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Glucose Regulated Production of Human Insulin in Genetically Modified
Myoblast Cell Line (C2C12)

Seungjoon Oh, Jeong-Taek Woo, Sung Woon Kim, Jin-Woo Kim, Young Seol Kim

Department of Internal Medicine, College of Medicine, Kyung Hee University
ABSTRACT

Background: To develop somatic gene therapy model for diabetes mellitus, it is the most important to
control it by glucose concentration. In order to develop the myoblasts that produce insulin by glucose
concentration, the transfection of genes of human insulin, rat glucokinase and rat GLUT2 was conducted using
C2C12, the murine myoblast cell line.

Methods: pMLC-hINSmut plasmid vector to which human insulin cDNA was inserted in C2C12 cell line,
pCB7/GLUT2 and pCB7/GK to which GLUT2 and glucokinase were inserted. Based on the inserted gene,
C2C12/INS-GLUT2, C2C12/INS-GK and C2C12/INS-GK-GLUT2 were prepared. In each cell line, its mRNA
and protein expression were measured. Also, the capability of producing insulin in low glucose (2.7 mM) and
high glucose (25 mM) were compared.

Results:

1. It was observed that C2C12/INS-GLUT2, C2C12/INS-GK, C2CI12/INS-GK-GLUT2 cell line expressed

mRNA and protein of transfected genes, respectively.

2. As for the insulin production depending on the glucose concentration in C2C12/INS, it slightly increased
from 0.049 + 0.003 PU/10° cells/hr to 0.197 + 0.022 pU/10° cells/hr. However, in C2C12/GK-GLUT2-INS,
it showed the most evident increase: from 0.251 + 0.074 HU/10° cells/hr to 1.325 + 0.221 pU/10° cells/hr.

3. The expression of insulin gene decreased in proportion to the insulin production capability, reaching the
minimum point at the 8™ week.

Conclusion: Genetically engineered murine myoblast secreted insulin depending on the glucose
concentration in vitro and was able to cause its decrement when transplanted. However, it should be continued
to study the method to maintain the consistent genetic expression in somatic cell therapy. (J Kor Endocrinol
Soc 21:526~535, 2006)
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Fig. 1. Schematic of expression plasmids. A. generalized map of plasmid used for

expression of human insulin; B. generalized map of plasmids used for expression of

rat glucokinase, or rat GLUT2.
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1. EZ3lAD|IEQ| M

=oio] B At AIEw] cDNAYE A1l Eelem]=
(pPMLC-hINSmut)+= 2=#1212] Riu ¥F-KUniversitat Autonoma
de Barcelona, Spain) Z5¥][8], 12| GLUT2 (pCB7/GLUT2),
glucokinase (pCB7/GK)7} AHl® Zeliv|=f vl
Clark H{BetaGene, Inc, TX, USA)ZHE] 712 High14].

PMLC-hINSmut:= furin AJAFHE Za1 9= F4dHo]
= A7RIE DNAZE 4RJ=le] Qlek Aol EAllsh=
furino|ghz B4E o] &3lod AFRIE7] Ale} B2zt A
9 % 9UEF, furino] QIABHE 9] Arg X Lys-Arg%
A AFlEsl f5Al Azligl Ballol] st 1ol
AHiEle] glek elx Edwe] H AR QIERl S
ZA31= promoter 25 THAZEANA AE Soldoz 4
A5 WAA7)7] $1ste] myosin-light chain 1 (MLCI)
promoterE ARSI, WS ZTIA17)7] $lste] Al 9l
%2 §A7} $19ell MLC1 3’ enhancer”} 1%l = =
2 Fo]

F GLUT2¢} glucokinase ¢cDNA7Z} A1l ZElaw|=
Alolls AR AL £ = ASKHR] HAA wE
$Js}lod cytomegalovirus (CMV) promoter7} $1XJskar 541
A 95 AIEE AYstr] 218 hygromycin resistance

geneo] ARRIE]o] QJrkKFig. 1).
2. M= H{¥ Y Z2|AO|IE Trnasfection

AR olelr] S 4 24 ZEAES D57 9)
& AF THEEAETFQ C2C12A|EE A3k C2C12
AlEE= 4 mM L-glutamine, 1.5 g/L sodium bicarbonate,
4.5 g/l glucose, 1.0 mM sodium pyruvate”} E3hE
Eagle’s (DMEM;
GIBCO-BRL, USA)°ll 10% (vol/vol) fetal bovine serum

Dulbecco’s  modified medium

(GIBCO-BRL, USA)< 718t wiAlE A83led, 37C, 5%
CO7} Fa=le Al wlirlollA wiekslgict.

