|

) <

The University of Osaka
Institutional Knowledge Archive

Title BEEARY N7 LAREEEEELCFOMBERAEEICS
\F B BEBERRNT

Author(s) |#\F, F|iA

Citation |KFRKZ, 2020, HEHwX

Version Type|VoR

URL https://doi.org/10.18910/76501

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



HEEARZ b T LAEFREERLTO
PR R IETE 1T D EREMARAT

2020 £
KIEKRFRFDE TFHAR EREEX
RS B
B






% %ﬁ} ................................................................................................................. 1
ztgg(ﬁ} ................................................................................................................. 4

F—E HEPEANZ b T AEFEREERR T POGZ OB R de novo 22 50 KK BB i

FETEITRIT DEBITUMRAT - oeemeememm e 4
%fﬁﬁ%% ........................................................................................................ 5
5%%‘_3 ............................................................................................................ 30

BE AMEARY N7 ARERE S /X7 protein kinase D2 D A KN R B R ZEIZ

gj— 51:%%?}%@@*}]? ..................................................................................... 36

%%%% ...................................................................................................... 37
;%%g ............................................................................................................ 41
;'%&TE ................................................................................................................ 44
%%ﬁ/f .......................................................................................................... 46
Eﬁﬁﬁé ................................................................................................................ 63






8 A

HPJEA 2 N T AEE (ASD) RCHMIEEZ 21X U & DM EmE L, REY O =
DEFIZL - TRIET D EBEXONDEBERETHD[1], MREERE X, M AERCa
== a COREE, RENTE, BRORE, 1Q O, HEWRROIR TR L, Zikichiz
DIER & R T IER ISR TH H[2, 3], A, MRFEEREORER S ITML THY |
RIS EEE RO ER=— B L2 =— X0 E £ > TV 5, MRS EEEO T TH
ASD OFIEHIATL 40 N2 1 ATH Y | AT IMERIZ & 5[4, 5], ASD (T—IMERE R D%
JE—HEDRHKI 0% TH D Z D ZORIEIITERHEROFENRKRENEEZ LN TEY[6].
AR THRATIZH S\ 2 ASD DJFNARI A GRA H AT X 72[6-8], LA>L., ASD [TBIEMIZIEF I
SHERIRBTH Y | RIEDH T IR A I = X LT RAREN S EENTEY ., ASD O
90% (Z2OWT, ZORIEDFKIIAH TH B[9, 10], F7o, WBAMZRIREIES TIRAERICH T2
TR IFEE T ASD DIRIKRIRAED 31 A T = X LD & o3 F A T3 = XL HED < AIFE
DRDBILTND,

AR, B WIS T, BEICSHRAE R L LT L S de novo 85 L ASD MR E
IZUO LT HMRIEEREDO Y 27 L OBJHEMERFER SN TV A[11-19], FFIZ, ASD (ZIIFEH5
DEFNZNT ER[20,21], ZHERFORXBLOFREOHENNT L 5 ASD FIER DM & de novo 2552
FEAEROENNIFBEN H D Z E[13, 14], B IO 3 - 10% D IMFEME ASD (LBl D= X%V N 4E
U 7= de novo ZZFLNRIR T do 5 AIRENE 72 3 (7, 17, 22]. de novo 78 FLITINFENE ASD FiE
WCRELSTFETDLEEBERALND, £Z T, IMFERBRICET XY o — 7 o ZRFEf S, 6518
BAIZDWT, ZD de novo ZEHEIZ X HBEBERE S ASD FIED U A 7 |22 D a[RetEni b 5 2 &2
WA STz [23], ERRIZ, 2065 BI5 D56, ARIDIB & CHD8 D/NT O AREET LY 7 AN
ASD BIHEDOEBMZ R Z LARE SN TEY . EWFHERIZE > T ASD FBIED Y X7 (272
LG NEMT HNS2H 5[24-30], —J7 T, fll % D denovo ZE R\ K5 45% 4 /37 OFHE R
R DEFEOER L~ DORBI At L7 BiliZ 722 < | de novo 2555 L ASD DF&IE & D BEE
PEZA NI T H72OIZiE, % D de novo BFITHE H LIZ/EMFIRFRPLETH L EE X
SY SR

CHETIT, B BIIRIRRFEFE R 2 512 < OWFFEE & OILFFFET, ASD & &
fEFEEMBN DD BARAND 30 ZH0D 37T BIEFOTFX Y U EITAT T A AEALIZ 38 fHO
de novo EHRZ[FE L12[16], D 5L 31 BIR FOMRERICB T DN TH o722 L0 b,
FREE R DR T I 5~ 7 AFRREEFHINNE Neuro2a FIE DRI EIZ I 1) D HERERRAT 217 - 1%
K. 8 B n T 7% Neuro2a Ml DRI 2 HilHH+ 5 Z & 2 R L72[16], & Z TAMSE Tl Neuro2a
Mg OFIRFEGEOHIENCBID D 8 BISTD 5 b, FTeBMFE L7z de novo 2 5% 5 & THHED
ASD BEND de novo ZEEINEE STV D Pogo transposable element derived with ZNF domain
(POGZ) ¥ X " Protein kinase D2 (PKD2) 1235 H L, ZhH DBIRTJED de novo Z55% & ASD 84iE



DU AT ORI ONTHRET LT,

POGZ 1% ASD, HIJfEE, White-Sutton JEERE 7R & OMPREF EE[E E B D B[R E 472 de novo
ERNEHLZWEIE D 1 > THY (Fig. 1a). POGZ DIERER MR EREED Y 271272 %
AIREMED R < R S U A [13,15-17,23,31-37], LA L. POGZ DIMFEEIZ BT HHEEER L O POGZ
BB ED de novo ZEFH POGZ DIEBEIZ 5- 2 DB IR CH D, £Z TET. de novo &
73 POGZ DEREIZ 52 2 5B & it L 7GR, ASD & HIRD de novo 2252 A\ L 7= POGZ
X, BAERLD POGZ IZH, ZOBRTERNBADT 5 Z LW LN o7z, — T, /&% HFH
kD POGZ O de novo 28 5413 POGZ DIZJRERIZE B & 5- 2 72> 7, £72. ASD HEHIKD de
novo & %% A\ L 72 POGZ I3 DNA 5 & HE & ) L TV 72[38], KRIZ, POGZ DRI EEIZI T D%
RE A fIRHT L7 5. POGZ M~ U A KM B ARSI OFZE A I35 Z & & Rl L7e, B
WZ LT, BEEEHRD POGZ O de novo ZEHIT~ U AR E AR DI I E L 5 2 72
W—J5C, ASD HBEHIKD de novo ZEFRIZ LY | ~ U A KM B ARSI O FENEH S 2
EWRBE IS T, Flo, v U AE WG & RIS, ASD B AN LRI (iPS MifE) H
ORI S AR ERE DR F 2R Lz (i AR RME L5530, POGZ &ixFFE =D de novo
EEOBERL NNV ORBIEZHASNCT 22 E2HME LT, ASD BFHKkDOE b POGZ @ de
novo Q1042R ZFIZAHY T 5~ T A QI038R ZRZEAN LT denovo BRA~T 1 ) v 7 A4 < T A
ZAEH U CRBIBENT 21T o 7255, QIO38R ~T 11/ v 7 A v~ T AR T, RIME E AR
fa D3z D AR O R BB O AR OTEE) OubiEE L, AR EITEIOK T 722 £ ASD
BlE ORI A FLIH L7z, 72, AMPA ZAEMRAFEIRIZ L - THEHEFAIZ QI038R ~T 12 /) v 7
A 2= U Z ORI O R 2215 2 H L7 R, Q038R ~T 1 v I A v T AD et
ITRNOIRTREE Le, ZhbDRERNG . BEHRD de novo ZEIZ X % POGZ DHEHERF 73
ASD & BT 2 Z L B LU AMPA SZARBLERAHT 7270 ASD IRHIKIT /2 5 AIREME R ST
[39] (BF—%) .

PKD2 85T FEMIT Proteinkinase D 7 7 X U —IZ@ 358U v« AL A =0FF—EThH 5[40,
41, FA=HD N E TOEEZE D, PKD2 12 ASD HENS 2 50D de novo ZERNETE S,
PKD2 OBEREFE & ASD & DOBIEMEA RIZ X4 D H3[15, 16]. PKD2 DXFEIEIZIS 1T HHERE
WZ D de novo ZZ575 PKD2 OEEEIC G- 2 D BIIAHATH L, £ T U AMREEITEIT D
PKD2 OHEREMEHT 21T o 7=t . PKD2 23 KM E BRI Z B W CTEFRBLT 5 2 &, BLOK
Jib BB 33 4T 2 AR AR D 4R A3 b & AR AR OO KM R B R T~ OB B 2 filiE3- 5 Z & & AL
L7z, S56I12, ASD EHEKD de novo 873 PKD2 O X F—EIHMHIZ G % 2 A fRHT LT
F. ASD HBAEH KD de novo ZEFIZ L > TPKD2 DAY VELL~UL, BL O PKD2 O Fift
JF N T ERK OV VLA BE T 5 2 ERHLMNICRoT, LLEDORRI G, PKD2
D de novo 225412 1.5 PKD2 DOEREIR F72Y ASD BIED U A7 7 7 7 4 —Th 5 wlReth R S
72[42] BB_#) .

ASD FIEDJRA & U THFEED BF DIRE STV D W3], £ D51 BRI AR 22 m3 % < 7%



INTWD, KiFZEIX. ZIVE TITHNTEI DD 720y ASD BHHEAR 1 D{E % D de novo 2551255 H
L. denovo ZEH7034

VAR IR T OB B Z 5.2 5 Z L 2" L7z )T, ASD D43 1R RERRE] O

ICHBERMRL THL LEZZAOND, FHICH—FIL. ASD BHHKD de novo ZEHLIs JUMER
HHRD de novo EFDEFRZD invivo TOFENTIZINZ T, denovo BEREZEAN LT=~T /) v/ A
YU AERWZ, ZIVETITBIO R UVMIFEFIEIZ X o T, ASD BIHEE{R D de novo ZEF DY
BIIEICE G T 250 TR, 38 LUV ASD O PFEIER Th 2 HSMATEI O T 251 & L7287z
TR 2 R L7 R CHESNREOEVIIETH L LB X TW\D



N

E—E HEPEERAX b7 LABERERRET POGZ DBEERREN de novo EEDK
IR B RSB B T B REERAT

Pogo transposable element derived with ZNF domain (POGZ) % ASD RRCEHIEE 2T L & 548
TRFE R E B D B RIE S 72 de novo BEENPER LS WVEBIE D 1 DThY, ZOBEHEIZH
TEEND denovo 28 FITAE 2 BN L T 5[13,15-17,23,31-37] (Fig. la), £72. POGZ D de novo 75
B X ASD ROMBIREE | PR %59 White-Sutton JEEREDIFIKN TH D EEZHNTWVD
[33, 34], POGZ ITHEHHIN+TdH D SPl, ~Tnru~F L X7 Thb HPl, BLO/n
~F L VET Y 75T 5 CHD4 EFHAARTT 2 2 L asiE ST v [43-45]. POGZ 13#5
BRI a~vF o VET VIS HEERE X DD, L L, POGZ OIXFEEIZIIT
2 HgREds ORI =R E B R D de novo ZZH: )3 POGZ IZ5-2 553 AR TH YV . POGZ D
de novo ZEH L IR EREE . K2 ASD OJFRAE & OB EMIIRAEIH TH B,

Z ZCARRZETIE, AR THID T ASD BBEHED denovo 285, (Q1042R %) ALz~
AETNVEANEH LTz, Denovo BT 01 ) v 7 4 <D AL ZIVE TR GMEN LT POGZ
\Z de novo 28 (Q1042R A H) % F7-5 ASD HBF HIK D iPS Mifld 2 A\ 7 it ([ AR RS 15
) 6. POGZ @ denovo 8 B2 Lo CTRINEEMIRMIR O ZENME T T2 2R L, £
7= de novo EFEA~T 1 ) v 7 A <7 A% ASD (ZBHET HITEVR T 2R L, & OITEN R 136
FEHNZ B W TERIFERNCME SE L 2 ENRARETHH Z L 2R Lz, BBRIEWNZ &1, f@EFE
B [RIE S 4V72 POGZ @ de novo 255 R E MR DI BEA B2 72 o T2, ABFFEIC
£ 2T POGZ D de novo Z5F1T & % POGZ DHEREE T S FEE D B ¥ LY ASD FIEIC A -3
B RE[REM 2 YD T invivo TRT I ENTE 7=,



KRR

De novo ZEE N POGZ D¥JRTEIZ 5 2 5B ORENT

POGZ IR FE R E B ) HEZ < D denovo ZZEEIE ST 5 (Fig. la,c), fHfRFE =R
FERENOFE SN de novo ZED 84.4% 3% /37 GIHITLOF 2 0 ABRB LT L— 24
7 NEFRTH Y | FFIZ C2H2 Zn finger domain & centromere protein-B-like DNA-binding (CENP-DB)
domain O] & 721X CENP-DB domain EIZ#EH LT\ % (Fig. la,c), — 5 T, ¥EHE D POGZ T
[RIE STz de novo 25 (control de novo mutations) (2T 1 7 I VBN EHT H I A AR
To o7z (Fig. 1b,c), EHH HAKD denovo 2 Flx POGZ O FEIHIC —ARIZAFEL TV D DITR L,
MR EEFEREHROT L AERB LT L— LAy 7 FERDZ% < X CENP-DB domain 3T
5D N KIFHANZAFAE L T2 Z & 235 CENP-DB domain OFSEERH 73 ASD Z1X Ut &9 DAk
FEREEDRIED U A7\ 5 WREMENE 2 e (Fig. 1d), & 2 TAMKEITIX ASD HEHk
@, CENP-DB domain ko I At A28 535 J.ON CENP-DB domain 2380 7213k k35 &
VARERIZEH LD, e, B VYT AD POGZ OT XV ERIE 93.9%BRFENTE Y, Lk
DIRET T~ 7 AT D invivo fRIT 21T 9 T2 AR CIXB AR~ 7 2 POGZ (mPOGZ), X
Wt b de novo 2RI E T 5~ U A de novo E¥%E A L7 POGZ % 7= (Fig. 2),
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De novo mutation: Missense Nonsense Frameshift Total W Mi e i L
ASD case 5 4 4 13 NDDs-related de novo mutations
ID case 0 6 8 14 -
ASDI/ID case 1 2 4 7 H
Unclassified NDDs case 1 4 6 1" || am =II HE EmEE IIEIIEII ===I EII am = |
NDDs case (Total case) 7 16 22 45 claul T T - CENP-DB Rve
Control 19 0 0 19 N| i = oreh SRy ¢
[] [ 1] [ 1] " L] L] [ ] [] [ ]

Control de novo mutations

Fig. 1 | ASD variants found in sporadic cases of Neurodevelopmental disorders (NDDs) and unaffected controls. a, De
novo mutations in POGZ identified in patients with Neurodevelopmental disorders (NDDs) (blue, ASD; green, Intellectual
disability (ID); red, both ASD and ID; purple, unclassified NDDs). b, De novo mutations in POGZ identified in unaffected
controls. ¢, The number of missense, nonsense and frameshift mutations identified in patients with NDDs and unaffected
controls. d, Distribution of POGZ mutations identified in patients with NDDs and unaffected controls (blue, missense
mutations; red, nonsense mutations; green, frameshift mutations). Note that the amino acid numbers are based on the human

protein (NP_055915.2). This figure and figure legend are quoted from the reference [39].



[l Conserved residues in human and mouse
C2H2 Zn Finger HPZ [l CENP-DB domain [l Rve superfamily
¥ ASDcase W IDcase < ASD/ID case W Unclassified NDDs case ¥ Control

RVGERIMADTDLFMECEEEELEPWQKISDVIEDSVVEDYNSVDKTTYVSVSQQPVSAPVPIAAHASVAGHLSTSTTVSSSGAQN
W IIERMADTDLFMECEEEELEPWQKISDVIEDSVVEDYNSVDKTTSVSVSQQPVSAPVPIAAHASVAGHLSTSTTVSISGAQN
RNINERISDSTKKTLVTLIANNNAGNELY QQGGQPLILTQNPAPGLGTMVTQPVLRPVQVMQNANHVTSSPVASQPIFITTQGFP
IIERS DSTKKTLVTLIANNNAGNLY QQGGQPLILTANPAPGLGTMVTQPVLRPVQVMQNANHVTSSPVASQPIFITTQGFP
RINELI/RNVRPVQNAMNQVGIVLNVQQGQTVRPITLVPAPGTQFVKPTVGVPQVFSQMTPVRPGSTMPVRPTTNTFTTVIPAT
IR RNVRPVQNAMNQVGIVLNVQQGQTVRPITLVPAPGTQFVKPTVGVPQVFSQMTPVRPGSTMPVRPTTNTETTVIPAT

RUUERN TIRSTVPQSQSQQTK STPSTSTTPTATQPTSLGQLAYQSPGQSNQTYNPKLAPSFPSPPAVSIASFVTVKRPGVTGE]

I TIRSTVPQSQSQQTK STPSTSTTPTATQPTSLGQLAGQIRPGQSNQTEINPKLAPSFPSPPAVSIASFVTVKRPGVTGE]

RUUERINSNEVAKLVNTLNT@PSLGQSPGPVVVSNNSSAGIERQRTSGPESSKVTSSIPVFDLQDGGRKICPRCNAQFRVTEA
WIIIEENSNEVAKLVNTLNTIPSLGQSPGPVVVSNNSSA QRTSGPESSYKVTSSIPVFDLQDGGRKICPRCNAQFRVTEA
Vel RGHMCYCCPE MVEYQKKGKSLDSEPSVPSAAKPESPEKTAPVASTPSSTPIPALSPPTKVPEPNENYGDAVQTKLIM
(VIR RGHMCYCCPE MVEYQKKGKSLDAEPSVPSAAKPESPEKTAPVISTPSSTPIPALSPPTKVPEPNENAGDAVQTKLIM
DNl VDDFYYGRDGG QLTNIFPKVATSFRCPHCTKRLKNNIRFMNHMKHHVELDQQNGEVDGHTICQHCYRQFSTPF|
\W[JVEL-RI \VDDFYYGRDGGKMAQLTEFPKVATSFRCPHCTKRLKNNIRFMNHMKHHVELDQQNGEVDGHTICQHCYRQFSTPF

RINERIQL QCHLENVHSPYESTTKCKICEWAFESEPLFLQHMKDTHKPGEMPYVCQVCQYRSSLYSEVDVHFRMIHEDTRHLL
IR0 QCHLENVHSPYESTTKCKICEWAFESEPLFLQHMKDTHKPGEMPYVCQVCQYRSSLYSEVDVHFRMIHEDTRHLL

RINERICPYCLKVFKNGNAFQQHYMRHQKRNVYHCNKCRLQFLFAKDKIEHKLQHHKTFRKPKQLEGLKPGTKVTIRASRGQP)
WIIENC PY CLKVFKNGNAFQQHYMRHQKRNVYHCNKCRLQFLFAKDKIEHKLQHHKTFRKPKQLEGLKPGTKVTIRASRGQP!

Human ERYaVESIN TP LQEAAELTSSIIDPLPVFLYPPVQRSIQKRAVRKMSVMGRQTCLECSFEIPDFPNHFPTYVHC
Mouse [FIRVRESINBA €3] QEAAALTSIDPLPVFLYPPVQRRIQKRAVRKMSVMGRQTCLECSFEIPDFPNHFPTYVHC|
aMEN]S| CRYSTCCSRAYANHMINNHVPRKSPKYLALFKNSVSGIKLACTSCTFYTSVGDAMAKHLVFNPSHRSSEILPRGL
WIENS| CRYSTCCSRAYANHMINNHVPRKSPKYLALFKNSVSGIKLACTSCTFATSVGDAMAKHLVFNPSHRSS|ILPRGLY]
v v \4
Human WA [glS[EH RDFYH[BRN W[ YJP PPSIFPUNKAATVKSIAGRATPAEPSEL RIPWAYAL PSPASTATPPETPTHPQR
Mouse |IMS[gILEP SERYFRWSM WPPP| NKAATVKIY G’TPAEP (EP\YRRA| PSPASTATPPRTPTHPQ[S]

\'A

Human DDED VTQ ASGGGGHEGVGKKEQLSVKKLRVVLFALCCNTEQAAEHFRNPQRRI
ALPPSA SE| PE

Mouse IHEGSP VTQBPERASGGCGGGERGVGKKEQLSVKKLRVVLFALCCNTEQAAEHFRNPQRRI

RPIMERIRRWLRRFQASQGENLEGKYLSFEAEEKLAEWVL]JQREQQLPYNEETLFQKATKIGRSLEGGFKISYEWAVRFMLRHH
WIEMRRVWIL RRFQASQGENLEGKYLSFEAEEKLAEWVL | QREQQLPVNEETLFQKATKIGRSLEGGFKISYEWAVRFMLRHH

Human Q1042R/Mouse Q1038R
RUIER] TPHARRAVAHTLPKBVAEN AGLFIBFVQRQIHNQDLPLSMIVAIDEISLFLDTEVLSSDDRKENALQTVGTGEPWCD
[\ UIET-N| TPHARRAVAHTLPK[EIVAEN AGLFIEFVQRQIHNQDLPLSMIVAIDEISLFLDTEVLSSDDRKENALQTVGTGEPWCD!

RVGERI/ | AILADGTVLPTLVF/(RGQ ANPDSILLEAK=SGYSDDEIMELWSTRVW e KHTACQ:!\SKEMLVMDCHRTHLS
(IIIEER/| AILADGTVLPTLVFFRGQ AN\/PDSILLEAKPSGYSDDEIMELWSTRVW ¢KHTACQ/;sSKEMLVMDCHRTHLS]

AR
RVINERIFEVLA | LSASSTLPAVVPAGCSSKIQPLDVCIKRTVKNFLHKKWKEQAREMADYACDSDVLLQLVLVWLGEVLGVIGD
(IS F\V/LA L LSASSTLPAVVPAGCSSKIQPLDVCIKRTVKNFLHKKWKEQAREMADRACDSDVLLQLVLVWLGEVLGVIGD

RUIENN®PELVQRSFLVASVLPGPDGNIINSPTRNADMQEELI ASLEEQLKLSGE[ZISE SSIMPRPRSSPEETRIEPESLHQ
WIS PELVQRSFLVASVLPGPDGNYYNSPTRNADMQEELIASLEEQLKLNGE@IS ERSgRISAPRPRSSPEETEPESLHQ
alline=lll FEGESETESF YGFEEADLDLMEI
W[IV-B| FEGESETESF YGFEEADLDLMEI

Fig. 2 | Amino acids sequence alignment of human and mouse POGZ. Conserved residues between human POGZ
(NP_055915.2) and mouse POGZ (NP_766271.2) are highlighted in green. Yellow boxes indicate C2H2 Zn Finger domains.
The blue box indicates HPZ domain. The red box indicates CENP-DB domain. The green box indicates Rve-superfamily. Blue
arrows indicate residues mutated in sporadic ASD cases. Green arrows indicate residues mutated in sporadic ID cases. Red
arrows indicate residues mutated in sporadic ASD/ID cases. Purple arrows indicate residues mutated in sporadic unclassified
NDDs cases. Black arrows indicate residues mutated in unaffected controls. Note that the mouse Q1038R mutation is
corresponding to the human Q1042R mutation (indicated by an arrow in the CENP-DB domain). This figure and figure legend

are quoted from the reference [39].



