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TOE=F—IFEEL 2T Lo —%FE LT —5 Y VEERTOEELIHT A WotfllEizLh,
Dvl 28 GSK-37 R LB AR T 2. BAT= XY YERLENTIIEML, TCF/LEF & L.
CBP a7 5FR—¥y—%FE Ty -4y VEERTOEREZIHFELT 5.
GSK-375: glycogen synthase kinase—37, APC: adenomatous polyposis coli, CK-1a: casein kinase 1«
Dvl: Dishevelled, pERK: phosphorylated ERK. S-TrCP: g-transducin repeat containing protein, LRP:
low-density lipoprotein receptor related protein, HDAC: histon deacetylase. CtBP1: C—terminal bind-

ing protein 1, Fzd: frizzled.
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L. TCE7L2 D TT/TCY =/ 4 78 Nk =
F TR CC YV ATy hu—
10 ANOWE % JeAT L T 5% ZofE% 2
Ha A4 > 20 ¥R IR TT/TC BRI CCHREI HE

TH0% xR~ L., 4> 7L F o BELEE
REA R L2, FRcat L, BIO7 RokER

FZ%9 % GLP-1 & GIP @ BUS I3 BEf 1o 2
DD ENT, TCF7L2D T 7Ty f 7 L
FUWEDDOTIE L, pMilgaoA oL
FUBRZERART R 10k oT, BROE
BEnona— 20T 54 2 A 2ot
BT 5 EMEmOTTnA5,



Nippon Rinsho Vol 69, No 5, 2011-5 933

4. TCF712 Bz¥%8 & 2 BIVERR

BENFEIFE
W, BEPRRFHM E TCF7L2 D4 A1 & OB

BIZODWTOHEEZMANT 5. Lyssenko 5
EAT =T 27405 FIZBITA 9,663
N, BB 2 F 0 RBEE2FEE 2k
— T, rs7903146 O TT/TCHEEACCH LY,
rsl12255372 O GT/TTH N GCH I Y AEITHE
RWEFIET AV A7V BVEREL T D
(ZNFIOR 158, 1.42).

Pilgaard & |3 IE & MifHE g8 0 & 4 A A A 81
NIZBWT, TCF7L2 D rs7903146 DY = / ¥
A4 7 (TT/TCvs COIIZ L h, LD X Rt
DRI A SN B 02 FEIZHET L, T7 VUV

ELOBETUTOIIICHEL TwaY, D24
R O MAEEIZEZDI AR SN VDS, MmEEA ~

A1) Y (AUChsan), 77 #1 T 2 (AUC grucagonzan)
BERICRETH-2(R2). @O/ 2 >
RN 7> 7 TRFEHEIERIIE L.

MAE 77 T U EIdK D - 72 @OGTT Tldiit

A v 2 EPRCER 2R L 72% AEE,

GLP-1, GIPEETEEALN o7/ @
IVGTT TixibEfE, M1 > 29 » L
BWTTT/TC L CCOMIZET AN 2D o 72
25 OGTT & IVGTITO#A ¥ AV Y ribeE Dt
(AUCueocrt/AUChaverr) 12, TT/TC B TR ETH
#mL72 & 3I—NVF2ZFTIE GLP-1 % GIP
DHWITIEE T, MEED 1 2 VELEE
ERBDOEP -T2, EHROMAEEDOELIHR
TEHA A YHWERET S EEREIEDL -
7. O BEIMEY 5> 7 FOGLP-1, GIPIZX A
A VA YAWBIERT, EABRYD T5 5%,
90 43, HBEIFAR(20-1204) TD A A
VOWMREETH o 72 BEIMHOARTL V2L
FUBREOA YA YWAME T T AEEI
DOWTIE, AHMBREETICVET 20 WERO
A VA UAWBERIZIEE TH, HWEmE R
DA VA UowEER & de novo DA AT v
ERPETTA200THAIEL, HEwe LT
rs7903146 T 7 U VIE, Z v dh IV 3K

oY EFEOEmME A 7 LF VFHRMEA
YA YWRRDKRTIC LD, 2 BBERRRE
DYAY ZEd b EHER LT b,

5. TCF712 BIzF %8 &
RIERF & OFEE

TCF7L2 D% 81, BRERF L OMEA/EH
DEE S HIEH SN T b Heni b I3,
rs7903146 DT 7 U VDO F x ) T MEED S
WIEEA YA Y pWEREFETL, T7TY o
FrU)TIZ9ONAOEFREDON AL &,
I ABNZIGT TH o 72 FFIT IEEMFERERE I X
T, A VAR VWA ERIZENT S L2
HELTWwA?Y DFNTTIYNLOFXTITE
FAA4 27 VLF LB A VR VGUWEEDHM
SR ZRIE T 4 2 VI owEICLD

BIZEELLT W20, HERFOBER? S
EFEEHEBEOUERARLZ EVEETH L L
RTwb L LI %ELIE DPP(Diabetes
Prevention Program) Th &EH LN THE Y, TT
V)74 TEIICCHELD S IGT H» HMRR
WZRBATLR T WA, EEEHEON AT 728
HICIBERBRERICENALNE T
vy éliﬂ’

b 1)

TCF7L2 282 BUBEIRRHAEIZ £ D L A 12 %
TAED, INITOHRSFzHBEIIZILDLLE
3DXHITh B, TCF7L2 ODREREE T I A > 2
D UEPIUETIE R L, A R YW ERE S
Bz AZEIXEEVRL, LadEI0EA v
SUVFUVATANREL DTV AEI L
WhhoTEZ L, BRELTARELZED
Zwv. A Y b rDOEHHPED L HIZTCF7L2
DOBBICEEZHEZ L2070, BHLANVEE
{LEXBEDTHAID. £9%oTGLPIR &
GIPR DFEBRICHELX 5 2 500 I TR
TENWTCF7L2 DA T 54 2 v 78 F — ViR &
B EDHEENTEHY HREOBE)
EEbN oA, FRICOWTHEMIAETH 5.
SR OB B,



rs7903146 | [ rs12255372 | [T~y THEAS = |

pre [ . ——
144860k

i rs7903146 ¥ = / ¥ 4 THD
VUMER I N a— A, A VA ¥, ZVh T OMR R

(mrgo}m it (pmol/L) 4y 5y y (mg/L) oy
200 p<0.05 40r : . .
2 - 150
Q )
O =)
_bgn g 100
4b 502 0 Ny TaTTre———— 0
3 S— H 1 i L 1 0 i ] i i I i 0 i i 1 1 i H
0 4 8 12 16 20 24 0 4 § 12 16 20 24 0 4 8 12 16 20 24
time (h) time (h) time (h)

9 TCF712 O rs7903146 BAD LD v v T ET 1/ A4 THD 24 BE TN a—Z, (> AU, JIHT > MAREOEE (77 73wk L0 51H)
FERIL CCH, piis TT/TC Bl A 7R 7.