A 9] F SRR ARE AR Aesl] Q13
gAAle] FAEFEE ] @ geneticin (G418,
Invitrogen, UK)¥} hygromycin (100 mg/mL, Invitrogen,
UK)oll thet AFEZ41-8 ZHAs1e). 6 well plateol] C2C12
AZ7} oF 20% Ao W7t HEF okt vhs 24
A3l tiatod 0, 100, 300, 500, 800, 1,000 pg/mLe]
52 wlizof] SHBAIE 4lo] AlEZ} 7Y Hhll $Hs] AFEE
E 555 A9t Geneticin® 500 ug/mLo]ylow,
hygromycin< 300 pg/mLe]%lt}.

Az Fl2 ElES 744 79 71ER] FuGene 6
(Roche, Germany)= ARgslgdc)t FU= §2A27) Eol7k
AZEE Adslr] Slste] F42F 9 48A17F 3 iR E
hygromycin 300 pg/mLo] =5 wgkste] UFATE ik
3}3Ark. Hygromycine] FRkl wiRlellA] zlehd Al 2t
7} glucokinase, GLUT2, glucokinase2} GLUT27} AH1%
AlZE AAsle] a7l AR AR o =5 6
Biek AAlell 50~70%7F = =5 wHdst & ohA] FhEk W
Ho g §AAE Yl pMLC-hINSmut vectore= -fr
A% 245 AES A A8 A WY SRS
21 94 $k7] el geneticin® o|Lalo] 4} 7318
AEE Aestr] flsle] pMLC-hINSmut 5 ugZ} pCl-neo
vector (Promega, Cat No. E-1841, USA) 1 ugs
cotransfection A|Z]1 3 geneticin 500 pg/mLe] 4]21 uljx]o]
A AEZE wljeksto] glucokinase-insuling, GLUT2-insulin,
glucokinase-GLUT2-insulin®] 4F1% A|ZE AREsIch

FAANA A=l AlESlA JEsls WA S
A THFEAEANA THAEE E3A)7] = #Hgo] He
sl7] wiwell Qladls 378sk7] 49 Holl 2% 28 (horse
serum)©] ¥7}E DMEMO.E vl Z5A|EE ok es

siglom, o]F AIES o]dslo] A A3yt

S
g
8

3. RT-PCR2 0|83 7EAI &S A

60 mm WAl 715 XpeE At ZHtel AlEES
RNAzol B (TEL-TEST Inc, TX, USA) &4 500 JL& 4
3 AIES FAse] 15 mL FHell Y9lck RNAS 5

Table 1. Sequences of PCR primer sets used to amplify each cDNA in this study

cDNA Site Primer (sense and antisense) Fragment size

Pronsulin 5’-GGAATTCTGCCATGGCCCTG-3’ 388 bp
5’-GAATTCCTCGAGGTCGACGG-3’

Glucokinase +180 -1927 5’-TCTAGAGGCCACCGGTCTCT-3’ 1775 bp
5’-GGATCCTCTAGAGGATCCCC-3’

GLUT2 -108 +1835 5’-TCTAGAGGATCTGGTACCAC-3’ 1996 bp

5’-TCCCAAGCTTATAACGTGCT-3’
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3t & & AHreverse transcription) HF~2 200 uL PCR
tubeol] 1 ug total RNA, 25 mM MgCl, 4 UL, 10 x RNA
PCR o8 2.0 L, 10 mM dNTP 2 L, 20 U RNase
inhibitor, 5 U AMV Reverse Transcriptase XL (TAKARA
Inc, Japan), 2.5 pM Oligo dT-Adaptor primer 1 pL, RNase
free dH,05 9L Hkg- F=Fo] 20 uL7} =7 3l3ick 94
A} IS Gene Amp PCR System 9600 (Perkin-Elmer-
Citus, USA)E ©]&3}0] 60CellA] 305 HH-A]7]51, 99Cell
A 587+ UF2-A]F reverse transcriptaseS S3HA3H AJ Ak

