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Figure 4. Both intrinsic and extrinsic G-CSF augment skeletal muscle regeneration. (a) Effect of i.v. or i.m. administration of G-CSF on cardiotoxin-
induced skeletal muscle injury. Hematoxylin and eosin staining of injured rectus femoris 7 d after cardiotoxin injection. (b) Numbers of regenerating myocytes that
have centrally located nuclei. 20 visual fields per individual mice were observed in the rectus femoris at 7 d after cardiotoxin injection. (c) Diameter of the regener-
ated rectus femoris at 7 d after cardiotoxin injection. (d) Handgrip strength on day 3-7 after cardiotoxin injury. (e) Role of the intrinsic G-CSF signal in skeletal
muscle regeneration. Hematoxylin and eosin staining of an injured rectus femoris on day 7 is shown. (f) Numbers of regenerating myocytes that have centrally
located nuclei. 20 visual fields per individual mice were observed in the rectus femoris at 7 d after cardiotoxin injection. (g) The diameter of the injured rectus
femoris is shown with or without the anti-G-CSF neutralizing antibody (Ab) at 7 d after cardiotoxin injection. (h) Quantitative analysis of the areas of the skeletal
myocyte sections. CTX, cardiotoxin. (b-d and f-h) Error bars present mean + SO (%, P < 0.05). Results in a-h are from eight independent experiments,
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G-CSF to the ¢sf3r~/~ mice. If G-CSF functions through  the regenerating skeletal muscles were measured. G-CSF ad-
other receptors, the addition of G-CSF should still improve  ministration significantly increased the numbers of regenerat-
the skeletal muscle regeneration of ¢sf3r~/~ mice. Exogenous  ing myocytes in the ¢sf3r™* mice but not in the ¢sf3r~/~ mice
G-CSF administration didn’t improve skeletal muscle regen- (Fig. 5 g). Functional recovery was assessed by measuring hand-
eration (Fig. 5 f). The numbers of regenerating myocytes in grip strength after cardiotoxin injection into forearm muscles.
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Figure 5. The csf3r~/~ mouse shows impaired skeletal muscle development and regeneration. (a) Hematoxylin and eosin staining of the rectus
femoris of a wild-type mouse and a ¢csf3r~/~ mouse. (b) Quantitative analysis of the areas of the skeletal myocyte sections in the wild-type and csf3r/~
mice. (c) The diameter of the rectus femoris is shown. (d) Hematoxylin and eosin staining of the cardiotoxin-injured skeletal muscles of the wild-type and
csf3r-/= mice at 7 and 14 d after injury. (e) Numbers of regenerating myocytes that have centrally located nuclei on days 7 and 14 after injury in the
regenerating skeletal muscles of the wild-type and csf3r~/~ mice. 20 visual fields per individual mice were observed in the rectus femoris. (f) Effects of
extrinsic G-CSF administration on cardiotoxin-induced muscle injury in the wild-type and csf3r~/= mice. Hematoxylin and eosin staining of injured skel-
etal muscle on day 7 after cardiotoxin injection is shown. (g) Effect of extrinsic G-CSF administration on cardiotoxin-induced skeletal myocyte injury, as
assessed by the numbers of regenerating myocytes. 20 visual fields per individual mice were observed in the rectus femoris at 14 d after cardiotoxin
injection. (b, ¢, e, and g) Error bars present mean + SD (*, P < 0.05). (h) Handagrip strengths of cardiotoxin-injected ¢sf3r~/~ mice with or without G-CSF
treatment. Results in a-h are from eight independent experiments.
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G-CSF administration didn't confer functional recovery on
day 5 or 7 after injury (Fig. 5 h). To elucidate precise myo-
blast function, we also examined the proliferation ability of
¢sf3r~/~ myoblasts in vitro. The ¢sf3r~/~ myoblasts showed sig-
nificant decreased proliferation ability (Fig. S1 c). However, the
expression of myocyte differentiation marker was not altered,
which indicates that myocyte differentiation ability was not im-
paired in csf3r~/~ myoblasts (Fig. S1 d).

G-CSFR-expressing BM cells do not recover skeletal muscle
regeneration in the csf3r-/~ mouse

To clarify the involvement of hematopoietic cells or BM cells
i the impairment of skeletal muscle regeneration, we trans-
planted the BM cells from ¢sf3r*/* mice, which constitutively
expressed GFP, to the ¢sf3r™/~ mice (Fig. 6 a) 60 d before
cardiotoxin-induced injury. In all the mice, the BM cells sta-
bly engrafted, and chimerism was >80%, as assessed by FACS
(Fig. S3 a). After cardiotoxin injection into forearm muscles,
the ¢sf3r~/~ mice that were transplanted with BM cells from
csf3r/* mice didn’t show any improvement in gross morphol-
ogy, the number of central cells, and handgrip strength after
G-CSF weatment (Fig. 6, b—d). Moreover, the diameter of
rectus femoris in these mice wasn’t improved by G-CSF treat-
ment after cardiotoxin injection into the rectus femoris mus-
cles (Fig. 6 ¢). These mice showed no significant improvement
in the regeneration by G-CSF treatment, and myocyte area
was not altered by G-CSF treatment either (Fig. S3 b).

Next, we performed the BM transplantation experiment
in reverse; the BM cells from csf3r /= mice were transplanted
into csf3r** mice. In these mice, skeletal muscle injury was
generated, and regeneration was induced with G-CSF (Fig. 6 f).
G-CSF treatment markedly improved gross morphology, the
number of central cells, and handgrip strength after cardio-
toxin injection into forearm muscles (Fig. 6, g-i) and in-
creased the diameter of the rectus femoris after cardiotoxin
injection into the rectus femoris muscles (Fig. 6 j). These
mice showed more regeneration, and mean myocyte area was
decreased by G-CSF treatment (Fig. S3 ¢). These results in-
dicate that G-CSF promotion of skeletal muscle regenera-
tion is a direct effect on skeletal muscle and isn’t mediated by
BM cells.