25

~T1102 )& S 5 69 ik H

/
{

\



B L7y

1)

10)

11)

Nippon Rinsho Vol 69, No 5, 2011-5 935

i 1
L i HFHE 5T 242 0 38 ‘
,// Py AT
G TCF7L2 e8I T
(- = \,
&{\ 7 ) S e e | PCL/PC3 7530 |
RO | ez ERY
<A \), i

— T3

1

GLPIR CAvRUYTHEY VYT
BHIRRIZBIT S GIPR %Eﬁl | ; PIH 1 l
L (FUA VRN Y EA VR Y DELLL) |
i i
l ‘Bﬂ%ﬁhl |
| BMBT ARV

(4/7u%>@%ﬁl
@ A

YA VU -

"m3 BHEMICH B TCFTI2 HEEETH A > VL F L R ESE
ALT2BERBREY X7 EEH DA N L

Grant SF, et al: Variant of transcription factor 7 -like 2(TCF7L2) gene confers risk of type 2
diabetes. Nat Genet 38: 320-323, 2006.

Miyake K. et al: Association of TCF7L2 polymorphisms with susceptibility to type 2 diabetes in
4,087 Japanese subjects. J Hum Genet 53: 174-180, 2008.

Yasuda K, et al: Variants in KCNQ1 are associated with susceptibility to type 2 diabetes mellitus.

Nat Genet 40: 1092-1097, 2008.

Columbus J. et al: Insulin treatment and high—fat diet feeding reduces the expression of three T¢f
genes in rodent pancreas. J Endocrinol 207: 77-86. 2010.

Korinek V, et al: Depletion of epithelial stem—cell compartments in the small intestine of mice
lacking Tcf—4. Nat Genet 19: 379-383, 1998.

Gregorieff A, et al:Hindgut defects and transformation of the gastro~intestinal tract in Tef 4(—/—)/

Tcf 1(—/—) embryos. EMBO J 23: 1825-1833. 2004.

Shu L, et al: Decreased TCF7L2 protein levels in type 2 diabetes mellitus correlate with
downregulation of GIP- and GLP-1 receptors and impaired beta—cell function. Hum Mol Genet
18: 2388-2399, 2009.

Villareal DT, et al: TCF7L2 variant rs7903146 affects the risk of type 2 diabetes by modulating
incretin action. Diabetes 59: 479-485, 2010.

Loos RJ. et al: TCF7L2 polymorphisms modulate proinsulin levels and beta—cell function in a
British Europid population. Diabetes 56: 1943-1947, 2007.

Lyssenko V, et al: Mechanisms by which common variants in the TCF7L2 gene increase risk of
type 2 diabetes. J Clin Invest 117:2155-2163, 2007,

Pilgaard K. et al: The T allele of rs7903146 TCF7L2 is associated with impaired insulinotropic action
of incretin hormones. reduced 24 h profiles of plasma insulin and glucagon. and increased hepatic



936 HAEDik 69 3% 5% (2011-5)

glucose production in young healthy men. Diabetologia 52: 12981307, 2009.

12) Heni M, et al: . Glycemia determines the effect of type 2 diabetes risk genes on insulin secretion.
Diabetes 59: 3247-3252, 2010.

13) Florez ], et al: TCF7L2 polymorphisms and progression to diabetes in the Diabetes Prevention
Program. N Engl ] Med 355: 241-250, 2006.

14) Prokunina-Olsson L. et al: Tissue—specific alternative splicing of TCF712. Hum Mol Genet 18:
3795-3804, 2009.



FI/ZEORX - TOAFFZIRX - AFRO=ZTR

I /50X

TERWAAEICHS T HCWASE
25 /LY—=0IVR

I B RF AR FREZRIARRIA B HRRE

Wl %

Yukio Horikawa

FER R

Key Words

GWAS
3 SNP ;
L xifesr s no— s - |
\ T —1 j
IS/ L

TILVA, BIPTLELI V=0 T VA () —5) 12
$B, TV CEROBERERIEE L, A AR, &E
FEAMNEAEED LRI ES ) LB & CEERERBHE

[FUsHIC

NEL, AR THE N 2EBELOL, &E

Fo Ay THEM RS R, &7/ LABEENT (Genome-Wide
. GWAS) ZHEEIC L7z, T OKIRIERER
i< & 0 BRAE £ TH 20 ~ 30 BE DB FL I T 2 BERIFHR
ELOEESROLN, A&, RELTEZ-EEHE, REEE
DHERBRESET INDPEET A LR E N, L Lk
K DMERFFRE DR A F (Filn, BH, REEZ L)L
T, BETEHOBETIICBT AFAEEHEE TR
BH40~ 60 % &L Vb NEBEEEDIZADE % LHrFHBETE 2
So B, GWAS TIHEB TE L h oz b # 2 LN ARERE,
SREFEOERKERT7 JVVEABICELEY 7 b T5EEZL
N5, T, REAOHELRY V7 VER L EHENRO
EETHIRIMR Y -7 VT —PUBETHY, &7/ L —

Association Studies

EOTWLZEDPEETHLI LTV TTH BV,

I. 2BYFERRSK GWAS DERR

GWAS IZIZEEI 2 (1-8) 2 BT 5%~ T4 Xh
BERE(a) DREZEMETA VPIBETH S, LR
Bonferroni IED & 912005 # MEHTE > T a ¥ BRET %
EREHESL (ELENTE

B v A=Ff1F v AXLEL
AER=EOBGHEERBOEGHEE=
BRI EBAKE=REN —HFEE

Diabetes Frontier Vol.22 No.l1 2011-2 87




OEMBEEFIIR 25 L

OACIDI9% 7 3 EILL LD

eFHLY HLHO 2 WERFRESMEETIEET D
offl x DFEIEFILEV A v XL, BVWRESE

@%UBELVHN TV AHERFDEGED 4 % L HBIBATE L0

BBRT7YIVERET DD Wiy
TERRRIEL 8 %I2E TCF7L2 ) -
0 3 HERHAS
TFYUWNYRY DOYRY

.

