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Plectin and microtubule actin cross-linking factor 1 (MACF1) are architectural proteins that contribute
to the function of skeletal muscle as generators of mechanical force. However, the influence of in-
sulin-like growth factor-I (IGF-I), a master regulator of skeletal muscle cells, on plectin and MACF1
in skeletal muscle cells has not been demonstrated. The effect of IGF-I on plectin and MACF1 gene
expression was investigated by treating differentiated C2C12 murine skeletal muscle cells with 20
ng/ml of IGF-I at different time points. The IGF-I treatment increased plectin protein expression in
a dose-dependent manner. The mRNA level of plectin was measured by real-time quantitative PCR
to determine if plectin induction was regulated pretranslationally. IGF-I treatment resulted in a very
rapid induction of plectin mRNA transcript in C2C12 myotubes. Plectin mRNA increased by 140 and
180% after 24 and 48 hours of IGF-I treatment, respectively, and returned to the control level after
72 hours of IGF-I treatment. MACF1 mRNA increased 86 and 90% after 24 and 48 hours of IGF-I treat-
ment, respectively, and returned to the control level after 72 hours of IGF-I treatment. These results
suggested that the plectin gene is regulated pretranslationally by IGF-I in skeletal muscle cells. In con-
clusion, IGF-I induces a rapid transcriptional modification of the plectin and MACF1 genes in C2C12 skel-
etal muscle cells and has modulating effects on a cytolinker protein as well as on contractile proteins.

Key words : Skeletal muscle cell, cytoskeleton, cytolinker proteins, insulin-like growth factor-I (IGF-I),
plectin, microtubule actin cross-linking factor 1 (MACF1)
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£ AFoA] AFEg C2C12 4 A2 American Type
of Culture Collection (ATCC, USA)S.ZH-E] F+Y3}¥ o,
10% fetal bovine serum (FBS) (Hyclone, Logan, UT), 100
U/ml®] penicillin G, 100 pg/ml®] streptomycin sulfate
(Welgene, Korea)E ¥#3t3 3= Dulbecco’s modified
Eagle’s medium (DMEM) (Welgene, Korea)2.E 37°C, 5%

CO,9l A A vjekalgth. AEE 35 mm plates]] 25x1077)
A BFE3 90% o)A A, viR S A ABAL 2% horse se-
rum (HS) (Hyclone, Logan, UT)o| 3¢ &3} Wi A, IGF-I&
g EeiAZ 2+ wASt W dsTh Plectin®t
MACF—l ke Tl 9 mRNA 389 MstE Yolr 7|
Aste] Azt W} 20 ng/mle] IGF-I (Sigma Aldrich, St.
Louis, MO)S A3l 4 .

T A HM

C2C12 A& PBSE il Aol H, plated] 1 A]7]7]
3ked 1 mle] 4% formaldehydeS A&l M 20 3 2] 3
5 TBSZ 291 AojaL, 02% triton X-100& E-7-3F TBS (02%
TBST)Z 5 £3F 42X permeabilizing 39t 1 the
0.1% TBSTZ 5 £zt 3% Aol F 5% BSAS & 0.1%
TBSTZ 7F-&4 1 At &2t blocking 3}t o] % TBSZ
g Aol 5 3% BSAE 33 TBSO| Plectin polyclonal
rabbit antibody, a-tubulin monoclonal mouse antibody
(Abcam, Cambridge, UK)E 2 1:5002.2 3] 443} 4°CellA|
12 A7k 5¢ wHAI 7T 1 %, 01% TBSTR 5 £7+ 33 A°]
JH 5 alexa 5%4-conjugated goat anti-rabbit IgG secondary
antibody, alexa 488-conjugated goat anti-mouse IgG secon-
dary antibody (Invitrogen Life Technologies, Carlsbad, CA)
£ 3% BSAC| 125002 3|43t} F2olM 20 £1F #HEAIZ
% 01% TBSTZ 5 &7+ 3% Aoy itk Azl digital imag-
ing system©] Z+# 71 Axiovert 200 fluorescence microscope
(Carl Zeiss, Germany)Z #4433t}

