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Jmjdé Aire

Molecular basis _for Jmjd6-mediated control of Aire protein expression and its
evolutional insight
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Jnjd6 is a member of the JmjC-domain containin? proteins that are involved
in a wide range of oxidation reactions. Jmjd6 catalyses lysyl hydroxylation of multiple substrates,
including splicing regulatory proteins, transcription factors and histones, in a manner dependent

on the Fe(ll) and 2-oxoglutarate. We found that Jmjd6 plays a key role in induction of central
tolerance by controlling Aire expression in mTECs. Although Jmjd6 deficiency did not affect
abundance of Aire transcript, the intron 2 of Aire gene was not effectively spliced out in the
absence of Jmjd6, owing to the unique 3' splice site sequence. As a result, the expression of Aire
protein was markedly reduced in Jmjd6-deficient mTECs, and T cells generated in such thymic
microenvironments caused multi-organ autoimmunity in mice. In this project, we have analyzed the
mechanism for Jmjd6-mediated control of Aire RNA splicing and revealed several functions of Jmjd6.
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1. #FSEBRAAE LA DO 5

ImiC 77 I U —43 1, 8k& 24XV 72 NE, BLONRHERELZIER L LT, ED
KERAL, WA FIALEEAT O BRIFNEERZE TH Y, HIFa, FIH, KDMS5, PHD2 &\ 7-fthdfiz
FIBERHE L A — =T 7 I U —% BT D (Trends Biochem. Sci. 36:7, 2011), Jmjd6 I,
ZO77IV—ZRBTAHADTTHY, YUHRAT 7 FUNE) U E2BlT o2/ kELTr
—= 7 I (Nature 405:85,2000) . FITIZ72>T, DEA DT AXF=UEEOBLA TV
{bBEFZ L U THERET D 2 &, 2RNA A7 T A 2 v J IR+ U2AF65 72 E DY U Rtk 2 Kigb4
% Z k. 3)Brdd L WFRAIICHERE LERE 2 I 5 2 & E R S (Science 318:444, 2007,
Science 325:90, 2009; Cell 157:1581, 2013), & DAERBEREII R E REH ZHEDH TV D,

Fafii 3R T AR Ch DM OEE D 135 Tho, A T MIREZFEAT LD DHRE
Th o, MBHIAIEZE DGR T, 1E L ADRIREZ T, K THREISEIZHT G2 T Ml L
SNETHRRESND, EORRIL, MHC R ZfT 5328 TH Y . ZiUuIMiREE Rz
(cTEC)IZ X » THbITW5D, —F, ADERIT, HOKME THIRZRET 2@EETHY, =
AT IR E R HERE (mTEC) A EE /2% # %2 U T\ %, mTEC Z/E, Aire (autoimmune
regulator) & FEFEINLHENRFFBLL, A AU v & Wo TR RO TURORBBLZHET 5
Z LT, HORGHE T MIfaOBREICH < LB X BV (Science 298:1395,2002) . B, Aire i&
BFORFITEY | TRZIRMEN W E CORBEBERE & W o TRENRIET 5 2 L B3 F H LT
% (Nature Genet. 17:393, 1997; Nature Genet. 17:399, 1997),

Jmjd6 @/ v 7 77 b (KO) =7 AIMAEEKIE L 725 (Blood 103:3362, 2004), MFFEfRFEE 1L,
Jmjd6 KO = 7 A DJE MR TIX Aire O ¥ X7 BRENZFH L TEBY ., ThEX— KT AD
BHRE TS 2 &, BOPURDEAZMD B ORIEREEZHRBIET 52 &2 R TE LT,
Jmjd6 KR (T Aire DB FRBUNTEZE LRV, A M2 DAT T4 0 I3RS S,
T ORER N K 103 7 2 BRIRIETE T 0672 5 RFER7R Aire % 7327 E (immature Aire) 7237
A X, TSA OFBEANMB T2 L2 /RHE L7, LU 5, immature Aire % > /X7 M,
EH 72 Aire # > 737 & (mature Aire) OFEELZINHIT 281X, K< bho T, £72, A
YR 2DIRTT A AN A MIE, EER® 5415 polypyrimidine tract (TTT) T72< *GAG’
BLFINFAE L CH Y . mini-gene ZHW T ND, 2O AL A2 MMIZ LY intron retention
(IR) NHE S, FOMEIC Imjde 2 LTmA T TA L L ZRTFDOV DU KL LETH S
EEBEZDNDN, ZONTHEBEOFMIIAT TH S, BERENZ 12, 20 GAGESIZe N &
FOBERBEICRGFEINTNAIZD, T ORI T Aire DFBLZ Mz 5 A3 L
TELbDOLHREINDD, BIREATZDOERITHA LN TIT R,

