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SiQgOe-VWUaQded geQRPic DNA caQ fROd iQWR G-TXadUXSOe[ (G4) VWUXcWXUeV RU fRUP
DNA:RNA h\bUidV (R ORRSV). ReceQW eYideQce VXggeVWV WhaW VXch QRQ-caQRQicaO DNA
VWUXcWXUeV affecW geQe e[SUeVViRQ, DNA PeWh\OaWiRQ, UeSOicaWiRQ fRUk SURgUeVViRQ aQd
geQRPe VWabiOiW\. WheQ aQd hRZ G4 VWUXcWXUeV fRUP aQd aUe UeVROYed UePaiQV XQcOeaU.
HeUe Ze UeSRUW Whe XVe Rf COeaYage UQdeU TaUgeWV aQd TagPeQWaWiRQ (CUT&Tag) fRU
PaSSiQg QaWiYe G4 iQ PaPPaOiaQ ceOO OiQeV aW high UeVROXWiRQ aQd ORZ backgURXQd. MiOd
QaWiYe cRQdiWiRQV XVed fRU Whe SURcedXUe UeWaiQ PRUe G4 VWUXcWXUeV aQd SURYide a higheU
VigQaO-WR-QRiVe UaWiR WhaQ ChIP-baVed PeWhRdV. We deWeUPiQe Whe G4 OaQdVcaSe Rf
PRXVe ePbU\RQic VWeP ceOOV (PESC), RbVeUYiQg ZideVSUead G4 fRUPaWiRQ aW acWiYe
SURPRWeUV, acWiYe aQd SRiVed eQhaQceUV. We diVcRYeU WhaW Whe SUeVeQce Rf G4 PRWifV
aQd G4 VWUXcWXUeV diVWiQgXiVheV acWiYe aQd SUiPed eQhaQceUV iQ PESCV. FXUWheU,
SeUfRUPiQg R-ORRS CUT&Tag, Ze dePRQVWUaWe Whe geQRPe-Zide cR-RccXUeQce Rf
ViQgOe-VWUaQded DNA, G4V aQd R ORRSV, VXggeVWiQg aQ iQWUicaWe UeOaWiRQVhiS beWZeeQ
WUaQVcUiSWiRQ aQd QRQ-caQRQicaO DNA VWUXcWXUeV.
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IN75OD8C7ION

G-TXadUXSOe[ (G4) VWUXcWXUeV aUe cRPSRVed Rf WhUee RU PRUe VWacked G-TXaUWeWV. FRXU
gXaQiQe baVeV caQ fRUP a SOaQaU G-TXaUWeW Yia HRRgVWeQ h\dURgeQ bRQdV, aQd Whe
VWackiQg Rf G-TXaUWeWV iV VWabiOi]ed b\ PRQRYaOeQW caWiRQV, SUefeUabO\ K+. The DNA
backbRQeV Rf Whe gXaQiQeV UXQ SaUaOOeO RU aQWiSaUaOOeO aORQg Whe VWack, cRQQecWed b\
VhRUW, VRPeWiPeV aOVR ORQgeU, ViQgOe-VWUaQded DNA ORRSV (1). MRUeRYeU, G-TXadUXSOe[
DNA caQ fRUP iQWUaPROecXOaUO\ RU iQWeUPROecXOaUO\: FRXU GGG-UeSeaWV cRQQecWed b\
VhRUW OiQkeUV RQ Whe VaPe DNA PROecXOe fRUP Whe caQRQicaO G4 PRWif, bXW G4V haYe aOVR
beeQ VhRZQ WR fROd ZiWh aV feZ aV WZR RU PRUe WhaQ WhUee gXaQiQe TXaUWeWV RU QRQ-G
baVeV bUeakiQg XS Whe G-UeSeaW. FXUWheU, GGG-UeSeaWV diVWUibXWed RQ bRWh VWUaQdV Rf a
DNA dXSOe[ caQ fRUP iQWeU-VWUaQd G4V, aQd iW haV beeQ SURSRVed WhaW G4V caQ aOVR
fRUP iQ WUaQV beWZeeQ WZR DNA PROecXOeV.

FiUVW dePRQVWUaWed iQ SURkaU\RWeV, G4 VWUXcWXUeV RccXUUiQg aW SURPRWeU UegiRQV aUe
iPSOicaWed iQ geQe UegXOaWiRQ (2). G4 DNA fXUWheU ZaV fRXQd iQ WeORPeUe UegiRQV iQ
SW\ORQichia OePQae (3, 4). The hXPaQ geQRPe cRQWaiQV XS WR haOf a PiOOiRQ SUedicWed
G-TXadUXSOe[ fRUPiQg VeTXeQceV (PQS), PRVW Rf Zhich aUe fRXQd iQ SURPRWeU
UegiRQV/CSG iVOaQdV, G-Uich WaQdeP UeSeaW UegiRQV aQd WeORPeUeV. E[SeUiPeQWaO
eYideQce VXggeVWV WhaW G4 VWUXcWXUeV aUe aOVR eQUiched iQ WeORPeUic aQd VXb-WeORPeUic
UeSeWiWiYe DNA, UibRVRPe DNA, SURPRWeU UegiRQV, WaQdeP UeSeaWV iQ PaPPaOiaQ ceOOV
(5, 6). RNA caQ aOVR fRUP G4 VWUXcWXUeV. G4-fRUPiQg VeTXeQceV aUe VigQificaQW
XQdeUUeSUeVeQWaWiRQ iQ Whe cRdiQg VWUaQd Rf e[RQic UegiRQV, Zhich iQdicaWeV WhaW RNA
G4 VWUXcWXUeV haYe beeQ VeOecWed agaiQVW iQ eYROXWiRQ (7, 8). NeYeUWheOeVV, RNA G4
VWUXcWXUeV aUe WhRXghW WR UegXOaWe PRNA PeWabROiVP, aQd RNA Pa\ fRUP h\bUid G4V
ZiWh DNA (9, 10).

G4 PRWif iV eQUiched iQ Whe SURPRWeU UegiRQ Rf RQcRgeQeV, VXch aV c-MYC, KRAS aQd
c-NLW (11±13), UaiViQg Whe SRVVibiOiW\ WhaW G4 VWUXcWXUeV SaUWiciSaWe iQ diVeaVe
PechaQiVPV RU cRXOd be e[SORiWed aV dUXg WaUgeWV (14±16). OZiQg WR Whe XQiTXe
VWackiQg Rf Whe G TXaUWeWV, PaQ\ VSecific VPaOO PROecXOe OigaQdV haYe beeQ deYeORSed.
IQWeUcaOaWiQg beWZeeQ Whe G-TXaUWeWV, G4 OigaQdV haYe fRXQd aSSOicaWiRQV iQ deWecWiQg
G4 VWUXcWXUeV, VWabiOi]iQg RU iQdXciQg WheP (14±20). TMP\P4 haV beeQ VhRZQ WR
UeSUeVV c-MYC aQd Whe e[SUeVViRQ Rf WeORPeUaVe UeYeUVe WUaQVcUiSWaVe iQ Pice (21),
aQd cRQViVWeQW fiQdiQgV ZeUe UeSRUWed iQ OeXkePic ceOOV (22). P\UidRVWaWiQ (PDS) ZaV
VhRZQ WR iQdXce WeORPeUe d\VfXQcWiRQ aQd iQhibiW caQceU gURZWh (23). OQe VWXd\
VXggeVWed WhaW PDS SUedRPiQaQWO\ biQdV QRQ-WeORPeUic UegiRQV aW ORZeU cRQceQWUaWiRQ
(24). MaQ\ G4 OigaQdV aOVR iQWeUcaOaWe iQWR dXSOe[ DNA aQd/RU iQdXce RWheU
QRQ-caQRQicaO DNA VWUXcWXUeV, WhXV UaiViQg Whe TXeVWiRQ if RbVeUYed SheQRW\SeV, iQ
SaUWicXOaU ceOO WR[iciW\, cRXOd be XQeTXiYRcaOO\ OiQked WR G4V (25). ReceQWO\, a QeZ G4
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OigaQd PDC12 ZaV VcUeeQed, aQd iW ZaV dePRQVWUaWed WhaW PDC12 ZaV OeVV WR[ic aQd
PRUe VSecific WhaQ PDS dXe WR iWV ORZ-PROecXOaU-ZeighW (25). CaQceU ceOOV haYe beeQ
VhRZQ WR be UeO\iQg RQ eOeYaWed UDNA WUaQVcUiSWiRQ. SeYeUaO iQhibiWRUV fRU URNA
V\QWheViV haYe beeQ deYeORSed iQ UeceQW \eaUV, VXch aV, CX-3543 (26±29), CX-5461
(30±32), aQd BMH-21 (33±35). TheVe VPaOO PROecXOeV haYe beeQ VhRZQ WR biQd UDNA
G-TXadUXSOe[ aQd diVUXSW QXcOeROiQ/UDNA G-TXadUXSOe[ cRPSOe[eV, WheUeb\ iQhibiWiQg
RNA SRO\PeUaVe I eORQgaWiRQ aQd URNA V\QWheViV, aQd iQdXciQg aSRSWRViV iQ caQceU
ceOOV. TheUefRUe, CX-3543, CX-5461 aQd BMH-21 e[hibiW SRWeQW aQWiWXPRU acWiYiW\ iQ
caQceU PRdeOV. IW haV aOVR beeQ VhRZQ WhaW eQdRgeQRXV G4 OeYeOV caQ SUedicW
VeQViWiYiW\ Rf WXPRUV WR G4 OigaQdV (36).

