BEREZ ST ANy IREHSEER) &
AF R b 33342 8FEZ 5 pg/ml BETHA.
37°CT 30 nfERME Bz, Mfavtdg. b
ERRZE L, i1y M 100 pl OMREYE
H#R & 10 ul D PE (phycoerythrin) 5 \)L &
Nt CD56 HitkZEINZ. KPT 10 SRR
TE T, MfaYEE L. EEZREL. 1m0
MRl CHifa 2 %, 40um DS 0
Ve Ry alBLTY—T 4 VY TRFa—
TIZEIR LTz,

V) =TT
Bohni-MRSEERZ EEICE> TRIL
YV —2&Z— (JSAN) I TEBL. "F X b
33342 [FIEDEHREDOH NS CD56 DM
RERZY—T 4> T Lz,
HigE U7z CD56 [BHEMIEAS, fierildTH %
T LR T 5728, matrigel I— L7296
TV L— ML, BERITo T,
fifREE &R & LT, Primary Myocytes
Growth Medium (pmGM, Wada et al., 2002)
ROV, o, MG, TTEORSE @ 2
%=1:9] & L. EBEIREI 36.6-36.8CZLR
DEIICHRE LT

(fREEAN\DELR)

v MrRE W RERICE L TR, B E
HFERYL VA —GEBZAROERBZRZIT T
3ZC. BALEBCETAFREDOTREL
TV, FEESER LT,

C. WiFesER

V=T 4Ttk >TEHELNTAFA T
33342 (M DEHIFE T CD56 M DOHERTE 73
1,000 {##% matrigel 23— L7296 7 =)V 7L
— ML, S T TEER T A L. Bl
HZHEENMZEALRDONEWVIEE
VIR FTHAHWEEZ L > T, B 4
Higicid, B & b 3 8K OB

HMpEAEZE I N, BE 12 A%, YoV
SRICHETE U IS OMRMZED 5z,
5 OHIRI G REICK D MyoD [5G
DHFEMARTH S PRSI N, £
FEFCY —T ¢ > F LienF X b 33342 (5
D CD56 a1 DO HfRE 77 2 FkkIC B ZE LTz
B, BB NEh o T, TO
T eh5, CD56 [tk DMIfaE 7 FhEpHER
MBHEINTNE T EAbMD, b MErERR
oYY —2—%RAWT, HBHs HE
TZEBHTehmREhie,

D. E%
i=bid~ o AOHHEZE AV I T
FICBWT, v AfEifakr 2Rtk e L
WY —Z2— VT HEEL Rsfias &
ILHIcHh BT b, £, BEL, EHHLE
FRERAife & b XT, ZHOBLEFHBICED
HBT 2R LU (Fukada et al., 2007), &
ST, U AEEINOHFRBRHEERICKD.
FRAEREA & BLBEE R OFFEIRIC LERT, 55
# T E o mMlaid. BEROBBLE
BENMNERICIKT TS ZHLMNCLT
(Ikemoto et al., 2007), LML, BENSRBS
hab MEHBI DR TH D BBErTREAH)
BRI SN T\ 5720, BCHMaE
MICRBERBOFSMIZ, HEZNE I
FERT B LIITERN, LIA-> T, il
fAZEWIBM - ML 2R T F &, 5k
TTHIREESDDOFEFZEITEL
WRELRETDH S, KFEHE, B,
CDs6 ZfafEE L TamimERHEM» 5 & M
Bz — 42—t k> THHT 5%
et Uiz, TEEERO & Mgz,
ERELU-HMRL T LIcE> T B
MRS - {LhEE R 50 F~—Hh—
DKM AIREL Ir oo &z, CD56 DOFHBI
BEDVERMREOENE - s {LEEZ RIL TV 5
AREMEIC DV TS, AR ETH 5. Fifl

-79 -



RIODHIGE - SHLAER MY 5 RETIRERE L
BT ENTENL, BECHEAMEOR 2 ZMARER

BEBRET S ENTEHEND TIEERL, &L
BEEMRROR D 5B ERE - EREZ S o 3. Z Ot
FeHIRRER ST Z AT % T ENFREIC K Qv

0. BOHMRBHEOBENROEAB LU
TREMOHERICKE S ERY 5 T LAWK
T&%,

E. i
BERmENLEL NP EORHER (100 mg
BB b, VY —2—ZHVTHREX
b MRz LSBT 5 LTI LT
Z O, 1%, BHEAHRMROMEHE
B 27 LHEICKELSEMKT 52 LA
HTE5,

F. Wises®

1. EMHEK

1) Ikemoto M, Fukada S, Uezumi A,
Masuda S, Miyoshi H, Yamamoto H,
Wada MR, Masubuchi N,
Miyagoe-Suzuki Y, Takeda S: Autologous
transplantation of SM/C-2.6(+) satellite
cells transduced with micro-dystrophin
CS1 ¢cDNA by lentiviral vector into mdx
mice. Mol Ther. 15(12): 2178-2185, 2007

2) Fukada S, Uezumi A, lkemoto M,
Masuda S, Segawa M, Tanimura N,
Yamamoto H, Miyagoe-Suzuki Y, Takeda
S: Molecular signature of quiescent
satellite cells in adult skeletal muscle.
Stem Cells. 25(10): 2448-2459, 2007

2. HRFER
A4V

G. HIHERED I - BERRN
1. FFEFEUS

-80 -



BEAFHBRZMAEAEDS (RENZEEOMRER
ARG E
EEE MR I 5 IEHIE B RE R e
B OR MR ROFFE &g - IEXEF OB MY - Z2icBI 9 5 Rt
SHEAEE R ORR EESCERYE B MRENZERER B8R

MREE
EEEEERRRBIIN T 5ENRERFRO 1 DL LT, b FEkEREHHRD
BHENEZONS, LM LADNDL, AMRIGEIGARES s filaBia R 2 LTS
Hicid, BEMROME (EWHBLREN RN ZHRAETHEPLHATH S,
SEEDARMFE TR, T ANDOARFE/LE B HRRAOBMHEERRZ AN T, B
MO MR REEBEMICRET U, BN G EORBRIRIEENT, BELEET
IEEZEMbZZRT 5 L 2R LT

A. WIFEEW
BEFERELUTHVWEZBAEMREO HE
ZHMRT B0, RRIM\OBHEERS
DWW ORIHERZRIT 2170, Ml
WS IREZNERZREI T A LicK-
T, HHlEBEREOZ N ” Rilsh 5,

B. g5

1. EBEY L U THREALMED NOD/Scid
XU REBV. Z O E ARSI
cardiotoxin ZF§t L. BB EEZFEE,

2. HEHOBHIC BALICE > TR EN
Venus (GFP DZE{K) BInTFEARTE
b i ETERHIRE (E18V=E18) % 2 - 2.5x 106
A, Eii~ ROHISE/mICEBHL

3. BhET: 27 BICHIRERHZERE L. 4% /3
SKRIVLTIVT e R THEE,

4. EEETNRIREHZ OCT. av/)\y
Y RicaBU., ks _

5. B& 10 O Z{ER L. $1GFP #
k7% A T R L 2R RIC K o T
Venus B FE AR b HhEGER A
ICHR T 2 Ht 2 BIEE L. MlOBE, i

SHEANOME, BRI EDESE(LDHE
BERRKT D, oo AN FFV V-1
Z I VREET - T REHEMEARRS
179, (144 DITREENREFEH L X
—W7eRT BEBREZEWRMICBNT
Tbh, APE T 5 OIFREEHEIFE
ELTHo%.)

