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AbVWUacW 

The YeQWULcXOaU-VXbYeQWULcXOaU ]RQe (V-SVZ) LV hRPe WR Whe OaUgeVW QeXURgeQLc QLche LQ Whe 

adXOW PRXVe bUaLQ. PUeYLRXV ZRUN haV dePRQVWUaWed WhaW UeVLdeQW VWeP ceOOV LQ dLffeUeQW 

ORcaWLRQV ZLWhLQ Whe V-SVZ SURdXce dLffeUeQW VXbW\SeV Rf QeZ QeXURQV fRU Whe ROfacWRU\ bXOb. 

WhLOe gUeaW SURgUeVV haV beeQ Pade LQ XQdeUVWaQdLQg Whe dLffeUeQceV LQ UegLRQaO VWeP ceOO 

SRWeQWLaO XVLQg YLUaO aQd geQeWLc OLQeage WUacLQg VWUaWegLeV, Whe cRUe PROecXOaU heWeURgeQeLW\ 

WhaW XQdeUOLeV WheVe UegLRQaO dLffeUeQceV LV OaUgeO\ XQNQRZQ. HeUe Ze SUeVeQW VLQgOe 

ZhROe-ceOO aQd VLQgOe QXcOeXV VeTXeQcLQg daWaVeWV Rf PLcURdLVVecWed adXOW PRXVe V-SVZ, 

aQd eYLdeQce fRU Whe e[LVWeQce Rf WZR bURad SRSXOaWLRQV Rf adXOW QeXUaO VWeP ceOOV. B\ XVLQg 

VSaWLaOO\ UeVROYed PLcURdLVVecWLRQV LQ Whe VLQgOe QXcOeXV VeTXeQcLQg daWaVeW aV a UefeUeQce, 

aQd PaSSLQg PaUNeU geQe e[SUeVVLRQ LQ Whe V-SVZ, Ze fLQd WhaW WheVe WZR SRSXOaWLRQV 

UeVLde LQ OaUgeO\ QRQ-RYeUOaSSLQg dRPaLQV LQ eLWheU Whe dRUVaO RU YeQWUaO V-SVZ. FXUWheUPRUe, 

Ze LdeQWLfLed WZR VXbSRSXOaWLRQV Rf QeZO\ bRUQ QeXURQV WhaW haYe geQe e[SUeVVLRQ 

cRQVLVWeQW ZLWh dRUVaO RU YeQWUaO RULgLQV. FLQaOO\, Ze LdeQWLf\ geQeV e[SUeVVed b\ bRWh VWeP 

ceOOV aQd Whe QeXURQV Whe\ geQeUaWe WhaW VSecLfLcaOO\ PaUN eLWheU Whe dRUVaO RU YeQWUaO adXOW 

QeXURgeQLc OLQeage. TheVe daWaVeWV, PeWhRdV aQd fLQdLQgV ZLOO facLOLWaWe Whe VWXd\ Rf 

UegLRQ-VSecLfLc UegXOaWLRQ Rf adXOW QeXURgeQeVLV. 

IQWURdXcWLRQ 

NeXUaO VWeP ceOOV (NSC) SeUVLVW LQ Whe adXOW PRXVe bUaLQ LQ Whe ZaOOV Rf Whe fRUebUaLQ 

YeQWULcOeV. ThLV QeXURgeQLc QLche LQcOXdeV Whe YeQWULcXOaU aQd VXbYeQWULcXOaU ]RQeV LQ Whe 

ZaOOV Rf Whe OaWeUaO YeQWULcOeV (V-SVZ), hRPe WR a VXbSRSXOaWLRQ Rf aVWURc\WeV (B ceOOV) WhaW 

fXQcWLRQ aV Whe NSCV ​(ChaNeU eW aO., 2016; DReWVch eW aO., 1997; IhULe aQd AOYaUe]-BX\OOa, 

2011; LLP aQd AOYaUe]-BX\OOa, 2014; MLU]adeh eW aO., 2008)​.   B ceOOV geQeUaWe LQWeUPedLaWe 
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SURgeQLWRUV (C ceOOV) WhaW, LQ WXUQ, gLYe ULVe WR QeXURbOaVWV (A ceOOV) WhaW PLgUaWe WR Whe 

ROfacWRU\ bXOb (OB) ​(ObeUQLeU eW aO., 2018; PRQWL eW aO., 2013)​.  A VXbSRSXOaWLRQ Rf B ceOOV aOVR 

geQeUaWe ROLgRdeQdURc\WeV ​(FLgXeUeV-OxaWe eW aO., 2019; GRQ]aOe]-PeUe], 2014; Ka]aQLV eW 

aO., 2017; MeQQ eW aO., 2006; NaLW-OXPeVPaU eW aO., 1999; PLcaUd-RLeUa eW aO., 2002)​.  FURP 

Whe LQLWLaO LQWeUSUeWaWLRQ WhaW adXOW NSCV aUe PXOWLSRWeQW aQd abOe WR geQeUaWe a ZLde UaQge Rf 

QeXURQaO ceOO W\SeV ​(MRUVhead eW aO., 1994; Re\QROdV aQd WeLVV, 1992; YaQ deU KRR\ aQd 

WeLVV, 2000)​, Whe fLeOd haV PRYed WR a PRdeO Rf adXOW NSCV beLQg hLghO\ heWeURgeQeRXV aQd 

VSecLaOL]ed fRU Whe geQeUaWLRQ Rf VSecLfLc W\SeV Rf QeXURQV, aQd SRVVLbO\ gOLa ​(ChaNeU eW aO., 

2016; DeOgadR eW aO., 2020; FLRUeOOL eW aO., 2015; MeUNOe eW aO., 2014, 2007; TVaL eW aO., 2012)​. 

PUeYLRXV VLQgOe-ceOO VeTXeQcLQg e[SeULPeQWV LQ Whe V-SVZ haYe deVcULbed Whe PaQ\ bURad 

cOaVVeV Rf ceOOV WhaW UeVLde LQ Whe QLche.. FRU e[aPSOe, WUaQVcULSWLRQaO aQaO\VeV afWeU ceOO 

VRUWLQg haYe LdeQWLfLed VWageV LQ Whe B-C-A ceOO OLQeage ​(BRUUeWW eW aO., 2020; CRdega eW aO., 

2014; DXONeQ eW aO., 2017; XLe eW aO., 2020)​, aV ZeOO aV SRSXOaWLRQV Rf NSCV WhaW aSSeaU WR 

acWLYaWe afWeU LQMXU\ ​(LORUeQV-BRbadLOOa eW aO., 2015)​. PURfLOLQg Rf Whe eQWLUe QLche haV 

hLghOLghWed dLffeUeQceV beWZeeQ TXLeVceQW aQd acWLYaWed B ceOOV ​(ML]UaN eW aO., 2020; Z\ZLW]a 

eW aO., 2018)​.  HRZeYeU, Whe dLffeUeQceV aPRQg B ceOOV Rf eTXLYaOeQW acWLYaWLRQ VWaWe (e.g. 

TXLeVceQW, SULPed RU acWLYaWed) RU Whe B ceOO heWeURgeQeLW\ WhaW OeadV WR Whe geQeUaWLRQ Rf 

dLYeUVe QeXURQaO VXbW\SeV UePaLQ SRRUO\ XQdeUVWRRd. 

 

NSC heWeURgeQeLW\, LQWeUeVWLQgO\, LV OaUgeO\ dULYeQ b\ WheLU ORcaWLRQ ZLWhLQ Whe adXOW V-SVZ. 

ThLV cRQceSW e[SOaLQV Zh\ \RXQg QeXURQV LQ Whe OB RULgLQaWe RYeU VXch a ZLde WeUULWRU\ LQ 

Whe ZaOOV Rf Whe OaWeUaO YeQWULcOeV. MXOWLSOe VWXdLeV haYe begXQ WR LdeQWLf\ UegLRQaO dLffeUeQceV 

LQ geQe e[SUeVVLRQ aPRQg Whe OaWeUaO, VeSWaO aQd VXbcaOORVaO ZaOOV Rf Whe OaWeUaO YeQWULcOeV. 

FRU e[aPSOe, dLffeUeQceV LQ geQe e[SUeVVLRQ Rf B ceOOV fURP Whe VeSWaO aQd OaWeUaO ZaOOV Rf 

Whe OaWeUaO YeQWULcOeV haYe beeQ UeceQWO\ RbVeUYed ​(ML]UaN eW aO., 2019)​. OWheU VWXdLeV haYe 

VhRZQ WhaW ​Pa[6 ​ aQd ​Hop[​-e[SUeVVLQg ceOOV cRUUeVSRQd WR dRUVaO V-SVZ SURgeQLWRUV ​(HacN 
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eW aO., 2005; KRhZL eW aO., 2005; ZZeLfeO eW aO., 2018)​, aQd ​Va[1 ​-e[SUeVVLQg \RXQg 

QeXURbOaVWV aUe deULYed fURP YeQWUaO SURgeQLWRUV ​(CRUp eW aO., 2020)​. SSaWLaOO\ defLQed OLQeage 

WUacLQg VWXdLeV XVLQg PLcURLQMecWLRQV Rf YLUXVeV haYe LdeQWLfLed VXbdRPaLQV Rf Whe V-SVZ WhaW 

gLYe ULVe WR VSecLfLc VXbW\SeV Rf OB QeXURQV ​(MeUNOe eW aO., 2014, 2007; VeQWXUa aQd 

GROdPaQ, 2007)​. LLQeage WUacLQg VWXdLeV haYe dePRQVWUaWed WhaW WheVe UegLRQaO VXbdRPaLQV 

OaUgeO\ fROORZ Whe WeUULWRULeV defLQed b\ deYeORSPeQWaOO\ UegXOaWed WUaQVcULSWLRQ facWRUV 

LQcOXdLQg Pa[6, NN[2.1, NN[6.2, aQd EP[1 ​(DeOgadR eW aO., 2020; DeOgadR aQd LLP, 2015; 

KRhZL eW aO., 2007, 2005; MeUNOe eW aO., 2014; WLOOaLPe-MRUaZeN eW aO., 2006; YRXQg eW aO., 

2007)​, bXW Whe PROecXOaU dLffeUeQceV aPRQg B ceOOV XQdeUO\LQg WheLU UegLRQaOO\-UeVWULcWed 

SRWeQWLaO aUe OaUgeO\ XQNQRZQ.  

 

HeUe Ze haYe XQdeUWaNeQ VLQgOe-ceOO aQd VLQgOe-QXcOeXV RNA VeTXeQcLQg Rf Whe 

PLcURdLVVecWed V-SVZ WR gaLQ LQVLghW LQWR WheVe LPSRUWaQW TXeVWLRQV UegaUdLQg NSC 

heWeURgeQeLW\ aQd WheLU deYeORSPeQWaO SRWeQWLaO.   COXVWeULQg aQaO\VLV UeYeaOV VWURQg 

dRUVR-YeQWUaO dLffeUeQceV LQ OaWeUaO ZaOO B ceOOV.  VaOLdaWLRQ Rf WheVe dLffeUeQWLaO geQe 

e[SUeVVLRQ SaWWeUQV haV UeYeaOed Whe aQaWRPLcaO bRXQdaU\ WhaW VeSaUaWeV WheVe dRUVaO aQd 

YeQWUaO B ceOO dRPaLQV. AddLWLRQaOO\, RXU aQaO\VLV LdeQWLfLeV VXbSRSXOaWLRQV Rf A ceOOV defLQed 

b\ PaWXUaWLRQ VWaWe aQd dRUVR-YeQWUaO RULgLQ. We aOVR fLQd WhaW a VXbVeW Rf dRUVR-YeQWUaO B 

ceOO WUaQVcULSWLRQaO dLffeUeQceV aUe UeWaLQed WhURXgh Whe C aQd A ceOO VWageV Rf Whe OLQeage. 

TheVe QeZ daWa adYaQce RXU PROecXOaU XQdeUVWaQdLQg Rf hRZ PaMRU UegLRQ-VSecLfLc QeXUaO 

OLQeageV ePeUge LQ Whe adXOW V-SVZ aQd begLQ WR deOLQeaWe PaMRU fXQcWLRQaO VXbcOaVVeV Rf 

adXOW-bRUQ \RXQg QeXURQV. 
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ReVXOWV 

6LQJOH-FHOO RNA VHTXHQFLQJ GLVWLQJXLVKHV B FHOOV IURP SDUHQFK\PDO 

DVWURF\WHV DQG UHYHDOV B FHOO KHWHURJHQHLW\.  

FRU ZhROe VLQgOe-ceOO RNA VeTXeQcLQg (VcRNA-SeT), Ze PLcURdLVVecWed Whe OaWeUaO ZaOO Rf 

Whe OaWeUaO YeQWULcOe fURP hGFAP:GFP PLce aW SRVWQaWaO da\ (P) 29-35 (Q=8, FLg 1A; FLg 

1-S1A). TR deWeUPLQe SRVVLbOe Ve[ dLffeUeQceV LQ dRZQVWUeaP aQaO\VeV, WZR PaOe aQd WZR 

fePaOe VaPSOeV (Q=4 VaPSOeV WRWaO) ZeUe dLVVRcLaWed aQd PXOWLSOe[ed b\ OabeOLQg ceOOV ZLWh 

VaPSOe-VSecLfLc MULTI-VeT baUcRdeV ​(McGLQQLV eW aO., 2019)​. MXOWLSOe[ed VaPSOeV ZeUe 

WheQ SRROed fRU Whe UePaLQdeU Rf Whe VLQgOe-ceOO LVROaWLRQ SURWRcRO. TZR WechQLcaO UeSOLcaWeV Rf 

SRROed VaPSOeV ZeUe ORaded LQ VeSaUaWe ZeOOV Rf Whe ChURPLXP CRQWUROOeU chLS (10[ 

GeQRPLcV) fRU VLQgOe-ceOO baUcRdLQg aQd dRZQVWUeaP PRNA OLbUaU\ SUeSaUaWLRQ aQd 

VeTXeQcLQg (FLg 1A). CeOOV caUU\LQg PXOWLSOe baUcRdeV RU a hLgh QXPbeU Rf PRNA UeadV 

(4,128 RXW Rf 35,025 ceOOV, 11.7%) ZeUe cRQVLdeUed dRXbOeWV aQd ZeUe eOLPLQaWed fURP 

dRZQVWUeaP aQaO\VLV. DaWa fURP each WechQLcaO UeSOLcaWe ZeUe LQWegUaWed fRU 

baWch-cRUUecWLRQ ​(SWXaUW eW aO., 2019)​. We WheQ SeUfRUPed XQbLaVed cOXVWeULQg Rf ceOO SURfLOeV 

aQd caOcXOaWed UMAP cRRUdLQaWeV fRU daWa YLVXaOL]aWLRQ (FLg 1A). The cOXVWeULQg Rf OaWeUaO 

ZaOO V-SVZ ceOOV ZaV QRW dULYeQ b\ VaPSOe, WechQLcaO UeSOLcaWe, RU Ve[ (FLg 1-S1B-J). CeOO 

cOXVWeU LdeQWLWLeV ZeUe aQQRWaWed baVed RQ Whe deWecWLRQ Rf NQRZQ ceOO W\Se PaUNeUV (FLg 

1B-C).  We LdeQWLfLed 37 cOXVWeUV RYeUaOO, ZLWh 14 cOXVWeUV cRUUeVSRQdLQg WR ceOO W\SeV ZLWhLQ 

Whe QeXURgeQLc OLQeage: NSCV (B ceOOV), LQWeUPedLaWe SURgeQLWRUV (C ceOOV), aQd QeXURbOaVWV 

(A ceOOV) ​(DReWVch eW aO., 1999; ObeUQLeU eW aO., 2018)​.  IQ addLWLRQ, RXU aQaO\VLV LdeQWLfLed ceOO 

cOXVWeUV cRUUeVSRQdLQg WR SaUeQch\PaO aVWURc\WeV, eSeQd\PaO ceOOV, QeXURQV, 
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ROLgRdeQdURgOLa, PLcURgOLa, SeULc\WeV, YaVcXOaU VPRRWh PXVcOe ceOOV, aQd eQdRWheOLaO ceOOV 

(FLg 1B-C).  

 

NSCV LQ Whe V-SVZ cRUUeVSRQd WR a VXbSRSXOaWLRQ Rf aVWURc\WeV (B ceOOV) deULYed fURP UadLaO 

gOLa ​(DReWVch eW aO., 1999; La\ZeOO eW aO., 2000; MeUNOe eW aO., 2004)​.  B ceOOV QRW RQO\ haYe 

aVWURc\WLc XOWUaVWUXcWXUe bXW aOVR e[SUeVV PaQ\ aVWURc\WLc PaUNeUV ​(BRUUeWW eW aO., 2020; 

CRdega eW aO., 2014)​. TheUefRUe, LdeQWLf\LQg PaUNeUV WhaW dLVWLQgXLVh SaUeQch\PaO aVWURc\WeV 

fURP B ceOOV haV beeQ a chaOOeQge LQ Whe fLeOd.  IQ RXU daWaVeW, B ceOO aQd VWULaWaO aVWURc\We 

cOXVWeUV aUe bRWh defLQed b\ ​Gfap ​ aQd ​GFP​ e[SUeVVLRQ (FLg 1-S2A-B), aPRQg RWheU geQeV 

e[SUeVVed LQ cRPPRQ.  We cOaVVLfLed VWULaWaO aVWURc\We cOXVWeUV baVed RQ LQcUeaVed 

e[SUeVVLRQ Rf ​Aqp4, S100b, and C[cl14 ​ ​(CRdega eW aO., 2014; Z\ZLW]a eW aO., 2018)​, ZhLOe B 

ceOO cOXVWeUV ZeUe defLQed b\ e[SUeVVLRQ Rf ​S100a6 ​(KMeOO eW aO., 2020)​ (FLg 1-S2A-B). UVLQg 

WheVe cOaVVLfLcaWLRQV, Ze SeUfRUPed dLffeUeQWLaO geQe e[SUeVVLRQ aQaO\VLV beWZeeQ B ceOOV 

aQd aVWURc\WeV (cOXVWeUV 5, 14, aQd 22 YV. cOXVWeUV 21, 26, aQd 29, UeVSecWLYeO\). We fRXQd 

WhaW B ceOOV had a hLgheU e[SUeVVLRQ Rf ​Maff, Zfp36, Be[4, Lgals3, and An[a2 ​ cRPSaUed WR 

VWULaWaO aVWURc\WeV, ZhLch LQ WXUQ ZeUe eQULched fRU ​Clmn, Atp13a4, Eps8, Pcdh7, and S\ne1 

(FLg 1-S2C, SXSSOePeQWaU\ TabOe 1).  

 

TR beWWeU XQdeUVWaQd bLRORgLcaO dLffeUeQceV beWZeeQ VWULaWaO aVWURc\WeV aQd B ceOOV, Ze 

SeUfRUPed geQe RQWRORg\ (GO) eQULchPeQW RQ Whe dLffeUeQWLaOO\ e[SUeVVed geQeV. GeQeV 

aVVRcLaWed ZLWh V\QaSVe UegXOaWLRQ (GO:0051965 aQd 0051963), PacURaXWRShag\ (GO: 

0016241), aQd deQdULWe deYeORSPeQW aQd PRUShRgeQeVLV (GO: 0016358 aQd 0048813), 

aPRQg RWheUV, ZeUe RYeUUeSUeVeQWed LQ VWULaWaO aVWURc\WeV cRPSaUed WR B ceOOV (FLg 1-S2D). 

