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Fig. 6 - MyoD and myogenin expression in single-fiber culture of IGF-1Tg mice and WT mice. A and B. Myofibers were isolated from
EDL muscles of adult mice and cultured in 20% FBS/DMEM without VC at 37 °C (37 °C culture) or 37 °C for the first 24 h to activate the
satellite cells and subsequently at 30 °C (30 °C culture). The ratios of myogenin-positive nuclei to MyoD-positive nuclei per myofiber
in the 37 °C culture (A) or in the 30 °C culture (B) were calculated and are presented as the mean 4 SEM. The satellite cells of IGF-1Tg
mice expressed myogenin at a higher level than those of WT mice on day 2 in the 37 °C culture and on day 4 in the 30 °C culture.
**p<0.01. C. The satellite cells on the myofibers from IGF-1 Tg and WT mice in the 30 °C culture were immunostained for MyoD
(arrowhead) and myogenin (arrow) 4 days after the activation. Cell nuclei were stained with DAPI. Scale bar: 50 pm.

temperature, IGF-I stimulates myogenin expression through the
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway
[29,30]. Although it has not been clear yet if IGF-I promotes
myogenin expression via the identical signaling pathway at 30 °C,
it is likely that the same mechanism is responsible for both
temperatures. On the other hand, acting as an antioxidant, VC also
plays multiple important roles in vivo, which includes promoting
the formation of collagen matrix and proteoglycan [31]. These
extracellular matrices (ECM) act as reservoirs of various cytokines
and growth factors and produce microenvironments for cells in
vivo, which commit cells to a specific differentiation fate. Our study
showed that VC enhanced the effect of IGFs for myogenin
expression and myotube formation at 30 °C. A conceivable
mechanism of the observed synergistic effects of IGFs and VC
involves the stimulation of ECM production by VC, which then
serves to efficiently concentrate IGFs around cells thereby
enhancing its effect. It is also possible that VC acts as a reducing
agent on a signaling pathway acting downstream of IGFs and
enhances myogenin expression.

We anticipate that the rescue experiments of myogenic
differentiation with IGFs and VC at low temperatures will be a
useful tool for the investigation of the molecular events during
myogenic differentiation, which normally progresses so rapidly at

normal culture temperature that it is difficult to study the minute
details of the signaling pathway. In the low-temperature cell
culture system described here, the differentiation speed can be
controlled by varying the culture temperature and concentrations
of IGFs and VCin the culture medium and therefore each of the cell
differentiation steps can be studied separately.

MicroRNAs examined in this study were reported to be
involved in the regulation of myogenic differentiation or muscle
regeneration [25]. It was shown that MyoD and myogenin bind the
regulatory regions of miR-1, -133 and -206 and are likely to control
their expressions [32]. Therefore, it is probable that IGF-1 and VC
promoted the expressions of these miRNAs at 30 °C as a result of
rescuing myogenin expression. On the other hand, miR-181 was
reported to express upstream of MyoD and to induce MyoD
expression through downregulation of Hox-A11 [33]. In our study,
IGF-I and VC also rescued miR-181 expression at 30 °C, suggesting
that these factors might promote myogenic differentiation such as
expression of miR-181 through the other signaling pathway,
which was not directly activated by MyoD or myogenin.

In the single-fiber culture, satellite cells of both IGF-1 Tg and WT
mice expressed myogenin by day 4 at 30 °C. This trend was
entirely different from C2C12 cells, which bhardly expressed
myogenin at 30 °C even after 10 days of culture in DM (data not
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Fig. 7 - Effects of conditioned medium of differentiated C2C12
cells at 30 °C. A. C2C12 cells were cultured for 6 days at 30 °Cin DM
with or without 100 ng/ml IGF-I and 200 pM VC or conditioned
medium (CM) of C2C12 cells differentiated at 38 °C and
immunostained for myogenin. Myogenin expression was rescued
with CM at the same level as that with both IGF-I and VC. The
percentages of myogenin-positive nuclei to the total nuclei are
presented as the mean 4+ SEM. **p<0.01. B. C2C12 cells were
cultured in CM for 10 days at 30 °Cand immunostained for MyHC.
The cells expressed MyHC but did not form multinucleated
myotubes. Bar: 100 pum.

shown). This discrepancy may have been due to the secretion of
certain biological factors into the culture medium by cells
associated with the isolated WT mouse myofibers other than
satellite cells, such as myofibroblasts, or myofibers themselves
which could rescue myogenin expression.

To confirm this hypothesis, we cultured C2C12 cells at 30 °C in
conditioned medium (CM) of C2C12 cells differentiated at 38 °C
and found that CM promoted myogenin expression at 30 °C at the
almost same level as that with both IGF-I and VC. On the other
hand, myotubes were not formed though the cells were cultured in
CM for 10 days. The conceivable reason of this observation is that
CM did not have sufficient nutritional quality for myotube
formation or that CM contained some factors preventing myoblast
fusion such as transforming growth factor-p (TGF-p) [34].

Our result demonstrates that differentiated myogenic cells
secrete a factor (or factors) which can restore myogenin
expression at 30 °C. Although we have yet to identify the specific
factor(s), it is probable that one of the factors contained in CM is
IGF-1I, because skeletal muscle cells secrete IGF-II endogenously
during differentiation [35,36]. It is likely that innate factors exist in
vive which serve as buffers to low temperature and help normal
muscle cell differentiation even in parts of the body with
temperatures lower than 30 °C [3].

We examined whether or not human skeletal muscle cells were
also inhibited to differentiate at 30 °C and further IGF-I and VC
have a rescuing effect. Human cells showed the same tendency as
C2C12 mouse myoblast cells, but did not form myotubes under the

culture condition described in Materials and methods. Therefore,
we just evaluate their myogenin expression, which is a marker of
myogenic differentiation in the early stage.

Another instance in which the body experiences low tempera-
tures is during hypothermia treatment, which involves maintain-
ing the body at 32-34°C for several days and is known to be
effective for improving survival and neurological outcome after
brain injury, such as cerebral ischemia and hemorrhage [37], and
sudden cardiac arrest [38]. The protective mechanism of hypo-
thermia includes reduction of brain metabolism by depressing its
electrical activity, inhibition of programmed cell death by reducing
excitatory amino acid release and attenuating oxidative stress.
However, this treatment strategy can also have negative effects for
patients as the suppression of the immune system occasionally
results in serious infections and death. Therefore, the administra-
tion of drugs which enhance local biological activities in patients
whose body temperature are lower than 35 °C to levels observed at
normal body temperature during hypothermia treatment could
help to improve survival rates. As IGF-I and VC promoted
differentiation of human skeletal muscle cells at 30°C, we
speculate that they may function as in vivo buffers to low
temperatures and are good drug candidates for compensating
against the defects of hypothermia treatment in not only skeletal
muscles, but also in other organs.