(fREE M\ DELR)

BB LUTE MR ZRWZRRBRICEL
Tk, By EHERLY Y 2—OHERGE
FER, HEERROERERE, HElc Lk
Mo TEMLUIZ, KK TIEZ S5 LIZFIED
REREZRTELNIRIK CR3ELE M
HIERHIRRZ B S Nz~ ARSEE) <D
WTRRET L7z,

C. TSR

1. AL MR EBRE L 2T R
HiS B DOHEYIN ZHGFP Hifk T
gufa L, HEESL——BEMEE (41 2%
A FV1000) TEZ L7z T 5. GFP i#
R B2 R T A BIE IS B &

-81-



NaEn (K1), £7- GFP $kE1ER R %Z
Y RARAMED R TERRARME L B A 7 kI
RBELTWAET (K 2) MEdbnic.
T 9 L7z GFP [athpn B &2 /R 9 irsRiElS .

LU oo Rzl (K1, 2
S,

X 2

. Al EowHRYIFEAT ) et Y
YRE L, WA R To T b
iC GFP g/l it 2 /R 3 i fiE D R
ENZEICIFHBRPENICIEHII- R
FHE, E 2 T OEAIORRERHE.
BB TEHREINIZE I CEHoh
OKARHEDFTRZ RS (4 3),

Als,
H

-8 o

i L 7 Mfa OB MEIE0E, SHERIT, A
JERa EDQfRIERWEZENEh Tz,

EE%

. AiEfee MR Z B L~ A

TS & fh D BRES Y1y THE E Nz GFP
sl T35 K Ui tEmARHEld RS Nz
Z L GFP Bz FE ARt b EhEiSKH
RellC R 9 2 e T b | RO FiAE
HIHICFT B cardiotoxin 3§11 DL £
BFET. VI ERNAAEENRZRET
ERENTE D ELEZENS, G MTERE
REDVD IR | LY 2 B 55 R MEAE &
Bz L TV 5, —iB TR ZBEO T ERRHE
MRS & BE L TEY A 7RO/
ZH-o T3, TS 5RETERREE LIEL
SOOI R Z/RTC LB S
MIT cardiotoxin {F 514 Dfh F 4 EFE TE
KENZEDEEZENS, MiEtRMEL
SIS HLORLARHED RR S B, IR
(& O FUDELERHE Dt R 2 7 95 M PE AR E
NRHHEND T LD, G5l TERRHME L Ak
DOEBTIER I Nzt DL EbNh b, MR
HEIC K > TGFP H#UGBEN R 2 Ml
ST AW, 1 DDA[EEME L Tid,
16 ¥ NOD/Scid = 7 AH13K D GFP %+ 1-
TR TEHIRE & R 2 IR LE#R T fusion L7z



CLTHHN HERAEE CRMMEE  F BHURE
DA Ty RIEHIET 2ABEMIE 1. WXHEE

BERTRIETHALEND S, £, L
cardiotoxin IF§1% 27 H C&E i D ZLE O 2. EERE
FLOBSRIED GRS SN, SCID 7 AT} 44 93

EENMBEL TVWEEDEEZ BN,
. Atfbe BRI E B L 72D R G. HIREAEMED HIER - BRI
ATIS & DB Y Tl L 7z ileo 1. FFEFEUS

PG IS, RAERIG. NI RE £ DR Tl
RIERWEENHEVLD, HERIS. R 2. ERAHEREHF
M Z LWV NOD/Scid 77 A Tldfk mL
BRIGDRIEN TSz EZH 3. Foftt

N5, Thicxt U, BEEMOMaEmEic R EL

LT, 8F NOD/Scid 7 Zh 5 Dl
flAENEEEZS5NT . immune
surveillance £ & 5 BlEM 53T L AT
THdLEZOND, COEEREFTH
Vo TREBEOR NG > TcT &
5. AFEfb e b aTER AR O R I TEIC
LT —BOReMIHEEEINLHE
Abns,

T

. ZEGFP B{nFEARSEL L naiER
R < v AR E I RERE L 7AZA 9 f
DWW TRIEHRB IR B 21T o T,

. TOFEARICIE GFP #1)ERGTERRRMED BT
HiCiRSH o, BRE L7z ffald, Bako
< AHIEEFAIND cardiotoxin F 51D
A8 A @R TN DO L2 R T
=L HE S h, BREICR VW TIEE O
BENEFEFELTVB T EAREI N,
AR RFU) VeI A Y R EIER DR
HRRIC K - T, BHEfikOEEL., &
FEER T DE L WRIER IS RS ED
BRI S REBH SN T 5B b
FaiEHROBMEIC OV TIE—EDEE
BRI N,

-83-



MABRROHGTICEATDI—EXK

1. Mukai, A. and Hashimoto, N. Localized cyclic AMP-dependent protein kinase activity is
required for myogenic cell fusion. Exp.Cell Res., 314: 387-397, 2008.

2. Hashimoto, N., Kiyono, T., Wada, M. R., Umeda, R., Goto, Y., Nonaka, I, Shimizu, S., Yasumoto, S.,
and Inagawa-Ogashiwa, M. Osteogenic Properties of Human Myogenic Progenitor Cells. Mech.
Dev. 125 : 257-269, 2008.

3. Ikemoto M, Fukada S, Uezumi A, Masuda S, Miyoshi H, Yamamoto H, Wada MR, Masubuchi N,
Miyagoe-Suzuki Y, Takeda S: Autologous transplantation of SM/C-2.6(+) satellite cells
transduced with micro-dystrophin CS1 cDNA by lentiviral vector into mdx mice. Mol Ther.
15(12): 2178-2185, 2007.

4. Fukada S, Uezumi A, lkemoto M, Masuda S, Segawa M, Tanimura N, Yamamoto H,

Miyagoe-Suzuki Y, Takeda S: Molecular signature of quiescent satellite cells in adult skeletal
muscle. Stem Cells. 25(10): 2448-2459, 2007.

-85-



EXPERIMENTAL CELL RESEARCH 314 (2008) 387-397

available at www.sciencedirect.com

o g

~“e5° ScienceDirect -

www.elsevier.com/locate/yexcr

Reseaych Avticle

Localized cyclic AMP-dependent protein kinase activity is
‘required for myogenic cell fusion

Atsushi Mukai, Naohiro Hashimoto*

Department of Regenerative Medicine, National Institute for Longevity Sciences, National Center for Geriatrics and Gerontology, 36-3 Gengo,
Morioka, Oobu, Aichi 474-8522, Japan

ARTICLEINFORMATION ABSTRACT

Article Chronology:

Received 11 August 2007
Revised version received

7 October 2007

Accepted 10 October 2007
Available online 17 October 2007

Multinucleated myotubes are formed by fusion of mononucleated myogenic progenitor cells
(myoblasts) during terminal skeletal muscle differentiation. In addition, myoblasts fuse with
myotubes, but terminally differentiated myotubes have not been shown to fuse with each other.
We show here that an adenylate cyclase activator, forskolin, and other reagents that elevate
intracellular cyclic AMP (cAMP) levels induced cell fusion between small bipolar myotubes in
vitro. Then an extra-large myotube, designated a “myosheet,” was produced by both primary and
established mouse myogenic cells. Myotube-to-myotube fusion always occurred between the

Keywords: leading edge of lamellipodia at the polar end of one myotube and the lateral plasma membrane of
Myogenesis the other. Forskolin enhanced the formation of lamellipodia where cAMP-dependent protein
Cell fusion kinase (PKA) was accumulated. Blocking enzymatic activity or anchoring of PKA suppressed
Myotube forskolin-enhanced lamellipodium formation and prevented fusion of multinucleated myotubes.
Myoblast Localized PKA activity was also required for fusion of mononucleated myoblasts. The present
Muscle results suggest that localized PKA plays a pivotal role in the early steps of myogenic cell fusion,
Terminal differentiation such as cell-to-cell contact/recognition through lamellipodium formation. Furthermore, the
Lamellipodium localized cAMP-PKA pathway might be involved in the specification of the fusion-competent
areas of the plasma membrane in lamellipodia of myogenic cells.

