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ABSTRACT

NXPHURXV UaWLRQaOO\-dHVLJQHd aQd dLUHcWHd-HYROXWLRQ YaULaQWV RI SSCaV9 KaYH bHHQ UHSRUWHd WR
H[SaQd WKH XWLOLW\ RI CRISPR WHcKQRORJ\. HHUH, ZH bHQcKPaUN PAM SUHIHUHQcHV, RQ-WaUJHW
acWLYLW\, aQd RII-WaUJHW VXVcHSWLbLOLW\ RI 11 YaULaQWV RI SSCaV9 LQ cHOO cXOWXUH aVVa\V ZLWK
WKRXVaQdV RI JXLdHV WaUJHWLQJ HQdRJHQRXV JHQHV. TR HQKaQcH WKH cRYHUaJH aQd WKXV XWLOLW\ RI
baVH HdLWLQJ VcUHHQV, ZH dHPRQVWUaWH WKaW WKH SSCaV9-NG aQd SSG YaULaQWV aUH cRPSaWLbOH
ZLWK bRWK A>G aQd C>T baVH HdLWRUV, PRUH WKaQ WULSOLQJ WKH QXPbHU RI JXLdHV aQd aVVa\abOH
UHVLdXHV. WH dHPRQVWUaWH WKH SHUIRUPaQcH RI WKHVH WHcKQRORJLHV b\ VcUHHQLQJ IRU
ORVV-RI-IXQcWLRQ PXWaWLRQV LQ BRCA1 aQd VHQHWRcOa[-UHVLVWaQW PXWaWLRQV LQ BCL2, LdHQWLI\LQJ
bRWK NQRZQ aQd QHZ LQVLJKWV LQWR WKHVH cOLQLcaOO\-UHOHYaQW JHQHV. WH aQWLcLSaWH WKaW WKH WRROV
aQd PHWKRdRORJLHV dHVcULbHd KHUH ZLOO IacLOLWaWH WKH LQYHVWLJaWLRQ RI JHQHWLc YaULaQWV aW a ILQHU
aQd dHHSHU UHVROXWLRQ IRU aQ\ ORcXV RI LQWHUHVW.

INTRODUCTION

CRXSOLQJ CRISPR WHcKQRORJ\ WR KLJKO\ SaUaOOHO PHWKRdV WR ZULWH aQd UHad DNA1±3, aV ZHOO aV
YLUaO WHcKQRORJLHV WKaW HQabOH dHOLYHU\ WR QHaUO\ aQ\ cHOO W\SH RI LQWHUHVW, KaV HQabOHd SRROHd
JHQHWLc VcUHHQV acURVV dLYHUVH PRdHOV, aVVa\V, aQd ILHOdV RI VWXd\4. HRZHYHU, OLPLWaWLRQV RI
VSHcLILcLW\ aQd acWLYLW\ KaYH LQVSLUHd UHVHaUcKHUV WR dHYHORS YaULaQWV RI WKH S. S\RJeQeV CaV9
(SSCaV9) HQ]\PH. OII-WaUJHW acWLYLW\ Pa\ RccXU aW XQLQWHQdHd JHQRPLc VLWHV, HLWKHU dXH WR
UHcRJQLWLRQ RI aQ aOWHUQaWLYH SURWRVSacHU adMacHQW PRWLI (PAM) VLWH RU WROHUaQcH RI PLVSaLULQJ
bHWZHHQ WKH JXLdH aQd WKH DNA5±7. TKH IUHTXHQc\ RI WKHVH RII-WaUJHW HYHQWV LV RI VSHcLaO
cRQcHUQ ZKHQ dHYHORSLQJ CRISPR WHcKQRORJ\ IRU WKHUaSHXWLc aSSOLcaWLRQV8. AV a UHVXOW, PaQ\
JURXSV KaYH dHYHORSHd KLJK-ILdHOLW\ YHUVLRQV RI SSCaV9. SSCaV9-HF19, H\SaCaV910 aQd
HSSCaV9-1.111, dHYHORSHd b\ UaWLRQaO dHVLJQ, aQd HLFL CaV912 aQd HYRCaV913, LdHQWLILHd YLa
UaQdRPL]Hd VcUHHQLQJ LQ bacWHULa aQd \HaVW, UHVSHcWLYHO\, KaYH aOO bHHQ VKRZQ WR PLWLJaWH
RII-WaUJHW cXWWLQJ ZLWKRXW VXbVWaQWLaO ORVV RI RQ-WaUJHW acWLYLW\.
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PAM aYaLOabLOLW\ aOVR SRVHV aQRWKHU cRQVWUaLQW RI SSCaV9: WKH caQRQLcaO NGGN PAM aSSHaUV
aSSUR[LPaWHO\ HYHU\ 8 QXcOHRWLdHV, ZKLcK LV VXIILcLHQW IRU WKH NQRcNRXW RI PRVW SURWHLQ-cRdLQJ
JHQHV, bXW caQ bH OLPLWLQJ ZKHQ WKH ORcaWLRQ RI WKH SHUWXUbaWLRQ LV cULWLcaO. FRU CRISPR acWLYaWLRQ
(CRISPRa) aQd LQWHUIHUHQcH (CRISPRL) aSSURacKHV, WKH RSWLPaO WaUJHWLQJ RccXUV LQ a UHOaWLYHO\
QaUURZ ZLQdRZ RI 50 - 100 QXcOHRWLdHV (QWV)14±16. TKH WaUJHW VSacH LV HYHQ PRUH OLPLWHd IRU
KRPRORJ\-dLUHcWHd UHSaLU17, baVH HdLWLQJ18,19, aQd SULPH HdLWLQJ20, IRU ZKLcK WKH Pa[LPaO acWLYLW\
ZLQdRZ LV aSSUR[LPaWHO\ 10 QWV. MRWLYaWHd b\ WKLV OLPLWaWLRQ, VHYHUaO JURXSV KaYH cUHaWHd
PAM-IOH[LbOH YaULaQWV WKaW H[SaQd WKH WaUJHWLQJ VcRSH RI WKH aOUHad\ ZHOO-cKaUacWHUL]Hd SSCaV9
HQ]\PH. SSCaV9-VQR aQd SSCaV9-VRER, bRWK WKH UHVXOW RI dLUHcWHd HYROXWLRQ LQ bacWHULa, aUH
cKaUacWHUL]Hd aV UHcRJQL]LQJ NGA RU NGCG PAMV, UHVSHcWLYHO\21. SSCaV9-NG ZaV UaWLRQaOO\
HQJLQHHUHd WR UHcRJQL]H NG PAMV22 aQd [CaV9-3.7, LdHQWLILHd b\ SKaJH-aVVLVWHd cRQWLQXRXV
HYROXWLRQ (PACE), KaV bHHQ UHSRUWHd WR UHcRJQL]H NG, NNG, GAA, GAT aQd CAA PAMV23,
aOWKRXJK WKH JHQHUaOL]abLOLW\ RI [CaV9 KaV bHHQ caOOHd LQWR TXHVWLRQ24,25. MRUH UHcHQWO\, SSG ZaV
aOVR dHYHORSHd WR UHcRJQL]H NG PAMV, ZKLOH SSRY KaV bHHQ cKaUacWHUL]Hd aV HVVHQWLaOO\
PAM-OHVV26. TRJHWKHU, WKHVH YaULaQWV KaYH HQabOHd WaUJHWLQJ RI JHQRPLc ORcL SUHYLRXVO\
LQaccHVVLbOH b\ ZLOdW\SH (WT) SSCaV9.

SHYHUaO JURXSV KaYH bHQcKPaUNHd WKHVH YaULaQWV LQ OaUJH VcaOH aVVa\V. OQH VWXd\ SURILOHd
H\SaCaV9, HSSCaV9-1.1 aQd CaV9-HF1 XVLQJ a WaJPHQWaWLRQ-baVHd WaJ LQWHJUaWLRQ VLWH
VHTXHQcLQJ (TTISS) aSSURacK27, aQd IRXQd WKaW WKHUH LV a WUadH-RII bHWZHHQ VSHcLILcLW\ aQd
acWLYLW\. NRWabO\, WKLV VWXd\ LQcOXdHd RQO\ VJRNAV cRQWaLQLQJ 5¶ PaWcKHd JXaQLQHV, aV VHYHUaO
JURXSV KaYH UHSRUWHd WKaW WKHVH KLJK-ILdHOLW\ YaULaQWV dR QRW WROHUaWH a PLVPaWcKHd 5¶
JXaQLQH9,10,28, ZKLcK LV RIWHQ SUHSHQdHd WR HQKaQcH WUaQVcULSWLRQ IURP WKH HXNaU\RWLc U6
SURPRWHU29. ZKaQJ aQd cROOHaJXHV HPSOR\Hd WUaQVLHQW WUaQVIHcWLRQ aQd a KLJK WKURXJKSXW
VHTXHQcLQJ aSSURacK WR aQaO\]H WKH HdLWLQJ HIILcLHQc\, VSHcLILcLW\ aQd PAM cRPSaWLbLOLW\ RI KLJK
ILdHOLW\ aQd PAM-IOH[LbOH YaULaQWV aW PXOWLSOH WaUJHW VLWHV30. AddLWLRQaOO\, bRWK LHJXW HW aO.24 aQd
KLP HW aO.31 KaYH aVVa\Hd [CaV9-3.7 aQd CaV9-NG aORQJVLdH WT-CaV9 LQ SRROHd VcUHHQV. TKH
IRUPHU aSSURacK XVHd a IORZ c\WRPHWU\-baVHd aVVa\ LQ ZKLcK WKH aXWKRUV WaUJHWHd WKUHH
cHOO-VXUIacH JHQHV ZLWK JXLdHV XVLQJ aOO SRVVLbOH 3 QXcOHRWLdH PAMV, WKH OaWWHU XVHd a OLbUaU\ RQ
OLbUaU\ aSSURacK WR SURILOH PAMV XS WR 5 QXcOHRWLdHV. BRWK IRXQd WKaW CaV9-NG LV PRUH acWLYH aW
NGH VLWHV WKaQ WT-CaV9, bXW WKaW PAM IOH[LbLOLW\ cRPHV aW WKH cRVW RI UHdXcHd HIILcac\24.

PUHYLRXVO\, ZH aQd RWKHUV KaYH dHPRQVWUaWHd WKH XWLOLW\ RI VcUHHQV XVLQJ baVH HdLWRU WHcKQRORJ\
WR LQWURdXcH YaULaQWV aW WKHLU HQdRJHQRXV ORcL32,33, LdHQWLI\LQJ ORVV-RI-IXQcWLRQ PXWaWLRQV LQ
cOLQLcaOO\-UHOHYaQW JHQHV, aV ZHOO aV YaULaQWV WKaW PRdLI\ WKH abLOLW\ RI VPaOO PROHcXOHV WR LQWHUacW
ZLWK WKHLU WaUJHWV. WH H[SaQd XSRQ H[LVWLQJ ZRUN ZLWK WKH JRaO RI aVVa\LQJ aQ\ QHZ SSCaV9
YaULaQW, HLWKHU KLJK-ILdHOLW\ RU PAM-IOH[LbOH. AIWHU LdHQWLI\LQJ WZR XVHIXO PAM YaULaQWV WKaW SHUIRUP
ZHOO, CaV9-NG aQd SSG, ZH dHYHORS WKHVH HQ]\PHV IRU baVH HdLWLQJ aSSOLcaWLRQV. WH bXLOd RII
RXU SUHYLRXV ZRUN ZLWK BE3.9 IRU C>T HdLWLQJ33 aQd aVVa\ WKH SHUIRUPaQcH RI a UHcHQWO\
dHVcULbHd A>G HdLWRU (ABE8H)34 IRU XVH LQ SRROHd VcUHHQV. WH VKRZ WKaW VXcK VcUHHQV caQ
XQcRYHU ORVV-RI-IXQcWLRQ PXWaWLRQV LQ BRCA1 b\ dURSRXW VcUHHQV, aQd aV ZH dHPRQVWUaWH ZLWK
VHQHWRcOa[ aQd BCL2, aUH SaUWLcXOaUO\ SRZHUIXO IRU PaSSLQJ dUXJ - WaUJHW LQWHUacWLRQV b\
UHVLVWaQcH VcUHHQLQJ.
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RESULTS

A QHZ CaV SURWHLQ, ZKHWKHU aQ HQJLQHHUHd YaULaQW RI aQ aOUHad\-dHVcULbHd CaV SURWHLQ RU
LVROaWHd IURP a QRYHO VRXUcH, caQ bH cKaUacWHUL]Hd b\ LWV RQ-WaUJHW acWLYLW\ ± KRZ HIILcLHQWO\ LW
WaUJHWV LWV LQWHQdHd VHTXHQcH ± aQd LWV SURSHQVLW\ IRU RII-WaUJHW acWLYLW\ ± cOHaYaJH aW XQLQWHQdHd
VLWHV. AIIHcWLQJ bRWK RI WKHVH SURSHUWLHV LV WKH PAM VHTXHQcH SUHIHUHQcH RI HacK CaV SURWHLQ,
WKaW LV, ZKLcK PAMV aUH cRQVLVWHQWO\ acWLYH aW RQ-WaUJHW VLWHV, aQd ZKLcK KaYH ORZHU HIILcLHQcLHV.
FRU WKLV OaWWHU JURXS RI PAMV, WKH H[acW SRLQW aW ZKLcK WKH\ bHcRPH dHWULPHQWaO, PHaQLQJ WKHLU
SRWHQWLaO IRU RII-WaUJHW acWLYLW\ VXUSaVVHV WKHLU RQ-WaUJHW XWLOLW\, UHPaLQV WR bH ZHOO-cKaUacWHUL]Hd.
TR bHWWHU TXaQWLI\ WKHVH SHUIRUPaQcH PHWULcV aPRQJ SSCaV9 SURWHLQV, ZH bHJaQ b\ dHVLJQLQJ a
PAM-PaSSLQJ OLbUaU\ WKaW UHSRUWV RQ bRWK WKH PAM SUHIHUHQcHV aQd RQ-WaUJHW HIILcac\ RI aQ\
SSCaV9 YaULaQW, baVHd RQ LWV abLOLW\ WR dLVWLQJXLVK bHWZHHQ WKRXVaQdV RI HVVHQWLaO35 aQd
QRQHVVHQWLaO JHQHV36. TKH OLbUaU\ cRQWaLQV 70 - 100 VJRNAV SHU IRXU QXcOHRWLdH PAM, LQcOXdLQJ
aOO 256 SRVVLbOH PAMV (WKH caQRQLcaO SSCaV9 PAM LV WKXV NGGN). FXUWKHU, HacK RI WKHVH 70 -
100 VJRNA VHWV LQcOXdHV WKUHH dLIIHUHQW VJRNA 5¶-W\SHV ZKLcK dLIIHU LQ OHQJWK aQd/RU WKH
SUHVHQcH RI a PaWcKHd 5¶ JXaQLQH: G19, a 20PHU ZLWK a PaWcKHd JXaQLQH; G20, a 21PHU ZLWK a
PaWcKHd SUHSHQdHd JXaQLQH; aQd J20, a 21PHU ZLWK a PLVPaWcKHd SUHSHQdHd JXaQLQH (Fig
1a). WH XVHd a cRQVLVWHQW OHQWLYLUaO YHcWRU aUcKLWHcWXUH, LQ ZKLcK WKH H[SUHVVLRQ RI SSCaV9 LV
dULYHQ b\ WKH EF1a SURPRWHU, aQd LQWURdXcHd SRLQW PXWaWLRQV LQ CaV9 WR cUHaWH QLQH dLIIHUHQW
YaULaQWV aV ZHOO aV XQPRdLILHd (WT) CaV9. WH ILUVW HVWabOLVKHd A375 (PHOaQRPa) cHOOV VWabO\
H[SUHVVLQJ WKHVH 10 cRQVWUXcWV aQd VHOHcWHd ZLWK bOaVWLcLdLQ IRU 14 da\V. WH QH[W LQWURdXcHd WKH
PAM-PaSSLQJ OLbUaU\, ZKLcK KaV 18,768 WRWaO JXLdHV, LQWR HacK RI WKH 10 SUH-HVWabOLVKHd OLQHV LQ
dXSOLcaWH, VHOHcWHd ZLWK SXURP\cLQ IRU 5 - 7 da\V, aQd PaLQWaLQHd HacK SRSXOaWLRQ ZLWK aW OHaVW
500[ cRYHUaJH IRU aQ addLWLRQaO WZR ZHHNV (Fig 1b). AW WKH HQd RI WKH VcUHHQ, ZH cROOHcWHd
cHOOV, LVROaWHd JHQRPLc DNA, UHWULHYHd WKH OLbUaU\ b\ PCR, aQd SHUIRUPHd IOOXPLQa VHTXHQcLQJ WR
dHWHUPLQH WKH abXQdaQcH RI HacK JXLdH.

TR LQWHUSUHW WKH UHVXOWV, ZH ILUVW caOcXOaWHd WKH ORJ2-IROd-cKaQJH (LFC) cRPSaUHd WR WKH LQLWLaO
OLbUaU\ abXQdaQcH, aV dHWHUPLQHd b\ VHTXHQcLQJ WKH SOaVPLd DNA (Supplementary Data 1).
RHSOLcaWHV Kad a ZLdH UaQJH RI PHaUVRQ cRUUHOaWLRQV (0.25 WR 0.87); JHQHUaOO\, ORZHU-UHSOLcaWLQJ
YaULaQWV Kad IHZ acWLYH JXLdHV LQ WKLV aVVa\ (Fig 1c). WH TXaQWLILHd WKH IUacWLRQ RI JXLdHV
WaUJHWLQJ HVVHQWLaO JHQHV WKaW ZHUH PRUH dHSOHWHd WKaQ WKH 5WK SHUcHQWLOH RI JXLdHV WaUJHWLQJ
QRQ-HVVHQWLaO JHQHV aQd QRQ-WaUJHWLQJ cRQWUROV IRU HacK RI WKH 256 PAMV aVVa\Hd ZLWK HacK
YaULaQW. FRU WT-CaV9, WKLV UHYHaOHd WKH H[SHcWHd SUHIHUHQcH IRU aQ NGGN PAM, IRU ZKLcK
95.3% RI JXLdHV ZHUH acWLYH b\ WKLV PHWULc (Fig 1d), ZLWK ORZ bXW dHWHcWabOH acWLYLW\ aW NAGN
(18.6%), aQd PLQLPaO acWLYLW\ abRYH bacNJURXQd aW NGAN (6.1%) aQd NCGN (4.7%) PAMV
(Supplementary Figure 1a). WH H[aPLQHd WKH daWa YLa aQ aOWHUQaWLYH PHWULc, caOcXOaWLQJ
aYHUaJH UHcaOO aW 95% SUHcLVLRQ IRU HacK YaULaQW, dHVLJQaWLQJ JXLdHV WaUJHWLQJ HVVHQWLaO JHQHV
aV WUXH SRVLWLYHV aQd WKRVH WaUJHWLQJ QRQHVVHQWLaO JHQHV aV IaOVH SRVLWLYHV. WH IRXQd WKaW WKHVH
PHWULcV SURdXcH cRQcRUdaQW UHVXOWV (PHaUVRQ¶V U = 0.98 IRU WT-CaV9) (Supplementary Figure
1b), ZLWK aQ aYHUaJH UHcaOO RI 90.3% IRU aQ NGGN PAM, 18.7% aW NAGN, 5.2% aW NGAN, aQd
4.3% aW NCGN PAMV.
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Figure 1. Establishment of a benchmarking assay for Cas9 activity. 
a) Schematic of PAM-mapping screens. b) Schematic of the three 
5’-sgRNA types screened. PAM sequence is indicated in red. c) 
Replicate correlations (Pearson’s r), calculated from n=2 experi-
mental replicates for each variant screened. d) Example fraction 
active calculation for WT-Cas9 at NGGN PAMs. e) Precision-recall 
curves for WT-Cas9 and high fidelity variants profiled with the 
PAM-mapping library. Guides of all 5’-types are included in this 
calculation. Dashed lines designate the recall at 95% precision for 
WT-Cas9. f) Recall values at 95% precision for WT-Cas9 and high 
fidelity variants profiled with the PAM-mapping library (NGGN PAMs 
only), discretized by 5'-type.
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Supplementary Figure 1. Establishment of a benchmarking 
assay for Cas9 activity. a) Heatmap of fraction active values 
for each variant. PAMs that have a fraction active of >= 0.3 
with at least one variant are shown on the y-axis. b) Compari-
son of fraction active metric (x-axis) and precision-recall 
metric (y-axis) applied to WT-Cas9. Each dot represents a 4 
nucleotide PAM, shaded according to the legend on the right. 
c) Number of active and intermediate PAMs when considering 
G19 or g/G20 sgRNAs for WTCas9 and high fidelity variants.

Cas # Active
g/G20 

# Active
G19

# Intermediate
g/G20

# Intermediate
G19

WT-Cas9 16 16 2 11

Cas9-HF1 0 14 13 7

evoCas9 0 0 0 20

HypaCas9 0 14 16 2

eCas9-1.1 0 15 16 7
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High fidelity variants

OQ-WaUJeW eIILcac\

AV H[SHcWHd, WKH KLJK ILdHOLW\ YaULaQWV ZHUH RQO\ acWLYH aW NGGN PAMV (Supplementary Figure
1a), VR ZH LQcOXdHd RQO\ WKHVH PAMV LQ dRZQVWUHaP aQaO\VHV. WH caOcXOaWHd SUHcLVLRQ-UHcaOO
cXUYHV aV abRYH, LQcOXdLQJ JXLdHV RI aOO 5¶-W\SHV (G19, G20 aQd J20). AW 95% SUHcLVLRQ,
WT-CaV9 SHUIRUPHd bHVW (90% UHcaOO), IROORZHd b\ HCaV9-1.1 (40%), H\SaCaV9 (27%),
CaV9-HF1 (25%); aQd ILQaOO\ HYRCaV9 (4%) (Fig 1e). WKHQ ZH dLVcUHWL]Hd WKH daWa b\ 5¶-W\SH,
ZH RbVHUYHd a SURQRXQcHd SUHIHUHQcH IRU G19 JXLdHV ZLWK aOO KLJK-ILdHOLW\ YaULaQWV, bXW QRW ZLWK
WT-CaV9 (Fig 1f). CRQVLdHULQJ RQO\ WKLV VXbVHW RI G19 JXLdHV, WT-CaV9 aJaLQ Kad WKH bHVW
UHcaOO (94%), IROORZHd b\ HSSCaV9-1.1 (90%), CaV9-HF1 (76%), H\SaCaV9 (74%), aQd
HYRCaV9, (35%), a UaQNLQJ cRQVLVWHQW ZLWK a UHcHQW VWXd\ XVLQJ UHSRUWHU cRQVWUXcW VcUHHQV WR
caWHJRUL]H WKHVH YaULaQWV25. TKaW aQ H[WUa 5¶G, ZKHWKHU SaLUHd RU QRW, JUHaWO\ dLPLQLVKHV acWLYLW\
ZLWK WKHVH YaULaQWV LV OLNHZLVH cRQVLVWHQW ZLWK SULRU UHSRUWV27±29. IPSRUWaQWO\, WKLV JXLdH
cRPSRVLWLRQ cRQVWUaLQW UHdXcHV WKH QXPbHU RI SRWHQWLaO VJRNAV 4-IROd. WH dLd QRW RbVHUYH a
VXbVWaQWLaO dLIIHUHQcH bHWZHHQ acWLYLW\ ZLWK G20 YV. J20 VJRNAV VR ZH VXPPaUL]Hd PAM
acWLYLW\ LQWR acWLYH (JXLdHV ZLWK IUacWLRQ acWLYH >0.7) aQd LQWHUPHdLaWH (IUacWLRQ acWLYH 0.3 - 0.7)
bLQV IRU 21PHUV (G20/J20) aQd 20PHUV (G19) IRU WKHVH YaULaQWV aW aOO PAMV (Supplementary
Figure 1c).

