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Molecular Mechanism Underlying Carcinogenesis Caused by Abnormal
Cell—cell Contact

Akira IKARI

Abstract: The mortality associated with lung cancer has been increasing; consequently, novel therapeutic targets need to be
identified and novel therapeutic methods need to be developed. We recently reported that claudin-2, a component of the tight junction
(TJ), was expressed in human lung adenocarcinoma, whereas it was absent from normal lung tissues. Knockdown of claudin-2 in
lung adenocarcinoma cells decreased their proliferation. Therefore, we examined the mechanism underlying the regulation of cell
proliferation by claudin-2. Moreover, we sought out compounds that can decrease claudin-2 expression. We found that claudin-2 was
distributed both in the nucleus and in the TJ in proliferating cells and was bound with the ZO-1 associated nucleic acid binding
(ZONAB) protein, which controls cell-cycle regulator expression. sShRNA-mediated knockdown of claudin-2 decreased ZONAB
expression and increased the proportion of cells in the G1 phase of the cell cycle. Moreover, we examined the nuclear trafficking of
claudin-2 and found that this trafficking was regulated in part by the phosphorylation of claudin-2 at Ser208. The short peptide,
DFYSP, whose sequence mimics the second extracellular loop of claudin-2, caused claudin-2 to be trafficked from the TJ to cytosol,
increased lysosomal degradation of claudin-2, and induced necrotic cell death. Transport of claudin-2 to the cytosol was mediated via
a clathrin-dependent endocytosis pathway. Quercetin, a flavonoid, decreased claudin-2 expression through the induction of miR-16
and a decrease in the stability of claudin-2 mRNA, although it did not inhibit the transcriptional activity of the claudin-2 gene. The
clarification of the involvement of claudin-2 in the molecular mechanism underlying carcinogenesis and the identification of
claudin-2 inhibitors will lead to the development of novel agents for the treatment of lung adenocarcinoma.
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Fig. 1. Structure of tight junction.
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Fig. 2. Relative expression of claudin-1, claudin-2 and
E-cadherin in lung adenocarcinoma cells.
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Table 1. Expression of claudin subtypes in human tumor tissues
Tumor tissues Up Down
Colon 1,2,312 4,8
Stomach 1,37 4,18, 23
Thyloid gland 1,7
Esophague 1,2,34 7
Hepatoblastoma 1,2 3,4
Lung 2,5 18
Breast 16 1,2,3,456,7
Prostate 3,4 2
Ovary 3,4,7,16
Pancreas 3,4,18
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Fig. 3. Cellular localization of claudin-2 in clauin-2
KD/A549 cells. Cells were cultured in the presence (+Dox) and
absence (-Dox) of doxycycline, a stable tetracycline analogue.
The cells were stained with claudin-2 (red) and ZO-1 (green).
The scale bar represents 10 um. The results were cited from ref
16.

Table 2. Effect of claudin-2 expression on the percentage
of cells in G1, S, G2/M phase of the cell cycle
Cell population (%)
Claudin-2 Gl S G2/M
— 615 * 22.1 0.7 | 16.0 = 0.2
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Fig. 4. Decrease in nuclear claudin-2 level by deletion of
carboxyl-terminal cytosolic region. (A) Cells were transiently
transfected with WT, APDZ, or Acytsol claudin-2/pCMV-Tag3.
Nuclear (Nuc) and cytoplasmic (Cyt) fractions were
immunoblotted with anti-myc, nucleoporin p62, and NKA
antibodies. (B) The nuclear levels of claudin-2 were
represented relative to the total level. ** P < 0.01 significantly
different from values of WT. NS, P > 0.05. n = 4. The results
were cited from ref 16.
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Fig. 5. Nuclear distribution of S208A mutant of claudin-2.
Wild-type (WT) or S208A mutant of claudin-2 was transfected
in A549 cells. The green and blue color indicate claudin-2 and
nuclei, respectively. The scale bar represents 10 um. The results
were cited from ref 16.