© 2007 Elsevier Inc. All rights reserved.

Introduction molecular mechanisms that regulate cell fusion during muscle

Skeletal muscle fibers are multinucleated, non-mitotic cells.
This unique cell type is derived from multinucleated myo-
tubes, which are formed by the fusion of mononucleated
myogenic progenitor cells (myoblasts). Myoblasts fuse to each
other or to existing myofibers during both development and
repair of skeletal muscle. Myoblast fusion is cell-specific
because myoblasts do not fuse with non-myogenic cells [1].
Myoblast fusion consists of a series of steps such as myoblast-
myoblast contact, recognition, adhesion, and plasma mem-
brane breakdown/union [2]. However, little is known about the

* Corresponding author.
E-mail address: nao@nils.go.jp (N. Hashimoto).

development and regeneration.

The genes essential to myotube formation have been
identified in Drosophila. They encode proteins that mediate a
particular step of myoblast fusion [3,4]. In contrast to the detailed
knowledge of the molecules involved in muscle cell fusion in
Drosophila, the molecular mechanisms that control each step of
myogenic cell fusion in mammals remain to be resolved,
although a number of molecules have been implicated in
regulating muscle fiber formation. Extracellular matrix receptor
integrins and adhesion molecules such as cadherins, NCAM,
CD?9, CD81, and ADAMs may contribute to the regulation of the

0014-4827/% - see front matter ©® 2007 Elsevier Inc. All rights reserved.
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steps of recognition and adhesion in myoblast fusion [5,6]).
However, how they coordinate their functions in the recogni-
tion/adhesion steps prior to plasma membrane fusion remains
puzzling. In addition, few molecules involved in the regulation
of plasma membrane fusion have been identified, although
many membrane molecules have been implicated in myoblast
fusion. One of these is cholesterol. It is involved in maintaining
membrane fluidity and the structure of lipid microdomains.
Membrane fusion takes place within the cholesterol-free areas
of the myoblast plasma membrane [7]. However, the role of
cholesterol in muscle cell fusion is not well understood because
inconsistent results have been reported [8,9]. Because an
increase of membrane fluidity is assumed to be required for
plasma membrane fusion, the concentration of membrane
cholesterol in myoblasts should decrease prior to membrane
fusion. Therefore, the molecular mechanisms that regulate the
distribution of membrane cholesterol and other membrane
molecules at the fusion-competent areas of the plasma
membrane should be identified. Unfortunately, the fusion-
competent area of a membrane prior to myoblast fusion has not
been positively identified.

To identify the key molecules that render an area of plasma
membrane fusion-competent, we determined the stimulus
and culture conditions that enhance or suppress muscle cell
fusion in vitro. In contrast to mononucleated myoblasts, it has
been unclear whether myotubes fuse together in vitro and in
vivo. However, we found here that several reagents, such as
forskolin, which elevate intracellular cyclic AMP (cAMP) levels,
induce fusion between myotubes. The results suggest that the
localized cAMP-dependent protein kinase (PKA) activity plays a
critical role in the specification of fusion-competent areas of
the plasma membrane.

Materials and methods
Cell culture

The mouse myogenic cell clone Ricl0 was established from
multiclonal myogenic cells derived from muscle satellite cells in
the normal gastrocnemius muscle of an adult female ICR mouse
[10]. Ric10 cells were plated on dishes coated with type I collagen
(Sumilon, Tokyo, Japan) and cultured at 37 °C under 10% CO; in
primary cultured myocyte growth medium (pmGM) consisting of
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
20% fetal bovine serum (FBS), 2% Ultroser G (Biosepra, Cedex-
Saint-Christophe, France), and glucose (4.5 mg ml™?). For induc-

tion of myogenic differentiation, 2x 10° of the cells were replated
on a 35-mm dish and cultured in primary cultured myocyte
differentiation medium (pmDM) consisting of the chemically
defined medium TIS [11,12] supplemented with 2% FBS.

COM3 cells were isolated from the mouse myoblastic cell
line C2C12 and maintained in medium consisting of DMEM
supplemented with 10% FBS and glucose (4.5 mg ml™?) [13]. For
induction of myogenic differentiation, 5x10* of COM3 cells
were plated on a 35-mm dish, and then the medium was
switched to TIS on the next day.

Primary cultured mouse myogenic progenitor cells were
isolated from gastrocnemius muscles of adult C57BL/6] mice
and cultured in pmGM as described previously [10,14].

Immunofluorescence and immunocytochemical analyses

Cells were grown on collagen-coated culture dishes for immu-
nofluorescence and immunocytochemical analysis. The cul-
tured cells were fixed with 4% paraformaldehyde for 10 min
at room temperature or on ice, and then permeabilized in
phosphate buffered saline (PBS) supplemented with 0.5%
Triton X-100 and 1% donkey serum for 20 min. Then the cells
were incubated for 12 to 36 h at 4 °C with a mouse monoclonal
antibody to sarcomeric myosin heavy chain (undiluted culture
supernatant; MyHC) [15] or a goat polyclonal antibody to cAMP-
dependent protein kinase type II subunit (RII) (1:100 dilution;
Upstate, Lake Placid, NY). Biotinylated donkey antibodies to
mouse (1:1000 dilution; Jackson ImmunoReseach Laboratory,
Bar Harbor, ME) or goat (1:1000 dilution; Zymed Laboratories,
San Francisco, CA) immunoglobulin G were used as secondary
antibodies. The biotinylated antibodies were detected with
Alexa 488 (Molecular Probes, Eugene, OR) or horseradish
peroxidase-conjugated streptavidin. The peroxidase reaction
was performed with 3,3-diaminobenzidine (Sigma, St. Louis,
MO). Cell nuclei were stained with 2, 4-diamidino-2-phenylin-
dole dihydrochloride n-hydrate (DAPI) (0.5 pg ml™%; Sigma) or
Mayer’s hematoxylin (Wako Pure Chemicals, Osaka, Japan).
Samples were observed under an inverted microscope (model
1X71; Olympus, Tokyo, Japan). Images were taken by a CCD
camera (DP70; Olympus) and post-processed using Adobe
Photoshop (Adobe Systems, San Jose, CA).

Immunobilotting
Sample preparation and immunoblot analysis were performed

as described [11,13]. Immune complexes were detected by
colorimetry with a BCIP/NBT detection kit (Nacalai, Kyoto, Japan).

Fig. 1 - Intracellular cAMP-elevating reagents induce muscle cell hypertrophy. (A-E) Ric10 cells (2x 10° cells per 35-mm dish)
were cultured for 36 h in pmDM (A), or in pmDM supplemented with 24 wM forskolin (B), 10 pM dbcAMP (C), 10 pM 8Br-cAMP
(D), or 10 uM IBMX (E) to elevate intracellular cAMP levels. Then the cells were subjected to immunostaining for MyHC (brown).
Nuclei were counterstained with Mayer’s hematoxylin (blue). Images were obtained by bright field microscopy. Scale bar:

100 pm.
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Time-lapse recording anti-MyHC antibody, and the nucleus was stained with

hematoxylin; then at least 1500 nuclei were counted from
Cells were placed in a humid chamber (Olympus, Tokyo, three randomly chosen areas of three independent cultures.
Japan) maintained at 37 °C, and observed under a phase- To assess cell hypertrophy, the myotube size was estimated

contrast microscope (IX71, Olympus) with a 10x Plan Apo Fluor by counting the number of nuclei per cell. The distribution of
objective lens. Time-lapse images were taken with a CCD myogenic cell sizes was determined by calculating the

camera (DP70, Olympus). percentage of nuclei in myogenic cells with different numbers
of nuclei in the total number of nuclei (myoblasts plus
Quantification of muscle cell hypertrophy, fusion, and myotubes). The percentage of differentiated cells was mea-
myogenic differentiation sured by calculating the percentage of nuclei in MyHC-
positive cells in the total number of nuclei (myoblasts plus
To establish the potentials for cell hypertrophy, fusion, and myotubes). The incidence of cell fusion, also called the fusion

differentiation, myogenic cells were immunostained with index, was determined by calculating the percentage of nuclei
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Fig. 2 - Forskolin induces muscle cell hypertrophy but does not enhance cell proliferation and differentiation. Ric10 cells (2 x 10*
cells per 35-mm dish) were cultured in pmDM (control) or in pmDM supplemented with 24 pM forskolin for up to 48 h.