JHAAZl DNAE o83k PCRE 93], A&,
glucokinase, GLUT2 A%}l thgt ZFzke] AkA|(primer)
£ 3AJslgl om(Table 1), 200 UL PCR tubeol] A3AAL 1l
% 4 1L, 25 mM MgCl, 3 1L, 10 x RNA PCR 2l5=H
5 pL, 10 mM dNTP 1 pL, 2 U TaKaRa LA Taq
(TAKARA, Japan) 30 pmol sense primer 1 pL, 30 pmol
antisense primer 1 pL, dH,0& o] ¥k&-8-Fo] 50 pL7}
A sl PCR ZZ-2 Gene Amp PCR system 9600
(Perkin-Elmer-Citus, USA)& o]&slo] Wkg 23} Sois
94C 537+ 7hdsted WAL, o]F cycleElE WA
(denaturing) ¥Fg- 94°C 1 &, 7% (annealing) HHE- 56T 1
%, Q7Hextension) HFS- 72°C 184 253 WHgslar npx]t
FgellA] Sk 3F AARbe-5 $lsted 727CollA] 537 vk
sQlek Wb 8 3 kSl F 5 uLE 1% 3P Aol A7)
o 5sto] WHEAES gelslgl o, Gel Doc 2000 (BioRad
Inc, USA)< of-83lo] 42 E4slsich

nkﬂl\"

4. Western blot

Glucokinase2} GLUT2+= A|Ee]H-2 Ea)x]= chaAo]
o7 uhiell o]Fe] vhild g R =5 dolir] 9
3l Western blotS AJ3¥s}9ict

A AlFellA S-S F5sl7] 918ted 100 mm R
Al 715 =5 AJAdE C2C12/INS-GK, C2C12/INS-
GLUT2, C2C12/INS-GK-GLUT2¢} # €] #HlollA Eelgt
F|ZA|EE- phosphate buffered salineZ 33] A&k & 50
mM HEPES NaOH (pH 7.5), 150 mM NaCl, 10%
glycerol, 1% triton X-100, 1.5 mM MgCl,, 1 mM EGTA,
1 mM phenylmethylsulfonyl fluoride, 1 mM sodium
orthovanadate, 100 mM sodium fluoride & T A &
3l 2hFH(cell lysis buffer)E 500 pL¥ 2 5 ollA
1087 vkX|gt & A|3EES scraperZ o] Fo}F 1.5 mL &
Holl Jolrk 14,000 g& 4°CollA 1087F 44 2l &
A out elslo] 20°Coll Al &5 Hakslgick Zbzke] gh
Zlo] ok Lowry ‘:'S(BioRad DC Protein assay kit, BioRad,
USA)S Aol ZAe13

7t AF5E 50 pg# ol 5 x sample buffer (60 mM
1 M Tris-HCI, pH 6.8, 25% glycerol, 2% SDS, 14.4 mM

2-mercaptoethanol, 0.1% bromophenol blue)®} 432 ¥ 95C
ollA 387 WAIXZl F 10% SDS polyacrylamide gel
eletrophoresisS 100Voll4] 3A17F F<t AJshsigict. 7|3
% 7 35 nitrocellulose el 4 CollA] 30 VZ 16A17F &
F AZFR A A7IEHe]l AdE EdeAs
Ponceau SE <3Mslo] wlulA=9] band”7} nitrocellulose™F
ol 9 & I3k 3 TBST buffer (10 mM Tris-Cl, pH
8.0, 150 mM NaCl, 0.05% Tween 20)E AXslo] thA] &
AAIZAEL. Nitrocellulose™He] M3 F915 XpA7]7] $
slod Xk Bolblocking solution, 1% bovine serum
albumin®| ¥3kE TBST €<8) 30 mL& YL 147 53¢
7% X7 (orbital shaker) f1ollA] 1417+ 51t X3
o] Fck &7l & A &8s AR $ TBST
buffer? 1027k 33] AP3E & A AL rabbit
anti-GLUT2 antibody (Santa Cruz, Cat No. sc-9117, USA)
9} rabbit anti-glucokinase antibody (Santa Cruz, Cat No.
sc-7908, USA)E 77 1:5002% 3|43k TBST buffercll
Y 147 ek QFrel Aol E5m geoila) whe
QAT ol 124 G SAE AR 5, TBST buffer
oF 10427+ 33] A3k 3 2% A 3-8 H(horse reddish
peroxidaseZ} -2 goat anti-rabbit antibody 1:2000 3]4]<H)
= 93 ohA] 1A E]F A2elA] ) 1”7l uke-
AZek BA] TBST §o4o2 1024 33] AP 5 s
2J3] ECL Western blotting kit (Amersham life science,

ok

USAE AHgelel molelals Aaeiglc meleda) o
.

Aok @gell 2ol Xray 250l 3027 =247 H
sto] wl S 2lslgivk

o

5.