IQ cRQWUaVW, B ceOOV ZeUe eQULched LQ WeUPV aVVRcLaWed ZLWh RNA UegXOaWLRQ (GO:0000463, 

0034471, 0000956, aQd 0000966) aQd PLWRchRQdULaO UegXOaWLRQ (GO:006626, 0073655, 

0090201, aQd 0010823) (FLg 1-S2D).  TheVe dLffeUeQWLaOO\ UeSUeVeQWed GO WeUPV VXSSRUW Whe 
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NQRZQ QeXUR-UegXOaWRU\ fXQcWLRQ Rf aVWURc\WeV, aV ZeOO aV Whe LQcUeaVed WUaQVcULSWLRQaO 

UegXOaWLRQ WhaW haV beeQ aVVRcLaWed ZLWh Whe WUaQVLWLRQ Rf NSCV fURP TXLeVceQW WR acWLYaWed 

VWaWeV ​(DXONeQ eW aO., 2017; LORUeQV-BRbadLOOa eW aO., 2015)​. UVLQg WhLV ceOO W\Se cOaVVLfLcaWLRQ, 

Ze LQcOXded B ceOO cOXVWeUV, bXW QRW VWULaWaO aVWURc\WeV, LQ RXU dRZQVWUeaP aQaO\VLV Rf Whe 

QeXURgeQLc OLQeage. 

VFRNA-6HT FDSWXUHV QHXURJHQLF SURJUHVVLRQ LQ WKH 9-69= 

IQ RXU VcRNA-SeT daWaVeW, Ze fRXQd WhaW Whe PaMRULW\ Rf ceOOV ZeUe SaUW Rf Whe QeXURgeQLc 

OLQeage, ZhLch LV cRPSRVed Rf SULPaU\ SURgeQLWRUV, LQWeUPedLaWe SURgeQLWRUV, aQd \RXQg 

QeXURQV (Whe B-C-A ceOO OLQeage). TheVe QeXURgeQLc cOXVWeUV ZeUe LQ Whe ceQWeU Rf Whe UMAP 

SORW.  WLWh WhLV aQaO\VLV, Whe daWa had a ³hXPPLQgbLUd-OLNe´ VhaSe ZLWh B ceOOV (cOXVWeUV 5, 13, 

14 aQd 22) aW Whe WRS LQ Whe bLUd¶V head aQd QecN, SUROLfeUaWLQg ceOOV (cOXVWeUV 8, 10, 16, aQd 

17) aQd C ceOOV (cOXVWeU 12) UeVePbOed Whe bLUd¶V bRd\ aQd ZLQg, aQd A ceOOV (cOXVWeUV 0, 1, 4, 

6 aQd 15) fRUPed a WaLO (FLg 2A). AV e[SecWed, aOO B ceOO cOXVWeUV e[SUeVVed ​Gfap, GFP,​ aQd 

S100a6 ​(FLg 2B-D)​. ​We LdeQWLfLed ​ ​a VXbSRSXOaWLRQ Rf B ceOOV aV Whe TXLeVceQW B ceOOV 

(CRdega eW aO., 2014; LORUeQV-BRbadLOOa eW aO., 2015)​ (cOXVWeUV 5, 14 aQd 22) chaUacWeUL]ed b\ 

hLgh e[SUeVVLRQ Rf ​Thbs4 ​ aQd ​Gfap,​ QR ​Egfr ​aQd ORZ ​Ascl1 ​e[SUeVVLRQ ​ ​(FLg 2E, B, F-G).  IQ 

cRQWUaVW, cOXVWeU 13 (Whe QecN UegLRQ Rf Whe ³hXPPLQgbLUd´) cRUUeVSRQded WR acWLYaWed B ceOOV 

ZLWh ORZeU e[SUeVVLRQ Rf ​Gfap, GFP,​ aQd ​S100a6, ​bXW hLgh ​Egfr ​aQd ​Ascl1 ​e[SUeVVLRQ 

(CRdega eW aO., 2014)​ (FLg 2B-D, F-G)​. ​COXVWeU 13 ceOOV aOVR e[SUeVVed ​ Notum​,​ ​a PaUNeU 

UeceQWO\ aVVRcLaWed ZLWh acWLYaWLQg TNSCV ​(ML]UaN eW aO., 2020)​ (FLg 2H). BRUdeULQg cOXVWeU 

13 LQ Whe cheVW UegLRQ Rf Whe µbLUd¶ ZaV cOXVWeU 12, LdeQWLfLed aV Whe C ceOO cOXVWeU, ZhLch had 

ORZ e[SUeVVLRQ Rf aVWURc\WLc PaUNeUV ​Gfap ​ aQd ​GFP ​(FLg 2B-C), bXW hLgh e[SUeVVLRQ Rf ​Egfr 

aQd ​Ascl1 ​(FLg 2F-G).  The ZLQg aUea Rf Whe µbLUd¶ cRQWaLQed ​mKi67 ​+ SUROLfeUaWLQg ceOOV (FLg 

2I), aQd LQ Whe WaLO aUea Rf Whe µbLUd¶ beORZ, cOXVWeUV cRUUeVSRQdLQg WR QeXURbOaVWV ZeUe 

chaUacWeUL]ed b\ hLgh e[SUeVVLRQ Rf Dc[+ (FLg 2J). We XVed ceOO-c\cOe VcRULQg WR cOaVVLf\ 
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ceOOV b\ WheLU ​G2M, S, RU G1 ShaVe ​(TLURVh eW aO., 2016)​, aQd fRXQd WhaW a hLgh QXPbeU Rf 

ceOOV LQ cOXVWeU 12 ZeUe LQ Whe S ShaVe (​691/992, 69.6%​), cRQVLVWeQW ZLWh cOXVWeU 12 

cRUUeVSRQdLQg WR ​ LQWeUPedLaWe SURgeQLWRUV (C ceOOV) (FLg 2K). 

 

The XQbLaVed cOXVWeULQg aQaO\VLV SRROed dLYLdLQg ceOOV LQWR Whe ZLQg UegLRQ Rf Whe 

µhXPPLQgbLUd¶.  A cORVeU ORRN aW WheVe cOXVWeUV Rf PLWRWLc ceOOV LQ G2 RU PeWaShaVe (G2M; 

cOXVWeUV 10, 16, 17, aQd 8) VhRZed WhaW WheLU geQe e[SUeVVLRQ SaWWeUQ RYeUOaSV ZLWh WhaW Rf 

Whe Rf QRQ-dLYLdLQg QeXURgeQLc OLQeage ceOO SURgUeVVLRQ: COXVWeU 10 e[SUeVVeV PaUNeUV Rf B 

ceOOV (​GFP, Notum​), cOXVWeU 16 had PaUNeUV Rf C ceOOV (​Ascl1 ​), aQd cOXVWeU 8 e[SUeVVeV 

PaUNeUV Rf A ceOOV (​Dc[​) (FLg 2B-K). ThLV VXggeVWV WhaW WheVe cOXVWeUV cRUUeVSRQd WR dLYLdLQg 

B, C, aQd A ceOOV, UeVSecWLYeO\, ZhLch haYe aOO beeQ SUeYLRXVO\ RbVeUYed b\ eOecWURQ aQd 

cRQfRcaO PLcURVcRS\ ​in vivo ​ ​(DReWVch eW aO., 1997)​.  

 

IdeQWLfLed b\ ​Dc[ ​e[SUeVVLRQ, Whe OaUgeVW QXPbeU Rf ceOOV ZLWhLQ Whe QeXURgeQLc OLQeage 

cRUUeVSRQded WR QeXURbOaVWV aQd \RXQg QeXURQV (A ceOOV) (cOXVWeUV 0, 1, 4, 6 aQd 15; Whe WaLO 

UegLRQ Rf Whe hXPPLQgbLUd) (FLg 2A, J).  IQWeUeVWLQgO\, XQbLaVed cOXVWeULQg VXbdLYLded A ceOOV 

LQWR 5 VXbcOXVWeUV ZLWh dLffeUeQW geQe e[SUeVVLRQ SURfLOeV.  CRQVLVWeQW ZLWh SUeYLRXV ZRUN 

VhRZLQg WhaW a VXbSRSXOaWLRQ Rf QeZO\ geQeUaWed QeXURQV cRQWLQXeV WR dLYLde ​(LRLV aQd 

AOYaUe]-BX\OOa, 1993; MeQe]eV eW aO., 1995)​, cOXVWeUV 6 aQd 15 cRQWaLQ ​Dc[​+ A ceOOV ZLWh 

SUROLfeUaWLYe PaUNeUV (e.g. ​mKi67 ​) (FLg 2I-K).  GeQeV WhaW dLVWLQgXLVhed cOXVWeUV 0, 1, 4, 6 aQd 

15 aUe dLVcXVVed beORZ.  The RYeUaOO SURgUeVVLRQ fURP B-C-A ceOOV deVcULbed abRYe LV 

VXSSRUWed b\ RNA-YeORcLW\ OLQeage WUaMecWRU\ UecRQVWUXcWLRQ ​(La MaQQR eW aO., 2018)​, LQ 

ZhLch geQeV defLQLQg B, C aQd A ceOOV aUe e[SUeVVed VeTXeQWLaOO\ LQ dLVWLQcW ShaVeV LQ 

SVeXdRWLPe (FLg 2L-M).  
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OYeUaOO, RXU VLQgOe-ceOO daWaVeW UecaSLWXOaWeV Whe NQRZQ B-C-A ceOO SURgUeVVLRQ WhURXgh Whe 

QeXURgeQLc OLQeage.  IQWULgXLQgO\, RXU aQaO\VLV aOVR UeYeaOV heWeURgeQeLW\ aPRQg B, C, aQd A 

ceOOV, LQ ZhLch each ceOO W\Se LV VXbdLYLded LQWR PXOWLSOe dLVWLQcW cOXVWeUV.  APRQg C ceOOV, Whe 

heWeURgeQeLW\ ZaV PRVWO\ dULYeQ b\ dLffeUeQW VWageV Rf Whe ceOO c\cOe (FLg 2F-G, I, K).  WhaW 

dULYeV heWeURgeQeLW\ aPRQg B aQd A ceOO cOXVWeUV? 

6LQJOH QXFOHXV VHTXHQFLQJ (VNXFRNA-6HT) IURP PLFURGLVVHFWHG 9-69= 

UHJLRQV FDSWXUHV 9-69= DQG VWULDWDO FHOO W\SHV.  

TR cRPSOePeQW RXU VLQgOe-ceOO WUaQVcULSWRPLc aQaO\VLV, Ze SeUfRUPed VLQgOe-QXcOeXV 

VeTXeQcLQg (VNXcRNA-SeT) fURP PLcURdLVVecWed V-SVZ VXbUegLRQV Rf P35 CD1 PLce (Q=8 

PaOeV, 9 fePaOeV). We LVROaWed VLQgOe QXcOeL fURP fRXU dLVWLQcW PLcURdLVVecWed TXadUaQWV Rf 

Whe V-SVZ: Whe aQWeULRU-dRUVaO (AD), SRVWeULRU-dRUVaO (PD), aQWeULRU-YeQWUaO (AV), aQd 

SRVWeULRU-YeQWUaO (PV) UegLRQV (FLg 1D; FLg 1-S3A) ​(MLU]adeh eW aO., 2008)​.  The fRXU UegLRQ 

VaPSOeV (AD, PD, AV, aQd PV) ZeUe WheQ SURceVVed LQ SaUaOOeO fRU VNXcRNA-SeT (FLg 1D; 

FLg 1-S3B). OXU VNXcRNA-SeT daWaVeW cRQWaLQV 45,820 QXcOeXV SURfLOeV. The fRXU UegLRQ 

VaPSOeV XQdeUZeQW TXaOLW\ cRQWURO VWeSV Rf fLOWeULQg RXW ORZ-TXaOLW\ ceOOV aQd SXWaWLYe 

dRXbOeWV (Vee MeWhRdV).  DaWa fURP each VaPSOe ZeUe cRPbLQed aQd LQWegUaWed (SeXUaW Y3 

IntegrateData ​) ​(SWXaUW eW aO., 2019)​, WheQ cOXVWeUed aV Whe VcRNA-SeT daWaVeW abRYe. CeOO 

LdeQWLWLeV ZeUe aQQRWaWed baVed RQ Whe deWecWLRQ SUeYLRXVO\ deVcULbed ceOO W\Se PaUNeUV 

(MlUWLQ eW aO., 2019; ZeLVeO eW aO., 2018)​ (FLg 1E; FLg 1-S3C-E).  

 

TR XQdeUVWaQd Whe dLffeUeQceV beWZeeQ  Whe VcRNA-SeT aQd VNXcRNA-SeT daWaVeWV, Ze 

cRPSaUed Whe QXPbeUV Rf XQLTXe PROecXOaU LdeQWLfLeUV (UMIV) aQd geQeV LdeQWLfLed SeU ceOO. 

The VcRNA-SeT ceOOV haYe 3-fROd PRUe UMIV/ceOO (VcRNA-SeT: 9,181; VNXcRNA-SeT: 3,062 

PedLaQ UMIV/ceOO) aQd 2.1-fROd PRUe geQeV LdeQWLfLed SeU ceOO (VcRNA-SeT: 3,549; 
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VNXcRNA-SeT: 1,679 PedLaQ geQeV/ceOO) (FLg 1-S3I). The WZR daWaVeWV aOVR dLffeUed LQ Whe 

SURSRUWLRQ Rf V-SVZ ceOO W\SeV UeSUeVeQWed (FLg 1-S3J). 

 

IQ Whe VNXcRNA-SeT daWa, Ze LdeQWLfLed 42 cOXVWeUV, LQcOXdLQg WhRVe cRUUeVSRQdLQg WR ceOO 

W\SeV ZLWhLQ Whe QeXURgeQLc OLQeage: NSCV (B ceOOV), PLWRWLc LQWeUPedLaWe SURgeQLWRUV (C 

ceOOV), aQd QeXURbOaVWV (A ceOOV) (FLg 1E, FLg 1-S3C-E).  BaVed RQ Whe B ceOO- RU 

aVWURc\We-VSecLfLc PaUNeUV LdeQWLfLed LQ Whe VcRNA-SeT daWa abRYe, Ze aOVR LdeQWLf\ a 

SaUeQch\PaO aVWURc\We cOXVWeU, aV ZeOO aV eSeQd\PaO ceOOV, VWULaWaO QeXURQV, ROLgRdeQdURgOLa, 

PLcURgOLa, SeULc\WeV aQd YaVcXOaU VPRRWh PXVcOe ceOOV, eQdRWheOLaO ceOOV, aQd OeSWRPeQLQgeaO 

ceOOV (FLg 1E, FLg 1-S3D-E). We aOVR fRXQd WhaW aOO fRXU UegLRQV cRQWULbXWed WR PRVW cOXVWeUV 

(FLg 1-S3F-H). 

 

GLYeQ Whe gUeaWeU SURSRUWLRQ Rf hLgh-TXaOLW\ QeXURgeQLc OLQeage ceOOV, Ze fRcXVed Whe 

fROORZLQg aQaO\VLV RQ Whe VcRNA-VeT daWaVeW, PaNLQg Ne\ VXSSRUWLQg RbVeUYaWLRQV XVLQg Whe 

VNXcRNA-SeT daWaVeW. 

QXLHVFHQW B FHOO FOXVWHUV FRUUHVSRQG WR UHJLRQDOO\ RUJDQL]HG GRUVDO DQG 

YHQWUDO GRPDLQV 

AV VhRZQ abRYe, LQ RXU VcRNA-SeT daWaVeW, Ze fRXQd WhaW TXLeVceQW B ceOOV (Whe head Rf 

Whe µbLUd¶; FLg 2A) ZeUe VXbdLYLded LQWR WhUee cOXVWeUV: B ceOO cOXVWeU 5 (B(5)), B(14), aQd 

B(22) (FLg 3-S1A). TR XQdeUVWaQd WheLU PROecXOaU dLffeUeQceV, Ze cRQdXcWed dLffeUeQWLaO 

e[SUeVVLRQ aQaO\VLV WR LdeQWLf\ VLgQLfLcaQWO\ XSUegXOaWed geQeV LQ each Rf Whe WhUee B ceOO 

cOXVWeUV (FLg 3-S1BL) aQd caQdLdaWe cOXVWeU-VSecLfLc PaUNeU geQeV (FLg 3-S1BLL). WheQ Ze 

e[aPLQed Whe WRS WeQ caQdLdaWe PaUNeUV fRU each cOXVWeU, Ze fRXQd geQeV cRUUeVSRQdLQg WR 

NQRZQ PaUNeUV Rf dRUVaO aQd YeQWUaO B ceOO LdeQWLW\ (FLg 3-S1C).  FRU e[aPSOe, ​Nk[6.2 ​, a 

WUaQVcULSWLRQ facWRU e[SUeVVed LQ Whe YeQWUaO ePbU\RQLc aQd SRVWQaWaO YeQWULcXOaU ]RQe 
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(MeUNOe eW aO., 2014; MRUeQR-BUaYR eW aO., 2010)​, LV eQULched LQ cOXVWeU B(14), aV aUe ​Notum 

aQd ​Lmo1 ​ (FLg 3A, FLg 3-S1C) ​(BRUUeWW eW aO., 2020; ML]UaN eW aO., 2020)​. SLPLOaUO\, ​Gs[2 ​, a 

PaUNeU Rf dRUVaO B ceOOV, LV a PaUNeU Rf cOXVWeU B(5) (FLg 3B, FLg 3-S1C). AQRWheU NQRZQ 

dRUVaO PaUNeU, ​Em[1 ​, LV VLgQLfLcaQWO\ XSUegXOaWed LQ cOXVWeU B(22) (FLg 3C, SXSSOePeQWaU\ 

TabOe 2). WheQ Ze RYeUOa\ Whe e[SUeVVLRQ Rf WheVe cOXVWeU PaUNeUV RQ Whe QeXURgeQLc 

OLQeage UMAP SORW, Ze fLQd WhaW WheLU e[SUeVVLRQ LV OaUgeO\ UeVWULcWed WR ceOOV ZLWhLQ a VLQgOe B 

ceOO cOXVWeU, aQd LQ Whe caVe Rf ​Gs[2 ​, LV UeWaLQed LQ C ceOOV aQd eaUO\-VWage A ceOOV (FLg 3A-C). 

AcWLYaWed B ceOOV LQ cOXVWeU B(13) aOVR VhRZed Whe e[SUeVVLRQ Rf WheVe UegLRQaO PaUNeUV bXW 

dLd QRW VeSaUaWe LQWR PXOWLSOe cOXVWeUV aW WhLV UeVROXWLRQ (FLg 2A).  The dLVWLQcW UegLRQaO 

VLgQaWXUe WhaW dULYeV cOXVWeULQg fRU TXLeVceQW B ceOOV VeePV WR be SaUWLaOO\ ORVW aV WheVe 

SULPaU\ SURgeQLWRUV PRYe LQWR Whe acWLYaWed VWaWe.  

 

TR WeVW Whe h\SRWheVLV WhaW B ceOOV aUe dRUVR-YeQWUaOO\ RUgaQL]ed LQ Whe V-SVZ, Ze WRRN 

adYaQWage Rf Whe UegLRQ-VSecLfLc PLcURdLVVecWLRQ Rf Whe VNXcRNA-SeT ceOOV (FLg 1D-E; FLg 

1-S3) aQd PeWadaWa LabeO TUaQVfeU WR SUedLcW VcRNA-SeT B ceOO UegLRQ LdeQWLW\ ​(SWXaUW eW aO., 

2019)​. Each B ceOO ZaV aVVLgQed bRWh a dRUVaO aQd YeQWUaO µSUedLcWed LdeQWLW\¶ VcRUe baVed 

RQ WheLU VLPLOaULW\ WR dRUVaO aQd YeQWUaO QXcOeL (FLg 3D). We WheQ caOcXOaWed Whe dLffeUeQce 

beWZeeQ dRUVaO aQd YeQWUaO VcRUeV fRU each VcRNA-SeT B ceOO. We fRXQd WhaW ceOOV ZLWhLQ 

each cOXVWeU ZeUe VWURQgO\ dRUVaO-VcRULQg (gUeeQ) RU YeQWUaO-VcRULQg (PageQWa), ZLWh 

UeOaWLYeO\ feZ ceOOV haYLQg VLPLOaU dRUVaO aQd YeQWUaO SUedLcWLRQ VcRUeV (gUa\) (FLg 3E). We 

fRXQd WhaW cOXVWeU B(14) VcRUed PRUe hLghO\ fRU YeQWUaO LdeQWLW\ RQ aYeUage, ZhLOe cOXVWeUV 

B(5) aQd B(22) VcRUed PRUe hLghO\ fRU dRUVaO LdeQWLW\ (FLg 3-S1D).  