4. HO—T 4 2AERTFFIZE S
20—T 4 -2 DHRBPIET LMREZTOEX

1) 28—TFT 1 U-2ERAERTF FORRYE

Fiko X5z, Fxide MRS AMEB T v —F ¢ >
2 BERATHELEERHL, ZJa—FT 402 07 v
A0 AL o CHIIEIREE DMK N 35 2 & &g Lz, i
FHR EEMRICBWT, Zr—T 4 3 a—T 4
-4 DRSS — TR L RS O T K (7 1
—F 4 V-3 44RIEERTF R DFYNP) 23, 7 u—F ¢
v3 Eru—F 44 OFBEELZIKT S, ML
B ENWE SN, —F, su—TF 1 -2 OHila
Sv—T ORI —H 7 5T W, DFYNP 2MEM L7
WHBEMEDS BN, 2 2T/ v —F ¢ 2 EEHa % AV T
7 u—5 (-2 f5AMESRTF B (DFYSP) O#hH% it
LizbZAh 7a—T 42 0R[EMETFT2Z %2R
L7z,

7 a—7 4 V2 BT F KO DFYSP X, 7 u—7F
74 V2 DB REEFRERTFOIVKR TS E, —FH, 7a—
T4 -l OFBEEZ BT R0 o7z, AB49 Mgz v
—F 43 u—F 44 BRELRNZD, FBHA
JH—=FHNTINGED I 0—F 4 U EBRIEHE S,
DFYSP O RER L A, 7 a—F (-1 LRERIC
Ja—7 4 -3, -4 OFBLRIIE L 72h 0T, LLEDZ
EDD, DFYSP (37 B —F 4 V-2 ([SFBIRIIER T % 2
EMHALNNI o7, BRI T - T a T T
V=R ATy O— U —LFRD2ODEH
KRy BRI G N FET D, DFYSP 12X 57 n—F
A 2 FBOETIT, 25 O FRASRENBI 54 2 i b
EIRAT 720, VY Y—AHERO I aux TaT
7V — LHEAD MG-132 D% Z R L7-, DFYSP &
raafxrOfRBIZEY s e —T 1 2 OFBUL TN
ESNZ, —F. MG-132 DI TIIEE Shigh o
7o BLEDZ 735, DEYSP 12V YV —AlZBIT 571
—T A 2 DR RET D Z LR I T,



s B FEFLA 40 2 Vol. 65, 1-10 (2016) 5

2) DFYSP iR
HOEREGOIEIC LY, 7 v —F ¢ > OMIENRTEC
T EXT T ROMFEF AT, BAEMETr n—T 1 v
210 FA Mo vrrvar EBICHfT 5, DFYSP AL
FUZEY . ZA Mooy a it Az a—F v
2 OEIFRENME T LD  BENOBENTRETIZTE A EE
fbL7edolz, £lo, FU X LXTFROBIZEY, 7=

—7 4 -2 DR AL L72ho Tz, [RIERDFERAS

B MR sy 2 AWy = A X 7 ay METHHER
STl DFYSP 1344 hox 7 v a Infit b
7 a—7 4 U2 ITEIRICIER T % L R &7z, DFYSP
Lroud oI MEENO Y v—TF 1 -2
DA ENBEEIM LT, 7 0 —F 4 -2 DRfEEHT= L 2
A, ANTw——LFEET, VY —Lbv—h—D
LAMP-1 L #:RTEL7=72® (Fig.6), ¥4 ¥ x> 7 v 3
YOI a—TFT 42 WEA N varinb ) Uy
—ANBATT D LRI E N, 7 0 —F 4 2 1IN
AT D120 _XTF RPFEN~BATT 2 "l REtEIc D\ T
MEt L7z, FITC #ZE5% L 7= DFYSP Z #AICALEE L, 2 FERH
BICHEEBEBE L, BROSNTF FEEZHIE L, £
DGR MELALVERHIAN & bl LT B O EOETRE I3 L
Temode (Fig. 7), BLbEDZ &0v6, DFYSP %A b
YU variiniThse—F 4 V2 IEAEL, Fr—
F 42 DR A b=V ABIRY VY —LA~DR
ITERESED ERBR I,
0.5h 1h

