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Transdifferentiation of Enteroendocrine K-cells into Insulin-expressing Cells

Esder Lee, Jun Mo Yu, Min Kyung Lee, Gyeong Ryul Ryu, Seung-Hyun Ko, Yu-Bae Ahn, Sung-Dae Moon,
Ki-Ho Song

Department of Internal Medicine, College of Medicine, The Catholic University of Korea, Seoul, Korea

Abstract
Background: Despite a recent breakthough in human islet transplantation for treating type 1 diabetes
mellitus, the limited availability of donor pancreases remains a major obstacle. Endocrine cells within the gut
epithelium (enteroendocrine cells) and pancreatic § cells share similar pathways of differentiation during
embryonic development. In particular, K-cells that secrete glucose-dependent insulinotropic polypeptide (GIP)
have been shown to express many of the key proteins found in f cells. Therefore, we hypothesize that
K-cells can be transdifferentiated into B cells because both cells have remarkable similarities in their
embryonic development and cellular phenotypes.

Methods: K-cells were purified from heterogeneous STC-1 cells originating from an endocrine tumor of a
mouse intestine. In addition, a K-cell subclone expressing stable Nkx6.1, called “Kn4-cells,” was successfully
obtained. In vitro differentiation of K-cells or Kn4-cells into f§ cells was completed after exendin-4 treatment
and serum deprivation. The expressions of insulin mRNA and protein were examined by RT-PCR and
immunocytochemistry. The interacellular insulin content was also measured.

Results: K-cells were found to express glucokinase and GIP as assessed by RT-PCR and Western blot
analysis. RT-PCR showed that K-cells also expressed Pdx-1, NeuroD1/Beta2, and MafA, but not Nkx6.1.
After exendin-4 treatment and serum deprivation, insulin mRNA and insulin or C-peptide were clearly
detected in Kn4-cells. The intracellular insulin content was also increased significantly in these cells.
Conclusion: K-cells are an attractive potential source of insulin-producing cells for treatment of type 1
diabetes mellitus. However, more experiments are necessary to optimize a strategy for converting K-cells into
B cells. (Korean Diabetes J 33:475-484, 2009)
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1. K-MZ 22| & Hje

K-AIEZS] <= Fele olde] adollA] AEo] Hast
AR ARYeldel?. Zicks] Qokspi, AF Q) 44 B
AlZellA el &3 AHERIAIES]] STC-14 Dr.
Hanahan (University of California, San Francisco) 225
B 7|59k om o] A|EE- Epstein-Barr virus 2l WEE
o]-85lo] GIP promoter2} green fluorescent protein (GFP)
FAAE ARt 28] K-A|ES =aiA] Helslg)

K-AZ+= Dulbecco’s Modified Eagle Medium (DMEM,;
GIBCO, Grand Island, NY, USA) wjokallol] wiekslgick.
DMEM uljokololl= 4.5 g/ D-Glucose, 584 mg/L
L-glutamine, 25 mM HEPES (IM HEPES 25 mL/L), 10%
fetal bovine serum (FBS)7} E3=|9om, BE uljoke 5%

CO,8} 3772 =AolA] o] FoiZirt

=220

=T

2. Nkx6.12 X0 = Yeisl= K- M ]

inl=22] Hagedorn Research Institute®] Dr. Serup o2
HE] # Nkx6.1 full length cDNA (1.9kb) ZE}=n|=E
715Rgkt). o] Egk=r|= wlE|(pCMV4 - Nkx6.1)ol|4]
Hind I1$} Xba [2Z A& Nkx6.1 cDNAS t}4] pcDNA
3.1 Ek=r| = W] ARlste] A28 WE(pcDNA 3.1 +
Nkx6.1)E AFslckFig. 1).

K-AZE w2 E5310] 60~70% Y= pcDNA
3.1-Nkx6.1 FEk=r| =5 FS(transfection) A7) 3L 484|7F
2ol G418 (400 ug/mL)o| E3sl WA & A G418WHA
FZUY(colony)E AltHE-Zd(subcloning)s}e] o8] ZF2]
K-A|FZ9] Z&-5 gEslgit o] Foll Nkx6.19] mRNA 4t
e 2410 Nkx6.19] BHdo] 52 FE5 “Knd-AE =
Hrgslo] Aol o] 8313t 0 Z A= Nkx6.1 cDNA
7} $h& Ml pcDNA 3.1 FEk=r|E wEE F90318lem

o] ZE-2 “K_pcDNA-AIE’ & Hrdalgick

3. F&XI LHAZAKRT-PCR)

1) RNA 2] 2 cDNA 34

RNA 225 flall A7l Zeldh Alsut skt Al
£ Trizol reagent kit (Molecular Research Center, Cincinnati,
OH, USA)E o]gzlo] & RNAES Eelslgirk 5, Trizol
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Fig. 1. Design of Nkx6.1-expressing vector. The Nkx6.1-expressing vector (pcDNA3.1 + Nkx6.1) was made as shown

in this cartoon.

