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(B &5)
3'UTR, 3' untranslated region
A-to-l, adenose to inosine
ABC, ATP-binding cassette
ACT-D, actinomycin D
ADAR, adenosine deaminases acting on RNA
AHR, aryl hydrocarbon receptor
ANOVA, analysis of variance
ATF4, activating transcription factor 4
BCRP, breast cancer resistance protein
BMAL1, brain and muscle arnt-like 1
bp, base pairs
BSJ, back-splice junction
cDNA, complementary DNA
CDS, coding sequence
ceRNA, competing endogenous RNA
CHX, cycloheximide
circRNA, circular RNA
CMV, cytomegalovirus
CRE, cAMP-response element
DEX, dexamethasone
DMSO, dimethyl sulfoxide
dsRBD, double-stranded RNA binding domain
dsRNA, double-stranded RNA
GFP, green fluorescent protein
HIPK3, homeodomain interacting protein kinase 3
HLF, hepatic leukemia factor
IRAlu, inverted repeat Alu
KD, knockdown
Luc, Luciferase
MATE, multidrug and toxic compound extrusion

MEMa, minimum essential medium a



miRNA, microRNA

mRNA, messenger RNA

MRP, multidrug resistance-associated protein
mut, mutation

NMD, nonsense-mediated mRNA decay
NRF2, NFE2 like bZIP transcription factor 2
nt, nucleotides

OAT, organic anion transporter

OCT, organic cation transporter

OCTN, novel organic cation transporter

OX, overexpression

P-gp, P-glycoprotein

PARRE, PAR bZip response element

PBS, phosphate buffered saline

PCR, polymerase chain reaction

PEPT, peptide transporter

PPARa, peroxisome proliferator activated receptor a
pre-mRNA, precursor messenger RNA

PVR, poliovirus receptor cell adhesion molecule
RIP, RNA immunoprecipitation

RPTECs, renal proximal tubular epithelial cells
rRNA, ribosomal RNA

RT, reverse transcription

SCN, suprachiasmatic nucleus

shRNA, small hairpin RNA

SLC, solute carrier

snRNP, small nuclear ribonucleoprotein

ss, splice site

TBP, TATA-box binding protein

TSS, transcription start site

ZT, zeitgeber time
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ERCIESSNZEMFES (CEDERIDTIFRL . FAICIRINSN TIRIER
RICAD., £2BZH < DEADBB(CHM T D, TDIRINHT, VEREBLLICELZELTZ—HED
DENRZFIET DN B ICREER T TIROCEERFABEESND ., CDOLS(C,
M ERICIRES SNTHSHE ESNDF TO—EOEHZARE U FERInE(E [,
MENRE ] SIMFEEN. BFHCEEM DSV [IRYYX (Absorption) + 4311 (Distribution) - X35t
(Metabolism) - #Ettt (Excretion)] D 4 DMDiBIE(E. €DIEXFZE D C [ADME] EFRE
NTNd, BFEYOD ADME ZHHEL ., A TOEEVZIEHR - il D & (F. FEDEH
EIETTRL, EaBEORBEOBRANSEEETHD.

M IRZAARDFEZE. DN IR 73> THRAANFE SN DM RRAVHEES
(FBEfEZ T UTEPRPHEE T D, BIROBENERE (IR IO THD ., RIOU(ETHR
BK - IR—VN BN SRDB/IMKE  ITARIE - N\ AR - ZUFKHE D 573D
BETEBHR SN TVD, REKMATOIRIB. TAIKAE TOD M. RAIFKHE TOBRINNE
BEHEHDIBRER CTHd. TDH T EME TODWIC(EZ < OFPFEH 5> X
IR—=F—HBIS L TU\D, EAIFRAE (CISHBIEDFIE L TH D, MERAITEH SRR ER
HEBREAITH DR FBRIRCE FBRUTVD 2 UR—I—RE RSB, Ml FiR
FRENCHRIRL TLND PHESY > /\DJE (P-gp, P-glycoprotein). MRPs (multidrug resistance-
associated protein). BCRP (breast cancer resistance protein) (& ATP DITRILF+—%E
EARY 3 —IRMtEEEmXEATH D, BERHEEN L 2 < O OBHFH(CES T
D, N5 bS 2 R—5 —DOFEFFIHIFMBZ AT 22 & (3 ENOERRENEDIEH
ERCEND., HEMAF - IROVLEYERICEI T DT EMNHFIND,

DNA D' E DERIBHRZE(C U THREEMED F TH DI/ (VBN ER SND F TICE
% < DIEMISHIEIHIBENFIE I D. DNA NSELFDEIEHRZ RNA (CEUED [4x

B (K> TEKNIZ mRNA BIBFMAL. XTS5 > K> TAER intron HBRE



ENT exon NEFET DT ETHRAE mRNA E725, mRNA (FEANSHIFRED URY —
LNBEU., [BER] Z2RITDZETHY/INOBEMESND. TDL S [DNAI TmRNA]
[F2)\OE] EWS—EDRNZEY hSILRITEER, TOEEEHOEENS. %<
OECFFRAFECEAITDMRECOLES bIILRIY(CERSENM TSR, LML, B
FRAMMOFRE (LA, BT - BIRRIZIT TR TDMDZE < OHEEBOFENBS MM TR
NDDHD. E5ED RNA OEFIVCLZERZFIHTD [EEREH]. BRROY>I\DE
(CEfEINAD [EEREEIE] NEDRKRNIREHTHD.
ERERFIEID DS, RNA DECFIZZ XD TRNA fRE] & mRNA BIBFANS intron Z

BRETD (RTISA22T ] OHEIFEC DHEEORSNSEEMNT . Fiz. HE(CH H

B EMRIBETNTLS [Hsiao et al., 2018]. Adenosine deaminase acting on RNA
(ADAR) T 7 =J—(3LIRI2 RNA #REEEE TH . 2 A%5H RNA (dsRNA, double-stranded
RNA) EICEETDVT /S 2ZM7 = /EICKDTA /S (CEHT D [Nishikura, 2010].
AIZNFTT )2 OBERBARTH D F2 > LIBRMZE KR T D1z, ADAR (C£D
RNA fR&EL. 77T /2207 IS D(CEMIDIELAETHD (THE). ADAR (CLD

Adenosine-to-Inosine RNA editing catalyzed by ADAR
Adenosine (A)

double-stranded RNA NH,
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Schematic diagram of Adenosine-to-Inosine RNA editing by ADAR. ADAR converts
adenosines to inosines in double-stranded RNA structure.



Various effects of RNA editing by ADAR

ADAR ADAR
ADAR MRNA \editing
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Schematic diagram showing the various effects of RNA editing. ADAR affects a variety of
phenomena in cells, depending on the target sites of RNA editing.

RNAMRENEL D L. ZOENEMLICIEC THRARZENEC D (EE). FIRIE. 7B
Z1—RUTL3 mRNA O exon [C RNARENECD & 7=/ BERIIDEENSIEE S
=N, mRNA giI8F{A (pre-mRNA) T®D RNA #RE T(d RNA DIEEFRZAMNIRIESNT 2
RIBENEL T DIEENHDD. mRNA D 33EEIERME (3'UTR, 3’ untranslated region) T®D
RNA #R€E (& microRNA (miRNA) DERMINZE{ET D(FH . ADAR (F miRNA DK FIETE(C/ER
LCZORREZHIH T D, =5IC, intron TD RNATRENBIRNAT S A2 J%FET
BIRE. ADAR (FRTSAS D IHIEHREFD 1 DTHDIEEZSNTLS,
RISAS 2T EFBAURITL AT > JNIE (snRNP) LIS /I\OBZED
RNA-5 2 I\ OBEERTH D AT 54 VY —AICKD THIEENDS. mRNA FIERENS
intron ZBRE T DRIETHD. Intron E(CFFIET D 5 splice site (5'ss) 12 3'ss. TS5 > FEPfiL
PRUEU = RS ED cis-regulatory element (C &> T exon-intron #8iEHSRE N3,
Flz. ZLDRNAFEEDIINDBENR TS > 2D trans-acting factor & U THEEL. X
TS5A2 2 IHMICES 92 (REE). ADAR J7=U—(3 RNA REEMHKEFN. HDL)

(FFHRTFHCR TSSO %F 9D &SN TULS [Tang et al., 2020].
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Splicing of pre-mRNA
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Schematic diagram of the splicing reaction of pre-mRNA.

AR TIE. ADAR J7=1U—D 1 DTS ADART [CKDEIRNAT S>> Tl
(CEBUT. & hBEAIRME _LZMAE (RPTECS, renal proximal tubular epithelial cells) (C
BT DEMHEM bS5 > R—4 —RIAHIEHBOREIAZ KTz, shRNA ZFAL T ADART D
FIRZHH LIzt E E b RPTECs (CHBUT. P-gp 2/ \UBDRIREFEKT L. MRP4 5>
INOBDRREF LR UL, €I T, %1 ETIE ADART (CKD P-gp RIFHIENCDLT, 35
2 BTIE MRP4 EIRFIEIC DLW THRET&EIT DIz P-gp DEBEYDE D) 7S > A FIEF
ZIDEWNCKDZENT D EMERSNTVDIH hZ IO FILOBEECHTD P-gp BKU
ADAR1 DFIR(CEIHV X LN ZRDHESNIEZ ENS,. 8 1 B T(E ADART ([CLD P-gp FEIRD
IR Y X LGS Z %5 Uz, Dexamethasone (DEX) ZiESRIRET D & THIESST
HAB R BB Lz RPTECs ([CBUT. ADAR1 & P-gp DFIRICH 24 BSRIEHADZENER
5Nz, P-gp 7>/ U&E% 11— KR35 ABCBT mRNA (C(d ADAR1 (KD RNA fREREFT (&
RHSNIRM DTz ADAR1T /¥ ABCB1 mRNA RiIBFAD intron (CHEE U TR (IR
NRTSA> 0% MHTDET, P-gp I/ \OBRFAODEIHY X LAZFITHT D = EHER
S5SNIz, 8 2 BT(E. ADART (LKL DRI RNA RIRGIHICER LIz, ADART HERIK
RNA circHIPK3 D4RLiEFIE Td D back-splicing & RNA fREMREFN (CHIFIT B2 & T,
microRNA T3 miR-381-3p OFIAN' L F L. MRP4 DRIFDFINZRD SNz, CDELDIC
ADAR1 7' RNA #REETEMKFN S D WEHMKFN(CR TS A2 > 0ZFIfHldd2&T, BN

RPTECs TEMHBME b5 > AR—45 —DORBFIHZES Z EAASHTRED T,
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RNA imEEE#3%& ADAR1 [CXD ABCB1 EEFHEEEVD
BIRNRT 51> >0%lEanurE
bk hEifilaTo P 5 N\ OBREROEIR U X AR EEIBOERT
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(# =]

E Nz SHIHZLIEDRR 2 IREAHEEE (. 19 24 57 1 BHEIMBY X LZRT ., E
YIHE (CRED D bS5 > RIR—4 —DFIRMEECEEE U XLNRH SN, EYDOH RS
4. ARRENRE(CIRERIFA (C K DIE VB S 2 &N D, ATP-binding cassette sub-family B
member 1 (ABCB1) Bz FICd—REnNTLS P #ES> /OB (P-gp, P-glycoprotein) (&
¥R I2ERR (CRIA L. EYOBHIBITHEDEBE (CRADD bS5 2 XAIR—5—TH DM, P-gp D
HEEMOBIV 7S RAIEERLDEBVNCLODEB T D EMNERENTLD. LML
IBS. ZEDRANZXAFBHESHMNCETN TR, KA T(E. RNA RERERD 1 DTHD
adenosine deaminase acting on RNA 1 (ADAR1) N\, & NEIANMIPRE ERZHIRE (RPTECS,
renal proximal tubular epithelial cells) (CHU\T P-gp FIROME U X LFIFHICES LTS
CEZEBASMCUTE. Dexamethasone (DEX) ZiEHEIIREE 9 D C & THIHIFSTD FOFRIR
UXLZEF U RPTECS (CHWLT. P-gp OFIR(FHI 24 FEERAOFRIRE B Z R LITH
shRNA ZFU\T ADAR1 DFIRZIH T2 ETDUXAIFHEELL. ADART (& 2 A$H RNA
rDFF IS mA IS UCEMT DEEZR TH DN RPTECs ([CHITD ABCBT BIGFE
FEYD(C RNA fREEEPIFRHE SN D2, —75. ADART FEIRDINHI(C K> T ABCBT D
R TSA > OMFEBEN. intron 27 MRIFSNICERSEVMOEENRD SNz, D
intron 27 RIFELDIBIRN A T S5+ = > JEME F 22> RZRMTF mRNA D fF#E (NMD,
nonsense-mediated MRNA decay) (CKDDEENDI AR ERELEEN ChoIcZT ENS.
ADAR1 (& ABCB1 BInFDIEEMDERN AT S5+ = > J & B2z s (CHIH LT, P-gp

SUINOBORRICHMA VX LZELSEBDZENESH(CIED .
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(F ]

AIBHEEDEIR U XA SEYDONR OB CHEZ SR DIERRRATFTHD. ZLOXE
MODBEENR(II%FE T DL (C K> TEIET D [Ohdoetal., 2011; Dallmann etal., 2016], —
R (CEMDOMROBIE(E. (FREMLICH T DEMADBRZMLEZDRE(CEI DO TRESND
A IRIN - %0 - ARE - HEHETIS EDEY DAENENREZ HIH T DD F ORI POEEE (C 3R Y X
LWFRHSND [Ohdoetal.,2019]. ATP-binding cassette (ABC) b= > XR—4 —(FIT+RIL
F— TN (CEMZ RN SHBE I RS > )\ IBETHD.ABC bS5 > AR—4 —(FF (ThMH.
B, /OB ED_ LR (CRIRLTE D FEYDRET. /5. BHEHOREEEIED T
L\3 [Shitara etal., 2006; Sissung et al., 2014], ##%dD ABC b= > XR—4 —DFIROHLEE
(CEIRVUXLNRDHESNTED. TOEE LIRDEMORNBRECIHERLCIDENE
£ U=t [Hamdan et al., 2012; Yu et al., 2019; Kato et al., 2020], BZE(CHAFRETIE.
ABCB1 BILF(ICI— RENTULS P #E5>/)VUE (P-gp, P-glycoprotein) MFIR EHEREN',
ROAERAZOATILONB TR X ALAZRI ZEZRE U THED [Murakami et al.,
2008; Iwasaki et al., 2015], FEIT P-gp FIROHIE U X AFNEH S DEEZEYDIRIN(C
KERZ(CRDERZBISHRIIZEZASMNCLTVD, £ MMTHBNT. P-gp DEEBFEY)
DB IOVT SO AIKERFA(CLDERNBESTNTWND S EMNS [Ferrazzini et al., 1991;
Choi and Park, 1999]. P-gp MFEHEREE(CHIE Y X LMD D ENREETN TV, E
NEHHRRICEH T D P-gp OFEIREMEECH T DB Y XLDBERIBASHCETNTLVRL,

—AERI(C. I OBDRREIBLFRRORLDBEE CHEI SN TS D, EXBERE
Z13TIE< mRNA &S IKNOBDDFBIZEES > )\ OBDORAEBICHEZRIFLTND,
R HEE T TOEN C IR DB TFOMB U XLE., 5 - 8154 - #1ER - BEREBIR ERRAL 12
BIETEIEZE SN TUL\D [Fustin etal., 2013; Okazaki et al., 2014; Tsurudome et al., 2018,
I 5&HIHOPTH,. adenosine-to-inosine (A-to-1) RNA #RE(IHAIACH VW TREIER TS

ISEZITHS [Nishikura, 2010]. /S EIT ) S > OBERIATS D, SFS> &

13



IBEMZER T D, WD TIT I/ NEA ) AD Ato-IRNA #RE (L. 7= EERCHID

11

B2, microRNA (miRNA) DIZHDEAL. AT SAS 2D DEBRERLIBERNRE BT
579, A-to-l RNA #REE (L adenosine deaminase acting on RNA (ADAR) (CKD TalERIE
N3N, REREF2AEHRNA (CFEITDVT /S22 M7 /MELTA IS (CERT D,
£ h@d ADAR family (C(&. ADAR1 & ADAR2 D 2 DOEEMIRBIEFNEESINTLS,
ADAR1 (F&5(C. ADAR1-p110 & ADAR1-p150 D 2 DD T AV T # — LW FTE L. ADAR1-
p110 WEFEM (C(CHIR T B —75 T, ADAR1-p150 (>4 —TJTOVFEEDTOE—S
—Z=BL. TOFRIRITMBE(CBIEL TLVS [Patterson and Samuel, 1995; Nishikura, 2010].
R, YXOXDFEEICH LT Ato-l RNA SRENMIB U X AZRI ZENBASHNCETN
[Terajimaet al., 2017]. A-to-l RNA #REMEL LY mRNA DIH ) X AFRKICES LTSRS
ENTRIEEN TS,

—73C. ADAR1 [CKD RNA iREE(FEMNHBERORRZHIET D LBERHSnTL
% [Nakanoand Nakajima, 2018]. #IX.(E. ADAR1 W'FERKRILKZRZEIR (AhR) mMRNA D
3'JEENERFELE, (3'UTR, 3' untranslated region) (C miRNA ZREH S E. AR OFIRE
ZETFTIEBRCENBRETNTLVD [Nakano et al., 2016]. AhR DIETFIEZZDTFHRD
Cytochrome 1A1 OFIRZE T =BT, EMPRHIZHHTD. AAKRTE. BIROEMHEEZ
BS bS 2 RR—9—DHIHICEH TS RNA IREDEENZFET S DM T, & MEIRAIFRMEE
L RZ#HRR (RPTECS, renal proximaltubular epithelial cells) T ADAR1 DFIRINHINS P-gp D
HIREDETZSISECITZL2RKR U, IR FORRY XLAZRFFLUIZ RPTECS
([CHEWNT P-gp OFIR(IH 24 BEREIHAORIAZEI Z /R UITH. ZTDFERZE (L ADART /v
DHFIUCEKDTHELUZ, T T, AETIIMIEESHHEZBIBE L2t b RPTECs ZXt

ZRIC. ADAR1 ([CKD P-gp RIZDOEIH U X ASIEIEAE(C DLW THEIZIT D 1T,

14



(5 &)
pass
t NBLIEIFRIE L RZHE (RPTECs: SA7K clone) (& Sigma-Aldrich (St. Louis, MO) &
DEEA LTz, RPTECs (& 5.5% RPTECs Complete Supplement. 2.33 mM L-glutamine. 28 yM
gentamicin. 14 nM amphotericin B 25 MEMa &t (9 /X T Sigma-Aldrich) T 37°C. 5%

CO XM TFTIEBEL T, BXEER(CAW,

ADAR1-knockdown (ADAR1-KD) RPTECs (D{EH!

ADAR1 (C319 3 small hairpin RNA (shRNA) RIRNTS —% 3 @8/ \vo—= el >
F A JLAKF (sc-37657-V; Santa Cruz Biotechnology, Santa Cruz, CA) % RPTECs (&%
Rz, Bk 24 BFEIENS 5 ug/mL puromycin (FUJIFILM Wako Pure Chemical Co., Ltd.,
Osaka, Japan) TtzL-2>3>%47L). shRNA ZEFIRK (ADART-KD RPTECs) Z/F& L

7=. ADAR1 MFIREDIKT (& western blotting THERR L 1z

Western blotting
RPTECs B KLU H= U1 HILDBEEB#DIRS > /(OB (X, CelLytic MT Cell Lysis
Reagent (Sigma-Aldrich) ZFRAWTHREDTO MJLICH > TiTo e, EEDU>TILI\wW D
— (0.05 M Tris-HCI, 2% SDS, 0.06% 2-mercaptoethanol, 1% glycerol) ZfilX. 95°C T5
DREMATDZET, BB ZRITO Iz, BHSEIEY/I\IBEFIRUTZIUILTZ RTIL
ZAWTHBEL. polyvinylidenedifluoride X>J L 2 I(CERE UTc, €DE. X>TL>% 1%
AFAZIILDICBUTERT 1 BRI OvF>JUEZ1T0). #11 ADAR1T Fi4A (1:1000, sc-
73408; Santa Cruz Biotechnology). #t P-gp #14& (1:1000, C219; Thermo Fisher Scientific,
Waltham, MA). T MRP2 #i4& (1:1500, sc-5770; abcam, Cambridge, UK). MRP4 #14& (1:3000,

ab15602; abcam). #T B-ACTIN #14K (1:10000, sc-1616; Santa Cruz Biotechnology). #t TBP

15



14K (1:1000, ab51841; Santa Cruz Biotechnology) S&RT(CT 4°C T—M>Fa1X— KU
1z ADAR1., P-gp. TBP M 2 JX¥i4k & L THL mouse IgG HLk (1:10000, sc-2005; Santa Cruz
Biotechnology). MRP2 M 2 R#ifk& L THL goat IgG Hifk (1:10000, sc-2020; Santa Cruz
Biotechnology). MRP4 M 2 /XiifA & L THL ratlgG 4k (1:10000, ab97057; abcam) Z ALY
oo & ZI\NOEDEE(CIE ImmunoStar LD (FUJIFILM Wako Pure Chemical Co., Ltd.) %&

FERU. {EFEFHE(L ImageQuant LAS3000 (FUJIFILM, Tokyo, Japan) Tizsz LTz,

FALLD M=o > R R

RPTECs @ RNA #iti (& ReliaPrep RNA Cell Miniprep System (Promega, Madison, WI)
ZRWCHEDOTO M IJLICRD TITD . &'/ L DNA ZBR< fzsb. 55/ LT DNase | 4L
BZ1TD7Z. 500 ng M RNA %Z ReverTraAce gPCR RT Kit (Toyobo Co., Ltd., Osaka, Japan)
ZRAWCHEE LT cDNA ZEaK UTc. &'/ /n DNA DO (& Wizard Genomic DNA
Purification Kit (Promega) ZFRW\TH#ROTO M IILICRHK > TITO 1.

Poliovirus receptor(PVR) 3'UTR M5!, RPTECs D%/ /s DNA £ U < (& cDNA Zi5
BI(C LT, GoTaq Green Master Mix (Promega) &ELTFIFREME outside primer (Human
PVR 3'UTR outside, Table 1-1) AL\ T PCR TH&IEUL/Z (1stPCR), 1stPCR EMZHFEICL
T. inside primer (Human PVR 3'UTR inside, Table 1-1) ZF\L\T 2 PCR =X/t /z, 2d
PCR E#ZHR L T, 2" PCR D primer ZAWTH > A—E TS — > XBE KXV RNAfRE
OBEEEEZE U, PVR 3'UTR (chr19:45,168,642) M RNA fREL-N)LIZ. U TFORZAWN
T8HUE.

peak height of "G"

s o) —
RNA editing level (%) peak height of "G" + peak height of "A" * 100

ABCB1 intron 27 MDEE5!I(E.RPTECs M%) ADNAE U < (L cDNA Z#E(C L C.GoTaq
Green Master Mix (Promega) &IEGTFIHFEMIR outside primer (Human ABCB1 intron 27

outside, Table 1-1) FAL\T PCR TiBIE L=, PCR EY)(E. 77H0O—X5)LHS QlAquick Gel

16



Extraction Kit (QIAGEN, Hilden, Germany) ZFU\TBM® 1590 bp M/ RZEIDH U THE
KL=, inside primer (Human ABCB1 intron 27 inside, Table 1-1) ZRW\THY > —&(C
&> T RNA REDEEZERUIZ, D2H—ETDI - > Xf##Hf(E Fasmac Co., Ltd.
(Kanagawa, Japan) (CHk$EU T.IERZDEIRE KU peak height DBITE (C(E SnapGene Viewer

(https://www.snapgene.com/snapgene-viewer) ZFU\/Z,

Table 1-1 Primer sets for direct sequencing
Gene / primer sequence
Human PVR 3'UTR outside

Forward 5'-CACAGAGCCAGGAATGGAGAGTG-3'
Reverse 5'-ATGTTCCAACCACCCAGACAGAGG-3’

Human PVR 3'UTR inside
Forward 5'-GGCTAAAACACTCCACACCCTC-3'
Reverse 5'- ACAAACAGCAGAGCAGCAGA-3'

Human ABCB7 intron 27 outside
Forward 5'-AGCTCGTGCCCTTGTTAGAC-3'
Reverse 5'-GGCGGTGAGCAATCACAATG-3'

Human ABCB1 intron 27 inside
Forward 5'-ATGGAGTCTCGCTCTGTCG-3'

EEN/FFEEN RT-PCR

RPTECs XU H= U1 H)ILDOB i E#D RNA it (&. RNAiso Plus (Takara Bio Inc.)
ZRWTHREOZTO M JLICR D TITD/Z. 500 ng @ RNA % ReverTra Ace gPCR RT Kit
(Toyobo Co., Ltd.) ZRAWTH#EE LT cDNA Z&K& LTz, EEM RT-PCR TIld. cDNA (&
THUNDERBIRD SYBR gPCR Mix (Toyobo Co., Ltd.) &K LightCycler 96 system (Roche
Diagnostics, Tokyo, Japan) ZFU\ T PCR Z1T\L\, RERE(CL > CTRBLFOFRIREZH
EUTe. #E=H RT-PCR Tld. cDNA Z GoTaq Green Master Mix (Promega) %L\ T PCR
ZTV, IFZOATOXRA RZET 1%7H0—-RXT)LTESRKE LT PCR EMZEDHEEL
J=. PCR E#¥)(E ImageQuant LAS3000 (FUJIFILM) ZEHWWCEZUTc, 7HO—-XTILHS
BHD/\> REYIDHE U THEEUZE, Y2 H—ECK> ThHZHRIDZET. BHD
RHMBIESN TVWD S L aER LTz, AXBRTHERA LR ELFOTI S AN — D%

Table 1-2 (C7R T,
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Table 1-2 Primer sets for RT-PCR analysis of gene expression

Gene / primer

sequence

Human SLC15A1

Forward 5'-TCACCTGTGGCGAAGTGGTC-3'

Reverse 5'-AGCACCGACTTCATGTTGGAAG-3'
Human SLC15A2

Forward 5'-TCGTCTGGTCTCCAAGTGTGG-3'

Reverse 5-TGGGCTGGGGCCATTTCATTT-3'
Human SLC22A4

Forward 5'-TGCCCAGGCGTTATATCATAGC-3'

Reverse 5'-AGCATGACCAGACCAATGGATAAG-3'
Human SLC22A5

Forward 5'-ATGGGTGTGGGAGTCAGCTC-3'

Reverse 5'-GAATGTAGGGCAGGAAGCGG-3’
Human SLC47A1

Forward 5'-ATGTGTCCAGGCTTACCCAGAC-3'

Reverse 5'-GACAAGGTTGGCTGCAACTCC-3'
Human SLC47A2

Forward 5'-CTCCGCCTATGCCAACATCATC-3'

Reverse 5'-GGGACAGCCAGGGAGAAGAAG-3'
Human SLC22A2

Forward 5'-CATCGTCACCGAGTTTAACCTG-3'

Reverse 5'-AGCCGATACTCATAGAGCCAAT-3'
Human SLC22A6

Forward 5'-AGGAGCCAAATTGAGTATGGAGG-3'

Reverse 5'-GTATGCAAAGCTAGTGGCAAACC-3'
Human SLC22A8

Forward 5'-AGCACCGTCATCTTGAATGTGG-3'

Reverse 5'-AGGTGTAGCAGTACCCGAGTG-3'
Human ABCB1

Forward 5'-CCATGCTCAGACAGGATGTGA-3'

Reverse 5'-ATCATTGGCGAGCCTGGTAG-3'
Human ABCC2

Forward 5'-TGCAACTCTACTTTTTGGAA-3'

Reverse 5'-TCTCTTGGTCCTGGATTTAT-3'
Human ABCC4

Forward 5'-AGTCAATTCTGAAAGCTCCGGTA-3'