(A) The cells were fixed after the indicated periods of culture and subjected to immunostaining for MyHC (brown). Nuclei were
counterstained with Mayer's hematoxylin (blue). Images were obtained by bright field microscopy. Scale bar: 100 pm.

(B) Histograms represent the distribution of myogenic cells with different numbers of nuclei in unstimulated (left panels) and
forskolin-stimulated cultures (right panels) after the indicated periods of culture. Mononucleated cells were classified to two
subpopulations: one expressed MyHC (MyHC+) and the other did not (MyHC-). (C) Total lysates (20 g of proteins) were prepared
from cells that were cultured in the absence (lanes 1-4) or presence of forskolin (lanes 5-8) for O h (lanes 1 and 5), 12 h (lanes 2
and 6), 24 h (lanes 3 and 7) or 36 h (lanes 4 and 8), and then subjected to immunoblot analysis for MyHC and myogenin. MyHC is
sometimes degraded in 1% SDS-containing lysis buffer by unknown reasons. Arrowhead and asterisk represent full-length and
degraded MyHC species, respectively. (D) Differentiated cells were detected by immunostaining with anti-MyHC antibody in
unstimulated (open circles) and forskolin-stimulated cultures (filled circles). (E) Fusion indexes were calculated as percentages
of nucleus numbers in multinucleated cells of unstimulated (open circles) and forskolin-stimulated (filled circles) cultures.
Averages and standard deviations of three independent cultures are shown in panels B, D and E.
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in myotubes in the total number of nuclei (myoblasts plus
myotubes).

Reagents and peptides

Dibutyryl-cyclic AMP (dbcAMP), 8-bromo-cyclic AMP (8Br-
cAMP), and 3-isobutyl-1-methylxanthine (IBMX) were pur-
chased from Sigma. Stearated Ht31 peptide (StHt31S), which is
capable of inhibiting PKA anchoring, and its contro! peptide,
StHt31P, were purchased from Promega (Madison, W1). Forskolin
(Sigma) was dissolved in ethanol at 24 mM. H89 (Biomol, Devon,
UK) was dissolved in dimethylsulfoxide (DMSO) at 10 mM. The
other reagents and peptides were dissolved in PBS. Each reagent
was diluted with medium immediately before use. For control
cultures, the medium was supplemented with the same
concentration of vehicle as that used in experimental cultures.

Results

Elevated intracellular cAMP levels induce muscle cell
hypertrophy in vitro

We have established a unique primary culture system of

mouse myogenic cells derived from muscle satellite cells in
adult skeletal muscle [10]. Ric10 is a single cell-derived clone

A

isolated from multiclonal mouse primary cultured myogenic
cells, which retains a high capacity for myogenic differentia-
tion. To determine whether cAMP is involved in the regulation
of myogenesis, we determined the effects of reagents that
elevate intracellular cAMP levels on terminal skeletal muscle
differentiation of Ric10 cells in vitro. Ric10 cells were cultured
for 36 h in pmDM supplemented with an activator of adenylate
cyclase, forskolin, a phosphodiesterase inhibitor, IBMX, or the
cAMP analogues 8Br-cAMP and dbcAMP. Ric10 cells gave rise
to small bipolar myotubes under differentiation-inducing
conditions (Fig. 1A). In contrast, Ricl0 treated with the
reagents formed large sheet-like multinucleated cells, which
we designated “myosheets” (Figs. 1B-E). The results imply that
the elevation of intracellular cAMP levels induced muscle cell
hypertrophy in vitro.

To elucidate the process of myosheet formation induced by
elevated intracellular cAMP levels, Ric10 cells were cultured in
pmDM in the presence or absence of forskolin for up to 48 h.
No difference in myotube formation was found between
unstimulated and forskolin-stimulated Ric10 cells during
24 h of differentiation culture. After 24 h, the size of the
myotubes in forskolin-stimulated Ric10 culture increased in
proportion to the length of the culture period (Fig. 24). In
control cultures, most myotubes contained 2 to 10 nuclei, and
the maximum number of nuclei in myotubes was no more
than 20 throughout the culture period (Fig. 2B, left panels). In

Fig. 3 - Forskolin induces cell fusion between myotubes. Ric10 cells (1x 10° cells per 35-mm dish) were cultured in pmDM
(upper panels in A), or in pmDM supplemented with 24 pM forskolin (lower panels in A and panels in B) for up to 48 h. (A) The
same areas of cultures were photographed after 36 and 48 h of differentiation culture. Arrowheads represent myotubes fused
with each other to form a large syncytium (asterisk). Scale bar: 100 pm. (B) The process of myotube fusion in Ric10 culture
stimulated with forskolin was recorded by phase-contrast, time-lapse microscopy. The lamellipodia of one myotube fused to
the lateral plasma membrane of another myotube. Images were obtained at the indicated time points. Squares in the top panels
indicate the areas magnified in the bottom panels. Scale bars: 100 pm in top panels; 25 pm in bottom panels.
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contrast, forskolin-stimulated Ric10 cells formed extra-large
myotubes containing more than 31 nuclei (Fig. 2B, right
panels). In forskolin-stimulated culture, more than 90% of
nuclei were incorporated into only a few syncytia (Fig. 2A,
bottom right panel and Fig. 2B, bottom right panel).

In the next experiments, the effects of forskolin on
myogenic differentiation of Ric10 cells were analyzed. Expres-
sion patterns of the muscle-specific transcription factor
myogenin and the muscle differentiation marker sarcomeric
MyHC were similar in unstimulated and forskolin-stimulated
Ric10 cells (Fig. 2C). The differentiation index, which repre-
sents the ratio of the number of nuclei in MyHC-expressing
cells to the total number of nuclei, reached 100% during 48 h of
differentiation culture, even in the presence of forskolin
(Fig. 2D). In addition, the ratio-of the number of nuclei in
myotubes to the total number of nuclei, which is called the
“fusion index”, reached more than 80% after 48 h of culture in
the presence or absence of forskolin (Fig. 2E). Therefore, it is
unlikely that forskolin affects the myogenic differentiation
potential of Ric10 cells. The numbers of nuclei in unstimulated
and forskolin-stimulated cultures were 302+64 and 313z
11 per mm? after 36 h of differentiation culture, respectively,
when 2x10* cells were plated in a 35-mm dish. The total
amounts of cellular protein in unstimulated and forskolin-
stimulated cells were 138+32 ug and 125+ 17 pg after 36 h of
differentiation cuiture when 1x10° cells were plated. The
results imply that myotube hypertrophy is induced by
forskolin independently of stimulation of protein synthesis,
cell differentiation, or proliferation. It is noteworthy, however,
that fusion of mononucleated progenitor cells was slightly but
statistically significantly enhanced in forskolin-stimulated
Ric10 cells after 30 h of differentiation culture (Fig. 2E).