reagentol] o] A|3EE- 73, bromochloropropanes “47}3}
o] 4lEe] 3 RNAE 3%A1717] 913l 3543} isopropanol
= = F oolgEs Al B AL diethyl
pyrocarbonate H2|3F 7ol o1 F RNAE lslsick
2] & Spectrometry (UV/VIS Spectrophotometer ND-1000;
Nanpdrop, Silmington, DE, USA)Z A&l 0.5~1 ug
2] RNAE 85TCollA] 3% Hk2slal 5X First-Strand buffer
(Invitrogen, Carlsbad, CA, USA), 0.1 M dTT (Invitrogen),
50 ug/uL. Random hexamer (Invitrogen), 10 mM dNTP

(Invitrogen), RNaseOUT™ (40 UjuL, Invitrogen),
SuperScrip™  [Reverse Transcriptase (200 UfuL,
Invitrogen) & XF|Z ol 2 42 3 25CollA] 104 4

2°CollA] 60%, 95 CollA] 10%:0.% AZAXA DNAZ §

itk

2) PCR

3M4JE cDNAZHE] TEMPase HOT Start Master Mix
(Ampligon) 52 ©]83}F PCR WP o2 oJe)7lA 547}
5 ZF319rk dIEZRFALZE S cyclophilin 55 o831
tHTable 1). PCR AHE2 1~2% agarose gelol|A] A7

goma B4 SR Mae wlel Bt
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K-A|ZE £ Knd4-AlE7F 60~70% AP 235 531
7] S84 FBS7F @l vkl oz ubQlt. o] uljekelol]
+ 584 mg/L L-glutamine, 2.438 g/L sodium bicarbonate,
0.1% bovine serum albumin (Sigma, St. Louis, MO,
USA), 10 mM nicotinamide (Sigma), 500 uL ITS (5
ug/mL insulin, 5 ug/mL transferrin, 5 ng/mL [3.0 x 10°®
M] sodium selenite; ITS, Roche, Germany)”7} E31=] it}
w3k F71E exendin-4, betacellulin, activin A T+
27t Aelslol 33t

o

o=
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=

=
[e)

hepatocyte growth factor

A7 L=
M| Z5}SA A (Immunocytochemistry)

AR AN S B17] 913l AEE 12 well #HkE7]
(NUNC™:; Roskilde, Denmark)ol] &= AW <& (cover
slipy& 93 25 wlisiick B wlieksle AlEe A
sl 4% (para)formaldehyde (PFA)E A2ollA] 10& 33}
2Askar APF8E & Phosphate Buffered Saline (PBS)ell
0.2% TritonX-100 3]43F 715 -2ellA] 20+ B3 Heldk
F AEsdcl E27 Aol Cc-slelel= Mgl 10
mM citrate bufferZ 37 CellA] 1~1A17F 304 &3t Helsh
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Table 1. Sequences of primers and PCR conditions

Primer Sequences (5'-3") Product size Annealingo Cycles
(bp) temperature (C) (n)

Cyclophilin Sense AAC CCC ACC GTG TTC TTC 400 55 30
Antisense TGC CTT CTT TCA CCT TCC C

Insulin 1 Sense TAG TGA CCA GCT ATA ACC AGA G 289 58 35
Antisense ACG CCA AGG TCT GAA GGT CC

Insulin 2 Sense AGC CCT AAG TGA TCC GCT ACA A 388 55 30
Antisense AGT TGC AGT AGT TCT CCA GCT G

Isll Sense CAC TAT TTG CCA CCT AGC CAC 256 50 35
Antisense AAA TAC TGA TTA CAC TCC GCA C

MafA Sense CAC CAC GTG CGC TTG G 405 50 50
Antisense CAG AAA GAA GTC GGG TG

NeuroD1/Beta2 Sense ACT CCA AGA CCC AGA AAC TGT C 276 59 40
Antisense ACT GGT AGG AGT AGG GAT GCA C

Nkx 2.2 Sense GTC CGG AAC CAT GTC GCT GA 318 56 35
Antisense GAC TTG GAG CTC GAG TCT TG

Nkx6.1 (mouse) Sense ACT TGG CAG GAC CAG AGA GA 224 59 40
Antisense AGA GTT CGG GTC CAG AGG TT

Nkx6.1 (rat) Sense TCT TCT GGC CTG GGG TGA TG 284 55 30
Antisense GGC TGC GTG CTT CIT TCT CCA