WhiOe WheVe VWXdieV VhRZ Whe SRWeQWiaO Rf G4 VWabiOi]iQg ageQWV WR diVUXSW YaUiRXV
DNA-deSeQdeQW SURceVVeV, Whe UROe Rf G4 iQ eQdRgeQRXV cRQWURO Rf WUaQVcUiSWiRQ aQd
UeSOicaWiRQ UePaiQV XQcOeaU. EOegaQW VWXdieV iQ chickeQ ceOOV VhRZ WhaW iQdiYidXaO G4
VWUXcWXUeV caQ UeSUeVeQW URadbORckV WR UeSOicaWiRQ (25, 37, 38), \eW VXch effecW haV QRW
beeQ cRQfiUPed RQ a geQRPe Zide OeYeO.

MeWhRdV WR SUeciVeO\ PaS DNA G-TXadUXSOe[eV iQ Whe geQRPe aUe cUXciaO WR VWXd\ Whe
fXQcWiRQV aQd UegXOaWiRQV Rf G4 iQ Sh\ViRORgicaO aQd SaWhRORgicaO SURceVVeV.
GeQRPe-Zide chURPaWiQ-iPPXQRSUeciSiWaWiRQ aQd VeTXeQciQg (ChIP-VeT) baVed
PaSSiQg PeWhRdV haYe beeQ deVcUibed, XViQg eiWheU a G4-VSecific aQWibRd\ iQ aQ
RSWiPi]ed ChIP-SeT SURWRcRO (36, 39±41) RU aQ aUWificiaO 6.7 kDa G4 SURbe (G4P) SURWeiQ
fRU G4 biQdiQg aQd caSWXUe (42).

G4 ChIP-VeT iV a PeWhRd Zhich cRXSOeV fRUPaOdeh\de-fi[ed G4 DNA
iPPXQRSUeciSiWaWiRQ XViQg a G4-VSecific aQWibRd\ (PRVW cRPPRQO\ Whe Shage-diVSOa\
deUiYed PRQRcORQaO BG4 aQWibRd\ (43) ) ZiWh high-WhURXghSXW VeTXeQciQg (39). UViQg
G4 ChIP-SeT, aSSUR[iPaWeO\ 10,000 DNA G4 VWUXcWXUeV ZeUe PaSSed iQ Whe hXPaQ
geQRPe, eQUiched iQ SURPRWeUV aQd RWheU UegXOaWRU\, QXcOeRVRPe fUee UegiRQV, aQd G4
fRUPaWiRQ ZaV cRUUeOaWed ZiWh eOeYaWed WUaQVcUiSWiRQaO acWiYiW\ (39, 41). A fXUWheU VWXd\
VXggeVWV WhaW G4 fRUPaWiRQ Pa\ cRQWUibXWe WR Whe SURWecWiRQ Rf CSG iVOaQdV fURP
c\WRViQe PeWh\OaWiRQ, b\ VeTXeVWeUiQg DNMT1 (40). TheVe UeVXOWV highOighW Whe XWiOiW\ Rf
geQRPe-Zide G4 ChIP-SeT WR deWeUPiQe geQRPe-Zide diVWUibXWiRQ Rf G4V. HRZeYeU,
fRUPaOdeh\de fi[aWiRQ XVed iQ G4 ChIP-SeT WR PaiQWaiQ Whe VWUXcWXUeV iQ Whe SUeVeQce Rf
YaUiRXV deWeUgeQWV XVed dXUiQg Whe ChIP SURcedXUe Pa\ QRW SURWecW aOO G4 VWUXcWXUeV
aQd addiWiRQaOO\ beaUV Whe UiVk Rf PaVkiQg G4 UecRgQiWiRQ b\ Whe aQWibRd\, WhXV UedXciQg
VSecific VigQaO. MRUeRYeU, VheaUiQg Rf Whe cURVVOiQked chURPaWiQ b\ VRQicaWiRQ Pa\
diVVROYe RU diVWRUW G4 VWUXcWXUe aQd aOVR affecW aQWibRd\ UecRgQiWiRQ. ThXV, aOWeUQaWiYe
aSSURacheV haYe beeQ VRXghW WR caSWXUe G4V XQdeU PRUe QaWiYe cRQdiWiRQV: Whe
G4P-ChIP PeWhRd WakeV adYaQWage Rf a SeSWide fURP Whe DHX36 heOicaVe ZiWh high
affiQiW\ aQd VSecificiW\ fRU G4 VWUXcWXUeV, ZheUeaV D1 ChIP XVed a PRQRQcORQaO
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aQWibRd\-GFP fXViRQ SURWeiQ (42, 44). HRZeYeU, bRWh PeWhRdV UeO\ RQ e[SUeVViRQ Rf Whe
G4 biQdeU iQ ceOOV, WhXV UeTXiUiQg Whe geQeUaWiRQ Rf VWabOe ceOO OiQeV, aQd iW caQQRW be
e[cOXded WhaW Whe e[SUeVViRQ Rf G4 biQdiQg SURWeiQV affecWV G4 biRORg\, e.g. b\
cRPSeWiQg ZiWh eQdRgeQRXV biQdiQg SURWeiQV RU heOicaVeV.

ReceQWO\, cOeaYage XQdeU WaUgeWV aQd WagPeQWaWiRQ (CUT&Tag) haV beeQ UeSRUWed WR
PaS chURPaWiQ feaWXUeV iQ SeUPeabiOi]ed QXcOei XViQg aQWibRd\-WaUgeWed TQ5
WagPeQWaWiRQ (45), IQ CUT&Tag, ceOOV RU QXcOei aUe SeUPeabiOi]ed XQdeU PiOd QaWiYe
cRQdiWiRQV. HeUe, Ze cRPbiQed G4 aQWibRd\-baVed deWecWiRQ Rf geQRPic G4V ZiWh
CUT&Tag WechQRORg\ aQd eVWabOiVhed a QaWiYe G4 PaSSiQg PeWhRd caOOed G4
CUT&Tag. CRPSaUed WR RWheU G4 PaSSiQg PeWhRdV, G4 CUT&Tag SURYide VXSeUiRU
VigQaO-WR-QRiVe aQd UeOiabiOiW\ WR deWecW bRQa-fide G4V. We aSSOied G4 CUT&Tag WR
PRXVe ePbU\RQic VWeP ceOOV, fiQdiQg ZideVSUead G4 fRUPaWiRQ aW acWiYe aQd eQhaQceUV.
TRgeWheU, RXU VWXd\ SURYideV a ViPSOe aQd faVW PeWhRdRORg\ WhaW accXUaWeO\ PaSV DNA
G4V acURVV Whe geQRPe.