OII-WaUJeW acWLYLW\

WH QH[W VRXJKW WR cRPSaUH WKH RII-WaUJHW WROHUaQcH RI VHOHcW KLJK ILdHOLW\ YaULaQWV WR WKaW RI
WT-CaV9. TR V\VWHPaWLcaOO\ aVVHVV RII-WaUJHWV baVHd RQ PLVPaWcKHV LQ WKH VJRNA VHTXHQcH,
ZH cROOaWHd a VHW RI 21 VJRNAV WKaW ZHUH acWLYH ZLWK HYHU\ KLJK ILdHOLW\ YaULaQW LQ WKH
PAM-PaSSLQJ aVVa\ (aOO G19 JXLdHV), aQd LQcOXdHd aOO SRVVLbOH VLQJOH (Q = 1,197) aQd dRXbOH
PLVPaWcKHV (Q = 32,319) LQ WKH VJRNA VHTXHQcH, aV ZHOO aV 1,000 QRQ-WaUJHWLQJ cRQWUROV,
UHVXOWLQJ LQ a OLbUaU\ RI 34,537 JXLdHV (Fig 2a). WH SHUIRUPHd VcUHHQV LQ dXSOLcaWH LQ A375 cHOOV
VWabO\ H[SUHVVLQJ WKUHH dLIIHUHQW YaULaQWV: WT-CaV9; HCaV9-1.1, aV WKLV ZaV WKH bHVW-SHUIRUPLQJ
YaULaQW LQ WKH PAM-PaSSLQJ OLbUaU\, aQd HLFL CaV9, aQRWKHU UHcHQWO\ dHVcULbHd YaULaQW ZH Kad
QRW SUHYLRXVO\ aVVHVVHd12. SHTXHQcLQJ WKH VJRNAV aIWHU WKUHH ZHHNV RI JURZWK, ZH IRXQd WKaW
UHSOLcaWHV ZHUH ZHOO cRUUHOaWHd (PHaUVRQ¶V U = 0.90 - 0.93, Supplementary Data 2). WH
dHWHUPLQHd WKH LFC RI SHUIHcW PaWcK, VLQJOH PLVPaWcK, dRXbOH PLVPaWcK, RU QRQ-WaUJHWLQJ
cRQWURO JXLdHV aQd SORWWHd WKH dLVWULbXWLRQ RI JXLdHV b\ W\SH (Fig 2b). TR TXaQWLWaWH RII-WaUJHW
acWLYLW\, ZH caOcXOaWHd aQ ROC-AUC PHaVXULQJ WKH VHSaUaWLRQ bHWZHHQ SHUIHcWO\ PaWcKHd
JXLdHV (SRVLWLYH cRQWUROV) aQd HLWKHU VLQJOH RU dRXbOH PLVPaWcKHd JXLdHV (QHJaWLYH cRQWUROV)
(Fig 2c).

WH WKHQ caOcXOaWHd WKH SURbabLOLW\ RI bHLQJ acWLYH IRU HacK PLVPaWcK W\SH aQd SRVLWLRQ WR
JHQHUaWH a cXWWLQJ IUHTXHQc\ dHWHUPLQaWLRQ (CFD) PaWUL[ IRU HacK YaULaQW, aV dRQH SUHYLRXVO\
ZLWK SSCaV9 aQd AVCaV12a6,37 (Fig 2d, Supplementary Table 2). HHUH, ZH XVHd a ORJLVWLc
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a

c

d

Figure 2. Off-target profiles of high fidelity variants. a) Schematic 
depicting off-target library construction and guide selection. b) Ridge 
plots showing activity of guides in the library with zero, one or two 
mismatches. c) ROC plots for each enzyme screened with single (solid 
lines) and double mismatched sgRNAs (dashed lines). AUC is reported 
in the graph legend. Data are also summarized in a barplot. d) CFD 
matrices for each enzyme, numbered such that 2 is the second 
nucleotide in the guide. Note that mismatches start at position 2, 
because the first position of the guide is always fixed as a G. e) ROC 
plot depicting ability to predict activity at double mismatches using 
single mismatch data. True positives are guides that were observed to 
be active, false positives are guides that were were not active in the 
screen.
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a b

Supplementary Figure 2. Off-target profiles of high fidelity variants. a) Comparison of CFD matrices for WT-Cas9 generated in 
this study (x-axis) and our previous work (y-axis). b) Comparison of the averaged probabilities of being active for each mismatch 
type between the Cas9 variants, shown as both scatter and kde plots. 
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UHJUHVVLRQ PRdHO WR WUaQVIRUP WKH LFC YaOXHV WR a SURbabLOLW\ RI bHLQJ acWLYH, dHILQLQJ SHUIHcW
PaWcK VJRNAV aV SRVLWLYH cRQWUROV aQd QRQ-WaUJHWLQJ VJRNAV aV QHJaWLYH cRQWUROV. WH Kad
SUHYLRXVO\ JHQHUaWHd a CFD PaWUL[ IRU WT-CaV9 XVLQJ JXLdHV PLVPaWcKHd WR WKH JHQH CD336,
aQd WKHVH QHZ UHVXOWV ZHUH PRdHUaWHO\ cRQVLVWHQW (PHaUVRQ¶V U = 0.61, Supplementary Figure
2a). NRWH WKaW WKHUH ZHUH VHYHUaO H[SHULPHQWaO dLIIHUHQcHV bHWZHHQ WKHVH WZR aVVa\V: WKH
SUHVHQW VWXd\ XVHd RQO\ G19 VJRNAV ZKLOH LQ 2016 ZH dLd QRW LPSRVH a 5¶-W\SH UHTXLUHPHQW;
WKH SUHVHQW VWXd\ aVVa\Hd 14 HVVHQWLaO JHQHV, ZKLOH WKH OaWWHU IRcXVHd RQ a VLQJOH JHQH; aQd
WKH UHadRXWV ZHUH dLIIHUHQW, YLabLOLW\ YHUVXV IORZ c\WRPHWU\, UHVSHcWLYHO\. HHUH, ZH RbVHUYHd a
KLJKHU WROHUaQcH IRU PLVPaWcKHV aW WKH PAM dLVWaO HQd RI WKH JXLdH ZLWK aOO WKUHH HQ]\PHV, aV
ZHOO aV IRU UG:dT PLVPaWcKHV (Fig 2d), WZR WUHQdV RbVHUYHd SUHYLRXVO\ ZLWK RWKHU WHcKQLTXHV WR
H[aPLQH RII-WaUJHW acWLYLW\ RI SSCaV9 aQd ZKLcK KaYH aOVR bHHQ VHHQ ZLWK CaV12a
HQ]\PHV5,6,37. WH aOVR ILQd WKaW bRWK KLJK ILdHOLW\ YaULaQWV VKRZ JUHaWHU dLVcULPLQaWLRQ IRU UG:dA
aQd UA:dA PLVPaWcKHV WKaQ WT-CaV9 (Fig 2d, Supplementary Figure 2b), ZKHUHaV RWKHU
PLVPaWcKHV, VXcK aV UC:dA aQd UU:dG, aUH VWLOO VXbVWUaWHV IRU cOHaYaJH b\ WKHVH HQKaQcHd
VSHcLILcLW\ YaULaQWV (Fig 2d, Supplementary Figure 2b).

UVLQJ WKH SURdXcW RI WKH acWLYLWLHV RI HacK LQdLYLdXaO PLVPaWcK LQ WKH CFD PaWUL[, ZH SUHdLcWHd
WKH acWLYLW\ RI dRXbOH-PLVPaWcK JXLdHV, aQ aSSURacK WKaW KaV bHHQ YaOLdaWHd b\ RWKHUV WR
LdHQWLI\ SURbOHPaWLc RII-WaUJHW VLWHV ZLWK PRUH WKaQ RQH PLVPaWcK IRU SSCaV937±39. TR HYaOXaWH
RXU SUHdLcWLRQV, ZH dUHZ ROC cXUYHV dHVLJQaWLQJ SRVLWLYH cRQWUROV aV JXLdHV WKaW ZHUH
RbVHUYHd WR bH acWLYH, aQd QHJaWLYH cRQWUROV WKaW ZHUH RbVHUYHd WR bH LQacWLYH (Fig 2e). WH VaZ
JRRd dLVcULPLQaWLRQ bHWZHHQ WKH WZR VHWV (AUC = 0.83-0.86) IRU aOO WKUHH HQ]\PHV, VXJJHVWLQJ
WKaW WKLV aSSURacK caQ KHOS LdHQWLI\ SURbOHPaWLc, PXOWL-PLVPaWcK, RII-WaUJHW VLWHV ZKHQ dHVLJQLQJ
JXLdHV.

PAM-flexible variants

OQ-WaUJeW acWLYLW\

RHWXUQLQJ WR WKH VcUHHQV ZLWK WKH PAM-PaSSLQJ OLbUaU\, ZH aQaO\]Hd WKH acWLYLW\ RI SSCaV9
YaULaQWV HQJLQHHUHd WR UHcRJQL]H aOWHUQaWLYH PAMV (Supplementary Figure 1a). CaV9-VQR
ZaV LQLWLaOO\ cKaUacWHUL]Hd aV UHcRJQL]LQJ NGAN PAMV, ZLWK a SUHIHUHQcH IRU NGAG > NGAA =
NGAT > NGAC21. OXU UHVXOWV aUH cRQVLVWHQW ZLWK WKLV LQLWLaO cKaUacWHUL]aWLRQ; ZH RbVHUYH
H[cHOOHQW acWLYLW\ ZLWK aOO 4 NGAG PAMV (IUacWLRQ acWLYH > 0.9), aQd dLPLQLVKHd acWLYLW\ aW WKH
UHPaLQdHU RI WKH NGAN PAMV (0.11 - 0.67) (Fig 3a, b, Supplementary Figure 1a). TKH
CaV9-VRER YaULaQW, cKaUacWHUL]Hd WR WaUJHW NGCG PAMV, VKRZHd LQWHUPHdLaWH acWLYLW\ LQ WKLV
aVVa\ ZLWK GGCG (0.36) aQd SRRU acWLYLW\ ZLWK HGCG (0.19 - 0.28).

FRU [CaV9-3.7, RQO\ WZR PAMV VKRZHd KLJK acWLYLW\, bRWK RI ZKLcK ZHUH caQRQLcaO NGGN VLWHV
(CGGC aQd TGGC), ZLWK 9 addLWLRQaO NGGN PAMV VKRZLQJ LQWHUPHdLaWH acWLYLW\ (IUacWLRQ acWLYH
0.35 - 0.66), aQd WKH UHPaLQLQJ 5 NGGN VKRZLQJ ORZ acWLYLW\ (0.16 - 0.29). WH LdHQWLILHd 5
addLWLRQaO PAMV ZLWK LQWHUPHdLaWH acWLYLW\ (4 NGTN, 1 NGAN) IRU a WRWaO RI 14 LQWHUPHdLaWH
PAMV (Fig 3a,b). LHJXW HW aO. UHcHQWO\ cKaUacWHUL]Hd [CaV9-3.7 aW aOO SRVVLbOH 64 NNN PAMV
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a

b

c

e

Figure 3. Benchmarking PAM-flexible variants. a) Heatmap of fraction active values at all NGNN PAMs. Nucleotides 1 and 4 are 
along the x-axis, nucleotides 2 and 3 along the y-axis. b) Table of fraction active values for each PAM-flexible variant binned by 
activity bin. c) Comparison of xCas9-3.7 (left) and Cas9-NG (right) to Legut et al. 2020. Points are colored by PAM. PAM-map-
ping z-scored LFC values on the y-axis refer to data in the present study. d) Comparison of Cas9-NG and SpG fraction active 
values. Points are colored by PAM. Dashed lines at 0.3 indicate the cutoff for intermediate PAMs. e) ROC-AUC values by 5’-type 
for each PAM-flexible variant. True positives are guides targeting essential genes, false positives are guides targeting nonessen-
tial genes. Only active PAMs are considered in this analysis. 
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f

Supplementary Figure 3. Benchmarking 
PAM-flexible variants. a,b,c) Comparison of 
fraction active values for WT-Cas9, 
xCas9-3.7 and Cas9-NG from the present 
study (x-axis) and indel frequencies from 
Kim et al31 (y-axis). Each dot is a PAM. n = 
148 PAMs. d) Comparison of Avg LFC 
values for guides in the PAM-mapping 
library targeting essential genes screened 
with xCas9-3.7 and Cas9-NG. n = 2747 
sgRNAs. e) Comparison of Avg LFC values 
for guides targeting CD45 and CD55 
described in Legut et al24. n = 108 sgRNAs. 
f) Comparison of sgRNAs screened with 
Cas9-NG and SpG. n = 18651 sgRNAs. g) 
Comparison of sgRNAs with an NG PAM 
screened with Cas9-NG and SpG. n = 
4525 sgRNAs. 
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XVLQJ a IORZ c\WRPHWU\-baVHd aVVa\24. WH ]-VcRUHd VJRNAV WaUJHWLQJ WKH cRdLQJ UHJLRQV RI
CD45 aQd CD55 XVHd LQ WKHLU aVVa\, aQd RbVHUYHd cRQcRUdaQcH ZLWK HVVHQWLaO VJRNAV IURP
WKH SUHVHQW VWXd\ aW aOO PAM VLWHV (PHaUVRQ¶V U = 0.79), ZLWK WKH PaMRULW\ RI VJRNAV cHQWHUHd
aURXQd 0, aQd acWLYLW\ RQO\ aW NGG PAMV (Fig 3c). FXUWKHU, KLP HW aO.31 SHUIRUPHd a VLPLOaU PAM
cOaVVLILcaWLRQ VWXd\ XWLOL]LQJ a KLJK-WKURXJKSXW UHSRUWHU aVVa\ WR PHaVXUH LQdHO IUHTXHQcLHV aW 4
aQd 5 QXcOHRWLdH PAMV. WH cRPSaUHd RXU IUacWLRQ acWLYH PHWULc aJaLQVW WKHLU LQdHO IUHTXHQc\
XVLQJ WT-CaV9, aQd RbVHUYHd JRRd cRQcRUdaQcH (PHaUVRQ¶V U = 0.95, Supplementary Figure
3a). FRU [CaV9-3.7, ZH RbVHUYHd a VLPLOaU WUHQd (PHaUVRQ¶V U = 0.90), ZLWK WKH YaVW PaMRULW\ RI
PAMV cHQWHUHd aURXQd 0, aQd WKH VWURQJHVW acWLYLW\ aW NGGN VLWHV, ZLWK PRdHVW acWLYLW\ aW VRPH
NGHN VLWHV (Supplementary Figure 3b).

IQ cRQWUaVW WR WKH SRRU acWLYLW\ RI [CaV9-3.7, ZH LdHQWLILHd 18 acWLYH PAMV ZLWK CaV9-NG22,
LQcOXdLQJ KLJK acWLYLW\ aW NGTG aQd NGAG PAMV, bXW dLPLQLVKHd acWLYLW\ aW NGAC aQd NGCC
PAMV (Fig 3a), cRQVLVWHQW ZLWK SULRU UHVXOWV22,24,31. WH RbVHUYHd LQWHUPHdLaWH acWLYLW\ aW 43
addLWLRQaO PAMV (Fig 3b). UVLQJ WKH VaPH cRPSaULVRQ PHWULc aV abRYH, ZH RbVHUYHd a VLPLOaUO\
VWURQJ cRUUHOaWLRQ bHWZHHQ CaV9-NG LQ RXU aVVa\ aQd WKH UHVXOWV IURP LHJXW HW aO. (PHaUVRQ¶V U
= 0.78) (Fig 3c). WH aOVR RbVHUYHd cRQcRUdaQcH bHWZHHQ RXU IUacWLRQ acWLYH PHWULc aQd LQdHO
IUHTXHQc\ PHaVXUHPHQWV IURP KLP HW aO. ZLWK CaV9-NG (PHaUVRQ¶V U = 0.84, Supplementary
Figure 3c). IQWHUHVWLQJO\, [CaV9-3.7 aQd CaV9-NG, ZKLcK ZHUH bRWK dHVcULbHd aV UHcRJQL]LQJ
NG PAMV, VKRZ OLWWOH cRUUHOaWLRQ aW WKHVH PAMV LQ RXU aVVa\ (PHaUVRQ¶V U = 0.24,
Supplementary Figure 3d), ZKLcK dLIIHUV IURP WKH UHOaWLRQVKLS RbVHUYHd b\ LHJXW HW aO.
(PHaUVRQ¶V U = 0.72, Supplementary Figure 3e).

FLQaOO\, ZH LdHQWLILHd 24 acWLYH PAMV ZLWK WKH SSG YaULaQW, aOO RI ZKLcK ZHUH NGNN, cRQVLVWHQW
ZLWK WKH LQLWLaO cKaUacWHUL]aWLRQ26 (Fig 3a). AQ addLWLRQaO 41 PAMV VKRZHd LQWHUPHdLaWH acWLYLW\,
39 RI ZKLcK ZHUH NGNN aQd WKH UHPaLQLQJ 2 NANN (Fig 3b). WH QH[W cRPSaUHd CaV9-NG ZLWK
SSG, aV WKHVH HQ]\PHV KaYH VLPLOaU H[SaQdHd PAM SURILOHV. WH RbVHUYHd JRRd cRQcRUdaQcH
RQ WKH JXLdH OHYHO (PHaUVRQ¶V U = 0.79 ZLWK aOO VJRNAV, U = 0.82 ZKHQ ILOWHUHd IRU NG PAMV)
(Supplementary Figure 3f, g), aQd RQ WKH PAM OHYHO (PHaUVRQ¶V U = 0.9) (Fig 3d). WH IRXQd
WKaW VRPH PAMV ZHUH PRUH acWLYH ZLWK SSG WKaQ ZLWK CaV9-NG, ZLWK a IHZ H[cHSWLRQV;
CaV9-NG Kad PRUH acWLYLW\ ZLWK NANN PAMV WKaQ SSG (Fig 3d, Supplementary Figure 1a).

TR XQdHUVWaQd LI WKHVH YaULaQWV Kad aQ\ 5¶ VJRNA-W\SH UHTXLUHPHQW, ZH JHQHUaWHd ROC-AUC
cXUYHV IRU HacK HQ]\PH IRU HacK 5¶-W\SH, ILOWHULQJ RQ acWLYH PAMV IRU HacK HQ]\PH, aQd
dHVLJQaWLQJ JXLdHV WaUJHWLQJ HVVHQWLaO JHQHV aV WUXH SRVLWLYHV, aQd JXLdHV WaUJHWLQJ
QRQHVVHQWLaO JHQHV aV WUXH QHJaWLYHV (Fig 3e). CRQVLVWHQW ZLWK KLP aQd cROOHaJXHV¶ ILQdLQJV31,
ZH IRXQd WKaW QRQH RI WKHVH PAM-IOH[LbOH YaULaQWV dHPRQVWUaWH a PaUNHd SUHIHUHQcH. TKLV bURad
VJRNA cRPSaWLbLOLW\ LV SaUWLcXOaUO\ aWWUacWLYH IRU PRdaOLWLHV OLPLWHd b\ WaUJHWabOH VLWHV, VXcK aV
baVH HdLWLQJ.

OII-WaUJeW SURILOeV RI CaV9-NG aQd SSG
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TR cKaUacWHUL]H WKH WROHUaQcH RI SSCaV9-NG aQd SSG IRU JXLdH-WaUJHW PLVPaWcKHV, ZH ILUVW
LdHQWLILHd acWLYH, SHUIHcW-PaWcK VJRNAV IURP WKH RULJLQaO PAM-PaSSLQJ VcUHHQV aQd VHOHcWHd a
UaQdRP VXbVHW cRQWaLQLQJ 300 RI WKHVH VJRNAV, PaLQWaLQLQJ WKH baOaQcH acURVV dLIIHUHQW PAM
VLWHV. WH WKHQ JHQHUaWHd aOO SRVVLbOH VLQJOH PLVPaWcKHV aQd a UaQdRP VXbVHW RI dRXbOH
PLVPaWcKHV, UHVXOWLQJ LQ a OLbUaU\ ZLWK 300 SHUIHcW PaWcK JXLdHV, 17,775 VLQJOH PLVPaWcKHV,
60,000 dRXbOH PLVPaWcKHV aQd 1,000 QRQ WaUJHWLQJ cRQWUROV (WRWaO VL]H = 79,075) (Fig 4a). IQ
WKLV OLbUaU\, aOO WKUHH 5¶-VJRNA W\SHV ZHUH LQcOXdHd. WH VcUHHQHd WKLV OLbUaU\ LQ dXSOLcaWH LQ A375
cHOOV VWabO\ H[SUHVVLQJ CaV9-NG RU SSG.

AIWHU VHTXHQcLQJ WKH VJRNAV, ZH caOcXOaWHd LFC UHOaWLYH WR SDNA, aQd IRXQd WKaW UHSOLcaWHV
ZHUH ZHOO-cRUUHOaWHd (PHaUVRQ¶V U = 0.81 CaV9-NG; U = 0.76 SSG; U = 0.72 CaV9-NG YV SSG,
Supplementary Figure 4a, Supplementary Data 3). WH H[aPLQHd WKH LFC RI SHUIHcW PaWcK,
VLQJOH PLVPaWcK, dRXbOH PLVPaWcK, RU QRQ-WaUJHWLQJ cRQWURO JXLdHV, cRQVLdHULQJ HYHU\ JXLdH
LQcOXdHd LQ WKH OLbUaU\ (Supplementary Figure 4b). FURP WKHUH, ZH VHOHcWHd 149 RI WKH RULJLQaO
300 SHUIHcW PaWcK JXLdHV WKaW VKRZHd WKH KLJKHVW acWLYLW\ IRU VXbVHTXHQW aQaO\VHV (Fig 4b). WH
aSSOLHd WKH VaPH IUaPHZRUN RI aVVHVVLQJ RII-WaUJHW acWLYLW\ aV bHIRUH b\ caOcXOaWLQJ WKH
ROC-AUC, cRPSaULQJ VLQJOH aQd dRXbOH PLVPaWcKHd JXLdHV WR SHUIHcW PaWcKHV (Fig 4c). WH
RbVHUYHd JRRd VHSaUaWLRQ bHWZHHQ SHUIHcW PaWcKHV aQd VLQJOH PLVPaWcKHV (CaV9-NG AUC =
0.86; SSG = 0.85) aQd H[cHOOHQW dLIIHUHQWLaWLRQ bHWZHHQ SHUIHcW PaWcKHV aQd dRXbOH
PLVPaWcKHV (CaV9-NG = 0.97; SSG = 0.97).

WH WKHQ caOcXOaWHd WKH SURbabLOLW\ RI bHLQJ acWLYH IRU HacK HQ]\PH ZLWK HacK PLVPaWcK W\SH aQd
SRVLWLRQ XVLQJ aOO 5¶-W\SHV (G19, G20, J20) WR JHQHUaWH a cXWWLQJ IUHTXHQc\ dHWHUPLQaWLRQ (CFD)
PaWUL[ (Fig 4d). WH aOVR caOcXOaWHd CFD PaWULcHV VHSaUaWHd b\ 5¶-W\SH aQd cRPSaUHd WKH
SURbabLOLWLHV RI bHLQJ acWLYH b\ PLVPaWcK W\SH aQd SRVLWLRQ acURVV JXLdH W\SHV ZLWKLQ HacK
HQ]\PH (Supplementary Figure 4c, d). FRU bRWK HQ]\PHV ZH IRXQd WKaW J20 JXLdHV aUH WKH
OHaVW SURQH WR RII-WaUJHW cXWWLQJ, IROORZHd b\ G20 aQd ILQaOO\ G19 JXLdHV. FLQaOO\, ZH cRPSaUHd
WKH SURbabLOLW\ RI bHLQJ acWLYH IRU CaV9-NG aQd SSG b\ W\SH RI PLVPaWcK XVLQJ aOO 5¶-W\SHV aQd
RbVHUYHd H[cHOOHQW cRQcRUdaQcH (PHaUVRQ¶V U = 0.97) (Fig 4e). CaV9-NG aQd SSG KaYH 7 aQd 6
PXWaWLRQV LQ WRWaO, UHVSHcWLYHO\, 4 RI ZKLcK aUH aW WKH VaPH UHVLdXHV, aQd RQH RI ZKLcK LV WKH
LdHQWLcaO VXbVWLWXWLRQ (T1337R, Supplementary Figure 4e). GLYHQ WKHVH VLPLOaULWLHV, LW LV
XQVXUSULVLQJ WKaW WKHVH YaULaQWV bHKaYH VR VLPLOaUO\.

Base editing with PAM-flexible variants

A PaMRU aSSHaO RI WKHVH PAM-IOH[LbOH YaULaQWV LV WKHLU SRWHQWLaO IRU XVH LQ baVH HdLWRU VcUHHQV,
ZKHUH WKH ORcaWLRQ RI WKH SHUWXUbaWLRQ LV cUXcLaO IRU LQWURdXcLQJ WKH SUHcLVH dHVLUHd HdLW.
LLNHZLVH, ZKLOH ZH KaYH SUHYLRXVO\ dHPRQVWUaWHd WKH XWLOLW\ RI C>T baVH HdLWRUV (CBEV) LQ
SRROHd VcUHHQV, addLWLRQaO baVH HdLWRUV caSabOH RI aOWHULQJ RWKHU QXcOHRWLdHV, VXcK aV A>G baVH
HdLWRUV (ABEV), ZRXOd IXUWKHU H[SaQd WKH XWLOLW\ RI VXcK VcUHHQV.