DISCUSSION

This study demonstrates that G-CSF and G-CSFR play piv-
otal roles in skeletal myocyte development and regeneration.
Interestingly, this mechanism about G-CSF and G-CSFR is
conserved between embryonic skeletal myocyte development
and adult skeletal myocyte regeneration. G-CSFR is tran-
siently but strongly expressed in myoblasts during develop-
ment. The total mass of skeletal muscle is lower in sf3r /"
mice than in ¢sf3r** mice, which means that G-CSF and
G-CSFR signaling are essential for proper skeletal muscle
development. G-CSFR is also expressed in the regenerating
adult myocyte. G-CSF stimulates these G-CSFR -expressing
myoblasts and promotes skeletal muscle regeneration after in-
jury. The ¢sf3r~’~ mice showed drastic impairment ot 'skeletal
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muscle regeneration, which suggests that G-CSF is critical for
skeletal muscle regeneration.

During development, early muscle progenitor cells are
characterized by Pax3 and Pax7 expression. Pax3 and Pax7
cooperatively specify the muscle progenitor pool because in
mice deficient for both Pax3 and Pax7, all muscle progenitor
cells are absent (Kassar-Duchossoy et al., 2003; Relaix et al.,
2005). Once specified, muscle progenitor cells either prolifer-
ate or exit the cell cycle to undetgo terminal differentiation.
The latter process requires the activation of MRFs (Sabourin
and Rudnicki, 2000). G-CSFR was expressed in cells that
expressed MRFs but not in early muscle progenitor cells.
Therefore, we speculate that rather than inducing early progeni-
tor cells to increase the skeletal muscle stem cell pool, G-CSF
causes late progenitor cells to adopt muscle mass requirement.
In adult skeletal muscle, myogenic progenitor cells, which are
characterized by the expression of MyoD, Myf5, or MRF4,
and myoblasts, which are characterized by MyoD and Myf5
expression, are known as transient-amplifying cells (Weintraub,
1993; Shi and Garry, 2006; Kuang and Rudnicki, 2008;
Biressi and Rando, 2010). We found that in the adult stage,
G-CSFR was expressed in myoblasts, and G-CSF increased
myocyte proliferation.

G-CSF is a hematopoietic cytokine that recruits hemato-
poietic cells (Cottler-Fox et al., 2003). The contribution of
BM cells to muscle regeneration has been documented (Ferrari
et al., 1998; Gussoni et al., 1999; LaBarge and Blau, 2002).
To exclude the possibility that hematopoietic cells and BM
mesenchymal stem cells affect skeletal muscle regeneration in
response to G-CSE we transferred wild-type BM cells to
¢sf3r~/~ mice. In these mice, the skeletal myocytes didn't ex-
press G-CSFR,, whereas the BM cells expressed G-CSFR. If
BM cells contributed to skeletal muscle regeneration, these
mice would show normal or improved regeneration abilities.
However, they didnt show skeletal muscle regeneration in
response to G-CSE This finding is consistent with a report
that stromal progenitor cells are mobilized by vascular endo-
thelial growth factor but not by G-CSF (Pitchford et al.,
2009). We assume that the contribution of BM cells to
G-CSF-mediated skeletal muscle regeneration is negligible.

Skeletal muscle regeneration is a complex process that re-
mains to be fully understood. After muscle injury, disruption
of the myofiber plasma membrane initiates an influx of extra-
cellular calcium, leading to calcium-dependent proteolysis,
which results in necrosis and degeneration of the myofibers.
Several signals released from the degenerating myocytes
attract and activate inflammatory cells, which secrete cytokines.
Neutrophils are the first inflammatory cells to reach the in-
Jjured myofibers, followed by macrophages, which phagocyte
the degenerating muscle fibers (Chargé and Rudnicki, 2004).
Satellite cells and macrophages interact to amplify chemotaxis
and enhance inflammation. Monocytes and macrophages may
support satellite cell survival by cell-cell contacts and the re-
lease of soluble factors (Chazaud et al,, 2003). In addition, mono-
cyte and macrophage infiltration leads to increased satellite
cell proliferation and differentiation (Lescaudron et al., 1999).
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Based on our results, we speculate that macrophages are (Hareng and Hartung, 2002). Although previous studies
not only important for the resolution of necrosis but also in-  showed that G-CSF seems to have some positive effects on
volved in the induction of muscle regeneration. These leuko-  skeletal muscle regeneration, it's not clear how G-CSF affects

cytes secrete G-CSF in the presence of appropriate stimuli  skeletal muscle regeneration, and especially the involvement

a GFP-Tg BM b Control CSF
b Hand gnp test
f3 "
Csfir™ &0 1 7 day
BM PBS or G-CSF N :
C d —Control @ 12
=== G-CSF —_
— 2 200 - g 10
g8 2 100 €
© -
g3 150 % 80 $% &
£5 @ 1=
3% 100 2 60 Ns | Es
03 NS | 2 40 NS NS oy 4
85 s0 ES 8 2
c 2 20 -
]
Tz st 03 5 7 T %
€ Q Time (d) = Q
3 O 3 o
f Csf3r BM cs
Hand grlp test
Csf3r'"
6 7day
BuT  CTX PBS or G-CSF
h | = Control J
300 il - —G-CSF 4 =~ 12
_D S £
g2 = 100 sE 10
%S 200 B . S| 88
3 § 80 gg 8
£3 4 60| Ns §e 6
» g 100 S 40 0% 4
3O ©
o2 g 20 2 2
0 = 0
3 . 73 5 7 3 .
‘g Q Time (d) b= Q
(&) O] (&) U]

Figure 6. Effect of transplanted G-CSFR-expressing BM cells on skeletal muscle regeneration. (a) Experimental model of BM transplantation 1.

