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Chapter 1

*HQHUDO�LQWURGXFWLRQ

The mammary gland
8QLTXH� WR�PDPPDOV� LV� WKH�SUHVHQFH�RI� WKH�PDPPDU\�JODQG��7KH�PDPPDU\�JODQG�
GHYHORSV�WR�SURYLGH�RIIVSULQJ�ZLWK�PLON�DQG�LV�IXOO\�GHYHORSHG�DW�WKH�VWDUW�RI�SXEHUW\��
+RUPRQHV� DQG� JURZWK� VWLPXODWH� WKH� SUROLIHUDWLRQ� RI� HSLWKHOLDO� FHOOV� PDLQO\� DW� WKH�
WHUPLQDO�HQG�EXGV��7(%V���ORFDWHG�DW�WKH�WLSV�RI�WKH�H[SDQGLQJ�GXFWV��7KH�H[SDQVLRQ�
OHDGV�WR�WKH�IRUPDWLRQ�RI�WKH�HSLWKHOLDO�GXFWDO�V\VWHP�WKDW�EUDQFKHV�RXW�LQWR�WKH�HQWLUH�
PDPPDU\�IDW�SDG��'XULQJ�SUHJQDQF\��WKH�PDPPDU\�HSLWKHOLXP�H[SHQGV�GUDPDWLFDOO\�
DQG� IRUPV� DOYHRODU� FHOOV� WKDW� SURGXFH� DQG� VHFUHWH� PLON� GXULQJ� ODFWDWLRQ�� 8SRQ�
ZHDQLQJ��WKH�PDPPDU\�JODQG�LQYROXWHV�WKURXJK�DSRSWRVLV�DQG�WLVVXH�UHPRGHOLQJ�WR�
JR�EDFN�WR�D�VWDWH�WKDW�LV�VLPLODU�WR�WKH�SUH�SUHJQDQF\�VWDWH��)LJ������6LQFH�WKH�HSLWKHOLDO�
GXFWDO�V\VWHP�DQG�GHYHORSPHQW�RI� WKH�PRXVH�PDPPDU\�JODQG� LV�KLJKO\�VLPLODU� WR�
WKH�KXPDQ�EUHDVW�� WKH�PRXVH�PDPPDU\�JODQG�LV�D�VXLWDEOH�PRGHO�WR�VWXG\�KXPDQ�
EUHDVW�GHYHORSPHQW�DQG�FDQFHU��7KHUH�DUH�GLIIHUHQFHV�DV�ZHOO��:KHUH�KXPDQV�KDYH�
RQH� SDLU� RI�PDPPDU\� JODQGV��PLFH� KDYH� ƓYH�� )XUWKHUPRUH�� WKH� KXPDQ�PDPPDU\�
JODQG�GHYHORSV�ZLWK�PRUH�FRPSOH[LW\��ZLWK�GXFWDO� WUHH�GLVSOD\LQJ�D�KLJKHU�GHJUHH�
RI�EUDQFKLQJ�WKDQ�WKH�PRXVH�PDPPDU\�WUHH���������$QRWKHU�GLIIHUHQFH�LV�IRXQG�LQ�WKH�
VXUURXQGLQJ�VWURPD��LQ�KXPDQV�WKH�HSLWKHOLXP�LV�DVVRFLDWHG�ZLWK�ƓEURXV�FRQQHFWLYH�
WLVVXH�ZKLOH�LQ�WKH�PRXVH�WKH�VWURPD�LV�DGLSRF\WH�ULFK�ZLWK�RQO\�OLWWOH�ƓEURXV�FRQQHFWLYH�
WLVVXH������,Q�WKLV�WKHVLV��,�IRFXV�RQ�WKH�PRXVH�PDPPDU\�JODQG�DV�D�PRGHO�WR�GHHSHQ�
RXU�XQGHUVWDQGLQJ�RI�QRUPDO�DQG�DEQRUPDO�GHYHORSPHQW�

Cell types
7KH�PDPPDU\� JODQG� FRQVLVWV� RI� WZR� SULPDU\� OLQHDJHV�� WKH� OXPLQDO� DQG� WKH� EDVDO�
SRSXODWLRQ��7KH�OXPLQDO�SRSXODWLRQ�FRQWDLQV�GXFWDO�DQG�DOYHRODU�FHOOV��7KH�GXFWDO�FHOOV�
OLQH�WKH�OXPHQ�RI�WKH�PDPPDU\�GXFWV��7KH�EDVDO�SRSXODWLRQ�FRQWDLQV�P\RHSLWKHOLDO�
FHOOV��FRQWUDFWLOH�FHOOV�WKDW�SXVK�WKH�PLON�WKURXJK�WKH�GXFWV��7KH�EDVDO�SRSXODWLRQ�DOVR�
FRQWDLQV�WKH�PDPPDU\�VWHP�FHOOV���������8VLQJ�WKH�ŴXRUHVFHQFH�DFWLYDWHG�FHOO�VRUWHU�
�)$&6��� WKH� EDVDO� DQG� OXPLQDO� SRSXODWLRQ� FDQ� EH� GLVWLQJXLVKHG� XVLQJ� FHOO� VXUIDFH�
PDUNHUV�VXFK�DV�KHDW�VWDEOH�DQWLJHQ��&'����DQG�LQWHJULQ�ѿ���&'��I���)LJ������,QVWHDG�
RI�&'����HSLWKHOLDO�FHOO�DGKHVLRQ�PROHFXOH��(S&$0��LV�DOVR�IUHTXHQWO\�XVHG�WR�LGHQWLI\�
DQG�VHSDUDWH�WKH�OXPLQDO�DQG�EDVDO�SRSXODWLRQV�����
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Figure 1�� Schematic of postnatal mammary gland development.� 7KH� HSLWKHOLDO� GXFWDO� V\VWHP�
EUDQFKHV�RXW�WKURXJK�WKH�HQWLUH�IDW�SDG�GXULQJ�SXEHUW\��'XULQJ�SUHJQDQF\��WKH�HSLWKHOLDO�FHOOV�FRPPHQFH�
SUROLIHUDWLQJ�DJDLQ�OHDGLQJ�WR�WKH�GHYHORSPHQW�RI�DOYHRODU�FHOOV�DQG�IXUWKHU�H[SDQVLRQ�RI�WKH�GXFWDO�V\VWHP��
$IWHU�ODFWDWLRQ��WKH�JODQG�LQYROXWHV�DQG�UHWXUQV�WR�D�VWDWH�WKDW�LV�VLPLODU�WR�WKH�SUH�SUHJQDQF\�VWDWH�
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General Introduction

Cell markers
7KH� LGHQWLƓFDWLRQ� RI� GLIIHUHQW� SRSXODWLRQV� XVLQJ�
FHOO� VXUIDFH�PDUNHUV�� KDV� HQDEOHG� WKH� VHSDUDWLRQ� RI�
OLYH� FHOO� SRSXODWLRQV� XVLQJ� )$&6�� /LYH� FHOOV� FDQ� EH�
IXUWKHU�VWXGLHG�XVLQJ�IXQFWLRQDO�DVVD\V��WR�DQDO\]H�DQG�
GHWHUPLQH� WKHLU� IXQFWLRQ� LQ� YLYR� DQG� LQ� YLWUR�� 2WKHU�
PHWKRGV�� VXFK� DV� EXON� 51$� VHTXHQFLQJ� DQG� VLQJOH�

FHOO�51$�VHTXHQFLQJ��VF51$�VHT���HQDEOH�WKH�LGHQWLƓFDWLRQ�RI�GLIIHUHQW�SRSXODWLRQV�
LQ�DQ�XQELDVHG�ZD\��8VLQJ�VF51$�VHT��ZH�DQG�RWKHUV�KDYH�SXEOLVKHG�DWODVHV� IRU�D�
YDULHW\�RI�RUJDQV�DQG�WLVVXHV�LQ�WKH�DGXOW�PRXVH���������:KHQ�VDPSOHV�DUH�HQULFKHG�
IRU�PDPPDU\�HSLWKHOLDO�FHOOV� ��XVLQJ�WKH�)$&6�VRUWLQJ�VWUDWHJ\�VKRZQ�LQ�)LJXUH���Ŋ�
VHSDUDWH�JURXSV�RI�EDVDO�FHOOV��HQGRWKHOLDO�FHOOV��OXPLQDO�FHOOV��DQG�VWURPDO�FHOOV�DUH�
FRQƓUPHG�ZLWK�VF�51$VHT��)LJ���$���8VLQJ�FRPPRQO\�XVHG�FHOO�VXUIDFH�PDUNHUV�IRU�
WKH�GLIIHUHQW�SRSXODWLRQV��ZH�DUH�DEOH�WR�GLVWLQJXLVK�WKH�YDULRXV�SRSXODWLRQV�RI�WKH�
PDPPDU\�JODQG��)LJ���%��&���7KH�EHQHƓW�RI�HQULFKLQJ�IRU�FHOOV�RI�LQWHUHVW�XVLQJ�)$&6�
SULRU�WR�VHTXHQFLQJ�LV�WKH�LQFUHDVHG�VSHFLƓFLW\�IRU�WKH�LGHQWLƓFDWLRQ�RI�FHOO�SRSXODWLRQV�
RI�LQWHUHVW��,Q�DGGLWLRQ��D�FHOO�VHOHFWLYH�PHWKRG�OLNH�)$&6�HQDEOHV�WKH�LGHQWLƓFDWLRQ�RI�
UDUH�FHOOV�ZLWKLQ�WKH�PDPPDU\�JODQG�PRUH�HDVLO\��7KH�GRZQVLGH�LV�WKDW�\RX�GR�QRW�JHW�
D�FRPSOHWH�LPDJH�RI�DOO�WKH�FHOO�W\SHV�WKDW�FRQVWLWXWH��VXSSRUW��DQG�LQWHUDFW�GLUHFWO\�
ZLWK�WKH�WLVVXH�RI�LQWHUHVW��7R�DOVR�FDSWXUH�D�PRUH�FRPSOHWH�LPDJH�RI�WKH�GLIIHUHQW�FHOO�
W\SHV�SUHVHQW�LQ�WKH�PDPPDU\�JODQG�HQYLURQPHQW��PLFURŴXLGLF�GURSOHWV�ZHUH�XVHG�
WR� FDSWXUH� WKH�H[SUHVVLRQ�SURƓOH�RI� VLQJOH� FHOOV�SULRU� WR� VHTXHQFLQJ��:KHQ�GRLQJ�
VR��ZH�ƓQG�WKDW�QRQ�HSLWKHOLDO�FHOOV�PDNH�XS�WKH�ODUJHVW�SDUW�RI�WKH�PDPPDU\�JODQG��
2WKHU�WKDQ�HSLWKHOLDO�FHOOV��VWURPDO�FHOOV��HQGRWKHOLDO�FHOOV��DQG�YDULRXV�KHPRSRLHWLF�
FHOO�W\SHV��%�FHOOV��7�FHOOV��PDFURSKDJHV��DUH�GHWHFWHG��)LJ���$���$V�WKH�PRXVH�DJHV��
WKH� IUDFWLRQ� HDFK� SRSXODWLRQ� FRQWULEXWHV� WR� WKH�PDPPDU\� JODQG� FKDQJHV� ����� 7KH�
IUDFWLRQV� RI� EDVDO� FHOOV� DQG� VWURPDO� FHOOV� JR� XS�� WKH� IUDFWLRQ�RI�7� FHOOV� JRHV�GRZQ�
�)LJ���%���2I�QRWH��HYHQ�ZKHQ�DLPLQJ�WR�FDSWXUH�WKH� LQGLYLGXDO�JHQHWLF� LQIRUPDWLRQ�
IURP�DOO�FHOO�W\SHV�LQ�WKH�PDPPDU\�JODQG�HQYLURQPHQW��QRW�DOO�FHOO�W\SHV�SUHVHQW�LQ�
WKH�PDPPDU\�IDW�SDG�DUH�GHWHFWHG��'XULQJ�WKH�SURFHVVLQJ�VWHSV�QHHGHG�WR�SURYLGH�
FHOOV�DV�D�VLQJOH�FHOO�VXVSHQVLRQ�QHHGHG�IRU�VF51$�VHT��FHOOV�DUH�ORVW��)RU�H[DPSOH��
DOWKRXJK�WKH�PRXVH�PDPPDU\�IDW�SDG�LV�DGLSRF\WH�ULFK��IDW�FHOOV�DUH�QRW�GHWHFWHG�LQ�
VF51$�VHT�DV�WKH\�DUH�UHPRYHG�GXULQJ�WLVVXH�SURFHVVLQJ�

Self-renewal
7KH� H[SDQVLRQ� RI� WKH�PDPPDU\� JODQG� LV� WLJKWO\� UHJXODWHG� E\� WKH�PDPPDU\� VWHP�
FHOOV� DQG� WKH� VWHP� FHOOVō� DELOLW\� WR� VHOI�UHQHZ�� 6HOI�UHQHZDO� HQDEOHV� VWHP� FHOOV� WR�
GLYLGH�ZLWKRXW� FKDQJLQJ� WKH� LGHQWLW\� RU� SURSHUWLHV� RI� WKH� VWHP� FHOO�� 7KLV� FRQWUDVWV�
ZLWK�SURJHQLWRUV��3URJHQLWRUV�DUH�SURGXFHG�E\�VWHP�FHOOV�DQG�DUH�DOVR�DEOH�WR�GLYLGH��
KRZHYHU�SURJHQLWRUV�KDYH�OLPLWHG�SUROLIHUDWLRQ�FDSDFLW\�KHQFH�WKHLU�VWDWH�LV�VKRUW�OLYHG��
(YHQWXDOO\�WKH�FHOO�GLYLVLRQ�RI�D�SURJHQLWRU�LV�ƓQLWH�UHVXOWLQJ�LQ�WZR�GDXJKWHU�FHOOV�ZLWK�
D�VSHFLDOL]HG�IXQFWLRQ�ZLWKLQ�WKH�ERG\��)LJ������,Q�D�WLVVXH��VWHP�FHOOV�DQG�SURJHQLWRUV�
KDYH� WKH� LPSRUWDQW� UROH� RI� FUHDWLQJ� D� EDODQFH� EHWZHHQ� SURGXFLQJ� VXIƓFLHQW� QHZ�
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Figure 2. Flow cytometry plot of mouse mammary gland. $IWHU�
VHOHFWLQJ� IRU� OLYH� FHOOV� DQG� VHOHFWLQJ� RXW� FHOOV� H[SUHVVLQJ� OLQHDJH�
PDUNHUV� IRU� KHPDWRSRLHWLF� FHOOV� �&'���� 7HU����� DQG� HQGRWKHOLDO�
FHOOV� �&'����� &'��� DQG� &'��I� HQDEOH� WKH� VHSHUDWLRQ� RI� WKH�
PDPPDU\�HSLWKHOLDO�OXPLQDO�DQG�EDVDO�SRSXODWLRQ�
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Chapter 1

FHOOV�WR�PDLQWDLQ�WKH�LQWHJULW\�RI�D�WLVVXH�ZKLOH�SUHYHQWLQJ�H[FHVVLYH�SUROLIHUDWLRQ�WKDW�
UHVXOWV�LQ�WXPRULJHQHVLV��6XFK�KRPHRVWDVLV�LV�UHJXODWHG�E\�ERWK�FHOO�LQWULQVLF�DV�ZHOO�DV�
FHOO�H[WULQVLF�VLJQDOLQJ��,Q�VRPH�WLVVXHV��WKHUH�LV�D�FRQWLQXHV�WXUQRYHU�RI�GLIIHUHQWLDWHG�
FHOOV�DQG�DV�VXFK��QHZ�FHOOV�QHHG�WR�EH�SURGXFHG�FRQWLQXRXVO\��2WKHU�WLVVXHV�KDYH�
PRVWO\�GRUPDQW�VWHP�FHOOV��FHOOXODU� WXUQRYHU� LV� UDUH�� ,Q�D� WKLUG�JURXS�� LQFOXGLQJ� WKH�
PDPPDU\�JODQG��QHZ�VSHFLDOL]HG�FHOOV�DUH�SURGXFHG�LQ�VSXUWV��,Q�WKH�PDPPDU\�JODQG�
WKLV�KDSSHQV�GXULQJ�SXEHUW\��SUHJQDQF\��DQG�ODFWDWLRQ������

Self-renewal regulation
'LIIHUHQW� H[SUHVVLRQ� SDWWHUQV� EHWZHHQ� VWHP� FHOOV�� SURJHQLWRUV�� DQG� GLIIHUHQWLDWHG�
FHOOV��DUH�RIWHQ�URRWHG�LQ�WKH�FHOOVō�HSLJHQHWLF�PDNHXS�������2QH�SURWHLQ�LQYROYHG�ZLWK�
HSLJHQHWLF�UHJXODWLRQ� LV�%0,���%0,�� LV�D�FKURPDWLQ�UHPRGHOHU� WKDW� LV� LQYROYHG�ZLWK�
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Figure 3. Mouse mammary epithelial enriched scRNA-
seq. 'DWD� IURP� �� IHPDOH�PLFH� �DJH�� ��PRQWKV�� DUH� VKRZQ��
%DVDO��OXPLQDO��DQG�VWURPDO�FHOOV�ZHUH�HQULFKHG�IRU�XVLQJ�)$&6�
SULRU� WR� VHTXHQFLQJ�� 'DWD� LV� DFFHVLEOH� XVLQJ� WKH� GDWDEDVH�
KWWSV���WDEXOD�PXULV�GV�F]ELRKXE�RUJ��� �D�� W61(� SORW� RI�
SRSXODWLRQV�VKRZLQJ�EDVDO��HQGRWKHOLDO��OXPLQDO�DQG�VWURPDO�
FHOOV�� �E�� 0DUNHUV� LQGHQWLI\LQJ� QRQ�HSLWKHOLDO� PDPPDU\�
JODQG�SRSXODWLRQV��7K\��PDUNV�VWURPDO�FHOOV��3HFDP��PDUNV�
HQGRWKHOLDO�FHOOV���F��0DUNHUV�LQGHQWLI\LQJ�HSLWKHOLDO�PDPPDU\�
JODQG�SRSXODWLRQV��Epcam�PDUNV�DOO�HSLWKHOLDO�FHOOV� �OXPLQDO�
DQG� EDVDO��� Krt14� WKH� EDVDO� SRSXODWLRQ�� Krt19� WKH� OXPLQDO�
SRSXODWLRQ��DQG�Cd14�WKH�OXPLQDO�SURJHQLWRU�SRSXODWLRQ�

Figure 4. Mammary gland scRNA-seq 
data of adult mice, cells seperated 
XVLQJ� PLFURŴXLGLF� GURSOHWV�� 'DWD� IURP�
�� IHPDOH� PLFH� SHU� DJH� JURXS� �DJHV��
��� ���� DQG� ��� PRQWKV�� DUH� VKRZQ�� 1R�
SRSXODWLRQ� HQULFKPHQW� WRRN� SODFH� SULRU�
WR� VHTXHQFLQJ�� 'DWD� LV� DFFHVLEOH� XVLQJ�
WKH� GDWDEDVH� KWWSV���WDEXOD�PXULV�VHQLV�
GV�F]ELRKXE�RUJ��� �D�� W61(� SORW� VKRZLQJ�
EDVDO�� OXPLQDO�� VWURPDO�� HQGRWKHOLDO��
DQG� KHPDSRHLWLF� �7� FHOOV�� %� FHOOV��
PDFURSKDJHV�� SRSXODWLRQV�� �E�� &KDQJHV�
LQ� FHOO� W\SH� IUDFWLRQV�RI�PLFH�RI�GLIIHUHQW�
DJHV����PRQWKV�����PRQWKV�����PRQWKV��
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WKH� UHSUHVVLRQ�RI�GLIIHUHQWLDWLRQ��$V�VXFK�� LW� LV� UHTXLUHG� IRU� WKH�SURSHU�VHOI�UHQHZDO�
RI� D� YDULHW\�RI� WLVVXH� VWHP�FHOOV� WKDW� LQFOXGH� WKH�KHPDWRSRLHWLF� DQG� WKH�PDPPDU\�
HSLWKHOLDO�VWHP�FHOOV����������2QH�FULWLFDO�%0,��WDUJHW�LV�WKH�Cdkn2a ORFXV��HQFRGLQJ�
WKH�JHQHWLF�FRGHV�IRU�p16INK4A DQG�p14ARF LQ�KXPDQV�DQG�p16Ink4a�DQG�p19Arf�LQ�PLFH��
,Q� UHVSRQVH� WR� VWUHVV� VLJQDOV�� S��,QN�D� LQGLUHFWO\� KDOWV� SUROLIHUDWLRQ� DQG� FDQ� LQGXFH�
FHOOXODU� VHQHVFHQFH� ZKLOH� S��$UI� LQKLELWV� 0GP�� UHVXOWLQJ� LQ� WKH� UHOHDVH� RI� S����
6XEVHTXHQWO\��S���WULJJHUV�FHOO�F\FOH�DUUHVW�RU�DSRSWRVLV�����������%PL��VXSSUHVVHV�
WKH�WUDQVFULSWLRQ�RI�WKH�Cdkn2a�JHQHV��KHUHE\�HQDEOLQJ�VHOI�UHQHZDO��)LJ������ ,Q�WKH�
PRXVH�KHPRSRLHWLF�V\VWHP��WKH�VLPXOWDQHRXV�GHOHWLRQ�RI�S����p16Ink4a��DQG�p19Arf��
LV�VXIƓFLHQW�IRU�PXOWLSRWHQW�SURJHQLWRUV�WR�DOVR�DFTXLUH�WKH�DELOLW\�WR�VHOI�UHQHZ������

Tumor suppressor genes and oncogenes
%HIRUH� GLVFRYHULQJ� WKH� UROH� RI� p16INK4A�p16Ink4a�� p14ARF�p19Arf�� DQG� P53�p53 in 
WKH� OLPLWLQJ� RI� QRQ�VWHP� FHOO� VHOI�UHQHZDO�� WKHVH� JHQHV� ZHUH� LGHQWLƓHG� DV� WXPRU�
VXSSUHVVRUV� JHQHV�� 8QDOWHUHG�� WXPRU� VXSSUHVVRUV� DUH� UHVSRQVLEOH� IRU� HYHQWV� WKDW�
OLPLW�RQFRJHQHVLV��VXFK�DV�OLPLWLQJ�SUROLIHUDWLRQ�DQG�VWLPXODWLQJ�DSRSWRVLV��8QDOWHUHG��
RQFRJHQHV�KDYH�IXQFWLRQV�RSSRVLQJ�WKRVH�RI�WXPRU�VXSSUHVVRUV��VXFK�DV�VWLPXODWLQJ�
JURZWK� DQG�SUROLIHUDWLRQ�� %RWK� DUH� HVVHQWLDO� IRU� QRUPDO� KRPHRVWDVLV�� DQG� WKH\� DUH�
UHJXODWHG�E\�FHOO�LQWULQVLF�DQG�FHOO�H[WULQVLF�VLJQDOV��+RZHYHU��LQ�FDQFHU�VXFK�VLJQDOLQJ�
LV� G\VUHJXODWHG� UHVXOWLQJ� LQ� WKH� VWLPXODWLRQ� RI� FDQFHU�DLGLQJ� SURFHVVHV� VXFK� DV�
UHVLVWLQJ� FHOO� GHDWK�� FRQWLQXRXV� SUROLIHUDWLYH� VLJQDOLQJ�� DQG� WKH� HYDVLRQ� RI� JURZWK�
VXSSUHVVRUV� ������*HQHWLF�FKDQJHV��ZKLFK�DUH�HLWKHU�PXWDWLRQV�RU�FKDQJHV� LQ�FRS\�
QXPEHU��FDQ�DOWHU�JHQHV��VXFK�DV�WXPRU�VXSSUHVVRU�JHQHV�DQG�RQFRJHQHV�� LQ�VXFK�
D�ZD\� WKDW� WKH\� ORVH� WKHLU� VHQVLWLYLW\� WR� UHVSRQG� WR�QRUPDO�VLJQDOV�DQG� LQ� WXUQ�VWDUW�
VXSSRUWLQJ�RQFRJHQHVLV�

The RAS/RAF/MEK/ERK pathway
7KH� 5$6�5$)�0(.�(5.� SDWKZD\� LV� IUHTXHQWO\� LQYROYHG� ZLWK� SUR�WXPRU� VLJQDOLQJ��
7KH�DFWLYDWLRQ�RI�WKH�FDVFDGH�VWDUWV�ZLWK�WKH�DFWLYDWLRQ�RI�D�UHFHSWRU�W\URVLQH�NLQDVH�
�57.���7KLV� OHDGV�WR�WKH�UHFUXLWPHQW�RI�JXDQLQH�QXFOHRWLGH�H[FKDQJH�IDFWRUV��*()V��

p16Ink4a

Bmi1

p19Arf

MDM2p53

self-renewal

progenitor

stem cell
stem cells

di!erentiated cells

Figure 5. Schematic overview of cellular hierarchy.�$� VWHP�
FHOO�LV�FKDUDFWHUL]HG�E\�LWV�DELOLW\�WR�VHOI�UHQHZ��FUHDWLQJ�D�FRS\�
RI� LWVHOI�� 6WHP� FHOO� GLYLVLRQ� FDQ� DOVR� OHDG� WR� WKH� FUHDWLQJ� RI�
SURJHQLWRU�FHOOV�DQG�RU�VSHFLDOL]HG�FHOOV��3URJHQLWRU�FHOO�GLYLVLRQ�
FDQ� OHDG� WR� D� PRUH� OLQHDJH�FRPPLWWHG� SURJHQLWRU� DQG�RU� WR�
VSHFLDOL]HG�FHOOV��8QOLNH�D�VWHP�FHOO��SURJHQLWRUV�FDQ�RQO\�GLYLGH�
D�OLPLWHG�QXPEHU�RI�WLPHV��2QFH�D�FHOO�LV�VSHFLDOL]HG��WKH�FHOO�ZLOO�
QRW�GLYLGH�DJDLQ�

Figure 6. Schematic of the role of Bmi1 in stem cell 
self-renewal.�%PL��HQDEOHV�VWHP�FHOO� VHOI�UHQHZDO�E\�
HSLJHQHWLFDOO\�VXSSUHVVLQJ�WKH�WUDQVFULSWLRQ�RI�p16Ink4a 
DQG� p19Arf�� S��$UI� LQKLELWV� 0'0'��� HQDEOLQJ� WKH�
UHOHDVH�RI�S��� S��,QN�D�� S��$UI�� DQG�S���DOO� VXSSUHVV�
HYHQWV�WKDW�HQDEOH�VWHP�FHOOV�WR�VHOI�UHQHZ�
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Chapter 1

WKDW�FDWDO\]H�WKH�H[FKDQJH�IURP�D�*'3�WR�D�*73�LQ�VPDOO�JXDQRVLQH�WULSKRVSKDWDVH�
�*73DVH��5$6��WKHUHE\�DFWLYDWLQJ�5$6��7KH�LQDFWLYDWLRQ�UHYHUVH�LV�PHGLDWHG�E\�*73DVH�
DFWLYDWLQJ�SURWHLQV��*$3V���VZLWFKLQJ�DFWLYH�*73�ERXQG�WR�LQDFWLYH�*'3�ERXQG�5$6�
������7KH�UHJXODWLRQ�RI�5$6�E\�*()V�DQG�*$3V�KDSSHQV�DW� WKH�SODVPD�PHPEUDQH��
ZKHUH�*()V�DQG�*$3V�DUH�UHFUXLWHG�WR�PRGXODWH�5$6�DFWLYLW\��5$6�DFWLYLW\�UHJXODWLRQ�
LV�ƓQHWXQHG�E\� WKH�H[LVWHQFH�RI�YDULRXV�*()V�DQG�*$3V� ������2QFH�DFWLYDWHG��5$6�
DFWLYDWHV�D�PLWRJHQ�DFWLYDWHG�SURWHLQ�NLQDVH��0$3.��FDVFDGH�FRQVLVWLQJ�RI�WKH�VHULQH�
WKUHRQLQH�NLQDVHV�5$)��0(.��DQG�(5.��7KH�ƓUVW�VWHS�LV�WKH�DFWLYDWLRQ�RI�5$)�E\�5$6��
5$)� LQ� WXUQ� FDWDO\]HV� WKH� SKRVSKRU\ODWLRQ� RI� 0(.�� ZKHUHDIWHU� 0(.� FDWDO\]HV� WKH�
SKRVSKRU\ODWLRQ�RI�(5.��$FWLYH�(5.�FDWDO\]HV�WKH�SKRVSKRU\ODWLRQ�RI�D�ZLGH�YDULHW\�
RI�VXEVWUDWHV���ERWK�LQ�WKH�F\WRVRO�DQG�WKH�QXFOHXV��8OWLPDWHO\��WKH�VLJQDOLQJ�FDVFDGH�
OHDGV�WR�WKH�WUDQVFULSWLRQ�RI�JHQHV�WKDW�DUH�SUHGRPLQDQWO\�LQYROYHG�ZLWK�VXUYLYDO�DQG�
SUROLIHUDWLRQ��)LJ�����������$V�VXFK��WKLV�SDWKZD\�LV�RIWHQ�RYHUDFWLYDWHG�LQ�FDQFHU�DQG�
PDQ\�RI�LWV�FRPSRQHQWV�KDYH�EHHQ�LGHQWLƓHG�DV�RQFRJHQHV��7KHUHIRUH��GLVUHJXODWHG�
5$6�5$)�0(.�(5.� VLJQDOLQJ� LV� WDUJHWHG� E\� PXOWLSOH� GUXJV� LQ� YDULRXV� VWDJHV� RI�
GHYHORSPHQW��LQFOXGLQJ�GUXJV�DOUHDG\�LQ�XVH�LQ�WKH�FOLQLF�

The oncogene RAS
RAS LV� WKH� PRVWO\� FRPPRQO\� PXWDWHG� RQFRJHQH�� ZLWK� JDLQ�RI�IXQFWLRQ� PLVVHQVH�
PXWDWLRQV�GHWHFWHG�LQ�����RI�DOO�KXPDQ�FDQFHUV��7KHUHIRUH��PHGLFLQDOO\�LQDFWLYDWLQJ�
5$6�KDV�EHHQ�D� WRSLF�RI� UHVHDUFK� IRU�PXOWLSOH�GHFDGHV��7KHUH�DUH���5$6�SURWHLQV��
+5$6��15$6��.5$6�$��DQG�.5$6�%��.5$6�$�DQG�.5$6�%�DUH� WZR�.5$6� LVRIRUPV�
GHULYLQJ� IURP� DOWHUQDWLYH� 51$� VSOLFLQJ�� LQ� PRVW� WLVVXHV� .5$6�%� LV� WKH� GRPLQDQW�
LVRIRUP�� ,Q� FDQFHU�� WKH� WKUHH�5$6�PXWDWLRQ�KRWVSRWV� DUH� ORFDWHG�DW�*����*���� DQG�
4����$PRQJ�WKH�5$6�SURWHLQV��.5$6�LV�PRVW�IUHTXHQWO\�PXWDWHG�LQ�FDQFHU�DFFRXQWLQJ�
IRU� ���� RI� PXWDWHG� 5$6�� 0XWDWLRQV� LQ� .5$6� DUH� DVVRFLDWHG� ZLWK� SRRU� FOLQLFDO�
RXWFRPH��,Q�.5$6��*���LV�WKH�PRVW�PXWDWHG�VLWH�DQG�WKH�*��'�VXEVWLWXWLRQ�LV�PRVW�
FRPPRQ�� IROORZHG� E\� *��9�� DQG� *��&� ZLWK� YDULDELOLW\� DPRQJ� GLIIHUHQW� FDQFHUV�
������:LWK�WKH�DELOLW\�WR�SHUVRQDOL]H�SDWLHQW�WUHDWPHQW��VSHFLƓFDOO\�WDUJHWLQJ�PXWDWHG�
.5$6� YDULDQWV� KDV� UHFHQWO\� EHHQ� VKRZQ� WR� ZRUN� ZLWK� WKH� DSSURYDO� RI� D� ƓUVW� GUXJ�
WKDW� WDUJHWV� .5$6*��&� LQ� SDWLHQWV�ZLWK� .5$6*��&�PXWDWHG� DGYDQFHG� QRQ�VPDOO� FHOO�
OXQJHU�FDQFHUV��$SSURYDOV�RI�RWKHU�.5$6*��&�WDUJHWLQJ�GUXJV�DUH�H[SHFWHG�WR�IROORZ�

RTK
Growth Factor

RAS-GDP

RAS-GTP

GEF GAP

RAF MEK ERK

nucleuscytoplasm
Figure 7. Schematic showing the RAS signaling pathway.�8SRQ�JURZWK�IDFWRU�ELQGLQJ�WR�DQ�57.��5$6�
LV�DFWLYDWHG�E\�WKH�H[FKDQJH�RI�*'3�WR�*73�E\�D�*()��7KLV�OHDGV�WR�WKH�DFWLYDWLRQ�RI�5$6��5$6�DFWLYDWHV�WKH�
GRPLQR�NLQDVH�FDVFDGH�RI�5$)��0(.��DQG�(5.��(5.�HQDEOHV�WKH�SKRVSKRU\ODWLRQ�RI�VXEVWUDWHV�ERWK�LQ�WKH�
F\WRVRO�DQG�LQ�WKH�QXFOHXV�
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General Introduction
��������� 7KH� KLJKHVW� SUHYDOHQFH� �PRUH� WKDQ� ����RI� FDVHV�� RI� .5$6�PXWDWLRQV� DUH�
IRXQG� LQ�SDQFUHDWLF�GXFWDO� DGHQRFDUFLQRPD�� FRORUHFWDO� DGHQRFDUFLQRPD�� DQG� OXQJ�
DGHQRFDUFLQRPD�������,Q�FRQWUDVW��LQ�EUHDVW�FDQFHU��PXWDWLRQV�LQ�.5$6�DUH�XQFRPPRQ�
����������1HYHUWKHOHVV��KRAS�LV�D�EUHDVW�FDQFHU�GULYHU�JHQH�DQG�PXWDWLRQV�LQ�.5$6�DUH�
DVVRFLDWHG�ZLWK�SRRU�FOLQLFDO�RXWFRPH�LQ�EUHDVW�FDQFHU�����������1RW�RQO\�PXWDWLRQV�
LQŴXHQFH� D�SURWHLQ��2WKHU�JHQHWLF� DOWHUDWLRQV�� VXFK� DV� FRS\�QXPEHU� FKDQJHV�� FDQ�
DOVR�XSUHJXODWH�RQFRJHQH�H[SUHVVLRQ�DQG�LQFUHDVH�WKH�RQFRJHQHōV�VLJQDOLQJ�RXWSXW��
:KHQ�FRPELQLQJ�DOO�EUHDVW�FDQFHU�VXEW\SHV��DPSOLƓFDWLRQV�DQG�DFWLYDWLQJ�PXWDWLRQV�
in KRAS� DUH� HTXDOO\� FRPPRQ� LQ� EUHDVW� FDQFHU� ������ +RZHYHU��ZKHQ�EUHDVW� FDQFHU�
SDWLHQWV�DUH�VWUDWLƓHG�E\�PROHFXODU�VXEW\SH��LQ�����RI�SDWLHQWV�ZLWK�WKH�DJJUHVVLYH�
VXEW\SH�EDVDO�OLNH�EUHDVW�FDQFHU�KRAS�DPSOLƓFDWLRQV�DUH�GHWHFWHG�LQ�DGGLWLRQ�WR�WKH�
DPSOLƓFDWLRQ�RI�RWKHU�5$6�5$)�0(.�(5.�SDWKZD\�SOD\HUV������
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Thesis Outline

7KHVLV�RXWOLQH

$FWLYHO\� VHOI�UHQHZLQJ� WLVVXHV� QHHG� WR� PDLQWDLQ� D� GHOLFDWH� EDODQFH� EHWZHHQ�
SURYLGLQJ�VXIƓFLHQW�FHOOV�WR�PDLQWDLQ�WKH�LQWHJULW\�RI�D�WLVVXH�DQG�SUHYHQWLQJ�H[FHVVLYH�
SUROLIHUDWLRQ�UHVXOWLQJ�LQ�WXPRULJHQHVLV��&RQVHTXHQWO\��WXPRUV�LQKLELW�VLJQDOV�WKDW�OLPLW�
SUROLIHUDWLRQ�DQG�VWLPXODWH�VLJQDOV�WKDW�SURPRWH�VXUYLYDO��$�FRPPRQ�PHFKDQLVP�WKDW�
HQDEOHV�WXPRU�JURZWK�DUH�FKDQJHV�LQ�WXPRU�VXSSUHVVRU�JHQHV�DQG�RQFRJHQHV��,Q�WKLV�
GLVVHUWDWLRQ��,�DLP�WR�IXUWKHU�XQFRYHU�WKH�UHODWLRQVKLS�EHWZHHQ�PDPPDU\�JODQG�VHOI�
UHQHZDO��SUROLIHUDWLRQ��DQG�RQFRJHQHVLV��)XUWKHUPRUH��ZH�GHYHORS�D�PRXVH�PRGHO�WR�
LQFUHDVH�RXU�XQGHUVWDQGLQJ�RI�GUXJ�UHVLVWDQFH�

In chapter 1�,�LQWURGXFH�WKH�FRQFHSWV�GLVFXVVHG�LQ�WKLV�WKHVLV��1DPHO\��,�LQWURGXFH�WKH�
PDPPDU\�JODQG��WKH�FRQFHSWV�RI�VHOI�UHQHZDO�DQG�SUROLIHUDWLRQ��DQG�WKH�UROH�RI�WXPRU�
VXSSUHVVRUV� DQG�RQFRJHQHV� LQ� EUHDVW� FDQFHU� SUHFLVLRQ�RQFRORJ\� LQ� EUHDVW� FDQFHU�
WUHDWPHQW��)XUWKHUPRUH��,�VKRZ�KRZ�D�ODUJH�VLQJOH�FHOO�51$�VHTXHQFLQJ�SURMHFW�FDQ�
SURYLGH�XV� LQIRUPDWLRQ�RQ� WKH�GLIIHUHQW� FHOO� W\SHV�SUHVHQW� LQ� WKH�PDPPDU\�JODQG��
/DVWO\�� ,� LQWURGXFH� WKH�5$6�5$)�0(.�(5.�SDWKZD\�ZLWK�DQ�HPSKDVLV�RQ�.5$6�� WKH�
PRVW�FRPPRQO\�PXWDWHG�RQFRJHQH�LQ�FDQFHU�
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In chapter 4�ZH�UHSRUW�WKDW�WKH�LQQDWH�LPPXQH�V\VWHP�UHFHSWRU�7/5��DOVR�KDV�D�FHOO�
LQWULQVLF�UROH�LQ�WKH�PDPPDU\�JODQG�DQG�WKH�LQWHVWLQH��:H�VKRZ�WKDW�FRPSRQHQWV�RI�
WKH�7/5��SDWKZD\���LQFOXGLQJ�7/5���WKH�7/5��DGDSWRU�SURWHLQ�0<'����DQG�WKH�7/5��
FR�UHFHSWRU�&'���Ŋ�VWLPXODWH�WKH�UHJHQHUDWLRQ�RI�ERWK�WLVVXHV��)XUWKHUPRUH��EORFNLQJ�
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Chapter 2

The mammary epithelium undergoes several rounds of extensive proliferation 
during the female reproductive cycle. Its expansion is a tightly regulated 
process, fueled by the mammary stem cells and these cells’ unique property 

RI�VHOI�UHQHZDO��6XIƓFLHQW�QHZ�FHOOV�KDYH�WR�EH�SURGXFHG�WR�PDLQWDLQ�WKH�LQWHJULW\�
of a tissue, but excessive proliferation resulting in tumorigenesis needs to be 
prevented. Three well-known tumor suppressors, p53, p16Ink4a, and p19Arf, have 
been connected to the limiting of stem cell self-renewal and proliferation. Here 
we investigate the role of these three genes in the regulation of self-renewal and 
SUROLIHUDWLRQ�RI�PDPPDU\�HSLWKHOLDO�FHOOV��8VLQJ�PDPPDU\�HSLWKHOLDO�VSHFLƓF�PRXVH�
models, we demonstrate that p53, p16Ink4a, and p19Arf�GR�QRW�SOD\�D�VLJQLƓFDQW�UROH�
in the limitation of normal mammary epithelium self-renewal and proliferation while 
LQ�WKH�SUHVHQFH�RI�LQŴDPPDWRU\�F\WRNLQH�71)҂��Trp53-/-- p16Ink4a-/-bp19Arf-/- mammary 
EDVDO�FHOOV�H[KLELW�DPSOLƓHG�SUROLIHUDWLRQ�

7KH� HSLJHQHWLF� UHJXODWRU� %0,�� UHSUHVVHV� GLIIHUHQWLDWLRQ� LQ� YDULRXV� WLVVXH�VSHFLƓF�
VWHP�FHOOV�VXFK�DV�KHPDWRSRLHWLF�VWHP�FHOOV�������DQG�PDPPDU\�VWHP�FHOOV������%0,��
WDUJHWV�WKH�Cdkn2a�ORFXV�ZKLFK�FRQWDLQV�WKH�UHDGLQJ�IUDPHV�IRU�p16INK4a�DQG�p14ARF 
LQ�KXPDQV�DQG�p16Ink4a�DQG�p19Arf�LQ�PLFH�WKDW�SOD\�DQ�HVVHQWLDO�UROH�LQ�WKH�LQGXFWLRQ�
RI�VHQHVFHQFH�DQG�FHOO�F\FOH�DUUHVW��S��,QN�D�LQKLELWV�FHOO�F\FOH�SURJUHVVLRQ�IURP�*��
WR�6�SKDVH��3��$5)�S��$UI�LQKLELWV�0'0��OHDGLQJ�WR�DFWLYDWLRQ�RI�S����3����S��,QN�D��
DQG�S��$UI�UHVSRQG�WR�VWUHVV�VLJQDOV�DQG�LQGXFH�FHOO�F\FOH�DUUHVW�DQG�DSRSWRVLV��7KHLU�
DELOLW\� WR�KDOW�FHOO�GLYLVLRQ�SUHYHQWV� WLVVXHV� IURP�XQFRQWUROOHG�SUROLIHUDWLRQ� WKDW�FDQ�
OHDG�WR�WXPRU�JURZWK��������

:LWKLQ�WKH�KHPDWRSRLHWLF�V\VWHP��VLPXOWDQHRXVO\�GHOHWLQJ�p16Ink4a��p19Arf��DQG�Trp53 
OHDGV�WR�D�WHQ�IROG�LQFUHDVH�LQ�WKH�QXPEHU�RI�FHOOV�DEOH�WR�VHOI�UHQHZ�DQG�SURYLGHV�
PXOWLSRWHQW� SURJHQLWRUV� ZLWK� VHOI�UHQHZLQJ� FDSDFLW\�� D� SURSHUW\� QRUPDOO\� RQO\�
DWWULEXWHG�WR�VWHP�FHOOV������,Q�WKH�PDPPDU\�JODQG��YDULRXV�JURXSV�KDYH�GHOHWHG�Trp53 
RU�WKH�Cdkn2a ORFXV��EXW�QRW�ERWK��DQG�H[DPLQHG�WKH�HIIHFW�RQ�VHOI�UHQHZDO������������
7R�RXU�NQRZOHGJH��QR�VWXGLHV�KDYH�LQYHVWLJDWHG�WKH�HIIHFW��HVSHFLDOO\�RQ�VHOI�UHQHZDO��
RI�GHOHWLQJ�WKHVH�WKUHH�JHQHV�FRQFXUUHQWO\�LQ�WKH�PDPPDU\�JODQG�

+HUH��XVLQJ�RXU�HSLWKHOLDO�VSHFLƓF�PRXVH�PRGHO��ZH�GHPRQVWUDWH�WKDW�S����S��,QN�D��
DQG�S��$UI�GR�QRW�SOD\�D�VLJQLƓFDQW�UROH�LQ�WKH�UHJXODWLRQ�RI�PDPPDU\�HSLWKHOLXP�VHOI�
UHQHZDO�DQG�SUROLIHUDWLRQ�LQ�&��%/��-�PLFH��8VLQJ�D�SULPDU\�WUDQVSODQWDWLRQ�DVVD\�WR�
VWXG\�VKRUW�WHUP�VHOI�UHQHZDO��GHSOHWLRQ�RI�WKH�WKUHH�WXPRU�VXSSUHVVRUV�GRHV�QRW�DIIHFW�
WKH�QXPEHU�RI�UHJHQHUDWLQJ�FHOOV�QRU�WKHLU�SUROLIHUDWLYH�FDSDFLW\�LQ�QRUPDO�SK\VLRORJLF�
FRQGLWLRQV�� /RQJ�WHUP� VHOI�UHQHZDO�� HYDOXDWHG� XVLQJ� D� VHFRQGDU\� WUDQVSODQWDWLRQ�
DVVD\��DOVR�VKRZV�QR�HIIHFW�RQ�SUROLIHUDWLRQ��$GGLWLRQDOO\��WXPRU�VXSSUHVVRU�GHOHWLRQ�
GRHV�QRW�DIIHFW�ORQJ�WHUP�VHOI�UHQHZDO�LQ�PDPPDU\�HSLWKHOLDO�FHOOV�FRPSDUHG�WR�WKH�
FRQWURO��KRZHYHU��Trp53-/-�FHOOV�VKRZ�D�GHFUHDVH� LQ�UHJHQHUDWLQJ�FHOOV�FRPSDUHG�WR�
Trp53-/- p16Ink4a-/-bp19Arf-/-�FHOOV��51$�H[SUHVVLRQ�DQDO\VLV�VXJJHVWV�71)ѿ�GHSHQGHQW�
VLJQDOLQJ�LV�XSUHJXODWHG�LQ�Trp53-/- p16Ink4a-/-bp19Arf-/- PDPPDU\�HSLWKHOLDO�EDVDO�FHOOV��
In vitro��ZH�ƓQG�WKDW�71)ѿ�LQFUHDVHV�RUJDQRLG�IRUPDWLRQ�DQG�SUROLIHUDWLRQ�LQ�ZLOG�W\SH�
DQG�Trp53-/- p16Ink4a-/-bp19Arf-/-�EDVDO�0(&V��KRZHYHU��FRPSDUHG�WR�ZLOG�W\SH�0(&V��
Trp53-/- p16Ink4a-/-bp19Arf-/-�EDVDO�0(&V�DUH�VHQVLWL]HG�WR�71)ѿ�LQGXFHG�SUROLIHUDWLRQ�
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Tumor suppressors affect mammary gland proliferation
RESULTS
Generation of p16Ink4a�DQGbp19Arf knockout (KO) and/or Trp53 KO mouse models
7R�LQYHVWLJDWH�WKH�HIIHFW�RI�S����S��,QN�D��DQG�S��$UI�RQ�VHOI�UHQHZDO�DQG�SUROLIHUDWLRQ��
ZH�JHQHUDWHG�PXOWLSOH�ORVV�RI�IXQFWLRQ�PRXVH�PRGHOV��)HPDOH�PLFH�ZLWK�KRPR]\JRXV�
JHUPOLQH� FRPELQHG� GHOHWLRQV� RI� Cdkn2a� DQG� Trp53� DUH� LQYLDEOH�� 7KHUHIRUH�� ZH�
FURVVHG�WKH�Cdkn2a QXOO�PRXVH������ZLWK�D�FRQGLWLRQDO�Trp53ŴR[ (Trp53f��PRXVH�������
/RVV�RI�Trp53�ZDV�LQGXFHG�E\�WKH�Krt14-Cre�WUDQVJHQH�������Krt14�LV�H[SUHVVHG�LQ�DOO�
0(&V�GXULQJ�HPEU\RQLF�GHYHORSPHQW�����������7R�YLVXDOO\�PDUN�FHOOV�WKDW�ORVW�Trp53��
ZH�LQWURGXFHG�WKH�mT/mG�WUDQVJHQH�������&UH�H[FLVHV�mT/mG’s tdTomato�DOOHOH�DQG�
DFWLYDWHV�WKH�H[SUHVVLRQ�RI�GFP�VLPXOWDQHRXVO\�LQGLFDWLQJ�WKH�H[FLVLRQ�RI�Trp53��:H�
XVHG�ŴRZ�F\WRPHWU\�WR�FRQƓUP�WKH�HIƓFLHQF\�RI�VSHFLƓFLW\�RI�Krt14-Cre��,Q�DFFRUGDQFH�
ZLWK�D�SUHYLRXV�SXEOLFDWLRQ�������ŴRZ�F\WRPHWU\�VKRZHG�WKDW�������RI�DOO�*)3��FHOOV�
DUH�LQ�WKH�OXPLQDO�DQG�EDVDO�SRSXODWLRQV��)LJ��6�$�DQG�6�%���6XEVHTXHQWO\��UHDO�WLPH�
T3&5�FRQƓUPHG�WKH�DEVHQFH�RI�Trp53� LQ�EDVDO�DQG�OXPLQDO�*)3��SRSXODWLRQV��)LJ��
6�&���7KH�YDULRXV�FURVVHV�OHDG�WR�WKH�IRXU�IROORZLQJ�PRXVH�PRGHOV�ZKLFK�DUH�XVHG�
LQ�WKHVH�VWXGLHV�����:7��Krt14-Cre mT/mG�����Trp53 KO; Krt14-Cre mT/mG Trp53f/f,����
Cdkn2a KO; Krt14-Cre mT/mG p16Ink4a-/- p19Arf-/-, 4) Trp53 & Cdkn2a KO; Krt14-Cre 
mT/mG Trp53f/f p16Ink4a-/- p19Arf-/-��)LJ���$��

Figure 1. MECs develop similarly in WT, Trp53 KO, Cdkn2a KO, and Trp53 & Cdkn2a KO mice �D��
7DEXODU�RYHUYLHZ�RI�WKH�DEEUHYLDWLRQV�XVHG�IRU�WKH�IRXU�GLIIHUHQW�WUDQVJHQLF�PLFH�GHVFULEHG�LQ�WKLV�VWXG\��,Q�
)LJXUH�6���WKH�JDWLQJ�VWUDWHJ\�XVHG�IRU�)$&6�WKRURXJK�WKLV�VWXG\��)LJ��6�$��DQG�DQ�DQDO\VLV�RI�WKH�HIƓFLHQF\�
RI�WKH�&UH�OR[�V\VWHP��)LJ��6�%��6�&��DUH�GLVSOD\HG���E��5HSUHVHQWDWLYH�ŴXRUHVFHQW� LPDJHV�RI�:7��Trp53 
KO��Cdkn2a KO��DQG�Trp53 & Cdkn2a KO�PDPPDU\�JODQGV��0DPPDU\�HSLWKHOLDO�FHOOV�DUH�PDUNHG�E\�*)3��
)DW�SDGV�ZHUH�IUHVKO\�GLVVHFWHG�IURP�PLFH�DQG�SKRWRJUDSKHG���F��G��)ORZ�F\WRPHWU\�DQDO\VLV�VKRZV�WKH�
SHUFHQWDJH�RI�:7��Trp53 KO��Cdkn2a KO��DQG�Trp53 & Cdkn2a KO�EDVDO��F��DQG�OXPLQDO��G��FHOOV��'DWD�DUH�
UHSUHVHQWHG�DV�PHDQ�s�6(0��HDFK�LQGLYLGXDO�V\PERO�UHSUHVHQWV�GDWD�GHULYHG�IURP�RQH�PRXVH���3�!������
IRU�DOO�FRPSDULVRQV��RQH�ZD\�$129$�
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Chapter 2
Endogenous MECs develop similarly in all mutant mouse models
7KH�PDPPDU\�JODQGV�RI�IHPDOH�DGXOW�:7� Trp53 KO, Cdkn2a KO, and Trp53 & Cdkn2a 
KO� PLFH� VKRZHG� QR� GLIIHUHQFHV� LQ� EUDQFK� GHYHORSPHQW� �)LJ�� �%��� 0RUHRYHU�� WKH�
SHUFHQWDJH�RI�FHOOV�FRQWULEXWLQJ�WR�WKH�EDVDO�DQG�OXPLQDO�SRSXODWLRQV�ZDV�HTXDO�DV�
GHWHUPLQHG�E\�ŴRZ�F\WRPHWU\��)LJ���&�DQG��'���7KHVH�GDWD�VKRZ�GHSOHWLQJ�0(&V�RI�
p16Ink4a DQG p19Arf�DQG�RU�Trp53 QHLWKHU�UHVXOWV�LQ�GLIIHUHQFHV�LQ�WKH�SKHQRW\SLF�GXFW�
IRUPDWLRQ�QRU�DIIHFWV�WKH�UDWLR�RI�EDVDO�WR�OXPLQDO�FHOOV�
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Figure 2. WT, Trp53 KO, Cdkn2a KO, and Trp53 & Cdkn2a KO MECs display equal short-term 
repopulation potential $Q�RYHUYLHZ�RI� WKLV� H[SHULPHQW� LV� VKRZQ� LQ� )LJXUH�6��� �D�� (/'$� UHVXOWV�RI� WKH�
OLPLWLQJ�GLOXWLRQ�WUDQVSODQWDWLRQ�DVVD\��$�PLQLPXP�RI����GRQRU�PLFH�ZHUH�XVHG�IRU�HDFK�JHQRW\SH�DQG�GDWD�
GHULYH�IURP�D�PLQLPXP�RI���VHSDUDWH�H[SHULPHQWV�IRU�HDFK�JHQRW\SH���3�!������IRU�DOO�FRPSDULVRQV��E��F��
2YHUYLHZ�RI�WKH�GDWD�GLVSOD\HG�LQ��D���7KH�QXPEHU�RI�FHOOV�LQMHFWHG��WKH�WRWDO�QXPEHU�RI�WUDQVSODQWDWLRQV�
SHUIRUPHG��DQG�WKH�SHUFHQWDJH�GRQRU�RXWJURZWKV�RFFXSLHG�LQ�UHFLSLHQW�IDW�SDGV�DUH�VKRZQ��,Q��E��GDWD�LV�
JURXSHG�LQ�SLH�FKDUWV��,Q��F��WKH�VL]H�RI�WKH�LQGLYLGXDO�RXWJURZWKV�DIWHU�������FHOOV�ZHUH�LQMHFWHG�LV�VKRZQ��
'DWD�DUH�UHSUHVHQWHG�DV�PHDQ�s�6(0��HDFK�LQGLYLGXDO�V\PERO�UHSUHVHQWV�RQH�WUDQVSODQW���3�!������IRU�DOO�
FRPSDULVRQV��RQH�ZD\�$129$��6LPLODU�SORWV�DV�GLVSOD\HG�LQ��F��IRU�RWKHU�LQMHFWHG�FHOO�QXPEHUV�DUH�VKRZQ�
LQ�)LJXUH�6��
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Tumor suppressors affect mammary gland proliferation
MECs in all mutant mouse models display equal short-term regenerative and 
SUROLIHUDWLYH�HIƓFLHQF\�LQ�SULPDU\�WUDQVSODQWDWLRQ�DVVD\
7R�GHWHUPLQH� WKH� IUHTXHQF\� RI� FHOOV� DEOH� WR� UHFRQVWLWXWH� WKH�PDPPDU\� JODQG��ZH�
SHUIRUPHG� D�PDPPDU\� JODQG� OLPLWLQJ� GLOXWLRQ� WUDQVSODQWDWLRQ� DVVD\� LQ� V\QJHQHLF�
PLFH� �)LJ�� 6����7KH� UHSRSXODWLRQ� IUHTXHQF\� LV� FRPSDUDEOH�EHWZHHQ�0(&V�GHULYHG�
IURP�:7������������Trp53 KO������������Cdkn2a KO������������DQG�WKH�Trp53 & Cdkn2a 
KO�����������JODQGV��)LJ���$���%���0RUHRYHU��DQDO\VLV�RI�WKH�VL]H�RI�WKH�UHJHQHUDWHG�
GRQRU�JODQGV�DOVR�VKRZHG�QR�GLIIHUHQFHV�EHWZHHQ�WKH�GLIIHUHQW�PRXVH�PRGHOV��)LJ��
�&��)LJ��6�$�6�'���7KLV�GHPRQVWUDWHV�WKDW�S����S��,QN�D��DQG�S��$UI�GR�QRW�DIIHFW�WKH�
DELOLW\�RI�0(&V�WR�UHJHQHUDWH�RU�SUROLIHUDWH�LQ�D�SULPDU\�WUDQVSODQWDWLRQ�DVVD\�

The absence of Trp53 reduces secondary transplant repopulation frequency 
compared to Trp53 & Cdkn2a KO MECs
7R� LQYHVWLJDWH� LI� WKH�GHOHWLRQ�RI�Trp53 DQG�RU� WKH�Cdkn2a� ORFXV� OHDGV� WR� FKDQJHV�
LQ�WKH�DELOLW\�WR�VHOI�UHQHZ�DQG�RU�SUROLIHUDWH�ORQJ�WHUP��VHFRQGDU\�WUDQVSODQWDWLRQV�
ZHUH�SHUIRUPHG��)LJ��6����:7��Cdkn2a KO��DQG�Trp53 & Cdkn2a KO 0(&V�VKRZHG�D�
VLPLODU�IUHTXHQF\�RI�ORQJ�WHUP�VHOI�UHQHZLQJ�FHOOV��DV�GLG�:7��Trp53 KO��DQG�Cdkn2a 
KO� 0(&V�� 0HDQZKLOH�� Trp53 & Cdkn2a KO 0(&V� VKRZHG� D� VLJQLƓFDQWO\� KLJKHU�
UHJHQHUDWLRQ� IUHTXHQF\� WKDQ� Trp53 KO� 0(&V� �)LJ�� �$��� WKHUHIRUH�� WKH� DEODWLRQ� RI�
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Figure 3. Long-term renewal is reduced in the absence of Trp53 and rescued by the depletion of 
p16Ink4a�DQGbp19Arf $Q�RYHUYLHZ�RI�WKLV�H[SHULPHQW�LV�VKRZQ�LQ�)LJXUH�6����D��7KH�WDNH�UDWH�RI�WKH�VHFRQGDU\�
WUDQVSODQWDWLRQ�DVVD\��7RWDO�QXPEHU�RI� VHFRQGDU\� WUDQVSODQWV� VKRZQ� LQ�RUDQJH��SRVLWLYH�RXWJURZWKV�DUH�
VKRZQ�LQ�JUHHQ��QR�RXWJURZWKV�DUH�VKRZQ�LQ�JUH\����3���������)LVKHUōV�H[DFW�WHVW���E��F��2YHUYLHZ�RI�WKH�GDWD�
GLVSOD\HG�LQ��D���7KH�WRWDO�QXPEHU�RI�WUDQVSODQWDWLRQV�DQG�WKH�SHUFHQWDJH�GRQRU�RXWJURZWKV�RFFXSLHG�LQ�
UHFLSLHQW�IDW�SDGV�DUH�VKRZQ��,Q��E��GDWD�LV�JURXSHG�LQ�SLH�FKDUWV��,Q��F��WKH�VL]H�RI�LQGLYLGXDO�RXWJURZWKV�LV�
VKRZQ��'DWD�DUH�UHSUHVHQWHG�DV�PHDQ�s�6(0��HDFK�LQGLYLGXDO�V\PERO�UHSUHVHQWV�RQH�WUDQVSODQW���3�!������
IRU�DOO�FRPSDULVRQV��RQH�ZD\�$129$�
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Chapter 2
Cdkn2a�DSSHDUV�WR�UHVFXH�ORQJ�WHUP�VHOI�UHQHZDO�FDSDFLW\�LQ�WKH�Trp53 & Cdkn2a KO 
0(&V��7KH�GHOHWLRQ�RI�DQ\�RI�WKH�WXPRU�VXSSUHVVRU�JHQHV�GLG�QRW�DIIHFW�WKH�UDWH�RI�
SUROLIHUDWLRQ��)LJ���%�DQG��&��

Trp53 & Cdkn2a KO luminal progenitor MECs do not regenerate when transplanted
In the KHPDWRSRLHWLF�V\VWHP��Trp53 & Cdkn2a KO�PXOWLSRWHQW�SURJHQLWRUV�DFTXLUH�
WKH� FDSDFLW\� WR� VHOI�UHQHZ� DQG� UHJHQHUDWH� WKH� EORRG� V\VWHP� LQ� WUDQVSODQWDWLRQ�
H[SHULPHQWV� ����� 7R� LQYHVWLJDWH� LI� LQ� WKH� PDPPDU\� JODQG� Trp53 & Cdkn2a KO 
SURJHQLWRUV�DOVR�SRVVHVV�VXFK�FDSDELOLWLHV��ZH�XVHG�WKH�ŴXRUHVFHQFH�DFWLYDWHG�FHOO�
VRUWHU��)$&6��WR�VHOHFW�IRU�SURJHQLWRUV�DQG�WUDQVSODQW�WKHP�LQ�V\QJHQHLF�PLFH��3ULRU�
WR� WKLV�H[SHULPHQW��ZH�FRUURERUDWHG�SXEOLVKHG�GDWD�VKRZLQJ�WKDW� WKH� OXPLQDO�FHOOV�
HQFRPSDVV�D�SURJHQLWRU�FHOO�SRSXODWLRQ�WKDW�H[SUHVVHV�WKH�FHOO�VXUIDFH�PDUNHU�&'���
������ In vitro,� OXPLQDO� &'���� FHOOV� IRUP�PRUH� RUJDQRLGV� WKDQ� &'���� OXPLQDO� FHOOV��
FRQƓUPLQJ�&'���HQULFKHV�VWURQJO\�IRU�OXPLQDO�SURJHQLWRUV��)LJ��6�$���6XEVHTXHQWO\��
ZH� SHUIRUPHG� D� OLPLWLQJ� GLOXWLRQ� DVVD\� ZLWK�:7� DQG� Trp53 & Cdkn2a KO� OXPLQDO�
&'����SURJHQLWRUV��QRQH�RI� WKHVH� WUDQVSODQWDWLRQV� UHVXOWHG� LQ� WKH� UHJHQHUDWLRQ�RI�
WKH�PDPPDU\�HSLWKHOLXP��)LJ��6�%���7KXV��S����S��,QN�D��DQG�S��$UI�GR�QRW�RU�DUH�QRW�
VXIƓFLHQW�WR�LQKLELW�OXPLQDO�&'����SURJHQLWRUV�IURP�VHOI�UHQHZLQJ�LQ�WUDQVSODQWDWLRQ�
DVVD\V�

Trp53 & Cdkn2a KO�EDVDO�0(&V�DUH�VHQVLWL]HG�WR�71)҂�LQGXFHG�SUROLIHUDWLRQ
/DVWO\��ZH�FRPSDUHG�JHQH�H[SUHVVLRQ�EHWZHHQ�:7�DQG�Trp53 & Cdkn2a KO�PLFH��
&RQVLGHULQJ� OXPLQDO�SURJHQLWRUV�GR�QRW� UHJHQHUDWH� in vitro� �)LJ��6�%���ZH� IRFXVHG�
RQ�EDVDO�0(&V��:7�DQG�Trp53 & Cdkn2a KO�EDVDO�0(&V�ZHUH�VRUWHG�XVLQJ�)$&6�
DQG�WKHLU�UHVSHFWLYH�51$�ZDV�H[WUDFWHG�DQG�VXEPLWWHG�IRU�51$�PLFURDUUD\�DQDO\VLV�
�)LJ���$���*HQH�6HW�(QULFKPHQW�$QDO\VLV��*6($��UHYHDOHG�WKDW�71)ѿ�VLJQDOLQJ�YLD�1)�
҈%�ZDV�HQKDQFHG�LQ�Trp53 & Cdkn2a KO EDVDO�0(&V��)LJ���%��7DEOH�6����71)ѿ�LV�D�
F\WRNLQH�UHOHDVHG�E\�LPPXQH�FHOOV��SUHGRPLQDQWO\�E\�PDFURSKDJHV��8SRQ�ELQGLQJ�WR�
D�UHFHLYLQJ�FHOO��LW�FDQ�VWLPXODWH�FHOO�VXUYLYDO�RU�FHOO�GHDWK�GHSHQGLQJ�RQ�RWKHU�DFWRUV�LQ�
WKH�FHOO��:KHQ�WKH�71)ѿ�VLJQDOLQJ�FDVFDGH�DFWLYDWHV�WKH�WUDQVFULSWLRQ�IDFWRU�FRPSOH[�
1)�҈%��1)�҈%�VWLPXODWHV�FHOOXODU�VXUYLYDO�E\�LQFUHDVLQJ�SUROLIHUDWLRQ�DQG�LQŴDPPDWLRQ�
������7R�LQYHVWLJDWH� LI�71)ѿ�DIIHFWV�WKH�JURZWK�RI�EDVDO�0(&V��ZH�H[SRVHG�:7�DQG�
Trp53 & Cdkn2a KO�EDVDO�0(&V�WR�GLIIHUHQW�FRQFHQWUDWLRQV�RI�71)ѿ�LQ�DQ�RUJDQRLG�
IRUPDWLRQ�DVVD\��([SRVXUH�WR�71)ѿ�OHG�WR�DQ�LQFUHDVH�LQ�RUJDQRLG�QXPEHU�DQG�VL]H��
UHJDUGOHVV�RI�JHQRW\SH��)LJ���&��(���7KH�QXPEHU�RI�RUJDQRLGV�IRUPHG�XSRQ�71)ѿ�
H[SRVXUH�ZDV�VLPLODU�EHWZHHQ�:7�DQG�Trp53 & Cdkn2a KO�EDVDO�0(&V�DQG�GLG�QRW�
FKDQJH�DV�WKH�FRQFHQWUDWLRQ�RI�71)ѿ�LQFUHDVHG��)LJ���'���1RWDEO\��Trp53 & Cdkn2a 
KO�EDVDO�0(&�RUJDQRLGV�JUHZ�VLJQLƓFDQWO\� ODUJHU�WKDQ�WKHLU�:7�FRXQWHUSDUW�ZKHQ�
H[SRVHG� WR� ���� QJ�PO� 71)ѿ� �)LJ�� �(��� 7KXV�� ZKLOH� 71)ѿ� VWLPXODWHV� WKH� IRUPDWLRQ�
DQG�SUROLIHUDWLRQ�RI�ERWK�:7�DQG�Trp53 & Cdkn2a KO�EDVDO�0(&�RUJDQRLGV�HTXDOO\��
RUJDQRLGV�GHULYHG�IURP�Trp53 & Cdkn2a KO�EDVDO�0(&V�ZHUH�ODUJHU�LQ�VL]H�

DISCUSSION
,Q�WKLV�UHSRUW��ZH�VHW�RXW�WR�XQGHUVWDQG�WKH�PROHFXODU�PHFKDQLVPV�WKDW�UHJXODWH�VHOI�
UHQHZDO�DQG�SUROLIHUDWLRQ�LQ�WKH�HSLWKHOLXP�RI�WKH�PDPPDU\�JODQG��:H�IRFXVHG�RQ�
WKH�UROH�RI�S����S��,QN�D��DQG�S��$UI�DV�WKH\�KDYH�EHHQ�UHSRUWHG�WR�SOD\�DQ�LPSRUWDQW�
UROH�LQ�WKH�VXSSUHVVLRQ�RI�KHPDWRSRLHWLF�VHOI�UHQHZDO�DQG�SUROLIHUDWLRQ������8QOLNH�WKH�
KHPDWRSRLHWLF�V\VWHP��ZH�ƓQG�WKDW�S����S��,QN�D��DQG�S��$UI�GR�QRW�UHJXODWH�VKRUW�
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WHUP� VHOI�UHQHZDO� RU� SUROLIHUDWLRQ� LQ� &��%/��-� PLFH�� ,QWHUHVWLQJO\�� ZH� IRXQG� WKDW�
Trp53 KO�0(&V�LQ�WKHVH�PLFH�VKRZ�D�ORZHU�ORQJ�WHUP�UHJHQHUDWLRQ�DELOLW\�WKDQ�Trp53 
& Cdkn2a KO�0(&V��7KLV� LV� LQ� OLQH�ZLWK� WKH�UHSRUW� WKDW� ORVV�RI�p16Ink4a�� UDWKHU� WKDQ�
Trp53��FRQWULEXWHV�WR�WKH�VHOI�UHQHZDO�RI�TXLHVFHQW�PDPPDU\�VWHP�FHOOV�������2Q�WKH�
RWKHU�KDQG��ORQJ�WHUP�VHOI�UHQHZDO�LV�VLPLODU�EHWZHHQ�Trp53 KO��:7��DQG�Cdkn2a KO 
0(&V��)XUWKHUPRUH��DEODWLRQ�RI�DQ\�RI�WKHVH�WXPRU�VXSSUHVVRU�JHQHV�GRHV�QRW�DIIHFW�
SUROLIHUDWLRQ�LQ�VHFRQGDU\�WUDQVSODQWDWLRQV��7KHUHIRUH��ZH�FRQFOXGH�WKDW�RYHUDOO��S����
S��,QN�D��DQG�S��$UI��GR�QRW�SOD\�D�VLJQLƓFDQW�UROH�LQ�PDPPDU\�JODQG�VHOI�UHQHZDO�RU�
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Figure 4. Trp53 & Cdkn2a KO�EDVDO�0(&V�DUH�VHQVLWL]HG�WR�71)ѽ�LQGXFHG�SUROLIHUDWLRQ��D��$Q�RYHUYLHZ�
RI�:7�and Trp53 & Cdkn2a KO�EDVDO�0(&V�WKDW�ZHUH�VRUWHG�XVLQJ�)$&6�WR�LVRODWH�51$�IRU�51$�PLFURDUUD\�
H[SUHVVLRQ�DQDO\VLV���E��*6($�UHVXOWV�RI�WKH�+DOOPDUN�JHQH�VHW�71)ѿ�YLD�1)�҈%�RI�:7�DQG�Trp53 & Cdkn2a 
KO�EDVDO�0(&V����ELRORJLFDO�UHSOLFDWHV�RI�HDFK�JHQRW\SH�ZHUH�DQDO\]HG��$OO�VLJQLƓFDQW�*6($�UHVXOWV�DUH�
VKRZQ�LQ�7DEOH�6����F��)OXRUHVFHQW�LPDJH�RI�DQ�in vitro�RUJDQRLG�IRUPDWLRQ�DVVD\�VKRZLQJ�����:7�RU�Trp53 
& Cdkn2a KO�EDVDO�FHOOV�WUHDWHG�ZLWK�71)ѿ��3KRWRV�VKRZQ�DUH�H[DPSOHV�RI�ZHOOV�WUHDWHG�ZLWK�����QJ�PO�
71)ѿ�IRU���ZHHNV���G��H��3ORWV�VKRZ�WKH�QXPEHU��G��DQG�VL]H��H��RI�RUJDQRLGV�WKDW�KDG�IRUPHG�DIWHU�����
:7�DQG�Trp53 & Cdkn2a KO�EDVDO�0(&V�ZHUH�FXOWXUHG�IRU�WZR�ZHHNV�LQ�WKH�SUHVHQFH�RI��������RU�����QJ�
PO�71)ѿ��'DWD�IURP���ELRORJLFDO�UHSOLFDWHV�DQG���WHFKQLFDO�UHSOLFDWHV�DUH�GLVSOD\HG��,Q��G���WKH�QXPEHU�RI�
RUJDQRLGV�FRXQWHG� LQ�HDFK�ZHOO� LV�GLVSOD\HG� �Q ���ZHOOV��� ,Q� �H��� WKH�V\PERO�VKRZV� WKH�PHDQ�RUJDQRLG�
VL]H��'DWD�DUH�UHSUHVHQWHG�DV�PHDQ�s�6(0��7ZR�ZD\�$129$�FRPSDUHV�:7�EDVDO�0(&V�LQ�WKH�SUHVHQFH�RI�
GLIIHUHQW�FRQFHQWUDWLRQV�RI�71)ѿ�LQ�OLJKW�JUH\��Trp53 & Cdkn2a KO�EDVDO�0(&V�DW�GLIIHUHQW�FRQFHQWUDWLRQV�
RI�71)ѿ�LQ�GDUN�JUH\��DQG�:7�WR�Trp53 & Cdkn2a KO�EDVDO�0(&V�DW�HDFK�FRQFHQWUDWLRQ�RI�71)ѿ�LQ�EODFN����
3����������3����������3�����������WZR�ZD\�$129$�
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DUH�QRW�VXIƓFLHQW�WR�UHJXODWH�PDPPDU\�JODQG�VHOI�UHQHZDO�

3UHYLRXVO\��RWKHU�JURXSV�KDYH�H[DPLQHG�WKH�HIIHFWV�RI�WKHVH�WKUHH�JHQHV�RQ�PDPPDU\�
HSLWKHOLXP� VHOI�UHQHZDO� XVLQJ� WUDQVSODQWDWLRQ� DVVD\V�� ,Q� DFFRUGDQFH� ZLWK� ZKDW� ZH�
UHSRUW��3LHWHUVHQ�HW�DO��IRXQG�WKDW�:7�DQG�Cdkn2a KO�0(&V�KDYH�WKH�VDPH�QXPEHU�RI�
VHOI�UHQHZLQJ�FHOOV������7KH�WKUHH�JURXSV�WKDW�VWXGLHG�S���DQG�PDPPDU\�JODQG�VHOI�
UHQHZDO��IRXQG�DQ�LQFUHDVH�LQ�VHOI�UHQHZLQJ�FHOOV�LQ�WKH�DEVHQFH�RI�Trp53��7ZR�JURXSV�
XVHG�GLIIHUHQW�PRXVH�VWUDLQV�LQ�WKHLU�VWXGLHV����������,W�KDV�EHHQ�ZLGHO\�UHSRUWHG�WKDW�
WKH�XVH�RI�GLIIHUHQW�PRXVH�VWUDLQV�FDQ�DIIHFW�UHVXOWV�������$�WKLUG�JURXS�DOVR�UHSRUWHG�RQ�
WKH�LQFUHDVH�RI�VHOI�UHQHZDO�LQ�Trp53-/- 0(&V��XVLQJ�D�&��%/��-�Trp53�QXOO�PRXVH������
RSSRVHG�WR�RXU�FRQGLWLRQDO�&��%/��-�Trp53 KO�PRGHO��ZKHUH�Trp53�LV�RQO\�DEVHQW�LQ�
D�VXEVHW�RI�FHOOV��0RUHRYHU��DIWHU�GLJHVWLRQ�&LFDOHVH�HW�DO��WUDQVSODQWHG�DOO�UHPDLQLQJ�
FHOOV�RI� WKH�PDPPDU\� IDW�SDG�� LQFOXGLQJ�Trp53 .2�VWURPDO�FHOOV��ZKHUHDV�ZH�XVHG�
)$&6� WR� VHOHFW� IRU�0(&V�� ,Q� WKH� FDVH� RI� FDQFHU�� VWURPDO� FHOOV� FDQ� LQŴXHQFH� WXPRU�
JURZWK�WKURXJK�S���H[SUHVVLRQ�������7KLV�UDLVHV�WKH�SRVVLELOLW\� WKDW� WKH� ORVV�RI�S���
LQ�VWURPDO�FHOOV�LQŴXHQFHV�PDPPDU\�VWHP�FHOO�IUHTXHQF\��,W�ZRXOG�EH�LQWHUHVWLQJ�WR�
LQYHVWLJDWH�WKH�UHSRSXODWLRQ�IUHTXHQF\�RI�Trp53 null DQG�FRQGLWLRQDO�Trp53 KO�JODQGV�
LQ�D�ZLOG� W\SH�DQG�Trp53 null�HQYLURQPHQW� WR�DQVZHU� WKLV�TXHVWLRQ��7R�FRUURERUDWH�
WKH� UHOLDELOLW\� RI� RXU�GDWD��ZH�XVHG�)$&6� WR� VHOHFW� IRU�*)3��0(&V��ZKHUHE\�RQFH�
WUDQVSODQWHG�� WKH� FRORU� PDUNHU� IDFLOLWDWHG� WKH� LGHQWLƓFDWLRQ� RI� WUDQVSODQWHG� GRQRU�
FHOOV�DPRQJ�WKH�FRORUOHVV�FHOOV�LQ�UHFLSLHQW�PLFH�

:LWKLQ� RXU� PRXVH� PRGHO� ZH� PDNH� XVH� RI� WKH� Krt14-Cre� WUDQVJHQLF� PRXVH�� ,W� LV�
LPSRUWDQW� WR� QRWH� WKDW� QRUPDO�PDPPDU\� GHYHORSPHQW� KDV� EHHQ� UHSRUWHG� LQ� WKLV�
WUDQVJHQLF�VWUDLQ�������+RZHYHU��Cre�H[SUHVVLRQ�FDQ�UHVXOW�LQ�XQLQWHQWLRQDO�HIIHFWV��)RU�
H[DPSOH��XVLQJ�D�GLIIHUHQW�Krt14-Cre�LQGXFLEOH�PRXVH��WHWUDSORLG�NHUDWLQRF\WHV�IRUP�
LQ�WKH�VNLQ�������7R�OLPLW�SRWHQWLDO�PLVLQWHUSUHWDWLRQ�RI�RXU�GDWD��DOO�IRXU�PRXVH�PRGHOV�
LQ� WKLV� VWXG\� H[SUHVVHG�Krt14-Cre DQG� DW� OHDVW� RQH� WDUJHW� OR[3� VLWH��0RUHRYHU�� RXU�
:7�����������OLPLWLQJ�GLOXWLRQ�GDWD�VKRZ�D�VLPLODU�IUHTXHQF\�WR�&��%/��-�ZLOG�W\SH�
FHOOV�����������������QRWLQJ�WKDW�GXH�WR�WKH�DEVHQFH�RI�D�PDPPDU\�HSLWKHOLDO�PDUNHU��
6FKHHUHQ�HW�DO��LQFOXGHG�VWURPDO�FHOOV�UHVXOWLQJ�LQ�D�GHFUHDVHG�IUHTXHQF\�FRPSDUHG�
WR�RXU�:7�PLFH�

8QOLNH� WKH� KHPDWRSRLHWLF� PXOWLSRWHQW� SURJHQLWRU�� ZH� ƓQG� WKDW� PDPPDU\� OXPLQDO�
SURJHQLWRUV�GR�QRW�DFTXLUH�WKH�DELOLW\�WR�VHOI�UHQHZ��,W�UHPDLQV�SRVVLEOH�ZH�GLG�QRW�
WUDQVSODQW�HQRXJK�FHOOV� WR�ƓQG�D� UHJHQHUDWLQJ�Trp53 & Cdkn2a KO�&'���� OXPLQDO�
SURJHQLWRU�� EXW� LI� RQH�GRHV� DULVH� LQ� WKH�PXWDQW� SURJHQLWRU� LW� LV� YHU\� UDUH��$QRWKHU�
SRVVLELOLW\�LV�WKH�H[LVWHQFH�RI�D�GLIIHUHQW�PDPPDU\�SURJHQLWRU�FHOO�W\SH��QRW�PDUNHG�
E\�OXPLQDO�&'�����ZKLFK�LV�VHQVLWLYH�WR�WKH�DEODWLRQ�RI�Trp53��p16Ink4a, DQG p19Arf��,I�
WKLV�LV�WUXH��XQOLNH�LQ�WKH�KHPDWRSRLHWLF�V\VWHP��VXFK�D�PXWDWHG�FHOO�GRHV�QRW�DIIHFW�
VHOI�UHQHZDO�VLJQLƓFDQWO\��VLQFH�WKH�UHSRSXODWLRQ�IUHTXHQF\�LV�QRW�DIIHFWHG�LQ�SULPDU\�
WUDQVSODQWV�

&RPSDULQJ�:7�DQG�Trp53 & Cdkn2a KO�EDVDO�0(&�WUDQVFULSWLRQDO�GDWD��ZH�IRXQG�
DQ�HQKDQFHPHQW�RI�71)ѿ�VLJQDOLQJ�YLD� WKH�1)�҈%�SDWKZD\� LQ� WKH�Trp53 & Cdkn2a 
KO�EDVDO�0(&V��:H�YDOLGDWHG�WKHVH�UHVXOWV�E\�H[SRVLQJ�:7�DQG�Trp53 & Cdkn2a KO 
EDVDO�0(&V�WR�71)ѿ�in vitro��71)ѿ�H[SRVXUH�VWURQJO\�LQFUHDVHG�WKH�QXPEHU�RI�EDVDO�
0(&V�JURZLQJ�RXW�LQWR�RUJDQRLGV�DQG�WKHLU�DELOLW\�WR�SUROLIHUDWH��:KLOH�71)ѿ�HTXDOO\�
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DIIHFWHG�RUJDQRLG�QXPEHU��LW�UHVXOWHG�LQ�HQKDQFHG�SUROLIHUDWLRQ�LQ�Trp53 & Cdkn2a 
KO� EDVDO�0(&V�� ,Q� WKH� UDW�PDPPDU\�JODQG��71)ѿ� LQGXFHV� FHOOXODU� SUROLIHUDWLRQ� DV�
ZHOO�������,Q�PLFH��71)ѿ�H[SRVXUH�DFWLYDWHV�1)�҈%��HQDEOLQJ�WKH�HSLWKHOLDO�FHOOV�RI�WKH�
OLYHU�� WKH� KHSDWRF\WHV�� WR� EH� H[WHQVLYHO\� SDVVDJHG� in vitro� DQG� HYHQ� VXEVHTXHQWO\�
HQJUDIWHG�in vivo�������0ROHFXODUO\��S��,QN�D��S��$UI��DQG�S���FDQ�LQWHUDFW�ZLWK�1)�҈%��
S��,QN�D� DQG�S��$UI� FDQ� VXSSUHVV� WKH� WUDQVFULSWLRQDO� DFWLYLW\�RI� WKH�1)�҈%� FRPSOH[�
������7KH� OLWHUDWXUH�RQ�S��� DQG�1)�҈%� LV�PRUH� H[WHQVLYH�� GHVFULELQJ�KRZ�S��� FDQ�
PRGXODWH� 1)�҈%� ������ ,Q� FRQWUDVW�� PXWDQW� S��� FDQ� GLVUXSW� PRGXODWLRQ�� LQFUHDVLQJ�
DQG� VWUHQJWKHQLQJ�1)�҈%�DFWLYLW\� WR�SURPRWH�SUROLIHUDWLRQ�DQG� WXPRULJHQHVLV� ������
1)�҈%� DFWLYDWLRQ� LV� LQYROYHG�ZLWK� YDULRXV� FDQFHU� KDOOPDUNV�� EXW�PRVW� QRWDEO\� ZLWK�
LQŴDPPDWLRQ��RIWHQ�LQGXFHG�E\�71)ѿ�������71)ѿ�LV�KLJKO\�H[SUHVVHG�LQ�PDFURSKDJHV�
DQG�PDFURSKDJHV�DUH�SDUW�RI�WKH�VWURPDO�QLFKH�RI�WKH�PDPPDU\�JODQG��(OLPLQDWLQJ�
PDFURSKDJHV� LPSDLUV�PDPPDU\�JODQG�GHYHORSPHQW�DQG�PDPPDU\�VWHP�FHOO� VHOI�
UHQHZDO� ������ 2XU� GDWD� LQGLFDWH� WKDW� ORVLQJ� WXPRU� VXSSUHVVRUV� S���� S��,QN�D�� DQG�
S��$UI�PDNHV�PDPPDU\�FHOOV�PRUH�SURQH�WR�H[FHVVLYH�SUROLIHUDWLRQ�LQ�WKH�SUHVHQFH�
RI� LQŴDPPDWLRQ�� 7KHUHIRUH�� RXU� GDWD� XQGHUVFRUH� WKH� LPSRUWDQFH� RI� FRQWUROOLQJ�
LQŴDPPDWLRQ�WR�VORZ�GRZQ�WKH�PXWDWLRQ�SURQH�RYHUSUROLIHUDWLRQ�DQG�WKH�VXEVHTXHQW�
RQFRJHQLF�WUDQVIRUPDWLRQ�ZKHQ�PDPPDU\�VWHP�FHOOV�ORVH�WKHLU�JHQRPH�JXDUG�S���
DQG�VHQHVFHQFH�WULJJHUV�S��,QN�D�DQG�S��$UI�

EXPERIMENTAL PROCEDURES
Animal care and use
0LFH�SXUFKDVHG� IURP�7KH�-DFNVRQ�/DERUDWRU\��Trp53f/f� �6WRFN�����������Krt-14-Cre 
�6WRFN�����������mT/mG��6WRFN�����������ZHDQLQJ�DJHG�WUDQVSODQWDWLRQ�UHFLSLHQWV�
&��%/��-������������)URP�WKH�1&,�0RXVH�5HSRVLWRU\��Cdkn2a�QXOO��6WRFN����;%����
$OO�PLFH�ZHUH�IHPDOHV�DQG�EDFNFURVVHG�LQWR�WKH�&���%/�-�EDFNJURXQG�IRU�DW�OHDVW�VL[�
JHQHUDWLRQV��$OO�PLFH�XVHG�IRU�WKLV�VWXG\�ZHUH�PDLQWDLQHG�DW�WKH�6WDQIRUG�9HWHULQDU\�
6HUYLFH� &HQWHU� LQ� DFFRUGDQFH� ZLWK� WKH� JXLGHOLQHV� RI� WKH� $GPLQLVWUDWLYH� 3DQHO� RQ�
/DERUDWRU\�$QLPDO�&DUH��$3/$&���������

Tissue processing and FACS
�����ZHHN�ROG�YLUJLQ�IHPDOH�PLFH�ZHUH�HXWKDQL]HG�DQG�IDW�SDGV�VXUJLFDOO\�UHVHFWHG��
7LVVXH� ZDV� PHFKDQLFDOO\� GLVVRFLDWHG�� 7LVVXH� XVHG� IRU� WUDQVSODQWDWLRQ� DVVD\V�
ZDV� GLJHVWHG� LQ� '0(0�)��� �FDWDORJ� ����������� *LEFR�� ZLWK� FROODJHQDVH� DQG�
K\DOXURQLGDVH��FDWDORJ���������67(0&(//�7HFKQRORJLHV�,QF���DQG�'1$VH�,��&DWDORJ�
�/6��������:RUWKLQJWRQ��IRU���KU�ZLWK�JHQWOH�SLSHWWLQJ�HYHU\����PLQ��7LVVXH�XVHG�IRU�
the 71)ѿ�RUJDQRLG�JURZWK�DVVD\�ZDV�GLJHVWHG�LQ�'0(0�)���ZLWK�JHQWOH�FROODJHQDVH�
DQG� K\DOXURQLGDVH� �FDWDORJ� �������� 67(0&(//� 7HFKQRORJLHV� ,QF��� RYHUQLJKW�� 7KH�
UHPDLQGHU�RI�WKH�SURWRFRO�ZDV�WKH�VDPH�IRU�DOO�H[SHULPHQWV�DQG�KDV�EHHQ�SUHYLRXVO\�
GHVFULEHG������ZLWK�PLQRU�UHYLVLRQV��%ULHŴ\�� O\VLV�RI�UHG�EORRG�FHOOV� LQ�$&.��FDWDORJ�
�%:�����(� /RQ]D�� IRU� ��PLQ��ZDV� IROORZHG�E\� ��PLQ� WUHDWPHQW�ZLWK� SUH�ZDUPHG�
������7U\SVLQ�('7$��FDWDORJ����������*HQ&ORQH��� IROORZHG�E\� WUHDWPHQW�ZLWK�SUH�
ZDUPHG�GLVSDVH��FDWDORJ���������67(0&(//�7HFKQRORJLHV�,QF���DQG�'1$VH�,��FDWDORJ�
�/6��������:RUWKLQJWRQ��IRU���PLQ��8OWLPDWHO\��WKH�FHOOV�ZHUH�ƓOWHUHG�WKURXJK�D����ҊP 
PHVK�DQG�ZDVKHG�DQG�UHVXVSHQGHG� LQ�+%66���)%6�36$��)RU�)$&6�DQDO\VLV�DQG�
VRUWLQJ��PDPPDU\�VLQJOH�FHOOV�ZHUH�VWDLQHG�ZLWK�&'����FORQH�����)����%LROHJHQG���
&'��� �FORQH� ������ %LROHJHQG��� 7(5����� �FORQH� �7(5����� %LROHJHQG��� &'��I�
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�FORQH� �*R+��� %LROHJHQG���&'��� �FORQH� �0������ %LROHJHQG���&'��� �FORQH� �6D���
���%LROHJHQG���7R�HQULFK� IRU�HSLWKHOLDO� FHOOV�SUHFHHGLQJ�)$&6��PRVW�RI� OLQHDJH�ZDV�
GHSOHWHG�RQ� WKH�DXWR0$&6�3UR�6HSDUDWRU� �FDWDORJ���������������0LOWHQ\L�%LRWHF��
XVLQJ�PLFUREHDGV� IRU�&'��� �FDWDORJ�������������0LOWHQ\L�%LRWHF���&'��� �FDWDORJ�
������������ 0LOWHQ\L� %LRWHF��� DQG� 7(5���� �FDWDORJ� ������������ 0LOWHQ\L� %LRWHF��
DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXFWLRQV��)ORZ�F\WRPHWU\�ZDV�SHUIRUPHG�ZLWK�D�����
ҊP�QR]]OH� RQ� D�%'�)ORZ� F\WRPHWU\�$ULD� ,,�ZLWK� )ORZ� F\WRPHWU\�'LYD� VRIWZDUH� �%'�
%LRVFLHQFHV���'DWD�DQDO\VLV�ZDV�GRQH�XVLQJ�)ORZ-R�9����)ORZ-R���)RU�DOO�H[SHULPHQWV��
GHEULV�DQG�FHOO�GRXEOHWV�ZHUH�H[FOXGHG�XVLQJ�VLGH�VFDWWHU�DQG�IRUZDUG�VFDWWHU�SURƓOHV�
�DUHD�DQG�ZLGWK���'HDG�FHOOV�ZHUH�HOLPLQDWHG�XVLQJ�'$3,��FDWDORJ���������6LJPD��

Transplantations
8VLQJ� )$&6�� OLQHDJH� �&'���&'���7(5����� QHJDWLYH�� *)3�� FHOOV� ZHUH� VRUWHG�
LQ� +%66���)%6�36$� PHGLD� DQG� FRXQWHG� XVLQJ� D� KHPRF\WRPHWHU�� &HOOV� ZHUH�
UHVXVSHQGHG�ZLWK� ����0DWULJHO� �FDWDORJ� ��������� &RUQLQJ��� ,I� VRUWHG� IRU� VSHFLƓF�
SRSXODWLRQV�� LW� LV�PDUNHG� LQ� WKH�PDLQ� WH[W�� )RU� HDFK� WUDQVSODQW�� ��� XO�ZDV� LQMHFWHG�
LQWR�FOHDUHG�IDW�SDGV�RI�ZHDQLQJ�DJH�PLFH��������GD\V���7UDQVSODQWDWLRQ�SURFHGXUH�
KDV�EHHQ�SUHYLRXVO\�GHVFULEHG� ������$IWHU�������ZHHNV�� WUDQVSODQWV�ZHUH�GLVVHFWHG�
DQG� SKRWRJUDSKHG� XVLQJ� D� ŴXRUHVFHQW� PLFURVFRSH�� 7KH� UHSRSXODWLRQ� IUHTXHQF\�
ZDV�FDOFXODWHG�XVLQJ�(/'$�������$V� IRU�VHFRQGDU\� WUDQVSODQWDWLRQV��ƓUVW�������FHOOV�
ZHUH� WUDQVSODQWHG� LQ�D�SULPDU\� WUDQVSODQWDWLRQ�DVVD\��3ULPDU\� WUDQVSODQWV� WKDW� WRRN�
XS�PRUH�WKDQ�����RI�WKH�UHFLSLHQW�IDW�SDG��ZHUH�LQGLYLGXDOO\�GLJHVWHG��DQG�XVHG�IRU�
VHFRQGDU\�WUDQVSODQWDWLRQV��$IWHU���ZHHNV�WKH�VHFRQGDU\�WUDQVSODQWV�ZHUH�GLVVHFWHG�
DQG�SKRWRJUDSKHG�XVLQJ�D�ŴXRUHVFHQW�PLFURVFRSH�

Mammary organoid growth assay
)RU� WKH� RUJDQRLG� DVVD\V�� ��� XO� JURZWK� IDFWRU� UHGXFHG�0DWULJHO� �FDWDORJ� ���������
&RUQLQJ��ZDV�SODWHG� LQ� D����ZHOO�SODWH� DQG� VROLGLƓHG�DW���� r&� IRU����PLQ�� )RU� WKH�
OXPLQDO� &'��� DVVD\�� JURZWK� IDFWRU� UHGXFHG� 0DWULJHO� ZDV� PL[HG� SULRU� WR� SODWLQJ�
ZLWK� ������� /��:QW�D� IHHGHU� FHOOV� �JHQHURXV� JLIW� IURP�'U�� 5RHO� 1XVVH�� WKDW� ZHUH�
DGPLQLVWHUHG�D���*\�GRVH�RI�;�UD\� LUUDGLDWLRQ��0(&V�ZHUH�SODWHG�RQ�WRS� LQ�����XO�
FXOWXUH�PHGLD��&XOWXUH�PHGLD� IRU� WKH� OXPLQDO�&'���RUJDQRLG�DVVD\�KDV�SUHYLRXVO\�
EHHQ�GHVFULEHG�������,Q�VKRUW��WKH�FXOWXUH�PHGLD�XVHG�FRQWDLQHG�'0(0�)����FDWDORJ�
�����������*LEFR�������)%6���36$���%��� �&DWDORJ������������*LEFR�������P0�
+(3(6��FDWDORJ������������*LEFR�������QJ�PO�(*)��&DWDORJ����������3HSUR7HFK����
��X0�52&.�LQKLELWRU�<�������FDWDORJ��<������6LJPD����1RJJLQ��FDWDORJ�������1*��
5	'�6\VWHPV����1���FDWDORJ������������*LEFR���FXOWXUH�PHGLD�ZDV�UHSODFHG�WZLFH�
DZHHN��)RU�WKH�71)ѿ�RUJDQRLG�JURZWK�DVVD\��FXOWXUH�PHGLD�ZDV�PDGH�ZLWK�'0(0�
)��������)%6���36$���%��������P0�+(3(6���*OXWDPD[��FDWDORJ������������*LEFR��
��1���FXOWXUH�PHGLD�ZDV�HQULFKHG�ZLWK�5HFRPELQDQW�0XULQH�71)ѿ��FDWDORJ��������$��
3HSUR7HFK���71)ѿ�ZDV�UHFRQVWLWXWHG�DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXFWLRQV�DQG�ZDV�
IUHVKO\�DGGHG�WR�WKH�RUJDQRLGV�IRXU�WLPHV�D�ZHHN��&XOWXUH�PHGLD�ZDV�UHSODFHG�WZLFH�
D�ZHHN��$OO�SODWHV�ZHUH�PDLQWDLQHG�LQ�D����r&�LQFXEDWRU�DW����&2��IRU�WZR�ZHHNV�

Real-time PCR
������FHOOV�RI�YDULRXV�0(&�SRSXODWLRQV�ZHUH�GLUHFWO\�VRUWHG�LQWR�51$SURWHFW��FDWDORJ�
��������4LDJHQ���51$�ZDV�H[WUDFWHG�XVLQJ� WKH�51HDV\�PLFUR� NLW� �FDWDORJ���������
4LDJHQ��� DFFRUGLQJ� WR�PDQXIDFWXUHUōV� LQVWUXFWLRQV��5HYHUVH� WUDQVFULSWLRQ�RI�51$� WR�



_���

Tumor suppressors affect mammary gland proliferation
F'1$�ZDV�GRQH�XVLQJ�6XSHU6FULSW�,,,�)LUVW�6WUDQG�6\QWKHVLV�NLW��FDWDORJ������������
,QYLWURJHQ��DFFRUGLQJ�WR�WKH�PDQXIDFWXUHUōV�LQVWUXFWLRQV��F'1$�ZDV�SUHDPSOLƓHG����
F\FOHV� XVLQJ� 6\EU*UHHQ� PDVWHU� PL[� �FDWDORJ� ���������� $SSOLHG� %LRV\VWHPV�� DQG�
6\EHUJUHHQ�SULPHUV�IRU�$FWE�DQG�7US����VHTXHQFHV�OLVWHG�EHORZ��3UHDPSOLƓHG�F'1$�
ZDV�XVHG�IRU�UHDO�WLPH�3&5��ZLWK�6\EHUJUHHQ�SULPHUV�IRU�$FWE�DQG�7US����VHTXHQFHV�
OLVWHG�EHORZ��$OO�GDWD�ZDV�QRUPDOL]HG�WR�$FWE��8VLQJ�WKH�����+7�5HDO�7LPH�3&5�V\VWHP�
�FDWDORJ������������$SSOLHG�%LRV\VWHPV���'DWD�ZDV�DQDO\]HG�E\�6'6����VRIWZDUH��([FHO�
DQG�3ULVP����6\EUJUHHQ�SULPHUV��$FWE��)RUZDUG�**&7*7$77&&&&7&&$7&*�5HYHUVH�
&&$*77**7$$&$$7*&&$7*7�� 7US���� )RUZDUG� &7&7&&&&&*&$$$$*$$$$$�
5HYHUVH�&**$$&$7&7&*$$*&*777$�

RNA Microarray expression analysis
�������������� FHOOV� RI� EDVDO� 0(&V� ZHUH� GLUHFWO\� VRUWHG� LQWR� 51$SURWHFW� �FDWDORJ�
��������4LDJHQ��XVLQJ�)$&6��51$�ZDV�H[WUDFWHG�XVLQJ�WKH�51HDV\�PLFUR�NLW��FDWDORJ�
�������� 4LDJHQ��� DFFRUGLQJ� WR� PDQXIDFWXUHUōV� LQVWUXFWLRQV�� /LEUDU\� SUHSDUDWLRQ��
K\EULGL]DWLRQ� DQG� VFDQQLQJ� ZHUH� DOO� SHUIRUPHG� E\� 6WDQIRUG� SURWHLQ� DQG� QXFOHLF�
DFLG�IDFLOLW\��3$1�IDFLOLW\��XVLQJ�WKH�0RXVH�*HQH�����67�$UUD\��$II\PHWUL[���'DWD�ZDV�
DQDO\]HG�XVLQJ�7UDQVFULSWRPH�$QDO\VLV�&RQVROH�6RIWZDUH� �7KHUPR)LVKHU�6FLHQWLƓF���
$II\PHWUL[�JHQH�,'V�ZHUH�FRQYHUWHG�WR�2IƓFLDO�*HQH�6\PEROV�XVLQJ�'$9,'ōV�*HQH�
,'�&RQYHUVLRQ�7RRO�Y����������8VLQJ�06�([FHO��GDWD�ODFNLQJ�DQ�DVVRFLDWHG�JHQH�QDPH�
ZHUH�GHOHWHG�IURP�WKH�UHVXOWLQJ�OLVW��3DWWHUQV�LQ�JHQH�H[SUHVVLRQ�ZHUH�DQDO\]HG�XVLQJ�
*6($�Y���������������DQG�WKH�KDOOPDUN�JHQH�VHWV�������'DWD�ZDV�GHSRVLWHG�LQ�*(2�

4XDQWLƓFDWLRQ�DQG�VWDWLVWLFDO�DQDO\VLV
7R� GHWHUPLQH� LI� WKHUH� ZHUH� GLIIHUHQFHV� DPRQJ� FHOOV� IURP� GLIIHUHQW� JHQRW\SHV� RU�
YDULDWLRQV� LQ� UHVSRQVHV� WR� WUHDWPHQWV�� RQH�ZD\�RU� WZR�ZD\�$129$�ZDV� FDOFXODWHG�
XVLQJ�*UDSK3DG� 3ULVP� ��� ,Q� FDVH� RI� D� ELQDU\� RXWFRPH�� WKH� )LVKHUōV� H[DFW� WHVW� ZDV�
FDOFXODWHG�XVLQJ�*UDSK3DG�3ULVP����6WDWLVWLFDO�DQDO\VLV�ZDV�SHUIRUPHG�RQO\�GRQH� LI�
GDWD� IURP�DW� OHDVW� ��ELRORJLFDO� UHSOLFDWHV�ZDV�SUHVHQW�� ([DFW� QXPEHU�RI� ELRORJLFDO�
DQG�WHFKQLFDO�UHSOLFDWHV�DV�ZHOO�DV�VWDWLVWLFDO�SDUDPHWHUV�DUH�JLYHQ�LQ�WKH�ƓJXUHV�DQG�
FRUUHVSRQGLQJ�ƓJXUH� OHJHQGV��)RU�DQDO\VLV�RI� OLPLWLQJ�GLOXWLRQ�GDWD��(/'$�VRIWZDUH�
ZDV�XVHG�������7KH�H[SHFWHG�IUHTXHQFLHV�DUH�VKRZQ��DV�ZHOO�DV�WKH�����FRQƓGHQFH�
LQWHUYDO��WKH�ORZHU�DQG�XSSHU�YDOXHV�DUH�VKRZQ���7R�FRXQW�RUJDQRLG�QXPEHU�DQG�VL]H��
LPDJHV� WDNHQ� IURP� HDFK� H[SHULPHQW� ZHUH� SURFHVVHG� VLPXOWDQHRXVO\�� )OXRUHVFHQW�
LPDJHV�ZHUH�ƓUVW�RSHQHG�LQ�3KRWRVKRS�&6���WKUHVKROG�IXQFWLRQ�ZDV�XVHG�WR�UHPRYH�
EDFNJURXQG� QRLVH� DQG� WR� RQO\� VKRZ� RUJDQRLGV� WR� DOORZ� IRU� DXWRPDWHG� FRXQWLQJ�
DQG�VL]H�DQDO\VLV��6XEVHTXHQWO\��XVLQJ� ,PDJH-�Y������$QDO\]H�3DUWLFOHV�ZDV�XVHG�WR�
FRXQW� DQG�PHDVXUH� WKH� VL]H� RI� WKH� RUJDQRLGV�� 1R� VWDWLVWLFDO�PHWKRG� ZDV� XVHG� WR�
SUHGHWHUPLQH�WKH�VL]H�RI�WKH�VDPSOH��H[SHULPHQWV�ZHUH�QRW�UDQGRPL]HG�RU�EOLQGHG��
5HVHDUFKHUV�ZHUH�EOLQGHG�ZKHQ�DVVHVVLQJ�RXWFRPHV�RI�WDNH�UDWH�DQG�RXWJURZWK�VL]H�
RI�GRQRU�0(&V��WKH�PRXVH�HDU�WDJ�ZDV�XVHG�IRU�LGHQWLƓFDWLRQ�

Data and code availability
0LFURDUUD\�H[SUHVVLRQ�GDWD��*(2��*6(��������DUH�DYDLODEOH�LQ�WKH�*HQH�([SUHVVLRQ�
2PQLEXV�
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8. &KLFKH�$��0RXPHQ�0��3HWLW�9��-RQNHUV�-��0HGLQD�
'��'HXJQLHU�0$��HW�DO��6RPDWLF�ORVV�RI�S���OHDGV�
WR� VWHP�SURJHQLWRU� FHOO� DPSOLƓFDWLRQ� LQ� ERWK�
PDPPDU\� HSLWKHOLDO� FRPSDUWPHQWV�� EDVDO� DQG�
OXPLQDO��6WHP�&HOOV���������������������

9. &LFDOHVH� $�� %RQL]]L� *�� 3DVL� &(�� )DUHWWD� 0��
5RQ]RQL�6��*LXOLQL�%��HW�DO��7KH�WXPRU�VXSSUHVVRU�
S���UHJXODWHV�SRODULW\�RI�VHOI�UHQHZLQJ�GLYLVLRQV�
LQ�PDPPDU\�VWHP�FHOOV��&HOO�������������������
���

10. 7DR�/��5REHUWV�$/��'XQSK\�.$��%LJHORZ�&��<DQ�
+�� -HUU\� '-�� 5HSUHVVLRQ� RI� PDPPDU\� VWHP�
SURJHQLWRU�FHOOV�E\�S��� LV�PHGLDWHG�E\�1RWFK�
DQG� VHSDUDEOH� IURP� DSRSWRWLF� DFWLYLW\�� 6WHP�
&HOOV��������������������

11. 6HUUDQR� 0�� /HH� +�� &KLQ� /�� &RUGRQ�&DUGR� &��
%HDFK�'��'H3LQKR�5$��5ROH�RI�WKH�,1.�D�ORFXV�
LQ� WXPRU� VXSSUHVVLRQ� DQG� FHOO� PRUWDOLW\�� &HOO��
�����������������

12. -RQNHUV� -�� 0HXZLVVHQ� 5�� YDQ� GHU� *XOGHQ� +��
3HWHUVH�+��YDQ�GHU�9DON�0��%HUQV�$��6\QHUJLVWLF�
WXPRU�VXSSUHVVRU�DFWLYLW\�RI�%5&$��DQG�S���LQ�
D� FRQGLWLRQDO�PRXVH�PRGHO� IRU�EUHDVW� FDQFHU��
1DW�*HQHW��������������������

13. 'DVVXOH�+5��/HZLV�3��%HL�0��0DDV�5��0F0DKRQ�
$3�� 6RQLF� KHGJHKRJ� UHJXODWHV� JURZWK� DQG�
PRUSKRJHQHVLV� RI� WKH� WRRWK�� 'HYHORSPHQW��
���������������������

14. 6XQ� 3�� <XDQ� <�� /L� $�� /L� %�� 'DL� ;�� &\WRNHUDWLQ�
H[SUHVVLRQ� GXULQJ� PRXVH� HPEU\RQLF� DQG�
HDUO\�SRVWQDWDO�PDPPDU\�JODQG�GHYHORSPHQW��
+LVWRFKHP�&HOO�%LRO���������������������

15. 9DQ�.H\PHXOHQ�$��5RFKD�$6��2XVVHW�0��%HFN�%��
%RXYHQFRXUW�*��5RFN�-��HW�DO��'LVWLQFW�VWHP�FHOOV�
FRQWULEXWH� WR� PDPPDU\� JODQG� GHYHORSPHQW�
DQG�PDLQWHQDQFH��1DWXUH���������������������
���

16. 0X]XPGDU�0'��7DVLF�%��0L\DPLFKL�.��/L�/��/XR�
/�� $� JOREDO� GRXEOH�ŴXRUHVFHQW� &UH� UHSRUWHU�
PRXVH��*HQHVLV���������������������

17. 0LWFKHOO� (+�� 6HUUD� 5�� 1RUPDO� PDPPDU\�
GHYHORSPHQW� DQG� IXQFWLRQ� LQ� PLFH� ZLWK� ,IW���
GHOHWHG� LQ� 0079�� DQG� .���&UH� H[SUHVVLQJ�
FHOOV��&LOLD��������������

18. $VVHOLQ�/DEDW� 0/�� 6XWKHUODQG� .'�� 9DLOODQW�
)�� *\RUNL� '(�� :X� '�� +ROUR\G� 6�� HW� DO�� *DWD�
�� QHJDWLYHO\� UHJXODWHV� WKH� WXPRU�LQLWLDWLQJ�
FDSDFLW\�RI�PDPPDU\� OXPLQDO�SURJHQLWRU� FHOOV�
DQG� WDUJHWV� WKH� SXWDWLYH� WXPRU� VXSSUHVVRU�
FDVSDVH����� 0RO� &HOO� %LRO�� �����������������
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19. 7LQJ� $7�� %HUWUDQG� 0-0�� 0RUH� WR� /LIH� WKDQ�
1)�҈%� LQ� 71)5�� 6LJQDOLQJ�� 7UHQGV� ,PPXQRO��
������������������

20. &DL� 6�� .DOLVN\� 7�� 6DKRR�'�� 'DOHUED� 3�� )HQJ�:��
/LQ� <�� HW� DO�� $� 4XLHVFHQW� %FO��E� +LJK� 6WHP�
&HOO� 3RSXODWLRQ� ,V� 5HTXLUHG� IRU� 0DLQWHQDQFH�
RI� WKH� 0DPPDU\� *ODQG�� &HOO� 6WHP� &HOO��
������������������H��

21. 5LYHUD�-��7HVVDUROOR�/��*HQHWLF�EDFNJURXQG�DQG�
WKH� GLOHPPD� RI� WUDQVODWLQJ� PRXVH� VWXGLHV� WR�
KXPDQV��,PPXQLW\�����������������

22. %DU� -�� 0RVNRYLWV� 1�� 2UHQ� 0�� ,QYROYHPHQW� RI�
VWURPDO� S��� LQ� WXPRU�VWURPD� LQWHUDFWLRQV��
6HPLQ�&HOO�'HY�%LRO�������������������

23. -DQEDQGKX� 9&�� 0RLN� '�� )¦VVOHU� 5�� &UH�
UHFRPELQDVH� LQGXFHV� '1$� GDPDJH� DQG�
WHWUDSORLG\� LQ� WKH� DEVHQFH� RI� OR[3� VLWHV�� &HOO�
&\FOH��������������������

24. 6FKHHUHQ� )$�� .XR� $+�� YDQ� :HHOH� /-�� &DL� 6��
*O\NRIULGLV� ,�� 6LNDQGDU� 66�� HW� DO��$� FHOO�LQWULQVLF�
UROH� IRU� 7/5��0<'��� LQ� LQWHVWLQDO� DQG� EUHDVW�
HSLWKHOLD� DQG� RQFRJHQHVLV�� 1DW� &HOO� %LRO��
��������������������

25. ,S�00��6KRHPDNHU�6)��'DUF\�.0��5HJXODWLRQ�RI�
UDW� PDPPDU\� HSLWKHOLDO� FHOO� SUROLIHUDWLRQ� DQG�
GLIIHUHQWLDWLRQ� E\� WXPRU� QHFURVLV� IDFWRU�DOSKD��
(QGRFULQRORJ\����������������������

26. 3HQJ� :&�� /RJDQ� &<�� )LVK� 0�� $QEDUFKLDQ�
7�� $JXLVDQGD� )�� �OYDUH]�9DUHOD� $�� HW� DO��
,QŴDPPDWRU\� &\WRNLQH� 71)ѿ� 3URPRWHV� WKH�
/RQJ�7HUP� ([SDQVLRQ� RI� 3ULPDU\� +HSDWRF\WHV�
LQ��'�&XOWXUH��&HOO����������������������H���

27. 5RFKD� 6�� &DPSEHOO� .-�� 3HUNLQV� 1'�� S���� DQG�
0GP��LQGHSHQGHQW� UHSUHVVLRQ� RI� 1)�NDSSD�
%�WUDQVDFWLYDWLRQ�E\�WKH�$5)�WXPRU�VXSSUHVVRU��
0RO�&HOO�������������������

28. 3HUNLQV� 1'�� 7KH� GLYHUVH� DQG� FRPSOH[� UROHV�
RI� 1)�҈%� VXEXQLWV� LQ� FDQFHU�� 1DW� 5HY� &DQFHU��
������������������

29. :HLV]� /�� 'DPDODV� $�� /LRQWRV�0�� .DUDNDLGRV� 3��

)RQWHPDJJL�*��0DRU�$ORQL�5��HW�DO��0XWDQW�S���
HQKDQFHV� QXFOHDU� IDFWRU� NDSSD%� DFWLYDWLRQ�
E\� WXPRU�QHFURVLV� IDFWRU�DOSKD� LQ�FDQFHU�FHOOV��
&DQFHU�5HV����������������������

30. 7DQLJXFKL� .�� .DULQ� 0�� 1)�҈%�� LQŴDPPDWLRQ��
LPPXQLW\�DQG�FDQFHU��FRPLQJ�RI�DJH��1DW�5HY�
,PPXQRO��������������������

31. &KDNUDEDUWL�5��&HOL¢�7HUUDVVD�7��.XPDU�6��+DQJ�
;��:HL�<��&KRXGKXU\�$��HW�DO��1RWFK�OLJDQG�'OO��
PHGLDWHV� FURVV�WDON� EHWZHHQ� PDPPDU\� VWHP�
FHOOV� DQG� WKH� PDFURSKDJHDO� QLFKH�� 6FLHQFH��
���������������

32. 0RRWKD� 9.�� /LQGJUHQ� &0�� (ULNVVRQ� .)��
6XEUDPDQLDQ� $�� 6LKDJ� 6�� /HKDU� -�� HW� DO��
3*&��DOSKD�UHVSRQVLYH� JHQHV� LQYROYHG� LQ�
R[LGDWLYH� SKRVSKRU\ODWLRQ� DUH� FRRUGLQDWHO\�
GRZQUHJXODWHG�LQ�KXPDQ�GLDEHWHV��1DW�*HQHW��
������������������

33. 6XEUDPDQLDQ� $�� 7DPD\R� 3�� 0RRWKD� 9.��
0XNKHUMHH� 6�� (EHUW� %/�� *LOOHWWH� 0$�� HW� DO��
*HQH� VHW� HQULFKPHQW� DQDO\VLV�� D� NQRZOHGJH�
EDVHG�DSSURDFK�IRU�LQWHUSUHWLQJ�JHQRPH�ZLGH�
H[SUHVVLRQ�SURƓOHV�� 3URF�1DWO�$FDG�6FL�8� 6�$��
����������������������

34. /LEHU]RQ�$��%LUJHU�&��7KRUYDOGVGµWWLU�+��*KDQGL�
0�� 0HVLURY� -3�� 7DPD\R� 3�� 7KH� 0ROHFXODU�
6LJQDWXUHV� 'DWDEDVH� �06LJ'%�� KDOOPDUN� JHQH�
VHW�FROOHFWLRQ��&HOO�6\VW�������������������

35. 3UDWHU�� 0�� 6KHKDWD�� 0��:DWVRQ�� &�� -�� 6WLQJO�� -��
(Q]\PDWLF�GLVVRFLDWLRQ��ŴRZ�F\WRPHWULF�DQDO\VLV��
DQG�FXOWXUH�RI�QRUPDO�PRXVH�PDPPDU\�WLVVXH��
0HWKRGV�0RO�%LRO������������������

36. +X��<��DQG�6P\WK��*�.��(/'$��H[WUHPH�OLPLWLQJ�
GLOXWLRQ� DQDO\VLV� IRU� FRPSDULQJ� GHSOHWHG� DQG�
HQULFKHG� SRSXODWLRQV� LQ� VWHP� FHOO� DQG� RWKHU�
DVVD\V�� -� ,PPXQRO� 0HWKRGV� ��������������
��������

37. +XDQJ�� '�:��� 6KHUPDQ�� %�7��� DQG� /HPSLFNL��
5�$�� 6\VWHPDWLF� DQG� LQWHJUDWLYH� DQDO\VLV� RI�
ODUJH� JHQH� OLVWV� XVLQJ� '$9,'� %LRLQIRUPDWLFV�
5HVRXUFHV��1DW�3URWRF������������������
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Chapter 2
SUPPLEMENTARY EXPERIMENTAL PROCEDURES
Animal care and use
Trp53f/f� �6WRFN�����������Krt-14-Cre� �6WRFN�����������DQG mT/mG� �6WRFN����������
PLFH� ZHUH� SXUFKDVHG� IURP� 7KH� -DFNVRQ� /DERUDWRU\��Cdkn2a� QXOO� �6WRFN� ���;%����
ZHUH�SXUFKDVHG� IURP� WKH�1&,�0RXVH�5HSRVLWRU\��0LFH�ZHUH�EDFNFURVVHG� LQWR� WKH�
&���%/�-�EDFNJURXQG�IRU�DW� OHDVW�VL[�JHQHUDWLRQV��)RU� WUDQVSODQWDWLRQ�DVVD\�UHFLSL�
HQWV��ZHDQLQJ�DJHG��������GD\V��&��%/��-�IHPDOHV�����������ZHUH�SXUFKDVHG�IURP�
7KH�-DFNVRQ�/DERUDWRU\��2QO\� IHPDOH�PLFH�ZHUH�XVHG��$OO�PLFH�XVHG� IRU� WKLV�VWXG\�
ZHUH�PDLQWDLQHG�DW� WKH�6WDQIRUG�9HWHULQDU\�6HUYLFH�&HQWHU� LQ�DFFRUGDQFH�ZLWK� WKH�
JXLGHOLQHV�RI�WKH�$GPLQLVWUDWLYH�3DQHO�RQ�/DERUDWRU\�$QLPDO�&DUH��$3/$&���������
7LVVXH�SURFHVVLQJ�DQG�ŴRZ�F\WRPHWU\
�����ZHHN�ROG�YLUJLQ�IHPDOH�PLFH�ZHUH�HXWKDQL]HG�DQG�IDW�SDGV�VXUJLFDOO\�UHVHFWHG��
7LVVXH�ZDV�PHFKDQLFDOO\�GLVVRFLDWHG��7LVVXH�XVHG�IRU�WUDQVSODQWDWLRQ�DVVD\V�ZDV�GL�
JHVWHG�LQ�'0(0�)����FDWDORJ������������*LEFR��ZLWK�FROODJHQDVH�DQG�K\DOXURQLGDVH�
�FDWDORJ� �������� 67(0&(//�7HFKQRORJLHV� ,QF��� DQG�'1$VH� ,� �&DWDORJ� �/6��������
:RUWKLQJWRQ��IRU���KU�ZLWK�JHQWOH�SLSHWWLQJ�HYHU\����PLQ��7LVVXH�XVHG�IRU�WKH�71)ѿ 
RUJDQRLG�JURZWK�DVVD\�ZDV�GLJHVWHG�LQ�'0(0�)���ZLWK�JHQWOH�FROODJHQDVH�DQG�K\�
DOXURQLGDVH��FDWDORJ���������67(0&(//�7HFKQRORJLHV�,QF���RYHUQLJKW��7KH�UHPDLQGHU�
RI�WKH�SURWRFRO�ZDV�WKH�VDPH�IRU�DOO�H[SHULPHQWV�DQG�KDV�EHHQ�SUHYLRXVO\�GHVFULEHG�
�����ZLWK�PLQRU�UHYLVLRQV��%ULHŴ\��O\VLV�RI�UHG�EORRG�FHOOV�LQ�$&.��FDWDORJ��%:�����(�
/RQ]D��IRU���PLQ��ZDV�IROORZHG�E\���PLQ�WUHDWPHQW�ZLWK�SUH�ZDUPHG�������7U\SVLQ�
('7$��FDWDORJ����������*HQ&ORQH���IROORZHG�E\�WUHDWPHQW�ZLWK�SUH�ZDUPHG�GLVSDVH�
�FDWDORJ� �������� 67(0&(//� 7HFKQRORJLHV� ,QF��� DQG�'1$VH� ,� �FDWDORJ� �/6��������
:RUWKLQJWRQ��IRU���PLQ��8OWLPDWHO\��WKH�FHOOV�ZHUH�ƓOWHUHG�WKURXJK�D����ȝP�PHVK�DQG�
ZDVKHG� DQG� UHVXVSHQGHG� LQ� +%66���)%6�36$�� )RU� )$&6� DQDO\VLV� DQG� VRUWLQJ��
PDPPDU\� VLQJOH� FHOOV� ZHUH� VWDLQHG�ZLWK� &'��� �FORQH� ����)���� %LROHJHQG��� &'���
�FORQH�������%LROHJHQG���7(5������FORQH��7(5�����%LROHJHQG���&'��I��FORQH��*R+���
%LROHJHQG���&'����FORQH��0������%LROHJHQG���&'����FORQH��6D������%LROHJHQG���7R�
HQULFK�IRU�HSLWKHOLDO�FHOOV�SUHFHHGLQJ�)$&6��PRVW�RI�OLQHDJH�ZDV�GHSOHWHG�RQ�WKH�DX�
WR0$&6�3UR�6HSDUDWRU��FDWDORJ���������������0LOWHQ\L�%LRWHF��XVLQJ�PLFUREHDGV�IRU�
&'��� �FDWDORJ�������������0LOWHQ\L�%LRWHF���&'��� �FDWDORJ�������������0LOWHQ\L�
%LRWHF��� DQG�7(5���� �FDWDORJ�������������0LOWHQ\L�%LRWHF�� DFFRUGLQJ� WR�PDQXIDF�
WXUHUōV�LQVWUXFWLRQV��)ORZ�F\WRPHWU\�ZDV�SHUIRUPHG�ZLWK�D�����ȝP�QR]]OH�RQ�D�%'�)ORZ�
F\WRPHWU\�$ULD�,,�ZLWK�)ORZ�F\WRPHWU\�'LYD�VRIWZDUH��%'�%LRVFLHQFHV���'DWD�DQDO\VLV�
ZDV�GRQH�XVLQJ�)ORZ-R�9����)ORZ-R���)RU�DOO�H[SHULPHQWV��GHEULV�DQG�FHOO�GRXEOHWV�
ZHUH�H[FOXGHG�XVLQJ�VLGH�VFDWWHU�DQG�IRUZDUG�VFDWWHU�SURƓOHV��DUHD�DQG�ZLGWK���'HDG�
FHOOV�ZHUH�HOLPLQDWHG�XVLQJ�'$3,��FDWDORJ���������6LJPD��

Transplantations
8VLQJ� )$&6�� OLQHDJH� �&'���&'���7(5����� QHJDWLYH�� *)3�� FHOOV� ZHUH� VRUWHG� LQ�
+%66���)%6�36$�PHGLD�DQG�FRXQWHG�XVLQJ�D�KHPRF\WRPHWHU�� �&HOOV�ZHUH�UHVXV�
SHQGHG�ZLWK�����0DWULJHO��FDWDORJ����������&RUQLQJ���,I�VRUWHG�IRU�VSHFLƓF�SRSXOD�
WLRQV��LW�LV�PDUNHG�LQ�WKH�PDLQ�WH[W��)RU�HDFK�WUDQVSODQW�����XO�ZDV�LQMHFWHG�LQWR�FOHDUHG�
IDW� SDGV� RI� ZHDQLQJ�DJH� PLFH� ������� GD\V��� 7UDQVSODQWDWLRQ� SURFHGXUH� KDV� EHHQ�
SUHYLRXVO\�GHVFULEHG�������$IWHU������ZHHNV��WUDQVSODQWV�ZHUH�GLVVHFWHG�DQG�SKRWR�
JUDSKHG�XVLQJ�D�ŴXRUHVFHQW�PLFURVFRSH��7KH�UHSRSXODWLRQ�IUHTXHQF\�ZDV�FDOFXODWHG�
XVLQJ�(/'$�������$V�IRU�VHFRQGDU\�WUDQVSODQWDWLRQV��ƓUVW�������FHOOV�ZHUH�WUDQVSODQWHG�
LQ�D�SULPDU\�WUDQVSODQWDWLRQ�DVVD\��3ULPDU\�WUDQVSODQWV�WKDW�WRRN�XS�PRUH�WKDQ�����RI�
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WKH�UHFLSLHQW�IDW�SDG��ZHUH�LQGLYLGXDOO\�GLJHVWHG��DQG�XVHG�IRU�VHFRQGDU\�WUDQVSODQ�
WDWLRQV��$IWHU���ZHHNV�WKH�VHFRQGDU\�WUDQVSODQWV�ZHUH�GLVVHFWHG�DQG�SKRWRJUDSKHG�
XVLQJ�D�ŴXRUHVFHQW�PLFURVFRSH�

Mammary organoid growth assay
)RU� WKH� RUJDQRLG� DVVD\V�� ��� XO� JURZWK� IDFWRU� UHGXFHG�0DWULJHO� �FDWDORJ� ���������
&RUQLQJ��ZDV�SODWHG� LQ� D����ZHOO�SODWH� DQG� VROLGLƓHG�DW���� r&� IRU����PLQ�� )RU� WKH�
OXPLQDO�&'���DVVD\��JURZWK�IDFWRU�UHGXFHG�0DWULJHO�ZDV�PL[HG�SULRU�WR�SODWLQJ�ZLWK�
�������/��:QW�D�IHHGHU�FHOOV��JHQHURXV�JLIW�IURP�'U��5RHO�1XVVH��WKDW�ZHUH�DGPLQ�
LVWHUHG�D���*\�GRVH�RI�;�UD\�LUUDGLDWLRQ��0(&V�ZHUH�SODWHG�RQ�WRS�LQ�����XO�FXOWXUH�
PHGLD��&XOWXUH�PHGLD�IRU�WKH�OXPLQDO�&'���RUJDQRLG�DVVD\�KDV�SUHYLRXVO\�EHHQ�GH�
VFULEHG��&DL�HW�DO����������,Q�VKRUW��WKH�FXOWXUH�PHGLD�XVHG�FRQWDLQHG�'0(0�)����FDWD�
ORJ������������*LEFR�������)%6���36$���%����&DWDORJ������������*LEFR�������P0�
+(3(6� �FDWDORJ������������*LEFR�������QJ�PO�(*)� �&DWDORJ����������3HSUR7HFK��
����X0�52&.�LQKLELWRU�<�������FDWDORJ��<������6LJPD����1RJJLQ��FDWDORJ�������
1*��5	'�6\VWHPV����1�� �FDWDORJ������������*LEFR��� FXOWXUH�PHGLD�ZDV� UHSODFHG�
WZLFH�D�ZHHN�� )RU� WKH�71)ѿ�RUJDQRLG�JURZWK� DVVD\�� FXOWXUH�PHGLD�ZDV�PDGH�ZLWK�
'0(0�)��������)%6���36$���%��������P0�+(3(6���*OXWDPD[��FDWDORJ������������
*LEFR����1���FXOWXUH�PHGLD�ZDV�HQULFKHG�ZLWK�5HFRPELQDQW�0XULQH�71)ѿ��FDWDORJ�
�������$��3HSUR7HFK���71)ѿ�ZDV�UHFRQVWLWXWHG�DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXF�
WLRQV�DQG�ZDV�IUHVKO\�DGGHG�WR�WKH�RUJDQRLGV�IRXU�WLPHV�D�ZHHN��&XOWXUH�PHGLD�ZDV�
UHSODFHG�WZLFH�D�ZHHN��$OO�SODWHV�ZHUH�PDLQWDLQHG�LQ�D����r&�LQFXEDWRU�DW����&2��IRU�
WZR�ZHHNV�

Real-time PCR
������FHOOV�RI�YDULRXV�0(&�SRSXODWLRQV�ZHUH�GLUHFWO\�VRUWHG�LQWR�51$SURWHFW��FDWDORJ�
��������4LDJHQ���51$�ZDV�H[WUDFWHG�XVLQJ� WKH�51HDV\�PLFUR� NLW� �FDWDORJ���������
4LDJHQ��� DFFRUGLQJ� WR�PDQXIDFWXUHUōV� LQVWUXFWLRQV��5HYHUVH� WUDQVFULSWLRQ�RI�51$� WR�
F'1$�ZDV�GRQH�XVLQJ�6XSHU6FULSW�,,,�)LUVW�6WUDQG�6\QWKHVLV�NLW��FDWDORJ������������
,QYLWURJHQ��DFFRUGLQJ�WR�WKH�PDQXIDFWXUHUōV�LQVWUXFWLRQV��F'1$�ZDV�SUHDPSOLƓHG����
F\FOHV�XVLQJ�6\EU*UHHQ�PDVWHU�PL[��FDWDORJ�����������$SSOLHG�%LRV\VWHPV��DQG�6\E�
HUJUHHQ�SULPHUV�IRU�Actb�DQG�Trp53��VHTXHQFHV�OLVWHG�EHORZ��3UHDPSOLƓHG�F'1$�ZDV�
XVHG�IRU�UHDO�WLPH�3&5��ZLWK�6\EHUJUHHQ�SULPHUV�IRU�Actb�DQG�Trp53��VHTXHQFHV�OLVWHG�
EHORZ��$OO�GDWD�ZDV�QRUPDOL]HG�WR�Actb��8VLQJ�WKH�����+7�5HDO�7LPH�3&5�V\VWHP��FDW�
DORJ������������$SSOLHG�%LRV\VWHPV���'DWD�ZDV�DQDO\]HG�E\�6'6����VRIWZDUH��([FHO�
DQG�3ULVP����6\EUJUHHQ�SULPHUV��Actb��)RUZDUG�**&7*7$77&&&&7&&$7&*�5HYHUVH�
&&$*77**7$$&$$7*&&$7*7�� Trp35�� )RUZDUG� &7&7&&&&&*&$$$$*$$$$$�
5HYHUVH�&**$$&$7&7&*$$*&*777$�

RNA Microarray expression analysis
�������������� FHOOV� RI� EDVDO� 0(&V� ZHUH� GLUHFWO\� VRUWHG� LQWR� 51$SURWHFW� �FDWDORJ�
��������4LDJHQ��XVLQJ�)$&6��51$�ZDV�H[WUDFWHG�XVLQJ�WKH�51HDV\�PLFUR�NLW��FDWDORJ�
��������4LDJHQ���DFFRUGLQJ�WR�PDQXIDFWXUHUōV� LQVWUXFWLRQV��/LEUDU\�SUHSDUDWLRQ��K\�
EULGL]DWLRQ�DQG�VFDQQLQJ�ZHUH�DOO�SHUIRUPHG�E\�6WDQIRUG�SURWHLQ�DQG�QXFOHLF�DFLG�ID�
FLOLW\��3$1�IDFLOLW\��XVLQJ�WKH�0RXVH�*HQH�����67�$UUD\��$II\PHWUL[���'DWD�ZDV�DQDO\]HG�
XVLQJ�7UDQVFULSWRPH�$QDO\VLV�&RQVROH�6RIWZDUH��7KHUPR)LVKHU�6FLHQWLƓF���$II\PHWUL[�
JHQH�,'V�ZHUH�FRQYHUWHG�WR�2IƓFLDO�*HQH�6\PEROV�XVLQJ�'$9,'ōV�*HQH�,'�&RQYHU�
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VLRQ�7RRO�Y����������8VLQJ�06�([FHO��GDWD�ODFNLQJ�DQ�DVVRFLDWHG�JHQH�QDPH�ZHUH�GH�
OHWHG�IURP�WKH�UHVXOWLQJ�OLVW��3DWWHUQV�LQ�JHQH�H[SUHVVLRQ�ZHUH�DQDO\]HG�XVLQJ�*6($�
Y���������������DQG�WKH�KDOOPDUN�JHQH�VHWV�������'DWD�ZDV�GHSRVLWHG�LQ�*(2�

4XDQWLƓFDWLRQ�DQG�VWDWLVWLFDO�DQDO\VLV
7R�GHWHUPLQH�LI�WKHUH�ZHUH�GLIIHUHQFHV�DPRQJ�FHOOV�IURP�GLIIHUHQW�JHQRW\SHV�RU�YDULD�
WLRQV�LQ�UHVSRQVHV�WR�WUHDWPHQWV��RQH�ZD\�RU�WZR�ZD\�$129$�ZDV�FDOFXODWHG�XVLQJ�
*UDSK3DG�3ULVP����,Q�FDVH�RI�D�ELQDU\�RXWFRPH��WKH�)LVKHUōV�H[DFW�WHVW�ZDV�FDOFXODWHG�
XVLQJ�*UDSK3DG�3ULVP����6WDWLVWLFDO�DQDO\VLV�ZDV�SHUIRUPHG�RQO\�GRQH�LI�GDWD�IURP�DW�
OHDVW���ELRORJLFDO� UHSOLFDWHV�ZDV�SUHVHQW��([DFW�QXPEHU�RI�ELRORJLFDO�DQG�WHFKQLFDO�
UHSOLFDWHV�DV�ZHOO�DV�VWDWLVWLFDO�SDUDPHWHUV�DUH�JLYHQ�LQ�WKH�ƓJXUHV�DQG�FRUUHVSRQGLQJ�
ƓJXUH� OHJHQGV��)RU�DQDO\VLV�RI� OLPLWLQJ�GLOXWLRQ�GDWD��(/'$�VRIWZDUH�ZDV�XVHG� ������
7KH�H[SHFWHG�IUHTXHQFLHV�DUH�VKRZQ��DV�ZHOO�DV�WKH�����FRQƓGHQFH�LQWHUYDO��WKH�ORZ�
HU�DQG�XSSHU�YDOXHV�DUH�VKRZQ���7R�FRXQW�RUJDQRLG�QXPEHU�DQG�VL]H��LPDJHV�WDNHQ�
IURP�HDFK�H[SHULPHQW�ZHUH�SURFHVVHG�VLPXOWDQHRXVO\��)OXRUHVFHQW�LPDJHV�ZHUH�ƓUVW�
RSHQHG�LQ�3KRWRVKRS�&6���WKUHVKROG�IXQFWLRQ�ZDV�XVHG�WR�UHPRYH�EDFNJURXQG�QRLVH�
DQG�WR�RQO\�VKRZ�RUJDQRLGV�WR�DOORZ�IRU�DXWRPDWHG�FRXQWLQJ�DQG�VL]H�DQDO\VLV��6XE�
VHTXHQWO\��XVLQJ�,PDJH-�Y������$QDO\]H�3DUWLFOHV�ZDV�XVHG�WR�FRXQW�DQG�PHDVXUH�WKH�
VL]H�RI� WKH�RUJDQRLGV��1R�VWDWLVWLFDO�PHWKRG�ZDV�XVHG� WR�SUHGHWHUPLQH� WKH� VL]H�RI�
WKH�VDPSOH��H[SHULPHQWV�ZHUH�QRW�UDQGRPL]HG�RU�EOLQGHG��5HVHDUFKHUV�ZHUH�EOLQGHG�
ZKHQ�DVVHVVLQJ�RXWFRPHV�RI�WDNH�UDWH�DQG�RXWJURZWK�VL]H�RI�GRQRU�0(&V��WKH�PRXVH�
HDU�WDJ�ZDV�XVHG�IRU�LGHQWLƓFDWLRQ�
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Supplementary Figure 1. Trp53 expression is absent in MECs in inducible Trp53 KO mouse model 
�D��)ORZ�F\WRPHWU\�JDWLQJ�VWUDWHJ\�XVHG�WKURXJKRXW�WKLV�VWXG\��*)3��FHOOV�DUH�VHOHFWHG�IURP�YLDEOH�FHOOV��
HOLPLQDWLQJ� OLQHDJH� �&'���7(5����&'�����&'��I�DQG�&'���PDUNHUV�GLVWLQJXLVK� WKH� OXPLQDO�DQG�EDVDO�
0(&�SRSXODWLRQV��&'���GLIIHUHQWLDWHV�EHWZHHQ�D� OXPLQDO�SURJHQLWRU�DQG�D�PDWXUH� OXPLQDO�SRSXODWLRQ��
&'��I��&'��KLJK�DQG�&'��I��&'��PLG�PDUN�WZR�EDVDO�SRSXODWLRQV���E��)ORZ�F\WRPHWU\�DQDO\VLV�RI�Trp53 
& Cdkn2a KO� 0(&V� VKRZLQJ� WKH� HIƓFLHQF\� RI� WKH� Krt14-Cre� DQG�mT/mG� WUDQVJHQHV�� &HOOV� WKDW� ZHUH�
VXFFHVVIXOO\�WDUJHWHG�E\�&UH�DQG�H[SUHVV�*)3��DUH�VKRZQ�LQ�JUHHQ��&HOOV�WKDW�GLG�QRW�JHW�WDUJHWHG�E\�&UH�
DQG�FRQWLQXH� WR�H[SUHVV� WG7RPDWR��DUH�VKRZQ� LQ� UHG�� ,Q� WKH�)$&6�SORW�� OLQHDJH��'$3,��FHOOV�DUH�VKRZQ��
ZLWKLQ�WKH�JDWH�WKH�HSLWKHOLDO�EDVDO�DQG�OXPLQDO�SRSXODWLRQV�DQG�WKH�UHPDLQLQJ�QRQ�HSLWKHOLDO�FHOOV�RXWVLGH�
RI�WKH�JDWH���F��5HDO�WLPH�T3&5�RI�Trp53�H[SUHVVLRQ�LQ�YDULRXV�0(&�SRSXODWLRQV�RI�WKH�:7�DQG�Trp53 & 
Cdkn2a KO�PDPPDU\�JODQGV��Trp53�H[SUHVVLRQ�ZDV�QRUPDOL]HG�DJDLQVW�Actb�DQG�H[SUHVVLRQ�YDOXHV�DUH�
VHW�UHODWLYH�WR�Trp53�H[SUHVVLRQ� LQ�WKH�:7�&'��I��&'��KLJK�SRSXODWLRQ��$VWHULVN� ��� LQGLFDWHV�Trp53�ZDV�
XQGHWHFWDEOH�LQ�VDPSOH��'DWD�DUH�UHSUHVHQWHG�DV�PHDQ�s�6(0��GDWD�IURP���WHFKQLFDO�UHSOLFDWHV�DUH�VKRZQ�
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6XSSOHPHQWDU\�)LJXUH����6FKHPDWLF�RI�SULPDU\�DQG�VHFRQGDU\�WUDQVSODQWDWLRQ�ZRUNŴRZ�DQG�UHDGRXW�
0DPPDU\� IDW�SDGV�RI�GRQRU�PLFH�DUH�GLJHVWHG��VRUWHG�E\�)$&6��FRXQWHG��DQG�GRQRU�FHOOV�DUH� LQMHFWHG�
LQWR�WKH�FOHDUHG�IDW�SDG�RI�V\QJHQHLF�ZLOG�W\SH�UHFLSLHQW�PLFH��$IWHU�D�PLQLPXP�RI�VHYHQ�ZHHNV��JODQGV�
DUH�DQDO\]HG��*ODQGV�DUH�DQDO\]HG�IRU�IUHTXHQF\��DUH�LQMHFWHG�GRQRU�FHOOV�DEOH�WR�UHJHQHUDWH�\HV�RU�QR"��
DQG�VL]H��WKH�SHUFHQWDJH�RI�WKH�UHFLSLHQW�IDW�SDG�WKH�GRQRU�PDPPDU\�WUHH�ƓOOV���2QO\�SULPDU\�WUDQVSODQWV�
WKDW�VWDUWHG�ZLWK�WKH�LQMHFWLRQ�RI�������DQG�JUHZ�RXW�WR�RFFXS\�DW�OHDVW�����RI�WKH�UHFLSLHQW�IDW�SDG��ZHUH�
GLJHVWHG�DQG�XVHG�IRU�WKH�VHFRQGDU\�WUDQVSODQWDWLRQ�H[SHULPHQW�
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Supplementary Figure 3: WT, Trp53 KO, Cdkn2a KO, and Trp53 & Cdkn2a KO MECs display equal 
proliferative capacity �D�G��$GGLWLRQDO�FRPSDULVRQV�RI� WKH�VL]HV�RI� WKH�SULPDU\� WUDQVSODQWV��7KH�VL]H�RI�
LQGLYLGXDO�RXWJURZWKV� LV� VKRZ��JURXSHG�SHU�QXPEHU�RI�FHOOV� LQMHFWHG��'DWD�DUH� UHSUHVHQWHG�DV�PHDQ�s�
6(0��HDFK�LQGLYLGXDO�V\PERO�UHSUHVHQWV�RQH�WUDQVSODQW��'DWD�DUH�VKRZQ�IRU������D����������E����������F���DQG�
��������G��LQMHFWHG�FHOOV���3�!������IRU�DOO�FRPSDULVRQV��RQH�ZD\�$129$�
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Gene sets enriched in WT basal MECs

FATTY_ACID_METABOLISM
G2M_CHECKPOINT
OXIDATIVE_PHOSPHORYLATION
E2F_TARGETS
ESTROGEN_RESPONSE_EARLY
ESTROGEN_RESPONSE_LATE

1.899503
1.814166

1.69856
1.554148
1.516312
1.509459

<0.001
<0.001
<0.001

0.001563
0.004823
0.003125

0.001871
0.004539
0.016057
0.046384
0.055867
0.049083

NES NOM p-val FDR q-valName gene set

NES NOM p-val FDR q-valName gene set
INTERFERON_ALPHA_RESPONSE
INTERFERON_GAMMA_RESPONSE
TNFA_SIGNALING_VIA_NFKB
WNT_BETA_CATENIN_SIGNALING
IL6_JAK_STAT3_SIGNALING
HYPOXIA

-2.57537
-2.392

-1.79737
-1.53162
-1.52458

-1.473

<0.001
<0.001
<0.001

0.028504
0.012626
0.004988

0
0

0.00423
0.030907
0.026912
0.036912

Gene sets enriched in Trp53 & Cdkn2a KO basal MECs

Supplementary Figure 4: Trp53 & Cdkn2a KO luminal progenitors do not regenerate in vivo �D��In vitro 
RUJDQRLG�IRUPDWLRQ�DVVD\��&RPSDULVRQ�RI�WKH�QXPEHU�RI�RUJDQRLGV�IRUPLQJ�DIWHU�SODWLQJ�PDWXUH�OXPLQDO�
�OXPLQDO�&'�����DQG�OXPLQDO�SURJHQLWRU��OXPLQDO�&'�����FHOOV��'DWD�DUH�UHSUHVHQWHG�DV�PHDQ�s�6(0��WKUHH�
WHFKQLFDO�UHSOLFDWHV�DUH�VKRZQ���E��/LPLWLQJ�GLOXWLRQ�WUDQVSODQWDWLRQ�DVVD\�ZLWK�:7�DQG�Trp53 & Cdkn2a KO 
OXPLQDO�SURJHQLWRUV��7KH�QXPEHUV�VKRZ�WKH�7DNH�5DWH�7RWDO�1XPEHU�RI�7UDQVSODQWV��'DWD�DUH�GHULYHG�IURP�
��:7�DQG���Trp53 & Cdkn2a KO�GRQRU�PLFH�

Supplementary Table 1: GSEA hallmark gene sets analysis results *6($� UHVXOWV� XVLQJ� WKH�KDOOPDUN�
JHQH�VHWV�� FRPSDULQJ�EDVDO�:7� WR�7US���	�&GNQ�D�.2�EDVDO�0(&V��7KH�QRUPDOL]HG�HQULFKPHQW� VFRUH�
�1(6���1RPLQDO�S�YDOXH��120�S�YDO���DQG�IDOVH�GLVFRYHU\�UDWH��)'5�T�YDO��RI�HDFK�JHQH�VHW�HQULFKHG�DW�DQ�
)'5�T�YDOXH��������DUH�VKRZQ��'DWD�LQ�WDEOH�UHSUHVHQW�WKH�YDOXHV�RI���ELRORJLFDO�UHSOLFDWHV�LQ�HDFK�JURXS�
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0HVHQFK\PDO�WXPRU�FHOOV�GULYH�
DGDSWLYH�UHVLVWDQFH�RI�Trp53-/- 
EUHDVW�WXPRU�FHOOV�WR�LQDFWLYDWHG�

PXWDQW�Kras
Linda J. van Weele��Ř�6DEUD�,��'MRPHKUL��Ř�6KDQJ�&DL��� • 
-DQH�$QWRQ\��Ř�6KDKHHQ�6��6LNDQGDU����Ř�'DORQJ�4LDQ� • 
:LOOLDP�+�'��+R����Ř�5REHUW�:HVW��Ř�)HUHQF�$��6FKHHUHQ� • 

0LFKDHO�)��&ODUNH�

$GDSWHG�IURP��Molecular Oncology��GRL��������������������������
DFFHSWHG�IRU�SXEOLFDWLRQ�������

�,QVWLWXWH�IRU�6WHP�&HOO�%LRORJ\�DQG�5HJHQHUDWLYH�0HGLFLQH��6FKRRO�RI�0HGLFLQH��6WDQIRUG�8QL�
YHUVLW\��6WDQIRUG��&$��������86$���'HSDUWPHQW�RI�6WHP�&HOO�%LRWHFKQRORJ\��&DOLIRUQLD�6WDWH�

8QLYHUVLW\�&KDQQHO�,VODQGV��&DPDULOOR��&$��������86$���'HSDUWPHQW�3DWKRORJ\��6WDQIRUG�8QL�
YHUVLW\�0HGLFDO�&HQWHU��3DOR�$OWR��&$��������86$���'HSDUWPHQW�RI�0HGLFDO�2QFRORJ\��/HLGHQ�

8QLYHUVLW\�0HGLFDO�&HQWHU��/HLGHQ�5&�������7KH�1HWKHUODQGV���&XUUHQW�DGGUHVV��:HVWODNH�
8QLYHUVLW\��6KLORQJVKDQ�6W������;LKX�'LVWULFW��+DQJ]KRX��=KHMLDQJ�3URYLQFH��&KLQD���&XUUHQW�

DGGUHVV��'HSDUWPHQW�RI�0ROHFXODU��&HOO�DQG�'HYHORSPHQWDO�%LRORJ\��8QLYHUVLW\�RI�&DOLIRUQLD��
6DQWD�&UX]��&$��������86$�
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$s precision medicine increases the response rate of treatment, tumors frequently 
bypass inhibition and reoccur. In order for treatment to be effective long 
term, the mechanisms enabling treatment adaptation need to be understood. 

Here, we report a mouse model that, in the absence of p53 and the presence of 
oncogenic KrasG12D, develops breast tumors. Upon inactivation of KrasG12D, tumors 
initially regress and enter remission. Subsequently, the majority of tumors adapt 
to the withdrawal of KrasG12D expression and return. KrasG12D-independent tumor 
FHOOV� VKRZ� D� VWURQJ�PHVHQFK\PDO� SURƓOH�ZLWK� DFWLYH� 5$6�5$)�0(.�(5.� �0$3.�
ERK) signaling. Both KrasG12D-dependent and KrasG12D-independent tumors display 
a high level of genomic instability, and KrasG12D-independent tumors harbor 
QXPHURXV�DPSOLƓHG�JHQHV�WKDW�FDQ�DFWLYDWH�WKH�0$3.�(5.�VLJQDOLQJ�SDWKZD\��2XU�
VWXG\� LGHQWLƓHV� ERWK� HSLWKHOLDOŊPHVHQFK\PDO� WUDQVLWLRQ� �(07�� DQG� DFWLYH�0$3.�
ERK signaling in tumors that adapt to oncogenic KrasG12D withdrawal in a novel 
Trp53-/- breast cancer mouse model. To achieve long-lasting responses in the clinic 
to RAS-fueled cancer, treatment will need to focus in parallel on obstructing tumors 
from adapting to oncogene inhibition.

%RWK�WXPRU�VXSSUHVVRU�73���DQG�RQFRJHQH�.5$6�DUH�FRPPRQO\�DOWHUHG�LQ�FDQFHU�
DQG�DUH�NQRZQ�GULYHUV�RI�EUHDVW�FDQFHU��:KLOH�TP53�LV�WKH�PRVW�FRPPRQO\�PXWDWHG�
JHQH� LQ�EUHDVW�FDQFHU��KRAS� LV�PRUH� IUHTXHQWO\�PXWDWHG� LQ�RWKHU�FDQFHU� W\SHV� �����
1HYHUWKHOHVV�� LQWURGXFLQJ� WKH� H[SUHVVLRQ� RI� PXWDQW� KRASG12D� LQ� QRUPDO� KXPDQ�
PDPPDU\� HSLWKHOLXP� LV� VXIƓFLHQW� WR� LQGXFH� WXPRU� IRUPDWLRQ� ����� )XUWKHUPRUH��
WKH� 5$6�5$)�0(.�(5.� �KHUHDIWHU� UHIHUUHG� WR� DV�� 0$3.�(5.�� VLJQDOLQJ� SDWKZD\� LV�
IUHTXHQWO\�RYHUDFWLYDWHG� LQ� DOO� W\SHV�RI�EUHDVW� FDQFHU��SDUWLFXODUO\� LQ� WKH�PROHFXODU�
VXEW\SH�EDVDO�OLNH�EUHDVW�FDQFHU��,Q�EDVDO�OLNH�EUHDVW�FDQFHU��DPSOLƓFDWLRQV�RI�0$3.�
(5.�SDWKZD\�JHQHV�DUH�FRPPRQ�DQG�KRAS� DPSOLƓFDWLRQV�DUH�GHWHFWHG� LQ�����RI�
WXPRUV���������%DVDO�OLNH�EUHDVW�FDQFHU�IUHTXHQWO\�RYHUODSV�ZLWK�D�WULSOH�QHJDWLYH�EUHDVW�
FDQFHU��71%&��GLDJQRVLV��'XH�WR�WKH�ODFN�RI�WDUJHWHG�RU�KRUPRQDO�WKHUDS\�IRU�71%&�
SDWLHQWV��WKH�71%&�VXEW\SH�KDV�WKH�ZRUVW�SURJQRVLV�ZLWK�D���\HDU�UHODWLYH�VXUYLYDO�RI�
����������

7R�VWXG\�WKH�HIIHFW�RI�RQFRJHQLF�.UDV�H[SUHVVLRQ�LQ�EUHDVW�FDQFHU�LQ�YLYR��ZH�FKRVH�
WR�XVH�DQ�KRASG12D�LQGXFLEOH�PRXVH�PRGHO��7KH�H[SUHVVLRQ�RI�KRASG12D�PLPLFV�WKH�
RYHUDFWLYDWLRQ�RI�WKH�0$3.�(5.�SDWKZD\��DV�WKH�FRQWLQXRXVO\�DFWLYH�.5$6*��'�LV�WKH�
LQLWLDO�GULYHU�RI�WKLV�SDWKZD\��,Q�DGGLWLRQ��ZH�DLPHG�WR�VKHG�OLJKW�RQ�ZKDW�PHFKDQLVPV�
WXPRUV�XVH�WR�DGDSW�WR�WDUJHWHG�WKHUDSLHV��0XWDWHG�KRAS�KDV�EHHQ�D�WDUJHW�RI�GUXJ�
GHYHORSPHQW�IRU�PXOWLSOH�GHFDGHV�GXH�WR�LWV�KLJK�SUHYDOHQFH�LQ�VHYHUDO�FDQFHUV��/DVW�
\HDU��WKH�)'$�DSSURYHG�WKH�ƓUVW�GUXJ�WDUJHWLQJ�PXWDQW�.5$6��7KLV�.5$6*��&�LQKLELWRU�
LV� DSSURYHG� IRU� SDWLHQWV� ZLWK� .5$6*��&� DGYDQFHG� QRQ�VPDOO� FHOO� OXQJ� FDQFHU� DQG�
RWKHU�.5$6*��&�LQKLELWRU�DUH�FXUUHQWO\�LQ�FOLQLFDO�WULDOV��������+RZHYHU��GDWD�UHOHDVHG�
IURP�GUXJV�WDUJHWLQJ�.5$6*��&��VKRZHG�WKDW�WXPRUV�ƓQG�ZD\V�WR�E\SDVV�.5$6*��& 
LQKLELWLRQ���������+HUH�ZH�UHSRUW�RQ�D�QRYHO�EUHDVW�FDQFHU�Trp53-/- KRASG12D�LQGXFLEOH�
PRXVH�PRGHO�WKDW�GHYHORSV�WXPRUV�WKDW�DOVR�DGDSW�WR�.UDV�LQKLELWLRQ��:H�ƓQG�WKDW�
WKH�WXPRUV�WKDW�DUH�DEOH�WR�RYHUFRPH�RQFRJHQH�ZLWKGUDZDO�DGRSW�D�PHVHQFK\PDO�
LGHQWLW\�DQG�UHDFWLYDWH�WKH�0$3.�(5.�SDWKZD\��7KLV�QRYHO�LPPXQRFRPSHWHQW�PRXVH�
PRGHO� KHOSV� XV� XQGHUVWDQG� WKH�PHFKDQLVPV� WKDW� WXPRUV� GHSOR\� WR� E\SDVV� .5$6�
LQKLELWRUV�DQG�FRXOG�SURYLGH�D�YDOXDEOH�UHVRXUFH�IRU�GHWHUPLQLQJ�HIIHFWLYH�PHWKRGV�
WR�WUHDW�SDWLHQWV�PRUH�GXUDEO\�
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RESULTS
Generation of a Trp53-/- KrasG12D-inducible mouse model
7R�VWXG\� WKH�PHFKDQLVPV�RI� WXPRUV�E\SDVVLQJ�KrasG12D� LQKLELWLRQ� in vivo��ZH�XVHG�
the MMTV-rtTA TetO-KrasG12D (iKras�� PRXVH�� ,Q� MMTV-rtTA TetO-KrasG12D� PLFH��
WKH� H[SUHVVLRQ� RI�KrasG12D� LV� DFWLYDWHG� LQ� WKH�PDPPDU\� JODQG� LQ� WKH� SUHVHQFH� RI�
GR[\F\FOLQH� �GR[�� ��������� 6LQFH� LQ� KXPDQ�EUHDVW� FDQFHU��KRAS� JHQHWLF� DOWHUDWLRQV�
IUHTXHQWO\�FR�RFFXU�ZLWK�TP53�JHQHWLF�DOWHUDWLRQV��)LJ��6�$���ZH�FURVVHG�WKH�MMTV-
rtTA TetO-KrasG12D�PRXVH�ZLWK� WKH�Krt14-Cre mT/mG Trp53f/f (Trp53 KO��PRXVH�� ,Q�
the Trp53 KO�PRXVH��HSLWKHOLXP�VSHFLƓF�&UH�UHFRPELQDVH��&UH��DFWLYLW\�WULJJHUV�WKH�
GHOHWLRQ�RI�Trp53�����������,Q�SDUDOOHO��&UH�LQDFWLYDWHV�WKH�H[SUHVVLRQ�RI�tdTomato�DQG�
DFWLYDWHV� WKH� H[SUHVVLRQ�RI�GFP in the mT/mG DOOHOH� ������:H�KDYH�GHVFULEHG� WKH�
Trp53 knockout (KO��PRXVH�PRGHO�SUHYLRXVO\�������7KH�YDULRXV�FURVVHV�OHDG�WR�WKH�WZR�
IROORZLQJ�PRXVH�PRGHOV�ZKLFK�DUH�XVHG�LQ�WKLV�VWXG\�����Trp53 KO iKrasG12D��Krt14-
Cre mT/mG Trp53f/f MMTV-rtTA TetO-KrasG12D� �)LJ��6�%��DQG��� iKrasG12D��Krt14-Cre 
mT/mG MMTV-rtTA TetO-KrasG12D��,Q�EULHI��WKH�Trp53 KO iKrasG12D�PRXVH�PDPPDU\�
JODQG� GRHV� QRW� H[SUHVV� Trp53� DQG� RQFRJHQLF� KrasG12D� H[SUHVVLRQ� LV� LQGXFHG� LQ�
WKH�SUHVHQFH�RI�GR[\F\FOLQH��7KH� LKrasG12D�PRXVH�RQO\�KDV� WKH� LQGXFLEOH�KrasG12D 
FRQVWUXFW�

A subset of Trp53-/- tumors bypasses KrasG12D withdrawal and resumes proliferation
8SRQ� WKH� H[SUHVVLRQ� RI�KrasG12D, ������ ��� RXW� RI� ���� RI�Trp53 KO iKrasG12D�PLFH�
GHYHORSHG�PDPPDU\� JODQG� WXPRUV�� ZKLOH� QRQH� RI� WKH� iKrasG12D� PLFH� GHYHORSHG�
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Figure 1. Mammary tumor formation in the Trp53 KO iKrasG12D mouse model��D��6FKHPDWLF�VKRZLQJ�
the Trp53 KO iKrasG12D�PRXVH�PRGHO�DQG� WKH� WXPRU�JURZWK�FXUYH�� �E��7XPRU�JURZWK�FXUYHV�RI� WXPRUV�
ZKHUH�KrasG12D�DFWLYDWLRQ�OHG�WR�WXPRU�JURZWK��DQG�KrasG12D�LQDFWLYDWLRQ��GD\����OHG�WR�HLWKHU�D�UHDFWLYDWHG�
WXPRU��57��Q ����RU�OHG�WR�D�QRW�UHDFWLYDWHG�WXPRU��Q57��Q �����F��7DEOH�VKRZLQJ�WKH�GDWD�GLVSOD\HG�LQ�%��
0HGLDQ�SHULRG�WR�GR[�ZLWKGUDZDO�LV�WLPH�EHWZHHQ�WKH�LQMHFWLRQ�RI�WXPRU�FHOOV�WR�GR[�ZLWKGUDZDO��0HGLDQ�
SHULRG�WR�57�LV�WKH�WLPH�EHWZHHQ�GR[�ZLWKGUDZDO�DQG�D�PLQLPXP�RI�GRXEOLQJ�RI�WKH�WXPRU�LQ�VL]H�DIWHU�
UHPLVVLRQ�ZLWK�FRQWLQXHG�JURZWK�WKHUHDIWHU�
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Chapter 3
PDPPDU\� JODQG� WXPRUV� ��� RXW� RI� ���� �)LJ�� 6�&��� $QDO\]LQJ� WKH� H[SUHVVLRQ� RI� WKH�
HSLWKHOLDO�FHOO�VXUIDFH�PDUNHU�(S&$0�E\�ŴRZ�F\WRPHWU\�LQ�WKH���Trp53 KO iKrasG12D 
WXPRUV��ZH� IRXQG� �� W\SHV� RI�KrasG12D� WXPRUV�� D� SUHGRPLQDQWO\� (S&$0KLJK� WXPRU��
D� SUHGRPLQDQWO\� (S&$0ORZ� WXPRU�� DQG� D� PL[HG� WXPRU� ZLWK� VLPLODU� SURSRUWLRQV�
RI�(S&$0KLJK�DQG�(S&$0ORZ�FHOOV��7R�VWXG\� WKH� LPSDFW�RI�KrasG12D�ZLWKGUDZDO��ZH�
LQMHFWHG� Trp53 KO iKrasG12D� WXPRUV� LQWR� V\QJHQHLF� UHFLSLHQW�PLFH�� 7KH� (S&$0ORZ 
DQG�WKH�PL[HG�WXPRU�W\SHV�GLG�QRW�GHSHQGHQW�RQ�WKH�LQGXFLEOH�.UDV*��'�SURWHLQ�DQG�
FRQWLQXHG�JURZLQJ�XSRQ�GR[�ZLWKGUDZDO��$PRQJ� WKH���SUHGRPLQDQWO\�(S&$0KLJK 
WXPRUV�� �� HVWDEOLVKHG� QHZ� WXPRUV� LQ� V\QJHQHLF� PLFH� RI� ZKLFK� �� DOVR� GLG� QRW�
GHSHQGHQW�RQ�KrasG12D�H[SUHVVLRQ��7KLV�VWXG\�IRFXVHV�RQ�WKH���UHPDLQLQJ�(S&$0KLJK 
WXPRUV��WXPRUV�WKDW�GHFOLQHG�UDSLGO\�XSRQ�GR[�ZLWKGUDZDO��WKHUHE\�VKRZLQJ�WR�LQLWLDOO\�
GHSHQGHQW�RQ�KrasG12D�H[SUHVVLRQ�IRU�WXPRU�IRUPDWLRQ��3ULPDU\�7XPRU��37���)LJ���$��
)LJ��6�&���$IWHU�D�PHGLDQ�SHULRG�RI����GD\V��QHDUO\���������RXW�RI�����RI�WKH�WXPRUV�
LQ�UHPLVVLRQ�KDG�DGDSWHG�WR�WKH�DEVHQFH�RI�.UDV*��'�DQG�UHDFWLYDWHG�WXPRU�JURZWK�
�5HDFWLYDWHG�7XPRU��57���)LJ���%�&���:H�FRQƓUPHG�WUDQVJHQLF�KrasG12D�H[SUHVVLRQ�ZDV�
QRW�UHVWRUHG�LQ�57V��)LJ��6�$��DQG�WKH�VXFFHVVIXO�H[FLVLRQ�RI�Trp53 E\�3&5�LQ�DOO�WXPRUV�
ZDV�FRQƓUPHG��)LJ��6�%���7KH�37V�DQG�57V�IRUPHG�LQ�WKH�Trp53 KO iKrasG12D�PRXVH�
PRGHO�HQDEOHG�XV�WR�VWXG\�KRZ�PDPPDU\�JODQG�WXPRUV�RYHUFRPH�WKH�ZLWKGUDZDO�
RI� RQFRJHQH� H[SUHVVLRQ��7DNHQ� WRJHWKHU�� WKHVH� UHVXOWV� VKRZ� WKDW� WXPRUV� DGDSW� WR�
.UDV*��'�LQDFWLYDWLRQ�

Reactivated tumors are enriched for EMT markers
7R�OHDUQ�PRUH�DERXW�WKH�37�DQG�WKH�57��ZH�DQDO\]HG�(S&$0�DQG�&'��I�H[SUHVVLRQ�RQ�
ERWK�WXPRU�W\SHV�DQG�RQ�WXPRUV�VL[�GD\V�DIWHU�GR[�ZLWKGUDZDO��XVLQJ�ŴRZ�F\WRPHWU\��
,Q� WKH� DEVHQFH� RI� GR[�� WKHUH� ZDV� D� UDSLG� UHGXFWLRQ� LQ� WKH� QXPEHU� RI� (S&$0KLJK 
FHOOV��2QFH�WKH�WXPRU�UHVXPHG�WR�JURZ�DJDLQ��WKH�WXPRU�FRQVLVWHG�SUHGRPLQDQWO\�RI�
(S&$0ORZ�WXPRU�FHOOV��)LJ���$�%���7KH�FKDQJH�LQ�(S&$0�H[SUHVVLRQ�EHWZHHQ�Trp53 
KO iKrasG12D�SULPDU\�DQG�UHDFWLYDWHG�WXPRUV��VXJJHVWV�D�VZLWFK�LQ�WXPRU�W\SH�VLQFH�
(S&$0�LV�DQ�HSLWKHOLDO�FHOO�PDUNHU�XVXDOO\�DEVHQW�LQ�PHVHQFK\PDO�WXPRUV��,Q�VXSSRUW��
+	(�VWDLQLQJ�VKRZV�FKDQJHV�LQ�WXPRU�KLVWRORJ\��37V�GLVSOD\HG�DQ�HSLWKHOLDO��LQYDVLYH�
SKHQRW\SH� DQG� 57V� D� VWURPDO�� VSLQGOH�OLNH��PHVHQFK\PDO�OLNH�� LQYDVLYH� SKHQRW\SH�
�)LJ���&��)LJ��6�&���7R�VWXG\�WKH�GLIIHUHQFHV�EHWZHHQ�37V�DQG�57V�LQ�PRUH�GHWDLO��ZH�
SHUIRUPHG� 51$�VHT� �)LJ�� 6�$�%��� *HQH� VHW� HQULFKPHQW� DQDO\VLV� �*6($�� GLVSOD\HG�
PXOWLSOH� GLIIHUHQFHV� EHWZHHQ� WKH� WZR� WXPRU� W\SHV��7KH� VWURQJHVW� HQULFKPHQW�ZDV�
IRXQG�LQ�WKH�HSLWKHOLDO�PHVHQFK\PDO�WUDQVLWLRQ��(07��KDOOPDUN�JHQH�VHW�LQ�57V��)LJ��
�$���0RUHRYHU��WKH�JHQH�RQWRORJ\�DQQRWDWLRQV�HQULFKHG�IRU�ZHUH�FHOO�DGKHVLRQ�DQG�
H[WUDFHOOXODU�RUJDQL]DWLRQ�LQ�37V��)LJ���%��DQG�GHYHORSPHQWDO�SURFHVVHV�LQ�57V��)LJ��
�&��� ,Q� DGGLWLRQ��PXOWLSOH� HSLWKHOLDO� JHQHV� FOXVWHUHG� LQ� WKH� 37V� DQG�PHVHQFK\PDO�
JHQHV�LQ�WKH�57V��)LJ���'���/DVWO\��D�VLQJOH�VDPSOH�*6($��VV*6($��ZLWK�D�VLJQDWXUH�VHW�
GHYHORSHG�WR�GLVWLQJXLVK�GLIIHUHQW�WXPRU�W\SHV�LQ�PLFH�������FRQƓUPHG�WKDW�WKH�37V�
H[SUHVVHG�DQ�(07�GRZQ�VLJQDWXUH�ZKLOH�WKH�57V�H[SUHVVHG�DQ�(07�XS�VLJQDWXUH��)LJ��
6�&���7RJHWKHU��ŴRZ�F\WRPHWU\��KLVWRORJ\��DQG�51$�6HT�GDWD�VKRZHG�D�FKDQJH�IURP�
D�GRPLQDQW�HSLWKHOLDO�SKHQRW\SH�LQ�WKH�37�WR�D�GRPLQDQW�PHVHQFK\PDO�SKHQRW\SH�
LQ�WKH�57�

Reactivated tumors display active MAPK/ERK signaling
6LQFH�WKH�*6($�DQDO\VLV�VKRZHG�QR�HQULFKPHQW�RI�Kras VLJQDOLQJ�LQ�37V��ZH�ORRNHG�
GHHSHU�LQWR�WKH�DFWLYLW\�RI�WKH�0$3.�(5.�SDWKZD\�LQ�ERWK�WXPRU�W\SHV��7KH�0$3.�
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(5.�VLJQDOLQJ�FDVFDGH�FRPPHQFHV�ZKHQ�D�SKRVSKRU\ODWHG�UHFHSWRU�W\URVLQH�NLQDVH�
�57.��FDWDO\]HV�WKH�DFWLYDWLRQ�RI�*73DVH�5DV��6XEVHTXHQWO\��WKLV�OHDGV�WR�D�FDWDO\]DWLRQ�
FDVFDGH�RI�UHODWHG�SURWHLQ�VHULQH�WKUHRQLQH�NLQDVHV�XOWLPDWHO\�VWHHULQJ�WUDQVFULSWLRQ�
LQ� WKH� QXFOHXV� �)LJ�� �$��� )RFXVLQJ� RQ� D� JURXS� RI� JHQHV� NQRZQ� WR� JLYH� DFFXUDWH�
SUHGLFWLRQV�RI�0$3.�(5.�SDWKZD\�DFWLYLW\�������ZH�IRXQG�QR�FKDQJH�LQ�WKH�DFWLYLW\�RI�
WKH�0$3.�(5.�SDWKZD\�LQ�57V��)LJ���%���7R�FRQƓUP�WKLV�REVHUYDWLRQ��ZH�VWDLQHG�IRU�
SKRVSKRU\ODWHG�(5.�����S(5.������D�PDUNHU�RI�DFWLYDWHG�0$3.�(5.�VLJQDOLQJ��,Q�WKH�
QRUPDO�DGXOW�PDPPDU\�JODQG��WKH�YDVW�PDMRULW\�RI�PDPPDU\�HSLWKHOLDO�FHOOV�GLG�QRW�
H[SUHVV�S(5.�����8QOLNH�37�DQG�WKH�57�FDQFHU�FHOOV��ZKHUH�S(5.����ZDV�DEXQGDQW�
�)LJ���&��)LJ��6����4XDQWLƓFDWLRQ�VKRZHG�WKDW�WKH�57V�FRQWDLQHG�D�KLJKHU�QXPEHU��)LJ��
�'��EXW�ORZHU�SHU�FHOO�SUHVHQFH�RI�S(5.�����)LJ���(���&XPXODWLYHO\��VLPLODU�DPRXQWV�
RI�S(5.����ZHUH�SUHVHQW�LQ�WKH�37V�DQG�57V��)LJ���)���7RJHWKHU��WKLV�GDWD�VKRZHG�WKDW�
LQ�WKH�SURFHVV�RI�E\SDVVLQJ�WKH�ORVV�RI�KrasG12D�H[SUHVVLRQ��57�FHOOV�DUH�HLWKHU�DEOH�WR�
PDLQWDLQ�DQG�RU�UHDFWLYDWH�0$3.�(5.�VLJQDOLQJ��)LJ���*��

PT RT

100 μm 100 μm 100 μm 100 μm

a b

c

EpCAM+ EpCAM-
0

50

100

%
 o

f t
um

or
 c

el
ls

PT

d6

RT

**
****

****

**
****

****

PT

100 101 102 103 104 105

100

101

102

103

104

105

100 101 102 103 104 105

100

101

102

103

104

105

101 102 103 104 105

101

102

103

104

105

CD49f

Ep
CA

M

RT

101 102 103 104 105

101

102

103

104

105

101 102 103 104 105

101

102

103

104

105

101 102 103 104 105

101

102

103

104

105

CD49f

Ep
CA

M

CD49f

Ep
CA

M

100 101 102 103 104 105

100

101

102

103

104

105

100 101 102 103 104 105

100

101

102

103

104

105

100 101 102 103 104 105

100

101

102

103

104

105

d6

Figure 2. The RT loses EpCAM expression upon KrasG12D inactivation and becomes mesenchymal-
like��D��5HSUHVHQWDWLYH�)$&6�SORWV�RI���37����57��DQG���VL[�GD\V�DIWHU�GR[�ZLWKGUDZDO��G���WXPRUV��(S&$0�
DQG�&'��I�H[SUHVVLRQ�RI�ŴXRUHVFHQW�WXPRU�FHOOV��OLQHDJH��7HU����&'���&'�����'$3,���37�Q ���G��Q ���57�
Q ����E��7KH�SHUFHQWDJH�RI�(S&$0KLJK�DQG�(S&$0ORZ�FHOOV�LQ�WKH�37��G���DQG�57�WXPRUV��37�Q ����G��Q ���
57�Q ���b�0HDQ�s�6(0�LV�VKRZQ���ZD\�$129$��b�S���������S�����������F��3DWKRORJ\��+	(�VWDLQLQJ��
37V� KDYH� DQ� HSLWKHOLDO�� LQYDVLYH�SKHQRW\SH�� 57� KDYH� D� VWURPDO�� VSLQGOH�OLNH��PHVHQFK\PDO�OLNH�� LQYDVLYH�
SKHQRW\SH��6FDOH�EDU�LV�VHW�DW�����ҊP�
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Chapter 3
The development of tumor reactivation cannot be explained by mutational data
1H[W��ZH�LQYHVWLJDWHG�LI�JHQHWLF�FKDQJHV�DUH�UHVSRQVLEOH�IRU�WKH�REVHUYHG�UHVWRUDWLRQ�
RI�0$3.�(5.�VLJQDOLQJ� LQ�57V��7KHUHIRUH��ZH�SHUIRUPHG�ZKROH�H[RPH�VHTXHQFLQJ�
�:(6��RQ�WZR�37V�ZLWK�HDFK�WKUHH�PDWFKHG�57V��$OO�WXPRU�VDPSOHV�DFTXLUHG�PXOWLSOH�
PXWDWLRQV�WKDW�FRQWLQXHG�WR�DFFXPXODWH�LQ�WKH�57V��)LJ���$��7DEOH�6���0XWDWLRQV�ZHUH�
PRVWO\�VLQJOH�QXFOHRWLGH�YDULDQWV� �619V�� �)LJ��6�$���7KH�QRQV\QRQ\PRXV�PXWDWLRQV�
ZHUH�PRVWO\�PLVVHQVH�PXWDWLRQV� �)LJ�� 6�%��� &RPSDULQJ� WKH�PXWDWLRQDO� SURƓOHV� RI�
WKH�PDWFKHG�WXPRUV��QRW�DOO�PXWDWLRQV�IRXQG�LQ�WKH�37�ZHUH�SUHVHQW�LQ�WKH�PDWFKHG�
57V� DQG� 57V� VKRZHG� GLIIHUHQW� PXWDWLRQV� DPRQJ� WKHPVHOYHV� �)LJ�� �%��� VXJJHVWHG�
WKDW� HDFK�37�ZDV� D�KHWHURJHQHRXV� WXPRU�ZLWK�PXOWLSOH� FORQHV� WKDW� KDYH�DFTXLUHG�
GLIIHUHQW�PXWDWLRQV��1H[W��DLPLQJ�WR�LGHQWLI\�PXWDWLRQV�WKDW�FRXOG�EH�UHVSRQVLEOH�IRU�
the KrasG12D�LQGHSHQGHQW�DFWLYDWLRQ�RI�0$3.�(5.�VLJQDOLQJ��ZH�ORRNHG�IRU�RYHUODS�LQ�
JHQHV�ZLWK�QRQV\QRQ\PRXV�PXWDWLRQV�LQ�YDULRXV�VDPSOHV��)LJ��6�&���6SHFLƓFDOO\��ZH�
VHOHFWHG�DOWHUHG�JHQHV�WKDW�ZHUH�SUHVHQW�LQ�DW�OHDVW�RQH�57�RI�HDFK�PRXVH�DQG�DEVHQW�
LQ�HLWKHU�37��+RZHYHU��WKH���JHQHV�PDWFKLQJ�WKLV�GHVFULSWLRQ��Clasrp, Cyp3a44, Gpr18, 
Lrp2, Map1b� Spen� Ttn���DUH�QHLWKHU�NQRZQ�EUHDVW�FDQFHU�RU�SDQ�FDQFHU�GULYHU�JHQHV�
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QRU�GLUHFWO\�LQYROYHG�ZLWK�WKH�DFWLYDWLRQ�RI�0$3.�(5.�VLJQDOLQJ��)LJ��6�'��7DEOH�6����
2I�QRWH��WKH�WZR�37V�GLG�QRW�KDYH�DQ\�PXWDWHG�JHQHV�LQ�FRPPRQ��WKHUHIRUH�DFTXLUHG�
PXWDWLRQV�E\�WKH�37V�GR�QRW�H[SODLQ�ZK\�WKHVH�WZR�PLFH�GHYHORSHG�EUHDVW�FDQFHU�LQ�
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Figure 4. RTs activate MAPK/ERK signaling��D��6LPSOLƓHG�VFKHPDWLF�RI�WKH�0$3.�(5.�SKRVSKRU\ODWLRQ�
VLJQDO�WUDQVGXFWLRQ�FDVFDGH���E��51$�VHT�GDWD�VKRZLQJ�WKH�H[SUHVVLRQ�RI�WKH�0$3.�3DWKZD\�$FWLYLW\�6FRUH�
�0$36��JHQHV� LQ�37V�DQG�57V��37�Q ���57�Q ��� �F�� ,PPXQRŴXRUHVFHQFH�VWDLQLQJ�IRU�S(5.���� �UHG���*)3�
�JUHHQ���DQG�'$3,��EOXH��RI�WLVVXH�GHULYLQJ�IURP�D�QRUPDO�Krt14-Cre mT/mG�PDPPDU\�JODQG��D�37��DQG�D�
57��6FDOH�EDU�LV�VHW�DW����ҊP��,PDJHV�RI�D�ELRORJLFDO�UHSOLFDWH�DUH�VKRZQ�LQ�6XSSOHPHQWDU\�)LJ�����G��7KH�
SHUFHQWDJH�RI�FHOOV�H[SUHVVLQJ�S(5.����LQ�37V�DQG�57V��4XDQWLƓFDWLRQ�RI�HDFK���LPDJHV�RI���ELRORJLFDO�
FRQWUROV�RI�37V�DQG�57V�DUH�VKRZQ��'DWD�DUH�UHSUHVHQWHG�DV�PHDQ�s�6(0���8QSDLUHG�W�WHVW���3���������H��
7KH�LQWHQVLW\�RI�S(5.����VWDLQLQJ�LQ�S(5.����SRVLWLYH�FHOOV��4XDQWLƓFDWLRQ�RI�HDFK���LPDJHV�RI���ELRORJLFDO�
FRQWUROV�RI�37V�DQG�57V�DUH�VKRZQ��'DWD�DUH�UHSUHVHQWHG�DV�PHDQ�s�6(0���8QSDLUHG�W�WHVW���3���������I��
7KH�FXPXODWLYH�LQWHQVLW\�RI�S(5.����VWDLQLQJ�LQ�WKH�WXPRUV��4XDQWLƓFDWLRQ�RI�HDFK���LPDJHV�RI���ELRORJLFDO�
FRQWUROV�RI�37V�DQG�57V�DUH�VKRZQ��'DWD�DUH�UHSUHVHQWHG�DV�PHDQ�s�6(0���8QSDLUHG�W�WHVW��Q�V����J��0RGHO��
FRQVWLWXWLYH�DFWLYH�.UDV*��'�UHVXOWV� LQ�VWURQJ�0$3.�(5.�VLJQDOLQJ�LQ�D�VXEVHW�RI�WKH�37�FHOOV��57�FHOOV�GR�
QRW� UHDFK�DV� VWURQJ�RI� D�SKRVSKRU\ODWLRQ� FDVFDGH�SHU� FHOO� DV� LQ� VRPH�37� FHOOV��+RZHYHU�� VLQFH�D� ODUJH�
SHUFHQWDJH�RI�LQGLYLGXDO�57�FHOOV�DFWLYDWH�0$3.�(5.�VLJQDOLQJ��WKH�UHVXOW�IRU�ERWK�WXPRU�W\SHV�DV�D�ZKROH�
LV�VLPLODU�0$3.�(5.�VLJQDOLQJ�
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Figure 5. Tumors are genetically unstable and acquire multiple alterations that can activate MAPK/
ERK signaling��D��1XPEHU�RI�WRWDO�DFTXLUHG�PXWDWLRQV�E\�HDFK�37�DQG�57��7KH�EODFN�KRUL]RQWDO�OLQH�VKRZV�
WKH�PHGLDQ���E��9HQQ�GLDJUDPV�VKRZLQJ�WKH�RYHUODS�DQG�GLYHUJHQFH�RI�PXWDWLRQV�DFTXLUHG�E\�D�37�DQG�
LWV�PDWFKHG�57V��57����������DQG�WKH�RYHUODS�EHWZHHQ�PXWDWLRQV�DFTXLUHG�E\�57V�RULJLQDWLQJ�IURP�WKH�VDPH�
37��PRXVH����PRXVH�����9HQQ�GLDJUDP�WRRO����������F��&RS\�QXPEHU�SURƓOHV�ZLWK�WKUHVKROGV�RI����������IRU�
JDLQV�ORVVHV�DQG�������IRU�DPSOLƓFDWLRQV�GHOHWLRQV�DUH�VKRZQ�IRU�37�DQG�PDWFKHG�57V�FRPSDUHG�WR�WKHLU�
PDWFKHG�QRUPDO�JHQRPH��+HDWPDSV�VKRZ�37V�DQG�WKHLU���PDWFKHG�57V��57����������LQ�ERWK�PLFH��PRXVH�
���PRXVH���� VHSDUDWHO\��5HG� LQGLFDWHV�JDLQ�DPSOLƓHG�DQG�EOXH� ORVV�GHOHWHG� UHJLRQV�� �G��$EVROXWH�FRS\�
QXPEHU�SURƓOHV�JHQRPH�ZLGH� IRU� 37V� DQG� WKH���PDWFKHG�57V� DUH� VKRZQ��$EVROXWH� FRS\�QXPEHUV� DUH�
FRPSXWHG�EDVHG�RQ�ORJ5�YDOXHV�GHULYHG�IURP�JHQRPLF�VHJPHQWV�XVLQJ�6HTXHQ]D��7KH�SURƓOHV�DUH�VKRZQ�
VHSDUDWHO\�IRU�WKH���PLFH��PRXVH����PRXVH������H��2QFRSORW�VKRZLQJ�JHQHV�GLUHFWO\�LQYROYHG�ZLWK�0$3.�
(5.�VLJQDOLQJ����RXW�RI����KDYH�JHQHWLF�DOWHUDWLRQV��57V��57����������DUH�VKRZQ�GLUHFWO\�QH[W�WR�WKHLU�PDWFKHG�
37V���I��2QFRSORW�VKRZLQJ�57.�JHQHV�ZLWK�JHQHWLF�DOWHUDWLRQV��57V��57����������DUH�VKRZQ�GLUHFWO\�QH[W�WR�
WKHLU�PDWFKHG�37V�
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FRQWUDVW�WR�WKH�PDMRULW\�RI�Tp53 KO iKrasG12D�PLFH��8VLQJ�RXU�GDWDVHW��QRQV\QRQ\PRXV�
PXWDWLRQV�GLG�QRW�SOD\�D�FOHDU�UROH�LQ�WXPRU�DGDSWDWLRQ�

9DULRXV�0$3.�(5.�SDWKZD\�JHQHV�DUH�DPSOLƓHG�LQ�UHDFWLYDWHG�WXPRUV
)ROORZLQJ� WKH� DQDO\VLV� RI� WKH� WXPRUVō� PXWDWLRQDO� SURƓOHV�� ZH� ORRNHG� DW� WKH� FRS\�
QXPEHU�DOWHUDWLRQ��&1$��ODQGVFDSH�RI�WKH�37V�DQG�PDWFKHG�57V��&1$�GDWD�VKRZHG�
D�KLJK�OHYHO�RI�FKURPRVRPH�LQVWDELOLW\��)LJ���&��)LJ��6����7KH�ZLGHVSUHDG�LQFUHDVH�LQ�
FRS\�QXPEHU�ZDV�DOUHDG\�SUHVHQW�LQ�37V��)LJ���'���2Q�DQ�LQGLYLGXDO�VDPSOH�OHYHO��ZH�
ORRNHG�IRU�DPSOLƓHG�RU�GHOHWHG�JHQHV�WKDW�DUH�HLWKHU�SDUW�RI�WKH�0$3.�(5.�VLJQDOLQJ�
SDWKZD\�RU�FRXOG�DFWLYDWH�WKH�0$3.�(5.�VLJQDOLQJ�SDWKZD\��VXFK�DV�57.V��0DQ\�RI�
WKHVH�JHQHV�ZHUH�DPSOLƓHG�LQ�RQH�RU�PXOWLSOH�57V��ZKLOH�VKRZLQJ�QR�FRS\�QXPEHU�
DOWHUDWLRQV� LQ� WKHLU�PDWFKHG�37V�DQG�QR�GHOHWLRQV� LQ�DQ\�RI� WKH�RWKHU�VDPSOHV� �)LJ��
�(�)���+HQFH�� WKH�DPSOLƓFDWLRQ�RI� YDULRXV�FRPSRQHQWV�RI� WKH�0$3.�(5.�VLJQDOLQJ�
SDWKZD\�FRXOG�SURYLGH�D�PHFKDQLVP�RI�KRZ�WXPRUV�UHVWRUH�RU�PDLQWDLQ�DFWLYH�0$3.�
(5.�VLJQDOLQJ�

DISCUSSION
$IWHU�GHFDGHV�RI�UHVHDUFK��WKH�)'$�DSSURYHG�WKH�ƓUVW�.5$6�LQKLELWRU�ODVW�\HDU��WDUJHWLQJ�
RQFRJHQLF�.5$6*��&��$OWKRXJK�D�KXJH�PLOHVWRQH��PDQ\�WXPRUV�XVH�PHFKDQLVPV�WR�
DGDSW�WR�.5$6*��&�LQKLELWLRQ��UHVXOWLQJ�LQ�RQO\�WHPSRUDU\�UHOLHI�IRU�SDWLHQWV���������7R�
VWXG\�ZKDW�PHFKDQLVPV�WXPRUV�GHSOR\�WR�DGDSW�WR�Kras LQDFWLYDWLRQ��ZH�GHYHORSHG�
the Trp53 KO iKrasG12D� PRXVH� PRGHO�� 7KH� Trp53 KO iKrasG12D PRXVH� PRGHO�
VSRQWDQHRXVO\�SUHVHQWHG�ZLWK�WXPRUV�WKDW�KDYH�IRXQG�PHWKRGV�WR�E\SDVV�KrasG12D 

LQDFWLYDWLRQ�DIWHU�D�SHULRG�RI�UHPLVVLRQ��6LQFH�&��%/��-�iKras PLFH�GLG�QRW�GHYHORS�
PDPPDU\�JODQG�WXPRUV��WKH�DEVHQFH�RI�Trp53 in the Trp53 KO iKras�PLFH SOD\HG�D�
UROH�LQ�WKH�HQDEOHPHQW�RI�WXPRULJHQHVLV��3UHYLRXV�UHVHDUFK�VKRZHG�WKDW�LW�LV�FRQWH[W�
VSHFLƓF�LI�WKH�VROH�H[SUHVVLRQ�RI�RQFRJHQLF�Ras�LV�VXIƓFLHQW�WR�LQGXFH�WXPRULJHQHVLV��
LV�FRQWH[W�VSHFLƓF����������7KH�DEVHQFH�RI�WXPRU�IRUPDWLRQ�LV�DWWULEXWHG�WR�LQGXFHG�
VHQHVFHQFH� LQ� FHOOV� H[SUHVVLQJ� KLJK� OHYHOV� RI� RQFRJHQLF�Ras�� UHJXODWHG� E\� WXPRU�
VXSSUHVVRU�JHQHV�VXFK�DV�Trp53�DQG�Cdkn2a ����������,Q�D�PDPPDU\�JODQG�Cdkn2a 
KO�PRXVH�PRGHO��WKH�H[SUHVVLRQ�RI�HrasG12V UHVXOWHG�LQ�ELJJHU�WXPRUV�LQ�Cdkn2a KO 
WXPRUV�WKDQ�LQ�Cdkn2a wildtype�WXPRUV�������,Q�FRQWUDVW�WR�RXU�GDWD��D�UHFHQW�VWXG\�
IRXQG� WKDW� WKH� VROH� H[SUHVVLRQ�RI�KrasG12D� LV� VXIƓFLHQW� WR� LQGXFH�PDPPDU\� WXPRU�
IRUPDWLRQ� LQ� WKH�PRXVH�PDPPDU\�JODQG��8VLQJ�D�MMTV-tTA TetO-KrasG12D�PRXVH�
5¦GOHU� HW� DO�� DQG� REVHUYHG� PDPPDU\� WXPRU� IRUPDWLRQ� LQ� ����� RI� PLFH� ZLWK� DQ�
DYHUDJH�ODWHQF\�RI�����s����GD\V��������7KHUH�DUH�VRPH�LPSRUWDQW�GLIIHUHQFHV�EHWZHHQ�
WKH�WZR�VWXGLHV��:H�XVHG�WKH�Tet-On�V\VWHP��DFWLYDWLQJ�WKH�H[SUHVVLRQ�RI�KrasG12D in 
DGXOW�PLFH��ZKLOH�5¦GOHU�HW�DO��XVHG�WKH�Tet-Off�V\VWHP��ZKHUH�KrasG12D�LV�H[SUHVVHG�
FRQWLQXRXVO\�XQWLO�DFWLYHO\�WXUQHG�RII��,Q�DGGLWLRQ��WKH�WZR�VWXGLHV�ZRUNHG�ZLWK�GLIIHUHQW�
PRXVH�VWUDLQV��:H�EDFNFURVVHG�RXU�PLFH�LQWR�WKH�&��%/��-�EDFNJURXQG��5¦GOHU�HW�
DO��FUHDWHG�WKHLU�PRXVH�LQ�WKH�)9%�1�JHQHWLF�EDFNJURXQG��D�FRPPRQO\�XVHG�VWUDLQ�
LQ�FDQFHU� UHVHDUFK�DQG� IRU� WKH�FUHDWLRQ�RI�QRYHO� WUDQVJHQLF�PRGHOV��:H�FKRVH� WKH�
&��%/���PRXVH�VWUDLQ�GXH�WR�LWV�ORZ�VXVFHSWLELOLW\�WR�VSRQWDQHRXV�WXPRU�IRUPDWLRQ�
���������ZKLFK�LV�D�OLNHO\�H[SODQDWLRQ�ZK\�RQO\�D�PLQRULW\�RI�Trp53 KO iKras�DQG�QRQH�
RI�WKH� iKras�PLFH�GHYHORSHG�PDPPDU\�WXPRUV��7KLV�LV�GLIIHUHQW�LQ�WKH�)9%�1�VWUDLQ��
DW����PRQWKV�RI�DJH�����RI�IHPDOH�ZLOGW\SH�)9%�1�PLFH�ZDV�WXPRU�EHDULQJ�������$�
GLUHFW�FRPSDULVRQ�EHWZHHQ�)9%�1�DQG�&��%/��-�EUHDVW�WXPRU�PRXVH�PRGHOV�KDV�
EHHQ�GRQH�ZLWK�WKH�XVH�RI�WKH�3\07�WUDQVJHQH��D�SRSXODU�WUDQVJHQLF�EUHDVW�FDQFHU�
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PRXVH�PRGHO�GXH�WR�D�VKRUW�ODWHQF\�LQ�SULPDU\�PDPPDU\�WXPRU�GHYHORSPHQW�DQG�
PHWDVWDVLV�WR�WKH�OXQJV�������:KHQ�)9%�1�3\07�DUH�FURVVHG�ZLWK�RQO\�RQH�JHQHUDWLRQ�
RI� &��%/��-� PLFH�� WKH� ODWHQF\� RI� SULPDU\� DQG� PHWDVWDWLF� WXPRU� GHYHORSPHQW�
VWUHWFKHV�RXW�VLJQLƓFDQWO\������DQG�WKH�ODWHQF\�SHULRG�IXUWKHU� LQFUHDVHV�ZKHQ�3\07�
LV� EDFNFURVVHG� IRU� DW� OHDVW� �� JHQHUDWLRQ�RI�&��%/��-�PLFH� ������2WKHU� EHQHƓWV� RI�
XVLQJ�WKH�&��%/��-�VWUDLQ��DUH�WKH�DYDLODELOLW\�RI�D�KLJK�TXDOLW\�JHQRPLF�GDWD������DQG�
WKH�DEVHQFH�RI�DQ� LPPXQH�UHVSRQVH�WKDW�FRXOG�FOHDU�*)3�RU� WG7RPDWR�H[SUHVVLQJ�
FHOOV� ���������/RZ�VXVFHSWLELOLW\� WR�VSRQWDQHRXV� WXPRU� IRUPDWLRQ�� WKH�DYDLODELOLW\�RI�
JHQRPLF�UHIHUHQFH�GDWD��DQG�WKH�WROHUDELOLW\�RI�ŴXRUHVFHQW�SURWHLQV�ZHUH�LPSRUWDQW�
UHDVRQV�IRU�XV�WR�FKRRVH�WKH�&��%/��-�VWUDLQ�

,Q� RXU� Trp53 KO iKras� PRGHO�� ZH� REVHUYHG� WKDW� ���� RI� WXPRUV� UHRFFXU�� 7KHVH�
WXPRUV� VKRZHG� D� VWURQJ� (07� VLJQDWXUH� WKDW� LV� DEVHQW� LQ� WKH� 37V�� 2WKHU� VWXGLHV�
KDYH�VKRZQ�D�FRQQHFWLRQ�EHWZHHQ�(07�DQG�UHVLVWDQFH�WR�5$6�LQKLELWLRQ�XVLQJ�FHOO�
OLQHV�� ,Q�KXPDQ�EUHDVW� LPPRUWDOL]HG�FHOO� OLQHV��(07�PDUNHU�ZEB1� RYHUFRPHV�HRAS 
LQGXFHG�VHQHVFHQFH�������/XQJ�DQG�SDQFUHDWLF�FDQFHU�FHOO�OLQHV�WKDW�GHSHQG�RQ�KRAS 
H[SUHVVLRQ�DUH�XQLIRUPO\�HSLWKHOLDO�ZKLOH�KRAS�LQGHSHQGHQW�FHOO�OLQHV�ZHUH�QRW�������
.5$6*��&�PXWDQW� OXQJ� FDQFHU� FHOO� OLQHV� WKDW�GLVSOD\HG�ERWK� LQWULQVLF� DQG� DFTXLUHG�
UHVLVWDQFH� WR� DQ� .5$6*��&� LQKLELWRU� KDG� XQGHUJRQH� (07� ������ ,Q� DGGLWLRQ�� (07� LV�
WKRXJKW� WR�SOD\�DQ� LPSRUWDQW� UROH� LQ� WXPRU�FHOO�SODVWLFLW\��5HSRUWV� VKRZHG� WKDW� WKH�
WUDQVLWLRQ�IURP�DQ�HSLWKHOLDO�WR�D�PHVHQFK\PDO�WXPRU�FDQ�VWLPXODWH�FKHPRUHVLVWDQFH�
����� ����� ,Q� WKH�+(5��QHX�LQGXFLEOH�EUHDVW� FDQFHU�PRXVH�PRGHO�� UHFXUUHQW� WXPRUV�
GLVSOD\HG�DQ�(07�VLJQDWXUH������DQG�DQ�(07�VKLIW�KDV�EHHQ�REVHUYHG�LQ�D�SRUWLRQ�OXQJ�
FDQFHU�SDWLHQW� VDPSOHV� WKDW� DFTXLUHG� UHVLVWDQFH� WR�(*)5� LQKLELWRUV� ������7RJHWKHU��
RXU�GDWD�DQG�SXEOLVKHG�VWXGLHV�VXJJHVW�WKDW�WXPRU�FHOO�SODVWLFLW\���FKDQJLQJ�D�FHOOōV�
SKHQRW\SH�IURP�DQ�HSLWKHOLDO�WR�D�PHVHQFK\PDO�SKHQRW\SH���IXHOV�WXPRU�FHOO�ZLWK�D�
PHFKDQLVP�WR�HVFDSH�VXSSUHVVLRQ������

,Q�DFFRUGDQFH�ZLWK�ZKDW�ZH�REVHUYHG�LQ�RXU�PRXVH�PRGHO��DFWLYDWLQJ�PXWDWLRQV�DQG�
DPSOLƓFDWLRQ� RI� 0$3.�(5.� VLJQDOLQJ� DUH� DOVR� REVHUYHG� LQ� SDWLHQWV� WKDW� DFTXLUHG�
UHVLVWDQFH� WR� .5$6*��&� LQKLELWRUV� ����� ����� $OWKRXJK� D� GLUHFW� FRUUHODWLRQ� EHWZHHQ�
WKH�LQFUHDVHG�FRS\�QXPEHUV�RI�PXOWLSOH�XSVWUHDP�DQG�GRZQVWUHDP�SOD\HUV�RI�.UDV�
DQG�WKH�FRQWLQXDWLRQ�RU�UHDFWLYDWLRQ�RI�0$3.�(5.�VLJQDOLQJ�ZH�REVHUYHG��VWLOO�QHHGV�
WR�EH�VKRZQ��)XUWKHUPRUH��XSUHJXODWHG�S(5.�KDV�DOVR�EHHQ�GHWHFWHG�LQ�FRORUHFWDO�
KRASG12C�PXWDQW�FDQFHU�FHOO�OLQHV�WUHDWHG�ZLWK�.5$6*��&�LQKLELWRUV��DIWHU�D�VKRUW�SHULRG�
RI�GRZQUHJXODWHG�S(5.�������7KH�.5$6*��&�LQKLELWRUV�FXUUHQWO\�WHVWHG�RU�DSSURYHG�
IRU� SDWLHQWV�� UHSUHVHQW� WKH� ƓUVW� JHQHUDWLRQ� RI� .5$6� LQKLELWRUV�� 1H[W� JHQHUDWLRQ�
LQKLELWRUV� DUH� DOUHDG\� EHLQJ� GHYHORSHG�� )RU� H[DPSOH�� GUXJV� WKDW� FDQ� LQKLELW� WKH�
DFWLYH�*73�ERXQG�IRUP�RI�.5$6*��&���������������)XUWKHUPRUH��FRPELQDWLRQ�WKHUDS\�
WDUJHWLQJ�RWKHU�(5.�0$3.�SOD\HUV�VLPXOWDQHRXVO\�FRXOG�EHQHƓW�SDWLHQWV��3UHFOLQLFDO�
GDWD�KDYH�VKRZQ�WKDW�FRPELQLQJ�D�.5$6*��&�LQKLELWRU�ZLWK�DQ�(*)5�DQWLERG\�RU�DQ�
6+3��LQKLELWRU�Ŋ�WZR�SURWHLQV�DFWLYH�XSVWUHDP�RI�5$6�Ŋ�GLPLQLVKHG�WXPRU�JURZWK�LQ�
KRASG12C�PXWDQW�FDQFHUV����������

,Q�EUHDVW�FDQFHU������RI�HQGRFULQH�UHVLVWDQW�DGYDQFHG�EUHDVW�FDQFHU�GHYHORSV�JHQHWLF�
DOWHUDWLRQV�LQ�0$3.�(5.�SDWKZD\�JHQHV��LQFOXGLQJ�.5$6�������2XU�GDWD�VKRZHG�WKDW�
DOVR�.UDV*��'�LQGHSHQGHQW�EUHDVW�WXPRUV�GLVSOD\HG�DFWLYH�0$3.�(5.�VLJQDOLQJ��WKLV�
ZRXOG�EH�LQ� OLQH�ZLWK�WKH�LPSRUWDQFH�RI�WKH�0$3.�(5.�SDWKZD\�IRU�WXPRU�JURZWK��
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Breast cancer adaptive resistance to mutant Kras
7KH� SKHQRPHQRQ� RI� WXPRUV� ZLWK� DFWLYH� 0$3.�(5.� VLJQDOLQJ� DV� D� PHFKDQLVP� RI�
DGDSWDWLRQ��KDV�EHHQ�UHSRUWHG�IRU�RWKHU�0$3.�(5.�FDVFDGH�SOD\HUV�WRR��)RU�H[DPSOH��
FRORQ� FDQFHU� SDWLHQWV� ZLWK� WKH� BRAFV600E� PXWDWLRQ� VKRZHG� OLPLWHG� UHVSRQVH� WR�
%5$)9���(� LQKLELWRUV��BRAFV600E�PXWDWHG�FRORUHFWDO�FHOO� OLQHV�VKRZHG�WKDW� IHHGEDFN�
PHFKDQLVPV�XSUHJXODWH�XSVWUHDP�(*)5�VLJQDOLQJ� ����������$QRWKHU�PHFKDQLVP�RI�
DGDSWDWLRQ� LV� IRXQG� LQ� GHƓDQFH� RI� 0(.���� LQKLELWRUV�� LQKLELWRU�WUHDWHG� FRORUHFWDO�
DQG�OXQJ�FDQFHU�FHOO�OLQHV�GLVSOD\HG�LQWUDFKURPRVRPDO�DPSOLƓFDWLRQ�RI�PXWDQW�KRAS 
RU�BRAF� RU� XSUHJXODWLRQ� RI� XSVWUHDP�57.� VLJQDOLQJ� ����� ����� ,Q� FDVH� RI� .5$6*��& 
LQKLELWRUV�� KRASG12C�PXWDWHG� OXQJ� FDQFHU� FHOO� OLQHV� LQLWLDOO\� HQWHUHG� TXLHVFHQFH��
+RZHYHU�� D� VXEVHW� RI� WXPRU� FHOOV� DGDSWHG� DQG� TXLFNO\� UHVXPHV� SUROLIHUDWLRQ� ������
,Q�PXWDQW�KRAS� SDQFUHDWLF� GXFWDO� DGHQRFDUFLQRPD� FHOO� OLQHV�� .5$6� LQKLELWLRQ�ZDV�
ZHOO�WROHUDWHG�E\�WKH�WXPRU�������.5$6*��&�GUXJ�UHVLVWDQW�FHOOV�GLVSOD\HG�ERWK�DFWLYH�
0$3.�(5.�VLJQDOLQJ�DQG�DFWLYH�3,�.�$.7ŊP725�VLJQDOLQJ��D� VHFRQG�SDWKZD\� WKDW�
FDQ�EH�DFWLYDWHG�E\�.5$6�����������7KHVH�H[DPSOHV�VXJJHVW�WKDW�WDUJHWLQJ�PXOWLSOH�
FRPSRQHQWV�RI�WKH�0$3.�(5.�SDWKZD\�PD\�SURYLGH�D�VWUDWHJ\�IRU�HOLPLQDWLQJ�RU�DW�
OHDVW�GHOD\LQJ�WXPRU�DGDSWDWLRQ��,Q�WKH�FOLQLF��WKLV�VWUDWHJ\�KDV�DOUHDG\�SURYHQ�WR�EH�
VXFFHVVIXO�IRU�VRPH�SDWLHQWV�ZLWK�BRAFV600�PXWDQW�PHWDVWDWLF�PHODQRPD�DV�WKHUDS\�
FRPELQLQJ�D�0(.����LQKLELWRU�ZLWK�D�%5$)9���(�LQKLELWRU�ZDV�VXFFHVVIXOO\�DSSOLHG�������
:H�HQGHDYRUHG�WR�WHVW�LI� LQKLELWLQJ�PXOWLSOH�0$3.�(5.�SOD\HUV�VLPXOWDQHRXVO\�FDQ�
SUHYHQW�57V�IURP�JURZLQJ�LQ�YLWUR��8QIRUWXQDWHO\��WKH�57�FHOOV�GLG�QRW�IRUP�RUJDQRLGV�
LQ�YLWUR��KHQFH�ZH�GLG�QRW�VXFFHHG�LQ�WHVWLQJ�WKLV�K\SRWKHVLV��3HUKDSV�WKLV�LV�GXH�WR�
WKH�PHVHQFK\PDO�SKHQRW\SH�RI�57V��FRORUHFWDO�FDQFHU�VDPSOHV�ZLWK�D�PHVHQFK\PDO�
SKHQRW\SH�IDLO�WR�IRUP�RUJDQRLGV�DV�ZHOO������

$QRWKHU�REVHUYDWLRQ�ZDV�WKH�KLJK�JHQRPLF�LQVWDELOLW\�RI�WKH�37V�DQG�57V��*HQRPLF�
LQVWDELOLW\�LV�DQ�LPSRUWDQW�KDOOPDUN�RI�FDQFHU��,Q�KXPDQ�FDQFHUV��JHQRPLF�LQVWDELOLW\�
RFFXUV� LQ�����RI�WXPRUV�DQG�FRUUHODWHV�ZLWK�73���PXWDWLRQV������� ,Q�EUHDVW�FDQFHU��
DQHXSORLG\�LV�FRUUHODWHG�ZLWK�SRRU�FOLQLFDO�RXWFRPH�DQG�73���PXWDWLRQV�DUH�XELTXLWRXV�
LQ�DQHXSORLG�EUHDVW�WXPRUV����������%UHDVW�FDQFHU�PRXVH�PRGHOV�WKDW�GR�QRW�GLUHFWO\�
DFW�WKURXJK�S���LQKLELWLRQ��GLVSOD\HG�IHZ�RU�QR�&1$V�������,Q�DGGLWLRQ��KrasG12D�OXQJ�
DQG�SDQFUHDV� WXPRU�PRXVH�PRGHOV� DOVR�GHYHORSHG�ZLGHVSUHDG�&1$V� ������7KXV��
PRXVH�PRGHOV���VXFK�DV�WKH�Trp53 KO iKrasG12D�PRGHO�GHVFULEHG�KHUH���WKDW�GHYHORS�
VSRQWDQHRXV� WXPRUV�ZLWK�&1$V�SURYLGH�DQ� LPSRUWDQW�PRGHO� IRU�KXPDQ�FDQFHU�� ,Q�
OLQH�ZLWK�RWKHU�Trp53�GHƓFLHQW�EUHDVW�FDQFHU�PRGHOV�������ERWK�WKH�Trp53 KO iKrasG12D 
SULPDU\�DQG�UHDFWLYDWHG�WXPRUV�SUHVHQWHG�ZLWK�KLJK�UDWHV�RI�JHQRPLF�LQVWDELOLW\�

7KH� SUHVHQW� VWXG\� DLPHG� WR� XQGHUVWDQG� ZKDW� PHFKDQLVPV� WXPRU� FHOOV� GHSOR\� WR�
DGDSW�WR�PXWDQW�Kras�LQDFWLYDWLRQ�LQ�YLYR��,Q�RXU�QRYHO�EUHDVW�FDQFHU�PRXVH�PRGHO��ZH�
IRXQG�WKDW�RQFH�KrasG12D�H[SUHVVLRQ�ZDV�LQDFWLYDWHG��WXPRUV�GHFUHDVHG�DQG�HQWHUHG�
UHPLVVLRQ��IROORZHG�E\�UHDFWLYDWHG�WXPRU�JURZWK��57�FHOOV�KDG�WUDQVLWLRQHG�IURP�DQ�
HSLWKHOLDO� WR�D�PHVHQFK\PDO�SKHQRW\SH�DQG�GLVSOD\HG�DFWLYH�0$3.�(5.�VLJQDOLQJ��
7XPRUV�SUHVHQWHG�ZLWK� KLJK�JHQRPLF� LQVWDELOLW\� DQG�57V� VKRZHG�DPSOLƓFDWLRQV� LQ�
PXOWLSOH� JHQHV� DVVRFLDWHG� ZLWK� 0$3.�(5.� VLJQDOLQJ�� 2XU� GDWD� VXJJHVWV� WKDW� WKH�
JHQRPLF� LQVWDELOLW\� FRQWULEXWHV� WR� HPHUJHQFH� RI� PXWDWHG� .UDV�LQGHSHQGHQFH� YLD�
DPSOLƓFDWLRQV� RI� YDULRXV� FRPSRQHQWV� RI� WKH�0$3.�(5.� VLJQDOLQJ� SDWKZD\�� 7KHVH�
ƓQGLQJV�DUH�UHOHYDQW�WR�WKHUDSHXWLFV�WDUJHWLQJ�5$6�LQ�KXPDQ�FOLQLFDO�WULDOV�
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Chapter 3
METHODS
Animal care and use
0LFH�SXUFKDVHG�IURP�7KH�-DFNVRQ�/DERUDWRU\��%HQ�+DUERU��0(��86$���7US��I�I��6WRFN�
����������.UW���&UH��6WRFN�����������P7�P*��6WRFN�����������&��%/��-������������
The MMTV-rtTA DQG�TetO-KrasG12D PLFH�KDYH�EHHQ�GHVFULEHG�����������$OO�PLFH�ZHUH�
EDFNFURVVHG�LQWR�WKH�&���%/�-�EDFNJURXQG�IRU�DW�OHDVW�VL[�JHQHUDWLRQV��2QO\�IHPDOH��
DGXOW�PLFH�ZHUH� LQFOXGHG� LQ� WKH�H[SHULPHQWV��'R[�ZDV�DGPLQLVWHUHG� WKURXJK�GR[�
LPSUHJQDWHG�IRRG�SHOOHWV������PJ�NJ��FDWDORJ��7'��������(QYLJR��,QGLDQDSROLV��,1��
86$���$OO�PLFH�XVHG�IRU�WKLV�VWXG\�ZHUH�PDLQWDLQHG�DW�WKH�6WDQIRUG�9HWHULQDU\�6HUYLFH�
&HQWHU�LQ�DFFRUGDQFH�ZLWK�WKH�JXLGHOLQHV�RI�WKH�$GPLQLVWUDWLYH�3DQHO�RQ�/DERUDWRU\�
$QLPDO�&DUH��$3/$&���������

Tissue processing
0LFH�EHDULQJ� WXPRUV�ZHUH�HXWKDQL]HG�DQG� WXPRUV�ZHUH� UHVHFWHG��7KH�)OXRUHVFHQW�
VWDWXV�RI� WXPRUV�ZDV�FRQƓUPHG�XQGHU� WKH�PLFURVFRSH��)RU� LPPXQRKLVWRFKHPLVWU\��
VPDOO�FKXQNV�ZHUH�VDYHG�LQ����3)$�H[FKDQJHG�IRU�����(W2+�WKH�QH[W�GD\��5HPDLQGHU�
RI� WKH� WXPRU� ZDV� PHFKDQLFDOO\� GLVVRFLDWHG� DQG� GLJHVWHG� LQ� '0(0�)��� �FDWDORJ�
�����������*LEFR��/DQJOH\��2.��86$��ZLWK�FROODJHQDVH�DQG�K\DOXURQLGDVH��FDWDORJ�
�������� 67(0&(//� 7HFKQRORJLHV� ,QF��� 9DQFRXYHU�� &DQDGD�� DQG� '1$VH� ,� �FDWDORJ�
�/6��������:RUWKLQJWRQ��&ROXPEXV��2+��86$��IRU�����K�ZLWK�JHQWOH�SLSHWWLQJ�HYHU\�
��� PLQ�� 7KH� UHPDLQGHU� RI� WKH� GLJHVWLRQ� SURWRFRO� KDV� SUHYLRXVO\� EHHQ� GHVFULEHG�
HOVHZKHUH�����������&HOOV�ZHUH�VWDLQHG�IRU�ŴRZ�F\WRPHWU\�RU�UHVXVSHQGHG�ZLWK�����
0DWULJHO� �FDWDORJ����������&RUQLQJ��&RUQLQJ��1<��SULRU� WR� LQMHFWLRQ� LQWR�V\QJHQHLF�
UHFLSLHQW�PLFH�

FACS analysis and cell sorting
)RU� )$&6� DQDO\VLV� DQG� VRUWLQJ�� WXPRU� VLQJOH� FHOOV� ZHUH� VWDLQHG� ZLWK� &'��� �FORQH�
����)����%LROHJHQG��6DQ�'LHJR��&$���&'����FORQH�������%LROHJHQG���7(5������FORQH�
�7(5����� %LROHJHQG��� (S&$0� �FORQH� �*����� %LROHJHQG��� &'��� �FORQH� �0������
%LROHJHQG���'HEULV�DQG�FHOO�GRXEOHWV�ZHUH�H[FOXGHG�XVLQJ�VLGH�VFDWWHU�DQG�IRUZDUG�
VFDWWHU� SURƓOHV� �DUHD� DQG� ZLGWK��� GHDG� FHOOV� ZHUH� H[FOXGHG� XVLQJ� '$3,� �FDWDORJ�
�������� 6LJPD�� 6W�� /RXLV��02�� 86$��� )RU� 57� T3&5� RU� 51$�VHT�� FHOOV� ZHUH� GLUHFWO\�
VRUWHG�LQWR�51$SURWHFW��FDWDORJ���������4LDJHQ��*HUPDQWRZQ��0'���7R�FROOHFW�'1$�
�HLWKHU�IRU�3&5�RU�IRU�:(6���FHOO�SHOOHWV�ZHUH�IUR]HQ�GRZQ�DW�����r&��)$&6�GDWD�ZDV�
DQDO\]HG�LQ�)ORZ-R��Y����

Tumor injection and volume measurements in vivo
&HOOV�ZHUH�LQMHFWHG�LQWR�WKH�IRXUWK�DEGRPLQDO�IDW�SDG�E\�VXEFXWDQHRXV�LQMHFWLRQ�DW�WKH�
EDVH�RI�WKH�QLSSOH�RI�IHPDOH�&��%/��-�PLFH��0LFH�ZHUH�DQHVWKHWL]HG�E\�D�FRQVWDQW�
ŴRZ�RI�R[\JHQ�DQG���� LVRŴXUDQH�GXULQJ�SURFHGXUH��7XPRU�VL]H�ZDV�PHDVXUHG�E\�
FDOLSHU��7XPRU�YROXPH�ZDV�FDOFXODWHG�ZLWK�WKH�IRUPXOD��������Ҏ����K���Z��������ZKHUHLQ�
h�  � KHLJKW� DQG�w�  �ZLGWK� ������7XPRUV� WKDW� KDG� LQFUHDVHG� LQ� VL]H� RQ� DW� OHDVW� WZR�
FRQVHFXWLYH�RFFDVLRQV�ZHUH�FRQVLGHUHG�WR�KDYH�UHRFFXUUHG��'DWD�ZDV�YLVXDOL]HG� LQ�
*UDSK3DG�3ULVP��Y���

+LVWRORJ\��+	(��,+&��TXDQWLƓFDWLRQ
7LVVXH�SURFHVVLQJ��HPEHGGLQJ��DQG�VWDLQLQJ�ZLWK�KHPDWR[\OLQ�DQG�HRVLQ�ZDV�GRQH�E\�
6WDQIRUGōV�&RPSDUDWLYH�0HGLFLQH�$QLPDO�+LVWRORJ\�6HUYLFHV��,PDJHV�ZHUH�DFTXLUHG�
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Breast cancer adaptive resistance to mutant Kras
E\� WKH�%=�;����ŴXRUHVFHQW�PLFURVFRSH� �.H\HQFH�� ,/��86$���)RU� ,+&��6HFWLRQV�ZHUH�
GHSDUDIƓQL]HG��GHK\GUDWHG��DQG�PLFURZDYHG�IRU����PLQ�DW����r&�LQ�6RGLXP�&LWUDWH�
%XIIHU����P0�6RGLXP�&LWUDWH��������7ZHHQ�����S+������IRU�DQWLJHQ�UHWULHYDO��7LVVXH�
VHFWLRQV�ZHUH�LQFXEDWHG�RYHUQLJKW�DW���r&�ZLWK�SULPDU\�DQWLERGLHV�GLOXWHG�LQ�SKRVSKDWH�
EXIIHUHG�VDOLQH��3%6�������JRDW�VHUXP��DQWL�SKRVSKR�(5.�����FDWDORJ������6��&HOO�
6LJQDOLQJ�7HFKQRORJ\��'DQYHUV��0$��86$��DW�D�������GLOXWLRQ�DQG�DQWL�*)3�DQWLERG\�
�FDWDORJ��DE�������$EFDP��&DPEULGJH��0$��86$��DW�D�������GLOXWLRQ��6DPSOHV�ZHUH�
VXEVHTXHQWO\� ZDVKHG� ZLWK� 3%6� DQG� ZHUH� LQFXEDWHG� ZLWK� VHFRQGDU\� DQWLERGLHV�
GLOXWHG�LQ�3%6������JRDW�VHUXP�IRU��K�DW�57��JRDW�DQWL�FKLFNHQ�DOH[D�ŴXRU������FDWDORJ�
��$�������� ,QYLWURJHQ��:DOWKDP��0$��86$�� DQG�GRQNH\� DQWL�UDEELW� DOH[D� ŴXRU� ����
�FDWDORJ���5������� ,QYLWURJHQ���ERWK�GLOXWHG�DW��������$OO� WKH� LPPXQRŴXRUHVFHQFH�
VHFWLRQV� DQG� FHOOV� ZHUH� PRXQWHG� LQ� 3UR/RQJ� *ROG� ZLWK� '$3,� �FDWDORJ�� 3�������
7KHUPR)LVKHU��:DOWKDP��0$��86$���,PDJHV�ZHUH�DFTXLUHG�ZLWK�WKH�����PDJQLƓFDWLRQ�
REMHFWLYH�E\�WKH�/60�����0HWD�FRQIRFDO�PLFURVFRSH��&DUO�=HLVV��*¸WWLQJHQ��*HUPDQ\��
RU� E\� WKH� ���� RU� ���� PDJQLƓFDWLRQ� REMHFWLYHV� %=�;���� ŴXRUHVFHQW� PLFURVFRSH�
�.H\HQFH�� ,WDVFD�� ,/�� 86$��� ,PDJHV� ZHUH� SURFHVVHG� DQG� TXDQWLƓHG� XVLQJ� ,PDJH-��
����RU�����REMHFWLYH�LPDJHV�ZHUH�DQDO\]HG�IRU�WRWDO�FRXQW�RI�SRVLWLYH�VWDLQLQJ�DQG�
LQWHQVLW\��7KUHVKROG�ZDV�VHW�VWDQGDUGL]HG�WR�QHJDWLYH�VWDLQLQJ�FRQWUROV�DW������,PDJHV�
ZHUH�FRQYHUWHG�WR���ELW�IRU�ELQDU\�DQDO\VLV�RI�,QWHQVLW\��XVLQJ�WKH�$QDO\]H��!�0HDVXUH�
IXQFWLRQ���)RU�FRXQWV�RI�SRVLWLYH�VWDLQLQJ��QXFOHL�FRXQWV�ZHUH�ƓUVW�HVWDEOLVKHG�XVLQJ�
WKH�$QDO\]H��!�$QDO\]H�SDUWLFOHV�IXQFWLRQ�RQ�WKH�'$3,�FKDQQHO��3DUWLFOH�FRXQW�ZDV�VHW�
WR�GLDPHWHU��XP��[����X0�WR�LGHQWLI\�QXFOHL�DQG�UXOH�RXW�EDFNJURXQG�VWDLQLQJ��7KH�
9RURQRL�IXQFWLRQ�ZDV�XVHG�RQ�WKH�VWDLQLQJ�FKDQQHOV��*)3�DQG�5)3��WR�LVRODWH�VWDLQLQJ�
SHU�FHOO�DQG�WKHQ�WKH�$QDO\]H��!�0HDVXUH�IXQFWLRQ�ZDV�DSSOLHG��7KH�YDOXH�IRU�PHDQ�
LQWHQVLW\�ZDV�FDOFXODWHG�XVLQJ�WKLV�UDWLR��DQG�DOVR�XVHG�WR�HVWDEOLVK�SRVLWLYH�FRXQWV��
1 ��WHFKQLFDO�UHSOLFDWHV�ZHUH�FRQVLGHUHG�SHU�H[SHULPHQW�IRU�VWDWLVWLFDO�DQDO\VLV�DQG�
YDOLGDWHG� LQ�DQRWKHU� LQGHSHQGHQW�ELRORJLFDO�H[SHULPHQW��6LJQLƓFDQFH�IRU�VWDWLVWLFDO�
DQDO\VLV�ZDV�VHW�DW�S��������

RT qPCR
7DNLQJ� VDPSOHV� VWRUHG� LQ� 51$SURWHFW�� 51$� ZDV� H[WUDFWHG� XVLQJ� WKH� 51HDV\�
PLFUR� NLW� �FDWDORJ� �������� 4LDJHQ��� DFFRUGLQJ� WR� PDQXIDFWXUHUōV� LQVWUXFWLRQV��
)RU� UHYHUVH� WUDQVFULSWLRQ� WR� F'1$� WKH� 6XSHU6FULSW� ,,,� )LUVW� 6WUDQG� 6\QWKHVLV� NLW�
�FDWDORJ� ����������� ,QYLWURJHQ�� ZDV� XVHG�� DFFRUGLQJ� WR� WKH� PDQXIDFWXUHUōV�
LQVWUXFWLRQV�� $IWHU� ��� URXQGV� RI� SUHDPSOLƓFDWLRQ� ZLWK� 6\EU� *UHHQ� PDVWHU� PL[�
�FDWDORJ� ���������� $SSOLHG� %LRV\VWHPV�� :DOWKDP�� 0$�� 86$�� DQG� 6\EHUJUHHQ�
SULPHUV�IRU�Kras DQG�KrasG12D��UHDO�WLPH�3&5�ZDV�GRQH�XVLQJ�WKH�����+7�5HDO�7LPH�
3&5� V\VWHP� �$SSOLHG� %LRV\VWHPV��� 'DWD� ZDV� DQDO\]HG� E\� 6'6���� VRIWZDUH� DQG�
*UDSK3DG�3ULVP� �Y����$OO�GDWD�ZDV�QRUPDOL]HG� WR�Gapdh��6\EU�*UHHQ�SULPHUV��Kras 
IRUZDUG�� *&$***77***&&77� $&$� 7�� Kras� UHYHUVH�� $7*&*7&*&&$&$77*$$7��
KrasG12D� IRUZDUG�� &$$**$&$$**7*7$&$*77$7*7*$&7�� KrasG12D� UHYHUVH��
**&$7&7*&7&&7*&7777*�� Gapdh� IRUZDUG�� $**7&**7*7*$$&**$777*�
Gapdh�UHYHUVH��7*7$*$&&$7*7$*77*$**7&$������

51$�VHTXHQFLQJb
7DNLQJ� VDPSOHV� VWRUHG� LQ�51$SURWHFW��51$�ZDV�H[WUDFWHG�XVLQJ� WKH�51HDV\�PLFUR�
NLW��FDWDORJ���������4LDJHQ���DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXFWLRQV��$W�OHDVW�����
QJ� 51$� ZDV� VKDUHG� IRU� LQSXW�� /LEUDU\� SUHSDUDWLRQ�� VHTXHQFLQJ�� DQG� LQLWLDO� TXDOLW\�
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Chapter 3
FRQWURO�ZDV�SHUIRUPHG�E\�1RYRJHQH� �%HLMLQJ��&KLQD���%ULHŴ\��P51$�ZDV�HQULFKHG�
XVLQJ� ROLJR�G7�� EHDGV� IROORZHG� E\� OLEUDU\� JHQHUDWLRQ� XVLQJ� WKH�1(%1H[W� 8OWUD70�
51$�/LEUDU\�3UHS�.LW�IRU�,OOXPLQD��1(%���DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXFWLRQV��7R�
DOORZ�IRU�VHTXHQFLQJ�GLIIHUHQW�VDPSOHV�DW� WKH�VDPH�WLPH��DGDSWRU�VHTXHQFHV�ZHUH�
DGGHG�WR�HDFK�OLEUDU\��/LEUDULHV�ZHUH�VHTXHQFHG�RQ�WKH�1RYD6HT�������,OOXPLQD��6DQ�
'LHJR��&$��86$��JHQHUDWLQJ�����ES�SDLUHG�HQG�UHDGV��3HU�VDPSOH����*%�RI�UDZ�GDWD�
ZDV�JHQHUDWHG�

RNA sequencing alignment and processing
7KH�VHTXHQFLQJ�GDWD�ZHUH�XSORDGHG�WR�WKH�*DOD[\�ZHE�SODWIRUP�������DQG�ZH�XVHG�
WKH�SXEOLF�VHUYHU�DW�XVHJDOD[\�RUJ�WR�DQDO\]H�WKH�GDWD��IROORZLQJ�WKH�WUDQVFULSWRPLFV�
WXWRULDO�SURYLGHG����������%ULHŴ\��VHTXHQFH�TXDOLW\�FRQWURO�ZDV�GRQH�PXOWLSOH�WLPHV�
XVLQJ� )$674&� �%DEUDKDP� ,QVWLWXWH�� DQG� 0XOWL4&� ������ 7ULP� *DORUH�� �%DEUDKDP�
,QVWLWXWH�� WR� WULP� WKH� UHDGV��+,6$7�� WR�PDS� UHDGV� WR� WKH�PP��� UHIHUHQFH�JHQRPH�
������ IHDWXUH&RXQWV� WR�FRXQW� WKH�DOLJQHG�UHDGV� ������ OLPPD�YRRP�WR�ƓOWHU�RXW� ORZO\�
H[SUHVVHG�JHQHV�DQG�SURYLGH�D�OLVW�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�DQG�QRUPDOL]HG�
FRXQWV������

GSEA, ssGSEA, and visualisation RNA-seq data
3DWWHUQV�LQ�JHQH�H[SUHVVLRQ�ZHUH�DQDO\]HG�XVLQJ�*6($�Y���������������ZLWK�WKH�+DOOPDUN�
*HQH�VHWV�������VV*6($��Y��������DQDO\VLV����������ZDV�GRQH�WKURXJK�*HQH3DWWHUQ�������
XVLQJ�JHQH�VHWV�FUHDWHG�E\�+ROOHUQ�HW�DO��������)LJXUHV�ZHUH�FUHDWHG�ZLWK�5���������������
LQ�56WXGLR�����������XVLQJ�SDFNDJHV�JSORWV��JJSORWV��JJSORWV���KHDWPDS�SOXV��GSO\U��
IRUFDWV��DQG�VYJOLWH�

Whole exome sequencing
)RU�WXPRU�VDPSOHV��)$&6�VRUWHG�WXPRU�FHOOV�ZHUH�XVHG��)RU�QRUPDO�PDWFKHG�FRQWUROV��
WDLO�'1$�ZDV�XVHG��7R�LVRODWH�JHQRPLF�'1$��J'1$���FHOOV�WDLOV�ZHUH�GLJHVWHG�DW����
r&�RYHUQLJKW�LQ�����XO�'LUHFW3&5�/\VLV�5HDJHQW��FDWDORJ������7��9LDJHQ�%LRWHFK��/RV�
$QJHOHV��&$��86$��PL[HG�ZLWK�����XO�3URWHLQDVH�.� �FDWDORJ��3����6��1(%�� ,SVZLFK��
0$��86$��� /\VLV�ZDV� LQDFWLYDWHG� DW� ��r&� IRU� ���PLQ�� J'1$�ZDV� LVRODWHG�XVLQJ� WKH�
*HQRPLF�'1$�&OHDQ� 	� &RQFHQWUDWRU� .LW� �FDWDORJ� �����'�� =\PR� 5HVHDUFK�� ,UYLQH��
&$��86$���DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXFWLRQV��7R�REWDLQ�VXIƓFLHQW�'1$�IRU�:(6��
ZKROH�JHQRPH�DPSOLƓFDWLRQ�ZDV�GRQH�XVLQJ�WKH�5(3/,�J�PLQL�NLW��FDWDORJ����������
4LDJHQ���DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXFWLRQV��$W�OHDVW���ҊJ�RI�J'1$�ZDV�VKDUHG�
IRU�LQSXW��/LEUDU\�SUHSDUDWLRQ��VHTXHQFLQJ��DQG�LQLWLDO�TXDOLW\�FRQWURO�ZDV�SHUIRUPHG�E\�
1RYRJHQH��%ULHŴ\��J'1$�ZDV�UDQGRPO\�IUDJPHQWHG�E\�VRQLFDWLRQ��&RYDULV��:REXUQ��
0$��86$��WR�'1$�IUDJPHQWV�RI���������ES�IROORZHG�E\�OLEUDU\�JHQHUDWLRQ�DQG�H[RPH�
FDSWXUH�XVLQJ�6XUH6HOHFW;7�0RXVH�$OO�([RQ��$JLOHQW��6DQWD�&ODUD��&$��86$���DFFRUGLQJ�
WR� PDQXIDFWXUHUōV� LQVWUXFWLRQV�� 3XULƓFDWLRQ� ZDV� GRQH� XVLQJ� $03XUH� ;3� �%HFNPDQ�
&RXOWHU��%UHD��&$��86$���DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXFWLRQV��4XDQWLƓFDWLRQ�ZDV�
GRQH�ZLWK�WKH�+LJK�6HQVLWLYLW\�'1$�DVVD\��$JLOHQW��RQ�WKH�%LRDQDO\]HU�������$JLOHQW���
DFFRUGLQJ�WR�PDQXIDFWXUHUōV�LQVWUXFWLRQV��/LEUDULHV�ZHUH�VHTXHQFHG�RQ�WKH�1RYD6HT�
������,OOXPLQD��JHQHUDWLQJ�����ES�SDLUHG�HQG�UHDGV��3HU�VDPSOH�����*%�RI�UDZ�GDWD�
ZDV�JHQHUDWHG�

WES alignment and processing
7KH�VHTXHQFLQJ�GDWD�ZHUH�XSORDGHG�WR�WKH�*DOD[\�ZHE�SODWIRUP�������DQG�ZH�XVHG�
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WKH�SXEOLF� VHUYHU� DW� XVHJDOD[\�RUJ� WR� FKHFN� WKH�TXDOLW\� RI� WKH�GDWD� XVLQJ�)$674&�
�%DEUDKDP�,QVWLWXWH��DQG�0XOWL4&�������7KH�UHPDLQGHU�RI�WKH�DQDO\VLV�ZDV�GRQH�RQ�WKH�
6WDQIRUG�6KHUORFN�FOXVWHU��7ULP�*DOR�H���%DEUDKDP�,QVWLWXWH��WR�WULP�WKH�UHDGV��UHDGV�
ZHUH�DOLJQHG�WR�WKH�PP���UHIHUHQFH�JHQRPH�ZLWK�%:$�0(0�������GXSOLFDWHV�ZHUH�
PDUNHG�DQG�UHPRYHG�E\�0DUN'XSOLFDWHV��3LFDUG��*$7.���������������

Mutation calling and analysis
0XWHFW��FDOOHG�PXWDWLRQV��)LOWHU0XWHFW&DOOV�PDUNHG�ƓOWHUHG�FDOOV��DQG�6HOHFW9DULDQWV�
ƓOWHUHG� WKH� RXWSXW� �*$7.� ��������� ������ (IIHFWV� RI� YDULDQWV� ZHUH� GHWHUPLQHG� XVLQJ�
(QVHPEOōV�9(3�Y����������FRQYHUWHG�WR�PDI�XVLQJ�YFI�PDI�Y�������������DQG�VXPPDUL]HG�
XVLQJ�PDIWRROV�Y������������

CNA analysis
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6HTXHQ]D�������VRIWZDUH�SDFNDJH�������LQFOXGLQJ�PDWFKHG�QRUPDO�WLVVXH�WR�LPSURYH�
WKH�VSHFLƓFLW\�RI�UHVXOWV��&HOOXODULW\�DQG�SORLG\�YDOXHV�ZHUH�HVWLPDWHG��DQG�VRPDWLF�
&1$V�ZHUH�GHWHFWHG�DQG�YLVXDOL]HG�SHU�VDPSOH�E\�FDOFXODWLQJ�WKH�GHSWK�UDWLR��ORJ��
UDWLR��RI�HDFK�VHJPHQW��7KUHVKROGV�IRU�GHWHUPLQLQJ�&1$�VWDWH�IRU�FRS\�QXPEHU�JDLQV�
ORVVHV�ZHUH�GHƓQHG�DV�s������DQG�DPSOLƓFDWLRQV�GHOHWLRQV�s����ZLWK�S�YDOXH�WKUHVKROG�
EHLQJ�������DQG�WKH�UHVXOWV�ZHUH�YLVXDOL]HG�XVLQJ�FRS\QXPEHU�SDFNDJH��������LQ�5�
������&RS\�QXPEHU�GDWD�DUH�VKRZQ� LQ�7DEOH�6���$QQRWDWLRQ�RI� UHFXUUHQW�&1$V�ZDV�
SHUIRUPHG�ZLWK�D�FXVWRP�VFULSW�LQ�5���������XVLQJ�ELRPD5W����������������

PCR
J'1$� ZDV� LVRODWHG� DV� IRU� :(6�� 3&5� SULPHUV� XVHG� WR� GHWHUPLQH� LI� Trp53� ZDV�
ŴR[HG� RXW� RU� QRW�� S��ŊLQW�ŊIZG�� &$&$$$$$&$**77$$$&&&$�� S��ŊLQW��ŊIZG�
$$****7$7*$***$&$$**�� S��ŊLQW��ŊUHY�� *$$*$&$*$$$$****$***�
�����

Data availability
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3DQ&DQFHU�DWODV�� WKH�0(7$%5,&�VWXG\�� DQG�06.&&� �������������51$�VHT�GDWD� WKDW�
VXSSRUW�WKH�ƓQGLQJV�LQ�WKLV�VWXG\�DUH�RSHQO\�DYDLODEOH�LQ�WKH�*HQH�([SUHVVLRQ�2PQLEXV�
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Chapter 3
�WR�0�)�&����'HSDUWPHQW� RI�'HIHQVH�JUDQW�:��;:+����������� �WR�0�)�&���� /XGZLJ�
&DQFHU�5HVHDUFK�)RXQGDWLRQ��WR�0�)�&����DQG�WKH�&,50�%ULGJHV�DZDUG��WR�:�+�'�+����
6RPH�UHVHDUFK�ZDV�SHUIRUPHG�RQ�D�)$&6$ULD,,� WKDW�ZDV�SXUFKDVHG�XVLQJ�1,+�6���
VKDUHG� LQVWUXPHQWDWLRQ� JUDQW� ��6��55����������� :H� WKDQN� 'U�� 3RGV\SDQLQD� IRU�
VKDULQJ� WKH�07%�725�PRXVH�� WKH�6WDQIRUG�9HWHULQDU\�6HUYLFH�&HQWHU� IRU�SURYLGLQJ�
PRXVH�FDUH��6RSKHDN�6LP��'U��7RPHU�.DOLVN\��DQG�'U��5RVDO\QG�8SWRQ�IRU�KHOS�ZLWK�
SUHOLPLQDU\�H[SHULPHQWV��'U�� =RH�-XQH�$VVDI� IRU� DGYLFH�RQ� WKH�:(6�GDWD�DQDO\VLV��
&DWKHULQH�&DUVZHOO�&UXPSWRQ�DQG�&KHQJ�3DQ�IRU�PDQDJHPHQW�RI�WKH�ŴRZ�F\WRPHWU\�
IDFLOLW\��'RUHHQ�:X�LQ�WKH�6WDQIRUG�$QLPDO�+LVWRORJ\�6HUYLFHV�IRU�KHOS�ZLWK�SUHSDUDWLRQ�
RI�KLVWRORJLF�VSHFLPHQV��0DUJDUHW�&XDGUR�IRU�DGPLQLVWUDWLYH�DVVLVWDQFH��WKH�6WDQIRUG�
6KHUORFN�FOXVWHU�IRU�RIIHULQJ�WKH�HQYLURQPHQW�WR�GR�ELRLQIRUPDWLF�DQDO\VLV�
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Supplementary Figure 1. Tumor formation in Trp53 KO iKrasG12D mice� �D��2QFRSORW�RI�KXPDQ�EUHDVW�
FDQFHU�VDPSOHV�VKRZLQJ�JHQHWLF�DOWHUDWLRQV�LQ�WKH�KRAS�DQG�TP53�JHQHV��Q �������2QO\�SDWLHQW�VDPSOHV�
ZLWK�JHQHWLF�DOWHUDWLRQV�LQ�DW�OHDVW�RQH�RI�WKHVH�WZR�JHQHV�DUH�VKRZQ��'DWD�LV�FRPSLOHG�IURP���VWXGLHV������
���������&R�RFFXUUHQFH�JHQHWLF�DOWHUDWLRQV�LQ�ERWK�JHQHV�T�YDOXH� �����������E��7KH�YDULRXV�FRPSRQHQWV�RI�
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GHOHWHV�WKH�JHQH�FRGLQJ�IRU�PHPEUDQH�ERXQG�tdTomato�DQG�D�6723�FRGRQ�LQKLELWLQJ�PHPEUDQH�ERXQG�
GFP�H[SUHVVLRQ��UHVXOWLQJ�LQ�WKH�H[SUHVVLRQ�RI�PHPEUDQH�ERXQG�*)3��7KH�0079�SURPRWHU�LV�H[SUHVVHG�
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Supplementary Figure 4 RTs activates MAPK/ERK signaling, additional data�)LJXUH�LQ�DGGLWLRQ�WR�)LJ��
�&��VKRZLQJ�D�VHFRQG�VHW�RI�ELRORJLFDO�VDPSOHV�LQ�DQ�H[SHULPHQW�SHUIRUPHG�VHSDUDWHO\��XVLQJ�D�GLIIHUHQW�
ŴXRUHVFHQW�PLFURVFRSH� IRU� LPDJLQJ�� ,PPXQRŴXRUHVFHQFH�VWDLQLQJ� IRU�S(5.���� �UHG���*)3� �JUHHQ��� DQG�
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matched normal counterparts�$QDO\VLV�ZDV�SHUIRUPHG�XVLQJ�WKH�6HTXHQ]D�DOJRULWKP�IRU�SDLUHG�WXPRU�
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Breast cancer adaptive resistance to mutant Kras
Supplementary information is available online.
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����&DPSXV�'ULYH��6WDQIRUG��&DOLIRUQLD��������86$���7KH�1HWKHUODQGV�&DQFHU�,QVWLWXWH��

�����&;��$PVWHUGDP��7KH�1HWKHUODQGV���'HSDUWPHQW�RI�PHGLFLQH��'LYLVLRQ�RI�2QFRORJ\��
6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&DOLIRUQLD��������86$���'HSDUWPHQW�RI�3DWKRORJ\���'HSDUWPHQW�

RI�6XUJHU\��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&DOLIRUQLD��������86$���'HSDUWPHQW�RI�0HGLFDO�
2QFRORJ\��%HFNPDQ�5HVHDUFK�,QVWLWXWH�DQG�&LW\�RI�+RSH�&RPSUHKHQVLYH�&DQFHU�&HQWHU��

'XDUWH��&DOLIRUQLD��������86$���'HSDUWPHQW�RI�%LRHQJLQHHULQJ�DQG�+RZDUG�+XJKHV�0HGLFDO�
,QVWLWXWH��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&DOLIRUQLD��������86$���&XUUHQW�DGGUHVV��'HSDUWPHQW�
RI�3HGLDWULFV��8QLYHUVLW\�RI�&DOLIRUQLD�DW�6DQ�'LHJR��/D�-ROOD��&DOLIRUQLD��������86$���&XUUHQW�

DGGUHVV��)DFXOW\�RI�(QJLQHHULQJ��%DU�,ODQ�8QLYHUVLW\��5DPDW�*DQ��������,VUDHO��FR�ƓUVW�DXWKRUV

&RQWULEXWLRQ��/�-�Y�:��SHUIRUPHG�DQG�DQDO\]HG�LQ�YLWUR�H[SHULPHQWV��PDLQWDLQHG��
PRXVH�FRORQLHV��HGLWHG�WKH�PDQXVFULSW
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IW�KDV�EHHQ�SRVWXODWHG�WKDW�WKHUH�LV�D�OLQN�EHWZHHQ�LQŴDPPDWLRQ�DQG�FDQFHU��+HUH�
we describe a role for cell-intrinsic toll-like receptor-2 (TLR2; which is involved 
LQ�LQŴDPPDWRU\�UHVSRQVH��VLJQDOOLQJ�LQ�QRUPDO�LQWHVWLQDO�DQG�PDPPDU\�HSLWKHOLDO�

cells and oncogenesis. The downstream effectors of TLR2 are expressed by normal 
intestinal and mammary epithelia, including the stem/progenitor cells. Deletion of 
MYD88 or TLR2 in the intestinal epithelium markedly reduces DSS-induced colitis 
regeneration and spontaneous tumour development in mice. Limiting dilution 
transplantations of breast epithelial cells devoid of TLR2 or MYD88 revealed a 
VLJQLƓFDQW�GHFUHDVH� LQ�PDPPDU\�UHSRSXODWLQJ�XQLW� IUHTXHQF\�FRPSDUHG�ZLWK� WKH�
control. Inhibition of TLR2, its co-receptor CD14, or its downstream targets MYD88 
and IRAK1 inhibits growth of human breast cancers in vitro and in vivo. These 
results suggest that inhibitors of the TLR2 pathway merit investigation as possible 
therapeutic and chemoprevention agents.

0LFURELDO� SDWKRJHQV� WULJJHU� LQŴDPPDWRU\� UHVSRQVH� WKURXJK� SDWWHUQ�UHFRJQLWLRQ�
UHFHSWRUV��UHVXOWLQJ�LQ�WKH�DFWLYDWLRQ�RI�WKH�LQQDWH�LPPXQH�V\VWHP������������������7ROO�
OLNH�UHFHSWRUV��7/5V��DUH�DPRQJ�WKH�EHVW�FKDUDFWHUL]HG�SDWWHUQ�UHFRJQLWLRQ�UHFHSWRUV��
,Q� DGGLWLRQ� WR� PLFURELDO� OLJDQGV�� D� QXPEHU� RI� HQGRJHQRXV� OLJDQGV�� LQFOXGLQJ�
LQWUDFHOOXODU� FRPSRQHQWV� UHOHDVHG� DIWHU� DSRSWRVLV� DQG� FHOO� GHDWK�� FDQ� VWLPXODWH�
7/5V��7KLV�VXJJHVWV�D�UROH�IRU�7/5V�RWKHU�WKDQ�GLUHFWO\�UHFRJQL]LQJ�DQG�UHVSRQGLQJ�WR�
PLFUREHV������������&'���LV�D�*3,�OLQNHG�SURWHLQ�WKDW�LV�IRXQG�RQ�WKH�VXUIDFH�RI�PDQ\�
7/5���DQG�RU�7/5��H[SUHVVLQJ�FHOOV� ��������������2QFH� OLJDQGV�ELQG� WR�&'���� VLJQDO�
WUDQVGXFWLRQ�WDNHV�SODFH�WKURXJK�7/5��DQG�7/5��

,QŴDPPDWRU\� UHVSRQVH� FDQ� SOD\� D� UROH� LQ� FDQFHU� �IRU� H[DPSOH�� 7/5��LQGXFHG�
LQŴDPPDWRU\�UHVSRQVH�LQ�P\HORLG�FHOOV�FDQ�DIIHFW�WXPRXU�SURJUHVVLRQ�DQG�PHWDVWDVLV��
�������������������������������������0RUHRYHU��P\HORLG�GLIIHUHQWLDWLRQ�SULPDU\�UHVSRQVH�
SURWHLQ�����0<'�����DQ�DGDSWRU�SURWHLQ�IRU�7/5V�DQG�,/��5�LQ�LQQDWH�LPPXQH�FHOOV�������
LV�FUXFLDO�IRU�VSRQWDQHRXV�LQWHVWLQDO�WXPRXU�IRUPDWLRQ���DQG�KDV�DFWLYDWLQJ�RQFRJHQLF�
PXWDWLRQV�LQ�GLIIXVH�ODUJH�%�FHOO�O\PSKRPD�DQG�FKURQLF�O\PSKRF\WLF�OHXNDHPLD������
�����2WKHU� H[DPSOHV� OLQNLQJ� LQŴDPPDWLRQ� DQG� FDQFHU� DUH�� FKURQLF�JDVWULWLV� GXH� WR�
Helicobacter pylori LQIHFWLRQ�LV�D�PDMRU�ULVN�IRU�JDVWULF�FDQFHU�DQG�FKURQLF�FROLWLV�RIWHQ�
OHDGV�WR�FRORUHFWDO�FDQFHU������������������

7UDQVSODQWDWLRQ� DQG� OLQHDJH�WUDFLQJ� GDWD� VXJJHVWHG� WKH� SUHVHQFH� RI� PXOWL�SRWHQW�
PDPPDU\�VWHP�FHOOV��06&V��DQG�SURJHQLWRUV�DQG�VKRZHG�WKDW�D�VLQJOH�06&�LV�DEOH�
WR�UHFRQVWLWXWH�D�IXQFWLRQDO�PDPPDU\�JODQG���������������������������������������06&V�
UHVLGH�DW�WKH�WRS�RI�WKH�PDPPDU\�FHOOXODU�SUROLIHUDWLRQ�KLHUDUFK\��KRZHYHU��PROHFXODU�
SDWKZD\V�UHJXODWLQJ�WKHLU�VHOI�UHQHZDO�DUH�QRW�ZHOO�FKDUDFWHUL]HG�

7KH� LQWHVWLQDO� HSLWKHOLXP� FRQVLVWV� RI� ORQJ�OLYHG� VWHP� FHOOV� �UHVLGHV� QHDU� WKH� FU\SW�
ERWWRP�� ZLWK� VHOI�UHQHZDO� FDSDFLW\�� 7ZR� W\SHV� RI� VWHP� FHOO� DUH� SURSRVHG� LQ� VPDOO�
LQWHVWLQDO� FU\SWV�� F\FOLQJ� FU\SW� EDVH� FROXPQDU� FHOOV� DQG� TXLHVFHQW� �� �� FHOOV�� $V� LQ�
WKH� EUHDVW�� UHJXODWRUV� RI� VWHP� FHOO� VHOI�UHQHZDO� LQ� LQWHVWLQDO� HSLWKHOLXP� DUH� SRRUO\�
XQGHUVWRRG������������������������������������������������������������������������������
�����:H�VKRZ�WKDW�7/5��&'���VLJQDOOLQJ�WKURXJK�0<'���LV�DQ�LPSRUWDQW�SDWKZD\�IRU�
UHJHQHUDWLRQ�RI�LQWHVWLQDO�HSLWKHOLDO�FHOOV�DIWHU�LQŴDPPDWLRQ�GDPDJH��UHJHQHUDWLRQ�RI�
PDPPDU\�HSLWKHOLXP��DQG�JURZWK�RI�VRPH�FDQFHUV��2XU�GDWD�UHYHDO�WKDW�LQKLELWRUV�RI�
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TLR2-MYD88 in intestinal and breast epithelia and oncogenesis
WKH�7/5�SDWKZD\�ZDUUDQW�WKHUDSHXWLF�H[SORUDWLRQ�LQ�WKH�WUHDWPHQW�RU�FKHPRSUHYHQWLRQ�
RI�EUHDVW�DQG�FRORQ�FDQFHU�

RESULTS
(SLWKHOLDO�VSHFLƓF�7/5�Ŋ0<'���VLJQDOOLQJ�LQ�WKH�LQWHVWLQDO�WUDFW
:H�ƓUVW�H[DPLQH� WKH� UROH�RI�7/5�� VLJQDOOLQJ� LQ� WKH� LQWHVWLQH�EHFDXVH� WKLV�SDWKZD\�
KDV� EHHQ� OLQNHG� WR� KRPHRVWDVLV� RI� LQWHVWLQDO� HSLWKHOLDO� FHOOV� ����� ����� )ORZ�
F\WRPHWU\� DQDO\VLV� RI� LQWHVWLQDO� FHOOV� LVRODWHG� IURP� /JU�Ŋ*)3� PLFH� GHPRQVWUDWHG�
WKDW� /JU�Ŋ*)3SRV(S&$0SRV&'��QHJb FHOOV�� ZKLFK� DUH� HQULFKHG� IRU� LQWHVWLQDO�
VWHP� FHOOV�� H[SUHVVHG� VOLJKWO\� KLJKHU� OHYHOV� RI� 7/5�� DV� FRPSDUHG� ZLWK� /JU�Ŋ
*)3SRV(S&$0SRV&'��QHJb FHOOVb �)LJ�� �D���7KLV� VKRZV� WKDW�7/5�� LV� H[SUHVVHG�E\� WKH�
/*5�SRVbLQWHVWLQDO�VWHP�FHOOV�
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Figure 1: TLR2 and MYD88 are functional in murine intestinal epithelial cells.��D��5HSUHVHQWDWLYH�ŴRZ�
F\WRPHWU\�KLVWRJUDP�RI�7/5��RQ�VPDOO�LQWHVWLQH��6�,���DQG�FRORQ��'$3,QHJ�&'��QHJ�(S&$0SRV��/JU�Ŋ*)3SRV 
FHOOV�� UHG� LV� WKH� LVRW\SH�FRQWURO� IRU�HDFK�VSHFLƓF�VXE�SRSXODWLRQ��DQG�EOXH� LV� WKH�7/5��VWDLQLQJ��0HGLDQ�
ŴXRUHVFHQFH�LV�VKRZQ�IRU�HDFK�KLVWRJUDP��'DWD�DUH�UHSUHVHQWDWLYH�RI���PLFH���E��:7�DQG�Myd88ŧ�ŧ�PLFH�
ZHUH�JLYHQ�QRUPDO�GULQNLQJ�ZDWHU�RU������'66�LQ�GULQNLQJ�ZDWHU�IRU���GD\V��:7�&WUO��1� ���PLFH��:7�'66��
1� �����Myd88ŧ�ŧ�&WUO��1� ����Myd88ŧ�ŧ��'66��1� ������0LFH�ZHUH�FKDQJHG�WR�QRUPDO�GULQNLQJ�ZDWHU�RQ�
GD\����6XUYLYDO�ZDV�PRQLWRUHG�IRU����GD\V��7KHVH�GDWD�DUH�FRPELQHG�IURP���GLIIHUHQW�H[SHULPHQWV���3�
�����������F��5HSUHVHQWDWLYH�SKRWR�RI�+	(�VWDLQLQJ�RI�FRORQV�IURP�:7�DQG�Myd88ŧ�ŧ�PLFH�DW�GD\�����VFDOH�
EDUV������PP���'DWD�DUH�UHSUHVHQWDWLYH�RI���PLFH���G��3HUFHQWDJH�RI�&'���RQ�FRORQLF�FHOOV�DV�GHWHUPLQHG�
E\�ŴRZ�F\WRPHWU\�EHWZHHQ�'66�WUHDWHG�:7��1� ����DQG�Myd88ŧ�ŧ��1� ����PLFH���P� ����������H��T3&5�IRU�
Lgr5�H[SUHVVLRQ�RQ�HSLWKHOLDO�&'��SRV�DQG�&'��QHJ�VRUWHG�SRSXODWLRQV�RI�:7��1� ����DQG�Myd88ŧ�ŧ��1� �
���PLFH���P�����������9DOXHV�UHSUHVHQW�PHDQ�s�V�G��6WXGHQWōV�XQSDLUHG�W�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�
ZDV�XVHG�
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7KH�HSLWKHOLXP�RI�WKH�LQWHVWLQHV�LV�FRQVWDQWO\�VHOI�UHQHZLQJ�DQG�ZLOO�TXLFNO\�UHJHQHUDWH�
DIWHU�LQMXU\��7R�VWXG\�WKH�UHJHQHUDWLYH�FDSDFLW\�RI�7/5��VLJQDOOLQJ�LQ�FRORQLF�HSLWKHOLXP��
ZH� VXEMHFWHG�Myd88ŧ�ŧ� PLFH� WR� GH[WUDQ� VRGLXP� VXOSKDWH� �'66�� WR� LQGXFH� DFXWH�
FROLWLV�� ,Q� WKLV�PRGHO�� DGPLQLVWUDWLRQ�RI�'66� LQ�GULQNLQJ�ZDWHU�PD\� UHVXOW� LQ�ZHLJKW�
ORVV�� EORRG\� GLDUUKRHD� DQG� HYHQWXDO� GHDWK�� 7KHVH� FOLQLFDO� PDQLIHVWDWLRQV� DUH� WKH�
UHVXOWV�RI�HSLWKHOLDO�EDUULHU�G\VIXQFWLRQ��GHJHQHUDWLRQ�DQG�QHFURVLV�ZLWK�FRQVHTXHQW�
UHFUXLWPHQW�DQG�DFWLYDWLRQ�RI�LQŴDPPDWRU\�FHOOV�LQ�WKH�FRORQ���������������:LWKGUDZDO�
RI�'66�LQ�GULQNLQJ�ZDWHU� LQGXFHV�WKH�UHJHQHUDWLRQ�RI�WKH�FRORQ�WKDW� LQFOXGHV�UDSLG�
FU\SW�K\SHUSODVLD�DQG�ƓVVLRQ��Myd88ŧ�ŧ�DQG�ZLOG�W\SH��:7��PLFH�ZHUH�WUHDWHG�ZLWK�
�����'66�IRU���GD\V��'D\���WR�'D\����WR�LQGXFH�DFXWH�FROLWLV�DQG�WKHQ�VZLWFKHG�EDFN�
WR� QRUPDO� GULQNLQJ� ZDWHU� WR� SURPRWH� UHJHQHUDWLRQ� �'D\� �� WR� 'D\� ����� &RQVLVWHQW�
ZLWK�SXEOLVKHG�GDWD� ����������Myd88ŧ�ŧ�PLFH�DUH�PRUH�VXVFHSWLEOH� WR�'66�LQGXFHG�
FROLWLV�DV�H[KLELWHG�E\�KLJKHU�PRUELGLW\�DV�FRPSDUHG�ZLWK�:7��)LJ���E���)XUWKHUPRUH��
'66�WUHDWHG�PLFH�IURP�WKH�UHJHQHUDWLRQ�SHULRG��'D\�����UHYHDOHG�WKDW�Myd88ŧ�ŧ�KDG�
PRUH�VHYHUH�FU\SW� ORVV�DQG�GHWHULRUDWLRQ�RI�FU\SWŊYLOOXV�DUFKLWHFWXUH��DQG�OHVV�FU\SW�
K\SHUSODVLD�DQG�ƓVVLRQ��)LJ���F���)ORZ�F\WRPHWU\�DQDO\VLV�RI�WKH�FRORQ�HSLWKHOLDO�FHOOV�
�(S&$0SRV��IURP�'66�WUHDWHG�PLFH�UHYHDOHG�D�GHFUHDVH�LQ�H[SUHVVLRQ�RI�&'����ZKLFK�
ODEHOV�WKH�LQWHVWLQDO�FU\SW�EDVH�WKDW�FRQWDLQV�VWHP�FHOOV�DQG�SURJHQLWRUV��LQ�Myd88ŧ�ŧ 
YHUVXV�:7�PLFH��)LJ���G���([SUHVVLRQ�RI�/JU���ZKLFK�PDUNV�WKH�SUROLIHUDWLYH�LQWHVWLQDO�
VWHP�FHOO��KDV�EHHQ�VKRZQ�WR�EH�LPSRUWDQW�IRU�LQWHVWLQDO�UHJHQHUDWLRQ�DIWHU�LQMXU\�����
�������������7R�DVFHUWDLQ�ZKHWKHU� WKH�H[SUHVVLRQ�RI�/UJ�� LV�DIIHFWHG��ZH�SHUIRUPHG�
/JU��T3&5�RQ�ŴRZ�VRUWHG�(S&$0SRV&'��SRV�FHOOV�IURP�'66�WUHDWHG�PLFH�RQ�'D\����
7KH�H[SUHVVLRQ�RI�Lgr5� LV�VLJQLƓFDQWO\�UHGXFHG�LQ�'66�WUHDWHG�Myd88ŧ�ŧ�YHUVXV�:7�
PLFH��)LJ���H���7KHVH�GDWD�VXJJHVW�WKDW�WKH�7/5Ŋ0<'���SDWKZD\�PD\�SOD\�D�UROH�LQ�WKH�
H[SDQVLRQ�RI�WKH�LQWHVWLQDO�/*5�SRV�VWHP�FHOO�SRRO�FULWLFDO�IRU�DIWHU�LQMXU\�

7/5�Ŋ0<'���SURWHFWV�$SFmin/+ mice from adenomas
/*5�SRV� LQWHVWLQDO� VWHP� FHOOV� DUH� UHSRUWHG� WR� EH� WKH� FHOOV� RI� RULJLQ� RI� DGHQRPD�
LQLWLDWHG� E\� DGHQRPDWRXV� SRO\SRVLV� FROL� �$SF�� PXWDWLRQV� ����� ���� ���� ���� ���� �����
0RUHRYHU�� LW� KDV�EHHQ� VKRZQ� WKDW� DEODWLRQ�RI�0<'���SURWHFWV�Apcmin���PLFH� IURP�
GHYHORSLQJ�LQWHVWLQDO�WUDFW�WXPRXUV�������������������&RQƓUPLQJ�WKDW�7/5��LV�LQYROYHG�
LQ�WKH�SURWHFWLRQ�FRQIHUUHG�E\�0<'����Tlr2ŧ�ŧApcmin/+�PLFH�KDYH�UHGXFHG�PRUWDOLW\�
DQG�SRO\S�IRUPDWLRQ�FRPSDUHG�ZLWK�Apcmin/+ OLWWHUPDWHV��)LJ���D��E���'HOHWLRQ�RI�Tlr2–
Myd88�LQ�WKH�PRXVH�FRXOG�SURWHFW�PLFH�IURP�DGHQRPD�IRUPDWLRQ�LQGLUHFWO\�WKURXJK�
WKH�LQQDWH�LPPXQH�V\VWHP��GLUHFWO\�WKURXJK�HIIHFWV�RQ�HSLWKHOLDO�FHOOV��RU�ERWK��

7R�DVVHVV�ZKHWKHU�WKHUH�LV�DQ�LQWHVWLQDO�HSLWKHOLDO�VSHFLƓF�FRPSRQHQW��ZH�LQYHVWLJDWHG�
ZKHWKHU�GHOHWLRQ�RI�0<'���LQ�HSLWKHOLDO�FHOOV��ZKLFK�VKRXOG�GDPSHQ�DOO�7/5�VLJQDOOLQJ��
FDQ� DOVR� SURWHFW�Apcmin��� PLFH� IURP� DGHQRPD� IRUPDWLRQ��:H� GHYHORSHG�Myd88f/
fVil–CREert2Apcmin���PLFH�� DQG� LQGXFHG�CREert2 ZLWK� WDPR[LIHQ� DW� WKH�ZHDQLQJ� DJH��
&RQVLVWHQW�ZLWK� UHSRUWV� RQ� WKH�PRUWDOLW\� RI�Apcmin���PLFH�� XQ�LQGXFHG�Myd88f/fVil–
CREert2Apcmin���PLFH�GHYHORSHG� LQWHVWLQDO� WXPRXUV�DQG�GLHG�ZLWKLQ� WKH�DJH�RI��Ŋ��
PRQWKV��:KHQ�0<'���ZDV�DEODWHG�LQ�D�Vil–CREert2�VSHFLƓF�PDQQHU��PHGLDQ�VXUYLYDO�
RI�Apcmin���PLFH�ZHQW� IURP�����WR�����GD\V� �)LJ���F���$IWHU����ZHHNV�RI� WDPR[LIHQ�
LQGXFWLRQ��WKH�QXPEHU�RI�SRO\SV�ZDV�H[WHQVLYHO\�UHGXFHG�ZKHQ�0<'���ZDV�DEODWHG�
DV�FRPSDUHG�ZLWK� WKH�FRQWURO� �)LJ���G���7KHVH�GDWD�VXJJHVW� WKDW� WKH�7/5�VLJQDOOLQJ�
FRPSRQHQW�0<'����DW�OHDVW�SDUWO\��DIIHFWV�WKH�HSLWKHOLDO�VWHP�FHOOV�DQG�FRQWULEXWHV�LQ�
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D�FHOO�LQWULQVLF�PDQQHU�WR�WKH�PRUWDOLW\�DQG�PRUELGLW\�FDXVHG�E\�LQDFWLYDWLRQ�RI�$SF�LQ�
LQWHVWLQDO�WXPRXUV�

7/5�Ŋ&'��Ŋ0<'���FRPSOH[�LQ�WKH�PDPPDU\�HSLWKHOLXP
:H�SRVWXODWHG�WKDW�RWKHU�HSLWKHOLD��VXFK�DV�WKH�EUHDVW�HSLWKHOLXP��PLJKW�DOVR�FRQWDLQ�D�
VWHP�FHOO�FRPSDUWPHQW�WKDW�XVHV�WKH�7/5�SDWKZD\��:H�EHJDQ�E\�DGGUHVVLQJ�ZKHWKHU�
7/5��ZDV�H[SUHVVHG�RQ�PXULQH�PDPPDU\�HSLWKHOLDO�FHOOV� �0(&V���8VLQJ�SXEOLVKHG�
PDUNHUV�RI�PXULQH�0(&V��PDPPDU\�UHSRSXODWLQJ�XQLWV��058V��&'��SRV��&'��ISRV���
P\R�HSLWKHOLDO� FHOOV� �0<2V��&'��GLP&'��ISRV��� OXPLQDO� SURJHQLWRU� FHOOV� �0D�&)&V��
&'��SRV&'��IQHJ&'��SRV�� DQG� PDWXUH� OXPLQDO� FHOOV� �(3,V�� &'��SRV�� &'��IPLQ��
&'��QHJ���UHIV����������������������ZH�IRXQG�WKDW�7/5��ZDV�H[SUHVVHG�LQ�DOO�SRSXODWLRQV�
�)LJ���D���:H�QH[W�FRQƓUPHG�H[SUHVVLRQ�RI�7/5��DQG�LWV�GRZQVWUHDP�DGDSWRU�0<'���
E\� T3&5� RQ� ŴRZ�VRUWHG� SRSXODWLRQV�� ,QFUHDVHG� Tlr2� H[SUHVVLRQ� ZDV� IRXQG� LQ� WKH�
0D�&)&��058�DQG�0<2�SRSXODWLRQV�YHUVXV�WKH�PDWXUH�OXPLQDO�SRSXODWLRQ��Myd88 
H[SUHVVLRQ�ZDV�VLPLODU�LQ�DOO�SRSXODWLRQV��6XSSOHPHQWDU\�)LJ���D��E��

7R�LQYHVWLJDWH�ZKHWKHU�7/5��KDV�D�IXQFWLRQDO�UROH�LQ�0(&V��ZH�H[DPLQHG�WKH�HIIHFW�
RI� NQRZQ� 7/5�� OLJDQGV� �3DP�&6.�� DFWLYDWHV� 7/5����� 0DOS��� DFWLYDWHV� 7/5����� LQ�

Minus Plus

Po
lyp

 n
o.

���

Total Small Medium Large

0

0.2

0.4

0.6

0.8

1.0
a

dc

b

Days

Fr
ac

tio
n 

su
rv

iv
al

Tlr2+/+ Apcmin/+

Tlr2+/– Apcmin/+

Tlr2–/– Apcmin/+

+/+ –/–

Po
lyp

 n
o.

�

+/+ –/–
0

5

10

15

20 NS

+/+ –/–

�

+/+ –/–
0

20

40

60 �

0 200 400 600 800
0.0

0.2

0.4

0.6

0.8

Myd88f/f Vil–Creert Apcmin/+

1.0

Fr
ac

tio
n 

su
rv

iv
al Minus 4HT

Plus 4HT

���

Days

Tlr2:
0
2
4
6
8

10
12

0

4

8

12

16

20
24

0 200 400 600

0

20

40

60

Figure 2: TLR2 and MYD88 protect Apcmin/+ mice from adenomas. �D��.DSODQŊ0HLHU�VXUYLYDO�FXUYH�
VKRZLQJ�Tlr2+/+Apcmin/+��1� ����PLFH���Tlr2��ŧApcmin/+��1� �����P���������DQG�Tlr2ŧ�ŧApcmin/+��1� �����P���
�������0HGLDQ�VXUYLYDO�UDWHV�RI�Tlr2+/+Apcmin����7OU���ŧ$SFPLQ���DQG�Tlr2ŧ�ŧApcmin/+�PLFH�DUH����������DQG�
����GD\V��UHVSHFWLYHO\���E��7RWDO�QXPEHU�RI�YLVLEOH�SRO\SV���P� ��������DQG�QXPEHU�RI�VPDOO���P� ���������
PHGLXP��16��QRW�VLJQLƓFDQW��DQG�ODUJH�SRO\SV���P� �������LQ�WKH�6�,��DQG�FRORQ�ZDV�TXDQWLƓHG�LQ�DJH����Ŋ���
ZHHNV�ROG��PDWFKHG�Tlr2+/+Apcmin/+� �EOXH�1� �����DQG�Tlr2ŧ�ŧApcmin/+� �UHG��1� ����PLFH��$QDO\VLV�RI� WKH�
YLVLEOH�SRO\SV�LQ�WKH�LQWHVWLQDO�WUDFW�VKRZHG�WKDW�7OU��GHƓFLHQF\�UHVXOWHG�LQ�D�VLJQLƓFDQWO\�GHFUHDVHG�WXPRXU�
EXUGHQ�ZLWK�GHFUHDVHG�ODUJH�SRO\SV�DQG�LQFUHDVHG�VPDOOHU�VL]HG�SRO\SV�DV�FRPSDUHG�ZLWK�ZLOG�W\SH���F��
.DSODQŊ0HLHU�VXUYLYDO�FXUYH�VKRZLQJ�Myd88f/fVil–Creert2Apcmin/+�PLFH�QRW�WUHDWHG�ZLWK��+7��EOXH��1� �����
DQG�PLFH�WUHDWHG�ZLWK��+7��UHG��1� ������P���������� �G��7RWDO�QXPEHU�RI�YLVLEOH�SRO\SV� LQ�6�,��DQG�FRORQ�
ZDV�TXDQWLƓHG�DW����ZHHNV�DIWHU��+7�LQMHFWLRQ���3����������1� ���PLFH���9DOXHV�UHSUHVHQW�PHDQ�s�V�G��
6WXGHQWōV�XQSDLUHG�W�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�ZDV�XVHG�
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Figure 3: TLR2 is functionally expressed in normal murine mammary epithelial cells. �D��5HSUHVHQWDWLYH�
ŴRZ�F\WRPHWU\�KLVWRJUDP�VKRZLQJ�VWDLQLQJ�IRU�7/5���UHG��DQG�WKH�LVRW\SH�FRQWURO��EOXH��IRU�HDFK�VSHFLƓF�
VXE�SRSXODWLRQ��0HGLDQ�ŴXRUHVFHQFH�LV�VKRZQ�IRU�HDFK�KLVWRJUDP��'DWD�DUH�UHSUHVHQWDWLYH�RI���PLFH���E��
0DWULJHO in vitro FRORQ\�IRUPLQJ�FDSDFLW\�RI�OXPLQDO�DQG�EDVDO�FHOOV�ZLWK�3DP�&6.��DQG�0DOS����%DVDO�FHOOV��
&RQW� �FRQWURO��YHUVXV�3DP��P� ���������&RQW�YHUVXV�0DOS����P� ��������/XPLQDO�FHOOV��&RQW�YHUVXV�3DP��
P� ���������&RQW�YHUVXV�0DOS����P� ���������F��6RUWHG�0D�&)&V�IURP�:7�PLFH�DQG�7OU�ŧ�ŧ�PLFH�LQ�D��'�
FRORQ\�IRUPLQJ�DVVD\�ZLWK�RU�ZLWKRXW�+0*%���:7�FRQWURO�YHUVXV�:7�+0*%���3 P� ���������([SHULPHQWV�
LQ�E�F�ZHUH�UHSHDWHG�WZLFH�ZLWK�1� ���PLFH�LQ�WRWDO���G��&DUPLQH�$OXP�VWDLQHG�LQJXLQDO�PDPPDU\�JODQGV�
RI����GD\�ROG�PLFH��:7�DQG�7OU�ŧ�ŧ�PLFH��/\PSK�QRGH��/1���5HSUHVHQWDWLYH�SKRWRJUDSK�LV�VKRZQ��GDWD�DUH�
UHSUHVHQWDWLYH�RI���PLFH��6FDOH�EDU����PP���H��/LVW�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�EDVHG�RQ�VLQJOH�FHOO�
3&5�RI�058V��1� ������I��.DSODQŊ0HLHU�VXUYLYDO�FXUYH�VKRZLQJ�7OU����Wnt1+��1� ���PLFH��DQG�Tlr2ŧ�ŧWnt1+ 
�1� ���PLFH���3���������9DOXHV�UHSUHVHQW�PHDQ�s�V�G��6WXGHQWōV�XQSDLUHG�W�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�
ZDV�XVHG�
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RQ�FHOO�GHDWK��LQFUHDVHG�FRORQ\�IRUPDWLRQ�RI�ŴRZ�VRUWHG�0D�&)&V�IURP�D�:7�PRXVH�
EXW�QRW� IURP�D�7OU�ŧ�ŧ�PRXVH� �)LJ���F���:LWKRXW�+0*%���:7�DQG�Tlr2ŧ�ŧ�0D�&)&V�
KDG�VLPLODU�OHYHOV�RI�FRORQ\�IRUPDWLRQ��)LJ���F�DQG�6XSSOHPHQWDU\�)LJ���F���1H[W��ZH�
GHWHUPLQHG�ZKHWKHU�7/5��KDV�D�IXQFWLRQDO�UROH�in vivo�E\�DQDO\VLQJ�GXFWDO�RXWJURZWK�
LQ�PDPPDU\�JODQGV�RI��Ŋ��ZHHN�ROG�Tlr2ŧ�ŧ�PLFH��ZKLFK�FRUUHVSRQGV�WR�SXEHUW\��:7�
PLFH�VKRZHG�D�GXFWDO�WUHH�ZLWK�WHUPLQDO�HQG�EXGV�DOPRVW�UHDFKLQJ�WKH�O\PSK�QRGHV�
DW�GD\����SRVW�SDUWXP��,Q�FRQWUDVW��WKH�GHYHORSPHQW�RI�WKH�DJH�PDWFKHG�GXFWDO�WUHH�
in the Tlr2ŧ�ŧ�PLFH�ZDV�VHYHUHO\�LQKLELWHG��)LJ���G��DQG�RQO\�D�IHZ�WHUPLQDO�HQG�EXGV�
ZHUH�REVHUYHG��Tlr2ŧ�ŧ� HSLWKHOLDO� GXFWV� VKRZHG�GHFUHDVHG� LQYDVLRQ�RI� WKH� IDW� SDG�
DW�GD\����SRVW�SDUWXP�EXW�QRW�DW�ZHHN��Ŋ���,Q�DGGLWLRQ��ŴRZ�F\WRPHWU\�DQDO\VLV�DQG�
LPPXQRKLVWRFKHPLVWU\�RI���ZHHN�ROG�PDPPDU\�JODQGV�DQG�PDPPDU\�ZKROH�PRXQWV�
RI�ODFWDWLQJ�:7�DQG�Tlr2ŧ�ŧ�PLFH�VKRZHG�QR�DSSUHFLDEOH�GLIIHUHQFH��6XSSOHPHQWDU\�
)LJ���DŊF��

$V� IRU� LQWHVWLQH��GHOHWLRQ�RI�7OU��FRXOG�DIIHFW�0(&V�E\�D�FHOO�H[WULQVLF�PDQQHU��FHOO�
LQWULQVLF�PDQQHU��RU�ERWK��7R�GHWHUPLQH�ZKHWKHU�WKH�058�FRPSDUWPHQW�ZDV�DIIHFWHG�
E\� WKH� DEVHQFH� RI� 7/5�� LQ� D� FHOO�LQWULQVLF� PDQQHU�� ZH� SHUIRUPHG� WUDQVSODQWDWLRQ�
H[SHULPHQWV��:H�WUDQVSODQWHG�VRUWHG�OLQHDJH�QHJDWLYH��OLQQHJ��FHOOV�IURP�:7�RU�Tlr2ŧ�ŧ 
PLFH�LQWR�UHFLSLHQW�:7�PLFH�DQG�IRXQG�WKDW�Tlr2ŧ�ŧ�PLFH�KDYH�GHFUHDVHG�IUHTXHQF\�
RI�058V�DV�GHWHUPLQHG�E\� WKH�RXWJURZWK�RI� WKH�PDPPDU\�HSLWKHOLDO� WUHH� �)LJ���D�
DQG�6XSSOHPHQWDU\�)LJ���D���)XUWKHUPRUH��OLPLWLQJ�GLOXWLRQ�WUDQVSODQWDWLRQ�RI�VRUWHG�
058V�RI�Tlr2ŧ�ŧ�DQG�VHFRQGDU\�WUDQVSODQWV�RI�RXWJURZWKV�IURP�WKH�058�WUDQVSODQWV�
DOVR�H[KLELWHG�GHFUHDVHG�RXWJURZWK�RI� WKH�PDPPDU\�HSLWKHOLDO� WUHH� DV� FRPSDUHG�
ZLWK�:7��)LJ���EŊG���7KH�RXWJURZWK�GHIHFWV�RFFXUUHG�LQ�PLFH�ZKRVH�LPPXQH�V\VWHPV�
DUH�:7�VXJJHVWLQJ�WKDW�WKHUH�LV�D�GHFUHDVHG�QXPEHU�RI�058V�LQ�Tlr2ŧ�ŧ�PLFH�DQG�7/5�
VLJQDOOLQJ�KDV�D�FHOO�LQWULQVLF�FRPSRQHQW�WKDW�LV�QRW�VROHO\�GXH�WR�VLJQDOOLQJ�GHIHFWV�RI�
LQQDWH�LPPXQH�FHOOV�

7KH� UROH� RI� WKH�7/5�� FR�DFWLYDWRU�&'��� LQ�0(&V�ZDV� LQYHVWLJDWHG�QH[W� ���� ����7KH�
H[SUHVVLRQ� RI� &'��� LQ� GLIIHUHQW� SRSXODWLRQV� RI� PXULQH� 0(&V� ZDV� PHDVXUHG�
�6XSSOHPHQWDU\�)LJ���G���&RQVLVWHQW�ZLWK�SXEOLVKHG�UHVXOWV�ZH�ƓQG�WKDW�OXPLQDO�FHOOV�
FRQVLVW�RI�D�&'��SRV�DQG�D�&'��QHJ�SRSXODWLRQ����/XPLQDO�&'��SRV�FHOOV�KDYH�EHHQ�
GHVFULEHG�WR�EH�SURJHQLWRUV�DV�WKLV�SRSXODWLRQ�KDV�WKH�FDSDFLW\�WR�IRUP�FRORQLHV�in 
vitro��,QWULJXLQJO\��0<2V�DV�ZHOO�DV�058V�DOVR�H[SUHVVHG�&'����DOWKRXJK�DW�D�ORZHU�
OHYHO��$V�IRU�:7�DQG�Tlr2ŧ�ŧ�PLFH��ŴRZ�F\WRPHWU\�DQDO\VLV�DQG�LPPXQRKLVWRFKHPLVWU\�
RI���ZHHN�ROG�PDPPDU\�JODQGV�DQG�PDPPDU\�ZKROH�PRXQWV�RI�ODFWDWLQJ�&G��ŧ�ŧ�
PLFH�VKRZHG�QR�DSSUHFLDEOH�GLIIHUHQFH��6XSSOHPHQWDU\�)LJ���DŊF���/LPLWLQJ�GLOXWLRQV�
RI� VRUWHG� OLQQHJ� DQG� 058V� UHYHDOHG� WKDW� WKHUH� LV� D� UHGXFWLRQ� LQ� 058� IUHTXHQF\�
ZKHQ�&G���LV�DEODWHG�LQ�WKH�0(&V��)LJ���DŊF�DQG�6XSSOHPHQWDU\�)LJ���D���7/5��ZDV�
DOVR�H[SUHVVHG�LQ�DOO���SRSXODWLRQV��6XSSOHPHQWDU\�)LJ���G���2XU�WUDQVSODQW�VWXGLHV�
RI�7OU�ŧ�ŧ�PLFH� UHYHDOHG�D�GHFUHDVHG�058� IUHTXHQF\� �6XSSOHPHQWDU\�)LJ�� �E�� F���
DOWKRXJK�QRW�DV�VLJQLƓFDQW�DV�WKDW�REVHUYHG�IRU�Tlr2ŧ�ŧ�DQG�Cd14ŧ�ŧ�PLFH��7RJHWKHU�
WKHVH�GDWD�VXJJHVW�WKDW�7/5���&'���DQG�7/5��DUH�IXQFWLRQDOO\�H[SUHVVHG�RQ�PXULQH�
0(&V�DQG�WKDW�WKH\�DIIHFW�WKH�058�IXQFWLRQ�

7R� FRQƓUP� WKDW� 0<'��� KDV� D� IXQFWLRQ� LQ� WKH�058� FRPSDUWPHQW� LQGHSHQGHQW� RI�
VLJQDOOLQJ�IURP�LQQDWH�LPPXQH�FHOOV��ZH�DQDO\VHG�Myd88ŧ�ŧ�0(&V�RI�F\WRNHUDWLQ����
�.���Ŋ&UHSRV0\G��I�I� PLFH�� $QDO\VLV� RI� WKH� .��Ŋ&UH� PRXVH� UHYHDOHG� WKDW� ERWK�
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Figure 4: Limiting dilutions of mammary epithelial cells. �D�� /LPLWLQJ� GLOXWLRQ� WUDQVSODQW�
RIbTlr2ŧ�ŧbDQGbCd14ŧ�ŧOLQQHJb0(&V��(/'$�JUDSK�DQG�DQDO\VLV�VKRZLQJ�VWHP�FHOO��058��IUHTXHQFLHV��'DWD�
IRU��:7��1b ����VDPSOHV��SRROHG�IURP����� LQGHSHQGHQW�H[SHULPHQWV�bTlr2ŧ�ŧb �Nb ����VDPSOHV��SRROHG�
IURP����� LQGHSHQGHQW�H[SHULPHQWV�bPb���������bCd14ŧ�ŧ(Nb ����VDPSOHV��SRROHG�IURP��� LQGHSHQGHQW�
H[SHULPHQWV��Pb�����������E�F��/LPLWLQJ�GLOXWLRQV�WUDQVSODQW�RIbTlr2ŧ�ŧ and CD14ŧ�ŧbVRUWHG�058V�LQFOXGLQJ�
(/'$�JUDSK� DQG� DQDO\VLV� RI�058� IUHTXHQFLHV� DQG�SLH� FKDUWV� VKRZLQJ�PDPPDU\� WUHH� FRYHUDJH�RI� WKH�
IDWSDG�RI�LQGLYLGXDO�UHFLSLHQWV�LQ�HDFK�JURXS��'DWD�IRU�:7��Nb ����VDPSOHV��bTlr2ŧ�ŧb�Nb ����VDPSOHV��bPb��
�������DQGbCd14ŧ�ŧb�Nb ����VDPSOHV��bPb����������SRROHG�IURP���LQGHSHQGHQW�H[SHULPHQWV���G��3LH�FKDUWV�
IRU� VHFRQGDU\� WUDQVSODQWV� RI� 0(&V� IURP� SULPDU\�058� WUDQVSODQWV� RI�:7� DQGb Tlr2ŧ�ŧb PLFH�� 6HFRQGDU\�
WUDQVSODQWV�ZHUH�GRQH�XVLQJ�/LQQHJbFHOOV����.����Ŋ���ZHHNV�DIWHU�SULPDU\�WUDQVSODQWV�RI�PLFH�IURPbD���'DWD�
IRU�:7��Nb ����VDPSOHV��DQGbTlr2ŧ�ŧ (Nb ����VDPSOHV��SRROHG�IURP���LQGHSHQGHQW�H[SHULPHQWV��6WXGHQWōV�
XQSDLUHGbt�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�ZDV�XVHG�bPb ���������H�I��/LPLWLQJ�GLOXWLRQ�WUDQVSODQW�RIbMyd88�
GHƓFLHQW�OLQQHJb0(&V�XVLQJbK14–CrenegMyd88f�fb�:7��bK14–CreposMyD88f�fb�Myd88ŧ�ŧ��LQFOXGLQJ�SLH�FKDUWV�
VKRZLQJ�PDPPDU\�WUHH�FRYHUDJH�RI� WKH�IDWSDG�LQ� LQGLYLGXDO�UHFLSLHQWV� LQ�HDFK�JURXS��(/'$�JUDSK�DQG�
DQDO\VLV�VKRZLQJ�058�IUHTXHQF\��'DWD�IRU�:7��Nb ����VDPSOHV��DQGbMyd88ŧ�ŧb�Nb ����VDPSOHV��SRROHG�
IURP���LQGHSHQGHQW�H[SHULPHQWV�bPb���������
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TLR2-MYD88 in intestinal and breast epithelia and oncogenesis
UROH� LQ� WKH� IXQFWLRQ�RI�PDPPDU\� VWHP�FHOOV�� ,PPXQRKLVWRFKHPLVWU\�RI� WKH�0\G���
GHƓFLHQW�PDPPDU\� JODQGV� GHPRQVWUDWHG� WKDW� WKH�PDPPDU\� JODQG� UHPDLQV� LQWDFW�
�6XSSOHPHQWDU\�)LJ���H��I��

,/��5��DQG�,/���5�DUH�DOVR�XSVWUHDP�RI�0<'���������KHQFH��ZH�H[DPLQH�ZKHWKHU�WKH\�
KDYH�D�UROH�LQ�WKH�GHFUHDVHG�WUDQVSODQW�HIƓFLHQF\�RI�Tlr2ŧ�ŧ�DQG�Cd14ŧ�ŧ�FHOOV��)ORZ�
F\WRPHWU\�DQDO\VLV�VKRZHG�WKDW�,/��5��LV�H[SUHVVHG�RQ�058V�DQG�0D�&)&V�ZKHUHDV�
,/���5�LV�H[SUHVVHG�RQO\�RQ�WKH�0D�&)&V���6XSSOHPHQWDU\�)LJ���G���/LPLWLQJ�GLOXWLRQ�
WUDQVSODQWDWLRQ� RI� VRUWHG� OLQQHJ� FHOOV� IURP� ,O��U�ŧ�ŧ� DQG� ,O���Uŧ�ŧ� PLFH� GLG� QRW�
VKRZ�D�GHFUHDVHG�058� IUHTXHQF\� �6XSSOHPHQWDU\�)LJ���G���7KHVH� UHVXOWV� VXJJHVW�
WKDW� DOWKRXJK�0<'��� LV� D� GRZQVWUHDP� HIIHFWRU� RI� 7/5��� &'���� ,/��5�� DQG� ,/���5�
VLJQDOOLQJ��WKH�VLJQDO�IRU�HIƓFLHQW�IXQFWLRQ�RI�058�LV�WKURXJK�WKH�7/5��&'���SDWKZD\�

Single-cell analysis of MECs
2ZLQJ� WR�D�VLJQLƓFDQW� UHGXFWLRQ�RI�058V� LQ�Tlr2ŧ�ŧ�0(&V��ZH�UHDVRQHG�WKDW� WKHVH�
FHOOV�PD\�H[SUHVV�DOWHUHG�OHYHOV�RI�JHQHV�LQYROYHG�LQ�VHOI�UHQHZDO��:H�H[DPLQHG�WKH�
H[SUHVVLRQ�RI�D�QXPEHU�JHQHV�LQYROYHG�LQ�VHOI�UHQHZDO�LQ�:7�DQG�Tlr2ŧ�ŧ�FHOOV�XVLQJ�
VLQJOH�FHOO� T3&5��058V��0<2V��0D�&)&V� DQG� (3,V�ZHUH� GRXEOH� VRUWHG� IRU� VLQJOH�
FHOO�T3&5��+LHUDUFKLFDO�FOXVWHULQJ�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�WKH�VLPLODULW\�RI�WKHLU�
JHQH�H[SUHVVLRQ��$OWKRXJK�VLPLODU�FOXVWHUV�ZHUH�REVHUYHG�D�QXPEHU�RI�JHQHV�WKDW�DUH�
LQYROYHG�LQ�VHOI�UHQHZDO�ZHUH�GLIIHUHQWLDOO\�H[SUHVVHG�LQ�WKH�058V�EHWZHHQ�:7�DQG�
Tlr2ŧ�ŧ�PLFH��)LJ���H�DQG�6XSSOHPHQWDU\�)LJ������7KH�XSUHJXODWLRQ�RI�7US���SURPSWHG�
XV�WR�LQYHVWLJDWH�ZKHWKHU�WKH�,QN�D�$UI�ORFXV�LV�IXQFWLRQDOO\�LQYROYHG�LQ�WKH�UHGXFWLRQ�
RI�058�LQ�WKH�Tlr2ŧ�ŧ�PLFH��$V�SUHYLRXVO\�SXEOLVKHG��,QN�D�$UI�GHƓFLHQF\�GLG�QRW�DIIHFW�
WKH�058� IUHTXHQF\�� VXJJHVWLQJ� WKDW� ,1.�$�$5)� OHYHOV� LQ�:7�VWHP�DQG�SURJHQLWRU�
FHOOV�DUH�QHJOLJLEOH����,PSRUWDQWO\��,QN�D�$UI�GHƓFLHQF\�UHVXOWHG�LQ�D�UHVFXH�RI�058�
IUHTXHQF\� RI� WKH�Tlr2ŧ�ŧ� FHOOV� �6XSSOHPHQWDU\� )LJV� �H�� I��� 7KHVH� GDWD� VXJJHVW� WKDW�
058V�DUH�DIIHFWHG�E\�7/5��

TLR2 in development of mammary tumours
7R�GHWHUPLQH�ZKHWKHU�7/5��DIIHFWV�in vivo�EUHDVW�FDQFHU�GHYHORSPHQW��0079Ŋ:QW��
WUDQVJHQLF�PLFH�ZHUH�EUHG�RQ�D�Tlr2ŧ�ŧ�EDFNJURXQG��Tlr2ŧ�ŧ0079Ŋ:QW���Tlr2ŧ�ŧWnt1��
PLFH�KDYH�D�PDUNHGO\�UHGXFHG�WXPRXU�IRUPDWLRQ�FRPSDUHG�ZLWK�Tlr2+/+0079Ŋ:QW��
(Tlr2+/+Wnt1��OLWWHUPDWHV��)LJ���I���0HGLDQ�WXPRXU�IUHH�GD\V�RI�Tlr2+/+Wnt1�DQG�Tlr2ŧ�ŧ
Wnt1�DUH�����DQG�����GD\V�UHVSHFWLYHO\��7KHVH�GDWD�VXJJHVW�WKDW�7/5��LV�LQYROYHG�LQ�
GH�QRYR�PDPPDU\�WXPRXU�IRUPDWLRQ�

TLR signalling in human breast and colon cancer
*LYHQ�WKH�SRVVLEOH�UROH�RI�7/5V�LQ�QRUPDO�PXULQH�FRORQ�DQG�EUHDVW�HSLWKHOLDO�VWHP�FHOOV��
DQG�LQ�PXULQH�LQWHVWLQDO�DQG�EUHDVW�WXPRXUV��ZH�LQYHVWLJDWHG�ZKHWKHU�LW�PLJKW�SOD\�
D�UROH�LQ�KXPDQ�FDQFHU��*HQRPLF�FRS\�QXPEHU�DOWHUDWLRQV�RI�WKH�7/5��GRZQVWUHDP�
HIIHFWRUV��,5$.��DQG�,5$.���DUH�FRPPRQ��DPSOLƓFDWLRQV�DUH�IRXQG�LQ�EUHDVW��,5$.���
������� DQG� FRORQ� �,5$.��� ����� ,5$.�� ������� FDQFHU� �ZZZ�EURDGLQVWLWXWH�RUJ�
WXPRUVFDSH��� ,Q� DGGLWLRQ�� DQDO\VLV� RI� 7/5�� LQ� ���� EUHDVW� WXPRXUV� DQG� ���� FRORQ�
WXPRXUV�IURP�SXEOLFO\�DYDLODEOH�GDWD�VHWV��F%LR�&DQFHU�*HQRPLFV�3RUWDO�DQG�6DQJHU�
&DWDORJXH�RI�6RPDWLF�0XWDWLRQV�LQ�&DQFHU��UHYHDOHG���FDVH�RI�D�QRQVHQVH�PXWDWLRQ�
�5���;�� LQ� EUHDVW� FDQFHU� DQG��� FDVHV� RI� QRQVHQVH�PXWDWLRQV� �(���;�� (���;� ��;���
(���;��LQ�FRORQ�FDQFHU�
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$V� ,5$.�� DQG� ,5$.�� DPSOLƓFDWLRQV� DUH� FRPPRQ� LQ� FRORQ� DQG� EUHDVW� FDQFHU��
UHVSHFWLYHO\��ZH�VHW�RXW�WR�GHWHUPLQH�WKH�UROH�RI� WKH�7/5�SDWKZD\�LQ�KXPDQ�EUHDVW�
FDQFHU��)ORZ�F\WRPHWU\�DQDO\VLV�UHYHDOHG�WKDW�LQ�FRQWUDVW�WR�QRUPDO�KXPDQ��)LJ���D��
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Figure 5: TLR2 expression on human ERnegbEUHDVW�FDQFHU�LQIOXHQFHVbLQbYLWURbFRORQ\�IRUPDWLRQ���D�E��
5HSUHVHQWDWLYH�ŴRZ�F\WRPHWU\�DQDO\VLV�RI�QRUPDO�EUHDVW�HSLWKHOLDO� FHOOV� �D��DQG�RI�SULPDU\�(5QHJbEUHDVW�
WXPRXUV� �E��� �F�G�b 5HSUHVHQWDWLYH� KLVWRJUDPV� IRU�7/5�� �F�� DQG�&'��� �G�� RI� WKH� RXWOLQHG�SRSXODWLRQV� LQ�
�E���5HG�� LVRW\SH�FRQWURO��EOXH��7/5��RU�&'���VWDLQLQJ�� �H�I��5HSUHVHQWDWLYH�KLVWRJUDPV� IRU�7/5�� �H��DQG�
&'����I��RI� WKH�RXWOLQHG�SRSXODWLRQV� LQbD��5HG�� LVRW\SH�FRQWURO��EOXH��7/5��RU�&'���VWDLQLQJ�� �DŊI��'DWD�
DUH�UHSUHVHQWDWLYH�RI�PRUH�WKDQ����LQGHSHQGHQW�SDWLHQW�VDPSOHV���J�bIn vitrobFRORQ\�IRUPLQJ�FDSDFLW\�RI�
D�SULPDU\�(5QHJbWXPRXU��1HXWUDOL]LQJ�DQWL�7/5��DQG�DQWL�&'���EORFNHG�FORQRJHQLFLW\��GDWD�DUH�VKRZQ�IRU�
RQH�UHSUHVHQWDWLYH�WXPRXU�RI���GLIIHUHQW�SULPDU\�WXPRXUV�bNb ���VDPSOHV��Pb����������K�b1HXWUDOL]LQJ�
DQWL�&'���LQKLELWVbin vivobWXPRXU�JURZWK�LQ�D�EUHDVW�WXPRXU�[HQRWUDQVSODQWDWLRQ�PRGHO��'DWD�VKRZQ�DUH�IRU�
RQH�UHSUHVHQWDWLYH�RI���H[SHULPHQWV�ZLWK�GLIIHUHQW�SULPDU\�WXPRXUV��&RQWURO��&RQW��bNb ���PLFH��DQWL�&'���
�D&'����b1b ���PLFH��Pb ��������L��.QRFNGRZQ�RIbMYD88bRUb IRAK1bUHVXOWHG�LQ�GHFUHDVHG�FORQRJHQLFLW\�
LQ�SULPDU\�(5QHJbWXPRXU���1b ���VDPSOHV���Pb���������'DWD�VKRZQ�DUH�IRU�D�UHSUHVHQWDWLYH�RI���GLIIHUHQW�
SULPDU\� WXPRXUV�� �M�b ,Q� YLYRb HIIHFWV� RIbMYD88b RUb IRAK1b NQRFNGRZQ� LQ� SULPDU\� (5QHJb WXPRXU� �1b  � ��
PLFH�IRU�HDFK�FRQGLWLRQ����Pb ���������Pb ���������'DWD�VKRZQ�DUH�IRU�D�UHSUHVHQWDWLYH�RI���GLIIHUHQW�
SULPDU\�WXPRXUV��(DFK�JURXS�FRQVLVWV�RI���PLFH��$OO�YDOXHV�LQ�WKLV�ILJXUH�UHSUHVHQW�PHDQ�s�V�G��6WXGHQWōV�
XQSDLUHGbW�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�ZDV�XVHG�
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TLR2-MYD88 in intestinal and breast epithelia and oncogenesis
DQG� PRXVH� 0(&V� �6XSSOHPHQWDU\� )LJ�� ���� ZKLFK� KDYH� GLVWLQFW� OXPLQDO� DQG� EDVDO�
SKHQRW\SHV��PDQ\�KXPDQ�(5QHJ�EUHDVW�WXPRXUV�FRQWDLQ�D�KRPRJHQHRXV�SRSXODWLRQ�
RI�(S&$0SRV&'��ISRV�FHOOV��)LJ���E���6LPLODU�WR�QRUPDO�PXULQH�0D�&)&V��ZKLFK�FRQWDLQ�
WKH�KLJKHVW�H[SUHVVLRQ�RI�7/5���)LJ���D��DQG�&'����UHI������6XSSOHPHQWDU\�)LJ���G���
WKH�(S&$0SRV&'��ISRV�SRSXODWLRQ�RI�(5QHJ�WXPRXU�FHOOV�DOVR�KDV�D�KLJK�H[SUHVVLRQ�
RI�7/5��DQG�&'����)LJ���F��G���7/5��DQG�&'���ZHUH�DOVR�H[SUHVVHG�RQ�QRUPDO�0(&V�
�)LJ�� �H�� I��� 7R� GHWHUPLQH� ZKHWKHU� 7/5�� DQG� &'��� DUH� QHHGHG� IRU� WKH� JURZWK� RI�
(S&$0SRV&'��ISRV�FHOOV�IURP�KXPDQ�(5QHJ�EUHDVW�WXPRXUV��ZH�FXOWXUHG�WKHVH�FHOOV�in 
vitro�RQ�0DWULJHO��DQG�WUHDWHG�WKHP�ZLWK�D�QHXWUDOL]LQJ�DQWLERG\�DJDLQVW�7/5��RU�&'����
7KH�7/5��DQG�&'���QHXWUDOL]LQJ�DQWLERG\�EORFNHG�FRORQ\�IRUPDWLRQ�RI�(5QHJ�WXPRXU�
FHOOV��)LJ���J�DQG�6XSSOHPHQWDU\�)LJ���D���)XUWKHUPRUH��D�&'���QHXWUDOL]LQJ�DQWLERG\�
EORFNHG�WXPRXU�JURZWK�RI�WZR�LQGHSHQGHQW�(5QHJ�EUHDVW�FDQFHU�[HQRJUDIWV� in vivo 
�)LJ���K���6KRUW�KDLUSLQ�51$��VK51$��PHGLDWHG�NQRFNGRZQ�RI�7/5��LQ�WZR�EUHDVW�FHOO�
OLQHV�VLPLODUO\�GHFUHDVHG�FORQRJHQLF�RXWJURZWK��6XSSOHPHQWDU\�)LJV��E�DQG��F��
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SDWLHQW�VDPSOHV��VFDOH�EDU�����ҊP����F��5HSUHVHQWDWLYH�KLVWRJUDPV�RI�ŴRZ�F\WRPHWU\�DQDO\VLV�RI�D�SULPDU\�
FRORQ�FDQFHU�DQG�QRUPDO�FRORQ�HSLWKHOLDO�FHOOV�IRU�7/5���LQ�UHG��LVRW\SH�FRQWURO��LQ�EOXH��&'��ŧbFHOOV��LQ�JUHHQ��
&'���bFHOOV��'DWD�DUH�UHSUHVHQWDWLYH�RI���LQGHSHQGHQW�SDWLHQW�VDPSOHV���G�bIn vitrobFRORQ\�IRUPLQJ�FDSDFLW\�
RI�D�SULPDU\�FRORQ�FDQFHU��1HXWUDOL]LQJ�DQWL�7/5��EORFNHG�FORQRJHQLFLW\�bNb ���LQGHSHQGHQW�H[SHULPHQWV�
RI�RQH�WXPRXU��'DWD�DUH�IRU�RQH�UHSUHVHQWDWLYH�WXPRXU�RI���GLIIHUHQW�WXPRXUV���PbYDOXH�LV���������9DOXHV�
UHSUHVHQW�PHDQbsbV�G��6WXGHQWōV�XQSDLUHGbW�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�ZDV�XVHG���6FDOH�EDU������ҊP���
�H��.DSODQŊ0HLHU�DQDO\VLV�RI� WKH�SUREDELOLW\�RI�RYHUDOO�VXUYLYDO�DFFRUGLQJ�WR�7/5��H[SUHVVLRQ��7/5��KLJK�
(Nb �����SDWLHQWV���7/5�� ORZ� �Nb �����SDWLHQWV���GDWD�SRROHG� IURP��� LQGHSHQGHQW�GDWD� VHWV�bPb ������
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1H[W��0<'���DQG�,5$.���ZKLFK�SDUWLFLSDWH�LQ�7/5�VLJQDOOLQJ�GRZQVWUHDP�RI�7/5���ZHUH�
LQYHVWLJDWHG��&HOOV�LVRODWHG�IURP�KXPDQ�EUHDVW�(5QHJ�[HQRJUDIW�WXPRXUV�DQG�EUHDVW�
FDQFHU�FHOO�OLQHV�ZHUH�WUHDWHG�ZLWK�VK51$V�DJDLQVW�0<'���DQG�,5$.���WKHQ�FXOWXUHG�
RQ�0DWULJHO�WR�GHWHUPLQH�WKHLU�DELOLW\�WR�IRUP�FRORQLHV�in vitro��,QKLELWLRQ�RI�0<'���
DQG�,5$.��UHVXOWHG�LQ�GHFUHDVHG�FORQRJHQLFLW\��)LJ���L�DQG�6XSSOHPHQWDU\�)LJ���G��
H�� DQG�GHFUHDVHG�1)�҈%� DFWLYLW\� DV� LQGLFDWHG�E\� ,/��%� H[SUHVVLRQ� �6XSSOHPHQWDU\�
)LJ���I���7KH�0<'���DQG�,5$.��VK51$V�DOVR�UHVXOWHG�LQ�D�QHJDWLYH�VHOHFWLRQ�LQ�WKH�
IRUPDWLRQ�RI�in vivo�[HQRJUDIW�WXPRXUV�GHULYHG�IURP�(5QHJ�EUHDVW�FDQFHU�FHOOV��)LJ���M���
7RJHWKHU�WKHVH�GDWD�VXSSRUW�WKH�QRWLRQ�WKDW�7/5��DQG�&'���DUH�H[SUHVVHG�RQ�VRPH�
(5QHJ�EUHDVW�FDQFHUV�DQG�WKDW�WKH�7/5�Ŋ&'��Ŋ0<'��Ŋ,5$.��SDWKZD\�LV�LPSRUWDQW�IRU�
WXPRULJHQLFLW\�

)LQDOO\��EHFDXVH�RXU�GDWD�VXJJHVW�WKDW�WKH�7/5��SDWKZD\�SOD\V�DQ�LPSRUWDQW�UROH�LQ�
WKH� IRUPDWLRQ� RI� SUH�FDQFHURXV� SRO\SV�DGHQRPDV� LQ� WKH� Apcmin/+ PRXVH� PRGHO��
ZH� ZDQWHG� WR� HYDOXDWH� WKH� UROH� RI� WKH� 7/5�� SDWKZD\� LQ� KXPDQ� SULPDU\� WXPRXUV��
,PPXQRKLVWRFKHPLVWU\� DQG� ŴRZ� F\WRPHWU\� DQDO\VLV� VKRZHG� WKDW� QRUPDO� FRORQ�
HSLWKHOLDO�DQG�FRORQ�FDQFHU�FHOOV�H[SUHVV�7/5���)LJ���DŊF�DQG�6XSSOHPHQWDU\�)LJ������7R�
DVFHUWDLQ�ZKHWKHU�7/5��IXQFWLRQV�LQ�FRORQ�FDQFHU��ZH�FXOWXUHG�SULPDU\�FRORQ�WXPRXUV�
FHOOV�in vitro�RQ�0DWULJHO�DQG�WUHDWHG�WKH�FHOOV�ZLWK�D�7/5��QHXWUDOL]LQJ�DQWLERG\��7KH�
7/5��QHXWUDOL]LQJ�DQWLERG\�EORFNHG�FRORQ\� IRUPDWLRQ� LQ�SULPDU\�FRORQ�FDQFHU� �)LJ��
�G��� )XUWKHUPRUH�� ZH� IRXQG� LQ� D�PXOWLYDULDWH� DQDO\VLV� IURP� WZR� LQGHSHQGHQW� GDWD�
VHWV�WKDW�KLJK�7/5��H[SUHVVLRQ�LV�VLJQLƓFDQWO\�DVVRFLDWHG�ZLWK�ZRUVH�RYHUDOO�VXUYLYDO�
LQ� FRORQ� FDQFHU� �)LJ�� �H��� 7RJHWKHU�� WKHVH� ƓQGLQJV� VKRZ� WKDW� WKH�7/5�� SDWKZD\� LV�
LPSRUWDQW�LQ�PXULQH�LQWHVWLQDO�WXPRULJHQHVLV�DV�ZHOO�DV�LQ�KXPDQ�FRORQ�FDQFHU�

$V�PXWDWLRQDO�VWXGLHV�RI�'URVRSKLOD�7/5������DQG�PDPPDOLDQ�7/5�������VKRZHG�WKDW�
WUXQFDWHG�7/5�PXWDQWV�FDQ�EH�FRQVWLWXWLYHO\�DFWLYH��ZH�DVVHVVHG�ZKHWKHU�QRQVHQVH�
PXWDWLRQV�IRXQG�LQ�SXEOLF�GDWD�VHWV�RI�KXPDQ�FRORQ�DQG�EUHDVW�FDQFHUV�FDQ�DFWLYDWH�
7/5��VLJQDOOLQJ��:H�ƓUVW�H[DPLQHG�ZKHWKHU�WKHVH�FDQFHU�PXWDWLRQV�FDQ�OHDG�WR�WKH�
H[SUHVVLRQ� RI� D� WUXQFDWHG� 7/5�� IURP� D� GRZQVWUHDP� DOWHUQDWLYH� VWDUW� VLWH� �0�����
)LJ���D���:H�JHQHUDWHG�:7�7/5���ZW7/5���DQG�PXWDQW�7/5��(���;��ѣ7/5���YHFWRUV�
IXVHG�WR�<)3�IRU�HDV\�YLVXDOL]DWLRQ�DQG�WUDQVIHFWHG�WKHP�LQWR�+(.���7�FHOOV��<)3�ZDV�
GHWHFWHG�ZLWK�ERWK�WKH�ZW7/5�Ŋ<)3�IXVLRQ�DV�ZHOO�DV�WKH�ѣ7/5�Ŋ<)3�IXVLRQ��VKRZLQJ�
WKDW�WKH�ѣ7/5�Ŋ<)3�PXWDQW�ZDV�WUDQVFULEHG�DQG�WUDQVODWHG��)LJ���E���$V�7/5��VLJQDOV�
WKURXJK� WKH�1)�҈%�SDWKZD\��ZH� WHVWHG�ZKHWKHU� WKH�GHOHWLRQ�PXWDQW� FRXOG� LQGXFH�
DFWLYDWLRQ� RI� 1)�҈%�� 7UDQVLHQW� H[SUHVVLRQ� RI� ѣ7/5�Ŋ<)3� FDXVHG� DQ� LQFUHDVHG� 1)�
҈%� DFWLYDWLRQ� DV� FRPSDUHG� ZLWK� ZW7/5�Ŋ<)3�� FRQƓUPLQJ� WKDW� WKLV� GHOHWLRQ�PXWDQW�
LV�D�JDLQ�RI�IXQFWLRQ�PXWDQW� OHDGLQJ� WR�FRQVWLWXWLYH�DFWLYDWLRQ�RI�1)�҈%� �)LJ���F��� ,Q�
DGGLWLRQ�� ZH� XVHG� ��LQGXFHG� JHQRPH� HGLWLQJ� WR� FUHDWH� D� VLPLODU� WUXQFDWHG� 7/5��
JHQH�LQ�+(.���7�FHOOV�����������)LJ���G�DQG�6XSSOHPHQWDU\�)LJ������7KLV�UHVXOWHG�LQ�DQ�
LQFUHDVH�LQ�H[SUHVVLRQ�RI�IL-1B��LQGLFDWHV�1)�҈%�DFWLYDWLRQ���$[LQ��DQG�Lgr5��VXJJHVWV�
DQ�LQFUHDVH�LQ�:QW�VLJQDOOLQJ��)LJ���H���$OO�RI�WKHVH�GDWD�VXJJHVW�WKDW�WUXQFDWHG�7/5��
FDQ�EH�FRQVWLWXWLYHO\�DFWLYH�DQG�WKDW�WKH�7/5��QRQVHQVH�PXWDWLRQV�IRXQG�LQ�KXPDQ�
WXPRXU�HV�FDQ�SRWHQWLDOO\�UHVXOW�LQ�DFWLYH�7/5��VLJQDOOLQJ�

DISCUSSION
$OWKRXJK�SUHYLRXV�VWXGLHV�KDYH�VKRZQ�D�UROH�IRU�7/5��DQG�0<'���LQ�WXPRXU�JURZWK�
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TLR2-MYD88 in intestinal and breast epithelia and oncogenesis
DQG�SURJUHVVLRQ����������DQG�D�WXPRXU�FHOO�H[WULQVLF�UROH�IRU�7/5��DQG�0<'������������
WKLV�VWXG\�VXJJHVWV�FHOO�LQWULQVLF�7/5�Ŋ&'��Ŋ0<'���VLJQDOOLQJ� LQ�FRORQ�DQG�EUHDVW�
HSLWKHOLDO� FHOOV�� KRZHYHU�� WKLV� GRHV� QRW� H[FOXGH� D� SRWHQWLDO� UROH� IRU� FHOO�H[WULQVLF�
VLJQDOOLQJ� WKURXJK� WKH�VDPH�SDWKZD\��7KH�VXJJHVWHG�HSLWKHOLDO�FHOO�LQWULQVLF� UROH� LV�
GHPRQVWUDWHG�E\�XVLQJ�LQWHVWLQDO��DQG�PDPPDU\�VSHFLƓF�MyD88�GHOHWLRQ�PLFH�DQG�
E\�WUDQVSODQWLQJ�0(&V�LQWR�:7�UHFLSLHQWV��$OO�RI�WKHVH�GDWD�VXJJHVW�WKDW�WKHUH�LV�D�FHOO�
LQWULQVLF�FRPSRQHQW�RI�7/5�Ŋ&'��Ŋ0\'���VLJQDOOLQJ�LQ�HSLWKHOLDO�FHOOV�
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Figure 7: Analysis of TLR2 mutations. �D�� 6WUXFWXUH� RI� WKH� 7/5�� JHQH�� ([WUDFHOOXODU� GRPDLQ� �(&'���
WUDQVPHPEUDQH�GRPDLQ��70'��DQG�LQWUDFHOOXODU�GRPDLQ��,&'���7KH�QRQVHQVH�PXWDWLRQV�DQG�WKH�DOWHUQDWLYH�
LQ� IUDPH� VWDUW�VLWH� �0����� DUH� VKRZQ�� �E�� 3URWHLQ� H[SUHVVLRQ� RI� ZW75/�Ŋ<)3� DQG� ѣ75/�Ŋ<)3�PXWDQW� DV�
GHWHUPLQHG� E\� ŴXRUHVFHQFH� RI� <)3� E\� ŴXRUHVFHQFH� PLFURVFRS\�� �6FDOH� EDU�� ���� ҊP��� �F�� ѣ75/�Ŋ<)3�
PXWDQW� FRQVWLWXWLYHO\� DFWLYDWH� 1)�҈%� DV� GHWHUPLQHG� ZLWK� DQ� 1)�҈%�GULYHQ� OXFLIHUDVH� UHSRUWHU�b Nb  � ��
LQGHSHQGHQW�H[DPSOHV�SHU�FRQGLWLRQ��Pb��������Pb���������9DOXHV�UHSUHVHQW�PHDQ�s�V�G��6WXGHQWōV�
XQSDLUHGbt�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�ZDV�XVHG���G��6WUDWHJ\�RI�WKH�JHQRPH�PRGLƓFDWLRQ�XVLQJ�&DV��
WR�LQGXFH�GRXEOH�VWUDQGHG�EUHDNV�LQ�WKHbTlr2bORFXV��DQG�WHPSODWH�IRU�KRPRORJ\�UHGLUHFWHG�UHSDLU��OHIW�DUP�
VWDUWV�DW������DQG�ULJKW�DUP�HQGV�DW��������ZLWK�DQ�DQWLVHQVH�&09Ŋ&KHUU\ŊS$�FDVVHWWH�LQ�EHWZHHQ��3ULPHU�
SDLUV� �3S��DQG�3S���FRQVLVW�RI���SULPHU�VSHFLILF� IRU� WKH�+5�FRQVWUXFW�DQG���VSHFLILF� IRU� WKH�XQWDUJHWHG�
7/5�� ORFXV�� 3&5� DQDO\VLV� VKRZLQJ� LQVHUWLRQ� RI� WKH� WDUJHWLQJ� YHFWRU� E\� KRPRORJRXV� UHFRPELQDWLRQ�� �H��
5HDO�WLPH�T3&5�IRUbIL-1B�bAXIN2bDQGbLGR5bRQ���JHQRPH�PRGLILHG�FORQHV�ZLWK�JHQRPH�HGLWHGbTlr2�bNb �
�� LQGHSHQGHQW� H[SHULPHQWV�b Il-1bH[SUHVVLRQ�� Pb  � ������ Pb  � �������b$[LQ�b H[SUHVVLRQ�� Pb  � ������
Pb  �������bLgr5b H[SUHVVLRQ�� Pb  ������� Pb  ������������9DOXHV� UHSUHVHQW�PHDQ�s� V�G�� 6WXGHQWōV�
XQSDLUHGbt�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�ZDV�XVHG�
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Chapter 4
,Q�0(&V��RXU�DQDO\VLV�RI�PXWDQW�PLFH�VXJJHVWV� WKDW� WKH�7/5��SDWKZD\� LV� LPSRUWDQW�
IRU�QRUPDO�PDPPDU\�JODQG�GHYHORSPHQW�DQG�WKH�VHOI�UHQHZDO�SURSHUW\�RI�058V��,Q�
FRORQ�HSLWKHOLDO�FHOOV��RXU�GDWD�VXJJHVW�WKDW�WKH�7/5�Ŋ0<'���SDWKZD\� LV� LPSRUWDQW�
LQ� WKH� H[SDQVLRQ� RI� WKH� VWHP� DQG� SURJHQLWRU� FHOO� SRRO� GXULQJ� UHJHQHUDWLRQ� DIWHU�
LQMXU\�DV�GHPRQVWUDWHG�E\�WKH�'66�FROLWLV�DQLPDO�PRGHO��+HQFH��7/5��VLJQDOOLQJ�FDQ�
SRWHQWLDOO\�SOD\�DQ�LPSRUWDQW�UROH�LQ�UHJXODWLQJ�VHOI�UHQHZDO�LQGHSHQGHQW�RI�LWV�UROH�LQ�
LQŴDPPDWLRQ�RU�LQ�KDHPDWRSRLHWLF�FHOOV������

,W�ZRXOG�EH�LQWULJXLQJ�WR�NQRZ�ZKLFK�HQGRJHQRXV�7/5��OLJDQG�V��FDQ�DFWLYDWH�7/5��
VLJQDOOLQJ� LQ�VWHP�FHOOV�� ,QWHUHVWLQJO\��PDQ\�HQGRJHQRXV�7/5��OLJDQGV�DUH�VHFUHWHG�
E\�G\LQJ� FHOOV��$SRSWRVLV� LV� D� FUXFLDO� VWHS�GXULQJ�QRUPDO�PDPPDU\�GHYHORSPHQW��
HVSHFLDOO\� OXPHQ� IRUPDWLRQ� ���������� DV�ZHOO� DV�GXULQJ� LQWHVWLQDO� FHOO�GLIIHUHQWLDWLRQ�
������ )XUWKHUPRUH�� WKH� LQWHVWLQDO� HSLWKHOLXP� GHPRQVWUDWHV� D� UHPDUNDEOH� FDSDFLW\�
IRU� UHVSRQGLQJ� WR� LQMXU\� RU� LQFUHDVHG� DSRSWRVLV� E\� XSUHJXODWLQJ� WKH� VHOI�UHQHZDO�
FDSDFLW\�RI� VWHP�FHOOV�� ,W� LV� SRVVLEOH� WKDW�7/5�� VLJQDOOLQJ� FRXOG�SOD\� D� UROH� LQ� VXFK�
VWHP�FHOO� SODVWLFLW\�� )RU� H[DPSOH��+0*%���ZKLFK� LV� UHOHDVHG�GXULQJ�DSRSWRVLV� DQG�
FHOO� GHDWK�� KDV� EHHQ� VKRZQ� WR� LQGXFH� D� 7/5��GHSHQGHQW� LQŴDPPDWRU\� UHVSRQVH�
LQ�KDHPDWRSRLHWLF�FHOOV� �������������� ,Q�DGGLWLRQ��ZH�SURYLGH�HYLGHQFH�WKDW�+0*%��
LQGXFHV�HSLWKHOLDO�FHOO�FORQRJHQLFLW\��WKHUHE\�OLQNLQJ�DSRSWRVLV�DQG�7/5��VLJQDOOLQJ�

$V�LQŴDPPDWLRQ�LQ�UHVSRQVH�WR�SDWKRJHQV�OHDGV�WR�FROODWHUDO�GDPDJH�DQG�GHDWK�WR�
QRUPDO�FHOOV��RQH�FRXOG�VSHFXODWH�WKDW�WKHVH�OLJDQGV�VLPXOWDQHRXVO\�VWLPXODWH�LQQDWH�
LPPXQH�FHOOV�DQG�SUROLIHUDWLRQ�RI�QRUPDO�VWHP�FHOOV�WR�IDFLOLWDWH�WKH�UHSDLU�RI�WKH�WLVVXH�
GDPDJH�LQGXFHG�E\�WKH�LQŴDPPDWRU\�UHVSRQVH��7KLV� LQFUHDVHG�SUROLIHUDWLRQ�ZRXOG�
EH�DFFRPSDQLHG�E\�DQ�LQFUHDVHG�PXWDWLRQ�UDWH��SURYLGLQJ�D�GLUHFW�PROHFXODU�OLQN�RI�
7/5�VLJQDOOLQJ�WR�LQŴDPPDWLRQ�DQG�FDQFHU��,Q�VXSSRUW�RI�WKLV��ZH�VKRZ�WKDW�LQDFWLYDWLRQ�
RI�7/5��VSHFLƓFDOO\�LQ�LQWHVWLQDO�HSLWKHOLDO�FHOOV��VLJQLƓFDQWO\�UHGXFHV�WKH�GHYHORSPHQW�
RI�FDQFHUV�LQ�DQ�$SF�PXWDQW�PRXVH�PRGHO�

3DWKZD\V� XVHG� E\� QRUPDO� VWHP� FHOOV� DUH� IUHTXHQWO\� XVHG� E\� FDQFHU� FHOOV� ����� �����
6HYHUDO�OLQHV�RI�HYLGHQFH�VXJJHVW�WKDW�7/5�VLJQDOOLQJ�GULYHV�SUROLIHUDWLRQ�RI�DW�OHDVW�D�
VXEVHW�RI�FDQFHUV��/DUJH�VFDOH�VHTXHQFLQJ�RI�KXPDQ�WXPRXUV�KDV�VKRZQ�WKDW�DOWKRXJK�
WKHUH�DUH�FHUWDLQ�JHQHV�WKDW�DUH�FRPPRQO\�PXWDWHG�LQ�WXPRXUV��WKHUH�DUH�DOVR�D�ODUJH�
QXPEHU�RI�PXWDWLRQV�WKDW�RFFXU�DW�PXFK�ORZHU�IUHTXHQF\��$�EHWWHU� LQVLJKW� LQWR�WKH�
UROH�RI�XQFRPPRQ�JHQHWLF�YDULDQWV�PXWDWLRQ�ZLOO�KDYH�LPSOLFDWLRQV�IRU�WKH�GHWHFWLRQ�
DQG�PDQDJHPHQW�RI�FDQFHU��7KLV�KDV�UHFHQWO\�EHHQ�VKRZQ�E\�WKH�ƓQGLQJ�WKDW�UDUH�
PPM1D�PXWDWLRQV�OHDG�WR�D�SUHGLVSRVLWLRQ�WR�GHYHORS�EUHDVW�DQG�RYDULDQ�FDQFHU�������
,Q�EUHDVW� FDQFHU�� IRAK1� LV� IUHTXHQWO\�DPSOLƓHG� LQ�EUHDVW� FDQFHU�DQG� LV� LQ� WKH�SHDN�
RI�WKH�DPSOLFRQ��ZZZ�EURDGLQVWLWXWH�RUJ�WXPRUVFDSH���ZKLFK�VXJJHVW�WKDW�DFWLYDWLRQ�
RI� WKH�7/5�SDWKZD\�PLJKW�RFFXU� LQ� D� VLJQLƓFDQW�QXPEHU�RI�SDWLHQWV�� ,Q� VXSSRUW�RI�
WKLV��RXU�GDWD�FOHDUO\�VKRZ�WKDW�7/5�VLJQDOOLQJ�GULYHV�SUROLIHUDWLRQ�RI�ERWK�FRORQ�DQG�
(5QHJ� EUHDVW� FDQFHU� FHOOV� in vitro�� ,Q� DGGLWLRQ�� RXU� GDWD� GHPRQVWUDWH� D� ORZ� UDWH� RI�
PXWDWLRQV� WKDW� FDQ� UHVXOW� LQ� FRQVWLWXWLYH�7/5�� VLJQDOOLQJ�� ,PSRUWDQWO\�� EORFNLQJ�7/5�
VLJQDOOLQJ�LQ�DQ�(5QHJ�WXPRXU�in vivo�E\�D�&'���QHXWUDOL]LQJ�DQWLERG\�LQKLELWV�WXPRXU�
JURZWK��7KLV�GHPRQVWUDWHV�WKDW�WKH�SDWKZD\�LV�XVHG�E\�WXPRXUV�in vivo��5HFHQWO\��1)�
҈%�KDV�EHHQ�VKRZQ�WR�GLUHFWO\�DFWLYDWH�:QW�VLJQDOOLQJ��ZKLFK�FDQ�SRWHQWLDOO\�OHDG�WR�
WXPRXU�LQLWLDWLRQ����2XU�GDWD�VKRZ�WKDW�LQ�HSLWKHOLDO�FHOOV�RI�WKH�LQWHVWLQDO�WUDFW�DQG�
WKH�PDPPDU\��7/5�Ŋ0<'���DIIHFWV�WKH�H[SUHVVLRQ�RI�:QW�WDUJHW�JHQHV��IRU�H[DPSOH��
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TLR2-MYD88 in intestinal and breast epithelia and oncogenesis
/JU��DQG�&G�����7KLV�SRWHQWLDOO\�H[SODLQV� WKH�UHGXFHG�WXPRULJHQLFLW\� LQ�7OU�ŧ�ŧ�RU�
0\G���GHƓFLHQW�0079Ŋ:QW��DQG�Apcmin/+�PRGHOV�

(5QHJ�EUHDVW�FDQFHUV�KDYH�D�WHQGHQF\�WR�UHODSVH�DQG�PHWDVWDVL]H��DQG�DUH�DVVRFLDWHG�
ZLWK�UHFXUUHQFH��PHWDVWDVLV�DQG�D�KLJK�PRUWDOLW\�UDWH�������������������7KH�GDWD�SUHVHQWHG�
KHUH� VXJJHVW� WKDW� WKHUH�PD\�EH� D� UROH� LQ� WDUJHWLQJ� WKH�7/5�Ŋ0<'��Ŋ&'��Ŋ,5$.��
VLJQDOOLQJ�SDWKZD\�WR�GHYHORS�SRWHQWLDO�GUXJV�WR�WUHDW� WKLV�VXEVHW�RI�EUHDVW�FDQFHU�
SDWLHQWV�ZKR�JHQHUDOO\�KDYH�D�SRRUHU�SURJQRVLV��'LIIHUHQW�7/5V��IRU�H[DPSOH��7/5��
DQG�7/5��� DUH�SRWHQWLDOO\� DFWLYH� LQ� WKHVH� WXPRXUV�EXW� VKDUH� FRPPRQ�GRZQVWUHDP�
HIIHFWRUV� VXFK� DV�0<'��� DQG� WKH� FR�UHFHSWRU�&'���� ,QKLELWLQJ� WKHVH� WDUJHWV�PD\�
SURYLGH�D�PRUH�JHQHUDOL]HG�LQKLELWLRQ�RI�WXPRXU�JURZWK��+RZHYHU��DV�VXFK�LQKLELWRUV�
DUH�OLNHO\�WR�DOVR�LQKLELW�WKH�SDWKZD\�LQ� LQQDWH�LPPXQH�FHOOV�� LW� LV�GLIƓFXOW�WR�SUHGLFW�
WKH�HIIHFWV�RQ�WXPRXUV�E\�FRQFXUUHQW�LQKLELWLRQ�RI�WKH�SDWKZD\�LQ�HSLWKHOLDO�FHOOV�DQG�
LQQDWH� LPPXQH�FHOOV��5HFHQW� VWXGLHV�GHPRQVWUDWH� WKDW�EORFNLQJ� WXPRXU�FHOO�&'����
ZKLFK�DOORZV�WXPRXUV�WR�HYDGH�WKH�LQQDWH�LPPXQH�V\VWHP��VHHPV�WR�KDYH�WKHUDSHXWLF�
SRWHQWLDO� LQ� EUHDVW� FDQFHU� ������ +HQFH�� WR� SUHVHUYH� DQ� LQQDWH� LPPXQH� UHVSRQVH�
DJDLQVW�WKH�WXPRXU��D�FRPELQDWRULDO�WKHUDSHXWLF�VWUDWHJ\�WKDW�FRPELQHV�QHXWUDOL]LQJ�
DQWLERGLHV� DJDLQVW� &'��� �RU� ,5$.�� NLQDVH� LQKLELWRUV�� ZLWK� D� QHXWUDOL]LQJ� DQWLERG\�
DJDLQVW�&'���PD\�EH�HIIHFWLYH��,Q�WKLV�FRPELQDWLRQ��LQKLELWLRQ�RI�7/5�VLJQDOOLQJ�FRXOG�
GLUHFWO\� LQKLELW� WXPRXU�FHOO�JURZWK��ZKHUHDV� LQDFWLYDWLRQ�RI�&'���FRXOG�SRWHQWLDOO\�
DFWLYDWH�DQ�LQQDWH�LPPXQH�UHVSRQVH�DJDLQVW�WKH�WXPRXU�WKURXJK�D�7/5�LQGHSHQGHQW�
SDWKZD\������

METHODS
Mice
Tlr2ŧ�ŧ PLFH� �%������Tlr2tm1Kir�-��� Cd14ŧ�ŧ PLFH� �%�����6�Cd14tm1Frm�-��� Tlr4ŧ�ŧ 

PLFH� �%��%��6F1�Tlr4lps-del�-WK-��� Il-1r1ŧ�ŧ PLFH� �%�����6��Il1r1WP�,P[�-��� Il-18r1ŧ�ŧ 

PLFH� �%�����3��Il18r1tm1AKi�-��� Myd88ŧ�ŧ PLFH� �%�����3��6-/��Myd88tm1.1Defr�-���
Myd88ŴR[�PLFH��%�����3��6-/��Myd88tm1Defr�-���K14-Cre WUDQVJHQLF�PLFH��7J�.57���
FUH��$PF�-��� Apcmin� PLFH� �F%/��-�ApcMin�-��� )9%�&J�7J�:QW���+HY�-�� � &��%/���
7J1�$&7E(*)3��2VE��S&[�*)3��DQG�Nod/Scid/Il2r-/-��16*��PLFH��12'�&J�3UNGFVFLG 
,/�5JWP�:MO�6]-��ZHUH�SXUFKDVHG�IURP�WKH�-DFNVRQ�/DERUDWRU\��Villin-CreERT2������ZDV�
SUHYLRXVO\�GHVFULEHG��.��Ŋ&UH� WUDQVJHQLF�PLFH�ZHUH�RQ�D�PL[HG�EDFNJURXQG�DQG�
ZHUH�FURVVHG�WR�PLFH�ZLWK�D�&��%/��-�EDFNJURXQG�IRU���JHQHUDWLRQV��5HFLSLHQW�PLFH�
LQ�WKH�WUDQVSODQW�DVVD\V�IRU�ZLOG�W\SH��7OU�ŧ�ŧ�DQG�&G��ŧ�ŧ�FHOOV�ZHUH�&��%O��-�PLFH�
DQG�IRU�WKH�.��Ŋ&UH�0\G��I�I�PLFH�ZH�XVHG�16*�PLFH��$OO�PLFH�XVHG�IRU�WKLV�VWXG\�
ZHUH�PDLQWDLQHG�DW�WKH�6WDQIRUG�$QLPDO�)DFLOLW\�LQ�DFFRUGDQFH�ZLWK�WKH�JXLGHOLQHV�RI�
WKH�DQLPDO�FDUH�XVH�FRPPLWWHH�

Preparation of single-cell suspensions of tissues
0LFH� ZHUH� HXWKDQL]HG� DQG� DOO� IDW� SDGV� VXUJLFDOO\� UHVHFWHG�� 7LVVXH� ZDV� GLJHVWHG�
LQ� '0(0�)��� IRU� �� K�� DQG� WKHQ� SURFHVVHG� DV� SUHYLRXVO\� GHVFULEHG� ����� ���� �����
%ULHŴ\��PHFKDQLFDOO\�GLVVRFLDWHG�PDPPDU\�JODQGV�ZHUH�WUHDWHG�IRU� WZR�KRXUV�ZLWK�
FROODJHQDVH� DQG� K\DOXURQLGDVH� �6WHP&HOO� 7HFKQRORJLHV�� IROORZHG� E\� O\VLV� RI� UHG�
EORRG�FHOOV�LQ�$&.��1+�&/���IROORZHG�E\��Ŋ��PLQ�WUHDWPHQW�ZLWK�SUH�ZDUPHG�������
WU\SVLQ�('7$��,QYLWURJHQ���IROORZHG�E\�SUHZDUPHG�GLVSDVH��6WHP&HOO�7HFKQRORJLHV��
SOXV�'1DVH,��6LJPD��IRU���PLQ��DQG�ƓOWUDWLRQ�WKURXJK�D����ҊP�PHVK�DQG�ZDVKHG�ZLWK�
ŴRZ�F\WRPHWU\�EXIIHU��+%%6�����)&6��36$���6LQJOH�FHOO�VDPSOHV�RI�PXULQH�FRORQ�DQG�
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Chapter 4
VPDOO�LQWHVWLQH�ZHUH�SUHSDUHG�DV�GHVFULEHG�SUHYLRXVO\����������

)RU�KXPDQ�VDPSOHV��LQIRUPHG�FRQVHQW�ZDV�REWDLQHG�DIWHU�WKH�DSSURYDO�RI�SURWRFROV�
E\� WKH� 6WDQIRUG� 8QLYHUVLW\� DQG� &LW\� RI� +RSH� ,QVWLWXWLRQDO� 5HYLHZ� %RDUGV�� +XPDQ�
EUHDVW�VSHFLPHQV��DQG�SULPDU\�RU�[HQRJUDIW�WXPRXUV�ZHUH�PHFKDQLFDOO\�GLVVRFLDWHG�
LQWR�!�Ŋ��PP��SLHFHV�ZLWK�D�UD]RU�EODGH�DQG�GLJHVWHG�DW����r&�ZLWK�FROODJHQDVH�DQG�
K\DOXURQLGDVH��LQ�$GYDQFHG�'0(0�)����,QYLWURJHQ��ZLWK���P0�*OXWDPD[��,QYLWURJHQ���
���� ҊJ�POŧ��SHQLFLOOLQ�� ���� ҊJ�POŧ�� VWUHSWRP\FLQ�� ����� ҊJ�POŧ�� DPSKRWHULFLQ�%�
�36$��DQG�LQFXEDWHG�IRU��Ŋ���K��$W�WKH�HQG�RI�WKH�LQFXEDWLRQ��FHOOV�ZHUH�WUHDWHG�ZLWK�
$&.�WR�O\VH�WKH�UHG�EORRG�FHOOV�IROORZHG�E\�D�VKRUW�LQFXEDWLRQ�LQ�GLVSDVH�DQG�'1DVH,��
&HOOV�ZHUH� ƓOWHUHG� WKURXJK� D� ��� ҊP�Q\ORQ�PHVK� DQG�ZDVKHG�ZLWK� ŴRZ� F\WRPHWU\�
EXIIHU��+%%6�����)&6��36$���3UHSDUDWLRQ�RI�KXPDQ�FRORQ�WXPRXUV�ZDV�SHUIRUPHG�DV�
GHVFULEHG�SUHYLRXVO\����������

DSS-induced colitis
&ROLWLV�ZDV�LQGXFHG�E\�������Z�Y��GH[WUDQ�VRGLXP�VXOSKDWH��'66��UHODWLYH�PROHFXODU�
PDVV� ������Ŋ�������� 03� %LRFKHPLFDOV�� DGGHG� WR� WKH� GULQNLQJ� ZDWHU� IRU� �� GD\V��
&RORQV�ZHUH�FROOHFWHG�IRU�KLVWRORJ\�RU�H[SHULPHQW�DW�GD\���WR�GD\����

In vivo transplants
)RU� PRXVH� WUDQVSODQWV�� GRXEOH�VRUWHG� OLYH� OLQQHJ� FHOOV�
�&'��QHJ&'��QHJ7(5���QHJ'$3,QHJ�� RU� 058� SRSXODWLRQ� �/LQQHJ&'��GLP&'��IKLJK��
ZDV�FROOHFWHG�LQ�VWDLQLQJ�PHGLD�DQG�UHVXVSHQGHG�ZLWK�����0DWULJHO��%'�%LRVFLHQFHV���
3HU�WUDQVSODQW����ҊO�ZDV�LQMHFWHG�LQWR�FOHDUHG�IDW�SDGV�RI�ZHDQLQJ�DJH�PLFH����Ŋ���
GD\V���RI�LQGLFDWHG�JHQRW\SH��DV�SUHYLRXVO\�GHVFULEHG����$OO�WUDQVSODQWV�ZHUH�DOORZHG�
WR�JURZ�IRU��Ŋ���ZHHNV�EHIRUH�DQDO\VLV�

Tumour cell engraftment and treatment
+XPDQ�WXPRXU�FHOOV�ZHUH�VXVSHQGHG�LQ�VWDLQLQJ�PHGLD�FRQWDLQLQJ�����0DWULJHO�DQG�
LQMHFWHG� LQWR� WKH� IRXUWK� DEGRPLQDO� IDW� SDG�E\� VXEFXWDQHRXV� LQMHFWLRQ� DW� WKH� EDVH�
RI�WKH�QLSSOH�RI�IHPDOH�16*�PLFH��7ZR�ZHHNV�DIWHU�WXPRXU�LQMHFWLRQ�PLFH�UHFHLYHG�
����PJ�DQWL�&'��� �FORQH���EFD� IURP�$7&&��HYHU\�RWKHU�GD\�XQWLO� WKH�HQG�RI� WKH�
H[SHULPHQW��7KH�H[SHULPHQW�ZDV�SHUIRUPHG�WZLFH�ZLWK���PLFH�SHU�JURXS�

In vitro colony-forming assays
)RU� WKH� KXPDQ� DQG� PRXVH� �'� in vitro� FRORQ\� DVVD\�� ���ZHOO� XOWUDORZ� DWWDFKPHQW�
URXQG�ERWWRP�SODWHV��%'��ZHUH�SUHSDUHG�ZLWK�D�IHHGHU�OD\HU�RI�LUUDGLDWHG�/�:17�D�
FHOOV�PL[HG�ZLWK����ҊO�RI�JURZWK� IDFWRU� UHGXFHG�0DWULJHO� �%'��SHU�ZHOO��&HOOV�ZHUH�
UH�VXVSHQGHG� LQ�PHGLD� DQG� WUDQVIHUUHG� RQWR� WKH� VROLGLƓHG�0DWULJHO�PL[��0HGLXP�
XVHG�WR�FXOWXUH�WKH�KXPDQ�FHOOV�LV�DV�IROORZV��DGYDQFHG�'XOEHFFRōV�PRGLƓHG�(DJOH�
PHGLXP�)����,QYLWURJHQ�������)%6�������JURZWK�IDFWRU�UHGXFHG�0DWULJHO��%'������Ҋ0�
<��������VLJPD������QJ�POŧ��(*)��5	'�������QJ�POŧ��1RJJLQ��5	'�������QJ�POŧ��
5632�,��5	'����;�%����,QYLWURJHQ����;�1���,QYLWURJHQ������ҊJ�POŧ��SHQLFLOOLQ�DQG�����
ҊJ�POŧ��VWUHSWRP\FLQ� �3�6���0RXVH��'� in vitro� FRORQ\�DVVD\�FHOOV�ZHUH�FXOWXUHG� LQ�
(SLFXOW�%�PHGLXP��6WHP&HOO�7HFKQRORJLHV��ZLWK����VHUXP�LQ�WKH�SUHVHQFH�RI��������
FP��LUUDGLDWHG�1,+��7��FHOOV��$IWHU���Ŋ���K��WKH�PHGLXP�ZDV�UHSODFHG�ZLWK�VHUXP�
IUHH�(SLFXOW�%�� DQG�FRORQLHV�ZHUH� FRXQWHG���GD\V� ODWHU��$QWL�7/5��DQWLERGLHV�ZHUH�
FORQH�7��������ҊJ�POŧ���H%LRVFLHQFH�FDWDORJXH�QXPEHU�������������DQG�7/��������
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ҊJ�POŧ���%LROHJHQG�FDWDORJXH�QXPEHU����������3XULƓHG�&'���DQWLERG\�K\EULGRPD�
FORQH���EFD� ����ҊJ�POŧ���$7&&�FDWDORJXH�QXPEHU�+%������ZDV� XVHG� IRU� in vitro 
DVVD\V��7/5��OLJDQGV��3DP�&6.������ҊJ�POŧ���7/5�����,PJHQH[���0DOS�������QJ�POŧ���
7/5����� ,PJHQH[���+0*%������QJ�POŧ���7/5���6LJPD�$GULFK���+7����0'$�0%������
0&)���0'$�0%�����DQG����7�FHOOV�ZHUH�FXOWXUHG�ZLWK�'0(0�VXSSOHPHQWHG�ZLWK�
����IHWDO�ERYLQH�VHUXP������8�SHQLFLOOLQ�DQG�����ҊJ�POŧ��VWUHSWRP\FLQ�

Flow cytometry
7R�UHGXFH�QRQVSHFLƓF�ELQGLQJ��FHOOV�VXVSHQGHG�LQ�VWDLQLQJ�EXIIHU�ZHUH�EORFNHG�RQ�
LFH�IRU����PLQ�ZLWK�UDW�,J*��6LJPD�����PJ�POŧ��DW����������&HOOV�ZHUH�WKHQ�VWDLQHG��
LQ�WKH�GDUN��RQ�LFH�IRU���Ŋ���PLQ�ZLWK�RSWLPDO�DQWLERG\�FRQFHQWUDWLRQV��ZKLFK�ZHUH�
GHWHUPLQHG�E\�WLWUDWLRQ�H[SHULPHQWV��0RXVH�DQWLERGLHV�LQFOXGH�&'��ŊELRWLQ��FORQH�
���)����%'�FDWDORJXH�QXPEHU������������ҊJ�POŧ���7(5���ŊELRWLQ��FORQH�7(5������
%'�FDWDORJXH�QXPEHU������������ҊJ�POŧ���&'��ŊELRWLQ� �FORQH������%'�FDWDORJXH�
QXPEHU� ��������� �� ҊJ� POŧ��� &'��Ŋ)LWF� �FORQH� 0������ H%LRVFLHQFH� FDWDORJXH�
QXPEHU������������������ҊJ�POŧ���7/5��3H&\���FORQH�7�����H%LRVFLHQFH�FDWDORJXH�
QXPEHU����������������ҊJ�POŧ���(S&$0Ŋ$3&Ŋ&\���FORQH�*�����%LROHJHQG�FDWDORJXH�
QXPEHU� ��������� �� ҊJ� POŧ��� 7/5�� 3H&\�� �FORQH� 6$������� %LROHJHQG� FDWDORJXH�
QXPEHU������������ҊJ�POŧ���,/���5��$OH[D�)OXRU������FORQH�%*��%LROHJHQG�FDWDORJXH�
QXPEHU������������ҊJ�POŧ���&'��IŊ$3&��FORQH�*R+���%LROHJHQG�FDWDORJXH�QXPEHU�
�����������ҊJ�POŧ���&'���3(��FORQH��&��*���%LROHJHQG�FDWDORJXH�QXPEHU����������
��ҊJ�POŧ���&'���$SFŊ&\���FORQH�6D������%LROHJHQG�FDWDORJXH�QXPEHU������������
ҊJ�POŧ���VWUHSWDYLGLQ�$3&Ŋ&\���%LROHJHQG�FDWDORJXH�QXPEHU������������ҊJ�POŧ��
DQG� VWUHSWDYLGLQ� 3DFLƓF%OXH� �,QYLWURJHQ� FDWDORJXH� QXPEHU� 6��������� �� ҊJ� POŧ���
/LQHDJH�FHOOV�FRQVLVW�RI�&'�����7(5�����DQG�&'���SRVLWLYH�FHOOV� LQ�PRXVH��+XPDQ�
DQWLERGLHV�XVHG�LQFOXGH��(S&$0Ŋ$OH[D�)OXRU������FORQH��&���%LROHJHQG�FDWDORJXH�
QXPEHU�����ҊJ�POŧ���&'��IŊ$3&��FORQH�*R+���%LROHJHQG�FDWDORJXH�QXPEHU�����ҊJ�
POŧ���&'���$SFŊ&\���FORQH�0�(���%LROHJHQG�FDWDORJXH�QXPEHU�����ҊJ�POŧ���&'���
3H&\��$SFŊ&\�� �FORQH� +���D�� %LROHJHQG� FDWDORJXH� QXPEHU��� �� ҊJ� POŧ��� +��.G�
ELRWLQ�3DFLƓF�%OXH� �FORQH�6)�������%LROHJHQG�FDWDORJXH�QXPEHU�����ҊJ�POŧ���7/5��
3H&\���FORQH�7�����H%LRVFLHQFH�FDWDORJXH�QXPEHU�����ҊJ�POŧ���&'���ELRWLQ��FORQH�
:0����%'�%LRVFLHQFHV�FDWDORJXH�QXPEHU�����ҊJ�POŧ���&'���ELRWLQ��FORQH�+,����%'�
%LRVFLHQFHV�FDWDORJXH�QXPEHU�����ҊJ�POŧ���,/��5��$OH[D�)OXRU������FORQH���)���%'�
%LRVFLHQFHV�FDWDORJXH�QXPEHU�����ҊJ�POŧ��IURP�%'�%LRVFLHQFHV��,Q�SULPDU\�KXPDQ�
WLVVXH�OLQHDJH�FHOOV�FRQVLVW�RI�FHOOV�SRVLWLYH�IRU�&'���DQG�&'����LQ�[HQRJUDIW�OLQHDJH�
FHOOV�FRQVLVW�RI�+��.G�SRVLWLYH�FHOOV��)ORZ�F\WRPHWU\�ZDV�SHUIRUPHG�ZLWK�D�����ҊP�
QR]]OH�RQ�D�%'�)ORZ�F\WRPHWU\�$ULD�,,�ZLWK�)ORZ�F\WRPHWU\�'LYD�VRIWZDUH��'DWD�DQDO\VLV�
ZDV�SHUIRUPHG�XVLQJ�)ORZMR�� )RU� DOO� H[SHULPHQWV�� VLGH� VFDWWHU� DQG� IRUZDUG� VFDWWHU�
SURƓOHV��DUHD�DQG�ZLGWK��ZHUH�XVHG�WR�HOLPLQDWH�GHEULV�DQG�FHOO�GRXEOHWV��'HDG�FHOOV�
ZHUH� HOLPLQDWHG� E\� H[FOXGLQJ� �ƍ���GLDPLGLQR���SKHQ\OLQGROH� �'$3,��SRVLWLYH� FHOOV�
�0ROHFXODU�3UREHV��

Plasmids
6HTXHQFHV� IRU� KXPDQ� 0\'��� VK51$��� ,5$.�� VK51$�� DQG� ,5$.�� VK51$�� ZHUH�
REWDLQHG�IURP�/��0��6WDXGW��1&,��1,+��86$�����������DQG�FORQHG�LQWR�S683(5��7KH�+��
VK51$�VHWWH��(FR5�Ŋ;KR���ZDV�VXE�FORQHG�LQWR�S&'+���(FR5�Ŋ6DO���XSVWUHDP�RI�()�DŊ
&KHUU\��/HQWLYLUDO�FRQVWUXFWV�DJDLQVW�KXPDQ�7/5��ZHUH�SXUFKDVHG�IURP�6LJPD��DQG�
LQFOXGHG�S/.2���SXUR�YHFWRU��QR����75&1�����������DQG�QR����75&1�������������
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VK51$�S/.2���SXUR� FRQWURO� ZDV� XVHG� D� QHJDWLYH� FRQWURO�� /HQWL�YLUXVHV� ZHUH�
SURGXFHG�DV�GHVFULEHG�SUHYLRXVO\����SF'1$��7/5�Ŋ<)3��$GGJHQH�SODVPLG��������
ZDV� XVHG� IRU� 3&5�EDVHG� PXWDJHQHVLV� WR� REWDLQ� SF'1$�� ѣ7/5�Ŋ<)3�� )LUVW� 3&5��
7�� ):� SULPHU� SOXV� ѣ7/5�� 5HY� ��ƍ�&$*7&$7&$$$&7$7$$77&7$$&$$7&&��ƍ��
DQG� 7/5�� :7�������ƍ�***$7**$*$*7&$&$&$**��ƍ�5HY� SOXV� ѣ7/5�� ):�
��ƍ�**$77*77$*$$77$7$*777*$7*$&7*��ƍ��� VHFRQG� 3&5�� 7�� ):� SULPHU� DQG�
7/5��:7������5HY��3&5�SURGXFW�ZDV�GLJHVWHG�ZLWK�%DP+��DQG�(FRU��DQG�FORQHG�
LQWR�SF'1$��7/5�Ŋ<)3�DQG�ZDV�VXEVHTXHQWO\�VHTXHQFHG�WKRURXJKO\��3KXVLRQ�KLJK�
ƓGHOLW\�'1$�SRO\PHUDVH��1(%��ZDV�XVHG�WR�SHUIRUP�WKH�7/5��PXWDWLRQ�EDVHG�3&5�

7KH�3;���� �S6S�%%���$�3XUR�� UHI�������REWDLQHG� IURP�$GGJHQH��ZDV�XVHG� WR�FORQH�
LQ�WKH�VJ51$�VHT���ƍ�**&&7$$&$$77*&$$$**7��ƍ���+RPRORJRXV�UHFRPELQDWLRQ�
VHWWH�ZDV�RUGHUHG�DV�D�J%ORFN�IURP�,'7��7/5��ORFXV�IURP������WR���������H[RQ����ZDV�
FORQHG�XVLQJ�7RSR7$�FORQLQJ�NLW��,QYLWURJHQ���&09Ŋ&KHUU\ŊS$�ZDV�FORQHG�LQ�WKH�+SD��
VLWH�LQ�WKH�DQWL�VHQVH�RULHQWDWLRQ�DV�GHWHUPLQHG�E\�VHTXHQFLQJ��3ULPHU�SDLUV��3S��):�
�ƍ�&77**7&7*&&7&*$*777&��ƍ�� 3S��5HY��ƍ�*$$$*7&&&*77*$7777**��ƍ�� 3S��
):��ƍ�&&&&*7$$7*&$*$$*$$*$��ƍ��3S��5HY��ƍ�*&$$&&$$77&&&77**$7$��ƍ�

Luciferase reporter assay
+(.���7�FHOOV�ZHUH�VHHGHG�D�GD\�EHIRUH�WUDQVIHFWLRQ��$OO�WUDQVIHFWLRQV�ZHUH�FDUULHG�
RXW�ZLWK�)XJHQH����3URPHJD��DFFRUGLQJ�WR�WKH�PDQXIDFWXUHUōV�LQVWUXFWLRQV��&HOOV�ZHUH�
WUDQVIHFWHG� ZLWK� 1)�҈%� OXFLIHUDVH� H[SUHVVLRQ� FRQVWUXFW� �3URPHJD��� S5/�7.� 5HQLOOD�
OXFLIHUDVH�YHFWRU��3URPHJD��SOXV�SF'1$��7/5�Ŋ<)3��SF'1$��ѣ7/5�Ŋ<)3�RU�SF'1$��
HPSW\� FRQWURO�� /XFLIHUDVH� DFWLYLWLHV� ZHUH� PHDVXUHG� XVLQJ� WKH� 'XDO�/XFLIHUDVH�
5HSRUWHU�$VVD\�6\VWHP��3URPHJD��DQG�QRUPDOL]HG�WR�5HQLOOD�OXFLIHUDVH�DFWLYLW\��7KUHH�
LQGHSHQGHQW�VDPSOHV�ZHUH�XVHG�LQ�WULSOLFDWH�IRU�HDFK�H[SHULPHQW��'DWD�DUH�IURP�WZR�
LQGHSHQGHQW�H[SHULPHQWV�

Statistical analysis
'LIIHUHQFHV�EHWZHHQ�JURXSV�ZHUH� DQDO\VHG�XVLQJ�XQSDLUHG�6WXGHQWōV� W�WHVWV�� (UURU�
EDUV� UHSUHVHQW� VWDQGDUG� GHYLDWLRQV� �sV�G���� )RU� PRXVH� VXUYLYDO� FXUYHV�� GLIIHUHQFHV�
EHWZHHQ� FXUYHV� ZHUH� DQDO\VHG� XVLQJ� WKH� ORJ�UDQN� �0DQWHOŊ&R[�� WHVW�� )RU� OLPLWLQJ�
GLOXWLRQ�DQDO\VHV��WKH�IUHTXHQF\�RI�PDPPDU\�UHSRSXODWLQJ�XQLWV�ZDV�FDOFXODWHG�XVLQJ�
(/'$�VRIWZDUH����([SHFWHG�IUHTXHQFLHV�DUH�UHSRUWHG��DV�ZHOO�DV�WKH�����FRQƓGHQFH�
LQWHUYDOV� �ORZHU� DQG� XSSHU� YDOXHV� DUH� LQGLFDWHG��� 1R� VWDWLVWLFDO� PHWKRG� ZDV� XVHG�
WR�SUHGHWHUPLQH�VDPSOH�VL]H��H[SHULPHQWV�ZHUH�QRW� UDQGRPL]HG�DQG� LQYHVWLJDWRUV�
ZHUH� QRW� EOLQGHG� WR� DOORFDWLRQ� GXULQJ� H[SHULPHQWV�� ,QYHVWLJDWRUV� ZHUH� EOLQGHG�
ZKHQ� DVVHVVLQJ� WKH�RXWFRPH�RI� DQLPDO� H[SHULPHQWV� �DQLPDOV� KDG�RQO\� DQ� HDU� WDJ�
QR��IRU�LGHQWLƓFDWLRQ��GXULQJ��SDWKRORJ\�DVVHVVPHQW�RI�'66�WUHDWHG�FRORQV��DQG�ŴRZ�
F\WRPHWU\�DQDO\VLV�RI�GLIIHUHQW�JURXSV�RI�WUHDWHG�PLFH�

Single-cell gene expression.
7KLV�ZDV�SHUIRUPHG�DV�GHVFULEHG�SUHYLRXVO\���������������,Q�VKRUW��GRXEOH�VRUWHG�VLQJOH�
FHOOV�ZHUH�VRUWHG� LQWR� LQGLYLGXDO�ZHOOV�RI����ZHOO�SODWHV�FRQWDLQLQJ���ҊO� O\VLV�EXIIHU�
�&HOOV'LUHFW�T57�3&5�PL[��,QYLWURJHQ��DQG��8�6XSHUDVH,Q��$IWHU�UHYHUVH�WUDQVFULSWLRQ�
DQG� SUH�DPSOLƓFDWLRQ� XVLQJ� PXOWLSOH[HG� 3&5�� UHDFWLRQV� ZHUH� ORDGHG� �+DPLOWRQ�
6WDU/(7�SLSHWWLQJ�URERW��RQ�D�)OXLGLJP�PLFURŴXLGLF�FKLS��7KH�PLFURŴXLGLF�FKLSV�ZHUH�
UXQ�RQ� WKH�%LR0DUN� UHDO�WLPH�3&5� UHDGHU� �)OXLGLJP���DQG� ORDGHG�FKLSV�XQGHUZHQW�
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WKHUPRF\FOLQJ� DQG� ŴXRUHVFHQW� TXDQWLƓFDWLRQ� DFFRUGLQJ� WR� WKH� PDQXIDFWXUHUōV�
LQVWUXFWLRQV��3RVLWLYH�RU�QHJDWLYH�DVVRFLDWLRQV�DPRQJ�SDLUV�RI�JHQHV�ZHUH�WHVWHG�E\�
6SHDUPDQ�FRUUHODWLRQ��DQG�3�YDOXHV�ZHUH�FDOFXODWHG�XVLQJ�Q� ��������SHUPXWDWLRQV��
7KH�IROORZLQJ�7DT0DQ�DVVD\V��$SSOLHG�%LRV\VWHPV��ZHUH�XVHG��/JU���0P��������B
P��� *DWD��� 0P��������BP��� .UW��� 0P��������BP��� .UW���� 0P��������BP+��
&'���� 0P��������BP��� $FWE�� 0P��������BV��� 7US���� 0P��������BP���
.UW���� 0P��������BP+�� 7/5��� 0P��������BP�� �0\'���� 0P��������� .UW���
0P��������BP��

7KH�IROORZLQJ��LQWURQ�VSDQQLQJ��SULPHUV�ZHUH�XVHG�IRU�TXDQWLWDWLYH�UHDO�
WLPH�3&5�XVLQJ�6<%5�JUHHQ��$[LQ��):��ƍ�&7&&&&$&&77*$$7*$$*$��ƍ��
$[LQ��5HY��ƍ�7**&7**7*&$$$*$&$7$*��ƍ��/*5��):�
�ƍ�&77&&$$&&7&$*&*7&77&��ƍ��/*)5��5HY��ƍ�777&&&*&$$*$&*7$$&7&��ƍ��
Ҁ�DFWLQ�):��ƍ�**$7*&$*$$**$*$7&$&7*��ƍ��Ҁ�DFWLQ�5HY�
�ƍ�&*$7&&$&$&**$*7$&77*��ƍ��,/��%�):��ƍ�$*&7*$7**&&7$$$&$*$��ƍ��
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Supplementary Figure 1: TLR2 and MyD88 expression in murine mammary epithelial subpopulations. 
�D��5HSUHVHQWDWLYH�)$&6�GRW�SORW�DQG�KLVWRJUDP�RI�&'����&'��I�DQG�&'����'DWD�DUH�UHSUHVHQWDWLYH�RI�
��PLFH�� �E��4XDQWLWDWLYH�UW�3&5�RQ�0(&�SRSXODWLRQV�DV� LQGLFDWHG�LQ�D��%DVDO�PDUNHUV��.UW���.UW����.UW����
/XPLQDO�PDUNHU��.UW����N  ���PLFH��P ��������P ��������P <��������P ���������(UURU�EDUV�UHSUHVHQW�
V�H�P�� 2QH�WDLO� XQSDLUHG� t�WHVW� DQDO\VLV� ZDV� XVHG�� �F�� 0D�&)&V� ZHUH� VRUWHG� EDVHG� RQ� H[SUHVVLRQ� RI�
&'��KLJK&'��IORZ�QHJ� OXPLQDO� SKHQRW\SH� LQ� FRPELQDWLRQ� ZLWK� &'���� ���� FHOOV� OXPLQDO� FHOOV� VRUWHG� IRU�
&'��SRV�RU�&'��QHJZHUH�SODWHG�RXW�RQ�PDWULJHO�LQ�WULSOLFDWHV��$IWHU������GD\V�FRORQLHV�ZHUH�FRXQWHG�DQG�
SDVVDJHG�DV�D�VLQJOH�FHOO�VXVSHQVLRQ�DJDLQ��N  ���PLFH�����LQGHSHQGHQW�H[SHULPHQWV�ZHUH�SHUIRUPHG�DQG�
WKH�DYHUDJH�LV�VKRZQ��P  �����������16��QRQ�VLJQLƓFDQW���9DOXHV�UHSUHVHQW�PHDQ�s�V�G��6WXGHQWōV�XQSDLUHG�
t�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�ZDV�XVHG�



_���

TLR2-MYD88 in intestinal and breast epithelia and oncogenesis

a

b

c Tlr2-/- Cd14-/-Wild-type

Krt14-CREneg 
Myd88f/f

Krt14-Crepos 
Myd88f/f

CD49f

C
D
24

e

CD49f

C
D
24

Wild-type
Tlr2-/- Cd14-/-Wild-type

K
R
T1
4

E
-C
ad
he
rin

Wild-type Tlr2-/- Cd14-/-
f Krt14-Creneg 

MyD88f/f
Krt14-Crepos 

MyD88f/f

MRU Luminal Ma-CFC

IL-1R1

CD49f

C
D
24

Myo-epithelial

IL-18R1

CD14

TLR4

d

Supplementary Figure 2: Phenotypic characterization of mammary epithelial cells. �D��)ORZ�F\WRPHWULF�
DQDO\VLV�RI�PDPPDU\�HSLWKHOLDO�FHOOV�IURP���ZHHNV�ROG�PLFH�RI�ZLOG�W\SH� Tlr2ŧ�ŧ DQG Cd14ŧ�ŧ PLFH��&HOOV�
ZHUH� JDWHG� RQ� OLIH� DQG� OLQHDJH� QHJDWLYH� FHOOV�� �E�� ,PPXQRKLVWRFKHPLVWU\� RQ�PDPPDU\� JODQGV� IURP� ��
ZHHNV�ROG�PLFH�RI�ZLOG�W\SH� Tlr2ŧ�ŧ�DQG Cd14ŧ�ŧ PLFH��0\RHSLWKHOLDO�FHOOV��&\WRNHUWDLQ�����.57�����DQG�
OXPLQDO�FHOOV� �(�&$'+(5,1��DUH�SUHVHQW�DQG�SURSHUO\�RUJDQL]HG� LQ�ERWK�ZLOG�W\SH�DV�ZHOO�DV� WKH�NQRFN�
RXW�PDPPDU\�JODQGV��6FDOH�EDU�LV����ҊP���F��&DUPLQH�$OXP�VWDLQLQJ�RQ�ZKROH�PRXQW�RI�ODFWDWLRQ�RI�ZLOG�
W\SH� Tlr2ŧ�ŧ DQG Cd14ŧ�ŧ PLFH��6FDOH�EDU�LV���PP���G� )ORZ�F\WRPHW\�DQDO\VLV�RI�PDPPDU\�HSLWKHOLDO�FHOOV�
IURP���WR���ZHHNV�ROG�PLFH��&HOOV�ZHUH�JDWHG�RQ�OLYH�DQG�OLQHDJH�QHJDWLYH�DQG�VWDLQHG�IRU�&'����&'��I�
DQG�&'����7/5���,/��5��RU�,/���5���,Q�UHG�LV�WKH�LVRW\SH�FRQWURO�IRU�HDFK�VSHFLƓF�VXE�SRSXODWLRQ��LQ�EOXH�
LV�WKH�&'����7/5���,/��5��RU�,/���5��VWDLQLQJ���H��)ORZ�F\WRPHWU\�DQDO\VLV�RI Myd88ŧ�ŧ PDPPDU\�HSLWKHOLDO�
FHOOV��IURP���ZHHNV�ROG�PLFH�RI Krt14-CrenegMyd88f/f DQG Krt14-CreposMyd88f/f PLFH��&HOOV�ZHUH�JDWHG�RQ�
OLIH� DQG� OLQHDJH� QHJDWLYH� FHOOV�� �I�� ,PPXQRKLVWRFKHPLVWU\� RQ�PDPPDU\� JODQGV� IURP� ��ZHHNV� ROG�PLFH�
RI Krt14-CrenegMyd88f/f and Krt14-CreposMyd88f/f PLFH��0\RHSLWKHOLDO�FHOOV� �&\WRNHUWDLQ���� �.57�����DQG�
OXPLQDO�FHOOV��(�&$'+(5,1��DUH�SUHVHQW�DQG�SURSHUO\�RUJDQL]HG�LQ�WKH 0\'�� NQRFNRXW�PDPPDU\�JODQG��
6FDOH�EDU�LV����ҊP��$OO�DQDO\VHV�ZHUH�GRQH�ZLWK�DW�OHDVW���PLFH�
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a
# of Lin 
Neg cells WT Tlr2 

KO 
Cd14 
KO 

25K  15/20 4/9 1/6 
10K 15/18 1/10 0/10 
5K 9/14 3/20 3/10 
2.5K 6/11 2/20 2/12 
1.25K 0/12 0/16 0/8 

b
# of cells WT Tlr4 

KO 
10K 5/8 4/10 
5K 4/6 3/10 
2.5K 6/11 1/10 

d
# of cells WT Il-1r1 

KO 
Il-18r1 
KO 

25K  15/20 12/12 5/6 
10K 15/18 11/16 3/8 
5K 9/14 10/16 5/9 
2.5K 6/11 11/16 3/9 
1.25K 0/12 3/14 0/7 

e
# of Lin 
Neg cells WT Tlr2 

KO 
Ink4A-
Arf KO 

Tlr2 
KO 
Ink4A-
Arf KO 

25K 3/4 4/9 7/7 6/6 
10K 5/8 1/10 12/20 5/10 
5K 4/6 3/20 9/19 4/13 
2.5K 6/11 2/20 3/14 2/12 
1.25K 0/12 0/16 2/6 1/4 
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Group WT

Genotype MRU 
frequency ±SE p-Value 

WT 1/8322 4928-
14055  

Tlr2 KO 1/42476 22714-
79433 <0.0001 

Ink4a-Arf KO 1/8691 6004-
12580 N.S. 

Tlr2 KO 
Ink4a-Arf KO 1/11515 7091-

18698 N.S. 

Supplementary Figure 3: Limiting dilutions of mammary epithelial cells. 7R� GHWHUPLQH� WKH� 058�
IUHTXHQF\�RI�HDFK�GRQRU�JHQRW\SH�ZH� LQMHFWHG�VRUWHG�FHOOV��DV� LQGLFDWHG� IURP�GRQRU�PLFH�RI���� WR����
ZHHNV�ROG�PLFH�LQ�FOHDUHG�PDPPDU\�IDW�SDGV�RI�WKUHH�ZHHNV�ROG�UHFLSLHQWV��5HFLSLHQW�PLFH�ZHUH�V\QJHQHLF�
&��%/��-�PLFH��1XPEHUV�RI�VXFFHVVIXO�RXW�JURZWKV�DQG�QXPEHUV�RI�WRWDO�LQMHFWLRQV�DUH�VKRZQ�IRU�HDFK�
GLOXWLRQ�DQG�JHQRW\SH��058�IUHTXHQF\�DQG�FRQƓGHQFH�ZDV�GHWHUPLQHG�E\�(/'$�JUDSK�DQG�DQDO\VLV���D��
5DZ�QXPEHUV�IRU�OLPLWLQJ�GLOXWLRQV�RI Tlr2ŧ�ŧ  DQG &G��ŧ�ŧ OLQQHJ 0(&V�IRU�)LJ���D���E�F��5DZ�QXPEHUV�IRU�
OLPLWLQJ�GLOXWLRQV�RI Tlr4ŧ�ŧ OLQQHJ 0(&V��LQFOXGLQJ�(/'$�DQDO\VLV��'DWD�IRU�:7��1  ����VDPSOHV�� Tlr4ŧ�ŧ �1  �
��� VDPSOHV�� SRROHG� IURP� �� LQGHSHQGHQW� H[SHULPHQWV� P  � �������� �G�� 5DZ� QXPEHUV� IRU� OLPLWLQJ�
GLOXWLRQV�RI ,O�1r1ŧ�ŧ �1  ����VDPSOHV��DQG ,O�18r1ŧ�ŧOLQQHJ �1  ����VDPSOHV��0(&V���H�I��/LPLWLQJ�GLOXWLRQV�
RI Ink4a�Arf���Tlr2����:7�� Ink4a-Arf��� Tlr2ŧ�ŧ  (Tlr2 .2�� Ink4a-Arfŧ�ŧTlr2��� (Ink4a-Arf .2�� DQG� Ink4a-
Arfŧ�ŧ Tlr2ŧ�ŧ  (Ink4a-Arf .2 Tlr2 .2��OLQQHJ 0(&V�� LQFOXGLQJ�(/'$�JUDSK�DQG�DQDO\VLV��'DWD�IRU�:7��1  �
���VDPSOHV�� Tlr2ŧ�ŧ .2��1  ����VDPSOHV�� P ��������� Ink4a-Arf .2��1  ����VDPSOHV�� P  �1�6��DQG Ink4a-
Arf .2 Tlr2 .2��1  ����VDPSOHV�� P  �1�6��DUH�SRROHG�IURP���LQGHSHQGHQW�H[SHULPHQWV�
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Supplementary Figure 4: Single cell gene expression of MRU. 6LQJOH� FHOO� H[SUHVVLRQ� VKRZLQJ�
H[SUHVVLRQ�RI�ZLOG�W\SH��EODFN��DQG�Tlr2ŧ�ŧb�UHG��058V�IRU�)LJ���H��&HOOV�ZHUH�GRXEOH�VRUWHG�DQG�VXEMHFWHG�
WR�PXOWLSOH[HG�VLQJOH�FHOO�UW�3&5��1RUPDOL]HG�&W�YDOXHV�DV�YLVXDOL]HG�E\�FRPSDULQJ�WKH�GLVWULEXWLRQ�RI�&W�
YDOXHV� LQ�KLVWRJUDPV�� �D��*HQH� WKDW�ZDV� VLJQLƓFDQWO\� XS�UHJXODWHG� LQ�Tlr2ŧ�ŧb FHOOV� DV� FRPSDUHG� WR�ZLOG�
W\SH�FHOOV���E��*HQHV�WKDW�ZHUH�VLJQLƓFDQWO\�GRZQ�UHJXODWHG�LQ�Tlr2ŧ�ŧbDV�FRPSDUHG�WR�ZLOG�W\SH�FHOOV��(DFK�
DQDO\VLV�ZDV�GRQH�RQ���GLIIHUHQW�PLFH�
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Supplementary Figure 5: Antibody and/or shRNA mediated blockade of TLR2, CD14, MYD88 and 
IRAK1. �D�� 5HSUHVHQWDWLYH� H[DPSOHV� FRORQ\� IRUPDWLRQ�RQ�PDWULJHO� RI�SULPDU\�(5QHJ�EUHDVW� FDQFHU� FHOOV�
(N  �����6FDOH�EDU�LV����ҊP��&HOOV�ZHUH�WUHDWHG�ZLWK�FRQWURO�DQWLERG\�RU�ZLWK�QHXWUDOL]LQJ�7/5��DQG�&'���
DQWLERGLHV�� �E�F��7ZR�EUHDVW�FHOO� OLQHV�ZHUH� WUDQVGXFHG�ZLWK� WKH� OHQWLYLUXV� WR�NQRFNGRZQ�7/5��DQG�DIWHU�
SXURP\FLQ�VHOHFWLRQ�FHOOV�ZHUH�SODWHG�RXW�DQG�VWDLQHG�ZLWK�FU\VWDO�YLROHW�EOXH�DIWHU���GD\V�LQ�FXOWXUH��'DWD�
DUH�UHSUHVHQWDWLYH�RI���H[SHULPHQWV��6FDOH�EDU�LV���FP���G��0'$�0'�����FHOOV�ZHUH�WUDQVGXFHG�ZLWK�FRQWURO�
RU�LQGLFDWHG�VK51$�DQG�NQRFN�GRZQ�HIƓFLHQF\�ZDV�GHWHUPLQHG�E\�T3&5��$OO�VK51$�PHGLDWHG�NQRFN�GRZQ�
FRQVWUXFWV�UHVXOWHG�LQ�D���WR���[�UHGXFWLRQ�RI�LWV�WDUJHW�P51$��'DWD�DUH�UHSUHVHQWDWLYH�RI���H[SHULPHQWV��
�H��.QRFN�GRZQ�RI�0<'���DQG� ,5$.�� LQ� WKH�EUHDVW�FHOO� OLQH�0&)���$IWHU� WUDQVGXFWLRQ�FHOOV�ZHUH�VRUWHG�
IRU�&KHUU\� DQG�SODWHG�RXW� RQ�PDWULJHO� LQ� WULSOLFDWH� WR�GHWHUPLQH� FRORQ\� IRUPLQJ� FDSDFLW\��7KH�QXPEHU�
RI� FRORQLHV�RQ�PDWULJHO� LV� VKRZQ�DQG�D� UHSUHVHQWDWLYH�SKRWR�RI� WKH� FRORQLHV� LV� VKRZQ��N   �� VDPSOHV�
SRROHG�IURP���LQGHSHQGHQW�H[SHULPHQWV��P ���������6FDOH�EDU�LV����ҊP��9DOXHV�UHSUHVHQW�PHDQ�s�V�G��
6WXGHQWōV�XQSDLUHG�t�WHVW�IRU�LQGHSHQGHQW�VDPSOHV�ZDV�XVHG���I��0<'���DQG�,5$.��NQRFN�GRZQ�UHVXOWHG�LQ�
GHFUHDVHG�H[SUHVVLRQ�RI�WKH�1)�҈%�WDUJHW�JHQH�,/��%�LQGLFDWLQJ�WKDW�WKH�NQRFN�GRZQ�UHVXOWHG�LQ�GHFUHDVHG�
1)�҈%�DFWLYLW\��'DWD�DUH�UHSUHVHQWDWLYH�RI���H[SHULPHQWV�
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Normal Colon Colon Tumorsa

b

Supplementary Figure 6: TLR2 immunohistochemistry on normal and tumour colon tissue. �D����;�
PDJQLƓFDWLRQ�RI�LPPXQRKLVWRFKHPLVWU\�IRU�7/5���%R[HG�LV�QRUPDO�FRORQ�WLVVXH��WKH�UHVW�DUH�FRORQ�WXPRXUV��
6FDOH�EDU�LV�����ҊP���E����;�PDJQLƓFDWLRQ�RI�LPPXQRKLVWRFKHPLVWU\�IRU�7/5��RI�FRORQ�WXPRXUV��6FDOH�EDU�
LV����ҊP�
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*HQRPLF�MXQFWLRQ�RI�+5�ZLWK�JHQRPLF�'1$

Primer set 1 junctions:
                        TLR2 outside HR                                  TLR2 HR
«7777***7$$$7&7*$*$*&7*&*$7$$$*7&&7$**77&&&$7$777$$«««

                       TLR2 HR                                           &09�&KHUU\�S$
««7**$$7$7*&$*&&7&&**$77*77&*&*77$$*$7$&$77*$7*$*777«

Primer set 2 junctions:
                ��&09�&KHUU\�S$    TLR2 HR
«$$$&7&$7&$$7*7$7&77$$&*&*$$&$$7&&**$**&7*&$7$77&««

                 TLR2 HR       TLR2 outside HR construct
««777***7$$$7&7*$*$*&7*&*$7$$$*7&&7$**77&&&$7$777$$«

human TLR2 locus, Chromosome 4

Targeting vector

VJ51$

Exon 2 Exon 3

E283*

E283*

+47 +2344

-638
Pp1

+2643
Pp2

+47 +2344
homologous recoombination

+944

Pp1 Pp2
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a
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Supplementary Figure 7: Genome editing the Tlr2 locus using CAS9. �D��6FKHPDWLF�RI� WKH� WDUJHWHG�
UHJLRQ� RI� KXPDQ� 7/5�� ORFXV� DQG� WDUJHWLQJ� VWUDWHJ\�� VJ51$� FXWV� DURXQG� �� ����� 7KH� KRPRORJXHV�
UHFRPELQDWLRQ��+5��FDVVHWWH�KDV�D�OHIW�DUP��LQFOXGLQJ�WKH�(����PXWDWLRQ��DQG�D�ULJKW�DUP��,Q�EHWZHHQ�WKHUH�
LV�D�&09�&KHUU\�S$�FDVVHWWH��\HOORZ�ER[��LQ�WKH�DQWL�VHQVH�RULHQWDWLRQ��3ULPHU�SDLUV��3S��	�3S���DUH�VKRZQ�
WR�GHWHFW�KRPRORJXHV� UHFRPELQDWLRQ�� �E��5HJLRQ�RI� WKH� VJ51$�FRPSOHPHQWDU\� WR� WKH�SURWRVSDFHU�� �F��
6HTXHQFHG�UHJLRQ�VKRZV�FRUUHFW�LQWHJUDWLRQ�RI�+5�FRQVWUXFW�DV�GHWHUPLQHG�E\�VHTXHQFLQJ�WKH�JHQRPLF�
MXQFWLRQV�
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+ere we present a compendium of single-cell transcriptomic data from the 
model organism Mus musculus that comprises more than 100,000 cells from 
20 organs and tissues. These data represent a new resource for cell biology, 

reveal gene expression in poorly characterized cell populations and enable the 
direct and controlled comparison of gene expression in cell types that are shared 
between tissues, such as T lymphocytes and endothelial cells from different 
anatomical locations. Two distinct technical approaches were used for most organs: 
RQH�DSSURDFK��PLFURŴXLGLF�GURSOHW�EDVHG��ƍ-end counting, enabled the survey of 
thousands of cells at relatively low coverage, whereas the other, full-length transcript 
DQDO\VLV�EDVHG�RQ�ŴXRUHVFHQFH�DFWLYDWHG�FHOO�VRUWLQJ��HQDEOHG�WKH�FKDUDFWHUL]DWLRQ�
of cell types with high sensitivity and coverage. The cumulative data provide the 
foundation for an atlas of transcriptomic cell biology.

7KH�FHOO�LV�D�IXQGDPHQWDO�XQLW�RI�VWUXFWXUH�DQG�IXQFWLRQ�LQ�ELRORJ\��DQG�PXOWLFHOOXODU�
RUJDQLVPV� KDYH� HYROYHG� YDULRXV� FHOO� W\SHV� ZLWK� VSHFLDOL]HG� UROHV�� $OWKRXJK� FHOO�
W\SHV� KDYH� KLVWRULFDOO\� EHHQ� FKDUDFWHUL]HG� E\� PRUSKRORJ\� DQG� SKHQRW\SH�� WKH�
GHYHORSPHQW�RI�PROHFXODU�PHWKRGV�KDV�HQDEOHG� LQFUHDVLQJO\�SUHFLVH�GHVFULSWLRQV�
RI�WKHLU�SURSHUWLHV��W\SLFDOO\�E\�PHDVXULQJ�SURWHLQ�RU�P51$�H[SUHVVLRQ�SDWWHUQV������
7HFKQRORJLFDO� DGYDQFHV� KDYH� DOVR� H[SDQGHG�PHDVXUHPHQW�PXOWLSOH[LQJ� VXFK� WKDW�
KLJKO\�SDUDOOHO�VHTXHQFLQJ�FDQ�QRZ�HQXPHUDWH�QHDUO\�HYHU\�P51$�PROHFXOH�LQ�D�VLQJOH�
FHOO������������������������7KLV�DSSURDFK�KDV�SURYLGHG�LQVLJKWV�LQWR�FHOO�ELRORJ\�DQG�RUJDQ�
FRPSRVLWLRQ�IURP�YDULRXV�RUJDQLVPV������������������������������������������+RZHYHU��
DOWKRXJK� WKHVH� UHSRUWV�SURYLGH�YDOXDEOH�FKDUDFWHUL]DWLRQ�RI� LQGLYLGXDO�RUJDQV�� LW� LV�
FKDOOHQJLQJ�WR�FRPSDUH�GDWD�FROOHFWHG�IURP�GLIIHUHQW�DQLPDOV�E\�LQGHSHQGHQW�ODEV�
ZLWK�YDU\LQJ�H[SHULPHQWDO�WHFKQLTXHV��,W�WKHUHIRUH�UHPDLQV�XQNQRZQ�ZKHWKHU�WKHVH�
GDWD�FDQ�EH�V\QWKHVL]HG�DV�D�PRUH�JHQHUDO�UHVRXUFH�IRU�ELRORJ\�

+HUH�ZH�UHSRUW�D�FRPSHQGLXP�RI�FHOO�W\SHV�IURP�WKH�PRXVH�0XV�PXVFXOXV��ZH�UHIHU�
WR�WKLV�DV�D�Tabula Muris��RU�Ō0RXVH�$WODVō��:H�DQDO\VHG�VHYHUDO�RUJDQV�IURP�WKH�VDPH�
PRXVH��JHQHUDWLQJ�D�GDWDVHW�FRQWUROOHG�IRU�DJH��HQYLURQPHQW�DQG�HSLJHQHWLF�HIIHFWV��
7KLV�HQDEOHG�WKH�GLUHFW�FRPSDULVRQ�RI�FHOO�W\SH�FRPSRVLWLRQ�EHWZHHQ�RUJDQV��DQG�
WKH� FRPSDULVRQ� RI� VKDUHG� FHOO� W\SHV� DFURVV� RUJDQV�� 7KH� FRPSHQGLXP� FRPSULVHV�
VLQJOH�FHOO�WUDQVFULSWRPLF�GDWD�IURP���������FHOOV�LVRODWHG�IURP����RUJDQV�IURP�WKUHH�
IHPDOH�DQG�IRXU�PDOH��&��%/��-1��WKUHH�PRQWK�ROG�PLFH����Ŋ���ZHHNV���DQDORJRXV�
WR� ���\HDU�ROG� KXPDQV� �)LJ�� �D��� $RUWD�� EODGGHU�� ERQH�PDUURZ�� EUDLQ� �FHUHEHOOXP��
FRUWH[�� KLSSRFDPSXV� DQG� VWULDWXP��� GLDSKUDJP�� IDW� �EURZQ�� JRQDGDO�� PHVHQWHULF�
DQG�VXEFXWDQHRXV���KHDUW��NLGQH\��ODUJH�LQWHVWLQH��OLPE�PXVFOH��OLYHU��OXQJ��PDPPDU\�
JODQG�� SDQFUHDV�� VNLQ�� VSOHHQ�� WK\PXV�� WRQJXH� DQG� WUDFKHD� IURP� WKH� VDPH�PRXVH�
ZHUH�LPPHGLDWHO\�SURFHVVHG�LQWR�VLQJOH�FHOO�VXVSHQVLRQV��$OO�RUJDQV�ZHUH�VLQJOH�FHOO�
VRUWHG� LQWR�SODWHV�XVLQJ�ŴXRUHVFHQFH�DFWLYDWHG�FHOO�VRUWLQJ��)$&6���DQG�PDQ\�ZHUH�
DOVR�ORDGHG�LQWR�PLFURŴXLGLF�GURSOHWV��VHH�([WHQGHG�'DWD�DQG�0HWKRGV��

$OO� GDWD�� SURWRFROV�� DQDO\VLV� VFULSWV� DQG� DQ� LQWHUDFWLYH� GDWD� EURZVHU� DUH� SXEOLFO\�
DYDLODEOH��IRU�GHWDLOV��VHH�Ō'DWD�DYDLODELOLW\ō���7KLV�UHOHDVH�HQDEOHV�WKH�H[DFW�UHSOLFDWLRQ�
RI� DOO� UHVXOWV�� IDFLOLWDWHV� LQ�GHSWK� DQDO\VHV� QRW� FRPSOHWHG� KHUH�� DQG� SURYLGHV� D�
FRPSDUDWLYH�IUDPHZRUN�IRU�IXWXUH�VWXGLHV�XVLQJ�WKH�ODUJH�YDULHW\�RI�PXULQH�GLVHDVH�
PRGHOV��$OWKRXJK�WKHVH�GDWD�DUH�E\�QR�PHDQV�D�FRPSOHWH�UHSUHVHQWDWLRQ�RI�DOO�PRXVH�
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RUJDQV�DQG�FHOO�W\SHV��WKH\�SURYLGH�D�ƓUVW�GUDIW�DWWHPSW�WR�FUHDWH�DQ�RUJDQLVP�ZLGH�
UHSUHVHQWDWLRQ�RI�FHOOXODU�GLYHUVLW\�

'HƓQLQJ�RUJDQ�VSHFLƓF�FHOO�W\SHV
7R�GHƓQH�FHOO�W\SHV��ZH�DQDO\VHG�HDFK�RUJDQ�LQGHSHQGHQWO\�E\�SHUIRUPLQJ�SULQFLSDO�
FRPSRQHQW�DQDO\VLV� �3&$��RQ� WKH�PRVW� YDULDEOH�JHQHV�EHWZHHQ�FHOOV�� IROORZHG�E\�
QHDUHVW�QHLJKERXU� JUDSK�EDVHG� FOXVWHULQJ�� :H� WKHQ� XVHG� FOXVWHU�VSHFLƓF� JHQH�
H[SUHVVLRQ�RI�NQRZQ�PDUNHUV�DQG�JHQHV� WKDW�DUH�GLIIHUHQWLDOO\�H[SUHVVHG�EHWZHHQ�
FOXVWHUV� WR� DVVLJQ� FHOO�W\SH� DQQRWDWLRQV� WR� HDFK� FOXVWHU� �([WHQGHG�'DWD� )LJV�� ��� ���
6XSSOHPHQWDU\�7DEOH�����:H�XVHG�D�VWDQGDUG�DQQRWDWLRQ�PHWKRG�IRU�DOO�RUJDQV��VWHS�
E\�VWHS� LQVWUXFWLRQV� WR� UHSURGXFH� WKLV� PHWKRG� DUH� SURYLGHG� LQ� WKH� VXSSOHPHQWDO�
2UJDQ� $QQRWDWLRQ� 9LJQHWWH� XVLQJ� WKH� OLYHU� DV� DQ� H[DPSOH�� &HOO� W\SH� GHVFULSWLRQV�
DQG�GHƓQLQJ�JHQHV�IRU�HDFK�RUJDQ�DUH�DYDLODEOH�LQ�WKH�6XSSOHPHQWDU\�,QIRUPDWLRQ��
)RU� HDFK� FOXVWHU�� ZH� SURYLGH� DQQRWDWLRQV� LQ� WKH� FRQWUROOHG� YRFDEXODU\� RI� WKH� FHOO�
RQWRORJ\� ����� WR� IDFLOLWDWH� LQWHU�H[SHULPHQW� FRPSDULVRQV��0DQ\� RI� WKHVH� FHOO� W\SHV�
KDYH� QRW� SUHYLRXVO\� EHHQ� REWDLQHG� LQ� SXUH� SRSXODWLRQV�� DQG� RXU� GDWD� SURYLGH� D�
ZHDOWK� RI� QHZ� LQIRUPDWLRQ� RQ� WKHLU� FKDUDFWHULVWLF� JHQH�H[SUHVVLRQ� SURƓOHV�� 6RPH�
XQH[SHFWHG�GLVFRYHULHV�LQFOXGH�D�SRWHQWLDO�QHZ�UROH�IRU�Neurog3��+KH[�DQG�Prss53 in 
WKH�DGXOW�SDQFUHDV��D�FHOO�SRSXODWLRQ�H[SUHVVLQJ�Chodl�LQ�OLPE�PXVFOH��WUDQVFULSWLRQDO�
KHWHURJHQHLW\� RI� EUDLQ� HQGRWKHOLDO� FHOOV�� WKH� H[SUHVVLRQ� RI�0+&� FODVV� ,,� JHQHV� E\�
DGXOW�PRXVH�7�FHOOV��DQG�VHWV�RI�WUDQVFULSWLRQ�IDFWRUV�WKDW�GLVWLQJXLVK�FHOO�W\SHV�DFURVV�
RUJDQV�
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Figure 1: Overview of Tabula Muris.��D�����RUJDQV�IURP�IRXU�PDOH�DQG�WKUHH�IHPDOH�PLFH�ZHUH�DQDO\VHG��
$IWHU�GLVVRFLDWLRQ��FHOOV�ZHUH�VRUWHG�E\�)$&6�DQG��IRU�VRPH�RUJDQV��FDSWXUHG�LQ�PLFURŴXLGLF�RLO�GURSOHWV��
&HOOV�ZHUH�O\VHG��WUDQVFULSWRPHV�DPSOLƓHG�DQG�VHTXHQFHG��UHDGV�PDSSHG��DQG�GDWD�DQDO\VHG���E��%DU�SORW�
VKRZLQJ�WKH�QXPEHU�RI�VHTXHQFHG�FHOOV�SUHSDUHG�E\�)$&6�IURP�HDFK�RUJDQ��Q� ����RUJDQ�W\SHV����F��%DU�
SORW�VKRZLQJ�WKH�QXPEHU�RI�VHTXHQFHG�FHOOV�SUHSDUHG�E\�PLFURŴXLGLF�GURSOHWV�IURP�HDFK�RUJDQ��Q� ����
RUJDQ�W\SHV��
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Methodological comparison
:H� SHUIRUPHG� VLQJOH�FHOO� 51$�VHTXHQFLQJ� ZLWK� WZR� PHWKRGV�� )$&6�EDVHG� FHOO�
FDSWXUH� LQ� SODWHV� DQG� PLFURŴXLGLF�GURSOHW�EDVHG� FDSWXUH� �KHUHDIWHU� GHQRWHG� WKH�
)$&6�PHWKRG�DQG�WKH�PLFURŴXLGLF�GURSOHW�PHWKRG��UHVSHFWLYHO\���7R�XQGHUVWDQG�WKH�
WHFKQLFDO�ELDVHV�RI�HDFK�DSSURDFK��ZH�SHUIRUPHG�ERWK�PHWKRGV�RQ�PDQ\�RUJDQV��
2YHUDOO���������FHOOV�IURP�WKH�)$&6�PHWKRG�DQG��������FHOOV�IURP�WKH�PLFURŴXLGLF�
GURSOHW�PHWKRG�ZHUH�UHWDLQHG�DIWHU�TXDOLW\�FRQWURO��6LQJOH�FHOO�WUDQVFULSWRPHV�ZHUH�
VHTXHQFHG�WR�DQ�DYHUDJH�GHSWK�RI���������UHDGV�SHU�FHOO��)$&6��DQG�������XQLTXH�
PROHFXODU�LGHQWLƓHUV��80,V��SHU�FHOO��PLFURŴXLGLF�GURSOHW���&RPSDULQJ�PHWKRGV�VKRZV�
RUJDQ�VSHFLƓF�GLIIHUHQFHV�LQ�WKH�QXPEHU�RI�FHOOV�DQDO\VHG��)LJ���E��F���UHDGV�SHU�FHOO�
�([WHQGHG�'DWD�)LJ���D��F��DQG�JHQHV�SHU�FHOO��([WHQGHG�'DWD�)LJ���E��G���)XUWKHUPRUH��
ZLWK�ERWK�PHWKRGV�WKH�PRVW�DEXQGDQW�FHOO�W\SHV�DQDO\VHG�ZHUH�HSLWKHOLDO�FHOOV�DQG�
OHXNRF\WHV��DOWKRXJK�)$&6�FDSWXUHG�D�ODUJHU�GLYHUVLW\�RI�FHOO�W\SHV��([WHQGHG�'DWD�
)LJ�����

$Q\� LQGLYLGXDO� VLQJOH�FHOO� VHTXHQFLQJ�H[SHULPHQW�RIIHUV�RQO\�D�SDUWLDO� YLHZ�RI�FHOO�
W\SH� GLYHUVLW\� ZLWKLQ� DQ� RUJDQLVP� DQG� JHQH� H[SUHVVLRQ� ZLWKLQ� HDFK� FHOO� W\SH��:H�
LOOXVWUDWH�WKH�H[SHFWHG�YDULDELOLW\�EHWZHHQ�PHWKRGV�DQG�H[SHULPHQWV�E\�FRPSDULQJ�
RXU� WZR� PHDVXUHPHQW� DSSURDFKHV� WR� D� WKLUG� PHWKRG�� PLFURZHOO�VHT� ������ 2QH�
QRWDEOH�IHDWXUH�LV�WKH�YDULDELOLW\�LQ�WKH�QXPEHU�RI�JHQHV�GHWHFWHG�SHU�FHOO�EHWZHHQ�
RUJDQV� DQG�PHWKRGV�� )RU� H[DPSOH�� WKH�PHGLDQ� QXPEHU�RI� JHQHV�GHWHFWHG� LQ� WKH�
EODGGHU� LV� DURXQG� ������ �)$&6��� ������ �PLFURŴXLGLF� GURSOHW�� DQG� ���� �PLFURZHOO�
VHT���ZKHUHDV� LQ� WKH� NLGQH\� LW� LV� DURXQG������� �)$&6��� ������ �PLFURŴXLGLF�GURSOHW��
DQG������PLFURZHOO�VHT���,Q�WKH�EODGGHU��OLYHU��OXQJ��PDPPDU\�JODQG��WUDFKHD��WRQJXH�
DQG�VSOHHQ��QHDUO\�WZLFH�DV�PDQ\�JHQHV�DUH�GHWHFWHG�SHU�FHOO�ZLWK�WKH�)$&6�PHWKRG�
FRPSDUHG�WR�WKH�PLFURŴXLGLF�GURSOHW�PHWKRG��ZKHUHDV�WKH�KHDUW�DQG�PDUURZ�VKRZ�
FRPSDUDEOH� QXPEHUV� EHWZHHQ� WKH� WZR� PHWKRGV� �([WHQGHG� 'DWD� )LJ�� �D��� 7KLV�
GLIIHUHQFH�LV�SUREDEO\�QRW�GXH�WR�VHTXHQFLQJ�GHSWK��DV�ERWK�)$&6�DQG�PLFURŴXLGLF�
GURSOHW�OLEUDULHV�DUH�QHDUO\�VDWXUDWHG��([WHQGHG�'DWD�)LJ���E���,Q�WKHVH�FRPSDULVRQV��
D�JHQH� LV�FRQVLGHUHG�GHWHFWHG� LI�D�VLQJOH�UHDG�PDSV�WR� LW��DV� WKDW� LV� WKH�RQO\�YDOXH�
DW�ZKLFK�UHDGV�DQG�80,V�FDQ�EH�WUHDWHG�HTXDOO\��:H�DOVR�IRXQG�WKDW�WKH�QXPEHU�RI�
GHWHFWHG�JHQHV�GHFUHDVHV�VLPLODUO\�DFURVV�RUJDQV�DV�WKH�UHDG�RU�80,�WKUHVKROG�IRU�D�
GHWHFWDEOH�JHQH�LV�LQFUHDVHG��([WHQGHG�'DWD�)LJ�����

1H[W��ZH�LQYHVWLJDWHG�ZKHWKHU�WKH�WKUHH�PHWKRGV�DJUHH�RQ�WKH�JHQHV�GHƓQLQJ�HDFK�
FHOO�FOXVWHU��0HWKRGV���$V�H[SHFWHG��WKH�)$&6�DQG�PLFURŴXLGLF�GURSOHW�PHWKRGV�VKRZ�
WKH�FORVHVW� DJUHHPHQW��SUREDEO\�EHFDXVH� WKH\�XVHG� WKH� VDPH�ELRORJLFDO� VDPSOHV��
+RZHYHU��WKHUH�DUH�VHYHUDO�GR]HQ�WR�VHYHUDO�KXQGUHG�JHQHV�FRPPRQ�WR�DOO�PHWKRGV�
WKDW�GHƓQH�HDFK�FOXVWHU��([WHQGHG�'DWD�)LJ�����6XSSOHPHQWDU\�7DEOH�����7KLV�VXJJHVWV�
WKDW�FRPELQLQJ�LQGHSHQGHQW�GDWDVHWV�FDQ�OHDG�WR�PRUH�UREXVW�FKDUDFWHUL]DWLRQV�RI�
JHQH�H[SUHVVLRQ�

6SOHHQ�DQG�NLGQH\�DUH�WZR�RUJDQV�IRU�ZKLFK�)$&6�ZDV�SHUIRUPHG�ZLWKRXW�PDUNHU�
EDVHG� VRUWLQJ��ZKLFK� HQDEOHV� XV� WR� FRPSDUH� WKH� QXPEHU� DQG� UHODWLYH� DEXQGDQFH�
RI�GLIIHUHQW�FHOO� W\SHV�EHWZHHQ�PHWKRGV��)RU� WKRVH�FHOO� W\SHV� WKDW�DUH�FDSWXUHG�E\�
ERWK�PHWKRGV�� WKH� SURSRUWLRQ� RI� HDFK� FHOO� W\SH� LV� HTXLYDOHQW� �3HDUVRQ� FRUUHODWLRQ�
FRHIƓFLHQW��VSOHHQ��������NLGQH\���������1RQHWKHOHVV��WKH�PLFURŴXLGLF�GURSOHW�PHWKRG�
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LGHQWLƓHG�FHOO�W\SHV�WKDW�ZHUH�PLVVHG�E\�WKH�)$&6�PHWKRG�LQ�ERWK�RUJDQV��IRU�H[DPSOH�
NLGQH\�PHVDQJLDO�FHOOV��DQG�VSOHQLF�GHQGULWLF�DQG�QDWXUDO�NLOOHU�FHOOV��7KLV�LV�SDUWLDOO\�
H[SODLQHG�E\�FHOOXODU�DEXQGDQFH�DQG�VDPSOLQJ�GHSWK� ��������PLFURŴXLGLF�GURSOHW�
FHOOV�FRPSDUHG�ZLWK�������)$&6�FHOOV��6XSSOHPHQWDU\�7DEOH�����DQG�SRVVLEO\�IURP�FHOO�
FDSWXUH�DQG�O\VLV�ELDVHV�EHWZHHQ�PHWKRGV�

$V�WKH�)$&6�PHWKRG�FDSWXUHV�IHZHU�FHOOV�EXW�GHWHFWV�PRUH�PROHFXOHV�SHU�FHOO�WKDQ�
WKH�PLFURŴXLGLF�GURSOHW�PHWKRG��ZH�DVNHG�ZKHWKHU�WKH�WZR�PHWKRGV�DJUHH�LQ�WKHLU�
ŌEXONō�JHQH�H[SUHVVLRQ�SURƓOHV� IRU� WKH����VKDUHG�FHOO�SRSXODWLRQV� �0HWKRGV���6XFK�
JHQH�H[SUHVVLRQ� SURƓOHV� ODUJHO\� FRUUHODWH� �3HDUVRQ� FRUUHODWLRQ� FRHIƓFLHQW�� ����Ŋ
�������ZKLFK�VXJJHVWV�WKDW�DOWKRXJK�ELDVHV�EHWZHHQ�PHWKRGV�H[LVW��ERWK�DFFXUDWHO\�
UHFDSLWXODWH�DYHUDJH�FHOO�W\SH�JHQH�H[SUHVVLRQ�SURƓOHV�

Global clustering across organs
7R�GHWHFW�UHODWLRQVKLSV�EHWZHHQ�FHOOV� IURP�GLIIHUHQW�RUJDQV��ZH�YLVXDOL]HG�DOO�)$&6�
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Figure 2: t-SNE visualization of all FACS cells. W�61(�SORW�RI�DOO�FHOOV�FROOHFWHG�E\�)$&6��FRORXUHG�E\�RU�
JDQ��RYHUODLG�ZLWK�WKH�SUHGRPLQDQW�FHOO�W\SH�FRPSRVLQJ�HDFK�FOXVWHU��Q� ��������LQGLYLGXDO�FHOOV�
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FHOOV�ZLWK� W�61(�DQG�JURXSHG� WKHP�ZLWK�XQELDVHG��JUDSK�EDVHG�FOXVWHULQJ� �)LJ�����
([WHQGHG�'DWD�)LJ������$V�H[SHFWHG��FHOOV�IURP�GLIIHUHQW�RUJDQV�RIWHQ�PL[HG��ZLWK����
RI����FOXVWHUV�FRQWDLQLQJ��DW�OHDVW�ƓYH��FHOOV�IURP�GLVWLQFW�RUJDQV��)LJ������)RU�H[DPSOH��
FOXVWHUV���DQG����HDFK�FRQWDLQ�HQGRWKHOLDO�FHOOV�IURP�ƓYH�RU�PRUH�RUJDQV��DQG�FOXVWHUV�
��DQG����FRQWDLQ�PHVHQFK\PDO�DQG�VWURPDO�FHOOV�IURP�IRXU�RU�PRUH�RUJDQV��&OXVWHU�
��FRQWDLQV�%�FHOOV�IURP�IDW��OLPE�PXVFOH��OXQJ��VSOHHQ��PDUURZ�DQG�OLYHU��EXW�DOVR�FHOOV�
DQQRWDWHG�DV�OHXNRF\WHV�DQG�O\PSKRF\WHV�IURP�WKH�WK\PXV��KHDUW�DQG�OLPE�PXVFOH��
7KLV�VXJJHVWV�WKDW� WKH�HIIHFW�RI�FHOO� W\SH�RQ�PHDVXUHG�JHQH�H[SUHVVLRQ� LV�VWURQJHU�
WKDQ�WKH�HIIHFW�RI�EDWFK�RU�GLVVRFLDWLRQ�SURWRFRO�

&OXVWHU� FR�PHPEHUVKLS� DORQH�� KRZHYHU�� LV� LQVXIƓFLHQW� WR� FRQFOXGH� WKDW� WZR� FHOO�
SRSXODWLRQV�IURP�GLIIHUHQW�RUJDQV�UHSUHVHQW�WKH�VDPH�RU�VLPLODU�FHOO�W\SHV��DW�DQ\�JLYHQ�
UHVROXWLRQ��XQELDVHG�FOXVWHULQJ� WKDW�JURXSV�UHODWHG�FHOOV�PD\�DOVR�JURXS�XQUHODWHG�
FHOOV�������7KHUHIRUH��WR�GHWHUPLQH�ZKLFK�FOXVWHUV�DUH�FRPSRVHG�RI�UHODWHG�RU�XQUHODWHG�
FHOO�W\SHV��ZH�FRPSXWHG�D�KHWHURJHQHLW\�VFRUH�IRU�HDFK�FOXVWHU��0HWKRGV���DQG�IRXQG�
ORZ�VFRUHV�IRU�WKH�ELRORJLFDOO\�VHQVLEOH�FOXVWHUV�GLVFXVVHG�DERYH��([WHQGHG�'DWD�)LJ��
����%\�FRQWUDVW��WKH�DVWURF\WHV�DQG�HSLWKHOLDO�FHOOV� LQ�FOXVWHU����DUH�DV�GLIIHUHQW�IURP�
RQH�DQRWKHU�DV�WZR�UDQGRP�FHOOV�

,Q�DGGLWLRQ�WR�WKHVH�KHWHURJHQHRXV�JURXSV��WKH�FOXVWHULQJ�UHYHDOV�VPDOO�SRSXODWLRQV�
RI� SRWHQWLDOO\�PLVODEHOOHG� FHOOV� LQVLGH� KRPRJHQRXV�SRSXODWLRQV�� )RU� H[DPSOH�� WHQ�
WK\PXV�FHOOV�LQ�FOXVWHU����FRPSRVHG�RI�������FHOOV��DUH�DQQRWDWHG�DV�ŌOHXNRF\WHVō��EXW�
WKH\�H[SUHVV�Pecam1��ZKLFK� LV�DQ�HQGRWKHOLDO�PDUNHU��7KLV� LV�D�SUHGLFWDEOH�DUWHIDFW�
RI�WKH�DQQRWDWLRQ�VFKHPH��EHFDXVH�HQWLUH�FOXVWHUV��UDWKHU�WKDQ�LQGLYLGXDO�FHOOV��ZHUH�
DQQRWDWHG�LQ�HDFK�RUJDQ��D�VXIƓFLHQWO\�UDUH�FHOO�W\SH�WKDW�ZDV�DOJRULWKPLFDOO\�JURXSHG�
ZLWK�D�PRUH�SRSXORXV�FHOO� W\SH�ZLOO�EH�PLVDQQRWDWHG��7KLV�VHHPV�WR�RFFXU�RQO\� IRU�
SRSXODWLRQV�VPDOOHU�WKDQ�DERXW����FHOOV��ZKLFK�FRPSULVH�OHVV�WKDQ����RI�WKH�RYHUDOO�
GDWDVHW�� DQG� UHSUHVHQWV� WKH� ORZHU� OLPLW� RI� VHQVLWLYLW\� LQ� WKH� FXUUHQW� UHOHDVH�RI�GDWD�
LQWHUSUHWDWLRQ�

7KH� IDFW� WKDW� PRVW� FHOOV� RI� VLPLODU� FHOO� W\SHV� FOXVWHU� WRJHWKHU� DFURVV� RUJDQV� DQG�
ELRORJLFDO�UHSOLFDWHV�VKRZV�WKDW�EDWFK�HIIHFWV�DUH�QRW�WKH�PDLQ�VRXUFH�RI�YDULDQFH�LQ�
WKH�GDWDVHW��2XU�ƓQGLQJV�DOVR�VKRZ�WKDW�PDQXDO�DQQRWDWLRQ�RI�FHOO�W\SHV�LV�FRQVLVWHQW�
ZLWK�XQELDVHG�WUDQVFULSWRPLF�FOXVWHULQJ�IRU�VXIƓFLHQWO\�ODUJH�SRSXODWLRQV��:H�H[SHFW�
WKDW� IXUWKHU� GHYHORSPHQW� RI� PXOWL�VFDOH� FRPSDULVRQ� DOJRULWKPV� ZLOO� IDFLOLWDWH� WKH�
GLVFRYHU\�RI�ERWK�XQLYHUVDO� DQG�RUJDQ�VSHFLƓF�JHQH�PRGXOHV�ZLWKLQ� WKHVH� VKDUHG�
FHOO�W\SHV�

7R�GHPRQVWUDWH�DQ�H[DPSOH�RI� LQYHVWLJDWLQJ�FRPPRQ�FHOO� W\SHV�DFURVV�RUJDQV��ZH�
FROOHFWLYHO\�DQDO\VHG�DOO�)$&6�FHOOV�DQQRWDWHG�DV�7�FHOOV��ZKLFK�UHYHDOHG�ƓYH�FOXVWHUV�
�)LJ������&OXVWHU���FRPSULVHV�WK\PLF�FHOOV�XQGHUJRLQJ�9'-�UHFRPELQDWLRQ�FKDUDFWHUL]HG�
E\�WKH�H[SUHVVLRQ�RI�Rag1��Rag2�DQG�Dntt��DQG�LQFOXGHV�XQFRPPLWWHG�GRXEOH�SRVLWLYH�
7�FHOOV� �Cd4��DQG�Cd8a����&OXVWHU���FRQWDLQV�SUHGRPLQDQWO\�SUROLIHUDWLQJ� WK\PLF�7�
FHOOV��ZKLFK�PD\�UHSUHVHQW�SUH�7�FHOOV�H[SDQGLQJ�DIWHU�9'-�UHFRPELQDWLRQ��&OXVWHUV�
�Ŋ��FRQWDLQ�PRVWO\�VLQJOH�SRVLWLYH�7�FHOOV��&G���RU�&G�D����&OXVWHU���FRQWDLQV�Cd5hi 
WK\PLF� 7� FHOOV� WKDW� DUH� SRVVLEO\� XQGHUJRLQJ� SRVLWLYH� VHOHFWLRQ�� ZKHUHDV� &OXVWHU� ��
FRQWDLQV�PRVWO\�QRQ�WK\PLF�7�FHOOV�H[SUHVVLQJ�WKH�KLJK�DIƓQLW\�,/��UHFHSWRU��HQFRGHG�
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E\�WKH�JHQHV� Il2ra�DQG� Il2rb���ZKLFK�VXJJHVWV� WKDW� WKH\�DUH�DFWLYDWHG��1RWDEO\�� WKH\�
DOVR� H[SUHVV� 0+&� FODVV� ,,� JHQHV� �H2-Aa� DQG�H2-Ab1��� $OWKRXJK� WKLV� LV� NQRZQ� LQ�
KXPDQ�7�FHOOV��0+&�FODVV�,,�ZDV�SUHYLRXVO\�WKRXJKW�WR�EH�UHVWULFWHG�WR�SURIHVVLRQDO�
DQWLJHQ�SUHVHQWLQJ�FHOOV�LQ�PLFH����)LQDOO\��&OXVWHU���DOVR�UHSUHVHQWV�PDWXUH�7�FHOOV��
EXW�SULPDULO\�VSOHQLF�
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Figure 3: Comparison of cell-type determination. 
&RPSDULVRQ�RI�FHOO�W\SH�GHWHUPLQDWLRQ�DV�SHUIRUPHG�
E\�XQELDVHG�ZKROH�WUDQVFULSWRPH�FRPSDULVRQ� YHUVXV�
PDQXDO� DQQRWDWLRQ� RI� FOXVWHUV� E\� RUJDQ�VSHFLƓF�
H[SHUWV�� 7KH� [� D[LV� UHSUHVHQWV� FOXVWHUV� IURP� )LJ�� ���
ZKLOH� WKH�\�D[LV� UHSUHVHQWV�PDQXDO�H[SHUW�DQQRWDWLRQ�
RI� FOXVWHUV� GHULYHG� IURP� LQGLYLGXDO� RUJDQV� DQDO\VHG�
LQGHSHQGHQWO\� �([WHQGHG�'DWD� )LJ�� ���� 7KH� XQELDVHG�
PHWKRG� GLVFRYHUV� UHODWLRQVKLSV� EHWZHHQ� VLPLODU� FHOO�
W\SHV� IRXQG� LQ� GLIIHUHQW� RUJDQV�� LQ� SDUWLFXODU� 7� FHOOV�
IURP�GLIIHUHQW�RUJDQV�DUH�JURXSHG�LQWR�D�VLQJOH�FOXVWHU��
%� FHOOV� IURP� GLIIHUHQW� RUJDQV� LQWR� D� GLIIHUHQW� VLQJOH�
FOXVWHU��DQG�HQGRWKHOLDO�FHOOV�IURP�GLIIHUHQW�RUJDQV�LQWR�
D�VLQJOH�FOXVWHU��UHJLRQV�RXWOLQHG�LQ�EOXH�ER[HV��

Figure 4: Analysis of all sorted T cells. �D��
W�61(� SORW� RI� DOO� 7� FHOOV� FRORXUHG� E\� FOXVWHU�
PHPEHUVKLS�� KLJKOLJKWLQJ� WKH� ƓYH� LGHQWLƓHG�
FOXVWHUV��Q� �������LQGLYLGXDO�FHOOV�� �E��'RW�SORW�
VKRZLQJ� OHYHO� RI� H[SUHVVLRQ� �FRORXU� VFDOH�� DQG�
QXPEHU� RI� H[SUHVVLQJ� FHOOV� �SRLQW� GLDPHWHU��
ZLWKLQ�HDFK�FOXVWHU�RI�7�FHOOV��5ŴQE�LV�DOVR�NQRZQ�
DV�Fam101b���F��W�61(�SORW�RI�DOO�7�FHOOV�FRORXUHG�
E\�RUJDQ�RI�RULJLQ��IDW��OXQJ��PDUURZ��OLPE�PXVFOH��
VSOHHQ�RU�WK\PXV���Q� �������LQGLYLGXDO�FHOOV��G��
W�61(�SORW�RI�DOO�7�FHOOV�FRORXUHG�E\�FODVVLƓFDWLRQ�
RI�7�FHOOV�WR�IRXU�FDWHJRULHV�EDVHG�RQ�H[SUHVVLRQ�
RI�&G��DQG�&G���Cd4���Cd8���Cd4�Cd8+��Cd4ŧ
Cd8ŧ���Q� �������LQGLYLGXDO�FHOOV�
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Global transcription factor analysis
2QH�PDMRU�JRDO�RI�GHƓQLQJ�FHOO�LGHQWLWLHV�LV�WR�XQGHUVWDQG�WKH�XQGHUO\LQJ�UHJXODWRU\�
QHWZRUNV��:H�LQYHVWLJDWHG�KRZ�WUDQVFULSWLRQ�IDFWRUV�FRQWULEXWH�WR�FHOO�W\SH�LGHQWLW\�E\�
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Figure 5: Transcription factor analysis.��D��'HQGURJUDP�RI�FHOO�W\SHV�FRQVWUXFWHG�ZLWK�RQO\�WUDQVFULSWLRQ�
IDFWRUV��EŊH��&RUUHORJUDPV�RI� WRS�RUJDQ�VSHFLƓF� WUDQVFULSWLRQ� IDFWRUV� IRU�HSLWKHOLDO� FHOOV� �E���HQGRWKHOLDO�
FHOOV��F���%�FHOOV��G��DQG�7�FHOOV��H���5RZ�FRORXUV�FRUUHVSRQG�WR�WKH�RUJDQ�RI�WKH�PRVW�HQULFKHG�FHOO�W\SH��
Q� ����UDQGRPO\�VHOHFWHG�FHOOV�IRU�HDFK�FHOO�W\SH��I��7RS����WUDQVFULSWLRQ�IDFWRUV��PHDQ�*LQL�LPSRUWDQFH��
RI� WKH� UDQGRP�IRUHVW�PRGHO�ZKHQ�FODVVLI\LQJ�DOO� FHOO� W\SHV��JŊL��7RS���� WUDQVFULSWLRQ� IDFWRUV� �PHDQ�*LQL�
LPSRUWDQFH��RI�WKH�UDQGRP�IRUHVW�PRGHO�ZKHQ�FODVVLI\LQJ�HDFK�FHOO�W\SH�LQGLYLGXDOO\��7KH�FRORXUHG�JHQHV�
FRUUHVSRQG�WR�WUDQVFULSWLRQ�IDFWRUV�XVHG�LQ�VXFFHVVIXO�UHSURJUDPPLQJ�SURWRFROV�
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FOXVWHULQJ�DYHUDJHG�JHQH�H[SUHVVLRQ�SURƓOHV�IRU�HDFK�FHOO�W\SH�XVLQJ�RQO\�WKH�������
WUDQVFULSWLRQ� IDFWRUV� H[SUHVVHG� LQ� RXU� GDWDVHW� �)LJ�� �D���7KH� UHVXOWLQJ�GHQGURJUDP�
FORVHO\�UHVHPEOHV�WKH�GHQGURJUDP�SURGXFHG�XVLQJ�DOO�H[SUHVVHG�JHQHV��LQGLFDWLQJ�
WKDW�WUDQVFULSWLRQ�IDFWRUV�FDQ�EH�XVHG�WR�UHFRQVWUXFW�NQRZQ�FHOO�RQWRORJ\�UHODWLRQVKLSV�
EHWZHHQ�EXON�SRSXODWLRQV��HQWDQJOHPHQW� �������([WHQGHG�'DWD�)LJ����D���%\�FRQWUDVW��
ZKHQ�ZH�UHSHDWHG�WKH�DQDO\VLV�XVLQJ�FHOO�VXUIDFH�PDUNHUV��51$�VSOLFLQJ�IDFWRUV��RU�WKH�
WZR�JURXSV�FRPELQHG��HTXLYDOHQW�WR�D�UDQGRP�VHW�RI�JHQHV���WKH�HQWDQJOHPHQW�ZDV�
�����������DQG�������UHVSHFWLYHO\��ZKLFK�VXJJHVWV�WKDW�QRQH�RI�WKHVH�PROHFXODU�FODVVHV�
GHƓQH�FHOO�W\SH�WR�WKH�H[WHQW�WKDW�WUDQVFULSWLRQ�IDFWRUV�GR�

:H� WKHQ� DQDO\VHG� RUJDQ�VSHFLƓF� WUDQVFULSWLRQ� IDFWRUV� E\� SHUIRUPLQJ� FRUUHODWLRQ�
DQDO\VLV� RQ� VKDUHG� FHOO� W\SHV� EHWZHHQ� RUJDQV� ����� �HSLWKHOLDO� FHOOV�� HQGRWKHOLDO�
FHOOV��%�FHOOV�DQG�7�FHOOV��)LJ���EŊH��([WHQGHG�'DWD�)LJ����EŊL���7R�XQGHUVWDQG�ZKLFK�
WUDQVFULSWLRQ�IDFWRUV�ZHUH�PRVW� LQIRUPDWLYH�IRU�VSHFLI\LQJ�FHOO� W\SHV��ZH�SHUIRUPHG�
YDULDEOH� VHOHFWLRQ� XVLQJ� UDQGRP� IRUHVW� PRGHOV� �0HWKRGV�� DQG� GHWHUPLQHG� WKDW�
���� WUDQVFULSWLRQ� IDFWRUV�DUH�QHHGHG� WR� VLPXOWDQHRXVO\�GHƓQH�DOO� FHOO� W\SHV�DFURVV�
DOO� RUJDQV� �)LJ�� �I�� 6XSSOHPHQWDU\�7DEOH� ����:H� WKHQ�GHWHUPLQHG� WKH� WUDQVFULSWLRQ�
IDFWRU�VHWV� WKDW�GLVWLQJXLVK�HDFK� LQGLYLGXDO�FHOO� W\SH�IURP�DOO�RWKHU�FHOOV��7KHVH�VHWV�
YDU\�VXEVWDQWLDOO\�LQ�VL]H��IURP���WR�����WUDQVFULSWLRQ�IDFWRUV��DQG�DUH�QRW�QHFHVVDULO\�
XQLTXH�WR�HDFK�FHOO�W\SH��)LJ���JŊL��6XSSOHPHQWDU\�7DEOH����

$� SRVVLEOH� DSSOLFDWLRQ� IRU� VXFK� WUDQVFULSWLRQ� IDFWRU� QHWZRUNV� LV� WKH� GHVLJQ� RI�
UHSURJUDPPLQJ� SURWRFROV�� ,QGHHG�� WKH� WUDQVFULSWLRQ� IDFWRUV� XVHG� LQ� SXEOLVKHG�
PHWKRGV�DUH�IRXQG�LQ�WKH�FHOO�W\SH�VSHFLƓF�WUDQVFULSWLRQ�IDFWRUV�VHWV�ZH�GLVFRYHUHG�
�6XSSOHPHQWDU\�7DEOH�����)RU�VRPH�FHOO�W\SHV��VXFK�DV�KHSDWRF\WHV��VDWHOOLWH�FHOOV�DQG�
ROLJRGHQGURF\WHV�� WKRVH� UHSURJUDPPLQJ� IDFWRUV� DUH� WKH� WRS� YDULDEOHV� VHJUHJDWLQJ�
FHOO�W\SHV��)LJ���JŊL���,Q�IDFW��IRU�QHDUO\�DOO�UHSURJUDPPLQJ�SURWRFROV�WKH�WUDQVFULSWLRQ�
IDFWRUV�XVHG�DOVR�VSHFLƓHG�WKH�WDUJHWHG�FHOO�W\SH�LQ�RXU�GDWD��6XSSOHPHQWDU\�7DEOH�����
ZKLFK�VXJJHVWV�WKDW�RXU�GDWD�FDQ�LQIRUP�QRYHO�UHSURJUDPPLQJ�VFKHPHV�

DISCUSSION
$� NH\� FKDOOHQJH� IRU� VLQJOH�FHOO� VWXGLHV� LV� WR� XQGHUVWDQG� WUDQVFULSWRPLF� FKDQJHV�
FDXVHG�E\�GLVVRFLDWLRQ��$�SUHYLRXV�VWXG\�VKRZHG�WKDW�TXLHVFHQW�OLPE�PXVFOH�VDWHOOLWH�
FHOOV� DFWLYDWH� XSRQ�GLVVRFLDWLRQ� DQG� FRQVHTXHQWO\� H[SUHVV� LPPHGLDWH� HDUO\� JHQHV�
DQG�RWKHU�GLVVRFLDWLRQ�UHODWHG�PDUNHUV� ������:H�FOHDUO\�REVHUYHG� WKHVH�PDUNHUV� LQ�
VHYHUDO� RUJDQV� LQFOXGLQJ� OLPE�PXVFOH� �([WHQGHG�'DWD� )LJ�� ����� EXW�PDQ\� VKRZHG�
OLWWOH�HYLGHQFH�RI�FHOOXODU�DFWLYDWLRQ��7KHUHIRUH�� WKH�GLVVRFLDWLRQ�UHODWHG�VDWHOOLWH�FHOO�
PDUNHUV�DUH�QRW�XQLYHUVDO��DQG�RUJDQV�SUREDEO\�GLVSOD\�XQLTXH�GLVVRFLDWLRQ�UHODWHG�
H[SUHVVLRQ�SURƓOHV�� ,PSRUWDQWO\�� WKH�SUHVHQFH�RI�VXFK�FKDQJHV� LQ�JHQH�H[SUHVVLRQ�
GRHV�QRW�SUHYHQW�WKH�LGHQWLƓFDWLRQ�RI�FHOO�W\SH�RU�WKH�FRPSDULVRQ�RI�FHOO�W\SHV�DFURVV�
RUJDQV�

$QRWKHU�FKDOOHQJH�IRU�VLQJOH�FHOO�VWXGLHV�LV�H[SHULPHQWDO�GHVLJQ�DPLG�WKH�FKRLFH�RI�
VHYHUDO� WHFKQRORJLHV�� 'URSOHW�EDVHG� WHFKQRORJLHV� RIIHU� FHUWDLQ� DGYDQWDJHV� LQ� WKH�
GLVFRYHU\�RI�UDUH�FHOO�W\SHV�RU�VWDWHV��IRU�H[DPSOH�ZKHQ�PDQ\�FHOOV��WHQV�RI�WKRXVDQGV��
DUH�UHTXLUHG�WR�UHFRQVWUXFW�ZKROH�RUJDQLVP�DUFKLWHFWXUH�DQG�GHYHORSPHQWDO�OLQHDJHV�
����������)$&6�EDVHG�PHWKRGV�JHQHUDWH�KLJK�FRYHUDJH�RYHU�VPDOO�FHOOXODU�SRSXODWLRQV�
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�WHQV�WR�WKRXVDQGV���DQG�DUH�EHQHƓFLDO� IRU�HQULFKLQJ�VSHFLƓF�RU�UDUH�FHOO� W\SHV��DQG�
IRU�VWXG\LQJ�VXEWOH�KHWHURJHQHLW\� LQYROYLQJ�ORZO\�H[SUHVVHG�JHQHV�������DOWHUQDWLYH�
VSOLFLQJ������DQG�VHTXHQFH�YDULDWLRQ�DQDO\VLV�������7KHUH�DUH�RSSRUWXQLWLHV�WR�FRPELQH�
WKH�WZR�PHWKRGV��VXFK�DV�E\�UXQQLQJ�VRUWHG�FHOOV�RQ�D�PLFURŴXLGLF�GURSOHW�SODWIRUP��
ZKLFK�FRXOG�SRWHQWLDOO\�DFFRPPRGDWH�ERWK�FHOO�W\SH�HQULFKPHQW�DQG�FRVW�IDFWRUV�

5HFHQWO\�� D� FRPSOHPHQWDU\� VF51$�VHT� VWXG\� DFURVV�PRXVH� RUJDQV�ZDV� SXEOLVKHG�
������ 7KRVH� GDWD� FRQWDLQHG� IRXU� WLPHV� DV�PDQ\� FHOOV� DQG� LQFOXGHG� VHYHUDO� VDPSOH�
W\SHV�QRW�SUHVHQW�LQ�RXU�GDWD��VXFK�DV�QHRQDWDO�DQG�IHWDO�RUJDQV��FHOO�OLQHV��DQG�\RXQJ�
DGXOW�RYDU\��SHULSKHUDO�EORRG��SODFHQWD��SURVWDWH��VPDOO�LQWHVWLQH��VWRPDFK��WHVWLV�DQG�
XWHUXV��+RZHYHU��RXU�)$&6�GDWD�FRQWDLQ�IRXU�WLPHV�DV�PDQ\�JHQHV�SHU�FHOO��DQG�ZH�
DQDO\VHG� VHYHUDO� RUJDQV� QRW� SUHVHQW� LQ� WKH� RWKHU� GDWDVHW� ������ VXFK� DV� DRUWD�� IRXU�
EUDLQ� UHJLRQV��GLDSKUDJP�� IRXU� IDW� W\SHV�� IRXU� DGXOW�KHDUW� FKDPEHUV�� DGXOW� WHORJHQ�
DQG� DQDJHQ� VNLQ�� WRQJXH� DQG� WUDFKHD�� $GGLWLRQDOO\�� VHYHUDO� IHDWXUHV� RI� RXU� VWXG\�
IDFLOLWDWH� UHSOLFDWLRQ�DQG�FURVV�H[SHULPHQW� DQDO\VLV�� DOO�GDWD�� DQDO\VLV� DQG�FRGH�DUH�
IUHHO\�DYDLODEOH��RXU�ZHE�SRUWDO�HQDEOHV�RQH�WR�TXHU\�JHQH�H[SUHVVLRQ�LQ�DOO�RUJDQV�
VLPXOWDQHRXVO\��ZH�DQQRWDWHG�FHOO�W\SHV�XVLQJ�VWDQGDUG�FHOO�RQWRORJ\�WHUPV��WKHUHE\�
HQDEOLQJ�FURVV�RUJDQ�DQG�FURVV�H[SHULPHQW�DQDO\VHV��DJH�DQG�VH[�DUH�FRQWUROOHG�LQ�
RXU�GDWD�E\�FROOHFWLQJ�DOO�RUJDQV�IURP�WKH�VDPH�PLFH��ERWK�VH[HV�DUH�UHSUHVHQWHG�IRU�
DOO�RUJDQV�LQ�RXU�GDWD��RUJDQV�ZHUH�SHUIXVHG��HQDEOLQJ�WKH�DQDO\VLV�RI�WLVVXH�UHVLGHQW�
LPPXQH�FHOOV��DQG�IXOO�OHQJWK�WUDQVFULSW�GDWD�PDNH�SRVVLEOH�WUDQVFULSWLRQ�IDFWRU��VSOLFH�
YDULDQW��DQG�VHTXHQFH�YDULDQW�DQDO\VHV�

,Q� FRQFOXVLRQ�� ZH� KDYH� FUHDWHG� D� FRPSHQGLXP� RI� VLQJOH�FHOO� WUDQVFULSWLRQDO�
PHDVXUHPHQWV�DFURVV����PRXVH�RUJDQV��7KLV�Tabula Muris��RU�Ō0RXVH�$WODVō��KDV�PDQ\�
XVHV��LQFOXGLQJ�WKH�GLVFRYHU\�RI�QHZ�SXWDWLYH�FHOO�W\SHV��WKH�GLVFRYHU\�RI�QRYHO�JHQH�
H[SUHVVLRQ�LQ�NQRZQ�FHOO�W\SHV��DQG�WKH�DELOLW\�WR�FRPSDUH�FHOO�W\SHV�DFURVV�RUJDQV��
,W�ZLOO�DOVR�VHUYH�DV�D� UHIHUHQFH�RI�KHDOWK\�\RXQJ�DGXOW�RUJDQV��ZKLFK�FDQ�EH�XVHG�
DV�D�EDVHOLQH�IRU�FXUUHQW�DQG�IXWXUH�PRXVH�PRGHOV�RI�GLVHDVH��$OWKRXJK�LW�LV�QRW�DQ�
H[KDXVWLYH�FKDUDFWHUL]DWLRQ�RI�DOO�PRXVH�RUJDQV��LW�GRHV�SURYLGH�D�ULFK�GDWDVHW�RI�WKH�
PRVW�KLJKO\�VWXGLHG�RUJDQV�LQ�ELRORJ\��7KH�Tabula Muris�SURYLGHV�D�IUDPHZRUN�DQG�
GHVFULSWLRQ�RI�PDQ\�RI�WKH�PRVW�SRSXORXV�DQG�LPSRUWDQW�FHOO�SRSXODWLRQV�ZLWKLQ�WKH�
PRXVH��DQG�UHSUHVHQWV�D�IRXQGDWLRQ�IRU�IXWXUH�VWXGLHV�DFURVV�D�PXOWLWXGH�RI�GLYHUVH�
SK\VLRORJLFDO�GLVFLSOLQHV�

METHODS
Mice and organ collection
)RXU���Ŋ���ZHHN�ROG�PDOH� DQG� IRXU� YLUJLQ� IHPDOH�&��%/��-1�PLFH�ZHUH� VKLSSHG�
IURP� WKH�1DWLRQDO� ,QVWLWXWH�RQ�$JLQJ� FRORQ\� DW�&KDUOHV�5LYHU� �KRXVHG�DW� ��Ŋ��� r)��
WR�WKH�9HWHULQDU\�0HGLFDO�8QLW��908��KRXVHG�DW���Ŋ���r)���DW�WKH�9$�3DOR�$OWR��9$���
$W�ERWK�ORFDWLRQV��PLFH�ZHUH�KRXVHG�RQ�D����K�OLJKW�GDUN�F\FOH��DQG�SURYLGHG�IRRG�
DQG�ZDWHU�DG�OLELWXP��7KH�GLHW�DW�&KDUOHV�5LYHU�ZDV�1,+�����DQG�7HNODG������DW�WKH�
9$�908��/LWWHUPDWHV�ZHUH�QRW�UHFRUGHG�RU�WUDFNHG��DQG�PLFH�ZHUH�KRXVHG�DW�WKH�9$�
908� IRU�QR� ORQJHU� WKDQ���ZHHNV�EHIRUH�HXWKDQDVLD��%HIRUH� WLVVXH�FROOHFWLRQ��PLFH�
ZHUH�SODFHG�LQ�VWHULOH�FROOHFWLRQ�FKDPEHUV�DW���DP�IRU����PLQ�WR�FROOHFW�IUHVK�IHFDO�
SHOOHWV�� $IWHU� DQDHVWKHWL]DWLRQ� ZLWK� ����� Y�Y�$YHUWLQ��PLFH� ZHUH� ZHLJKHG�� VKDYHG��
DQG�EORRG�ZDV�GUDZQ�YLD�FDUGLDF�SXQFWXUH�EHIRUH�WUDQVFDUGLDO�SHUIXVLRQ�ZLWK����PO�
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Tabula Muris

3%6��0HVHQWHULF�DGLSRVH� WLVVXH�ZDV� WKHQ� LPPHGLDWHO\�FROOHFWHG� WR�DYRLG�H[SRVXUH�
WR� WKH� OLYHU� DQG�SDQFUHDV�SHUIXVDWH��ZKLFK� QHJDWLYHO\� DIIHFWV� FHOO� VRUWLQJ�� ,VRODWLQJ�
YLDEOH�VLQJOH�FHOOV�IURP�ERWK�WKH�SDQFUHDV�DQG�WKH�OLYHU�RI�WKH�VDPH�PRXVH�ZDV�QRW�
SRVVLEOH��WKHUHIRUH��WZR�PDOHV�DQG�WZR�IHPDOHV�ZHUH�XVHG�IRU�HDFK��:KROH�RUJDQV�
ZHUH�WKHQ�GLVVHFWHG�LQ�WKH�IROORZLQJ�RUGHU��ODUJH�LQWHVWLQH��VSOHHQ��WK\PXV��WUDFKHD��
WRQJXH��EUDLQ��KHDUW��OXQJ��NLGQH\��JRQDGDO�DGLSRVH�WLVVXH��EODGGHU��GLDSKUDJP��OLPE�
PXVFOH� �WLELDOLV�DQWHULRU��� VNLQ� �GRUVDO��� VXEFXWDQHRXV�DGLSRVH� WLVVXH� �LQJXLQDO�SDG���
PDPPDU\�JODQGV��IDW�SDGV������DQG�����EURZQ�DGLSRVH�WLVVXH��LQWHUVFDSXODU�SDG���DRUWD�
DQG�ERQH�PDUURZ� �VSLQH�DQG� OLPE�ERQHV���2UJDQ�FROOHFWLRQ�FRQFOXGHG�E\����DP��
$IWHU�VLQJOH�FHOO�GLVVRFLDWLRQ�DV�GHVFULEHG�EHORZ��FHOO�VXVSHQVLRQV�ZHUH�HLWKHU�XVHG�
IRU�)$&6�RI�LQGLYLGXDO�FHOOV�LQWR�����ZHOO�SODWHV��RU�IRU�SUHSDUDWLRQ�RI�WKH�PLFURŴXLGLF�
GURSOHW�OLEUDU\��$OO�DQLPDO�FDUH�DQG�SURFHGXUHV�ZHUH�FDUULHG�RXW�LQ�DFFRUGDQFH�ZLWK�
LQVWLWXWLRQDO�JXLGHOLQHV�DSSURYHG�E\�WKH�9$�3DOR�$OWR�&RPPLWWHH�RQ�$QLPDO�5HVHDUFK�

Tissue dissociation and sample preparation
6SHFLƓF�SURWRFROV�IRU�HDFK�WLVVXH�DUH�GHVFULEHG�LQ�WKH�6XSSOHPHQWDU\�,QIRUPDWLRQ�

Sample size, randomization and blinding
1R�VDPSOH�VL]H�FKRLFH�ZDV�SHUIRUPHG�EHIRUH�WKH�VWXG\��5DQGRPL]DWLRQ�DQG�EOLQGLQJ�
ZHUH� QRW� SHUIRUPHG�� WKH� DXWKRUV� ZHUH� DZDUH� RI� DOO� GDWD� DQG� PHWDGDWD�UHODWHG�
YDULDEOHV�GXULQJ�WKH�HQWLUH�FRXUVH�RI�WKH�VWXG\�

SINGLE-CELL METHODS
Lysis plate preparation
/\VLV�SODWHV�ZHUH�FUHDWHG�E\�GLVSHQVLQJ�����ҊO�O\VLV�EXIIHU������8�5HFRPELQDQW�51DVH�
,QKLELWRU��7DNDUD�%LR������%�����������7ULWRQ70�;������6LJPD�����������0/���������
P0�G173�PL[� �7KHUPR� )LVKHU�� 5������� ������ Ҋ0�2OLJR�G7��91� �,QWHJUDWHG�'1$�
7HFKQRORJLHV�� �ƍ$$*&$*7**7$7&$$&*&$*$*7$&7��91��ƍ�� DQG� ����������
(5&&�51$�VSLNH�LQ�PL[��7KHUPR�)LVKHU������������LQWR�����ZHOO�KDUG�VKHOO�3&5�SODWHV�
�%LR�5DG�+63������XVLQJ�D�7HPSHVW�OLTXLG�KDQGOHU��)RUPXODWUL[������ZHOO�O\VLV�SODWHV�
ZHUH�DOVR�SUHSDUHG�ZLWK���ҊO�O\VLV�EXIIHU��$OO�SODWHV�ZHUH�VHDOHG�ZLWK�$OXPD6HDO�&6�
)LOPV��6LJPD�$OGULFK�=��������DQG�VSXQ�GRZQ�������J����PLQ��DQG�VQDS�IUR]HQ�RQ�
GU\�LFH��3ODWHV�ZHUH�VWRUHG�DW�ŧ���r&�XQWLO�VRUWLQJ�

FACS
$IWHU�GLVVRFLDWLRQ��VLQJOH�FHOOV�IURP�HDFK�RUJDQ�DQG�WLVVXH�ZHUH�LVRODWHG�LQWR������RU�
���ZHOO�SODWHV�YLD�)$&6��0RVW�RUJDQV�ZHUH�VRUWHG�LQWR�����ZHOO�SODWHV�XVLQJ�6+���6�
�6RQ\�� VRUWHUV��+HDUW�DQG� OLYHU�ZHUH�VRUWHG� LQWR����ZHOO�SODWHV�DQG�FDUGLRP\RF\WHV�
ZHUH�KDQG�SLFNHG�LQWR����ZHOO�SODWHV��/LPE�PXVFOH�DQG�GLDSKUDJP�ZHUH�VRUWHG�LQWR�
����ZHOO�SODWHV�RQ�DQ�$ULD�,,,��%HFWRQ�'LFNLQVRQ��VRUWHU��7KH�ODVW�WZR�FROXPQV�RI�HDFK�
����ZHOO�SODWH�ZHUH� LQWHQWLRQDOO\� OHIW� DV�EODQNV��)RU�PRVW�RUJDQV�� VLQJOH�FHOOV�ZHUH�
VHOHFWHG�ZLWK�IRUZDUG�VFDWWHU��DQG�GHDG�FHOOV�DQG�FRPPRQ�FHOO�W\SHV�ZHUH�H[FOXGHG�
ZLWK�D�VLQJOH�FRORXU�FKDQQHO��&RPELQDWLRQV�RI�ŴXRUHVFHQW�DQWLERGLHV�ZHUH�XVHG�IRU�
PRVW�RUJDQV�WR�HQULFK�IRU�UDUH�FHOO�SRSXODWLRQV��VHH�6XSSOHPHQWDU\�,QIRUPDWLRQ���EXW�
VRPH�ZHUH�VWDLQHG�RQO\� IRU�YLDEOH�FHOOV��&RORXU�FRPSHQVDWLRQ�ZDV�XVHG�ZKHQHYHU�
QHFHVVDU\��2Q�WKH�6+�����WKH�KLJKHVW�SXULW\�VHWWLQJ��Ō6LQJOH�FHOOō��ZDV�XVHG�IRU�DOO�EXW�
WKH�UDUHVW�FHOO�W\SHV��IRU�ZKLFK�WKH�Ō8OWUDSXUHō�VHWWLQJ�ZDV�XVHG��6RUWHUV�ZHUH�FDOLEUDWHG�
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Chapter 5

XVLQJ�)$&6�EXIIHU�HYHU\�GD\�EHIRUH�FROOHFWLQJ�DQ\�FHOOV��DQG�DOVR�DIWHU�HYHU\�HLJKW�
VRUWHG�SODWHV��)RU�D� W\SLFDO�VRUW���Ŋ��PO�RI�SUH�VWDLQHG�FHOO� VXVSHQVLRQ�ZDV�ƓOWHUHG��
YRUWH[HG�JHQWO\��DQG�ORDGHG�RQWR�WKH�)$&6�PDFKLQH��$�VPDOO�QXPEHU�RI�FHOOV�ZHUH�
ŴRZHG�DW�ORZ�SUHVVXUH�WR�FKHFN�FHOO�DQG�GHEULV�FRQFHQWUDWLRQV��7KH�SUHVVXUH�ZDV�WKHQ�
DGMXVWHG��ŴRZ�SDXVHG��WKH�ƓUVW�GHVWLQDWLRQ�SODWH�XQVHDOHG�DQG�ORDGHG��DQG�VRUWLQJ�
VWDUWHG��,I�D�FHOO�VXVSHQVLRQ�ZDV�WRR�FRQFHQWUDWHG��LW�ZDV�GLOXWHG�XVLQJ�)$&6�EXIIHU�RU�
�;�3%6��)RU�VRPH�FHOO�W\SHV��VXFK�DV�KHSDWRF\WHV�����ZHOO�SODWHV�ZHUH�XVHG�EHFDXVH�
LW�ZDV�QRW�SRVVLEOH�WR�VRUW�LQGLYLGXDO�FHOOV�DFFXUDWHO\�LQWR�����ZHOO�SODWHV��,PPHGLDWHO\�
DIWHU�VRUWLQJ��SODWHV�ZHUH�VHDOHG�ZLWK�D�SUH�ODEHOOHG�DOXPLQLXP�VHDO��FHQWULIXJHG��DQG�
ŴDVK�IUR]HQ�RQ�GU\�LFH��2Q�DYHUDJH��HDFK�����ZHOO�SODWH�WRRN���PLQ�WR�VRUW�

cDNA synthesis and library preparation
F'1$� V\QWKHVLV� ZDV� SHUIRUPHG� XVLQJ� WKH� 6PDUW�VHT�� SURWRFRO� ���� ���� ,Q� EULHI��
����ZHOO� SODWHV� FRQWDLQLQJ� VLQJOH�FHOO� O\VDWHV� ZHUH� WKDZHG� RQ� LFH� IROORZHG� E\�
ƓUVW�VWUDQG� V\QWKHVLV�� ���� ҊO� RI� UHDFWLRQ� PL[� ������ 8� ҊOŧ�� 60$576FULEH� 5HYHUVH�
7UDQVFULSWDVH��7DNDUD�%LR����������������8�ҊOŧ��5HFRPELQDQW�51DVH�,QKLELWRU��7DNDUD�
%LR�� ����%��� ����;� )LUVW�6WUDQG�%XIIHU� �7DNDUD� %LR�� ��������� ����� Ҋ0�762� �([LTRQ��
�ƍ�$$*&$*7**7$7&$$&*&$*$*7*$$7U*U*U*��ƍ��� ����� P0� GLWKLRWKUHLWRO�
�%LRZRUOG�� ������������� ����� 0� %HWDLQH� �6LJPD�� %������9/�� DQG� ��� P0� 0J&O��
�6LJPD��0�������;�0/���ZDV�DGGHG� WR�HDFK�ZHOO�XVLQJ�D�7HPSHVW� OLTXLG�KDQGOHU��
5HYHUVH�WUDQVFULSWLRQ�ZDV�FDUULHG�RXW�E\�LQFXEDWLQJ�ZHOOV�RQ�D�3UR)OH[���������WKHUPDO�
F\FOHU��7KHUPR�)LVKHU��DW����r&�IRU����PLQ��DQG�VWRSSHG�E\�KHDWLQJ�DW����r&�IRU���PLQ�

6XEVHTXHQWO\������ҊO�RI�3&5�PL[������;�.$3$�+L)L�+RW6WDUW�5HDG\0L[��.DSD�%LRV\VWHPV��
..������������Ҋ0�,6�3&5�SULPHU��,'7���ƍ�$$*&$*7**7$7�&$$&*&$*$*7��ƍ���DQG�
������8�ҊOŧ��/DPEGD�([RQXFOHDVH��1(%��0����/���ZDV�DGGHG�WR�HDFK�ZHOO�ZLWK�D�
0DQWLV�OLTXLG�KDQGOHU��)RUPXODWUL[���DQG�VHFRQG�VWUDQG�V\QWKHVLV�ZDV�SHUIRUPHG�RQ�D�
3UR)OH[��[����WKHUPDO�F\FOHU�E\�XVLQJ�WKH�IROORZLQJ�SURJUDP��������r&�IRU����PLQ�����
���r&�IRU���PLQ��������F\FOHV�RI����r&�IRU����V�����r&�IRU����V�DQG����r&�IRU���PLQ��DQG�
������r&�IRU���PLQ�

7KH�DPSOLƓHG�SURGXFW�ZDV�GLOXWHG�ZLWK�D� UDWLR�RI���SDUW�F'1$�WR����SDUWV����P0�
7ULV�+&O��7KHUPR�)LVKHU�������������DQG�FRQFHQWUDWLRQV�ZHUH�PHDVXUHG�ZLWK�D�G\H�
ŴXRUHVFHQFH�DVVD\��4XDQW�L7�GV'1$�+LJK�6HQVLWLYLW\�NLW��7KHUPR�)LVKHU��4�������RQ�D�
6SHFWUD0D[�L�[�PLFURSODWH�UHDGHU��0ROHFXODU�'HYLFHV���6DPSOH�SODWHV�ZHUH�VHOHFWHG�
IRU�GRZQVWUHDP�SURFHVVLQJ� LI� WKH�PHDQ�FRQFHQWUDWLRQ�RI�EODQNV� �(5&&�FRQWDLQLQJ��
QRQ�FHOO�ZHOOV��ZDV�JUHDWHU�WKDQ���QJ�ҊOŧ���DQG��DIWHU�OLQHDU�UHJUHVVLRQ�RI�WKH�YDOXHV�
REWDLQHG� IURP�WKH�4XDQW�L7�GV'1$�VWDQGDUG�FXUYH�� WKH�5��YDOXH�ZDV�JUHDWHU� WKDQ�
������6DPSOH�ZHOOV�ZHUH�WKHQ�VHOHFWHG�LI�WKHLU�F'1$�FRQFHQWUDWLRQV�ZHUH�DW�OHDVW�RQH�
VWDQGDUG�GHYLDWLRQ�JUHDWHU�WKDQ�WKH�PHDQ�FRQFHQWUDWLRQ�RI�WKH�EODQNV��7KHVH�ZHOOV�
ZHUH�UHIRUPDWWHG�WR�D�QHZ�����ZHOO�SODWH�DW�D�FRQFHQWUDWLRQ�RI�����QJ�ҊOŧ��DQG�D�ƓQDO�
YROXPH�RI�����ҊO�XVLQJ�DQ�(FKR�����DFRXVWLF�OLTXLG�GLVSHQVHU��/DEF\WH��

,OOXPLQD� VHTXHQFLQJ� OLEUDULHV�ZHUH�SUHSDUHG�DV�GHVFULEHG�SUHYLRXVO\� ������ ,Q�EULHI��
WDJPHQWDWLRQ�ZDV�FDUULHG�RXW�RQ�GRXEOH�VWUDQGHG�F'1$�XVLQJ�WKH�1H[WHUD�;7�/LEUDU\�
6DPSOH� 3UHSDUDWLRQ� NLW� �,OOXPLQD�� )&������������ (DFK� ZHOO� ZDV� PL[HG� ZLWK� ���� ҊO�
1H[WHUD�WDJPHQWDWLRQ�'1$�EXIIHU��,OOXPLQD��DQG�����ҊO�7Q��HQ]\PH��,OOXPLQD���WKHQ�
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LQFXEDWHG�DW����r&�IRU����PLQ��7KH�UHDFWLRQ�ZDV�VWRSSHG�E\�DGGLQJ�����ҊO�1HXWUDOL]H�
7DJPHQW�%XIIHU��,OOXPLQD��DQG�FHQWULIXJLQJ�DW�URRP�WHPSHUDWXUH�DW������J�IRU���PLQ��
,QGH[LQJ�3&5�UHDFWLRQV�ZHUH�SHUIRUPHG�E\�DGGLQJ�����ҊO�RI���Ҋ0�L��LQGH[LQJ�SULPHU��
���� ҊO� RI� �� Ҋ0� L�� LQGH[LQJ�SULPHU�� DQG����� ҊO� RI�1H[WHUD�130�PL[� �,OOXPLQD��� 3&5�
DPSOLƓFDWLRQ�ZDV�FDUULHG�RXW�RQ�D�3UR)OH[��[����WKHUPDO�F\FOHU�XVLQJ�WKH�IROORZLQJ�
SURJUDP��������r&�IRU���PLQ��������r&�IRU����V��������F\FOHV�RI����r&�IRU����V�����r&�IRU�
���V�DQG����r&�IRU���PLQ��DQG�������r&�IRU���PLQ�

Library pooling, quality control and sequencing
$IWHU� OLEUDU\�SUHSDUDWLRQ��ZHOOV�RI�HDFK�OLEUDU\�SODWH�ZHUH�SRROHG�XVLQJ�D�0RVTXLWR�
OLTXLG� KDQGOHU� �773� /DEWHFK��� 3RROLQJ� ZDV� IROORZHG� E\� WZR� SXULƓFDWLRQV� XVLQJ�
���[� $03XUH� EHDGV� �)LVKHU�� $�������� /LEUDU\� TXDOLW\� ZDV� DVVHVVHG� XVLQJ� FDSLOODU\�
HOHFWURSKRUHVLV� RQ� D� )UDJPHQW� $QDO\]HU� �$$7,��� DQG� OLEUDULHV� ZHUH� TXDQWLƓHG� E\�
T3&5��.DSD�%LRV\VWHPV��..������RQ�D�&);���7RXFK�5HDO�7LPH�3&5�'HWHFWLRQ�6\VWHP�
�%LRUDG���3ODWH�SRROV�ZHUH�QRUPDOL]HG�WR���Q0�DQG�HTXDO�YROXPHV�IURP����RU����SODWHV�
ZHUH�PL[HG�WRJHWKHU�WR�PDNH�WKH�VHTXHQFLQJ�VDPSOH�SRRO��$�3KL;�FRQWURO�OLEUDU\�ZDV�
VSLNHG�LQ�DW������EHIRUH�VHTXHQFLQJ�

Sequencing libraries from 384-well and 96-well plates
/LEUDULHV�ZHUH�VHTXHQFHG�RQ�WKH�1RYD6HT������6HTXHQFLQJ�6\VWHP��,OOXPLQD��XVLQJ�
��������ES�SDLUHG�HQG�UHDGV�DQG�������ES�RU��������ES�LQGH[�UHDGV�ZLWK�HLWKHU�D������
RU�����F\FOH�NLW��,OOXPLQD�����������RU�����������

0LFURŴXLGLF�GURSOHW�VLQJOH�FHOO�DQDO\VLV
6LQJOH� FHOOV� ZHUH� FDSWXUHG� LQ� GURSOHW� HPXOVLRQV� XVLQJ� WKH� *HP&RGH� 6LQJOH�&HOO�
,QVWUXPHQW� ���[� *HQRPLFV��� DQG� VF51$�VHT� OLEUDULHV� ZHUH� FRQVWUXFWHG� DV� SHU� WKH�
��[� *HQRPLFV� SURWRFRO� XVLQJ� *HP&RGH� 6LQJOH�&HOO� �ƍ� *HO� %HDG� DQG� /LEUDU\� 9��
.LW�� ,Q�EULHI�� VLQJOH�FHOO� VXVSHQVLRQV�ZHUH�H[DPLQHG�XVLQJ�DQ� LQYHUWHG�PLFURVFRSH��
DQG�LI�VDPSOH�TXDOLW\�ZDV�GHHPHG�VDWLVIDFWRU\��WKH�VDPSOH�ZDV�GLOXWHG�LQ�3%6�ZLWK�
���)%6� WR� D� FRQFHQWUDWLRQ�RI� ����� FHOOV� SHU� ҊO�� ,I� FHOO� VXVSHQVLRQV� FRQWDLQHG� FHOO�
DJJUHJDWHV�RU�GHEULV��WZR�DGGLWLRQDO�ZDVKHV�LQ�3%6�ZLWK����)%6�DW����J�IRU���PLQ�DW���
r&�ZHUH�SHUIRUPHG��&HOO�FRQFHQWUDWLRQ�ZDV�PHDVXUHG�HLWKHU�ZLWK�D�0R[L�*2�,,��2UŴR�
7HFKQRORJLHV��RU�D�KDHPRF\WRPHWHU��&HOOV�ZHUH�ORDGHG�LQ�HDFK�FKDQQHO�ZLWK�D�WDUJHW�
RXWSXW�RI�������FHOOV�SHU�VDPSOH��$OO�UHDFWLRQV�ZHUH�SHUIRUPHG�LQ�WKH�%LRUDG�&�����
7RXFK�7KHUPDO�F\FOHU�ZLWK����'HHS�:HOO�5HDFWLRQ�0RGXOH�����F\FOHV�ZHUH�XVHG�IRU�
F'1$�DPSOLƓFDWLRQ�DQG�VDPSOH�LQGH[�3&5��$PSOLƓHG�F'1$�DQG�ƓQDO�OLEUDULHV�ZHUH�
HYDOXDWHG�RQ�D�)UDJPHQW�$QDO\]HU�XVLQJ�D�+LJK�6HQVLWLYLW\�1*6�$QDO\VLV�.LW��$GYDQFHG�
$QDO\WLFDO���7KH�DYHUDJH�IUDJPHQW�OHQJWK�RI���[�F'1$�OLEUDULHV�ZDV�TXDQWLWDWHG�RQ�D�
)UDJPHQW�$QDO\]HU��$$7,���DQG�E\�T3&5�ZLWK�WKH�.DSD�/LEUDU\�4XDQWLƓFDWLRQ�NLW�IRU�
,OOXPLQD��(DFK� OLEUDU\�ZDV�GLOXWHG� WR���Q0��DQG�HTXDO�YROXPHV�RI���� OLEUDULHV�ZHUH�
SRROHG�IRU�HDFK�1RYD6HT�VHTXHQFLQJ�UXQ��3RROV�ZHUH�VHTXHQFHG�ZLWK�����F\FOH�UXQ�
NLWV�ZLWK����EDVHV�IRU�5HDG������EDVHV�IRU�,QGH[����DQG����EDVHV�IRU�5HDG����,OOXPLQD�
�����������$�3KL;�FRQWURO�OLEUDU\�ZDV�VSLNHG�LQ�DW�����WR�����/LEUDULHV�ZHUH�VHTXHQFHG�
RQ�WKH�1RYD6HT������6HTXHQFLQJ�6\VWHP��,OOXPLQD��

Data processing
6HTXHQFHV� IURP� WKH� 1RYD6HT� ZHUH� GH�PXOWLSOH[HG� XVLQJ� EFO�IDVWT� YHUVLRQ�
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������������5HDGV�ZHUH�DOLJQHG�XVLQJ�WR�WKH�PP��SOXV�JHQRPH�XVLQJ�67$5�YHUVLRQ�
�����E� ZLWK� SDUDPHWHUV� 7.�� *HQH� FRXQWV� ZHUH� SURGXFHG� XVLQJ� +76(4� YHUVLRQ�
�����S��ZLWK�GHIDXOW�SDUDPHWHUV��H[FHSW�ŌVWUDQGHGō�ZDV�VHW�WR�ŌIDOVHō��DQG�ŌPRGHō�ZDV�
VHW� WR� ŌLQWHUVHFWLRQ�QRQHPSW\ō�� 6HTXHQFHV� IURP� WKH� PLFURŴXLGLF� GURSOHW� SODWIRUP�
ZHUH�GH�PXOWLSOH[HG�DQG�DOLJQHG�XVLQJ�&HOO5DQJHU�YHUVLRQ��������DYDLODEOH�IURP���[�
*HQRPLFV�ZLWK�GHIDXOW�SDUDPHWHUV�

Clustering
6WDQGDUG�SURFHGXUHV�IRU�ƓOWHULQJ��YDULDEOH�JHQH�VHOHFWLRQ��GLPHQVLRQDOLW\�UHGXFWLRQ�
DQG�FOXVWHULQJ�ZHUH�SHUIRUPHG�XVLQJ�WKH�6HXUDW�SDFNDJH�YHUVLRQ��������$�GHWDLOHG�
ZRUNHG�H[DPSOH��LQFOXGLQJ�WKH�PDWKHPDWLFDO�IRUPXODH�IRU�HDFK�RSHUDWLRQ��LV�LQ�WKH�
2UJDQ�$QQRWDWLRQ�9LJQHWWH��7KH�SDUDPHWHUV� WKDW�ZHUH� WXQHG�RQ�D�SHU�WLVVXH�EDVLV�
�UHVROXWLRQ�DQG�QXPEHU�RI�SULQFLSDO�FRPSRQHQWV��3&V���FDQ�EH�YLHZHG�LQ�WKH�WLVVXH�
VSHFLƓF�5PG�ƓOHV�DYDLODEOH�RQ�*LW+XE��)RU�HDFK�WLVVXH�DQG�HDFK�VHTXHQFLQJ�PHWKRG�
�)$&6�DQG�PLFURŴXLGLF�GURSOHW���WKH�IROORZLQJ�VWHSV�ZHUH�SHUIRUPHG�
1. &HOOV�ZHUH�OH[LFRJUDSKLFDOO\�VRUWHG�E\�FHOO�,'�WR�HQVXUH�UHSURGXFLELOLW\�
2. &HOOV� ZLWK� IHZHU� WKDQ� ���� GHWHFWHG� JHQHV� ZHUH� H[FOXGHG�� �$� JHQH� FRXQWV� DV�

GHWHFWHG� LI� LW�KDV�DW� OHDVW�RQH�UHDG�PDSSLQJ�WR� LW���&HOOV�ZLWK� IHZHU� WKDQ��������
UHDGV��)$&6��RU�������80,��PLFURŴXLGLF�GURSOHW��ZHUH�H[FOXGHG�

3. &RXQWV�ZHUH�ORJ�QRUPDOL]HG�IRU�HDFK�FHOO�XVLQJ�WKH�QDWXUDO�ORJDULWKP�RI�����FRXQWV�
SHU�PLOOLRQ��IRU�)$&6��RU�����FRXQWV�SHU�WHQ�WKRXVDQG��IRU�PLFURŴXLGLF�GURSOHW��

4. 9DULDEOH� JHQHV� ZHUH� VHOHFWHG� XVLQJ� D� WKUHVKROG� ������ IRU� WKH� VWDQGDUGL]HG� ORJ�
GLVSHUVLRQ�� LQ�ZKLFK�WKH�VWDQGDUGL]DWLRQ�ZDV�SHUIRUPHG�VHSDUDWHO\�DFFRUGLQJ�WR�
ELQQHG�YDOXHV�RI�ORJ�PHDQ�H[SUHVVLRQ�

5. 7KH� YDULDEOH� JHQHV� ZHUH� SURMHFWHG� RQWR� D� ORZ�GLPHQVLRQDO� VXEVSDFH� XVLQJ�
SULQFLSDO�FRPSRQHQW�DQDO\VLV��7KH�QXPEHU�RI�SULQFLSDO�FRPSRQHQWV�ZDV�VHOHFWHG�
RQ�WKH�EDVLV�RI�LQVSHFWLRQ�RI�WKH�SORW�RI�YDULDQFH�H[SODLQHG�

6. $� VKDUHG�QHDUHVW�QHLJKERXUV� JUDSK� ZDV� FRQVWUXFWHG� RQ� WKH� EDVLV� RI� WKH�
(XFOLGHDQ�GLVWDQFH�LQ�WKH�ORZ�GLPHQVLRQDO�VXEVSDFH�VSDQQHG�E\�WKH�WRS�SULQFLSDO�
FRPSRQHQWV�� &HOOV� ZHUH� FOXVWHUHG� XVLQJ� D� YDULDQW� RI� WKH� /RXYDLQ� PHWKRG� WKDW�
LQFOXGHV�D�UHVROXWLRQ�SDUDPHWHU�LQ�WKH�PRGXODULW\�IXQFWLRQ���

7. &HOOV�ZHUH� YLVXDOL]HG� XVLQJ� D� ��GLPHQVLRQDO� W�GLVWULEXWHG� 6WRFKDVWLF�1HLJKERXU�
(PEHGGLQJ�RI�WKH�3&�SURMHFWHG�GDWD�

8. &HOO�W\SHV�ZHUH�DVVLJQHG�WR�HDFK�FOXVWHU�XVLQJ�WKH�DEXQGDQFH�RI�NQRZQ�PDUNHU�
JHQHV��3ORWV�VKRZLQJ�WKH�H[SUHVVLRQ�RI�WKH�PDUNHUV�IRU�HDFK�WLVVXH�DSSHDU�LQ�WKH�
([WHQGHG�'DWD�

9. :KHQ� FOXVWHUV� DSSHDUHG� WR� EH�PL[WXUHV� RI� FHOO� W\SHV�� WKH\�ZHUH� UHƓQHG� HLWKHU�
E\�LQFUHDVLQJ�WKH�UHVROXWLRQ�SDUDPHWHU�IRU�FOXVWHULQJ�RU�VXEVHWWLQJ�WKH�GDWD�DQG�
UHUXQQLQJ�VWHSV��Ŋ��

$�VLPLODU�DQDO\VLV�ZDV�GRQH�JOREDOO\�IRU�DOO�)$&6�SURFHVVHG�FHOOV�DQG�IRU�DOO�PLFURŴXLGLF�
GURSOHW�SURFHVVHG�FHOOV�WR�SURGXFH�DQ�XQELDVHG�FOXVWHULQJ�

Heterogeneity score.
/HW�&�EH�D�FOXVWHU��GHFRPSRVHG�LQWR�DQQRWDWHG�FHOO�W\SHV
)RU� HDFK�SDLU� RI� FHOO� W\SHV 7L�7M�� ZH� FRPSXWH� WKH� DYHUDJH�GLVWDQFH�EHWZHHQ� WKHLU�
PHPEHUV� �� � � � � � � � � � 7KH� KHWHURJHQHLW\� VFRUH� &� LV� WKH� PD[LPXP�
RI� WKRVH�GLVWDQFHV�RYHU� FHOO� W\SHV�7�ZLWK�DW� OHDVW� ƓYH�FHOOV�� )RU� WKH�)$&6�GDWD�� WKH�
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YHFWRU [ IRU� D� FHOO� LV� WKH� 3&�SURMHFWLRQ� IURP� VWHS� �� DERYH�� ([WHQGHG� 'DWD� )LJ�� ��
FRQWDLQV�KHDW�PDSV�RI�WKH�FHOO�W\SH�GLVWDQFH�PDWUL[ dij IRU�VHOHFW�FOXVWHUV�DQG�D�EDU�
SORW�RI�WKH�KHWHURJHQHLW\�VFRUHV�IRU�DOO�FOXVWHUV�FRQWDLQLQJ�VHYHUDO�FHOO�W\SHV�

Differential expression overlap analysis
)RU�)$&6�DQG�PLFURŴXLGLF�GURSOHW�GDWD��GLIIHUHQWLDO�H[SUHVVLRQ�DQDO\VLV�IRU�HDFK�RUJDQ�
ZDV�SHUIRUPHG�XVLQJ�D�:LOFR[RQ�UDQN�VXP�WHVW�DV�LPSOHPHQWHG�LQ�WKH�Ō)LQG$OO0DUNHUVō�
IXQFWLRQ�RI�WKH�6HXUDW�SDFNDJH��'LIIHUHQWLDO�H[SUHVVLRQ�ZDV�SHUIRUPHG�EHWZHHQ�FHOO�
RQWRORJ\�JURXSV�DQG�UHVXOWHG�LQ�D�OLVW�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV��OQ�)ROG&KDQJH��
!������EHWZHHQ�HDFK�FHOO�RQWRORJ\�JURXS�DQG�DOO�RWKHU�RQWRORJ\�JURXSV�RI�WKH�VDPH�
RUJDQ��)RU�PLFURZHOO�VHT�ZH�XVHG�WKH�FRUUHVSRQGLQJ�SXEOLVKHG�OLVWV�IRU�HDFK�FHOO�W\SH�
DQG�IRU�HYHU\�RUJDQ��:H�WKHQ�DVVHVVHG�WKH�RYHUODS�RI�WKRVH�OLVWV�EHWZHHQ�WKH�WKUHH�
PHWKRGV��$V�WKH�QRPHQFODWXUH�LV�QRW�LGHQWLFDO��WKH�DQDO\VLV�ZDV�SHUIRUPHG�EHWZHHQ�
FHOO�W\SHV�WKDW�FRXOG�EH�PDWFKHG�ZLWK�D�FHUWDLQ�GHJUHH�RI�FRQƓGHQFH�EHWZHHQ�WKH�
WKUHH�PHWKRGV��6XSSOHPHQWDU\�7DEOH����

&RUUHODWLQJ�EXON�JHQH�H[SUHVVLRQ�SURƓOHV
)RU� WKH� ��� FHOO� SRSXODWLRQV� VKDUHG� EHWZHHQ� )$&6� DQG� PLFURŴXLGLF� GURSOHWV�� WKH�
DYHUDJH� JHQH�H[SUHVVLRQ� SURƓOH� RI� HDFK� SRSXODWLRQ� ZDV� FDOFXODWHG�� 7KH� TXDOLW\�
RI� VXFK� D�EXON�JHQH�H[SUHVVLRQ�SURƓOH�GHSHQGV�RQ� WKH� WRWDO� QXPEHU�RI�GHWHFWHG�
PROHFXOHV�� )$&6� GHWHFWV� PRUH� PROHFXOHV� SHU� FHOO�� EXW� IHZHU� FHOOV�� 0LFURŴXLGLF�
GURSOHWV�GHWHFW� IHZHU�PROHFXOHV�SHU�FHOO��EXW�PRUH�FHOOV��7R�DVVHVV� WKH�DJUHHPHQW�
EHWZHHQ�PHWKRGV�RQ�DQQRWDWHG�FHOO�W\SHV��3HDUVRQ�FRUUHODWLRQ�ZDV�XVHG�RQ�WKH�ORJ�
H[SUHVVLRQ�SURƓOHV�RI�HDFK�VKDUHG�FHOO�SRSXODWLRQ�� �2QO\�JHQHV�SUHVHQW�DW���FRXQW�
SHU�PLOOLRQ�RU�JUHDWHU�LQ�DW�OHDVW�RQH�RI�WKH�GDWDVHWV�ZHUH�FRQVLGHUHG��$�SVHXGRFRXQW�
RI���FRXQW�SHU�PLOOLRQ�ZDV�DGGHG�EHIRUH�WDNLQJ�ORJDULWKPV��

Calculation of dissociation scores
)RU� HDFK� RUJDQ�� SULQFLSDO� FRPSRQHQW� DQDO\VLV�ZDV� SHUIRUPHG�RQ� D� VXEVHW� RI� ����
GLVVRFLDWLRQ�UHODWHG� JHQHV� ������ 7KH� ƓUVW� SULQFLSDO� FRPSRQHQW� ZDV� XVHG� DV� WKH�
ŌGLVVRFLDWLRQ�VFRUHō�DV�LW�FRUUHVSRQGV�WR�WKH�YDULDQFH�ZLWKLQ�WKHVH�JHQHV�

'HƓQLQJ�FHOO�W\SH�HQULFKHG�WUDQVFULSWLRQ�IDFWRUV
7UDQVFULSWLRQ� IDFWRUV� ZHUH� GHƓQHG� DV� WKH� ������ JHQHV� DQQRWDWHG� E\� WKH� *HQH�
2QWRORJ\�WHUP�Ō'1$�ELQGLQJ�WUDQVFULSWLRQ�IDFWRU�DFWLYLW\ō��GRZQORDGHG�IURP�WKH�0RXVH�
*HQRPH� ,QIRUPDWLFV� GDWDEDVH� �KWWS���ZZZ�LQIRUPDWLFV�MD[�RUJ�ODQHSUR[\�VWDQIRUG�
HGX�PJLKRPH�*2�SURMHFW�VKWPO��DFFHVVHG�RQ����1RYHPEHU�������&HOO�W\SHV�ZHUH�
GHƓQHG�DV�XQLTXH�FRPELQDWLRQV�RI�FHOO�RQWRORJ\�DQG�RUJDQ�DQQRWDWLRQ��IRU�H[DPSOH��
/XQJB(QGRWKHOLDOBFHOO���$OO�DQDO\VHV�ZHUH�SHUIRUPHG�RQ�WKH�IXOO�GDWDVHW��H[FHSW�WKH�
FRUUHORJUDPV�IRU�ZKLFK�WKH�GDWD�ZDV�VXEVDPSOHG�E\�UDQGRPO\�VHOHFWLQJ����FHOOV�IURP�
HDFK�FHOO�W\SH��(QULFKHG�WUDQVFULSWLRQ�IDFWRUV�ZHUH�GHƓQHG�E\�WKH�6HXUDW�)LQG0DUNHUV�
IXQFWLRQ�ZLWK�WKH�:LOFR[RQ�VLJQLƓFDQFH�WHVW�IRU�WKH�WDUJHW�FHOO�W\SH�DJDLQVW�WKH�DOO�RI�
WKH�UHVW�RI�WKH�FHOO�W\SHV�FRPELQHG��7KHVH�ZHUH�ƓOWHUHG�E\�SBYDO�����ŧ���DYJBGLII�!�
�����SFW���ŧ�SFW���!������SHU�FHQW�GHWHFWHG�GLIIHUHQFH�!�������DQG�SFW���!������GHWHFWHG�
LQ�!����RI�WDUJHW�FHOOV��
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Cell-type comparisons between methods using cell ontology classes
:H� XVHG� WKH� 2QWRORJ\;� 5� SDFNDJH� IDPLO\� YHUVLRQ� ���� �OLEUDULHV� RQWRORJ\,QGH[��
RQWRORJ\3ORW�� DQG� RQWRORJ\6LPLODULW\�� WR� GUDZ� WKH� UHSUHVHQWDWLYH� FHOO� RQWRORJ\�
GHQGURJUDPV��IXQFWLRQ�RQWRBSORW���7R�FRPSXWH�WKH�WDQJOHJUDP��IXQFWLRQ�WDQJOHJUDP�
IURP�GHQGH[WHQG�5�SDFNDJH�YHUVLRQ������ZH�XVHG�WKH�GHQGURJUDP�FUHDWHG�IURP�DOO�
H[SUHVVHG�JHQHV�DV� WKH� UHIHUHQFH� IRU�FRPSDULVRQV� WR� WKH�GHQGURJUDPV�SURGXFHG�
XVLQJ�SDUWLFXODU�JHQH�RQWRORJ\�FHOOXODU� IXQFWLRQV� �WUDQVFULSWLRQ� IDFWRUV�� FHOO� VXUIDFH�
PDUNHUV��51$�VSOLFLQJ�IDFWRUV���7KH�HQWDQJOHPHQW�VFRUHV�ZHUH�FDOFXODWHG�XVLQJ�WKH�
VWHS�VLGH�PHWKRG��IXQFWLRQ�XQWDQJOH�IURP�GHQGH[WHQG�5�SDFNDJH���(QWDQJOHPHQW�LV�
D�PHDVXUH�RI�DOLJQPHQW�EHWZHHQ�WZR�GHQGURJUDPV��7KH�HQWDQJOHPHQW�VFRUH�UDQJHV�
IURP����H[DFW�DOLJQPHQW��WR����QR�DOLJQPHQW����

'HƓQLQJ�WUDQVFULSWLRQ�IDFWRU�QHWZRUNV�ZLWK�UDQGRP�IRUHVWV
:H�XVHG� UDQGRP�IRUHVWV� �D�FODVVLƓHU� WKDW�FRPELQHV�PDQ\�VLQJOH�GHFLVLRQ� WUHHV�� WR�
FDOFXODWH� WKH� LPSRUWDQFH� RI� HDFK� JHQH� IRU� GHƓQLQJ� FHOO� W\SHV���� 7KH� YDU6HO5)� 5�
SDFNDJH�YHUVLRQ����Ŋ��XVHV� WKH�RXW�RI�EDJ�HUURU� DV� WKH�PLQLPL]DWLRQ�FULWHULRQ�DQG�
FDUULHV� RXW� YDULDEOH� HOLPLQDWLRQ� ZLWK� UDQGRP� IRUHVWV� E\� VXFFHVVLYHO\� HOLPLQDWLQJ�
WKH� OHDVW� LPSRUWDQW�YDULDEOHV� �ZLWK� LPSRUWDQFH�DV� UHWXUQHG� IURP�WKH� UDQGRP�IRUHVW�
DQDO\VLV���7KH�DOJRULWKP�LWHUDWLYHO\�ƓWV�UDQGRP�IRUHVWV��DW�HDFK�LWHUDWLRQ�EXLOGLQJ�D�QHZ�
IRUHVW�DIWHU�GLVFDUGLQJ�WKRVH�YDULDEOHV��JHQHV��ZLWK�WKH�VPDOOHVW�YDULDEOH�LPSRUWDQFH��
WKH�VHOHFWHG�VHW�RI�JHQHV�LV�WKH�RQH�WKDW�\LHOGV�WKH�VPDOOHVW�RXW�RI�EDJ�HUURU�UDWH��7KLV�
OHDGV�WR�WKH�VHOHFWLRQ�RI�VPDOO�VHWV�RI�QRQ�UHGXQGDQW�YDULDEOHV�

Code availability
$OO� FRGH� XVHG� IRU� DQDO\VLV� LV� DYDLODEOH� RQ� *LW+XE� �KWWSV���JLWKXE�FRP�F]ELRKXE�
WDEXOD�PXULV��

ACKNOWLEDGEMENTS
:H� WKDQN�6RQ\�%LRWHFKQRORJ\� IRU�PDNLQJ�DQ�6+���6� LQVWUXPHQW�DYDLODEOH� IRU� WKLV�
SURMHFW��6RPH�RI�WKH�FHOO�VRUWLQJ�ŴRZ�F\WRPHWU\�DQDO\VLV�IRU�WKLV�SURMHFW�ZDV�SHUIRUPHG�
XVLQJ�D�6RQ\�6+���6� LQVWUXPHQW� LQ� WKH�6WDQIRUG�6KDUHG�)$&6�)DFLOLW\��6RPH�)$&6�
H[SHULPHQWV�XVHG�LQVWUXPHQWV�LQ�WKH�9$�)ORZ�&\WRPHWU\�&RUH��ZKLFK�LV�VXSSRUWHG�E\�
WKH�86�'HSDUWPHQW�RI�9HWHUDQV�$IIDLUV��3DOR�$OWR�9HWHUDQV�,QVWLWXWH�IRU�5HVHDUFK�DQG�
WKH�1DWLRQDO�,QVWLWXWHV�RI�+HDOWK��7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�&KDQ�=XFNHUEHUJ�
%LRKXE��1,+�*UDQW�'3��$*�������DQG� WKH�120,6�)RXQGDWLRQ� �7�:��&���DV�ZHOO�DV�
SDUWO\�E\�WKH�6WDQIRUG�,VOHW�5HVHDUFK�&RUH�LQ�WKH�6WDQIRUG�'LDEHWHV�5HVHDUFK�&HQWHU�
�3���'.���������:H�WKDQN�$��0F*HHYHU�IRU�FRQWULEXWLRQV�WR�WKH�GHVLJQ�RI�WKH�7DEXOD�
0XULV�ZHE�SRUWDO�

CONTRIBUTIONS
$Q�RYHUYLHZ�RI�FRQWULEXWLRQV�LV�DYDLODEOH�RQOLQH�

 REFERENCES
��� $OEHUWV�� %�� HW� DO�� (VVHQWLDO� &HOO� %LRORJ\� �:�:��

1RUWRQ�	�&RPSDQ\��1HZ�<RUN��������
��� *XR��*��HW�DO��5HVROXWLRQ�RI�FHOO� IDWH�GHFLVLRQV�

UHYHDOHG� E\� VLQJOH�FHOO� JHQH� H[SUHVVLRQ�
DQDO\VLV�IURP�]\JRWH�WR�EODVWRF\VW��'HY��&HOO�����
���Ŋ�����������

��� 'DOHUED�� 3�� HW� DO�� 6LQJOH�FHOO� GLVVHFWLRQ� RI�
WUDQVFULSWLRQDO� KHWHURJHQHLW\� LQ� KXPDQ� FRORQ�
WXPRUV��1DW��%LRWHFKQRO����������Ŋ������������

��� 7KRUVHQ�� 7��� 5REHUWV�� 5�� :��� $UQROG�� )�� +�� 	�
4XDNH�� 6�� 5�� '\QDPLF� SDWWHUQ� IRUPDWLRQ� LQ� D�
YHVLFOH�JHQHUDWLQJ� PLFURŴXLGLF� GHYLFH�� 3K\V��
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Tabula Muris
5HY��/HWW����������Ŋ������������

��� 0DFRVNR�� (�� =�� HW� DO�� +LJKO\� SDUDOOHO� JHQRPH�
ZLGH� H[SUHVVLRQ� SURƓOLQJ� RI� LQGLYLGXDO� FHOOV�
XVLQJ� QDQROLWHU� GURSOHWV�� &HOO� ����� ����Ŋ�����
�������

��� .OHLQ��$��0��HW�DO��'URSOHW�EDUFRGLQJ�IRU�VLQJOH�
FHOO�WUDQVFULSWRPLFV�DSSOLHG�WR�HPEU\RQLF�VWHP�
FHOOV��&HOO����������Ŋ������������

��� 5DPVN¸OG�� '�� HW� DO�� )XOO�OHQJWK� P51$�VHT�
IURP� VLQJOH�FHOO� OHYHOV� RI� 51$� DQG� LQGLYLGXDO�
FLUFXODWLQJ� WXPRU� FHOOV�� 1DW�� %LRWHFKQRO�� ����
���Ŋ�����������

��� :X�� $�� 5�� HW� DO�� 4XDQWLWDWLYH� DVVHVVPHQW� RI�
VLQJOH�FHOO� 51$�VHTXHQFLQJ� PHWKRGV�� 1DW��
0HWKRGV�������Ŋ����������

��� 7UHXWOHLQ�� %�� HW� DO�� 5HFRQVWUXFWLQJ� OLQHDJH�
KLHUDUFKLHV�RI� WKH�GLVWDO� OXQJ�HSLWKHOLXP�XVLQJ�
VLQJOH�FHOO� 51$�VHT�� 1DWXUH� ����� ���Ŋ����
�������

����(QJH�� 0�� HW� DO�� 6LQJOH�FHOO� DQDO\VLV� RI� KXPDQ�
SDQFUHDV� UHYHDOV� WUDQVFULSWLRQDO� VLJQDWXUHV� RI�
DJLQJ�DQG�VRPDWLF�PXWDWLRQ�SDWWHUQV��&HOO������
���Ŋ����H����������

����+DOSHUQ�� .�� %�� HW� DO�� 6LQJOH�FHOO� VSDWLDO�
UHFRQVWUXFWLRQ�UHYHDOV�JOREDO�GLYLVLRQ�RI�ODERXU�
LQ� WKH� PDPPDOLDQ� OLYHU�� 1DWXUH� ����� ���Ŋ����
�������

����+DEHU�� $�� /�� HW� DO�� $� VLQJOH�FHOO� VXUYH\� RI� WKH�
VPDOO� LQWHVWLQDO� HSLWKHOLXP�� 1DWXUH� ����� ���Ŋ
�����������

����9LOODQL��$��&�� HW� DO�� 6LQJOH�FHOO� 51$�VHT� UHYHDOV�
QHZ� W\SHV� RI� KXPDQ� EORRG� GHQGULWLF� FHOOV��
PRQRF\WHV�� DQG� SURJHQLWRUV�� 6FLHQFH� �����
HDDK������������

����'DUPDQLV�� 6�� HW� DO�� $� VXUYH\� RI� KXPDQ� EUDLQ�
WUDQVFULSWRPH�GLYHUVLW\�DW� WKH� VLQJOH�FHOO� OHYHO��
3URF�� 1DWO� $FDG�� 6FL�� 86$� ����� ����Ŋ�����
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EXTENDED DATA FIGURES AND TABLES

Extended Data Figure 1: The number and type of FACS cells that compose each organ. �D��&HOOV�IRU�
HDFK�RUJDQ�YLVXDOL]HG�ZLWK�W�61(��FRORXUHG�E\�FHOO�W\SH��&HOO�W\SHV�ZHUH�GHWHUPLQHG�E\�GLIIHUHQWLDO�JHQH�
H[SUHVVLRQ�RI�NQRZQ�PDUNHUV�EHWZHHQ�FOXVWHUV���E��%DU�SORWV�TXDQWLI\LQJ�WKH�QXPEHU�RI�HDFK�DQQRWDWHG�
FHOO�W\SH��&HOO�W\SH�FRORXUV�PDWFK�WKHLU�UHVSHFWLYH�W�61(�SORW�
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([WHQGHG�'DWD�)LJXUH����7KH�QXPEHU�DQG�W\SH�RI�PLFURŴXLGLF�FHOOV� WKDW�FRPSRVH�HDFK�RUJDQ�� �D��
W�61(�SORW�RI�DOO�FHOOV�FROOHFWHG�E\�WKH�PLFURŴXLGLF�GURSOHW�PHWKRG��FRORXUHG�E\�RUJDQ��RYHUODLG�ZLWK�WKH�
SUHGRPLQDQW�FHOO�W\SH�WKDW�FRPSRVHV�HDFK�FOXVWHU���E��&HOOV�IRU�HDFK�RUJDQ�YLVXDOL]HG�ZLWK�W�61(��FRORXUHG�
E\� FHOO� W\SH�� &HOO� W\SHV� ZHUH� GHWHUPLQHG� E\� GLIIHUHQWLDO� JHQH� H[SUHVVLRQ� RI� NQRZQ�PDUNHUV� EHWZHHQ�
FOXVWHUV���F��%DU�SORWV�TXDQWLI\LQJ�WKH�QXPEHU�RI�HDFK�DQQRWDWHG�FHOO�W\SH��&HOO�W\SH�FRORXUV�PDWFK�WKHLU�
UHVSHFWLYH�W�61(�SORW�
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Extended Data Figure 3: The number of reads, UMIs and genes detected per cell for each organ. 
�D��F��+LVWRJUDPV�IRU�HDFK�RUJDQ�RI�WKH�QXPEHU�RI�UHDGV�SHU�FHOO��)$&6���D��DQG�80,V�SHU�FHOO��PLFURŴXLGLF�
GURSOHW�� �F��� �E��G��+LVWRJUDP�RI� WKH�QXPEHU�RI�JHQHV�GHWHFWHG�SHU�FHOO� IRU�HDFK�RUJDQ� IURP� WKH�)$&6�
PHWKRG��E���DQG�WKH�PLFURŴXLGLF�GURSOHW�PHWKRG��G��
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Extended Data Figure 4: Graphical representation of cell ontology class representation. �D��E��'DWDVHWV�
IURP�WKH�)$&6�PHWKRG��D��DQG�WKH�PLFURŴXLGLF�GURSOHW�PHWKRG��E���FRORXUHG�E\�WKH�UHODWLYH�DPRXQW�RI�
HDFK�FHOO�W\SH�LQ�HDFK�GDWDVHW�
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Extended Data Figure 5: Methodological comparison of detected genes and library saturation. 
�D��7KH�QXPEHU�RI�JHQHV�GHWHFWHG� �WKUHVKROG�RI�!�� UHDGV�RU�80,V�SHU� FHOO��E\�)$&6� �UHG��Q� ��������
LQGLYLGXDO� FHOOV���PLFURŴXLGLF�GURSOHW� �JUHHQ�� Q�  � ������� LQGLYLGXDO� FHOOV�� DQG�PLFURZHOO�VHT� �EOXH�� Q�  �
������� LQGLYLGXDO� FHOOV�� PHWKRGV���� �E�� /LEUDU\� VDWXUDWLRQ� IUDFWLRQ� IRU� DOO� PLFURŴXLGLF�GURSOHW� OLEUDULHV��
'RWWHG�KRUL]RQWDO�OLQH�GHPDUFDWHV�WKH�PHGLDQ�VDWXUDWLRQ��DURXQG��������F��/LEUDU\�VDWXUDWLRQ�IRU�DOO�)$&6�
OLEUDULHV��6DWXUDWLRQ�ZDV�FDOFXODWHG�XVLQJ�WKH�QXPEHU�RI�GHWHFWHG�JHQHV�ZKLOH�GRZQVDPSOLQJ�WKH�QXPEHU�
RI�UHDGV�SHU�OLEUDU\��6XPPDU\�VWDWLVWLFV�DUH�FRQWDLQHG�LQ�6XSSOHPHQWDU\�7DEOH��
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Extended Data Figure 6: The number of detected genes decreases similarly across organs as the 
read or UMI threshold is increased. )UDFWLRQ�RI�DOO�GHWHFWHG�JHQHV��GHƓQHG�DV�!��UHDGV�RU�80,V��IRU�HDFK�
FHOO��DFURVV�DOO�RUJDQV��GHWHFWHG�DW�LQFUHDVLQJ�UHDG�RU�80,�WKUHVKROGV�IRU�)$&6��OHIW��Q� ��������LQGLYLGXDO�
FHOOV��� PLFURŴXLGLF�GURSOHW� �PLGGOH�� Q�  � ������� LQGLYLGXDO� FHOOV��� DQG�PLFURZHOO�VHT� �ULJKW�� Q�  � �������
LQGLYLGXDO�FHOOV��PHWKRGV��6XPPDU\�VWDWLVWLFV�DUH�FRQWDLQHG�LQ�6XSSOHPHQWDU\�7DEOH��
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Extended Data Figure 7: The number of differentially expressed genes for each cell type that are 
common between methods. 9HQQ�GLDJUDPV�VKRZLQJ�WKH�RYHUODS�EHWZHHQ�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�
IRU� HDFK� FRPPRQ� FHOO� W\SH� DFURVV� WKH� WKUHH�PHWKRGV� �)$&6�� PLFURŴXLGLF�GURSOHW� DQG�PLFURZHOO�VHT���
3ORWWHG�GDWD�DUH�SURYLGHG�LQ�WDEXODU�IRUP�LQ�6XSSOHPHQWDU\�7DEOH���
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Extended Data Figure 8: t-SNE visualization of all FACS cells by cluster ID. Q� ��������LQGLYLGXDO�FHOOV��
&OXVWHUV�DUH�GLVFXVVHG�LQ�WKH�WH[W�DQG�IXUWKHU�DQDO\VHG�LQ�)LJ����



����_

Chapter 5

b

d

f

e

g

Cluster1 Cluster2

Cluster 24Cluster 3

Cluster 53Cluster 48

a

epithelial cell (Trachea) (6)

ciliated columnar cell of 
tracheobronchial tree (Lung) (25)

astrocyte (Brain_1RQï0yeloid) (11)

fibroblast (Heart) (37)

mesenchymal stem cell of adipose (Fat) (1619)

mesenchymal cell (Trachea) (497)

stromal cell (Lung) (92)

stromal cell (Mammary_Gland) (280)

mesenchymal stem cell (Limb_Muscle) (404)

lymphocyte (Limb_Muscle) (64)

B cell (Limb_Muscle) (68)

B cell (Fat) (510)

leukocyte (Heart) (10)

leukocyte (Kidney) (5)

leukocyte (Thymus) (13)

B cell (Lung) (45)

B cell (Spleen) (1181)

naive B cell (Marrow) (666)

immature B cell (Marrow) (29)

B cell (Liver) (31)

endothelial cell (Heart) (1310)

endothelial cell (Fat) (560)

endothelial cell (Limb_Muscle) (200)

leukocyte (Thymus) (10)

endothelial cell (Trachea) (104)

endothelial cell (Mammary_Gland) (45)

endothelial cell (Pancreas) (17)

endothelial cell (Kidney) (111)

mesenchymal stem cell of adipose (Fat) (470)

stromal cell (Mammary_Gland) (158)

mesenchymal stem cell (Limb_Muscle) (68)

mesenchymal cell (Trachea) (55)

fibroblast (Heart) (6)

endothelial cell (Fat) (52)

endothelial cell (Trachea) (7)

lung endothelial cell (Lung) (65)

endothelial cell (Limb_Muscle) (11)

endothelial cell (Heart) (9)

10
Normalized average distance

c

Extended Data Figure 9: Metrics of cluster heterogeneity. �D��%DU�SORW�VKRZLQJ�WKH�KHWHURJHQHLW\�VFRUH�
IRU� HDFK� FOXVWHU� FRQWDLQLQJ� VHYHUDO� FHOO� W\SHV�� EŊJ�� +HDW�PDSV� VKRZLQJ� WKH� DYHUDJH� EHWZHHQ�FHOO�W\SH�
GLVWDQFHV�ZLWKLQ�VHOHFW�FOXVWHUV��QRUPDOL]HG�VR�WKDW�WKH�DYHUDJH�GLVWDQFH�EHWZHHQ�SDLUV�RI�)$&6�FHOOV�LV����
FOLSSHG�WR�D�PD[�RI����IRU�FOXVWHUV����E������F������G�������H�������I��DQG�����J��
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Extended Data Figure 10: Contribution of transcription factors to cell identity. �D�� 7DQJOHJUDP�
FRQWUDVWLQJ� WKH� GHQGURJUDP� REWDLQHG� XVLQJ� DOO� H[SUHVVHG� JHQHV� ZLWK� RQH� REWDLQHG� XVLQJ� RQO\� WKH�
H[SUHVVLRQ�RI�WUDQVFULSWLRQ�IDFWRUV��7KH�VROLG�OLQHV�LQGLFDWH�VHJPHQWV�WKDW�GLG�QRW�FKDQJH�SRVLWLRQ�GXULQJ�
WKH�DOLJQPHQW�EHWZHHQ�WKH�WZR�WUHHV��DQG�WKH�GRWWHG�OLQHV�FRUUHVSRQG�WR�GHQGURJUDP�EUDQFKHV�UHRUGHUHG�
GXULQJ� WKH�HQWDQJOHPHQW�FDOFXODWLRQV��7KH�FRORXUV� LQGLFDWH� WKH�EUDQFKHV� IRU�ZKLFK� LGHQWLFDO� OHDYHV�DUH�
DOLJQHG� LQ�ERWK�GHQGURJUDPV��EŊH�� W�61(�YLVXDOL]DWLRQ�RI�HSLWKHOLDO� �E���HQGRWKHOLDO� �F���%�FHOOV� �G��DQG�7�
FHOOV��H���FRORXUHG�E\�RUJDQ��IŊL��W�61(�YLVXDOL]DWLRQ�RI�HSLWKHOLDO��I���HQGRWKHOLDO��J��%�FHOO��K��DQG�7�FHOO��L��
H[SUHVVLRQ�RI�VHOHFW�WUDQVFULSWLRQ�IDFWRUV��IURP�JUH\��ORZ��WR�UHG��KLJK���,Q�EŊL��Q� ����UDQGRPO\�VHOHFWHG�FHOOV�
IRU�HDFK�FHOO�W\SH�
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Extended Data Figure 11: Dissociation-induced gene-expression scores for each organ analysed 
with FACS. 7KH� GLVVRFLDWLRQ� VFRUH� IRU� HDFK� RUJDQ� UHSUHVHQWV� WKH� PDJQLWXGH� RI� WKH� ƓUVW� SULQFLSDO�
FRPSRQHQW�RI�WKH�����GLVVRFLDWLRQ�DVVRFLDWHG�JHQHV�IURP�UHI������7KH�\�D[LV�VKRZV�WKH�SUREDELOLW\�GHQVLW\�
RI�WKH�QRUPDOL]HG�KLVWRJUDP�
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Supplementary information is available online.
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$�VLQJOH�FHOO�WUDQVFULSWRPLF�DWODV�
FKDUDFWHUL]HV�DJHLQJ�WLVVXHV�LQ�

WKH�PRXVH
7KH�7DEXOD�0XULV�&RQVRUWLXP��>LQFOXGLQJ�Linda J. van 

Weele2]

$GDSWHG�IURP��Nature�YROXPH������SDJHV����Ŋ����������

�$�OLVW�RI�DOO�DXWKRUV�DQG�WKHLU�DIƓOLDWLRQV�LV�DYDLODEOH�RQOLQH���,QVWLWXWH�IRU�6WHP�&HOO�%LRORJ\�
DQG�5HJHQHUDWLYH�0HGLFLQH��6WDQIRUG�8QLYHUVLW\�6FKRRO�RI�0HGLFLQH��6WDQIRUG��&$��86$

&RQWULEXWLRQ��IRU�WKH�PDPPDU\�JODQG��/�-�Y�:��GHVLJQHG�WKH�H[SHULPHQW��FROOHFWHG�
DQG�SURFHVVHG�WKH�WLVVXH��DQQRWDWHG�FHOO�W\SHV��



����_

Chapter 6

$geing is characterized by a progressive loss of physiological integrity, leading 
to impaired function and increased vulnerability to death (1). Despite rapid 
advances over recent years, many of the molecular and cellular processes 

that underlie the progressive loss of healthy physiology are poorly understood 
(2). To gain a better insight into these processes, here we generate a single-cell 
transcriptomic atlas across the lifespan of Mus musculus that includes data from 
��� WLVVXHV� DQG� RUJDQV��:H� IRXQG� FHOO�VSHFLƓF� FKDQJHV� RFFXUULQJ� DFURVV�PXOWLSOH�
cell types and organs, as well as age-related changes in the cellular composition 
of different organs. Using single-cell transcriptomic data, we assessed cell-type-
VSHFLƓF� PDQLIHVWDWLRQV� RI� GLIIHUHQW� KDOOPDUNV� RI� DJHLQJŋVXFK� DV� VHQHVFHQFH� �����
genomic instability (4) and changes in the immune system (2). This transcriptomic 
DWODVŋZKLFK�ZH�GHQRWH�Tabula Muris Senis��RU�Ō0RXVH�$JHLQJ�&HOO�$WODVōŋSURYLGHV�
molecular information about how the most important hallmarks of ageing are 
UHŴHFWHG�LQ�D�EURDG�UDQJH�RI�WLVVXHV�DQG�FHOO�W\SHV�

:H�SHUIRUPHG�VLQJOH�FHOO�51$�VHTXHQFLQJ�RQ�PRUH� WKDQ���������FHOOV� IURP�PDOH�
DQG� IHPDOH�&��%/��-1�PLFH�EHORQJLQJ� WR� VL[� DJH�JURXSV�� UDQJLQJ� IURP���PRQWK�
�WKH�HTXLYDOHQW�RI�KXPDQ�HDUO\�FKLOGKRRG��WR����PRQWKV��WKH�HTXLYDOHQW�RI�D�KXPDQ�
FHQWHQDULDQ���)LJ���D���)RU�DOO�PLFH��ZH�SUHSDUHG�VLQJOH�FHOO�VXVSHQVLRQV�RI�WKH�EODGGHU��
ERQH� PDUURZ�� EUDLQ� �FHUHEHOOXP�� FRUWH[�� KLSSRFDPSXV� DQG� VWULDWXP��� IDW� �EURZQ��
JRQDGDO��PHVHQWHULF�DQG�VXEFXWDQHRXV���KHDUW�DQG�DRUWD��NLGQH\��ODUJH�LQWHVWLQH��OLPE�
PXVFOH�DQG�GLDSKUDJP��OLYHU��OXQJ��PDPPDU\�JODQG��SDQFUHDV��VNLQ��VSOHHQ��WK\PXV��
WRQJXH�DQG�WUDFKHD��'DWD�ZHUH�FROOHFWHG�IRU�DOO�VL[�DJH�JURXSV�XVLQJ�D�PLFURŴXLGLF�
GURSOHW�PHWKRG� �GURSOHW��� WKH���PRQWK�����PRQWK�DQG����PRQWK� WLPH�SRLQWV�ZHUH�
DOVR�DQDO\VHG�XVLQJ�VLQJOH�FHOOV�VRUWHG�LQ�PLFURWLWUH�ZHOO�SODWHV��ŴXRUHVFHQFH�DFWLYDWHG�
FHOO�VRUWLQJ��)$&6���([WHQGHG�'DWD�)LJV���Ŋ���6XSSOHPHQWDU\�7DEOHV��������2ZLQJ�WR�
WHFKQLFDO�FRQVWUDLQWV��QRW�HYHU\�WLVVXH�ZDV�DQDO\VHG�DW�DOO�WLPH�SRLQWV��D�FRPSOHWH�OLVW�LV�
SURYLGHG�LQ�([WHQGHG�'DWD�)LJ���D��7KH�GURSOHW�GDWD�HQDEOH�ODUJH�QXPEHUV�RI�FHOOV�WR�
EH�DQDO\VHG�XVLQJ��ƍ�HQG�FRXQWLQJ��ZKHUHDV�WKH�)$&6�GDWD�DOORZ�IRU�KLJKHU�VHQVLWLYLW\�
PHDVXUHPHQWV�RYHU�VPDOOHU�QXPEHUV�RI�FHOOV�DV�ZHOO�DV�HQDEOLQJ�WKH�DFTXLVLWLRQ�RI�
VHTXHQFH� LQIRUPDWLRQ� DFURVV� WKH� HQWLUH� WUDQVFULSW� OHQJWK�� 7KH� DQDO\VLV� RI�PXOWLSOH�
RUJDQV� IURP� WKH�VDPH�PRXVH�HQDEOHV�XV� WR�REWDLQ�GDWD� WKDW� LV�FRQWUROOHG� IRU�DJH��
HQYLURQPHQW�DQG�HSLJHQHWLF�HIIHFWV�

'DWD� IURP� WKH� ��PRQWK� WLPH� SRLQWŋZKLFK� KDV� SUHYLRXVO\� EHHQ� SXEOLVKHG� DQG�
FRQVWLWXWHV� WKH�Tabula Muris� ���ŋUHSUHVHQWV� DSSUR[LPDWHO\� ���� RI� WKH� FHOOV� LQ� WKH�
HQWLUH�GDWDVHW��DQG�ZDV�XVHG�DV�D�EDVLV�IURP�ZKLFK�WR�SHUIRUP�VHPL�DXWRPDWHG�FHOO�
W\SH�DQQRWDWLRQ�RI�WKH�GDWD�IURP�WKH�DGGLWLRQDO�WLPH�SRLQWV��)LJ���E��([WHQGHG�'DWD�
)LJ�� �E��� 8VLQJ� WKLV� DSSURDFK�� ZH� ZHUH� DEOH� WR� DXWRPDWLFDOO\� DQQRWDWH�PRUH� WKDQ�
����RI� WKH�FHOOV��$OO� WKH�DXWRPDWHG�FHOO�DQQRWDWLRQV�ZHUH� UHYLHZHG�DQG�DSSURYHG�
E\�KXPDQ�H[SHUWV��DQG�WKH�UHPDLQLQJ�FHOOV�ZHUH�DQQRWDWHG�E\�KDQG��FUHDWLQJ�RQH�RI�
WKH�ODUJHVW�PDQXDOO\�FXUDWHG�VLQJOH�FHOO�WUDQVFULSWRPLF�UHVRXUFHV�LQ�H[LVWHQFH��0DQ\�
RI�WKHVH�FHOO�W\SHV�KDYH�QRW�SUHYLRXVO\�EHHQ�REWDLQHG�LQ�SXUH�SRSXODWLRQV��DQG�WKHVH�
GDWD�SURYLGH�D�ZHDOWK�RI�QHZ�LQIRUPDWLRQ�DERXW�WKHLU�FKDUDFWHULVWLF�JHQH�H[SUHVVLRQ�
SURƓOHV��2XW�RI���������WRWDO�FHOOV�VHTXHQFHG����������FHOOV�IRU�)$&6�DQG���������
FHOOV�IRU�GURSOHW�SDVVHG�RXU�VWULFW�ƓOWHULQJ�FULWHULD��([WHQGHG�'DWD�)LJ���E��DQG�ZHUH�
DQQRWDWHG� �([WHQGHG� 'DWD� )LJ�� �D�� E��� ZKLFK� ZDV� FDUULHG� RXW� VHSDUDWHO\� IRU� HDFK�
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WLVVXH�DQG�PHWKRG��7KH�UHPDLQLQJ�FHOOV�DUH�DOVR�LQFOXGHG�LQ�WKH�RQOLQH�GDWDVHW�EXW�
ZHUH�QRW�XVHG�IRU�IXUWKHU�DQDO\VLV�KHUH��7R�LQYHVWLJDWH�ZKHWKHU�FHOO�DQQRWDWLRQV�ZHUH�
FRQVLVWHQW�DFURVV�WKH�HQWLUH�RUJDQLVP��ZH�XVHG�WKH�EENQQ�EDWFK�DOLJQPHQW�DOJRULWKP�
���� WR� FRUUHFW� IRU� PHWKRG�DVVRFLDWHG� EDWFK� HIIHFWV� �6XSSOHPHQWDU\� 7DEOH� ���� $IWHU�
EDWFK�FRUUHFWLRQ��ZH�FOXVWHUHG�DOO� FHOOV�XVLQJ�DQ�XQELDVHG��JUDSK�EDVHG�FOXVWHULQJ�
DSSURDFK� ������� �)LJ���F��G��DQG�DVVHVVHG� WKH�FR�RFFXUUHQFH�RI� VLPLODUO\�DQQRWDWHG�
FHOOV�LQ�WKH�VDPH�FOXVWHUV��)RU�H[DPSOH��FHOOV�DQQRWDWHG�DV�%�FHOOV�RU�HQGRWKHOLDO�FHOOV�
WHQG�WR�RFFXS\�WKH�VDPH�FOXVWHUV�LUUHVSHFWLYH�RI�WKHLU�WLVVXH�RI�RULJLQ�RU�WKH�PHWKRG�
ZLWK�ZKLFK�WKH\�ZHUH�SURFHVVHG��)LJ���H��I��([WHQGHG�'DWD�)LJ���JŊO��

The Tabula Muris Senis�HQDEOHV�WKH�GLVFRYHU\�RI�DJHLQJ�UHODWHG�FKDQJHV�LQ�VSHFLƓF�
FHOO�W\SHV��6LQJOH�FHOO�GDWD�HQDEOHV�XV�WR�UHVROYH�ZKHWKHU�JHQH�H[SUHVVLRQ�FKDQJHV�
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Figure 1: Overview of the Tabula Muris Senis. �D��$� WRWDO� RI� ���RUJDQV� IURP����PDOH� DQG���� IHPDOH�
PLFH�ZHUH�DQDO\VHG�DW���GLIIHUHQW� WLPH�SRLQWV��7KH�EDU�SORW� VKRZV� WKH�QXPEHU�RI� VHTXHQFHG�FHOOV�SHU�
RUJDQ�SUHSDUHG�E\�)$&6��Q� ����RUJDQV��DQG�E\�PLFURŴXLGLF�GURSOHWV� �Q� ����RUJDQV���)RU� WKH�GURSOHW�
GDWDVHW�WKH�IDW�VXE�WLVVXHV�ZHUH�SURFHVVHG�WRJHWKHU��)DW� �%$7���*$7���0$7���6&$7��%$7��EURZQ�DGLSRVH�
WLVVXH��*$7��JRQDGDO�DGLSRVH�WLVVXH��0$7��PHVHQWHULF�DGLSRVH�WLVVXH��6&$7��VXEFXWDQHRXV�DGLSRVH�WLVVXH���
�E��$QQRWDWLRQ�ZRUNŴRZ��'DWD�ZHUH�FOXVWHUHG�WRJHWKHU�DFURVV�DOO�WLPH�SRLQWV��:H�XVHG�WKH�Tabula Muris 
���PRQWK�WLPH�SRLQW��DV�D�UHIHUHQFH�IRU�WKH�DXWRPDWHG�SLSHOLQH�DQG�WKH�DQQRWDWLRQV�ZHUH�PDQXDOO\�FXUDWHG�
E\�WLVVXH�H[SHUWV���F��G��8QLIRUP�PDQLIROG�DSSUR[LPDWLRQ�DQG�SURMHFWLRQ��80$3��SORW�RI�DOO�FHOOV��FRORXUHG�
E\�RUJDQ�DQG�RYHUODLG�ZLWK�WKH�/RXYDLQ�FOXVWHU�QXPEHUV��F��DQG�DJH��G���Q� ���������LQGLYLGXDO�FHOOV��6HH�
([WHQGHG�'DWD�)LJ���F��G�IRU�WKH�FRORXU�GLFWLRQDULHV��H��I��%�FHOOV��H��DQG�HQGRWKHOLDO�FHOOV��I��LQGHSHQGHQWO\�
DQQRWDWHG�IRU�HDFK�RUJDQ�FOXVWHU�WRJHWKHU�E\�XQELDVHG�ZKROH�WUDQVFULSWRPH�/RXYDLQ�FOXVWHULQJ��LUUHVSHFWLYH�
RI�WKH�RUJDQ�LQ�ZKLFK�WKH\�ZHUH�IRXQG�
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Chapter 6

REVHUYHG�LQ�EXON�H[SHULPHQWV�DUH�GXH�WR�FKDQJHV�LQ�JHQH�H[SUHVVLRQ�LQ�HDFK�FHOO�RI�
WKH�SRSXODWLRQ��RU�ZKHWKHU�WKH�JHQH�H[SUHVVLRQ�LQ�HDFK�FHOO�VWD\V�FRQVWDQW�EXW�WKH�
QXPEHU�RI�FHOOV�RI�WKDW�W\SH�FKDQJHV��RU�ERWK��,Q�D�JOREDO�DQDO\VLV�RI�JHQH�H[SUHVVLRQ�
FKDQJHV�XVLQJ�WKH�Tabula Muris Senis�DQG�EXON�51$�VHTXHQFLQJ�IURP�WLVVXHV������ZH�
REVHUYHG�WKDWŋLQ�PDQ\�FDVHVŋFKDQJHV�LQ�JHQH�H[SUHVVLRQ�DUH�GXH�WR�ERWK�FKDQJHV�
LQ�WKH�QXPEHUV�RI�FHOOV�LQ�D�SRSXODWLRQ�DQG�FKDQJHV�LQ�WKH�JHQH�H[SUHVVLRQ�OHYHOV�LQ�
HDFK�FHOO��([WHQGHG�'DWD�)LJ���D��E���$V�RQH�VSHFLƓF�H[DPSOH��ZH�LQYHVWLJDWHG�KRZ�
WKH�IUDFWLRQ�RI�FHOOV�WKDW�H[SUHVV�Cdkn2a�FKDQJHV�ZLWK�DJH��7KH�H[SUHVVLRQ�RI�Cdkn2a 
DQG�LWV�SURWHLQ�SURGXFW�S���LV�RQH�RI�WKH�PRVW�IUHTXHQWO\�XVHG�PDUNHUV�RI�VHQHVFHQFH�
�����DQG�LV�DQ�LPSRUWDQW�KDOOPDUN�RI�DJHLQJ�������7KH�SURSRUWLRQ�RI�FHOOV�H[SUHVVLQJ�
Cdkn2a�PRUH�WKDQ�GRXEOHG�LQ�ROGHU�PLFH�FRPSDUHG�ZLWK�\RXQJHU�PLFH�DFFRUGLQJ�WR�
DQDO\VLV�E\�ERWK�)$&6��)LJ���D��DQG�GURSOHW��)LJ���E��PHWKRGV��WKLV�ZDV�DFFRPSDQLHG�
E\�D�WZRIROG�LQFUHDVH�LQ�WKH�H[SUHVVLRQ�OHYHOV�RI�S���LQ�FHOOV�LQ�ZKLFK�LW�ZDV�H[SUHVVHG�
�)LJ���F��G���1RWDEO\�� LQ����PRQWK�ROG�PLFH� WKH� IUDFWLRQ�RI�FHOOV� WKDW�H[SUHVVHG�S���
ZDV�VPDOOHU� WKDQ� LQ����PRQWK�ROG�PLFH��SHUKDSV�EHFDXVH� ORQJ�OLYLQJ�DQLPDOV�KDYH�
D� VORZHU� UDWH� RI� VHQHVFHQFH�� 8VLQJ� D� OLVW� RI� SUHYLRXVO\� FKDUDFWHUL]HG� VHQHVFHQFH�
PDUNHUV� ����� ���� ���� ����� ZH� SORWWHG� WKH� IUDFWLRQ� RI� FHOOV� H[SUHVVLQJ� HDFK�PDUNHU�
DFURVV�DOO�DJH�JURXSV��6XSSOHPHQWDU\�7DEOH�����Cdkn2a�KDV�WKH�KLJKHVW�FRUUHODWLRQ�
EHWZHHQ�DJHLQJ�DQG�WKH�IUDFWLRQ�RI�FHOOV�LQ�ZKLFK�LW�LV�H[SUHVVHG��RWKHU�JHQHV�ZLWK�
SRVLWLYH�FRUUHODWLRQ�LQFOXGH�E2f2� ������Lmnb1� ����������Tnf�DQG� ,WJD[� ������)RU�VRPH�
JHQHV�� LQFOXGLQJ�PHPEHUV� RI� WKH� 6LUW� IDPLO\� �Sirt3��Sirt4� DQG�Sirt5��� WKH� IUDFWLRQ� RI�
FHOOV�LQ�ZKLFK�WKH\�ZHUH�H[SUHVVHG�ZDV�IRXQG�WR�GHFUHDVH�ZLWK�DJH��WKLV�LV�FRQVLVWHQW�
ZLWK�SUHYLRXV� OLWHUDWXUH�ƓQGLQJ�WKDW�VLUWXLQVŋWKH�SURWHLQ�SURGXFWV�RI�6LUW�JHQHVŋDUH�
HVVHQWLDO�LQ�GHOD\LQJ�FHOOXODU�VHQHVFHQFH����������

7KH�FHOOXODU�FRPSRVLWLRQ�RI�HDFK�WLVVXH�W\SH�WHQGV�WR�YDU\�ZLWK�DJH��:H�LQYHVWLJDWHG�
FKDQJHV� LQ� WKH� FHOOXODU� FRPSRVLWLRQ� RI� WLVVXHV� IRU� ZKLFK� GDWD� IURP� DW� OHDVW� WKUHH�
WLPH�SRLQWV�ZDV�DYDLODEOH� �6XSSOHPHQWDU\�7DEOH�����%HFDXVH�GLVVRFLDWLRQ�GRHV�QRW�
DIIHFW�DOO�FHOO�W\SHV�LQ�D�WLVVXH�HTXDOO\��FKDQJHV�LQ�WKH�UHODWLYH�FRPSRVLWLRQ�RI�D�JLYHQ�
FHOO� W\SH� ZLWK� DJH� DUH� PRUH� PHDQLQJIXO� WKDQ� FRPSDULQJ� SURSRUWLRQV� RI� GLIIHUHQW�
FHOO� W\SHV�DW�D� VLQJOH�DJH� ��������������7KH�EODGGHU�VKRZV�SURQRXQFHG�FKDQJHV� LQ�
FHOO�W\SH� FRPSRVLWLRQ�ZLWK� DJH� �)LJ�� �H���ZKHUHDV� WKH�PHVHQFK\PDO� FRPSDUWPHQW�
RI�WKLV�WLVVXH�GHFUHDVHV�E\�D�IDFWRU�RI�WKUHH�RYHU�WKH�OLIHWLPH�RI�WKH�PRXVH��)LJ���H��
OHIW��� WKH�XURWKHOLDO�FRPSDUWPHQW� LQFUHDVHV�E\�D�VLPLODU�DPRXQW� �)LJ���H�� ULJKW���7KH�
REVHUYDWLRQ� WKDW� WKH� SURSRUWLRQ� RI� EODGGHU� XURWKHOLDO� FHOOV� LQFUHDVHV� ZLWK� DJH� LV�
FRQFRUGDQW�ZLWK�NQRZQ�DJH�UHODWHG�XURWKHOLDO�FKDQJHV�������8VLQJ�GLIIHUHQWLDO�JHQH�
H[SUHVVLRQ� DQDO\VLV� WR� DVVHVV� RYHUDOO� FKDQJHV� LQ� WLVVXHV� ZLWK� DJH�� ZH� IRXQG� WKDW�
VWURPDO�DVVRFLDWHG� JHQHV� �Col1a1�� Col1a2�� Col3a1� DQG� Dcn�� DUH� GRZQUHJXODWHG�
ZKLOH�HSLWKHOLDO�DVVRFLDWHG�JHQHV��Krt15��Krt18�DQG�Sfn��DUH�XSUHJXODWHG��VXSSRUWLQJ�
WKH�FRPSRVLWLRQDO�REVHUYDWLRQV��)LJ���I��6XSSOHPHQWDU\�7DEOH�����7KH�GHFOLQH�RI�WKH�
HQGRWKHOLDO�SRSXODWLRQ�VXJJHVWV�WKDW�EODGGHU�DJHLQJ�LQ�PLFH�PLJKW�EH�DVVRFLDWHG�ZLWK�
ORZHU�RUJDQ�YDVFXODUL]DWLRQ��ZKLFK�LV�FRQVLVWHQW�ZLWK�UHFHQW�ƓQGLQJV����������DQG�ZLWK�
WKH�REVHUYHG�GRZQUHJXODWLRQ�RI� YDVFXODWXUH�DVVRFLDWHG�JHQHV�Htra1� DQG�Fos� �)LJ��
�I��6XSSOHPHQWDU\�7DEOH�����7KH�LQFUHDVH�LQ�WKH�OHXNRF\WH�SRSXODWLRQ�FRXOG�LQGLFDWH�
DQ� LQŴDPPDWRU\� WLVVXH� PLFURHQYLURQPHQW�� D� FRPPRQ� KDOOPDUN� RI� DJHLQJ� WKDW� LV�
FRQVLVWHQW�ZLWK�OLWHUDWXUH�RQ�RYHUDFWLYH�EODGGHUV������DQG�LV�VXSSRUWHG�E\�D�VLJQLƓFDQW�
RYHUH[SUHVVLRQ�RI�Lgals3��Igfbp2�DQG�Ly6d�DFURVV�WKH�WLVVXH��)LJ���I��6XSSOHPHQWDU\�
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7DEOH�����DV�ZHOO�DV�E\�WKH�RYHUH[SUHVVLRQ�RI�JHQHV�DVVRFLDWHG�ZLWK�LPPXQH�UHVSRQVHŋ
VXFK� DV� Tnfrsf12a� DQG�Cdkn1aŋLQ� ERWK� EODGGHU� �PHVHQFK\PDO�� FHOOV� DQG� EODGGHU�
XURWKHOLDO� FHOOV� �6XSSOHPHQWDU\� 7DEOH� ����0RUHRYHU�� ZKHQ� FRPSDULQJ� DFURVV� DJHV��
ZH� REVHUYHG� WKDW� ROG� OHXNRF\WHV� VKRZ� LQFUHDVHG� H[SUHVVLRQ� RI� SUR�LQŴDPPDWRU\�
PDUNHUVŋVXFK� DV� Cd14�� Lgals3� DQG� Tnfrsf12aŋDQG� GHFUHDVHG� H[SUHVVLRQ� RI� DQWL�
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Figure 2: Cellular changes during ageing. �D��E��%DU�SORW�VKRZLQJ�WKH�IUDFWLRQV�RI�FHOOV�H[SUHVVLQJ�Cdkn2a 
LQ�HDFK�DJH�JURXS�IRU�)$&6��D��DQG�GURSOHW��E��H[SHULPHQWV���F��G��%DU�SORW�RI�WKH�PHGLDQ�H[SUHVVLRQ�RI�
Cdkn2a�IRU�WKH�FHOOV�WKDW�GR�H[SUHVV�WKH�JHQH�DW�HDFK�DJH�JURXS�IRU�)$&6��F��DQG�GURSOHW��G��H[SHULPHQWV��
7KH�\�D[LV�VKRZV�ORJ�WUDQVIRUPHG�DQG�VFDOHG�YDOXHV��$OO�GDWD�DUH�H[SUHVVHG�DV�PHDQ�s�V�G��ZLWK�LQGLYLGXDO�
GDWD�SRLQWV�VKRZQ��3�YDOXHV�ZHUH�REWDLQHG�XVLQJ�D�0DQQŊ:KLWQH\Ŋ:LOFR[RQ�UDQN�VXP�WZR�VLGHG�WHVW��Q�
 ����������������DQG��������LQGLYLGXDO�FHOOV�IRU�)$&6�DW�������DQG����PRQWKV��UHVSHFWLYHO\��Q� ���������
�������������������������������DQG��������LQGLYLGXDO�FHOOV�IRU�GURSOHW�DW������������������DQG����PRQWKV��
UHVSHFWLYHO\���H��J��L��7KH�UHODWLYH�DEXQGDQFHV�RI�EODGGHU�FHOOV��H��OHIW��DQG�EODGGHU�XURWKHOLDO�FHOOV��H��ULJKW���
NLGQH\�FDSLOODU\�HQGRWKHOLDO�FHOOV��J��WRS�OHIW���PHVDQJLDO�FHOOV��J��WRS�ULJKW���ORRS�RI�+HQOH�DVFHQGLQJ�OLPE�
HSLWKHOLDO�FHOOV� �J��ERWWRP�OHIW��DQG�ORRS�RI�+HQOH�WKLFN�DVFHQGLQJ�OLPE�HSLWKHOLDO�FHOOV� �J��ERWWRP�ULJKW���
DQG�VSOHHQ�SODVPD�FHOOV��L��OHIW��DQG�7�FHOOV��L��ULJKW��FKDQJH�VLJQLƓFDQWO\�ZLWK�DJH��P��������DQG�r2�!�����IRU�D�
K\SRWKHVLV�WHVW�ZLWK�WKH�QXOO�K\SRWKHVLV�WKDW�WKH�VORSH�LV�]HUR��XVLQJ�WZR�VLGHG�:DOG�WHVW�ZLWK�W�GLVWULEXWLRQ�
RI�WKH�WHVW�VWDWLVWLF���I��K��M��7RS����XSUHJXODWHG�DQG�WRS����GRZQUHJXODWHG�JHQHV�LQ�EODGGHU��I���NLGQH\��K��
DQG�VSOHHQ��M��FRPSXWHG�XVLQJ�0$67�������WUHDWLQJ�DJH�DV�D�FRQWLQXRXV�FRYDULDWH�ZKLOH�FRQWUROOLQJ�IRU�VH[�
DQG�WHFKQRORJ\��*HQHV�ZHUH�FODVVLƓHG�DV�VLJQLƓFDQW�XQGHU�D�IDOVH�GLVFRYHU\�UDWH��)'5��WKUHVKROG�RI������
DQG�DQ�DJH�FRHIƓFLHQW�WKUHVKROG�RI��������FRUUHVSRQGLQJ�WR�DQ�DSSUR[LPDWHO\�����IROG�FKDQJH���)RU�I��Q�
 �������������������DQG�������LQGLYLGXDO�FHOOV�IRU�EODGGHU�DW����������DQG����PRQWKV��UHVSHFWLYHO\��IRU�K��Q�
 �����������������������������������DQG�������LQGLYLGXDO�FHOOV�IRU�NLGQH\�DW������������������DQG����PRQWKV��
UHVSHFWLYHO\��IRU�M��Q� �����������������������������������DQG�������LQGLYLGXDO�FHOOV�IRU�VSOHHQ�DW�����������
�������DQG����PRQWKV�� UHVSHFWLYHO\��7KH�3�YDOXHV� IRU� WKH�FHOO� W\SH�FRPSRVLWLRQDO�FKDQJHV�DUH�VKRZQ� LQ�
6XSSOHPHQWDU\�7DEOH���
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LQŴDPPDWRU\�PDUNHUV�VXFK�DV�Cd9�DQG�Cd81��6XSSOHPHQWDU\�7DEOH����

$JH�UHODWHG�FKDQJHV�LQ�WKH�NLGQH\�LQFOXGH�D�GHFUHDVH�LQ�WKH�UHODWLYH�DEXQGDQFH�RI�
PHVDQJLDO�FHOOV��FDSLOODU\�HQGRWKHOLDO�FHOOV�� ORRS�RI�+HQOH�DVFHQGLQJ�OLPE�HSLWKHOLDO�
FHOOV�DQG�ORRS�RI�+HQOH�WKLFN�DVFHQGLQJ�OLPE�HSLWKHOLDO�FHOOV��)LJ���J���%RWK�PHVDQJLDO�
FHOOV� DQG� FDSLOODU\� HQGRWKHOLDO� FHOOV� DUH� FRUH� JORPHUXODU� FHOOV�� DQG� WKH� UHGXFWLRQ�
LQ� WKHLU� UHODWLYH� DEXQGDQFHV� ZLWK� DJH� �)LJ�� �J�� WRS�ŋWRJHWKHU� ZLWK� D� WLVVXH�ZLGH�
UHGXFWLRQ�RI�Egf�DQG�Atp1a1�H[SUHVVLRQ��)LJ���K��6XSSOHPHQWDU\�7DEOH���ŋVXJJHVW�DQ�
LPSDLUHG�JORPHUXODU�ƓOWUDWLRQ�UDWH�����������1RWDEO\��ORFDO�Atp1a1�H[SUHVVLRQ�LQFUHDVHV�
ZLWK� DJH� LQ�ERWK� FDSLOODU\�HQGRWKHOLDO� FHOOV� DQG�PHVDQJLDO� FHOOV�� VXJJHVWLQJ� WKDW� D�
FRPSHQVDWLRQ�PHFKDQLVP�FRXQWHUDFWV�WKH�HIIHFWV�RI�WKH�GHFOLQLQJ�SURSRUWLRQ�RI�WKHVH�
FHOOV�ZLWK�DJH��7KLV�ƓQGLQJ�LV�UHLQIRUFHG�E\�WKH�UHVXOWV�RI�GLIIHUHQWLDO�JHQH�H[SUHVVLRQ�
DQDO\VLV�� VXJJHVWLQJ� WKDW� WKH�H[SUHVVLRQ�RI�UmodŋZKLFK�HQFRGHV�XURPRGXOLQ�� WKH�
PRVW�DEXQGDQW�SURWHLQ� LQ�XULQH�����ŋLV�DOVR�UHGXFHG�DFURVV� WKH�WLVVXH��7KH�SURWHLQ�
XURPRGXOLQ� LV� SURGXFHG�E\� WKH� HSLWKHOLDO� FHOOV� WKDW� OLQH� WKH� WKLFN� DVFHQGLQJ� OLPE��
DQG� WKHUHIRUHŋJLYHQ� WKH� UHODWLYH� GHFUHDVH� LQ� WKH� SURSRUWLRQ� RI� HSLWKHOLDO� FHOOV� LQ�
WKH�DVFHQGLQJ�DQG�WKH�WKLFN�DVFHQGLQJ�OLPEŋRXU�UHVXOWV�VXJJHVW�WKDW�QRUPDO�NLGQH\�
IXQFWLRQV�DUH�LPSDLUHG�������)LJ���J��ERWWRP��)LJ���K��6XSSOHPHQWDU\�7DEOH�����$V�ZLWK�
Atp1a1��ZH�VHH�WKDW�WKH�H[SUHVVLRQ�RI�Umod� LQFUHDVHV�LQ�D�FHOO� W\SH�WKDW�EHFRPHV�
OHVV�DEXQGDQW�ZLWK�DJH��OHDGLQJ�WR�DQ�RYHUDOO�UHGXFWLRQ�RI�LWV�H[SUHVVLRQ�LQ�WKH�RUJDQ�

,Q�WKH�VSOHHQ��WKH�SURSRUWLRQ�RI�7�FHOOV�GHFUHDVHV�ZLWK�DJH�ZKLOH�WKH�UHODWLYH�DPRXQW�
RI�SODVPD�FHOOV�LQFUHDVHV��)LJ���L���7KLV�LV�VXSSRUWHG�E\�WKH�XSUHJXODWLRQ�RI�%�FHOO�DQG�
SODVPD�FHOO�PDUNHU�JHQHV��Cd79a�DQG�Jchain� �DOVR�NQRZQ�DV� Igj��� UHVSHFWLYHO\��)LJ��
�M��6XSSOHPHQWDU\�7DEOH����DQG�WKH�GRZQUHJXODWLRQ�RI�Cd3d��)LJ���M��6XSSOHPHQWDU\�
7DEOH� ���� 6LPLODUO\�� LQ� WKH� PDPPDU\� JODQG� ZH� REVHUYHG� D� GHFOLQH� RI� WKH� 7� FHOO�
SRSXODWLRQ��([WHQGHG�'DWD�)LJ���F���$JH�UHODWHG�GHFOLQH�RI�7�FHOO�SRSXODWLRQV�KDV�EHHQ�
DVVRFLDWHG�ZLWK�LQFUHDVHG�ULVN�RI�LQIHFWLRXV�GLVHDVH�DQG�FDQFHU�������DQG�RXU�UHVXOWV�
VXJJHVW�WKDW�VXFK�D�GHFOLQH�PLJKW�DOVR�RFFXU�LQ�WKH�VSOHHQ�DQG�WKH�PDPPDU\�JODQG��
0RUHRYHU��JHQHV�HQFRGLQJ�$3��WUDQVFULSWLRQ�IDFWRUV�������Junb��Jund�DQG�Fos��ZHUH�
XSUHJXODWHG�ZLWK� DJH� �([WHQGHG�'DWD� )LJ�� �G�� 6XSSOHPHQWDU\�7DEOH����� FRQVLVWHQW�
ZLWK�WKH�REVHUYDWLRQ�WKDW�QRUPDO�LQYROXWLRQ�RI�WKH�PDPPDU\�JODQG�LV�DFFRPSDQLHG�
E\�LQFUHDVHG�H[SUHVVLRQ�RI�WKLV�JHQH�IDPLO\������

7KH�WLVVXH�FRPSRVLWLRQ�RI�WKH�OLYHU�DOVR�FKDQJHV�ZLWK�DJH��:H�REVHUYHG�DQ�DJH�UHODWHG�
GHFUHDVH�LQ�WKH�UHODWLYH�QXPEHU�RI�KHSDWRF\WHV��([WHQGHG�'DWD�)LJ���DŊG���ZKLFK�LV�
VXSSRUWHG�E\�WKH�UHGXFWLRQ�LQ�WKH�H[SUHVVLRQ�RI�DOEXPLQ��$OE��([WHQGHG�'DWD�)LJ���H��
6XSSOHPHQWDU\�7DEOH�����'LIIHUHQWLDO�JHQH�H[SUHVVLRQ�DQDO\VLV�UHYHDOHG�DQ�LQFUHDVHG�
LPPXQH�VLJQDWXUH��DV�LOOXVWUDWHG�E\�WKH�RYHUH[SUHVVLRQ�RI�H2-Aa��H2-Ab1��H2-D1��H2-
Eb1��Cd74��Lyz2�DQG�RWKHUV��([WHQGHG�'DWD�)LJ���H���3UHYLRXV�ƓQGLQJV�VXJJHVWHG�WKDW�
SUR�LQŴDPPDWRU\�PDFURSKDJHV�GULYH�FHOOXODU� VHQHVFHQFH��DQG� LGHQWLƓHG� WKH�JHQH�
Il1b� DV� VKRZLQJ�PDUNHGO\�GLIIHUHQW�H[SUHVVLRQ� LQ� WKH� OLYHU�ZLWK�DJH� ����� �([WHQGHG�
'DWD� )LJ�� �I���:H� SHUIRUPHG� LQ� VLWX� 51$� VWDLQLQJ� LQ� OLYHU� .XSIIHU� FHOOV� �([WHQGHG�
'DWD�)LJ���J��ZLWK�Clec4f� DQG� IRXQG� WKDW� WKH�QXPEHU�RI�Clec4f�SRVLWLYH�FHOOV�GRHV�
QRW�FKDQJH�ZLWK�DJH��FRQVLVWHQW�ZLWK� WKH�UHVXOWV�RI� WKH� WLVVXH�FRPSRVLWLRQ�DQDO\VLV�
�([WHQGHG�'DWD�)LJ���K��6XSSOHPHQWDU\�7DEOH�����+RZHYHU��ZKHQ�FR�VWDLQLQJ�ZLWK�Il1b��
ZH�IRXQG�WKDW�WKH�QXPEHU�RI�FHOOV�H[SUHVVLQJ�ERWK�Clec4f�DQG�Il1b�LQFUHDVHG�ZLWK�DJH�
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Tabula Muris Senis

�([WHQGHG�'DWD�)LJ���KŊM���7KH�H[SUHVVLRQ�RI�Il1b�LV�ORZ�XQGHU�QRUPDO�SK\VLRORJLFDO�
FRQGLWLRQV� ������ 6SHFLƓF� EORFNLQJ� RI� IL1-RI� LQ� KHSDWRF\WHV� KDV� EHHQ� VKRZQ� WR�
DWWHQXDWH� FHOO� GHDWK� DIWHU� LQMXU\�� VXSSRUWLQJ� WKH� LGHD� WKDW� LQFUHDVHG� H[SUHVVLRQ� RI�
Il1b� LQ�.XSIIHU�FHOOV� LV� W\SLFDOO\�D�SRRU�SURJQRVWLF� ������/LYHU�VLQXVRLGDO�HQGRWKHOLDO�
FHOOV��/6(&V��KDYH�D�XQLTXH�UROH�LQ�LPPXQH�GHIHQFH��EHLQJ�WKH�PDLQ�FDUULHUV�RI�WKH�
PDQQRVH�UHFHSWRU��05&���LQ�WKLV�RUJDQ�������([WHQGHG�'DWD�)LJ���N���:H�LGHQWLƓHG�
LQFUHDVHG�H[SUHVVLRQ�RI�Mrc1�ZLWK�DJH�LQ�.XSIIHU�FHOOV��ZKHUHDV�WKH�RYHUDOO�H[SUHVVLRQ�
RI�Mrc1� LQ� OLYHU� HQGRWKHOLDO� FHOOV� GHFUHDVHG�ZLWK� DJH� �6XSSOHPHQWDU\�7DEOH� ���� %\�
SHUIRUPLQJ�LQ�VLWX�51$�VWDLQLQJ�IRU�Mrc1�DORQJVLGH�WKH�FODVVLFDO�/6(&�PDUNHU�Pecam1 
�([WHQGHG�'DWD�)LJ���O��6XSSOHPHQWDU\�7DEOH�����ZH�IRXQG�WKDW�WKH�QXPEHU�RI�Mrc1�
H[SUHVVLQJ� /6(&V� LQFUHDVHG� ZLWK� DJH� �([WHQGHG� 'DWD� )LJ�� �PŊR��� $OWKRXJK�Mrc1 
H[SUHVVLRQ�GLG�QRW�LQFUHDVH�ZLWK�DJH�LQ�/6(&V��6XSSOHPHQWDU\�7DEOH�����WKH�RYHUDOO�
QXPEHU�RI�FHOOV�H[SUHVVLQJ�Mrc1�GLG�LQFUHDVH�VLJQLƓFDQWO\�ZLWK�DJH��([WHQGHG�'DWD�
)LJ���Q���/6(&V�KDYH�EHHQ�IRXQG�WR�KDYH�D�UHGXFHG�HQGRF\WLF�FDSDFLW\�LQ�DJHG�OLYHUV��
DQG�LW�KDV�EHHQ�VXJJHVWHG�WKDW�/6(&V�SUROLIHUDWH�DIWHU� LQMXU\�RU�WKDW�ERQH�PDUURZ�
GHULYHG�/6(&�SURJHQLWRUV�DUH�UHFUXLWHG�WR�WKH�OLYHU��7KLV�VXJJHVWV�WKDW�FKDQJHV�LQ�WKH�
JHQH�VLJQDWXUHV�RI�/6(&V�ZLWK�DJH�DUH�FORVHO\�OLQNHG�ZLWK�WKH�IXQFWLRQ�RI�WKHVH�FHOOV�
LQ�LPPXQH�UHVSRQVH�

*HQRPLF�LQVWDELOLW\� LV�DPRQJ�WKH�PRVW�ZLGHO\�VWXGLHG�KDOOPDUNV�RI�DJHLQJ������DQG�
IXOO�OHQJWK�WUDQVFULSW�GDWD�HQDEOHV�DQDO\VLV�RI�WKH�DFFXPXODWLRQ�RI�VRPDWLF�PXWDWLRQV�
ZLWK� DJH��:H�XVHG� WKH�*HQRPH�$QDO\VLV�7RRO.LW� ����� WR� LGHQWLI\� VLQJOH�QXFOHRWLGH�
SRO\PRUSKLVPV� DFURVV� DOO� )$&6� VDPSOHV� VLPXOWDQHRXVO\� ����� ���� �6XSSOHPHQWDU\�
7DEOH�����:H�IRFXVHG�RQ�JHQHV�WKDW�ZHUH�H[SUHVVHG�LQ�DW�OHDVW�����RI�FHOOV�IRU�HDFK�DJH�
JURXS�ZLWKLQ�D�SDUWLFXODU�WLVVXH��DQG�REVHUYHG�DQ�DJH�UHODWHG�LQFUHDVH�LQ�WKH�QXPEHU�

cba
24 m–3 m gene set 24 m–3 m ERCC18 m–3 m gene set 18 m–3 m ERCC
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Figure 3: Mutational burden across tissues in ageing mice. �DŊI���'LVWULEXWLRQ�RI�WKH�GLIIHUHQFH�RI�WKH�
PHDQ�PXWDWLRQ�LQ�WKH�JHQH�VHW��DQG�(5&&�VSLNH�LQ�FRQWUROV��SHU�FHOO�EHWZHHQ����PRQWKV�DQG���PRQWKV�DQG�
EHWZHHQ����PRQWKV�DQG���PRQWKV�IRU�DOO�WLVVXHV�DQG�FHOOV��D��DQG�ZLWK�WKH�FHOO�W\SHV�VSOLW�LQWR�ƓYH�IXQFWLRQDO�
JURXSV��HQGRWKHOLDO�FHOOV��E���LPPXQH�FHOOV��F���SDUHQFK\PDO�FHOOV��G���VWHP�SURJHQLWRU�FHOOV��H��DQG�VWURPDO�
FHOOV��I���)LOOHG�DQG�VROLG�OLQH�GLVWULEXWLRQV�FRUUHVSRQG�WR�WKH�PHDQ�PXWDWLRQ�GLIIHUHQFH�LQ�JHQH�VHW��:KLWH�
DQG�GDVKHG�OLQH�GLVWULEXWLRQV�FRUUHVSRQG�WR�WKH�PHDQ�PXWDWLRQ�GLIIHUHQFH�LQ�(5&&�VSLNH�LQ�FRQWUROV��1RWH�
WKDW� WKH�PHDQ�PXWDWLRQ�GLIIHUHQFH� LQ� (5&&� VSLNH�LQ� FRQWUROV� RYHUODSV� IRU� ERWK� DJH�JURXSV��7KH� \� D[LV�
FRUUHVSRQGV�WR�WKH�NHUQHO�GHQVLW\�HVWLPDWLRQ��DUELWUDU\�XQLWV��
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RI�PXWDWLRQV�DFURVV�DOO�RI�WKH�RUJDQV�ZH�DQDO\VHG��)LJ�����([WHQGHG�'DWD�)LJ���D��F��H��ŋ
WRQJXH�DQG�EODGGHU�ZHUH�WKH�PRVW�DIIHFWHG��:H�FRQWUROOHG�IRU�VHTXHQFLQJ�FRYHUDJH�
DQG�JHQH�H[SUHVVLRQ�OHYHOV��([WHQGHG�'DWD�)LJ���D��F��H���DQG�YHULƓHG�WKDW�WKH�QXPEHU�
RI�PXWDWLRQV�H[FHHGHG� WKRVH�H[SHFWHG� IURP�DPSOLƓFDWLRQ�DQG� VHTXHQFLQJ�HUURUV��
ZKLFK� FDQ�EH� HVWLPDWHG�XVLQJ�([WHUQDO� 51$�&RQWUROV�&RQVRUWLXP� �(5&&�� FRQWUROV�
WKDW�ZHUH�VSLNHG� LQWR�HDFK�ZHOO� ����� �)LJ�����([WHQGHG�'DWD�)LJV���E��G�� I���E��G�� I���
'HVSLWH�WKH�IDFW�WKDW�LW�LV�GLIƓFXOW�WR�LQIHU�DEVROXWH�JHQRPH�ZLGH�PXWDWLRQ�UDWHV�IURP�
WKH�WUDQVFULSWRPH��ZKLFK�LV�NQRZQ�WR�RYHUVWDWH�DSSDUHQW�PXWDWLRQDO�UDWHV�IRU�YDULRXV�
UHDVRQV�������WKH�REVHUYHG�WUHQG�LV�D�XVHIXO�LQGLUHFW�HVWLPDWH�RI�PXWDWLRQDO�IUHTXHQF\�
DQG�JHQRPH�VWDELOLW\�

$JHLQJ� DOVR� DIIHFWV� WKH� LPPXQH� V\VWHP� ����� VR� ZH� DQDO\VHG� FORQDO� UHODWLRQVKLSV�
EHWZHHQ� %� FHOOV� DQG� 7� FHOOV� WKURXJKRXW� WKH� RUJDQLVP�� :H� FRPSXWDWLRQDOO\�
UHFRQVWUXFWHG�WKH�VHTXHQFH�RI�WKH�%�FHOO�UHFHSWRU�DQG�WKH�7�FHOO�UHFHSWRU�IRU�%�FHOOV�
DQG�7�FHOOV�SUHVHQW� LQ� WKH�)$&6�GDWD�XVLQJ� VLQJOHFHOO�LJH�DQG�7UD&H5�� UHVSHFWLYHO\�
����� ����� %� FHOO� UHFHSWRUV� ZHUH� DVVHPEOHG� IRU� ������ FHOOV� �)LJ�� �D�� ([WHQGHG�'DWD�
)LJ�� �D�� DQG�7� FHOO� UHFHSWRUV� IRU� ������ FHOOV� �)LJ�� �E�� ([WHQGHG�'DWD� )LJ�� �E��� 7KH�
QXPEHU�RI�FHOOV�ZLWK�DVVHPEOHG�%�FHOO� UHFHSWRUV�ZDV�������IRU���PRQWK�ROG��������
IRU����PRQWK�ROG�DQG�������IRU����PRQWK�ROG�PLFH��:H�SDUVHG�WKH�VLQJOHFHOO�LJH������
RXWSXW�WR�GHƓQH�%�FHOO�FORQRW\SHV�RQ�WKH�EDVLV�RI�WKH�VHTXHQFH�RI�WKH�DVVHPEOHG�%�
FHOO�UHFHSWRU��6XSSOHPHQWDU\�7DEOH����DQG�IRXQG�WKDW��ZKHUHDV�PRVW�RI�WKH�FHOOV�DW�
��PRQWKV�ZHUH�QRW�SDUW�RI�D�FORQH�����ZHUH�SDUW�RI�D�FORQDO�IDPLO\���WKH�QXPEHU�RI�
%�FHOOV�EHORQJLQJ�WR�D�FORQRW\SH�GRXEOHG�DW����PRQWKV�������ZKHQ�FRPSDUHG�WR���
PRQWKV��DQG�GRXEOHG�DJDLQ�IURP����PRQWKV�WR����PRQWKV��DURXQG�������7KH�QXPEHU�
RI� FHOOV�ZLWK� DVVHPEOHG�7� FHOO� UHFHSWRUV�ZDV� URXJKO\� HTXDO�EHWZHHQ���PRQWK�ROG��
���PRQWK�ROG� DQG����PRQWK�ROG�PLFH� �������� ������ DQG������� FHOOV�� UHVSHFWLYHO\���
&ORQRW\SH�DVVLJQPHQW�LV�SDUW�RI�WKH�RXWSXW�REWDLQHG�E\�7UD&H5�������6XSSOHPHQWDU\�
7DEOH�����1RWDEO\��RQO\�DURXQG��������RXW�RI��������RI�WKH�FHOOV�DW���PRQWKV�ZHUH�SDUW�
RI�D�FORQH��$W����PRQWKV�DQG����PRQWKV��WKLV�YDOXH�LQFUHDVHG�WR�DURXQG����������RXW�
RI��������DQG�DURXQG����������RXW�RI��������RI�WKH�FHOOV��UHVSHFWLYHO\��DJDLQ�LQGLFDWLQJ�
DQ�LQFUHDVH�LQ�FORQDOLW\�RI�WKH�7�FHOO�UHSHUWRLUH�DW�ODWHU�DJHV��7KHVH�FKDQJHV�LQ�FORQDOLW\�
IRU�ERWK�%�FHOO�DQG�7�FHOO�UHSHUWRLUHV�DUH�QRWHZRUWK\��EHFDXVH�WKH\�VXJJHVW�WKDW�WKH�
LPPXQH�V\VWHP�RI�D����PRQWK�ROG�PRXVH�LV�OHVV�OLNHO\�WR�UHVSRQG�WR�QHZ�SDWKRJHQV��
7KLV�FRUURERUDWHV�OLWHUDWXUH�UHSRUWV�VXJJHVWLQJ�WKDW�ROGHU�LQGLYLGXDOV�KDYH�D�KLJKHU�
YXOQHUDELOLW\� WR�QHZ� LQIHFWLRQV�DQG� ORZHU�EHQHƓWV� IURP�YDFFLQDWLRQ�FRPSDUHG�ZLWK�
\RXQJHU�LQGLYLGXDOV����������

)LQDOO\�� ZH� FRPSXWHG� DQ� RYHUDOO� GLYHUVLW\� VFRUH� WR� LGHQWLI\� ZKLFK� FHOO� W\SHV� ZHUH�
PRUH�VXVFHSWLEOH�WR�FKDQJHV�ZLWK�DJH��([WHQGHG�'DWD�)LJ�������7KH�GLYHUVLW\�VFRUH�
LV�FRPSXWHG�DV�WKH�6KDQQRQ�HQWURS\�RI�WKH�FOXVWHU�DVVLJQPHQW�DQG�WKHQ�UHJUHVVHG�
DJDLQVW�DJH� WR�SURYLGH�D�3�YDOXH� �VHH�0HWKRGV���:H�REVHUYHG�VLJQLƓFDQW�FKDQJHV�
LQ� GLYHUVLW\� IRU� FHOOV� RI� WKH� LPPXQH� V\VWHP� WKDW� RULJLQDWH� IURP� WKH� EUDLQ� DQG� WKH�
NLGQH\��)LJ���F��([WHQGHG�'DWD�)LJ����D��E���7KHVH�UHVXOWV�ZHUH�QRW�FRQIRXQGHG�E\�
WKH�QXPEHU�RI�JHQHV�H[SUHVVHG�SHU�FHOO��([WHQGHG�'DWD�)LJ����F��G���,Q�EUDLQ�P\HORLG�
PLFURJOLDO�FHOOV��WKH�PDMRULW\�RI�\RXQJ����PRQWK��PLFURJOLD�RFFXS\�FOXVWHUV���DQG����
ZKHUHDV�ROG�����PRQWK�DQG����PRQWK��PLFURJOLD�FRQVWLWXWH�WKH�YDVW�PDMRULW\�RI�FHOOV�
LQ�FOXVWHUV��������DQG�����)LJ���G���7UDMHFWRU\�DQDO\VLV�VXJJHVWV�WKDW�\RXQJ�PLFURJOLD�
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JR�WKURXJK�DQ� LQWHUPHGLDWH�VWDWH�� UHSUHVHQWHG�E\� WKH�FOXVWHUV�PRVWO\�RFFXSLHG�E\�
���PRQWK�PLFURJOLDO�FHOOV��EHIRUH�DFTXLULQJ�WKH�VLJQDWXUH�RI�ROG�PLFURJOLD��([WHQGHG�
'DWD� )LJ�� ��H��� &OXVWHUV� ���� ��� DQG� ���PDLQO\� FRPSULVH� ���PRQWK� DQG� ���PRQWK�
PLFURJOLD�� 7KHVH� FHOOV� XSUHJXODWH� PDMRU� KLVWRFRPSDWLELOLW\� FRPSOH[� �0+&�� FODVV� ,�
JHQHV� �H2-D1�� H2-K1� DQG� B2m��� DORQJ� ZLWK� JHQHV� DVVRFLDWHG� ZLWK� GHJHQHUDWLYH�
GLVHDVH� �IRU�H[DPSOH��Fth1�� ����������:KHQ�FRPSDUHG�ZLWK�FOXVWHUV���DQG��ŋZKLFK�
FRQWDLQ� PRVWO\� ��PRQWK� PLFURJOLDŋJHQH� H[SUHVVLRQ� LQ� FOXVWHUV� ���� ��� DQG� ��� LV�
HQULFKHG�ZLWK�LQWHUIHURQ�UHVSRQVLYH�RU�UHJXODWRU\�JHQHV��IRU�H[DPSOH��Oasl2��Oas1a��
,ƓW���Rtp4��Bst2��Stat1��Irf7��,ƓWP���Usp18��,Ɠ����DQG�,ƓW����VXJJHVWLQJ�DQ�H[SDQVLRQ�RI�
WKLV�VPDOO�SUR�LQŴDPPDWRU\�VXEVHW�RI�PLFURJOLD�LQ�WKH�DJHLQJ�EUDLQ�������0RUHRYHU��WKH�
OLVW�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�EHWZHHQ�Ō\RXQJō�DQG�ŌROGō�FOXVWHUV�UHVHPEOHV�WKH�
SUHYLRXVO\�UHSRUWHG�$O]KHLPHUōV�GLVHDVH�VSHFLƓF�PLFURJOLDO�VLJQDWXUH�������ZLWK����RXW�
RI�WKH�WRS�����GLIIHUHQWLDO�H[SUHVVHG�JHQHV�VKDUHG�EHWZHHQ�WKH�WZR�GLIIHUHQWLDO�JHQH�
H[SUHVVLRQ�OLVWV��)LJ���H��6XSSOHPHQWDU\�7DEOH������5HJDUGLQJ�NLGQH\�PDFURSKDJHV��
ZH�IRXQG�WZR�FOXVWHUV�IRU�ZKLFK�WKH�FRPSRVLWLRQ�FKDQJHG�PDUNHGO\�ZLWK�DJH��&OXVWHU�
���LV�SULPDULO\�FRPSRVHG�RI�FHOOV�IURP���PRQWK�ROG�DQG���PRQWK�ROG�PLFH��ZKHUHDV�
FOXVWHU����LV�PRVWO\�FRPSRVHG�RI�FHOOV�IURP����PRQWK�ROG�����PRQWK�ROG�����PRQWK�
ROG�DQG����PRQWK�ROG�PLFH��)LJ���I���'LIIHUHQWLDO�JHQH�H[SUHVVLRQ�UHYHDOHG�WKDW�FOXVWHU�
��� LV� HQULFKHG� IRU� DQ�0��PDFURSKDJH� JHQH� VLJQDWXUH� �IRU� H[DPSOH�� Il10��H2-Eb1��
H2-Ab1��H2-Aa��Cd74��C1qa��&[FO����+H[E��Cd81��C1qb�DQG�Cd72��ZKHUHDV�FOXVWHU�
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$O]KHLPHU·V�GLVHDVH�VLJQDWXUH
Healthy microglia signature

Figure 4: The ageing immune system. �D��E��%�FHOO��D��DQG�7�FHOO��E��FORQDO�IDPLOLHV��7KH�SLH�FKDUWV�VKRZ�WKH�
SURSRUWLRQ�RI�VLQJOHWRQ�%�FHOOV�DQG�%�FHOOV�DQG�WKDW�DUH�SDUW�RI�FORQDO�IDPLOLHV��D��DQG�VLQJOHWRQ�7�FHOOV�DQG�7�
FHOOV�WKDW�DUH�SDUW�RI�FORQDO�IDPLOLHV��E��DW���PRQWKV�����PRQWKV�DQG����PRQWKV��6HH�([WHQGHG�'DWD�)LJ����IRU�
FORQDO�QHWZRUNV��%&5��%�FHOO�UHFHSWRU��7&5��7�FHOO�UHFHSWRU��F��'LYHUVLW\�VFRUHV�IRU�WKH�WZR�FHOO�W\SHV�IRU�ZKLFK�
WKLV�VFRUH�FKDQJHV�VLJQLƓFDQWO\�ZLWK�DJH��G��80$3�SORW�RI�WKH�EUDLQ�P\HORLG�PLFURJOLDO�FHOO�/HLGHQ�FOXVWHUV�
�QXPEHUV��FRORXUHG�E\�DJH��7KH�UHODWLYH�FHOO�FRPSRVLWLRQ�RI�IDGHG�FOXVWHUV�GRHV�QRW�FKDQJH�ZLWK�DJH��WKDW�
RI�WKH�FRORXUHG�FOXVWHUV�GRHV�FKDQJH�ZLWK�DJH��H��80$3�SORW�RI�WKH�EUDLQ�P\HORLG�PLFURJOLDO�FHOOV�ZKHQ�
VFRUHG�XVLQJ�WKH�PLFURJOLD�$O]KHLPHUōV�GLVHDVH�VLJQDWXUH��6XSSOHPHQWDU\�7DEOH������Q� ��������������DQG�
������LQGLYLGXDO�PLFURJOLD�FHOOV�IRU�EUDLQ�P\HORLG�DW���PRQWKV�����PRQWKV�DQG����PRQWKV��UHVSHFWLYHO\��I��
80$3�SORW�RI�WKH�NLGQH\�PDFURSKDJH�/HLGHQ�FOXVWHUV��QXPEHUV��FRORXUHG�E\�DJH�JURXS��Q� ���������������
���������DQG�����LQGLYLGXDO�PDFURSKDJH�FHOOV�IRU�NLGQH\�DW������������������DQG����PRQWKV��UHVSHFWLYHO\�
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���UHVHPEOHV�D�0��SURLQŴDPPDWRU\�PDFURSKDJH�VWDWH�������IRU�H[DPSOH��Hp��Itgal��
Msrb1�DQG�Gngt2���([WHQGHG�'DWD�)LJ����I��6XSSOHPHQWDU\�7DEOH�����

The Tabula Muris Senis�LV�D�FRPSUHKHQVLYH�UHVRXUFH�IRU�WKH�FHOO�ELRORJ\�FRPPXQLW\�
WKDW� RIIHUV� D� GHWDLOHG�PROHFXODU� DQG� FHOO�W\SH�VSHFLƓF� SRUWUDLW� RI� DJHLQJ��:H� YLHZ�
VXFK�D�FHOO�DWODV�DV�DQ�HVVHQWLDO�FRPSDQLRQ�WR�WKH�JHQRPH��WKH�JHQRPH�SURYLGHV�D�
EOXHSULQW�IRU�WKH�RUJDQLVP��EXW�GRHV�QRW�H[SODLQ�KRZ�JHQHV�DUH�XVHG�LQ�D�FHOO�W\SH�
VSHFLƓF�PDQQHU�RU�KRZ�WKH�XVDJH�RI�JHQHV�FKDQJHV�RYHU�WKH�OLIHWLPH�RI�WKH�RUJDQLVP��
7KH� FHOO� DWODV�SURYLGHV� D�GHHS� FKDUDFWHUL]DWLRQ�RI� SKHQRW\SH� DQG�SK\VLRORJ\� DQG�
VHUYHV�DV�D�UHIHUHQFH�IRU�XQGHUVWDQGLQJ�PDQ\�DVSHFWV�RI�WKH�FKDQJHV�LQ�FHOO�ELRORJ\�
WKDW�RFFXU�LQ�PDPPDOV�GXULQJ�WKHLU�OLIHVSDQ�

METHODS
$OO� GDWD�� SURWRFROV�� DQDO\VLV� VFULSWV� DQG� DQ� LQWHUDFWLYH� GDWD� EURZVHU� DUH� SXEOLFO\�
DYDLODEOH�

EXPERIMENTAL PROCEDURES
Mice and organ collection
0DOH�DQG�YLUJLQ�IHPDOH�&��%/��-1�PLFH�ZHUH�VKLSSHG�IURP�WKH�1DWLRQDO�,QVWLWXWH�RQ�
$JHLQJ�FRORQ\�DW�&KDUOHV�5LYHU��KRXVHG�DW���Ŋ���r&��WR�WKH�9HWHULQDU\�0HGLFDO�8QLW�
�908��KRXVHG�DW���Ŋ�� r&���DW� WKH�9$�3DOR�$OWR� �9$���$W�ERWK� ORFDWLRQV��PLFH�ZHUH�
KRXVHG�RQ�D����K����K�OLJKW�GDUN�F\FOH�DQG�SURYLGHG�ZLWK�IRRG�DQG�ZDWHU�DG�OLELWXP��
7KH�GLHW�DW�&KDUOHV�5LYHU�ZDV�1,+�����DQG�DW�WKH�9$�908�ZDV�7HNODG�������/LWWHUPDWHV�
ZHUH�QRW�UHFRUGHG�RU�WUDFNHG��DQG�PLFH�ZHUH�KRXVHG�DW�WKH�9$�908�IRU�QR�ORQJHU�WKDQ�
��ZHHNV�EHIRUH�HXWKDQDVLD��ZLWK�WKH�H[FHSWLRQ�RI�PLFH�ROGHU�WKDQ����PRQWKV��ZKLFK�
ZHUH�KRXVHG�DW�WKH�9$�908�EHJLQQLQJ�DW����PRQWKV�RI�DJH��%HIRUH�WLVVXH�FROOHFWLRQ��
PLFH�ZHUH�SODFHG� LQ�VWHULOH�FROOHFWLRQ�FKDPEHUV�DW������ IRU����PLQ�WR�FROOHFW� IUHVK�
IHFDO�SHOOHWV��$IWHU�DQDHVWKHWL]DWLRQ�ZLWK������Y�Y�$YHUWLQ��PLFH�ZHUH�ZHLJKHG��VKDYHG��
DQG�EORRG�ZDV�GUDZQ�YLD�FDUGLDF�SXQFWXUH�EHIRUH�WUDQVFDUGLDO�SHUIXVLRQ�ZLWK����PO�
3%6��0HVHQWHULF�DGLSRVH�WLVVXH�ZDV�WKHQ�LPPHGLDWHO\�FROOHFWHG�WR�DYRLG�H[SRVXUH�WR�
WKH�OLYHU�DQG�SDQFUHDV�SHUIXVDWH��ZKLFK�QHJDWLYHO\�DIIHFWV�FHOO�VRUWLQJ��,VRODWLQJ�YLDEOH�
VLQJOH�FHOOV�IURP�ERWK�WKH�SDQFUHDV�DQG�WKH�OLYHU�RI�WKH�VDPH�PRXVH�ZDV�QRW�SRVVLEOH��
WKHUHIRUH��WZR�PDOHV�DQG�WZR�IHPDOHV�ZHUH�XVHG�IRU�HDFK��:KROH�RUJDQV�ZHUH�WKHQ�
GLVVHFWHG� LQ� WKH� IROORZLQJ� RUGHU�� ODUJH� LQWHVWLQH�� VSOHHQ�� WK\PXV�� WUDFKHD�� WRQJXH��
EUDLQ��KHDUW��OXQJ��NLGQH\��JRQDGDO�DGLSRVH�WLVVXH��EODGGHU��GLDSKUDJP��OLPE�PXVFOH�
�WLELDOLV�DQWHULRU���VNLQ��GRUVDO���VXEFXWDQHRXV�DGLSRVH�WLVVXH��LQJXLQDO�SDG���PDPPDU\�
JODQGV� �IDW� SDGV� ��� �� DQG� ���� EURZQ� DGLSRVH� WLVVXH� �LQWHUVFDSXODU� SDG��� DRUWD� DQG�
ERQH�PDUURZ� �VSLQH�DQG� OLPE�ERQHV���2UJDQ�FROOHFWLRQ�FRQFOXGHG�E\��������$IWHU�
VLQJOH�FHOO� GLVVRFLDWLRQ� DV� GHVFULEHG�EHORZ�� FHOO� VXVSHQVLRQV�ZHUH� XVHG� HLWKHU� IRU�
)$&6�RI� LQGLYLGXDO�FHOOV� LQWR�����ZHOO�SODWHV��RU� IRU�SUHSDUDWLRQ�RI� WKH�PLFURŴXLGLF�
GURSOHW�OLEUDU\��$OO�DQLPDO�FDUH�DQG�SURFHGXUHV�ZHUH�FDUULHG�RXW�LQ�DFFRUGDQFH�ZLWK�
LQVWLWXWLRQDO�JXLGHOLQHV�DSSURYHG�E\�WKH�9$�3DOR�$OWR�&RPPLWWHH�RQ�$QLPDO�5HVHDUFK�

Tissue dissociation and sample preparation
$OO�WLVVXHV�ZHUH�SURFHVVHG�DV�SUHYLRXVO\�GHVFULEHG�����
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Sample size, randomization and blinding
1R�VDPSOH�VL]H�FKRLFH�ZDV�SHUIRUPHG�EHIRUH�WKH�VWXG\��5DQGRPL]DWLRQ�DQG�EOLQGLQJ�
ZHUH� QRW� SHUIRUPHG�� WKH� DXWKRUV� ZHUH� DZDUH� RI� DOO� GDWD� DQG� PHWDGDWD�UHODWHG�
YDULDEOHV�GXULQJ�WKH�HQWLUH�FRXUVH�RI�WKH�VWXG\�

Single-cell methods
$OO�SURWRFROV�XVHG�LQ�WKLV�VWXG\�DUH�GHVFULEHG�LQ�GHWDLO�HOVHZKHUH������7KHVH�LQFOXGH��
SUHSDUDWLRQ� RI� O\VLV� SODWHV�� )$&6� VRUWLQJ�� F'1$� V\QWKHVLV� XVLQJ� WKH� 6PDUW�VHT��
SURWRFRO�����������OLEUDU\�SUHSDUDWLRQ�XVLQJ�DQ�LQ�KRXVH�YHUVLRQ�RI�7Q������������OLEUDU\�
SRROLQJ� DQG� TXDOLW\� FRQWURO�� DQG� VHTXHQFLQJ�� )RU� IXUWKHU� GHWDLOV� SOHDVH� UHIHU� WR�
KWWSV���GRL�RUJ����������SURWRFROV�LR��XZJH[H�

0LFURŴXLGLF�GURSOHW�VLQJOH�FHOO�DQDO\VLV
6LQJOH� FHOOV� ZHUH� FDSWXUHG� LQ� GURSOHW� HPXOVLRQV� XVLQJ� WKH� *HP&RGH� 6LQJOH�&HOO�
,QVWUXPHQW� ���[� *HQRPLFV�� DQG� VF51$�VHT� OLEUDULHV� ZHUH� FRQVWUXFWHG� DV� SHU� WKH�
��[� *HQRPLFV� SURWRFRO� XVLQJ� *HP&RGH� 6LQJOH�&HOO� �ƍ� *HO� %HDG� DQG� /LEUDU\� 9��
.LW�� ,Q�EULHI�� VLQJOH�FHOO� VXVSHQVLRQV�ZHUH�H[DPLQHG�XVLQJ�DQ� LQYHUWHG�PLFURVFRSH��
DQG�LI�VDPSOH�TXDOLW\�ZDV�GHHPHG�VDWLVIDFWRU\��WKH�VDPSOH�ZDV�GLOXWHG�LQ�3%6�ZLWK�
���)%6� WR�D�FRQFHQWUDWLRQ�RI�������FHOOV�SHU�ҊO�� ,I� FHOO� VXVSHQVLRQV�FRQWDLQHG�FHOO�
DJJUHJDWHV�RU�GHEULV��WZR�DGGLWLRQDO�ZDVKHV�LQ�3%6�ZLWK����)%6�DW����J�IRU���PLQ�
DW� ��r&�ZHUH� SHUIRUPHG��&HOO� FRQFHQWUDWLRQ�ZDV�PHDVXUHG� HLWKHU�ZLWK� D�0R[L�*2�
,,� �2UŴR� 7HFKQRORJLHV�� RU� D� KDHPRF\WRPHWHU�� &HOOV� ZHUH� ORDGHG� LQ� HDFK� FKDQQHO�
ZLWK�D�WDUJHW�RXWSXW�RI�������FHOOV�SHU�VDPSOH��$OO�UHDFWLRQV�ZHUH�SHUIRUPHG�LQ�WKH�
%LRUDG� &����� 7RXFK� 7KHUPDO� F\FOHU� ZLWK� ���'HHS�:HOO� 5HDFWLRQ�0RGXOH�� 7ZHOYH�
F\FOHV�ZHUH�XVHG� IRU� F'1$�DPSOLƓFDWLRQ� DQG� VDPSOH� LQGH[�3&5��$PSOLƓHG� F'1$�
DQG�ƓQDO� OLEUDULHV�ZHUH�HYDOXDWHG�RQ�D�)UDJPHQW�$QDO\]HU�XVLQJ�D�+LJK�6HQVLWLYLW\�
1*6�$QDO\VLV�.LW��$GYDQFHG�$QDO\WLFDO���7KH�DYHUDJH�IUDJPHQW�OHQJWK�RI���[�F'1$�
OLEUDULHV�ZDV�TXDQWLWDWHG�RQ�D�)UDJPHQW�$QDO\]HU��$$7,���DQG�E\�T3&5�ZLWK�WKH�.DSD�
/LEUDU\�4XDQWLƓFDWLRQ�NLW� IRU� ,OOXPLQD��(DFK� OLEUDU\�ZDV�GLOXWHG� WR���Q0��DQG�HTXDO�
YROXPHV�RI����OLEUDULHV�ZHUH�SRROHG�IRU�HDFK�1RYD6HT�VHTXHQFLQJ�UXQ��3RROV�ZHUH�
VHTXHQFHG�ZLWK�����F\FOH�UXQ�NLWV�ZLWK����EDVHV�IRU�5HDG������EDVHV�IRU�,QGH[����DQG�
���EDVHV�IRU�5HDG����,OOXPLQD������������$�3KL;�FRQWURO�OLEUDU\�ZDV�VSLNHG�LQ�DW�����WR�
����/LEUDULHV�ZHUH�VHTXHQFHG�RQ�WKH�1RYD6HT������6HTXHQFLQJ�6\VWHP��,OOXPLQD��

,Q�VLWX�51$�K\EULGL]DWLRQ�DQG�TXDQWLƓFDWLRQ
,Q� VLWX� 51$� K\EULGL]DWLRQ� ZDV� SHUIRUPHG� XVLQJ� WKH� $GYDQFHG� &HOO� 'LDJQRVWLFV�
51$VFRSH�0XOWLSOH[�)OXRUHVFHQW�'HWHFWLRQ�NLW�Y�����������%LR�7HFKQH��DFFRUGLQJ�WR�
WKH�PDQXIDFWXUHUōV� LQVWUXFWLRQV�� 6WDLQLQJ�RI�PRXVH� OLYHU� VSHFLPHQV�ZDV�SHUIRUPHG�
XVLQJ� ��ҊP� SDUDIƓQ�HPEHGGHG� WKLFN� VHVVLRQV�� 0RXVH� OLYHUV� ZHUH� Ɠ[HG� LQ� ����
IRUPDOLQ�EXIIHU�VDOLQH��+7��������6LJPD�$OGULFK��IRU����K�DW�URRP�WHPSHUDWXUH�EHIRUH�
SDUDIƓQ�HPEHGGLQJ��)RU�PXOWLSOH[�VWDLQLQJ�WKH�IROORZLQJ�SUREHV�ZHUH�XVHG��&OHF�I�
�0P�&OHF�I� �������� ,O�E� �0P�,O�E� �������&���� 3HFDP�� �0P�3HFDP��� ���������
0UF���0P�0UF���������&����6OLGHV�ZHUH�FRXQWHUVWDLQHG�ZLWK�3URORQJ�JROG�DQWLIDGH�
UHDJHQW�ZLWK�'$3,� �3�������/LIH�7HFKQRORJLHV���0RXQWHG�VOLGHV�ZHUH� LPDJHG�RQ�D�
/HLFD�'0��%� ŴXRUHVFHQW�PLFURVFRSH� �/HLFD�%LRV\VWHPV��� ,PDJH�TXDQWLƓFDWLRQ�ZDV�
SHUIRUPHG�XVLQJ�WKH�VWDUƓVK�RSHQ�VRXUFH�LPDJH�EDVHG�WUDQVFULSWRPLFV�SLSHOLQH��VHH�
6WDUƓVK��2SHQ� 6RXUFH� ,PDJH� %DVHG�7UDQVFULSWRPLFV� DQG� 3URWHRPLFV�7RROV�� KWWS���
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JLWKXE�FRP�VSDFHW[�VWDUƓVK�DQG�UHI������

COMPUTATIONAL METHODS
Data extraction
6HTXHQFHV� IURP� WKH� 1RYD6HT� ZHUH� GH�PXOWLSOH[HG� XVLQJ� EFO�IDVWT� Y�������������
5HDGV�ZHUH�DOLJQHG�WR�WKH�PP��SOXV�JHQRPH�XVLQJ�67$5�Y������E�ZLWK�SDUDPHWHUV�
7.��*HQH� FRXQWV�ZHUH� SURGXFHG� XVLQJ�+76(4� Y������S��ZLWK� GHIDXOW� SDUDPHWHUV��
H[FHSW� ŌVWUDQGHGō�ZDV� VHW� WR� ŌIDOVHō�� DQG� ŌPRGHō�ZDV� VHW� WR� ŌLQWHUVHFWLRQ�QRQHPSW\ō��
6HTXHQFHV�IURP�WKH�PLFURŴXLGLF�GURSOHW�SODWIRUP�ZHUH�GH�PXOWLSOH[HG�DQG�DOLJQHG�
XVLQJ�&HOO5DQJHU�Y��������DYDLODEOH�IURP���[�*HQRPLFV�ZLWK�GHIDXOW�SDUDPHWHUV�

Data pre-processing
*HQH�FRXQW�WDEOHV�ZHUH�FRPELQHG�ZLWK�WKH�PHWDGDWD�YDULDEOHV�XVLQJ�WKH�6FDQS\������
3\WKRQ�SDFNDJH�Y��������:H�UHPRYHG�JHQHV�WKDW�ZHUH�QRW�H[SUHVVHG�LQ�DW�OHDVW���FHOOV�
DQG�WKHQ�FHOOV�WKDW�GLG�QRW�KDYH�DW�OHDVW�����GHWHFWHG�JHQHV��)RU�)$&6�ZH�UHPRYHG�
FHOOV�ZLWK�IHZHU�WKDQ�������FRXQWV��DQG�IRU�WKH�GURSOHW�PHWKRG�ZH�UHPRYHG�FHOOV�ZLWK�
IHZHU�WKDQ�������XQLTXH�PROHFXODU�LGHQWLƓHUV��80,V���7KH�GDWD�ZDV�WKHQ�QRUPDOL]HG�
XVLQJ� VL]H� IDFWRU� QRUPDOL]DWLRQ� VXFK� WKDW� HYHU\� FHOO� KDV� ������� FRXQWV� DQG� ORJ�
WUDQVIRUPHG��:H�FRPSXWHG�KLJKO\�YDULDEOH�JHQHV�XVLQJ�GHIDXOW�SDUDPHWHUV�DQG�WKHQ�
VFDOHG�WKH�GDWD�WR�D�PD[LPXP�YDOXH�RI�����:H�WKHQ�FRPSXWHG�SULQFLSDO�FRPSRQHQW�
DQDO\VLV��QHLJKERXUKRRG�JUDSK�DQG�FOXVWHUHG�WKH�GDWD�XVLQJ�/RXYDLQ�����DQG�/HLGHQ�
���� PHWKRGV�� 7KH� GDWD� ZDV� YLVXDOL]HG� XVLQJ� 80$3� SURMHFWLRQ�� :KHQ� SHUIRUPLQJ�
EDWFK�FRUUHFWLRQ�WR�UHPRYH�WKH�WHFKQLFDO�DUWHIDFWV� LQWURGXFHG�E\�WKH�WHFKQRORJLHV��
ZH� UHSODFHG� WKH� QHLJKERXUKRRG�JUDSK� FRPSXWDWLRQ�ZLWK�EENQQ� ����� 6WHS�E\�VWHS�
LQVWUXFWLRQV�WR�UHSURGXFH�WKH�SUH�SURFHVVLQJ�RI�WKH�GDWD�DUH�DYDLODEOH�IURP�*LW+XE�

Cell type annotation
7R�GHƓQH�FHOO�W\SHV�ZH�DQDO\VHG�HDFK�RUJDQ�LQGHSHQGHQWO\�EXW�FRPELQLQJ�DOO�DJHV��
,Q� EULHI�� ZH� SHUIRUPHG� SULQFLSDO� FRPSRQHQW� DQDO\VLV� RQ� WKH�PRVW� YDULDEOH� JHQHV�
EHWZHHQ� FHOOV�� IROORZHG� E\� /RXYDLQ� DQG� /HLGHQ� JUDSK�EDVHG� FOXVWHULQJ�� 1H[W� ZH�
VXEVHW�WKH�GDWD�IRU���PRQWKV��Tabula Muris �����DQG�FRPSXWHG�KRZ�PDQ\�FHOO�W\SHV�PDS�
WR�HDFK�LQGLYLGXDO�FOXVWHU��)RU�WKH�FOXVWHUV�WKDW�KDG�D�VLQJOH�����PDSSLQJ��FOXVWHU�FHOO�
W\SH��ZH�SURSDJDWHG�WKH�DQQRWDWLRQV�IRU�DOO�DJHV��LQ�FDVH�WKHUH�LV�D���PDQ\�PDSSLQJ�
ZH�ŴDJJHG�WKDW�FOXVWHU�IRU�PDQXDO�YDOLGDWLRQ��6WHS�E\�VWHS�LQVWUXFWLRQV�WR�UHSURGXFH�
WKLV� PHWKRG� DUH� DYDLODEOH� IURP� *LW+XE�� )RU� HDFK� FOXVWHU�� ZH� SURYLGH� DQQRWDWLRQV�
LQ� WKH�FRQWUROOHG�YRFDEXODU\�RI� WKH�FHOO�RQWRORJ\� ����� WR� IDFLOLWDWH� LQWHU�H[SHULPHQW�
FRPSDULVRQV��8VLQJ�WKLV�PHWKRG��ZH�ZHUH�DEOH�WR�DQQRWDWH�DXWRPDWLFDOO\��DURXQG���
PLQ�SHU�WLVVXH��PRUH�WKDQ�����RI�WKH�GDWDVHW��7KH�DXWRPDWLF�DQQRWDWLRQV�ZHUH�WKHQ�
UHYLHZHG�E\�HDFK�RI�WKH�WLVVXH�H[SHUWV�OHDGLQJ�WR�D�IXOO\�FXUDWHG�GDWDVHW�IRU�DOO�WKH�FHOO�
W\SHV�LQ�WKH�Tabula Muris Senis�

Tissue cell composition analysis
)RU�HDFK�WLVVXH�DQG�DJH��ZH�FRPSXWHG�WKH�UHODWLYH�SURSRUWLRQ�RI�HDFK�FHOO�W\SH��1H[W�
ZH�XVHG�VFLS\�VWDWV�OLQUHJUHVV�WR�UHJUHVV�WKH�UHODWLYH�WLVVXH�FHOO�W\SH�FKDQJHV�DJDLQVW�
DJH�DQG�FRQVLGHUHG�VLJQLƓFDQW�WKH�FKDQJHV�ZLWK�P��������IRU�D�K\SRWKHVLV�WHVW�ZLWK�
WKH�QXOO�K\SRWKHVLV�WKDW�WKH�VORSH�LV�]HUR��XVLQJ�WZR�VLGHG�:DOG�WHVW�ZLWK�W�GLVWULEXWLRQ�
RI�WKH�WHVW�VWDWLVWLF�DQG�D�r2�!�����
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Differential gene expression
:H� SHUIRUPHG� GLIIHUHQWLDO� JHQH� H[SUHVVLRQ� DQDO\VLV� RQ� HDFK� WLVVXH� ZLWK� D� ZHOO�
SRZHUHG� VDPSOH� VL]H� �PRUH� WKDQ�����FHOOV� LQ�ERWK�\RXQJ� ���PRQWK�DQG���PRQWK��
DQG�ROG�����PRQWKV�����PRQWKV�����PRQWKV�DQG����PRQWKV��DJH�JURXSV���:H�XVHG�D�
OLQHDU�PRGHO������WUHDWLQJ�DJH�DV�D�QXPHULFDO�YDULDEOH�ZKLOH�FRQWUROOLQJ�IRU�VH[�DQG�
WHFKQRORJ\��:H�DSSOLHG�D� IDOVH�GLVFRYHU\� UDWH� �)'5�� WKUHVKROG�RI������DQG�DQ�DJH�
FRHIƓFLHQW�WKUHVKROG�RI��������FRUUHVSRQGLQJ�WR�DQ�DSSUR[LPDWHO\�����IROG�FKDQJH��

Comparison between bulk and single-cell datasets
7KH�GLIIHUHQWLDO�JHQH�DQDO\VLV�ZDV�GHƓQHG�RQ�D�SHU�WLVVXH�EDVLV��)LUVW��ZH�LQYHVWLJDWHG�
JHQHV�RQ�WKH�EDVLV�RI�WKH�VLQJOH�FHOO�GDWD��:H�FRQVLGHUHG�RQO\�FHOOV�IURP�PDOH�PLFH�
DQG�SHUIRUP�RXU�DQDO\VLV�RQ�WKH�ORJ������FRXQWV�SHU�PLOOLRQ��FSP���WUDQVIRUPHG�VLQJOH�
FHOO�FRXQW�PDWULFHV��1RWH�WKDW�QRUPDOL]DWLRQ�RI�WKH�VLQJOH�FHOO�GDWD�ZDV�GRQH�RQ�D�SHU�
FHOO�EDVLV��:H�GHƓQHG�WZR�JURXSV�RI�FHOOV�RQ�WKH�EDVLV�RI�DJH��\RXQJ�FHOOV�ZLWK�DJH�
ů���PRQWKV��<��DQG�ROG�FHOOV�ZLWK�DJH�!��PRQWKV��2���)RU�HDFK�JHQH�ZH�FRPSXWH�WKH�
ORJ�� IROG�FKDQJH�RI�FHOO�DQG�UHDG�FRXQWV�EHWZHHQ�2�DQG�<��:H�GHƓQHG�FHOO�FRXQW�
DV�WKH�IUDFWLRQ�RI�FHOOV�WKDW�H[SUHVV�WKH�JHQH��6LPLODUO\��ZH�GHƓQHG�UHDG�FRXQW�DV�WKH�
PHDQ� UHDG�FRXQW�RI� WKH�JHQH� LQ� WKH�FHOOV� WKDW�H[SUHVV� LW��7KH�FDOFXODWHG� ORJ�� IROG�
FKDQJHV�RI�D�JHQH�UHŴHFW�LWV�H[SUHVVLRQ�FKDQJHV�ZLWK�DJHLQJ�ZLWKLQ�WKH�VLQJOH�FHOO�
GDWD��1H[W�ZH�DQDO\VHG�HDFK�JHQH�RQ�WKH�EDVLV�RI�WKH�EXON�GDWD��:H�FRPSXWHG�WKH�
6SHDUPDQ�FRUUHODWLRQ��ҏ��RI�EXON�'(6HT��QRUPDOL]HG�JHQH�H[SUHVVLRQ�ZLWK�DJHLQJ��
:H�GHƓQHG�WZR�JURXSV�RI�JHQHV�RQ�WKH�EDVLV�RI�WKH�EXON�GDWD��LQFUHDVLQJ�ZLWK�DJH�ҏ�
!������8��DQG�GHFUHDVLQJ�ZLWK�DJH�ҏ���ŧ�����'���)LQDOO\��ZH�FRPSDUHG�WKH�ORJ��IROG�
FKDQJHV�EDVHG�RQ�WKH�VLQJOH�FHOO�GDWD�EHWZHHQ�WKH�EXON�GDWD�GHƓQHG�JURXSV�8�DQG�
'�� 6SHFLƓFDOO\��ZH� UDQ� D�:LOFR[RQŊ0DQQŊ:KLWQH\� WHVW� WR�XQGHUVWDQG�ZKHWKHU� ORJ� 
IROG�FKDQJHV�RI�FHOO�RU�UHDG�FRXQWV�FRXOG�GLVWLQJXLVK�EHWZHHQ�WKH�WZR�JURXSV��:H�
XVHG�WKH�8�VWDWLVWLF�IRU�HIIHFW�VL]H�

T cell processing
:H�XVHG�7UD&H5���Y�����WR�LGHQWLI\�7�FHOO�FORQDO�SRSXODWLRQV��:H�UDQ�WUDFHU�DVVHPEOH�
ZLWKŊVSHFLHV�0PXV�VHW��:H�WKHQ�UDQ�WUDFHU�VXPPDUL]H�ZLWK�ŊVSHFLHV�0PXV�WR�FUHDWH�
WKH�ƓQDO� UHVXOWV��:H�XVHG� WKH� IROORZLQJ�YHUVLRQV� IRU�7UD&H5�GHSHQGHQFLHV�� LJEODVW�
Y��������NDOOLVWR�Y���������6DOPRQ�Y��������7ULQLW\�Y��������*5&P���UHIHUHQFH�JHQRPH��
6WHS�E\�VWHS�LQVWUXFWLRQV�WR�UHSURGXFH�WKH�SURFHVVLQJ�RI�WKH�GDWD�DUH�DYDLODEOH�IURP�
*LW+XE�

B cell processing
:H� XVHG� VLQJOHFHOO�LJH� ����� Y�HDIE�G���FF�G����IDDH�HIEG���DEG�F�GF�HI�
�KWWSV���JLWKXE�FRP�GFURRWH�VLQJOHFHOO�LJH��WR�LGHQWLI\�%�FHOO�FORQDO�SRSXODWLRQV��:H�
XVHG�WKH�GHIDXOW�FRQƓJXUDWLRQ�VHWWLQJV��H[FHSW�ZH�VHW�WKH�VSHFLHV�WR�PRXVH��6WHS�E\�
VWHS�LQVWUXFWLRQV�WR�UHSURGXFH�WKH�SURFHVVLQJ�RI�WKH�GDWD�DUH�DYDLODEOH�IURP�*LW+XE�

Mutation analysis
:H�XVHG�VDPWRROV������Y�����DQG�*$7.������Y���������IRU�PXWDWLRQ�DQDO\VLV��:H�XVHG�
VDPWRROV�IDLG[�WR�FUHDWH�RXU�LQGH[�ƓOH��7KHQ�ZH�XVHG�*$7.�&UHDWH6HTXHQFH'LFWLRQDU\�
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DQG�*5&P���� DV� WKH� UHIHUHQFH�� WR� FUHDWH� RXU� VHTXHQFH� GLFWLRQDU\�� 1H[W� ZH� XVHG�
*$7.�$GG2U5HSODFH5HDG*URXSV� WR� FUHDWH� D� VLQJOH� UHDG�JURXS�XVLQJ�SDUDPHWHUV�
�5*,'��� �5*/%� OLE�� �5*3/� LOOXPLQD� �5*38�XQLW�� �5*60����� )LQDOO\�ZH� XVHG�*$7.�
+DSORW\SH&DOOHU� WR� FDOO� WKH� PXWDWLRQV�� :H� GLVDEOHG� WKH� IROORZLQJ� UHDG� ƓOWHUV��
0DSSLQJ4XDOLW\5HDG)LOWHU��*RRG&LJDU5HDG)LOWHU��1RW6HFRQGDU\$OLJQPHQW5HDG)LOWHU��
0DSSHG5HDG)LOWHU�� 0DSSLQJ4XDOLW\$YDLODEOH5HDG)LOWHU�� 1RQ�]HUR5HIHUHQFH/HQJWK
$OLJQPHQW5HDG)LOWHU��1RW'XSOLFDWH5HDG)LOWHU��3DVVHV9HQGRU4XDOLW\&KHFN5HDG)LOWHU��
DQG� :HOOIRUPHG5HDG)LOWHU�� EXW� NHSW� DOO� RWKHU� GHIDXOW� VHWWLQJV�� 7KH� UHVXOWV� ZHUH�
VXPPDUL]HG�SHU�JHQH�LQ�WKH�IRUP�RI�D�PXWDWLRQ�FRXQW�SHU�FHOO�WDEOH��:H�VWDUWHG�E\�
UHPRYLQJ�JHQHV�PXWDWHG� LQ�PRUH�WKDQ�����RI�FHOOV�� WR�HOLPLQDWH�WKH�SRVVLEOH�ELDV�
RI�JHUPOLQH�PXWDWLRQV��7KHQ�IRU�HDFK�WLVVXH�ZH�VHOHFWHG�JHQHV�H[SUHVVHG�LQ�DW�OHDVW�
����RI�WKH�FHOOV�IRU�DOO�WKH�WLPH�SRLQWV�WR�DYRLG�FRQIRXQGLQJ�WKH�PXWDWLRQ�UHVXOWV�ZLWK�
GLIIHUHQWLDO� JHQH� H[SUHVVLRQ� DVVRFLDWHG�ZLWK� DJH��1H[W�ZH� FRPSXWHG� WKH� DYHUDJH�
QXPEHU�RI�PXWDWLRQV� LQ� WKH�JHQH�VHW� �RU�(5&&�VSLNH�LQ�FRQWUROV��SHU�FHOO�DQG�DOVR�
WKH�DYHUDJH�QXPEHU�RI�UDZ�FRXQWV��6XSSOHPHQWDU\�7DEOH����DQG�SORWWHG�WKH�GLIIHUHQW�
GLVWULEXWLRQV��6WHS�E\�VWHS�LQVWUXFWLRQV�WR�UHSURGXFH�WKH�SURFHVVLQJ�RI�WKH�GDWD�DUH�
DYDLODEOH�IURP�*LW+XE�

Trajectory analysis
:H�XVHG�SDUWLWLRQ�EDVHG�JUDSK� DEVWUDFWLRQ� �3$*$� ������ WR� UHFRQVWUXFW� WKH� DJHLQJ�
WUDMHFWRU\� LQ� EUDLQ� PLFURJOLDO� FHOOV�� 6WHS�E\�VWHS� LQVWUXFWLRQV� WR� UHSURGXFH� WKH�
SURFHVVLQJ�RI�WKH�GDWD�DUH�DYDLODEOH�IURP�*LW+XE�

Diversity score
7KH�UDZ�)$&6�RU�GURSOHW�GDWDVHW�ZHUH�XVHG�DV�WKH�LQSXW��:H�ƓOWHUHG�JHQHV�H[SUHVVHG�
LQ�IHZHU�WKDQ���FHOOV��ƓOWHUHG�FHOOV�LI�H[SUHVVLQJ�IHZHU�WKDQ�����JHQHV�DQG�GLVFDUGHG�
FHOOV� ZLWK� WRWDO� QXPEHU� RI� FRXQWV� OHVV� WKDQ� ������� 1H[W� ZH� SHUIRUPHG� VL]H� IDFWRU�
QRUPDOL]DWLRQ� VXFK� WKDW� HYHU\� FHOO� KDG� ��� ���� FRXQWV� DQG� SHUIRUPHG� D� ORJ�S�
WUDQVIRUPDWLRQ��7KLV�ZDV� IROORZHG�E\�FOXVWHULQJ�� LQ�ZKLFK�ZH�FOXVWHUHG�HYHU\� WLVVXH�
DQG�HYHU\�WLVVXH�FHOO�W\SH�IRU�HYHU\�PRXVH�VHSDUDWHO\�XVLQJ���GLIIHUHQW�FRQƓJXUDWLRQV��
UHVROXWLRQ�SDUDPHWHUV�������������������FOXVWHULQJ�PHWKRG��/RXYDLQ��/HLGHQ���7KLV�LV�WR�
SURYLGH�D�UREXVW�FOXVWHULQJ�UHVXOW��)RU�HDFK�FRPELQDWLRQ��HDFK�WLVVXHŊPRXVH�DQG�HDFK�
WLVVXHŊFHOOBW\SHŊPRXVH���ZH�FRPSXWHG�WKH�FOXVWHULQJ�GLYHUVLW\�VFRUH�DV�WKH�6KDQQRQ�
HQWURS\�RI�WKH�FOXVWHU�DVVLJQPHQW��:H�WKHQ�UHJUHVVHG�WKH�GLYHUVLW\�VFRUH�DJDLQVW�DJH�
WR�GHWHFW�WKH�V\VWHPDWLF�LQFUHDVH�RU�GHFUHDVH�RI�FOXVWHULQJ�GLYHUVLW\�ZLWK�UHVSHFW�WR�
DJH��)'5�ZDV�XVHG�WR�FRUUHFW�IRU�PXOWLSOH�FRPSDULVRQV��$�WLVVXH�RU�D�WLVVXHŊFHOO�W\SH�
ZDV�VHOHFWHG�LI� WKH�VORSH�ZDV�FRQVLVWHQW��KDYLQJ�WKH�VDPH�VLJQ�� LQ�DOO�VL[�FOXVWHULQJ�
FRQƓJXUDWLRQV�DQG�DW�OHDVW�WZR�RXW�RI�VL[�FOXVWHULQJ�FRQƓJXUDWLRQV�KDG�)'5�������)RU�
HDFK�VHOHFWHG�WLVVXH�RU�WLVVXHŊFHOO�W\SH��D�VHSDUDWH�80$3�ZDV�FRPSXWHG�XVLQJ�FHOOV�
IURP�DOO�PLFH�IRU�YLVXDOL]DWLRQ�XVLQJ�/HLGHQ�FOXVWHULQJ�ZLWK�UHVROXWLRQ�SDUDPHWHU�����

Reporting summary
)XUWKHU�LQIRUPDWLRQ�RQ�UHVHDUFK�GHVLJQ�LV�DYDLODEOH�LQ�WKH�1DWXUH�5HVHDUFK�5HSRUWLQJ�
6XPPDU\�OLQNHG�WR�WKLV�SDSHU�

Data availability
7KH� HQWLUH� GDWDVHW� FDQ� EH� H[SORUHG� LQWHUDFWLYHO\� DW� KWWS���WDEXOD�PXULV�VHQLV�
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GV�F]ELRKXE�RUJ���*HQH�FRXQWV�DQG�PHWDGDWD�DUH�DYDLODEOH�IURP�ƓJVKDUH��KWWSV���GRL�
RUJ� ���������P��ƓJVKDUH���������Y��� DQG� WKH� *HQH� ([SUHVVLRQ� 2PQLEXV� XQGHU�
DFFHVVLRQ�FRGH�*6(��������WKH�UDZ�GDWD�ƓOHV�DUH�DYDLODEOH�IURP�D�SXEOLF�$:6�6��
EXFNHW��KWWSV���UHJLVWU\�RSHQGDWD�DZV�WDEXOD�PXULV�VHQLV���

Code availability
7KH� FRGH� XVHG� IRU� WKH� DQDO\VLV� LV� DYDLODEOH� IURP� *LW+XE� DW� KWWSV���JLWKXE�FRP�
ODQHSUR[\�VWDQIRUG�HGX�F]ELRKXE�WDEXOD�PXULV�VHQLV�
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6HUUDQR�� 0�� 	� .URHPHU�� *�� 7KH� KDOOPDUNV� RI�
DJLQJ��&HOO����������Ŋ������������

��� 1LNROLFK�ĺXJLFK�� -�� 7KH� WZLOLJKW� RI� LPPXQLW\��
HPHUJLQJ� FRQFHSWV� LQ� DJLQJ� RI� WKH� LPPXQH�
V\VWHP��1DW��,PPXQRO��������Ŋ����������
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,QW��-��&DQFHU����������Ŋ������������

����+HUQDQGH]�6HJXUD�� $��� 1HKPH�� -�� 	� 'HPDULD��

0�� +DOOPDUNV� RI� FHOOXODU� VHQHVFHQFH�� 7UHQGV�
&HOO�%LRO���������Ŋ�����������

����&RYDUUXELDV�� $�� -�� HW� DO�� $JLQJ�UHODWHG�
LQŴDPPDWLRQ� GULYHQ� E\� FHOOXODU� VHQHVFHQFH�
HQKDQFHV� 1$'� FRQVXPSWLRQ� YLD� DFWLYDWLRQ�
RI� &'���� SUR�LQŴDPPDWRU\� PDFURSKDJHV��
3UHSULQW� DW� KKWWSV���ZZZ�ELRU[LY�RUJ�
FRQWHQW���������������Y���������

����1DJDQR�� 7�� HW� DO�� ,GHQWLƓFDWLRQ� RI� FHOOXODU�
VHQHVFHQFH�VSHFLƓF� JHQHV� E\� FRPSDUDWLYH�
WUDQVFULSWRPLFV��6FL��5HS������������������

����&DUQHUR�� $�� LQ� &HOO� 6HQHVFHQFH�� 0HWKRGV� LQ�
0ROHFXODU� %LRORJ\� �0HWKRGV� DQG� 3URWRFROV��
9RO������ �HGV�*DOOX]]L�� /���9LWDOH�� ,���.HSS��2��	�
.URHPHU��*����+XPDQD��������

����:DQJ��$��6��	�'UHHVHQ��2��%LRPDUNHUV�RI�FHOOXODU�
VHQHVFHQFH�DQG�VNLQ�DJLQJ��)URQW��*HQHW���������
�������

����9HUQLHU�� 0�� HW� DO�� 5HJXODWLRQ� RI� (�)V� DQG�
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������Ŋ����������

����'UHHVHQ�� 2�� HW� DO�� /DPLQ� %�� ŴXFWXDWLRQV� KDYH�
GLIIHUHQWLDO�HIIHFWV�RQ�FHOOXODU�SUROLIHUDWLRQ�DQG�
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H[SUHVVLRQ� DQG� WKH� FKURPDWLQ� ODQGVFDSH��
*HQHV�'HY����������Ŋ������������

���� /L�� 3�� HW� DO�� 7KH� LQŴDPPDWRU\� F\WRNLQH� 71)�ѿ�
SURPRWHV� WKH� SUHPDWXUH� VHQHVFHQFH� RI�
UDW� QXFOHXV� SXOSRVXV� FHOOV� YLD� WKH� 3,�.�$NW�
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VLJQDOLQJ�SDWKZD\��6FL��5HS������������������
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�������
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�������
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������������
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WKURXJK� D� WRSRORJ\� SUHVHUYLQJ�PDS� RI� VLQJOH�
FHOOV��*HQRPH�%LRO����������������
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Extended Data Figure 1: UMAP visualizations of the whole Tabula Muris Senis. �D��E��80$3�SORW�RI�
DOO�FHOOV�FROOHFWHG�IRU�)$&6�FRORXUHG�E\�WLVVXH��D��RU�DJH��E����F��80$3�SORW�RI�DOO�FHOOV�FROOHFWHG�E\�)$&6��
FRORXUHG� E\� RUJDQ� �([WHQGHG� 'DWD� )LJ�� �F��� RYHUODLG� ZLWK� WKH� /RXYDLQ� FOXVWHU� QXPEHUV�� Q�  � ��������
LQGLYLGXDO�FHOOV�IRU�)$&6���G��H��80$3�SORW�RI�DOO�FHOOV�FROOHFWHG�IRU�GURSOHW�FRORXUHG�E\�WLVVXH��G��RU�DJH�
�H���I��80$3�SORW�RI�DOO�FHOOV�FROOHFWHG�E\�GURSOHW��FRORXUHG�E\�RUJDQ��([WHQGHG�'DWD�)LJ���F���RYHUODLG�ZLWK�
WKH�/RXYDLQ�FOXVWHU�QXPEHUV��Q� ���������LQGLYLGXDO�FHOOV�IRU�GURSOHW���J��%�FHOOV��OHIW��DQG�HQGRWKHOLDO�FHOOV�
�ULJKW��LQ�)$&6�LQGHSHQGHQWO\�DQQRWDWHG�IRU�HDFK�RUJDQ�FOXVWHU�WRJHWKHU�E\�XQELDVHG�ZKROH�WUDQVFULSWRPH�
/RXYDLQ�FOXVWHULQJ��LUUHVSHFWLYH�RI�WKH�RUJDQ�IURP�ZKLFK�WKH\�RULJLQDWHG���K��%�FHOOV��OHIW��DQG�HQGRWKHOLDO�
FHOOV� �ULJKW�� LQ� GURSOHW� LQGHSHQGHQWO\� DQQRWDWHG� IRU� HDFK� RUJDQ� FOXVWHU� WRJHWKHU� E\� XQELDVHG� ZKROH�
WUDQVFULSWRPH�/RXYDLQ�FOXVWHULQJ��LUUHVSHFWLYH�RI�WKH�RUJDQ�IURP�ZKLFK�WKH\�RULJLQDWHG���L��M��80$3�SORW�RI�
DOO�FHOOV�FROOHFWHG�FRORXUHG�E\�PHWKRG��L��RU�WLVVXH��M���Q� ���������LQGLYLGXDO�FHOOV�IRU�)$&6�DQG�GURSOHW�
FRPELQHG�� �N�� O�� %� FHOOV� �N�� DQG� HQGRWKHOLDO� FHOOV� �O�� FOXVWHU� WRJHWKHU� E\� XQELDVHG� ZKROH�WUDQVFULSWRPH�
/RXYDLQ�FOXVWHULQJ��LUUHVSHFWLYH�RI�WKH�WHFKQRORJ\�E\�ZKLFK�WKH\�ZHUH�IRXQG�

EXTENDED DATA FIGURES AND TABLES
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Extended Data Figure 2: Tabula Muris Senis quality control statistics overall summary and detailed 
for the FACS dataset. �D��3LH�FKDUW�ZLWK�WKH�VXPPDU\�VWDWLVWLFV�IRU�)$&6���E��3LH�FKDUW�ZLWK�WKH�VXPPDU\�
VWDWLVWLFV� IRU�GURSOHW�� �F��%R[�SORW�RI� WKH�QXPEHU�RI�JHQHV�GHWHFWHG�SHU�FHOO� IRU�HDFK�RUJDQ�DQG�DJH�IRU�
)$&6���G��%R[�SORW�RI� WKH�QXPEHU�RI�UHDGV�SHU�FHOO� �ORJ�VFDOH�� IRU�HDFK�RUJDQ�DQG�DJH�IRU�)$&6��)RU��F��
G��DOO�GDWD�DUH�H[SUHVVHG�DV�PHDQ�s�V�G�� ,QGLYLGXDO�GDWD�SRLQWV��EODFN�GLDPRQGV��FRUUHVSRQG�WR�RXWOLHUV�
RXWVLGH�RI�WKH�TXDQWLOH�GLVWULEXWLRQ��7KH�VDPSOH�VL]H��QXPEHU�RI�FHOOV�IRU�HDFK�WLVVXH�DQG�DJH��LV�DYDLODEOH�
LQ�6XSSOHPHQWDU\�7DEOH���
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Extended Data Figure 3: Tabula Muris Senis quality control statistics detailed for the droplet dataset. 
�D��%R[�SORW�RI�WKH�QXPEHU�RI�JHQHV�GHWHFWHG�SHU�FHOO�IRU�HDFK�RUJDQ�DQG�DJH�IRU�GURSOHW���E��%R[�SORW�RI�
WKH�QXPEHU�RI�80,V�SHU�FHOO��ORJ�VFDOH��IRU�HDFK�RUJDQ�DQG�DJH�IRU�GURSOHW��$OO�GDWD�DUH�H[SUHVVHG�DV�PHDQ�
s�V�G��,QGLYLGXDO�GDWD�SRLQWV��EODFN�GLDPRQGV��FRUUHVSRQG�WR�RXWOLHUV�RXWVLGH�RI�WKH�TXDQWLOH�GLVWULEXWLRQ��
7KH�VDPSOH�VL]H��QXPEHU�RI�FHOOV�IRU�HDFK�WLVVXH�DQG�DJH��LV�DYDLODEOH�LQ�6XSSOHPHQWDU\�7DEOH���
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Extended Data Figure 4: Number of cells in Tabula Muris Senis across age, sex, tissue and technology 
and schematic the of data processing. �D�� %DOORRQ�SORW� VKRZLQJ� WKH�QXPEHU�RI� VHTXHQFHG� FHOOV�SHU�
VHTXHQFLQJ�PHWKRG�SHU�RUJDQ�SHU�VH[�SHU�DJH���E��6FKHPDWLF�RI�WKH�DQDO\VLV�ZRUNŴRZ���F��G��Tabula Muris 
Senis�FRORXU�GLFWLRQDU\�IRU�RUJDQV�DQG�WLVVXHV��F��DQG�DJHV��G��
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Extended Data Figure 5: Comparison of bulk and single-cell datasets and tissue cell compositions. �D��
E��$JHLQJ�SDWWHUQV�IURP�EXON�DQG�VLQJOH�FHOO�GDWD�DUH�FRQVLVWHQW��6WURQJ�FKDQJHV�LQ�EXON�JHQH�H[SUHVVLRQ�
ZLWK�DJHLQJ�FDQ�EH�HLWKHU�H[SODLQHG�E\�FHOO�RU�UHDG�FRXQW�EDVHG�FKDQJHV�LQ�VLQJOH�FHOO�GDWD�)$&6��D��DQG�
GURSOHW��E���7ZR�VLGHG�:LOFR[RQŊ0DQQŊ:KLWQH\�LQGLFDWHV�WKDW�VLQJOH�FHOO�GDWD�EDVHG�ORJ��IROG�FKDQJHV�RI�
FHOO�RU�UHDG�FRXQWV�GLVWLQJXLVK�EHWZHHQ�XS�DQG�GRZQ�UHJXODWHG�JHQHV�LQ�EXON�GDWD��Q� ���������LQGLYLGXDO�
FHOOV�IRU�)$&6�DQG�Q� ���������LQGLYLGXDO�FHOOV�IRU�GURSOHW���F��0DPPDU\�JODQG�7�FHOO�UHODWLYH�DEXQGDQFHV�
FKDQJH�VLJQLƓFDQWO\�ZLWK�DJH��P��������DQG�r2�!�����IRU�D�K\SRWKHVLV�WHVW�ZLWK�WKH�QXOO�K\SRWKHVLV�WKDW�WKH�
VORSH�LV�]HUR��XVLQJ�WZR�VLGHG�:DOG�WHVW�ZLWK�W�GLVWULEXWLRQ�RI�WKH�WHVW�VWDWLVWLF����G��7RS����XSUHJXODWHG�DQG�
GRZQUHJXODWHG�JHQHV�LQ�PDPPDU\�JODQG�FRPSXWHG�XVLQJ�0$67�������WUHDWLQJ�DJH�DV�D�FRQWLQXRXV�FRYDULDWH�
ZKLOH�FRQWUROOLQJ�IRU�VH[�DQG�WHFKQRORJ\��*HQHV�ZHUH�FODVVLƓHG�DV�VLJQLƓFDQW�XQGHU�DQ�)'5�WKUHVKROG�RI�
�����DQG�DQ�DJH�FRHIƓFLHQW� WKUHVKROG�RI������� �FRUUHVSRQGLQJ� WR�DQ�DSSUR[LPDWHO\����� IROG�FKDQJH���
Q� ��������������DQG�������LQGLYLGXDO�FHOOV�IRU�PDPPDU\�JODQG�DW�������DQG����PRQWKV��UHVSHFWLYHO\���H��
5HODWLYH�DEXQGDQFHV�RI�PDUURZ�SUHFXUVRU�%�FHOOV�FKDQJH�VLJQLƓFDQWO\�ZLWK�DJH��P��������DQG�r2�!�����IRU�D�
K\SRWKHVLV�WHVW�ZLWK�WKH�QXOO�K\SRWKHVLV�WKDW�WKH�VORSH�LV�]HUR��XVLQJ�WZR�VLGHG�:DOG�WHVW�ZLWK�W�GLVWULEXWLRQ�
RI�WKH�WHVW�VWDWLVWLF����I��7RS����XSUHJXODWHG�DQG�GRZQUHJXODWHG�JHQHV�LQ�PDUURZ�FRPSXWHG�XVLQJ�0$67�
������WUHDWLQJ�DJH�DV�D�FRQWLQXRXV�FRYDULDWH�ZKLOH�FRQWUROOLQJ�IRU�VH[�DQG�WHFKQRORJ\��*HQHV�ZHUH�FODVVLƓHG�
DV�VLJQLƓFDQW�XQGHU�DQ�)'5�WKUHVKROG�RI������DQG�DQ�DJH�FRHIƓFLHQW�WKUHVKROG�RI��������FRUUHVSRQGLQJ�WR�
DQ�DSSUR[LPDWHO\�����IROG�FKDQJH���Q� �������������������������������������DQG��������LQGLYLGXDO�FHOOV�IRU�
PDUURZ�DW������������������DQG����PRQWKV��UHVSHFWLYHO\���J��5HODWLYH�DEXQGDQFHV�RI�VNLQ�NHUDWLQRF\WH�VWHP�
FHOOV�FKDQJH�VLJQLƓFDQWO\�ZLWK�DJH��P��������DQG�r2�!�����IRU�D�K\SRWKHVLV�WHVW�ZLWK�WKH�QXOO�K\SRWKHVLV�WKDW�
WKH�VORSH�LV�]HUR��XVLQJ�WZR�VLGHG�:DOG�WHVW�ZLWK�W�GLVWULEXWLRQ�RI�WKH�WHVW�VWDWLVWLF����K��7RS����XSUHJXODWHG�
DQG�GRZQUHJXODWHG�JHQHV�LQ�VNLQ�FRPSXWHG�XVLQJ�0$67�������WUHDWLQJ�DJH�DV�D�FRQWLQXRXV�FRYDULDWH�ZKLOH�
FRQWUROOLQJ�IRU�VH[�DQG�WHFKQRORJ\��*HQHV�ZHUH�FODVVLƓHG�DV�VLJQLƓFDQW�XQGHU�DQ�)'5�WKUHVKROG�RI������DQG�
DQ�DJH�FRHIƓFLHQW�WKUHVKROG�RI��������FRUUHVSRQGLQJ�WR�DQ�DSSUR[LPDWHO\�����IROG�FKDQJH���Q� ��������
�������������DQG�������LQGLYLGXDO�FHOOV�IRU�VNLQ�DW�����������DQG����PRQWKV��UHVSHFWLYHO\��7KH�3�YDOXHV�IRU�WKH�
FHOO�W\SH�FRPSRVLWLRQDO�FKDQJHV�DUH�VKRZQ�LQ�6XSSOHPHQWDU\�7DEOH���
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Extended Data Figure 6: Cellular changes during ageing in the liver. �D��5HODWLYH�DEXQGDQFHV�RI�OLYHU�
KHSDWRF\WHV�FKDQJH�VLJQLƓFDQWO\�ZLWK�DJH��P��������DQG�r2�!�����IRU�D�K\SRWKHVLV�WHVW�ZLWK�WKH�QXOO�K\SRWKHVLV�
WKDW�WKH�VORSH�LV�]HUR��XVLQJ�WZR�VLGHG�:DOG�WHVW�ZLWK�W�GLVWULEXWLRQ�RI�WKH�WHVW�VWDWLVWLF���Q� ���������������
��������������������DQG�������LQGLYLGXDO�FHOOV� IRU� OLYHU������������������DQG����PRQWKV��UHVSHFWLYHO\��7KH�
P�YDOXHV� IRU� WKH�FHOO� W\SH�FRPSRVLWLRQDO�FKDQJHV�DUH�VKRZQ�LQ�6XSSOHPHQWDU\�7DEOH����EŊG��%ULJKW�ƓHOG�
LPDJLQJ�RI�KHSDWRF\WHV�DW�GLIIHUHQW�DJHV� �E��DQG�UHVSHFWLYH�TXDQWLƓFDWLRQ� �F��G���H��7RS����XSUHJXODWHG�
DQG�GRZQUHJXODWHG�JHQHV� LQ� OLYHU� FRPSXWHG� XVLQJ�0$67� ������ WUHDWLQJ� DJH� DV� D� FRQWLQXRXV� FRYDULDWH�
ZKLOH�FRQWUROOLQJ�IRU�VH[�DQG�WHFKQRORJ\��*HQHV�ZHUH�FODVVLƓHG�DV�VLJQLƓFDQW�XQGHU�DQ�)'5�WKUHVKROG�RI�
�����DQG�DQ�DJH�FRHIƓFLHQW�WKUHVKROG�RI��������FRUUHVSRQGLQJ�WR�DQ�DSSUR[LPDWHO\�����IROG�FKDQJH���7KH�
VDPSOH�VL]H�LV�WKH�VDPH�DV�IRU�D��I��N��*HQH�H[SUHVVLRQ�RI�Il1b�DQG�Clec4f��I��DQG�Pecam1�DQG�Mrc1��N��LQ�
WKH�OLYHU�GURSOHW�GDWDVHW�IRU�WKH�VL[�DJHV��JŊM��6WDLQLQJ�RI�.XSIIHU�FHOOV�DW�GLIIHUHQW�DJHV��J��DQG�UHVSHFWLYH�
TXDQWLƓFDWLRQ��KŊM���OŊR��6WDLQLQJ�RI�OLYHU�HQGRWKHOLDO�FHOOV�DW�GLIIHUHQW�DJHV��O��DQG�UHVSHFWLYH�TXDQWLƓFDWLRQ�
�PŊR���6FDOH�EDUV������ҊP��)RU�F��G��KŊM�DQG�PŊR��DOO�GDWD�DUH�H[SUHVVHG�DV�PHDQ�s�V�G��DQG�P�YDOXHV�ZHUH�
REWDLQHG�XVLQJ�D�:HOFKōV�WHVW��7KH�VDPSOH�VL]H�IRU�HDFK�JURXS�LV�DYDLODEOH�LQ�6XSSOHPHQWDU\�7DEOH���
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Extended Data Figure 7: Mean number of somatic mutations with age. �DŊI��0HDQ�QXPEHU�RI�VRPDWLF�
PXWDWLRQV�LQ�JHQHV��D��F��H��DQG�(5&&�VSLNH�LQ�FRQWUROV��E��G��I��DFURVV�DOO�WLVVXHV�SHU�DJH�JURXS����PRQWKV�
DQG����PRQWKV� �D��E��� ��PRQWKV�DQG����PRQWKV� �F��G��� ���PRQWKV�DQG����PRQWKV� �H�� I����0XWDWLRQV�DUH�
SUHVHQWHG�DV�WKH�PHDQ�QXPEHU�RI�PXWDWLRQV�SHU�JHQH�RU�(5&&�VSLNH�LQ�SHU�FHOO�
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Extended Data Figure 8: Gene (raw) expression with age. �DŊI��*HQH�UDZ�H[SUHVVLRQ��D��F��H��DQG�(5&&�
VSLNH�LQ�FRQWURO�UDZ�H[SUHVVLRQ��E��G��I��DFURVV�DOO�WLVVXHV�SHU�DJH�JURXS����PRQWKV�DQG����PRQWKV��D��E�����
PRQWKV�DQG����PRQWKV��E��G������PRQWKV�DQG����PRQWKV��F��H����5DZ�H[SUHVVLRQ�DUH�SUHVHQWHG�DV�WKH�PHDQ�
QXPEHU�RI�FRXQWV�SHU�JHQH�RU�(5&&�VSLNH�LQQ�FRQWURO�SHU�FHOO�
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Extended Data Figure 9: Immune repertoire clonality analysis. �D��%�FHOO�FORQDO�IDPLOLHV��)RU�HDFK�WLPH�
SRLQW��WKH�FORQDO�IDPLOLHV�DUH�UHSUHVHQWHG�LQ�D�WUHH�VWUXFWXUH�IRU�ZKLFK�WKH�FHQWUDO�QRGH�LV�DJH��&RQQHFWHG�WR�
WKH�DJH�QRGH�WKHUH�LV�DQ�DGGLWLRQDO�QRGH��GDUN�JUH\��WKDW�UHSUHVHQWV�HDFK�PRXVH�DQG�WKH�FORQDO�IDPLOLHV�DUH�
GHSLFWHG�IRU�HDFK�PRXVH��)RU�HDFK�FORQDO�IDPLO\��FHOOV�WKDW�DUH�SDUW�RI�WKDW�IDPLO\�DUH�FRORXUHG�E\�WKH�RUJDQ�
RI�RULJLQ���E��7�FHOO�FORQDO�IDPLOLHV��)RU�HDFK�WLPH�SRLQW��FORQDO�IDPLOLHV�DUH�UHSUHVHQWHG�LQ�D�WUHH�VWUXFWXUH�
IRU�ZKLFK�WKH�FHQWUDO�QRGH�LV�DJH��&RQQHFWHG�WR�WKH�DJH�QRGH�WKHUH�LV�DQ�DGGLWLRQDO�QRGH��GDUN�JUH\��WKDW�
UHSUHVHQWV�HDFK�PRXVH�DQG�WKH�FORQDO�IDPLOLHV�DUH�GHSLFWHG�IRU�HDFK�PRXVH��)RU�HDFK�FORQDO�IDPLO\��FHOOV�
WKDW�DUH�SDUW�RI�WKDW�IDPLO\�DUH�FRORXUHG�E\�WKH�RUJDQ�RI�RULJLQ�
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Extended Data Figure 10: Diversity score summary. �D�� E�� +HDW�PDS� VXPPDU\� RI� WKH� RYHUDOO� WLVVXH�
GLYHUVLW\�VFRUH�IRU�)$&6��D��DQG�GURSOHW��E����F��G��+HDW�PDS�VXPPDU\�RI�WKH�WLVVXH�FHOO�W\SH�GLYHUVLW\�VFRUH�
IRU�)$&6��F��DQG�GURSOHW��G��
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Extended Data Figure 11: Diversity score and differential gene expression analysis for brain myeloid 
and kidney. �D��E��'LYHUVLW\�VFRUH�DW�GLIIHUHQW�FOXVWHU�UHVROXWLRQV�IRU�)$&6�EUDLQ�P\HORLG�PLFURJOLD�FHOO��D��
DQG�GURSOHW�NLGQH\�PDFURSKDJH��E���Q� ����PLFH�IRU�D�DQG�Q� ����PLFH�IRU��E���$OO�GDWD�DUH�H[SUHVVHG�DV�
TXDQWLOHV��7KH�P�YDOXHV�ZHUH�REWDLQHG�XVLQJ�D�OLQHDU�UHJUHVVLRQ�DQG�WZR�VLGHG�)�WHVW��DGMXVWHG�IRU�PXOWLSOH�
FRPSDULVRQ�XVLQJ�WKH�%HQMDPLQLŊ+RFKEHUJ�SURFHGXUH��WKDW�LV��EK�S�YDOXH����F��G��'LYHUVLW\�VFRUH�FRUUHODWLRQ�
ZLWK�WKH�QXPEHU�RI�JHQHV�H[SUHVVHG�SHU�WLVVXH��F��RU�WLVVXH�FHOO�W\SH��G���7KH�UHG�OLQH�FRUUHVSRQGV�WR�WKH�
OLQHDU� UHJUHVVLRQ� FXUYH�� �H��7UDMHFWRU\� DQDO\VLV� IRU� D�EUDLQ�P\HORLG�PLFURJOLD� FHOO�� �I��+HDW�PDS� VKRZLQJ�
GLIIHUHQWLDO�JHQH�H[SUHVVLRQ�DQDO\VLV�RI�FOXVWHU�����PRVWO\�\RXQJ�PDFURSKDJHV��FRPSDUHG�ZLWK�FOXVWHU����
�PRVWO\�ROG�PDFURSKDJHV���)RU�WKH�FRPSOHWH�JHQH�OLVW��VHH�6XSSOHPHQWDU\�7DEOH����
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Chapter 6

Supplementary information is available online.