WH bHQcKPaUNHd 3 dLIIHUHQW YHUVLRQV RI ABEV: ABE7.1019 aQd WKH PRUH UHcHQWO\ dHVcULbHd
ABE8H34 aQd ABE8.1740 LQ a VPaOO-VcaOH aVVa\ XVLQJ a UHSRUWHU cRQVWUXcW cRQWaLQLQJ WZR
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a

b

e

Figure 4. Off-target profiles of Cas9-NG and SpG. a) Schematic depicting off-target library construction and guide selection. b) 
Ridge plots showing activity of filtered guides with zero, one or two mismatches. c) ROC-AUC values at single and double 
mismatches for Cas9-NG and SpG. d) CFD matrix for Cas9-NG and SpG. Note that there are no wildtype g20 and G20 guides 
with a G in the first position, so the rN:dC squares are blank. e) Scatter plot showing probability of being active for each single 
mismatch position/type for Cas9-NG and SpG (n = 237). Pearson correlation is noted in the top left.
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VJRNAV WaUJHWLQJ EGFP aQd EGFP LWVHOI, dHOLYHUHd YLa OHQWLYLUXV WR MELJUSO cHOOV
(Supplementary Figure 5a). AIWHU SaQJHU VHTXHQcLQJ WKH WaUJHW VLWH, ZH TXaQWLWaWHd WKH
QXcOHRWLdH SHUcHQWaJH aW HacK HdLWabOH A (A5 aQd A8 ZLWK EGFP VJ1 aQd A4 aQd A9 ZLWK EGFP
VJ2) XVLQJ EdLWR41. WH RbVHUYHd WKH PRVW HIILcLHQW HdLWLQJ ZLWK ABE8H cRQVWUXcWV ZLWK bRWK
JXLdHV aW aOO IRXU HdLWabOH adHQLQHV (Supplementary Figure 5b), VR ZH VHOHcWHd WKLV ABE IRU
IXUWKHU VWXd\. WH QH[W JHQHUaWHd a CaV9-NG YHUVLRQ RI ABE8H aQd WHVWHd LW LQ WKH VaPH aVVa\.
EdLWLQJ OHYHOV ZHUH ORZHU cRPSaUHd WR QLcNaVH WT-CaV9, bXW VWLOO acKLHYHd aV KLJK aV 56%
HdLWLQJ (Supplementary Figure 5b).

BRCA1

TR XQdHUVWaQd WKH cXUUHQW aSSOLcaWLRQV RI baVH HdLWLQJ VcUHHQV, XVLQJ BRCA1 aV aQ H[aPSOH
WaUJHW, ZH caOcXOaWHd WKH QXPbHU RI UHVLdXHV LQ ZKLcK RQH cRXOd LQWURdXcH a PLVVHQVH RU
QRQVHQVH PXWaWLRQ (VHH MHWKRdV). WT-CaV9 LV abOH WR WaUJHW 455 XQLTXH UHVLdXHV LQ WKH ORQJHVW
LVRIRUP RI BRCA1, RU 24.2% RI WKH SURWHLQ (220 UHVLdXHV aUH WaUJHWabOH ZLWK CBE aQd 305 ZLWK
ABE) (Fig 5a). WLWK CaV9-NG, cRQVLdHULQJ PAMV cKaUacWHUL]Hd abRYH aV acWLYH RU LQWHUPHdLaWH,
WKH QXPbHU RI WaUJHWabOH UHVLdXHV LQcUHaVHV WR 771 ZLWK CBE aQd 989 ZLWK ABE, IRU a WRWaO RI
1,342 XQLTXH UHVLdXHV (71.2% RI WKH SURWHLQ). LLNHZLVH, ZLWK SSG, 75.3% RI WKH SURWHLQ caQ bH
PRdLILHd ZLWK aW OHaVW RQH PXWaWLRQ.

UVLQJ BE3.9Pa[ aQd ABE8H aV WKH VWaUWLQJ YHcWRUV (Supplementary Figure 5c), ZH dHVLJQHd
WZR baVH HdLWRU YHUVLRQV RI HacK PAM-IOH[LbOH YaULaQW, ZKLcK ZH UHIHU WR aV NG-CBE, SSG-CBE,
NG-ABE, aQd SSG-ABE. TR WHVW WKHVH IRXU baVH HdLWRU - CaV YaULaQW SaLULQJV LQ a VcUHHQLQJ
cRQWH[W, ZH dHVLJQHd a OLbUaU\ WLOLQJ acURVV WKH DNA-daPaJH UHSaLU JHQH BRCA1, cRQWaLQLQJ aOO
SRVVLbOH JXLdHV WaUJHWLQJ WKH JHQH, LUUHVSHcWLYH RI PAM (Q = 11,524), aQd LQcOXdHd 30 JXLdHV
WaUJHWLQJ WKH VSOLcH VLWHV RI HVVHQWLaO JHQHV35, 75 LQWHUJHQLc VLWHV, aQd 75 QRQ-WaUJHWLQJ JXLdHV.
WH VcUHHQHd WKHVH 4 SaLULQJV LQ 2 cHOO OLQHV, HAP1 aQd MELJUSO, LQ dXSOLcaWH RU WULSOLcaWH aW
KLJK cRYHUaJH (>2,000 cHOOV SHU VJRNA) IRU a WRWaO RI 21 da\V (Fig 5b). SLQcH BRCA1 LV
HVVHQWLaO LQ HAP1 cHOOV42, ZH cRQdXcWHd a QHJaWLYH VHOHcWLRQ (dURSRXW) aVVa\ LQ WKLV cHOO OLQH,
aQd ZH WUHaWHd MELJUSO cHOOV ZLWK a ORZ dRVH (1 �M) RI cLVSOaWLQ33 WR HQKaQcH VHOHcWLYH
SUHVVXUH IRU BRCA1 ORVV-RI-IXQcWLRQ aOOHOHV. PUHYLRXVO\, ZH Kad VcUHHQHd BRCA1 ZLWK a WLOLQJ
OLbUaU\ cRQWaLQLQJ RQO\ NGG PAMV XVLQJ a WT-CBE33; ZH UH-VcUHHQHd WKLV OLbUaU\ ZLWK WT-ABE
aV ZHOO.

AIWHU caOcXOaWLQJ LFC YaOXHV UHOaWLYH WR WKH SOaVPLd DNA, ZH IRXQd WKaW UHSOLcaWHV ZHUH
ZHOO-cRUUHOaWHd ZLWKLQ aQd bHWZHHQ cHOO OLQHV (PHaUVRQ¶V U UaQJLQJ IURP 0.77-0.99 LQ CBE
VcUHHQV, Supplementary Data 5; 0.77-0.95 LQ ABE, Supplementary Data 6), aQd WKXV ZH
aYHUaJHd WKH daWa acURVV WKH WZR cHOO OLQHV. FLUVW, ZH H[aPLQHd WKH dLVWULbXWLRQ RI SRVLWLYH
(HVVHQWLaO VSOLcH VLWHV) aQd QHJaWLYH (QRQ-WaUJHWLQJ aQd LQWHUJHQLc) cRQWUROV aQd IRXQd WKaW LQ aOO
cRQdLWLRQV, QHJaWLYH cRQWUROV ZHUH cHQWHUHd aURXQd 0, ZKLOH WKH SRVLWLYH cRQWUROV ZHUH dHSOHWHd
(Supplementary Figure 5d), cRQILUPLQJ WKaW WKHUH ZaV baVH HdLWLQJ acWLYLW\ LQ HacK VcUHHQ. TR
XQdHUVWaQd RXU abLOLW\ WR aVVa\ BRCA1 LWVHOI ZLWK WKHVH baVH HdLWRUV, ZH H[aPLQHd WKH
VHSaUaWLRQ RI JXLdHV SUHdLcWHd WR LQWURdXcH QRQVHQVH RU VSOLcH PXWaWLRQV LQ BRCA1 (SRVLWLYH
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Figure 5. Tiling BRCA1 with variant base editors. 
a) Number of targetable residues in BRCA1 using 
the base editors paired with the library described 
in this study. b) Timeline by which tiling screens 
were conducted. c) Comparison of NG and 
SpG-CBEs to WT-CBE with shared guides 
predicted to introduce no change (silent or no 
edits), splice site, nonsense, or missense 
mutations with an NGGN PAM. Pearson’s r is 
reported for each comparison. d) Same as (c) but 
for ABEs. e-f) Average performance of sgRNAs 
(averaged Cas9-NG and SpG screens) targeting 
BRCA1, colored according to the predicted 
mutation bin, for CBE and ABE screens. The first 
grey shaded region spans the RING domain, and 
the following two indicate the BRCT repeats. 
Boxes show the quartiles; whiskers show 1.5 
times the interquartile range.
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a b

c

e

Supplementary Figure 5. Tiling BRCA1 with variant base editors. a) Schematic of 

EGFP activity assay. b) Nucleotide percentage at editable A’s in the sgRNA (denoted 

in the title of each barplot). c) Schematic of WT-CBE (top) and WT-ABE8e (bottom). 

Variant base editors were generated by introducing point mutations into the nCas9 of 

each vector. d) Ridge plots showing the distributions of positive and negative controls 

for the WT and variant base editors. e) ROC plot for each cell line screened with 

each Cas-CBE pairing. The AUC is reported. f) Same as (e) but for ABEs. Note that 

only splice sites are considered as true positives, as nonsense mutations cannot be 

introduced with ABE. g) Comparison of z-scored LFCs of guides predicted to make 

either a missense mutation with an NG-CBE and no change with an NG-ABE, no 

change with CBE and a missense mutation with ABE or a missense mutation with 

both base editors (n = 1694 sgRNAs). Guides that were selected for further validation 

are colored in green and labeled.
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cRQWUROV) cRPSaUHd WR JXLdHV SUHdLcWHd WR LQWURdXcH VLOHQW RU QR HdLWV LQ BRCA1 (QHJaWLYH
cRQWUROV) aQd caOcXOaWHd aQ aUHa XQdHU WKH cXUYH (AUC) IRU HacK baVH HdLWRU aQd cHOO OLQH
(Supplementary Figure 5e, f). AcURVV aOO cRQdLWLRQV, ZH RbVHUYHd WKH bHVW SHUIRUPaQcH ZLWK
WKH WT baVH HdLWRUV aQd VOLJKWO\ KLJKHU SHUIRUPaQcH LQ WKH QHaU-KaSORLd HAP1 cHOO OLQH,
cRQVLVWHQW ZLWK RXU RULJLQaO bHQcKPaUNLQJ RI WKH baVH HdLWLQJ WHcKQRORJ\33. IQ HYHU\ cRQdLWLRQ,
ZH RbVHUYHd a cOHaU VHSaUaWLRQ bHWZHHQ SRVLWLYH aQd QHJaWLYH cRQWUROV, cRQILUPLQJ WKaW ZH ZHUH
abOH WR aVVa\ WKH BRCA1 JHQH HIIHcWLYHO\. NH[W, ZH cRPSaUHd WKH NG aQd SSG baVH HdLWRUV WR
WT, XVLQJ JXLdHV ZLWK NGGN PAMV WaUJHWLQJ WKH cRdLQJ VHTXHQcH RI BRCA1, aQd RbVHUYHd
JRRd cRQcRUdaQcH (Fig 5c, d), aOWKRXJK VRPH JXLdHV VKRZHd PaUNHdO\ OHVV acWLYLW\ ZLWK WT LQ
WKH CBE aUPV. WH VSHcXOaWH WKaW WKLV UHOaWHV WR WKH dHcUHaVHd acWLYLW\ VHHQ RYHUaOO ZLWK NG aQd
SSG cRPSaUHd WR WT aW VRPH NGGN PAMV, ZKLcK Pa\ bH HVSHcLaOO\ PHaQLQJIXO IRU CBE, aV
cRQWLQXHd ORcaOL]aWLRQ RI WKH UGI dRPaLQ LV QHcHVVaU\ IRU SURSHU baVH HdLWLQJ. FLQaOO\, JXLdHV LQ
WKH OLbUaU\ bHKaYHd OaUJHO\ VLPLOaUO\ ZKHQ SaLUHd ZLWK ABE RU CBE (PHaUVRQ¶V U = 0.73 SSG; U =
0.71 NG, Supplementary Figure 5g) KRZHYHU WKHUH ZHUH cOHaU RXWOLHUV.

WH QH[W SORWWHd WKH aYHUaJH dHSOHWLRQ RI JXLdHV LQWURdXcLQJ cRdLQJ cKaQJHV VcUHHQHd ZLWK CBE
aQd ABE aORQJ WKH OHQJWK RI WKH BRCA1 SURWHLQ (Fig 5e, f). WLWK bRWK WHcKQRORJLHV, ZH
RbVHUYHd VWURQJ dHSOHWLRQ RI JXLdHV WaUJHWLQJ WKH RING aQd BRCT dRPaLQV, cRQVLVWHQW ZLWK RXU
SUHYLRXV ILQdLQJV33 aQd WKH NQRZQ cOLQLcaO LPSRUWaQcH RI WKHVH UHJLRQV. HRZHYHU, LW LV
LQaSSURSULaWH WR dUaZ cRQcOXVLRQV abRXW VSHcLILc caVXaO PXWaWLRQV IURP WKH bHKaYLRU RI VJRNAV
VROHO\ IURP WKH UHVXOWV RI a SULPaU\ VcUHHQ, aV VJRNAV PLJKW dHSOHWH dXH WR RXW-RI-ZLQdRZ
HdLWLQJ, C>R HdLWLQJ, RU LQdHOV33. FXUWKHU, HVSHcLaOO\ LQ a QHJaWLYH VHOHcWLRQ VcUHHQ, JXLdHV caQ
HUURQHRXVO\ VcRUH dXH WR RII-WaUJHW HIIHcWV. IQ RUdHU WR PaNH cRQcOXVLRQV abRXW WKHVH KLWV, ZH
VHOHcWHd VHYHUaO IRU a IRcXVHd IROORZ-XS.

BRCA1 VaOLdaWLRQ

WH VHOHcWHd 18 JXLdHV (VJ1-18) IRU IRcXVHd YaOLdaWLRQ H[SHULPHQWV baVHd RQ WKH PaJQLWXdH RI
]-VcRUHV LQ WKH SULPaU\ VcUHHQ, LQcOXdLQJ JXLdHV WKaW dHSOHWHd dHVSLWH XVLQJ aQ LQacWLYH PAM.
WH cORQHd LQdLYLdXaO VJRNAV LQWR HLWKHU ABE RU CBE YHcWRUV, WUaQVdXcHd cHOOV, aQd cROOHcWHd
VaPSOHV aIWHU RQH (HaUO\ WLPH SRLQW), WZR aQd WKUHH ZHHNV SRVW WUaQVdXcWLRQ. WH WKHQ PCR
aPSOLILHd WKH HdLWHd ORcXV XVLQJ cXVWRP SULPHUV, aQd IOOXPLQa VHTXHQcHd WKH HdLWHd JHQRPLc
ORcL WR LdHQWLI\ WKH caXVaO PXWaWLRQV (Supplementary Figure 6a).

E[aPLQLQJ WKH HdLWLQJ HIILcLHQc\ RI VaPSOHV cROOHcWHd aW WKH HaUO\ WLPH SRLQW, ZH RbVHUYHd a ZLdH
UaQJH RI HdLWLQJ (0.04 - 60.1%, C>T; 0.2-59.1% A>G). IQ aOO caVHV ZLWK <1% HdLWLQJ, WKH VJRNA
XWLOL]Hd aQ LQacWLYH PAM, WKXV cRQILUPLQJ WKaW WKH dHSOHWLRQ RbVHUYHd LQ WKH SULPaU\ VcUHHQ ZaV
dXH WR aQ RII-WaUJHW HIIHcW. OI VaPSOHV ZLWK aQ LQWHUPHdLaWH RU acWLYH PAM, WKHUH ZaV aQ
aYHUaJH RI 43.3% C>T HdLWLQJ aQd 37.4% A>G HdLWLQJ LQ WKH SUHdLcWHd HdLW ZLQdRZ RI 4-8
QXcOHRWLdHV, ZLWK ORZHU bXW dHWHcWabOH OHYHOV RXWVLdH RI WKH ZLQdRZ (Supplementary Figure 6b),
cRQVLVWHQW ZLWK WKH SUHYLRXVO\-dHVcULbHd SURSHUWLHV RI WKHVH baVH HdLWRUV33,40,43. NH[W, ZH
H[aPLQHd WKH UHSURdXcLbLOLW\ RI SHUcHQW cKaQJH ZLWK WT aOOHOHV, cRPSaULQJ WKH SHUcHQWaJH RI
UHadV LQ WKH OaWH YHUVXV HaUO\ VaPSOHV acURVV UHSOLcaWHV (Supplementary Figure 6c). WH IRXQd
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d

Figure 6. Validation of BRCA1 hits identified by 
Cas9-NG. a) Translated sequence around the 
sgRNA for any allele with at least 1% abundance 
in any condition. The WT sequence is bolded in 
black, unchanged amino acids are in grey, and 
substitutions are highlighted in red. Avg LFC from 
day 21 - day 8 is indicated on the heatmap and 
relative percent abundance of each allele is 
indicated to the right (normalized after filtering for 
alleles with <1% abundance at both timepoints). 
b) Percentage of all sequencing reads containing 
the indicated mutation at each timepoint. Dots 
indicate n=2 biological replicates. c) View of the 
RING domain (PDB IJM7) of BRCA1 (grey) bound 
to the RING domain of BARD1 (yellow), with Zn2+ 
atoms in purple. The left panel shows the 
canonical amino acid residue in red, the right 
panel shows the structure with the P34F substitu-
tion. d,e) Same as (a), (b) for sg2 screened with 
ABE. f) Same as (c), but with the E33G substitu-
tion. g) Same as (b) and (e). h) Summary of 
validation results. 1° z-score indicates the average 
z-scored LFC of the sgRNA in the primary screen. 
% WT 2° indicates the % of reads that were still 
WT (unedited) on day 8 of the validation experi-
ment. 2° WT enrichment indicates the average 
change in the abundance of the WT allele from 
day 8 to day 21 in the validation experiment. PAM 
bin is indicated on the left. SV indicates “splice 
variant”.
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a b

c

Supplementary Figure 6. Validation of BRCA1 hits 
identified by Cas9-NG. a) Timeline by which 
validation experiments were performed. b) C>T 
conversion (top) and A>G conversion (bottom) of 
guides with an intermediate/active PAM. Positions 
along the x-axis correspond with positions in the 
protospacer, where 1 corresponds to the first 
nucleotide of the protospacer and 21-23 correspond 
to the PAM. Lines show the median of all edits at 
that position across the validated sgRNAs. c) 
Validation scheme. sgRNAs in which the average % 
of reads increased by more than 10% from day 8 to 
day 21 are considered validated, as depicted with 
the orange shading. d,e,f,h,j) Translated sequence 
around the sgRNA for any allele with at least 1% 
abundance in any condition. The WT sequence is 
bolded in black, unchanged amino acids are in grey, 
and substitutions are highlighted in red. Avg LFC 
from day 21 - day 8 is indicated on the heatmap and 
relative percent abundance of each allele is indicat-
ed to the right (normalized after filtering for alleles 
with <1% abundance at both timepoints). g,i,k) 
Percentage of all sequencing reads containing the 
indicated mutation at each timepoint. Dots indicate 
n=2 biological replicates.
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WKaW >10% HQULcKPHQW RI WKH WT aOOHOH ZaV UHSURdXcLbOH acURVV UHSOLcaWHV, aQd WKXV ZH
cRQVLdHUHd a JXLdH WR YaOLdaWH LI WKH WT aOOHOH HQULcKHd >10% IURP HaUO\ WR OaWH VaPSOHV,
LQdLcaWLQJ WKaW HdLWHd aOOHOHV ZHUH dHSOHWHd. B\ WKLV cULWHULRQ, 4 RI WKH 7 JXLdHV ZLWK aQ acWLYH RU
LQWHUPHdLaWH PAM WKaW dHSOHWHd LQ WKH SULPaU\ VcUHHQ ZLWK CBE YaOLdaWHd, aQd 2 RI 5 JXLdHV
YaOLdaWHd ZLWK ABE.

FRU a QXPbHU RI JXLdHV ZH cRQdXcWHd YaOLdaWLRQ VWXdLHV ZLWK bRWK CBE aQd ABE. WKHQ
VcUHHQHd ZLWK CBE, VJ2 JHQHUaWHV a P34F PXWaQW, ZKLcK dHSOHWHV IURP 48.0% abXQdaQcH RQ
da\ 8 WR 11.2% RQ da\ 21 (Fig 6a, b). RHVLdXH 34 PaNHV XS SaUW RI WKH RING dRPaLQ, ZKLcK
IRUPV a KHWHURdLPHU ZLWK WKH RING dRPaLQ RI BARD1 aQd LV QHcHVVaU\ IRU E3 XbLTXLWLQ OLJaVH
acWLYLW\44,45. AOWKRXJK WKH P34F PXWaWLRQ KaV QRW bHHQ dRcXPHQWHd LQ NCBI¶V COLQVaU DaWabaVH,
VHYHUaO OLQHV RI HYLdHQcH VXJJHVW WKaW WKLV UHVLdXH SOa\V a cULWLcaO UROH. FLUVW, LW OLHV LQ WKH cHQWUaO
RING PRWLI RI BRCA1, ZKLcK LV cRPSRVHd RI UHVLdXHV 23-7645. AddLWLRQaOO\, RI WKH 6 SRVVLbOH
PLVVHQVH PXWaWLRQV LQWURdXcHd b\ FLQdOa\ HW aO. YLa SaWXUaWLRQ GHQRPH EdLWLQJ (SGE), 5 VcRUHd
aV LOF, aQd 1 aV LQWHUPHdLaWH (P34F UHTXLUHV PXWaWLQJ 2 QXcOHRWLdHV, VR ZaV QRW LQcOXdHd LQ
WKaW daWaVHW)42. TR JaLQ VWUXcWXUaO LQVLJKW LQWR WKH LOF SKHQRW\SH aVVRcLaWHd ZLWK WKLV PXWaQW, ZH
YLVXaOL]Hd WKHVH UHVLdXHV RQ WKH cU\VWaO VWUXcWXUH RI WKH RING dRPaLQV RI BRCA1 aQd BARD1
(PDB IJM7). ZQ2+ aWRPV VWabLOL]H WKH VWUXcWXUH ZLWKLQ WKH RING ILQJHU aQd aUH PaLQWaLQHd b\ WZR
bLQdLQJ ORRSV, SLWH I aQd SLWH II45. P34 IaOOV bHWZHHQ SLWHV I aQd II RQ BRCA1, aQd LI PXWaWHd WR
F34, ZRXOd cRPH LQWR cORVH SUR[LPLW\ WR C66 RQ BARD1, ZKLcK LV RQH RI WKH UHVLdXHV
cRPSULVLQJ SLWH II RQ BARD1 (Fig 6c). WKLOH IXUWKHU H[SHULPHQWaWLRQ LV UHTXLUHd WR XQdHUVWaQd
WKH H[acW PHcKaQLVP IRU WKLV LOF SKHQRW\SH, LW VHHPV OLNHO\ WKaW WKH SKHQ\OaOaQLQH VXbVWLWXWLRQ
aW SRVLWLRQ 34 dLVUXSWV WKH ZQ2+ cRRUdLQaWLRQ, WKHUHb\ dHVWabLOL]LQJ WKH LQWHUacWLRQ bHWZHHQ
BRCA1 aQd BARD1.

TKLV VaPH JXLdH (VJ2) ZaV aOVR H[aPLQHd ZLWK ABE, aQd ZH RbVHUYHd aQ aYHUaJH RI 54.3%
HdLWLQJ aW SRVLWLRQV 4 aQd 5 RI WKH JXLdH, UHVXOWLQJ LQ aQ E33G PXWaQW. TKLV aOOHOH dLd QRW cKaQJH
LQ abXQdaQcH acURVV WLPHSRLQWV aQaO\]Hd (57.9% RQ da\ 8, 54.6% da\ 21), LQdLcaWLQJ WKaW, LQ
cRQWUaVW WR WKH P34F PXWaWLRQ LQWURdXcHd b\ WKLV JXLdH ZKHQ SaLUHd ZLWK CBE, WKH E33G
PXWaWLRQ dRHV QRW KaYH a OaUJH HIIHcW RQ cHOO ILWQHVV (Fig 6d, e). IQdHHd, ZKHQ WKLV PXWaWLRQ ZaV
SURILOHd b\ SGE, LW VcRUHd aV LQWHUPHdLaWH 42. FXUWKHU, WKLV UHVLdXH SRLQWV aZa\ IURP BARD1, aQd
dRHV QRW cRPH LQ cORVH cRQWacW ZLWK WKH ZQ2+ aWRPV RU LWV bLQdLQJ ORRSV (Fig 6f).