U RSE ZTZMO QlsEl 2|

I K
0x Of

Az F<Qlo] B C2CI2/INS, C2C12/INS-GK,
C2C12/INS-GLUT2, 2C12/INS-GK-GLUT2 A|EZ 60 mm
woEHA] 22 5 Afel] 1070 B8t ¥ 2% WA o] ¢
%l DMEM wiixloll 347k wieksioick wiek HAE
phosphate buffered salt %°—'1(GIBCO—BRL, USA)2. 2 23]
AFEEE % 27 mM (50 mg/dL) EXEPo] 55 DMEM
ui)€} 25 mM (400 mg/dL) E5EZo] 355 DMEM HiA|
3 mLE Z3ks|Qiet. 1417ke] Ayt 3 wlizleflA] 100 pL&
A stk Qlgrwl-e uhahH o2 (Insulin RIABEAD 11,
DINABOT Co., Japan)& A-&3lo] Z4s9ick

6. SH Az

BE ARE AT + TFE FARIPeH, & 7|
T B2 EA] 9hHel Mann-Whitney U testS A48}
o, FYT 9] M52 Wilcoxson sign rank testE 53}
of BAjelgleh, A Sl prto] 0,05 TR A9 o

32

l-

[«
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C2C12/GK- C2C12/ C2C12/GK-
INS GLUT2-INS | GLUT2-INS

———— W

C2C12 | C2CI2/INS

Glucokmase

GLUT2

Fig. 2. RT-PCR analysis of insulin, glucokinase, GLUT2 mRNA in C2C12
derived cell lines at 8" week after transfection. In the C2C12/GK-GLUT2-
INS cell line in which glucokinase, GLUT2 and insulin gene were all
transfected, all of three genes were expressed and other cells expressed
mRNA depending on inserted genes.

ek
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1. 78X =&E MEFQ| REAL We

r

4tz C2C12 AlESA= QlEEld) glucokinase,
GLUT29] mRNA®] o] 219wk, C2C12/INS-GKollA]
+ 91717} glucokinase®] mRNAZ} B89l om, C2C12/
INS-GLUT20lA]%= 914213} GLUT27}, C2C12/INS-GK-
GLUT29IA = A7HA] 7732k mRNAZF S5 i s)s 2
Is1ckFig. 2).

2. Glucokinase2l GLUT2Q| CHHHEl HI5

C2C12 AIEFE tzdo & A83k3 glucokinase -F-41
APt transfectionA]Z] C2C12/GK, glucokinaseg} olFal &
ZAFE transfectionA]Z]  C2C12/INS-GK,  <¢l==lw}
glucokinase, GLUT2 4IRS 25 o]AX]71 C2C12/INS-
GK-GLUT28} C2C12/INS-GLUT2 A|E3o| tiste] E7|
9 anti-glucokinase antibody-:‘;j_’— ALgs10] Western blot2- &+
A} S zFoZ A3 C2C12 AIEFE) C2C12/INS-
GLUT2 Al¥ESlA= glucokinaseZ7} &A% A] gkgkom 1}
™A] glucokinase”} transfection¥l A|ZEFol|4= 60 kDa <
ol 4] glucokinase”} WFE]E= 7S 2HeIgt 4= QI9rKFig.
3A).

¥ GLUT2 ARl disiA E7]9]  anti-GLUT2
antibody S A+&3lo] Western blotS- A8t Ay} SA4 o=

FoF A3 C2C12 AIEFS) C2C12/INS-GK A|EFE
60 kDa $]%]9] GLUT2¢| 3=l w7} Hol#] ekgkor},
GLUT2 442 transfectionA]Z] C2C12/GLUT2, C2C12/
INS-GLUT2, C2C12/INS-GK-GLUT2 A|ZZFol|4= GLUT2
7} =] 9lrkFig. 3B).

3. IS8 NE0Mel 2l=2l 2H|S9| Hlu

C2C12/INS, C2C12/GLUT2-INS, C2C12/GK-INS, C2C12/
GK-GLUT2-INSZ 7+t 2.5 mMT} 27 mM E5wo| 3k
5 A (serum free)ollA] 242k & A1ZH4 WX3E § wilA] &
ol e lewle] F& AN 2 A3 C2Ci2/INs=
0.049 + 0.003 pU/10° cells/hrollA] 0.197 £ 0.022 pU/10°
cells/hrZ 719] Z7151A] 9kgke}. 12v} C2C12/GLUT2-INS
£0.052 £ 0.047 pU/10° cells/hrollA] 0.363 + 0.128 1U/10°
cells/hr® Z7Fs19lom, C2C12/GK-INSE 0.233 + 0.069
HU/10° cells/hrollA] 0.731 = 0.239 uU/10° cells/hr® 27}
slgdeh. 3 C2C12/GK-GLUT2-INSE 0.251 + 0.074 1
U/10° cells/hrollA] 1.325 + 0.221 puU/10° cells/hrE 7H3 5
2let Z7HE BckP < 0.05)(Fig. 4).