BM cells were isolated from GFP-transgenic (Tg) mice and transplanted into the ¢sf3r~/= mice. Cardiotoxin was injected into the rectus femoris, and G-CSF was
administered on days 4 and 6. (b-e) Effects of G-CSF on skeletal muscle regeneration of csf3r~/~ mice subjected to cardiotoxin-induced skeletal myocyte
injury and transplanted with wild-type BM (from GFP-transgenic mice). (b) Hematoxylin and eosin staining of the cardiotoxin-injured skeletal muscles at 7 d
after injury. (c) Effect of extrinsic G-CSF administration on cardiotoxin-induced skeletal myocyte injury, as assessed by the numbers of regenerating myocytes.
20 visual fields per individual mice were observed in the rectus femoris at 14 d after cardiotoxin injection. (d and e) Effects of G-CSF on the handarip strengtn
(d) and rectus femoris diameter at 14 d () are negligible. (f) Experimental model of BM transplantation 2. BM cells were isolated from csf3r~/~ mice and
transplanted into the wild-type (csf3r/+) mice. (g) Hematoxylin and eosin staining of the cardiotoxin-injured skeletal muscles at 7 d after injury. () Effect of
extrinsic G-CSF administration on cardiotoxin-induced skeletal myocyte injury, as assessed by the numbers of regenerating myocytes. 20 visual fields per
individual mice were observed in the rectus femoris at 14 d after cardiotoxin injection. (i and j) Effects of G-CSF on the handgrip strength (i) and rectus femo-
ris diameter at 14 d (). (c, e, and h-j) Error bars present mean + SD (%, P < 0.05). Results in b-e and g-j are from eight independent experiments.
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of G-CSFR is not well understood (Stratos et al., 2007; Naito
et al., 2009). We proved that BM-derived cells were not di-
rectly involved in skeletal muscle regeneration by G-CSF;
however, BM-derived cells expressing G-CSF ligand can stim-
ulate skeletal muscle proliferation through myoblast-specific ex-
pression of G-CSFR. This study demonstrates for the first
time that the factors involved in the inflammatory process
switch on the process of skeletal muscle regeneration.

Clinically, G-CSF is used to treat patients with neutrope-
nia resulting from immunosuppressive chemotherapy, severe
congenital neutropenia, life-threatening infections, and stem
cell harvesting (Hammond et al., 1989; Molineux et al., 1990;
Welte et al., 1996). Interestingly, myalgia is one of the main
side effects of G-CSF administration in humans (Taylor et al.,
1989). We may speculate that innate skeletal muscle regener-
ates itself to some extent to adapt the physiological turn over,
that G-CSF injection stimulates small population of these
skeletal myoblasts, and that the burst of skeletal myocyte pro-
liferation gives rise to myalgia. The safety and side effects of
G-CSF have been studied in several clinical settings (Anderlini
and Champlin, 2008). Therefore, a clinical trial of G-CSF for
human skeletal muscle injury may be warranted. The results of
this study underline the importance of G-CSF in skeletal muscle
development and regeneration and strengthen the case for
using G-CSF as a skeletal muscle regeneration therapy.

MATERIALS AND METHODS

Whole-mount in situ hybridization. Mouse embryos were removed
from wild-type Institute of Cancer Research pregnant mice on E10.5.
Whole-mount in situ hybridization was performed as described previously
(Yuasa et al., 2005). The full-length cDNAs for mouse c-met, pax3, myoD, and
mrf4 (available from GenBank/EMBL/DDB] under accession numbers
NM_008591, NM_001159520, NM_010866, and NM_008657 [listed as
myf6], respectively) were provided by M.E. Buckingham (Pasteur Institute,
Paris, France). The full-length cDNA for mouse ¢sf3r (GenBank accession
number NM_007782) was provided by S. Nagata (Osaka University, Suita,
Osaka, Japan; Fukunaga et al., 1990). The probes were generated using T3 or
T7 RNA polymerase.

Animals. The myf5 nlacZ mice were a gift from S.Tajbakhsh (Pasteur Institute;
Tajbakhsh et al., 1996). The ¢sf3r /° mice were a gift from D.C. Link
(Washington University School of Medicine, St. Louis, MO; Richards et al.,
2003). All the experimental procedures and protocols were approved by the
Animal Care and Use Committee of Keio University and conformed to
the National Institutes of Health Guidelines for the Care and Use of Labora-
tory Animals.

Immunofluorescence. Mouse embryos on E8.5, EY.5, E10.5, and E11.5
were fixed in 4% paraformaldehyde for 3 h and embedded in Tissue-Tek
OCT (Sakura) for frozen sectioning. The samples were incubated with Triton
X-100 for 5 min at room temperature, washed, and incubated with the fol-
lowing primary antibodies: anti-G-CSFIR (1:50; Santa Cruz Biotechnology,
Inc.), anti-Pax3 (1:200; American Type Culture Collection), anti-Pax7 (1:50;
R&D Systems), anti-MyoD (1:30; Dako), antimyogenin (1:30; Santa Cruz
Biotechnology, Inc.), antidesmin (Dako), anti-G-CSF (1:30; Santa Cruz Bio-
technology, Inc.), anti—a-actinin (1:1,000; Sigma-Aldrich), and anti-GAPDH
(1:200; Santa Cruz Biotechnology, Inc.). After overnight incubation, bound
antibodies were visualized with a secondary antibody conjugated to Alexa
Fluor 488 or 546 (Invitrogen). Nucler were stained with DAPI (Invitrogen)
For BrdU staining, a BrdU labehing kit (Roche) was used. After antigen

JEM VOL. 208, April 11, 2011

682

Article

retrieval using HistoVT One (L6F9587; Nacalai Tesque) and blocking, BrdU
staining was performed as described in the manufacturer’s protocol.