Conclusions

At 30 °C, mouse skeletal muscle cells neither express myogenin
nor fuse into multinucleated myotubes, while the myoblasts
continuously expressed Id3 and do not upregulate muscle-specific
miRNAs. Human skeletal muscle cells also did not express
myogenin at 30 °C. However, the low temperature-induced
inhibition of myogenic differentiation is effectively alleviated by
the addition of either IGFs (IGF-I and IGF-II) or VC into culture
medium. Satellite cells from IGF-I overexpressing Tg mice swiftly
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Fig. 8 -~ Myogenin expression in human skeletal muscle cells
cultured with IGF-1 and VC at 30 °C. Human skeletal muscle cells
were cultured in DM at 38 or 30 °C and in DM containing 100 ng/ml
IGF-1 and 200 pM VC at 30 °C for 6 days and then immunostained
for myogenin. Myogenin expression in the human muscle cells was
inhibited at 30 °C, but was rescued by treatment with IGF-1 and VC.
The percentage (%) of myogenin-positive nuclei to the total nuclei
is presented as the means + SEM. **p<0.01.
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differentiated at both 37 and 30 °C in single-fiber culture. Qur
findings that IGFs and VC promote myogenic differentiation at
lower temperatures than body temperature suggest that the
sensitivity of myogenic cells to low temperature could be buffered
by certain physiological factors in vivo.

Acknowledgments

This work was supported by a Health and Labor Sciences Research
Grant (19A-020) for Research on Psychiatric and Neurological
Diseases and Mental Health, and a Research Grant for Nervous and
Mental Disorders (20B-13) from the Ministry of Health, Labor and
Welfare, Japan.

REFERENCES

[1] P.R. Morrison, F.A. Ryser, Weight and body temperature in
mammals, Science 116 (1952) 231-232.

[2] ClarkeA., PértnerH.O. , Temperature, metabolic power and the
evolution of endothermy, Biol. Rev. Camb. Philos. Soc. (2010),
published online in advance of print.

[3] J. Aschoff, R. Wever, Kern und Schale im Warmehaushalt des
Menschen, Naturwissenschaften 45 (1958) 477-485.

[4] A.Shima, R. Matsuda, The expression of myogenin, but not of
MyoD, is temperature-sensitive in mouse skeletal muscle cells,
Zoolog. Sci. 25 (2008) 1066-1074.

[5] S.M. Rosenthal, Z.Q. Cheng, Opposing early and late effects of
insulin-like growth factor I on differentiation and the cell cycle
regulatory retinoblastoma protein in skeletal myoblasts, Proc.
Natl. Acad. Sci. USA 92 (1995) 10307-10311.

[6] E.R. Barton-Davis, D.I. Shoturma, A. Musaro, N. Rosenthal, H.L.

Sweeney, Viral mediated expression of insulin-like growth factor

I blocks the aging-related loss of skeletal muscle function, Proc.

Natl. Acad. Sci. USA 95 (1998) 15603-15607.

E.R. Barton-Davis, D.I. Shoturma, H.L. Sweeney, Contribution of

satellite cells to IGF-1 induced hypertrophy of skeletal muscle,

Acta. Physiol. Scand. 167 (1999) 301-305.

[8] A. Musaro, K. McCullagh, A. Paul, L. Houghton, G. Dobrowolny, M.
Molinaro, E.R. Barton, H.L. Sweeney, N. Rosenthal, Localized Igf-1
transgene expression sustains hypertrophy and regeneration in
senescent skeletal muscle, Nat. Genet. 27 (2001) 195-200.

[9] J.R. Florini, D.Z. Ewton, S.L. Roof, Insulin-like growth factor-1
stimulates terminal myogenic differentiation by induction of
myogenin gene expression, Mol. Endocrinol. 5 (1991) 718-724.

[10] D.D. Sarbassov, R. Stefanova, V.G. Grigoriev, C.A. Peterson, Role of
insulin-like growth factors and myogenin in the altered program
of proliferation and differentiation in the NFB4 mutant muscle
cell line, Proc. Natl. Acad. Sci. USA 92 (1995) 10874-10878.

[11] J.R. Florini, D.Z. Ewton, S.A. Coolican, Growth hormone and the
insulin-like growth factor system in myogenesis, Endocr. Rev. 17
(1996) 481-517.

[12] CE. Stewart, P.L. James, M.E. Fant, P. Rotwein, Overexpression
of insulin-like growth factor-1I induces accelerated myoblast
differentiation, J. Cell Physiol. 169 (1996) 23-32.

[13} B. Peterkofsky, The effect of ascorbic acid on collagen polypeptide
synthesis and proline hydroxylation during the growth of cultured
fibroblasts, Arch. Biochem. Biophys. 152 (1972) 318-328.

[14] R. Hata, H. Senoo, L-ascorbic acid 2-phosphate stimulates
collagen accumulation, cell proliferation, and formation of a
three-dimensional tissuelike substance by skin fibroblasts, J.
Cell Physiol. 138 (1989) 8-16.

[15] R. Matsuda, O. Saitoh, M. Periasamy, L-ascorbic acid 2-phosphate
promotes myogenesis of BC3H1 cells by activating myogenin
expression, FASEB J. 4 (1990) A1964.

[7

—

[16] Y. Mitsumoto, Z. Liu, A. Klip, A long-lasting vitamin C derivative,
ascorbic acid 2-phosphate, increases myogenin gene expression
and promotes differentiation in L6 muscle cells, Biochem.
Biophys. Res. Commun. 199 (1994) 394-402.

[17] H.M. Blay, CP. Chiu, C. Webster, Cytoplasmic activation of
human nuclear genes in stable heterocaryons, Cell 32 (1983)
1171-1180.

[18] D.Yaffe, O. Saxel, Serial passaging and differentiation of myogenic
cells isolated from dystrophic mouse muscle, Nature 270 (1977)
725-727.

[19] S. Decary, V. Mouly, CB. Hamida, A. Sautet, J.P. Barbet, G.S.

Butler-Browne, Replicative potential and telomere length in human

skeletal muscle: implications for satellite cell-mediated gene

therapy, Hum. Gene. Ther. 8 (1997) 1429-1438.

C.H. Zhu, V. Mouly, R.N. Cooper, K. Mamchaoui, A. Bigot, J.W.

Shay, J.P. Di Santo, G.S. Butler-Browne, W.E. Wright, Cellular

senescence in human myoblasts is overcome by human

telomerase reverse transcriptase and cyclin-dependent
kinase 4: consequences in aging muscle and therapeutic

strategies for muscular dystrophies, Aging Cell 6 (2007)

515-523.

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

[22] N.Kadota, A. Suzuki, Y. Nakagami, T. Izumi, T. Endo, Endogenous
meltrin alpha is ubiquitously expressed and associated with the
plasma membrane but exogenous meltrin alpha is retained in the
endoplasmic reticulum, J. Biochem. 128 (2000) 941-949.

[23] V. Riechmann, L. van Criichten, F. Sablitzky, The expression
pattern of 1d4, a novel dominant negative helix-loop-helix
protein, is distinct from Id1, Id2 and 1d3, Nucleic Acids Res. 22
(1994) 749-755.

[24] LN.Melnikova, B.A. Christy, Muscle cell differentiation is inhibited
by the helix-loop-helix protein 1d3, Cell Growth Differ. 7 (1996)
1067-1079.

[25] T.E. Callis, J.F. Chen, D.Z. Wang, MicroRNAs in skeletal and cardiac
muscle development, DNA Cell Biol. 26 (2007) 219-225.

[26] A. Mauro, Satellite cell of skeletal muscle fibers, J. Biophys.
Biochem. Cytol. 9 (1961) 493-495.

