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�&RUUHVSRQGHQFH�WR�MGRHQFK#EURDGLQVWLWXWH�RUJ�
�
8QGHUVWDQGLQJ�WKH�IXQFWLRQDO�FRQVHTXHQFHV�RI�VLQJOH�QXFOHRWLGH�YDULDQWV�LV�FULWLFDO�WR�
XQFRYHULQJ�WKH�JHQHWLF�XQGHUSLQQLQJV�RI�GLVHDVHV��EXW�WHFKQRORJLHV�WR�FKDUDFWHUL]H�
YDULDQWV�DUH�OLPLWLQJ��+HUH�ZH�OHYHUDJH�&5,635�&DV��F\WRVLQH�EDVH�HGLWRUV�LQ�SRROHG�
VFUHHQV�WR�VFDODEO\�DVVD\�YDULDQWV�DW�HQGRJHQRXV�ORFL�LQ�PDPPDOLDQ�FHOOV��:H�
EHQFKPDUN�WKH�SHUIRUPDQFH�RI�EDVH�HGLWRUV ��LQ�SRVLWLYH�DQG�QHJDWLYH�VHOHFWLRQ�VFUHHQV�
DQG�LGHQWLI\�NQRZQ�ORVV�RI�IXQFWLRQ�PXWDWLRQV�LQ��%5&$���DQG��%5&$� ��ZLWK�KLJK�SUHFLVLRQ��
7R�GHPRQVWUDWH�WKH�XWLOLW\�RI�EDVH�HGLWRU�VFUHHQV�WR�SUREH�VPDOO�PROHFXOH�SURWHLQ�
LQWHUDFWLRQV��ZH�FRQGXFW�VFUHHQV�ZLWK�%+��PLPHWLFV�DQG�3$53�LQKLELWRUV�DQG�LGHQWLI\�
SRLQW�PXWDWLRQV�WKDW�FRQIHU�GUXJ�VHQVLWLYLW\�RU�UHVLVWDQFH��)LQDOO\��ZH�FUHDWH�D�OLEUDU\�RI�
�������FOLQLFDOO\�REVHUYHG�YDULDQWV�LQ�������JHQHV�DQG�FRQGXFW�VFUHHQV�LQ�WKH�SUHVHQFH�
RI�FHOOXODU�VWUHVVRUV��LGHQWLI\LQJ�ORVV�RI�IXQFWLRQ�YDULDQWV�LQ�QXPHURXV�'1$�GDPDJH�
UHSDLU�JHQHV��:H�DQWLFLSDWH�WKDW�WKLV�VFUHHQLQJ�DSSURDFK�ZLOO�EH�EURDGO\�XVHIXO�WR�UHDGLO\�
DQG�VFDODEO\�IXQFWLRQDOL]H�JHQHWLF�YDULDQWV��
�
,1752'8&7,21�
�
$�PDMRU�FKDOOHQJH�LQ�JHQRPLFV�LV�WKH�IXQFWLRQDO�FKDUDFWHUL]DWLRQ�RI�SUHFLVH�JHQHWLF�YDULDQWV�DW�D�
ODUJH�VFDOH��$OWKRXJK�JHQRPH�ZLGH�DVVRFLDWLRQ�VWXGLHV��*:$6��KDYH�LGHQWLILHG�WHQV�RI�
WKRXVDQGV�RI�DVVRFLDWLRQV�EHWZHHQ�VLQJOH�QXFOHRWLGH�SRO\PRUSKLVPV��613V��DQG�SKHQRW\SHV��
LGHQWLILFDWLRQ�RI�WKH�FDXVDO�YDULDQWV�ODJV�EHKLQG��$VFHUWDLQLQJ�WKH�IXQFWLRQDO�FRQVHTXHQFH�RI�D�
FDXVDO�YDULDQW�LV�PRUH�GLIILFXOW�VWLOO��W\SLFDOO\�UHTXLULQJ�ORZ�WKURXJKSXW�JHQRPH�HGLWLQJ�WR�
LQWURGXFH�WKH�YDULDQW�DQG�FKDUDFWHUL]H�LWV�IXQFWLRQDO�VLJQLILFDQFH��)XQFWLRQDO�FKDUDFWHUL]DWLRQ�RI�
JHQHWLF�YDULDQWV�LV�DOVR�D�ERWWOHQHFN�IRU�UDUH�GLVHDVH�UHVHDUFK�DQG�FDQFHU�JHQRPLFV��
VHTXHQFLQJ�RI�FOLQLFDO�LVRODWHV�LQ�ERWK�FRQWH[WV�RIWHQ�XQFRYHUV�YDULDQWV�WKDW�UHPDLQ�XQWHVWHG�IRU�
WKHLU�IXQFWLRQDO�FRQVHTXHQFH��IXUWKHU�H[SDQGLQJ�WKH�OLVW�RI�YDULDQWV�RI�XQFHUWDLQ�VLJQLILFDQFH�
�986����
�
0DQ\�WHFKQRORJLHV�IRU�YDULDQW�VFUHHQLQJ�±�VRPHWLPHV�FDOOHG�PXOWLSOH[HG�DVVD\V�RI�YDULDQW�
HIIHFWV��RU�0$9(V���6WDULWD�HW�DO���������:HLOH�HW�DO����������±�RIIHU�GLIIHUHQW�VWUHQJWKV�DQG�
ZHDNQHVVHV��2QH�JHQHUDO�FDWHJRU\�RI�0$9(V�DUH�DVVD\V�LQ�ZKLFK�D�SUHGHILQHG�VHW�RI�YDULDQWV�
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LV�LQWURGXFHG�DQG�IXQFWLRQDOO\�VFUHHQHG��)RU�H[DPSOH��VDWXUDWLRQ�PXWDJHQHVLV���0HOQLNRY�HW�DO���
������3DWZDUGKDQ�HW�DO����������FDQ�EH�XVHG�WR�VFUHHQ�DOO�SRVVLEOH�VLQJOH�QXFOHRWLGH�YDULDQWV�LQ�
FRGLQJ�RU�QRQ�FRGLQJ�UHJLRQV��EXW�UHOLHV�RQ�H[RJHQRXV�RYHUH[SUHVVLRQ�RI�WKH�YDULDQW�RI�LQWHUHVW��
ZKLFK�PD\�QRW�DOZD\V�SKHQRFRS\�HQGRJHQRXV�YDULDQWV��DQG�LV�OLPLWHG�E\�WKH�VL]H�RI�WKH�
FDVVHWWH�WKDW�FDQ�EH�LQWURGXFHG��PDNLQJ�LW�GLIILFXOW�WR�DVVD\�ODUJH�JHQHV��6DWXUDWLRQ�JHQRPH�
HGLWLQJ���)LQGOD\�HW�DO�����������������ZKLFK�UHOLHV�RQ�KRPRORJ\�GLUHFWHG�UHSDLU��+'5���KDV�EHHQ�
XVHG�WR�VFUHHQ�DOO�SRVVLEOH�YDULDQWV�LQ�VHYHUDO�H[RQV�RI��%5&$� ���ZKLOH�+'5�DSSURDFKHV�DUH�
HIIHFWLYH�LQ�\HDVW���6KDURQ�HW�DO�����������WKH�ORZ�HIILFLHQF\�RI�+'5�LQ�KXPDQ�FHOOV�KDV�UHVWULFWHG�
LWV�XVH�WR�UDUH�QHDU�KDSORLG�OLQHV��
�
7KH�VXLWH�RI�&5,635�EDVHG�WRROV�RIIHUV�VHYHUDO�RSWLRQV�WR�PXWDJHQL]H�ORFL��&DV��QXFOHDVH�
UHVXOWV�LQ�LQGHOV�RI�YDU\LQJ�OHQJWKV�LQ�PRVW�FHOO�W\SHV��DQG�VHYHUDO�JURXSV�KDYH�XVHG�WKLV�
DSSURDFK�WR�LGHQWLI\�PXWDWLRQV�WKDW�FRQIHU�GUXJ�UHVLVWDQFH�WR�PDQ\�IDPLOLHV�RI�VPDOO�PROHFXOHV�
�'RQRYDQ�HW�DO���������1HJJHUV�HW�DO���������3HWWLWW�HW�DO���������9LQ\DUG�HW�DO�����������$OWKRXJK�
WKLV�VWUDWHJ\�LV�UHDGLO\�GHSOR\DEOH��ZLOG�W\SH�&DV��LQWURGXFHV�D�VXEVWDQWLDO�IUDFWLRQ�RI�
RXW�RI�IUDPH�LQGHOV�WKDW�UHVXOW�LQ�SURWHLQ�WUXQFDWLRQV�DQG�WKHUHIRUH�QRQ�IXQFWLRQDO�SURWHLQ�
YDULDQWV��OLPLWLQJ�LWV�XVHIXOQHVV�IRU�PXWDJHQHVLV��$Q�DOWHUQDWLYH�LV�WR�XVH�FDWDO\WLFDOO\�GHDFWLYDWHG�
&DV���G&DV���WR�UHFUXLW�D�KLJKO\�PXWDJHQLF�DJHQW�WR�VHPL�UDQGRPO\�LQWURGXFH�VXEVWLWXWLRQV�DW�
HQGRJHQRXV�ORFL�LQ�PDPPDOLDQ�FHOOV���+HVV�HW�DO���������0D�HW�DO�����������:KLOH�WKHVH�
DSSURDFKHV�GR�QRW�GLUHFWO\�JHQHUDWH�RXW�RI�IUDPH�LQGHOV��WKH�ORZ�HIILFLHQF\�DQG�KHWHURJHQHLW\�RI�
WKH�VXEVWLWXWLRQV�OLPLWV�WKHLU�XVH�LQ�QHJDWLYH�VHOHFWLRQ�DVVD\V���
�
&5,635�EDVH�HGLWRUV���*DXGHOOL�HW�DO���������.RPRU�HW�DO�����������ZKLFK�LQWURGXFH�WUDQVLWLRQ�
PXWDWLRQV�DW�WDUJHW�ORFL��DUH�DQ�DWWUDFWLYH�FDQGLGDWH�IRU�VXE�VDWXUDWLQJ�YDULDQW�VFUHHQLQJ�IRU�
VHYHUDO�UHDVRQV��)LUVW��WKH\�UHTXLUH�RQO\�D�VLQJOH�JXLGH�51$��VJ51$��WR�GLUHFW�WKH�EDVH�HGLWRU�WR�
WKH�GHVLUHG�ORFXV��WKHUHIRUH��WKH\�FDQ�EH�XVHG�WR�VFUHHQ�ODUJH�JHQHV�RU�JHQRPLF�UHJLRQV�WKDW�
FRXOG�QRW�HDVLO\�EH�DVVD\HG�E\�VDWXUDWLRQ�PXWDJHQHVLV��6HFRQG��XQOLNH�K\SHUDFWLYH�HGLWRUV��
EDVH�HGLWRUV�HGLW�LQ�D�UHODWLYHO\�SUHGLFWDEOH�IDVKLRQ��JHQHUDOO\�HGLWLQJ�DOO�WDUJHW�QXFOHRWLGHV�LQ�D�
GHILQHG�ZLQGRZ�ZLWK�PLQLPDO�LQGHOV���.RPRU�HW�DO�����������7KHVH�SURSHUWLHV�VKRXOG�PDNH�EDVH�
HGLWRUV�HIIHFWLYH�ZKHQ�XVHG�IRU�QHJDWLYH�VHOHFWLRQ�VFUHHQV��ZKLFK�UHTXLUH�WKDW�FHOOV�UHFHLYLQJ�WKH�
VDPH�VJ51$�JHQHUDOO\�UHFHLYH�WKH�VDPH�HGLW��0RUHRYHU��EDVH�HGLWRUV�IXQFWLRQ�LQ�SRVW�PLWRWLF�
FHOOV�WKDW�GR�QRW�JHQHUDOO\�VXSSRUW�+'5���/HY\�HW�DO���������5HHV�DQG�/LX��������<HK�HW�DO���
��������7KH�SURJUDPPDEOH�DQG�SUHGLFWDEOH�QDWXUH�RI�EDVH�HGLWRUV�DOVR�PHDQV�WKDW�WKH�UHVXOWV�RI�
D�EDVH�HGLWLQJ�VFUHHQ�FDQ�EH�LQLWLDOO\�DVVHVVHG�E\�VHTXHQFLQJ�WKH�VJ51$�RQO\��UDWKHU�WKDQ�WKH�
IXOO�JHQRPLF�UHJLRQ���IROORZHG�E\�WDUJHWHG�VHTXHQFLQJ�RI�KLW�ORFL�IURP�WKH�SULPDU\�VFUHHQ�WR�
LGHQWLI\�LQGLYLGXDO�FDXVDO�YDULDQWV��7KLV�UHGXFHV�VHTXHQFLQJ�FRVWV�DQG�DOORZV�IRU�ODUJHU�OLEUDULHV�
WKDW�FDQ�EH�XVHG�WR�LQWHUURJDWH�PDQ\�GLVSDUDWH�JHQRPLF�ORFL�DW�RQFH���
�
,QLWLDO�VFUHHQV�ZLWK�EDVH�HGLWRU�WHFKQRORJ\�LQ�PDPPDOLDQ�FHOOV�KDYH�LQWURGXFHG�VWRS�FRGRQV�
�.XVFX�HW�DO����������RU�WLOHG�DOO�SRVVLEOH�VJ51$V�DFURVV�D�VPDOO�QXPEHU�RI�JHQHV���-XQ�HW�DO���
������.ZHRQ�HW�DO�����������DQG�VXFK�VFUHHQV�KDYH�UHFHQWO\�EHHQ�DSSOLHG�DW�VFDOH�LQ�\HDVW�
�'HVSUpV�HW�DO�����������$�FRPSUHKHQVLYH�GHPRQVWUDWLRQ�RI�WKH�XWLOLW\�RI�EDVH�HGLWRU�VFUHHQV�
ZRXOG�IDFLOLWDWH�ZLGHVSUHDG�XSWDNH�RI�VXFK�VFUHHQV�DV�DQ�DSSURDFK�WR�DVVD\�KXPDQ�JHQHWLF�
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YDULDQWV��+HUH��ZH�SUHVHQW�GDWD�IURP����SRROHG�VFUHHQV�ZLWK�F\WRVLQH�EDVH�HGLWRUV�LQ�KXPDQ�FHOO�
OLQHV��:H�WHVW�WZR�YDULDQWV�RI�EDVH�HGLWRUV�DQG�GHPRQVWUDWH�WKDW�WKH�KLJKHU�SHUIRUPLQJ�YDULDQW�
HIIHFWLYHO\�LGHQWLILHV�ORVV�RI�IXQFWLRQ�PXWDWLRQV�LQ�SRVLWLYH�DQG�QHJDWLYH�VHOHFWLRQ�DVVD\V��:H�
WKHQ�XVH�WKLV�EDVH�HGLWRU�VFUHHQLQJ�WRRONLW�WR�LQWHUURJDWH�YDULDQWV�LQ��%5&$���DQG��%5&$� ���
FRQGXFW�PRGLILHU�VFUHHQV�ZLWK���VPDOO�PROHFXOHV��DQG�VFUHHQ��������FOLQLFDOO\�REVHUYHG�JHQHWLF�
YDULDQWV�DFURVV�VHYHUDO�JURZWK�FRQGLWLRQV��2XU�UHVXOWV�KLJKOLJKW�WKDW�EDVH�HGLWRU�VFUHHQV�DUH�
ZLGHO\�XVHIXO�WR�IXQFWLRQDOO\�FKDUDFWHUL]H�YDULDQWV�LQ�D�VFDODEOH��SRROHG�IDVKLRQ��
�
5(68/76�
�
%HQFKPDUNLQJ�EDVH�HGLWRUV�LQ�QHJDWLYH�DQG�SRVLWLYH�VHOHFWLRQ�VFUHHQV�
�
7R�DVVHVV�WKH�IHDVLELOLW\�RI�SHUIRUPLQJ�SRROHG�VFUHHQV�ZLWK�EDVH�HGLWRUV��ZH�XVHG�D�
SUHYLRXVO\�GHVFULEHG�OLEUDU\���6DQVRQ�HW�DO�����������ZKLFK�LQFOXGHG�DOO�SRVVLEOH��6��S\RJHQHV�
VJ51$V�WDUJHWLQJ�WKH�H[RQV�RI����JHQHV�WKDW��ZKHQ�LQDFWLYDWHG��FRQIHU�D�SKHQRW\SH�WKDW�LV�
UHDGLO\�DVVD\HG�LQ�D�SRROHG�YLDELOLW\�VFUHHQ��7KHVH�JHQHV�LQFOXGHG����³SDQ�OHWKDO´��HVVHQWLDO��
JHQHV�WKDW�DUH�EURDGO\�UHTXLUHG�IRU�FHOO�VXUYLYDO����JHQHV�ZKRVH�NQRFNRXW�FRQIHUV�UHVLVWDQFH�WR�
WKH�%5$)�LQKLELWRU�YHPXUDIHQLE���6KDOHP�HW�DO�����������DV�ZHOO�DV�WDUJHWLQJ�DQG�QRQ�WDUJHWLQJ�
FRQWUROV��IRU�D�WRWDO�OLEUDU\�VL]H�RI��������VJ51$V��:H�FORQHG�WKLV�OLEUDU\�LQWR�OHQWLYLUDO�YHFWRUV�
WKDW�ERWK�H[SUHVV�WKH�VJ51$�DQG�FRQWDLQ�HLWKHU�%(���PD[�RU�%(�PD[���.REODQ�HW�DO���������
��)LJXUH�6�$����ZKLFK�DUH�&!7�EDVH�HGLWRUV�WKDW�FRQWDLQ���DQG���FRSLHV�RI�WKH�XUDFLO�JO\FRV\ODVH�
LQKLELWRU��8*,���UHVSHFWLYHO\��$V�D�FRQWURO��ZH�DOVR�FORQHG�WKH�OLEUDU\�LQWR�D�JXLGH�RQO\�YHFWRU�IRU�
XVH�ZLWK�FHOO�OLQHV�VWDEO\�H[SUHVVLQJ�ZLOG�W\SH�&DV���ZW&DV�����
�
:H�VFUHHQHG�WKLV�OLEUDU\�LQ�$�����PHODQRPD��FHOOV�LQ�ERWK�D�QHJDWLYH�VHOHFWLRQ�DVVD\��YLDELOLW\��
DQG�D�SRVLWLYH�VHOHFWLRQ�DVVD\��YHPXUDIHQLE�UHVLVWDQFH���8QPRGLILHG�SDUHQWDO�FHOOV��IRU�EDVH�
HGLWRU�VFUHHQV��RU�&DV��H[SUHVVLQJ�FHOOV��IRU�ZW&DV��VFUHHQV��ZHUH�WUDQVGXFHG�ZLWK�WKH�OLEUDU\�
LQ�GXSOLFDWH��VHOHFWHG�ZLWK�SXURP\FLQ�IRU���GD\V�WR�HOLPLQDWH�XQLQIHFWHG�FHOOV��GLYLGHG�LQWR���DUPV�
�GURSRXW�DQG�YHPXUDIHQLE���DQG�FXOWXUHG�IRU���ZHHNV�DW�D�UHSUHVHQWDWLRQ�RI�DSSUR[LPDWHO\�������
FHOOV�SHU�VJ51$���)LJXUH��$����*HQRPLF�'1$�ZDV�LVRODWHG�DW�WKH�ILQDO�WLPHSRLQW��VJ51$V�ZHUH�
DPSOLILHG�E\�3&5��DQG�VHTXHQFHG��/RJ�IROG�FKDQJHV�RI�WKH�GURSRXW��QR�GUXJ��DUPV�ZHUH�ZHOO�
FRUUHODWHG�DFURVV�UHSOLFDWHV��3HDUVRQ�U� ������IRU�%(���PD[��3HDUVRQ�U� ������IRU�%(�PD[���:H�
WKHUHIRUH�PHUJHG�UHSOLFDWHV�DQG�FDOFXODWHG�]�VFRUHV�UHODWLYH�WR�WDUJHWLQJ�FRQWUROV��JXLGHV�WLOLQJ���
FHOO�VXUIDFH�PDUNHU�JHQHV��Q� �����IRU�%(���PD[��Q� �����IRU�%(�PD[���1H[W��ZH�DQQRWDWHG�
VJ51$V�ZLWK�WKHLU�SUHGLFWHG�HGLWLQJ�FRQVHTXHQFHV�XVLQJ�D�VLPSOH�KHXULVWLF��DOO�&¶V�LQ�SRVLWLRQV�
����RI�WKH�VJ51$�ZHUH�FRQVLGHUHG�WR�EH�HGLWHG�XQOHVV�WKH\�ZHUH�SUHFHGHG�E\�D�*��DV�WKLV�PRWLI�
LV�NQRZQ�WR�EH�KLJKO\�GLVIDYRUHG�E\�WKH�$32%(&��GRPDLQ���.OXHVQHU�HW�DO���������.RPRU�HW�DO���
��������:H�WKHQ�DQQRWDWHG�HDFK�VJ51$�ZLWK�LWV�SUHGLFWHG�FRUUHVSRQGLQJ�DPLQR�DFLG�FKDQJHV�
DQG�ELQQHG�VJ51$V�EDVHG�RQ�WKH�PRVW�VHYHUH�SUHGLFWHG�FRQVHTXHQFH��H�J��VSOLFH�VLWH��
QRQVHQVH��PLVVHQVH��VLOHQW��VHH�0HWKRGV���$OO�IXUWKHU�VFUHHQV�IROORZHG�WKLV�JHQHUDO�IRUPDW�DQG�
DQQRWDWLRQ�VWUDWHJ\�XQOHVV�RWKHUZLVH�QRWHG��
�

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

The copyright holder for this preprint (whichthis version posted May 17, 2020. ; https://doi.org/10.1101/2020.05.17.100818doi: bioRxiv preprint 

https://paperpile.com/c/C2FH46/aNjT
https://paperpile.com/c/C2FH46/PPbN
https://paperpile.com/c/C2FH46/L7tCD
https://paperpile.com/c/C2FH46/7cNB+RJ8C
https://paperpile.com/c/C2FH46/7cNB+RJ8C
https://doi.org/10.1101/2020.05.17.100818
http://creativecommons.org/licenses/by-nc-nd/4.0/