2. WO

ARUFFE T,

1) Jmjd6 7% Aire TBIn T DEIRIGAT T A > 0 7 & HiT 2% 50 TR 2 AT 5, Z D72, Jmjd6
DIEBF LI TWAHART T4V TR ZRET S &I,

2) immature Aire % >/ 7 B3 mature Aire ¥ > /N7 H OB AT H A = A Lk R(ESH
VORI BRROEE DB 5, FT2,

3) 2T 4 ¥ aF VKO~ T A%EFAWT, Imjdé DEREEEE I 5N 5 L [RIFIC,

4) Aire f > b 2D IPATTA AV A SO GAG Btz TTTICEB LT ) v /A~ A%
ERIL , BREHICHRGT SN D GAG BAIO AN EFRITA D,

3. WD HIk

1) Jmjd6 23 Aire 3815 T ORI RA 7T A 2 7 % il 5 5 1 H

Aite DA "RV 2 HIZIETT T V2~ VU 3MGA DNA I A NTF 7 FE/ERLL
in vitro transcription {Z X ¥ mRNA Wiy 2508 L, B e — XIC@E ML 5, 20 RNA Efke
— X% T, Aire ZNTERIZ BT 5 ES fla D L < 1% mTEC £ HIFaLE O RIS LI ik 2> &
DA AR5, B U722 Vo7 B O LC-Ms/Ms BB 2B 2720, 280 F%FET
Do Flo, ZTNHS T D Imidé & DG ZMNTT 5 & LT, BT OMREL ES Mz BT




Sy I BT DT ETREET D,

2) immature Aire & > /X7 53 mature Aire ¥ > /X7 ORI FT B A T =X A

GFP 35 . OV mCherry CHE##k L 72 mature Aire & > /37 & & immature Aire % /X7 BE % < 7 Ak
A (MEF) |Z3BLIE, ZORIEEZMNTT 5, £z, 2 b 2358 &+, mature Aire % >
R G DJRE RIE TR 5, F7-. mature Aire ¥ > /37 B %2 HFIZHBLT 5 HEK
293 HIAIZ B T EAEAT 9 Z & T, doxycycline 17T immature Aire % > /37 B % HE TX
DR AR BT 5, ZOERRE AV T, immature Aire ¥ > /37 & )5, mature Aire ¥ > /X7
HORBUCKIET HEBERNT T 5, 70T T V=L L DX NI EROARENENRE 2 b
7=t B3 ) A—EBEMERET D,

3) Jmjd6 DA {REERE

FoxN1-Cre ¥ 7 A & X4 5 Z & ¢, TEC FrERAIIZ Imjd6 Z KRB LT-~ U AEMLT5H, Zi
AR T aEe—F =0 FiiTOVA JFAT VT I V) Z3BLL. H-D OVA HlifrRay
W5 TRl 5K (OTITCR) Z5Bl3 5~ 7 A & AR LRI BT 5 B CPUi (OVA)
X DB ERFHE LN 5, £To. BAIEIT D Imjde6 DFEREZ -3 %,

DAire L BV 2DFATFFA A A DO GAG YN Z TTTICEBW L) v I A4 ~< T X
Aireintron 2 D 3> A7 5 A4 A% A ~ D GAG EH % TITIZEBR LT ) v 7 A o~ A ERLL |
BEREEICRFEIN S GAG BESI0AHERAZMEHT 5,