[27] S.B. Chargé, M.A. Rudnicki, Cellular and molecular regulation of
muscle regeneration, Physiol. Rev. 84 (2004) 209-238.

[28] P. Zammit, J. Beauchamp, The skeletal muscle satellite cell: stem
cell or son of stem cell? Differentiation 68 (2001) 193-204.

{29] Q. Xu, Z. Wu, The insulin-like growth factor-phosphatidylinositol
3-kinase-Akt signaling pathway regulates myogenin expression
in normal myogenic cells but not in rhabdomyosarcoma-derived
RD cells, J. Biol. Chem. 275 (2000) 36750-36757.

[30] J. Tureckova, E.M. Wilson, ].L. Cappalonga, P. Rotwein,

Insulin-like growth factor-mediated muscle differentiation:
collaboration between phosphatidylinositol 3-kinase-Akt-signaling
pathways and myogenin, . Biol. Chem. 276 (2001) 39264-39270.

[31] M. Levine, New concepts in the biology and biochemistry of
ascorbic acid, N. Engl. |. Med. 314 (1986) 892-902.

[32] P.K. Rao, R.M. Kumar, M. Farkhondeh, S. Baskerville, H.F.
Lodish, Myogenic factors that regulate expression of
muscle-specific microRNAs, Proc. Natl. Acad. Sci. USA 103
(2006) 8721-8726.

[33] L Naguibneva, M. Ameyar-Zazoua, A. Polesskaya, S. Ait-Si-Alj,
R. Groisman, M. Souidi, S. Cuvellier, A. Harel-Bellan, The
microRNA miR-181 targets the homeobox protein Hox-A11
during mammalian myoblast differentiation, Nat. Cell Biol.

8 (2006) 278-284.

[34] R. Lafyatis, R. Lechleider, A.B. Roberts, M.B. Sporn, Secretion
and transcriptional regulation of transforming growth
factor-p3 during myogenesis, Mol. Cell Biol. 11 (1991)
3795-3803.

{35] J.R. Florini, K.A. Magri, D.Z. Ewton, P.L. James, K. Grindstaff, P.S.
Rotwein, "Spontaneous” differentiation of skeletal myoblasts

[20



366 EXPERIMENTAL CELLRESEARCH 317 (2011) 356-366

is dependent upon autocrine secretion of insulin-like growth [37] S. Nagel, M. Papadakis, L. Hoyte, A.M. Buchan, Therapeutic

factor-1I, J. Biol. Chem. 266 (1991) 15917-15923. hypothermia in experimental models of focal and global cerebral
[36] K.M. Rosen, B.M. Wentworth, N. Rosenthal, L. Villa-Komaroff, ischemia and intracerebral hemorrhage, Expert Rev. Neurother.

Specific, temporally regulated expression of the insulin-like 8 (2008) 1255-1263.

growth factor II gene during muscle cell differentiation, [38] A. Janata, M. Holzer, Hypothermia after cardiac arrest, Prog.

Endocrinology 133 (1993) 474-481. Cardiovasc. Dis. 52 (2009) 168-179.



J. Biochem. 2011;149(1):43-48 doi:10.1093/jb/mvq115

JBTHE JOURNAL OF
BIOCHEMISTRY

Muscle injury-induced thymosin 4 acts as a chemoattractant

for myoblasts

Received September 6, 2010, accepted September 20, 2010; published online September 29, 2010

Yuka Tokura'?¥*, Yuki Nakayama'>*,
So-ichiro Fukada*, Noriko Nara',

Hiroshi Yamamoto®*, Ryoichi Matsuda® and
Takahiko Hara™"

'Stem Cell Project Group, The Tokyo Metropolitan Institute

of Medical Science, Tokyo Metropolitan Organization for
Medical Research, 2-1-6 Kamikitazawa, Setagaya-ku, Tokyo
156-8506; >Graduate School of Arts and Sciences, The University
of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153-8902; >Priority
Organization for Innovation and Excellence, Kumamoto University,
2-39-1 Kurokami, Kumamoto-shi, Kumamoto 860-8555; and
‘Department of Immunology, Graduate School of Pharmaceutical
Sciences, Osaka University, 1-6 Yamadaoka, Suita-shi, Osaka
565-0871, Japan

*These authors contributed equally to this work.

"Takahiko Hara, Stem Cell Project Group, The Tokyo Metropolitan
Institute of Medical Science, Tokyo Metropolitan Organization
for Medical Research, 2-1-6 Kamikitazawa, Setagaya-ku, Tokyo
156-8506, Japan. Tel: +81 3 5316 3310, Fax: +81 3 5316 3220,
email: hara-tk@igakuken.or jp

Thymosin B4 (TH4) is a major intracellular G-actin-
sequestering peptide. There is increasing evidence
to support important extracellular functions of Tp4
related to angiogenesis, wound healing and cardiovas-
cular regeneration. We investigated the expression of
‘T4’ and ‘thymosin P10°, a closely related peptide,
during skeletal muscle regeneration in mice and
chemotactic responses of myoblasts to these peptides.
The mRNA levels of ‘T4’ and ‘thymosin P10’ were
up-regulated in the early stage of regenerating muscle
fibres and inflammatory haematopoietic cells in the
injured skeletal muscles of mice. We found that both
Tp4 and its sulphoxized form significantly accelerated
wound closure and increased the chemotaxis of C2C12
myoblastic cells. Farthermore, we showed that primary
myoblasts and myocytes derived from muscle satellite
cells of adult mice were chemoattracted to sulphoxized
form of Tp4. These data indicate that muscle injury
enhances the local production of T4, thereby promot-
ing the migration of myoblasts to facilitate skeletal
muscle regeneration.

Keywords: chemotaxis/myoblast/regeneration/skeletal
muscle/thymosin beta4.

Abbreviations: bFGF, basic fibroblast growth factor;
CT, cardiotoxin; DIG, Digoxigenin; DMEM,
Dulbecco’s modified Eagle’s medium; Gapdh,
glyceraldehyde 3-phosphate dehydrogenase; ILK,
integrin-linked kinase; PBS, phosphate-buffered
saline; PCR, polymerase chain reaction; RT, reverse
transcription; TA, tibialis anterior; Tp4, thymosin B4;
TP4so, thymosin P4 sulphoxized; TB10, thymosin
B10.

Skeletal muscles are damaged and repaired daily, and
support the locomotor functions of life. During muscle
regeneration, various cytokines and secretary peptides
are transiently produced by inflammatory immune
cells and regenerating muscle fibres. These factors
play an important role in the cell cycle entry of satellite
cells (muscle stem cells), the differentiation of myo-
blasts and in myotube formation (/). Since some
factors, such as insulin-like growth factor-1 (2) and
vascular endothelial growth factor (3), have been
reported to ameliorate the damaged skeletal muscles
in mouse models of muscular dystrophy, it is import-
ant to extend our knowledge of these muscle injury-
induced secretory molecules.

