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Herein, we describe an efficient strategy for the total synthesis of
(+ )-negamycin using commercially available achiral N-Boc-2-
aminoacetaldehyde as starting material with 42% overall yield
for a limited number of steps.

( +)-Negamycin (1, Scheme 1), an unusual antibiotic contain-
ing a hydrazine peptide bond was isolated for the first time by
Umezawa er al. in 1970 from culture filtrates of three strains
related to Streptomyces purperfuscus. This natural product
exhibits very low acute toxicity and strong inhibitory activity
against multiple drug-resistant enteric Gram-negative bacteria
including Pseudomonas aerginosa.' (+)-1's anti-microbial ac-
tivity is derived from a genetic miscoding on bacterial riboso-
mal systems, and thereby leading to a specific inhibition of
protein biosynthesis.” Because this miscoding causes read-
through of termination signals, considerable attention is fo-
cused on (+ )-1 as a potential therapeutic agent against genetic
diseases, Indeed, the aminoglycoside antibiotic gentamicin and
the less toxic negamycin both restore dystrophin expression in
skeletal and cardiac muscles of mdx mice, an animal model of
Duchenne muscular dystrophy (DMD) with a nonsense muta-
tion in the dystrophin gene.® Therefore, an efficient shortened
synthetic route of (+)-1 and its derivatives appears significant
to develop promising new therapeutic candidates for DMD
and other discases caused by nonsense mutations. The first
total synthesis of (+ )-1 from p-galacturonic acid was reported
in 1972 and confirmed the assigned structure of the natural
product.* Over three decades, numerous total syntheses have
been reported on both racemic and optically active ( +)-1 but
with moderate overall yield.*

Our fast and efficient route consists first on an asymmetric
allylboration of N-Boc-glycinal 5 using the established
Brown’s procedure for preparation of chiral allylic alcohols®
that led to a corresponding chiral intermediate (Scheme 1).
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This resulting chiral amino alcohol was directly engaged
without further purification to form the target oxazolidine 4
by treatment with 2,2-dimethoxypropane (DMP) in the pre-
sence of boron trifluoride diethyl ether complex (BFy-Et;0) in
acetone. As a result, 4 was generated in high vield after
purification by silica gel column chromatography (90%). To
prepare the key intermediate 3, a cross-metathesis (CM)
reaction between 4 and rert-butyl acrylate 6 was investigated.
Although the efficiency of ruthenium-based catalysts for ring-
opening metathesis polymerization (ROMP) and ring-closing
metathesis (RCM) is now well established, most alkene CM
variants have fewer successful applications because of the
multiple possible side reactions that cause relatively low
synthetic yields.” Because our substrates are categorized as
rapid and slow homodimerizable compounds according to
Grubbs et al.’s empirical model for predicting the outcome
of CM reactions,” we screened different reaction conditions to
avoid forming unwanted dimers and selectively provide the
target compound 3 by varying catalysts (Grubbs first [Ru-I]
and second-generation [Ru-II] catalysts), amount of reactant
(1 or 5 equiv. of 6), duration of reaction as well as heating
method (conventional or microwave-assisted heating).

As detailed in the ESI,t the conversion and chemoselectivity
enhancements are definitely more pronounced for [Rul-Il than
[Ru}-1. Furthermore, we observed that microwave irradiation
drastically shortened the CM reaction time by 20-fold. As it
pertains to microwave-assisted synthesis, this acceleration is
commonly attributed to the very high local temperatures and
the ease to which microwave irradiation reaches such condi-
tions but the scientific community is still divided in opinion on
the involvement of a specific non-thermal effect induced by the
dielectric heating produced using microwaves.” Interestingly,
although our observations provide a new example for the
thermal effect, the involvement of such “specific effect” is
neither confirmed nor disproved in these reaction conditions.
Bargiggia et al. arrived to similar conclusions while studying
CM reactions'® and Garbaccia ef al. have described similar
observations for RCM reactions in 2003."" As a result, the
desired product 3 was isolated with 83% vield. NOE experi-
ments revealed that the stereochemistry of the olefin moiety in
3 was an E configuration (Jyinylic protons = 15.7 Hz). Thus, the
desired chiral intermediate 3 was obtained with 75% yield
after two steps from achiral N-Boc-glycinal 5.

With intermediate 3 in hand, our focus shifted toward the
asymmetric Michael addition reaction. Recently, Node et al.

This journal is «: The Royal Society of Chemistry 2008

Chem. Commun,, 2008, 2379-2381 | 2379




= ":"”,P' 7
o
H - X o ~ Ohe OMe
Y- LI G . =
5 k- OtBu L, THE, 0% BocN‘-/\/L‘-)L‘oﬂ
d\f,a 3 8 u
o 5 Sos. Gl
rd P
0 UNH O e 1003 0% o (B0, THE, 9% ;}—q NH; O i X
BogN WN\/\)\/LKWL; Boc™ OtBu
2 "
:t)o‘ \\ AM HC
. EDC #HCI, HOBY, ™
= ELN, CH.CL 08% ™ \_J—QBDC'NH o | o daxane, 98% OH NH0 | ©
(+41

13

Scheme 1 Total synthesis of { + )-negamycin.

reported a highly stereoselective asymmetric Michael addition
toward rer¢-butyl o,B-unsaturated carbonyl compounds using
chiral amine 7.'* This approach, when applied to the o,f-
unsaturated fert-butyl ester 3, allowed the introduction of the
amine moiety with an excellent enantiomeric excess.'”> The
chiral reagent 7 was prepared from the corresponding keto-
pinic acid'? and reacted with 3 in the presence of n-BuLi in
THF at —78 °C to afford compound 8 as a single diastereomer
(de >99%) in 80% yield after purification. Removal of both
benzyl and 2-methoxybornyl protecting groups located on the
same amine moiety could be achieved efficiently using 4 equiv.
of N-iodosuccinimide (NIS) in dichloromethane to obtain free
amino compound 9 in 81% yield. This deprotection proceeded
by oxidation with NIS to imine and subsequent spontaneous
hydrolysis to afford rerr-butyl esters of B-amino acids and 2-
methoxy-p-bornylaldehyde.'? No epimerization was observed
during this reaction. Furthermore, one of the advantages of
the protocol is that the initial chiral inducer 7 can be easily
regenerated from 2-methoxy-p-bornaldehyde, generated dur-
ing the cleavage by reductive amination, using benzylamine in
the presence of sodium cyanoborohydride (data not shown).
The last part of the synthesis of (+ )-1 consisted of introdu-
cing a hydrazine unit, prior to a final deprotection. A Boc-
protection of 9 using standard procedures was first quantita-
tively performed to afford N-protected teri-butyl ester 11, that
was then efficiently converted to acid 2 by a microwave-
assisted saponification with 2M KOH in MeOH, and coupling
with hydrazine unit 12 was then performed using the classical
EDC-HCI-HOBt method. The synthesis of hydrazine 12 was
achieved by reacting N-methyl hydrazine with rert-butyl bro-
moacetate with 40% yield after purification. Deprotection of
compound 13 and purification by ion exchange chromatogra-
phy on Amberlite CG50 (NHs" form) afforded the target
compound (+)-1 in 98% yield, [a]p>*? +2.4° (c 0.36, H;0),
lit. [2]p®® + 2.5° (¢ 2.00, H,0). The final compound was fully
characterized and compared with the published data for the
natural product to confirm the success of this new total
synthesis of (+)-1 (eg. '"H NMR data for natural and
synthesized (+)-1, available in ESIt). Furthermore, the in
vivo read-through activity of termination codons during pro-
tein biosynthesis® of the synthesized (+)-1 in mice was very
similar to that of the native (+)-1 (data not shown). Further

derivatization of the 1 structure using the above synthetic
methodology will contribute to a better understanding of the
structure-activity relationship of 1 and the development of
more potent compounds with efficient read-through activity.
Studies in this regard are currently in progress and details
pertaining to the biological activity will soon be published
elsewhere.

In conclusion, the proposed synthetic route for the total
synthesis of optically active (+)-negamycin starting from
N-Boc-glycinal §, led to the desired product with a total yield
of 42% over only eight steps. To our knowledge, this study
represents the most efficient strategy to prepare (+ )-1. Current
efforts with this new synthetic approach are now expanding
into medicinal chemistry to discover new drug candidates with
potent read-through activity for Duchenne muscular dystro-
phy. The chemical biology of negamycin is also now being
investigated to better understand its read-through mechanism.
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The Expression of Myogenin, but Not of MyoD,
is Temperature-Sensitive in Mouse
Skeletal Muscle Cells

Ai Shima and Ryoichi Matsuda*

Graduate School of Arts and Sciences, The University of Tokyo,
Meguro-ku, Tokyo 153-8902, Japan

Homothermal animals need to keep their body temperature within a narrow range. Only a few
degrees Celsius change in temperature has a dynamic influence on many physiclogical processes.
To investigate the effect of the body temperature on muscle cell differentiation, we cultured the
mouse myoblast cell lines C2C12 and Sol8 at lower temperatures than mouse body temperature.
At 38°C, the cells fused into multinucleated myotubes within 4 days after the induction of differen-
tiation. However, myotube formation was blocked at 30°C, whereas it was delayed but relatively
normal at 35°C. The myoblasts expressed MyoD, but not myogenin, at 30°C. Id3, which acts as a
negative regulator of myogenic regulatory factors (MRFs), was expressed at a higher level at 30°C
than at 38°C, whereas the expression level of E2A, which acts as a positive regulator of MRF
expression, exhibited no difference between these temperatures. We also found that the expression
of muscle-enriched microRNAs decreased at 30°C. In addition, we investigated the expressions of
MyoD and myogenin during mouse satellite-cell activation in single-fiber culture as an in-vivo
model, and found that the expression of myogenin, but not of MyoD, was inhibited. These results
suggest that skeletal muscle formation can be regulated by temperature, and that the physiological
body temperature plays a crucial role in the myogenesis of homothermal animals.