4. oIl BHISS| XI5 7|2t

PMLC-hINSmut vector”} transfection®l 3 25+ S|HE] 2
A O Z 24217k 52k &7l A4kt mRNA S
28t A3} A7bell 254 1355 pU/10° cells/day 2 7H3
Skom, A7to] Aol wle} AxPH oz Fhasto] 4574

i g N
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62
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Fig. 3. Western blot analysis of glucokinase or GLUT2 protein in
C2C12-derived cell line at the 8" week after transfection. The arrow in
the right side of the figure indicates glucokinase in Fig. 3A and GLUT2
in Fig. 3B, respectively. C, C2C12; 1 and 2, C2C12/GK; 3 and 4,
C2C12/INS-GK; 5, C2CI12/INS-GLUT2; 6, C2C12/INS-GK-GLUT2; 7
and 8, C2C12/GLUT2; 9 and 10, C2C12/INS- GLUT2; 11, C2C12/INS-
GK-GLUT2; 12, C2C12/INS-GK.

(UU/10°cells/hr)

1.8

027 mM y
L6 225 mM

14

1.2 ¢

1 t

Insulin

0.8 r

0.6 -

0.4

02 r

INS INS-GLUT2 INS-GK INS-GK-GLUT2

Fig. 4. Effect of glucose concentration on insulin secretion in C2C12 cell
lines overexpressing insulin gene and GLUT2 or glucokinase gene or both at
8" week after transfection n =4). * P < 0.05.
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Daily insulin production
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Fig. 5. RT-PCR analysis of insulin mRNA and daily insulin production in

C2C12 derived cell line.

114.0 pU/10° cells/day, 655 43.5 nU/10° cells/day, 85
34.5 nU/10° cells/day 2 ¥1)8] Ql=le] 484 8l mRNA
o] WolAl&= &S EYrHFig. 5).

L

Exg 5ol whgslo] B4R QRIS Balshe o) d
Ao ST Aol 9FHE ZAERE A, Trg

ZHA) 717 Hglucose-sensing apparatus)2] GLUT22} glucokinase
7} EAstoF ek EA, X D‘ﬂﬂ 3121314 hexokinase 2]
o] ofsfioR g} AlEE ARIERlelA HEXow
dedlor HEle Il ﬁé_-ﬁlfi At e
(prohormone convertase, PC2, PC3). YA, £EgoL}
gl &=l RlE A5y JAlske 225l el 4
A9 dEdl BrRks-E Hojok gheh ey ofel 22
278 AN PEE AR WERIEE A AT )

kA 9F7] wiitoll 7 e z2hS Tlsle] wlERAES} #

R 7 8 4 gl TRE ALESo] AlteIglel
AR} T2 & d7elA C2C12 :Lﬂm—/‘ﬂ*za 283131

o} o= AF THAEFQ €2 AIEF2] &l subcloneo|t}

[15]. o] AFEFLE ufe- wh2A| _J]—g,—}_‘,‘:_ EAo] 917 ufiE
ol 1A Aol Golsiel, FEE A7) 413, 28k A

7 75 o ol TAIA ghe TSAIER B3Pt Ee 5
A ek A e’ 47 cDNAE Asligh Bafjoll

ggslis Tl furino] QA = =5 AR S
o] Eo] glo] QIE=le] X*—T“’J{r‘“do
E’ ]E 2 8- .i "“ﬂ
TFHo] Erd Fioll LvoPoﬁ] FHIRIFIZ] Q13 AI=E 2
59 ) FEA] glucokinase 44K} GLUT2 314
g3l9ie) ZHzke] SAAES vAM R -;(].H:I““ slo] A
B A wjoksio] 2.5 mMI} 27 mM EEwdo] Felkl bl
Rol|A] Z2F (A7 A=+ AT C2C12/INSE 0.049 +
0.003 1U/10° cells/hrollA] 0.197 £ 0.022 pU/10° cells/hr=
A9] Z7stA] et} aevk C2C12/GLUT2-INSE 0.052
+ 0.047 pU/10° cells/hrollA] 0.363 + 0.128 pU/10° cells/hr

