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Developing a method for regulating the expression of CLDND1, a cell adhesion molecule

involved in stroke

Akiho Shima, Hiroshi Matsuoka, Akihiro Michihara

ABSTRACT
Stroke is a disease that presents with rapid consciousness disorder and neurological symptoms due to obstruction
or rupture of cerebrovascular disease. Aftereffects such as hemiplegia, speech disorder, and higher dysfunction
are observed depending on the damaged site and severity of cerebrovascular disease. The blood—brain barrier
(BBB) controls mass transfer between blood and brain tissue through tight junctions (TJs) and adhesive
junctions between vascular endothelial cells. Among them, claudins are the major component with 27 isoforms
identified in human TJs. Increased intercellular substance permeability in blood vessels is involved in the
development and exacerbation of stroke through the disruption of BBB. In particular, increased cerebrovascular
permeability is associated with decreased claudin domain-containing 1 (CLDND1) expression, which belongs to
the family of TJs. Decreased CLDNDI results in increased vascular permeability due to hypoplasia of TJs and
induces stroke through BBB disruption. However, transcriptional regulation of CLDND1 has not been studied
extensively. In this review, we report the results of studies on the regulation mechanism and function of

CLDNDI expression in vascular endothelial cells.

XTI

2R i, 6 i RS oD PR ZE 72 13k U T K0 BRI BB o R N A BT BB THY | il DR
AR AR FE IR RREL, SEEMRE S R RE IR S e & OB BIEAFAE T 5, MBI (blood brain
barrier: BBB) |3, IfiL % PN BRI R D5 75 4% & (Tight junctions: TJs) o454 (Adherens junctions: AJs) (Z

L0 1Mk E PR O R B A AL ST HERE A 5 TS 1Y, TIs BETY Als 1E, ENE NS )+



THLHIA—T AV AINT A BLOARANIAZTVE RS TN D, IMEICIBIT DO E EiEPE
JLHEVX, BBB OfFEA 8 L TR ORFEIS LOEMEIZBI 5L T D D, yr—F i, MR/
RIwE ANV RX T K, MILSMZ2ODN—T 2 H T2 4 BIEERIN L R THY | Mg g 1 v—7
27— T 4 HEETF —7 (W-GLW-C-C) BRIESINTND 57, ENZIBWN T/ —7 1% 27 FEEA ES
NTEY, ORI LM A IR TR EEE L o0 Y, ZhETIFEMZEEbL I, 277
F—EFH IR L~ 7 AD AN T, 7 —TF 477V —0 1 -2 Th5 Claudin domain
containing 1 (CLDND1) #> /7B L~ )L DK F72bONZE ML E N MAEH 0> CLDND1 /v 72 7128 %

WEEBIEO TR AL TE Y, ZRHDIEMND, CLDNDI O T, Tls TR A 22 L2 M %@ i
DOTTHEA G| EE L, BBB DAL UM P EFEI T HILNEZIHND, £ TR CIE, M N
#3315 5 CLDNDI % B Bk 35 L OWEREIZBE 3~ 20F 28 OFE R DUV THE T,

AR 9 F CLDND1 DB HREIC B 54 585K F RORa DFEIE 'V

KNS 451K Retinoic acid receptor-related orphan receptor o (RORa) I3, HNZ BEA—/\—T 73 —D A
YS—=THY, ROR JEE L AN (RORE) IZE /v —¢ L THREA L, EEE T OBEEEFEIL Q0B 1,
RORa V. JIFH., EA&F. BORE . i, PRIREME. B, MafRds KO8 < DM THRBIL Q1 D, ZHET
I RORa DFEHEAR L LT, IR MR 5327 RYRZ 378 (ApoAl, ApoC3 LT ApoAs) <°1fi
W7 Vo — 2O B G- 3 A HERT A= % 3R (Phosphoenolpyruvate Carboxykinase, Glucose-6-
phosphatase) 23 55 X4 TUV D 12719, RORa BB T DUH U RFEA R A B R RS G T BB~y 2T, AR
RORa DFEHAEU T, /NMO B 7o 56 5| XL, MRS % Ba /A KE, BHLLE
BLORAFFERNET T v — LI REEVIERE DRBUA AL D 1017, Fi- BIREELOEITICED, fL