Pax6 Sense AAC AAC CTG CCT ATG CAA CC 206 56 35
Antisense ACT TGG ACG GGA ACT GAC AC

Pdx-1 Sense ATT CTT TGC CAA CAG GTC TA 173 50 40
Antisense AAT GAA ATG GAA ACA TCG AC

I RollA] 204 B3 BEZS Als¥elich. wIERIES
FAAZ  polyclonal
Zymed, San Francisco, CA, USA), rabbit anti-c-peptide
(1:100; Cell Signaling, Danvers, MA, USA)ell gt 13}
PAHE 4 TCollA 37 F1F A2laladet. 22 H3 A2
anti-guinea pig rhodamine (1:100, Jackson ImmunoResearch
Laboratries, West Grove, PA, USA), anti-rabbit Texas
Red (1:50, Jackson ImmunoResearch Laboratries)-S Ah&-
s1eiet. &2 4°,6’-diamindino-e-phenylindole (DAPI)Z <3
Apelgiek. e} qiae] ik Wiy W e Fx
% &u|7d(Confocal microscope; BIORAC MRC 1024;
BIORAC, MO, UK)& o]gslo] sbdslgict.

guinea pig anti-insulin  (1:200;

6. MZLj ol=gl &

s

J

AF ] Q1457 9k ek SalA seke S At
3L Krebs-Ringer bicarbonate ¥ (25 mM HEPES, 115
mM NaCl, 24 mM NaHCOs, 5 mM KCI, 2.5 mM CaCl,,
1 mM MgCl,, 0.5% BSA, 5 mM glucose)E A|EE AIH
3k % acid ethanols 31718} sonication & Z A|EE 73t

4°ColA &7} At Fol| Rat/Mouse Insulin ELISA kit
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(Linco Research, St. Charles, MO, USA)E- o]-83lo] Ql&
g FEE A SAlell whiAe] k= Coomassie
Billiant Blue G-250 (Thermo Fisher Scientific, Rockford,
IL, USA)E ©]8%t Bradford ¥-4] Hhg o2 ZAslo] AlE
W sl Fe 2RI

7. SAEN

T T 7ke] odLmE v wslr] 8lA] Student’s T-test
4] Wilcoxon’s rank sum testS A|3¥8}9i 31, PZke] 0.05 o]
=l o = R A 2 7 L

2 I
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HAfQIRtSe| Wl

RT-PCRE ©]&slo] H|%=-5ol3Ql AARIAEe] wd

< Ak ti=zT]] ABF A= vl 2sllE w K-All
¥ Pdx-1, NeuroD1/Beta2, MafA, Pax6, Isll, Nkx 2.27}

B aisgich a8y, Nkx6.1% K-AlEelE s
AShehFig. 2). whebA] ofv] 71E3NE Nkx6.15 F
o2 Wshs K-AIES FEKnd-AHE F7RE o
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Fig. 2. RT-PCR of transcription factors mRNA. K-cells
were found to express transcription factors which were
all present in mouse islets except Nkx6.1.

Nkx6.1(rat)

Insulin 1

OlilAL] 2 721 - HHEH| K-MZNM Qlzdl-wslMzRe| 23t

HI

ool o & W3l exendin-4, nicotinamide S d7}slo] wieb
AER2e] 35 =39k

RT-PCR 7Z¥}llA] insulin 1 mRNAE 30 cycleollA+=
HolA] ekt 40 cycleolA= 53t insulin 1 mRNA

Insulin 1
30 cycles
MW 1-1 2 3 4
Insulin 1
40 cycles
MW 1 4

Insulin 2

40 cycles

Fig. 3. RT-PCR of insulin 1 mRNA. Insulinl band was
weakly detected in K-cells after 7 day-treatment with 10 mM
nicotinamide and 10 pM exendin-4 in serum-free medium. 1,
Mouse islets; 1-1, K-cells; 2, K-cells, 7 days in serum-free
medium; 3, K-cells, 7 days in serum-free medium with 10
mM nicotinamide; 4, K-cells, 7 days in serum-free medium
with 10 mM nicotinamide and 10 pM exendin-4.

30cycles

Fig. 4. RT-PCR of insulin 1 and Nkx6.1 mRNA. Insulinl band was clearly detected in Kn4-cells after 7 day-treatment
with 10 mM nicotinamide and 10 pM exendin-4 in serum-free medium. 1, Rat islets; 1-1, Mouse islets; 2, K-cells, 7 days
in serum-free medium; 3, K_pcDNA-cells, 7 days in serum-free medium; 4, Kn4-cells, 7 days in serum-free medium; 5,
K-cells, 7 days in serum-free medium with 10 mM nicotinamide and 10 pM exendin-4; 6, K_pcDNA-cells, 7 days in
serum-free medium with 10 mM nicotinamide and 10 pM exendin-4; 7, Kn-4 cells, 7 days in serum-free medium with
10 mM nicotinamide and 10 pM exendin-4.
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o] wkalg IS = Qhodek e, ool Azh= FBS7H growth factore FFEI3F A7} QIGAcK 7T} AARKD.