DFYSP+CQ
o
>

=

o

o
L}

80 |
60 |

40 |

20

% of claudin-2
colocalized with LAMP-1

o

0 0.5 1 (h

Fig. 6. Accumulation of claudin-2 in the lysosome by
DFYSP peptide and chloroquine (CQ). A549 cells were
treated with 500 uM DFYSP peptide plus 100 uM CQ for the
periods indicated. The cells were stained with claudin-2 (red),
LAMP-1 (green), and DAPI (blue). The co-localization region
between claudin-2 and LAMP-1 was manually marked using
Imagel. The intensity of co-localization region was shown as
percentage of total intensity of claudin-2 in the cytoplasmic and
junctional regions. The scale bar represents 10 um. The results
were cited from ref 21.
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Fig. 7. Distribution of FITC-labeled DFYSP peptide in the
nuclei. Claudin-2 KD/A549 cells were cultured in the absence
of doxycycline. The cells were incubated with DAPI in the
presence and absence of 500 uM FITC-labeled DFYSP peptide
for 120 min. The intensity of FITC-labeled peptide in the nuclei
was determined by measuring the mean pixel density using
ImageJ software and represented as the fold increase relative to
the value in the absence of FITC-labeled peptide. Statistical
comparison was made by student t test. NS, not significantly
different. The results were cited from ref 21.
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FHEL. 7 m—F 1 -2 ODFBEEEZ RN IE7222, —J5,
L F L, ERK R0 Akt OV Uik EE2 2L SR )
STl MOWFEN L Tr a—F 1 -2 DEBEZKT
SHDZENRBENT, X R BREEDOEE TR
L2, BFRAEATH DY 7 BT I ROFETF T,
TNEFUOMRERAT, TOFER, rr—T -2
B URTEORBEIL, r v TF o OB L Z T ICERE
RIFHNTIE T Lz, F/2, UT ¥ A L PCRIKICEY 7
o—7 4 -2 MRNA EEFRL A, T TF o
IRV EEIZ mRNA ERK T L, Loz enb, 7
NEF Az u—F 4 2 ZURTEORENEELE
9, MRNA RZE T EE2 Z ERNHLMNTR- 72720
REIEMHEEFARD Z LI Lz, 7 v —TF -2 OWREIEM
%, AP-1, GATA. HNF-la. cdx &\ o 72855 FREIE 112
Yo T EN5%8 (Fig.8), e hrnr—FT 420D
7 — 2 — i A D T EIE 2 7= & 2 A, U0126
& LY-294002 IFHRBIEME AR T S ¥ 723, e F o idds
FEMEEINESE T, 7 a—F 4 2 DS ve—HF —fE
& LTHI 1,000 bp RifiE CTHEMH Lz, fho gz i
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FIRFBHEET D E VD AR E T ETE WA, vt
FUTHIOBEFFIZ LY 7 v —TF 1 2 OFRBAEZKT S+
LEBzT, WIZ, 7 a—F (-2 mMRNA OZEMHIZXE
TOIRERFT LTz, BEHERCTHLT 7 F /)~ A
D DIFEFT/u—F 1 2-2 mMRNA BZF#H~L 2 A,
FEF AZE D mMRNA ERA RIS T L7z, mRNA @
LEMIZRY A OAFMICL T LT 52 EAMESN
T39O, R 7T =/ HLERTH L a0
REFRARIZE A, FAETF U EREILZ B —T 4 -2
mMRNA EZ#EF 87, UL, 3-FERIFREEE (UTR)
% PCRIETHAIE L= 2 A, ZAETF U RUEBTHRY 77
=EDBREN SN2 -7l 7y F 3B ok
FCTr/ua—F 42-2 MRNA B2 TFEED 2 EHIURES
niz,

HNF-1a
AP-1 GATA cdx
H HEE B I | B
1 < — S s
™ < — o < M m
Q “i F.' 1 1 1 +
—

Fig. 8. Schematic drawing of transcriptional binding sites
in human claudin-2 promoter.