WH aOVR YaOLdaWHd VJ10 ZLWK bRWK baVH HdLWRUV. WLWK CBE, ZH RbVHUYHd WKH SUHdLcWHd H1767Y
PXWaWLRQ, aV ZHOO aV a VHcRQd Q1768* PXWaWLRQ WKaW UHVXOWHd IURP RXW-RI-ZLQdRZ HdLWLQJ (26.7%
C>T HdLWLQJ aW C9). AOOHOHV ZLWK WKH VLQJOH H1767Y PXWaWLRQ dHSOHWHd IURP aQ aYHUaJH RI 35.9%
RQ da\ 8 WR 20.8% RI UHadV RQ da\ 21 (Fig 6g) ZKLOH WKH WT aOOHOH HQULcKHd IURP 35.2 WR 64.4%
RI UHadV. BHcaXVH aOOHOHV cRQWaLQLQJ RQO\ WKH H1767Y PXWaWLRQ ZHUH dHSOHWHd, ZH cRQcOXdH WKaW
WKLV PXWaWLRQ LV VXIILcLHQW IRU LOF (Supplementary Figure 6d). TKHVH UHVXOWV aUH cRQcRUdaQW
ZLWK WKH SGE daWa, aV bRWK H1767Y aQd Q1768* LQdLYLdXaOO\ VcRUH aV LOF42. WLWK ABE, VJ10
LQWURdXcHV HLWKHU aQ N1766S PXWaWLRQ (47.2% A>G cRQYHUVLRQ, A4) RU N1766G PXWaWLRQ (18.7%
A>G cRQYHUVLRQ aW A3; 47.2% A>G cRQYHUVLRQ aW A4) aV ZHOO aV aQ H1767R PXWaWLRQ (59.1%
A>G cRQYHUVLRQ aW A7), UHVXOWLQJ LQ a LOF SKHQRW\SH, ZKLOH WKH WT aOOHOH HQULcKHV IURP 42.1%
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WR 58.7% (Fig 6g, Supplementary Figure 6e). GLYHQ WKaW WKH H1767R PXWaWLRQ RccXUUHd aORQH
aQd dLd QRW dHSOHWH VXbVWaQWLaOO\ (10.5% da\ 8 WR 9.8% da\ 21), LW LV OLNHO\ WKaW WKH PXWaQWV aW
SRVLWLRQ 1766 ZHUH dULYLQJ WKLV LOF SKHQRW\SH. NRWabO\, FLQdOa\ HW aO. cOaVVLILHd H1767R aV
IXQcWLRQaO, ZKLcK LV cRQcRUdaQW ZLWK RXU RbVHUYaWLRQ; KRZHYHU, WKH\ aOVR IRXQd WKaW HYHU\
PLVVHQVH PXWaWLRQ LQWURdXcHd aW N1766 LV IXQcWLRQaO, LQcOXdLQJ N1766S42. WH dLd QRW caSWXUH
aQ\ aOOHOHV ZLWK a PXWaWLRQ RQO\ aW WKLV SRVLWLRQ, VR caQQRW PaNH dHILQLWLYH cRQcOXVLRQV abRXW WKH
UROH RI N1766S RU N1766G. IW UHPaLQV SRVVLbOH WKaW WKH RbVHUYHd LOF LV dXH WR a cRPbLQaWRULaO
HIIHcW RI PXWaWLRQV aW N1766 aQd H1767.

AV aQ addLWLRQaO H[aPSOH, VJ9 ZaV VcUHHQHd RQO\ ZLWK CBE aQd UHVXOWV LQ a G1727K PXWaWLRQ
(Supplementary Figure 6f, g). TKLV UHVLdXH IaOOV LQ WKH BRCT SKRVSKRSHSWLdH-bLQdLQJ PRWLI,
ZKLcK LV cRQVHUYHd LQ VHYHUaO DNA-daPaJH UHSaLU SURWHLQV. IW LV aOVR UHVSRQVLbOH IRU WKH
aVVRcLaWLRQ RI BRCA1 ZLWK SURWHLQV SKRVSKRU\OaWHd b\ ATM, aQd LV LPSOLcaWHd LQ bUHaVW aQd
RYaULaQ caQcHUV44. AOWKRXJK WKLV H[acW PXWaWLRQ KaV QRW bHHQ dRcXPHQWHd LQ COLQVaU, G1727R
aQd G1727E PXWaWLRQV aUH SaWKRJHQLc, aQd G1727V LV caWHJRUL]Hd aV LOF b\ SGE42, LQdLcaWLQJ
WKaW PaQ\ VXbVWLWXWLRQV aUH QRW WROHUaWHd aW WKLV SRVLWLRQ. WH aOVR VcUHHQHd VJ15 ZLWK bRWK CBE
aQd ABE, ZKLcK LQWURdXcHV a C64Y PXWaWLRQ ZLWK CBE, aQd C64R aQd L63P PXWaWLRQV ZLWK
ABE (Supplementary Figure 6h-k). B\ RXU YaOLdaWLRQ cULWHULa, WKLV JXLdH dLd QRW YaOLdaWH ZLWK
NG-CBE, bXW dLd SUHYLRXVO\ YaOLdaWH ZLWK WT-CaV9-CBE33, aQd ZLWK NG-ABE. WKLOH ZH ZHUH
XQabOH WR SaUVH WKH HIIHcWV RI WKHVH LQdLYLdXaO PXWaQWV baVHd RQ WKH VSHcWUXP RI aOOHOHV LQ RXU
daWa, C64R VcRUHd aV LOF ZLWK SGE aQd L63P LV SaWKRJHQLc LQ COLQVaU, VR LW LV OLNHO\ WKaW bRWK
RI WKHVH PXWaWLRQV cRQWULbXWH WR WKH LOF SKHQRW\SH.

AOO YaOLdaWLRQ UHVXOWV aUH VXPPaUL]Hd LQ Fig 6h. WH LdHQWLILHd ILYH JXLdHV WKaW LQWURdXcHd
dHOHWHULRXV PXWaWLRQV ZLWK RQH RU bRWK baVH HdLWRUV. TZR RI WKHVH JXLdHV PXWaWH WKH RING
dRPaLQ, aQd WKUHH WKH BRCT dRPaLQ, bRWK RI ZKLcK aUH IUHTXHQWO\ PXWaWHd LQ WXPRUV. NRQH RI
WKH JXLdHV WKaW XWLOL]Hd a PAM cOaVVLILHd aV LQacWLYH YaOLdaWHd, aQd VHTXHQcLQJ VKRZHd OLWWOH
HdLWLQJ aW WKHVH VLWHV ZKHQ VcUHHQHd ZLWK HLWKHU CBE RU ABE. 3 RI 8 JXLdHV ZLWK LQWHUPHdLaWH RU
acWLYH PAMV LQWURdXcHd bHQLJQ HdLWV ZLWK bRWK baVH HdLWRUV, LQdLcaWLQJ WKaW WKHVH ZHUH IaOVH
SRVLWLYHV LQ WKH SULPaU\ VcUHHQ. IQ VXP, ZH LdHQWLILHd WKH caXVaO PXWaWLRQV dULYLQJ WKH LOF
SKHQRW\SHV LQ WKH SULPaU\ VcUHHQ IRU ILYH VJRNAV, aOO RI ZKLcK XWLOL]Hd aQ LQWHUPHdLaWH RU acWLYH
PAM. IQ cRQWUaVW, 0 RI 10 VJRNAV ZLWK LQacWLYH PAMV YaOLdaWHd, UHLQIRUcLQJ WKH PAM-VSHcLILcLW\
RI WKHVH CaV9 YaULaQWV aQd KLJKOLJKWLQJ WKH QHcHVVLW\ RI YaOLdaWLQJ SULPaU\ VcUHHQLQJ UHVXOWV.

BCL2

SLQcH LWV FDA aSSURYaO LQ 2016, VHQHWRcOa[, ZKLcK WaUJHWV WKH aQWL-aSRSWRWLc SURWHLQ BCL2, KaV
bHHQ adPLQLVWHUHd WR WKRXVaQdV RI SaWLHQWV ZLWK cKURQLc O\PSKRc\WLc OHXNHPLa (CLL), VPaOO
O\PSKRc\WLc O\PSKRPa (SLL) RU acXWH P\HORLd OHXNHPLa (AML)46. UQIRUWXQaWHO\, PaQ\ SaWLHQWV
dHYHORS UHVLVWaQcH WR WUHaWPHQW, caXVLQJ WXPRU UHOaSVH. MaQ\ RI WKHVH aUH VLQJOH aPLQR acLd
PXWaWLRQV LQ BCL2 WKaW HPHUJH LQ SaWLHQWV RYHU WKH cRXUVH RI WUHaWPHQW, aQd VHYHUaO RWKHU
PXWaWLRQV WKaW OHad WR dUXJ UHVLVWaQcH KaYH bHHQ cKaUacWHUL]Hd LQ KXPaQ cHOOV RU PLcH47±49. WH
VHW RXW WR LdHQWLI\ addLWLRQaO UHVLVWaQcH-caXVLQJ PXWaWLRQV LQ BCL2, aV a bHWWHU XQdHUVWaQdLQJ RI
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WKHVH UHVLVWaQcH PHcKaQLVPV caQ KHOS LPSURYH SaWLHQW PRQLWRULQJ aQd aOORZ IRU WaLORUHd
WUHaWPHQW SOaQV, aV ZHOO aV LQIRUP WKH dHVLJQ RI QHZ, PXWaWLRQ-aJQRVWLc dUXJV.

WH dHVLJQHd a WLOLQJ OLbUaU\ WaUJHWLQJ BCL2 ZLWK CaV9-NG, JHQHUaWHd bRWK CBE aQd ABE
YHUVLRQV, aQd VcUHHQHd LQ WULSOLcaWH aW KLJK cRYHUaJH (>10,000 cHOOV SHU VJRNA) LQ MOLM13
cHOOV, aQ AML cHOO OLQH VHQVLWLYH WR BCL2 LQKLbLWLRQ. FROORZLQJ VHOHcWLRQ ZLWK SXURP\cLQ, ZH
WUHaWHd cHOOV ZLWK 62.5 QM VHQHWRcOa[ IRU 14 da\V (Fig 7a). LFC YaOXHV IRU WKH XQWUHaWHd cHOOV
ZHUH caOcXOaWHd UHOaWLYH WR SOaVPLd DNA, aQd LFC YaOXHV IRU VHQHWRcOa[-WUHaWHd cHOOV ZHUH
caOcXOaWHd UHOaWLYH WR XQWUHaWHd aUPV (Supplementary Data 7). CRUUHOaWLRQV bHWZHHQ WKH
XQWUHaWHd UHSOLcaWHV LQdLcaWHd JRRd WHcKQLcaO TXaOLW\ (PHaUVRQ¶V U = 0.6-0.9) ZKHUHaV WKH SRRU
cRUUHOaWLRQ bHWZHHQ UHSOLcaWHV RI WKH WUHaWHd aUPV (PHaUVRQ¶V U = 0.05-0.55) LV aWWULbXWHd WR WKH
VWULQJHQW QaWXUH RI WKLV SRVLWLYH VHOHcWLRQ VcUHHQ, aV IHZ JXLdHV cRQIHU UHVLVWaQcH. NH[W, ZH
caOcXOaWHd ]-VcRUHV IRU HacK JXLdH UHOaWLYH WR LQWHUJHQLc cRQWUROV. 16 JXLdHV HQULcKHd ZLWK a
]-VcRUH >3 ZLWK HLWKHU RU bRWK baVH HdLWRUV (Supplementary Figure 7a), aQd 68.8% (11/16) RI
WKHVH aUH SUHdLcWHd WR HdLW bHWZHHQ SRVLWLRQ 100 aQd 175, a UHJLRQ WKaW cRQWaLQV WKH P2 aQd P4
SRcNHWV UHVSRQVLbOH IRU bLQdLQJ RI VHQHWRcOa[ (Fig 7b). NRWabO\, VHYHUaO VLWHV RI UHVLVWaQcH
PXWaWLRQV RbVHUYHd cOLQLcaOO\ (G101, D103, F104) IaOO ZLWKLQ WKLV UHJLRQ47±49.

BCL2 VaOLdaWLRQ

IQ RUdHU WR cRQILUP WKH PXWaWLRQV caXVLQJ WKHVH SKHQRW\SHV, ZH cKRVH ILYH KLJKO\ HQULcKHd
VJRNAV WR YaOLdaWH ZLWK bRWK baVH HdLWRUV, LQcOXdLQJ WKUHH JXLdHV SUHdLcWHd WR PaNH PLVVHQVH
HdLWV aW UHVLdXHV 103-105 (VJ19 - 21), aV ZHOO aV WZR JXLdHV SUHdLcWHd WR PaNH PLVVHQVH HdLWV
aW UHVLdXHV 148/149 (VJ22) aQd 169 (VJ23), ZKLcK aUH dHQRWHd RQ WKH 3D VWUXcWXUH RI BCL2 LQ
cRPSOH[ ZLWK VHQHWRcOa[ (Fig 7c). WH SHUIRUPHd YaOLdaWLRQ VcUHHQV, aV dHVcULbHd abRYH IRU
BRCA1, ZLWK HacK RI WKH JXLdHV LQdLYLdXaOO\ WUaQVdXcHd LQWR MOLM13 cHOOV LQ dXSOLcaWH. TKH
cRQdLWLRQV IURP WKH RULJLQaO BCL2 WLOLQJ VcUHHQV ZHUH UHSOLcaWHd, aQd IROORZLQJ LVROaWLRQ aQd
aPSOLILcaWLRQ RI JHQRPLc DNA, ZH IOOXPLQa VHTXHQcHd WKH WaUJHWHd ORcL.

USRQ aQaO\VLV RI WKH VHTXHQcLQJ, ZH VaZ OHYHOV RI HdLWLQJ aW WKH HaUO\ WLPH SRLQW YaU\ IURP JXLdH
WR JXLdH, UaQJLQJ IURP 11.7 - 55.4% ZLWK ABE aQd 10.9% - 47.9% ZLWK CBE LQ WKH SUHdLcWHd
ZLQdRZ (Supplementary Figure 7b). WKLOH aOO SUHdLcWHd HdLWV ZHUH baVHd RQ aQ aVVXPHd
HdLWLQJ ZLQdRZ aW SRVLWLRQV 4-8, ZH aOVR RbVHUYHd HdLWLQJ LQ WKH 3-10 ZLQdRZ ZLWK bRWK ABE aQd
CBE, aV ZHOO aV ORZ OHYHOV RI C>T HdLWLQJ IaUWKHU aILHOd (VJ22) ZKLcK OHd WR VHYHUaO XQSUHdLcWHd
aPLQR acLd VXbVWLWXWLRQV (Supplementary Figure 7b). AV bHIRUH, ZH XVHd WKH UHOaWLYH
abXQdaQcHV RI WKH ZLOd W\SH aOOHOH aW WKH HaUO\ aQd OaWH WLPH SRLQWV WR HYaOXaWH ZKHWKHU a JXLdH
YaOLdaWHd. IQ WKLV caVH, LI WKH WT aOOHOH dHSOHWHd b\ PRUH WKaQ 10% XQdHU WKH VHOHcWLYH SUHVVXUH
RI VHQHWRcOa[, ZH cRQVLdHUHd LW WR bH YaOLdaWHd (Supplementary Figure 7c). BaVHd RQ WKLV
cULWHULRQ, 8 RI 8 JXLdH-BE cRPbLQaWLRQV YaOLdaWHd aV WUXH SRVLWLYHV, aQd 2 RI 2 YaOLdaWHd aV WUXH
QHJaWLYHV. FXUWKHU, VJ20, 21, aQd 22 YaOLdaWHd ZLWK bRWK ABE aQd CBE, ZKHUHaV VJ19 aQd VJ23
YaOLdaWHd ZLWK WKH baVH HdLWRU ZLWK ZKLcK WKH\ VcRUHd LQ WKH SULPaU\ VcUHHQV, bXW QRW ZLWK WKH
QRQ-VcRULQJ baVH HdLWRU; LQdHHd, WKHVH VJRNAV ZHUH SUHdLcWHd WR PaNH HLWKHU a VLOHQW HdLW
(VJ23, CBE), RU QR HdLW (VJ19, ABE). TKaW WRS KLWV IURP WKH BCL2 VcUHHQV Kad a KLJKHU
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Figure 7. Venetoclax-resistant BCL2 mutants identified by base editing with Cas9-NG. a) Timeline by which tiling screens were 
conducted.  b) Performance of sgRNAs targeting BCL2 for the Venetoclax-treated arm, plotting both CBE and ABE screens, 
colored according to the predicted mutation bin. A dashed line delineates the z-score cutoff of 3. Boxes show the quartiles; 
whiskers show 1.5 times the interquartile range. Categories with n < 20 are shown as individual dots. c) 3D structure of BCL2 in 
complex with Venetoclax (PDB ID: 6O0K). Amino acids which sg19-23 are predicted to edit are highlighted in pink. d) Translated 
sequence around sg20 for any allele with at least 1% abundance in any condition with ABE. The WT sequence is bolded in black, 
unchanged amino acids are in grey, and substitutions are highlighted in red. Avg LFC from day 21 - day 7 is indicated on the 
heatmap and relative percent abundance of each allele is indicated to the right (normalized after filtering for alleles with <1% 
abundance at both timepoints). e) Structural visualization of WT D103 and the mutations indicated in (f). f) Percentage of reads 
from the most enriched D103 mutants after 14 days of Venetoclax treatment. sgRNA, edit type, and amino acid mutation are 
indicated. Dots indicate n=2 biological replicates. g,i,k,m) Same as (f) but for indicated sgRNA, edit type, and position. h,j,l,n) 
Same as (e) but showing the most enriched mutant indicated in (g),(i),(k), or (m), respectively.
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Supplementary Figure 7. Validation of BCL2 hits identified by Cas9-NG. a) Comparison of z-scored LFCs of guides predicted 
to make either a missense mutation with one base editor and a silent edit or no edit with the other, or a missense mutation with 
both base editors (n = 539 sgRNAs). Guides that were selected for further validation are colored in green and labeled. 
Pearson’s r is reported. b) C>T conversion (top) and A>G conversion (bottom) with sgs 19-23. Positions along the x-axis 
correspond with positions in the protospacer, where 1 corresponds to the first nucleotide of the protospacer and 21-23 
correspond to the PAM. Lines show the median of all edits at that position across sgs 19-23. c) Validation scheme. sgRNAs in 
which the average % of WT reads depletes by more than 10% (under selective pressure of Venetoclax) from day 7 to day 21 
are considered validated, as depicted with the orange shading. d-j) Translated sequence around the sgRNA for any allele with 
at least 1% abundance in any condition. The WT sequence is bolded in black, unchanged amino acids are in grey, and 
substitutions are highlighted in red. Avg LFC from day 21 - day 7 is indicated on the heatmap and relative percent abundance 
of each allele is indicated to the right (normalized after filtering for alleles with <1% abundance at both timepoints). k) Summa-
ry of validation results. 1° z-score indicates the average z-scored LFC of the sgRNA in the primary screen. % WT 2° indicates 
the % of reads that were still WT (unedited) on day 7 in the validation experiment. 2° WT depletion indicates the average 
change in the abundance of the WT allele from day 7 to day 21 in the Venetoclax-treated arm of the validation experiment.
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YaOLdaWLRQ UaWH WKaQ WKRVH IURP WKH BRCA1 VcUHHQV LV OLNHO\ bHcaXVH WKH IRUPHU LV a SRVLWLYH
VHOHcWLRQ VcUHHQ, ZKLcK SUHVHQWV IHZHU RSSRUWXQLWLHV IRU RII-WaUJHW acWLYLW\ WR VcRUH aV IaOVH
SRVLWLYHV.

WH QH[W H[aPLQHd WKH HQULcKPHQW RI VSHcLILc aOOHOHV WR dHWHUPLQH WKH caXVaO UHVLVWaQcH
PXWaWLRQ(V). FRU VJ20 ZH RbVHUYHd VRPH C>T HdLWLQJ ZLWK CBE aW SRVLWLRQV 5, 8, aQd 10 RQ da\
7, bXW VaZ VWURQJ HQULcKPHQW IRU WKH D103E PXWaWLRQ caXVHd b\ a C>A WUaQVYHUVLRQ aW SRVLWLRQ
5 (Supplementary Figure 7d). IQ WKLV caVH, aOO PLVVHQVH PXWaWLRQV ZHUH WKH UHVXOW RI
RXW-RI-ZLQdRZ HdLWV RU WUaQVYHUVLRQV, KLJKOLJKWLQJ WKH QHcHVVLW\ IRU dLUHcW VHTXHQcLQJ RI WKH
HdLWHd ORcXV. WKHQ SaLUHd ZLWK ABE, VJ20 OHd WR KLJK OHYHOV RI HdLWLQJ aW A4, UHVXOWLQJ LQ VWURQJ
HQULcKPHQW IRU WKH D103G aOOHOH, ZKLcK OLNHO\ dLVUXSWV WKH ⍺2 KHOL[ (Fig 7d, e, f). WKHQ ZH
H[aPLQHd VJ21 ZLWK CBE, ZH aOVR VaZ HQULcKPHQW IRU PLVVHQVH PXWaWLRQV aW D103; VXbVWLWXWLRQ
IRU aQ aVSaUaJLQH (D103N) ZaV PRVW IaYRUHd XSRQ VHQHWRcOa[ WUHaWPHQW, bXW ZH aOVR RbVHUYHd
HQULcKPHQW RI WKH D103Y aOOHOH, aV ZHOO aV WKH dXaO UHSOacHPHQW RI aVSaUWLc acLdV aW 102 aQd
103 ZLWK aVSaUaJLQH (Supplementary Figure 7e). TKH D103 UHVLdXH IaOOV ZLWKLQ WKH P4 SRcNHW
aQd LV NQRZQ WR bH LPSRUWaQW IRU K\dURJHQ bLQdLQJ bHWZHHQ WKH a]aLQdROH PRLHW\ RI VHQHWRcOa[
aQd BCL248. BRWK D103E aQd D103Y KaYH bHHQ SUHYLRXVO\ UHcRUdHd LQ SaWLHQW VaPSOHV bHaULQJ
WKH G101V PXWaWLRQ48,50, aQd BORPbHU\ aQd cROOHaJXHV KaYH IXUWKHU VKRZQ WKaW D103E
PXWaJHQHVLV caXVHV WKH P4-bLQdLQJ SRcNHW WR PRUH cORVHO\ UHVHPbOH WKaW RI BCL-XL, ZKLcK LV
QRW LQKLbLWHd b\ VHQHWRcOa[. WKHQ VcUHHQHd ZLWK ABE, VJ21 SUHdRPLQaQWO\ HQULcKHd IRU WKH
F104L PXWaWLRQ WKaW KaV bHHQ VKRZQ WR LQcUHaVH WKH P2-bLQdLQJ SRcNHW YROXPH51 aQd OLNHO\
dLVUXSWV a K\dURJHQ bRQd bHWZHHQ VHQHWRcOa[ aQd WKH VLdH cKaLQ RI F104 (Fig 7g, h,
Supplementary Figure 7f). FRU VJ19 ZH VaZ C>T HdLWLQJ aW SRVLWLRQV 5, 7, 8, aQd 9, ZKLcK
LQWURdXcHV aQ S105F PLVVHQVH PXWaWLRQ LQ 94.5% RI HdLWHd aOOHOHV aW WKH HaUO\ WLPH SRLQW
(Supplementary Figure 7g). IQ aOO caVHV WKLV PXWaQW HQULcKHd dXULQJ WUHaWPHQW ZLWK VHQHWRcOa[,
aQd dXaO HdLWLQJ RI S105F aQd R106C HQULcKHd IXUWKHU VWLOO (Fig 7i, j). IQWHUHVWLQJO\, WKH VWURQJHVW
LFC ZaV VHHQ ZLWK a UaUH LQ-IUaPH dHOHWLRQ WKaW UHPRYHV R106.

WKLOH WKH SUHcHdLQJ WKUHH VJRNAV LQWURdXcHd HdLWV aW SRVLWLRQV 102-106, ZKLcK aUH ORcaWHd LQ
WKH ⍺2 KHOL[, ZH aOVR VaZ HdLWV RQ WKH ⍺5 KHOL[ aQd WKH QRQ-cRUH ⍺6 KHOL[ HQULcK LQ WKH SULPaU\
VcUHHQ. WLWK VJ22 ZH RbVHUYHd WKH LQWURdXcWLRQ RI VHYHUaO UHVLVWaQcH-caXVLQJ PLVVHQVH
PXWaWLRQV aW SRVLWLRQV 148-152. WKHQ VcUHHQHd ZLWK CBE, aQ A149T PXWaWLRQ ZaV RbVHUYHd LQ
94.2% RI aOO HdLWHd aOOHOHV RQ da\ 7 (Supplementary Figure 7h), ZKLcK aORQH ZaV abOH WR
cRQIHU UHVLVWaQcH, bXW ZKHQ A149T RccXUUHd LQ cRPbLQaWLRQ ZLWK V148I ZH VaZ IXUWKHU
HQULcKPHQW (Fig 7k, l). WKHQ VJ22 ZaV VcUHHQHd ZLWK ABE, ZH VaZ A>G HdLWLQJ aW SRVLWLRQV 3,
4, 9 aQd 10, OHadLQJ WR WKH LQWURdXcWLRQ RI a V148A HdLW LQ aOO HdLWHd aOOHOHV. WKLOH WKLV HdLW aORQH
ZaV VXIILcLHQW WR caXVH VHQHWRcOa[ UHVLVWaQcH, ZH aOVR RbVHUYHd VHcRQdaU\ HdLWV aW SRVLWLRQ
F150 (WR L aQd P) ZKLcK HQULcKHd dXULQJ dUXJ WUHaWPHQW (Supplementary Figure 7i).