5E68L76

6\VWHPDWLF FRPSDULVRQ RI G4 C87&7DJ ZLWK RWKHU G4 PDSSLQJ PHWKRGV

We eVWabOiVhed G4 CUT&Tag VWaUWiQg ZiWh YeUViRQ 2 Rf CUT&Tag (45) ZiWh PiQRU
PRdificaWiRQV (Vee MaWeUiaOV aQd MeWhRdV). TR V\VWePaWicaOO\ cRPSaUe Whe G4 CUT&Tag
ZiWh RWheU G4 PaSSiQg PeWhRdV, Ze SeUfRUPed G4 CUT&Tag iQ ceOO OiQeV fRU Zhich SUiRU
geQRPe-Zide daWaVeWV had beeQ geQeUaWed. IQ SaUaOOeO, Ze UeSURceVVed Whe UaZ daWa
fRU G4 ChIP-VeT (41), G4P-ChIP (42) WhURXgh Whe VaPe biRiQfRUPaWic SiSeOiQe aV RXU G4
CUT&Tag daWa. G4 CUT&Tag dePRQVWUaWed iPSURYed UaZ daWa TXaOiW\ cRPSaUed WR
bRWh e[iVWiQg PeWhRdV, \ieOdiQg WeQfROd higheU fUacWiRQ Rf UeadV XQdeU SeakV (FUiP) WhaQ
G4 ChIP-VeT aQd b\ Vi[fROd higheU FUiP WhaQ G4P-ChIP (FigXUe 1A). FiQgeUSUiQW SORWV
aOVR dePRQVWUaWed Whe higheU VigQaO-WR-QRiVe UaWiR Rf G4 CUT&Tag (FigXUe 1B, C).
E[aPSOeV VhRZ Whe OaUge SiOeXS Rf G4 CUT&Tag RQ SURPRWeUV ZiWh SUedicWed G4
VeTXeQceV (FigXUe 1D). We fXUWheU eYaOXaWe Whe RYeUOaS Rf SeakV ideQWified b\ G4
CUT&Tag ZiWh SeakV ideQWified b\ G4 ChIP-VeT RU G4P-ChIP. TR aOORZ aQ XQbiaVed
cRPSaUiVRQ, Whe WRS 10,000, WRS 5000, WRS 1000 higheVW-VcRUiQg SeakV ideQWified b\
each PeWhRd ZeUe e[WUacWed. CRPSaUiQg G4 CUT&Tag aQd G4 ChIP-VeT, 33% Rf WRS
10,000 SeakV, 38% Rf WRS 5000 SeakV aQd 30% Rf WRS 1000 SeakV ZeUe ideQWified b\
bRWh PeWhRdV, UeVSecWiYeO\ (FigXUe 1E; SXSSOePeQWaU\ FigXUe 1). Of WRS SeakV ideQWified
b\ G4 CUT&Tag aQd G4P-ChIP, 45.83% Rf WRS 10,000 SeakV, 32.76% Rf WRS 5000
SeakV aQd 11.7% Rf WRS 1000 SeakV aUe ideQWified b\ bRWh PeWhRdV, UeVSecWiYeO\ (FigXUe
1F; SXSSOePeQWaU\ FigXUe 1A, B). WhiOe Whe UeOaWiYeO\ VPaOO RYeUOaS ZRXOd VXggeVW a
VXbVWaQWiaOO\ diffeUeQW diVWUibXWiRQ Rf SeakV, aVVeVViQg Whe eQUichPeQW aPRQgVW VhaUed
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aQd XQiTXe SeakV VhRZed WhaW PRVW caOOed SeakV, QR PaWWeU fURP Zhich PeWhRd,
VhRZed eQUichPeQW b\ Whe PeWhRdV XQdeU cRPSaUiVRQ (FigXUe 1E, F; SXSSOePeQWaU\
FigXUe 1C, D). NeYeUWheOeVV, diffeUeQceV e[iVWed beWZeeQ Whe TXaOiW\ Rf Whe SeakV
caOOed: Of WRS SeakV WhaW ZeUe XQiTXe WR each PeWhRd, Whe G4 CUT&Tag SURWRcRO
geQeUaWed a higheU SeUceQWage Rf SeakV WhaW PaWch SUedicWed G4 VeTXeQceV (PQS,
iQcOXdiQg iQWeU-VWUaQd aQd iQWUa-VWUaQd G4V) (FigXUe 1G, H). ThiV fXUWheU dePRQVWUaWeV
WhaW G4 CUT&Tag SURWRcRO aOORZV PaSSiQg G4 VWUXcWXUeV ZiWh higheU cRQfideQce WhaQ
aOWeUQaWiYe PeWhRdV. OXU G4 CUT&Tag daWa ZaV geQeUaWed fURP 1[105 ceOOV. IQ cRQWUaVW,
ceOO QXPbeU XVed iQ Whe SUeYiRXV G4 PaSSiQg PeWhRdV iV 1[107 iQ G4 ChIP-VeT aQd
1[108 iQ G4P-ChIP. ThXV, iQ VXPPaU\, G4 CUT&Tag eQabOed a dUaPaWic iQcUeaVe iQ Whe
VigQaO-WR-QRiVe UaWiR aW PXch UedXced iQSXW UeTXiUePeQWV, aV cRPSaUed WR G4 ChIP-VeT
RU G4P-ChIP.

CKDUDFWHUL]DWLRQ RI G4V LQ PRXVH HPEU\RQLF VWHP FHOOV

Ne[W, Ze SeUfRUPed G4 CUT&Tag iQ PRXVe ePbU\RQic VWeP (PES) ceOOV. PES ceOOV aUe
SUiPaU\ SOXUiSRWeQW VWeP ceOOV feaWXUiQg aQ RSeQ aQd d\QaPic chURPaWiQ VWUXcWXUe WhaW
PaiQWaiQV aQ XQcRPPiWWed VWaWe SRiVed fRU diffeUeQWiaWiRQ (46). G4 VWUXcWXUeV haYe beeQ
SURSRVed WR SOa\ a UegXOaWRU\ UROe iQ aQiPaO deYeORSPeQW (47). The G4 OaQdVcaSe Rf
PES ceOOV haV QRW beeQ eOXcidaWed WR daWe.

PES G4 CUT&Tag ZaV URbXVW aQd UeSURdXcibOe acURVV WUiSOicaWe e[SeUiPeQWV (FigXUe
2A, SXSSOePeQWaU\ FigXUe 2A,B). 9186 high-cRQfideQce G4 CUT&Tag SeakV ZeUe
ideQWified b\ iQWeUVecWiQg SeakV caOOed fURP Whe WhUee UeSOicaWeV, VhRZiQg gRRd RYeUOaS
ZiWh caQRQicaO aQd QRQ-caQRQicaO (WUaQV-VWUaQd) PQS (FigXUe 2B). TR fXUWheU YaOidaWe
Whe VSecificiW\ Rf G4 CUT&Tag fRU G4 PRWifV, Ze iQWeUURgaWe Whe WRS 1000, WRS 500 aQd
WRS 200 G4 SeakV fRU UecXUUiQg PRWifV XViQg MEME VXiWe aQd fiQd WhaW G-Uich VeTXeQceV
aUe highO\ SUeYaOeQW aPRQg Whe WRS SeakV (FigXUe 2C). G4V SUedRPiQaQWO\ aVVRciaWed
ZiWh acWiYe SURPRWeUV (61%) aQd eQhaQceUV (13%), aQd cRiQcided ZiWh RSeQ chURPaWiQ,
H3K4Pe3, H3K27ac aQd H3K4Pe1 (FigXUe 2B, D). IPSRUWaQWO\, a CUT&Tag cRQWURO
e[SeUiPeQW ZiWh a H3K27Pe3 aQWibRd\ VhRZed eQUichPeQW aW biYaOeQW bXW QRW acWiYe
TSS, dePRQVWUaWiQg WhaW Whe VWURQg eQUichPeQW RYeU acceVVibOe ViWeV iV QRW dXe WR aQ
aUWificiaO biaV Rf Whe PeWhRdRORg\. A VPaOO SURSRUWiRQ (3%) Rf G4V aOVR cRiQcided ZiWh
UeSUeVVed RU biYaOeQW SURPRWeUV, eQUiched fRU H3K27Pe3 (FigXUe 2B, C, SXSSOePeQWaU\
FigXUe 2C, D). G4 SURfiOeV RQ geQe-cRdiQg UegiRQV VhRZed a VWURQg Seak aURXQd Whe
WUaQVcUiSWiRQ VWaUW ViWeV (TSS), ZhiOe OaUgeO\ abVeQW iQ Whe geQe bRd\ deVSiWe Whe
SUeVeQce Rf PQS (SXSSOePeQWaU\ FigXUe 2B). EfficieQW chURPaWiQ PaiQWeQaQce dXUiQg
RNA PRO\PeUaVe SaVVage, UeO\iQg RQ SSW6, FACT aQd RWheU hiVWRQe chaSeURQeV iV
kQRZQ WR PaiQWaiQ deQVe QXcOeRVRPe RccXSaQc\ iQ geQe bRdieV (48), WhXV OikeO\
diVfaYRUiQg fRUPaWiRQ Rf G4. PURPRWeUV Rf QRQ-e[SUeVVed geQeV, e[hibiWiQg QeiWheU
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H3K4Pe3 RU H3K27Pe3 VhRZed Whe ORZeVW G4 VigQaO (SXSSOePeQWaU\ FigXUe 2D). AV
kQRZQ iQ hXPaQ ceOOV (40), G4V cRUUeOaWed ZiWh CSG deQViW\, aQd aQWicRUUeOaWed ZiWh
CSG PeWh\OaWiRQ (SXSSOePeQWaU\ FigXUe 2E-H).