Key words: myogenesis, MyoD, myogenin, temperature, differentiation, skeletal muscle, transcriptional
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INTRODUCTION

The emergence of homothermal animals is one of the
most significant events in vertebrate evolution (Colbert,
1980). Homothermal animals are able to keep their body
temperatures constant in spite of variation in environmental
temperatures. Body temperature has recently been shown
to play an important role in various physiological processes
in mammals, including insulin secretion (Togashi et al.,
2006) and hippocampal neural activity (Shibasaki et al.,
2007). However, the effect of body temperature on cell
differentiation has not yet been sufficiently elucidated. We
investigated the effect of temperature on myogenic differen-
tiation, of which the molecular cascade is relatively well
understood compared with other cell types.

The myogenic regulatory factors (MRFs) MyoD, myt-5,
myogenin, and MRF4 are a family of basic helix-loop-helix
(bHLH) transcriptional factors responsible for the induction
and maintenance of muscle differentiation (Berkes and
Tapscott, 2005). MyoD and myf-5 are required for the initial
determination of a myogenic lineage, whereas myogenin
and MRF4 are responsible for the commitment to myogen-
esis. MyoD or myf-5 single-knockout mice show no morpho-

* Comresponding author. Phone: +81-3-5454-6637;
Fax : +B81-3-5454-4306;
E-mall: cmatsuda @ mail.ecc.u-tokyo.ac.jp
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logical abnormalities in the skeletal muscles (Braun et al.,
1992; Rudnicki et al., 1992), but MyoD/myf-5 double-
knockout mice fail to generate myoblasts (Rudnicki et al.,
1893). That is, MyoD and myf-5 have overlapping, or redun-
dant, functions (Braun and Amold, 1994). In myogenin-
knockout mice, myoblasts are formed in the comect place
but do not fuse into mature myofibers (Hasty et al., 1993;
Nabeshima et al., 1993).

The expressions of MRFs are regulated by various
chemical environmental factors, such as growth factors and
extracellular matrices. For instance, IGF-| induces the eleva-
tion of myogenin expression and stimulates myogenic
differentiation (Florini et al., 1996). The inhibition of collagen
synthesis prevents muscle cell differentiation (de la Haba
and Bricker, 1981) by blocking the expression of MyoD and
myogenin (Saitoh et al., 1992). In addition, some physical
environmental factors, such as mechanical and electrical
stimulation, were shown to influence skeletal muscle growth
and/or differentiation in vivo (Goldspink et al., 1991) and in
vitro (Vandenburgh et al, 1991). Heat stress was also
shown to induce muscular hypertrophy due to an increase
in heat-shock protein (HSP) 72 (Uehara et al., 2004).

In this study, we cultured mouse myoblast cell line
C2C12, which is a well-established model for studying myo-
genesis in vitro, at lower temperature than the mouse body
temperature (38°C). We report here that mouse myoblast
cells cultured at 30°C did not undergo terminal differentiation
due to the inhibition of myogenin expression.
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MATERIALS AND METHODS

Cell culture

A C2C12 cell line (Blau et al., 1983), a subclone of the C2 call
line isolated from the thigh muscle of an adult C3H mouse (Yaffe
and Saxel, 1977), was kindly provided by Dr. Yoichi Nabeshima
(Kyoto University, Kyoto, Japan). A Sol8 cell line (Daubas et al,,
1988) was kindly provided by Dr. Muthu Periasamy (Ohlo State
University, OH, USA). The cells were grown in DMEM (high-
glucose) (Invitrogen, Carlsbad, CA, USA) containing 20% FBS
(SAFC Biosciences, Lenexa, KS, USA), 50 U/mi penicillin, and 50
mg/ml streptomycin in plastic dishes (AGC Techno Glass, Chiba,
Japan) coated with 1% bovine skin gelatin (Sigma-Aldrich, St
Louis, MO, USA) at 38°C In 5% COs. At a point near confluence,
the medium was replaced with MEM (Invitrogen) containing 10%
horse serum (Invitrogen), 50 U/ml penicillin, and 50 mg/ml strepto-
mycin to induce differentiation, and the cells were then cultured at
30°C, 35°C, or 38°C in 5% CO; for 4 days (C2C12 cells) or 3 days
(Sol8 cells). The medium was changed every other day.

Single-fiber culture
Single muscie fibers were prepared as described

(Nagata et al., 2006). Briefly, the extensor digitorum longus (EDL)
muscles were removed from adult C3H/HeNJc1 mice (CLEA Japan,
Tokyo, Japan) by excising the tendons, and treated with 0.1%
collagenase Type | (Sigma-Aldrich) in DMEM at 38°C for 2 h. Single
fibers were liberated from the EDL muscles by gentle pipetting and
cultured In DMEM (high-glucose) containing 20% FBS, 50 U/ml
penicillin and 50 mg/ml streptomycin. Experimental fibers were
cultured at 38°C for 24 h and then at 30°C for 2 days, while the
control fibers were cultured at 38°C for 3 days. Animal experimen-
tation was carrled out according to the guidelines of the animal
committee of The University of Tokyo.

Immunofiuorescence

Cells or mouse muscle fibers were fixed with 10% formalin in
PBS for 20 min at room temperature, followed by treatment with
100% methanol for 15 min at room temperature. Non-specific
protein binding was blocked by incubation with 10% HS, 3% BSA
In PBS. The samples were incubated with primary antibodies
[mouse anti-myosin heavy chain, MF20 (1:2; Developmental
Studies Hybridoma Bank, lowa City, LA, USA); mouse anti-MyoD
(1:50; Dako Cytomation, Glostrup, Denmark); rabbit anti-MyoD
(1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA); mouse
anti-myogenin, FSD (1:1; a gift from Dr. Woodring E. Wright of the
University of Texas, Southwestem Medical Center, TX, USA); and
rabbit ant-E2A.E12 (1:50; Santa Cruz Biotechnology)] for 1 h at
room temperature, followed by Alexa Fluor dye-conjugated secondary
antibodies (1:400; Invitrogen) for 1 h at room temperature. The
antibodies were diluted with 3% BSA in PBS. The cell nuclel were
stained with Hoechst 33258 (Sigma-Aldrich). The samples were
observed by using a fluorescence microscope (Axioplan, Carl Zelss,
Oberkochen, Germany), and images were taken with a digital
camera system (VB-7000, Keyence, Osaka, Japan).

mRANA isolation and RT-PCR

Four days after the induction of differentiation (day 4), total
RNA was Isolated from the C2C12 cells using RNAZol B reagent
(Tel-Test, Friendswood, TX, USA) in accordance with the manufac-
turer's protocol. Reverse transcription of the isclated mANA and
amplification of cDNA were performed with 100 ng RANA by using
the SuperScript Il One-Step RT-PCR System with Platinum Taq
DNA Polymerase (Invitrogen). PCR conditions were 94°C for 15 s,
60°C for 30 s, and 55°C for 45 s for 23 cycles (Ids, E2A) or 25
cycles (MyoD, myogenin). Primer sequences for MyoD, myogenin,
E2A, Id1, Id2, 143, and B-actin were as follows: MyoD (Shi et al.,
2005), 5-AGG CTC TGC TGC GCG ACC-3' and 5-TGC AGT CGA

TCT CTC AAA GCA CC-3'; myogenin (Kadota et al., 2000), 5'-GAG
CTG TAT GAG ACA TCC CC-3' and 5-GTA AGG GAG TGC AGA
TTG TG-3% E2A (Sun et al., 2007), 5-TAC CCC TCC GCC AAG
ACC-3' and 5-TTG GGG GAT AAG GCA CTG-3; Id1 (Sakuma et
al., 2005), 5'-GTC CTG CTC TAC GAC ATG AAC G-3' and 5'-GAT
CAA ACC CTC TAC CCA CTG G-3'; Id2 (Salka et al,, 2006), 5'-
AAA ACA GCC TGT CGG ACC AC-3' and 5-CTG GGC ACC AGT
TCC TTG AG-3'; Id3 (Riechmann et al., 1994), 5'-AAG GCG CTG
AGC CCG GTG C-3' and 5-TCG GGA GGT GCC AGG ACG-3'; j-
actin (Riechmann et al., 1994; Shi et al., 2005}, 5'-TGG AAT CCT
GTG GCA TCC ATG AAA C-3' and 5-TAA AAC GCA GCT CAG
TAA CAG TCC G-3' (349 bp), or 5-AGA CGG GGT CAC CCA CAC
TGT GCC CAT CTA-3' and 5-CTA GAA GCA CTT GCG GTG CAC
GAT GGA AGG G-3' (661 bp). PCR products were resolved by
electrophoresis on 2% agarose gels and stained with 1 yM SYTO60
Red Fluorescent Nucleic Acid Stain (Invitrogen) for 20 min. The
band intensity was measured by using the Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and
normalized to the B-actin band Intensity at each temparature,

MicroRNA isolation and RT-PCR

Small ANAs wera isolated from the C2C12 cells on day 4 by
using a mirVana miRNA |solation Kit (Ambion, Austin, TX, USA) in
accordance with the manufacturer’s protocol. Reverse transcription
of the isolated small ANAs and amplification of cDNA were
performed with 10 ng RNA by using a mirVana gRT-PCR miRANA
Detection Kit (Ambion) and miVana qRT-PCR Primer Sets
{Ambion). The primers for microRNA(mIR)-1, miR-133a, miR-181a,
miR-206, and 58 rANA were hsa-miR-1, hsa-miR-133a, hsa-miR-
181a, hsa-miR-206, and 5s, respectively. PCR was performed for
20 cycles. The PCR products were resolved by electrophoresis on
3.5% agarose gels and stained with 1 uM SYTOB0 dye for 20 min.
The band intensity was normalized to the 58 rRNA band intensity
at each temperature.