 

TR LQYeVWLgaWe Whe SRWeQWLaO dRUVR-YeQWUaO VSaWLaO RUgaQL]aWLRQ Rf dRUVaO-VcRULQg cOXVWeUV B(5) 

aQd B(22) ​in vivo ​, Ze SeUfRUPed RNAVcRSe LQ VLWX h\bULdL]aWLRQ fRU Whe dLffeUeQWLaOO\ 

e[SUeVVed WUaQVcULSWV ​Small Nucleolar RNA Host Gene 15 ​(​Snhg15 ​, a OQcRNA), aQd 
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Contactin-Associated Protein 2 ​ (​Cntnap2 ​), ZhLch aUe XSUegXOaWed LQ cOXVWeUV B(5) aQd B(22), 

UeVSecWLYeO\ (FLg 3-S1E-L). OYeUaOO, Ze fRXQd WhaW​ Snhg15 ​ aQd ​Cntnap2 ​ SURbeV dLd QRW 

e[cOXVLYeO\ ORcaOL]e LQ B ceOOV, bXW ZeUe aOVR e[SUeVVed LQ VXbVeWV Rf  A ceOOV, C ceOOV, aQd 

eSeQd\PaO ceOO Oa\eU, PaNLQg LW dLffLcXOW WR cRQfLUP WheLU B ceOO e[SUeVVLRQ aORQg Whe 

dRUVaO-YeQWUaO a[LV Rf Whe V-SVZ (FLg 3-S1F-H, J-L). TR LdeQWLf\ PaUNeUV PRUe VSecLfLc WR B 

ceOOV ZLWhLQ Whe V-SVZ, aQd WeVW Whe h\SRWheVLV WhaW B(5) aQd B(22) bRWh cRUUeVSRQd WR 

dRUVaOO\-ORcaOL]ed B ceOOV, Ze cRPbLQed WheP LQWR a VLQgOe cOXVWeU, B(5+22). LRRNLQg aW WhLV 

QeZ cOXVWeU¶V SUedLcWed dRUVaO aQd YeQWUaO LdeQWLW\ VcRUeV, Ze fRXQd WhaW LW had a PXch hLgheU 

aYeUage dRUVaO SUedLcWed LdeQWLW\ VcRUe, aV ZeOO aV ORZeU aYeUage YeQWUaO SUedLcWed LdeQWLW\ 

VcRUe WhaQ ZheQ VcRUed VeSaUaWeO\, QeaUO\ Whe LQYeUVe Rf cOXVWeU B(14)¶V SUedLcWLRQ VcRUeV 

(FLg 3F). ThLV XQVXSeUYLVed, XQbLaVed SUedLcWLRQ Rf UegLRQ LdeQWLW\ aW Whe VLQgOe-ceOO OeYeO, 

baVed RQ VNXcRNA-SeT UegLRQ-VSecLfLc PLcURdLVVecWLRQ, UeLQfRUceV RXU RbVeUYaWLRQ WhaW 

VcRNA-SeT B ceOO cOXVWeUV haYe VWURQg geQe e[SUeVVLRQ VLgQaWXUeV Rf dRUVaO RU YeQWUaO 

V-SVZ LdeQWLW\. 

 

We WheQ aVNed ZhaW geQeV ZeUe dLffeUeQWLaOO\ e[SUeVVed beWZeeQ Whe SXWaWLYe dRUVaO cOXVWeU 

B(5+22) aQd Whe SXWaWLYe YeQWUaO cOXVWeU B(14) (FLg 3G-I). APRQg Whe dLffeUeQWLaOO\ e[SUeVVed 

geQeV ZeUe RWheU NQRZQ PaUNeUV Rf dRUVaO B ceOOV, VXch aV ​Pa[6 and Hop[ ​(FLg 3 HL, 

SXSSOePeQWaU\ TabOe 2), aV ZeOO aV QRYeO dRUVaO-dRPaLQ PaUNeU caQdLdaWeV VXch aV ​Urah 

aQd ​Dio2 ​ (FLg 3HLL, I).  We fRXQd WhaW ​Urah ​ aQd ​Dio2 ​ ZeUe hLghO\ e[SUeVVed aPRQg GFAP+ 

ceOOV LQ Whe V-SVZ dRUVaO ³Zedge´ (Whe dRUVR-OaWeUaO cRUQeU Rf Whe V-SVZ eQULched LQ B, C, 

aQd A ceOOV), ZhLOe ORZeU e[SUeVVLRQ ZaV RbVeUYed LQ Whe LQWeUPedLaWe aQd YeQWUaO UegLRQV 

(FLg 3J-Q). ThLV SaWWeUQ Rf e[SUeVVLRQ ZaV cRQVeUYed fURP aQWeULRU WR SRVWeULRU VecWLRQV (FLg 

3M, Q). TR deWeUPLQe Lf Whe dRUVaO ​Urah ​aQd ​ Dio2 ​ dRPaLQ cRUUeVSRQd WR Whe dRUVaO ​Hop[+ ​B 

ceOO SRSXOaWLRQ ​(ZZeLfeO eW aO., 2018)​, Ze SeUfRUPed RNAVcRSe ​in situ ​ h\bULdL]aWLRQ fRU ​Hop[​. 

Hop[ ​ZaV e[SUeVVed LQ B ceOOV LQ Whe dRUVaO Zedge ZLWh QR e[SUeVVLRQ LQ Whe LQWeUPedLaWe 
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aQd YeQWUaO V-SVZ UegLRQV (FLg 3-S1M-Q). IQWeUeVWLQgO\, ORZ aQd hLgh ​Hop[​+​ ​ceOOV ZeUe 

RbVeUYed LQ Whe Zedge ​. Hop[​high​ ceOOV VhRZed a VXb-caOORVaO ORcaOL]aWLRQ fRUPLQg a baQd WhaW 

e[WeQded OaWeUaOO\ fURP Whe VeSWaO cRUQeU Rf Whe V-SVZ, ZheUe HRS[+ ceOOV haYe beeQ 

SUeYLRXVO\ deVcULbed ​(ZZeLfeO eW aO., 2018)​ (FLg 3-S1N-O, Q). We cRQfLUPed WhaW HOPX 

SURWeLQ fROORZed Whe e[SUeVVLRQ SaWWeUQ Rf LWV PRNA b\ LPPXQRVWaLQLQg (FLg 3-S1R). 

 

COXVWeU B(14) PaUNeU ​Cr\m​ ZaV e[SUeVVed LQ LQWeUPedLaWe aQd YeQWUaO V-SVZ GFAP+ ceOOV 

(FLg 3R-U), ZLWh QR e[SUeVVLRQ LQ Whe V-SVZ dRUVaO Zedge (FLg 3S). IQWeUeVWLQgO\, Whe ​Cr\m​+ 

dRPaLQ decUeaVed LQ VL]e aORQg Whe aQWeULRU-SRVWeULRU a[LV (FLg 3U). CRQVLVWeQW ZLWh RXU 

VLQgOe-ceOO daWa, A ceOOV LdeQWLfLed b\ DCX e[SUeVVLRQ ZeUe ​Cr\m​-QegaWLYe (FLg 3R-T). We 

aOVR fRXQd WhaW ceOOV LQ Whe VWULaWXP e[SUeVVed ​Cr\m, ​aV SUeYLRXVO\ deVcULbed (FLg 3S-T) 

(ChaL eW aO., 2017; ML]UaN eW aO., 2019)​. ​TR deWeUPLQe Lf ​Cr\m​ ZaV e[SUeVVed aW Whe SURWeLQ 

OeYeO LQ a UegLRQaO SaWWeUQ, Ze aQaO\]ed CRYM e[SUeVVLRQ LQ P28 hGFAP:GFP PLce. 

CRQVLVWeQW ZLWh Whe RNAVcRSe aVVa\, YeQWUaO SVZ GFP+ B ceOOV ZeUe CRYM+, ZhLOe dRUVaO 

Zedge GFP+ ceOOV ZeUe QegaWLYe (FLg 4A-C). TR beWWeU XQdeUVWaQd Whe aQWeUR-SRVWeULRU 

dLVWULbXWLRQ Rf Whe CRYM+ YeQWUaO dRPaLQ, Ze aQaO\]ed B1 ceOO CRYM e[SUeVVLRQ LQ V-SVZ 

ZhROe PRXQWV ​(MLU]adeh eW aO., 2008)​. CRQVLVWeQW ZLWh ​Cr\m​ e[SUeVVLRQ SaWWeUQV LQ cRURQaO 

VecWLRQV aORQg Whe aQWeULRU-SRVWeULRU a[LV (FLg 3U), Ze fRXQd Whe CRYM+ B ceOO dRPaLQ LQ Whe 

ZhROePRXQW cRYeUed YeQWUaO aQd LQWeUPedLaWe dRPaLQV Rf Whe OaWeUaO ZaOO, bXW ZaV abVeQW 

fURP Whe dRUVaO aQd Zedge aUea (FLg 4D).  ThLV ZhROePRXQW aQaO\VLV aOVR VhRZV hRZ Whe 

CRYM+ dRPaLQ decUeaVeV LQ VL]e aQd becRPeV UeVWULcWed WR PRUe YeQWUaO UegLRQV aORQg Whe 

aQWeULRU WR SRVWeULRU a[LV (FLg 4D-G). UVLQg Whe hGFAP-GFP PLce aQd VWaLQLQg ZLWh 

BETA-CATENIN WR UeYeaO SLQZheeOV aQd aSLcaO cRQWacWV Rf B1 ceOOV, Ze cRQfLUPed WhaW 

CRYM ZaV e[SUeVVed LQ GFP+ YeQWUaO B1 ceOOV, ZhLOe abVeQW LQ dRUVaO B1 ceOOV (FLgXUe 

4H-I). TaNeQ WRgeWheU, Ze cRQcOXde WhaW ​Cr\m​ WUaQVcULSW aQd SURWeLQ e[SUeVVLRQ defLQeV a 
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ZLde YeQWUaO WeUULWRU\ WhaW decUeaVeV caXdaOO\, aQd LV abVeQW fURP Whe dRUVaO aQd Zedge 

V-SVZ UegLRQV.  

A FHOO FOXVWHU KHWHURJHQHLW\ LV OLQNHG WR UHJLRQDOO\-RUJDQL]HG GRUVDO DQG YHQWUDO 

GRPDLQV 

We fRXQd WhaW A ceOOV (FLg 5A) ZeUe VeSaUaWed LQWR WZR PaLQ VeWV Rf WUaQVcULSWLRQaOO\-UeOaWed 

cOXVWeUV: cOXVWeUV A(15) aQd A(6) cRUUeVSRQded WR A ceOOV ZLWh a VWURQg e[SUeVVLRQ Rf geQeV 

aVVRcLaWed ZLWh PLWRVLV aQd ceOO c\cOe UegXOaWLRQ (VXch aV ​Pclaf, Hmgb2, Rrm2, Mki67 ​, 

Top2a ​, aQd Whe ​Mcm​ geQe faPLO\) (FLg 5B, SXSSOePeQWaU\ TabOe 3). We caOcXOaWed Whe µaUea 

XQdeU Whe cXUYe¶ (AUC) VcRUeV ​(ALbaU eW aO., 2017)​ fRU VeWV Rf geQeV cRUUeVSRQdLQg WR Ne\ GO 

WeUPV LQ each A ceOO. The cRPbLQed e[SUeVVLRQ Rf geQeV LQ bRWh Whe GO caWegRULeV PLWRWLc 

DNA UeSOLcaWLRQ (GO:1902969) aQd PLWRVLV DNA UeSOLcaWLRQ LQLWLaWLRQ (GO:1902975) aUe 

hLghO\ XSUegXOaWed LQ cOXVWeUV A(15) aQd A(6) (FLg. 5-S1A, SXSSOePeQWaU\ TabOe 3). TheVe 

cOXVWeUV aUe aOVR eQULched LQ ceOOV LQ S aQd G2M ShaVeV (FLg. 2K), LQdLcaWLQg WhaW WheVe 

cOXVWeUV cRUUeVSRQd WR dLYLdLQg QeXURbOaVWV/eaUO\ A ceOOV ​(LRLV aQd AOYaUe]-BX\OOa, 1993; 

MeQe]eV eW aO., 1995)​. COXVWeUV A(1), A(0), aQd A(4) cRUUeVSRQded WR a VecRQd VeW Rf A ceOOV 

e[SUeVVLQg hLgh OeYeOV Rf geQeV LQYROYed LQ ceOO PLgUaWLRQ, VXch aV ​Dab1 ​aQd ​ Slit2 ​(FLg. 5B; 

SXSSOePeQWaU\ TabOe 3). We fRXQd WhaW QeXURQ PLgUaWLRQ (GO:0001764) aQd VSRQWaQeRXV 

V\QaSWLc WUaQVPLVVLRQ (GO: 0098814) caWegRULeV ZeUe PRUe VWURQgO\ SUeVeQW LQ cOXVWeUV A(0), 

A(1) aQd A(4) (FLg. 5-S1A), LQdLcaWLQg WhaW WheVe cOXVWeUV OLNeO\ cRUUeVSRQd WR PLgUaWLQg 

\RXQg QeXURQV.  ThLV aQaO\VLV Rf Whe GO WeUPV eQULched LQ A ceOOV LV cRQVLVWeQW ZLWh Whe 

SVeXdRWLPe aQaO\VLV (FLg. 2L), LQdLcaWLQg WhaW A ceOOV aUe RUgaQL]ed LQ a cRQWLQXXP Rf 

PaWXUaWLRQ LQ UMAP VSace, ZLWh dLYLdLQg QeXURbOaVWV aW Whe WRS Rf Whe A ceOO cOXVWeU gURXS 

aQd PLgUaWLQg \RXQg QeXURQV LQ Whe bRWWRP.  
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IQWeUeVWLQgO\, Whe cRPbLQed e[SUeVVLRQ Rf geQeV LQ dRUVRYeQWUaO a[RQaO gXLdaQce 

(GO:0033563) aQd ceUebUaO cRUWe[ UegLRQaOL]aWLRQ (GO:0021796), WeUPV aVVRcLaWed ZLWh Whe 

UegLRQaO VSecLfLcaWLRQ Rf Whe bUaLQ, ZaV hLgh LQ cOXVWeUV A(1) aQd A(0), deVSLWe LQdLYLdXaO GO 

WeUPV QRW beLQg VWaWLVWLcaOO\ eQULched LQ WheVe cOXVWeUV (FLg. 5-S1A; SXSSOePeQWaU\ TabOe 3). 

AddLWLRQaOO\, ​Run[1t1, ​a WUaQVcULSWLRQ facWRU e[SUeVVed LQ \RXQg QeXURQV fURP Whe PedLaO 

gaQgOLRQLc ePLQeQce ​(CheQ eW aO., 2017)​, aQd ​N[ph1, ​e[SUeVVed LQ \RXQg PLgUaWLQg QeXURQV 

fURP VXbSaOOLaO geUPLQaO ]RQeV ​(BaWLVWa-BULWR eW aO., 2008)​, ZeUe aPRQg Whe PRVW dLffeUeQWLaOO\ 

e[SUeVVed geQeV LQ cOXVWeU A(1) (FLg. 5B-C, SXSSOePeQWaU\ TabOe 3). CRQYeUVeO\, ​Pa[6, ​a 

WUaQVcULSWLRQ facWRU WhaW LV hLghO\ e[SUeVVed LQ Whe SaOOLXP aQd LQ Whe dRUVaO OaWeUaO gaQgOLRQLc 

ePLQeQce ​(YSVLOaQWL aQd RXbeQVWeLQ, 2016)​, ZaV Whe PRVW dLffeUeQWLaOO\ e[SUeVVed geQe fRU 

cOXVWeU A(0) (FLg. 5B-C, SXSSOePeQWaU\ TabOe 3). IPSRUWaQWO\, ​Va[1 ​ aQd ​Pa[6,​ ZhLch haYe 

beeQ SUeYLRXVO\ fRXQd WR be dLffeUeQWLaOO\ e[SUeVVed b\ YeQWUaOO\- aQd dRUVaOO\-bRUQ A ceOOV 

(CRUp eW aO., 2020)​, ZeUe hLghO\ e[SUeVVed LQ cOXVWeUV A(1) aQd A(0), UeVSecWLYeO\ (FLg 5B-C). 

TaNeQ WRgeWheU, geQe e[SUeVVLRQ VXggeVWV WhaW A ceOOV LQ cOXVWeU A(1) RULgLQaWe fURP YeQWUaO 

SURgeQLWRUV aQd A ceOOV LQ cOXVWeU A(0) RULgLQaWe fURP dRUVaO SURgeQLWRUV. TR WeVW WhLV 

h\SRWheVLV, Ze WRRN adYaQWage Rf Whe UegLRQaO PLcURdLVVecWLRQV fURP Whe VNXcRNA-SeT 

daWaVeW aQd caOcXOaWed dRUVaO aQd YeQWUaO SUedLcWed ORcaWLRQ VcRUeV fRU each VcRNA-SeT A 

ceOO (FLg 5D). IQWULgXLQgO\, aPRQg Whe PRUe PaWXUe A ceOO cOXVWeUV, Ze fRXQd WhaW cOXVWeU A(0) 

ZaV eQULched LQ hLghO\ dRUVaO-VcRULQg ceOOV ZLWh UeOaWLYeO\ feZ hLghO\ YeQWUaO-VcRULQg ceOOV, 

ZhLOe cOXVWeU A(1) ZaV eQULched LQ hLghO\ YeQWUaO-VcRULQg ceOOV ZLWh VRPe hLghO\ 

dRUVaO-VcRULQg ceOOV (FLg 5D, FLg 5-S1D). 

 

IQ RUdeU WR cRQfLUP WhaW A ceOOV LQ A(0) aQd A(1) cRUUeVSRQd WR dRUVaO aQd YeQWUaO \RXQg 

QeXURQV, UeVSecWLYeO\, Ze ORRNed fRU PaUNeUV Rf A(1) aQd A(0) WhaW ZeUe PLQLPaOO\ SUeVeQW LQ 

Whe RWheU cOXVWeU. ​Trhde ​ aQd ​Ntng1 ​aUe e[SUeVVed LQ VXbSRSXOaWLRQV Rf A ceOOV ZLWh hLgh 

dRUVaO aQd YeQWUaO VcRUeV, UeVSecWLYeO\ aQd Ze XVed RNAVcRSe ​in situ ​ h\bULdL]aWLRQ ZLWh 
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DCX LPPXQROabeOLQg WR YLVXaOL]e Whe ORcaOL]aWLRQ Rf WUaQVcULSWV LQ A ceOOV ​in vivo ​. AV 

VXggeVWed b\ Whe e[SUeVVLRQ SaWWeUQ LQ Whe VcRNA-SeT cOXVWeUV, ​Ntng1 ​LV QRW XQLfRUPO\ 

e[SUeVVed LQ aOO A ceOOV, bXW UaWheU a VXbVeW Rf WheP (FLg 5F-I), LQ bRWh dRUVaO aQd YeQWUaO 

V-SVZ (FLg 5F-H). ​Trhde ​SXQcWa ZeUe SUeVeQW LQ Whe V-SVZ, aORQg Whe YeQWULcXOaU OLQLQg aQd 

LQ aUeaV LPPedLaWeO\ OaWeUaO WR Whe DAPI-deQVe baQd Rf V-SVZ B, C aQd A ceOOV (FLg 5-S1B). 

