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1XFOHRPH� SURJUDPPLQJ� IRU� WKH� IRXQGDWLRQ� RI� WRWLSRWHQF\� LQ�
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$%675$&7�
*HUP�FHOOV�DUH�XQLTXH�LQ�HQJHQGHULQJ�WRWLSRWHQF\��\HW�WKH�PHFKDQLVPV�XQGHUO\LQJ�
WKLV� FDSDFLW\� UHPDLQ� HOXVLYH�� � +HUH�� ZH� SHUIRUP� FRPSUHKHQVLYH� DQG� LQ�GHSWK�
QXFOHRPH� DQDO\VLV� RI� PRXVH� JHUP�FHOO� GHYHORSPHQW� in vitro�� HQFRPSDVVLQJ�
SOXULSRWHQW�SUHFXUVRUV��SULPRUGLDO�JHUP�FHOOV� �3*&V��EHIRUH�DQG�DIWHU�HSLJHQHWLF�
UHSURJUDPPLQJ�� DQG� VSHUPDWRJRQLD�VSHUPDWRJRQLDO� VWHP� FHOOV� �66&V��� $OWKRXJK�
HSLJHQHWLF� UHSURJUDPPLQJ�� LQFOXGLQJ� JHQRPH�ZLGH� '1$� GH�PHWK\ODWLRQ�� FUHDWHV�
EURDGO\� RSHQ� FKURPDWLQ�ZLWK� DEXQGDQW� HQKDQFHU�OLNH� VLJQDWXUHV�� WKH� DXJPHQWHG�
FKURPDWLQ� LQVXODWLRQ� VDIHJXDUGV� WUDQVFULSWLRQDO� ILGHOLW\�� � 7KHVH� LQVXODWRU\�
FRQVWUDLQWV�DUH� WKHQ�HUDVHG�HQ�PDVVH� IRU� VSHUPDWRJRQLDO�GHYHORSPHQW�� � 1RWDEO\��
GHVSLWH� GLVWLQJXLVKLQJ� HSLJHQHWLF� SURJUDPPLQJ�� LQFOXGLQJ� JOREDO� '1$�
UH�PHWK\ODWLRQ�� WKH� 3*&V�WR�VSHUPDWRJRQLD�66&V� GHYHORSPHQW� HQWDLOV� IXUWKHU�
HXFKURPDWL]DWLRQ�� � 7KLV� DFFRPSDQLHV� VXEVWDQWLDO� HUDVXUH� RI� ODPLQD�DVVRFLDWHG�
GRPDLQV� �/$'V��� JHQHUDWLQJ� VSHUPDWRJRQLD�66&V� ZLWK� PLQLPDO� SHULSKHUDO�
DWWDFKPHQW�RI�FKURPDWLQ�H[FHSW�IRU�SHULFHQWURPHUHV²DQ�DUFKLWHFWXUH�FRQVHUYHG�LQ�
SULPDWHV�� � $FFRUGLQJO\�� IDXOW\� QXFOHRPH� PDWXUDWLRQ�� LQFOXGLQJ� SHUVLVWHQW�
LQVXODWLRQ� DQG� LPSURSHU� HXFKURPDWL]DWLRQ�� OHDGV� WR� LPSDLUHG� VSHUPDWRJHQLF�
SRWHQWLDO�� � *LYHQ� WKDW� 3*&V� DIWHU� HSLJHQHWLF� UHSURJUDPPLQJ� VHUYH� DV� RRJHQLF�
SURJHQLWRUV� DV� ZHOO�� RXU� ILQGLQJV� HOXFLGDWH� D� SULQFLSOH� IRU� WKH� QXFOHRPH�
SURJUDPPLQJ�WKDW�FUHDWHV�JDPHWRJHQLF�SURJHQLWRUV�LQ�ERWK�VH[HV��GHILQLQJ�D�EDVLV�
IRU�QXFOHDU�WRWLSRWHQF\��
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,1752'8&7,21�
*HUP�FHOOV�DUH�WKH�RULJLQ�RI�WRWLSRWHQF\��ZKLFK�LQ�WXUQ�LV�WKH�IRXQGDWLRQ�IRU�LQGLYLGXDO�
GHYHORSPHQW�� � 0HFKDQLVPV� XQGHUO\LQJ� WRWLSRWHQF\� KDYH� EHHQ� D� IRFXV� RI� LQWHQVLYH�
LQYHVWLJDWLRQV��UDQJLQJ�IURP�VWXGLHV�LQYROYLQJ�VRPDWLF�FHOO�QXFOHDU�WUDQVIHU��*XUGRQ�	�
:LOPXW�� ������ WR� UHFHQW� HIIRUWV� H[SORULQJ� WKH� WKUHH�GLPHQVLRQDO� ��'�� FKURPDWLQ�
RUJDQL]DWLRQ� LQ� ]\JRWHV� DQG� HDUO\� HPEU\RV� �=KHQJ� 	� ;LH�� ������� � 7KH� ODWWHU� ZRUNV�
LQYROYLQJ� FKURPDWLQ� FRQIRUPDWLRQ� FDSWXUH� KDYH� UHYHDOHG� D� UHOD[HG� FKURPDWLQ�
FRQILJXUDWLRQ� LQ� ]\JRWHV� LQ� SDUW� UHVXOWLQJ� IURP� XQLTXH�PHLRWLF� LQWHUPHGLDWHV�� DQG� WKH�
SURJUHVVLYH�PDWXUDWLRQ� RI� WKLV� FRQILJXUDWLRQ� LQ� HDUO\�HPEU\RV� �$ODYDWWDP et al�� ������
%DWWXOLQ et al��������'X et al�� ������)O\DPHU et al��������.H et al�� ������3DWHO et al��
������9DUD et al��������:DQJ et al��������� � 2Q� WKH�RWKHU�KDQG�� WKH�PDQQHU�E\�ZKLFK�
JHUP� FHOOV� HODERUDWH� WKH� KLJKHU�RUGHU� FKURPDWLQ� RUJDQL]DWLRQ� GXULQJ� WKHLU� PLWRWLF�
GHYHORSPHQW��DQG�WKH�IRXQGLQJ�VWDWHV�IRU�JDPHWRJHQHVLV�DQG�WRWLSRWHQF\��UHPDLQ�SRRUO\�
XQGHUVWRRG�� � ,Q�GHSWK�XQGHUVWDQGLQJ�RI�JHQRPH�IXQFWLRQV�UHTXLUHV�LQYHVWLJDWLRQV�RI�WKH�
�'� JHQRPH� RUJDQL]DWLRQ� FRPSOHPHQWHG� E\� WKRURXJK� HSLJHQRPH� DQG� WUDQVFULSWRPH�
SURILOLQJ�� DQ� DSSURDFK� NQRZQ� DV� ³QXFOHRPH´� SURILOLQJ� �'HNNHU et al�� ������� � :KLOH�
QXFOHRPH�SURILOLQJ�KDV�EHHQ�SHUIRUPHG� LQ�D� IHZ�VRPDWLF� OLQHDJHV� �%RQHY et al��������
6WDGKRXGHUV et al��������=KDQJ et al���������VWXGLHV�DSSO\LQJ�WKLV�DSSURDFK�WR�JHUP�FHOO�
GHYHORSPHQW�DUH�ODFNLQJ��
�
,Q�PDPPDOV��JHUP�FHOOV�DULVH�DV�SULPRUGLDO�JHUP�FHOOV��3*&V��GXULQJ�HDUO\�HPEU\RQLF�
GHYHORSPHQW� �6DLWRX� 	� +D\DVKL�� ������� � 3*&V� XQGHUJR� PLJUDWLRQ� DQG� FRORQL]H� WKH�
HPEU\RQLF� JRQDGV�� ZKHUH� WKH\� GLIIHUHQWLDWH� HLWKHU� LQWR� VSHUPDWRJRQLD�VSHUPDWRJRQLDO�
VWHP�FHOOV��66&V���WKH�VRXUFH�IRU�VSHUPDWRJHQHVLV��RU�RRF\WHV�ZLWK�DQ�LPPHGLDWH�HQWU\�
LQWR� WKH� ILUVW� SURSKDVH� RI�PHLRVLV� �*ULVZROG�� ������ 6SLOOHU et al�� ������:HQ�	�7DQJ��
������� � $�NH\� HYHQW� WKDW� FKDUDFWHUL]HV� 3*&V� LV� HSLJHQHWLF� UHSURJUDPPLQJ�� LQFOXGLQJ�
GH�PHWK\ODWLRQ� RI� JHQRPH�ZLGH� '1$� WR� WKH� SRLQW� WKDW� LW� FRQWDLQV� DOPRVW� QR� '1$�
PHWK\ODWLRQ�� DV� ZHOO� DV� KLVWRQH�PRGLILFDWLRQ� UHPRGHOLQJ�� ZKLFK� FUHDWHV� D� IDFXOWDWLYH�
³QDwYH´� HSLJHQRPH� �/HH et al�� ������ 7DQJ et al�� ������� � ,Q� PDOHV�� HSLJHQHWLF�
UHSURJUDPPLQJ� LV� IROORZHG� E\� WKH� SURYLVLRQ� RI� D� GLVWLQFW� VSHUPDWRJHQLF� HSLJHQRPH��
LQFOXGLQJ�JOREDO�'1$�UH�PHWK\ODWLRQ��IRU�VSHUPDWRJRQLD�66&�GHYHORSPHQW��ZKHUHDV�LQ�
IHPDOHV��WKH�QDwYH�HSLJHQRPH�VHUYHV�DV�D�GLUHFW�SUHFXUVRU�IRU�WKH�RRJHQLF�PHLRWLF�HQWU\�
�/HH et al.��������� � 7KXV��PDOH�JHUP�FHOO�GHYHORSPHQW�UHTXLUHV�DW�OHDVW�RQH�DGGLWLRQDO�
HSLJHQHWLF�SURJUDPPLQJ�VWHS�WR�FUHDWH�VSHUPDWRJHQLF�SURJHQLWRUV�� � +HUH��WR�H[SORUH�WKH�
SULQFLSOHV� WKDW� FUHDWH� D� EDVLV� IRU� JDPHWRJHQLF� SRWHQWLDO�� ZH� SHUIRUPHG� QXFOHRPH�
SURILOLQJ�RI�DQ�in vitro�V\VWHP�WKDW�IDLWKIXOO\�UHFRQVWLWXWHV�PRXVH�JHUP�FHOO�GHYHORSPHQW�
IURP� SOXULSRWHQW� SUHFXUVRUV� WR� 3*&V� EHIRUH� DQG� DIWHU� HSLJHQHWLF� UHSURJUDPPLQJ� DQG�
WKHQ�WR�VSHUPDWRJRQLD�66&V��+D\DVKL et al��������.DQDWVX�6KLQRKDUD et al��������2KWD 
et al��������2KWD et al��������� � :H�VKRZ�WKDW�WKH�in vitro�V\VWHP�UHFDSLWXODWHV�QRW�RQO\�
JHQH�H[SUHVVLRQ�DQG�HSLJHQHWLF�SURSHUWLHV��EXW�DOVR��'�JHQRPH�RUJDQL]DWLRQ�G\QDPLFV�
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GXULQJ�JHUP�FHOO�GHYHORSPHQW�in vivo�� OHQGLQJ�FUHGHQFH�WR�RXU�DQDO\VHV�XVLQJ�VFDODEOH�
PDWHULDOV� WR� SURYLGH� D� PRUH� FRPSOHWH� SLFWXUH� RI� QXFOHRPH� G\QDPLFV� ZLWK� KLJK�
UHVROXWLRQ� GXULQJ� JHUP�FHOO� GHYHORSPHQW�� � ,Q� DGGLWLRQ�� WR� GHOLQHDWH� WKH� IXQFWLRQDO�
VLJQLILFDQFH�RI�DSSURSULDWH�QXFOHRPH�SURJUDPPLQJ��ZH�DQDO\]HG�WKH�QXFOHRPH�RI�DQ�in 
vitro� FRXQWHUSDUW� RI� VSHUPDWRJRQLD�66&V� ZLWK� DQ� LPSDLUHG� VSHUPDWRJHQLF� SRWHQWLDO�
�,VKLNXUD et al���������
�
�
�
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5(68/76�
0RXVH�JHUP�FHOO�GHYHORSPHQW�in vitro�
:H� DQDO\]HG� WKH� IROORZLQJ� PDOH� FHOO� W\SHV� �)LJ� �$��� PRXVH� HPEU\RQLF� VWHP� FHOOV�
�P(6&V�� GHULYHG� IURP� EODVWRF\VWV� �<LQJ et al�� ������� HSLEODVW�OLNH� FHOOV� �(SL/&V��
�+D\DVKL et al.�� ������� PRXVH� 3*&�OLNH� FHOOV� DW� GD\� �� RI� LQGXFWLRQ� �G�� P3*&/&V��
�+D\DVKL et al.�� ������� G�� P3*&/&V� H[SDQGHG� in vitro� IRU� �� GD\V� IRU� HSLJHQHWLF�
UHSURJUDPPLQJ��G�F��P3*&/&V���2KWD et al.��������2KWD et al.���������DQG�JHUPOLQH�
VWHP� FHOOV� �*6&V�� GHULYHG� IURP� QHRQDWDO� VSHUPDWRJRQLD� �.DQDWVX�6KLQRKDUD et al.��
������� � 7KHVH� FHOOV� VKRZ� JHQH�H[SUHVVLRQ�� HSLJHQHWLF�� DQG� IXQFWLRQDO� SURSHUWLHV�
HTXLYDOHQW� WR� WKRVH�RI� WKHLU� in vivo� FRXQWHUSDUWV�� L�H���P(6&V� WR� HSLEODVW� DW� HPEU\RQLF�
GD\��(������ZLWK�QDwYH�SOXULSRWHQF\��%RURYLDN et al��������0DUNV et al���������(SL/&V�
WR�HSLEODVW�DW�a(����ZLWK�IRUPDWLYH�SOXULSRWHQF\��+D\DVKL et al.���������G��P3*&/&V�WR�
P3*&V� GXULQJ� WKHLU� VSHFLILFDWLRQ� DW� a(���� DQG� EHIRUH� HSLJHQHWLF� UHSURJUDPPLQJ�
�+D\DVKL et al.��������.XULPRWR et al���������G�F��P3*&/&V� WR�3*&V�DW�(�����DIWHU�
HSLJHQHWLF� UHSURJUDPPLQJ� �2KWD et al.�� ������ 2KWD et al.�� ������� DQG� *6&V� WR�
VSHUPDWRJRQLD�66&V��,VKLNXUD et al.��������� � 1RWH�WKDW�3*&V�EHIRUH�(�����GR�QRW�VKRZ�
RYHUW� VH[XDO� GLIIHUHQFHV� LQ� JHQH�H[SUHVVLRQ� DQG� HSLJHQHWLF� SURSHUWLHV�� H[FHSW�
;�FKURPRVRPH� UHDFWLYDWLRQ� LQ� IHPDOHV� �-DPHVRQ et al�� ������ 2KWD et al.�� ������� �
$FFRUGLQJO\��PDOH�3*&V�EHDU�D�FDSDFLW\�WR�IRUP�IXQFWLRQDO�RRF\WHV��(YDQV et al���������
DQG�PDOH�P3*&/&V� WDNH� RQ� WKH� RRJHQLF� IDWH� DQG� HQWHU� LQWR� WKH�PHLRWLF� SURSKDVH� LQ�
UHVSRQVH�WR�DSSURSULDWH�VLJQDOV�DW�DQ�HIILFLHQF\�FRPSDUDEOH�WR�WKDW�RI�IHPDOH�P3*&/&V�
�0L\DXFKL et al��������1DJDRND et al��������� � 7KXV��ZKLOH�RXU�SUHVHQW�DQDO\VLV�IRFXVHV�
RQ�PDOH� JHUP�FHOO� GHYHORSPHQW�� PDOH� G�F��P3*&/&V� FDQ� EH� FRQVLGHUHG� WR� EHDU� DQ�
RRJHQLF�SRWHQWLDO�DV�ZHOO�� � ,Q�DGGLWLRQ�� WR�HYDOXDWH� WKH� IXQFWLRQDO� UHOHYDQFH�RI�SURSHU�
QXFOHRPH�SURJUDPPLQJ��ZH�DQDO\]HG�*6&�OLNH�FHOOV��*6&/&V��WKDW�ZHUH�GHULYHG�IURP�
G�� P3*&/&V� in vitro� DQG� KDG� DQ� LPSDLUHG� VSHUPDWRJHQLF� SRWHQWLDO� �,VKLNXUD et al.��
�������VHH�WKH�³1XFOHRPH�SURJUDPPLQJ�HQJHQGHUV�JDPHWRJHQLF�SRWHQWLDO´�VHFWLRQ���
�
+LJKHU�RUGHU� JHQRPH� RUJDQL]DWLRQ��PDWXUDWLRQ� WRZDUGV� D� KLJKO\� HXFKURPDWL]HG�
VWDWH�
:H�ILUVW�H[DPLQHG� WKH�QXFOHDU�PRUSKRORJ\�RI� WKH�ILYH�FHOO� W\SHV��P(6&V��(SL/&V��G��
P3*&/&V�� G�F�� P3*&/&V�� DQG� *6&V�� VWDLQHG� ZLWK� '$3,�
��
���GLDPLGLQR���SKHQ\OLQGROH�� XVLQJ� KLJK�UHVROXWLRQ� FRQIRFDO� PLFURVFRS\�� �
&RXQWHULQWXLWLYH�WR�*6&V¶�DFTXLVLWLRQ�RI�D�GLVWLQFW�VSHUPDWRJHQLF�HSLJHQRPH��LQFOXGLQJ�
JOREDO�'1$�UH�PHWK\ODWLRQ��RQ�WKH�HSLJHQRPH�RI�QDwYH�3*&V��WKH�DUHDV�RI�KLJK�'$3,�
GHQVLW\� �SHUL�FHQWURPHULF� KHWHURFKURPDWLQ�� �*XHQDWUL et al�� ������� WKH� YDULDQFHV� RI�
'$3,� GHQVLW\� �FKURPDWLQ� FRQGHQVDWLRQ� KHWHURJHQHLW\��� DQG� WKH� GLVWDQFHV� RI� WKH�
'$3,�GHQVH� DUHDV� IURP� WKH� QXFOHDU� SHULSKHU\� �FKURPRVRPH� UDGLDO� SRVLWLRQLQJ��� DOO�
H[KLELWHG� D� PRQRWRQLFDOO\� GHFUHDVLQJ� WUDQVIRUPDWLRQ� WRZDUGV� *6&V� �)LJ� �%� DQG� &��� �
7KLV� LQGLFDWHV� WKDW� FKURPDWLQ� GH�FRQGHQVDWLRQ� �L�H��� HXFKURPDWL]DWLRQ��� DV� ZHOO� DV�
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SHULSKHUDO� WHWKHULQJ� RI� FHQWURPHUHV�� SURFHHGV� SURJUHVVLYHO\� EH\RQG� WKH� FDQRQLFDO�
HSLJHQHWLF� UHSURJUDPPLQJ� SHULRG�� � 1RWDEO\�� IRUPDWLYH�(SL/&V� VKRZHG�PRUH� GLVFUHWH�
FKURPDWLQ�FRQGHQVDWLRQ�WKDQ�QDwYH�P(6&V��ZKLOH�P(6&V�DQG�G�F��P3*&/&V��ODWHQW�
SOXULSRWHQF\�� �6XUDQL et al�� ������ H[KLELWHG� VLJQLILFDQW� GLIIHUHQFHV� LQ� FKURPRVRPH�
UDGLDO� SRVLWLRQLQJ� �)LJ� �%� DQG� &��� � )OXRUHVFHQFH� LQ� VLWX� K\EULGL]DWLRQ� �),6+��
FRQILUPHG�WKDW��LQ�OLQH�ZLWK�FKURPDWLQ�GH�FRQGHQVDWLRQ��*6&V�ERUH�ODUJHU�FKURPRVRPH�
YROXPHV�WKDQ�P(6&V�DQG�(SL/&V��)LJ��'��)LJ�(9�$���
�
:H� QH[W� DQDO\]HG� WKH� ILYH� FHOO� W\SHV� E\� in situ� +L�&� �a�� NE� UHVROXWLRQ�� ZLWK�
UHSURGXFLEOH� ELRORJLFDO� UHSOLFDWHV� �)LJ� (9�%�� 'DWDVHW� (9���� � &RQVLVWHQW� ZLWK� WKH�
PRUSKRORJLFDO� REVHUYDWLRQV�� �'� JHQRPH� RUJDQL]DWLRQ� ZDV� WUDQVIRUPHG� LQ� DQ�
XQLGLUHFWLRQDO�PDQQHU�GXULQJ�JHUP�FHOO�GHYHORSPHQW�� WKH�FKURPRVRPDO�FRQWDFW�SURILOH�
VKLIWHG�SURJUHVVLYHO\� IURP� WKH�FRQYHQWLRQDO�SUR[LPDO�FRQWDFW�HQULFKHG�VWDWH� WR� D�PRUH�
XQLIRUP�SURILOH�ZLWK�KHLJKWHQHG�GLVWDO� LQWHUDFWLRQV� �)LJ� �(��)LJ�(9�&��$SSHQGL[�)LJ�
6�$��� DQG� WKH� FRPSDUWPHQW� VFRUH� GLVWULEXWLRQV� DQG� HXFKURPDWLQ�WR�KHWHURFKURPDWLQ�
EDODQFH�H[KLELWHG�D�PRQRWRQLFDO�LQFUHDVH��)LJ��*��)LJ�(9�'��� � 1RWDEO\��ZKLOH�WKH�YDVW�
PDMRULW\� �a������ JHQRPH�ZLGH�� RI� WKH� $� FRPSDUWPHQW� LQ� P(6&V� UHPDLQHG� DQ� $�
FRPSDUWPHQW�� PRUH� WKDQ� RQH� WKLUG� �a������ JHQRPH�ZLGH�� RI� WKH� %� FRPSDUWPHQW� LQ�
P(6&V� SURJUHVVLYHO\� WXUQHG� LQWR�$��ZLWK� WKH� ODUJHVW� %�FRPSDUWPHQW� IUDFWLRQ� �a�����
JHQRPH�ZLGH�� WXUQLQJ� LQWR� $� XSRQ� WKH� G�F�� P3*&/&�WR�*6&� WUDQVLWLRQ�� � ,Q� VWDUN�
FRQWUDVW�� WKH� FRPSDUWPHQW� VFRUHV� H[KLELWHG� D� JUDGXDO� GHFUHDVH� GXULQJ� VRPDWLF�
GHYHORSPHQW�� LQFOXGLQJ� QHXURQDO�� %�FHOO�� DQG� FDUGLRP\RF\WH� GLIIHUHQWLDWLRQ� �)LJ� �*��
$SSHQGL[�)LJ�6�%���%RQHY et al.��������6WDGKRXGHUV et al.��������=KDQJ et al.��������� �
7KH� EULHI� GHFUHDVH� LQ� WKH� FRPSDUWPHQW� VFRUH� XSRQ� (SL/&V�WR�G�� P3*&/&V�
GLIIHUHQWLDWLRQ��)LJ��*��LV�FRQVLVWHQW�ZLWK�WKH�WUDQVLHQW�DFWLYDWLRQ�RI�D�VRPDWLF�SURJUDP�
GXULQJ� P3*&/&� VSHFLILFDWLRQ� �.XULPRWR et al.�� ������� � $FFRUGLQJO\�� SULQFLSDO�
FRPSRQHQW� DQDO\VLV� �3&$�� RI� WKH� FRPSDUWPHQW� VFRUHV� VHJUHJDWHG� WKH� JHUPOLQH� IURP�
VRPDWLF� GHYHORSPHQW� �$SSHQGL[� )LJ� 6�&��� � $ORQJ� ZLWK� WKH� H[SDQVLRQ� RI� WKH� $�
FRPSDUWPHQW� �)LJ��*��)LJ�(9�'���HXFKURPDWLF�$�$� LQWHUDFWLRQV�EHFDPH� OHVV� LQWHQVH��
ZKLOH�WKH�UHGXFHG�%�FRPSDUWPHQW�H[KLELWHG�VWURQJHU�%�%�LQWHUDFWLRQV�ERWK�ZLWKLQ��FLV��
DQG� EHWZHHQ� �WUDQV�� FKURPRVRPHV�� LPSO\LQJ� WKH� IRUPDWLRQ� RI� UHSUHVVLYH� FRQGHQVDWHV�
�)LJ��)���
�
2Q� D� VPDOOHU� VFDOH�� WRSRORJLFDOO\� DVVRFLDWLQJ� GRPDLQ� �7$'�� ERXQGDULHV� H[KLELWHG� D�
VXEVWDQWLDO�RYHUODS�GXULQJ�JHUP�FHOO�GHYHORSPHQW��ZLWK�WKH�GHJUHH�RI�WKHLU�FRQVHUYDWLRQ�
EHLQJ� VLPLODU� WR� WKDW� RI� VRPDWLF� OLQHDJHV� �)LJ� (9�(� DQG� )�� $SSHQGL[� )LJ� 6�'��� �
+RZHYHU�� LQWHU�7$'� LQWHUDFWLRQV� LQYROYLQJ� WKH� VLPXOWDQHRXV� DJJUHJDWLRQV� RI�PXOWLSOH�
QRQ�QHLJKERULQJ� 7$'V�� UHIHUUHG� WR� DV� ³7$'�FOLTXHV´� �3DXOVHQ et al�� ������� EHFDPH�
GUDPDWLFDOO\�OHVV�SUHYDOHQW�LQ�WKH�$�FRPSDUWPHQWV��ZKLOH�WKH\�ZHUH�RYHU�UHSUHVHQWHG�LQ�
WKH�%�FRPSDUWPHQWV�LQ�ERWK�G�F��P3*&/&V�DQG�*6&V��ZKLFK�ZDV�LQ�VWDUN�FRQWUDVW�WR�
WKHLU�RSSRVLWH�UHODWLYHO\�VWDEOH�EHKDYLRUV� LQ�VRPDWLF� OLQHDJHV� �)LJ��+�DQG� ,��$SSHQGL[�
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)LJ�6�(��� � 7KURXJK�SRO\PHU�VLPXODWLRQV��ZH�JHQHUDWHG�UHSUHVHQWDWLYH��'�VWUXFWXUHV�RI�
ZKROH�FKURPRVRPHV��7RGG et al���������ZKLFK�VLPLODUO\�GHPRQVWUDWHG� WKH�SURJUHVVLYH�
H[SDQVLRQ�RI�FKURPRVRPH�YROXPH�GXULQJ�JHUP�FHOO�GHYHORSPHQW��)LJ�(9�*��$SSHQGL[�
)LJ�6�)��0RYLH�(9���� � �
�
7R�H[DPLQH�ZKHWKHU�WKH�ILYH�FHOO�W\SHV�UHFDSLWXODWH�WKHLU�in vivo�FRXQWHUSDUWV�DW�WKH��'�
JHQRPH�RUJDQL]DWLRQ� OHYHO��ZH�UHWULHYHG�SXEOLVKHG�+L�&�GDWD�RI� WKH� LQQHU�FHOO�PDVV�DW�
a(����� HSLEODVW� DW� (����� 3*&V� DW� (������ DQG� VSHUPDWRJRQLD� LQ� DGXOWV�� ZKLFK� ZHUH�
JHQHUDWHG�IURP�VPDOO�QXPEHUV�RI�VDPSOHV��'X et al.��������'X et al��������/XR et al��
������� � 5HPDUNDEO\�� QRW� RQO\� DW� WKH� WUDQVFULSWRPLF� DQG� HSLJHQRPLF� OHYHO� WKDW� ZH�
UHSRUWHG�SUHYLRXVO\��+D\DVKL et al.��������,VKLNXUD et al.��������2KWD et al.���������WKH�in 
vitro�FHOO�W\SHV�H[KLELWHG�D�VWURQJ�FRQFRUGDQFH�ZLWK�WKHLU�in vivo�FRXQWHUSDUWV�DW�WKH��'�
JHQRPH� RUJDQL]DWLRQ� OHYHO� �)LJ� (9�&� DQG� (�� �GHVSLWH� WKH� HOHYDWHG� QRLVH� RI� FRQWDFW�
PDWULFHV� IURP� in vivo� VDPSOHV���ZLWK� XQVXSHUYLVHG� KLHUDUFKLFDO� FOXVWHULQJ� �8+&�� DQG�
3&$� XVLQJ� FRPSDUWPHQW� VFRUHV� FRQVLVWHQWO\� SODFLQJ� FRUUHVSRQGLQJ� FHOO� W\SHV� QH[W� WR�
RQH� DQRWKHU� �)LJ� (9�+� DQG� ,��� � 7KXV�� WKH� in vitro� V\VWHP� IDLWKIXOO\� FDSWXUHV� WKH�
QXFOHRPH�G\QDPLFV�RI�in vivo�JHUP�FHOO�GHYHORSPHQW��IXUWKHU�HPSRZHULQJ�RXU�VWUDWHJ\�
IRU�XVLQJ�VFDODEOH� in vitro�PDWHULDOV� WR�GHOLQHDWH�D�PRUH�FRPSOHWH�SLFWXUH�RI�QXFOHRPH�
G\QDPLFV� GXULQJ� JHUP�FHOO� GHYHORSPHQW�� � :H� FRQFOXGH� WKDW�� EH\RQG� WKH� FDQRQLFDO�
HSLJHQHWLF� UHSURJUDPPLQJ� SHULRG�� KLJKHU�RUGHU� JHQRPH� RUJDQL]DWLRQ� XQGHUJRHV� D�
FRQWLQXRXV�PDWXUDWLRQ�DQG�FXOPLQDWHV�LQ�D�ODUJHO\�HXFKURPDWLF�JHQRPH�DQG�SHULSKHUDOO\�
SRVLWLRQHG� FHQWURPHUHV� LQ� VSHUPDWRJRQLD�66&V� �*6&V��� � 7KXV�� JOREDO� '1$�
PHWK\ODWLRQ� DQG� HXFKURPDWL]DWLRQ� DUH� VHSDUDEOH� HYHQWV�� � 0RUHRYHU�� RXU� ILQGLQJV�
UHYHDOHG� WKDW��GHVSLWH� WKHLU�SURIRXQG�HSLJHQRPLF�GLIIHUHQFHV��3*&V� �G�F��P3*&/&V��
ZLWK�ERWK�RRJHQLF�DQG�VSHUPDWRJHQLF�SRWHQWLDO�DQG�VSHUPDWRJRQLD�66&V��*6&V��VKRZ�
UHODWLYHO\�VLPLODU�KLJKHU�RUGHU�JHQRPH�RUJDQL]DWLRQ��
�
(SLJHQRPH� SURILOLQJ�� HSLJHQHWLF� UHSURJUDPPLQJ� IRU� KLJKO\� RSHQ� FKURPDWLQ�ZLWK�
HQKDQFHG�LQVXODWLRQ�
7R�H[SORUH�WKH�PHFKDQLVP�XQGHUO\LQJ�WKH�KLJKHU�RUGHU�JHQRPH�RUJDQL]DWLRQ�XQLTXH� WR�
WKH�JHUP�OLQH��ZH�FRQGXFWHG�FRPSUHKHQVLYH�HSLJHQRPH�SURILOLQJ�RI�WKH�ILYH�FHOO�W\SHV��
:H� SHUIRUPHG� PDVV� VSHFWURPHWU\� �06�� RI� KLVWRQHV�� FKURPDWLQ� LPPXQRSUHFLSLWDWLRQ�
IROORZHG� E\� GHHS� VHTXHQFLQJ� �&K,3�VHT�� RI� ��� GLIIHUHQW� WDUJHWV�� LQFOXGLQJ� �� KLVWRQH�
PRGLILFDWLRQV�� DVVD\� IRU� WUDQVSRVDVH�DFFHVVLEOH� FKURPDWLQ� ZLWK� GHHS� VHTXHQFLQJ�
�$7$&�VHT��IRU�RSHQ�FKURPDWLQ��DQG�QDWLYH�HORQJDWLQJ�WUDQVFULSW±FDS�DQDO\VLV�RI�JHQH�
H[SUHVVLRQ� �1(7�&$*(�� IRU� WUDQVFULEHG� cis� UHJXODWRU\� HOHPHQWV� �'DWDVHW� (9���� )RU�
VRPH� DVVD\V�� ZH� DQDO\]HG� G�� P3*&/&V�� ZKLFK� DUH� LQ� WKH� PLGGOH� RI� HSLJHQHWLF�
UHSURJUDPPLQJ�� DV� DQ� LQWHUPHGLDWH� EHWZHHQ� G�� DQG� G�F�� P3*&/&V� DQG� PRXVH�
HPEU\RQLF�ILEUREODVWV��0()V��DV�D�VRPDWLF�FRQWURO��
�
06�UHYHDOHG�G\QDPLF�FKDQJHV�LQ�KLVWRQH�PRGLILFDWLRQ�OHYHOV�ZLWK�KLJK�UHSURGXFLELOLW\�
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�)LJ��$��'DWDVHW�(9���� � &RQVLVWHQW�ZLWK�SUHYLRXV�REVHUYDWLRQV��.XULPRWR et al.��������
2KWD et al.�� ������� KLVWRQH� +�� O\VLQH� �� GL�PHWK\ODWLRQ� �+�.�PH��� ZDV� VXEVWDQWLDOO\�
UHGXFHG� DQG� +�.��� WUL�PHWK\ODWLRQ� �+�.��PH��� ZDV� VWURQJO\� XS�UHJXODWHG� LQ� G�F��
P3*&/&V��)LJ��$��)LJ�(9�$�DQG�%��� � :LWK�UHVSHFW� WR�DFWLYH�PRGLILFDWLRQV��+�.���
DFHW\ODWLRQ� �+�.��DF�� DFWLYH� FLV�UHJXODWRU\� HOHPHQWV�� DQG� +�.��DF� ZHUH� WKH� PRVW�
DEXQGDQW�LQ�(SL/&V��ZKHUHDV�+�.��PRQR�PHWK\ODWLRQ��+�.�PH���SRLVHG�HQKDQFHUV���
+�.��DF��DQG�+�.��DF�ZHUH�WKH�PRVW�DGXQGDQW�LQ�G�F��P3*&/&V��DQG��LQWHUHVWLQJO\��
+�.�PH�� �SURPRWHUV�� ZDV� WKH� OHDVW� SUHYDOHQW� LQ� G�F�� P3*&/&V� �)LJ� �$��� � 8+&�
EDVHG�RQ�+��PRGLILFDWLRQ�DEXQGDQFH�VHJUHJDWHG�HDFK�FHOO�W\SH�ZLWK�WKHLU�XQLTXH�VHWV�RI�
DVVRFLDWHG�+��PRGLILFDWLRQV��)LJ��%���DQG�3&$�GHPRQVWUDWHG�FKDUDFWHULVWLF�WUDQVLWLRQV�
RI�HSLJHQHWLF�SURSHUWLHV��ZLWK�WKH�WUDQVLWLRQ�IURP�G��WR�G�F��P3*&/&V�UHSUHVHQWLQJ�WKH�
HSLJHQHWLF� UHSURJUDPPLQJ� WR� D� ODWHQW� SOXULSRWHQF\� DQG� WKH� WUDQVLWLRQ� IURP� G�F��
P3*&/&V�WR�*6&V�VLJQLI\LQJ�WKH�DFTXLVLWLRQ�RI�D�VSHUPDWRJHQHWLF�HSLJHQRPH��)LJ��&��� �
:H� SURFHHGHG� WR� QRUPDOL]H� DOO� KLVWRQH�PRGLILFDWLRQ�&K,3�VHT� VLJQDOV�ZLWK�06�EDVHG�
VFDOLQJ�IDFWRUV�IRU�VXEVHTXHQW�DQDO\VHV��)LJ�(9�&�DQG�'���)DUKDQJGRRVW et al���������
�
:H� ILUVW� VFUXWLQL]HG� WKH� RSHQ�FKURPDWLQ� ODQGVFDSH�� � &RQVLVWHQW�ZLWK� G�F��P3*&/&V�
EHLQJ�JOREDOO\�'1$�GHPHWK\ODWHG��a�����)LJ��$���2KWD et al.��������2KWD et al.���������
WKH\�H[KLELWHG�D�SHUYDVLYHO\�RSHQ�FKURPDWLQ�ZLWK�FRLQFLGHQW�XS�UHJXODWLRQ�RI�+�.�PH���
EHDULQJ�ODUJH�RSHQ�GRPDLQV�LQ�D�JHQRPH�ZLGH�PDQQHU��)LJ��'�DQG�(��� � ,QGHHG��DPRQJ�
D�GLYHUVH�SDQHO�RI�PRXVH�IHWDO�WLVVXHV��*RUNLQ et al���������G�F��P3*&/&V�VKRZHG�WKH�
KLJKHVW�GHJUHH�RI�RSHQQHVV��)LJ�(9�(��� � &RQVLVWHQW�ZLWK�WKH�DQDO\VLV�RI�WKH�DEXQGDQFH�
RI�+��PRGLILFDWLRQV��)LJ��&���3&$�ZLWK� WKH�PRVW�YDULDEOH�RSHQ�VLWHV��)LJ�(9�)��DQG�
8+&�UHYHDOHG�WKDW�G�F��P3*&/&V�VKDUH�RSHQ�VLWHV�IRU�SOXULSRWHQF\�ZLWK�P(6&V�DQG�
WKRVH�IRU�JHUP�FHOO� LGHQWLW\�ZLWK�*6&V�� WKH�IRUPHU��FOXVWHUV����������EHLQJ�HQULFKHG�LQ�
WUDQVFULSWLRQ�IDFWRU� �7)��ELQGLQJ� VLWHV� IRU� 328�)��� 1$12*�� 62;��� =,&����� DQG�
./)������DQG�WKH�ODWWHU��FOXVWHUV�������LQ�WKRVH�IRU�'057V��)LJ�(9�*��'DWDVHW�(9����
�
'HVSLWH� WKHLU� JHQRPH�ZLGH� '1$� GHPHWK\ODWLRQ�� 3*&V� DQG� G�F�� P3*&/&V� GR� QRW�
H[KLELW�WUDQVFULSWLRQDO�K\SHUDFWLYLW\�RU�SURPLVFXRXVQHVV��2KWD et al.��������2KWD et al.��
������6HLVHQEHUJHU et al��������� � 7R�H[SORUH�KLJKHU�RUGHU�UHJXODWRU\�PHFKDQLVPV��ZH�
LGHQWLILHG� HQKDQFHU�SURPRWHU� �(�3�� SDLUV� XVLQJ� WKH� DFWLYLW\�E\�FRQWDFW� PRGHO� E\�
LQWHJUDWLQJ� $7$&�VHT�� +�.��DF�� DQG� +L�&� GDWD� �)LJ� (9�$�� �)XOFR et al�� ������� �
1RWDEO\��G�F��P3*&/&V� VKRZHG�D� UHGXFHG�QXPEHU� DQG� UDQJH�RI� DFWLYH�(�3�SDLUV� DV�
FRPSDUHG� WR� WKH� RWKHU� FHOO� W\SHV� �)LJ� �)�� )LJ� (9�%��� � )XUWKHUPRUH�� 1(7�&$*(�
UHYHDOHG�DQ�XQGHU�UHSUHVHQWDWLRQ�RI�(�3�FR�WUDQVFULSWLRQ�LQ�G�F��P3*&/&V��)LJ�(9�&��� �
G�F�� P3*&/&V� ZHUH� DOVR� SUHGLFWHG� WR� EHDU� WKH� ODUJHVW� QXPEHUV� RI� LQVXODWLQJ� 7$'�
ERXQGDULHV��)LJ��*�DQG�)LJ�(9�'���VKRZHG�WKH�VPDOOHVW�JHQRPLF�VHSDUDWLRQ��)LJ��+��
DQG� H[KLELWHG� WKH� EURDGHVW� FRPSDUWPHQW� SURILOH� �)LJ� (9�(��� LQ� DJUHHPHQW� ZLWK� WKH�
QRWLRQ� WKDW� KHLJKWHQHG� LQVXODWLRQ� FDQ� PDVN� VPDOOHU� FRPSDUWPHQWV� �6FKZDU]HU et al��
������� � :KLOH�&7&)�DQG�5$'����D�NH\�FRPSRQHQW�RI�FRKHVLQ��H[KLELWHG�FRPSDUDEOH�
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HQULFKPHQW� DW�7$'�ERXQGDULHV� DFURVV� WKH� ILYH� FHOO� W\SHV� �)LJ�(9�)�� �ZH� GLVFXVV� WKH�
&7&)� GHSOHWLRQ� LQ� *6&V� EHORZ��� $7$&�VHT� UHYHDOHG� WKDW� G�F�� P3*&/&V� XQLTXHO\�
H[KLELWHG� ORZHU� FKURPDWLQ� LQIRUPDWLRQ� FRQWHQW� DURXQG� UHJLRQV� ZLWK� FR�ORFDOL]HG�
&7&)�5$'��� ELQGLQJV� �)LJ� (9�*��� VXJJHVWLQJ� WKDW� G�F�� P3*&/&V� ERUH� D� VKRUWHU�
&7&)�5$'���UHVLGHQFH�WLPH��'
2OLYHLUD�$OEDQXV et al��������� � 7DNHQ�WRJHWKHU��WKHVH�
ILQGLQJV� VXSSRUW� WKH� LGHD� WKDW�� GXH� WR� D� UHGXFHG� UHVLGHQFH� WLPH� RI� WKH� ORRS� H[WUXVLRQ�
PDFKLQHU\�ZLWK�QR�PDMRU�FKDQJHV�LQ�JOREDO�ELQGLQJ�VLWHV��G�F��P3*&/&V�EHDU�VKRUWHU�
FKURPDWLQ�ORRSV�DQG�HQKDQFHG�LQVXODWLRQ��)LJ�(9�+�DQG�,��� � $GGLWLRQDOO\��(�����PDOH�
3*&V� in vivo� DOVR�GHPRQVWUDWH�VLPLODUO\�HQKDQFHG� LQVXODWLRQ� �)LJ�(9�-�DQG�.��� � :H�
FRQFOXGH�WKDW�3*&V�ZLWK�D�QDwYH�HSLJHQRPH�EHDU�D�KLJKO\�RSHQ�FKURPDWLQ��EXW�XQGHUJR�
HQKDQFHG�LQVXODWLRQ�WR�HQVXUH�WKHLU�WUDQVFULSWLRQDO�LQWHJULW\��
�
,QVXODWLRQ�HUDVXUH�IRU�VSHUPDWRJRQLD�GHYHORSPHQW�DQG�RRJHQHVLV�
:H�QH[W�FODVVLILHG�$7$&�VHT�SHDNV��RSHQ�VLWHV��EDVHG�RQ�WKHLU�FRPELQDWRULDO�HSLJHQHWLF�
VWDWHV�� � %XLOGLQJ� RQ� WKH� (QVHPEO� 5HJXODWRU\� %XLOG� DQG� (1&2'(¶V� UHJLVWU\� RI�
FDQGLGDWH� &LV�5HJXODWRU\� (OHPHQWV� �F&5(V��� ZH� DSSOLHG� XQLIRUP� PDQLIROG�
DSSUR[LPDWLRQ�DQG�SURMHFWLRQ��80$3��LQ�FRPELQDWLRQ�ZLWK�KLHUDUFKLFDO�GHQVLW\�EDVHG�
VSDWLDO�FOXVWHULQJ�RI�DSSOLFDWLRQV�ZLWK�QRLVH��+'%6&$1��LQ�D�VHPL�VXSHUYLVHG�PDQQHU�
WKURXJK�LWHUDWLYH�VXE�FOXVWHULQJ��7DEOHV�(9��DQG�(9���� � 7KLV�IUDPHZRUN�FODVVLILHG�WKH�
RSHQ� VLWHV� LQWR����GLVWLQFW� VHWV� �)LJ��$���ZKLFK�ZH�JURXSHG� LQWR���EURDGHU� FDWHJRULHV�
�)LJ��%��)LJ�(9�$��� � :KLOH�G�F��P3*&/&V�VKRZHG�WKH�ODUJHVW�QXPEHU�RI�HQKDQFHU�
HOHPHQWV� �FOXVWHUV� ��� ��� ���� ���� �)LJ� �%� DQG� &��� *6&V� H[KLELWHG� D� UHODWLYHO\� ODUJH�
QXPEHU� �a� !�������� RI� QRQ�SURPRWHU� ELYDOHQW� RSHQ� VLWHV� �FOXVWHUV� ��� ��� ���� ����� �
$GGLWLRQDOO\�� ZH� XQFRYHUHG� D� VHW� RI� RSHQ� VLWHV� ZLWK� XQLTXH� WULYDOHQF\� RI� +�.�PH���
+�.��DF� DQG� +�.�PH�� WKDW� ZHUH� HQULFKHG� LQ� (SL/&V� �FOXVWHU� ���� �)LJ� �%�� DQG�
RYHUODSSHG�QRW�RQO\�ZLWK�WKH�SURPRWHU�RI�ORQJ�LQWHUVSHUVHG�QXFOHDU�HOHPHQWV����/,1(���
EXW� DOVR� ZLWK� WKH� ELQGLQJ� VLWH� RI� <<�� �)LJ� (9�%�� 'DWDVHW� (9���� XQGHUVFRULQJ� WKH�
FDSDFLW\�RI�RXU�HSLJHQHWLF�FRPSHQGLXP�IRU�XQFRYHULQJ�ELRORJLFDOO\�GLVWLQFW� UHJXODWRU\�
UHJLRQV�� � $� YDVW� PDMRULW\� RI� HQKDQFHUV� ZHUH� FHOO�W\SH� VSHFLILF�� ZKHUHDV� PRVW� &7&)�
ELQGLQJV�ZHUH�FRQVHUYHG�XSRQ�HDFK�FHOO�IDWH�WUDQVLWLRQ�XQWLO�G�F��P3*&/&V��VWULNLQJO\��
KRZHYHU�� D�PDMRULW\�RI�&7&)�ERXQG�VLWHV� LQ�G�F��P3*&/&V�ZHUH� ORVW� LQ�*6&V� �)LJ�
�&���VHH�EHORZ���
�
:H�SHUIRUPHG�WKH�VDPH�DQDO\VHV�IRU�SURPRWHUV��)LJ�(9�'�)��'DWDVHW�(9���� � ,Q�DFFRUG�
ZLWK�RXU�SUHYLRXV� ILQGLQJ��.XULPRWR et al.���������(SL/&V�ERUH� WKH� ODUJHVW�QXPEHU�RI�
ELYDOHQW� SURPRWHUV� �)LJ� (9�)��� � (YDOXDWLRQ� RI� WKH� SURPRWHU�SURPRWHU� �3�3��
LQWHUDFWLRQV� UHYHDOHG� WKDW� DFWLYH� DV� ZHOO� DV� ELYDOHQW� SURPRWHUV� H[KLELWHG� VLJQLILFDQWO\�
HQULFKHG�LQWHUDFWLRQV� LQ�DOO�FHOO� W\SHV��EXW� WR� OHVVHU�H[WHQWV� LQ�G�F��P3*&/&V�EHDULQJ�
HOHYDWHG�LQVXODWLRQ��)LJ��*��)LJ�(9�*���
�
:H� QH[W� H[SORUHG� WKH� GHSOHWLRQ� RI� &7&)� ELQGLQJ� XSRQ� G�F�� P3*&/&V�WR�*6&V�
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WUDQVLWLRQ� �)LJ� �&��� � ,Q� *6&V�� GHFUHDVHG� &7&)� SURWHLQ� H[SUHVVLRQ� DFFRPSDQLHG� D�
GUDPDWLF�UHGXFWLRQ�LQ�WKH�QXPEHU�RI�&7&)�SHDNV��)LJ��'�)��� � ,Q�SDUWLFXODU��&7&)�ZDV�
GHSOHWHG� IURP� UHODWLYHO\� ZHDN� ELQGLQJ� VLWHV� �)LJ� �(� DQG� )��� � 7KHVH� &7&)�GHSOHWHG�
VLWHV�H[KLELWHG�HOHYDWHG�'1$�PHWK\ODWLRQ�DV�ZHOO�DV�HQULFKPHQW�RI�+�.�PH��PH��DQG�
+�.��PH��PH��� ZKHUHDV� &7&)� SHDNV� HQULFKHG� LQ� *6&V� VKRZHG� GLYHUJHQW� SDWWHUQV�
�)LJ��*��)LJ�(9�+��� � ,PSRUWDQWO\��GHVSLWH� UHODWLYHO\�ZHDN�ELQGLQJV��&7&)�GHSOHWLRQ�
IURP�VXFK�VLWHV�UHVXOWHG�LQ�D�UHGXFWLRQ�LQ�LQVXODWLRQ��)LJ��*��� OHDGLQJ�WR�D�UHZLULQJ�RI�
QHLJKERULQJ� FLV�UHJXODWRU\� LQWHUDFWLRQV� DV� H[HPSOLILHG� IRU� Ddx4�� D� NH\� JHQH�
XS�UHJXODWHG� XSRQ� G�F��P3*&/&V�WR�*6&V� WUDQVLWLRQ�� ZKRVH� SURPRWHU� VWUHQJWKHQHG�
LWV� ORQJ�UDQJH� LQWHUDFWLRQ� ZLWK� D� GLVWDO� HQKDQFHU� �)LJ� �+�� )LJ� (9�,��� � :H� WKHQ�
V\VWHPDWLFDOO\�LGHQWLILHG�(�3�SDLUV�VWUDGGOLQJ�&7&)�VLWHV�GHSOHWHG�LQ�*6&V�DQG�UDQNHG�
WKH� WDUJHW� JHQHV� DFFRUGLQJ� WR� FRRUGLQDWHG� H[SUHVVLRQ� XS�UHJXODWLRQ� DQG� LQFUHDVHG�(�3�
LQWHUDFWLRQV� �)LJ� (9�-��� � *HQHV� ZLWK� FRRUGLQDWHG� DFWLYDWLRQ� ZHUH� HQULFKHG� LQ� JHQH�
RQWRORJ\��*2��IXQFWLRQDO�WHUPV�VXFK�DV�³KRPRORJRXV�FKURPRVRPH�SDLULQJ�DW�PHLRVLV�´�
DQG� ³SL51$� PHWDEROLF� SURFHVV�´� DQG� LQFOXGHG� Ddx4�� Mael�� Piwil2�� Piwil4�� Zbtb16��
Sycp1��Syce3��Mei4�� DQG�Prdm9� �)LJ��,��'DWDVHW�(9��� >WKHVH�JHQHV� DUH� UHIHUUHG� WR� DV�
³JHUPOLQH�JHQHV´��%RUJHO et al����������DOVR��VHH�EHORZ@��LQGLFDWLQJ�D�FULWLFDO�UROH�RI�WKH�
LQVXODWLRQ� HUDVXUH� LQ� VSHUPDWRJRQLD� GHYHORSPHQW� DQG� WKH� DFTXLVLWLRQ� RI� PHLRWLF�
FRPSHWHQFH��
�
7R�H[SORUH�ZKHWKHU� LQVXODWLRQ�HUDVXUH�PD\�DOVR�RFFXU�XSRQ�RRJHQHVLV��ZH�UH�DQDO\]HG�
SXEOLVKHG� +L�&� GDWD� IRU� (����� 3*&V� �G�F�� P3*&/&� FRXQWHUSDUWV�� DQG� (����� JHUP�
FHOOV� LQLWLDWLQJ� WKHLU�PDOH� RU� IHPDOH� GLIIHUHQWLDWLRQ� �'X et al.�� ������'X et al.�� ������� �
:H�IRXQG�WKDW�D�PDMRULW\�RI�(�����PDOH�JHUP�FHOOV�ZHUH�VWLOO� LQ� WKH�PLWRWLF�SKDVH�DQG�
EHDU�VLPLODU�SURSHUWLHV�WR�(�����3*&V��ZKHUHDV�PRVW�(�����IHPDOH�JHUP�FHOOV�ZHUH�LQ�
WKH�OHSWRWHQH�VWDJH�RI�WKH�PHLRWLF�SURSKDVH��1DJDRND et al.��������:HVWHUQ et al��������� �
&RQVLVWHQW�ZLWK�RXU�FRPSUHKHQVLYH�DQDO\VHV��)LJ���DQG�����WKH�SRLQW�RI�IDVWHVW�GHFOLQH�LQ�
WKH� FKURPRVRPDO� FLV�FRQWDFW� GHFD\� UDWH�� DQ� LQGH[� IRU� 7$'�ZLGWK� �3RORYQLNRY et al��
�������RFFXUUHG�DW�WKH�VPDOOHVW�JHQRPLF�VHSDUDWLRQ�LQ�(�����3*&V�DQG�G�F��P3*&/&V�
�)LJ� �+�� )LJ� (9�-� DQG�.��� VXJJHVWLQJ� WKDW�� VLPLODU� WR� G�F��P3*&/&V�� (����� 3*&V�
EHDU� HQKDQFHG� LQVXODWLRQ�� � 1RWDEO\��ZKLOH� WKH� IDVWHVW� SRLQW� RI� GHFOLQH� RI� (�����PDOH�
JHUP�FHOOV�ZDV�LQ�D�UDQJH�FRPSDUDEOH�WR�(�����3*&V�DQG�G�F��P3*&/&V��WKDW�LQ�(�����
IHPDOH�JHUP�FHOOV�RFFXUUHG�DW�D�PXFK�ORQJHU�GLVWDQFH��VXJJHVWLQJ�D�UDSLG�ZHDNHQLQJ�RI�
LQVXODWLRQ�XSRQ�WKH�LQLWLDWLRQ�RI�RRJHQHVLV�� � :H�FRQFOXGH�WKDW�LQVXODWLRQ�HUDVXUH�RFFXUV�
ERWK� IRU� VSHUPDWRJRQLD� GHYHORSPHQW� DQG� RRJHQHVLV�� ZLWK� WKH� ODWWHU� KDYLQJ� DQ� HDUOLHU�
RQVHW��
�
0HFKDQLVP� IRU� HXFKURPDWL]DWLRQ�� G\QDPLFV� RI� /$'V�� SHULFHQWURPHULF�
KHWHURFKURPDWLQ��DQG�+�.��PHWK\ODWLRQ�
:H�QH[W�H[SORUHG�SRWHQWLDO�PHFKDQLVPV�IRU�WKH�SURJUHVVLYH�HXFKURPDWL]DWLRQ�XQLTXH�WR�
JHUP�FHOO� GHYHORSPHQW� �)LJ� �*��� � :KLOH� WKH� ILYH� FHOO� W\SHV� H[KLELWHG� UHODWLYHO\�
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FRQVHUYHG� FRUUHODWLRQV� EHWZHHQ� WKHLU� FRPSDUWPHQW� VFRUHV� DQG� HSLJHQHWLF�PRGLILFDWLRQ�
SURILOHV�� WKHUH� QHYHUWKHOHVV� H[LVWHG� FHOO�W\SH� VSHFLILF� YDULDWLRQV� �)LJ� �$��� � :H� QRWHG�
WKDW� WKH� ELQGLQJ� SURILOHV� RI� ODPLQ� %��� ZKLFK� IRUPV� WKH� QXFOHDU� ODPLQD� DQG� WHWKHUV�
FKURPRVRPHV� WR�FUHDWH� ODPLQD�DVVRFLDWHG�GRPDLQV� �/$'V���*XHOHQ et al���������ZHUH�
WKH� VWURQJHVW� SUHGLFWRU� IRU� FRPSDUWPHQW�VFRUH� GLIIHUHQFHV� EHWZHHQ�P(6&V� DQG�*6&V�
�)LJ��%���DQG�WKH�/$'V�FKDQJHG�GUDPDWLFDOO\�ZLWK�D�VZHHSLQJ�UHGXFWLRQ�DFURVV�UHJLRQV�
WKDW�XQGHUJR�HXFKURPDWLQL]DWLRQ�LQ�*6&V��)LJ��&��� � &RQVHTXHQWO\��DPRQJ�D�QXPEHU�RI�
RWKHU� FHOO� W\SHV� �3HULF�+XSNHV et al��������3ROHVKNR et al��������5REVRQ et al��������
<DWWDK et al���������*6&V� ERUH� WKH� VPDOOHVW� JHQRPLF� FRYHUDJH� RI� /$'V� �a����� �)LJ�
�'���D�YDVW�PDMRULW\�RI�ZKLFK�ZHUH�D�VXEVHW�RI�FRQVWLWXWLYH�/$'V�IRXQG�DFURVV�DOO�RWKHU�
FHOO� W\SHV� �)LJ� �(� DQG� )��� � ,QGHHG�� *6&V� H[KLELWHG� ORZ� ODPLQ� %�� OHYHOV� DQG�
HQULFKPHQWV��)LJ��*�DQG�+��� � 7KXV��*6&V�FRQVWLWXWH�D�FHOO�W\SH�ZLWK�PLQLPDO�/$'V��
�
:KLOH�/$'V�ZHUH�SURPLQHQW�WRZDUG�WKH�GLVWDO�HQGV�RI�ORQJ�DUPV�LQ�P(6&V�DQG�(SL/&V��
WKH\�EHFDPH�PRUH�XQLIRUPO\�GLVWULEXWHG�LQ�G��G�F��P3*&/&V�ZLWK�D�UHGXFWLRQ�LQ�WKHLU�
FRYHUDJH� LQ� G�F��P3*&/&V�� DQG� WKH\� HYHQWXDOO\� EHFRPH� GHSOHWHG� DURXQG� WKH� GLVWDO�
HQGV� RI� ORQJ� �T�� DUPV� LQ�*6&V��ZKHUH� WKH\�ZHUH� RQO\� UHWDLQHG� WRZDUGV� WKH� RSSRVLQJ�
�S�VKRUW��HQG��L�H���DURXQG�FHQWURPHUHV�RI�WKH�WHORFHQWULF�PRXVH�FKURPRVRPHV��)LJ��&��,��
DQG� -��� � 7KLV� LV� FRQVLVWHQW� ZLWK� WKH� SURJUHVVLRQ� RI� QXFOHDU� SHULSKHUDO� DVVRFLDWLRQ� RI�
'$3,�GHQVH� DUHDV� DORQJ�JHUP�FHOO� GHYHORSPHQW� �)LJ��%� DQG�&��� � $FFRUGLQJO\��'1$�
),6+� IRU� PDMRU� VDWHOOLWH� UHSHDWV�� D� SHULFHQWURPHUH� PDUNHU�� UHYHDOHG� WKDW� ZKLOH� VXFK�
UHJLRQV� ZHUH� ORFDOL]HG� PDLQO\� ZLWKLQ� WKH� QXFOHDU� LQWHULRU� LQ� (SL/&V�� WKH\� ZHUH�
SUHGRPLQDQWO\�SRVLWLRQHG�DURXQG�WKH�QXFOHDU�SHULSKHU\�LQ�*6&V��)LJ��/���
�
7R� H[SORUH� ZKHWKHU� WKH� SHULSKHUDOO\� SRVLWLRQHG� FHQWURPHUHV� DQG� H[WHQVLYH�
HXFKURPDWL]DWLRQ� LQ� RWKHU� FKURPRVRPDO� UHJLRQV� LQ� *6&V� DUH� D� FRQVHUYHG� IHDWXUH� LQ�
PRXVH�VSHUPDWRJRQLD� in vivo�DQG� LQ�RWKHU�PDPPDOV�VXFK�DV�SULPDWHV��ZH�UH�DQDO\]HG�
UHOHYDQW�SXEOLVKHG�GDWDVHWV��'X et al.��������:DQJ et al.��������� � 7KH�GLVWULEXWLRQV�RI�
FKURPRVRPH�ZLGH� FRPSDUWPHQW�VFRUH� GLIIHUHQFHV� EHWZHHQ� *6&V� DQG� (SL/&V� ZHUH�
YHU\� VLPLODU� WR� WKRVH� EHWZHHQ� VSHUPDWRJRQLD� DQG� ILEUREODVWV� LQ� ERWK�PLFH� DQG� UKHVXV�
PRQNH\V�� ZLWK� VSHUPDWRJRQLD� VKRZLQJ� WKH� ORZHVW� FRPSDUWPHQW� VFRUH� DURXQG�
FHQWURPHUHV� DQG� ZLGHVSUHDG� HXFKURPDWL]DWLRQ� DFURVV� RWKHU� UHJLRQV� �QRWH� WKDW� UKHVXV�
PRQNH\V� EHDU� PHWDFHQWULF� FKURPRVRPHV�� �)LJ� (9�$� DQG� %��� � :H� FRQFOXGH� WKDW�
KLJKHU�RUGHU�JHQRPH�RUJDQL]DWLRQ�LQ�*6&V�LV�FRQVHUYHG�LQ�VSHUPDWRJRQLD�in vivo�DQG��
WKURXJK�HYROXWLRQ��LQ�PRQNH\V��
�
$V�D�PHFKDQLVP�WKDW�JLYHV�ULVH�WR�WKH�PLQLPDO�/$'V��ZH�QRWHG�VLJQLILFDQW�FKDQJHV�LQ�
WKH�DEXQGDQFH�DQG�GLVWULEXWLRQV�RI�+�.�PH��PH���KDOOPDUNV�RI�FKURPDWLQ�DQFKRUHG�WR�
WKH� QXFOHDU� ODPLQD� �%LDQ et al�� ������ &KHQ et al�� ������ +DUU et al�� ������� � 7KH�
DEXQGDQFH� RI� ERWK� +�.�PH��PH�� LQFUHDVHG� SURJUHVVLYHO\� IURP� P(6&V� WR� G��
P3*&/&V��DQG�WKHQ�GHFUHDVHG�GUDPDWLFDOO\�LQ�G�F��P3*&/&V��)LJ��$��� � :KLOH� WKH�
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ORZ�DEXQGDQFH�RI�+�.�PH��SHUVLVWHG�LQ�*6&V��WKH�DEXQGDQFH�RI�+�.�PH��LQFUHDVHG�
LQ�*6&V�WR�WKH�KLJKHVW�OHYHO�DPRQJ�WKH�ILYH�FHOO�W\SHV��)LJ��$��� � 7KH�GLVWULEXWLRQV�RI�
+�.�PH��ZHUH�ZLGHVSUHDG�DFURVV�WKH�FKURPRVRPHV�DQG�ZHOO�FRQVHUYHG�DPRQJ�WKH�ILYH�
FHOO� W\SHV� H[FHSW� LQ� G�F�� P3*&/&V�� ZKLFK�� XQOLNH� WKH� RWKHU� FHOO� W\SHV�� UHWDLQHG�
+�.�PH��DW�D�UHODWLYHO\�KLJK�OHYHO�DURXQG�WKH�SHULFHQWURPHUHV��)LJ��.��� � 2Q�WKH�RWKHU�
KDQG�� LQ� DOO� FHOO� W\SHV��+�.�PH�� VKRZHG� D� XQLTXH� DQG� FRQVHUYHG�GLVWULEXWLRQ�ZLWK� D�
FKDUDFWHULVWLF� HQULFKPHQW� DURXQG� WKH� SHULFHQWURPHUHV�� ZLWK� *6&V� EHDULQJ�
EURDGHU�H[SDQGHG� +�.�PH�� GRPDLQV� WKDW� EULGJH� VHYHUDO� SHDNV� SUHVHQW� LQ� RWKHU� FHOO�
W\SHV��)LJ��.���$�DQG�%��� � 1RWDEO\��FRQVLVWHQW�ZLWK�WKH�LQFUHDVHG�%�%�LQWHUDFWLRQV��WKH�
EURDG� +�.�PH�� GRPDLQV� LQ� *6&V� H[KLELWHG� HOHYDWHG� LQWUD�� DV� ZHOO� DV� LQWHU�GRPDLQ�
DJJUHJDWLRQV��)LJ��&���
�
/$'V� FRQVLVWHQWO\� VKRZHG� SRVLWLYH� FRUUHODWLRQV� ZLWK� ERWK� +�.�PH��PH��� H[FHSW� LQ�
*6&V��ZKLFK�KDG�PLQLPDO�/$'V� VKRZLQJ� D� SRVLWLYH� FRUUHODWLRQ�RQO\�ZLWK�+�.�PH��
�)LJ��'��� � ,)� DQDO\VLV�YHULILHG� WKDW�*6&V� VKRZHG�D�QXFOHDU�SHULSKHUDO� HQULFKPHQW�RI�
+�.�PH�� EXW� QRW� PH��� ZKLOH� (SL/&V� ERUH� SHULSKHUDO� +�.�PH�� EXW� QRW� PH��
HQULFKPHQW� �)LJ� �(��� � ,QWHUHVWLQJO\�� UHJLRQV� FRQVWLWXWLYHO\� HQULFKHG� ZLWK� +�.�PH��
DFURVV�DOO�ILYH�FHOO�W\SHV��L�H���SXWDWLYH�QXFOHDWLRQ�VLWHV�IRU�+�.�PH��H[SDQVLRQ�LQ�*6&V��
ZHUH�HQULFKHG�ZLWK�HYROXWLRQDULO\�\RXQJ�WUDQVSRVDEOH�HOHPHQWV��7(V��LQFOXGLQJ�(59.��
(59�� DQG� /,1(�� �)LJ� �)�� )LJ� (9�&�� 'DWDVHW� (9���� � $FFRUGLQJO\�� WKH� GHQVLWLHV� RI�
WKHVH�7(V�ZHUH�KLJKO\�SUHGLFWLYH�RI�WKH�PLQLPDO�/$'V�LQ�*6&V��)LJ��*��)LJ�(9�'��� �
7KXV��PLQLPDO�/$'V� LQ�*6&V� DUH� WKH� UHJLRQV� WKDW� VKRZ�FRQVLVWHQW� DWWDFKPHQW� WR� WKH�
QXFOHDU� ODPLQD�DFURVV� DOO� FHOO� W\SHV�� OLNHO\�FRQWULEXWLQJ� WR� WKH� FRQWLQXHG� UHSUHVVLRQ�RI�
HYROXWLRQDULO\�\RXQJ�7(V�DQG�WKH�PDLQWHQDQFH�RI�JHQRPH�ILGHOLW\�� � &ROOHFWLYHO\��WKHVH�
UHVXOWV� LQGLFDWH� WKDW�� GXULQJ� JHUP�FHOO� GHYHORSPHQW�� /$'V� SURJUHVVLYHO\� UHPRGHO�
WRZDUG� D� PLQLPDO� VWDWH�� SRVLWLRQDOO\� VKLIWLQJ� IURP� WKH� GLVWDO� HQGV� RI� ORQJ� DUPV�
SUHGRPLQDQWO\�DVVRFLDWHG�ZLWK�+�.�PH��WR�WKH�RSSRVLWH�HQGV�RI�WKH�FKURPRVRPHV��WKH�
FHQWURPHUHV�� � 7KHVH�SHULFHQWURPHULF�UHJLRQV��ZLWK�QHZIRXQG�SHULSKHUDO�DWWDFKPHQW� LQ�
*6&V�� DUH� SUHGRPLQDQWO\� DVVRFLDWHG� ZLWK� +�.�PH�� DQG� DUH� SRSXODWHG� ZLWK�
HYROXWLRQDULO\� \RXQJ� 7(V�� HQDEOLQJ� H[WHQVLYH� HXFKURPDWL]DWLRQ� RQ� WKH� RSSRVLQJ�
FKURPRVRPH�DUP��ORQJ�T�DUP���
�
1H[W��WR�JDLQ�LQVLJKWV�LQWR�WKH�PHFKDQLVPV�XQGHUO\LQJ�+�.��PHWK\ORPH�G\QDPLFV��ZH�
H[DPLQHG� WKH� H[SUHVVLRQ� RI� PDMRU� +�.�� PHWK\OWUDQVIHUDVHV� �.�07DVHV��� � $W� WKH�
WUDQVFULSWLRQDO�OHYHO��Suv39h1�DQG�h2��ZKLFK�DUH�UHVSRQVLEOH�IRU�WKH�+�.��PHWK\ODWLRQ�
LQ�WKH�SHUL�FHQWURPHULF�KHWHURFKURPDWLQ�DQG�RWKHU�%�FRPSDUWPHQW�UHJLRQV��)XNXGD et al��
������� VKRZHG� SURJUHVVLYH� XS�UHJXODWLRQ�� ZKHUHDV� Setdb1��Ehmt1� �Glp1��� DQG�Ehmt2�
�G9a��� ZKLFK� DUH� LQYROYHG� LQ� WKH� +�.��PHWK\ODWLRQ� LQ� ERWK� $� DQG� %� FRPSDUWPHQWV�
�)XNXGD et al.�� ������� ZHUH� JUDGXDOO\� UHSUHVVHG� XQWLO� G�F�� P3*&/&V� DQG� WKHQ�
XS�UHJXODWHG�LQ�*6&V��)LJ��+��� � $W�WKH�SURWHLQ�OHYHO��6(7'%���(+07��DQG�(+07��
ZHUH�UHSUHVVHG�XQWLO�G�F��P3*&/&V�DQG�UHPDLQHG�DW�D�ORZ�OHYHO�LQ�*6&V�DV�ZHOO��ZH�
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ZHUH� QRW� DEOH� WR� GHWHUPLQH� WKH� 689��+��+�� OHYHOV� GXH� WR� WKH� ODFN� RI� DSSURSULDWH�
DQWLERGLHV�� �)LJ� �,��� � 7KHVH� ILQGLQJV� DUH� FRQVLVWHQW� ZLWK� WKH� G\QDPLFV� RI� WKH�
+�.�PH��PH�� OHYHOV� DQG� GLVWULEXWLRQV�� VXJJHVWLQJ� WKDW� WKH� +�.�� PHWK\ORPH� LV�
UHJXODWHG�DW�OHDVW�LQ�SDUW�E\�WKH�GLIIHUHQWLDO�H[SUHVVLRQ�RI�.�07DVHV��
�
$GGLWLRQDOO\��ZH� H[SORUHG� WKH� LPSDFW� RI� WKH� JOREDO� UHPRGHOLQJ�RI�+�.�PH��RQ� JHQH�
H[SUHVVLRQ�� � ,Q� SDUWLFXODU�� ZH� QRWHG� WKDW� GXULQJ� WKH� G��WR�G�F�� P3*&/&� WUDQVLWLRQ��
���� SURPRWHUV� VKRZHG� +�.�PH�� GRZQ�UHJXODWLRQ� �)LJ� �-��� DQG� WKH\� ZHUH� HQULFKHG�
ZLWK�*2�WHUPV�VXFK�DV�³PXOWL�RUJDQLVP�UHSURGXFWLYH�SURFHVV�´�³VH[XDO� UHSURGXFWLRQ�´�
DQG�³JDPHWH�JHQHUDWLRQ�´�DQG� LQFOXGHG�Dazl��Ddx4��Sycp1��Sohlh2�� DQG�Mael� �)LJ��-��
7DEOH� 6���� � 7KHVH� JHQHV�� ZKLFK� LQFOXGHG� PDQ\� VXEMHFW� WR� LQVXODWLRQ� HUDVXUH� XSRQ�
VSHUPDWRJRQLD�GHYHORSPHQW��)LJ��,�DQG�-���DUH�UHIHUUHG�WR�DV�³JHUPOLQH�JHQHV´��%RUJHO 
et al.���������DQG�DUH�NQRZQ�WR�EH�UHSUHVVHG�E\�'1$�PHWK\ODWLRQ�LQ�VRPDWLF�FHOOV�DQG�
E\�+�.��PH��DQG�+�.�PH��LQ�P3*&/&V��%RUJHO et al.��������.XULPRWR et al.��������� �
)XUWKHUPRUH�� D� UHFHQW� UHSRUW� KDV� VKRZQ� WKDW� WKH� JHUPOLQH� JHQHV� ZHUH� UHSUHVVHG� LQ�
(SL/&V� ZLWK� +�.�PH�� LPSRVHG� E\� Setdb1� �0RFKL]XNL et al�� ������� � ,Q� JRRG�
DJUHHPHQW��WKH�WUDQVFULSWLRQDO�VWDUW�VLWHV��766V��RI�JHUPOLQH�JHQHV�UHSUHVVHG�E\�Setdb1�
XS�UHJXODWHG�+�.�PH��LQ�(SL/&V�DQG��PRUH�SURPLQHQWO\��LQ�G��P3*&/&V��DQG�ORVW�LW�
LQ�G�F��P3*&/&V��)LJ��.�DQG�/��� � 7KH�766V�RI�JHUPOLQH�JHQHV�GHILQHG� LQ� DQRWKHU�
VWXG\� �.XULPRWR et al.�� ������ H[KLELWHG� D� FRPSDUDEOH� UHGXFWLRQ� RI�+�.�PH�� GXULQJ�
G��WR�G�F��P3*&/&�WUDQVLWLRQ��)LJ��0��� � 7KXV��WKH�JHUPOLQH�JHQHV�DUH�HQGRZHG�ZLWK�
PXOWLSOH� OD\HUV�RI�PHFKDQLVPV�� LQFOXGLQJ�KLJKHU�RUGHU�JHQRPH�RUJDQL]DWLRQ� LQYROYLQJ�
WKH� LQVXODWLRQ�E\�&7&)�DQG�FRPSRXQG�UHSUHVVLYH�HSLJHQHWLF�PRGLILFDWLRQV�� WR�SUHYHQW�
WKHLU� DFWLYDWLRQ� LQ� VRPDWLF� FHOOV�� DQG� VXFK� PHFKDQLVPV� DUH� H[HPSWHG� LQ� D� VWHSZLVH�
PDQQHU²L�H���HUDVXUH�RI�'1$�DQG�+�.��PHWK\ODWLRQ�RFFXUV�ILUVW�DQG�WKHQ�UHOHDVH�IURP�
+�.��PH��+�$.���X��DQG�&7&)�LQVXODWLRQ�HQVXHV²GXULQJ�JHUP�FHOO�GHYHORSPHQW��
�
+HWHURFKURPDWLQ� FRPSDFWLRQ� H[FOXGHV� +�.��PH�� WR� FUHDWH� 30'V� DQG�
<�FKURPRVRPH�K\SRPHWK\ODWLRQ�
$� XQLTXH� HSLJHQHWLF� FKDUDFWHULVWLF� RI� PDOH� JHUP� FHOOV� �SUR�VSHUPDWRJRQLD��
VSHUPDWRJRQLD�DQG�VSHUPDWR]RD��LV� WKH�SUHVHQFH�RI�ODUJH�SDUWLDOO\�PHWK\ODWHG�GRPDLQV�
�30'V�� LQ� LQWHUJHQLF� UHJLRQV� �.XER et al�� ������� � 30'V� FDQ� EH� GHILQHG� DV� EURDG�
JHQRPLF� GRPDLQV� ZLWK� D� FRPSDUDWLYHO\� ORZHU� PHWK\ODWLRQ� OHYHO� WKDQ� WKH� UHVW� RI� WKH�
JHQRPH� DQG� W\SLFDOO\� FRYHU� D� VXEVWDQWLDO� IUDFWLRQ� RI� WKH� JHQRPH� �/LVWHU et al�� ������� �
7KH\� ZHUH� ILUVW� LGHQWLILHG� LQ� D� KXPDQ� FXOWXUHG� FHOO� OLQH� �/LVWHU et al.�� ������ DQG�
VXEVHTXHQWO\�IRXQG�WR�EH�SUHYDOHQW�LQ�FDQFHUV��DJHG�FHOOV��DQG�WLVVXHV�VXFK�DV�SODFHQWD�
�+DQVHQ et al��������+RQ et al��������6FKURHGHU et al��������� � :KLOH�HYLGHQFH�VXJJHVWV�
WKDW�30'V�DULVH�IURP�DQ�LPSHUIHFW�PDLQWHQDQFH�RI�PHWK\ODWLRQ�GXULQJ�PLWRVLV��6DOKDE 
et al�� ������� WKH� PHFKDQLVP� WKDW� HQJHQGHUV� 30'V� LQ� PLWRWLFDOO\� DUUHVWHG�
SUR�VSHUPDWRJRQLD� DQG� WKHLU� VXEVHTXHQW� PDLQWHQDQFH� LQ� PDOH� JHUP� FHOOV� UHPDLQV�
XQFOHDU��
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�
:H� IRXQG� WKDW� *6&V� ERUH� 30'V� ODUJHU� WKDQ� ����0E� LQ� WRWDO�� D� PDMRULW\� �a����� RI�
ZKLFK�ZHUH�RYHUODSSHG�ZLWK�WKRVH�LQ�VSHUPDWRJRQLD��)LJ��$���.XER et al.��������� � 7KH�
30'V� LQ�*6&V� FRQVLVWHG� DOPRVW� HQWLUHO\� RI�%� FRPSDUWPHQWV� DQG�ZHUH� HQULFKHG�ZLWK�
KHWHURFKURPDWLF� PRGLILFDWLRQV� VXFK� DV� +�.�PH��� ZKLOH� GHSOHWHG� RI� DFWLYH�
PRGLILFDWLRQV� LQFOXGLQJ� +�.��PH��� +�.��DF� DQG� +�.�PH���� �$SSHQGL[� )LJ� 6���� �
7KH�HSLJHQRPLF�SURILOHV�UHYHDOHG�WKDW�WKH�HSLJHQRPH�RI�G�F��P3*&/&V�H[KLELWHG�WKH�
JUHDWHVW� SUHGLFWLYH� SRZHU� IRU� 30'V� LQ� *6&V� �JUHDWHU� WKDQ� WKDW� RI� WKH� HSLJHQRPH� RI�
*6&V�WKHPVHOYHV���)LJ��%���DQG�DPRQJ�LQGLYLGXDO�HSLJHQHWLF�PDUNHUV��+�.�PH��PH��
DQG� ODPLQ� %�� LQ� G�F�� P3*&/&V� ZHUH� WKH� VWURQJHVW� QHJDWLYH� SUHGLFWRUV� �)LJ� �&���
VXJJHVWLQJ� WKDW� WKH�FRQVWLWXWLYH�KHWHURFKURPDWLQ� LQ�G�F��P3*&/&V�FRQWULEXWHV� WR� WKH�
VXEVHTXHQW� IRUPDWLRQ� RI� 30'V�� � $FFRUGLQJO\�� ZH� IRXQG� WKDW� +�.��PH��� ZKLFK� LV�
FDWDO\]HG� E\� 16'�� DQG� VHUYHV� DV� D� UHFUXLWHU� RI� WKH� DQGURJHQHWLF� '1$� PHWK\ORPH�
�6KLUDQH et al�� ������� VKRZHG� D� VSHFLILF� GHSOHWLRQ� LQ� WKH� %� FRPSDUWPHQWV� DQG� WKH�
UHJLRQV� UHWDLQLQJ� +�.�PH��� EXW� QRW� +�.��PH��� LQ� G�F�� P3*&/&V� �)LJ� �'�)���
UHVXOWLQJ� LQ� DQ� H[TXLVLWH� FRQFRUGDQFH� RI�+�.��PH��ZLWK� WKH�$� FRPSDUWPHQWV� DQG� D�
QHDU�FRPSOHWH�H[FOXVLRQ�IURP�/$'V�LQ�G�F��P3*&/&V��)LJ��*��� � :H�IRXQG�WKDW�WKH�
7$'V� LQYROYHG� LQ� ODUJHU�VL]HG�7$'�FOLTXHV� LQ�G�F��P3*&/&V�H[KLELWHG� WKH� JUHDWHVW�
+�.�PH��HQULFKPHQW��)LJ��+��� � *LYHQ�WKDW�WKH�KHWHURFKURPDWLF�7$'�FOLTXHV�EHFRPH�
GRPLQDQW�LQ�G�F��P3*&/&V�DQG�*6&V��)LJ��+�DQG�,��� WKHVH�ILQGLQJV�VXJJHVW�WKDW�DQ�
LQFUHDVHG�DJJUHJDWLRQ�RI�FRQVWLWXWLYH�KHWHURFKURPDWLQ�LQ�G�F��P3*&/&V�PD\�H[FOXGH�
WKH� UHFUXLWPHQW� RI� 16'�� DQG� KHQFH� WKH� GHSRVLWLRQ� RI� +�.��PH��� OHDGLQJ� WR� WKH�
IRUPDWLRQ�RI�30'V�LQ�*6&V��
�
,Q�WKLV�UHJDUG��ZH�QRWHG�WKDW��DV�FRPSDUHG�WR�WKH�DXWRVRPHV�DQG�WKH�;�FKURPRVRPHV��WKH�
<� FKURPRVRPHV��ZKLFK� EHDU� D� KLJKO\� UHSHWLWLYH� VWUXFWXUH� �6RK et al�� �������ZHUH� WKH�
PRVW� HQULFKHG� ZLWK� +�.�PH�� LQ� DOO� ILYH� FHOO� W\SHV�� DQG� LQWHUHVWLQJO\�� H[KLELWHG� D�
SURJUHVVLYH� HQULFKPHQW� RI� ODPLQ� %�� GXULQJ� JHUP�FHOO� GHYHORSPHQW�� ZLWK� WKH� <�
FKURPRVRPHV� LQ�*6&V� VKRZLQJ� WKH� KLJKHVW� ODPLQ� %�� HQULFKPHQW� OHYHO� �)LJ� �,��� � ,Q�
DGGLWLRQ��ZH�IRXQG�WKDW�WKH�<�FKURPRVRPH�LQ�*6&V�ZDV�K\SR�PHWK\ODWHG�DFURVV�DOPRVW�
LWV� HQWLUH� OHQJWK��ZLWK� a����RI� LW� LGHQWLILHG� DV� IDOOLQJ�ZLWKLQ� 30'V²D�PXFK� JUHDWHU�
SURSRUWLRQ� WKDQ� LQ� DXWRVRPHV� ����� RU� WKH�;� FKURPRVRPH� ������ �)LJ� �-�� /�� DQG�0��� �
,QGHHG�� E\� DOWHUQDWLYHO\�PDSSLQJ� GLUHFWO\� WR� WKH� FRQVHQVXV� UHSHDW� VHTXHQFHV� RI� WKH�<�
FKURPRVRPH��ZH�IRXQG�WKDW�DOO�UHSHWLWLYH�XQLWV�GHPRQVWUDWH�UHGXFHG�PHWK\ODWLRQ�OHYHOV�
LQ� *6&V� DV� FRPSDUHG� WR� (SL/&V� �$SSHQGL[� )LJ� 6�$� DQG� %��� � &RQVLVWHQW� ZLWK� WKH�
GH�FRQGHQVDWLRQ� RI� FKURPDWLQ� LQ� *6&V� �)LJ� �%�'��� WKH� <� FKURPRVRPHV� LQ� *6&V�
H[KLELWHG�ORRVH�VWUXFWXUHV�DQG�ZHUH�DVVRFLDWHG�ZLWK�WKH�QXFOHDU�SHULSKHU\�ZLWK�D�ORZHU�
VSKHULFLW\��)LJ��.���LQGLFDWLQJ�JUHDWHU�VXUIDFH�FRQWDFW�ZLWK�WKH�QXFOHDU�ODPLQD�WKURXJK�
FKURPRVRPH� HORQJDWLRQ�� � 7KXV�� WKH� <� FKURPRVRPH� LQ� *6&V� DFKLHYHV�
FKURPRVRPH�ZLGH�K\SRPHWK\ODWLRQ� OLNHO\�YLD�D�FRQYHUJHQW�PHFKDQLVP�ZLWK�30'V�LQ�
DXWRVRPHV�� � 7RJHWKHU��WKHVH�UHVXOWV�OHDG�XV�WR�FRQFOXGH�WKDW�WKH�XQLTXH��'�HSLJHQRPLF�



� ��

FKDUDFWHU�RI�WKH�SURJHQLWRUV��G�F��P3*&/&V��VHUYHV�DV�D�EOXHSULQW�IRU�WKH�IRUPDWLRQ�RI�
30'V�LQ�PDOH�JHUP�FHOOV��
�
1XFOHRPH�SURJUDPPLQJ�HQJHQGHUV�JDPHWRJHQLF�SRWHQWLDO�
7R� GHOLQHDWH� WKH� IXQFWLRQDO� VLJQLILFDQFH� RI� D� SURSHU� QXFOHRPH� IRU� JDPHWRJHQHVLV�� ZH�
SHUIRUPHG�QXFOHRPH�DQDO\VHV��PRUSKRORJ\��in situ�+L�&��06��&K,3�VHT�IRU����WDUJHWV��
$7$&�VHT��DQG�1(7�&$*(��RI�*6&�OLNH�FHOOV��*6&/&V���ZKLFK�ZHUH�GHULYHG�IURP�G��
P3*&/&V�ZLWK�WKHLU�GLIIHUHQWLDWLRQ�LQWR�VSHUPDWRJRQLD�OLNH�FHOOV�LQ�UHFRQVWLWXWHG�WHVWHV�
IROORZHG� E\� H[SDQVLRQ� XQGHU� D�*6&�GHULYDWLRQ� FRQGLWLRQ� �,VKLNXUD et al.�� ������ �)LJ�
�$��� � *6&/&V� GHULYHG� XQGHU� WKLV� FRQGLWLRQ� ERUH� D� PRUSKRORJ\�� WUDQVFULSWRPH�� DQG�
'1$�PHWK\ORPH�VLPLODU�WR�WKRVH�RI�*6&V��EXW�VKRZHG�D�VHYHUHO\�LPSDLUHG�FDSDFLW\�IRU�
VSHUPDWRJHQHVLV�IRU�XQFOHDU�UHDVRQV��,VKLNXUD et al.���������$SSHQGL[�)LJ�6�$��� � :H�
K\SRWKHVL]HG� WKDW� DEHUUDQW� QXFOHRPH� SURJUDPPLQJ� GXULQJ� WKH� GHULYDWLRQ� RI� *6&/&V�
PLJKW�XQGHUOLH�WKHLU�LPSDLUHG�IXQFWLRQ��
�
*6&/&V� ZHUH� VLPLODU� WR� *6&V� LQ� WHUPV� RI� WKH� DUHDV� RI� KLJK� '$3,� GHQVLW\� DQG� WKH�
GLVWDQFHV� RI� WKH� '$3,�GHQVH� DUHDV� IURP� WKH� QXFOHDU� SHULSKHU\�� EXW� VKRZHG� JUHDWHU�
YDULDQFHV�RI�'$3,�GHQVLW\�WKDQ�*6&V��)LJ��%�DQG�&���LQGLFDWLQJ�WKDW�*6&/&V�EHDU�D�
PRUH�KHWHURJHQHRXV�FKURPDWLQ�GH�FRQGHQVDWLRQ�� � In situ�+L�&�UHYHDOHG�WKDW��FRPSDUHG�
WR� *6&V�� *6&/&V� H[KLELWHG� D� GHSOHWLRQ� LQ� ORQJ�UDQJH� LQWHUDFWLRQV�� LQGLFDWLYH� RI�
LQFRPSOHWH�FKURPDWLQ�XQLIRUPDOL]DWLRQ��)LJ��'��$SSHQGL[�)LJ�6�%���DQG�QRWDEO\��IDLOHG�
WR�DFTXLUH�WKH�SRVLWLYHO\�VNHZHG�FRPSDUWPHQW�VFRUH�GLVWULEXWLRQ�FKDUDFWHULVWLF�RI�*6&V�
�)LJ� �(��� � $�PXOWL�VFDOH�PRGHO� GLYLGLQJ� WKH� JHQRPH� LQWR� WKH� HLJKW� VXEFRPSDUWPHQWV�
ZLWK� GLVWLQFW� HSLJHQHWLF� SURSHUWLHV� �/LX et al�� ������ UHYHDOHG� WKDW� PDMRU� GLIIHUHQFH�
EHWZHHQ� *6&/&V� DQG� *6&V� ZHUH� ORFDOL]HG� WR� LQWHUPHGLDWH� FRPSDUWPHQWV�� ZLWK�
*6&/&V�EHDULQJ�IHZHU�DQG�PRUH�LQWHUPHGLDWH�$�DQG�%�VXE�FRPSDUWPHQWV��UHVSHFWLYHO\�
�)LJ��)�DQG�*��$SSHQGL[�)LJ�6�&���
�
$FFRUGLQJO\�� 06� UHYHDOHG� WKDW� *6&/&V� ERUH� DQ� HOHYDWHG� OHYHO� RI� +�.��PH�� DQG�
+�.�PH���ZKLFK�DUH�DVVRFLDWHG�ZLWK�D�VWDWH�LQWHUPHGLDWH�EHWZHHQ�FRPSDUWPHQWV�$�DQG�
%��-RKQVWRQH et al���������)LJ��+��� � 7KH�UHJLRQV�ZLWK�KLJKHU�+�.��PH��LQ�*6&/&V�
ZHUH�HQULFKHG�LQ�SURPRWHUV�DQG�&S*�LVODQGV��&*,V���$SSHQGL[�)LJ�6�'��'DWDVHW�(9����
ZKLFK� ZHUH�� LPSRUWDQWO\�� DVVRFLDWHG� ZLWK� SDWKZD\V� VXFK� DV� ³PDOH� PHLRWLF� QXFOHDU�
GLYLVLRQ�´�DQG�³UHFRPELQDWRULDO� UHSDLU�´�DQG� LQFOXGHG�Ddx4��Dmrt1��Dmc1��Stag3�� DQG�
Spo11��)LJ��,�DQG�-��'DWDVHW�(9���� � 7KHVH�JHQHV�ERUH�KLJKHU�OHYHOV�RI�+�.��PH��RQ�
WKHLU� JHQH� ERGLHV� DV�ZHOO� �)LJ� �,��$SSHQGL[� )LJ� 6�(��� � ,Q� FRQWUDVW�� WKH� UHJLRQV�ZLWK�
KLJKHU� OHYHOV� RI� +�.�PH�� LQ� *6&V� ZHUH� HQULFKHG� LQ� HQKDQFHUV� DQG� GLVWDO� DFWLYH�
UHJXODWRU\� HOHPHQWV� �$SSHQGL[� )LJ� 6�)� DQG� *��� DQG� ZHUH� DVVRFLDWHG� ZLWK� SDWKZD\V�
VXFK�DV�³UHVSRQVH�WR�FLOLDU\�QHXURWURSKLF�IDFWRU�´�³URG�ELSRODU�FHOO�GLIIHUHQWLDWLRQ�´�DQG�
³DGUHQDO�FRUWH[�IRUPDWLRQ´��$SSHQGL[�)LJ�6�+��'DWDVHW�(9����
�
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0RUHRYHU��*6&/&V�ERUH�D� ODUJHU�QXPEHU�RI� WKH�&7&)�ELQGLQJ�SHDNV�FRLQFLGLQJ�ZLWK�
LQVXIILFLHQW�DFFXPXODWLRQ�RI�+�.�PH���)LJ��.��$SSHQGL[�)LJ�6�,�DQG�-���DQG� LQGHHG�
*6&/&V�GHYHORSHG�KLJKHU�LQWUD�7$'�LQWHUDFWLRQ�VWUHQJWK�FRPSDUHG�WR�*6&V��)LJ��/���
LQGLFDWLQJ� WKDW� WKH� FKURPDWLQ� RI�*6&/&V� LV�PRUH� LQVXODWHG� WKDQ� WKDW� RI�*6&V�� � ,Q� D�
PHJDEDVH�VFDOH�GRPDLQ�HQFRPSDVVLQJ�Ddx4�� WKH� LQVXODWLQJ�&7&)�SHDN�VHSDUDWLQJ� WKH�
Ddx4� SURPRWHU� IURP� RQH� RI� LWV� SRWHQWLDO� HQKDQFHUV� ZDV� UHPRYHG� RQO\� SDUWLDOO\� LQ�
*6&/&V�� UHVXOWLQJ� LQ� D� UHGXFHG� DFWLYDWLRQ� DV� HYLGHQFHG� E\� WKH� FRPSDUDWLYHO\� ORZHU�
+�.��PH��OHYHOV�RQ�Ddx4��)LJ��0���&ROOHFWLYHO\��WKHVH�UHVXOWV�OHDG�XV�WR�FRQFOXGH�WKDW�
*6&/&V� H[KLELW� DEHUUDQW� QXFOHRPH� SURJUDPPLQJ�� LQFOXGLQJ� LQVXODWLRQ� HUDVXUH� DQG�
HSLJHQRPH� SURJUDPPLQJ��ZLWK� SDUWLDO� UHWHQWLRQ� RI� WKH� SURSHUWLHV� RI� G�F��P3*&/&V��
UHVXOWLQJ�LQ�WKHLU�LPSDLUHG�VSHUPDWRJHQLF�SRWHQWLDO�� �
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',6&866,21�
*HUP�FHOO�GHYHORSPHQW� OD\V� WKH�JURXQGZRUN�IRU�QXFOHDU� WRWLSRWHQF\��FUHDWLQJ�VH[XDOO\�
GLPRUSKLF� KDSORLG� JDPHWHV�� WKH� RRF\WHV� DQG� WKH� VSHUPDWR]RD�� ZKLFK� XQLWH� WR� IRUP�
WRWLSRWHQW� ]\JRWHV�� � 3*&V�EHDU� QDwYH� HSLJHQRPH� DIWHU� HSLJHQHWLF� UHSURJUDPPLQJ� DQG�
FDQ�VHUYH�DV�D�GLUHFW�SUHFXUVRU�IRU�RRF\WH�GLIIHUHQWLDWLRQ��WKH\�FDQ�DOVR�DFTXLUH�D�GLVWLQFW�
VSHUPDWRJHQLF� HSLJHQRPH�� LQFOXGLQJ� JOREDO�'1$� UH�PHWK\ODWLRQ�� WR� GLIIHUHQWLDWH� LQWR�
VSHUPDWRJRQLD�66&V�� D� GLUHFW� SUHFXUVRU� IRU� VSHUPDWR]RD� GLIIHUHQWLDWLRQ� �/HH et al.��
������� � 3*&V� DQG� VSHUPDWRJRQLD�66&V� WKHUHIRUH� H[KLELW� GLPRUSKLF� HSLJHQRPLF�
SURSHUWLHV�DQG�KDYH�EHHQ�WKRXJKW�WR�UHSUHVHQW�KLJKO\�GLVWLQFW�FHOOXODU�VWDWHV�� � &RQWUDU\�
WR� WKLV� QRWLRQ�� RXU� QXFOHRPH� DQDO\VHV� KDYH� XQFRYHUHG� D� VPRRWK� DQG� XQLGLUHFWLRQDO�
PDWXUDWLRQ� RI� KLJKHU�RUGHU� JHQRPH� RUJDQL]DWLRQ� IURP� SOXULSRWHQW� SUHFXUVRUV�
�P(6&V�(SL/&V�� WR� 3*&V� �G��G��G�F�� P3*&/&V�� DQG� WKHQ� WR� VSHUPDWRJRQLD�66&V�
�*6&V���LQYROYLQJ�SURJUHVVLYH�HXFKURPDWL]DWLRQ�DQG�UDGLDO�FKURPRVRPDO�UH�SRVLWLRQLQJ�
�)LJ� �� DQG� ���� � 7KLV� ILQGLQJ� GHOLQHDWHV� D� FRPPRQ� QXFOHDU�DUFKLWHFWXUDO� IRXQGDWLRQ�
WRZDUGV�JDPHWH�JHQHUDWLRQ�LQ�ERWK�VH[HV��D�FRRUGLQDWLRQ�QRW�IRXQG�LQ�VRPDWLF�OLQHDJHV�� �
7KLV� ZLGHVSUHDG� HXFKURPDWL]DWLRQ� PLJKW� XQGHUOLH� WKH� SRWHQWLDO� RI� *6&V� WR�
GH�GLIIHUHQWLDWH� LQWR� SOXULSRWHQW� VWHP� FHOOV�� DOEHLW� DW� D� ORZ� IUHTXHQF\�
�.DQDWVX�6KLQRKDUD et al�� ������� � 7KXV�� JHUP�FHOO� GHYHORSPHQW� HQWDLOV� PHFKDQLVPV�
WKDW� FUHDWH� DQG� SUHVHUYH� D� EURDGO\� HXFKURPDWLF� JHQRPH�� ZKLOH� VLPXOWDQHRXVO\�
DFFRPPRGDWLQJ�HVVHQWLDO�HSLJHQHWLF�RUFKHVWUDWLRQV�� � 2XU�ILQGLQJV�DOVR�GHPRQVWUDWH�WKDW�
JOREDO�'1$�PHWK\ODWLRQ�DQG�HXFKURPDWL]DWLRQ�DUH�GLVVRFLDEOH�HYHQWV��
�
$V� D� NH\� PHFKDQLVP� IRU� JOREDO� HXFKURPDWL]DWLRQ�� ZH� KDYH� VKRZQ� WKDW� JHUP�FHOO�
GHYHORSPHQW� GLVWLQFWO\� GRZQ�UHJXODWHV� +�.�PH��� DQ� DJJUHJDWLYH� IRUFH� IRU�
KHWHURFKURPDWLQ�IRUPDWLRQ��3ROHVKNR et al���������DQG�SURJUHVVLYHO\�UHVWULFWV�/$'V�WR�
DURXQG� FHQWURPHUHV� �)LJ� �� DQG� ���� � 7KHVH� HYHQWV�ZRXOG� EH�PHGLDWHG� DW� OHDVW� LQ� SDUW�
WKURXJK�WKH�UHSUHVVLRQ�RI�6(7'%��DQG�(+07���.�07DVHV�DFWLQJ�LQ�ERWK�WKH�$�DQG�%�
FRPSDUWPHQWV� �)XNXGD et al.�� ������� DV�ZHOO� DV� ODPLQ�%�� LWVHOI�� � 2Q� WKH� RWKHU� KDQG��
JHUP�FHOOV�XS�UHJXODWH Suv39h1�DQG�h2��.�07DVHV�VSHFLILF� WR�WKH�%�FRPSDUWPHQW�DQG�
SDUWLFXODUO\� IRU� SHULFHQWURPHULF� UHJLRQV�� � 7KLV� UHVXOWV� LQ� DQ� H[SDQVLRQ� RI� +�.�PH��
LQWR� EURDG� GRPDLQV� LQ� *6&V� ZLWK� DQ� DSSUHFLDEOH� LQFUHDVH� LQ� ERWK� ORFDO� DQG� GLVWDO�
FRPSDFWLRQ� DPRQJ� VXFK� GRPDLQV� �)LJ� ���� FRQVLVWHQW� ZLWK� WKH� QRWLRQ� RI� D� FULWLFDO�
WKUHVKROG� RI� +�.�PH�� GRPDLQ� ZLGWK� IRU� SKDVH� VHSDUDWLRQ� WR� WDNH� SODFH� YLD� +3��
�6DQXOOL et al�� ������� � 7KLV� FRPSDFWLRQ� ZRXOG� DOVR� FRQWULEXWH� WR� WKH� IRUPDWLRQ� RI�
30'V�� DQG� PRVW� UHPDUNDEO\�� WKRVH� RQ� WKH� <� FKURPRVRPH�� OLNHO\� E\� SK\VLFDOO\�
H[FOXGLQJ� VSHUPDWRJHQHVLV�DVVRFLDWHG� 16'�� DQG� SUHYHQWLQJ� +�.��PH�� GHSRVLWLRQV�
�)LJ� ���� � 7KXV�� W\SLFDO� /$'V�PHGLDWHG� E\� +�.�PH��� ZKLFK� DUH� VHHQ� LQ� SOXULSRWHQW�
SUHFXUVRUV� DV�ZHOO� DV� LQ�PRVW� VRPDWLF� OLQHDJHV�� DUH� SURJUHVVLYHO\� UH�RUJDQL]HG� LQWR� D�
PLQLPDO� VWDWH�PDUNHG� E\�+�.�PH�� GXULQJ� JHUP�FHOO� GHYHORSPHQW�� � ,PSRUWDQWO\�� WKH�
SRVLWLRQDO�SUHIHUHQFH�RI�+�.�PH��DVVRFLDWHG�PLQLPDO�/$'V� LV� LQ�SDUW� DWWULEXWDEOH� WR�
WKH�GHQVLW\�RI�HYROXWLRQDULO\�\RXQJ�7(V�WKDW�DUH�HQULFKHG�QHDU�FHQWURPHUHV��)LJ����)LJ�
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(9���� LQGLFDWLQJ� D� FULWLFDO� UROH� RI� LQKHUHQW� JHQRPLF� SURSHUWLHV� LQ� VKDSLQJ� WKH�
IXQGDPHQWDO� QXFOHDU� DUFKLWHFWXUH�� � ,Q� JRRG� DJUHHPHQW� ZLWK� WKLV� FRQFHSW�� FHOO�W\SH�
VSHFLILF� /$'V� KDYH� EHHQ� UHSRUWHG� WR� EH� HQULFKHG� LQ� VXFK� 7(V� �.HRXJK et al�� ������� �
7KH� LQYROYHPHQW� RI� +�.�� GHPHWK\ODVHV� DQG� WKH� LQWHUSOD\� DPRQJ� DVVRFLDWHG�
PDFKLQHULHV�IRU�/$'�IRUPDWLRQ�ZDUUDQW�IXUWKHU�LQYHVWLJDWLRQ��
�
'HVSLWH�DGRSWLQJ�D�KLJKO\�SHUPLVVLYH�HSLJHQRPH�ZLWK�DEXQGDQW�HQKDQFHU�OLNH�RSHQ�VLWHV��
G�F�� P3*&/&V� VWUHQJWKHQHG� WKHLU� FKURPDWLQ� LQVXODWLRQ� WR� WKZDUW� VSXULRXV� GLVWDO�
DFWLYDWLRQ��ZKLFK��FRPELQHG�ZLWK�D�PHFKDQLVP�WR�HQVXUH�ORZ�+�.�PH��OHYHOV��ZRXOG�
SUHYHQW� WKH� SHUYDVLYH� SRLVHG� HQKDQFHUV� IURP� UHDOL]LQJ� WKHLU� SRWHQWLDO� �)LJ� �� DQG� ���� �
7KXV�� HSLJHQHWLF� UHSURJUDPPLQJ� FUHDWHV� 3*&V� WKDW� KDYH� DOPRVW� QR�'1$�PHWK\ODWLRQ�
DQG�D�KLJKO\�RSHQ�HSLJHQRPH��EXW�WKDW�DUH�SURWHFWHG�E\�HOHYDWHG�+�.��PH���2KWD et al.��
������DQG�&7&)� LQVXODWLRQ� DJDLQVW�K\SHU�WUDQVFULSWLRQ�� � $V� WR� D�SRVVLEOH�PHFKDQLVP�
IRU�WKH�HQKDQFHG�LQVXODWLRQ��ZH�UHYHDOHG�D�UHGXFHG�UHVLGHQFH�WLPH�RI�WKH�ORRS�H[WUXVLRQ�
PDFKLQHU\�DW�7$'�ERXQGDULHV�LQ�G�F��P3*&/&V��)LJ�(9�+�-��� � 6XFK�D�UHGXFWLRQ�LQ�
UHVLGHQFH� WLPH� FRXOG� EH� DFKLHYHG� WKURXJK�PXOWLSOH�PHFKDQLVPV�� LQFOXGLQJ� WKH� XVH� RI�
YDULDQW�FRKHVLQ�FRPSOH[HV�DQG�PRGXODWLQJ�WKH�EDODQFH�EHWZHHQ�FRKHVLQ�ORDGLQJ�UHOHDVH�
IDFWRUV� �&XDGUDGR et al�� ������ :XW] et al�� ������� � &ODULILFDWLRQ� RI� WKHVH� SRWHQWLDO�
PHFKDQLVPV�ZDUUDQWV�IXWXUH�LQYHVWLJDWLRQ��
�
2Q� WKH� RWKHU� KDQG�� VXFK� SURWHFWLYH� PHFKDQLVPV� PXVW� EH� DW� OHDVW� SDUWO\� GLVHQWDQJOHG�
XSRQ�PDOH� DQG� IHPDOH� JHUP�FHOO� VSHFLILFDWLRQ� WR� HYHQWXDOO\� DFKLHYH� IXOO� DFWLYDWLRQ� RI�
WKH� JDPHWRJHQLF� SURJUDP�� � $FFRUGLQJO\�� D� IDLOXUH� RI� VXFK� XQUDYHOLQJ� DQG� D� SDUWLDO�
UHWHQWLRQ�DEHUUDQW� GHYHORSPHQW� RI� WKH� 3*&�OLNH� QXFOHRPH� WRJHWKHU� FRQWULEXWHG� WR� WKH�
OLPLWHG�VSHUPDWRJHQLF�FDSDFLWLHV�RI�*6&/&V��)LJ����$SSHQGL[�)LJ�6���� � ,Q�WKH�RULJLQDO�
*6&/&� LQGXFWLRQ� VWUDWHJ\�� G�� P3*&/&V�� ZKLFK� DUH� LQ� WKH� PLGGOH� RI� HSLJHQHWLF�
UHSURJUDPPLQJ�DQG�EHDU�a����JHQRPH�ZLGH�'1$�PHWK\ODWLRQ��ZHUH�DJJUHJDWHG�ZLWK�
HPEU\RQLF� WHVWLFXODU� VRPDWLF� FHOOV� IRU� GLIIHUHQWLDWLRQ� LQWR� VSHUPDWRJRQLD�OLNH� FHOOV�
�,VKLNXUD et al.��������� � :H�VSHFXODWH�WKDW�SUHFRFLRXV�WHVWLFXODU�VH[�GHWHUPLQLQJ�VLJQDOV�
RQ�P3*&/&V�PLJKW�EH�D�UHDVRQ�IRU�PLV�RUJDQL]HG�QXFOHRPH�LQ�WKH�RULJLQDOO\�UHSRUWHG�
*6&/&V�� � ,Q� JRRG� DJUHHPHQW� ZLWK� WKLV� VSHFXODWLRQ�� ZH� KDYH� UHFHQWO\� VXFFHHGHG� LQ�
GHULYLQJ� IXOO\� IXQFWLRQDO�*6&/&V�XVLQJ�G�F��P3*&/&V��ZKLFK�KDYH�DQ�DOPRVW� IXOO\�
FRPSOHWH�HSLJHQHWLF� UHSURJUDPPLQJ��DV� VWDUWLQJ�PDWHULDOV� IRU�DJJUHJDWLRQ�FXOWXUH�ZLWK�
HPEU\RQLF� WHVWLFXODU� VRPDWLF� FHOOV� �,VKLNXUD et al�� ������� � 7KH� QXFOHRPH� DQDO\VLV� RI�
WKHVH�QHZO\�HVWDEOLVKHG�*6&/&V�ZRXOG�EH�LPSRUWDQW�WR�FRQILUP�WKLV�K\SRWKHVLV��
�
7KH�QXFOHRPH�SURJUDPPLQJ�IRU�JHUP�FHOO�GHYHORSPHQW�WKDW�ZH�KDYH�GHOLQHDWHG�KHUHLQ��
ZKLFK�LQYROYHV�SURJUHVVLYH�HXFKURPDWL]DWLRQ�ZLWK�SHULSKHUDO�FHQWURPHUH�SRVLWLRQLQJ��LV�
UHPLQLVFHQW�RI�FOLPELQJ�XS� WKH�:DGGLQJWRQ¶V� ODQGVFDSH�RI�HSLJHQHVLV� �)LJ����� DQG�ZH�
SURSRVH�WKDW�LW�FRQVWLWXWHV�DW�OHDVW�SDUW�RI�WKH�PHFKDQLVP�IRU�FUHDWLQJ�QXFOHDU�WRWLSRWHQF\��
LQFOXGLQJ� PHLRWLF� SRWHQWLDO�� � (OXFLGDWLRQ� RI� WKH� QXFOHRPH� SURJUDPPLQJ� GXULQJ�
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JHUP�FHOO�GHYHORSPHQW�LQ�RWKHU�PDPPDOV��LQFOXGLQJ�KXPDQV��ZLOO�EH�FUXFLDO�IRU�D�PRUH�
FRPSUHKHQVLYH� XQGHUVWDQGLQJ� RI� QXFOHDU� WRWLSRWHQF\� DQG� LWV� HYROXWLRQDU\� GLYHUJHQFH�� �
7KH� ULFK� GDWDVHWV� ZH� KDYH� DVVHPEOHG� ZRXOG� EH� LQYDOXDEOH� DV� D� EHQFKPDUN� IRU�
PDPPDOLDQ� in vitro� JDPHWRJHQHVLV� VWXGLHV� �6DLWRX� 	� +D\DVKL�� ������ DQG� IRU� IXWXUH�
VWXGLHV� DLPLQJ� WR� LGHQWLI\� XQLI\LQJ� SULQFLSOHV� IRU� WKH� DFTXLVLWLRQ� RI� XQLTXH� FHOOXODU�
LGHQWLWLHV� DFURVV� OLQHDJHV�� � )XUWKHU�� WKH\� FRXOG� FRQWULEXWH� WR� WKH� GHYHORSPHQW� RI�
SRZHUIXO� FRPSXWDWLRQDO� IUDPHZRUNV�� ZKLFK� LQ� WXUQ� FRXOG� KHOS� LQWHJUDWH� WLPH�VHULHV�
PXOWL�RPLFV�GDWDVHWV�DQG�XQYHLO�KLGGHQ�LQVLJKWV��
�
�
�
� �
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$&.12:/('*0(176�
:H�WKDQN� WKH�PHPEHUV�RI�RXU� ODERUDWRU\�IRU� WKHLU�KHOSIXO� LQSXW�RQ� WKLV�VWXG\��:H�DUH�
JUDWHIXO� WR� <�� 1DJDL�� 1�� .RQLVKL�� (�� 7VXWVXPL�� DQG� 0�� .DZDVDNL� RI� WKH� 6DLWRX�
/DERUDWRU\�� WR� WKH� '1$)250� JHQHWLF� DQDO\VLV� GHSDUWPHQW� IRU� 1(7�&$*(� OLEUDU\�
SUHSDUDWLRQ� DQG� VHTXHQFLQJ�� WR� WKH� 6LQJOH�&HOO� *HQRPH� ,QIRUPDWLRQ� $QDO\VLV� &RUH�
�6LJQ$&��LQ�$6+%L�IRU�WKHLU�WHFKQLFDO�DVVLVWDQFH�DQG�KHOS�ZLWK�DOO�WKH�RWKHU�VHTXHQFLQJ�
H[SHULPHQWV�� WR� 5�� 0DHGD� RI� WKH� 7DFKLEDQD� /DERUDWRU\� IRU� KHOSIXO� VXJJHVWLRQV� IRU�
&K,3�VHT��WR�6��1DJDRND�DQG�.��.XULPRWR�RI�WKH�.XULPRWR�/DERUDWRU\�DQG�*��%RXUTXH�
RI� WKH�%RXUTXH�/DERUDWRU\� IRU� WKRXJKWIXO� GLVFXVVLRQV� RQ� WKH� GDWD� DQDO\VLV�� DQG� WR�&��
+RUWK� IURP� WKH�0DMHZVNL� /DERUDWRU\� IRU� KHU� DVVLVWDQFH�ZLWK� KLVWRQH� H[WUDFWLRQ�� 7KLV�
ZRUN�ZDV� VXSSRUWHG� LQ� SDUW� E\� D�*UDQW�LQ�$LG� IRU�6SHFLDOO\�3URPRWHG�5HVHDUFK� IURP�
-636� ���+������� ��+�������� D� -67�(5$72� *UDQW� �-30-(5������� D� *UDQW� IURP�
+)63��5*3������������*UDQWV�IURP�WKH�3\WKLDV�)XQG�DQG�2SHQ�3KLODQWKURS\�3URMHFW�
WR�0�6���-636�.$.(1+,�*UDQWV��-3��+�������-3��+�������WR�6�<���DQG�1,+�JUDQWV�
�&$��������16��������WR�%�$�*��0�1��LV�D�IHOORZ�RI�WKH�7DNHGD�6FLHQFH�)RXQGDWLRQ��
%�+�� LV� VXSSRUWHG� E\� VWXGHQWVKLS� DZDUGV� IURP� WKH� &DQDGLDQ� ,QVWLWXWHV� RI� +HDOWK�
5HVHDUFK�DQG�WKH�)RQGV�GH�UHFKHUFKH�GX�4XpEHF�±�6DQWp��
�
�
$87+25�&2175,%87,216�
0�1��� %�+��� 6�<��� DQG� 0�6�� FRQFHLYHG� WKH� SURMHFW� DQG� GHVLJQHG� H[SHULPHQWV�� 0�1��
SHUIRUPHG� DOO� FHOO� FXOWXUHV� DQG� LQGXFWLRQV�ZLWK� DVVLVWDQFH� IURP�+�2���<�,VKLNXUD�� DQG�
<�1��0�1��SHUIRUPHG�LPPXQRIOXRUHVFHQFH�DQG�LWV�DQDO\VLV�ZLWK�DVVLVWDQFH�IURP�+�2���
1�.��DQG�.�0��0�1��DQG�)�8��SHUIRUPHG�ZHVWHUQ�EORW�DQG�LWV�DQDO\VLV�ZLWK�DVVLVWDQFH�
IURP� <�1��� 6�6��� DQG� <�.�� 0�1�� SHUIRUPHG� ),6+� ZLWK� DVVLVWDQFH� IURP� ,�2�� 0�1��
SHUIRUPHG� KLVWRQH� H[WUDFWLRQ� DQG� 0�&�� SHUIRUPHG� PDVV� VSHFWURPHWU\� XQGHU� WKH�
VXSHUYLVLRQ� RI�%�$�*��0�1�� DQG�$�<�� SHUIRUPHG�&K,3�VHT�ZLWK� DVVLVWDQFH� IURP�6�<��
DQG�7�<��0�1�� SHUIRUPHG�$7$&�VHT�ZLWK� DVVLVWDQFH� IURP�6�<���+�,��� DQG�7�<��0�1��
SHUIRUPHG�LQ�VLWX�+L�&�ZLWK�DVVLVWDQFH�IURP�6�<���5�6���*�:���.�7���-�0�3���DQG�/�$�0��
0�1��SHUIRUPHG�1(7�&$*(�ZLWK�DVVLVWDQFH�IURP�7�.��XQGHU�WKH�VXSHUYLVLRQ�RI�<�0��
0�1�� DQG�%�+�� SHUIRUPHG� DOO� GDWD� DQDO\VLV�ZLWK� DVVLVWDQFH� IURP�<�<�� DQG� -�0��%�+��
SHUIRUPHG�SRO\PHU� VLPXODWLRQ� DQG�DQDO\VLV�ZLWK�DVVLVWDQFH� IURP�<�,PRWR���.�0��� DQG�
<�+��0�1���%�+���DQG�0�6��ZURWH�WKH�PDQXVFULSW�ZLWK�LQSXW�IURP�DOO�FR�DXWKRUV��6�<���
-�0���DQG�0�6��VXSHUYLVHG�WKH�SURMHFW�� �
�
�
',6&/2685(�$1'�&203(7,1*�,17(5(676�67$7(0(17� �
0�6��LV�DQ�(0%2�$VVRFLDWH�0HPEHU��
�
�
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0$7(5,$/6�$1'�0(7+2'6�
0HWKRGV�DQG�3URWRFROV�
&XOWXUH�RI�P(6&V�
7KH� %')������ PRXVH� P(6&V� EHDULQJ� Blimp1-mVenus� DQG� Stella-ECFP� �%96&��
WUDQVJHQHV� �2KWD et al.�������� ZHUH� FXOWXUHG� DV� GHVFULEHG� SUHYLRXVO\� �+D\DVKL et al.��
������� %ULHIO\�� P(6&V� ZHUH� PDLQWDLQHG� LQ� 1�%��� PHGLXP� VXSSOHPHQWHG� ZLWK�
3'�������������X0���6WHPJHQW������������&+,5���������X0���%LR�9LVLRQ���������DQG�
OHXNHPLD�LQKLELWRU\�IDFWRU��/,)��������8�PO���0HUFN�0LOOLSRUH��(6*������RQ�D����ZHOO�
SODWH�FRDWHG�ZLWK�SRO\�/�RUQLWKLQH����������6LJPD��3������DQG�ODPLQLQ�����QJ�PO���%'�
%LRVFLHQFHV�����������,Q�WKLV�VWXG\��DOO�FHOOV�ZHUH�FXOWXUHG�DW����&�XQGHU�DQ�DWPRVSKHUH�
RI����&2��LQ�DLU��
��
,QGXFWLRQ�RI�(SL/&V�DQG�P3*&/&V�
,QGXFWLRQ�RI�(SL/&V�DQG�3*&/&V�ZDV�SHUIRUPHG�DV�GHVFULEHG�SUHYLRXVO\��+D\DVKL et 
al.��������ZLWK�PLQRU�PRGLILFDWLRQV��%ULHIO\��WKH�(SL/&V�ZHUH�LQGXFHG�E\�SODWLQJ��î����
P(6&V�RQ�D�ZHOO�RI�D����ZHOO�SODWH�FRDWHG�ZLWK�KXPDQ�SODVPD�ILEURQHFWLQ�������PJ�PO��
�0HUFN� 0LOOLSRUH�� )&����� LQ� 1�%��� PHGLXP� FRQWDLQLQJ� DFWLYLQ� $� ���� QJ�PO��
�3HSURWHFK�����������E)*)�����QJ�PO�������������,QYLWURJHQ���DQG�.65�������*LEFR��
�����������P3*&/&V�ZHUH�LQGXFHG�IURP�G��(SL/&V����GD\V�DIWHU�LQGXFWLRQ��XQGHU�D�
IORDWLQJ� FRQGLWLRQ� LQ� ZHOOV� RI� D� ORZ�FHOO�ELQGLQJ� 8�ERWWRP� ���ZHOO� SODWH� LQ� *0(0�
PHGLXP��7KHUPR�)LVKHU�6FLHQWLILF������������FRQWDLQLQJ�����.65��*LEFR�������������
���� P0� 1($$� �7KHUPR� )LVKHU� 6FLHQWLILF�� ������������ �� P0� VRGLXP� S\UXYDWH�
�7KHUPR� )LVKHU� 6FLHQWLILF�� ������������ ���� P0� ȕ�PHUFDSWRHWKDQRO� �7KHUPR� )LVKHU�
6FLHQWLILF�� ����������� ���� 8�PO� SHQLFLOOLQ�� ���� PJ�PO� VWUHSWRP\FLQ� �7KHUPR� )LVKHU�
6FLHQWLILF�� ���������� DQG� �� P0� /�JOXWDPLQ� �7KHUPR� )LVKHU� 6FLHQWLILF�� ����������
VXSSOHPHQWHG� ZLWK� %03�� ����� QJ�PO�� �56'�� ���%3��0��� /,)� ������8�PO�� �0HUFN�
0LOOLSRUH�� (6*������� 6&)� ����� QJ�PO�� �56'�� ���0&��� DQG� (*)� ���� QJ�PO�� �56'��
����(*���
��
([SDQVLRQ�FXOWXUH�RI�P3*&/&V�
7KH�H[SDQVLRQ�FXOWXUH�RI�P3*&/&V�ZDV�SHUIRUPHG�DV�SUHYLRXVO\�GHVFULEHG��2KWD et al.��
�������%ULHIO\�� IROORZLQJ� LQFXEDWLRQ� LQ�7U\S/(��([SUHVV� �*LEFR�� ����������� IRU����
PLQ�� WKH� DJJUHJDWHV� RI� G��P3*&/&V� �3*&/&V� LQGXFHG� IRU� �� GD\V��ZHUH� GLVVRFLDWHG�
LQWR�VLQJOH�FHOOV�E\�ULJRURXV�SLSHWWLQJ��6XEVHTXHQWO\��%9�SRVLWLYH�FHOOV�ZHUH�VRUWHG�ZLWK�
D�)$&6$ULD�,,,�FHOO�VRUWHU��3XULILHG�G��P3*&/&V�ZHUH�FXOWXUHG�RQ�P������FHOOV�DV�WKH�
IHHGHU�FHOOV�LQ�*0(0��*LEFR������������FRQWDLQLQJ�����.65��*LEFR�����������������
P0�1($$� �7KHUPR�)LVKHU� 6FLHQWLILF�� ������������ ��P0� VRGLXP�S\UXYDWH� �7KHUPR�
)LVKHU� 6FLHQWLILF�� ������������ ���� P0� ȕ�PHUFDSWRHWKDQRO� �7KHUPR� )LVKHU� 6FLHQWLILF��
����������� ���� 8�PO� SHQLFLOOLQ�� ���� PJ�PO� VWUHSWRP\FLQ� �7KHUPR� )LVKHU� 6FLHQWLILF��
����������� �� P0� /�JOXWDPLQ� �7KHUPR� )LVKHU� 6FLHQWLILF�� ����������� ����� )%6�
�+\FORQH�� 6+����������� 6&)� ����� QJ�PO�� �56'�� ���0&��� ���P0� IRUVNROLQ� �6LJPD��
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)����������X0�UROLSUDP��$EFDP��$%���������DQG���X0�&V$��6LJPD����������+DOI�RI�
WKH�FXOWXUH�PHGLXP�ZDV�FKDQJHG�HYHU\�WZR�GD\V��
��
&XOWXUH�RI�*6&V�DQG�*6&/&V�
*6&V� DQG� *6&/&V� EHDULQJ� Acrosin-EGFP� DQG� EHWD�Actin-EGFP� �$$*�� WUDQVJHQHV�
�2KWD et al��������ZHUH�FXOWXUHG�DV�GHVFULEHG�SUHYLRXVO\��,VKLNXUD et al.���������%ULHIO\��
FHOOV�ZHUH�FXOWXUHG�LQ�6WHPSUR����6)0�VXSSOHPHQWHG�ZLWK�6WHPSUR�6XSSOHPHQW��*LEFR��
�����������ZLWK�����P0�ȕ�PHUFDSWRHWKDQRO��7KHUPR�)LVKHU�6FLHQWLILF����������������
)%6� �+\FORQH�� 6+����������� �î0(0� YLWDPLQ� VROXWLRQ� �7KHUPR� )LVKHU� 6FLHQWLILF��
���������������PJ�PO�$OE0$;,��*LEFR�����������������P0�1($$��7KHUPR�)LVKHU�
6FLHQWLILF����������������P0�VRGLXP�S\UXYDWH��7KHUPR�)LVKHU�6FLHQWLILF��������������
����P0�ȕ�PHUFDSWRHWKDQRO��7KHUPR�)LVKHU�6FLHQWLILF�����������������8�PO�SHQLFLOOLQ��
���� PJ�PO� VWUHSWRP\FLQ� �7KHUPR� )LVKHU� 6FLHQWLILF�� ����������� �� P0� /�JOXWDPLQ�
�7KHUPR�)LVKHU�6FLHQWLILF��������������î,QVXOLQ�7UDQVIHUULQ�6HOHQLXP��,76�*���*LEFR��
����������� ���QJ�PO�E)*)� �,QYLWURJHQ�� ����������� ���QJ�PO�*'1)� UDW� UHFRPELQDQW�
�56'�����*)������QJ�PO�(*)��56'������(*���DQG������8�PO�/,)��0HUFN�0LOOLSRUH��
(6*������ LQ�D�ZHOO�RI�D���ZHOO�SODWH�RQ�PRXVH�HPEU\RQLF� ILEUREODVW� FHOOV� �0()V��DV�
IHHGHU�FHOOV��+DOI�RI�WKH�PHGLXP�ZDV�UHSODFHG�HYHU\�WZR�RU�WKUHH�GD\V��
��
,PPXQRIOXRUHVFHQFH�VWDLQLQJ�
7KH� IROORZLQJ� SULPDU\� DQWLERGLHV� ZHUH� XVHG� DW� WKH� LQGLFDWHG� GLOXWLRQV�� UDEELW�
DQWL�/DPLQE�� ��������� $EFDP� DE�������� PRXVH� DQWL�+�.�PH�� �������� 0%/��
0$%,������� PRXVH� DQWL�+�.�PH�� �������� 0%/�� 0$%,������� DQG� PRXVH�
DQWL�+�.��PH����������0HUN�����������
��
7KH�IROORZLQJ�VHFRQGDU\�DQWLERGLHV�IURP�7KHUPR�)LVKHU�6FLHQWLILF�ZHUH�XVHG�DW�D�������
GLOXWLRQ��$OH[D�)OXRU� ����JRDW� DQWL�UDEELW� ,J*��$OH[D�)OXRU�����JRDW� DQWL�UDEELW� ,J*��
DQG�$OH[D�)OXRU�����JRDW�DQWL�PRXVH�,J*��
��
,PPXQRIOXRUHVFHQFH� �,)��VWDLQLQJ�ZDV�SHUIRUPHG�DV�SUHYLRXVO\�GHVFULEHG� �2KWD et al.��
������ ZLWK� PLQRU� PRGLILFDWLRQV�� %ULHIO\�� FHOOV� ZHUH� IL[HG� LQ� ��� 3)$�
�SDUDIRUPDOGHK\GH���1DFDODL�7HVTXH������������IRU����PLQ�DW�57��$IWHU�IL[DWLRQ��FHOOV�
ZHUH�ZDVKHG�LQ�3%6�WKUHH�WLPHV�DQG�WKHQ�SHUPHDELOL]HG�LQ����7ULWRQ�;����3%6�IRU���
PLQ� RQ� LFH�� 7KHQ�� WKH\� ZHUH� ZDVKHG� LQ� 3%6� WKUHH� WLPHV� DQG� LQFXEDWHG� LQ� ��� %6$�
�6LJPD��$�������*��3%6�IRU���K��7KH�FHOOV�ZHUH�LQFXEDWHG�ZLWK�SULPDU\�DQWLERGLHV�LQ�
��� %6$�3%6� RYHUQLJKW�� $IWHU� LQFXEDWLRQ� ZLWK� SULPDU\� DQWLERGLHV�� WKH� FHOOV� ZHUH�
ZDVKHG� LQ�3%6� WKUHH� WLPHV� DQG� WKHQ� LQFXEDWHG� IRU���K�ZLWK� VHFRQGDU\�DQWLERGLHV�DQG�
'$3,����PJ�PO���:DNR�������������DW�57��7KHQ��WKH\�ZHUH�ZDVKHG�WKUHH�WLPHV�LQ�3%6�
DQG� PRXQWHG� LQ� 9(&725� 6+,(/'� �9HFWRU� /DERUDWRULHV�� +����������� ,PDJHV� ZHUH�
FDSWXUHG�ZLWK�D�FRQIRFDO�PLFURVFRSH��/60����RU�/60����ZLWK�$LU\VFDQ���=HLVV���
��
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3UREH�SUHSDUDWLRQ�IRU�'1$�),6+�DJDLQVW�PDMRU�VDWHOOLWH�UHSHDWV�
7KH�SUREH�DJDLQVW�PDMRU�VDWHOOLWH�UHSHDWV�ZDV�JHQHUDWHG�DV�SUHYLRXVO\�GHVFULEHG��$QWRQ 
et al�������� ZLWK� VRPH� PRGLILFDWLRQV�� '1$� IUDJPHQWV� ZHUH� DPSOLILHG� ZLWK� IRUZDUG�
��¶�*&*$*$$$$&7*$$$$7&$&��¶�� DQG� UHYHUVH�
��¶�7&$$*7&*7&$$*7**$7*��¶�� SULPHUV� XVLQJ� PRXVH� JHQRPLF� '1$� DV� D�
WHPSODWH��DQG�SXULILHG�XVLQJ�D�4,$�TXLFN�3&5�SXULILFDWLRQ�NLW��4,$*(1��������������
QJ� RI� WKH� 3&5�SURGXFW�ZDV� ODEHOHG�ZLWK�2UDQJH�G873� �$EERWW�� ��1�������� XVLQJ� D�
1LFN�WUDQVODWLRQ�NLW��5RFKH����������������
��
'1$�),6+�
'1$�),6+�ZDV�SHUIRUPHG�DV�GHVFULEHG�SUHYLRXVO\��2NDPRWR et al���������%ULHIO\��FHOOV�
ZHUH� FXOWXUHG� LQ� D� ILOP�ERWWRP� GLVK� �0DWVXQDPL� *ODVV�� )'������� DQG� IL[HG� LQ� ���
3)$�3%6� �1DFDODL� 7HVTXH�� ���������� IRU� ���PLQ� DW� 57��$IWHU� D� EULHI�ZDVK� LQ� 3%6��
FHOOV�ZHUH�SHUPHDELOL]HG� LQ������7ULWRQ�;���� LQ�3%6� IRU���PLQ�RQ� LFH� DQG� VWRUHG� LQ�
����HWKDQRO� DW� í���&� E\� WKH� GD\�RI� XVH��7KHQ�� WKH�'1$�ZDV�GHQDWXUHG� LQ� ����)$�
�IRUPDPLGH���1DFDODL�7HVTXH�������������î66&�S+������6LJPD��6������IRU����PLQ�DW�
���&�DQG�GHK\GUDWHG�WKURXJK�DQ�LFH�FROG�HWKDQRO�VHULHV��+\EULGL]DWLRQ�ZLWK�SUREHV�ZDV�
SHUIRUPHG� DW� ���&� RYHUQLJKW�� $IWHU� LQFXEDWLRQ�� WKH� VDPSOHV� ZHUH� ZDVKHG� LQ� ����
)$��î66&�IROORZHG�E\��î66&��7KH�VDPSOHV�ZHUH�FRXQWHUVWDLQHG�ZLWK�'$3,����PJ�PO��
�:DNR�� ������������ DQG� PRXQWHG� DQG� YLHZHG� XQGHU� D� FRQIRFDO� PLFURVFRSH� �=HLVV�
/60����ZLWK�$LU\VFDQ����,PDJHV�ZHUH�DQDO\]HG�XVLQJ�,PDULV�������VRIWZDUH��%LWSODQH���
��
:HVWHUQ�EORW�DQDO\VLV�
7KH�IROORZLQJ�SULPDU\�DQWLERGLHV�ZHUH�XVHG�DW�WKH�LQGLFDWHG�GLOXWLRQV��UDEELW�DQWL�/DPLQ�
E�����������$EFDP�DE��������PRXVH�DQWL�+�.�PH����������0%/��0$%,�������PRXVH�
DQWL�+�.�PH�� ��������0%/��0$%,������� DQG�PRXVH� DQWL�+�.��PH�� ��������0%/��
0$%,������� UDEELW� DQWL�+�� ���������� &67�� �������� UDEELW� DQWL�&7&)� �������� &67��
��������PRXVH�DQWL�*�D���������5	'��33�$����$������PRXVH�DQWL�*/3���������5	'��
33�%���������� UDEELW� DQWL�6HWGE�� ��������� 3URWHLQWHFK�� ��������$3��� PRXVH�
DQWL�Į�WXEXOLQ����������0HUN��7�������DQG�PRXVH�DQWL�ȕ�DFWLQ����������0%/��0��������
��
7KH� IROORZLQJ� VHFRQGDU\� DQWLERGLHV� IURP�0HUN�ZHUH� XVHG� DW� WKH� LQGLFDWHG� GLOXWLRQV��
JRDW� DQWL�UDEELW� ,J*� FRQMXJDWHG�ZLWK� SHUR[LGDVH� ���������� DQG� VKHHS� DQWL�PRXVH� ,J*�
FRQMXJDWHG�ZLWK�SHUR[LGDVH������������
��
:HVWHUQ�EORW�ZDV�SHUIRUPHG�DV�SUHYLRXVO\�GHVFULEHG� �+D\DVKL et al.��������ZLWK�VOLJKW�
PRGLILFDWLRQV��%ULHIO\��FHOOV�ZHUH�O\VHG�E\�5,3$�EXIIHUV��6DQWD�&UX]��6&���������$IWHU�
LQFXEDWLRQ� IRU� ��� PLQ� DW� ��&� ZLWK� URWDWLRQ�� WKH� O\VDWHV� ZHUH� VRQLFDWHG� E\� %LRUXSWRU�
XVLQJ����F\FOHV�RI����V�RQ����V�RII��7KHQ��WKH�O\VDWHV�ZHUH�VSXQ�GRZQ�DW�������USP�IRU�
���PLQ�DW���&�DQG�WKH�VXSHUQDWDQW�ZDV�FROOHFWHG��$�%&$�DVVD\�ZDV�SHUIRUPHG�XVLQJ�D�
3LHUFH�� %&$� 3URWHLQ� $VVD\� .LW� �7KHUPR� )LVKHU� 6FLHQWLILF�� ������� WR� PHDVXUH� WKH�
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SURWHLQ� FRQFHQWUDWLRQ�� )RU� ZHVWHUQ� EORW�� ���� PJ� RI� ZKROH� FHOO� O\VDWH� RU� ����� PJ� RI�
FKURPDWLQ� IUDFWLRQ� ZDV� ORDGHG� RQWR� HDFK� ODQH�� $IWHU� DGGLWLRQ� RI� �î/DHPPOL� EXIIHU�
�%LR�5DG�� ����������� WKH� VDPSOH� ZDV� UXQ� E\� 6'6�3$*(�� IROORZHG� E\� EORWWLQJ� WR�
39')�PHPEUDQH� �SRUH� VL]H�� �����PP�� �0LOOLSRUH�� ,39+������� LQ� &$36� EXIIHU� ����
P0�&$36�1D2+�S+��������PHWKDQRO���$IWHU�EORWWLQJ�� WKH�PHPEUDQH�ZDV� LQFXEDWHG�
IRU���K�LQ������7ZHHQ����3%6��3%67��ZLWK����VNLP�PLON��%'�%LRVFLHQFH�����������
$IWHU�EORFNLQJ�� WKH�PHPEUDQH�ZDV� LQFXEDWHG�RYHUQLJKW�ZLWK� WKH�SULPDU\�DQWLERGLHV� LQ�
�����3%67�ZLWK����VNLP�PLON��7KH�PHPEUDQH�ZDV�ZDVKHG�LQ������3%67��IROORZHG�
E\� LQFXEDWLRQ� IRU���K�ZLWK� WKH�VHFRQGDU\�DQWLERGLHV� LQ� WKH������3%67�ZLWK����VNLP�
PLON��$IWHU�ZDVKLQJ�LQ������3%67�WKUHH�WLPHV��VHFRQGDU\�DQWLERGLHV�ZHUH�GHWHFWHG�E\�
&KHPLOXPL� 2QH� 6XSHU� �1DFDODL� 7HVTXH�� ���������� XVLQJ� )XVLRQ� VROR� �6� �9LOEHU���
4XDQWLILFDWLRQ�DQDO\VLV�RI� WKH�VLJQDO� LQWHQVLW\�ZDV�SHUIRUPHG� LQ� ,PDJH-�Y������ �1,+���
7DUJHW�SURWHLQ�VLJQDOV�ZHUH�QRUPDOL]HG�E\�WKH�ORDGLQJ�FRQWURO��
��
&KURPDWLQ�IUDFWLRQ�LVRODWLRQ�
&KURPDWLQ�IUDFWLRQDWLRQ�ZDV�SHUIRUPHG�DV�SUHYLRXVO\�GHVFULEHG��:XW] et al.��������� ,Q�
EULHI�� FHOOV�ZHUH� UHVXVSHQGHG� LQ� H[WUDFWLRQ�EXIIHU� ����P0�7ULV�+&O�S+������ ����P0�
1D&O�� �� P0� 0J&O��� �� P0� 1D)�� ���� JO\FHURO�� ����� 13����� ��� P0�
ȕ�JO\FHURSKRVSKDWH�� ���� P0� '77�� DQG� SURWHDVH� LQKLELWRU� FRFNWDLO� �5RFKH��
���������������7KH�FKURPDWLQ�SHOOHW�ZDV�IUDFWLRQDWHG�E\�FHQWULIXJDWLRQ�DW������J�IRU���
PLQ� DQG� ZDVKHG� LQ� WKH� VDPH� EXIIHU� WKUHH� WLPHV�� 7KHQ�� WKH� FKURPDWLQ� SHOOHW� ZDV�
UHVXVSHQGHG� LQ� 5,3$� EXIIHU� �6DQWD� &UX]�� 6&�������� DQG� SURFHVVHG� DORQJ� ZLWK� WKH�
ZKROH� FHOO� O\VDWH� E\� D� GRZQVWUHDP� %&$� DVVD\� �7KHUPR� )LVKHU� 6FLHQWLILF�� �������
IROORZHG�E\�ZHVWHUQ�EORW��
��
9LVXDOL]DWLRQ�DQG�DQDO\VLV�RI�QXFOHL�E\�'$3,�VWDLQLQJ�
$OO�FHOOV�H[FHSW�G��P3*&/&V�ZHUH�FXOWXUHG�LQ�D�ILOP�ERWWRP�GLVK��0DWVXQDPL�*ODVV��
)'��������G��P3*&/&V�ZHUH�DWWDFKHG�RQ�D�VOLGH�JODVV��0$7681$0,��6�����������
XVLQJ�&\WR�6SLQ����7KHUPR�)LVKHU�6FLHQWLILF��DV�SUHYLRXVO\�GHVFULEHG��2KWD et al.���������
&HOOV�ZHUH�IL[HG�LQ����3)$��1DFDODL�7HVTXH������������DW�57�IRU����PLQ�DQG�ZDVKHG�
LQ� 3%6� WKUHH� WLPHV�� )RU� SHUPHDELOL]DWLRQ�� FHOOV� ZHUH� LQFXEDWHG� RQ� LFH� LQ� �����
7ULWRQ;�����3%6� IRU� ��PLQ�� 7KHQ�� FHOOV�ZHUH� LQFXEDWHG� LQ�'$3,� VROXWLRQ� ���PJ�PO��
�:DNR�������������IRU���PLQ��PRXQWHG�DQG�YLHZHG�XQGHU�D� IOXRUHVFHQFH�PLFURVFRSH��
&RQIRFDO�]�VHULHV�LPDJHV�ZLWK�DQ�LQWHUYDO�RI�������P�ZHUH�FDSWXUHG�E\�=HLVV�/60����
ZLWK�$LU\VFDQ��XVLQJ�D�����QP�ZDYHOHQJWK�DQG�D���îREMHFWLYH�RLO�LPPHUVLRQ�OHQV��)RU�
'$3,�VWDLQLQJ�DQDO\VLV��FHOOV�ZHUH�DWWDFKHG�WR�VOLGHV�XVLQJ�&\WR�6SLQ����7KHUPR�)LVKHU�
6FLHQWLILF�� DV� SUHYLRXVO\� GHVFULEHG� �2KWD et al.�������� LQ� RUGHU� WR� DYRLG� WKH� HIIHFW� RI�
GLIIHUHQFHV�LQ�WKHLU�FRORQ\�VKDSHV��'$3,�VWDLQLQJ�DQG�LPDJH�DFTXLVLWLRQ�ZHUH�SHUIRUPHG�
DV� GHVFULEHG� DERYH�� $FTXLUHG� LPDJHV� ZHUH� SURFHVVHG� DV� IROORZV�� 7KH� QXFOHDU� PDVN��
QXFOHDU�ULP��DQG�'$3,�GHQVH�UHJLRQV�ZHUH�GHILQHG�LQ�HDFK�]�VOLFH�XVLQJ�,PDJH-�FXVWRP�
VFULSW� DV� SUHYLRXVO\� GHVFULEHG� �0LXUD��������� 7KHQ�� WKH� VOLFH� VKRZLQJ� WKH� PD[LPXP�
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GLDPHWHU�ZDV�GHFLGHG�IRU�HDFK�FHOO�DV�D�UHSUHVHQWDWLYH�VOLFH��DQG�WKH�UHSUHVHQWDWLYH�VOLFH�
��� VOLFHV� IRU� HDFK� FHOO� �L�H��� ��� VOLFHV�FHOO�� ZHUH� XVHG� LQ� WKH� GRZQVWUHDP� DQDO\VLV��
$SSUR[LPDWHO\���±���FHOOV�ZHUH�DQDO\]HG�LQ�HDFK�FHOO� W\SH��7KH�SDUDPHWHUV�SUHVHQWHG�
LQ�WKH�)LJXUHV�ZHUH�FDOFXODWHG�XVLQJ�5�FXVWRP�VFULSW��
��
+LVWRQH�H[WUDFWLRQ�IRU�PDVV�VSHFWURPHWU\�
)UR]HQ�FHOO�SHOOHWV�FRQWDLQLQJ���PLOOLRQ�FHOOV�ZHUH�O\VHG�LQ�QXFOHDU�LVRODWLRQ�EXIIHU�����
P0�7ULV� S+� ����� ���P0�.&O�� ��� P0�1D&O�� �� P0�0J&O��� �� P0�&D&O��� ����P0�
VXFURVH�� ��� P0� VRGLXP� EXW\UDWH�� ����� Y�Y� E�PHUFDSWRHWKDQRO� �1DFDODL� 7HVTXH��
����������� FRPPHUFLDO� SKRVSKDWDVH� DQG� SURWHDVH� LQKLELWRU� FRFNWDLO� WDEOHWV� �5RFKH��
������������7KHUPR�)LVKHU�6FLHQWLILF��$��������FRQWDLQLQJ������13����DOWHUQDWLYH�RQ�
LFH� IRU���PLQ��1XFOHL�ZHUH�ZDVKHG� LQ� WKH�VDPH�VROXWLRQ�ZLWKRXW�13���� WZLFH�DQG� WKH�
SHOOHW�ZDV�VORZO\�UHVXVSHQGHG�ZKLOH�YRUWH[LQJ�LQ�FKLOOHG�����1�+�62���IROORZHG�E\���K�
RI� URWDWLRQ� DW� ��&�� $IWHU� FHQWULIXJDWLRQ�� WKH� VXSHUQDWDQWV� ZHUH� FROOHFWHG� DQG� SURWHLQV�
ZHUH� SUHFLSLWDWHG� LQ� ���� 7&$� RYHUQLJKW� DW� ��&�� ZDVKHG� RQFH� ZLWK� �����+&O� �Y�Y��
DFHWRQH� DQG� WKHQ� WZLFH� ZLWK� DFHWRQH� RQO\�� DQG� UHVXVSHQGHG� LQ� GHLRQL]HG� ZDWHU��
$FLG�H[WUDFWHG� KLVWRQHV� ���±��� ȝJ�� ZHUH� UHVXVSHQGHG� LQ� ���� P0� DPPRQLXP�
ELFDUERQDWH� S+���� GHULYDWL]HG�XVLQJ� SURSLRQLF� DQK\GULGH� DQG� GLJHVWHG�ZLWK� WU\SVLQ� DV�
SUHYLRXVO\�GHVFULEHG��6LGROL et al���������$IWHU�WKH�VHFRQG�URXQG�RI�SURSLRQ\ODWLRQ��WKH�
UHVXOWLQJ�KLVWRQH�SHSWLGHV�ZHUH�GHVDOWHG�XVLQJ�&���6WDJH�7LSV��GULHG�XVLQJ�D�FHQWULIXJDO�
HYDSRUDWRU� DQG� UHFRQVWLWXWHG� XVLQJ� ����� IRUPLF� DFLG� LQ� SUHSDUDWLRQ� IRU� OLTXLG�
FKURPDWRJUDSK\�PDVV�VSHFWURPHWU\��/&±06��DQDO\VLV��
��
/&�/&�06�
1DQRIORZ� OLTXLG� FKURPDWRJUDSK\� ZDV� SHUIRUPHG� XVLQJ� D� 7KHUPR� )LVKHU� 6FLHQWLILF�
'LRQH[�8OWL0DWH� �����/&� V\VWHP� HTXLSSHG�ZLWK� D� ���PP� ,'�[�����FP� WUDS� FROXPQ�
�7KHUPR�� DQG� D� ��� PP� ,'� [� ���FP� DQDO\WLFDO� FROXPQ� SDFNHG� LQ�KRXVH� XVLQJ�
5HSURVLO�3XU�&���$4����PP��'U��0DLVFK���%XIIHU�$�ZDV������IRUPLF�DFLG�DQG�%XIIHU�
%�ZDV������IRUPLF�DFLG� LQ�����DFHWRQLWULOH��3HSWLGHV�ZHUH� UHVROYHG�XVLQJ�D� WZR�VWHS�
OLQHDU�JUDGLHQW�IURP����%�WR�����%�RYHU����PLQ��WKHQ�IURP�����%�WR�����%�RYHU����
PLQ�DW�D�IORZ�UDWH�RI�����Q/�PLQ����7KH�+3/&�ZDV�FRXSOHG�RQOLQH�WR�DQ�2UELWUDS�4(�+)�
PDVV�VSHFWURPHWHU�RSHUDWLQJ� LQ� WKH�SRVLWLYH�PRGH�XVLQJ�D�1DQRVSUD\�)OH[� ,RQ�6RXUFH�
�7KHUPR� )LVKHU� 6FLHQWLILF�� DW� ���� N9�� 7ZR� IXOO� PDVV� VSHFWURPHWU\� VFDQV� �P�]� ���±
�������ZHUH�DFTXLUHG�LQ�WKH�2UELWUDS�)XVLRQ�PDVV�DQDO\]HU�ZLWK�D�UHVROXWLRQ�RI���������
�DW�����P�]��HYHU\���GDWD�LQGHSHQGHQW�DFTXLVLWLRQ�WDQGHP�PDVV�VSHFWURPHWU\��06�06��
HYHQWV��XVLQJ�LVRODWLRQ�ZLQGRZV�RI����P�]�HDFK��IRU�H[DPSOH�����±��������±��������±
������ 06�06� VSHFWUD� ZHUH� DFTXLUHG� LQ� WKH� LRQ� WUDS� RSHUDWLQJ� LQ� QRUPDO� PRGH��
)UDJPHQWDWLRQ�ZDV�SHUIRUPHG�XVLQJ�FROOLVLRQ�LQGXFHG�GLVVRFLDWLRQ�LQ�WKH�LRQ�WUDS�PDVV�
DQDO\]HU�ZLWK�D�QRUPDOL]HG�FROOLVLRQ�HQHUJ\�RI�����7KH�DXWRPDWLF�JDLQ�FRQWURO�WDUJHW�DQG�
PD[LPXP�LQMHFWLRQ�WLPH�ZHUH��î����DQG����PV�IRU�WKH�IXOO�PDVV�VSHFWURPHWU\�VFDQ��DQG�
�î���� DQG� ��� PV� IRU� WKH�06�06� VFDQ�� UHVSHFWLYHO\�� 5DZ� ILOHV� ZHUH� DQDO\]HG� XVLQJ�
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(SL3URILOH������<XDQ et al���������7KH�DUHD�IRU�HDFK�PRGLILFDWLRQ�VWDWH�RI�D�SHSWLGH�ZDV�
QRUPDOL]HG�DJDLQVW�WKH�WRWDO�VLJQDO�IRU�WKDW�SHSWLGH�WR�JLYH�WKH�UHODWLYH�DEXQGDQFH�RI�WKH�
KLVWRQH�PRGLILFDWLRQ��
��
&K,3�VHT�OLEUDU\�SUHSDUDWLRQ�DQG�VHTXHQFLQJ�
7KH� &K,3�VHT� OLEUDU\� SUHSDUDWLRQ� ZDV� SHUIRUPHG� DV� SUHYLRXVO\� GHVFULEHG� �/HH et al��
������ ZLWK� PLQRU� PRGLILFDWLRQV�� :H� XVHG� KDUYHVWHG� P(6&V� DQG� (SL/&V�� DQG�
)$&6�VRUWHG� %9�SRVLWLYH� FHOOV� IRU� G�� P3*&/&V� DQG� G�F�� P3*&/&V� VDPSOHV�� DQG�
)$&6�VRUWHG� $$*�SRVLWLYH� FHOOV� IRU� *6&V� DQG� *6&/&V� VDPSOHV�� %ULHIO\�� WKH�
KDUYHVWHG� FHOOV� ZHUH� FURVVOLQNHG� ZLWK� ��� IRUPDOGHK\GH� �7KHUPR� )LVKHU� 6FLHQWLILF��
�������3%6� IRU����PLQ�DW�57�DQG�TXHQFKHG�ZLWK�����P0�JO\FLQH��&URVVOLQNHG� FHOOV�
ZHUH�O\VHG�FRQVHFXWLYHO\�XVLQJ�/%������P0�+(3(6�.2+�S+��������P0�('7$������
P0�1D&O������JO\FHURO�������13�����������7ULWRQ������SURWHDVH� LQKLELWRUV� �5RFKH��
���������������/%������P0�7ULV�+&O�S+��������P0�('7$������P0�(*7$������P0�
1D&O��SURWHDVH� LQKLELWRUV���DQG�/%������P0�7ULV�+&O�S+��������P0�('7$������P0�
(*7$�� ���� P0� 1D&O�� ����� 1D�GHR[\FKRODWH�� ����� 1�ODXUR\OVDUFRVLQH�� SURWHDVH�
LQKLELWRUV��DQG�WKHQ�VRQLFDWHG�E\�D�SLFRUXSWRU�WR�DFKLHYH�D�PHDQ�'1$�IUDJPHQW�VL]H�RI�
DURXQG����±����ES��6RQLFDWHG�FKURPDWLQ�ZDV�LQFXEDWHG�ZLWK�'\QDEHDGV�0�����6KHHS�
DQWL�0RXVH� ,J*� EHDGV� �7KHUPR� )LVKHU� 6FLHQWLILF�� '%������� RU� '\QDEHDGV� 3URWHLQ$�
EHDGV��7KHUPR�)LVKHU�6FLHQWLILF��'%�������IRU����PLQ�DW���&�IRU�SUHFOHDU��3UHFOHDUHG�
FKURPDWLQ� ZDV� WKHQ� LQFXEDWHG� ZLWK� DQWLERGLHV� WKDW� ZHUH� SUHLQFXEDWHG� ZLWK� WKH�
DSSURSULDWH� '\QDEHDGV� LQ� ����� %6$� �*LEFR�� ����������� LQ� 3%6� DV� IROORZV�� D�
FKURPDWLQ� HTXLYDOHQW� RI� �î���� FHOOV� ZLWK� DQWL�+�.�PH�� �UDEELW� PRQRFORQDO�� &67��
������� �� ȝO��� DQWL�+�.�PH�� �PRXVH� PRQRFORQDO�� 0%/�� 0$%,������ �� ȝO���
DQWL�+�.��PH�� �PRXVH� PRQRFORQDO�� 0%/�� 0$%,������ �� ȝO��� �î���� FHOOV� ZLWK�
DQWL�+�.�PH�� �PRXVH� PRQRFORQDO��0%/��0$%,������ �� ȝO��� DQWL�+�.�PH�� �PRXVH�
PRQRFORQDO��0%/��0$%,��������ȝO���DQWL�+�.��PH���UDEELW�PRQRFORQDO��&67���������
�� ȝO��� DQWL�+�$.���XE�� �UDEELW� PRQRFORQDO�� ������� ��� ȝO��� DQWL�+�.��PH�� �UDEELW�
SRO\FORQDO�� $FWLYH� 0RWLI�� ������� �� ȝO��� ���î���� FHOOV� ZLWK� DQWL�+�.��DF� �PRXVH�
PRQRFORQDO��0%/��0$%,��������ȝO����î����FHOOV�ZLWK�DQWL�&7&)��UDEELW�PRQRFORQDO��
&67�����������ȝO��� DQWL�/DPLQE�� �UDEELW�SRO\FORQDO��3URWHLQWHFK����������$3�����ȝO���
�î����FHOOV�ZLWK�DQWL�5LQJ�E��UDEELW�PRQRFORQDO��&67������������ȝO���DQG����î����FHOOV�
ZLWK�DQWL�5DG����UDEELW�PRQRFORQDO��DE�������ȝO���
��
$IWHU� LQFXEDWLRQ� IRU���K�DW���&�� WKH�EHDGV�ZHUH�ZDVKHG��� WLPHV� LQ�ZDVK�EXIIHU��� ����
P0�7ULV�+&O�S+��������P0�('7$������P0�1D&O�����7ULWRQ;������ �����6'6��� ��
WLPHV� LQ�ZDVK� EXIIHU� �� ����P0�7ULV�+&O� S+������ ��P0�('7$�� ����P0�1D&O�� ���
7ULWRQ;�����������6'6���DQG���WLPHV�LQ�ZDVK�EXIIHU�������P0�7ULV�+&O�S+��������P0�
('7$������P0�/L&O�����1D�'HR[\FRODWH�����13������7KHQ��WKH�ZDVKHG�EHDGV�ZHUH�
HOXWHG� LQ� ���P0�7ULV�+&O� S+� ����� ��P0�('7$�� ����P0�1D&O�� DQG� ���6'6�� DQG�
FURVVOLQNV� ZHUH� UHYHUVHG� RYHUQLJKW� DW� ���&�� ,QSXW� VDPSOHV� ZHUH� WUHDWHG� LQ� D� VLPLODU�
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PDQQHU�� 7KH� IROORZLQJ� GD\�� WKH� ,3� DQG� ,QSXW� VDPSOHV� ZHUH� LQFXEDWHG� ZLWK� 51DVH$�
�7KHUPR� )LVKHU� 6FLHQWLILF�� (1������ DQG� SURWHLQDVH� .� �7KHUPR� )LVKHU� 6FLHQWLILF��
$0������� ,3� RU� ,QSXW� '1$� ZDV� SXULILHG� XVLQJ� D� 4,$� TXLFN� 3&5� SXULILFDWLRQ� NLW�
�4,$*(1����������
��
&K,3�VHT� OLEUDULHV� ZHUH� SUHSDUHG� XVLQJ� D� .$3$� +\SHU� 3UHS� .LW� �.$3$�� ..������
IROORZLQJ�WKH�PDQXIDFWXUHU¶V�JXLGHOLQHV��$Q�DGDSWRU�NLW��)DVWJHQH��)*�1*6$'����ZDV�
XVHG� IRU� WKH� VDPSOH� LQGH[HV�� 7KH� DYHUDJH� VL]H� DQG� FRQFHQWUDWLRQ� RI� OLEUDULHV� ZHUH�
DQDO\]HG� XVLQJ� /DE&K,3� *;� �3HUNLQ(OPHU�� DQG� D� .$3$� OLEUDU\� 4XDQWLILFDWLRQ� NLW�
�.$3$��..�������UHVSHFWLYHO\��/LEUDULHV�ZHUH�VHTXHQFHG�DV����ES�VLQJOH�HQG�UHDGV�RQ�
DQ� ,OOXPLQD�1H[W6HT� �������� SODWIRUP�ZLWK� D�1H[W6HT� ��������+LJK�2XWSXW� NLW� ����
F\FOHV���,OOXPLQD�������������
��
$7$&�VHT�OLEUDU\�SUHSDUDWLRQ�DQG�VHTXHQFLQJ�
7KH�$7$&�VHT� H[SHULPHQW�ZDV� SHUIRUPHG� DV� GHVFULEHG� SUHYLRXVO\� �%XHQURVWUR et al��
������&RUFHV et al��������ZLWK�PLQRU�PRGLILFDWLRQV��:H�XVHG�)$&V�VRUWHG�YLDEOH�FHOOV�
IRU� P(6&V� DQG� (SL/&V�� )$&6�VRUWHG� %9�SRVLWLYH� FHOOV� IRU� G�� P3*&/&V�� G��
P3*&/&V��DQG�G�F��P3*&/&V��DQG�)$&6�VRUWHG�$$*�SRVLWLYH�FHOOV� IRU�*6&V�DQG�
*6&/&V�� ������� FHOOV� ZHUH� SHUPHDELOL]HG� LQ� FROG� O\VLV� EXIIHU� �� ���� P0� 7ULV�+&O�
S+����� ��� P0� 1D&O�� �� P0� 0J&O��� ����� 13����� ����� 7ZHHQ���� ����� 'LJLWRQLQ�
�3URPHJD��*������� IRU���PLQ� IROORZHG�E\�DGGLWLRQ�RI���PO�RI�FROG� O\VLV�EXIIHU��� ����
P0� 7ULV�+&O� S+����� ��� P0� 1D&O�� �� P0� 0J&O��� ����� 7ZHHQ����� 1XFOHL� ZHUH�
FHQWULIXJHG�DQG�UHVXVSHQGHG�ZLWK����PO�RI�WUDQVSRVDVH�UHDFWLRQ�PL[WXUH�����XO�RI��î7'�
EXIIHU� �,OOXPLQD�� ����������� ����PO� RI�7UDQVSRVDVH� �,OOXPLQD�� ����������� �����PO�RI�
3%6������PO�RI�'LJLWRQLQ��DQG�����PO�RI�7ZHHQ�������XO�RI�'':���$IWHU�LQFXEDWLRQ�DW�
���&�IRU����PLQ�� WKH�WDJJHG�'1$�ZDV�SXULILHG�XVLQJ�D�0LQHOXWH�3&5�SXULILFDWLRQ�NLW�
�4,$*(1����������7KH� SXULILHG�'1$�ZDV� DPSOLILHG� IRU� �� F\FOHV� E\� D�3&5� UHDFWLRQ�
�1(%�� 0����6�� IROORZHG� E\� VL]H� VHOHFWLRQ� XVLQJ� $03XUH� ;3� EHDGV� �&RUQLQJ��
0$*�3&5�&/������ WR� UHPRYH� SULPHU� GLPHUV�� /LEUDULHV� ZHUH� VHTXHQFHG� DV� �î��ES�
SDLUHG�HQG� UHDGV� RQ� DQ� ,OOXPLQD� 1H[W6HT� �������� SODWIRUP�ZLWK� D� 1H[W6HT� ��������
0LG�2XWSXW�.LW������F\FOHV���,OOXPLQD������������RU�1H[W6HT���������+LJK�2XWSXW�.LW�
�����F\FOHV�������������,OOXPLQD���
��
,Q�VLWX�+L�&�OLEUDU\�SUHSDUDWLRQ�DQG�VHTXHQFLQJ�
,Q�VLWX�+L�&�OLEUDU\�SUHSDUDWLRQ�ZDV�SHUIRUPHG�DV�GHVFULEHG�SUHYLRXVO\��%HODJK]DO et al��
������5DR et al��������ZLWK�PLQRU�PRGLILFDWLRQV��:H�XVHG�WKH�ZKROH�KDUYHVWHG�FHOOV�IRU�
P(6&V� DQG� (SL/&V�� )$&6�VRUWHG� %9�SRVLWLYH� FHOOV� IRU� G�� P3*&/&V� DQG� G�F��
P3*&/&V��DQG�)$&6�VRUWHG�$$*�SRVLWLYH�FHOOV�IRU�*6&V�DQG�*6&/&V�����î����FHOOV�
ZHUH� XVHG� IRU� RQH� UHSOLFDWH�� 7KH� FHOOV� ZHUH� IL[HG� E\� ��� IRUPDOGHK\GH� �6LJPD��
��������+%66�DQG�O\VHG�LQ�O\VLV�EXIIHU�����P0�7ULV�+&O�S+���������P0�1D&O�������
13�����IRU����PLQ�RQ�LFH�ZLWK�IUHTXHQW�LQYHUVLRQ��7KH�FHOOV�ZHUH�GLJHVWHG�E\�����8�RI�
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'SQ,,� �1(%�� 5����/�� RYHUQLJKW� DW� ���&�� )ROORZLQJ� ELRWLQ� ILOOLQJ� �7KHUPR� )LVKHU�
6FLHQWLILF�� ����������� 1(%��0����6��� SUR[LPLW\� OLJDWLRQ� �7KHUPR� )LVKHU� 6FLHQWLILF��
���������� DQG� UHYHUVH� FURVVOLQNLQJ�� '1$� ZDV� SXULILHG� E\� HWKDQRO� SUHFLSLWDWLRQ� DQG�
VKHDUHG�WR���������ES�IUDJPHQWV�XVLQJ�D�&RYDULV�(����VRQLFDWRU��&RYDULV��DW���&������
'XW\�)DFWRU������F\FOHV�EXUVW������:�3HDN�,QFLGHQW�3RZHU������V���/LJDWLRQ�IUDJPHQWV�
FRQWDLQLQJ�ELRWLQ�ZHUH� LPPRELOL]HG�RQ�0\2QH�6WUHSWDYLGLQ�7��EHDGV� �7KHUPR�)LVKHU�
6FLHQWLILF��������� IROORZHG�E\� OLEUDU\�SUHSDUDWLRQ�XVLQJ�D�1(%�OLEUDU\�SUHSDUDWLRQ�NLW�
�1(%�� (����6�� 1(%�� (����6�� DFFRUGLQJ� WR� WKH� PDQXIDFWXUHU¶V� JXLGHOLQHV�� 7KH�
OLEUDULHV�ZHUH�DPSOLILHG� LQ���F\FOHV�DQG�'1$�IUDJPHQWV�RI����±����ES�ZHUH�VHOHFWHG�
XVLQJ�$03XUH�;3�EHDGV� �&RUQLQJ��0$*�3&5�&/�������/LEUDULHV�ZHUH� VHTXHQFHG�DV�
�î���ES�SDLUHG�HQG�UHDGV�RQ�DQ�,OOXPLQD�1RYD6HT������SODWIRUP�ZLWK�D�1RYD6HT������
6��5HDJHQW�.LW������F\FOHV���,OOXPLQD�������������
��
1(7�&$*(�OLEUDU\�SUHSDUDWLRQ�DQG�VHTXHQFLQJ�
1(7�&$*(�OLEUDU\�SUHSDUDWLRQ�ZDV�SHUIRUPHG�DV�GHVFULEHG�SUHYLRXVO\��+LUDED\DVKL et 
al�������� ZLWK� PLQRU� PRGLILFDWLRQV�� )RU� H[WUDFWLRQ� RI� QDVFHQW� 51$�� FHOOV� ZHUH� ILUVW�
O\VHG� ZLWK� ����� ȝO� RI� %XIIHU� $�� ZKLFK� LV� 1XFOHL� (=� /\VLV� %XIIHU� �6LJPD��
18&�����.7�� VXSSOHPHQWHG�ZLWK� ��� ȝ0�Į�DPDQLWLQ� �:DNR�� ���������� �îF2PSOHWH�
3URWHDVH� ,QKLELWRU� &RFNWDLO� �5RFKH�� ������������ DQG� 683(5DVH�,1�51DVH� ,QKLELWRU�
����XQLWV��7KHUPR�)LVKHU�6FLHQWLILF��$0�������DQG�WKHQ�LQFXEDWHG�RQ�LFH�IRU����PLQ�DQG�
FHQWULIXJHG�DW�����J�IRU���PLQ�DW���&�IROORZHG�E\�ZDVKLQJ�RQFH�ZLWK�WKH�VDPH�EXIIHU��
:DVKHG�SHOOHWV�ZHUH�UHVXVSHQGHG�LQ�����ȝO�RI�%XIIHU�%��FRQWDLQLQJ����13��������P0�
+(3(6�S+����������P0�1D&O����0�XUHD������P0�('7$����P0�GLWKLRWKUHLWRO��'77��
�3URPHJD�� 3������� ��� ȝ0� Į�DPDQLWLQ�� �îF2PSOHWH� 3URWHDVH� ,QKLELWRU� &RFNWDLO� DQG�
683(5DVH�,1� 51DVH� ,QKLELWRU� ���� XQLWV��� DQG� LQFXEDWHG� IRU� ��� PLQ� RQ� LFH�� 7KH�
VXVSHQVLRQ�ZDV�FHQWULIXJHG�DW������J�IRU���PLQ�DW���&��$IWHU�UHPRYLQJ�WKH�VXSHUQDWDQW��
WKH� QXFOHDU� LQVROXEOH� IUDFWLRQ� ZDV� ZDVKHG� RQFH� ZLWK� ���� ȝO� RI� %XIIHU� %�� '1DVH� ,�
VROXWLRQ� ���� ȝO�� FRQWDLQLQJ� '1DVH� ,� ���� XQLWV�� 7KHUPR� )LVKHU� 6FLHQWLILF�� ��������
�î'1DVH� ,�%XIIHU� �7KHUPR�)LVKHU�6FLHQWLILF�� DQG�683(5DVH�,1�51DVH� ,QKLELWRU� ����
XQLWV��ZDV�DGGHG�WR�WKH�SHOOHWV��7KH�VDPSOHV�ZHUH�LQFXEDWHG�IRU����PLQ�DW����&�ZKLOH�
EHLQJ�SLSHWWHG�XS�DQG�GRZQ�VHYHUDO�WLPHV�DW����PLQ�LQWHUYDOV��4,$]RO������ȝO��ZDV�WKHQ�
DGGHG�DQG� WKH�VROXWLRQ�ZDV� WKRURXJKO\�PL[HG��51$�ZDV�H[WUDFWHG�ZLWK�DQ�PL51HDV\�
0LQL�NLW� �4,$*(1����������DFFRUGLQJ� WR� WKH�PDQXIDFWXUHU¶V� LQVWUXFWLRQV��2Q�FROXPQ�
'1DVH� ,� GLJHVWLRQ�ZDV� FDUULHG�RXW�ZLWK� DQ�51DVH�IUHH�'1DVH� VHW� �4,$*(1����������
51$�ZDV�HOXWHG�LQ����ȝO�51DVH�IUHH�ZDWHU��DQG�LWV�TXDOLW\�DQG�TXDQWLW\�ZHUH�PHDVXUHG�
ZLWK� D� 4XELW� 51$� +6� DVVD\� NLW� �7KHUPR� )LVKHU� 6FLHQWLILF�� 4������� DQG� �����
%LR$QDO\]HU� �$JLOHQW��� F'1$�ZDV� V\QWKHVL]HG� IURP����� QJ�RI� QDVFHQW�51$��&$*(�
OLEUDULHV�ZHUH�JHQHUDWHG�DFFRUGLQJ�WR�WKH�QR�DPSOLILFDWLRQ�QRQ�WDJJLQJ�&$*(�OLEUDULHV�
IRU� ,OOXPLQD� QH[W�JHQHUDWLRQ� VHTXHQFHUV� �Q$Q7�L&$*(�� SURWRFRO� �0XUDWD et al��������
ZLWK�3&5�DPSOLILFDWLRQV��7DNDUD��5���$���$OO�&$*(�OLEUDULHV�ZHUH�VHTXHQFHG�LQ����ES�
VLQJOH�HQG�UHDGV�RQ�DQ�,OOXPLQD�1H[W6HT�����SODWIRUP��
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��
&K,3�VHT�GDWD�SURFHVVLQJ�
6LQJOH�HQG�UHDGV�ZHUH�SURFHVVHG�XVLQJ�7ULP�*DORUH��Y������FXWDGDSW�Y�������.UXHJHU et 
al�� ������0DUWLQ�� ������ WR� UHPRYH� DGDSWRU� VHTXHQFHV�� 7KH� WUXQFDWHG� UHDGV�ZHUH� WKHQ�
DOLJQHG�WR��*5&P��S���XVLQJ�%RZWLH��Y���������/DQJPHDG�	�6DO]EHUJ��������ZLWK�WKH�
³�YHU\�VHQVLWLYH´� RSWLRQ�� 5HDGV� DOLJQHG� WR� FKURPRVRPHV� �� WR� ���� ;�� DQG� <� ZHUH�
FRQYHUWHG� WR� WKH� %$0� IRUPDW� E\� 6$0WRROV� Y���� �/L et al�� ������� %('� ILOHV� ZHUH�
REWDLQHG� IURP� WKH� %$0� ILOHV� XVLQJ� WKH� EDPWREHG� FRPPDQG� RI� %('7RROV� Y�������
�4XLQODQ� 	� +DOO�� ������� %LJ:LJ� ILOHV� ZHUH� JHQHUDWHG� IURP� WKH� %$0� ILOHV� XVLQJ�
EDPFRYHUDJH� IRU� UDZ�FRXQW�ZLWK� WKH�³��QRUPDOL]H8VLQJ�&30��EV���´�RU�EDPFRPSDUH�
IRU�,3�,QSXW�FRPPDQG�ZLWK�WKH�³��SVHXGRFRXQW����EV�����´�RSWLRQ�RI�GHHS7RROV�Y������
�5DPLUH] et al��������,Q�ERWK�FDVHV�� WKH�EODFNOLVW�UHJLRQV��$PHPL\D et al��������ZHUH�
H[FOXGHG��
��
7KH�UHJLRQV�HQULFKHG�E\�HSLJHQHWLF�PDUNV�ZHUH�LGHQWLILHG�XVLQJ�SHDN�FDOOLQJ�WRROV��)RU�
&7&)�SHDNV��0$&6�Y�������=KDQJ et al��������ZDV�XVHG�ZLWK�WKH�³�T��������QRPRGHO�
��NHHS�GXS�DOO���H[WVL]H����´�RSWLRQ��)RU�+�.�PH��GRPDLQV��HSLF��Y��������6WRYQHU�	�
6DHWURP��������ZDV�XVHG�ZLWK�³�NG��IGU�����´�RSWLRQ��7KH�QXPEHU�RI�,3�RU�,QSXW�UHDGV�
LQ� ������������� NE� JHQRPLF� ZLQGRZV� ZHUH� FRXQWHG� E\� WKH� LQWHUVHFW� FRPPDQG� RI�
%('7RROV� Y�������� DQG� QRUPDOL]HG� E\� WRWDO� PLOOLRQ� PDSSHG� UHDGV� �)30�� DQG�
WUDQVIRUPHG�WR�/RJ��,3�,QSXW��IRU�WKH�GRZQVWUHDP�DQDO\VLV��7KH�ELQV�LQ�ZKLFK�QR�UHDGV�
ZHUH�GHWHFWHG�LQ�WKH�,QSXW�VDPSOHV�ZHUH�H[FOXGHG��
��
$7$&�VHT�GDWD�SURFHVVLQJ�
$7$&�VHT�GDWD�SURFHVVLQJ�LQFOXGLQJ�SXEOLF�GDWD�ZDV�SHUIRUPHG�DV�SUHYLRXVO\�GHVFULEHG�
�%XHQURVWUR et al.�� ������ ZLWK� PLQRU� PRGLILFDWLRQV�� )LUVW�� DGDSWRU� VHTXHQFHV� ZHUH�
WULPPHG� IURP� WKH� UHDGV� XVLQJ� 7ULP*DORUH�� Y������FXWDGDSW� Y������� 7KHVH� UHDGV� ZHUH�
DOLJQHG� XVLQJ� %RZWLH�� Y�������� WR� *5&P��S�� ZLWK� WKH� ³��YHU\�VHQVLWLYH� �;� ����´�
RSWLRQ��7KH�SURSHUO\�PDSSHG�UHDGV�ZLWK�WKH�IODJ��������������RU������ZHUH�H[WUDFWHG�E\�
DZN��DQG�PLWRFKRQGULDO�UHDGV�ZHUH�H[FOXGHG��'XSOLFDWHG�UHDGV�ZHUH�UHPRYHG�XVLQJ�WKH�
0DUN'XSOLFDWHV� FRPPDQG� RI� 3LFDUG� 7RROV� Y��������
�KWWSV���EURDGLQVWLWXWH�JLWKXE�LR�SLFDUG���� 7KHVH� GH�GXSOLFDWHG� UHDGV� ZHUH� WKHQ� ILOWHUHG�
IRU�KLJK�TXDOLW\� ���7KH���ؤ0$34� UHDGV�ZLWK�DQ� LQVHUW� VL]H�RI� OHVV� WKDQ�����ES�ZHUH�
H[WUDFWHG� DV� QXFOHRVRPH� IUHH� UHJLRQ� �1)5�� UHDGV�� %HG� ILOHV� IRU� GRZQVWUHDP� DQDO\VLV�
ZHUH� JHQHUDWHG� E\� WKH� EDPWREHG� FRPPDQG� RI� %('7RROV� Y������� ZLWK� WKH� ³�EHGSH´�
RSWLRQ��%LJ:LJ� ILOHV�ZHUH� JHQHUDWHG� IURP� WKH�%$0� ILOHV� XVLQJ� EDPFRYHUDJH� IRU� UDZ�
FRXQW� ZLWK� WKH� ³��QRUPDOL]H8VLQJ� &30� �EV� ��´� RSWLRQ� RI� GHHS7RROV� Y������� 7KH�
EODFNOLVW�UHJLRQV��KWWSV���ZZZ�HQFRGHSURMHFW�RUJ�ILOHV�(1&))���439���ZHUH�H[FOXGHG��
��
3HDN� FDOOLQJ� ZDV� SHUIRUPHG� XVLQJ� 0$&6� Y������ ZLWK� WKH� ³��QRPRGHO� ��VKLIW� �����
��H[WVL]H�������NHHS�GXS�DOO´�RSWLRQ�DIWHU�VKLIWLQJ�1)5�UHDGV�ZLWK�WKH�RIIVHW�E\����ES�LQ�
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WKH��� VWUDQG� DQG�E\� ���ES� LQ� WKH� �� VWUDQG��7KHQ�� FRQILGHQW� SHDN� VHWV� LQ� HDFK� FHOO� W\SH�
ZHUH�REWDLQHG�E\� WKH� ,'5�PHWKRG� �KWWSV���ZZZ�HQFRGHSURMHFW�RUJ�VRIWZDUH�LGU���XVLQJ�
WZR�UHSOLFDWHV��
��
3%$7�GDWD�SURFHVVLQJ�
3XEOLF� UHDG� GDWD� SURFHVVLQJ� RI� WKH� PHWK\ODWLRQ� OHYHOV� ZDV� SHUIRUPHG� DV� GHVFULEHG�
SUHYLRXVO\� �6KLUDQH et al��������� ,Q� EULHI�� DOO� UHDGV�ZHUH� SURFHVVHG�ZLWK�7ULP�*DORUH��
Y������FXWDGDSW�Y������ZLWK�WKH�³��FOLSB5����´�³��WULP�´�DQG�³�D�$*$7&**$$*$*&´�
RSWLRQV�� 2XWSXW� UHDGV� ZHUH� PDSSHG� RQWR� WKH� PRXVH� JHQRPH�� *5&P���S��� XVLQJ�
%LVPDUN�Y��������.UXHJHU�	�$QGUHZV��������%RZWLH��Y��������ZLWK�WKH����SEDW��RSWLRQ��
$OO�SXEOLF�:*%6�GDWD�ZHUH�REWDLQHG�IURP�''%-�RU�1&%,�65$�IWS�VLWHV�DQG�SURFHVVHG�
DV� GHVFULEHG� DERYH�� &RQYHUVLRQ� UDWHV� ZHUH� FDOFXODWHG� DV� IROORZV�� RXWSXW� UHDGV� DIWHU�
7ULP�*DORUH� ZHUH� PDSSHG� RQWR� WKH� ODPEGD� SKDJH� '1$� VHTXHQFH� XVLQJ� %LVPDUN�
Y�������%RZWLH�� Y�������� ZLWK� WKH� ���SEDW�� RSWLRQ�� )URP� WKH� %LVPDUN
V� VWDWLVWLFV��
FRQYHUVLRQ�UDWHV�ZHUH�GHWHUPLQHG�DV������>WRWDO�P&�FRXQWV@���>WRWDO�&�DQG�P&�FRXQWV@���
$OO� &S*� VLWHV� ZLWK� D� UHDG� GHSWK� RI� EHWZHHQ� �� DQG� ���� ZHUH� XVHG� IRU� WKH� �P&�
FDOFXODWLRQV��
��
��SULPH�51$�VHTXHQFLQJ�GDWD�SURFHVVLQJ�
5DZ��¶�51$�VHT�GDWD�ZHUH�GLUHFWO\�XVHG�ZLWK�6DOPRQ�Y�������3DWUR et al��������ZLWK�
GHIDXOW�SDUDPHWHUV�DQG���QR/HQJWK&RUUHFWLRQ�WR�TXDQWLI\�WKH�H[SUHVVLRQ�RI�*(1&2'(�
Y0���IHDWXUHV�RQ�*5&P���S���*HQH�OHYHO�H[SUHVVLRQ�HVWLPDWHV�ZHUH�DJJUHJDWHG�IURP�
WUDQVFULSW�OHYHO�DEXQGDQFH�XVLQJ�W[LPSRUW�Y��������6RQHVRQ et al���������
��
,Q�VLWX�+L�&�GDWD�SURFHVVLQJ�
6HTXHQFHV� ZHUH� ILUVW� WULPPHG� XVLQJ� IDVWS� Y������� �&KHQ et al�� ������ ZLWK� GHIDXOW�
RSWLRQV�DQG�WKH���GHWHFWBDGDSWHUBIRUBSH�IODJ��7ULPPHG�VHTXHQFHV�ZHUH�WKHQ�SURFHVVHG�
XVLQJ�+L&83� Y������ �:LQJHWW et al�� ������ZLWK� GHIDXOW� RSWLRQV� DQG� WKH� GL�WDJ� OHQJWK�
UDQJH� VHW� WR� �±�����ZLWK� ERZWLH� Y������ DV� WKH� DOLJQHU�� KLFXS�MXLFHU�ZDV� WKHQ� XVHG� WR�
SURGXFH� SDLUV� ILOHV�� ZKLFK� ZHUH� VXEVHTXHQWO\� LQJHVWHG� ZLWK� -XLFHU� WRROV� Y��������
�'XUDQG et al��������IRU�WKH�FUHDWLRQ�RI��KLF�ILOHV��7KH�VDPH�VHW�RI�SDLUV�ILOHV�ZHUH�DOVR�
XVHG� WR� FUHDWH�PXOWL�UHVROXWLRQ� FRROHU� ILOHV� XVLQJ� FRROHU� Y������� �$EGHQQXU�	�0LUQ\��
������ZLWK�GHIDXOW�RSWLRQV��$GGLWLRQDOO\��+L&65�FRPPLW�E��DF����'LPPLFN et al��ZDV�
XVHG� WR�GH�QRLVH����NE�UHVROXWLRQ�FRQWDFW�PDSV� IRU�YLVXDOL]DWLRQ�� ,Q�SDUWLFXODU��SRROHG�
P(6&�GDWD� IURP��%RQHY et al.��������DIWHU���î�GRZQ�VDPSOLQJ�ZHUH�XVHG�IRU� WUDLQLQJ�
ZLWK� GHIDXOW� SDUDPHWHUV�� LQIHUHQFH� ZDV� WKHQ� SHUIRUPHG� XVLQJ� GHIDXOW� SDUDPHWHUV��
)$1�&�Y��������.UXVH et al��������ZDV�ILQDOO\�XVHG�IRU�WKH�QRUPDOL]DWLRQ��ZLWK�GHIDXOW�
SDUDPHWHUV�� DQG� VXEVHTXHQW� YLVXDOL]DWLRQ� RI� WKH� HQKDQFHG� ��� NE� PDWULFHV�� LQFOXGLQJ�
YLUWXDO��&�SURILOHV��
��
1(7�&$*(�GDWD�SURFHVVLQJ�
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6HTXHQFHV�ZHUH� ILUVW� WULPPHG�XVLQJ�IDVWS�Y�������DQG� WKHQ�DOLJQHG�ZLWK�67$5������D�
�'RELQ et al�� ������ XVLQJ� GHIDXOW� RSWLRQV��8QLTXHO\�PDSSHG� UHDGV�ZHUH� FRQYHUWHG� WR�
FRYHUDJH� ELJ:LJ� WUDFNV�ZLWK�*�ELDV� FRUUHFWLRQ� XVLQJ� &$*(U� Y������� �+DEHUOH et al��
������ ZLWK� GHIDXOW� RSWLRQV�� 7DJ� FOXVWHUV� ZHUH� LGHQWLILHG� XVLQJ� &$*(ILJKW5� Y������
�7KRGEHUJ et al��������ZLWK�SRROHG&XWRII� �����DQG�PHUJH'LVW� ����IRU�XQLGLUHFWLRQDO�
FOXVWHUV�DV�ZHOO�DV�EDODQFH7KUHVKROG� �����IRU�ELGLUHFWLRQDO�FOXVWHUV��7KHVH�FOXVWHUV�ZHUH�
VXEVHTXHQWO\� ILOWHUHG� WR� UHTXLUH� DW� OHDVW� �� VDPSOH� GHPRQVWUDWLQJ� DQ� H[SUHVVLRQ� OHYHO�
H[FHHGLQJ� �� 730��8QLGLUHFWLRQDO� FOXVWHUV� �SXWDWLYH� SURPRWHUV��ZHUH� UHPRYHG� LI� WKH\�
RYHUODSSHG� ELGLUHFWLRQDO� FOXVWHUV� �SXWDWLYH� HQKDQFHUV��� DQG� WKH� WZR� UHJLRQ� VHWV� ZHUH�
VXEVHTXHQWO\� FRPELQHG� WR� LGHQWLI\� FRRUGLQDWHO\� UHJXODWLRQ� HQKDQFHU�SURPRWHU�
FR�WUDQVFULSWLRQ� DFURVV� VWDJHV�� ,Q� SDUWLFXODU�� .HQGDOO� FRUUHODWLRQ� ZDV� XVHG� WR� ILQG�
SXWDWLYH� HQKDQFHUV� ZLWKLQ� �� PE� RI� SXWDWLYH� SURPRWHUV� WKDW� H[KLELWHG� FRUUHODWHG�
H[SUHVVLRQ�SDWWHUQV��ZLWK�730�DV�WKH�H[SUHVVLRQ�XQLW��
��
*OREDO�+L�&�PHWULFV�
+L&5HV�Y�����0DUFKDO et al��������ZLWK�GHIDXOW�SDUDPHWHUV�ZDV�XVHG�IRU�WKH�UHVROXWLRQ�
RI�FRQWDFW�PDSV�IROORZLQJ�WKH�GHILQLWLRQ�LQ��5DR et al.���������0DWUL[�VLPLODULW\�VFRUHV�
ZHUH� FRPSXWHG� XVLQJ� +L&5HS�S\� Y������ �/LQ et al�� ������ ZLWK� ��ELQ6L]H ������
��G%30D[ �������� ��K ��� &RQWDFW� SUREDELOLW\� GHFD\� �L�H��� WKH� DYHUDJH� FRQWDFW�
IUHTXHQF\� DFURVV� GLIIHUHQW� JHQRPLF� VHSDUDWLRQ� GLVWDQFHV�� ZDV� DVVHVVHG� XVLQJ� WKH�
FRPSXWH�H[SHFWHG� DQG� ORJELQ�H[SHFWHG� PRGXOHV� IURP� FRROWRROV� Y������ �9HQHY et al��
������ DW� DOO� UHVROXWLRQV�� LQ� ERWK� FLV� DQG� WUDQV�� �'�PRGHOV� RI� LQGLYLGXDO� FKURPRVRPHV�
ZHUH�SURGXFHG�XVLQJ�&6\QWK�FRPPLW���H��IE��7RGG et al.��������ZLWK�EDODQFHG����NE�
FLV�PDWULFHV��ZKRVH�FRRUGLQDWHV�DUH�QRUPDOL]HG�WR�DFKLHYH�XQLW�EDFNERQH�OHQJWK��L�H���WKH�
VXP� RI� (XFOLGHDQ� GLVWDQFH� EHWZHHQ� DGMDFHQW� EHDGV� EHLQJ� ���� DQG� WKH� VL]H� RI� WKHVH�
SUHGLFWHG�VWUXFWXUHV�DUH�WDNHQ�WR�EH�WKH�YROXPH�RI�WKHLU��'�FRQYH[�KXOOV��
��
&RPSDUWPHQW�UHODWHG�DQDO\VLV�
)RU�DQDO\VHV�LQYROYLQJ�GDWD�DFURVV�PXOWLSOH�VWXGLHV��HLJHQGHFRPSRVLWLRQ�ZDV�SHUIRUPHG�
DW�����NE�UHVROXWLRQ�XVLQJ�WKH�FDOO�FRPSDUWPHQWV�PRGXOH�IURP�FRROWRROV�Y������ZLWK�*&�
FRQWHQW� IRU� RULHQWDWLQJ� WKH� WUDFN� VLJQ� WR� DFKLHYH� D� SRVLWLYH� FRUUHODWLRQ�� )RU� DQDO\VHV�
VWULFWO\�IRFXVLQJ�RQ�GDWD�JHQHUDWHG�ZLWKLQ�WKLV�VWXG\��GF+L&�FRPPLW��E����I��:DQJ et 
al��������ZDV�XVHG�ZLWK�GHIDXOW�SDUDPHWHUV�WR�SHUIRUP�VLPXOWDQHRXV�FRPSDUWPHQW�VFRUH�
FDOFXODWLRQ� DFURVV� DOO� VDPSOHV� DW� ��� NE� UHVROXWLRQ� WR� IDFLOLWDWH� VWDWLVWLFDO� FRPSDULVRQ�
DFURVV�FHOO�W\SHV�ZKLOH�LQWHJUDWLQJ�UHSOLFDWH�GDWD��7KRXJK�WKH�YDOXHV�SURGXFHG�E\�GF+L&�
VKRZHG�KLJK�FRUUHODWLRQ�ZLWK� WKRVH�JHQHUDWHG�E\�FRROWRROV��GF+L&�ZDV�QRW� DSSOLHG� WR�
SXEOLF�GDWDVHWV�GXH� WR� D� ODFN�RI� UHSOLFDWLRQ� LQ� FHUWDLQ�GDWDVHWV��4XDQWLOH�ELQQHG�VDGGOH�
SORWV� ZHUH� SURGXFHG� XVLQJ� GF+L&�JHQHUDWHG� FRPSDUWPHQW� VFRUHV� DQG� WKH� RXWSXWV� RI�
FRPSXWH�H[SHFWHG� GHVFULEHG� DERYH� DW� ��� NE� UHVROXWLRQ�� %LQDUL]DWLRQ� RI� FRPSDUWPHQW�
VFRUH� WUDFNV� ZDV� FDUULHG� RXW� XVLQJ� $� � � VFRUH� !� �� DQG� %� � � VFRUH� �� ��� 3&$� RI�
FRPSDUWPHQW�VFRUHV�WR�FRQWUDVW�OLQHDJHV�ZDV�GRQH�XVLQJ�����NE�UHVROXWLRQ�GDWD�DQG�ELQV�
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QRQ�PDVNHG� LQ� DOO� VDPSOHV��7KH� DYHUDJH� VL]H� RI� FRPSDUWPHQWV�ZDV� DVVHVVHG�XVLQJ� DQ�
DXWR�FRUUHODWLRQ�IXQFWLRQ��ZKHUH� WKH�VLJQDO�SURILOH� LV�VKLIWHG�DQG�FRUUHODWHG�DJDLQVW� WKH�
RULJLQDO��XVLQJ�WKH�DFI�IXQFWLRQ�IURP�5�OLEUDU\�VWDWV�������ZLWK�QD�DFWLRQ� �QD�SDVV��
��
6XEFRPSDUWPHQW�UHODWHG�DQDO\VLV�
��VWDWH� VXEFRPSDUWPHQW� ODEHOV� ZHUH� DVVLJQHG� WR� ��� NE� ELQV� ZLWK� EDODQFHG� FRQWDFW�
IUHTXHQFLHV� XVLQJ� &$/'(5� FRPPLW� �����H�� �/LX et al.�� ������� 7KH� VWUHQJWK� RI�
HSLJHQHWLF� VLJQDOV� LQ� HDFK�VXEFRPSDUWPHQW�ZDV� VXEVHTXHQWO\�H[DPLQHG�E\�FRQYHUWLQJ�
HQULFKPHQW� YDOXHV� WR� =�VFRUHV� JHQRPH�ZLGH�� DIWHU� ZKLFK� WKH� DYHUDJH� DFURVV� DOO� ELQV�
ZLWK� WKH� VDPH� ODEHO� ZDV� FRPSXWHG�� 6LJQLILFDQW� GLIIHUHQFHV� LQ� VXEFRPSDUWPHQW�
SURSRUWLRQV�ZHUH�HYDOXDWHG�XVLQJ�WKH�SURS�WHVW�IXQFWLRQ�IURP�5�OLEUDU\�VWDWV��������
��
7$'�UHODWHG�DQDO\VLV�
,QVXODWLRQ�VFRUHV�ZHUH�FRPSXWHG�DW����NE�UHVROXWLRQ�ZLWK�D�ZLQGRZ�VL]H�RI�����NE�XVLQJ�
WKH� GLDPRQG�LQVXODWLRQ�PRGXOH� RI� FRROWRROV� Y������� &RQVHQVXV� 7$'V� LQ� HDFK� GDWDVHW�
ZHUH�GHULYHG�E\�WDNLQJ�WKH�VHW�RI�ELQV�ZLWK�ERXQGDU\�SURPLQHQFH�VFRUHV�!����LQ�DW�OHDVW�
KDOI�WKH�FHOO�W\SHV�SUHVHQW�DQG�VXEVHTXHQWO\�SDLULQJ�QHLJKERULQJ�ERXQGDULHV��ZLWK�WKRVH�
H[FHHGLQJO\� �PE� ILOWHUHG� RXW�� FRQVLVWHQWO\� \LHOGLQJ� a����±����� GRPDLQV� IRU� HDFK�
GDWDVHW��7KH�VLJQLILFDQFH�DQG�VWUHQJWK�RI�7$'�7$'�LQWHUDFWLRQV�ZHUH�HYDOXDWHG�XVLQJ�D�
QRQ�FHQWUDO� K\SHUJHRPHWULF� �1&+*�� WHVW� LPSOHPHQWHG� DV� D� SDUW� RI� WKH� &KURP�'�
SLSHOLQH��3DXOVHQ et al���������%LRORJLFDO�UHSOLFDWHV��WKH�WZR�GHHSHVW�RQHV�LQ�FDVH�WKHUH�
ZHUH� PRUH� WKDQ� WZR�� ZHUH� WKHQ� XVHG� WR� LGHQWLI\� KLJKO\� UHSURGXFLEOH� 7$'�7$'�
LQWHUDFWLRQV� XVLQJ� ,'5�'� Y������ �.ULVPHU et al�� ������ ZLWK� GHIDXOW� SDUDPHWHUV�� ,Q�
SDUWLFXODU�� 7$'�7$'� LQWHUDFWLRQV�ZLWK�1&+*�S�YDOXH� !� �����ZHUH� ILUVW� ILOWHUHG� RXW��
DQG�WKHQ�WKH�RGGV�UDWLR�ZDV�XVHG�DV�WKH�UDQNLQJ�VWDWLVWLF�IRU�,'5�DQDO\VLV��ZLWK�WKH�ILQDO�
ILOWHU�FULWHULD�EHLQJ�,'5�S�YDOXH���������7UHDWLQJ�VLJQLILFDQW�7$'�7$'�LQWHUDFWLRQV�DV�
HGJHV�RI�D�JUDSK��FOLTXHV�ZHUH�LGHQWLILHG�XVLQJ�WKH�PD[BFOLTXHV�IXQFWLRQ�IURP�5�OLEUDU\�
LJUDSK�Y�������&VDUGL�	�1HSXV]���������7KH�RYHU�UHSUHVHQWDWLRQ�RI�$�$�YV�%�%�FOLTXH�
LQWHUDFWLRQV�ZDV�FRPSDUHG�DJDLQVW�DQ�H[SHFWHG�YDOXH�EDVHG�RQ�WKH�SURSRUWLRQ�RI�$�YV�%�
7$'V�DFURVV�DOO�7$'V��ZLWK�WKH�LGHQWLW\�RI�FRPSDUWPHQW�DVVLJQPHQW�RI�7$'V�EDVHG�RQ�
KDYLQJ� PRUH� ��� NE� ELQV� ODEHOOHG� DV� RQH� FRPSDUWPHQW� YHUVXV� WKH� RWKHU�� &RQILGHQFH�
LQWHUYDOV�ZHUH�GHULYHG�IURP�ERRWVWUDSSLQJ�WKH�VHW�RI�FOLTXH�LQWHUDFWLRQV��7KH�GHJUHH�RI�
7$'�ERXQGDU\�FRQVHUYDWLRQ�ZDV�HYDOXDWHG�XVLQJ�D�SHUPXWDWLRQ�WHVW��ZKHUH�WKH�QXPEHU�
RI� ERXQGDULHV� EHLQJ� VKDUHG� DFURVV� FHOO� W\SHV� ZDV� FRPSDUHG� DJDLQVW� D� EDFNJURXQG�
GHULYHG�IURP�PHUJLQJ�WKH�OLVW�RI�ERXQGDULHV�DQG�VKXIIOLQJ�FHOO�W\SH�ODEHOV��$GGLWLRQDOO\��
��RWKHU�7$'�LGHQWLILFDWLRQ�DOJRULWKPV��$Q et al��������&UHVVZHOO et al��������'DOL et al��
������/HY\�/HGXF et al��������0DWWKH\�'RUHW et al��������5DR et al.��������6KLQ et al��
������ 6ROHU�9LOD et al�� ������;LQJ et al�� ������ZHUH� XVHG�ZLWK� GHIDXOW� SDUDPHWHUV� WR�
YDOLGDWH�WUHQGV�REVHUYHG�ZLWK�LQVXODWLRQ�VFRUHV��DOO�DW����NE�UHVROXWLRQ��
��
+LVWRQH�PDVV�VSHFWURPHWU\�DQDO\VLV�
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6LQJOH�KLVWRQH�PRGLILFDWLRQ�DEXQGDQFHV�DUH�VXPPHG�IURP�WKHLU�LQGLYLGXDO�RFFXUUHQFHV�
DV�ZHOO�DV�FR�RFFXUUHQFHV��H�J���+�.��PH�� �+�.��PH����+�.��PH�	+�.��PH����
+�.��PH�	+�.��PH����+�.��PH�	+�.��PH����3&$�RI�WKHVH�UHODWLYH�DEXQGDQFH�
PHDVXUHV� IRU� DOO� TXDQWLILDEOH� +�� PRGLILFDWLRQV� �DW� OHDVW� RQH� VDPSOH� H[KLELWLQJ�
DEXQGDQFH�!������ZHUH�XVHG�DV� LQSXW�IRU�3&$�XVLQJ�WKH�SUFRPS�IXQFWLRQ�IURP�WKH�5�
OLEUDU\� VWDWV� Y������ ZLWK� GHIDXOW� SDUDPHWHUV� WR� DVVHVV� HSLJHQRPH�ZLGH� WHQGHQFLHV��
$EXQGDQFH�PHDVXUHV�ZHUH�IXUWKHU�=�VFRUH�WUDQVIRUPHG�IRU�KLHUDUFKLFDO�FOXVWHULQJ�XVLQJ�
WKH�KFOXVW�IXQFWLRQ�IURP�5�OLEUDU\�VWDWV�Y������ZLWK�GHIDXOW�SDUDPHWHUV��
��
1RUPDOL]DWLRQ�RI�HSLJHQHWLF�VLJQDOV�
+LVWRQH� PDVV� VSHFWURPHWU\�GHULYHG� DEXQGDQFHV� ZHUH� XVHG� WR� VFDOH� FRUUHVSRQGLQJ�
&K,3�VHT� WUDFNV� E\� GLUHFWO\� PXOWLSO\LQJ� WKH� OLEUDU\�VL]H� QRUPDOL]HG� �FRXQWV�PLOOLRQ�
PDSSHG� UHDGV�� YDOXHV� ZLWK� WKH� UHODWLYH� DEXQGDQFH�� )RU� WDUJHWV� ODFNLQJ� PDVV�
VSHFWURPHWU\� GDWD� �H�J��� WUDQVFULSWLRQ� IDFWRUV��� ZH� DSSOLHG� 6�9��,'($6� FRPPLW�
E�FF�G���;LDQJ et al��������WR�GHULYH�VFDOLQJ�IDFWRUV�XVLQJ�GHIDXOW�SDUDPHWHUV�DW�D�ELQ�
VL]H�RI�����ES��
��
$7$&�VHT�DQDO\VLV�
7KH�XQLRQ�VHW�RI�SHDNV�DFURVV�DOO�FHOO� W\SHV�ZDV� WDNHQ�DV�IHDWXUHV�DJDLQVW�ZKLFK�UHDGV�
ZHUH� FRXQWHG�� DQG� WKH� UHVXOWLQJ� FRXQW� PDWUL[� ZDV� IXUWKHU� QRUPDOL]HG� YLD� )3.0� WR�
DFFRXQW�IRU�YDULDWLRQV�LQ�SHDN�ZLGWKV�DQG�VHTXHQFH�GHSWK��3&$�ZDV�WKHQ�SHUIRUPHG�RQ�
WKH� ������ PRVW� YDULDEOH� SHDNV� WR� DVVHVV� JOREDO� DFFHVVRPH� WUHQGV�� 7KH� ����� PRVW�
YDULDEOH�SHDNV�ZHUH�DGGLWLRQDOO\�FOXVWHUHG�E\�XVLQJ� WKH�KFOXVW� IXQFWLRQ�IURP�5� OLEUDU\�
VWDWV� Y������ ZLWK� GHIDXOW� SDUDPHWHUV�� YLVXDO� LQVSHFWLRQ� RI� WKH� UHVXOWLQJ� GHQGURJUDP�
VXJJHVWHG� �� DV� D� UHDVRQDEOH� QXPEHU� RI� FOXVWHUV� IRU� FXWWLQJ�� *OREDO� RSHQQHVV� ZDV�
DVVHVVHG�E\�ILUVW�ILWWLQJ�D�WZR�FRPSRQHQW�JDXVVLDQ�PL[WXUH�PRGHO�WR�WKH�ORJ��)3.0���
��� GLVWULEXWLRQ� DFURVV� WKH� XQLRQ� SHDN� VHW� DQG� WKHQ� DVVHVVLQJ� WKH� QXPEHU� RI� VLWHV�
H[FHHGLQJ� WKH� KLJKHU� FRPSRQHQW¶V� PHDQ� YHUVXV� WKRVH� EHORZ� WKH� ORZHU� FRPSRQHQW¶V�
PHDQ��
��
0RWLI�HQULFKPHQW�DQDO\VLV�
2YHU�UHSUHVHQWDWLRQ�RI�NQRZQ�WUDQVFULSWLRQ�IDFWRU�PRWLIV�ZDV�DVVHVVHG� LQ�DQ�HQVHPEOH�
PDQQHU�E\�FRPELQLQJ�PXOWLSOH�IUDPHZRUNV��H�J���+20(5��0(0(��DV�LPSOHPHQWHG�LQ�
*LPPH0RWLIV� Y������� �%UXVH�	�+HHULQJHQ�� ������ XVLQJ� GHIDXOW� RSWLRQV�� 'LIIHUHQWLDO�
HQULFKPHQW� RI� PRWLIV� EHWZHHQ� GLIIHUHQW� UHJLRQ� VHWV� �H�J��� RSHQ� VLWHV� ZLWK� GLVWLQFW�
FKURPDWLQ� VWDWHV�� ZDV� H[DPLQHG� XVLQJ� WKH� PDHOVWURP� PRGXOH� RI� *LPPH0RWLIV� ZLWK�
GHIDXOW�RSWLRQV��
��
(QKDQFHU�SURPRWHU�SDLULQJ�
&LV�UHJXODWRU\� HOHPHQWV� ZHUH� DVVRFLDWHG� ZLWK� SXWDWLYH� WDUJHW� JHQHV� XVLQJ�
³DFWLYLW\�E\�FRQWDFW´� �$%&�� FRPPLW� �IG��E�� �)XOFR et al.�� ������� .5�QRUPDOL]HG�
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PDWULFHV� DW� �� NE� UHVROXWLRQ� ZHUH� FRPELQHG� ZLWK� +�.��DF� DQG� $7$&�VHT� GDWD� WR�
FDOFXODWH�$%&�VFRUHV�TXDQWLOH�QRUPDOL]HG�WR�.����GDWD��DIWHU�ZKLFK�D�VWULQJHQW�FXW�RII�
RI� ����� ZDV� DSSOLHG� ²� FRUUHVSRQGLQJ� WR� ���� UHFDOO� DQG� ���� SUHFLVLRQ� EDVHG� RQ�
SUHYLRXV� &5,635L�)ORZ),6+� YDOLGDWLRQ� �)XOFR et al.�� ������� $OWHUQDWLYHO\��
HQKDQFHU�SURPRWHU� SDLUV� LGHQWLILHG� EDVHG�RQ� FR�UHJXODWHG�1(7�&$*(� WDJ� FOXVWHUV�� DV�
GHVFULEHG� DERYH�� ZHUH� DVVHVVHG� IRU� WKHLU� GHJUHH� RI� FRRUGLQDWLRQ�� 6SHFLILFDOO\�� D�
SHUPXWDWLRQ� WHVW� ZDV� XVHG� WR� FRPSDUH� WKH� QXPEHU� RI� FR�H[SUHVVHG� �!�� 730� LQ� D�
VSHFLILF�FHOO�W\SH��HQKDQFHU�SURPRWHU�SDLUV�YHUVXV�WKDW�RI�EDFNJURXQG�VHWV�JHQHUDWHG�E\�
VDPSOLQJ� IURP� DOO� WDJ� FOXVWHUV�� 'LIIHUHQWLDO� LQWHUDFWLRQV� EHWZHHQ� HQKDQFHU�SURPRWHU�
SDLUV�LGHQWLILHG�E\�$%&�VFRUHV�ZHUH�LQYHVWLJDWHG�XVLQJ�5�OLEUDU\�+L&'&3OXV�Y��������
�6DKLQ et al�� ������ XVLQJ� GHIDXOW� SDUDPHWHUV� DW� ��� NE� UHVROXWLRQ�� 7KH� GHJUHH� RI�
FRRUGLQDWHG�GLIIHUHQWLDO�SURPRWHU�LQWHUDFWLRQ�DQG�GLIIHUHQWLDO�H[SUHVVLRQ�ZDV�TXDQWLILHG�
WKURXJK� WKH� DSSOLFDWLRQ� RI� 55+2�� Y���� �&DKLOO et al�� ������ WR� JHQH� OLVWV� UDQNHG� E\�
'(6HT��WHVW�VWDWLVWLFV��IRU�SURPRWHUV�LQYROYHG�LQ�PXOWLSOH�$%&�(�3�SDLUV��WKH�PHDQ�WHVW�
VWDWLVWLF�ZDV�XVHG�IRU�UDQNLQJ��
��
&K,3�VHT�DQDO\VLV�
7KH�GRPDLQ�VL]H�GLVWULEXWLRQV�RI�KLVWRQH�PRGLILFDWLRQV�ZHUH�GHWHUPLQHG�XVLQJ�0&25(�
�0ROLWRU et al��������ZLWK� WKH�PD[LPXP�VKLIW� VL]H�VHW� WR� WKH�FKURPRVRPH� OHQJWKV�DQG�
RWKHU� SDUDPHWHUV� NHSW� DW� WKHLU� GHIDXOWV�� 5HVXOWLQJ� FURVV�FRUUHODWLRQ� YDOXHV� EHWZHHQ�
UHSOLFDWHV� ZHUH� DYHUDJHG� XVLQJ� D� FXELF� VSOLQH� YLD� WKH� IXQFWLRQ� VPRRWK�VSOLQH� IURP�5�
OLEUDU\�VWDWV�Y������ZLWK�GHIDXOW�SDUDPHWHUV��DIWHU�ZKLFK�*DUGQHU� WUDQVIRUPDWLRQV�ZHUH�
DSSOLHG� WR� GHFRPSRVH� WKH� GHFD\� VSHFWUXP� LQWR� FRPSRQHQW� H[SRQHQWLDO� IXQFWLRQV�
FRUUHVSRQGLQJ� WR� GLIIHUHQW� GRPDLQ� VL]HV� DQG� TXDQWLI\� WKHLU� FRQWULEXWLRQ�� 'LIIHUHQWLDO�
&K,3�VHT� DQDO\VLV�ZDV� SHUIRUPHG� XVLQJ�'LII%LQG� �5RVV�,QQHV et al�� ������ IRU� WDUJHWV�
ZLWK�QDUURZ�VLJQDOV�DQG�FVDZ�IRU�EURDG�RQHV��'LII%LQG�Y�������ZDV�DSSOLHG�ZLWK�XQLRQ�
SHDN�VHWV�UHVL]HG�WR�����ES�DURXQG�WKH�VXPPLWV�RI�0$&6�SHDN�FDOOV�DQG�RWKHU�RSWLRQV�
NHSW�DW�WKHLU�GHIDXOWV�XVLQJ�ERWK�HGJH5��5RELQVRQ et al��������DQG�'(6HT���/RYH et al��
������IRU�WKH�XQGHUO\LQJ�VWDWLVWLFDO�IUDPHZRUN��DIWHU�ZKLFK�RQO\�FRQFRUGDQW�UHVXOWV�ZHUH�
UHWDLQHG� �H�J��� XS�UHJXODWHG� ZLWK� ERWK� PHWKRGV��� 8QOHVV� RWKHUZLVH� VWDWHG��
³FRQVWLWXWLYH´�´FRQVHUYHG´�SHDNV�UHIHU�WR�WKH�LQWHUVHFWLRQ�RI�0$&6�SHDN�FDOOV�EHWZHHQ�
FHOO� W\SHV�� FVDZ�Y������� �/XQ�	�6P\WK��������ZDV� DSSOLHG�ZLWK�GHIDXOW� VHWWLQJV�ZLWK�
HGJH5�DV�WKH�XQGHUO\LQJ�VWDWLVWLFDO�IUDPHZRUN�DW�ERWK�D�FRDUVH����NES�ZLQGRZV�ZLWK�D�
����ES�VWHS�VL]H�IRU�+�.��PH������NES�ZLQGRZV�ZLWK�D���NES�VWHS�VL]H�IRU�+�.�PH���
DQG� D� ILQH� UHVROXWLRQ� �����ES�ZLQGRZV�ZLWK� D� ����ES� VWHS� VL]H� IRU�+�.��PH����� NE�
ZLQGRZV� ZLWK� D� ���� ES� VWHS� VL]H� IRU� +�.�PH���� DIWHU� ZKLFK� WKH� UHVXOWV� ZHUH�
FRQVROLGDWHG�� DOORZLQJ� IRU� D� JDS� VL]H� RI� ���� ES�� 7KH� GRPDLQ� H[SDQVLRQ�FRQWUDFWLRQ�
NLQHWLFV�ZHUH�FKDUDFWHUL]HG�XVLQJ�&KURP7LPH�FRPPLW�D���GEE��)L]LHY�	�(UQVW��������
ZLWK� GHIDXOW� VHWWLQJV� LQ� EURDG�PRGH��ZLWK� D� SRVW�KRF� ILOWHU� DSSOLHG� WR� H[FOXGH� UHJLRQV�
���� NE�� $JJUHJDWH� SORWV� ZHUH� JHQHUDWHG� XVLQJ� WKH� PRGXOH� FRPSXWH0DWUL[� IURP�
GHHS7RROV� Y������ ZLWK� GHIDXOW� RSWLRQV�� LQ� VFDOH�UHJLRQV� PRGH� IRU� GRPDLQV� DQG�
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UHIHUHQFH�SRLQW�PRGH�IRU�IRFDO�IHDWXUHV�VXFK�DV�SHDNV��'LIIHUHQWLDO�+�.�PH��SURPRWHUV�
����� �NE� IURP� 766�� ZHUH� GHILQHG� XVLQJ� WKH� PDVV� VSHFWURPHWU\�GHULYHG�
FRHIILFLHQW�QRUPDOL]HG�ORJ��WUDQVIRUPHG�)3.0�VLJQDO�ZLWK�WKH�WKUHVKROG��ORJ��)3.0��
!��LQ�HLWKHU�FHOO�W\SH�DQG�ORJ��)3.0��GLIIHUHQFH�!����
��
(SLJHQRPH�EDVHG�FOXVWHULQJ�RI�FLV�UHJXODWRU\�HOHPHQWV�
7KH� ORJ��HQULFKPHQW�RYHU� LQSXW��YDOXHV�RI�&K,3�VHT� VLJQDOV� DQG� ORJ��)3.0������ IRU�
$7$&�VHT�VLJQDOV� LQ�SURPRWHUV� ��������NE� IURP�766��RU� UHSURGXFLEOH�DFFHVVLEOH� VLWHV�
LGHQWLILHG�XVLQJ�&KURP$�Y�������*DELWWR et al���������UHVL]HG�WR���������ES�VXUURXQGLQJ�
WKH� VXPPLW�� ZHUH� XVHG� DV� LQSXW� IRU� GLPHQVLRQ� UHGXFWLRQ� WKURXJK� 80$3� Y������
�0FLQQHV et al�� ������ DQG� VXEVHTXHQWO\� FOXVWHUHG� WKURXJK� +'%6&$1� Y�������
�&DPSHOOR et al���������)RU�80$3��PDQKDWWDQ�GLVWDQFHV�ZHUH�XVHG�IRU�SURPRWHUV�DQG�
FRUUHODWLRQ� GLVWDQFHV� IRU� RSHQ� VLWHV�� D� JULG� VHDUFK� RYHU� PLQBGLVW� RI� >����� ������ ���@��
QBQHLJKERUV� RI� >���� ���� ��@� DQG� QBFRPSRQHQWV� RI� �±��� ZHUH� DOO� VXEMHFWHG� WR�
+'%6&$1�FOXVWHULQJ� WR� LGHQWLI\�HSLJHQHWLFDOO\�GLVWLQFW� FOXVWHUV�YLD�YLVXDO� LQVSHFWLRQ��
)RU�+'%6&$1��D�JULG� VHDUFK�RYHU�PLQBFOXVWHUBVL]H�DQG�PLQBVDPSOHV�RYHU� >���������
����� ����� ������ ������ ������ �����@� ZHUH� WHVWHG�� ,Q� D� VHPL�VXSHUYLVHG� IDVKLRQ��
LQGLYLGXDO� FOXVWHUV� ZHUH� LVRODWHG� DQG� VXEMHFWHG� WR� IXUWKHU� VXE�FOXVWHULQJ� XQWLO� WKH�
HPEHGGLQJ� QR� ORQJHU� H[KLELWHG� GLVWLQFW� VHJUHJDWLRQ� RI� GDWD� SRLQWV� IRU� DQ\� LQGLYLGXDO�
HSLJHQHWLF�VLJQDO��
��
3DWKZD\�HQULFKPHQW�DQDO\VLV�
$VVRFLDWLRQV�RI� VSHFLILF� JHQH� OLVWV�ZLWK�SDUWLFXODU� ELRORJLFDO�SDWKZD\V�ZHUH� HYDOXDWHG�
XVLQJ� WKH� JRVW� IXQFWLRQ� IURP� 5� OLEUDU\� JSURILOHU�� Y������ �.ROEHUJ et al�� ������ ZLWK�
GHIDXOW�RSWLRQV��7KH�HQULFKPHQW�RI�SDWKZD\V�WRZDUGV�WKH�H[WUHPHV�RI�UDQNHG�JHQH�OLVWV��
RQ�WKH�RWKHU�KDQG��ZDV�DVVHVVHG�XVLQJ�WKH�IJVHD0XOWLOHYHO�IXQFWLRQ�IURP�5�OLEUDU\�IJVHD�
��������.RURWNHYLFK et al��ZLWK�WKH�ERXQGDU\�SDUDPHWHU�HSV�VHW�WR���DQG�RWKHUV�NHSW�DW�
WKHLU�GHIDXOW�YDOXHV��UHGXQGDQW�WHUPV�ZHUH�FROODSVHG�E\�XVLQJ�FROODSVH3DWKZD\V�ZLWK�DQ�
DGMXVWHG�S�YDOXH�WKUHVKROG�RI�������7R�REWDLQ�JHQH�OLVWV�UDQNHG�E\�PXOWLSOH�PHWULFV��H�J���
GLIIHUHQWLDO� H[SUHVVLRQ� DQG� SURPRWHU� LQWHUDFWLRQ��� WKH� PHDQ� WHVW� VWDWLVWLF� ZDV� XVHG� WR�
UDQN�JHQHV�LQGHSHQGHQWO\�IRU�HDFK�PHWULF��DQG�DQ�DJJUHJDWHG�UDQNLQJ�ZDV�WKHQ�REWDLQHG�
XVLQJ� S�YDOXHV� SURGXFHG� E\� WKH� DJJUHJDWH5DQNV� IXQFWLRQ� IURP� 5� OLEUDU\�
5REXVW5DQN$JJUHJ�Y�����.ROGH et al���������
��
2YHUODS�HQULFKPHQW�DQDO\VLV�
7KH� RYHUODS� EHWZHHQ� JHQRPLF� UHJLRQV� DQG� DQQRWDWHG� LQWHUYDOV� ZDV� H[DPLQHG� XVLQJ�
)LVKHU¶V�H[DFW�WHVWV�DV�LPSOHPHQWHG�LQ�WKH�5�OLEUDU\�/2/$�Y��������6KHIILHOG�	�%RFN��
������� (QVHPEO� 5HJXODWRU\� EXLOG� DQQRWDWLRQV� Y���������ZHUH� VRXUFHG� GLUHFWO\� IURP�
(QVHPEO��5HSHDW0DVNHU�DQQRWDWLRQV�ZHUH�REWDLQHG� IURP� WKH� UPVN� WDEOH�KRVWHG�RQ� WKH�
8&6&� *HQRPH� %URZVHU�� (1&2'(� F&5(� DQQRWDWLRQV� ZHUH� GRZQORDGHG� IURP�
6&5((1�Y����KWWS���VFUHHQ�HQFRGHSURMHFW�RUJ����
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��
3LOH�XS�DQDO\VLV�
,QWHUDFWLRQ�EHWZHHQ�VSHFLILF�UHJLRQV��H�J���SURPRWHUV�RI�D�VLPLODU�FKURPDWLQ�VWDWH��ZHUH�
TXDQWLILHG� XVLQJ� WKH� 2EV([S6QLSSHU� IXQFWLRQ� IURP� FRROWRROV� Y������ ZLWK� GHIDXOW�
SDUDPHWHUV�DQG�XVLQJ�WKH�DIRUHPHQWLRQHG�GLDJRQDO�ZLVH�H[SHFWHG�YDOXHV��)RU�SLOH�XS�RI�
GRPDLQV� �H�J��� 7$'V� RU� EURDG� +�.�PH�� GRPDLQV�� UHVFDOHG� WR� WKH� VDPH� VL]H��
FRROSXS�S\� Y������ �)O\DPHU et al�� ������ ZDV� XVHG� ZLWK� WKH� RSWLRQ� ��UHVFDOH� DQG�
RSWLRQDOO\���ORFDO�ZKHQ�DVVHVVLQJ�RQ�GLDJRQDO�SDWWHUQV��DQG�ZLWK�DOO�RWKHU�RSWLRQV�NHSW�
DW�WKHLU�GHIDXOWV��
��
/DPLQ�%��UHODWHG�DQDO\VLV�
(''�Y��������/XQG et al��������ZDV�XVHG�WR�LGHQWLI\�ODPLQD�DVVRFLDWHG�GRPDLQV�IURP�
ODPLQ�%��&K,3�VHT�ZLWK�D�ELQ�VL]H�RI����NE��JDS�SHQDOW\�VHW�WR�����DQG�DOO�RWKHUV�RSWLRQV�
NHSW� DW� WKHLU� GHIDXOWV�� /$'HWHFWRU� Y�������� �+DUU et al.�� ������ZDV� XVHG� LQVWHDG� IRU�
ODPLQ�%��'DP,'��ZLWK�D�ELQ�VL]H�RI����NE�DQG�PD[�GLS�VL]H�RI����NE��*HQHUDOL]HG�OLQHDU�
PRGHOV�ZLWK����EDVLV�IXQFWLRQV�ZHUH�XVHG�WR�YLVXDOL]H�FKURPRVRPH�VFDOH�SDWWHUQV�XVLQJ�
5(0/�IRU�VPRRWKQHVV�VHOHFWLRQ�DV�LPSOHPHQWHG�LQ�WKH�JDP�IXQFWLRQ�RI�5�OLEUDU\�PJFY�
Y��������:RRG���������
�
3DUWLDOO\�PHWK\ODWHG�GRPDLQV�UHODWHG�DQDO\VLV�
30'V�ZHUH� LGHQWLILHG�E\� FDOFXODWLQJ�PHGLDQ�P&*�&*�YDOXHV� XVLQJ� D� ����NE� VOLGLQJ�
ZLQGRZ�DQG�LGHQWLI\LQJ�WKRVH�IDOOLQJ�EHORZ������DIWHU�PHUJLQJ�DGMDFHQW�UHJLRQV��WKRVH�
ZLGHU�WKDQ�����NE�ZHUH�FDOOHG�DV�30'V��7KH�ELQDU\�VWDWXV�RI�ZKHWKHU�D�ELQ�IDOOV�ZLWKLQ�
D�*6&�30'�RU�QRW�ZDV�PRGHOOHG�XVLQJ�WKUHH�PHWKRGV������JUDGLHQW�ERRVWHG�WUHH��JEP���
����QHXUDO�QHWZRUN��QQHW���DQG�����HODVWLF�QHW��JOPQHW���HDFK�ZLWK���[���FURVV�YDOLGDWLRQ�
XVLQJ�D�������WUDLQ�WHVW�VSOLW�DV�LPSOHPHQWHG�LQ�WKH�5�OLEUDU\�FDUHW�Y��������.XKQ���������
0RGHO� SHUIRUPDQFH� IRU� SUHGLFWLQJ� 30'V� ZDV� WKHQ� DVVHVVHG� RQ� WKH� KHOG�RXW� WHVW� VHW�
XVLQJ�WKH�URF�IXQFWLRQ�IURP�5�OLEUDU\�S52&�Y��������5RELQ et al���������
��
0DSSLQJ�WR�WKH�<�FKURPRVRPH�
$PSOLFRQLF� VHTXHQFHV� RQ� WKH� PXULQH� <� FKURPRVRPH� ZHUH� UHWULHYHG� IURP� DQ� HDUOLHU�
UHSRUW�GHVFULELQJ�LWV�DVVHPEO\��6RK et al.���������DQG�ZHUH�GLUHFWO\�XVHG�DV�WKH�UHIHUHQFH�
IRU�DOLJQPHQW��2WKHUZLVH��GDWD�ZDV�SURFHVVHG�DV�GHVFULEHG�LQ�³3%$7�GDWD�SURFHVVLQJ´��
�
6WDWLVWLFDO�FRQVLGHUDWLRQV�
3�YDOXHV�ZHUH�PDSSHG�WR�V\PEROV�DV�IROORZV����������������������������������
����� �QV�����:LOFR[RQ� UDQN�VXP� WHVWV�DQG�7�WHVWV�ZHUH�FDUULHG�RXW�XVLQJ� WKH� IXQFWLRQV�
ZLOFR[�WHVW�DQG�W�WHVW��UHVSHFWLYHO\��IURP�WKH�5�OLEUDU\�VWDWV�Y�������%RRWVWUDS�FRQILGHQFH�
LQWHUYDOV�ZHUH� FRPSXWHG� XVLQJ� WKH� IXQFWLRQ� ERRW�ZLWK� ������� UHSOLFDWHV� IROORZHG� E\�
ERRW�FL�IURP�WKH�5�OLEUDU\�ERRW���������'DYLVRQ�	�+LQNOH\��������XVLQJ�GHIDXOW�RSWLRQV��
)RU�DOO�ER[�SORWV��L�H���ER[�DQG�ZKLVNHUV�SORWV���WKH�ORZHU�DQG�XSSHU�KLQJH�FRUUHVSRQG�WR�



� ��

WKH�ILUVW�DQG�WKLUG�TXDUWLOH��DQG�WKH�XSSHU�ZKLVNHUV�H[WHQG�WR�WKH�ODUJHVW�YDOXH��������
,45�DQG�YLFH�YHUVD�IRU�WKH�ORZHU�ZKLVNHUV��
�
'DWD�$YDLODELOLW\�
7KH�DFFHVVLRQ�QXPEHU�IRU�DOO�WKH�VHTXHQFLQJ�GDWD�JHQHUDWHG�LQ�WKLV�VWXG\�LV�*6(�������
�KWWSV���ZZZ�QFEL�QOP�QLK�JRY�JHR�TXHU\�DFF�FJL"DFF *6(������� �� �WKH� *(2�
GDWDEDVH��� � 6FULSWV� XVHG� WR� JHQHUDWH� WKH� SUHVHQWHG� UHVXOWV� DQG� DGGLWLRQDO� UDZ� GDWD�
XQGHUO\LQJ�ILJXUHV�DUH�DYDLODEOH�DW�KWWSV���JLWKXE�FRP�EKX�JHUPBQXFOHRPH��
�
� �
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5()(5(1&(6�
$EGHQQXU� 1�� 0LUQ\� /$� ������� &RROHU�� VFDODEOH� VWRUDJH� IRU� +L�&� GDWD� DQG� RWKHU�

JHQRPLFDOO\�ODEHOHG�DUUD\V��Bioinformatics�������������

$ODYDWWDP�.*��0DH]DZD�6��6DNDVKLWD�$��.KRXU\�+��%DUVNL�$��.DSODQ�1��1DPHNDZD�

6+��������$WWHQXDWHG�FKURPDWLQ�FRPSDUWPHQWDOL]DWLRQ�LQ�PHLRVLV�DQG�LWV�PDWXUDWLRQ�LQ�

VSHUP�GHYHORSPHQW��Nat Struct Mol Biol�������������

$PHPL\D�+0��.XQGDMH�$��%R\OH�$3��������7KH�(1&2'(�%ODFNOLVW��,GHQWLILFDWLRQ�RI�

3UREOHPDWLF�5HJLRQV�RI�WKH�*HQRPH��Scientific reports���������

$Q� /�� <DQJ� 7�� <DQJ� -�� 1XHEOHU� -�� ;LDQJ� *�� +DUGLVRQ� 5&�� /L� 4�� =KDQJ� <� �������

2Q7$'��KLHUDUFKLFDO�GRPDLQ�VWUXFWXUH�UHYHDOV� WKH�GLYHUJHQFH�RI�DFWLYLW\�DPRQJ�7$'V�

DQG�ERXQGDULHV��Genome Biol���������

$QWRQ�7��%XOWPDQQ�6��/HRQKDUGW�+��0DUNDNL�<��������9LVXDOL]DWLRQ�RI�VSHFLILF�'1$�

VHTXHQFHV� LQ� OLYLQJ� PRXVH� HPEU\RQLF� VWHP� FHOOV� ZLWK� D� SURJUDPPDEOH� IOXRUHVFHQW�

&5,635�&DV�V\VWHP��Nucleus������������

%DWWXOLQ�1�� )LVKPDQ�96��0D]XU�$0�� 3RPD]QR\�0��.KDEDURYD�$$��$IRQQLNRY�'$��

3URNKRUWFKRXN�(%��6HURY�2/��������&RPSDULVRQ�RI�WKH�WKUHH�GLPHQVLRQDO�RUJDQL]DWLRQ�

RI�VSHUP�DQG�ILEUREODVW�JHQRPHV�XVLQJ�WKH�+L�&�DSSURDFK��Genome Biol��������

%HODJK]DO�+��'HNNHU�-��*LEFXV�-+��������+L�&������$Q�RSWLPL]HG�+L�&�SURFHGXUH�IRU�

KLJK�UHVROXWLRQ� JHQRPH�ZLGH� PDSSLQJ� RI� FKURPRVRPH� FRQIRUPDWLRQ�� Methods� �����

������

%LDQ�4��.KDQQD�1��$OYLNDV�-��%HOPRQW�$6��������EHWD�*ORELQ�FLV�HOHPHQWV�GHWHUPLQH�

GLIIHUHQWLDO�QXFOHDU�WDUJHWLQJ�WKURXJK�HSLJHQHWLF�PRGLILFDWLRQV��J Cell Biol��������������

%RQHY�%��0HQGHOVRQ�&RKHQ�1��6]DER�4��)ULWVFK�/��3DSDGRSRXORV�*/��/XEOLQJ�<��;X�;��

/Y�;��+XJQRW�-3��7DQD\�$ et al��������0XOWLVFDOH��'�*HQRPH�5HZLULQJ�GXULQJ�0RXVH�

1HXUDO�'HYHORSPHQW��Cell��������������H����

%RUJHO�-��*XLEHUW�6��/L�<��&KLED�+��6FKXEHOHU�'��6DVDNL�+��)RUQH�7��:HEHU�0��������

7DUJHWV�DQG�G\QDPLFV�RI�SURPRWHU�'1$�PHWK\ODWLRQ�GXULQJ�HDUO\�PRXVH�GHYHORSPHQW��

Nat Genet���������������

%RURYLDN�7��/RRV�5��%HUWRQH�3��6PLWK�$��1LFKROV�-��������7KH�DELOLW\�RI�LQQHU�FHOO�PDVV�

FHOOV�WR�VHOI�UHQHZ�DV�HPEU\RQLF�VWHP�FHOOV�LV�DFTXLUHG�IROORZLQJ�HSLEODVW�VSHFLILFDWLRQ��

Nat Cell Biol�������������

%RXUTXH�*��/HRQJ�%��9HJD�9%��&KHQ�;��/HH�</��6ULQLYDVDQ�.*��&KHZ�-/��5XDQ�<��

:HL�&/��1J�++ et al��������(YROXWLRQ�RI�WKH�PDPPDOLDQ�WUDQVFULSWLRQ�IDFWRU�ELQGLQJ�
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UHSHUWRLUH�YLD�WUDQVSRVDEOH�HOHPHQWV��Genome Res���������������

%UXVH�1��+HHULQJHQ�6-9��������*LPPH0RWLIV��DQ�DQDO\VLV�IUDPHZRUN�IRU�WUDQVFULSWLRQ�

IDFWRU�PRWLI�DQDO\VLV��bioRxiv��KWWSV���GRL�RUJ����������������

%XHQURVWUR�-'��*LUHVL�3*��=DED�/&��&KDQJ�+<��*UHHQOHDI�:-��������7UDQVSRVLWLRQ�RI�

QDWLYH� FKURPDWLQ� IRU� IDVW� DQG� VHQVLWLYH� HSLJHQRPLF� SURILOLQJ� RI� RSHQ� FKURPDWLQ��

'1$�ELQGLQJ�SURWHLQV�DQG�QXFOHRVRPH�SRVLWLRQ��Nat Methods���������������

&DKLOO�.0��+XR�=��7VHQJ�*&��/RJDQ�5:��6HQH\�0/��������,PSURYHG�LGHQWLILFDWLRQ�RI�

FRQFRUGDQW� DQG� GLVFRUGDQW� JHQH� H[SUHVVLRQ� VLJQDWXUHV� XVLQJ� DQ� XSGDWHG� UDQN�UDQN�

K\SHUJHRPHWULF�RYHUODS�DSSURDFK��Scientific reports���������

&DPSHOOR� 5�� 0RXODYL� '�� 6DQGHU� -� ������� 'HQVLW\�%DVHG� &OXVWHULQJ� %DVHG� RQ�

+LHUDUFKLFDO�'HQVLW\�(VWLPDWHV��,Q��Advances in Knowledge Discovery and Data Mining�� �

SS�����������6SULQJHU�� �

&KHQ�6��=KRX�<��&KHQ�<��*X�-��������IDVWS��DQ�XOWUD�IDVW�DOO�LQ�RQH�)$674�SUHSURFHVVRU��

Bioinformatics�����L����L����

&KHQ� ;�� <DPPLQH� 6�� 6KL� &�� 7DUN�'DPH� 0�� *RQGRU� $�� 2KOVVRQ� 5� ������� 7KH�

YLVXDOL]DWLRQ� RI� ODUJH� RUJDQL]HG� FKURPDWLQ� GRPDLQV� HQULFKHG� LQ� WKH� +�.�PH�� PDUN�

ZLWKLQ�D�VLQJOH�FKURPRVRPH�LQ�D�VLQJOH�FHOO��Epigenetics��������������

&RUFHV�05��7UHYLQR�$(��+DPLOWRQ�(*��*UHHQVLGH�3*��6LQQRWW�$UPVWURQJ�1$��9HVXQD�

6�� 6DWSDWK\�$7��5XELQ�$-��0RQWLQH�.6��:X�% et al� �������$Q� LPSURYHG�$7$&�VHT�
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),*85(�/(*(1'6�
)LJXUH�����'�JHQRPH�SURJUDPPLQJ��
�$��6FKHPH�IRU�PRXVH�JHUP�FHOO�GHYHORSPHQW�in vitro��WRS��DQG�in vivo��ERWWRP���ZLWK�
G\QDPLFV�RI�JHQRPH�ZLGH�'1$�PHWK\ODWLRQ�OHYHOV��PLGGOH���
�%��0D[LPXP�LQWHQVLW\�SURMHFWLRQV��WRS��DQG�UHSUHVHQWDWLYH�VHFWLRQV��ERWWRP��RI�W\SLFDO�
QXFOHL�RI�WKH�LQGLFDWHG�FHOO�W\SHV�VWDLQHG�ZLWK�'$3,��6FDOH�EDUV����ȝP�� �
�&�� $UHDV� RI� '$3,�GHQVH� UHJLRQV� �WRS��� GLVWDQFH� RI� '$3,�GHQVH� UHJLRQV� IURP� WKH�
QXFOHDU�SHULSKHU\��PLGGOH���DQG�YDULDQFH�RI�'$3,�VLJQDOV��ERWWRP���7KH�SRLQW�PDUNV�WKH�
PHGLDQ�ZKLOH�WKH�WKLFN�DQG�WKLQ�OLQHV�FRUUHVSRQG�WR�����DQG�����LQWHUYDOV��UHVSHFWLYHO\��
1XPEHU� RI� '$3,� GHQVH� UHJLRQV�  � ���������������������� DQG� QXPEHU� RI� VOLFHV�  �
������������������ IRU� P(6&�(SL/&�G��G�F�� P3*&/&�*6&�� 6LJQLILFDQFHV� DUH�
FRPSXWHG�XVLQJ�:LOFR[RQ�UDQN�VXP�WHVWV��S�YDOXHV�IURP�WRS�WR�ERWWRP�����H��������H����
����H���� ����H����� ����H���� ����H����� ����H���� ����H���� ����H���� ����H���� ����H����
����H����� 3�YDOXH� V\PERO� EUDFNHWV�� �ככככ  � >��� ��������� �כככ  � >�������� �����@�� �ככ  �
>�������������������������<� �כ��QV� �>�������@��
�'���OHIW��)OXRUHVFHQFH�LQ�VLWX�K\EULGL]DWLRQ��),6+��DJDLQVW�FKURPRVRPH�����UHG��ZLWK�
'$3,�VWDLQLQJ��JUH\���=�VWDFNHG�UHSUHVHQWDWLYH�LPDJHV�DUH�SDLUHG�ZLWK�PDJQLILHG�YLHZV��
�ULJKW��'LVWULEXWLRQV�RI� VXUIDFH�YROXPHV� IRU�FKU����7KH�SRLQW�PDUNV� WKH�PHGLDQ�ZKLOH�
WKH�WKLFN�DQG�WKLQ�OLQHV�FRUUHVSRQG�WR�����DQG�����LQWHUYDOV��UHVSHFWLYHO\��1XPEHU�RI�
FHOOV� ����������IRU�P(6&�(SL/&�*6&��6FDOH�EDUV����ȝP��6LJQLILFDQFHV�DUH�FRPSXWHG�
XVLQJ�:LOFR[RQ�UDQN�VXP�WHVWV��S�YDOXHV�IURP�OHIW�WR�ULJKW������H��������H��������H����
�(�� +L�&� PDSV� RI� FKURPRVRPH� ��� �XSSHU� ULJKW� WULDQJOH�� ���� NE�UHVROXWLRQ� EDODQFHG�
FRQWDFW� SUREDELOLW\� PDWULFHV�� �ORZHU� OHIW� WULDQJOH�� PDWFKLQJ� 3HDUVRQ¶V� FRUUHODWLRQ�
PDWULFHV�� �
�)�� &RPSDUWPHQWDOL]DWLRQ� VDGGOH� SORWV� IRU� WKH� DYHUDJH� LQWHUDFWLRQ� IUHTXHQF\� EHWZHHQ�
SDLUV� RI� ��� NE� JHQRPLF� ELQV� EHORQJLQJ� WR� YDULRXV� FRPSDUWPHQW�VFRUH� TXDQWLOHV� LQ� FLV�
�XSSHU�ULJKW�WULDQJOH��DQG�WUDQV��ORZHU�OHIW�WULDQJOH��� �
�*�� 7UDQVLWLRQV� LQ� HXFKURPDWLQ�YV�KHWHURFKURPDWLQ� ELDV� GXULQJ� WKH� GHYHORSPHQW� RI�
GLIIHUHQW� OLQHDJHV� �FDUGLRP\RF\WH� GLIIHUHQWLDWLRQ� �=KDQJ et al.�� ������� DW� ���� NE�
UHVROXWLRQ�� �OHIW�D[LV��YLROLQ�SORWV��'LVWULEXWLRQ�RI�FRPSDUWPHQW�VFRUHV���ULJKW�D[LV��GRWV��
UDWLR�RI�$�%�FRPSDUWPHQW�ELQV��
�+��(QULFKPHQW�RI�7$'�7$'�LQWHUDFWLRQV�LQYROYHG�LQ�PD[�FOLTXHV��VL]H�����GXULQJ�WKH�
GHYHORSPHQW�RI�GLIIHUHQW�OLQHDJHV��$�GLVSHUVDO�RI�DFWLYH�KXEV�ZDV�VSHFLILFDOO\�REVHUYHG�
GXULQJ� HSLJHQHWLF� UHSURJUDPPLQJ�� ,QWHU�FRPSDUWPHQWDO� 7$'�7$'� LQWHUDFWLRQV� DUH�
XQGHU�UHSUHVHQWHG�LQ�DOO�FDVHV��
�,��1HWZRUN�UHSUHVHQWDWLRQ�RI�7$'�FOLTXHV�DQG�WKHLU�FRPSDUWPHQW�LGHQWLW\�GXULQJ�JHUP�
FHOO�DQG�FDUGLRP\RF\WH�GLIIHUHQWLDWLRQ��
��
)LJXUH����(SLJHQRPH�SURILOHV�DQG�&7&)�LQVXODWLRQ��
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�$�� 5HODWLYH� DEXQGDQFH� ���� RI� NH\� KLVWRQH� PRGLILFDWLRQV� DV� PHDVXUHG� E\� PDVV�
VSHFWURPHWU\��7KH�SRLQW�PDUNV�WKH�PHDQ�ZKLOH�HUURU�EDUV�LQGLFDWH�VWDQGDUG�HUURUV��7KUHH�
ELRORJLFDO�UHSOLFDWHV�LQ�HDFK�FHOO�W\SH�ZHUH�DQDO\]HG��
�%�� 8+&� RI� +�� PRGLILFDWLRQ� DEXQGDQFHV�� 1XPHULF� VXIIL[HV� LQGLFDWH� ELRORJLFDO�
UHSOLFDWHV��
�&��3&$�RI�DYHUDJH�+��PRGLILFDWLRQV�DEXQGDQFHV�LQ�HDFK�FHOO�W\SH��
�'�� &KURPDWLQ� DFFHVVLELOLW\� ODQGVFDSH� WKURXJKRXW� JHUPOLQH� GHYHORSPHQW�� �OHIW��
$7$&�VHT� FRYHUDJH� WUDFNV� DW� D� UHSUHVHQWDWLYH� ORFXV��ZLWK� SHDNV� KLJKOLJKWHG�� �VHFRQG�
OHIW��GLVWULEXWLRQ�RI�UHDG�FRXQWV�SHU�HDFK�LQ�WKH�XQLRQ�SHDN�VHW���VHFRQG�ULJKW��+�.�PH��
&K,3�VHT�FRYHUDJH� WUDFNV�DW� WKH�VDPH� ORFXV�� �ULJKW��'LVWULEXWLRQ�RI�GRPDLQ�ZLGWKV� IRU�
+�.�PH��HQULFKHG�UHJLRQV�EDVHG�RQ�FURVV�FRUUHODWLRQ��DV�LPSOHPHQWHG�LQ�0&25(�� �
�(�� � 3DUWLDO�3HDUVRQ�FRUUHODWLRQ�PDWUL[�IRU�LQWHU�FHOO�W\SH�$7$&�VHT�GLIIHUHQFHV�DJDLQVW�
G�F��P3*&/&V�YHUVXV�GLIIHUHQFHV�LQ�RWKHU�HSLJHQHWLF�VLJQDOV�� �
�)��1XPEHU� RI�(�3�SDLUV�ZLWK�$%&� VFRUH�!������ �)XOFR et al.���������7ZR�ELRORJLFDO�
UHSOLFDWHV�LQ�HDFK�FHOO�W\SH�ZHUH�DQDO\]HG��
�*�� &HOO� W\SH� LQVXODWLRQ� UDQNLQJ�� ��� GLIIHUHQW� 7$'�FDOOLQJ� DOJRULWKPV� ZHUH� XVHG� WR�
GHWHUPLQH� WKH� FHOO� W\SHV� UDQN� LQ� WHUPV�RI� LQVXODWLRQ� �JROG��PRVW� LQVXODWHG�� VLOYHU�� �QG�
PRVW�LQVXODWHG��EURQ]H���UG�PRVW�LQVXODWHG��� �
�+��6ORSH�RI�FRQWDFW�GHFD\��3�V���FXUYHV�DV�D�IXQFWLRQ�RI�JHQRPLF�VHSDUDWLRQ�LQ�ORJ�ORJ�
VSDFH� IRU� WKH� JHUPOLQH�� QHXUDO� LQGXFWLRQ� �%RQHY et al.��������� %� FHOO� UHSURJUDPPLQJ�
�6WDGKRXGHUV et al.�� ������� DQG� FDUGLRP\RF\WH� GLIIHUHQWLDWLRQ� �=KDQJ et al.�� ������
GDWDVHWV��
�
)LJXUH����2SHQ�VLWH�FKDUDFWHUL]DWLRQV�DQG�&7&)�UHOHDVH��
�$���'�80$3�HPEHGGLQJ�EDVHG�RQ�HSLJHQHWLF�VLJQDOV�LQ�$7$&�VHT�SHDNV�IRU�HDFK�FHOO�
W\SH��ZLWK�ODEHOV�GHULYHG�IURP�VHPL�VXSHUYLVHG�+'%6&$1�� �
�%�� $VVRFLDWLRQ�EHWZHHQ�RSHQ�VLWH�FOXVWHUV�DQG�FHOO�W\SHV�� � �WRS��1XPEHU�RI�RSHQ�VLWHV�
SHU�FHOO�W\SH�LQ�HDFK�FOXVWHU��OHIW�D[LV��EDUV��DQG�WKHLU�HQULFKPHQW�DV�RGGV�UDWLRV��ULJKW�D[LV��
GRWV����ERWWRP��HQULFKPHQW�RI�HSLJHQHWLF�VLJQDOV�LQ�HDFK�FOXVWHU��
�&�� '\QDPLFV� RI� RSHQ� VLWH� FODVVHV�� &ODVVLILFDWLRQ� RI� WKH� VDPH� RSHQ� VLWHV� SHDN� DUH�
FRPSDUHG� EHWZHHQ� DGMDFHQW� VWDJHV� DQG� VKRZQ� DV� IORZV��2SHQ� VLWHV� WKDW� FRXOG� QRW� EH�
UHOLDEO\�FOXVWHUHG�RU�ZHUH�QRW�FDOOHG�DV�SHDNV�DUH�ODEHOOHG�DV�³0LVVLQJ�´� �
�'��&K,3�VHT�FRYHUDJH�WUDFNV�RI�&7&)�LQ�HDFK�FHOO�W\SH�� �
�(��1XPEHU� RI� &7&)� SHDNV� FDOOHG� LQ� HDFK� FHOO� W\SH�� *6&V� KDYH� FRQVLGHUDEO\� IHZHU�
&7&)�SHDNV��7ZR�ELRORJLFDO�UHSOLFDWHV�LQ�HDFK�FHOO�W\SH�ZHUH�DQDO\]HG��
�)��&RUUHORJUDPV�RI�&7&)�ELQGLQJ�LQ�WKH�XQLRQ�SHDN�VHW���8SSHU�ULJKW�SDQHOV��3HDUVRQ¶V�
FRUUHODWLRQ� FRHIILFLHQWV� EHWZHHQ� ORJ�� WUDQVIRUPHG� VLJQDOV�� �'LDJRQDO�� +LVWRJUDPV� RI�
&7&)� VLJQDO� LQWHQVLW\� LQ� WKH� XQLRQ� SHDN� VHW�� �/RZHU� OHIW� SDQHOV�� �'� GHQVLW\� SORWV� RI�
&7&)�ELQGLQJ�LQ�SDLUV�RI�FHOO�W\SHV�� �
�*��$JJUHJDWH�SORWV�RI�&K,3�VHT�HQULFKPHQW�IRU�YDULRXV�WDUJHWV�DQG�LQVXODWLRQ�VFRUH��,6��
DURXQG� &7&)�ELQGLQJ� VLWHV� GHSOHWHG� LQ�*6&V� DV� FRPSDUHG� WR� G�F��P3*&/&V�� � Q�  �
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�+���'�HSLJHQHWLF� ODQGVFDSH�UH�ZLULQJ�QHDU�Ddx4��2EVHUYHG�H[SHFWHG�FRQWDFW�PDSV�DW�
���NE� UHVROXWLRQ� IRU�G�F��P3*&/&V�DQG�*6&V�DUH� VKRZQ�DORQJVLGH� VHOHFW�&K,3�VHT�
DQG�1(7�&$*(�FRYHUDJH� WUDFNV��$�VWURQJ� LQVXODWLQJ�&7&)�SHDN� �KLJKOLJKWHG� LQ� UHG��
XSVWUHDP� RI� WKH�Ddx4� 766� �XSVWUHDP� EOXH� KLJKOLJKW�� LV� ORVW� LQ�*6&V�� IDFLOLWDWLQJ� WKH�
LQWHUDFWLRQ� EHWZHHQ� WKH� Ddx4� SURPRWHU� DQG� DQ� DFWLYH� HQKDQFHU� �GRZQVWUHDP� EOXH�
KLJKOLJKW��GHPRQVWUDWLQJ�SURQRXQFHG�ELGLUHFWLRQDO�QDVFHQW�WUDQVFULSWLRQ��ERWWRP��� �
�,�� *6($� XVLQJ� JHQHV� UDQNHG� E\� FRQFRPLWDQW� GLIIHUHQWLDO� H[SUHVVLRQ� DQG� SURPRWHU�
LQWHUDFWLRQ�� �OHIW�� $%&�GHILQHG� (�3� SDLUV� RYHUODSSLQJ�*6&�GHSOHWHG� &7&)� SHDNV� DUH�
XVHG� WR� UDQN� JHQHV� EDVHG� RQ� FRRUGLQDWHG� (�3� LQWHUDFWLRQ� DQG� H[SUHVVLRQ� GLIIHUHQFHV��
�ULJKW�� ORJ�� IROG� FKDQJHV� IRU� OHDGLQJ�HGJH� JHQHV� RI� HQULFKHG� JHQH� VHWV�� 6LJQLILFDQFHV�
FRPSXWHG� XVLQJ� SUH�UDQNHG�PXOWLOHYHO� *6($�� S�YDOXHV� IURP� WRS� WR� ERWWRP�� ���������
��������� �������� �������� �������� �������� �������� �������� ����H���� ����H���� ����H����
����H���������������������������������H���������H���������H���������H�����
�
)LJXUH����*HQHUDWLRQ�RI�PLQLPDO�/$'V��
�$�� &RUUHODWLRQ� EHWZHHQ� FRPSDUWPHQW� VFRUH� DQG� &K,3�VHT� HQULFKPHQW� DW� ��� NE�
UHVROXWLRQ��
�%�� &RUUHODWLRQ� EHWZHHQ� GLIIHUHQWLDO� FRPSDUWPHQW� VFRUH� DQG� GLIIHUHQWLDO� &K,3�VHT�
HQULFKPHQW�EHWZHHQ�P(6&V�DQG�*6&V�DW���NE�UHVROXWLRQ�� �
�&��5HSUHVHQWDWLYH�FKURPRVRPH�ZLGH�GLVWULEXWLRQV�RI�FRPSDUWPHQW�VFRUH�DQG�ODPLQ�%��
HQULFKPHQW�IRU�P(6&V�DQG�*6&V�� �
�'��/$'�RFFXSDQFLHV�LQ�GLIIHUHQW�FHOO�W\SHV��3HULF�+XSNHV et al.��������3ROHVKNR et al.��
������5REVRQ et al.��������<DWWDK et al.��������� �
�(��9HQQ�GLDJUDP�RI�/$'V�FDOOHG�LQ�*6&V��XQLRQ�RI�/$'V�FDOOHG�LQ�DOO�RWKHU�FHOO�W\SHV�
LQ�WKLV�VWXG\��DQG�XQLRQ�RI�/$'V�LGHQWLILHG�IURP�DOO�RWKHU�VWXGLHV��3HULF�+XSNHV et al.��
������3ROHVKNR et al.��������5REVRQ et al.��������<DWWDK et al.��������� �
�)��8S6HW�SORW�IRU�WKH�XQLRQ�VHW�RI�/$'V�LQ�GLIIHUHQW�VWXGLHV��3HULF�+XSNHV et al.��������
3ROHVKNR et al.��������5REVRQ et al.��������<DWWDK et al.��������� �$�PDMRULW\�RI�UHJLRQV�
FRUUHVSRQG�WR�FRQVWLWXWLYH�/$'V��
�*�� ,)�DQDO\VLV� IRU� ODPLQ�%�� LQ� �OHIW��(SL/&V� DQG�G�F��P3*&/&V�� DV�ZHOO� DV� �ULJKW��
(SL/&V�DQG�*6&V��6\PEROV�IRU�HDFK�FHOO�W\SH�DUH�DV�LQGLFDWHG��6FDOH�EDUV�����ȝP�� �
�+�� :HVWHUQ� EORW� IRU� ODPLQ� %�� LQ� GLIIHUHQW� FHOO� W\SHV� �ERWWRP�� DQG� TXDQWLILFDWLRQ�
QRUPDOL]HG�E\�ȕ�DFWLQ��WRS���
�,�� $YHUDJH� GLVWULEXWLRQV� RI� ODPLQ� %�� HQULFKPHQW� DFURVV� DOO� FKURPRVRPHV� ��±����;��� �
5LEERQV�FRUUHVSRQG�WR�����FRQILGHQFH�LQWHUYDOV�RI�ILWWHG�*$0V��
�-��/DPLQ�%��&K,3�VHT�HQULFKPHQW�LQ�WKH�ILUVW��OHIW�S�WHU��DQG�WKH�ODVW��ULJKW�T�WHU������.E�
RI� HDFK� FKURPRVRPH�� 7KH� SRLQW� PDUNV� WKH� PHGLDQ� ZKLOH� WKH� WKLFN� DQG� WKLQ� OLQHV�
FRUUHVSRQG� WR� ���� DQG� ���� LQWHUYDOV�� UHVSHFWLYHO\�� 1XPEHU� RI� FKURPRVRPHV�  � ���
�DXWRVRPHV�DQG�FKURPRVRPH�;���
�.��5HSUHVHQWDWLYH�FKURPRVRPH�ZLGH�GLVWULEXWLRQV�RI�&K,3�VHT�HQULFKPHQW�IRU�ODPLQ�%��
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DQG�+�.�PH��PH���
�/���WRS��5HSUHVHQWDWLYH� LPDJHV�RI�),6+�DJDLQVW�PDMRU�VDWHOOLWH�UHSHDWV� LQ�(SL/&V�DQG�
*6&V��6FDOH�EDUV�����ȝP���ERWWRP��SHUFHQWDJH�RI�WKH�SHULFHQWURPHUHV�GHWDFKHG�IURP�WKH�
QXFOHDU� ODPLQD� LQ�(SL/&V�DQG�*6&V��7KH�SRLQW�PDUNV� WKH�PHGLDQ�ZKLOH� WKH�WKLFN�DQG�
WKLQ�OLQHV�FRUUHVSRQG�WR�����DQG�����LQWHUYDOV��UHVSHFWLYHO\��1XPEHU�RI�FHOOV� �������
IRU�(SL/&�*6&��
�
)LJXUH����+HWHURFKURPDWLQ�UH�RUJDQL]DWLRQ��
�$���OHIW��+�.�PH��&K,3�VHT�WUDFNV��ZLWK�7(V�LQ�GLIIHUHQW�FODVVHV�VKRZQ�EHORZ���ULJKW��
'LVWULEXWLRQ� RI� GRPDLQ� ZLGWKV� IRU� +�.�PH��HQULFKHG� UHJLRQV� EDVHG� RQ�
FURVV�FRUUHODWLRQ��DV�LPSOHPHQWHG�LQ�0&25(�� �
�%�� 6SDWLDO�WHPSRUDO� G\QDPLFV� RI� +�.�PH�� GRPDLQV� �!��� .E�� DQDO\]HG� XVLQJ�
&KURP7LPH�� �
�&���7RS��(QULFKPHQW�RI�LQWHUDFWLRQ�EHWZHHQ��XSSHU��DQG�ZLWKLQ��ORZHU��EURDG�+�.�PH��
GRPDLQV��!���.E��LGHQWLILHG�LQ�*6&V�DQG�RYHUODS�SHDNV�LQ�DOO�RWKHU�FHOO�W\SHV���
�'��&RUUHODWLRQ�EHWZHHQ�+�.�PH����DQG�ODPLQ�%��&K,3�VHT�HQULFKPHQW��
�(�� ,)� DQDO\VLV� IRU� +�.�PH�� �OHIW�� DQG� +�.�PH�� �ULJKW�� LQ� (SL/&V� DQG� *6&V�� �
$UURZKHDGV��*)3��*6&V��DUURZV��(SL/&V�� � 6FDOH�EDUV�����ȝP��
�)��2GGV�UDWLR�DQG�VLJQLILFDQFH�RI�RYHUODS�EHWZHHQ�+�.�PH��GRPDLQV�FRQVHUYHG�DFURVV�
DOO�FHOO�W\SHV�DQG�GLIIHUHQW�UHSHDW�IDPLOLHV��(UURU�EDUV�GHQRWH�����FRQILGHQFH�LQWHUYDOV��
�*��6FDWWHU�SORW�RI�ODPLQ�%��HQULFKPHQW�LQ�*6&V�YV�WKH�DJJUHJDWHG�GHQVLW\�RI�VHOHFW�7(V�
�/���(59��DQG�(59.�� LQ��PE�ELQV��ZLWK�SRLQWV�FRORUHG�E\�+�.�PH��HQULFKPHQW� LQ�
*6&V��
�+��([SUHVVLRQ�RI�+�.��PHWK\OWUDQVIHUDVHV�DV�PHDVXUHG�E\�51$�VHT��,VKLNXUD et al.��
������2KWD et al.��������6DVDNL et al���������7ZR�ELRORJLFDO�UHSOLFDWHV�LQ�HDFK�FHOO�W\SH�
ZHUH�DQDO\]HG��
�,�� �OHIW�� :HVWHUQ� EORW� IRU� *�D�� */3�� 6HWGE�� DQG� Į�WXEXOLQ�� �ULJKW�� TXDQWLILFDWLRQ�
QRUPDOL]HG�E\�Į�7XEXOLQ��
�-���OHIW��6FDWWHU�SORW�RI�+�.�PH��HQULFKPHQW�DFURVV�DOO�SURPRWHUV�LQ�G��P3*&/&V�DQG�
G�F��P3*&/&V��ZLWK�����JHQHV��UHG��VKRZLQJ�VXEVWDQWLDOO\�KLJKHU�+�.�PH��OHYHOV�LQ�
G��P3*&/&V�WKDQ�G�F��P3*&/&V���ULJKW��SDWKZD\�HQULFKPHQW�RI�WKH�����JHQHV�XVLQJ�
J�3URILOHU��
�.��$JJUHJDWH�SORW�RI�+�.�PH��DURXQG�WKH�766V�RI�Setdb1�UHSUHVVHG�JHUPOLQH�JHQHV�
�.DULPL et al���������7KH� WKLFN� OLQH�PDUNV� WKH�PHDQ�ZKLOH� WKH�XSSHU� DQG� ORZHU� OLPLWV�
LQGLFDWH�VWDQGDUG�HUURUV��
�/��1RUPDOL]HG�+�.�PH��WUDFNV�DURXQG�WKH�766V�RI�Dazl�DQG�Ddx4��
�0��'LVWULEXWLRQ�RI�GLIIHUHQFHV�LQ�SURPRWHU�+�.�PH��EHWZHHQ�G��DQG�G�F��P3*&/&V�
IRU�JHUPOLQH�JHQHV��.XULPRWR et al.���������Setdb1�UHSUHVVHG�JHUPOLQH�JHQHV��.DULPL et 
al.��������DQG�RWKHU�JHQHV�� � 7KH�SRLQW�PDUNV� WKH�PHGLDQ�ZKLOH� WKH� WKLFN�DQG� WKLQ�OLQHV�
FRUUHVSRQG� WR� ���� DQG� ���� LQWHUYDOV�� UHVSHFWLYHO\�� )URP�WRS� WR�ERWWRP��1XPEHU�RI�
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JHQHV� � ������� ���� ���� 6LJQLILFDQFHV� DUH� FRPSXWHG� XVLQJ� :LOFR[RQ� UDQN�VXP� WHVWV��
S�YDOXHV� � IURP�WRS�WR�ERWWRP������H��������H��������H����
�
)LJXUH� ��� 0HFKDQLVP� RI� 30'� IRUPDWLRQ� YLD� EDODQFLQJ� +�.��PH�� YV�
+�.�PH�PDUNHG�/$'V�DQG�<�FKURPRVRPH�K\SRPHWK\ODWLRQ��
�$�� �WRS�� 2YHUODS� RI� 30'V� EHWZHHQ� VSHUPDWRJRQLD� �.XER et al.�� ������ DQG� *6&V��
�ERWWRP��5HSUHVHQWDWLYH�ORFXV�GHPRQVWUDWLQJ�FRORFDOL]DWLRQ�RI�+�.�PH��DQG�ODPLQ�%��
HQULFKPHQW�ZLW�'1$�K\SRPHWK\ODWLRQ��
�%�� 7KH� DUHD� XQGHU� WKH� UHFHLYHU� RSHUDWLQJ� FKDUDFWHULVWLF� �$852&�� RI� FODVVLILHUV�
SUHGLFWLQJ����NE�ELQV�DV�HLWKHU�30'�RU�QRW�LQ�*6&V�XVLQJ�HDFK�FHOO�W\SH¶V�RZQ�HSLJHQRPH��
(UURU�EDUV�GHQRWH�����FRQILGHQFH�LQWHUYDOV��
�&��&RUUHODWLRQ�RI�*6&V¶�'1$�PHWK\ODWLRQ�OHYHOV�LQ�*6&�/$'V�ZLWK�HSLJHQHWLF�VLJQDOV�
LQ�GLIIHUHQW�FHOO�W\SHV�� �
�'��$JJUHJDWH�SORWV�RI�+�.��PH���+�.�PH���+�.�PH���DQG�ODPLQ�%��HQULFKPHQW�DV�
ZHOO�DV�'1$�PHWK\ODWLRQ�DURXQG�30'V�LQ�*6&V��7KH� WKLFN� OLQH�PDUNV�WKH�PHDQ�ZKLOH�
WKH�XSSHU�DQG�ORZHU�OLPLWV�LQGLFDWH�VWDQGDUG�HUURUV��
�(��6FDWWHU�SORW�RI�G�F��P3*&/&V¶�+�.�PH��DQG�+�.��PH��HQULFKPHQW�LQ����NE�ELQV�
FRORUHG�E\�GLIIHUHQWLDO�+�.��PH���(SL/&VíG�F��P3*&/&V���
�)�� 5HSUHVHQWDWLYH� FKURPRVRPH�ZLGH� GLVWULEXWLRQV� RI� FRPSDUWPHQW� VFRUH�� ODPLQ� %��
HQULFKPHQW��DQG�+�.��PH��FRYHUDJH��
�*��&RUUHODWLRQ�EHWZHHQ�+�.��PH��DQG�FRPSDUWPHQW�VFRUHV�RU� ODPLQ�%��HQULFKPHQW�
LQ����NE�ELQV��
�+��5HODWLRQVKLS�EHWZHHQ�WKH�PD[�FOLTXH�VL]H� LQYROYLQJ�D�JLYHQ�7$'�DQG�WKH�DYHUDJH�
+�.�PH��HQULFKPHQW�LQ�WKDW�7$'�LQ�G�F��P3*&/&V��1XPEHU�RI�7$'V�ZLWK� VSHFLILF�
PD[�FOLTXH�VL]HV��IURP�OHIW�WR�ULJKW�����������������������7KH�FHQWUDO�EDQG�RI�ER[SORWV�
LQGLFDWH� PHGLDQ� YDOXHV�� ZKLOH� WKH� ORZHU� DQG� XSSHU� KLQJH� FRUUHVSRQG� WR� WKH� ILUVW� DQG�
WKLUG�TXDUWLOH��DQG�WKH�XSSHU�ZKLVNHUV�H[WHQG�WR�WKH�ODUJHVW�YDOXH��������,45�DQG�YLFH�
YHUVD�IRU�WKH�ORZHU�ZKLVNHUV��
�,��,3�LQSXW�UDWLR�RI�+�.�PH��DQG�ODPLQ�%��DOLJQPHQWV�SHU�FKURPRVRPH��
�-��(QULFKPHQW�WUDFNV�RI�+�.�PH��DQG�ODPLQ�%��DV�ZHOO�DV�'1$�PHWK\ODWLRQ�LQ�(SL/&V�
DQG�G�F��P3*&/&V�RQ�FKURPRVRPH�<��
�.�� �WRS��),6+�DJDLQVW� WKH�<�FKURPRVRPH�� �ERWWRP�� VSKHULFLW\�RI� WKH�<�FKURPRVRPH�
),6+�VLJQDOV���ULJKW��GLVWULEXWLRQV�<�FKURPRVRPH�VXUIDFH�YROXPHV��7KH�SRLQW�PDUNV�WKH�
PHGLDQ�ZKLOH�WKH�WKLFN�DQG�WKLQ�OLQHV�FRUUHVSRQG�WR�����DQG�����LQWHUYDOV��UHVSHFWLYHO\��
1XPEHU�RI�FHOOV� ����������IRU�P(6&�(SL/&�*6&��6FDOH�EDU�����ȝP��6LJQLILFDQFHV� DUH�
FRPSXWHG�XVLQJ�:LOFR[RQ�UDQN�VXP�WHVWV��S�YDOXHV�IURP� �
�/�� 3URSRUWLRQ� RI� WKH� JHQRPH� RFFXSLHG� E\� 30'V� LQ� *6&V� ZLWK� VWUDWLILFDWLRQ� E\�
FKURPRVRPH�� �
�0���'�GHQVLW\�SORWV�RI�'1$�PHWK\ODWLRQ�OHYHO��P&*�&*��EHWZHHQ�(SL/&V�DQG�*6&V�
LQ����NE�ELQV�� �
��
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)LJXUH����1XFOHRPH�GLIIHUHQFHV�EHWZHHQ�*6&V�DQG�*6&/&V��
�$��6FKHPH�IRU�WKH�GHULYDWLRQ�RI�*6&V�DQG�*6&/&V�� �
�%��0D[LPXP�LQWHQVLW\�SURMHFWLRQV��WRS��DQG�UHSUHVHQWDWLYH�VHFWLRQV��ERWWRP��RI�W\SLFDO�
QXFOHL�RI�*6&V�DQG�*6&/&V�VWDLQHG�ZLWK�'$3,��6FDOH�EDUV����ȝP�� �
�&�� $UHDV� RI� '$3,�GHQVH� UHJLRQV� �OHIW��� GLVWDQFH� RI� '$3,�GHQVH� UHJLRQV� IURP� WKH�
QXFOHDU�SHULSKHU\��PLGGOH���DQG�YDULDQFH�RI�'$3,�VLJQDOV��ULJKW���7KH�SRLQW�PDUNV� WKH�
PHGLDQ�ZKLOH�WKH�WKLFN�DQG�WKLQ�OLQHV�FRUUHVSRQG�WR�����DQG�����LQWHUYDOV��UHVSHFWLYHO\��
1XPEHU�RI�'$3,�GHQVH�UHJLRQV� ���������������DQG�QXPEHU�RI�VOLFHV� �������������
IRU� G�F�� P3*&/&�*6&�*6&/&�� 6LJQLILFDQFHV� DUH� FRPSXWHG� XVLQJ� :LOFR[RQ�
UDQN�VXP�WHVWV��S�YDOXHV�IURP�OHIW� WR�ULJKW������H���������H������������������������H����
������������H����������������H�����
�'���ERWWRP������NE�UHVROXWLRQ�EDODQFHG�FRQWDFW�SUREDELOLW\�PDWULFHV�RI�FKURPRVRPH���
LQ�*6&V� �XSSHU�� DQG�*6&/&V� �ORZHU��� �WRS�� IROG�FKDQJH� �*6&/&V�*6&V��RI� FRQWDFW�
SUREDELOLW\��VKRZLQJ�DQ�DWWHQXDWLRQ�RI�GLVWDO�LQWHUDFWLRQV�LQ�*6&/&V��
�(�� 'LVWULEXWLRQ� RI� FRPSDUWPHQW� VFRUHV� �ERWWRP� D[LV�� YLROLQ� SORWV�� DQG� UDWLR� RI� $�%�
FRPSDUWPHQW�ELQV��WRS�D[LV��GRWV��DW�����NE�UHVROXWLRQ��
�)�� 'LIIHUHQWLDO� VXEFRPSDUWPHQWDOL]DWLRQ� EHWZHHQ� *6&V� DQG� *6&/&V� DW� ��� NE�
UHVROXWLRQ���WRS��-DFFDUG�LQGH[�EHWZHHQ�JHQRPLF�ELQV�EHORQJLQJ�WR�HDFK�VXEFRPSDUWPHQW�
LQ�*6&V�YV�*6&/&V���ERWWRP��&RPSDULVRQ�RI�VXEFRPSDUWPHQW�ODEHOV�EHWZHHQ�FHOO�W\SHV�
UHYHDOV� D�JUHDWHU�SURSRUWLRQ�RI� WKH�JHQRPH�EHORQJV� WR� WKH� XSSHU� WULDQJOH�� LQ� OLQH�ZLWK�
*6&/&V�EHLQJ�PRUH�UHSUHVVLYH���ULJKW��4XDQWLILFDWLRQ�RI�PDWFKHG�ELQV�LQ�WKH�XSSHU�YV�
ORZHU�WULDQJOH��
�*�� &RPSDULVRQ� RI� RYHUDOO� VXEFRPSDUWPHQW� SURSRUWLRQV� LQ� *6&V� YV� *6&/&V��0RVW�
VLJQLILFDQW�FKDQJHV�DUH�DJDLQ�REVHUYHG�PRVWO\�IRU�WKH�LQWHUPHGLDWH�VWDWHV�DQG�QRW�DFWLYH�
HXFKURPDWLQ� �$���� RU� FRQVWLWXWLYH� KHWHURFKURPDWLQ� �%����� 6LJQLILFDQFHV� DUH� FRPSXWHG�
XVLQJ�WZR�SURSRUWLRQV�]�WHVWV��S�YDOXHV�IURP�OHIW�WR�ULJKW�����������������������������H����
�����������H���������H������������
�+���OHIW��)ROG�FKDQJH��*6&/&V�*6&V��RI�GLIIHUHQW�+��PRGLILFDWLRQV�DV�PHDVXUHG�E\�
PDVV�VSHFWURPHWU\��ZLWK�FRQILGHQFH�LQWHUYDOV�GHQRWLQJ�VWDQGDUG�HUURUV���ULJKW��IXOO�GDWD�
IRU�VHOHFW�PRGLILFDWLRQV��7KUHH�ELRORJLFDO�UHSOLFDWHV�LQ�HDFK�FHOO�W\SH�ZHUH�DQDO\]HG��
�,��1RUPDOL]HG�+�.��PH��FRYHUDJH�WUDFNV�DURXQG�Dmrt1�DQG�Dmrt3��
�-�� *6($� UHVXOWV� IRU� SURPRWHUV� UDQNHG� E\� SUHIHUHQWLDO� HQULFKPHQW� LQ� *6&/&V� DV�
FRPSDUHG� WR� *6&V�� 6LJQLILFDQFHV� FRPSXWHG� XVLQJ� SUH�UDQNHG� PXOWLOHYHO� *6($��
S�YDOXHV� IURP� WRS� WR� ERWWRP�� ����H���� ����H���� ����H���� ����H���� ����H���� ����H����
��������������H������������������H������������������H��������H�������H��������������
�.��1XPEHU�RI�&7&)�SHDNV�LQ�HDFK�FHOO�W\SH��7ZR�ELRORJLFDO�UHSOLFDWHV�LQ�HDFK�FHOO�W\SH�
ZHUH�DQDO\]HG��
�/��3LOH�XS�SORWV�RI�LQWUD�7$'�LQWHUDFWLRQV�LQ�*6&V�DQG�*6&/&V��
�0���'�HSLJHQHWLF�ODQGVFDSH�UHZLULQJ�QHDU�Ddx4.�'LIIHUHQWLDO��*6&/&V�*6&V��FRQWDFW�
PDSV�DQG�&K,3�VHT�FRYHUDJH�DW�WKH�Ddx4� ORFXV�DUH�VKRZQ��7KH�LQVXODWLQJ�&7&)�SHDN�
VHSDUDWLQJ�Ddx4�IURP�RQH�RI�LWV�HQKDQFHUV�LV�QRW�FRPSOHWHO\�UHPRYHG�LQ�*6&/&V��
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�
)LJXUH� ��� $� PRGHO� IRU� WKH� QXFOHRPH� SURJUDPPLQJ� GXULQJ� PRXVH� JHUP�FHOO�
GHYHORSPHQW��
8QOLNH� VRPDWLF� IDWHV�� JHUPOLQH� QXFOHRPH� SURJUDPPLQJ� HQWDLOV� H[WHQVLYH�
HXFKURPDWL]DWLRQ��ZKLFK�LV�DVVRFLDWHG�ZLWK�UDGLDO�UH�SRVLWLRQLQJ�RI�SHULFHQWURPHUHV�DQG�
SHULSKHUDO� GH�DWWDFKPHQW� HOVHZKHUH�� � $XJPHQWHG� LQVXODWLRQ� KHOSV� WR� PDLQWDLQ�
WUDQVFULSWLRQDO� ILGHOLW\� GXULQJ� JOREDO� '1$� K\SRPHWK\ODWLRQ� LQ� 3*&V� �3*&V� EHDU�
RRJHQLF� SRWHQWLDO� DV� ZHOO� �UHSUHVHQWHG� E\� D� GDVKHG� DUURZ���� � ,QVXODWRUV� DUH�
VXEVHTXHQWO\� HUDVHG� HQ� PDVVH� WR� DFWLYDWH� JDPHWRJHQLF� SURJUDP� GXULQJ� WKH�
3*&V�WR�VSHUPDWRJRQLD�66&� GHYHORSPHQW�� � )DXOW\� QXFOHRPH� PDWXUDWLRQ� LQYROYLQJ�
LQWHUPHGLDWH�FRPSDUWPHQW�VWDWHV�OHDGV�WR�LPSDLUHG�VSHUPDWRJHQLF�FDSDFLW\��UHSUHVHQWHG�
E\�D�WKLQ�DUURZ���
�
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/(*(1'6�72�(;3$1'('�9,(:�),*85(6�
)LJXUH�(9��� ,QYHVWLJDWLRQ� RI� JOREDO� QXFOHDU� DUFKLWHFWXUH� G\QDPLFV� WKURXJK�+L�&�
DQG�),6+��
�$��)OXRUHVFHQFH� LQ�VLWX�K\EULGL]DWLRQ��),6+��DJDLQVW�FKURPRVRPH����UHG��ZLWK�'$3,�
FRXQWHUVWDLQLQJ��JUH\����/HIW��=�VWDFNHG�UHSUHVHQWDWLYH�LPDJHV��WRS�OHIW��DUH�SDLUHG�ZLWK�
PDJQLILHG�YLHZV��ERWWRP�OHIW����5LJKW��7KH�GLVWULEXWLRQ�RI�³VXUIDFH´�YROXPHV�IRU�FKU���
DV�VHHQ�IRU�FKU����YDOLGDWHV�FKURPRVRPDO�GHFRQGHQVDWLRQ�LQ�*6&V��1XPEHU�RI�FHOOV� �
��������� IRU� P(6&�(SL/&�*6&�� :LOFR[RQ� UDQN�VXP� WHVW� S�YDOXHV� �OHIW� WR� ULJKW���
����H��������H��������H����3�YDOXH�V\PERO�EUDFNHWV���������<� �כככ������������<� �ככככ�
�����@�������������<� �כ��������������<� �ככ��QV� �>�������@��
�%��+LHUDUFKLFDO�FOXVWHULQJ�RI�VWUDWXP�DGMXVWHG�FRUUHODWLRQ�FRHIILFLHQWV� �6&&��EHWZHHQ�
VDPSOHV�YDOLGDWLQJ�WKH�UHSURGXFLELOLW\�RI�ELRORJLFDO�UHSOLFDWHV��
�&��&RQWDFW�SUREDELOLW\�GHFD\�DFURVV�GLIIHUHQW�LQWHU�ORFL�VHSDUDWLRQ�GLVWDQFHV�IRU�YDULRXV�
FHOO�W\SHV�WKURXJKRXW�in vivo�DQG�LQ�YLWUR�JHUP�FHOO�GLIIHUHQWLDWLRQ��GHPRQVWUDWLQJ�D�JDLQ�
RI�GLVWDO�LQWHUDFWLRQV�DORQJ�GLIIHUHQWLDWLRQ��HVSHFLDOO\�DW�GLVWDQFHV�!���0E�� �
�'�� 6DQNH\� GLDJUDP� RI� FRPSDUWPHQW� LGHQWLWLHV� LQ� ��� NE� ELQV� DFURVV� FHOO� W\SHV��
&RPSDUWPHQW�$�UHJLRQV�QHZO\�DFTXLUHG�E\�*6&V�DUH�IRUPHG� WKURXJK�D�XQLGLUHFWLRQDO�
VZLWFK�RI�%�$�ZLWK�UHODWLYHO\�OLWWOH�UHYHUVDO�� �
�(�����NE�UHVROXWLRQ�EDODQFHG�FRQWDFW�PDSV�VSDQQLQJ�FKU���±�����PE��
�)�� 'HJUHH� RI� 7$'� ERXQGDU\� FRQVHUYDWLRQ� LQ� GLIIHUHQW� OLQHDJHV�� &RQVLVWHQW� DFURVV�
GLIIHUHQW� OLQHDJHV��PRUH� WKDQ�����7$'�ERXQGDULHV� DUH�VLJQLILFDQWO\�FRQVHUYHG�DFURVV�
GLIIHUHQWLDWLRQ��2QH�VLGHG�SHUPXWDWLRQ�WHVWV�ZHUH�FDUULHG�RXW�E\�VKXIIOLQJ�VDPSOH�ODEHOV�
�������WLPHV��ZLWK�S�YDOXHV��OHIW�WR�ULJKW��WRS�WR�ERWWRP����������H�����������H����
�*�� &RQYH[� KXOO� YROXPHV� RI� &6\QWK�SURGXFHG� FKURPRVRPH� �'� PRGHOV� GXULQJ� WKH�
GHYHORSPHQW� RI� GLIIHUHQW� OLQHDJHV�� DIWHU� QRUPDOL]DWLRQ� WR� XQLW� EDFNERQH� OHQJWK�� Q�  �
������IRU�FDUGLDF�JHUPOLQH��:LOFR[RQ�VLJQHG�UDQN�WHVW�S�YDOXHV��OHIW� WR�ULJKW�������H����
����H��������H��������H��������H��������H��������H����
�+��8+&�EDVHG�RQ�(XFOLGHDQ�GLVWDQFH� EHWZHHQ� ���� NE� FRPSDUWPHQW� VFRUH� WUDFNV� IRU�
FHOO� W\SHV� IURP� LQ� YLWUR� DQG� in vivo� JHUP� FHOO� GLIIHUHQWLDWLRQ��ZLWK� FRPSDUDEOH� VWDJHV�
FRQVLVWHQWO\�JURXSHG�WRJHWKHU��
�,��3&$�RI�FRPSDUWPHQW�VFRUHV�DW�����NE�UHVROXWLRQ�IRU�YDULRXV�FHOO�W\SHV�WKURXJKRXW�in 
vivo�DQG�LQ�YLWUR�JHUP�FHOO�GLIIHUHQWLDWLRQ��ZLWK�FRPSDUDEOH�VWDJHV�FRQVLVWHQWO\�JURXSHG�
WRJHWKHU��
�
)LJXUH�(9���4XDQWLWDWLYH�HSLJHQRPH�DQDO\VLV�E\�PDVV�VSHFWURPHWU\�DQG�FKURPDWLQ�

DFFHVVLELOLW\�DQDO\VLV�E\�$7$&�VHT��
�$���7RS��,PPXQRIOXRUHVFHQFH�DJDLQVW�+�.��PH��LQ�P(6&V�DQG�*6&V��WKH�VKDIWOHVV�
DUURZ�PDUNV� D� *)3�� *6&V� DQG� WKH� VKDIWOHVV� DUURZKHDG� LQGLFDWHV� P(6&V�� �%RWWRP��
,PPXQRIOXRUHVFHQFH� DJDLQVW�+�.�PH�� LQ�(SL/&V� DQG�G�F��P3*&/&V�� WKH� VKDIWOHVV�
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DUURZKHDG�PDUNV�D�%OLPS��P9HQXV��G�F��P3*&/&V�DQG�WKH�DUURZ�LQGLFDWHV�(SL/&V��
6FDOH�EDUV� ����ȝP��
�%�� :HVWHUQ� EORW� DJDLQVW� +�.�PH��� +�.�PH��� DQG� KLVWRQH� +�� LQ� HDFK� FHOO� W\SH�
�ERWWRP��DQG�+��QRUPDOL]HG�TXDQWLILFDWLRQ��WRS���
�&�� &RHIILFLHQWV� RI� YDULDWLRQ� DFURVV� UHSOLFDWHV� RI� KLVWRQH� PRGLILFDWLRQ� DEXQGDQFH� DV�
PHDVXUHG�E\�TXDQWLWDWLYH�KLVWRQH�PDVV�VSHFWURPHWU\�YHUVXV�ZHVWHUQ�EORW�IRU�+�.�PH���
+�.�PH��� DQG� +�.��PH��� 0DVV� VSHFWURPHWU\� PHDVXUHPHQWV� FRQVLVWHQWO\� H[KLELW�
KLJKHU� UHSURGXFLELOLW\�� 1XPEHU� RI� ELRORJLFDO� UHSOLFDWHV�  � ������ IRU� PDVV�
VSHFWURPHWU\�ZHVWHUQ�EORW��:LOFR[RQ�UDQN�VXP�WHVW�S�YDOXH������H����
�'�� 6FKHPDWLF� RI� QRUPDOL]LQJ� KLVWRQH� PRGLILFDWLRQ� &K,3�VHT� YLD� PDVV�
VSHFWURPHWU\�GHULYHG� FRHIILFLHQWV�� :LWK� RQO\� GHSWK�QRUPDOL]DWLRQ� �OHIW��� (SL/&V� DQG�
G�F�� P3*&/&V� DSSHDU� WR� KDYH� FRPSDUDEOH� +�.�PH�� SURILOHV� ERWK� LQ� WHUPV� RI�
FRYHUDJH� WUDFNV� �WRS�� DQG� LQ� D� SDLUZLVH� VFDWWHU� SORW� FRPSDULQJ� WKH� WZR� FHOO� W\SHV�
�ERWWRP���DIWHU�PXOWLSOLFDWLRQ�RI�WKHLU�UHODWLYH�DEXQGDQFHV�EDVHG�RQ�PDVV�VSHFWURPHWU\��
WKH�FRPSDUDWLYHO\�ORZHU�OHYHOV�RI�+�.�PH��LQ�G�&�*&/&V�EHFRPH�DSSDUHQW��ULJKW���
�(�� &RPSDULVRQ� RI� UHJLRQV� ZLWK� JUHDWHU� �³PRUH� RSHQ´�� DQG� UHGXFHG� �³OHVV� RSHQ´��
DFFHVVLELOLW\� LQ� WKH�XQLRQ�SHDN�VHW�RI�JHUPOLQH� VDPSOHV� DQG�(�����PRXVH� IHWDO� WLVVXHV�
�*RUNLQ et al.�� ������ �OHIW���7KURXJK� ILWWLQJ� WZR�FRPSRQHQW� JDXVVLDQ�PL[WXUH�PRGHOV��
G�F��P3*&/&V�VWDQG�RXW�DV�SRVVHVVLQJ�WKH�PRVW�SHUPLVVLYH�JHQRPH��ULJKW���
�)��3&$�RI�$7$&�VHT� VLJQDOV� LQ� WKH� WRS��������PRVW� YDULDEOH� SHDNV� IURP� WKH� XQLRQ�
SHDN�VHW�LQFOXGLQJ�0()V��'L�*LDPPDUWLQR et al���������
�*�� 8+&� RI� WKH� WRS� ������ PRVW� YDULDEOH� $7$&�VHT� SHDNV� LQ� WKH� XQLRQ� SHDN� VHW�
LQFOXGLQJ� 0()V�� �OHIW�� &OXVWHUHG� $7$&�VHT� HQULFKPHQW� KHDWPDS�� �ULJKW��
RYHUUHSUHVHQWHG�7)�ELQGLQJ�PRWLIV�LQ�HDFK�FOXVWHU��
�
)LJXUH�(9���([SORUDWLRQ�RI�FLV�UHJXODWRU\�HOHPHQW�E\�1(7�&$*(�FRPELQHG�ZLWK�
+L�&�DQG�FRPSDULVRQ�DJDLQVW�SXEOLF�+L�&�GDWDVHWV��
�$��$Q�H[DPSOH�RI�HQKDQFHU�SURPRWHU�LQWHUDFWLRQV�IRU�1DQRJ�LQ�P(6&V�DV�SUHGLFWHG�E\�
$%&��DOO�RI�ZKLFK�FRUUHVSRQG�WR�NQRZQ�DVVRFLDWLRQV�LQFOXGLQJ�VXSHU�HQKDQFHUV��
�%���7RS��'LVWULEXWLRQ�RI�GLVWDQFHV�VHSDUDWLQJ�$%&�SUHGLFWHG�HQKDQFHU�SURPRWHU�SDLUV�
LQ�HDFK�UHSOLFDWH��7KH�FHQWUDO�EDQG�RI�ER[SORWV�LQGLFDWH�PHGLDQ�YDOXHV��ZKLOH�WKH�ORZHU�
DQG�XSSHU�KLQJH�FRUUHVSRQG�WR�WKH�ILUVW�DQG�WKLUG�TXDUWLOH��DQG�WKH�XSSHU�ZKLVNHUV�H[WHQG�
WR� WKH� ODUJHVW� YDOXH� �� ���� � ,45� DQG� YLFH� YHUVD� IRU� WKH� ORZHU� ZKLVNHUV�� 1RWFKHV�
FRUUHVSRQG�WR�������LQWHUTXDUWLOH�UDQJH�RI�GLVWDQFHV������RI�(�3�SDLUV������FRPSDUDEOH�WR�
���� FRQILGHQFH� LQWHUYDOV� DURXQG� WKH� PHGLDQ�� G�F�� P3*&/&V¶� (�3� SDLUV� DUH�
VLJQLILFDQWO\� VKRUWHU� LQ� UDQJH� WKDQ� WKRVH�RI�RWKHU�FHOO� W\SHV�� �%RWWRP��0DJQLILHG�YLHZ�
IURP� ��� NE� WR� ���� NE�� 1XPEHU� RI� $%&� (�3� SDLUV� IURP� OHIW� WR� ULJKW�� ������� �������
��������������������������������������������������������
�&�� �7RS�� &R�WUDQVFULSWLRQ� RI� HQKDQFHU�SURPRWHU� SDLUV� ZLWK� FRUUHODWHG� 1(7�&$*(�
H[SUHVVLRQ�� 7KH� REVHUYHG� QXPEHU� RI� FRUUHODWHG� (�3� SDLUV� LQYROYLQJ� WDJ� FOXVWHUV�
WUDQVFULEHG� �730�!���� LQ� D� JLYHQ� FHOO� W\SH� �SRLQWV�� DUH� FRPSDUHG� DJDLQVW� D� SHUPXWHG�
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EDFNJURXQG�LQ�ZKLFK�WDJ�FOXVWHUV�DUH�VDPSOHG�IURP�WKH�XQLRQ�WDJ�FOXVWHU�VHW���%RWWRP��
2EVHUYHG� �� H[SHFWHG�QXPEHU�RI�(�3�SDLUV�ZLWK�FRUUHODWHG�1(7�&$*(�H[SUHVVLRQ�DQG�
FR�H[SUHVVHG��!��730��LQ�D�JLYHQ�FHOO�W\SH��7ZR�VLGHG�SHUPXWDWLRQ�WHVWV�ZHUH�FDUULHG�
RXW�E\�VDPSOLQJ��������WLPHV�IURP�WKH�VHW�RI�HOHPHQWV�H[SUHVVHG�LQ�DW�OHDVW���FHOO�W\SH��
ZLWK�S�YDOXHV� �OHIW� WR� ULJKW����H�����H�����H���� �H�����H�����H��������H��������H����7ZR�
ELRORJLFDO�UHSOLFDWHV�LQ�HDFK�FHOO�W\SH�ZHUH�DQDO\]HG��
�'��1XPEHU�RI�7$'�ERXQGDULHV�LQ�HDFK�FHOO� W\SH�DFURVV����GLIIHUHQW�DOJRULWKPV��'RWV�
FRUUHVSRQG� WR� YDOXHV� SURGXFHG� E\� D� VSHFLILF� DOJRULWKP� IRU� D� JLYHQ� FHOO� W\SH� DQG� DUH�
JURXSHG�LQWR�OLQHV�E\�DOJRULWKP��
�(��$XWR�FRUUHODWLRQ�RI�FRPSDUWPHQW�VFRUHV�����NE�ELQV���ZLWK�D�VORZHU�GHFD\�LQGLFDWLYH�
RI�EURDGHU�FRPSDUWPHQWV�� �
�)��$JJUHJDWH�SORWV�RI�6�9��QRUPDOL]HG�&K,3�VHT�SURILOHV�IRU�&7&)�DQG�5DG���DURXQG�
WKH�XQLRQ�VHW�RI�7$'�ERXQGDULHV��
�*��0HDQ�I�9,&(�DFURVV�UHSOLFDWHV��HUURU�EDUV�LQGLFDWH�VWDQGDUG�HUURUV��IRU�&7&)�PRWLIV�
RYHUODSSLQJ�ERWK�5DG���DQG�&7&)�SHDNV�ZLWKLQ�WKH�XQLRQ�VHW�RI�7$'�ERXQGDULHV��7ZR�
ELRORJLFDO�UHSOLFDWHV�SHU�FHOO�W\SH�ZHUH�DQDO\]HG��
�+��UHSUHVHQWDWLYH� ORFXV�GHPRQVWUDWLQJ� WKH�HPHUJHQFH�RI�VPDOOHU� LQVXODWHG�GRPDLQV� LQ�
G�F��P3*&/&V�ZLWKLQ�RWKHUZLVH�KRPRJHQHRXV�ZLGHU�7$'V�REVHUYHG�LQ�HDUOLHU�VWDJHV��
�,�� 3URSRVHG� PHFKDQLVP� IRU� HOHYDWHG� LQVXODWLRQ� YLD� WKH� UHGXFWLRQ� RI� ORRS� H[WUXVLRQ�
IDFWRU
V�UHVLGHQFH�WLPH��OHDGLQJ�WR�VKRUWHU�ORRSV�DQG�GRPDLQV��
�-�� �7RS��6ORSH�RI� FRQWDFW�GHFD\� �3�V��� FXUYHV� DV� D� IXQFWLRQ�RI�JHQRPLF� VHSDUDWLRQ� LQ�
ORJ�ORJ� VSDFH� IRU� in vivo� JHUPOLQH� GHYHORSPHQW� �'X et al.�� ������ 'X et al.�� �������
�ERWWRP��JHQRPLF�VHSDUDWLRQ�ZLWK�WKH�PRVW�QHJDWLYH�VHFRQG�GHULYDWLYH�RI�3�V��LQ�ORJ�ORJ�
VSDFH��FRUUHVSRQGLQJ�WR�GLVWDQFH�RI�IDVWHVW�GHFOLQH�LQ�FRQWDFW�IUHTXHQF\��
�.��*HQRPLF�VHSDUDWLRQ�ZLWK�IDVWHVW�GHFOLQH�LQ�FRQWDFW�IUHTXHQF\�IRU�FHOO�W\SHV�DFURVV�in 
vivo�DQG�in vitro�JHUP�FHOO�GLIIHUHQWLDWLRQ��
��
)LJXUH� (9���2SHQ� VLWH� FKURPDWLQ� VWDWH�G\QDPLFV� DQG�GLIIHUHQWLDO�&7&)�ELQGLQJ�
WKURXJKRXW�JHUP�FHOO�GLIIHUHQWLDWLRQ��
�$��2YHUODS�HQULFKPHQW�DQDO\VLV�RI�FRQVROLGDWHG�RSHQ�VLWH�FOXVWHUV�DJDLQVW�DQQRWDWLRQV�
IURP�WKH�(QVHPEO�5HJXODWRU\�EXLOG��3�YDOXHV�FRPSXWHG�XVLQJ�)LVKHU¶V�H[DFW�WHVWV��
�%��6HOHFW�&K,3�VHT�FRYHUDJH�WUDFNV�DURXQG�D�UHSUHVHQWDWLYH�FOXVWHU���ORFL�� �
�&��:HVWHUQ�EORW� DJDLQVW�&7&)� LQ� WKH� FKURPDWLQ�ERXQG� IUDFWLRQ� �WRS� URZ�� DQG�ZKROH�
FHOO�O\VDWH��PLGGOH�URZ��DV�ZHOO�DV�Į�WXEXOLQ��ERWWRP�URZ��LQ�HDFK�FHOO�W\SH��7KH�VLJQDOV�
RI� &7&)� IURP�ZKROH� FHOO� O\VDWHV� ZHUH� QRUPDOL]HG� E\� Į�7XEXOLQ�� ZKLOH� WKRVH� RI� WKH�
FKURPDWLQ�ERXQG�IUDFWLRQ�ZHUH�QRUPDOL]HG�E\�WKH�PHDQ�DFURVV�DOO�FHOO�W\SHV��WRS�SDQHO���
�'���'�80$3�HPEHGGLQJ�EDVHG�RQ�HSLJHQHWLF�VLJQDOV�LQ�SURPRWHUV�IRU�HDFK�FHOO�W\SH��
ZLWK�ODEHOV�GHULYHG�IURP�VHPL�VXSHUYLVHG�+'%6&$1�� �
�(�� (QULFKPHQW� RI� HSLJHQHWLF� VLJQDOV� LQ� HDFK� SURPRWHU� FOXVWHU� DQG� H[SUHVVLRQ� RI� WKH�
FRJQDWH�JHQH�� �
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�)��$VVRFLDWLRQ�EHWZHHQ�SURPRWHU�FOXVWHUV�DQG�FHOO�W\SHV��1XPEHU�RI�RSHQ�VLWHV�SHU�FHOO�
W\SH�LQ�HDFK�FOXVWHU��WRS�D[LV��EDUV��DQG�WKHLU�HQULFKPHQW�DV�RGGV�UDWLRV��ERWWRP�D[LV��GRWV���
(UURU�EDUV�LQGLFDWH�����FRQILGHQFH�LQWHUYDOV��
�
�*��3LOH�XS�SORWV�RI�LQWUD�FODVV�SURPRWHU�SURPRWHU�LQWHUDFWLRQV�� �
�+��&RQWULEXWRUV�RI�GLIIHUHQWLDO�&7&)�ELQGLQJ��7KH�DJJUHJDWH�SORW�RI�YDULRXV�&K,3�VHT�
HQULFKPHQW�VLJQDOV��OHIW��DV�ZHOO�DV�WKH�LQVXODWLRQ�VFRUH��ULJKW��QHDU�&7&)�ELQGLQJ�VLWHV�
IRXQG� ERWK� LQ� FHOO� W\SHV� �³FRQVWLWXWLYH´�� RU� RQO\� *6&V� EXW� QRW� LQ� G�F�� P3*&/&V�
�³*6&�KLJK´��DSSHDU�ODUJHO\�LGHQWLFDO�LQ�WKHLU�FKURPDWLQ�VWDWH�\HW�GLVWLQFW�IURP�WKRVH�ORVW�
LQ�*6&V�� � Q� �������������IRU�FRQVWLWXWLYH�*6&�KLJK�SHDNV�� �
�,���'�HSLJHQHWLF�ODQGVFDSH�UHZLULQJ�QHDU�'G[���2EVHUYHG�H[SHFWHG�FRQWDFW�PDSV�DW����
NE� UHVROXWLRQ� IRU� P(6&V�� (SL/&V� DQG� G�� P3*&/&V� DUH� VKRZQ� DORQJVLGH� VHOHFW�
&K,3�VHT� FRYHUDJH� WUDFNV�� $� VWURQJO\� LQVXODWLQJ� &7&)� SHDN� �KLJKOLJKWHG� LQ� UHG��
XSVWUHDP�RI�'G[�¶V�766�LV�IRXQG�LQ�DOO�HDUOLHU�VWDJHV�DQG�SUHYHQWV�VSXULRXV�DFWLYDWLRQ�� �
�-��&RRUGLQDWHG�GLIIHUHQWLDO� H[SUHVVLRQ�DQG�(�3� ORRSLQJ�EHWZHHQ�G�F��P3*&/&V�DQG�
*6&V�� 6WURQJ� FRUUHODWLRQ� ZDV� REVHUYHG� ZKHQ� DSSO\LQJ� VWUDWLILHG� UDQN�UDQN�
K\SHUJHRPHWULF� RYHUODS� WR� JHQHV� UDQNHG� E\� GLIIHUHQWLDO� H[SUHVVLRQ� YHUVXV� GLIIHUHQWLDO�
(�3� LQWHUDFWLRQV� VWUDGGOLQJ� VLWHV�GHSOHWHG�RI�&7&)�ELQGLQJ� LQ�*6&V��:KLOH� LQFUHDVHG�
(�3�ORRSLQJ�LV�FRUUHODWHG�ZLWK�HOHYDWHG�H[SUHVVLRQ�UHJDUGOHVV�RI�ZKHWKHU�WKH�LQWHUDFWLRQ�
VSDQV�GLIIHUHQWLDO�&7&)�ERXQG�VLWHV�� WKH�GHJUHH�RI�FRRUGLQDWLRQ� LV�VWURQJHU��L�H���PRUH�
VLJQLILFDQW���EULJKWHU��IRU�WKRVH�WKDW�GR�VWUDGGOH�*6&�GHSOHWHG�VLWHV��
��
)LJXUH�(9���,QWHU�VSHFLHV�FRPSDULVRQ�RI�JHUP�FHOO�VSHFLILF�FKURPDWLQ�VWUXFWXUH�DQG�
FKDUDFWHUL]DWLRQ�RI�+�.�PH��HQULFKHG�UHSHDWV��
�$��$YHUDJH�GLVWULEXWLRQV�RI�GLIIHUHQWLDO��*6&�±�(SL/&��ODPLQ�%��HQULFKPHQW��WRS��RU�
FRPSDUWPHQW�VFRUH��ERWWRP��DFURVV�DOO�FKURPRVRPHV���±����;���5LEERQV�FRUUHVSRQG�WR�
����FRQILGHQFH�LQWHUYDOV�RI�ILWWHG�*$0V��
�%��$YHUDJH�GLVWULEXWLRQV�RI�FRPSDUWPHQW�VFRUH��VSHUPDWRJRQLD�±�ILEUREODVW��DFURVV�DOO�
FKURPRVRPHV��H[FOXGLQJ�<��IRU�Macaca mulatta��WRS��DQG�Mus musculus��ERWWRP���
�&�� (VWLPDWHG� DJH� RI� IDPLOLHV� RYHUODSSLQJ� +�.�PH�� GRPDLQV� EDVHG� RQ� DJH�  �
GLYHUJHQFH�VXEVWLWXWLRQ�UDWH�ZLWK����î�����DV�WKH�UDWH�DQG�PLOOL'LY�IURP�5HSHDW0DVNHU�
DV�WKH�GLYHUJHQFH��%RXUTXH et al���������:LOFR[RQ�UDQN�VXP�WHVWV�S�YDOXHV��IURP�OHIW�WR�
ULJKW�����������1XPEHU�RI�7(�LQVWDQFHV��IURP�OHIW�WR�ULJKW���������������������������
�'��&RUUHODWLRQ�EHWZHHQ�ODPLQ�%��HQULFKPHQW�DQG�GHQVLW\�IRU�GLIIHUHQW�UHSHDW�IDPLOLHV��
�
� �
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Nagano et al., figure 8

a  de-conde

ns
Pluripotent precursors

Minimal LADs
Peripheral tethering of pericentromere

Global weakning of insulation

GSC

EpiLC

d2 mPGCLC

mESC

d4c7 mPGCLC

H3K4me1
Open chromatin
Insulation

H3K9me2        

Oocytes Sperm Spermatogenesis

GSCLC

H3K9me2
H3K27me3
Insulation

CTCF

tion

AB
Compartment

Germline nucleome programming:
extensive euchromatization and
chromosomal radial repositioning

Centromere (p-ter)
Telomere (q-ter)
Transcriptional hub

H3K9me2
H3K9me3

LADs



A B

E F

ESC EpiLC GSC

0.75 0.9 1
SCC

0
30

C
ou
nt

C

GSC 1
GSC 2
GSCLC 1
GSCLC 2
d2 mPGCLC 1
d2 mPGCLC 2
d4c7 mPGCLC 1
d4c7 mPGCLC 2
EpiLC 1
EpiLC 2
mESC 1
mESC 2

*
****

****

0

10

20

30

mESC EpiLC GSC

ch
r1

 F
IS

H
 s

ig
na

l v
ol

um
e 

(µ
m

3 )

Nagano et al., figure EV1

mESC

EpiLC

d2 mPGCLC

d4c7 mPGCLC

GSC

G

H

B

A

B

A

B

A

B

A

B

A

0

25

50

75

100

mESC
EpiL

C

d2
 m

PGCLC

d4
c7

 m
PGCLC GSC

%
 o

f b
in

s

D

Inner cell mass

Epiblast (E6.5)

PGC (E11.5)

Spermatogonia

chr3chr3

ns

ns

****

ns
ns

****
Cardiac

Germline

1 2 3+

0

2000

4000

6000

0

2000

4000

6000

0

20

40

60

0

20

40

60

# of samples
boundary found in

# 
of

 b
ou

nd
ar

ie
s

%
 of all boundaries

****
ns

**
***

****
**

***

Germline Cardiac

mESC
EpiL

C

d2
 m

PGCLC

d4
c7

 m
PGCLC GSC CM

CPC
PCM

VCM

10-5.5

10-5

10-4.5

10-4

10-3.5

Vo
lu

m
e 

of
 c

hr
om

os
om

e 
te

rri
to

rie
s 

(a
.u

.)

I

−20

0

20

−90 −85 −80 −75
PC1 (87.1%)

PC
2 

(4
.9

%
)

−20

0

20

−90 −85 −80 −75
PC1 (87.1%)

PC
3 

(3
.5

%
)

−20

0

20

−20 0 20
PC2 (4.9%)

PC
3 

(3
.5

%
)

mESC
EpiLC
d2 mPGCLC
d4c7 mPGCLC
GSC
Inner cell mass
Epiblast (E6.5)
PGC (E11.5)
Spermatogonia

Compartment score-based PCA

10
kb

10
0k

b
1m

b
10

mb

10
0m

b

10-7

10-6

10-5

10-4

10-3

10-7

10-6

10-5

10-4

10-3P(
s)

In vitro
In vivo

10
mb

10
0m

b

10-7

10-6.5

10-6

10-5.5

10-5

10-7

10-6.5

10-6

10-5.5

10-5

Genomic separation, s

mESC
EpiLC
d2 mPGCLC
d4c7 mPGCLC
GSC
Inner cell mass
Epiblast (E6.5)
PGC (E11.5)
Spermatogonia

10
kb

10
0k

b
1m

b
10

mb

10
0m

b

10-7

10-6

10-5

10-4

10-3

10-7

10-6

10-5

10-4

10-3P(
s)

In vitro
In vivo

10
mb

10
0m

b

10-7

10-6.5

10-6

10-5.5

10-5

10-7

10-6.5

10-6

10-5.5

10-5

Genomic separation, s

mESC
EpiLC
d2 mPGCLC
d4c7 mPGCLC
GSC
Inner cell mass
Epiblast (E6.5)
PGC (E11.5)
Spermatogonia10

kb
10

0k
b

1m
b

10
mb

10
0m

b

10-7

10-6

10-5

10-4

10-3

10-7

10-6

10-5

10-4

10-3P(
s)

In vitro
In vivo

10
mb

10
0m

b

10-7

10-6.5

10-6

10-5.5

10-5

10-7

10-6.5

10-6

10-5.5

10-5

Genomic separation, s

mESC
EpiLC
d2 mPGCLC
d4c7 mPGCLC
GSC
Inner cell mass
Epiblast (E6.5)
PGC (E11.5)
Spermatogonia

0
20

40
60

*HQRPHïZLGH�FRPSDrWPHQW�VFRUHV

D
is

si
m

ila
rit

y

Spe
rm

ato
go

nia GSC

d2
 m

PGCLC

PGC (E
11

.5)

d4
c7

 m
PGCLC

Epib
las

t (E
6.5

)
EpiL

C

Inn
er 

ce
ll m

as
s

mESC −20

0

20

−90 −85 −80 −75
PC1 (87.1%)

PC
2 

(4
.9

%
)

−20

0

20

−90 −85 −80 −75
PC1 (87.1%)

PC
3 

(3
.5

%
)

−20

0

20

−20 0 20
PC2 (4.9%)

PC
3 

(3
.5

%
)

mESC
EpiLC
d2 mPGCLC
d4c7 mPGCLC
GSC
Inner cell mass
Epiblast (E6.5)
PGC (E11.5)
Spermatogonia



More open
Less open

Example fit for mESC

3 6 9 12
0

1000

2000

3000

4000

0.00

0.05

0.10

0.15

0.20

log2(FPKM + 1)

# 
of

 s
ite

s

Fitted density

Comparison to mouse fetal samples

0.5 1.0 1.5
liver

midbrain
limb

hindbrain
neural tube

forebrain
intestine
stomach

GSC
lung

craniofacial prominence
kidney
heart

d2 mPGCLC
EpiLC

d4 mPGCLC
mESC

d4c7 mPGCLC

# of more open sites / less

A B D

E

ESC GSC

H3K9me3

H3K9me2

H3

mESC
EpiL

C

d2
 m

PGCLC

d4
c7

 m
PGCLC GSC

H3K27me3 AcroAct 
eGFP DAPI

H3K9me2 Blimp1 
mVenus DAPI

d4c7 mPGCLC EpiLC

C

F

H3K9me quantification

0.4

0.8

1.2

1.6

H
3K

9m
e 

/ H
3

H3K9me2
H3K9me3

****

Mass spectrometry

Western blot

0.0 0.5 1.0
Coefficient of variation

Nagano et al., figure EV2

G
■ 1: OCT4, NANOG, SOX2… 

■ 2: SOX2, ZIC2/3, TFAP2C… 

■ 3: DMRT1/6, DMRTA1, DMRTC2… 

■ 4: SOX2, KLF3/12, ESRRA/B/G… 

■ 5: FOS, TFAP2C, EOMES… 

■ 6: FOS, TEAD/3, JUN… 

■ 7: DMRT1/6, DMRTA1/2, IRF3…

log2(FPKM + 1)

0 5 10 15

mESC 
EpiLC 
d2 mPGCLC 
d4 mPGCLC 
d4c7 mPGCLC 
GSC 
MEF

ATAC−seq PCA

−50 0 50 100

−50

0

50

PC1 (46.5%)

PC
2 

(2
3.

9%
)

mESC
EpiLC

d2 mPGCLC
d4 mPGCLC

d4c7 mPGCLC
GSC

MEF

1 2 3 4 5 6 7

ESCs
EpiLCs
d2PGCLCs
d4PGCLCs
d4c7PGCLCs
GSCs
MEFs

log2(FPKM + 1)

0 5 10 15

1 2 3 4 5 6 7

ESCs
EpiLCs
d2PGCLCs
d4PGCLCs
d4c7PGCLCs
GSCs
MEFs

log2(FPKM + 1)

0 5 10 15



NET−CAGE co−expression
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