2 Zrkslglem, C2C12/GK-INSE 0.233 + 0.069 uU/10°
cells/hrollA] 0.731 + 0.239 pU/10° cells/hr2 =731k
31 C2C12/GK-GLUT2-INSE 0251 + 0.074 nU/10°
cells/hroll4] 1.325 + 0.221 uU/10° cells/hrE 7}7‘- Lrelst
7 Hadrk dldE £xv 22|97 B A Al
F39] C2C12/GK-GLUT2-INSl|A= 7]qu]4 oF 5.3u19]
=7l Fu7h oozl wik IRl Ak GLUT2
SRR }_— At AlEFHET} QlEEld} glucokinase _n_xi;(}
=
KN

o
r
oX
A
p

>
i
O,

_{

>

A T 5 A o w0
- dEs drlsle] W8] Al GLUT2el| st
glucokinase7} Ko} & "E,‘%—% B AJAlS ==s) 2= g)

et e AEAET) $LY T TR A5 ot

“

Ralshis el gl golsel Sbh 2 dgelde o)
FoiA17) Sigke. §A 240l olgh olo} 2L ex-vivo §
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2L X571 ARl A2=]7] feiAe £ o U sido]
o3k Zlog Hrk za QlEwl fAAREe Ak
C2C12/INSel| vJglo] 2= f27F o $94% C2C12/GK-
GLUT2-INS®] 7|A] QI nlwo] o WA= A 4
ol 2 ofE L7I= ol ik

Al §2A Z22Fe & AIEE o]AAF] H3 KRR
AdUER A EL S 7P Bol o] 831ict o] F 7+
(MHAES 22 A7) 73-9{16], glucokinase®} GLUT2
7} AlZol|A WHE|m 2 Ievde]| Uit olesl BulE =4
= gleelehe 7MY slell Adde] Ales|gleh et 71
Al welasls Zar A gom g Qlawl 4] A A
o] o]Fod g glrks TAPE ek wekA] EEdo
ik 27] Qe ] Sk ZIoiE 5 glem wkA] o
Agk oko] dEFnt EHe & QoH17]. =3k ZHAEE
prohormone convertase”} o2& A olEElollA] Qlael
o7 ks F glo] A ST} "olA = ARlEwnhE
sl 28291 whds 2 Alo| dlAE]oof 3 EAZ
@A = AeH17].

T} vk TR R o R 22 AlEES oA
7= e FAE 2R e glck B SbdsA F
Zrshe AIEE Aeldet sitjeke Aol A& =R oFA Y
o]4o] o] &4 ke AYA| HellAe] B4 22 71
3l7] o3i7] wiiitelth. 28] uiirell o] ZhdsiAl &
T Y e WA A SsAE 7B 4l T A
th THAET ISR A oA 4= 9lom, A
2kt 739 2 F9ollA myotube & WAdste] 919 € 5
off A=le] glomg QluwlE FHlsl] A = 47
AL ¢ Q= Ade] vk ey ESAIE) dEREs
BB flaixle ledl BRlE SRk o A fAAE
(%1%, glucokinase, GLUT2, PC2, PC3)7} B F=s1c)
Z 1S 23 ok =3 SSAIEE 32EE Bls)
W13 W AlZe} ohE F2E5 2 9] wiel] Al
HE T228 TN ¢ AdS7) e oieE Z2A gk o
A 1991dell A AR ERS AR SSEAE
C2C12 AlEFo) 472 FUAA AT eEs FHAZ
T AAdhE F HE =Fo] UEEIYCH18,19]. oA &

M orle

| Y
SAZE §A7 27 Esjo] ulin] FlgkozAe] A%
& Fask 5 olele shie) A5l Hol F9lon, A%
o

S e el ZApke] 7] ulell QlEwl AT
WAk 24 A S Fe) BilE 4 Qe A AN
sl Agelodel. flellA 7143t & c2Cc12 AlESFE &
FEAZQ] AR AEAAH SR glucokinase®t GLUT2
7} W]z etowm g zzkwl N|EFEQ] A=l Az}
Az el sla e dokiy] <) RT-PCRa
Western blot2 A|&¥s}ic) 1 A3} o =28 7)s)A] o
L C2C12 AEFAINE F 712 §42 57l W)

% Aol ERIEglom, R HARES Ak Al
FE2 A fRAke] Fioll wel F 7R Rt

S Folg = 9odrl ay YeHE 71E"
s 22408 §ARpL AlGH g of ] WA= ¢k
(transient Az sk WA AgH
glucokinase] #&o] 71 nj<slgict.