ThLV e[SUeVVLRQ SaWWeUQ LV cRQVLVWeQW ZLWh ​Trhde ​ e[SUeVVLRQ LQ bRWh Whe eSeQd\PaO aQd 

VWULaWaO QeXURQ VcRNA-SeT cOXVWeUV (FLg 5-S1C). We fRXQd feZ ​Trhde+​ DCX+ ceOOV, LQ eLWheU 

Whe dRUVaO RU YeQWUaO V-SVZ, ZheUe each SRVLWLYe A ceOO had RQe RU WZR SXQcWa WhaW dLd QRW 

cR-ORcaOL]e ZLWh Whe QXcOeXV (FLg 5-S1B). IQ addLWLRQ WR ​Ntng1 and Trhde ​ beLQg fRXQd LQ 

DCX+ A ceOOV dLVSeUVed aORQg Whe fXOO dRUVR-YeQWUaO a[LV Rf Whe V-SVZ (FLg 5F-H; FLg 5-S1B), 

LQ Whe DCX-deQVe RMS cRUULdRU, Ze fRXQd UeOaWLYeO\ VPaOO VXbVeWV Rf A ceOOV WhaW ZeUe 

Ntng1+​ RU ​Trhde ​+, ZLWh RQO\ RQe RU WZR PRNA SXQcWa SeU ceOO (FLg 5I-J). GLYeQ Whe 

LQWeUPL[LQg Rf A ceOOV aV Whe\ XQdeUgR WaQgeQWLaO chaLQ PLgUaWLRQ LQ Whe V-SVZ, Whe 

dRUVR-YeQWUaO VLWeV Rf A ceOO RULgLQV caQQRW be YLVXaOL]ed aQd YaOLdaWed b\ LPPXQRVWaLQLQg RU 

RNAVcRSe (FLg 5 F-H, FLg 5-S1B). ThLV LV cRQVLVWeQW ZLWh Whe e[SecWed VSaWLaO PLgUaWLRQ 

SaWWeUQV Rf YeQWUaOO\- YV. dRUVaOO\-bRUQ A ceOOV ​(FLRUeOOL eW aO., 2015)​. OYeUaOO, Ze fRXQd WhaW 

geQe e[SUeVVLRQ SaWWeUQV, aV ZeOO aV  LQdeSeQdeQW, XQbLaVed ceOO LdeQWLW\ SUedLcWLRQ SURYLded 

addLWLRQaO VXSSRUW WR Whe h\SRWheVLV WhaW ​Pa[6 ​high​;Rlbp1 ​high ​cOXVWeU A(0) UeSUeVeQWV SULPaULO\ 

dRUVaOO\-bRUQ A ceOOV, ZhLOe ​Run[1t1 ​high​;Va[1 ​high​ cOXVWeU A(1) UeSUeVeQWV SULPaULO\ 

YeQWUaOO\-bRUQ A ceOOV (FLg 5B-D). TRgeWheU WheVe daWa VXggeVW WhaW A ceOOV aUe a PROecXOaUO\ 

heWeURgeQeRXV SRSXOaWLRQ, aQd WhaW heWeURgeQeLW\ LV LQdLcaWLYe Rf aQ A ceOO¶V UegLRQ Rf RULgLQ 

ZLWhLQ Whe V-SVZ. 

6SHFLILF PDUNHUV OLQN UHJLRQDOO\ GLVWLQFW B FHOO DQG A FHOO OLQHDJHV  

IQWeUeVWLQgO\, A(1) PaUNeU ​Slit2 ​ (SXSSOePeQWaU\ TabOe 3) aQd A(0) PaUNeU ​Pa[6 ​ (FLg 5B-C) 

ZeUe aOVR hLghO\ e[SUeVVed LQ cOXVWeUV cRUUeVSRQdLQg WR YeQWUaO aQd dRUVaO B ceOOV, 
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UeVSecWLYeO\ (FLg. 3I; SXSSOePeQWaU\ TabOe 2; Vee beORZ).  IQ addLWLRQ, ​Rlbp1 ​, RQe Rf Whe PaLQ 

PaUNeUV Rf dRUVaO B ceOOV (FLg 3I), ZaV aOVR VWURQgO\ e[SUeVVed LQ cOXVWeU A(0) (FLg. 5C).  TR 

fXUWheU deWeUPLQe Lf each dRUVaO/YeQWUaO dRPaLQ haV a VSecLfLc geQe e[SUeVVLRQ VLgQaWXUe WhaW 

SeUVLVWV WhURXghRXW Whe QeXURgeQLc OLQeage, Ze aVNed ZhLch B aQd A ceOO VXbSRSXOaWLRQ 

PaUNeU geQeV ZeUe cRPPRQO\ e[SUeVVed beWZeeQ Whe YeQWUaO B aQd YeQWUaO A ceOO cOXVWeUV 

(B(14) aQd A(1)), aQd ZhLch ZeUe cRPPRQO\ e[SUeVVed beWZeeQ Whe dRUVaO B(5+22) aQd 

dRUVaO A(0) cOXVWeUV (FLg 6A-B).  We LdeQWLfLed 4 geQeV WhaW ZeUe e[SUeVVed WhURXghRXW Whe 

dRUVaO OLQeage (​Rlbp1 ​, ​Gm29260 ​, ​Pa[6​, aQd ​Dcc​) aQd 5 geQeV e[SUeVVed WhURXgh Whe 

YeQWUaO OLQeage (​Adgrl3 ​, ​Slit2 ​, ​Ptprn2 ​, ​Rbms1 ​, ​Sntb1 ​) (FLg 6C). The cRQYeUVe cRPSaULVRQ, 

hRZeYeU, Rf YeQWUaO B(14) aQd dRUVaO A(0), aQd dRUVaO B(5+22) aQd YeQWUaO A(1) cOXVWeUV, 

\LeOded RQO\ RQe RU WZR SRWeQWLaO OLQeage PaUNeU geQeV, UeVSecWLYeO\ (FLg 6-S1A-B). ThLV 

VXggeVWV WhaW B(14) aQd A(1), aQd B(5+22) aQd A(0) had a hLgheU degUee Rf WUaQVcULSWLRQaO 

RYeUOaS, aQd cRUUeVSRQd WR YeQWUaO aQd dRUVaO OLQeageV, UeVSecWLYeO\. 

 

TR XQdeUVWaQd ZhaW RWheU PROecXOaU dLffeUeQceV e[LVW beWZeeQ Whe SXWaWLYe dRUVaO aQd 

YeQWUaO OLQeageV LdeQWLfLed XVLQg RQO\ B aQd A ceOO cOXVWeU PaUNeU geQeV, Ze XVed Whe 

UegLRQaO geQe VeWV Ze LdeQWLfLed abRYe WR caOcXOaWe a cRPSRVLWe AUC VcRUe ​(ALbaU eW aO., 

2017)​ fRU bRWh Whe dRUVaO aQd YeQWUaO geQe e[SUeVVLRQ VLgQaWXUeV (FLg 6D, FLg 6-S1C). We 

fRXQd WhaW PRVW ceOOV VcRUed hLghO\ fRU eLWheU Whe dRUVaO RU YeQWUaO geQe VeW, ZLWh hLghO\ 

YeQWUaO VcRULQg ceOOV ORcaWed RQ Whe OefW VLde Rf Whe µbLUd¶, aQd hLghO\ dRUVaO-VcRULQg ceOOV RQ 

Whe ULghW (FLg 6D, FLg 6-S1C-E). WheQ Ze SORWWed dRUVaO aQd YeQWUaO VcRUeV aORQg 

SVeXdRWLPe, Ze fRXQd WhaW aYeUage dRUVaO aQd YeQWUaO VcRUeV ZeUe UeOaWLYeO\ cRQVWaQW aORQg 

Whe B-C-A ceOO OLQeage SURgUeVVLRQ, fXUWheU VXggeVWLQg WheVe geQe VeWV aUe VWabO\ e[SUeVVed 

b\ dRUVaO aQd YeQWUaO ceOOV dXULQg adXOW QeXURgeQeVLV (FLg 6-S1F).  
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We WheQ aVNed ZhaW RWheU geQeV YaULed beWZeeQ Whe dRUVaO aQd YeQWUaO QeXURgeQLc 

OLQeageV. B\ WaNLQg Whe WRS 25% Rf dRUVaO- aQd YeQWUaO-VcRULQg ceOOV (FLg. 6E, FLg 6-S1D-F), 

Ze LdeQWLfLed 257 VLgQLfLcaQWO\ dLffeUeQWLaOO\ e[SUeVVed geQeV beWZeeQ Whe dRUVaO aQd YeQWUaO 

QeXURgeQLc OLQeageV: 108 dRUVaO PaUNeUV aQd 149 YeQWUaO PaUNeUV (FLg. 6F; SXSSOePeQWaU\ 

TabOe 4). We WheQ cRQdXcWed GO aQaO\VLV RQ PaUNeUV Rf Whe dRUVaO aQd YeQWUaO OLQeageV. 

VeQWUaO PaUNeUV ZeUe eQULched fRU geQeV aVVRcLaWed ZLWh QeXULWe RXWgURZWh aQd PLgUaWRU\ 

SURgUaPV, LQcOXdLQg chePRWa[LV (GO:0050919), a[RQ gXLdaQce (GO:0008045, GO:0031290), 

aQd V-SVZ-WR-OB PLgUaWLRQ (GO:0022028). DRUVaO PaUNeUV ZeUe eQULched fRU geQeV 

aVVRcLaWed ZLWh gOLaO deYeORSPeQW (GO:0021781), cRUWe[ UegLRQaOL]aWLRQ (GO:0021796), aQd 

cRSSeU LRQ UeVSRQVe (GO:0010273). BRWh dRUVaO aQd YeQWUaO PaUNeU VeWV ZeUe eQULched fRU 

geQeV aVVRcLaWed ZLWh OB LQWeUQeXURQ dLffeUeQWLaWLRQ (GO:0021889) (FLg. 6-S1G; 

SXSSOePeQWaU\ TabOe 4). 

 

TR YaOLdaWe RNA e[SUeVVLRQ Rf SXWaWLYe dRUVaO aQd YeQWUaO OLQeage PaUNeUV ​in vivo, ​Ze 

cRPbLQed RNAVcRSe OabeOLQg ZLWh GFAP aQd DCX LPPXQRVWaLQLQg LQ cRURQaO VecWLRQV Rf 

Whe V-SVZ. We fRXQd WhaW Whe SXWaWLYe dRUVaO OLQeage geQeV ​Pa[6 ​ aQd ​Rlbp1 ​ ZeUe hLghO\ 

eQULched LQ Whe dRUVaO UegLRQ Rf Whe V-SVZ, ZLWh SaUWLcXOaUO\ eQULched e[SUeVVLRQ LQ Whe 

³Zedge´ UegLRQ (FLg. 6G-K; FLg 6-S1H-K).  CRQYeUVeO\, Whe SXWaWLYe YeQWUaO PaUNeUV ​Adgrl3 

aQd ​Slit2 ​had a hLgheU e[SUeVVLRQ LQ Whe YeQWUaO dRPaLQ Rf Whe V-SVZ (FLg. 6L-P; FLg 

6-S1L-O). CRQVLVWeQW ZLWh RXU VcRNA-SeT daWa, WheVe geQeV ZeUe e[SUeVVed LQ bRWh B aQd 

A ceOOV LQ Whe QeXURgeQLc OLQeage (FLg 6H, J, M, O). 

DLVcXVVLRQ 

DXULQg bUaLQ deYeORSPeQW, UegLRQaO aOORcaWLRQV Rf Whe QeXUReSLWheOLXP gLYe NSCV dLffeUeQW 

QeXURgeQLc SURSeUWLeV. The adXOW V-SVZ QeXURgeQLc QLche UeWaLQV UegLRQaOO\ VSecLfLed NSCV 
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WhaW geQeUaWe dLffeUeQW VXbW\SeV Rf QeXURQV deVWLQed fRU Whe OB. A PROecXOaU XQdeUVWaQdLQg 

Rf ZhaW PaNeV adXOW NSCV dLffeUeQW beWZeeQ UegLRQV LV OaUgeO\ OacNLQg. OXU VcRNA-SeT aQd 

VNXcRNA-SeT daWaVeWV SURYLde QeZ LQfRUPaWLRQ abRXW Whe dLYeUVe ceOO W\SeV WhaW SRSXOaWe 

Whe V-SVZ. Be\RQd ZhaW SUeYLRXV VWXdLeV haYe VhRZQ, RXU OLQeage aQaO\VLV UeYeaOV SaUaOOeO 

SaWhZa\V Rf QeXURgeQeVLV LQLWLaWed b\ dLffeUeQW SRSXOaWLRQV Rf B ceOOV.  IQWeUeVWLQgO\, WheVe 

dLffeUeQceV LQ B ceOO LdeQWLW\ cRUUeOaWe ZLWh XQLTXe UegLRQaO SaWWeUQV Rf geQe e[SUeVVLRQ, 

ZhLch Ze YaOLdaWed XVLQg UefeUeQce-baVed PeWadaWa OabeO WUaQVfeU fURP a VecRQd daWaVeW Rf 

UegLRQaOO\-dLVVecWed VLQgOe V-SVZ QXcOeL. We cRQfLUPed Whe UegLRQaO e[SUeVVLRQ Rf PaUNeU 

geQeV b\ LPPXQRVWaLQLQg aQd RNAVcRSe aQaO\VLV.  

 

OXU daWaVeW SURYLdeV VeWV Rf geQeV WhaW aUe dLffeUeQWLaOO\ e[SUeVVed LQ dRUVaO aQd YeQWUaO B 

ceOOV. APRQg WheVe geQeV, Ze fRXQd ZeOO NQRZQ UegLRQaOO\ e[SUeVVed WUaQVcULSWLRQ facWRUV 

VXch aV ​Pa[6 ​, ​Hop[​, ​Nk[6.2 ​, ​Gs[2, ​aQd ​ Va[1 ​(CRUp eW aO., 2020; DeOgadR aQd LLP, 2015; 

HacN eW aO., 2005; KRhZL eW aO., 2005; MeUNOe eW aO., 2014; TagOLaOaWeOa eW aO., 2004; ZZeLfeO eW 

aO., 2018)​. We aOVR LdeQWLfLed ​Urah, Dio2  ​aQd ​Cr\m​ aV QRYeO PaUNeUV WhaW defLQe OaUgeO\ 

QRQ-RYeUOaSSLQg dRPaLQV Rf Whe V-SVZ. ​Urah ​aQd ​Dio2 ​defLQe a dRUVaO dRPaLQ WhaW LQcOXdeV 

Whe Zedge aQd VXbcaOORVaO URRf Rf Whe V-SVZ, aQd ​Cr\m ​defLQeV a ZLde YeQWUaO dRPaLQ. 

CRQVLVWeQW ZLWh Whe abRYe RbVeUYaWLRQV, ​Cr\m ​e[SUeVVLRQ haV beeQ deVcULbed LQ a 

VXbSRSXOaWLRQ Rf TNSC LQ Whe eaUO\ SRVWQaWaO V-SVZ deULYed fURP Whe NN[2.1 dRPaLQ 

(BRUUeWW eW aO., 2020)​. OXU dRUVaO dRPaLQ RYeUOaSV ZLWh WhaW defLQed b\ ​Pa[6 ​(HacN eW aO., 

2005; KRhZL eW aO., 2005)​ aQd Whe YeQWUaO dRPaLQ ZLWh WhaW defLQed b\ ​Va[1 ​(CRUp eW aO., 

2020)​.  ​Pa[6 ​aQd ​Va[1 ​aUe WUaQVcULSWLRQ facWRUV WhaW OLQN WheVe WeUULWRULeV WR ZeOO defLQed 

ePbU\RQLc dRPaLQV LQYROYed ZLWh Whe geQeUaWLRQ Rf dLffeUeQW VXbVeWV Rf QeXURQV LQ Whe cRUWe[ 

aQd VWULaWXP.  SLPLOaUO\, ​Gs[2 ​LV e[SUeVVed LQ a gUadLeQW LQ Whe ePbU\R, ZLWh LWV hLgheVW 

e[SUeVVLRQ LQ Whe dRUVaO OaWeUaO gaQgOLRQLc ePLQeQce ​(CRUbLQ eW aO., 2000; LySe]-JXiUe] eW 

aO., 2013; TagOLaOaWeOa eW aO., 2004; WacOaZ eW aO., 2009; YRXQg eW aO., 2007)​.  CRQVLVWeQW ZLWh 
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Whe dRUVaO e[SUeVVLRQ SaWWeUQ, LQ RXU daWaVeW ​Gs[2 ​ZaV hLghO\ eQULched LQ cOXVWeU B(5) (FLg. 

3B). The dRUVaO UegLRQ ZaV aOVR eQULched LQ ​Ptpr]1 ​, ​Hop[​, ​Dio2​, ​Tnc​, aQd ​Mo[d1,​ ZhLch aUe 

aOVR PaUNeUV Rf RXWeU UadLaO gOLa, a VXbSRSXOaWLRQ Rf hXPaQ QeXUaO VWeP ceOOV WhaW cRQWLQXe WR 

geQeUaWe QeXURQV fRU Whe cRUWe[ afWeU deWachLQg fURP Whe SaOOLaO ZaOO Rf Whe OaWeUaO YeQWULcOeV 

dXULQg SUeQaWaO deYeORSPeQW ​(NRZaNRZVNL eW aO., 2016; PROOeQ eW aO., 2015)​. TheVe OLQNV ZLWh 

deYeORSPeQWaOO\ aQd UegLRQaOO\ UegXOaWed geQeV ZLOO heOS defLQe hRZ Whe adXOW QeXURgeQLc 

QLche LQheULWV LWV UegLRQaO VSecLfLed dRPaLQV.  