EQhaQceUV aUe PXch OeVV GC-Uich WhaQ SURPRWeUV, hRZeYeU Whe\ ZeUe VWiOO aPRQgVW Whe
PRVW abXQdaQW G4-eQUiched UegiRQV (FigXUe 2E). TR fXUWheU iQYeVWigaWe WhiV, Ze
aVVeVVed G4V acURVV a UefeUeQce OiVW Rf acWiYe, SUiPed RU SRiVed eQhaQceUV (49): G4V
ZeUe fRXQd aW acWiYe aQd SRiVed, bXW QRW SUiPed eQhaQceUV (FigXUe 2F). NRWabO\,
eQhaQceUV Oacked caQRQicaO G4-PRWifV. IQVWead, QRQ-caQRQicaO G4 PRWifV ZeUe
XQdeUO\iQg G4V aW bRWh acWiYe aQd SRiVed eQhaQceUV (FigXUe 2F), aQd G4 PRWifV ZeUe
eVVeQWiaOO\ abVeQW fURP SUiPed eQhaQceUV. ThXV, VXUSUiViQgO\, Whe SUeVeQce/abVeQce Rf
G4 PRWifV iV a diffeUeQWiaWiQg feaWXUe Rf acWiYe aQd SUiPed eQhaQceUV (FigXUe 2F).

G4 C87&7DJ VLJQDOV DUH VHQVLWLYH WR VLQJOH-VWUDQG VSHFLILF QXFOHDVH
GLJHVWLRQ

G4V fRUPed b\ RQe DNA VWUaQd OeaYe Whe C-Uich RSSRViWe VWUaQd ViQgOe-VWUaQded
(FigXUe 3A). IQdeed, PeWhRdV WR PaS ViQgOe-VWUaQded DNA (VVDNA) UeSRUWed
ZideVSUead VVDNA fRUPaWiRQ aW acWiYe TSS (50, 51). A UeceQW VWXd\ XViQg
keWhR[aO-aVViVWed ViQgOe-VWUaQded DNA VeTXeQciQg (KAS-VeT) VhRZed WhaW VVDNA
UegiRQV ZeUe PaiQWaiQed eYeQ afWeU iQhibiWiRQ Rf WUaQVcUiSWiRQaO eORQgaWiRQ RU deSOeWiRQ Rf
RNA PRO\PeUaVe II, VXggeVWiQg WhaW Whe VVDNA UegiRQV ZeUe PaiQWaiQed b\ a
PechaQiVP iQdeSeQdeQW Rf cRQWiQXRXV WUaQVcUiSWiRQ (50). IQdeed, KAS-VeT iQdicaWed
VVDNA aW G4 SeakV (FigXUe 3D), aQd Ze fRXQd a SRViWiYe cRUUeOaWiRQ beWZeeQ KAS-VeT
aQd G4V acURVV TSS (SXSSOePeQWaU\ FigXUe 3A). We ZRQdeUed if Ze caQ cRUURbRUaWe
Whe cR-e[iVWeQce Rf G4 aQd VVDNA, aQd WhXV iQdiUecWO\ YaOidaWe G4 CUT&Tag VigQaOV, b\
aSSO\iQg a ViQgOe-VWUaQd VSecific eQdRQXcOeaVe WR SeUPeabiOi]ed ceOOV, befRUe VXbjecWiQg
WR G4 CUT&Tag. MXQg BeaQ QXcOeaVe iV a ViQgOe-VWUaQd DNA/RNA-VSecific
eQdRQXcOeaVe (52). DigeVWiRQ Rf VVDNA b\ MXQg BeaQ NXcOeaVe VhRXOd UeOeaVe G4
VWUXcWXUeV aQd/RU iQhibiW PCR aPSOificaWiRQ Rf Whe G4-aVVRciaWed, WagPeQWed DNA
(FigXUe 3A). PES ceOOV ZeUe SUeWUeaWed ZiWh 100 XQiWV aQd 150 XQiWV Rf MXQg BeaQ
QXcOeaVe UeVSecWiYeO\. G4 CUT&Tag VigQaOV decUeaVed aW TSS UegiRQV afWeU MXQg BeaQ
QXcOeaVe WUeaWPeQW, aQd aQaO\ViV Rf high-cRQfideQce G4 SeakV cRQfiUPed WhaW MXQg
BeaQ WUeaWPeQW Oed WR sYbstantial redYction of G4 signals across all G4 (FigXUe 3B-D).
AfWeU 100 XQiWV aQd 150 XQiWV Rf MXQg BeaQ QXcOeaVe WUeaWPeQW, G4 CUT&Tag Seak
QXPbeUV decUeaVed b\ 78.6% aQd 88.3% UeVSecWiYeO\ (FigXUe 3C). ThXV, digeVWiRQ Rf
VVDNA UePRYeV G4-VSecific UeadV fURP Whe CUT&Tag, OeaYiQg XQVSecific backgURXQd
VigQaO OaUgeO\ XQaffecWed (FigXUe 3B).

G4V DUH SDLUHG ZLWK 5 ORRSV JHQRPH-ZLGH LQ PE6C
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DNA-RNA h\bUidV (R ORRSV) fRUPed b\ Whe RSSRViQg C-Uich VWUaQd ZiWh QaVceQW
WUaQVcUiSWV aUe WhRXghW WR SURPRWe aQd VWabiOi]e G4 VWUXcWXUeV, aQd Yice YeUVa
(16). VaUiRXV R-ORRS PaSSiQg PeWhRdV haYe beeQ deVcUibed WR daWe, geQeUaWiQg
VXbVWaQWiaOO\ diffeUeQW SURfiOeV: R-ORRSV aUe PRVW abXQdaQW iQ AT-Uich UegiRQV iQ
S1-DRIP-VeT PeWhRd (53), bXW PRVW Rf Whe RWheU DRIP-VeT PeWhRdV eVWabOiVhed
a SUeYaOeQce Rf R-ORRSV aW CG-Uich UegiRQV (54±56). We WhXV ZRQdeUed if R-ORRS
caQ aOVR be deWecWed ZiWh Whe CUT&Tag SURWRcRO XViQg aQ R-ORRS VSecific S9.6
PRQRcORQaO aQWibRd\ (57). IQ OiQe ZiWh a UeceQW UeSRUW YaOidaWiQg Whe XWiOiW\ Rf S9.6
CUT&Tag fRU PaSSiQg R ORRSV (58), Ze achieYed a high VigQaO-WR-QRiVe UaWiR aQd
deWeUPiQed R ORRSV geQRPe-Zide iQ PES ceOOV. R-ORRSV PaSSed ZiWh S9.6
CUT&Tag ZeUe highO\ SUeYaOeQW aW acWiYe SURPRWeUV Zhich aOVR e[hibiWed high
RNA PRO II RccXSaQc\ (FigXUe 4A) High-cRQfideQce R-ORRS CUT&Tag SeakV ZeUe
geQeUaWed fURP Whe iQWeUVecWiRQ Rf WZR UeSOicaWeV, aQd R-ORRS VigQaOV ZeUe fRXQd
WR be highO\ eQUiched aW acWiYe SURPRWeUV (34%) aQd eQhaQceUV (20%) (FigXUe
4B, SXSSOePeQWaU\ FigXUe 4A-D). CRPSaUiQg G4 aQd R-ORRS VigQaOV b\
CUT&Tag iQ PES ceOOV UeYeaOed WhaW R-ORRS cRUUeOaWed ZeOO ZiWh G4 aW TSS
(FigXUe 4C), aQd 71% R-ORRS SeakV RYeUOaSSed ZiWh G4 SeakV (FigXUe 4D).
PORWWiQg G4 aQd R-ORRS VigQaO acURVV VhaUed, G4-RQO\ aQd R-ORRS RQO\ SeakV
UeYeaOed WhaW Whe WUXe RYeUOaS ZaV gUeaWeU (FigXUe 4C): PRVW R-ORRS SeakV
VhRZed VRPe VigQaO fRU G4 aQd Yice YeUVa. TheVe UeVXOWV cROOecWiYeO\
dePRQVWUaWe WhaW G4 aQd R-ORRS VhRZ high cR-RccXUUeQce aQd SURYide PRUe
eYideQce fRU Whe iQYROYePeQW Rf G4 iQ WUaQVcUiSWiRQ UegXOaWiRQ.