RNA F=Z 2 cDNA &4

RNAFZ2 TRIzol & (Invitrogen Life Technologies,
Carlsbad, CA)& ©]&3 phenol-chloroform 7|3 & AH-3}%
t}. TRIzol €4S welld 242 1 ml & ¥37, 200 pl®] chloro-
form& H23te] 401F F 4°C, 13000 rpmoll A 15 £3+ 94
& At 435S 88k isoprophanol# 1:1 HI &2

4olF 5, 4°C, 12,000 rpmol A 10 £3F AR E ok
439 pellet& DEPCZ 343 75% ETOHS 3 7}ate] 4o]

Ui, 4°C, 12,000 rpmoll Al 5 &7+ AR E At HE
FZ 9 pellets F-2oll A 10 #7F &3] Zd 5 ultra pure
water 30 plol] =91 &, UV 3% 260 nmoll A =5 =43}
ATk 1 ug/ul® RNAE c¢DNA master mix (Invitrogen Life
Technologies, Carlsbad, CA)®} &§3te] 25°CollA 10 &,
42°Col A 60 #, a8 95°ColA 5 £7F PCRE o] &3]
cDNAE 3319,

Real-time quantitative PCR
Plectin®} MACF1¢] mRNA 2&< 2437 939 dou-
ble-stranded DNA dye$] SYBR Green PCR master mix



Table 1. Primer sequences for real-time PCR
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Genes Forward primers Reverse primers
Plectin GAGTACAACCTCCGGCTGAA CGACGCTGGTTCTCCTCTAC
MACEF-1 CCAAAGCGAGTTGGCTCAGCAGACGGAAC CCTCTTGTTCTCTGCCAGCTCTGTCGCTGC

GAPDH

ATGACAATGAATACGGCTACAGCAA

GCAGCGAACTTTATTGATGGTATT

(Finnzyme, Espoo, Finland)E ©]-&3}4] real-time PCR (ABI
PRISM 7700 system) (Applied Biosystems Inc., Foster City,
CA)E AAI5H% Tt A8 primer sequencet= Table 191 A A]
3oy, EE Primerv I 2~XAKHCosmo Genetech, KOREA)
oA A% B Fste] AU LE AEL 33 93 A
getol A7 DNAZE 23] o] whE =S4l 95T

15 %, 60°C 30 37t 40 cycle 74314 CT #S dojujx
3l 34 A0S A3l 40 cycle ©]F dissociation stages 2H
HhEste] @ A5 2718 SAS weol ¢EdE §
TE549 S AR 543] ek AR CT #ol +=
Aol AT Fsta, o HA 2Pz T F
E 34s 9% § HFTH R CT g5 dlolH A stsich
A5 B CT 3 Wit 240 49 € A1839r, mRNA
W& glyceraldehyde 3-phosphate  dehydrogenase

(GAPDH)9| CTgho.2 i d&ste] BAsAt

NE=YSE

IGF-I A2l w2 C2C12 Al EA 9 plectin®} MACF-1+
A2 mRNA Hd ] F94 2SS st SPSS 120 for win-
dowE o] &3] dul A LAHE A (one-way ANOVA)E 4

Al 8} 3 Th(<0.05).

2 o

TN 25

@ o] ZAM T g9 AT *ﬂEi T3she Aol
A 20 ng/mle] IGF1S 22}2] =
of whe} H2)3tY S ul, plectin ;dx}sﬂ Tl o] oju
g W3kt W’E}‘/}L/—‘] wFsl7] el v
cytochemistry) 7| & AME-3t] A2 E #2319t} Fig. 191
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Fig. 1. Immunocytochemistry image showing the effect of IGF-I-induced plectin expression in C2C12 myotubes. C2C12 cells were
treated with 2% horse serum media (differentiation media, DM) containing 20 ng/ml of IGF-I for various periods of time
(24-96 hr). Plectin is stained fluorescent red and a-tubulin is stained flurescent green.
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Fig. 2. Plectin (A), MACF1 (B) mRNA levels determined by real-time PCR in C2CI12 myotubes for 24 hr, 48 hr, 72 hr, or 96 hr
in the absence (control) or presence of IGF-I (20 ng/ml). Target mRNA values are shown normalized to the GAPDH mRNA
level for each sample. Samples were analyzed in duplicate in parallel with GAPDH. Values are means*SE from three in-

dependent experiments. *p<0.05 vs. control.