Statistical analysis

The cell nuclei expressing MyoD or myogenin in the C2C12
cells or SolB cells were counted in more than three differant views
for each sample, and the ratio of MyoD- or myogenin-pasitive nuclel
to total nuclel (more than 150 nuclei per view) was calculated. For
the single-fiber culture analysis, the satellite cells of 51 myofibers
(38°C) or 31 myofibers (30°C) were counled and the ratios of
myogenin-positive satellite cells to MyoD-positive satellite cells per
myofiber were calculated. The ratios are expressed as mean per-
centages (%) £SD. The t-test was used to evaluate the significance
of differences between ratios.

RESULTS

Myotube formation in C2C12 myoblasts is retarded at
35°C and blocked at 30°C

To investigate the effect of low culture temperature on
the differentiation of mouse myoblasts, C2C12 cells were
grown in 20% FBS/DMEM at 38°C and differentiated in 10%
horse serum/MEM at 35°C or at 30°C. As a control, C2C12
cells were differentiated at 38°C. The C2C12 myoblasts in
the control cultures fused into multinucleated myotubes
within 4 days after the induction of differentiation (day 4),
whereas the myoblasts cultured at 35°C formed myotubes
on day 5. Myotube formation was delayed for a day at 35°C,
but the myotubes showed no significant changes in appear-
ance. At 30°C, however, no myotubes were observed even
when the myoblasts were cultured in differentiation medium
for 10 days. When the myoblasts were retumed to 38°C
after being cultured at 30°C for 4 days, they formed
myotubes again within 4 days. That is, the myogenic
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differentiation of the C2C12 cells was reversibly blocked at
30°C.

To examine muscle-specific protein synthesis in the
C2C12 cells cultured at 30°C, the cells were stained on day
4 with monoclonal antibody against sarcomeric myosin
heavy chain (MyHC), MF20 (Bader et al., 1982). Immunof-
luorescence staining revealed that the myoblasts did not
express MyHC at all at 30°C, whereas many large multinu-
cleated myotubes were formed and expressed MyHC at
38°C (Fig. 1).

To determine whether apoptosis was induced by the
change in temperature from 38°C to 30°C, we performed a
TUNEL assay using C2C12 cells 6 h, 12 h, 24 h or 4 days
after the induction of differentiation. No significant apoptosis
occurred at any time point of the analysis (data not shown).

C2C12 cells express MyoD, but not myogenin, at 30°C

C2C12 cells were fixed on day 4 and immunostained for
MyoD, which is required for myogenic determination, and
myogenin, which mediates terminal differentiation. The
C2C12 cells in the control cultures expressed both MyoD
and myogenin. However, myogenin expression at 30°C was
significantly decreased compared with the expression at
38°C, while there was no significant difference in MyoD
expression between the two conditions (Fig. 2). The nuclei
appeared to be spread out and fiattened at 30°C, for a
reason not yet elucidated.

phase contrast

B, - 1 A"
Fig. 1. MyHC exprassion in C2C12 calls cultured at 30°C or at 38°C. The cells were cultured in differentiation medium at 30°C or at 38°C for
4 days and immunostained with MF20, an anti-MyHC antibody. Many large multinucleated myotubes expressing MyHC were formed at 38°C.
The myoblasts did not express MyHC, and myoblast fusion was blocked, at 30°C, suggesting that myogenic differentiation was Inhibited at
30°C. Scale bar, 200 um.

Sol8 cells also do not express myogenin at 30°C

To demonstrate that the inhibition of myogenesis at
30°C occurred not only in the C2C12 cell line but also
occurs in mouse skeletal muscle cells generally, we also
cultured Sol8 cells, which were derived from primary
cultures of the soleus muscle isolated from a C3H mouse
(Daubas et al., 1988). Sol8 cells were grown in 20% FBS/
DMEM at 38°C and differentiated in 10% horse serum/MEM
at 30°C or at 38°C in the same way as the C2C12 cells. The
Sol8 cells fused into multinucleated myotubes within 3 days
after the induction of differentiation, which was earlier than
the C2C12 cells. Sol8 cells were fixed on day 3 and immu-
nostained for MyoD and myogenin. The Sol8 cells cultured
at 30°C showed the same immunostaining pattems as the
C2C12 cells cultured at 30°C; that is, they expressed MyoD,
but not myogenin (Fig. 3).

Myogenin expression is inhibited at the transcriptional
level at 30°C

To determine whether myogenin expression was inhib-
ited at the transcriptional level at 30°C, total RNA was
isolated on day 4 from C2C12 cells cultured at 30°C or at
38°C, and RT-PCR for MyoD and myogenin was performed.
The myogenin band intensity at 30°C was less than 15% of
that at 38°C (Fig. 4), which showed that the inhibition of
myogenin expression in C2C12 cells cultured at 30°C
occurred at the transcriptional level.

MyHC
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Fig. 2. Immunofiuorescence analysis of MyoD and myogenin in
C2C12 cells cultured at 30°C or at 38°C. (A) Cells were fixed on day
4 and immunostained with anti-MyoD and anti-myogenin antibodies,
and also stained with Hoechst 33258, Scale bar, 50 um. (B) Ratios
of MyoD- or myogenin-positive nuclei to total nuclel are given as
mean percentages+SD. Myogenin expression was significantly
lower at 30°C than at 38°C (**p<0.01, t-test), whereas there was no
significant difference in MyoD expression.

The E2A expression level does not change at 30°C

We investigated the expression of other transcriptional
factors that interact with MRFs as positive or negative
regulators, because it was quite possible that MyoD did not
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Fig. 3. Expression of MyoD and myogenin in Sol8 cells cultured at
30°C or at 38°C. (A) Cells were fixed on day 3 and immunostained
with anti-MyoD and anti-myogenin antibodies, and also stained with
Hoechst 33258. Scale bar, 50 um. (B) Ratios of MyoD- or myogenin-
positive nuclei to total nuclei are given as mean percentagestSD.
There was a significant difference in myogenin expression between
the cells cultured at 38°C and those cultured at 30°C (*"p<0.01; t-{est),
but not in MyoD expression, as was observed in C2C12 cells (Fig. 2).

function as a transcriptional activator at 30°C. First, we
examined the expression of the E2A gene product, which
includes E12 and E47 as splice variants (Sun and Baltimore,
1991). E2A is a ubiquitous basic helix-loop-helix (bHLH)
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38°C 30°C

myogenin

MyoD

B-actin

Fig. 4. RT-PCR of MyoD and myogenin in C2C12 cells. Total RNA
was isolated from C2C12 celis cuttured at 30°C or at 38°C on day 4.
The gel was stained with SYTO60 dye and scannad with an infrared
Imaging system. The expression lavel of f-actin mRNA, which was
almost the same in the cells cultured at 30°C and at 38°C, was used
as a positive control. At 30°C, myogenin mRNA expression was
extremely low, whereas MyoD mRNA was strongly expressed.

day0 day4

38°C. 30°C

B
day0

Hoechst
33258

protein forming a heterodimer with MRFs. The MRF/E2A
heterodimer binds to a consensus DNA sequence
(CANNTG) called an E-box, which is present in promoters
or enhancers of muscle-specific genes (Lassar et al., 1989)
and activates the transcription of its target genes. We exam-
ined by RT-PCR E2A expression in the C2C12 cells cultured
at 30°C for 4 days. As controls, cells which were cultured in
the growth medium and in which differentiation was not
induced (day 0) and cells differentiated at 38°C for 4 days
were examined. As shown in Fig. 5A, E2A mRNA expres-
sion was low in all samples. The level was the same in
myoblasts at day 0 and myotubes differentiated at 38°C,
which coincided with the results of a previous study (Sun et
al., 2007). Additionally, that previous study showed that the
E2A protein level was regulated post-translationally and that
its localization changed from the nuclei to both the nuclei
and the cytoplasm in C2C12 cells as differentiation
progressed from myoblasts to myotubes (Sun et al., 2007).
Therefore, we also performed an immunofluorescence

day4

30°C

Fig. 5. E2A exprassion in C2C12 cells. (A) Total ANA was isolated from cells before the induction of differentiation (day 0) and from cells cul-
tured for 4 days at 30°C or at 38°C, and AT-PCR was performed. E2A mRNA expression was low in all samples, and its level remained
unchanged before and after the induction of differentiation. (B) Cells were fixed on day 0 or day 4 and immunostained with anti-E2A antibody, and
also stained with Hoechst 33258. E2A proteins were expressed In the nuclel of the myoblasts on day 0 and in both the nuclel and the cytoplasm of
the cells differentiated at 38°C. In the cells cultured at 30°C, E2A proteins were also expressed and localized in the nuclei. Scale bar, 50 um.
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analysis to investigate E2A protein expression and its local-
ization. We confirmed that E2A proteins were expressed in
the nuclei of myoblasts at day 0 and in both the nuclei and
the cytoplasm of cells differentiated at 38°C. In cells cultured
at 30°C, E2A proteins were also expressed and localized in
the nuclei (Fig. 5B), suggesting that the expression pattem
of E2A was not influenced by the low temperature.