We and others reported previously that the expres-
sion of ‘thymosin B4 (TP4)y mRNA is up-regulated
in the skeletal muscles of dystrophin-deficient mdx
mice (4, 5) and in a mdx-derived myoblastic cell line
(6) compared with their respective wild-type controls.
TP4 is an N-terminally acetylated polypeptide of
4.9kDa and contains 43 amino acid residues (7). Tp4
sequesters intracellular monomeric G-actin and in-
hibits the assembly of actin fibres within cells (8).
However, a substantial amount of TP4 is released
from cells, where it serves as a paracrine factor to sup-
port angiogenesis, wound healing, hair growth and
cardiac regeneration (9—74). It has been reported that
TB4 is chemotactic for endothelial cells (9), keratino-
cytes (12) and cardiomyocytes (14). In contrast, TR4 is
inhibitory for the chemotaxis of neutrophils (/5).
Notably, TB4 sulphoxide (Tp4so), in which the sixth
methionine residue is oxidized, has an even greater
ability to inhibit the migration of neutrophils (/5).
Moreover, a closely related peptide, thymosin Bi0
(TB10) (16, 17) may have similar fanctions to Tp4.

Recently, two groups reported a critical role for
Tp4 and its cleavage product in cardiac regeneration
(13, 14). TP4 was shown to be physically associated
with the LIM (Lin-1, Isl-1, and Mec-3) domain pro-
tein, PINCH (particularly interesting new Cys-His pro-
tein) and with integrin-linked kinase (ILK) to activate
Akt kinase in cells (/3). T4 promoted the survival and
repair of cardiomyocytes after cardiac injury through
this signalling pathway, in addition to stimulating the
migration of cardiomyocytes and endothelial cells.

The expression level of T4 is reported to be high in
wound fluid and in regenerating tissues (/8—20). Based
on the fact that “TP4’ expression is up-regulated in
the skeletal muscles of mdx mice (4, 5) and injured
porcine muscles (20), we hypothesized that it may
play an important role in skeletal muscle regeneration.
In this study, we show that “Tp4’ and “TP10’ mRNAs
are induced in regenerating muscles and inflamma-
tory haematopoietic cells. More importantly, we

© The Authors 2010. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 43
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demonstrate that TP4 serves as a chemoattractant for
myoblasts.

Materials and Vethods

Muscle injury models

First experimental model was set up as described earlier (27). Briefly,
100 ul of cardiotoxin (CT, 10uM in 0.9% NaCl; Wako, Osaka,
Japan) was injected into the tibialis anterior (TA) muscles of
6-week-old male C57BL/6 mice (Nihon SLC, Hamamatsu, Japan)
using 27G needles. The CT-treated TA muscles were then harvested
at various time points (from 6h to 14 days), fixed in 4% para-
- formaldehyde in phosphate-buffered saline (PBS) pH 7.4, frozen,
sectioned and stained with haematoxylin and eosin.

Alternatively, TA muscles were quickly frozen in liquid nitrogen
for RNA extraction. A second muscle crush-injury model was estab-
lished by puncturing the gastrocnemius muscles of 8-week-old male
C57BL/10 mice (Nihon SLC) with 23G needles. At different time
points (from 5h to 14 days) after injury, the gastrocnemius muscles
were isolated, frozen in liquid nitrogen and subjected to RNA
extraction.

Mice were maintained under a 12-h light/dark cycle in a patho-
gen-free animal facility. All experimental procedures involving the
mice were pre-approved by the ethical committee of the institute.

Reverse transcription—polymerase chain reaction (PCR)

Total RNAs were prepared from skeletal muscle tissues using Trizol
(Invitrogen, Carlsbad, CA, USA). Five micrograms of RNA from
each sample was reverse-transcribed using the SuperScript II
pre-amplification system for first strand cDNA synthesis with
oligo(dT) primers (Invitrogen). Part of the cDNA mixture (1/125)
was used in a PCR reaction with an annealing temperature of 56°C,
ExTaq DNA polymerase (Takara, Otsu, Japan), and the following
primer sets: 5-TCTGACAAACCCGATATGGCT-3 and 5-CGAT
TCGCCAGCTTGCTTCTCT-3' for detection of ‘T4’ (PCR prod-
uct: 129 bp), 5-GCAGACAAGCCGGACATGGGG-3 and 5-GG
AGATTTCACTCCTCTTTTCC-3" for ‘TB10° (PCR product:
129bp) and 5-ACCACAGTCCATGCCATCAC-3' and 5-TCCA
CCACCCTGTTGCTGTA-3' for ‘glyceraldehyde 3-phosphate de-
hydrogenase’ (‘Gapdl’; PCR product: 452bp), respectively.
‘Gapdh’ was used as a template control. Real-time PCR was per-
formed with SYBR® premix ExTaq 1l (Takara). The AAC, method
was used to determine relative mRNA expression levels.

In situ hybridization

The PCR-amplified 3’-untranslated regions of the “Tp4” and ‘TB10
c¢DNAs were cloned into the PCR-Script Amp SK(+) vector
(Stratagene, La Jolla, CA, USA). Digoxigenin (DIG)-labelled
RNA probes were prepared by using the DIG RNA labelling kit
(Roche Diagnostics, Indianapolis, IN, USA). The CT-treated TA
muscles from CS57BL/6 mice were dissected on the fifth day after
injection and frozen in isopentane pre-cooled in liquid nitrogen.
Cryostat cross sections (10 pm) were prepared, fixed in 4% parafor-
maldehyde in PBS, and treated with I pg/ml proteinase K (Wako) in
PBS at room temperature for 7min. After acetylation with acetic
anhydride in triethanolamine (Wako), the sections were hybridized
with a DIG-labelled anti-sense or sense RNA probe at 65°C for 18h
and the signals were detected colorimetrically (22).

Cells and reagents

Mouse myoblast-derived C2C12 cells (American Type Culture
Collection, CRL-1772) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma, St Louis, MO, USA) containing
10% fetal calf serum (Invitrogen) and 0.5% penicillin-streptomycin
(Sigma). Myotube differentiation of C2C12 cells was carried out as
previously described (23). Muscle satellite cells were separated from
8-week-old female C57BL/6 mice by using SM/C-2.6 antibody as
described earlier (24) and sub-cultured for 7 days in 20% fetal calf
serum, human basic fibroblast growth factor (bFGF, 5ng/ml;
PeproTech, Rocky Hill, NJ, USA) and 0.5% penicillin-streptomycin
on matrigel (BD Biosciences, San Jose, CA, USA)-coated plates.
SM/C-2.6" cells were sorted on a FACSAria (BD Biosciences).
Approximately 4x 10° cells of SM/C-2.6" fraction were obtained
from skeletal muscle of two adult mice.

44

TB4 was chemically synthesized by the Peptide Institute Inc.
(Osaka, Japan) and oxidized in the presence of 30% H,0,.
Unoxidized TB4 was separated from TP4so by high-performance
liquid chromatography.

Scratch wound closure assay

Confluent monolayers of C2C12 cells in 6-well plates were scratched
with a blue tip to generate a gap (~5x 1 mm). Cells were incubated
with DMEM containing 10 mM thymidine (Sigma) at 37°C for 8 h in
the presence or absence of various concentrations of TB4 or Tp4dso.
The medium was replaced after 4h of incubation. The scratched
areas were photographed under a microscope both before and
after culture, and the width of each gap measured.