3) ¥4~ 0ORNA (miRNA) IZ& B2 O0—F 1 >-2 mRNA O
REMOEL

IT4E, MRNA OZZEMED mRNAIZ X > TRliffis s =
LR EN TV B3 Target Scan Y —/LCTZ 0 —F 4
V-2 O F-UTR ~DFEER THI S 412 miRNA 28R L7
L Z %, miR-15a, 15b, 16, 195, 424, 497 »MEffiE LT
oMotz UTVZ A APCRETINS mRNA O3,
BET LI A, BT o AHIC L Y miR-16 DX
BLEAHEMN L7z, miR-16 \Z%f9° 5 siRNA &7 /L& F &
P L To L 2 A, 7 r—TF 1 -2 mMRNA EOK T
fil&iiz, BLEOFRERNG, AT 1% miR-16 O3B
WAL T2Z o0—F 4 -2 mRNA DL EME IR T S+,
su—7 42 OEBIRTESIERITZEBREBIN
72o NSCLC B3 O Ff#EARIZ T miR-16 OFHLEANME T
LTWDZERRESNTNDD, thoNAMETEH 7 o
—7 4 & mRNA OBBEAFRENTEY . b FIFEAN
A TIE miR-155 OEEIFHBIC L > Tr e —F 1 -1
DOFBME T LU, EEEAAIE Sh 5%, £/, B8 A
Al ClE miR-1303 OHBUKR NIZ K> Ty v —F 1 1-18
OFBAREEI L, AR RE IR EE MK N 92539,
NSCLC HifiiZ miR-16 Z R EL It 2 & | MifaHisEee, 2 v
=—igpkbE, WEELE. REENK T T 5729H%, miR-16
WM BRI O B A EBEICED D B b D, iR
DAKARRIC BT 57 v —TF ¢ 22 FEBLO B XA
ThHHH, mR-16 ORIUKTREEE 35 Z LRI
b, ¥z, 7u—T 1 2 ORBUK TIER 284 5 KKk

EWIFEEEN T\ o2, vt F o OIERET
DOFRIAIL, 5% ORI U CH B RIHRZ RT3
LDLEEZHND,

6. MNAMBIZE TS/ 0—T 1 18 DFEEE
AR E|

1) E FEBSABRICEI1TE0—T« DREADEIE

7 a—7 4 -2 BRSO BEFERE DR ENZ B
STEBY FLEFrRnsa—7 402 ORAEZKTIE
HZEERMBPALEN MDD a—F 4 YT HA T ORH
CHEREIZ T ICHN BTV, 2T, b MR A,
FRE R A MR A, AN AR D R L X
72 ¢cDNA ZHWT, VTNV Z A LAPCRIEIZEY 7 r—TF
A YT EATORBEEF AT, EFIHEERICE. 2
FTCOWMEDLHICr/a—F -1, 3. 4, 5, 7. 18 3%
WL TWe, B 724 FoRBEEOELIC@ET R O
RIS TZ, TRTONAME T v —F 1 2-18 DFRBL
BNMETLTWAZ LR L, 7a—TF 1 2-18121F
FCRET 270 —F ¢ -181 L BICRBET L7 0 —F
4182 BEET 50, e oRBRIETs v 1a
1b DEREIA T T AL o I » CHishD, 7 u—
T4 182 OREBUTI LT LIXFENACBW TR TLTE
. BORAHKRD MKNAT fifa T2 1 —F ¢ -18.2 DI
Bla /v 7 X035 L Miladghihe & I2EeE s TET 5
30 i BCBIT B 2 —F ¢ 181 DREL L KN
FTREE R TV RN,

2) fiABRICHE TS R—T 1« U-18 DR

b b IEH MR & b LT s AR 5 7 m—
7 1 -18 MRNA BIZE»-7-, 512, BAAHED
A549, RERF-LC-MS, PC-3, ¥ L 23 A H1 3k RERF-LC-AI,
RABBEDS AU IA-LM, /INAEAS A FR R WA-hT HiiR I 35
527 va—F 4 -18 MRNA LK) -7, b FOfililEss
ARARRIS L ONERE O IEF A SRR S L7 Y T T,
Ja—7 4 18 ORBEEZRATL 2 A, HEEME L R
FRIC AR CORBENME2 -7 (Fig.9), ZNHDZ
EB, TN AMRE I 5 —F 1 18 DRBENE T
LTWDZ BN T,

