4 =
ARLBREBEZoNTWE, wFhiZ LT, CUG™ %
=7 v bETBASOD, EBICEFNTYRATAS
TAYUTEWET B L EAEESEWTHD, DM D
WEREELTAETCHED SN, FELB-Tw3, v
A THHE % R L 72 2-O-methyl-phosphorothioate
(CAG);, (CAG),s morpholino 13, & & KRN AGRIC
BAT D70, BERELETHROUBESHEZMZ Tw2
2, I3t P OB E L, T, BIRE EEN
9% ASO O£ E5#5 H Duchenmne BIff P X b w7 4 —
TIHEIZLL T %335, DM T3 Duchenne Y R b o
74— E EMEULEL Bz, HAAND ASO 0
THESHEE R D, 515, vV ANDOHARKRE T
F% DMPK mRNA IR 7% RNA VL DA H
B oM, £FDO L rbRE®EE L2 5 L, ASO
LT wvEvbhTo 38K T, DMPK 4T
CUG 2% z%> RNA OIEFEN L FKEBET (£ 75 —
Zy MEhR) RHEE, FHYABEEE PR &k AR
HEHEEIN D,

—7%,ASO % iz, CUG™® £ MBNL O&& %55
ST 7u—FbFEIHNTWS, THE T, Hoech
st 33258 FHEMK E H F~ 4 ¥ UFHMEK, B XU triami-
notriazine-acridine &M & W o TABSF FLEW D,
BREMN T CUG™ & MBNL & O#E& 24132 2 & »
FEINTWEE3, ULhrl, Zhs{b&PotikEo
LZEMIITT, I triaminotriazine-acridine & 1A
KOWTHEHD L DEEYPROBEEFOL®, BEG
RARWEEEZ oD, £ARKD, Berglund 507
V=T, BBCERIR CHER SN Tw 2 EH 25 26 D1k
EMERAI V==L, RUFIIVEFIFTTA VY
B & CUG**-MBNL #E&MHEITEARS D2 2 L 2 RHEL
7238, 3BV F YU DML E T TERESE
MG L, HSAR w7 ANEERNZE T2 2 L TA
TIAY T RERRET LI ERREL Tnb, =
FEY N, AV R EDEETELAVRSATL
LEFITHY, DM ~DOEFHIESFFT B8, TN
TUANGE MEERSRED 0 EEEBRELTL RSB,
Clenl A7 74 v > 7 %IEBAL 34 F =7 2k
BIEEDRRIT RS, ELERERS LB LAS
NTH 3, SRIEPOEFLELLEYORER, CUGH ~
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DIREERE, EHBTOREME S 5 ED L HEEDRF
BRIz 5,

2. ATSAVVIHHRFAY T vNETDARE
b

DM1 Tk CUG*** 12 & 3 MBNL O#:#8 & CELF1 ®
EIME WS 2200 F54 ¥ JEHHARTFORE RS S
b, INSOREREHNIZ, RA754 vy JHHER
BTy T BT Fu—FHE L ONTW S,
CLCNI QAT 743> 7 MBNLIC X D&lifla T
VB HSAR 7 AT H(CUG) & RNA S
i MBNL #3858 L, DM [@#k Clenl DA TS 54 > 7
BELIA =T RET A, Swanson 5D 7 N—7
&, ZOHSAR ST RAWRT T/ HETANARY & —
%M\ T MBNL] Z@8FIFR S 2 &, Clenl 2754
VUTREEIAMTHHETEIEET LR,
DM T%, RNABEEKIEREL, BN THBLTWw?
MBNL1 248 H» 67 A VAR ¥ =12 X DTS 2
Z&T, MBNLIKEREDA 7S5 4 v 72 FEELs 8
BZHEPREIN TS, ZOHFEOMESR, HAT
BENCREETEDLLIIRTANARI ¥ -V AT AD
HWRPLBUHETHLIER,DMI THLNEHS 1D
DAT 74 v v 7HIBIRT CELF1 O 8% &, RNA 5
HICEET 250 MBNL 7 7 £ Y —ZEH, MBNL2 iz
DVTRHEETEL VI ENEF SN 3, EK, MBNLL
ZRFIFEH IV HSAR vV AT, 34 =7 lRH%
EBETH00, HHEBO I A F AL ITSES A
STV,