(7=0.000), 48 A|ZF o 4
Lo FostA 57
12% 7t S7katA L

A7t e o]
A7t F 1G

mRNAT 24

ting PFA7FAE HE

01’7\1 \;}Hﬂﬂ l:ﬂ—ﬁ:}/]

ok
o}
32
A

18 %

184% (p<0.01) plectin®] mRNA
o (p<0.05), 72 A7t A& oF
AXHOE FofatA] F3koH, %
23kt MACFL
F-I2 A2tk o 86% (p<0 05)
48 A7 e 89% (£=0.000), 72 ATt &
Aoy FAHCE %46} A ko, % WFOML plec-
238 A3 Ath(Fig. 2B).

25%

S 2448 A7} Btol &

plectin W& o] FA 2 2fo]E KolA| &Stal, 72-96 "]7}01
=& AZAA Aol S BAE Adehe Apol7h hAE
3 #AL IGF-I9 9 & plectin 22 mRNA7} @& g
Sof] el o} kg3l 3l W o (translation) 5 ¥ &
t o} 22 WY H(pre-translational) TA o 41}
24 WAYZ 710 Ao R At HT
LA~
IfF AE 249 74 249 949, S
a% Afre 71RAHoE AEY RS §A A
7IeE 3T b oy}, A X o] F 3 frAt
dhe 549 7153 diEo] AlE AE 2o
U2 54903, AHgH E4S AX ftog wE
& A% 59 334 7 2 ASAHD 75l SlolA
29l @4 0]t}12,16,18,27,30]. webd AA 7 %
= e AEE0] THS AAHOE F
A o) e A g | 7]%-o] ek vk
£ re g o] dojd B¢ ME= W
B
3
< s * *kk
E'g 2 4
€3
o E
9
<3
sg!
0
IGF-I -+ + + +
(20ng/mh) 24 48 72 9
(hr)

=

4 b1 md wlo dlo
M N ox ™
T N Y

g




rl
Ho
b
il
)
1o

(o3

o
Soke
rir
fuj
i
2,

0 rg
PN
i
3
R
b
lul
1 ol
o= fo
ol
a

]_

A
j'd_,
o
e X
1o
=
)
T
olX
o
o
0

=
o 2
-

£ 99, vpol oz e

o
i =2 >
ooy X
fu ok
i g &
2 Al N o
e o e owu e

N
1=
rd
Ho
>
. koo

wa B N
2
o
o

gl_r: ﬂllo ry ""I

ol
-
ol
—-

o
N
oL o 9

o
4t
A
Lo
-
S
Fo o
BN
it
K3
2 o
r
rg IF

§2
Kl
3o
T

]
3L 5ol &

=

integrin?} desmin®l &3k <
o] 59 ZHoAAY Aol

R
El
)
2
o
o,
|
2
R
o YO,

1=
(EURNS

it

9 4 (transmembrane) F 3}

in 2
2 deRe] 2FdE T AE 979 HsE AE
% HEtAT = oz Al
ZHA 2 Lius
AT A2 B3ty
743}, myogenin, myosin heavy chain f+3#}2] ¥& S
ZAAIYGA B34 oH, Wang 5[29]9 @2 integrin
28t a4 #ae A4 (myotendinous junction) ]
TE A4S 7HA 9 2% A4 (muscular dystrophy) & €2
A5 Bustgley B3 AT, A 25 Tl 78t
7