Myoblast culturing. C2C12 mouse myoblasts (American Type Culture
Collection) were cultured in DME/10% FBS (Invitrogen). The medium was
replaced with DME/2% horse serum (Invitrogen) to induce differentiation.
Recombinant mouse G-CSF (R&D Systems) was added on the indicated
days. Inhibition of G-CSF signaling was analyzed by administering an anti—
G-CSFR neutralizing antibody (R&D Systems).

‘Western blotting. C2C12 cells were treated with G-CSFE Cell extracts were
prepared at 0, 3, 10, 15, 30, 45, and 60 min after G-CSF stimulation. Protein
lysates were resolved by SDS-PAGE and transferred to a polyvinylidene
fluoride membrane, followed by immunoblotting with anti-phospho-
STAT3, anti-phospho-AKT, anti-phospho-ERK, anti-phospho-JNK, and anti-
phospho-p38MAPK antibodies (all from Cell Signaling Technology) and
horseradish peroxidase—conjugated and IgG, followed by development with
the SuperSignal West Pico Chemiluminescent reagent (Thermo Fisher Sci-
entific). The same membrane was retrieved and reblotted with anti-STAT3,
anti-AKT, anti-ERK, anti-JNK, and anti-p38MAPK antibodies (all from
Cell Signaling Technology), respectively.

Luciferase analysis. C2C12 cells plated in DME were transfected with
Lipofectamine (Invitrogen) according to the manufacturer’ instructions. The
APRE luciferase plasmid was provided by A. Yoshimura (Keio University,
Shinjuku, Tokyo, Japan) and used at a dosage of 100 ng. The administered
dosages of G-CSF were 37.5, 125.0, and 375.0 pg/ml. CMV-Renilla luciferase
was used as an internal control to normalize for variations in transfection
efficiency. All of the proteins were expressed at similar levels, as confirmed by
Western blotting.

Skeletal muscle injury model. 10 uM cardiotoxin (Naja mossambica moss-
ambica; Sigma-Aldrich) diluted in 100 pl PBS was injected into the rectus
femoris muscles of BL6/] mice using a 27-gauge needle and a 1-ml syringe.
The needle was inserted deep into the rectus femoris longitudinally to the
knee. Cardiotoxin was injected along the length of the muscle. The mice in
the control group were injected with 100 ul PBS. Mice (treated and control
groups) were sacrificed at various time points after cardiotoxin injection, and
blood samples (1.0-1.5 ml from each mouse) were collected in heparin-
rinsed syringes.

Handgrip strength testing. 10 uM cardiotoxin (Sigma-Aldrich) diluted in
100 pl PBS was injected into forearm muscles of BL6/] mice. Five training
sessions were performed during which the animals were held, facing the bar
of the grip strength meter (Muromachi Kikai), while the forearm was gently
restrained by the experimenter. When the unrestrained forepaw is brought
into contact with the bar of the grip strength meter, the animal grasps the bar,
after which the animal is gently pulled away from the device. The grip
strength meter measures the maximal force applied before the animal released

the bar.

BM transplantation. BM cells were harvested from 8-wk-old enhanced
GFP (EGFP)-transgenic mice. After irradiation with a single dose of 9.0 Gy,
the unfractionated EGFP* BM cells (1 % 10° cells) were injected via the tail
vein, as described previously (Kawada et al.,, 2006). To assess chimerism,
peripheral blood cells were collected from the recipient mice 60 d after BM
transplantation, and the frequency of EGFP* cells in the population of
peripheral nucleated blood cells was determined in a FACS sorter (BD) after
hemolysis was induced with ammonium chloride to climinate erythrocytes.

Statistical analysis. The data were analyzed using the StartView J-4.3 soft-
ware (SAS Institute, Inc.). Values are reported as means £ SID. Comparisons
among groups were performed by one-way analysis of variance. Scheffe’s F
test was used to determine the level of significance The probability level
accepted for significance was P < 0.05.
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Online supplemental material. Fig. S1 shows the effect of G-CSF on
myoblast differentiation in C2C12 cells and myoblasts harvested from esf3r/*
and wild-type mice. Fig. S2 shows histological analysis of cardiotoxin-injured
skeletal muscle from day 1 to 28. Fig. S3 shows the chimerism of hematopoi-
etic cells before and after BM cell transplantation and quantitative analysis of
the areas of the skeletal myocyte sections in the ¢sf3r~/~ and ¢sf3r*/* mice
with BM transplanration. Online supplemental material is available at
http://www jem.org/ cgi/content/full/jem.20101039/DC1.
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25(1981)

EREREEDRIETS

Y BRERBRFEERZR GRRERY FHEEM
VERRERFEERFR BRENR #HiZ

HOH G B & B H ¢

25

1980 FEREEDL L, D FEEFHFEOESIHVZOBRIEEREDOER
BIZFORESITLI, 36121990 FAEFELSOE 7 AFRIIIERIZ
REREICBIA2BIETREOMSZHOAICLTEZ. BRERICIBIT5E
EHRE L L COHERLBIEUAEIR L A FMICKRET S h, ZHOERERR
FHARAESH, ZORERPERBMICE > THEBERR FRIEVADHBZ LM
HoE o/, FLMESTIE, ThLDOBREERICESVI-HESZEITH
NBEIIIRD, FRT—F— A4 FERIZEET A LAMFEINALTWAS.