POGZ I DNA f5& KA A %5, SP1, HP1, CHD4 72 KD Z v /X7 & OFREAEH N HAS
TN TV H[43-45], FFIRAINLIZ I D POGZ DMK JRTE Z fiftr L 7= 55 K. POGZ IZEZIZ/RTE L
TUW/= (Fig. 3a, b), & ZC. de novo 2575 POGZ OHMIFANIGTEIZ 5 2 5 B A T 5729,
myc & 7 &I LT B AR & 721 de novo 22 ¥ %238 N LT de novo 225281 POGZ % Neuro2a i
—IEPEICEEPEE S, myc ¥ I KA REGEAEIT o0, F ORGSR, AR POGZ 132 RTE
LTWzDIZxt L, de novo 258 POGZ ITAME I ZImALH L T2 AIREMED R &7z (Fig. 3c).
WIZ, myc # 7 24N L7 B AR & 721% de novo 28 54! POGZ % %881 & 172 Neuro2a Hfa e
B &4y LT, westernblot |2 X o THE 32T D POGZ DRBLELAMNT LT-, BAERD~
7 A3k POGZ (WT-mPOGZ) I3#%IZFfE L7=—J5C, CENP-B DB domain % K295 ASD ¥
H 3k D de novo & o AZE AR T H 5 R997X-mPOGZ (& k R1001X 28 HIZ4H4). R1004X-mPOGZ
(b b RI1008X ZEF|ZHHY), 3L TNE1043X-mPOGZ (b b E1047X ZEFITHEY) OBRERITIKT
L T\ 7= (Fig. 3d, e), & HIZBLBRZEWZ L 12, CENP-DB domain ™ ASD B HI KD de novo
AY o AEEARTH D E1036K-mPOGZ (b k E1040X Z8H(I2FH2Y) 3 XY Q1038R-mPOGZ (t h
Q1042R ZEBLI2ARY) OERTER HIK T LT /= (Fig. 3f, g), —J7C. CENP-DB domain | F721%
ZDUEIAFEET D, @EHEEHED de novo X At AERAKTH S RI001H-mPOGZ (t b
R1004H Z8HIZF12), F1047L-mPOGZ (t bk F1051L Z8BIZHHY). 3 LT HI080R-mPOGZ (& h
H1084R Z#|ZFHY) (X WT-mPOGZ & [RIFLE OB JRER 2~ Liz (Fig. 3h, i), LA EOREFRENS
POGZ ® ASD FB#H H KD de novo 2 F\Z X - T POGZ DRERME T T 5 2 ERH LN/ -
720 &5, ASD A HED denovo X At v ABFEIZHOWTIE, b MMBREEMIUME SHSY-5Y #i
fal myc % 7' ZFHN L7t MESkO POGZ % —@iEIcsfil I S, ~ 7 & POGZ %A= 5
Bk & [FIRRICAE e R &2 M L 7=, SHSY-5Y Ml BV CEBAAI v b POGZ (WT-hPOGZ) 1T44IZ R
TELT=—7 T ASD BREH KD denovo X Atk AR A A L 7= E1040K-hPOGZ 35 X 1Y Q1042R-
hPOGZ DEZJRTEHIFL T LT\ (Fig. 3j, k). 24D OFERIX, CENP-DB domain O de novo %8
FUZ X % POGZ OJBTERDIR T A, ASD BFIZE W THREE TV D AMREMEZ RIZ L T 5,

ASD BE KD de novo 25 548 N LT= POGZ DR JSERIZEF A POGZ DE U AR TIE T
L CW a3, denovo 28 8 POGZ D) 40%IIEZITAFAE L TV, £ 2C, FAZBABFEE L2 I A
YU RERTH D denovo Q1042R Z55 . $5 L N CENP-DB domain 23Kk 5F v ZAERTH
% denovo R1008X 2 HIZFEH L. denovo ZZFH POGZ @ DNA fEAHEA TG L7-, BAME 21X
de novo ZEF L POGZ % iBFIFEHL &t 7= HEK293T Lo Maihiii & . CENPB 23545
ZEDNHIE SN TS CENP-BBox sl & &Te 3 B4 F L AHIN 2 R4 U I DNA, BL R F L
TRTEV U E—RXEIRA L, AU 3 DNA 3Lk L7 > /37 % western blot (2 > THEAT L
7=, B4 POGZ 1% CENP-B Box BlAIZHEET 5 2 &, 3B K1 de novo 22547 POGZ @ CENP-B
Box FAI~DFEGHEIME T LTV D Z ERHA LM o7z (Fig.4), ZDOFER S, ASD BFH K
D de novo ZEFAI POGZ IZEENIZEWTH IEFIZHRET 2 Z E N TERWAEEENS 2 by,



a POGZ/ Cc ASD-related de novo mutanted mPOGZ
POGZ TUJ1/Hoechst

WT mPOGZ R1004X E1036K Q1038R E1043X

Myc-mPOGZ

e
ez
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Fig. 3 | ASD-related de novo mutations in POGZ impair the nuclear localization of the POGZ protein. a, Double
immunostaining for POGZ and a neuron marker, TUJ1 in dissociated embryonic cortical neurons (7 days in vitro). b, Western
blots of the cytosolic and nuclear fractions from dissociated neurons for POGZ, GAPDH (a cytosolic marker), and Histone H3
(a nuclear marker). ¢, Myc-immunostaining and F-actin staining by Alexa Fluor 546-phalloidin showing nuclear localization
of Myc-tagged overexpressed mouse (m) WT POGZ and disrupted cellular localization of Myc-tagged ASD-related de novo
mutated mPOGZ variants in Neuro2a cells. d, f, h, Western blots of the cytosolic and nuclear fractions from Neuro2a cells
transfected with Myc-tagged mPOGZ variants. d, f, ASD-related nonsense (d) or missense (f) mutations disrupted the nuclear
localization of Myc-mPOGZ. h, Control mutations identified in unaffected healthy controls did not affect the nuclear
localization of Myc-mPOGZ. e, g, i, Quantification of Myc-mPOGZ in cytosolic and nuclear fractions (each n = 4). j, Western
blots of the cytosolic and nuclear fractions from SHSY-5Y cells transfected with Myc-tagged human (h) POGZ variants. ASD-
related missense mutations disrupted the nuclear localization of Myc-hPOGZ. k, Quantification of Myc-hPOGZ in cytosolic
and nuclear fractions (each n = 6). C, cytosolic fraction; N, nuclear fraction; WT, wild-type. Note that the amino acid numbers
are based on the mouse protein (NP_766271.2) (¢-i) and the human protein (NP_055915.2) (j, k). Scale bars, 10 um. One-way
ANOVA with Bonferroni-Dunn post hoc tests, e, F3,12=23.12; g, F2,9=67.45; 1, F3,12=0.491; k, F>,15=38.98. ***P < (0.001.

Data are presented as the mean + s.e.m. This figure and figure legend are quoted from the references [38, 39].



a b 150 -
* & & <
O Q Q X
¥ &g >
= 100 -
- — Myc-hPOGZ (WT and Q1042R) 3
DNA-binding o
— Myc-hPOGZ (R1008X) = 50 - *x
Keo)
Z
— — Myc-hPOGZ (WT and Q1042R o
Total lysate - y ( ) 0 el
— Myc-hPOGZ (R1008X
- y ( ) ~§§§§§
NN
o

Fig. 4 | ASD-associated de novo R1008X and Q1042R mutations disrupt the DNA-binding activity of POGZ. a, Western
blots of the precipitated proteins by DNA fragment carrying the CENP-B box sequence and total lysate from HEK293T cells
transfected with myc-hPOGZ variants. b, Quantification of DNA-binding activity. WT but not R1008X POGZ binds a CENP-
B box sequence. Notably, the Q1042R mutation led to a reduction of approximately 60 % in DNA binding (each n = 6). WT,
wild-type. Note that the amino acid numbers are based on the the human protein (NP_055915.2). One-way ANOVA with
Tukey-Kramer post hoc tests, F2, 15 = 12.34. **P < (.01, ***P <0.001 vs WT. The averaged WT value was set to 100 %. Data

are expressed as the means + s.e.m. This figure and figure legend are quoted from the reference [38].

~ U A DRUFEEITIT B POGZ DRSREMRNT

NP FEIMFRIZF51T D Pogz DFBINZ — U T S 72, M 10 B0 8 HimICR T 5~ T
AN D Pogz DFEEL % ) RT-PCR (2 & » THEMNT L=, Z DOfERL. Pogz IXAREHMAL D pEAE D
AN Z DS 14 A5 18 HORMICEFILT 2 Z LA 6T o7 (Fig. 52), RIZ, Pogz
DRBNE— 71272 5w 16 B~ U AMROKMEEEIZ I 1T D Pogz DFEBLE % & &1 RT-PCR |2
Ko THMT LTz & 2 A, Pogz TR HIRN N2 < AFAET D RIMECE DM H/MN=E T4 (VZ/SVZ)
WCBWTERILL TWD Z ERWAL NI -T2 (Fig. 5b), & B2, Pogz @ Fluorescence in situ
hybridization (FISH) & ki~ ——Td % PAX6, SOX2, 5 L OMFRRAIESMIE D~ — 7
—Td D TBR2 DRIEYAAT J 2 Y AT o 725G R, Pogz D3RI Ia PE A8 B o ffik e e s
O ATBRHIIEIZ W THBLL TV D Z E BRI LN o7 (Fig. 5¢). 2D OFEEN S POGZ
IERIEECE I W TSI OFEZEIZ B 5 L TV D ATREMEDN S 2 BT,
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Fig. 5 | Pogz is highly expressed in neural stem cells in the mouse developing cortex. a, Temporal expression patterns of
Pogz mRNA in the brain (each n = 3). E, embryonic day; wk, week-old. b, Regional expression pattern of Pogz mRNA in the
brain at E16.5 (each n = 3). VZ, ventricular zone; SVZ, subventricular zone. ¢, Fluorescence in situ hybridization of coronal
sections of the E16.5 brain for Pogz and immunostaining with antibodies against PAX6, SOX2 and TBR2. Scale bars, 100 pm.
LV, lateral ventricle; VZ, ventricular zone; SVZ, subventricular zone; 1Z, intermediate zone. a, b, One-way ANOVA with
Bonferroni-Dunn post hoc tests; a, Flo,22 =48.52; b, F7,16=73.23. ¥**P < 0.001. Data are presented as the mean + s.e.m. This

figure and figure legend are quoted from the reference [39].

KK EARARIE O FEIEIC IS 1T D POGZ DIEREA iR T 5728, Pogz ZIEHI L 3% 4 FEEHD
shRNA (MISSION TRC shRNA library SP1, SIGMA-Aldrich) & miR30-based shRNA (shRNA™MR30) %
HAWT ) v 7 X B E1T 572, Inutero electroporation 52 & - TR 14 H~ 7 ARD KM Z
E VZ Offilal shRNA & GFP #ZNEna— R 2577 AI R X —2H A LT, i 18 A
BT D RMMEE % B g (upper CP), SEHM T & (lower CP), 3 X OV EIJE /M= T Hy
(IZ/SVZ) \Z531F, & D GFP M DFIE 2t L7z, £ OfEH. Control sSiRNA EARET
I3 GFP G HElfa s B AR B 28 U, (EH 2 B ML D FE D BIEE S Tz, Pogz / v 7
0 RETIL GFP B EMIR 02 <X 1Z/SVZ ICH £V . KINRERBE~OBERIH b Z &
WAL Te, ZORWMBIE EIE~OBEOMG OFREIL, shRNA D/ v 7 X0 L 5h# L d
FABIMEMN R &7z (Fig. 6), Pogz / v 7 X 02X % GFP MR OBEIOHMHIIE WT mPOGZ
DOFRHIF B L > T L7z (Fig. 7a,b), & BT, Pogz / v 7 B 0 A2 K - TBEIDIH S iz
GFP BE a2 [FE 9~ 2 72, IRk 18 HAMEI A IC 38\ TR T J& OFR R
fad~—71—"Td % SATB2, KMEE V EOMEHInO~——Th 5 CTIP2, I X OKRMEE
VI J& ORI D~ — 7 — T D TBR1 DHREGEAZITV, K~ —I—BtEd GFP BE#lla o
FNE LT LTz, DORER, Pogz D/ v 7 X0 AT Ko TRED I S 7z GFP BtEfia01Z &
A EDY SATB2 Bt CThd 0 . KANEE W J8 IR EN T 5133 Cd o 7oA ia O B sh 23 Jiii] < 4
TS Z &R STz (Fig. 7e-h),
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Fig. 6 | ShARNA- and shRNA™R3. mediated knockdown of Pogz. a, Schematic diagram of shRNAs and a miR30-based
shRNA against mouse Pogz (NM_172683.3). b, Representative western blots for endogenous POGZ in Neuro2a cells
transfected with plasmids expressing the indicated shRNA constructs against Pogz. ¢, Quantification of the expression levels
of endogenous POGZ in Neuro2a cells transfected with plasmids expressing indicated shRNA constructs against Pogz (each n
=4). d, Migration defects caused by shRNA-mediated knockdown of Pogz in E18.5 mouse cortices electroporated at E14.5. e,
Quantification of GFP* cells in each layer (each n = 3). f, Representative western blots for endogenous POGZ in Neuro2a cells
transfected with the plasmids expressing the miR30-based shRNA construct against Pogz. g, Quantification of expression levels
of endogenous POGZ in Neuro2a cells transfected with the plasmids expressing the miR30-based shRNA construct against
Pogz (each n = 4). h, Migration defects caused by miR30-based shRNA-mediated knockdown of Pogz in E18.5 mouse cortices
electroporated at E14.5. i, Quantification of GFP™ cells in each layer (each n = 4). WT, wild-type; CP, cortical plate; 1Z,
intermediate zone; SVZ, subventricular zone. Scale bars, 50 um. ¢, One-way ANOVA with Bonferroni-Dunn post hoc tests; Fa,
15=28.371. e, i, Two-way repeated-measures ANOVA with Bonferroni-Dunn tests; e, F's, 30 =28.52; i, F2, 18 =49.72. g, Student’s
t-test. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as the mean + s.e.m. This figure and figure legend are quoted

from the reference [39].
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Fig. 7 | POGZ regulates the mouse cortical neuronal development. a, Overexpression of WT mPOGZ rescued impairment
of neuronal migration by shRNA-mediated knockdown of Pogz in E18.5 mouse cortices electroporated at E14.5 (CP, cortical
plate; IZ, intermediate zone; SVZ, subventricular zone). Scale bars, 50 um. b, Quantification of GFP+ cells in each layer (each
n=4). ¢, GFP* neurons were co-labelled for SATB2 (a layer II/III marker). d, Quantification of GFP* SATB2* neurons (n = 4).
e, GFP" neurons were co-labelled for CTIP2 (a layer V marker). f, Quantification of GFP* CTIP2* neurons (n = 4). g, GFP*
neurons were co-labelled for TBR1 (a layer VI marker). h, Quantification of GFP* TBRI1" neurons (n = 4). Note that Pogz
knockdown had little effect on the proportion of SATB2* GFP*, CTIP2" GFP* or TBR1* GFP* neurons and that the GFP* cells
with delayed migration were mostly SATB2" neurons. e, Same slice as in c¢. ¢, e, g, Right panels, magnifications of the areas
outlined with orange boxes. WT, wild-type; CP, cortical plate; I1Z, intermediate zone; SVZ, subventricular zone. White scale
bars, 50 um; orange scale bars, 10 um. b, Two-way repeated-measures ANOVA with Bonferroni-Dunn post hoc tests; Fa,27 =
39.28. d, f, h, One-way ANOVA with Bonferroni-Dunn post hoc tests; d, F2,9=0.393; f, F2,0=1.079; h, F2,9 = 0.239. ¥**P <

0.001. Data are presented as the mean + s.e.m. This figure and figure legend are quoted from the reference [39].
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Pogz IS KIMFE OMFREAIIIZ B W TEBEIL L T\ Z 006, Pogz / v 7 X 7 2 LDk
HIRE DR Bh O A TAP IR AL ORI L DR T X 2 REMENE 2 Hile, & 2 CRANE A
R AT DR b IZ BT D POGZ DREBEZfENT T 2720, IRl 14 BHIZI W T in utero
electroporation Z 17V, it 16 A IZd\W\ TR O ~— 71— Th 5 PAX6, MRRATERAILD <
— 5 —Td % TBR2, BLOMMILDO~——Th 5 SATB2 DHREGEEITV, K~ —h—;
PED GFP WM DEIG & fht LTz, & DRGSR, Pogz / > 7 X 7 /2 K- T PAX6 Botrh el
R DEIE DB L, TBR2 BEIEOFRFEATERAIIERS L O SATB2 BRI OB MK T2 2
EMMA LN 5Tz (Fig. 8), Pogz / v 7 X 7 N K BE~——GEHlaOEI S OZEIE, WT
mPOGZ OFHfIF I L > TlalfE L7z (Fig. 8), LA EDFERI S, POGZ 1IMA K 0 Kk Rz B At
AR ORI A RAE T 2 Z &2 K o TRIMBCEM RSB O R A FIEH L T\ D 2 & 2VRIE X
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Fig. 8 | POGZ regulates the neuronal differentiation of mouse cortical neural stem cells (NSCs). a, Slight, non-significant
migration defects caused by shRNA-mediated knockdown of Pogz in E16.5 mouse cortices electroporated at E14.5. Scale bars,
50 pm. b, Quantification of GFP* cells in each layer (each n = 4). ¢, Increased abundance of PAX6" NSCs caused by Pogz
knockdown in E16.5 mouse cortices electroporated at E14.5. d, Quantification of PAX6" cells (each n = 4). e, Decreased
abundance of TBR2" differentiated intermediate progenitor cells caused by Pogz knockdown in E16.5 mouse cortices
electroporated at E14.5. f, Quantification of TBR2" cells (each n = 4). g, Decreased abundance of SATB2* differentiated
neurons caused by Pogz knockdown in E16.5 mouse cortices electroporated at E14.5. h, Quantification of SATB2" cells (each
n=4). ¢, e, g, Right panels, magnifications of the areas outlined with orange boxes. Arrowheads indicate co-labelled cells. WT,
wild-type; CP, cortical plate; 1Z, intermediate zone; SVZ, subventricular zone. White scale bars, 50 pm; orange scale bars, 10
pm. b, Two-way repeated-measures ANOVA with Bonferroni-Dunn post hoc tests; Fa, 27 = 1.861. d, f, h, One-way ANOVA
with Bonferroni-Dunn post hoc tests; d, F2,9=18.37; f, F2,0=5.710; h, F2,9=11.91. *P <0.05, **P < 0.01. Data are presented

as the mean =+ s.e.m. This figure and figure legend are quoted from the reference [39].

De novo POGZ R P KN EMTBRMIADFIZIC 5 2 5 B DT

ASD BEHRD de novo POGZ 28 F 73 KM S A AL D FE 15 2 2 B 2 fbr 9~ D 720
IRl 14 BHIZ31F % in utero electroporation {52 &K > T, Pogz & / v 7 X7 3 2% L [RIKHZ AR
£ 7213 de novo £~ 7 A POGZ Z il FEH L7z, IRl 18 B2\ T GFP [EiElie OB ) 2
fif b L7t . ASD BBF HISR D de novo R AE AN L 72 POGZ XNV TS Pogz D/ v 7 X0 A1
X BRI OB OINH & [BI1E L7220 > 7= (Fig. 9a,b), — 5 T, HHHED de novo 7 %3
A L7 POGZ 1% Pogz @/ v 7 X0 X A&l O8O #2818 L 7= (Fig. 9¢, d), -
T. POGZ ® ASD BREH KD de novo 2RI & o T, POGZ 0> KR AFIEA M D % 52 % il 19
HIEEEICEE 3E U A AIHEMEDS R &3uTz, POGZ D ASD B HIK D de novo 78 ¥&13 loss of function
789 F 721 doinant negative R TH DL AIHEMENE X BN D, £ 2 THES 14 HIZEIT S in utero
electroporation 512 & > T, BpAM & 7213 de novo 2255~ 7 X POGZ ZFIFHL L 7=, POGZ D
WFIFEBLUZ K > THESL OB BN 2MEET 5 rTREMEZ B L T, GFP BMERIIL O RN EE L~
OBB R T 2 Ml 17 B2\ T GFP BEMIR OB B A fight Lic, B4R 0O mPOGZ D
FIFEBLL GFP MMl OB BN B A 5. X 72/ o 72 2 LDy D POGZ SEENCTFE L TV T H
PRABAE 0D 8 28 | IEE S 7RV ATREME DS /RIR STz, BRBRTRVNZ L1, ASD JBFEHIRD de novo 28
F A8 A L72 POGZ OImFIFRBUZ LV . GFP BEMEM OB B2 16l v/ (Fig. e, ), 7€- T,
ASD BEH KD de novo ZH%AE A LTz POGZ OHELTEFAEM POGZ OHEFEIZ X L T dominant
negative RN R AR T T E BRI LT o7,
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Fig. 9 | ASD-related POGZ mutations impair cortical neuronal development. a, Forced expression of the ASD-related
mPOGZ mutants failed to rescue the Pogz-knockdown-mediated migration defect in E18.5 mouse cortices electroporated at
E14.5. ¢, Forced expression of the control mPOGZ mutants rescued the Pogz-knockdown-mediated migration defect in E18.5
mouse cortices electroporated at E14.5. b, d, Quantification of GFP* cells in each layer (each n = 4). e, Forced expression of
the ASD-related mPOGZ mutants impaired the neuronal migration in E17.5 mouse cortices electroporated at E14.5. f,
Quantification of GFP" cells in each layer (each n = 4). WT, wild type; CP, cortical plate; IZ, intermediate zone; SVZ,
subventricular zone; VZ, ventricular zone. Scale bars, 50 um. b, d, f, Two-way repeated-measures ANOVA with Bonferroni-
Dunn post hoc tests; b, F12,63 = 54.55; d, F1o,54 = 9.426; £, F10,54 = 6.099. *P < 0.05, **P < (.01, ***P < 0.001. *P < 0.05, #P
<0.01, #P < 0.001 (vs shPOGZ1 + WT mPOGZ in b; vs WT mPOGZ in f). Data are presented as the mean + s.e.m. This

figure and figure legend are quoted from the reference [39].

ASD B3 iPS MfiE H AR R AT DB REARAT

RIZ, POGZ T de novo 255 % 7> ASD B3 ORI OBERE Z /AT L7z, T E TICRT
HiX ASD BE LR ETBI DD HRAF RO D, POGZIZ de novo Q1042R 2 B4 [AlE L 7=
[16], =2 T. ASD &3 L H mE O L B Ml S iPS M2 1z L, Hepiifiaic /b
STz, FF. MR O MR LB E TS 5 72, ML A AR L7 day 0 2> AR /3L
ATV, MR O day 2 IZBWTHRIRO~— I —TdH D MAP2 DHREGLEALITU,
MAP2 BRI OFNG A AT L7z, ASD & H R Ol e 45 3 R O MR I b~ T, MAP2 (5
P OEIS MR T L TR Y, ARMEREME T LTV 2 AIREMES /R &7z (Fig. 10a, b), KIZ,
FRRRERAIIE OO B CHEAEE 2 34N U 7o, HEEME O ARREERII 4 BrdU (2K - THE#& L. anti-BrdU $1t

15



K% 72 ELISA (2 K o CSEEE A E U 7RG S, AR R R sl e A s 2 Fh Ik i
IZHARTEWEEEZ IR LT (Fig. 10c), 7SRz RiiEiE L Coa—r A7 0 T 2K
SETCAER, B HORAR R L B ORI L D b RE R =2 — e AT 4 T TR
L7z (Fig. 10d,e). 2B DOFERN G | EE BRI B CHFERE AN L TV 5 ATREMEAS
IRENTZ, EBIC, BEERICI > B ENc=a— 0 A7 4 TEHEEREL, =a—n X7
A T O D BRI B 2 FrAaEmia o BB R 2 RE T 5 2 & T, e B )
REZREAM U7z, s 8 Bk OB AE MBI le T, B SRR e I 2> O PEAE S 7= A4
A OB ENEE XIS F LTz (Fig. 10f, g), 2405 OFEFIL~ 7 A O KM B itz 51
% Pogz D/ v 7 X OFRBBIEALL L TEY (Fig. 6-9), B HRARIMIE D denovo 28 BIZ
£ % POGZ OFEREIZ X - T, APk KL ORI O ZEAME T L TV 2 ATREMEA R &
7= (I H A& L5 S0).
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Fig. 10 | The neuronal differentiation and development is impaired in neural stem cells (NSCs) derived from the ASD
patient carrying the de novo Q1042R mutation. a, Low number of MAP2" differentiated neurons in the patient-derived
NSCs harbouring the Q1042R POGZ mutation. Scale bars, 100 pm. b, Quantification of MAP2* neurons (each n=9). ¢,
Increased BrdU incorporation in the patient-derived NSCs (each n =9). d, Representative images of neurospheres derived
from the patient and the unaffected healthy control. Scale bars, 50 um. e, Quantification of the size of neurospheres derived
from the patient and the unaffected healthy control (control, n = 681; patient, n = 537). f, Impaired radial migration of the
patient-derived neurons. Scale bars, 50 um. g, Quantification of the migration distance (control, n = 25; patient, n = 20). b, c,
e, g, Student’s #-test. **P <0.01, ***P <(0.001. Data are presented as the mean + s.e.m. This figure and figure legend are
quoted from the reference [39].
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CRISPR-Cas9 ¥ 2T A2 X 5 POGZVTRIBR < 17 2 D YERL

FL7= B3 ASD BE NS [RIE L7z POGZ @ de novo Q1042R ZEFENMFEE, IMI%RE, B L OYTE)
(52 DB AR L~V TNTT 5725, CRISPR-Cas9 v A7 AEFIH L7 ) AREIZ X -
T. B b QIO42R ZRIZHY T 5~ 7 A QI038R BHRAZHBE LRI HOT U — 1 ORITHEA
L 72 POGZVTRIOSR < 07 2 Z- ${ L AR SRR & D L[EFZEIZ K W A/EH L 72 (Fig. 11a, b), POGZVT/QI038R
7 AFA T NAANC S THAE L, ROV A X, (KE, HMEE, BI04 XK TERL
7 (Fig. 11b-h), £72, POGZVTRIGR <57 2 Dt & ~~ hF¥ U« =4 (H-E) Jefall
Ko ThE L, KINEER LORMELED 6 et DE S 2 [E Lz, ZOREFE. POGZVTQI0R
~ U ADKMEE R L OKRMEE T-IV B DT NIZHLS VERELS 2o TS Z E R BMNIC
720 [ POGZVTRIOSR < v7 2 D K B B AR O F 2 I B 3 A U T D alRetE AR &= (Fig.
1li-n), 723, KRIEE&RDO H « E Y2l X 2T, B LOBHET O CT it (BYb 2058 & o4k
[FAFFE) DfEHR, POGZVTRIBR < o7 2 DA M lid# (IREK, WH O, K&, B, + 5.
MG, S, FElG. AERe, KEVE)., BLOEEZFICIIRT IR LN ->7 (Fig. 12, 13),
AT R POGZVTRIBER <17 Z 78 & L F ANt » THEAE L= DICK L, R ELER~ T 2 TH
% POGZRIOBFQIR — v 2 (3 FEE L volelo ., MAEBEZ T ARENE 25N
(POGZR!O38RQIOSR = vy 2 (D& 4: 186 PLHH 0 [T; Fig. 14a), < Z Tl 15 H~ 7 A& AL 25
AT & OILFEFFIEIZ L0 . CT f#MT 7RSSR, B/ DEPRRIENBIE I N2, DIROTEREE
WA POGZRIBRQAGER < 57 2 DRABIFEDIRIF TH DH &EFZE 2 biLle (DEFRXEEZ R LK
POGZLI3RIQIR < 17 2 DEIG: 4 PLH 4 L; Fig. 14b),
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Fig. 11 | Generation of POGZWT/Q1038R mice, a, The A is substituted with G in codon 1038 of the mouse Pogz gene. b,
Decreased body size in POGZVTQ1038R mice at 10 wk. Scale bar, 2 cm. ¢, Genotyping of 1 wk offspring from crosses between
male POGZVTQI038R mice and female WT mice yielded the expected Mendelian ratio of WT and POGZWVTRI038R mice (n = 30
pairs). d, Quantification of body weight in WT and POGZVTQI38R mice (WT, n = 20; POGZVT/QRI038R 1y = 21). e, Decreased
brain size in POGZWTRI038R mice at 10 wk. Scale bar, 5 mm. f, Quantification of brain weight (each n = 14). g, Quantification
of forebrain length (each n = 14). h, Quantification of forebrain width (each n = 14). i, Representative coronal sections of WT
and POGZWTQI038R brains at 10 wk visualized with hematoxylin and eosin (HE) staining at Bregma 0 mm. The length of line
1, line 2, and line 3 were measured as thickness of the cortex. Scale bars, 1 mm. j, Magnifications of the areas outlined with
black boxes in i. Scale bars, 200 um. k-m, Quantification of thickness of the cortex at line 1 (k), line 2 (1), and line 3 (m) shown
in i (each n =5). n, Quantification of thickness of each cortical layer in j (each n = 5). WT, wild-type; wk, week-old. d, n, Two-
way repeated-measures ANOVA with Bonferroni-Dunn post hoc tests; d, F11,468 = 1.089; n, F3,32=6.717. f, g, h, k, I, m,
Student’s #-test. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as the mean + s.e.m. This figure and figure legend

are quoted from the reference [39].
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Fig. 12 | Hematoxylin and eosin (HE) staining of peripheral organs of POGZWVT Q038R mjce, a-j, POGZVTQ1038R mice did
not exhibit any significant changes in peripheral organs, including eye (a), cochlea (b), trachea (¢), stomach (d), duodenum (e),
ileum (f), caecum (g), colon (h), sciatic nerve (i), and femur (j), compared to WT mice. WT, wild-type. Black scale bars, 500

pum; red scale bars, 200 um. This figure and figure legend are quoted from the reference [39].
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b c

landmark WT POGZWTQ1038R P yajue WT POGZWTA1038R P yvalue
1and 2 7.42+0.07 7.12+0.16 NS 1and2/1and 8 0.33 0.33 NS
1and 4 15.42 £ 0.05 14.69 £ 0.30 NS 1and4/1and 8 0.68 0.68 NS
1and 8 22.57 £0.08 21.45+0.28 NS 3and5/1and 8 0.27 0.28 NS
3and 5 6.11+0.13 5.97 + 0.09 NS 6and7/1and 8 0.37 0.37 NS
6and7 8.39+0.13 7.86 +0.09 NS 9and 10/1and 8 0.54 0.55 NS
9and 10 1228 +0.12 11.77 £ 0.21 NS BandC/AandH 0.25 0.25 NS
Aand H 23.41+0.26 23.27 £+0.32 NS FandG/Dand E 0.78 0.81 NS
BandC 584 +0.13 5.73+0.08 NS