Al 2N AE =

[
EY

|
=

=
N
i)
=
1o,
o
B

T A3l plakin family
TR B ojmF FIFS v A=A FotR A} 1A
AAZ, B Ao M= plectino] ZAFolA 43 5812
& 2945 7 Ao €3 IGF-Io 93] Tdo] T}
9SS 93tk AF7HA plectind MACF1H- A4+ ol
g A dFES gFE ol At 299 23 §E
RAS o r A9 95 qrHdtal, g B
= 24 9 2K A9 @S fdsted JFEl AT
1 A plectin®] AH-E desmin LA FAE ofr] Al7]H,
ol wel ARl ZA o) Fe, 2gal ZA F7F e E Y
e A4s SR B AA ARHOR A 25
248 op7|ta BaskGIu(18,23]. £ Abgel glof A7t
A Aol F17 219 & 245l 3loIM®E plectin
o] Aol BaFolgithe] 1y o] T eANE &
T3 AF7HA plectin F32-e) HHS 2ddhe 27|
Sl

=z
TE oFAA FUUT] WEe] B ATolA

r2

Journal of Life Science 2012, Vol.22. No. 12 1655

IGF-I9 9]¢t plectin frA#te] &8 oL F&
<=t st

FHAR, B AT AE IGFIo] MACF1 f4Ate] @S
F7MNASE FUA3ATH MACFLIS 2 32 FAA 9 +

rt
Lo,
Lo,
it
R

24 A A9 4BL e WML F2 A7)
ol UQA W, AFAZRE AP BAL Aol 34

e
o

& 59 Aol He 243 A (neuromuscular junc-
tion)oll A} A2~ F(postsynaptic) THOZHE T2 4l
74 A2E w7 3l= anchoring acetylcholine receptor (AChR)
A AR AAde 98-S Ik ¢eEA
ATH2]. MACF1 = plectin®} #}37FA] 2 mutant 2.2 ol 4] 9]
A77t 22 AW AEw, 2deldd MACFL (kakpo/
shortstop)®] AH-2 ZABH -] HAZAS WE@F 27
oo 7138s sttt Bausoflrie]. HIS Abgtol A
MACF1 2l oJgh AW e By QA FARE, 24

il

H
= X

o
hiLs "2
dgdom, B ATNE F2 2% B AR

9
B S F7MNR o EA 2R 7 59 ks F3AES
e Aoz ¥HA AE IGFIo] & AX F49 12&
A A3 plakin family<! plectin®} MACF19] g3l = o
s v3te AME ST =429 A3 71Ad)
Aol AE 24E& Adshe A2 digde] ggo] HizA] ¥
3% 84d® Betal, old #Eg AFEo] F=31H,
53] &5 #Eg AFEL ¢ uS AFg AAolh wet
A IGF-Io] 249 &5 #d frda 2de 935 4
ok oflel, ME 24 d4d g E dFS vHTe A
AE AFoZ Yok HA 2 g7t ot st &
ATE MR R o5 A BHo| I L7 FF @
g, 24 Fej e Zpolol] wet oA 2HHEA], OE B
A ANE =4 didse] st FsaeS 53l 255 7
AE z2AsteAd g 77 FPEdE, &5 T4
T2 0 2AF JhE WANTIE WA BT F4H2
BRE ATE F A& Aol

References

1. Andrg, K, Lassmann, H., Bittner, R., Shorny, S., Fassler, R.,
Propst, F. and Wiche, G. 1997. Targeted inactivation of plec-
tin reveals essential function in maintaining the integrity of
skin, muscle, and heart cytoarchitecture. Genes Dev. 11,
3143-3156.

2. Banks, G. B., Fuhrer, C., Adams, M. E. and Froehner, S. C.
2003. The postsynaptic submembrane machinery at the neu-
romuscular junction: requirement for rapsyn and the utro-



1656

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Foisner, R.

A ket s] %] 2012, Vol. 22. No. 12

phin/dystrophin-associated complex. /. Neurocytol 32,
709-726.

. Booth, F. 2006. The many flavors of IGF-1. . Appl. Physiol.

100, 1755-1756.

. Boyer, ]. G, Bernstein, M. A. and Boudreau-Lariviere, C.

2010. Plakins in striated muscle. Muscle Nerve 41, 299-308.

. Capetanaki, Y., Bloch, R. ], Kouloumenta, A., Mavroidis,

M. and Psarras, S. 2007. Muscle intermediate filaments and
their links to membranes and membranous organelles. Exp
Cell. Res. 313, 2063-2076.