C D

Figure 1. Base editors identify loss-of-function mutations in negative and positive selection screens.
(A) Schematic of pooled screens with lentiviral tiling library. (B) Performance of sgRNAs targeting pan-lethal genes, grouped according to the 
most severe predicted mutation consequence. Targeting controls are all sgRNAs targeting non-essential cell surface markers, regardless of 
mutation consequence. The percentage of sgRNAs with a z-score < -2 in a given mutation bin is also reported. (C) Correlation between Rule 
Set 2 score and sgRNA depletion in HAP1 cells for sgRNAs predicted to introduce nonsense mutations (n = 95) or splice site mutations (n = 37) 
in pan-lethal genes. Dashed lines show a Rule Set 2 score of 0.6 and a z-score of -2. Pearson r = -0.44. (D) Area under the curve (AUC) values 
for receiver operating characteristic (ROC) curves shown in Figure S1E and S1H. (E) Performance of sgRNAs targeting NF1, NF2, CUL3, and 
MED12 in vemurafenib resistance screens, grouped by the most severe mutation consequence. Targeting controls are all sgRNAs targeting cell 
surface markers, regardless of mutation consequence. The percentage of sgRNAs with a z-score > 2 is shown.
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:H�ILUVW�DVNHG�ZKHWKHU�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QHXWUDO�RU�ORVV�RI�IXQFWLRQ�PXWDWLRQV�LQ�
SDQ�OHWKDO�JHQHV�VKRZHG�GLIIHUHQWLDO�SHUIRUPDQFH�LQ�D�QHJDWLYH�VHOHFWLRQ�VFUHHQ��,PSRUWDQWO\��
VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QR�HGLWV�RU�RQO\�VLOHQW�PXWDWLRQV�SHUIRUPHG�VLPLODUO\�WR�WDUJHWLQJ�
FRQWUROV��VJ51$V�WDUJHWLQJ���JHQHV�HQFRGLQJ�FHOO�VXUIDFH�PDUNHUV���LQGLFDWLQJ�WKDW�WKHUH�ZDV�
QRW�D�KLJK�UDWH�RI�LQGHOV�RU�&!5�HGLWLQJ��5� �$�*����)LJXUH�6�%����(QFRXUDJLQJO\��ZLWK�%(���PD[��
������RI�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QRQVHQVH�PXWDWLRQV�DQG�������RI�VJ51$V�SUHGLFWHG�
WR�LQWURGXFH�VSOLFH�VLWH�GLVUXSWLQJ�PXWDWLRQV�ZHUH�GHSOHWHG�ZLWK�D�]�VFRUH��������)LJXUH�6�%����
%(�PD[��RQ�WKH�RWKHU�KDQG��VKRZHG�IDU�OHVV�GHSOHWLRQ�RI�VXFK�VJ51$V��ZLWK�MXVW������DQG�
������RI�SUHGLFWHG�QRQVHQVH�DQG�VSOLFH�VLWH�VJ51$V�VFRULQJ��UHVSHFWLYHO\���)LJXUH�6�&����
/LNHZLVH��ZH�FDOFXODWHG�UHFHLYHU�RSHUDWRU�FKDUDFWHULVWLF��52&��FXUYHV��GHILQLQJ�WUXH�SRVLWLYHV�DV�
VJ51$V�WDUJHWLQJ�HVVHQWLDO�JHQHV�WKDW�LQWURGXFHG�QRQVHQVH�PXWDWLRQV�RU�VSOLFH�VLWH�PXWDWLRQV��
DQG�GHILQLQJ�WUXH�QHJDWLYHV�DV�VJ51$V�WDUJHWLQJ�HVVHQWLDO�JHQHV�WKDW�LQWURGXFHG�QR�HGLWV�RU�
RQO\�VLOHQW�PXWDWLRQV��%(���PD[�RXWSHUIRUPHG�%(�PD[�E\�WKLV�PHWULF��52&�$8&� ������YV��
�������)LJXUH�6�'����VR�ZH�SURFHHGHG�ZLWK�%(���PD[�IRU�VXEVHTXHQW�VFUHHQV��
�
7R�IXUWKHU�YDOLGDWH�%(���PD[��ZH�VFUHHQHG�WKH�VDPH�OLEUDU\�LQ���PRUH�FHOO�OLQHV��0(/-862�
�PHODQRPD���29&$5���RYDULDQ�FDQFHU���+$�(��LPPRUWDOL]HG�NLGQH\���DQG�+$3���QHDU�KDSORLG�
&0/�GHULYHG���:H�DJDLQ�XVHG�52&�FXUYHV�WR�TXDQWLI\�SHUIRUPDQFH�DQG�REVHUYHG�VLPLODU�
VHSDUDWLRQ�EHWZHHQ�SUHGLFWHG�QHXWUDO�DQG�ORVV�RI�IXQFWLRQ�PXWDWLRQV�DFURVV�DOO���FHOO�OLQHV��
LQGLFDWLQJ�WKDW�EDVH�HGLWLQJ�LV�HIIHFWLYH�DFURVV�D�UDQJH�RI�FHOO�W\SHV�RI�YDULRXV�SORLG\���)LJXUH�
6�(����,Q�+$3���WKH�EHVW�SHUIRUPLQJ�FHOO�OLQH��������RI�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QRQVHQVH�
PXWDWLRQV�DQG�������RI�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�VSOLFH�VLWH�PXWDWLRQV�ZHUH�GHSOHWHG�ZLWK�
D�]�VFRUH��������)LJXUH��%����$OWKRXJK�D�VPDOO�IUDFWLRQ���������RI�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�
VLOHQW�PXWDWLRQV�GHSOHWHG�EHORZ�WKLV�WKUHVKROG��ZH�H[SHFW�WKDW�WKLV�LV�PRVW�OLNHO\�GXH�WR�
RXW�RI�ZLQGRZ�HGLWLQJ�WKDW�PD\�LQGXFH��IRU�H[DPSOH��QRQVHQVH�RU�VSOLFH�VLWH�PXWDWLRQV��VHH�
EHORZ���(QFRXUDJLQJO\��WKH�SHUIRUPDQFH�RI�VJ51$V�WDUJHWLQJ�SDQ�OHWKDO�JHQHV�ZDV�KLJKO\�
FRUUHODWHG�DFURVV�WKH���FHOO�OLQHV��3HDUVRQ�U�!��������GHPRQVWUDWLQJ�FRQVLVWHQW�SHUIRUPDQFH�RI�
RXU�VFUHHQV�DQG�VXJJHVWLQJ�WKDW�VLPLODU�IHDWXUHV�XQGHUOLH�HGLWLQJ�HIILFDF\�DFURVV�FHOO�W\SHV��
�
7KH�UDQJH�RI�SKHQRW\SLF�HIIHFWV�IRU�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QRQVHQVH�RU�VSOLFH�VLWH�
PXWDWLRQV�LQ�SDQ�OHWKDO�JHQHV�LQGLFDWHV�WKDW�QRW�DOO�VJ51$V�LQWURGXFHG�EDVH�HGLWV�DW�D�KLJK�
HQRXJK�IUHTXHQF\�WR�EH�GHWHFWHG�LQ�D�QHJDWLYH�VHOHFWLRQ�VFUHHQ��VR�ZH�H[DPLQHG�VHYHUDO�
IDFWRUV�WKDW�FRXOG�FRQWULEXWH�WR�VJ51$�DFWLYLW\��)LUVW��EHFDXVH�ZH�DOVR�VFUHHQHG�WKH�WLOLQJ�OLEUDU\�
ZLWK�ZW&DV��LQ�$����DQG�0(/-862�FHOOV��ZH�FRPSDUHG�WKH�SHUIRUPDQFH�RI�VJ51$V�SUHGLFWHG�
WR�LQWURGXFH�QRQVHQVH�RU�VSOLFH�VLWH�PXWDWLRQV�ZLWK�WKH�EDVH�HGLWRU�DFURVV�WKH�WZR�VFUHHQV��DV�
WKHVH�VJ51$V�ZRXOG�EH�H[SHFWHG�WR�GHSOHWH�ZLWK�ERWK�WKH�EDVH�HGLWRU�DQG�ZW&DV���1HDUO\�DOO�
VJ51$V�GHSOHWHG�ZLWK�]�VFRUHV������LQ�WKH�ZW&DV��FRQGLWLRQ��VXJJHVWLQJ�WKDW�WKH�ODFN�RI�D�
SKHQRW\SH�LQ�WKH�EDVH�HGLWRU�VFUHHQ�ZDV�OLNHO\�GXH�WR�D�EDVH�HGLWRU�VSHFLILF�HIIHFW�UDWKHU�WKDQ��
IRU�H[DPSOH��LQHIIHFWLYH�VJ51$�H[SUHVVLRQ�RU�ORZ�51$�VWDELOLW\���)LJXUH�6�)�*����:H�DOVR�
REVHUYHG�D�FRUUHODWLRQ�EHWZHHQ�WKH�5XOH�6HW���RQ�WDUJHW�VFRUH���'RHQFK�HW�DO����������DQG�EDVH�
HGLWRU�SHUIRUPDQFH���)LJXUH��&����ILOWHULQJ�IRU�KLJK�5XOH�6HW���VFRUHV�IXUWKHU�LPSURYHG�52&�$8&�
YDOXHV���)LJXUH��'��)LJXUH�6�+����)LOWHULQJ�E\�SUHGLFWHG�RQ�WDUJHW�DFWLYLW\�PD\�EH�XVHIXO�IRU�
LQWURGXFLQJ�D�VLQJOH�QRQVHQVH�PXWDWLRQ�SHU�JHQH���%LOORQ�HW�DO���������.XVFX�HW�DO�����������
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UHJDUGOHVV�RI�WKH�SRVLWLRQ��DOWKRXJK�ZH�QRWH�WKDW��ZLWKRXW�EDVH�HGLWRU�VSHFLILF�RQ�WDUJHW�DFWLYLW\�
UXOHV��WKH�YDULDELOLW\�LQ�HYHQ�KLJKO\�UDQNHG�VJ51$V�UHFRPPHQGV�ZW&DV��IRU�VWDQGDUG�JHQH�
NQRFNRXW�DSSURDFKHV��+RZHYHU��ZKHQ�XVLQJ�EDVH�HGLWRUV�IRU�PXWDJHQHVLV��WKHUH�DUH�W\SLFDOO\�D�
KDQGIXO�RI�VJ51$V��DW�PRVW��WKDW�FDQ�LQWURGXFH�D�JLYHQ�HGLW��7KHUHIRUH��ZH�RSWHG�WR�FRQWLQXH�WR�
LQFOXGH�DOO�SRVVLEOH�VJ51$V�LQ�RXU�OLEUDULHV�UDWKHU�WKDQ�SUH�ILOWHU�WKH�OLEUDU\�E\�SUHGLFWHG�
RQ�WDUJHW�HIILFDF\�DQG�SRWHQWLDOO\�UHPRYH�DFWLYH�VJ51$V��
�
:KHUHDV�QHJDWLYH�VHOHFWLRQ�VFUHHQV�DUH�XVHIXO�IRU�EHQFKPDUNLQJ�WKH�SHU�FHOO�HIILFLHQF\�RI�EDVH�
HGLWLQJ��SRVLWLYH�VHOHFWLRQ�VFUHHQV�DUH�PRUH�VHQVLWLYH�WR�OHVV�IUHTXHQW�HGLWLQJ�RXWFRPHV�DQG�
WKHUHIRUH�PRUH�DEOH�WR�GHWHFW�IDOVH�SRVLWLYHV��VXFK�DV�EDVH�HGLWLQJ�RXWVLGH�WKH�SUHGLFWHG�ZLQGRZ��
&!5�FRQYHUVLRQV��RU�LQGHOV��:H�WKHUHIRUH�H[DPLQHG�WKH�UHVXOWV�RI�WKH�SRVLWLYH�VHOHFWLRQ�VFUHHQ�
LQ�$����FHOOV�IRU�YHPXUDIHQLE�UHVLVWDQW�PXWDWLRQV�LQ��&8/���0('����1)����DQG��1)����DQG�DJDLQ�
REVHUYHG�D�GLVWLQFW�VHSDUDWLRQ�EHWZHHQ�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QR�HGLWV�RU�VLOHQW�
PXWDWLRQV�DQG�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�VSOLFH�VLWH�RU�QRQVHQVH�PXWDWLRQV���)LJXUH��(��
)LJXUH�6�,����,PSRUWDQWO\��IHZHU�WKDQ�����RI�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�VLOHQW�PXWDWLRQV�RU�
QR�HGLWV�HQULFKHG�ZLWK�]�VFRUH�!����LQGLFDWLQJ�WKDW�WKH�VFUHHQ�KDG�D�ORZ�IDOVH�SRVLWLYH�UDWH��
%DVHG�RQ�WKHVH�UHVXOWV��ZH�FRQFOXGH�WKDW�EDVH�HGLWRU�VFUHHQV�FDQ�HIIHFWLYHO\�LGHQWLI\�VJ51$V�
LQWURGXFLQJ�ORVV�RI�IXQFWLRQ�PXWDWLRQV�LQ�SRVLWLYH�DQG�QHJDWLYH�VHOHFWLRQ�VFUHHQV���
�
,GHQWLILFDWLRQ�RI�NQRZQ�ORVV�RI�IXQFWLRQ�YDULDQWV�LQ��%5&$���DQG��%5&$��
�
&RQWLQXHG�VHTXHQFLQJ�RI�FDQFHU�JHQRPHV�KDV�UHYHDOHG�D�ORQJ�WDLO�RI�ORZ�IUHTXHQF\�PXWDWLRQV�
LQ�WXPRU�VXSSUHVVRU�JHQHV�ZKRVH�IXQFWLRQDO�FRQVHTXHQFH��DQG�WKXV�FOLQLFDO�VLJQLILFDQFH��LV�
XQFOHDU��KLJKOLJKWLQJ�WKH�QHHG�IRU�IXQFWLRQDO�FKDUDFWHUL]DWLRQ�RI�YDULDQWV��/RVV�RI�IXQFWLRQ�
PXWDWLRQV�LQ�WKH�'1$�GDPDJH�UHSDLU�JHQHV��%5&$� ��DQG��%5&$� ��W\SLFDOO\�KLQGHU�FHOO�JURZWK�DQG�
DUH�WKHUHIRUH�DVVD\HG�E\�QHJDWLYH�VHOHFWLRQ�VFUHHQV��:H�FRQVWUXFWHG���OLEUDULHV�RI�DOO�SRVVLEOH�
VJ51$V�WLOLQJ�HDFK�JHQH��Q� �����VJ51$V�WDUJHWLQJ��%5&$� ���Q� �����VJ51$V�WDUJHWLQJ�
%5&$� ���SOXV����QRQ�WDUJHWLQJ�FRQWUROV�����LQWHUJHQLF�FRQWUROV��DQG����SRVLWLYH�FRQWUROV�WDUJHWLQJ�
VSOLFH�VLWHV�LQ�SDQ�OHWKDO�JHQHV�LQ�HDFK�OLEUDU\���:H�VFUHHQHG�WKHVH�OLEUDULHV�LQ�WULSOLFDWH�LQ�WZR�
FHOO�OLQHV��+$3��DQG�0(/-862��DW�YHU\�KLJK�FRYHUDJH��!�������FHOOV�SHU�VJ51$����)LJXUH��$����
%5&$� ��DQG��%5&$� ��DUH�HVVHQWLDO�LQ�+$3��FHOOV���)LQGOD\�HW�DO�����������VR�FHOO�YLDELOLW\��GURSRXW��
VFUHHQV�ZHUH�FRQGXFWHG�LQ�WKHVH�FHOOV��0(/-862�FHOOV�ZHUH�WUHDWHG�ZLWK�HLWKHU�WKH�3$53�
LQKLELWRU�WDOD]RSDULE�RU�WKH�'1$�GDPDJLQJ�DJHQW�FLVSODWLQ�WR�VHQVLWL]H�FHOOV�WR�%5&$�ORVV��
3RVLWLYH�FRQWUROV�VKRZHG�VWURQJ�GHSOHWLRQ�LQ�WKH�XQWUHDWHG�DUPV���)LJXUH�6�$�%���DQG�UHSOLFDWHV�
FRUUHODWHG�VWURQJO\��3HDUVRQ�U�!��������DIWHU�DYHUDJLQJ�UHSOLFDWHV��ZH�DOVR�REVHUYHG�H[FHOOHQW�
FRUUHODWLRQ��3HDUVRQ�U�!�������EHWZHHQ�WKH�WDOD]RSDULE�DQG�FLVSODWLQ�DUPV�LQ�0(/-862�FHOOV��
DQG�EHWZHHQ�WKH�WZR�FHOO�OLQHV��ZKHUH�WKH�0(/-862�VFRUH�ZDV�DQ�DYHUDJH�RI�WKH�WZR�GUXJ�
FRQGLWLRQV��3HDUVRQ�U�!���������)LJXUH�6�&�'����7KH�FRQVLVWHQF\�RI�VJ51$�SHUIRUPDQFH�DFURVV�
WUHDWPHQW�FRQGLWLRQV�DOORZHG�XV�WR�DYHUDJH�VJ51$�VFRUHV�IURP�HDFK�FHOO�OLQH��UHVXOWLQJ�LQ�D�
VLQJOH�VFRUH�SHU�VJ51$��DQG�FRPSXWH�D�FRUUHVSRQGLQJ�]�VFRUH�UHODWLYH�WR�LQWHUJHQLF�FRQWUROV���
�
$V�EHIRUH��ZH�REVHUYHG�WKDW�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QRQVHQVH�DQG�VSOLFH�VLWH�PXWDWLRQV�
ZHUH�VWURQJO\�GHSOHWHG�UHODWLYH�WR�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�VLOHQW�PXWDWLRQV��FRQILUPLQJ�
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Figure 2. Base editor screens of BRCA1 and BRCA2 identify known loss-of-function 
mutations. 
(A) Schematic of BRCA1 and BRCA2 screens in HAP1 and MELJUSO cells. (B-C) 
Depletion of sgRNAs predicted to introduce nonsense mutations and splice site 
mutations in BRCA1 and BRCA2. Dashed line indicates the threshold between 
non-scoring and intermediate hit sgRNAs (z-score = -2). The percentage of sgRNAs 
in each category with z-score < -2 is indicated. (D-E) Performance of sgRNAs 
targeting BRCA1 and BRCA2, colored according to the predicted mutation bin. 
Dashed lines show z-score thresholds of -2 and -4; shaded areas indicate the RING 
domain and DNA-binding domain for BRCA1 and BRCA2, respectively. Boxes show 
the quartiles; whiskers show 1.5 times the interquartile range. Categories with n < 20 
are shown as individual dots. (F-G) ROC curves for curated sets of pathogenic / likely 
pathogenic and benign / likely benign variants listed in ClinVar for BRCA1 and 
BRCA2. When multiple sgRNAs were predicted to introduce the same variant, the 