ZBWTHIIEE R 73 7- CLDNDIL KT AHUARI I 52 L0VREN TS 19, BIRIELZ & Te S M4k
72T 5% RORa 13 CLDND1 O#AEFHEIIZ W TH G- L TS AT 9D,

CLDNDI1 O¥zEFHHIZ K5 RORa DB EZHLNI T 5729512, CLDNDI 7R —&—HIZFET D
RORE D[FIE% in silico AT IZLVMF LT, UCSC Genome Browser [Z# % &4172 ENCODE 7 —#125%
DNasel&32 MR BRI L O F L {bbe AR D ChIP-seq (2 LV FHZ L7=f% F, CLDNDI 'm— & —fi (-
297 735-286) IZ RORE 23MFIEL Tz, 22T, Ty MM KO MillfakkiZ 3617 % RORa F6£TUF CLDND1
mRNA #EOHEBIMEE qRT-PCR IZEVEF L7, $75&, CLDNDI & RORa mRNA F D] CIEDHE B R

7z (Figure 1, 2),



0.020

testis
.
0.015 A

Amount of Rora mRNA
(ng/mg of tissue)
=]
2
=]

0.005 {ki
) spleen r=0.895
pancreas
0.000 fe>feart lung - : 3
0.000 0.050 0.100 0.150 0.200

Amount of Cldnd7 mRNA
(ng/mg of tissue)

Figure 1. Association between CLDND1 and RORa expression across various tissues in rat. The mRNA

levels of Rora, Cldnd1 and Cldn1 from various rat tissues were determined simultaneously to obtain a regression
line. Correlation coefficients were obtained after simple curve-fit analysis of the relative expression of Rora and

Cldnd1 genes.
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Figure 2. Comparison of endogenously expressed genes in human cells. Relative mRNA levels of RORa
(A), and CLDND1 (B) in 1pg of total RNA of HBEC, HEK293, HepG2, Hela cells as quantified by qRT-PCR.
All data are the means + S.E. of three independent experiments. Relationships between CLDND1 and RORa

expression (C) was determined simultaneously by drawing the regression line.
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Figure 3. The ROR response element (RORE) of CLDND1 is directly activated by RORa. (A)

Transactivation of the RORE of the CLDND1 promoter by the RORa. The reporter plasmids pPCLDND1-wt



containing the wild-type RORE (TAAAATGGGTCA) and pCLDND1-mt containing the mutated-type RORE
(TAggATccGTCA, mutated region lowercase) were engineered to contain a fragment of the human CLDND1
promoter region from -303 to +1720 bp. HEK293 were transfected with luciferase under the control of the
CLDNDI1 promoter. Data shown represent fold transactivation over basal activity and are reported as the means
+ S.E. (n=4). ¥*P<0.05. (B) HBEC were transfected with the RORa expression vector (closed bars) or empty
vector pSG5 (opened bars) along with luciferase driven by 1 to 3 direct repeats of wild-type (pROREx1, x2 and
x3-wt) or mutated (PROREx3-mt) RORE in the CLDND1 promoters. Data are the means + S.E. (n = 4).
*P<0.05.
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Figure 4. Effect of RORa deficiency on CLDND1 expression. (A) Suppression of endogenous RORa by
siRNA significantly decreased CLDND1 mRNA in HBEC. HBEC were transfected with 50nM siRNA and
analyzed by qRT-PCR to quantify the expression of RORa, CLDND1, CLDNI1, ZO-1, CDH1 and OCLN.
Opened bars represent cells treated with siRNA targeting green fluorescent protein (siGFP) as negative control.
Closed bars are for cells treated with siRNA targeting a sequence around 1388 bp downstream of the RORa start
codon (siRORa). Hatched bars represent cells treated with non-targeting scramble siRNA (siRORa-mt). Data are