Id3 is expressed at higher levels and accumulates in the
nuclei at 30°C

We investigated the expression of Ids as negative regu-
lators of MRFs. Ids are a family of dominant negative HLH
proteins that contain HLH dimerization domains but lack
DNA-binding basic regions (Benezra et al., 1990). Ids dis-
turb MRF/E2A heterodimer formation by binding to E2A with
high affinity (Berkes and Tapscoft, 2005). The Id family
includes Id1, Id2, Id3, and |d4, in which Id1, Id2, and Id3
have been shown to negatively requlate myogenesis (Jen et
al., 1992; Melnikova and Christy, 1996; Melnikova et al.,
1999). We examined by RT-PCR the expression of Id1, Id2,
and 1d3 in C2C12 cells, isolating total RNA from the cells
before the induction of differentiation (day 0) and from cells
differentiated at 30°C or 38°C for 4 days. As shown in Fig.
6, the cells on day O expressed all Ids at the highest level,
which coincided with the results of a previous study showing
that Ids were highly expressed in myoblasts, but decreased
upon the initiation of differentiation (Benezra et al., 1990).
Compared to the cells differentiated at 38°C, the cells cul-
tured at 30°C expressed |d3 mRNA at higher levels, while
the Id1 mBNA expression level was lower. The |d3 band
intensity at 30°C was 1.4 times that at 38°C. |d2 mRNA
expression was low at both 30°C and 38°C. These results
suggest that 1d3 might prevent MRFs from heterodimerizing
with E2A and thus inhibit myogenic differentiation at 30°C.

MicroRNA expression decreases at 30°C

We investigated the microRNA (miRNA) expression pat-
terns in C2C12 cells cultured at 30°C as one of the indexes
of myogenic differentiation. MiRNAs are a class of small

day0 day4

30°C

38°C

Id1
Id3

Id2

pacin L AWK ]

Flg. 6. Id expression in C2C12 cells. Total RNA was isolated from
cells before the induction of differentiation (day 0) and from cells cul
tured for 4 days at 30°C or at 38°C, and RT-PCR was performed for
Id1, Id2, and Id3. All ids were expressed al the highest level on day
0, and their expression levels decreased on day 4 when the cells
were cultured at 38°C, but cells cultured at 30°C still expressed 1d3
mRNA at higher levels than at 38°C.

non-coding RNAs that negatively regulate gene expression
and are involved in many biological processes, such as cell
proliferation, differentiation, and apoptosis (Bartel, 2004). It
has been shown that several miRNAs are specifically
expressed or highly enriched in skeletal muscles and
regulate myogenesis (Callis et al., 2007). We examined the
expressions of miRNA-1, -133a, -181a, and -208 by RT-
PCR, isolating small RNAs from C2C12 cells cultured for 4
days at 30°C or at 38°C. We found that miR-1, -133a, and
-206 were regularly expressed at 38°C, as shown in a pre-
vious study (Kim et al., 2006), whereas they were hardly
detected at 30°C; miR-181a was slightly expressed even at
30°C, but the expression level was lower than that at 38°C
(Fig. 7).

Myogenin expression in activated satellite cells is also
inhibited at 30°C

We investigated the expressions of MyoD and myogenin
during satellite-cell activation as an in-vivo model. Satellite
cells are myogenic stem cells (Mauro, 1961) that are mitot-
ically quiescent in adult muscles (Schultz et al., 1978), but
can be activated by signals released from crushed myofi-
bers (Chargé and Rudnicki, 2004). The activated satellite
cells enter the cell cycle and produce myogenic precursor
cells, which differentiate into muitinucleated myotubes
(Snow, 1977) and then contribute to muscle repair (Zammit
and Beauchamp, 2001). We isolated myofibers from C3H
mice and incubated them in a medium containing serum
which activates satellite cells (Yablonka-Reuveni and
Rivera, 1994). After incubating the cells for 24 h at 38°C, we
performed an immunofluorescence analysis and found that
the satellite cells expressed MyoD but not yet myogenin.
The cells were then cultured at 30°C for 2 more days. On
day 3, the satellite cells cultured at 38°C for 3 days as a con-
trol expressed both MyoD and myogenin, whereas the cells
cultured at 30°C for the last 2 days expressed MyoD, but not
myogenin (Fig. 8).

38°C 30°C

miR-1 m
miR-133a _
miR-181a -
miR-206 _

Fig. 7. MicroRNA (miR) expression In C2C12 cells. Small RNAs
were isolated on day 4 from C2C12 cells cultured at 30°C or 38°C,
and RT-PCR was performed for miR-1,-133a, -181a, and -206. As a
positive control, 55 rANA expression was examined. MiR-1, -133a,
and -206 were regularly expressed at 38°C, but were hardly
detected at 30°C. MiR-181a was expressed at both 30°C and 38°C,
but was decreased in cells cultured at 30°C.
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Fig. 8. MyoD and myogenin expression in the activated satellite cells of mouse myofibers. Single muscle fibers were isolated from the EDL
muscles of C3H mice and incubated in 20% FBS/DMEM to activate the satellite cells. After 24 h of incubation at 38°C, the myofibers were
cultured at 30°C for 2 more days. As a contral, the fibers were cultured at 38°C for 3 days. (A) Myofibers were fixed and immunostained with
anti-MyoD and anti-myogenin antibodies, and also stained with Hoechst 33258. Scale bar, 50 um. (B) Ratios of myogenin-positive nuclei to
MyoD-positive nuclei are expressed as mean percentagestSD. Satellite cells cultured at 38°C expressed both MyoD and myogenin, whereas cells
cultured at 30°C for the last 2 days expressed MyoD, but not myogenin. There was a significant difference between the ratios (**p<0.01; t-test).

These results indicate that the inhibition of myogenin
expression at 30°C occurs not only in muscle cell lines such
as C2C12 and Sol8, but also in the satellite cells of mouse
myofibers.

DISCUSSION

To elucidate the Inhibitory mechanism of myogenin
expression at 30°C, we investigated the expression of E2A
and lds. Myogenin expression is directly activated by MyoD
(Hollenberg et al., 1993). So, why was myogenin not
expressed at 30°C, even though MyoD was expressed and
localized in the nuclei? It might be because MyoD did not
attain its transcriptional activation potential at 30°C. E2A
proteins, which form a heterodimer with MRFs and act as
positive regulators of MRF expression, were expressed at
30°C as well as at 38°C. However, 1d3, which disturbs MRF/

E2A heterodimer formation and acts as a negative regulator
of myogenesis, was expressed at higher levels at 30°C than
at 38°C. This suggests that 1d3 might prevent MyoD from
attaining its transcriptional activation potential at 30°C.

We also investigated by RT-PCR the miRNA expression
patterns as indices of myogenic differentiation. In C2C12
cells cultured at 30°C, miR-1, -133a, and -206 were hardly
detected, but miR-181a was slightly expressed. MiR-1, -133,
and -206 have been shown to have upstream MyoD- and
myogenin-binding sites and, therefore, are likely to be
regulated by MyoD and/or myogenin (Rao et al, 2006;
Rosenberg et al., 2006). On the other hand, miR-181 is
expressed upstream of MyoD and induces MyoD expression
(Naguibneva et al., 2006). Thus, these results, in which an
miRNA acting upstream of MyoD was expressed, but miRNAs
acting downstream of MyoD were not, also suggest that
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MyoD might not attain its transcriptional activation potential
at 30°C.

Maltby et al. (2004) found that myogenin expression in
turkey embryos incubated at 35.5°C for 5 to 8 embryonic
days was lower than in control embryos incubated at
37.5°C, and that the peak of myogenin expression appeared
later in temperature-manipulated embryos. Together with
our data, these findings imply that myogenin expression is
inhibited at low temperature in birds and mammals.

While only a few studies on the effect of temperature on
myogenesis have been carried out in homothermal animals,
many studies have been performed using fish, which can
adapt to a wide range of water temperatures. Whether or not
the expression patterns of MRFs change depending on the
water temperature has also been examined in the embryos
of many different fish species. No changes have been
observed in any developmental stage in the herring (Temple
et al., 2001), Atlantic cod (Hall et al., 2003), carp (Cole et
al., 2004), and Atlantic halibut (Galloway et al., 2006). On
the other hand, in the Atlantic salmon, the expression of
myf-5 and MRF4, but not of MyoD and myogenin, is
retarded with respect to the somite stage at 2°C compared
to that at 8°C (Macqueen et al., 2007). In the rainbow trout,
the myogenin expression is delayed but prolonged at 4°C
compared to 12°C (Xie et al., 2001). Although a slight delay
in the expression of MRFs has been observed in some fish
species, the intensive inhibition of myogenesis shown in the
present study has not been observed at low temperature in
fish. This is probably because temperature has a greater
effect on homothermal animals than on poikilothermal ones.
Our data on mouse skeletal muscle cells revealed several
interesting new phenomena that have not been observed in
fish. We speculate that the inhibition of myogenesis at low
temperature might explain why homothermal animals keep
their body temperature around 38°C in spite of the high
energy consumption. This is of interest in comparing the
temperature sensitivity of myogenesis between homothermal
and poikilothermal animals.

Here we showed that the differentiation of mouse
skeletal muscle cells may be regulated by temperature. We
speculate that the regulation of cell differentiation by body
temperature is a key to understanding the evolution of
homothermal animals. In addition, manipulating temperature
in living organisms is less invasive than administering
chemical factors. Therefore, the regulation of myogenesis by
temperature might be widely applicable in various fields,
such as athletic training, stock raising, and the treatment of
intractable muscular diseases such as muscular dystrophy.

ACKNOWLEDGMENTS

This work was supported by grants 18A-1 for Nervous and
Mental Disorders and H19-kokoro-020 for Research in Brain
Science from the Ministry of Health, Labour and Weiltare, Japan and
17570058 and 14654174 from the Ministry of Education, Culture,
Sports, Science and Technology, Japan.