z-scores were averaged to obtain a single z-score per variant. (H) Comparison of the results of a saturation genome editing (SGE) screen of the 
BRCA1 RING and BRCT domains to the results of base editor screens (n = 49 sgRNAs for which all predicted edits were assayed by SGE). A 
combined SGE score for each sgRNA is shown and is colored by the predicted mutation bin in the base editor screen. Dashed lines show the 
thresholds to score in the SGE screen as described in the original publication; for the baes editor screen, dashed lines show a z-score of -2 and 
-4. 
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WKDW�ZH�FRXOG�HIIHFWLYHO\�DVVD\�ORVV�RI�IXQFWLRQ�PXWDWLRQV�LQ��%5&$���DQG��%5&$� ����)LJXUH��%�&����
:H�ELQQHG�VJ51$V�E\�]�VFRUH��FDWHJRUL]LQJ�WKHP�DV�HLWKHU�VWURQJ�KLWV��]�VFRUH��������
LQWHUPHGLDWH�KLWV�������]�VFRUH��������RU�QRQ�VFRULQJ��]�VFRUH�!������������������DQG�������������
RI�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QRQVHQVH�PXWDWLRQV�RU�VSOLFH�VLWH�PXWDWLRQV��UHVSHFWLYHO\��
VFRUHG�DV�HLWKHU�VWURQJ�RU�LQWHUPHGLDWH�KLWV��LQ�FRQWUDVW�WR��������������RI�VJ51$V�SUHGLFWHG�WR�
LQWURGXFH�RQO\�VLOHQW�PXWDWLRQV��GHSOHWHG�VJ51$V�LQ�WKH�ODWWHU�FDWHJRU\�OLNHO\�FRQVLVW�RI�VJ51$V�
ZLWK�RXW�RI�ZLQGRZ��&!5��RU�RII�WDUJHW�HGLWLQJ��,PSRUWDQWO\��QRQ�VFRULQJ�VJ51$V�VKRXOG�QRW�EH�
FRQIODWHG�ZLWK�EHQLJQ�PXWDWLRQV��DV�WKH�SULPDU\�VFUHHQ�LV�XQDEOH�WR�UXOH�RXW�LQHIIHFWLYH�HGLWLQJ�
IRU�DQ\�QRQ�VFRULQJ�VJ51$���
�
2I�WKH�����VJ51$V�SUHGLFWHG�WR�LQWURGXFH�PLVVHQVH�PXWDWLRQV�LQ��%5&$���RU��%5&$� �������
����������VFRUHG�DV�VWURQJ�RU�LQWHUPHGLDWH�KLWV��7KH�PDMRULW\�RI�VWURQJO\�GHSOHWHG�PLVVHQVH�
PXWDWLRQV�RFFXUUHG�LQ�FULWLFDO�SURWHLQ�GRPDLQV��LQ��%5&$� �������������RI�WKH�VWURQJ�KLW�VJ51$V�
SUHGLFWHG�WR�PDNH�PLVVHQVH�PXWDWLRQV�ORFDOL]HG�WR�WKH�5,1*�GRPDLQ��ZKLFK�LV�UHTXLUHG�IRU�
%$5'��ELQGLQJ�DQG�(��XELTXLWLQ�OLJDVH�DFWLYLW\��/LNHZLVH��LQ��%5&$� ���������������RI�WKH�VWURQJ�
KLW�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�PLVVHQVH�PXWDWLRQV���ORFDOL]HG�WR�WKH�'1$�ELQGLQJ�GRPDLQ�
��)LJXUH��'�(����
�
:H�WKHQ�FRPSDUHG�RXU�UHVXOWV�WR�VHYHUDO�RUWKRJRQDO�GDWDVHWV��)LUVW��ZH�FXUDWHG�D�JROG�VWDQGDUG�
VHW�RI�YDULDQWV�WKDW�DUH�DQQRWDWHG�DV�HLWKHU�SDWKRJHQLF���OLNHO\�SDWKRJHQLF��3�/3��RU�EHQLJQ���
OLNHO\�EHQLJQ��%�/%��LQ�&OLQ9DU��D�GDWDEDVH�RI�FOLQLFDOO\�REVHUYHG�JHQHWLF�YDULDWLRQ���/DQGUXP�HW�
DO�����������ZLWK�D�UHYLHZ�VWDWXV�RI�DW�OHDVW�RQH�JROG�VWDU��LQGLFDWLQJ�D�KLJKHU�OHYHO�RI�UHYLHZ���:H�
ILOWHUHG�IRU�YDULDQWV�WKDW�ZHUH�SUHGLFWHG�WR�EH�LQWURGXFHG�E\�DW�OHDVW�RQH�VJ51$�LQ�RXU�VFUHHQ��IRU�
%�/%�YDULDQWV��ZH�UHTXLUHG�WKDW�VJ51$V�EH�SUHGLFWHG�WR�LQWURGXFH�RQO\�WKH�%�/%�YDULDQW��
RWKHUZLVH��VJ51$V�PLJKW�GHSOHWH�GXH�WR�D�FRQIRXQGLQJ�VHFRQG�PXWDWLRQ��7KLV�\LHOGHG�D�VHW�RI�
���YDULDQWV�LQ��%5&$�������3�/3�����%�/%��DQG����YDULDQWV�LQ��%5&$�������3�/3�����%�/%���:KHQ�
YDULDQWV�ZHUH�LQWURGXFHG�E\�PXOWLSOH�VJ51$V��ZH�DYHUDJHG�WKH�VFRUHV�WR�REWDLQ�D�VLQJOH�VFRUH�
IRU�HDFK�YDULDQW��:H�IRXQG�WKDW�EDVH�HGLWRU�VFUHHQV�GLVWLQJXLVKHG�3�/3�IURP�%�/%�YDULDQWV�ZLWK�
DQ�$8&�RI������IRU��%5&$� ��DQG������IRU��%5&$� ����)LJXUH��)�*����$W�D�]�VFRUH�WKUHVKROG�RI�����WKH�
%5&$���VFUHHQ�KDG�D�VHQVLWLYLW\�RI������DQG�D�VSHFLILFLW\�RI�������WKH��%5&$���VFUHHQ�KDG�D�
VHQVLWLYLW\�RI������DQG�D�VSHFLILFLW\�RI�������7KHVH�ILQGLQJV�LQGLFDWH�WKDW�EDVH�HGLWRU�VFUHHQV�FDQ�
LGHQWLI\�PXWDWLRQV�RI�IXQFWLRQDO�LPSRUWDQFH�ZLWK�KLJK�SUHFLVLRQ��
�
)RU��%5&$� ���ZH�DOVR�FRPSDUHG�RXU�UHVXOWV�WR�H[LVWLQJ�GDWD�IURP�D�VDWXUDWLRQ�JHQRPH�HGLWLQJ�
�6*(��VFUHHQ�RI�VLQJOH�QXFOHRWLGH�YDULDQWV�LQ�WKH����H[RQV�HQFRGLQJ�WKH�5,1*�DQG�%5&7�
GRPDLQV���)LQGOD\�HW�DO�����������:H�FDOFXODWHG�D�FRPELQHG�6*(�VFRUH�IRU�DOO�VJ51$V�WKDW�ZHUH�
SUHGLFWHG�WR�LQWURGXFH�PXWDWLRQV�DOVR�DVVD\HG�LQ�WKH�6*(�GDWDVHW��WR�FDOFXODWH�D�FRPELQHG�
VFRUH��ZH�REWDLQHG�WKH�6*(�VFRUHV�IRU�DOO�WKH�PXWDWLRQV�SUHGLFWHG�WR�EH�PDGH�E\�D�JLYHQ�
VJ51$��WKHQ�WRRN�WKH�PLQLPXP��UHDVRQLQJ�WKDW��LQ�PRVW�FDVHV��WKH�PXWDWLRQ�ZLWK�WKH�PRVW�
GHOHWHULRXV�HIIHFW�VKRXOG�GULYH�WKH�EHKDYLRU�RI�WKH�VJ51$���:H�H[FOXGHG�DQ\�VJ51$V�IURP�WKLV�
FRPSDULVRQ�WKDW�ZHUH�SUHGLFWHG�WR�PDNH�PXWDWLRQV�QRW�DVVD\HG�E\�6*(��2YHUDOO��ZH�FDOFXODWHG�
D�FRPELQHG�6*(�VFRUH�IRU����VJ51$V�DQG�REVHUYHG�D�PRGHVW�FRUUHODWLRQ�EHWZHHQ�WKH�WZR�
GDWDVHWV��3HDUVRQ�U� ��������)LJXUH��+����:H�ELQQHG�6*(�VFRUHV�LQWR�ORVV�RI�IXQFWLRQ��
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LQWHUPHGLDWH��DQG�IXQFWLRQDO�EDVHG�RQ�WKH�GHILQLWLRQV�LQ�WKH�RULJLQDO�SXEOLFDWLRQ��DQG�REVHUYHG�
WKDW�������RI�VJ51$V���������HLWKHU�VFRUHG�LQ�ERWK�GDWDVHWV�RU�QHLWKHU�GDWDVHW��9HU\�IHZ�
VJ51$V��������VFRUHG�VWURQJO\�LQ�WKH�EDVH�HGLWRU�VFUHHQ�EXW�QRW�DW�DOO�LQ�WKH�6*(�VFUHHQ��
FRQVLVWHQW�ZLWK�WKH�ORZ�IDOVH�SRVLWLYH�UDWH�REVHUYHG�LQ�SUHYLRXV�H[SHULPHQWV���
�
9DOLGDWLRQ�RI��%5&$���DQG��%5&$� ��ORVV�RI�IXQFWLRQ�DOOHOHV�
�
'HVSLWH�JRRG�DJUHHPHQW�ZLWK�JROG�VWDQGDUG�GDWDVHWV��LW�LV�GLIILFXOW�WR�GUDZ�GHILQLWLYH�FRQFOXVLRQV�
DERXW�LQGLYLGXDO�PXWDWLRQV�EDVHG�RQ�WKH�UHVXOWV�RI�WKH�SULPDU\�VFUHHQ�DORQH�EHFDXVH�VJ51$V�
PD\�GHSOHWH�GXH�WR�UHSURGXFLEOH�EXW�XQDQWLFLSDWHG�HIIHFWV��VXFK�DV�RXW�RI�ZLQGRZ�HGLWLQJ��&!5�
HGLWLQJ��LQGHOV��RU�HGLWLQJ�DW�RII�WDUJHW�VLWHV��7KHUHIRUH��ZH�LQGLYLGXDOO\�YDOLGDWHG����VJ51$V�
�VJ��VJ�����6LQFH�PDQ\�QRQVHQVH�PXWDWLRQV�LQ��%5&$� ��DQG��%5&$���KDYH�EHHQ�ZHOO�
FKDUDFWHUL]HG��ZH�IRFXVHG�RQ�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�PLVVHQVH�RU�VLOHQW�PXWDWLRQV��,Q�
RUGHU�WR�GHWHUPLQH�WKH�G\QDPLF�UDQJH�RI�RXU�DVVD\��ZH�VHOHFWHG�VJ51$V�ZLWK�D�UDQJH�RI�DFWLYLW\�
LQ�WKH�SULPDU\�VFUHHQ��:H�DOVR�VHOHFWHG�VHYHUDO�VJ51$V�RI�LQWHUHVW��VXFK�DV���RI�WKH���VJ51$V�
WKDW�VFRUHG�LQ�WKH�EDVH�HGLWRU�VFUHHQ�EXW�QRW�WKH�6*(�VFUHHQ��VJ���DQG�D�VWURQJ�KLW�VJ51$�
WDUJHWLQJ�RXWVLGH�WKH�5,1*�GRPDLQ�RI��%5&$����VJ����DGGLWLRQDOO\��ZH�LQFOXGHG�DQ�HPSW\�YHFWRU�
FRQWURO��17&����WKDW�GLG�QRW�FRQWDLQ�DQ�VJ51$�VHTXHQFH��:H�LQGLYLGXDOO\�FORQHG�WKHVH�VJ51$V�
LQWR�WKH�VDPH�DOO�LQ�RQH�%(���PD[�OHQWLYLUDO�YHFWRU�XVHG�IRU�VFUHHQV��WUDQVGXFHG�+$3��FHOOV�
ZLWK�HDFK�YHFWRU�LQ�GXSOLFDWH��VHOHFWHG�IRU�WUDQVGXFHG�FHOOV�ZLWK�SXURP\FLQ��DQG�FXOWXUHG�FHOOV�IRU�
D�WRWDO�RI���ZHHNV�WR�DOORZ�DOOHOHV�WR�HQULFK�RU�GHSOHWH��FROOHFWLQJ�FHOOV�DW��������DQG����GD\V�
SRVW�WUDQVGXFWLRQ���)LJXUH��$����:H�WKHQ�XVHG�FXVWRP�SULPHUV�IRU�HDFK�VJ51$�WR�DPSOLI\�WKH�
JHQRPLF�UHJLRQ�VXUURXQGLQJ�WKH�HGLW�VLWH�DQG�VXEMHFWHG�WKH�DPSOLFRQV�WR�GHHS�VHTXHQFLQJ���
�
:H�ILUVW�DVVHVVHG�EDVH�HGLWLQJ�HIILFLHQF\�DFURVV�WKH����VJ51$V�WHVWHG��XVLQJ�WKH�HDUO\��GD\���
WLPHSRLQW�WR�PLWLJDWH�WKH�HIIHFW�RI�VJ51$�GURSRXW���)RU�HDFK�VJ51$��ZH�FDOFXODWHG�WKH�HGLWLQJ�
HIILFLHQF\�IRU�HDFK�&�LQ�D�EURDG�ZLQGRZ�DURXQG�WKH�VJ51$��SRVLWLRQV�����WR�����ZKHUH�SRVLWLRQ���
LV�WKH�ILUVW�QXFOHRWLGH�RI�WKH�SURWRVSDFHU�DQG�SRVLWLRQV���������DUH�WKH�3$0�VHTXHQFH���:H�
REVHUYHG�WKDW�WKH�VWURQJHVW�HGLWLQJ�ZDV�&!7�HGLWLQJ�LQ�WKH�WDUJHW�ZLQGRZ��SRVLWLRQV���WR����
PHGLDQ� �������&!7�HGLWLQJ���ZLWK�ORZ�OHYHOV�RI�&!5�HGLWLQJ�DQG�GHOHWLRQV���)LJXUH�6�(����&!7�
HGLWLQJ�RXWVLGH�WKH�FDQRQLFDO�ZLQGRZ�RFFXUUHG�DW�D�ORZHU�EXW�GHWHFWDEOH�UDWH��1RWDEO\��WKH����
VJ51$V�VHOHFWHG�IRU�YDOLGDWLRQ�PD\�EH�HQULFKHG�IRU�DFWLYH�VJ51$V�UHODWLYH�WR�WKH�OLEUDU\�RYHUDOO��
ZKLFK�FRXOG�LQIODWH�WKH�REVHUYHG�HIILFLHQF\�RI�EDVH�HGLWLQJ��6WLOO��WKH�RYHUDOO�WUHQGV�RI�HGLWLQJ�DUH�
FRQVLVWHQW�ZLWK�SUHYLRXV�UHSRUWV�DQG�SURYLGH�FRQILGHQFH�WKDW�ORQJ�WHUP�H[SUHVVLRQ�RI�
OHQWLYLUDO�GHOLYHUHG�EDVH�HGLWRUV�GR�QRW�LQGXFH�ZLGHVSUHDG�LQGHOV�RU�&!5�HGLWLQJ���
�
1H[W��ZH�VRXJKW�WR�OHYHUDJH�WKH�DOOHOH�OHYHO�LQIRUPDWLRQ�SURGXFHG�E\�QH[W�JHQHUDWLRQ�
VHTXHQFLQJ�WR�VHSDUDWH�FDXVDO�DQG�SDVVHQJHU�PXWDWLRQV�IRU�HDFK�VJ51$��:H�ILOWHUHG�RXW�DOOHOHV�
ZLWK�������UHDGV�LQ�DOO�VDPSOHV�DQG�REVHUYHG�VWURQJ�FRUUHODWLRQ�RI�ORJ�QRUPDOL]HG�DOOHOH�UHDG�
FRXQWV�EHWZHHQ�UHSOLFDWHV���)LJXUH��%�&����LQGLFDWLQJ�WKDW�SDWWHUQV�RI�HGLWLQJ�ZHUH�KLJKO\�
UHSURGXFLEOH��:H�WKHQ�FDOFXODWHG�D�ORJ�IROG�FKDQJH�IRU�HDFK�DOOHOH�E\�FRPSDULQJ�WKH�DOOHOH�
IUHTXHQF\�DW�GD\V����DQG����WR�WKH�DOOHOH�IUHTXHQF\�DW�GD\�����)LJXUH��'���DQG�DYHUDJHG�
UHSOLFDWHV�WR�REWDLQ�DQ�DYHUDJH�ORJ�IROG�FKDQJH�IRU�HDFK�DOOHOH��:H�REVHUYHG�WKH�H[SHFWHG�
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Figure 3. Validation of 13 sgRNAs targeting BRCA1 and BRCA2.
(A) Schematic of validation experiments in HAP1 cells. (B) Replicate correlation for allele-level log2-normalized reads per million for sg12 at 21 
days post-transduction. Pearson correlation between alleles with at least 100 reads in any sg12-treated condition is reported. (C) Distribution of 
Pearson coefficients for allele-level replicate correlations for sg1-sg13 at 7, 14, and 21 days post-transduction. The mean is shown in black. (D) 
Abundance and log-fold change (LFC) of alleles for sg12-treated cells at 7 or 21 days post-transduction. Only alleles with at least 1% 
abundance in at least one condition are included on the heatmap. The amino acid and splice site edits are summarized in the map on the right; 
average LFC for days 14 and 21 (relative to day 7) is shown in the heatmap. The wild-type (unedited) allele is indicated with a black triangle. 
“SD” indicates splice donor. (E) Comparison between sgRNA performance in the primary screen (z-score) and secondary validation (LFC of the 
wild-type allele at 21 days post-transduction). Error bars show the range of 2 biological replicates in the secondary validation. Guides with a 
positive LFC of the wild-type allele are labeled. (F) Log-fold change at days 14 and 21 (relative to day 7) of alleles in sg5- and sg1-treated cells. 
(G) Percentage of all sequencing reads containing the indicated mutation at each timepoint. Dots show n = 2 biological replicates. Reads 
containing indels were removed from consideration. “SD” indicates splice donor. NTC-1 indicates a non-targeting (no sgRNA) control.
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QHJDWLYH�FRUUHODWLRQ�EHWZHHQ�WKH�SULPDU\�VFUHHQLQJ�UHVXOWV�DQG�WKH�ORJ�IROG�FKDQJH�RI�ZLOGW\SH�
DOOHOHV�LQ�WKH�VHFRQGDU\�YDOLGDWLRQ��6SHDUPDQ�U� ���������)LJXUH��(����LI�DQ�VJ51$�VFRUHG�ZLWK�D�
QHJDWLYH�ORJ�IROG�FKDQJH�LQ�WKH�SULPDU\�VFUHHQ��WKHQ�LQ�WKH�VHFRQGDU\�YDOLGDWLRQ��WKH�ZLOGW\SH�
DOOHOH�VKRXOG�RXW�FRPSHWH�WKH�GHOHWHULRXV�HGLW�DQG�WKHUHIRUH�HQULFK�ZLWK�D�SRVLWLYH�ORJ�IROG�
FKDQJH��2YHUDOO�������VJ51$V�UHSOLFDWHG�WKH�UHVXOWV�RI�WKH�SULPDU\�VFUHHQ�E\�WKLV�PHWULF������
VFRUHG�DV�KLWV�LQ�ERWK�H[SHULPHQWV��ZKHUHDV�����GLG�QRW�VFRUH�LQ�HLWKHU��7KH�UHPDLQLQJ������
VJ51$V��LQFOXGLQJ�WKH�JXLGH�WKDW�VFRUHG�LQ�WKH�EDVH�HGLWRU�VFUHHQ�EXW�QRW�WKH�6*(�VFUHHQ��VJ����
UHSUHVHQW�IDOVH�SRVLWLYHV�RI�WKH�SULPDU\�VFUHHQ��7KLV�VPDOO�VDPSOH�LV�OLNHO\�QRW�UHSUHVHQWDWLYH�RI�
WKH�RYHUDOO�IDOVH�SRVLWLYH�UDWH��KRZHYHU��DV�ZH�FKRVH�WR�YDOLGDWH�D�QRQ�UDQGRP�VDPSOH�RI�
VJ51$V��LQFOXGLQJ�VHYHUDO�LQWHUPHGLDWH�KLWV�IURP�WKH�SULPDU\�VFUHHQ��
�
7R�GHWHUPLQH�WKH�PXWDWLRQV�GULYLQJ�WKH�SKHQRW\SH�RI�WKH���VJ51$V�WKDW�VFRUHG�LQ�ERWK�WKH�
SULPDU\�DQG�VHFRQGDU\�H[SHULPHQWV��ZH�YLVXDOL]HG�WKH�DPLQR�DFLG�HGLWV�LQ�HDFK�DOOHOH�DORQJVLGH�
WKH�ORJ�IROG�FKDQJH���)LJXUH��'����7KH�WKUHH�VJ51$V�ZLWK�WKH�VWURQJHVW�SKHQRW\SH�LQ�ERWK�WKH�
SULPDU\�DQG�VHFRQGDU\�VFUHHQV�DUH�KLJKOLJKWHG�KHUH��,Q��%5&$� ���VJ��VFRUHG�DV�D�VWURQJ�KLW�LQ�
WKH�VFUHHQ��]�VFRUH� ���������DQG�DOO�RI�WKH�DOOHOHV�ZLWK�D�QHJDWLYH�ORJ�IROG�FKDQJH�LQWURGXFHG�WKH�
SUHGLFWHG�&��<�PXWDWLRQ��UV�����������)LJXUH��)����ZKLFK�LV�FODVVLILHG�DV�3DWKRJHQLF�LQ�&OLQ9DU�
DQG�KDV�EHHQ�VKRZQ�WR�GLVUXSW�(��XELTXLWLQ�OLJDVH�DFWLYLW\���5XIIQHU�HW�DO�����������7KLV�HGLW�
GHFUHDVHG�IURP�������RI�UHDGV�RQ�GD\���SRVW�WUDQVGXFWLRQ�WR�������RQ�GD\������)LJXUH��*����
,PSRUWDQWO\��WKLV�H[DPSOH�KLJKOLJKWV�WKDW�DQ�LQLWLDO�HGLWLQJ�HIILFLHQF\�RI�a����DW�GD\���ZDV�
VXIILFLHQW�WR�VHH�VXEVWDQWLDO�GHSOHWLRQ�LQ�WKH�SULPDU\�VFUHHQ��7KH�VHFRQG�VWURQJHVW�YDOLGDWLRQ�
VJ51$�WDUJHWLQJ��%5&$����VJ���ZDV�SUHGLFWHG�WR�LQWURGXFH�'���1�DQG�9���,�PXWDWLRQV��
KRZHYHU��LQ�WKH�YDOLGDWLRQ�H[SHULPHQWV��WKLV�JXLGH�VKRZHG�GLVWLQFW�GHSOHWLRQ�RI�DOOHOHV�FRQWDLQLQJ�
D�QRQVHQVH�PXWDWLRQ�DW�:�����LQWURGXFHG�E\�&!7�HGLWV�DW�SRVLWLRQ������KLJKOLJKWLQJ�WKH�
LPSRUWDQFH�RI�YDOLGDWLQJ�DFWXDO�HGLWV�UDWKHU�WKDQ�UHO\LQJ�RQ�SUHGLFWLYH�KHXULVWLFV�DORQH���)LJXUH�
�)�*�����
�
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Figure 5. Mutagenesis of BCL2L1 reveals drug resistant point mutations. 
(A) The synthetic lethal relationship between MCL1 and BCL2L1 dictates the expected behavior of BCL2L1 mutations in each condition of the 
screen. LOF = loss-of-function. (B) Timeline of pooled screen. (C) Performance of sgRNAs in the presence of MCL1-i treatment versus 
BCL2L1-i and MCL1-i co-treatment. Guides selected for validation are colored and labeled. Negative controls (non-targeting and intergenic) are 
shown in gray. (D) Timeline of validation of individual sgRNAs. (E) Comparison of the types of edits generated by sg28 in the presence or 
absence of drug treatment. Dots show n = 2 biological replicates. (F) Identification of likely-causal alleles from deep sequencing data. For each 
allele, the log-fold change (LFC) is shown for drug-treated cells relative to untreated cells, and the triangle indicates the wildtype (unedited) 
allele. Only alleles with >1% of all reads in at least one condition were included on the heatmap. (G) Percentage of reads containing the 
indicated edits in the presence and absence of drug treatment. Reads containing indels were not considered to be edited. Dots show n = 2 
replicates. NTC-2 indicates time-matched non-targeting control (EGFP-targeting sgRNA). (H) Deep sequencing of the genomic region surround-
ing the edit sites for sgRNAs 24 - 27 reveals that alleles harboring a S145F mutation enrich in the combination-treated condition. Values plotted 
are the average of two replicates. Shaded regions indicated the expected editing window. (I) Identification of likely causal alleles, as in (F). (J) 
Percentage of reads containing the indicated edit in the presence and absence of drug treatment. Dots show n = 2 replicates. Reads containing 
indels were not considered to be edited. NTC-2 indicates time-matched non-targeting control (EGFP-targeting sgRNA). (K) Location of S145 in 
the crystal structure of BCL2L1 bound to A-1155463, a compound that is structurally similar to A-1331852 (the BCL2L1 inhibitor used in 
experiments) (PDB: 4QVX). (L) Overexpression of a BCL2L1 ORF with the S145F mutation shifts the dose-response curve of BCL2L1-i, shown 
at 3 concentrations of MCL1-i. Cell Titer Glo measurements were taken after 4 days of treatment and are normalized to cells not treated with 
BCL2L1-i. Error bars represent the standard deviation of n = 4 technical replicates.
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7KH�YDOLGDWLRQ�RI�WKHVH���VJ51$V�XQGHUVFRUHV�WKH�LPSRUWDQFH�RI�GLUHFWO\�VHTXHQFLQJ�WKH�WDUJHW�
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XQWUHDWHG�FRQGLWLRQ��VJ���LQWURGXFHG�WKH�H[SHFWHG�HGLW��&��RI�WKH�VJ51$��FRUUHVSRQGLQJ�WR�D�
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��)LJXUH��(����7KXV��DOWKRXJK�VJ���GLG�QRW�LQWURGXFH�D�KLJK�IUDFWLRQ�RI�&!5�HGLWLQJ�LQ�WKH�
XQWUHDWHG�DUP��WKHVH�DOOHOHV�HQULFKHG�XQGHU�VWURQJ�SRVLWLYH�VHOHFWLRQ��2QFH�YDOLGDWHG��KRZHYHU��
WKH�KHWHURJHQHLW\�SURGXFHG�E\�WKLV�VJ51$�SURYHG�XVHIXO��UHYHDOLQJ�WZR�UHVLVWDQFH�PXWDWLRQV��
'���+�DQG�'���<���)LJXUH��)�*����7KH�VWUXFWXUH�RI�%&/�/��ERXQG�WR�$�����������7DR�HW�DO���
��������D�%&/�/��LQKLELWRU�WKDW�LV�VWUXFWXUDOO\�VLPLODU�WR�WKH�%&/�/��L�ZH�XVHG��$�����������
UHYHDOV�WKDW�'����OLHV�LQ�WKH�GUXJ�ELQGLQJ�SRFNHW�RI�%&/�/����)LJXUH��.����ZKHUH�VXEVWLWXWLRQ�
ZLWK�D�EXONLHU�DPLQR�DFLG��+��<��PD\�FRQIHU�VWURQJHU�UHVLVWDQFH�WKDQ�D�PRUH�FRPSDFW�RQH��1��
'���
�
:H�QH[W�H[DPLQHG�WKH�DGGLWLRQDO���VJ51$V�WDUJHWLQJ��%&/�/����VJ�������DOO�RI�ZKLFK�WDUJHW�D�
VLPLODU�UHJLRQ�RI��%&/�/�����)LJXUH��+����7KHVH�VJ51$V�GLVSOD\HG�D�GLVWLQFW�SDWWHUQ�RI�HGLWLQJ��LQ�
WKH�XQWUHDWHG�FRQGLWLRQ��HDFK�VJ51$�VKRZHG�QRW�RQO\�WKH�SUHGLFWHG�HGLWLQJ�LQ�RU�QHDU�WKH�
H[SHFWHG�ZLQGRZ�EXW�DOVR�D�GHWHFWDEOH�OHYHO�RI�&!7�HGLWLQJ�DW�WZR�SDUWLFXODU�&¶V�XSVWUHDP�RI�WKH�
VJ51$��7KLV�HGLWLQJ�UDQJHG�IURP�������RI�UHDGV�IRU�VJ����IRU�ZKLFK�WKH�HGLWV�FRUUHVSRQG�WR�
SRVLWLRQV����DQG���UHODWLYH�WR�WKH�VJ51$��L�H������QXFOHRWLGHV�XSVWUHDP�RI�WKH�SUHGLFWHG�ZLQGRZ��
WR������RI�UHDGV�IRU�VJ����IRU�ZKLFK�WKH�HGLWV�FRUUHVSRQG�WR�SRVLWLRQV�����DQG������L�H��������
QXFOHRWLGHV�XSVWUHDP�RI�WKH�SUHGLFWHG�ZLQGRZ���(GLWLQJ�WKLV�IDU�RXWVLGH�WKH�ZLQGRZ�ZDV�KLJKO\�
XQXVXDO�DPRQJ�WKH�VJ51$V�ZH�YDOLGDWHG��DQG�PD\�EH�GXH�WR�ORFXV�VSHFLILF�EDVH�HGLWLQJ�
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UHVXOWV��KRZHYHU��LQ�WKLV�VWURQJ�SRVLWLYH�VHOHFWLRQ�VFUHHQ��WKHVH�HGLWV�HQULFKHG�LQ�WKH�
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7KHVH�WZR�UHVXOWV�XQGHUVFRUH�WKH�LPSRUWDQFH�RI�GHWHUPLQLQJ�WKH�DFWXDO�HGLW�LQWURGXFHG�E\�D�
EDVH�HGLWRU�LQ�SRVLWLYH�VHOHFWLRQ�VFUHHQV��EHFDXVH�XQSUHGLFWDEOH��ORZ�IUHTXHQF\�HGLWV�FDQ�GULYH�
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ORVV�RI�IXQFWLRQ�PXWDWLRQV�LQ��%5&$� ��DQG�RWKHU�'1$�GDPDJH�JHQHV���)DUPHU�HW�DO���������
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DQWLFLSDWHG���3HWWLWW�HW�DO�����������ZH�REVHUYHG�WKDW�VJ51$V�SUHGLFWHG�WR�LQWURGXFH�QRQVHQVH�RU�
VSOLFH�VLWH�PXWDWLRQV�LQ��3$53� ��FRQIHUUHG�UHVLVWDQFH�WR�DOO�3$53�LQKLELWRUV���)LJXUH�6�%����7R�
LGHQWLI\�UHVLGXHV�WKDW�EHKDYHG�GLIIHUHQWO\�DFURVV�WKH�LQKLELWRUV��ZH�IRFXVHG�RQ�VJ51$V�WKDW�
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DQG�LGHQWLILHG����VJ51$V�WKDW�PHW�WKHVH�FULWHULD���)LJXUH��%����,QWHUHVWLQJO\����RI�WKHVH�VJ51$V�
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WKHVH�VJ51$V����ZHUH�SUHGLFWHG�WR�HGLW�WKH�$����UHVLGXH�DQG���ZHUH�SUHGLFWHG�WR�HGLW�DW�RU�QHDU�
WKH�'����UHVLGXH��ZKLFK�DOVR�IDOOV�QHDU�WKH�VSOLFH�MXQFWLRQ�DW�WKH�EHJLQQLQJ�RI�H[RQ�����2YHUDOO��
WKH�VHW�RI�VJ51$V�WKDW�VHQVLWL]HG�WR�DOO�LQKLELWRUV�ZDV�HQULFKHG�������������IRU�JXLGHV�WDUJHWLQJ�
WKH�FDWDO\WLF�GRPDLQV�RI�3$53���UHVLGXHV�������������)LJXUH��%��)LJXUH�6�&����
�
1H[W��WR�LGHQWLI\�WKH�XQGHUO\LQJ�PXWDWLRQV�FDXVLQJ�3$53L�VHQVLWLYLW\�RU�GLIIHUHQWLDO�UHVSRQVH��ZH�
VHOHFWHG���VJ51$V�WR�YDOLGDWH�LQGLYLGXDOO\��LQFOXGLQJ���VJ51$V�WKDW�FRQIHUUHG�VHQVLWLYLW\�WR�
3$53L����VJ51$V�WKDW�FRQIHUUHG�GLIIHUHQWLDO�UHVSRQVH�WR�3$53L��DQG���FRQWUROV�SUHGLFWHG�WR�
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VJ51$V�WKDW�FRQIHUUHG�GLIIHUHQWLDO�UHVSRQVH�WR�WKH�GLIIHUHQW�3$53�LQKLELWRUV��ZH�UHSHDWHG�HDFK�
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LQGLYLGXDO�DOOHOHV�UHYHDOHG�QXPHURXV�PLVVHQVH�PXWDWLRQV��VSDQQLQJ���GRPDLQV�RI�3$53���WKDW�
VHQVLWL]H�WR�3$53L��7KH���VJ51$V�WDUJHWLQJ�QHDU�*����VKRZHG�D�GLVWLQFW�SDWWHUQ��GRXEOH�
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Figure 6. Mutagenesis of PARP1 reveals missense mutations in the catalytic domain 
that sensitize to PARP inhibition. 
(A) Timeline of PARPi screens in HAP1 cells. (B) Performance of sgRNAs targeting 
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PARP1 in the primary screen across all 5 PARPi conditions (minimum z-score of all 5 PARPi versus maximum z-score of all 5 PARPi). A subset 
of the highlighted sgRNAs, displaying either sensitivity to all PARPi or differential sensitivity to PARPi, were selected for individual validation. (C) 
Timeline of validation of individual sgRNAs with PARPi. Guides that conferred differential sensitivity in the primary screen were validated with all 
5 PARPi; guides that sensitized to all PARPi in the primary screen were validated with talazoparib only. (D) Alleles present in > 1% of reads in at 