means + S.E. of three experiments, and are normalized to 18S rRNA. *P<0.05.
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Figure 5. Expression level of CLDND1 mRNA with lovastatin addition in HepG2. HepG?2 cells were

treated with lovastatin or vehicle for 24 hours. mRNA expression of RORa and CLDND1 were analyzed by

gRT-PCR and normalized to 18S rRNA. Data are mean + S.E. (n = 3). *P<0.05.
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Figure 6. Expression level of CLDNDI1 protein with lovastatin addition in HepG2. (A) Representative
blots of RORa and CLDNDI protein expression in the HepG2 cells. (B) HepG2 cells were treated with
lovastatin or vehicle for 72 hours. Protein expression of RORa and CLDND1 was analyzed by immunoblotting
and normalized to -actin. Protein expression was quantified using the Intelligent Quantifier. Data are mean +

S.E. (n=3). *P<0.05.
SCHR 21) KO SAES I

CLDND1 OR BTG T HIERF MZF1 DORE 20
BIET-OFRBFENL, BEOBE RN T IZLMBEEREZZIT 5 enmEsh g ), 22T, RORa

BIOar 27m— VIERFERIZ CLDND1 Z2 R0BL~ L ETREE KIF T HREE R 12DV THRET
L7=, #1912, CLDNDI #£E 7 0 —& — k& BRI R T2 LIS LI E B 2 FF4li L 7=, ENCODE



T =2 u AN T B TF ML AR D7~ T 502 PR IS J U DNasel@ sz HERRBROFERED 5 1 Ak
nL A ETe-308 2>5+891 OfENkZEN CLDND1 Yot —4—{fElk ChH oM E L=, L) L, CLDNDI Ak
2RI R T DR G R A DR B XA E LT,

FIT, B 1 A MU OB e R RN 7 2T — B LR —&—fRATIZ L | B At
L7z, ZORER, & 1 APV DOETERI R AL Y — AR EL . 1 TH+529 7 H+568 ik
1%, CLDNDI1 D#zGAZ5 L TR MHINTER T 22 LD RSNz (7 — 2 RIEH) . S —fEikic
fa e DBERFZ2H O D720, insilico ffHTIS LU TFBIND V7 by =7 I KO 5L, AL
Y —8EIIT myeloid zinc finger 1 (MZF1) f5 A ELSICHLIEDHEES NI, #EE MZF1 #5 A BLSNT%T
% MZF1 OISEMEE R 272010, BAEMBIOZE RO MZFL &S TINE &Ll R —4 — 75—
(PMZF1-Wt BL pMZF1-Mt) AWy 7 2T —B LR —F — T IZ L VFHI L 72, pMZF1-Mt I%,
PMZF1-Wt EH_CL K 1.2 50 BRISEEO % R LT (Figure 7B) . MZF1 #5 A ELHI)E9% MZF1
FEA ARG 572901, MZF1 2@ FIZ &7 HBEC % fV 72 ChIP JEICEVIRFIL =, Hi MZF1 ik
Z RS bR T, FESuSE 1gG PR LT 49 2.8 5D #E & 14 % 7R L7z (Figure 7C) , CLDND1 55
(23X MZF1 OB G-2SOIZRHEOT D701, HEE MZF1 #§ G RLYI~D MZF1 JEEMEZ VST 2T —
PUR—Z — T LRI LT, pMZF1-Wt & MZF1 3327 % — (pMZF1) D3R BB DIEEPE,
b )L Y H— (pSGS) LT, A EARBINE R U (5 —2 K4B#) . THUTKIL, pMZF1-Wt &
MZF1 Z1%E#)E 9% siRNA (siMZF1) Q4R BUC I T 2ISE ML, 2 br—/L (siGFP) L ~C, FERIK
TaRUZ (T —2R3BH) . ZhbOfE Fid, MZF1 28tk CLDNDI O 1 A M AHFET DY AL
—EIRICHE AL, PRI L CT 7 F _R—2 — L LU CTER T AZER R ENT,