Forskolin induces cell fusion between myotubes

Ric10 cells were seeded at low density (1x10* cells per 35-mm
dish) to slow down the speed of myosheet formation. Then,
serial observation of Ric10 differentiation cultures revealed that
myosheets were formed through cell fusion between small
bipolar myotubes that were stimulated with forskolin (Fig. 34,
lower panels). Although myotube fusion also occurred in control
cultures, the incidence was relatively quite low (Fig. 3A, upper
panels). The small bipolar myotubes that appeared during the
earlier period of differentiation culture formed lamellipodia at
their polar ends. Time-lapse recording revealed that myotube-
to-myotube fusion in forskolin-stimulated Ric10 cultures al-
ways occurred between the leading edge of the lamellipodia of
one myotube and the lateral plasma membrane of the other
(Fig. 3B and Supplementary data). The results suggest that
forskolin enhances cell fusion between myotubes and induces
muscle cell hypertrophy, and that lamellipodia of myotubes
may retain the capacity for plasma membrane fusion.

Forskolin enhances lamellipodium formation in myotubes
prior to cell fusion

A previous study proposed that PKA may be involved in
lamellipodium formation of fibroblastic cells [16]. Therefore,
the effects of forskolin on the formation of lamellipodia in
small bipolar myotubes were determined. Ric10 cells gave rise

to small bipolar myotubes containing 2-10 nuclei during 30 h
of differentiation culture in pmDM (Fig. 2B). To determine
involvement of PKA in forskolin-enhanced lamellipodium
formation in myotubes, the small myotubes were cultured
for further 6 h with forskolin alone or forskolin plus H89.
Forskolin treatment doubled the frequency of lamellipodium
formation of unstimulated Ric10 myotubes (Fig. 4A, middle

Ctr Fsk Fsk
H89

phase Rl phalloidin  merge

Fig. 4 - Forskolin enhances lamellipodium formation where
PKA is located. (A) Ric10 cells (1x10* cell per 35-mm dish)
were cultured for 36 h in pmDM (Ctr), pmDM supplemented
with 24 uM forskolin alone (Fsk), or forskolin plus 10 pM H89
(Fsk+H89). Actin filaments were stained with Alexa Fluor
546-labelled phalloidin. The number of lamellipodia in at
least 100 myotubes per dish was counted under a
phase-contrast and epifluorescence microscope. Each
myotube formed 0, 1, or 2 lamellipodia at their polar ends.
Averages and standard deviations of numbers of
lamellipodia per myotube from three independent cultures
are shown. (B) After 36 h of culture in the medium containing
forskolin, Ric10 cells were subjected to immunostaining with
anti-PKA RII antibody (RII) (b and d). Actin filaments were
stained with Alexa Fluor 546-labelled phalloidin (e). Images
in (a) and (c) were obtained by phase-contrast microscopy,
and those in (b}, (d){f) were obtained by epifluorescence
microscopy. Cell nuclei stained with DAPI are superimposed
in the left panel. (b) Shows the same area in (a). A square in
the upper panels represents the area that is magnified in the
lower four panels. Scale bars: 20 pm.
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column). H89 significantly suppressed the forskolin-enhanced
lamellipodium formation (Fig. 4A, right column). Furthermore,
immunostaining analysis showed that the type 1l regulatory

A Forskolin(-) Forskolin(+)

100

% of nuclei

100

100

% of nuclei

0

Forskolin -

H89

subunit of PKA was enriched in the leading edge of lamelli-
podia where F-actin was accumulated (Fig. 4B), as previously
shown in fibroblasts [16]. Taken together with the results here,
PKA is likely to be involved in forskolin-enhanced lamellipo-
dium formation.

Localized PKA activity is required for forskolin-induced muscle
cell hypertrophy

Localization of PKA in lamellipodia of myotubes suggests that
blocking PKA activity or anchoring it on these structures will
affect forskolin-induced muscle cell hypertrophy. Ric10 cells
produced small bipolar myotubes containing 2-10 nuclei during
30 h of differentiation culture in the presence or absence of
forskolin (Fig. SA, upper panels). Then the small myotubes were
cultured for further 6 h with forskolin alone or forskolin plus H89
(Fig. 5A, middle and lower right panels, and B). At the end of
culture, H89 had prevented myosheet formation in the for-
skolin-stimulated Ric10 myotube cultures, whereas small and
medium-sized myotubes containing 2-20 nuclei had increased
in number (Fig. 5A, bottom right panel). The results suggest that
the administration of H89 during the last 6 h of culture inhibits
mainly forskolin-enhanced cell fusion between small myo-
tubes, resulting in suppression of muscle cell hypertrophy. Both
the differentiation and fusion indexes of forskolin-stimulated
cultures declined slightly in the presence of H89 (Fig. 5C).
However, the reduction of the fusion index or the differentiation
index was too small to explain the prevention of myosheet
formation in cultures treated with forskolin plus H89 (Fig. 5A,
middle and lower right panels). Fusion index was also slightly
reduced in the culture treated with H89 alone since H89
inhibited fusion of remnant mononucleated cells during the
last 6 h of differentiation culture (Fig. 5C).

In the next series of experiments, stearated Ht31 peptide
(StHt31S) was used to inhibit PKA anchoring because it
contains a peptide from A kinase anchoring protein (AKAP)
and disrupts PKA-AKAP interaction {17]. StHt31S perfectly
prevented the muscle cell hypertrophy induced by forskolin,

Fig. 5 - Enzymatic activity of PKA is required for induction of
myotube fusion by forskolin. (A and B) Ric10 cells (2x 10* cells
per 35-mm dish) were cultured for 30 h in pmDM (upper left
panel in A) or in pmDM supplemented with 24 uM forskolin
(upper right panel in A). Then the medium was switched to
pmDM supplemented with 0.1% DMSO (middle left panelin A
and Ba), forskolin plus DMSO (middle right panel in A and Bb),
10 pM H89 (bottom left panel in A and Bc), or forskolin plus
H89 (bottom right panel in A and Bd). After 6 h of further
culture, the cells were subjected to immunostaining with
anti-MyHC antibody. Nuclei were counterstained with
Mayer’s hematoxylin. Panels show the distribution of
myogenic cells with different numbers of nuclei.
Mononucleated cells were classified to two subpopulations:
one expressed MyHC (MyHC+) and the other did not (MyHC-).
Averages and standard deviations of three independent
cultures were shown. Scale bar in panel B: 100 pm. (C) Ric10
cells were treated as described in panel A, and then the
potential for differentiation and fusion was analyzed as
described in Materials and methods. Averages and standard
deviations of three independent cultures are shown.
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whereas the control peptide StHt31P, which is incapable of
disrupting PKA-AKAP interaction, did not inhibit it (Figs. 6A
and B). The forskolin-enhanced lamellipodium formation of
small myotubes was suppressed by StHt31S in a similar
manner (data not shown).

The decline of the fusion index in StHt31S-treated cells
(75.1+£7.1% in StHt31P-treated cells versus 51.4+4.8% in
StHt31S-treated cells) suggests that StHt31S inhibits cell
fusion of mononucleated cells as well as myotubes stimulated
with forskolin (Fig. 6C, lower panel). In contrast to the
disappearance of myosheets, StHt31S markedly increased
the incidence of nuclei in small myotubes in Ric10 cultures
treated with forskolin (Fig. 6B). Therefore, the partial inhibi-
tion of fusion or differentiation (Fig. 6C, upper panel) of
mononucleated cells by StHt31S is unlikely to prevent
myosheet formation. We concluded that StHt31S prevents
the muscle cell hypertrophy induced by forskolin through
suppression of fusion between myotubes. These results
suggest that localized PKA activity is required for lamellipo-
dium formation and subsequent cell fusion between
myotubes.

A  StHt31

P

B 100

In the absence of forskolin, StHt31S also suppressed cell
fusion of mononucleated Ric10 cells (64.2+5.6% in StHt31P-
treated cultures versus 21.9+5.0% in StHt31S-treated cultures)
without significant effects on the expression of MyHC (Fig. 6C)
and myogenin (data not shown).