least one replicate of sg32-treated cells. Amino acid changes for each allele are shown on the left; the average log-fold change of each allele 
(comparing drug-treated to untreated cells at 12 days post-drug addition) is shown on the right. The wildtype (unedited) allele is marked with a 
black triangle. (E) Percentage of all sequencing reads containing the indicated edit for each timepoint and drug condition in sg32-treated cells. 
Reads containing indels were not considered to be edited. NTC-1 indicates an untreated, non-targeting control (no sgRNA), sequenced at 12 
days post-drug addition. (F) Alleles present in > 1% of reads in at least one replicate of sg29-, sg30-, and sg31-treated cells. Amino acid and 
intronic changes for each allele are shown on the left; the average log-fold change of each allele (comparing drug-treated to untreated cells at 
12 days post-drug addition) is shown on the right. The wildtype (unedited) allele is marked with a black triangle. (G) Percentage of all sequenc-
ing reads containing the indicated edit for each timepoint and drug condition. Reads containing indels were not considered to be edited. NTC-1 
indicates an untreated, non-targeting control (no sgRNA), sequenced at 12 days post-drug addition. (H) Validated mutations in PARP1 are 
shown in red on the crystal structure of PARP1 bound to a single-stranded break (PDB: 4OQB). From left to right: Zn2 domain (blue), Zn3 
domain (green), DNA (pink), tryptophan-glycine-arginine (WGR) domain (yellow), helical domain (HD; tan), ADP-ribosyl transferase (ART) 
GRPDLQ��OLJKW�EOXH���7RS�OHIW�LQVHW�VKRZV�WKH�LQWHUIDFH�RI�WKH�+'�DQG�:*5�GRPDLQV��ERWWRP�ULJKW�LQVHW�VKRZV�WKHܤ�(ܤ�-�LQWHUIDFH�RI�WKH�+'�DQG�
ART domains.
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VLQJOH�VWUDQGHG�'1$�EUHDN�UHYHDOV�WKDW�PDQ\�RI�WKHVH�PXWDWLRQV�RFFXU�QHDU�WKH�LQWHUGRPDLQ�
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Figure 7. Functional profiling of 52,034 clinical variants. 
(A) Fraction of all single nucleotide clinical variants (n = 388,496) in the ClinVar library that were included in the library (n = 52,034). (B) Timeline 
of ClinVar screens in HT29 and MELJUSO cells. (C) Correlation of log-fold changes of sgRNAs targeting BRCA1 between this ClinVar screen 
and prior tiling screen (Figure 2). Pearson correlation is indicated. (D) Fraction of sgRNAs targeting genes in the Reactome DNA repair pathway 
at a range of Z-score cutoffs. All cutoffs are significant when compared against the starting library (*p < 1E-16, Fisher’s exact test). (E) Z-scored 
log-fold change for the top 7 genes with > 3 high and low impact guides in HT29 and MELJUSO cisplatin arms. The mean value for intergenic 
controls is indicated as a dashed line. Each bar represents a guide, and each density plot represents the distribution of guides targeting a gene. 
(F) Correlation of the gene-level t-statistic between HT29 and MELJUSO cisplatin arms. The smaller absolute t-statistic when compared against 
intergenic or non-targeting controls is plotted. Genes from (E) are labeled. (G) Cluster of interactions between hits from HT29 and MELJUSO 
cisplatin screens. Edges represent confidence in STRING. Nodes colored in red are in the Reactome DNA repair pathway. The complete 
network can be seen in Figure S8. 
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5HSOLFDWHV�ZLWKLQ�D�FHOO�OLQH�ZHUH�ZHOO�FRUUHODWHG��3HDUVRQ�U�!��������DQG�ZH�VDZ�JRRG�
FRUUHVSRQGHQFH�LQ�ORJ�IROG�FKDQJH�YDOXHV�EHWZHHQ�+7���DQG�0(/-862�LQ�WKH�XQWUHDWHG�DUP�
�3HDUVRQ�U� �������LQGLFDWLYH�RI�PDQ\�FRPPRQ�YLDELOLW\�JHQHV��DQG�D�ORZHU�FRUUHODWLRQ�EHWZHHQ�
FLVSODWLQ�DUPV��3HDUVRQ�U� ��������VXJJHVWLQJ�PRUH�FHOO�OLQH�VSHFLILF�GLIIHUHQFHV���)LJXUH�6�%����
)XUWKHU��ORJ�IROG�FKDQJH�YDOXHV�IRU�JXLGHV�WDUJHWLQJ��%5&$� ��DQG��%5&$���ZHUH�ZHOO�FRUUHODWHG�
EHWZHHQ�WKH�&OLQ9DU�VFUHHQ�DQG�WKH�DERYH�PHQWLRQHG�WLOLQJ�VFUHHQV�LQ�0(/-862�FHOOV�WUHDWHG�
ZLWK�FLVSODWLQ��3HDUVRQ�U� ������IRU��%5&$� ���3HDUVRQ�U� ������IRU��%5&$� ����)LJXUH��&��)LJXUH�
6�&����GHPRQVWUDWLQJ�WKDW�ODUJH�VFDOH�EDVH�HGLWRU�VFUHHQV�FDQ�\LHOG�VLPLODU�UHVXOWV�WR�PRUH�
IRFXVHG�OLEUDULHV��&RQVLVWHQW�ZLWK�WKH�PHFKDQLVP�RI�FLVSODWLQ�LQGXFHG�F\WRWR[LFLW\��ZH�VDZ�D�
VWULNLQJ�GHSOHWLRQ�RI�JXLGHV�WDUJHWLQJ�JHQHV�LQ�WKH�5HDFWRPH�DQQRWDWHG�'1$�UHSDLU�SDWKZD\�LQ�
WKH�FLVSODWLQ�DUP���)LJXUH��'����-XVW������RI�VJ51$V�LQ�WKH�OLEUDU\�WDUJHWHG�'1$�UHSDLU�JHQHV��
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$IWHU�ILOWHULQJ�IRU�JXLGHV�SUHGLFWHG�WR�LQWURGXFH�D�&OLQ9DU�DQQRWDWHG�613�LQ�D�QRQ�*&�PRWLI�DQG�
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VWDWLVWLFDO�WHVWV�ODUJHO\�LGHQWLILHG�WKH�VDPH�JHQHV��3HDUVRQ�U� �����������IRU�+7���0(/-862��
)LJXUH�6�*����*HQHV�EHKDYHG�VLPLODUO\�DFURVV�FHOO�OLQHV��3HDUVRQ�U� ��������)LJXUH��)����ZLWK�
73�� ��DV�WKH�PRVW�H[WUHPH�RXWOLHU��VKRZLQJ�D�PXFK�VWURQJHU�SKHQRW\SH�LQ�0(/-862��ZKLFK�DUH�
73�� ��ZLOGW\SH��ZKHUHDV�+7���FHOOV�DUH��73�� ��PXWDQW���
�
:H�XVHG�WKH�%HQMDPLQL�+RFKEHUJ�SURFHGXUH�WR�GHILQH�JHQH�KLWV�IRU�FLVSODWLQ�DUPV�XVLQJ�DQ�)'5�
FXWRII�RI������REWDLQLQJ����KLWV�WRWDO�����IURP�0(/-862�RQO\�����IURP�+7���RQO\�DQG����LQ�ERWK���
,Q�DJUHHPHQW�ZLWK�WKH�JXLGH�OHYHO�UHVXOWV�����������RI�WKHVH�JHQHV�DUH�LQ�WKH�5HDFWRPH�'1$�
UHSDLU�SDWKZD\��D�VLJQLILFDQW�HQULFKPHQW�IURP�WKH�EDVHOLQH�IUDFWLRQ�RI����RI������������LQFOXGLQJ�
RQO\�JHQHV�ZLWK�PRUH�WKDQ�RQH�KLJK�LPSDFW�JXLGH��S�YDOXH� ����H����)LVKHU¶V�H[DFW�WHVW���
$FFRUGLQJO\��ZH�VDZ�D�WLJKW�FOXVWHU�RI�'1$�UHSDLU�JHQHV�ZKHQ�ZH�TXHULHG�WKH�675,1*�
GDWDEDVH���6]NODUF]\N�HW�DO������������)LJXUH��*��)LJXUH�6� ����:H�DOVR�VDZ�D�VLJQLILFDQW�
HQULFKPHQW�IRU�JHQHV�OLVWHG�LQ�WKH�*2�WHUP�IRU�FKURPDWLQ�RUJDQL]DWLRQ�ZLWK����RI����KLWV�������
FRPSDUHG�ZLWK�D�EDVHOLQH�IUDFWLRQ�RI����RI������������S�YDOXH� ����H�����)LVKHU¶V�H[DFW�WHVW���
'1$�GDPDJH�KDV�EHHQ�VKRZQ�WR�LQGXFH�FKURPDWLQ�UHRUJDQL]DWLRQ���0HKWD�HW�DO�����������
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SURYLGLQJ�D�UDWLRQDOH�IRU�WKLV�HQULFKPHQW��:H�DOVR�REVHUYHG�JHQH�KLWV�QRW�FDQRQLFDOO\�UHODWHG�WR�
'1$�UHSDLU�EXW�VXSSRUWHG�E\�SUHYLRXV�UHVXOWV�IURP�WKH�OLWHUDWXUH��)RU�H[DPSOH��WKH�
RYHUH[SUHVVLRQ�RI�WZR�PLFUR51$V�WDUJHWLQJ��$;,1� ���DQ�LQKLELWRU�RI�WKH�:QW�VLJQDOLQJ�SDWKZD\��
KDV�EHHQ�VKRZQ�WR�SURYLGH�UHVLVWDQFH�WR�FLVSODWLQ�WUHDWPHQW���&KHQ�HW�DO�����������,Q�RXU�VFUHHQ��
VJ51$V�SUHGLFWHG�WR�LQWURGXFH�KLJK�LPSDFW�YDULDQWV�LQ��$;,1� ��VLPLODUO\�SURYLGHG�UHVLVWDQFH�WR�
FLVSODWLQ�WUHDWPHQW�LQ�+7����W�VWDWLVWLF� ��������/'/5��DOVR�VFRUHG�DV�D�VHQVLWL]HU�WR�FLVSODWLQ�
WUHDWPHQW��W�VWDWLVWLF� ������LQ�+7���DQG������LQ�0(/-862���DOWKRXJK��/'/5��LV�EHVW�NQRZQ�IRU�LWV�
UROH�LQ�FKROHVWHURO�PHWDEROLVP��LW�KDV�UHFHQWO\�EHHQ�VKRZQ�WR�VHQVLWL]H�HSLWKHOLDO�RYDULDQ�FHOOV�WR�
FLVSODWLQ���&KDQJ�HW�DO�����������7KLV�VKRZV�WKDW�RXU�VFUHHQLQJ�DSSURDFK�FDQ�XQFRYHU�JHQHV�
EH\RQG�WKRVH�WKDW�DUH�ZHOO�NQRZQ�WR�EH�LQYROYHG�LQ�'1$�GDPDJH�UHSDLU���
�
:H�VDZ�QR�FRUUHODWLRQ�IRU�WKH�ORJ�IROG�FKDQJHV�EHWZHHQ�+7���DQG�0(/-862�K\JURP\FLQ�DUPV�
�3HDUVRQ�U� ��������UHIOHFWLQJ�WKH�VSDUVLW\�RI�KLWV�LQ�WKHVH�VFUHHQV���)LJXUH�6�$����:H�GLG��
KRZHYHU��REVHUYH��*-%���DV�D�VWURQJ�KLW�LQ�+7���FHOOV��W�VWDWLVWLF� �������ZKHUH�VJ51$V�WDUJHWLQJ�
*-%���FRQIHUUHG�UHVLVWDQFH�WR�K\UJRP\FLQ�WUHDWPHQW���)LJXUH�6�%�����*-%� ��FRGHV�IRU�D�VWUXFWXUDO�
FRPSRQHQW�RI�JDS�MXQFWLRQV��DQG�PXWDWLRQV�DUH�LPSOLFDWHG�LQ�QRQ�V\QGURPLF�KHDULQJ�ORVV�
�.HOVHOO�HW�DO�����������/RVV�RI�JDS�MXQFWLRQV�KDV�SUHYLRXVO\�EHHQ�VKRZQ�WR�SURYLGH�UHVLVWDQFH�WR�
K\JURP\FLQ�DQG�QHRP\FLQ��SURYLGLQJ�PHFKDQLVWLF�VXSSRUW�IRU�WKLV�KLW����<DR�HW�DO�����������
(QULFKPHQW�ZDV�QRW�REVHUYHG�LQ�WKH�0(/-862�DUP��OLNHO\�EHFDXVH��*-%���LV�QRW�H[SUHVVHG�LQ�
WKHVH�FHOOV��ORJ��730������ ������LQ�&&/(����
�
7R�GHWHUPLQH�KRZ�WKH�YDULDQWV�LQWURGXFHG�E\�HDFK�EDVH�HGLWRU�JXLGH�FRPSDUH�WR�D�SXWDWLYH�QXOO�
DOOHOH��ZH�FRQGXFWHG�D�FRXQWHU�VFUHHQ�ZLWK�WKH�VDPH�OLEUDU\�ZLWK�XQPRGLILHG�&DV���:7��LQ�+7���
FHOOV��:H�ELQQHG�VJ51$V�EDVHG�RQ�KRZ�WKH\�SHUIRUPHG�LQ�WKH�WZR�VFUHHQV��LGHQWLI\LQJ�WKRVH�
WKDW�VFRUHG�LQ�QHLWKHU�VFUHHQ��%(�:7��_]�VFRUH_�������ERWK�VFUHHQV��%(�:7��]�VFRUH�!���RU��������
%(�RQO\��%(��_]�VFRUH_�!����:7��_]�VFRUH_�������DQG�:7�RQO\��:7��_]�VFRUH_�!����%(��_]�VFRUH_���
�����)LJXUH�6��$�%����$V�H[SHFWHG��WKH�%(�RQO\�FDWHJRU\�HQULFKHG�IRU�9(3�KLJK�LPSDFW�HGLWV�
��)LJXUH�6��&�'����6RPH�RI�WKHVH�JXLGHV���������RU��������LQ�GURSRXW���������RU��������LQ�
FLVSODWLQ��DUH�SRVLWLRQHG�VXFK�WKDW�WKH�EDVH�HGLWRU�PRGLILHV�D�VSOLFH�DFFHSWRU�VLWH�ZKHUHDV�WKH�
FXWVLWH�RI�WKH�ZW&DV��QXFOHDVH�LV�!���QWV�LQWR�WKH�LQWURQ���)LJXUH�6��(�)����DQG�WKXV�DUH�D�
SVHXGR�IDOVH�QHJDWLYH�RI�WKH�ZW&DV��DUP���
�
)RU�WKH�UHPDLQLQJ�VJ51$V�WKDW�VFRUH�RQO\�LQ�WKH�%(�DUP��DQ�LQWULJXLQJ�SRVVLELOLW\�LV�WKH�
LQWURGXFWLRQ�RI�JDLQ�RI�IXQFWLRQ�PXWDWLRQV��7R�H[SORUH�WKLV��ZH�LGHQWLILHG�VJ51$V�WKDW�����VFRUHG�
LQ�RQO\�WKH�EDVH�HGLWRU�DUP������ZHUH�FDWHJRUL]HG�DV�³PRGHUDWH�LPSDFW´�E\�WKH�9(3��DQG�����GLG�
QRW�VSDQ�DQ�LQWURQ�H[RQ�ERXQGDU\��WKHVH�ILOWHUV�LGHQWLILHG���VJ51$V�LQ�WKH�GURSRXW�DUP�DQG����
VJ51$V�LQ�WKH�FLVSODWLQ�DUP��7KH�VJ51$�ZLWK�WKH�ODUJHVW�GLIIHUHQFH�EHWZHHQ�%(�DQG�:7�
VFUHHQV�LQ�WKH�GURSRXW�DUP�WDUJHWHG��78%%�$���ZKLFK�HQFRGHV�IRU�WXEXOLQ�ȕ��$��=�VFRUH�������
:7�������%(���7KH�SUHGLFWHG�HGLW�RI�WKLV�VJ51$��*���6��DOWHUV�D�SURWHLQ�GRPDLQ�WKDW�LQWHUDFWV�
ZLWK�WKH�*73�PROHFXOH�DW�WKH�1�WHUPLQDO�VLGH�RI�WKH�Į�WXEXOLQ��GLVUXSWLQJ�WXEXOLQ�DVVHPEO\�
�+DPLOWRQ�HW�DO�����������7KLV�YDULDQW�LV�FDWHJRUL]HG�LQ�&OLQ9DU�DV�SDWKRJHQLF��DQG�KHWHUR]\JRXV�
PXWDWLRQV�RI�*����OHDG�WR�FOLQLFDO�PDQLIHVWDWLRQV�LQ�SDWLHQWV�ZLWK�OHXNRG\VWURSK\���+DPLOWRQ�HW�
DO�����������VXSSRUWLQJ�D�GRPLQDQW�QHJDWLYH�PHFKDQLVP��DOWKRXJK�YDOLGDWLRQ�ZLOO�EH�QHHGHG�WR�
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SURYH�WKLV�K\SRWKHVLV��2YHUDOO��FRQGXFWLQJ�D�FRXQWHUVFUHHQ�ZLWK�&DV��QXFOHDVH�SURYLGHG�LQVLJKW�
IRU�LQWHUSUHWDWLRQ�RI�WKH�%(�VFUHHQV��DQG�ZLOO�EH�D�XVHIXO�VWUDWHJ\�IRU�IXWXUH�VFUHHQV��
�
',6&866,21�
�
'HWHUPLQLQJ�WKH�IXQFWLRQDO�FRQVHTXHQFHV�RI�KXPDQ�JHQHWLF�YDULDWLRQ�UHSUHVHQWV�D�PDMRU�
FKDOOHQJH�WKDW�UHTXLUHV�VFDODEOH�WHFKQRORJLHV��+HUH��ZH�GHPRQVWUDWH�WKDW�F\WRVLQH�EDVH�HGLWRUV�
FDQ�EH�XVHG�WR�LQWURGXFH�DQG�IXQFWLRQDOO\�DVVHVV�WHQV�RI�WKRXVDQGV�RI�JHQHWLF�YDULDQWV�LQ�D�
SRROHG�VFUHHQ��:H�VKRZ�WKDW�GHHS�FRYHUDJH�RI�LQGLYLGXDO�JHQHV�ZLWK�WLOLQJ�OLEUDULHV�FDQ�EH�XVHG�
WR�LGHQWLI\�JDLQ��DQG�ORVV�RI�IXQFWLRQ�YDULDQWV��LQFOXGLQJ�WKRVH�WKDW�PRGLI\�UHVSRQVH�WR�VPDOO�
PROHFXOH�LQKLELWRUV��)XUWKHU��ZH�VKRZ�WKDW�YDULDQWV�DFURVV�PDQ\�JHQHV�FDQ�EH�VFUHHQHG�LQ�
SDUDOOHO�WR�GHWHUPLQH�WKHLU�FRQWULEXWLRQ�WR�D�FRPPRQ�SKHQRW\SH��VXFK�DV�VHQVLWLYLW\�RU�UHVLVWDQFH�
WR�D�'1$�GDPDJLQJ�DJHQW���
�
7KH�WZR�VFDOHV�RI�VFUHHQV�ZH�FRQGXFW�KHUH�FDQ�EH�HPSOR\HG�VHTXHQWLDOO\��ZKHUHE\�D�
PDQ\�JHQH�VFUHHQ��ZLWK�D�ORZHU�GHQVLW\�RI�HGLWV�SHU�JHQHV��LV�ILUVW�XVHG�WR�LGHQWLI\�ZKDW�JHQHV�
FDQ�EH�SURGXFWLYHO\�H[DPLQHG�ZLWK�EDVH�HGLWRU�WHFKQRORJ\��DOORZLQJ�VXEVHTXHQW�WLOLQJ�VFUHHQV�RI�
WKRVH�JHQHV��/LNHZLVH��VXFK�DQ�DSSURDFK�FRXOG�EH�XVHG�WR�QRPLQDWH�JHQHV�RU�GRPDLQV�IRU�
VDWXUDWLRQ�PXWDJHQHVLV�H[SHULPHQWV��ZKLFK�DOORZ�IXOO�VDWXUDWLRQ�RI�DOO�SRVVLEOH�VLQJOH�QXFOHRWLGH�
YDULDQWV�EXW�FRPH�DW�D�VXEVWDQWLDO�FRVW��UHQGHULQJ�WKHP�LPSUDFWLFDO�IRU�YHU\�ODUJH�JHQHV�RU�
PDQ\�JHQH�H[SHULPHQWV��7RJHWKHU��WKHVH�DSSURDFKHV�VKRXOG�IDFLOLWDWH�WKH�FUHDWLRQ�RI�ORRN�XS�
WDEOHV�WKDW�FRQQHFW�JHQH�VHTXHQFH�YDULDWLRQV�DQG�JHQH�IXQFWLRQV��HYHQ�LI�D�YDULDQW�KDV�\HW�WR�EH�
REVHUYHG�FOLQLFDOO\��)XUWKHUPRUH��OLEUDULHV�IRFXVHG�RQ�VSHFLILF�FODVVHV�RI�JHQHV�PD\�EH�XVHIXO�LQ�
WKH�GUXJ�GLVFRYHU\�SURFHVV��)RU�H[DPSOH��D�EDVH�HGLWRU�OLEUDU\�WKDW�LQWURGXFHV�VSHFLILF�PXWDWLRQV�
LQWR�FDWDO\WLF�GRPDLQV�RI�SRWHQWLDO�GUXJ�WDUJHWV�PD\�EH�D�EHWWHU�VXUURJDWH�IRU�VPDOO�PROHFXOH�
LQKLELWLRQ�WKDQ�HLWKHU�NQRFNRXW�RU�NQRFNGRZQ�DSSURDFKHV��/LNHZLVH��IRU�VPDOO�PROHFXOHV�WKDW�
DULVH�IURP�SKHQRW\SLF�VFUHHQV��FDQGLGDWH�IRFXVHG�EDVH�HGLWRU�OLEUDULHV�IRU�LQGLYLGXDO�JHQHV�RU�
JHQH�IDPLOLHV�FDQ�JUHDWO\�DFFHOHUDWH�WKH�LGHQWLILFDWLRQ�RI�D�UHVLVWDQFH�DOOHOH��ZKLFK�UHPDLQV�WKH�
JROG�VWDQGDUG�IRU�WDUJHW�LGHQWLILFDWLRQ���
�
,Q�FRQWUDVW�WR�FRQYHQWLRQDO�VFUHHQV�WKDW�IRFXV�RQ�WKH�JHQH�DV�WKH�XQLW�RI�LQIRUPDWLRQ��
&5,635�EDVHG�YDULDQW�VFUHHQV�SUHVHQW�XQLTXH�FKDOOHQJHV��&5,635�NQRFNRXW��DFWLYDWLRQ��DQG�
LQWHUIHUHQFH�OLEUDULHV�W\SLFDOO\�LQFOXGH�PXOWLSOH�RSWLPL]HG�VJ51$V�SHU�JHQH��ZKLFK�PLWLJDWHV�ERWK�
IDOVH�SRVLWLYHV�DQG�IDOVH�QHJDWLYHV��,Q�EDVH�HGLWRU�VFUHHQV��KRZHYHU��D�JLYHQ�HGLW�FDQ�W\SLFDOO\�
EH�FUHDWHG�E\�D�VLQJOH�RU�VPDOO�QXPEHU�RI�VJ51$V��HYHQ�LQ�FDVHV�ZKHUH�PXOWLSOH�VJ51$V�DUH�
SUHGLFWHG�WR�PDNH�WKH�VDPH�HGLW��WKH\�DUH�QRW�WUXO\�³LQGHSHQGHQW�´�DV�WKH\�QHFHVVDULO\�KDYH�
VXEVWDQWLDO�VHTXHQFH�RYHUODS�DQG�WKHUHIRUH�PD\�KDYH�D�VLPLODU�RII�WDUJHW�SURILOH��7KHVH�
FRQVLGHUDWLRQV�SODFH�DGGLWLRQDO�LPSRUWDQFH�RQ�WKH�YDOLGDWLRQ�VWHS��,QGHHG��DV�ZH�VKRZ��
SKHQRW\SHV�PD\�DULVH�IURP�OHVV�H[SHFWHG�HGLWV��HVSHFLDOO\�LQ�WKH�FRQWH[W�RI�SRVLWLYH�VHOHFWLRQ�
VFUHHQV��)XUWKHU��EHFDXVH�PXOWLSOH�HGLWV�FDQ�EH�FUHDWHG�E\�RQH�VJ51$��PDQ\�JHQRW\SHV�PD\�
XQGHUOLH�WKH�XOWLPDWH�SKHQRW\SH��WKXV��WKH�YDOLGDWLRQ�SURFHVV�PXVW�DOVR�LQFOXGH�D�GHWHUPLQDWLRQ�
RI�ZKLFK�HGLW�LV�FDXVDO��3DUWLFXODU�FDUH�PXVW�EH�WDNHQ�WR�DYRLG�RYHU�LQWHUSUHWDWLRQ�RI�SULPDU\�
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EDVH�HGLWRU�VFUHHQLQJ�UHVXOWV��HVSHFLDOO\�IRU�JHQHV�ZLWK�NQRZQ�LPSOLFDWLRQV�IRU�KXPDQ�KHDOWK�
�*HOPDQ�HW�DO������������
�
$�NH\�DGYDQWDJH�RI�EDVH�HGLWRU�VFUHHQV�LV�WKDW�WKH\�DUH�KLJKO\�PRGXODU��DQG�WKHUHIRUH�VWDQG�WR�
EHQHILW�IURP�LQQRYDWLRQV�LQ�ERWK�EDVH�HGLWLQJ�WHFKQRORJ\�DQG�SRROHG�VFUHHQLQJ�DSSURDFKHV��
+HUH�ZH�XVHG�&%(�WHFKQRORJ\�ZLWK�FDQRQLFDO�6S&DV���EXW�WKH�SRWHQWLDO�WR�PL[�DQG�PDWFK�
DOWHUQDWLYH�EDVH�HGLWLQJ�GRPDLQV�DQG�&DV�SURWHLQV�SURPLVHV�WR�H[SDQG�WKH�VSDFH�RI�YDULDQWV�
WKDW�FDQ�EH�JHQHUDWHG�ZLWK�WKLV�VFUHHQLQJ�DSSURDFK��,QLWLDO�VFUHHQLQJ�DWWHPSWV�XVLQJ�DGHQLQH�
EDVH�HGLWRUV��$%(V���EDVHG�RQ�WKH�$%(��DUFKLWHFWXUH���*DXGHOOL�HW�DO���������.REODQ�HW�DO���
��������KDYH�QRW�\HW�EHHQ�SURGXFWLYH�LQ�RXU�KDQGV��ZKLFK�LV�FRQVLVWHQW�ZLWK�D�UHFHQW�
KHDG�WR�KHDG�FRPSDULVRQ�RI�&%(V�DQG�$%(�������.OXHVQHU�HW�DO�����������KRZHYHU��WKH�UHFHQW�
GHYHORSPHQW�RI�KLJK�DFWLYLW\�DGHQLQH�EDVH�HGLWRUV��VXFK�DV�$%(�H�DQG�RWKHU�$%(��YDULDQWV�
�*DXGHOOL�HW�DO���������5LFKWHU�HW�DO�����������PD\�DOORZ�WKH�VFUHHQLQJ�ZRUNIORZ�GHYHORSHG�KHUH�WR�
EH�XVHG�ZLWK�$%(V��LQFUHDVLQJ�WKH�W\SHV�RI�QXFOHRWLGH�FKDQJHV�WKDW�FDQ�EH�LQWURGXFHG��,Q�
DGGLWLRQ��EDVH�HGLWRUV�WKDW�XVH�QDWXUDO�RU�HQJLQHHUHG�&DV�YDULDQWV�ZLWK�DOWHUQDWLYH�3$0�
SUHIHUHQFHV�KDYH�EHHQ�UHSRUWHG���.LP�HW�DO���������.OHLQVWLYHU�HW�DO���������0LOOHU�HW�DO���������
1LVKLPDVX�HW�DO���������:DOWRQ�HW�DO�����������LQFUHDVLQJ�WKH�GHQVLW\�RI�HGLWDEOH�WDUJHW�VLWHV��
DOWKRXJK�KRZ�WKHVH�YDULDQWV�SHUIRUP�LQ�D�VFUHHQLQJ�VHWWLQJ�UHPDLQV�WR�EH�GHWHUPLQHG���
�
(VSHFLDOO\�DV�WKH�GHSWK�DQG�W\SHV�RI�PXWDWLRQV�LQFUHDVHV��DQRWKHU�SRWHQWLDO�IXWXUH�GLUHFWLRQ�LV�WR�
PHUJH�EDVH�HGLWLQJ�VFUHHQV�ZLWK�FRPELQDWRULDO�WHFKQRORJLHV���+DQ�HW�DO���������+RUOEHFN�HW�DO���
������1DMP�HW�DO���������6DQVRQ�HW�DO����������WR�HQDEOH�VFUHHQV�ZLWK�PXOWLSOH�HGLWV�SHU�FHOO��,Q�
WKH�VDPH�ZD\�WKDW�V\QWKHWLF�OHWKDO�DQG�EXIIHULQJ�UHODWLRQVKLSV�FDQ�EH�LGHQWLILHG�ZLWK�
FRPELQDWRULDO�ORVV�RI�IXQFWLRQ�VFUHHQV��FRPELQDWRULDO�EDVH�HGLWRU�VFUHHQV�RI�YDULDQWV�LPSOLFDWHG�
YLD�JHQRPH�ZLGH�DVVRFLDWLRQ�VWXGLHV�PD\�KHOS�WR�RUJDQL]H�YDULDQWV�XQGHUO\LQJ�FRPPRQ�
GLVHDVHV�ZLWK�FRPSOH[�JHQHWLF�XQGHUSLQQLQJV��DOWKRXJK�LQ�PDQ\�FDVHV�WKH�DYDLODELOLW\�RI�FHOO�
EDVHG�PRGHOV�UHSUHVHQWV�DQ�DGGLWLRQDO�H[SHULPHQWDO�KXUGOH��/LNHZLVH��EHFDXVH�EDVH�HGLWRU�
VFUHHQV�UHTXLUH�RQO\�D�VKRUW�VHTXHQFLQJ�UHDG��WKH\�DUH�WKHRUHWLFDOO\�FRPSDWLEOH�ZLWK�DOWHUQDWLYH�
SRROHG�VFUHHQLQJ�UHDGRXWV��VXFK�DV�VLQJOH�FHOO�51$�VHTXHQFLQJ���'DWOLQJHU�HW�DO���������'L[LW�HW�
DO���������+LOO�HW�DO���������5HSORJOH�HW�DO����������DQG�SRROHG�RSWLFDO�VFUHHQV���)HOGPDQ�HW�DO���
��������,Q�VXP��WKH�UHVXOWV�SUHVHQWHG�KHUH�HVWDEOLVK�WKDW�EDVH�HGLWRU�VFUHHQV�DUH�D�IOH[LEOH��
VFDODEOH�PHWKRG�WR�IXQFWLRQDOO\�SURILOH�YDULDQWV��DQG�ZH�DQWLFLSDWH�WKDW�D�VLPLODU�IUDPHZRUN�ZLOO�
H[WHQG�SRROHG�YDULDQW�VFUHHQLQJ�WR�LQFOXGH�D�EURDG�DUUD\�RI�EDVH�HGLWLQJ�UHDJHQWV�LQ�D�YDULHW\�RI�
PRGHOV�RI�KXPDQ�GLVHDVH��
�
$&.12:/('*0(176�
�
:H�WKDQN�$P\�*RRGDOH��(GLWK�6DZ\HU��-RQDK�2¶0DUD�6FKZDUW]��+LQDNR�.DZDEH��%ULDQD�
)ULWFKPDQ��DQG�;LDRSLQJ�<DQJ�IRU�SURGXFLQJ�JXLGH�OLEUDULHV�DQG�OHQWLYLUXV��2OLYLD�%DUH��0D[�
0DFDOXVR��DQG�<HQDUDH�/HH�IRU�RSHUDWLRQV�VXSSRUW��0DWWKHZ�*UHHQH��$GDP�%URZQ��'RXJ�$ODQ��
0DUN�7RPNR��DQG�7RP�*UHHQ�IRU�VRIWZDUH�HQJLQHHULQJ�VXSSRUW��'DYLG�5RRW�IRU�VHQLRU�OHDGHUVKLS�
RI�WKH�*HQHWLF�3HUWXUEDWLRQ�3ODWIRUP��WKH�%URDG�,QVWLWXWH�*HQRPLFV�3ODWIRUP�:DON�XS�
6HTXHQFLQJ�JURXS�IRU�,OOXPLQD�VHTXHQFLQJ���
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�
:H�WKDQN�*UHJ�)LQGOD\��6KHQGXUH�/DE��8QLYHUVLW\�RI�:DVKLQJWRQ���6DUDK�:HLVV��6KDUSH�/DE��
+DUYDUG�0HGLFDO�6FKRRO���1LFN\�3HUVN\��*HQHWLF�3HUWXUEDWLRQ�3ODWIRUP��%URDG�,QVWLWXWH���DQG�
.HQGHOO�&OHPHQW�DQG�/XFD�3LQHOOR��3LQHOOR�/DE��0DVVDFKXVHWWV�*HQHUDO�+RVSLWDO��IRU�KHOSIXO�
FRQYHUVDWLRQV���
�
6FKHPDWLFV�ZHUH�FUHDWHG�ZLWK�%LR5HQGHU�FRP��)XQGLQJ�VXSSRUW�ZDV�SURYLGHG�LQ�SDUW�E\�WKH�
%URDG�9�)�,QLWLDWLYH�DQG�WKH�)XQFWLRQDO�*HQRPLFV�&RQVRUWLXP��/:.�DQG�'5/�UHFRJQL]H�
VXSSRUW�IURP�WKH�16)�*5)3�IHOORZVKLS��'*(���������DQG��1,+�8��$,������ ���
�
$87+25�&2175,%87,216��
�
&RQFHSWXDOL]DWLRQ��5(+��-*'�
,QYHVWLJDWLRQ��5(+��&5)��3&'��$.6��=06��$/*��01)��.56��<%�
'DWD�&XUDWLRQ��5(+��0+�
)RUPDO�$QDO\VLV��5(+��0+��3&'�
9LVXDOL]DWLRQ��5(+��0+��3&'��=06�
5HVRXUFHV��/:.��'5/�
6XSHUYLVLRQ��-71��-*'�
:ULWLQJ���2ULJLQDO�'UDIW��5(+��3&'��-*'��
:ULWLQJ���5HYLHZ�	�(GLWLQJ��&5)��/:.��-71��'5/�
)XQGLQJ�$FTXLVLWLRQ��-71��-*'�
�
'(&/$5$7,21�2)�,17(5(676�
�
-*'�FRQVXOWV�IRU�$JLRV��)RJKRUQ�7KHUDSHXWLFV��0D]H�7KHUDSHXWLFV��0HUFN��DQG�3IL]HU��-*'�
FRQVXOWV�IRU�DQG�KDV�HTXLW\�LQ�7DQJR�7KHUDSHXWLFV��'5/�LV�D�FRQVXOWDQW�DQG�FR�IRXQGHU�RI�3ULPH�
0HGLFLQH��%HDP�7KHUDSHXWLFV��3DLUZLVH�3ODQWV��DQG�(GLWDV�0HGLFLQH��FRPSDQLHV�WKDW�XVH�
JHQRPH�HGLWLQJ��-*'¶V�DQG�'5/¶V�LQWHUHVWV�ZHUH�UHYLHZHG�DQG�DUH�PDQDJHG�E\�%URDG�,QVWLWXWH�
LQ�DFFRUGDQFH�ZLWK�LWV�FRQIOLFW�RI�LQWHUHVW�SROLFLHV��
�
� �
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0(7+2'6�
�
9HFWRUV��
S5'$B�����%(����8��SURPRWHU�H[SUHVVHV�FXVWRPL]DEOH�JXLGH�51$��FRUH�()�D��()6��
H[SUHVVHV�FRGRQ�RSWLPL]HG�%(��ZLWK��[69��1/6���.RPRU�HW�DO����������DQG��$�VLWH�SURYLGHV�
SXURP\FLQ�UHVLVWDQFH��/DWHU�VHTXHQFLQJ�RI�WKLV�YHFWRU�UHYHDOHG�DQ�(����.�PXWDWLRQ�LQ�6S&DV���
ZH�WKHUHIRUH�FRQVWUXFWHG�S5'$B����DV�RXU�SUHIHUUHG�%(��YHFWRU�IRU�IXUWKHU�VFUHHQV��7KH�
S5'$B����YHFWRU�ZDV�XVHG�IRU�VFUHHQV�FRQGXFWHG�ZLWK�WKH�SUHOLPLQDU\�WLOLQJ�OLEUDU\���)LJXUH����
6� ����WKH�GUXJ�UHVLVWDQFH�WLOLQJ�OLEUDU\���)LJXUH�� ����DQG�WKH�&OLQ9DU�OLEUDU\���)LJXUHV����6���6���6���
6�� ����IRU�DOO�RWKHU�VFUHHQV�ZH�XVHG�S5'$B�����ZKLFK�UHVWRUHG�WKH�ZW&DV��VHTXHQFH��'LUHFW�
FRPSDULVRQ�RI�S5'$B����DQG�S5'$B����VKRZHG�FRPSDUDEOH�HGLWLQJ�HIILFLHQF\���
�
S5'$B�����%(���$GGJHQH��ZLOO�EH�GHSRVLWHG�SRVW�&29,'����8��SURPRWHU�H[SUHVVHV�
FXVWRPL]DEOH�JXLGH�51$�ZLWK�D���[�JXLGH�FDSWXUH�VHTXHQFH�DW�WKH��¶�HQG�RI�WKH�WUDFU51$�WR�
IDFLOLWDWH�IXWXUH�XVH�ZLWK�GLUHFW�FDSWXUH�VLQJOH�FHOO�51$�VHTXHQFLQJ���5HSORJOH�HW�DO�����������FRUH�
()�D��()6��H[SUHVVHV�FRGRQ�RSWLPL]HG�%(��ZLWK��[69��1/6�DQG��$�VLWH�SURYLGHV�SXURP\FLQ�
UHVLVWDQFH���
�
S5'$B�����%(����8��SURPRWHU�H[SUHVVHV�FXVWRPL]DEOH�JXLGH�51$��FRUH�()�D��()6��
H[SUHVVHV�FRGRQ�RSWLPL]HG�%(��ZLWK��[69��1/6��³%(�PD[´����.REODQ�HW�DO������������$�VLWH�
SURYLGHV�SXURP\FLQ�UHVLVWDQFH��
�
/HQWL&5,635Y���S;35B�����$GGJHQH���������8��SURPRWHU�H[SUHVVHV�FXVWRPL]DEOH�JXLGH�
51$��FRUH�()�D��()6��SURPRWHU�H[SUHVVHV�ZLOG�W\SH�6S&DV��DQG��$�VLWH�SURYLGHV�SXURP\FLQ�
UHVLVWDQFH��
�
S/;B����&DV���$GGJHQH���������69���SURPRWHU�H[SUHVVHV�EODVWLFLGLQ�UHVLVWDQFH��()�D�
SURPRWHU�H[SUHVVHV�ZLOG�W\SH�6S&DV���
�
S5'$B�����$GGJHQH��ZLOO�EH�GHSRVLWHG�SRVW�&29,'����()�D�H[SUHVVHV�ZW&DV���7�$�VLWH�
SURYLGHV�EODVWLFLGLQ�UHVLVWDQFH�DQG�3�$�VLWH�SURYLGHV�P.DWH���
�
S5'$B�����PRGLILHG�OHQWL*XLGH��$GGJHQH����������8��SURPRWHU�H[SUHVVHV�FXVWRPL]DEOH�
VJ51$��()�D�SURPRWHU�SURYLGHV�SXURP\FLQ�UHVLVWDQFH��7KLV�YHFWRU�LV�D�GHULYDWLYH�RI�WKH�
OHQWL*XLGH�YHFWRU��ZLWK�D�PRGLILFDWLRQ�WR�WKH�WUDFU51$�WR�HOLPLQDWH�D�UXQ�RI�IRXU�WK\PLGLQHV��
�
S07�����$GGJHQH��ZLOO�EH�GHSRVLWHG�SRVW�&29,'����69���SURYLGHV�SXURP\FLQ�UHVLVWDQFH��()�D�
H[SUHVVHV�D�FXVWRP�RSHQ�UHDGLQJ�IUDPH��
�
S/;B����(*)3��$GGJHQH��ZLOO�EH�GHSRVLWHG�SRVW�&29,'����69���SURYLGHV�K\JURP\FLQ�
UHVLVWDQFH��()�D�H[SUHVVHV�(*)3��
�
7LOLQJ�OLEUDU\�GHVLJQ�DQG�DQQRWDWLRQ�
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*XLGH�VHTXHQFHV�IRU�WLOLQJ�OLEUDULHV�ZHUH�GHVLJQHG�XVLQJ�VHTXHQFH�DQQRWDWLRQV�IURP�(QVHPEO�
�&XQQLQJKDP�HW�DO�����������:H�XVHG�(QVHPEO¶V�5(67�$3,���KWWSV���UHVW�HQVHPEO�RUJ����WR�REWDLQ�
WKH�JHQRPLF�ORFDWLRQV�RI�WUDQVFULSWV��WUDQVFULSW�VHTXHQFHV��DQG�SURWHLQ�VHTXHQFHV�DQG�XVHG�
WKHVH�WR�DQQRWDWH�HDFK�VJ51$�ZLWK�LWV�SUHGLFWHG�HGLWV��:H�LQFOXGHG�DOO�VJ51$V�WDUJHWLQJ�FRGLQJ�
VHTXHQFH��IRU�DOO�WLOLQJ�OLEUDULHV�H[FHSW�WKH�SUHOLPLQDU\�WLOLQJ�OLEUDU\��ZH�DOVR�LQFOXGHG�DOO�VJ51$V�
IRU�ZKLFK�WKH�VWDUW�ZDV�XS�WR����QXFOHRWLGHV�LQWR�WKH�LQWURQ�DQG�875V��)RU�WKH�GUXJ�UHVLVWDQFH�
WLOLQJ�OLEUDU\��VFUHHQHG�ZLWK�3$53L���ZH�DOVR�LGHQWLILHG����VXEVWLWXWLRQ�PXWDWLRQV�LQ���JHQHV�
��%5$)����(*)5����0$3�.� ���DQG��3,.�&$���WKDW�DSSHDUHG�LQ�7&*$�ZLWK�!���IUHTXHQF\��DFFHVVHG�
������������DQG�DGGHG�DOO�SRVVLEOH�VJ51$V�WDUJHWLQJ�WKH�PXWDQW�DOOHOHV��Q� ����VJ51$V���7KH��
�
)RU�WKH�SUHOLPLQDU\�WLOLQJ�OLEUDU\��ZH�LQFOXGHG�DOO�SRVVLEOH�VJ51$V�WLOLQJ����SDQ�OHWKDO�JHQHV�
��(()���+15138��.31%���3(/3���32/5�&��360$���536����6)�%���6153'����DQG��7)5&������
FHOO�VXUIDFH�PDUNHUV���&'����&'����)$6���DQG ��,&$0� ������YHPXUDIHQLE�UHVLVWDQFH�JHQHV���&8/���
0('����1)����DQG��1)� ����DQG����RWKHU�JHQHV�QRW�XVHG�LQ�WKH�VFUHHQV�GHVFULEHG�KHUH��ZH�DOVR�
LQFOXGHG�������QRQ�WDUJHWLQJ�FRQWUROV��QR�WDUJHWV�LQ�WKH�JHQRPH���)RU�WKH�GUXJ�UHVLVWDQFH�WLOLQJ�
OLEUDU\��VFUHHQHG�ZLWK�3$53L���ZH�LQFOXGHG�DOO�SRVVLEOH�VJ51$V�WLOLQJ����JHQHV��LQFOXGLQJ�
3$53��������QRQ�WDUJHWLQJ�VJ51$V��DQG�����VJ51$V�WKDW�WDUJHW�RQO\�D�VLQJOH�QRQ�JHQH�VLWH�
�³LQWHUJHQLF´���:H�DGGLWLRQDOO\�GHVLJQHG�DOO�SRVVLEOH�VJ51$V�WDUJHWLQJ�VSOLFH�GRQRU�VLWHV�LQ�
HVVHQWLDO�DQG�QRQHVVHQWLDO�JHQHV���+DUW�HW�DO����������������DQG�UDQGRPO\�VHOHFWHG�����RI�HDFK��
7KH�IRFXVHG�WLOLQJ�OLEUDULHV�IRU��%5&$� ����%5&$���0&/� ���DQG��%&/�/���FRQWDLQHG�DOO�SRVVLEOH�
VJ51$V�WDUJHWLQJ�WKH�JHQH�RI�LQWHUHVW�DV�ZHOO�DV����QRQ�WDUJHWLQJ�FRQWUROV�����LQWHUJHQLF�
FRQWUROV��DQG����SRVLWLYH�FRQWUROV�WDUJHWLQJ�VSOLFH�GRQRU�VLWHV�LQ�SDQ�OHWKDO�JHQHV��
�
)RU�WKH�DQDO\VLV�RI��%5&$���DQG��%5&$���VFUHHQV��ZH�DOVR�DQQRWDWHG�VJ51$V�WKDW�ZHUH�SUHGLFWHG�
WR�SURGXFH�HGLWV�WKDW�ZHUH�OLVWHG�LQ�&OLQ9DU��&OLQ9DU�DQQRWDWLRQV��YDULDQWBVXPPDU\�W[W��ZHUH�
DFFHVVHG�IURP�WKH�ZHEVLWH�RQ�2FWREHU���������DQG�ZHUH�ILOWHUHG�WR�LQFOXGH�RQO\�YDULDQWV�ZLWK�D�
UHYLHZ�VWDWXV�RI�DW�OHDVW�RQH�JROG�VWDU��:H�RQO\�DQQRWDWHG�VJ51$V�LI�WKH�&OLQ9DU�613�ZDV�DQ�
H[DFW�PDWFK�WR�WKH�PXWDWLRQ�SUHGLFWHG�E\�WKH�VJ51$��L�H��VDPH�QXFOHRWLGH�FKDQJH�DQG��IRU�
FRGLQJ�UHJLRQV��VDPH�DPLQR�DFLG�FKDQJH���
�
7R�REWDLQ�D�³PXWDWLRQ�ELQ´�IRU�HDFK�VJ51$��ZH�RUGHUHG�WKH�PXWDWLRQ�W\SHV�DV��1RQVHQVH�!�
6SOLFH�VLWH�!�0LVVHQVH�!�,QWURQ�!�6LOHQW�!�875��*XLGHV�FRQWDLQLQJ�PXOWLSOH�PXWDWLRQ�W\SHV�ZHUH�
ELQQHG�DV�WKH�PRVW�VHYHUH�PXWDWLRQ�W\SH��*XLGHV�SUHGLFWHG�WR�PDNH�QR�HGLWV�LQ�WKH�HGLWLQJ�
ZLQGRZ�ZHUH�ELQQHG�DV�³1R�HGLWV�´�/LNHZLVH��WR�REWDLQ�D�³FOLQLFDO�VLJQLILFDQFH�ELQ�´�ZH�FODVVLILHG�
VJ51$V�SUHGLFWHG�WR�LQWURGXFH�PXOWLSOH�&OLQ9DU�613V�EDVHG�RQ�WKH�PRVW�VHYHUH�FOLQLFDO�
VLJQLILFDQFH��3DWKRJHQLF�!�/LNHO\�SDWKRJHQLF��3DWKRJHQLF���/LNHO\�SDWKRJHQLF�!�8QFHUWDLQ�
VLJQLILFDQFH�!�&RQIOLFWLQJ�UHSRUWV�RI�SDWKRJHQLFLW\�!�9DULDQW�QRW�OLVWHG�LQ�&OLQ9DU�!�/LNHO\�EHQLJQ��
%HQLJQ���/LNHO\�EHQLJQ�!�%HQLJQ��:LWK�WKLV�RUGHULQJ��VJ51$V�ZHUH�RQO\�ELQQHG�DV�³/LNHO\�EHQLJQ´�
RU�³%HQLJQ´�LI�WKH\�GLG�QRW�LQWURGXFH�DQ\�PXWDWLRQV�QRW�OLVWHG�LQ�&OLQ9DU��ZKLFK�HIIHFWLYHO\�KDYH�
DQ�XQNQRZQ�IXQFWLRQDO�VLJQLILFDQFH��
�
&OLQ9DU�OLEUDU\�GHVLJQ�
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7KH�&OLQ9DU�OLEUDU\�ZDV�GHVLJQHG�WR�FRQWDLQ�DOO�SRVVLEOH�VJ51$V�WDUJHWLQJ�613V�IRXQG�LQ�WKH�
&OLQ9DU�GDWDEDVH��DFFHVVHG�������������WKDW�DUH�HGLWDEOH�ZLWK�WKH�&!7�EDVH�HGLWRU�LQ�WKH�VWULFW�
ZLQGRZ�RI�SRVLWLRQ�����DORQJ�WKH�VJ51$��+HUH��ZH�LQFOXGHG�VJ51$V�SUHGLFWHG�WR�PDNH�HGLWV�LQ�
*&�PRWLIV��7KH�VDPH������FRQWURO�VJ51$V�DV�GHVFULEHG�DERYH�LQ�WKH�GUXJ�UHVLVWDQFH�OLEUDU\�
GHVLJQ�ZHUH�LQFOXGHG��7KH�OLEUDU\�ZDV�ILOWHUHG�WR�H[FOXGH�DQ\�VJ51$V�ZLWK�%VP%,�VLWHV�RU�D�
7777�VHTXHQFH�UHVXOWLQJ�LQ�D�ILQDO�OLEUDU\�RI��������VJ51$V�VSDQQLQJ��������613V�DQG�������
JHQHV��7KH�OLEUDU\�ZDV�FORQHG�LQWR�S5'$B�����%(����
�
$QQRWDWLRQ�RI�&OLQ9DU�OLEUDU\�XVLQJ�(QVHPEO�9DULDQW�(IIHFW�3UHGLFWRU�
7KH�5(67�$3,���KWWSV���UHVW�HQVHPEO�RUJ��9(3���Y������RI�WKH�(QVHPEO�9DULDQW�(IIHFW�3UHGLFWRU�
�9(3����0F/DUHQ�HW�DO����������ZDV�XVHG�WR�DQQRWDWH�WKH�E\VWDQGHU�HGLWV�RI�VJ51$V�LQ�WKH�
&OLQ9DU�OLEUDU\��)RU�HYHU\�VJ51$���WKH�LQSXW�WR�9(3�ZDV�WKH�FKURPRVRPH��JHQRPLF�SRVLWLRQ�RI�
VWDUW�DQG�HQG�RI�WKH�HGLW�ZLQGRZ��DQG�WKH�HGLWHG�ZLQGRZ�VHTXHQFH��IRU�VLQJOH�HGLWV��RQO\�WKH�
SRVLWLRQ�RI�WKH�HGLW�LWVHOI�ZDV�LQFOXGHG��:H�DOVR�H[WUDFWHG�WKH�$335,6��7UDQVFULSW�6XSSRUW�/HYHO�
�76/��DQG�0$1(�DQQRWDWLRQV�IRU�HDFK�WUDQVFULSW��7R�SLFN�RQH�UHOHYDQW�WUDQVFULSW�DQQRWDWLRQ�IRU�
HDFK�JXLGH��ZH�ILUVW�REWDLQHG�DOO�WKH�WUDQVFULSWV�ZKRVH�³FRQVHTXHQFH�WHUPV´�PDWFKHG�WKH�³PRVW�
VHYHUH�FRQVHTXHQFH´�IRU�WKDW�LQSXW��7KH�UHPDLQLQJ�WUDQVFULSWV�ZHUH�WKHQ�UDQNHG�EDVHG�RQ�WKHLU�
³6RXUFH�DQQRWDWLRQ´��+*1&�!�(QWUH]*HQH�!�&ORQHBEDVHGBHQVHPEOBJHQH���$335,6�DQQRWDWLRQ�
DQG�76/��
�
$QDO\VLV�RI�&OLQ9DU�VFUHHQV�
7R�FRQGHQVH�&OLQ9DU�DQQRWDWLRQV��ZH�PDSSHG�HDFK�FOLQLFDO�YDULDQW�WR�LWV�H[SHFWHG�SKHQRW\SH�
�L�H��OLNHO\�EHQLJQ�WR�EHQLJQ��SDWKRJHQLF�OLNHO\�SDWKRJHQLF�WR�SDWKRJHQLF�HWF����7KHQ�IRU�DQDO\]LQJ�
FOLQLFDO�YDULDQW�DQQRWDWLRQV��ZH�RQO\�FRQVLGHUHG�VJ51$V�FUHDWLQJ�D�VLQJOH�HGLW�LQ�D�QRQ�*&�
PRWLI���
�
)RU�9(3�FRQVHTXHQFHV��ZH�PDSSHG�VJ51$V�WR�WKHLU�PRVW�VHYHUH�SUHGLFWHG�FRQVHTXHQFH�DV�
UDQNHG�E\�(QVHPEO��:H�WKHQ�DQQRWDWHG��VJ51$V�ZKLFK�KDYH�DOO�&¶V�LQ�D�*&�PRWLI�LQ�WKH�HGLW�
ZLQGRZ�DV�³1R�HGLW´��&RQWURO�VJ51$V�ZHUH�DQQRWDWHG�VHSDUDWHO\�DV�³QHJDWLYH�FRQWUROV´���
VJ51$V�WDUJHWLQJ�QRQ�HVVHQWLDO�VSOLFH�VLWHV��LQWHUJHQLF�DQG�QRQ�WDUJHWLQJ�FRQWUROV���DQG�
³SRVLWLYH�FRQWUROV´����VJ51$V�WDUJHWLQJ�HVVHQWLDO�VSOLFH�VLWHV���
�
7R�GHWHUPLQH�WKH�VLJQLILFDQFH�RI�JHQHV��ZH�XVHG�D�W�WHVW��FRPSDULQJ�WKH�GLVWULEXWLRQ�RI�9(3�KLJK�
LPSDFW�JXLGHV�WDUJHWLQJ�HDFK�JHQH�WR�HLWKHU�VHW�RI�QHJDWLYH�FRQWUROV��QRQ�WDUJHWLQJ�DQG�
LQWHUJHQLF�JXLGHV��7KH�VPDOOHU��OHVV�VLLJQLILFDQW��DEVROXWH�W�VWDWLVWLF�LV�UHSRUWHG���
�
/LEUDU\�SURGXFWLRQ�
2OLJRQXFOHRWLGH�SRROV�ZHUH�V\QWKHVL]HG�E\�&XVWRP$UUD\��%VP%,�UHFRJQLWLRQ�VLWHV�ZHUH�
DSSHQGHG�WR�HDFK�VJ51$�VHTXHQFH�DORQJ�ZLWK�WKH�DSSURSULDWH�RYHUKDQJ�VHTXHQFHV��EROG�LWDOLF��
IRU�FORQLQJ�LQWR�WKH�VJ51$�H[SUHVVLRQ�SODVPLGV��DV�ZHOO�DV�SULPHU�VLWHV�WR�DOORZ�GLIIHUHQWLDO�
DPSOLILFDWLRQ�RI�VXEVHWV�IURP�WKH�VDPH�V\QWKHVLV�SRRO��7KH�ILQDO�ROLJRQXFOHRWLGH�VHTXHQFH�ZDV�
WKXV���ƍ�>)RUZDUG�3ULPHU@&*7&7&$�&$&&*�>VJ51$�����QW@�*777�&*$*$&*>5HYHUVH�3ULPHU@��
�
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3ULPHUV�ZHUH�XVHG�WR�DPSOLI\�LQGLYLGXDO�VXESRROV�XVLQJ����ȝ/��[�1(%QH[W�3&5�PDVWHU�PL[�
�1HZ�(QJODQG�%LRODEV�����ȝ/�RI�ROLJRQXFOHRWLGH�SRRO��a���QJ�����ȝ/�RI�SULPHU�PL[�DW�D�ILQDO�
FRQFHQWUDWLRQ�RI�����ȝ0��DQG����ȝ/�ZDWHU��3&5�F\FOLQJ�FRQGLWLRQV����V�DW����&����V�DW����&��
��V�DW����&��IRU����F\FOHV��,Q�FDVHV�ZKHUH�D�OLEUDU\�ZDV�GLYLGHG�LQWR�VXEVHWV�XQLTXH�SULPHUV�
FRXOG�EH�XVHG�IRU�DPSOLILFDWLRQ��
�
3ULPHU�6HW��)RUZDUG�3ULPHU���ƍ�±��ƍ��5HYHUVH�3ULPHU���ƍ�±��ƍ�
���$**&$&77*&7&*7$&*$&*��$7*7***&&&**&$&&77$$�
���*7*7$$&&&*7$***&$&&7��*7&*$*$*&$*7&&77&*$&�
���&$*&*&&$$7***&777&*$��$*&&*&77$$*$*&&7*7&*�
���&7$&$**7$&&**7&&7*$*��*7$&&7$*&*7*$&*$7&&*�
���&$7*77*&&&7*$**&$&$*��&&*77$**7&&&*$$$**&7�
���**7&*7&*&$7&$&$$7*&*��7&7&*$*&*&&$$7*7*$&*��
�
7KH�UHVXOWLQJ�DPSOLFRQV�ZHUH�3&5�SXULILHG��4LDJHQ��DQG�FORQHG�LQWR�WKH�OLEUDU\�YHFWRU�YLD�
*ROGHQ�*DWH�FORQLQJ�ZLWK�(VS�,��)LVKHU�6FLHQWLILF��DQG�7��OLJDVH��(SL]\PH���WKH�OLEUDU\�YHFWRU�
ZDV�SUH�GLJHVWHG�ZLWK�%VP%,��1HZ�(QJODQG�%LRODEV���7KH�OLJDWLRQ�SURGXFW�ZDV�LVRSURSDQRO�
SUHFLSLWDWHG�DQG�HOHFWURSRUDWHG�LQWR�6WEO��HOHFWURFRPSHWHQW�FHOOV��/LIH�7HFKQRORJLHV��DQG�JURZQ�
DW�����&�IRU����K�RQ�DJDU�ZLWK�����ȝJ�P/í��FDUEHQLFLOOLQ��&RORQLHV�ZHUH�VFUDSHG�DQG�SODVPLG�
'1$��S'1$��ZDV�SUHSDUHG��+L6SHHG�3ODVPLG�0D[L��4LDJHQ���7R�FRQILUP�OLEUDU\�UHSUHVHQWDWLRQ�
DQG�GLVWULEXWLRQ��WKH�S'1$�ZDV�VHTXHQFHG��
�
/HQWLYLUXV�SURGXFWLRQ�
)RU�VPDOO�VFDOH�YLUXV�SURGXFWLRQ��WKH�IROORZLQJ�SURFHGXUH�ZDV�XVHG�����K�EHIRUH�WUDQVIHFWLRQ��
+(.���7�FHOOV�ZHUH�VHHGHG�LQ���ZHOO�GLVKHV�DW�D�GHQVLW\�RI�����î��� ����FHOOV�SHU�ZHOO�LQ���P/�RI�
'0(0�������)%6��7UDQVIHFWLRQ�ZDV�SHUIRUPHG�XVLQJ�7UDQV,7�/7���0LUXV��WUDQVIHFWLRQ�UHDJHQW�
DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�SURWRFRO��%ULHIO\��RQH�VROXWLRQ�RI�2SWL�0(0��&RUQLQJ��������ȝ/��
DQG�/7��������ȝ/��ZDV�FRPELQHG�ZLWK�D�'1$�PL[WXUH�RI�WKH�SDFNDJLQJ�SODVPLG�S&09B969*�
�$GGJHQH�����������QJ���SV3$;���$GGJHQH�������������QJ���DQG�WKH�WUDQVIHU�YHFWRU��H�J���
S/HQWL*XLGH�������QJ���7KH�VROXWLRQV�ZHUH�LQFXEDWHG�DW�URRP�WHPSHUDWXUH�IRU���±���PLQ��GXULQJ�
ZKLFK�WLPH�PHGLD�ZDV�FKDQJHG�RQ�WKH�+(.���7�FHOOV��$IWHU�WKLV�LQFXEDWLRQ��WKH�WUDQVIHFWLRQ�
PL[WXUH�ZDV�DGGHG�GURSZLVH�WR�WKH�VXUIDFH�RI�WKH�+(.���7�FHOOV��DQG�WKH�SODWHV�ZHUH�
FHQWULIXJHG�DW������J�IRU����PLQ�DW�URRP�WHPSHUDWXUH��)ROORZLQJ�FHQWULIXJDWLRQ��SODWHV�ZHUH�
WUDQVIHUUHG�WR�D�����&�LQFXEDWRU�IRU��±��K��DIWHU�ZKLFK�WKH�PHGLD�ZDV�UHPRYHG�DQG�UHSODFHG�
ZLWK�'0(0������)%6�PHGLD�VXSSOHPHQWHG�ZLWK����%6$��
�
$�ODUJHU�VFDOH�SURFHGXUH�ZDV�XVHG�IRU�SRROHG�OLEUDU\�SURGXFWLRQ�����K�EHIRUH�WUDQVIHFWLRQ�����î�
�� ����+(.���7�FHOOV�ZHUH�VHHGHG�LQ�D�����FP����WLVVXH�FXOWXUH�IODVN�DQG�WKH�WUDQVIHFWLRQ�ZDV�
SHUIRUPHG�WKH�VDPH�DV�IRU�VPDOO�VFDOH�SURGXFWLRQ�XVLQJ���P/�RI�2SWL�0(0������ȝ/�RI�/7���DQG�
D�'1$�PL[WXUH�RI�S&09B969*����ȝJ���SV3$;������ȝJ���DQG����ȝJ�RI�WKH�WUDQVIHU�YHFWRU��)ODVNV�
ZHUH�WUDQVIHUUHG�WR�D�����&�LQFXEDWRU�IRU��±��K��DIWHU�WKLV��WKH�PHGLD�ZDV�DVSLUDWHG�DQG�UHSODFHG�
ZLWK�%6$�VXSSOHPHQWHG�PHGLD��9LUXV�ZDV�KDUYHVWHG����K�DIWHU�WKLV�PHGLD�FKDQJH��
�
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&HOO�FXOWXUH�
$�����0(/-862��29&$5���DQG�+7���FHOOV�ZHUH�REWDLQHG�IURP�&DQFHU�&HOO�/LQH�(QF\FORSHGLD�
DQG�+$�(�FHOOV�ZHUH�REWDLQHG�IURP�WKH�&RQQHFWLYLW\�0DS��ERWK�DW�WKH�%URDG�,QVWLWXWH��+$3��
FHOOV�ZHUH�REWDLQHG�IURP�+RUL]RQ�'LVFRYHU\��LWHP�&������+(.���7V�ZHUH�REWDLQHG�IURP�$7&&�
�&5/��������$OO�FHOOV�UHJXODUO\�WHVWHG�QHJDWLYH�IRU�P\FRSODVPD�FRQWDPLQDWLRQ�DQG�ZHUH�
PDLQWDLQHG�LQ�WKH�DEVHQFH�RI�DQWLELRWLFV�H[FHSW�GXULQJ�VFUHHQV��YDOLGDWLRQ�H[SHULPHQWV��DQG�
OHQWLYLUXV�SURGXFWLRQ��GXULQJ�ZKLFK�PHGLD�ZDV�VXSSOHPHQWHG�ZLWK����SHQLFLOOLQ�VWUHSWRP\FLQ��
&HOOV�ZHUH�SDVVDJHG�UHJXODUO\��HYHU\�����GD\V��WR�PDLQWDLQ�H[SRQHQWLDO�JURZWK�DQG�ZHUH�NHSW�LQ�
D�KXPLGLW\�FRQWUROOHG����&�LQFXEDWRU�ZLWK������&2�����0HGLD�FRQGLWLRQV��DQG�GRVHV�RI�SRO\EUHQH��
SXURP\FLQ��EODVWLFLGLQ��DQG�K\JURP\FLQ�ZHUH�DV�IROORZV��
�
$�����530,�������IHWDO�ERYLQH�VHUXP��)%6������J�P/�����J�P/�����J�P/��1�$�
+$�(��0(0�DOSKD�������)%6�����J�P/�����J�P/��1�$��1�$�
+$3���,0'0�������)%6�����J�P/�����J�P/�����J�P/��1�$�
+(.���7��'0(0�������KHDW�LQDFWLYDWHG�)%6��1�$��1�$��1�$��1�$�
+7����'0(0�������)%6�����J�P/�����J�P/�����J�P/��1�$�
0(/-862��530,�������)%6�����J�P/�����J�P/�����J�P/�������J�P/�
29&$5���530,�������)%6�����J�P/�����J�P/�����J�P/��1�$�
�
)RU�VFUHHQV�LQ�$����FHOOV��VHOXPHWLQLE��6HOOHFNFKHP��6������ZDV�VFUHHQHG�DW�D�GRVH�RI������0�
DQG�YHPXUDIHQLE��6HOOHFNFKHP��6������ZDV�VFUHHQHG�DW����0��)RU�&OLQ9DU�VFUHHQV��FLVSODWLQ�
�%LR9LVLRQ���������ZDV�GLOXWHG�LQ������1D&O�DQG�ZDV�VFUHHQHG�DW����0�LQ�+7���DQG����0�LQ�
0(/-862��+\JURP\FLQ��/LIH�7HFKQRORJLHV������������ZDV�VFUHHQHG�DW������J�P/�LQ�+7���
DQG��������J�P/�LQ�0(/-862��)RU��0&/���DQG��%&/�/���VFUHHQV�DQG�VXEVHTXHQW�YDOLGDWLRQ�LQ�
0(/-862�FHOOV��6�������UHIHUUHG�WR�DV�³0&/��L´��JLIW�IURP�*XR�:HL��DQG�$����������UHIHUUHG�
WR�DV�³%&/�/��L´��$FWLYH�%LRFKHP��$�������ZHUH�ERWK�VFUHHQHG�DW�����Q0��LQ�WKH�VLQJOH�
LQKLELWRU�WUHDWHG�VFUHHQV��DQG������Q0��LQ�WKH�%&/�/��L�DQG�0&/��L�FRPELQDWLRQ�WUHDWHG�
VFUHHQV���)RU��3$53���WLOLQJ�VFUHHQV�DQG�VXEVHTXHQW�YDOLGDWLRQ�LQ�+$3��FHOOV��QLUDSDULE�
�6HOOHFNFKHP��6�������RODSDULE��&D\PDQ�&KHPLFDO����������UXFDSDULE��6HOOHFNFKHP��6�������
WDOD]RSDULE��6HOOHFNFKHP��6�������DQG�YHOLSDULE��6HOOHFNFKHP��6������ZHUH�VFUHHQHG�DW�GRVHV�
RI�����Q0�����0�����0����Q0��DQG�����0��UHVSHFWLYHO\��)RU��%5&$���DQG��%5&$���VFUHHQV�LQ�
0(/-862�FHOOV��FLVSODWLQ�ZDV�VFUHHQHG�DW����0�DQG�WDOD]RSDULE�ZDV�VFUHHQHG�DW������Q0��
�
'HWHUPLQDWLRQ�RI�DQWLELRWLF�GRVH � � � �
,Q�RUGHU�WR�GHWHUPLQH�DQ�DSSURSULDWH�DQWLELRWLF�GRVH�IRU�HDFK�FHOO�OLQH��FHOOV�ZHUH�WUDQVGXFHG�ZLWK�
WKH�S5RVHWWD�RU�S5RVHWWDBY��OHQWLYLUXV�VXFK�WKDW�DSSUR[LPDWHO\�����RI�FHOOV�ZHUH�LQIHFWHG�DQG�
WKHUHIRUH�(*)3���$W�OHDVW���GD\�SRVW�WUDQVGXFWLRQ��FHOOV�ZHUH�VHHGHG�LQWR���ZHOO�GLVKHV�DW�D�
UDQJH�RI�DQWLELRWLF�GRVHV��H�J��IURP���ȝJ�P/�WR���ȝJ�P/�RI�SXURP\FLQ���7KH�UDWH�RI�DQWLELRWLF�
VHOHFWLRQ�DW�HDFK�GRVH�ZDV�WKHQ�PRQLWRUHG�E\�SHUIRUPLQJ�IORZ�F\WRPHWU\�IRU�(*)3��FHOOV��)RU�
HDFK�FHOO�OLQH��WKH�DQWLELRWLF�GRVH�ZDV�FKRVHQ�WR�EH�WKH�ORZHVW�GRVH�WKDW�OHG�WR�DW�OHDVW�����
(*)3��FHOOV�DIWHU�DQWLELRWLF�WUHDWPHQW�IRU���GD\V��IRU�SXURP\FLQ��RU����GD\V��IRU�EODVWLFLGLQ�DQG�
K\JURP\FLQ����
�
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'HWHUPLQDWLRQ�RI�OHQWLYLUDO�WLWHU�
7R�GHWHUPLQH�OHQWLYLUDO�WLWHU�IRU�WUDQVGXFWLRQV��FHOO�OLQHV�ZHUH�WUDQVGXFHG�LQ����ZHOO�SODWHV�ZLWK�D�
UDQJH�RI�YLUXV�YROXPHV��H�J��������������������DQG�����ȝ/�YLUXV��ZLWK���WR�����î��� ����FHOOV�SHU�ZHOO�
LQ�WKH�SUHVHQFH�RI�SRO\EUHQH��7KH�SODWHV�ZHUH�FHQWULIXJHG�DW�����[�J�IRU���K�DQG�ZHUH�WKHQ�
WUDQVIHUUHG�WR�D�����&�LQFXEDWRU�IRU��±��K��(DFK�ZHOO�ZDV�WKHQ�WU\SVLQL]HG��DQG�DQ�HTXDO�QXPEHU�
RI�FHOOV�VHHGHG�LQWR�HDFK�RI�WZR�ZHOOV�RI�D���ZHOO�GLVK��7ZR�GD\V�SRVW�WUDQVGXFWLRQ��SXURP\FLQ�
ZDV�DGGHG�WR�RQH�ZHOO�RXW�RI�WKH�SDLU��$IWHU���GD\V��ERWK�ZHOOV�ZHUH�FRXQWHG�IRU�YLDELOLW\��$�YLUDO�
GRVH�UHVXOWLQJ�LQ���±����WUDQVGXFWLRQ�HIILFLHQF\��FRUUHVSRQGLQJ�WR�DQ�02,�RI�a����±������ZDV�
XVHG�IRU�VXEVHTXHQW�OLEUDU\�VFUHHQLQJ��
�
'HULYDWLRQ�RI�VWDEOH�FHOO�OLQHV�
,Q�RUGHU�WR�HVWDEOLVK�ZW&DV��H[SUHVVLQJ�FHOO�OLQHV�IRU�VFUHHQV�ZLWK�WKH�SUHOLPLQDU\�WLOLQJ�OLEUDU\��
0(/-862�FHOOV�DQG�$����FHOOV�ZHUH�WUDQVGXFHG�ZLWK�S/;B����&DV��DQG�S5'$B�����
UHVSHFWLYHO\��DQG�VXFFHVVIXOO\�WUDQVGXFHG�FHOOV�ZHUH�VHOHFWHG�ZLWK�EODVWLFLGLQ�IRU�D�PLQLPXP�RI���
ZHHNV���
�
3RROHG�VFUHHQV�
)RU�SRROHG�VFUHHQV��FHOOV�ZHUH�WUDQVGXFHG�LQ�����ELRORJLFDO�UHSOLFDWHV�ZLWK�WKH�OHQWLYLUDO�OLEUDU\��
7UDQVGXFWLRQV�ZHUH�SHUIRUPHG�DW�D�ORZ�PXOWLSOLFLW\�RI�LQIHFWLRQ��02,�a������XVLQJ�HQRXJK�FHOOV�WR�
DFKLHYH�D�UHSUHVHQWDWLRQ�RI�DW�OHDVW�����WUDQVGXFHG�FHOOV�SHU�VJ51$�DVVXPLQJ�D��������
WUDQVGXFWLRQ�HIILFLHQF\��%HFDXVH�WKH�WLWHU�RI�DOO�LQ�RQH�EDVH�HGLWRU�YLUXVHV�ZDV�ORZ��ZH�SODWHG�
FHOOV�LQ�SRO\EUHQH�FRQWDLQLQJ�PHGLD�ZLWK���[��� ��������[��� ����FHOOV�SHU�ZHOO�LQ�D����ZHOO�SODWH�
�GHSHQGLQJ�RQ�WKH�LQIHFWLRQ�HIILFLHQF\�REVHUYHG�LQ�WKH�WLWUDWLRQ���3ODWHV�ZHUH�FHQWULIXJHG�IRU���
KRXUV�DW�����[�J�DQG�WUDQVIHUUHG�WR�DQ�LQFXEDWRU�IRU�����KRXUV��DIWHU�ZKLFK�FHOOV�ZHUH�SRROHG�LQWR�
IODVNV��3XURP\FLQ�ZDV�DGGHG���GD\V�SRVW�WUDQVGXFWLRQ�DQG�PDLQWDLQHG�IRU�����GD\V�WR�HQVXUH�
FRPSOHWH�UHPRYDO�RI�QRQ�WUDQVGXFHG�FHOOV��8SRQ�SXURP\FLQ�UHPRYDO��FHOOV�ZHUH�VSOLW�WR�DQ\�GUXJ�
DUPV��HDFK�DW�D�UHSUHVHQWDWLRQ�RI�DW�OHDVW�������FHOOV�SHU�VJ51$��DQG�SDVVDJHG�HYHU\�����GD\V�
IRU�DQ�DGGLWLRQDO���ZHHNV�WR�DOORZ�VJ51$V�WR�HQULFK�RU�GHSOHWH��FHOO�FRXQWV�ZHUH�WDNHQ�DW�HDFK�
SDVVDJH�WR�PRQLWRU�JURZWK��)RU�&OLQ9DU�VFUHHQV��GUXJ�WUHDWPHQW�ZDV�SXOVHG�WZLFH����GD\V�RQ����
GD\V�RII���7KH�ZW&DV��VFUHHQ�ZDV�WHUPLQDWHG�DIWHU�WKH�VHFRQG�GUXJ�SXOVH�����GD\V�
SRVW�WUDQVGXFWLRQ��GXH�WR�&29,'����UHODWHG�ODE�VKXWGRZQV��$W�WKH�FRQFOXVLRQ�RI�HDFK�VFUHHQ��
FHOOV�ZHUH�SHOOHWHG�E\�FHQWULIXJDWLRQ��UHVXVSHQGHG�LQ�3%6��DQG�IUR]HQ�SURPSWO\�IRU�JHQRPLF�
'1$�LVRODWLRQ��
�
)RU�WKH�VFUHHQ�RI�WKH�SUHOLPLQDU\�WLOLQJ�OLEUDU\�LQ�$����FHOOV�VWDEO\�H[SUHVVLQJ�ZW&DV���D�QR�VSLQ�
WUDQVGXFWLRQ�ZDV�SHUIRUPHG��$�PL[WXUH�RI�FHOOV��OHQWLYLUXV��DQG�SRO\EUHQH�DW������J�P/�ZDV�
GLYLGHG�LQWR�7����IODVNV�DQG�SODFHG�LQ�DQ�LQFXEDWRU�RYHUQLJKW��$SSUR[LPDWHO\����KRXUV�ODWHU��WKH�
OHQWLYLUXV�FRQWDLQLQJ�PHGLD�ZDV�UHSODFHG�ZLWK�IUHVK�PHGLD�DQG�FHOOV�ZHUH�UHWXUQHG�WR�WKH�
LQFXEDWRU��$IWHU�WKLV�SRLQW��WKH�VFUHHQ�ZDV�SHUIRUPHG�DV�GHVFULEHG�DERYH��
�
*HQRPLF�'1$�LVRODWLRQ�DQG�VHTXHQFLQJ�
*HQRPLF�'1$��J'1$��ZDV�LVRODWHG�XVLQJ�HLWKHU�WKH�.LQJ)LVKHU�)OH[�3XULILFDWLRQ�6\VWHP�ZLWK�
WKH�0DJ�%LQG��%ORRG�	�7LVVXH�'1$�+'4�.LW��2PHJD�%LR�7HN��0����������RU�WKH�0DFKHU\�
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1DJHO�1XFOHR6SLQ�%ORRG�0D[L���H�±�H��FHOOV���0LGL���H�±�H��FHOOV���RU�0LQL����H��FHOOV��NLWV��
SHU�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��7KH�J'1$�FRQFHQWUDWLRQV�ZHUH�TXDQWLWDWHG�E\�4XELW��)RU�
VDPSOHV�ZKHUH�JHQRPLF�'1$�ZDV�OLPLWLQJ��J'1$�ZDV�SXULILHG�SULRU�WR�3&5�XVLQJ�WKH�=\PR�
2QH6WHS�3&5�,QKLELWRU�5HPRYDO�.LW��=\PR��'�������SHU�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��
�
)RU�3&5�DPSOLILFDWLRQ��J'1$�ZDV�GLYLGHG�LQWR����̳ȝ/�UHDFWLRQV�VXFK�WKDW�HDFK�ZHOO�KDG�DW�PRVW�
��̳ȝJ�RI�J'1$��3ODVPLG�'1$��S'1$��ZDV�DOVR�LQFOXGHG�DW�D�PD[LPXP�RI�����SJ�SHU�ZHOO��3&5�
DPSOLILFDWLRQ�IRU�EDVH�HGLWRU�VFUHHQV�DQG�$����ZW&DV��VFUHHQ�ZLWK�WKH�LQLWLDO�HVVHQWLDO�JHQH�
WLOLQJ�OLEUDU\�ZDV�SHUIRUPHG�ZLWK�([�7DT��7DNDUD���DOO�RWKHU�VFUHHQV�ZHUH�DPSOLILHG�XVLQJ�
7LWDQLXP�7DT��7DNDUD��DQG����'062��ZKLFK�ZH�UHFRPPHQG�JRLQJ�IRUZDUG�IRU�LPSURYHG�3&5�
HIILFLHQF\��3HU����ZHOO�SODWH��D�PDVWHU�PL[�FRQVLVWHG�RI����̳ȝ/�'1$�3RO\PHUDVH��([�7DT�RU�
7LWDQLXP�7DT��7DNDUD�����P/�RI���[�EXIIHU�����̳ȝ/�RI�G173V��7DNDUD�����̳ȝ/�RI�3��VWDJJHU�
SULPHU�PL[��VWRFN�DW����̳ȝ0�FRQFHQWUDWLRQ�������ȝ/�RI�'062��LI�XVHG���DQG�ZDWHU�WR�EULQJ�WKH�
ILQDO�YROXPH�WR���P/��(DFK�ZHOO�FRQVLVWHG�RI���̳ȝ/�J'1$�SOXV�ZDWHU����̳ȝ/�3&5�PDVWHU�PL[��
DQG���̳ȝ/�RI�D�XQLTXHO\�EDUFRGHG�3��SULPHU��VWRFN�DW��̳ȝ0�FRQFHQWUDWLRQ���3&5�F\FOLQJ�
FRQGLWLRQV�ZHUH�DV�IROORZV��DQ�LQLWLDO��̳PLQ�DW���̳�&��IROORZHG�E\���̳V�DW���̳�&����̳V�DW�
����̳�&����̳V�DW���̳�&��IRU����F\FOHV��DQG�D�ILQDO���̳PLQ�H[WHQVLRQ�DW���̳�&��3&5�SULPHUV�
ZHUH�V\QWKHVL]HG�DW�,QWHJUDWHG�'1$�7HFKQRORJLHV��,'7���3&5�SURGXFWV�ZHUH�SXULILHG�ZLWK�
$JHQFRXUW�$03XUH�;3�635,�EHDGV�DFFRUGLQJ�WR�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��%HFNPDQ�&RXOWHU��
$��������6DPSOHV�ZHUH�VHTXHQFHG�RQ�D�+L6HT�����+LJK2XWSXW��,OOXPLQD��ZLWK�D����VSLNH�LQ�RI�
3KL;���
�
6FUHHQ�DQDO\VLV�
*XLGH�VHTXHQFHV�ZHUH�H[WUDFWHG�IURP�VHTXHQFLQJ�UHDGV�E\�UXQQLQJ�WKH�3RRO4�WRRO�ZLWK�WKH�
VHDUFK�SUHIL[�³&$&&*´���KWWSV���SRUWDOV�EURDGLQVWLWXWH�RUJ�JSS�SXEOLF�VRIWZDUH�SRROT ����5HDGV�
ZHUH�FRXQWHG�E\�DOLJQPHQW�WR�D�UHIHUHQFH�ILOH�RI�DOO�SRVVLEOH�JXLGH�51$V�SUHVHQW�LQ�WKH�OLEUDU\��
7KH�UHDG�ZDV�WKHQ�DVVLJQHG�WR�D�FRQGLWLRQ��H�J��D�ZHOO�RQ�WKH�3&5�SODWH��RQ�WKH�EDVLV�RI�WKH���QW�
LQGH[�LQFOXGHG�LQ�WKH�3��SULPHU��$IWHU�GHFRQYROXWLRQ��UHDG�FRXQWV�ZHUH�ORJ�QRUPDOL]HG�E\�WKH�
IROORZLQJ�IRUPXOD��
�
ORJ�QRUPDOL]HG�UHDGV�SHU�PLOOLRQ� �ORJ�� �� �� ��� ���� UHDGV�SHU�JXLGH