: ﬁﬁaﬁ%‘fic: ‘

5313U%%

1. 7/ L7414 FEEBATHREZ TICHBBEL AL L

TRIND, 72k 2E, HEMERAREETFLEUDENA v X%
1 X 1084 =4 = (BHE) o5 10ADOEEFLESEDY
EBRHLHLOWETEL, HEjF v XTI X100 5D —F—L&
FMENE, FOLEOMET (1-8) %05 &L, FEKE
(a)#5X 1077 EBETIE, ZOWRFRETSH &R
THHEBEAF Y AT10L% 5, ThbbEHE LTRESNE
ETEIEHI %, EOBESH D ) bEETERLE V) Z L
KBV, B—DGWAS TIOk#EL Y7 TE0IE,
TCF7L2, FTO, KCNQI D& T 5 25, BAEE TTHRD ORA°
KEWIABERET S TCF/L2, KCNQI T2 TATYH, a
TELRD L ICERET 5 & 80 DRI 2155 720 I3 RAR T
1400 AT 2 HWORBE, WHREOY T IVSLEIZ R 5EHE
Wb, WETEFr—A - 2y b=V ENFN3~5T AR
=V OBERN S CREI VBB NIREZLTWwAELE, 4
BlErAoTH Yy 7VORERE S ITTHAHRERIIONTD
ZE LTS 5w,

I. 23&%EKR GWAS h'5
HIERLIEC &

GWAS b bdroizZ &id, FRICEDT 2 ARABIZER
MRETH), BOOFRIY L OBRZERIZFIFEET
HIETHole LPYENENOERFIR (4 v M) - &
BRBEC, [EHBREFIBRELL 2V ETH-7 (B1),

HEICIZHAAT, HEFTRESNEERBRT ) VO 345
D2 LebONT, WRREETRREELY, 7% BRAE
PR (BETRER) ] o4 12 % (BRHEER) ICEBE0ATH S,
KCNQI, TCF7L2, CDKALI, CDKN2A/B, IGF2BP2, SLC30AS,
HHEX, GCKR, HNFIB, KCNJll, PPARG DEFRRESZMET 1)
VEBWI-ARAORETHE, ENLZI2OBRKRBECTH S
8, BMI, MECHERIBREIL68 BOMHL S LETHRETES
B, FIILROBEERTRE LT FOMIL LED 2%
EBBEDARTHEY, AADIF— FERVIKRETY, A
BEFRAICOWTE, BEERE, #EROBRERET (L,
FHRER &) X0 AERBZED, - 7278, L LERERETIC
EEEEERETIECLD, bTARs s RETRES LD
&, F-EHESHET BIIEETERIC L A EEFANLE
REEEFICLA2ENE EEL I E BN, Lzt
o Th BB ETHRICEETZE A $5 2 & 2 RERR
BETFTHICERATHE I LEMEBVEWEEZONS (R 2)Y,
DUF VAR % GWAS TRIE S iR RS R EF O
ABLTaA—HT T VEARATENEFNREDECEENTD 5
N7REWBEET 2 DIV TIRET 5,

1 KCNQ1

BERIZEBTS [3v=zF7a7uyas b Oo—8BELT, 10
FSNPERWIEEREAZ ) —Z v P hh, FORE
KCNQI &\ 9 i L 2 BERFEGE T PB o N/, Z0E(E
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X 2. BEREBETHUNOEEREEBREREFOERE

BEHEIECE (—) EERETOES <
BEBESEVE (—) BEETOES #H<

Fid, dEFRBEATHEEIERN RS S 2RO BEER
THHIEPHL PR o729, ELMILIIThNAT OV 2
7 M THRBOBENH D Y, HAA2EERKFIIBNTC, 3
FIEELBEEZER DN S,

KCNQ1 iE, MR LICHFEET AENKRFER Ty AV D 1
DThAb, Kv71D a7 2=y hTHY, HREEEELEEN
EMIBWTQTEEEEHOBERE L 25 2 LMo T/,
KCNQI DEEZMESNP I, 1 > A Y EEZ /LT 2 Bl
RBOEFEV AT BEDBLEEL SN T WS, KCNQI %A
AT VLF Lo Ad v AU CWIZEE L T LR 10
R, BE /v T NI AOBENLOA LAY VESMEICHE
ELTWAIREE D HE ST B 1, F/- KCNQI DT
A $R33E Beckwith-Wiedemann SEBEEED A > 7' ¥ 7 1 > 7 5EHE
ELTHHENTWVRZOT Y, BEET VO HBRE RE
TENE, EOMBEN, DRTHETEILEI NS, FiE
W7 EEEN T, FEBERICEENDRE LRI ERRSHET
VVDOBEITERENIDES, EEEIHY ENZBETY,
EDRIGE/NTFME NS, %2 TdeCODE 75851 2,251 AD
2 BUBERFRY TV & 7z B BRI OB IR & R BT
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(3CHk 8 & 1) Bl AE)

KHBAEDOBEIEER D25 - 72(0R = 1.03, p=0.71),
BEAO GWAS D7 — 4 b, FHERT NI & OBEERT OB
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2 TCF7L2 (transcription factor 7-like 2)

