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Evolutionary loss of regenerative ability: The role of evolutionary conserved
regeneration signal-response enhancer
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We screened regeneration signal-response enhancers (RSREs) at the Ihx1l locus
using a Xenopus transgenic system and found that the noncoding elements conserved between only
highly regenerative species do not show strong enhancer activities in the regenerating amphibian
nephric duct. Instead, the noncoding elements conserved from fish to humans function as enhancers in
the regenerating nephric duct. We also found that DNA-binding motif of Arid3a, a component of
H3K9me3 demethylases, was commonly found in RSREs. Arid3a is known as a component of H3K9 me3
demethylases KDM4/JMID2 complex. Arid3a binds to RSREs and reduces the H3K9me3 levels on RSREs. It
also promotes cell cycle progression and causes the outgrowth of nephric tubules, whereas the
conditional knockdown of arid3a using photo-morpholino inhibits regeneration. These results suggest
that Arid3a contributes to the regeneration of nephric tubules by decreasing H3K9me3 on RSREs.

DNA



¥ £ C—19, F—-19—1, Z—19, CK—19 (Gum)

1.

MBS ) D

KONTERO—MER VX5 Z LiX, BT HNICIAonb8i58Ths, f
ZIXRIEE O ZF ) Tk, TSN b 2 AR T LN TE S, F
T2 WA D RSP TIXNUASRE 2 o 72 L LT H ., HRER SR 2 - OMEY LiF 2R
T& 5, — 5., 1FAHET, HECHREZ AT ERO X DN E2F > TR, ZOEND
IZOWTIE, FAEREE b S EW L OIBFE TE OREN 2 HICAICES L CE - e )it
ELFHEN OB TEDREN 2> CE L THMMNEZ LN TE -, ZNHAGR
WZDWTHEHBAERE AR BLEN B I, BEOUMMNAH S & 720 >5dH 5 (Bely AE., Trend in
Ecology and Evolution, 2010),

WEDYT ) MG OERIZE Y . BREW ) HITIIEE TOZHOEM D7 7 LELFIH
i TE D L9 oTe, ZIHT 7 MO, TV E TORAESCHARE TO®E
GFEEERRD | FAEREEG O AEICED A BB TIT. FOME, ., etk
BN EIRFESN TS Z EARENTE 2, ZRbEERDIT, HEILEREANRE
ENTWDHHEIZE BARWHAERE N2 Ko7 L WO GRO EIRIT, BiafEkoTzL )
S0, OB THAEIME S B TORANR Kb E TETES, LMLERG,
BARZ KDY LIBEETOENGTOENN, =5 ) LMEMOELTH LD, HHNIX
FEGREBSZ DL ODOEATH DO, REIZHE-TEIEIX I E Tz, Rk
TREMEE LTRSS TV,

WEFED B

FFIHOH/AERITAECHAH S AN TRONTND 2 b Lo TZ DhE
HROTZEVIRBPRBESNTE e, — T 7/ DO &8s T ORERE D iRYT
Mo, BAEFEICEDLBIn T, TOME, B HEDS, BrCmEICREFESNT
WD ZENRENT VD, WRITHEIZ L bARWFERE KT & W ) REROFKIT, &
BFakolo o X0 b, A BETORRA AT LPERLIZETRIND,
LU 6, THETEOREKIZB - T8IV, £ 2 TRIFE T, BAEIDSEL
TEMAL T 2 WD S AEl 2 @ 23020 & LT, FE=— N DNA i A - ik
HEZLI FToEILTn v ADMHE AR LD TH -T2,

WD ik
HEEE DL, WAED T VAV 2= 7 VAT A%l 728 s 28 B R tE I oo 1
WRA 7 ) == 725 e LTEY, ZRETICBRAICED S Pax2 X Pax8 D=
NPV A L —Z[EE L C&E 7= (Ochi H., Nature Communications, 2012), Z @
FEERESEDLZ LT
AFEO B TIEHA LT FSYRY =y oS
5 R BLAE s 2 LT T3/ — (R (ONS)

& LR— & — (GFP)D @&

5D TRV EE 2 Tl =T

FERELTx7 o OFE BALREE YR 48 BT%
X B OBREE
L: Eg;bé Z &ﬁ’i&%éhf TOGFPDFIR

W% Lhx1 O&{s 7T, =
o —E TSN DHE
Ho—iizonTLrR—#
— & =T GFP)ZH > o M1 bV Ry VMERERAVEBEY S F LSBT YN Y —DORE
VAV =y JIREERLL