Dand E 8.25+0.08 8.10+0.12 NS

Fand G 6.47 £ 0.12 6.56 + 0.05 NS

Fig. 13 | CT analysis of the skull of POGZWT/QI038R mijce, a, a schematic of landmarks in the mouse skull. The top view of
the CT image (/eff); temporal side view of the CT image (right). Numerals and letters indicate the anatomical landmarks in b.
b, Linear distances (mm) between landmarks in WT and POGZVTRI938R mjce (WT, n = 6; POGZWTQI038R ' =5) ¢, Linear
distance ratios between landmarks of WT and POGZWT/QI038R mice (WT, n = 6; POGZWTRI038R 'n =5) WT, wild type; NS, not

significant. Data are presented as the mean + s.e.m. This figure and figure legend are quoted from the reference [39].
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Fig. 14 | Embryonic lethality of homozygous POGZQ3B8RQI0BR mice, a, Genotyping of 1-week-old offspring from
intercrosses of POGZWT/Q1038R mjce yielded no homozygous POGZQ!O38RQI0BR mice (n = 25 pairs). b, CT analysis of WT and
POGZRI038R/QI038R mice at E15.5 (each n = 4). The red arrow indicates ventricular septal defects. WT, wild-type; LA, Left
atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. This figure and figure legend are quoted from the reference
[39].
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POGZWVTRIR < v7 2 K bk BB AR Al i 56 3 D AT

H - E BAOFEREMND, POGZVTRIBR < 7 2 (3 Kk KB AR O R 32 F 0 2 7”9~ TR DS R
INTT JRAEMIC I T D ML I ZE DR 21T - 7o, Wil 18 A~ U AMWD I A iz T,
R R T Jig B8 AR R D ~ — 71— T b D SATB2 O Yeta 217\, KIMEE % 10 /0%
L T4 XD SATB2 MR 2 HIE LTz, POGZVTRISR < o7 2 IR T KNP FJg (X 1 -
2) \ZF1T 5 SATB2 [ B OIR T3 LOKINECE T (IXHE 4 - 9) (23515 5 SATB2 BatE#l
R BE OB A7~k LTz (Fig. 15a,b), & 512, iR 14 BB W TR~ 7 12 BrdU % JEIEN 54
% Z & CHIAEMRIIN 2 BrdU #2553k L, IRl 18 B 123U T SATB2 B5it:7>> BrdU Bt oo 7 4E il g
PERREHIG O RSB & fRAT L 72, POGZVTQIOSR < v 2 1%, KIME B (KE 1 -2) 12380\ T
SATB2 £ L O BrdU BPEMIEOEIS O T 27~ L7z (Fig. 15¢,d), T 5 DFERNS ., POGZ T de
novo Q1042R Z5 ¥ % ¢, -5 ASD [F HI K D iPS MMM & [FIERIZ, POGZVTRIOSR < 7 2 (T G A= 1]
(2B TR R B B A I DO R GEIR T 2R3 2 E B LT o7, S BT, RAH
POGZWVTRIER < 17 2 DI A 123 T, KAMECE T/ g Bl i fu oo~ — B — T 5 CUXI
DFGRIEGAEZ AT GBI O AR REHIE D% 2 D IR AL DY LA O R R B AR OB &2 5% 5
BARAT UTe, BB~ 7 R b POGZVTRISR < o7 2 D RAMEE O CUX1 e s & oo 8%
ICEITR N2 27— 07T, POGZVTRIBR <7 2Tk, KIMEE B (KE 1 -3) 280 T
CUX1 Bt D S MARFRARIL O OIR T, L ORI E R (XE 5) ([CBW TR E QBN
BRI, BEMEMRHIEOBEITZREHICB N THENTEEETHL I ENRHLMNI -T2
(Fig. 15e, f; CUX1 ot BLZE MR M O %5 FE DS, WT, 1,126 + 36.86 cells/mm?;, POGZWT/QI038R,
1,105 +52.64 cells/mm?), — 7 C, GABA |ZXT 2 E Yl L o> T, GABA [ D IR
FEIZDWT, FIERORET 24T o 7o iR, KRIMECE GABA B B 0 436 L O IXENIZ 61T
5 AR BE 12 2213 A B 7R ) o 1= (Fig. 15g, h; GABA B AR IR O 25 BE D1y, WT, 121.6
+3.710 cells/mm?; POGZWTQI038R "120.9 + 2,527 cells/mm?),

F72. POGZVTRIBR < w7 2 DG ORMEE BJg (K 1 - 4) (T80T 5 BLEPERRHID O
CUX1 O®RIEYta D> 7 FVGRENEEM L Tl 0 |, BUEMEARRARIE O CUXT FBLEA I L TV
% A HEMEAN R S 72 (Fig. 16a,b), POGZ 7% CUX1 ORI ZFE L T 5 afFEMEIC W TRadT
H7e®. Pogz % /) v 7 X7 Lic~ U ZAPREEEAPRHIIGIZ I T Cux] OFBLEZ T LTz,
Pogz D/ v 7 X7 % Cuxl DFBLENIRE 0B % 5272/ o 12728, POGZVTRIBR < 7 27>
R4 7 B AR PEAR AL F5 1 D CUX OFEER_F 513 B AR B O T Ik 3 2 T 1B
HTh 5 AlRetEN B 2 b (Fig. 16¢),

21



a[E185 b C [ET4.5  BrdU labeling > E18 5 IHC| d g\ﬁlvvgezwmm
WT POGZ WT/Q1038R 1 = = e WT POGZ WT/Q1038R 1
1 % 2 e e ; « 2
> E e/t 23
% S 4= S 4
Kt 3 (] I ()
3 1 £ S o £5
£ 5 S 62w <§ < 6B
£ 7 8 I = S 8h
@ = “ T gh,.
9 10k 10 8
1 SESESE RESNAEN 10 ORXPP RSP
SATB2" cells/1.0 x 10* ym? BrdU* SATB2*/BrdU* (%)
e f g h
WT POGZ Wrai03er 1 ?ﬂ"“' WT POGZ Wra103eR 1 E'
% 2 e e % 2 =
1 £ 3= R
2 o A== 2 o ‘e
2 3 S5 S B 3 = Se=%"
§ 4 E 6 P § 4 E 6 =35
z 5 2 TP T A =
< s 3 8@ g 6 8 8=t
3 7 9 5 7 T IOV
8 10 8 10 ==
9 NN 9 NI
S S LR RN
10 NI 10 NNV
CUX1*cells/1.0 mm? GABA" cells/1.0 mm?

Fig. 15 | Impaired cortical neuronal development in POGZWTQ1038R mjce, a, SATB2 immunostaining showing the abnormal
distribution of SATB2" cortical excitatory neurons in POGZWTQI38R mice at E18.5. Scale bars, 50 pm. b, Distribution of
SATB2" neurons in ten equal bins (CP 1 to IZ/SVZ 10) within the developing cortex (each n = 4). ¢, BrdU and SATB2
immunostaining in POGZWTQ1038R mice at E18.5. Scale bars, 50 um. d, Distribution of SATB2* BrdU" neurons in ten equal
bins (CP 1 to IZ/SVZ 10) within the developing cortex (each n = 4). e, CUX1 immunostaining showing the abnormal
distribution of CUX1" cortical excitatory neurons in the adult POGZWTQI038R mice (10 weeks old). Scale bars, 100 pm. f,
Distribution of CUX 1" neurons in ten equal bins (CP 1 to IZ/SVZ 10) of the adult cortex (each n=4). g, GABA immunostaining
showing the normal distribution of GABA" inhibitory neurons in the adult POGZWTQ1938R mice (10 weeks old). Scale bars,
100 pm. h, Distribution of GABA™ neurons in ten equal bins (CP 1 to IZ/SVZ 10) of the adult cortex (each n =4). b, d, f, h,
The cortex was divided into 10 layers to form the bins. WT, wild-type. b, d, f, h, Two-way repeated-measures ANOVA with
Bonferroni-Dunn post hoc tests; b, Fo, 60 = 17.03; d, Fo, 60 = 12.17; f, Fo, 60 = 12.62; h, F9 60 = 0.706. *P < 0.05, **P < 0.01,

**%P < 0.001. Data are presented as the mean + s.e.m. This figure and figure legend are quoted from the reference [39].
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Fig. 16 | Increased signal intensity of CUX1 in adult POGZWVTQI038R mjce, a, CUX1 immunostaining showing increased
signal intensity of CUX1 of cortical excitatory neurons in the adult POGZWT/Q1038R mjce (10 weeks old). Scale bars, 50 um. b,
Quantification of signal intensity of CUX1 (each n = 120). ¢, Relative expression levels of Cux/ in dissociated embryonic
cortical neurons (7 days in vitro) infected lentivirus vectors expressing shControl, siPOGZ1, or mPOGZ. WT, wild-type. b,
Student’s #test. ¢, One-way ANOVA with Bonferroni-Dunn post hoc tests, F2,9 = 1.183. ***P < (0.001. Data are presented as

the mean + s.e.m.
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De novo Q1042R POGZ ER%ZFiD ASD & HIRAREMIEIS L O POGZVTR < 17 Z RO K
Jibt 52, Pl SRAFERER RN IZ 38T B B An T R BUEHT

POGZ IIHEHEIN+TH D Spl., Zu~F L Vx5V 7 X7 Téhb HP1 L CHD4
EFEERT 2 Z £ X0[43-45], DNA [ZHEET D5 2 &5 (Fig. 4). BIG FRIOFE 2/ LT
FRERHIE ORI 2 i L T D RTREMENR B 2 Hivd, £ 2T, de novo Q1042R POGZ % $t%
5> ASD FF iPS M 1 Sk DR Rt KX OWRkS 16 B POGZWTRI038R < 07 2 PR D Kk e B Fh ok
PRI A T, MEREAD RNA BBURIT 21T o 72, BBAB L QW Bz roxy NUV—7 %
FET 2720, fHHE ASD BE ., BLOEAER L POGZVTRIGR < 7 2 D CRBEE D H -
T2 BEHEIZ DU T gene ontology (GO) annotation DT 21T > 7=, ZOREHR, HlECkHR O
ZBI5- T 25 7B, FRCMREICE S T 2 BB FHEORBN e he~v U A THIB L TEHHL
TWDZ ENHB N2~ 7= (Fig. 17a), POGZ & MRV Gl R EZMH+T 25 2 & »n
WE SN TV D T20[45, 46]. ASD EAE H MR uds L OV POGZWTRIOSR < 17 2 i SR il
FIZRBWTHB EF LTV DB FIZHEH L, #ftMEIiZBEE+ % Notch &7 FAD U 7 R
T 5 Jagged canonical Notch ligand 2 (JAG2) [47, 48] DIEHLEH ASD BFH Hkmpitisiifn s L Y
POGZVTRIER < v7 Z PR AR HIALIZ BV T, ZEiL =2y b r— b & DRl f
THI2 FEHIIN L T 7o (ASD B H AR R [ : fold change = 1.970; POGZWTRI038R < v7 2 R H 3
fRER M AC: fold change = 2.175), % 2 C., BRI~ 7 ZARKAGEE H RO iiaiz s 5 7
0~ F U TRRRIEIC o T REIIIC BV T POGZ 78 Jag2 7o & —H — | ZHE A 5 lREM:
IZOWTHRET LT, ZOfER, POGZ HLRIZ X D RiZ ik 7 i\ Jag2 7' 0 & — X —1H
HATUT D DNA Wi 2384 STV D Z E BB B TR Y . POGZ 8 Jag2 7 v &— X —|ZfEAT
5 A HEMEAN R S 72 (Fig. 17b, ¢), Notch ¥ 7 /Lid bz AICHIE+ 2 Z L 2k E x5 &
[49, 50], POGZ I JAG2 Z I U & T Dbzl 2 % X B ae a— T 5 8In F D%
B2 PIHT 5 2 L1 L o THRME 2R LTV 5 AR U RIR ST,

a i inti H i 9 WT/Q1038R o0 b
Enriched transcriptional networks in NSCs derived from the Patient and POGZ mice
o Name Patient POGZ" AT mige Mouse Jag2
p value FDRqvalue __ pvalue FDR g value Primer 2 Exon 2 Exon 1
G0:0007399 nervous system development 8.82E-11 2.48E-08 1.32E-05 2.19E-04 e p——
GO0:0051239 regulation of multicellular organismal process 4.93E-09 6.93E-07 9.06E-10 5.09E-08 Primer 3 Primer 1
GO:0048856 anatomical structure development 1.19E-08 9.43E-07 2.13E-07 6.66E-06
G0:0022008 neurogenesis 1.34E-08 9.43E-07 1.20E-03 8.88E-03
GO0:0055085 transmembrane transport 1.99E-08 1.12E-06 2.48E-06 4.98E-05
GO:0048699 generation of neurons 6.25E-08 2.93E-06 1.69E-03 1.06E-02
GO0:0007275 multi organism dev: 8.15E-08 2.97E-06 4.04E-08 1.42E-06
GO:0009653 anatomical structure morphogenesis 8.47E-08 2.97E-06 1.05E-03 7.93E-03 c [ anti-POGZ (A302-509A)
GO:0048731 system development 1.05E-07 3.28E-06 2.74E-08 1.10E-06 [l anti-POGZ (A302-510A)
GO:0034220 ion transmembrane transport 1.98E-07 5.57E-06 3.49E-07 9.80E-06 [ Control IgG
G0:0032502 developmental process 2.69E-07 6.88E-06 1.48E-06 3.20E-05 15
GO:0007267 cell-cell signaling 4.64E-07 1.08E-05 240E-15 6.74E-13 :
GO0:0030182 neuron differentiation 5.02E-07 1.08E-05 1.48E-03 1.03E-02
GO0:0051240 positive regulation of multicellular organismal process 6.12E-07 1.23E-05 1.96E-08 9.17E-07 €
GO:0006811 ion transport 1.00E-06 1.88E-05 6.49E-10 4.56E-08 g 1
GO:0048869 cellular developmental process 3.04E-06 5.34E-05 3.01E-04 2.73E-03 S
G0:2000026 regulation of multicellular organismal development 5.10E-06 8.21E-05 2.19E-05 3.07E-04 E
GO:0007166 cell surface receptor signaling pathway 5.26E-06 8.21E-05 6.70E-04 5.71E-03 $
GO:0007155 cell adhesion 5.93E-06 8.76E-05 1.08E-11 1.01E-09 = 0.5
GO0:0050793 regulation of developmental process 6.75E-06 9.48E-05 2.10E-04 2.03E-03 %
GO:0006812 cation transport 7.08E-06 9.48E-05 6.37E-07 1.63E-05 o
G0:0022610 biological adhesion 8.63E-06 1.10E-04 5.46E-12 7.66E-10 0
G0:0030154 cell differentiation 9.85E-06 1.20E-04 1.06E-04 1.14E-03 . . .
GO:0048646  anatomical structure formation involved in morphogenesis ~ 1.24E-05  1.44E-04 124E03  8.96E-03 Primer1  Primer2  Primer 3
GO:0048468 cell development 1.28E-05 1.44E-04 1.17E-04 1.22E-03
GO0:0006928 movement of cell or subcellular component 3.49E-05 3.77E-04 3.04E-03 1.74E-02
GO:0048513 animal organ development 4.93E-05 4.77E-04 6.97E-04 5.76E-03
GO:0045595 regulation of cell differentiation 5.50E-05 5.15E-04 1.95E-03 1.17E-02
GO:0051094 positive regulation of developmental process 6.97E-05 6.32E-04 2.02E-05 2.99E-04
G0:0065008 regulation of biological quality 9.70E-05 8.26E-04 1.21E-06 2.83E-05
G0:0023051 regulation of signaling 1.66E-04 1.30E-03 1.53E-03 1.03E-02
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Fig. 17 | GO Annotation analysis and ChIP assay in NSCs. a. Common gene ontology (GO) annotations (molecular function)
for the differentially expressed genes between NSCs derived from the unaffected healthy control and the patient carrying the
Q1042R mutation of POGZ, and E16.5 embryonic cortex of WT and POGZWTRI08R mijce by the ToppGene Suite
(https://toppgene.cchme.org/). b. Schematic diagram of qPCR amplicons of the primers for the mouse Jag2 (NC_000078.6)

promoter. ¢. ChIP-qgPCR assay for the quantification of relative enrichment of the genomic region in the mouse Jag2 promoter.

This figure and figure legend are quoted from the reference [39].

POGZWVTQI38R < v7 2 DITEYFAT

POGZ @ de novo 5753~ 7 ZADATENC G- 2 D8 B L9 D720, Bk POGZVTRIBR < 17
A2 T home-cage activity test, light/dark transition test, fear conditioning test. novel object recognition
test, Y-maze test 33 X TN prepulse inhibition (PPI) test % 1T -> 72 (home-cage activity test, light/dark
transition test, fear conditioning test, Y-maze test %3 &2 O® prepulse inhibition (PPI) test |XE L ~AFZET
& DOLFRBFZEIC & o THEM L72), POGZVTRIBR <7 213 BASAFIZISIT % home-cage activity 73
DT ITHIIMEANIZ S Y | contextual fear conditioning test & novel object recognition test (2350 CTF&
HHERE DR T 2R L722s, £ OMOITEREBRICIS W TIEE AR~ v 2 L oI KERAETR O
727372 (Fig. 18), F£7-. open field test 2 Fh L 725 SH, FHIEAERF O R o 72729,
R LU DA U T D ATREMEDNV R SAL72 28, EE EICAE(RIT R 72 hr > 72 (Fig. 19a,
b), KIZ. ASD OHFEIERICBIH T D LB X DN DFESMATE &4V IR LITENV AR T 5720,
reciprocal social interaction test & self-grooming test #1757, EAH] POGZVTQIBSR < 7 2 1%
reciprocal social interaction test [T, v T ZADHASMHEITEIE L TEZ LN TV DHFRATY
ANZKET BE VIR ZITENOIK T % (Fig. 19¢), self-grooming test |23V T, B2 720 0 T8 &
EZONTVWEHHYIELDOESLS AWVTEIZ /R L7z (Fig. 19d), 26 OFEREN L K
POGZWVTRIOR < v7 2 [FHIRFEIERE T . FFIC ASD (2B L7/ TEhER B 2R3 2 & B s 7e
o7z, WIT, POGZVTRIR < vy Z ANHif 38 sl T A8 & [FARIC S W2~ DATEN R A 7§ vl REME
\ZDOWTHRRES L7z, Juvenile playing test (2 X - C 3 BHESIA ] POGZVTRIR < 7 2 DL A TH)
AT LIRS R, SIE ISR W TH T RA~Y U ATKT 2B W ETEICES < AVTHE), B
WNTATEY, IEORRITEN 2 E DA~ 7 IR 6 D200 AAERME T LTV (Fig. 19¢),
BRI, A% 4 AO POGZVTRIGR1< 7 2D a X o =/r— a VRN ERIT T 2720, v A
D> ORERE L 72 BRI R~ U A ZRESTZ O~ 7 AH35 T % ultrasonic-vocalization (USV) Z HllE L
7o A% 4 H POGZVTRIBR < v7 2 > USV call D¥rk L OWERIIHEMN LT /= (Fig. 191, g) S5
(2. USVecall DITEA 10 FEEICHE L, 45 call DEIE 2T L7-fE 5. two-syllable call & flat call
DAL, composite call & frequency step call MK T L CE Y, USV call D/3F — 2 3Z8L LT
7= (Fig. 19h), LA EDOFEEN S, POGZVTRIBR < v7 213 ASD %1% U od & 5 ik dg i E & [FkE
WZHEMN OB AEHB L a2 = —2 a v OREEZRT I EBHALNICR T,
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Fig. 18 | Behavioral abnormalities of heterozygous POGZWTQ1038R mice, a-d, Home-cage activity of WT and POGZWT/Q1038R
mice (each n = 7). e-h, Light/dark transition of WT and POGZVT'Q193R mjce (each n = 7). i, Impaired novel object recognition
in POGZWTQI038R mice (each n = 14). j, Impaired contextual fear memory in POGZWTQI038R mice (each n = 7). k, Normal
auditory fear memory in POGZWTQI038R mjce (each n = 7). 1, m, Normal locomotion (I) and alteration ratio (m) in
POGZVTRI08R mice in Y-maze test (each n = 7). n, 0, Normal PPI in POGZVTQ1938R mice (each n = 7). WT, wild-type; PPI,
prepulse inhibition. a-i, 1, m, One-way ANOVA with Bonferroni-Dunn post hoc tests; a, F1, 12 = 0.558; b, F1, 12 = 3.821; ¢, F1,
12=1.282;d, F1,12=23.05; e, F1,12=4.427; f, F1,12=1.928; g, F1,12=0.502; h, F1,12=1.218; i, F1,26 =24.76; 1, F1,12=1.272;
m, F1, 12 = 1.428. j, k, 0, Two-way ANOVA with Bonferroni-Dunn post hoc tests; j, 1,24 = 7.482; k, F1,24 = 0.558; 0, F1,60 =
0.448. **P < 0.01, ***P < 0.001. Data are presented as the mean + s.e.m. This figure and figure legend are quoted from the

reference [39].
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Fig. 19 | NDDs-related behavioral abnormalities in POGZWTQ1038R mice, a, Distance travelled in the open-field test (each n
= 12). b, Time spent in the center zone in the open-field test (each n = 12). ¢, Time spent sniffing in the reciprocal social
interaction test (each n = 13). d, Time spent grooming in the self-grooming test (each n = 10). e, Time spent contacting in the
juvenile playing test (each n = 10). f, Numbers of ultrasonic calls made by WT and POGZWVT/Q1938R mjce at postnatal day 4
(eachn = 19). g, Total duration of ultrasonic calls (each n = 19). h, Altered ultrasonic call patterns in POGZ¥TQ1038R mice (WT,
n=17; POGZVTRI0BR n = 18) (Cx, complex; H, harmonics; T, two-syllable; U, upward; D, downward; Ch, chevron; S, shorts;
Cp, composite; Fs, frequency steps; F, flat). WT, wild-type; NDDs, Neurodevelopmental disorders. a-g, One-way ANOVA; a,
F1,2=0277; b, F1,20=5.771; ¢, F1,24 = 13.02; d, F1,18=5.914; e, 1,18 = 13.62; f, F1,36 = 10.64; g, F1,36 = 5.465. h, Two-
way repeated-measures ANOVA with Bonferroni-Dunn post hoc tests, Fo,330=3.376. *P <0.05, **P <0.01. Data are presented

as the mean =+ s.e.m. This figure and figure legend are quoted from the reference [39].
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POGZWVT'QBR < 17 2 > Kb B2 FE AR RS MG DR TS B ARAT