WRWDO�UHDGV�SHU�FRQGLWLRQ î � � � � �� �
�
:H�WKHQ�FDOFXODWHG�WKH�ORJ�IROG�FKDQJH�EHWZHHQ�FRQGLWLRQV��$OO�GURSRXW��QR�GUXJ��FRQGLWLRQV�
ZHUH�FRPSDUHG�WR�WKH�SODVPLG�'1$��S'1$���GUXJ�WUHDWHG�FRQGLWLRQV�ZHUH�FRPSDUHG�WR�WKH�
WLPH�PDWFKHG�GURSRXW�VDPSOH��ZLWK�WKH�H[FHSWLRQ�RI�0(/-862�FHOOV�LQ�WKH��%5&$���DQG��%5&$��
VFUHHQV��ZKLFK�ZHUH�FRPSDUHG�WR�WKH�SODVPLG�'1$�EHFDXVH�ORVV�RI��%5&$���DQG��%5&$���KDG�
VRPH�YLDELOLW\�HIIHFW�LQ�WKH�DEVHQFH�RI�GUXJ���
�
3ULRU�WR�IXUWKHU�DQDO\VLV��ZH�ILOWHUHG�RXW�VJ51$V�IRU�ZKLFK�WKH�ORJ�QRUPDOL]HG�UHDGV�SHU�PLOOLRQ�RI�
WKH�S'1$�ZDV�!���VWDQGDUG�GHYLDWLRQV�IURP�WKH�PHDQ��:H�DOVR�ILOWHUHG�RXW�DQ\�VJ51$V�
FRQWDLQLQJ�PRUH�WKDQ���RII�WDUJHW�VLWHV�LQ�WKH�KXPDQ�JHQRPH�ZLWK�D�&)'�VFRUH�RI������LQGLFDWLQJ�
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D�SHUIHFW�RU�QHDU�SHUIHFW�PDWFK���7KH�WRWDO�QXPEHU�RI�RII�WDUJHWV�ZLWK�D�&)'�VFRUH� �����LV�
SURYLGHG�LQ�WKH�³0DWFK�%LQ�,�VXP´�FROXPQ�LQ�WKH�6XSSOHPHQWDU\�7DEOHV���
�
9DOLGDWLRQ�H[SHULPHQWV�
)RU�YDOLGDWLRQ�H[SHULPHQWV�LQ�ZKLFK�WKH�WDUJHW�VLWH�ZDV�GLUHFWO\�VHTXHQFHG��LQGLYLGXDO�VJ51$V�
ZHUH�FORQHG�LQWR�HLWKHU�5'$B����RU�5'$B����DQG�PDGH�LQWR�OHQWLYLUXV�DV�GHVFULEHG�DERYH��$W�
OHDVW���[��� ����FHOOV�ZHUH�WUDQVGXFHG�LQ�GXSOLFDWH�ZLWK�D�YLUXV�YROXPH�WR�REWDLQ�a�������
WUDQVGXFWLRQ�HIILFLHQF\�DQG�ZHUH�VHOHFWHG�ZLWK�SXURP\FLQ�IRU�����GD\V�WR�UHPRYH�XQLQIHFWHG�
FHOOV��SXURP\FLQ�GRVHV�ZHUH�DV�GHVFULEHG�DERYH��H[FHSW�IRU�+$3��FHOOV��ZKLFK�ZHUH�WUHDWHG�
ZLWK�SXURP\FLQ�DW����J�P/��$IWHU�SXURP\FLQ�VHOHFWLRQ�ZDV�UHPRYHG��FHOOV�ZHUH�VSOLW�LQWR�DQ\�
GUXJ�DUPV�DQG�FXOWXUHG�IRU�DQ�DGGLWLRQDO����GD\V��IRU��%5&$���%5&$���0&/����DQG��%&/�/��
VJ51$V��RU����GD\V��IRU��3$53���VJ51$V���)RU�RQH�UHSOLFDWH�RI�FHOOV�FRQWDLQLQJ�VJ������DQG�
FR�WUHDWHG�ZLWK�%&/�/��L�DQG�0&/��L��FHOOV�ZHUH�FXOWXUHG�IRU�DQ�DGGLWLRQDO�ZHHN�RQ�GUXJ����
ZHHNV�WRWDO��WR�REWDLQ�HQRXJK�FHOO�PDWHULDO�IRU�VHTXHQFLQJ��
�
*HQRPLF�'1$�ZDV�LVRODWHG�XVLQJ�WKH�.LQJILVKHU�DV�GHVFULEHG�DERYH��DQG�WKH�WDUJHW�VLWHV�ZHUH�
DPSOLILHG�XVLQJ�D���VWHS�3&5��,Q�WKH�ILUVW�URXQG�RI�3&5��JHQRPLF�'1$�ZDV�DPSOLILHG�XVLQJ�
FXVWRP�SULPHUV�GHVLJQHG�WR�DPSOLI\�HDFK�WDUJHW�VLWH��(DFK�ZHOO�FRQWDLQHG�����/�RI�1(%1H[W�
+LJK�)LGHOLW\��;�3&5�0DVWHU�0L[��1HZ�(QJODQG�%LRODEV��0������������/�RI�HDFK�SULPHU�DW�����
�0��DQG�����/�RI�J'1$��:H�XVHG�D�WRXFK�GRZQ�3&5�ZLWK�WKH�IROORZLQJ�F\FOLQJ�FRQGLWLRQV������
��Û&�IRU���PLQXWH��������Û&�IRU����VHFRQGV��������Û&�IRU����VHFRQGV�����Û�SHU�F\FOH���������Û&�IRU�
��PLQXWH������*R�WR�VWHS����[�����������Û&�IRU����PLQXWHV��7KH�VHFRQG�URXQG�RI�3&5�DSSHQGHG�
,OOXPLQD�DGDSWHUV�DQG�ZHOO�EDUFRGHV�IRU�VHTXHQFLQJ�XVLQJ�WKH�3��SULPHU�³$UJRQ´�DQG�WKH�3��
SULPHU�³.HUPLW´��(DFK�ZHOO�FRQWDLQHG������/�RI�7LWDQLXP�7DT��7DNDUD�������/�RI�7LWDQLXP�7DT�
EXIIHU�����/�RI�G173V�����/�RI�'062�������/�RI�3��SULPHU��$UJRQ��DW������0������/�RI�3��
SULPHU��.HUPLW�������/�RI�ZDWHU��DQG�����/�RI�3&5�SURGXFW�IURP�WKH�ILUVW�3&5��7KH�IROORZLQJ�
F\FOLQJ�FRQGLWLRQV�ZHUH�XVHG���������&�IRU���PLQXWH���������&�IRU����VHFRQGV�����������&�IRU����
VHFRQGV���������&�IRU����VHFRQGV������JR�WR������[������������&�IRU����PLQXWHV��(DFK�ZHOO�ZDV�
VHSDUDWHO\�SXULILHG�ZLWK�$JHQFRXUW�$03XUH�;3�635,�EHDGV�DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�
LQVWUXFWLRQV��%HFNPDQ�&RXOWHU��$��������XVLQJ�D�����UDWLR�RI�EHDGV�WR�3&5�SURGXFW��'1$�
FRQFHQWUDWLRQ�ZDV�TXDQWLILHG�XVLQJ�D�1DQRGURS�DQG�ZHOOV�ZHUH�SRROHG�SURSRUWLRQDOO\�WR�WKHLU�
FRQFHQWUDWLRQV��7KH�SRROHG�OLEUDU\�ZDV�TXDQWLILHG�E\�4XELW�DQG�VHTXHQFHG�XVLQJ�WKH�,OOXPLQD�
0L6HT�ZLWK�D�����QXFOHRWLGH�VLQJOH�UHDG�DQG�D�����3KL;�VSLNH�LQ��
�
$QDO\VLV�RI�GHHS�VHTXHQFLQJ�GDWD�
&5,635HVVR���YHUVLRQ���������ZDV�XVHG�WR�SURFHVV�DOO�VHTXHQFLQJ�UHDGV�IURP�YDOLGDWLRQ�
H[SHULPHQWV���&OHPHQW�HW�DO�����������&5,635HVVR��ZDV�UXQ�LQ�EDVH�HGLWRU�PRGH�XVLQJ�WKH�
GHIDXOW�VHWWLQJV�ZLWK�WKH�IROORZLQJ�FKDQJHV����H[FOXGHBESBIURPBOHIW�����H[FOXGHBESBIURPBULJKW���
��PLQBDYHUDJHBUHDGBTXDOLW\�����:H�DOVR�VHW�FXVWRP�YDOXHV�IRU�HDFK�VJ51$�IRU�
��SORWBZLQGRZBVL]H���ZF��DQG���GHIDXOWBPLQBDOQBVFRUH��$OO�VDPSOHV�KDG�!������DOLJQHG�UHDGV�
DQG���������VDPSOHV�KDG�!�������DOLJQHG�UHDGV��
�
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7R�FDOFXODWH�UHSOLFDWH�FRUUHODWLRQV��ZH�XVHG�WKH�³$OOHOHVBIUHTXHQF\BWDEOHBDURXQGBVJ51$´�ILOH�
IURP�WKH�&5,635HVVR��RXWSXW��ZKLFK�FRQWDLQV�WKH�UHDG�FRXQWV�IRU�HDFK�DOOHOH��GHILQHG�DV�D�
VXEVHTXHQFH�DURXQG�WKH�VJ51$��WKH�OHQJWK�RI�ZKLFK�LV�VSHFLILHG�E\���SORWBZLQGRZBVL]H���:H�
WKHQ�ORJ�QRUPDOL]HG�WKH�UHDG�FRXQWV�IRU�HDFK�VDPSOH��XVLQJ�WKH�VDPH�IRUPXOD�GHVFULEHG�LQ�WKH�
³$QDO\VLV�RI�VFUHHQV´�VHFWLRQ���)LQDOO\��ZH�ILOWHUHG�RXW�DQ\�DOOHOHV�ZLWK�������UHDGV�LQ�DOO�
UHSOLFDWHV�DQG�GUXJ�FRQGLWLRQV�IRU�WKDW�VJ51$��DQG�FDOFXODWHG�WKH�3HDUVRQ�FRUUHODWLRQ�EHWZHHQ�
ORJ�QRUPDOL]HG�UHDGV��
�
)RU�IXUWKHU�DQDO\VLV�RI�DOOHOHV��ZH�VHW�D�PRUH�VWULQJHQW�ILOWHU�LQ�RUGHU�WR�DYRLG�VSXULRXV�ORJ�IROG�
FKDQJH�YDOXHV�GXH�WR�ORZ�UHDG�FRXQWV��:H�ILOWHUHG�RXW�DQ\�DOOHOHV�WKDW�FRPSULVHG������RI�WKH�
WRWDO�UHDGV�LQ�DOO�UHSOLFDWHV�DQG�GUXJ�FRQGLWLRQV�IRU�WKDW�VJ51$��
�
2YHUH[SUHVVLRQ�RI�PXWDQW�F'1$V�
7KH�ZLOG�W\SH�DQG�6���)�PXWDQW�YHUVLRQV�RI�WKH��%&/�/���&'6�ZHUH�FORQHG�LQWR�S07����DQG�
SDFNDJHG�LQWR�OHQWLYLUXV�DV�GHVFULEHG�DERYH��8QPRGLILHG�SDUHQWDO�0(/-862�FHOOV�ZHUH�
WUDQVGXFHG�ZLWK�D�YLUXV�YROXPH�WR�REWDLQ�DSSUR[LPDWHO\��������WUDQVGXFWLRQ�HIILFLHQF\�DQG�
WUDQVGXFHG�FHOOV�ZHUH�VHOHFWHG�ZLWK�SXURP\FLQ�IRU���GD\V��$V�D�FRQWURO��ZH�DOVR�LQFOXGHG�
XQPRGLILHG�SDUHQWDO�FHOOV�DQG�0(/-862�FHOOV�VWDEO\�H[SUHVVLQJ�S/;B�����(*)3���WKH�ODWWHU�
FHOOV�ZHUH�VHOHFWHG�ZLWK�K\JURP\FLQ�DQG�FRQILUPHG�WR�H[SUHVV�(*)3�E\�IORZ�F\WRPHWU\��%'�
$FFXUL���$OO���FHOO�OLQHV�ZHUH�VHHGHG�LQ����ZHOO�SODWHV�LQ�TXDGUXSOLFDWH�DQG�WUHDWHG�ZLWK�D�VHULDO�
GLOXWLRQ�RI�%&/�/��L��GLOXWHG�IRXU�IROG�IURP�����0�WR������Q0��SOXV�XQWUHDWHG��DQG�0&/��L�DW���
GRVHV��XQWUHDWHG�������Q0��RU�����Q0���&HOO�YLDELOLW\�ZDV�DVVD\HG���GD\V�SRVW�VHHGLQJ�E\�&HOO�
7LWHU�*OR��3URPHJD��DQG�DQ�(QYLVLRQ�SODWH�UHDGHU��DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��
&HOO�7LWHU�*OR�YDOXHV�ZHUH�QRUPDOL]HG�WR�FHOOV�QRW�WUHDWHG�ZLWK�%&/�/��L�WR�GHWHUPLQH�UHODWLYH�
YLDELOLW\�IRU�HDFK�FHOO�OLQH�DW�HDFK�GRVH�RI�0&/��L��
�
([WHUQDO�GDWDVHWV�
6DWXUDWLRQ�JHQRPH�HGLWLQJ�GDWD�IRU��)LJXUH����ZDV�DFFHVVHG�IURP�WKH�RULJLQDO�SXEOLFDWLRQ���)LQGOD\�
HW�DO�����������*HQRPLF�FRRUGLQDWHV�VXSSOLHG�ZLWK�WKH�GDWDVHW�ZHUH�FRQYHUWHG�WR�WKH�*5&K���
EXLOG�XVLQJ�OLIW2YHU��7KH�GDWD�IRU�WKH�SDQ�OHWKDO�WLOLQJ�OLEUDU\�VFUHHQHG�LQ�0(/-862�FHOOV�
H[SUHVVLQJ�ZW&DV��DUH�IURP���6DQVRQ�HW�DO�����������UDZ�GDWD�DUH�DOVR�LQFOXGHG�KHUH��
�
'DWD�YLVXDOL]DWLRQ�
)LJXUHV�ZHUH�FUHDWHG�ZLWK�3\WKRQ�DQG�*UDSK3DG�3ULVP��VFKHPDWLFV�ZHUH�FUHDWHG�ZLWK�
%LR5HQGHU�FRP��3\02/��YHUVLRQ��������ZDV�XVHG�WR�PDS�WKH�VFUHHQLQJ�GDWD�RQWR�WKH�IROORZLQJ�
FU\VWDO�VWUXFWXUHV�IURP�WKH�3URWHLQ�'DWD�%DQN���/2)��0&/��LQ�FRPSOH[�ZLWK�6���������49;�
�%&/�/��LQ�FRPSOH[�ZLWK�$����������DQG��24%��3$53��LQ�FRPSOH[�ZLWK�D�'1$�GRXEOH�VWUDQG�
EUHDN�DQG�3$53�LQKLELWRU���
�
� �
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5()(5(1&(6�

%HDOH��5�&�/���3HWHUVHQ�0DKUW��6�.���:DWW��,�1���+DUULV��5�6���5DGD��&���DQG�1HXEHUJHU��0�6��
��������&RPSDULVRQ�RI�WKH�GLIIHUHQWLDO�FRQWH[W�GHSHQGHQFH�RI�'1$�GHDPLQDWLRQ�E\�$32%(&�
HQ]\PHV��FRUUHODWLRQ�ZLWK�PXWDWLRQ�VSHFWUD�LQ�YLYR��-��0RO��%LRO������������±�����

%LOORQ��3���%U\DQW��(�(���-RVHSK��6�$���1DPELDU��7�6���+D\ZDUG��6�%���5RWKVWHLQ��5���DQG�&LFFLD��
$����������&5,635�0HGLDWHG�%DVH�(GLWLQJ�(QDEOHV�(IILFLHQW�'LVUXSWLRQ�RI�(XNDU\RWLF�*HQHV�
WKURXJK�,QGXFWLRQ�RI�6723�&RGRQV��0RO��&HOO���� �������±�����H���

&KDQJ��:��&���:DQJ��+��&���&KHQJ��:��&���<DQJ��-��&���&KXQJ��:��0���+R��<��3���&KHQ��/���
+XQJ��<��&���DQG�0D��:��/����������/'/5�PHGLDWHG�OLSLGRPH�WUDQVFULSWRPH�UHSURJUDPPLQJ�LQ�
FLVSODWLQ�LQVHQVLWLYLW\��(QGRFU��5HODW��&DQFHU���� �����±����

&KHQ��+���/LX��6���3DGXOD��6���/HVPDQ��'���*ULVZROG��.���/LQ��$���=KDR��7���0DUVKDOO��-�/���DQG�
&KHQ��)����������(IILFLHQW��FRQWLQXRXV�PXWDJHQHVLV�LQ�KXPDQ�FHOOV�XVLQJ�D�SVHXGR�UDQGRP�'1$�
HGLWRU��1DW��%LRWHFKQRO����� ������±�����

&KHQ��+��<���/DQJ��<��'���/LQ��+��1���/LX��<��5���/LDR��&��&���1DQD��$�:���<HQ��<���DQG�&KHQ��
5��+����������PL5���������SURORQJ�:QW�ȕ�FDWHQLQ�VLJQDOLQJ�DQG�FRORUHFWDO�FDQFHU�VWHPQHVV�E\�
WDUJHWLQJ�$[LQ���6FL��5HS���� ���������

&KRX��&��+���/HH��5��6���DQG�<DQJ�<HQ��+��)����������$Q�LQWHUQDO�((/'�GRPDLQ�IDFLOLWDWHV�
PLWRFKRQGULDO�WDUJHWLQJ�RI�0FO���YLD�D�7RP���GHSHQGHQW�SDWKZD\��0RO��%LRO��&HOO�������
����±������

&OHPHQW��.���5HHV��+���&DQYHU��0�&���*HKUNH��-�0���)DURXQL��5���+VX��-�<���&ROH��0�$���/LX��'�5���
-RXQJ��-�.���%DXHU��'�(���HW�DO����������&5,635HVVR��SURYLGHV�DFFXUDWH�DQG�UDSLG�JHQRPH�
HGLWLQJ�VHTXHQFH�DQDO\VLV��1DW��%LRWHFKQRO����� ������±�����

&ORKHVV\��-�*���DQG�=KXDQJ��-����������&KDUDFWHULVDWLRQ�RI�0FO̢��FOHDYDJH�GXULQJ�DSRSWRVLV�RI�
KDHPDWRSRLHWLF�FHOOV��%ULWLVK�-RXUQDO�RI��

&XQQLQJKDP��)���$FKXWKDQ��3���$NDQQL��:���$OOHQ��-���$PRGH��0�5���$UPHDQ��,�0���%HQQHWW��5���
%KDL��-���%LOOLV��.���%RGGX��6���HW�DO����������(QVHPEO�������1XFOHLF�$FLGV�5HV����� ���'���±'�����

'DWOLQJHU��3���5HQGHLUR��$�)���6FKPLGO��&���.UDXVJUXEHU��7���7UD[OHU��3���.OXJKDPPHU��-���
6FKXVWHU��/�&���.XFKOHU��$���$OSDU��'���DQG�%RFN��&����������3RROHG�&5,635�VFUHHQLQJ�ZLWK�
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Figure S1. Comparison of BE3.9max, BE4max, and wtCas9 in tiling screens, related to Figure 1.
(A) Lentiviral vectors used for base editor screens. (B-C) Performance of sgRNAs targeting pan-lethal genes in A375 screens using BE3.9max (B) and 
BE4max (C). Guides are grouped by the most severe predicted mutation consequence; the percentage of sgRNAs in each mutation bin with a z-score < 
-2 is also shown. Targeting controls are all sgRNAs targeting cell surface markers, regardless of mutation consequence. The set size differs slightly 
between BE3.9max and BE4max due to removal of sgRNAs with outlier abundance in the plasmid DNA. (D) Receiver operating characteristic (ROC) 
curves for sgRNAs targeting pan-lethal genes in screens with BE3.9max and BE4max. True positives: sgRNAs predicted to introduce nonsense and 
splice site mutations (n = 132). True negatives: sgRNAs predicted to introduce no edits or silent mutations (n = 1340 for BE3.9max; n = 1341 for 
BE4max). (E) ROC curves for sgRNAs targeting pan-lethal genes in screens with BE3.9max in 5 cell lines. True positives and true negatives as in (D); n = 
132 true positives; n = 1340 true negatives. (F-G) Performance of sgRNAs introducing nonsense or splice site mutations in pan-lethal genes in screens 
with wtCas9 or BE3.9max, for A375 (F) and MELJUSO (G). Pearson r = 0.22 for A375; Pearson r = 0.28 for MELJUSO; n = 132 sgRNAs. Dotted line on 
each axis indicates a z-score of -2. (H) ROC curves for sgRNAs targeting pan-lethal genes in screens with BE3.9max in 5 cell lines; only sgRNAs with a 
Rule Set 2 score > 0.6 are included. True positives and true negatives as in (D) and (E); n = 33 true positives; n = 279 true negatives. (I) ROC curve for 
sgRNAs targeting NF1, NF2, MED12, and CUL3 in vemurafenib-resistance screens in A375. True positives and true negatives as in (D), (E), and (H); n = 
107 true positives; n = 945 true negatives.
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Figure S2. Base editor screens of BRCA1 and BRCA2 identify known loss-of-function mutations, related to Figure 2.
(A) Distribution of negative control sgRNAs (n = 74 non-targeting sgRNAs; n = 74 intergenic sgRNAs) and positive control sgRNAs (n = 31 
sgRNAs targeting splice sites in pan-lethal genes) for BRCA1 screens in HAP1 and MELJUSO cells (in the no drug arms). Boxes show the 
quartiles; whiskers show 1.5 times the interquartile range. (B) Distribution of negative control sgRNAs (n = 75 non-targeting sgRNAs; n = 74 
intergenic sgRNAs) and positive control sgRNAs (n = 31 sgRNAs targeting splice sites in pan-lethal genes) for BRCA2 screens in HAP1 and 
MELJUSO cells (in the no drug arms). Boxes show the quartiles; whiskers show 1.5 times the interquartile range. (C-D) Correlation between the 
log-fold change (LFC) of HAP1 cells (no drug arm) and MELJUSO cells (average of talazoparib- and cisplatin-treated arms) for BRCA1 screen 
(C) and BRCA2 screen (D). Pearson r is reported. Colors indicate the sgRNA target. (E) Percentage of conversion at cytosines based on the 
position within the protospacer, for the 13 sgRNAs validated for BRCA1 and BRCA2. The position of the C is indicated on the x-axis, where 1 
corresponds to the first nucleotide of the protospacer and 21-23 correspond to the PAM. The expected window of editing (4-8) is shown in gray.
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Figure S3. Quality control metrics for MCL1 screen and validation, related to Figure 4.
(A) Distribution of negative control sgRNAs (n = 75 non-targeting sgRNAs; n = 75 intergenic sgRNAs) and positive control 
sgRNAs (n = 32 sgRNAs targeting splice sites in pan-lethal genes) for MCL1 tiling screen. Boxes show the quartiles; whiskers 
show 1.5 times the interquartile range. (B) Comparison between sgRNA performance in the primary screen (z-score) and 
secondary validation (LFC of the wild-type allele at 14 days post-drug addition), for BCL2L1-i treated cells. Error bars show the 
range of n = 2 biological replicates in the secondary validation. (C) Comparison between primary screen and secondary 
validation as in (B), for BCL2L1-i and MCL1-i co-treated cells. Error bars show the range of biological replicates in the second-
ary validation. N = 1 replicate for sg14-sg16; n = 2 replicates for sg17, sg18, sg20, and sg22-sg23; n = 4 replicates for sg19 and 
sg21. (D) Distribution of Pearson coefficients for allele-level replicate correlations for sg14-23 at each drug condition and 
timepoint. The mean is shown in black.
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Figure S4. Validation of mutations in MCL1 that confer resistance and sensitivity to MCL1-i, related to Figure 4. 
(A) In untreated cells, sg21 shows efficient C>T editing at C4, C6, C7 and C10. Cytosines are numbered by position in the sgRNA, where 1 is 
the first nucleotide of the protospacer and 21-23 is the PAM. Dots show n = 4 biological replicates. (B) Alleles containing a D256N mutation are 
depleted in both BCL2L1-i-treated cells and BCL2L1-i, MCL1-i co-treated cells relative to untreated cells. Conversely, alleles containing G257N 
and G257S mutations enriched upon BCL2L1-i and MCL1-i co-treatment. The triangle indicates the wild-type (unedited) allele. (C) Percentage 
of all sequencing reads containing the indicated edit for each timepoint and drug condition. Reads containing D256N mutations depleted from 
21.6% in untreated cells to 4.3% in BCL2L1-i and MCL1-i co-treated cells. Dots show n = 4 biological replicates. Reads containing indels were 
not considered to be edited. NTC-2 indicates an untreated, non-targeting control (EGFP-targeting sgRNA), sequenced at 14 days post-drug 
addition. (D) Pattern of base editing for sg19 in untreated cells. Dots show n = 4 biological replicates. (E) All edited alleles deplete in 
BCL2L1-i-treated cells relative to untreated cells, whereas edited alleles enrich slightly in BCL2L1-i and MCL1-i co-treated cells. (F) The G217K 
mutation depleted strongly from 50.2% of reads in untreated cells to 2.6% of reads in BCL2L1-i-treated cells, but enriched slightly to 61.3% of 
reads in co-treated cells. (G) Pattern of base editing for sg18 in untreated cells. Dots show n = 2 biological replicates. (H) Alleles containing a 
T212I mutation are enriched in cells co-treated with BCL2L1-i and MCL1-i relative to untreated cells. (I)  Reads with T212I edit enrich from an 
average of 72.9% in untreated cells to an average of 94.8% in BCL2L1-i and MCL1-i co-treated cells. (J) Pattern of base editing by sg20. Dots 
show n = 2 biological replicates. (K) Reads containing the E325K mutation depleted from 36.3% in untreated cells to 7.3% of reads in BCL2L1-i 
treated cells, but enriched to 66.7% of reads in BCL2L1-i and MCL1-i co-treated cells. Dots show n = 2 biological replicates. (L) Alleles 
containing E325K edits were highly depleted in BCL2L1-i-treated cells, whereas the triple mutant E322K, E325K, G326N allele was most 
enriched in BCL2L1-i and MCL1-i co-treated cells. 
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A B C

Figure S5. Quality control metrics for BCL2L1 screen and validation experiments, related to Figure 5.
(A) Distribution of log-fold change values of positive control sgRNAs (n = 32 essential splice site sgRNAs) and negative control 
sgRNAs (n = 75 intergenic sgRNAs, and n = 75 non-targeting sgRNAs). Boxes show the quartiles; whiskers show 1.5 times the 
interquartile range. (B) Distribution of Pearson coefficients for allele-level replicate correlations for sg24-sg28 at 14 days 
post-drug addition, either in the absence of drug (gray) or in the presence of BCL2L1-i and MCL1-i (orange). Only alleles with > 
100 reads in at least one condition were considered. The mean is shown in black. (C) Comparison between sgRNA performance 
in the primary screen (z-score) and secondary validation (log fold change (LFC) of the wild-type allele at 14 days after addition 
of BCL2L1-i + MCl1-i). Error bars show the range of 2 biological replicates in the secondary validation. 
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Figure S6. Mutagenesis of PARP1 reveals missense mutations in the catalytic domain that sensitize to PARP 
inhibition, related to Figure 6. 
(A) Distribution of log-fold change values of positive control sgRNAs (n = 500 essential splice site sgRNAs) and 
negative control sgRNAs (n = 500 non-essential splice site sgRNAs, n = 482 intergenic sgRNAs, and n = 500 non-
targeting sgRNAs). Boxes show the quartiles; whiskers show 1.5 times the interquartile range. (B) Distribution of 
sgRNAs predicted to introduce silent mutations or no edits (green) and sgRNAs predicted to introduce nonsense or 
splice site mutations (orange) in each drug condition. (C) Performance of sgRNAs targeting PARP1 in the presence 
of talazoparib. Guides are colored and grouped according to the predicted mutation bin. Dashed lines show z-score 
thresholds of -4 (for depletion) and 4 (for enrichment); the HD domain and ART domain are shaded in dark gray and 
light gray, respectively. Boxes show the quartiles; whiskers show 1.5 times the interquartile range. Categories with n 
< 20 are shown as individual dots. (D) Distribution of Pearson coefficients for allele-level replicate correlations for 
sg29-sg36 at each timepoint and each drug condition. Only alleles with > 100 reads in at least one condition were 
considered. The mean is shown in black. (E) Comparison between sgRNA performance in the primary screen (z-
score, talazoparib) and secondary validation (log-fold change (LFC) of the wild-type allele at 12 days post-talazoparib 
addition). Error bars show the range of 2 biological replicates in the secondary validation. Guides are labeled if the 
absolute LFC of the wild-type allele is > 0.5. (F) Alleles present in > 1% of reads in at least one replicate of sg35-
treated cells. Amino acid changes for each allele are shown on the left; the average log-fold change of each allele 
(comparing talazoparib-treated to untreated cells at 12 days post-drug addition) is shown on the right. The wildtype 
(unedited) allele is marked with a black triangle. (G) Percentage of all sequencing reads containing the indicated edit 
for each timepoint and drug condition. Reads containing indels were not considered to be edited. NTC-1 indicates an 
untreated, non-targeting control (no sgRNA), sequenced at 12 days post-drug addition. Dots show n = 2 biological 
replicates. (H) Allele analysis, as in (F), for sg33- and sg34-treated sgRNAs in the presence of 5 PARPi. (I) 
Percentage of all sequencing reads containing the indicated edit for each timepoint and drug condition, as in (G), for 
sg33- and sg34-treated sgRNAs. 
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Figure S8. Protein-protein interactions between hits from HT29 and MELJUSO cisplatin screens, related to Figure 7. 
Edges represent confidence in STRING. Nodes represent gene hits. Nodes colored in red are in the Reactome DNA repair 
pathway. Nodes colored in blue are listed in the GO-term for chromatin organization. To define gene hits, we used an indepen-
dent two sample t-test comparing the log-fold changes of VEP high impact sgRNAs to both intergenic and non-targeting controls 
in HT29 and MELJUSO treated with cisplatin. We then used the Benjamini-Hochberg procedure to define significant genes, 
using an FDR cutoff of 0.1. For each cell line, we identified hits which were significant when compared against both sets of 
controls. We then included all hits from either cell line in the network.
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A B

Figure S9. GJB2 loss-of-function in HT29 cells treated with hygromycin, related to Figure 7.
(A) Correlation of z-scored log-fold changes (relative to intergenic controls) between HT29 and MELJUSO hygromycin arms. 
Pearson correlation is indicated. Points are colored by density. (B) Z-scored log-fold change for GJB2 in HT29 treated with 
hygromycin. The density plot for intergenic controls is plotted. The mean value for controls is indicated as a dashed line. Each 
bar represents a guide, and the density plot represents the distribution of guides targeting GJB2.
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Figure S10. Counter-screen with wtCas9 in HT29 cells confirms loss-of-function alleles and uncovers potential gain-of-function 
mutants, related to Figure 7. 
(A) Correlation of z-scored log-fold changes (relative to intergenic controls) between wildtype (WT) and base editor (BE) Cas9 in 
the HT29 untreated arm. Bins for defining hits are outlined. Pearson correlation coefficient is indicated. Points are colored by 
density (B). Same as (A) but for HT29 treated with cisplatin. (C) Distribution of predicted impact for sgRNAs in the HT29 
untreated arm. Bins correspond to those indicated in panel (A). Positive controls include sgRNAs targeting essential splice sites. 
Negative controls include sgRNAs targeting non-essential splice sites, intergenic and non-targeting controls. “No edit” sgRNAs 
only have C’s in a GC-motif in the edit window. (D) Same as (C) but for HT29 treated with cisplatin. (E) Same as (C) but for 
predicted consequence. All consequences with a maximum fraction of 0.05 across bins are grouped as “other”. (F) Same as (E) 
but for HT29 treated with cisplatin.

í� 0
Wildtype

í�

0

5

B
as

e 
E

di
to

r

R = 0.54

HT29 Dropout Z-score
WT (n = 828)
BE/WT (n = 118)
BE (n = 49)
Neither (n = 59999)

0.0 0.5 1.0
Proportion

BE
n = 49

BE/WT
n = 118

WT
n = 828

Neither
n = 59999

HT29 Dropout
Most Severe Consequence

Consequence
missense_variant
Positive control
synonymous_variant
splice_acceptor_variant
No edit
stop_gained
splice_donor_variant
Other

0.0 0.5 1.0
Proportion

BE
n = 49

BE/WT
n = 118

WT
n = 828

Neither
n = 59999

HT29 Dropout
Predicted Impact

Impact
HIGH
Positive control
MODERATE
MODIFIER
LOW
No edit
Negative control

í�� 0
Wildtype

í��

í�

0

5

B
as

e 
E

di
to

r

R = 0.17

HT29 Cisplatin Z-score
WT (n = 1053)
BE/WT (n = 113)
BE (n = 77)
Neither (n = 56421)

0.0 0.5 1.0
Proportion

BE
n = 77

BE/WT
n = 113

WT
n = 1053

Neither
n = 56421

HT29 Cisplatin
Predicted Impact

0.0 0.5 1.0
Proportion

BE
n = 77

BE/WT
n = 113

WT
n = 1053

Neither
n = 56421

HT29 Cisplatin
Most Severe Consequence

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

The copyright holder for this preprint (whichthis version posted May 17, 2020. ; https://doi.org/10.1101/2020.05.17.100818doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.17.100818
http://creativecommons.org/licenses/by-nc-nd/4.0/