FNH N T AV =y JEIRT, ITALRME O—H A UR L, ZORARRABIE L
(X 1), ZOfER, AIBORAEE T, Lhixl @5 1TORIE L AT HZ AU —%]H
ETCEDLIENbhoTEZ, 22T, FTEZ AU —DOfEME LT, HAEREIOR
W & AR O R CHEL IR S LT

Stage 37 Stage 42/43

W5 JEa — F DNA fE# (Conserved @tﬁﬁiiﬁ@\?ﬁf BMibE FO)\FE'TG
noncoding DNA sequences, CNS) & . /& ﬁﬁ iék&%%étg# {:l%?—? ?Q\lfﬁbﬁéﬁ) .
RRICEDLLTRE L E FOMTEEIZ \ /
BRIFSNTW5 CNS Zfi L7z (X 2), I

i Lz oo — iR O 7 r—= Ry ——ENE NS BEF

VI ERITVD, LIR—Z—DNA Z{ERIL 7

%, FTrAVx= s EEEER, A | W —

P OEIRME TOEMEDOFEZFI~T-, ]

2. FEFOBRME Tz o —EE ‘ E

Zos LT2ESIHR O GR - Ofs & F— 7 T s

T B RS O TR T OREBLETE

AT 5 ARG W T OB, b b T— CNS —i—
i U2 % A0 k2 293 (Human Embryonic ‘

Kidney cells 293)% FAWT- LS T = 55—+ 2. T/ — DRI Conserved noncoding

sequences (CNS)

LiR—Z—ffitfr, bk —hva vy




KEHCBETE R CXA N T LAY 2=y IV AT AEHNT, FBEY ZFARE
TN =R LT HERER T OREEZIT 72, KIZ, UV HOBE CERTOREL
® ON/OFF 3 C& %, T A Photo®/L 7%V /AU IX 7 LAF K

| TovFtvr 2 'AT75) )4V IXT VAT REY A TZVRIEA L, BIRE OF
AENBHIBENSHNC UV AT S Z & T o — 2T 25K 7O %
HIL, ENODHEICKLERKFTHDHNE I DG LT,

4. W FERE R

HAES T FVITSE L THEEE T = oY —13, ITAEE MAEO B TEEIRTE
SNTVLHEKTHLHZ L, FInbZ N = TBHEORETIHEDhL TN
LERFBER U, Fxld, ZHOBEOHAERI Lhxl OB L4 T Lo —%,
B TFIVSE T NP — (Regeneration Signal-Response enhancer: RSRE) & 444
L7zo ¥IZ. RSRE DIEMEL A T = xA%MﬁL H5 5K - Arid3a 75 RSRE (CHEBERE AT D
Z b, Arid3aliBE ARV HI ZUNRNTEDIFHDY D MY AF LA (H3K9m63)7&ﬂfﬁ
AF LT HEFE Kdnda E il L T —Dx s ) MREEEZLSEL5 28, 2
DY ) DEALD =N —DOIEMHAGICEE TH D Z & % Arid3a O = 2 [HE S
HEBEOHAENR IOV L&A Lz (X3) (Suzuki N., et al., eLife, 2019),
F72. RSRE 1T & " AEOM CHLMICRTE SNBSS TH D Z LD, 1FHIET 7 A
\Z& B H)v RSRE OAHRIFEIRIC & FE Y 7T S E T HIEER H DDA L2 A,
~ 7 A @ RSRE #H
[ A ke 1 7l AR P
PREOBAT | g
ESIPNIE / omes \ i) amas
[N R N ‘ ‘ “ ﬁf\;ijmm;:iaw—
MDhhosl—, = . mEFosmofF AN '
D, = N T NREFORZON
ADT ) KX
BE O FEICS WS WS S

SRR 72
<. FAIC = =
fif 5 FHEE S D =1 T i EERA BE

rebiksh T

WDZERDD | @3 BEs s FEEL Y — A L AR ERAEE A A H = X L
<77,

5. TR S

(HEESEmsC) (B8 1F)

(D Suzuki N, Hirano K, Ogino H, *Ochi H: Arid3a Regulates Nephric Tubule Regeneration
via Evolutionarily Conserved Regeneration Signal-Response Enhancers. eLife, 8:
e43186. doi: 10.7554/eLife.43186 (& FHH V)

@ *Ochi H, Suzuki N, Kawaguchi A, Ogino H: Asymmetrically reduced expression of
hand1 homeologs involving a single nucleotide substitution in a cis-regulatory element.
Developmental Biology 425(2):152-160, 2017. doi: 10.1016/j.ydbi0.2017.03.021 (&t A
D)