Forskolin induces muscle cell hypertrophy in established and
primary cultured myogenic cells

To assess whether myosheet formation enhanced by for-
skolin is dependent on the type of muscle cells, we
determined the effects of forskolin on the myogenic
differentiation of a C2C12-derived subclone, COM3 [13], and
primary cultured mouse myogenic cells derived from muscle
satellite cells [10,14]. COM3 cells differentiated into cylindri-
cal myotubes under the differentiation-inducing condition
(Fig. 7A). In contrast, they gave rise to large myotubes when
stimulated with forskolin (Fig. 7B). For the assay using
primary cultured mouse myogenic cells, colonies derived
from single-muscle satellite cells were formed on a 35-mm
dish, and then the medium was changed to pmDM. Primary

C MyHC

e SHBIP

Fsk + StHt31P

Fusion Index

100

% of nuclei

..................... T-.......---.

5
S o
< 100
S e StHI31S | | Fsk + StHt31S
2 0
Forskolin = M B .
StHt31P 4+ =~ 4+ -
— . L ] [ETRY
AAE': A :ﬁx,
$5°88% 223542
04 o0
< ot < 3
Number of nuclei/cell

Fig. 6 - Localized PKA activity is required for induction of myotube fusion by forskolin, (A) Ric10 cells (2x 10* cells per 35-mm
dish) were cultured in pmDM (a and c) or pmDM containing 24 pM forskolin (b and d) for 18 h. Then the cells were cultured for
further 18 h in medium containing 50 M StHt31P (a) or StHt31S (c) alone, or forskolin plus 50 M StHt31P (b) or StH131S

(d). MyHC was immunostained with horseradish peroxidase. Nuclei were counterstained with Mayer’s hematoxylin. Images
were obtained by bright field microscopy. Scale bar: 100 pm. (B) Panels show the distribution of myogenic cells with different
numbers of nuclei in cultures treated as described in panel A. Averages and standard deviations of three independent cultures
are shown. (C) Differentiation and fusion potential in cultures treated as described in panel A were analyzed according to
Materials and methods. Averages and standard deviations of three independent cultures are shown.
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Fig. 7 - Forskolin induces muscle cell hypertrophy in
established and primary cultured mouse myogenic cells.
COM3, a subline of C2C12 (A and B) and primary cultured
mouse myogenic cells (C and D) were cultured in pmDM with
(B and D) or without (A and C) stimulation of forskolin

(24 pM). MyHC was immunostained with a horseradish
peroxidase. Nuclei were counterstained with Mayer’s
hematoxylin. Images in A-D were obtained by bright field
microscopy. (E) Colonies of primary cultured mouse
myogenic cells were classified by the size of largest myotube
within each colony. Forty-five colonies from three
independent dishes were examined in unstimulated
(Forskolin (-)) and forskolin-stimulated (Forskolin (+))
cultures, respectively. Histogram represents percentages of
colonies that contain the largest myotube with the indicated
number of nuclei in the total number of colonies. Averages
and standard deviations of three independent cultures are
shown.

cultured myogenic cells produced small myotubes during
4 days of differentiation culture (Figs. 7C and E). Forskolin
induced myosheet formation in 60.0+6.7% of myogenic cell
colonies (Figs. 7D and E). Therefore, the results indicate that
the elevation of intracellular cAMP levels by forskolin
induced muscle cell hypertrophy in both an established
myogenic cell line and primary cultured myogenic cell
clones.

Localized PKA activity is also required for cell fusion of
mononucleated myogenic progenitor cells

To examine whether localized PKA also plays a pivotal role in
fusion of mononucleated myogenic progenitor cells, Ric10
cells were treated with H89 alone. Differentiating mono-
nucleated Ric10 cells were cultured in pmDM for 18 h to
avoid the cell detachment caused by the prolonged exposure
to H89, and then they were treated with H89 for a further 18 h.
H89 markedly inhibited cell fusion of Ric10 cells (69.5+5.6% in
control cultures versus 28.5+6.6% in H89-treated cultures)
(Fig. 8A, left panel) without significant effects on the

>

Fusion index MyHC

100

% of nuclei
g

H89 (18-36 h)

Fig. 8 - Localized PKA activity is required for mononucleated
myoblast fusion. (A) Ric10 cells were cultured for 18 h in
pmDM. Then the cells were cultured for further 18 h in pmDM
supplemented with 0.1% DMSO (-) or 10 #M H89 (+). Fusion
index and differentiation potential (MyHC) were analyzed as
described in Materials and methods. (B) Ric10 cells were
cultured in pmDM supplemented with 0.1% DMSO (a—c) or
10 1M H89 (d-f) for 6 h. Lamellipodium formation
(arrowheads in a, b, and c) was severely inhibited by H89
(d). Accumulation of F-actin (b and c) on the leading edge of
lamellipodia was not observed in lamellipodia that were
formed in H89-treated cells (arrowheads in d, e, and f).
Squares in (a) and (d) represent the areas that were magnified
in (b) and (), and (e) and (f), respectively. Images in (a), (b}, (d)
and (e) were obtained by phase-contrast microscopy, and
those in {c) and (f) were obtained by epifluorescence
microscopy. Scale bars: 50 pminaand d; 25 pminb, ¢, e,
and f.
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Fig. 9 - Role of localized PKA on myogenic cell fusion.
Differentiating myoblasts have the capacity of cell fusion
whereas myotubes tend to lose it during terminal muscle
differentiation. Myoblast fusion requires the PKA activity
localized in lamellipodia. Ability of cell fusion is induced by
forskolin through elevating activity of PKA localized in
lamellipodia of myotubes. Asterisks represent PKA-localized
lamellipodia. A square indicates a process of
forskolin-induced myotube-myotube fusion.

"High Fusion-Competency”

expression of MyHC (Fig. 8A, right panel) and myogenin (data
not shown).

To determine whether the PKA pathway is involved in
lamellipodium formation by mononucleated progenitor cells,
Ric10 cells were cultured for 6 h in pmDM supplemented
with DMSO (vehicle) or pmDM supplemented with H89. Ric10
cells frequently protruded lamellipodia in control cultures
(Figs. 8Ba, b, and c). In contrast, H89 prevented lamellipodium
formation, resulting in marked morphological changesin Ric10
cells (Fig. 8Bd). F-actin was accumulated in the leading edge of
lamellipodia in mononucleated progenitor cells (Figs. 8Bb
and c), as shown in forskolin-stimulated myotubes (Fig. 4B).
However, F-actin was not accumulated on the leading edge of
lamellipodia in H89-treated Ric10 cells even if they were
formed (Figs. 8Be and f). These data suggest that localized
PKA activity isrequired for the lamellipodium formation thatis
prerequisite for cell fusion of both mononucleated myoblasts
and small myotubes (Fig. 9).

Discussion

In the present study, we describe the cell fusion of terminally
differentiated myotubes, which has not been shown previous-
ly either in vivo or in vitro. Multinucleated myotube fusion
results in large, branched myotubes, which we designated
“myosheet”. Time-lapse recording strongly suggests that
branched myotubes are formed by cell fusion of a myotube
with another myotube but not with a myoblast. Branched
myotubes are usually found in cultured myogenic cells under
differentiation-inducing conditions. In addition, branched
myofibers are rare in healthy muscle but can be found in
regenerated muscle. These observations indicate that termi-
nally differentiated multinucleated myotubes still have the

capacity to fuse with each other under appropriate conditions
both in vitro and in vivo. The myotube-myotube fusion shown
here was not an unusual event and did not depend on a specific
cell line or the culture conditions used in our experiments.