. Leung, C. L., Green, K. J. and Liem, R. K. 2002. Plakins:

a family of versatile cytolinker proteins. 7rends Cell Biol. 12,
37-45.

. Florini, J. R, Ewton, D. Z. and Coolican, S. A. 1996. Growth

hormone and the insulin-like growth factor system in
myogenesis. Endocr. Rev: 17, 481-517.

and Wiche, G. 1991. Intermediate fila-
ment-associated proteins. Curr. Opin. Cell Bidl. 3, 75-81.

. Fuchs, E. and Cleveland, D. W. 1998. A structural scaffold-

ing of intermediate filaments in health and disease. Science
279, 514-519.

Gache, Y., Chavanas, S., Lacour, ]. P., Wiche, G., Owaribe,
K., Meneguzzi, G. and Ortonne, J. P. 1996. Defective ex-
pression of plectin/HD1 in epidermolysis bullosa simplex
with muscular dystrophy. /. Clin. Invest 97, 2289-2298.
Galvin, C. D., Hardiman, O. and Nolan, C. M. 2003. IGF-1
receptor mediates differentiation of primary cultures of
mouse skeletal myoblasts. Mol Cell Endocrinal. 200, 19-29.
Gregor, M., Zetld, A., Oehler, S., Marobela, K. A., Fuchs,
P., Weigel, G., Hardie, D. G. and Wiche, G. 2006. Plectin
scaffolds recruit energy-controlling AMP-activated protein
kinase (AMPK) in differentiated myofibres. /. Cel/ Sci 119,
1864-1875.

Gregory, S. L. and Brown, N. H. 1998. Kakapo, a gene re-
quired for adhesion between and within cell layers in
Drosophila, encodes a large cytoskeletal linker protein re-
lated to plectin and dystrophin. /. Cel/ Biol. 143, 1271-1282.
Hijikata, T., Murakami, T., Imamura, M., Fujimaki, N. and
Ishikawa, H. 1999. Plectin is a linker of intermediate fila-
ments to Z-discs in skeletal muscle fibers. /. Cell 5a. 112,
867-876.

Hnia, K., Tronchére, H.,, Tomczak, K. K., Amoasii, L.,
Schultz, P., Beggs, A. H., Payrastre, B, Mandel, J. L. and
Laporte, J. 2011. Myotubularin controls desmin intermediate
filament architecture and mitochondrial dynamics in human
and mouse skeletal muscle. /. (Zin. Invest. 121, 70-85.
Janmey, P. A. 1998. The cytoskeleton and cell signaling:
component localization and mechanical coupling. Physiol.
Rev. 78, 763-781.

Kim, S. and Coulombe, P. A. 2007. Intermediate filament
scaffolds fulfill mechanical, organizational, and signaling
functions in the cytoplasm. Genes Dev: 21, 1581-1597.
Konieczny, P., Fuchs, P., Reipert, S.,, Kunz, W. S., Zedld,
A., Fischer, 1., Paulin, D., Schroder, R. and Wiche, G. 2008.
Myofiber integrity depends on desmin network targeting

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

to Z-disks and costameres via distinct plectin isoforms. /.
Cell Biol. 181, 667-681.

Kostka, T., Patricot, M. C., Mathian, B., Lacour, J. R. and
Bonnefoy, M. 2003. Anabolic and catabolic hormonal re-
sponses to experimental two-set low-volume resistance ex-
ercise in sedentary and active elderly people. Aging. Clin.
Exp Res. 15, 123-130.

Leung, C. L, Sun, D., Zheng, M., Knowles, D. R. and Liem,
R. K. 1999. Microtubule actin cross-linking factor (MACF):
a hybrid of dystonin and dystrophin that can interact with
the actin and microtubule cytoskeletons. /. Cell Biol. 147,
1275-1286.

Lin, C. M,, Chen, H. ], Leung, C. L, Parry, D. A. and Liem,
R. K. 2005. Microtubule actin crosslinking factor 1b: A novel
plakin that localizes to the Golgi complex. /. Cell 5c. 118,
3727-3738.