Reverse 5'-CGGCAGCAAATCATCCAAGTG-3'
Human ABCG2

Forward 5'-ATGTAATTCAGGTTACGTGG-3'

Reverse 5'-CTAACTCTTGAATGACCCTG-3'
Human PERIOD?2

Forward 5'-GACATGAGACCAACGAAAACTGC-3'

Reverse 5'-AGGCTAAAGGTATCTGGACTCTG-3'
Human BMAL1

Forward 5'-AAGGGAAGCTCACAGTCAGAT-3'

Reverse 5'-GGACATTGCGTTGCATGTTGG-3'
Human ABCB1
[RIP-assay]

Forward 5'-ATGGAGTCTCGCTCTGTCG-3'

Reverse

5'-GTGCCTGTAGTCCCAGCTAG-3'
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Human ABCB1
[semi-quantitative PCR]

Forward 5'-TTCGCAACCCCAAGATCCTC-3'

Reverse 5-ATGTGCCACCAAGTAGGCTC-3'
Human 18S rRNA

Forward 5'-CGGCTACCACATCCAAGGAA-3’

Reverse 5'-GCTGGAATTACCGCGGCT-3'
Monkey PERIOD2

Forward 5'-GGGCCCTTTGAATGAGGACG-3'

Reverse 5'-CTGGAGGAGGTCTGGCTCAT-3'
Monkey BMAL1

Forward 5'-CGGCGCCGGGATAAAATGAA-3'

Reverse 5'-GCTGCCCTGAGAATGAGGTG-3'
Monkey B-ACTIN

Forward 5'-CCTTCAACACCCCAGCCATG-3'

Reverse 5'-TAGGGCGACATAGCACAGCT-3'

SEERENYD

4-7 HDHEMED I =201 T )L (cynomolgus monkeys) (& Shin Nippon Biomedical
Laboratories, Ltd. (Wakayama and Kagoshima, Japan) M5S#A L. NAS Laboratory, Ltd.
(Chiba, Japan). ZF/=(& TransGeniclnc. (Hyogo, Japan) D&Y EERMES CRB Uiz, 88
(FEEHBUK, —EDBE (24+2°C). —EDTE (50+20%). 12 BRIDBAREERIDLEETIT
DJz. Zeitgeber time (ZT) 0 M5 ZT12 ZBAHA. ZT12 h\5 ZT24 =IBRAE Uz, & —2IC
—L3DEEB L. 90-100 g DEA.EHI (Oriental Yeast Co., Ltd., Tokyo, Japan) & 30g DR
W& 18108 ZT1.5 15 ZT3 (C5RTz. DZTATILIE ZT2, ZT8. ZT14. ZT20 (AR
TTRERSE, L UEBEEIRAZROFTTRRGTRL, -80°C THREFLZ, 7B, £
TOEERERSE. BiiER(CHITIRBRENEZEERICLDEREZRZITICER. TDAEICHEDT

EhL. KETEBEESNLT > T ILZRBWEETDH 21T D Iz,
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RPTECs (LSBT BREHEGFORRY X LADFEER

BE, E#2 OMREENENURYZ UTEREHEFORRUILAZBLTED., HRRER
EUTOURXLZEHT D EFTERA (Fig. 1-10). —7F. HEFEDBEMRICO)ILIT
JLF 4 R773 0O TH S Dexamethasone (DEX) Z7AN L THERRIRIB L IZHE (Fig.1-1
). 184 OHFED PERIODT BIGFOFRRN—BM(CHEE NI FRET AU Y ben, #
fREFAEATERAULMB VY XALAZIRETEDLD(CIRD (Fig.1-10). BEM THIBRET
HIEZBIBRIDZENTESD [Balsalobre et al.,, 2000a], €2 T. ZiEHMAE(C DEX
(FUJIFILM Wako Pure Chemical Co., Ltd.) Z#%2E 100 nM T 2 BfiIgEE L C. BEHE&EGF
FIRDOEFAZEM Uz, DEX ZEFRRVSEM (I3, 52 BRI E TOREDISRH (S =
EURL. &RERCAULTE,

Rargnetzonona
OBEEDIEERMt ; Eﬁl DRI (®DexamethasoneclREE1%

DY X LADAAED B CAAEDEIH U X AR Y
INTND (SEdROBMEY XLAZRETES)

MEFSALLTO
REHBEF ORISR

FAB1D1D0D
/_ BB TR

"\’ | " N\ /£
RO

-48 -24 24 48
Tlme (h)

gene expression

Figure 1-1. Schematic image of the concept of circadian clock synchronization in
cultured cells by the treatment of dexamethasone.

MRER> O+ S FEE0RIE

P-gp DOFEYELXESZ UM T D2, P-gp DRENREBE THDZTFS > DfRE
WFEE% LC-MS/MS TRIE LTz, LERDAETREHELTFOFIRY X LR 32 KEH
KU 44 B B UK (FHEEE 1 uM D NMDI-14 (Merck Millipore, Burlington, MA) 7104 24
BRI Mock KT ADAR1-KD RPTECs itz 1 yM D>TFS > (TS >®F; Chugai

Pharmaceutical Co., Ltd., Tokyo, Japan) Z =% Krebs—Ringer buffer (117 mM NaCl, 4.7 mM
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KCI, 1.2mM MgClz2, 1.2 mM NaH2PO4-2H20, 10 mM HEPES, 2.5 mM CaClz, 11 mM D-glucose)
AU T B > FaxR— bUTz, MlRRZEERIZKT 2 @ne Uz, NEMREE (3.3
UM S+ >, Sigma-Aldrich) ZED A4 _J —)LHTHRESHR— MUz, 12,000 x g. 4°C
T 5 E&EDUT. EiE% 0.22-um polyvinylidene difluoride X > J'L-> (Merck Millipore) T
BBUz. T/URL— KU, 50 uL OBEECHEBRLIZ. LC-MS/MS (& ACQUITY
(Waters, Milford, MA). &AOON 8IS T« —DH S /E CORTECSC18+ (2.7 ym, 2.1 mm
x 100 mm; Waters) ZfU\/z, BEIEIC(E 10 mM FEE7>EZ DI L-RXS ) —)L (1:4, vIv)
ZANT, FEF 0.2ml/min & UM, BESHFHIZERIGE=SYU>Y (MRM) T, R
T4 JIL o ORTL—AAAGEZAVZ. MRM OBEE&ERELL (mkz) (&0 2TF2>
(& 798.8-651.5. =F h=>(% 1247-781.6 & UTz. T+ > F1E=( Pierce BCAAssay Kit

(Thermo Fisher Scientific) THIE LUz#5 > /) \OETHIIE LT,

TSAZ RN —DIER
t b ABCB1 EFOIEERIIEREZEL(C. TOE—F—lig& U TESHiamD L
IR 2091 nt ST 701 nt. HKU 3UTR EUTHERIET RMS TR 391 nt DRI ZIERS
BELD(C. HIPREEZRSPEHALY) (Kpnl/Nhel SK T XballFsel) Z 5'KiglCfAmLIET 51~ —
Z 5T U C.RPTECs %"/ /x DNA Z#58(C LT PrimeSTARMAX DNA polymerase (Takara
Bio Inc.) ZHAUL\T PCR &iTofc, JOE—%4 —%BIZD PCR EY)(L pGL4.12 (Promega).
3'UTR @ PCR E¥)(E pGL4.13 (Promega) NTNZ UEA LTz, ABCB1 exon 27—exon 28
minigene DECH(E. ABCB1 EI=FD exon 27 K5 exon 28 £ THDHEF! (intron 27 ZED)
%, HIIREERZEMAS] (Nhel/Kpnl) % 5Kk (CAHIN L= S+ < —%MAU\T RPTECs D4/
I\ DNA Z#584(CLC PCR Z1TD 7. PCR E#)%Z pcDNA3.1 (Invitrogen; Life Technologies)

NEAUZ. AEBRTHEALULT SN —0DEL5I%Z Table 1-3 (7R,
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Table 1-3 Primer sets for plasmid construction and minigene assay
The numbers indicate the distance from the transcription start site (+1) for the upstream vector
or from the nucleotide immediately after the stop codon (+1) for the 3'UTR vector.

Gene / primer sequence

Human ABCBT upstream
Forward for —2091 nt 5-GCTGGTACCTCAACTTGCAAGGGGACCAG-3’

Reverse for +703 nt 5'-ATAGCTAGCCGACCTGAAGAGAAACCGCA-3'
Human ABCB1 3'UTR

Forward for +1 nt 5'-GCGCTCTAGAAACTCTGACTGTATGAGATG-3'

Reverse for +391 nt 5'-TAAGGCCGGCCAGTCACATGAAAGTTTAG-3'

Human ABCB1 minigene
Forward for exon 27 5'-CGTGCTAGCGCAAGCTGTTAGAACTTTACTTTCA-3'
Reverse for exon 28 5'-CGCGGTACCACAGGCAGTTTGGACAAGATGA-3’

W21 5—EBLR—F—-TyvtAa

ZIEMAZ%E 1.5 % 105 cells/well DHAREENT 24 DT)LTL — MTIBEFRE LT, Lipofectamine
LTX Reagent (Invitrogen; Life Technologies) ZFHA\L\T. 500 ng D7OE—45—LR—5F—~
245 —-50<(E200ng D IUTR LIR—F—RTG—ZU)\-ET RS> RX T MU,
TDKR. 10 ng D pRL-TK N5 — (Promega) ZNEMZEL L TH NS> R T T MU,
Mock KT ADART-KD RPTECs (& 24 K5fél#& (CHf@Z 1Y L T, Dual-Luciferase Reporter
Assay System (Promega) ZFW\TILS 1S5 —CEMEZAELZ. Naive RPTECs (Z S
AT U3 24 BE(C, BN U2 ETHIBERETHBOBIBEZITV). 32 BB K
V44 BB (DL D S—EEMZRAE U IRFIVLE DTS —EBEDZSAFTILE T

IS —COEEDLZMERDILE T TS —EEEE U,

mRNA OZEMHDATE

FEROSETHEHSSTHABOEIBERE 32 RS KU 44 BRI RPTECs, B U < (3N
B Mock S KU ADART-KD RPTECs MDiEithz, 8rERREXITEH D Actinomycin D (ACT-D;
FUJIFILM Wako Pure Chemical Co.,Ltd.) Z#&iEE 5uM TEOIBM(ICIA LTz, EBHhaHag
MR &I, 6 BB U < (F 12 B E CHlllgZEIUN U, £EED757ET RNA ZiiH L.

FFEM RT-PCR T mRNA OLZEEZRIE U,
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RNA O 2 RiBERRHT

& b ABCB1 B FDEEEYID 2 IRIGIEHFT(C(F RNAfold ZF3LV/Z. RNAfold (& RNA
D 2 RBELK(ICEIDERIRILF—DETZEL LT, RERELMEE (BN TEER(C
FRELUTWIOEEMDOEVVEE) ZFATETDIYI NI I’ THSD [Lorenz et al., 20111,
ABCB1 intron 27 M C(d intron27 D55 634-1370 FEDIEREZ AT L. ZDALD intron
DT EENTN intron DRERZANUT. /\SA-TEREFVIMETEZITO T, &
1z, TOALD intron DFEITT(E. RNA #REDT —4SX— X Tdprd REDIportal [Picardi et al,
2017] [CEFESNTLVD RNATRED 1 MNED 2 XiE&E%ZRL. ADAR1 IMEE UISDRTE
T 2 REEEEE EDMEFEUTC. BITHERES/NBHIRILF— (minimum free energy) T
RU. IEEMERNR T BEEEM (base-pair probabilities) TEDIFT Uz, BBERMEEIIAZEK
DEREENESVWEENEBEZ. RERINMEEMEZRDBIREEMEWARTZTERMEEZ RL T

Wnad,

RNA $SeEbEix

1.0 x 106 {EcD RPTECs % 10 ug @ minigene 7S5 X= REL K (& pcDNA3.1 &, Opti-
MEM | Reduced Serum Medium (Thermo Fisher Scientific) T#&E Uz, CORRERZFIN
v "FE L. Super Electroporator NEPA21 (NEPA GENE, Co., Ltd., Chiba, Japan) ZFHU\T
TL2hORL—23>%FEM U, Poringpulse (& 175V (pulse length, 5 ms; pulse interval,
50 ms; number of pulses, 2; decay rate, 10%). transfer pulse (& 20V (pulse length, 50 ms;
pulse interval, 50 ms; number of pulses, 5; decay rate, 40%) TEHEUL/z., TL-Z ~ORL—
> 3> 0 24 BFRE. #REDIUX L T 1 mL D nuclearisolation buffer (1.28 M sucrose, 40 mM
Tris-HCI pH 7.5, 20 MM MgClz, 4% Triton X-100) T&&E Uz, 1 mL @ PBS & 3mL @ DEPC
IEIKZNIZ T, 2,500 x g. 4°C T 15 fdhE 0L TR v k% RIP buffer (150 mM KCl, 25

mM Tris-HCI pH 7.4,5 mM EDTA, 0.5 mM dithiothreitol, 0.5% Nonidet P-40, 2 ug/mL leupeptin,
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2 ug/mL aprotinin, 100 U/mL recombinant RNase inhibitor [TOYOBO Co., Ltd.]) TH&&L
2o MyS—BGREZFH AT —TREZR— M. 13,000 rpm T 10 DE=RLULT. BHFZ
iy & U TEUR U, it ADART H14K (sc-73408, Santa Cruz Biotechnology) €U < (¥
X 1gG ¥4k (FUJIFILM Wako Pure Chemical Co., Ltd.) Z 5ug f1XT. 4°C T 2 BREIKIG
=t/z. €MD&, protein G beads (Thermo Fisher Scientific) ZI1X T 4°C T 1 BE&RIGSE
Jz. Beads % RIP buffer T 3 E5E% LT, 10%®D beads Z45 >/\IHIH(C. %D Z RNA
H(CAUVZ. RNA #it (& RNAiso Plus (Takara Bio Inc.) ZHAWTERRD LS (CEEL T, E
£#J RT-PCR T ADAR1 (C#EE& L TUL\D minigene FASRM ABCB1 intron 27 &ZE £ U1z, %Input

= 274Ct x 100: ACt = Ctrip — (Ctinput — Logz[input dilution factor]).

ZR{& ADAR1 BFIFRIARDIER

Origene Technologies (Rockville, MD) m'5E&A L7z ADAR1 Human Tagged ORF Clone
(RG219761) Z#584(C LT, PrimeSTAR Mutagenesis Basal Kit (Takara Bio Inc.) MO#fRD~
ORIJIICHOD TRELZEEAZEMUIZ. RNA REFEERIEZEA ADAR1T (E617A
mutated ADAR1) O/ER T, 617 TFED Glu(GAA) Z Ala(GCA) (CEMT D ETRETE
47 RIEEE/C [Lai et al., 1995], 2 AH RNA #EETEMERIBZEAR ADAR1 (EAA-mutated
ADAR1) OFEET(E. 3 W'D 2 A4 RNA #5& R X > (dsRBD) (CTF1E T D KKxxK EF
—JB&EZNTN EAXXA EF—JICERI B ETREEEE RIEEE T [Valente and
Nishikura, 2007]. AEERTHER UZT S X —DHc5% Table 1-4 (L7RT

Z 5K ADAR1 D RPTECs ANDEAICFIL I bORL—2 32 EZAVE. 1.0 x 108
{8 RPTECs % 10 ug D& ADAR1 TSI R (wild-type, E617A, EAA) BULL (F
pcDNA3.1 &. Opti-MEM | Reduced Serum Medium (Thermo Fisher Scientific) T#& U7z,
C DR ZEFINY hAFEU. SuperElectroporator NEPA21 (NEPA GENE, Co.,Ltd.) &=H

WTILo hORL—23>%ZEMUTZ. Poring pulse (& 175 V (pulse length, 5 ms; pulse
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interval, 50 ms; number of pulses, 2; decay rate, 10%). transfer pulse (& 20 V (pulse length,
50 ms; pulse interval, 50 ms; number of pulses, 5; decay rate, 40%) CTEMLE. TL2 kO

IRL—23>0 24 BRI ZEIR L. ZERER(CAVZ,

Table 1-4 Primer sets for mutated ADAR17-expressing plasmid construction

Gene / primer sequence

ADAR1 E617A-mut
Forward 5'-CATGCAGCAATAATCTCCCGGAGAG-3'
Reverse 5'-GATTATTGCTGCATGGCAGTCATTGAC-3'

ADAR1 EAA-mut #1
Forward 5'-GAGGCCGTGGCGGCGCAGGATGCAGCTATGA-3'
Reverse 5'-CGCCGCCACGGCCTCGCTTCCAGCTTCAG-3'

ADAR1 EAA-mut #2
Forward 5'-GAGGCAGTGGCAGCGCAGATGGCCGCAGA-3’
Reverse 5'-CGCTGCCACTGCCTCGCTGGGAGCACTCAC-3'

ADAR1 EAA-mut #3
Forward 5'-GAGGCCCAAGGGGCGCAGGAAGCAGCAGATG-3'
Reverse 5'-CGCCCCTTGGGCCTCGCTGTGTGCGCAG-3'

Minigene ZRAWZBIRM AT 51 > >0 O

RPTECs % 1.5 x 105 cells/well DiEE T 24 D)L L — MNMIiEIELU T, Lipofectamine
LTX Reagent (Invitrogen; Life Technologies) ZFU\T. 1 ug M minigene 75X = R%&E hS>
AT T ~UTz, 24 B5E#(C ReliaPrep RNA Cell Miniprep System (Promega) ZF\TH#ELE
DOT7ORIILICHED T RNA ZHhitH LTz, 7/ s DNA XU TS XX R DNA ZBR< 1z,
73>/ ET DNase | LiEZ47D>7z. 500 ng @ RNA Z ReverTra Ace gPCR RT Kit (Toyobo
Co., Ltd.) ZAWTHEZE L. cDNA Z&H U7z, Minigene FA2EMD cDNA (&. minigene 52
72T =< — (Table1-3) T GoTaqGreen Master Mix (Promega) Z B\ &g L /=, PCR
EMEIF>OATONA RZ2ED 1%7H0O0—-RXT)LTESUKE L THRELTZ, Intron 27
{RIFEBEIRNN I TS YY) (2287bp) &, intron27 BNEE(CERDBRHAINIER TS
> JTEY (827bp) %. ImageQuantLAS3000 (FUJIFILM) ZRWTER LIz, D%, PCR
EMZENTNZAO-XTILASYIDH U TRRUZE. Y2H—ECE>TEZ -2 R

7ZITV. BROEIIMERSNTWS C Ea#Ei U,
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PAERIREIC KL DT> AZERIKTF mRNA DFHIBHEREER

T RZEEKTF mRNA DS (NMD, nonsense-mediated mRNA decay) PEE(C
(Z. NMD $EMRPAZERITHSD NMDI-14 (Merck Millipore). B U < (IERERIAZEHFITH S
Cycloheximide (CHX, FUJIFILM Wako Pure Chemical Co.) &, TNZIUHLERE 1 uM. 100
ug/mL THUZ, Minigene ZRBUWSEIRN AT S 2 > DM T (&, minigene c=5>X T
T b 24 BfE#&(C NMDI-14 UL (F CHX ZIRFE L. 6 BFEI#(C RNA ZH#iti UTz. PHEHE
M ABCB1 mRNA. P-gp FIH(C NMD W52 2 Z DM TlE. mock &3\ (& ADART-KD
RPTECs (C NMDI-14 £ U< (& CHX ZBEFE L. RNA fhit (S 6 BERIE. 5> ) (OIS 24 B

ERCERBL.

TR AR

#RETERMTY 7 b & LT JMP Pro14 (SAS Institute Japan, Tokyo, Japan) ZFU\/z. 37
ZEIMDLEEIC (F— BB D EIDHMTE (One-way ANOVA), Tukey—Kramer posthoctest &Sk
U Dunnett's posthoctest ZRU\c, /o, I —BFEDLEER(C (& Student’s t-test ZFL V.

BEKEF 0.05 £ UL,
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(i R]

ADAR1-KD RPTECs D{FH

E hEHRICH T DIEMIBE (CEN D b S 2 AIR—5 —DRIRAD ADART ORZEZ IR
51937z, small hairpin RNA (shRNA) ZLZERIREETDITET ADART = WO T
(KD, knockdown) =tz bt hEEMIKMHE ER#IAE2 (RPTECS, renal proximal tubular
epithelial cells) Z/E& L= (ADAR1-KD RPTECs), RPTECs (C35\\T ADAR1-p150 (DEREE
1R\ RISHERTE M DTN, ADART-KD RPTECs (CHUVT ADAR1-p110 DFRIRE(FH
BT U= (p<0.01,Fig.1-2A), €T T. ADART 9>/ COBORBUE T (C44> T RNA i
EEEUNENTDIIMEST ULz, B2 TO RNAREEFEGZAE I DL (ERETHD &
M5, RNA REEIEDFHTE L. 3'UTR T A-to-IRNA IRENESEE TE LD T EMRESNT
L\ Poliovirus receptor (PVR) BT M chr19:45,168,642 D77 J = > DiREL NI ZiE15
(CUJZ [Hong et al., 2018], Mock RPTECs TI3RER DI 77 ) > DEIG(EH 29% TH >
J=D(C3 LT, ADART-KD RPTECs T3 13%ICIEFLTHD (p < 0.01, Fig. 1-2B).

ADAR1-KD T RNA fREFEHME T L TCULWBC ENRE SN,

A _ Mock _ ADAR1-KD kpa B
150
ADARl’ e m—— [ Editing site
100 PVR 3'UT v
B-ACTIN [ mame |, (chr19:45,168,642) cCGC G G
Mock
1.5 r *% 40 r *k /\
3 . (1 [
3 L30F [ [
c10f @ ° BVRTA ) A
o] © o : -
g ° 3 20k ADAR1-KD
o
(o))
Lost = - A ()
g S 10 /
2 w I\ I F’ k
O WA

0
Mock ADAR1-KD Mock ADAR1-KD

Figure 1-2. Construction of ADAR7-knockdown (ADAR17-KD) RPTECs. (A) Confirmation
of downregulation of ADAR1 protein in RPTECs with western blotting. The expression level of
ADAR1 protein was normalized to that of 3-ACTIN. Values are the mean with S.D. (n = 3). **,
p < 0.01; significant difference between the two groups (f4 =6.988, p = 0.002; Student’s t-test).
(B) RNA editing levels in PVR 3'UTR (chr19:45,168,642) in mock-transduced and ADAR1-KD
RPTECs. In the left panel, values are the mean with S.D. (n = 4). Representative
electropherogram of direct sequencing was shown in the right panel. **, p < 0.01; significant
difference between the two groups (fs = 6.466, p <0.001; Student’s t-test).
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b FEERIRME LMD S > AR—45 —FIIHAD ADAR1 FRIBIDRE

YEE LTz ADAR1-KD RPTECs ZAU\T. Fig.1-3A (LRI EMOBIEH (CRISTIRE
iR S > RR—4—D mRNA FHIRE%Z i U/ [Giacomini et al., 2010]. Solute carrier
(SLC) RSV AR—EF—T7=U—ICEBF D SLC15A1, SLC15A2, SLC22A4, SLC22A5,
SLC47A1, SLC47A2 0 mRNA FIRE($ Mock RPTECs & ADAR1-KD RPTECs THRRER
(FFRHSNEN DT (Fig.1-3B). SLC22A2, SLC22A6, SLC22A8 BILZF(CI— RENTWLB
RS RAR—F—ERLZREMORMBEDMCHFESLTWVWDZEA/MSNTWLDIH
[Giacomini et al., 2010]. A TR LJz RPTECs TECNSDORER(LRHSNAH DIz,
ATP-binding cassette (ABC) S > AR—F—T7=Z1J—(CE8 92D ABCG2 D mRNA KiRg
(& Mock RPTECs & ADAR7-KD RPTECs ([CHWTHEREEFRSH SN dIEH
ADAR1-KD RPTECs (C$HU\T ABCB1T mRNA DOFEIREFEE(CET L. ABCC2, ABCC4
mRNA DRIFE(FER(CEINL TLVE (p<0.01, p<0.05; Fig.1-3B). =5(C. ABCC2 &fn
F(CO—RENTWLD MRP2 5> )\OBDFIFEM Mock RPTECs & ADAR1-KD RPTECs
(CHNWTHBIREENRD SN D TZDICH U T ABCBT BIGFICI—RENTLD P 1E
> )\E (P-gp, P-glycoprotein) MFEIRE (L ADART-KD RPTECs [CBWTERITIET U.
ABCC4EILFICI—RENTLB MRP4 5> )\ UBDRIAEF EF U (p<0.05p<0.01;
Fig.1-3C). CNSDFEERLKLND. RPTECs (C3HULVT ADART 1Y P-gp B KU MRP4 MFIR#H
FUTWBDZENRESNZSENS. CNS5 2 DD ABC S AR—4F—(CEBUTRE

DIRFFERMEUTZ.
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Membrane transporters SLC15A1 SLC15A2 SLC22A4 SLC22A5 SLC47A1
expressed in RPTECs 20 20 20 20 20
Basolateral Apical @
(B|OOd) RPTECs (Urine) % 15F o o 15F 15} 15F
< o
P4
P- E 10} L 1.0} 1.0+ 1.0+
(ABCB1) s 8 o S
MRP2 2
(ABCC2) 3 0.5 L 05 05| 05|
OCT2 )_> MRP4
(SLC22A2) (ABCC4) 0 0 0 0
BCRP & & FE O FLE &
(ABCG2) ~ OVQ:\ @ OVQI\ ~ OVQ:\ < OVQ:\ ~ Og?f‘
OAT1 }, PEPT1 ks s s s s
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Figure 1-3. Downregulation of ADAR1 affects the expression of xenobiotic transporters
in RPTECs. (A) Schematic image of the xenobiotic transporters normally expressed in the
human kidneys. (B) The mRNA levels of SLC and ABC transporters in mock-transduced and
ADAR1-KD RPTECs. The mRNA levels were normalized to those of 18S rRNA. Values are the
mean with S.D. (n = 3, 4). **, p < 0.01; *, p < 0.05; significant difference between the two
groups (4 =5.656, p = 0.005 for ABCB1; ta=4.175, p = 0.014 for ABCC2; t4=4.178, p=0.014
for ABCC4; Student’s t-test). (C) The protein levels of P-gp, MRP2 and MRP4 in mock-
transduced and ADAR7-KD RPTECs. The protein levels were normalized to those of B-ACTIN.
Values are the mean with S.D. (n =3, 4). **, p <0.01; *, p <0.05; significant difference between
the two groups (4 =2.938, p = 0.043 for P-gp; t4 =9.165, p < 0.001 for MRP4; Student’s t-test).
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D=V FIEBIETD P-gp RIROBEVU X LA

EBED P-gp DEBEFEWICDOWNT, TDOB IV T S R (IFEEIFL(CI>TERIEIT DL
MIREZTNTHBD [Ferrazziniet al., 1991; Choi and Park, 1999]. P-gp DZFEYVIHEMHEEEN R
HUXAZRI ZENREENTULD, 2T, EbERUBMTHOBIIETH D, TER
R HE(RT CTdpd PERIOD2 & BMAL1 M mRNA RIR= (CHIHEEN ZROSNIZHZ 014 Y
LB TD P-gp & ADAR1 DFEIRZR/ANIZETD. INBH > )NTBEDOFIR (AL
HUXLAMZRSHSNIZ (Fig. 1-4A, B), F/z. P-gp DFIR(E ADAR1 OFEIRN L F I DKM
BICHVWTE—UERLU TV, COPMRB KU ADART-KD RPTECs TESNIZHER (Fig.
1-3C left) m'5. & FEEMIRTE P-gp ORARGWHIU X LZRL. ZDHfHIC ADART A
5L TS ENREENZ. —A T BZTOATILOBET(E MRP4 5> )\ OBDFIR
(CEABEMIE U X AFSRHS NN D 2 (Fig.1-4B). CNSDI EMS. P-gp FIRDOEHD
X LFIHITO ADART DEENCDUWTI(IEE 1 ETHET L. MRP4 RIRHIHITD ADART &