ASD BT B D AL MEATEI RIS RE O I PN R I B8 O BB MR S 77 v & il >
TFNDINT A (BN NT 2 R) OREDFFTH DAl getEnN s v 5[51, 521, & Z T,
POGZVTRIOBR 2 77 2 (D AU DOMRIEEN N F — 2 B RITT 272, MRIEE O R IHEE T Th D
Arc 7 aE—& —iilffl F Cat e F 37 dVenus A FEHLT D Arc dVenus VAR —F —~< 7 X[53]&
POGZVTRIOBSR =07 2 2 i Arbo¥ T, UMREDFHRE LI 2MA A —T AT A Th D FAST
(block-FAce Serial microscopy Tomography) [54, 5512 HVy, 10 #H RO B AR ES L OV POGZVTQIBR
U A0 dVenus BEPEABNL D /3AT A AT LTz, AESMEATEIRF O 2RISR X & — AR 5 72
¥, reciprocal social interaction test Efitif% > dVenus F5MERMIE D 5347 2 AT L 72 /55, ASD & DB
HMERHE STV D AR ECE [S6]DMRRIEEN 23 HE0 L Ty 7z (Fig. 20a, b), #FAM -~ 2 &
POGZVTRIOER < 17 2 DA U FEI D dVenus BEHEMIIIZ DUNTER ST ZAT o TR, B4R~
U A L POGZVTQIBER < 7 2 ORI SN X &7 — 13 Rk Sy 2 (PC2) THEET 2 2 LN TE, £74F
\ZHITHPIREE D PC2 ~DFENKE o 7= (Fig. 20c, d), RIHCIREE OFRIEEN 2SN L TV
72, RIHCIREE O W JE BLZE PEARREHG C & 2 SEARHIIRIC I T AP O B M o 7 )L
R T DRURZER A S, OBEEZJE L2 2 A, 10 Hilis POGZVTRIBR < v7 2 DORHAR L
BV SEASHIE O RIR IS L A /S A G P | LB AT < & R (2 HATEIN LT 72 (Fig. 20e, ),
IO, HREESERKT L OKFEMNEICLY, F—Eer Xy F 7 T 7KL > T 10 B
POGZVTRIOER 17 2 0 WS VE DA E A BT L7z, RUATIRECE I/ & SEASHIIE L2 3 TR s
B ME S 7 A% (mEPSC) ZIE L7 #EH. POGZVTRISR < o7 2 (i ik K8 T/ Ji& $E (R
AL mEPSC OHRIGIZEF AR~ 7 A L LR TEN R HRW—FT, SHEITHEML T (Fig
20g-k), LA EDOFERING | POGZVTRIBR < 07 2 O KRB 18 o U PESEARMIR OB IR T L
TWAIZHE2 0 BT (Fig. 15, ), fESMATEIRFIZ I T POGZVTRIBR < 17 2 O K Fe & D HiL
BRI LR RN IS LT B ATREME S R S LTz,
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Fig. 20 | Increased cortical neuronal activity in POGZWTQ1938R mijce, a, Representative brain regions showing social-

interaction-induced activation of Arc-dVenus fluorescence in adult WT and POGZVTQI038R mjce. Scale bar, 2 mm. b,

Representative images of social-interaction-induced activation of Arc-dVenus fluorescence in the anterior cingulate cortex in

adult WT and POGZWT/QI038R mice. Scale bar, 500 um. ¢, Locations of individual WT and POGZWT/Q1938R mice projected in

principal component (PC) space defined by the first two PCs (in arbitrary PC units). d, Loadings for PC2 (in arbitrary PC

weight units). Note the especially large contribution of the anterior cingulate cortex (ACC) to PC2 (dashed box). MO, motor

cortex; SS, somatosensory cortex; AUD, auditory cortex; VIS, visual cortex; PL, prelimbic cortex; ILA, infralimbic cortex;

ORB, orbitofrontal cortex; Al, agranular insular cortex; RSP, retrosplenial cortex; PTL, posterior parietal association cortex;

ECT, ectorhinal cortex; PIR, piriform cortex; COA, cortical amygdala; HIP, hippocampus excluding the dentate gyrus; DG,

dentate gyrus; ENT, entorhinal cortex; CLA, claustrum; LA+BLA, lateral amygdala + basolateral amygdala; CP,

caudoputamen; ACB, nucleus accumbens; LS+MS, lateral septum + medial septum. e, Golgi-staining showing increased
spine density in the ACC in POGZVTR1038R mjce, Scale bars, 10 pm. f, Quantification of the spine density in the ACC (WT, n
=81 dendrites; POGZWTQI038R 1y = 8() dendrites). g, Representative traces of mEPSCs obtained from the ACC of adult WT

and POGZWVTQI038R mjce, h, j, Summary of mEPSC frequency (h) and amplitude (j) recorded in each neuron (WT, n =8
neurons; POGZVTQI038R ' = 15 neurons). Note that averaged mEPSC frequency in POGZWTQI038R mice tended to be higher
than that in WT mice. i, k, The distribution of the inter-event interval (i, WT, n = 792 events; POGZWT/QI038R ' =1 485
events) and the amplitude (k, WT, n = 800 events; POGZVTQI08R 'y =1 500 events) of mEPSCs. The cumulative probability

plots described in the inset show a significant shift of the distribution of inter-event interval toward shorter intervals in

POGZWTQI0BR mice, WT, wild-type. f, Student’s #-test. h, j, Mann-Whitney U test. i, k, Kolmogorov-Smirnov test. ***P <

0.001. Data are presented as the mean + s.e.m. This figure and figure legend are quoted from the reference [39].
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POGZVTQI8R < 7 2 DFESMHATEINC 03 D 51T A D> A perampanel D IKEZRIRES

POGZVTRISSR < 17 2 732X UM AAE RIS 38 1T 2 BUEE PEARRE M O3 T 22 FE AL BB 1 o -
AMBREOWME R LTz Z &b, BEEMEY 7 VA5 AMPA RO IEIL AR REFIC L - C
POGZVTRIBER <7 Z DA SMATEIOR T2 EE T2 Z LN TEDRENRBZ bz, £ T,
LAY AMPA SRR ESETH H NBQX (10 mg/kg) DOHEFERNE G- 30 43%21Z. open field test &
7213 reciprocal social interaction test 217> 72, NBQX |JEB) i L O AR~ 7 ZOF R A~ ¥

WX DBV I TENRF IR A 5. 2 72— 5T, POGZVTRIBR < 17 2 DAL I TE O

T&EE L7z (Fig.2la,b), S HIZ, AMPAZBERDA AT 47 « TR AT Y v/ « EValb—H
—Tohh, FuTANAFEEL LT The European Medicines Agency (EMA), The US Food and Drug
Administration (FDA), 33 X U Japanese Pharmaceuticals and Medical Devices Agency (PMDA) [(Z7&KFE
S TS perampanel (2D T b [RIEROFRFT 21T > 72, Perampanel (3mgkg) OfXN#H 5 30 4
#£1Z open field test & 721 reciprocal social interaction test %17 > 725, 3mg/kg @ perampanel (%
POGZVTRIBR < 7 2 iEFN 2 DTN TSI L —FT (FEZEIFR L), POGZVTRIGR <17
ZDEMEITE A RE S D2 ENHL NIz (Fig 2le, d)y TNHDFERND
POGZVTRIOER < 17 2 DS MEATE) OAR T IX BB ME S T 7" A R O R 22 AL AR T d 2 wHe
PR ST,
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Fig. 21 | NBQX and perampanel treatment restore the impaired social interaction of POGZWVT/Q1938R mjce, a, Distance
travelled in the open-field test 30 min after NBQX treatment (10 mg/kg) (WT Vehicle, n = 8; WT NBQX, n = 8; POGZWT/Q1038R
Vehicle, n =9; POGZVTRIB¥R NBQX, n = 8). b, Time spent sniffing in the reciprocal social interaction test 30 min after NBQX
treatment (10 mg/kg) (WT Vehicle, n = 10; WT NBQX, n = 10; POGZWVTRI93R Vehicle, n = 9; POGZVTRIBR NBQX, n = 11).
¢, Distance travelled in the open-field test 30 min after perampanel treatment (3 mg/kg) (WT Vehicle, n = 7; WT perampanel,
n = 7; POGZVTRIO8R Vehicle, n = 7; POGZVTQI98R perampanel, n = 7) d, Perampanel treatment (3 mg/kg) restores the
impaired social interaction of POGZVTQ1038R mice (WT Vehicle, n = 12; WT perampanel, n = 11; POGZWVTQI038R Vehicle, n =
11; POGZWTRQI038R perampanel, n = 11). WT, wild-type; Per, perampanel. Two-way ANOVA followed by Bonferroni-Dunn
post hoc tests; a, F1,20 = 0.09312; b, F'1,36 = 7.410; ¢, F1,24 = 0.3024; d, F1,41 = 7.658. *P < 0.05, **P < 0.01, ***P < 0.001.

Data are presented as the mean + s.e.m. This figure and figure legend are quoted from the reference [39].
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=1

B FANCHRRREREERIED Y A7 IRV GD L ENHIBEBEFICHONT, BROEREY
PR IRNT LT A LA R 5 2 L 1E, RRED 1 A 1 = X L OfFBRCH 72 70 TR RIS DA%
FTOTDICEETHD EBEZDILD, ITHE, BISHF TS de novo ZZHIZ 1% POGZ DFEHE
B & AR EREE L O BB AVRIR S UTUW D AN[13, 15-17, 23, 31-37]. POGZ @ de novo 755 L
TR I B EIRIE & DA LR BEMEIC OW TR Th - 7o, AWFFETIE, MRIEEEE O
1 > Todh D ASD BEH KD POGZ BILAFVED de novo 22D IFIFIEIZ SN T invitro 38 X W invivo
FBRRICB O TR L, ASD BEHED POGZ O de novo 2512 X Y POGZ DR JRITER L UK
BB OMRRFEZE AN T S &5 — 5T, FFEHRD POGZ O de novo ZEH T, T HIZHE A 5
272N AR L7 (Fig.3,9), £72. POGZ D denovo BERAEAN LT )V~ A& /EH L,
ZD~ 7 AN ASD |[ZBHET 2 RBM A RTZ LA LM LT (Fig. 18-20), & 512, POGZ 12
de novo 28 ¥ % F£5> ASD B3 iPS AIE SR OMREM L & | denovo R RN~ 7 A D KA E R
in utero electroporation {512 5 % Pogz / v 7 X0 RO REM 2R3 L AR Z &2
T& 7 (Fig. 6-10,15,17), 2O X512, & b &~ T ADY 7% AW aiEr e stz L - T
FL7= H1X )T ASD HBE KD de novo 28573 ASD OFRBANZEF LG L TWD Z & % invitro B &
Winvivo T3 Z ENTE T,

POGZ T B LTt EREN RO EE M

UG DT DR 2 R T IR IS AR R BB C & DR R R E X, ASD & MBREE O % &
W TR BINR N2 &2, ASD & HRYREZE L@ LT de novo BEVBFEIE SN 5B 1%
CHESNTND Z LD, MRFERE OEEBOFRESRIR D51 A B = R A A0
HDHEEZHND[L, 14], POGZ EIn+121% ASD BE DI 59, MAYkEE 2 XD ASD LSO
MR ERE R DD b de novo ZHINFE I TEY (Fig. la), POGZ OFERE R F 1L ASD D A
DT IRELARRRGERERIED U A7 e D A[ReEN B D, £, ASD & DSM-IV [ZHESWN
TR TH 2 BPANEREE ., 7 2~V —JEBRE, B X OREARRRO LT ZEEFICHFE L
By, RTCOPHFEOREIZILHE LT de novo ZENPFEE SN TWHEIEFIE POGZ 25D T 4
BIGFDOHRTHD Z ENHE SN TVD[19], 2D K 91T, POGZ DRERERF 1T ~T 0 2R BEET
b HIRISEEEICIB LI F A D= ALD 1 D Th D ATREMEN B %, BLKZE 2 &2, CENP-
DB domain | F 7213% OUEHIZAFAET 5 ASD BE KD de novo 2 541% dominant negative 72 %)) 5
Z~ L7z (Fig. 9e,f), — /T, POGZ DETDH /NI RAAL & RKTHT20D, loss of function
EREEZEZOND T B ARG EREFERENORE SN TN (Fig. la), ZhHDZ
LD, POGZ @ de novo ZE SR EIFDE NI K- T, ASD RAMIFEE & W\ o 7o s iz
FORBUNED L RN D D, Flo, MRFEEEEIT de novo ZHE, FIEWOBZHI N Y 2
7Ty R BRENER e EPEMEICKE G > TRIET 2B TH D &5 2 HI[57-60]. POGZ
DFERE B 1IN A AL DR FE R F I L DR EEEOIED S+ A=A LD 1 DI
72% 75T, SEROIMIEIE OB E 7e E OMRFER EORBAL, POGZ OHERERE & BRI
v 7 7Ty RRBENER & OMABEDEIZL > TEDSATREM N E 2 b5, MRt EREE
DIRARI 22 IE PRI 2 15T 23D 1 &L LT, JRERIEFICZRTH L Z L nNETFbN D
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2. POGZ @ de novo ERIZEBRTHZ & T, MfRFEE
SO 2 ENTE D EHFHEIN S,

EEEDOANT O IRJRENBET A=K

M RHIEBRIZ X 5 Tdenovo BEERDE BRI T2 EH

PROVEAN, SIFT, PolyPhen2, MutationTaster, CADD score % H T insilico TI A& AZE 5

DEBE TR UT-FER, MR EREREHRRD T OO I A AEHED 6 DO RIS L O
FHHRD 19 DI A AERN 17 OERNR, Vi &b 1 DOFHIY — /2B W TRIFMEE -
1L X N TRERE~DREN D D E W) RERIZI o7 (Table 1), £z, A KT A - TI A
T A BROIFEMEZ T % The American College of Medical Genetics and Genomics (ACMG)
classification[6 1|2 DN TlE, AMFFERERZ KM S W THE LG A, s EREERE L X
OMEFEHROERIT L bIZ, ZORENEEZWIE TE o lo, AR TIE. AWFHIC POGZ
D de novo 225473 POGZ DIERERC KM EZE DA EIZ 5- 2 DB DfFNT 24T\ . ASD B Hik
D POGZ ® de novo 25413 POGZ DI JRAER L ORI E ORI EL IR T I 2 — 5T, &%
FHHFRD POGZ D denovo ERITHEE H 22 L2 R L7z (Fig.3,9), £Z T, b Dk
HF% ACMG classification | S H7-& 2 A, E1040K A5 (v T A E1036K A HIZHY)
Q1042R &M (= 7 A QI1038R ZEF:(ZAH) X pathogenic |2, R1005H A% (= 7 A R1001H 28 5%
[ZAH), FI051L 25 (« 7 A F1047L ZZRIZHEY), 3 L OVH1084R &5 (+ 7 A H1080R ZE 5|
FA4) 13 likely benign (CFHIiZHHTT 25 Z &N TE /2, TNHORERIT, z—k‘/xz@;'%mﬁﬁ
‘@KomfmngfﬁmTé CIIRIERETH D Z L HWIITR L TR Y . ASD OFFRE
RO T2 DT EMFRI 72 TR K > T de novo BEEOIFHFEMEZFMT 2 ENEETHD & %Z
bivd,

Table 1 In silico prediction of the effect of de novo POGZ missense mutations identified in patients with NDDs and unaffected controls

Amino-acid ACMG classification

change PROVEAN SIFT PolyPhen2 MutationTaster CADD score ACMG classification including this study Case
S314N -0.70 (Neutral) 0.211 (Tolerated) 0.000 (BENIGN) 0.853 (polymorphism) 17.25 ASD
Y597C -7.01 (Deleterious) ~ 0.000 (Damaging) ~ 0.999 (PROBABLY DAMAGING)  0.997 (disease causing) 26.60 ASD
He41Q -7.66 (Deleterious)  0.001 (Damaging) ~ 0.989 (PROBABLY DAMAGING)  1.000 (disease causing) 25.30 ASD
S799N -1.81 (Neutral) 0.014 (Damaging)  0.985 (PROBABLY DAMAGING)  0.999 (disease causing) 26.10 ASD
E1040K -0.94 (Neutral) 0.003 (Damaging)  0.999 (PROBABLY DAMAGING) 1.000 (disease causing) 31.00 Pathogenic ASD/ID
Q1042R -0.92 (Neutral) 0.004 (Damaging)  0.991 (PROBABLY DAMAGING) 1.000 (disease causing) 27.20 Pathogenic ASD
T1210P -0.85 (Neutral) 0.038 (Damaging)  0.077 (BENIGN) 1.000 (polymorphism) 13.48 Unclassified NDDs
D23G -1.75 (Neutral) 0.001 (Damaging)  0.997 (PROBABLY DAMAGING) 1.000 (disease causing) 26.90 Uncertain significance  Uncertain significance ~ Control
N136S -0.17 (Neutral) 0.009 (Damaging)  0.118 (BENIGN) 0.899 (disease causing) 21.00 Uncertain significance  Uncertain significance ~ Control
N159D -1.39 (Neutral) 0.004 (Damaging)  0.993 (PROBABLY DAMAGING) 0.994 (disease causing) 26.30 Uncertain significance  Uncertain significance ~ Control
N341S -0.47 (Neutral) 0.054 (Tolerated) 0.384 (BENIGN) 0.923 (polymorphism) 16.72 Uncertain significance  Uncertain significance ~ Control
R374Q -0.70 (Neutral) 0.01 (Damaging) 0.993 (PROBABLY DAMAGING) 0.989 (disease causing) 27.20 Uncertain significance  Uncertain significance ~ Control
R379Q -1.40 (Neutral) 0.031 (Damaging)  0.997 (PROBABLY DAMAGING) 0.955 (disease causing) 26.20 Uncertain significance  Uncertain significance ~ Control
P446L -1.25 (Neutral) 0.204 (Tolerated) 1.000 (PROBABLY DAMAGING) 1.000 (disease causing) 24.40 Uncertain significance  Uncertain significance ~ Control
R502K -0.17 (Neutral) 0.641 (Tolerated) 0.064 (BENIGN) 0.866 (disease causing) 22.00 Uncertain significance  Uncertain significance ~ Control
V5911 -6.15 (Deleterious)  0.003 (Damaging)  0.994 (PROBABLY DAMAGING) 0.999 (disease causing) 24.20 Uncertain significance  Uncertain significance ~ Control
N632S 0.21 (Neutral) 0.137 (Tolerated) 0.882 (: ) 0.897 (polymorphism) 22.10 Uncertain significance  Uncertain significance ~ Control
R674C 2,53 (Deleterious)  0.03 (Damaging) ~ 1.000 (PROBABLY DAMAGING) ~ 1.000 (disease causing)  32.00 Uncertain significance  Uncertain significance ~ Control
R797Q -1.70 (Neutral) 0.04 (Damaging) 0.997 (PROBABLY DAMAGING) 0.996 (disease causing) 26.40 Uncertain significance  Uncertain significance ~ Control
D828N -3.68 (Deleterious)  0.247 (Tolerated) 0.835 (. ) 1.000 (disease causing) 23.80 Uncertain significance  Uncertain significance ~ Control
R1005H -0.75 (Neutral) 0.018 (Damaging)  0.998 (PROBABLY DAMAGING) 0.921 (disease causing) 28.20 Uncertain significance  Likely Benign Control
F1051L -0.62 (Neutral) 0.452 (Tolerated) 0.573 (: ) 0.998 (disease causing) 18.31 Uncertain significance  Likely Benign Control
H1084R -1.05 (Neutral) 0.319 (Tolerated) 0.666 (: ) 0.999 (disease causing) 24.90 Uncertain significance  Likely Benign Control
L1103H -0.46 (Neutral) 0.024 (Damaging)  0.875 (. ) 0.573 (polymorphism) 22.30 Uncertain significance  Uncertain significance ~ Control
A1288V -0.45 (Neutral) 0.013 (Damaging)  0.261 (BENIGN) 0.967 (disease causing) 23.10 Uncertain significance  Uncertain significance ~ Control
D1404N -0.38 (Neutral) 0.001 (Damaging)  0.990 (PROBABLY DAMAGING)  0.582 (disease causing) 27.60 Uncertain significance  Uncertain significance ~ Control

This table is quoted from the reference [39].
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POGZ D HREHME OMRR LS X OB ORZEZ HIET 2 A V=X A

AT, BT/ v 7 XU EERHA LT 7 a—FI12 X - T, POGZ MM O KM
BT B TR ESHIL Ot sk ds L OBLEMEAR AR O 5 E A HIE 35 Z & & invivo TR L
7= (Fig.6-8), F72, POGZ (2L > TJAG2 X U & LIRS 3 28 n - OB
TV AR A /RT Z LN TE 2 (Fig. 17), POGZ 137 u~F 2 V57U 75T 5
HP1, 3L OEHIREEREER 1O CHAMPL EFHAE/EH LT, B FREAIH S TV 58
FHEDO~w—H—E L THMONDAEARNHI D 9FHY VoD MU AF /U (H3K9me3) 1 b
ICREAT 2 2 LA STV 5 [43,45,62], fiE-> T, POGZ X HP1 ° CHAMPL 72 X DX LR
EHEAREA L T, H3K9me3 V4 MIBWGEE TR EZMH L WD NS X2 b b,
F 72, POGZ IZEEEFHHIN 1D SP1 o/ u~F o Vx5V 7ICB5 4% CHD4 L HEMERAT S
T SNTRY[43,44], EEOX 7 EEEERERA L, BEREISI nvTF U ET
Vo7 %N L CEBIETFRy NI —27 OFBEZFE L, MRFGELHIE L T2 AaReERE 2 b
% (Fig. 22),
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A
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Fig. 22 | Schmatic diagram of possible molecular mechanism for the impaired cortical neuronal development caused by
NDDs-related de novo mutations in POGZ. a, POGZ forms chromatin remodeling complex and promotes embryonic cortical
neuronnal development via regulating transcriptional networks. b, Disrupted function of POGZ caused by NDDs-related de
novo mutations in POGZ leads to impaired cortical neuronal development. CP, cortica plate; 1Z, intermediate zone; VZ,

ventricular zone; SVZ, subventricular zone; NDDs, neurodevelopmental disorders.

sua~Fr)ET) UV SEERGFOMEEREICX 2 RMEEMEMRREED R L ikRkE
R L oD R

AHFFETIZ. POGZ 7Y JAG2 %I L & D4t Lot B IR E T 2 Bin -y hU—
7 DRBERET D2 LIk o TR EL EICHIE L T2 alfetE 2 A L7 (Fig. 17),
POGZ L[AIkRIZ, 7 v~TF U ET U VHREA £ MECP2, CHD8, ARID1B, ADNP, CHD4,
CHAMP1 72 & D% < OBILFITHRIEEFEEBE NS de novo EERBFEINTEBY, Zu~vF
YUVET Y CTICHEET ABETOMERTEICIIBEE TRy NU—7 OFRBLIELE N —H O
R EFEEOIBDO G T AN =ALTHD EHEZHILDH[13,15,22,23], Hlx1X. ASD OIERE R
T Uy MEEFEOFKER T TdH 2D MECP2 1%, POGZ & [EERIZ HP1 &AHAAEM L T H3K9me3
YA MTHEAT 5 Z L[63]. 8 L ORI EZ EICHIBEI L T\ 5 2 & AN ST Y [64].POGZ
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DOFSRBR I X 2 iR I8 EEE & MECP2 ORERFIZ L2 Ly MEGRFHIZIZILBEOELE 1 >
T — 7 OFBUEDNFET D ATREMENRE 2 Hi1d, —F T, CHDS IX WNT v 7 /L7 EDik
GFRy PU—27 ORBEEMRET L LICL > THREEZAICHBE L TV Z ERHE SN
TWBR6], 2D, Z7a<=F L UET U 7 OREEEZ RS ERE BT O RkbE
B L AR O B 1T R ERERIED Y A7 120 b EB 2 Db, BERENZ &2,
sa~FrVET Y T OMEER FF OB s T ORSRE R F TR E L BIE T 258 e+ 5
BANH Y FEEOERZ R THRBEREETH- Th, TOREIZH DHRNLHED YT A B
SANTIELS BN DD, 5%, ZOLO R ra~vT U UET U 2T OBEEE FF MRt
s el BB R - O BEBEMRAT- ORI RS 2R S & o Bk &2 L4 2 & ¢, loBERR v b
T — 7 DRESR, 71 AT =R LHS APRRFEEREE O M OIS & B BRI 22 IR R
DOREFITND Z LRI SN 5,

ASD BEHFED de novo ZE7)% dominant negative 2R EZRT A =X A

In utero electroporation {52 &K > T, MR 14 H~ D AEO KANFEE VZ OFFEIZ ASD HB3H %k
D de novo 25 POGZ Z WFIFEEL L 758, GFP BEMER AR O KA E g ~DBEh 23 Jiil <
72 &7 5. dominant negative 72N R AR T AR ThH 5 AlREMEN RS L7 (Fig. 9e, ). ASD BFH
HIR D de novo 2587 POGZ DRZRTERITIRNZ & 2D BRI POGZ OBBATAILET 5 2 &
|2 & 5 T dominant negative 722 R Z R T AIEEMENEZ Z B D, LrL. ASD BEHIKD de novo
78 56 myc-POGZ % i FIJEBL L 72 Neuro2a flifiilds £ O SHSY-5Y #ifdiZ 5\ TWAEMED POGZ 73
IEFICERIEL TV Z L b, ASD B HI3RD de novo 28 571 POGZ 387 427 POGZ DIZEAT
\ZR B A G 2 7002 LRI STz (Fig. 3d-g, j, k). ASD FBEHKD de novo 2 HI POGZ 3
dominant negative 72 2R A R TFEM 72 A 7 = X LIIRMEH TH 525, SP1, HP1, KN CHD4 72 &
® POGZ OHAAERKF L MlE CREA T2 2 & T, MAERKRFOEBAT 2 HET 2 raeMEN
Ez2 oD, £, de novo EEA POGZ O DNA FEREENK-72Z L5 (Fig. 4). POGZ IZ
FoTru~F Al 70— SN XEHEMEHRKEF & de novo ZEM POGZ SFEHT 52 &
(&~ T, BAM POGZ IZ L DMAENEMKRFO 7 n~F~D Y 7 )b— b EZBEHNTIET S AT
BEERE 2 Hivd,

— T, POGZ DETDE L RT RAAL L ZBRKT DT LMD loss of function BRTHDH &%
2 BIND de novo 1 ZZEH Q180X, S278X. Y404X. 3 K TN E4A27X JNHRRFE R R )
HRIEINTWNWD Z X (Fig. la), POGZ %/ v 7 XU T 52 L2 Lo T, KRINECEBUE Mo
AR DR EEDINH| S 47z Z &2y (Fig. 6-8). dominant negative 72N A2 RTERDOHI2 5T,
POGZ O loss of function 252 & iR FE R FERIED Y X 71272 5 ATREMENZ 2 B D,