—HZIC, E POREBIEEEREGEERIZL D FEAEL, TOHMA
BOEREGICL ) REFHLEEE L LORBMPRILLEEZDS
nhTws, 23, B—-BEFIREOBREROKREEREL, £
DREAB L ERIIBEABL TV E—EEFHREL, REEZRCHE
EHT 2 ESEBEFEZUNEGMIEEL THRETLERHFE
BUIZKBI SN, AIEDOHEIIE %<, RBEFEOZHEHv7:
EHFEATIZ X ) BIEFREEARE SN, TR TILOMIE R R IR

¥—7—FHE-@BEWRA, OWE, BOEHEARNR, mEERE,
T—7— A4 FE#E
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26(1982) IERRIE{ETF 2010 BHES - 63% - 9 A¥HS

HHEFEMARR 2 EHF ZNICHzb. —F, HEZEMERE LY
REZETHEEBVY, HxOBEERVFKEORERL ) X 7IIK
IFTEEEE R, LrYEEFET 5700, TORZEIRESTK
v, 37, HAEMTOEBEBEEASVERIZTFERNINLOKRE
OREICBETLEEHES T, HMBEHEIMEVLODREFREY A7
PEWERLRERINLZ EAH S7:8 (common disease rare variant
hypothesis), ZRTFERENDEZTUEETRIEICIE, E - 2L dIlEN
tkﬁﬁ%@%ﬂ%tLty@%&??u—%#%gﬁﬁé.$ﬁf
, BB —BIZTHRERRBIIOVWT, ChETHLAIIRoTWEE
@ﬁﬁ%&ﬁ@t@ﬁ ol TN A W

; U =
N =L T
I q 7l 35

(S5

ORHE O ORE M D 5 W IEHFRA R 123D CORBDORKT
Hb. REDGTTREEFEOERIZLY, LHECENERZ KA L
FE SN2 EBRMAFRE SN0, 2006 FIZHRE
K MEFEE SN, 25T, TLHHEILOH OB - &
AHBELAEY ) ST ST LORE] LERSINTEY, REMNL
RICBRB L CwAEEMN (primary) c‘_‘/"%%@%"@tbf‘wﬁﬁ)éik
¥ (secondary) (¥ asns (M1)., EHEHOHEIZZILIZ
fztt (genetic), A (mixed), H X (acquired) Ln‘ﬁ’éﬂf
W5, AGETIR, EROHFEOHIZEINTVWERP124 AV F ¥
ANHRLBIERE 2 &L BRANEEA SIS T 0.0BE L
FHENTEY, B UERBORKBSIGHEIZTEINDLZ LI
5h. LAL, TALORBET CIIEREAEREEL L TORE
HBHELINTVALD, RFTIERIIIBRHET 5.

1. BBXEUEHE (HCM)

HCM O ¥ E @t a0 KIRE 22052 &
5, MBI RLEREIE T T 7u—FaiTbh, £ OEREERTH
RIZE&ENhTWAEY, YALUE S 34 V&, hoR=ryTRae b T
RIAL vl NITRAT Y 87 BIZFICEREFRDLZEND,
HCM O.LHEXRIEH NV 2 2 7T K T A2 BT 27201248 L7260
LEzonNLY. LAL, 20H%OMERRAREREICLY), YraX
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(2010.9) 3 27(1983)

| EREMEOHE BBRLMBC G I2ERERBAYV OHIRESIND, TLRFEICEENIRE)
(T L 951k

[F RO ERE
(FELTURICARE 239 3)
4 4
B et BERM
HCM - DCM - RIE (OEBR)
ARVC /D - RCM L Z b L Xt
(BBXK - k% (“r=zDIF8”)
LVNC - OV
- EIFEHA
PRKAG2 \ ¥Ua— .
Danon 75 7 4> BT | [ SRIREE
—— - A 2R ARTFIERERIRD
s FERR &V A L 3L
I b32 FYTPDERIE A

1A FoXVEE

P S

LQTS Brugada SQTS CPVT 7 I7® SUNDS

BIZVE L IEBIEMEREIC X h L.

UREIEGEHARAA T, SETCERTAREERBZEMNO T ABIIBVTOARE SR TV S,
HCM : B KELLAREE, ARVC/D  REREHGROHE / BERGE, LYNC | EZ.L0HAE(LRE
LQTS : QT EEEEEE, SQTS: QT EMEMRE, CPVT: #7237 3 LERESEMN.OSEHEAD,

SUNDS | %2R IEEREE, DCM : JLRELLARIE, RCM | $BEELLAHIE

TIMEZ G LASTA boRo Y [ 3V 2 7ICEZERFRL 2V
YA4F 2 (TTN)? R Tcap” B &ED Y w7 IZERMPEEINIZZ L
o, BRIIIHAEHETIELT L LR BRHLTIERL, A b
Ly FRDOEMAKRLN Ca BZMEL LS 5 2 & I2 & B hiRiREE
FEEAD, HCM ODREBOERTH L Z LB TV A,

RVICEREOCHERR&EZ TR UL, ZLORALER
MHEEINTVAED, ERERFOMERCH BT ThoTHER
BAZIC L > THRER FRIERSDH LAV NE - TEL (b
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28(1984)

BEmRE{=FF 2010

T BERMOBEFREEFOSKE CUH: &0 JIHEE)

BEHES - 65% - 9 ATS

(DRRIERES BEHBR REREET RN a-Ka22ny
HCM/DCM/RCM/LVNC  AD MYH?7 cardiac S-myosin heavy chain
HCM / DCM / RCM / LVNC AD TNNT2 cardiac troponin T

HCM/ DCM AD TPM1 a-tropomyosin

HCM / DCM AD MYBPC3 cardiac myosin binding protein-C
HCM AD MYL3 ventricular myosin essential light chain
HCM AD myLz ventricular myosin regulatory light chain
HCM /DCM/RCM AD TNNI3 cardiac troponin {
HCM/DCM/LVNC AD ACTC cardiac a-actin

HCM /DCM AD TIN titin, connectin

HCM / DCM AD TNNC1 cardiac troponin C

HCM AD MYH6 cardiac « -myosin heavy chain
HCM/DCM AD CSRP3 muscle LIM protein, MLP
HCM AD CAV3 caveolin-3