CLDND1 D#£FIZ MZF1 OBEARENTT2  MZF1 FIFEBLL /7 2023615 % CLDNDI
mRNA BLOZ L I EL NV EENEI QRT-PCR BL O =2AZ 7y MEIZEV L7, i@BREIFEHIC
X% MZF1 8L~ L ONIL, CLDND1 mRNA BLOWX L 0B~ LG RIS 524U
(Figure 8) , SHIZ, siRNA [2d&% MZF1 L~V O#ifiliZ, CLDND1 mRNA L /7B L~V DA E
728V &R LTz (Figure 9) » ZRHDOZ A5, CLDNDI OEREFHHIIEL MZF1 OFEIL ~UITIRIFL TNDED
TR T,

MZF1 %41 L7= CLDND1 #EFHHi DO 2h AT T 572 (2, HBEC & AV O E @il ME% in
vitro FMERBRIC IR L2, MZFL /v 7 ¥ AflaE, =i ba— Ll (siGFP) L ~C| filaf o
EHErEDTTE AR LT (Figure 10), ZHBDOHKE R, MZF1 FEHL~L Ol LY CLDNDI #5575
{bZ#HIL . CLDND1 L~V DR T A8 U7 TIs DA 2% 5 SR I3 RS RS, LIehi> T,



MZF1 (X CLDNDI O FFHRENIKI L CT 7 F =2 — LU THREL WA 2D REnTz, F, 7a—TF 1
77— ERIERIC TIs TR DS L /B T N-I R AV OB G ISV TH MZF1 OB 5-53#

HEN TN 303D, L12357TC, MZF1 OEGIEME(IE CLDNDI R° N-HRAU72 8D TIs AU B E#E 35
S EDFEBIETTES Y, TIs IRREIREI RO ZENREZHID,

Met  +218  Intron 1 B
-F\GC{‘.?GC!JCZ'.*JB‘\I"‘ '!_;uf_!;{fc‘.-_-‘f}:;acf.‘: t

529 MZF1 binding site

+521 ttaaggtcatttgagagecaccaggatgafgag tet

Relative luciferase activity
(fold of control)

tasaaaatjasaatacaaatccaactttttgagttttogt 0 o5 1 1.5

c 0.03 phzF1-wt |
MZF1 binding region —_— }
5 0.02
input 1gG MZF1
e £ pMzE1-M | - }
- - s e TN
20 Wt : AGGGGGGA
Mt © AGGTTGGA

196 MZF1

Figure 7. MZF1 responsiveness to the MZF1 binding site. (A) Schematic representation of the human
CLDNDI1 promoter. Sequence analysis revealed the presence of a putative MZF1 binding site located at position
+549 to +556 of the CLDNDI1 transcription start site (TSS,+1 to position). The exon region of human CLDND1
is capitalized, whereas the intron region is lowercased (Met, translational start codon). (B) The reporter plasmids
pMZF1-Wt, containing the wild-type (AGGGGGGA), and pMZF1-Mt, containing the mutated-type
(AGGTTGGA, mutated region is underlined), were engineered to contain a fragment of the human CLDND1
promoter region from —308 to +568. HBECs were transfected with luciferase under the control of the CLDND1
promoter. Data are mean + S.E. (n = 5). *P<0.01. (C) Binding between MZF1 and the MZF1 binding region of
CLDNDI using ChIP-PCR (left). Results were quantified by PCR (right). HBECs were transfected with an
MZF1 expression vector and a CLDND1 promoter (—308 to +891) containing an MZF1 binding region. Non-
immune IgG and anti-MZF1 antibodies were used for immunoprecipitation. DNA occupancy levels are indicated