Chemotaxis assay

C2CI12 cells or muscle satellite cells-derived myoblasts/myocytes
were washed and resuspended at a concentration of 10°cells/ml
(C2C12) or 3.6x10°cells/ml (primary myoblasts/myocytes) in
DMEM containing 0.1% fatty acid-free bovine serum albumin
(Sigma) and 20 mM 4-(2-hydroxyethyl)-1-piperazine ethane sulphon-
ic acid pH 7.3 (Invitrogen). The wells of a 24-well culture plate were
filled with 550 ul of TR4, TP4so or bFGF at various concentrations.
Chemotaxicell chambers (8§ pm pore size; Kurabo, Osaka, Japan)
were pre-coated with bovine fibronectin (100 pg/ml; Wako) for 2h
at room temperature and placed in each well. Cells (200 pl) were then
added to the upper chamber. The plate was then incubated for 6h at
37°C, after which the cells remaining in the upper chamber were
scraped off. The cells that had migrated to the bottom surface of
the membrane were stained with Diff-Quik (Kokusai Shiyaku,
Kobe, Japan) and counted using a microscope.

Statistical analyses

All statistical analyses were performed using ANOVA (analysis of
variance) repeated measures analysis (Statview J5.0, Abacus
Concepts, Berkeley, CA, USA). P<0.05 was considered significant
for the unpaired Student’s -test.

Results

Expression of T4 and T 10 mRNAs is enhanced

in skeletal muscles after injury

First, we investigated the expression patterns of ‘TR4’
and ‘TP10° mRNAs during the recovery of injured
skeletal muscles. As previously demonstrated (217),
injection of CT into TA muscles caused the extensive
degeneration of muscle fibres within 6h (Fig. 1A). On
Days 3—5, many inflammatory haematopoietic cells
were recruited into the interstitial spaces. From Day
7 after CT injection, regenerating muscle fibers with
central nuclei were gradually formed and the entire
TA muscles were eventually repaired by Day 14
(Fig. 1A). Expression of ‘Tp4” mRNA was increased
within 1day, reaching its highest level on Day 3, and
decreasing to base line levels by Day 14 after CT
injection (Fig. 1B). Although the relative amount of
“TP10° mRNA was smaller than that of “TB4’, its
expression was also maximal around Day 3
(Fig. 1B). In the crush injury model, ‘T4 mRNA
was similarly up-regulated until Day 4 (when inflam-
matory reactions are initiated) and then gradually
decreased by Day 14 (Fig. 1C).

Localization of TB4 and T 10 mRNAs in the
regenerating skeletal muscles

We next determined the type of cells that produce
“TP4” and “TP10° during the regeneration of TA mus-
cles by in situ hybridization. ‘Myosin light chain’ was
utilized as a marker for the regenerating muscle fibres.
As shown in Fig. 2, “Tp4’ and ‘TP10” mRNAs were
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Fig. 1 Up-regulation of ‘TP4’ and ‘TP10’ mRNAs during skeletal muscle regeneration. (A) Histological appearance of skeletal muscle during the
course of regeneration after CT injection. TA muscles were recovered from CT-injected mice at indicated time points (6 h to 14 days). Their

frozen sections were stained with haematoxylin and eosin. Scale bar, 50 pm. (B and C) The mRNA levels of the indicated genes were analysed by
reverse transcription—PCR at various time points (5 h to 14 days) after CT injection (B) or crush injury (C). Base line expression levels (Day 0) of
“TB4” and “TR10° mRNAs were shown in the second CT injection experiment. DNA was visualized by ethidium bromide staining. ‘Gapdh® was
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Fig. 2 Location of ‘T4’ and “TH10’ mRNAs in the regenerating skeletal muscle. Transverse cryosections of TA muscles were harvested 5 days
after CT injection and were hybridized with DIG-labelled sense (upper panels).or anti-sense (lower panels) cRNA probes for ‘Myosin light
chain’, “TP4” and ‘TP10°, respectively. Gene-specific signals in cytoplasm were visualized as light brown paints in the centrally nucleated muscle
fibres (arrows) and interstitial haematopoietic cells (arrowheads). Scale bar, 50 pm.

detectable in centrally nucleated regenerating muscle
fibres, as well as in the haematopoietic cells present
in the interstitial spaces (Fig. 2). These staining
patterns were not observed with the sense probes,
confirming the specificity of signals.

Migratory responses of C2C12 cells to Tp4

and Tf4so

As TP4 is known to promote the migration of endo-
thelial cells and cardiac myocytes (9, /4), we exam-
ined the migratory responses of myoblasts to both
TP4 and its oxidized form. As shown in Fig. 3A,
both forms significantly enhanced the wound closing
capacity of C2C12 cells in a dose-dependent manner.

Maximum activity was observed at 100pg/ml for
TP4so, whereas T4 exhibited a constantly high ac-
tivity at concentrations >100pg/ml. In contrast, the
chemotactic responses of C2C12 cells to both TPR4
and TB4so were very similar in terms of dose depend-
ency (Fig. 3B). The total number of cells migrated in
response to TP4 and TP4so was comparable to that
seen with bFGF, a known chemotactic factor for
C2C12 cells (25). When Tp4 or TP4so was included
in the upper chamber, or both the upper and lower
chambers, of Chemotaxicell, enhancement of cell mi-
gration was cancelled (Fig. 3C). Therefore, TB4 and
TP4so induce chemotaxis, but not chemokinesis to
C2C12 cells.
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Fig. 3 Wound closure and chemotactic responses of C2C12 cells by
exogenous TP4 and TB4so. (A) Recovery ratio of scratched wounded
areas of C2C12 monolayer was measured in the presence or absence
of indicated concentrations of T4 or TB4so. (B) Chemotactic
responses of C2C12 cells to various concentrations of T4 and
TR4so. bFGF was used as a positive control. (C) Evaluation of
chemokinetic responses of C2C12 cells to T4 and TB4so. In (B)
and (C), assays were performed using Chemotaxicell (8 pm pore size)
with indicated reagents added in the upper and/or lower chambers.
After 6 h of incubation, cells that had migrated to the bottom sur-
face of the membrane were stained and subjected to microscopic
observation and cell counting. Each value represents the
mean+S.D. (n=38-9). *P<0.05; **P<0.01. n.s., not significant
compared to the value of medium control.

Chemotactic responses of satellite cells-derived
primary myoblasts/myocytes

To confirm that Tp4-responsiveness is a general prop-
erty of myoblasts and not a C2C12-specific phenom-
enon, we prepared primary myoblasts and used them
for the chemotaxis assay. For this purpose, we isolated
SM/C2.6" muscle satellite cells from adult mice and
cultured them for in vitro differentiation. As previously
demonstrated (24), they vigorously proliferated and
gave rise to myoblasts, myocytes and myotube-like
structures (Fig. 4A). When we applied these cells to
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Fig. 4 Chemotaxis of satellite cells-derived myoblasts/myocytes

to exogenous TP4so. (A) Morphological appearance of primary
myoblasts and myocytes derived from muscle satellite cells of
adult mice. (B) Chemotactic responses of primary myoblasts/
myocytes to TP4so and bFGF. Cells and indicated reagents were
added in upper and lower chambers of Chemotaxicell (8 pm pore
size), respectively. After 6h of incubation, cells that had migrated
to the bottom surface of the membrane were stained and counted.
Each value represents the mean £ S.D. (n==3). ¥**P<0.01 compared
to the value of medium control.