DI6C866ION

TR XQdeUVWaQd G4 biRORg\, geQRPe-Zide PaSSiQg PeWhRdV aUe iQdiVSeQVabOe. HeUe, Ze
dePRQVWUaWe WhaW CUT&Tag SURYideV a UeOiabOe PeWhRd fRU deWecWiQg G4V acURVV hXPaQ
aQd PRXVe geQRPeV. CRPSaUed WR SXbOiVhed PeWhRdV, G4 CUT&Tag VhRZV a higheU
fUacWiRQ Rf SeakV ZiWh caQRQicaO aQd QRQ-caQRQicaO G4 PRWifV (FigXUe 1G, H), aQd
YaOidaWiRQ ZiWh ViQgOe-VWUaQded QXcOeaVe SUe-WUeaWPeQW dePRQVWUaWeV WhaW Whe RbVeUYed
VigQaO iQdeed aUiVeV fURP UegiRQV ZheUe Whe DNA dXSOe[ iV PeOWed (FigXUe 3A).

LiPiWaWiRQV Rf Whe CUT&Tag SURcedXUe e[iVW aQd aUe aOVR UeOeYaQW fRU PaSSiQg G4
VWUXcWXUeV: cXUUeQWO\, Whe SURWRcRO cUXciaOO\ UeOieV RQ QaWiYe ceOOV aQd haV QRW beeQ VhRZQ
WR ZRUk ZiWh fi[ed WiVVXeV, aV haV beeQ dePRQVWUaWed fRU G4 ChIP-SeT (36). WhiOe Ze
dePRQVWUaWe aQ e[ceOOeQW VigQaO-WR-QRiVe UaWiR PeaVXUed agaiQVW RWheU aYaiOabOe
PeWhRdRORgieV, Whe backgURXQd Rf a G4 PaSSiQg PeWhRd VhRXOd WheRUeWicaOO\ be ]eUR
fRU UegiRQV ZiWhRXW aQ\ PQS. OXU MXQg BeaQ QXcOeaVe e[SeUiPeQW VhRZV WhaW iQ Whe
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abVeQce Rf G4 VWUXcWXUeV, Whe BG4 aQWibRd\ VWiOO SURdXceV a backgURXQd Rf UaQdRP
geQRPic WagPeQWaWiRQ eYeQWV (UePaiQiQg UeadV VhRZQ iQ bRWWRP WUack Rf FigXUe 3B). IQ
cRQWUaVW, RPiWWiQg BG4 RU aQWi-FLAG VecRQdaU\ aQWibRdieV iQ Whe CUT&Tag SURcedXUe
Oead WR a VWURQg UedXcWiRQ iQ gORbaO WagPeQWaWiRQ efficieQc\, SURdXciQg RQO\
ORZ-cRPSOe[iW\ OibUaUieV (daWa QRW VhRZQ).

The Oack Rf aQ iQSXW cRQWURO fRU Whe CUT&Tag VigQaO PakeV iW difficXOW WR iQWeUSUeW
eQUichPeQW aW UeSeWiWiYe VeTXeQceV. G4V haYe beeQ VXggeVWed WR fRUP aW iQWeUVSeUVed
G-Uich WaQdeP UeSeaW UegiRQV aQd WeORPeUeV iQ YiYR, WhXV TXaQWiWaWiRQ Rf G4 VigQaOV aW
VXch UegiRQV ZRXOd be deViUabOe aV SaUW Rf a geQRPe-Zide VWXd\. HRZeYeU Ze QRWe WhaW
Whe SURSRUWiRQ Rf UeSeaW VeTXeQceV iQ CUT&Tag daWa iV YaUiabOe beWZeeQ UeSOicaWeV aQd
WhXV caQQRW be UeOiabO\ TXaQWified (daWa QRW VhRZQ).

DeVSiWe Whe abXQdaQce Rf G4-fRUPiQg PRWifV SUeVeQW acURVV hXPaQ aQd PRXVe
geQRPeV, Ze fiQd WhaW fRUPaWiRQ Rf VWabOe G4V UeTXiUeV RSeQ chURPaWiQ, aV fRXQd aW
acWiYe SURPRWeUV aQd eQhaQceUV. IQWeUeVWiQgO\, ZhiOe caQRQicaO G4 PRWifV aUe PRUe
SUeYaOeQW aW SURPRWeUV, Ze fiQd WhaW eQhaQceUV RfWeQ dR QRW feaWXUe Whe fRXU GGG
UeSeaWV RQ Whe VaPe VWUaQd, aQd G4V Pa\ iQVWead iQYROYe GGG UeSeaWV RQ bRWh VWUaQdV
Rf Whe DNA dXSOe[ (FigXUe 2E). AQ aOWeUQaWiYe PRdeO, VXSSRUWed b\ LQ VLOLcR aQd LQ YLWUR
daWa, VXggeVWV WhaW G4V caQ fROd iQ WUaQV aW chURPaWiQ ORRS aQchRUV, e.g. ZiWh
cRQWUibXWiRQ Rf WZR GGG UeSeaWV b\ Whe SURPRWeU aQd WZR b\ Whe eQhaQceU (59, 60). The
e[iVWeQce Rf VXch WUaQV-ORRS RU µkiVViQg¶ ORRS G4V iQ ceOOV iV difficXOW WR SURYe
e[SeUiPeQWaOO\ bXW iW iV iQWUigXiQg WR VSecXOaWe WhaW VXch G4V cRXOd VWabiOi]e
SURPRWeU-eQhaQceU iQWeUacWiRQV WhURXgh a diUecW WeWheUiQg Rf Whe DNA (59, 60).
IQWeUeVWiQgO\, Ze fiQd WhaW RQO\ ePbU\RQic acWiYe eQhaQceUV feaWXUe QRQ-caQRQicaO G4
PRWifV, ZheUeaV SUiPed eQhaQceUV (caUU\iQg H3K4Pe1 bXW QRW H3K27ac) iQ PRXVe
ePbU\RQic VWeP ceOOV geQeUaOO\ Oack G4 PRWifV. ThiV iV aQ XQe[SecWed fiQdiQg,
VXggeVWiQg WhaW G4V cRXOd cRQWUibXWe XQiTXeO\ WR eQhaQceU fXQcWiRQ iQ SOXUiSRWeQW
ePbU\RQic VWeP ceOOV. The XQdeUO\iQg UeaVRQ fRU VXch VeTXeQce-eQcRded biaV iV \eW WR
be eOXcidaWed bXW Ze QRWe WhaW Whe SOXUiSRWeQc\-aVVRciaWed WUaQVcUiSWiRQ facWRU KLF4
UecRgQi]eV a GSG diQXcOeRWideV ZiWhiQ a G-Uich cRQWe[W (61, 62). ThXV, eYROXWiRQaU\
VeOecWiRQ fRU KLF4-biQdiQg PRWifV Pa\ haYe eQUiched ePbU\RQic eQhaQceUV iQ G4
PRWifV.