ZCDWTCIIE 2 BT I D &(CUTE.
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Figure 1-4. Circadian oscillation of clock genes, ADAR1 and xenobiotic transporters in
the kidney of cynomolgus monkeys. (A) Circadian oscillation of PERIOD2 and BMAL1
mRNA in the kidney of cynomolgus monkeys. The mRNA levels were normalized to those of
B-ACTIN. Values are the mean with S.D. (n = 3). (B) Circadian oscillation of ADAR1, P-gp and
MRP4 protein in the kidney of cynomolgus monkeys. The protein levels of B-ACTIN are shown
as loading controls.
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RPTECs T®D ADAR1 FIl & RNA {REEDEHUX A
H=OAF)LDOERECFHSUNT ADART 5> )\ OEH KU P-gp DFIR(CHIH U X LMER

SNizC &EMS (Fig. 1-4B). IBEMAITH D RPTECs DIFEHELT DRI X LZFRAE
B3 &(CLD>TE M ADART BELU P-gp DRIBEMMA Y X Lz RIBJEEHENE X SN,
Z ZT. Dexamethasone (DEX) ZF\\T RPTECs D HBLEFORIBY X LA EEH=E.
BIBE RS HHABOBIBERZMHII I D 2 & & H Tz, DEX (FEKRIILIIILFIA RO—FET
HD. IBEMRICIREIT D ET. MRS &4 DU XALEZUATWDEHEL T DFRIA
UXLsZRFASE D ENESNTL\D [Balsalobreet al., 2000a]. RPTECs (C 100 nM DEX
%z 2 RRIREE I D & (Fig. 1-5A). FEIQKFEHEIL T T D PERIOD2 35 KU BMALT mRNA
DFIRCK 24 WEEIEADERIRZEBNRDH SN (p<0.01,Fig.1-5B). IHFE RPTECs (CHUL)
TEMBAREHEENBBETERZENESHNCR D, COMBREHEEEBEEERU n
vitro RERFR T(d. DEX REEBE (L DEX [T 23— @MDISERICOEENELD. TDIZ
&. KETEGFORRIXLZERLT 2 ABED X ALNRELET D DEX RFER 24 B
BEAN. HERRARTEMEOBIERETHIBIC LD TSR IESNDEBELFORIRU XL ERH#H ENT
L\D [Balsalobre et al., 1998, 2000a]. € C. DEX I#§E%#& 28 KfElh 5 48 Kifdl B iz
BN L. ADART 92 )\ JBEDFRIREZAE UTER . BRRFEIREEN D SNIZ (p<0.01,
Fig. 1-5C). =5(C. ADAR1 &>/ \UBFIRENMEMES KUBMEZR LU DEX RE 32 K5
%, 44 FFRIZ(C RNA REEVEMEDIEIRE U T PVR 3'UTR @D RNA fREZRIELIZE B,
ADAR1 FIRMDE L\ DEX IREE 44 IFEZ (CRELNIUNBE(CEEZTRUIZ (p < 0.01, Fig.
1-5D). CHSOFERN S, DEX OIEEMIRE CHIHF T8 BIBE Lz RPTECS (CHL)

T. ADAR1 DFIR & RNA fREEMEIME U X L'RT ZENHESHCRDTZ.
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Figure 1-5. ADAR1 expression shows the circadian oscillation in circadian clock-
synchronized RPTECs. (A) Schematic diagram indicating how to synchronize the circadian
clock machinery of cultured RPTECs with dexamethasone (DEX). RPTECs were treated with
100 nM DEX for 2 h and replaced with new medium without DEX. After the medium change,
RPTECs were incubated at 37°C and harvested at the indicated time points. (B) Temporal
expression profiles of PERIOD2 and BMAL1 mRNA in RPTECs after treatment with 100 nM
DEX for 2 h. The mRNA levels were normalized to those of 18S rRNA. Values are the mean
with S.D. (n = 3). There were significant time-dependent variations in PERIOD2 and BMAL 1
MRNA expression (F14,30 = 39.291, p < 0.001 for PERIOD2; F14,30 = 36.744, p < 0.001 for
BMAL1; ANOVA). (C) Temporal protein expression profiles of ADAR1 in RPTECs after
treatment with 100 nM DEX. The protein levels were normalized to those of 3-ACTIN. Values
are the mean with S.D. (n = 3). There was a significant time-dependent variation (Fs,14=8.218,
p < 0.001; ANOVA). (D) RNA editing levels in PVR 3'UTR (chr19:45,168,642) in RPTECs 32
and 44 h after DEX treatment. In the left panel, values are the mean with S.D. (n = 3, 4).
Representative electropherogram of direct sequencing was shown in the right panel. **, p <
0.01; significant difference between the two groups (s = 4.677, p = 0.005; Student’s t-test).

33



RPTECs T®D P-gp FEHROEIA Y X AFIEICI1TS ADAR1 DEE

ADAR1 (C K DFIRHIEH P-gp DFIRUIAICKFIELEIHMEIT D/zHIC. Mock &
&K TFADAR1-KD RPTECs (Cd5\\TH DEXFRESRHIREE (C L DA RS B O BEERZ M 1.
Mock RPTECs T Naive RPTECs &[EIFR(C. DEX DIERFRIRE CHIB RS tHIBOBEEN
BHSN (p<0.01,Fig.1-6A). ADART-KD RPTECs T (& Mock RPTECs & H# LT BMAL1
mRNA OFEIR FF/NRHSNTZM,. DEX BREEERD PERIOD2 & KU BMALTmRNA DFIRZE
ENERHSN. BIEFETHIEINBEIER N TL\D Iz (p<0.01, Fig.1-6A), B+
@ Mock RPTECs T(d ADAR1 45>/ \UBRRCERIRIREENZRD SN, ADART-KD
RPTECs ([CHBWTIFZDFEEMET L TULVE (p<0.01, Fig. 1-6B). =5(C. Mock RPTECs
(CHITD P-gp DERBEERLFRIRLEH &R (p<0.05,Fig.1-6C). P-gp DRRIIEET
HDTFS 2 OMRANFEECEBERRELENZDHSNIZ (p<0.05,Fig.1-6D), T+
> > OMNEFEER (L P-gp DRBENBVERICHVWTER T L TH D, ADART RIREDIENN
(KD P-gp OFIREEMIEMEEN LR ITDIZENREENZ, —F5 T, ADART-KD
RPTECs (CH1TD P-gp OREIREFAUEUCETORHEICHSWTIRTLTH D, €DOMBEZE
Eh(LiRk55 LTz (Fig. 1-6C). £/=. ADAR1-KD RPTECs TOIF3 > HFEEIWmEZRTL
FU. BEREBAEIROHSNEMNDZ (Fig.1-6D)e CNSDIERMNS. RPTECs (CHWNT

ADAR1 1 P-gp RIROEIHR U X AHIEICES L TLWS Z ENREENTZ,
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Figure 1-6. ADAR1 is involved in circadian regulation of P-gp expression in human
RPTECs. (A) Temporal expression profiles of PERIOD2 and BMAL717 mRNA in mock-
transduced and ADAR17-KD RPTECs after treatment with 100 nM DEX for 2 h. The mRNA
levels were normalized to those of 18S rRNA. Values are the mean with S.D. (n = 3). There
were significant time-dependent variations in PERIOD2 and BMAL1 mRNA expression (F13,2
= 56.917, p < 0.001 and F13.28 = 46.243, p < 0.001 for PERIODZ2 in mock-transduced and
ADAR1-KD RPTECs, respectively; F13,28 = 14.565, p < 0.001 and F13,28 = 5.157, p < 0.001 for
BMAL1 in mock-transduced and ADAR7-KD RPTECs, respectively; ANOVA). ** p < 0.01;
significant difference between the two groups (fs = 38.454, p < 0.001; Student’s t-test). (B and
C) Temporal protein expression profiles of ADAR1 (B) and P-gp (C) in mock-transduced and
ADAR1-KD RPTECs after treatment with 100 nM DEX. The protein levels were normalized to
those of B-ACTIN. Values are the mean with S.D. (n = 4). There were significant time-
dependent variations (Fs,18 = 10.414, p < 0.001 and Fs,18 = 8.214, p < 0.001 for ADAR1 in
mock-transduced and ADAR1-KD RPTECs, respectively; Fs,18 = 2.899, p = 0.043 for P-gp in
mock-transduced RPTECs; ANOVA). ** p < 0.01; *, p < 0.05; significant difference between
the two groups (s = 4.641, p = 0.004 for ADAR1; t6 =2.617, p = 0.040 for P-gp; Student’s t-
test). (D) Intracellular accumulation of digoxin in mock-transduced and ADAR7-KD RPTECs
32 and 44 h after DEX treatment. Concentrations of digoxin were measured by LC-MS/MS
analysis 1 h after incubation with the drug. Values are the mean with S.D. (n = 4). *, p <0.05;
significant difference between the two groups (Fs,12 = 7.487, p = 0.004; ANOVA with Tukey—
Kramer post hoc test).
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ABCB1 mRNA D& TEEDIFZIZEED

ADAR1-KD RPTECs (CHWT P-gp RIRDEA U XANEE UTHF Z#RIA T D 128(C.
LR BB £ S U /= RPTECs T ABCB1 mRNA RIREDRIFMNZE(LEBIE Uz & C
3. Mock RPTECs [CHU\T ABCBT mRNA RIROBRMMBZENRDHSNTIZ (p < 0.01,
Fig. 1-7A). &/z. ADAR1-KD RPTECs [CHW\T(& ABCBT mRNA RIREMETF LTS E
DD, Mock RPTECs E[ERRICERIAFEIRZEINRDHSNIZ (p<0.01, Fig. 1-7A). CDFER
5. ADAR1T-KD (C& D P-gp FEHOMBE Y X LADES(E. ABCBTmRNA DFIRY X LDZE
{EDHTELTNDDTFRNS EHVRIEENTZ,

RIS, EEEEICEB LT ABCBT mRNA FIROEIA 1 X AEIEHE ORI ZIT D 12,
ABCB1 Bz FDEERIIAR LR 2091 nt HS TR 701 nt OEBZEHEALTILE TS5
LiR—5—~2TI%5— (ABCB1 upstream::Luc) Z{EE L. RPTECs (Cc hS>RXT 1 &,
DEX DIRFE(C K D HFSHEEZ BIBE Uz, DEX IREER. ABCBT mRNA DRIMKEE
AU 2 B &, SEZRUIZ 44 B (CILS Dz S—TEMZFFM Uz, T DR,
LR 2BRICHBITBRILES TS —CEECEEREFRDHSNT (Fig.1-7B). ABCBTmRNA
FEIROMBE Y X AFEEBIEC LD EDTIFRWS ENREBENT,

BEFREOBEY XA RFEEBRICKL D TELUIRIFTRL, GBEEHHEICK>TH
SIFHRCEINBD T ENEWHINTULVS [Fustin et al., 2013; Terajima et al., 2017], € T.
ABCB1 mRNA ORFEMDRRIZEZ T Uz, L5t LEERDFSET DEX ZAULVC RPTECs M
IR S HHEE BB S E. 32 g & 44 ISR (CERSPEAERIT3H D Actinomycin D (ACT-
D) Z#RRE 5 uM THIRBICIRE L. 6 Kif#4FETD ABCBT mRNA HIR 27 RIFH (SRIE L
Jz (Fig.1-7C), TO#5ER, DEX MRFE 32 B4 TD ABCB1 mRNA DR EM(S. 44 BERig &
L U TERITHL 33 T &N RDSNIE (p<0.05,Fig.1-7D). TISDFERN S, DEX IR
#2120 RPTECs (L5172 ABCBT mRNA OFEIRZH)(F. B-EEMDELIZETIEE<. mRNA

DREMICEIDTEL DT ENREE=NT.
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Figure 1-7. The time-dependency of ABCBT mRNA expression in human RPTECs. (A)
Temporal expression profiles of ABCBT mRNA in mock-transduced and ADAR1-KD RPTECs
after treatment with 100 nM DEX. The mRNA levels were normalized to those of 18S rRNA.
Values are the mean with S.D. (n = 3, 4). There were significant time-dependent variations in
ABCB1 mRNA levels in mock-transduced and ADAR7-KD RPTECs (Fs,12 = 9.426, p < 0.001
for mock-transduced; Fs,12=5.271, p = 0.009 for ADAR7-KD; ANOVA). *, p < 0.05; significant
difference between the two groups (fs = 2.994, p = 0.024; Student’s t-test). (B) The luciferase
activity of ABCB1 upstream::Lucin RPTECs 32 and 44 h after DEX treatment. The numbers
in the right panel indicate the distance in nt from the putative transcription start site (TSS, +1).
Values are the mean with S.D. (n =4). (C) Schematic diagram indicating how to treat RPTECs
with DEX for synchronization of circadian clock machinery and with actinomycin D (ACT-D) for
inhibiting the transcription. RPTECs were treated with 5 yM ACT-D 32 or 44 h after DEX
treatment, and then RNA was extracted at indicated time points after the addition of ACT-D.
(D) The stability of ABCB1T mRNA in RPTECs 32 or 44 h after DEX treatment. The mRNAlevels
were normalized to those of 18S rRNA. Values are the mean with S.D. (n = 6). *, p < 0.05;
significant difference between the two groups at the corresponding time point ( F5,30 = 6.837, p
< 0.001; ANOVA with Tukey—Kramer post hoc test).
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ABCB1 mRNA OZEM(CIH TS ADAR1 DES

IR THAEE BB Uz RPTECs (CHBULVT. ADAR1 &>/ \UBDORENE WL
ABCB1 mRNA DZEEMB EHERHS NI (Fig.1-6B,7D). € T. ADAR1 H' ABCBTmRNA
DETEM(CHERS X DRI T DIZHIC. Mock BKU ADART-KDRPTECSs (CERERHEHI
T3 ACT-D ZBREE U CTHERFRY(C mRNA EIREZRITE Uz, TDFER. ADART-KD RPTECs
(CdH1FTD ABCBT mRNA FEEDRHANRE (L. Mock RPTECs ELEB U TERISRWN &R
RENTZ (p<0.01,p <0.05; Fig.1-8A), F/=. ABCB1T upstream::Luc D)L T TS5 —F
(& Mock & ADAR1T-KDRPTECs [CBWTHERRER(FZRD SN > e NS (Fig.1-
8B). ADAR1 (& ABCB1 DErEEM(C(IFEZK(FET . TOEHRSEMDEEMZHIHE L T
W ENREENT,

— %Y (C mRNA DR EM(E. 3FEENERFEIE (3'UTR, 3' untranslated region) Z4T L7l
HEZFDZENESNTLND [Fabian et al., 2010l € T. Luciferase BIZFDTFHRIC
ABCB1 mRNA @ 3'UTR ZFA UL R—F -4 — (ABCB1 3'UTR:Luc) Z/FR L.
Mock 8 KU ADART-KDRPTECs (C b5 > XT T U MU TEMZITOIZ. TORR. LIR—
H—HEDILS T 1 5—TEMEE ABCBT 3'UTR DIFAICKDIEA LIzhY. ZDiANC Mock
RPTECs & ADAR1-KD RPTECs TERRER(IZRHSNN D/ (Fig. 1-8C). ZDIERN
5. ADAR1-KD RPTECs (C#(+% ABCBT mRNA DEEMDE T (L. 3'UTR &N LIZHIHT

(FRrVWZ ENREENT.
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Figure 1-8. ADAR1 regulates the stability of ABCBT mRNA. (A) The stability of ABCB1
mRNA in mock-transduced and ADAR7-KD RPTECs. Cells were treated with 5 yM ACT-D and
then RNA was extracted at the indicated time points. ABCBT mRNA levels were measured by
semiquantitative RT-PCR. The mRNA levels were normalized to those of 18S rRNA. Values
are the mean with S.D. (n= 5, 6). **, p < 0.01; *, p < 0.05; significant difference between the
two groups at the corresponding time point (Fr,3s = 15.522, p < 0.001; ANOVA with Tukey—
Kramer post hoc test). (B) The luciferase activity of ABCB1 upstream::Luc in mock-transduced
and ADAR1-KD RPTECs. Schematic diagrams of luciferase reporter constructs containing the
5'-flanking region of ABCB1 gene are shown in the upper panel. The numbers in the upper
panel indicate the distance in nt from the putative transcription start site (TSS, +1). Values are
the mean with S.D. (n = 4). (C) The luciferase activity of ABCB1 3'UTR::Luc in mock-
transduced and ADAR17-KD RPTECs. Schematic diagrams of luciferase reporter constructs
containing ABCB1 3'UTR are shown in the upper panel. The numbers in the upper panel
indicate the distance in nt from the nucleotide immediately after the stop codon (+1). Values
are the mean with S.D. (n = 4).
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RNA {RESPRIDIER & ABCBT mRNA RiBR{AD 2 (RIBIEHRIT

ADAR1 [C KD ABCB1 HIRFIHHERBA SN (C T B/z6. ADAR1 (CKDEIHMR RNA
fREN ABCB1 mRNA HIBHMA(CERD SN D MMEET LTz, ADART (CKD RNA fREDEBITE
MK, 50 bp M_ED 2 A8H RNA #BiE TEAEE (CE U D S ENFISN TS [Nishikura et
al., 1991; Eggington et al., 2011]. & CT. ABCB1 Bz FDESEYCH TS RNA REPAL
% . A-to-| RNAIREED T — 5 X — X Td D REDIPortal Z# AL\ TIRFE LTz [Picardietal.,2017].
REDIportal T3t b ABCB1 EnFDESEY) L (CIFEET 47 H'FID RNA fRESMIN SRS
NTHD. TDD5 33 HFIA intron 27 [CHBTEL TULVE (Fig.1-9A). RNA fRESBINESL
TWBERZIRDIZH. RNA D 2 Rigi&fEfiz RNAfold WD YT MDD T 7ZRVTERL
/= [Lorenzetal., 2011], ©DFER. intron27 T(EKI 280 bp DERETDFEER 2 A3H RNA #Ei&
"EDTENRESNIZA (Fig. 1-9B). RNA #RESMIN RIEL TLVB intron (CRAUTEREE
12 2 A48 RNA #5338 SN o /2 (Fig.1-10). TOFEERN S, ABCBT mRNA BiIBR{AD
5%, intron 27 /3* ADAR1 OEFREM (CIRDEIREMEN B L EE X BNz,

ADAR1 7' intron 27 (CHEE U TWLDHMREET D728, ABCB1 BILTF D exon 27—intron
27—exon 28 Mfit%%Z pcDNA3.1 (C3EA LTz minigene XA —={EE L T ZITO 2. C
dD minigene N5 —% ~5>XTJ 12 Uz RPTECs T. #l ADAR1 #ifAZ L \/z RNA &
kg E R LTz & T3 .ADAR1 & ABCB1 intron 27 DIEIEMFEE N ERH S (p<0.01,
Fig. 1-9C). UNU. F1 L0 S —T > ZETOREMTIE. ABCBT intron 27 (C(d RNA R
E LR TETIEFIER TSN (Fig. 1-11). ADART (CKDELFHRIRD I (&
RNA #REEMIT T (CHEF T DD TIFIRL . 2 KH RNA NOESBERICK > TERIFEZ S
N3 ENHBSN TS [Sakurai etal., 2017]. €ZT. ADAR1 B ABCB1 intron 27 A
B2 LT, RNAREIFMKFN (C ABCBT EIEFESENDREMOHIHIICES LTS &

EX. UEostzREUTz.
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Gene structure of ABCB1 (NM_001348946.2) | : exon ——intron o : editing site
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Figure 1-9. Estimation of the secondary structure of intron 27 of the human ABCB1 gene.
(A) Schematic image of the human ABCB1 gene (NM_001348946.2). Red dots indicate A-to-l
RNA editing sites registered in REDIPortal. The nucleotide numbering refers to the 5' end of
intron 27 as +1. (B) In silico prediction of RNA secondary structure of intron 27 of the human
ABCB1 gene by RNAfold. The minimum free energy structure with base-pair probabilities was
calculated to have the lowest value of free energy. Base-pair probabilities are shown by a color
spectrum. The RNA editing sites registered in REDIportal are indicated by “site numbers.” (C)
ADAR1 binds to intron 27 of ABCB1 pre-mRNA. RPTECs were transfected with the ABCB1
exon 27—exon 28 minigene, and then RIP assay was conducted at 24 h posttransfection. Right
panel shows western blotting analysis of ADAR1-RIP immunoprecipitates. Left panel shows
quantitative real-time RT-PCR analysis of ADAR1-RIP immunoprecipitates. Values are the
meanwith S.D. (n =3). **, p < 0.01; significant difference between the two groups (4 = 12.964,
Student’s t-test).
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Figure 1-10. In silico prediction of RNA secondary structure of introns of the human
ABCB1 gene by RNAfold. The minimum free energy structure with base-pair probabilities
was calculated to have the lowest value of free energy. Base-pair probabilities are shown by a
color spectrum. The RNA editing sites registered in REDIportal are indicated by arrows.
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Figure 1-11. Electropherograms from direct sequencing of the PCR-amplified product of
intron 27 ofthe human ABCB1 pre-mRNA. The sequence data are obtained from pre-mRNA
extracted from mock-transduced, ADAR7-KD and ADAR1-overexpressing RPTECs. The RNA

editing sites registered in REDIportal are indicated by arrows.
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ADAR1 (& dsRNA ESiEEZENTUT P-gp FI#ICES5 TS

ADART1 (& A-to-I RNA #REEEMTZIT TR <. 2 A$H RNA (dsRNA, double-stranded RNA)
ANDFEEICKD T RNA REFHEFHN (SERFORRZHIHIT D NS TS [Chen
etal., 2015; Sakuraietal., 2017]. ©ZC. RNA #REEMH DU \(E dsRNA fEESEZE REKSE

BI2Z 2K ADART HIINRD S —Z{ER LTz, ADAR1 77

11

JBEECHICH T, SEHEEMI T
5 deaminase RA1> &, 3 DFAifFET D dsRNA #&E R X2 (dsRBD, dsRNA binding
domain) DA H RNA fRE(ICIINETEH S (Fig.1-12A), RNA fREEMERIEZEAR ADARI
(E617A-mutated ADAR1) (&, 617 BED I Z D HET S UICERT DI ETHERLUR
[Lai et al., 1995]. 2 AfH RNA NDFEFEREN RIE UTZZER ADAR1 (EAA-mutated ADAR1)
(E. 3 MFAD dsRBD (CF1E T D KKxxK EF—TJZENEIN EAXXA EF—J(CEMI D&
TYER Uz [Valente and Nishikura, 2007]. EAA ZZ(d dsRNA NEE TSRV, RER
HERKT D,

FFERB LU E617A ZE/K ADAR1 ZBEFIFIR Uz RPTECs Tl&. P-gp 7>/\OBD
FRINEEIC LR U (p<0.01,Fig.1-12B,C). —/A T. EAA ZE{K ADAR1 ZiBEIFIE L
2B E(d P-gp OFRRICERREEZROHSNIEMND/Z (Fig.1-12B,C), =5(C ABCBTmRNA
DEBB(F. FEREB LU E617A TEK ADAR1 ZBFIFIR L/z RPTECs TIIBRICLR
LIzDIC3 LT, EAA Z24K ADAR1T Z1IBRIFIR UTTIZS (FBRREEF Z/ RSN > T (Fig.
1-12D), CHSDFERMS. ADART ([CKD P-gp FHIRFIEIC(E. ADART DIREEE T (/R

<. dsRNA FEEEENNBE TH D LN RE=NT.
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Figure 1-12. ADAR1 regulates the expression of P-gp with its dsRNA binding ability. (A)
Schematic diagram of the domain structure of human ADAR1. ADAR1 has a Z-DNA binding
domain, three repeats of double-stranded RNA (dsRNA)-binding domain (dsRBD), and a
catalytic deaminase domain. The E617A point mutation abolishes A-to-1 RNA editing activity
(E617A). Mutation of KKxxK motif in dsRBD to EAxxA abolishes dsRNA binding ability of
ADAR1, thus deficient in A-to-l RNA editing activity. (B) Construction of ADARI-
overexpression (OX) RPTECs. pcDNA3.1, wild-type (WT), E617A mutant, or EAA mutant
GFP-tagged ADAR1-expressing vectors were transfected into RPTECs with electroporation.
Bands derived from endogenous ADAR1 and GFP-tagged exogenous ADAR1 (WT, E617A or
EAA) were detected in the western blotting image. The protein levels of B-ACTIN are shown
as loading control. (C) The protein levels of P-gp in pcDNA3.1-transfected and ADAR1 (WT,
E617A, EAA)-OX RPTECs. The protein levels were normalized to those of 3-ACTIN. Values
are the mean with S.D. (n= 3). **, p < 0.01; significant difference between the indicated groups
(Fs8 =78.208, p < 0.001; ANOVA with Dunnett’s post hoc test). (D) The expression levels of
ABCB1 mRNA in pcDNA3.1-transfected and ADAR1 (WT, E617A, EAA)-OX RPTECs. The
expression levels were normalized to those of 18S rRNA. Values are the mean with S.D. (n =
4).** p<0.01;* p<0.05; significant difference between the indicated groups (Fs,12 = 10.166,
p = 0.001; ANOVA with Dunnett’s post hoc test).
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ADAR1 [C& D ABCB1 BIEFHRSENMDEIRNRT 51> > Il

ABCB1 BI=FICET BIFHRET —45/X—X (Ensembl [Yates et al., 2019]) THREL
ECB, BIRNRATSA2>0%21F T, intron 27 ZRIFUCHEDEESEY) (D,
ENST00000491360.1) NEESNDZENHIBALZ. 2D intron 27 RIFEEZEEYI DR
ZRRTY DL intron 27 DRFFICK D TREABR by TR AR ESNT, F2E2R%E
EU47F mRNA DEEEAE (NMD, nonsense-mediated mRNA decay) ([CKDNHEEZITD &
WRIEENTZ (Fig.1-13A). COBRMRNERCEL TLBIHERET T B/=8. ABCB1 BIEF
D exon 27—intron 27—exon 28 MDAL5!7Z pcDNA3.1 (C3FEA L7z minigene /"4 —7% Mock &
& U ADART-KD RPTECs [C hS5 >R T T bUT. RT-PCR TEIRN AT S > I EYD
BIEZITDIz. TDFER. intron 27 DBRMNIZIERBIRR T SA S 2 JEY &, intron 27 MR
RENITBIRNZAT S A > JEYIOD 2 DR S HN. intron 27 RIFE OIS EYOEE
ADAR1-KD RPTECs TERICHEZ/RUTZ (p < 0.01, Fig. 1-13B), =5(C. Z minigene
N4 —% Mock S KU ADART-KDRPTECs ([ChS>XT 1 hUTE#(C, DEX (CLDHIH
BrETHEABDBIBEZ1TV ). DEX BREE 32 BFEEHS KU 44 B5fER(C minigene HIRODIZEEY)
ZRAELRZ. TDRER. Mock RPTECs T® intron 27 {RIFELDELSEYIDEIS (L. DEX BREE
32 FER THER(ICEEZ R U (p <0.05, Fig.1-13C), —73C ADAR1-KD RPTECs (CHUL)
TIE MR (CHE VT intron 27 RIFEDESEMDEIENE < 2D, TORBEEDEIS(CHE
BIRAKRE (FRO SN D1z (Fig.1-13C). CNSDFERMS. ADART-KD 7Y intron 27 &
FREOERNRAT S A2 20258 U TCWS RN E R SNz, F/z. RPTECs (C NMD 4§
FEWNIRPHERI T3 D NMDI-14 [Martin et al., 2014]. SXUEERBEZEZ7TL T NMD ZiHIH9
% Cycloheximide (CHX) [Ishigaki etal., 2001] Z €N Z1IEEET D &, minigene FAED intron
27 REFROIENBRICERUZZENS (p < 0.01, Fig. 1-13D, E). intron 27 {R¥FELDER
BEY)E NMD ([CKDDEERITDENRESNZ. =5I(C, intron 27 RIFELDESEY)