75 BT K HBERE B DR R ERIE D U A 7272 5 FIREME S RIE STV HIEAR T & A
TR EERE R & OBEME O 2 B L 72 AW FERICB W T, NI R AREET A~ T A% [
WEFFEI % < | TR L [RIERD de novo R AN LTo~ U R % ORI O BNIRTEHE 372
W, ABFFEIZ &> T, CENNP-DB domain %7232 DUEHIZAFET 2 ASD BEHIRD de novo
25 5413 dominant negative 72 WA R Z L ARSI ALTZTE D, denovo ZEFITHE B U 7o iR Fs iR E
MFEIZ B W TE, MR EREERER (R ONT B ARET N~ T ADHR BT, il % D denovo
BHIZER LICAEWTHIRERPAN THL EEZZ 6D,

33



POGZWTQOBR < 7 2 > Kb P B BB AR S BTE AL 3D A 7 =X A
POGZVTRIOER 2 07 Z U AR HNZ I\ T KIMBE 18 D BLUE PRI D& EEAMEE R LT D
bbb (Fig. 15, ), FEEMEATEINIZ KN R E o B M A e O 18 el 7o Vi Ak 2 ok LT
(Fig. 20), POGZVTRIBSR <17 2 ¢ BLAE MEAR AR AR I, MEARS B AR R Iz xh 9 RUERE & L T
CUX1 O3 A BN S 25 A REMEDSVRIB X iz (Fig. 16), CUXI1 (B MEARGARIZ W TR B
TOWEHER - TH Y, T T ALHIREEOTER AT 572 &, B VAR DR
MRRISEN ZHIHT 5 Z EDRME SN TND Z ED25H[65], POGZVTISR < 7 2 ) K fipd B e B 28 4
PRSI O @ R 72 TEECITARE R 22 CUXT BL ER 2 L TV D AfREMER B 2 b b,

POGZWVTQIB8R < 17 2 L w2 B (3@ L 7o KRB

POGZVTQIOSR < vy 2 [ TR A8 SRR 5 | Z B 9~ 2 i 6azE . ARG Eh, 36 KUY ASD oRnife s &
BE 9 D4 TEY D FH &Rk L= (Fig. 11, 14, 18-20), POGZ |2 de novo R % FfL | GAPHT — X %
REFT D MRRFGERFRE 34 AD DB, 13 NI/NEEDPFR A HE S TH Y [17, 31, 33-37].
POGZVTQIOER < 07 Z DA AW/ ESNWZ Eic—59 5 (Fig. 11), £72. POGZVTRIGER < r7 2
XN 350 THES AT I RE D RN BB AR O R 7 TE L, T 7205 BN /3T A DL
&R LT (Fig. 20), BRAEMOMKIZE T 5 POGZ OFBLEFIZE & (http:/hbatlas.org/hbtd/image
s/wholeBrain/POGZ.pdf; http://hbatlas.org/hbtd/images/nctxBrain/POGZ.pdf) &~ A (Fig. 5) Tik
WLTWDZ &L BLUPOGZIZ de novo Q1042R 28 5% Fi >3 ASD #3 iPS #lia i ske oo 4
i G AE O POGZVTRISR < v7 2 ¢ K ik B B AR FR ARG D %6 22 DAR 1ML L 7= R BIA &
RTZEMD, KM BRI OREDO T & Z U5 & < KIMEE O AL O 7275
PEALRASMATEI DMK T, POGZVTRIBR < &7 2D 770 53, POGZ I de novo 7558 % 5O
P ASD BBFICE W THRE TW D AREMEN H 5[66], Z D X 912, POGZVTRIBR < r7 2 | TR
EEEAF LB LR A2 R L, KINEM MO ERT OET L~ AR V155 &
EZ DD, Stk POGZVTROMR < v7 2 % [N = B 72 DHFFEIC K o T KM R BT AR A A oD % 522
B L ASD 7 & ORISR E IC BT 2/ THIR B A OIS 5501 A 1 = X ORI S
FoHZENTED MRS ND,

E/1 X5 2 ZADFEH ASD DIREREEMGIZ 72 5 Al REM:

BINEY AMPA ZRIALEIRIC L2 BB 7T L OEIZL Y . POGZVTRIBR < 7 2 (Dtt4
PEATENOAR FSEE L2 2 & D, POGZVTRIOSR = v7 2 0 K K BN 33 U 2 BILAE M et A e oD 3
T 72 TG AL IS PR TEY L L BT 5 Z L AVURIR SN D (Fig.21), X512, ASD & TAMALE
DFREBINZNZ &0, ED5F A T = XL E D B D ATREVEN R Z LTV 5[67, 68], IR
BUGIZBNT, SLTADPAERE L THOLND AMPASBEEKOR T T 47 « Ta AT Y v« F
Vo L—H—"Th % perampanel 1, POGZVTQIOR < 7 2 DA SMEITEN A IE S B2 LD b,
ASD & TAMNADGFIRREIZ GBS 5 D 2 & N FF S 4L, perampanel D A7 5O HTT A
AL RIZTRFEED 720 ASD OHFIEIR TH DAL AEH OIK FTOIREE~D KT v 7
VRT Y a = 7O & R D REMENE 2 biLd,

ARAFSETHWTZ POGZVTRIGER < 7 2 %58 C, ASD BB (R T DEfs AL~ 7 A2 L

TRD LN EMZERE O —F L LT, BN AT AOENNRET NS, MANTIE E1 T
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VAPREICHREI SN D Z LI Ko TIER MR R7zi, B N T ADELIVT S MATE
RRAMSEEDIR TICBEN D L EX BN TV D [69,70], #HilziE, ASD »5%% < @ de novo 2 #
MEEINTNWD CHD8~T 1/ v 7T U b~ U AIHEEIZE T 25 mEPSC OiRIEO¥E N
RUI2Bl. ARIDIB~7 1 /) v 777 b~ A TKMEEICBIT D mIPSC OBEEDIK T %779
(28], F7eb>b, CHDSE XN ARIDIB~7 v/ v 7 7 v b~ AL POGZVVQI038R < 7 A L[]
BRIZ Bl NT U AQBEMN Y 7P NA~DIRY Z2r9, —HT, WAL ASD BEEEE T TH D
TAOK2 ~7 11 ) v 777 b~ ZIKRMZEIZH TS mEPSC OHEDIKT, +7/4b5 BN
T ADOIEIE Y 7 A~OE Y T [71], o T, ASD BEELER 7 OB T iZE~ U AT
ENNRZ U ZAOENE WD @SN H D —F5 T, B NT o ADELIN D HaPEiE3m L Tunian ke
ER bbb, 51 ASD MR REREFICHEE T B FICER LAY TRt L ED 5 2 &
\Z& o T, BI AT ZADFELIUCHES S MRS EREF O Rl ORE L | B /3NT7 2D,
NFIIE T2 VE I VY 7 VO 72 & O BE BRI 2GR O L2 EBI T 5 2
EBHIRFESND,
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B_EFE HEEAXY FT ABEEREX /37 protein kinase D2 D EARI RINE'E
PRI T DRERRRAENT

Protein kinase D (PKD) (& catalytic domain & 2 2@ protein kinase C (PKC) [ZHH{EL L 7= cysteine-
rich phorbol ester binding domain Z >tV o« A LA =2 FF—ETh 5[39,40], PKDI1, PKD2,
BLOPKD3 225065 PKD 7 7 I U —FHIfufECAIARSN 2> & ORI IS U TR 5 3B & —
VERTZETHLNTWA[T2, 73], Bl 21X, PKD2 I RAS OHEFEMEHIINIC 33\ CHIKEEGE & 4y
{EIZBIE- LT 5[74, 751, X HIZ, PKD2 (FMMICHB W TH @HL L, Mo 2k 2 HliHd 5 2
ERHIE STV B[76. 77],

INETICHIEBEE DT 2 7 —T I3 ASD 375 PKD2 |2 de novo B H % [FE L T
B U[15,16]. de novo Z5H&IZ &% PKD2 DREEEFL Y ASD FIED U R 71272 5 AlREMEN B 2 B
%o RIBE ORI OFEERE X ASD OJFRED 1 D Th D Z & HRE STV D H3[78-81],
fMFEFEIZ BT D PKD2 OREBEIZI R TH 5,

AHFIE T, KIMEEAR ML DRI 1T D PKD2 OHERERENT % invivo THii L7, Pkd2 1%
JiE A= B R B DR A Z B W TR BL L, Phd2 D ) v 7 X7 T Ko T 7 AED KK FL
BRI OFEDNH STz, & 51T, ASD FBFEHKD de novo A H A L7- PKD2 O HL
U Uit r~b, BLXOPKD2 O Tt 7T Tdh o ERKIZ2 OV UL L~LMETF LTz
728, PKD2 @ ASD BEH KD de novo 2212 K - T PKD2 O F F—EBIEMEDME 925 AlFEMED
AR E Tz, LA EOFERD D PKD2 AIEAER O KAM B OREEZHIET 5 2 &, BELO
ASD BEHIRD de novo 2243 PKD2 DIREICEFE # 52 5 Z & TASD DRIED U R 7|27 % 7]
REMEDS R S 7z,

36



KRR

< O A BIT D Pkd2 DRE/ T — BT

PKD2 DMFEEICE T DHERELZ A ST D72, 9~ 7 AR ERFE DM Pkd2 O3 BRNT
AT o7z, WG 10 B2H 8 Wl ORI OIKNIZIS 1T D Pkd2 DFEEL T % E&H) RT-PCR 12 L - THE
BT U7ehb R, Pkd2 IZRA B OB A OIRF T o 2 1R 10 B2 6 16 H ORICHEELN & <, A%
ITHBEDNRL T T D52 ERHL M- 72 (Fig. 23a), £ 2T, Il 16 H~ v ARIZE T
% Pkd2 DEWNFEBLNAA LR D720, ~ U APROKMMFIRIZ IS D Pkd2 OF8EL &% it L7z,
Phkd2 | 3R RN BE ORI T b 2 TR 77V 7 ila s 2 < FEAE Lo G AR BT 1Rt il el pE AR
DG ToH HMRERF/MNE TH (VZ/ISVZ) IZB W TEFEBL L T o (Fig. 23b), £ 2T, invitro TH;
3B LT~ U APRES R & ~ o AR IIRIZ 351 D Pkd2 OFSBLE % fRHT L 7245 5 Pkd2
ARSI L 0 BRI B W CERELT 5 2 L B M o7 (Fig, 23¢), ARFFETH S
DNT TR o T2 Pkd2 OFBL/ K — 1%, PKD2 3EAEI O KM ARSI O E 2B S LT D 2
LERRELTND,
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Fig. 23 | Pkd2 is highly expressed in NSCs of the mouse embryonic cerebral cortex. a, qRT-PCR analysis of temporal
expression patterns of Pkd2 mRNA in the mouse brain (each n = 3). E, embryonic day; wk, week-old. b, qRT-PCR analysis of
regional expression patterns of Pkd2 mRNA in the mouse brain at E16.5 (each n =3). VZ, ventricular zone; SVZ, subventricular
zone. ¢, qRT-PCR analysis of the expression levels of Pkd2 mRNA in NSCs and neurons (each n = 3). a, b, one-way ANOVA
with Bonferroni-Dunn post hoc tests; a, Fio, 22 =20.24; b, F7,16 = 12.12. ¢, Student’s ¢ test. *P < 0.05, ***P < (.001. Data are

presented as mean + s.e.m. This figure and figure legend are quoted from the reference [42].
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Pkd2 D) v 7 XU 3= U A KMBUEMRHIRIEEIC 5 2 2 BB ORI

Je AR ORI TSRS I 1T D PKD2 OFEREZ B DN T 5728, Pkd2 % % —7"» M7 % shRNA
(MISSION TRC shRNA library SP1, SIGMA-Aldrich) & miR30-based shRNA (shRNA™R30) ¢> 2 Fi¥H
DEBT /v 7 B0 EE Ve, shPKD2 & L < 1% shPKD2mRO K NPKD2 # 2 — K577
A R Z—7Z% HEK293T MiIC F T v A7 27 a Al k> TEA L, Pkd2 DRI Z RN
L7, Pkd2 DRBUK T #8352 LM T 7o (Fig. 24a,d), £ 2T, IBHs 14 H~ 7 AED
KIMFZE VZ OFIZIZ GFP, shRNA, BL O PKD2 #ZNZENa— RT5H57 T AI R X —%
in utero electroporation {E1Z K - TEA L, M 18 HIZIH W T GFP GEMIE 2822 L=, KIMEE
% BB EJE (Upper CP), FEMR TJE (Lower CP), ¥ X OVWHfE/INETH (1Z/SVZ) ® 3 JElZ4y
7 C. KO GFP [iEfla0EI& 2 HET 5 Z & T, GFP MR O 8) & 37 L 7=, MISSION
shPKD2 D& AIZ Lo T GFP [ ERa oo K6 E g~ s3] S iu7z (Fig. 23b,c), BPAER
PKD2 OIEHIFEINL Pkd2 / v 7 X2 X% GFP BPEMIE OB E O Ml 2 118 Lo 7o —F
T, PKD2 DOJEMERIERIRCTH 25 PKD2S07IE M3 HIZ L - €, BEYOMEHNILIEE L 7= (Fig.
24b, ¢), F7z, shPKD2™MROZ X% Pkd2 D/ v 7 X7 2 L - T GFP Rl OB B Xl &
iz (Fig. 24e, ), UL EOFERENG | PKD2 2MARAEM O KA EIZ B W TR ELZHIF L T D
BB T,

[ shControl 570617108 [J shControl
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Fig. 24 | The neuronal migration is impaired by Pkd2 knockdown in the mouse developing cerebral cortex. a, d, The
knockdown efficacy of shPKD2 measured in HEK293T cells transfected with pcDNA3 expression constructs encoding WT
mouse PKD2 and MISSION shRNA vectors (a) or sSIRNA™R3 vectors (d) (each n = 4). b, e, The representative images of
embryonic cortical sections at E18.5, 4 days after in utero electroporation. Scale bars, 100 pm. ¢, f, Quantification of GFP* cell
position in indicated zone of developing cortex as a percentage of total GFP* cells (each n = 4). CP, cortical plate; 1Z,
intermediate zone; SVZ, subventricular zone. a, d, Student’s ¢ test. ¢, f, two-way ANOVA with Bonferroni-Dunn post hoc tests;
¢, Fa,27=493.8; f, F2, 18 =400.3. *P <0.05, ***P < (.001. Data are presented as mean + s.e.m. This figure and figure legend

are quoted from the reference [42].
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PKD2 O#fRbIZ T DHEEE S BITHT T 5728, BRIl 14 H T in utero electroporation 14T
X0 KRIMEEMEHR (VZ) DM~ GFP, shRNA, B X O'PKD2 #ZhENna— RT57 T A
I RRT Z—DEANEAT, KIMECE FE~DORaOBE N & Th 2 ln 16 HIZBW T T A
RO T % (EE U7, I 16 B ~ w7 ZPRO ] i 38\ TR O~ — 71— T d % PAX6,
PRI D~ —J1 —Tdh 5 TBR2, I X UMD~ — 01— Toh % SATB2 DHJEGL AT
W, K~ — I — D GFP MR OFIG 2 RE L, Pkd2 D/ > 7 X0 L idiR kil B 2 5
BARNT T2, Pkd2 D/~ 7 X722 L > T PAX6 FPED GFP Bt iia oA 23 8m L 7=
(Fig. 25a, b), FREESHIFLOEEINZ LN, Pkd2 7 ~ 7 X VBT TBR2 BRPE ORISR 35 X
N SATB2 [P E DM OB A MK T L7z (Fig. 25¢-f), ZNHD Pkd2 D J v 7 X7l X 54
PHRRARRORE DEIG D2 ki, PKD2ST07E (g 5Bl K - THEIfE L7z, > T, PKD2 2 RAH
DFFRRFETEITISVN T, PR ORI 2 HIAE L T D Z LSBT o T,
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Fig. 25 | The neuronal differentiation of NSCs is impaired by Pkd2 knockdown in the mouse developing cerebral cortex.
a, ¢, e, The representative images of embryonic cortical sections at E16.5, 2 days after in utero electroporation.
Immunohistochemistry for GFP and PAX6 (a), TBR2 (¢), or SATB2 (e) is shown. Yellow boxes indicate area enlarged in the
lower panels. Arrowheads indicate co-labelled cells. White scale bars, 50 um; yellow scale bars, 20um. CP, cortical plate; 1Z,
intermediate zone, VZ, ventricular zone; SVZ, subventricular zone. b, d, f, Quantification of each cell marker* GFP* cells as a
percentage of total GFP* cells (each n = 4). One-way ANOVA with Bonferroni-Dunn post hoc tests; b, F2,9 =29.32; d, F2,9=
23.69; £, F2,9=6.105. *P < 0.05, ***P < (.001. Data are presented as mean + s.e.m. This figure and figure legend are quoted

from the reference [42].
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ASD BFE HIED de novo BE ) PKD2 O X F—BIEHEIC 5 2 5 BB

LR O L RIFFEIC K > TR HIL,ASD BB#E 225 PKD2 @ ClaEF — 7 EIZ de novo 78 ¥ S183N
ZRELTW5D [16] (Fig. 26a), F7=, MOMIE7 L—713 ASD &5 Cla®F—7 L ClbE
F— 7 DN de novo 255, R232C % [A]E L TV 5[15] (Fig. 26a), ZiL 5D Pkd2 10 de novo 78 5
25 PKD2 D F F—BIEMIC 5 2 2B AT 5729, £79 PKD2 OF F—EIEMEIZE S L Twn
52 ENHEINTHNDHPKD2D-T6FEH DL U > (S876) D HC Y (b L ~L & fi#hT L7-[82],
myc Z Z PN U= B AR S183N 28 & 7213 R232C A H7 PKD2 % HEK293T AHfE i Ji il 4
Bl X, western blot (ZX > T S876 @ H LV (L L~V A MiFEAT L7z fE 5, BF/4E% PKD2 (ZkE~
C de novo ZZ ¥ PKD2 D H LY V(L LUK LT 72 (Fig. 26b, ¢), &KIZ, PKD2 (% ERK
O _ERINFTH D 7-5[83, 84]. myc ¥ 7ML 7=BFAER S183N AHA F7- 1% R232C 28 BA
PKD2 % 5#ifi| 38 L 7= HEK293T #lfZiZ3 T, ERK O U V(b L ~L & fiffT U7, B4 PKD2
FRIEIFEIREEIC X T, de novo ZZE ZE A L 7= PKD2 58138 AL TIZ ERK © U kL ~Li
KF LCu /= (Fig.26d,e), LA EDOFERNS, ASD B H KD denovo 2 1 - T PKD2 DX
—BIEMEAES T 5 AR R STz,

a
Human PKD2 878 aa
NI . T . ] STKc-PKD —e
& O wrt 0O WT
o & W S183N B S183N
[+ 120 B R232C e 120 R232C
7 N
b o 8 d o <
& T 100 A & & 100
N & & RS & y
S 804 . &~ 80 *
e pPKDZ 22 p-ERKA1/2 3s b
~ W | (s876) g5 607 (T202/Y204, T185/Y187) @5 60 7
EE 4 - 28 40
2 °
P B . | VoPKO2 520 R
¢ ERK2 °
14
0 - x 0 -

Fig. 26 | The kinase activities of ASD-associated de novo mutated PKD2 variants is attenuated. a, Schematic image of
human PKD2 protein (NP_057541.2) and de novo mutations. Cla and Clb, Protein kinase C conserved phorbol
esters/diacylglycerol binding domain; PH-PKD, Protein kinase D pleckstrin homology (PH) domain, STKc-PKD, Catalytic
domain of the Serine/Threonine kinase, Protein kinase D. b, Representative western blots for phosphorylated PKD2 (p-PKD2)
(S876) and myec. ¢, Quantification of relative band intensity of p-PKD2 (S876) normalized by each myc-tagged PKD2 level
(each n = 4). d, Representative western blots for p-ERK1/2 (T202/Y204, T185/Y187) and ERK?2. e, Quantification of relative
band intensity of p-ERK1/2 normalized by each ERK2 level (each n = 4). One-way ANOVA with Bonferroni-Dunn post hoc
tests; ¢, F2,9=9.594; e, F2,9=6.362. *P < 0.05, **P < 0.01. Data are presented as mean + s.e.m. This figure and figure legend

are quoted from the reference [42].
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=1

INETORTZHEDOMITIZ L > T, PKD2 LT/ A VERIZK > THE I LD Neuro2a Hifdd
TR E A EICHIET 5 2 E N RSN TV H[16], £7-. PKD2 A3t Hiin o At % H i 3 5
Z & b SAVTUWNE 376, 771 T ORI FE 2 12 36 1T 5 PKD2 OREREII A Th - 72,
ARG Ko CT, Phd2 D3RI ORRRPE L DN AT Z 2 ORFINC . KIMEE VZ/SVZ O ffkes
HIRIZB W CEREIT 5 Z E R L NN > 72 (Fig. 23), F£72. PKD2 2MM¥E W O fh e ssHm i
DR EFS K ORI O KM E g ~OBEhZ I L T\ 5 Z &% invivo TIZUH T
BH 5 2MZ L7z (Fig. 24,25), & 51T, PKD2 @ ASD B HED de novo 252 K > T, PKD2 D
F—BIRENME T2 Z E N ST/ o 72 (Fig. 26), ASD & KIMEUE D385 D By & o Bk
DWESNTND Z L& E 2D L[78-81]. PKD2 O de novo 75 $1Z X % KIM BB EHIE D3
FEDOIL T2 ASD FIED S A T = X LO—8i T 5 AlREM NS 2 5 5H[42],

PKD2 23K BRI DR Z HIHET 5 A =X A

ERK DIEMEALIFZARE /2 (L[85, 86]CHlafs@h[87, 8814 1L U & Z iR I\ CEHE 7ok
E % > TV 5, ERK OTEME(LIT STAT3 #2#E OIEMEAL 2 L T b 2325 — 5 C[86, 891,
ERK DOIEPEAR I Akt #8552 TEPE(L L CL AP ie 2 208 73 (b > & B Ol a1~ & FE 3
%[90], 2D X 51T, ERK ¥ 7 F L iIsiapiifia Otk & B OO N T o 2 2L T
5 ENHE SN TWA, PKD2 1L Fifi?> ERK OiEM 245 Z L2k - T, whfksiifino g
CUEGE & AR b DN T A F i I8 00 RN Bz AR AR 0D 652 A il L T\ 5 AT
PER B D (Fig. 27),

Migrating @® Intermediate < Radial glial cells
neuron progenitor cell (Neural stem cells)

(PKD2 #&;

P
ERK = (ERK

P P
Akt STAT3 = (STAT3

Cytosol
sssss

Fig. 27 | Schematic diagram of possible molecular mechanism for the cortical neuronal development regulated by PKD2.
a, PKD2 regulates the balance between neuronal differentiation and self-renewal of neural stem cells via phosphorylation of
ERK in developing cerebral cortex. b, Impaired kinase activity of PKD2 caused by ASD-related de novo mutations in PKD2
shift the balance between neuronal differentiation and self-renewal of neural stem cells towards the self-renewal. CP, cortical

plate; 1Z, intermediate zone; VZ, ventricular zone; SVZ, subventricular zone.
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In utero electroporation 512 X 2 BREFHZ BV TH AR PKD2 OMHIREN Pkd2 /) v 7 XUV DE
BHAZEE LRPoTo AT =X A

PKD2 D{EMERIZE FAR T & 5 PKD2S7O7E D g FBUT Pkd2 / v 7 X0 AT K D RIMBEE ik
O3 EDOIHIZ [1E L 7= D% L (Fig. 24,25), B4R PKD2 OFHIFE CIXEIET D Z &2
T& 72> 7= (data not shown), BF/ER PKD2 OFREIFEIIN Pkd2 / 7 X0 OFRBEA & [A1E L
IRVFERIZR A ) = X BIIARATh 575, MiIFEEL L7z PKD2 OFBLENNIEMED PKD2 (ZH~T
RA-43Ch o T rIRENE, BREIFEHL LTz Pkd2 DSNTEME Pkd2 & RIBEOMIBNRTEZ R Z LN TX
7RNVATREME, F8 KX USHIIEN T O IER 72 PKD2 OMERRIZIZNTEMED b O & [Flkk7e mRNA DR 75 A
VT MMMETH D AR EINB X B D, PKD2 OIETERIZSFIK PKD2S7007TIE ¢ ] 58 B
Lo TPkd2D /) 7 X7 ORBBINEE L2 02D X RBEEDOZWIREIRBL S 27 A
\Z & > TEAER PKD2 2B S D Z LT Pkd2 /) 7 X0 OFRBRANEIES 2 AN H 5,

ASD BBEHRD de novo ERIZ X o TPKD2 DX H—PEMIMETTA AN =X A

PLaT O FEIFEICZ L > TRAZZ B2 ASD H#E 726 PKD2 @ Cla € F— 7 EIZ[FEE L7z denovo &
HL S183N [16]. B X UMLOWIZE 7 L—773 ASD BBEMND ClaEF—7 & Clb EF— 7 OREIZ[H
TE L7 denovo 28 5% R232C [15] X PKD2 D& F—BiEME &K T &¥7= (Fig. 26), PKD2 |%, Cla &
F—TECIbET—TIMNBHR5ClL RAAL DY T V7Y tEr—/ (DAG) F 721 phorbol ester
SNOFEBE U THEMELT 2 Z E BTV 5[40, 73], ASD BEMNSRIE S 472 PKD2 O de
novo ZEIX Cla tF—7 EE7~iZ Cla®F—7¢ Clb TF—7OFIITFET 57D, PKD2 O
DAG X° phorbol ester ~DFEAEREZ KT S5 RN Z 2 HvD, DAG TR AFET 572
B, PKD2 (FIEHAL OB S RAT T 2 AIREME R H 5, £ 2 TAHT%, mye ¥ 7 AN U7 AR
F 7213 ASD HEH KD de novo 28 5 PKD2 % M @ FIFE L X1, de novo 22 7 PKD2 Dififia
JEREATHES, phorbol ester Z SN L72BRD B 2LV » gk L UL 72 £ D phorbol ester (2% 3 5 JH& M
EIRENTT 5 Z LI2 X - T, ASD BREHIRD PKD2 O de novo 2554755 PKD2 D % F—PiEMEA KT
SHDLAD=ALONCET D ENTEDLHEEZEZLTND,

PKD 77 I U—BIXOPKC 77 I U—D ASD BEH K de novo BE

ASD BFEHIRD de novo ZZEIL PKD2 DAH72 6T, Md PKD 77 I U — A/ 3—Tbh % PKDI
BELOPKDIPKD 7 7 2V —ZiWFF—E 77 IV —THSHPKC 7 7 I U —"D PKCA,PKCB,
PKCE, PKCQ. B X OPKC2 IZHRIE SN TWD[13, 15, 17,23, 91-94] (Table 2), F 7=, BE=FAF
ZERLEWFIRZE NN D PKC & 7 VDB L ASD & OBTE M /RIB STV 5[95-97], 5%,
PKD 77 X U—X"PKC 77 X U —0D de novo ZZRIZEH LT=H 72 D582 K - T, ASD DJiEIA
SORRED — B OFRIAIZITAT & . PKD 38 X ONPKC & 7 /v D B N RIEIC S5 ASD &9 #r
TR O EDORBICEN D Z L NSNS,
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Table 2 De novo mutations in other PKD family members and distantly related PKC family members.