7 a—7 4 -18 OBEREZ T 5 72 AB49 a2 FA v
TRERBMEAHEE L, 75 —F 1 -18 ORI X
V. ra—F 4 -l AINVTF 4 A NS TV
VEFTHL X U RIED Z0-1, T RNV VAV YT Vg
UHERR S LRI D E-H RNU v ORHEIIEL L
S, Zu—F 418 X Z0-1 L EBITHA MY
va AT LTz, RARIC PC-3 Ml TH 7 m—F 1 1-18
A A RO x s v a i L (Fig 10), 260
Z e, EEMMEBTI e —FT 4 18 1 F A P v v
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7 va AT LTRRRET D LR ST,

Adenocacinoma

Adenocacinoma
Matched normal
Matched normal

Claudin-18

B-actin

=2
==

Fig. 9. Low level of claudin-18 protein in human lung
adenocarcinoma. The protein levels of claudin-18 and B-actin
was examined using Protein Slot Blot Tissue (Proteus
Biosciences). Whole protein lysates from lung adenocarcinoma
and matched normal tissues from two independent subjects are
arrayed on PVDF membrane-coated dipsticks. The PVDF
membrane was blotted with anti-claudin-18 and pB-actin
antibodies. The results were cited from ref 8.

Claudin-18

Claudin-18

©
<
£
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Fig. 10. Effect of claudin-18 expression on the
intracellular distribution of claudin-1 in PC-3 cells. Mock or
claudin-18 vector was transiently transfected into PC-3 cells.
After 48 h of transfection, the cells were stained with
anti-claudin-18 (red), claudin-1 (red), or ZO-1 (green)
antibodies. Scale bar represents 10 um. Lower panels (xz) show
the vertical sections indicated by the triangles at the merged
images. The results were cited from ref 8.

3) B AKICHT 5V A—T 1 -18 DRE

Jma—7 418 /v 7T U RS URIZEBNT, Ny T
DU BMEDTET 5 = & BWESh TS, —
7. BFIFEBODRITA S TR, AS49 Hifaiz 7
0—5 (18 BRMEEEE 2 A, 2D 4,000 Da D
TX AT UGEEMEIMET L7223, 10,000 Da OF F & k
T UBEEITE L Ui hotz, o, /7 r—F 418 O
FEBUZ 0 b R SIREUE AN L 72 BL EOfE R D
b, 7 a—F ¢ 18 NG T & A A OFRME ORI
BbdZ LR LN T2,

4) fHRIEGE - BEICHTEHO0—T 1 o-18 OEE
Ja—7 4 -18 OB - FERBUHALZ FV T, RRIFT
IR ERIE L2 2 A, 7 r—TF 1 -18 OFBUZ L
VMRS OB AIIHI S e, 7 v —T ¢ 2-18 AR
B A N E - IS REE A NS S 2 EnNB b
7o WST-1 HIRBGE 7 v A L AT & Nu /) —¥k
M7 v A Z(To0z, 70 —F 418 DFBLUZL YD,
R A A BACAR T L hs, MlaEE T E I Lz o7
(Fig. 11), 7 a—7F ¢ -18 Sl 2 Pl 2 2 & 03
O o etz MlaENCxH BT B LT,
Tua—YA b A—=F = A THRE AT L& o
A, 7ua—T 1 -18 OFRBUZ LY GL HOHFREAS N
L. S HIOMIEARED LizZ &5, GL #1h5 S Hi~
OBATHIHIEND Z LR ENT, £/, 7a—7F 4
>-18 (XA b 0l L7z, AUIEEREIE~ MY v o R
Aru7aTr 7T —E (MMP) IZLoCllfiianhsz &n
i ST B, MMP-2 & MMP-9 OIEH: % 3~7- &
A, Ir—T 418 OFBUZIY b OIEMEIFIRT
L7z, LEDORERNG, 7 u—F ¢ 1-18 (MM & 2
KR LTIt ER 2R3 2 E BB LI T2,

120 120

€ 100 < 100}

g 8 o 80F

5 60 & 60F

g 40 £ o}

S 20 8 20f NS

& L] mm

Mock Claudin-18 Mock Claudin-18

Fig. 11. Effect of claudin-18 expression on cell
proliferation and injury. Mock or claudin-18 vector was
transiently transfected into A549 cells. Cell proliferation was
investigated by WST-1 assay. Proliferation rate was
represented relative to value of mock. Cell death was assessed
by LDH release assay. LDH release was represented as a
percentage of total LDH activity (intracellular plus
extracellular activities). ** P < 0.01 compared with mock
transfected cells. NS, P > 0.05. The results were cited from ref
8.