¥7:, MBNL Eix&% D, CUG IZEHEL 2 v
CELF1»°DM1 THEINT 28FIIE>E D tbhoT
Wb, Cooper 5D 7 N— 7%, CUGS 237z A &0
A %) = X T protein kinase C(PKC) &AL L, PKC
2 CELF1 % Y Yk U T CELF1 B O30 % {81
T ERIHE LI, I — 7oE8 L7z 960 D CUG
VE— 2 URBRRCHEERT 2~ Y A TH, PKC OEE
{t, CELF1 DY v Et8 X U CELF1 Q#I»NES &
N,DM1 THSNBATT 4 ¥ v FELRIMEEREE
HHNBMO, E 517, ZOEFN YR PKC [HER
2®59 %L, CELF12METL, CELFlKEREDR S
TAY Y TRELVGEBESWET L I LSRR A
T %%, PKC FEEZE L LA LT T VB TR i
EBTDLEVIHELHYS, LEEZEHTIZLOH
5 DM IC &> TIHHAR RT3, L, DM Ta L1
BLEEOEFECOVTRIEETEVES S B, -
PRKCHEEDE P ORI RIZTTEELFRHETH B,
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51z, DM2 Tk CELF1 v _ i@ 3 L L s 5
¥, F7 CELFIIKBFEHDR T 54 v > 7BENEMD
HERBETVCHIHBRENCED SNE Z L 59,
DM B} % CELF1 OEHICDWTRE, $—Eiflls
WEIMRLETH 5,

3. pre-mRNAR TS AV VI %S—TvRETD
AEE

ASO I2iE, premRNA FIZdH 2R T7T4 v > 7 HE
IS L, mRNADA TS A v > 7 %2HElT 51E
Hbdz, ZhEFAL, BRCORPBEZDRTS
AV TRERPEBERET A7 Tu—-FhEALNLTW
%, Thornton D7 NV— 71k, HSAY™W = XX Clenl
I 7Y ¥ 7a ® 5 prime splice site & 3 prime splice site
%% —4 v b & L7 morpholino ASO ZHAMNEESL
TV > Ta%AFy 78Y, EHD»SREHBE AR
oAy 7 ERIERL, EREAYTF v A OFERE
BEIF =T OBEEERLI, 20X EFDR
TG4V TRERY =Ty P E LT ASO K X BRE
LEMTH LY, BiRLIzEBY, @8RS5 TOHET
HOMERD Y, RS TEIEIET HERDO Y —
Ty P ERDBATITA Y TREPHIAL TRV ED
FETH 5,

4., VE—RNAREEET—5 v NETDAREE
DM1 CHELTWSE CTG Y E— M RIEI—ETREZ
, FisL bR L, EROETEET 2, #3F
U E— b OFRLEMEICIE, DNA OSSR »E
hoTwdEENTELD, IHE, CTG Y E— OiE
B IZBKEEEL WL IENHELLE LS
23, T kX DMPK OEEPEHRZHEBTY
E—FEVBEVWILIZLEEL, BEE mRNA NDEKE
M toxic RNA OELERF T TEL, VJE—FDOHEEEL W
SHTHEHELRIZL TS Z L 2EKT 2, —HE
Oy —7 v bELTERESAME LR CTG Y E— b
DOTLEMTH B, FHBO L 3 RIRERSHEHRIG AT
BEEZD, Lolt ADMIERDOHER AL ELTH,
ELBKT ) ¥— b E2RE TN toxic RNA D&
D2, WWEMROBE R DENEBENND B,
B NoRECTG Y E— M 2FET S eREsN
TwabEIE, DNA 8- BERE I LIcEE 2 &
ZL, BEELEO ORI SICEAE» RV, ) E— b
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% DM1 O#ETIHEIZ T T, E»rD LY Ty Y
E—MRENCHT2 L LARETH Y, BlEfisiek

DECIREEOBEREIE NS,
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B2 CRERERESRASN TS, LML, DM T
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