 

RegLRQaO dLffeUeQceV beWZeeQ YeQWUaO aQd dRUVaO dRPaLQV Rf Whe V-SVZ had SUeYLRXVO\ beeQ 

LQfeUUed baVed RQ Whe OabeOLQg Rf QRQ-RYeUOaSSLQg WeUULWRULeV XVLQg UegLRQaO YLUaO OLQeage 

WUacLQg ​(MeUNOe eW aO., 2014, 2007; VeQWXUa aQd GROdPaQ, 2007)​.  ThLV aQaO\VLV UeYeaOed 

dLffeUeQW VXbW\SeV Rf OB LQWeUQeXURQV deULYed fURP dLffeUeQW NSC WeUULWRULeV.  LLQeage WUacLQg 

fURP ePbU\RQLc WR adXOW VWageV LQdLcaWeV WhaW UegLRQaO VSecLfLcaWLRQ Rf QeXUaO VWeP ceOOV LV 

eVWabOLVhed eaUO\ LQ ePbU\RQLc deYeORSPeQW ​(FXeQWeaOba eW aO., 2015)​.  GeQeWLc OabeOLQg Rf 

Whe PRVW YeQWUaO dRPaLQ Rf Whe V-SVZ VhRZed Whe VSecLfLc cRQWULbXWLRQ Rf NN[2.1-e[SUeVVLQg 

B ceOOV WR deeS Oa\eU gUaQXOe ceOO QeXURQV LQ Whe OB ​(DeOgadR aQd LLP, 2015)​. The YeQWUaO 

geQe e[SUeVVLRQ SURgUaP LV PaLQWaLQed b\ aQ eSLgeQeWLc PechaQLVP acURVV ceOO dLYLVLRQV. IQ 

Whe abVeQce Rf P\eORLd/O\PShRLd RU PL[ed-OLQeage OeXNePLa SURWeLQ 1 (MLL1)-deSeQdeQW 

eSLgeQeWLc PaLQWeQaQce, Whe QeXURgeQLc OLQeage VhLfWV WR SURdXce abeUUaQWO\ µdRUVaOL]ed¶ OB 

QeXURQaO VXbW\SeV ​(DeOgadR eW aO., 2020)​. ThLV XQdeUVcRUeV Whe LPSRUWaQce Rf UegLRQaO 

LdeQWLW\ LQ deWeUPLQLQg V-SVZ QeXURQaO RXWSXW. IQ RXU aQaO\VLV, Ze aOVR fRXQd 

UegLRQ-aVVRcLaWed geQe e[SUeVVLRQ SURgUaPV cRQWULbXWLQg WR A ceOO LdeQWLW\, aORQg ZLWh a 

VXbVeW Rf dRUVaO- aQd YeQWUaO-VSecLfLc geQeV e[SUeVVed WhURXgh Whe eQWLUe SXWaWLYe dRUVaO aQd 

YeQWUaO QeXURgeQLc OLQeageV. RegLRQaO geQeV PaLQWaLQed WhURXgh Whe QeXURgeQLc OLQeage 

cRXOd heOS XV XQdeUVWaQd hRZ NSC LdeQWLWLeV aUe PaLQWaLQed WR eQVXUe Whe SURdXcWLRQ Rf Whe 

ULghW W\SeV Rf LQWeUQeXURQV LQ Whe OB. 
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The bRUdeU beWZeeQ Whe ​Cr\m​+ aQd Whe ​Urah/Dio2 ​+ WeUULWRULeV had QRW beeQ SUeYLRXVO\ 

deWeUPLQed aQd OLeV LQ aQ aQaWRPLcaOO\ XQdefLQed ORcaWLRQ (FLg 4).  IQWeUeVWLQgO\, Whe dRUVaO 

dRPaLQ defLQed b\ ​Dio2 ​aQd ​Urah ​OaUgeO\ RYeUOaSV ZLWh a UegLRQ Rf hLgh ​Gli1 ​e[SUeVVLRQ 

dXULQg QeRQaWaO aQd eaUO\ SRVWQaWaO VWageV ​(TRQg eW aO., 2015)​. ThLV dRUVaO SRQLc 

HedgehRg-UegXOaWed dRPaLQ LQ eaUO\ SRVWQaWaO OLfe haV beeQ OLQNed WR ROLgRdeQdURgeQeVLV. 

WheWheU Whe adXOW dRPaLQ Ze QRZ XQUaYeO LV deYeORSPeQWaOO\ OLQNed WR WhLV eaUO\ 

ROLgRdeQdURgeQLc dRPaLQ UePaLQV WR be deWeUPLQed XVLQg OLQeage aQaO\VLV.  HRZeYeU, LW LV 

WePSWLQg WR VSecXOaWe WhaW WheVe WeUULWRULeV aUe fXQcWLRQaOO\ OLQNed, a h\SRWheVLV VXSSRUWed b\ 

Whe eQULchPeQW Rf gOLaO-deYeORSPeQW-aVVRcLaWed geQeV aPRQg dRUVaO PaUNeUV (FLg 6G). 

 

AV LQdLcaWed abRYe, RXU aQaO\VLV VhRZV WhaW ​Cr\m, Urah, ​aQd ​Dio2 ​aUe ​ ​dLffeUeQWLaOO\ 

e[SUeVVed b\ B ceOOV accRUdLQg WR UegLRQ. ​Cr\m, Urah, ​aQd ​Dio2 ​ aUe aOO aVVRcLaWed ZLWh Whe 

Wh\URLd hRUPRQe VLgQaOLQg SaWhZa\; ​Dio2 ​caWaO\]eV Wh\URLd hRUPRQe acWLYaWLRQ, ​Cr\m ​haV 

beeQ deVcULbed WR bLQd Wh\URLd hRUPRQe, aQd ​Urah​ beORQgV WR a faPLO\ Rf Wh\URLd hRUPRQe 

WUaQVSRUWeUV ​(LXRQgR eW aO., 2019; RXdTYLVW eW aO., 2012; VLp eW aO., 1997)​. Th\URLd hRUPRQe 

VLgQaOLQg haV beeQ VhRZQ WR UegXOaWe V-SVZ QeXURgeQeVLV ​(LePNLQe eW aO., 2005; 

LySe]-JXiUe] eW aO., 2012; LXRQgR eW aO., 2021)​. OXU fLQdLQgV VXggeVW WhaW hRUPRQe VLgQaOLQg 

Pa\ dLffeUeQWLaOO\ affecW B ceOOV LQ dLffeUeQW UegLRQV Rf Whe V-SVZ aQd WheUefRUe PRdLf\ Whe 

baOaQce Rf QeXURQaO W\SeV SURdXced fRU Whe OB. RegLRQ-VSecLfLc UegXOaWLRQ Rf V-SVZ VWeP 

ceOOV haV beeQ SUeYLRXVO\ dePRQVWUaWed; h\SRWhaOaPLc SURMecWLRQV LQQeUYaWe Whe 

aQWeULRU-YeQWUaO V-SVZ aQd acWLYaWe NN[2.1+ VWeP ceOOV ​(PaXO eW aO., 2017)​.  The cRPbLQaWLRQ 

Rf UegLRQ-VSecLfLc LQQeUYaWLRQ aQd PROecXOaU cRPSRVLWLRQ Rf B ceOOV cRXOd fRUP Whe baVLV fRU a 

V\VWeP Rf hRUPRQaO UegXOaWLRQ XQdeUO\LQg cLUcXLW chaQgeV LQ Whe OB.  
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IQ VXPPaU\, Ze SUeVeQW a OaUge-VcaOe VLQgOe-ceOO deVcULSWLRQ Rf dRUVR-YeQWUaO LdeQWLW\ LQ Whe 

OaWeUaO ZaOO Rf Whe V-SVZ. NRW RQO\ dR Ze UecaSLWXOaWe NQRZQ dLYLVLRQV beWZeeQ dRUVaO aQd 

YeQWUaO B ceOOV, bXW Ze LdeQWLf\ QRYeO UegLRQaO B ceOO PaUNeUV aQd XQcRYeU geQe e[SUeVVLRQ 

SURgUaPV WhaW aSSeaU WR SeUVLVW WhURXghRXW OLQeage WUaQVLWLRQV (FLg 7). TheVe daWa fRUP a 

baVLV fRU fXWXUe LQYeVWLgaWLRQ Rf NSC LdeQWLW\ aQd OLQeage cRPPLWPeQW, SURYLdLQg cOXeV WR 

heOS XV XQdeUVWaQd hRZ PROecXOaUO\-defLQed VWeP ceOO WeUULWRULeV aUe VSaWLaOO\ RUgaQL]ed, aQd 

ZhaW dLVWLQgXLVheV V-SVZ UegLRQV fURP RQe aQRWheU. 

MaWeULaOV aQd MeWhRdV 

MLFH 

MLce ZeUe hRXVed RQ a 12h da\-QLghW c\cOe ZLWh fUee acceVV WR ZaWeU aQd fRRd LQ a VSecLfLc 

SaWhRgeQ-fUee facLOLW\ LQ VRcLaO cageV (XS WR 5 PLce/cage) aQd WUeaWed accRUdLQg WR Whe 

gXLdeOLQeV fURP Whe UCSF. IQVWLWXWLRQaO AQLPaO CaUe aQd UVe CRPPLWWee (IACUC) aQd NIH. 

AOO PLce XVed LQ WhLV VWXd\ ZeUe heaOWh\ aQd LPPXQR-cRPSeWeQW, aQd dLd QRW XQdeUgR 

SUeYLRXV SURcedXUeV XQUeOaWed WR Whe e[SeULPeQW. CD1-eOLWe PLce (ChaUOeV RLYeU 

LabRUaWRULeV) aQd hGFAP::GFP (FVB/N-Tg(GFAPGFP)14MeV/J, The JacNVRQ LabRUaWRU\ 

(003257)) ​(ZhXR eW aO., 1997)​ OLQeV ZeUe XVed. 

 

6LQJOH :KROH CHOO 6DPSOH PUHSDUDWLRQ DQG MXOWLSOH[LQJ 

MLce UeceLYed LQWUaSeULWRQeaO adPLQLVWUaWLRQ Rf 2.5% AYeUWLQ fROORZed b\ decaSLWaWLRQ. BUaLQV 

ZeUe e[WUacWed aQd 1 PP VOLceV ZeUe RbWaLQed ZLWh aQ adXOW PRXVe bUaLQ VOLceU (SWeeO BUaLQ 

MaWUL[ - CRURQaO 0.5PP, AOWR). FRXU VaPSOeV ZeUe SURceVVed: VaPSOe 1: 2 PaOeV P35; 

VaPSOe 2: 2 PaOeV P35; VaPSOe 3: 2 fePaOeV P29; aQd VaPSOe 4: 2 fePaOeV P29. The OaWeUaO 
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YeQWULcOe ZaOOV ZeUe PLcURdLVVecWed LQ L-15 PedLXP RQ Lce aQd Whe WLVVXe ZaV WUaQVfeUUed WR 

PaSaLQ-EBSS (LK003150, WRUWhLQgWRQ). TLVVXe ZaV dLgeVWed fRU 30 PLQV aW 37�C LQ a 

WheUPRPL[eU aW 900 RPM. MechaQLcaO dLVVRcLaWLRQ ZLWh a P1000 SLSeWWe WLS (20 VecRQdV), 

WheQ fLUe-SROLVhed SaVWeXU SLSeWWe ZaV SeUfRUPed fRU 5 PLQ. TLVVXe ZaV dLgeVWed fRU 10 PRUe 

PLQ aW 37�C, aQd dLVVRcLaWed ZLWh Whe SaVWeXU SLSeWWe fRU aQRWheU 2 PLQ.  CeOOV ZeUe 

ceQWULfXged fRU 5PLQ, 300 RCF aW URRP WePS, aQd Whe SeOOeW ZaV UeVXVSeQded ZLWh 

DNAaVe/RYRPXcRLd LQhLbLWRU accRUdLQg WR PaQXfacWXUeU'V SURWRcRO (WRUWhLQgWRQ). CeOOV ZeUe 

LQcXbaWed LQ Red bORRd ceOO O\VLV bXffeU (420301, BLROegeQd) 3-4 PLQ aW 4�C. FRU MULTI-VeT 

baUcRdLQg, ceOOV ZeUe VXVSeQded ZLWh AQchRU:BaUcRde VROXWLRQ (eYeU\ VaPSOe ZaV OabeOed 

ZLWh a XQLTXe baUcRde: VaPSOe 1 BaUcRde: TGAGACCT (³A3´); VaPSOe 2 baUcRde 

GCACACGC (³A4´); VaPSOe 3 baUcRde AGAGAGAG (³A5´); aQd VaPSOe 4 baUcRde 

TCACAGCA (³A6´)) fRU 5 PLQXWeV aW 4�C. A CR-AQchRU VROXWLRQ ZaV added aQd LQcXbaWed fRU 

5 PLQXWeV ​(McGLQQLV eW aO., 2019)​. SaPSOeV ZeUe cRPbLQed aQd fLOWeUed ZLWh a FORZML 40�P 

fLOWeU (BAH136800040-50EA, SLgPa). TR UePRYe P\eOLQ Whe ceOO VXVSeQVLRQ ZaV LQcXbaWed 

ZLWh M\eOLQ RePRYaO BeadV (130-096-733, MLOWeQ\L BLRWec) (6ȝO/bUaLQ) fRU 15 PLQV aW 2-8�C. 

CeOOV ZeUe ZaVhed ZLWh 0.5% BSA-PBS aQd WUaQVfeUUed WR MACS cROXPQV (30-042-401 aQd 

QXadURMACS SeSaUaWRU 130-090-976, MLOWeQ\L BLRWec). The ceOO VXVSeQVLRQ ZaV 

SUeLQcXbaWed ZLWh TUXSWaLQ FcX POXV AQWLbRd\ (BLRLegeQd, SXSSOePeQWaU\ TabOe 5) RQ Lce 

fRU 10 PLQXWeV, WheQ LQcXbaWed ZLWh ROLgRQXcOeRWLde-Wagged aQWL-VCAM1 aQd aQWL-CD24 

aQWLbRdLeV (BLRLegeQd, SXSSOePeQWaU\ TabOe 5) RQ Lce fRU 30 PLQXWeV, WheQ ZaVhed WZLce 

ZLWh 0.5% BSA-PBS b\ ceQWULfXgaWLRQ (5 PLQ, 4�C, 350 RCF) aQd fLOWeUed ZLWh a FORZML 

40�P fLOWeU. The effOXeQW ZaV cROOecWed aQd ceOO deQVLW\ ZaV cRXQWed. CeOOV ZeUe ORaded LQWR 

WZR ZeOOV Rf a 10[ GeQRPLcV ChURPLXP SLQgOe CeOO CRQWUROOeU. We XVed Whe 10[ GeQRPLcV 

ChURPLXP SLQgOe CeOO 3¶ LLbUaU\ & GeO Bead KLW Y3 WR geQeUaWe cDNA OLbUaULeV fRU 

VeTXeQcLQg accRUdLQg WR PaQXfacWXUeU¶V SURWRcROV. GFP e[SUeVVLRQ Rf LVROaWed ceOOV ZaV 

RbVeUYed XQdeU aQ eSLfOXRUeVceQce PLcURVcRSe.  
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M8L7I-VHT BDUFRGH LLEUDU\ PUHSDUDWLRQ & CHOO AVVLJQPHQW 

MULTI-VeT aQd aQWLbRd\ TRWaOSeT baUcRde OLbUaULeV ZeUe aVVePbOed aV SUeYLRXVO\ 

deVcULbed ​(McGLQQLV eW aO., 2019)​. BULefO\, a MULTI-VeT SULPeU LV added WR Whe cDNA 

aPSOLfLcaWLRQ PL[. AfWeUZaUdV, LQ Whe fLUVW cOeaQ-XS VWeS XVLQg SPRI beadV (0.6[) Rf Whe 

VWaQdaUd 10[ OLbUaU\ SUeS ZRUNfORZ, Whe VXSeUQaWaQW LV VaYed, WUaQVfeUUed WR a QeZ WXbe aQd 

a cOeaQXS VWeS XVLQg SPRI (1.6[) LV SeUfRUPed WR eOLPLQaWe OaUgeU PROecXOeV. A OLbUaU\ 

SUeSaUaWLRQ PCR LV aOVR SeUfRUPed fRU Whe MULTI-VeT baUcRdeV. The ​barcode librar\ iVb

anal\]ed XVing a Bioanal\]er High SenViWiYiW\ DNA V\VWem and When VeqXenced. The codeb

for demXlWiple[ing VampleV and deWecWing doXbleWV can be foXnd aWb

hWWpV://giWhXb.com/chriV-mcginniV-XcVf/MULTI-Veq​. 

:KROH CHOO 6HTXHQFLQJ DDWD AOLJQPHQW & PURFHVVLQJ 

We SRROed geQe e[SUeVVLRQ aQd baUcRde cDNA OLbUaULeV fURP each 10[ GeQRPLcV SLQgOe 

CeOO CRQWUROOeU ZeOO (WechQLcaO UeSOLcaWeV, ³LaQe´) aQd VeTXeQced WheP aW Whe UCSF CeQWeU 

fRU AdYaQced TechQRORg\ RQ RQe OaQe Rf aQ IOOXPLQa NRYaVeT 6000 PachLQe. A WRWaO Rf 

2,892,555,503 UeadV ZeUe aOLgQed XVLQg CeOORaQgeU 3.0.2-Y3.2.0 (10[ GeQRPLcV) WR a 

cXVWRP YeUVLRQ Rf Whe PRXVe UefeUeQce geQRPe GRCP38 WhaW LQcOXded Whe ​GFP geQe (GFP 

VeTXeQce: SXSSOePeQWaU\ TabOe 6)​. ReadV cRUUeVSRQdLQg WR ROLgRQXcOeRWLde-Wagged 

TRWaOSeT aQWLbRdLeV ZeUe aVVLgQed WR ceOOV LQ CeOORaQgeU accRUdLQg WR PaQXfacWXUeU 

LQVWUXcWLRQV. 

TR LdeQWLf\ ceOO baUcRdeV WhaW PRVW OLNeO\ cRUUeVSRQded WR YLabOe ceOOV, Ze SeUfRUPed TXaOLW\ 

cRQWURO aQd fLOWeULQg VWeSV. We e[cOXded ceOOV RXWVLde Rf Whe fROORZLQg WhUeVhROdV: UMI cRXQW 

deSWh: 5Wh aQd 95Wh SeUceQWLOeV; QXPbeU Rf geQeV SeU ceOO: beORZ 5Wh SeUceQWLOe); SeUceQWage 

Rf PLWRchRQdULaO geQe UeadV SeU ceOO: gUeaWeU WhaQ 10%. We cOaVVLfLed ceOOV LQWR VaPSOe 

gURXSV aQd LdeQWLfLed dRXbOeWV XVLQg MULTI-VeT baUcRde abXQdaQceV ​(McGLQQLV eW aO., 
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2019)​. ​We XVed SeXUaW IQWegUaWLRQ (SeXUaW 3) caQRQLcaO cRUUeOaWLRQ aQaO\VLV (CCA) WR UedXce 

daWa dLPeQVLRQaOLW\ aQd aOLgQ Whe daWa fURP WechQLcaO UeSOLcaWeV (LaQe 1 aQd LaQe 2) ​(SWXaUW 

eW aO., 2019)​.  

6LQJOH NXFOHXV 6DPSOH PUHSDUDWLRQ 

BUaLQV ZeUe e[WUacWed aQd 0.5PP VOLceV ZeUe RbWaLQed. We PLcURdLVVecWed Whe aQWeULRU 

YeQWUaO, aQWeULRU-dRUVaO, SRVWeULRU-YeQWUaO aQd dRUVaO V-SVZ UegLRQV Rf 17 P35 CD1 PaOe (8) 

aQd fePaOe (9) PLce. BULefO\, Ze XVed a bUaLQ PaWUL[ WR cXW RQe PLOOLPeWeU WhLcN cRURQaO VOabV 

Rf Whe PRXVe fRUebUaLQ aQd XVed hLVWRORgLcaO OaQdPaUNV WR LdeQWLf\ each VaPSOLQg aUea (e.g. 

aQWeULRU UegLRQ OaQdPaUNV: VeSWXP; SRVWeULRU UegLRQV: hLSSRcaPSXV).  RegLRQV ZeUe 

dLVVecWed XQdeU a PLcURVcRSe WR UedXce Whe aPRXQW Rf XQdeUO\LQg VWULaWXP LQ each VaPSOe. 

