
�$� �PROHFXODU� �VZLWFK� �EHWZHHQ� �PDPPDOLDQ� �0//� �FRPSOH[HV� �GLFWDWHV�
�UHVSRQVH�WR�0HQLQ�0//�LQKLELWLRQ�

�<DGLUD��0���6RWR�)HOLFLDQR����������������)UDQFLVFR��-���6iQFKH]�5LYHUD�����������������)ORULDQ��3HUQHU��������������'RXJODV�

�:�� �%DUURZV��������� �(GZDUG� �5�� �.DVWHQKXEHU������� �<X�-XL� �+R������� �7KRPDV� �&DUUROO������� �<LMXQ� �;LRQJ��������� �'LVKD�

�$QDQG����������$OH[H\��6RVKQHY��������/HDK��*DWHV��������0DU\��&ODUH��%H\WDJK��������'DYLG��&KHRQ��������6KHQJTLQJ��*X���������

�;�� �6KLUOH\� �/LX��������� �$QGUHL� �9�� �.ULYWVRY��������� �0D[LPLOLDQR� �0HQHVHV������� �(OLVD� �GH� �6WDQFKLQD��������5LFKDUG��0��

�6WRQH��������6FRWW�$��$UPVWURQJ��������
��6FRWW�:��/RZH������
���&��'DYLG�$OOLV������
�

����/DERUDWRU\� �RI� �&KURPDWLQ� �%LRORJ\� �	� �(SLJHQHWLFV�� �7KH� �5RFNHIHOOHU� �8QLYHUVLW\�� �1HZ� �<RUN�� �1<�

��������86$��

����&DQFHU�%LRORJ\�DQG�*HQHWLFV��06.&&�1HZ�<RUN��1<���������86$��

����'HSDUWPHQW�RI�3HGLDWULF�2QFRORJ\��'DQD�)DUEHU�&DQFHU��,QVWLWXWH��%RVWRQ��0$����������86$��

����'LYLVLRQ� �RI� �+HPDWRORJ\�2QFRORJ\�� �%RVWRQ� �&KLOGUHQ
V� �+RVSLWDO� �DQG� �+DUYDUG� �0HGLFDO� �6FKRRO��

�%RVWRQ��0$���������86$��

����,QWHUQDO�0HGLFLQH�&��*UHLIVZDOG�8QLYHUVLW\�0HGLFDO��&HQWHU��*UHLIVZDOG���������*HUPDQ\��

����%LRLQIRUPDWLFV�5HVRXUFH�&HQWHU��7KH�5RFNHIHOOHU�8QLYHUVLW\���1HZ�<RUN��1<��������86$��

����'HSDUWPHQW��RI��%LRVWDWLVWLFV��DQG��&RPSXWDWLRQDO��%LRORJ\���'DQD�)DUEHU��&DQFHU��,QVWLWXWH���+DUYDUG�

�6FKRRO�RI�3XEOLF�+HDOWK��%RVWRQ���������0$��86$��

����&HQWHU� �IRU� �)XQFWLRQDO� �&DQFHU� �(SLJHQHWLFV�� �'DQD�)DUEHU� �&DQFHU��,QVWLWXWH���%RVWRQ�����������0$��

�86$��

���
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����'HSDUWPHQW�RI�0ROHFXODU�3KDUPDFRORJ\��06.&&�1HZ�<RUN��1<��������86$��

�����/HXNHPLD� �'LYLVLRQ�� �'HSDUWPHQW� �RI� �0HGLFDO� �2QFRORJ\�� �'DQD�)DUEHU� �&DQFHU� �,QVWLWXWH�� �%RVWRQ��

�0$���������86$��

�����&XUUHQW� �DIILOLDWLRQ�DGGUHVV�� �'DYLG� �+�� �.RFK� �,QVWLWXWH� �IRU� �,QWHJUDWLYH� �&DQFHU� �5HVHDUFK��

�0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\��&DPEULGJH���������0DVVDFKXVHWWV��86$�

�����&XUUHQW� �DIILOLDWLRQ�DGGUHVV�� �'HSDUWPHQW� �RI� �%LRORJ\�� �0DVVDFKXVHWWV� �,QVWLWXWH� �RI� �7HFKQRORJ\��

�&DPEULGJH���������0DVVDFKXVHWWV��86$�

���&R�ILUVW�DXWKRUV�

�
�&R�FRUUHVSRQGLQJ�DXWKRUV�

�&RUUHVSRQGHQFH��

�&�� �'DYLG� �$OOLV�� �7KH� �5RFNHIHOOHU� �8QLYHUVLW\�� �$OOLV� �/DE�� �%R[� ������ �������<RUN��$YHQXH���1HZ��<RUN��

�1<��������86$��(PDLO���DOOLVFG#URFNHIHOOHU�HGX�

�6FRWW� �:�� �/RZH�� �0HPRULDO� �6ORDQ� �.HWWHULQJ� �&DQFHU��&HQWHU���06.&&����6ORDQ��.HWWHULQJ��,QVWLWXWH��

�&DQFHU�%LRORJ\�	�*HQHWLFV�3URJUDP��1HZ�<RUN��1<���������86$��(PDLO���ORZHV#PVNFF�RUJ�

�6FRWW� �$�� �$UPVWURQJ�� �+DUYDUG� �0HGLFDO� �6FKRRO�� �'DQD�)DUEHU� �&DQFHU� �,QVWLWXWH�� �'HSDUWPHQW� �RI�

�3HGLDWULF�2QFRORJ\��%RVWRQ��0$���������86$��(PDLO���6FRWWB$UPVWURQJ#GIFL�KDUYDUG�HGX�

�.H\ZRUGV��0HQLQ��0//��87;��FKURPDWLQ��HSLJHQHWLFV��OHXNHPLD��&5,635�

���
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�$%675$&7�

�7KH� �FKURPDWLQ� �DGDSWRU� �0HQLQ� �LQWHUDFWV� �ZLWK� �RQFRJHQLF� �IXVLRQ� �SURWHLQV� �HQFRGHG� �E\�

�0//����UHDUUDQJHPHQWV� ����0//����U��� �DQG� �VPDOO� �PROHFXOHV� �WKDW� �GLVUXSW� �WKHVH� �DVVRFLDWLRQV�

�DUH� �FXUUHQWO\� �LQ� �FOLQLFDO� �WULDOV� �IRU� �WKH� �WUHDWPHQW� �RI� �OHXNHPLD�� �%\� �LQWHJUDWLQJ�

�FKURPDWLQ�IRFXVHG� �DQG� �JHQRPH�ZLGH� �&5,635� �VFUHHQV� �ZLWK� �JHQHWLF�� �SKDUPDFRORJLFDO��

�DQG��ELRFKHPLFDO��DSSURDFKHV��LQ��PRXVH��DQG��KXPDQ��V\VWHPV���ZH��GLVFRYHUHG��D��PROHFXODU�

�VZLWFK��EHWZHHQ��WKH��0//��0HQLQ��DQG��0//����87;��FKURPDWLQ��PRGLI\LQJ��FRPSOH[HV��WKDW�

�GLFWDWHV� �UHVSRQVH� �WR� �0HQLQ�0//� �LQKLELWRUV�� �:H� �VKRZ� �WKDW� �0//��0HQLQ� �VDIHJXDUGV�

�OHXNHPLD��VXUYLYDO��E\��LPSHGLQJ��ELQGLQJ��RI��WKH��0//����87;��FRPSOH[��DW��D��VXEVHW��RI��WDUJHW�

�JHQH� �SURPRWHUV�� �'LVUXSWLQJ� �WKH� �LQWHUDFWLRQ� �EHWZHHQ� �0HQLQ� �DQG� �0//�� �OHDGV� �WR�

�87;�GHSHQGHQW� �WUDQVFULSWLRQDO� �DFWLYDWLRQ� �RI� �D� �WXPRU� �VXSSUHVVRU� �JHQH�SURJUDP� �WKDW� �LV�

�FUXFLDO� �IRU� �D� �WKHUDSHXWLF� �UHVSRQVH� �LQ� �PXULQH� �DQG� �KXPDQ� �OHXNHPLD�� �:H� �HVWDEOLVK� �WKH�

�WKHUDSHXWLF� �UHOHYDQFH� �RI� �WKLV� �PHFKDQLVP� �E\� �VKRZLQJ� �WKDW� �&'.���� �LQKLELWRUV� �DOORZ�

�UH�DFWLYDWLRQ� �RI� �WKLV� �WXPRU�VXSSUHVVRU� �SURJUDP� �LQ� �0HQLQ�LQKLELWRU� �LQVHQVLWLYH� �OHXNHPLD�

�FHOOV�� �PLWLJDWLQJ� �WUHDWPHQW� �UHVLVWDQFH�� �7KH� �GLVFRYHU\� �RI� �D� �PROHFXODU� �VZLWFK� �EHWZHHQ�

�0//��0HQLQ� �DQG� �0//����87;� �FRPSOH[HV� �RQ� �FKURPDWLQ� �VKHGV��OLJKW��RQ��QRYHO��IXQFWLRQV�

�RI� �WKHVH� �HYROXWLRQDU\� �FRQVHUYHG� �HSLJHQHWLF� �PHGLDWRUV� �DQG� �LV� �SDUWLFXODUO\� �UHOHYDQW� �WR�

�XQGHUVWDQG� �DQG� �WDUJHW� �PROHFXODU� �SDWKZD\V� �GHWHUPLQLQJ� �UHVSRQVH� �DQG� �UHVLVWDQFH� �LQ�

�RQJRLQJ�SKDVH�����FOLQLFDO�WULDOV��

���
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�,1752'8&7,21�

�0HQLQ� �LV� �DQ� �HYROXWLRQDULO\� �FRQVHUYHG� �QXFOHDU� �IDFWRU� �WKDW� �DVVRFLDWHV� �ZLWK� �FKURPDWLQ� �WR�

�UHFUXLW� ��DGDSW�� �LQWHUDFWLQJ� �SURWHLQV��������� �7KHVH� �LQFOXGH� �WKH� �7ULWKRUD[� ����7U[����UHODWHG� �0//��

��.07�$�� �DQG� �0//�� ��.07�%�� �KLVWRQH� �PHWK\OWUDQVIHUDVH� �FRPSOH[HV����������� �0//��

�RQFRJHQLF� �IXVLRQ� �SURWHLQV��������� �WUDQVFULSWLRQ� �IDFWRUV� ��H�J��� �F�0<&��������� �-81'�����������

�60$'V������������ �DQG� �RWKHU� �FKURPDWLQ�ERXQG� �SURWHLQV� ��H�J�� �/('*)������� ��UHYLHZHG� �LQ� �UHI��

����������

�0HQLQ� �LV� �D� �FRUH� �VXEXQLW� �RI� �WKH� �0//�� ��UHI�� ��������� �DQG� �0//�� �FRPSOH[HV��������� �DQG� �LV�

�UHVSRQVLEOH� �IRU� �WDUJHWLQJ� �WKHVH� �WR� �FKURPDWLQ��������� �0HQLQ� �LV� �UHTXLUHG� �IRU�

�0//��0//��GHSHQGHQW� �+�.�� �WULPHWK\ODWLRQ� �RI� �+2;� �JHQHV� �DQG� �WKHLU� �VWDEOH� �ORQJ�WHUP�

�H[SUHVVLRQ� �GXULQJ� �GHYHORSPHQW������������ �0HQLQ� �KDV� �FRQWH[W�VSHFLILF� �IXQFWLRQV� �LQ� �KXPDQ�

�GLVHDVHV�� �DFWLQJ� �DV� �D� �WXPRU� �VXSSUHVVRU� �LQ��QHXURHQGRFULQH��PDOLJQDQFLHV�����������DQG��LQ�

�FHUWDLQ��VNLQ�����������OXQJ�����������DQG��&16��WXPRUV�����������DQG��DV��DQ��RQFRJHQLF��FR�IDFWRU��LQ��RWKHU�

�FDQFHUV�� �LQFOXGLQJ� �KHSDWRFHOOXODU� �FDUFLQRPD������� �DQG� �0//����UHDUUDQJHG� ����0//����U��

�OHXNHPLDV������������ �)XUWKHUPRUH�� �RYHU� ������ �JHUPOLQH� �DQG� �VRPDWLF� �0(1�� �YDULDQWV� �KDYH�

�EHHQ�LGHQWLILHG��VRPH�RI�ZKLFK�DUH�OLQNHG�WR�FDQFHU�SUHGLVSRVLWLRQ����������

�*LYHQ��WKH��SUR�RQFRJHQLF��UROH��RI��0HQLQ��LQ��DFXWH��OHXNHPLD��DQG��RWKHU��PDOLJQDQFLHV���VPDOO�

�PROHFXOH� �LQKLELWRUV� �WDUJHWLQJ� �WKH� �0HQLQ�0//�� �DQG� �0HQLQ�0//�� �SURWHLQ�SURWHLQ�

�LQWHUDFWLRQV� �KDYH� �VKRZQ� �JUHDW� �SURPLVH� �IRU� �LQWHUFHSWLQJ� �DQG� �WUHDWLQJ� �GLIIHUHQW� �W\SHV� �RI�

�FDQFHUV��������±������� �1RWDEO\�� �WKUHH� �VWUXFWXUDOO\� �GLIIHUHQW� �0HQLQ�0//� �LQKLELWRUV� �KDYH�

�UHFHQWO\� �HQWHUHG� �FOLQLFDO� �WULDOV� ��1&7���������� �1&7���������� �1&7���������� �DQG� �DW�

���
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�OHDVW� �RQH� �KDV� �EHHQ� �JUDQWHG� �IDVW� �WUDFN� �GHVLJQDWLRQ� �E\� �WKH� �)'$� �IRU� �WUHDWPHQW� �RI�

�UHODSVHG�UHIUDFWRU\��DFXWH��OHXNHPLDV�����������������7KXV���DQ��XQGHUVWDQGLQJ��RI��WKH��PROHFXODU�

�PHFKDQLVPV��RI��DFWLRQ��RI��WKHVH��GUXJV��ZRXOG��IDFLOLWDWH��WKH��GHYHORSPHQW��RI��ELRPDUNHUV��WR�

�SUHGLFW� �WKHUDSHXWLF� �UHVSRQVH� �DQG� �UHVLVWDQFH�� �DQG� �OHDG� �WR� �UDWLRQDO� �GHVLJQ� �RI� �PRUH�

�HIIHFWLYH�FRPELQDWLRQ�WUHDWPHQWV��

�5(68/76�

�)XQFWLRQDO� �LQWHUSOD\� �EHWZHHQ� �0//��0HQLQ� �DQG� �0//����87;� �FKURPDWLQ��PRGLI\LQJ�

�FRPSOH[HV�

�7R� �XQGHUVWDQG� �WKH� �GHSHQGHQF\� �RI� �0//����U� �OHXNHPLDV� �WR��0HQLQ��DQG��LGHQWLI\��IDFWRUV��WKDW�

�GLFWDWH� �UHVSRQVH� �DQG� �UHVLVWDQFH� �WR� �0HQLQ�0//� �LQKLELWRUV�� �ZH� �SHUIRUPHG� �D� �VHULHV� �RI�

�&5,635�EDVHG� �JHQHWLF� �VFUHHQV�� �)LUVW�� �ZH� �VFUHHQHG� �D� �FKURPDWLQ�IRFXVHG� �&5,635�

�OLEUDU\� �LQ� �&DV��H[SUHVVLQJ� �PRXVH� �OHXNHPLD� �FHOOV� �GULYHQ� �E\� �D� �KXPDQ� �0//��$)��

�WUDQVJHQH� ��KHUHDIWHU� �UHIHUUHG� �WR� �DV� �0//�$)�� �FHOOV�������� ����6XSSOHPHQWDU\� �)LJ�� ��$�*��

�6XSSOHPHQWDU\� �7DEOH� ������� �/LEUDU\�WUDQVGXFHG� �FHOOV� �ZHUH��FXOWXUHG��LQ��PHGLD��ZLWK��'062�

��YHKLFOH�� �RU� �D� �0HQLQ�0//� �LQKLELWRU� ��0,������ ��UHI�� ��������� �IRU� �����FHOO��SRSXODWLRQ��GRXEOLQJV��

�IROORZHG� �E\� �VFUHHQ� �GHFRQYROXWLRQ� �XVLQJ� �QH[W�JHQHUDWLRQ� �VHTXHQFLQJ� ����)LJ�� ��$����� �:H�

�FDOFXODWHG� �D� �VFRUH� �IRU� �HDFK� �JHQH� �LQFOXGHG� �LQ� �WKH� �OLEUDU\� �E\� �DVVHVVLQJ� �WKH� �FKDQJHV� �LQ�

�DEXQGDQFH� �RI� �VJ51$V� �GXULQJ� �WKH� �FXOWXUH� �SHULRG� ����)LJ�� ��%����� �&RQVLVWHQW� �ZLWK� �SUHYLRXV�

�ZRUN�� �VJ51$V� �WDUJHWLQJ� �NQRZQ� �0//����U� �OHXNHPLD� �GHSHQGHQFLHV�� �LQFOXGLQJ� �'RW�O� ��UHIV��

���
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����±�����������%UG����UHI�������������DQG��0\E���UHI������������ZHUH��VWURQJO\��GHSOHWHG��LQ��ERWK��WUHDWPHQWV�

�ZKLOH�FRQWURO�VJ51$V�UHPDLQHG�ODUJHO\�QHXWUDO����6XSSOHPHQWDU\��7DEOH�������

�:H��REVHUYHG��WKDW��VJ51$V��WDUJHWLQJ��WKH��KLVWRQH��+���O\VLQH�������+�.�����GHPHWK\ODVH��8W[�

����.GP�D���� �DQG� �WKH� �KLVWRQH� �+�� �O\VLQH� ��� ��+�.��� �PRQR�PHWK\OWUDQVIHUDVHV� �0OO�� ����.PW�F����

�DQG� �0OO�� ����.PW�G���� �ZHUH� �WKH� �PRVW� �VLJQLILFDQWO\� �HQULFKHG� �LQ� �WKH� �0HQLQ�0//� �LQKLELWRU�

�FRQWH[W� ����)LJ�� ��%���� �UHG� �FLUFOHV��� �7KLV� �UHVXOW� �ZDV� �XQH[SHFWHG� �JLYHQ� �SUHYLRXVO\� �GHVFULEHG�

�FDQRQLFDO� �IXQFWLRQV� �IRU� �WKH� �PDPPDOLDQ� �0//� �FRPSOH[HV���������� �)RU� �H[DPSOH�� �WKH�

�0//����0HQLQ� �FRPSOH[� ��GLVUXSWHG� �E\� �0,������ �LV� �NQRZQ� �WR� �FDWDO\]H� �FKURPDWLQ�

�PRGLILFDWLRQV� �DVVRFLDWHG� �ZLWK� �WUDQVFULSWLRQ� �DW��SURPRWHUV�����LQFOXGLQJ��GL���RU��WUL�PHWK\ODWLRQ�

�RI� �+�.�� ��+�.�PH����� ��������������� �2Q� �WKH� �RWKHU� �KDQG�� �WKH� �0//����87;� �FRPSOH[� �KDV�

�EHHQ� �VKRZQ� �WR� �UHJXODWH� �HQKDQFHU� �VWDWHV� �E\� �VHUYLQJ� �DV� �WKH� �PDMRU� �+�.��

�PRQR�PHWK\OWUDQVIHUDVH��+�.�PH�����UHIV������±���������

�7R� �DVVHVV� �ZKHWKHU� �WKHVH� �UHVXOWV� �ZHUH� �LGLRV\QFUDWLF� �RI� �WKH� �FHOO� �OLQH�� �OLEUDU\�� �RU� �LQKLELWRU�

�XVHG�� �ZH� �SHUIRUPHG� �D� �JHQRPH�ZLGH� �&5,635� �VFUHHQ� �LQ� �DQ� �LQGHSHQGHQWO\� �GHULYHG�

�0//�$)�� �PRXVH� �FHOO� �OLQH� �XVLQJ� �973�������� �D� �PRUH� �SRWHQW�� �VHOHFWLYH�� �DQG� �RUDOO\�

�ELRDYDLODEOH� �0HQLQ�0//� �LQKLELWRU� ��UHIV�� ���������������� �VJ51$V� �WDUJHWLQJ� �8W[� ��� �0OO�� ��� �DQG�

�0OO���ZHUH��DOVR��DPRQJ��WKH��PRVW��VLJQLILFDQWO\��HQULFKHG��FDQGLGDWH��JHQHV��LGHQWLILHG��LQ��WKLV�

�JHQRPH�ZLGH� �VFUHHQ� ����)LJ�� ��&�� �6XSSOHPHQWDU\� �)LJ�� ��$�&�� �6XSSOHPHQWDU\� �7DEOH� �������

�ZKLOH��VKDUHG��VXEXQLWV��EHWZHHQ��WKH��WZR��W\SHV��RI��0//��FRPSOH[HV��VFRUHG��VLPLODUO\��LQ��ERWK�

�YHKLFOH��DQG��0HQLQ�0//��LQKLELWRU��FRQGLWLRQV�����)LJ����%�'���6XSSOHPHQWDU\��)LJ����'������7KHVH�

�UHVXOWV� �VXJJHVW� �WKDW� �FRUH� �VXEXQLWV� �RI� �WKH� �0//����87;� �FRPSOH[������� �PRGXODWH� �WKH�

���
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�WKHUDSHXWLF��UHVSRQVH��RI��OHXNHPLD��FHOOV��WR��0HQLQ�0//��LQKLELWLRQ���SRLQWLQJ��WR��D��SUHYLRXVO\�

�XQNQRZQ�IXQFWLRQDO�FURVV�WDON�EHWZHHQ�WKHVH�FKURPDWLQ�PRGLI\LQJ�FRPSOH[HV��

�7R� �GHWHUPLQH� �WKH� �HIIHFWV� �RI� �0//����87;� �ORVV�RI�IXQFWLRQ� �LQ� �OHXNHPLD� �FHOO� �SUROLIHUDWLRQ��

�ZH� �SHUIRUPHG� �LQ� �YLWUR� �JURZWK� �FRPSHWLWLRQ��DVVD\V�����6XSSOHPHQWDU\��)LJ����$������:H��IRXQG�

�WKDW� �8W[� �RU� �0OO�� �LQDFWLYDWLRQ� �E\� �&5,635� �GLG� �QRW��KDYH��D��VLJQLILFDQW��LPSDFW��RQ��OHXNHPLD�

�FHOO� �SUROLIHUDWLRQ�� �EXW� �0OO�� �LQDFWLYDWLRQ� �GHFUHDVHG� �OHXNHPLD� �FHOO� �JURZWK� ������

����6XSSOHPHQWDU\� �)LJ�� ��%�'����� �&RQVLVWHQW� �ZLWK� �RXU� �JHQHWLF� �VFUHHQLQJ� �UHVXOWV�� �8W[�

�GLVUXSWLRQ� �XVLQJ� �WKUHH� �GLVWLQFW� �VJ51$V� �VLJQLILFDQWO\� �LQFUHDVHG� �WKH� �YLDELOLW\� �RI�

�0,�����WUHDWHG� �OHXNHPLD� �FHOOV� ����)LJ�� ��(�� �6XSSOHPHQWDU\� �)LJ�� ��(����� �,Q� �DGGLWLRQ���0OO����RU�

�0OO����GHILFLHQW� �OHXNHPLD� �FHOOV� �WUHDWHG� �ZLWK� �0,����� �H[KLELWHG� �D� �SUROLIHUDWLYH� �DGYDQWDJH�

�RYHU� �ZLOG�W\SH� �FHOOV� �XQGHU� �GUXJ� �WUHDWPHQW� ����6XSSOHPHQWDU\� �)LJ�� ��)�*����� �7KHVH�

�RUWKRJRQDO��UHVXOWV��HVWDEOLVK��WKH��0//����87;��FRPSOH[��DV��D��FHQWUDO��PRGXODWRU��RI��WKHUDS\�

�UHVSRQVH�WR�0HQLQ�0//�LQKLELWLRQ�LQ�DFXWH�OHXNHPLD��

�6LQFH� �87;� �ZDV� �WKH� �PRVW� �VLJQLILFDQWO\� �HQULFKHG��FKURPDWLQ��IDFWRU��LQ��RXU��VFUHHQ��DQG��WKLV�

�SURWHLQ� �LV� �VKDUHG� �E\� �ERWK� �0//�� �DQG� �0//�� �FRPSOH[HV���������������� �ZH� �IRFXVHG� �RQ� �87;�

�GLVUXSWLRQ� �WR� �SUREH� �WKH� �PROHFXODU� �PHFKDQLVPV� �OLQNHG� �WR� �UHVLVWDQFH� �WR� �0HQLQ�0//�

�LQKLELWLRQ�� �:H� �ILUVW� �WHVWHG� �ZKHWKHU� �JHQHWLF� �8W[� �LQDFWLYDWLRQ� �FRXOG� �UHVFXH� �WKH� �HIIHFWV� �RI�

�0HQLQ�VSHFLILF��DEODWLRQ��LQ��0//�$)���OHXNHPLD��FHOOV���&5,635�PHGLDWHG��GHOHWLRQ��RI��0HQ��

�OHG� �WR��UREXVW��LQKLELWLRQ��RI��SUROLIHUDWLRQ�����6XSSOHPHQWDU\��)LJ����$������EXW��FR�GHOHWLRQ��RI��8W[�

�VXSSUHVVHG� �WKLV� �SKHQRW\SH�� �VXFK� �WKDW� �0HQ����GHILFLHQW� �0//�$)�� �FHOOV� �ZHUH� �DEOH� �WR�

���
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�SUROLIHUDWH� ����)LJ�� ��)�� �6XSSOHPHQWDU\� �)LJ�� ��%�(����� �7KHVH� �UHVXOWV� �HVWDEOLVK� �D� �SUHYLRXVO\�

�XQNQRZQ�HSLVWDWLF�UHODWLRQVKLS�EHWZHHQ��0HQ���DQG��8W[��LQ�DFXWH�OHXNHPLD��

�7R� �GHWHUPLQH� �LI� �WKH� �JHQHWLF� �LQWHUDFWLRQ� �EHWZHHQ� �0HQLQ� �DQG� �87;� �GHSHQGV� �RQ� �WKH�

�0//�IXVLRQ� �SURWHLQ� ��0//�)3�� �SUHVHQW� �LQ� �WKHVH� �PRXVH� �OHXNHPLD� �FHOOV�� �ZH� �DEODWHG� �WKH�

�KXPDQ� �0//��$)�� �RQFRJHQLF� �WUDQVJHQH� �XVHG� �WR� �JHQHUDWH��WKLV��PRGHO�����������:H��WDUJHWHG�

�WKH� ��¶�HQG� �RI� �WKH� �KXPDQ� �0//�� �JHQH���������� �ZLWK� �&5,635� ����������VXUYLYDO��RI��OHXNHPLD�

�FHOOV� �GHSHQG� �RQ� �WKH� �VXVWDLQHG� �SUHVHQFH� �RI� �WKH� �0//�$)�� �IXVLRQ� �SURWHLQ�������

����6XSSOHPHQWDU\��)LJ����$������:H��DOVR��IRXQG��WKDW��OHXNHPLD��FHOOV��ODFNLQJ��ERWK��0//�$)���DQG�

�8W[� �H[KLELWHG� �SUROLIHUDWLRQ� �GHIHFWV� �VLPLODU� �WR� �FHOOV� �RQO\� �ODFNLQJ� �0//�$)��

����6XSSOHPHQWDU\� �)LJ�� ��%�&����� �7KHVH� �UHVXOWV� �DUH� �FRQVLVWHQW� �ZLWK� �WKH� �HVWDEOLVKHG�

�GHSHQGHQF\� �RI� �OHXNHPLD� �FHOOV� �WR� �WKH� �SOHLRWURSLF� �JHQH� �UHJXODWRU\� �DFWLYLWLHV� �RI� �0//��

�RQFRJHQLF� �IXVLRQV������� �DQG� �VXJJHVW� �WKDW� �WKH� �HSLVWDWLF� �UHODWLRQVKLS� �EHWZHHQ� �0HQLQ� �DQG�

�87;��LV��LQGHSHQGHQW��IURP��WKHVH��DFWLYLWLHV���$FFRUGLQJO\���FR�GHOHWLRQ��RI��87;��DQG��0(1���LQ�

�D� �0HQLQ�GHSHQGHQW� �QRQ� �0//����U� �KXPDQ� �OHXNHPLD� �FHOO� �OLQH���������� �E\SDVVHG� �WKH�

�SUROLIHUDWLRQ� �GHIHFWV� �DVVRFLDWHG� �ZLWK� �ORVV� �RI� �0(1�� �DORQH� ����6XSSOHPHQWDU\��)LJ����'�(�����

�7KHUHIRUH�� �0HQLQ�0//� �LQKLELWRUV� �DFW�� �LQ� �SDUW�� �WKURXJK� �DQ� �HYROXWLRQDU\� �FRQVHUYHG�

�SDWKZD\� �WKDW� �LQYROYHV� �D� �IXQFWLRQDO� �FURVVWDON� �EHWZHHQ� �0HQLQ� �DQG� �87;�� �DQG� �LV�

�GRZQVWUHDP�RU�LQGHSHQGHQW�RI�0//�)3V��

�0HQLQ��LV��UHTXLUHG��IRU��H[SUHVVLRQ��RI��FDQRQLFDO��0//�)3��WDUJHW��JHQHV��OLNH��0HLV������ZKLFK��LV�

�UHTXLUHG� �IRU� �OHXNHPLD� �PDLQWHQDQFH���������������������� �0RUHRYHU�� �0HLV�� �RYHU�H[SUHVVLRQ�

�ZDV� �UHFHQWO\� �VKRZQ� �WR� �SDUWLDOO\� �UHVFXH� �WKH� �OHXNHPLF� �VWHP� �FHOO� �WUDQVFULSWLRQDO� �SURJUDP�

���
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�VXSSUHVVHG� �E\� �0HQLQ�0//� �LQKLELWLRQ���������� �7R� �GHWHUPLQH� �LI� �WKH� �JHQHWLF� �LQWHUDFWLRQ�

�EHWZHHQ��0HQLQ��DQG��87;��UHJXODWHV��H[SUHVVLRQ��RI��WKHVH��0//�)3��WDUJHWV���ZH��ILUVW��WUHDWHG�

�PRXVH� �0//�$)�� �OHXNHPLD� �FHOOV� �ZLWK� �0,����� �DQG� �FRQILUPHG� �WKDW� �LW� �OHDGV� �WR� �UREXVW�

�GRZQUHJXODWLRQ� �RI� �0HLV�� ����6XSSOHPHQWDU\� �)LJ�� ��)����� �+RZHYHU�� �WR� �RXU� �VXUSULVH�� �FHOOV�

�JHQHWLFDOO\� �GHILFLHQW� �IRU� �ERWK� �0HQ�� �DQG��8W[��VKRZHG��D��VLPLODU��UHGXFWLRQ��LQ��0HLV���OHYHOV�

����6XSSOHPHQWDU\� �)LJ�� ��*����� �\HW� �ZHUH� �DEOH� �WR� �SUROLIHUDWH� ����)LJ�� ��)�� �6XSSOHPHQWDU\� �)LJ��

��(����� �7KHVH� �GDWD� �VXSSRUW� �D� �JHQHWLF� �HSLVWDVLV� �PRGHO� �EHWZHHQ� �0HQLQ� �DQG� �87;� �LQ�

�0HQLQ�GHSHQGHQW��PDPPDOLDQ��FHOOV���DQG��VXJJHVW��WKDW��IDFWRUV��EH\RQG��0HLV���FDQ��VXVWDLQ�

�WKH�SUROLIHUDWLYH�FDSDFLW\�RI��0//����U�DQG�QRQ��0//����U��OHXNHPLD�FHOOV��

�0//��0HQLQ� �FRPSOH[� �UHVWULFWV� �FKURPDWLQ� �RFFXSDQF\� �RI� �0//����87;� �DW� �WDUJHW�

�JHQH�SURPRWHUV�

�*LYHQ��SUHYLRXV��ZRUN��VXJJHVWLQJ��D��SULPDU\��UROH��IRU��0HQLQ��DW��SURPRWHUV����������DQG��87;��DW�

�HQKDQFHUV���������� �ZH� �SHUIRUPHG� �FKURPDWLQ� �LPPXQRSUHFLSLWDWLRQ� �IROORZHG� �E\� �VHTXHQFLQJ�

��&K,3�6HT�� �WR� �H[DPLQH� �WKH� �JHQRPH�ZLGH� �ELQGLQJ� �SDWWHUQV� �RI� �WKHLU� �UHVSHFWLYH� �SURWHLQ�

�FRPSOH[HV�� �0HQLQ� �VKRZHG� �VWURQJ� �HQULFKPHQW� �DW� �SURPRWHU� �UHJLRQV� ��KHUH� �GHILQHG� �DV�

�WUDQVFULSWLRQ� �VWDUW� �VLWHV� ��766V�� ��� ��NE��� �ZKLFK� �ZDV� �GHFUHDVHG� �ZKHQ� �LWV� �FDQRQLFDO�

�LQWHUDFWLRQV� �ZLWK� �0//���� �DQG� �0//�)3V� �ZHUH� �GLVUXSWHG� �E\� �0,����� ����)LJ�� ��$�����

�*HQRPH�ZLGH��HQULFKPHQW��RI��0HQLQ��ZDV��DOVR��GHFUHDVHG���DV��HYLGHQFHG��E\��WKH��UHGXFWLRQ�

�LQ� �WKH� �QXPEHU� �RI� �&K,3� �SHDNV� �SRVW� �0,����� �WUHDWPHQW� ����6XSSOHPHQWDU\� �)LJ�� ��$����� �:H�

�REVHUYHG� �D� �VPDOO� �IUDFWLRQ� �RI� �87;� �DW� �766V� �XQGHU� �EDVDO� �FRQGLWLRQV�� �KRZHYHU�� �0,�����

�WUHDWPHQW� �OHG� �WR� �D� �a��IROG� �HQULFKPHQW� �RI� �87;� �DW� �SURPRWHUV� ����)LJ�� ��%���� �6XSSOHPHQWDU\�

���
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�)LJ�� ��$����� �:H� �DOVR� �FRQILUPHG� �WKDW� �WKH� �0,�����GHSHQGHQW� �HQULFKPHQW� �RI� �87;� �RQ�

�FKURPDWLQ��ZDV��QRW��VLPSO\��WKH��UHVXOW��RI��LQFUHDVHG��8W[��H[SUHVVLRQ��RU��87;��SURWHLQ��VWDELOLW\�

����)LJ�� ��&�'����� �7KHVH� �GDWD� �VKRZ� �WKDW� �GLVUXSWLRQ� �RI� �WKH� �0HQLQ�0//�� �LQWHUDFWLRQ� �OHDGV� �WR�

�G\QDPLF� �UHFUXLWPHQW� �RI� �87;� �WR� �SURPRWHU� �UHJLRQV� ����)LJ�� ��%����� �LPSO\LQJ� �D� �SUHYLRXVO\�

�XQUHFRJQL]HG� �IXQFWLRQDO� �UROH� �IRU� �WKH� �0//����87;� �FRPSOH[� �LQ� �SURPRWHU� �UHJXODWLRQ� �DQG�

�JHQH�WUDQVFULSWLRQ�LQ�OHXNHPLD��

�,QWULJXLQJO\�� �SURPRWHU� �UHJLRQV� �WKDW� �EHFDPH� �XQLTXHO\� �RFFXSLHG� �E\� �87;� �VLJQLILFDQWO\�

�RYHUODSSHG� �ZLWK� �WKRVH� �ZKHUH� �0HQLQ� �ZDV� �ORVW�� �VXJJHVWLQJ� �D� �G\QDPLF� �PROHFXODU�

�PHFKDQLVP� �EHWZHHQ� �WKHVH� �FRPSOH[HV� �DW� �D� �VXEVHW� �RI� �JHQH� �SURPRWHUV� ����)LJ�� ��(�)����

�6XSSOHPHQWDU\� �)LJ�� ��%����� �&RUUHODWLRQ� �DQDO\VLV� �DOVR� �VXJJHVWHG��WKDW��UHGXFWLRQ��RI��0HQLQ�

�ELQGLQJ� �E\� �0,����� �FRLQFLGHG� �ZLWK� �LQFUHDVHG� �87;� �FKURPDWLQ� �RFFXSDQF\� �DW� �WKH� �VDPH�

�JHQRPLF��ORFL�����6XSSOHPHQWDU\��)LJ����&������7UHDWPHQW��RI��PRXVH��ILEUREODVWV��0()V���WKDW��DUH�

�QRW� �GHSHQGHQW� �RQ� �0HQLQ�� �ZLWK� �0,����� �GLG� �QRW� �IRUFH� �87;� �PRELOL]DWLRQ� �RU� �ELQGLQJ� �WR�

�SURPRWHUV�� �LQGLFDWLQJ� �WKDW� �WKLV� �PROHFXODU� �VZLWFK� �ZDV� �VSHFLILF� �WR��0HQLQ�GHSHQGHQW��FHOOV�

����6XSSOHPHQWDU\�)LJ���$�(�����

�7KH� �DERYH� �UHVXOWV� �LQGLFDWH� �WKDW� �0HQLQ� �LQKLELWLRQ� �GLVSODFHV� �0HQLQ�0//�� �WUDQVFULSWLRQDO�

�UHJXODWRU\� �FRPSOH[HV� �IURP� �SURPRWHUV�� �HQDEOLQJ� �87;� �WR� �ELQG� �DQG� �SRWHQWLDOO\� �UHJXODWH�

�WDUJHW��JHQH��H[SUHVVLRQ�����)LJ����������,Q��DJUHHPHQW���DQDO\VLV��RI��WKH��FKURPDWLQ�ELQGLQJ��SURILOHV�

�RI� �WKHLU� �FRJQDWH� �+�.�� �PHWK\OWUDQVIHUDVHV� �DQG� �WKHLU� �HQ]\PDWLF� �KLVWRQH� �PRGLILFDWLRQV�

����6XSSOHPHQWDU\� �)LJ�� ��$�%���� �UHYHDOHG� �WKDW� �0HQLQ�0//�� �LQKLELWLRQ� �OHG� �WR� �D� �VLJQLILFDQW�

�GHFUHDVH� �LQ� �0//�� �FKURPDWLQ� �HQULFKPHQW� �DQG� �D� �FRQFRPLWDQW��GHFUHDVH��RI��LWV��HQ]\PDWLF�

����

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

The copyright holder for this preprint (whichthis version posted April 13, 2022. ; https://doi.org/10.1101/2021.10.22.465184doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465184
http://creativecommons.org/licenses/by-nc-nd/4.0/


�SURGXFW�� �+�.�PH�� ����6XSSOHPHQWDU\��)LJ����&�(������,Q��FRQWUDVW���0HQLQ�0//���LQKLELWLRQ��OHG�

�WR� �LQFUHDVHG� �HQULFKPHQW� �RI� �WKH� �0//���� �HQ]\PHV� �DW� �SURPRWHU� �UHJLRQV� �FR�RFFXSLHG� �E\�

�87;� �DQG� �D� �FRQFRPLWDQW� �LQFUHDVH� �LQ� �+�.�PH�� �VLJQDO� �DW� �WKHVH� �VDPH� �ORFL�

����6XSSOHPHQWDU\� �)LJ�� ��&��DQG���)�*������2I��QRWH���WKHVH��ORFL��DUH��GLVWLQFW��IURP��WKRVH��NQRZQ�

�WR� �EH� �ERXQG� �DQG� �UHJXODWHG� �E\� �WKH� �0//�)3V������� ����6XSSOHPHQWDU\� �)LJ�� ��$�&����� �7KHVH�

�GDWD��LQGLFDWH��WKDW��GLVUXSWLRQ��RI��WKH��0//��0HQLQ��LQWHUDFWLRQ��LQGXFHV��WDUJHWLQJ��RI��WKH��FRUH�

�HQ]\PDWLF��VXEXQLWV��RI��WKH��0//����87;��FRPSOH[��WR��QRQ�FDQRQLFDO��VLWHV��WKDW��DUH��QRUPDOO\�

�ERXQG�E\�WKH�0//��0HQLQ�FRPSOH[��

�3URPRWHU�DVVRFLDWHG� �+�.�PH�� �KDV� �EHHQ� �VKRZQ� �WR� �IDFLOLWDWH� �WUDQVFULSWLRQDO��UHSUHVVLRQ�

�LQ��RWKHU��FHOOXODU��VHWWLQJV�����������VXJJHVWLQJ��WKDW��GHSRVLWLRQ��RI��+�.�PH���DW��JHQH��SURPRWHUV�

�FRXOG��GHSHQG��RQ��FRQWH[W�����������7R��GHWHUPLQH��WKH��IXQFWLRQDO��LPSOLFDWLRQV��RI��WKH��0HQLQ�0//�

�LQKLELWRU�LQGXFHG� �FRORFDOL]DWLRQ� �RI� �87;�� �0//����� �DQG� �+�.�PH�� �DW� �WDUJHW� �JHQH�

�SURPRWHUV�� �ZH� �OHYHUDJHG� �WKH� �+���O\VLQH���WR�PHWKLRQLQH���.�0���µRQFRKLVWRQH¶��PXWDQW��DV�

�DQ� �RUWKRJRQDO� �PROHFXODU� �WRRO� �WR� �GHVWDELOL]H� �DQG� �DOWHU� �WKH� �IXQFWLRQ� �RI� �WKH� �0//����87;�

�FRPSOH[�����������6XSSOHPHQWDU\��)LJ�����$������([SUHVVLRQ��RI��+���.�0��LQ��0//�$)���OHXNHPLD�

�FHOOV� �OHG� �WR� �D� �SUROLIHUDWLYH� �DGYDQWDJH� �RQO\� �LQ� �WKH� �FRQWH[W� �RI� �0HQLQ�0//� �LQKLELWLRQ�

����6XSSOHPHQWDU\� �)LJ�� ���%�'����� �GHPRQVWUDWLQJ� �WKDW� �GHVWDELOL]DWLRQ� �RI� �WKH� �0//����87;�

�FRPSOH[� ����6XSSOHPHQWDU\� �)LJ�� ���(���� �FDQ� �SKHQRFRS\� �WKH� �LQWULQVLF� �UHVLVWDQFH� �RI� �8W[�����

�0OO������ �RU� �0OO����GHILFLHQW� �FHOOV� �WR� �0HQLQ�0//� �LQKLELWLRQ� ����)LJ�� ��(�� �6XSSOHPHQWDU\� �)LJ��

��(�*������7KHVH��UHVXOWV��IXUWKHU��VXSSRUW��D��PRGHO��ZKHUHE\��WKH��0//����87;��FRPSOH[��VHUYHV�

����
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�DV��D��FRQWH[W�VSHFLILF��DQG��FHQWUDO��PRGXODWRU��RI��WKHUDS\��UHVSRQVH��WR��0HQLQ�0//��LQKLELWLRQ�

�LQ�OHXNHPLD�FHOOV��

�1)�<$�FRQIHUV�JHQRPLF�VSHFLILFLW\�WR�D�0HQLQ�87;�PROHFXODU�VZLWFK�RQ�FKURPDWLQ�

�6LQFH� �0HQLQ� �ODFNV� �D� �GHILQHG� �'1$� �ELQGLQJ� �GRPDLQ���������� �ZH� �WHVWHG� �ZKHWKHU� �D�

�VHTXHQFH�VSHFLILF� �'1$� �ELQGLQJ� �IDFWRU� �PD\� �UHJXODWH� �WKH� �VZLWFK� �EHWZHHQ� �0//��0HQLQ�

�DQG� �0//����87;� �RFFXSDQF\� �DW� �VSHFLILF� �SURPRWHUV�� �0RWLI� �DQDO\VLV� �RQ� �WKH� �JHQRPLF�

�UHJLRQV� �ERXQG� �E\� �0HQLQ��DQG��87;��LQ��OHXNHPLD��FHOOV��DQG��ILEUREODVWV��UHYHDOHG��WKDW��1)�<�

�VHTXHQFH��PRWLIV��ZHUH��WKH��PRVW��VLJQLILFDQWO\��HQULFKHG��������LQ��OHXNHPLD��FHOOV�����3�� ���H����������

����)LJ�� ��$���� �DQG� �VHOHFWLYH� �WR� �OHXNHPLD� �FHOOV� ����6XSSOHPHQWDU\��)LJ�����$�%������,Q��DJUHHPHQW��

�&K,3�6HT��DQDO\VLV��IRU��1)�<$���WKH��'1$��ELQGLQJ��DQG��WUDQVDFWLYDWLRQ��VXEXQLW��RI��WKH��1)�<�

�FRPSOH[���������� �VKRZHG� �WKDW� �LW� �FR�RFFXSLHV� �VLWHV� �UHFLSURFDOO\� �ERXQG� �E\� �0HQLQ� �DQG� �87;�

����)LJ�� ��%�� �6XSSOHPHQWDU\� �)LJ�� ���&����� �7KH� �VLWHV� �ERXQG� �E\� �87;� �LQ� �WKH� �FRQWH[W� �RI�

�0HQLQ�0//� �LQKLELWLRQ� �DOVR� �KDG� �ORZHU� �1)�<$� �FKURPDWLQ� �HQULFKPHQW�� �DQ� �HIIHFW� �WKDW� �ZDV�

�QRW�GXH�WR�GHFUHDVHG�SURWHLQ�OHYHOV����)LJ���%�&��6XSSOHPHQWDU\��)LJ����&�����

�7R��IXQFWLRQDOO\��GLVVHFW��WKH��UHODWLRQVKLS��EHWZHHQ��0HQLQ���87;���DQG��1)�<$���ZH��JHQHUDWHG�

�1I\D��.2� �0//�$)�� �OHXNHPLD� �FHOOV� �DQG� �WUHDWHG� �WKHP� �ZLWK� �0,����� ����6XSSOHPHQWDU\� �)LJ��

���$������'LVUXSWLRQ��RI��1I\D��GHFUHDVHG��WKH��YLDELOLW\��RI��0,�����WUHDWHG��OHXNHPLD��FHOOV��UHODWLYH�

�WR� �FRQWURO� �FHOOV� �DW� �WZR� �GLIIHUHQW� �WLPH� �SRLQWV�� �VXJJHVWLQJ� �D� �V\QWKHWLF� �OHWKDO� �UHODWLRQVKLS�

�EHWZHHQ� �1I\D� �DQG� �0HQ�� ����)LJ�� ��'�� �6XSSOHPHQWDU\� �)LJ�� ���%����� �0RUHRYHU�� �WUHDWPHQW��RI�

�1I\D��.2� �FHOOV� �ZLWK� �0,����� �OHG� �WR� �D� �VLJQLILFDQW� �LQFUHDVH� �LQ� �87;� �RFFXSDQF\� �DW� �JHQRPLF�

�UHJLRQV��QRUPDOO\��ERXQG��E\��0HQLQ��DQG��1)�<$��DW��VWHDG\�VWDWH�����)LJ����(�����6XSSOHPHQWDU\�

����
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�)LJ�� ���&����� �7KHVH� �REVHUYDWLRQV� �ZHUH� �DOVR� �FRQVLVWHQW� �ZLWK� �FR�HVVHQWLDOLW\� �DQDO\VHV� �LQ�

�KXPDQ��FHOOV��������VKRZLQJ��WKDW��D��VXEVHW��RI��0(1����GHSHQGHQW��FHOOV��DUH��DOVR��GHSHQGHQW��RQ�

�PHPEHUV� �RI� �WKH� �1)�<� �FRPSOH[� �IRU� �VXUYLYDO� ����6XSSOHPHQWDU\��)LJ�����'�*������&ROOHFWLYHO\��

�WKHVH� �UHVXOWV� �LPSOLFDWH� �1)�<� �LQ� �UHVWULFWLQJ� �87;� �RFFXSDQF\� �DW� �SURPRWHU� �UHJLRQV� �DQG�

�VXJJHVW� �WKDW� �0HQLQ� �ELQGLQJ� �WR� �WKHVH��VLWHV��LV��LQ��SDUW��PHGLDWHG��E\��WKH��VHTXHQFH�VSHFLILF�

�'1$�ELQGLQJ�DFWLYLW\�RI�1)�<��

�7UDQVFULSWLRQDO� �FR�UHJXODWLRQ� �RI� �WXPRU� �VXSSUHVVLYH� �SDWKZD\V� �E\� �D� �0HQLQ�87;�

�PROHFXODU�VZLWFK�

�7R��SUREH��WKH��PROHFXODU��EDVLV��RI��WKLV��VZLWFK��IXUWKHU���ZH��SHUIRUPHG��WUDQVFULSWLRQDO��SURILOLQJ�

�RI� �0//�$)�� �OHXNHPLD� �FHOOV� �WUHDWHG� �ZLWK� �0,����� �DQG� �LGHQWLILHG� �SDWKZD\V� �WKDW� �DUH�

�UHFLSURFDOO\��UHJXODWHG��E\��0HQLQ��DQG��87;���:KLOH��WKH��DFWLYLW\��RI��WKH��0//��0HQLQ��FRPSOH[�

�LV� �DVVRFLDWHG� �ZLWK� �DFWLYHO\� �WUDQVFULEHG� �GHYHORSPHQWDO� �JHQHV������������ �0,����� �WUHDWPHQW�

�UHVXOWHG� �LQ� �ERWK� �XS�� �DQG� �GRZQ�UHJXODWLRQ� �RI� �JHQH� �H[SUHVVLRQ�� �ZLWK� �WKH� �PDMRULW\� �RI�

�VLJQLILFDQWO\�XSUHJXODWHG�JHQHV�UHFLSURFDOO\�ERXQG�E\�0HQLQ�DQG�87;����)LJ���$�%�����

�7R� �JDLQ� �IXUWKHU� �LQVLJKWV� �LQWR� �PHFKDQLVP�� �ZH� �SHUIRUPHG� �&K,3�6HT� �DJDLQVW� �DFHW\ODWHG�

�+�.��� �DQG� �+�.��� ��KLVWRQH� �PRGLILFDWLRQV� �DVVRFLDWHG� �ZLWK� �JHQH� �DFWLYDWLRQ���������� �DQG�

�IRXQG� �WKDW� �WKH� �OHYHOV� �RI� �WKHVH� �PRGLILFDWLRQV� �LQFUHDVHG� �DW� �VLWHV� �ZKHUH��WKH��0//����87;�

�FRPSOH[��LV��HQULFKHG��DW��XSRQ��0HQLQ�0//��LQKLELWLRQ�����6XSSOHPHQWDU\��)LJ�����$�%������7KHVH�

�ORFL� �DOVR� �VKRZHG� �LQFUHDVHG� �ELQGLQJ� �RI� �02)�� �D� �KLVWRQH� �+�.���

�DFHW\OWUDQVIHUDVH�����±��������6XSSOHPHQWDU\� �)LJ�� ���&����� �7KXV�� �0HQLQ�0//� �LQKLELWLRQ�

�SURGXFHV� �G\QDPLF� �FKDQJHV� �LQ� �JHQH� �H[SUHVVLRQ� �GXH��WR��ORVV��RI��0//��0HQLQ�GHSHQGHQW�
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�UHSUHVVLYH� �DFWLYLW\� �DQG��D��FRQFRPLWDQW��LQFUHDVH��LQ��KLVWRQH��PRGLILFDWLRQV��DVVRFLDWHG��ZLWK�

�JHQH�DFWLYDWLRQ��LQFOXGLQJ�+�.��DF�DQG�+�.��DF��������������

�7R� �GHWHUPLQH� �LI� �87;� �ZDV� �QHFHVVDU\� �IRU��JHQH��DFWLYDWLRQ���ZH��JHQHUDWHG��8W[��.2� �0//�$)��

�OHXNHPLD� �FHOOV�� �WUHDWHG� �WKHVH� �ZLWK� �0,������ �DQG� �SURILOHG� �E\� �51$�6HT� ����6XSSOHPHQWDU\�

�)LJ�����$�%������:H��IRXQG��WKDW��JHQHV��ERXQG��E\��0HQLQ��DQG��87;��WKDW��DUH��LQGXFHG��E\��0,�����

�IDLOHG� �WR� �JHW� �DFWLYDWHG� �LQ� �8W[��.2� �FHOOV�� �VXJJHVWLQJ� �87;� �IXQFWLRQ� �LV� �QHFHVVDU\� �IRU� �WKHLU�

�WUDQVFULSWLRQDO� �DFWLYDWLRQ� �XSRQ� �0HQLQ� �GLVSODFHPHQW� �IURP� �FKURPDWLQ� ��ZH� �UHIHU� �WR� �WKHVH�

�JHQHV� �DV��µ0HQLQ�87;��WDUJHWV¶������)LJ����&�����6XSSOHPHQWDU\��7DEOH���������&RQVLVWHQW��ZLWK��WKH�

�LGHD� �WKDW� �WKLV� �PHFKDQLVP� �LV� �LQGHSHQGHQW� �RI� �WKH� �0//�)3���ZH��IRXQG��WKDW��0,�����WUHDWHG�

�8W[��.2� �FHOOV��VWLOO��H[KLELWHG��GRZQUHJXODWLRQ��RI��FDQRQLFDO��0//�$)���WDUJHWV��DQG��LQGXFWLRQ��RI�

�P\HORLG� �GLIIHUHQWLDWLRQ� �SURJUDPV� ����6XSSOHPHQWDU\� �)LJ�� ���$�&����� �DV� �KDV��EHHQ��REVHUYHG�

�LQ� �8W[��:7� �FHOOV���������������� �0RUHRYHU�� �WKHVH� �FHOOV� �ZHUH� �DEOH� �WR� �SUROLIHUDWH� �ZLWKRXW�

�UH�H[SUHVVLRQ� �RI� �0HLV�� �DQG� �+R[D�� �²� �WZR� �FULWLFDO� �0HQLQ�0//�)3� �WDUJHWV����������������

����)LJ�� ��(���� �6XSSOHPHQWDU\� �)LJ�� ��*�� �6XSSOHPHQWDU\� �)LJ�� ���'����� �7KHVH� �GDWD� �VXJJHVW� �D�

�QHZ��SDUDGLJP��ZKHUHE\��WKH��HIIHFWV��RI��0HQLQ�0//��LQKLELWLRQ��RQ��0//�)3��WDUJHW��JHQHV��DUH�

�LQGHSHQGHQW� �RI� �LWV� �HIIHFWV� �RQ� �0HQLQ�87;� �WUDQVFULSWLRQDO� �WDUJHWV�� �DQG� �WKDW� �FRQFRPLWDQW�

�LQGXFWLRQ� �RI� �WXPRU��VXSSUHVVLYH��JHQH��H[SUHVVLRQ��SURJUDPV��DQG��UHSUHVVLRQ��RI��FDQRQLFDO�

�0//�)3�WDUJHWV�LV�UHTXLUHG�IRU�WKH�DQWL�OHXNHPLF�DFWLYLW\�RI�0HQLQ�0//��LQKLELWRUV��

�7R��JDLQ��LQVLJKW��LQWR��FHOOXODU��DQG��PROHFXODU��SDWKZD\V��UHJXODWHG��E\��WKH��0HQLQ�87;��VZLWFK��

�ZH��SHUIRUPHG��JHQH��RQWRORJ\��DQDO\VLV�����������RI��0HQLQ�87;��WDUJHWV��DQG��IRXQG��VLJQLILFDQW�

�HYLGHQFH� �IRU� �WKHLU� �DVVRFLDWLRQ� �ZLWK� �WUDQVFULSWLRQDO� �SURJUDPV� �UHODWHG� �WR� �SUROLIHUDWLRQ��

����
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�GLIIHUHQWLDWLRQ�� �DQG� �VXUYLYDO� ����6XSSOHPHQWDU\� �)LJ�� ���$�� �6XSSOHPHQWDU\� �7DEOH� �������� �7R�

�IXUWKHU� �HYDOXDWH� �WKH� �UHOHYDQFH� �RI� �WKHVH� �JHQH� �RQWRORJ\� �WHUPV�� �ZH� �SHUIRUPHG��*HQH��6HW�

�(QULFKPHQW��$QDO\VLV���*6($���������RQ��WUDQVFULSWLRQDO��GDWD��IURP��0,�����WUHDWHG��8W[��:7� �DQG�

�8W[��.2� �FHOOV��DQG��REVHUYHG��D��VLJQLILFDQW��FRUUHODWLRQ��EHWZHHQ��WKH��SUHVHQFH��RI��87;��DQG��WKH�

�H[SUHVVLRQ� �RI� �VHQHVFHQFH�DVVRFLDWHG� �JHQHV� �IROORZLQJ� �WUHDWPHQW������� ����)LJ�� ��'����

�6XSSOHPHQWDU\� �)LJ�� ���%�*���� �6XSSOHPHQWDU\� �7DEOH� ������� �7KLV� �FRUUHODWLRQ� �ZDV� �DOVR�

�REVHUYHG� �ZKHQ� �ZH� �DQDO\]HG� �D� �FXUDWHG� �OLVW� �RI� �JHQHV� �LQYROYHG� �LQ� �FHOO� �F\FOH� �DUUHVW� �DQG�

�WKHUDS\�LQGXFHG��VHQHVFHQFH�����������)LJ����(������7KHVH��WUDQVFULSWLRQDO��FKDQJHV��DUH��FRQVLVWHQW�

�ZLWK� �WKH� �IDFW� �WKDW� �0HQLQ�0//� �LQKLELWLRQ� �LQGXFHV� �D� �FRPELQDWLRQ� �RI� �FHOO� �F\FOH� �DUUHVW��

�DSRSWRVLV�� �DQG� �GLIIHUHQWLDWLRQ� ����6XSSOHPHQWDU\� �)LJ�� ��(�*������������� �DV� �ZHOO� �DV� �RXU�

�REVHUYDWLRQ� �WKDW� �WKH� �VHQHVFHQFH�DVVRFLDWHG� �+�.��DF� �PRGLILFDWLRQ� �LQFUHDVHV� �ZLWK�

�0,����� �WUHDWPHQW������� ����6XSSOHPHQWDU\� �)LJ�� ���%�&����� �7R� �JDLQ� �DGGLWLRQDO� �LQVLJKWV� �LQWR�

�VHQHVFHQFH�DVVRFLDWHG��JHQH��DFWLYDWLRQ��PHFKDQLVPV���ZH��SHUIRUPHG��&K,3�6HT��IRU��51$�

�3RO\PHUDVH� �,,� �DQG� �REVHUYHG� �LQFUHDVHG� �RFFXSDQF\� �DW� �WKH� �SURPRWHUV� �RI�

�VHQHVFHQFH�DVVRFLDWHG� �JHQHV� �WKDW� �DUH� �XS�UHJXODWHG� �E\� �0,�����

�WUHDWPHQW���6XSSOHPHQWDU\� �)LJ�� ���+����� �7KXV�� �WKH� �LQWHUSOD\� �EHWZHHQ� �0HQLQ� �DQG� �87;� �LQ�

�WKH� �FRQWH[W� �RI� �0HQLQ�0//� �LQKLELWLRQ� �UHJXODWHV� �WKH� �H[SUHVVLRQ� �RI� �JHQHV� �LQYROYHG��LQ��FHOO�

�F\FOH�DUUHVW�DQG�VHQHVFHQFH��

�7KH� �FHOOXODU� �VHQHVFHQFH� �SURJUDP� �LV� �KLJKO\� �FRPSOH[� �DQG� �FKDUDFWHUL]HG� �LQ� �SDUW� �E\�

�LQGXFWLRQ� �RI� �SHUPDQHQW� �FHOO� �F\FOH� �DUUHVW� �DQG� �D� �VHQHVFHQFH�DVVRFLDWHG� �VHFUHWRU\�

�SKHQRW\SH� ��6$63����������� �7R� �GHWHUPLQH� �LI� �0HQLQ�0//� �LQKLELWLRQ� �LQGXFHV� �WKH� �6$63�� �ZH�

�PHDVXUHG��F\WRNLQH��DQG��FKHPRNLQH��OHYHOV��LQ��FRQGLWLRQHG��PHGLD��IURP��0//�$)���OHXNHPLD�

����
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�FHOOV� �WUHDWHG� �ZLWK� �0,������ �6HFUHWLRQ� �RI� �SURWRW\SLFDO� �6$63� �F\WRNLQHV� �OLNH� �,/���� �,)1ȕ����

�,/���� �DQG� �,/���� �ZDV� �LQGXFHG� �XSRQ� �0HQLQ�0//� �LQKLELWLRQ� �LQ� �D� �8W[���GHSHQGHQW� �PDQQHU��

�VXSSRUWLQJ��D��GLUHFW��UROH��IRU��WKH��0HQLQ�87;��VZLWFK��LQ��UHJXODWLQJ��FHOOXODU��VHQHVFHQFH���)LJ��

��)�*�� �6XSSOHPHQWDU\� �)LJ�� ���$�&����� �7KXV�� �0HQLQ�0//� �LQKLELWLRQ� �HQJDJHV� �D� �WXPRU�

�VXSSUHVVLYH��QHWZRUN��WKDW��LQFOXGHV��WKHUDS\�LQGXFHG��FHOOXODU��VHQHVFHQFH��DQG��LV��UHJXODWHG�

�E\�WKH�0//����87;�FRPSOH[��

�7KH� �HQ]\PDWLF� �DFWLYLW\� �RI��87;��LV��GLVSHQVDEOH��IRU��WXPRU��VXSSUHVVLYH��IXQFWLRQV��LQ�

�UHVSRQVH�WR�0HQLQ�0//�LQKLELWLRQ�

�7KH� �87;� �SURWHLQ� �FRQWDLQV� �VHYHUDO� �IXQFWLRQDO� �GRPDLQV�� �LQFOXGLQJ� �D� �-PM&� �GHPHWK\ODVH�

�GRPDLQ� �WKDW� �FDWDO\]HV� �WKH� �UHPRYDO� �RI� �WKH� �+�.��PH�� �KLVWRQH� �PDUN�����±������� �7R�

�GHWHUPLQH� �WKH� �UHJLRQV� �RI� �87;� �WKDW� �DUH� �QHFHVVDU\� �IRU� �WUHDWPHQW�DVVRFLDWHG�

�87;�GHSHQGHQW� �SKHQRW\SHV�� �ZH� �SHUIRUPHG� �VWUXFWXUH�IXQFWLRQ�UHVFXH� �H[SHULPHQWV� �LQ�

�8W[��.2���QXOO� �OHXNHPLD� �FHOOV� �XVLQJ� �OHQWLYLUDO� �FRQVWUXFWV� �HQFRGLQJ� �GXDO� �1�WHUPLQDO� �+$�� �DQG�

�&�WHUPLQDO� �)ODJ�WDJJHG� �WUXQFDWLRQV� �RI� �87;� ����)LJ�� ��$�� �6XSSOHPHQWDU\� �)LJ�� ���$�&�����

�)XOO�OHQJWK��87;���RU��D��87;��WUXQFDWLRQ��KDUERULQJ��WKH��ILUVW�������DPLQR��DFLGV���87;������������DQG�

�ODFNLQJ� �WKH� �-PM&� �GHPHWK\ODVH� �GRPDLQ�����±������� �ZHUH� �VXIILFLHQW� �WR� �UH�VHQVLWL]H� �FHOOV� �WR�

�0,����� �WUHDWPHQW� �ZKLOH� �WUXQFDWLRQV� �SUR[LPDO� �WR� �WKH� �&�WHUPLQXV� �ZHUH� �XQDEOH� �WR� �GR� �VR�

����)LJ����%������&RQVLVWHQW��ZLWK��WKHVH��FHOOXODU��SKHQRW\SHV���IXOO�OHQJWK��87;��DQG��87;�������� �ZHUH�

�VXIILFLHQW� �WR� �UHVFXH� �87;�GHSHQGHQW� �WUDQVFULSWLRQDO� �SKHQRW\SHV� �DVVRFLDWHG� �ZLWK�

�0HQLQ�0//��LQKLELWLRQ�����)LJ����&������LQFOXGLQJ��LQGXFWLRQ��RI��0HQLQ�87;��WDUJHW��JHQHV�����)LJ����'��

�6XSSOHPHQWDU\� �)LJ�� ���$����� �7KHVH��UHVXOWV��GHPRQVWUDWH��WKDW��DQ��1�WHUPLQDO��WUXQFDWLRQ��RI�

����
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�87;�� �ODFNLQJ� �WKH� �-PM&� �GHPHWK\ODVH� �GRPDLQ� �DQG� �D� �UHFHQWO\� �UHSRUWHG� �LQWULQVLFDOO\�

�GLVRUGHUHG� �UHJLRQ���������� �LV� �ERWK� �QHFHVVDU\� �DQG� �VXIILFLHQW� �WR� �GULYH� �WUHDWPHQW�DVVRFLDWHG�

�WXPRU�VXSSUHVVLYH�UHVSRQVHV��

�7R� �IXUWKHU� �FRQILUP� �WKDW� �87;� �HPSOR\V� �QRQ�FDWDO\WLF� �PHFKDQLVPV� �WR� �UHJXODWH� �JHQH�

�H[SUHVVLRQ� �LQ� �WKH� �FRQWH[W� �RI� �0HQLQ�0//� �LQKLELWLRQ�� �ZH� �SHUIRUPHG� �&K,3�6HT� �IRU�

�+�.��PH��� �D� �PRGLILFDWLRQ� �FDWDO\]HG� �E\� �35&�� ��UHI�� ��������� �DQG� �UHPRYHG� �E\� �87;� ��UHIV��

����±���������:H��IRXQG��WKDW��WKH��JHQRPLF��UHGLVWULEXWLRQ��RI��87;��LQGXFHG��XSRQ��WUHDWPHQW��ZLWK�

�0,����� ����)LJ�� ��%� �DQG� ��(���� �GLG� �QRW� �DIIHFW� �JOREDO� �OHYHOV� �RU� �GLVWULEXWLRQ� �RI� �+�.��PH��

����6XSSOHPHQWDU\��)LJ�����$�%������VXJJHVWLQJ��WKDW��WKLV��KLVWRQH��PRGLILFDWLRQ��PLJKW��QRW��SOD\��D�

�FULWLFDO� �UROH� �LQ� �WKHVH� �SKHQRW\SHV�� �7R� �IXQFWLRQDOO\� �WHVW� �WKLV� �SRVVLELOLW\�� �ZH� �JHQHUDWHG�

�LVRJHQLF� �(]K���.2�����8W[��:7� �DQG� �(]K���.2�����8W[��.2� �0//�$)�� �OHXNHPLD� �FHOOV� �DQG� �FRQILUPHG� �WKH�

�DEVHQFH� �RI� �+�.��PH�� �E\��LPPXQREORWWLQJ�����6XSSOHPHQWDU\��)LJ�����&������&RQVLVWHQW��ZLWK�

�RXU� �PRGHO�� �(]K���.2�����8W[��:7� �OHXNHPLD� �FHOOV� �UHPDLQHG��H[TXLVLWHO\��VHQVLWLYH��WR��0,������ZKLOH�

�(]K���.2�����8W[��.2� �FHOOV� �ZHUH� �UHVLVWDQW� �WR� �0HQLQ�0//� �LQKLELWLRQ� ����6XSSOHPHQWDU\� �)LJ�� ���'�����

�7KHVH� �UHVXOWV� �GHPRQVWUDWH� �WKDW� �WKH� �FDWDO\WLF� �IXQFWLRQ� �RI� �87;� �LV� �GLVSHQVDEOH� �IRU�

�87;�GHSHQGHQW�SKHQRW\SHV�DQG�WKHUDSHXWLF�UHVSRQVHV�WR�0HQLQ�0//�LQKLELWRUV��

�&RPELQDWRULDO� �WDUJHWLQJ� �RI� �0HQLQ� �DQG� �&'.���� �RYHUFRPHV� �UHVLVWDQFH� �DVVRFLDWHG�

�ZLWK�0//����87;�G\VIXQFWLRQ�

�6HQHVFHQFH��FDQ��EH��UHJXODWHG��DW��ERWK��WUDQVFULSWLRQDO��DQG��SRVW�WUDQVFULSWLRQDO��OHYHOV���DQG�

�FKURPDWLQ� �UHJXODWLRQ� �KDV� �EHHQ� �IXQFWLRQDOO\� �LPSOLFDWHG� �LQ� �PRGXODWLQJ� �WKHVH�

�SURJUDPV���������������� �7KXV��� �ZH� �H[DPLQHG� �ZKHWKHU� �WKH� �0HQLQ�87;� �PROHFXODU� �VZLWFK�

����
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�GLUHFWO\��UHJXODWHV��WKH��H[SUHVVLRQ��RI��FHOO��F\FOH��DUUHVW���DQG��VHQHVFHQFH�DVVRFLDWHG��JHQHV�

�E\� �GLUHFW� �ELQGLQJ� �WR� �WKHLU� �SURPRWHUV������������� �&RQVLVWHQW� �ZLWK� �WKLV� �PRGHO�� �ZH� �IRXQG� �WKDW�

�0HQLQ� �LV� �ERXQG� �WR� �WKH� �SURPRWHUV� �RI� �WKH� �F\FOLQ�GHSHQGHQW� �NLQDVH� ��&'.�� �LQKLELWRUV�

�&GNQ�F�,QN�F� �DQG� �&GNQ�G�,QN�G� �DW� �EDVDO� �FRQGLWLRQV���������� �DQG� �WKDW� �HQULFKPHQW� �LV�

�GHFUHDVHG� �XSRQ� �0HQLQ�0//� �LQKLELWLRQ�� �FRLQFLGLQJ� �ZLWK��WKHLU��LQFUHDVHG��H[SUHVVLRQ�����)LJ��

��$�� �6XSSOHPHQWDU\� �)LJ�� ���$����� �&RQYHUVHO\�� �ZH� �IRXQG� �WKDW� �87;� �ELQGV� �WR� �WKHVH�

�SURPRWHUV� �RQO\� �LQ� �WKH� �FRQWH[W� �RI� �0HQLQ�0//� �LQKLELWLRQ�� �OHDGLQJ� �WR� �87;�GHSHQGHQW�

�XSUHJXODWLRQ��RI��ERWK��&'.��LQKLELWRUV�����)LJ����$�%������7KXV���WKH��0HQLQ�87;��PROHFXODU��VZLWFK�

�UHJXODWHV�WKH�H[SUHVVLRQ�RI�WKHVH�&'.�LQKLELWRUV�E\�GLUHFW�FKURPDWLQ�UHJXODWLRQ��

�6LQFH� �WKH��SURWHLQV��HQFRGHG��E\��WKHVH��WZR��JHQHV��DUH��QDWXUDO��LQKLELWRUV��RI��WKH��&'.���DQG�

�&'.�� �NLQDVHV���������� �ZH� �WHVWHG� �ZKHWKHU� �SKDUPDFRORJLFDO� �LQKLELWLRQ� �RI� �&'.���� �FRXOG�

�E\SDVV� �WKH� �LQWULQVLF� �UHVLVWDQFH� �RI� �8W[��.2� �FHOOV� �WR� �0,����� �ZKLOH� �UHWDLQLQJ� �WKH� �WKHUDSHXWLF�

�HIIHFWV� �RI� �0HQLQ�0//� �LQKLELWLRQ� �RQ� �0//�)3� �WDUJHWV� ����)LJ�� ��&����� �7UHDWPHQW� �RI� �0//�$)��

�OHXNHPLD� �FHOOV� �ZLWK� �0,����� �DQG� �WKH� �)'$�DSSURYHG� �&'.���� �LQKLELWRU� �3DOERFLFOLE����������

�6KHUU� �HW� �DO�� ������������ �VKRZHG� �WKDW� �8W[��.2� �FHOOV� �ZHUH� �PRUH� �UHVLVWDQW� �WR� �HLWKHU� �0,������RU�

�3DOERFLFOLE� �DORQH� �UHODWLYH� �WR� �8W[��:7� �FHOOV�� �OLNHO\� �GXH� �WR� �KLJKHU� �EDVDO� �OHYHOV� �RI� �&GN��

�WUDQVFULSWV�����)LJ����'���6XSSOHPHQWDU\��)LJ�����'�����������������+RZHYHU���FRPELQHG��LQKLELWLRQ��RI�

�0HQLQ�0//��DQG��&'.�����UHVXOWHG��LQ��D��V\QHUJLVWLF��HIIHFW���&' �������UHI������������RQ��LQKLELWLQJ�

�FHOO� �SUROLIHUDWLRQ� �WR� �OHYHOV� �VLPLODU� �WR� �WKRVH� �DFKLHYHG� �E\� �0,����� �WUHDWPHQW��RI��8W[��:7� �FHOOV�

����)LJ�� ��'����� �7KHVH� �UHVXOWV� �GHPRQVWUDWH� �WKDW� �WDUJHWLQJ� �SDWKZD\V� �UHJXODWHG� �E\��0HQLQ��DQG�

�87;� �FDQ� �SURGXFH� �FRPELQDWRULDO� �WKHUDSHXWLF� �HIIHFWV� �DQG��VXJJHVW��WKDW��WKH��DQWL�OHXNHPLF�

�HIIHFWV� �RI� �0,����������� �DUH� �SULPDULO\� �WKURXJK� �UHDFWLYDWLRQ� �RI� �WXPRU� �VXSSUHVVRU� �SDWKZD\V�

����
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�DQG� �QRW� �VROHO\� �WKURXJK� �GDPSHQLQJ� �WUDQVFULSWLRQ� �RI� �0//�)3� �WDUJHWV� �OLNH� �0HLV�� ��UHIV��

����������������������6XSSOHPHQWDU\��)LJ����*��DQG����'������7KXV���WKH��FRPELQDWLRQ��RI��3DOERFLFOLE�

�ZLWK� �0HQLQ�0//� �LQKLELWRUV� �PD\� �UHSUHVHQW� �D� �QRYHO� �DQG� �PRUH� �HIIHFWLYH� �WKHUDSHXWLF�

�VWUDWHJ\�IRU�0HQLQ�GHSHQGHQW�FDQFHUV�������������������

�,Q� �YLYR� �UHVSRQVH� �WR� �0HQLQ�0//� �LQKLELWRUV� �LV� �DFFRPSDQLHG� �E\� �LQGXFWLRQ� �RI�

�0//����87;�GHSHQGHQW�WXPRU�VXSSUHVVLYH�SURJUDPV�

�6PDOO� �PROHFXOH� �LQKLELWRUV� �RI��WKH��0HQLQ�0//��LQWHUDFWLRQ��KDYH��VKRZQ��VLJQLILFDQW��SURPLVH�

�LQ� �SUHFOLQLFDO� �PRGHOV� �RI� �DFXWH��O\PSKRLG��DQG��P\HORLG��OHXNHPLD�����������DQG��DUH��FXUUHQWO\�

�LQ� �3KDVH� �,,� �FOLQLFDO� �WULDOV� �IRU� �WUHDWPHQW� �RI� �SDWLHQWV� �ZLWK� �DFXWH� �OHXNHPLD� ��61';������

��1&7����������� �.2����� ��1&7����������� �DQG� �-1-���������� ��1&7������������

�1RWDEO\�� �61';������ �ZDV� �UHFHQWO\� �JUDQWHG� �IDVW� �WUDFN� �GHVLJQDWLRQ� �E\� �WKH� �)'$� �IRU�

�WUHDWPHQW� �RI� �UHODSVHG�UHIUDFWRU\� �DFXWH� �OHXNHPLDV�� �7R� �H[DPLQH� �ZKHWKHU��WKH��0HQLQ�87;�

�PROHFXODU� �VZLWFK� �GHVFULEHG� �DERYH� �LV� �RSHUDWLYH� �LQ� �OHXNHPLD� �SDWLHQWV� �WUHDWHG� �ZLWK�

�0HQLQ�0//� �LQKLELWRUV�� �ZH� �SHUIRUPHG� �ORQJLWXGLQDO� �51$�6HT� �DQDO\VLV� �RI� �SULPDU\� �$0/�

�FHOOV� �GHULYHG� �IURP� �WZR� �SDWLHQWV� �ZLWK� �130�F���PXWDWHG� ��3DWLHQW� ���� �DQG� �0//���UHDUUDQJHG�

��3DWLHQW� ���� �OHXNHPLD� �WUHDWHG� �ZLWK� �61';������ ��$8*0(17����� �FOLQLFDO� �WULDO��

�1&7���������� ����)LJ�� ��$�� �6XSSOHPHQWDU\� �)LJ�� ���$����� �&RQVLVWHQW� �ZLWK� �RXU� �K\SRWKHVLV��

�61';������ �OHG� �WR� �FRQFRPLWDQW� �VXSSUHVVLRQ� �RI� �FDQRQLFDO� �0//�)3� �WDUJHW� �JHQHV� ��H�J���

�0(,6����� �DQG� �LQGXFWLRQ� �RI� �&'.� �LQKLELWRUV� ��H�J��� �&'.1�&���� ����)LJ�� ��%�(�� �6XSSOHPHQWDU\�

�)LJ����%�&������
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�$V� �DQ� �RUWKRJRQDO� �DSSURDFK�� �ZH� �DQDO\]HG� �WKH� �LQ� �YLYR� �UHVSRQVH� �DQG� �UHVLVWDQFH� �RI�

�0//���UHDUUDQJHG� �DFXWH� �OHXNHPLD� �SDWLHQW�GHULYHG� �[HQRJUDIWV� ��3';V�� �WR� �973������� ��D�

�FORVH� �DQDORJ� �RI� �61';������������� ����)LJ�� ��)�� �6XSSOHPHQWDU\� �)LJ�� ���$����� �&RQVLVWHQW��ZLWK�

�RXU��PRGHO���PLFH��WUDQVSODQWHG��ZLWK��DQ��0//���ZLOG��W\SH��3';��VKRZHG��D��SRWHQW��WKHUDSHXWLF�

�UHVSRQVH��WR��973��������DQG��WUDQVFULSWLRQDO��LQGXFWLRQ��RI��0HQLQ�87;��WDUJHWV�����)LJ����*�+��

�6XSSOHPHQWDU\� �)LJ�� ���$����� �&RQYHUVHO\�� �DQ� �0//�� �PXWDQW� �3';� �H[KLELWHG� �SULPDU\�

�UHVLVWDQFH� �WR� �973��������DQG��IDLOHG��WR��LQGXFH��WKLV��JHQH��H[SUHVVLRQ��SURJUDP�����)LJ����,�-��

�6XSSOHPHQWDU\� �)LJ�� ���%� �DQG� ���$����� �OLQNLQJ� �WKH� �LQGXFWLRQ� �RI� �0HQLQ�87;�WDUJHWV� �WR�

�SUHFOLQLFDO� �GUXJ� �UHVSRQVH�� �7KXV�� �JHQH� �H[SUHVVLRQ� �SURJUDPV� �UHJXODWHG� �E\��0//��0HQLQ�

�DQG� �0//����87;� �FRPSOH[HV� �DUH� �RSHUDWLYH� �LQ� �$0/� �SDWLHQWV� �DQG� �3';� �PRGHOV� �WUHDWHG�

�ZLWK� �RUDOO\� �ELRDYDLODEOH� �0HQLQ�0//� �LQKLELWRUV� �WKDW� �DUH� �FXUUHQWO\� �XQGHU� �FOLQLFDO�

�LQYHVWLJDWLRQ��

�7R� �WHVW� �ZKHWKHU� �&'.���� �LQKLELWLRQ� �FDQ� �RYHUFRPH� �WKH� �EOXQWHG� �LQGXFWLRQ��RI��HQGRJHQRXV�

�&'.� �LQKLELWRUV� �LQ� �WKH� �FRQWH[W� �RI� �0HQLQ� �LQKLELWRU� �UHVLVWDQFH�� �ZH� �WUHDWHG� �PLFH� �KDUERULQJ�

�WKH� �0//����PXWDQW� �$0/� �3';� �ZLWK� �973������� �DQG� �3DOERFLFOLE� ����)LJ�� ��.����� �:KLOH� �VLQJOH�

�WUHDWPHQW� �ZLWK� �0HQLQ� �RU��&'.�����LQKLELWRUV��OHG��WR��D��PLQRU��GHFUHDVH��LQ��OHXNHPLD��EXUGHQ�

�LQ��WKH��ERQH��PDUURZ��RI��UHFLSLHQW��PLFH��DIWHU������GD\V��RI��WUHDWPHQW���FRPELQDWLRQ��WUHDWPHQW�

�ZLWK� �973������� �DQG� �3DOERFLFOLE� �LQGXFHG� �VLJQLILFDQW� �OHXNHPLD� �UHJUHVVLRQ� ����)LJ�� ��.�/�����

�0RUHRYHU�� �51$�6HT� �IURP� �KXPDQ� �OHXNHPLD� �FHOOV� �LVRODWHG� �IURP� �WKHVH� �DQLPDOV� �VKRZHG�

�LQGXFWLRQ��RI��FHOO��F\FOH��DUUHVW��DQG��VHQHVFHQFH�DVVRFLDWHG��JHQH��H[SUHVVLRQ��VLJQDWXUHV��LQ�

�PLFH� �WUHDWHG� �ZLWK� �ERWK� �973������� �DQG� �3DOERFLFOLE� ����)LJ�� ��0�� �6XSSOHPHQWDU\� �)LJ��

���%�'����� �$OWRJHWKHU�� �WKLV� �GDWD� �SURYLGHV� �SUH�FOLQLFDO� �HYLGHQFH� �IRU� �WKH� �IHDVLELOLW\� �DQG�

����
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�HIILFDF\��RI��FRPELQHG��0HQLQ���DQG��&'.����LQKLELWLRQ��WR��RYHUFRPH��WKH��EOXQWHG��LQGXFWLRQ��RI�

�VHQHVFHQFH�DVVRFLDWHG� �SURJUDPV� �LQ� �SDWLHQW�GHULYHG� �OHXNHPLDV� �UHVLVWDQW� �WR�

�0HQLQ�LQKLELWRU�PRQRWKHUDS\��

�',6&866,21�

�7KH� �FKURPDWLQ� �DGDSWRU� �SURWHLQ� �0HQLQ� �H[KLELWV� �FRQWH[W�VSHFLILF� �IXQFWLRQV� �LQ� �GLIIHUHQW�

�WLVVXHV�� �DFWLQJ� �DV� �D� �WXPRU� �VXSSUHVVRU� �JHQH� �LQ� �QHXURHQGRFULQH������������� �OXQJ�������������

�VNLQ���������� �DQG� �&16� �PDOLJQDQFLHV���������� �DQG� �DV� �DQ� �RQFRJHQLF� �FRIDFWRU� �LQ�

�KHSDWRFHOOXODU��������DQG� �KHPDWRORJLF� �FDQFHUV������������ �*LYHQ� �WKDW� �0HQLQ� �FDQ� �LQWHUDFW� �ZLWK�

�VLPLODU� �FRIDFWRUV� �LQ� �GLVSDUDWH� �VHWWLQJV� �DQG� �WKH� �ELRORJLFDO��DQG��PROHFXODU��EDVLV��IRU��WKHVH�

�RVWHQVLEO\� �SDUDGR[LFDO� �ILQGLQJV� �KDV� �UHPDLQHG� �XQFOHDU���)RU��H[DPSOH���0HQLQ��IXQFWLRQDOO\�

�FRRSHUDWHV� �ZLWK� �0//� �SURWHLQV� �WR� �DFWLYDWH� �WUDQVFULSWLRQ� �RI� �WKH� �&GNQ�E�S����.LS�� �DQG�

�&GNQ�G�,QN�G� �&'.� �LQKLELWRUV� �DV� �D� �WXPRU� �VXSSUHVVLYH� �PHFKDQLVP� �LQ� �QHXURHQGRFULQH�

�WXPRUV� �DQG� �OXQJ� �FDQFHU������������������ �\HW� �WKH� �VDPH� �SURWHLQ�SURWHLQ� �LQWHUDFWLRQ��LV��FULWLFDO�

�IRU�OHXNHPLD�PDLQWHQDQFH������������

�2XU� �VWXG\� �VKHGV� �OLJKW� �RQ� �WKHVH� �SDUDGR[LFDO� �REVHUYDWLRQV� �E\� �UHYHDOLQJ� �D� �IXQFWLRQDO�

�LQWHUDFWLRQ� �EHWZHHQ� �WKH��PDPPDOLDQ��KLVWRQH��PHWK\OWUDQVIHUDVH��FRPSOH[HV��0//��0HQLQ�

�DQG� �0//����87;� �DQG�� �LQ� �GRLQJ� �VR�� �FKDOOHQJHV��WKH��SDUDGLJP��WKDW��WKHVH��FRPSOH[HV��DUH�

�UHVWULFWHG� �WR� �FHUWDLQ� �JHQRPLF� �FRPSDUWPHQWV� ����)LJ�� ������� �,Q� �OHXNHPLD� �FHOOV� �KDUERULQJ� �0//�

�IXVLRQV�� �0HQLQ�0//� �DQG� �1)�<� �FRPSOH[HV� �FRRUGLQDWHO\� �FR�UHSUHVV� �WKH� �H[SUHVVLRQ� �RI� �D�

�WXPRU� �VXSSUHVVLYH� �QHWZRUN� �WKDW� �LQYROYHV� �WKH� �&GNQ�F�,QN�F� �DQG� �&GNQ�G�,QN�G� �WXPRU�

����
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�VXSSUHVVRU� �JHQHV� �LQ� �OHXNHPLD� �E\� �GLUHFW� �ELQGLQJ� �WR� �JHQH� �SURPRWHUV�� �'LVUXSWLRQ� �RI�

�0HQLQ�0//��RU��1)�<��FRPSOH[HV��XVLQJ��JHQHWLF��RU��SKDUPDFRORJLFDO��DSSURDFKHV��WULJJHUV��D�

�PROHFXODU��VZLWFK��WKDW��OHDGV��WR��UHFUXLWPHQW��RI��WKH��0//����87;��FRPSOH[��WR��WKH��SURPRWHUV�

�RI��WXPRU��VXSSUHVVLYH��JHQHV���DPRQJ��RWKHUV���OHDGLQJ��WR��D��87;�GHSHQGHQW��LQFUHDVH��LQ��WKH�

�OHYHOV��RI��JHQH��DFWLYDWLRQ�DVVRFLDWHG��KLVWRQH��PRGLILFDWLRQV��DQG��D��FRQFRPLWDQW��LQFUHDVH��LQ�

�JHQH� �H[SUHVVLRQ���������������� �,PSRUWDQWO\�� �WKHVH� �SKHQRW\SHV� �DUH� �LQGHSHQGHQW� �RI� �87;�

�FDWDO\WLF� �DFWLYLW\� �DV� �WKH� �ILUVW� ����� �DPLQR� �DFLGV� �RI��87;���ODFNLQJ��WKH��KLVWRQH��GHPHWK\ODVH�

�GRPDLQ�� �DUH� �VXIILFLHQW� �WR� �LQGXFH� �IXOO� �OHQJWK� �87;�GHSHQGHQW� �FHOOXODU� �DQG� �WUDQVFULSWLRQDO�

�SKHQRW\SHV�� �7KLV� �ILQGLQJ��LV��SDUWLFXODUO\��LQWHUHVWLQJ��JLYHQ��D��UHFHQW��VWXG\��VXJJHVWLQJ��WKDW�

�87;� �UHTXLUHV� �D� �PXFK� �ELJJHU� �SURWHLQ� �IUDJPHQW� �WR� �GULYH� �WXPRU� �VXSSUHVVLYH� �DFWLYLW\� �DQG�

�WUDQVFULSWLRQDO� �UHJXODWLRQ� �YLD� �SKDVH� �VHSDUDWLRQ� �PHFKDQLVPV���������� �,QVWHDG�� �RXU� �VWXG\�

�GHPRQVWUDWHV� �WKDW� �87;� �GRHV� �QRW� �UHTXLUH� �D� �FRUH� �LQWULQVLFDOO\� �GLVRUGHUHG��UHJLRQ��WR��GULYH�

�WXPRU� �VXSSUHVVLYH� �UHVSRQVHV� �LQ� �WKH� �FRQWH[W� �RI� �0HQLQ�0//� �LQKLELWLRQ�� �7KHVH� �UHVXOWV�

�HVWDEOLVK��D��QHZ��SDUDGLJP��E\��ZKLFK��87;��HPSOR\V��QRQ�FDWDO\WLF��PHFKDQLVPV��WR��UHJXODWH�

�JHQH�H[SUHVVLRQ�DQG�FHOOXODU�SKHQRW\SHV�WKDW�LPSDFW�UHVSRQVH�WR�HSLJHQHWLF�WKHUDSLHV��

�2XU� �ILQGLQJV� �KDYH� �LPSRUWDQW� �WKHUDSHXWLF� �LPSOLFDWLRQV� �E\� �HVWDEOLVKLQJ� �D� �PROHFXODU�

�PHFKDQLVP� �WKDW� �UHJXODWHV� �UHVSRQVH� �DQG� �UHVLVWDQFH� �RI� �OHXNHPLD� �FHOOV� �WR� �0HQLQ�0//�

�LQKLELWRUV���ZKLFK��FRXOG��JXLGH��FOLQLFDO��WUHDWPHQW���:H��VKRZ��WKDW��FRPELQDWRULDO��WDUJHWLQJ��RI�

�WKLV� �PROHFXODU� �D[LV� �XVLQJ� �0HQLQ�0//� �DQG� �&'.���� �LQKLELWRUV� �KDV� �D� �VWURQJ� �V\QHUJLVWLF�

�HIIHFW� �RQ� �LQKLELWLQJ� �OHXNHPLD� �FHOO� �SUROLIHUDWLRQ� �LQ� �YLWUR� �DQG� �LQ� �YLYR���� �LQFOXGLQJ� �LQ� �D�

�QRQ�UHVSRQVLYH��OHXNHPLD��3';��PRGHO���,PSRUWDQWO\���ZH��VKRZ��WKLV��PHFKDQLVP��LV��DW��SOD\��LQ�

�KXPDQ��$0/��VXEMHFWV��LQ��WKH��FRQWH[W��RI��WKH��$8*0(17������FOLQLFDO��WULDO���1&7�����������
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�$V� �3DOERFLFOLE� �DQG� �RWKHU� �&'.���� �LQKLELWRUV� �DUH� �DOUHDG\� �)'$�DSSURYHG���������������� �RXU�

�ILQGLQJV��VXJJHVW��WKDW��WKLV��FRPELQDWLRQ��WUHDWPHQW��FRXOG��EH��D��YLDEOH��WKHUDSHXWLF��RSWLRQ��WR�

�ERWK� �ERRVW� �WKH� �HIIHFWLYHQHVV� �RI� �0HQLQ� �LQKLELWRUV� �DV� �PRQRWKHUDSLHV� �ZKLOH� �SRWHQWLDOO\�

�RYHUFRPLQJ��WKH��LQWULQVLF��UHVLVWDQFH��WR��0HQLQ�0//��LQKLELWLRQ��FRQIHUUHG��E\��ORVV�RI�IXQFWLRQ�

�RI�WKH�0//����87;�FRPSOH[��

�$&.12:/('*(0(176�

�:H� �WKDQN� �PHPEHUV� �RI� �WKH� �$OOLV�� �/RZH�� �DQG� �$UPVWURQJ� �ODERUDWRULHV� �IRU� �WKHLU� �KHOS� �DQG�

�VXSSRUW�� �5LFKDUG� �3KLOOLSV�� �5REHUW� �*�� �5RHGHU�� �7RP� �:�� �0XLU�� �%HQMDPLQ� �$�� �*DUFLD�� �DQG�

�&KDUOHV� �-�� �6KHUU� �IRU� �VFLHQWLILF� �GLVFXVVLRQV�� �'DYLG� �&KHQ� ��&KXQ�:HL� �&KHQ�� �IRU� �PRXVH�

�0//�$)�� �FHOOV�� �=KDRKXL� �)HQJ� �IRU� �KXPDQ� �OHXNHPLD� �FHOOV�� �DQG� �/DXUD��:KLWPDQ���$JLOHQW��

�IRU��2/6��VXSSRUW���&�'�$���ZDV��VXSSRUWHG��E\��86��1DWLRQDO��,QVWLWXWHV��RI��+HDOWK���1,+���JUDQWV�

��3��&$������� �DQG� ��5��&$������������ �WKH� �/HXNHPLD� �DQG� �/\PSKRPD� �6RFLHW\�

��//6�6&25�������������DQG��WKH��5RFNHIHOOHU��8QLYHUVLW\��DQG��6W���-XGH��&KLOGUHQ¶V��5HVHDUFK�

�+RVSLWDO� �&ROODERUDWLYH� �RQ� �&KURPDWLQ� �5HJXODWLRQ� �LQ� �3HGLDWULF� �&DQFHU�� �6�:�/� �ZDV�

�VXSSRUWHG��E\��D��1,+�1&,��JUDQW���5����&$���������DQG��DQ��$JLOHQW��7KRXJKW��/HDGHU��$ZDUG��

�DV� �ZHOO� �DV� �WKH� �06.&&� �FDQFHU� �FHQWHU� �VXSSRUW� �JUDQW� ��3��� �&$��������� �6�:�/�� �LV� �WKH�

�*HRIIUH\� �%HHQH� �&KDLU� �RI� �&DQFHU� �%LRORJ\� �DQG� �D� �+RZDUG� �+XJKHV� �0HGLFDO� �,QVWLWXWH�

�,QYHVWLJDWRU���6�$�$��ZDV��VXSSRUWHG��E\��1,+��JUDQWV��&$���������&$���������&$��������DQG�

�&$�������� �<�0�6�)� �ZDV� �VXSSRUWHG� �E\� �WKH� �'DPRQ� �5XQ\RQ�6RKQ� �3HGLDWULF� �&DQFHU�

�)HOORZVKLS� ��'56*�������� �DQG� �1,*06�026$,&� �.���5��� �&DUHHU� �'HYHORSPHQW� �$ZDUG�
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���.��*0������������ �)�-�6�5�� �ZDV� �SDUWLDOO\� �VXSSRUWHG� �E\� �WKH� �06.&&� �7527� �SURJUDP�

���7��&$����������D��06.&&��*07(&��3RVWGRFWRUDO��5HVHDUFKHU��,QQRYDWLRQ��*UDQW���DQG��LV�

�D� �++0,� �+DQQD� �*UD\� �)HOORZ�� �)�3�� �ZDV��VXSSRUWHG��E\��WKH��*HUPDQ��5HVHDUFK��)RXQGDWLRQ�

��')*�� �3(� ����������� �DQG� �D� �0RPHQWXP� �)HOORZVKLS� �DZDUG� �E\� �WKH� �0DUN� �)RXQGDWLRQ� �IRU�

�&DQFHU� �5HVHDUFK�� �'�:�%�� �ZDV� �VXSSRUWHG� �E\� �D� �5XWK� �/�� �.LUVFKVWHLQ� �1DWLRQDO� �5HVHDUFK�

�6HUYLFH� �$ZDUG� ���)��&$��������� �(�5�.�� �ZDV� �VXSSRUWHG� �E\� �DQ� �)��� �156$� �SUHGRFWRUDO�

�IHOORZVKLS�IURP�WKH�1,+�1&,��)��&$���������

�$87+25�&2175,%87,216�

�<�0�6�)��� �)�-�6�5��� �)�3�� �6�$�$�� �6�:�/��� �DQG� �&�'�$�� �FRQFHLYHG� �WKH� �VWXG\� �DQG� �ZURWH� �WKH�

�PDQXVFULSW� �ZLWK� �LQSXW� �IURP� �DOO� �WKH� �DXWKRUV�� �<�0�6�)��� �)�-�6�5��� �)�3��� �<�;��� �/�*��� �0�&�%���

�DQG� �'�&�� �FRQGXFWHG� �H[SHULPHQWV�� �'�:�%��� �7�&��� �DQG� �<�-�+�� �DQDO\]HG� �51$�6HT� �DQG�

�&K,3�6HT� �GDWD�� �<�-�+�� �DQG� �(�5�.�� �DQDO\]HG� �&5,635�VFUHHQ� �GDWD�� �6�*�� �DQG� �;�6�/��

�SURYLGHG� �JHQRPH�ZLGH� �&5,635� �OLEUDU\�� �$�9�.��� �0�0��� �DQG� �(�G6�� �SURYLGHG�

�SDWLHQW�GHULYHG��[HQRJUDIW��VDPSOHV���5�0�6���SURYLGHG��SULPDU\��$0/��VDPSOHV��IURP��SDWLHQWV�

�LQ� �WKH� �6\QGD[� �WULDO� �$�6�� �SURYLGHG� �FRQFHSWXDO� �DGYLFH�� �6�$�$�� �6�:�/��� �DQG� �&�'�$��

�VXSHUYLVHG�WKH�VWXG\�DQG�VHFXUHG�IXQGLQJ��

�'(&/$5$7,21�2)�,17(5(676�
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�&�'�$���LV��D��FR�IRXQGHU��RI��&KURPD��7KHUDSHXWLFV��DQG��&RQVWHOODWLRQ��3KDUPDFHXWLFDOV��DQG�

�D� �6FLHQWLILF� �$GYLVRU\� �%RDUG� �PHPEHU� �RI� �(SL&\SKHU�� �6�:�/�� �LV� �DQ� �DGYLVRU� �IRU� �DQG� �KDV�

�HTXLW\� �LQ� �WKH� �IROORZLQJ� �ELRWHFKQRORJ\� �FRPSDQLHV�� �25,&� �3KDUPDFHXWLFDOV�� �)DHWK�

�7KHUDSHXWLFV���%OXHSULQW��0HGLFLQHV���*HUDV��%LR���0LULPXV��,QF����DQG��309��3KDUPDFHXWLFDOV��

�6�:�/�� �DOVR� �DFNQRZOHGJHV� �UHFHLYLQJ� �IXQGLQJ� �DQG� �UHVHDUFK� �VXSSRUW� �IURP� �$JLOHQW�

�7HFKQRORJLHV� �IRU� �WKH��SXUSRVHV��RI��PDVVLYHO\��SDUDOOHO��ROLJR��V\QWKHVLV���6�$�$���KDV��EHHQ��D�

�FRQVXOWDQW��DQG�RU��VKDUHKROGHU��IRU��9LWDH�$OOHUJDQ��3KDUPDFHXWLFDOV���(SL]\PH��,QF����,PDJR�

�%LRVFLHQFHV�� �&\WHLU� �7KHUDSHXWLFV�� �&�� �7KHUDSHXWLFV�� �6\URV� �3KDUPDFHXWLFDOV�� �2[6WHP�

�2QFRORJ\���$FFHQW��7KHUDSHXWLFV���DQG��0DQD��7KHUDSHXWLFV���6�$�$���KDV��UHFHLYHG��UHVHDUFK�

�VXSSRUW� �IURP� �-DQVVHQ�� �1RYDUWLV�� �DQG� �$VWUD=HQHFD�� �7KH� �UHPDLQLQJ� �DXWKRUV� �GHFODUH� �QR�

�FRPSHWLQJ�LQWHUHVWV��

�0$7(5,$/6�$1'�0(7+2'6�

�3ODVPLGV�DQG�VJ51$�FORQLQJ�

�7R� �JHQHUDWH� �VWDEOH� �&DV��H[SUHVVLQJ� �FHOO� �OLQHV�� �ZH� �XVHG� �OHQWL&DV��%ODVW� ��$GGJHQH��

��������� �+XPDQ� �ZLOG�W\SH� �RU� �PXWDQW� ��.�0�� �KLVWRQH� �+���� �ZHUH� �FORQHG� �LQWR�

�S&'+�()��0&6�,5(6�5)3���6\VWHP��%LRVFLHQFHV���&'���$������7R��H[SUHVV��VJ51$V���ZH�

�JHQHUDWHG� �WKH� �S86(35� ��8��VJ51$�()6�3XUR�3�$�7XUER5)3�� �DQG� �S86(3%�

��8��VJ51$�()6�3XUR�3�$�7DJ%)3�� �OHQWLYLUDO� �YHFWRUV� �E\� �*LEVRQ� �DVVHPEO\� �RI� �WKH�

�IROORZLQJ� �'1$� �IUDJPHQWV�� ��L�� �3&5�DPSOLILHG� �8��VJ51$� ��LPSURYHG� �VFDIIROG��������

�FDVVHWWH����LL���3&5�DPSOLILHG��()�V��SURPRWHU����LLL���3&5�DPSOLILHG��3XUR�3�$�7XUER5)3���RU�

����
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��7DJ%)3�� �JHQH� �IUDJPHQW� ��,'7��� �DQG� ��LY�� �%VU*,�3PH,�GLJHVWHG� �S//��EDVHG� �OHQWLYLUDO�

�EDFNERQH�����������)RU��VJ51$��FORQLQJ���S86(35��DQG��S86(3%��YHFWRUV��ZHUH��OLQHDUL]HG��ZLWK�

�%VP%,� ��1(%�� �DQG� �OLJDWHG� �ZLWK� �%VP%,�FRPSDWLEOH� �DQQHDOHG� �DQG� �SKRVSKRU\ODWHG��ROLJRV�

�HQFRGLQJ� �VJ51$V� �XVLQJ� �KLJK� �FRQFHQWUDWLRQ� �7�� �'1$� �OLJDVH� ��1(%��� �$OO� �VJ51$�

�VHTXHQFHV�XVHG�DUH�OLVWHG�LQ�6XSSOHPHQWDU\�7DEOH����

�&HOO�FXOWXUH�

�0RXVH� �0//�$)�� �OHXNHPLD� �FHOOV� �ZHUH� �NLQGO\� �VKDUHG� �E\� �'DYLG� �&KHQ� ��&KXQ�:HL� �&KHQ��

�DQG� �ZHUH� �RULJLQDOO\� �JHQHUDWHG� �E\� �WUDQVIRUPDWLRQ� �RI� �IHPDOH� �PRXVH� �ERQH� �PDUURZ�

�/LQ�6FD��F.LW�� ��/6.�� �FHOOV� �ZLWK� �DQ� �06&9�,5(6�*)3���S0,*���UHWURYLUXV��H[SUHVVLQJ��WKH�

�KXPDQ� �0//�$)�� �IXVLRQ� �SURWHLQ� �DQG� �WUDQVSODQWHG� �LQWR� �VXE�OHWKDOO\� �LUUDGLDWHG� �UHFLSLHQW�

�PLFH� �DV� �GHVFULEHG� �SUHYLRXVO\������������� �/HXNHPLF� �EODVWV� �ZHUH� �KDUYHVWHG� �IURP� �PRULEXQG�

�PLFH��DQG��FXOWXUHG��LQ��YLWUR��LQ��,0'0���*LEFR���VXSSOHPHQWHG��ZLWK�������)%6���*LEFR����PRXVH�

�,/��� ����QJ�ȝ/�� �3HSUR7HFK��� �PRXVH� �,/��� ����QJ�ȝ/�� �3HSUR7HFK��� �PRXVH� �6&)� ����QJ�ȝ/��

�3HSUR7HFK��� �SHQLFLOOLQ� �����8�P/�� �*LEFR��� �VWUHSWRP\FLQ� �����ȝJ�X/�� �*LEFR��� �/�JOXWDPLQH�

���P0�� �*LEFR��� �DQG��SODVPRFLQ����ȝJ�P/���,QYLYR*HQ����+XPDQ��OHXNHPLD��FHOO��OLQHV��09�����

�DQG� �2&,�$0/�� �ZHUH� �NLQGO\� �VKDUHG� �E\� �=KDRKXL� �)HQJ� �DQG��ZHUH��FXOWXUHG��LQ��530,�������

��&RUQLQJ�� �VXSSOHPHQWHG� �ZLWK� ����� �)%6� ��*LEFR��� �SHQLFLOOLQ� �����8�P/�� �*LEFR���

�VWUHSWRP\FLQ� �����ȝJ�X/�� �*LEFR��� �/�JOXWDPLQH� ���P0�� �*LEFR��� �DQG� �SODVPRFLQ� ���ȝJ�P/��

�,QYLYR*HQ��� �0RXVH� �1,+��7�� �FHOOV� �ZHUH� �PDLQWDLQHG� �LQ� �'0(0� ��&RUQLQJ�� �VXSSOHPHQWHG�

�ZLWK� ����� �)&6� ��$7&&��� �SHQLFLOOLQ� �����8�P/�� �*LEFR��� �VWUHSWRP\FLQ� �����ȝJ�X/�� �*LEFR���

�DQG� �SODVPRFLQ� ���ȝJ�P/�� �,QYLYR*HQ��� �+XPDQ� �+(.���� �FHOOV� �ZHUH� �PDLQWDLQHG��LQ��'0(0�
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��&RUQLQJ�� �VXSSOHPHQWHG� �ZLWK� ����� �)%6� ��*LEFR��� �SHQLFLOOLQ� �����8�P/�� �*LEFR���

�VWUHSWRP\FLQ� �����ȝJ�X/�� �*LEFR����DQG��SODVPRFLQ����ȝJ�P/���,QYLYR*HQ����&DV��H[SUHVVLQJ�

�FHOOV��ZHUH��JHQHUDWHG��E\��OHQWLYLUDO��WUDQVGXFWLRQ��RI��OHQWL&DV��%ODVW��IROORZHG��E\��%ODVWLFLGLQ�

��,QYLYR*HQ�� �VHOHFWLRQ� �DQG� �YDOLGDWLRQ� �RI� �&DV�� �H[SUHVVLRQ� �DQG� �DFWLYLW\�� �$OO� �FHOOV� �ZHUH�

�FRQILUPHG�WR�EH�IUHH�RI�0\FRSODVPD�FRQWDPLQDWLRQ�DQG�FXOWXUHG�DW����&�DQG����&2�������

�9LUXV�SURGXFWLRQ�

�/HQWLYLUXVHV� �ZHUH� �SURGXFHG� �E\� �FR�WUDQVIHFWLRQ� �RI� �+(.���7� ��$7&&�� �FHOOV� �ZLWK�

�S86(35�(SL9���� �VJ51$� �OLEUDU\�� �LQGLYLGXDO� �VJ51$� �SODVPLGV�� �RU� �OHQWL&DV��%ODVW�� �DQG�

�SDFNDJLQJ� �YHFWRUV� �SV3D[�� ��$GGJHQH�� �������� �DQG� �S0'��*� ��$GGJHQH�� �������� �XVLQJ�

�/LSRIHFWDPLQH� ������ ��,QYLWURJHQ��� �9LUDO� �VXSHUQDWDQWV� �ZHUH��FROOHFWHG��DW������DQG������KRXUV�

�SRVW�WUDQVIHFWLRQ�DQG�VWRUHG�DW�����&��

�7UDQVGXFWLRQ�RI�FHOO�OLQHV�

�/HXNHPLD� �FHOOV� �ZHUH� �VHHGHG� �DW� �D� �GHQVLW\� �RI� ����� �[� ������� �FHOOV�ZHOO� �RI� �D� �QRQ� �7&�WUHDWHG�

����ZHOO� �SODWH� �LQ��FRPSOHWH��PHGLXP��FRQWDLQLQJ��SRO\EUHQH�����ȝJ�P/���(0'��0LOOLSRUH����DQG�

�WKHQ� �WUDQVGXFHG� �ZLWK� �OHQWLYLUXV� �E\� �FHQWULIXJDWLRQ� �DW� ������USP� �IRU� ���� �PLQXWHV� �DW� ����&��

�$IWHU��D�����KRXU��LQFXEDWLRQ���FHOOV��ZHUH��WUDQVIHUUHG��WR��D��QHZ��SODWH��FRQWDLQLQJ��IUHVK��FXOWXUH�

�PHGLXP��$QWLELRWLF�VHOHFWLRQ�RU�FHOO�VRUWLQJ�ZDV�GRQH����KRXUV�SRVW�WUDQVGXFWLRQ��

�'UXJ�WUHDWPHQWV�

�)RU��0,�������$FWLYH��%LRFKHP���WUHDWPHQWV���OHXNHPLD��FHOOV��ZHUH��VHHGHG��DW��D��GHQVLW\��RI�����[�

������� �FHOOV�P/���WUHDWHG��ZLWK��OLPLWLQJ��GLOXWLRQV��RI��WKH��LQKLELWRU��DV��LQGLFDWHG��RU���������'062�

����
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��YHKLFOH����&HOOV��ZHUH��UH�SODWHG��HYHU\�����GD\V��WR��WKH��LQLWLDO��GHQVLW\��DQG��UH�WUHDWHG���9LDELOLW\�

�ZDV� �DVVHVVHG� �DW� �YDULRXV� �WLPH� �SRLQWV� �E\� �XVLQJ� �WKH� �&HOO7LWHU�*OR� �/XPLQHVFHQW� �&HOO�

�9LDELOLW\� �DVVD\� ��3URPHJD�� �IROORZLQJ� �WKH� �PDQXIDFWXUHU¶V� �JXLGHOLQHV�� �5DWLR� �RI�

�OXPLQHVFHQFH� �VLJQDO� �IURP� �PHWDEROLFDOO\� �DFWLYH� �FHOOV� �LQ� �0,����� �YHUVXV� �'062� �ZHUH�

�SORWWHG��WR��FDOFXODWH��,&����YDOXHV���3ULVP������*UDSK3DG����)RU��0,�������$FWLYH��%LRFKHP���DQG�

�3DOERFLFOLE� �+&O���6HOOHFNFKHP���FRPELQDWLRQ��WUHDWPHQWV�����������OHXNHPLD��FHOOV��LQ�����ȝ/�

�RI� �GUXJ�FRQWDLQLQJ� �PHGLXP� �ZHUH� �VHHGHG� �LQ� �D� ����ZHOO� �SODWH� �DQG��YLDELOLW\��ZDV��DVVHVVHG�

�HYHU\�����GD\V��E\��XVLQJ��WKH��&HOO7LWHU�*OR��/XPLQHVFHQW��&HOO��9LDELOLW\��DVVD\���3URPHJD����)RU�

�51$�6HT� �DQG� �&K,3�6HT� �H[SHULPHQWV�� �FHOOV� �ZHUH� �FXOWXUHG� �DW� ��� �[� ������� �FHOOV�P/�� �WUHDWHG�

�ZLWK� �0,����� ��FRQFHQWUDWLRQV� �DV� �LQGLFDWHG� �LQ� �)LJ�OHJHQGV�� �RU� ������� �'062� �IRU� ��� �GD\V��

�&HOOV� �ZHUH� �FROOHFWHG�� �ZDVKHG� �ZLWK� �3%6�� �SHOOHWHG�� �DQG� �IODVK�IUR]HQ� �EHIRUH� �51$� �RU�

�FKURPDWLQ� �LVRODWLRQ���)RU��LQ��YLYR��973��������WUHDWPHQW���PLFH��ZHUH��UDQGRPO\��DVVLJQHG��WR�

�HLWKHU� �QRUPDO� �RU� ������ �973������� �URGHQW� �VSHFLDO� �GLHW�������� �0LFH� �ZHUH� �EOHG� �ZHHNO\� �WR�

�PRQLWRU� �OHXNHPLD� �EXUGHQ� �DQG� �HXWKDQL]HG� �ZKHQ� �VKRZLQJ� �FOLQLFDO� �VLJQV� �RI� �GLVHDVH�

��H[SHULPHQWDO�HQGSRLQW���

�)ORZ�F\WRPHWULF�DQDO\VHV�

�,PPXQRSKHQRW\SLQJ� �RI� �OHXNHPLD� �FHOOV� �WUHDWHG� �ZLWK� �0,����� ��RU� �YHKLFOH��� �ZDV� �GRQH� �E\�

�FROOHFWLQJ� �FHOOV� �SRVW� �WUHDWPHQW� �DQG� �VWDLQLQJ� �XVLQJ� �WKH� �LQGLFDWHG� �FRQMXJDWHG� �SULPDU\�

�DQWLERGLHV�� �6WDLQHG� �VDPSOHV� �ZHUH��DQDO\]HG��RQ��DQ��/65)RUWHVVD���%'��%LRVFLHQFHV���IORZ�

�F\WRPHWHU�� �'DWD� �DQDO\VLV� �ZDV� �SHUIRUPHG� �XVLQJ� �)ORZ-R� ��%'� �%LRVFLHQFHV�� �VRIWZDUH��

�,QWUDFHOOXODU� �DQWLJHQV� �GHWHFWLRQ� �ZDV� �GRQH� �E\� �XVLQJ� �WKH� �)R[S��7UDQVFULSWLRQ� �)DFWRU�

����
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�6WDLQLQJ� �%XIIHU� �6HW� ��H%LRVFLHQFH�� �IROORZLQJ� �WKH� �PDQXIDFWXUHU¶V� �JXLGHOLQHV�� �&RQMXJDWHG�

�SULPDU\� �DQWLERGLHV� �XVHG� �ZHUH�� �3DFLILF� �%OXH� �DQWL�&'��E� ��%LROHJHQG�� ���������� �$OH[D�

�)OXRU�����DQWL�&DV���&67����������

�;HQRJUDIW�PRGHOV�RI�$0/�

�$OO� �DQLPDO� �H[SHULPHQWV� �ZHUH� �SHUIRUPHG� �ZLWK� �WKH� �DSSURYDO� �RI� �'DQD�)DUEHU� �&DQFHU�

�,QVWLWXWH¶V� �,QVWLWXWLRQDO� �$QLPDO� �&DUH� �DQG� �8VH� �&RPPLWWHH� ��,$&8&��� �12'�&J���3UNGF��VFLG�

�,O�UJ��WP�6XJ���-LF7DF���12*���PLFH��ZHUH��REWDLQHG��IURP��7DFRQLF��%LRVFLHQFHV���5HQVVHODHU���1<��

�86$��� �1RQ�LUUDGLDWHG� ������ �ZHHNV� �ROG� �DGXOW� �PLFH� �ZHUH� �WUDQVSODQWHG� �ZLWK� �SUHYLRXVO\�

�HVWDEOLVKHG� �SDWLHQW�GHULYHG� �[HQRJUDIWV� ��3';V���������YLD� �WDLO� �YHLQ� �LQMHFWLRQ� ����������

�FHOOV�PRXVH��� �(QJUDIWPHQW� �RI� �KXPDQ� �FHOOV� ��K&'��������� �ZDV� �DQDO\]HG� �DQG� �PRQLWRUHG�

�ORQJLWXGLQDOO\��E\��ZHHNO\��EOHHGLQJ��WR��TXDQWLI\��K&'�������FHOOV��LQ��WKH��SHULSKHUDO��EORRG��E\��IORZ�

�F\WRPHWU\��ZLWK��KXPDQ��&'���3(��DQG��DQWL�PRXVH��&'���$3&�&\���DQWLERGLHV���%LROHJHQG��

�6DQ� �'LHJR�� �&$�� �86$��� �0LFH� �ZHUH� �PRQLWRUHG� �FORVHO\� �WR� �GHWHFW� �GLVHDVH� �RQVHW� �DQG�

�WUHDWPHQW��VWDUWHG��ZKHQ��K&'�������FHOOV��ZHUH��GHWHFWDEOH��LQ��WKH��SHULSKHUDO��EORRG���0LFH��ZHUH�

�UDQGRPO\� �DVVLJQHG� �WR� �HLWKHU� �QRUPDO� �RU� ������ �973������� �URGHQW� �VSHFLDO� �GLHW���������� �0LFH�

�ZHUH��EOHG��ZHHNO\��WR��PRQLWRU��OHXNHPLD��EXUGHQ��DV��GHVFULEHG��DERYH��DQG��HXWKDQL]HG��ZKHQ�

�VKRZLQJ��FOLQLFDO��VLJQV��RI��GLVHDVH���H[SHULPHQWDO��HQGSRLQW����/HXNHPLD��FHOOV��IURP��D��VXEVHW�

�RI�WKHVH�DQLPDOV�ZHUH�KDUYHVWHG�DIWHU�VHYHQ�GD\V�RI�WUHDWPHQW�WR�SHUIRUP�51$�6HT��

�/RQJLWXGLQDO�DQDO\VLV�RI�$0/�SDWLHQW�WUHDWHG�ZLWK�61';������

�3HULSKHUDO� �EORRG� �RI� �SDWLHQWV� �ZDV� �WDNHQ� �XQGHU� �LQIRUPHG� �FRQVHQW� �DFFRUGLQJ� �WR� �WKH�

�'HFODUDWLRQ��RI��+HOVLQNL��GXULQJ��URXWLQH��EORRG��GUDZV��DW��VFUHHQLQJ��DQG��GLIIHUHQW��WLPHSRLQWV�
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�GXULQJ� �WKH� �ILUVW� �F\FOH� �RI� �WUHDWPHQW� �ZLWK� �6'1;������ �ZLWKLQ� �WKH� �$8*0(17����� �FOLQLFDO�

�WULDO� ��1&7����������� �3HULSKHUDO� �EORRG� �PRQRQXFOHDU� �FHOOV���3%0&V���ZHUH��VXEVHTXHQWO\�

�LVRODWHG� �XVLQJ� �)LFROO� ��%'� �%LRVFLHQFH���)UDQNOLQ��/DNHV���1-���86$���JUDGLHQW��FHQWULIXJDWLRQ��

�YLDEO\� �IUR]HQ�� �DQG� �EDQNHG� �DW� �WKH� �'DQD�)DUEHU��&DQFHU��,QVWLWXWH���%RVWRQ���0$���DSSURYHG�

�LQVWLWXWLRQDO� �SURWRFRO�� �,5%�� ����������� �)RU� �ORQJLWXGLQDO� �DQDO\VLV�� �VDPSOHV� �ZHUH� �WKDZHG��

�ZDVKHG� �WZLFH� �LQ� �3%6���DQG��VWDLQHG��ZLWK��DQWL�KXPDQ��&'�����3(���DQG��DQWL�KXPDQ��&'����

��$3&����%LROHJHQG���6DQ��'LHJR���&$���86$����&'���ORZ�&'������OHXNHPLD��FHOOV��ZHUH��)$&6�

�VRUWHG� ��0$���� �VRUWHU�� �6RQ\� �%LRWHFKQRORJ\�� �6DQ� �-RVH�� �&$�� �86$�� �DQG� �VXEVHTXHQWO\�

�SURFHVVHG�IRU�51$�6HT��VHH�PHWKRGV�VHFWLRQ�RQ�51$�6HT���

�,PPXQREORWWLQJ�

�:KROH� �FHOO� �O\VDWHV� �ZHUH� �VHSDUDWHG� �E\� �6'6�3$*(�� �WUDQVIHUUHG� �WR� �D� �39')� �PHPEUDQH�

��(0'� �0LOOLSRUH��� �EORFNHG� �LQ� ���� �QRQ�IDW� �PLON� �LQ� �7%6� �SOXV� ������ �7ZHHQ����

��6LJPD�$OGULFK��� �SUREHG� �ZLWK� �SULPDU\� �DQWLERGLHV�� �DQG� �GHWHFWHG� �ZLWK� �+53�FRQMXJDWHG�

�DQWL�UDEELW� �RU� �DQWL�PRXVH� �VHFRQGDU\� �DQWLERGLHV� ��*(� �+HDOWKFDUH��� �3ULPDU\� �DQWLERGLHV�

�XVHG� �LQFOXGHG�� �DQWL�&DV�� ��&67�� ��������� �DQWL�87;� ��&67�� ��������� �DQWL�0HQLQ� ��%HWK\O��

�$�������$��� �DQWL�1)�<$� ��6DQWD� �&UX]� �%LRWHFKQRORJ\�� �VF��������� �DQWL�$FWLQ� ��DEFDP��

�DE������� �DQWL�+63��� ��%'� �%LRVFLHQFHV�� ���������� �DQWL�+$� ��%LROHJHQG�� ����������

�DQWL�+�.�PH���DEFDP��DE�������DQWL�+�.�PH���&67���������DQWL�+���DEFDP��DE�������

�/RFXV�VSHFLILF�'1$�VHTXHQFLQJ�

�7R� �GHWHUPLQH� �WKH� �PXWDWLRQDO� �VWDWXV� �RI� �WKH� �0HQ�� �DQG� �8W[� �ORFL� �LQ� �FHOOV� �WDUJHWHG� �E\�

�&5,635�&DV��� �ZH� �SHUIRUPHG� �QH[W� �JHQHUDWLRQ� �VHTXHQFLQJ� �RI� �3&5�DPSOLILHG� �WDUJHW�

����
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�UHJLRQV�� �*HQRPLF� �'1$� ��J'1$�� �ZDV� �LVRODWHG� �XVLQJ� �WKH� �'1HDV\� �%ORRG� �	� �7LVVXH� �.LW�

��4LDJHQ�� �IROORZLQJ� �WKH� �PDQXIDFWXUHU
V� �JXLGHOLQHV�� �$PSOLILFDWLRQ� �RI� �WDUJHW� �UHJLRQV� �ZDV�

�SHUIRUPHG� �IURP� ����QJ� �RI� �J'1$� �XVLQJ� �4�� �+LJK�)LGHOLW\� ��;� �0DVWHU� �0L[� ��1(%�� �DQG�

�SULPHUV��OLVWHG��LQ��6XSSOHPHQWDU\��7DEOH������3&5��SURGXFWV��ZHUH��SXULILHG��XVLQJ��WKH��4,$TXLFN�

�3&5� �3XULILFDWLRQ� �.LW� ��4LDJHQ�� �DQG� �VHTXHQFHG� �RQ� �,OOXPLQD� �LQVWUXPHQWV� �DW� �*(1(:,=�

��$PSOLFRQ�(=�VHUYLFH���

�51$�LVRODWLRQ��T57�3&5�DQDO\VHV��DQG�51$�VHTXHQFLQJ�

�7RWDO� �51$� �ZDV� �LVRODWHG� �IURP� �FHOOV� �XVLQJ� �WKH� �51HDV\� �NLW� ��4LDJHQ�� �+LOGHQ�� �*HUPDQ\���

�51$� �ZDV� �UHYHUVH� �WUDQVFULEHG� �ZLWK� �+LJK�&DSDFLW\� �F'1$� �5HYHUVH� �7UDQVFULSWLRQ� �NLWV�

��$SSOLHG� �%LRV\VWHPV�� �IROORZLQJ� �WKH� �PDQXIDFWXUHU¶V� �LQVWUXFWLRQV�� �4XDQWLWDWLYH� �3&5V�

��T57�3&5V�� �ZHUH� �SHUIRUPHG� �XVLQJ� �WKH� �7DT0DQ� �*HQH��([SUHVVLRQ��0DVWHU��0L[���$SSOLHG�

�%LRV\VWHPV�� �ZLWK� �WKH� �6WHS2QH� �5HDO�7LPH��6\VWHP���$SSOLHG��%LRV\VWHPV����7DT0DQ��JHQH�

�H[SUHVVLRQ� �DVVD\V� �ZHUH� �XVHG�� �$FW%� �ZDV� �XVHG� �DV� �WKH� �HQGRJHQRXV� �FRQWURO� �IRU�

�QRUPDOL]DWLRQ��DQG��UHODWLYH��JHQH��H[SUHVVLRQ��ZDV��FDOFXODWHG��E\��XVLQJ��WKH��FRPSDUDWLYH��&7�

�PHWKRG�� �7KH� �PRXVH� �JHQH� �SUREHV� �XVHG� �ZHUH�� �$FW%� ��0P��������BJ���� �+R[D��

��0P��������BP���� �0HLV�� ��0P��������BP���� �8W[� ����.GP�D���� ��0P��������BP����

�0HQ�� ��0P��������BP���� �4XDOLW\� �RI� �H[WUDFWHG� �51$� �IRU� �VHTXHQFLQJ� �ZDV� �DVVHVVHG��E\�

�5,1� �XVLQJ� �D� �%LRDQDO\]HU� ��$JLOHQW�� �DQG� �TXDQWLILHG� �E\� �7DSH6WDWLRQ� ��$JLOHQW��� �3RO\�$��

�P51$� �HQULFKPHQW� �DQG� �OLEUDU\� �SUHSDUDWLRQ� �ZDV� �SHUIRUPHG� �XVLQJ� �WKH� �1(%1H[W� �3RO\�$��

�P51$� �0DJQHWLF� �,VRODWLRQ� �0RGXOH� �DQG� �1(%1H[W� �8OWUD� �,,� �51$� �/LEUDU\� �3UHS� �NLW� ��1(%���

�6HTXHQFLQJ� �ZDV� �GRQH� �XVLQJ� �WKH� �,OOXPLQD� �1H[W6HT���� �WR� �REWDLQ� �!��� �PLOOLRQ� ���ES�

����
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�VLQJOH�HQG� �RU� ���ES� �SDLUHG�HQG� �UHDGV� �SHU� �VDPSOH� �RU��DW��*HQHZL]���+L6HT������ES���SDLUHG�

�HQG���,OOXPLQD��6RXWK�3ODLQILHOG��1-��86$���

�&ORQLQJ�RI�VJ51$�OLEUDU\�WDUJHWLQJ�PRXVH�FKURPDWLQ�UHJXODWRUV�

�VJ51$��VHTXHQFHV���VL[��SHU��JHQH���WDUJHWLQJ�������PRXVH��FKURPDWLQ��UHJXODWRUV���IRU��D��WRWDO�

�RI� ������� �VJ51$V�� ����6XSSOHPHQWDU\� �7DEOH� ������ �ZHUH� �GHVLJQHG� �XVLQJ� �WKH� �%URDG� �,QVWLWXWH�

�VJ51$� �'HVLJQHU� �WRR���������� �:H� �DOVR� �LQFOXGHG� �����QRQ�WDUJHWLQJ��FRQWURO��VJ51$V��REWDLQHG�

�IURP��WKH��*H&.2Y���0RXVH��&5,635��OLEUDU\���������IRU��D��WRWDO��RI���������VJ51$V����7KLV��OLEUDU\�

�ZDV� �GLYLGHG� �LQWR� ��� �SRROV� ��HDFK� �FRPSRVHG� �RI� ����� �WDUJHWLQJ� �DQG� ��� �QRQ�WDUJHWLQJ�

�VJ51$V��� �V\QWKHVL]HG� �E\� �$JLOHQW� �7HFKQRORJLHV�� �DQG� �FORQHG� �LQWR� �WKH��S86(35��OHQWLYLUDO�

�YHFWRU������� �XVLQJ� �D� �PRGLILHG� �YHUVLRQ� �RI� �WKH� �SURWRFRO� �SXEOLVKHG� �E\� �'RHQFK� �HW� �DO�������� �WR�

�HQVXUH� �D� �OLEUDU\� �UHSUHVHQWDWLRQ� �RI� �!������;�� �%ULHIO\�� �HDFK� �VXE�SRRO� �ZDV� �VHOHFWLYHO\�

�DPSOLILHG� �XVLQJ��EDUFRGHG��IRUZDUG��DQG��UHYHUVH��SULPHUV��WKDW��DSSHQG��FORQLQJ��DGDSWHUV��DW�

�WKH� ��¶�� �DQG� ��¶�HQGV� �RI� �WKH� �VJ51$� �LQVHUW� ����6XSSOHPHQWDU\� �7DEOH� ������� �SXULILHG� �XVLQJ� �WKH�

�4,$TXLFN� �3&5� �3XULILFDWLRQ� �.LW� ��4LDJHQ��� �DQG� �OLJDWHG� �LQWR� �%VP%,�GLJHVWHG� �DQG�

�GHSKRVSKRU\ODWHG� �S86(35� �YHFWRU� �XVLQJ� �KLJK�FRQFHQWUDWLRQ� �7�� �'1$� �OLJDVH� ��1(%��� �$�

�PLQLPXP� �RI� ����XJ� �RI� �OLJDWHG� �S86(35� �SODVPLG� �'1$� �SHU� �VXE�SRRO� �ZDV� �HOHFWURSRUDWHG�

�LQWR� �(QGXUD� �HOHFWURFRPSHWHQW� �FHOOV� ��/XFLJHQ��� �UHFRYHUHG� �IRU� �RQH� �KRXU� �DW� ����&�� �SODWHG�

�DFURVV��IRXU����FP��/%�&DUEHQLFLOOLQ��SODWHV���7HNQRYD����DQG��LQFXEDWHG��DW�����&��IRU������KRXUV��

�7KH� �WRWDO� �QXPEHU� �RI� �EDFWHULDO��FRORQLHV��SHU��VXE�SRRO��ZDV��TXDQWLILHG��XVLQJ��VHULDO��GLOXWLRQ�

�SODWHV� �WR� �HQVXUH� �D� �OLEUDU\� �UHSUHVHQWDWLRQ� �RI� �!������;� ��!���� �PLOOLRQ� �FRORQLHV� �SHU�

�VXE�SRRO����7KH��QH[W��PRUQLQJ���EDFWHULDO��FRORQLHV��ZHUH��VFUDSHG��DQG��EULHIO\��H[SDQGHG��IRU����
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�KRXUV� �DW� ����&� �LQ� ����P/� �RI� �/%�&DUEHQLFLOOLQ�� �3ODVPLG� �'1$� �ZDV� �LVRODWHG� �XVLQJ� �WKH�

�3ODVPLG�3OXV�0D[L�.LW��4LDJHQ���

�7R� �DVVHVV� �VJ51$� �GLVWULEXWLRQ� �LQ� �HDFK� �RI� �WKH� �VXE�SRROV�� �DV� �ZHOO� �DV� �WKH� �PDVWHU� �SRRO�

��FRPSRVHG� �RI� �HTXLPRODU� �DPRXQWV� �RI� �SODVPLG� �'1$� �IURP� �HDFK� �LQGLYLGXDO� �VXE�SRRO��� �ZH�

�DPSOLILHG� �WKH� �VJ51$� �WDUJHW� �UHJLRQ� �XVLQJ� �SULPHUV� �WKDW� �DSSHQG� �,OOXPLQD� �VHTXHQFLQJ�

�DGDSWHUV��RQ��WKH���¶���DQG���¶�HQGV��RI��WKH��DPSOLFRQ���DV��ZHOO��DV��D��UDQGRP��QXFOHRWLGH��VWDJJHU�

�DQG� �XQLTXH� �GHPXOWLSOH[LQJ� �EDUFRGH� �RQ� �WKH� ��¶�HQG� ����6XSSOHPHQWDU\� �7DEOH� ������� �/LEUDU\�

�DPSOLFRQV� �ZHUH� �VL]H�VHOHFWHG� �RQ� �D� ������ �DJDURVH� �JHO�� �SXULILHG� �XVLQJ��WKH��4,$TXLFN��*HO�

�([WUDFWLRQ��.LW���4LDJHQ����DQG��VHTXHQFHG��RQ��DQ��,OOXPLQD��1H[W6HT��LQVWUXPHQW�����QW��VLQJOH�

�HQG�UHDGV���

�&KURPDWLQ�IRFXVHG�&5,635�&DV��JHQHWLF�VFUHHQLQJ�

�7R� �HQVXUH� �WKDW� �PRVW� �FHOOV� �KDUERU��D��VLQJOH��VJ51$��LQWHJUDWLRQ��HYHQW���ZH��GHWHUPLQHG��WKH�

�YROXPH� �RI� �YLUDO� �VXSHUQDWDQW� �WKDW� �ZRXOG� �DFKLHYH� �DQ� �02,� �RI� �a���� �XSRQ� �VSLQIHFWLRQ� �RI� �D�

�SRSXODWLRQ� �RI� �&DV��H[SUHVVLQJ� �OHXNHPLD� �FHOOV�� �%ULHIO\�� �FHOOV� �ZHUH� �SODWHG� �DW� �D�

�FRQFHQWUDWLRQ� �RI� ����[������ �SHU� �ZHOO� �LQ� ����ZHOO� �SODWHV� �DORQJ� �ZLWK� �LQFUHDVLQJ� �YROXPHV� �RI�

�PDVWHU� �SRRO� �YLUDO� �VXSHUQDWDQW�������������������������������������DQG������ȝ/���DQG��SRO\EUHQH�

����ȝJ�P/���(0'��0LOOLSRUH����&HOOV��ZHUH��WKHQ��FHQWULIXJHG��DW�������USP��IRU�����KRXUV��DW�����&�

�DQG� �LQFXEDWHG� �DW� ����&� �RYHUQLJKW�� �9LUDO� �LQIHFWLRQ� �HIILFLHQF\� �ZDV� �GHWHUPLQHG� �E\� �WKH�

�SHUFHQWDJH� �RI� �W5)3�� �FHOOV� �DVVHVVHG� �E\� �IORZ� �F\WRPHWU\� �RQ� �DQ� �/65)RUWHVVD� ��%'�

�%LRVFLHQFHV��LQVWUXPHQW����KRXUV�SRVW�LQIHFWLRQ��
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�(DFK� �VWHS� �RI� �WKH� �VFUHHQ� ��� �IURP� �LQIHFWLRQ� �WR� �VHTXHQFLQJ� ��� �ZDV� �RSWLPL]HG� �WR� �DFKLHYH� �D�

�PLQLPXP� �UHSUHVHQWDWLRQ� �RI� �����;�� �7R� �HQVXUH� �D� �UHSUHVHQWDWLRQ� �RI� �����;� �DW� �WKH�

�WUDQVGXFWLRQ��VWHS���ZH��VSLQIHFWHG��D��WRWDO��RI������PLOOLRQ��FHOOV��DFURVV��VHYHQ�����ZHOO��SODWHV��LQ�

�WULSOLFDWH���IRU��D��WRWDO��RI��WZHQW\��RQH�����ZHOO��SODWHV���XVLQJ��WKH��YROXPH��RI��YLUDO��VXSHUQDWDQW�

�WKDW� �ZRXOG� �DFKLHYH� �D� ����� �LQIHFWLRQ� �UDWH� ���� �PLOOLRQ� �WUDQVGXFHG� �FHOOV� �SHU� �WHFKQLFDO�

�UHSOLFDWH���

���� �KRXUV� �DIWHU� �LQIHFWLRQ�� �FHOOV� �ZHUH� �SRROHG� �LQWR� ��� �[��7�����IODVNV���&RUQLQJ���SHU��LQIHFWLRQ�

�UHSOLFDWH� �DQG� �VHOHFWHG� �ZLWK� ����ȝJ�P/� �SXURP\FLQ� ��*LEFR�� �IRU� ��� �GD\V�� �6XEVHTXHQWO\�� ���

�PLOOLRQ��SXURP\FLQ�VHOHFWHG��FHOOV��ZHUH��SHOOHWHG��DQG��VWRUHG��DW������&���7������,QSXW��SRSXODWLRQ��

�ZKLOH� �WKH� �UHVW� �ZHUH� �SODWHG� �LQWR� �HLWKHU� �'062�� �RU� �0,�����FRQWDLQLQJ� �PHGLD� ��DW� �DQ� �,&���

�FRQFHQWUDWLRQ�� �DQG� �FXOWXUHG� �XQWLO� �WKH� �SRSXODWLRQ� �UHDFKHG� ���� �FXPXODWLYH� �SRSXODWLRQ�

�GRXEOLQJV� ��7��)���)LQDO��� �$W� �OHDVW� ��� �PLOOLRQ� �FHOOV� �ZHUH� �KDUYHVWHG� �DQG� �SHOOHWHG� �IRU� �WKLV� �ILQDO�

�WLPH� �SRLQW�� �*HQRPLF� �'1$��IURP��0//�$)���FHOOV��ZDV��LVRODWHG��XVLQJ��WKH��'1HDV\��%ORRG��	�

�7LVVXH�.LW��4LDJHQ��IROORZLQJ�WKH�PDQXIDFWXUHU
V�JXLGHOLQHV��

�$V� �SUHYLRXVO\� �SXEOLVKHG���������� �ZH� �DVVXPHG� �WKDW� �HDFK� �FHOO��FRQWDLQV��DSSUR[LPDWHO\�����SJ�

�RI� �JHQRPLF� �'1$� ��J'1$��� �7KHUHIRUH�� �GHFRQYROXWLRQ� �RI� �WKH� �VFUHHQ� �DW� �����;� �UHTXLUHG�

�VDPSOLQJ��a���PLOOLRQ��[�����SJ��RI��J'1$���RU��a����ȝJ���:H��HPSOR\HG��D��PRGLILHG����VWHS��3&5�

�YHUVLRQ� �RI� �WKH� �SURWRFRO� �SXEOLVKHG� �E\� �'RHQFK� �HW� �DO����������� �%ULHIO\�� �ZH� �SHUIRUP� �DQ� �LQLWLDO�

�³HQULFKPHQW´� �3&5�� �ZKHUHE\� �WKH��LQWHJUDWHG��VJ51$��FDVVHWWHV��DUH��DPSOLILHG��IURP��J'1$��

�IROORZHG� �E\� �D� �VHFRQG� �3&5� �WR� �DSSHQG� �,OOXPLQD� �VHTXHQFLQJ� �DGDSWHUV� �RQ� �WKH� ��¶�� �DQG�

��¶�HQGV� �RI� �WKH� �DPSOLFRQ�� �DV� �ZHOO� �DV� �D� �UDQGRP� �QXFOHRWLGH� �VWDJJHU� �DQG� �XQLTXH�
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�GHPXOWLSOH[LQJ� �EDUFRGH� �RQ� �WKH� ��¶� �HQG�� �(DFK� �³3&5�´� �UHDFWLRQ� �FRQWDLQV� ���ȝ/� �RI� �4��

�+LJK�)LGHOLW\� ��;� �0DVWHU��0L[���1(%�������ȝ/��RI��1XF��3&5����)ZG��3ULPHU�����ȝ0�������ȝ/��RI�

�1XF��3&5����5HY��3ULPHU�����ȝ0����DQG���ȝJ��RI��J'1$��LQ����ȝ/��RI��ZDWHU���IRU��D��WRWDO��YROXPH�

�RI� ���ȝ/� �SHU� �UHDFWLRQ��� �7KH� �QXPEHU��RI��3&5���UHDFWLRQV��LV��VFDOHG��DFFRUGLQJO\���WKHUHIRUH��

�ZH��SHUIRUPHG��VL[��3&5���UHDFWLRQV��SHU��WHFKQLFDO��UHSOLFDWH���SHU��WLPH��SRLQW���7���RU��7)����DQG�

�SHU� �FRQGLWLRQ� ��'062� �RU� �0,������� �3&5�� �DPSOLFRQV� �ZHUH� �SXULILHG� �XVLQJ� �WKH� �4,$TXLFN�

�3&5� �3XULILFDWLRQ� �.LW� ��4LDJHQ�� �DQG��XVHG��DV��WHPSODWH��IRU��³3&5�´��UHDFWLRQV���(DFK��3&5��

�UHDFWLRQ��FRQWDLQV����ȝ/��RI��4���+LJK�)LGHOLW\���;��0DVWHU��0L[���1(%�������ȝ/��RI��D��XQLTXH��1XF�

�3&5��� �)ZG� �3ULPHU� ����ȝ0��� ����ȝ/� �RI� �1XF� �3&5��� �5HY� �3ULPHU� ����ȝ0��� �DQG� ����QJ� �RI�

�3&5���SURGXFW��LQ����ȝ/��RI��ZDWHU���IRU��D��WRWDO��YROXPH��RI����ȝ/��SHU��UHDFWLRQ����:H��SHUIRUPHG�

�WZR��3&5���UHDFWLRQV��SHU��3&5���SURGXFW���/LEUDU\��DPSOLFRQV��ZHUH��VL]H�VHOHFWHG��RQ��D�������

�DJDURVH��JHO���SXULILHG��XVLQJ��WKH��4,$TXLFN��*HO��([WUDFWLRQ��.LW���4LDJHQ����DQG��VHTXHQFHG��RQ�

�DQ� �,OOXPLQD� �1H[W6HT���� �LQVWUXPHQW� ����QW� �VLQJOH� �HQG� �UHDGV��� �$OO� �SULPHU� �VHTXHQFHV��DUH�

�DYDLODEOH��LQ��6XSSOHPHQWDU\��7DEOH������3&5��3URJUDP��IRU��3&5���DQG��3&5�����������&��[����V��

���� ����&� �[� ���V�� ��������&��[����V����������&��[����V�������*R��WR��VWHS�����[������F\FOHV����������&��[����

�PLQ�������&�IRUHYHU��

�*HQRPH�ZLGH�&5,635�&DV��JHQHWLF�VFUHHQLQJ�

�3DLUHG� �PRXVH��JHQRPH�VFDOH��&5,635�&DV���VFUHHQLQJ��OLEUDULHV���0��0����ZHUH��SURYLGHG�

�E\� �6KHQJTLQJ� �*X� �DQG� �;LDROH��6KLUOH\��/LX���$GGJHQH��3RROHG��/LEUDU\�����������������7KH�

�0���DQG��0���OLEUDULHV��FRYHU��SURWHLQ��FRGLQJ��JHQHV��RI��WKH��JHQRPH��ZLWK��D��WRWDO��RI������JXLGH�

�51$V��SHU��JHQH���/HQWLYLUXV��ZDV��SURGXFHG��XVLQJ��HDFK��VHSDUDWH��OLEUDU\��SRRO��DQG��XVHG��WR�

����
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�WUDQVGXFH� �HDFK� ��[������ �0//�$)�� �FHOOV� �DW� �ORZ� �02,�� ���� �KRXUV� �DIWHU� �OLEUDU\� �WUDQVGXFWLRQ��

�FHOOV� �ZHUH� �VHOHFWHG� �ZLWK� �EODVWLFLGLQ� ���ȝJ�PO��� �$IWHU� ��� �GD\V� �RI� �DQWLELRWLF� �VHOHFWLRQ�� �D�

�EDVHOLQH���7����VDPSOH��ZDV��FROOHFWHG���DQG��FHOOV��ZHUH��FXOWXUHG��LQ��GXSOLFDWH��EHIRUH��KDUYHVW�

�RI��WHUPLQDO��VDPSOHV��DIWHU������GD\V���7)����6XEVHTXHQWO\���JHQRPLF��'1$��ZDV��LVRODWHG��XVLQJ�

�SKHQRO�FKORURIRUP� �H[WUDFWLRQ� �DQG� �VJ51$� �OLEUDULHV� �ZHUH� �GHFRQYROXWHG� �XVLQJ�

�QH[W�JHQHUDWLRQ�VHTXHQFLQJ�HVVHQWLDOO\�DV�GHVFULEHG�DERYH��

�$QDO\VLV�RI�&5,635�&DV��JHQHWLF�VFUHHQ�GDWD�

�)$674��ILOHV��ZHUH��SURFHVVHG��DQG��WULPPHG��WR��UHWULHYH��VJ51$��WDUJHW��VHTXHQFHV��IROORZHG�

�E\� �DOLJQPHQW� �WR� �WKH� �UHIHUHQFH� �VJ51$� �OLEUDU\� �ILOH�� �6HTXHQFLQJ� �UHDG� �FRXQWV� �ZHUH�

�VXPPDUL]HG� �DW� �JHQH� �OHYHO� �SHU� �VDPSOH� �DQG� �XVHG� �DV� �LQSXW� �WR� �UXQ� �GLIIHUHQWLDO� �DQDO\VLV�

�XVLQJ��'(6HT���SDFNDJH���7KH��ORJ���IROG��FKDQJH��YDOXHV��ZHUH��XVHG��DV��µ*HQH��6FRUH¶��IRU��WKH�

�ILQDO� �YLVXDOL]DWLRQ�� �*HQRPH�ZLGH� �VFUHHQLQJ� �GDWD� �ZDV� �DQDO\]HG� �XVLQJ� �0$*H&.� �0/(�

�HVVHQWLDOO\� �DV� �GHVFULEHG� �LQ� �WKH� �RULJLQDO� �SXEOLFDWLRQ����������� �6HH� �6XSSOHPHQWDU\� �7DEOH� ���

�IRU�DOO�UDZ�VFUHHQLQJ�GDWD��

�*URZWK�FRPSHWLWLRQ�DVVD\V�

�&DV��H[SUHVVLQJ� �FHOOV� �ZHUH� �YLUDOO\� �WUDQVGXFHG� �ZLWK� �WKH� �GHVLJQDWHG� �FRQVWUXFWV�

��S86(35�VJ51$���S86(3%�VJ51$���S&'+�F'1$���LQ�����ZHOO��SODWHV��DW����������LQIHFWLRQ�

�UDWH���WKUHH��LQIHFWLRQ��UHSOLFDWHV����&HOOV��ZHUH��PRQLWRUHG��E\��IORZ��F\WRPHWU\��RYHU��WLPH��XVLQJ�

�DQ� �/65)RUWHVVD� ��%'� �%LRVFLHQFHV�� �IORZ� �F\WRPHWHU� �DQG� �UHODWLYH� �JURZWK� �RI�

�VJ51$�FRQWDLQLQJ� �FHOOV� �ZDV� �DVVHVHG�� �)ORZ� �F\WRPHWU\� �GDWD� �ZDV� �DQDO\]HG� �ZLWK� �)ORZ-R�

�VRIWZDUH� ��%'��%LRVFLHQFHV����7KH��SHUFHQWDJH��RI��VLQJOH��SRVLWLYH���63����W5)3���RU��%)3����RU�
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�GRXEOH� �SRVLWLYH� ��'3�� ��W5)3��%)3��� �FHOOV� �ZDV� �QRUPDOL]HG� �WR� �WKHLU� �UHVSHFWLYH� �³7�´�

�WLPH�SRLQW� �YDOXHV� ��DVVHVVHG� �RQ� �GD\� ��� �RU� ��� �SRVW� �WUDQVGXFWLRQ�� �DV� �LQGLFDWHG� �LQ� �WKH�

�)LJ�OHJHQG��� �1RUPDOL]HG� �YDOXHV� �ZHUH� �ORJ��WUDQVIRUPHG�� �DQG� �WKH� �GLIIHUHQWLDO� �ILWQHVV� �RI�

�FHOOV�ZDV�FDOFXODWHG�DV�IROORZ��

�'LIIHUHQWLDO�)LWQHVV� �ORJ��1RUPDOL]HG�'3����ORJ��1RUPDOL]HG�63��

�&KURPDWLQ�LPPXQRSUHFLSLWDWLRQ��&K,3��

�&URVV�OLQNLQJ��&K,3��LQ��PRXVH��OHXNHPLD��DQG��1,+��7���FHOOV��ZDV��SHUIRUPHG��ZLWK�������[������

�FHOOV� �SHU� �LPPXQRSUHFLSLWDWLRQ�� �$IWHU� �GUXJ� ��RU� �YHKLFOH�� �WUHDWPHQW�� �FHOOV� �ZHUH� �FROOHFWHG��

�ZDVKHG� �RQFH� �ZLWK� �LFH�FROG� �3%6�� �DQG� �IODVK�IUR]HQ�� �&HOOV� �ZHUH� �UHVXVSHQGHG��LQ��LFH�FROG�

�3%6� �DQG� �FURVV�OLQNHG� �XVLQJ� ���� �SDUDIRUPDOGHK\GH� ��3)$�� ��(OHFWURQ� �0LFURVFRS\�

�6FLHQFHV�� �IRU� ��� �PLQXWHV� �DW� �URRP� �WHPSHUDWXUH��ZLWK��JHQWOH��URWDWLRQ���8QUHDFWHG��3)$��ZDV�

�TXHQFKHG� �ZLWK� �JO\FLQH� ��ILQDO� �FRQFHQWUDWLRQ� ����P0�� �IRU�����PLQXWHV��DW��URRP��WHPSHUDWXUH�

�ZLWK� �JHQWOH� �URWDWLRQ�� �&HOOV� �ZHUH� �ZDVKHG� �RQFH� �ZLWK� �LFH�FROG� �3%6� �DQG� �SHOOHWHG� �E\�

�FHQWULIXJDWLRQ� �����J� �IRU� ��� �PLQXWHV��� �7R� �REWDLQ� �D� �VROXEOH� �FKURPDWLQ� �H[WUDFW�� �FHOOV� �ZHUH�

�UHVXVSHQGHG� �LQ� ��P/� �RI� �/%�� ����P0� �+(3(6� �S+� ������ ����P0� �1D&O�� ��P0� �('7$�� �����

�JO\FHURO���������13�������������7ULWRQ��;��������;��FRPSOHWH��SURWHDVH��LQKLELWRU��FRFNWDLO���DQG�

�LQFXEDWHG� �DW� ���&� �IRU������PLQXWHV��ZKLOH��URWDWLQJ���6DPSOHV��ZHUH��FHQWULIXJHG�������J��IRU����

�PLQXWHV��� �UHVXVSHQGHG� �LQ� ��P/� �RI� �/%�� ����P0� �7ULV�+&O� �S+� ������ ����P0� �1D&O�� ��P0�

�('7$������P0��(*7$����;��FRPSOHWH��SURWHDVH��LQKLELWRU��FRFNWDLO����DQG��LQFXEDWHG��DW����&��IRU�

���� �PLQXWHV� �ZKLOH��URWDWLQJ���)LQDOO\���VDPSOHV��ZHUH��FHQWULIXJHG�������J��IRU�����PLQXWHV���DQG�

�UHVXVSHQGHG��LQ���P/��RI��/%������P0��7ULV�+&O��S+�����������P0��1D&O����P0��('7$������P0�

����
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�(*7$�� ������ �VRGLXP� �GHR[\FKRODWH�� ������ �1�/DXUR\OVDUFRVLQH�� ��;� �FRPSOHWH� �SURWHDVH�

�LQKLELWRU� �FRFNWDLO��� �6DPSOHV� �ZHUH� �KRPRJHQL]HG� �E\� �SDVVLQJ� ����� �WLPHV� �WKURXJK� �D�

����JDXJH��QHHGOH��DQG��7ULWRQ��;������ZDV��DGGHG��WR��D��ILQDO��FRQFHQWUDWLRQ��RI�������&KURPDWLQ�

�H[WUDFWV� �ZHUH� �VRQLFDWHG� �IRU� ���� �PLQXWHV� �XVLQJ� �D� �&RYDULV� �(���� �IRFXVHG� �XOWUDVRQLFDWRU��

�/\VDWHV� �ZHUH� �FHQWULIXJHG� �DW� �PD[LPXP� �VSHHG� �IRU� ���� �PLQXWHV� �DW� ���&� �DQG� ���� �RI�

�VXSHUQDWDQW��ZDV��VDYHG��DV��LQSXW��'1$���%HDGV��ZHUH��SUHSDUHG��E\��LQFXEDWLQJ��WKHP��LQ�������

�%6$� �LQ� �3%6� �DQG� �DQWLERGLHV� �RYHUQLJKW� �����ȝ/� �RI� �'\QDEHDGV� �3URWHLQ� �$� �RU� �3URWHLQ� �*�

��,QYLWURJHQ�� �SOXV� ���ȝ/� �RI� �DQWLERG\��� �$QWLERGLHV� �XVHG� �ZHUH�� �DQWL�0HQLQ� ��%HWK\O��

�$�������$��� �DQWL�87;� ��%HWK\O�� �$�������$��� �DQWL�0//�� ��1�WHUP�VSHFLILF�� �%HWK\O��

�$�������$��� �DQWL�0//���� ��NLQGO\� �SURYLGHG� �E\� �WKH� �:\VRFND� �ODERUDWRU\�������� �DQWL�1)�<$�

��6DQWD��&UX]��%LRWHFKQRORJ\���VF����������DQWL�+�.�PH����DEFDP���DE��������DQWL�+�.�PH��

��$FWLYH� �0RWLI�� ��������� �DQG� �DQWL�+�.��DF� ��$FWLYH� �0RWLI�� ��������� �$QWLERG\�%HDGV� �PL[HV�

�ZHUH� �ZDVKHG� �ZLWK� ������ �%6$� �LQ� �3%6� �DQG� �WKHQ� �DGGHG� �WR� �WKH� �O\VDWHV� �RYHUQLJKW� �ZKLOH�

�URWDWLQJ��DW����&���%HDGV��ZHUH��WKHQ��ZDVKHG��VL[��WLPHV��ZLWK��5,3$��EXIIHU�����P0��+(3(6��S+�

������ ����P0� �/L&O�� ��P0� �('7$�� ������ �VRGLXP�GHR[\FKRODWH�� ���� �13����� �DQG� �RQFH� �ZLWK�

�7(�1D&O� �%XIIHU� ����P0� �7ULV�+&O� �S+� ������ ���P0� �1D&O�� ��P0� �('7$��� �&KURPDWLQ� �ZDV�

�HOXWHG� �IURP� �EHDGV��LQ��(OXWLRQ��EXIIHU�����P0��7ULV�+&O��S+����������P0��('7$�������6'6���E\�

�LQFXEDWLQJ� �DW� ����&� �IRU� ���� �PLQXWHV� �ZKLOH� �VKDNLQJ�� �VXSHUQDWDQW� �ZDV� �UHPRYHG� �E\�

�FHQWULIXJDWLRQ�� �DQG��FURVVOLQNLQJ��ZDV��UHYHUVHG��E\��IXUWKHU��LQFXEDWLQJ��FKURPDWLQ��RYHUQLJKW�

�DW� ����&�� �7KH� �HOXWHG� �FKURPDWLQ� �ZDV��WKHQ��WUHDWHG��ZLWK��51DVH$�����PJ�P/���IRU�����KRXU��DW�

����&� �DQG� �ZLWK� �3URWHLQDVH� �.� ��5RFKH�� �IRU� ��� �KRXUV� �DW� ����&�� �'1$� �ZDV� �SXULILHG� �E\� �XVLQJ�

�SKHQRO�FKORURIRUP� �H[WUDFWLRQ� �IROORZHG� �ZLWK� �HWKDQRO� �SUHFLSLWDWLRQ�� �7KH� �1(%1H[W� �8OWUD� �,,�

����
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�'1$� �/LEUDU\� �3UHS� �NLW� �ZDV� �XVHG� �WR� �SUHSDUH� �VDPSOHV� �IRU� �VHTXHQFLQJ� �RQ� �DQ� �,OOXPLQD�

�1H[W6HT�������ES�UHDG�OHQJWK��VLQJOH�HQG��RU���ES�UHDG�OHQJWK��SDLUHG�HQG���

�&K,3�6HT�DQDO\VLV�

�&K,3�VHTXHQFLQJ� �VDPSOHV� �ZHUH� �VHTXHQFHG� �XVLQJ� �WKH� �,OOXPLQD� �1H[W6HT����� �&K,3�VHT�

�UHDGV� �ZHUH� �DOLJQHG� �XVLQJ� �5VXEUHDG¶V� �DOLJQ� �PHWKRG� �DQG� �SUHGLFWHG� �IUDJPHQW� �OHQJWKV�

�FDOFXODWHG� �E\� �WKH� �&K,34&� �5� �%LRFRQGXFWRU� �SDFNDJH��������������� �1RUPDOL]HG�� �IUDJPHQW�

�H[WHQGHG� �VLJQDO� �ELJ:LJV� �ZHUH� �FUHDWHG� �XVLQJ� �WKH� �UWUDFNOD\HU� �5� �%LRFRQGXFWRU� �SDFNDJH��

�3HDN��FDOOV��ZHUH��PDGH��LQ��0$&6���VRIWZDUH������������5HDG��FRXQWV��LQ��SHDNV��ZHUH��FDOFXODWHG�

�XVLQJ� �WKH� �IHDWXUH&RXQWV� �PHWKRG� �LQ� �WKH� �5VXEUHDG� �OLEUDU\����������� �'LIIHUHQWLDO� �&K,3�VHT�

�VLJQDO� �ZHUH� �LGHQWLILHG� �XVLQJ� �WKH� �ELQRP7HVW� �IURP� �WKH� �HGJH5� �5� �%LRFRQGXFWRU�

�SDFNDJH����������� �$QQRWDWLRQ� �RI� �JHQRPLF� �UHJLRQV� �WR� �JHQHV�� �ELRORJLFDO� �IXQFWLRQV�� �DQG�

�SDWKZD\V� �ZHUH� �SHUIRUPHG� �XVLQJ� �WKH� �&K,3VHHNHU� �5� �%LRFRQGXFWRU� �SDFNDJH�����������

�0HWD�SHDN� �SORWV� �ZHUH� �SURGXFHG� �XVLQJ� �WKH� �VR**L� �SDFNDJH� �DQG� �&K,3�VHT� �VLJQDO�

�KHDWPDSV� �JHQHUDWHG� �XVLQJ� �WKH� �'HHSWRROV� �DQG� �SURILOHSO\U� �VRIWZDUH������������3ORWV��VKRZLQJ�

�&K,3�6HT� �UHDG��VLJQDO��RYHU��WUDQVFULSWLRQ��VWDUW��VLWHV���766V���ZHUH��PDGH��ZLWK��WKH��QJV�SORW�

�VRIWZDUH� �SDFNDJH� ��Y������ ��UHI�� ����������� �2YHUODSV� �EHWZHHQ� �SHDN� �VHWV� �ZHUH� �GHWHUPLQHG�

�XVLQJ��WKH��&K,3SHDN$QQR��5��%LRFRQGXFWRU��SDFNDJH��ZLWK��D��PD[LPXP��JDS��EHWZHHQ��SHDNV�

�VHW��WR���NE���UHI��������������3HDNV��ZHUH��DQQRWDWHG��ZLWK��ERWK��JHQHV��DQG��WKH��YDULRXV��W\SHV��RI�

�JHQRPLF� �UHJLRQV� �XVLQJ� �WKH� �&K,3VHHNHU� �5� �%LRFRQGXFWRU� �SDFNDJH����������� �5DQJH�EDVHG�

�KHDWPDSV� �VKRZLQJ� �VLJQDO� �RYHU� �JHQRPLF� �UHJLRQV� �ZHUH� �JHQHUDWHG� �XVLQJ� �WKH��VR**L��DQG�

�SURILOHSO\U� �5� �%LRFRQGXFWRU� �SDFNDJH� �WR� �TXDQWLI\� �UHDG� �VLJQDO��DQG��JURXS��WKH��SHDN��UDQJHV�

����
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�DQG� �WKH� �GHHS7RROV� �VRIWZDUH� �SDFNDJH� ��Y������� �WR� �JHQHUDWH� �WKH� �KHDWPDSV����������� �$Q\�

�UHJLRQV��LQFOXGHG��LQ��WKH��(1&2'(��EODFNOLVWHG��UHJLRQV��RI��WKH��JHQRPH��ZHUH��H[FOXGHG��IURP�

�DOO� �UHJLRQ�VSHFLILF� �DQDO\VHV����������� �)RU� �VRPH� �&K,3�VHT� �H[SHULPHQWV�� �UDZ� �,OOXPLQD�

�1H[W6HT� �%&/� �ILOHV� �ZHUH� �FRQYHUWHG� �WR� �)$674V� �XVLQJ� �,OOXPLQD� �EFO�IDVWT� �Y������������

�DQG��UHDGV��WULPPHG��XVLQJ��7ULPPRPDWLF��Y�������SKUHG��TXDOLW\��WKUHVKROG�������DQG��XSORDGHG�

�WR� �WKH� �WR� �WKH� �%DVHSDLU�VHUYHU� ��EDVHSDLUWHFK�FRP��� �$OLJQPHQW� �DQG� �&K,3�VHT� �4&� �ZDV�

�SHUIRUPHG��RQ��WKH��EDVHSDLU��SODWIRUP���%RZWLH�����3HDN��FDOOLQJ��ZDV��SHUIRUPHG��XVLQJ��0$&6�

��Y������ZLWKLQ�WKH�EDVHSDLU�SODWIRUP�XWLOL]LQJ�WKH�GHIDXOW�SDUDPHWHUV��

�51$�6HT�DQDO\VLV�

�51$�6HT� �VDPSOHV� �ZHUH� �VHTXHQFHG� �XVLQJ� �WKH� �,OOXPLQD� �1H[W6HT����� �7UDQVFULSW�

�DEXQGDQFH� �ZDV� �FRPSXWHG� �IURP� �)$674� �ILOHV� �XVLQJ� �6DOPRQ� �DQG� �WKH� �*(1&2'(�

�UHIHUHQFH��WUDQVFULSW��VHTXHQFHV���WUDQVFULSW��FRXQWV��ZHUH��LPSRUWHG��LQWR��5��ZLWK��WKH��W[LPSRUW�

�5� �%LRFRQGXFWRU� �SDFNDJH�� �DQG� �GLIIHUHQWLDO� �JHQH� �H[SUHVVLRQ� �ZDV� �GHWHUPLQHG� �ZLWK� �WKH�

�'(6HT���5��%LRFRQGXFWRU��SDFNDJH������±���������7KH��GDWD��ZDV��YLVXDOL]HG��XVLQJ��WKH��JJSORW��

�5� �SDFNDJH�� �1RUPDOL]HG� �FRXQWV� �ZHUH� �H[WUDFWHG� �IURP� �WKH� �'(6HT�� �UHVXOWV� �DQG��]�VFRUHV�

�IRU� �WKH� �LQGLFDWHG� �JHQH� �VHWV� �ZHUH� �YLVXDOL]HG� �XVLQJ� �ERWK� �KHDWPDSV� �DQG� �ER[SORWV��

�+HDWPDSV��VKRZLQJ��JHQH��H[SUHVVLRQ��FKDQJHV��DFURVV��VDPSOHV��ZHUH��JHQHUDWHG��XVLQJ��WKH�

�SKHDWPDS� �5� �SDFNDJH� �DQG� �ER[SORWV� �ZHUH� �PDGH� �ZLWK� �WKH� �JJSORW�� �5� �SDFNDJH�� �*HQH�

�RQWRORJ\� �DQDO\VLV� �XVLQJ� �WKH� �.(**� ������ �GDWDEDVH� �ZDV� �SHUIRUPHG� �XVLQJ� �WKH� �(QULFKU�

�WRRO����������

�6WDWLVWLFDO�DQDO\VHV�

����
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�6WDWLVWLFDO� �WHVWV� �ZHUH� �XVHG� �DV� �LQGLFDWHG� �LQ� �)LJXUH� �OHJHQGV�� �*HQHUDWLRQ� �RI� �SORWV� �DQG�

�VWDWLVWLFDO� �DQDO\VHV� �ZHUH� �SHUIRUPHG� �XVLQJ� �3ULVP� ��� ��*UDSK3DG��� �(UURU� �EDUV� �UHSUHVHQW�

�VWDQGDUG� �GHYLDWLRQ�� �XQOHVV� �RWKHUZLVH� �QRWHG�� �:H� �XVHG� �6WXGHQW¶V� �W�WHVW� ��XQSDLUHG��

�WZR�WDLOHG�� �WR� �DVVHVV� �VLJQLILFDQFH� �EHWZHHQ� �WUHDWPHQW� �DQG� �FRQWURO� �JURXSV�� �DQG� �WR�

�FDOFXODWH�3�YDOXHV��3������ZDV�FRQVLGHUHG�VWDWLVWLFDOO\�VLJQLILFDQW��

�6RXUFH�GDWD�DYDLODELOLW\�

�'DWD� �VXSSRUWLQJ� �WKH� �ILQGLQJV� �RI� �WKLV� �VWXG\� �DUH� �UHSRUWHG��LQ��6XSSOHPHQWDU\��)LJXUHV�������

�DQG� �6XSSOHPHQWDU\� �7DEOHV� ������ �$OO� �UDZ� �GDWD� �FRUUHVSRQGLQJ� �WR� �KLJK�WKURXJKSXW�

�DSSURDFKHV� ��&5,635� �VFUHHQV�� �51$�6HT�� �DQG� �&K,3�6HT�� �LV� �DYDLODEOH� �WKURXJK� �1&%,�

�*(2� ��$FFHVVLRQ�� �*6(��������� �$OO� �UHDJHQWV� �DQG� �PDWHULDOV� �JHQHUDWHG� �LQ��WKLV��VWXG\��ZLOO�

�EH� �DYDLODEOH� �WR� �WKH� �VFLHQWLILF� �FRPPXQLW\� �WKURXJK� �$GGJHQH� �DQG�RU� �07$V�� �)XUWKHU�

�LQIRUPDWLRQ� �DQG� �UHTXHVWV� �IRU� �UHVRXUFHV� �DQG� �UHDJHQWV��VKRXOG��EH��GLUHFWHG��WR��DQG��ZLOO��EH�

�IXOILOOHG� �E\� �WKH� �/HDG� �&RQWDFWV�� �&�� �'DYLG� �$OOLV� ����DOOLVFG#URFNHIHOOHU�HGX����� �6FRWW� �:�� �/RZH�

����ORZHV#PVNFF�RUJ�����DQG�6FRWW��$��$UPVWURQJ����6FRWWB$UPVWURQJ#GIFL�KDUYDUG�HGX�����

�5()(5(1&(6�

���� �*XUX�6&��*ROGVPLWK�3.��%XUQV�$/��0DU[�6-��6SLHJHO��$0��&ROOLQV�)6��HW�DO��0HQLQ��WKH�
�SURGXFW�RI�WKH�0(1��JHQH��LV�D�QXFOHDU�SURWHLQ��3URF�1DWO�$FDG�6FL�8�6�$��1DWLRQDO�$FDG�
�6FLHQFHV��������������±���

���� �+XJKHV�&0��5R]HQEODWW�5RVHQ�2��0LOQH�7$��&RSHODQG��7'��/HYLQH�66��/HH�-&��HW�DO��0HQLQ�
�DVVRFLDWHV�ZLWK�D�WULWKRUD[�IDPLO\�KLVWRQH�PHWK\OWUDQVIHUDVH�FRPSOH[�DQG�ZLWK�WKH�KR[F��
�ORFXV��0RO�&HOO�������������±����

���� �0LOQH�7$��+XJKHV�&0��/OR\G�5��<DQJ�=��5R]HQEODWW�5RVHQ��2��'RX�<��HW�DO��0HQLQ�DQG�0//�
�FRRSHUDWLYHO\�UHJXODWH�H[SUHVVLRQ�RI�F\FOLQ�GHSHQGHQW�NLQDVH�LQKLELWRUV��3URF�1DWO�$FDG�6FL�

����
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�8�6�$��1DWLRQDO�$FDG�6FLHQFHV��������������±����

���� �<RNR\DPD�$��6RPHUYDLOOH�7&3��6PLWK�.6��5R]HQEODWW�5RVHQ��2��0H\HUVRQ�0��&OHDU\�0/��
�7KH�PHQLQ�WXPRU�VXSSUHVVRU�SURWHLQ�LV�DQ�HVVHQWLDO�RQFRJHQLF�FRIDFWRU�IRU�0//�DVVRFLDWHG�
�OHXNHPRJHQHVLV��&HOO��(OVHYLHU�,QF���������������±����

���� �%UqV�9��<RVKLGD�7��3LFNOH�/��-RQHV�.$��6.,3�LQWHUDFWV��ZLWK�F�0\F�DQG�0HQLQ�WR�SURPRWH�
�+,9���7DW�WUDQVDFWLYDWLRQ��0RO�&HOO��(OVHYLHU�,QF�������������±����

���� �$JDUZDO�6.��-RWKL�5��*HQRPH�ZLGH�FKDUDFWHUL]DWLRQ��RI�PHQLQ�GHSHQGHQW�+�.�PH��UHYHDOV�
�D�VSHFLILF�UROH�IRU�PHQLQ�LQ�WKH�UHJXODWLRQ�RI�JHQHV�LPSOLFDWHG�LQ�0(1��OLNH�WXPRUV��3/R6�
�2QH���������H�������

���� �+XDQJ�-��*XUXQJ�%��:DQ�%��0DWNDU�6��9HQLDPLQRYD��1$��:DQ�.��HW�DO��7KH�VDPH�SRFNHW�LQ�
�PHQLQ�ELQGV�ERWK�0//�DQG�-81'�EXW�KDV�RSSRVLWH�HIIHFWV�RQ�WUDQVFULSWLRQ��1DWXUH��1DWXUH�
�3XEOLVKLQJ�*URXS��������������±���

���� �.DML�+��&DQDII�/��/HEUXQ�--��*ROW]PDQ�'��+HQG\��*1��,QDFWLYDWLRQ�RI�PHQLQ��D�
�6PDG��LQWHUDFWLQJ�SURWHLQ��EORFNV�WUDQVIRUPLQJ�JURZWK�IDFWRU�W\SH�EHWD�VLJQDOLQJ��3URF�1DWO�
�$FDG�6FL�8�6�$��1DWLRQDO�$FDG�6FLHQFHV��������������±����

���� �6RZD�+��.DML�+��&DQDII�/��+HQG\�*1��7VXNDPRWR��7��<DPDJXFKL�7��HW�DO��,QDFWLYDWLRQ�RI�
�PHQLQ��WKH�SURGXFW�RI�WKH�PXOWLSOH�HQGRFULQH�QHRSODVLD�W\SH���JHQH��LQKLELWV�WKH�FRPPLWPHQW�
�RI�PXOWLSRWHQWLDO�PHVHQFK\PDO�VWHP�FHOOV�LQWR�WKH�RVWHREODVW�OLQHDJH��-�%LRO�&KHP�������
�$6%0%��&XUUHQWO\�SXEOLVKHG�E\�(OVHYLHU�,QF��RULJLQDOO\�SXEOLVKHG�E\�$PHULFDQ�6RFLHW\�IRU�
�%LRFKHPLVWU\�DQG�0ROHFXODU�%LRORJ\�����������������±����

����� �<RNR\DPD�$��&OHDU\�0/��0HQLQ�FULWLFDOO\�OLQNV��0//�SURWHLQV�ZLWK�/('*)�RQ�
�FDQFHU�DVVRFLDWHG�WDUJHW�JHQHV��&DQFHU�&HOO��(OVHYLHU�,QF�������������±����

����� �%DORJK�.��5iF]�.��3DWyFV�$��+XQ\DG\�/��0HQLQ��DQG�LWV�LQWHUDFWLQJ�SURWHLQV��HOXFLGDWLRQ�RI�
�PHQLQ�IXQFWLRQ��7UHQGV�(QGRFULQRO�0HWDE�������������±����

����� �<RNR\DPD�$��:DQJ�=��:\VRFND�-��6DQ\DO�0��$XILHUR��'-��.LWDED\DVKL�,��HW�DO��/HXNHPLD�
�SURWR�RQFRSURWHLQ�0//�IRUPV�D�6(7��OLNH�KLVWRQH�PHWK\OWUDQVIHUDVH�FRPSOH[�ZLWK�PHQLQ�WR�
�UHJXODWH�+R[�JHQH�H[SUHVVLRQ��0RO�&HOO�%LRO��������������±����

����� �:DQJ�3��/LQ�&��6PLWK�(5��*XR�+��6DQGHUVRQ�%:���:X�0��HW�DO��*OREDO�DQDO\VLV�RI�+�.��
�PHWK\ODWLRQ�GHILQHV�0//�IDPLO\�PHPEHU�WDUJHWV�DQG�SRLQWV�WR�D�UROH�IRU�0//��PHGLDWHG�
�+�.��PHWK\ODWLRQ�LQ�WKH�UHJXODWLRQ�RI�WUDQVFULSWLRQDO�LQLWLDWLRQ�E\�51$�SRO\PHUDVH�,,��0RO�
�&HOO�%LRO��������������±����

����� �&KDQGUDVHNKDUDSSD�6&��*XUX�6&��0DQLFNDP�3��2OXIHPL��6(��&ROOLQV�)6��(PPHUW�%XFN�05��
�HW�DO��3RVLWLRQDO�FORQLQJ�RI�WKH�JHQH�IRU�PXOWLSOH�HQGRFULQH�QHRSODVLD�W\SH����6FLHQFH��
�������������±���

����� �-LDR�<��6KL�&��(GLO�%+��GH�:LOGH�5)��.OLPVWUD��'6��0DLWUD�$��HW�DO��'$;;�$75;��0(1���DQG�
�P725�SDWKZD\�JHQHV�DUH�IUHTXHQWO\�DOWHUHG�LQ�SDQFUHDWLF�QHXURHQGRFULQH�WXPRUV��6FLHQFH��
��������������±�����
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����� �$VJKDULDQ�%��7XUQHU�0/��*LEULO�)��(QWVXDK�/.���6HUUDQR�-��-HQVHQ�57��&XWDQHRXV�WXPRUV�LQ�
�SDWLHQWV�ZLWK�PXOWLSOH�HQGRFULQH�QHRSODVP�W\SH����0(1���DQG�JDVWULQRPDV��SURVSHFWLYH�
�VWXG\�RI�IUHTXHQF\�DQG�GHYHORSPHQW�RI�FULWHULD�ZLWK�KLJK�VHQVLWLYLW\�DQG�VSHFLILFLW\�IRU�
�0(1���-�&OLQ�(QGRFULQRO�0HWDE��������������±����

����� �3HL�;�+��%DL�)��6PLWK�0'��;LRQJ�<��S��,QN�F�FROODERUDWHV��ZLWK�0HQ��WR�FRQVWUDLQ�OXQJ�VWHP�
�FHOO�H[SDQVLRQ�DQG�VXSSUHVV�QRQ�VPDOO�FHOO�OXQJ�FDQFHUV��&DQFHU�5HV��$PHULFDQ�
�$VVRFLDWLRQ�IRU�&DQFHU�5HVHDUFK��������������±����

����� �)DOFKHWWL�$��0DULQL�)��/X]L�(��*LXVWL�)��&DYDOOL��/��&DYDOOL�7��HW�DO��0XOWLSOH�HQGRFULQH�QHRSODVLD�
�W\SH����0(1����QRW�RQO\�LQKHULWHG�HQGRFULQH�WXPRUV��*HQHW�0HG�������������±����

����� �;X�%��/L�6�+��=KHQJ�5��*DR�6�%��'LQJ�/�+��<LQ��=�<��HW�DO��0HQLQ�SURPRWHV�KHSDWRFHOOXODU�
�FDUFLQRJHQHVLV�DQG�HSLJHQHWLFDOO\�XS�UHJXODWHV�<DS��WUDQVFULSWLRQ��3URF�1DWO�$FDG�6FL�8�6�
�$����������������±���

����� �.ULYWVRY�$9��$UPVWURQJ�6$��0//�WUDQVORFDWLRQV���KLVWRQH�PRGLILFDWLRQV�DQG�OHXNDHPLD�
�VWHP�FHOO�GHYHORSPHQW��1DW�5HY�&DQFHU������������±����

����� �/HPRV�0&��7KDNNHU�59��0XOWLSOH�HQGRFULQH�QHRSODVLD�W\SH����0(1����DQDO\VLV�RI������
�PXWDWLRQV�UHSRUWHG�LQ�WKH�ILUVW�GHFDGH�IROORZLQJ�LGHQWLILFDWLRQ�RI�WKH�JHQH��+XP�0XWDW��
�����������±����

����� �%RUNLQ�'��+H�6��0LDR�+��.HPSLQVND�.��3ROORFN��-��&KDVH�-��HW�DO��3KDUPDFRORJLF�LQKLELWLRQ�RI�
�WKH�0HQLQ�0//�LQWHUDFWLRQ�EORFNV�SURJUHVVLRQ�RI�0//�OHXNHPLD�LQ�YLYR��&DQFHU�&HOO��
������������±�����

����� �'UHLMHULQN�.0$��*URQHU�$&��9RV�(60��)RQW�7HOOR��$��*X�/��&KL�'��HW�DO��(QKDQFHU�0HGLDWHG�
�2QFRJHQLF�)XQFWLRQ�RI�WKH�0HQLQ�7XPRU�6XSSUHVVRU�LQ�%UHDVW�&DQFHU��&HOO�5HS��7KH�
�$XWKRUV��������������±����

����� �*UHPEHFND�-��+H�6��6KL�$��3XURKLW�7��0XQWHDQ��$*��6RUHQVRQ�5-��HW�DO��0HQLQ�0//�
�LQKLELWRUV�UHYHUVH�RQFRJHQLF�DFWLYLW\�RI�0//�IXVLRQ�SURWHLQV�LQ�OHXNHPLD��1DW�&KHP�%LRO��
�1DWXUH�3XEOLVKLQJ�*URXS������������±����

����� �.ULYWVRY�$9��(YDQV�.��*DGUH\�-<��(VFKOH�%.��+DWWRQ��&��8FNHOPDQQ�+-��HW�DO��$�0HQLQ�0//�
�,QKLELWRU�,QGXFHV�6SHFLILF�&KURPDWLQ�&KDQJHV�DQG�(UDGLFDWHV�'LVHDVH�LQ�0RGHOV�RI�
�0//�5HDUUDQJHG�/HXNHPLD��&DQFHU�&HOO��(OVHYLHU�,QF��������������±���H����

����� �0DOLN�5��.KDQ�$3��$VDQJDQL�,$��&LHĞOLN�0��3UHQVQHU��-5��:DQJ�;��HW�DO��7DUJHWLQJ�WKH�0//�
�FRPSOH[�LQ�FDVWUDWLRQ�UHVLVWDQW�SURVWDWH�FDQFHU��1DW�0HG��1DWXUH�3XEOLVKLQJ�*URXS��
������������±����

����� �8FNHOPDQQ�+-��.LP�60��:RQJ�(0��+DWWRQ�&��*LRYLQD]]R��+��*DGUH\�-<��HW�DO��7KHUDSHXWLF�
�WDUJHWLQJ�RI�SUHOHXNHPLD�FHOOV�LQ�D�PRXVH�PRGHO�RI�130��PXWDQW�DFXWH�P\HORLG�OHXNHPLD��
�6FLHQFH��������������±����

����� �.XUPDVKHYD�57��%DQG\RSDGK\D\�$��)DYRXUV�(��3R]R��9'��*KLOX�6��3KHOSV�'$��HW�DO��
�(YDOXDWLRQ�RI�973��������D�PHQLQ�0//��LQKLELWRU��DJDLQVW�(ZLQJ�VDUFRPD�[HQRJUDIW�
�PRGHOV�E\�WKH�SHGLDWULF�SUHFOLQLFDO�WHVWLQJ�FRQVRUWLXP��3HGLDWU�%ORRG�&DQFHU��:LOH\��
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���������H�������

����� �&KHQ�&�:��.RFKH�53��6LQKD�$8��'HVKSDQGH�$-��=KX��1��(QJ�5��HW�DO��'27�/�LQKLELWV�
�6,57��PHGLDWHG�HSLJHQHWLF�VLOHQFLQJ�WR�PDLQWDLQ�OHXNHPLF�JHQH�H[SUHVVLRQ�LQ�
�0//�UHDUUDQJHG�OHXNHPLD��1DW�0HG��1DWXUH�3XEOLVKLQJ�*URXS�������������±����

����� �%HUQW�.0��=KX�1��6LQKD�$8��9HPSDWL�6��)DEHU�-���.ULYWVRY�$9��HW�DO��0//�UHDUUDQJHG�
�OHXNHPLD�LV�GHSHQGHQW�RQ�DEHUUDQW�+�.���PHWK\ODWLRQ�E\�'27�/��&DQFHU�&HOO��(OVHYLHU�
�,QF�������������±����

����� �&KDQJ�0�-��:X�+��$FKLOOH�1-��5HLVHQDXHU�05��&KRX��&�:��=HOH]QLN�/H�1-��HW�DO��+LVWRQH�
�+��O\VLQH����PHWK\OWUDQVIHUDVH�'RW��LV�UHTXLUHG�IRU�LPPRUWDOL]DWLRQ�E\�0//�RQFRJHQHV��
�&DQFHU�5HV��$PHULFDQ�$VVRFLDWLRQ�IRU�&DQFHU�5HVHDUFK���������������±����

����� �0XHOOHU�'��*DUFtD�&XpOODU�0�3��%DFK�&��%XKO�6���0DHWKQHU�(��6ODQ\�5.��0LVJXLGHG�
�WUDQVFULSWLRQDO�HORQJDWLRQ�FDXVHV�PL[HG�OLQHDJH�OHXNHPLD��3/R6�%LRO���������H���������

����� �=XEHU�-��6KL�-��:DQJ�(��5DSSDSRUW�$5��+HUUPDQQ��+��6LVRQ�($��HW�DO��51$L�VFUHHQ�
�LGHQWLILHV�%UG��DV�D�WKHUDSHXWLF�WDUJHW�LQ�DFXWH�P\HORLG�OHXNDHPLD��1DWXUH��1DWXUH�
�3XEOLVKLQJ�*URXS��������������±���

����� �=XEHU�-��5DSSDSRUW�$5��/XR�:��:DQJ�(��&KHQ�&���9DVHYD�$9��HW�DO��$Q�LQWHJUDWHG�DSSURDFK�
�WR�GLVVHFWLQJ�RQFRJHQH�DGGLFWLRQ�LPSOLFDWHV�D�0\E�FRRUGLQDWHG�VHOI�UHQHZDO�SURJUDP�DV�
�HVVHQWLDO�IRU�OHXNHPLD�PDLQWHQDQFH��*HQHV�'HY��&ROG�6SULQJ�+DUERU�/DE��
�������������±����

����� �0HHNV�--��6KLODWLIDUG�$��0XOWLSOH�5ROHV�IRU�WKH��0//�&203$66�)DPLO\�LQ�WKH�(SLJHQHWLF�
�5HJXODWLRQ�RI�*HQH�([SUHVVLRQ�DQG�LQ�&DQFHU��$QQX�5HY�&DQFHU�%LRO��$QQXDO�5HYLHZV��
�����������±����

����� �0LOQH�7$��%ULJJV�6'��%URFN�+:��0DUWLQ�0(��*LEEV��'��$OOLV�&'��HW�DO��0//�WDUJHWV�6(7�
�GRPDLQ�PHWK\OWUDQVIHUDVH�DFWLYLW\�WR�+R[�JHQH�SURPRWHUV��0RO�&HOO��(OVHYLHU�,QF���
�������������±����

����� �1DNDPXUD�7��0RUL�7��7DGD�6��.UDMHZVNL�:��5R]RYVNDLD��7��:DVVHOO�5��HW�DO��$//���LV�D�
�KLVWRQH�PHWK\OWUDQVIHUDVH�WKDW�DVVHPEOHV�D�VXSHUFRPSOH[�RI�SURWHLQV�LQYROYHG�LQ�
�WUDQVFULSWLRQDO�UHJXODWLRQ��0RO�&HOO��������������±����

����� �'RULJKL�.0��6ZLJXW�7��+HQULTXHV�7��%KDQX�19���6FUXJJV�%6��1DG\�1��HW�DO��0OO��DQG�0OO��
�)DFLOLWDWH�(QKDQFHU�51$�6\QWKHVLV�DQG�7UDQVFULSWLRQ�IURP�3URPRWHUV�,QGHSHQGHQWO\�RI�
�+�.��0RQRPHWK\ODWLRQ��0RO�&HOO��(OVHYLHU�,QF��������������±���H���

����� �+HU]�+�0��0RKDQ�0��*DUUXVV�$6��/LDQJ�.��7DNDKDVKL��<�+��0LFNH\�.��HW�DO��
�(QKDQFHU�DVVRFLDWHG�+�.��PRQRPHWK\ODWLRQ�E\�7ULWKRUD[�UHODWHG��WKH�'URVRSKLOD�KRPRORJ�
�RI�PDPPDOLDQ�0OO��0OO���*HQHV�'HY��&ROG�6SULQJ�+DUERU�/DE��������������±����

����� �+X�'��*DR�;��0RUJDQ�0$��+HU]�+�0��6PLWK�(5��6KLODWLIDUG��$��7KH�0//��0//��EUDQFKHV�RI�
�WKH�&203$66�IDPLO\�IXQFWLRQ�DV�PDMRU�KLVWRQH�+�.��PRQRPHWK\ODVHV�DW�HQKDQFHUV��0RO�
�&HOO�%LRO��������������±����
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����� �/HH�-��.LP�'�+��/HH�6��<DQJ�4�+��/HH�'�.��/HH��6�.��HW�DO��$�WXPRU�VXSSUHVVLYH�FRDFWLYDWRU�
�FRPSOH[�RI�S���FRQWDLQLQJ�$6&���DQG�KLVWRQH�+��O\VLQH���PHWK\OWUDQVIHUDVH�0//��RU�LWV�
�SDUDORJXH�0//���3URF�1DWO�$FDG�6FL�8�6�$���������������±���

����� �:DQJ�6�3��7DQJ�=��&KHQ�&�:��6KLPDGD�0��.RFKH��53��:DQJ�/�+��HW�DO��$�87;�0//��S����
�7UDQVFULSWLRQDO�5HJXODWRU\�1HWZRUN�&RRUGLQDWHO\�6KDSHV�$FWLYH�(QKDQFHU�/DQGVFDSHV�IRU�
�(OLFLWLQJ�7UDQVFULSWLRQ��0RO�&HOO��(OVHYLHU�,QF��������������±���H���

����� �,VVDHYD�,��=RQLV�<��5R]RYVNDLD�7��2UORYVN\�.���&URFH�&0��1DNDPXUD�7��HW�DO��.QRFNGRZQ�RI�
�$/5��0//���UHYHDOV�$/5�WDUJHW�JHQHV�DQG�OHDGV�WR�DOWHUDWLRQV�LQ�FHOO�DGKHVLRQ�DQG�JURZWK��
�0RO�&HOO�%LRO��������������±�����

����� �6DQWRV�0$��)DU\DEL�5%��(UJHQ�$9��'D\�$0��0DOKRZVNL��$��&DQHOD�$��HW�DO��
�'1$�GDPDJH�LQGXFHG�GLIIHUHQWLDWLRQ�RI�OHXNDHPLF�FHOOV�DV�DQ�DQWL�FDQFHU�EDUULHU��1DWXUH��
�1DWXUH�3XEOLVKLQJ�*URXS��������������±����

����� �*DåRYi�,��/HQJHOLQJ�$��6XPPHUV�.0��/\VLQH�GHPHWK\ODVHV��.'0�$�DQG�87<��7KH�;�DQG�<�
�RI�KLVWRQH�GHPHWK\ODWLRQ��0RO�*HQHW�0HWDE�������������±����

����� �.RRLVWUD�60��+HOLQ�.��0ROHFXODU�PHFKDQLVPV�DQG�SRWHQWLDO�IXQFWLRQV�RI�KLVWRQH�
�GHPHWK\ODVHV��1DW�5HY�0RO�&HOO�%LRO��6SULQJHU�86�������������±�����

����� �.ULYWVRY�$9��7ZRPH\�'��)HQJ�=��6WXEEV�0&��:DQJ��<��)DEHU�-��HW�DO��7UDQVIRUPDWLRQ�IURP�
�FRPPLWWHG�SURJHQLWRU�WR�OHXNDHPLD�VWHP�FHOO�LQLWLDWHG�E\�0//±$)���1DWXUH��1DWXUH�
�3XEOLVKLQJ�*URXS��������������±����

����� �7KLUPDQ�0-��*LOO�+-��%XUQHWW�5&��0EDQJNROOR�'���0F&DEH�15��.RED\DVKL�+��HW�DO��
�5HDUUDQJHPHQW�RI�WKH�0//�JHQH�LQ�DFXWH�O\PSKREODVWLF�DQG�DFXWH�P\HORLG�OHXNHPLDV�ZLWK�
���T���FKURPRVRPDO�WUDQVORFDWLRQV��1�(QJO�-�0HG��������������±����

����� �0H\HU�&��%XUPHLVWHU�7��*U|JHU�'��7VDXU�*��)HFKLQD��/��5HQQHYLOOH�$��HW�DO��7KH�0//�
�UHFRPELQRPH�RI�DFXWH�OHXNHPLDV�LQ�������/HXNHPLD��1DWXUH�3XEOLVKLQJ�*URXS��
������������±����

����� �.�KQ�0:0��6RQJ�(��)HQJ�=��6LQKD�$��&KHQ�&�:���'HVKSDQGH�$-��HW�DO��7DUJHWLQJ�
�&KURPDWLQ�5HJXODWRUV�,QKLELWV�/HXNHPRJHQLF�*HQH�([SUHVVLRQ�LQ�130��0XWDQW�/HXNHPLD��
�&DQFHU�'LVFRY��$PHULFDQ�$VVRFLDWLRQ�IRU�&DQFHU�5HVHDUFK�������������±����

����� �7LDFFL�(��6SDQKRO�5RVVHWR�$��0DUWHOOL�03��3DVTXDOXFFL��/��4XHQWPHLHU�+��*URVVPDQQ�9��HW�
�DO��7KH�130��ZLOG�W\SH�2&,�$0/��DQG�WKH�130��PXWDWHG�2&,�$0/��FHOO�OLQHV�FDUU\�
�'107�$�PXWDWLRQV��/HXNHPLD��1DWXUH�3XEOLVKLQJ�*URXS�������������±���

����� �&KHQ�<��-RQHV�./��$QDVWDVVLDGLV�.��.UDQ]�$��6WHZDUW��$)��*UHPEHFND�-��HW�DO��'LVWLQFW�
�SDWKZD\V�DIIHFWHG�E\�PHQLQ�YHUVXV�0//��0//��LQ�0//�UHDUUDQJHG�DFXWH�P\HORLG�
�OHXNHPLD��([S�+HPDWRO��(OVHYLHU�,QF�������������±����

����� �.XPDU�$5��/L�4��+XGVRQ�:$��&KHQ�:��6DP�7��<DR��4��HW�DO��$�UROH�IRU�0(,6��LQ�0//�IXVLRQ�
�JHQH�OHXNHPLD��%ORRG���������������±���

����� �6FDFKHUL�3&��'DYLV�6��2GRP�'7��&UDZIRUG�*(��3HUNLQV��6��+DODZL�0-��HW�DO��*HQRPH�ZLGH�
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�DQDO\VLV�RI�PHQLQ�ELQGLQJ�SURYLGHV�LQVLJKWV�LQWR�0(1��WXPRULJHQHVLV��3/R6�*HQHW��
��������H����

����� �&KHQJ�-��%OXP�5��%RZPDQ�&��+X�'��6KLODWLIDUG��$��6KHQ�6��HW�DO��$�UROH�IRU�+�.��
�PRQRPHWK\ODWLRQ�LQ�JHQH�UHSUHVVLRQ�DQG�SDUWLWLRQLQJ�RI�FKURPDWLQ�UHDGHUV��0RO�&HOO��
�(OVHYLHU�,QF��������������±����

����� �0RUJDQ�0$-��6KLODWLIDUG�$��5HHYDOXDWLQJ�WKH�UROHV��RI�KLVWRQH�PRGLI\LQJ�HQ]\PHV�DQG�WKHLU�
�DVVRFLDWHG�FKURPDWLQ�PRGLILFDWLRQV�LQ�WUDQVFULSWLRQDO�UHJXODWLRQ��1DW�*HQHW��1DWXUH�
�3XEOLVKLQJ�*URXS��������������±����

����� �-DQJ�<��%URXQ�$��:DQJ�&��3DUN�<�.��=KXDQJ�/���/HH�-�(��HW�DO��+���.�0�GHVWDELOL]HV�
�HQKDQFHU�+�.��PHWK\OWUDQVIHUDVHV�0//��0//��DQG�LPSDLUV�DGLSRVH�WLVVXH�GHYHORSPHQW��
�1XFOHLF�$FLGV�5HV�������������±����

����� �/D�3��6FKQHSS�5:��'�3HWHUVHQ�&��&�6LOYD�$��+XD��;��7XPRU�VXSSUHVVRU�PHQLQ�UHJXODWHV�
�H[SUHVVLRQ�RI�LQVXOLQ�OLNH�JURZWK�IDFWRU�ELQGLQJ�SURWHLQ����(QGRFULQRORJ\��
��������������±����

����� �2OGILHOG�$-��+HQULTXHV�7��.XPDU�'��%XUNKROGHU�$%��&LQJKX�6��3DXOHW�'��HW�DO��1)�<�FRQWUROV�
�ILGHOLW\�RI�WUDQVFULSWLRQ�LQLWLDWLRQ�DW�JHQH�SURPRWHUV�WKURXJK�PDLQWHQDQFH�RI�WKH�
�QXFOHRVRPH�GHSOHWHG�UHJLRQ��1DW�&RPPXQ����������������

����� �7VKHUQLDN�$��9D]TXH]�)��0RQWJRPHU\�3*��:HLU�%$���.U\XNRY�*��&RZOH\�*6��HW�DO��'HILQLQJ�
�D�&DQFHU�'HSHQGHQF\�0DS��&HOO��������������±���H����

����� �-HQXZHLQ�7��$OOLV�&'��7UDQVODWLQJ�WKH�KLVWRQH��FRGH��6FLHQFH��$PHULFDQ�$VVRFLDWLRQ�IRU�WKH�
�$GYDQFHPHQW�RI�6FLHQFH���������������±����

����� �$NKWDU�$��%HFNHU�3%��$FWLYDWLRQ�RI�WUDQVFULSWLRQ��WKURXJK�KLVWRQH�+��DFHW\ODWLRQ�E\�02)��DQ�
�DFHW\OWUDQVIHUDVH�HVVHQWLDO�IRU�GRVDJH�FRPSHQVDWLRQ�LQ�'URVRSKLOD��0RO�&HOO��
�����������±����

����� �%RQH�-5��/DYHQGHU�-��5LFKPDQ�5��3DOPHU�0-��7XUQHU��%0��.XURGD�0,��$FHW\ODWHG�KLVWRQH�
�+��RQ�WKH�PDOH�;�FKURPRVRPH�LV�DVVRFLDWHG�ZLWK�GRVDJH�FRPSHQVDWLRQ�LQ�'URVRSKLOD��
�*HQHV�'HY�����������±�����

����� �6PLWK�(5��3DQQXWL�$��*X�:��6WHXUQDJHO�$��&RRN��5*��$OOLV�&'��HW�DO��7KH�GURVRSKLOD�06/�
�FRPSOH[�DFHW\ODWHV�KLVWRQH�+��DW�O\VLQH�����D�FKURPDWLQ�PRGLILFDWLRQ�OLQNHG�WR�GRVDJH�
�FRPSHQVDWLRQ��0RO�&HOO�%LRO�������������±���

����� �6KRJUHQ�.QDDN�0��,VKLL�+��6XQ�-�0��3D]LQ�0-���'DYLH�-5��3HWHUVRQ�&/��+LVWRQH�+��.���
�DFHW\ODWLRQ�FRQWUROV�FKURPDWLQ�VWUXFWXUH�DQG�SURWHLQ�LQWHUDFWLRQV��6FLHQFH��������������±���

����� �7D\ORU�*&$��(VNHODQG�5��+HNLPRJOX�%DONDQ�%��3UDGHHSD��00��%LFNPRUH�:$��+�.���
�DFHW\ODWLRQ�PDUNV�DFWLYH�JHQHV�DQG�HQKDQFHUV�RI�HPEU\RQLF�VWHP�FHOOV��EXW�GRHV�QRW�DOWHU�
�FKURPDWLQ�FRPSDFWLRQ��*HQRPH�5HV��������������±����

����� �&KHQ�(<��7DQ�&0��.RX�<��'XDQ�4��:DQJ�=��0HLUHOOHV��*9��HW�DO��(QULFKU��LQWHUDFWLYH�DQG�
�FROODERUDWLYH�+70/��JHQH�OLVW�HQULFKPHQW�DQDO\VLV�WRRO��%0&�%LRLQIRUPDWLFV��%LR0HG�

����

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

The copyright holder for this preprint (whichthis version posted April 13, 2022. ; https://doi.org/10.1101/2021.10.22.465184doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465184
http://creativecommons.org/licenses/by-nc-nd/4.0/


�&HQWUDO�������������±�����

����� �.XOHVKRY�09��-RQHV�05��5RXLOODUG�$'��)HUQDQGH]��1)��'XDQ�4��:DQJ�=��HW�DO��(QULFKU��D�
�FRPSUHKHQVLYH�JHQH�VHW�HQULFKPHQW�DQDO\VLV�ZHE�VHUYHU������XSGDWH��1XFOHLF�$FLGV�5HV��
���������:��±���

����� �6XEUDPDQLDQ�$��7DPD\R�3��0RRWKD�9.��0XNKHUMHH��6��(EHUW�%/��*LOOHWWH�0$��HW�DO��*HQH�VHW�
�HQULFKPHQW�DQDO\VLV��D�NQRZOHGJH�EDVHG�DSSURDFK�IRU�LQWHUSUHWLQJ�JHQRPH�ZLGH�
�H[SUHVVLRQ�SURILOHV��3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV��1DWLRQDO�$FDG�
�6FLHQFHV����������������±����

����� �)ULGPDQ�$/��7DLQVN\�0$��&ULWLFDO�SDWKZD\V�LQ��FHOOXODU�VHQHVFHQFH�DQG�LPPRUWDOL]DWLRQ�
�UHYHDOHG�E\�JHQH�H[SUHVVLRQ�SURILOLQJ��2QFRJHQH��1DWXUH�3XEOLVKLQJ�*URXS��
�������������±����

����� �5XVFHWWL�0��/HLEROG�-��%RWW�0-��)HQQHOO�0��.XOLFN��$��6DOJDGR�15��HW�DO��1.�FHOO�PHGLDWHG�
�F\WRWR[LFLW\�FRQWULEXWHV�WR�WXPRU�FRQWURO�E\�D�F\WRVWDWLF�GUXJ�FRPELQDWLRQ��6FLHQFH��
��������������±����

����� �'DQJ�:��6WHIIHQ�..��3HUU\�5��'RUVH\�-$��-RKQVRQ�)%��6KLODWLIDUG�$��HW�DO��+LVWRQH�+��
�O\VLQH����DFHW\ODWLRQ�UHJXODWHV�FHOOXODU�OLIHVSDQ��1DWXUH��������������±���

����� �)DJHW�'9��5HQ�4��6WHZDUW�6$��8QPDVNLQJ�VHQHVFHQFH���FRQWH[W�GHSHQGHQW�HIIHFWV�RI�6$63�
�LQ�FDQFHU��1DW�5HY�&DQFHU�������������±����

����� �$JJHU�.��&ORRV�3$&��&KULVWHQVHQ�-��3DVLQL�'���5RVH�6��5DSSVLOEHU�-��HW�DO��87;�DQG�-0-'��
�DUH�KLVWRQH�+�.���GHPHWK\ODVHV�LQYROYHG�LQ�+2;�JHQH�UHJXODWLRQ�DQG�GHYHORSPHQW��
�1DWXUH��������������±���

����� �/DQ�)��%D\OLVV�3(��5LQQ�-/��:KHWVWLQH�-5��:DQJ��-.��&KHQ�6��HW�DO��$�KLVWRQH�+��O\VLQH����
�GHPHWK\ODVH�UHJXODWHV�DQLPDO�SRVWHULRU�GHYHORSPHQW��1DWXUH��������������±����

����� �/HH�0*��9LOOD�5��7URMHU�3��1RUPDQ�-��<DQ�.�3���5HLQEHUJ�'��HW�DO��'HPHWK\ODWLRQ�RI�+�.���
�UHJXODWHV�SRO\FRPE�UHFUXLWPHQW�DQG�+�$�XELTXLWLQDWLRQ��6FLHQFH��������������±����

����� �+RQJ�6��&KR�<�:��<X�/�5��<X�+��9HHQVWUD�7'��*H��.��,GHQWLILFDWLRQ�RI�-PM&�
�GRPDLQ�FRQWDLQLQJ�87;�DQG�-0-'��DV�KLVWRQH�+��O\VLQH����GHPHWK\ODVHV��3URF�1DWO�$FDG�
�6FL�8�6�$����������������±����

����� �6KL�%��/L�:��6RQJ�<��:DQJ�=��-X�5��8OPDQ�$��HW��DO��87;�FRQGHQVDWLRQ�XQGHUOLHV�LWV�
�WXPRXU�VXSSUHVVLYH�DFWLYLW\��1DWXUH��������������±����

����� �&DR�5��:DQJ�/��:DQJ�+��;LD�/��(UGMXPHQW�%URPDJH��+��7HPSVW�3��HW�DO��5ROH�RI�KLVWRQH�+��
�O\VLQH����PHWK\ODWLRQ�LQ�3RO\FRPE�JURXS�VLOHQFLQJ��6FLHQFH��$PHULFDQ�$VVRFLDWLRQ�IRU�WKH�
�$GYDQFHPHQW�RI�6FLHQFH���������������±����

����� �.XLOPDQ�7��0LFKDORJORX�&��0RRL�:-��3HHSHU�'6���7KH�HVVHQFH�RI�VHQHVFHQFH��*HQHV�'HY��
�&ROG�6SULQJ�+DUERU�/DE��������������±����

����� �7DVGHPLU�1��%DQLWR�$��5RH�-�6��$ORQVR�&XUEHOR��'��&DPLROR�0��7VFKDKDUJDQHK�')��HW�DO��
�%5'��&RQQHFWV�(QKDQFHU�5HPRGHOLQJ�WR�6HQHVFHQFH�,PPXQH�6XUYHLOODQFH��&DQFHU�
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�'LVFRY������������±����

����� �3ODFNH�7��)DEHU�.��1RQDPL�$��3XWZDLQ�6/��6DOLK��+5��+HLGHO�)+��HW�DO��5HTXLUHPHQW�IRU�
�&'.��LQ�0//�UHDUUDQJHG�DFXWH�P\HORLG�OHXNHPLD��%ORRG�������������±����

����� �:DQJ�-.��7VDL�0�&��3RXOLQ�*��$GOHU�$6��&KHQ�6���/LX�+��HW�DO��7KH�KLVWRQH�GHPHWK\ODVH�
�87;�HQDEOHV�5%�GHSHQGHQW�FHOO�IDWH�FRQWURO��*HQHV�'HY��&ROG�6SULQJ�+DUERU�/DE��
������������±����

����� �+LUDL�+��5RXVVHO�0)��.DWR�-<��$VKPXQ�5$��6KHUU��&-��1RYHO�,1.��SURWHLQV��S���DQG�S����
�DUH�VSHFLILF�LQKLELWRUV�RI�WKH�F\FOLQ�'�GHSHQGHQW�NLQDVHV�&'.��DQG�&'.���0RO�&HOO�%LRO��
�������������±����

����� �)U\�':��+DUYH\�3-��.HOOHU�35��(OOLRWW�:/��0HDGH��0$��7UDFKHW�(��HW�DO��6SHFLILF�LQKLELWLRQ�RI�
�F\FOLQ�GHSHQGHQW�NLQDVH�����E\�3'���������DQG�DVVRFLDWHG�DQWLWXPRU�DFWLYLW\�LQ�KXPDQ�
�WXPRU�[HQRJUDIWV��0RO�&DQFHU�7KHU�������������±����

����� �<DQJ�&��/L�=��%KDWW�7��'LFNOHU�0��*LUL�'��6FDOWULWL��0��HW�DO��$FTXLUHG�&'.��DPSOLILFDWLRQ�
�SURPRWHV�EUHDVW�FDQFHU�UHVLVWDQFH�WR�&'.����LQKLELWRUV�DQG�ORVV�RI�(5�VLJQDOLQJ�DQG�
�GHSHQGHQFH��2QFRJHQH��������������±����

����� �&KHQ�/��<H�+�/��=KDQJ�*��<DR�:�0��&KHQ�;�=��=KDQJ��)�&��HW�DO��$XWRSKDJ\�LQKLELWLRQ�
�FRQWULEXWHV�WR�WKH�V\QHUJLVWLF�LQWHUDFWLRQ�EHWZHHQ�(*&*�DQG�GR[RUXELFLQ�WR�NLOO�WKH�
�KHSDWRPD�+HS�%�FHOOV��3/R6�2QH���������H�������

����� �.HPSLQVND�.��0DOLN�%��%RUNLQ�'��.ORVVRZVNL�6���6KXNOD�6��0LDR�+��HW�DO��3KDUPDFRORJLF�
�,QKLELWLRQ�RI�WKH�0HQLQ�0//�,QWHUDFWLRQ�/HDGV�WR�7UDQVFULSWLRQDO�5HSUHVVLRQ�RI�3(*���DQG�
�%ORFNV�+HSDWRFHOOXODU�&DUFLQRPD��0RO�&DQFHU�7KHU������������±����

����� �.ORVVRZVNL�6��0LDR�+��.HPSLQVND�.��:X�7��3XURKLW��7��.LP�(��HW�DO��0HQLQ�LQKLELWRU�0,������
�LQGXFHV�UHPLVVLRQ�LQ�0//��UHDUUDQJHG�DQG�130��PXWDWHG�PRGHOV�RI�OHXNHPLD��-�&OLQ�
�,QYHVW��������������±����

����� �4LX�+��-LQ�%�0��:DQJ�=�)��;X�%��=KHQJ�4�)��=KDQJ��/��HW�DO��0(1��GHILFLHQF\�OHDGV�WR�
�QHXURHQGRFULQH�GLIIHUHQWLDWLRQ�RI�OXQJ�FDQFHU�DQG�GLVUXSWV�WKH�'1$�GDPDJH�UHVSRQVH��1DW�
�&RPPXQ��1DWXUH�3XEOLVKLQJ�*URXS����������������

����� �.DUQLN�6.��+XJKHV�&0��*X�;��5R]HQEODWW�5RVHQ��2��0F/HDQ�*:��;LRQJ�<��HW�DO��0HQLQ�
�UHJXODWHV�SDQFUHDWLF�LVOHW�JURZWK�E\�SURPRWLQJ�KLVWRQH�PHWK\ODWLRQ�DQG�H[SUHVVLRQ�RI�JHQHV�
�HQFRGLQJ�S��.LS��DQG�S��,1.�F��3URF�1DWO�$FDG�6FL�8�6�$��1DWLRQDO�$FDG�6FLHQFHV��
���������������±����

����� �6FKQHSS�5:��0DR�+��6\NHV�60��=RQJ�:�;��6LOYD��$��/D�3��HW�DO��0HQLQ�LQGXFHV�DSRSWRVLV�
�LQ�PXULQH�HPEU\RQLF�ILEUREODVWV��-�%LRO�&KHP��Æ�������$6%0%��&XUUHQWO\�SXEOLVKHG�E\�
�(OVHYLHU�,QF��RULJLQDOO\�SXEOLVKHG�E\�$PHULFDQ�6RFLHW\�IRU�%LRFKHPLVWU\�DQG�0ROHFXODU�
�%LRORJ\�����������������±����

����� �6KHUU�&-��%HDFK�'��6KDSLUR�*,��7DUJHWLQJ�&'.���DQG�&'.���)URP�'LVFRYHU\�WR�7KHUDS\��
�&DQFHU�'LVFRY������������±����
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����� �&KHQ�%��*LOEHUW�/$��&LPLQL�%$��6FKQLW]EDXHU�-���=KDQJ�:��/L�*�:��HW�DO��'\QDPLF�LPDJLQJ�RI�
�JHQRPLF�ORFL�LQ�OLYLQJ�KXPDQ�FHOOV�E\�DQ�RSWLPL]HG�&5,635�&DV�V\VWHP��&HOO��(OVHYLHU�,QF���
��������������±����

����� �$NDPD�*DUUHQ�(+��-RVKL�16��7DPPHOD�7��&KDQJ�*3���:DJQHU�%/��/HH�'�<��HW�DO��$�0RGXODU�
�$VVHPEO\�3ODWIRUP�IRU�5DSLG�*HQHUDWLRQ�RI�'1$�&RQVWUXFWV��6FL�5HS��6SULQJHU�86��
�������������±���

����� �'RHQFK�-*��)XVL�1��6XOOHQGHU�0��+HJGH�0��9DLPEHUJ��(:��'RQRYDQ�.)��HW�DO��2SWLPL]HG�
�VJ51$�GHVLJQ�WR�PD[LPL]H�DFWLYLW\�DQG�PLQLPL]H�RII�WDUJHW�HIIHFWV�RI�&5,635�&DV���1DW�
�%LRWHFKQRO��1DWXUH�3XEOLVKLQJ�*URXS�������������±����

����� �6DQMDQD�1(��6KDOHP�2��=KDQJ�)��,PSURYHG�YHFWRUV��DQG�JHQRPH�ZLGH�OLEUDULHV�IRU�&5,635�
�VFUHHQLQJ��1DW�0HWKRGV��1DWXUH�3XEOLVKLQJ�*URXS�������������±���

����� �3KLOOLSV�5(��<DQJ�<��6PLWK�5&��7KRPSVRQ�%0��<DPDVDNL��7��6RWR�)HOLFLDQR�<0��HW�DO��7DUJHW�
�LGHQWLILFDWLRQ�UHYHDOV�ODQRVWHURO�V\QWKDVH�DV�D�YXOQHUDELOLW\�LQ�JOLRPD��3URF�1DWO�$FDG�6FL�8�
�6�$���������������±����

����� �6WUH]RVND�ä��/LFRQ�$��+DLPHV�-��6SD\G�.-��3DWHO�.0��6XOOLYDQ�.��HW�DO��2SWLPL]HG�3&5�
�FRQGLWLRQV�DQG�LQFUHDVHG�VK51$�IROG�UHSUHVHQWDWLRQ�LPSURYH�UHSURGXFLELOLW\�RI�SRROHG�
�VK51$�VFUHHQV��3/R6�2QH���������H�������

������ �/L�:��;X�+��;LDR�7��&RQJ�/��/RYH�0,��=KDQJ�)���HW�DO��0$*H&.�HQDEOHV�UREXVW�
�LGHQWLILFDWLRQ�RI�HVVHQWLDO�JHQHV�IURP�JHQRPH�VFDOH�&5,635�&DV��NQRFNRXW�VFUHHQV��
�*HQRPH�%LRO���������������

������ �&DUUROO�76��/LDQJ�=��6DODPD�5��6WDUN�5��GH�6DQWLDJR��,��,PSDFW�RI�DUWLIDFW�UHPRYDO�RQ�
�&K,3�TXDOLW\�PHWULFV�LQ�&K,3�VHT�DQG�&K,3�H[R�GDWD��)URQW�*HQHW�>,QWHUQHW@��)URQWLHUV��
���������$YDLODEOH�IURP��
�KWWS���MRXUQDO�IURQWLHUVLQ�RUJ�DUWLFOH���������IJHQH������������DEVWUDFW�

������ �/LDR�<��6P\WK�*.��6KL�:��7KH�5�SDFNDJH�5VXEUHDG��LV�HDVLHU��IDVWHU��FKHDSHU�DQG�EHWWHU�
�IRU�DOLJQPHQW�DQG�TXDQWLILFDWLRQ�RI�51$�VHTXHQFLQJ�UHDGV��1XFOHLF�$FLGV�5HV����������H����

������ �=KDQJ�<��/LX�7��0H\HU�&$��(HFNKRXWH�-��-RKQVRQ��'6��%HUQVWHLQ�%(��HW�DO��0RGHO�EDVHG�
�DQDO\VLV�RI�&K,3�6HT��0$&6���*HQRPH�%LRO��%LR0HG�&HQWUDO���������5���±���

������ �1LNROD\HYD�2��5RELQVRQ�0'��HGJH5�IRU�GLIIHUHQWLDO��51$�VHT�DQG�&K,3�VHT�DQDO\VLV��DQ�
�DSSOLFDWLRQ�WR�VWHP�FHOO�ELRORJ\��0HWKRGV�0RO�%LRO��������������±����

������ �<X�*��:DQJ�/�*��+H�4�<��&K,3VHHNHU��DQ�5�%LRFRQGXFWRU��SDFNDJH�IRU�&K,3�SHDN�
�DQQRWDWLRQ��FRPSDULVRQ�DQG�YLVXDOL]DWLRQ��%LRLQIRUPDWLFV��������������±���

������ �5DPtUH]�)��'�QGDU�)��'LHKO�6��*U�QLQJ�%$��0DQNH��7��GHHS7RROV��D�IOH[LEOH�SODWIRUP�IRU�
�H[SORULQJ�GHHS�VHTXHQFLQJ�GDWD��1XFOHLF�$FLGV�5HV����������:���±����

������ �6KHQ�/��6KDR�1��/LX�;��1HVWOHU�(��QJV�SORW���4XLFN�PLQLQJ�DQG�YLVXDOL]DWLRQ�RI�
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FIGURE 1

Figure 1. CRISPR screens uncover functional interplay between the mammalian MLL1/2 and 
MLL3/4 chromatin modifying complexes. (A) CRISPR-Cas9-based screening strategy to identify 
regulators of response to Menin-MLL inhibition. CPD, cell population doublings; sgRNA, single guide 
RNA; Tf, final timepoint; T0, initial timepoint. (B) Chromatin-focused CRISPR screening data showing the 
top 20 most significantly enriching (red) and depleting (blue) genes in the Menin-MLL inhibitor (MI-503) 
treatment relative to vehicle (DMSO). Gene scores are shown as the mean log2 fold-change in 
abundance of the 6 sgRNAs targeting each gene in each condition. (C) Genome-wide CRISPR 
screening data showing gene-level ranking based on differential enrichment of sgRNAs in the 
Menin-MLL inhibitor treatment (VTP-50469) relative to vehicle (DMSO). Differential (Δ) beta-score 
between VTP-50469 and DMSO conditions was calculated using MaGeCK. Red circles denote 
MLL3/4-UTX complex subunits. Yellow circles denote PRC1.1 complex subunits. (D) Schematic 
representation of the top scoring chromatin regulators in the chromatin-focused MI-503 screen and their 
corresponding protein complexes. Red denotes enriching subunits. Blue denotes depleting subunits. 
Color scale represents the log2 fold-change in abundance of the 6 sgRNAs targeting each subunit in the 
Menin-MLL inhibitor (MI-503) treatment relative to vehicle (DMSO). (E) Viability assay from cells treated 
with vehicle (DMSO, black) or Menin-MLL inhibitor (MI-503, red) for 96 hours (mean±SEM, n=3 infection 
replicates, P-value calculated by Student’s t-test). sgCtrl, control sgRNA targeting a non-genic region on 
chromosome 8. (F) Differential fitness is shown as the relative fitness of double positive cells 
(sgMen1-RFP + sgUtx-BFP or sgMen1-RFP + sgCtrl-BFP) to single positive cells (sgMen1-RFP) 16 
days post-infection measured by flow cytometry (mean±SEM, n=3 infection replicates, P-value 
calculated by Student’s t-test).
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FIGURE 2

Figure 2. MLL1-Menin complex restricts chromatin occupancy of MLL3/4-UTX at promoters of 
target genes. (A) Metagene analysis showing the average chromatin occupancy of Menin at 
transcription start sites (TSS), and a region 2000bp downstream and upstream of the TSS. Signals 
corresponding to cells treated with Menin-MLL inhibitor (MI-503, solid) compared to cells treated with 
vehicle (DMSO, dotted) for 96 hours are shown. RPM, reads per million. (B) Metagene analysis showing 
the average chromatin occupancy of UTX at transcription start sites (TSS), and a region 2000bp 
downstream and upstream of the TSS. Signals corresponding to cells treated with Menin-MLL inhibitor 
(MI-503, solid) compared to cells treated with vehicle (DMSO, dotted) for 96 hours are shown. RPM, 
reads per million. (C) Relative Utx mRNA levels determined by qPCR in mouse MLL-AF9 leukemia cells 
treated with Menin-MLL inhibitor (MI-503, red) compared to vehicle (DMSO, black) for 96 hours (mean ± 
SEM, n=3 replicates, P-value calculated by Student’s t-test). (D) Immunoblot analysis of Menin, UTX, 
and HSP90 proteins (loading control) upon Menin-MLL inhibitor (MI-503) treatment of mouse MLL-AF9 
leukemia cells for 96 hours. (E) Heatmaps displaying Menin (black) and UTX (purple) ChIP-Seq signals 
mapping to a 4kb window around TSS. Data is shown for DMSO and MI-503-treated cells for 96 hours. 
Metagene plot shows the average ChIP-Seq signal for Menin or UTX at promoters that are UTX+ (green) 
or UTX- (black) post MI-503 treatment. (F) Genome browser representation of ChIP-Seq normalized 
reads for Menin (black) and UTX (purple) in mouse MLL-AF9 leukemia cells treated with either vehicle 
(DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours.
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FIGURE 3

Figure 3. NF-YA contributes to genomic specificity of the Menin-UTX molecular switch on 
chromatin.  (A) HOMER de novo motif analysis of overlapping ChIP-Seq peaks between Menin (in 
DMSO) and UTX (in MI-503) in mouse MLL-AF9 leukemia cells. (B) Genome browser representation of 
ChIP-Seq normalized reads (average RPKM) for representative loci bound by Menin (black), UTX 
(purple), and NF-YA (red) in cells treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 
hours. (C) Immunoblot analysis of NF-YA and HSP90 proteins (loading control) upon Menin-MLL 
inhibitor (MI-503) treatment of mouse MLL-AF9 leukemia cells for 96 hours. (D) Viability assay from cells 
treated with vehicle (DMSO, black) or Menin-MLL inhibitor (MI-503, red) for 96 hours (mean±SEM, n=3 
infection replicates, P-value calculated by Student’s t-test). sgCtrl, control sgRNA targeting a non-genic 
region on chromosome 8. (E) Heatmaps displaying UTX ChIP-Seq signal mapping to a 4-kb window 
around TSS in NfyaWT (red) or NfyaKO (black) mouse MLL-AF9 leukemia cells treated with vehicle (DMSO) 
or Menin-MLL inhibitor (MI-503) for 96 hours. Metagene plot represents the average UTX ChIP-Seq 
signal at promoters. 
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FIGURE 4

Figure 4. Transcriptional co-regulation of tumor suppressive pathways by the Menin-UTX switch.  
(A)  Volcano plot of differentially expressed genes in mouse MLL-AF9 leukemia cells treated with Menin 
inhibitor (MI-503) or vehicle (DMSO) for 96 hours. Significantly (P<0.05) downregulated (DN) genes are 
shown on the left (n=921 genes). Significantly (P<0.05) upregulated (UP) genes are shown on the right 
(n=1030). (B) Upset plot showing significant overlap (red) between genes that undergo replacement of 
Menin by UTX at their promoters and MI-503-induced genes. P-value for overlap is shown. (C) Boxplot 
showing expression levels of genes that are induced by Menin-MLL inhibitor (MI-503) treatment and are 
bound by UTX at their promoters in this condition and by Menin at steady-state. Expression levels are 
shown for UtxWT and UtxKO leukemia cells. Midline in boxplots represent median. P-value for MI-503 
comparison is shown. (D) Gene set enrichment analysis (GSEA) showing that Menin-UTX targets 
induced by Menin-MLL inhibitor (MI-503) are significantly enriched for genes regulating cellular 
senescence. FDR, false discovery rate; NES, normalized enrichment score. (E) Heatmap showing 
relative gene expression levels of senescence-associated cell cycle and senescence-associated 
secretory phenotype (SASP) genes in mouse UtxWT and UtxKO MLL-AF9 leukemia cells treated with 
Menin-MLL inhibitor (MI-503) or vehicle (DMSO) for 96 hours. (F) and (G) Secreted levels of IL-6 and IFN
β-1 in conditioned-media derived from mouse UtxWT (black) and UtxKO (red) MLL-AF9 leukemia cells 
treated with Menin-MLL inhibitor (MI-503) or vehicle (DMSO) for four or six days. Data are quantified as 
pg/mL of secreted cytokine per million cells Data are quantified as pg/mL of secreted cytokine per 
million cells (mean±SEM, n=3 replicates, P-value calculated by Student’s t-test).
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FIGURE 5

Figure 5. Enzymatic activity of UTX is dispensable for its tumor suppressive functions in response 
to Menin-MLL inhibition. (A) Schematic of UTX protein. Highlighted are the 8 tetratricopeptide repeats 
(TPR) (93-385aa) and the histone demethylase (JmjC) domain (1095-1258aa). Three ~500 amino acid 
long truncations are also represented. (B) Growth competition assay in mouse UtxKO MLL-AF9 leukemia 
cells expressing different RFP-tagged Utx cDNAs and treated with Menin-MLL inhibitor (MI-503) for 2 or 
6 days. Graph shows the relative growth of leukemia cells infected with RFP-tagged Utx cDNAs 
measured by flow cytometry (mean±SEM, n=3 infection replicates, P-value calculated by Student’s 
t-test). (C) Principal component analysis (PCA) of gene expression data from UtxKO MLL-AF9 leukemia 
cells expressing different RFP-tagged Utx cDNAs and treated with vehicle (DMSO) or Menin-MLL 
inhibitor (MI-503) for 96 hours. (D) Cdkn2c expression (mean normalized read counts) from different Utx 
truncations in mouse MLL-AF9 leukemia and treated with vehicle (DMSO) or Menin-MLL (MI-503) for 96 
hours (mean±SEM, n=3 replicates, P-value calculated by Student’s t-test).
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FIGURE 6