S5 AElollA] nicotinamide, exendin-45 &5 XX 308 73 theo & K-AIE K_pcDNA-AE2} Knd-AlEelA] 2+
“Follit $4=]9chFig. 3). Insulin 2 mRNAS] W2 3 e ZER ] B35 F53la RT-PCR-S AJ3isto] v|zs}
Z=]R] ¢k} EEgE betacellulin, activin A, 5= hepatocyte et Kn4-A|FollA= K-AIE Eo= K_pcDNA-A|Z9) 2]

Fig. 5. Fluorescent microscopy for insulin immunocytochemistry in K-cells and transdifferentiated Kn4-cells. Some of
differentiated Kn4-cells were found to be insulin-positive (A, Insulin staining in Ins-1 cells, x200; B, Insulin staining in
K-cells, x200; C, Insulin staining in differentiated Kn4-cells, x400; D, GFP expression, *x400).

Fig. 6. Confocal microscopy for C-peptide immunocytochemistry in transdifferentiated Kn4-cells. Some of differentiated
Kn4-cells were found to be C-peptide-positive (A, Nuclei staining with DAPI; B, GFP expression; C, C-peptide staining
D, Merged image, *x400).

480
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ek w3k, IER] wRlS ARl C-Hete]
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GFP 94L& thE-E colocalizationo] A kgkct
AEW a2 4% Ay, B3 5% Knd-Al
E9] JIERIg K-A|ZellA et dA A =9kekFig. 7).
Y B 3PgollA AlEAKcell death)7} B
=]9le™ trypan blued ©|-83lo] ZARISIE ull AEA=
oF 40%0]AckFig. 8).

1
-
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e

ATs ARERAIES] shiel K-AIZE7) AgE Ul
271014 QETS Wlsh= AIEE B3Pt 7hsdhe S
s}3ict.

Q=eEl T2 GIPE Hulsl= K-AEE whAsH
o2 weR 9} nls3t AARIAN] 248 W U opel,

0.000 -
K-cell

Kn4-cell n=6

Fig. 7. Intracellular content of insulin. Insulin content was significantly higher in transdifferentiated Kn4-cells as

compared with K-cells. * P < 0.05.

Before

After
Fig. 8. Cell morphology of Knd-cells before and after 7 day-treatment with 10 mM nicotinamide and 10 pM exendin-4
in serum-free medium (x400).



Korean Diabetes J 33:475~484, 2009

WEF| Zol] Bo]& o7 wIalsl= glucokinase, PC1/3, PC2,
Pdx-1 5] &3] d#iA gt 2 AFollA = wEbAIE
o] 23l 75l Fa3t AARIAES] HHe RT-PCRE =
At 73k Pdx-1, NeuroD1/Beta2, MafA, Pax6, Isll,
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exendin-45 XS 739l FE38t insulin 1 mRNAZQ]
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WY dEd = C-lEle| =2} GFP G2 it
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sigick el Al QlaRloRe AF e Alelre] s
RKAER | F DAL = ~250 ug/mg)™ell wlshAlE &
As] Uik o]9) o] QlEglfe] U AR Hol F3}
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Frlodo] AA vghe Zolelar ekt ohil, nljekelol|
713k ITSel] 344 ds=luliiol] a3 Z783ke] AA
RECl =9k = vk gl WEbAIES] B3k & U] &
sl fleiA AR A ot e 1l ofE] Qe
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AERZ Eopsles Fesldet. )1E7] mRNASH Ql&=] &
wiAe] M RT-PCRI} iAol a0 2 2A313)
o A elgEioke 2gsigich

A} K-A|Zol|A] RT-PCRI} western blot £4-S £}
o] glucokinase$} GIP7} WlalghS- &els}irl. RT-PCRE]
ZA}ol|A] K-A|FoAE= Pdx-1, NeuroD1/Beta2, MafA
mRNA7} WS #olalgl o} Nkx6.12 HslA] oksh
o} Kn4-AEE GHo| gI==7ol|A] exendin-4= *2lgt
73}, Q1E7] mRNASH Q1&7] i C-3jEle]| = chiio]
EFelo] wheels st ek AlEy] JdEelds f2
stAl S7Fslsiek.
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