Chemotaxicell, significant number of cells migrated
across the membrane in response to Tp4so (Fig. 4B).
These data demonstrated the responsiveness of pri-
mary myoblasts/myocytes to TP4so. It is noteworthy
that satellite cells-derived primary cells were more
strongly chemoattracted to bFGF than to Tpdso
(Fig. 4B) when compared to C2C12 cells (Fig. 3B).
This is probably related to a higher frequency of
myocytes in the primary cell population.

Up-regulation of T4 and T 10 mRNAs during
myotube differentiation

To understand whether expression of “Tp4’ and “TB10’
mRNAs is changed between myoblasts and myofibers,
we compared their expressions in C2CI12 cells before
and after myotube differentiation in vitro. As shown
in Fig. 5, both ‘Tp4’ and ‘TP10° mRNAs were signifi-
cantly increased by the myotube differentiation.

Discussion

Previous reports from several laboratories noted
that the expression levels of ‘TB4” in the skeletal
muscle of mdx mice are significantly higher than
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Fig. 5 Increase of ‘TB4’ and ‘T$10° mRNAs during myotube
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as a relative amount to that of Day 0. Each value represents the
mean +=S.E. (n=3). **, P<0.01 compared to the value of Day 0.

those of wild-type mice (4, 5). We also found that
larger amounts of ‘T4’ mRNA are produced by the
mdx-derived myoblastic cell line (6) and the skeletal
muscles of mdx mice (Nakayama, Y. and Hara, T.,
unpublished data). In situ hybridization data show
that both “TB4’ and ‘TB10° mRNAs are present in
regenerating muscle fibres, but are absent from
mature skeletal muscles. The specific localization of
Tp4 protein in regenerating muscles was shown in a
very recent report using mdx mice (26). In addition
to immature muscles, we found that haematopoietic
cells in the interstitial spaces also produced ‘TP4’ and
‘TR10° mRNAs. In the early stages (3—5 days) of
muscle regeneration after CT injection, large amounts
of inflammatory blood cells, including macrophages
and T cells, infiltrate into the degenerated areas of
skeletal muscle. These cells play an important role in
tissue repair by secreting a number of cytokines.
Accordingly, the levels of “TB4’ and “TP10" mRNAs
in the TA muscles were at their highest on Day 3
after CT injection.

TB4 is known to promote wound healing in skin
(11), hair growth (/2) and cardiac repair (I3, 14).
However, the physiological relevance of this
up-regulation of ‘T4’ and ‘TP10’ in mdx muscles
and injured skeletal muscles remains to be clarified.
In this study, we demonstrated that Tp4 and its
oxidized form, TP4so, are capable of stimulating
the migration of both C2CI12 cells and skeletal
muscle-derived primary myoblasts/myocytes. TP4so
was more potent in promoting the migration of
C2C12 cells in the scratch wound assay than TP4, as
was shown for human umbilical vein endothelial cells
(15). As the chemotaxis-inducing activity of Tp4 and
TP4so was very similar, these two assays might detect a
distinct biological activity of TB4so. In this regard, it is
interesting that TB4so, but not TP4, is a potent inducer
of neutrophil locomotion, and suppresses footpad
swelling (15). However, we cannot rule out the possi-
bility that an action range of the chemotaxis assay is
broader than that of wound closure assay.

Role of Tp4 during skeletal muscle regeneration

As mentioned above, ‘T4’ mRNA is expressed in
myoblastic cell lines and its expression level is higher in
mdx-derived myoblastic cells than that in C57BL/10
mice-derived myoblasts (6). If Tp4 acts as a chemo-
attractant for myoblasts, how Tp4 gradient is
generated in the regenerating skeletal muscles?
We demonstrated that both Tp4 and ‘TB10° mRNAs
were markedly up-regulated during myotube differen-
tiation of C2C12 cells. Therefore, newly formed myo-
fibers as well as inflammatory haematopoietic cells
would produce larger amounts of TP4 and TR10
locally, thereby facilitating mobilization of myoblasts
into the regenerating skeletal muscle regions.

Given the fact that TP4 and TP4so mobilize
myoblasts to injured muscles, it may also facilitate
the regeneration of injured skeletal muscles. In fact, a
very recent report by Spurney ef al. (26) shows that
Tp4-treated mdx mice have significantly increased
numbers of regenerating muscle fibres compared with
control mdx mice. Considering the role of TP4 in
cardiac regeneration, it is likely that TP4 mediates
the recruitment and survival of myoblasts via the
PINCH-ILK-Akt pathway. This is supported by
the fact that ILK and Akt are activated in C2C12
cells in response to TP4 (14). Alternatively, a reduc-
tion of NF-kB activity induced by Tp4 might play a
role in the anti-apoptotic effects seen in skeletal
muscles (27).

Unfortunately, the impaired skeletal muscle strength
and fibrosis seen in mdx mice were not ameliorated
after chronic administration of TP4 in the study of
Spurney et al. (26). In transgenic mouse lines over-
expressing TP4 in their skeletal muscles, we failed to
observe significant differences in the kinetics of muscle
regeneration after CT injection (Nakayama, Y. and
Hara, T., unpublished data). In this case, it is possible
that the concentrations of endogenous TB4 and TB10
were sufficiently high to mobilize myoblasts in the
injured muscles of these transgenic mice. Regarding
the clinical application of TP4 for the treatment of
muscular dystrophies, the combination of TB4 with
other regeneration-promoting cytokines would be
beneficial.

Only endothelial cells (9), keratinocytes (/2), cardi-
omyocytes (1/4) and skeletal myoblasts (this study) are
chemoattracted to TP4. Fibroblasts, smooth muscle
cells, monocytes and mneutrophils do not respond
to TP4 (9, 15). Interestingly, both Tp4 and Tp4so
are rather inhibitory for neutrophil chemotaxis
elicited by N-formyl-methion-leucyl-phenylalanine
(15). Therefore, TP4 modulates cell migration in a
cell-type specific fashion to either promote tissue re-
generation, or attenuate inflammatory responses.
Future investigation of putative Tp4 receptors would
provide critical information for understanding
how extracellular TP4 exerts its biological activities
in cells.
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READ =% ) 2 gl L 72, & OREREEAGR %
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Tl L7z, et #2 % #41%, ¥y <A
VURANTA T LD BEVREREN ) —
FAV—FEEEZNIRIZE>TARL, mdr ¥ R
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F o v AR
—Y—FRZA NV —12& % Duchenne B Y A b7 4 — DG E

Therapeutic Readthrough Strategy for Suppression of Nonsense Mutations in
Duchenne Muscular Dystrophy

wOR B B R

Masataka Shiozuka*, Ryoichi Matsuda*

Abstract

Effective treatment for Duchenne muscular dystrophy (DMD) is currently unavailable. Readthrough
of disease-causing premature termination codons might alleviate the symptoms of genetic diseases caused
by nonsense mutations. Several ribosome-binding compounds, including selective antibiotics and syn-
thetic novel small molecules, induce translational readthrough, restoring full-length functional proteins.
Here in this innovative therapeutic strategy has been summarized with a focus on DMD.