REFERENCES

Bader D, Masaki T, Fischman DA (1982) immunochemical analysis
of myosin heavy chain during avian myogenesis in vivo and in
vitro. J Cell Biol 85: 763-770

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism,
and function. Cell 116: 281-297

Benezra A, Davis AL, Lockshon D, Turner DL, Weintraub H (1980}
The protein Id: a negative regulator of helix-loop-helix DNA
binding proteins. Cell 61: 49-59

Berkes CA, Tapscott SJ (2005) MyoD and the transcriptional control
of myogenesis. Semin Cell Dev Biol 16: 585-595

Blau HM, Chiu CP, Webster C (1983) Cytoplasmic activation of
human nuclear genes in stable heterocaryons. Cell 32: 1171-
1180

Braun T, Amold HH (1984) ES-cells camrying two inactivated myf-5
alleles form skeletal muscle cells: activation of an altenative
myf-5-independent differentiation pathway. Dev Biol 164: 24-36

Braun T, Rudnicki MA, Arnold HH, Jaenisch R (1982) Targeted inac-
tivation of the muscle regulatory gene Myf-5 resuits in abnormal
rib development and perinatal death. Cell 71: 369382

Callis TE, Chen JF, Wang DZ (2007) MicroRINAs in skeletal and
cardiac muscle development. DNA Cell Biol 26: 219-225

Chargé SB, Rudnicki MA (2004) Cellular and molecular regulation of
muscle regeneration. Physiol Rev 84: 208-238

Cole NJ, Hall TE, Martin CI, Chapman MA, Kobiyama A, Nihei Y,
Watabe S, Johnston |A (2004) Temparature and the expression
of myogenic regulatory factors (MRFs) and myosin heavy chain
isoforms during embryogenesis in the common carp Cyprinus
carpio L. J Exp Biol 207: 4239-4248

Colbert EH (1980) Evolution of the Vertebrates. 3rd ed, Wiley-
Interscience, New York

Daubas P, Klarsfeld A, Gamer |, Pinset C, Cox R, Buckingham M
(1988) Functional activity of the two promoters of the myosin
alkall light chain gene in primary muscie cell cultures: comparison
with other muscle gene promoters and other culture systems.
Nucleic Acids Res 16: 1251-1271

de la Haba G, Bricker JV (1981) Formation of striated muscle from
myoblasts in vitro: inhibition of myotube formation by cis-4-
hydroxy-L-proline and its reversal by native or denatured col-
lagen (gelatin), Mol Cell Biochem 40: 61-63

Florini JR, Ewton DZ, Coolican SA (1896) Growth hormone and the
insulin-like growth factor system in myogenesis. Endocr Rev
17: 481-517

Galloway TF, Bardal T, Kvam SN, Dahle SW, Nesse G, Randal M,
Kjarsvik E, Andersen O (2006) Somite formation and expression
of MyoD, myogenin and myosin in Atlantic halibut (Hippoglossus
hippoglossus L.) embryos incubated at different temperatures:
transient asymmetric expression of MyoD. J Exp Biol 209:
2432-2441

Goidspink DF, Easton J, Winterburn SK, Williams PE, Goldspink GE
(1991) The role of passive stretch and repetitive electrical
stimulation in preventing skeletal muscle atrophy while
reprogramming gene expression to improve fatigue resistance.
J Card Surg 6: 218-224

Hall TE, Cole NJ, Johnston |A (2003) Temperature and the
expression of seven muscle-specific protein genes during
smbryogenesis in the Atlantic cod Gadus morhua L. J Exp Biol
206: 3187-3200

Hasty P, Bradley A, Morris JH, Edmondson DG, Venutl JM, Olson
EN, Klein WH (1993) Muscie deficiency and neonatal death in
mice with a targeted mutation in the myogenin gene. Nature
364: 501-506

Hollenberg SM, Cheng PF, Weintraub H (1993) Use of a conditional
MyoD transcription factor in studies of MyoD trans-activation
and muscle determination. Proc Natl Acad Scl USA 90: 8028-
8032

Jen Y, Weintraub H, Benezra R (1992) Overexpression of Id protein
inhibits the muscle differentiation program: in vivo assoclation
of Id with E2A proteins. Genes Dev 6: 1466-1479

Kadota N, Suzuki A, Nakagami Y, lzumi T, Endo T (2000) Endoge-
nous meltrin alpha is ubiquitously expressed and associated
with the plasma membrane but exogenous meltrin aipha is
retained in the endoplasmic reticulum. J Biochem 128: 841-948




1074 A. Shima and R. Matsuda

Kim HK, Lee YS, Sivaprasad U, Malhotra A, Dutta A (2006) Muscle-
specific microRNA miR-206 promotes muscle differentiation. J
Cell Biol 174: 677-687

Lassar AB, Buskin JN, Lockshon D, Davis AL, Apone S, Hauschka
SD, Weintraub H (1989) MyoD is a sequence-specific DNA
binding protein requiring a region of myc homology to bind to
the muscle creatine kinase anhancer. Cell 58: 823-831

Macqueen DJ, Robb D, Johnston IA (2007) Temperature influences
the coordinated expression of myogenic regulatory factors
during embryonic myogenesis in Allantic salmon (Saimo salar
L.). J Exp Biol 210: 2781-2794

Maltby V, Somaiya A, French NA, Stickland NC (2004) In ovo
temperature manipulation influences post-hatch muscle growth
in the turkey. Br Poult Sci 45: 491-498

Mauro A (1961) Satellite cell of skeletal muscle fibers. J Blophys
Biochem Cytol 9: 493-495

Meinikova IN, Bounpheng M, Schatteman GC, Gillilam D, Christy BA
(1999) Differential biological activities of mammalian Id proteins
in muscle cells. Exp Cell Res 247: 94-104

Nabeshima Y, Hanaoka K, Hayasaka M, Esumi E, LI S, Nonaka |,
Nabeshima Y (1993) Myogenin gene disruption results in perin-
atal lethality because of severe muscle defect. Nature 384:
532-535

Nagata Y, Kobayashl H, Umeda M, Ohta N, Kawashima S, Zammit
PS, Matsuda R (2006) Sphingomyelin levels in the plasma
membrane correlate with the activation state of muscle satellite
cells. J Histochem Cytochem 54: 375-384

Naguibneva |, Ameyar-Zazoua M, Polesskaya M, At-Si-Ali S,
Groisman R, Souidi M, Cuvellier S, Harel-Ballan A (2006) The
microRNA miR-181 targets the homeobox protein Hox-A11
during mammalian myoblast differentiation. Nat Cell Biol 8:
278-284

Rao PK, Kumar RM, Farkhondeh M, Baskerville S, Lodish HF
(2006) Myogenic factors that regulate expression of muscie-
spacific microRNAs. Proc Natl Acad Sci USA 103: 8721-8726

Riechmann V, van Crichten |, Sablitzky F (1994) The expression
pattern of Id4, a novel dominant negative helix-loop-helix
protein, Is distinct from Id1, id2 and |d3. Nucleic Acids Res 22;
749-755

Rosenberg MI, Georges SA, Asawachaicham A, Analau E, Tapscott
SJ (2006) MyoD inhibits Fstl1 and Utm expression by inducing
transcription of miR-206. J Cell Biol 175: 77-85

Audnicki MA, Braun T, Hinuma S, Jaenisch A (1982) Inactivation of
MyoD in mice leads to up-regulation of the myogenic HLH gene
Myt-5 and results in apparently normal muscle development.
Cell 71: 383-390

Rudnicki MA, Schnegeisberg PN, Stead RH, Braun T, Amold HH,
Jaenisch R (1993) MyoD or Myf-5 is required for the formation
of skeletal muscle. Cell 75: 1351-1359

Saika S, Ikeda K, Yamanaka O, Flanders KC, Ohnishi Y, Nakajima
¥, Muragaki Y, Ooshima A (2006) Adenoviral gene transfer of
BMP-7, Id2, or |d3 suppresses Injury-induced epithslial-to-
mesenchymal transition of lens epithelium In mice. Am J
Physiol Cell Physiol 280: C282-289

Saitoh O, Periasamy M, Kan M, Matsuda R (1992) cis-4-Hydroxy-L-
proline and ethyl-3,4-dihydroxybenzoate prevent myogenesis of
C2C12 muscle celis and block MyoD1 and myogenin expres-
sion. Exp Cell Res 200: 70-76

Sakuma K, Nakao R, Aoi W, Inashima S, Fujikawa T, Hirata M,
Sano M, Yasuhara M (2005) Cyclosporin A freatment upregu-
lates Id1 and Smad3 expression and delays skeletal muscle
regenaration. Acta Neuropathol 110: 268-280

Schuliz E, Gibson MC, Champion T (1978) Satellite cells ara mitoti-
cally quiescent in mature mouse muscie: an EM and radioauto-
graphic study. J Exp Zool 206: 451456

Shi L, Zhao G, Qiu D, Godfrey WR, Vogel H, Rando TA, Hu H, Kao
PN (2005) NF90 regulates cell cycle exit and tarminal myogenic
differentiation by direct binding to the 3'-untransiated region of
MyoD and p21WAF1/CIP1 mRNAs. J Biol Chem 280: 18981—
18989

Shibasaki K, Suzuki M, Mizuno A, Tominaga M (2007) Effects of
body temperature on neural activity in the hippocampus:
regulation of resting membrane potentials by transient receptor
potential vanillold 4. J Neurosci 27: 1566-1575

Snow MH (1977) Myogenic cell formation in regenerating rat skeletal
muscle injured by mincing. Il. An autoradiographic study. Anat
Rec 188: 201-217

Sun XH, Baltimore D (1991) An inhibitory domain of E12 transcrip-
tion factor prevents DNA binding in E12 homodimers but not in
E12 heterodimers. Cell 64: 459470