Liu, H, Niu, A, Chen, S. E. and Li, Y. P. 2011
{beta}3-Integrin mediates satellite cell differentiation in re-
generating mouse muscle. FASEB /. 25, 1914-1921.
McLean, W. H., Pulkkinen, L., Smith, F. ], Rugg, E. L., Lane,
E. B., Bullrich, F., Burgeson, R. E., Amano, S., Hudson, D.
L., Owaribe, K., McGrath, J. A.,, McMillan, J. R, Eady, R.
A., Leigh, I. M., Christiano, A. M. and Uitto, J. 1996. Loss
of plectin causes epidermolysis bullosa with muscular dys-
trophy: ¢cDNA cloning and genomic organization. Genes
Dev. 10, 724-735.

O'Neill, A., Williams, M. W., Resneck, W. G., Milner, D.
J., Capetanaki, Y. and Bloch, R. J. 2002. Sarcolemmal organ-
ization in skeletal muscle lacking desmin: evidence for cyto-
keratins associated with the membrane skeleton at
costameres. Mol. Biol Cell 13, 2347-2359.

Toivola, D. M., Tao, G. Z., Habtezion, A., Liao, J. and
Omary, M. B. 2005. Cellular integrity plus: organelle-related
and protein-targeting functions of intermediate filaments.
Trends Cell Biol. 15, 608-617.

Vasioukhin, V. and Fuchs, E. 2001. Actin dynamics and
cell-cell adhesion in epithelia. Curr: Opin. Cell. Bidl. 13, 76-84.
Vita, G., Monici, M. C., Owaribe, K. and Messina, C. 2003.
Expression of plectin in muscle fibers with cytoarchitectural
abnormalities. Neuromuscul Disord 13, 485-492.

Wallace, J. D., Cuneo, R. C,, Baxter, R, Orskov, H., Keay,
N., Pentecost, C., Dall, R, Rosén, T., Jergensen, J. O,
Cittadini, A., Longobardi, S., Sacca, L., Christiansen, J. S.,
Bengtsson, B. A. and Sonksen, P. H. 1999. Responses of the
growth hormone (GH) and insulin-like growth factor axis
to exercise, GH administration, and GH withdrawal in
trained adult males: a potential test for GH abuse in sport.
J. in. Endocrinol. Metab. 84, 3591-3601.

Wang, H. V., Chang, L. W,, Brixius, K., Wickstrom, S. A,
Montanez, E., Thievessen, 1., Schwander, M., Miiller, U.,
Bloch, W., Mayer, U. and Féssler, R. 2008. Integrin-linked
kinase stabilizes myotendinous junctions and protects mus-
cle from stress-induced damage. /. Cell Biol. 180, 1037-1049.
Wiche, G. 1998. Role of plectin in cytoskeleton organization
and dynamics. J Cell Sci 111, 2477-2486.



Journal of Life Science 2012, Vol.22. No. 12

X2 : C2C12 myotube®f|A] insulin-like growth factor-10] plectin@} MACF1 &¥siol| O|X|= W&t
Ll - R 2ol - ojpE'

(olgti A eta Adaetthet A eta}, sothetn ASHehe A48t
o

B 25 AEA IGFIo] AEZ Tl A9l plectin®}t MACF1 34 E&d)] v
ogf‘fokoﬂ uHsH °‘O}E°1E} 2 A3} IGF-I°] plectin f+37+e] @3 mRNA F8S F7H%H 21, MACFL
! % & & 5 A ole 50 g8 2FelA BHvE Foeke IGRIe] 24 #dE £
e zAste] 279 Ao TS vAvE 7€ A7 2AEdAM O voprt 242 & S
7136l 71943k plectin?t MACF1 #3872 2@ = &S vtk AHE S SRt th=d 997}
g AtREg. &5 255 7180 3lo], F FH, 2AFY SR wE Ax 4 IR 9% 115 3
e 4 FHEGHE 5o A2 A wgd vAE Gl g F7H4 GRS AT

1657