Each PLcUR-dLVVecWed V-SVZ UegLRQ ZaV SURceVVed LQ SaUaOOeO aV a dLVWLQcW VaPSOe. We 

SURceVVed WLVVXe VaPSOeV fRU QXcOeXV LVROaWLRQ aQd VNXcRNA-SeT aV SUeYLRXVO\ deVcULbed 

(VeOPeVheY eW aO., 2019)​. BULefO\, Ze geQeUaWed a VLQgOe QXcOeXV VXVSeQVLRQ XVLQg a WLVVXe 

dRXQceU (ThRPaV ScLeQWLfLc, CaW # 3431D76)  LQ QXcOeXV LVROaWLRQ PedLXP (0.32M VXcURVe, 5 

PM CaCO2, 3 PM MgAc2, 0.1 PM EDTA, 10 PM TULV-HCO, 1 PM DTT, 0.1% TULWRQ X-100 LQ 

DEPC-WUeaWed ZaWeU).  DebULV ZaV UePRYed YLa XOWUaceQWULfXgaWLRQ RQ a VXcURVe cXVhLRQ 

(1.8M VXcURVe, 3 PM MgAc2, 1 PM DTT, 10 PM TULV-HCO LQ DEPC-WUeaWed ZaWeU) LQ a 

WhLcN-ZaOOed XOWUaceQWULfXge WXbe (BecNPaQ CRXOWeU, CaW # 355631) aQd VSXQ aW 107,000 

RCF, 4�C fRU 150PLQ. The SeOOeWed QXcOeL ZeUe LQcXbaWed LQ 250�L PBS Pade ZLWh 

DEPC-WUeaWed ZaWeU RQ Lce fRU 20 PLQXWeV. The UeVXVSeQded SeOOeW ZaV fLOWeUed WZLce 

WhURXgh a 30�P ceOO VWUaLQeU. We cRXQWed QXcOeL ZLWh a hePRc\WRPeWeU WR deWeUPLQe QXcOeXV 

deQVLW\, aQd ORaded aSSUR[LPaWeO\ 12,000 QXcOeL fURP each VaPSOe LQWR LWV RZQ ZeOO/OaQe Rf a 

10[ GeQRPLcV ChURPLXP SLQgOe CeOO CRQWUROOeU PLcURfOXLdLcV LQVWUXPeQW. We XVed Whe 10[ 

GeQRPLcV ChURPLXP SLQgOe CeOO 3¶ LLbUaU\ & GeO Bead KLW Y2 WR geQeUaWe cDNA OLbUaULeV fRU 
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VeTXeQcLQg accRUdLQg WR PaQXfacWXUeUV¶ SURWRcROV.  We PeaVXUed cDNA OLbUaU\ fUagPeQW 

VL]e aQd cRQceQWUaWLRQ ZLWh a BLRaQaO\]eU (AgLOeQW GeQRPLcV). 

6LQJOH NXFOHXV 6HTXHQFLQJ DDWD AOLJQPHQW & PURFHVVLQJ 

We SRROed Whe geQe e[SUeVVLRQ cDNA OLbUaULeV fURP each VLQgOe QXcOeXV VaPSOe aQd 

VeTXeQced WheP RQ RQe OaQe Rf aQ IOOXPLQa HLSeT 4000 aW Whe UCSF CeQWeU fRU AdYaQced 

TechQRORg\. The PV VaPSOe ZaV fXUWheU VeTXeQced WR LQcUeaVe VeTXeQcLQg deSWh. A WRWaO Rf 

1,340,031,643 UeadV ZeUe aOLgQed XVLQg CeOORaQgeU 2.1.0-2.3.0 (AV, AD, PD VaPSOeV); 

3.0.2-Y3.2.0 (PV VaPSOe) (10[ GeQRPLcV) WR a cXVWRP PRXVe UefeUeQce geQRPe WhaW 

LQcOXdeV XQVSOLced ³SUe-PRNA´ (GRCP38), ZhLch Ze e[SecW WR be SUeVeQW LQ ceOO QXcOeL 

(VeOPeVheY eW aO., 2019)​. 

TR LdeQWLf\ ceOO baUcRdeV WhaW PRVW OLNeO\ cRUUeVSRQded WR YLabOe QXcOeL, Ze SeUfRUPed TXaOLW\ 

cRQWURO aQd fLOWeULQg VWeSV. FRU each UegLRQ VaPSOe, Ze e[cOXded QXcOeL RXWVLde Rf Whe 

fROORZLQg WhUeVhROdV: UMI cRXQW deSWh: 5Wh WR 95Wh SeUceQWLOeV; QXPbeU Rf geQeV SeU ceOO: 

beORZ 5Wh SeUceQWLOe; fUacWLRQ Rf PLWRchRQdULaO geQe UeadV SeU ceOO (<10%). ​We XVed SeXUaW 

IQWegUaWLRQ (SeXUaW 3) caQRQLcaO cRUUeOaWLRQ aQaO\VLV (CCA) WR UedXce daWa dLPeQVLRQaOLW\ 

aQd aOLgQ Whe daWa fURP each UegLRQ ​(SWXaUW eW aO., 2019)​.  

6LQJOH CHOO & 6LQJOH NXFOHXV 6HTXHQFLQJ DDWD NRUPDOL]DWLRQ DQG 

DLPHQVLRQDOLW\ RHGXFWLRQ 

We XVed SeXUaW 3 (SWXaUW eW aO. 2019) WR aQaO\]e bRWh Whe WhROe CeOO aQd SLQgOe NXcOeXV 

daWaVeWV: fRU each daWaVeW, ceOOV RU QXcOeL fURP each 10[ ChURPLXP CRQWUROOeU LaQe 

(VcRNA-SeT: LaQeV 1 aQd 2; VNXcRNA-SeT: AD, AV, PD, PV OaQeV) ZeUe LQWegUaWed XVLQg 

IQWegUaWeDaWa aQd QRUPaOL]ed XVLQg UegXOaUL]ed QegaWLYe bLQRPLaO UegUeVVLRQ (SCTUaQVfRUP) 

(HafePeLVWeU aQd SaWLMa, 2019)​. We caOcXOaWed 100 SULQcLSaO cRPSRQeQWV (PCV) SeU daWaVeW, 

aQd XVed 50 (VcRNA-SeT) RU 100 (VNXcRNA-SeT) WR caOcXOaWe ceOO cOXVWeU LdeQWLWLeV aW fLYe 
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dLVWLQcW UeVROXWLRQV (0.5, 0.8, 1.0, 1.5 aQd 2.0) aQd UMAP cRRUdLQaWeV. The ceOO cOXVWeU 

LdeQWLWLeV SUeVeQWed LQ WhLV PaQXVcULSW cRUUeVSRQd WR UeVROXWLRQ 1.5 (VcRNA-SeT PeWadaWa 

cROXPQ LQWegUaWed_VQQ_UeV.1.5) RU 2 (VNXcRNA-SeT PeWadaWa cROXPQ 

LQWegUaWed_VQQ_UeV.2), aQd ZeUe chRVeQ baVed RQ YLVXaO cRUUeVSRQdeQce ZLWh Whe 

e[SUeVVLRQ Rf NQRZQ QeXURgeQLc OLQeage PaUNeUV. SeTXeQced aQWLbRd\ WagV LQ Whe 

VcRNA-SeT daWaVeW ZeUe VeSaUaWeO\ QRUPaOL]ed XVLQg NRUPaOL]eDaWa (PeWhRd: CLR) aQd 

ScaOeDaWa, aQd aUe LQcOXded LQ Whe SeXUaW RbMecW µPURWeLQ¶  aVVa\ aV ³VCAM1-TRWaOA´ aQd 

³CD24-TRWaOA´. 

DXDO FOXRUHVFHQW ​in ViWX​ H\EULGL]DWLRQ-IPPXQRIOXRUHVFH 

MRXVe bUaLQV (Q=2, P30) ​ZeUe VeULaOO\ VecWLRQed XVLQg a LeLca cU\RVWaW (10 XP-WhLcN VecWLRQV 

LQ SXSeUfURVW POXV VOLdeV). SecWLRQV ZeUe LQcXbaWed 10 PLQ ZLWh 4% PFA aQd ZaVhed 3[10 

PLQ ZLWh ​ShRVShaWe-bXffeUed VaOLQe ​ (​PBS) WR UePRYe OCT. SOLdeV ZeUe LQcXbaWed ZLWh ACD 

h\dURgeQ SeUR[Lde fRU 10 PLQ, WUeaWed LQ 1[ WaUgeW UeWULeYaO bXffeU (ACD) fRU 5 PLQ (aW 96±100 

�C) aQd ULQVed LQ ZaWeU aQd 100% eWhaQRO. SaPSOeV ZeUe aLU dULed aW 60�C dXULQg 15 PLQ 

aQd NeSW aW URRP WePSeUaWXUe RYeUQLghW. The da\ afWeU, VaPSOeV ZeUe WUeaWed ZLWh PURWeaVe 

POXV fRU 30 PLQ aW 40 �C LQ Whe RNAVcRSe RYeQ. H\bULdL]aWLRQ Rf SURbeV aQd aPSOLfLcaWLRQ 

VROXWLRQV ZaV SeUfRUPed accRUdLQg WR Whe PaQXfacWXUeU¶V LQVWUXcWLRQV. APSOLfLcaWLRQ aQd 

deWecWLRQ VWeSV ZeUe SeUfRUPed XVLQg Whe RNAVcRSe 2.5 HD Red DeWecWLRQ KLW (ACD, 

320497) aQd RNAVcRSe 2.5 HD DXSOe[ ReageQW KLW (ACD, 322430). RNAVcRSe SURbeV 

XVed: MP-LShQ3 (aOVR QaPed AdgUO3) (caW.# 317481), MP-RObS1 (caW.# 468161), MP-CU\P 

(caW.# 466131), MP-Pa[6 (caW.# 412821), MP-SOLW2 (caW.# 449691), MP-CQaWQS2 (caW.# 

449381), MP-UUah-C2 (caW.# 525331-C2), MP-DLR2 (caW.# 479331), MP-HRS[ (caW.# 

405161), MP-NWQg1-C2 (caW.# 488871-C2), MP-TUhde (caW.# 450781). MP-SQhg15 ZaV 

cXVWRP Pade (NPR-0009896, caW.# 889191). DaSB PRNA SURbe (caW.# 310043) ZaV XVed 

aV QegaWLYe aQd MP-PPIB (caW.# 313911) aV SRVLWLYe cRQWURO. RNAVcRSe aVVa\ ZaV dLUecWO\ 
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fROORZed b\ aQWLbRd\ VWaLQLQg fRU chLcNeQ aQWL-GFAP (AbcaP, ab4674,1:500) aQd UabbLW 

aQWL-DCX (CeOO VLgQaOLQg, 4604S, 1:200) RU UabbLW aQWL-S100 (DaNR, Z033, 1:100, 

discontinued ​) (SXSSOePeQWaU\ TabOe 5). SaPSOeV ZeUe bORcNed ZLWh TNB VROXWLRQ (0.1 M 

TULV±HCO, SH 7.5, 0.15 M NaCO, 0.5% PeUNLQEOPeU TSA bORcNLQg UeageQW) 30 PLQ aQd 

LQcXbaWed LQ SULPaU\ aQWLbRdLeV RYeUQLghW. SaPSOeV ZeUe ZaVhed ZLWh PBS-T[0.1% aQd 

LQcXbaWed ZLWh VecRQdaU\ aQWLbRdLeV DRQNe\ aQWL-ChLcNeQ AOe[a 647 (JacNVRQ 

IPPXQRReVeaUch, 703-605-155, 1:500) aQd DRQNe\ aQWL-RabbLW bLRWLQ\OaWed (JacNVRQ 

IPPXQRReVeaUch, 711-065-152, 1:400) LQ TNB bXffeU fRU 1.5 hUV. SaPSOeV ZeUe ZaVhed aQd 

LQcXbaWed ZLWh SWUeSWaYLdLQ HRP (1:200 LQ TNB VROXWLRQ) fRU 30 PLQ. WaVhed 3[5 PLQ aQd 

LQcXbaWed ZLWh FOXRUeVceLQ T\UaPLde 5 PLQ (1:50 LQ aPSOLfLcaWLRQ dLOXeQW) ULQVed aQd 

LQcXbaWed ZLWh DAPI 10 PLQ. SecWLRQV ZeUe PRXQWed ZLWh PURORQg gOaVV AQWLfade MRXQWaQW 

(IQYLWURgeQ, P36980). 

IPPXQRKLVWRFKHPLVWU\ 

CRURQaO VecWLRQV (Q=2 PLce, P30) aQd ZhROe PRXQWV (Q=2 PLce, P28) ZeUe LQcXbaWed ZLWh 

IPPXQRVaYeU (1:200; EMS, FRUW WaVhLQgWRQ, PA) fRU 20 PLQ aW 60�C, aQd WheQ 15 PLQ aW RT. 

TLVVXe ZaV WheQ LQcXbaWed LQ bORcNLQg VROXWLRQ (10% dRQNe\ VeUXP aQd 0.2% TULWRQ X-100 

LQ 0.1 M PBS) fRU 1hU. fROORZed b\ RYeUQLghW LQcXbaWLRQ aW 4��C ZLWh Whe SULPaU\ aQWLbRdLeV: 

PRXVe aQWL-CRYM (SaQWa CUX], Vc-376687,1:100), UabbLW aQWL-BETA-CATENIN (SLgPa, 

C2206, 1:250), ChLcNeQ aQWL-GFP (AYeV OabV, ​GFP1020, 1:400 ​), RabbLW aQWL-HOPX 

(PURWeLQWech,11419-1-AP,1:500)​(SXSSOePeQWaU\ TabOe 5)​. OQ Whe Qe[W da\, VecWLRQV ZeUe 

ULQVed aQd LQcXbaWed ZLWh AOe[a FOXRU VecRQdaU\ aQWLbRdLeV. SaPSOeV ZeUe PRXQWed ZLWh 

ATXa-SRO\/PRXQW (PRO\VcLeQceV IQc, 18606-20). 
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CRQIRFDO MLFURVFRS\ 

CRQfRcaO LPageV ZeUe acTXLUed XVLQg Whe LeLca SS8 cRQfRcaO PLcURVcRSe. SaPSOeV 

SURceVVed fRU RNAVcRSe aQd LPPXQRhLVWRchePLVWU\ ZeUe LPaged aW 20[ (ORZ PagQLfLcaWLRQ) 

aQd 63[ (HLgh PagQLfLcaWLRQ). FRU hLgh PagQLfLcaWLRQ RNAVcRSe LPageV, 10-15 RSWLcaO 

VecWLRQV ZeUe acTXLUed VeTXeQWLaOO\ aQd aQaO\]ed XVLQg LeLca ASSOLcaWLRQ SXLWe X (LAS X) 

VRfWZaUe.  

DLIIHUHQWLDO GHQH E[SUHVVLRQ DQG GO AQDO\VLV 

We XVed SeXUaW 3 fXQcWLRQV FLQdMaUNeUV (WZR gURXSV) RU FLQdAOOMaUNeUV (PRUe WhaQ WZR 

gURXSV) WR LdeQWLf\ dLffeUeQWLaOO\ e[SUeVVed geQeV aPRQg gURXSV Rf VLQgOe ceOOV. FRU deWaLOed 

SaUaPeWeUV Vee aYaLOabOe cRde (beORZ). SeOecWLRQ Rf geQeV fURP Whe UeVXOWLQg OLVWV fRU fXUWheU 

aQaO\VLV aUe deVcULbed LQ Whe We[W. GeQe OQWRORg\ aQaO\VeV Rf dLffeUeQWLaOO\ e[SUeVVed geQeV 

ZeUe SeUfRUPed LQ PaQWheU Y.16 ​(ML eW aO., 2021)​. GO WeUPV ZLWh a faOVe dLVcRYeU\ UaWe ORZeU 

WhaQ 5% ZeUe cRQVLdeUed VWaWLVWLcaOO\ VLgQLfLcaQW. 

NXFOHL WR :KROH CHOO RHJLRQDO LDEHO 7UDQVIHU 

B ceOO OabeO WUaQVfeU: FLUVW, Ze VXbVeWWed TXLeVceQW B ceOOV fURP bRWh Whe VcRNA-SeT aQd 

VNXcRNA-SeT daWaVeWV (cOXVWeUV B(5), B(14), B(22), aQd VNXcRNA-SeT cOXVWeU 7). We 

geQeUaWed Whe UefeUeQce VNXcRNA-SeT B ceOO daWaVeW WhaW cRQVLVWed Rf eTXaO QXPbeUV Rf B 

ceOOV SeU UegLRQ, UaQdRPO\ VeOecWed fURP Whe PLddOe 50% Rf ceOOV b\ QXPbeU Rf geQeV 

LdeQWLfLed SeU ceOO (25Wh-75Wh SeUceQWLOe Rf SCT_VQQ_QFeaWXUe). ThLV SUeYeQWed Whe UegLRQ 

ZLWh Whe PRVW QXcOeL fURP dRPLQaWLQg Whe SUedLcWLRQ VcRUeV, aQd fLOWeULQg ceOOV b\ QFeaWXUe 

SULRU WR dRZQVaPSOLQg UeVXOWed LQ UeSURdXcLbOe SUedLcWLRQ VcRULQg, OLNeO\ dXe WR e[cOXVLRQ Rf 

ORZ TXaOLW\ B ceOOV aQd dRXbOeWV QRW UeMecWed LQ Whe fXOO daWaVeW TXaOLW\ cRQWURO VWeSV. AQWeULRU 

dRUVaO aQd SRVWeULRU dRUVaO UegLRQV ZeUe cRPbLQed WR cUeaWe Whe DRUVaO UefeUeQce ceOO VeW, 

aQd Whe aQWeULRU YeQWUaO aQd SRVWeULRU YeQWUaO ZeUe cRPbLQed WR cUeaWe Whe VeQWUaO UefeUeQce 
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ceOO VeW. SXbVeWWed VcRNA-SeT B ceOOV aQd fLOWeUed VNXcRNA-SeT B ceOO VeWV ZeUe 

LQdLYLdXaOO\ QRUPaOL]ed XVLQg SCTUaQVfRUP. We WheQ UaQ FLQdTUaQVfeUAQchRUV ZLWh Whe 

fROORZLQg VeWWLQgV: ​reference.assa\ = "SCT", quer\.assa\ = "SCT",  normali]ation.method = 

"SCT", npcs=30, project.quer\=T, and dims = 1:30 ​. We WheQ caOcXOaWed DRUVaO aQd VeQWUaO 

SUedLcWed LdeQWLW\ VcRUeV fRU each VcRNA-SeT B ceOO XVLQg TUaQVfeUDaWa ​(SWXaUW eW aO., 2019)​.  

 

A ceOO OabeO WUaQVfeU: The VaPe PeWhRd aV abRYe ZaV aSSOLed WR VcRNA-SeT A ceOO cOXVWeUV 

A(0), A(1), A(4), A(6), aQd A(15), aQd VNXcRNA-SeT cOXVWeUV 12 aQd 29. 

RNA 9HORFLW\  

RNA VeORcLW\ LQ Whe QeXURgeQLc OLQeage ZaV caOcXOaWed XVLQg VcYeOR ​(BeUgeQ eW aO., 2020)​, 

XVLQg 2000 geQeV SeU ceOO. MRPeQWV ZeUe caOcXOaWed XVLQg 30 PCV aQd 30 QeLghbRUV. 

VeORcLW\ ZaV eVWLPaWed XVLQg Whe VWRchaVWLc PRdeO. PVeXdRWLPe ZaV SORWWed XVLQg Whe 

RULgLQaO UMAP cRRUdLQaWeV. 

DDWD & CRGH AYDLODELOLW\ 

The RNA VeTXeQcLQg daWaVeWV geQeUaWed fRU WhLV PaQXVcULSW aUe deSRVLWed LQ Whe fROORZLQg 

ORcaWLRQV: VcRNA-SeT aQd VNXcRNA-SeT GEO DaWa SeULeV: ​GSE165555 ​.  

PURceVVed daWa (CeOORaQgeU RXWSXW .PW[ aQd .WVY fLOeV, aQd SeXUaW ObMecW .UdV fLOeV) aUe 

aYaLOabOe aV VXSSOePeQWaU\ fLOeV ZLWhLQ Whe VcRNA-SeT (​GSE165554 ​) RU VNXcRNA-SeT 

(​GSE165551 ​) daWa VeULeV RU LQdLYLdXaO VaPSOe eQWULeV OLVWed ZLWhLQ each daWa VeULeV. 