@ Ochi H, Kawaguchi A, Tanouchi M, Suzuki N, Kumada T, Iwata Y, *Ogino H:
Co-accumulation of cis-regulatory and coding mutations during the pseudogenization of
the Xenopus laevis homoeologs six6L and six6S. Developmental Biology 427(1):84-92,
2017. doi: 10.1016/1.ydbio.2017.05.004 (F#FHiA 1)

@ *Satoh A, Mitogawa K, Saito N, Suzuki M, Suzuki KT, Ochi H, Makanae A:
Reactivation of larval keratin gene (krt62L) in blastema epithelium during Xenopus
froglet limb  regeneration. Developmental Biology  432(2):265-272.  doi:
10.1016/j.ydbio.2017.10.015 (&7 H V)

® Session AM, Uno Y, Kwon T, Chapman JA, Toyoda A, Takahashi S, Fukui A, Hikosaka
A, Suzuki A, Kondo M, van Heeringen SJ, Quigley I, Heinz S, Ogino H, Ochi H,
Hellsten U, Lyons JB, Simakov O, Putnam N, Stites J, Kuroki Y, Tanaka T, Michiue T,
Watanabe M, Bogdanovic O, Lister R, Georgiou G, Paranjpe SS, van Kruijsbergen I,
Shu S, Carlson J, Kinoshita T, Ohta Y, Mawaribuchi S, Jenkins J, Grimwood J,
Schmutz J, Mitros T, Mozaffari SV, Suzuki Y, Haramoto Y, Yamamoto TS, Takagi C,



@

Heald R, Miller K, Haudenschild C, Kitzman J, Nakayama T, Izutsu Y, Robert J,
Fortriede J, Burns K, Lotay V, Karimi K, Yasuoka Y, Dichmann DS, Flajnik MF,
Houston DW, Shendure J, DuPasquier L, Vize PD, Zorn AM, Ito M, Marcotte EM,
Wallingford JB, Ito Y, Asashima M, Ueno N, Matsuda Y, Veenstra GdJ, Fujiyama A,
*Harland RM, *Taira M, *Rokhsar DS: Genome evolution in the allotetraploid frog
Xenopus laevis. Nature 538(7625):336-343, 2016. doi: 10.1038/mature19840. (A V)

Watanabe M, Yasuoka Y, Mawaribuchi S, Kuretani A, Ito M, Kondo M, Ochi H, Ogino H,
Fukui M, Taira M, *Kinoshita T: Conservatism and variability of gene expression
profiles among homeologous transcription factors in Xenopus laevis. Developmental
Biology 426(2):301-324, 2016. doi: 10.1016/j.ydbi0.2016.09.017 (A V)

*Tanaka T, Ochi H, Takahashi S, Ueno N, Taira M: Genes coding for cyclin-dependent
kinase inhibitors are fragile in Xenopus. Developmental Biology 426(2):291-300, 2017.
doi: 10.1016/j.ydbi0.2016.06.019 (#EFHH V)

Yokoe M, Takayama-Watanabe E, Saito Y, Kutsuzawa M, Fujita K, Ochi H, Nakauchi Y,
*Watanabe A: A Novel Cysteine Knot Protein for Enhancing Sperm Motility That
Might Facilitate the Evolution of Internal Fertilization in Amphibians. PLoS ONE,
11(8):e0160445, 2016. doi: 10.1371/journal.pone.0160445. (EFHH 1)

(F=geR) (GH1844)
AR

)

@

SsEBIR: FAET 7 TR ET oY — TR A = XA E A CRIRIFIED B
Y rEBARCE RS ARV URY Y A BT A2 mAR: L - AT Y 2o T2 F5E
DA A —HFA ¥ —: fwFIHEHE, 2019

Suzuki N, Hirano K, Ogino H, *Ochi H: Arid3a regulates the nephric tubule regeneration
via the evolutionarily conserved regeneration signal-response enhancer. #5 12 [E]H
AR AT VAFFEEE S - 5 4 BRIk A gES AR AR U A, IR, 2018.
#IKEPEE, HANEKR, Al M, BB, IR, 8ARKIE MmAKE, MARE: 2
HENE RN ) AERZEE U V) —ZAFHEIZONT. F 12 [BIAARY X AT URFGEE
2 A PRI AT RS AR CRT T L, KR, 2018.

R R, ARGEH, BB, BAZR, I /AT shh OFBFFEIC LD
Xenopus DWIKD /N — B A~DRE. FAFRSBE@MAES G5 1 B, A,
2018.