oo} AR A¥-E AJ8¥st Gros 5181 myosin light
chain promoterE ©|-83o] FU Fduo] Ql&wl F44
o] wkS )71 73} 100 pU/10° cells/hre] Q1] Huls
= Z= C2C12 SHEAEFE wtes] AFsiaick ole
D Zekam]|Eg o] 83t §RIAF AEE slo] B qlollA
AEgt Al A ERpm|eg FAlol & Aol Adse
ol il AL Aol &go] =2 Flo] L o]fel A
o7 Belth e B el ukEold G4 =4 &
FAES oA x5 FEof ulg} wwl Hurt Zo1E
£ o] v gl nlsl AelH el A AR,
QEle] At Fgo] HolRlvh= A sAdellof 3 7
2 Az Gk

Ak Qi A wE ZIzke 4R A 25
A 135.5 UU/10° cells/day 2 |l Q1=] Eul7} o]Fo)x]
ol e Alzte] Aol wlel AAp gl ke
3 glglon, §AAE F9) 3 85 34.5 nU/10° cells/day
2 A dasle] Aabo] 7had ZAE BRIE 4 Airk
ol YukH o & YAA transfectiono] FU WA 159 F
T o] A== wislel Ai¥ oz 71 717 B9t +
AFRe). 22 Zepm|eE AL3E Gros S{81% 1.570Y
B3 e Hurh 5 AE #9189l CMV/insulin £
e T5AFE  transfectionA]ZE  Simonson S{12]%
F 3094 QlEwle] Hulrt ZAER g F
A EolHW Z1g nlashehd gdidog ARz 53t
AES HgH o Fnlet Zlog A7k

AEH o H o= A z2a4tE ISEAESTT) F
Ho| ¥xgt TEE 7Asle] Quwls A4 Bl Ha|d 5
ks shle] 714l Hel ook et oledt AlEF=
A=Az} B2 oFde] gl HulE Hol = A
H| 5 AsfisleiAnt, dz)e] eeel X187} 2ar 9= TS

FEY 5 gl shie] A5 Atk Angek

expression)

transfection

o rlo

o [e]
i =

AT HiY: e A E3] 93 AlEeldls sl
ol 7 Fed A& Teeol sl 2AE Aolch, T
Edol] Whgsh= A= A ol E7t A, A=A
Fol|A+= glucokinase®} GLUT27} 1 &5 skt et #]
A el o) QlErle sl SHEAES M
7] flslod AF THEAE AEF]] C2C12E o]83}o] A

- 533 -



— tRRAEHIER]AL: Al 21 E A6 & 2006 —

&} 91rgl, # glucokinase, ¥ GLUT2 §-4A}E transfection
AFck

2 C2C12 A|ESell ARk QlE cDNAZE 4Rl
PMLC-hINSmut ZE2kA~m] =2} | GLUT29} glucokinase”}
AR]=l pCB7/GLUT2¢} pCB7/GKE- transfectionA]#A <HA
H OAEFE A9k Al A" Al weEr
C2C12/INS-GLUT2, C2C12/INS-GK, C2C12/INS-GK-GLUT2
MEFE whELh o]E A|ESFoN tisle] 4+ 412K
mRNA B Shid WIS i, Tele ARE E
FH2.7 mM)F} FE FEH25 mM)ollA 9] &l At
< vt C3H AYF ol streptozotocin & & FEHS
HEAZ] § C2C12/INS-GK-GLUT2 A|EFE oAgl & &
o] W3kE Eeick

Za}

oF

ek :lo

1. C2C12/INS-GLUT2, C2C12/INS-GK, C2C12/INS-GK-
GLUT2 AZEF+= 2 transfection® F-242] mRNAS}
chilES W& slo] transfection & A AEHoE 2
TS RIS Ik
2. X5t E5o ukE el AR C2CI2/INSE
0.049 + 0.003 pU/10° cells/hroll4] 0.197 + 0.022 pu/10°
cells/hr2 A9 Z7ls}A 9kl C2C12/GLUT2-INSE=
0.052 + 0.047 pU/10° cells/hroll4] 0.363 = 0.128 puU/10°
cells/hrZ Z71s1900m, C2C12/GK-INSE 0.233 + 0.069
pU/10° cells/hrollA] 0.731 + 0.239 pU/10° cells/hr2 =7}
35k 3FH C2C12/GK-GLUT2-INSE 0.251 + 0.074 1U/10°
cells/hroll#] 1.325 + 0.221 pU/10° cells/hr® 713 Sel3k
Z712 ErkP < 0.05).
3. Qs ke wE
kst A wlelste] 3
Ql: oolle—v_ Eoir;],
AE A 24 AF SERAEE 25T skl
g} QIEFE wnlElglon, oA dd AulE Al 4
Uodet. 22 olgfdt AAE o4 X8 A WS
A&EH o2 FAAZ = U= el Ate] Hedk Alog
A7t