 

Web-baVed, LQWeUacWLYe YeUVLRQV Rf Whe VcRNA-SeT aQd VNXcRNA-SeT daWaVeWV aUe 

aYaLOabOe fURP Whe UQLYeUVLW\ Rf CaOLfRUQLa SaQWa CUX] CeOO BURZVeU: 

hXXps://sZ^neYrogeniclineage.cells.Ycsc.edY 
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The cRde XVed WR aQaO\]e Whe daWaVeWV aQd geQeUaWe Whe fLgXUeV aUe aYaLOabOe aW Whe 

fROORZLQg ORcaWLRQ: ​hWWSV://gLWhXb.cRP/AOYaUe]BX\OOaLab?Wab=UeSRVLWRULeV 

AcNQRZOedgPeQWV 

We ZRXOd OLNe WR WhaQN ChULVWRSheU McGLQQLV aQd DU. ZeY GaUWQeU fRU Whe MULTI-VeT 

baUcRdeV aQd WechQLcaO adYLce. We WhaQN DU. ASaUQa BhadXUL, DU. AOe[ PROOeQ aQd DU. DPLWU\ 
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FLgXUe 1. WhROe-ceOO aQd VLQgOe QXcOeXV VeTXeQcLQg caSWXUeV Whe ceOOXOaU 
dLYeUVLW\ & acWLYaWLRQ caVcade Rf Whe adXOW QeXURgeQLc QLche. 

A. SchePaWLc Rf Whe ZhROe-ceOO VLQgOe ceOO LVROaWLRQ aQd VeTXeQcLQg SURWRcRO 
(VcRNA-SeT). The OaWeUaO ZaOO Rf Whe OaWeUaO YeQWULcOeV ZaV PLcURdLVVecWed fURP \RXQg 
adXOW hGFAP:GFP PRXVe bUaLQV. FRXU VaPSOeV ZeUe PXOWLSOe[ed ZLWh MULTI-VeT 
baUcRdeV aQd cRPbLQed WRgeWheU. TZR 10[ ChURPLXP CRQWUROOeU OaQeV ZeUe ORaded 
aV WechQLcaO UeSOLcaWeV, aQd ceOOV ZeUe VeTXeQced aQd SURceVVed fRU dRZQVWUeaP 
aQaO\VLV. 

B. UMAP SORW Rf VcRNA-SeT ceOO W\SeV afWeU dePXOWLSOe[LQg aQd dRXbOeW UePRYaO. 
C. DRW SORW Rf ceOO W\Se VSecLfLc PaUNeU e[SUeVVLRQ LQ Whe cOXVWeUV fURP (B). 
D. SchePaWLc Rf VLQgOe QXcOeXV VeTXeQcLQg (VNXcRNA-SeT). AQWeULRU YeQWUaO (AV), 

aQWeULRU dRUVaO (AD), SRVWeULRU YeQWUaO (PV) aQd SRVWeULRU dRUVaO (PD) UegLRQV ZeUe 
PLcURdLVVecWed fURP \RXQg adXOW CD1 PLce. Each UegLRQ ZaV SURceVVed fRU 
VNXcRNA-SeT LQ SaUaOOeO aQd ORaded LQWR LWV RZQ 10[ ChURPLXP CRQWUROOeU OaQe. 

E. UMAP SORW Rf VNXcRNA-VeT ceOO W\SeV LdeQWLfLed fURP aOO fRXU UegLRQV afWeU TXaOLW\ 
cRQWURO SURceVVLQg VWeSV. 
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FLgXUe 1 - SXSSOePeQW 1. BLRORgLcaO aQd WechQLcaO UeSOLcaWe PeWadaWa Rf 
VcRNA-SeT daWaVeW  

A. DLagUaP UeSUeVeQWLQg V-SVZ PLcURdLVVecWed aUeaV (Ued). The V-SVZ ZaV 
PLcURdLVVecWed fURP 1PP bUaLQ VOLceV fURP aQWeULRU (bUegPa 1.70) WR PRVWeULRU 
bUegPa (-0.10 PP) UegLRQV. SLQgOe ceOO VXVSeQVLRQV fURP WZR fePaOe VaPSOeV aQd 
WZR PaOe VaPSOeV ZeUe PXOWLSOe[ed ZLWh MULTI-VeT baUcRdeV (BaU1-4). 

B. UMAP SORW Rf VeTXeQced ceOOV afWeU dePXOWLSOe[LQg aQd TXaOLW\ cRQWURO fLOWeULQg, 
cRORU-cRded b\ MULTI-VeT baUcRde. CeOOV ZLWh QR deWecWabOe baUcRde aUe OabeOed 
³NegaWLYe´. 

C. RaWLR Rf ceOOV ZLWhLQ each cOXVWeU (Vee FLg 1A, ULghW SaQeO) cRPLQg fURP each BaUcRde 
VaPSOe. 

D. UMAP SORWV Rf ceOOV VeSaUaWed b\ BaUcRde QXPbeU aQd cRORU-cRded b\ cOXVWeU 
QXPbeU (Vee FLg 1A, ULghW SaQeO). 

E. UMAP SORW Rf VeTXeQced ceOOV cRORU-cRded b\ aQLPaO Ve[: FePaOe ceOOV (gUeeQ) 
cRUUeVSRQd WR BaUcRdeV 3 & 4 cRPbLQed, PaOe ceOOV (WaQ) cRUUeVSRQd WR BaUcRdeV 1 
& 2 cRPbLQed. CeOOV ZLWh QR deWecWabOe baUcRde aUe OabeOed ³UQNQRZQ´ (gUa\). 

F. RaWLR Rf ceOOV ZLWhLQ each cOXVWeU (Vee FLg 1A, ULghW SaQeO) cRPLQg fURP PaOe (WaQ) RU 
fePaOe (gUeeQ) PLce, RU Rf XQNQRZQ RULgLQ (gUa\). 

G. UMAP SORWV Rf ceOOV VeSaUaWed b\ aQLPaO Ve[ aQd cRORU-cRded b\ cOXVWeU QXPbeU (Vee 
FLg 1A, ULghW SaQeO). 

H. UMAP SORW Rf VeTXeQced ceOOV cRORU-cRded b\ 10[ ChURPLXP CRQWUROOeU ChLS OaQe 
(eTXLYaOeQW WR ³baWch´, RU WechQLcaO UeSOLcaWe): LaQe 1 (RUaQge) RU LaQe 2 (QaY\). 

I. RaWLR Rf ceOOV ZLWhLQ each cOXVWeU (Vee FLg 1A, ULghW SaQeO) cRPLQg fURP LaQe 1 
(RUaQge) RU LaQe 2 (QaY\). 

J. UMAP SORWV Rf ceOOV VeSaUaWed b\ LaQe aQd cRORU-cRded b\ cOXVWeU QXPbeU (Vee FLg 
1A, ULghW SaQeO). 
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FLgXUe 1 - SXSSOePeQW 2. TUaQVcULSWRPLc SURfLOe Rf B ceOOV YeUVXV 
AVWURc\WeV 

A. UMAP SORW Rf V-SVZ QeXURgeQLc OLQeage ceOOV (bOXe) aQd aVWURc\WeV (SXUSOe) LVROaWed 
fURP Whe VcRNA-SeT daWaVeW (LQVeW, bR[ed aUea). 

B. GeQe e[SUeVVLRQ Rf B ceOO-eQULched PaUNeUV ​Gfap, GFP, S100a6​ (WRS URZ) aQd 
aVWURc\We-eQULched PaUNeUV ​Aqp4, C[cl14, S100b ​(bRWWRP URZ). 

C. DRW SORW Rf Whe WRS WeQ dLffeUeQWLaOO\ e[SUeVVed AVWURc\We aQd B ceOO cOXVWeU PaUNeUV. 
D. DRW SORW Rf VLgQLfLcaQWO\ RYeU-UeSUeVeQWed GeQe OQWRORg\ (GO) WeUPV LdeQWLfLed b\ 

geQe VeW eQULchPeQW aQaO\VLV XVLQg dLffeUeQWLaOO\ e[SUeVVed AVWURc\We aQd B ceOO 
geQeV. 
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FLgXUe 1 - SXSSOePeQW 3. ChaUacWeUL]aWLRQ Rf Whe VNXcRNA-SeT daWaVeW 
A. DLagUaP UeSUeVeQWLQg Whe fRXU V-SVZ PLcURdLVVecWed UegLRQV: AQWeULRU YeQWUaO (AV, 

SLQN), aQWeULRU dRUVaO (AD, daUN gUeeQ), SRVWeULRU YeQWUaO (PV, PageQWa), aQd SRVWeULRU 
dRUVaO (PD, OLghW gUeeQ).  

B. SLQgOe QXcOeXV VXVSeQVLRQV fURP each UegLRQ ZeUe SURceVVed aV VeSaUaWe VaPSOeV 
LQ SaUaOOeO. 

C. UMAP SORW Rf VeTXeQced QXcOeL afWeU TXaOLW\ cRQWURO fLOWeULQg, cRORU-cRded b\ cOXVWeU 
QXPbeU. 

D. UMAP SORW Rf VNXcRNA-SeT ceOO W\SeV. 
E. DRW SORW Rf ceOO W\Se VSecLfLc PaUNeU e[SUeVVLRQ LQ Whe cOXVWeUV fURP (D). 
F. UMAP SORW Rf VeTXeQced ceOOV cRORU-cRded b\ UegLRQ: AD (gUeeQ), PD (OLghW gUeeQ), 

AV (SLQN), aQd PV (PageQWa). 
G. UMAP SORWV Rf QXcOeL VeSaUaWed b\ UegLRQ aQd cRORU-cRded b\ cOXVWeU QXPbeU (Vee 

SaQeO C). BeORZ each SORW LV Whe QXPbeU Rf QXcOeL aQd Whe SeUceQW Rf Whe WRWaO daWaVeW 
RULgLQaWLQg fURP each UegLRQ. 

H. RaWLR Rf QXcOeL ZLWhLQ each cOXVWeU (Vee SaQeO C) cRPLQg fURP each UegLRQ VaPSOe. 
I. VLROLQ SORW Rf Whe QXPbeU Rf XQLTXe PROecXOaU LdeQWLfLeUV (UMIV) deWecWed SeU QXcOeXV 

RU ceOO (OefW SaQeO), aQd QXPbeU Rf geQeV deWecWed SeU ceOO (ULghW SaQeO) LQ each 
VNXcRNA-SeT UegLRQ aQd LQ Whe VcRNA-SeT daWaVeW (ZhLWe). MedLaQ UMIV: 
9,181 ​VcRNA-SeT​/3,062 ​VNXcRNA-SeT​, a 3-fROd dLffeUeQce. MedLaQ geQeV: 
3,549 ​VcRNA-SeT​/1,679 ​VNXcRNA-SeT​, a 2.1-fROd dLffeUeQce). 

J. PLe chaUWV Rf ceOO W\SeV UeSUeVeQWed LQ VNXcRNA-SeT (OefW) aQd VcRNA-SeT daWaVeWV 
(ULghW). The VcRNA-SeT daWaVeW cRQWaLQV 60.4% QeXURgeQLc OLQeage ceOOV (VhadeV Rf 
RUaQge; 14,660/24,261 WRWaO ceOOV), cRPSaUed WR 10.6% LQ Whe VNXcRNA-SeT daWaVeW 
(4,859/45,820 WRWaO QXcOeL). CRQYeUVeO\, Whe VNXcRNA-SeT daWaVeW cRQWaLQV 61.5% 
QeXURQV (VhadeV Rf SXUSOe; 28,185 QXcOeL, 13 VXbW\SeV (SaQeO D), ZhLOe Whe 
VcRNA-SeT cRQWaLQV RQO\ 1.6% (395 ceOOV, 3 VXbW\SeV (FLg 1A-B). The VcRNA-SeT 
aQd VNXcRNA-SeT daWaVeWV each cRQWaLQ 37.9% (9,206 ceOOV) aQd 25.1% (11,480 
QXcOeL) gOLaO ceOOV, UeVSecWLYeO\ (VhadeV Rf SOXP). CeOO W\SeV OLVWed LQ each SLe chaUW 
OegeQd aUe SORWWed LQ RUdeU, cORcNZLVe fURP cRRUdLQaWe 0. 
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FLgXUe 2. ChaUacWeUL]aWLRQ Rf Whe VcRNA-SeT V-SVZ QeXURgeQLc OLQeage 
A. The QeXURgeQLc OLQeage haV a ³bLUd-OLNe´ VhaSe, ZLWh B ceOOV fRUPLQg Whe head (bOXe), 

C ceOOV LQ Whe bRd\ (gUeeQ), dLYLdLQg ceOOV LQ Whe ZLQg (\eOORZ), aQd A ceOOV LQ Whe WaLO 
(Ued). TheVe aUe dLYLVLbOe LQWR 14 dLVWLQcW cOXVWeUV, LQcOXdLQg 4 B ceOO cOXVWeUV, 1 C ceOO 
cOXVWeU, 4 cOXVWeUV Rf dLYLdLQg ceOOV, aQd 5 A ceOO cOXVWeUV (ULghW).  

B. -J. GeQe e[SUeVVLRQ caSWXUeV SURgUeVVLRQ aORQg Whe OLQeage, ZLWh caQRQLcaO PaUNeUV 
Rf each VWage e[SUeVVed LQ LWV cRUUeVSRQdLQg UegLRQ Rf Whe UMAP SORW. 

K.  ScRULQg ceOOV b\ ShaVe Rf Whe ceOO c\cOe UeYeaOV ceOOV LQ G2M aQd S ShaVe RccXS\LQg 
Whe ZLQg Rf Whe bLUd.  

L.  PVeXdRWLPe caOcXOaWed b\ RNA YeORcLW\ UecaSLWXOaWeV Whe B WR C WR A WUaMecWRU\ aORQg 
Whe QeXURgeQLc OLQeage. 

M.  GeQeV aVVRcLaWed ZLWh B ceOOV, acWLYaWed B aQd C ceOOV, aQd A ceOOV SeaN LQ 
e[SUeVVLRQ aW cRUUeVSRQdLQg VWageV LQ Whe OLQeage. 
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FLgXUe 3.​ ​VcRNAVeT UeYeaOV UegLRQaO heWeURgeQeLW\ aPRQg adXOW QeXUaO VWeP ceOOV 
A. -C. UMAP SORWV Rf ​Nk[2.1​ (A), ​Gs[2 ​(B), aQd ​Em[1 ​(C) e[SUeVVLRQ LQ Whe VcRNA-SeT 

QeXURgeQLc OLQeage. 
D. SchePaWLc Rf Whe UegLRQ LdeQWLW\ SUedLcWLRQ caOcXOaWLRQ, ZheUe aQchRU geQe VeWV 

(daVhed gUa\ OLQeV) aUe caOcXOaWed beWZeeQ VeQWUaO (PageQWaV) aQd DRUVaO (gUeeQV) 
VNXcRNA-SeT B ceOO QXcOeL aQd VcRNAVeT B ceOOV (bOXeV) aQd each VcRNAVeT B ceOO 
LV gLYeQ a DRUVaO RU VeQWUaO SUedLcWed LdeQWLW\ VcRUe. 

E. The QeW SUedLcWed LdeQWLW\ VcRUeV Rf each VcRNA-SeT B ceOO SORWWed LQ UMAP VSace, 
ZheUe VWURQgO\ DRUVaO SUedLcWed LdeQWLW\ ceOOV aUe daUN gUeeQ, aQd VWURQgO\ VeQWUaO 
SUedLcWed LdeQWLWLeV aUe daUN PageQWa. DaUN gUa\ ceOOV ZeUe QRW LQcOXded LQ Whe 
aQaO\VLV. 

F. DRW SORW Rf Whe aYeUage DRUVaO RU VeQWUaO SUedLcWed LdeQWLW\ VcRUeV fRU VcRNA-SeT B 
ceOO cOXVWeUV B(14) aQd B(5+22).  

G. UMAP SORW Rf B ceOO cOXVWeU LdeQWLWLeV XVed LQ Whe fROORZLQg aQaO\VLV: B(14) (OLghW bOXe) 
aQd B(5+22) (daUN bOXe). 

H. ​i.​ VeQQ dLagUaP VXPPaUL]LQg dLffeUeQWLaO geQe e[SUeVVLRQ aQaO\VLV beWZeeQ cOXVWeUV 
B(14) (OLghW bOXe) aQd B(5+22) (daUN bOXe).  

ii.​ NXPbeUV Rf caQdLdaWe PaUNeU geQeV LdeQWLfLed afWeU VeOecWLQg VLgQLfLcaQWO\ 
XSUegXOaWed geQeV e[SUeVVed LQ QR PRUe WhaQ 40% Rf ceOOV Rf Whe RWheU cOXVWeU. 

I. HeaWPaS deSLcWLQg e[SUeVVLRQ Rf Whe WRS 10 dLffeUeQWLaOO\ e[SUeVVed geQeV beWZeeQ 
cOXVWeUV B(14) (OefW) aQd B(5+22) (ULghW).  

J. UMAP SORW Rf ​Dio2 ​e[SUeVVLRQ LQ Whe VcRNA-SeT QeXURgeQLc OLQeage. 
K. - L. CRQfRcaO PLcURgUaSh Rf ​Dio2​ RNA (PageQWa), S100b (gUeeQ) aQd GFAP (ZhLWe) 

SURWeLQ e[SUeVVLRQ LQ Whe dRUVaO (K) aQd YeQWUaO (L) V-SVZ. 
M. SXPPaU\ VchePaWLc Rf aQWeULRU WR SRVWeULRU V-SVZV Rf each VecWLRQ (OefW) aQd cRURQaO 

bUaLQ VecWLRQV (ULghW) deQRWeV VWURQg (PageQWa), VSaUVe (OLghW PageQWa) RU abVeQW 
(ZhLWe) ​Dio2 ​ e[SUeVVLRQ. BR[ed aUeaV LQ Whe ceQWeU V-SVZ VchePaWLc deQRWe 
ORcaWLRQV Rf dRUVaO (K) aQd YeQWUaO (L) hLgh PagQLfLcaWLRQ LPageV. 

N.  UMAP SORW Rf ​Urah​ e[SUeVVLRQ LQ Whe VcRNA-SeT QeXURgeQLc OLQeage. 
O. - P. CRQfRcaO PLcURgUaSh Rf ​Urah ​ RNA (PageQWa), S100b (gUeeQ) aQd GFAP (ZhLWe) 

SURWeLQ e[SUeVVLRQ LQ Whe dRUVaO (O) aQd YeQWUaO (P) V-SVZ. 
Q.  SXPPaU\ VchePaWLc Rf aQWeULRU WR SRVWeULRU V-SVZV Rf each VecWLRQ deQRWeV VWURQg 

(PageQWa), VSaUVe (OLghW PageQWa) RU abVeQW (ZhLWe) ​Urah ​ e[SUeVVLRQ. BR[ed aUeaV LQ 
Whe ceQWeU V-SVZ VchePaWLc deQRWe ORcaWLRQV Rf dRUVaO (O) aQd YeQWUaO (P) hLgh 
PagQLfLcaWLRQ LPageV. 

R.  UMAP SORW Rf ​Cr\m​ e[SUeVVLRQ LQ Whe VcRNA-SeT QeXURgeQLc OLQeage. 
S. - T. CRQfRcaO PLcURgUaSh Rf ​Cr\m​ RNA (PageQWa), DCX (gUeeQ) aQd GFAP (ZhLWe) 

SURWeLQ e[SUeVVLRQ LQ Whe dRUVaO (S) aQd YeQWUaO (T) V-SVZ. 
U.  SXPPaU\ VchePaWLc Rf aQWeULRU WR SRVWeULRU V-SVZV Rf each VecWLRQ (OefW) aQd cRURQaO 

bUaLQ VecWLRQV (ULghW) deQRWeV VWURQg (PageQWa), VSaUVe (OLghW PageQWa) RU abVeQW 
(ZhLWe) ​Cr\m​ e[SUeVVLRQ. BR[ed aUeaV LQ Whe ceQWeU V-SVZ VchePaWLc deQRWe 
ORcaWLRQV Rf dRUVaO (S) aQd YeQWUaO (T) hLgh PagQLfLcaWLRQ LPageV. 
DAPI: bOXe, LV: OaWeUaO YeQWULcOe, CC: cRUSXV caOORVXP, SWU: VWULaWXP. ScaOe baUV: 10 
ȝP​ (K, L, O, P, S aQd T). 
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FLgXUe 3 - SXSSOePeQW 1.  
A. UMAP SORW Rf B ceOO cOXVWeU LdeQWLWLeV XVed LQ Whe fROORZLQg aQaO\VLV: B(14), B(5) aQd 

B(22). 
B. i.​ VeQQ dLagUaP VXPPaUL]LQg dLffeUeQWLaO geQe e[SUeVVLRQ aQaO\VLV beWZeeQ cOXVWeUV 

B(14), B(5) aQd B(22).  
ii.​ NXPbeUV Rf caQdLdaWe PaUNeU geQeV LdeQWLfLed afWeU VeOecWLQg VLgQLfLcaQWO\ 
XSUegXOaWed geQeV e[SUeVVed LQ QR PRUe WhaQ 40% Rf ceOOV Rf Whe RWheU cOXVWeU. 