IQ VXPPaU\, Ze haYe VhRZQ heUe WhaW CUT&Tag SURYideV a UeOiabOe aQd ViPSOe
aSSURach fRU geQRPe-Zide PaSSiQg Rf G4 VWUXcWXUeV aQd R ORRSV, aQd Ze eQYiViRQ WhaW
Whe PeWhRd ZiOO be geQeUaOO\ XVefXO fRU PaSSiQg Rf QRQ-caQRQicaO DNA VWUXcWXUeV fRU
Zhich VSecific aQWibRdieV RU VSecific biQdiQg PRdXOeV aUe aYaiOabOe.
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FLJXUH 1: CRPSDULVRQ RI G4 C87&7DJ WR RWKHU G4 PDSSLQJ PHWKRGV, G4 CKIP-VHT
DQG G4P-CKIP. (A) FUacWiRQ Rf UeadV iQ G4 SeakV cRPSaUiVRQ beWZeeQ G4 CUT&Tag
OibUaU\ geQeUaWed iQ WhiV VWXd\ aQd fURP SXbOic G4 ChIP-VeT daWaVeW iQ HaCaT ceOOV, RU
SXbOic G4P-ChIP daWaVeW iQ HEK293T ceOOV (41, 42). (B) FiQgeUSUiQW (cXPXOaWiYe Uead
cRXQW VXP b\ UaQked biQV) SORW Rf G4 CUT&Tag aQd G4 ChIP-VeT iQ HaCaT ceOOV (41).
(C) FiQgeUSUiQW (cXPXOaWiYe Uead cRXQW VXP b\ UaQked biQV) SORW Rf G4 CUT&Tag aQd
G4P-ChIP iQ HEK293T ceOOV (42). (D) GeQRPe bURZVeU YieZ Rf G4 VigQaOV aW e[aPSOe
ORci. The RPGC-QRUPaOi]ed (1[ GeQRPe CRYeUage) WUackV Rf G4 CUT&Tag aQd G4
ChIP-VeT iQ HaCaT ceOOV, RU G4 CUT&Tag aQd G4P-ChIP iQ HEK293T ceOOV aUe VhRZQ
RQ Whe VaPe \-a[iV VcaOe. (E) OYeUOaS Rf WRS 5000 G4 CUT&Tag aQd G4 ChIP-VeT
SeakV. TRWaO PQS, G4 CUT&Tag aQd G4 ChIP-VeT deQViW\ heaWPaSV fRU SeakV
cOaVVified aV G4 CUT&Tag RQO\ (Q = 3113), bRWh G4 CUT&Tag aQd G4 ChIP-VeT (Q =
1936) RU G4 ChIP-VeT RQO\ (Q = 3066). (F) OYeUOaS Rf WRS 5000 G4 CUT&Tag aQd
G4P-ChIP SeakV. TRWaO PQS, G4 CUT&Tag aQd G4P-ChIP deQViW\ heaWPaSV fRU SeakV
cOaVVified aV G4 CUT&Tag RQO\ (Q = 3545), bRWh G4 CUT&Tag aQd G4P-ChIP (Q =
1560) RU G4P-ChIP RQO\ (Q = 3445). (G) CRPSaUiVRQ Rf fUacWiRQ Rf PQS (caQRQicaO RU
QRQ-caQRQicaO) iQ WRS 10,000, WRS 5000, aQd WRS 1000 G4 SeakV beWZeeQ G4 CUT&Tag
aQd G4 ChIP-VeT iQ HaCaT ceOOV. (H) CRPSaUiVRQ Rf fUacWiRQ Rf PQS (caQRQicaO RU
QRQ-caQRQicaO) iQ WRS 10,000, WRS 5000, aQd WRS 1000 G4 SeakV beWZeeQ G4 CUT&Tag
aQd G4P-ChIP iQ HEK293T ceOOV.
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FLJXUH 2: G4 ODQGVFDSH LQ PRXVH HPEU\RQLF VWHP FHOOV. (A) GeQRPe bURZVeU YieZ
VhRZiQg WUiSOicaWe G4 CUT&Tag e[SeUiPeQW iQ PES ceOOV aW NaQRg ORcXV, aQd
cRPSaUiVRQ Rf G4 CUT&Tag, H3K4Pe3 aQd H3K27Pe3 CUT&Tag fURP Whe VaPe ceOOV,
aV ZeOO aV SXbOiVhed ATAC-VeT (63) aQd H3K27ac ChIP-SeT (64). (B) DeQViW\ heaWPaSV
Rf Whe VaPe WUackV aW high-cRQfideQce (VhaUed beWZeeQ WhUee UeSOicaWeV) G4 SeakV iQ
PES ceOOV. PUedicWiRQ Rf caQRQicaO aQd QRQ-caQRQicaO (WUaQV-VWUaQd) PQS aUe VhRZQ.
(C) MRWif diVcRYeU\ XViQg MEME VXiWe fURP WRS 1000 G4 SeakV VhRZV W\SicaO caQRQicaO
aQd QRQ-caQRQicaO G4 SaWWeUQV. (D) AQQRWaWiRQ Rf high-cRQfideQce G4 SeakV ZiWh
diffeUeQW fXQcWiRQaO geQRPic feaWXUeV aV defiQed b\ ChURPHMM (65). (E) DeQViW\
heaWPaSV Rf G4 CUT&Tag, CSG cRQWeQW aQd PeWh\OaWiRQ aQd G4 SeakV gURXSed b\
ChURPHMM aQQRWaWiRQ aV iQ (D). (F) DeQViW\ heaWPaSV Rf G4 CUT&Tag, H3K27ac,
H3K4Pe1, H3K27Pe3, caQRQicaO aQd QRQ-caQRQicaO PQS aW acWiYe eQhaQceU (acWiYe),
SUiPed eQhaQceU (SUiPed) aQd SRiVed eQhaQceU (SRiVed) UegiRQV (49).
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FLJXUH 3: 6LQJOH-VWUDQG VSHFLILF HQGRQXFOHDVH WUHDWPHQW (A) MXQg BeaQ (MB)
QXcOeaVe WUeaWPeQW iQhibiWV CUT&Tag aPSOificaWiRQ (B) GeQRPe bURZVeU YieZ VhRZiQg
G4 CUT&Tag VigQaOV iQ PES ceOOV ZiWh RU ZiWhRXW MXQg BeaQ QXcOeaVe SUeWUeaWPeQW
(C) VeQQ diagUaP VhRZiQg RYeUOaS Rf G4 CUT&Tag SeakV fURP QaWiYe, 100U Rf MB
WUeaWPeQW aQd 150U Rf MB WUeaWPeQW cRQdiWiRQV. (D) DeQViW\ heaWPaSV Rf QaWiYe G4
CUT&Tag, 100U MB-WUeaWed G4 CUT&Tag,150U MB-WUeaWed G4 CUT&Tag, aQd
ViQgOe-VWUaQded DNA fURP KAS-VeT (50) aW high-cRQfideQce G4 Seak UegiRQV.
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Figure 4
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FLJXUH 4: GHQRPH-ZLGH FRLQFLGHQFH RI 5-ORRSV DQG G4V. (A) DeQViW\ heaWPaSV Rf
R-ORRS CUT&Tag, G4 CUT&Tag, RNA PRO II ChIP-SeT (66) aW geQeV. (B) GeQRPe
bURZVeU YieZ VhRZiQg cRiQcideQce Rf R-ORRS aQd G4 aW SURPRWeU aQd eQhaQceU UegiRQV.
(C) ScaWWeUSORW VhRZiQg UeOaWiRQVhiS Rf G4 CUT&Tag aQd R-ORRS CUT&Tag VigQaO aW
TSS. PeaUVRQ cRUUeOaWiRQ cRefficieQW ZaV caOcXOaWed. (D) IQWeUVecWiRQ Rf G4 CUT&Tag
aQd R-ORRS CUT&Tag SeakV. (D) G4 aQd R-ORRS CUT&Tag deQViW\ heaWPaSV fRU SeakV
cOaVVified aV G4 RQO\ (Q = 8230), bRWh G4 aQd R-ORRS (Q = 9495), RU R-ORRS RQO\ (Q =
3774).
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ME7HOD6

CHOO FXOWXUH

HEK293T aQd HaCaT ceOOV ZeUe cXOWXUed iQ DMEM high gOXcRVe, GOXWaMAX�
SXSSOePeQW, S\UXYaWe (LifeTechQRORgieV, 10569010), 10% feWaO bRYiQe VeUXP (SigPa,
F7524) XQdeU VWaQdaUd cRQdiWiRQV (10% CO2, 90% hXPidiW\, 37 �C). MRXVe ePbU\RQic
VWeP ceOOV (PESCV) ZeUe cXOWXUed feedeU-fUee iQ 0.1% geOaWiQ-cRaWed fOaVkV (SigPa,
G1890) XQdeU VWaQdaUd cRQdiWiRQV (10% CO2, 90% hXPidiW\, 37 �C) iQ KQRckOXW
DMEM (LifeTechQRORgieV, 10829018), 2 PM AOaQ\O-gOXWaPiQe (SigPa, G8541), 0.1 PM
QRQ-eVVeQWiaO aPiQR acidV (SigPa, M7145), 15% feWaO bRYiQe VeUXP (FBS) (SigPa,
F7524), 0.1 PM ȕ-PeUcaSWReWhaQRO (SigPa, M3148), ESGRO LeXkePia IQhibiWRU\
FacWRU (LIF) (MiOOiSRUe, ESG1107), 1ȝM PD0325901 (PZ0162-25MG) aQd 3ȝM
CHIR99021 (SML1046-25MG).