TCF7L21% TCF7L1 & TCF7like HMG box % & DEEERF 7 7 3
) — %R LTHRY, WNT (WINGLESS-TYPE MMTV INTEGRA
TION SITE FAMILY) /8 -catenin > 7 F VIS A% = 4 |2 B 5 85
BERTTHLIEFHONTRY, bbb EEEOED Y 24
bNTwiz, 10FEED 7 REEBIESZEMAEFd L&D ITZHR
BEhzBRT 559 1 DOBEEHLRP-5/6 5 WNT & 7 L0
FBATYETH AW, TCRIL2 / v 7 77 b= A3 &HT ¢
LT 5. RO ERIEESIIHE LM TERENT
B, MRS SN BA, Bl 5510 T 5 B
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LIEHENT VD, TOTCFL2DY) 227 C 7Y L (1s7903146)
I3 DPP (Diabetes Prevention Program) (&1L T\ AMiHERERE
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The glucagon receptor (Gcgr) is essential for maintaining glucose homeostasis in the liver and for stimulat-
ing insulin secretion in pancreatic B-cells. Glucose induces rat Gcgr mRNA expression; however, the precise
mechanism remains unknown. We previously have studied the role of the carbohydrate response element
binding protein (ChREBP), a glucose-activated transcription factor, in the regulation of
glucose-stimulated gene expression. The G-box has previously been reported to be responsible for
glucose regulation of Gcgr mRNA expression. The G-box comprises two E-boxes separated by 3 bp, which
distinguishes it from the carbohydrate response element (ChoRE), which has 5-bp spacing between the
two E-boxes. In the rat Gcgr promoter, a putative ChoRE (—554 bp/—538 bp) is localized near the G-box
(=543 bp/~529 bp). In rat INS-1E insulinoma cells, deletion studies of the rat Gcgr promoter show that
ChoRE is a minimal glucose response element. Moreover, reporter assays using a pGL3 promoter vector,
which harbors ChoRE and chromatin immunoprecipitation assays reveal that ChoRE is a functional glucose
response element in the rat Gcgr promoter. Furthermore, In contrast, glucagon partly suppresses glucose-
induced expression of Gcgr mRNA. Thus, ChREBP directly regulates rat Gegr expression in INS-1E cells. In
addition, negative feedback looping between ChREBP and GCGR may further contribute to the regulation
of glucose-induced gene expression.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes mellitus (T2DM) has become a serious health
problem worldwide. T2DM is characterized by a decrease in insulin
secretion caused by p-cell dysfunction and death and an increase in
insulin resistance [1]. The role of glucagon in this process is the focus
of much attention in current research [2-4]. In the liver, the actions
elicited by glucagon are essential for maintaining a euglycemic state
under normal physiological conditions [2-4]. On the other hand,
hyperglucagonemia is associated with hyperglycemia and diabetes
under pathophysiological conditions [2-4]. A state of chronic hyperg-
lucagonemia is correlated with excess hepatic glucose production
and hyperglycemia in diabetic patients [2-4]. Indeed, experimental
suppression of hyperglucagonemia has been shown to correct post-
prandial hyperglycemia in diabetic patients {4]. Similarly, antago-
nism of the glucagon receptor gene (Gcgr) and its deletion improve
glucose tolerance in genetically obese mice [5-7]. Interestingly, Gcgr
mRNA expression is positively regulated by glucose both in vitro and
in vivo [8,9]. Elucidation of the mechanisms underlying glucose-in-
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duced expression of Gcgr mRNA in the liver and pancreatic islets
should be of significant value in broadening the approaches to
improving effective glycemic control in patients with T2DM [2-4].
We have previously studied the role of the carbohydrate re-
sponse element binding protein (ChREBP), a glucose-activated
transcription factor, in the regulation of glucose-induced gene
expression in the liver [10~17]. Chrebp mRNA and Gcgr mRNA are
generally expressed in the same tissues, including liver, kidney,
intestinal smooth muscle, brain, adipose tissue, heart, and pancre-
atic islet p-cells [10,18]. ChREBP binds to the carbohydrate re-
sponse element (ChoRE) to induce lipogenic gene expression
[11-13,16]. ChoRE is composed of two tandem E-boxes separated
by 5 bp [10,19-21]. Two CACGTG motifs, separated only by 5 bp,
can induce glucose-stimulated gene transcription [19]. It has also
been reported that a G-box composed of two E-box motifs sepa-
rated by 3 bp forms a glucose response element in the rat Gegr pro-
moter [8,22,23]. However, whether this G-box is functional is
questionable for the following reasons: (1) the rat G-box is com-
posed of two E-boxes separated by only 3 bp [22,23], (2) the se-
quence of the rat G-box differs from that of the mouse G-box
[22-23], and (3) deletion of one E-box does not affect luciferase
activities [22,23]. Since glucagon suppresses ChREBP transactivity
through the cAMP-dependent protein kinase (PKA) pathway in
the liver [10,24], we considered that ChREBP directly regulates
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Gecgr mRNA expression or that glucagon regulates Gcgr mRNA
expressijon through inhibition of ChREBP transactivity.

In this study, we identify a functional ChoRE in the Gcgr pro-
moter and a closed loop system between glucose (ChREBP) and
glucagon (GCGR) signaling. This mechanism of negative feedback
between glucose and glucagon suggests novel strategies for treat-
ing fasting and postprandial hyperglycemia in T2DM patients.

2. Materials and methods
2.1. Materials and cell culture

The ratinsulinoma cell line, INS-1E, (a gift by C.B. Wollheim, Uni-
versity of Geneva) was maintained under 5% CO, at 37 °C in Roswell
Park Memorial Institute (RPMI)-1640 medium (Invitrogen, Carlsbad,
CA) supplemented with antibiotics, pyruvate, mercaptoethanol, and
15% fetal calf serum, as previously described [25]. Glucagon was pur-
chased from Fuji Seiyaku Kohgyo (Toyama, Toyama, Japan).