HCM / DCM AD TCAP titin-cap, Tcap, telethonin
HCM / DCM AD VCL metavinculin

HCM AD JPH-2 junctophilin-2

HCM AD OBSCN obscurin

HCM AD MYOZz2 myozenin, calsartin~1
HCM/DCM AD ANKRD1 CARP

DCM / RCM AD DES desmin

DCM/LVNC AD LMNA lamin A/ C

DCM AD SAGO &-sarcoglycan

DCM AD ACTNZ a-actinin—2

DCM/LVNC AD LDB3 cypher, ZASP, oracle
DCM/HCM AD PLB phospholamban

DCM AD ABCC9 Kate channel

DCM AD SCNS5A cardiac Na channel
DCM/HCM AD CRYAB aB crystallin

DCM AD PSEN1 presenilin-1

DCM AD PSENZ presenilin-2

DCM AD FHL2 four and half LIM protein-2, FHL2
DCM AD LMNA4 laminin a4

DCM AD ILK integrin-linked kinase

DCM AD MYPN myopalladin

DCM AD CHRMZ2 acetylcholine receptor

DCM XR DMD dystrophin

DCM XR EMD emerin

LVNC / DCM XR TAZ tafazzin, G4.5

DCM XR FKTN fuktin

ARVC / DCM AR DSP desmoplakin

ARVC / DCM AR, AD JUP plakoglobin

ARVC AD PKP2 plakophilin-2

ARVC AD TGFB3 TFGjA3

ARVC AD RYR2 ryanodine receptor 2

ARVC AD DSG3 desmoglein 3

LVNC AD DTNA a~dystrobrebin

AD © EREMAENE, XREEEE (EEN),

% DADBEEE -

ER [5508E] B

AR EREHREHE
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e &% 29(1985)

GEAOEBRBTLN hOE Y TEETFERFANIIZIN g 34V
CEYRIETERIVEETHLY, LEERRII DRV TER
FERBFDOIZINARTH 5.

EHIE HCM B0 0IRAKRES B3 547, HEEHN, BRDY
2d HCM 2B 25 BHEATHS. —#KIC, Pompe A,
Danon &8 & U Fabry #i%s ¥ O EREMR T O LN OIEESEA R 12
BENDILEANBVH, TS50 -EITMREERSTILEA LR,
OEREESTEICHAZ EAHSH. FNbIE, A Fabry 5, —&O
Danon #&, 757/ v 5-—Y & (AMP) &HILY ¥ X7 FF—
VERERETHY, 2 AMP HHLs ¥ 37 37 - EERRIEL,
mANT - N—F V- kT4 b (WPW) ERBEEHE) HCM £
REFZAOERE LT, g cRREREFAREI L. ERHED
e ALIISEBEOFEEET B L ORBICERY 5 o5 %EE]
A L DHH, AMP EMHLY v 37 ¥ F - EEBRFEIRREEA LR
L= ki2Eab0ThY), BEEERERAE LS.

2. HARELDERRE (DCM)

DCM BE®D 20 ~ 35% ICRKEEZRD 54, RERRARIFRRIL
CRL S, S OREREAHRENEETH A, HREASEEER, ¥
HEEREeREEEERE 500055, 0 b, HHROK
EMREERRORREZHRICL L EHFEN L EEEETT7 70— FH
fibh, ThETYyRAbo74> (DMD), 73 A/C (LMNA),
#Z3v (DES), 6-%Hnaz iy (SAGD), L#7 27 F~
(ACTC), A% ¥ %21 ¥ (VCL), TTN, ;sA+F ¥/3>¥ (PLB),
KATP Fx %WV (ABCC95, %4 77— (LDB3), a-BZ7 U A %Y
~ (CRYAB), i Na ¥+ &) (SCN5A), CSRP3, TCAP, LIM
% 3% (FHL2), 7 3= a4 (LMNA4), 3485~ (MYPN),
RNA &8€F—7% /37 20 (RBM20) % Y OERH, DCM O
WEMD ) o LeaEshns. choo@{nfieide, DCM
Tl HCM RfEIZ 5 £ S 4BETREICIVEA—OREERL )
LIE GRROAY 1), F7oF BEFREOERMBMIZIDE
RAEREARELIAZ L HEOLRH M) 205745, DCM OEK
BIZTE L TUWRL SN L0DE MRS EDOBEIEMRIZH,

692



30(1986) RRAEFF 2010 BEHEF - 65% - 9 AEHE

PhHELDTHo7:ZEMnb, DCM DIRED ERIZIGEH{mEHE
DEFIZLIHIMEEEHRTHILEELZONT W, LEALLRDP5,
HCM ERFRIZEEFSEFLERBEZTARES N, FIZHVa AT S
YRZBELRRsNAZLH,S, HCM & DCM % EHEEERFH 5
XB5 52 LIZHETH .

3. TEMEMEEVFHE (ARVC)

ARVC i3, AZEEMOLIKEOEBET, GEREBEOERELE
AR ML L, WEENICEZEHEIZBT 28R L O
MO E L O ICRELTEDL.LHEETHH. FEBELZFOE
FiE 30 ~50% LHE SN TV BT, BREIRSHEMN RIS
RPRRICEETHZELDH), EEZBFRIENTIERZY. KK
BORICHSHREIEEC, FTROAEERIZOFRRRIZFELLT,
14924 (ARVCl), lq42-q43 (ARVC2), 14ql2-q22 (ARVC3),
2q32.1-q323 (ARVC4), 3q23 (ARVC5), 10ql2-pl4 (ARVCE),
10q22.3 (ARVC7), 6p24 (ARVCS8), 12pll (ARVCY9), 18ql2.1-
ql2.2 (ARVC10), 18ql2.1 (ARVCIl) #%, WHEELHERZT 5D
DLLT 17q2l BM|ESI TS, 2095 b, BRREEREFAPRES
NTwssDE LT, ARVClL W M7y A 74— 3 VY 7VHBRF
(TGF)B3", ARVC2 i3V 7/ ¥ 3284k (RyR2)®, ARVCS 117 %
775 % >~ (DSP)”, ARVCO & 752374 Y >~ (PKP2)",
ARVCIO 137 AE€Z L 4~ 2 (DSG2)'”, ARVCIl iZFAETY ¥
2 (DSC2)™? % XHd 5. ARVCI ¥, TGFB3 GHEMTLET 2 4EH,
LB ESMEE SN S Z L PHBMEERTOREA
FtEEOBENMEES LTV A RENTRIEINTwE, FRAEY— 4
MEEEFERTE, RS LOEEZEEI LD, LHD
BESREML LS TS EaBERZIIERETEEZLNA TV A, ARVC
DIREVPHEZBMETHLIBERHIIHEL»TE RV, ABIHRELSE
THIEGIA 75% LW ELH Y, DCM L EFIHVREL B EHDH 5.
AREIETHEORETH), BERROEHE LTEHEETH), ER
O FRAIIIHAARIBRHE RS ENTH 5.
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5 &R 31(1987)