We have previously reported that negamycin restored dystrophin expression with less toxicity than
gentamicin in mdx mice. To explore more potent readthrough inducers, we established the transgenic
mouse called READ (readthrough evaluation and assessment by dural receptor) for readthrough-specific
detection. Using READ mice, we discovered drug candidates, including sterically negamycin-like small
molecules and aminoglycoside derivatives. The newly developed small molecules induced dose-dependent
readthrough with greater potency than ataluren in vitro and promoted the expression of dystrophin and
reduction in serum creatine kinase activity in mdx mice. Moreover, the aminoglycoside derivative restored
both dystrophin protein and contractile function of mdx skeletal muscles with appreciably higher readth-
rough activity and lower toxicity than that of gentamicin. Furthermore, we confirmed the efficacy of a
thioglycolate-based depilatory agent to enhance the topical delivery of skin-impermeable drugs, including
aminoglycosides. These promising new chemotherapeutic agents with beneficial effects on readthrough
action, lower toxicity, and transdermal delivery may have significant value in treating or preventing genetic
diseases caused by nonsense mutations.

utations, muscular dystrophy, negamycin, aminoglycoside
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U AEBRPHE TSI L 2YDTHEE LD 1979
FETho70 WER, BAEHRCBL T —FR
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B9 2 RIFREELAE S h TRy L H s, Ba
RERTEHEY, BYA o714 —ORBICBT 2%
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WTh, FBRELLTIEHEBERTRENTVLSY,
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0. iU —K 2 —HEYEORR~aE

5 13 2001 LR, YT F FRFEDE R /<A
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Fig.1 READ ?7 AD2 5 X-gal Feals
READ =V R B-HF 7 b ¥ —¥ (lacZ) EVy 7 =7 —
¥ (lucy OV R—y—HEFRICKREE L P EFBALR
AR PZ 7 FTERBENTY 3, Kawamoto's film
method & & % READ v 7 A £ BBV F % Xgal oo L
fzk 23, DEmCHEBEEECHEARERTEII I MY
F—¥OHEBEEZE L, Bar= lcem

LTEELEZ oM, L L NM IRERETH D,
ZORBAFVLEETH -2 b, bhtbilid NM
Y — PO L LlcHilz kB E Ry 1., TRk
ibh, EENTOEDRHME ERLL OERILT 20
Bz FHEH A~ Y A (readthrough evaluation and
assessment by dual-reporter : READ ¥ 7 X) #{EHL
7219 (Fig. 1) mde =7 A RESFHERIZHES &, &8
M7 427kDa ESFEMNBKEWIA DT 4> (Y
Abru74 vBEFR OBz Y U EET 2EE
FHEAOL D) DRHERESHEL L 5dTH S,
AU =T v P REFEZID MacKerell I L & b 12,
105 FEEEBA 2ESFLEYWT —F ~—2A» 5 NM
DOIERBRMFERCEET % n silico BRE{T, Hoh
fe NM BB DT I OREYFMREHF 5 I L
T, U— F AV —IREREE R % 5 RE L 12, £ Do
HEYNERHI L #4 2 READ TV ARETRELIzEC
2, W#EESCBHIOY — F AV—FEYECTH S GM
BNM ERZEUEDY —F ANV —EHEERL: (Fig
) KT, YR E3 & #4 % mde v 7 AN 3 EERE
H#5 (50 mg/kg/day) $22 LT, ThZh 16.2%,
18.8% DY A bu 74 vEERBEERERL 2 (Fig
31C, D)o mdx TV ADLDOEBKIED F > L ZDER
DXZVvAFFUAAA” I, BbY—FAV—-LIL
W TH B EBFRBRINTREY, ThiCbhdb
59, o DFEHR» S IZ BMD EFIc L Sy A
Fo T4 OEBEERNA T ENS, Hoffman & i3,
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o

100

o
o

Relative Readthrough Efficiency

0
Cntrt 01 0.1 0.1 1 01 1

GM NM #3 ﬁ4(mg/day')
Fig. 2 EMERHHI & H4RELCLB3READ?IADY —
F A&

1BEEEENETRE L READ 7 2B TOY —F X
N—EETIE, EWBEHELES E 4 GM P NM LEEL
OESh% Tt L SRERE N, W (Cotrl) I 4EF ALK
D H %&‘%‘Lﬁfo

DMD & VEROFE L2 7% BMDERI» S, EHED
NBEDY A 7 4 YEEICE > TEORFEHNK
EBANDLEHMELTLRY, 8510, ME/LTFvF
F—CIEN, BYEHEI P4 R 5T AL TE X
FELHOBEIE TERECHA L (Fig.3E),

77, b Al READ v 7 A THWAZ I Y A b
57 P RYMALLERRCB VTR, #3871
L DBOEIRER LT, TDTd, EVRM A3 DV T
WERFERRFEOK RIESE L EEME LTV, BF
ML E Ephosigk Big L, RINEHEE & TEaEaE
WEELL, BEERRCFST 20O EEZRA T
%, BEE L BB NM O 2 5% 3 AR
5, L DEREMBIWEVMEMEZRET S I EoRE
Lipo T Bims),

EMERE LIS DWTE, WIRIK X > TH BEKREN
REMERL, mde *7ACBTHENEE»S bHE
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Fig. 3 EMEHIEI & 24485124 % mdx ‘7'7;('%#%%0)/1 a4 rRELABGENEILTF 2 F—-EENE

v ABEBEBOY A P o7 4 v CRIBIINT 2R A0 RERBHRTH 2, FEBUW X YATHEADNIY A T 7 4
¥ AA) Ddopdx R TATRASNIE Y (B), EWRGEL3 (C) 4 (D) & mde 7 A 3BEEREETRE L2, ¥
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PFF—EEEERELIZE S, KBS mde w7 AN, BYBRHE D H4BED mde 7 A THFPESOE I £ TET
L7z (E)s % p=0.056 (vs. Cntrl), * % p=0.039 (vs. Cntrl),

(A) (B)
30
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r —=—500 mg/kg i.p.
L =250 mg/kg i.p.
—+—125 mg/kg i.p.
[ ——62.5mg/kg i.p.

- —o—Vehicle

——250 mg/kg i.p.
——125mg/kg i.p.
—=—62.5mg/kg i.p.

N
[os]

Fig. 4 EHEH#4 OBE - KEER

26F © 31mg/kg i.' ,; 00 BEER : z{;gzi%ﬁ%ﬁgﬁ(: R b
| ] ‘ \(’ 3.1~500 mg/kg T O = e 1%
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BN S & 7 0tk 3B okESE
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N g w
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U7 SEMAOEIFCR ELISA i & 252 EEkahz A
AN—Ty pEEP S, 73270 a3y R TEEW{EE
PIRTC £13 % RTC #14 2FE L9 mdy ¥ 7 ALK

ORI LSRR HRE Lz, Noe< v o0
LO6-OHE L 7F a0y R 7 I Hhy D806~
Methyl# & (S)-4-7 3 /-2-tFaxs 7+ U

RICHEB3ZHETAHIET, GMP®7F¥ ML > hbh Y
RNERBNC ) — P AN G ER L, HEEL.OEE &
FESTY A a7 s R EESE, EEbAaohk
Mol lEERELTWS CKHYA o7 4 —FHd
ERlEEE, 2011),