TKH ILQaO VJRNA WKaW ZH YaOLdaWHd (VJ23) ZaV SUHdLcWHd WR HdLW aW SRVLWLRQ L169. WLWK CBE,
VJ23 ZaV SUHdLcWHd WR PaNH a VLOHQW HdLW, WKRXJK ZH dLd RbVHUYH ORZ OHYHOV RI HdLWLQJ LQ a OaUJH
ZLQdRZ (C0-C18) UHVXOWLQJ LQ QRQ-UHVLVWaQW PLVVHQVH HdLWV aW SRVLWLRQV V170 aQd D171. WLWK
ABE aOO HdLWHd aOOHOHV caUULHd WKH L169P PLVVHQVH PXWaWLRQ (Supplementary Figure 7j).
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IQWHUHVWLQJO\, WKLV HdLW RQO\ HQULcKHd ZKHQ V170A PXWaJHQHVLV ZaV RbVHUYHd LQ WaQdHP (Fig
7m). TKLV UHVLVWaQcH PHcKaQLVP LV SaUWLcXOaUO\ LQWHUHVWLQJ, bHcaXVH aPLQR acLdV 169 aQd 170
aUH ORcaWHd RQ WKH IaU VLdH RI WKH SURWHLQ RQ WKH ⍺6 KHOL[ aQd dR QRW cRPH LQ dLUHcW cRQWacW ZLWK
VHQHWRcOa[. MaSSLQJ RI WKHVH PXWaWLRQV RQWR WKH cU\VWaO VWUXcWXUH RI BCL2 VKRZV WKH SRWHQWLaO
RI a OaUJHU VWUXcWXUaO LPSacW, ZKHUHb\ VXbVWLWXWLRQ ZLWK WZR VLJQLILcaQWO\ VPaOOHU VLdH cKaLQV RQ
WKH LQQHU IacH RI WKH KHOL[ cUHaWHV YacaWHd VSacH ZKLcK Pa\ WKHQ bH cRPSHQVaWHd IRU b\
addLWLRQaO cRQIRUPaWLRQaO cKaQJHV LQ WKH SURWHLQ (Fig 7n). A ILQaO VXPPaU\ RI WKH SHUIRUPaQcH
RI VJ19-23 LQ bRWK WKH SULPaU\ aQd VHcRQdaU\ VcUHHQV LV SURYLdHd (Supplementary Figure 7k).

B\ OHYHUaJLQJ PAM-IOH[LbOH CaV9-NG, aQd bRWK A-G aQd C-T baVH HdLWRUV, ZH ZHUH abOH WR
dHQVHO\ WLOH BCL2 aQd LdHQWLI\ QXcOHRWLdH VXbVWLWXWLRQV WKaW cRQIHU UHVLVWaQcH WR VHQHWRcOa[.
AQaO\VLV RI WKH HdLWHd VHTXHQcHV RbWaLQHd IURP VHQHWRcOa[-WUHaWHd VaPSOHV cRQILUPHd WKUHH
SUHYLRXVO\-dRcXPHQWHd PXWaWLRQV (F104L, D103E, D103Y), aQd UHYHaOHd VHYHUaO UHVLVWaQW
PXWaWLRQV WKaW, WR RXU NQRZOHdJH, KaYH QRW bHHQ UHSRUWHd. TKLV VcUHHQ dHPRQVWUaWHV WKH SRZHU
RI WLOLQJ baVH HdLWLQJ VcUHHQV LQ a SRVLWLYH VHOHcWLRQ VHWWLQJ, aQd LdHQWLILHV a cRQdHQVHd UHJLRQ RI
BCL2 (100-175) KaUbRULQJ PaQ\ UHVLVWaQcH PXWaWLRQV, ZKLcK Pa\ bH RI SaUWLcXOaU LQWHUHVW IRU
addLWLRQaO H[SHULPHQWV ZLWK PRUH H[KaXVWLYH IRUPV RI PXWaJHQHVLV.

DISCUSSION

WH KaYH HVWabOLVKHd a SLSHOLQH WKaW aOORZV IRU WKH SURILOLQJ RI QHZ CaV YaULaQWV aQd aSSOLHd LW WR
KLJK-ILdHOLW\ YaULaQWV JHQHUaWHd WR PLWLJaWH RII-WaUJHW HIIHcWV aV ZHOO aV PAM-IOH[LbOH YaULaQWV WKaW
LQcUHaVH WKH WaUJHWLQJ UaQJH RI CaV9. WLWK UHVSHcW WR WKH IRUPHU, ZH ILQd WKaW WT-CaV9 LV VWLOO
WKH bHVW RSWLRQ IRU PRVW VcUHHQLQJ aSSOLcaWLRQV bHcaXVH LW dRHV QRW UHTXLUH WKH XVH RI G19
JXLdHV, aQd WKXV WKHUH aUH aSSUR[LPaWHO\ IRXU-IROd PRUH JXLdHV aYaLOabOH. HRZHYHU, LI RII-WaUJHW
HIIHcWV aUH RI a SaUWLcXOaU cRQcHUQ, WKHQ HCaV9-1.1 LV WKH bHVW RSWLRQ RI WKRVH WHVWHd KHUH. IW KaV
UHcHQWO\ bHHQ VKRZQ WKaW VR-caOOHd ³BOacNMacN PXWaWLRQV´ LPSURYH WKH RQ-WaUJHW acWLYLW\ RI WKHVH
KLJK ILdHOLW\ YaULaQWV ZLWK 5¶G H[WHQdHd VJRNAV28, aQd RQH VXcK QXcOHaVH, HSSCaV9-SOXV cRXOd
bH XVHIXO LQ PLWLJaWLQJ RII-WaUJHW HIIHcWV ZLWKRXW cRPSURPLVLQJ JXLdH VHOHcWLRQ RSWLRQV.
IPSRUWaQWO\, KHUH ZH bHQcKPaUN WKHVH YaULaQWV LQ WKH cRQWH[W RI JHQHWLc VcUHHQV LQ ZKLcK bRWK
WKH CaV9 aQd JXLdH aUH dHOLYHUHd YLa OHQWLYLUXV, aQd WKXV PXVW cRPSOH[ WRJHWKHU LQWUacHOOXOaUO\.
IQ caVHV ZKHUH WKH CaV9 SURWHLQ LV cRPSOH[Hd ZLWK WKH JXLdH LQ YLWUR, L.H. RNP dHOLYHU\, WKH
bLQdLQJ cRQdLWLRQV aUH H[WUaRUdLQaULO\ PRUH IaYRUabOH, ZKLcK Pa\ SUHYHQW PXcK RI WKH RQ-WaUJHW
acWLYLW\ ORVV RbVHUYHd LQ RXU bHQcKPaUNLQJ IRU KLJK-ILdHOLW\ YaULaQWV WKaW KaYH SHUIRUPHd ZHOO
ZKHQ dHOLYHUHd aV aQ RNP.

WH aOVR VcUHHQHd ILYH PAM-IOH[LbOH YaULaQWV, WZR RI ZKLcK VKRZHd SURPLVLQJ acWLYLW\ aW
QRQ-caQRQLcaO PAM VHTXHQcHV. WH dLUHcWO\ cRPSaUHd WKH RII-WaUJHW SURILOHV RI CaV9-NG aQd
SSG, aQd IRXQd WKaW WKH\ aUH QHaUO\ LQdLVWLQJXLVKabOH. GLYHQ WKaW SSG VKRZV KLJKHU acWLYLW\ aW
VHYHUaO PRUH PAM VLWHV WKaQ CaV9-NG, ZLWK a cRPSaUabOH RII-WaUJHW SURILOH, ZH UHcRPPHQd
SHUIRUPLQJ baVH HdLWLQJ VcUHHQV ZLWK WKLV HQ]\PH JRLQJ IRUZaUd. IQdHHd, dXH WR WKH UHOaWLYHO\
KLJK SUHYaOHQcH RI IaOVH-QHJaWLYHV ZLWK WKH WHcKQRORJ\, HVSHcLaOO\ LQ QHJaWLYH-VHOHcWLRQ VcUHHQV,
WKH bHQHILW RI addHd dHSWK LV ZRUWKZKLOH, HQabOLQJ WKH XVH RI PXOWLSOH XQLTXH JXLdHV WR SLQSRLQW
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UHJLRQV RI SaUWLcXOaU LQWHUHVW LQ a WaUJHW ORcXV. TKH UHcHQW dHYHORSPHQW RI a QHaUO\-PAM-OHVV
CaV9 YaULaQW26, aV ZHOO aV aSSURacKHV WR JHQHUaWH C>G HdLWV52±55, VXJJHVWV WKaW PRUH HdLWLQJ
RXWcRPHV aQd WKXV HYHQ ILQHU UHVROXWLRQ ZLOO bH SRVVLbOH IRU baVH HdLWRU VcUHHQV. GHQHUaWLQJ a
OLbUaU\ RI HYHU\ SRVVLbOH aPLQR acLd VXbVWLWXWLRQ IRU aQ HQWLUH RSHQ UHadLQJ IUaPH LV cHUWaLQO\
SRVVLbOH56±58, bXW LV aOVR H[SHQVLYH. B\ KLJKOLJKWLQJ VSHcLILc SURWHLQ UHJLRQV RI KLJK YaOXH,
dHQVHO\ WLOHd baVH HdLWLQJ VcUHHQV caQ WKXV JXLdH WKH cUHaWLRQ RI VPaOOHU, PRUH-IRcXVHd ORF
OLbUaULHV, RU SGE aSSURacKHV, WKaW aUH cRPPHQVXUaWHO\ PRUH HIILcLHQW WR VcUHHQ. TKH UHcHQW
dHPRQVWUaWLRQ RI SULPH HdLWLQJ WHcKQRORJ\ IRU IRcXVHd, VaWXUaWLQJ PXWaJHQHVLV RQ KaSORLdL]Hd
ORcL59 SURYLdHV aQRWKHU SRWHQWLaO SaWK IRU IROORZ-XS RI baVH HdLWLQJ VcUHHQV.

PRVLWLYH VHOHcWLRQ VcUHHQV aUH JHQHUaOO\ HaVLHU WR H[HcXWH ZLWK a ORZHU IaOVH SRVLWLYH UaWH
cRPSaUHd WR QHJaWLYH VHOHcWLRQ VcUHHQV60, a WUHQd cRQVLVWHQW ZLWK WKH YaOLdaWLRQ UaWH RI WKH BCL2
aQd BRCA1 VcUHHQV SUHVHQWHd KHUH, aV ZHOO aV RXU SUHYLRXVO\ VXccHVVIXO dUXJ UHVLVWaQcH
VcUHHQV IRU LQKLbLWRUV RI MCL1, BCL2L1, aQd PARP133. TKH ORZ XSIURQW cRVWV RI JHQHUaWLQJ a
SRROHd, baVH HdLWLQJ OLbUaU\, cRXSOHd ZLWK WKH VPaOO-VcaOH aQd UHOaWLYH HaVH RI H[HcXWLRQ,
VXJJHVWV WKaW VXcK VcUHHQV caQ bH XVHd WR, IRU H[aPSOH, LdHQWLI\ a UHVLVWaQcH PXWaWLRQ WKaW
KHOSV WR SURYH WKH acWXaO WaUJHW RI a OHVV-cKaUacWHUL]Hd VPaOO PROHcXOH, aV ZHOO aV JaLQ LQVLJKW
LQWR SRWHQWLaO UHVLVWaQcH PHcKaQLVPV ORQJ bHIRUH VHHLQJ ZKaW aULVHV LQ SaWLHQWV. AV cHOO OLQH
PRdHOV aUH OLNHO\ WR aOUHad\ H[LVW IRU SURbLQJ WKH acWLYLW\ RI VXcK VPaOO PROHcXOHV, WKHUH aUH IHZ
baUULHUV WR LPSOHPHQWLQJ VXcK VcUHHQV HaUO\ LQ WKH dUXJ dLVcRYHU\ SURcHVV.
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COMPETING INTERESTS

JGD cRQVXOWV IRU MLcURVRIW RHVHaUcK, AJLRV, PKHQRPLc AI, Ma]H TKHUaSHXWLcV, BLRNTHcK, aQd
PIL]HU; JGD cRQVXOWV IRU aQd KaV HTXLW\ LQ TaQJR TKHUaSHXWLcV. JGD¶V LQWHUHVWV ZHUH UHYLHZHd
aQd aUH PaQaJHd b\ WKH BURad IQVWLWXWH LQ accRUdaQcH ZLWK LWV cRQIOLcW RI LQWHUHVW SROLcLHV. AOO
RWKHU aXWKRUV dHcOaUH QR cRPSHWLQJ LQWHUHVWV.

METHODS

Vectors
SRRVHWWa (AddJHQH 59700): OHQWLYLUaO cRQVWUXcW IRU H[SUHVVLRQ RI HGFP, SXURP\cLQ UHVLVWaQcH
aQd bOaVWLcLdLQ UHVLVWaQcH.

SRRVHWWa_Y2 (AddJHQH 136477): PRdLILcaWLRQ RI SRRVHWWa WR LQcOXdH a K\JURP\cLQ UHVLVWaQcH
caVVHWWH; aOVR NQRZQ aV SRDA_018.

SRDA_118 (AddJHQH 133459): U6 SURPRWHU H[SUHVVHV cXVWRPL]abOH SSCaV9 JXLdH; EF1a
SURPRWHU SURYLdHV SXURP\cLQ UHVLVWaQcH. TKLV YHcWRU LV a dHULYaWLYH RI WKH OHQWLGXLdH YHcWRU, ZLWK
a PRdLILcaWLRQ WR WKH WUacURNA WR HOLPLQaWH a UXQ RI IRXU WK\PLdLQHV.

SRDA_091: U6 SURPRWHU H[SUHVVHV cXVWRPL]abOH SSCaV9 JXLdH; EF1a SURPRWHU SURYLdHV
SXURP\cLQ UHVLVWaQcH. TKLV YHcWRU aOVR cRQWaLQV a THW3G caVVHWWH WKaW ZaV QRW XWLOL]Hd LQ WKLV
VWXd\.

AOO CaV9 YaULaQWV KaYH: EF1a H[SUHVVHV CaV9; T2A VLWH SURYLdHV bOaVWLcLdLQ UHVLVWaQcH aQd P2A
VLWH SURYLdHV PKaWH2. TKH CaV9 YaULaQWV ZHUH JHQHUaWHd b\ LQWURdXcLQJ WKH SRLQW PXWaWLRQV
(GHQVcULSW) dHVcULbHd LQ WKH RULJLQaO SXbOLcaWLRQV.

SRDA_085 (AddJHQH 158583): WT-CaV9.
SRDA_151 (AddJHQH TBD) : CaV9-HF19. PRLQW PXWaWLRQV: N497A/ R661A/ Q695A/ Q926A
SRDA_152 (AddJHQH TBD) : HCaV9-1.111. PRLQW PXWaWLRQV: K848A/ K1003A/ R1060A
SRDA_153 (AddJHQH TBD) : HYRCaV913. PRLQW PXWaWLRQV: M495V/ Y515N/ K526E/ R661Q
SRDA_154 (AddJHQH TBD) : [CaV9-3.723. PRLQW PXWaWLRQV: A262T/ R324L/ S409I/ E480K/
E543D/ M694I/ E1219V
SRDA_155 (AddJHQH TBD) : CaV9-VQR21. PRLQW PXWaWLRQV: D1135V /R1335Q/ T1337R
SRDA_156 (AddJHQH TBD) : CaV9-VRER21. PRLQW PXWaWLRQV: D1135V /G1218R/ R1335E/
T1337R
SRDA_157 (AddJHQH TBD) : H\SaCaV910. PRLQW PXWaWLRQV: N692A/ M694A/ Q695A/ H698A
SRDA_275 (AddJHQH TBD) : CaV9-NG22. PRLQW PXWaWLRQV: L1111R/ D1135V/ G1218R/ E1219F/
A1322R/ R1335V/ T1337R
SRDA_381 (AddJHQH TBD) : HLFL CaV912. PRLQW PXWaWLRQV: R691A
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SRDA_449 (AddJHQH TBD) : SSG26. PRLQW PXWaWLRQV: D1135L/ S1136W/ G1218K/ E1219Q/
R1335Q/ T1337R

AOO baVH HdLWRU cRQVWUXcWV KaYH: U6 SURPRWHU H[SUHVVHV cXVWRPL]abOH JXLdH RNA ZLWK a 10[
JXLdH caSWXUH VHTXHQcH aW WKH 3¶ HQd RI WKH WUacURNA WR IacLOLWaWH IXWXUH XVH ZLWK dLUHcW caSWXUH
VLQJOH cHOO RNA VHTXHQcLQJ61; cRUH EF1a (EFS) H[SUHVVHV cRdRQ-RSWLPL]Hd ABE RU CBE, aQd
2A VLWH SURYLdHV SXURP\cLQ UHVLVWaQcH. NRWH WKaW WKH ABE8H cRQVWUXcWV cRQWaLQ WKH V106W
PXWaWLRQ.

SRDA_256 (AddJHQH 158581): WT-BE3
SRDA_336 (AddJHQH TBD): NG-BE3
SRDA_478 (AddJHQH TBD): SSG-BE3
SRDA_426 (AddJHQH TBD): WT-ABE8H
SRDA_429 (AddJHQH TBD): NG-ABE8H
SRDA_479 (AddJHQH TBD): SSG-ABE8H

Cell lines and culture
A375, MOLM13 aQd MELJUSO cHOOV ZHUH RbWaLQHd IURP CaQcHU CHOO LLQH EQc\cORSHdLa aW WKH
BURad IQVWLWXWH. UQPRdLILHd HAP1 cHOOV (LWHP C631) ZHUH RbWaLQHd IURP HRUL]RQ DLVcRYHU\.
HEK293TV ZHUH RbWaLQHd IURP ATCC (CRL-3216). MOLM13 cHOOV ZHUH VHOHcWHd baVHd RQ daWa
IURP JHQRPH-ZLdH CRISPR VcUHHQV aQd caQcHU cHOO dUXJ VHQVLWLYLW\ VcUHHQV (CTD^2 aQd
GDSC) IRXQd RQ WKH CaQcHU DHSHQdHQc\ MaS PRUWaO ZKLcK LdHQWLILHd MOLM13 aV dHSHQdHQW
RQ BCL2.

AOO cHOOV UHJXOaUO\ WHVWHd QHJaWLYH IRU P\cRSOaVPa cRQWaPLQaWLRQ aQd ZHUH PaLQWaLQHd LQ WKH
abVHQcH RI aQWLbLRWLcV H[cHSW dXULQJ VcUHHQV, YaOLdaWLRQ H[SHULPHQWV, aQd OHQWLYLUXV SURdXcWLRQ,
dXULQJ ZKLcK PHdLa ZaV VXSSOHPHQWHd ZLWK 1% SHQLcLOOLQ-VWUHSWRP\cLQ. CHOOV ZHUH SaVVaJHd
HYHU\ 2-4 da\V WR PaLQWaLQ H[SRQHQWLaO JURZWK aQd ZHUH NHSW LQ a KXPLdLW\-cRQWUROOHd 37�C
LQcXbaWRU ZLWK 5.0% CO2. MHdLa cRQdLWLRQV aQd dRVHV RI SRO\bUHQH, SXURP\cLQ, bOaVWLcLdLQ, aQd
K\JURP\cLQ ZHUH aV IROORZV, XQOHVV RWKHUZLVH QRWHd:

A375: RPMI + 10% IHWaO bRYLQH VHUXP (FBS); 1 ȝJ/PL; 1 ȝJ/PL; 5 ȝJ/PL; N/A
HAP1: IMDM + 10% FBS; 4 ȝJ/PL; 2 ȝJ/PL; 5 ȝJ/PL; N/A
HEK293T: DMEM + 10% KHaW-LQacWLYaWHd FBS; N/A; N/A; N/A; N/A
MELJUSO: RPMI + 10% FBS; 4 ȝJ/PL; 1 ȝJ/PL; 4 ȝJ/PL; 100 ȝJ/PL
MOLM13: RPMI + 10% FBS; 4 ȝJ/PL; 1 ȝJ/PL; N/A; N/A

PAM-mapping library design
50 HVVHQWLaO aQd QRQ-HVVHQWLaO JHQHV ZHUH SLcNHd IURP SULRU VcUHHQV SHUIRUPHd LQ A375 aQd
HT29. BRCA1 aQd BRCA2 ZHUH aOVR LQcOXdHd WR LQcUHaVH WKH cRYHUaJH SHU PAM VHTXHQcH.
VJRNA VHTXHQcHV WLOLQJ WKH cRdLQJ VHTXHQcH RI WKH SULQcLSaO EQVHPbO WUaQVcULSW RI WKHVH JHQHV
ZHUH dHVLJQHd. FRXU QXcOHRWLdHV IROORZLQJ WKH VJRNA VHTXHQcH ZHUH UHSRUWHd aV WKH PAM
VHTXHQcH. TKH OLbUaU\ ZaV ILOWHUHd WR H[cOXdH aQ\ VJRNAV ZLWK BVPBI VLWHV RU a TTTT
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VHTXHQcH. PURPLVcXRXV JXLdHV (dHILQHd aV WKH PAM-SUR[LPaO 18PHU KaYLQJ >=5 RII-WaUJHWV ZLWK
XS WR 1 PLVPaWcK LQ WKH JHQRPH) ZHUH ILOWHUHd RXW. WH aLPHd WR SLcN 50 VJRNAV SHU PAM
VHTXHQcH IRU WKH HVVHQWLaO JHQHV, BRCA1, aQd BRCA2 aQd 25 VJRNAV SHU PAM VHTXHQcH IRU
QRQ-HVVHQWLaO JHQHV. IQ dRLQJ VR, ZH SLcNHd 10 G19, 30 J20 aQd 10 G20 VJRNAV IRU HVVHQWLaO
JHQHV aQd 5 G19, 15 J20 aQd 5 G20 VJRNAV IRU QRQ-HVVHQWLaO JHQHV.

BRCA1 base editor tiling library design
GXLdH VHTXHQcHV IRU WLOLQJ OLbUaULHV ZHUH dHVLJQHd XVLQJ VHTXHQcH aQQRWaWLRQV IURP EQVHPbO
(GRCJ38). WH XVHd EQVHPbO¶V REST API (KWWSV://UHVW.HQVHPbO.RUJ/) WR RbWaLQ WKH JHQRPLc
ORcaWLRQV RI WUaQVcULSWV, WUaQVcULSW VHTXHQcHV, aQd SURWHLQ VHTXHQcHV, aQd XVHd WKHVH WR
aQQRWaWH HacK VJRNA ZLWK LWV SUHdLcWHd HdLWV. WH LQcOXdHd aOO VJRNAV WaUJHWLQJ WKH cRdLQJ
VHTXHQcH; ZH aOVR LQcOXdHd aOO VJRNAV IRU ZKLcK WKH VWaUW ZaV XS WR 30 QXcOHRWLdHV LQWR WKH
LQWURQ aQd UTRV. WH dHVLJQHd HYHU\ SRVVLbOH JXLdH (XVLQJ aQ NNNN PAM) aJaLQVW WKH ORQJHVW
aQQRWaWHd WUaQVcULSW IRU BRCA1 (ENST00000471181, 1884 aPLQR acLdV) XVLQJ aQ HdLWLQJ
ZLQdRZ RI 4-8 QXcOHRWLdHV IRU bRWK CBE aQd ABE VcUHHQV. WH ILOWHUHd RXW JXLdHV >5 SHUIHcW
PaWcKHV LQ WKH JHQRPH. TKH OLbUaU\ ZaV ILOWHUHd WR H[cOXdH aQ\ VJRNAV ZLWK BVPBI VLWHV RU a
TTTT VHTXHQcH.

BCL2 base editor tiling library design
WH XVHd WKH EQVHPbO WUaQVcULSW ENST00000333681.5 WR dHVLJQ aOO JXLdHV WaUJHWLQJ BCL2,
UHJaUdOHVV RI PAM, aQQRWaWLQJ HdLWV baVHd RQ aQ HdLWLQJ ZLQdRZ RI 4-8; ZH aOVR LQcOXdHd aOO
VJRNAV IRU ZKLcK WKH VWaUW ZaV XS WR 29 QXcOHRWLdHV LQWR WKH LQWURQ aQd UTRV. GXLdHV ZLWK
PAMV WKaW VcRUHd aV a IUacWLRQ acWLYH � 0.1 (IURP WKH PAM WLOLQJ VcUHHQ) ZHUH ILOWHUHd RXW IRU a
WRWaO RI Q = 96 LQacWLYH PAMV LQ WKH OLbUaU\. FLQaOO\, WKH OLbUaU\ ZaV ILOWHUHd WR H[cOXdH aQ\
VJRNAV ZLWK BVPBI VLWHV RU a TTTT VHTXHQcH.