4. WFFURE

1) Jmjd6 23 Aire BB FORBIRRA T T4 > v T h T 54 71

in vitro transcription {Z XV, Aire DA > Fr v 2 BXOA > br v 1 5T mRNA Wi &2 Fi8d
L., ZHICHEST DX 7 8% LC-Ms/Ms & W CRIE L7z, ZOFER, 4> bu v 2 55
WCRET D0 1% 20 ERTE L7, £/2. Imjd6 OEEHTE LT, AT ITA4TRTTH
% U2AF65 & Srsf3 Z[AE L. + DOiRE% Aire 2 NEMEICRELT 5 ES Mifnz VW CTREEL 72,
ZORER, U2AF65 %/ v 7 X358, Imid6 / 7 70 hOBA L REKIZ, Aire DA T
AV TRENELDZ EERM LT,

2) immature Aire & > /37 & 78 mature Aire ¥ > X7 E ORI AT D A =X A

immature Aire % > /37 E L mature Aire ¥ >/ 7 B & B IE B & mature Aire X /NI EHD
JHEPEED DRIRVEICE L L, 7o T 7 Y —MMEAFHRIC S VNV B RE T 5 2 L2 W2
Lz, £22°C, fRICBED % E3 U H—EBOHREZ %N L, TRIM21, MIBI, Roquin, TRIM25,
TRIM11 Z i & L ClRE L7z,

3) Jmjd6 DA {REERE

HTIHERL L7225 2 a )/ KO ¥ A% FoxN1-Cre ¥ 7 A L4252 LT, M bz
AR RAIZ Imjd6 Z KB LIz~ AZBIN. LT, 2O~ T A% A LAY T aET—4—0DF
T OVA 3B L, H-D OVA FURFFRMICKIGT 2 T fifasz 24 (OTI TCR) Z%IT 5~
VAL HZ LT, BERICREBLT 5 H PR (OVA) ([T 2 E mahaz it Lic, £
DOFE R, Wkt bRz A BAYIC Tmijde ZKHE L7c~ 7 A TlE, H ORIz ORIEN, JU
- HET A Z L RS L, F£72. B MRS AMIRERE DLD-1 2 %82, CRISPR/Cas9
AT LEHWT, Jmjdé %/ v 7 7 7 b Lo ARaRRZ 8IS L, Jmjd6 KIEHE Tl S HI~DOBITH
EEINTWSHZ EZRHLE,

HAire A b 2DIATTA AV A D GAG S E TITIZEBR L) v I~ T A
Aire intron 2 D 3 AT T A AV A D GAG % TTT IZEH LT ) v 7 A4 v~ AEERIL
oo 2D T RTEBWT, Aire X VXV EORBINTUEST 5 Z L2 MIF L2, 2D X 5 %k
TIFRNT LTZFR V3RO HivZedno 7=,

5. ERRFEIRE
GeEsERm =) Gt 156 1)



10.

11.

12.

13.

14.

Gotoh K, Morisaki T, Setoyama D, Sasaki K, Yagi M, Igami K, Mizuguchi S, Uchiumi
T, Fukui Y, Kang D : Mitochondrial p32/Clgbp is a critical regulator of dendritic
cell metabolism and maturation. Cell Rep., #FiA, 25:1800-1815, 2018. DOI:
10. 1016/ j. celrep. 2018. 10. 057

Sakurai T, Uruno T, Sugiura Y, Tatsuguchi T, Yamamura K, Ushijima M, Hattori Y
Kukimoto—Niino M, Mishima-Tumagari C, Watanabe M, Suematsu M, Fukui Y: Cholesterol
sulfate is a DOCK2 inhibitor that mediates tissue—specific immune evasion in the
eye. Science Signaling, #&Fif, 11:1-11, 2018. DOI: 10.1126/scisignal. aao4874
Tomino T, Tajiri H, Tatsuguchi T, Shirai T, Oisaki K, Matsunaga S, Sanematsu F,
Sakata D, Yoshizumi T, Maehara Y, Kanai M, Coté JF, Fukui Y, Uruno T: DOCK1l
inhibition suppresses cancer cell invasion and macropinocytosis induced by self-
activating RaclP29S mutation. Biochem. Biophys. Res. Commun., #Fif, 497:298-
304, 2018. DOI: 10.1016/j.bbrc.2018.02.073