© A7) Aol whe} 149)
Zelglom], 85 WA 7

=t
=

Kl
H
ok

1. Sutherland DE, Gruessner AC, Gruessner RW:
Pancreas transplantation: a review. Transplant Proc
30:1940-1943, 1998

2. Pancreas transplantation for patients with type 1
diabetes: American Diabetes Association. Diabetes
Care 23(suppl 1):S85, 2000

3. Panza JL, Wagner WR, Rilo HLR, Rao RH, Beckman

EJ, Russell AJ: Treatment of rat pancreatic islets with

reactive PEG. Biomaterials 21:1155-1164, 2000

4. Aomatsu Y, Nakajima Y, Ohyama T, Kin T, Kanehiro
H, Hisanaga M, Ko S, Nagao M, Tatekawa Y, Sho
M, Ikeda N, Kanokogi H, Kobayashi T, Urizono Y,
Yamada T, Shibaji T, Kanamura T, Ogawa S, Iwata
H, Nakano H: Efficacy of agarose/polystyrene sulfonic
acid microencapsulation for islet xenotransplantation.
Transplant Proc 32:1071-1072, 2000

5. Liu EH, Herold KC: Transplantation of the Islets of
Langerhans. New Hope for Treatment of Type 1
Diabetes Mellitus. Trends Endocrinol Metab 11:379
-382, 2000

6. Zwillich T: Diabetes research. Islet transplants not yet
ready for prime time. Science 289:531-533, 2000

7. Yamasaki K, Sasaki T, Nemoto M, Eto Y, Tajima N
Differentiation-induced  insulin  secretion  from
nonendocrine cells with engineered human proinsulin
cDNA. Biochem Biophys Res Commun 265:361-365,
1999

8. Gros L, Riu E, Montoliu L, Ontiveros M, Lebrigand
L, Bosch F: Insulin production by engineered muscle
cells. Hum Gene Ther 10:1207-1217, 1999

9. Arcelloni C, Falqui L, Martinenghi S, Stabilini A,
Pontiroli AE, Paroni R: Processing and release of
human proinsulin-cleavage products into culture media
by different engineered non-endocrine cells: a specific
assessment by capillary electrophoresis. J Endocrinol
166:437-445, 2000

10. Scougall KT, Shaw JA: Tetracycline-regulated
secretion of human insulin in transfected primary
myoblasts. Biochem Biophys Res Commun 304:167
-175, 2003

11. Shaw JA, Delday MI, Hart AW, Docherty HM, Maltin
CA, Docherty K: Secretion of bioactive human insulin
following plasmid-mediated gene transfer to non-
neuroendocrine cell lines, primary cultures and rat
skeletal muscle in vivo. J Endocrinol 172:653-672,
2002

12. Simonson GD, Groskreutz DI,
MacDonald M1I:

Gorman CM,

Synthesis and processing of
genetically modified human proinsulin by rat myoblast
primary cultures. Hum Gene Ther 7:71-78, 1996

13. Wilson MO, Scougall KT, Ratanamart J, McIntyre
EA, Shaw JA: Tetracycline-regulated secretion of
human (pro) insulin following plasmid-mediated

transfection of human muscle. J Mol Endocrinol 34:

- 534 -



— 257 9] 49k AL 22 TEEAFA ] 2R Aol o7 lER] 7] —

391-403, 2005

14. Clark SA, Quaade C, Constandy H, Hansen P, Halban

15.

16.

P, Ferber S, Newgard CB, Normington K: Novel
insulinoma cell lines produced by iterative engineering
of GLUT2,
expression. Diabetes 46:958-967, 1997

Yaffe D, Saxel O: Serial passaging and differentiation

glucokinase, and human insulin

of myogenic cells isolated from dystrophic mouse
muscle. Nature 270:725-727, 1977

Mitanchez D, Doiron B, Chen R, Kahn A: Glucose-
stimulated genes and prospects of gene therapy for
type 1 diabetes. Endocr Rev 18:520-540, 1997

17.

18.

19.

- 535 -

Vollenweider F, Irminger JC, Gross DJ, Villa-
Komaroff L, Halban PA: Processing of proinsulin by
transfected hepatoma (FAO) cells. J Biol Chem 267:
14629-14636, 1992

Barr E, Leiden JM: Systemic delivery of recombinant
proteins by genetically modified myoblasts. Science
254:1507-1509, 1991

Dhawan J, Pan LC, Pavlath GK, Travis MA, Lanctot
AM, Blau HM: Systemic delivery of human growth
hormone by injection of genetically engineered
myoblasts. Science 254:1509-1512, 1991




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