2.2. RNA extraction, cDNA synthesis, and real-time reverse
transcriptase PCR quantification

Cells were preincubated in RPMI media with 2.5 mM glucose for
12 h. After 12-h incubation with various glucose concentrations,
cells were collected and used for RNA extraction, cDNA synthesis,
and real-time reverse transcriptase PCR (RT-PCR) analysis, as de-
scribed previously [12-15]. Relative mRNA levels were determined
by real-time RT-PCR and normalized to rat RNA polymerase II (Pol)
mRNA. The real-time PCR primers used were as follows: Gcgr-Probe,
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5'-FAM-TGCCCCCACCTACTGAGCTGGTCTG-TAMRA-3'; Gcegr-F, 5'-G
CCACCACAACCTAAGCCT-3"; Gegr-R, 5-GGCCAGCAGGAGTACTTGT
C-3'; Pol-Probe, 5-CAACTGGTGACAGCAAGGTGGTCCTCC-3": Pol-F,
5-CGGGAAGTGCTCAGGGTCA-3'; Pol-R, 5-GAGGGAAGGCGAGGGT
TGA-3'. Similarly, after preincubation with 2.5 mM glucose for
12 h, cells were incubated in media with 25 mM glucose for 3, 6,
and 12 h, when they were collected for RNA extraction, cDNA syn-
thesis, and real-time RT-PCR analysis, as described previously [14-
17]. To test the effect of glucagon, cells were incubated in media
including 2.5 or 25 mM glucose with and without final concentra-
tions of 1078 M glucagon for 8 h, when they were collected for fur-
ther analysis of real time quantitative PCR, as described previously
[14-17].

2.3. Construction of plasmids and adenovirus vectors

We used pcDNA-daChREBP, Ad-daChREBP, Ad-dnMIX, and pRL-
SV40 vectors, as previously described [14-17]. A series of pGL3-pro-
moter vectors were constructed as follows: three fragments, G-box
(~548/-524 bp), ChoRE+6 (—559/—527 bp), ChoRE+3 (-559/
—530 bp), ChoRE (-559/-533 bp), ChoRE-3 (-559/-536 bp), and
ChoRE-7 (—559/-540 bp) were cloned into pGL3 vectors upstream
of the TK promoter. All plasmid and adenovirus vectors were verified
by sequencing analysis.

2.4. Treatment with recombinant adenovirus

INS-1E cells were cultured in 6-well plates in 2 ml RPMI. Adeno-
virus bearing dominant-active ChREBP {daChREBP) cDNA was used
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Fig. 1. Glucose induces rat Gcgr mRNA expression in a time- and dose-dependent manner. (A) Glucose induces rat Gegr mRNA expression in a dose-dependent manner. INS-1
cells were cultured for 12 h in culture medium containing 2.5, 5.0, 10, 15, 20 or 25 mM glucose. Relative mRNA levels were determined by real-time RT-PCR and normalized to
rat RNA polymerase [l (Pol2) mRNA as the invariant control. The change in expression level of each normalized enzyme mRNA level was determined with reference to the value
for INS-1 cells at 2.5 mM glucose, which was arbitrarily defined as 1. Data represent means + S.D. (n = 3). (B) Glucose induces rat Gcgr mRNA expression in a time-dependent
manner. INS-1 cells were cultured in RPMI media including 2.5 mM glucose for 12 h. Media were changed to RPMI media including 25 mM glucose and collected at the
indicated hours for Tagman RT-PCR analysis. Data represent means * S.D. (n = 3). (C) Adenoviral overexpression of dominant active ChREBP causes rat Gcgr mRNA expression
in INS-1E cells. INS-1 cells were infected with 2, 10, and 50 m.o.i. of Ad-daChREBP for 2 h. After culture in RPMI media with 2.5 mM glucose concentration for 12 h, the cells
were collected for Tagman RT-PCR analysis. Data represent means * S.D. (n = 3). (D) Adenoviral overexpression of dominant negative MiIx (dnMIx) causes glucose-stimulated
gene expression in INS-1E cells. INS-1 cells were infected with 2, 10, and 50 m.o.i. of Ad-dnMIx for 2 h. After culture in RPMI media with 2.5 mM glucose concentration for
12 h, the cells were incubated in media with 2.5 mM or 25 mM glucose for 4 h and collected for Tagman RT-PCR analysis. Adenovirus bearing green fluorescence protein (GFP)
was used as internal control. Values represent means t S.D. (n = 3). At most points, the error bars are too small to be shown.
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to infect INS-1E cells for 2 h. The medium was then removed and
the INS-1E cells were incubated in a fresh medium with 2.5 mM
glucose for 18 h. Adenovirus bearing dominant-negative MIx
(dnMlx) was used to infect INS-1E cells for 2 h. The medium was
then removed and the INS-1E cells were incubated in a fresh med-
ium with 3 mM glucose for 12 h, following which the medium was
again removed and.the cells were incubated in a fresh medium
with either 2.5 or 25 mM glucose for an additional 4 h. Adenovirus
bearing green fluorescence protein (GFP) was used as internal con-
trol. Cells were then collected and used for RNA extraction, cDNA
synthesis, and real-time RT-PCR analysis, as described previously
[14-17].

2.5. Mammalian transfection and reporter assay

Rat INS-1 cells were cultured in 6-well plates in 2 ml RPMI
without antibiotics. The cells were transfected with 4 pl of Lipo-
fectamine® 2000 transfection reagent (Invitrogen, California,
USA); 1.5ug of either pGL3-G-box, pGL3-ChoRE+6, pGL3-
ChoRE + 3, pGL3-ChoRE, pGL3-ChoRE-3, pGL3-ChoRE-7, or pGL3-
empty and 0.1 pg of pRL SV40 vector (Invitrogen, California, USA)
[14-17). After 24 h of incubation with either 2.5 mM or 25 mM
glucose, the cells were collected and luciferase activity was mea-
sured using the Dual-Luciferase® reporter assay system (Promega,
Madison, WI, USA) according to the manufacturer’s protocol. To
determine the glucose dependency of the rat Gcgr promoter, cells
were transfected with 1.5 ug of pGL3-ChoRE and 0.1 pg of pRL
SV40 vectors. After 24 h of incubation with various glucose con-
centrations, the cells were collected for measurement of luciferase
activity. To determine the dose dependency of daChREBP overex-
pression in the rat Gcgr promoter, cells were transfected with
0.5 pg of pGL3-ChoRE, 0.1 pg of pRL SV40 vectors, and 1.0 pug of

pcDNAG6.2 empty vector and pcDNA-daChREBP vector to adjust to-
tal DNA. After 24 h of incubation with either 2.5 mM or 25 mM glu-
cose, the cells were collected for the measurement of luciferase
activity. Similarly, after transfection with 1.5 pg of pGL3-ChoRE
and 0.1 pg of pRL SV40 vectors, the cells were incubated in media
with either 2.5 mM or 25 mM glucose containing 1078 mM gluca-
gon for 24 h.