DREMRERBRRTSA S IEY LR LU THERICEMEZRUZ (p<0.05,Fig.1-13F),
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Figure 1-13. ADAR1 regulates the time-dependent differences in the alternative splicing
of the human ABCB1 gene. (A) Schematic diagram of the retention ofintron 27 of the ABCB1
gene. Intron-retaining ABCB1 mRNA may be degraded through nonsense-mediated mRNA
decay (NMD). (B) ADAR1 is involved in the production of retained-intron 27 of ABCB1
transcripts. Minigene-derived normal splicing transcripts and retained-intron transcripts were
assessed by semiquantitative RT-PCR. Values are the mean with S.D. (n = 3). **, p < 0.01;
significant difference between the two groups (f4 = 5.167, p = 0.007; Student’s t-test). (C)
ADART1 is involved in the time-dependent differences in the production of retained-intron 27 of
ABCB1 transcripts. Values are the mean with S.D. (n = 3). *, p < 0.05; significant difference
between the two groups (F3,s = 11.373, p = 0.003; ANOVA with Tukey—Kramer post hoc test).
(D and E) Retained-intron 27 transcripts of the ABCB17 gene are degraded by NMD. Cells were
transfected with the exon 27—exon 28 minigene and treated with 1 yM NMDI-14 or 100 pug/mL
cycloheximide (CHX) for 6 h, respectively. Values are the mean with S.D. (n = 3, 4). **, p <
0.01; significant difference between the two groups (fs = 8.022, p < 0.001 for NMDI-14; t4 =
34.267, p < 0.001 for CHX; Student’s t-test). (F) The stability of retained-intron 27 transcript of
the ABCB1 gene. Cells were transfected with the exon27-exon28 minigene. The mRNA levels
were normalized to those of 18S rRNA. Values are the mean with S.D. (n = 3). *, p < 0.05;
significant difference between the two groups at the corresponding time point ( F5,12= 13.641,
p < 0.001; ANOVA with Tukey—Kramer post hoc test).
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BIRNRAT S IOHEICKDINENE ABCB1 KU P-gp DRIRE(L

H43RMED minigene ZFUVEA&ET T, ABCB1 @ intron 27 RIFELEIRM A TS 1 00
RZUKER (CEIE RSN T VD TENRE ENZCEMNS, RTEHD ABCBT FIRAD
NMD D&% 5l L7=. Mock RPTECs (C NMD BEE#I& LT NMDI-14 ZRE LU &3,
ATEMHED ABCB1T mRNA BIRZE(FBERICER U (p < 0.05, Fig. 1-14A), =5(C. ADAR1-
KD RPTECs (Cd3113 ABCB1 mRNA FIREEX T (L. NMDI-14 BEKU CHX BEET mock
RPTECs &ERILARILICETLERUR (p < 0.01, Fig. 1-14A, B). CHX (JEBERFEZEHRITHD
NMD FEERM4 T TDH >/ OBRIREDEIC (LB 7R\ /26, NMDI-14 Z LT NMD B
ERFD P-gp FIRE & FEXEZ S Lz, TORER. NMD FAE(ICKD P-gp RIRE(FHE
BICER U (p<0.01,Fig.1-14C), P-gp OFEE LF(CHWTFS > OHRBAFEER (K
TLTHD (p<0.01, Fig. 1-14D). P-gp OFEMEXFMEN LR LTV T ENRESNI,
NS DFEERN S, ADAR1 (& ABCB1 EInT%& intron RIFEWVWDSEERR TS A 2T
fREEL. MRNA DL EMZELEERZET. P-gp DRAEZ FRESETNDZENREE

nr
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Figure 1-14.Inhibition of NMD restores the expression level and activity of P-gp through
upregulating ABCB1 mRNA. (A and B) NMD inhibition restores levels of ABCB7T mRNA in
ADAR1-KD RPTECs. Mock-transduced and ADAR7-KD cells were treated with 1 yM NMDI-
14 or 100 pg/mL cycloheximide (CHX) for 6 h, respectively. The mRNA levels were normalized
to those of 18S rRNA. Values are the meanwith S.D. (n=4). ** p< 0.01;*, p <0.05; significant
difference between the indicated groups (F3,12= 13.981, p <0.001 for NMDI-14; F3,12=13.155,
p < 0.001 for CHX; ANOVA with Tukey—Kramer post hoc test). (C) NMD inhibition restores
levels of P-gp in ADAR1-KD RPTECs. Mock-transduced and ADAR1-KD cells were treated
with 1 uM NMDI-14 for 24 h. The levels of P-gp were normalized those of B-ACTIN. Values are
the meanwith S.D. (n=4). ** p<0.01; *, p <0.05; significant difference between the indicated
groups (F3,12 = 37.583, p < 0.001; ANOVA with Tukey—Kramer post hoc test). (D) Intracellular
accumulation of digoxin in NMDI-14-treated ADAR1-KD RPTECs. Concentrations of digoxin
were measured by LC-MS/MS analysis 1 h after incubation with the drug. Values are the mean
with S.D. (n = 6). **, p < 0.01; significant difference between the two groups (t10 = 4.868,
Student’s t-test).
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=)

BIE ST S, BIER. DRI EDRRL IBIEZ T U TR (CIE Y X A% 5
SEI I AAFTE BIERETHIBZBEBEL It MEHEAIREE LRHE (RPTECS) (C
BNWT. PHEY>I\UE (P-gp) DREIAH 24 BEEAROMB VXL EEZBH L. ©
DYUXLE ADAR1T Z1T LTz ABCBT BIGFDBIRNAT S A2 I DHIICKD. 5%
BRETEIFRISINTNB T EEFSHIC LI [Omata et al.,, 2021], TS5, ADART (&
BEAIKTFEY(C ABCB1 DEERAT SA S 2 IEMDERZIF LT, P-gp DFRRIXLZE
HHLUTWBEEZ SN (Fig. 1-15),

BIEFRROMA U XAZET T DIHCIE, D> T 2SR & (CRIY D
ENHDIcsd. FEFEET - KREMBEEF OMR T (FE(CEREZ AV CHTENITHON
T&Efz. NIOAPSY bTOERMPAHER B bS5 > R—5—DRBFEOHMBE Y X A (F#E
BERE SN TULVB N [Matsunaga et al., 2008; Hamdan et al., 2012]. & NTI(3SEZE(CiRik%E
FRI DR TH DT NS, EMERERHERTFDOEIE Y X ADD FHABOREMT(C (X
PREND DIz, & hZEVHALECHNT, FEAEDOHIIC (IR EHEEN MED > TH

Circadian clock

ADAR1 expression 1 ADAR1 expression &
’ -~ ADAR1
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Figure 1-15. Schematic diagram of the ADAR1-mediated regulation of diurnal
expression of P-gp in human renal cells. ADAR1 time-dependently prevents the
production of intron 27-retaining ABCB1 transcripts, resulting in the diurnal changes in the
maturation and stability of ABCB7 mRNA. The time-dependent differences in the ABCB1
mRNA levels lead to the diurnal expression of P-gp in human renal cells.
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D, RIZX LA (SCN) ZHIREFET &9 DREEN/R ) X AHIEEEZ A2 L TL\D [Hastings
et al., 2003], KEEHERTFORETHIEIEEEFOFEIR(E SCN £ TR, KitlEss cHEMBE D
XLWERHSND [Akhtar et al., 2002], FEMAECHLNTE. SEEDIA. Forskolin,
Phorbol-12-myristate-13-acetate. Calcimycin, Dexamethasone (DEX) /& EZ G5 EIRET D
ZET, MBS ZEBRSE CECFRROMBAY XLZBITTED 2 LN S
[Balsalobre et al., 1998, 2000a, 2000b]. AFLTI(d RPTECs (C 100 nM DEX Z 2 BFfiiREE
IR E(CKD THIBRETHIBOBBEZITL). P-gp & ADAR1 OFEIRMIEYU X LERT
CTEEBHURZ, E5(1C ENERRRICBITHEMN TH D DI YILOBBICHNTE P-
gp & ADAR1 MFEIA(CHIA Y X LR SNz ENS. £ hoBEH#ICSVNTEINS
DY\ OEDOFER (IR X LZRT EER SN,

ADAR1 DH#EEE(IMHFLAA T (IEEICHERFSNTES D A-to-IRNA iRE (TR EEIEE (CFR
513 RNA Z86 T, Z < DB FORRZHE I 2EBNIHIBTH DT EMNBESMNTED
TL\B [Nishikura, 2010]. #IEEFETHIBZBIBEE L RPTECs SXUHILDEIETD P-gp
FIRUZXLE ADART 2 ) NOBDRBF VXA EFERMAETH e ENS. ADART R
RO EFN ABCBTBIZFDEBRAT 54 2 IEMEIIH U T. EDOMRNAZLZELSE,
B )NOBN\DRAEIREL TS T ENRE SN, Feo TDEKD7/E ADART ZITUTE
ABCB1 mRNA FRRADEFLMKIFIIRZ(LN, P-gp FIROMB X LAZSISEHILTNDEE
Z BNz (Fig.1-15). RNATREERT S>>0, ERENDIREEZ SR ED 2
DOEFERTOTRATHD. INSEFEVWCHELEDS ZEMMSNTLVD. ADART (LD
RNA {REEFRT S 2 DICKkUE, #i4E RNA L TEHES EFRFARK(CITONS EEX 5N
TUL\D [Hsiao et al., 2018], A5, ADAR1 H' CCDC15 (coiled-coil domain containing 15) M
BIRN AT S42 > 0% RNA IREMKTFHNS LOIHMKEFNOBENSHEL TLNDZ &N R
BN [Tang et al,, 2020], =5(C. EMEMUZER! ADAR2 (&, REBMEZRFITIENCE

1539 ADAR2 mRNA FIBMEADRERRATSAS > I %5 |TRCIEBHMSNTLDS
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[Agranat et al., 2010l TNS5DZ ENS. ADAR (F RNA D 2 KEEfEI(CHESIT D ET.
REEEIMETFNCR T SAS > IOEFIHTE D EEZIBNTVD. AAFKTOFFTICH L
T. ABCB1 mRNA HIBFAD intron 27 fEIEk(d 2 ASHEEEEMR L TLDH. COMEISIC(3E
B2 A-to-1 RNA fRESMIIFIRHE NN D7z, ADAR1 (F#Y 50 bp L EDERED 2 KFH RNA
[CESEE THEE I D ENS [Nishikura et al., 1991; Eggington et al., 2011]. ABCB1 intron
27 BT D 2 AEHEEDR S (F ADAR1 DIESICETDIRRESTHD EEZX SN, N
5D ENS. ADART (F ABCBT mRNA BIEKAD intron27 DAT S+ <> % RNA fREIE
RIFRCHIE L TUVVD Z ENREENTZ,

AT S5A42>2(d. mRNA BIEFANS intron ZFRZ U exon fEIEZIES U THREE mRNA
ZRRK T D TOTRTHD. Exon & intron ZIEE T DIZHIC. 5 splice site (5'ss). 3'ss. J
SOFEMI. ARUEY S EFIIR EDEMINMRF SN TS [Will and Luhrmann, 2011],
RTSA2>20F BARAUIRRIXOILAZ>)\OE (snRNP) EHEBhS >/ \UBDEEHRE S
O RNA-SI 2 )I\OBEERTHDIRTSA VY —ACKD> TaEZND, U1 & U2 D snRNP
(&, BNEN5'ss ETSFEMMIZRHML. intron—exon BEEIFE T D. Intron RIF& (S
HRAFAEL mRNA (MRNA BIBEA) MSAAFAR. mRNA 2R SN BERIC. FFED intron HERE
SNRWERTHD, BIRNA TS0 D 1 DT3HD [Wongetal., 2016]. Intron £&EFH
HUPTWRTSAREBMLER T SA VY —AICKDHBNEZ T (C<WNT ENELY [Sakabe
and de Souza, 2007], &5(C. intron FIFREIBK(CHWTIE. AT SA ST (CREBIR/RUE
U= RS ORFHBEMERN G D, Intron HMREFEHIZ mRNA DRI TI(E, REFAR
Ny TORAEHRSNOTVS ENS, T2 AZEERMKF mRNA 2EHE (NMD) DIF
B EIRD . intron fRFFELD mMRNA DL EEFET L. I— R399/ \OBORREER
TIBDEEZXSNTLVS [Wong et al., 2016]. AAFKR TIE. ADART D/ WIS I (CLD
ABCB1 @ intron 27 {R¥22 mRNA OFEREISMENMNT D EZ/RL. ADAR1 H' ABCB1 &k

BEYIO intron RIFEIHITF CWD T ENRE SN, EBRIC. ABCB1 E{ZFD intron 27 58
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HTERY EY S URHIDREFEMENC ENROH SNz, F£/o. ADAR1T (& RNA &S
SINDETHD. RTSAZIHHRTFE LU TEMEET D EZ2ERITDE. ADART 7/
WOIHILGTBETRATSAVY—LD ABCB1 intron 27 SEIBNADIERICHEZS X,
intron 27 DRIFZEBISHR T EMNEBEZ SN,

BIE Bt HAS 2 FIBEE U 7= ADART-KD RPTECs (CHU\T P-gp FEIROEIH U XAFES
LTzt ABCB1 mRNA FIROMIE U XA (C (FRRUKFRIRZENRD SNz, CORER (&
ADAR1 1 P-gp OEIERBIR(CRAS L. MIHYU XADERICTES L TVWD T LZ2REL TS,
microRNA (miRNA) DFIFI>ZDHEIF (L ADAR1T D RNA MREE(C K> THEAR T Z N
5N TUL\D [Kawahara et al., 2007a, 2007b]. P-gp MFIRZHFH T D miRNA (FEEIRES
NTHD [Fengetal.,2011; Shang et al.,2014; Omataetal., 2024]. ADAR1 Z7T L= miRNA
DOFIEN, BB HEEZBEEE Uz ADAR1T-KD HiRR(CH TS P-gp FHIRDEH U X LDE
BICEASULTWBZEEERABND. INBDRZEREITDE. ABCBT mRNA 5 P-gp A\
DFERIBIZ(CH TS ADART DEIS(C DV TIFERDRFADNRER RNz,

BHICEHARETIENDIRAPCHZIAHILO/INE T P-gp OFERETEENMIBU X L%
RI T EEBASHICLTLD [Murakamiet al., 2008; Iwasaki et al., 2015]. COHIH X/
(FEEE L NI KD THITEIESNTH D . Hepatic leukemia factor (HLF) & E4 promoter-binding
protein-4 (&. B U PARbZip I6&ETLL XA> b (PARRE) Z7T U T Abcb1 BT DEEDIEE
CiHlZ 24 BB TR AR DR L, BELANJLT P-gp OFRICHBE YU X LZSIEH
9, AAZFLTHU/Z ABCB1 upstream::Luc [ PARRE ZEZTH, ZDI)LS T 15 —EEMHSE
BIE R B A BAEEE U Tz RPTECSs ([CHUV\ TRBMKTFHEREEB 2 RSN D o, BILODIMNG
E Bl TlE HLF mRNA DIRIENRRD. E—TRD/INBD HLF mRNA RIRE(E b5 TRD
# 35 M@ THOIZDICH L. BIETEFE—TRD HLFmRNA FiRE(F b5 TR 1.5 5T
»oTz [lwasaki et al., 2015], CNSDOFIRMNS. P-gp RIROHIH Y X AHIECEDDDF

DEFESE (IR HEEIC K > TRED TLBD TRV EEZ SN
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AR T (&, DEX LR (C L > THIE K EHEIBE BB UTIER L ~ RPTECs 5XUYIL
DB (CHNT. ADART F/\UBORRMMB U X L% RT 2SN LM, 7D
HIEHAE SR ARBA T D . £ FBKUHILD ADART BLFDESFITAEBAITIIC (. cAMP-
response element (CRE) EHHEIMDH DX UL AF REFINFEL TLVD. Activating
transcription factor 4 (ATF4) (&. CRE Z/TUTZErE(C K DEIRREHHEEDE D F & U TH
BE I B ENRENTULVD [Hamdanetal., 2012; Ushijima etal., 2012], HAFRET(E. X
R DB MMHARHESF AR (CH VT ATF4 OFRIRAEIE U X LAZRT ZEZASMNILUTH
D [Koyanagi et al., 2011]. CRE =T UJz ATF4 (L KD ESH1HI(E RPTECs 3 LU LEHE
(CH1FD ADAR1 FIROBIHYU X A%Z5| S LTV RN EZ SNz,

P-gp DWW DO\ DEBFENDE T 7S > AT IFIERRI (C K DERNRBDHSNTED.
P-gp OEMHBIEEDRIZIENRE SN TS AAFK THSHNC LIz E NEflifigTD P-gp
FIROBBE U X LAHIEHEE . ZNSORZIZEZGIB T DT TR, P-gp DEBEELRDS
< OEYDOBHEM(C, HEFLCKDEVWNFREI D LZRELTND, —AT. EYD
BHbE (CHAEZE U SBIERE U T, BIMRE. REKMKFEBE. K pH., Z=UKHEETD
EYBRUVR EBRSN TS [Bicker et al., 2020], FFRI(CIETNSEFENICFHET S
ZET. ENBHEHORLZZZ R UITIRERL ORBL(CEND Z N EIFEND.

TEROFEMFE(CHITDEBNE L. ECEMBEOEIU I EZTNEREICLIZES
EFRECI D> TERSINTEE. ULNIU. ZLOFYIOAHRRENERS. TRIX - 5377 - 5 - HEt
OEIEY XA K> TRAMKFNCEIL T D, TDIEe. KDEBNRFEMEEZIT DD
(S EMBHRBOEFRREIZEE SEHRRNEESOmEZER I DNEN DD, AAFTTESNIT
HMR(E. FEMHEHOILEIFL (C K DEVDIRKICHDFTCRANZALZRETDIEDTH
D EAROFEYIHE S & BB RTINS & ORI DD FRIRBEME 2R U TULV D, S74. ADART
@ RNA {REEEHZ BB (C UITBIC KD EMBEEEED FOBB U X AHIHBO ST/

BRICEN DT &E&HAFLIZLY,
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RNA {REEFE ADAR1 [CLBEBIR RNA NNV IR SAS > O%EEN U
t FSBHETD MRP4 FIRBIEIIB DRI
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(# =]

Multidrug resistance-associated protein 4 (MRP4) (& ATP-binding cassette transporter M
C HIJIJ7ZU—(CBUL. WILATIRL M THRIRNZBDOSNDN, FICBETESHER
L. ZL<OEMOBHEMICEIS L TLVD. Adenosine deaminase acting on RNA 1 (ADAR1)
(& adenosine-to-inosine (A-to-1) RNA #REZAIE I D Z & TEGTFRAZHIHT D Z MR
BHINTLDH, RBICHIFIREFTIE. £ MEIEMIRICS T ADART (& MRP4 DFiR%Z
BERLANILTHET S EZASHC Uz, LTS —TELR—F-TyvA1EIAD
O LA fBTDFER NS, ADART1 D/ w O miR-381-3p DFRILANIUETENTLT
MRP4 OFIR%Z FREITDTENESHICIRDE. BIR RNA(CircRNA) (FJL—IROAEE
non-coding RNA M—&T4% D, miRNA ZIRE T DR EUTHEET 2 L TEGFHR
RICHEZS5XD. ADAR1T (&, A-to-l RNA #REZ AR U T circRNA D 1 DTS circHIPK3
DRIBMAD 2 KigEZZLESEDZE(CEKD, circHIPK3 DASRZINHEI L TS &M
BShICHE DTz, In silico BEATDFEER. circHIPK3 (& miR-381-3p DA/R> =& U THEEBEL TWLY
DT ENREENT, KRS, circHIPK3 OBRIFEIR (E miR-381-3p (C L DEIERINFIHEREZFR
EITDTETMRPA OFIRZE FRSEDIZENASHICIRDTZ,. TNSDERMNS. RNA R
E5B%3R ADAR1 (CKD circRNA DEASIEZ T U TZSEMBNRERNIE bS5 > R—4~ —DFIR O

> hO—ILEWD., ERICBRVEFTTERADZ X LAOEEEMMRIBESNTZ,
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(FF &)

ABCC4 EIFIC 11— REMN S multidrug resistance-associated protein 4 (MRP4) (&
ABC hSZRR—F—D 1 DTHD. WHLEDOENE. B, MRECEHRBELTNVSD
[Aubel et al., 2002; Nies et al., 2004; Belinsky et al., 2007]. MRP4 (3t < ML EY)aEE &
UCERM L. MMM SHIRINR (CH#NX T D [Leggas et al., 2004], BEfIERHE_FRZHA
FEICHNT. MRP4 (3% < OEYOFRFHEHICEAS L. ZDBOUF7S 2 X (CEFEZ
K(F9 ., MRP4 OFER(FHE#AFN (CHEINTLDZ LM EHENTES D, & NEHH
F2(C351+D ABCC4 mRNA MDEEE (C(E, PPARa. NRF2, AHR IREDEfE CEFIRL T
WBEERFHBIS LU TS EEZ BTSN [Wen etal., 2015]. SEEIBFE(CINR. &5
BEHHOTSEREZTVN ENREETNTLS [Borel et al., 2012].

microRNA (miRNA) (3/\53F D non-coding RNA T. 22 mRNA D 3'JEEWERMEIE (3'UTR,
3'untranslated region) (C#&& L. mRNA O AR ORIERINE Z5589 D [Fabianetal.,2010].
FEDIAFT T, ABC hS 2 XIR—F—T7 U —D—EBDA>)\—H miRNA Z 7T Uz
FHIEHEZITTND I ENRESNTULSD [Haenisch etal., 2014], BIZ(E. REVILES it
M SR AHRE(CE 1T D miR-298 OFEIINGHIE, PHEY I\ VEBEORRZFEL T RFY
IWES DM EAE T D EMNRESTNTULSD [Bao et al., 2012], F£7/=. miR-124a > miR-
506 (& HEK293T/17 #Hi2D MRP4 5> /)(\UBLANILEETFETE ST EHS [Markova and
Kroetz,2014]. & hEE(CH T DEMIEM b5 > XR—45 —DFRIFFALER(C miRNA DS LT
WBTENREBENTND. CDELDIC. mRNA ([CKD ABC S RR—5—DEE#H
72 R I IRE(FEZE < H DN MIRNA BAEOFEIRBEEEDHIEIC DV TIFARBA SN TLVRL)
FNLL<HEIN TS,

—75. IRIAX RNA(circRNA, circularRNA) (&, 5' - 3" Kimt> poly(A)BEZFFIZ/RLN. JL—
THEED 1 AFEHD non-coding RNA T3 3 [Chenand Yang, 2015], circRNA (F4%4 73 miRNA

ZRET D [RARZ ] DKDMBEZRFS. mRNA D5 > ) \OBEOEIRZHINE I S Hae
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canonical

PfHZE 9 © [Hansen et al, 2013; PremRNA  __—  3'ss 5'ss splicing
Memczak et al., 2013; Chen, 2020]. back-splicing

circRNA MDAERk(E. EEHIA RNA D |

ERDORTSAS2D @R, CireRNA @

TRMD 5' splice site (5'ss) M LMD  Figure 2-1. Schematic diagram of the back-splicing.
3'ss (CHEE I D back-splicing (CKD THENE=1D (Fig. 2-1) [Zhang et al., 2014]. Back-
splicing (C(&. BED 5'ss + 3'ss EXTSA S 2 IHIEBENNETH S [Starke et al., 2015; Vo
et al., 2019], —f%(C. back-splicing DFEE (FBEDRX T SA > TKDEIEBDMNTEND
[Zhang et al., 2016]. LX< DHD circRNA (FZDFWVERTEMICKD . 35T DHRAZ mRNA K
DEBVWREIREZRT . IRIRIEE1D exon (CHEET D intron BED Alu BeHl7d EDOFERIET
L X> b (IRAlu, inverted repeat Alu) TD 2 AiH RNA DFZRAY (Fig. 2-2@). back-splicing
Bz iftE 8D Z & T back-splicing Z{E 9D (Fig. 2-2@) [Jeck et al., 2013]. ZH15D
cis-regulatory element (CHIX. L\ DH®D RNA 545> /\J&E(E back-splicing D trans-

acting factor & UTEI<, HIXIE. #2 < D circRNA H'_ERRBIEERIRDBR(C Quaking (QKI)

pre-mRNA

Alu

®Forming dsRNA structur}e/

stable

dsRNA structure
‘ g \/\ ADAR1

disrupted
dsRNA structure

. £ 3

(A-to-1 RNA editing -
( Disrupting )
RNA pairing

®back-sp|icing\\ -

circRNA

Figure 2-2. Schematic diagram showing the mechanism of back-splicing and the effects
of the cis-regulatory element (dsRNA structure) and the trans-acting factor (RNA editing
by ADAR1).
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SINOBOBETHRIRLER IS [Connetal., 2015], QKI (& circRNA ZH2p%9 D exon Dift
ED intron (CHEE L. Z2@& T2 I B Z & T back-splicing Mz D) 3. £ /=, adenosine
deaminase acting on RNA 1 (ADAR1) (& circRNA MAESRZHIFHI IS [lvanov et al., 2015;
Rybak-Wolf et al., 2015], ADAR1 (. HELAETRE IR T L AF REHMTH D A-to
RNA fREZ AR T SB#3R THD [Nishikura, 20101/ S > (32 F > LIEENZRHK T D,
DT ISR TH D, UMD T Ato-IRNATRE (R, TR OEE, BIRNATS 13
>7J. RNA D 2 RiB&EZ{bIa E&F|EH I [Eisenbergand Levanon, 2018]. circRNA HiBK
TR SND 2 A8H RNA (CX1 9D A-to-l RNA #REE (S, B#EZE T =T RNA IBEMH
B ARIE S D=8, circRNA DERMMET I3 (Fig. 2-2@). ADAR1T (HIRLVVEERHEE
HzFE. Z<OEMTEBNICHEIAL TN [Eggingtonetal., 2011]. circRNA ZEREAD
5z UTEARIIMB(ENTE S [Shietal., 2017; Ma et al., 2020; Shen et al., 2021].
REAERX DS 1 ET(E. ADART A MEIEAIARMAE _ERZH#AE (RPTECs) T®D P #E4
SINDBEDOFRRZEFHELTVDZ EZASH(C Uz, F/z. ADART WEIHOERYHEE ~bS>
AR—4 —FIRFECRIZ T REN 2 TS DIBIET. ADART D/ W I DI (KD T MRP4
AUIINDBEOFEEMENT B EERHE U (Fig.1-3Cright). ADAR1 (& MRP4 OFIREZEE
BLARILTHIEHT D EERBNIZ. T TRFEMHIDE 2 E Tl RPTECs [CFH 1T D ADAR1
(kD MRP4 FIRFIFEMEB(C DU T, circRNA B miRNA ZIRE TS [RR>Z] &UT. 2

DtEEEEIIH T DRICEB U TR LT,
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(5 &)

HpaisE

E NBLIEAIFRIE _LRZHlAE (RPTECs: SA7K clone) (& Sigma-Aldrich (St. Louis, MO) &
D. Lenti-X 293T #fif3(d Takara Bio Inc. (Shiga, Japan) &KDiEA LTz, RPTECs (& 5.5%
RPTECs Complete Supplement. 2.33 mM L-glutamine. 28 uM gentamicin. 14 nM amphotericin
B 5 MEMa i5ith (9°/XT Sigma-Aldrich) T. Lenti-X293 T #if2(& 5% fetal bovine serum
(Moregate Biotech, Bulimba, Australia) KU 0.5% penicillin-streptomycin (Invitrogen; Life
Technologies, Carlsbad, CA) Z = Dulbecco’s Modified Eagle’s Medium 1l (Sigma-