5) #lRAS TV EERFIIHNTES78—TFT1-18 O
8

M HE T <212 0O FER 12 . mitogen-activated protein (MAP)
X —EREET D, yu—F 1 -18 OFEBIZL-TY
gk Akt EBMRT L7, 200 FF 2RI 257280,
Akt O EIRICEET B0 FO Y VUL REEFHIZE 25,
LR ERTZ 5K (EGFR). PI3K. phosphatase and tensin
homolog (PTEN)D VU »ER{b &I L Lieno 7oy, U Ve
1t 3-phosphoinositide-dependent protein kinase 1 (PDK1) 73
BN T D &&FM L, F/=. Raf. MEK, ERK, Jun
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N-terminal kinase, p38 &\\~>7-ftho> MAP ¥+ —¥ DU v
AL BT L Lo Tz, ThbDZ Enb, 7 u—F 4
>-18 1% PDK1 725 Akt ~D > 7 RiEZET S 2 &
DR ENT, 7 a—7 ¢ -18 IERBAPL T PDKL £
WP LTe i 7 v —TF ¢ »-18 R BLAIIE TlL. PDK1
L a—7 ¢ -18 BEA L. PDKL X FEIC A MBS AL
WA LTz, EPNIC0Hi 5 PDKL X, G1-S #pa/E 4T
DHIHIE T Tl % p27Kipl D5 %3540, 7 u—7
4 >-18 13 PDK1 &4 L, PDK1 OHIRIPN RTE &2 2k &8
HZLIE-oTAtDY VLA ET S L & HIT, Mifa
HATH A BLET 5 2 & DVRIR X729,

FRo X5z, 7 a—F 1 2-18 1T PIBK/AKL £ 8 D FHE
W L0 MR A BT 5 2 & 3B 2 bz (Fig. 12),
ZOEREEMT S0, MILIEFEICRTT 5 PI3K BLEH
D LY-294002 D& HBAFH7-, LY-294002 127 v —F ¢ >
-18 & [EIRR IS AR 2 ] U AR 3 o AT ISR T
Gl Hiofilazmss, S Mozl s, &6
{2, MMP-2 & MMP-9 OiE 4 2T &4, MR & il
L7ze UIEDZ EE. A AHBOHAE « ZEFEE I,
7 va—7 4 -18 & PIBK/AKt R A BE 592 Z &L B3 & H
W27 ote, FiBAMIIZIIT D7 a—TF 1 2-18 OFBLE
B8 S DRI RFIN AN D LB B, 71
—T 1 URE OFREIEE A ER & LTS % ORIFEFIED
ERIEIRFSND,

Growth factor

Proliferation t
Motility 4

Human lung cancer cells

Fig. 12. Scheme of inhibition of cell proliferation by
claudin-18 in lung cancer cells.

7. BiF

I a—F 4 YT AT OREREBUL, B AR
BETHD1=D, 7 a—TF 4 VERERE U IEAN T3
RZERT 2L EABND, SBIT, 7 u—TF 4 VD5
WRIZWET L2 LITX Y| Mo R HEE 2 IH T 5
TR, 2 FYA b= R2EETDILITLD,
WARIRASEZ TR T 2 2 LA HEI e D LB 2 5, ML
P R & D D3 AALBEAE & AERICBE 3 2 P51 -

ERF = TA NN T2 ZATHY I e —T 4 Uk
R & LIz Z2ia R OB W4 %,

8. M

AT o] YA SE R B AR ARG SRy AT 7 o0 B
B & O RIER R FAE MR KGR AL I E O HE
EREEOWH IO EICERINTZ, ZHIIW W b &
WG U £ 9, F 70, ARFZRIRR R 5 2 il Bh 4 LA A
78 C (REF : H+EE), RERFRIME GE7R
ZeL%fh) . SGH W], 4 —EREE & E RE IR R, &
B AR R B [ SEERAFSE S 0 D ORFFEBh A L Y
Fhts S i,
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