- 2.6. Chromatin immunoprecipitation assay

A chromatin immunoprecipitation (ChiP) assay was performed
with anti-ChREBP antibodies (Novus Biologicals, Littleton, CO) on
formaldehyde cross-linked hepatocytes using Magna ChIP G beads
(Millipore, Temecula, CA). INS-1E cells were precultured in 10-cm
culture dishes with RPMI supplemented with 2.5 mM glucose, 15%
FCS, and 100 pg/ml pen/strep for 12 h, followed by incubation in
RPMI supplemented with 2.5 mM or 25 mM concentrations of glu-
cose for 8 h. After incubation, 10% formaldehyde (270 pl) was added
to the culture dishes and the cells were used for ChIP assays accord-
ing to the manufacturer's protocol. The purified DNA was dissolved
in Tris/fEDTA (50 pl, pH 8.0) and used with gene-specific primers for
PCR. A buffer solution and normal rabbit immunoglobulin G (Wako
Chemical) were used as negative controls. Immunological chroma-
tin samples were amplified by PCR using the primers as follows:
Gcegr-CHIP-Probe, 5'-CCTCTGCTCCCACACACGGTGCA-3'; Gegr-CHI
P-F, 5'-CCTCAGAGCGGTCCATTATACC-3'; Gegr-CHIP-R, 5'-TCTGGCT
CCTGGGTGAAAGA-3'.

2.7. Data presentation and statistical methods

All data are expressed as mean + standard deviation. The listed
n values represent the number of single experiments performed

(A)
G box(-543bp/-529bp)
-568 ChoRE(-554/-538bp) 519
CCCACCTTTGCTCCCACACACGGTGCACGTGTGACAGCTGCAATCTTTCA
G box CGGTGCACGTGTGACAGCTGCAATC
ChoRE+6 GCTCCCACACACGGTGCACGTGTGACAGCTGCA
ChoRE+3 GCTCCCACACACGGTGCACGTGTGACAGCT
ChoRE GCTCCCACACACGGTGICACGTGTGACA
ChoRE-3 GCTCOCACACACGGTGCACGTGTG
ChoRE-7 GCTCCCACACACGGTGCACG
(B) *]
* *
3 -
*
* 02.5mM

Luciferase activity
(fold change)*
N

s
A

B 25 mM

G box ChoRE+6  ChoRE+3

Al

ChoRE ChoRE-3 ChoRE-7 empty

Fig. 2. ChoRE, but not G-box, is a functional glucose response element in the rat Gegr. (A) Schematic representation of the G-box and the putative ChoRE in the rat Gcgr
promoter. (B) Reporter analysis of deletion mutant of the ChoRE + 6 region (-559/—527 bp). Cells were co-transfected with 1.5 pg of pGL3 promoter vector inserted with
either G-box, ChoRE + 6, ChoRE + 3, ChoRE, ChoRE-3, ChoRE-7, or empty vector and pRL SV40 (0.1 pg), and incubated in media with either 2.5 mM glucose or 25 mM glucose
for 24 h. Cell lysates were collected for measurement of luciferase activities. Data represent means + S.D. (n = 6). At most points, the error bars are too small to be shown.
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(each experiment was duplicated). Comparison between the two
groups was performed using the Student's t-test and that between
multiple groups was performed using the Tukey-Kramer test. A
p-value of <0.05 was considered statistically significant.

3. Results

3.1. Glucose stimulation and adenoviral overexpression of dominant
active ChREBP causes an increase in rat glucagon receptor mRNA in
INS-1E cells )

We first ascertained whether glucose stimulation induces Gcgr
mRNA expression in rat INS-1E cells. In INS-1E cells, glucose in-
duced Gegr mRNA expression in a dose- and time-dependent man-
ner (Fig. 1A and B). Next, to clarify the role of the ChREBP/MIx
complex in Gcgr mRNA expression, we tested whether adenoviral
overexpression of daChREBP induces Gcgr mRNA expression, and
observed that adenoviral overexpression of daChREBP dose-depen-
dently induced Gcgr mRNA expression in INS-1E cells (Fig. 1C). In
accord with this, dnMlx, which acts as a decoy to antagonize ChRE-
BP transactivity, inhibited glucose-induced Gcgr mRNA expression
in INS-1E cells in a dose-dependent manner (Fig. 1D).

K lizuka et al. /Biochemical and Biophysical Research Communications 417 (2012) 1107-1112

3.2. Identification of ChoRE in the rat glucagon receptor gene promoter

To determine the presence of ChoRE in the rat Gcgr promoter, we
screened the region and found a putative ChoRE located between
—554 and -538 bp, which differs from a G-box (from —543 to
—529 bp) (Fig. 2A). To determine the functionality of this putative
ChoRE, we performed a reporter assay using the pGL3 promoter vec-
tor inserted with deletion mutants of in the Gcgr promoter (Fig. 2B).
In cells transfected with either pGL3-ChoRE-3, ChoRE, ChoRE + 3,

" ChoRE + 6 vectors, luciferase activities at 25 mM of glucose concen-

tration were more than twice that at 2.5 mM glucose concentration
(Fig. 2B). In contrast, luciferase activities in cells transiently trans-
fected with either pGL3-ChoRE-7, G-box, or empty vectors were
not increased by glucose stimulation (Fig. 2B). These data suggest
that the rat Gcgr promoter contains a functional ChoRE between
—554 and -538 bp.