Aldrich) T. 37°C. 5% CO &4 T THELU CEERCALZ,

ADAR1-knockdown (ADAR1-KD) RPTECs MD{FH

ADAR1 (C*$9 3 small hairpin RNA (shRNA) FIRNROS—7%Z 3 fE@8/\vo—= Lzl >
FIA)LAKITF (sc-37657-V; Santa Cruz Biotechnology, Santa Cruz, CA) %z RPTECs (CR%
REBETE, B 24 BEBNS 5 ug/mL puromycin (FUJIFILM Wako Pure Chemical Co., Ltd.,
Osaka, Japan) TtzL2>3>%&1TL). shRNA ZEFIEK (ADAR1-KD RPTECs) Z/F& L

1= ADAR1 OFIREDIKT (& western blotting THEER L 1z

Western blotting

RPTECs #8435 > )\ OB Dt (. CelLytic MT Cell Lysis Reagent (Sigma-Aldrich) % F
WCHEEDTO ML > TITo f2s E=2DH > T IL/w J7 — (0.05 M Tris-HCI, 2%
SDS, 0.06% 2-mercaptoethanol, 1% glycerol) ZhlX. 95°C T 5 NI DET, &
WEBZEITOE. BESEZI/INOEFIRUZOUILTZRTILZEAWVWTHREL.
polyvinylidene difluoride X>J L (CEEEUTe, TDE. AT L2 A%AFLAZILIITE

UCERCT 1 IOy F>708 %170, L ADAR1 HI4K (1:1000, sc-73408; Santa Cruz
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Biotechnology). #1 MRP4 #i4& (1:3000, ab15602; Abcam, Cambridge, UK). #T B-ACTIN #1
{K (1:10000, sc-1616; Santa Cruz Biotechnology). #1 TBP #i4k (1:1000, ab51841; Abcam)
BRPCT 4°C T—H1>F2X— hUTz. ADAR1 BKU TBP D 2 Xk & L THL mouse
IgG #i4A& (1:10000, sc-2005; Santa Cruz Biotechnology). MRP4 M 2 J&#i{k & U THi rat IgG
L4k (1:10000, ab97057; Abcam) ZHU\fz, &5 > /OB DEE (C(E ImmunoStar LD
(FUJIFILM Wako Pure Chemical Co., Ltd.) ZfERA L. {EFFE K (E ImageQuant LAS3000

(FUJIFILM, Tokyo, Japan) TizezUTz,

EEH) RT-PCR I[C&LD mRNA, pri-miRNA DRIZE

RPTECs @ RNA #it(&. RNAiso Plus (Takara Bio Inc.) ZRWTH#ROTO MJLICHE
D TCITD 7. 500 ng M RNA %Z ReverTraAce gPCR RT Kit (Toyobo Co., Ltd., Osaka, Japan)
ZFWTHERE LT cDNA Z&HR UTz. mMRNA MEEZTI(d. cDNA (& THUNDERBIRD SYBR
gPCR Mix (Toyobo Co., Ltd.). LightCycler 96 system (Roche Diagnostics, Tokyo, Japan). &
KU Table 2-1 (CRIELFIHENRT SN —2FLVT PCR Z1TL), BRERECKIOTE
B FOFRBREREATE U, pri-miRNA DFEETIE. cDNA (& Tagman Fast Advanced Master
Mix . 7500 Real-time PCR system. & KU Tagman Pri-miRNA Assays (pri-mir-381,
Hs03303552_pri) ZFL\T PCR Z4T\\, IREIHE(C LD T pri-mRNA ORBEEAE L
(27T Applied Biosystems, Tokyo, Japan), AE#TICHSITDETDEZ(CHLVT 18STRNA Z

REPEAE(C AU,
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Table 2-1 Primer sets for RT-PCR analysis of gene expression

Gene / primer

sequence

Human ABCC4

Forward 5'-AGTCAATTCTGAAAGCTCCGGTA-3'

Reverse 5'-CGGCAGCAAATCATCCAAGTG-3'
Human NRF2

Forward 5'-GAGCAAGTTTGGGAGGAGCTA-3'

Reverse 5-CAGTTTGGCTTCTGGACTTGG-3'
Human PPARa

Forward 5-AGTGCCTTTCTGTCGGGATG-3'

Reverse 5-TGCTTTCAGTTTTGCTTTCTCAG-3'
Human AHR

Forward 5'-TGCCGAGTCCCATATCCGAA-3'

Reverse 5'-GGCGTGCATTAGACTGGACC-3'
Luciferase (Luc)

Forward 5'-CAGCGAGAATAGCTTGCAGT-3'

Reverse 5'-AGGATCTTTTGCAGCCCTTT-3'

Renilla luciferase (Rluc)

Forward 5'-ATAACTGGTCCGCAGTGGTG-3'

Reverse 5'-TAAGAAGAGGCCGCGTTACC-3'
Human HIPK3

Forward 5'-GCACATGTTGTCTGGCCTCAG-3'

Reverse 5'-TCTCTTCCTGGCTCCCATTCC-3'
Human B-ACTIN

Forward 5'-AAACTGGAACGGTGAAGGTG-3'

Reverse 5'-CGCATCTCATATTTGGAATGACT-3'
Human GAPDH

Forward 5'-ACAACTTTGGTATCGTGGAAGG-3'

Reverse 5'-GCCATCACGCCACAGTTTC-3'

Human pre-circHIPK3

Forward 5'-TATTTGCACTGCCAACTAGTTAAG-3'

Reverse 5'-CTGAATCCTTATACAGGTTGAGCA-3'
Human 18S rRNA

Forward 5'-CGGCTACCACATCCAAGGAA-3'

Reverse 5'-GCTGGAATTACCGCGGCT-3'

W2 Ix5—LBLR—F—RI5—DFHR

£~ ABCC4 BI-FOIEEEHIIER (NM_005845.4) ZzE&(C, TOE—4F—mEEHEL
TEHERMIBRO LR 1650 nt NS TFHE 70 nt. 3'UTR & UTHRIETD R ORDIEEMNS TR
1741 nt. 1192nt HKU 553 nt DRIBZIFET DKL DT, HIPREEREDMACS (Kpnl/Nhel SK
U Xbal/Fsel) Z 5'FKifk(CAIINLIZT SN —%5%5T LT, RPTECs %"/ /s DNA Z 58S (C
L T PrimeSTAR MAX DNA polymerase (Takara Bio Inc.) ZF\L\T PCR Z{1o/c, JOE—

4 —%Ei3D PCR EY)(E pGL4.25 (Promega, Madison, WI). 3'UTR @ PCR E¥)(% pGL4.13
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(Promega) NZ1NZT1UEAUTZ (ABCC4 upstream::Luc SKU ABCC4 3'UTR::Luc). miR-
381-3p #AEBMIICEREZ AN ABCC43'UTR MUT::Luc DIERT(E. miR-381-3p F&SHCT!
(5-TTGTATA-3') Z Mlul FR5EECH] (5'-ACGCGTA-3') NEHIL Tz, ZEEA(C(E PrimeSTAR
Mutagenesis Basal Kit (Takara Bio Inc.) ZFU\T. #2070 NIJLICK D TITO 2.
miR-381-3ptarget::Luc MIER T (&, FIPREZZRZ2HKACT! (Nhel/Xbal) Z 5'Kim(CfHHI L7
miR-381-3p ABMHDA U T XTI LAF Rz 90°C T 3 DREHRUELZ#. pmirGLO (Promega)
@ Nhel/Xbal #IPREEZRIRHEPAI(CIEA UTE (Fig.2-8A), AR CERLETISA<—. AV
IXTLAF RDBECSZ Table 2-2 (TR,
Table 2-2 Primer sets and oligonucleotide for reporter plasmid construction

The numbers indicate the distance in nt from the transcription start site for the upstream vector
or from the nucleotide immediately after the stop codon for the 3'UTR vector.

Gene / primer / oligo sequence

Human ABCC4 upstream
Forward for —=1651 nt 5'-CGTGGTACCCAGGGTGGATATGAAGAGCAGC-3'

Reverse for +70 nt 5'-ATAGCTAGCCCTGGACCTCAAGCAGGGATG-3'
Human ABCC4 3'UTR
Forward for +1 nt 5'-GCGCTCTAGAATCCAACCAAAATGTCAAGTC-3'

Reverse for +1741 nt 5'-TAGGCCGGCCATGGAGATGAAAACTATCATTTA-3'
Reverse for +1192 nt 5'-TAGGCCGGCCACTCAACATATTACAGCCAC-3'
Reverse for +553 nt 5'-TAGGCCGGCCGGTACACACTCCCTACTA-3'

Human ABCC4 3'UTR
miR-381-3p mutation

Forward 5-TTGTACGCGTACATATATTTGTCCTTCG-3'
Reverse 5-TGTACGCGTACAAATGCACACGTG-3'
hsa-miR-381-3p antisense
Top 5-CTAGCATGCGGCCGCTAGTACAGAGAGCTTGCCC
TTGTATAT-3'
Bottom 5'-CTAGATATACAAGGGCAAGCTCTCTGTACTAGCGG
CCGCATG-3'

WoIJx5—CLR—59—-7vEa

Z1EHARZ 2.0 x 105 cells/well DFRIENT 24 D TILT L — STHEFELTZ, Lipofectamine
LTX Reagent (Invitrogen; Life Technologies) Z ML\ T. 500 ng M pGL4.25 N5 —4%E, 200
ng M pGL4.13 N4 —%EE L < (£ 200 ng D pmirGLO N4 —$%& ) )\-ET RS2 X
JI2 bUTZ.pGL4.25 N5 —$EE L < (E pGL4.13 NI —FEDEARF(IC (L 10ng D pRL-

63



TK R4S — (Promega) ZAREMEE S U TH NS RAT U MUTE. 24 BEEE(ICHRRE Z [EIUR
U T. Dual-Luciferase Reporter Assay System (Promega) ZHW\TILS T 1S5 —C5EEZ
EUE. RIS T S—CEDZSAFTILE TS —EDEEDLEERIEBDILS T

IS—EEME U

mRNA OZEMHDATE

RPTECs (CEzBFHEHIT3 D Actinomycin D (ACT-D; FUJIFILM Wako Pure Chemical Co.,
Ltd.) ZH#IRE 5uM THREE U Tz, BERMIAE. FTEDRHE(CHIfgZmUN L. EEEDTET RNA
Zi U, E2H RT-PCR T mRNA S KU circRNA OFIREZATE LTz, circHIPK3 i@FIFE
IHEZHTD miR-381-3p TEMDFHI T, circHIPK3 @RIFIR RIS —E L < (& pcDNA3.1
B 24 BRI (C ACT-D RIREEL T. 0 HKU 24 BERIE(C RNA & LT, EEM RT-PCR

T miRNA OFEIRSEZRIE LT,

RNA D 2 RiBiERFR

E b ABCC4 B FDESEYID 2 RIBIEHHHT(C (3 RNAfold Z AUz, RNAfold (F. RNA
D 2 FBERKRICLDEHIRIILF—DRTEZEH LT, RETEMBEEZ TR TETDIVT
N1 77T [Lorenz et al., 2011]. ABCC4 3'UTR DA TI(d. 3'UTR D+1192 nt H'5
+1741 nt Z AP U T IS A—TTE (FHEME TR Z1T D72, Intron ZEL circHIPK3 &l
BRARDEEMT T, HIPK3 exon2 M _EiR 630 nt MS TR 2060nt Z AN LT, /NS A—SHE
(FHEMBE TR 21T D 2. RNASREE(C KB circHIPK3 BIBE{AD 2 A48 RNA {8 R EZELD
R T(E. Ato-l RNATRENEC TWD EFRENTETT /S22 0T )2 (CEMUTHR
WEITO Iz, BATREREE/INBHRIR/LET— (minimum free energy) TRU. 1EETZRZIAH
9 B0JEEME (base-pair probabilities) TR T UTc, BERMEEMAKDOEIEEENSVERTE

HEEE. FERMEEMEMOAEEMEWARRZE/MBEZRU T D,

64



LD M=o > R R

RPTECs D RNA #it (3 ReliaPrep RNA Cell Miniprep System (Promega) % U\ TH#ELR
DOV D> TITD 1. &'/ s DNA ZBR< fesb. 35 /oL T DNase | {LIB&ITD I,
500 ng @ RNA % ReverTra Ace gPCR RT Kit (Toyobo Co., Ltd.) ZFBU\T¥##zE LT cDNA
=5 UTz. &/ /n DNA D (& Wizard Genomic DNA Purification Kit (Promega) Z U\
THZEOTO MLICRH D TITDO I,

ABCC4 3'UTR MEL5!(E. RPTECs D%/ /x DNA &L < I(F cDNA Z#5E(C LT, GoTaq
Green Master Mix (Promega) &IE{RFHRIEMR primer (Human ABCC4 3'UTR, Forward for
+1 ntand Reverse for +1741 nt; Table 2-2) Z AL\ PCR Ti&EL/Z. PCR EY)(E Reverse
primer ZAWTH > H—AICEKD T RNA fREDERZHER LI,

circHIPK3 & back-splicing DfEEEPDECHI(E. GoTaq Green Master Mix (Promega) &
circHIPK3 $¥ 2172 divergent primer (¥l (318 32 [EEH/HEEM RT-PCR (CLDERIK
RNA OBIE] T 9) ZALT PCR TEMRERL/Z. PCR EY)(& Forward primer ZFREWTH>
H—EC K> TR =R UL,

circHIPK3 BIBEADS AL O K2 =2 X(CE LOFIAIARTEI —(CLDT
circHIPK3 BIBFAZIBRIFEIR U/ RPTECs ZRAUWZ. L>F IV ARRE 48 BfEED
RPTECs D%/ /s DNA £ U< (& cDNA Z#581(C L C. GoTaq Green Master Mix (Promega)
EEG TR primer (Forward primer, 5-TATTTGCACTGCCAACTAGTTAAG-3'; Reverse
primer, 5'-CTAAAGCGCATGCTCCAGAC-3') ZF\L\T PCR Ti&iE L7z, PCR E¥) (& Reverse
primer ZAWTH > 1 —E(C KD T RNA fREDOEHEZMIA L. circHIPK3 BISR{AD RNA
RELANILE. UATFoRZERWTER UZ,

peak height of "G"

. o) —
RNA editing level (%) peak height of "G" + peak height of "A" * 100

B> H—ETDS—4 > Xf##HTld Fasmac Co., Ltd. (Kanagawa, Japan) (CKFEL T. K

FDEIZRE KU peak height DEITE (C(E SnapGene Viewer Z AU\,
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miRNA ¥ 207 LA fi#th

RPTECs m'5®M miRNA Z &1 total RNA D3t (E. miRNeasy MiniKit (QIAGEN, Hilden,
Germany) ZARAWTHEDOTO M JLICHE S TITo/Ze RNA DOAUFT o —FT v IICIE
Experion (Bio-Rad, Hercules, CA) ZFU\/Z. SurePrint miRNA Microarray rel. 21 (Agilent
Technologies, Tokyo, Japan) ZFU\T. 2549 &M miRNA OFEIREZHERLUIC. BRIR LEFH
BUVEFERET U mRNA ZEET 3z (. ENTNDTO—T DIEMRLSNz=IF)L
BMENSFEIREDILE Z-score ZEIH LTz, HIH LR U miRNA OEE(IFEIREDLEN 2 U
£33\ & Z-score HY 2 DLk FEIRET U7z miRNA OEE(IFIREDLEN 0.5 LITHDU(E
Z-score '-2 I F& U, X207 L 1dD>—4 (& National Center for Biotechnology

Information Gene Expression Omnibus (CEEx L/ (Accession number, GSE192692),

EER RT-PCR [C&LD miRNA DHRITE

RPTECs m'5® miRNA ZE1 total RNA Difitti(d. miRNeasy Mini Kit (QIAGEN) ZFH
WTHEDOTO M JLICHE S TITD 7. 10 ng @ RNA % Tagman Advanced miRNA cDNA
Synthesis Kit (Applied Biosystems) ZRW\THELEH KU miRNA DIEERIGZFEMUTZ,
7500 Real-time PCR system. Tagman Fast Advanced Master Mix 3K T miRNA R8I/
Tagman Advanced MicroRNA Assay (miR-381-3p, 477816_mir; miR-191-5p, 477952_mir) %z
BT PCR Z1TL\, REHFE(CL DT mRNA DRIREZTE Uz (BULWEEEEET
Applied Biosystems 11+2), miR-191-5p MDfE(E RNA £. RT B LT miRNA 1EBIE/SDEIED

TEHICAWNE,
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miRNA mimic @ RPTECs NDEA

Z1EHRRZ 2.0 x 105 cells/well DFRBENT 24 D TILT L — STHEREL /=, Lipofectamine
2000 Reagent (Invitrogen; Life Technologies) ZFLYTC. miRIDIAN microRNAMimic Negative
Control #1 £ U < (& miR-381-3p mimic (C-300690-03-0005; Horizon Discovery, Cambridge,
UK) ZEETEUERREE EIRDEIDICUN-ET RS AT O MUIE. 52X TT O
NDEERT(E. DTSR Z RARTES—E mimic EAFICRS>RT T O MU, 24 Bt

(CHAfEZEIN LT, BIERERICAVTZ,

EER/HEER RT-PCR [CKBERIX RNA DRIE

ERIR RNA (X TFRD 5' splice site & LD 3’ splice site H¥&EE9 B back-splicing (CkD
TEUDERNAT S A JEY T3 D. Back-splicing DfEEERE back-splice junction
(BSJ) EMEEN. BEDRAT S S IEWICIIFIE UIRVRIR RNA FEMRES &85,
UTeM> T, BSJ ZIBI& T D primer pair Zi%519 2 2 & TRIA RNA DRIREZTATEIT D
ENNTED., BED primer pair B'NEZE (convergent) THDDICH L. BSJ ZiEIE T D
primer pair (JEEF LETRIRT D ESEE E/RDDT. divergent primer (M E1E primer) &
IE(ENS (Fig. 2-3).

T /\‘Canonical splicing

back-splicing

N

circRNA MRNA

back-splice junction

(circRNA-specific sequence) convergent prlme_r> <

7 | exon | exon | exon |
- - < -
divergent primer divergent primer
Amplification O Amplification X

Figure 2-3. Schematic diagram showing the design of divergent primers for circRNA
detection. PCR with divergent primers amplified the circRNA back-splice junction sequence
in the circRNA but not the mRNA.

67



circHIPK3 3 KU DAMDIRIK RNA (CBIL T, Table2-3 (79 divergent primer Z5%5T
Ufz. &FEHAZHS RNAiso Plus (TakaraBiolnc.) Z MU\ T total RNA &3 LT, EEDK
S(C cDNA Z&HB L T. = RT-PCR T divergentprimer Z fU\/ZIRIK RNA DE ==
Ufz. HE=ZH RT-PCR Tld. cDNA % GoTaq Green Master Mix (Promega) ZF\L\T PCR
ZTV\ IFZOATOXRA RZED 2% 7 H0O—-RXT)LTESRKE LT PCR EMZDHEEL
/= PCR E¥)(E ImageQuant LAS3000 (FUJIFILM) ZEWTCiREZ LTz, 7HO0—-XTILHS
BRD/\> RZIDE U THREULE. DA CL> ChAIZz#ERID LT, BND
ACHIMMEIE SN TWD S & =R LTz, &7/ s DNA Z858)(C LTz PCR (&. divergentprimer
(CKDERIR RNA DIBIED' cDNA TDHEL TS T 2RI DIEHICEMLUIZ. KK
TERULET SN —0EE5% Table 2-3 (C7RT,

Table 2-3 Primer sets for RT-PCR analysis of circRNA expression

Gene / circAtlas ID / primer sequence
Human circHIPK3 [divergent]
Forward 5-TATGTTGGTGGATCCTGTTCGGCA-3’
Reverse 5-TGGTGGGTAGACCAAGACTTGTGA-3'
Human circHIPKS3 [convergent]
Forward 5-TTAGTCCCCTGCCACTAAAAGTGA-3'
Reverse 5-TGCCGAACAGGATCCACCAACATA-3'
Human B-ACTIN [divergent]
Forward 5'-CACCTTCACCGTTCCAGTTT-3'
Reverse 5-AGTCATTCCAAATATGAGATGCG-3'
Human B-ACTIN [convergent]
Forward 5'-AAACTGGAACGGTGAAGGTG-3'

Reverse 5'-CGCATCTCATATTTGGAATGACT-3'
hsa_ZNF124 0005

Forward 5'-TAAGCAATAAGAACTCGGTTGCC-3'

Reverse 5'-GGGAAGGATCCAACAAAGCCC-3'
hsa-RBM33_ 0009

Forward 5'-CCCAGAAGAAGGACAGTATGAA-3'

Reverse 5'-TGTAACACCCTGAGAACTGAAAT-3'
hsa-CGNL1_0010

Forward 5'-GGGAGCCCTGAAAGAAGAGGT-3'

Reverse 5'-TGGAATTACAAGCCTTGGTTGCT-3'
hsa-ZKSCAN1_0001

Forward 5'-GAAACCCCGCCTCTTACA-3'

Reverse 5'-TTCCTCTTCCACCTTCACTATTA-3'
hsa-CDYL_0005

Forward 5'-CTTAGCTGTTAACGGGAAA-3'

Reverse 5'-CTGTTGAAGTCGTGGATGT-3'
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hsa-MAN1A2_0003

Forward 5-TCTGTGTTTGAAGTCAACATTCG-3'

Reverse 5'-GCTTCTTCCAAGGCCTTCTC-3'
hsa-C3_0002

Forward 5'-CGGACAAGAAAGGTAACCTGGA-3'

Reverse 5'-AAGTCCTCAACGTTCCACAGC-3'
hsa-FBXW7_0005

Forward 5'-AGTATTGTGGACCTGCCCGTTC-3'

Reverse 5'-GCCAGCTTGCTACTTCTTGGA-3'
hsa-SLC8A1_0015

Forward 5'-ATCGAAGGGACTGCCAGAGG-3'

Reverse 5'-GGTGAAAGACTTAATCGCCGC-3'
hsa-PCMTD1_0002

Forward 5'-CTGAAGTTATGGAAGCATTG-3'

Reverse 5'-ATGGCTTCCAATATTGCACTTG-3'
hsa-PSD3 0018

Forward 5'-GTCCATTGCCTTACCTGTGCAA-3'

Reverse 5'-TTGGCTGCTTCCACATTGCT-3'
hsa-SMARCA5 0005

Forward 5'-GAAAAGCTCTCCAAGATGGG-3'

Reverse 5'-CTTCTTTGCACCTCTTTCCAA-3'
hsa-FGGY_0001

Forward 5'-TCTCCCGGACTTCTTATCGTGG-3'

Reverse 5'-CGATGGTCCAGCCACATGAT-3'
hsa-RHOBTB3_0011

Forward 5'-AGGCAACCCACCATTACGAG-3'

Reverse 5'-ATGGCTTACAGCGCAGAGAA-3'
hsa-FNDC3B_0004

Forward 5'-CAAGAAGCAGCCCAAAGTCG-3’

Reverse 5'-CATGGCTGAGGGGTAGCTTG-3'
hsa-ATRNL1_0001

Forward 5'-CCAATTGCGGCAGTCCAGAT-3'

Reverse 5'-TGGATAGCCTTCAATGAGCCA-3'
hsa-NOX4 0018

Forward 5'-TCCGGAGCAATAAGCCAGTC-3'

Reverse 5'-TTAAGACTGATGCAGCCGGG-3'
hsa-SETD3 0001

Forward 5'-AAACACAGCTCGACAGTACGC-3'

Reverse 5'-GCATTTCTGCAGCAGCTCAC-3'
hsa-RAB3IP_0013

Forward 5'-GTTCTGGAGGCTGTGGAAAA-3'

Reverse 5'-GACACGTCCTGTCCATTGTG-3'
hsa-SLTM_0001

Forward 5'-AGAGGACATCGAAAGTCAGGAAA-3'

Reverse 5'-TCCACAGAAGCATCTCCACTCA-3'
hsa-MAN1A2_ 0002

Forward 5'-GCAAGGAAAGGACACTCCCC-3'

Reverse 5'-TCTTCCTCTTCCCACACTGAAA-3'
hsa-PTK2_0007

Forward 5'-TTGCCAAAAGGATTTCTAAACCAGT-3'

Reverse

5'-GTTGGGGTCAAGGTAAGCAGC-3'
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oligo(dT) primer ZFLVZ RT [CX D cDNA DSH

RPTECs @ RNA #iiti(&. RNAiso Plus (TakaraBio Inc.) ZRWTHREDOTO MJLICHE
D TC{TD7/Z. 300ng M RNA %Z ReverTraAce gPCR RT Kit (Toyobo Co., Ltd., Osaka, Japan)
H KU 15 pmol @D oligo(dT) primer &L < (& 30 pmol @ Random primer (nonadeoxy-

ribonucleotide mixture, pd (N)9; Takara Bio Inc.) ZHU\TFEE L T cDNA Z&RK LTz,

RNase R 2L (C & BSIRIR RNA DR

RNase R ([E(EEFETOEHIR RNA ZHFIT D 3'->5'THFYRXITLT7—ETHD. TR
RNA (& 3" RIS KU 5'RIKZFF/RNT EMNS. RNaseR (CKDDERICTIEZFRF D &A%
S5 TLVD [Suzuki etal., 2006], RPTECs H'5 RNAiso Plus (Takara Bio Inc.) Z AU\ T
L7z 20 ug @ total RNA % 2 U/ug @ RNase R (Applied Biological Materials Inc., BC, Canada)
T 37°C. 20 min RIGS B TEFIRD RNA DDFZXREL 2. RNA (T /—)L-T007K
IWNEBSETHRE U, LROFETESEN PCR ZRAWTRIELZ. HIPK3, B-ACTIN,
GAPDH mRNA (& RNase R TOEFHIX RNA DERISONTZ T+ T3> bO—)LE U TRIE

Lz

circHIPK3 BREIRIRT SRAZ RRIHY—B LUV > FIAILANRI F—DIER

E b HIPK3 BT DIERELTIEHRZ T (T, circHIPK3 RBISRMADEL! %z HI REZ 3R 5258 5B
fiI (Nhel/Kpnl &K Xbal/Notl) Z 5'FKik(CATIILIET S5« —%8&E5t LT, RPTECs D4
./ In DNA Z#583(C L C PrimeSTAR MAX DNA polymerase (Takara Bio Inc.) ZFU\T PCR
{721z, PCR EY)IEIZENTN pcDNA3.1 (Invitrogen; Life Technologies) &SXK&T* pLVSIN-
CMV Pur (Takara Bio Inc.) N#EA Uz, RNA fREELD circHIPK3 BIBRAFIRAN TS —DIER
Tl circHIPK3 RIBFAD Alu BEFID S5 3 WD 7T J 3> (5'-CTAAAAATA-3') %Z. A-to-
| RNA REBITH DI T /S (CEBUTE (5-CTAGGGATA-3'), ZEEA (C(E PrimeSTAR

Mutagenesis Basal Kit (Takara Bio Inc.) ZFUW\T. #EDTOMIILICRKD TiTo 2.
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circHIPK3 BRIFIRDEIRT(E, ZEMAIZZ 2.0 x 105 cells/well DHFEET 24 JTILTL—
NCIBFEL /=48, Lipofectamine LTX Reagent (Invitrogen; Life Technologies) ZFL\T. 500
ng M circHIPK3 BIRNRT S —Z2 U )\-ET S>> RAT U hUTZ. 24 B (SRR ZEUX
UC. BIERBRICAHVZ, circHIPK3 BIBMAFIRL > F D)L AR FDIER(E. Lenti-X293 T
#HRE & Lentiviral High Titer Packaging Mix with pLVSIN series (Takara Bio Inc.) ZFU\T. #

B/OTONIVICRVWERELZ. AR CHERUET S —0BS% Table 2-4 (CRT .