Library production
OOLJRQXcOHRWLdH SRROV ZHUH V\QWKHVL]Hd b\ CXVWRPAUUa\. BVPBI UHcRJQLWLRQ VLWHV ZHUH
aSSHQdHd WR HacK VJRNA VHTXHQcH aORQJ ZLWK WKH aSSURSULaWH RYHUKaQJ VHTXHQcHV (bROd LWaOLc)
IRU cORQLQJ LQWR WKH VJRNA H[SUHVVLRQ SOaVPLdV, aV ZHOO aV SULPHU VLWHV WR aOORZ dLIIHUHQWLaO
aPSOLILcaWLRQ RI VXbVHWV IURP WKH VaPH V\QWKHVLV SRRO. TKH ILQaO ROLJRQXcOHRWLdH VHTXHQcH ZaV
WKXV: 5ƍ-[FRUZaUd PULPHU]CGTCTCACACCG[VJRNA, 20 QW]G777CGAGACG[RHYHUVH PULPHU].

PULPHUV ZHUH XVHd WR aPSOLI\ LQdLYLdXaO VXbSRROV XVLQJ 25 ȝL 2[ NEBQH[W PCR PaVWHU PL[
(NHZ EQJOaQd BLROabV), 2 ȝL RI ROLJRQXcOHRWLdH SRRO (a40 QJ), 5 ȝL RI SULPHU PL[ aW a ILQaO
cRQcHQWUaWLRQ RI 0.5 ȝM, aQd 18 ȝL ZaWHU. PCR c\cOLQJ cRQdLWLRQV: (1) 98�C IRU 30 VHcRQdV; (2)
53�C IRU 30 VHcRQdV; (3) 72�C IRU 30 VHcRQdV; (4) JR WR (1), [ 24.

IQ caVHV ZKHUH a OLbUaU\ ZaV dLYLdHd LQWR VXbVHWV, XQLTXH SULPHUV cRXOd bH XVHd IRU
aPSOLILcaWLRQ:

PULPHU SHW; FRUZaUd PULPHU, 5ƍ ± 3ƍ; RHYHUVH PULPHU, 5ƍ ± 3ƍ
1; AGGCACTTGCTCGTACGACG; ATGTGGGCCCGGCACCTTAA
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2; GTGTAACCCGTAGGGCACCT; GTCGAGAGCAGTCCTTCGAC
3; CAGCGCCAATGGGCTTTCGA; AGCCGCTTAAGAGCCTGTCG
4; CTACAGGTACCGGTCCTGAG; GTACCTAGCGTGACGATCCG
5; CATGTTGCCCTGAGGCACAG; CCGTTAGGTCCCGAAAGGCT
6; GGTCGTCGCATCACAATGCG; TCTCGAGCGCCAATGTGACG

TKH UHVXOWLQJ aPSOLcRQV ZHUH PCR-SXULILHd (QLaJHQ) aQd cORQHd LQWR WKH OLbUaU\ YHcWRU YLa
GROdHQ GaWH cORQLQJ ZLWK EVS3I (FLVKHU ScLHQWLILc) aQd T7 OLJaVH (ESL]\PH); WKH OLbUaU\ YHcWRU
ZaV SUH-dLJHVWHd ZLWK BVPBI (NHZ EQJOaQd BLROabV). TKH OLJaWLRQ SURdXcW ZaV LVRSURSaQRO
SUHcLSLWaWHd aQd HOHcWURSRUaWHd LQWR SWbO4 HOHcWURcRPSHWHQW cHOOV (IQYLWURJHQ) aQd JURZQ aW 30
�C IRU 16 K RQ aJaU ZLWK 100 ȝJ/PL caUbHQLcLOOLQ. CRORQLHV ZHUH VcUaSHd aQd SOaVPLd DNA
(SDNA) ZaV SUHSaUHd (HLSSHHd POaVPLd Ma[L, QLaJHQ). TR cRQILUP OLbUaU\ UHSUHVHQWaWLRQ aQd
dLVWULbXWLRQ, WKH SDNA ZaV VHTXHQcHd.

Lentivirus production
FRU VPaOO-VcaOH YLUXV SURdXcWLRQ, WKH IROORZLQJ SURcHdXUH ZaV XVHd: 24 K bHIRUH WUaQVIHcWLRQ,
HEK293T cHOOV ZHUH VHHdHd LQ 6-ZHOO dLVKHV aW a dHQVLW\ RI 1.5 î 106 cHOOV SHU ZHOO LQ 2 PL RI
DMEM + 10% KHaW-LQacWLYaWHd FBS. TUaQVIHcWLRQ ZaV SHUIRUPHd XVLQJ TUaQVIT-LT1 (MLUXV)
WUaQVIHcWLRQ UHaJHQW accRUdLQJ WR WKH PaQXIacWXUHU¶V SURWRcRO. BULHIO\, RQH VROXWLRQ RI OSWL-MEM
(CRUQLQJ, 66.75 ȝL) aQd LT1 (8.25 ȝL) ZaV cRPbLQHd ZLWK a DNA PL[WXUH RI WKH SacNaJLQJ
SOaVPLd SCMV_VSVG (AddJHQH 8454, 250 QJ), SVPAX2 (AddJHQH 12260, 1250 QJ)62, aQd WKH
WUaQVIHU YHcWRU (H.J., SLHQWLGXLdH, 1250 QJ). TKH VROXWLRQV ZHUH LQcXbaWHd aW URRP WHPSHUaWXUH
IRU 20±30 PLQ, dXULQJ ZKLcK WLPH PHdLa ZaV cKaQJHd RQ WKH HEK293T cHOOV. AIWHU WKLV
LQcXbaWLRQ, WKH WUaQVIHcWLRQ PL[WXUH ZaV addHd dURSZLVH WR WKH VXUIacH RI WKH HEK293T cHOOV,
aQd WKH SOaWHV ZHUH cHQWULIXJHd aW 1000 J IRU 30 PLQ aW URRP WHPSHUaWXUH. FROORZLQJ
cHQWULIXJaWLRQ, SOaWHV ZHUH WUaQVIHUUHd WR a 37�C LQcXbaWRU IRU 6±8 K, aIWHU ZKLcK WKH PHdLa ZaV
UHPRYHd aQd UHSOacHd ZLWK DMEM +10% FBS PHdLa VXSSOHPHQWHd ZLWK 1% BSA. VLUXV ZaV
KaUYHVWHd 36 K aIWHU WKLV PHdLa cKaQJH.

A OaUJHU-VcaOH SURcHdXUH ZaV XVHd IRU SRROHd OLbUaU\ SURdXcWLRQ. 24 K bHIRUH WUaQVIHcWLRQ, 18 î
106 HEK293T cHOOV ZHUH VHHdHd LQ a 175 cP2 WLVVXH cXOWXUH IOaVN aQd WKH WUaQVIHcWLRQ ZaV
SHUIRUPHd WKH VaPH aV IRU VPaOO-VcaOH SURdXcWLRQ XVLQJ 6 PL RI OSWL-MEM, 305 ȝL RI LT1, aQd
a DNA PL[WXUH RI SCMV_VSVG (5 ȝJ), SVPAX2 (50 ȝJ), aQd 40 ȝJ RI WKH WUaQVIHU YHcWRU. FOaVNV
ZHUH WUaQVIHUUHd WR a 37�C LQcXbaWRU IRU 6±8 K; aIWHU WKLV, WKH PHdLa ZaV aVSLUaWHd aQd UHSOacHd
ZLWK BSA-VXSSOHPHQWHd PHdLa. VLUXV ZaV KaUYHVWHd 36 K aIWHU WKLV PHdLa cKaQJH.

Determination of antibiotic dose
IQ RUdHU WR dHWHUPLQH aQ aSSURSULaWH aQWLbLRWLc dRVH IRU HacK cHOO OLQH, cHOOV ZHUH WUaQVdXcHd ZLWK
WKH SRRVHWWa RU SRRVHWWa_Y2 OHQWLYLUXV VXcK WKaW aSSUR[LPaWHO\ 30% RI cHOOV ZHUH WUaQVdXcHd
aQd WKHUHIRUH EGFP+. AW OHaVW 1 da\ SRVW-WUaQVdXcWLRQ, cHOOV ZHUH VHHdHd LQWR 6-ZHOO dLVKHV aW a
UaQJH RI aQWLbLRWLc dRVHV (H.J. IURP 0 ȝJ/PL WR 8 ȝJ/PL RI SXURP\cLQ). TKH UaWH RI aQWLbLRWLc
VHOHcWLRQ aW HacK dRVH ZaV WKHQ PRQLWRUHd b\ SHUIRUPLQJ IORZ c\WRPHWU\ IRU EGFP+ cHOOV. FRU
HacK cHOO OLQH, WKH aQWLbLRWLc dRVH ZaV cKRVHQ WR bH WKH ORZHVW dRVH WKaW OHd WR aW OHaVW 95%
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EGFP+ cHOOV aIWHU aQWLbLRWLc WUHaWPHQW IRU 7 da\V (IRU SXURP\cLQ) RU 14 da\V (IRU bOaVWLcLdLQ aQd
K\JURP\cLQ).

Small molecule doses in pooled screens
FRU BRCA1 VcUHHQV LQ MELJUSO cHOOV, cLVSOaWLQ (BLRVLVLRQ, 1550) ZaV dLOXWHd LQ 0.9% NaCO
aQd ZaV VcUHHQHd aW 1 ȝM. FRU BCL2 VcUHHQV LQ MOLM13 cHOOV, VHQHWRcOa[ (SHOOHcNcKHP,
S8048) ZaV dLOXWHd LQ DMSO aQd ZaV VcUHHQHd aW 62.5 QM.

Determination of lentiviral titer
TR dHWHUPLQH OHQWLYLUaO WLWHU IRU WUaQVdXcWLRQV, cHOO OLQHV ZHUH WUaQVdXcHd LQ 12-ZHOO SOaWHV ZLWK a
UaQJH RI YLUXV YROXPHV (H.J. 0, 150, 300, 500, aQd 800 ȝL YLUXV) ZLWK 1 WR 3 î 106 cHOOV SHU ZHOO LQ
WKH SUHVHQcH RI SRO\bUHQH. TKH SOaWHV ZHUH cHQWULIXJHd aW 640 [ J IRU 2 K aQd ZHUH WKHQ
WUaQVIHUUHd WR a 37�C LQcXbaWRU IRU 4±6 K. EacK ZHOO ZaV WKHQ WU\SVLQL]Hd, aQd aQ HTXaO QXPbHU
RI cHOOV VHHdHd LQWR HacK RI WZR ZHOOV RI a 6-ZHOO dLVK. TZR da\V SRVW-WUaQVdXcWLRQ, SXURP\cLQ
ZaV addHd WR RQH ZHOO RXW RI WKH SaLU. AIWHU 5 da\V, bRWK ZHOOV ZHUH cRXQWHd IRU YLabLOLW\. A YLUaO
dRVH UHVXOWLQJ LQ 30±50% WUaQVdXcWLRQ HIILcLHQc\, cRUUHVSRQdLQJ WR aQ MOI RI a0.35±0.70, ZaV
XVHd IRU VXbVHTXHQW OLbUaU\ VcUHHQLQJ.

Derivation of stable cell lines
IQ RUdHU WR HVWabOLVK CaV9 YaULaQW H[SUHVVLQJ cHOO OLQHV IRU VcUHHQV ZLWK WKH PAM-PaSSLQJ WLOLQJ
OLbUaU\ aQd bRWK RII-WaUJHW OLbUaULHV, A375 cHOOV ZHUH WUaQVdXcHd ZLWK HLWKHU SRDA_085,
SRDA_151-157, SRDA_275, SRDA_381 RU SRDA_449 aQd VXccHVVIXOO\ WUaQVdXcHd cHOOV ZHUH
VHOHcWHd ZLWK bOaVWLcLdLQ IRU a PLQLPXP RI 2 ZHHNV. CHOOV ZHUH WaNHQ RII bOaVWLcLdLQ aW OHaVW RQH
SaVVaJH bHIRUH WUaQVdXcWLRQ ZLWK OLbUaULHV.

Pooled screens
FRU SRROHd VcUHHQV, cHOOV ZHUH WUaQVdXcHd LQ 2-3 bLRORJLcaO UHSOLcaWHV ZLWK WKH OHQWLYLUaO OLbUaU\.
TUaQVdXcWLRQV ZHUH SHUIRUPHd aW a ORZ PXOWLSOLcLW\ RI LQIHcWLRQ (MOI a0.5), XVLQJ HQRXJK cHOOV WR
acKLHYH a UHSUHVHQWaWLRQ RI aW OHaVW 500 WUaQVdXcHd cHOOV SHU VJRNA aVVXPLQJ a 20-40%
WUaQVdXcWLRQ HIILcLHQc\. FRU WKH CRISPRNR VcUHHQV, cHOOV ZHUH SOaWHd LQ SRO\bUHQH-cRQWaLQLQJ
PHdLa ZLWK 3 [ 106 cHOOV SHU ZHOO LQ a 12-ZHOO SOaWH. BHcaXVH WKH WLWHU RI aOO-LQ-RQH baVH HdLWRU
YLUXVHV ZaV ORZ, cHOOV ZHUH SOaWHd LQ SRO\bUHQH-cRQWaLQLQJ PHdLa ZLWK 1.5 [ 106 cHOOV SHU ZHOO LQ
a 12-ZHOO SOaWH. POaWHV ZHUH cHQWULIXJHd IRU 2 KRXUV aW 640 [ J, aIWHU ZKLcK 2 PL RI PHdLa ZaV
addHd WR HacK ZHOO. POaWHV ZHUH WKHQ WUaQVIHUUHd WR aQ LQcXbaWRU IRU 4-6 KRXUV, aIWHU ZKLcK
YLUXV-cRQWaLQLQJ PHdLa ZaV UHPRYHd aQd cHOOV ZHUH SRROHd LQWR IOaVNV. PXURP\cLQ ZaV addHd 2
da\V SRVW-WUaQVdXcWLRQ aQd PaLQWaLQHd IRU 5-7 da\V WR HQVXUH cRPSOHWH UHPRYaO RI
QRQ-WUaQVdXcHd cHOOV. USRQ SXURP\cLQ UHPRYaO, cHOOV ZHUH VSOLW WR aQ\ dUXJ aUPV (HacK aW a
UHSUHVHQWaWLRQ RI aW OHaVW 1,000 cHOOV SHU VJRNA) aQd SaVVaJHd HYHU\ 2-4 da\V IRU aQ addLWLRQaO
2 ZHHNV WR aOORZ VJRNAV WR HQULcK RU dHSOHWH; cHOO cRXQWV ZHUH WaNHQ aW HacK SaVVaJH WR
PRQLWRU JURZWK.

Genomic DNA isolation and sequencing
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GHQRPLc DNA (JDNA) ZaV LVROaWHd XVLQJ WKH KLQJFLVKHU FOH[ PXULILcaWLRQ S\VWHP ZLWK WKH
MaJ-BLQd� BORRd & TLVVXH DNA HDQ KLW (OPHJa BLR-THN). TKH JDNA cRQcHQWUaWLRQV ZHUH
TXaQWLWaWHd b\ QXbLW. FRU VaPSOHV ZKHUH JHQRPLc DNA ZaV OLPLWLQJ, JDNA ZaV SXULILHd SULRU WR
PCR XVLQJ WKH Z\PR OQHSWHS PCR IQKLbLWRU RHPRYaO KLW (Z\PR), SHU WKH PaQXIacWXUHU¶V
LQVWUXcWLRQV.

FRU PCR aPSOLILcaWLRQ, JDNA ZaV dLYLdHd LQWR 100ௗȝL UHacWLRQV VXcK WKaW HacK ZHOO Kad aW PRVW
10ௗȝJ RI JDNA. POaVPLd DNA (SDNA) ZaV aOVR LQcOXdHd aW a Pa[LPXP RI 100 SJ SHU ZHOO. PHU
96-ZHOO SOaWH, a PaVWHU PL[ cRQVLVWHd RI 150ௗȝL DNA PRO\PHUaVH (TLWaQLXP TaT; TaNaUa), 1 PL
RI 10[ bXIIHU, 800ௗȝL RI dNTPV (TaNaUa), 50ௗȝL RI P5 VWaJJHU SULPHU PL[ (VWRcN aW 100ௗȝM
cRQcHQWUaWLRQ), 500 ȝL RI DMSO (LI XVHd), aQd ZaWHU WR bULQJ WKH ILQaO YROXPH WR 4 PL. EacK ZHOO
cRQVLVWHd RI 50ௗȝL JDNA aQd ZaWHU, 40ௗȝL PCR PaVWHU PL[, aQd 10ௗȝL RI a XQLTXHO\ baUcRdHd
P7 SULPHU (VWRcN aW 5ௗȝM cRQcHQWUaWLRQ). PCR c\cOLQJ cRQdLWLRQV ZHUH aV IROORZV: (1) 95�C IRU 1
PLQXWH; (2) 94�C IRU 30 VHcRQdV; (3) 52.5�C IRU 30 VHcRQdV; (4) 72�C IRU 30 VHcRQdV; (5) JR WR
(2), [ 27; (6) 72�C IRU 10 PLQXWHV. PCR SULPHUV ZHUH V\QWKHVL]Hd aW IQWHJUaWHd DNA
THcKQRORJLHV (IDT). PCR SURdXcWV ZHUH SXULILHd ZLWK AJHQcRXUW AMPXUH XP SPRI bHadV
accRUdLQJ WR PaQXIacWXUHU¶V LQVWUXcWLRQV (BHcNPaQ CRXOWHU, A63880), XVLQJ a 1:1 UaWLR RI bHadV
WR PCR SURdXcW. SaPSOHV ZHUH VHTXHQcHd RQ a HLSHT2500 HLJKOXWSXW (IOOXPLQa) ZLWK a 5%
VSLNH-LQ RI PKLX.

Validation experiments
FRU YaOLdaWLRQ H[SHULPHQWV LQ ZKLcK WKH WaUJHW VLWH ZaV dLUHcWO\ VHTXHQcHd, LQdLYLdXaO VJRNAV
ZHUH cORQHd LQWR HLWKHU SRDA_336 (NG-CBE) RU SRDA_429 (NG-ABE) aQd PadH LQWR OHQWLYLUXV
aV dHVcULbHd abRYH. AW OHaVW 1.5 [ 106 cHOOV ZHUH WUaQVdXcHd LQ dXSOLcaWH ZLWK a YLUXV YROXPH WR
RbWaLQ a30-50% WUaQVdXcWLRQ HIILcLHQc\ aQd ZHUH VHOHcWHd ZLWK SXURP\cLQ IRU 5-7 da\V WR
UHPRYH XQWUaQVdXcHd cHOOV; SXURP\cLQ dRVHV ZHUH aV dHVcULbHd abRYH. AIWHU SXURP\cLQ
VHOHcWLRQ ZaV UHPRYHd, cHOOV ZHUH VSOLW LQWR aQ\ dUXJ aUPV aQd cXOWXUHd IRU aQ addLWLRQaO 14
da\V. CHOO SHOOHWV ZHUH cROOHcWHd RQ da\V 7, 14, aQd 21 (BCL2) RU 8, 14, aQd 21 (BRCA1).

GHQRPLc DNA ZaV LVROaWHd XVLQJ HLWKHU WKH KLQJILVKHU aV dHVcULbHd abRYH, RU cHOOV ZHUH O\VHd
LQ 96-ZHOO SOaWHV XVLQJ 25 �L SHU ZHOO RI LXcLJHQ QXLcNE[WUacW DNA E[WUacWLRQ SROXWLRQ
(QE0905T). BULHIO\, 25XL RI O\VLV bXIIHU ZaV addHd WR HacK ZHOO, SOaWH ZaV VHaOHd aQd YRUWH[Hd,
WKHQ KHaWHd aW 65�C IRU 15 PLQXWHV, KHaWHd aW 95�C IRU 5 PLQXWHV aQd WKHQ VWRUHd aW -20�C.
TaUJHW VLWHV ZHUH aPSOLILHd XVLQJ a 2-VWHS PCR. FRU WKH VaPSOHV LQ ZKLcK JDNA ZaV LVROaWHd
XVLQJ WKH KLQJILVKHU, LQ WKH ILUVW URXQd RI PCR, JHQRPLc DNA ZaV aPSOLILHd XVLQJ cXVWRP
SULPHUV dHVLJQHd WR aPSOLI\ HacK WaUJHW VLWH (VHH Supplementary Data 8). EacK ZHOO cRQWaLQHd
50 �L RI NEBNH[W HLJK FLdHOLW\ 2X PCR MaVWHU ML[ (NHZ EQJOaQd BLROabV), 0.5 �L RI HacK
SULPHU aW 100 �M, aQd 49 �L RI JDNA. WH XVHd a WRXcKdRZQ PCR ZLWK WKH IROORZLQJ c\cOLQJ
cRQdLWLRQV: (1) 98ÛC IRU 1 PLQXWH; (2) 98ÛC IRU 30 VHcRQdV; (3) 68ÛC IRU 30 VHcRQdV (- 1Û SHU
c\cOH); (4) 72ÛC IRU 1 PLQXWH; (5) GR WR VWHS 2, [ 15; (6) 72ÛC IRU 10 PLQXWHV. FRU VaPSOHV
VXbMHcWHd WR WKH 96-ZHOO SOaWH O\VLV, LQ WKH ILUVW VWHS, WKH PaVWHU PL[ IRU HacK 96-ZHOO SOaWH
cRQVLVWHd RI: 75 �L TLWaQLXP TaT SRO\PHUaVH, 500 �L 10X TLWaQLXP TaT bXIIHU, 400 �L dNTPV,
250 �L DMSO, 25 �L IRUZaUd SULPHU aW 100 �M, 25 �L UHYHUVH SULPHU aW 100 �M, aQd ZaWHU WR
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bULQJ WKH ILQaO YROXPH WR 10 PL. FRUZaUd aQd UHYHUVH SULPHUV ZHUH aV dHVcULbHd LQ
Supplementary Data 8. EacK ZHOO cRQVLVWHd RI 5 �L cUXdH O\VaWH, 25.5 �L PaVWHU PL[, aQd
ZaWHU WR 50 �L ILQaO YROXPH. PCR c\cOLQJ cRQdLWLRQV ZHUH aV IROORZV: (1) 95ÛC IRU 5:00, (2) 94ÛC
IRU 0:30, (3) 53ÛC IRU 0:30, (4)  72ÛC IRU 0:20, (5) GR WR VWHS 2, [ 17 c\cOHV, (6) 72ÛC IRU 10:00.

TKH VHcRQd URXQd RI PCR ZaV WKH VaPH IRU bRWK aSSURacKHV. IW aSSHQdHd IOOXPLQa adaSWHUV
aQd ZHOO baUcRdHV IRU VHTXHQcLQJ XVLQJ WKH P5 SULPHU ³AUJRQ´ aQd WKH P7 SULPHU ³KHUPLW´. EacK
ZHOO cRQWaLQHd 1.5 �L RI TLWaQLXP TaT (TaNaUa), 10 �L RI TLWaQLXP TaT bXIIHU, 8 �L RI dNTPV, 5
�L RI DMSO, 0.5 �L RI P5 SULPHU aW 100 �M, 10 �L RI P7 SULPHU, 55 �L RI ZaWHU, aQd 10 �L RI
PCR SURdXcW IURP WKH ILUVW PCR. TKH IROORZLQJ c\cOLQJ cRQdLWLRQV ZHUH XVHd: (1) 95�C IRU 1
PLQXWH; (2) 94�C IRU 30 VHcRQdV; (3) 52.5�C IRU 30 VHcRQdV; (4) 72�C IRU 30 VHcRQdV; (5) JR WR
(2), [ 15; (6) 72�C IRU 10 PLQXWHV. SaPSOHV ZHUH SRROHd aQd SXULILHd b\ SULPHU SaLU ZLWK
AJHQcRXUW AMPXUH XP SPRI bHadV accRUdLQJ WR WKH PaQXIacWXUHU¶V LQVWUXcWLRQV (BHcNPaQ
CRXOWHU, A63880), XVLQJ a 1:1 UaWLR RI bHadV WR PCR SURdXcW. DNA cRQcHQWUaWLRQ ZaV TXaQWLILHd
XVLQJ a QXbLW aQd SXULILHd VaPSOHV ZHUH SRROHd SURSRUWLRQaOO\ WR WKHLU cRQcHQWUaWLRQV. TKH
SRROHd OLbUaU\ ZaV TXaQWLILHd b\ QXbLW aQd VHTXHQcHd XVLQJ WKH IOOXPLQa MLSHT ZLWK a 300
QXcOHRWLdH VLQJOH UHad aQd a 10% PKLX VSLNH-LQ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Screen analysis
GXLdH VHTXHQcHV ZHUH H[WUacWHd IURP VHTXHQcLQJ UHadV b\ UXQQLQJ WKH PRROQ WRRO ZLWK WKH
VHaUcK SUHIL[ ³CACCG´ (KWWSV://SRUWaOV.bURadLQVWLWXWH.RUJ/JSS/SXbOLc/VRIWZaUH/SRROT). RHadV
ZHUH cRXQWHd b\ aOLJQPHQW WR a UHIHUHQcH ILOH RI aOO SRVVLbOH JXLdH RNAV SUHVHQW LQ WKH OLbUaU\.
TKH UHad ZaV WKHQ aVVLJQHd WR a cRQdLWLRQ (H.J. a ZHOO RQ WKH PCR SOaWH) RQ WKH baVLV RI WKH 8 QW
LQdH[ LQcOXdHd LQ WKH P7 SULPHU. FROORZLQJ dHcRQYROXWLRQ, WKH UHVXOWLQJ PaWUL[ RI UHad cRXQWV
ZaV ILUVW QRUPaOL]Hd WR UHadV SHU PLOOLRQ ZLWKLQ HacK cRQdLWLRQ b\ WKH IROORZLQJ IRUPXOa: UHad SHU
JXLdH RNA / WRWaO UHadV SHU cRQdLWLRQ [ 1H6. RHadV SHU PLOOLRQ ZaV WKHQ ORJ2-WUaQVIRUPHd b\
ILUVW addLQJ RQH WR aOO YaOXHV, ZKLcK LV QHcHVVaU\ LQ RUdHU WR WaNH WKH ORJ RI JXLdHV ZLWK ]HUR
UHadV.

