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In order to find novel bioactive molecules regulating differentiation and hormone secretion of pancreatic endocrine
cells, the effects of various substances including purinergic receptor agonists and inhibitors of polyamine biosynthesis
were examined in pancreatic islets and several pancreatic cell lines. The nicotinic alpha3beta4 receptor was found to be
present and capable of increasing cytoplasmic Ca2* concentration ([Ca2*];) and insulin secretion in mouse pancreatic
Beta-TC6 cells. Activation of both nicotinic and muscarinic M3;/M, receptors resulted in reduction of insulin release
when compared with stimulation of muscarinic receptor alone in Beta-TC6 cells. In mouse islets, purinergic P2Y; and
P2Y, receptors, which are coupled to Gq proteins, were expressed and appeared to regulate insulin secretion through
Ca?™ mobilization from intracellular stores. Similar results were observed in Beta-TC6 cells. Spermidine, one of polya-
mines, was found to modulate insulin synthesis and [Ca2*]; in Beta-TC6 cells by use of a specific spermidine synthesis
inhibitor, frans-4-methylcyclohexylamine (MCHA). Antizyme, which binds to ornithine decarboxylase (ODC) and
thereby reduces the cellular polyamine level, was found to be necessary for conversion of ASPC-1 cells, a pancreatic duc-
tal tumor cell line, into alpha-cells forming the islet-like structure and expressing glucagon gene. These findings help ad-
vance our understanding of the complex mechanisms involved in the regulation of pancreatic endocrine cell function and

develop new therapeutic agents in diabetes mellitus.
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Fig. 1. Signaling Pathway Involved in Insulin Secretion In-
duced by Glucose in Pancreatic $-cells
The processes in which the increase in the ratio of ATP/ADP closes
Katp channels and the subsequent membrane depolarization opens voltage-
dependent Ca?* channels are indicated by — and +, respectively. ADP:
adenosine 5’-diphosphate. [Ca2*];: cytoplasmic Ca?* concentration.
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Effect of Muscarinic and Nicotinic Antagonists on the Rise in [Ca2*]; Induced by Nicotine in Beta-TC6 Cells

The temporal [Ca2*]; response to nicotine (100 um) was measured in Hanks/HEPES buffer (pH 7.4) for 120 s in the absence (control) or presence of (A) a
nonspecific muscarinic antagonist, atropine (10 um) or (B) a nonspecific nicotinic antagonist, mecamylamine (10 um) . Each reagent was present during the period

indicated by bar.
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Fig. 3. Effect of Muscarinic and Nicotinic Antagonists on the Rise in [Ca2*]; Induced by Carbamylcholine or Oxotremorine M in Be-

ta-TC6 Cells

The temporal [Ca2*]; response to carbamylcholine or oxotremorine M (100 um) was measured in Hanks/HEPES buffer (pH 7.4) for 120 s in the absence
(control) or presence of (A) a nonspecific muscarinic antagonist, atropine (10 um) or (B) a nonspecific nicotinic antagonist, mecamylamine (10 um) . Each reagent

was present during the period indicated by bar.
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Fig. 4. Signaling Pathway Involved in Insulin Secretion
through P2Y Receptor Activation in Mouse Pancreatic Islet
S-cells

It is proposed that P2Y, or P2Y, receptor activation elicits insulin secre-
tion via Ca?* mobilization in the presence of 5.5 mm glucose. The processes
in which the rise in [Ca2*]; triggers exocytosis of insulin containing granules
and diacylglycerol (DG) activates protein kinase C (PKC), which does not

influence [Ca?*]; (indicated by X), are indicated by +. UDP: uridine 5’-

diphosphate. Gq: Gq subclass of GTP-binding protein « subunit. PLC:

phospholipase C. IP;: inositol-1,4,5-triphosphate. PIP,: phosphatidyli-
nositol-4,5-bisphosphate.
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Fig. 5. Effect of Spermidine Synthesis Inhibitor MCHA on
[Ca2*]; in Beta-TC6 Cells