Table 2-4 Primer sets for circHIPK3-expressiong plasmid construction
Gene / primer sequence
circHIPKS into pcDNAS3.1
Forward 5-CGTGCTAGCTGAGGCAATTCTTGGGCTTTAGG-3’
Reverse 5-CGCGGTACCAGTCACGGGAGCCAAAGAAGTAT-3'

circHIPKS into pLVSIN-CMV
Forward 5'-CGGCTCTAGATGAGGCAATTCTTGGGCTTTAGG-3’
Reverse 5-ATTGCGGCCGCAGTCACGGGAGCCAAAGAAGTAT-3'

circHIPK3 mutation
Forward 5-CTCTACTAGGGATAACAAAAATTAGCTGG-3'
Reverse 5-TGTTATCCCTAGTAGAGATGGGGGTTT-3'

RPTECs [C8F B REHEEFORRY X ADEER

BE. EcOffEEN T URETEGFORRIUXLAZBL TS, ML
ELTDOUXLZERE T DI EEFTERN. —7A, WEFEOBEMRICIILITIILFIAR
7302 Td 3 Dexamethasone (DEX) &N L CREFERIHUZHEE. B4 DD
PERIOD1 Bz FOFRRMN—EE(CHFRENDFREINU Y b, #RREREATRETE L
IR X A= ERETESBLS(C/12D [Balsalobre et al., 2000a], €2 C. ZIEMAR(C DEX
(FUJIFILM Wako Pure Chemical Co., Ltd.) Z#EE 100 nM T 2 BfEIREL C. K& F
DOFRFUXLORR BIHEETHEOBEE) #2170/, £ 1 BEORR (Fig.1-5B) 15, #l
FEROEIERETH#AE(C L > TIIB U XLAME U TULD EE X 5ND DEX AR 28 BN S

48 B5fERE T, 4 B & (CHIRRZEIR L TREERICAVT,
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Z Rk ADAR1 BFIFRIARDIER

Origene Technologies (Rockville, MD) 58 A L7z ADAR1 Human Tagged ORF Clone
(RG219761) Z$#58(C LT, PrimeSTAR Mutagenesis Basal Kit (Takara Bio Inc.) D¥EEDT
ORIIICHOD TRELZEEAZEMUI. RNA REFEERIEZEA ADAR1T (E617A
mutated ADAR1) O/ERI T, 617 TFED Glu(GAA) %Z Ala(GCA) (CEMRT D & TRETE
& /RIBTETE [Lai et al., 1995], 2 A$H RNA fEETEMERIBEZREIR ADAR1 (EAA-mutated
ADAR1) DYERTI(E. 3 WD 2 A%H RNA fEE R X1 > (dsRBD) (CTF1E T D KKxxK EF
—JZZTNTN EAXxA EF—TJICEMI DI ETHREEEZRIBEEZ [Valente and
Nishikura, 2007]. AEERTHER UZT S+ < —DH5I% Table 2-5 (R,

Z 54Kk ADAR1 D RPTECs ANDEAICEFIL I bORL—2 32 EZAVE. 1.0 108
8> RPTECs & 10 ug M&FE ADAR1 FEIRT S X = R (wild-type, E617A, EAA) &L (&
pcDNA3.1 &, Opti-MEM | Reduced Serum Medium (Thermo Fisher Scientific, Waltham, MA)
THRAEULZ. COBERZFTINY MMIBZL. Super Electroporator NEPA21 (NEPA GENE,
Co., Ltd., Chiba, Japan) ZAHAWTIL o ~ORL—>3>%F LIz, Poring pulse (& 175
V (pulse length, 5 ms; pulse interval, 50 ms; number of pulses, 2; decay rate, 10%). transfer
pulse (& 20 V (pulse length, 50 ms; pulse interval, 50 ms; number of pulses, 5; decay rate,

40%) TEMELIZ, TLU MORL—23 >0 24 BEEHRRERINL. SEKERICAUVS,

Table 2-5 Primer sets for mutated ADAR17-expressing plasmid construction

Gene / primer sequence
ADAR1 E617A-mut
Forward 5'-CATGCAGCAATAATCTCCCGGAGAG-3'
Reverse 5-GATTATTGCTGCATGGCAGTCATTGAC-3'
ADAR1 EAA-mut #1
Forward 5'-GAGGCCGTGGCGGCGCAGGATGCAGCTATGA-3'

Reverse 5'-CGCCGCCACGGCCTCGCTTCCAGCTTCAG-3'
ADAR1 EAA-mut #2

Forward 5'-GAGGCAGTGGCAGCGCAGATGGCCGCAGA-3’

Reverse 5'-CGCTGCCACTGCCTCGCTGGGAGCACTCAC-3'
ADAR1 EAA-mut #3

Forward 5'-GAGGCCCAAGGGGCGCAGGAAGCAGCAGATG-3'

Reverse 5'-CGCCCCTTGGGCCTCGCTGTGTGCGCAG-3'
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RNA $SeEbEix

circHIPK3 BIBRAZIRH T D7/28D(C. RNA SR ETIEL > FIAILANRT S —(CK
T circHIPK3 HIEMAZIBRIFEIA LTz RPTECs ZRALVE. L >F 1)L AR 48 B5fEE .
#HREZ UYL T 1 mL D nuclear isolation buffer (1.28 M sucrose, 40 mM Tris-HCI pH 7.5, 20
mM MgClz2, 4% Triton X-100) TR& Uz, 1 mL @ PBS & 3 mL @ DEPC AU8/KZENIX T,
2,500 x g. 4°C T 15 &0 L TR W & RIP buffer (150 mM KCI, 25 mM Tris-HCI pH
7.4, 5 mM EDTA, 0.5 mM dithiothreitol, 0.5% Nonidet P-40, 2 pg/mL leupeptin, 2 pg/mL
aprotinin, 100 U/mL recombinant RNase inhibitor [TOYOBO Co., Ltd.]) TB#&&ULE, Rv 4
—BGRES AP —T/REZHR— M&. 13,000 rpm T 10 HEERLOUL T, EBFZ&KEDEL
TEYRUTZ. #t ADAR1 #ifk (sc-73408; Santa Cruz Biotechnology) U < (ZX X 1gG #1
& (FUJIFILM Wako Pure Chemical Co., Ltd.) & 5ug llXT. 4°C T 2 BRIRICE Bz €
D&, protein G beads (Thermo Fisher Scientific) ZH1X T 4°C T 1 BFRIRISEE 7. Beads
% RIP buffer T 3 B4 L T, 10%®D beads &4 >/ VI, 55D 7%& RNA H#IH (CAL V.
RNA #hHi(E miRNeasy Mini Kit (QIAGEN) ZRBWTHIRD XS (CEMU T, Bz FIFEN
primer (Table 2-1) Z AU \/zEEZ/M RT-PCR T ADAR1 [CHEE L TUL\D circHIPK3 HiIBR{AZ &

Z£ U7, %lnput = 22 x 100: ACt = Ctrip — (Ctinput — [Log2input dilution factor]).

circHIPK3 back-splicing #hZRdD5¥4ii

EiEHAR%E 2.0 x 105 cells/well DHREENT 24 D TILT L — MTIBEFE L TZ. Lipofectamine
LTX Reagent (Invitrogen; Life Technologies) Z AL\ T. 500 ng MEFAZEY circHIPK3 FEIRARD
A —E U (SHREE! circHIPK3 FIRNRT Y —Z U\ ET KRS RIT U MUTZ, 24 B
Z(CHAEZ [N L T, ReliaPrep RNA Cell Miniprep System (Promega) =B\ TCH#EDOTO
RJLICREDS T RNA B ZERUTZ. TSAZ RRIS—DNA ZBR<Tzh. BSAL LT

DNase | S8 %Z1T D fz. LEED K S (C cDNA DERL. EEM RT-PCR Z £/ L T, back-splicing
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EYD) T3 D circHIPK3 &. back-splicing Z3 T CUVVRVEEREEY)ZTEZ Uz, circHIPK3 FIR

£ & back-splicing Z2 (T CULVRWESEYDOFRIREDLEZ biogenesis efficiency & U1z,

Rt AEAR

HetEEMTY J b & LT JMP Pro14 (SAS Institute Japan, Tokyo, Japan) ZMAU\/Z, 17
ZEIRIDLERR (C(E— B E D EIDTE (One-way ANOVA), Tukey—Kramer posthoctest 85K
U Dunnett's posthoctest ZRU\c, F/z. I —BFEDLEE(C (& Student’s t-test ZFAL V.

BE/KE(F 0.05 & U,
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(iF 2]
ADAR1-KD [C& D MRP4 IR L F(CH TS S HIE DA

% 1 BETHERULZ ADART &/ w5902 Uzt NBIREARME ERZHIRE (RPTECS,
renal proximal tubular epithelial cells; Fig. 1-2A) (CHWLT. ABC hS>AR—F—T7 =V
—(C/B9 % ABCC4 D mRNA FIRE(d Mock RPTECs & L& L THEICEFRUTE (p < 0.05,
Fig. 1-3B). &5(C. ABCC4 EBLRFICO—RENTULD MRP4 92 )\UBDRIRE(CE
ADAR1-KD THEER LENRHSNIE (p < 0.01, Fig. 1-3C). ZNS5KD. RPTECs ([CHL)
T ADAR1 ¥ ABCC4 mRNA 5 KT MRP4 ORIFEFIEHL TLDZ ENRBENIZZ EN S,
TDHIEHBAEC DV TEMTZIT D I,

MRP4 5> )ROBFIRIC(E, &5 - 854 - BIER - BIIRR 2 &, EFRRHI#INZ <D
BENES U TNB T EHAEREINTLVS [Wen et al., 2015]. T THA&HIZ. ADART (LK
% MRP4 RIFHIHNELEBIE(C LD EDNZIRET T D/2(C. ABCC4 B FDEERIA R
3% 1650 nt BS T3 70 nt & pGL4.25 D Luciferase BRFI D LR (CHAHAATELIR—F—
D5 —%={EE LTz (ABCC4 upstream::Luc), CDfELE. & NEHIRZICIH UL T ABCC4 0EL
BCEANDDZENMSNTUVDEERF THD NRF2, PPARa. AHR DIHEEIIZET XKD
(CE%ET LT (Fig. 2-4A), IGEBHIDIRRIC(E. BERFORBSERINRRY —ILTHD
JASPAR2022 [Fornes etal., 2019] Z{#F Uz, ADAR1-KD RPTECs T(ZZNSDEERT
® mRNA FRIRE(CHERZENRBDHSNEM D E (Fig. 2-4B) Z&EE—H L. ABCC4
upstream::Luc D)L= T T 5 —EM(IE Mock RPTECs & ADAR1-KDRPTECs TERIZE1L
ZHIRSIAN D IZ (Fig. 2-4C)e CTHNSDFERNS. ADART (LD MRP4 HIRHIHIIE 5B

(CKDEDTIFIRNC ENREENTZ,
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A NRF2 binding site
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Figure 2-4. Effects of the knockdown of ADAR1 on the transcription activity of the
ABCC4 gene. (A) Schematic diagrams of the 5'-flanking region of the ABCC4 gene and
response elements of ABCC4-related transcription factors. The numbers indicate the distance
in nt from the putative transcription start site (TSS, +1). Binding sites of the transcription factors
were searched in JASPAR2022 [Fornes et al., 2019] and referred from a previous study [Xu et
al., 2010]. (B) The mRNA levels of NRF2, PPARa and AHR in mock-transduced and ADAR1-
KD RPTECs. The mRNA levels were normalized to those of 18S rRNA. Values are the mean
with S.D. (n = 3). (C) The luciferase activity of ABCC4 upstream::Luc in mock-transduced and
ADAR1-KD RPTECs. Schematic diagrams of luciferase reporter constructs containing 5'-
flanking region of the ABCC4 gene are shown in the right panel. The numbersin the right panel
indicate the distance in nt from TSS. Values are the mean with S.D. (n = 4).
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ADAR1 [C&X D ABCC4 HBLDIZEHHILH

ADAR1-KD (C&D ABCC4RNA R ERNB LT 1.2 8 THO1ZDICH LT, MRP4 &
DIVOBRE FREB LT 2.7 BFEBEECASTHh > EMS (Fig.1-3B,C). EERIBIZICE
BUZ. BERMIEZHHITIRFE LT, 3FFEERMEE (3'UTR, 3' untranslated region) D
microRNA (miRNA) DfEEHNHISN TS, €T T. ADART A miRNA =71 LT ABCCH4
3'UTR (CEAT 2hMRET UTz. ABCC4 3'UTR OEE 1741 nt &= pGL4.13 D Luciferase B!
DFRICHIHAATELR—SF -5 — (ABCC4 3'UTR +1741:Luc) &, +1192 nt KXY
+553 nt ECTHEMHIHAATELR—F—~RTS— (ABCC4 3'UTR +1192::Luc, ABCC4 3'UTR
+553::Luc) Z/FR UJz (Fig.2-5Aleft),ABCC43'UTR+1741:Luc D)L T 15 —EiEMEE.
3'UTR ZHAFHAA TR pGL4.13 EEERTIERTFLUTHED. 3UTR (CKD MRP4 EERIIH
RSNz, E5(C. ADAR1T-KD RPTECs TO ABCC4 3'UTR+1741::Luc D)L T T 5—
EM(E. Mock RPTECs EHEARTHERICEF UL TULVE (p<0.01,Fig.2-5A), —/5 . ABCC4
3'UTR +1192::.Luc & ABCC4 3'UTR +553::Luc D)L T 15 —E5E ML Mock RPTECs &
ADAR1-KD RPTECs THEERRZEIFROHSNIAN >z EMS (Fig.2-5A). ABCC43'UTR D
+1193 nt M5+1741 nt MAEEN ADAR1 (CKD MRP4 FEIRFIHEICEIS L TULD Z EHREE
niz

—73C. ABCC4 3'UTR+1741::Luc & bS5 > AT 1 ~hUT Luciferase mMRNA FIRE%
SITE LTz & T 3. Mock RPTECs & ADART-KD RPTECs THERZE(FRHSNIN D7 (Fig.
2-5B), =5I(C. IEPMEEHRITH D Actinomycin D (ACT-D) ZIRE U CTREFN (CRIREZAITE
93 & TABCC4 mRNADZEM %5 U Tz & &3 . Mock RPTECs & ADAR1-KD RPTECs
THRREIRDSNIEAN DTz (Fig. 2-5C). mIiRNA (C KDELGFREIRGIMEIC (& mRNA 7%
EEBERINEID 2 DHMEISNTLVBH [Fabian et al., 2010]. ZHNSDEERN S ADART [CLD

MRP4 FIRHIENIC (X, FE(C miRNA (CKBEERIMBEINES L TWLWBEEZ SN,
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A Relative luciferase activity

0 0.25 0.50 0.75 1.00 1.25
T T T T 1
Control
Luc (pGL4.13)
pL #1741 ABCC4 3'UTR | @4 s
Luc (+1741) o—o *
oo L +1192 ABCC4 3'UTR o
U (+1192) o
+1 4553 ABCC4 3'UTR oo o [ Mock
-Luc ———
(+553) [l ADAR1-KD
ABCC4 3'UTR
B Relative Luciferase mRNA levels
0 0.25 0.50 0.75 1.00 1.25

Control o o
Luc (pGL4.13) o
oo +1741 ABCC4 3'UTR oo [ Mock
ue (+1741) [l ADAR1-KD
ABCC4 3'UTR

C 15 ABCC4
o
€ 1.00
3
Sos
[
€ 0.50
2=
s O Mock
0.25 |
& ® ADAR1-KD
1 1

0 T T T N B |
0 3 6 91215182124

ACT-D treatment (h)

Figure 2-5. ADAR1 regulates the expression of MRP4 through the 3'UTR of ABCC4
mRNA in RPTECs. (A) The luciferase activity of ABCC4 3'UTR::Luc in mock-transduced and
ADAR1-KD RPTECs. Schematic diagrams of luciferase reporter constructs containing varying
length of the 3'UTR of the ABCC4 gene are shown in the left panel. The numbers in the left
panel indicate the distance in nt from the nucleotide immediately after the stop codon. Values
arethe meanwith S.D. (n =4). **, p <0.01; significant difference between the indicated groups
(F7,24=14.807, p < 0.001; ANOVA with Tukey—Kramer post hoc test). (B) The mRNA levels of
the Luciferase gene in mock-transduced and ADAR7-KD RPTECs transfected with luciferase
reporter constructs containing the full-length ABCC4 3'UTR. The mRNA levels of the Luciferase
gene were normalized to those of Renilla luciferase. Values are the mean with S.D. (n =4). (C)
The stability of ABCC4 mRNA in mock-transduced and ADAR7-KD RPTECs. Cells were
treated with 5 uM actinomycin D (ACT-D) and RNA was extracted at the indicated time points.
The mRNA levels were normalized to those of 18S rRNA. Values are the mean with S.D. (n =

3, 4).
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ABCC4 3'UTR [C8(F 35 ADAR1 fEARDIERE

ADAR1 ([C KD RNA fREDEBRFRM(IMK < .50 bp L _ED 2 &4 RNA (dsRNA, double-
stranded RNA) THSEE(CEU D EMFSNTULVSD [Nishikura et al., 1991; Eggington et
al., 2011]. ©€ZT. ABCC43'UTR MD+1193 nt Hh'5+1741 nt DFEEHH ADART (L LS RNA R
EZZTITDMEET UTz. £9. CDEIEN ADART DIFEH) S 1R DR TER dsRNA &R & DH\.
RNA @ 2 Rig&EfizEfUc. RNA DIEEMEKICIDLZEIZEH ISV I DT
Td RNAfold [Lorenz et al., 2011] TOETDFER. ABCC4 3'UTR MD+1193 nt H5+1741
nt DIRIKIFZTEIR dsRNA 1BiEZ & SRV ENRENTZ (Fig. 2-6A). =52, LT~
S —4 D RERTOFER . T DFEIZIC A-to-l RNA MRS & 3RH SN DEBMIIFFIE LN D/ (Fig.
2-6B), CHNSDERMNS. ADAR1 (CLD MRP4 EIRFIEZ., ABCC4 3'UTR ADEIEMNIR

ERTIEFIRW S ERREENT.
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A Secondary structure of the human ABCC4 3'UTR from +1193 to +1741
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Figure 2-6. ADAR1 does not act directly on the ABCC4 3'UTR. (A) In silico analysis for
prediction of RNA secondary structure of the ABCC4 3'UTR (the region from +1193 to +1741)
by RNAfold. The minimum free energy structure with base-pair probabilities was calculated to
have the lowest value of free energy. Base-pair probabilities are shown by a color spectrum.
(B) Electropherograms from direct sequencing ofthe PCR-amplified productof ABCC4 3'UTR.
The sequence data were obtained from genomic DNA and mRNA extracted from RPTECs.
The numbers indicate the distance in nt from the nucleotide immediately after the stop codon.

Electropherograms were visualized using SnapGene Viewer.
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ADAR1 [CX % MRP4 O#EEREIEHIND miR-381-3p DEIS

ADAR1 £ miRNA Z1 U CTRHENIC MRP4 ORIREFIHL CTLNDEEZ BN EN
5. ABCC4 3'UTR M+1193 nt h'5+1741 nt DFEHKICHEE T D miRNA DIREEITOTZ.
TargetScanHuman [Agarwal et al., 2015] TOIRFET. ZDMEE(C(E 25 {ED miRNA HEE
B ENFEENE (Fig. 2-7A)e =5(C. Mock KT ADAR1T-KD RPTECs ZHRL\/Z
miRNA microarray Tl(&. 16 fED miRNA OFEIRMNZE(L UTE (Fig. 2-7B). CDFEATICHUWLT,
FRIREFADOEEZRIREDLEN 2 U EE UL (F Z-score 1 2 LI E. RIRETOEREIHIRE
DN 0.5 LLTFHBDU\E Z-score B -2 LU FITEREULTZE B, 9 DD miRNA DFIR EFH K
U 7 DD miRNA OFIE FHHER SN (Fig.2-7C). ZHSDHT ABCC43'UTR D+1193
nt MS5+1741 nt DMWEZKICHES T D ENFESN. D, ADART-KD THRIREMET U
miR-381-3p (Accession number, MIMAT0000736) (C&EB LU CUBEDIRFTZITo /.

miR-381-3p DREIAEZFEM RT-PCRIATHIEL/ZE TS, MockRPTECs &LEE LT
ADAR1-KD RPTECs THEME TN ERHSNIZ (p <0.01, Fig. 2-7D), CDEEM RT-PCR
SEICHUVT. miRNA OAREHET> bO—J)LE U THREINTLVSD miR-191-5p 2. RNA £.
RT B XU miRNAEBIREFZDMIE (CFLV/Z [Peltier and Latham, 2008]. & 5 (C. A FAEY miRNA
DHIBIA TS pri-miRNA ZHITET B &, Mock B KU ADART-KD RPTECs Tld miR-381-
3p DHIERARTH D pri-mir-381 ORIREICERRELEFRHSNEM > 2 EMS (Fig. 2-

7E). ADAR1 (CK D miR-381-3p OFIRFHHFEEEZL NILTOFHIHTH D EEX S5SNI,
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A miRNA target sites predicted by TargetScanHuman
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Figure 2-7. ADAR1 regulates the translation of ABCC4 mRNA into MRP4 protein through
mediating miR-381-3p expression. (A) Aschematic diagram showing the putative target sites
of miRNAs in ABCC4 3'UTR from +1193 to +1741. The numbers indicate the distance in nt
from the nucleotide immediately after the stop codon. The miRNA target sites were predicted
with TargetScanHuman. CDS, coding sequence. (B) MA plot of all miRNAs expressed in mock-
transduced and ADAR7-KD RPTECs. Data were obtained from microarray analysis (Accession
number, GSE192692). The criteria for up-regulated miRNAs were set at a ratio of 2-fold or Z-
score of 2.0; the criteria for down-regulated miRNAs were set at a ratio of 0.5-fold or Z-score
of —2.0. (C) Differentially expressed miRNAs between mock-transduced and ADAR7-KD
RPTECs in the microarray analysis. (D) The expression levels of miR-381-3p in mock-
transduced and ADAR1-KD RPTECSs. The expression levels were normalized to those of miR-
191-5p. Values are the mean with S.D. (n = 3). **, p < 0.01; significant difference between the
two groups (t4 = 8.567, p = 0.001; Student’s t-test). (E) The expression levels of pri-mir-381 in
mock-transduced and ADAR7-KD RPTECs. The expression levels were normalized to those
of 18S rRNA. Values are the mean with S.D. (n = 4).
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RPTECs (C&(FDMTETY miR-381-3p MHEEESTA

ADAR1 (L& MRP4 EIERHIENCBIS 92 miRNA & LT miR-381-3p AARIES Nz &
5. 2D miRNA ' RPTECs (CHUW\TERERICHEE L TV B OMRET LTz, £ miR-381-3p D
SEMERAIE S B2, pmirGLO D Luciferase Big5 & poly(A)S2J 7 ) LECFI DR (C miR-381-
3p EEDTER#IHEASZ1EA LTz miR-381-3p target::Luc ZER UJz (Fig. 2-8A). Mock
RPTECs (CHBWLWT. J> bO—J)L®D pmirGLO &LEE L T miR-381-3ptarget::Luc DJ)L>T T
S—EENERICET LZZ ENS (p<0.01,Fig.2-8B). RPTECSs (CHW\TATEED miR-
381-3p MHEEEL TUL\BD T ENVRENTZ, F/z. miR-381-3p target::Luc DL T TS5 —F
4(3 Mock RPTECs &b LT ADART-KD RPTECs THERICERUEZENS (p < 0.05,
Fig. 2-8B). ADAR1-KD RPTECs TId miR-381-3p MSEMHEME T L TUL\D Z EHVTRIEENTZ,

#tL\T. RPTECs [C3HU\T miR-381-3p h* ABCC4 3'UTR (C/EAL TL\3h&RET LTz,
ABCC4 3'UTR +1741::Luc ® miR-381-3p &S EMIDELS Z ZER ST miR-381-3p DfES:
ghIFBDZE T ABCC4 3IUTR DFEATETLCWIILE D S—EFEUNBRICERUZ
(p < 0.05, Fig. 2-8C). CD#EEREMS. RPTECs (CHLV\T miR-381-3p h' ABCC4 3'UTR (CHE
FALTWBZ ENREN. ADART-KD RPTECs T MRP4 FiIR 5 (C miR-381-3p A'BI5 L

T ENREENTE.
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A Structure of the miR-381-3p target::Luc vector B miR-381-3p target::Luc
seed > OMock mADARLKD
sequence 2 ** *
miR-381-3p: 3' USUCUCUCGAACGGGAACAUAU &' § o ’_‘
o1
5'...GCTAGCATGCGGCCGCTAGTACAGAGAGCTTGCCCTTGTATATCTAGA... 3' g
Nhel Notl miR-381-3p target site Xbal §
- 05
2
promoter promoter T
= PGK = Luc2 == = Sv40 = hRIuc-neo fusion - E
Multi cloning siteJ |—poly(A) signal poly(A) signal J 0 Control  miR-381-3p
(pmirGLO)  target
ABCC4 3'UTR::Luc
15 '
E | *x * — :*1 ABCC4 3 UTf +1741I
I3} u 1
© [ . Lo .
[ 1 miR-381-3p binding site
8 10F 18 Q (+1313 / +1319)
()
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0 05F .
-% miR-381-3p: 3'...GGGAACAUAU 5’
©
@ 3'UTRMUT:5'...UGUACGCGUACAU...3'

Control 1 MiR-381-3p

(pGLA.13) MUT

ABCC4 3'UTR

Figure 2-8. Evaluation of endogenous miR-381-3p function in RPTECs. (A) Schematic
diagram showing the miR-381-3p target::Luc vector based on the pmirGLO vector. (B) The
luciferase activity in mock-transduced and ADAR7-KD RPTECs transfected with miR-381-3p
target::Luc vector. Values are the mean with S.D. (n = 4). ** p < 0.01; *, p < 0.05; significant
difference between the indicated groups (F3,12= 24.888, p < 0.001; ANOVA with Tukey—Kramer
post hoc test). (C) The luciferase activity in RPTECs transfected with wild-type (WT) or mutant
(MUT) ABCC4 3'UTR::Luc. Schematic diagrams of luciferase reporter constructs containing
WT or MUT (mutation at the miR-381-3p target site) 3'UTR of the ABCC4 gene are shown in
the right panel. The numbers in the right panel indicate the distance in nt from the nucleotide
immediately after the stop codon. Values are the mean with S.D. (n = 4). **, p < 0.01;*, p <
0.05; significant difference between the indicated groups (F2,9= 11.252, p = 0.004; ANOVA with
Tukey—Kramer post hoc test).