Sun L, Trausch-Azar JS, Clechanaver A, Schwartz AL (2007) E2A
protein degradation by the ubiquitin-proteasome system Is
stage-dependent during muscle differentiation. Oncogene 26:
441-448

Temple GK, Cole NJ, Johnston IA (2001) Embryonic temperature
and the relative timing of muscie-specific genes during develop-
ment in herring (Clupea harengus L.). J Exp Biol 204: 3629-
3637

Togashi K, Hara ¥, Tominaga T, Higashi T, Konishi Y, Mori Y,
Tominaga M (2008) TRPM2 activation by cyclic ADP-ribose at
body temperature is involved in insulin secretion. EMBO J 25:
1804-1815

Usehara K, Goto K, Kobayashi T, Kojima A, Akema T, Sugiura T,
Yamada S, Ohira Y, Yoshioka T, Aoki H (2004) Heat-stress
enhances proliferative potential in rat soleus muscle. Jpn J
Physiol 54; 263-271

Vandenburgh HH, Hatfaludy S, Karisch P, Shansky J (1991)
Mechanically Induced alterations in cultured skeletal muscle
growth. J Biomech 24: 91-99

Xie SQ, Mason PS, Wilkes D, Goldspink G, Fauconneau B,
Stickland NC (2001) Lower environmental temperature delays
and prolongs myogenic regulatory factor expression and
muscle differentiation in rainbow trout (Onchrhynchus mykiss)
embryos. Differentiation 68: 106-114

Yablonka-Reuveni Z, Rivera AJ (1984) Temporal expression of
reguiatory and structural muscle proteins during myogenesis of
satellite cells on isclated adult rat fibers. Dev Biol 164: 588603

Yaffe D, Saxel O (1977) Serial passaging and differentiation of

cells isolated from dystrophic mouse muscle. Nature
270: 725~-727

Zammit P, Beauchamp J (2001) The skeletal muscle satellite cell:

stem cell or son of stem cell? Differentiation 68: 193-204

(Received June 23, 2008 / Accepted August 4, 2008)




BIARO7 A —ORFAMEDELT [U— FAIL—8EE]

U— RR)L—EEDRRIR

Recent development of readthrough therapy for muscular dystrophy

HHEBR—Exs: BIERBRE s
Ryoichi Marsupa and Masataka Swiozuka
WA A E R e A R R ()

ORERICLVREFI 7V ATHEREELD K> (premature termination codon : PTC) "4 L 3 &, #EERY
GEAEIARENTRMETRBEREET2L91C83. COF -t AFAIE Duchenne BT X b1
7 1+ —(DMD) DiB&, EFID 10~15% % EH3 VDI TWA, ok 1 HFFIC PTC HFELAEUYT, &
EhHREFLENTRL AL ) CREMNEREET 2L 065, PTC LAHCIRETFOIERES(CRIE
FEWEsEZTORIETFEREYVFB TS L TCREERIFERENIAIN. BAl “YYes | . ThERRT
NS, EMERAWT PTC 2BRBBR THARET I L (V= FU—)C L) EEBEEARORE 4 EH

FEEIEVWIV - FRAN—FEFZTEEhTVS.

word

MEFLI7Y YATRERICL D KRB F
Y(REZEIINF I EA—-FTE5CAADC
BTIKEHLZLEIEIFYDTAA L% 3, 20
LIV REREF R AERE XU, HHEN
#1k 2 F > % premature termination codon(PTC)
EEEIVEL B L, BN AEAESEH ZNT
METREBFERERT2X9104%2, orvre
¥ AZEBIE Duchenne Bi A+ v 7 4 —
(Duchenne muscular dystrophy : DMD) @&, fiE
Flo 10~15% % & &, WhtERMEE T —fFo
¥ F#EBEEFD 4 #, Hurler FEMBREF (L 258
E)TR7HEzEDILbhTVE, okl
ARFIC PTC BEL 72T, ichbiRETLE
BEREBLAEL) ZBENEREETS L) oi
5,

PTC B ic 1B EF OB EET] IR % s
ZodZ2OoRETFEHMRL-ZZHEYAATEC
treBREEEICLETELRLDL?, KA
“ves | ", ZNEREH TS, EYEAWTPTC
ZHFBECHARIET Z Lick h EEBEER
HoRRFZE@EIE LI Lw) )= FAV—&E
BEHEIN TV,

Key :®HIZAROT4—, TULIARRER, U—RKRIL—F6E, FVIRAIY, ZHRAIY

O FUIRAIVIEEBU— KRR~

PTC #FAMIET 2 ZALEMNLZE YIS
BZOMPEEIALBTVTHAHIN, ERHHDT
H5 HHELBAMLTPwA LA
REDTI ) ay FREEWHNZNE, &
OMEVEHIIMEOBRBZEBNE T2, Thdt
fif LHAIEOEQHARMEES 1, NEEE:
Y, LaL, ZoREWEIX, REEDICE
TH mRNA OBEREBERRETFEE, LELLT
aFvicEINTWRELWT S VBEEMAALE
h(zra—F4 ), d5uid#IREILEa F>
ERAEZ(V—FANL—) 22 LHH S,
hTbyrryvAry(E1-A) YV —-F2
—TEMED BRI, TA VA - Rz
T RKEFEEFHD Lee Sweeney & I&, DMD DR
EFAHYTH S mdx =7 A (DMD DR FERE
FIPAMR 74 v ity AERBED, B
BB R A b 724 v RERTETICHEREZE
ZLTWwERYRA Xyt RBEL, ¥
AF74>mRNA EOPTC 2 —FANL—2
#3Ilickh, BEELSETA PR 74D
EMBIUHBHO LREEEZ EICHEIL Y.

ES20®dbH Vol. 226 No. 5 2008, 8.2 | 397




(A) (B) F (C)
'.qfo'\ }'_T\
) o N No.\ //.\\\\/1"\/ A /{\ ?H vim,g |
( : _,'\O»‘\ l)\o}t’)—(,é’ | /,‘ H:N \_/\\/\/LH,N.\J _-COOH
N 0 N— oM
Foa2v4 PTC124 2L

B1 5249422 (A), PTC124(B), 471 ¥~ (C)DE

) —FAL—fEE, Frer ABREBI A F
074 —icB MR TCOCA D7 4 D
BHEERT 2 -OOFLBREOVLSTH
5, EALSROVAIR 24 YTCHBY AR
7 4 —DHETREIE S ¥, BED QOL D L L it
MEELEI LM/ TEILSE, BiIiYA LD
74—z B RRE L 2400 M@ A 57
U ABERAREEBOEEIH L It > T
Vw5, LHL, ¥rdvl s robBENLE
Mo, MVCEEE L EREEo o, BE)
BRYRIc kL FREN2MEEREB ORI L
LToOXry2A4 ORIz L v,

@ PTC124[C&BU— KR IV—

ST —FAL—EYHED 2 >0BmIic
SBT3,

k2, BBV YA oREY
L L T Lee Sweeney & #5SHEMEL T2 3% PTC124
(B 1-B) L WHEG T & A7) — F 2L —E
TH%, D PTCI24 i3 PTC Therapeutics? H34
B L EER VY — F AL —FESED
NA AN—T v FEHFREZ M, 80 HEEOES
FleaPlroRAEENELDTHS, PTCI24
BEORLSTHREZHMEL, mdx 27 AIKBLT
i3 4 ERMOBRE TERNE Y 20 20~25% &
DA LB 74 yOEREZBREL T3, 1,
/4 5 PTC124 DRIZFABEOHEE L7571
Fr¥=4 RO 1/10~1/100 TT O h o &Ee
LMY B AZERE L T28 I HBTR
Hikiz@o oY, BHE DMD & Becker &l
Abn74—BEZNRETIH5 0HOBK
HBElch e Twd, PHFHECIETCIcER
REZRHEL TV, MELEBRGRLE5.

398 | ER20&HkH Vol 226 No. 5 2008, 8. 2

DT, LhHARTOBEBRSTOR TS, £,
PTC124 G RNMAEBIFI 2 EBTE S0, F v+
v AZERBOMREMRERIC b T OHEH IR
2h3,

o DOBBEIAAETH S Lee Sweeney I
&b, 320084 4 Hic=a2—A) v X Thif
E N P77 L “The Third New Directions in
Biology and Disease of Skeletal Muscle” TH# X
hic, zhicks L, RHoF e AERE
DMD B 4 B E L L 25, #¥HolR
Fos 2 EM#gIc b LTSS —¥
(creatine kinase : CK, fitpicZBICEET 28
¥. iAo B> h i Ba it o Eil e o B
difnhiciitld 2. BY A Fo 7 4 —DEKE
Wie—A—Ick->Tw23)FEEMET, B b
WL, ERoWBEBBRONZITHS, 5P
(4 BME# I CK B ERICEL 22 s
4, PTC124 #5512 S G R NS > 72 &
iz s, 20 PTCI24 R42kEBLTED,
TAVABP AL 7 4 —h&(MDA) RS A
a7+ —#ED2(PPMD), ffhE#ESE (FDA),
ESZ#rEHFAT (NIH) 7 £ H 6 SO A E R
BASNTVS,