3.3. Glucose and cotransfection of pcDNA-daChREBPP increases
luciferase activities of pGL3-ChoRE in a dose-dependent manner

Glucose and cotransfection of pcDNA-daChREBP induced lucif-
erase activities in pGL3-ChoRE in a dose-dependent manner
(Fig. 3A and B). In accord with this, ChIP assays using anti-ChREBP

- 2.5 q
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4 2 1
=) 53 ..
€ g) s g’ 1.5
S8 | © =
2% 2 2%
S 88 4
&8 e e
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1 .
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= 44
©
=
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2 4
0 v
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Fig. 3. ChoRE is a functional glucose response element to which ChREBP can bind. (A) Glucose dose-dependently induces luciferase activities in pGL3-ChoRE in INS-1E cells.
INS-1 cells were cuitured in six-well dishes and transfected with the series of pGL3-ChoRE vector (1.1 ug) and pRL-SV40 (0.4 ug) using Lipofectamine2000 (4 pl). After 24 h
incubation in DMEM including several concentrations of glucose, luciferase activities were measured using Dual Luciferase assay kit. Data are mean + S.D. (n=6) of two
independent experiments. At most points, the error bars are too small to be shown. (B) Cotransfection of pcDNA dominant active ChREBP (daChREBP) dose-dependently
increases luciferase activities in pGL3-ChoRE in INS-1E cells. The pGL3-ChoRE vector (0.5 pig) and several concentrations of pcDNA daChREBP were cotransfected into INS-1E
cells with pRL SV40 (0.1 ug). Total DNA was adjusted with pcDNA 6.2 empty vectors. The relative luciferase activity was expressed as an n-fold change with reference to the
pcDNA 6.2 empty vector. Data are mean + S.D. (n = 6) of two independent experiments. At most points, the error bars are too small to be shown. (C) ChIP assays reveal that
ChREBP binding to ChoRE in 25 mM glucose is enhanced relative to the binding in 2.5 mM glucose. INS-1E cells were precultured in 10-cm culture dishes with RPMI
supplemented with 2.5 mM glucose, 15% FCS, and 100 pg/m! pen/strep for 12 h, followed by incubation in RPMI supplemented with 2.5 mM or 25 mM concentrations of
glucose for 8 h. After incubation, 10% formaldehyde (270 pl) was added to the culture dishes and the cells were used for ChIP assays according to the manufacturer’s protocol.
Data represent means * S.D. (11 = 3). At most points, the error bars are too small to be shown.
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Fig. 4. Glucagon suppresses rat Gcgr mRNA expression in INS-1E cells. (A) Addition of 10 nM glucagon partly inhibits glucose-induced Gecgr mRNA expression in INS-1E cells.
Data represent means +S.D. (n=3). *p < 0.05 vs. 25 mM glucose. At most points, the error bars are too small to be shown. (B) Addition of 10 nM glucagon partly inhibits
glucose-induced luciferase activities in pGL3-ChoRE in INS-1E cells. Data represent means + S.D. (n=6). *p < 0.05 vs. 25 mM glucose. At most points, the error bars are too
small to be shown. (C) Schematic representation of feedback looping between glucose and glucagon signaling in the regulation of Gegr expression.

antibodies showed that ChREBP binds to the region containing
ChoRE (Fig. 3C). In contrast, glucose and cotransfection of
pcDNA-daChREBP did not increase luciferase activities in the
pGL3-G-box (Fig. S3A and S3B). These findings suggest that ChoRE
(—554/—538 bp), but not the G-box (—543 bp/—-529 bp), is a func-
tional glucose response element.

3.4. Glucagon suppresses ChREBP transactivity in INS-1E cells

In the liver, cAMP activates cAMP-dependent PKA, which in turn
inhibits ChREBP transactivity through its phosphorylation. We con-
firmed that 1 nM of glucagon inhibited glucose-stimulated Gcgr
gene expression in INS-1E cells (Fig. 4A). In accord with this, glu-
cose-induced luciferase activities in pGL3-ChoRE were partly sup-
pressed by 1nM glucagon (Fig. 4B). These data suggest a closed
feedback loop between glucose and glucagon signaling in the reg-
ulation of Gcgr expression (Fig. 4C).

4. Discussion

In this study, we found that ChREBP directly regulates rat Gegr
mRNA expression by binding to ChoRE in the rat Gcgr promoter.
Previously, the G-box in the rat Gcgr promoter was considered to
play a pivotal role in glucose regulation of rat Gcgr mRNA
expression; however, the results from our reporter and ChIP assays
indicate that ChoRE and not the G-box regulates glucose respon-
siveness on rat Gegr mRNA expression. On the other hand, glucagon
inhibits glucose-induced rat Gecgr mRNA expression, suggesting a
feedback loop system between glucose and glucagon signaling in
the regulation of ChREBP target genes such as Gcgr.

Glucose induced rat Gegr mRNA expression in INS-1E cells in a
dose- and time-dependent manner. This accords with previously
reported data [8]. In addition, adenoviral overexpression of daC-
hREBP was found to increase Gcgr mRNA expression. Conversely,
suppression of ChREBP transactivity by adenovirus expressing
dnMIx inhibited glucose-induced Gcgr mRNA expression in INS-
1E cells. Therefore, glucose stimulation regulates rat Gegr mRNA
expression through ChREBP transactivation.

The glucose response element in the rat Gcgr promoter was pre-
viously known as the G-box [8,22,23]. The sequence of the G-box
differs from the consensus recognition sequence of ChoRE
(Fig. 2A). The spacing distances between the two E-boxes in the
G-box and ChoRE are 3 and 5 bp, respectively (Fig. 2A). From evi-
dence that transcription activity of the glucose response element
depends on the spacing distance, we considered that there may
be another glucose response element near the G-box in the rat Gcgr
promoter (Fig. 2A). The consensus sequence for ChoRE (CABGTG-
nnCnG-nGnSTG) differs from that of a G-box [20,21]. Interestingly,
the ChoRE found in the rat Gcgr promoter seems to be a reverse
form of the ChoRE motif (CABGTG-nnCnG-nGnSTG). Moreover,
deletion studies of the region containing the ChoRE+6 motifs
(~554/-538 bp) show that ChoRE is the minimal functional motif
possessing glucose responsiveness. Thus, ChREBP directly regulates
rat Gegr mRNA expression through binding to ChoRE (-554/
—538 bp).