85



miR-381-3p ([C XD MRP4 FIRFIEHDIEHESTAE

MRP4 DOFEIRHIME(C (LD mIRNA MBS T EMRE ST TLDAY [Haenisch et
al.,, 2014]. miR-381-3p (CKDFENCDNTDIRE(FIRL. EZT. miR-381-3p D mimic &
BATBDTET. A miRNA B MRP4 5 > VOB OEERFIEICBIS U TWLWSIMRET LTz, X
9" miR-381-3p & 0.1-100nM D miR-381-3pmimic ZHX ;5S> X T T IS ET. mimic
DOgeZ B LTz, TR mimic DREMKREFN/DILE T TS —EEEOETHRHSN
7= (p<0.01, Fig. 2-9A), TRARED 100 nM TIZIRFENRDFIZIRNZBH SN &2E
BLT. BRI TE 10 nM D mimic ZFUV/Z. 10 nM @D miR-381-3p mimic A T(&.
> ~O—JLD pmirGLO NDOBERERMNIFIZIR(FERH SN T . miR-381-3p target::Luc DEE
RANFINERH SN (p<0.01, Fig. 2-9B), &=5(C. ABCC43'UTR::Luc D)L T x5 —E&
. MRP4 4> ) OBFRIAEE miR-381-3p BATHERICIK T LIZZ &HS (p <0.01, Fig. 2-
9C, D). miR-381-3p A ABCC43'UTR ZJTLC MRP4 DRIREZK T D ENREEN
2o —7T. miR-381-3p BAI(CKD T ABCC4 mRNA RIREGE T LTHD (p <0.01, Fig.
2-9E). miR-381-3p M ABCC4 mRNA NDEFA & U CTEIERINFIZNRZIT TR <. mRNA %

MREBENTWNDC EHREENTZ,
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A miR-381-3p target::Luc B miR-381-3p target::Luc C ABCC4 3'UTR::Luc
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Figure 2-9. miR-381-3p suppresses MRP4 expression by acting on the ABCC4 3'UTR.
(A) The luciferase activity in RPTECs transfected with miR-381-3p target::Luc vector and 0.1,
1, 10, and 100 nM miR-381-3p mimic. Values are the mean with S.D. (n = 3). **, p < 0.01;
significant difference between the indicated groups (F4,10 = 375.084, p < 0.001; ANOVA with
Dunnett’s post hoc test). NC, negative control. (B and C) The luciferase activity in RPTECs
transfected with miR-381-3p target::Luc (B) or ABCC4 3'UTR::Luc vector (C), and 10 nM miR-
381-3p mimic. Values are the mean with S.D. (n = 4). ** p < 0.01; *, p < 0.05; significant
difference between the indicated groups (F3,12=101.420, p < 0.001 for miR-381-3p target::Luc;
F3,12=45.210, p < 0.001 for ABCC4 3'UTR::Luc; ANOVA with Tukey—Kramer post hoc test).
(D and E) Expression levels of MRP4 protein (D) and ABCC4 mRNA (E) in RPTECs transfected
with 10 nM miR-381-3p mimic. Values are the mean with S.D. (n = 4). **, p < 0.01; significant
difference between the two groups (ts = 4.116, P = 0.006 for MRP4; ts = 5.783, P = 0.001 for
ABCC4; Student’s t-test).
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E FElETDIRIR RNA OFEIRAFIT

ADAR1 [C KD miR-381-3p DHEEHIHIZFEU DT DR FZERER T D(CHIZD . FTRIKRNA
(circRNA, circular RNA) (CEHBE U7z, circRNA (& ADAR1 D RNA fRE&EI(C K D THERD HIfHE
N3 &X° [lvanovetal., 2015; Rybak-Wolfet al., 2015], miRNA ZZR>ZDEL S (TRE L
TZDEEEINFI I B competing endogenous RNA (ceRNA) & U TEIK CEMNREETNT
L\ [Hansen et al., 2013; Memczak et al., 2013]. =5(C. miR-381-3p M ceRNA & U THE
B89 D circRNA BEEERE SN TLVSD [Zhang et al., 2019; Gu et al., 2020; Bi et al., 2021],
circRNA MFIR (THHRE - AMIEFII THD 2 EMS [Liang and Wilusz, 2014]. circRNA FiR
DT —HIR—XTIHD circAtlas 2.0 [Wu et al., 2020] AR T & BB TD circRNA F
WHMERZR LTz, circAtlas 2.0 (BT, 30 fElD circRNA A& hBER#TERIA L TL
D EMNRENIE (Fig. 2-10A), TDHT. circHIPK3 (circBase ID: hsa_circ_0000284) (&
miR-381-3p FESEPMIZIF D &N starBase v2.0 [Lietal., 2014] TOfFFCRE SN &
H5 (Fig. 2-10B). ADAR1 & miR-381-3p Z 719 SEF & LT circHIPK3 (CEB Uz, T
—IR—ADEFRIERN S, circHIPK3 (FIL K EH(CHIRITDIRIARNA TH D, Bl TOFE
RERDSNDEEZSNZ (Fig. 2-10C), circHIPK3 ([CDWTHRET I BICHIED. £3'(&

RPTECs T circHIPK3 OFIEMNERH SN DNRET LTz,
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Figure 2-10. Expression profile of circRNA in the human kidney. (A) Thirty highly
expressed circRNAs in the human kidney registered in circAtlas 2.0 database. FPKM,
fragments per kilobase of exon per million mapped reads. (B) A schematic diagram showing
the putative target site of miR-381-3p in circHIPK3. The interaction of miR-381-3p and the
circRNAs was predicted using starBase v2.0. (C) Expression levels of circHIPK3 among
human tissues. Data were obtained from circAtlas 3.0 database.
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RPTECs (C35(73 circHIPK3 FEIRDHER

RPTECs (Cd51F3 circHIPK3 RIREZAITE I D7z8(C. circHIPK3 M back-splice junction
(BSJ) Z4HFEM (CIBIEI D divergentprimer (9MAEE primer) Z5%51 U (Fig. 2-11A). IR1A RNA
BED/IN)F—2 3 >%FMU Tz, 2D divergent primer Z1#H L7z RT-PCR (C3H ULV T.cDNA
ZH(CUTTIHA (TR SN/ PCR EYNY. 5/ A DNA Z#5E(CT D LRBSan o fC
Fig.2-11B left), =5(C. ZD PCR EMIDS —4o > A%&MRT D E. BSJ FFEMQESI N
mEnfeZ EMS (Fig. 2-11B right). 5%51 U7z divergent primer (& circHIPK3 0D BSJ Z452
(IR T B Z EHSREIIE. circRNA (DM FOIMEE LT, poly(A)BEHZ =120
Z &(ZK D oligo(dT) primer TD RT FHRDET . EIHIK RNA ZDRITDITHFYRXTL 77—
T T%HD RNase R \DIEH U BRUOITFYRXITL 7 —TBICLDIDRZEZITIRNTEICLD
BWREMNZRT . RPTECs (CHL\T. random primer T RT L7/z cDNA &ELEE U T oligo(dT)
primer T RT U7z cDNA TI& HIPK3 mRNA DOFEEHMH 0.27 B THO 2D LT,
circHIPK3 DfFE£(3%Y 0.01 BEEEE(CIKT U (Fig. 2-11C). ZDI EMS. divergent
primer 7' poly(A)Z#F/=/0) RNA H3R®D cDNA ZiRH LU TR ENREBENE, £z,
RPTECs n'5ihi U7z RNA % RNase R TUE T B &, HIPK3 S KU B-ACTIN mRNA DfF
HEENEUETUIZDICH U, circHIPK3 DFEE(3#7 0.84 EUNZEEE T . RNaseR N\
DOESMERUIE (Fig.2-11D), =5 (Z. circHIPK3 DBWEEMERRSNZZ NS (Fig.
2-11E). divergentprimer ZF\TH&H U7z circHIPKS (&, #EMNIIRIRIBEZE R L TS
ENESR SNz, D divergentprimer ZFIU\T circHIPK3 OFEIREZRITE Uz & S Mock
RPTECs &tb/XC ADART-KD RPTECs THERICERUTZ (p < 0.05, Fig. 2-11F left), =5
(C. HIPK3 mRNA OFIREN ADART-KD TEALUIRM DTz EMS (Fig. 2-11F right).

ADAR1 1\ circHIPK3 OFRIREZEIE5EZ L NILTHIEHI U TR ENREENTZ.
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Figure 2-11. Validation of circHIPK3 expression in RPTECs. (A) A schematic diagram
showing the design of the circHIPK3 divergent and convergent primers. (B) Validation of
circHIPK3 detection by RT-PCR. Divergent primers amplified the circHIPK3 back-splice
junction sequence in the cDNA but not the genomic DNA. Convergent primers amplified both
mRNA in cDNA and genomic DNA. Sanger sequencing confirmed the back-splice junction
sequence of the PCR products with the divergent primers (right panel). (C) The abundance of
circHIPK3, HIPK3 mRNA and 18S rRNA in cDNA reverse-transcribed with random primers or
oligo(dT) primers. Values are the mean with S.D. (n = 4). The expression levels were
normalized to those of B-ACTIN mRNA. (D) RT-gPCR analysis for the abundance of circHIPK3,
HIPK3 mRNA, and B-ACTIN mRNA in RNA treated with RNase R. The amounts of target RNAs
were normalized to those in the mock treatment. Values are the mean with S.D. (n = 3). (E)
The stability of circHIPK3 and HIPK3 mRNA in RPTECs. Cells were treated with 5 uM
actinomycin D (ACT-D) and RNA was extracted at the indicated time points. The expression
levels were normalized to those of 18S rRNA. Values are the mean with S.D. (n= 4). (F) The
expression levels of circHIPK3 and HIPK3 mRNA in mock-transduced and ADAR17-KD
RPTECs. The expression levels were normalized to those of 18S rRNA. Values are the mean
with S.D. (n = 4). *, p < 0.05; significant difference between the two groups (fs = 3.494, p =
0.013 for circHIPK3; Student’s t-test).
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BRI RNA RRCKRIEFT ADART J VI DRE

ADAR1 (& RNA fREEMFHI(C circRNA DFEFRZFIEH T D EMNIRESNTLDZEMNS
[lvanov et al., 2015; Rybak-Wolf et al., 2015]. ADAR71-KD ([CK2FIR EF N circHIPK3 $§2
B THDMMRET UTZ. circAtlas 2.0 Tt hEEHE#EICEFRIRL TLD Z LA RSN 30 ED
circRNA (Fig. 2-10A) (CRSULTC. circHIPK3 &[E#k(C divergent primer %5551 L C mock HK
U ADAR1-KD RPTECs TRIREZAELZE TS, circHIPK3 ZBRUNZ 29 B circRNA D
S5, 22 @D miRNA H* RPTECs THRIERIGEIZ D7z, €D D 5. circHIPK3 E[E#RIC ADAR1-
KD THIR EF U circRNA (FE28 511/ > 128, hsa-CDYL_0005 & hsa-FBXW7_0005
DFEIVEN ADART-KD THRIIKTUJE (p <0.01, Fig. 2-12A), F/z. %5t U/ divergent
primer 1¥ circRNA ZAIFE L TS Z EZHENHDzsbIC RNase RAIEL/Z RNA [CHITD &
circRNA DFEEGAIFE LTz, 22 fED circRNA £7TT RNase R ADIRFUENRH SN
(Fig.2-12B). %5t L /= divergentprimer (3N CIRIRIBEZ R U TULD Z EHW RSN
L7 > T, RPTECs ([CFEIR L TUL\B circRNA M55, circHIPK3 (& ADAR1-KD RPTECs T

BHEMNICEIBLEF U TULS circRNA THDEEZ BN,
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Figure 2-12. Effect of the ADAR1-knockdown on the levels of circRNAs expressed in

RPTECs. (A) The expression levels of circRNAs listed in Fig. 2-10A in mock-transduced and

ADAR1-KD RPTECs. The expression levels were normalized to those of 18S rRNA. Values

are the mean with S.D. (n= 3). **, p < 0.01; significant difference between the two groups ({4

0.003 for circFBXW?7; Student’s t-test). (B) RT-

8.067, p =0.001 for circCDYL; t4 = 6.503, p
gPCR analysis for the abundance of circRNAs listed in Fig. 2-10A and GAPDH mRNA in RNA

treated with RNase R. The amounts of target RNAs were normalized to those in the mock

treatment.
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MRP4 DOFEIRICK(F T circHIPK3 BRIRRDOTZE

MRP4 FIRFIEHAD circHIPK3 MBS ZEASHIC T DIz (C. circHIPK3 FRIRNRT S —%=
ER LTz (Fig.2-13A). circHIPK3 (CXH 9 Di8{nF CTdpd HIPK3 (homeodomain interacting
protein kinase 3) M exon 2 &. &9 B intron 1 B KT intron 2 DBELS%Z pcDNA3.1(+)(CHE
HANTE, ZD 2 DD intron ([CEL RO RS2 RV D 1 DTHD Alu BEHINNERE (CE
FNTHD (IRAl, inverted repeat Alu). D IRAIu ([CKD dsRNA AZEkHY circRNA AZRRD
back-splicing /&9 B EETE SNTZ (Fig.2-13B), circHIPK3 HBIRNRI S - NS> XTI
27 U7z RPTECs T2 circHIPK3 OFIRNEEICER LN (p < 0.01, Fig. 2-13C left).
HIPK3 mRNA FHIRE (C(IFERS X AN >/ (Fig. 2-13C right)s ZD circHIPK3 iBEIFIR
(circHIPK3-OX; OX, overexpression) RPTECs Tl&. MRP4 RIRENBR(ICEF LI ENS
(p < 0.05. Fig. 2-13D). circHIPK3 1" MRP4 HI#I(CEI5 93 ENBESHNTRD 2. —7.
circHIPK3-OX T ABCC4 mRNA RIREZ(C([FERBREIZRHSNIEMN DT (Fig.2-13E). D
f&5R(&. miR-381-3p M ABCC43'UTR ANDAFA(IEIERIIFIN' ETH D £\ D TNFTORER

E—HULTWB EER BN,
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A AmpR promoter €MV enhancer B Strategy for overexpression of circHIPK3 in cultured cells
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Figure 2-13. The overexpression of circHIPK3 induces MRP4 expression. (A) Structure of
the circHIPK3 expression vector, which was constructed based on the pcDNA3.1(+) vector.
(B) Schematic diagram of the overexpression of circHIPK3 derived from the circHIPK3 expression
vector transfected into cultured cells. (C) The expression levels of circHIPK3 and HIPK3 mRNA
in RPTECs transfected with circHIPK3-expression vector or empty vector (pcDNAS3.1). The
expression levels were normalized to those of 18S rRNA. Values are the mean with S.D. (n =
4). ** p < 0.01; significant difference between the two groups (ts = 11.286, p < 0.001 for
circHIPKS3; Student’s t-test). (D) The protein levels of MRP4 in pcDNA3.1-transfected and
circHIPK3-overexpressing (OX) RPTECs. The protein levels were normalized to those of 3-
ACTIN. Values are the mean with S.D. (n = 3). *, p < 0.05; significant difference between the
two groups (t« = 3.697, p = 0.021; Student’s t-test). (E) The mRNA levels of ABCC4 in
pcDNAS.1-transfected and circHIPK3-OX RPTECs. The mRNA levels were normalized to
those of 18S rRNA. Values are the mean with S.D. (n = 4).
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miR-381-3p DEAERIDFIMEE(CRIF T circHIPK3 iBRIFERDTZE

WRIC. circHIPK3 IBRIFEIRTO MRP4 FIE LS N miR-381-3p &1L TL\D MRS LTz,
miR-381-3p target::Luc N4 —7% circHIPK3 FIENRTST—EH NS ORXTTORTDE
circHIPK3-OX RPTECs Tl J 1 S —EHEDODEER LFMNRH SN (p<0.01,Fig. 2-
14A), CDFERN 5. circHIPK3 7' miR-381-3p DiEMZ IR TS E D Z EhRE SNz, F2.
circHIPK3-OX RPTECs T (& miR-381-3p ODFERENEBEI(CIKT LI (p < 0.05, Fig. 2-14B).
—A%(C. circRNA @ miRNA #EEINHEIDHER (CDUVT. circRNA (CIEIE S/ miRNA A ED
KD (CIBENDMIMNIFKRIZASMNTETNTULVRL, —F5 T circHIPK3-OX RPTECs Tl miR-
381-3p DEEMMET LIZZ EMS (p < 0.01, Fig. 2-14C). circHIPK3 7' miR-381-3p =4~
TENITDCETEZORIREZE TS EBDIZENRE SN,

circHIPK3/miR-381-3p/ABCC4 3'UTR DM Z IR I D /e (C. ABCC4 3'UTR
+1741:Luc ZAVWVILS D15 -V vizrZ2XEUlz. B4R ABCC43'UTR +1741::Luc
DIV T x5 —ETEM(E circHIPK3-OX TERICER U (p < 0.01, Fig. 2-14D), &5I(C.
pcDNA3.1 %# hS5>> X TJ 147 hUJe RPTECs Tld 3'UTR D miR-381-3p {E&HECTI DEEREA
TILS D S—TEENBRICERUEN (p<0.01,Fig.2-14D). circHIPK3-OXRPTECs T
(FZDEME LR IBDH SN D= (Fig.2-14D). CNSDFERN S, circHIPK3 H' miR-381-
3p ([CHITBRRZE U THEREL T, miR-381-3p 0D ABCC4 3'UTR AOAERZIIHI L TLY

BT ENREENTZ,
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Figure 2-14. miR-381-3p mediates the circHIPK3-induced MRP4 expression. (A) The
luciferase activity in pcDNA3.1-transfected and circHIPK3-OX RPTECs transfected with miR-
381-3p target::Luc vector. Values are the mean with S.D. (n = 4). **, p < 0.01; significant
difference between the two groups (ts =6.122, p <0.001; Student’s t-test). (B) The expression
levels of miR-381-3p in pcDNAS3.1-transfected and circHIPK3-OX RPTECs. The expression
levels were normalized to those of miR-191-5p. Values are the mean with S.D. (n =3). *, p <
0.05; significant difference betweenthe two groups (t2a =4.473, p =0.011; Student’s t-test). (C)
The stability of miR-381-3p in pcDNAS.1-transfected and circHIPK3-OX RPTECs. The
expression levels were normalized to those of miR-191-5p. Values are the mean with S.D. (n
=4).** p <0.01; significant difference between the indicated groups (Fs,12=11.433, p < 0.001;
ANOVA with Tukey—Kramer post hoc test). (D) The luciferase activity derived from ABCC4
3'UTR WT::Luc and miR-381-3p MUT::Luc in pcDNA3.1-transfected and circHIPK3-OX
RPTECs. Schematic diagrams of luciferase reporter constructs containing the 3'UTR of
ABCC4 gene are shown in the right panel. The numbersin theright panel indicate the distance
in nt fromthe nucleotide immediately after the stop codon. Values are the mean with S.D. (n=
4).** p<0.01;* p<0.05; significant difference between the indicated groups (Fs,18 = 83.630,
p <0.001; ANOVA with Tukey—Kramer post hoc test). n.s., not significant.
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MRP4 &S KU circHIPK3 FRODIMAZEENCEIT SI1RET

25 1 E(CHU\T. Dexamethasone (DEX) DIEIRFREIREE(C K> THIHKEHHIBEE BIEEE
L7z RPTECs Tl&. ADAR1 DFIREMEEICHIBV X LANROSNDZ EZBES ML
(Fig.1-5C, D). ADAR1 FEIRDEZIKFHE (XH -0+ H)L Bl CHBRBHSNIZN. MRP4
3 > )\ OBDOFIRCEFZIMRF I (FERH SN D7z (Fig. 1-4B). RPTECs (CdU\T ADAR1
N MRP4 OFEBFHENCES L TWD T ENS, BIERETHBZEIBE L Z RPTECs ([CHLYT
MRP4 OFEIR(CHIH U X LN RHSNDMMEET Uz, TDFER. DEX & 2 KffiRE U Ciie
BEETHE R BIBE LTz RPTECs ([CHUL\T. MRP4 ORRICHRRZE(ERDHSNLAN D Z
(Fig. 2-15A), =5, circHIPK3 OFEIRICEBRRZEHHZRDH SN DIz (Fig. 2-15B),
NSO ENS. ADART & MRP4 ZNTE Y DEFTHD circHIPK3 (CRIRUXLANEFEE
LIdWZ &R MRP4 (CHEIRUXAHWE CIRWRERD 1 DTHDEEX SN,

—7T. circHIPK3 (Z31f59 % mRNA T#%3 HIPK3 mRNA ORI (CIFERMIEHZE
HER®HSH (p < 0.05, Fig. 2-15C). circHIPK3 DAERGBIZ(C (MR ZENEET BT EHR
IBENTE. circHIPK3 (IZTEMENELESDI(T (Fig.2-11E). £REIE TOME D X AN GFES

(CERRENIGM D TzEEBER BN,
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Figure 2-15. The expression of MRP4 and circHIPK3 does not show time-dependent
oscillation in RPTECs. (A-C) Temporal expression profiles of MRP4 protein (A), circHIPK3
(B) and HIPK3 mRNA (C) in RPTECs after treatment with 100 nM DEX for 2 h. The protein
levels were normalized to those of B-ACTIN, and circRNA and mRNA levels were normalized
to those of 18S rRNA. Values are the mean with S.D. (n =3, 4). There was a significant time-
dependent variation in HIPK3 mRNA expression (Fe,14 = 3.264, p = 0.032; ANOVA).
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RNA {RE&EEMS LT dsRNA fBZEEEZ T UTE ADART (CXL D MRP4 DFERFILE

ADAR1 (& A-to-IRNA iREESEIEZ 1T TR . dsRNA ANDHEE(C K> CTEEGFRIREH
D ENESNTLND [Chen et al., 2015; Sakurai et al., 2017], €T, 55 1 EEEHK
(C. RNA iREEIEH DU \E dsRNA fEEEMEZE RKRS B TZEFEAR ADART EIRNRD S —Z/F
Uz, ADART 77 =/ BEECHI(CHWT., JEHEBMI CTdrD deaminase R A1 > & 3 NWFIHT
9% dsRNA #EE& R X 1> (dsRBD) DMiAH RNA IREICHE TH S (Fig.1-12A). RNA iR
SEEMERIBZRIK ADART (E617A-mutated ADAR1) (&, 617 BEEDIILIZBE TS
(CERIT B ETHERUTE [Laietal., 1995], 2 A4H RNA #E& EMHERIBZEIK ADART (EAA-
mutated ADAR1) (&, 3 H'FTD dsRBD (CFTET D KKxxK EF — T Z ZNTHL EAXxA EF —
J(CEMT B ETER U [Valente and Nishikura, 2007], EAA ZE (L dsSRNANEESTE
RNz, REFEEBRET D

4RI ADART ZiBE|IFIR LTz RPTECs Tld. MRP4 5> )\OBDORBICERRMET
HERRENTE (p<0.01,Fig.2-16A), —7/5. E617A H U < (& EAA ZEK ADAR1 ZiBEIFIR
UTziBE (& MRP4 OREIRICERRE(FFRDH SN D/E (Fig.2-16A), =5(C. EB17TAEBL
< (& EAA ZE{K ADAR1 ZBFIFIR UIZHZE(E. circHIPK3 B KU miR-381-3p MFEIRE(L.
§34E7 ADAR1 ZBEIFIR UITIEE & (FRBOEE # RSN > /= (Fig. 2-16B, C). TN
DFEERN S, ADAR1 (C KB circHIPK3/miR-381-3p 2% 1 L /72 MRP4 FIR I (C (4. ADAR1

DOfREETETE L dsRNA fFEETEEOmA NN E CTHd T LN REENT.
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Figure 2-16. ADAR1 regulates the expression of MRP4 with its editing and dsRNA
binding ability. (A) The protein levels of MRP4 in pcDNA3.1-transfected and ADAR1 (WT,
E617A, EAA)-OX RPTECs. The protein levels were normalized to those of 3-ACTIN. Values
are the mean with S.D. (n= 3). **, p < 0.01; significant difference between the indicated groups
(Fs8 = 9.456, p = 0.005; ANOVA with Dunnett’s post hoc test). (B) The expression levels of
circHIPK3 in pcDNA3.1-transfected and ADAR1 (WT, E617A, EAA)-OX RPTECs. The
expression levels were normalized to those of 18S rRNA. Values are the mean with S.D. (n=
3). **, p<0.01; *, p < 0.05; significant difference between the indicated groups (Fs,s = 25.460,
p < 0.001; ANOVA with Dunnett’s post hoc test). (C) The expression levels of miR-381-3pin
pcDNAS3.1-transfected and ADAR1 (WT, E617A, EAA)-OX RPTECs. The expression levels
were normalized to those of miR-191-5p. Values are the mean with S.D. (n = 5). **, p < 0.01;
significant difference between the indicated groups (Fs,16 = 7.647, p = 0.002; ANOVA with
Dunnett’s post hoc test).
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ADAR1 [C&K D circHIPK3 FERBIFED in silico T

—R%(C. %< D circRNA (& back-splicing EMFEENBIBIRIR TS+ >0 (C k> THERK
&N 3. Back-splicing Tld. TR 5' splice site (5'ss) & _LIRD 3'ss HiEET DM [Zhang
et al., 2014]. “&D cis-regulatory element & L C. BRIR{EE=11SD exon (CEHET D intron Bt
THZBR 11D dSRNABEN R SN TULVD, ZD dsRNA (E 5'ss & 3'ss ZiESH D2 & T,
back-splicing ZFE T D EEX SN TLVSD [Chen,2016]. LMD T. circHIPK3 D parental
gene T HIPK3 M exon 2 ([CH#E T B intron (CF1E T D IRAIU E cis-regulatory element &
L CHEAE S B & FABEHIE (Fig. 2-17A). EBE(C RNAfold 2T 2 RIS = MY S
&, intron EEHEEER dsRNA #8i5% & Z EMBASHNTIR D /= (Fig. 2-17B left). DY
270bp @D dsRNA ##i& (& ADAR1 WYRE T DICETDREETTHDZEMNS. D dsRNAKE
1E £ D RNA #REEMUDIRTR Z A 2.