The cells were untreated (control) or treated with MCHA (250 um) a-
lone or both MCHA and spermidine (25 um) for 3 days. The change in
[Ca2*]; was monitored for 30 min using excitation at 340 and 380 nm and
emission at 510 nm wavelengths after cells were loaded with a Ca2* indica-
tor, fura-2 acetoxymethyl ester (1 um) in Krebs/HEPES buffer (pH 7.4) and
then incubated for 10 min in the absence of glucose (0 mm, GO). Cells were
then incubated in the buffer containing 5.5 mm glucose (G5.5) for 20 min as
indicated by bar. Each value of the ratio (340/380 nm) measured at every 30
s represents the mean+S.E.M. (n=40) . The figure was quoted from our re-
cent publication®¥ and presented as an altered version.
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U IND. Y —J5 BTC6 ML T, F—HHD
E— 273 TR WARH R [Catt]; @ LH N
I n, BEEEULEZ I O—=ZRENH SN
7= (Fig. 5). ZDOXDIz, BTC6 MILIKE B Ml
&Rﬁbf,%/xU/ﬁM&U[@HL@L%
FOSIZBE L TIEWS DR LW EEHTHH, 7
VA=A RED EFITIEEL T [Ca' ] A3FFHHY
WERAL, 220 WM EI N5 & KT
BIL TIE, IEH Ml &Itz RFEL TH5S
ZEMBHLENEES .

FETiRREEDIC, FTC6 M TIZ=aF %L
t75—,AxﬁU/ﬁvt7§—&U7u/¢ﬁ
" (P2) L7y —m3 L, [Cat]i®1AY
CHWDHREIICESE L TWA Z ENHEMERS
. —F, BEEHKT 2 LN ONOMESIH
AL, #THmERbREREVEZEZOF LS
Y —DELETREOAETHS. ZnsoLt7

—IIESICHHEILTHBD, UFRoLtT
T —=~NDFEGMSA A Vo [Ca2t] @ k
AICEDINEFEIIDNWTIIRERENZA SN
oo LWABY LTS —IZBLTIE, Ms Lt
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7% —® mRNA IZlHZF THRHL TWaH, ZhiZ
MATYIZAKETIEM, LT —7,9 BTC6
FITIEM, LTy —NRBELTHED, BEFHEH
NG —IZEWNA SN, BIE, BEIIBIT5
M, Lt 7Y —DBERBEICDOWVWTIEEZEL<DbMh>T
Wiz, M Lt7%—% Gq& /N ERERL &
T —=TH5DT, My L7y —EMEMEHALT
ZTOWEZRB LD, /2 BHIEMUAD a6
a7 EICHEEL TS TORIVE > DI S
LTWarEEENEZLNS. My LTy —1TD
WTIE RINMSF i@ THRHEL TS DT,
EMRICEEDOL YT Y —ThIHAREENEZ 5N
5. £z, BTC6 MIfATIEI My, L7 & — [Ca2t];
DEFEA DAY HWOBRICBESG L TWSZ &
ms, ZOLt Ty —OERBEH#EM; LT 45—
EDOHEERANZ AL ZFHRDDIZEL ZET IV
RbBHEEZOND.

—H P2 LT —IZDNTIE, BTC6MTD
P2Y, 46 LT Y —DFBNY — 3R EF U
Tholz. Fiz, [Cat];0o EHICBEL TS, 73
ZZAMCHT BRINER I LT Y —FIIC LS >
TFIEERIGEWRA S NRBN o2 Fiz, U
VA=K 2TA AU 2 ibhieitE X N 5 50
TTIE, EE550HIIBRICBVNWTHREEDENIID
LZMP2 LY TH—FICE > TA >R 25U
Miflx Nz, LaN->T, mfiidRicBiFs P2 L
7 —DREIZIEFITU TN D T NS &R
o7z RlICN=L DT, BTC6 g7 L a—X
IR B SN IEAEB TH D20, ZI)Va—X
INEITET A AN AL ZFARDRELTCIL@EI 2
WEEDLNS, LALZoMTIE, HRHELTWS
Lt 7% — QYT 2 Kb 2 aE D DHERET
WCHARDZEMTEDLDT, 1R WL
THRAREFT VM THSEEZOENS. £z, o
DAY AP OFREICBE S L TWwWa LTS —MD
MEERZFARSMIRICBEL TNWD,

6. PTC6 MRBCHK(TDA R > DEEK - &
WMCHTBDRY T IO

ThLTr, ARV, AN NTTART
DORIFEHFIZEEL, MO ML/ EITHBNT
WEOEEETDHR T I > EMHINZHEEDE
HIEMEYETH S, B LMAICBITSRY Y
COBEE, R T I OEB R EMEET DN