@ ALYV EBU— KR J—
HHIVDEDR, FELIHToTwEIRY A
(B 1-C), BXUZoMEMELZA VL) —F
AN—MWETH 3, 2424 272 30 SERTIcHHE
ETRERRINLT 7 ABERICN T2 7FF
FNEPHT, RRYOPEIRA—-F4 7L
VD—FANL—FRTAILMRENT W, FC
TEELR, TORF2A V% mdx =7 A~
HETRELELZS, 5% 4 8M3 TicliE



pCAGGS

CMV/A-actin
promoter

A-galactosidase I luciferase

f-globin poly A

A

premature termination codon

B2 FaPALE—2—MEFILRLSTS b

Briicy2Abre7 4 »EAHEOER(ERE
McARGNEVRA 74 VBD 10%) 22
Y. k7, RREMC A bu 74 —DEFALRIC
BUTHEOLY—FAL—EEEZLOZ LE2RL
RO AL DBRERY w4 iR
2B, REMESHTFHEhE ) —F
AN—HERL L THETHS, LoL, 24
1 Y IZRERFEYETHD, ¥roefsy
W HAREE{E~D A — F LR,
oL, BETRANAS YDA
FHRZEFHEZ L THB, 22 TEELI,
FHATA L) FWELE L1-b o - ¥
MOBERICEFL 2. mdx =7 R 2 ERFEF I
) LaB-PPHEL, HTFREAZVS 2D
74 vombiERESHEE 22, 22CY—F
A —TEEB O S I BEL L 22 BT R 0 Bl F )
G FESR L 727 —¥YRETFD
HIAGIZ PTC 2BATB-H 5 7 b o ¥ —¥BEF
EREL, B-7rFrTuEr—Y—%2}-Fa
ThLR—F—BzFE22{ h(H2), ch*H
ALErvAZ sy e ADEMICEIL
o, SO RAREEEH - LFEBRICE O TER
BR-HF 7 ¥ —¥DRERBELTWAEDY,
J—FANL—DRIZ LN 7 27— bFRT
5, TDLD, TOTIAEMAIENS T 2T—
CEELEB-H 72 b F—EiFEEOHE XD 3
CET, V-FAL—EHEZERILT S Lot
5, Fh, BEER-BEEOHRNEZHE
(V) — F AL —7& & EOBNE) % FR I FR66 3 2
CLBSHlEER A, HICEYIcEBuToOAEEL
A2 ) —=v 7Tk, ERABERZL -
ZWLEYZERET S L b TE S,
FEEOCRTZAVA - R —F v PREERER
@ MacKerell 4% & £ 412 in silico % T\,

105 HHSOES FLEMF—F R—2Ah s,
H2A4 VBB L =R mMEE o 29 i
TFERMLE 206095 17@E2AFEL, b
FVARY 2oy IR ARKTRELELT 3,
5B —FAV-E 2B T 29HEAZEEL
7z (EFFESEFILES) . 2 0o bE&P#2 2R
E2TH Y —FRAL—ERESHREEZFL, mdk ¥
7 A% DMD fB3# f k% s & v - g
0y - REHMCENRITAR Y RIFT, #4%
BV C M5, PTCI24 ERBEICY — F 2L —F
ERELLTHATHELELA TS (H3), 7,
FHRA Y VEREIDPREBT I ) SV avF
RNEVED S L) — F 2L —EREEE b4
F2HMBFEL Tw3,

@ U— KRL—BMoEREs
WEDEZA, Hry¥e4 R PICI2A, *
H=A v oaPh#2 tBLWTIEEAKIED R
YOY—FAL—RBEDSNTWLRGE, J—F
AN—%BETLZ LI IV EFCHALELE
Za—FLEZmRNAD I ZAa—F 1 v 7PHAR
BRIEIFYD)—FAL—HEZ THEEENS
5. 7, zhUSOEIfERICoWT b kmA L
CABEV FEYeBED QOL DREIz>4H S
BACRENCED2OETEZNE, 2885 C
HATHERGEOE L EBEROBERICO2H 23
tEZOND, ok, BHc k252 EHT
i, ERC L2 EML LB,
ZITEESR, AEREMEBAL 2VEY
T 2BENBEEZHEL 2. Huikoil,
ZOEETIREENBEILEZ ) —FAL—3&
eVl ®BLEFFT VR
Prxmw 22 ALEENEVLAFPLASTTAT
bd, FTFII VAV 2= P2 RARREL,

E2D&BkdH Vol 226 No. 5 2008.8, 2 | 399




A:IEHBIO®? 7R, B:RK#BEEmMdx vV A, C: FrFefr

]

B3 vIOXABBBEOAO7 1 - REFER

BLmdx w7 A, D:{b&B#2 28085 L mdx w7 A,

L&Jﬁ')lgl@r "I’m !—f'lr’J::

I=. o, ROy ¥ =

H¥EfM L, 7 BRICEAL 7=

83 Y—-FAL-TEEE
LTwhwEMICY ¥4

AEHEELTHIELEZES A

Rl ADHB ) —F A

fo. WIBIC X 5 BN OBV

29 A %M

—
[ R N

=

Ik U?]-"'.l J-:. ,;,.“,_‘FtJ!”i

VE A VBB e ADA, FDIN

HEPIcEREOY v A2

, FIELEER ’4’: (FE LV -7 —#ETF%
.

#E LR U B 00 28

S L7-EPZH f L"l".' TP

X
HTf#zshTH o RERM
b, FET ;5 ?—FFJ { L MEBET
RS ORHE, 7y P EBEETL, 22—
-FHRHETE LA TH 5 EYER SMT C1100 # R L7z, Z#1% mdx

, e R

v A |

+ Bl % R 5 7
HIALEE & % \ > 12 0 &

LT, WBLTwuhWLwe Y 2ADEMIcY v 9<4

LRI NS,

—iEEE R 74 (FAIOT7 400

7Y —LEREHAL, P EBRHAICEIDTS w-”u_ﬁﬁww HT D
Frvd2elyygFoER%Z HPLC L HEBOH T 555, fnif'-"u“#ﬂ*# EHESTHICOABET 2)D

, MREERL T AL 7oAl 2R 2 v
:.,{f.“iliﬂJﬁ‘:‘-’i 57 -&u: & +‘r {J EI-E 'F""_ {]‘1-5:
TEHHR)PHILE 7p] 11?.’::* Ft&¥xo R

BT #

f B 7 T AL R % A L @ U— RRIL—EELUADOEY R

P )=zl ZFOED, —a—FN A TOSRTHES
FERHE Ticd 2B AR A YD 8D e DT
-HGE L 7=, SEWMAAE ZZICHBEICEAT LY
v ﬁé;-‘ﬂr L=y DMD O#4, RELTWAYAIDT7 4%

, LR HTEE % )—FAL—iZ _t hfiFE s 5002, 22—}

BB T7TA Y 74 —A4,
oA D
> Thb1—}17 4

}i‘-:‘:;-;' Arm 74

HITLEHHEE L THE

FEW 2 ai e L -6 #E A LR 2T, ERElZ BLEET 2 B LE
ZbNE, 4AF Y AD Davies 62, =2—Fa 7 4
YRR, v 7uE—F -7 7 —YBREFEREE

2¢h, 2ORETFZH
Ta— ka7dq Téﬂ'.j_%_’:'
L7, —OfilEicE#

w PR WTAAL AN—

oy

Fa7 4 »REEEE

| FAIL— ﬁ?ﬁ;ﬁ T ARC|ETEE2 -2 7 4 mRNA A1
chE AR - Ok 2 fEicimL, HEHOEETHS .‘}_{ AhwRHEEL

Lifitp CK {HAE HIZ{ET |

400 | ERED&BKFH Vol 226 No. !




#E(L, NERZM: L SEDRL AN, X561,
7V F=Vor i ofRTIRBENOBRKYL 25
nz, ZORVOEMMNEIFERIZAHTS 2 28,
EETAZRETHS. #4512 Summit PLCH & »
IRYFy—SHEREIL, chE2¥EYL L TE
BT, 2008 SEehilll iz 250 1 MEERERRBR % 17
IFETH 3.

%7z, Biglycan OHiFEME S REX -, 20
Biglycan 3 #IBARICBET 2 aF a7V H
EyHnaryh et 288 %ES mlas
BHT, iR EMR T 2EBEABC Vv
ZEOWE%T> T3, Biglycan Kl 2Tt
BELHEEXEL S, mdk v 7 ATRYA LD
74 YEEEEAEMAROURSHEES L, 1
HEBR L OREICHMEINEL TV 370, Bigly-
can bRRBLTWS, PRAVAH - 757 K%EE
FHD Fallon 5 %, Biglycan K~ "7 2 i Bigly-
can ZEEESIC K VHiATEE, PAbo7 g
VRIERHEESHMIER IR S, BEEIE
B2 LRFRLEY. &4, EbYaveFy
I Biglycan % mdx = A ICBEBEAE ST 2 L 5
HEE (= N mdx = 7 A AT E T A
dh, 2—bo74 YEAEOSRY 2.5 fSm
L, BB B THZME SR L, 2L
WMAYT 2 EREHRER L, £/, 2—F0D
74X/ 9777 +27RALt midx w7 ALDE
ETEMLAY L) v 279 =222 IcBVT
%, Biglycan #50% R RBEDH N, S5, =
? Biglycan fiFEER BBV ICH#FETEZ5 T
H5,

@ BbDIE

AWTIEY) — FAL—FEZBLICEYIC L 3
BEWEE, L hbdiF DMD OEBBERICHO LT
DREDRIRZEBL 7=, )V —FAL—F#i:
EFDE I3 PTC124 DHMBIZZ D HoH 328,
PTC124 DA TR EHREL F v+ v 2AERTRES

EIRA~OBKEIGA A DBED PTC o+ 2
A2, PTC MAOEREETIOMB I & 255 RHE
BEIURFROERL Y, FEEEND S, 22
THESCORML &P #2 DL 51, TE B2
HZ2{DRYBMIFOREZSHLE LT TY
CHEBH S, £7:, Biglycan OHIFSHEEIZ 4 5
NZ L5, DMD DiERICBHEEA =X LD
BB L) BEEEA M 250 - 29F
BRVEPVLEV->TL 284505 2. FHERE
FOXREH, VHPELTHERZBT2E200
RSB LB Tuh kT sz,

DMD DBAEERICEETERESA o7 4 v
BEFHZVIEMES 2 b 74 v OBETS
ADHEE I NZRELDOTH S, 7, BEEB
ENTwIEMEIC L 2BHERLEECH 2,
RERRDO DMD I2i3) = FRAL—Px V2
Ty 7 IEMOBETES, Xoic, HRE
/2704 FREARIWEERER, iRy
B2ERE38YR F o7 4 —fEROBHE b W6
TE%.DMD THEBEZ LICRETFRED 5y —
VHRLD, BEILIHEL BB EHASDYE
5 Z LT DMD DZIRIERICOL B EBbh
3.