We show here that the cAMP-PKA pathway localized in
lamellipodia plays a pivotal role in myotube fusion, which is a
multistep process. The enhancement of lamellipodium for-
mation by localized PKA activity demonstrates that PKA
regulates the early steps of myotube fusion, such as myo-
tube-myotube contact and recognition. Furthermore, the
localized PKA might also be involved in the specification of
fusion-competent areas of the plasma membrane because
only the leading edge of lamellipodia seems to acquire fusion
competency.

The role of cCAMP in myogenesis has not been established
because inconsistent results were reported in previous papers.
Membrane-permeable cAMP analogs or compounds that
stimulate adenylate cyclase inhibited the expression of
muscle-specific genes in the cell line BC3H1 [18,19]. BC3H1
cells are non-fusing cells derived from a mouse intracranial
tumor [20], and their expression of muscle-specific genes is
rapidly reversible by altering the level of serum or growth
factors in the culture medium [21]. BC3H1 cells have been used
as a unique model system to reveal the mechanisms by which
the expression of muscle-specific genes is regulated. However,
they are not true myogenic cells that have the ability to
differentiate irreversibly into myofibers. Therefore, we should
note that the effects of cAMP in BC3H1 cells are not always the
same as in true myogenic cells derived from muscle satellite
cells.

Dibutyryl cAMP inhibits the expression of the muscle-specific
transcription factor myogenin [22] and terminal muscle differ-
entiation in the mouse myoblastic cell line C2C12 and rat
myoblastic cell line L6 [23]. However, the effective concentration
of dbcAMP was extremely high (1-3 mM) in those studies. Thus,
these results might represent a spurious effect of dbcAMP rather
than a true effect of intracellular cAMP because butyrate inhibits
myogenesis by interfering with the transcriptional activity of
MyoD and myogenin [24]. Cyclic AMP also inhibits the myogen-
esis induced by vasopressin or insulin-like growth factor I (IGF-I)
in L6-C5, a rat myoblastic cell clone selected for its ability to
undergo myogenesis when stimulated by these peptides [25-27].
Thus, the inhibition seems to be a specific event in the
vasopressin- or IGF-I-induced myogenesis of certain myo-
genic cell lines. In contrast, the present study demonstrates
that intracellular cAMP does not inhibit the expression of
muscle-specific genes and cell fusion in both established and
primary cultured mouse myogenic cells derived from muscle
satellite cells. Similar results have been shown in C2C12 cells
[28] and primary cultured chicken myoblasts [29]. Therefore,
we should note that an appropriate dose of a cAMP-elevating
reagent does not inhibit the expression of muscle-specific
genes in primary cultured myogenic cells that are derived
from muscle satellite cells.

We and others have demonstrated that cAMP enhances
myogenic cell fusion {29-31]. Intracellular cAMP levels rise
upon the onset of cell fusion and then decline after fusion in
myogenic cell culture [30,32,33]. The nuclear cAMP-PKA
pathway was previously assumed to be involved in the
regulation of transcriptional activity of the MyoD family
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[22,23] or the expression of cAMP phosphodiesterase during
myogenesis [34]. In addition, the present study suggests that
the localized activity of PKA in lamellipodia is an important
facet of a cell-to-cell contact/recognition step of muscle cell
fusion. ’

Compared with the enhancement of myotube fusion, the
effect of forskolin on myoblast fusion was not so clear. However,
H89 or StHt31S inhibited myoblast fusion severely. Therefore,
while localized PKA activity is also required for myoblast fusion,
intracellular cAMP levels should not limit the PKA activity
because cAMP is markedly produced in myoblasts upon the
onset of fusion. In contrast, intracellular cAMP levels might limit
PKA activity in myotubes because cAMP levels decline after
myoblast fusion [30,32,33]. Here we propose that intracellular
cAMP modulates the competence for cell fusion in myogenic
cells. The present study reveals a new aspect of the cAMP-PKA
pathway in terminal skeletal muscle differentiation.
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Here, we identified human myogenic progenitor cells coexpressing Pax7, a marker of mus-
cle satellite cells and bone-specific alkaline phosphatase, a marker of osteoblasts, in regen-
erating muscle. To determine whether human myogenic progenitor cells are able to act as
osteoprogenitor cells, we cultured both primary and immortalized progenitor cells derived
from the healthy muscle of a nondystrophic woman. The undifferentiated myogenic pro-
genitors spontaneously expressed two osteoblast-specific proteins, bone-specific alkaline
phosphatase and Runx2, and were able to undergo terminal osteogenic differentiation
without exposure to an exogenous inductive agent such as bone morphogenetic proteins.
They also expressed the muscle lineage-specific proteins Pax7 and MyoD, and lost their
osteogenic characteristics in association with terminal muscle differentiation. Both myo-
blastic and osteoblastic properties are thus simultaneously expressed in the human myo-
genic cell lineage prior to commitment to muscle differentiation. In addition, C3
transferase, a specific inhibitor of Rho GTPase, blocked myogenic but not osteogenic differ-
entiation of human myogenic progenitor cells. These data suggest that human myogenic
progenitor cells retain the capacity to act as osteoprogenitor cells that form ectopic bone
spontaneously, and that Rho signaling is involved in a critical switch between myogenesis
and osteogenesis in the human myogenic cell lineage.

© 2007 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

boubi et al., 2001). Bone marrow stromal cells are thought to
be the primary source of osteoprogenitor cells in the body.

Ectopic ossification in skeletal muscle is characteristic of ~ Although intravenously transplanted mouse bone marrow
certain muscle diseases in humans (Kocyigit et al., 2001; Mah- cells settle in skeletal muscles (Brazelton et al., 2003; Ferrari
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et al.,, 1998; LaBarge and Blau, 2002), these cells have not been
shown to migrate to muscle during ectopic ossification. Previ-
ous studies have suggested that osteoprogenitor cells reside
in skeletal muscle, although their source has remained un-
known (Bosch et al., 2000; Levy et al., 2001). Recent studies,
however, suggest that vascular smooth muscle cells are can-
didates for osteoprogenitors in human skeletal muscle (Hegyi
et al.,, 2003; Levy et al., 2001).

Muscle satellite cells are skeletal muscle stem cells that
are activated to proliferate and then fuse with each other to
form myofibers during muscle regeneration. Histopathologic
and molecular biological studies indicate that progenitor cells
derived from muscle satellite cells differentiate exclusively
into myotubes and myofibers in vivo. However, our clonal
analysis demonstrated that mouse muscle satellite cells actu-
ally preserve the ability to undergo osteogenic terminal differ-
entiation in vitro in a bone morphogenetic protein (BMP)
stimulation-dependent manner (Wada et al., 2002). Our previ-
ous results also suggest the possibility that failure of the
restriction of phenotypic plasticity triggers ectopic ossifica-
tion in muscle satellite cells (Wada et al., 2002).

A previous study referred to bone marrow stromal cells,
which form bone spontaneously, as “determined osteopro-
genitor cells” and to osteoprogenitor cells from extraskeletal
sources, which require inductive agents to express osteogenic
phenotypes, as “inducible osteoprogenitor cells” (Frieden-
stein and Kuralesova, 1971). In mice, descendants of muscle
satellite cell undergo osteogenic differentiation only when ex-
posed to BMPs in vitro (Asakura et al., 2001; Hashimoto et al.,
2004; Wada et al.,, 2002). In the absence of BMPs, these cells
preferentially undergo myogenic terminal differentiation
in vitro. However, it remains to be determined whether oste-
ogenic differentiation of human myogenic cells depends on
BMP stimulation, although our previous study demonstrated
that these cells are able to undergo osteogenic terminal differ-
entiation in vitro (Wada et al., 2002). In addition, the involve-
ment of BMPs in ectopic bone formation in skeletal muscle
has not been shown in human disorders. Therefore, it is likely
that ectopic bone formation in human skeletal muscle can be
triggered in a BMP-independent manner, although “deter-
mined osteoprogenitor cells” have not been identified in hu-
man skeletal muscle.