PULRU WR IXUWKHU aQaO\VLV, ZH ILOWHUHd RXW VJRNAV IRU ZKLcK WKH ORJ-QRUPaOL]Hd UHadV SHU PLOOLRQ RI
WKH SDNA ZaV > 3 VWaQdaUd dHYLaWLRQV IURP WKH PHaQ. WH aOVR ILOWHUHd RXW aQ\ VJRNAV
cRQWaLQLQJ PRUH WKaQ 5 RII-WaUJHW VLWHV LQ WKH KXPaQ JHQRPH (IRU QRQ-NGGN JXLdHV) RU
cRQWaLQLQJ PRUH WKaQ 5 RII-WaUJHW VLWHV LQ WKH KXPaQ JHQRPH ZLWK a CFD VcRUH RI 1.0 (LQdLcaWLQJ
a SHUIHcW RU QHaU-SHUIHcW PaWcK) IRU NGGN JXLdHV. WH WKHQ caOcXOaWHd WKH ORJ2-IROd-cKaQJH
bHWZHHQ cRQdLWLRQV. AOO dURSRXW (QR dUXJ) cRQdLWLRQV ZHUH cRPSaUHd WR WKH SOaVPLd DNA
(SDNA); dUXJ-WUHaWHd cRQdLWLRQV ZHUH cRPSaUHd WR WKH WLPH-PaWcKHd dURSRXW VaPSOH, ZLWK WKH
H[cHSWLRQ RI MELJUSO cHOOV LQ WKH BRCA1 VcUHHQV, ZKLcK ZHUH cRPSaUHd WR WKH SOaVPLd DNA
bHcaXVH ORVV RI BRCA1 Kad VRPH YLabLOLW\ HIIHcW LQ WKH abVHQcH RI dUXJ. WH aVVHVVHd WKH
cRUUHOaWLRQ bHWZHHQ ORJ2-IROd-cKaQJH YaOXHV RI UHSOLcaWHV.

Analysis of PAM-mapping screens
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TKH LQLWLaO PAM cKaUacWHUL]aWLRQ VcUHHQV ZHUH caUULHd RXW LQ IRXU URXQdV, HacK VHTXHQcHd
VHSaUaWHO\. SDNA UaZ UHadV ZHUH VXPPHd acURVV VcUHHQV, aQd ORJ-QRUPaOL]Hd. BHcaXVH
BRCA1 aQd BRCA2 aUH QRW ZLdHO\ SaQOHWKaO, JXLdHV WaUJHWLQJ WKHVH JHQHV ZHUH H[cOXdHd IURP
aOO aQaO\VHV dRZQVWUHaP RI WKH caOcXOaWLRQ RI ORJ2-IROd-cKaQJHV. PUHcLVLRQ-UHcaOO ZaV caOcXOaWHd
XVLQJ VJRNAV WaUJHWLQJ HVVHQWLaO JHQHV aV SRVLWLYH cRQWUROV, aQd QRQHVVHQWLaO JHQHV aV
QHJaWLYH cRQWUROV. FUacWLRQ acWLYH ZaV caOcXOaWHd b\ TXaQWLI\LQJ WKH IUacWLRQ RI JXLdHV WaUJHWLQJ
HVVHQWLaO JHQHV WKaW ZHUH PRUH dHSOHWHd WKaQ WKH 5WK SHUcHQWLOH RI WKH PRVW acWLYH QRQHVVHQWLaO
JXLdHV ZLWK WKH VaPH PAM, aQd aOO QRQ-WaUJHWLQJ JXLdHV. ROC-AUC ZaV caOcXOaWHd XVLQJ
JXLdHV WaUJHWLQJ HVVHQWLaO JHQHV aV SRVLWLYH cRQWUROV, aQd JXLdHV WaUJHWLQJ QRQHVVHQWLaO JHQHV
aV QHJaWLYH cRQWUROV.

Off-target analyses
UVLQJ WKH SHUIHcW PaWcK JXLdHV aV WUXH SRVLWLYHV aQd WKH 1000 cRQWURO JXLdHV aV WUXH QHJaWLYHV,
ZH ILW a ORJLVWLc UHJUHVVLRQ IRU HacK cRQdLWLRQ WR SUHdLcW ZKHWKHU HacK JXLdH LV a SHUIHcW PaWcK RU
cRQWURO baVHd RQ LWV ORJ2-IROd-cKaQJH. WH WKHQ XVHd WKH ILW PRdHO WR PaS IURP
ORJ2-IROd-cKaQJHV WR WKH SURbabLOLW\ RI bHLQJ acWLYH (L.H. bHLQJ a SHUIHcW PaWcK VJRNA). A YaOXH
QHaU 1 LQdLcaWHV a JXLdH LV acWLYH aQd a YaOXH QHaU 0 LQdLcaWHV a JXLdH LV LQacWLYH. TKHVH YaOXHV
ZHUH WKHQ XVHd WR caOcXOaWH WKH CFD VcRUHV IRU aOO HQ]\PHV VcUHHQHd (provided in
Supplementary Data 4). FRU H[aPSOH, LI WKH LQWHUacWLRQ bHWZHHQ WKH VJRNA aQd DNA KaV a
VLQJOH UG:dA PLVPaWcK LQ SRVLWLRQ 6, WKHQ WKaW LQWHUacWLRQ UHcHLYHV a VcRUH RI 0.67. II WKHUH aUH
WZR RU PRUH PLVPaWcKHV, WKHQ LQdLYLdXaO PLVPaWcK YaOXHV aUH PXOWLSOLHd WRJHWKHU. FRU H[aPSOH,
aQ UG:dA PLVPaWcK aW SRVLWLRQ 7 cRXSOHd ZLWK aQ UC:dT PLVPaWcK aW SRVLWLRQ 10 UHcHLYHV a CFD
VcRUH RI 0.57 î 0.87 = 0.50. FRU WKH KLJK ILdHOLW\ RII-WaUJHW VcUHHQV, WKHVH daWa ZHUH aOVR XVHd WR
SUHdLcW WKH acWLYLW\ aW dRXbOH PLVPaWcKHV. UVLQJ WKH VaPH ORJLVWLc UHJUHVVLRQ PRdHO aV
dHVcULbHd abRYH, ZH dHILQHd aQ\ dRXbOH PLVPaWcK JXLdH ZLWK a > 50% SURbabLOLW\ RI bHLQJ aV
acWLYH aV a SHUIHcW PaWcK baVHd RQ LWV ORJ2-IROd-cKaQJH aV acWLYH. WH XVHd WKLV cXWRII WR dHILQH
WUXH SRVLWLYHV aQd UaQNHd b\ WKH PXOWLSOLHd VLQJOH PLVPaWcK SURbabLOLWLHV WR SUHdLcW WKH acWLYLW\ RI
WKH dRXbOH PLVPaWcK JXLdHV. FRU WKH RII-WaUJHW VcUHHQV ZLWK CaV9-NG aQd SSG, daWa ZHUH ILUVW
ILOWHUHd IRU PAMV WKaW ZHUH LQWHUPHdLaWH/acWLYH ZLWK HLWKHU HQ]\PH aQd WKH WRS 18 SHUIHcW PaWcK
JXLdHV (HYHQ LI WKH\ dLdQ¶W KaYH aQ LQWHUPHdLaWH/acWLYH PAM) ZHUH PaLQWaLQHd.

Base editing analyses
TR RbWaLQ a ³PXWaWLRQ bLQ´ IRU HacK VJRNA, ZH RUdHUHd WKH PXWaWLRQ W\SHV aV: NRQVHQVH >
SSOLcH VLWH > MLVVHQVH > IQWURQ > SLOHQW > UTR. GXLdHV cRQWaLQLQJ PXOWLSOH PXWaWLRQ W\SHV ZHUH
bLQQHd aV WKH PRVW VHYHUH PXWaWLRQ W\SH. GXLdHV SUHdLcWHd WR PaNH QR HdLWV LQ WKH HdLWLQJ
ZLQdRZ ZHUH bLQQHd aV ³NR HdLWV´. TR RbWaLQ a ³cOLQLcaO VLJQLILcaQcH bLQ,´ (IRU BRCA1 RQO\) ZH
cOaVVLILHd VJRNAV SUHdLcWHd WR LQWURdXcH PXOWLSOH COLQVaU SNPV baVHd RQ WKH PRVW VHYHUH
cOLQLcaO VLJQLILcaQcH: PaWKRJHQLc > LLNHO\ SaWKRJHQLc; PaWKRJHQLc / LLNHO\ SaWKRJHQLc > UQcHUWaLQ
VLJQLILcaQcH > CRQIOLcWLQJ UHSRUWV RI SaWKRJHQLcLW\ > VaULaQW QRW OLVWHd LQ COLQVaU > LLNHO\ bHQLJQ;
BHQLJQ / LLNHO\ bHQLJQ > BHQLJQ. WLWK WKLV RUdHULQJ, VJRNAV ZHUH RQO\ bLQQHd aV ³LLNHO\ bHQLJQ´
RU ³BHQLJQ´ LI WKH\ dLd QRW LQWURdXcH aQ\ PXWaWLRQV QRW OLVWHd LQ COLQVaU, ZKLcK HIIHcWLYHO\ KaYH aQ
XQNQRZQ IXQcWLRQaO VLJQLILcaQcH.
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FRU WKH caOcXOaWLRQV UHJaUdLQJ WKH QXPbHU RI WaUJHWabOH UHVLdXHV LQ BRCA1 VKRZQ LQ Fig 5a, ZH
cRQVLdHUHd JXLdHV LQcOXdHd LQ WKH OLbUaULHV ZH VcUHHQHd ZLWK (ILOWHUHd IRU RII-WaUJHWV, BVPBI VLWHV
aQd 4TV WaUJHWLQJ BRCA1 Q = 11,524) ZLWK PAMV WKaW ZHUH LQWHUPHdLaWH/acWLYH ZLWK YaULaQW baVH
HdLWRUV RU acWLYH (NGGN) IRU WT baVH HdLWRUV. FRU WKH cRPbLQaWLRQ RI ABE aQd CBE, ZH WRRN
WKH XQLTXH VHW RI WKH VXP RI UHVLdXHV HdLWabOH ZLWK HLWKHU CBE RU ABE.

Analysis of deep sequencing data from validation experiments
CRISPRHVVR2 (YHUVLRQ 2.0.30) ZaV XVHd WR SURcHVV aOO VHTXHQcLQJ UHadV IURP YaOLdaWLRQ
H[SHULPHQWV63. CRISPRHVVR2 ZaV UXQ LQ baVH HdLWRU PRdH XVLQJ WKH dHIaXOW VHWWLQJV ZLWK WKH
IROORZLQJ cKaQJHV: --PLQ_aYHUaJH_UHad_TXaOLW\ 25, --Z 20. WH aOVR VHW cXVWRP YaOXHV IRU HacK
VJRNA IRU --Zc, --H[cOXdH_bS_IURP_OHIW, --H[cOXdH_bS_IURP_ULJKW, aQd --dHIaXOW_PLQ_aOQ_VcRUH;
WKHVH SaUaPHWHUV caQ bH IRXQd LQ Supplementary Data 8.

TR caOcXOaWH UHSOLcaWH cRUUHOaWLRQV, ZH XVHd WKH ³AOOHOHV_IUHTXHQc\_WabOH_aURXQd_VJRNA´ ILOH
IURP WKH CRISPRHVVR2 RXWSXW, ZKLcK cRQWaLQV WKH UHad cRXQWV IRU HacK aOOHOH (dHILQHd aV a
VXbVHTXHQcH aURXQd WKH VJRNA). WH WKHQ ORJ-QRUPaOL]Hd WKH UHad cRXQWV IRU HacK VaPSOH
(XVLQJ WKH VaPH IRUPXOa dHVcULbHd LQ WKH ³ScUHHQ aQaO\VLV´ VHcWLRQ). FLQaOO\, ZH ILOWHUHd RXW aQ\
aOOHOHV ZLWK < 100 UHadV LQ aOO UHSOLcaWHV aQd dUXJ cRQdLWLRQV IRU WKaW VJRNA, aQd caOcXOaWHd WKH
PHaUVRQ cRUUHOaWLRQ bHWZHHQ ORJ-QRUPaOL]Hd UHadV.

FRU IXUWKHU aQaO\VLV RI aOOHOHV, ZH VHW a PRUH VWULQJHQW ILOWHU LQ RUdHU WR aYRLd VSXULRXV
ORJ2-IROd-cKaQJH YaOXHV dXH WR ORZ UHad cRXQWV. WH ILOWHUHd RXW aQ\ aOOHOHV WKaW cRPSULVHd < 1%
RI WKH WRWaO UHadV LQ aOO UHSOLcaWHV aQd dUXJ cRQdLWLRQV IRU WKaW VJRNA.

External datasets
TKH daWa XVHd IRU WKH cRPSaULVRQ WR RXU SUHYLRXVO\ JHQHUaWHd WT-CaV9 CFD VKRZQ LQ
Supplementary Figure 2b ZHUH RbWaLQHd IURP WKH RULJLQaO SXbOLcaWLRQ6. FRU WKH cRPSaULVRQ WR
LHJXW HW aO., ZH RbWaLQHd daWa IURP WKH RULJLQaO SXbOLcaWLRQ24 aQd cRQVLdHUHd WKH CD45 aQd
CD55 daWa, H[cOXdLQJ JXLdHV WaUJHWLQJ WKH SURPRWHU UHJLRQ. WH caOcXOaWHd ORJ2-IROd-cKaQJHV b\
VXbWUacWLQJ WKH bRWWRP_bLQ IURP WKH WRS_bLQ IRU HacK CaV, ]-VcRUHd WKHVH daWa baVHd RQ WKH
QRQ-WaUJHWLQJ cRQWUROV, WKHQ caOcXOaWHd WKH PHdLaQ ]-VcRUH RI HacK 3 QXcOHRWLdH PAM IRU bRWK
WKLV, aQd RXU daWaVHW. TKH daWa XVHd IRU WKH cRPSaULVRQ WR KLP HW aO. ZHUH RbWaLQHd IURP WKH
RULJLQaO SXbOLcaWLRQ31. WH XVHd WKH aYHUaJH LQdHO IUHTXHQcLHV aW WaUJHW VHTXHQcHV JURXSHd b\
4-QXcOHRWLdH PAM LQ WKH cRPSaULVRQV VKRZQ LQ Supplementary Figure 3a-c. SaWXUaWLRQ
JHQRPH HdLWLQJ daWa ZaV accHVVHd IURP WKH RULJLQaO SXbOLcaWLRQ42. BHcaXVH WKH OLbUaULHV
dHVcULbHd LQ RXU VWXd\ aQd WKH SGE VWXd\ ZHUH dHVLJQHd aJaLQVW dLIIHUHQW WUaQVcULSWV (SGE
XVHd ENST00000357654), ZH cRQYHUWHd WKH aPLQR acLd SRVLWLRQV LQ WKH SGE daWa WR bH
cRQVLVWHQW ZLWK WKH WUaQVcULSW ZH dHVLJQHd aJaLQVW IRU WKH cRPSaULVRQV bHWZHHQ RXU YaOLdaWLRQ
daWa aQd WKLV JROd VWaQdaUd daWaVHW.

Data visualization
FLJXUHV ZHUH cUHaWHd ZLWK P\WKRQ3 aQd GUaSKPad PULVP (YHUVLRQ 8). ScKHPaWLcV ZHUH cUHaWHd
ZLWK BLRRHQdHU.cRP. P\MOL (YHUVLRQ 2.3.2) ZaV XVHd WR PaS WKH VcUHHQLQJ daWa RQWR WKH
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IROORZLQJ cU\VWaO VWUXcWXUHV IURP WKH PURWHLQ DaWa BaQN: IJM7 (BRCA1/BARD1 RING-dRPaLQ
KHWHURdLPHU) aQd 6O0K (BCL2 bRXQd WR VHQHWRcOa[). TKH IROORZLQJ cRPPaQdV ZHUH XVHd WR
YLVXaOL]H WKH BRCA1/BARD1 RING-dRPaLQ KHWHURdLPHU LQ P\MOL (IURP WaOWRQ HW aO. 2020):
cPd.VHW("bJ_UJb", 'ZKLWH') cPd.VHW("aPbLHQW", '0.21000') cPd.VHW("dLUHcW", '0.40000')
cPd.VHW("UHIOHcW", '0.43000') cPd.VHW("SRZHU", '2.00000') cPd.VHW("VSHc_UHIOHcW", '-0.01000')
cPd.VHW("OLQH_ZLdWK", '3.00000') cPd.VHW("cacKH_dLVSOa\", 'RII') cPd.VHW("VKLQLQHVV", '30.00000')
cPd.VHW("caUWRRQ_VaPSOLQJ", '7') cPd.VHW("caUWRRQ_ORRS_UadLXV", '0.15000')
cPd.VHW("caUWRRQ_RYaO_OHQJWK", '1.00000') cPd.VHW("aXWR_cRORU_QH[W", '1')
cPd.VHW("Pa[_WKUHadV", '4') cPd.VHW("VSHcXOaU_LQWHQVLW\", '0.30000')
cPd.VHW("bXWWRQ_PRdH_QaPH", '3-BXWWRQ VLHZLQJ') cPd.VHW("VHT_YLHZ", 'RQ')
cPd.VHW("caUWRRQ_ULQJ_PRdH", '3')

DATA AVAILABILITY

TKH UHad cRXQWV IRU aOO VcUHHQLQJ daWa aQd VXbVHTXHQW aQaO\VHV aUH SURYLdHd aV
SXSSOHPHQWaU\ DaWa. FaVWT ILOHV aUH dHSRVLWHd ZLWK WKH GHQH E[SUHVVLRQ OPQLbXV
(GSE180351) aQd WKH SHTXHQcH RHad AUcKLYH (PRJNA753064).

STATISTICAL ANALYSIS

AOO ]-VcRUHV aQd PHaUVRQ cRUUHOaWLRQ cRHIILcLHQWV ZHUH caOcXOaWHd LQ P\WKRQ.

CODE AVAILABILITY

AOO cXVWRP cRdH XVHd IRU aQaO\VLV aQd H[aPSOH QRWHbRRNV aUH aYaLOabOH RQ GLWHXb:
KWWSV://JLWKXb.cRP/JSS-UQd/caV9-YaULaQWV-PaQXVcULSW.

FIGURE LEGENDS

FLJXUH 1. EVWabOLVKPHQW RI a bHQcKPaUNLQJ aVVa\ IRU CaV9 acWLYLW\. a) ScKHPaWLc RI
PAM-PaSSLQJ VcUHHQV. b) ScKHPaWLc RI WKH WKUHH 5¶-VJRNA W\SHV VcUHHQHd. LRcaWLRQ RI WKH
PAM VHTXHQcH LV LQdLcaWHd LQ UHd. c) RHSOLcaWH cRUUHOaWLRQ (PHaUVRQ¶V U), caOcXOaWHd IURP Q=2
H[SHULPHQWaO UHSOLcaWHV IRU HacK YaULaQW VcUHHQHd. d) E[aPSOH IUacWLRQ acWLYH caOcXOaWLRQ IRU
WT-CaV9 aW NGGN PAMV. H) PUHcLVLRQ-UHcaOO cXUYHV IRU WT-CaV9 aQd KLJK ILdHOLW\ YaULaQWV
SURILOHd ZLWK WKH PAM-PaSSLQJ OLbUaU\. GXLdHV RI aOO 5¶-W\SHV aUH LQcOXdHd LQ WKLV caOcXOaWLRQ.
DaVKHd OLQHV dHVLJQaWH WKH UHcaOO aW 95% SUHcLVLRQ IRU WT-CaV9. I) RHcaOO YaOXHV aW 95%
SUHcLVLRQ IRU WT-CaV9 aQd KLJK ILdHOLW\ YaULaQWV SURILOHd ZLWK WKH PAM-PaSSLQJ OLbUaU\ (NGGN
PAMV RQO\), dLVcUHWL]Hd b\ 5'-VJRNA W\SH.

FLJXUH 2. OII-WaUJHW SURILOHV RI KLJK ILdHOLW\ YaULaQWV. a) ScKHPaWLc dHSLcWLQJ RII-WaUJHW OLbUaU\
cRQVWUXcWLRQ aQd JXLdH VHOHcWLRQ. b) RLdJH SORWV VKRZLQJ acWLYLW\ RI JXLdHV LQ WKH OLbUaU\ ZLWK
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]HUR, RQH RU WZR PLVPaWcKHV. c) ROC SORWV IRU HacK HQ]\PH VcUHHQHd ZLWK VLQJOH (VROLd OLQHV)
aQd dRXbOH PLVPaWcKHd VJRNAV (daVKHd OLQHV). AUC LV UHSRUWHd LQ WKH JUaSK OHJHQd. DaWa aUH
aOVR VXPPaUL]Hd LQ a baUSORW. d) CFD PaWULcHV IRU HacK HQ]\PH, QXPbHUHd VXcK WKaW 2 LV WKH
VHcRQd QXcOHRWLdH LQ WKH JXLdH. NRWH WKaW PLVPaWcKHV VWaUW aW SRVLWLRQ 2, bHcaXVH WKH ILUVW
SRVLWLRQ RI WKH JXLdH LV aOZa\V IL[Hd aV a G. H) ROC SORW dHSLcWLQJ abLOLW\ WR SUHdLcW acWLYLW\ aW
dRXbOH PLVPaWcKHV XVLQJ VLQJOH PLVPaWcK daWa. TUXH SRVLWLYHV aUH JXLdHV WKaW ZHUH RbVHUYHd WR
bH acWLYH, IaOVH SRVLWLYHV aUH JXLdHV WKaW ZHUH QRW acWLYH LQ WKH VcUHHQ.

FLJXUH 3. BHQcKPaUNLQJ PAM-IOH[LbOH YaULaQWV. a) HHaWPaS RI IUacWLRQ acWLYH YaOXHV aW aOO NGNN
PAMV. NXcOHRWLdHV 1 aQd 4 aUH aORQJ WKH [-a[LV, QXcOHRWLdHV 2 aQd 3 aORQJ WKH \-a[LV. b) TabOH
RI IUacWLRQ acWLYH YaOXHV IRU HacK PAM-IOH[LbOH YaULaQW bLQQHd b\ acWLYLW\ bLQ. c) CRPSaULVRQ RI
[CaV9-3.7 (OHIW) aQd CaV9-NG (ULJKW) WR LHJXW HW aO. 2020. PRLQWV aUH cRORUHd b\ PAM.
PAM-PaSSLQJ ]-VcRUHd LFC YaOXHV RQ WKH \-a[LV UHIHU WR daWa LQ WKH SUHVHQW VWXd\. d)
CRPSaULVRQ RI CaV9-NG aQd SSG IUacWLRQ acWLYH YaOXHV. PRLQWV aUH cRORUHd b\ PAM. DaVKHd
OLQHV aW 0.3 LQdLcaWH WKH cXWRII IRU LQWHUPHdLaWH PAMV. H) ROC-AUC YaOXHV b\ 5¶-W\SH IRU HacK
PAM-IOH[LbOH YaULaQW. TUXH SRVLWLYHV aUH JXLdHV WaUJHWLQJ HVVHQWLaO JHQHV, IaOVH SRVLWLYHV aUH
JXLdHV WaUJHWLQJ QRQHVVHQWLaO JHQHV. OQO\ acWLYH PAMV aUH cRQVLdHUHd LQ WKLV aQaO\VLV.