Gene Chromosome Position Reference allele Alternate allele  Type Reference
30095782 g ga Intron Sanders S. J. et al., Neuron, 2015
30102082 t c Missense De S. Rubeis et al., Nature, 2014
PKD1 14 30102146 g a Missense lossifov I. et al., Nature, 2014
30107763 a t Missense Lelieveld S. H. et al., Nat. Neurosci., 2016
30107911 a c Missense D. D. D. Study, Nature, 2015*
PKD3 2 37486740 c t Missense D. D. D. Study, Nature, 2017*
64683232 g a Missense De Rubeis S. et al., Nature, 2014
PKCA 17 64684446 ¢ a Missense O’Roak B. J. et al., Nature, 2012
64685129 ¢ t Synonymous lossifov I. et al., Nature, 2014
64770121 ¢ t Missense lossifov |. et al., Nature, 2014
PKCB 16 24105500 g a Missense lossifov I. et al., Nature, 2014
PKCE 2 45856344 ¢ g Intron Kong A. et al., Nature, 2012
PKCQ 10 6470365 t c Intron Sanders S. J. et al., Neuron, 2015
PKC2 1 1998705 t g Intron Kong A. et al., Nature, 2012
*D. D. D. : Deciphering Developmental Disorders

This table is quoted from the reference [42].
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AFE
AL CTlE. POGZ 35 XN PKD2 @ de novo 2 5% & ASD F8JE & DB EM A fiF-H9 25 HY T, £

NN OBIRTEEW) DMFE IS 2 BEREMAT 6 L UMl 4 DIRART-D de novo ZEFEN T DEART
PEMI DREREIZ 5- 2 D B DT 2T o1z, TOREE, LTFTOMRE/L Z L TE I,

[ T

1. POGZ 73 JAG2 72 KOG v NV — 7 ORBIRE % /i L TR B AR 0> 5 722
Z il B Al REME 2 oRIB 9% = L 3T X 7= (Fig. 5-8, 17),

2. POGZ ?® ASD HEH KD de novo 75 F13 POGZ DI RAE, 1 K ORI B B AR A oD %
PEICBITOEZIR T S5~ T, BEEHEKD de novo ERIZZNOICHERH 2
727~ 7= (Fig. 3,9).

3. POGZZ de novo Q1042R & H % Fi-> ASD 3 iPS i H >k Ot A 1 3P R L e
DOIK T3 X OH CHEFERE O #E N & 7~ L 7= (Fig. 10),

4. POGZWTRIOSR < vy 2 |3 KN e B B AR IR oD 8 122 DA T | R0 B B B M e ek il e
DOIEFLIEVEL, BE Y ASD 21X U &3 D E & B 2/ TE R ORI
Rl ZR 7= (Fig. 11-16, 18-20),

5. POGZVTRIOBR < 7 2 DAESMATEN O T IE, B A H AMPA S AR ESECH 5 NBQX,
BXOAMPA ZREDORHT 47+ TRAT Y w7 « T2 L —F—ThHIHLTANA
3K perampanel |Z X - Al L7z (Fig. 21),

?Udi
i

1. PKD2 3P EEA ] 0O KM R AR Z B W T3 8l L. AR b X O 3 1
Z il L T 7= (Fig. 23-25),

2. PKD2 @ ASD BEH D de novo ZHEIZX > T PKD2 OFF—FiEMIZIET LT\
(Fig. 26),

AWFFETIE, in vivo THI®O T ASD BEIEIR T Tdh 5 POGZ & PKD2 DMFEIEEIZ 51T HHEHE
BN LTc, FRIZEH—F TIL. de novo Z 7% F5-> ASD B HIK iPS Ml & & D2 BTG
DERELBENLTo~ U R B ARSI T2 &0 R THRD Tz FIEE AW TR Z %
it U7 sSHTRYEN B B, RAFFEIZ L - T, POGZ O de novo 25582 X 0 KAMFZ & B el
R OFFEMET L. BRI 351 2 BLEE PEARREHIL O @Rl 7o 1E ML & A S MEATE O FIZEE R 5
EWVII TG ARE T 5 2 LN TE T, A%IE, ASD B HIK iPS a2 i Bl L 72 3 K
TAEERTH DA NH A RIZHEE T FERRS, POGZVTRIR < 17 2 73 K ik B B O AR &AL D
WL TEMAL A R T REM e A I = XA O % s L7228 & 1T 5 2 & T, ASD OIRKISFHRED
S DIZFEMR 53 A T = R LRI IR IR O RICHB T 5 Z L3 TE 2 &M SnDd, &
7o 55 —FCIL,PKD2 O BE HKD denovo ZZ 54753 PKD2 O F F—BIEMEICHE L 5.2 5 L\ ) |
PKD 8L ONPKC 7 7 2 U —DFFRETIIWD COMBAESGL Z LN TE 2, 5% PKD2 ORI D
T, MO PKD 77 2 U —BLXWOPKC 7 7 2 U —0 de novo ZRIZ3E H L= T4 Z 0
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e % = & T, PKD 3 L UOVPKC B 7 L D BEICEH L7z ASD DB/ 72 #4535 2 H
T2&EHIZ, PKD BLVPKC BIE#E S 7 /UICHE B LIRS OREEICIR T 2 2 LN T&E D
CHIEEND, B ERIOE _EONITEREEIL. ASD BEIEEF DO % D de novo EHEIZEH
L7724 O FIESSEEE 2 RTHDOTH Y . de novo ZHIZ5E H L7z ASD HFFEIZIB W T
BERMATHDLEEZXOND,
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BRI
AFRII~V Y R EFICHESE, RIRRFMEMEEELZESOEZE DL & TET LT,
TORAAHZ DNA ﬁikmk% Ein Rl BRI AEEROKREEED S & TETL
Teo BETOEMWERIIRORNT:, FORBESER KT, B X OBEYC A e sk i 78 it O B4 %
BREEXDAGEDL T, HA RTA4 UNH-TET LIz, &£ TO e MFFEREZ F - 58 IT
KRIRKRFFEMmMBEFEEZBESO MIMMIZEREEDOKRO S & T, RKIRKFIZB T M7/ A
IR BAT B BUEICHE - TEIT LT,

POGZ @ de novo EEDIEHR
ZE DB ﬁﬁkru%ﬁ%W%bka%w%

Table 3 De novo in POGZ

Subject ID Position (GRCh37) ion (NM_015100.4) Amino-acid change Case

EE6 151402109 c.538C>T Q180X ASD Stessman, HAF. et al.,, Am J Hum Genet., 2016
3 151400625 c.833C>G S278X ASD/ID White J. et al., Genome Med., 2016

14483.p1 151400436 C.941G>A S314N ASD lossifov |. et al., Nature, 2014

UMCN5 151397464 c.1152dup R385Sfs*4 D Stessman, HAF. et al., Am J Hum Genet., 2016
DDD4K.00380 151397434 ¢.1181_1182insAT M394ifs*76 Unclassified NDDs ~ DDD Study, Nature, 2017*

EES 151396736 c.1212C>A Y404X ASD Stessman, HAF. et al,, Am J Hum Genet., 2016
- 151396670_151396671 €.1277_1278insC E427X D TanB. et al., J Hum Genet., 2016

14551.p1 151384237 c.1790A>G Y597C ASD lossifov |. et al., Nature, 2014

FR5 151384217 c.1810G>T E604X D Stessman, HAF. et al., Am J Hum Genet., 2016
2-1402-003 151384104 ¢.1923C>G H641Q ASD YuenR. et al., Nat. Neurosci., 2017

UMCN7 151381211 €.2020delC R674Vfs*9 ASD/ID Stessman, HAF. et al,, Am J Hum Genet., 2016
EE4 151381211 €.2020delC R674Vfs*9 D Stessman, HAF. et al., Am J Hum Genet., 2016
1 151381022_151381025 €.2094_2097dupAACT V700Nfs*7 Unclassified NDDs  YeY. et al., Cold Spring Harb Mol Case Stud., 2015
EE3 151380920_151380922 €.2197_2199delGTC V733del D Stessman, HAF. et al.,, Am J Hum Genet., 2016
UMCN4 151380688 €.2263delG E755Sfs*36 D Stessman, H. etal,, Am J Hum Genet., 2016
EE8 151380660 c.2291delC P764Lfs*27 ASD Stessman, HAF. et al., Am J Hum Genet., 2016
DDD4K.03076 151380641 ¢.2310C>G Y770X Unclassified NDDs ~ DDD Study, Nature, 2017*

1 151380630_151380627 €.2321_2324delCTCT S774Cfs*16 D White J. et al., Genome Med., 2016

EE10 151379747 C.2396G>A S799N ASD Stessman, HAF. et al., Am J Hum Genet., 2016
FR2 151379743 €.2400dupC K801Qfs*7 D Stessman, HAF. et al.,, Am J Hum Genet., 2016
10C102646 151379469 ©.2459_2462dupGTAC F822Yfs*43 ASD Neale B.M. et al., Nature, 2012

EE9VY 151379431 c.2501delT L834Wfs*20 D Stessman, HAF. et al., Am J Hum Genet., 2016
7 151379418 ¢.2514dupC S839Lfs*25 Unclassified NDDs ~ YeY. et al., Cold Spring Harb Mol Case Stud., 2015
FR4 151378937 c.2574delT H858Qfs*13 ASD/ID Stessman, HAF. et al., Am J Hum Genet., 2016
UMCN1 151378921 €.2590C>T R864X D Stessman, HAF. et al., Am J Hum Genet., 2016
DDD4K.02675 151378800 c.2711T>A L904X Unclassified NDDs ~ DDD study, Nature, 2015*

3 151378761 €.2750dupC P918Tfs*26 Unclassified NDDs ~ YeY. et al., Cold Spring Harb Mol Case Stud., 2015
2 151378748 €.2763dupC T922Hfs*22 D White J. et al., Genome Med., 2016

5 151378731 €.2780dupT L927Pfs*17 ASD/ID White J. et al., Genome Med., 2016

- 151378691 €.2820insG N941Efs*3 ASD/ID Dentici M.L. et al., Am J Med Genet A., 2017
FR3 151378675 €.2836delG D946Mfs*12 ASD/ID Stessman, HAF. et al,, Am J Hum Genet., 2016
4 151378576 c.2935C > T R979X D White J. et al., Genome Med., 2016

FR6 151378510 ¢.3001C>T R1001X ASD/ID Stessman, HAF. et al., Am J Hum Genet., 2016
DDD4K.00566 151378510 ¢.3001C>T R1001X Unclassified NDDs ~ DDD Study, Nature, 2017*

13627.p1 151378489 €.3022C>T R1008X ASD lossifov I. et al., Nature, 2014

2 151378480 c.3031C>T Q1011X Unclassified NDDs ~ YeY. et al., Cold Spring Harb Mol Case Stud., 2015
UMCN10 151378471 €.3040C>T Q1014X D Stessman, HAF. et al,, Am J Hum Genet., 2016
4 151378470 c.3041delA Q1014Rfs*5 Unclassified NDDs ~ Ye'Y. et al., Cold Spring Harb Mol Case Stud., 2015
- 151378393 c.3118G>A E1040K ASD FukaiR. et al., J Hum Genet., 2015

P1381 151378386 c.3125A>G Q1042R ASD Hashimoto R. et al., J Hum Genet., 2016

EE7 151378372 ¢.3139G>T E1047X ASD Stessman, HAF. et al.,, Am J Hum Genet., 2016
DDD4K.01196 151378156 c.3354delC L1119Cfs*3 Unclassified NDDs ~ DDD study, Nature, 2015*

UMCN3 151378055_151378054 €.3456_3457delAG E1154Tfs*4 D Stessman, HAF. et al., Am J Hum Genet., 2016
UMCN9 151378055_151378054 €.3456_3457delAG E1154Tfs*4 D Stessman, HAF. et al.,, Am J Hum Genet., 2016
13398 151377904 €.3600_3607dupTGATGACG ~ E1203Vfs*28 ASD DDD Study, Nature, 2017*

DDD4K.03715 151377883 €.3628A>C T1210P Unclassified NDDs ~ DDD Study, Nature, 2017*

UMCN8 151377664 c.3847C>T Q1283X D Stessman, HAF. et al., Am J Hum Genet., 2016
181481 151414613 c.68A>G D23G Control De Rubeis S. et al., Nature, 2014

304150 151403194 c. 407A>G N136S Control De Rubeis S. et al., Nature, 2014

04C37021A 151402172 c. 475A>G N159D Control De Rubeis S. et al., Nature, 2014

373385 151400355 c. 1022A>G N341S Control De Rubeis S. et al., Nature, 2014

11999.s1 151397495 c.1121G>A R374Q Control Sanders S. et al., Neuron, 2015

339733 151397480 c. 1136G>A R379Q Control De Rubeis S. et al., Nature, 2014
DDD_MAIN5354965 151396611 c. 1377C>T P446L Control De Rubeis S. et al., Nature, 2014

94124 151396443 c. 1505G>A R502K Control De Rubeis S. et al., Nature, 2014

185197 151396443 c. 1505G>A R502K Control De Rubeis S. et al., Nature, 2014

05C43449A 151384780 c. 2086G>A V5911 Control De Rubeis S. et al., Nature, 2014

252240 151384132 c. 1895A>G N632S Control De Rubeis S. et al., Nature, 2014

328789 151384132 c. 1895A>G N632S Control De Rubeis S. et al., Nature, 2014

347306 151384132 c. 1895A>G N632S Control De Rubeis S. et al., Nature, 2014

572608 151384132 c. 1895A>G N632S Control De Rubeis S. et al., Nature, 2014

514341 151381211 c.2020C>T R674C Control De Rubeis S. et al., Nature, 2014
UK10K_GS5336859 151379753 c. 2390G>A R797Q Control De Rubeis S. et al., Nature, 2014

05C39335A 151379450 C. 2482G>A D828N Control De Rubeis S. et al., Nature, 2014

476929 151378497 c. 3014G>A R1005H Control De Rubeis S. et al., Nature, 2014
UK10K_SKUSE5080294 151378497 c. 3014G>A R1005H Control De Rubeis S. et al., Nature, 2014
DDD_MAIN5318548 151378358 c. 3153C>G F1051L Control De Rubeis S. et al., Nature, 2014

451927 151378260 c. 3251A>G H1084R Control De Rubeis S. et al., Nature, 2014

04C27862A 151378203 c. 3308T>A L1103H Control De Rubeis S. et al., Nature, 2014

200098 151377648 c.3863C>T A1288V Control De Rubeis S. et al., Nature, 2014
DDD_MAIN5247205 151377648 c.3863C>T A1288V Control De Rubeis S. et al., Nature, 2014

373775 151377301 c. 4210G>A D1404N Control De Rubeis S. et al., Nature, 2014

*DDD : Deciphering Developmental Disorders

This table is quoted from the reference [39].
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MISSION shRNA X% #—_ miR30-based shARNA X7 % —_ POGZ HEB~7 #—, BLRPKD2
HBNRT Z—

MISSION shRNA TRC1 X2 4% —|% SIGMA-Aldrich (MO, USA) 7> 5[ A L7= (Table 4),

shPOGZ™R30 35 J T8 shPKD2mR® D~ 7 v U Ol RSx4 > T 4 Y — )b
(http://cancan.cshl.edu/RNAi_central/RNAi.cgi?type=shRNA) T7 ¥4 > L 7= (Table 5), shRNA™R30
Y& FE oo 4 ) 2 DNA ($—1 7 ¢ > (Tokyo, Japan) 7>5HiEA L, PCR (2L~ CTHME L T
pCAG-miR30 X7 ¥ —|{ZH 7 rn—=7 L7,

mPOGZ cDNA (DNAFORM, Kanagawa, Japan, clone ID: 30745658). hPOGZ cDNA (DNAFORM,
clone ID: 100066397), 5 & TUF PKD2 ¢cDNA (Kazusa DNA Res. Inst., Chiba, Japan, clone ID: ¢p93316) %
PCR (2 & » THiE L C pcDNA3-6Myc X7 X —(ZH 7 7 u—=27 Lz, BHEA POGZ B LOE
FLAI PKD2 |3 KOD mutagenesis kit (Toyobo, Osaka, Japan) 7 12 k 2 /LIZHE> TERLL 7=,

Table 4 MISSION shRNATRC1 vectors
shRNA TRC number Hairpin Sequence (5' flanking-Sense Strand-Loop-Antisense Strand-3' flanking)

shPOGZ 1 TRCN0000098925 CCGG-CCTGTGAATTTGTGGGTTATT-CTCGAG-AATAACCCACAAATTCACAGG-TTTTTG
shPOGZ2 TRCN0000098926 CCGG-GCCAACAACAATGCTGGTAAT-CTCGAG-ATTACCAGCATTGTTGTTGGC- TG
shPOGZ3 TRCNO0000098927 CCGG-CCATGAAGATACTCGGCATTT-CTCGAG-AAATGCCGAGTATCTTCATGG- TG
shPOGZ4 TRCN0000098929 CCGG-GCCAAACAGTTAGACCAATTA-CTCGAG-TAATTGGTCTAACTGTTTGGC-TTTTTG
shPKD2 TRCN0000024328 CCGG-GTACGACAAGATCCTGCTCTT-CTCGAG-AAGAGCAGGATCTTGTCGTAC-TTTTT

Table 5 miR30-based shRNA vector
ShRNAMRSC Hairpin Sequence (5' flanking-Sense Strand-Loop-Antisense Strand-3' flanking)
shPOGZ’"‘Rs0 TGCTGTTGACAGTGAGCG-AGGCCCGAATCTTCAGTGAAAG-TAGTGAAGCCACAGATGTA-CTTTCACTGAAGATTCGGGCCC-TGCCTACTGCCTCGGA

ShPKD2™®  TGCTGTTGACAGTGAGCG-CGCAGTAAAGGTCATTGACAAA-TAGTGAAGCCACAGATGTA-TTTGTCAATGACCTTTACTGCA-TGCCTACTGCCTCGGA

These tables are quoted from the reference [39].

E7IRES

Immunoblotting %12 V72— K FLIA rabbit anti-POGZ (SIGMA-Aldrich, #AV39172, 1:1000), mouse
anti-TUJ1 (Covance, CA, USA), mouse anti-Myc (9E10) (Santa Cruz Biotechnology, CA, USA, #sc-40,
1:400), rabbit anti-Lamin A/C (Cell Signaling Technology, MD, USA, #2032, 1:1000), mouse anti-a-Tubulin
(DM1A) (SIGMA-Aldrich, #T9026, 1:5000), rabbit anti-PKD2 (phospho-S876) (Abcam, Cambridge, UK,
#ab51251, 1:1000), mouse anti-ERK2 (D-2) (#sc-1647, 1:500, Santa Cruz Biotechnology), ¥ J U\ rabbit
anti-phospho-p44/42 MAPK (ERK1/2) (T202/Y204, T185/Y187) (#9101, 1:500, Cell Signaling Technology,
MD, USA) TH 5,

Immunoblotting %12 V72 WK FLIRIE horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(Santa Cruz Biotechnology, #sc-2004, 1:1000) ., HRP-conjugated goat anti-mouse IgG (Santa Cruz
Biotechnology, #sc-2005, 1:1000), alkaline phosphatase (AP)-conjugated goat anti-rabbit IgG (Santa Cruz
Biotechnology, #sc-2007, 1:1000), 3 J " AP-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology,
#sc-2008, 1:1000) Td 5,

TG F U 2 — R PRI rabbit anti-GFP (MBL, Aichi, Japan, #598, 1:200), chicken anti-GFP
(Abcam, #ab13970, 1:500). rabbit anti-PAX6 (BioLegend, CA, USA, #901301, 1:50), rat anti-SOX2
(Molecular Probe, OA, USA, #A-24339, 1:50), rabbit anti-TBR2 (Abcam, #ab23345, 1:50), mouse anti-
SATB2 (Abcam, #ab51502, 1:50). rabbit anti-CUX1 (Santa Cruz Biotechnology, #sc-13024, 1:50), rat anti-
CTIP2 (Abcam, #ab18465, 1:50), rabbit anti-TBR1 (Proteintech, IL, USA, #20932-1-AP, 1:50), rat anti-
BrdU (Abcam, #ab6326, 1:40), rabbit anti-MAP2 (Merck Millipore, MA, USA, #AB5622, 1:200), B XL
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mouse anti-NESTIN (Merck Millipore, #MAB5326, 1:1000) T 5,

o Yett |2 VO T2 IR BUATS biotinylated goat anti-rabbit IgG (Vector Labs, CA, USA, #BA-1000,
1:200). biotinylated goat anti-mouse IgG (Vector Labs, #BA-9200, 1:200). Alexa Fluor 488-conjugated goat
anti-rabbit IgG (Life Technologies, CA, USA, #A-11008, 1:200), Alexa Fluor 488-conjugated goat anti-
chicken IgY (Life Technologies, #A-11039, 1:500), Alexa Fluor 647-conjugated goat anti-rat IgG (Life
Technologies, #A-21247, 1:200), ¥ X T Alexa Fluor 594-conjugated donkey anti-mouse IgG (Jackson
ImmunoResearch, PA, USA, #715-585-150, 1:250) Th 5,

Fluorescence in situ hybridization (FISH)(Z IV 7= $HT{K (% peroxidase (POD)-conjugated sheep anti-
Digoxigenin (DIG; Fab fragments; Roche Life Sciences, Basel, Switzerland, #11207733910, 1:250) T
Do

ChIP {Z V7= HUfK 13 rabbit anti-POGZ (Bethyl Laboratories, TX, USA, A302-509A), rabbit anti-POGZ
(Bethyl Laboratories, A302-510A), 33 & Of normal rabbit IgG (Merck Millipore, 12-370) T %,

< U ZAPIREER KB B AR D R Y

~ U AYMREG KRB B AR X, IRED 16.5 H D ICR ~ 7 AD KRB L 0 i L7-, Kid
(29 % plate | PLL /K¥#K 200pg/mL & AL, 37 CT—MiAf o FaX—rLTa—FT 17
U7z, ##&HAEIX 24 well plate (BD Biosciences, CA, USA) (Z 3x10° cells /well, 6 well plate (BD
Biosciences) (Z 1.5x10° cells /well D CHERE L CEBRIZH W=, Ml 2% B-27 supplement (Life
Technologies), 15 mM Hepes (Life Technologies), 100 U/mL penicillin, 100 pg/mL streptomycin (Life
Technologies). 5% Fetal bovine serum (FBS) (HyClone, IL, USA), 0.5 mM L-Glutamine (Life Technologies)
% & e MEM (Life Technologies) £5#h% T, 5% CO2/95% air, 37 CHOA > F 2 X—F —NT
BeA U7c, 5548 2 B BICHAGEMERIL O ¥EIN 2 B3 2 720 L #IREE 5 uM @ Ara-C (SIGMA-Aldrich)
BRI LTz, S n - 0128538 7 H BIZBW T, 4% paraformaldehyde (PFA) PBS TR, 10
REIEE LTz, F728:4%8 7 H BIZEW T, Cytoplasmic & Nuclear Protein Extraction Kit (101Bio, CA,
USA) TH /37 Z4itH L, PureLink RNA Micro Kit (Thermo Fisher Scientific, MA, USA) C total
RNA Zffithi L7z, LU FUANRIZLD /) v 7 B0 CERIZEW T, MlaffEoEicr o F o
A LA MOL =20 TG ST, B8 7 H BICHIfR A B L7z,

Ge RS

F A PBS T 2 [H¥E L7=1%. 4% PFA PBS # i\, =il 10 pMEE 21T o7, Dk,
PBST (PBS with 0.1% Triton-X) / 1% BSA TrRI{E LB L O 7 v v % o ZAWE 2 500 1 K T > 72,
—UBURE T By X YRR CHN L, 4 CT 16— 18 RERISUG S Wiz, —HUASUEH L, PBST
TR, 545, 2EWES Lz, kR E2 7 0y F 0 ZEETHAIR L, SR T 1 RS S E,
% O% ., PBST TR, 5 4[], 3 [EIYEH, PBS T, 547, 1 [BI%EH L. Fluoromount (Diagnostic
BioSystems, CA, USA) # HH\WCA T A RA T A ElZ~v T b LT, “REURICE » THRET HEE
(2, Alexa Fluor 546-phalloidin (Molecular Probe) (Z & » THHlEE#5 % . Hoechst 33258 dye (Calbiochem,
CA, USA) IZ X > TEA YA LT, MEYMA LML Olympus FluoView FV1000 confocal
microscope (Olympus, Tokyo, Japan) 35 &2 OF BZ-9000 microscope (Keyence, Osaka, Japan) THgsz L7,
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G0 % Yuta il 13 Image] software (NIH, MD, USA) 35 & OF Adobe Photoshop CS (Adobe Systems, CA,
USA) % VW CHEAT L 7=,

< U AFERIFHINEIE Neuro2a MIIRDERB LRI v A7 27 v a v
Neuro2a Al 13K B K5 B 5 R ZE B AR R B RE T BB 3l FE (BF i) 124k L CTaE W,