Ushijima M, Uruno T, Nishikimi A, Sanematsu F, Kamikaseda Y, Kunimura K, Sakata
D, Okada T, Fukui Y: The rac activator DOCK2 mediates plasma cell differentiation
and IgG antibody production. Front Immunol., & #FifA, 9:243, 2018. DOI:
10. 3389/fimmu. 2018. 00243

Yanagihara T, Tomino T, Uruno T, Fukui Y: Thymic epithelial cell-specific deletion
of Jmjd6 reduces Aire protein expression and exacerbates disease development in a
mouse model of autoimmune diabetes. Biochem. Biophys. Res. Commun., #Fif, 489:8-
13, 2017. DOI: 10.1016/].bbrc.2017.05.113

Yamazaki S, Tanaka Y, Araki H, Kohda A, Sanematsu F, Arasaki T, Duan X, Miura F,
Katagiri T, Shindo R, Nakano H, Ito T, Fukui Y, Endo S, Sumimoto H: The AP-1
transcription factor JunB is required for Thl7 cell diferentiation. Sci. Rep., %
FA, 7:17402, 2017. DOI: 10.1038/s41598-017-17597-3

Okumura F, Joo—Okumura A, Obara K, Petersen A, Nishikimi A, Fukui Y, Nakatsukasa
K, Kamura T: Ubiquitin ligase SPSB4 diminishes cell repulsive responses mediated
by EphB2. Mol. Biol. Cell., #&&Hif, 28:3532-3541, 2017. DOI: 10.1038/s41598-017-
17597-3

Ackerknecht M, Gollmer K, Germann P, Ficht X, Abe J, Fukui Y, Swoger J, Ripoll ],
Sharpe J, Stein JV: Antigen availability and DOCK2-driven motility govern CD4" T
cell interactions with dendritic cells in Vivo. J. Immunol., #EFiA, 199:520-530,
2017. DOI: 10.4049/jimmunol. 1601148

Peters LA, Perrigoue J, Mortha A, Iuga A, Song WM, Neiman EM, Llewelly SR, Di
Narzo A, Kidd BA, Telesco SE, Zhao Y, Stojmirovic A, Sendecki J, Shameer K, Miotto
R, Losic B, Shah H, Lee E, Wang M, Faith JJ, Kasarskis A, Brodmerkel C, Curran M,
Das A, Friedman JR, Fukui Y, Humphrey MB, Iritani BM, Sibinga N, Tarrant TK,
Argmann C, Hao K, Roussos P, Zhu J, Zhang B, Dobrin R, Mayer LF, Schadt EE: A
functional genomics predictive network model identifies regulators of inflammatory
bowel disease. Nat. Genet., #@cf, 49:1437-1449,2017. DOI:10.1038/ng. 3947

Tajiri H, Uruno T, Shirai T, Takaya D, Matsunaga S, Setoyama D, Watanabe M,
Kukimoto—Niino M, Oisaki K, Ushijima M, Sanematsu F, Honma T, Terada T, Oki E,
Shirasawa S, Maehara Y, Kang D, Coté JF, Yokoyama S, Kanai M, Fukui Y: Targeting
Ras—Driven cancer cell survival and invasion through selective inhibition of DOCKI.
Cell Rep., &#HiAH, 19:969-980, 2017. DOI:10.1016/j. celrep. 2017.04. 016

Yamamura K, Uruno T, Shiraishi A, Tanaka Y, Ushijima M, Nakahara T, Watanabe M,
Kido—Nakahara M, Tsuge I, Furue M, Fukui Y : The transcription factor EPAS1 links
DOCK8 deficiency to atopic skin inflammation via IL-31 induction. Nat. Commun.,
AFeA, 8:13946, 2017. DOI:10.1038/ncomms13946

Shiraishi A, Uruno T, Sanematsu F, Ushijima M, Sakata D, Hara T, Fukui Y: DOCKS8
Protein Regulates Macrophage Migration through Cdc42 Activation and LRAP35a
Interaction. J.  Biol. Chem. , B OB, 292:2191-2202, 2017. DOT:
10. 1074/ jbc. M116. 736306

Uematsu K, Okumura F, Tonogai S, Joo—Okumura A, Alemayehu DH, Nishikimi A, Fukui
Y, Nakatsukasa K, Kamura T: ASB7 regulates spindle dynamics and genome integrity
by targeting DDA3 for proteasomal degradation. J. Cell. Biol., #iify, 215:95-
106, 2016. DOI:10. 1083/ jcb. 201603062

Liu Z, Man SM, Zhu Q, Vogel P, Frase S, Fukui Y, Kanneganti TD: DOCK2 confers
immunity and intestinal colonization resistance to Citrobacter rodentium infection
Sci. Rep., #&#Hif, 6:27814, 2016. DOI:10.1038/srep27814




15.