Figure 6.  Combinatorial targeting of Menin and CDK4/6 overcomes resistance associated with 
MLL3/4 dysfunction. (A) Genome browser representation of ChIP-Seq (top) and RNA-Seq (bottom) 
normalized reads (average RPKM) for Cdkn2c and Cdkn2d loci from mouse UtxWT or UtxKO MLL-AF9 
leukemia cells treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours. (B) Cdkn2c 
and Cdkn2d expression (mean normalized read counts) from mouse UtxWT  (black) and UtxKO (red) 
MLL-AF9 leukemia cells treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours 
(mean±SEM, n=3 replicates, P-value calculated by Student’s t-test). (C) Proposed model and rationale 
for combination therapies based on Menin-MLL and CDK4/6 inhibitors. Our data support a model 
whereby (1) Menin restricts UTX-mediated transcriptional activation of tumor suppressor genes, 
including Cdkn2c and Cdkn2d, which are natural inhibitors of the CDK4 and CDK6 kinases, which in turn 
inhibit cell cycle arrest and senescence. Model predicts that CDK4/6 inhibition using Palbociclib should 
boost the anti-cancer activity of Menin-MLL inhibitors, which we show induces a MLL3/4-UTX tumor 
suppressive axis, by more potently inhibiting these downstream kinases. (2) Menin is known to be 
required for activation of MLL-FP targets like Meis1 and Cdk6 itself to sustain leukemia. Our model 
predicts that combination therapies based on Menin-MLL and CDK4/6 inhibitors should act 
synergistically to suppress leukemia proliferation by potently engaging two parallel pathways that 
converge on regulation of cell cycle progression. (D) Relative viability of UtxWT and UtxKO MLL-AF9 
leukemia cells treated with either vehicle (DMSO), Menin-MLL inhibitor (MI-503), CDK4/6 inhibitor 
(Palbociclib), or a combination of both inhibitors for 6 days (mean±SEM, n=3 replicates, P-value 
calculated by Student’s t-test). 
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FIGURE 7
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Figure 7. In vivo response to Menin-MLL inhibition is accompanied by induction of 
MLL3/4-UTX-dependent tumor suppressive programs. (A) Longitudinal flow cytometry analysis 
showing the fraction of CD45lo, cKIT+ leukemia cells in the peripheral blood of an NPM1c mutant 
patient (Patient 1) during cycle 1 of Menin-MLL inhibitor (SDNX-5613) treatment as part of the 
AUGMENT-101 clinical trial (NCT04065399). (B) Temporal gene expression changes for MLL-FP targets 
in FACS-sorted leukemia blasts cells isolated from Patient 1 as part of the AUGMENT-101 clinical trial 
(NCT04065399). Heatmap shows all MLL-FP targets that are differentially expressed at day 14 vs. day 
0 of treatment cycle 1. (C) Temporal expression levels of genes involved in cell cycle arrest and 
senescence (CDKN1A, CDKN2B, and CDKN2C) and MLL-FP targets (HOXA9, CDK6, PBX3, and MEIS1) 
in leukemia blasts cells isolated from Patient 1 treated with SDNX-5613. (D) Temporal gene expression 
changes for MLL-FP targets in FACS-sorted leukemia blasts cells isolated from Patient 2 treated with 
SDNX-5613 as part of the AUGMENT-101 clinical trial (NCT04065399). Heatmap shows all MLL-FP 
targets that are differentially expressed at day 10 vs. day 0 of treatment cycle 1. (E) Temporal expression 
levels of genes involved in cell cycle arrest and senescence (CDKN1A, CDKN1B, and CDKN3) and 
MLL-FP targets (HOXA7, CDK6, MEF2C, and MEIS1) in leukemia blasts cells isolated from Patient 2 
treated with SDNX-5613. (F) Schematic of in vivo treatment experiments using genetically-defined acute 
myeloid leukemia (AML) patient-derived xenografts (PDXs). Mice were transplanted with either 
MLL3-WT or MLL3-Mutant AML PDXs and, upon disease engraftment, were randomized into 
Menin-MLL inhibitor (VTP-50469, 0.1% in rodent diet) or normal chow for a duration of 4 weeks. Disease 
progression was monitored weekly by bleeding and AML cells were sorted at 7 days post initiation of 
treatment using magnetic mouse cell depletion from the bone marrow of animals to perform RNA-Seq. 
(G) Disease progression as measured by the percentage of human CD45+ cells in the peripheral blood 
(PB) of mice harboring MLL3-WT leukemia treated with vehicle (grey) or Menin-MLL inhibitor 
(VTP-50469, blue). (H) Boxplot denoting gene expression changes of Menin-UTX targets in AML cells 
isolated from mice harboring MLL3-WT leukemia treated with vehicle (grey) or Menin-MLL inhibitor 
(VTP-50469, blue). (I) Disease progression as measured by the percentage of human CD45+ cells in the 
peripheral blood (PB) of mice harboring MLL3-mutant leukemia treated with vehicle (grey) or Menin-MLL 
inhibitor (VTP-50469, blue). (J) Boxplot denoting gene expression changes of Menin-UTX targets in AML 
cells isolated from mice harboring MLL3-mutant leukemia treated with vehicle (grey) or Menin-MLL 
inhibitor (VTP-50469, blue). (K) Leukemia burden in the bone marrow of recipient mice transplanted with 
the MLL3-mutant AML PDX and treated with Menin-MLL inhibitor (VTP-50469), CDK4/6 inhibitor 
(Palbociclib) or the combination of these two inhibitors (measured by % of human CD45+ cells). 
VTP-50469 was administered via drug-supplemented rodent chow (0.1%) for 10 days, Palbociclib was 
given once daily via intraperitoneal injections (35mg/kg) for 7 days. (L) Representative FACS plots 
showing the abundance of human leukemia cells in recipient mice from each treatment group. (M) 
Heatmap denoting changes in cell cycle-associated gene expression signatures in FACS-sorted human 
leukemia cells isolated from recipient mice transplanted with the MLL3-mutant PDX and treated with 
VTP-50469, Palbociclib, or the combination of these two inhibitors.
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FIGURE 8 - Molecular switch between the mammalian MLL complexes dictates 
cellular response to Menin-MLL inhibition
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Supplementary Figure 1. Generation and characterization of Cas9-expressing MLL-AF9 
leukemia cells. (A) Dose response curve analysis of mouse MLL-AF9 leukemia (WT-MA9) cells 
treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours (mean±SEM, n=3 
replicates). (B) Immunoblot analysis of mouse Cas9-expressing MLL-AF9 leukemia cells. (C) 
Distribution of mouse Cas9-expressing MLL-AF9 leukemia cells determined by intracellular staining 
of Cas9 and flow cytometry. (D) Growth competition assay to test enzymatic activity of Cas9 in 
mouse MLL-AF9 leukemia cells (mean±SEM, n=3 infection replicates). (E) CD11b cell surface 
expression measured by flow cytometry for vehicle (DMSO, grey) or Menin-MLL inhibitor (MI-503, 
blue) treatment of mouse MLL-AF9 leukemia cells for 96 hours. (F) Quantification of %CD11b 
positive cells for vehicle (DMSO, grey) or Menin-MLL inhibitor (MI-503, blue)  for 96 hours 
(mean±SEM, n=3 replicates, P-value calculated by Student’s t-test). (G) Quantification of %Annexin 
V positive cells after treatment with vehicle (DMSO, grey) or Menin-MLL inhibitor (MI-503, blue) at 
different time points (mean±SEM, n=3 replicates, P-value calculated by Student’s t-test). 
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Supplementary Figure 2. Genome-wide CRISPR screening identifies the MLL3/4-UTX 
complex as a key determinant of response to Menin-MLL inhibition. (A) Genome-wide 
screening data showing gene-level ranking based on differential enrichment of sgRNAs under 
Menin-MLL inhibitor treatment (VTP-50469) relative to vehicle (DMSO). Differential (Δ) beta-score 
between VTP-50469 and DMSO conditions was calculated using MaGeCK. A positive Δ beta-score 
denotes enrichment of specific gene-targeting sgRNAs. A negative Δ beta-score denotes depletion 
of specific gene-targeting sgRNAs. Red circles denote genes represented by enriched sgRNAs 
(genes whose inactivation promotes resistance to Menin-MLL inhibition). Blue circles denote genes 
represented by depleted sgRNAs (genes whose inactivation promotes sensitivity to Menin-MLL 
inhibition). The top 100 candidate mediators of resistance were selected for gene ontology (GO) 
analysis. (B) Top-scoring GO categories based on P-values obtained from GO analysis. (C) 
Percentage of genes within a given gene set that scored among the top 100 candidate mediators of 
resistance. (D) Fold-change of individual sgRNAs relative to T0 from either VTP-50469-treated or 
DMSO-treated cells (P-value calculated by Student’s t-test).
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Supplementary Figure 3.  MLL3/4-UTX complex dictates therapeutic response of leukemia 
cells to Menin-MLL inhibition. (A) Layout of growth competition assay to assess the effect of 
genetic loss of Utx, Mll3, or Mll4 in MLL-AF9 leukemia cells. (B) Growth competition assay in mouse 
MLL-AF9 cells. Graph shows the relative growth of cells infected with RFP-tagged Utx sgRNAs 
measured by flow cytometry (mean±SEM, n=3 infection replicates). sgControl targets a non-genic 
region in chromosome 8 as negative control. (C) Growth competition assay in mouse MLL-AF9 
cells. Graph shows the relative growth of cells infected with RFP-tagged Mll3 sgRNAs measured by 
flow cytometry (mean±SEM, n=3 infection replicates). sgControl targets a non-genic region in 
chromosome 8 as negative control. (D) Growth competition assay in mouse MLL-AF9 cells. Graph 
shows the relative growth of cells infected with RFP-tagged Mll4 sgRNAs measured by flow 
cytometry (mean±SEM, n=3 infection replicates). sgControl targets a non-genic region in 
chromosome 8 as negative control. (E) Relative percentage of sgUtx-expressing (RFP+) cells over 
time after transduction of mouse MLL-AF9 cells treated with vehicle (DMSO) or Menin-MLL inhibitor 
(MI-503) (mean±SEM, n=3 infection replicates). (F) Relative percentage of sgMll3-expressing (RFP+) 
cells over time after transduction of MLL-AF9 cells treated with vehicle (DMSO) or Menin-MLL 
inhibitor (MI-503) (mean±SEM, n=3 infection replicates). (G) Relative percentage of 
sgMll4-expressing (RFP+) cells over time after transduction of MLL-AF9 cells treated with vehicle 
(DMSO) or Menin-MLL inhibitor (MI-503) (mean±SEM, n=3 infection replicates).
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Supplementary Figure 4. Utx deletion suppresses the lethality phenotype associated with 
Men1 loss in leukemia. (A) Growth competition assay in mouse MLL-AF9 cells. Graph shows the 
relative growth of cells infected with RFP-tagged Men1 sgRNAs measured by flow cytometry 
(mean±SEM, n=3 infection replicates). sgRenilla Luciferase (RenLuc) and sgRpa3 were negative and 
positive controls, respectively. (B) Plots from flow cytometry analysis of leukemia cells 
co-expressing sgMen1-RFP and sgUtx-BFP (sg1 or sg2) at 2 and 16 days post-infection. (C) 
Amplicon sequencing results of the mouse Men1 and Utx loci from leukemia cells co-expressing 
sgMen1 and sgUtx (sg1 or sg2). (D) Growth competition assay in an independently-derived mouse 
MLL-AF9 cell line. Graph shows the relative growth of cells infected with RFP-tagged sgRNAs 
(sgControl and sgMen1) measured by flow cytometry (mean±SEM, n=3 infection replicates). (E) 
Differential fitness of mouse MLL-AF9 cells is shown as the relative fitness of double positive cells 
(sgMen1-RFP + sgUtx-BFP or sgMen1-RFP + sgControl-BFP) to single positive cells (sgMen1-RFP) 
9 days post-infection measured by flow cytometry (mean±SEM, n=3 infection replicates, P-value 
calculated by Student’s t-test). 
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Supplementary Figure 5. Men1 and Utx epistasis is independent of the MLL-fusion. (A)  Growth 
competition assay in mouse MLL-AF9 leukemia cells. Graph shows the relative growth of cells,  
infected with RFP-tagged sgRNAs that target the 5’-end of the human MLL1 gene present in the 
MLL-AF9 fusion, measured by flow cytometry (mean±SEM, n=3 infection replicates). (B) Differential 
fitness of mouse MLL-AF9 leukemia cells is shown as the relative fitness of double positive cells 
(sgMLL1(hu)_1-RFP + sgUtx-BFP or sgMLL1(hu)_1-RFP + sgControl-BFP) to single positive cells 
(sgMLL1(hu)_1-RFP) 16 days post-infection measured by flow cytometry (mean±SEM, n=3 infection 
replicates, P-value calculated by Student’s t-test). (C) Differential fitness of mouse MLL-AF9 cells is 
shown as the relative fitness of double positive cells (sgMLL1(hu)_2-RFP + sgUtx-BFP or 
sgMLL1(hu)_2-RFP + sgControl-BFP) to single positive cells (sgMLL1(hu)_2-RFP) 16 days 
post-infection measured by flow cytometry (mean±SEM, n=3 infection replicates, P-value 
calculated by Student’s t-test). (D) Growth competition assay in human non MLL1-r (OCI-AML3) 
cells. Graph shows the relative growth of cells infected with RFP-tagged sgRNAs measured by flow 
cytometry (mean±SEM, n=3 infection replicates). (E) Differential fitness of human OCI-AML3 cells is 
shown as the relative fitness of double positive cells to single positive cells 20 days post-infection 
measured by flow cytometry (mean±SEM, n=3 infection replicates, P-value calculated by Student’s 
t-test). (F) qPCR analysis for Meis1 expression in mouse MLL-AF9 leukemia cells treated with 
vehicle (DMSO, black) or Menin-MLL inhibitor (MI-503, red) for 96 hours (mean±SEM, n=3 
replicates, P-value calculated by Student’s t-test). (G) qPCR analysis for Meis1 expression in mouse 
MLL-AF9 leukemia cells co-expressing sgMen1-RFP and sgUtx-BFP, or a control sgRNA 
(mean±SEM, n=3 replicates, P-value calculated by Student’s t-test).
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Supplementary Figure 6.  Distinct genomic distribution of Menin and UTX in the context of 
Menin-MLL inhibition. (A) Genomic distribution of Menin and UTX ChIP-Seq peaks from mouse 
MLL-AF9 leukemia cells treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours. 
(B) Upset plot showing a comparison between the genomic distribution of Menin ChIP-Seq peaks 
in vehicle (DMSO, light grey), genomic distribution of UTX ChIP-Seq peaks in Menin-MLL inhibitor 
(MI-503, grey), and the overlap between UTX ChIP-Seq peaks in MI-503 and Menin ChIP-Seq peaks 
in DMSO (blue). (C) ChIP-Seq normalized reads per 10-kb bin for Menin (MI-503 vs DMSO, y-axis) 
and UTX (MI-503 vs DMSO, x-axis). Pearson’s correlation coefficient is indicated.
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Supplementary Figure 7. Menin-independent mammalian cells do not exhibit chromatin 
changes associated with the Menin-UTX molecular switch. (A) Immunoblot analysis of 
Cas9-expressing mouse fibroblast (NIH-3T3) cells expressing different controls and Men1 sgRNAs. 
(B) Growth competition assay in mouse fibroblast cells. Graph shows the relative growth of cells 
infected with RFP-tagged sgRNAs measured by flow cytometry (mean±SEM, n=3 infection 
replicates). (C) Genomic distribution of Menin ChIP-Seq peaks from mouse fibroblasts (top) or 
MLL-AF9 leukemia cells (bottom). (D) Venn diagram comparing the number of Menin peaks 
detected in mouse MLL-AF9 leukemia cells (grey) vs. NIH-3T3 fibroblasts (yellow). (E) Heatmaps 
displaying UTX ChIP-Seq signals mapping to a 4-kb window around TSSs. Data is shown for mouse 
MLL-AF9 cells (left) and mouse fibroblasts (right) treated with vehicle (DMSO) or Menin-MLL 
inhibitor (MI-503) for 96 hours. Metagene plot represents the average ChIP-Seq signal for UTX at 
promoters that are enriched for UTX (green) or not (black) in mouse MLL-AF9 cells treated with 
MI-503.
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Supplementary Figure 8. Disruption of Menin-MLL1 interaction leads to targeting of 
MLL3/4-UTX to sites normally bound by the MLL1-Menin complex. (A) Schematic 
representation of the mammalian MLL1 and MLL2 histone methyltransferase complexes. 
Highlighted in red is the enzymatic subunit of the complex (MLL1 and MLL2 are mutually exclusive). 
Yellow denotes shared subunits with the MLL3/4 complex. (B) Schematic representation of the 
mammalian MLL3 and MLL4 histone methyltransferase complexes. Highlighted in pink and purple 
are the enzymatic subunits of the complex (MLL3 and MLL4 are mutually exclusive). Yellow denotes 
shared subunits with the MLL1/2 complex. Green denotes non-enzymatic subunits of the MLL3/4 
complex. (C) Heatmaps displaying MLL1 (red) and H3K4me3 (blue) ChIP-Seq signals mapping to a 
4-kb window around TSSs. Data is shown for cells treated with vehicle (DMSO) or Menin-MLL 
inhibitor (MI-503) for 96 hours. Metagene plot represents the average ChIP-Seq signal for each 
protein at promoters that are UTX+ (green) or UTX- (black). Heatmaps displaying MLL3/4 (pink) and 
H3K4me1 (grey) ChIP-Seq signals mapping to a 4-kb window around TSSs. Data is shown for cells 
treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours. Metagene plot represents 
the average ChIP-Seq signal for each protein at promoters that are UTX+ (green) or UTX- (black). (D) 
Density plot showing correlation between H3K4me3 and MLL1 ChIP-Seq signals (MI-503 vs 
DMSO). Signals correspond to summed signal ±2kb around TSSs that overlap with UTX peaks in 
MI-503 condition. (E) Density plot showing correlation between H3K4me3 and MLL1 ChIP-Seq 
signals (MI-503 vs DMSO). Signals correspond to summed signal ±2kb around TSSs that do not 
overlap with UTX peaks in MI-503 condition. (F) Density plot showing correlation between 
H3K4me1 and MLL3/4 ChIP-Seq signals (MI-503 vs DMSO). Signals correspond to summed signal 
±2kb around TSSs that overlap with UTX peaks in MI-503 condition. (G) Density plot showing 
correlation between H3K4me1 and MLL3/4 ChIP-Seq signals (MI-503 vs DMSO). Signals 
correspond to summed signal ±2kb around TSSs that do not overlap with UTX peaks in MI-503 
condition.
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Supplementary Figure 9.  MLL1-Menin genomic targets are distinct from MLL-FP targets. (A) 
Schematic representation of ectopic chromatin complexes that are formed by MLL-fusion proteins 
(MLL-FPs). (B) Heatmaps displaying Menin (black), MLL1 (red), H3K4me3 (blue), and H3K79me2 
(green) ChIP-Seq signals mapping to MLL-AF9 target loci (139 sites) from MLL-AF9 leukemia cells 
treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours. Metagene plot represents 
the average ChIP-Seq signal for each protein at promoters. (C) Heatmaps displaying H3K79me2 
ChIP-Seq signals mapping to a 4-kb window around TSSs in MLL-AF9 leukemia cells treated with 
vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours. Metaplot represents the average 
ChIP-Seq signal for H3K79me2 at promoters that are bound by UTX in MLL-AF9 cells treated with 
MI-503.
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Supplementary Figure 10. Destabilization of the MLL3/4-UTX complex is sufficient to blunt 
cellular responses to Menin-MLL inhibition. (A) Layout of growth competition assay to assess the 
effects of expressing a H3.1K4M oncohistone mutation in MLL-AF9 leukemia cells in response to 
Menin-MLL inhibition. (B) Relative percentage of RFP+ transgene (H3.1WT or H3.1K4M) cells over 
time after transduction of mouse MLL-AF9 cells treated with vehicle (DMSO) or Menin-MLL inhibitor 
(MI-503) (mean±SEM, n=3 replicates, P-value calculated by Student’s t-test, P < 0.001 = ***). (C) 
Expression of H3.1WT-RFP or H3.1K4M-RFP in mouse MLL-AF9 leukemia cells treated with DMSO 
or MI-503 was monitored by tracking RFP+ cells by flow cytometry over time. (D) Immunoblot 
analysis of HA-tag from MLL-AF9 leukemia cells expressing H3.1WT-HA or H3.1K4M-HA and 
treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 6 days. (E) Immunoblot analysis of 
MLL4, UTX, HSP90 (loading control), H3K4me1, and total H3 (loading control) from MLL-AF9 
leukemia cells expressing H3.1WT or H3.1K4M and treated with DMSO or MI-503 for 6 days.
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Supplementary Figure 11. NF-Y restricts chromatin occupancy of UTX at promoter regions. 
(A) Motif analysis of Menin ChIP-Seq peaks detected in NIH-3T3 mouse fibroblasts. (B) Motif 
analysis of UTX ChIP-Seq peaks detected in NIH-3T3 mouse fibroblasts. (C) Heatmaps displaying 
UTX (purple), Menin (black), and NF-YA (red) ChIP-Seq signals mapping to a 4-kb window around 
TSSs. Data is shown for vehicle (DMSO) and Menin-MLL inhibitor (MI-503)-treated cells for 96 
hours. Metagene plot represents the average ChIP-Seq signal for each protein at promoters. 
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Supplementary Figure 12. NF-Y facilitates promoter regulation by Menin. (A) Immunoblot 
analysis of NF-YA and HSP90 proteins (loading control) in mouse MLL-AF9 leukemia cells 
transduced with a control sgRNA (sgCtrl) or three independent Nfya-targeting sgRNAs. Direct blue 
staining of histones (bottom) serves as an additional loading control. (B) Viability assay from cells 
treated with vehicle (DMSO, black) or Menin-MLL inhibitor (MI-503, red) for 6 days (mean±SEM, n=3 
infection replicates, P-value calculated by Student’s t-test). sgCtrl, control sgRNA targeting a 
non-genic region on chromosome 8. (C) Genome browser representation of Menin ChIP-Seq 
normalized reads (average RPKM) for representative loci bound by Menin in NfyaWT (black) or NfyaKO 
(blue) MLL-AF9 leukemia cells treated with vehicle (DMSO) and Menin-MLL inhibitor (MI-503) for 96 
hours. (D) Co-essentiality scatter plot showing relationship between MEN1 loss-of-function and 
dependency to NFYA, MLL1 (KMT2A), MLL3 (KMT2C), and UTX (KDM6A). (E) Co-essentiality 
scatter plot showing relationship between MEN1 loss-of-function and dependency to CDKN2C and 
CDK6. (F) Co-essentiality scatter plot showing relationship between MEN1 loss-of-function and 
dependency to NFYA and MLL1 (KMT2A) (G) Co-essentiality scatter plot showing relationship 
between MEN1 loss-of-function and dependency to MLL3 (KMT2C) and CDKN2C.
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Supplementary Figure 13. Menin-UTX molecular switch coincides with local changes in 
histone acetylation. (A) Average ChIP-Seq signal for H3K27ac at transcription start sites (TSS) 
±2kb of the Menin-UTX target genes. Signals corresponding to genes that are upregulated (red) or 
down-regulated (black) when cells are treated with Menin-MLL inhibitor (MI-503) for 96 hours. RPM, 
reads per million. (B) Heatmaps displaying UTX (purple) or H4K16ac (black) ChIP-Seq signals 
mapping to a 4-kb window around TSSs in MLL-AF9 leukemia cells treated with vehicle (DMSO) or 
Menin-MLL inhibitor (MI-503) for 96 hours. Metagene plot represents the average ChIP-Seq signal 
for each protein at promoters that are bound by UTX in mouse MLL-AF9 leukemia cells treated with 
MI-503 for 96 hours. (C) Genome browser representation of ChIP-Seq normalized reads (average 
RPKM) for UTX (purple), H4K16ac (grey), and MOF (blue) at Cdkn2c and Cdkn2d loci from MLL-AF9 
cells treated with DMSO or MI-503 for 96 hours. 
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Supplementary Figure 14. Transcriptional assessment of UtxKO MLL-AF9 leukemia cells. (A) 
Immunoblot analysis of UTX and β-actin (loading control) from mouse UtxWT and UtxKO MLL-AF9 
leukemia cells. (B) Principal component analysis (PCA) using RNA-Seq gene expression data from 
UtxWT and UtxKO cells treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours.
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Supplementary Figure 15. MLL-AF9 target genes are not regulated by the Menin-UTX 
molecular switch. (A) Boxplot showing expression levels of MLL-AF9 target genes, which are 
suppressed by the Menin-MLL inhibitor (MI-503) treatment for 96 hours. Expression levels are 
shown for UtxWT (left) and UtxKO (right) mouse leukemia cells. (B) Heatmap of Z-scores for expression 
of MLL-AF9 target genes from UtxWT and UtxKO leukemia cells treated with DMSO or MI-503 for 96 
hours. (C) GSEA plots showing changes in regulation of myeloid cell differentiation in genes induced 
by MI-503 for 96 hours. FDR, false discovery rate; NES, normalized enrichment score. (D) Meis1 
(left) and Hoxa9 (right) expression (mean normalized read counts) from UtxWT and UtxKO leukemia 
cells treated with vehicle (DMSO) or Menin-MLL (MI-503) for 96 hours (mean±SEM, n=3 replicates, 
P-value calculated by Student’s t-test).
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Supplementary Figure 16. Gene sets and pathways regulated by Menin-UTX molecular 
switch.  (A) Gene ontology (GO) analysis of Menin-UTX targets using expression data from mouse 
MLL-AF9 leukemia cells treated with vehicle (DMSO) or Menin-MLL (MI-503) for 96 hours. Top 10 
GO categories sorted based on statistical significance are shown. (B) GSEA plots showing changes 
in regulation of autophagy genes induced by MI-503 treatment for 96 hours. FDR, false discovery 
rate; NES, normalized enrichment score. (C) GSEA plots showing changes in insulin signaling 
pathway genes induced by MI-503 treatment for 96 hours. (D) GSEA plots showing changes in 
neurotrophin signaling pathway genes induced by MI-503 treatment for 96 hours. (E) GSEA plots 
showing changes in endocytosis genes induced by MI-503 treatment for 96 hours. (F) GSEA plots 
showing changes in MAPK signaling pathway genes induced by MI-503 treatment for 96 hours. (G) 
GSEA plots showing changes in mitophagy genes induced by MI-503 treatment for 96 hours. (H) 
RNA Pol II ChIP-Seq signal determined for senescence and cell-cycle arrest-associated genes that 
are Menin-UTX targets.
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Supplementary Figure 17. MLL3/4-UTX-dependent induction of SASP cytokines upon 
Menin-MLL inhibition.  (A) Secreted levels of IL-3 in mouse UtxWT and UtxKO MLL-AF9 leukemia 
cells treated with Menin inhibitor (MI-503) or vehicle (DMSO) after four or six days. Data are 
quantified as pg/mL of secreted cytokine per million cells (mean±SEM, n=3 replicates, P-value 
calculated by Student’s t-test). (B) Secreted levels of IL-15 in UtxWT and UtxKO MLL-AF9 leukemia 
cells treated with Menin inhibitor (MI-503) or vehicle (DMSO) after four or six days. Data are 
quantified as pg/mL of secreted cytokine per million cells (mean±SEM, n=3 replicates, P-value 
calculated by Student’s t-test). (C) Heatmap of cytokine array results from UtxWT and UtxKO MLL-AF9 
leukemia cells treated with Menin inhibitor (MI-503) or vehicle (DMSO) after four or six days. Data 
are quantified as pg/mL of secreted cytokine per million cells and represent the mean of three 
biological replicates. Note that the very high levels of IFNβ-1 secretion relative to the rest of the 
cytokines measured affect the dynamic range of data visualization.
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Supplementary Figure 18.  Expression of UTX truncations in MLL-AF9 UtxKO leukemia cells. (A) 
Representation of the lentiviral vector used to stably co-express N-terminal 
HA-/C-terminal-Flag-tagged Utx cDNAs and the fluorescent protein RFP. (B) Flow cytometry plots 
showing RFP expression of the different mouse MLL-AF9 leukemia cell lines generated with the Utx 
truncations. (C) Immunoblotting validation of expression of the different Utx truncations in mouse 
MLL-AF9 leukemia cells.
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Supplementary  Figure 19. Transcriptional characterization of the different Utx truncations in 
mouse MLL-AF9 leukemia cells. (A) Boxplot showing expression levels of Menin-UTX target 
genes in mouse MLL-AF9 leukemia cells treated with vehicle (DMSO) or Menin-MLL inhibitor 
(MI-503) for 96 hours. 
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Supplementary Figure 20. UTX-dependent phenotypes are not associated with global 
changes in H3K27 methylation. (A) Genomic distribution of H3K27me3 ChIP-Seq peaks from 
mouse leukemia cells treated with vehicle (DMSO) or Menin-MLL inhibitor (MI-503) for 96 hours. (B) 
Genome browser representation of ChIP-Seq normalized reads (average RPKM) for H3K27me3 
from MLL-AF9 cells treated with DMSO or MI-503 for 96 hours. (C) Immunoblot analysis of EZH2, 
β-actin (loading control), H3K27me3, and total H3 (loading control) from Ezh2WT and Ezh2KO mouse 
MLL-AF9 leukemia cells. (D) Viability assay from mouse Ezh2WT (left) and Ezh2KO (right) MLL-AF9 
leukemia cells treated with vehicle (DMSO, black) or Menin-MLL inhibitor (MI-503, grey or blue) for 
96 hours (mean±SEM, n=3 infection replicates, P-value calculated by Student’s t-test). sgCtrl, 
control sgRNA targeting a non-genic region on chromosome 8. 
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SUPPLEMENTARY FIGURE 21

Supplementary Figure 21.  Induction of the Menin-UTX molecular switch upon Menin-MLL1 
inhibition in human leukemia cells. (A) Genome browser representation of ChIP-Seq normalized 
reads (average RPKM) for Menin (black) or MLL1 (red) at CDKN2C and CDKN1A loci from MOLM13 
human leukemia cells treated with vehicle (DMSO) or Menin-MLL inhibitor (VTP-50469) for 7 days. 
(B) Boxplot showing expression levels of SASP genes in MOLM13 human leukemia cells treated 
with DMSO or MI-503 for 96 hours. (C) Boxplot showing expression levels of SASP genes in 
OCI-AML3 human leukemia cells treated with DMSO or MI-503 for 96 hours. (D) Cdk6 expression 
(mean normalized read counts) from UtxWT (black) and UtxKO (red) leukemia cells treated with DMSO 
or MI-503 for 96 hours (mean±SEM, n=3 replicates, P-value calculated by Student’s t-test).
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Supplementary Figure 22. Characterization of primary human AML samples from patients 
participating in the Syndax Phase I Menin-MLL inhibitor trial. (A) Immunophenotyping of primary 
human AML cells isolated from Patient 1 (NPM1c mutant AML). (B) Heatmap representation of 
Z-scores from longitudinal gene expression analysis of AML cells derived from Patient 1 (NPM1c 
mutant AML) treated with SNDX-5613. (C) Heatmap representation of Z-scores from longitudinal 
gene expression analysis of AML cells derived from Patient 2 (MLL-rearranged AML) treated with 
SNDX-5613.
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Supplementary Figure 23. Modeling of Menin-MLL inhibitor response in patient-derived 
xenografts. (A) Characteristics of MLL-r AML PDX samples analyzed in this study. (B) Targeted 
sequencing validation of MLL3 status in PDX samples.
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Supplementary Figure 24. Transcriptional characterization of Menin-MLL inhibitor response 
in patient-derived xenografts. (A) PCA using gene expression data obtained from MLL3-WT 
(DFAM68555) and MLL3-Mutant (MSK042D) PDX samples treated with vehicle (DMSO) or 
Menin-MLL inhibitor (VTP-50469). Analysis was performed using the top 500 
differentially-expressed genes upon treatment of MLL3-WT PDXs with VTP-50469. Note that 
MLL3-Mutant PDX samples are virtually overlapping independent of the condition, suggesting that 
the induction of the Menin-UTX molecular switch is impaired in the context of MLL3 mutation. (B) 
GSEA showing that Menin-MLL inhibition using VTP-50469 leads to induction of cellular 
senescence in MLL3-WT PDX. (C) GSEA showing that Menin-MLL inhibition using VTP-50469 fails 
to induce cellular senescence in MLL3-Mutant PDX. (D) Distance matrix for expression of all genes 
from RNA-Seq data obtained from MLL3-Mutant (MSK042D) PDX samples treated with DMSO, 
VTP-50469, Palbociclib, or a combination of the two inhibitors.
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