as a percentage (%) of input. Data are mean = S.E. (n = 5). *P<0.05.
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Figure 8. Expression level of CLDND1 with MZF1 overexpression in HBECs. (A) HBECs were
transfected with an empty vector (pCl-neo) or an MZF1 expression vector (pClI-MZF1) for 72 hours. The
expression levels of MZF1 and CLDND1 mRNA were analyzed by qRT-PCR and normalized to that of 18S
rRNA. Data are mean + S.E. (n =5). ¥*P<0.01. (B) Representative immunoblots of MZF1 and CLDND1 protein
expression in the HBECs. (C) HBECs were transfected with an empty vector (pSGS5) or an MZF1 expression
vector (pMZF1) for 48 hours. Protein expression of MZF1 and CLDNDI1 was analyzed by immunoblotting and
normalized to that of B-actin. Protein expression was quantified using the Intelligent Quantifier. Data are mean +
S.E. (n = 3). *P<0.01.
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Figure 9. CLDNDI1 expression level upon MZF1 knockdown using siRNA in HBECs. HBECs were
transfected with siGFP or siMZF1 for 48 hours. (A) The expression levels of MZF1 and CLDND1 mRNA were
analyzed with qRT-PCR and normalized to that of 18S rRNA. Data are mean + S.E. (n = 5). ¥*P<0.01. (B)
Representative immunoblots of MZF1 and CLDNDI1 protein expression in the HBECs. (C) Protein expression
of MZF1 and CLDND1 was analyzed with immunoblotting and normalized to that of f-actin. Protein expression

was quantified using the Intelligent Quantifier. Data are mean + S.E. (n = 3). *P<0.05.
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Figure 10. Permeability of FITC-dextran in MZF1 knockdown. HBECs were transfected with siGFP or
siMZF1 for 48 hours. Effect of MZF1 knockdown on FITC-dextran permeability. Data are mean + S.E. (n = 6).
*P<0.05. **P<0.01.
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Figure 11. Transcriptional activity of the promoter region of human CLDND1. Human brain endothelial
cells (HBECs) were transfected with luciferase vectors carrying stepwise deletion mutants of CLDND1
promoter region and evaluated for reporter activity. (A) Deletion mutants of —1017 to —660 regions from the
region spanning —1017 to +192. (B) Deletion mutants of —778 to —734 regions from the region spanning —778 to
+192. Data are expressed as mean + standard error (n = 3). ¥*P<0.05.
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Figure 12. Evaluation of MZF1 and SP1 responsiveness to enhancer sequences in the CLDND1
promoter region. (A, C) Assessment of MZF1 and SP1 responsiveness to enhancer regions. Human brain
endothelial cells (HBECs) were co-transfected with a luciferase reporter vector ligated from —742 to +192
regions or —734 to +192 regions with a MZF1-expressing vector (p)MZF1) (A) or a SP1-expressing vector
(pSP1) (C). Empty vectors (pGV-B2 and pSGS5) were used as controls. The responsiveness of each transcription
factor was evaluated by a reporter assay. Data are expressed as mean =+ standard error (n = 3). *P<0.05. (B, D)
Assessment of MZF1 and SP1 binding to enhancer regions. HBECs were co-transfected with a plasmid carrying
the human CLDND1 promoter region (—1017 to +192) containing the enhancer with a pMZF1 (B) or pSP1 (D)
vector. After 48 hours, the binding intensity of each transcription factor was evaluated by a chromatin
immunoprecipitation (ChIP) assay. Anti-MZF1, anti-SP1, and nonimmune IgG antibodies were used for
immunoprecipitation. DNA occupancy levels are indicated as percentage (%) of input. Data are expressed as
mean + standard error (n = 6). *P<0.05.
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Figure 13. Comparison of MZF1-binding capacity to the promoter and first intron sites. Human brain
endothelial cells (HBECs) were co-transfected with an empty vector or MZF 1-expressing vector with a
luciferase reporter plasmid containing the MZF1-binding sequence of the promoter site (A) or the first intron site
(B) of CLDNDI. The luciferase reporter plasmid contained three MZF1-binding sites to directly increase the
responsiveness. Data are expressed as mean =+ standard error (n = 4-5). *P<0.05.
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