FLJXUH 4. OII-WaUJHW SURILOHV RI CaV9-NG aQd SSG. a) ScKHPaWLc dHSLcWLQJ RII-WaUJHW OLbUaU\
cRQVWUXcWLRQ aQd JXLdH VHOHcWLRQ. b) RLdJH SORWV VKRZLQJ acWLYLW\ RI ILOWHUHd JXLdHV ZLWK ]HUR, RQH
RU WZR PLVPaWcKHV. c) ROC-AUC YaOXHV aW VLQJOH aQd dRXbOH PLVPaWcKHV IRU CaV9-NG aQd
SSG. d) CFD PaWUL[ IRU CaV9-NG aQd SSG. NRWH WKaW WKHUH aUH QR ZLOdW\SH J20 aQd G20 JXLdHV
ZLWK a G LQ WKH ILUVW SRVLWLRQ, VR WKH UN:dC VTXaUHV aUH bOaQN. H) ScaWWHU SORW VKRZLQJ SURbabLOLW\
RI bHLQJ acWLYH IRU HacK VLQJOH PLVPaWcK SRVLWLRQ/W\SH IRU CaV9-NG aQd SSG (Q = 237). PHaUVRQ
cRUUHOaWLRQ LV QRWHd LQ WKH WRS OHIW.

FLJXUH 5. TLOLQJ BRCA1 ZLWK YaULaQW baVH HdLWRUV. a) NXPbHU RI WaUJHWabOH UHVLdXHV LQ BRCA1
XVLQJ WKH baVH HdLWRUV SaLUHd ZLWK WKH OLbUaU\ dHVcULbHd LQ WKLV VWXd\. b) TLPHOLQH b\ ZKLcK WLOLQJ
VcUHHQV ZHUH cRQdXcWHd. c) CRPSaULVRQ RI NG aQd SSG-CBEV WR WT-CBE ZLWK VKaUHd JXLdHV
SUHdLcWHd WR LQWURdXcH QR cKaQJH (VLOHQW RU QR HdLWV), VSOLcH VLWH, QRQVHQVH, RU PLVVHQVH
PXWaWLRQV ZLWK aQ NGGN PAM. PHaUVRQ¶V U LV UHSRUWHd IRU HacK cRPSaULVRQ. d) SaPH aV (c) bXW
IRU ABEV. H-I) AYHUaJH SHUIRUPaQcH RI VJRNAV (aYHUaJHd CaV9-NG aQd SSG VcUHHQV)
WaUJHWLQJ BRCA1, cRORUHd accRUdLQJ WR WKH SUHdLcWHd PXWaWLRQ bLQ, IRU CBE aQd ABE VcUHHQV.
TKH ILUVW JUH\ VKadHd UHJLRQ VSaQV WKH RING dRPaLQ, aQd WKH IROORZLQJ WZR LQdLcaWH WKH BRCT
UHSHaWV. BR[HV VKRZ WKH TXaUWLOHV; ZKLVNHUV VKRZ 1.5 WLPHV WKH LQWHUTXaUWLOH UaQJH.

FLJXUH 6. VaOLdaWLRQ RI BRCA1 KLWV LdHQWLILHd b\ CaV9-NG. a) TUaQVOaWHd VHTXHQcH aURXQd WKH
VJRNA IRU aQ\ aOOHOH ZLWK aW OHaVW 1% abXQdaQcH LQ aQ\ cRQdLWLRQ. TKH WT VHTXHQcH LV bROdHd
LQ bOacN, XQcKaQJHd aPLQR acLdV aUH LQ JUH\, aQd VXbVWLWXWLRQV aUH KLJKOLJKWHd LQ UHd. AYJ LFC
IURP da\ 21 - da\ 8 LV LQdLcaWHd RQ WKH KHaWPaS aQd UHOaWLYH SHUcHQW abXQdaQcH RI HacK aOOHOH
LV LQdLcaWHd WR WKH ULJKW (QRUPaOL]Hd aIWHU ILOWHULQJ IRU aOOHOHV ZLWK <1% abXQdaQcH aW bRWK
WLPHSRLQWV). b) PHUcHQWaJH RI aOO VHTXHQcLQJ UHadV cRQWaLQLQJ WKH LQdLcaWHd PXWaWLRQ aW HacK
WLPHSRLQW. DRWV LQdLcaWH Q=2 bLRORJLcaO UHSOLcaWHV. c) VLHZ RI WKH RING dRPaLQ (PDB IJM7) RI
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BRCA1 (JUH\) bRXQd WR WKH RING dRPaLQ RI BARD1 (\HOORZ), ZLWK ZQ2+ aWRPV LQ SXUSOH. TKH
OHIW SaQHO VKRZV WKH caQRQLcaO aPLQR acLd UHVLdXH LQ UHd, WKH ULJKW SaQHO VKRZV WKH VWUXcWXUH
ZLWK WKH P34F VXbVWLWXWLRQ. d,H) SaPH aV (a), (b) IRU VJ2 VcUHHQHd ZLWK ABE. I) SaPH aV (c), bXW
ZLWK WKH E33G VXbVWLWXWLRQ. J) SaPH aV (b) aQd (H). K) SXPPaU\ RI YaOLdaWLRQ UHVXOWV. 1� ]-VcRUH
LQdLcaWHV WKH aYHUaJH ]-VcRUHd LFC RI WKH VJRNA LQ WKH SULPaU\ VcUHHQ. % WT 2� LQdLcaWHV WKH
% RI UHadV WKaW ZHUH VWLOO WT (XQHdLWHd) RQ da\ 8 RI WKH YaOLdaWLRQ H[SHULPHQW. 2� WT
HQULcKPHQW LQdLcaWHV WKH aYHUaJH cKaQJH LQ WKH abXQdaQcH RI WKH WT aOOHOH IURP da\ 8 WR da\
21 LQ WKH YaOLdaWLRQ H[SHULPHQW. PAM bLQ LV LQdLcaWHd RQ WKH OHIW. SV LQdLcaWHV ³VSOLcH YaULaQW´.

FLJXUH 7. VHQHWRcOa[-UHVLVWaQW BCL2 PXWaQWV LdHQWLILHd b\ baVH HdLWLQJ ZLWK CaV9-NG. a)
TLPHOLQH b\ ZKLcK WLOLQJ VcUHHQV ZHUH cRQdXcWHd. b) PHUIRUPaQcH RI VJRNAV WaUJHWLQJ BCL2 IRU
WKH VHQHWRcOa[-WUHaWHd aUP, SORWWLQJ bRWK CBE aQd ABE VcUHHQV, cRORUHd accRUdLQJ WR WKH
SUHdLcWHd PXWaWLRQ bLQ. A daVKHd OLQH dHOLQHaWHV WKH ]-VcRUH cXWRII RI 3. BR[HV VKRZ WKH
TXaUWLOHV; ZKLVNHUV VKRZ 1.5 WLPHV WKH LQWHUTXaUWLOH UaQJH. CaWHJRULHV ZLWK Q < 20 aUH VKRZQ aV
LQdLYLdXaO dRWV. c) 3D VWUXcWXUH RI BCL2 LQ cRPSOH[ ZLWK VHQHWRcOa[ (PDB ID: 6O0K). APLQR
acLdV WKaW VJ19-23 aUH SUHdLcWHd WR HdLW aUH KLJKOLJKWHd LQ SLQN. d) TUaQVOaWHd VHTXHQcH aURXQd
VJ20 IRU aQ\ aOOHOH ZLWK aW OHaVW 1% abXQdaQcH LQ aQ\ cRQdLWLRQ ZLWK ABE. TKH WT VHTXHQcH LV
bROdHd LQ bOacN, XQcKaQJHd aPLQR acLdV aUH LQ JUH\, aQd VXbVWLWXWLRQV aUH KLJKOLJKWHd LQ UHd.
AYJ LFC IURP da\ 21 - da\ 7 LV LQdLcaWHd RQ WKH KHaWPaS aQd UHOaWLYH SHUcHQW abXQdaQcH RI
HacK aOOHOH LV LQdLcaWHd WR WKH ULJKW (QRUPaOL]Hd aIWHU ILOWHULQJ IRU aOOHOHV ZLWK <1% abXQdaQcH aW
bRWK WLPHSRLQWV). H) SWUXcWXUaO YLVXaOL]aWLRQ RI WT D103 aQd WKH PXWaWLRQV LQdLcaWHd LQ (I). I)
PHUcHQWaJH RI UHadV IURP WKH PRVW HQULcKHd D103 PXWaQWV aIWHU 14 da\V RI VHQHWRcOa[
WUHaWPHQW. VJRNA, HdLW W\SH, aQd aPLQR acLd PXWaWLRQ aUH LQdLcaWHd. DRWV LQdLcaWH Q=2 bLRORJLcaO
UHSOLcaWHV. J,L,N,P) SaPH aV (I) bXW IRU LQdLcaWHd VJRNA, HdLW W\SH, aQd SRVLWLRQ. K,M,O,Q) SaPH aV
(H) bXW VKRZLQJ WKH PRVW HQULcKHd PXWaQW LQdLcaWHd LQ (J),(L),(N), RU (P), UHVSHcWLYHO\.

Supplementary Figures:

SXSSOHPHQWaU\ FLJXUH 1: EVWabOLVKPHQW RI a bHQcKPaUNLQJ aVVa\ IRU CaV9 acWLYLW\. a) HHaWPaS
RI IUacWLRQ acWLYH YaOXHV IRU HacK YaULaQW. PAMV WKaW KaYH a IUacWLRQ acWLYH RI >= 0.3 ZLWK aW OHaVW
RQH YaULaQW aUH VKRZQ RQ WKH \-a[LV. b) CRPSaULVRQ RI IUacWLRQ acWLYH PHWULc ([-a[LV) aQd UHcaOO
aW 95% SUHcLVLRQ PHWULc (\-a[LV) aSSOLHd WR WT-CaV9. EacK dRW UHSUHVHQWV a 4 QXcOHRWLdH PAM,
VKadHd accRUdLQJ WR WKH OHJHQd RQ WKH ULJKW. c) NXPbHU RI acWLYH aQd LQWHUPHdLaWH PAMV ZKHQ
cRQVLdHULQJ G19 RU J/G20 VJRNAV IRU WT-CaV9 aQd KLJK ILdHOLW\ YaULaQWV.

SXSSOHPHQWaU\ FLJXUH 2: OII-WaUJHW SURILOHV RI KLJK ILdHOLW\ YaULaQWV. a) CRPSaULVRQ RI CFD
PaWULcHV IRU WT-CaV9 JHQHUaWHd LQ WKLV VWXd\ ([-a[LV) aQd RXU SUHYLRXV ZRUN6 (\-a[LV). b)
CRPSaULVRQ RI WKH aYHUaJHd SURbabLOLWLHV RI bHLQJ acWLYH IRU HacK PLVPaWcK W\SH bHWZHHQ WKH
CaV9 YaULaQWV, VKRZQ aV bRWK VcaWWHU aQd NdH SORWV.

SXSSOHPHQWaU\ FLJXUH 3: BHQcKPaUNLQJ PAM-IOH[LbOH YaULaQWV. a,b,c) CRPSaULVRQ RI IUacWLRQ
acWLYH YaOXHV IRU WT-CaV9, [CaV9-3.7 aQd CaV9-NG IURP WKH SUHVHQW PaQPAM VWXd\ ([-a[LV)
aQd LQdHO IUHTXHQcLHV IURP KLP HW aO31 (\-a[LV). EacK dRW LV a PAM. Q = 148 PAMV. d)
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CRPSaULVRQ RI aYJ LFC YaOXHV IRU JXLdHV LQ WKH PAM-PaSSLQJ OLbUaU\ WaUJHWLQJ HVVHQWLaO JHQHV
VcUHHQHd ZLWK [CaV9-3.7 aQd CaV9-NG. Q = 2747 VJRNAV. H) CRPSaULVRQ RI aYJ LFC YaOXHV
IRU JXLdHV WaUJHWLQJ CD45 aQd CD55 dHVcULbHd LQ LHJXW HW aO24. Q = 108 VJRNAV. I) CRPSaULVRQ
RI VJRNAV VcUHHQHd ZLWK CaV9-NG aQd SSG. Q = 18651 VJRNAV. J) CRPSaULVRQ RI VJRNAV
ZLWK aQ NG PAM VcUHHQHd ZLWK CaV9-NG aQd SSG. Q = 4525 VJRNAV.

SXSSOHPHQWaU\ FLJXUH 4: OII-WaUJHW SURILOHV RI CaV9-NG aQd SSG. a) CRUUHOaWLRQ bHWZHHQ
CaV9-NG aQd SSG, VcUHHQHd ZLWK WKH RII-WaUJHW OLbUaU\. PHaUVRQ¶V U LV UHSRUWHd. Q = 78058
VJRNAV. b) RLdJH SORWV VKRZLQJ acWLYLW\ RI XQILOWHUHd JXLdHV ZLWK ]HUR, RQH RU WZR PLVPaWcKHV.
c) ScaWWHU SORWV dHSLcWLQJ WKH cRUUHOaWLRQ bHWZHHQ PLVPaWcKHV ZLWK VJRNAV RI aOO 5¶-W\SHV
LQcOXdHd LQ WKH OLbUaU\ IRU CaV9-NG, cRORUHd b\ PLVPaWcK SRVLWLRQ. EacK dRW UHSUHVHQWV a W\SH RI
PLVPaWcK aW HacK SRVLWLRQ aORQJ WKH VJRNA (Q = 228 SaLULQJV). d) SaPH aV (c) bXW IRU SSG. H)
ScKHPaWLc dHSLcWLQJ WKH PXWaWLRQV WKaW UHVXOW LQ CaV9-NG aQd SSG.

SXSSOHPHQWaU\ FLJXUH 5: TLOLQJ BRCA1 ZLWK YaULaQW baVH HdLWRUV. a) ScKHPaWLc RI EGFP acWLYLW\
aVVa\. b) NXcOHRWLdH SHUcHQWaJH aW HdLWabOH A¶V LQ WKH VJRNA (dHQRWHd LQ WKH WLWOH RI HacK
baUSORW). c) ScKHPaWLc RI WT-CBE (WRS) aQd WT-ABE8H (bRWWRP). VaULaQW baVH HdLWRUV ZHUH
JHQHUaWHd b\ LQWURdXcLQJ SRLQW PXWaWLRQV LQWR WKH QCaV9 RI HacK YHcWRU. d) RLdJH SORWV VKRZLQJ
WKH dLVWULbXWLRQV RI SRVLWLYH aQd QHJaWLYH cRQWUROV IRU WKH WT aQd YaULaQW baVH HdLWRUV. H) ROC
SORW IRU HacK cHOO OLQH VcUHHQHd ZLWK HacK CaV-CBE SaLULQJ. TKH AUC LV UHSRUWHd. I) SaPH aV (H)
bXW IRU ABEV. NRWH WKaW RQO\ VSOLcH VLWHV aUH cRQVLdHUHd aV WUXH SRVLWLYHV, aV QRQVHQVH
PXWaWLRQV caQQRW bH LQWURdXcHd ZLWK ABE. J) CRPSaULVRQ RI ]-VcRUHd LFCV RI JXLdHV SUHdLcWHd
WR PaNH HLWKHU a PLVVHQVH PXWaWLRQ ZLWK aQ NG-CBE aQd QR cKaQJH ZLWK aQ NG-ABE, QR
cKaQJH ZLWK CBE aQd a PLVVHQVH PXWaWLRQ ZLWK ABE RU a PLVVHQVH PXWaWLRQ ZLWK bRWK baVH
HdLWRUV (Q = 1694 VJRNAV). GXLdHV WKaW ZHUH VHOHcWHd IRU IXUWKHU YaOLdaWLRQ aUH cRORUHd LQ JUHHQ
aQd OabHOHd.

SXSSOHPHQWaU\ FLJXUH 6: VaOLdaWLRQ RI BRCA1 KLWV LdHQWLILHd b\ CaV9-NG. a) TLPHOLQH b\ ZKLcK
YaOLdaWLRQ H[SHULPHQWV ZHUH SHUIRUPHd. b) C>T cRQYHUVLRQ (WRS) aQd A>G cRQYHUVLRQ (bRWWRP)
RI JXLdHV ZLWK aQ LQWHUPHdLaWH/acWLYH PAM. PRVLWLRQV aORQJ WKH [-a[LV cRUUHVSRQd ZLWK SRVLWLRQV
LQ WKH SURWRVSacHU, ZKHUH 1 cRUUHVSRQdV WR WKH ILUVW QXcOHRWLdH RI WKH SURWRVSacHU aQd 21-23
cRUUHVSRQd WR WKH PAM. LLQHV VKRZ WKH PHdLaQ RI aOO HdLWV aW WKaW SRVLWLRQ acURVV WKH YaOLdaWHd
VJRNAV. c) VaOLdaWLRQ VcKHPH. VJRNAV LQ ZKLcK WKH aYHUaJH % RI UHadV LQcUHaVHd b\ PRUH
WKaQ 10% IURP da\ 8 WR da\ 21 aUH cRQVLdHUHd YaOLdaWHd, aV dHSLcWHd ZLWK WKH RUaQJH VKadLQJ.
d,H,I,K,M) TUaQVOaWHd VHTXHQcH aURXQd WKH VJRNA IRU aQ\ aOOHOH ZLWK aW OHaVW 1% abXQdaQcH LQ
aQ\ cRQdLWLRQ. TKH WT VHTXHQcH LV bROdHd LQ bOacN, XQcKaQJHd aPLQR acLdV aUH LQ JUH\, aQd
VXbVWLWXWLRQV aUH KLJKOLJKWHd LQ UHd. AYJ LFC IURP da\ 21 - da\ 8 LV LQdLcaWHd RQ WKH KHaWPaS
aQd UHOaWLYH SHUcHQW abXQdaQcH RI HacK aOOHOH LV LQdLcaWHd WR WKH ULJKW (QRUPaOL]Hd aIWHU ILOWHULQJ
IRU aOOHOHV ZLWK <1% abXQdaQcH aW bRWK WLPHSRLQWV). J,L,N) PHUcHQWaJH RI aOO VHTXHQcLQJ UHadV
cRQWaLQLQJ WKH LQdLcaWHd PXWaWLRQ aW HacK WLPHSRLQW. DRWV LQdLcaWH Q=2 bLRORJLcaO UHSOLcaWHV.

SXSSOHPHQWaU\ FLJXUH 7: VaOLdaWLRQ RI BCL2 KLWV LdHQWLILHd b\ CaV9-NG. a) CRPSaULVRQ RI
]-VcRUHd LFCV RI JXLdHV SUHdLcWHd WR PaNH HLWKHU a PLVVHQVH PXWaWLRQ ZLWK RQH baVH HdLWRU aQd
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a VLOHQW HdLW RU QR HdLW ZLWK WKH RWKHU, RU a PLVVHQVH PXWaWLRQ ZLWK bRWK baVH HdLWRUV (Q = 539
VJRNAV). GXLdHV WKaW ZHUH VHOHcWHd IRU IXUWKHU YaOLdaWLRQ aUH cRORUHd LQ JUHHQ aQd OabHOHd.
PHaUVRQ¶V U LV UHSRUWHd. b) C>T cRQYHUVLRQ (WRS) aQd A>G cRQYHUVLRQ (bRWWRP) ZLWK VJV 19-23.
PRVLWLRQV aORQJ WKH [-a[LV cRUUHVSRQd ZLWK SRVLWLRQV LQ WKH SURWRVSacHU, ZKHUH 1 cRUUHVSRQdV WR
WKH ILUVW QXcOHRWLdH RI WKH SURWRVSacHU aQd 21-23 cRUUHVSRQd WR WKH PAM. LLQHV VKRZ WKH PHdLaQ
RI aOO HdLWV aW WKaW SRVLWLRQ acURVV VJV 19-23. c) VaOLdaWLRQ VcKHPH. VJRNAV LQ ZKLcK WKH
aYHUaJH % RI WT UHadV dHSOHWHV b\ PRUH WKaQ 10% (XQdHU VHOHcWLYH SUHVVXUH RI VHQHWRcOa[)
IURP da\ 7 WR da\ 21 aUH cRQVLdHUHd YaOLdaWHd, aV dHSLcWHd ZLWK WKH RUaQJH VKadLQJ. d-M)
TUaQVOaWHd VHTXHQcH aURXQd WKH VJRNA IRU aQ\ aOOHOH ZLWK aW OHaVW 1% abXQdaQcH LQ aQ\
cRQdLWLRQ. TKH WT VHTXHQcH LV bROdHd LQ bOacN, XQcKaQJHd aPLQR acLdV aUH LQ JUH\, aQd
VXbVWLWXWLRQV aUH KLJKOLJKWHd LQ UHd. AYJ LFC IURP da\ 21 - da\ 7 LV LQdLcaWHd RQ WKH KHaWPaS
aQd UHOaWLYH SHUcHQW abXQdaQcH RI HacK aOOHOH LV LQdLcaWHd WR WKH ULJKW (QRUPaOL]Hd aIWHU ILOWHULQJ
IRU aOOHOHV ZLWK <1% abXQdaQcH aW bRWK WLPHSRLQWV). N) SXPPaU\ RI YaOLdaWLRQ UHVXOWV. 1� ]-VcRUH
LQdLcaWHV WKH aYHUaJH ]-VcRUHd LFC RI WKH VJRNA LQ WKH SULPaU\ VcUHHQ. % WT 2� LQdLcaWHV WKH
% RI UHadV WKaW ZHUH VWLOO WT (XQHdLWHd) RQ da\ 7 LQ WKH YaOLdaWLRQ H[SHULPHQW. 2� WT dHSOHWLRQ
LQdLcaWHV WKH aYHUaJH cKaQJH LQ WKH abXQdaQcH RI WKH WT aOOHOH IURP da\ 7 WR da\ 21 LQ WKH
VHQHWRcOa[-WUHaWHd aUP RI WKH YaOLdaWLRQ H[SHULPHQW.

SUPPLEMENTAL DATA
SXSSOHPHQWaU\ DaWa 1: PAM-PaSSLQJ cRXQWV, OLbUaU\ aQQRWaWLRQ, UHSOLcaWH cRUUHOaWLRQV.
AVVRcLaWHd ZLWK Figs 1,3.

SXSSOHPHQWaU\ DaWa 2: HF-RII-WaUJHW cRXQWV, OLbUaU\ aQQRWaWLRQ, UHSOLcaWH cRUUHOaWLRQV.
AVVRcLaWHd ZLWK Fig 2.

SXSSOHPHQWaU\ DaWa 3: YaULaQW RII-WaUJHW cRXQWV, OLbUaU\ aQQRWaWLRQ, UHSOLcaWH cRUUHOaWLRQV.
AVVRcLaWHd ZLWK Fig 4.

SXSSOHPHQWaU\ DaWa 4: LFC aQd SURbabLOLW\ RI bHLQJ acWLYH caOcXOaWLRQV IRU aOO RI WKH RII-WaUJHW
daWaVHWV WKaW aUH XVHd WR caOcXOaWH WKH CFD VcRUHV. AVVRcLaWHd ZLWK Figs 2,4.

SXSSOHPHQWaU\ DaWa 5: BRCA1 CBE daWa - WT, NG, SSG cRXQWV, WT OLbUaU\ aQQRWaWLRQ
(LQcOXdHV dLIIHUHQW cRQWUROV), YaULaQW OLbUaU\ aQQRWaWLRQ, UHSOLcaWH cRUUHOaWLRQV. AVVRcLaWHd ZLWK Fig
5.

SXSSOHPHQWaU\ DaWa 6: BRCA1 ABE daWa - WT, NG, SSG cRXQWV, WT OLbUaU\ aQQRWaWLRQ
(LQcOXdHV dLIIHUHQW cRQWUROV), YaULaQW OLbUaU\ aQQRWaWLRQ, UHSOLcaWH cRUUHOaWLRQV. AVVRcLaWHd ZLWK Fig
5.

SXSSOHPHQWaU\ DaWa 7: BCL2 daWa - NG-CBE aQd NG-ABE cRXQWV, OLbUaU\ aQQRWaWLRQV, UHSOLcaWH
cRUUHOaWLRQV. AVVRcLaWHd ZLWK Fig 7.
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SXSSOHPHQWaU\ DaWa 8: PULPHUV aQd JXLdH VHTXHQcHV XVHd IRU YaOLdaWLRQ H[SHULPHQWV aQd WKH
SaUaPHWHUV XVHd WR UXQ aOO YaOLdaWLRQ VaPSOHV LQ CRISPRHVVR2. AVVRcLaWHd ZLWK Figs 6,7.
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