C. HeaWPaS deSLcWLQg e[SUeVVLRQ Rf Whe WRS 10 dLffeUeQWLaOO\ e[SUeVVed geQeV beWZeeQ 
cOXVWeUV B(14) (OefW), B(5) (ceQWeU) aQd B(22) (ULghW).  

D. DRW SORW Rf Whe aYeUage DRUVaO RU VeQWUaO SUedLcWed LdeQWLW\ VcRUeV fRU VcRNA-SeT B 
ceOO cOXVWeUV B(14), B(5) aQd B(22).  

E. UMAP SORW Rf ​Snhg15​ e[SUeVVLRQ LQ Whe VcRNA-SeT QeXURgeQLc OLQeage. 
F. CRQfRcaO PLcURgUaSh Rf ​Snhg15 ​ RNA (PageQWa) e[SUeVVLRQ LQ Whe V-SVZ. IQVeWV 

deQRWe ORcaWLRQV Rf hLgh PagQLfLcaWLRQ LPageV (G) aQd (H). 
G. - H. HLgh PagQLfLcaWLRQ Rf dRUVaO (G) aQd YeQWUaO (H) V-SVZ UegLRQV deQRWed LQ (F) 

VhRZLQg ​Snhg15 ​ RNA (PageQWa) aQd GFAP SURWeLQ (ZhLWe) e[SUeVVLRQ. 
I. UMAP SORW Rf ​Cntnap2​ e[SUeVVLRQ LQ Whe VcRNA-SeT QeXURgeQLc OLQeage. 
J.   CRQfRcaO PLcURgUaSh Rf ​Cntnap2 ​ RNA (PageQWa) e[SUeVVLRQ LQ Whe V-SVZ. IQVeWV 

deQRWe ORcaWLRQV Rf hLgh PagQLfLcaWLRQ LPageV (G) aQd (H). 
K. - L. HLgh PagQLfLcaWLRQ Rf dRUVaO (K) aQd YeQWUaO (L) V-SVZ UegLRQV deQRWed LQ (J) 

VhRZLQg ​Cntnap2 ​ RNA (PageQWa) aQd GFAP SURWeLQ (ZhLWe) e[SUeVVLRQ. 
M.  UMAP SORW Rf ​Hop[​ e[SUeVVLRQ LQ Whe VcRNA-SeT QeXURgeQLc OLQeage. 
N.  CRQfRcaO PLcURgUaSh Rf ​Hop[​ RNA (PageQWa) e[SUeVVLRQ LQ Whe V-SVZ. IQVeWV deQRWe 

ORcaWLRQV Rf hLgh PagQLfLcaWLRQ LPageV (O) aQd (P). 
O. - P. HLgh PagQLfLcaWLRQ Rf dRUVaO (O) aQd YeQWUaO (P) V-SVZ UegLRQV deQRWed LQ (N) 

VhRZLQg ​Cntnap2 ​ RNA (PageQWa) aQd GFAP SURWeLQ (ZhLWe) e[SUeVVLRQ. 
Q.  SXPPaU\ VchePaWLc Rf aQWeULRU WR SRVWeULRU cRURQaO bUaLQ VecWLRQV aQaO\]ed (OefW) aQd 

RQe Rf Whe V-SVZ UegLRQV (bR[ed aUea RQ OefW, eQOaUged RQ ULghW). ​Hop[ ​e[SUeVVLRQ LV 
VXPPaUL]ed aV VWURQg (PageQWa), VSaUVe (OLghW PageQWa) RU abVeQW (ZhLWe) LQ 
dLffeUeQW VXbUegLRQV Rf Whe V-SVZ. 

R.  CRQfRcaO PLcURgUaSh Rf HOPX SURWeLQ e[SUeVVLRQ (PageQWa) LQ Whe V-SVZ.  
DAPI: bOXe, LV: OaWeUaO YeQWULcOe, CC: cRUSXV caOORVXP, SWU: VWULaWXP. ScaOe baUV: 100 
ȝP (F, J, H aQd R) ​ 10 ​ȝP​ (G, H, K, L, O aQd P). 
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FLgXUe 4. WhROe PRXQWV UeYeaO CRYM e[SUeVVLRQ LQ a ZLde YeQWUaO 
dRPaLQ 

A. CRQfRcaO PLcURgUaSh Rf a hGFAP:GFP cRURQaO PRXVe bUaLQ VecWLRQ, ZheUe Whe 
V-SVZ LV LPPXQRVWaLQed fRU GFP (gUeeQ) aQd CRYM (PageQWa). 

B. HLgh PagQLfLcaWLRQ LPage Rf Whe dRUVaO Zedge UegLRQ Rf Whe V-SVZ fURP (A). 
C. HLgh PagQLfLcaWLRQ LPage Rf Whe YeQWUaO V-SVZ fURP (A). 
D. IPPXQRVWaLQLQg Rf CRYM (PageQWa) LQ a ZhROe-PRXQW SUeSaUaWLRQ Rf Whe OaWeUaO ZaOO 

Rf Whe V-SVZ, cR-VWaLQed ZLWh ȕ-CATENIN (ZhLWe), ZLWh a VXPPaU\ VchePaWLc 
deSLcWLQg Whe e[WeQW Rf Whe CRYM+ dRPaLQ.  

E. - G. HLgheU PagQLfLcaWLRQ LPageV Rf bR[ed UegLRQV LQ (D) VhRZLQg Whe dLVWULbXWLRQ Rf 
CRYM+ (PageQWa) LQ V-SVZ ceOOV RXWOLQed b\ ȕ-CATENIN (ZhLWe). 

H. - I. HLgh PagQLfLcaWLRQ LPageV Rf GFP+ (gUeeQ) B1 ceOO-cRQWaLQLQg SLQZheeOV LQ Whe 
dRUVaO (H) aQd YeQWUaO (I) V-SVZ RXWOLQed b\ ȕ-CATENIN (ZhLWe), aOVR LPPXQRVWaLQed 
fRU CRYM (PageQWa). 
A: aQWeULRU, P: SRVWeULRU, D: dRUVaO, V: YeQWUaO. ScaOe baUV: 150 ​ȝP (A), 20 ​ ​ȝP (B aQd 
C), ​200 ​ȝP (D)​, 50 ​ȝP (E, F aQd G) ​ aQd 10 ​ȝP (H aQd I). 
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FLgXUe 5. ​A ceOO cOXVWeU heWeURgeQeLW\ LV OLQNed WR UegLRQaOO\-RUgaQL]ed 
dRUVaO/YeQWUaO dRPaLQV 

A. A ceOOV aUe ​ ​RUgaQL]ed LQ 5 dLVWLQcW cOXVWeUV​ ​(1, 0, 4, 6, aQd 15).  
B. HeaWPaS VhRZLQg Whe WRS 5 dLffeUeQWLaOO\ e[SUeVVed geQeV fRU each Rf Whe 5 cOXVWeUV.  
C. The e[SUeVVLRQ SaWWeUQV Rf ​Rlbp1 ​ aQd ​Run[1t1​ aUe VLPLOaU WR ​Va[1 ​ aQd ​Pa[6 ​, 

UeVSecWLYeO\, ZhLch aUe geQeV NQRZQ WR be eQULched LQ YeQWUaO aQd dRUVaO dRPaLQV Rf 
Whe V-SVZ. 

D. The SUedLcWed UegLRQ VcRUeV Rf each VcRNA-SeT A ceOO SORWWed LQ UMAP VSace, 
ZheUe VWURQgO\ DRUVaO SUedLcWed LdeQWLW\ ceOOV aUe daUN gUeeQ, aQd VWURQgO\ VeQWUaO 
SUedLcWed LdeQWLWLeV aUe daUN PageQWa. 

E. E[SUeVVLRQ SaWWeUQV Rf PaUNeU geQeV ​Ntng1​ aQd ​Trhde​ LQ A ceOOV. 
F. - H. E[SUeVVLRQ Rf ​Ntng1​ RNA (PageQWa) aQd DCX SURWeLQ (gUeeQ) LQ Whe dRUVaO (F) 

aQd YeQWUaO (G) V-SVZ, aQd hLgh PagQLfLcaWLRQ Rf ​Ntng1 ​-SRVLWLYe A ceOOV (aUURZV) aQd 
Ntng1​-QegaWLYe A ceOOV (aUURZheadV) LQ Whe V-SVZ (dRWWed OLQeV). 

I.    HLgh PagQLfLcaWLRQ Rf ​Ntng1 ​SXQcWa LQ DCX+ A ceOOV (aUURZV), aQd ​Ntng1 ​-QegaWLYe A 
ceOOV (aUURZheadV) LQ Whe RMS. 

J.   HLgh PagQLfLcaWLRQ LPage Rf ​Thrde​ RNA (PageQWa) LQ DCX+ A ceOOV (aUURZV), aORQg 
ZLWh ​Thrde​-QegaWLYe DCX+ A ceOOV (aUURZheadV) LQ Whe RMS. 
DAPI: bOXe, RMS: URVWUaO PLgUaWRU\ VWUeaP, LV: OaWeUaO YeQWULcOe, CC: cRUSXV 
caOORVXP, SWU: VWULaWXP. ScaOe baUV: 10 ​ȝP (F aQd G), 5 ȝP (H, I aQd J). 
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FLgXUe 5 - SXSSOePeQW 1. 
A. UMAP SORW Rf A ceOO cOXVWeUV, aQd UMAP SORWV Rf RQO\ A ceOO cOXVWeUV OabeOed ZLWh 

AUCeOO VcRUeV Rf cRPbLQed geQe e[SUeVVLRQ Rf geQeV cRQWaLQed LQ each Rf Whe VL[ 
GO caWegRULeV VhRZQ. 

B. Trhde ​e[SUeVVLRQ (PageQWa) LQ Whe dRUVaO (WRS URZ) aQd YeQWUaO (bRWWRP URZ) V-SVZ, 
cROabOed ZLWh DCX (gUeeQ) aQd GFAP (ZhLWe) LPPXQRVWaLQLQg. 

C. Trhde​ e[SUeVVLRQ LQ Whe fXOO VcRNA-SeT daWaVeW. 
D. DRW SORW Rf Whe aYeUage dRUVaO aQd YeQWUaO SUedLcWLRQ VcRUeV fRU each Rf Whe A ceOO 

cOXVWeUV 0, 1, 4, 6 aQd 15. 
DAPI: bOXe, LV: OaWeUaO YeQWULcOe, CC: cRUSXV caOORVXP, SWU: VWULaWXP. ScaOe baU: 10 ​ȝP 
(B) 
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FLgXUe 6. ​TUaQVcULSWLRQaO VLgQaWXUeV Rf adXOW NSC UegLRQaO heWeURgeQeLW\ 
aUe PaQLfeVWed aORQg Whe QeXURgeQLc OLQeage 

A. UMAP SORW hLghOLghWLQg Whe SXWaWLYe dRUVaO aQd YeQWUaO B aQd A ceOO cOXVWeUV. 
B. SchePaWLc LOOXVWUaWLQg Whe aSSURach WR LdeQWLf\ geQeV WhaW aUe dLffeUeQWLaOO\ eQULched LQ 

dRUVaO B aQd A, aQd YeQWUaO B aQd A ceOOV, cRPSaULQg B(14) WR A(1) aQd B(5) & B(22) 
WR A(0).  

C. E[SUeVVLRQ SaWWeUQV Rf YeQWUaO (WRS URZ) aQd dRUVaO PaUNeUV (bRWWRP URZ) LdeQWLfLed 
aV dLffeUeQWLaOO\ eQULched WhURXghRXW Whe B-C-A OLQeage.  

D. AUCeOO VcRULQg Rf YeQWUaO (SXUSOe) aQd dRUVaO (gUeeQ) ceOOV baVed RQ Whe cRPbLQed 
e[SUeVVLRQ Rf geQeV WhURXgh Whe eQWLUe B-C-A OLQeage.  

E. COaVVLfLcaWLRQ Rf dRUVaO (gUeeQ) aQd YeQWUaO (SXUSOe) ceOOV LQ Whe QeXURgeQLc OLQeage 
baVed RQ Whe WRS TXaUWLOe Rf AUCeOO VcRUeV.  

F. VROcaQR SORW Rf VLgQLfLcaQWO\ dLffeUeQWLaOO\ e[SUeVVed geQeV beWZeeQ Whe eQWLUe dRUVaO 
aQd YeQWUaO QeXURgeQLc OLQeageV.  

G. - H. RNAVcRSe YaOLdaWLRQ Rf dRUVaO OLQeage PaUNeU ​Pa[6 ​ (PageQWa) ZLWh DCX (gUeeQ) 
aQd GFAP (ZhLWe) LPPXQRVWaLQLQg. HLgh-PagQLfLcaWLRQ LPageV Rf Whe V-SVZ dRUVaO 
Zedge (G). 

H. HLgh-PagQLfLcaWLRQ LPage Rf Whe YeQWUaO V-SVZ ZheUe ​Pa[6 ​ cRORcaOL]eV ZLWh aQ A ceOO 
(aUURZ) aQd B ceOO (aUURZhead).  

I. - J. RNAVcRSe YaOLdaWLRQ Rf dRUVaO OLQeage PaUNeU ​Rlbp1 ​(PageQWa) LQ Whe dRUVaO 
Zedge (I).  

J. HLgh-PagQLfLcaWLRQ LPageV Rf ​Rlbp1​ LQ Whe dRUVaO V-SVZ, ZheUe SXQcWa aUe YLVLbOe LQ 
a DCX-SRVLWLYe A ceOO (aUURZ). 

K. SchePaWLc LOOXVWUaWLQg Whe e[WeQW aQd e[SUeVVLRQ OeYeOV Rf dRUVaO PaNeUV ​Pa[6 ​aQd 
Rlbp1 ​ acURVV aQWeULRU-WR-SRVWeULRU VecWLRQV Rf Whe V-SVZ. 

L. - M. RNAVcRSe YaOLdaWLRQ Rf YeQWUaO OLQeage PaUNeU ​Adgrl3 ​(PageQWa)​ ​LQ Whe YeQWUaO 
V-SVZ. 

M. HLgh-PagQLfLcaWLRQ LPage Rf ​Adgrl3​ LQ Whe YeQWUaO V-SVZ, cRORcaOL]LQg ZLWh aQ A ceOO 
(aUURZ). 

N. - O. RNAVcRSe YaOLdaWLRQ Rf YeQWUaO OLQeage PaUNeU ​Slit2 ​(PageQWa) LQ Whe YeQWUaO 
V-SVZ​. 

O. HLgh-PagQLfLcaWLRQ LPage Rf Whe YeQWUaO V-SVZ, ZheUe ​Slit2 ​SXQcWa cRORcaOL]e ZLWh aQ 
A ceOO (aUURZ) aQd B ceOO (aUURZhead).  

P. SchePaWLc LOOXVWUaWLQg Whe e[WeQW aQd e[SUeVVLRQ OeYeOV Rf YeQWUaO PaNeUV ​Adgrl3 ​aQd 
Slit2 ​acURVV aQWeULRU-WR-SRVWeULRU VecWLRQV Rf Whe V-SVZ. CC: cRUSXV caOORVXP, SWU: 
VWULaWXP, LV: OaWeUaO YeQWULcOe. ScaOe baUV: 15 ​ȝP (G, L aQd N), ​10 ​ȝP (I) aQd 5 ȝP (H, 
J, M aQd O). 
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FLgXUe 6 - SXSSOePeQW 1. 
A. SchePaWLc LOOXVWUaWLQg Whe cRQWURO cRPSaULVRQ WR LdeQWLf\ geQeV eQULched LQ bRWh 

YeQWUaO B aQd dRUVaO A ceOOV, RU LQ dRUVaO B aQd YeQWUaO A ceOOV. 
B. UMAP SORWV VhRZLQg e[SUeVVLRQ Rf Whe 3 geQeV LdeQWLfLed LQ Whe aQaO\VLV LQ (A), 

LQcOXdLQg ​Cntnap2 ​, ​Flrt2 ​, aQd ​Efna5​. 
C. UMAP SORW cRORUed b\ SRVLWLRQ VcRUe, baVed RQ QeW YeQWUaO (SXUSOe) aQd dRUVaO 

(gUeeQ) AUCeOO VcRUeV. 
D. UMAP Rf Whe QeXURgeQLc OLQeage VSOLW b\ cOaVVLfLcaWLRQ LQWR Whe YeQWUaO (SXUSOe) RU 

dRUVaO (gUeeQ) OLQeage. 
E. VLROLQ SORW Rf AUCeOO VcRUe dLVWULbXWLRQ Rf dRUVaO aQd YeQWUaO ceOOV VhRZQ LQ (D). NA: 

ceOOV QRW aVVLgQed. 
F. VeQWUaO aQd dRUVaO AUCeOO VcRUeV SORWWed RYeU SVeXdRWLPe, aV caOcXOaWed b\ RNA 

YeORcLW\.  
G. DRW SORW UeSUeVeQWLQg eQULched GO WeUPV LdeQWLfLed b\ PaUNeU geQeV Rf Whe dRUVaO aQd 

YeQWUaO OLQeageV (³LLQ´), PaUNeUV Rf dRUVaO YV. YeQWUaO B ceOOV (³B´), RU PaUNeUV Rf 
dRUVaO YV. YeQWUaO A ceOOV (³A´). 

H. , J, L, N. LRZ-PagQLfLcaWLRQ LPageV Rf Whe eQWLUe V-SVZ LQ a cRURQaO VecWLRQ, OabeOed 
ZLWh RNAVcRSe SURbeV (PageQWa) agaLQVW ​Pa[6​ (H); ​Rlbp1​ (J); ​Adgrl3 ​ (L) aQd ​Slit2 
(N). 

I, K. HLgh PagQLfLcaWLRQ Rf Whe YeQWUaO V-SVZ fURP SaQeO H (I) aQd J (K). 
M, O. HLgh PagQLfLcaWLRQ Rf Whe dRUVaO V-SVZ fURP SaQeO L (M) aQd N (O). 

ScaOe baUV: 100 ​ȝP (H, J, L aQd N) aQd ​15 ​ȝP (I, K, M aQd O). 
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FLgXUe 7. VcRNA-SeT UeYeaOV dRUVaO aQd YeQWUaO QeXURgeQLc OLQeage 
dRPaLQV LQ Whe V-SVZ 

A. A VXPPaU\ Rf ceOO W\SeV LQ Whe QeXURgeQLc OLQeage LdeQWLfLed b\ VcRNA-SeT aQd WheLU 
cOaVVLfLcaWLRQ LQWR dRUVaO aQd YeQWUaO WUaQVcULSWLRQaO LdeQWLWLeV. 

B. SchePaWLc deSLcWLQg Whe dRUVaO aQd YeQWUaO dRPaLQV QeZO\ LdeQWLfLed b\ VcRNA-SeT 
aQd VQXcRNA-SeT, aQd cRQfLUPed b\ VWaLQLQg aQd RNAVcRSe.  
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