(%
L.

10.
11.

12.

Okumura F, Uematsu K, Byrne SD, Hirano M, Joo—Okumura A, Nishikimi A, Shuin T,
Fukui Y, Nakatsukasa K, Kamura T: Parallel Regulation of von Hippel-Lindau Disease
by pVHL-Mediated Degradation of B-Myb and Hypoxia—Inducible Factor «. Mol Cell
Biol., #wif, 36:1803-1817, 2016. DOI:10.1128/MCB. 00067-16

¥R GE 12 1)

EHER :DOCK 77 2 U =TI L DT LA X—HKBHIE O T HAR. E5ERET LIV
¥ (PR . 2018 4

Fukui Y : Immune regulatory functions of DOCK family proteins in health and diseases.

The 9th Asian Congress of Pediatric Infectious Diseases, Symposium (FBFFeEE) (FH

BRR). 2018 4R

Fukui Y : Immune regulatory functions of DOCK family proteins in health and diseases.

Asian Society for Mitochondrial Research and Medicine 2018 (3EfFiknE) (EEEFE).

2018 4F

BHEH : T LLX—HRAB L DOCK 7 7 I U —43 7. & 55 BIHA/NET L)L F—2Ea

FUTRESFERIGER (FAFER) . 2018 4F

fEHE B - DOCK2 DOFEREZ THE T 2 RBIEM OF A - = OFEA L AMERE. 26 91 [BIH A4

BFERETRY T L (HFFHERE) . 2018 4F

Matsubara K, Yanagihara T, Fukui Y : Jmjd6 controls Aire protein expression and

self-tolerance induction in the thymus. The 5th European Congress of Immunology
(EFgF2) . 2018 4F

Yamamura K, Fukui Y : The transcription factor EPAS1 links DOCK8 deficiency to

atopic skin inflammation via IL-31 induction. 5 46 [A] H ARG FaF i ELS. 2017

i

Uruno T, Fukui Y : Immune regulatory functions of DOCK family proteins in health

and diseases. Pfizer Science Day 2017 [H %)% -« RIEH A & NASH OFHHI R EE =

—RA%PRS ] (RAfFREE) . 2017 4

Fukui Y : Immune regulatory functions of DOCK8 in health and diseases. 11th

International Symposium of The Institute Network “Frontiers in Biomedical

Sciences” (FAfF#H). 2017 4F

EIEEHR : Rac EMEALZEER) & L72B LOWFLD AAIRIH DR A, RISEE SR IR 7 Z
Y N7 A= DR R T T L (RAREED . 2016 4R

EIEH  AERBEY 27 212815 5 DOCK 7 7 2 U —4FDORERE & Z OHIEHRS. AR

s (FRFFEED) . 2016 48

EHEHR - 0E T AT MBI D DOCK 7 7 U —4 T ORERE & OFIEIERE. 25 68 [B1H

AR EM o ke (FRFFRE) . 2016 4

(XE) (Gt o )

(PE S P PEAE ]
HRREL G0 1)

(Z Dfh)
R—2L~X—: http://www. bioreg. kyushu—u. ac. jp/iden/
6. WFIERERE
(D) Wrge sy
e HERA - FEE A

o —< K4 : Takehito Uruno
AT B IeAkR 44 - TR
R4 AARBE =SSR

Tk

: IR

ot (841) : 80532093

KBTI & 20F7E1E, WFEFE D BR L IEICB W THEIET 26 DT, TD7d, BIEOEMEOIER R D AKEIC
ONTIE, EOEFHEICES bOTIH AR, ZOMERRICET 2 RELIEEE, IFEEFEARESET,