COHDYDJH XQGHU WDUJHWV DQG WDJPHQWDWLRQ

RecRPbiQaQW BG4 aQWibRd\ aQd PURWeiQ A-TQ5 (SA-TQ5) ZeUe SXUchaVed fURP Whe
PURWeiQ ScieQce FaciOiW\ aW Whe DeSaUWPeQW Rf MROecXOaU BiRchePiVWU\ aQd BiRSh\VicV aW
KaUROiQVka IQVWiWXWeW. CUT&Tag e[SeUiPeQW ZaV SeUfRUPed aV deVcUibed SUeYiRXVO\ (45)
ZiWh PiQRU PRdificaWiRQV. BUiefO\, 1[105 ceOOV ZeUe haUYeVWed, ZaVhed ZiWh ZaVh bXffeU
(20PM HEPES SH 7.5, 150PM NaCO, 0.5PM VSeUPidiQe), aQd iPPRbiOi]ed WR
cRQcaQaYaOiQ A±cRaWed beadV (BaQgV LabRUaWRUieV, BP531) ZiWh iQcXbaWiRQ aW URRP
WePSeUaWXUe fRU 10PiQ. The beadV-bRXQd ceOOV ZeUe iQcXbaWed iQ 200ȝO Rf SUiPaU\
aQWibRd\ bXffeU (ZaVh bXffeU ZiWh 2PM EDTA aQd 0.05% digiWRQiQ) ZiWh 1:100 BG4
aQWibRd\ RU S9.6 (MiOOiSRUe, MABE1095) aQWibRd\ diOXWiRQ aW 4℃ b\ URWaWiQg RYeUQighW.
The Qe[W da\, Whe SUiPaU\ aQWibRd\ bXffeU ZaV UePRYed aQd ceOOV ZeUe ZaVhed ZiWh
800ȝO Rf dig-ZaVh bXffeU (ZaVh bXffeU ZiWh 0.05% digiWRQiQ) WhUee WiPeV. AfWeU ZaVhiQg,
BG4 aQWibRd\-iQcXbaWed ceOOV ZeUe UeVXVSeQded ZiWh 200XO Rf dig-ZaVh bXffeU ZiWh
1:100 diOXWiRQ Rf aQWi-FLAG aQWibRd\ (SigPa, F1804) aQd iQcXbaWed aW URRP
WePSeUaWXUe fRU 1 hRXU b\ URWaWiQg. CeOOV ZeUe ZaVhed ZiWh 800ȝO Rf dig-ZaVh bXffeU
bUiefO\ WhUee WiPeV WR UePRYe XQbRXQd aQWibRdieV. S9.6-WUeaWed RU aQWi-FLAG WUeaWed
ceOOV ZeUe iQcXbaWed ZiWh 1:100 diOXWiRQ Rf aQWi-PRXVe aQWibRd\ (SigPa, M7023) iQ 200ȝO
Rf dig-ZaVh bXffeU aW URRP WePSeUaWXUe fRU 1 hRXU b\ URWaWiQg.

AfWeU bUief ZaVh ZiWh dig-ZaVh bXffeU aV deVcUibed, ceOOV ZeUe UeVXVSeQded iQ 200XO Rf
dig-300 bXffeU (20PM HEPES SH 7.5, 300PM NaCO aQd 0.5PM VSeUPidiQe, 0.01%
digiWRQiQ) ZiWh 1:200 diOXWiRQ Rf SA-TQ5 adaSWeU cRPSOe[ aQd iQcXbaWed aW URRP
WePSeUaWXUe fRU 1 hRXU b\ URWaWiQg. SA-TQ5-bRXQd ceOOV ZeUe ZaVhed ZiWh 800XO Rf
dig-300 bXffeU WhUee WiPeV, fROORZed b\ WagPeQWaWiRQ iQ 200XO Rf WagPeQWaWiRQ bXffeU
(dig-300 bXffeU ZiWh 10PM MgCO2) aW 37℃ fRU 1 hRXU. AfWeU WagPeQWaWiRQ, 15PM EDTA,
500ȝg/PO SURWeiQaVe K aQd 0.1% SDS ZeUe added aQd fXUWheU iQcXbaWed aW 63℃ fRU

L\X eW. aO. 13

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 26, 2021. ; https://doi.org/10.1101/2021.04.25.441312doi: bioRxiv preprint 

https://sciwheel.com/work/citation?ids=6867833&pre=&suf=&sa=0
https://doi.org/10.1101/2021.04.25.441312
http://creativecommons.org/licenses/by-nc-nd/4.0/


aQRWheU 1 hRXU WR VWRS WagPeQWaWiRQ aQd digeVW SURWeiQ. GeQRPic DNA ZaV e[WUacWed
aQd SXUified ZiWh DNA COeaQ & CRQceQWUaWRU-5 (Z\PR UeVeaUch, D4013). TR geQeUaWe
G4 RU R-ORRS OibUaUieV, SXUified geQRPic DNA ZeUe Pi[ed ZiWh Whe XQiYeUVaO i5 SUiPeU
aQd baUcRded i7 SUiPeU, aQd aPSOified ZiWh NEBNe[W UOWUa II Q5 MaVWeU Mi[ (NEB,
M0544). The OibUaU\ PCR SURdXcWV ZeUe cOeaQed XS ZiWh AgeQcRXUW AMPXUe XP beadV
(BeckPaQ CRXOWeU, A63881) aQd VeTXeQced ZiWh IOOXPiQa Ne[WVeT 500 iQVWUXPeQW.

MDSSLQJ SLSHOLQH

G4 aQd R-ORRS CUT&Tag, aV ZeOO aV SXbOiVhed G4 ChIP-SeT aQd G4P ChIP-SeT daWa
ZeUe SURceVVed aV fROORZV; UeadV ZeUe aOigQed ZiWh bRZWie2 (Y.2.3.5.1) (68) XViQg
--faVW-ORcaO aQd VaPWRROV (Y1.10) (69). BAM fiOeV ZeUe dedXSOicaWed ZiWh SicaUd (Y2.23.4)
MaUkDXSOicaWeV. BOackOiVWed UegiRQV ZeUe UePRYed fURP Whe BAM fiOe ZiWh bedWRROV
(Y2.29.2) iQWeUVecW (70) XViQg ENCODE bOackOiVW bed fiOeV fRU PP9 RU hg19. NRUPaOi]ed
(RPGC, 1[ GeQRPe CRYeUage) cRYeUage WUackV ZeUe geQeUaWed XViQg deeSTRROV
(Y3.3.2) baPCRYeUage (71) XViQg SaUaPeWeUV -biQSi]e 5 --QRUPaOi]eUViQg RPGC.
PeakV ZeUe caOOed ZiWh MACS2 (72). High cRQfideQce SeakV VeWV ZeUe geQeUaWed b\
iQWeUVecWiQg Whe SeakV caOOed fRU 3 UeSOicaWeV (G4V) RU 2 UeSOicaWeV (R-ORRSV).

4XDOLW\ PHWULFV

FUiP ZaV caOcXOaWed ZiWh feaWXUeCRXQWV (73). FiQgeUSORWV ZeUe geQeUaWed ZiWh deeSTRROV
(Y3.3.2) SORWFiQgeUSUiQW (71).

BLRLQIRUPDWLF DQDO\VLV

AQaO\VeV ZeUe geQeUaWed fURP QRUPaOi]ed bigZig fiOeV. PURfiOe SORWV aQd heaWPaSV ZeUe
geQeUaWed ZiWh SeTPORWV (74). ScaWWeUSORWV ZeUe geQeUaWed XViQg ZiggOeVcRXW
(hWWSV://giWhXb.cRP/cQOX]RQ/ZiggOeVcRXW/), aQ R OibUaU\ fRU bigWig geQRPicV daWa
YiVXaOi]aWiRQ.

G-TXDGUXSOH[ PRWLI VHDUFK

GeQRPic VeTXeQceV Rf PP9 aQd hg19 ZeUe VXbjecWed WR WZR cOaVVeV Rf G4 SaWWeUQ
PaWchiQg, iQWeUVWUaQd PRWifV (75) aQd iQWUaVWUaQd PRWifV (19). FRU iQWeUVWUaQd PRWifV, Whe
caQRQicaO G4 PRWif G3+L1-7 ZaV e[SaQded WR Whe RSSRViWe VWUaQd iQ 8 cRPbiQaWiRQV. LeW A
= G3+ aQd B = C3+, Whe 8 SaWWeUQV aUe AAAA, AAAB, AABA, AABB, ABAA, ABAB, ABBA
aQd ABBB. The caQRQicaO iQWUaVWUaQd G4 SaWWeUQ ZaV Whe VaPe aV AAAA; Whe e[WUa
iQWUaVWUaQd SaWWeUQV ZeUe e[WeQded caQRQicaO PQS (PXWaWiYe G-QXadUXSOe[ SeTXeQceV)
G3+L1-12, aQd WZR-WeWUadV PQS G2L1-12. RegXOaU e[SUeVViRQ ZaV aSSOied, fRU e[aPSOe
WZR-WeWUadV PQS ZaV µ[gG]^2`\\Z^1,12`^3,`[gG]^2`¶. MRWif geQRPe cRYeUage ZaV
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geQeUaWed ZiWh R Sackage ³UWUackOa\eU 1.46.0´ eiWheU b\ Whe SUedicWed biQaU\ hiWV RU
VWack Rf RccXUUeQceV, aQd e[SRUWed aV bigZig.