SOMNOBERITHTHHEERZHNTHARSGNTE
R RRICHRY 7T I CERROBREBERETH D
ornithine decarboxylase (ODC) DHZEFITH D o-
difluoromethylornithine (DFMO) X % @ il i,
HRESEAETORY 7 I > OAEBERZHS NS
LZEBICHNSGNTEZ.® LML, DFMO IZ&
STYUARETRI T ML EARNI DY
73,363 7= RINmSF fifla Cid 7~ >, AX)L
SUCEFELTANIIVI D OTXTHMES THAT
HZEMS, 04l x DRY T I OEE|N A
Tholk. IE, WIEKEREMORESE AREH
(B B KR P EME B EBIR) OV ) —TI2&-
T, ANV DV AMEREEANI I EREEHRED
EHE TN TR RIICHET % trans-4-methyley-
clohexylamine (MCHA) & N- (3-aminopropyl) cy-
clohexylamine (APCHA) ODO{ERMNHH S MNIZ I N
7. TS OHER W=, HETo
RIS SN T WA, 449 gHIfgIC BT 5
PRITFARSNTWRho 72, FIThhibiid,
ARy, ANV O ENTNORFDOHREZE B
S5MICTHHMT, BTC6MfdIZB T 21 >R >
WK T N SHEROFEEZRRDIEEL
7z,

B4, MCHA & APCHA 7% STC6 #i i o # 5
LHIERY Y I BICEDI D BEEEKMITNE
PN HEE, MCHA (250 uMm) 1% APCHA (100
uM) T3 HBBE T2 Z &2k > T, #iloHsH
NMzZeNHZENbiro/z. UL, 4 HiEEEE
L TOHERMITHEW TR SN TWZ DT,
EL50HFEAOMPBEEITI RITNEEZISGN
e, £, INSORERTHINZ 2-4 HHQAHES
% &, MCHA IZX DMl D ARV 2 25D 50
-90%, =L TAPCHAITE D ARILI &N 40—
80% DT B ENbholk., TS DR RSE
Mo, 2DOOEEAITENENMEF TO AR 2
DUEANII VIREERANITHEADIES I LN
wEnosNz. Ll —F, MCHA LLIIZE DM
fah o Z X)LV &M, £LU TAPCHA ITXD X
NIVIDUENEFNETNHEINT 5 Z &Enbho /-,
F7z, MREFOZANINI D EZARII CORIE
BEELEN>0T, MildfoR) 7> E%E—
EIRDI=D OMIERENE S, ZO/E, The
NHS—HORU T I ENEMML 7 EHERETN
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7=. 7=, MCHA X|% APCHA T 3 HFSLEEL /=
AAZIC ARV D O XUF ANV R 2 BT ITIR
MUZSE, BEREOCHEFTORY 7 I BN
L 7z,

Kichbhbhig, ZIIVd—ARcE 31 > A
SHWIIBIFBARNI DU KOARI R > OK%E
% MCHA & APCHA O f#{E F T BTC6 g & &%
ELTHNE, EB550HFRICE->TS, 2-4H
MOWMETHEDA > XD > WEDHI 50 % jil >
T2 ENBRINZ. KRIT, ZORDHHIfH T
DRIV IVEDRTICXD2DDNESINEHFHND
HIT, MCHA & ZAX)V I P 2T APCHA & X
NIV DO/EFETFTTENTN 3 HEEEL /M T
DA A D EERNZ. T ORGSR, MCHA
EZNRI 2D THRFHTUHE L /il Tix, AL
RV OREDOHEINLGEL TA > AU 253D
SRR L. £2, ALY (100 uMm) %
HMTIRmMU=586813, ROAEOMNE & iz LT
AU VAWMETHEML TWE 2 s ORBEE
B, MilEFOZAXNI D EBNEADTEHEA

AU HWMNMET A ENHEN ER . — 5
APCHA O E1E, ANV RN X 5 kER)
RIFEAEAELNT, FEANII 2 EEIMTHR
MUTHA R 2 WEDOHEIMIA S N> T
DT, APCHAIZ LB 1 > R Y 2D IE A
NIV UHNOEWERNIHKTH 5 EE A 5N
PlEDRERNS, AW DNA R 23D
FHICEETHD ZENRBINT.

MCHA QLI &> T BTC6 fMilaTD 1 > A >
SSWEMEFTZERKRELT, 2 O00FEENE 2
5Nz, 1213, AT ORI D ENEDT
52 EITEDA A VBIE T DERE (transcrip-
tion) °FYEN (translation), =L CHIREB Ot
SR TS A2, 2 DHIE, YL d— AR
KA A W RETIR S T FIVIRERE D E
IMTEENELC D720, EWHRFHTHD. £,
1 DK ERIET 572012, 1A VEET
DORBEEZFERN RT-PCR ETHNEET A,
MCHA T 3 HELE U 7=/ & R OUEOME & D
MCTORBERICETIASNRN D, KIZ, Mah
DA LAY RTF REZFANZEI A, MCHA
MEBIZE > THSO%FEDL TWBHZ ENbir-o
7. L,™L, ANV P> & MCHA TR IZULEE