Glucagon and cAMP inhibit Gcgr mRNA expression [24]. Simi-
larly, glucagon and cAMP inhibit ChREBP transactivity through
the phosphorylation of cAMP-dependent PKA [10,25]. In accord
with these data, our results show that glucagon inhibits Gcgr
mRNA expression through the inhibition of ChREBP transactivities
(Fig. 4A and B). Considered together with glucose-induced Gcgr
mRNA expression, this suggests that glucose and glucagon
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signaling constitutes a closed loop in the regulation of rat Gcgr
mRNA expression in INS-1E cells (Fig. 4C). Moreover, ChREBP in-
duces transcriptional repressors, such as KLF10 and DEC1, which
are regulated by ChREBP itself [14,17]. Furthermore, ChREBP in-
duces hormones with glucose-lowering effects, such as fibroblast
growth factor 21 (FGF21) [15], which can suppress ChREBP trans-
activity by normalizing plasma glucose [26]. Therefore, ChREBP
autoregulates its tranactivity by inducing the expression of its tar-
get genes, such as Gcgr, KIf10, Dec1, and Fgf21.

Under normal conditions, glucagon secretion is suppressed
postprandially, and increased during fasting [2-4]. We conclude
that increased Gcgr mRNA expression during the postprandial state
increases glucagon sensitivity in pancreatic B-cells during fasting.
Moreover, both hyperglycemia and hyperglucagonemia coexist in
both the fasted and the fed state in diabetic patients. Increased
Gcgr mRNA expression may thus contribute to fasting and post-
prandial hyperinsulinemia in diabetic patients. Other studies also
have found that gene deletion of ChREBP in ob/ob mice prevents
glucose intolerance, fatty liver, and diet-induced obesity [13,27].
Inhibition of ChREBP transactivity may thus improve glucose toler-
ance by decreasing Gegr mRNA expression and glucagon signaling.

In conclusion, we have determined the functions of ChoRE in
the rat Gcgr promoter. Glucagon inhibits Gcgr mRNA expression
through inhibition of ChREBP transactivity, and a closed loop sys-
tem between glucose and glucagon signaling contributes to the
prevention of increased glucose-stimulated gene expression. Inhi-
bition of hepatic ChREBP transactivity may thus be an attractive
treatment option for metabolic syndrome by decreasing Gcgr
mRNA expression and subsequent suppression of glucagon effects
and de novo lipogenesis.
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Abstract A 50-year-old diabetic woman was treated with
intensive insulin therapy, but her glycemic levels were very
high. After fasting hyperglycemia was normalized by
intensive insulin therapy (34 U/day) and administration of
1000 mg metformin and 150 mg miglitol. We introduced
liraglutide, a GLP-1 analog, and 0.5 mg glimepiride on day
10. Liraglutide was dosed up to 0.9 mg every 3 days. Met-
abolic data (fasting glucose, M values, plasma C-peptide,
proinsulin/plasma C-peptide immunoreactivity ratio, obes-
ity, and plasma leptin) improved after liraglutide adminis-
tration. Interestingly, subcutaneous injection of only 0.3 mg
liraglutide for 3 days augmented glucose-stimulated insulin
secretion and the proinsulin-to-CPR ratio, and inhibited
plasma leptin concentration. Normalization of fasting
hyperglycemia was beneficial for successfully introducing
liraglutide in an obese patient with type 2 diabetes mellitus.

Keywords Liraglutide - Glucagon-like-peptide-1 - Type
2 diabetes mellitus - Leptin - Adiponectin

Introduction

Type 2 diabetes mellitus (T2DM) is becoming a social and

economic problem worldwide. Intensive insulin therapy
(IIT) is a standard therapy for treating T2DM; however,
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weight gain and severe hypoglycemia are problems when
administering IIT to obese patients with T2DM [1].
Incretin-based therapy based on the effect of glucagon-like
peptide-1 (GLP-1) is now emerging to overcome this
problem [2].

GLP-1 is secreted by intestinal L cells after food intake
[3]. It potentiates glucose-stimulated insulin secretion in
pancreatic beta cells while suppressing glucagon secretion
[3]. In addition, GLP-1 inhibits acid secretion and gastric
emptying in the stomach, and reduces food intake by
increasing satiety in the brain [3]. Accordingly, GLP-1
therapy reduces plasma glucose concentration without
weight gain [2, 3]. Moreover, GLP-1 has a lower risk of
causing hypoglycemia because GLP-1 cannot augment
insulin secretion when glucose concentrations are normal
[3]. The effect of incretin is attenuated in patients with
T2DM, primarily because of a reduced insulinotropic effect
of gastric inhibitory polypeptide (GIP), whereas the effect
of GLP-1 is, relatively, more preserved (2, 3]. The sensi-
tivity of GLP-1 to glucose can be increased to normal levels
by infusing a slightly supraphysiological dose of GLP-1.
However, the dose-response relationship between GLP-1
and its potentiation of the beta cell response to glucose is
impaired in patients with T2DM. Moreover, GLP-1 is easily
digested by dipeptidyl peptidase-IV (DPP-1V); however,
GLP-1 analogs such as liraglitide and exenatide, which are
difficult for DPP-IV to digest, have been developed [2, 3].

This report presents the case of an obese patient with
T2DM who underwent successful liraglutide therapy after
normalizing plasma glucose concentration by IIT. Inter-
estingly, subcutaneous injection of only 0.3 mg liraglutide
for 3 days augmented glucose-stimulated insulin secretion
and the proinsulin-to-CPR ratio, and inhibited plasma
leptin concentration. Thus, liraglutide is an attractive
treatment option for obese patients with T2DM.
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