DDWD DYDLODELOLW\

G4 ChIP-SeT, G4P ChIP-SeT aQd PES SXbOic ChIP-VeT ZeUe dRZQORaded fURP GEO:
GSM2035780 (HaCaT G4 ChIP-VeT), GSM2035782 (HaCaT G4 ChIP-VeT, iQSXW),
GSM3907020 (HEK293T G4P-ChIP), GSM3907021 (HEK293T G4P-ChIP, iQSXW),
GSM1917298 (PES RiQg1b ChIP-VeT), SRR10349547 (PES KAS-VeT), GSM1173376
(PES S2 PROII ChIP-VeT), GSM4205678 (PES H3K27ac ChIP-VeT), GSM4303796
(PES H3K4Pe1 ChIP-VeT), GSM4661960 (PES ATAC-VeT), GSM1127953 (PES
BiVXOfiWe-VeT), GSM2582392 (PES H3K9Pe3 ChIP-VeT). CUT&Tag daWa geQeUaWed fRU
WhiV PaQXVcUiSW haV beeQ deSRViWed aW Whe GeQe E[SUeVViRQ OPQibXV XQdeU
GSE173103.

CRGH DYDLODELOLW\

AVVRciaWed cRde iV aYaiOabOe aW hWWSV://giWhXb.cRP/eOVaVVeUOab/G4
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6XSSOHPHQWDU\ FLJXUH 1 - CRPSDULVRQ RI G4 C87&7DJ WR RWKHU G4 PDSSLQJ
PHWKRGV, G4 CKIP-VHT DQG G4P-CKIP. (A) OYeUOaS Rf WRS 1000 G4 CUT&Tag aQd G4
ChIP-VeT SeakV. TRWaO PQS, WUaQV-VWUaQd PQS, G4 CUT&Tag aQd G4 ChIP-VeT deQViW\
heaWPaSV fRU SeakV cOaVVified aV G4 CUT&Tag RQO\ (Q = 709), bRWh G4 CUT&Tag aQd
G4 ChIP-VeT (Q = 298) RU G4 ChIP-VeT RQO\ (Q = 702). (B) OYeUOaS Rf WRS 10,000 G4
CUT&Tag aQd G4 ChIP-VeT SeakV. TRWaO PQS, WUaQV-VWUaQd PQS, G4 CUT&Tag aQd G4
ChIP-VeT deQViW\ heaWPaSV fRU SeakV cOaVVified aV G4 CUT&Tag RQO\ (Q = 6714), bRWh
G4 CUT&Tag aQd G4 ChIP-VeT (Q = 3498) RU G4 ChIP-VeT RQO\ (Q = 6507). (C) OYeUOaS
Rf WRS 1000 G4 CUT&Tag aQd G4P-ChIP SeakV. TRWaO PQS, WUaQV-VWUaQd PQS, G4
CUT&Tag aQd G4 ChIP-VeT deQViW\ heaWPaSV fRU SeakV cOaVVified aV G4 CUT&Tag RQO\
(Q = 890), bRWh G4 CUT&Tag aQd G4 ChIP-VeT (Q = 113) RU G4 ChIP-VeT RQO\ (Q = 887).
(D) OYeUOaS Rf WRS 10,000 G4 CUT&Tag aQd G4P-ChIP SeakV. TRWaO PQS, WUaQV-VWUaQd
PQS, G4 CUT&Tag aQd G4 ChIP-VeT deQViW\ heaWPaSV fRU SeakV cOaVVified aV G4
CUT&Tag RQO\ (Q = 6133), bRWh G4 CUT&Tag aQd G4 ChIP-VeT (Q = 4250) RU G4
ChIP-VeT RQO\ (Q = 5834).
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6XSSOHPHQWDU\ FLJXUH 2: G4 ODQGVFDSH LQ PRXVH HPEU\RQLF VWHP FHOOV. (A)
ScaWWeUSORW Rf 10kb ZiQdRZV geQRPe-Zide VhRZiQg Whe UeSURdXcibiOiW\ Rf G4 CUT&Tag
VigQaO beWZeeQ WZR PES UeSOicaWeV. PeaUVRQ cRUUeOaWiRQ ZaV caOcXOaWed. (B) DeQViW\
heaWPaSV VhRZiQg Whe UeSURdXcibiOiW\ Rf G4 CUT&Tag aW geQe-cRdiQg UegiRQV, aQd
RYeUOaS ZiWh caQRQicaO aQd QRQ-caQRQicaO (WUaQV-VWUaQd) PQS. (C) DeQViW\ heaWPaSV Rf
G4 CUT&Tag,H3K4Pe3 aQd H3K27Pe3 CUT&Tag fURP Whe VaPe ceOOV, aV ZeOO aV
SXbOiVhed ATAC-VeT (63), H3K4Pe1, H3K27ac, H3K9Pe3 ChIP-SeT (64). (D) DeQViW\
heaWPaSV Rf G4, H3K4Pe3, H3K27Pe3 CUT&Tag aW UeSUeVeQWaWiYe gURXSV (a2000
geQeV SeU gURXS) Rf highO\-e[SUeVVed, PediXPO\-e[SUeVVed, ORZ/QRQ-e[SUeVVed aQd
biYaOeQW geQeV. (E) ScaWWeUSORW VhRZiQg Whe cRUUeOaWiRQ Rf G4 CUT&Tag VigQaO aQd CSG
cRQWeQW aW TSS UegiRQV. (F) ScaWWeUSORW VhRZiQg Whe aQWi-cRUUeOaWiRQ Rf G4 CUT&Tag aQd
CSG PeWh\OaWiRQ (67) aW TSS UegiRQV. (G) DeQViW\ heaWPaSV Rf G4 CUT&Tag, CSG
cRQWeQW aQd CSG PeWh\OaWiRQ aW G4 SeakV. (H) DeQViW\ heaWPaSV Rf G4 CUT&Tag, CSG
cRQWeQW aQd CSG PeWh\OaWiRQ aW TSS UegiRQV.
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6XSSOHPHQWDU\ FLJXUH 3: 6LQJOH-VWUDQG VSHFLILF HQGRQXFOHDVH WUHDWPHQW. (A)
DeQViW\ heaWPaSV Rf QaWiYe G4 CUT&Tag, 100U MB-WUeaWed G4 CUT&Tag,150U
MB-WUeaWed G4 CUT&Tag aQd KAS-VeT (50) aW geQe-cRdiQg UegiRQV. (B) ScaWWeUSORW Rf
G4 SeakV VhRZiQg Whe UeOaWiRQVhiS Rf QaWiYe G4 CUT&Tag aQd 150U MB-WUeaWed G4
CUT&Tag.
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6XSSOHPHQWDU\ ILJXUH 4: GHQRPH-ZLGH FRLQFLGHQFH RI 5-ORRSV DQG G4V. (A)
DeQViW\ heaWPaSV VhRZiQg Whe UeSURdXcibiOiW\ Rf R-ORRS CUT&Tag UeSOicaWeV aW
geQe-cRdiQg UegiRQV. (B) AQQRWaWiRQ Rf high-cRQfideQce R-ORRS SeakV ZiWh diffeUeQW
fXQcWiRQaO geQRPic feaWXUeV aV defiQed b\ ChURPHMM (65). (C) AYeUage R-ORRS
CUT&Tag VigQaOV aW high-e[SUeVVed, PediXP-e[SUeVVed aQd ORZ/QRQ-e[SUeVVed
geQe-cRdiQg UegiRQV. GeQe bRd\ aQd 3kb XSVWUeaP Rf TSS aQd 3kb dRZQVWUeaP Rf
TES iV VhRZQ. (D) ScaWWeUSORW VhRZiQg Whe UeSURdXcibiOiW\ Rf R-ORRS CUT&Tag UeSOicaWeV.
PeaUVRQ cRUUeOaWiRQ ZaV caOcXOaWed.
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