L 7235612 MCHA O RN S Nz, £
t,x«w:y/<mmm)%$ﬁTﬁMLt%

IRBEMA SN LT, 1A
1) > mRNA OFIRE L < IZBERBEMOEEIC X
NIV D ONEELSEEE R L TH S TREENE
Aoz, 2DHOEHIIDOWTIE, ETilkR7ZX
202, VA=A THIEEINDA > A >4
WOBMBIZBNWT [CH ] NEHER T 775 —D 1
DTHDZEMH, MCHAIZL B AR IDUE
DK TFMKLET [Ca2t], NDEEZF /=, Figure
SICRUZEBRERNS, 3 HiE MCHA THLE L
R TIE, I a—RIic&k B [Ca2t], Ofkn
B ERANETIH SN, £ OWHNARI I Y
> ORIFFRIICR D HAHREET 5 Z E0bhno
7. —7 MCHA DO %813, &iRE D KCl (40
mM), HJIVNO—)), ZaAF2HITLBALRY
CHMORIBEOBICK Z S [Cart];d ERIZDOWN
TEEAHenzho/k. LEN->T, ANV P2
TN aA—=RIc&k B [Ca2t]; ® EFIGERNICE S
THRAUEDDRTICHEE KT L T2l aEdN
FEzonsd, Lal, BRREATIEIZOFEMICONT
IIFRBATH 5.
PLEDERRNS, >R ORI AR
SUVNEBETHAHIENHONERS . 5
i, ZOZXRI D OEREFITONTHN, K
& D0 oMark, £ERERANWTZOER
MEZRZHSNIL TNEZNEEZEZITNS,

7. BENAMERROS L HDCEEMIEA~DORL
FECKTDT7FHA LOEEHO

BERIE D7z IniRiE & LT, R OHAEEEMN
HEHESNZORBE TOMENEFEAZTTDN TN
273, WESHIRE O ¥EhE & LRI DWW TITE
A ENE N, S o M, Mz EF
SBBEERFIVECOL1DTHAT7IV AT (29
T2 BRERED) 2GR - WY S, VIV hd R
glucagon-like peptide 1/2 (GLP-1/2) ®7 X /i
Y #EOaASY >N Thd7a7)Vhdrhs
prohormone convertase 2 (PC2) &b 7ot >
72T T afiflTESRR, FWENns. 5 £k,
WLE D S W E N D GLP-1 13 O 43k p
WCEEREHZREZLTWSETTIERL, 124
U 2o BliiE DM hE & (RS 2 IEMEZ2FF >
TWBZENS, HREIREREOFLERBMME &
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LTCHEAZN, BFEEAICHEINTEZ.2 L
U, WS o fi G O 34 5E K OB RE Y 43 b D 38 Eii B A
WBEEMHIN TORVWENZ Y, EF, b MER
A PANC-1 ffifdz hY 7> > THERFLEL 2%
MG TREET 2 2 812X, ARMIAE
TIVE > ZEAET DIREHRMILICET 2 2 &2k
HEINTWE 39 DNDOIUIFREOI & Z D
SOMDOBENAMBBKTE LWL, EETOM
SHMED 2 RS 2D DETF IR E L THIZEZ
f1o7=.

DRNONOEBRNS, b MNEXNAMBEKKTH 5
AsPC-1 filfgld, BRI U 72 L% 6 HIM
MG CTORBRICK D EEROEEOMEN &
L, E=b UMDY o MR I R B 72
WAT D EFEAT D ENHS NS = [Fig. 6
(A)]. 7T EAIZDWTIX, RT-PCRIEIC
KBTNAT L EBRTFORBFEOEES, FiVIV AT
iR ERWZ7O—3+ 8 A M —JEROE IR
BEREIE TR L7z, ERREOEETIREELMHC
&£ o T, PANC-1 2 & 4 FME O b N PED A M AL RE
A AN ETNAT L OMSGORIVE > ERELE
TOMBPNELFAET D EMNTEL [Fig. 6
(B)]. AsPC-1 il i kAl iz /b9 2 R i1

A Differentiation of pancreatic tumor cells

Cultured Cultured in serum-free
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Fig. 6. Induction of Differentiation of Human Pancreatic
Tumor Cells into Endocrine-like, Hormone-producing Cells
(A) Five human pancreatic tumor cell lines, AsPC-1, PANC-1, KP1,
MIA paca2 and KP59, grown in the presence of 10% fetal bovine serum
(FBS) were briefly treated with trypsin and then cultured in chemically de-
fined Dulbecco’s modified Eagle’s medium (DMEM) /F10 medium (17.5 mm
glucose, 1% bovine serum albumin) in the absence of FBS for 6 days. The
cultured cells became differentiated and formed islet-like aggregates as
shown. Scale bars: 50 um. (B) The list of human pancreatic tumor cells and
their differentiation property to form islet-like aggregates and synthesize pan-
creatic hormones, insulin and glucagon.