We here show that muscle progenitor cells spontaneously
- expressed both a marker of muscle satellite cells and a mar-
ker of osteoblasts in regenerating human muscle. We then
cultured both primary and immortalized human myogenic
progenitor cells to determine whether they can undergo oste-
ogenic differentiation without exogenous BMPs. We found
that exogenous BMP stimulation is not necessary to induce
ossification in both primary and immortalized human myo-
genic progenitor cells. Therefore, we propose the hypothesis
that human myogenic progenitor cells preserve the ability
to act as “determined osteoprogenitor cells” and undergo
osteogenic terminal differentiation when myogenic differen-
tiation is impaired in human muscle diseases. In addition,
the immortalized human myogenic progenitor cell lines used
have a multipotentiality that enables us to analyze the nature
of human myogenic progenitor cells in detail, as previously
done in mouse and rat myoblastic cell lines. They will also

provide a model system for genetic modification and trans-
plantation of human myogenic cells.

2. Results

2.1. Osteogenic properties of a human myogenic cell
lineage in vivo

The transcription factor Pax7 is expressed exclusively in
muscle satellite cells in mouse skeletal muscle (Seale et al.,
2000). To determine whether Pax7 is a specific marker for hu-
man muscle satellite cells, we probed cryosections prepared
from normal back muscle with antibodies to this protein.
Pax7-positive nuclei were detected exclusively between the
basement membrane and the sarcolemma, which were recog-
nized by antibodies to laminin and dystrophin, respectively
(Fig. 1A), suggesting that Pax7 is indeed specifically expressed
in human muscle satellite cells (Reimann et al., 2004). Quies-
cent muscle satellite cells expressing Pax7 did not express
bone-specific alkaline phosphatase (ALP), an early marker of
osteogenic differentiation. In contrast, ALP was detected his-
tochemically in the small regenerating myofibers present in
humans with skeletal muscle diseases including Duchenne
muscular dystrophy (DMD) (Fig. 1B-D) (Nonaka et al., 1981).
To determine whether human myogenic progenitor cells ex-
press osteogenic markers during muscle regeneration, we
examined the expression of ALP in muscle of individuals with
DMD. In DMD muscles, muscle regeneration is spontaneously
triggered and myogenic progenitor cells are present, although
ectopic bone has not been found. Immunofluorescence anal-
ysis revealed that the ALP activity in small myofibers of a 5-
month-old boy with DMD was attributable to bone-specific
ALP located at the plasma membrane (Fig. 1C and D). Probing
cryosections with antibodies to Pax7 and bone ALP also re-
vealed several mononucleated cells coexpressing Pax7 and
ALP in the regenerating muscle of a 4-month-old boy with
DMD (Fig. 1B). One or two double-positive cells were found
in each cryosection (~20 mm?) of muscles from these two
boys with DMD. These results thus indicate that myogenic
progenitor cells with both myoblastic and osteoblastic proper-
ties are present in regenerating human skeletal muscles
in vivo. Pax7 expression suggests that these cells might be
descendants of muscle satellite cells. The results suggest that
human myogenic progenitors are probable candidates for
osteoprogenitor cells.

2.2 Coexpression of myoblast- and osteoblast-specific
proteins in primary human myogenic progenitor cells in vitro

We previously isolated a primary human myogenic pro-
genitor cell clone, HuS, from the healthy subcutaneous mus-
cle of a nondystrophic woman (Fig. 2A). To determine whether
human muscle progenitor cells are able to act as osteoprogen-
itor cells, we characterized Hu5 cells. Expression of Pax7 was
detected in the majority of HuS cells (more than 80%) in early
passages (less than 6 passages), but not during successive
passages (Fig. 2B). Further, HuS cells differentiated spontane-
ously into prominent myotubes in vitro on achieving conflu-
ence (Fig. 2C). They also underwent terminal osteogenic
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Fig. 1 - Coexpression of myogenic- and osteogenic-specific markers in cells present in skeletal muscle of individuals with
DMD. (A) Confocal immunofluorescence analysis of a skeletal muscle section from a nondystrophic 62-year-old woman using
antibodies to Pax7, laminin, and dystrophin. A muscle satellite cell expressing Pax7 (red) was detected between the
basement membrane containing laminin (blue) and the sarcolemma containing dystrophin (green). (B) Cryosections of the
biceps brachii muscle of a 4-month-old boy with DMD were subjected to immunoflucrescence analysis with antibodies to
Pax7 (red) and to bone-specific ALP (green). The arrow indicates a cell expressing both Pax7 and ALP that was located

- adjacent to a small, newly regenerated myofiber expressing ALP (asterisk). (C) Cryosections of the biceps brachii muscle of a
5-month-old boy with DMD were subjected to staining of ALP activity with Fast Blue RR. ALP activity was restricted to small,
newly regenerated myofibers. (D) Imnmunofluorescence analysis revealed the presence of bone-specific ALP at the plasma
membrane of the same myofibers shown in (C). Scale bars: 10 pm (A) and 20 pm (B-D).

differentiation accompanied by calcification in the presence
of both BMP2 and BGP, whereas myogenic differentiation is
preventeéd (Hashimoto et al., 2006). In addition, a phosphate
donor, BGP, alone induced calcification in Hu5 cells without
BMP2 stimulation (Fig. 2D). Unexpectedly, ALP was detected
histochemically in all unstimulated Hu5 cells (Fig. 2E)
whereas primary cultured mouse myogenic cells express
bone ALP only when stimulated with BMP2 (Wada et al,
2002). The observation is consistent with result that Hu5 cells
underwent osteogenic terminal differentiation without BMP2
stimulation. Double staining revealed that more than 80% of
undifferentiated Hu5 cells coexpressed Pax7 and bone ALP
in the absence of BMP2 (Fig. 2F) in a similar manner to mono-
nucleated myogenic cells in vivo (Fig. 1E). In addition, Hu5
cells also express determination genes, including those for
MyoD and Runx2, which are specific for myogenic and osteo-
genic differentiation, respectively (Table 2). The Hu5 cell,
which is a myogenic progenitor cell clone derived from the
healthy muscle, thus exhibits both myoblast- and osteo-
blast-specific properties. The expression of both myogenic-
and osteogenic-specific proteins was also demonstrated in
six independent clones of myogenic progenitor cells isolated
from the subcutaneous muscle of another woman (see
Fig. S1 online). We found no clones that retain only myoblast-
or osteoblast-specific properties under our culture conditions.
The results suggest that human myogenic progenitor cells

coexpress myoblast- and osteoblast-specific proteins during
in vitro culture.

2.3.  Preservation of dual lineage-specific properties in
immortalized human myogenic progenitor cells

In contrast to primary cultured mouse myogenic cells, the
primary myogenic progenitor cell clone Hu5 ceased prolifera-
tion and underwent replicative senescence after 10-12 pas-
sages. Hu5 cells also lost differentiation potential along with
cellular senescence, making it difficult to characterize Hu5
cells undergoing replicative senescence. Therefore, to facili-
tate analysis of the myogenic and osteogenic properties of
Hu5 cells at the molecular level, we used the cells that were
immortalized in vitro by introduction of the reverse transcrip-
tase component of human telomerase (hTert) and human
papillomavirus (HPV)-16 E7 (Hashimoto et al., 2006).

One of the HuS-derived clones retaining myogenic differ-
entiation potential, E18, was subjected to further analyses,
although similar results were obtained with the other eight
independent clones derived from individual Hu5S cells. The
muscle lineage markers desmin, nestin, and a master gene
for myogenesis, MyoD, were expressed in both parent Hu5
and immortalized E18 cells (Table 2).

In addition, Runx2 (Cbfal), an essential transcription fac-
tor for osteogenesis (Komori et al.,, 1997; Otto et al., 1997),
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