Xt /URL

1) Barton, E.R. et al. : J. Clin. Invest., 104 : 375-381,
1999,

2) http://www.ptcbio.com/

3) Welch, E. M. et al. | Nature, 447 : 87-91, 2007.

4) Hirawat, S. et al. : J. Clin. Pharmacol., 47 : 430-
444, 2007.

5) Arakawa, M. et al J. Biochem., 134 : 751-758,
2003.

6) Allamand, V. et al 2 J. Gene Med., 10: 217-224,
2008.

7) Hayashi, Y. et al ! Chem. Commun., 20: 2379-
2381, 2008.

8) http://www.summitplc.com/

9) Amenta, A. et al. : Newromuscul. Disord., 17 : 804,
2007.

EZ20&MH Vol 226 No. 5 2008.8.2 | 401




TR #liet s PE 7y T-HEHE & h e LK

MEMREIX ) AFVTILED
i Zbﬂ?f—d)}ﬁﬁ

= PA HE— ®mi% x%u8a (i Cunens csmaHER

HEBRIS00AIC—-ADHETHRTS
TFalzRAYBIA AT 1 —I3
10ROPEEZMSBRMBETFERTHS.

TR, YA O7 1 OBRETFRALISHS

Tz RAVBIA AT 1 —RBTHERIGVLOH?
oMK FETIREARORKSHD VA POT7 1 VRIEFE
AUERLEASERBUDITEZERTELLON?
CZTIESE, FBZATVB U= FAN—fEE

IF A%y 7MEDEREKRICOVTEAL LD,

Favx AR I A P27 4 — (Duchenne BHTAZETRIZTHRBZEHELLS v
muscular dystrophy : DMD) @DEE ¥ 232 |, e L 35, BEEHSOBMB LML (FHilEE
AU T4 YPRRENT20EI B B, feEOMEZEETEZ 5. LAL, BlRo
5% K2R 20468 12 12 DMD Ol = i § & b D BB AN LB 2 - B AR
HLTWATHAH LFRIATWAN, vE g, =56 ICli{bomEEs HicidvT
REHIZIZESTHEW % DPRMAHRER TS

Beltd o DMDICRET, BEERET IR Ih ORI FRARE T T 25T
BahTh, REFEBRTERTELAIZS L BoOHMERE: L TEH 2 TWaOH, Ehic
B, CLAMEFBI>OPRIRTHD IA)—FAN—EE T FEyAF ) TRY
19994, 7 AV h « Ry U MARZTRETTF LAF FICEBIF Y A% o TRETH A,
I NVNA RS F— L TREFiERE S

1) e W 2 2
7 1BROBEBEN4ARIFEE L, Bz )= FAN—REER "

Pl LKoYy 4 VA x5 5k mRNA O @R 2R HREF G RRE
YavINBERLHTHoT T, 20024 RIZ L > TH L/-k¥#1E o F >~ (premature

K7 2ATL oA VARSI F—ICL termination codon : PTC) %% 2 &, ' HEv—

TR TR T R - REASEOBEHE M AREROBFRIES EFRICERL, R

MEREL. ChiZBEOY I A~NDYA L FOERIZEI D mRNAZEREL, ¥ 12 HE
AMERETOWRASNICKE ZHE D7 BERTLTLE . LA T, BiEXL -
EEALNRTVS Py y 3y BHEHERT, s olET

B, BEFREZLOBEFCIEL - KEPELL, BEAYORIETFEREND
MR 2w LIZIPS MBS (A5 et Gaia) (-4 5~15%IXPTCIck 28fRodblF (12
LTEWBEZF*EAL, FheELBEE-H ERER) PEHEVWDATYWE, 26128

26 | Medical Blo | May 2008




J=FKaAN—0HeE
ER TR mANAS @
s SBRBLEDF-T
BET3, L, 741>
AWBTRICL ) EHE
I F2 (PTC) ¥EL 3
ERRBEZTHEL, @
BEvwI L tIRESE
LS, BLOBE, D2
I REMREE b AT,
#RATSMENE, ¥
#RILY R HTA
YeGEDY—-Fan-
B LANADAY T b
KEEL. BROBEST
EELEET2¢35, Lo
&L T, PTCEBGLIC D
IANA A f &, BEER 8T
eI LRI, N
Hi=FAN=-TH3,

U SV

U—FAL—EHEHS

REMMETIF VY

::‘l‘:ﬁihl::f-"/fPTCJ mRNA

v E&BBIA DT+ —DHES

| EREHRELED R

HEARMEAE (Cystic Fibrosis:CF) Tid, F v+ v 2
FERERBZEFADO%IZ LS EvbITna,
L, EMICIDPICERARZ E €D L
(V= FARV=)NTENL, BENLS 12
ROEGHEAEME UEROSEIMFINLL, =
i) — FaL—METHL(E1).

D= FAN—%2BRTHEMILA LSO
HLDESHS5 D £F, TORME L TETS
NTWaDR, YYo= blOTI T
Vad FRAEWE TH S, COHEDRII,
MED S 257 RBRALEY L L, BREE
Ex*FIFTTRE-AT I 2EOIHA (32—
T4 VeI F OB () —F
AN—) ¥ s ST L TYEHREARE
THRYH®A, ERLVRWY YA HGT%
FREED I LHKBE, BEECEMRESRR
FHOWIRENTWA:. 2D —FAL—B§
W, T ARRERICEARETHRELE D
SREEOMBEATL B 2 I, PTCHRAR
THABZ TEENY v 2 RESRSEL S
EICLh, BEEICERATES L FHTEL,

REEBMELTOT 8710

19974E, T AU A - T 7247 K%D Bedwell
5id, CFREHEMEICs - TCFRARET
T& 4 CF BIGEH#®ETF (CFTR) #nZF Lo
PTC#%, ¥ ¥4 v »%#BWT)—FANL—5
SAT LTI LA
7 ¥ —IZ L BERPEA BELRLT A A - A
Y Y WARZTK¥T, Barton-Davies £ Lee H.

Sweeney 6it, ¥» ¥4 ¥ »*#DMDOEF

, BHIETTF/ 94 VA

VWM THEmdx~v7 A (YA Lo7 4 YilE
FOLFY 231 F b ARRERDH D) |2
#ETHERMLTWAEYA a7 1 YORH
AEML, WhM LR LA EFEELAT, L
L, T30 ay FRIGEWRIZE - YE
MEBEFEL LS, WMo L LT
WHTE 2 b 00RMMIZb A2 Ric TG
ELTHYACRBVEER S MEL 252 &
MFRENL.

Made in JapanD A7 1

ZOXY LRI — FAN—1E
#HEL L, LHEfERAAL2WHEDRIZR W
B He FNRIEIZ, 19704, b EOM
PR TRRE S VT F FRI&E
WRA <A 23, KBECBWTIAa—
FAL YR = FAN—2 BT b AEE X
htw2"¥, bhbhizg¥, FH<s4-%
AFL, mixw 7 A~DHEEEBELLLZ
A=A M AL BERD
T L BERIcBVWTY A o7 4 %
By 2 ROBREFREBD - (H2).

Yry=AyyOlg, BEIZL2MGEY
VAL v b ALNE L END T
W, AN BEVRT ALY 0
HEZIT oy A0BERRFET R P 2 XN
L #FOHE, ¥roe{ 2 yE581280
TEODWELALWET @D, 24~
A A ESBTRER LSVl E#FLT
Bh, BEBBERBEO LN Lo/, E6ICH
HTA S YDLDG T IATRY v =24 Y

May 2008 | Medical Bio | 27




TR #2005 74 & it eiens L

A

FATA L/l mdx 77 AOFEEIC
VAMOZ74ERERT

AYZrO7 1 »OREREDRER(a,c,0) L
IR AT -t LS EHDBR(b, 1

+ - "”g\‘i' &, H
ZrO74 Q!U"N::"Hl'hﬁ'f ADBMILRC
d)e DT T—8Xl. B2 kO

©

B.BIOHMH A, EAEmdx T I AL AN T EREANS
mdx 77 ANARBREAOR A 07 s PREICEEILS T
Ov k&

74 L ERSENAmde T ATHERIERERHE (S -t

A& 1018 AR L 1
e y =D
N F SRR (% 7

THER{EL %

YDWOGFDIEETH o7z HBIHEC L R
DARHTA SV RF Y E2A Ly LA bitbih
V—LRNA@DAHA FIcEET LI Edtbp TWwbHT A

D, Thict h mRNA OBREKEDET % b
rO%k, FH74

— BE DM L& O 5 S

h ey oy e e
) —F A > E T

I EO ey v |
RIS

. SARLTT

aman

1 - T Ve .
LaL, BELALRHvA I vidkEK

EMETHY, LoD E WK Rz 2
RATA Y DR, S
EBEODHBETIEL ML L4

DHEERIZEON S /37 HICHAT

L L,