Neuro2a #Hildi% 10% FBS (Nichirei, Tokyo, Japan) % & ¢ Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with high glucose, GlutaMAX (Life Technologies) T, 5% CO2/95% air, 37 CDOA %
a2 N— X —NTHAE L 72, Neuro2a Mifld#EfE % H 12, GenJet In Vitro Transfection Reagent for Neuro-
2A Cells (Ver. I) (SignaGen Laboratories, MD, USA) Z N C KT A7 =7 g v Lz, HREGE
D=, hT AT =7 v ard3 BHEIZ 4%PFAPBS TRl [EE L 7=, % 7= immunoblotting ¢
oD, N7 A7 27 vard3 BEICHIFZ Y L, radio-immunoprecipitation assay (RIPA) buffer
F 721% Cytoplasmic & Nuclear Protein Extraction Kit (101Bio) T# >/ 7 i L 7=,

b MR IMIIE SHSY-5Y MO ER IR v R T2V a v

SHSY-5Y #fifdiX 10% FBS (Nichirei) % & ¢ DMEM with low glucose (= A1 )T, 5% CO2/95%
air, 37 COA ' F 2a_X—H —NTH#E L7z, SHSY-5Y #Mla#kfED ¥ A2, Lipofectamine 3000
Reagent (Thermo Fisher Scientific) Z HNC N7 A7 =2/ a Lz, TV A7 73002
H#ZHfd 2 [B1UX L, Cytoplasmic & Nuclear Protein Extraction Kit (101Bio) CT# >/ 7 ZhiH L7,

HEK293T #if13s &X OF Lenti-X 293T Ml DERB IR TV AT =27 ¥ g v

HEK293T #ifuis X O Lenti-X 293T #id (Clontech, CA, USA) L 10% FBS (Nichirei) % & ¢
DMEM supplemented with high glucose, GlutaMAX (Life Technologies) T, 5% CO2 /95% air, 37 C
DA F aX—H—NTHF L7-, HEK293T flifia#&fE >3 H |2, TransIT-LT1 Transfection Reagent
(Mirus Bio LLC., WL, USA) # IV ChF >R 7 =27 av L, hIv AR 722 arD2 HE
721% 3 AICHIIZZEIY L, TNE buffer & 7-1% RIPA buffer T# /37 Z4liti L, PureLink RNA
Micro Kit (Thermo Fisher Scientific) C total RNA Z it L7,

Immunoblotting

T ND s X7 B B % BCA Protein Assay Reagent kit (Thermo Fisher Scientific) CTE& L7
# . Sample Buffer Solution (2ME+) (wako, Tokyo, Japan) Z > 7 /LD 3 430 1 EIFML, 95 C, 5
OB A LTz, B2 7V %E 30(w/v)%-Acrylamide/Bis Mixed Solution(29:1) (nacalai tesque,
Kyoto, Japan) . APS (ammonium persulfate) (Bio-Rad Laboratories, CA, USA) . N,N,N'N'-
Tetramethylethylenediamine (wako). i~ /L RS R MK (nacalai tesque), 437 /L F B FH AR i
(nacalai tesque) (Z &> CFA%E L 7= polyacrylamide-SDS gel % VN CTESVKEI L7-, PVDF A7 L
> (Bio-Rad Laboratories) (7 =~ v METK T A7 77—, A7 L% TBST (TBS with 0.1%
Triton-X) / 3% BSA T=HR, 10 o7 e vx o 70 Lz, —kikE 7 v v &2 7R TRk
L. 4 CTI16- I8 RfMMUG SE T, —IRGURBIEH T TBST T 5 [mfeif Liz, —kPikz7 1w v
FUVRE AL, |IRT 1 FFRS S B2, £O%, TBST T=IR 5 /MO % 10-15 AT
-7z, Alkaline phosphatase-conjugated IgG #t{&IZ CDP star (SIGMA-Aldrich) % F\>, peroxidase-
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conjugated IgG HT/A 1% Western Lightning Plus ECL (Perkin Elmer, MA, USA) % W TRt SH 72, &
FES T Image Quant LAS 4000 (GE Healthcare, Little Chalfont, UK) (2 k> TR L, ¥ L7,

De novo R POGZ DY RTEMMT

Myc % 7 ZAH N U 7= By A & 72 13 28 B8 POGZ % 8B S 72 Neuro2a s L O SHSY-5Y #fl
fid7> % Cytoplasmic & Nuclear Protein Extraction Kit (101Bio) % IV CHEME 5y & BZ 157 2 fhiH
L. anti-Myc i, anti-POGZ $iif&, anti-Lamin A/C Hifk (BX#i7r~—7—), ¥ X anti-a-Tubulin
YA (Wi ~ — 2 —)% F\ T immunoblotting 217 > 72, MIfE & EZHi53D Myc # 7 D3 KD
T FNGRE DA FHIXT DRI Sy D Mye Z 7 DRy RO 7T NASREDEIG A RTERE LT
R L7z,

De novo 2227 POGZ @ CENP-B DNA binding domain ® DNA &4 Befghr

HEK293T #ifid % 6 cm dish (BD Biosciences) (Z 1.5x10° cells/dish D2 CTHREFE L. 24 BFE&IC
TransIT-LT1 Transfection Reagent (Mirus Bio LLC.) & T . myc # 71 L 7= Bp A & 7213 de novo
BRME FPOGZ 2R H2TTAI RN A =% N T AT =V var L, FTUAT=2
va 2 AR OMNEZ PBS T 2 [HIPEA L 7% . PBS THENZ FIFE L iz 0 & - TREIR L7,
[l U 72l A TNE buffer THAFEL ., & 37 it &1T 72,

CENP-B DNA binding domain 23 &7 5 2 & 3 HiE 41TV % CENP-B box Bl A4 &Te 70
bp D 3R EAF L AAHM LTz 2 K84 U = DNA (5-TTCAGACCTCTTTGAGGCCTTCGTTG
GAAACGGGATTTCTTCATATTATGCTAGACAGAATAATTCTCAG Biotin-3’)[98]% NeutrAvidin Ag
arose Resins (Thermo Fisher Scientific) & &4 L. DNA-NeutrAvidin A AZER L7, Z DEA
ReZ o7 it zRE L, 4 C. 4 - 5, fEJRAN L7, DNA-NeutrAvidin 854 4 J5 0>
SBEL 7=, bIEZFRZE L. DNA-NeutrAvidin #5/A% TNE buffer with NP40 TyEifL7-, Z D
BlEZ 4 [}V K L 7% . DNA-NeutrAvidin £ & {&(Z Sample Buffer Solution (2ME+) (wako) % ¥
ML, 95 C, 5 OEMAELZ L, western blot |2 &> THEHT L 7=,

YERER X UEER RT-PCR

PureLink RNA Micro Kit (Thermo Fisher Scientific) ¥ & O PureLink RNA Mini Kit (Thermo Fisher
Scientific) & HWTC, IO 7 v k2 VITHE - TEEFERMIE & FA4% 5> D total RNA Z i L7=, Total
RNA | Superscript I1I (Life Technologies) Z M THilRE 7=, WG TH AL/ cDNA 7 — /L%
## & LT, SYBR Premix Ex Taq (Takara Bio Inc., Shiga, Japan) & %&&fn§ D~ 7 A ~— (Table 6)
% V> T CFX96 real-time PCR detection system (Bio-Rad Laboratories) (Z & - CE&H) RT-PCR 1T
ST, UTNHA L PCR ISSEM 95 C 58, 60 C 30 % 1 A4 71 LT To72, Pogz,
Cuxl, B X Pkd2 DFEBLEIT Gapdh DFEFEIZ L - THEARE(L L, 2-88CHEIC L » T E 4
R L7,
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Table 6 Primers used for quantitative real-time RT-PCR

Gene Primer Secuence Amplicon (nt)

mPoaz Forward CCCTACCTATGTGCATTGTTCTC ®
g Riverse TCCGTGGAACATGATTGTTG

mCux1 Forward CAGATGTCCACCACCTCAAA o4
Riverse GGTCAAATAATTCTGTTCGAGTTTT

mPkd2 Forward CTGTTCTATCGTGGACCAGAAGT 91
Riverse GGCTGATGTTGGGTCATGTT

Gangy FOWard  GTGTTCCTACCCCCAATGTG ”
P Riverse  TACCAGGAAATGAGCTTGAC

ishieg ik A

il 16 B, BRES 17 A, 38 X OWRES 18 H~ 7 ARDNNIL 4% PFAPBS & VT, 4 ‘CT—HufE
EL, 7 7AF AKX v b (Leica, Wetzlar, Germany, CM1520) TJ& & 20 um GG 2 ERL L 7=,
10 B IREAAH < 7 2 Dfiid 4% PFAPBS TR i L 72#%(C 4% PFAPBS T4 C. 16— 18 FffH T
EE L7z, CUX1 OREREIZITT T4 A AX v b (Leica) TIERLL72/E X 20 um HORENE) A %
FAVY, GABA D%t (213 LinearSlicer PRO7N (DOSAKA EM CO.,LTD., Kyoto, Japan) TEHL L
7R S 50 um VFHEY) A& W e, BEAS AN D) AT 1E Matsunami Adhesive Silane (MAS)-coated glass slides
(Matsunami Glass Ind., Ltd, Osaka, Japan) (Z#75 S & CREGEZITV, HlEY) A I3 ESM T Cm
Yt AT o7, Y1/ % PBS TR, 50, 3 MY L7z, PAX6, SOX2, ¥ LU TBR2 D
et CIIPURBRIELALER & L C, 10mM 7 = VAR (pH 7.0) CbISERTOIRIEZ HERE L7278
T U XNEE 5 3T o 7, SATB2 D%y et TIIHUFIRIE AL L LT 10 mM 7 = ik
R (pH 7.0) THBISELATOIRAEA MERF L 7o+ L o XIN#EVE 20 43 fH11TV) . Histo VT one (nacalai
tesque) T 70 C. 20 Z2ME L7z, BrdU O dufa ClIPuifiE kst & LT, 10 mM 7 =
ERARMER (pH 7.0) CTIBHEELRTOIRIEZ MR L7 1 L o XNEE 20 5017 72, HURRRIE L ALEE
L72FfiZ, PBS T=il, 540, 3 B L7z, PBST (PBS with 0.1% Triton-X) / 1% Normal goat
serum (Thermo Fisher Scientific)/1% BSA (SIGMA-Aldrich) TrRIELIB LT 1 v o VLB A =i,
RFHATV, — kPR Z 7 0y 0 P THRIR L, 4 CT 16 - 18 Rl UG SH 72,

—RGUABUS#IZ, PBST T=il, 540, 3 BV Lc, PR EZ 7 o » F 0 VIR TR
L. =i, | RIS S 72, £0#%, PBST TEHilk, 50, 3 HUed Lz, ©4F Ak kit
{KIX. Texas Red-conjugated streptavidin (Vector Labs, #SA-5006) C 30 sy L7z, 7=, Kkt
A F 7213 Texas Red-conjugated streptavidin (2 & 5 G2 Aa.DFEIZ, Hoechst 33258 dye (Calbiochem) (Z &
o> TEZGE Lz, Qeao%(Z PBST THIR, 5 0. 3 [AIPE4 L. PBS T=iE, 5 /0. 1 [IVE
¥ L7z, Fluoromount (Diagnostic BioSystems; Fremont, CA) ZHH\N\TAZ A RATTF A RlZ~7 > K
U7z, S8t U724 f 1% Olympus FluoView FV1000 confocal microscope (Olympus) 35 & OF BZ-
9000 microscope (Keyence) THiiZ L7, %% YLl %13 Imagel software (NIH) 35 K U8 Adobe
Photoshop CS (Adobe Systems) & FHWTHEHT L7z, ~ U A 1 JLIZ-DE 3 M OME] A #ifg 2 i L T
ERAICAW Iz, Wl 18 B~ v AIRMEI A IC351T D SATB2, LU 10 @~ 7 A MBI A2
% CUX1 & GABA BRI O KM ENZ 31T 2 5340 DT CTld, KRIMECE 2 %12 10 IXENZS)
E| LT (cortical plate (CP) 1 to intermediate zone (IZ)/SVZ 10), 45 XEZ351F 5 B Mn s & % I E
L7z,
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Fluorescence in situ hybridization (FISH)

FISH (Z iV 7= Pogz mRNA (NCBI Reference Sequence: NM_172683.3) % % —/%" >~ MZ7 % cRNA
78 —7 X mPOGZ cDNA (DNAFORM,; clone ID: 30745658) @ 1062 - 1563 & H M¥EH:% PCR (2 &
o THIME L. pBluescript I KS (+/-) X7 ¥ —|c% T ra—=7 L7}, 7 ¥ —% BamHI THEH
W7T7AI R Z—|ZY)JHi L, T3 RNA polymerase (Roche Life Sciences) % F\T 5K %
digoxigenin (DIG) 7~V L7 7' v —7 Z/E L7,

FHE B U728 16 B~ o AR % <2 O.C.T. Compound (SFJ, Osaka, Japan) (2 X > C
L, FIATAREHNTHREHR LT, 7744 A% > b (Leica) ZHWTEE 20 um @D
HREAR O 2R L, Matsunami Adhesive Silane (MAS)-coated glass slides (Matsunami Glass Ind.,
Ltd., Osaka, Japan) (ZHE D 572, AT 4 F_ET 4% PFA % H\WT=EIR T30 pEEE(LET-o 7=,
Z D%, 0.25%MKEEZ &1 01M VX ) —L7 I (TEA) VT, KR TI10 M7 &
FIALEAT T2, ATV EA ¥ —2 a3y 77— (50% formamide, 2xSSC, 10 mM Tris-HCI, 1
mg/mL tRNA; Roche Diagnostics, Mannheim, Germany, 10% Dextran Sulfate; nacalai tesque, 1 xDenhardt’s
solution; Nacalai Tesque, 0.02% SDS) TAZ A K% 48 C, 30 offlA > F=~— KL, i\ T DIG
TRV ENTET =T EEFLNAT VI = a Ny 77 —T 48 C, —Mng 7V HAE
—Ya & 77, FH. 1xSSC/50% formamide % FV T 48 ‘CT 10 73, 2 HIHEHZIT, S
512 0.1xSSC % T 48 CT 10 rEBEF 21T > 7-1%. 1% Blocking reagent (Roche Life Sciences,
Basel, Switzerland) % & de TN /N 7 7 —T | FfElA o F 22—k L7z, D%, anti-DIG-POD
antibody % 4 ‘C C—H#llLi& L 7=, anti-DIG-POD antibody % TSA Plus Fluorescein System (PerkinElmer,
MA, USA) % AW CHEER L7z, FISH IZX > T Pogz Yt L7-%12, B IFEICHE-> T
PAX6, SOX2, 3 XU TBR2 O et %17 > 7=, Yt L7=hE{FY) 1 1% Olympus FluoView FV1000
confocal microscope (Olympus) 33 & Y BZ-9000 microscope (Keyence) (2 & - THgig L7z, Yt mifg
I% Imagel software (NIH) 35 L T Adobe Photoshop CS (Adobe Systems) % IV NTHEHT L 7=,

In utero electroporation

In utero electroporation (Z|ZBF 4! ICR ~ 7 A (SLC, Shizuoka, Japan) D fHr 14 H~ 7 AR % H
U 72, MISSION shRNA JH 2 A 7 b (1 pg/ul), FEIHEIEFZ A L TV 720 pcDNA3 =
YANZ 7 b, £721X POGZ & L <L PKD2 #4fAL72 pcDNA3 =22 727 b (1 pg/ul),
pCAG-GFP =2 A N7 7 |k (0.5ug/ul) O 3 FfHD = A ~T 7 K & Fast Green FCF (0.01(w/v)%)
DIRAWREHH LT R 14 HEA A D RIZ, AT FI P2 30pgmL, 247 A 400 pg/mL,
7 RVT7 7=V 500 pg/mL ZIRA L7z 3 MRS HEEEZ . ~ 7 2 50 g 72D 500 pL FEEENE S L
oo "y b~y N ETHIEL, RIFZE0 L7z, 7 A (Narishige, Tokyo, Japan, GD-1.5) (Z
LoT, v U AMMAIMNEIC T T A I R Z—RAEWRZIEA L, KRIMEEMNNC 7T 2B YT
% X ) IChBfFDER % &R (Nepa Gene, Chiba, Japan, CUY650P5, 5 mm &) THkZx, Squere Wave
Electroporator (Nepa Gene, Chiba, Japan, CUY21SC) (Z X > T, 35V, 4 cycle, on time 50 msec, off
time 950 msec C electroporation & Ffiti L7z, & D%, Na{FZ RHARDOIEENICE L, RHROIEE 4 fk
Bl FEORKIIA Yy b~y M ETI -2 FMEO CTHEE S ¥, Fifi%2 - 4 B~ Y
A&EFBEL, MR16 AHE, 17 B, FIX I8 AHICHOME L, Bromkai Lz,
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POGZ = Q1042R R % #iD ASD BE K O O & Bl

R R B [ 2 R BFIER RS R IR 2 aE & D IERIFZEIC L > TRH LB ARAF R TH 5,
B, BERANL LOEREOREETBUIE~DOREELH TN D,
P1381

16 %D AR AN LMD BRETH D, BHRIERE LT, 2RSS, B LS EORIEN
BRI TWD16], BEOAMAASY b7 LA (AQ) 1 33, BMAMAERE (1Q) 1L 65, 5
SEMERERE S (VIQ) 1 70, BhEMAREREEL (PIQ) 1X 65 TH DH[16], £7-. MIEREDOREE . TA
DYAAEIR, BN D SR 3 X ORI A O B 1 3AFAE L7V [16], AT, BFICE Dok fhE
FHE L OB IR 20 R BBIAFEAE L 72\ [16],
P1399

BEORXBUL A O BANBIETH D,

iPS BRI DR SL

iPS HER DML, B I L OMEEE A O MERD) S AER L 72 AR R Y o 3 BRI, IR F 28
AT % Z T Ko THEHE L72[99], MIHERT OB, MIHHERF2RHAT 57T A I R7 ¥
— (pCE-hOCT3/4 0.63 pg, pCE-hSK 0.63 pg, pCE-hUL 0.63 pg, pCE-mp53DD 0.63 pg, pCXB-EBNALI
0.50 pug (Addgene, MA, USA)) % Amaxa Human T-cell Nucleofector Kit (Lonza, Basel, Switzerland) {7
J& @ Nucleofector 2b Device (Lonza) Z# i\ T L7 hafRLb—ra 352 LICL->TEBLE,
WHELIR A %28 A L= ARSI Y > 23288k 1E. 10% FBS (Nichirei) % & ¢ Roswell Park memorial
Institute (RPMI) medium (wako) % V>, —HHEE#E L=, D%, 1 b~A > CALELL 7= SL10
feeder il (ReproCell Inc., Kanagawa, Japan) _FIZ#5FE L 72,

FEHIX, 20% KnockOut Serum Replacement (Thermo Fisher Scientific), 1% Non-essential Amino Acid
Solution (SIGMA-Aldrich), 2 mM L-glutamine (Thermo Fisher Scientific), 0.1 mM 2-mercaptoethanol
(wako), 4ng/mLbFGF (PeproTech, NJ, USA) % & ¢ DMEM/F12 medium (wako) % F\>, iPS &kffifia
an=—3 BT HET20 - 30 AFEEZKT 72, BHZmAILL, HRLLan=—%,
ES Mtk DR ZfEIE L LT, BABLUOREEHILVBLZ 40 70—y 7T v T LT,
Feeder Mifld B2 T, 10 BIFREEHEA L, K528 L7557/ & DNA 2l L, =Y —< /1~
78 —DIHAER R T 57 7 4 ~—%& AW PCR 24TV, TE Y —< 7 X —dlkD/ v R
Ipnvam =—&5gh] U, B2 iPS Ml & L7c, 7o, B2 L7z iPS Mila O£ REME 4 TRA-1-60, TRA-
1-81, SOX2 5 LT OCT-4A DFEHZF~DH Z LT LV B L7z,

Feeder free iPS FIfE DE:#

SL10 feeder Al | CTHEE L T /= iPS £l = o =— % F|EE L. DMEM/F12 (Thermo Fisher
Scientific) % VN THR L7 1% BD Matrigel hESC-qualified Matrix (Corning, NY, USA) % T =
—7 ¢ 7 L7= 6 well plate (Corning) {Z 10 uM Y-27632 (wako) % 74 ¢¢ Essential 8 medium (Thermo
Fisher Scientific) 2 W CTHERE L. 5% COa/ 95% air, 37 °C DA > & 2 _X— X —NTH# L7z, fik
1% PBS T 1000 £%75 8 L 7= 0.5 mM EDTA (Thermo Fisher Scientific) Z T3 HE 72134 HEB X
AT 77,
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Feeder free iPS MR OFFERRHIRE ~D L EE

B KO A SO HE O iPS HMilla ) & g el ~ D 43L& 1L, PSC Neural Induction
Medium (Thermo Fisher Scientific) ZH\\T, T 7 1 b a/WZiE-> TiTo 72, MAEIX accutase
(Innovative Cell Technologies Inc., CA, USA) % HWNTHIBEL AT S BEIT6 BB ZITITo 7,
BFEAEHTITIE, ARG & L COMENZE LTz LB 2 b 6 MHMCH LIE ORIz L7,

iPS MR Hh SRR el iE D FRFR S (L RE D FFAT

24 well plate (Corning) (Z PLO (SIGMA-Aldrich) Z#sIN L., 5% CO2/ 95% air, 37 CHOA »F 2
— 4 —WNT—Bta—7 427 Lz, 3 A, PBS TH Y = /L& 2 [BIUEH L7, PBS ZHML, 5%
CO2/ 95%air, 37 COA > F 2 _X—X —NTHiE L7z, ¥ H, 6.67 ug/mLhuman fibronectin (Thermo
Fisher Scientific) . 6.67 pg/mL mouse laminin (Thermo Fisher Scientific) % & ¢¢ PBS ZIRM L. 5%
COof 95% air, 37 CHOA VU FaX—F—NTIMMLU Ea—F 17 Lz, ZOHh, BEBIV
i AR SR O 43 b AR R eI & accutase (Innovative Cell Technologies Inc.) Z MW T L — k
> 5 B S, 1% N2 supplement (wako), 2% B27 Supplement (Thermo Fisher Scientific), 200 uM L-
Ascorbic acid (SIGMA), 1 mM dBcAMP (wako), 20 ng/mL human BDNF (R&D Systems, MN, USA),
20 ng/mL human GDNF (R&D Systems). 500 ng/mL mouse laminin (Thermo Fisher Scientific). 1 pM (3,5-
Difluorophenylacetyl) -L-alanyl-L-2-phenylglycine tert-Butyl Ester (wako) % 74 ¥» Brain Phys Basal
Medium (Nacalai tesque, Kyoto, Japan) (Z8E L, == —7 1 7 L7z 24 well plate (Z 3.0x10° cells/1
mL/well THEAR L 7=, #R 5010 2 B 1% 0 B I 1 Ol 5 SO B R 0 S (ki i 22 1T L . MAP2
OV NESTIN (Zxt B RERGE AT 57, BfEfilaoE & OB HIZ1%, ToxInsight automated
microscope (Thermo Fisher Scientific) Z i/ L, #f&AIILOR B EOBEGIGZ1T > 72, fagkEo
FNT A= Z—ZWUNIRET D Z L2k - T, Mol L OHRE O BB AT 72, %
72, Average Intensity Ch3 7% 750 LA E Dl 2 MAP2 FGfifL & L7z,

BrdU ELISA (Z & % #ikeilliia O HEFERE O fFHT

5-Bromo-2’-deoxyuridine (BrdU) D@ ~DHL Y JA F % F51E & L 7= i sl O HEFEHE O H| E
I%. Cell Proliferation ELISA BrdU % » K (Roche Diagnostics, Basel, Switzerland) % VT, %R+ D
71 kAo T T o 7o, B L OV & ACB R O /bRl 2 96 well plate (AGC
Techno Glass, Shizuoka, Japan) (Z 1.0x10%*cells/ 200 pL/well THEAE L, | HEESE L7z, EH, 10uM
BrdU Z Z el iz RN L. 5% COy 95% air, 37 COA > Fa2X—X—NTIHRHKEE L, £
D1%. FixDenat Z ¥ L TR T 30 70fiA > % =~<— | L7z, FixDenat Z[rZ L T POD ikt
BrdU HUARSUGIRA RN L, T 90 43 A % =2X— h L7z, PBS TH U = /L% 3 [I¥ L7z
%, FEREZRNML, B4 080N monsd 2 & x B CHRER LR O 15 oMEIR TS S H
oo UST, TWROWIEE (AIEP FE 415nm) % iMarkTM Microplate Reader (Bio-Rad Laboratories)
ZHWTHIE LT,

=2 —n A7 =7 RV AREL O HEFERE IS K OB A RMIE DR BIRE D AFAT
B I KLOME T & SCBLH R D3 (ARl & accutase (Innovative Cell Technologies Inc.) %
WT L — 2B HEESH, V bottom 96 well plate (Sumitimo Bakelite, Tokyo, Japan) (Z#&f# L 7=,
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FiHiE, 15 mM HEPES Buffer (SIGMA-Aldrich), 1% Antibiotic-Antimycotic (Thermo Fisher Scientific).,
2% B27 Supplement (Thermo Fisher Scientific), 20 ng/mL human EGF (PeproTech), 20 ng/mL human
bFGF (PeproTech), 10 ng/mL human LIF (Millipore), 0.1%~/3U > kU 7 A7E N5 FHAZ/5SmL
(Nippon Zenyaku Kogyo, Fukushima, Japan) % 7 ¢» DMEM/F-12 (Thermo Fisher Scientific) % F>,
0.3x10% cells/150uL/ well DIRETHEME L, FFEERICL - Toa—a A7 4 T EER ST,