F9'. RNATREDT —HFR— X T REDIportal [Picardi et al., 2017] ZFHL\T. D
M TORNAREY 1 b ZIRR LTz & Z3.89 WD RNAFREEEMINEFR SN TLVZ (Fig.
2-17C), CNSIRERPMLICE L T, dsSRNA BEDLTEMECE X DFEZIRFT UTZ. RNA fRE
A DECS T 2 RIBE#FTZEMUIZE 3. dsRNA BBED 2 H'PRDOMRIET RNA fRE(IC K
% dsRNA BIEDARLZELHRH SN (Fig. 2-17B right)e LS D in silico FRMTDIEERN
5. circHIPK3 HIBAD dsRNA (& ADAR1 (C KD RNA FREDIZEM (C/RD. £ U7z RNA fRE

(& dsRNA BIEZ AL EAL U T circHIPK3 DA ZHIHI 2 Z EhVRIE ST,
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A Gene structure of HIPK3 pre-mRNA (NM_005734.5)
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A : putative editing site in REDIportal
: editing site detected in RPTECs (Fig. 2-18B)

: destabilized region by A-to-I editing #1
: destabilized region by A-to-I editing #2

Figure 2-17. Precursor of circHIPK3 has the dsRNA structure targeted by ADAR1. (A)
Schematic diagram of the genomic region of human HIPK3 exon 2 and its flanking introns with
inverted Alu elements. circHIPK3 is formed by back-splicing, in which a 5 splice site in the
downstream region of exon 2 joins to the 3’ splice site in the upstream region of exon 2. (B) In
silico prediction of RNA secondary structure of the putative destabilized regions in precursor
of circHIPK3. The middle panel shows the unedited form and the right panel shows the edited
form of the putative destabilized regions. The minimum free energy structure with base-pair
probabilities was calculated to have the lowest value of free energy. Base-pair probabilities are
shown by a color spectrum. (C) Schematic diagram of the genomic region of human HIPK3
exon 2 and its flanking introns with inverted Alu elements and detailed sequence of the inverted
Alu elements. Sequences colored blue or red indicate the putative destabilized regions by A-
to-1 RNA editing. “A” colored red indicates A-to-| RNA editing sites registered in REDIportal. “A’
enclosedin a red square indicates the editing sites detected in RPT ECs with direct sequencing

(Fig. 2-18B).
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ADAR1 [C& D circHIPK3 FEIRFIED in vitro R

E=#(C. ADAR1 1’ circHIPK3 RIR(C5 X 2528 7% invitro TEMfTLIZ. FI'. circHIPK3
HIBRAD dsRNA ##i&(C ADAR1 HMEE T SN RNA REEATHREE Uiz, WIEHED
circHIPK3 RIBR{A(L. ZDEFEEDNIREMNS RT-PCR TORENEE THo/IZlesd. L
FOAILANRT S —2FANT circHIPK3 FiBMAZEA LT, ADAR1 LDREEZEIRTT LTz, €
DFER. O> hO—)L 1gG FUATRELRE UIiBE St T, ADART HUATRELR LIcH
B circHIPK3 AIBFMAFIEEIER(CHBEERL (p<0.01,Fig.2-18A), ADART ' circHIPK3
BIBMACHE L TWB T ENRB SNz, BERICL > F I+ )LRANRT S =% T circHIPK3
AIBR{AZE A LTz RPTECs (CBULT. circHIPK3 HIBR{AD RNA fREBMZES LU~ —
TORATHRUILEECA. 3NFDTFT /S NA 2> (B A—ETEI7 /2> &E0T
R (CEHEEINTULVE (Fig. 2-18B). ZD A-to-| (G) 1EEDZIR(E. ADART-OX RPTECs
T(EZDBIEMEN L. ADART-KD TIHETFLTWLWzZ NS (Fig.2-18B). ADAR1 ([CKD
RNA iRETHDEEZ SNz, CORE SN RNA HREEFRICDVWT. #RERDETIT 2
KBS Z R LIz & 5. fRERIDECHI S LB L T dsRNA HBIEN' TR T D C EHVRIE S
NJz (Fig.2-18C), € T. CNS5®D RNAKREN circHIPK3 DARK (C5 X D2E %7 5l U Tz
circHIPK3-OX TfEA L7z circHIPK3 FIR T S5 X = R4S —0D RNA iREE(CIRERDE
RZBAU. #wEE circHIPK3 BRI Y —Z/ER U T, circHIPK3 IR ZIRET UTT,
TR, RERDEEZEATDET. circHIPK3 ERIEFIBRICIKT U (p<0.05,
Fig. 2-18D). CD#ER&E— L T. ADART-KD RPTECs TIl& Mock RPTECs &LHEART
circHIPK3 BN E FBRICEMER R U (p<0.05,Fig.2-18E). TN SDHEERN S, ADART

(CKD RNA #REEN' circHIPK3 &z 95 Z EABAS N CIRD Tz,
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Figure 2-18. ADAR1 suppresses circHIPK3 formation by inhibiting base-pairing in its
precursor RNA. (A) ADAR1 binds to the precursor of circHIPK3. RPTECs were infected with
lentiviral particles expressing the precursor of circHIPK3 and RNA immunoprecipitation (RIP)
was conducted. Right panel shows western blotting analysis of ADAR1-RIP
immunoprecipitates. Left panel shows RT-qPCR analysis of ADAR1-RIP immunoprecipitates.
Values are the mean with S.D. (n = 3). **, p < 0.01; significant difference between the two
groups (t4=13.102, p <0.001; Student’s t-test). (B) Electropherograms from direct sequencing
of the PCR-amplified product of the precursor of circHIPK3 derived from lentivirus. The
sequence data were obtained from mock-transduced, ADAR7-OX and ADAR1-KD RPTECs.
Triangles indicate the ADAR1-mediated A-to-I RNA editing sites detected in RPTECs.
Percentage represents the editing frequency calculated by the peak height of “G” peak over
sum of “A” and “G” peak heights. Electropherograms were visualized using SnapGene Viewer.
(C) In silico prediction of RNA secondary structure around the editing sites in precursor of
circHIPKS3. Left and right panels show unedited and edited form, respectively. The minimum
free energy structure with base-pair probabilities was calculated to have the lowest value of
free energy. Base-pair probabilities are shown by a color spectrum. (D and E) The biogenesis
efficiency of circHIPK3 derived from circHIPK3-expression vector with and without the mutation
in Alu elements (D), and wild-type circHIPK3-expression vector in mock-transduced and
ADAR1-KD RPTECs (E). The efficiency was calculated as the ratio of the expression levels of
circHIPK3 to that of precursor of circHIPK3, which were assessed by RT-qPCR analysis.
Values are the mean with S.D. (n = 4, 5). *, p < 0.05; significant difference between the two
groups (fs = 2.682, p = 0.028 for (D); ts = 2.510, p = 0.046 for (E); Student’s t-test).
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(£ =]

MRP4 (£ ABC bS5 > XIR—=—D 1 DTH D k2 12BN AR TRIRNZRH 5N
TULB.MRP4 (F R4 IMEEMZEE & U TR L THgAN SHligINRABEY 3 5. MRP4
OFER(F. GSHE. EmERFIH. BERHEIEREDS < OBEREZE T, EfikEN (CHIH=N
TL\3B [Moffitetal., 2006; Xu et al., 2010; Wen et al., 2015]. AR T, & SEREMAEICH
172 MRP4 DFEIRMN. RNA fRERZSR ADAR1 (CKo THIHISNTWSZEZBBSMC U
[Omataet al., 2022]. ADAR1 N 32 A-to-1 RNA #REE(FERIA RNA T3S circHIPK3 D4
BT =BT, #&ER & LT miRNA TdHD miR-381-3p DFEIRZIFEN = T. ABCC4mRNA
M5 MRP4 5 > )\ OBADOEERZIHEI U1z (Fig. 2-19).
RIADAT T LW<DHD ABC hS5 2 X/R—4—T miRNA Z7T UTZEIRBIEZ =1
TWBZ ENEIEESNTL\S [Haenisch et al., 2014], HIX(E. ABCC4 (FAFH AMRRE(CEH LY
TmiR-125a B KLU MIiR-125b (CK D THITHIETND Z EMNRE SN TLVD [Borel et al., 2012],
AFAZE T RPTECSs (CHULVTHE miR-125a BLU miR-125b OFERMRH =N, CNSD

FIBE (X ADART D)W I I CKDEEREZ (TN DTz, £/e. HEK293T/17 HABICEH LN
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Figure 2-19. Schematic diagram of the ADAR1-mediated regulation of MRP4 expression
in human renal cells. ADAR1 edits and destabilizes the dsRNA structure in the precursor of
circHIPK3, thereby preventing circHIPK3 biogenesis. circHIPK3 binds to miR-381-3p and
reduces its expression levels, promoting the translation from ABCC4 mRNA to MRP4 protein.
Thus, ADAR1-induced prevention of circHIPK3 biogenesis leads to the reduction of MRP4
expression via miR-381-3p.
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T miR-506 S KU miR-124a M MRP4 F > JN\IBLNILZETFSED 2 & & SBlEE#HC
H1F3 miR-506 HLU miR-124a OFEIFEE MRP4 FRIRE(C(FEOHEENGD D 2 ENHRE
N TS [Markova and Kroetz, 2014]. miR-506 DIZHIERAIIE ABCC4 mRNA O 3'UTR (C
AIE L TLVZH, RPTECs T(FZdD miRNA OFERFERSH SN2 . Tz, SEIDIREIT
(& miR-124a DIEHIERI(E ABCC4 mRNA @D 3'UTR L(C(F&H NN DTz, AAFL TIE
TargetScanHuman ZF3\V\/Z in silico T E D FEMFERBRZHAENHED T ET. MRPAD
FTARFEIRBIERF & U T miR-381-3p ZEITE LTz, miR-381-3p (& M AMRBDIETESIFE [Yang
etal., 2017]. RAERIE [Jiang et al., 2020]. FHIMIE [Yietal., 2019] (CBHD> TLWBDZEMN
/ESNTL\D. ABCC4 mRNA (CX T DEA EFEHRIC. miR-381-3p (& ABCBT mRNA D
JUTR ZiENE L. ENAMRRICHITDIS AT SFUREZEREET D EEREINTLD
[Yi etal., 2019], D &(E. miR-381-3p HMEDEMHER b S > ZR—45 —DES#HIEIC
5L TV EZRELTVDN, MOFERHRETD MRP4 OFIEICIT YD miR-381-
3p DFEICDVNTI(F, SESRDIARMNMBETHD.

VTEE, REFR [Lietal., 2017]. #B2LESE [Zhengetal., 2016]. fH4ZHLEE [You et al.,2015]
DFIENCHB T, circRNA BNEERMEEIZRIEUTVWD T ENEIESNTETLVD, circRNA
(F. BFRERIROBEICSWTIRLVVEEZB L TS, INFTREHEASNTODHEE
& UT. circRNA (& competing endogenous RNA (ceRNA) & U THEBEL T. miRNA =&
ITDZETERNE/ED mMRNA EDFEEZPHE T DHEEZHR I D LB CL\D [Salmena
etal., 2011]. circHIPK3 (& ceRNA & U CH#EEET DAFERMIIR circRNA D 1 DTHD. HIRIL.
circHIPK3 (& miR-124 OEERAE I D &ICKD. HIRUETEZRIET DT EHRESNT
L\D [Zhengetal., 2016]. F/=. circHIPK3 Z7T U7z miR-338-3p M#gEHIEIL. 1> XAU>
DDZEALZS|IEH T [Stoll et al., 2018]. Ffz. & FFAAMIBETIE. circHIPK3 A miR-
124-3p & miR-4524 DEEEHIHIZ T LT MRP4 ORIRZFAE L TLDZ ENREBEINTLD

[Huetal., 2021]. AR T(E. & SBHRICHSULT. circHIPK3 ' miR-381-3p D#EENFIZ
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7TUT MRP4 OFEIRZHIET D EABASHTIRD TN, BIIRE DHEEERIIEL N, #RAET
AT &(C mIRNA DRI TOT 71 ILICENSH D IeH EE X STz [Landgrafetal., 2007],
ERR. RPTECs Tld miR-124-3p & miR-4524 MOFIR(FERH NI, miRNA DFRIRCEHATS
BIEHT — I R— X TdhD human miRNA tissue atlas (CLD &, BifiTD miR-381-3p DF
BLAN)VIIAFIED 2.6 5T D 1= [Ludwig et al., 2016]e CDEKSIC. circRNA DIER YRk
fE(d. BIAMAHIRIIECH TS mIRNA DRIAE(CKFT D EEX SN,

circRNA (& miRNA Z#HE L. 58 mRNA EDESZRE T D', e L7z miRNA OF
REZ EDQOLDSRHBTERT SEDINEIKEFIATHSD [Zhengetal., 2021; Li etal., 2022], A&
AFLT(E. RPTECs (CHBUWT circHIPK3 MFEIFMEINM T D & miR-381-3p AARTELL. £
DEBLANIVMET IS &2RmUTE. Miflgrm. MfgsbRh eI, (FEAED mRNA (F%Z
ETHDEEZEZDBNTLD. mRNA DR, $F(C circRNA (CIRE =17z miRNA D7 FROHE
H(ICDWTIEIRARAIRENE <FKESNTLVSD [Kim and Pak, 2020]. circRNA Z7T L7z miRNA
DEEMEZDODBROTHERASNCT DD, SSRDIARMNMBETHD.

A-to-l RNA #R&E(E. HBEMECHVWTRE—MHNARXT L ATF REHTIHSD [Nishikura,
2010]. ADAR1 (&. mRNA D5 > /)\OE1— RIEIEZIT TR, Alu BBSIZET T EDZ LN
FE— REEIICH U TE 2 KGH RNA D A-to-I RNA fREZAIE L TULVD., TDIzs. ADART
(& miRNA EEDRERFEUTHEL TWBEEXSNTE/Z [Kawahara et al., 20073,
2007b]. T, circRNA /¥ miRNA (CX§ 9D ceRNA & UTHERET B EMREN. ELFH
FNCH T DFRATF THDZ ENRHEINTETLVS [Hansen et al., 2013; Memczak et al.,
2013]. circRNA MK (. cis-regulatory element & trans-acting factor &> CHIHIESNTH
D, RINMESN D exon [CHHET D intron AL THEASND dsRNA BEL. &REEE cis-
regulatory element T3%%. ADAR1 (&, C® dsRNA BEZZETE DT ET trans-acting
factor & U CEIE. #ERAY(C circRNA DERDMIFI 1S, RNA #REEEZR(E. 950 bp KD

RUWASRNA D75 2> % A J S (CEHT D1 [Nishikuraet al., 1991; Eggington et al.,
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2011]. DK D73 dsRNA 8i&E (S circRNA &ERKD cis-regulatory element (U N THEZE(CEER
&N [Dongetal.,2017], L1zH'D>T. ADART (& circRNA DOFIR(CIRILAWEZ & (FT &
EZBND. UNMURHS, circRNA DR (CE1TS ADART DIEENC DUV T DR (LRE
TdHD. ADAR1T Z7TU7= circRNA OFIRFHIHEHICEE T DMEGENTHSD [Shi et al., 2017;
Ma et al., 2020; Shen et al., 2021]. AIAFLTIE. ADAR1 1\ circHIPK3 EEADHFIFHICEES LT
WD Z &% in silico. in vitro D 2 DO TO—F THSMI L. SHED circRNA 4=k I
BOWETCE, SERVEFEFEMREEZSND,
AISUNFTT I DFEPMETH D, SF EBENERRT D. TDlzd. R T
SASOOVEERIREDBIETIE, 1/ E@FT7 /2> & UTRMEND [Nishikura,
2010l INSD4FEEFIAL T, Ato-IRNA RE(FBED > —ETRETED, B> H—
ETE RESNZTT /S 2ETIT7 )22 ELTHERAREND . AARICBNTE. Y
> H—EERBUT. circHIPK3 DRIBMAICS TS A-to-IRNA iREDIRLE E EE%1TO T (Fig.
2-18B). ADAR1-OX 8K ADAR1-KD RPTECs Tld. 3 DD T /S DIRELNILNZE
NZENBME KR UTefzsd. ADART [CRDIRENEL TVWDEEZ SNz, 3 DDT7T
I DFRELNIVIE 10% U T EEEBBUEME TH > eht. CNIFEER EDFIRICLDEDT
HdDEEZ SNz, REMED circHIPK3 RiIBE{A(d PCR THREA R TH o Z/zsd. HfaC
circHIPK3 BIBMARIRL > FIAILANRD S —ZEB AL T, €D RNAZY > H—ETHITL
Jzo AMRMED circHIPK3 HiBR{R(E. ADAR1 MEZB & U CTIBRI(CHKIRT D728, RNA fRES
HENHE SN TV D EIEEMEN D D. =5IC. ADAR1 (& RNA #R&ERE S L TIRITTIRL,
2 A8 RNA &> /)\UBEUTEHAEET 2T ENIRE SN TS [Chen et al., 2015
Sakuraietal., 2017]. RPTECs NDFFAER! ADART DEA (&, circHIPK3 RIHEDEKTFH LU
miR-381-3p DLz EFEHE. MRP4 > )\ OBORIR=ZIH Uiz, UM L. ADART D
MRP4, circHIPK3. miR-381-3p DOFIRAEIZNE (L. deaminase RAA > DEEZITTIRL,

dsRNA fEE RAA > DEETHHEK U (Fig. 2-16A-C), ADAR1 DZEMIIMEEZEE T
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D& 2 KiH RNA ANDIEETEMS circHIPK3 £RDEECEAS LU TWSEEEE NS D,
circHIPK3 FZRR DN (Cd5 1D ADART DFFlIIREEIZBASMNC T DIeH(CIF. =5IRDARK
METHD,.

MRP4 (& cAMP 1> cGMP, ADP. fKREf. R, OO NJUI R JOXSGITS> D>
R E Z<OARMEMEDCEREMNEZIIX T D ENMESNTND, =5(C. MRP4 (&
ARRLFYH—RO2HSES. XIVAT RTUREDTNARL, £T7V U AT X
DI =)VIREDTEME. TFSTUILDLAILATILI VIREDRERERE, Z<DEYD
X (CBE5 I D EM in vitro FRER> ) W U770 RO XZFVZ in vivo sHERIRETERS
MCEINTULS [Wenetal., 2015], ZDELD(C. MRP4 (FEES - ERYPAEFOWME CEE
RESDAR—=—F—THDN. ZORRICEBAAENEFEETI DI ENMSNTLDS
[Gradhand etal.,2007]. AH3E T (3. RNA #FEEEEER ADART Kt hBHERETD MRP4 RIRHI
MRS L TVB T ERASHICUIN. ADART >/ \OBDFIRIC () 220 SDEAE
PEEITDITENBESNTLSD [Nakano et al., 2016]. RHAFTTHESH(C LT
circHIPK3/miR-381-3p #2i&% T L C. ADAR1 H' MRP4 HEIFDEANZE. =5(C(d MRP4 BH&
EYOHRNENEDEAZDER LD TVDEREENE X SNz, o, BRIK RNA (SHEREN
S5RMENDITOVY —AICHBENMPTERE U TEEITDZENMSNTED [Chen
et al., 2016]. FFRM(C(XMPDERIR RNA & MRP4 FIRDIBZ LR B/N\AAT—H—&UT
SERL. BYPABRORELICEIRT 3 stiiFans.

AE(CHITDHRF T, & SEEHRECH TS ADART MY circHIPK3/miR-381-3p #XE8&1T
LT MRP4 OFRIRZEFIEL TULD T ENBASH(C/RDTZ (Fig. 2-19). ADAR1 (& circHIPK3
BIBIAD 2 A#H RNA 1EBEZiR&E U CARZE(L U. circHIPK3 Fepk ZBEE 9 5. —73. circHIPK3
(& miR-381-3p (CXF 3 ceRNA &L TH#EEEL T. miR-381-3p (C&D ABCC4 mRNA H'5
MRP4 5 > )\ OBNOERIIEIZEE LTS, 372105, ADART (CK D circHIPK3 D4R

DFRAE(F. miR-381-3p (CKD MRP4 5>/ \OBEDFERINGIZBIEE(IC U TL\DEIREMN D,
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MRP4 DOFEIRBIZ(C(E. W< OO DHEHEFHIES LTS EMNMSNTNSH, KIAFR
Tld. miR-381-3p H' MEHERR(CH LT MRP4 RIROFARHIHETF & UTE< 2 xRS
MZUJZe MRP4 BUNZE. FEYHERICEAS TS ABC hS > RR—4—(HEHIFIES B.
S, FYHBE bS5 > R—4 —DOHEE IR OHIEHE R ARE L. BBt Z FRl 9

DEBEITTCDINENDDEERD.
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(#8 1E]

FEMOARARENREICH VT, BIGEEMO MHEH | ZF(CIBSEEMEEE TH D L<LDE
PIRZELARDFER. DU\ IR ETORBERIFTARB & LT, FRP(ICHE SN,
EARIFRAE (FEMBHER DS S [FRMEDW] ZIBU\. BEEI(CEYZRP(CEXL TULD
. ZNICEZ < OFEMEEE S S > R—F—-HE5 LTS, NS5 RS AR—F—D
FIREIHZ IR U CEYOARABIREZIER T D & (3. FEMREPEYIERORELDE R
NSEEETHD. TDIEH. IERNSEMEE bS > AR—5 —DOFRFHHICE T DK
(FBEACITONTEEN, ZNSEEE - FEREVO 2 T2 hSILRIY ] OBEATORET
NEERTH D, IBEFERFSHCTIRD TET [EmEERHIE ] 1S OBRTORET (FAR T 724K
THDTz. AAERX T, AFKREIE RNA fREEERTH D ADART (CBEETSZLT. Eb
RPTECs TOEY bS5 > AR—45—P #85 > )\O& (P-gp) H LU MRP4 DFARFIR I
BOfRAZRAIZ, TOFER. ADAR1 (& RNA fREMRTFNH D U\ EFHKEFN (SRR TS

A2 OZFHITDET, NS 2 DO RS AR—F—DORFFHCEAS L TWDR &
MRS HNI/RD 12 (FE).
55 1 EC(d. Dexamethasone DFFIFIREE (C K> CHIRKR EH#IBEZ BB S U oigaL

N RPTECs T®D P-gp FIROBIE U X AFIEICDWTHERET Uz, P-gp DEBEEYIDBE IV

ADARl
Regulator of
alternatlve splicing
Intron retention ABCBLmRNA Back-splicin
acor LA L Y TS 1101 27 T pucing ,
= =fexon 27] . =

l = O circHIPK3

HIPK3 pre-mRNA

P-gp MRP4
protein protem@

Schematic diagram of the doctoral dissertation. RNA editingenzyme ADAR1 regulates two
types of alternative splicing, intron retention and back-splicing. In human RPTECs, the
expression of two drug efflux transporters, P-gp and MRP4, is regulated by ADAR1 through its
role in regulating the alternative splicing.
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SR (THEFERR (C K DENRDH SN EWVWDSIRE [Ferrazzini et al., 1991; Choi and Park,
1999] &—HUT. E hERUBITHRAIE THDI NI F)LOERE T P-gp DFIR(CHIH
UZXLRRSSNE ECZ. BIBRFEHHEE BB LTz RPTECs (CBULTE P-gp DF
B KOEMEXEE(CBMB Y X LR SN, Fe. P-gp #1— KR35 ABCB1 EIn
FTECDintron RIFEWD A TORIRNT S S >0 DFAESEE [CERRIZN RO S
P-gp HRIROMBAYUXACENR D> TWBZENHIBALTZ, RNA REEER THD ADAR1T (&
ABCB1 mRNA BIBMA(CHEE T DT EICLD T, 705 RNA IREFMEIFMKEFNC. ABCB1
DEIRNR T 51 = >0 & RZIKFI (CHDHI U CTUV e, P-gp (FEERHBEN RO TLL . %
<DOEMOBHEHICEAS L TVD NSO RAR—F—THD. & MBI TD P-gp FIR - 4
KEHEOBIHUXLAZEZER I D ET. EMERORBILICEND Z ENBFEND.

552 ET(3. BEL N RPTECs TOEMHEM 5> XR—4—MRP4 @ ADAR1 (CKD
FIRHIEC DU T, FARD non-coding RNA Td D [IRIA RNAL (CEB U TR ZERE LT,
ADAR1 (LK D RNAMRE(FIHEERNSELD EZEASNTE D, AUKEEERICELD
AT SAS I (CREEEX D ENBIHEINTUS [Hsiaoetal, 2018], ERIK RNA (LiES
DRTSA >0 E(FHEmED back-splicing TELU D 1 AEED non-coding RNA TH 3.
Back-splicing Z{eE I 2ERID 1 DIC. WIKMEEND exon (CHEET D intron FLICKD 2
A8 RNA IBEDEBRAFISN TS [Jeck et al., 2013], AFAFLTIE. T 2 A48 RNA A
ADAR1 (CXD RNA FREDIEN (C/RDED Z LICEB Uz, ADAR1 ([CKD MRP4 FEIR 1
(CBE5 9D EMASHMTRDZIRIR RNA circHIPK3 (CDUWT. ZDRIBRATIHD HIPK3
mRNA FIBFAN ADAR1 ([C KD RNA iREZ (T2 T & T 2 A8H RNA #BIEH' Tl L. back-
splicing HMIIHI NS Z &MY in silico. in vitro DIIRETMNSBESHNTIRD Tz, IRIX RNA (TR
FTOMENMHIAL, [ER(SFEZEDH T\ DHEEMN RNA THD. TDEH, REFRTEE

FARFICHSVTIRIK RNA (CEB U TVWBHAK(FIRFR TR EE VAR TH D AAFRTES
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NTZRREY MR (E. FBFEAR(CERIR RNA EWOEIRZER ST EYEREEERTFOFIR
HIEEAFRDOEIRDFERICEIA T D Z EN A NS,

RNA #RERFRTHD ADAR J7=U—D>55, RNAREEGHZBIDIHTF1T(IC(E
ADAR1 & ADAR2 D 2 DHVFFEY D [Nishikura, 2010], ADAR1 (FIRIX RNA 4ERKD back-
splicing FIHHICRIS T2 ENREETNTHD [lvanov et al., 2015; Rybak-Wolf et al., 2015].
REAGRX DS 2 ETEH ADART (CKDERIA RNA circHIPK3 FEIRFI B ZIH S LT,
LH'U. ADAR1 EEARIC RNA #REETEHEZHE I D ADAR2 (CBIL TIE. IRIK RNA CDB&EE
RIIREFFELRMNDIEN. HARETEIYDRANAMIBZA LIRS T, ADAR2 Y
circHiftfa EWLWSIRIA RNA OFEFHIEICEAIND Z 2SN ULIZ [Omata et al., 2024],
shRNA ZFU\T ADAR2 OFIRZHIH U D REMA 4T1 HERZ(CIS T, circHifta OFEIR
NEFRFTDZET miR-195a-3p DFEIRMMET L. TDIENTH D P-gp OFIRN LR U,
ZOFER. AL AMRECH T P-gp DEBTHITNARI RFVILES > OREZEHMET I
BCEEBHURE(THE), T—IXR—=XZRAVEARET T, ADAMRRICH T ADAR2 EIRE
METFLUTHED. ADAR2 BFEIRDANABEBIFERARTHDZENREETNTED., 2D

AFRICH T invitro TEIEHEREERFBRTOIMR E—HUTLZ, CDOZEMNS, [RNA R

Breast cancer cell intracellular extracellular

lcirc .
Hifla miR-195a-3p
/ k doxorubicin (@)
Hifla’ Yo W @)
AN : o o

Aack-splicing NN Nanan — _@ (@)

AN translation
AAAAA

v

’ l-.
‘ . -.‘-,. Abcbl1b mRNA o o
A o2, 0 g,
2 oy jorrrrrrs , Pgp. ]
Hifla P e . 4 b
pre'mRNA Yennnnnnn® N T tawwmwws

Nucleus  Cytosol

Schematic representation of the underlying mechanism by which downregulation of
ADAR2 decreases the sensitivity of murine breast cancer4T1 cells to doxorubicin. The
decreased expression of ADAR2, one of the RNA editing enzymes, increases the biogenesis
of circHif1a, which promotes the translation of P-glycoprotein (P-gp) by acting as a sponge of
miR-195a-3p. The increased P-gp prevents intracellular accumulation of doxorubicin.
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ERER(ICKIDTRIA RNA BRG] EWWSEERIIAFEALER X CTEE U ZEMEREZ 1T TR L,
TREE(CHITDEMEROBANSEEE THDEEXSND SEIFRIKRNA CVWSHER
BIR(CBEB I DT LT MAREDREEDRIMD I FHIBN RSN, EY)EEREBEDOISE -
REML(CEEND T ENERFEND,

AREAF TIE. RNA #REEZR ADART (CKDERNAT S 2 IRIICER IS LT,
£ b RPTECs TOEMIEM 5> XR—4 —P-gp KU MRP4 OFTARFIAHIEEAEZ A S
MNMCUfz. Z<OFEYOBIER(CEES5 T D INS bS5 2 AR—45 —DOFRIFHIEMEAEDIRRR (I,
MERREOHEST . EVEEDERDIFREICEEND ZENPFeND. =51C. 2P
AHBRE TOIRET (CHE UL TE [RNA fREE - FRIK RNA - EYHEE b5 > R—45— | RIBOEE
MRS ENSE [Omataetal., 2024]. IEFEMBHEIZIT TR, AR EDRRE
(CBNTERRMREEOHE LU TCOWDERENERISND . NARDKRRZE(C, EYEIRE
BEREFR BRI D F O ITRFEIRFIHD FHABNA SN D FEMFE-EY) & B

BROBFE(CEN D EZHRFLIZLN,
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AIAFRICIRU. IR DUEMEE SHEiEZ 87 D F UL M ARFERFE FEFAT
FERFDE Bg I B FRECEATRSRLUET.

AIAFRICERL. BRABE SR, HERZ5S 0 X UM ARFERFEFREFATE
EMEREFDEF FFanBUR KF X5h FECEATEERUTT.

FARICERU. BRABE SR, HERZ5H 0 X UM ARFERZEREFATR
EMBREFDEF IR AUk Bk FTECEATRHRUET,

KRR (CRU. BRIGPE LR, #HEHZH D T UMK FRFFREFAT
FERFDE BE 8BE BN SECEATERERUET.

KIAR(CRU. BRIGPE LR, #HEHZH DT UMK FRFFREFAT
EMEREF DT B1E SH B TECEATRHBUET,

KIAFRDTERKICRL. EELHER SHEMZE D F UMK FERFEFREFAT
ERIREVAEFDE H¥ WA FPI BE(CGGEATRIMUET.

KIAFRDTERKICRL. EELHER SHEMZMH 0 F UMK FERZEFREFAT
BREKBZEFDE B0 IR X SECEATRARUETT.

KIAFRDTTRHICRL. EELRHER SHERZ D F UTEMARFERFEFREFAT
RYMBEFNET BE B BE FKECEATRERUIT,

FIAFRDOEMECERL. BRAE L7z 0 X UTEMARFERF LRRFTERFIE
I &l B, X FEH L. RO Bk FE(CEATRAERUET.

AIAFROEMECERL. HEE SR ZHD . KEARHCERICUTIAVE
TUNKFERFBRRATERIFDEFOER. FEEDERSG(COLDRBSEZHULEITET,
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