%7z, Baasov 5D 7 Vv—7F, 72/ 70 ar PO
B BEREZYOEL, BEOEE LY —F AL —FE

(AHB) ETEML 20 = 3 A NB542 ,

AHBE#HA U7 G418 FEk NBS4*» ThH 5, DMD
BULGHEDF e AEROI AT 7 MEREEAL
LM SRR B TRERF GRS R LTE
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ZAERBOHER®BKE>X R
74 rRELBE
2wimSC, YA bu 7 g rBEK (A, C,
E), HE (hematoxylin and eosin) #:ff{§
(B,D, F), BI0 =7 A (A, B), KI&5 mdx
w7 A (C, D), TARD Y HE mde =
wA(E, F)o TARA T 2EHES L
mdx T ADTRMEC P A o7 4 L FEE
OEES A 5N, FOEICKNTRE» D
$, BEEEEELbrnERAED RS,
Bar=100 um

oM. REARBEHLISOYU—RAN—FENEDOH
R~BX

EEZOBRE, EoBLr2s2WEORER»HEL:
BRWERIICHE D, B8 2 EBKRHRC £
M X BB TEREEPEMEETML, 0BT
BOARREBICEL PO A RKE5 0, RIETYH 10 F
PAEOFASHAR & BRRIRREREPLEL 5 5, HE
BAFEIC I, biub RS OFBE L (ERR7S 1 Tz
SNEVLEENOEREET S, Lorl, BEPTOR
BErEEL TWAHERETHY, EHThy, EX
ThHb, ~HLBOERIEHOEESTE SN T2,

DMD 27, mREFRE I L D ASNBHOTH
ETHEROLWEHATLERETH D, FENICHELLE
HENNIEZOMREIBH TRE VLD LHFEEN S,

EESE, A Y EREVEROEEZE»S, ¥

NACDIMT 2 7 HC AHBESEAT A £ T
BLLUIMEWE, 7V_A B IRY) — F AL —
FEMDSH L ERRBE U 7 v 03 1973 S
EVMEETRE I & > TER SN, 1990 FichirFv Y
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RBETHZ, TNOZ, 7T~ Nz21—A (BISHE
H) OBEHEERT L TREICEROBICED AD S
EWr g 0EL, ARG YU REABREL 7 mde <
7 A DFAGHERIC KN RE D, BEAHEBE L DR
WERSERD S NDH T EMnE, KRBEEKIET N O
DY AruT 4 YEHEORRAFYT LT, H
EIEE COMIGEIC & 280 2B L, B KER
JESEIF SN TWB Z EAREE NS (Fig. 5), mde <
v A TOECF NIRRT X 5 BT & BRI R REE

BowT, 8, SRENGERD, BIEEDEE,

IR, BIRERSEBCRIEL L 25, HE
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RIEEIRAETED TV 3, e, HPFERAERE Y
B F -3 g VEROMEBREE £ 0XFEPE X
D, FrerALERESDDMD BEBEROEENMIE
ZOEBTNRA Y B ETHILET, VAT T 4
VEHBEORBEESA SN L EBERLTWE (B
faEfEt) .

+ vk v AERBREEERE ORGSR CE
VA AT IATHE, EEEEIY — F AV —FRCHET
LEFESFEEL T b, Zilberberg & 1%, KIBRE%L =
FLELTevE—F —7 v A PBIEEHR BV T,
v s a4 RRPEWES Aoy vicd ) —FAV—F
Pehid b Ik RERE LI, BIAERERS L R
e LTEES AT AARBERIC OV TR, #EES
DEMFERTLZDY — F AN—IEEEHEL TS
D, BOBREICEN, S HEET 2FEROMEN
TR, 16 BEROFERYCERERMEZRHEL DD
H5,

V. U—RR—EOERIRS

J— RAN—EEE D7 S /7Y 2y FIEED - &
BT L5RNSTHETH S0, BHY A b o
74—V BEA I AREET L Ty 24
T EER Sz 2 HANTRIRNES L Hks i
¢, NERBESMEEBON ORECED KR EEEE
LY o TWb, FORDLEES L, BEREEEZ
FEL 2 WEYICN T AEESREREEEMFE L,
+hbb, FA7Yav— 2R L LRTHROBKREHR
EHAOCTEENEEEREELELTY, 73 /703
Y RORENBRIPERRET A LT, BRHAICK
THHSEFAZEO) — F AL —FRERDY, FHOD
SR RIS E L E E R TEREOR VRS
‘ﬂwiaﬁ@b,&ﬁ#ﬁﬁﬁ@%@@ﬁ%ﬁ%@ﬁ%
PEMTRENIZZ LWL, YA 74— CBTSE
R R O ER LG TRE 2 BT & - T b FIES
OFERPRETE 2HEFEAREFEE LTHFTE
5. BERIHEYEEEEBEAOSEPBRHT 572
Frnd, VEEENECHLERESER TS, mP
BEORGLERE TS 2ETHRINTH S, iz, &
DO bEATEE S 20, T OERRIERIK
= HERMRESREFIN TS,

V. U—=RZI—FEDHIE

EYNC k> TY — FAL— LISRIMEIE T F i, 5

ARITEALTHLEO, TRELEREL DT I /S
BARNTVLIDD, EBOLIA5%Z0OSFHBIHEL
LLTBY, WER—BLEEBEREON TR, L
»L, YRAro7 4 vERBCBLTE, BEEKDOE
BEFYZR MO T 4 2EBWTH VIEERES 1 ERE
PR LTEBY, BEAYOE—7 I/ BERICIE
MNP BT OB W I EBH ST 5,

) R AN —FEME RS T 5 L, EELHFGHE
EETHY—FANV—LTLEIWREESFZL OGNS,
LoL, ERCRAROBFEBROBICOEILD N
PERE L THEET 2BA0% <, RELEa ¥ v i@y
Db R k0 b EAEOEFIOREI L > TRE 5
IR ME N D, BIREIZ Y — FAL—3 NPT,
HEw, V- FAV—FEPECL > TEEERE LY
bre2REERESREEALANEEL, V-F2A
N—iZ X BEWER RSB EBbR S,

F, FUE Y AEBREETAEEZ mRNA R, 7>
Y v AT B KEMRNA S ## (nonsense-mediated
mRNA decay : NMD) &FEh 2 MEEEBBCLD
S HME, BEINDE, UL, GA8P NM, 71
vy e EAIO Y — R Av—EYERE, NMD %
FHE L mRNA 2 &ELT 3, D VKRBT Fo%
EEAICEESL, EESRIED R TOMFUE IR
BERITERVT EATRE S LTV 551229, NMD 23]
#HEhdZ T, Fl2Y)— KA —BEOMEREL &
L% DEEFREYIELNG 2D, V- FNAN—F
YRR L DIRENRBREVAL D,

J— R 2L —DReEME, —MIRRKED N O’
#5 UGA (Opal) >UAA (Ochre) >UAG (Amber) @
JEE W 2 LS TWBEM, E70, K&k R E
BOXI2VAFRIFC>U>A/GOIEK ) —F ANV
LRFTna e® R, U— FAL—FEFIZ L > TERD 2
RILFFRETFHRDGE X227 VA F PHSBOTEETH
BT LW ERREINTVWE, IRH5DLIKEY —F
AN —EREE N, R R OBES L UE DM
RN 2RSSR, LidoT, £0%L
DY - FRAV—EEEREYEEBEL, Hr0BEC
SR RESREER, OMHETEZ LTI LN
KHeENTwb,

BHOHIC
DMD REEEEOE WEELEEEHERTH 5,

L bIEEBON%THLTEVA T 7 4 > DEE
2 & - TREEETT OB & QOL O LR ESG ST
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