N

8

iz ANE

iy

a
~1l

M
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=
=i

HF

S
Vi

ARl

UL E A EREREL, LA+ v Fy N, MRy ¥ 17,
BIUOSHERL L - FTHBERFERICIDBREEZRL, &
AR A BIE L CLRRARLE RTEEBHRTH), 14+ Fr %
MVREEDLN TS, FEENE QT ERERRE (LQTS) ORREERT
BRESNO%KEY D IZ, Brugada fE#HEE, QT %A fc i #F
(SQTS), #7273 vFREUESRELERM (CPVT), REWRLE
HE (AF), ARURATSEEEZ EOERERFIAHLOLEL-T
S Lb L, BEFERISHESHAHGERLTH 2L, 4%
DS 5% 5FMEETFHFEINS.

1. QT ERfEEE (LQTS)

HEZH TR OHRIEET 2 REEABIREETH L. LEHLE
ZBITA QT MRER*HFME T AERENETHLH, KB (LE
MATR) ORBRIIIBAZE»HY, BERRBEDOH 25~50% @
QT MIIIER E /- 3ERINTH 5. LQTS IGEEENOF AR
DEET, NEZERTH A Na Eiiie Ca BiOHEMB X U54HH &
BRTHHKEROBAICE S QT MREREI X - TRHARB B
ZhYH—ELTEHERMELESEI (torsade de pointes : TdP) %%
fEL, RMPRRIEEZKT. KRE LQTS o&EERXE LTIE, #
B ASHEE TH S Jervell and Lange-Nielsen fEBEEF
L, #EAEDLVWEROEERRIZTH S Romano-Ward FEBEEF
D22 NS (FR2). MiFEEIAT (BRELQTS 1% LA
T) BEAENEETHA. Romano-Ward FEBEIZERERZFO
MEICLVEE 12 0¥ 794 FICHBENTEY, 1T LQTI,
LQT2, LQT3 T&H/D 0% hEx DL, Zhn LQTL~ 3 i,
FICEEHICRET SN TB D, 3794 7L DBERERGHEEN
MENTBY, ¥ 794 7HHEFBEREERTH L. ZaFROLEN
e, BEOKRPIEF 7Y VILLAMBREILLY), HEREH
ZTRIEHNTE S L INDEHN, BRFUEHCH OO LW OYE
FRUMPZPFTEEZTRHEANET AORRETHY, BIZTFHITIZLAS
fEEBWAULETH A,
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32(1988)

&2 O BEMHFAERERRRT

BEPRR{Z ¥ 2010

BHEFE

©65% - 9 T 5

237 §§§iﬁ¢3§$) BET IINT, 22 Hase 14 TR
QT MEEAE BB
Romano-Ward fE{&Z8%
1 42~54% KCNQ1 K71 a-subunit lks channel s D
2 35~45% KCNH2 Kvl1.1 a-subunit Ik channel lie 3
3 1.7~8% SCN5A Na.1.5 a-subunit Na* channel Inac 1850
4 <1% ANK2 ankyrin-B adaptor protein -
5 <1% KCNE1 minK f3-subunit |«s channel Iks i
6 <1% KCNE2 MiRP1 -subunit Ik channel lee 3D
7 Rare KCNJ2 Kir2.1 a-subunit Ix: channel bt i
8 Rare CACNA1C Casl.2 a-subunit Ca** channel lca L 150
9 Rare CAV3 caveolin-3 component of caveolae InaL 350
(1.9 % in one study) (co-localizes with Na.1.5 at
sarcolemma)
10 <01 % SCN4B 34 f-subunit Na* channel INaL 1850
11 Rare AKAPS Yotiao mediates lks channel Ixs 50
{2 % in one study) phosphorylation (B-PKLF
U Ri#P)
12  Rare SNTA1 al-syntrophin  regulates Na* channel Inae 1850
(2 % in one study) function
Jervell and Lange-Nielsen fE1&EF
1 <1% KCNQt K.7.1 a-subunit lks channel les iV
2 <1% KCNET1 minK f3-subunit lks channel Ics 3D
QT EMERE
1 Three families KCNH2 Kvi11.1 a-subunit I« channel I« 180
2 Two case reports KCNQ1 Kv7.1 a-subunit Iks channel lxs B H0
3 One family KCNJ2 Kir2.1 a-subunit I channel fer 3800
{two members)
Brugada fiE&3¥
1 10~30% SCNSA Nav.1.5 Na* channel (Ina) INa i D
2 Rare (one family) GPD1-L GPD1-L regulates intraceliular Ina D
Nav1.5 trafficking
3 <85% CACNA1IC Cadl.2 a-subunit Ca* channe! lca, L i
4 <859% CACNB2  Ca.f32 f-subunit Ca** channel lea, LD
5 <1% SCN1B A1 f3-subunit Na* channet Na i
g <1% KCNE3 MiRP2 B -subunit o, fast channel lto, tast 1E
A7 I CFERMESHMELOELER
1 60~70% RYR2 ryanodine S8k SR Ca® M
2  Rare CASQ2 calsequestrin SR Ca* it
(7 % in one study)
RiEME DB ME)
2 One family KCNQ1 Kv7.1 a-subunit Iks channel les 100
4 Two families KCNE2 MiRP1 f-subunit I« channel Iks 180
(may modulate Ixs channel)
6  One family KCNJ2 Kir2.1 a-subunit Ixi channel I 3890
7 One family KCNH2 Kv11.1 a-subunit Ik channel I« 3810
8  One family GJAS connexin40
9  Three families KCNAS Kv1.5 a-subunit ke channel beur 180
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% 33(1989)