S FEEH], BEBIR, $EIL1: Xenopus DRI T 2 i IEEHE A O fENT. T4
TRoWEAHES GE 1R, ZEE, 2018.

Suzuki N, Ogino H, *Ochi H: AT-rich interaction domain 3A regulates the regeneration
of the nephric duct through the evolutionary conserved regeneration signal response
enhancer. 17th International Xenopus Conference. Seattle, WA, USA, 2018.

R A, ARGEt, BEBIR, BAZEE, B Y AT VG AT D RPT e
BAR T BIEEEMT OfMENL. Rk 30 FEEEMW P RS R, IR, 2018.

*Iwata Y, Tanouchi M, Igawa T, Sakagami K, Ochi H. Ogino H: The wild-type Xenopus
laevis is an asymptomatic carrier of aniridia—like pax6 mutations. 51h Annual Meeting
of the Japanese Society of Developmental Biologists, Tokyo, 2018.

*Tanouchi M , Ochi H, Kawaguchi A, Igawa T, Iwata Y. Sakagami K, Ogino H: The
hypomorphic mutations hidden in the allotetraploid genome of Xenopus laevis. 5lh
Annual Meeting of the Japanese Society of Developmental Biologists, Tokyo, 2018.
RRZEAE, REHIRE, FKEFEE, «BREBIR: BT AEICRT S Aridda IC K DAY T
JEET NP —DIEHAL A T = XN, U RY T A 2 RS 4 (S EOW AT ) LIE
WO Z 5T -WAEEHEFH L2 AEGRFEORD 10 FE2%HL-, =TT A%
—: BEIR, JKEPEE. ZF 88 (Al A AREMYS, 2017,

PRARSEAE, REHE, JIOWE, FREPEE, «BEBWR: AR EUEERO T DS ) KK
FTZ U AFREELS ) B BIE TR BEAH OMEbE AR . V—r v a v T BT ER
ITEMEILIZRIZE BT LIz ?, A=A —: FHEE, —HEs. % 89 [a]
AABIRY 2, 2017,

BB WAEEOS ) MEREFHA LIS ) M L% OBIE T RBLAE A 1 =X LD
HALOWSE. ENLBETFRETY — 7 v a v 7 WHRET AVAEMICEBIT 557 7 AIEHF]
MU—2rvay, =074 %—: YifgHHE, PRfk—. 2016.

BEGIR, SRS, FEEK, KEEE: HAET 7 TIIRNE T 52— K DNA fEiED
HEDFARAHE L S DEEERIE A = X LDOEE. R T A FAMNFZEO FTiE
~ARAREZ AIRE L THONMEMET 0 7T AR~ A—HF A% —: JbHEE, RS,
55 121 8] B AfER i e, 2016,

KWL, RGEH, BERIR, mATZETE, B £ Y AT Lo NRIZET D R
BT RBIFE SN OMNL. 5 88 [ A AEM Y, BILE, 2017

Suzuki N, Kumada T, Ogino H, *Ochi H: Evolutionary conserved regeneration signal




response enhancers for renal regeneration. The 16th Xenopus international conference,
Cania, Greece, 2016.

YSORIETE, REMMS, IREFEE, «HRABHR: O ASHEECH| O 1 HILEHLC L A EELE T OB
(b, 524 By AW 7 —, IR WK, 2016.

e, EAASRIE, P EK, BEBR: 7 AWEY -V EfE ol EO 3 T
¥oa FIVIBAR TREREDMENL. 5 24 MBS FAW S I —, IR IWERY:, 2016
*0chi H, Suzuki S, Kawaguchi A, Ogino H: Single nucleotide substitution in
cis—regulatory element causes asymmetrically reduced expression of handl homelogs
in heart. The 22nd International Congress of Zoology (ICZ), Okinawa, Japan, 2016.

(ZDfth)
R bR— VA
http://ochi. yu—med—tenure. com

6.

Ui ik

(1) Brge sy
FIeymE K4 - AL =

0 —< 4 : YOKOYAMA Hitoshi
ATRIF R4« BARTR
ST % iy Sieal

W4« W%

s E & (8 41) : 90455816

(2) W5t 14
O VAE AV A Y NI
o —~ K4 : SUZUKI Nanoka

KB IC & 2 HPFEIE, BFEFE O BT L BIRICBWCERT 2D TH, D7z, HIEDFEHCHIZEHIR D AFKFIC
ONTE, HOEGEEEICES b TIH < ZOBEARICET 2 RMPEME. IREFHEFEACRESNET,