BWT, ZIIVhdVEETFORBICES T % Pax6
* PDX-1 72 EDIRBRK 7% PC2, £ L TH Sk
ENDBREEC K OZE DRI BB EERT TH
% B-71 EAY 272 ED mRNA QOFEBNEMNT S Z
EHBOoN., £ biFEL K~ AsPC-1 fifg
X, BEOKE « il ERRIC, ZIIVhIT 0K
ABRMEKBESZ L - AFETFICBWTIZEmL,
EIREZ IV A=A TEEAD U, £2ES oMl
WZBWT, VAT VEARRA AU > OERICEK
DX R 9 54,5539 s3{b L 7= AsPC-1 fifidic BT %
TWATDREESA AU > OERIZK DD L
. TNH5ORERKD, HMEAFBE S N7z AsPC-1 il
R RN OBES o MR WREZBFL TS
ZENRBI N,

KIZ, ZOMMRZRWTZ IV AT 2 EAMA
DHMEFED AN Z A LZHSNTT 5720, i
NOHIHD F OB EIT> /2. TOHE, o577
V—L%S LT ODC Do fEZEsIESEIL, MidH
RUY I VRZAICHET 5HREEFF DY >NV H
THDT >FHFA L 157 935LaEE DR THEMN
L, SSRXZEDRIENENSMENEEDSLS Z &
ZHWHLZ. KT AsPC-1 fifDMEIc BT 5 Y
CFFAL 1 OBEHEFNRD 01T, small inter-
fering RNA (siRNA) ZHWTY > FHF A L1 DF
W T8, HMeAENOFEZRH L. £D
R, 7 FYA L1 OFRBENEAD LM T,
SHEFEEIOE D FBREA L AR TY )V I 3
HEINT, F/z Pax6 % BE-H RAY > ORI B [FEF
WK TFL Tz, —%, 7>FFA L1 ZRgFEH
IREGE, VAT VEEMEEINS Z E0D
Mmoo 7z, F72, siRNA ZHW/z[E O ERZ MmO
1> RY > ZEEET D PANC-1 Z 00 ARk 2
AWTITo 7288, 7o FH¥A1 L1 OFBULTIZA
AU CEEICEEERI SR, Lo
T, 72>FHPA L1 L MBEOSMMEFELITIINE
TRWI EAURB I Nz,

T OFTFALLDMETORY Y X EEFETT
HREERID I &S, HMEAFITEOMlaF o R
V7 2 EOELERNZ. ZOME, HMLFEED
WERETT LI T 0, ATV E
AR VBIEZ LW ENbho . KRIZ,
MO T R L2 2 BEOET & AsPC-1 #ifd D 534k
EOBREFND DI, Mlagsnrs T L%
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wINUMIE s o & 28NS 82548 Offa b~ D
HEERFLIEZA, T hT L EEZEDMMEFE
BB EZ T hol=. NS OEREENS,
TOFHFALTLICED T ML EDOE AT
AsPC-1 il D /LICEHEEEEZ KT L T
EMNRBEINZ. DLEORERNS, b M AMIE
DIV T > EEMBANOEFEEITIET > F A
L1IDREATHY, £20@BEEIT N2 VEE
VTR S RIS Z N U THRIT 5 2 EDVURE
N7z,

T O FHA LOERIT BT BRI TOREN
HASNMZ TN TRV, DNbHIUIEERNDFES
ZBTF2Y FPA LORBROFEEZFN, 72T
A LS o KO SRIICEBL TWDZ &%
HWHLTWS, BE, 0¥ IN7ENREEKOR
B ol OBERBFICBWTREZL TS KE 2
BHoMZL, E5IZEDOERETFOMHZEITD 20
DR ZETHE T TH 5.

8. &HVYIC

PLEITHR R =58 28 C Thvbid, BN
WAL D BE DRI R D 2 FHL O F % R i
L, TN DOEHEO—uZE T 52 LN TE L.
INSGTRHBOMERFIRREDHED DD
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EISITHEIET, [EFEICK DB AMA
DIEFCIT K BN ADIEEE] ORFEITHEILDHIA
EEDEDITEBHL ThERN,
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-, Jiirgen Wess f# 1+, Georgetown University @
Kenneth J. Kellar 1#+:, Yingxian Xiao &+ %13 U
W, REE KPR ORESE —E AR,
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