L@ LQTS W, EBEMESIREHEI A+ Fr A VBEORE
THYZINODF v FNVEBETORENERTHE EZ 2 LN,
LQT4 D EHIZF v AN, bTFVAR—=F—RZHEERLGZEDES 3
7 MBI EN L TAT VXY YBOBGTFREEICLNVES V37
DREMFEESN, 2RHIZF v ANVBEIBEEIN) LI EHRE
hiz. TOXHZ, FYANVEERTFEOLDIIREN LWIGEIIRER
DHETHERBEFRIZEERETH), EREETRER SR
WERD 1 DEEZLNS,

$7-, BERLZAEBEFERIHOLHILRRRATSL, KEHBRBD
FHARLERBBIIR Y, BEREPRCEEFHS. 251, i
FZILEEEELCEIMEETL2LHS 0D, A—KRATHUER
AELTWADEDS, 2L BEMREESLVHREBENFLET S
(RSEERE). ZhoDE—FKRANTOREEEREIZIX, Fiw, T,
REMERE L COBERTIONA T, RIETEROFEIMEEHEAT
LLTHS T ATESNH L. NaFr iV a7y bea—F
3% SCNSA DOBEIZFERITH S HS58R IEBADE 30% 1268 5
A%, LQT3 BEEIZT THb SCNSA DI At AZEE MI766L @
FrFNIF T4 v FVIRERERATHAILARE EATY
59,

2. Brugada fE4&%¥

Brugada fEMEEEIL, SR OEME (VF) 055, 12 FELER
D VI 25 V2 ORBWEFECB A58 L ST EAXET 5E
B THAH. VF OWNEREOFHERIT 40 ~50 £ThH Y, BHIC
L AR EDT IV THIBIZZVWOFFEERTH L. KAERTH I,
SHLNTWAE “Ky 7 UK O—feEZOHNTWAS. Brugada
SEBE T, LEHEHEMOS 1 BorsERo —E%ERTHE)
I A NE & BROBAL B X O EEBROBMIC L > TEHEL
75 b —&f; (Phase 2) O@A/HBAEL, GERBBEO-LHMER T
AR ERT 5 BN EBRAIEERT S 2012, LEROD
LAY ST ERZ23 5. £/, LHUETOD Phase 2 HiBIH
HAASTERE L, Phase 0 &3 LAEHBEMEELSL I LIZEH-T
(Phase 2 reentry), W¥IZFEVEZAOPNIEESE L VF 2 5%
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34(1990) ERARE(R-FF 2010 BHEE 6% - 9 A¥HS

3 5. Brugada EEHIZ, BEREEZFOEEICLID 62O T 54
FICAEENRTWAS, 1998 #12 Chen 57 Brugada i R & 12
SCN5A @ loss of function 8 (BS1) %R LAE™, LIESH
7= BREEFIEFE S N d o 7275, 2007 #IT glycerol-3-phosphate
dehydrogenase 1-like (GPD1-L) #fz %% (BS2)® #%, 2008 4+
IZ Na Fx A0 g ¥72=y bEIZTFERE (BS5' D loss of func-
tion ZEMVSER S/, FBLIC, QT B2 &I sRKA2T LML
£l Ca Fx AN al BZE (BS3) BLU B2 #7212y MNEETFER
(BS4) @ loss of function Z£™ # X 1¥ KCNE3 £#£12 & 5 —#Es
BEKF v AL (Ito) @ gain of function £ (BS6)"™ AHRKXNT
mEsh, L2, XEBRBEOEZFREENFER SN B HITH
20% THY, SHICKMOBRERFERERZDOMOERERFOMEG A
2 Tnb.

3. QT EfeE®REE (SQTS)

LERE QT MMREH (QTc<360ms) %HfEE L VF 2R THK
BTHL. HEYEMESBEEOSN & BRI K &AM S BREAICL
WELRBEZEZLNTWD, ZRET, Ik, Ik, Ikt BT I—FT
AKF v &2 NViE{nF KCNH2, KCNQI, B XU KCNJ2 @ gain of
function ZEMBFE SN TV 5",

4. HTI5IFRMESHEOEER (CPVT)

CPVT i, CRICSHEMBER DT 10 ZAIRTHEL, AL
2B L o THR SN DL CEEN, 2 ARCERNEE
BMETHRBTHS. 72, 30 RETOREFA 30~35% £&D
nThEH, FTEABROEERERBTHAH™. 1999 %, Kontula HIidH
R AEEEREERL TR T 2EKRZ@ME L, 2001 %, Priori S
1g42-q43 IZHEETH LY 7/ ¥ v ZHEEEET (RyR2) OER
AEELTVAEIEEELMILA. 2512, BF Lahat 51, &
gets KB HEBER AN ERT CPVT %28V T calsequestrin 2 &Ix
TEEEHE L. wihd, LHFHARANOTH/MLED» SO Catt Y
—r7x5lERL, BERBSEENL THRNABIRE BIET 5.

5. RIEMELFEME (AF)
AF ILEFEHRECRIEL, % EHREMN0RELHUIRIRERAR
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