PRI O PTERE ORI E LT, HES AHD=a—m A7 4 T OY A X% WE LT,

In vitro |23 T 5 IR ENREDMENT CTlL, ¥52& 3 AHD=2—1 X7 ¢ 7 % poly-L-ornithine
(SIGMA-Aldrich), 6.67 pg/mL human fibronectin (Thermo Fisher Scientific), 35 £ " 6.67 pg/mL mouse
laminin (Thermo Fisher Scientific) CT=2—7 1 > 7 L7 6 well plate (Z#&fE L C, #EE# T2 HIH
MRREFEE LT, =a2— 8 A7 4 7 Ofx) LA O OBREED & b BEIL TV D MIRIZ- DV T
Za— B AT 4 T OFNPOMEOME CORMAr=—a—n X707 ZLICHEL, BEgEL LT
FEAT L 72,

POGZVTIQI38R < v 2 (> il

POGZVTRIOSR < 17 2 (% CRISPR-CAS9 7/ AfREE T AT AT K - T C57BL/6NJcl ~ 7 A
(CLEA Japan, Tokyo, Japan) 7> & fE i L 7=, Single guide RNA (sgRNA) ® il 4] & L T 5
GCAGCAGCTCCCTGTAAATG-3'%i®I L 7=, Cas9 mRNA & sgRNA OERNZIZESRIZ LT T7-
NLS hCas9-pA (RIKEN BioResource Research Center (BRC) #RDB13130, a gift from Tomoji Mashimo)
& DR274 (Addgene #42250, a gift from Keith Joung) = Z i E U HV 7=, POGZ @ Q1038R A% =
— R L7z 117 8 D single-stranded oligodeoxynucleotide (ssODN) donor (% Ultramer DNA oligos & L
C Integrated DNA Technologies (Skokie, IL, USA) 2> 5§ A L7z, Cas9 mRNA, sgRNA, 35 £ U8 ssODN
ZAERLKICERE L. C5TBL/6NJcl ~ 7 A (CLEA) HiRDRIEZMSZEINCIEA LTz, POGZVTQI0:R
YU AIZBRCYY AL 23 D RBRCO9544 & L CEFETETH D,

~NT bRV Y e ATy (HE) REIZE D RMEER L CKRMEEBREEDE S O

10 35 5 O B AR 35 L OV POGZVTRIBR < v7 2 DJE X 50 um @ Bregma 0 mm (ZFH 4 3~ B MG 7 % |
Merck Millipore @ 7' & k =)L ZHE - T H+E 4t L 72, MAS-coated glass slides (Matsunami Glass Ind.,
Ltd.) (ZHE Y AT 72l i & AKGEOK ERERUK Tl L, 4 5 L7~ A v—~~ F o) G
# (Merck Millipore) (& KDYt % 5 5317572, 10 53D KBEIZ X D L OR%IZZAREKIZHE L
7oo 0.5% AT Y KEEKE 4 5AR L, BEEZ 6 AN 2 72 ikIZ K - C 3 et L, Kk
LARRKIZ K DV E 1 3T o T, £ DR, T0%T 2 ) =L 80%TH ) —/b 90%T X/ —)b,
BEV00%T 2 /7 —)L 3 [N KD BUKLEZFTV, F 2Ll 5 mi@Ed 2 & Tdfl L 7=, Mount
Quick (DAI, Tokyo, Japan) (Zd& > TE A L7=, Yefa L7 11X BZ-9000 microscope (Keyence) (2
Ko T L7z, Yetaimiffld Imagel software (NIH) 35 L TN Adobe Photoshop CS (Adobe Systems) %
W THRHT L 72,

KIEE DJE S 1X, Figure OEEHIZRT L 512, MRRE BRENZERE L7z, fit (1. & (2).
B 3) 3 RTCHIE L, FRIMEEDOKEDES X, KIMZEDE S ORIETEHE L&D
(2) FFHAIDERIZI > THRIE LT,
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POGZVTQ3R < 17 Z DR figheR ORARREHIAFHT

OB AERES LY POGZVTRIGR < 177 2 -7k )L~ U CEREEIZ L » THL~ U CREE
L7, BAIE L TaL~ U 2R U CRIE L, #riR 2t 7EpmICIRER . B Ok, V8. H.
T B, B, K. AAEARRE. KRERE O H - E Gt LT 21T o TIHW T,

POGZWVTRIBR < v7 2 DERAEHEF D CT M

22 WA 2 DB AT F LT POGZWVTRIBR < 7 2 (OFAER % . micro-CT scanner (ScanXmate-E090S,
Comscantecno Co., Ltd., Kanagawa, Japan) % iV T, tube voltage 80 kV, tube current 50 pA T CT A
X > L7z, TRI/3D-BON (RATOC Systems, Osaka, Japan) 33 & O Image J software (NIH) % H T
SHEE® O 3 WOorlifg 2 4L Lic, SRR OV A XORE B OHIFEIZHE > TIT - 72[100],

POGZRWSRQIBR < 7 2 BR D CT ARAT
IR 15 B OBFARTS LY POGZRISRQINER <7 2 4 4 2527 Tt L, 77 Ui
(wako) (25 HRIR LCHEE LTz, D% 710% =X /) —/WIZiR LRI LTz, BEELRIRY 7
VIZER LA ZE TS CT fiffT L CTEV 72, JR V21X 1% phosphotungstic acid ZLEE L 729412, micro-CT
scanner (ScanXmate-E090S, Comscantechno Co., Ltd.) Z IV T, tube voltage 40 kV. tube current 100
BA TCT A% ¥ > L7z, Eif#I OsiriX (www.osirix-viewer.com) software & F VN THEMT L7=, JE1F
DY =) A TORERRIE, FENS T/ L DNA Zhi L TiT o 72,

POGZWTQBR < 17 Z PRIZ IS0 2 B ARG D BraU BRI K 2 #iR B B D AT
IRl 14 B~ 7 2RO FAF R A BrdU TRk T 2728, £~ 7 212 50 mg/kg @ BrdU % /I
PENP G U Te, BRI O KIME EIg~OBEh 2 T3 2720, IRl 18 BB W T %
figH U, B HIEIZ - T BrdU & SATB2 D9 duth 247 o 7=, 40 Yuth L7 I8 A 1% Olympus
FluoView FV1000 confocal microscope (Olympus) THri L7z, e taliff % Imagel software (NIH)
5 & Y Adobe Photoshop CS (Adobe Systems) % FVNTHENT L7z, ~ 7 A 1 JCIZDX 3 # DAt f i
Btk L COERIICHW 2, IR 18 B~ 7 ZPRINE] 0 KAMEVE 2 #9512 10 KEZ/3HI LT
(cortical plate (CP) 1 to intermediate zone (IZ)/SVZ 10), & XE(Z331F 5 BrdU Bt >> SATB2 [t
DA B AR DO FI & 2 ]IE L7z,

LU F A NRN Y 2 —E

Lenti-X 293T #HI@IZ pNHP 5.2 pg. pVSV-G 2.1 ug. pCEP4-tat 0.43 pg. Puromycin [iEEE T F
TIXVAF 2 —F 585 7D CDS fHEkZ i A L72 MISSION shRNA construct (Table 4; SIGMA-
Aldrich) 2.6 ug % polyethylenimine (Polyethylenimine “Max”, Mw 40,000; Polysciences, FL, USA) % H]
WChTU AT 27 arLic, NTUVAT 2273 a % 16-18 RRERE L 2% ICH#E R 2R
% 1. 10% FBS (Nichirei) % % ¢ DMEM supplemented with high glucose, GlutaMAX (Life Technologies)
10 mL (T L7z, S 5T 30 WFEIEEE L7, Lenti-X 293T MHfRIC KW EEA Sz L F U AL
ARy H—%aiehi# B 2 B L, PVDF membrane (0.45-um pore size, Millex-HV, Merck
Millipore) TAil L72D HIZ, i LI K - TR LT PBS IZEfi# L 72, Lenti-X qRT-PCR Titration
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Kit (Takara Bio Inc.) M\, iffDO7' 1 haVlff> T F AL NART Z—DH A FL—
a v EIToT,

< U AR E MR R DB
~ U AKRIMBE AR L, R 16.5 B OBFAM CSTBL/6NIcl v 7 X POGZVTRIGER < 17
A, BEIOICR 7 AD KM E L0 A% L7-, DMEM/F12 (Thermo Fisher Scientific) (Z 1% N2
supplement (Thermo Fisher Scientific ), 20 ng/mL epidermal growth factor (EGF; PeproTech, NJ, USA),
20 ng/mL basic fibroblast growth factor (bFGF; PeproTech) % #s/lll L 72 NSCs expansion medium {Z & >
T, RIMEE» DM Loz 1 BEFESEL, IRER=a2— 027 4 T 2R SET,
=a2—B A7 47 Offifd% trypsin (Thermo Fisher Scientific) (Z & > THIBEL . 1% BD Matrigel
hESC-qualified Matrix (Corning, NY, USA) %\ CT=—7 1 > 7 L7z 6 well plate (BD Biosciences)
(2 7.5x10% cells/well, 35 X TN 15 cm dish (BD Biosciences) (Z 9.0x10° cells/dish CTHEFE L, —kE5#E
PRI & L CHEERSAE LTz, #6ME2 BRI 80% 2 7 by MIE L L 2 AT, Ml
[ L7z, F7o, ZREEZROIZZETOMBAMREMN CH D 2 &2, MRkipfo~—T—
T % NESTIN & PAX6 DR R I K- THEB L7z, F72, MR 5% C02/95%air, 37 CD
A Fa_X—Z—NTHEEL]L,

RNA ¥ — /R

iPS i F R OFRRE RIS O~ w7 A D RMBE R 0O - RES AR ERIE 2> & total RNA %
i L. 44 Nlumina HiSeq2000 system (BGI, Beijing, China) & Tllumina HiSeq2500 system
(Genome Information Research Center, Osaka University, Osaka, Japan) (ZJ > T RNA > —77 » A&7
S 77, BARTFREEL L ~LIL Fragments Per Kilobase of exon per Million mapped (FPKM) {Z -5 T
BriLiz,

Gene ontology (GO) annotation DFEMT

ToppGene Suite (https:/toppgene.cchmec.org/) & W THRIEENE(L L TWEE LR T E GO
annotation (Z &SV CTHEREAIIZ /0%E L 7=, |Fold Change| > 1.2 M i#{5 7-% Biological Process (gene in
annotation: 1,000 < n < 100,000) DFEEE CTHENT L7-, & v~ b L7z GO annotation ® 9 5. P < 0.05 7>
> FDR < 0.05 ® GO annotation % JEffi S -8+ ry hU—27 & LT,

7 v<F G REEREG (ChIP)

ChIP-IT Express Enzymatic Magnetic Chromatin Immunoprecipitation Kit & Enzymatic Shearing Kit
(Active Motif, CA, USA) (ZIRf Sn7=7" v b a/uizht-> T, ki 16 HEFAERL ICR ~ o A RO KK
BB R RGNS 7 m~ F oAl L, ChIP Z2FE i L7-, £3°. 15 cm dish (BD
Biosciences) THi#E L TV =B L% 80% = 2 7 /L b O HIN % 1% formaldehyde 0 A - 7=
DMEM/F12 TZ v AU » 7 R STz, BansitL. 37 C30 mOBERIGIZ L > Trn~vF
YW L7z, YK L7= 7 v~ U35k L O protein-G magnetic beads & RS LT, 4 ‘CT—Ht
BRENRAN Lo, R L2 n~F o2 E—XMBEEH L, 7/ ADNA L X7 D7 R Y
> 7 &N T ChIP @ DNA > 7 )L %4572, DNA # > 7 /L1Z Chromatin IP DNA Purification Kit
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(Active Motif) 2L > TH L, GenoMatrix Whole Genome Amplification Kit (Active Motif) % F\>
T PCRYEIC K o THIME L7z, B L OMIEZ1T>72 DNA Z T, YU R Jag2 7 BE—H —
IS B9 D7 T A ~— (Table 7) [47, 48] CE &M RT-PCR %417~ 72, ChIP (X5 Jag2 7' v
— & — R OPRAME LT, PURIZ L D ChIP T 5417 DNA Wi fy o & CTHERE(L L7,

Table 7 Primers used for quantitative ChIP-PCR

Primer Secuence Amplicon (nt)

02 oromoter orimert Forward  GGATGGCCTGATTGTGTGT o
g< P P Riverse ~ TTCGGAGGAGGGGTCTTC

a2 oromoter orimera | FOWard  AGATGGGAAGACCCCTCCT -3
g p P Riverse ~ CAGTGCCACAGAGGGTTACA

a2 oromoter orimers | FOWard  GTCATGGGGATCCAGCTTT 60
9 P P Riverse  TCCCAGGCCTTTATACCACA

ITEIRRBR

Juvenile playing test & Ultrasonic vocalization test Z R < &= TOITENRERIT 1.5-4 » Al
C57BL/6NJcl A A~ 2% W=, & COITERRBRIXEMW AR E = O SUTHER (8 - 20 BF) (28T
Il L7z, B TOTEHRRILY =/ 2 A 7B IOy 2 5t L THENT L7z,

Home cage activity

12 BRI EICHSME RN D B D GRUTHERD: 8:00) 7 A M r—Viz~ T A% AT,
Bift % 1 BT - 72212, infrared activity sensor (O’Hara & Co., Ltd., Tokyo, Japan) % FH\CTHZRMFR
FOMERIFICIR T 5 BRIEE &, PR LEREOGF AT &R, B IO A BIEE &I
TOHARMECRB T DEHEOLRELAE Lz, ¥, KEBRITFLFHIERT & OILFNFZEIZ L -
T L7z,

Light/dark transition test

Al U YA XOXENZ /20723 B A » 7 A2 (20 x 20 x 25 ¢cm, O’Hara & Co., Ltd.) ZH T
Light/dark transition test % 3Zfifi L 7=, Light chamber (F/ % 353 Ix, dark chamber |ZF#FE 0.1 Ix (27
L7-, ¥ A% lightchamber ® FJ:{Z AT, HHIZITEI S H7=, HBENERE, dark chamber 7> 5
light chamnber (Z A % F TORF#], light chamber #TERFM], 36 L O 2 K28 L 7= 214 % Image
FZ4 (O’Hara & Co.,Ltd.) % T 10 0 MHIE Lz, 7eds, AFEBRIZHEYCLZHFERT & O LEZEIC
Ko THM LTz,

Novel object recognition test

RERE ORI 10 - 20 X ICFAMI L7z, &y a 2T 500, ~ v 2% 30 L B
FIZHL Lz, 10 2 OREBAR v 7 2A~DO~ 7 ZAD0HHL%E 3 BTV, 4 HEDO hL—=2Fk v
VA ATBWTY U RITH TR (R A B IUMIEB) 2RI, FL—=0 70 24 Kl
BRICT A D&EAT- T, TA MRy a TR WK B Z2H&Wik CICLZ, <7 AT 10 Z3HEE
RSETz, BWE~OERRIFHEZNE L. BEHWIE A OPRBERFHENI 3 2 ek C DOPRIRIFRH]
DO E|A % discrimination index (%) & L CHEH L7z, AEERIT 10:00 705 14:00 O RIZ 566 L 7=,
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Fear conditioning test

Dayl ® hL—=027TiX, vV AZRBRA v 7 A (Box A; 10 x 10 x 10 cm, white polyvinyl
chloride boards, stainless steel rod floor, O’Hara & Co., Ltd.) {Z 120 #2 AiL7-1%1Z. 90 FPRIKE T 4 Bl
FOT & FERAIP & G- 2 72, 70dB, 10 kHz OFRIFE 30 7 & FREEOFAZ D 0.5 ORI D 0.5 mA

DEXAMZ A EDOETEH X272, Day 2 TIE~ U A% box A2 6 EIAILT, CHRHAKIZ
freezing % fEHT L 72, Day 3 Tld~ 7 A& HEHZR2M (Box B) (2 120 @‘j\ﬁ’bkf( \Z. 30 BooE %l ‘{%ﬁ(
7 90 MR T 4 [l 5 2 7o, BHIM % 5- 2 DRIO AN D 120 F[H T/R L7z freezing % pre-tone freezing
ELTHIEL, Bz 5 2 TV AR LTz freezing % cued freezing & L CHIE L7z, Freezing
K1 Image FZ4 (O’Hara & Co., Ltd.) ZHWTHEAT L7, 7od, AREBRIZE(LFAIFERT & D IL[F)
BFIRIC L - T L7z,

Y-maze test

3ARDOT — LB A E (arm length: 40 cm, arm bottom width: 3 cm, arm upper width: 10 ¢cm,
height of wall: 12 cm, O’Hara & Co., Ltd.) O RIZ~ TV A ZE & | BEIHHE L B2 57 —AIZA-
TEEIEZRE Lz, 72d, ARERITICFIERT & O LFEFFRIC L > THEHi L7,

PPI test
~ U A&EBER Y 7 A (33 x 43 x 33 cm, O’Hara & Co., Ltd.) [ZAZL, 65dB D/ Xy 7 757 K
J AR5 B 872, 5 RO oRIIZ, 110dB. 40 X U R o startle sound % 5-3 T,

startle sound (ZHI{b S 7=, BI{EDEED startle sound (ZxF 9 2 1S SO X R BRI O BB IS DR
FENTIZ 3T DIEHEL D T2 DICZE L[, 3BRTiX 70dB, 75dB. 80 dB 5 L 1 80 dB @ prepulse
sound # 20 X YRV H- 2| %% prepulse sound @ 50 I U #1£IZ 110 dB O startle sound % 50 X U fb 5.
Z.7z, Prepulse inhibition (PPI) ®#|A 1%, [(startle amplitude without prepulse) - (startle amplitude of trial
with prepulse)]/(startle amplitude without prepulse) x 100 & U CHHH L7z, 7o, AFEBRIFE T
At & OILRBFIEIC L - THEM L7,

Open field test
~ 7 A% open field test D¥EE (45 x45x30cm) OHIITE X, MBENEEER K O S E R
(25 x25cm) % 90 /M L7z, 7eds. M5 0 F2HRCIrIatit 30 oRic3EMm 2 5 L7z,

Reciprocal social interaction test

R~ U A% T X M =PI AN T 60 Bk Lz, BMboi&iz, 784 2 arR A~ 7 A
T A M=V BB~ U AR AT U AT LORT VIR EATE O 2 20 45 [H
HIE LT, 723, G- 0 FHTIIBNLEL 30 0%ICEDEZRE Uiz, ARBRIT 10:00 2256
14:00 ORI FEHE L7z,

Self-grooming test
~ U Az BRI 60 B L7221, RBE 2 AN TWeWT X M —2IZ AT, 10 7
MBIME L7z, 2Dk, 10 2HES < AVITEIRFE 2 HIE L7z,
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Juvenile playing test

AABRICITBIFENRTO 3 HigA A~ 22 Lz, BB~ AT A N —UI2 1T DA
LT, 60 rEIBIME L7z, BiMbig, Sk~ 7 X & OFREZEN 1.0g LT O, [RE T 3 A A
ﬁ#&ﬂ??x%7XF#%f’ﬂn\ﬁ%??xﬁ%§§A7?XK%¢@w%?ﬁ@\%d
< AWATEY, IBW2NFATEY, 36 Z OO TEIO R 2 J7E L7z, ARRERIT 10:00 725 14:00 OFEIC
Ikt L7z,

Ultrasonic vocalization (USV) test

ARERIZIE, BAERICR A A~ U RPN LTI AER 4 AAAF~ U A2l LIz, ff=D
AP~ T RAER—Lr—VIC AN EE, WREIC30 2L BBk S 72, fr~ TV A2 TR~ Y
ADANS TR —L7—T 5 500 mL Pyrex #7 A E—H—|Z AL, HBEE 90 Ix (ZFAH L7={HE R
7 AZBNT, B~ U AN LIRS ZERICH T S USV call Z UltraSoundGateCM16/CMPA
microphone (Avisoft Bioacoustics, Glienicke, Germany) % IV T, Avisoft-SASLab Pro software (Avisoft
Bioacoustics) (2L > TEeFk L7z, ~A ZIFHEER v 7 ZAZEBNT, (F~ 7 ADHK 20 cm EIZFEE
L. 40-150kHz ® USV call Z#7E L7z, USV call 1%, BEMROFHLIZHE- T 10 FREH OB /3HE
L. FHROEIG 25 HH L7[101],

FAST whole-brain imaging

10 B #p A A BFAERFS KOV POGZVTRIGSR_Arc-dVenus ~ 7 A @ Reciprocal social interaction test %
1TV, #RRIEE O RAIHEEF TH D Arc 7 1 E—F — Fifit® dVenus DFHENE— 7 1272 53K
BR 5 Rff#% 12 4% PFAPBS THEMGEE L7, HAFZEED 2 E TOREICHE - T, FAST AT A
\Z & o TEINA A= 0 7 % 3 LT=[54, 55].

FERTHT (PCA)

BA A =T U TN K o TR BT A MEIk D dVenus Bt EMIREE 2 TRy 08T Lz, TRy 47
HriZ R (https://www.r-project.org/) & VT, prcomp BZZFIH L TIT o 72, &MMaEIKD dVenus B
PRI 2 i AR 351 5 dVenus BMEREREECCHEE(L L C FERk 204 LTz,

TV VRN K DEPRER A DT

FD Rapid GolgiStain Kit (FD Neuro Technologies, MD, USA) Z T, ®fFD 7w ka2 /Lo
T 10 HfnA A B AT E LN POGZVTRIR < v7 2 (0 =)L P Ysth A FEfi L=, RiTHRIRECE I/ & 8
(R O ERIR 22 13 BZ-9000 microscope (Keyence) (2 &> THgiZ L, Imagel software (NIH) % >
THERT LT,

BRAEB LT

A TNT UHREE (5% in 100% O) T 10 — 11 A4 2 BRI F O POGZVTIQIR < 7 2 %
Wroe L, idl-<Ch M Z i L 7=, Vibrating blade slicer (VT12008S, Leica) % > T, 95% 02+ 5% CO;
(pH ~7.4; osmolality, approximately 280 mOsm/kg) C*ffij{l; L 7= cutting solution (2.5 mM KCI, 0.5 mM
CaCl,, 10 mM MgSOs, 1.25 mM NaH,POj4, 2 mM thiourea, 3 mM sodium pyruvate, 92 mM N-Methyl-D-
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glucamine, 20 mM HEPES, 12 mM N-acetyl-L-cysteine, 25 mM D-glucose, 5 mM L-ascorbic acid and 30
mM NaHCO3) F1C,J2 & 300 um ORTHARECE & & Tl k) &2 /ERE U 48] A % cutting solution
T34 C, 15-20 04 Fa_X—hrL7, WMUKFIZNYF 770 7%4795 £ T, LD standard
artificial cerebrospinal fluid (ACSF) (125 mM NaCl, 3 mM KCI, 2 mM CaCl,, 1.3 mM MgCl,, 1.25 mM
NaH;PO4, 10 mM D-glucose, 0.4 mM L-ascorbic acid and 25 mM NaHCOs (pH 7.4 bubbled with 95% O2
+ 5% CO,; osmolality, approximately 310 mOsm/kg)) (Z AL TIE\\ =, Y% recording chamber
(approximately 0.4 mL volume) (Z A#U7z, MBI 1% standard ACSF (Zi2 L, 1.5-2.5 mL/4y DEE T
PEGE UT-, BUHRIRECE WL JESEAHIIE O A — Ve VIRE i 2 sk Lz, Sy T2 7 7 E
(4-6 MQ) 1 borosilicate glass pipettes (1B150F-4, World Precision Instruments, FL, USA) 75 {ERL L |
internal solution (122.5 mM potassium gluconate, 10 mM HEPES, 17.5 mM KCl, 0.2 mM EGTA, 8§ mM
NaCl, 2 mM MgATP and 0.3 mM NaGTP (pH, 7.2; osmolarity, 290-300 mOsm)) CFe¥a L 72, MEFENLIZ
-60 mV [Z[EE L72, MultiClamp 700B amplifier (Molecular Devices) (Z & - TIEEE Tt 2 fidk L,
PowerLab interface (AD Instruments) % F T 2kHz @ 7 ¢ /L% —% /3 F. 10kHz T 16 bit DR
TTUHME LTz, D BEN: Y F 7 2% & (mEPSC) X 100 uM picrotoxin & 1 uM tetrodotoxin
ZUIN L CRiEk L. Igor Pro 7 (WaveMetrics) 12 & - CTHENT L7z, 1 DOMREMMALIZ-S X 100 [E] DA
Ny MNeERL LT, 2k, AEBRITHIOEESER KT & OILFFZE TE/ L7,

Kb

NBQX disodium salt hydrate (Abcam) (A B AKIZEEM L, 10 mg/kg O 58T 10 B4 A~
7 A |Z, open field test 35 J2 U reciprocal social interaction test @ 30 77 A IZEEN 1 5- L 72, Perampanel
(Toronto Research Chemicals, ON, Canada) % 0.5% w/v methyl cellulose solution (400 cP, wako) (Z5%i&
L C[102].3 mg/kg D 58T 10 #Ein 4 A~ 7 A2, open field test 33 & N reciprocal social interaction
test O 30 SyATICRE DG L7,

IR B VRBROEED in silico TOTHI
TR PR E B L UM R 3D POGZ D de novo X At AZ8#1% PROVEAN, SIFT (http://
provean.jevi.org/protein_batch submit.php?species=human), PolyPhen2 (http://genetics.bwh.harvard.edu

/pph2/), MutationTaster (http://www.mutationtaster.org/), CADD (https://cadd.gs.washington.edu/snv)
ZHWTESEME L7, F£7-. The American College of Medical Genetics and Genomics (ACMG) St-
andards and Guidelines[61)IZ7E > T, ARBFFED FERAFE R A4 Kk L T2y ACMG classification &
AHFFE D SEBRAE R 2 B L 7= ACMG classification Z 7€ L 7=,

shPKD2 33 & T8 shPKD2™R® > ) o 7 X7 VR OB E

pCAG-GFP X7 % —_ MISSION shRNA F 723 shRNAMRO 7 & — = 35 O WT mouse PKD2 %
BT D pcDNA3 X7 X —7% HEK293T fifjdlc h T v A7 =/ v arLiz, hT7V A7 g
> 3 H#&IZ total RNA Z[FEIYL L, E &AM RT-PCR |Z & > T~ 7 A Pkd2 mRNA F5L & % fifhr L7z,
)OI ETUNRIINT AT 27 a UHRICE o THIIE LT,
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