Supplementary Information
7KLV�ƓOH�FRQWDLQV�D�ƓOO�OLVW�RI�DXWKRUV�LQ�WKH�7DEXOD�0XULV�&RQVRUWLXP

Reporting Summary

Supplementary Table 1: Summary of the FACS dataset.��D��1XPEHU�RI�FHOOV�JURXSHG�
E\�DJH��VH[��PRXVH�LG�DQG�WLVVXH���E��1XPEHU�RI�FHOOV�JURXSHG�E\�WLVVXH��FHOO�RQWRORJ\�
FODVV�DQG�DJH���F��1XPEHU�RI�FHOOV�JURXSHG�E\�/RXYDLQ�FOXVWHU�QXPEHU��FHOO�RQWRORJ\�
FODVV�� WLVVXH�DQG�DJH�� �G��1XPEHU�RI�FHOOV�JURXSHG�E\�FHOO�RQWRORJ\�FODVV��/RXYDLQ�
FOXVWHU�QXPEHU��WLVVXH�DQG�DJH���H��)UDFWLRQ�RI�FHOOV�LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�FHOO�
RQWRORJ\�FODVV�DQG�WLVVXH���I��)UDFWLRQ�RI�FHOOV�LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�WLVVXH���J��
)UDFWLRQ�RI�FHOOV�LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�FHOO�RQWRORJ\�FODVV�

Supplementary Table 2: Summary of the droplet dataset.��D��1XPEHU�RI�FHOOV�JURXSHG�
E\�DJH��VH[��PRXVH�LG�DQG�WLVVXH���E��1XPEHU�RI�FHOOV�JURXSHG�E\�WLVVXH��FHOO�RQWRORJ\�
FODVV�DQG�DJH���F��1XPEHU�RI�FHOOV�JURXSHG�E\�/RXYDLQ�FOXVWHU�QXPEHU��FHOO�RQWRORJ\�
FODVV�� WLVVXH�DQG�DJH�� �G��1XPEHU�RI�FHOOV�JURXSHG�E\�FHOO�RQWRORJ\�FODVV��/RXYDLQ�
FOXVWHU�QXPEHU��WLVVXH�DQG�DJH���H��)UDFWLRQ�RI�FHOOV�LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�FHOO�
RQWRORJ\�FODVV�DQG�WLVVXH���I��)UDFWLRQ�RI�FHOOV�LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�WLVVXH���J��
)UDFWLRQ�RI�FHOOV�LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�FHOO�RQWRORJ\�FODVV�

Supplementary Table 3: Summary of the batch corrected dataset (FACS and 
droplet).��D��1XPEHU�RI�FHOOV�JURXSHG�E\�DJH��VH[��PRXVH�LG�DQG�WLVVXH���E��1XPEHU�
RI�FHOOV�JURXSHG�E\�WLVVXH��FHOO�RQWRORJ\�FODVV�DQG�DJH���F��1XPEHU�RI�FHOOV�JURXSHG�
E\�/RXYDLQ�FOXVWHU�QXPEHU��FHOO�RQWRORJ\�FODVV��WLVVXH�DQG�DJH���G��1XPEHU�RI�FHOOV�
JURXSHG�E\�FHOO�RQWRORJ\�FODVV��/RXYDLQ�FOXVWHU�QXPEHU��WLVVXH�DQG�DJH���H��)UDFWLRQ�
RI�FHOOV�LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�FHOO�RQWRORJ\�FODVV�DQG�WLVVXH���I��)UDFWLRQ�RI�FHOOV�
LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�WLVVXH���J��)UDFWLRQ�RI�FHOOV�LQ�HDFK�/RXYDLQ�FOXVWHU�SHU�FHOO�
RQWRORJ\�FODVV���K��$GMXVWHG�UDQG�VFRUH�EHIRUH�DQG�DIWHU�EENQQ�EDWFK�FRUUHFWLRQ�IRU�
PHWKRG��GURSOHW��)$&6��

Supplementary Table 4: Cellular fraction changes for senescence markers.� 7KLV�
6XSSOHPHQWDU\�7DEOH�VXSSRUWV�)LJXUH��D�G��:H�SHUIRUPHG�OLQHDU�UHJUHVVLRQ�DQDO\VLV�
WR�LGHQWLI\�IRU�ZKLFK�VHQHVFHQFH�PDUNHU�JHQHV�WKH�SURSRUWLRQ�RI�FHOOV�H[SUHVVLQJ�WKDW�
PDUNHU�VLJQLƓFDQWO\��S�YDOXH�������FKDQJHG�ZLWK�DJH�IRU�D�K\SRWKHVLV�WHVW�ZKRVH�QXOO�
K\SRWKHVLV�LV�WKDW�WKH�VORSH�LV�]HUR��XVLQJ�WZR�VLGHG�:DOG�7HVW�ZLWK�W�GLVWULEXWLRQ�RI�WKH�
WHVW�VWDWLVWLF��&RUUHODWLRQ�FRHIƓFLHQWV�ZHUH�FRPSXWHG�XVLQJ�WKH�3HDUVRQōV�FRUUHODWLRQ�
PHWULFV�

Supplementary Table 5: Cellular fraction changes. 7KLV� 6XSSOHPHQWDU\� 7DEOH�
VXSSRUWV�)LJXUH��H�J�L��([WHQGHG�'DWD�)LJXUH��F�H�J�DQG�([WHQGHG�'DWD�)LJXUH��D��
:H�SHUIRUPHG�OLQHDU�UHJUHVVLRQ�DQDO\VLV�WR�LGHQWLI\�ZKLFK�FHOOXODU�UHODWLYH�DEXQGDQFHV�
FKDQJH�VLJQLƓFDQWO\�ZLWK�DJH��p�YDOXH������DQG�r2!�����IRU�D�K\SRWKHVLV�WHVW�ZKRVH�
QXOO�K\SRWKHVLV�LV�WKDW�WKH�VORSH�LV�]HUR��XVLQJ�WZR�VLGHG�:DOG�7HVW�ZLWK�W�GLVWULEXWLRQ�
RI� WKH� WHVW� VWDWLVWLF�� &RUUHODWLRQ� FRHIƓFLHQWV� ZHUH� FRPSXWHG� XVLQJ� WKH� 3HDUVRQōV�
FRUUHODWLRQ�PHWULFV�
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Tabula Muris Senis

Supplementary Table 6: Differential gene expression analysis.�7KLV�6XSSOHPHQWDU\�
7DEOH�VXSSRUWV�)LJXUH��I�K�M��([WHQGHG�'DWD�)LJXUH��G�I�K�DQG�([WHQGHG�'DWD�)LJXUH�
�H��7KH�GLIIHUHQWLDO� JHQH� H[SUHVVLRQ�ZDV�SHUIRUPHG�XVLQJ�0$67� ������ )RU� D�PRUH�
GHWDLOHG�H[SODQDWLRQ�SOHDVH�UHIHU�WR�WKH�0HWKRGV�VHFWLRQ�

6XSSOHPHQWDU\�7DEOH����4XDQWLƓFDWLRQ�RI�/LYHU�LQ�VLWX�VWDLQLQJ��7KLV�6XSSOHPHQWDU\�
7DEOH�VXSSRUWV�)LJXUH��E�G�J�M�DQG�O�R��IRY�VWDQGV�IRU�ƓHOG�RI�YLHZ�

Supplementary Table 8: Summary statistics for the GATK analysis.�7KLV�6XSSOHPHQWDU\�
7DEOH� VXSSRUWV� )LJXUH� �� DQG� ([WHQGHG� 'DWD� )LJXUHV� ����� Cell� LV� WKH� XQLTXH� FHOO�
LGHQWLƓHU��ercc�LV�WKH�DYHUDJH�QXPEHU�RI�PXWDWLRQV�SHU�FHOO�IRXQG�LQ�WKH�(5&&�VSLNH�
LQ��adata� LV�WKH�DYHUDJH�QXPEHU�RI�PXWDWLRQV�SHU�FHOO� LQ�WKH�JHQH�VHW�RI�WKH�WLVVXH��
ercc_raw_counts�DUH�WKH�DYHUDJH�QXPEHU�RI�(5&&�VSLNH�LQ�FRXQWV�SHU�FHOO�DQG�ercc_
counts�DUH�WKH�ORJ�HUFFBUDZBFRXQWV�����adata_raw_counts�DUH�WKH�DYHUDJH�QXPEHU�RI�
JHQH�FRXQWV�SHU�FHOO�DQG�adata_counts�DUH�WKH�ORJ�DGDWDBUDZBFRXQWV�����tissue, age 
DQG�cell_ontology_class�DUH�WKH�PHWDGDWD�RI�WKH�UHVSHFWLYH�FHOO�LG�DQG�agenum�LV�WKH�
DJH�DV�D�QXPHULFDO�YDULDEOH��functional_annotations�LV�D�FDWHJRULFDO�YDULDEOH�ELQQLQJ�
HDFK�FHOO�W\SH�DV�HQGRWKHOLDO��LPPXQH��SDUHQFK\PDO��VWHP�FHOO�SURJHQLWRU�RU�VWURPDO�

Supplementary Table 9: B-cell and T-cell repertoire analysis raw data. 7KLV� WDEOH�
VXSSRUWV�)LJXUH��D��E�DQG�([WHQGHG�'DWD�)LJXUH���

Supplementary Table 10: Differential gene expression for the tissue cell type 
ZKRVH�GLYHUVLW\� VLJQLƓFDQWO\� FKDQJHV�ZLWK� DJH�� �D�� )$&6�EUDLQ�P\HORLG�PLFURJOLD�
GLIIHUHQWLDOO\�XSUHJXODWHG�JHQHV�EHWZHHQ�FOXVWHUV��������DQG����YHUVXV�FOXVWHUV���DQG�
����E��)$&6�EUDLQ�P\HORLG�PLFURJOLD�GLIIHUHQWLDOO\�XSUHJXODWHG�JHQHV�EHWZHHQ�FOXVWHUV�
��DQG���YHUVXV�FOXVWHUV��������DQG������F��'URSOHW�NLGQH\�PDFURSKDJH�GLIIHUHQWLDOO\�
XSUHJXODWHG�JHQHV�EHWZHHQ�FOXVWHU����DQG�FOXVWHU������G��'URSOHW�NLGQH\�PDFURSKDJH�
GLIIHUHQWLDOO\�XSUHJXODWHG�JHQHV�EHWZHHQ�FOXVWHU����DQG�FOXVWHU����� �H��$O]KHLPHUōV�
GLVHDVH�PLFURJOLD�VLJQDWXUH�IURP�������7KLV�6XSSOHPHQWDU\�7DEOH�VXSSRUWV�)LJXUH��G�I�
DQG� ([WHQGHG�'DWD� )LJXUH� ��I�� 'LIIHUHQWLDO� JHQH� H[SUHVVLRQ�ZDV� FRPSXWHG� XVLQJ�
:LOFR[RQ�UDQN�VXP�DGMXVWHG�IRU�PXOWLSOH�FRPSDULVRQ�XVLQJ�WKH�%HQMDPLQL�+RFKEHUJ�
SURFHGXUH�
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Chapter 7

7KH�PDPPDU\� JODQG� LV� D� G\QDPLF� WLVVXH�� )XHOHG�E\� KRUPRQHV�� LW� FKDQJHV�GXULQJ�
GLIIHUHQW� SKDVHV� RI� OLIH��'XULQJ�SUHJQDQF\��PDPPDU\�JODQG� FHOOV� GLIIHUHQWLDWH� WKDW�
SURYLGH� RIIVSULQJ� ZLWK� PLON� GXULQJ� ODFWDWLRQ�� 8SRQ� ZHDQLQJ�� WKHVH� FHOOV� XQGHUJR�
DSRSWRVLV��HQDEOLQJ�WKH�WLVVXH�WR�TXLFNO\�UHWXUQ�WR�D�SUH�SUHJQDQF\�VWDWH��7KLV�F\FOH�LV�
UHSHDWHG�HDFK�SUHJQDQF\��7KH�PDPPDU\�JODQG�LV�DOVR�D�FRPPRQ�VLWH�IRU�RQFRJHQHVLV��
EUHDVW� FDQFHU� LV� HVWLPDWHG� WR� DIIHFW� �� LQ� �� ZRPHQ� DW� VRPH� SRLQW� LQ� WKHLU� OLYHV� LQ�
ERWK� WKH�1HWKHUODQGV�DV�ZHOO� DV� LQ� WKH�8QLWHG�6WDWHV��&DQFHU�GHYHORSV�ZKHQ�FHOOV�
ORVH�VHQVLWLYLW\�WR�WKH�VLJQDOV�WKDW�UHJXODWH�WLVVXH�KRPHRVWDVLV�DQG�VWDUW�SUROLIHUDWLQJ�
XQFRQWUROODEO\��QHJDWLYHO\�DIIHFWLQJ�WKH�WLVVXH�V��DURXQG�WKHP��,Q�WKLV�WKHVLV��P\�DLP�ZDV�
WR�LQFUHDVH�RXU�XQGHUVWDQGLQJ�RI�WKH�WUDQVLWLRQ�RI�D�QRUPDO�FHOO�WR�DQ�RQFRJHQLF�FHOO��
In chapters 2 and 4��ZH�ORRNHG�DW�LQWUDFHOOXODU�FKDQJHV�UHVXOWLQJ�LQ�D�FHOOōV�FKDQJHG�
EHKDYLRU�LQ�UHVSRQVH�WR�LWV�PLFURHQYLURQPHQW��,Q�chapter 3��ZH�VWXGLHG�WXPRU�FHOOXODU�
SODVWLFLW\�XSRQ�WKH�LQDFWLYDWHG�H[SUHVVLRQ�RI�DQ�RQFRJHQH��,Q�chapters 5 and 6��ZH�
SURYLGHG�VFLHQWLVWV�ZLWK�D�IUDPHZRUN�RI�ZKDW�D�QRUPDO�H[SUHVVLRQ�SURƓOH�ORRNV�OLNH��
E\�DVVHPEOLQJ�DQ�DWODV�RI�WKH�WUDQVFULSWRPH�RI�WKH�PRXVH�DW�GLIIHUHQW�VWDJHV�RI�OLIH��
DLPLQJ�WR�KHOS�XV�XQUDYHO�KRZ�H[SUHVVLRQ�LV�DOWHUHG�LQ�D�VWDWH�RI�GLVHDVH�

,Q� WKLV�GLVFXVVLRQ�� ,�ZLOO� IXUWKHU� HODERUDWH�RQ� WKH� WRSLFV�SUHVHQWHG� LQ� HDFK� FKDSWHU�
DQG�GLVFXVV�FRPPRQ�WKHPHV�DPRQJ�WKH�GLIIHUHQW�FKDSWHUV��1DPHO\��,�ZLOO�WRXFK�XS�
RQ�WKH�HSLWKHOLDO�WR�PHVHQFK\PDO� �(07��WUDQVLWLRQ��DQ�H[DPSOH�RI�FHOOXODU�SODVWLFLW\�
WKDW�ZH�HQFRXQWHUHG�LQ�RXU�UHVHDUFK��)XUWKHUPRUH�� ,�ZLOO�GLVFXVV�KRZ�RQ�RQH�KDQG��
WKH�WLPLQJ�DQG�ORFDWLRQ�RI�D�PXWDWLRQ�DUH�GHWHUPLQLVWLF�IRU�WKH�SURVSHFW�RI�D�WXPRU�WR�
GHYHORS��DQG�RQ�WKH�RWKHU�KDQG��GHYHORSPHQWV�LQ�SHUVRQDOL]HG�PHGLFLQH�DQG�WXPRU�
VHTXHQFLQJ�SURYLGH�DYHQXHV�WR�VXUSDVV�WKH�WLVVXH�RI�RULJLQ�DV�WKH�PDLQ�FULWHULD�IRU�
WUHDWPHQW�GHFLVLRQ��3UHFOLQLFDO�UHVHDUFK�SOD\V�DQ�LPSRUWDQW�UROH�LQ�WKH�LPSURYHPHQW�
RI�SDWLHQW�VWUDWLƓFDWLRQ��/DVWO\��,�ZLOO�GLVFXVV�SUHFOLQLFDO�PRGHOV�DQG�DLP�WR�H[SODLQ�KRZ�
WKH�UHVXOWV�LQ�WKLV�WKHVLV�DUH�QRW�DOZD\V�LQ�OLQH�ZLWK�RWKHU�SXEOLVKHG�REVHUYDWLRQV�

Cellular plasticity in tumors: EMT
&DQFHU�SODVWLFLW\�KDV�EHHQ�REVHUYHG�LQ�YLYR��)RU�H[DPSOH��LQ�D�EUHDVW�FDQFHU�PRXVH�
PRGHO� ŴXRUHVFHQWO\� ODEHOHG� WXPRUV� JUHZ� DQG� VKUDQN� LQ� VXFFHVVLRQ�� VKRZLQJ�
WKDW� WKH� IDWH� RI� WXPRU� IRUPDWLRQ� FKDQJHG� FRQWLQXRXVO\� ����� 2QH� W\SH� RI� FHOOXODU�
SODVWLFLW\� LV� (07�� (07�SOD\V� DQ� LPSRUWDQW� UROH� LQ� HPEU\RQLF� GHYHORSPHQW��'XULQJ�
HPEU\RJHQHVLV�� HSLWKHOLDO� FHOOV� ORVH� WKHLU� FHOO� DGKHUHQW� SURSHUWLHV� WR� WUDQVLWLRQ�
LQWR�PLJUDWRU\�PHVHQFK\PDO�FHOOV��(07�LV�DOVR�REVHUYHG�LQ�FDQFHU��,Q�FDQFHU��LW�ZDV�
LQLWLDOO\�WKRXJKW�WR�EH�DQ�HVVHQWLDO�FRPSRQHQW�IRU�WKH�VXFFHVVIXO�GLVVHPLQDWLRQ�DQG�
VHFRQGDU\�FRORQL]DWLRQ�RI�VROLG�WXPRU�FHOOV������0RUH�UHFHQWO\��WKH�FRQWULEXWLRQ�RI�(07�
WR�PDOLJQDQF\�KDV�SURYHQ�WR�EH�PRUH�FRPSOH[��7KH�PHVHQFK\PDO�LGHQWLW\�PD\�KHOS�
FHOOV�WR�PLJUDWH�DZD\�IURP�WKH�SULPDU\�WXPRU�VLWH��EXW�WKH�PHVHQFK\PDO�VWDWH�GRHV�QRW�
QHFHVVDULO\�UHVXOW�LQ�KLJKHU�PHWDVWDWLF�VXFFHVV������&HOOV�WKDW�KDYH�ORVW�WKHLU�HSLWKHOLDO�
LGHQWLW\� DQG� H[SUHVV� PHVHQFK\PDO� JHQHV�� HYHQ� VKRZHG� D� GHFUHDVHG� FDSDFLW\� WR�
IRUP� WXPRUV� ����� 5HSRUWV�KDYH� VKRZQ� WKDW�(07�GRHV� LQGXFH� FKHPRUHVLVWDQFH� WKDW�
FRQWULEXWHV�WR�PDOLJQDQF\���������,Q�chapter 3��ZH�REVHUYHG�WKH�(07�VLJQDWXUH�LQ�WKH�
UHODSVH� WXPRU��+RZHYHU�� VLJQV�RI�PHWDVWDVHV� WR� WKH� OLYHU�RU� OXQJ�ZHUH�DEVHQW�� WZR�
FRPPRQ�VLWHV�RI�EUHDVW�FDQFHU�PHWDVWDVLV������2I�QRWH��WKH�REVHUYDWLRQ�RI�PHWDVWDVLV�
LV�XVXDOO\� UDUH� LQ�PRXVH�PRGHOV� �����7KXV�� WKH�DEVHQFH�RI�PHWDVWDVLV� LQ�RXU�PRXVH�
PRGHO�PLJKW�QRW�EH�UHSUHVHQWDWLYH�IRU�KXPDQ�FDQFHU��6R�KRZ�FDQ�GRHV�VRPH�GDWD�



_����

Discussion

OLQN�WKH�PHVHQFK\PDO�VLJQDWXUH�WR�PHWDVWDVLV�DQG�RWKHU�GDWD�GRHV�QRW"�$�SRVVLEOH�
H[SODQDWLRQ�LV�WKH�SODVWLFLW\�EHWZHHQ�WKH�HSLWKHOLDO�DQG�PHVHQFK\PDO�VWDWHV��(07�DQG�
0(7� �� WKH� UHYHUVH�SURFHVV�RI�PHVHQFK\PDO�WR�HSLWKHOLDO� WUDQVLWLRQ� �� DUH�QRW�ELQDU\�
SURFHVVHV��YDULRXV�LQWHUPHGLDWH�VWDWHV�H[LVW�����

Timing and occurrence of mutations determine risk malignancy will develop
7KH� XVH� RI� JHQHWLF� VHTXHQFLQJ� KDV� HQDEOHG� XV� WR� GLVWLQJXLVK� GLIIHUHQW�PROHFXODU�
VXEW\SHV� LQ� FDQFHU�� 7KLV� NQRZOHGJH� KDV� OHG� WR� WKH� GHYHORSPHQW� RI� WDUJHWHG�
WKHUDSLHV�� GHVLJQHG� WR� LQWHUIHUH� ZLWK� VSHFLƓF� SURWHLQV� DQG� FHOOXODU� SURFHVVHV� WKDW�
D� WXPRU�GHSHQGV�RQ��&RPPRQO\�DOWHUHG�SURWHLQV� WKDW�DUH�SUHGLFWHG�RU�KDYH�EHHQ�
VKRZQ� WR� GULYH� FDQFHU�� DUH� FDOOHG� FDQFHU� GULYHUV�� +RZHYHU�� WKH� VROH� SUHVHQFH� RI�
VXFK�D�PXWDWHG�JHQH� LQ�D� WLVVXH�GRHV�QRW�JXDUDQWHH� WKH�GHYHORSPHQW�RI�D� WXPRU��
$Q� H[DPSOH� LV� IRXQG� LQ� FRORQ� FDQFHU�� .5$6��$3&�� DQG�73��� DUH� FDQFHU� GULYHUV� LQ�
FRORQ�DGHQRFDUFLQRPD�������&U\SWV�FDUU\LQJ�DQ�RQFRJHQLF�PXWDWLRQ�LQ�Kras��Apc��RU�
Trp53�H[SDQG� LQ� WKH�QRUPDO�PRXVH� LQWHVWLQH� ����������+RZHYHU�� WKH�VWHP�FHOOV� WKDW�
FDUU\� WKHVH�RQFRJHQLF�PXWDWLRQV�DUH� UHJXODUO\� UHSODFHG�E\�VWHP�FHOOV� ODFNLQJ�VXFK�
PXWDWLRQV�DQG�QR�WXPRUV�DUH�IRUPHG�������+HUH��WKH�UHSODFHPHQW�RI�PXWDQW�FHOOV�LV�
D�SURFHVV�IXHOHG�E\�WKH�HSLWKHOLDO�FHOOV��QRW�E\�WKH�LPPXQH�V\VWHP�������DQG�KDV�DOVR�
EHHQ�UHSRUWHG�LQ�WKH�VNLQ�������$QRWKHU�H[DPSOH�LV�D�VWXG\�ZKHUH�FDQLQH�HSLWKHOLDO�
NLGQH\�FHOOV�ZLWK�D�ZLOGW\SH�FRS\�RI�Trp53�RXWFRPSHWH�WKH�VDPH�FHOOV�ZLWK�PXWDQW�
Trp53�XQOHVV�RQFRJHQLF�Ras�LV�DFWLYDWHG�������2WKHU�FRORQ�FDQFHU�UHVHDUFK�KDV�VKRZQ�
WKDW�WKH�RUGHU�RI�PXWDWLRQ�DFTXLVLWLRQ�LV�LPSRUWDQW�IRU�LQLWLDWLRQ�DQG�WKH�SDFH�RI�WXPRU�
GHYHORSPHQW� ����������7KHVH� VWXGLHV� VXJJHVW� WKDW� WKH� VROR�DFTXLVLWLRQ�RI� D� FDQFHU�
GULYHU�PXWDWLRQ� LV�QRW�DOZD\V� VXIƓFLHQW� WR� OHDG� WR�PDOLJQDQF\��RWKHU�FLUFXPVWDQFHV�
SOD\�D�UROH�WRR��TP53�PXWDWLRQV�KDYH�EHHQ�VWXGLHG�LQ�D�ZLGH�DUUD\�RI�WXPRUV�DQG�DUH�
WKRXJKW�WR�JHW�DFTXLUHG�ODWHU�LQ�WXPRU�GHYHORSPHQW������

7LPLQJ�DQG�ORFDWLRQ�RI�TP53�PXWDWLRQV
TP53�LV�WKH�PRVW�ZLGHVSUHDG�PXWDWHG�FDQFHU�GULYH�JHQH�LQ�FDQFHU�������+RZHYHU��WKH�
DFTXLVLWLRQ�RI�TP53�PXWDWLRQV�LV�XVXDOO\�QRW�DQ�HDUO\�HYHQW�LQ�WXPRU�GHYHORSPHQW�������
)RU�H[DPSOH��LQ�EUHDVW�FDQFHU��PXWDWLRQV�LQ�Trp53 H[RQ���DQG���GR�QRW�RQO\�FRUUHODWH�
ZLWK� VHYHULW\� LQ�SDWLHQW� WXPRU�JUDGH� DQG�QRGDO� VWDWXV�� EXW� DOVR� WXPRU� VL]H� ������ ,Q�
RXU� PDPPDU\� JODQG�VSHFLƓF� Trp53-/-� PRXVH� PRGHO� WKDW� ZH� FURVVHG� ZLWK� YDULRXV�
RWKHU�WUDQVJHQHV�IRU�WKH�VWXGLHV�GHVFULEHG�LQ�chapters 2 and 3��ZH�GLG�QRW�REVHUYH�
EUHDVW� FDQFHU� GHYHORSPHQW��$� SKHQRW\SH� WKDW� FKDQJHG� LQ� D� VXEVHW� RI�PLFH� RQFH�
KrasG12D� H[SUHVVLRQ�ZDV� LQWURGXFHG� LQ� WKH�PDPPDU\�JODQG�DV�ZHOO��7KHUH� LV�PRUH�
HYLGHQFH�WKDW�WKH�WLPLQJ�RI� LQDFWLYDWLRQ�LV�PHDQLQJIXO� IRU�WXPRU�IRUPDWLRQ��3DWLHQWV�
ZLWK� WKH�TP53�PXWDWHG� LQKHULWHG�FRQGLWLRQ�/L�)UDXPHQL��GHYHORS�GLIIHUHQW� W\SHV�RI�
WXPRUV� WKDQ�SDWLHQWV�ZLWK�TP53� VSRQWDQHRXV�PXWDWLRQV�� )RU� H[DPSOH�� /L�)UDXPHQL�
SDWLHQWV�FRPPRQO\�GHYHORS�(5�SRVLWLYH�EUHDVW�FDQFHU�EHWZHHQ�������\HDUV�RI�DJH�
ZKLOH�VSRQWDQHRXV�TP53�PXWDWLRQV�DUH�PRVW�FRPPRQ�LQ�WULSOH�QHJDWLYH�EUHDVW�FDQFHU�
���������� ,QWHUHVWLQJO\��/L�)UDXPHQL�SDWLHQWV�GHYHORS�D�SDWWHUQ�RI�WXPRUV�LQ�GLIIHUHQW�
VWDJHV� RI� OLIH�� 6SHFLƓF� WXPRU� W\SHV� DUH� PRUH� FRPPRQ� WR� PDQLIHVW� LQ� FKLOGKRRG��
LQ� \RXQJ� DGXOWV�� RU� ODWHU� LQ� OLIH� LQ� /L�)UDXPHQL� SDWLHQWV�� ,W� KDV� EHHQ� K\SRWKHVL]HG�
WKDW� IRU�FHUWDLQ�FDQFHUV� WKH�VROH�DEVHQFH�RI�TP53� LV�VXIƓFLHQW� WR�GHYHORS��ZKLOH� IRU�
RWKHUV� DGGLWLRQDO� JHQHWLF� DOWHUDWLRQV� QHHG� WR� GHYHORS� ZKLFK� WDNHV� WLPH� ������ 7KH�
ZLGHVSUHDG� WXPRU� GHYHORSPHQW� RI� /LŊ)UDXPHQL� V\QGURPH� LV� WKH� H[FHSWLRQ� UDWKHU�
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Chapter 7

WKDQ�WKH�UXOH�DPRQJ�NQRZQ�JHUPOLQH�PXWDWLRQV�WKDW�IXHO�FDQFHU��DV�XVXDOO\�FDQFHU�
FDXVLQJ�JHUPOLQH�PXWDWLRQV�UHVXOW�LQ�D�PRUH�FRQVWULFWHG�FDQFHU�SDWWHUQ��)RU�H[DPSOH��
LQKHULWHG�PXWDWLRQV�LQ�BRCA1�DQG�BRCA2�UHVXOWLQJ�LQ�EUHDVW�DQG�RYDULDQ�FDQFHU�DQG�
LQKHULWHG�PXWDWLRQV�LQ�KIT�UHVXOWLQJ�LQ�*,67�������7KH�ZLGHVSUHDG�WXPRU�IRUPDWLRQ�LQ�
/LŊ)UDXPHQL�V\QGURPH�SDWLHQWV�FRUUHODWHV�ZLWK�WKH�QRWLRQ�WKDW�TP53�PXWDWLRQV�KDYH�
EHHQ�LGHQWLƓHG�DV�FDQFHU�GULYHUV�DFURVV�PRVW�FDQFHU�W\SHV������

7XPRU�FHOO�RI�RULJLQ
1RW�RQO\�WKH�WLPLQJ�DQG�WLVVXH�RI�PXWDWLRQ�DFTXLVLWLRQ�PDWWHU��DOVR�WKH�VSHFLƓF�FHOO�
W\SH�ZKHUH�WKH�WXPRU�ƓUVW�GHYHORSHG�SOD\V�D�UROH��)RU�H[DPSOH�� LQ�VWXGLHV�GRQH�LQ�
WKH�PRXVH�PDPPDU\�JODQG��WKH�Pik3caH1047R�VXEVWLWXWLRQ�PXWDWLRQ�UHVXOWV�LQ�GLIIHUHQW�
EUHDVW� FDQFHU� VXEW\SHV�GHSHQGLQJ�RQ� WKH� FHOO� W\SH� WKH� WXPRU�GHYHORSV� IURP� �����
�����$�SRVVLEOH�H[SODQDWLRQ�RI�ZK\�WKH�VDPH�PXWDWHG�FDQFHU�GULYHU�KDV�D�GLIIHUHQW�
HIIHFW� LQ�GLIIHUHQW� WLVVXHV�DUH� YDULDWLRQV� LQ� WKHLU� HSLJHQHWLF�SURƓOHV��7KH�HSLJHQHWLF�
VWDWH�LV�IRUPHG�GXULQJ�GHYHORSPHQW�DQG�E\�D�FHOOōV�HQYLURQPHQW��,W�GHWHUPLQHV�ZKDW�
JHQHV�DUH�H[SUHVVHG�DQG�ZKDW�JHQHV�DUH�QRW��7KHUHIRUH��D�NQRZQ�FDQFHU�GULYHU�WKDW�
LV�PXWDWHG�EXW�LV�QRW�RU�EDUHO\�H[SUHVVHG��ZLOO�QRW�KDYH�WKH�VDPH�HIIHFW�DV�LI�WKLV�JHQH�
ZDV�KLJKO\�H[SUHVVHG��2QH�VXFK�DQ�H[DPSOH�LV�VHHQ�ZKHQ�BRAFV600E�PXWDWHG�FRORQ�
FDQFHU�DQG�BRAFV600E�PXWDWHG�PHODQRPD�DUH�FRPSDUHG��'UXJV�LQKLELWLQJ�%5$)9��� 
DUH�KLJKO\�HIIHFWLYH�DW�WUHDWLQJ�BRAFV600E�PXWDWHG�PHODQRPD�������EXW�QRW�DW�WUHDWLQJ�
BRAFV600E�PXWDWHG�FRORQ�FDQFHU�������,W�ZDV�VKRZQ�WKDW�(*)5�Ŋ�D�FHOO�VXUIDFH�UHFHSWRU�
WKDW�LV�DFWLYH�XSVWUHDP�RI�%5$)���LV�KLJKO\�H[SUHVVHG�LQ�WKH�BRAFV600E�PXWDWHG�FRORQ�
FDQFHU�EXW�QRW�LQ�BRAFV600E�PXWDWHG�PHODQRPD��7KH�LQKLELWLRQ�RI�%5$)9���(�UHVXOWV�
LQ�D�SRVLWLYH�IHHGEDFN�ORRS�RI�(*)3�DFWLYDWLRQ��&RQVHTXHQWO\��FRORQ�FDQFHU�FHOOV�DUH�
VHQVLWLYH�WR�HQKDQFHG�(*)5�DFWLYDWLRQ�GXH�WR�WKH�ODUJH�SUHVHQFH�RI�(*)5�LQ�WKHVH�
FHOOV�� XQOLNH� WKH�PHODQRPD� FHOOV� ������ 7KHVH� ZHUH� H[DPSOHV� ZKHUH� HLWKHU� WKH� FHOO�
RI�RULJLQ�DIIHFWV�WKH�WXPRU�VXEW\SH�GHYHORSLQJ�RU�DIIHFWV�WKH�VXFFHVV�RI�WUHDWPHQW��
7KHUHIRUH��VROHO\�IROORZLQJ�WXPRU�VHTXHQFLQJ�GDWD�WR�ƓQG�WDUJHWDEOH�PXWDWLRQV��GRHV�
QRW�SURYLGH�D�FRPSOHWH�SLFWXUH��+RZHYHU��DUH�WKHUH�RWKHU�LQVWDQFHV�LQ�ZKLFK�GLIIHUHQW�
WXPRU�W\SHV�VKDUH�WKH�VDPH�GULYHU��ZKHUH�SDWLHQWV�EH�WUHDWHG�ZLWK�WKH�VDPH�SURWRFRO"�
7R� ORRN�IRU�WKLV��FOLQLFDO� WULDOV�KDYH�EHHQ�GHVLJQHG�WKDW�WDNH� LQ�SDWLHQWV�ZLWK�D�ZLGH�
YDULHW\�RI�FDQFHU�W\SHV�WKDW�KDYH�WKH�WDUJHWDEOH�PXWDWLRQ�LQ�FRPPRQ�

The next step in personalized medicine: does the tumor type matter?
7UDGLWLRQDOO\�� WUHDWPHQW� SODQV� DUH� EDVHG� RQ� WKH� RUJDQ� D� WXPRU� ZDV� GHWHFWHG� LQ��
&DQFHU�JHQRPLFV�KDV�DOWHUHG�WKLV�DSSURDFK��6HTXHQFLQJ�RI�D�WXPRU�KDV� OHG�WR�WKH�
GLVFRYHU\�RI�PROHFXODU� VXEW\SHV� LQ� D� FHUWDLQ� FDQFHUV�� LQFOXGLQJ�EUHDVW� FDQFHU� �����
�����$V�GHVFULEHG�HDUOLHU�LQ�WKLV�GLVFXVVLRQ��LW�KDV�DOVR�DOORZHG�IRU�WKH�LGHQWLƓFDWLRQ�RI�
FDQFHU�GULYHU�PXWDWLRQV�DQG�VXEVHTXHQWO\�VWDUWHG�GULYLQJ�WKH�GLVFRYHU\�RI�WDUJHWHG�
GUXJV�IRFXVHG�RQ�WDNLQJ�DGYDQWDJH�RI�D�WXPRUōV�GHSHQGHQF\�RI�FDQFHU�GULYHUV��7KLV�
KDV�UHVXOWHG�LQ�WKH�GHYHORSPHQW�RI�EDVNHW�FOLQLFDO�WULDOV�����������,Q�D�EDVNHW�FOLQLFDO�
WULDO�� WKH� LQFOXVLRQ� FULWHULD� IRFXV� RQ�PDWFKLQJ� D� VSHFLƓF�PXWDWLRQ�ZLWK� D� WUHDWPHQW�
SODQ��LQVWHDG�RI�D�WXPRU�W\SH��7KH�1&,�0$7&+�7ULDO��0ROHFXODU�$QDO\VLV�IRU�7KHUDS\�
&KRLFH���DOVR�NQRZQ�DV�0$7&+�� LV�VXFK�D�EDVNHW� WULDO��6PDOO�JURXSV�RI�SDWLHQWV�DUH�
DVVLJQHG�D�WUHDWPHQW�EDVHG�RQ�JHQHWLF�GHWHFWHG�LQ�WKHLU�WXPRUV��0$7&+�FRQWLQXHV�
WR�HQUROO�SDWLHQWV�Ŋ�ZLWK�D�IRFXV�RQ�UDUH�FDQFHUV��� LQ�YDULRXV�FOLQLFDO�WULDOV��&XUUHQWO\��
D� KDQGIXO� RI� WULDOV� KDV� DOUHDG\�EHHQ� FRPSOHWHG� DQG� WKH� UHVXOWV� KDYH�EHHQ� VKDUHG�
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Discussion

���������)RU�H[DPSOH��D�WULDO�HQUROOLQJ�SDWLHQWV�ZLWK�WKH�BRAFV600E�PXWDWLRQ�WKDW�ZHUH�
WUHDWHG�ZLWK�D�FRPELQDWLRQ�RI� WKH�%5$)9���(� LQKLELWRU�GDEUDIHQLE�DQG� WKH�0(.����
LQKLELWRU�WUDPHWLQLE�UHVXOWHG�LQ�UHVSRQVHV�LQ���GLIIHUHQW�FDQFHU�W\SHV�ZDUUDQWLQJ�IXUWKHU�
LQYHVWLJDWLRQ�� 7KLV� IXHOV� WKH� KRSH� WKDW� WKLV� WUHDWPHQW� SODQ� FDQ�ZRUN� IRU� DGGLWLRQDO�
SDWLHQWV� WKDQ� FXUUHQWO\� LQFOXGHG� LQ� DSSURYDOV� ������ +RZHYHU�� LQ� D� EDVNHW� FOLQLFDO�
WULDOV� WUHDWLQJ� SDWLHQWV� ZLWK� BRAF� PXWDWLRQV� RWKHU� WKDQ� BRAFV600E� ZLWK� WUDPHWLQLE�
PRQRWKHUDS\��GLG�QRW� VKRZ�FOLQLFDO� HIƓFDF\� ������$�)UHQFK�EDVNHW� WULDO�� FRPSDULQJ�
WDUJHWHG�WKHUDS\�LQ�SDWLHQWV�ZLWK�DGYDQFHG�GLVHDVH�ZLWK�D�WUHDWPHQW�FKRVHQ�E\�WKHLU�
SK\VLFLDQ��GLG�QRW�UHVXOW� LQ�D�GLIIHUHQFH�LQ�SURJUHVVLRQ�IUHH�VXUYLYDO�DPRQJ�WKH�WZR�
JURXSV�HLWKHU�������7KH�UHVXOWV�IURP�WKHVH�EDVNHW�FOLQLFDO�WULDOV�VKRZ�XV�WKDW�ZH�QHHG�
PRUH�LQIRUPDWLRQ�WKDQ�VROHO\�PDWFKLQJ�WKH�GULYHU�JHQH�ZLWK�WKH�WDUJHWHG�WKHUDS\�WR�
WUHDW�SDWLHQWV�HIIHFWLYHO\��:H�DOVR�GLVFXVV�WKLV�SKHQRPHQRQ�LQ�chapter 3��PXWDWLRQV�LQ�
FDQFHU�GULYHUV�DUH�QRW�LQGHSHQGHQW�RI�WKHLU�FRQWH[W��)RU�H[DPSOH��RAS�PXWDWLRQV�DUH�
KLJKO\�SUHYDOHQW� LQ�SDQFUHDWLF�GXFWDO�DGHQRFDUFLQRPD��FRORUHFWDO�DGHQRFDUFLQRPD��
PXOWLSOH�P\HORPD�� DQG� YDULRXV� RWKHU� FDQFHUV�� EXW� QRW� FRPPRQO\� IRXQG� LQ� EUHDVW�
WXPRUV�����������+RZHYHU��WKH�SDWKZD\V�WKDW�5$6�LV�FHQWUDO�WR��VXFK�DV�0$3.�(5.�DQG�
3,�.�$.7�P725�VLJQDOLQJ��DUH�IUHTXHQWO\�RYHUDFWLYDWHG�LQ�EUHDVW�FDQFHU����������7KLV�
VKRZV�WKDW�HYHQ�WKRXJK�LQKLELWLQJ�DQ�DFWLRQDEOH�PXWDWLRQ�FDQ�EH�PHDQLQJIXO�DFURVV�
GLIIHUHQW� FDQFHUV�� WKHUH� LV� DOVR�PRUH� NQRZOHGJH� WKDW� QHHGV� EH� JDLQHG� RQ� WLVVXH�
VSHFLƓF�DQG�FHOO�VSHFLƓF�FDQFHU�VLJQDOLQJ��7KHUHIRUH��SUHFOLQLFDO�UHVHDUFK�ZLOO�QHHG�WR�
LPSURYH�RXU�SUHGLFWLYH�NQRZOHGJH�WR�HQUROO�SDWLHQWV�PRUH�VXFFHVVIXOO\�LQ�FOLQLFDO�WULDOV�
WR�PRYH�WKH�VXFFHVV�RI�SHUVRQDOL]HG�PHGLFLQH�IRUZDUG�

Preclinical model systems
9DULRXV�PRGHO� V\VWHPV�ZHUH�XVHG� IRU� WKH�ZRUN�GHVFULEHG� LQ� WKLV� WKHVLV��7KH�PRVW�
GRPLQDQW�PRGHO�V\VWHP�GHSOR\HG�ZDV�WKH�PRXVH�� ,Q�DGGLWLRQ��H[SHULPHQWV�WDNLQJ�
DGYDQWDJH� RI� WKH� VWUHQJWKV� RI� WKH� RUJDQRLG� V\VWHP�� SDWLHQW�GHULYHG� [HQRJUDIWV�
�3';V���DQG�FHOO�OLQHV�ZHUH�LQFOXGHG��$OO�IRXU�DUH�XVHG�LQ�FDQFHU�UHVHDUFK��2UJDQRLGV��
3';V��DQG�PRXVH�PRGHOV�DUH�FRPPRQ�PRGHO�V\VWHPV�LQ�VWHP�FHOO�UHVHDUFK�DV�ZHOO��
$OO�KDYH�GLIIHUHQW�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�WKDW�,�ZLOO�RXWOLQH�EHORZ�

&HOO�OLQHV
&HOO�OLQHV�SURYLGH�D�SUDFWLFDOO\�LQGHƓQLWH�UHVRXUFH�RI�KRPRJHQRXV�PDWHULDO��7KH\�DUH�
HDV\��TXLFN��DQG�UHODWLYHO\�FKHDS�WR�ZRUN�ZLWK��7KH�HQYLURQPHQW�D�FHOO�OLQH�LV�H[SRVHG�
WR�LV�KLJKO\�FRQWUROODEOH��HQDEOLQJ�WR�WHVW�WKH�HIIHFW�RI�D�VLQJOH�FKDQJH�RQ�WKH�EHKDYLRU�
DQG�SKHQRW\SH�RI�WKH�FHOO��&HOO�OLQHV�DUH�XVXDOO\�WKH�EHVW�FKRLFH�WR�DQVZHU�TXHVWLRQV�
RQ�WKH�PROHFXODU� OHYHO��VXFK�DV� Ō:KDW�SDWKZD\�V��DUH�DIIHFWHG�E\� LQWHUYHQWLRQ�$ō�RU�
ŌZKDW� SURWHLQ�SURWHLQ� LQWHUDFWLRQV� WDNH� SODFH� LQ� FRQGLWLRQ� %ō�� )XUWKHUPRUH�� GXH� WR�
WKH�DELOLW\�WR�VFDOH�XS�D�FHOO�OLQH�H[SHULPHQW�HIƓFLHQWO\�DQG�UHOLDEO\��KLJK�WKURXJKSXW�
WHVWLQJ�Ŋ�LQFOXGLQJ�PXOWLSOH�FHOO�OLQHV�VLPXOWDQHRXVO\���FDQ�EH�DSSOLHG�WR�WHVW�IRU�GUXJV�
WKDW� OLPLW� FHOOXODU�SUROLIHUDWLRQ��(YHQ� WKRXJK�FHOO� OLQHV� VWLOO� UHTXLUH� DQLPDO� VHUXP� WR�
JURZ��WKH�XVH�RI�FHOO�OLQHV�LV�FRQVLGHUHG�PRUH�HWKLFDO�VLQFH�IHZHU�DQLPDOV�DUH�VDFULƓFHG�
WKDQ�LQ�H[SHULPHQWV�XVLQJ�ODERUDWRU\�DQLPDOV��+RZHYHU��GDWD�GHULYHG�IURP�FHOO� OLQH�
H[SHULPHQWV�DUH�QRW�DOZD\V�VXLWDEOH�WR�PRGHO�ZKDW�KDSSHQV�LQ�YLYR�LQ�KXPDQV��)RU�
FHOO� OLQHV� WR�SUROLIHUDWH�FRQWLQXRXVO\�� WKH\�KDYH�EHHQ�GHVFULEHG� WR�DFTXLUH�JHQHWLF�
DOWHUDWLRQV� QRW� IRXQG� LQ� YLYR�� 0HFKDQLVPV� LQKLELWLQJ� FRQWLQXHV� SUROLIHUDWLRQ� DUH�
LQDFWLYDWHG� DQG� DGGLWLRQDO� JHQHWLF� DOWHUDWLRQV� DUH� DFTXLUHG�ZLWK� HYHU\� GXSOLFDWLRQ�
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Chapter 7

F\FOH��7KLV�UHVXOWV�LQ�FHOOV�WKDW�VKRZ�GLIIHUHQW�SURSHUWLHV�IURP�FHOOV�IRXQG�LQ�YLYR�DQG�LW�
UHVXOWV�LQ�D�KRPRJHQRXV�FHOO�SRSXODWLRQV��XQOLNH�WKH�KHWHURJHQHLW\�IRXQG�LQ�KXPDQ�
WLVVXHV�DQG�WXPRUV�������$�SUDFWLFDO�SUREOHP�ZLWK�WKH�XVH�RI�FHOO�OLQHV�LV�FRQWDPLQDWLRQ�
E\�RWKHU�FHOO�OLQHV�RU�SDWKRJHQV��$OWKRXJK�WKLV�SUREOHP�KDV�EHHQ�UHSRUWHG�DV�HDUO\�DV�
LQ������������WKH�SUREOHP�UHPDLQV�SHUYDVLYH�DV�PDQ\�UHVHDUFK�JURXSV�GR�QRW�FKHFN�
IRU�WKLV�RQ�D�UHJXODU�EDVLV�����������$OEHLW�FRVWOLHU��DQRWKHU�LQ�YLWUR�V\VWHP�LQ�ZKLFK�FHOOV�
FROOHFW�IHZHU�PXWDWLRQV��LV�OHVV�OLNHO\�WR�JHW�FRQWDPLQDWHG�E\�RWKHU�FHOO�W\SHV��DQG�WKDW�
DLPV�WR�FORVHU�UHVHPEOH�LQ�YLYR�FRQGLWLRQV�DUH�RUJDQRLGV��

2UJDQRLGV
2UJDQRLGV�DUH�LQ�YLWUR�VLPSOLƓHG�PRGHO�V\VWHPV�RI�KHWHURJHQRXV�HSLWKHOLDO�WLVVXHV��
2UJDQRLGV�DUH�JHQHUDWHG�IURP��LQGXFHG��SOXULSRWHQW�VWHP�FHOOV��WLVVXH�VWHP�FHOOV��RU�D�
PL[�RI�GLIIHUHQW�SULPDU\�FHOOV�FRQWDLQLQJ�WLVVXH�VWHP�FHOOV�������,Q�D�WKUHH�GLPHQVLRQDO�
FXOWXUH��FHOOV�GLYLGH�DQG�VHOI�RUJDQL]H�WR�IRUP�KHWHURJHQRXV�VWUXFWXUHV��,Q�chapter 2�ZH�
XVH�WKUHH�GLPHQVLRQDO�FXOWXUHV�WR�VWXG\�PRXVH�PDPPDU\�HSLWKHOLDO�FHOOVō�UHVSRQVH�WR�
71)_�DQG�LQ�chapter 4�WR�VWXG\�WKH�UHVSRQVH�RI�KXPDQ�FRORQ�DQG�EUHDVW�FDQFHU�FHOOV�
WR�7/5��DQG�&'���LQKLELWLRQ��2UJDQRLGV�UHVHPEOH�WKH�SK\VLRORJLFDO�VWDWH�RI�D�WLVVXH�RU�
WXPRU�PRUH�FORVHO\�WKDQ�D�KRPRJHQRXV��K\SHUPXWDWHG�FHOO�OLQH�GRHV��6LQFH�RUJDQRLGV�
FDQ�EH�PDGH�ZLWK� IUHVKO\� FROOHFWHG� KXPDQ� FHOOV��7KHUHIRUH�� RUJDQRLGV� HQDEOH� WKH�
GLUHFW�PRGHOLQJ�RI�KHDOWK\�DQG�VLFN�KXPDQ�FHOOV��)XUWKHUPRUH�� WKH�RUJDQRLG�VHWXS�
VWLOO�IDFLOLWDWHV�HDV\�PDQLSXODWLRQ��'RZQVLGHV�RI�RUJDQRLGV�FRPSDUHG�WR�FHOO�OLQHV�DUH�
WKDW�RUJDQRLGV�DUH�FRVWOLHU��JHQHUDOO\� UHTXLUH�PRUH�ZRUN� WR�HVWDEOLVK�DQG�PDLQWDLQ��
DQG�KDYH�D�PRUH�GHƓQLWLYH� OLIHVSDQ��)XUWKHUPRUH��SURWRFRO� VWDQGDUGL]DWLRQ�DPRQJ�
GLIIHUHQW�UHVHDUFK�JURXSV� LV� ODFNLQJ�IRU�RUJDQRLGV�� LQFUHDVLQJ�WKH�YDULDELOLW\� LQ�GDWD�
RXWFRPHV�EHWZHHQ�GLIIHUHQW�UHVHDUFK�JURXSV�������7KH�ODWWHU�LV�QRW�VXUSULVLQJ��DV�ZH�
DUH�VWLOO�LQ�WKH�PLGVW�RI�LPSURYLQJ�FXOWXUH�FRQGLWLRQV�WR�PLPLF�SK\VLRORJLFDO�FRQGLWLRQV�
FORVHO\��2UJDQRLGV�ODFN�FHOOV�DQG�VWUXFWXUHV�FRPPRQO\�VXUURXQGLQJ�D�WLVVXH�LQ�YLYR��
VXFK�DV�HQGRWKHOLDO�FHOOV��ƓEUREODVWV��LPPXQH�FHOOV��DQG�WKH�PLFURELRPH��,Q�DGGLWLRQ��
ELRHQJLQHHUV� ZRUN� RQ� WHFKQLFDO� FKDOOHQJHV� VXFK� DV� RSWLPL]LQJ� WKH� VFDIIROGLQJ�
RUJDQRLGV�QHHG�WR�IRUP�WKUHH�GLPHQVLRQDO�FXOWXUHV�DQG�LPLWDWLQJ�PHFKDQLFDO�VWLPXOL�
SURYLGHG�LQ�YLYR�������0RUHRYHU��WKHUH�LV�QR�VWDQGDUGL]DWLRQ�DPRQJ�UHVHDUFK�JURXSV�
KRZ� WR� YHULI\� DQ� RUJDQRLG� FXOWXUH� UHVHPEOHV� D� WLVVXH�� HQDEOLQJ� D� ODUJH�GHJUHH� RI�
SODVWLFLW\�WKDW�PD\�RQO\�GLVSOD\�LQ�VSHFLƓF�FXOWXUH�FRQGLWLRQV�������3ODVWLFLW\�KDV�DOVR�
EHHQ� REVHUYHG� LQ� RUJDQRLGV� GHULYHG� IURP� KXPDQ� EUHDVW� WLVVXH�� 2UJDQRLGV� IURP�
ERWK�WKH�EDVDO�SRSXODWLRQ���VKRZQ�WR�FRQWDLQ�WKH�PDPPDU\�VWHP�FHOOV����������Ŋ�DQG�
WKH�OXPLQDO�SRSXODWLRQ�JHQHUDWH�ERWK�OLQHDJHV�������7KH�SODVWLFLW\�REVHUYHG�LQ�WZR�
GLPHQVLRQDO� FXOWXUHV� LV�HYHQ�PRUH�GLYHUVH�� ,Q� ORQJ�WHUP�FXOWXUH��KXPDQ�PDPPDU\�
HSLWKHOLDO�FHOOV�DFTXLUHG�HSLJHQHWLF�DQG�JHQHWLF�FKDQJHV�HQDEOLQJ�WKH�FHOOV�WR�VXUYLYH�
LQ�YLWUR�EH\RQG�WKH�VHQHVFHQFH�EDUULHU��0RUHRYHU��WKHVH�FHOOV�VWDUW�H[SUHVVLQJ�EUHDVW�
FDQFHU�PDUNHUV� ��������� ,Q� VKRUW�WHUP� FXOWXUH�� KXPDQ�PDPPDU\� HSLWKHOLDO� FHOOV�GR�
QRW�RQO\�IRUP�OXPLQDO�DQG�EDVDO�FHOOV�EXW�DOVR�ELSRWHQW�SURJHQLWRU�VWHP�FHOOV�������,W�
LV�XQFOHDU�LI�VXFK�SODVWLFLW\�DOVR�WDNHV�SODFH�LQ�QRUPDO�SK\VLRORJ\��%H\RQG�PRGHOLQJ�
QRUPDO� DQG� VLFN� WLVVXHV�� RUJDQRLGV� FDQ� DOVR�SOD\� D�PDMRU� UROH� LQ� WKH� ƓHOG�RI�GUXJ�
VFUHHQLQJ��7RGD\�SUHFOLQLFDO�VFUHHQLQJ�LV�QRW�DW�WKH�OHYHO�RI�WZR�GLPHQVLRQDO�FHOO�OLQH�
VFUHHQLQJ�\HW�������,Q�VXPPDU\��D�ORW�RI�SURJUHVV�KDV�EHHQ�PDGH�LQ�RUJDQRLG�FXOWXUH�
WR�PRGHO�LQ�YLYR�FRQGLWLRQV��HVSHFLDOO\�LQ�FHUWDLQ�WLVVXHV��,GHDOO\��RUJDQRLGV�ZLOO�RQH�
GD\� UHSODFH� WKH� XVH� RI� WUDQVJHQLF� DQG� 3';� DQLPDO� PRGHOV� ������ +RZHYHU� WRGD\��
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Discussion

RUJDQRLG� V\VWHPV�DUH�QRW�D� VXEVWLWXWH� \HW� IRU� WKH�FRPSOH[�QHWZRUN�RI� LQWHUDFWLRQV�
IRXQG�LQ�DQLPDOV�

0RXVH�PRGHOV
-XVW� OLNH�KXPDQV��PLFH�DUH�PDPPDOV��+RZHYHU�� WKHLU� OLIHF\FOH� LV�PXFK�VKRUWHU��7KH�
JHVWDWLRQ�SHULRG�UDQJHV�IURP����WR����GD\V�DQG�WKH�RYXODWLRQ�RI�LQEUHG�VWUDLQV�VWDUWV�
EHWZHHQ���DQG���ZHHNV�RI�DJH��)XUWKHUPRUH�� WKH\�DUH�RQH�RI� WKH�VPDOOHU�PDPPDO�
VSHFLHV� PDNLQJ� FDUH� WDNLQJ� UHODWLYHO\� DIIRUGDEOH�� $V� PLFH� SURYLGH� D� FRPPRQ�
PRGHO�V\VWHP�IRU�D�ZLGH�YDULHW\�RI�UHVHDUFK��PDQ\�WRROV�KDYH�EHHQ�GHYHORSHG�DQG�
PXFK� NQRZOHGJH� KDV� EHHQ� DFTXLUHG�� 2QH� VXFK� WRRO� KDV� EHHQ� WKH� GHYHORSPHQW�
RI� WUDQVJHQLF� PLFH�� 8VLQJ� JHQHWLF� PRGLƓFDWLRQ�� RQH� RU� PXOWLSOH� JHQHV� FDQ� EH�
NQRFNHG� LQ�� NQRFNHG�RXW�� UHSODFHG�E\� D�PXWDQW� YDULDQW�� RU� JHQHWLF� FRQVWUXFWV� FDQ�
EH� LQVHUWHG� VXFK�DV� WKH� LQGXFLEOH�7HW�RQ� WUDQVJHQH�XVHG� LQ�chapter 3��'XH� WR� WKH�
XVH�DQG�PDLQWHQDQFH�RI�LQEUHG�VWUDLQV�ZLWK�PLQLPDO�JHQHWLF�GLYHUVLW\��VWDQGDUGV�WKDW�
DUH�PDLQWDLQHG�E\�RUJDQL]DWLRQV�VXFK�DV�WKH�-DFNVRQ�/DERUDWRU\�DQG�&KDUOHV�5LYHU��
UHVHDUFK�GRQH�DPRQJ�GLIIHUHQW�ODEV�DOO�RYHU�WKH�ZRUOG�XVLQJ�WKH�VDPH�VWUDLQ�FDQ�EH�
FRPSDUHG��2I�QRWH��H[SHULPHQWV�GRQH�LQ�GLIIHUHQW�PRXVH�VWUDLQV�FDQ�OHDG�WR�GLIIHUHQW�
UHVXOWV��DV�PHQWLRQHG�ODWHU�LQ�WKLV�GLVFXVVLRQ��'HVSLWH�D�KLJK�OHYHO�RI�VLPLODULW\�DPRQJ�
PLFH�IURP�RQH�VWUDLQ��WKHUH�LV�DOZD\V�VRPH�YDULDWLRQ�MXVW�OLNH�LQ�KXPDQV��7KLV�YDULDWLRQ�
LV�FDXVHG�E\�WKH�KLJK�OHYHO�RI�FRPSOH[LW\�RI�DQ�DQLPDO�DQG�LWV�HQYLURQPHQW��WKDW�LV�QRW�
IRXQG�LQ�FXOWXUH�V\VWHPV��,Q�chapter 3��PLFH�IURP�WKH�VDPH�&��%/��-�VWUDLQ�ZLWK�WKH�
VDPH�WUDQVJHQHV�DQG�H[SRVHG�WR�WKH�VDPH�FRQGLWLRQV��GLG�QRW�RQO\�GLVSOD\�D�GLIIHUHQW�
OHYHO�RI�VXVFHSWLELOLW\�LQ�WXPRU�GHYHORSPHQW�EXW�DOVR�VKRZHG�WR�GHYHORS�WXPRUV�ZLWK�
D�GLIIHUHQW�)$&6�SURƓOH�DQG�GHSHQGHQF\�RQ�.UDV*��'��7R�WDNH�VXFK�GLIIHUHQFHV�LQWR�
DFFRXQW��DOZD\V�PXOWLSOH�PLFH�DUH�XVHG�SHU�H[SHULPHQWDO�JURXS��:KHUHIRUH��DOVR�LQ�
chapters 5 and 6�PXOWLSOH�PLFH�SHU�DJH�JURXS�DUH�LQFOXGHG�WR�SURYLGH�UHOLDEOH�GDWD��
$QRWKHU�LPSRUWDQW�FKDUDFWHULVWLF�RI�V\QJHQHLF�PRXVH�PRGHOV�LV�WKH�SUHVHQFH�RI�WKH�
LPPXQH�V\VWHP��3URORQJHG�LQŴDPPDWLRQ�FRQWULEXWHV�WR�WXPRU�SURJUHVV������DQG�LQ�
LPPXQRWKHUDS\� WKH� SDWLHQWVō� LPPXQH� V\VWHP� LV�PRGXODWHG� WR� GULYH� DQ� DQWLWXPRU�
UHVSRQVH� ������ VWUHVVLQJ� WKH� LPSRUWDQFH�RI� WKH�FRQWULEXWLRQ�RI� WKH� LPPXQH�V\VWHP�
WR�WXPRU�PRGHOLQJ��7KH�LPPXQH�V\VWHP�DOVR�LQWHUDFWV�ZLWK�VWHP�FHOOV��SOD\LQJ�D�UROH�
LQ�WLVVXH�UHJHQHUDWLRQ�DQG�QRUPDO�KRPHRVWDVLV�������$V�GLVFXVVHG�LQ�chapters 2 and 
4��ZKHUH� WKH� LQWHUDFWLRQ�EHWZHHQ� WKH� LPPXQH� VLJQDOLQJ�SURWHLQV� DQG� VHOI�UHQHZDO�
LV�GLVFXVVHG��)RU�FDQFHU� UHVHDUFK� LQ�SDUWLFXODU��D�GLVDGYDQWDJH�RI�PRXVH�PRGHOV� LV�
WKH�UDULW\�RI�PHWDVWDVLV��(YHQ�WKRXJK�PHWDVWDVLV�LV�WKH�PDLQ�UHDVRQ�RI�FDQFHU�UHODWHG�
GHDWKV��0HWDVWDVLV�RIWHQ�LV�DQ�LQHIƓFLHQW�SURFHVV�ZLWK�D�ORQJ�ODWHQF\��ZKLOH�D�PRXVH�KDV�
D�VKRUW�OLIHVSDQ��)XUWKHUPRUH��WKH�PRXVH�LV�D�VPDOO�DQLPDO��WKHUHIRUH�SULPDU\�WXPRU�
GHYHORSPHQW�GHYHORSV�RIWHQ�WRR�TXLFN�IRU�PHWDVWDVHV�WR�GHYHORS������)XUWKHUPRUH��
WKHUH�DUH�PDQ\�ELRORJLFDO�DQG�JHQHWLF�GLIIHUHQFHV�EHWZHHQ�KXPDQV�DQG�SUHFOLQLFDO�
PRGHOV�VXFK�DV� WKH�PRXVH��$OWKRXJK�PRXVH�DQG�KXPDQ�JHQHV�VKDUH�D�KLJK� OHYHO�
RI�KRPRORJ\��DW�WKH�QXFOHRWLGH�DQG�WKH�JHQH�UHJXODWLRQ�DQG�H[SUHVVLRQ�OHYHO�WKHUH�
DUH�ELJ�GLIIHUHQFHV����������7KLV�GLVFUHSDQF\�UHVXOWV�LQ�LQDFFXUDWH�SUHGLFWLRQV�RI�WKH�
VXFFHVV�RI�D�GUXJ�LQ�KXPDQV��7RGD\��RQO\�������RI�GUXJV�WKDW�PRYH�IURP�SUHFOLQLFDO�
PRGHOV�LQWR�FOLQLFDO�WULDOV��DUH�DSSURYHG�IRU�XVH�LQ�SDWLHQWV�������7KH�PDLQ�UHDVRQ�IRU�
IDLOXUH�LV�GXH�WR�ODFN�RI�HIƓFDF\�DQG�WKH�VHFRQG�PRVW�FRPPRQ�UHDVRQ�LV�GXH�WR�VDIHW\�
LVVXHV��VXFK�DV�WR[LFLW\�������/RRNLQJ�IRU�SUHFOLQLFDO�PRGHOV�WKDW�EHWWHU�UHŴHFW�KXPDQ�
WXPRUV��VFLHQWLVWV�KDYH�EHHQ�ORRNLQJ�DW�3';V�
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Chapter 7

3';
3';� WXPRUV� FDQ� EH� HVWDEOLVKHG� E\� WKH� GLUHFW� HQJUDIWPHQW� RI� SDWLHQW� PDWHULDO� LQ�
DQ� LPPXQRFRPSURPLVHG� PRXVH�� 0RVW� FRPPRQO\�� WKH� HQJUDIWPHQWV� DUH� WXPRU�
IUDJPHQWV�RU�VLQJOH�FHOO�VXVSHQVLRQV��8VLQJ�WKLV�PRGHO�V\VWHP��WKH�GHYHORSPHQW�RI�D�
KXPDQ�WXPRU�DQG�LWV�UHVSRQVH�WR�PRGXODWLRQV�E\�GUXJV�RU�RWKHU�LQWHUYHQWLRQV�FDQ�EH�
VWXGLHG�LQ�YLYR��DV�ZH�GLG�LQ�chapter 4��,Q�EUHDVW�FDQFHU��3';V�KDYH�VKRZQ�WR�UHŴHFW�WKH�
SDWKRORJ\��PHWDVWDVLV��DQG�VXUYLYDO�UDWH�RI�WKH�SDWLHQWV�WKDW�WKH�WXPRUV�GHULYHG�IURP�
����������,Q�D�3';�VFUHHQ�RI�YDULRXV�WXPRU�W\SHV�ZKHUH�WKH\�ORRNHG�IRU�DVVRFLDWLRQV�
EHWZHHQ� JHQRW\SH� DQG� WUHDWPHQW� UHVSRQVH�� 3';� UHVSRQVH� ZDV� UHSUHVHQWDWLYH�
IRU� LQ� SDWLHQW� UHVSRQVH� ����� ����� +RZHYHU�� VLQJOH�FHOO� DQG� EXON� VHTXHQFLQJ� GDWD�
VKRZHG�WKDW�3';�WXPRUV�XQGHUJR�FORQDO�VHOHFWLRQ�DQG�TXLFNO\�DFTXLUH�FRS\�QXPEHU�
DOWHUDWLRQV� GXULQJ� SDVVDJHV�� FRS\� QXPEHU� DOWHUDWLRQV� WKDW� GLIIHUHG� IURP� WKH� RQHV�
REVHUYHG� LQ� KXPDQ� SULPDU\� VDPSOHV� ����� ����� +HQFH�� KRZ� WUXWKIXOO\� 3';�PRGHOV�
UHSUHVHQW�KXPDQ�WXPRU�GHYHORSPHQW�YDULHV�DPRQJ�GLIIHUHQW�VWXGLHV��2QH�PHWKRG�
WR� LPSURYH� WKH� UHSUHVHQWDWLRQ�RI� 3';�PRGHOV�� LV� E\� FR�WUDQVSODQWLQJ� FRPSRQHQWV�
RI�WKH�WXPRU�PLFURHQYLURQPHQW��&R�WUDQVSODQWDWLRQ�ZLWK�KXPDQ�PHVHQFK\PDO�FHOOV�
LQFUHDVHV� WKH� OLNHOLKRRG� WKDW�KXPDQ�EUHDVW� FDQFHU�FHOOV�HVWDEOLVK� WKHPVHOYHV� LQ�DQ�
LPPXQRFRPSURPLVHG�UHFLSLHQW�PRXVH�������+RZHYHU��FR�WUDQVSODQWHG�KXPDQ�FHOOV�
KDYH�D�OLPLWHG�OLIHVSDQ��WKXV�WKH�WXPRU�VWURPD�LV�HYHQWXDOO\�UHSODFHG�E\�PRXVH�VWURPD�
����������7R�VWXG\�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�LPPXQH�V\VWHP�DQG�FDQFHU��HVSHFLDOO\�
LQ�WKH�ƓHOG�RI�LPPXQR�RQFRORJ\�GUXJ�GHYHORSPHQW��VFLHQWLVWV�DUH�FUHDWLQJ�SURWRFROV�
WR�WUDQVSODQW�KXPDQ�KHPRSRLHWLF�FHOOV�LQ�LPPXQRFRPSURPLVHG�PLFH�DV�WR�HVWDEOLVK�
WKH�KXPDQ�LPPXQH�V\VWHP����������7R�GR�VR��LPPXQH�FHOOV�DQG�WXPRU�FHOOV�PXVW�EH�
+/$�PDWFKHG� WR�SUHYHQW� WXPRU�FHOO� UHMHFWLRQ�E\� WKH�KXPDQ� LPPXQH�FHOOV� ����������
2WKHU� FKDOOHQJHV� WKLV� WHFKQLTXH� IDFHV�� JUDIW� YHUVXV� KRVW� GLVHDVH�� ORZ� VXFFHVV� UDWH�
RI� LPPXQH� FHOO� HQJUDIWPHQW�� LQFRPSOHWH� GHYHORSPHQW� RI� KXPDQ� LPPXQH� V\VWHP��
HWKLFDO�FRPSOLFDWLRQV�LQ�PRGHOV�WKDW�XVH�IHWDO�WLVVXH�WR�HVWDEOLVK�WKH�LPPXQH�V\VWHP��
DQG� WKH�KLJK�FRVW�RI� WKLV� V\VWHP� ������ ,GHDOO\�� VXSSRUWLQJ�FHOOV�DQG� WXPRU�FHOOV�DUH�
GHULYHG�IURP�WKH�VDPH�SDWLHQW�EXW�WKLV�LV�LQ�SUDFWLFH�GLIƓFXOW�WR�DFKLHYH��,Q�FRQFOXVLRQ��
DOWKRXJK�WKHUH�LV�JUHDW�SRWHQWLDO�LQ�XVLQJ�KXPDQL]HG�PRXVH�PRGHOV�WR�VWXG\�WXPRU�
GHYHORSPHQW��FXUUHQWO\�LW�LV�QRW�UHDG\�WR�EH�XVHG�RQ�WKH�ODUJH�VFDOH�WKDW�LV�GHVLUDEOH�

Possible explanations for the inconsistencies in research outcomes among different 
research groups
$PRQJ� WKH� GLIIHUHQW� SUHFOLQLFDO� PRGHOV�� VWDQGDUGL]DWLRQ� DPLG� GLIIHUHQW� UHVHDUFK�
JURXSV�LV�ODFNLQJ��7KLV�OHDGV�WR�YDULDWLRQV�LQ�RXWFRPH��)RU�H[DPSOH��LQ�WKH�GDWD�VKDUHG�
in chapters 2 and 3��RWKHU�JURXSV�ZRUNLQJ�ZLWK�WUDQVJHQLF�PLFH�KDG�UHSRUWHG�GLIIHUHQW�
UHVXOWV�� HYHQ� WKRXJK� WKH� VDPH� �WUDQV�JHQH�V�� ZHUH� NQRFNHG� RXW� RU� LQWURGXFHG�� ,Q�
chapter 2�ZH�UHSRUW�QR�LQFUHDVH�LQ�VHOI�UHQHZDO�LQ�Trp53�NQRFNRXW�PDPPDU\�HSLWKHOLDO�
FHOOV��ZKLOH�RWKHU�JURXSV�KDYH�REVHUYHG�DQ�LQFUHDVH�LQ�VHOI�UHQHZDO�LQ�WKH�VDPH�FHOOV�
���������,Q�chapter 3��ZH�IRXQG�WKDW�WKH�H[SUHVVLRQ�DORQH�RI�PDPPDU\�JODQG�VSHFLƓF�
RQFRJHQLF�KrasG12D� GLG�QRW� UHVXOW� LQ�EUHDVW� WXPRU� IRUPDWLRQ��ZKLOH� DQRWKHU�JURXS�
REVHUYHG� EUHDVW� WXPRU� IRUPDWLRQ� LQ� ����� RI� PLFH� H[SUHVVLQJ� PDPPDU\� JODQG�
VSHFLƓF� KrasG1D� ������ 'LVFUHSDQFLHV� LQ� UHVXOWV� DUH� UHSRUWHG� WR� RULJLQDWH� IURP� WKH�
XVH�RI�GLIIHUHQW�SURWRFROV�DQG�GLIIHUHQW�PRXVH�LQEUHG�VWUDLQV��+RZHYHU��WKHUH�LV�DOVR�
LQFUHDVLQJ�DWWHQWLRQ�IRU�WKH�LQŴXHQFH�RI�WKH�PLFURELRPH�RQ�UHVXOW�RXWFRPHV�
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Discussion

'LIIHUHQFHV�LQ�SURWRFRO
)LUVWO\�� GLIIHUHQFHV� LQ� SURWRFROV� FDQ� KDYH� D� SURIRXQG� HIIHFW� RQ� UHVXOWV�� +LQHV� HW� DO��
VKDUHG� WKH�ZRUN�RI�SLQSRLQWLQJ�KRZ� WZR�FROODERUDWLQJ� ODEV�RQ�RSSRVLWH�$PHULFDQ�
FRDVWV�HQGHG�XS�ZLWK�GLIIHUHQW�)$&6�SURƓOHV�DQG�GLIIHUHQW�RUJDQRLG�YLDELOLW\�\LHOGV�
XVLQJ�WKH�VDPH�VDPSOHV�DQG�VDPH�UHDJHQWV��7KH\�FRQFOXGHG�WKDW�D�PRUH�YLJRURXV�
DQG�VKRUWHU�GLJHVWLRQ�SURFHVV�UHVXOWHG�LQ�WKH�ORVV�RI�EUHDVW�FDQFHU�VWHP�FHOO�PDUNHU�
&'���H[SUHVVLRQ�DQG�D���WLPHV�ORZHU�\LHOG�RI�RUJDQRLGV�������)LQGLQJ�WKH�GLJHVWLRQ�
WLPH�VZHHW�VSRW�WR�RSWLPL]H�IRU�PDPPDU\�HSLWKHOLDO�FHOO�\LHOG�DQG�YLDELOLW\��KDV�EHHQ�
GLVFXVVHG�VLQFH�WKH�ƓUVW�SXEOLFDWLRQV�RQ�PRXVH�PDPPDU\�VWHP�FHOO�LVRODWLRQ�FDPH�RXW�
����������'LIIHUHQW�ODEV�IROORZ�GLIIHUHQW�SURWRFROV�������+RZHYHU��WKHUH�LV�DGGLWLRQDO�GDWD�
WKDW�VXSSRUW�WKDW�D�VORZHU�GLJHVWLRQV�SURWRFRO�UHVXOWV�LQ�KLJKHU�PDPPDU\�HSLWKHOLDO�
FHOO�YLDELOLW\�������$�VORZHU�DQG�PLOGHU�GLJHVWLRQ�SURWRFRO�KDV�DOVR�EHHQ�UHSRUWHG�WR�
UHVXOW�LQ�KLJKHU�FHOO�YLDELOLW\�DQG�\LHOG�XVLQJ�KXPDQ�SULPDU\�VDPSOHV�������$OWKRXJK�
QRW�SUHFLVHO\�GRFXPHQWHG��,�KDYH�DOVR�REVHUYHG�KLJKHU�FHOO�\LHOG�XVLQJ�DQ�RYHUQLJKW�
GLJHVWLRQ� SURWRFRO� XVLQJ� JHQWOH� FROODJHQDVH� DQG� K\DOXURQLGDVH� �&�+�� �FDWDORJ�
��������67(0&(//�7HFKQRORJLHV�,QF���WKDQ�D�VKRUWHU�SURWRFRO�WKDW�LQFOXGHG�D���KRXU�
&�+� �FDWDORJ���������67(0&(//�7HFKQRORJLHV� ,QF���GLJHVWLRQ�VWHS��VXSSRUWLQJ� WKH�
DERYH�PHQWLRQHG�UHSRUWV����������� ,Q�WKH�VWXGLHV�UHSRUWHG�RQ�LQ�WKLV�WKHVLV��ZH�KDG�
DOUHDG\�XVHG�WKH���KRXU�&�+�GLJHVWLRQ�SURWRFRO� IRU�PRVW�GDWD�ZKHQ�ZH�WHVWHG�WKH�
RYHUQLJKW�GLJHVWLRQ�SURWRFRO��7KHUHIRUH��ZH�NHSW�WKH�SURWRFRO�IRU�VLPLODU�H[SHULPHQWV�
FRQVWDQW� ZKLOH� VKLIWLQJ� WR� WKH� RYHUQLJKW� JHQWOH� &�+� GLJHVWLRQ� SURWRFRO� IRU� QHZ�
H[SHULPHQWV��7KLV�LV�QRWHG�LQ�WKH�0HWKRGV�VHFWLRQ�RI�chapter 2��$QRWKHU�H[DPSOH�ZH�
ƓQG�LQ�chapter 5��ZH�XVHG�D�)$&6�EDVHG�PHWKRG�DQG�PLFURŴXLGLF�GURSOHW�PHWKRG�
WR�LVRODWH�VLQJOH�FHOOV�DQG�VXEVHTXHQWO\�WKHLU�51$�IRU�VLQJOH�FHOO�51$VHT��VF51$VHT��
IURP����PRXVH�RUJDQV� WR�FUHDWH�D�VF51$VHT�DWODV��$�FRXSOH�RI�PRQWKV�SULRU��+DQ�
HW�DO�� VKDUHG�D�FRPSOHPHQWDU\�SURMHFW��XVLQJ�D�GLIIHUHQW�PHWKRG�FDOOHG�PLFURZHOO�
VHT�WR�FDSWXUH�VLQJOH�FHOOV�SULRU�WR�OLEUDU\�SUHSDUDWLRQ�������$�FRPSDULVRQ�RI�WKH�GDWD�
JHQHUDWHG�E\�WKHVH���PHWKRGV��VKRZ�WKDW�WKH�)$&6�PHWKRG�GHWHFWV�PRUH�JHQHV�SHU�
FHOOV�WKDQ�WKH�RWKHU���PHWKRGV��,Q�FDVH�RI�WKH�PDPPDU\�JODQG��WKH�PHGLXP�QXPEHU�
RI�JHQHV�GHWHFWHG�SHU�FHOO�ZDV�IRU�)$&6��������IRU�PLFURŴXLG�GURSOHW��������DQG�IRU�
PLFURZHOO�VHT�����JHQHV��7KLV�YDULDWLRQ�LQ�JHQHV�GHWHFWHG�ZDV�H[HPSODU\�IRU�RWKHU�
WLVVXHV�DV�ZHOO��1HYHUWKHOHVV��WKHUH�DUH�JRRG�UHDVRQV�WR�FKRRVH�WKH�PLFURŴXLG�GURSOHW�
RU� PLFURZHOO�VHT� PHWKRG� LQVWHDG� RI� )$&6�� 7KHVH� WZR� WHFKQLTXHV� DUH� FKHDSHU��
TXLFNHU��GR�QRW�UHTXLUH�FHOOV�WR�XQGHUJR�WKH�VWUHVV�WKDW�LV�LQKHUHQW�WR�FHOO�VRUWLQJ�E\�
)$&6��DQG�VKRZ�D�PRUH�FRPSOHWH�SLFWXUH�RI�DOO�FHOO�W\SHV�SUHVHQW�LQ�D�WLVVXH�VLQFH�QR�
SULRU�HQULFKPHQW�LV�GRQH��7KH�EHQHƓW�RI�)$&6�LV�WKDW�RQH�FDQ�HQULFK�IRU�SRSXODWLRQV�
RI�LQWHUHVW�DQG�SURYLGH�PRUH�LQ�GHSWK�GDWD�RQ�ORZO\�H[SUHVVHG�JHQHV�DQG�UDUH�FHOO�
W\SHV�ZLWKLQ�WKRVH�VHOHFWHG�SRSXODWLRQV�������,Q�DGGLWLRQ�WR�GLIIHUHQFHV�LQ�FHOO�FDSWXUH�
DQG�OLEUDU\�SUHSDUDWLRQ�EHWZHHQ�+DQ�HW�DO��DQG�RXU�7DEXOD�0XULV�SXEOLFDWLRQV��+DQ�HW�
DO��IROORZHG�D�GLIIHUHQW�SURWRFRO�IRU�WKH�GLJHVWLRQ�RI�WKH�PDPPDU\�JODQG��7KH\�XVHG�
D�VKRUWHU�SURWRFRO�WKDQ�XVHG�E\�XV�LQ�chapters 2-6�RU�SXEOLVKHG�E\�RWKHU�JURXSV������
�����:LWKRXW�D�VLGH�E\�VLGH�FRPSDULVRQ�ZH�GR�QRW�NQRZ�ZKDW�WKH�FRQVHTXHQFHV�DUH��
,Q�VXPPDU\��YDULDWLRQ�DPRQJ�SURWRFROV�EHWZHHQ�GLIIHUHQW�UHVHDUFK�JURXSV�FDQ�OHDG�
WR�GLIIHUHQW�RXWFRPHV�

'LIIHUHQFHV�LQ�PRXVH�VWUDLQ
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Chapter 7

6HFRQGO\��WKH�XVH�RI�GLIIHUHQW�PRXVH�VWUDLQV�FDQ�DIIHFW�UHVXOWV�����������(VSHFLDOO\�LQ�
WKH�ƓHOG�RI�FDQFHU�UHVHDUFK��SDUWLFXODU�LQEUHG�PRXVH�VWUDLQV�DUH�NQRZQ�WR�EH�PRUH�
SURQH� WR� WXPRU� GHYHORSPHQW� WKDQ� RWKHUV� ����������� 7KLV� LV� DPSO\� GLVFXVVHG� LQ�
chapters 2 and 3��2QH�DGGLWLRQDO�H[DPSOH�WKDW�LV�QRW�GLVFXVVHG�LQ�WKHVH�FKDSWHUV��DUH�
GLIIHUHQFHV� LQ� WUDQVSODQWDWLRQ�HIƓFLHQF\�ZLWK�PRXVH� OXPLQDO� HSLWKHOLDO� FHOOV� DPRQJ�
GLIIHUHQW� UHVHDUFK� JURXSV�� XVLQJ� GLIIHUHQW� VWUDLQV� DQG� GLIIHUHQW� SURWRFROV�� ,Q� RXU�
KDQGV��WUDQVSODQWLQJ�&��%/��-�PRXVH�PDPPDU\�HSLWKHOLDO�OXPLQDO�SURJHQLWRU�FHOOV�
WKDW�DUH�PL[HG�ZLWK�����0DWULJHO��FDWDORJ����������&RUQLQJ��GR�QRW�JURZ�RXW�XSRQ�
WUDQVSODQWDWLRQ�LQ�UHFLSLHQW�V\QJHQHLF�PLFH��DV�UHSRUWHG�LQ�chapter 2��7KLV�FRQWUDVWV�
ZLWK�WZR�RWKHU�SXEOLFDWLRQV�WKDW�UHSRUW�WKDW�ZKHQ�OXPLQDO�HSLWKHOLDO�PDPPDU\�FHOOV�DUH�
WUDQVSODQWHG�LQ�WKH�SUHVHQFH�RI�0DWULJHO��FHOOV�JURZ�RXW�LQ�UHFLSLHQW�PLFH��+RZHYHU��LQ�
WKH�DEVHQFH�RI�0DWULJHO��QR�RXWJURZWKV�DUH�REVHUYHG������������9DLOODQW�HW�DO��ZRUNHG�
ZLWK� WKH�)9%�1�PRXVH�VWUDLQ�ZKLOH�-HVHOVRKQ�HW�DO��ZRUNHG�ZLWK� WKH�%DOE�F�PRXVH�
VWUDLQ��%RWK�JURXSV� WUDQVSODQWHG� OXPLQDO�PDPPDU\�HSLWKHOLDO� FHOOV�� RXU�SRSXODWLRQ�
ZDV� IXUWKHU� HQULFKHG� OXPLQDO� PDPPDU\� HSLWKHOLDO� SURJHQLWRU� FHOOV�� 1RW� RQO\� WKH�
PRXVH�VWUDLQ�LV�GLIIHUHQW�DPRQJ�WKHVH�WKUHH�JURXSV��EXW�WKHUH�LV�DOVR�YDULDWLRQ�LQ�WKH�
GLJHVWLRQ�SURWRFROV�DQG�WKH�QXPEHU�RI�FHOOV�WUDQVSODQWHG��,Q�VKRUW��WKHUH�DUH�QXPHURXV�
GLIIHUHQFHV�DPRQJ�WKHVH�WKUHH�PDQXVFULSWV��7KLV�PDNHV�LW�GLIƓFXOW�WR�FRQFOXVLYHO\�VWDWH�
ZK\�RXU�REVHUYDWLRQV�GLIIHU��GRHV�RQO\�RQH�YDULDEOH�RU�PXOWLSOH�YDULDEOHV�FRQWULEXWH"�
7R� NHHS� YDULDWLRQV� FDXVHG� E\� XVLQJ� GLIIHUHQW� PRXVH� VWUDLQV� DV� VPDOO� DV� SRVVLEOH��
LQVWLWXWLRQV�OLNH�WKH�-DFNVRQ�ODERUDWRU\�DQG�&KDUOHV�5LYHU�DUH�RI�YLWDO�LPSRUWDQFH��7KH\�
PDLQWDLQ�WKH�YDULRXV�LQEUHG�VWUDLQV�DQG�XVH�GLIIHUHQW�PHWKRGV�WR�FRQƓUP�IRU�H[DPSOH�
&��%/��-�PLFH�VWD\�&��%/��-��$�QHZ� LQEUHG�PRXVH�VWUDLQ� LV� FUHDWHG�E\�EUHHGLQJ�
VHSDUDWHO\�IRU�DW�OHDVW����JHQHUDWLRQV��������6XFK�VHSDUDWH�EUHHGLQJ�UHVXOWV�LQ�JHQHWLF�
DQG� SKHQRW\SLF� GLIIHUHQFHV� DQG� QHZ� VXEVWUDLQV�� DV� REVHUYHG� LQ� &��%/��� GHULYHG�
VXEVWUDLQV�������+RZHYHU��HYHQ�ZKHQ�UHVHDUFK�JURXSV�XVH�WKH�VDPH�PRXVH�VWUDLQ��WKH�
IDFW�WKDW�WKHLU�PLFH�KDYH�VSHQW�WLPH�LQ�VHSDUDWH�IDFLOLWLHV�FDQ�DOVR�KDYH�DQ�LPSDFW�RQ�
UHVXOWV�

'LIIHUHQFHV�LQ�PLFURELRWD
7KLUGO\��H[SHULPHQWV�SHUIRUPHG�LQ�D�GLIIHUHQW�IDFLOLW\�FDQ�DIIHFW�UHVXOWV��$PRQJ�DQLPDO�
IDFLOLWLHV�PRXVH�PLFURELRPHV� YDU\� �������2QH� UHDVRQ�RI� YDULDWLRQ� LQ� WKH�PDPPDU\�
JODQG�PLFURELRPH�LV�GLHW��������7KH�PLFURELRPH�OLYHV�LQ�V\PELRVLV�ZLWK�XV�WKURXJK�
RXU� ERG\�� LQFOXGLQJ� WKH� PDPPDU\� JODQG� ������� :KHQ� ORRNLQJ� DW� FDQFHU�� KXPDQ�
EUHDVW� WXPRUV�GLVSOD\�D�GLIIHUHQW�PLFURELRPH� WKDQ�QRUPDO�EUHDVW� WLVVXH� �����������
8VLQJ�KXPDQ�SDLUHG�QRUPDO�DQG�(5�SRVLWLYH�EUHDVW�FDQFHU�VDPSOHV��WXPRU�VDPSOHV�
VKRZHG�D�ORZHU�ORDG�RI�EDFWHULDO�'1$�WKDW�GURSV�IXUWKHU�ZLWK�WKH�DGYDQFH�RI�VWDJH�
�������D�GLIIHUHQFH�LQ�PLFURELRWD�EHWZHHQ�EHQLJQ�DQG�PDOLJQDQW�GLVHDVH��������DQG�
FKDQJHV�DPRQJ�WKH�GLIIHUHQW�EUHDVW�FDQFHU�VXEW\SHV��������+RZ�WKHVH�GLVWLQFWLRQV�LQ�
PLFURELRPH�DIIHFW�GLVHDVH�GHYHORSPHQW�DQG�RXWFRPH��KDV�\HW�WR�EH�XQUDYHOHG��

5HSURGXFLELOLW\�LV�FRQVLGHUHG�WR�EH�RQH�RI�WKH�SLOODUV�RI�VFLHQFH��������7R�REWDLQ�WKLV��
REVHUYDWLRQV�QHHG�WR�EH�FRQVLGHUHG�LQ�FRQWH[W�RI�WKH�PRGHO�V\VWHP�XVHG��WKH�SURWRFRO�
IROORZHG��DQG�PRVW�OLNHO\�DOVR�WKH�HQYLURQPHQW�WKH�H[SHULPHQWV�DUH�SHUIRUPHG�LQ��7KH�
KRSH�LV�WKDW�DV�RXU�SUHFOLQLFDO�PRGHOV�LPSURYH�DQG�ZH�EHWWHU�RXU�SUHGLFWLRQV�RI�KRZ�D�
WXPRU�LQ�HDFK�LQGLYLGXDO�SDWLHQW�IRUPV�DQG�SURJUHVVHV��ZH�ZLOO�LQFUHDVH�RXU�FDSDELOLW\�
WR�SURYLGH�HDFK�SDWLHQW�ZLWK�D�WUHDWPHQW�SODQ�WKDW�LV�RSWLPL]HG�IRU�WKHP�
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Discussion

Concluding remarks
7KH� UHVHDUFK�SUHVHQWHG� LQ� WKLV� WKHVLV� SURYLGHV� XV�ZLWK� QRYHO� LQVLJKWV� LQWR� WKH� OLQN�
EHWZHHQ� HVVHQWLDO� VHOI�UHQHZDO�SUROLIHUDWLRQ� DQG� �WKH� HDUO\� SKDVHV� RI�� GDPDJLQJ�
WXPRULJHQHVLV�� 3DWKZD\V�� ƓUVW� GHVFULEHG� DV� HVVHQWLDO� IRU� WKH�SURSHU� IXQFWLRQLQJ�RI�
WKH� LPPXQH� V\VWHP�� DOVR� LQŴXHQFH� W\SLFDO� WLVVXH� GHYHORSPHQW� DQG� DW\SLFDO� WLVVXH�
GHYHORSPHQW�Ŋ�VXFK�DV�WRR�PXFK�SUROLIHUDWLRQ�OHDGLQJ�WR�WXPRULJHQHVLV�Ŋ�GLUHFWO\�LQ�
QRQ�LPPXQH�FHOOV��$QRWKHU�FRPPRQ�WKHPH�LQ�WKLV�WKHVLV�LV�WKH�XVH�RI�RPLFV��QDPHO\�
WUDQVFULSWRPLFV�DQG�JHQRPLFV��7KHVH� WHFKQRORJLHV�KDYH�PDGH� LW�SRVVLEOH� WR�PDNH�
HQFRPSDVVLQJ�FRPSDULVRQV�EHWZHHQ�ODUJH�QXPEHUV�RI�FHOOV�RU�VDPSOHV��6LQFH�PRVW�
UHVHDUFK� GHVFULEHG� KHUH� HQFRPSDVVHG� WKH� GHYHORSPHQW� DQG� H[SORUDWLRQ� RI� QHZ�
PRXVH�PRGHOV��DQDO\]LQJ�WKH�WUDQVFULSWRPH�ZDV� LQVWUXPHQWDO� LQ�SURYLGLQJ�FOXHV�RI�
ZKDW�PHFKDQLVPV�FRXOG�EH�UHVSRQVLEOH�IRU�DQG�VKRXOG�EH�YDOLGDWHG�WR�XQGHUVWDQG�
DQ�REVHUYHG�SKHQRW\SH��&UHDWLQJ�DQG�XQGHUVWDQGLQJ�QHZ�PRXVH�PRGHOV�UHTXLUHV�
WLPH�DQG� ODERU��+HQFH�YDULRXV�SURMHFWV�SUHVHQWHG�KHUH�ZRXOG�EHQHƓW� IURP� IROORZ�
XS� VWXGLHV��Chapter 2� WULJJHUV� DQ� LQWHUHVW� LQ� WKH� UROH� RI�71)_� LQ�PDPPDU\�JODQG�
FHOOXODU� SUROLIHUDWLRQ� DQG�SURYLGHV� FOXHV� WKDW�71)_� FRXOG� OHDG� WR� WXPRU� IRUPDWLRQ�
ZKHQ�FLUFXPVWDQFHV�DOORZ��7KH�PRXVH�WXPRU�PRGHO�SUHVHQWHG�LQ�chapter 3�VKRXOG�
EH�DQDO\]HG�LQ�PXFK�PRUH�GHWDLO�WR�DQVZHU�TXHVWLRQV�VXFK�DV��ZK\�GRHV�RQO\�D�VXEVHW�
RI�PLFH�GHYHORS� WXPRUV"�:KDW� LV� WKH� UHDVRQ�GLIIHUHQW� WXPRU� W\SHV�GHYHORS"�:KDW�
FKDQJHV� GXULQJ� WXPRU� GHFOLQH� DQG� UHPLVVLRQ� HQDEOH� WXPRU� JURZWK� UHDFWLYDWLRQ"�
$QVZHUV�WR�WKHVH�TXHVWLRQV�DUH�LPSRUWDQW�WR�SUHYHQW�WXPRUV�IURP�DGDSWLQJ�WR�GUXJ�
LQGXFHG�UHSUHVVLRQ�RI�DQ�RQFRJHQH�VXFK�DV�.5$6��Chapter 4�SURYLGHV�QRYHO�WUHDWPHQW�
DYHQXHV�WKDW�QHHG�PRUH�ZRUN�WR�GHWHUPLQH�LI�WKHVH�ƓQGLQJV�FDQ�EH�WUDQVODWHG�LQWR�
WKHUDSLHV��$QG�ODVWO\��WKH�VHWXS�RI�WKH�SURMHFWV�GHVFULEHG�LQ�chapters 5 and 6�VKRXOG�
EH� Ŋ� DQG� ZLOO� EH� �� UHSHDWHG� ZLWK� RWKHU� PRGHO� RUJDQLVPV� DQG� KXPDQ� VDPSOHV� WR�
H[SDQG�LWV�LPSDFW�IRU�WKH�VFLHQWLƓF�FRPPXQLW\�

REFERENCES
1. =RPHU�$�� (OOHQEURHN�6,�� 5LWVPD� /��%HHUOLQJ�(��

9ULVHNRRS�1��9DQ�5KHHQHQ�-��,QWUDYLWDO�LPDJLQJ�
RI� FDQFHU� VWHP� FHOO� SODVWLFLW\� LQ� PDPPDU\�
WXPRUV��6WHP�&HOOV�������������������

2. 7KLHU\�-3��(07��$Q�8SGDWH��0HWKRGV�0RO�%LRO��
���������������

3. %HHUOLQJ� (�� 6HLQVWUD� '�� GH� :LW� (�� .HVWHU� /��
YDQ�GHU�9HOGHQ�'��0D\QDUG�&��HW�DO��3ODVWLFLW\�
EHWZHHQ� (SLWKHOLDO� DQG� 0HVHQFK\PDO� 6WDWHV�
8QOLQNV�(07�IURP�0HWDVWDVLV�(QKDQFLQJ�6WHP�
&HOO�&DSDFLW\��&HOO�5HS���������������������

4. 6LNDQGDU� 66�� .XR�$+�� .DOLVN\�7��&DL� 6�� =DEDOD�
0�� +VLHK� 5:�� HW� DO�� 5ROH� RI� HSLWKHOLDO� WR�
PHVHQFK\PDO� WUDQVLWLRQ� DVVRFLDWHG� JHQHV�
LQ� PDPPDU\� JODQG� UHJHQHUDWLRQ� DQG� EUHDVW�
WXPRULJHQHVLV��1DW�&RPPXQ�����������������

5. =KHQJ�;��&DUVWHQV�-/��.LP�-��6FKHLEOH�0��.D\H�
-��6XJLPRWR�+��HW�DO��(SLWKHOLDO�WR�PHVHQFK\PDO�
WUDQVLWLRQ� LV� GLVSHQVDEOH� IRU� PHWDVWDVLV� EXW�
LQGXFHV�FKHPRUHVLVWDQFH�LQ�SDQFUHDWLF�FDQFHU��
1DWXUH������������������������

6. )LVFKHU� .5�� 'XUUDQV� $�� /HH� 6�� 6KHQJ� -�� /L� )��
:RQJ� 67�� HW� DO�� (SLWKHOLDO�WR�PHVHQFK\PDO�
WUDQVLWLRQ� LV� QRW� UHTXLUHG� IRU� OXQJ�PHWDVWDVLV�
EXW� FRQWULEXWHV� WR� FKHPRUHVLVWDQFH�� 1DWXUH��
���������������������

7. &KHQ�07��6XQ�+)��=KDR�<��)X�:<��<DQJ�/3��*DR�
63��HW�DO��&RPSDULVRQ�RI�SDWWHUQV�DQG�SURJQRVLV�
DPRQJ� GLVWDQW� PHWDVWDWLF� EUHDVW� FDQFHU�
SDWLHQWV� E\� DJH� JURXSV�� D� 6((5� SRSXODWLRQ�
EDVHG�DQDO\VLV��6FL�5HS�����������������

8. *µPH]�&XDGUDGR� /�� 7UDFH\�1��0D� 5��4LDQ� %��
%UXQWRQ� 9*�� 0RXVH� PRGHOV� RI� PHWDVWDVLV��
SURJUHVV� DQG� SURVSHFWV�� 'LV� 0RGHO� 0HFK��
�������������������

9. 3DVWXVKHQNR�,��%ULVHEDUUH�$��6LIULP�$��)LRUDPRQWL�
0��5HYHQFR�7��%RXPDKGL�6��HW�DO��,GHQWLƓFDWLRQ�
RI� WKH� WXPRXU� WUDQVLWLRQ� VWDWHV� RFFXUULQJ�
GXULQJ�(07��1DWXUH�����������������������

10. %DLOH\� 0+�� 7RNKHLP� &�� 3RUWD�3DUGR� (��
6HQJXSWD� 6�� %HUWUDQG� '�� :HHUDVLQJKH� $��
HW� DO�� &RPSUHKHQVLYH� &KDUDFWHUL]DWLRQ� RI�
&DQFHU� 'ULYHU� *HQHV� DQG� 0XWDWLRQV�� &HOO��
�������������������H���

11. 9HUPHXOHQ� /�� 0RUULVVH\� (�� YDQ� GHU� +HLMGHQ�
0�� 1LFKROVRQ�$0�� 6RWWRULYD�$�� %XF]DFNL� 6�� HW�
DO�� 'HƓQLQJ� VWHP� FHOO� G\QDPLFV� LQ� PRGHOV�
RI� LQWHVWLQDO� WXPRU� LQLWLDWLRQ�� 6FLHQFH��
���������������������

12. 6QLSSHUW�+-��6FKHSHUV�$*��YDQ�(V�-+��6LPRQV�
%'�� &OHYHUV� +�� %LDVHG� FRPSHWLWLRQ� EHWZHHQ�
/JU��LQWHVWLQDO�VWHP�FHOOV�GULYHQ�E\�RQFRJHQLF�



����_

Chapter 7
PXWDWLRQ� LQGXFHV� FORQDO� H[SDQVLRQ�� (0%2�
5HS������������������

13. .RQ�6��,VKLEDVKL�.��.DWRK�+��.LWDPRWR�6��6KLUDL�
7��7DQDND�6��HW�DO��&HOO�FRPSHWLWLRQ�ZLWK�QRUPDO�
HSLWKHOLDO� FHOOV� SURPRWHV� DSLFDO� H[WUXVLRQ� RI�
WUDQVIRUPHG�FHOOV�WKURXJK�PHWDEROLFbFKDQJHV��
1DW�&HOO�%LRO��������������������

14. %URZQ�6��3LQHGD�&0��;LQ�7��%RXFKHU�-��6XR]]L�
.&�� 3DUN� 6�� HW� DO�� &RUUHFWLRQ� RI� DEHUUDQW�
JURZWK�SUHVHUYHV� WLVVXH�KRPHRVWDVLV��1DWXUH��
���������������������

15. :DWDQDEH� +�� ,VKLEDVKL� .�� 0DQR� +�� .LWDPRWR�
6�� 6DWR� 1�� +RVKLED� .�� HW� DO�� 0XWDQW� S���
([SUHVVLQJ�&HOOV�8QGHUJR�1HFURSWRVLV�YLD�&HOO�
&RPSHWLWLRQ� ZLWK� WKH� 1HLJKERULQJ� 1RUPDO�
(SLWKHOLDO�&HOOV��&HOO�5HS���������������������

16. 9RJHOVWHLQ� %�� )HDURQ� (5�� +DPLOWRQ� 65��
.HUQ� 6(�� 3UHLVLQJHU� $&�� /HSSHUW� 0�� HW� DO��
*HQHWLF� DOWHUDWLRQV� GXULQJ� FRORUHFWDO�WXPRU�
GHYHORSPHQW��1�(QJO�-�0HG������������������
���

17. 7DNHGD� +��:HL� =�� .RVR� +�� 5XVW� $*�� <HZ� &&��
0DQQ� 0%�� HW� DO�� 7UDQVSRVRQ� PXWDJHQHVLV�
LGHQWLƓHV�JHQHV�DQG�HYROXWLRQDU\�IRUFHV�GULYLQJ�
JDVWURLQWHVWLQDO� WUDFW� WXPRU� SURJUHVVLRQ�� 1DW�
*HQHW��������������������

18. 5LYOLQ�1��%URVK�5��2UHQ�0��5RWWHU�9��0XWDWLRQV�
LQ� WKH� S��� 7XPRU� 6XSSUHVVRU� *HQH��
,PSRUWDQW�0LOHVWRQHV� DW� WKH� 9DULRXV� 6WHSV� RI�
7XPRULJHQHVLV��*HQHV�&DQFHU����������������
���

19. 2OLYLHU� 0�� /DQJHUºG� $�� &DUULHUL� 3�� %HUJK� -��
.ODDU� 6�� (\IMRUG� -�� HW� DO�� 7KH� FOLQLFDO� YDOXH�
RI� VRPDWLF� 73��� JHQH� PXWDWLRQV� LQ� ������
SDWLHQWV� ZLWK� EUHDVW� FDQFHU�� &OLQ� &DQFHU� 5HV��
�������������������

20. /HYLQH�$-��3X]LR�.XWHU�$0��&KDQ�&6��+DLQDXW�
3�� 7KH� 5ROH� RI� WKH� S��� 3URWHLQ� LQ� 6WHP�&HOO�
%LRORJ\� DQG� (SLJHQHWLF� 5HJXODWLRQ�� &ROG�
6SULQJ�+DUE�3HUVSHFW�0HG������������

21. /HYLQH�$-��&KDQ�&6��'XGJHRQ�&��3X]LR�.XWHU�$��
+DLQDXW�3��7KH�(YROXWLRQ�RI�7XPRUV�LQ�0LFH�DQG�
+XPDQV� ZLWK� *HUPOLQH� S��� 0XWDWLRQV�� &ROG�
6SULQJ� +DUE� 6\PS� 4XDQW� %LRO�� ������������
���

22. /HYLQH�$-��S��������PLOOLRQ�\HDUV�RI�HYROXWLRQ�
DQG� ��� \HDUV� RI� GLVFRYHU\�� 1DW� 5HY� &DQFHU��
������������������

23. 6FKQHLGHU� *�� 6FKPLGW�6XSSULDQ� 0�� 5DG� 5��
6DXU�'��7LVVXH�VSHFLƓF�WXPRULJHQHVLV��FRQWH[W�
PDWWHUV��1DW�5HY�&DQFHU��������������������

24. .RUHQ�6��5HDYLH�/��&RXWR�-3��'H�6LOYD�'��6WDGOHU�
0%�� 5RORII� 7�� HW� DO�� 3,.�&$�+����5�� LQGXFHV�
PXOWLSRWHQF\� DQG� PXOWL�OLQHDJH� PDPPDU\�
WXPRXUV��1DWXUH�����������������������

25. 9DQ�.H\PHXOHQ�$��/HH�0<��2XVVHW�0��%URK«H�
6�� 5RULYH� 6�� *LUDGGL� 55�� HW� DO�� 5HDFWLYDWLRQ�
RI� PXOWLSRWHQF\� E\� RQFRJHQLF� 3,.�&$�
LQGXFHV�EUHDVW�WXPRXU�KHWHURJHQHLW\��1DWXUH��
����������������������

26. &KDSPDQ�3%��+DXVFKLOG�$��5REHUW�&��+DDQHQ�
-%�� $VFLHUWR� 3�� /DUNLQ� -�� HW� DO�� ,PSURYHG�

VXUYLYDO� ZLWK� YHPXUDIHQLE� LQ� PHODQRPD�
ZLWK� %5$)� 9���(� PXWDWLRQ�� 1� (QJO� -� 0HG��
���������������������

27. .RSHW]�6��'HVDL�-��&KDQ�(��+HFKW�-��2ōGZ\HU�3��
/HH�5��HW�DO��3/;����� LQ�PHWDVWDWLF� FRORUHFWDO�
FDQFHU� SDWLHQWV� ZLWK� PXWDQW� %5$)� WXPRUV��
-RXUQDO� RI� &OLQLFDO� 2QFRORJ\�� ����������B
VXSSO��������

28. 3UDKDOODG�$��6XQ�&��+XDQJ�6��'L�1LFRODQWRQLR�
)��6DOD]DU�5��=HFFKLQ�'��HW�DO��8QUHVSRQVLYHQHVV�
RI� FRORQ� FDQFHU� WR� %5$)�9���(�� LQKLELWLRQ�
WKURXJK�IHHGEDFN�DFWLYDWLRQ�RI�(*)5��1DWXUH��
���������������������

29. 3HURX� &0�� 6ºUOLH� 7�� (LVHQ� 0%�� YDQ� GH� 5LMQ�
0�� -HIIUH\� 66�� 5HHV� &$�� HW� DO�� 0ROHFXODU�
SRUWUDLWV� RI� KXPDQ� EUHDVW� WXPRXUV�� 1DWXUH��
����������������������

30. &XUWLV�&��6KDK�63��&KLQ�6)��7XUDVKYLOL�*��5XHGD�
20�� 'XQQLQJ� 0-�� HW� DO�� 7KH� JHQRPLF� DQG�
WUDQVFULSWRPLF� DUFKLWHFWXUH� RI� ������ EUHDVW�
WXPRXUV� UHYHDOV� QRYHO� VXEJURXSV�� 1DWXUH��
����������������������

31. 5HGLJ� $-�� -¦QQH� 3$�� %DVNHW� WULDOV� DQG�
WKH� HYROXWLRQ� RI� FOLQLFDO� WULDO� GHVLJQ� LQ� DQ�
HUD� RI� JHQRPLF� PHGLFLQH�� -� &OLQ� 2QFRO��
�����������������

32. -KDYHUL� .�� :DQJ� ;�� 0DNNHU� 9�� /XRK� 6�:��
0LWFKHOO� (�� =ZLHEHO� -�� HW� DO�� $GR�WUDVWX]XPDE�
HPWDQVLQH� �7�'0��� LQ� SDWLHQWV� ZLWK� +(5��
DPSOLƓHG� WXPRUV� H[FOXGLQJ� EUHDVW� DQG�
JDVWULF�JDVWURHVRSKDJHDO� MXQFWLRQ� �*(-��
DGHQRFDUFLQRPDV�� UHVXOWV� IURP� WKH� 1&,�
0$7&+� WULDO� �($<����� VXESURWRFRO�4��$QQDOV�
RI�2QFRORJ\����������������������

33. $]DG� 16�� *UD\� 5-�� 2YHUPDQ�0-�� 6FKRHQIHOG�
-'��0LWFKHOO� (3�� =ZLHEHO� -$�� HW� DO�� 1LYROXPDE�
LV� HIIHFWLYH� LQ� PLVPDWFK� UHSDLUŊGHƓFLHQW�
QRQFRORUHFWDO� FDQFHUV�� 5HVXOWV� IURP� DUP�
=�'ŋ$� VXESURWRFRO� RI� WKH� 1&,�0$7&+�
�($<�����VWXG\��-RXUQDO�RI�&OLQLFDO�2QFRORJ\��
���������������

34. -RKQVRQ�'%��=KDR�)��1RHO�0��5LHO\�*-��0LWFKHOO�
(3�� :ULJKW� --�� HW� DO�� 7UDPHWLQLE� DFWLYLW\� LQ�
SDWLHQWV� ZLWK� VROLG� WXPRUV� DQG� O\PSKRPDV�
KDUERULQJ� %5$)� QRQ�9���� PXWDWLRQV� RU�
IXVLRQV�� UHVXOWV� IURP� 1&,�0$7&+� �($<������
&OLQLFDO�&DQFHU�5HVHDUFK��������������������

35. &KDH� <.�� +RQJ� )�� 9DNODYDV� &�� &KHQJ� ++��
+DPPHUPDQ� 3�� 0LWFKHOO� (3�� HW� DO�� 3KDVH� ,,�
VWXG\� RI� $='����� LQ� SDWLHQWV� ZLWK� WXPRUV�
KDUERULQJ� DEHUUDWLRQV� LQ� WKH� )*)5� SDWKZD\��
UHVXOWV� IURP� WKH� 1&,�0$7&+� WULDO� �($<�����
VXESURWRFRO�:�� -RXUQDO� RI�&OLQLFDO�2QFRORJ\��
�����������������

36. 6DODPD�$.��/L�6��0DFUDH�(5��3DUN�-�,��0LWFKHOO�(3��
=ZLHEHO� -$�� HW� DO�� 'DEUDIHQLE� DQG� WUDPHWLQLE�
LQ� SDWLHQWV� ZLWK� WXPRUV� ZLWK� %5$)9���(�
PXWDWLRQV�� 5HVXOWV� RI� WKH� 1&,�0$7&+� WULDO�
VXESURWRFRO� +�� -RXUQDO� RI� &OLQLFDO� 2QFRORJ\��
���������������������

37. .DOLQVN\� .�� +RQJ� )�� 0F&RXUW� &.�� 6DFKGHY�
-&�� 0LWFKHOO� (3�� =ZLHEHO� -$�� HW� DO�� (IIHFW� RI�



_����

Discussion
FDSLYDVHUWLE� LQ� SDWLHQWV� ZLWK� DQ� $.7�� (��.�
PXWDWHG� WXPRU�� 1&,�0$7&+� VXESURWRFRO�
($<����<� QRQUDQGRPL]HG� WULDO�� -$0$�
RQFRORJ\������������������

38. &OHDU\� -0�� :DQJ� 9�� +HLVW� 56�� .RSHW]� (6��
0LWFKHOO� (3�� =ZLHEHO� -$�� HW� DO�� 'LIIHUHQWLDO�
2XWFRPHV� LQ� &RGRQ� ������ DQG� &RGRQ� ���
15$6�0XWDWHG� &DQFHUV� LQ� WKH� 3KDVH� ,,� 1&,�
0$7&+� 7ULDO� RI� %LQLPHWLQLE� LQ� 3DWLHQWV� ZLWK�
15$6�0XWDWHG� 7XPRUV�� &OLQLFDO� &DQFHU�
5HVHDUFK������������������������

39. /H� 7RXUQHDX� &�� 'HORUG� -3�� *RQ©DOYHV� $��
*DYRLOOH� &�� 'XERW� &�� ,VDPEHUW� 1�� HW� DO��
0ROHFXODUO\�WDUJHWHG�WKHUDS\�EDVHG�RQ�WXPRXU�
PROHFXODU� SURƓOLQJ� YHUVXV� FRQYHQWLRQDO�
WKHUDS\� IRU� DGYDQFHG� FDQFHU� �6+,9$��� D�
PXOWLFHQWUH�� RSHQ�ODEHO�� SURRI�RI�FRQFHSW��
UDQGRPLVHG�� FRQWUROOHG� SKDVH� �� WULDO�� /DQFHW�
2QFRO����������������������

40. +REEV�*$��'HU�&-��5RVVPDQ�./��5$6�LVRIRUPV�
DQG�PXWDWLRQV�LQ�FDQFHU�DW�D�JODQFH��-�&HOO�6FL��
��������������������

41. 1HWZRUN� &*$�� &RPSUHKHQVLYH� PROHFXODU�
SRUWUDLWV� RI� KXPDQ� EUHDVW� WXPRXUV�� 1DWXUH��
���������������������

42. +HUVFKNRZLW]� -,�� 6LPLQ� .�� :HLJPDQ� 9-��
0LNDHOLDQ� ,��8VDU\�-��+X�=��HW�DO�� ,GHQWLƓFDWLRQ�
RI� FRQVHUYHG� JHQH� H[SUHVVLRQ� IHDWXUHV�
EHWZHHQ�PXULQH�PDPPDU\�FDUFLQRPD�PRGHOV�
DQG� KXPDQ� EUHDVW� WXPRUV�� *HQRPH� %LRO��
����������5���

43. 0LULFHVFX�'��7RWDQ�$��6WDQHVFX�6SLQX�,,��%DGRLX�
6&�� 6WHIDQL� &�� *UHDEX� 0�� 3,�.�$.7�P725�
6LJQDOLQJ� 3DWKZD\� LQ� %UHDVW� &DQFHU�� )URP�
0ROHFXODU�/DQGVFDSH�WR�&OLQLFDO�$VSHFWV��,QW�-�
0RO�6FL�������������

44. 'DL�;��&KHQJ�+��%DL�=��/L�-��%UHDVW�&DQFHU�&HOO�
/LQH�&ODVVLƓFDWLRQ�DQG�,WV�5HOHYDQFH�ZLWK�%UHDVW�
7XPRU�6XEW\SLQJ��-�&DQFHU������������������
���

45. 1HOVRQ�5HHV�:$�� 'DQLHOV� ':�� )ODQGHUPH\HU�
55�� &URVV�FRQWDPLQDWLRQ� RI� FHOOV� LQ� FXOWXUH��
6FLHQFH������������������������

46. 0DF/HRG�5$��'LUNV�:*��0DWVXR�<��.DXIPDQQ�0��
0LOFK�+��'UH[OHU�+*��:LGHVSUHDG�LQWUDVSHFLHV�
FURVV�FRQWDPLQDWLRQ�RI�KXPDQ�WXPRU�FHOO�OLQHV�
DULVLQJ�DW�VRXUFH��,QW�-�&DQFHU�����������������
���

47. &DSHV�'DYLV� $�� 7KHRGRVRSRXORV� *�� $WNLQ�
,�� 'UH[OHU� +*�� .RKDUD� $�� 0DF/HRG� 5$�� HW�
DO�� &KHFN� \RXU� FXOWXUHV�� $� OLVW� RI� FURVV�
FRQWDPLQDWHG�RU�PLVLGHQWLƓHG�FHOO� OLQHV�� ,QW�-�
&DQFHU������������������

48. +XFK� 0�� .RR� %.�� 0RGHOLQJ� PRXVH� DQG�
KXPDQ�GHYHORSPHQW�XVLQJ�RUJDQRLG�FXOWXUHV��
'HYHORSPHQW�����������������������

49. .LP� -�� .RR� %.�� .QREOLFK� -$�� +XPDQ�
RUJDQRLGV�� PRGHO� V\VWHPV� IRU� KXPDQ�
ELRORJ\�DQG�PHGLFLQH��1DW�5HY�0RO�&HOO�%LRO��
�������������������

50. +RIHU� 0�� /XWROI� 03�� (QJLQHHULQJ� RUJDQRLGV��
1DW�5HY�0DWHU������������

51. )X� 1<�� 1RODQ� (�� /LQGHPDQ� *-�� 9LVYDGHU� -(��
6WHP� &HOOV� DQG� WKH� 'LIIHUHQWLDWLRQ� +LHUDUFK\�
LQ�0DPPDU\�*ODQG�'HYHORSPHQW��3K\VLRO�5HY��
��������������������

52. /LP�(��9DLOODQW�)��:X�'��)RUUHVW�1&��3DO�%��+DUW�
$+��HW�DO��$EHUUDQW�OXPLQDO�SURJHQLWRUV�DV�WKH�
FDQGLGDWH� WDUJHW� SRSXODWLRQ� IRU� EDVDO� WXPRU�
GHYHORSPHQW�LQ�%5&$��PXWDWLRQ�FDUULHUV��1DW�
0HG��������������������

53. (LUHZ�3��6WLQJO�-��5DRXI�$��7XUDVKYLOL�*��$SDULFLR�
6��(PHUPDQ�-7��HW�DO��$�PHWKRG�IRU�TXDQWLI\LQJ�
QRUPDO�KXPDQ�PDPPDU\�HSLWKHOLDO�VWHP�FHOOV�
ZLWK� LQ� YLYR� UHJHQHUDWLYH� DELOLW\�� 1DW� 0HG��
�������������������

54. 5RVHQEOXWK� -0�� 6FKDFNPDQQ� 5&-�� *UD\� *.��
6HOIRUV�/0��/L�&0��%RHGLFNHU�0��HW�DO��2UJDQRLG�
FXOWXUHV�IURP�QRUPDO�DQG�FDQFHU�SURQH�KXPDQ�
EUHDVW� WLVVXHV� SUHVHUYH� FRPSOH[� HSLWKHOLDO�
OLQHDJHV��1DW�&RPPXQ������������������

55. +ROVW�&5��1XRYR�*-��(VWHOOHU�0��&KHZ�.��%D\OLQ�
6%��+HUPDQ�-*��HW�DO��0HWK\ODWLRQ�RI�S���,1.�D��
SURPRWHUV� RFFXUV� LQ� YLYR� LQ� KLVWRORJLFDOO\�
QRUPDO� KXPDQ� PDPPDU\� HSLWKHOLD�� &DQFHU�
5HV����������������������

56. *DUEH�-&��%KDWWDFKDU\D�6��0HUFKDQW�%��%DVVHWW�
(�� 6ZLVVKHOP� .�� )HLOHU� +6�� HW� DO�� 0ROHFXODU�
GLVWLQFWLRQV� EHWZHHQ� VWDVLV� DQG� WHORPHUH�
DWWULWLRQ� VHQHVFHQFH� EDUULHUV� VKRZQ� E\� ORQJ�
WHUP� FXOWXUH� RI� QRUPDO� KXPDQ� PDPPDU\�
HSLWKHOLDO�FHOOV��&DQFHU�5HV�������������������
���

57. .HOOHU�3-��$UHQGW�/0��6NLELQVNL�$��/RJYLQHQNR�
7��.OHEED�,��'RQJ�6��HW�DO��'HƓQLQJ�WKH�FHOOXODU�
SUHFXUVRUV� WR�KXPDQ�EUHDVW�FDQFHU��3URF�1DWO�
$FDG�6FL�8�6�$���������������������

58. 5R\�6��*DVFDUG�3��'XPRQW�1��=KDR�-��3DQ�'��3HWULH�
6��HW�DO��5DUH�VRPDWLF�FHOOV�IURP�KXPDQ�EUHDVW�
WLVVXH�H[KLELW�H[WHQVLYH�OLQHDJH�SODVWLFLW\��3URF�
1DWO�$FDG�6FL�8�6�$������������������������

59. %UHLQGHO� -/�� 6NLELQVNL� $�� 6HGLF� 0�� :URQVNL�
&DPSRV�$��=KRX�:��.HOOHU�3-��HW�DO��(SLJHQHWLF�
5HSURJUDPPLQJ� RI� /LQHDJH�&RPPLWWHG�
+XPDQ� 0DPPDU\� (SLWKHOLDO� &HOOV� 5HTXLUHV�
'107�$� DQG� /RVV� RI� '27�/�� 6WHP� &HOO�
5HSRUWV�������������������

60. &KDIIHU�&/��%UXHFNPDQQ�,��6FKHHO�&��.DHVWOL�$-��
:LJJLQV�3$��5RGULJXHV�/2��HW�DO��1RUPDO�DQG�
QHRSODVWLF� QRQVWHP� FHOOV� FDQ� VSRQWDQHRXVO\�
FRQYHUW�WR�D�VWHP�OLNH�VWDWH��3URF�1DWO�$FDG�6FL�
8�6�$����������������������

61. %UDQFDWR� 9�� 2OLYHLUD� -0�� &RUUHOR� 90�� 5HLV�
5/�� .XQGX� 6&�� &RXOG� �'� PRGHOV� RI� FDQFHU�
HQKDQFH� GUXJ� VFUHHQLQJ"� %LRPDWHULDOV��
����������������

62. -DFNVRQ�6-��7KRPDV�*-��+XPDQ�WLVVXH�PRGHOV�
LQ�FDQFHU�UHVHDUFK��ORRNLQJ�EH\RQG�WKH�PRXVH��
'LV�0RGHO�0HFK��������������������

63. &RXVVHQV� /0�� :HUE� =�� ,QŴDPPDWLRQ� DQG�
FDQFHU��1DWXUH�����������������������

64. +LDP�*DOYH]� .-�� $OOHQ� %0�� 6SLW]HU� 0+��
6\VWHPLF� LPPXQLW\� LQ�FDQFHU��1DW�5HY�&DQFHU��
������������������



����_

Chapter 7
65. $EQDYH�3��*KLJR�(��5ROH�RI�WKH�LPPXQH�V\VWHP�

LQ� UHJHQHUDWLRQ� DQG� LWV� G\QDPLF� LQWHUSOD\�
ZLWK� DGXOW� VWHP� FHOOV�� 6HPLQ� &HOO� 'HY� %LRO��
��������������

66. :DWHUVWRQ�5+��/LQGEODG�7RK�.��%LUQH\�(��5RJHUV�
-��$EULO�-)��$JDUZDO�3��HW�DO�� ,QLWLDO�VHTXHQFLQJ�
DQG� FRPSDUDWLYH� DQDO\VLV� RI� WKH� PRXVH�
JHQRPH��1DWXUH������������������������

67. <XH� )�� &KHQJ� <�� %UHVFKL� $�� 9LHUVWUD� -��:X�:��
5\ED�7�� HW� DO��$� FRPSDUDWLYH� HQF\FORSHGLD� RI�
'1$�HOHPHQWV�LQ�WKH�PRXVH�JHQRPH��1DWXUH��
����������������������

68. /LQ� 6�� /LQ� <�� 1HU\� -5�� 8ULFK� 0$�� %UHVFKL�
$�� 'DYLV� &$�� HW� DO�� &RPSDULVRQ� RI� WKH�
WUDQVFULSWLRQDO� ODQGVFDSHV� EHWZHHQ� KXPDQ�
DQG�PRXVH� WLVVXHV��3URF�1DWO�$FDG�6FL�8�6�$��
���������������������

69. <DPDJXFKL� 6�� .DQHNR� 0�� 1DUXNDZD� 0��
$SSURYDO� VXFFHVV� UDWHV� RI� GUXJ� FDQGLGDWHV�
EDVHG�RQ�WDUJHW��DFWLRQ��PRGDOLW\��DSSOLFDWLRQ��
DQG� WKHLU� FRPELQDWLRQV�� &OLQ� 7UDQVO� 6FL��
�������������������

70. $UURZVPLWK�-��0LOOHU�3��7ULDO�ZDWFK��SKDVH�,,�DQG�
SKDVH� ,,,� DWWULWLRQ� UDWHV� ����������� 1DW� 5HY�
'UXJ�'LVFRY�����������������

71. 'H5RVH� <6�� :DQJ� *�� /LQ� <&�� %HUQDUG� 36��
%X\V� 66�� (EEHUW� 07�� HW� DO�� 7XPRU� JUDIWV�
GHULYHG� IURP� ZRPHQ� ZLWK� EUHDVW� FDQFHU�
DXWKHQWLFDOO\�UHŴHFW�WXPRU�SDWKRORJ\��JURZWK��
PHWDVWDVLV� DQG� GLVHDVH� RXWFRPHV�� 1DW� 0HG��
��������������������

72. (\UH� 5�� $OI«UH]� '*�� 6SHQFH� .�� .DPDO� 0��
6KDZ� )/�� 6LP·HV� %0�� HW� DO�� 3DWLHQW�GHULYHG�
0DPPRVSKHUH� DQG� ;HQRJUDIW� 7XPRXU�
,QLWLDWLRQ� &RUUHODWHV� ZLWK� 3URJUHVVLRQ� WR�
0HWDVWDVLV��-�0DPPDU\�*ODQG�%LRO�1HRSODVLD��
��������������������

73. *DR�+��.RUQ�-0��)HUUHWWL�6��0RQDKDQ�-(��:DQJ�
<�� 6LQJK�0�� HW� DO�� +LJK�WKURXJKSXW� VFUHHQLQJ�
XVLQJ� SDWLHQW�GHULYHG� WXPRU� [HQRJUDIWV� WR�
SUHGLFW� FOLQLFDO� WULDO� GUXJ� UHVSRQVH��1DW�0HG��
��������������������

74. ,]XPFKHQNR�(��3D]�.��&L]QDGLMD�'��6ORPD�,��.DW]�
$�� 9DVTXH]�'XQGGHO� '�� HW� DO�� 3DWLHQW�GHULYHG�
[HQRJUDIWV� HIIHFWLYHO\� FDSWXUH� UHVSRQVHV� WR�
RQFRORJ\� WKHUDS\� LQ� D� KHWHURJHQHRXV� FRKRUW�
RI� SDWLHQWV� ZLWK� VROLG� WXPRUV�� $QQ� 2QFRO��
���������������������

75. %HQ�'DYLG�8��+D�*��7VHQJ�<<��*UHHQZDOG�1)��
2K�&��6KLK�-��HW�DO��3DWLHQW�GHULYHG�[HQRJUDIWV�
XQGHUJR�PRXVH�VSHFLƓF�WXPRU�HYROXWLRQ��1DW�
*HQHW����������������������

76. (LUHZ�3��6WHLI�$��.KDWWUD�-��+D�*��<DS�'��)DUDKDQL�
+�� HW� DO�� '\QDPLFV� RI� JHQRPLF� FORQHV� LQ�
EUHDVW�FDQFHU�SDWLHQW�[HQRJUDIWV�DW�VLQJOH�FHOO�
UHVROXWLRQ��1DWXUH�����������������������

77. &DVVLG\� -:�� &DOGDV� &�� %UXQD� $�� 0DLQWDLQLQJ�
7XPRU�+HWHURJHQHLW\�LQ�3DWLHQW�'HULYHG�7XPRU�
;HQRJUDIWV��&DQFHU�5HV���������������������

78. 0RUWRQ� --�� %LUG� *�� 5HIDHOL� <�� -LPHQR� $��
+XPDQL]HG� 0RXVH� ;HQRJUDIW� 0RGHOV��
1DUURZLQJ�WKH�7XPRU�0LFURHQYLURQPHQW�*DS��

&DQFHU�5HV���������������������
79. 6KXOW]�/'��6DLWR�<��1DMLPD�<��7DQDND�6��2FKL�7��

7RPL]DZD� 0�� HW� DO�� *HQHUDWLRQ� RI� IXQFWLRQDO�
KXPDQ� 7�FHOO� VXEVHWV� ZLWK� +/$�UHVWULFWHG�
LPPXQH� UHVSRQVHV� LQ� +/$� FODVV� ,� H[SUHVVLQJ�
12'�6&,'�,/�U�JDPPD�QXOO��KXPDQL]HG�PLFH��
3URF�1DWO�$FDG�6FL�8�6�$���������������������
��

80. /HH� -�� '\NVWUD� %�� 6SHQFHU� -$�� .HQQH\�
//�� *UHLQHU� '/�� 6KXOW]� /'�� HW� DO�� P51$�
PHGLDWHG� JO\FRHQJLQHHULQJ� DPHOLRUDWHV�
GHƓFLHQW�KRPLQJ�RI�KXPDQ�VWHP�FHOO�GHULYHG�
KHPDWRSRLHWLF� SURJHQLWRUV�� -� &OLQ� ,QYHVW��
�������������������

81. <DR� /&�� $U\HH� .(�� &KHQJ� 0�� .DXU� 3�� .HFN�
-*�� %UHKP� 0$�� &UHDWLRQ� RI� 3';�%HDULQJ�
+XPDQL]HG�0LFH� WR�6WXG\� ,PPXQR�RQFRORJ\��
0HWKRGV�0RO�%LRO�������������������

82. ,VKLNDZD� )�� <DVXNDZD� 0�� /\RQV� %�� <RVKLGD� 6��
0L\DPRWR�7��<RVKLPRWR�*��HW�DO��'HYHORSPHQW�
RI� IXQFWLRQDO� KXPDQ� EORRG� DQG� LPPXQH�
V\VWHPV� LQ� 12'�6&,'�,/�� UHFHSWRU� ^JDPPD`�
FKDLQ�QXOO��PLFH��%ORRG����������������������

83. :DQJ�0�� <DR� /&�� &KHQJ�0�� &DL� '�� 0DUWLQHN�
-�� 3DQ� &;�� HW� DO�� +XPDQL]HG� PLFH� LQ�
VWXG\LQJ� HIƓFDF\� DQG� PHFKDQLVPV� RI� 3'���
WDUJHWHG� FDQFHU� LPPXQRWKHUDS\�� )$6(%� -��
�������������������

84. (VZDUDND� -�� *LGGDEDVDSSD� $�� +XPDQL]HG�
PLFH�DQG�3';�PRGHOV���3DWLHQW�'HULYHG�7XPRU�
;HQRJUDIW�0RGHOV��(OVHYLHU��������S��������

85. &LFDOHVH� $�� %RQL]]L� *�� 3DVL� &(�� )DUHWWD�
0�� 5RQ]RQL� 6�� *LXOLQL� %�� HW� DO�� 7KH� WXPRU�
VXSSUHVVRU� S��� UHJXODWHV� SRODULW\� RI� VHOI�
UHQHZLQJ� GLYLVLRQV� LQ� PDPPDU\� VWHP� FHOOV��
&HOO����������������������

86. 7DR�/��5REHUWV�$/��'XQSK\�.$��%LJHORZ�&��<DQ�
+�� -HUU\� '-�� 5HSUHVVLRQ� RI� PDPPDU\� VWHP�
SURJHQLWRU�FHOOV�E\�S���LV�PHGLDWHG�E\�1RWFK�
DQG� VHSDUDEOH� IURP� DSRSWRWLF� DFWLYLW\�� 6WHP�
&HOOV��������������������

87. &KLFKH�$��0RXPHQ�0��3HWLW�9��-RQNHUV�-��0HGLQD�
'�� 'HXJQLHU� 0$�� HW� DO�� 6RPDWLF� ORVV� RI� S���
OHDGV� WR� VWHP�SURJHQLWRU� FHOO� DPSOLƓFDWLRQ� LQ�
ERWK�PDPPDU\�HSLWKHOLDO�FRPSDUWPHQWV��EDVDO�
DQG�OXPLQDO��6WHP�&HOOV���������������������

88. 5¦GOHU� 3'�� :HKGH� %/�� 7ULSOHWW� $$�� 6KUHVWKD�
+�� 6KHSKHUG� -+�� 3IHIIHUOH� $'�� HW� DO�� +LJKO\�
PHWDVWDWLF�FODXGLQ�ORZ�PDPPDU\�FDQFHUV�FDQ�
RULJLQDWH� IURP� OXPLQDO� HSLWKHOLDO� FHOOV�� 1DW�
&RPPXQ������������������

89. +LQHV�:&�� 6X�<�� .XKQ� ,�� 3RO\DN� .�� %LVVHOO�0-��
6RUWLQJ�RXW�WKH�)$&6��D�GHYLO�LQ�WKH�GHWDLOV��&HOO�
5HS�������������������

90. 6WLQJO� -�� (LUHZ� 3�� 5LFNHWVRQ� ,�� 6KDFNOHWRQ� 0��
9DLOODQW�)��&KRL�'��HW�DO��3XULƓFDWLRQ�DQG�XQLTXH�
SURSHUWLHV� RI�PDPPDU\� HSLWKHOLDO� VWHP� FHOOV��
1DWXUH�����������������������

91. 6KDFNOHWRQ�0��9DLOODQW�)��6LPSVRQ�.-��6WLQJO�-��
6P\WK�*.��$VVHOLQ�/DEDW�0/��HW�DO��*HQHUDWLRQ�
RI�D� IXQFWLRQDO�PDPPDU\�JODQG�IURP�D�VLQJOH�
VWHP�FHOO��1DWXUH����������������������
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Discussion
92. 6PDOOH\�0-��.HQGULFN�+�� 6KHULGDQ�-0��5HJDQ�

-/��3UDWHU�0'��/LQGHPDQ�*-��HW�DO��,VRODWLRQ�RI�
PRXVH�PDPPDU\�HSLWKHOLDO�VXESRSXODWLRQV��D�
FRPSDULVRQ�RI� OHDGLQJ�PHWKRGV�� -�0DPPDU\�
*ODQG�%LRO�1HRSODVLD������������������

93. *DR�+��'RQJ�4��&KHQ�<�� =KDQJ�)��:X�$�� 6KL�
<�� HW� DO�� 0XULQH� PDPPDU\� VWHP�SURJHQLWRU�
FHOO� LVRODWLRQ�� 'LIIHUHQW� PHWKRG� PDWWHUV"�
6SULQJHUSOXV�������������

94. =XEHOGLD�3OD]DROD� $�� $PHWOOHU� (�� 0DQFLQR� 0��
3UDWV�GH�3XLJ�0��/µSH]�3ODQD�$��*X]PDQ�)��HW�
DO�� &RPSDULVRQ� RI� PHWKRGV� IRU� WKH� LVRODWLRQ�
RI� KXPDQ�EUHDVW� HSLWKHOLDO� DQG�P\RHSLWKHOLDO�
FHOOV��)URQW�&HOO�'HY�%LRO������������

95. +DQ�;��:DQJ�5��=KRX�<��)HL�/��6XQ�+��/DL�6��HW�
DO��0DSSLQJ�WKH�0RXVH�&HOO�$WODV�E\�0LFURZHOO�
6HT��&HOO�����������������������H���

96. /LX� =�� :DQJ� /�� :HOFK� -'�� 0D� +�� =KRX� <��
9DVHJKL� +5�� HW� DO�� 6LQJOH�FHOO� WUDQVFULSWRPLFV�
UHFRQVWUXFWV�IDWH�FRQYHUVLRQ�IURP�ƓEUREODVW�WR�
FDUGLRP\RF\WH�� 1DWXUH�� �������������������
��

97. 6XQ� +�� ;X� ;�� 'HQJ� &�� 3UHSDUDWLRQ� RI�
6LQJOH� (SLWKHOLDO� &HOOV� 6XVSHQVLRQ� IURP�
0RXVH� 0DPPDU\� *ODQGV�� %LR� 3URWRF��
�����������H�����

98. 5LYHUD�-��7HVVDUROOR�/��*HQHWLF�EDFNJURXQG�DQG�
WKH� GLOHPPD� RI� WUDQVODWLQJ�PRXVH� VWXGLHV� WR�
KXPDQV��,PPXQLW\�����������������

99. 0HNDGD� .�� $EH� .�� 0XUDNDPL� $�� 1DNDPXUD�
6�� 1DNDWD� +�� 0RULZDNL� .�� HW� DO�� *HQHWLF�
GLIIHUHQFHV� DPRQJ� &��%/��� VXEVWUDLQV�� ([S�
$QLP�������������������

100. +HVWRQ� :(�� 9ODKDNLV� *�� 0DPPDU\� WXPRUV��
SODTXHV��DQG�K\SHUSODVWLF�DOYHRODU�QRGXOHV� LQ�
YDULRXV�FRPELQDWLRQV�RI�PRXVH�LQEUHG�VWUDLQV�
DQG�WKH�GLIIHUHQW�OLQHV�RI�WKH�PDPPDU\�WXPRU�
YLUXV��,QW�-�&DQFHU������������������

101. /LIVWHG� 7�� /H� 9R\HU� 7�� :LOOLDPV� 0�� 0XOOHU� :��
.OHLQ�6]DQWR�$��%XHWRZ�.+��HW�DO��,GHQWLƓFDWLRQ�
RI� LQEUHG� PRXVH� VWUDLQV� KDUERULQJ� JHQHWLF�
PRGLƓHUV� RI� PDPPDU\� WXPRU� DJH� RI� RQVHW�
DQG� PHWDVWDWLF� SURJUHVVLRQ�� ,QW� -� &DQFHU��
�����������������

102. 0DKOHU� -)�� 6WRNHV� :�� 0DQQ� 3&�� 7DNDRND� 0��
0DURQSRW� 55�� 6SRQWDQHRXV� OHVLRQV� LQ� DJLQJ�
)9%�1�PLFH��7R[LFRO�3DWKRO�������������������

103. 5HJXD� $7�� $UULJR� $�� 'RKHQ\� '�� :RQJ� */��
/R� +:�� 7UDQVJHQLF� PRXVH� PRGHOV� RI� EUHDVW�
FDQFHU��&DQFHU�/HWW�����������������

104. 5LWWLQJKDXVHQ�6��'XQJZRUWK�'/��(UQVW�+��0RKU�
8�� 1DWXUDOO\� RFFXUULQJ� SXOPRQDU\� WXPRUV� LQ�
URGHQWV�� �5HVSLUDWRU\�6\VWHP��6SULQJHU��������
S����������

105. 9DLOODQW� )�� /LQGHPDQ� *-�� 9LVYDGHU� -(�� -HN\OO�
RU� +\GH�� GRHV� 0DWULJHO� SURYLGH� D� PRUH� RU�
OHVV� SK\VLRORJLFDO� HQYLURQPHQW� LQ� PDPPDU\�
UHSRSXODWLQJ� DVVD\V"� %UHDVW� &DQFHU� 5HV��
���������������

106. 0,&(�&26*1)��$�UHYLVLRQ�RI�WKH�VWDQGDUGL]HG�
JHQHWLF� QRPHQFODWXUH� IRU� PLFH�� -RXUQDO� RI�
+HUHGLW\��������������������

107. 3DUNHU�.'��$OEHNH�6(��*LJOH\�-3��*ROGVWHLQ�$0��
:DUG� 1/�� 0LFURELRPH� &RPSRVLWLRQ� LQ� %RWK�
:LOG�7\SH�DQG�'LVHDVH�0RGHO�0LFH�,V�+HDYLO\�
,QŴXHQFHG�E\�0RXVH�)DFLOLW\��)URQW�0LFURELRO��
������������

108. 6KLYHO\�&$��5HJLVWHU�7&��$SSW�6(��&ODUNVRQ�7%��
8EHUVHGHU� %�� &OHDU� .<-�� HW� DO�� &RQVXPSWLRQ�
RI�0HGLWHUUDQHDQ� YHUVXV�:HVWHUQ� 'LHW� /HDGV�
WR� 'LVWLQFW� 0DPPDU\� *ODQG� 0LFURELRPH�
3RSXODWLRQV��&HOO�5HS�������������������H��

109. 8UEDQLDN� &�� &XPPLQV� -�� %UDFNVWRQH� 0��
0DFNODLP� -0�� *ORRU� *%�� %DEDQ� &.�� HW� DO��
0LFURELRWD� RI� KXPDQ� EUHDVW� WLVVXH�� $SSO�
(QYLURQ�0LFURELRO����������������������

110. ;XDQ�&��6KDPRQNL�-0��&KXQJ�$��'LQRPH�0/��
&KXQJ�0��6LHOLQJ�3$��HW�DO��0LFURELDO�G\VELRVLV�
LV�DVVRFLDWHG�ZLWK�KXPDQ�EUHDVW�FDQFHU��3/R6�
2QH������������H������

111. +LHNHQ�7-��&KHQ�-��+RVNLQ�7/��:DOWKHU�$QWRQLR�
0��-RKQVRQ�6��5DPDNHU�6��HW�DO��7KH�0LFURELRPH�
RI�$VHSWLFDOO\�&ROOHFWHG�+XPDQ�%UHDVW�7LVVXH�
LQ� %HQLJQ� DQG� 0DOLJQDQW� 'LVHDVH�� 6FL� 5HS��
�������������

112. %DQHUMHH�6��:HL�=��7LDQ�7��%RVH�'��6KLK�11&��
)HOGPDQ�0'��HW�DO��3URJQRVWLF�FRUUHODWLRQV�ZLWK�
WKH� PLFURELRPH� RI� EUHDVW� FDQFHU� VXEW\SHV��
&HOO�'HDWK�'LV�����������������

113. 7KH�FKDOOHQJHV�RI�UHSOLFDWLRQ��(OLIH���������
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1HGHUODQGVH�VDPHQYDWWLQJ
&XUULFXOXP�9LWDH
/LVW�RI�SXEOLFDWLRQV

'DQNZRRUG�DFNQRZOHGJHPHQWV



����_

1HGHUODQGVH�VDPHQYDWWLQJ

,Q� GLW� SURHIVFKULIW� EHVFKULMI� LN� PLMQ� SURPRWLHRQGHU]RHN� QDDU� KHW� ERUVWZHHIVHO� HQ�
ERUVWNDQNHU��

=RRJGLHUHQ�� ]RDOV�GH�PHQV�� ]LMQ�GH�HQLJH�RUJDQLVPHQ�PHW�ERUVWZHHIVHO��+HW�GRHO�
YDQ� ERUVWZHHIVHO� LV� KHW� SURGXFHUHQ� YDQ�PHON� GDW� SDVJHERUHQHQ� YRHGW��:HHIVHOV�
EHVWDDQ�YRRU�HHQ�JURRW�GHHO�XLW�FHOOHQ��'H]H�FHOOHQ�VWDDQ�QLHW�RS�]LFK]HOI��]H�VWDDQ�LQ�
FRQVWDQWH�FRPPXQLFDWLH�PHW�GH�UHVW�YDQ�KHW�OLFKDDP��9HUDQGHULQJHQ�LQ�KHW�OLFKDDP��
OHLGHQ�WRW�YHUDQGHULQJHQ�LQ�GH�VLJQDOHQ�GLH�FHOOHQ�RQWYDQJHQ�HQ�DIJHYHQ��+RUPRQHQ�
]LMQ�HHQ�YRRUEHHOG�YDQ�VLJQDDOPROHFXOHQ�GLH�GRRU�KHW�KHOH�OLFKDDP�UHL]HQ��7LMGHQV�
GH� ]ZDQJHUVFKDS� YHUDQGHUW� GH� KRUPRRQKXLVKRXGLQJ� ZDW� WRW� YHUDQGHULQJHQ� LQ�
GH�DUFKLWHFWXXU�YDQ�KHW�ERUVWZHHIVHO� OHLGW��KHW�ERUVWZHHIVHO�VWRRPW�]LFK�NODDU�YRRU�
PHONSURGXFWLH� HQ� PHONWUDQVSRUW�� 2P� GH� MXLVWH� FHOOHQ� KLHUYRRU� WH� SURGXFHUHQ��
EHJLQQHQ�ERUVWZHHIVHOFHOOHQ�]LFK�WH�YHUPHQLJYXOGLJHQ�HQ�WH�VSHFLDOLVHUHQ��

(U� ]LMQ� WZHH� FHOW\SHQ� GLH� ]LFK� NXQQHQ� YHUPHQLJYXOGLJHQ� HQ� RS� GH]H� PDQLHU�
JHVSHFLDOLVHHUGH� GRFKWHUFHOOHQ� NXQQHQ� YRRUWEUHQJHQ�� VWDPFHOOHQ� HQ�
SURJHQLWRUFHOOHQ�� (HQ� JURRW� YHUVFKLO� WXVVHQ� GH]H� WZHH� FHOW\SHQ� LV� GDW� VWDPFHOOHQ�
HONH�NHHU�DOV�]H�KHW�VLJQDDO�NULMJHQ�WH�PRHWHQ�GHOHQ��]H�GLW�RRN�GDDGZHUNHOLMN�NXQQHQ�
GRHQ�� 3URJHQLWRUFHOOHQ� GDDUHQWHJHQ� YHUDQGHUHQ� HHQ� NOHLQ� EHHWMH� QD� HONH� GHOLQJ�
ZDDUGRRU�]H�QD�HHQ�SDDU�GHOLQJHQ�XLWHLQGHOLMN�KHW�YHUPRJHQ�RP�WH�GHOHQ�YHUOLH]HQ��
9RRU� HONH� FHO� JHOGW� GDW� GH� FHOGHOLQJ� VWULNW� ZRUGW� JHUHJXOHHUG�� FHOGHOLQJ� LV� YDQ�
EHODQJ�RP�HHQ�ZHHIVHO� WH�RQGHUKRXGHQ�RI� WH�YHUDQGHUHQ�PDDU�DOV�HU�PHHU�FHOOHQ�
GDQ�QRGLJ�ZRUGHQ�JHPDDNW�NDQ�GLW�WRW�WXPRUIRUPDWLH�OHLGHQ��:DQQHHU�WH�YHHO�FHOOHQ�
]LFK�YHUPHQLJYXOGLJHQ��NRPW�GDW�GRRUGDW�GH�FRPPXQLFDWLH�WXVVHQ�FHOOHQ�YHUVWRRUG�
LV�RI�HHQ�FHO�QLHW�PHHU�QDDU�EHKRUHQ� UHDJHHUW��(HQ�FHO�RQWYDQJW� IRXWLHYH�VLJQDOHQ�
GDW�KHW�PRHW�GHOHQ�RI�HHQ�FHO�UHDJHHUW�QLHW�PHHU�RS�VLJQDOHQ�GLH�GHOLQJ�UHPPHQ��
:DQW�FHOOHQ�RQWYDQJHQ�QLHW�DOOHHQ�VLJQDOHQ�YDQ�EXLWHQ��RRN�ELQQHQ�HHQ�FHO�YLQGW�HU�
YHHO�FRPPXQLFDWLH�SODDWV��(HQ�UHGHQ�ZDDURP�GH�LQWHUQH�FRPPXQLFDWLH�YHUVWRRUG�NDQ�
]LMQ��]LMQ�YHUDQGHULQJHQ� LQ�KHW�'1$��'H]H�YHUDQGHULQJHQ�KHWHQ�PXWDWLHV��+HW�'1$�
YDQ�HHQ�LQGLYLGX�YHUZHUIW�RS�YHHO�SOHNNHQ�PXWDWLHV�GRRU�GH�MDUHQ�KHHQ��PDDU�DOOHHQ�
PXWDWLHV�RS�VSHFLƓHNH�SODDWVHQ�LQ�KHW�'1$�KHEEHQ�]R�HHQ�VWHUNH�LQYORHG�GDW�]H�WRW�
]LHNWH�NXQQHQ�OHLGHQ��'H]H�VSHFLƓHNH�ORFDWLHV�]LMQ�YDDN�RQGHUGHHO�YDQ�HHQ�JHQ��HHQ�
VWXN�'1$�ZDDU� LQ�GH�FHO�NRSLHQ�YDQ�JHPDDNW�ZRUGHQ��'H]H�NRSLHQ�KHWHQ�51$��
+HW�JURRWVWH�JHGHHOWH�YDQ�GH�51$�PROHFXOHQ�JHOGW�DOV�GH�LQVWUXFWLH�YRRU�GH�ERXZ�
YDQ�HLZLWWHQ��(LZLWWHQ�]LMQ�FRPSOH[H�PROHFXOHQ�GLH�HVVHQWLHHO�]LMQ�YRRU�GH�RSERXZ�
YDQ�KHW� OLFKDDP��2RN�KHW�JURRWVWH�JHGHHOWH�YDQ�GH�VLJQDDOPROHFXOHQ�]LMQ�HLZLWWHQ��
]RGRHQGH�UHJXOHUHQ�]LM�GH�FRPPXQLFDWLH�]RZHO�WXVVHQ�FHOOHQ�DOV�ELQQHQ�HHQ�FHO��

$OV�HHQ�PXWDWLH�LQ�HHQ�JHQ�KHW�IXQFWLRQHUHQ�YDQ�HHQ�HLZLW�EH±QYORHGW��NDQ�GLW�JURWH�
JHYROJHQ� KHEEHQ� YRRU� HHQ� FHO�� ,Q� KHW� JHYDO� YDQ� NDQNHU�� NLMNHQ� ZHWHQVFKDSSHUV�
YDDN� QDDU� WZHH� JURHSHQ� JHQHQ�� WXPRUVXSSUHVVRUJHQHQ� HQ� RQFRJHQHQ��
7XPRUVXSSUHVVRUJHQHQ�EHYDWWHQ�GH�FRGH�YRRU�HLZLWWHQ�GLH�GH�JURHL�YDQ�HHQ�WXPRU�
UHPPHQ��PXWDWLHV�LQ�GH]H�JHQHQ�GLH�KHW�HLZLW�DIUHPPHQ�RI�XLWVFKDNHOHQ�GUDJHQ�DDQ�
WXPRUJURHL�ELM��2QFRJHQHQ�EHYDWWHQ�GH�FRGH�YRRU�HLZLWWHQ�GLH�WXPRUJURHL�NXQQHQ�
VWLPXOHUHQ��JHYDDUOLMNH�PXWDWLHV�LQ�GH]H�JHQHQ�]RUJHQ�HUYRRU�GDW�GH�HLZLWWHQ�PLQGHU�
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Addendum
JHYRHOLJ�ZRUGHQ�YRRU�RQGHUGUXNNHQGH�VLJQDOHQ�HQ�GDDUGRRU�RQJHUHPG�WXPRUJURHL�
NXQQHQ�VWLPXOHUHQ�

In hoofdstuk 1��EHVFKULMI�LN�GH�FHOOXODLUH�RSERXZ�YDQ�KHW�ERUVWZHHIVHO�HQ�KRH�GH]H�
YHUDQGHUW�WLMGHQV�YHUVFKLOOHQGH�OHYHQVIDVHQ�YDQ�GH�YURXZ��]RDOV�WLMGHQV�GH�SXEHUWLMG�
HQ� HHQ� ]ZDQJHUVFKDS�� ,Q� PLMQ� SURHIVFKULIW�� KHEEHQ� ZH� JHEUXLN� JHPDDNW� YDQ�
YHUVFKLOOHQGH�PRGHOV\VWHPHQ��PHW�QDGUXN�RS�KHW�PRGHOV\VWHHP�GH�PXLV��'DDURP�
EHKDQGHO� LN� LQ�GLW�KRRIGVWXN�ZDDU�KHW�ERUVWZHHIVHO�YDQ�GH�PHQV�HQ�GH�PXLV�JHOLMN�
]LMQ�HQ�ZDDU�]LM�YHUVFKLOOHQ��'H�RSERXZ�YHUWRRQW�YHHO�RYHUHHQNRPVWHQ��'H�YHUVFKLOOHQ�
]LWWHQ� YRRUQDPHOLMN� LQ� KHW� DDQWDO� ERUVWNOLHUHQ� �GH� PHQV� KHHIW� ««Q� SDDU�� GH� PXLV�
KHHIW�YLMI�SDUHQ���KHW�QHWZHUN�YDQ�PHONNOLHUHQ�KHHIW�HHQ� LHWZDW�DQGHUH�RSERXZ��HQ�
GH�FHOOHQ�GLH�GH�ERUVWFHOOHQ�GLUHFW�RPULQJHQ�HQ�RQGHUVWHXQHQ�KHEEHQ�HHQ�DQGHUH�
VDPHQVWHOOLQJ��0DDU�GH�RQWZLNNHOLQJ�HQ�GH�EHODQJULMNVWH�VRRUWHQ�FHOOHQ�]LMQ�KHW]HOIGH�
WXVVHQ� GH� WZHH� ]RRJGLHUHQ�� ZDDUGRRU� GH� PXLV� HHQ� JRHG� PRGHOV\VWHHP� LV� YRRU�
GH� KXPDQH� ERUVW�� 9HUGHU� EHVFKULMI� LN� YHUVFKLOOHQGH� WHFKQLHNHQ� GLH� GRRU� KHW� KHOH�
SURHIVFKULIW�WHUXJNHUHQ��=RDOV�HHQ�WHFKQLHN�JHQDDPG�ŴRZF\WRPHWULH��ZDW�KHW�PHWHQ�
YDQ�VWURPHQGH�FHOOHQ�EHWHNHQW��+LHUELM�JHEUXLNHQ�ZH�HLZLWWHQ�GLH�JHGHHOWHOLMN�EXLWHQ�
HHQ�FHO�XLWVWHNHQ�RP�FHOW\SHV�WH�LGHQWLƓFHUHQ��HHQ�PHON�SURGXFHUHQGH�FHO�KHHIW�HHQ�
DQGHU�SURƓHO�GDQ�HHQ�VSLHUFHO��(HQ�DQGHUH�WHFKQLHN�GLH�YHHOYXOGLJ�WHUXJNHHUW�LV�KHW�
DQDO\VHUHQ�YDQ�KHW� WUDQVFULSWRRP��+HW� WUDQVFULSWRRP�RPYDW�DOOH�51$�PROHFXOHQ� LQ�
HHQ�FHO��'LW�JHHIW�HHQ�EHHOG�YDQ�ZHONH�HLZLWWHQ�LQ�HHQ�FHO�DDQZH]LJ�]LMQ�HQ�LQ�ZHONH�
KRHYHHOKHLG��DOV�HU�UHODWLHI�YHHO�51$�PROHFXOHQ�DDQZH]LJ�]LMQ�GLH�FRGHUHQ�YRRU�HLZLW�
$�HQ�ZHLQLJ�GLH� FRGHUHQ� YRRU�HLZLW�%�� LV� KHW� DDQQHPHOLMN�GDW� HU�PHHU� YDQ�HLZLW�$�
GDQ�HLZLW�%�DDQZH]LJ�LV�LQ�GH�FHO��:HWHQVFKDSSHUV�KHEEHQ�EHWURXZEDUH�HQ�UHODWLHI�
HHQYRXGLJH�WHFKQLHNHQ�RQWZLNNHOG�RP�KHW�WUDQVFULSWRRP�WH�DQDO\VHUHQ��YRRU�HLZLWWHQ�
OLJW� GLW� LQJHZLNNHOGHU�� 'DDURP�JHEUXLNHQ�ZH� YDDN� KHW� WUDQVFULSWRRP� DOV� LQGLFDWRU�
YRRU�GH�HLZLWWHQ�GLH�DDQZH]LJ�]LMQ�

In hoofdstuk 2��NLMNHQ�ZH�QDDU�KHW�HIIHFW�YDQ�GH�WXPRUVXSSUHVVRUHLZLWWHQ�S����S����
HQ�S���RS�FHOGHOLQJ� LQ�GH�ERUVW��*H]RQGH� WXPRUVXSSUHVVRUJHQHQ�HQ�RQFRJHQHQ�
]LMQ� RQPLVEDDU� YRRU� KHW� JRHG� IXQFWLRQHUHQ� YDQ� HHQ� JH]RQGH� FHO�� =R� VSHOHQ� GH�
WXPRUVXSSUHVVRUHLZLWWHQ� S���� S���� HQ� S��� �GLW� HLZLW� KHHW� S��� LQ� GH� PHQV�� HHQ�
EHODQJULMNH�URO�LQ�GH�UHJXODWLH�YDQ�FHOGHOLQJ��(HUGHU�RQGHU]RHN�KHHIW�ODWHQ�]LHQ�GDW�
LQ�GH�DIZH]LJKHLG�YDQ�GH]H�JHQHQ�SURJHQLWRUFHOOHQ�LQ�KHW�EORHG�YDQ�PXL]HQ�]LFK�DOV�
VWDPFHOOHQ�JDDQ�JHGUDJHQ��]H�NXQQHQ�YHHO�YDNHU�GHOHQ�GDQ�GDW�QRUPDOLWHU�PRJHOLMN�
LV�YRRU�HHQ�SURJHQLWRUFHO��'LW�HIIHFW�LV�DOOHHQ�ZDDUQHHPEDDU�DOV�DOOH�GULH�GH�HLZLWWHQ�
WHJHOLMNHUWLMG� DIZH]LJ� ]LMQ�� 'XV� VDPHQ� UHPPHQ� S���� S���� HQ� S��� GH� FHOGHOLQJ� LQ�
EORHGSURJHQLWRUFHOOHQ��,Q�hoofdstuk 2��KHEEHQ�ZH�RQGHU]RFKW�RI�GH]H�GULH�HLZLWWHQ�
HYHQ� EHODQJULMN� ]LMQ� YRRU� KHW� FRQWUROHUHQ� YDQ� GH� FHOGHOLQJ� LQ� KHW� ERUVWZHHIVHO��
+LHUYRRU�KHEEHQ�ZH�JHEUXLN�JHPDDNW�YDQ�PXLVPRGHOOHQ��2Q]H�EHYLQGLQJHQ�ODWHQ�
]LHQ�GDW� KHW� XLWVFKDNHOHQ� YDQ�S���� S���� HQ�S���QLHW� JHQRHJ� LV� RP�GH�GHOLQJ� YDQ�
ERUVWZHHIVHOFHOOHQ�WH�EH±QYORHGHQ��GLW�JHOGW�]RZHO�YRRU�VWDP��DOV�SURJHQLWRUFHOOHQ��
:HO�NRPHQ�ZH�HUDFKWHU�GDW�]RQGHU�GH]H�GULH�JHQHQ�FHOOHQ�JHYRHOLJHU�]LMQ�YRRU�HHQ�
JURHLVWLPXODQV�GLH�ZRUGW�JH±QLWLHHUG�71)_��71)_�LV�HHQ�HLZLW�GDW�ZH�YRRUDO�NHQQHQ�DOV�
HHQ�RQGHUGHHO�YDQ�KHW�DIZHHUV\VWHHP��PDDU�GDDUQDDVW�NDQ�KHW�RRN�FHOOHQ�VWLPXOHUHQ�
RP�DI�WH�VWHUYHQ�RI�YRRUW�WH�EHVWDDQ��,Q�GLW�JHYDO�VWLPXOHHUW�KHW�GXV�KHW�YRRUEHVWDDQ�
YDQ�GH�ERUVWZHHIVHOFHOOHQ��.RUWRP��S����S����HQ�S���DOOHHQ�]LMQ�QLHW�DIGRHQGH�RP�
ERUVWZHHIVHOFHOGHOLQJ� WH� UHPPHQ��PDDU�GH�GULH� WXPRUVXSSUHVVRUHLZLWWHQ� UHPPHQ�
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ZHO�GRRU�71)_�JHVWLPXOHHUGH�FHOGHOLQJ�

In hoofdstuk 3� EHVFKULMI� LN� HHQ� QLHXZ�ERUVWNDQNHUPXLVPRGHO�� +HW� ELM]RQGHUH� DDQ�
GH]H�PXLV�LV�GDW�KHW�PRGHO�VWDDW�YRRU�SDWLQWHQ�GLH�HHQ�WHUXJYDO�HUYDUHQ��'LW�KRXGW�LQ�
GDW�HHQ�PHGLFLMQ�LQ�HHUVWH�LQVWDQWLH�DDQVODDW��PDDU�GDW�GH�WXPRU�]LFK�QD�YHUORRS�YDQ�
WLMG�ZHHW�DDQ�WH�SDVVHQ�HQ�RS�YROOH�NUDFKW�WHUXJNHHUW��,Q�DQGHUH�ZRRUGHQ��GH�WXPRU�
LV�RQJHYRHOLJ�JHZRUGHQ�YRRU�KHW�PHGLFLMQ�HQ�KHHIW�HHQ�QLHXZH�PDQLHU�JHYRQGHQ�
RP�ZHHU�WH�NXQQHQ�JDDQ�JURHLHQ��9RRU�GLW�RQGHU]RHN�KHE�LN�RRN�GH�PXLV�JHEUXLNW�
GLH�KHW� WXPRUVXSSUHVVRUHLZLW�S���PLVW��QHW�]RDOV� LQ�hoofdstuk 2��'DDUQDDVW� LV�HHQ�
JHPXWHHUGH�YHUVLH�YDQ�KHW�RQFRJHQ�Kras�DDQZH]LJ��+HW�HLZLW�.UDV�ZRUGW�LQ�JH]RQGH�
FHOOHQ�JHDFWLYHHUG�DOV�HHQ�FHO�PRHW�JURHLHQ�HQ�JDDW�GHOHQ��:DQQHHU�KHW�JHPXWHHUG�
UDDNW�� NDQ� KHW� RYHUDFWLHI� ZRUGHQ� HQ� GDDUGRRU� FHOJURHL� HQ� �GHOLQJ� VWLPXOHUHQ� GLH�
RQJHZHQVW�LV��HHQ�EHODQJULMN�NHQPHUN�YDQ�HHQ�WXPRU��,Q�KHW�ERUVWNDQNHUPXLVPRGHO�
XLW�hoofdstuk 3��NXQQHQ�ZH�GH�JHPXWHHUGH�Kras�ZHHU�XLW�GH�FHO�YHUZLMGHUHQ��ZDDURS�
GH� ERUVWWXPRU� VQHO� NOHLQHU� ZRUGW�� 0DDU� QD� HHQ� SHULRGH� DIZH]LJ� WH� ]LMQ� JHZHHVW��
EHJLQW�GH]HOIGH� WXPRU�ZHHU� WH�JURHLHQ��2QGDQNV�GDW�GH� WXPRU� LQ�HHUVWH� LQVWDQWLH�
DIKDQNHOLMN�ZDV�YDQ�KHW�JHPXWHHUGH�.UDV��KHHIW�KHW�]LFK�QX�DDQJHSDVW�DDQ�KHW�JHPLV�
YDQ�KHW�RQFRJHQH�HLZLW�HQ�JURHLW�KHW�ZHHU�YHUGHU��'RRU�GH�WZHH�WXPRUHQ�PHW�HONDDU�
WH�YHUJHOLMNHQ�Ŋ�GH�WXPRU�GLH�YRRU�JURHL�DIKDQNHOLMN�LV�YDQ�KHW�JHPXWHHUGH�.UDV�HQ�
GH�WXPRU�GLH�QLHW�PHHU�DIKDQNHOLMN�YDQ�GLW�HLZLW�LV�Ŋ�YLQGHQ�ZH�GDW�GH�WXPRUHQ�YDQ�
HONDDU� YHUVFKLOOHQ��'H� RQDIKDQNHOLMNH� WXPRU� KHHIW� HLJHQVFKDSSHQ� GLH� LQ� SDWLQWHQ�
YDDN� NHQPHUNHQG� ]LMQ� YRRU� HHQ� VOHFKWH� SURJQRVH�� 2RN� YLQGHQ� ZH� DDQZLM]LQJHQ�
GDW� HLZLWWHQ� GLH� QRUPDDO� JHVSURNHQ� .UDV� DFWLYHUHQ�� LQ� JURWHUH� KRHYHHOKHGHQ�
DDQZH]LJ�]LMQ��'LW�NDQ�HURS�GXLGHQ�GDW�GH�WXPRUJURHL�GLH�LQ�HHUVWH�LQVWDQWLH�GRRU�GH�
RYHUDFWLHYH�RQFRJHQH�.UDV�ZHUG�JHYRHG��QX�GRRU�SDUWQHUV�YDQ�.UDV�ZRUGW�JHYRHG��
2Q]H�EHYLQGLQJHQ�ODWHQ�]LHQ�GDW�DOV�ZH�SDWLQWHQ�ZLOOHQ�JHQH]HQ�RI�ODQJGXULJ�ZLOOHQ�
KHOSHQ��ZH�EHKDQGHOLQJHQ�PRHWHQ�RQWZLNNHOHQ�GLH�YRRUNRPW�GDW�WXPRUHQ�]LFK�DDQ�
PHGLFDWLH�NDQ�RQWZULQJHQ�

=RDOV� ZH� LQ� hoofdstuk 2� ]DJHQ� GDW� KHW� DIZHHUV\VWHHPHLZLW� 71)_� RRN� HHQ� URO� LQ�
FHOJURHL�VSHHOW��NRPHQ�ZH�LQ�hoofdstuk 4�QRJ�HHQ�EHODQJULMNH�DIZHHUV\VWHHPVSHOHU�
WHJHQ� GLH� RRN� HHQ� URO� LQ� FHOJURHL� VSHHOW�� JHQDDPG� 7/5��� 7/5�� LV� RQGHUGHHO� YDQ�
HHQ�DUVHQDDO�YDQ�DIZHHUFHOOHQ��ZDDU�KHW�RS�]RHN�LV�QDDU�]LHNWHYHUZHUNHUV�]RGDW�GH�
DIZHHUFHOOHQ�]H�VQHO�RQVFKDGHOLMN�NXQQHQ�PDNHQ��:DDU�71)_�YRRUQDPHOLMN�DFWLHI�LV�
DOV�SURGXFW�YDQ�DQGHUH�FHOOHQ�GLH�GH�ERUVWZHHIVHOFHOOHQ�ZLOOHQ�EH±QYORHGHQ��LV�7/5��
RQGHUGHHO� YDQ�GH�ERUVWZHHIVHOFHOOHQ�� ,Q�hoofdstuk 4� GHOHQ�ZH�RQ]H�EHYLQGLQJHQ�
GDW�KHW�DFWLYHUHQ�YDQ�7/5����HQ�DQGHUH�HLZLWWHQ�GLH�LQ�GLUHFW�FRQWDFW�VWDDQ�PHW�7/5��
��LQ�ERUVWZHHIVHOFHOOHQ�HQ�GDUPFHOOHQ�WRW�YHUKRRJGH�FHOJURHL�OHLGW��'DDUQDDVW��OHLGW�
KHW�UHPPHQ�YDQ�GH]H�HLZLWWHQ�WRW�KHW�UHPPHQ�YDQ�WXPRUJURHL�LQ�]RZHO�ERUVWNDQNHU�
DOV�GDUPNDQNHU��'LW�RQGHU]RHN�ODDW�]LHQ�KRH�PHFKDQLVPHQ�ZDDUYDQ�ZH�GDFKWHQ�GDW�
]H� DOOHHQ� YDQ�EHODQJ�ZDUHQ� YRRU�GH�ZHUNLQJ� YDQ�KHW� DIZHHUV\VWHHP��RRN�ZRUGHQ�
JHEUXLNW�GRRU�JH]RQGH�FHOOHQ�HQ�WXPRUFHOOHQ��9HUGHU�ODWHQ�ZH�]LHQ�KRH�GH]H�NHQQLV�
JHEUXLNW�NDQ�ZRUGHQ�RP�NDQNHU�WH�EHKDQGHOHQ�

(HUGHU� LQ�GH]H�VDPHQYDWWLQJ�QRHPGH� LN�DO�KHW� WUDQVFULSWRRP��GH�YHU]DPHOLQJ�YDQ�
DOOH�51$�PROHFXOHQ�LQ�ELMYRRUEHHOG�HHQ�FHO�RI�HHQ�ZHHIVHO��2P�HHQ�EHWHU�EHHOG�WH�
NULMJHQ�YDQ�DOOH�YHUVFKLOOHQGH�VRRUWHQ�FHOOHQ�LQ�KHW�OLFKDDP��KHEEHQ�ZH�PHW�HHQ�JURHS�
ZHWHQVFKDSSHUV�GH�WUDQVFULSWRPHQ�YDQ���������YHUVFKLOOHQGH�FHOOHQ�JHDQDO\VHHUG��
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Addendum
'H�WRWVWDQGNRPLQJ�YDQ�GH]H�NHQQLVEDQN�ZRUGW�JHGHHOG�LQ�GH�hoofdstukken 5 en 6��
:H�KHEEHQ�KLHUYRRU�KHW�PRGHOGLHU�GH�PXLV�JHEUXLNW��'H�FHOOHQ�NZDPHQ�YDQ�PXL]HQ�
YDQ�YHUVFKLOOHQGH�OHHIWLMGHQ��]RZHO�PDQQHWMHV�DOV�YURXZWMHV�PXL]HQ�ZDUHQ�RQGHUGHHO�
YDQ�GLW�SURMHFW��=RGDW�YHUVFKLOOHQ�GLH�YHURRU]DDNW�ZRUGHQ�GRRU�JHVODFKW�RI� OHHIWLMG�
NXQQHQ�ZRUGHQ� RQGHU]RFKW�� ,QIRUPDWLH� VSHFLƓHN� YRRU� KHW� ERUVWZHHIVHO� GLH� XLW� GLW�
RQGHU]RHN�QDDU�YRUHQ�LV�JHNRPHQ�VWDDW�LQ�hoofdstuk 1��1DDVW�KHW�ERUVWZHHIVHO��KHHIW�
GH]H�JURHS�RQGHU]RHNHUV�QRJ�QDDU����DQGHUH�ZHHIVHOV�JHNHNHQ��(HQ�SURMHFW�]RDOV�
KLHU�VWDDW�EHVFKUHYHQ�YHUHLVW�GH�EHWURNNHQKHLG�YDQ�HHQ�JURWH�JURHS�ZHWHQVFKDSSHUV�
PHW� YHUVFKLOOHQGH� DFKWHUJURQGHQ� HQ� LV� GXXU� RP� XLW� WH� YRHUHQ�� 0DDU� KHW� LV� HUJ�
ZDDUGHYRO� YRRU� GH� ZHWHQVFKDSSHOLMNH� JHPHHQVFKDS�� KHW� YHUVFKDIW� LPPHUV� HHQ�
XLWJHEUHLGH�NHQQLVDWODV�YDQ�KHW��PXL]HQ�OLFKDDP�GLH�GRRU�LHGHUHHQ�WH�UDDGSOHJHQ�LV�
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&XUULFXOXP�9LWDH

/LQGD�-DFTXHOLQH� YDQ�:HHOH�ZDV�ERUQ� LQ�������6KH�DWWHQGHG� VHFRQGDU\� VFKRRO� DW�
WKH�6WHGHOLMN�*\PQDVLXP�$UQKHP��$IWHU�D�JDS�\HDU� LQ�$UJHQWLQD�� VKH�FRPSOHWHG�D�
EDFKHORUōV�GHJUHH�PDMRULQJ� LQ�%LRPHGLFDO�6FLHQFHV�DQG�D�PLQRU� LQ�*RYHUQDQFH�DW�
8WUHFKW�8QLYHUVLW\��6KH�DWWHQGHG�RQH�VHPHVWHU�DW� /XQG�8QLYHUVLW\��6ZHGHQ��3DUW�RI�
WKLV�VHPHVWHU�ZDV�VSHQG�GRLQJ�UHVHDUFK�XQGHU�WKH�VXSHUYLVLRQ�RI�'U��(OOHQ�7XIYHVVRQ��
LQ�WKH�ODERUDWRU\�RI�3URI��'U��/HLI�%MHUPHU��FRQƓUPLQJ�WKH�UHOLDEOH�GHWHFWLRQ�RI�DVWKPD�
ELRPDUNHUV� LQ� QRQ�LQYDVLYH� H[KDOHG� EUHDWK� FRQGHQVDWH�� )XUWKHUPRUH�� RQH� \HDU�
VKH�SDUWRRN� LQ� WKH�8WUHFKW�8QLYHUVLW\� FRXQFLO�� UHSUHVHQWLQJ� WKH�XQLYHUVLW\ōV� VWXGHQW�
SRSXODWLRQ�WR�WKH�XQLYHUVLW\�ERDUG��2QFH�VKH�FRPSOHWHG�KHU�EDFKHORUōV�GHJUHH��VKH�
FRQWLQXHG�KHU�VWXGLHV�DW�8WUHFKW�8QLYHUVLW\�HQUROOLQJ�LQ�WKH�PDVWHUōV�SURJUDP�Cancer, 
Genomics and Developmental Biology�� 6KH� FRPSOHWHG� UHVHDUFK� SURMHFWV� LQ� WKUHH�
GLIIHUHQW� UHVHDUFK�JURXSV��)RU� WKH�ƓUVW�SURMHFW�� VKH�ZRUNHG�ZLWK�D� ]HEUDƓVK�PRGHO�
WR�LGHQWLI\�GHYHORSPHQWDO�GHIHFWV�LQ�WKH�FRQJHQLWDO�GLVHDVH�G\VNHUDWRVLV�FRQJHQLWD�
XQGHU�WKH�VXSHUYLVLRQ�RI�'U��$O\VRQ�0DF,QQHV�DW�WKH�+XEUHFKW�,QVWLWXWH��8WUHFKW��WKH�
1HWKHUODQGV��1H[W��VKH�ORRNHG�DW�WKH�UROH�RI�FDOFLXP�GHSHQGHQW�SURWHDVHV���QDPHG�
&DOSDLQV� Ŋ� LQ� WXPRU� JURZWK�� 7KLV� SURMHFW� ZDV� XQGHU� WKH� VXSHUYLVLRQ� RI� 'U�� )HUHQF�
6FKHHUHQ�LQ�WKH�ODERUDWRU\�RI�3URI��'U��0LFKDHO�&ODUNH�DW�6WDQIRUG�8QLYHUVLW\��8QLWHG�
6WDWHV�RI�$PHULFD�� /DVWO\�� VKH�RSWLPL]HG�D�63$5&�GHSHQGHQW�RQFRO\WLF� DGHQRYLUXV�
XQGHU�WKH�VXSHUYLVLRQ�RI�'U��(GXDUGR�3LDJJLR��LQ�WKH�ODERUDWRU\�RI�3URI��'U��2VYDOGR�
3RGKDMFHU�� DW� ,QVWLWXWR� /HORLU�� %XHQRV� $LUHV�� $UJHQWLQD�� 6KH� JUDGXDWHG� IURP� KHU�
PDVWHUōV�SURJUDP�LQ�WKH�VSULQJ�RI�������,Q�WKH�VXPPHU�RI�������VKH�VWDUWHG�KHU�3K'�
LQ�WKH�ODERUDWRU\�RI�3URI��'U��0LFKDHO�&ODUNH�DW�6WDQIRUG�8QLYHUVLW\��8QLWHG�6WDWHV�RI�
$PHULFD��XQGHU�WKH�VXSHUYLVLRQ�RI�3URI��'U��-DFFR�YDQ�5KHHQHQ��ZKLFK�UHVXOWHG�LQ�WKH�
ZRUN�GHVFULEHG�LQ�WKLV�GLVVHUWDWLRQ�
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Addendum

/LVW�RI�SXEOLFDWLRQV

Published

YDQ� :HHOH� /-� HW� DO�� ������� 0HVHQFK\PDO� WXPRU� FHOOV� GULYH� HVFDSH� RI� UHODSVHG�
Trp53-/-� EUHDVW� WXPRU� FHOOV� ZLWK� LQDFWLYDWHG� PXWDQW� Kras�� Molecular Oncology��
GRL���������������������������LQ�SUHVV�

7DEXOD�0XULV� &RQVRUWLXP� >LQFOXGLQJ� YDQ�:HHOH� /-@� �������0ROHFXODU� KDOOPDUNV� RI�
KHWHURFKURQLF�SDUDELRVLV�DW�VLQJOH�FHOO�UHVROXWLRQ��Nature��������������������

YDQ�:HHOH�/-�HW�DO���������'HSOHWLRQ�RI�Trp53��p16Ink4a��DQG�p19Arf�GRHV�QRW�SURPRWH�
VHOI�UHQHZDO� LQ� WKH� PDPPDU\� JODQG� EXW� DPSOLƓHV� SUROLIHUDWLRQ� LQGXFHG� E\� 71)ѿ��
Stem Cell Reports����������������

7DEXOD�0XULV�&RQVRUWLXP�>LQFOXGLQJ�YDQ�:HHOH�/-@��������$JHLQJ�KDOOPDUNV�H[KLELW�
RUJDQ�VSHFLƓF�WHPSRUDO�VLJQDWXUHV��Nature��������������������

7DEXOD�0XULV�&RQVRUWLXP�>LQFOXGLQJ�YDQ�:HHOH�/-@��������$�VLQJOH�FHOO�WUDQVFULSWRPLF�
DWODV�FKDUDFWHUL]HV�DJHLQJ�WLVVXHV�LQ�WKH�PRXVH��Nature��������������������

7DEXOD�0XULV�&RQVRUWLXP�>LQFOXGLQJ�YDQ�:HHOH�/-@��������6LQJOH�FHOO�WUDQVFULSWRPLFV�
RI����PRXVH�RUJDQV�FUHDWHV�D�7DEXOD�0XULV��Nature��������������������

&DL�6��.DOLVN\�7��6DKRR�'��'DOHUED�3��)HQJ�:��/LQ�<��4LDQ�'��.RQJ�$��<X�-��:DQJ�)��
&KHQ�(<��6FKHHUHQ�)$��.XR�$+��6LNDQGDU�66��+LVDPRUL�6��YDQ�:HHOH�/-��HW�DO���������
$�4XLHVFHQW�%FO��E�+LJK�6WHP�&HOO�3RSXODWLRQ�,V�5HTXLUHG�IRU�0DLQWHQDQFH�RI�WKH�
0DPPDU\�*ODQG��Cell Stem Cell����������������H��

=DEDOD�0�� /RER�1$��4LDQ�'�� YDQ�:HHOH� /-��+HLVHU�'��&ODUNH�0)� �������2YHUYLHZ��
&DQFHU�6WHP�&HOO�6HOI�5HQHZDO�� ,Q�/LX��+��DQG�/DWKLD��-�'�� �HG���Cancer Stem Cells - 
Targeting the Roots of Cancer, Seeds of Metastasis, and Sources of Therapy Resistance��
$FDGHPLF�3UHVV��SS��������

6FKHHUHQ�)$��.XR�$+��YDQ�:HHOH�/-��HW�DO���������$�FHOO�LQWULQVLF�UROH�IRU�7/5��0<'���
LQ�LQWHVWLQDO�DQG�EUHDVW�HSLWKHOLD�DQG�RQFRJHQHVLV��Nature Cell Biology��������������
&R�ƓUVW�DXWKRUV

Published prior to start of PhD program

3HUHERRP�7&��YDQ�:HHOH�/-� %RQGW�$��DQG�0DF,QQHV�$:��������$�]HEUDƓVK�PRGHO�
RI�G\VNHUDWRVLV�FRQJHQLWD�UHYHDOV�KHPDWRSRLHWLF�VWHP�FHOO�IRUPDWLRQ�IDLOXUH�UHVXOWLQJ�
IURP� ULERVRPDO� SURWHLQ�PHGLDWHG� S��� VWDELOL]DWLRQ��Blood�� ����� ��������� &R�ƓUVW�
DXWKRUV

7XIYHVVRQ� (�� YDQ�:HHOH� /-�� (NHGDKO� +�� DQG� %MHUPHU� /�� ������� /HYHOV� RI� F\VWHLQ\O�
OHXNRWULHQHV�LQ�H[KDOHG�EUHDWK�FRQGHQVDWH�DUH�QRW�GXH�WR�VDOLYD�FRQWDPLQDWLRQ. The 
Clinical Respiratory Journal�������Ŋ��
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'DQNZRRUG�$FNQRZOHGJHPHQWV

)RU�HYHU\RQH�WKDW�ZDV�LQYROYHG�ZLWK�P\�SHUVRQDO�DQG�SURIHVVLRQDO�OLIH�EXW�VRPHKRZ�
GLGQōW�SLFN�XS�PXFK�RI�P\�QDWLYH�WRQJXH��LW�PXVW�KDYH�EHHQ�P\�SRRU�WHDFKLQJ�VNLOOV���
WKLV�LV�WKH�SDUW�SHRSOH�UHDG�ƓUVW�ZKHQ�UHFHLYLQJ�D�WKHVLV��%HFDXVH�WKH�WLPH�VSHQG�LQ�
JUDGXDWH�VFKRRO�LV�VR�PXFK�PRUH�WKDQ�ZKDW�HQGHG�XS�LQ�WKLV�WKHVLV��,�OHDUQHG�IURP�
\RX��,�ODXJKHG�ZLWK�\RX��\RX�KHOSHG�PH�JURZ�DQG�EHFRPH�WKH�SHUVRQ�,�DP�WRGD\��)RU�
WKDW��,ōOO�DOZD\V�EH�JUDWHIXO�

Mike��DW�WKH�HQG�RI�P\�URWDWLRQ�\RX�RIIHUHG�PH�WR�VWD\��EHLQJ�VXSSRUWLYH�RI�ZKDWHYHU�
IRUPDW� ,� KDG� LQ�PLQG��7KLV� DOVR� DSSOLHV� WR�P\� UHVHDUFK�� \RXōYH� RIIHUHG�PH� ORWV� RI�
IUHHGRP�WR�ZRUN�RQ�P\�LGHDV�EXW�ZHUH�WKHUH�WR�KHOS�PH�ZRUN�WKURXJK�P\�WKLQNLQJ�
SURFHVV�ZKHQ�QHHGHG��,�DSSUHFLDWH�\RXU�HIƓFLHQW�ZD\�RI�FRPPXQLFDWLQJ��<RX�FXW�WR�
WKH�FKDVH�DQG�FHUWDLQW\�GR�QRW�OLNH�HPDLOV�WKH�OHQJWK�RI�WKLV�SDUDJUDSK��,�DOVR�ZDQW�WR�
DFNQRZOHGJH�Christine��\RX�ZHOFRPH�XV�ZLWK�RSHQ�DUPV�LQ�\RXU�KRXVH�DQG�VHW�DQ�
LQFUHGLEOH�KLJK�VWDQGDUG�IRU�SDHOOD�

Jacco��EHGDQNW�GDW�MH�KHW�YHUWURXZHQ�KDG�GDW�LN�GLW�SURMHFW�YDQ�YHU�PHW�VXFFHV�]RX�
DIURQGHQ��$OV� ZH� HONDDU� HHQ� KHOH� WLMG� QLHW� JHVSURNHQ� KDGGHQ�� KDG� LN� ELQQHQ� HHQ�
GDJ�DOZHHU�HHQ�PDLOWMH�WHUXJ��2RN�EHQ�MLM�GHJHQH�JHZHHVW�GLH�PLM�DDQ�)HUHQF�KHHIW�
YRRUJHVWHOG��]RQGHU�GLH�VWDJHSOHN�ZDV�LN�QLHW�LQ�0LNHōV�ODE�WHUHFKW�JHNRPHQ�

Puck en Niels�� OHXN� GDW� MXOOLH� LQ�PLMQ� SURPRWLHFRPPLVVLH�ZLOGHQ� ]LWWHQ� YRRU� GH]H�
PLQGHU�JHEUXLNHOLMNH�FRQVWUXFWLH��%HGDQNW�YRRU�GH�LQSXW�GLH�MXOOLH�JHOHYHUG�KHEEHQ�
WLMGHQV�RQ]H�ELMHHQNRPVWHQ��,�ZRXOG�DOVR�OLNH�WR�WKDQN�prof. Geert Kops��prof. Patrick 
Derksen��prof. Paul Coffer��DQG�prof. Inne Borel Rinkes�IRU�WDNLQJ�WKH�WLPH�WR�DVVHVV�
P\�WKHVLV�

Ferenc�� RRN� QDGDW� MH�ZHHU� �� WLMG]RQHV� YHUGHURS�ZRRQGH�� EHQ� MH� QRJ� VWHHGV�PLMQ�
WURXZH�PHQWRU�JHEOHYHQ��-H�SDVVLH�YRRU�GH�ZHWHQVFKDS�HQ�HHQ�FRQWLQXH�VWURRP�DDQ�
LGHHQ��ZHUNHQ�DDQVWHNHOLMN�HQ�KHEEHQ�PLM�PHHUGHUH�PDOHQ�JHKROSHQ�DOV� LN�ZHHU�
HHQV�RS�HHQ�KREEHOLJ�SDDGMH� WHUHFKW�ZDV�JHNRPHQ��-LM�HQ Anja JDYHQ�PLM�]R�HHQ�
ZDUP�ZHONRP��%LQQHQ�HHQ�ZHHN�KDG� LN� HHQ�KXLV�� YULHQGHQ�� HHQ�ƓHWV�� HQ� NHQGH� LN�
LHGHUHHQ�LQ�6,0��

2K��P\�EHORYHG�&ODUNH�ODE��/HWōV�VWDUW�ZLWK�%D\����Shang��LW�ZDV�VXFK�D�OX[XU\�WR�KDYH�
\RXU�NLQGQHVV�DQG� LQFUHGLEOH� VFLHQWLƓF�PLQG� MXVW�D�FKDLU� WXUQ�DZD\��6SHDNLQJ� IURP�
H[SHULHQFH�� WKH�ELJ�JURXS�RI�SHRSOH� WKDW�KDV� MRLQHG�\RXU� ODE�SLFNHG�DQ�H[FHOOHQW�
PHQWRU��Diane�� \RXU�GULYH� IRU� WHDP�VSLULW�QRW�RQO\�JRW� WKH�HQWLUH� ODE�KHDOWKLHU��EXW�
DOVR��PRUH�LPSRUWDQWO\��PDGH�VXUH�WKDW�WKH�7XUWOH�7URSK\�JRW�ƓUPO\�SODFHG�LQ�RXU�ED\��
Jane��\RX�DOPRVW�GHFLGHG�WR�PRYH�WR�WKH�QH[W�ED\��%XW�OXFNLO\�\RX�GHFLGHG�MXVW�LQ�WLPH��
WKHUH�ZDV�WRR�PXFK��SXUHO\�VFLHQWLƓFř��IXQ�LQ�RXU�ED\�WR�PRYH�DZD\��Zhen��\RXōUH�WKH�
ODE�OLEUDU\�V\VWHP��\RX�NQRZ�LI�D�UHDJHQW�LV�SUHVHQW��DQG�\RX�NQRZ�H[DFWO\�ZKHUH�LW�LV��
Liz��VR�KDSS\�\RX�FKRVH�WR�MRLQ�DQG�ZHUH�WKHUH�IRU�WKH�XSV�DQG�DOVR�WKH�QXPHURXV�
GRZQV�RI�JUDGXDWH�VFKRRO��6R�PXFK�FRPSDVVLRQ��WKDW�WLPH�,�FULHG�\RX�FRXOGQōW�KHOS�
EXW�MRLQ�PH��<RX�JUDGXDWHG�D�ZKLOH�DJR��EXW�LW�IHHOV�OLNH�ZH�DUH�HQGLQJ�WKLV�MRXUQH\�
WRJHWKHU��Mai��FXDQGR�SLHQVR�HQ�YRV�RLJR�WX�ULVD��$GHP£V��SLHQVR�D�PLUDU�GHEDMR�GH�
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Addendum

QXHVWUDV�PHVDV�SDUD�FRQƓUPDU�TXH�HVWDEDV�SDUD�TXH�SXGL«UDPRV�KDEODU��R�JULWDU��ORV�
SDQHOHV�EORTXHDURQ�EDVWDQWH�GH�YROXPHQ����Ange��KRZ�DP�,�HYHU�VXSSRVHG�WR�JHW�ƓW�
DJDLQ�ZLWKRXW�VKDULQJ�WKH�VXIIHULQJ�ZLWK�\RX"�2U�NHHS�P\�VHFRQG�SODFH�DV�EULJKWHVW�
GUHVVHG"�Shaheen��,�ZDV�DOZD\V�H[FLWHG�WR�VKDUH�QHZ�GDWD�ZLWK�\RX�EHFDXVH�,�NQHZ�
\RX�ZRXOG�EH�H[FLWHG�WRR�DQG�VKDUH�D�QHZ�SHUVSHFWLYH��<RX�DUH�D�YHU\�FDULQJ�PHQWRU��
HYHU\RQH�LQ�\RXU�ODE�LV�YHU\�OXFN\��Robert��ZH�KDG�VR�PDQ\�JRRG�FRQYHUVDWLRQV�ZKLOH�
ERWK�ZRUNLQJ�XQWLO�ODWH�LQWR�WKH�HYHQLQJ��7KRXJK�QHYHU�DV�ODWH�DV�Taichi��IULHQGO\�DQG�
KHOSIXO�DW�DOO�KRXUV�RI�WKH�GD\��$OVR��\RX�KDG�WKH�ELJJHVW�SHQ�FROOHFWLRQ�,�KDYH�HYHU�
VHHQ��Dalong��,ōOO�QHYHU�IRUJRW�KRZ�\RX�ZHUH�DVVLVWLQJ�PH�GRLQJ�VXUJHULHV�ZKHQ�DOO�
RI� D� VXGGHQ�� ,�JRW� UHDOO\� LOO��<RX�NLQGO\�GLUHFWO\� VHQG�PH�KRPH��ƓQLVKLQJ�XS�ZKDW� ,�
FRXOGQōW�ƓQLVK��7KH�ODE�ZDV�UHDOO\�0LNH�DQG�\RX��VWD\LQJ�RQ�WRS�RI�DOO�WKH�QXWV�DQG�EROWV�
VR�ZH�FRXOG�MXVW�IRFXV�RQ�GRLQJ�H[SHULPHQWV��Taylor��\RX�RQO\�MRLQHG�XV�IRU�D�\HDU��
EXW�\RX�ZHUH�VR�HDV\JRLQJ��,�NQHZ�,�ZDQWHG�WR�FRQWLQXH�RXU�IULHQGVKLS��Peggy��HYHQ�
WKRXJK�ZH�GLGQōW�JHW�WR�VHH�HDFK�RWKHU�LQ�SHUVRQ�DQ\PRUH�RQFH�WKH�SDQGHPLF�KLW��ZH�
H[FKDQJHG�SOHQW\�RI�HPDLOV�WR�NHHS�HDFK�RWKHU�XSGDWHG��Will��DOZD\V�D�KHOSLQJ�KDQG�
DQG�H[FLWHG�WR�OHDUQ�DQG�FRQWULEXWH�WR�HYHU\RQHōV�UHVHDUFK��Sabra��WKDQNV�IRU�DOO�\RXU�
ZRUN�IRU�WKH�.UDV�SDSHU��,�ZRXOGQōW�KDYH�EHHQ�DEOH�WR�ƓQLVK�WKDW�SURMHFW�ZLWKRXW�\RX�

$OO�,�KDG�WR�GR�ZDV�WR�RSHQ�WKH�IULGJH��VRPHRQH�WKDW�VWRFNV�XS�RQ�JUHHQ�MXLFH�KDG�
WR�EH�&DOLIRUQLDQ��Lisa��\RX�LQWURGXFHG�PH�WR�WKH�VWDWHōV�QDWXUDO�ZRQGHUV�Ŋ�LQFOXGLQJ�
WKH� 0\VWHU\� 6SRW� �� DQG� LWV� SHRSOH�� ZKLFK� ZHUH� VR� LQWHUHVWLQJ� ,� ZDQWHG� WR� FRPH�
EDFN��0D\EH�,ōP�QRW�VWD\LQJ�EHFDXVH�\RX�GLGQōW"�7KHUHōV�QRW�RQH�IULHQG�,ōYH�VKDUHG�
PRUH� OXQFKHV�ZLWK� WKDQ�\RX��Luhua�� ,WōV� VR�HDV\� WR� WDON�ZLWK�\RX�� ,� WKLQN� WKDWōV�KRZ�
RXU� IULHQGVKLS� VWDUWHG�� ZLWK� D� VHUHQGLSLWRXV� UXQ�LQ� WKDW� WXUQHG� LQWR� DQ� KRXU�ORQJ�
FRQYHUVDWLRQ��Zoe�� NQRZLQJ� \RX�ZHUH� JRLQJ� WR� EH� LQ� 6)�ZKHQ� ,�PRYHG� XS� WKHUH��
PDGH�WKH�ORQJHU�FRPPXWH�ZRUWK�LW��,W�KDV�VWUHQJWKHQHG�RXU�IULHQGVKLS�WR�OLYH��D����
PLQ�GULYH��DURXQG�WKH�FRUQHU��7KH�VDPH�PRYH��WKDW�HQGHG�RXU�ZHHNO\�UXQV��Lauren��
&DWFKLQJ�XS�ZKLOH�REVHUYLQJ�WKH�OLIH�F\FOH�RI�6KRUHOLQHōV�JHHVH�ZDV�DOZD\V�D�KLJKOLJKW�
RI�P\�ZHHN��,�VWLOO�NHHS�P\�KRSHV�XS�ZHōOO�EH�DEOH�WR�UHLQVWDWH�RXU�UXQQLQJ�WUDGLWLRQ�
RQH�GD\��Diane��\RX�KDYH�VXFK�D�JUHDW�FDQ�GR�DWWLWXGH��EUHDNLQJ�JODVV�FHLOLQJV� OHIW�
DQG�ULJKW��,ōOO�EH�HWHUQDOO\�JUDWHIXO�IRU�\RXU�JLIW�RI�EULQJLQJ�SHRSOH�WRJHWKHU��:LWKRXW�
\RXU� 6RQRPD� WULS� LQYLWDWLRQ��P\� OLIH�ZRXOG� KDYH�EHHQ� FRPSOHWHO\� GLIIHUHQW��Méryl 
DQG�Dawn�� ,�JRW�VR� OXFN\�JHWWLQJ�WR� OLYH�ZLWK�\RX��6HDVRQHG�FDPSHUV� LQ�3LQQDFOHV��
D�GDUN�	�ORFNHG�KRWHO� ODWH�DW�QLJKW� LQ�7DKRH��WKH�OHWWHU�6��Nick�VPRRWKO\� MRLQHG�RXU�
VKHQDQLJDQV��Méryl��\RXōYH�EHHQ�ZLWK�PH��GD\�DIWHU�GD\��WKURXJK�PRVW�RI�WKLV�MRXUQH\��
,ōP�VR�JODG�\RXōUH�DEOH�WR�DWWHQG�DQG�EH�P\�SDUDQLPI��Anna�� WKDW�WUHH�ORRNV�SUHWW\�
PLVHUDEOH�EXW�KH\��LW�KDV�WZR�RUDQJHV�LQ�LW��VR�\RXōOO�VXUHO\�ULVN�\RXU�OLIH��MXVW�FOLPE�LW��
WKHQ�RIIHU�WKH�RUDQJHV�WR�PH��Rishi��IUHVK�RI�WKH�DLUSODQH�$QMD�DQG�)HUHQF�WRRN�PH�WR�
\RXU�KRXVH��VKRZLQJ�PH�SRVWGRFV�FDQ�EH�IXQ�SHRSOH�WRR��DQG�SRVW�SRVWGRFV�WRR����
<RX�DOZD\V�PDNH�VXUH�HYHU\RQH�LV�ZDUP��IHG�	�GULQNLQJ�ZLQH��Amy�� ,� OHDUQHG�ODWHU�
WKDW�ZDV�\RXU�KRPH�WRR��<RX�DOZD\V�KDYH�VRPHWKLQJ�NLQG�WR�VD\��DIWHU�VHHLQJ�\RX�,�
DOZD\V�IHHO�XSOLIWHG��Aparna��\RX�VKRZ�PH�ZKDW�D�JUHDW�FDUHHU�LQ�ELRWHFK�ORRNV�OLNH��
:KLOH�HDWLQJ�GHOLFLRXV�,QGLDQ�RU�7KDL�IRRG�RU�SURYLGLQJ�WKH�EHVW�YLHZ�RI��WK�RI�-XO\�
ƓUHZRUNV��Bojk en Jolien��KHHUOLMN�ZDV�KHW�RP� LQ�GH�]RQ��RQGHU�GH�SDOPERPHQ� LQ�
RQ]H�PRHGHUWDDO� WH�NXQQHQ�SUDWHQ��Robert��P\�FRQFHUW�EXGG\��+DOI�DVOHHS��ZLWK�D�
PDMRU� MHWODJ��\RX�VWLOO�PDGH�LW�RXW��GD\V�EHIRUH�WKH�SDQGHPLF�VKXW�GRZQ�RXU�IXWXUH�
PXVLF�SODQV��Snert en Rolo��QX�NHQ� LN�&DOLIRUQLDQ�KHLPZHH�RRN��0RWHONDPHUV�PHW�



����_

GLQRōV�GLH�QLHW�YLMI�PDDO�]R�JURRW�ZRUGHQ��*HOH�VODNNHQ�HQ�HQRUPH�ERPHQ��%LM]RQGHUH�
SODDWVQDPHQ��,HWZDW�RQJHEUXLNHOLMNH�6LQWHUNODDVFDGHDXV�b

Marijn��Vera��Rosanna��Hilde��Hedwig�� Juliette�� 'HUGH� NHUVWGDJ� VWDDW� YDVW� URRG�
RPUDQG��Marijn��Rosanna en Hilde��MXOOLH�]LMQ�]HOIV�ODQJVJHNRPHQ�HQ�KHEEHQ�ZDW�YDQ�
PLMQ�OHYHQ�LQ�&DOLIRUQL�JH]LHQ��Marijn en Rosanna��MXOOLH�]LMQ�PLMQ�WURXZVWH�UHL]LJHUV��
LV� KHW� DO� WHU� VSUDNH� JHNRPHQ� GDW� LN� LQPLGGHOV� ZHHU� HUJHQV� DQGHUV� ZRRQ"� Vera��
JHVSUHNNHQ�PHW�MRX�QHPHQ�DOWLMG�HHQ�RQYHUZDFKWH�ZHQGLQJ��Selma��ZH�ZDUHQ�PDDU�
HHQ� MDDU� VDPHQ� LQ�8WUHFKW�PDDU� WRFK�YRHOW�KHW�DOVRI�ZH�RQ]H�JHKHOH� VWXGLHWLMG�RS�
GH]HOIGH�SOHN�KHEEHQ�GRRUJHEUDFKW��/XKXD�HQ�MLM�KHEEHQ�HHQ�NHHU�JHVN\SHW�]RGDW�MH�
PLMQ�$PHULNDDQVH�OHYHQWMH�ZDW�EHWHU�]RX�OHUHQ�NHQQHQ��DOVRI�MH�GDDU�]RGRHQGH�RRN�
HHQ�EHHWMH�RQGHUGHHO�YDQ�ZHUG��Marieke��HONH�NHHU�DOV� LN� WHUXJ� LQ�1HGHUODQG�ZDV�
ZLOGH�MH�KHW�PLM�]R�PDNNHOLMN�PRJHOLMN�PDNHQ�RP�DI�WH�VSUHNHQ�]RGDW�KHW�VRPV�]HOIV�
OXNWH�RP�HONDDU�HHQ�SDDU�NHHU�WH�]LHQ��$OWLMG�ZHHU�PHWHHQ�DOV�YDQRXGV��Laurien��Eline��
Sophie��Annemarijn��Lotte��,QPLGGHOV�ZRRQW�QRJ�PDDU�HHQ�YDQ�RQV�LQ�8WUHFKW��PDDU�
KHW�LV�ZHO�GH�SOHN�ZDDU�LN�DDQ�GH]H�UHLV�EHJRQQHQ�EHQ��Laurien��OHXN�RP�MXOOLH�RYHU�
FDPSXV�URQG�WH�OHLGHQ�YRRUGDW�MXOOLH�LQ�KHW�NOHLQVWH�DXWRRWMH�GDW�RS�GH�OXFKWKDYHQ�WH�
YLQGHQ�ZDV�LQ�]XLGHOLMNH�ULFKWLQJ�YHUWURNNHQ��%LM]RQGHU�GDW�RQ]H�YULHQGVFKDS�KHFKWHU�
LV� JHZRUGHQ� GH� DIJHORSHQ� MDUHQ��Rik�� GDQN]LM� MRX�� KHE� LN� DOWLMG�PLMQ� EHVW� JHGDDQ�
RP� YULHQGHQ� WH� ZRUGHQ�PHW�PLMQ� KXLVJHQRWHQ�� MLM� KHEW�PLM� ODWHQ� ]LHQ� GDW� GDW� KHW�
VDPHQZRQHQ�]RYHHO�OHXNHU�PDDNW��Nicoline��TXLHQ�SHQVDED�TXH�QRV�¯EDPRV�YHU�HQ�
WDQWRV�GLVWLQWRV�SD¯VHV"�$SR\DUQRV�XQDV�D�RWUDV�GHVGH�OD�GLVWDQFLD�

Alyson�� ,� OHDUQHG�VR�PXFK�GXULQJ�P\�WLPH� LQ�\RXU� ODE�� ,�ZRXOG�QRW�KDYH�WDNHQ�WKH�
VWHS� WR� JHWWLQJ� D� 3K'� ZLWKRXW� WKDW� SRVLWLYH� H[SHULHQFH�� <RX� SRSXODWHG� \RXU� ODE�
ZLWK�OHXNHUGV�Tamara en Paul��9DQ�MXOOLH�KHE�LN�JHOHHUG�KRH�KHW�ODE�OHYHQ�HUXLW]LHW��
:HWHQVFKDS�EHGULMYHQ��GDW�LV�HHQ�WHDPVSRUW��3LSHWWHUHQ�GRH�MH�PHW�HHQ�JRHG��IRXW��
PX]LHNMH�RS�GH�DFKWHUJURQG��:HWHQVFKDSSHUV��GDW�]LMQ�OHXNH�PHQVHQ�PHW�ZLH�MH�KHW�
OLHIVW�MH�YULMGDJDYRQG�RRN�QRJ�HHQV�GRRUEUHQJW��/HXNH�PHQVHQ�]RDOV�Sjoerd��Laila en 
Joram��

Els� ooms & tantes� neefjes & nichtjes� QDGDW� MXOOLH�PHW�HHQ�JURWH�JURHS�RRN�ELM�
GH�XLWUHLNLQJ�YDQ�PLMQ�PDVWHUGLSORPD�DDQZH]LJ�ZDUHQ��PRJHQ�ZH�HLQGHOLMN� YLHUHQ�
GDW� LN�RRN�GLW�GLSORPD�PDJ�EHKDOHQ��(UJ�ELM]RQGHU�GDW�ZH� ]RYHHO� MDUHQ� ODWHU��QRJ�
JURWHQGHHOV�DOOHPDDO�VDPHQ�]LMQ�

Susan��George��Leah�DQG�Rob��<RXōUH�VXFK�D�ORYLQJ�IDPLO\��,�IHOW�ZHOFRPH�LPPHGLDWHO\��
Susan�DQG�George��LW�PHDQV�D�ORW�\RXōOO�EH�MRLQLQJ�PH�WR�FORVH�RII�WKLV�FKDSWHU�SURSHUO\�

Papa en mama��GDQN]LM�MXOOLH�VWHXQ�HQ�YHUWURXZHQ�KHE�LN�GLW�DYRQWXXU�DDQJHGXUIG�HQ�
EOLMI�LN�QLHXZH�DYRQWXUHQ�DDQJDDQ��2RN�EHQ�LN�GDQNEDDU�YRRU�MXOOLH�WDOOR]H�EH]RHNMHV��
HU�]LMQ�PDDU�ZHLQLJ�PHQVHQ�GLH�]RYHHO�YDQ�ZHVWHOLMN�$PHULND�KHEEHQ�JH]LHQ�DOV�MXOOLH��
7LMG�RP�GH�DQGHUH�NDQW�YDQ�GLW�ODQG�EHWHU�WH�OHUHQ�NHQQHQ��0DP��GRRUGDW�MH�PHHUGHUH�
NHUHQ�RS�$VKHU�EHQW�NRPHQ�SDVVHQ�NRQ�LN�PLMQ�ODDWVWH�DUWLNHO�HQ�SURHIVFKULIW�DIURQGHQ��
$QGHUV�]RXGHQ�ZH�KLHU�QRJ�QLHW�]LMQ�EHODQG��Esther en Ruben��EHGDQNW�YRRU�GH�ƓMQH�
HQ�ZDDUGHYROOH�JHVSUHNNHQ��Es��MH�KHEW�DO�PLMQ�YHUKDOHQ�RYHU�PLMQ�SLHNHQ�HQ�GDOHQ�
JHGXOGLJ� DDQJHKRRUG�� EHJULS� WRQHQG� GDW� VRPPLJH� GLQJHQ� QRX� HHQPDDO� DQGHUV�
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Addendum

ORSHQ�GDQ�JHSODQG�

Daniel��,�KDYH�PRYHG�P\�JUDGXDWLRQ�WLPHOLQH�XS�DW�OHDVW�D�GR]HQ�WLPHV��7KLV�ZDVQōW�
UHDOO\�ZKDW�\RX�H[SHFWHG��EXW�\RX�VWD\HG�VXSSRUWLYH�DQG�OHW�PH�ƓJXUH�LW�RXW��PRVWO\��
RQ�P\�RZQ�WLPHOLQH��<RXU�ERXQGOHVV�HQHUJ\�DQG�SXVK�WR�PRYH�IRUZDUG�DUH�LQVSLULQJ��
/LIH�ZLWK�\RX� LV�QHYHU�GXOO��Asher��KHW� LV�HHQ�JURWH�HHU�RP� MRX�YDQ�GLFKWELM� WH�]LHQ�
JURHLHQ�HQ�RQWZLNNHOHQ��6RPV�EHQDGHU�LN�MH�DOV�HHQ�H[SHULPHQW��LN�NLMN�QDDU�MRXZ�GDWD�
HQ�SUREHHU� WH�YRRUVSHOOHQ�KRH� LN� LQ�GH� WRHNRPVW�HHQ�JRHGH�XLWVODJ�NDQ�KHUKDOHQ��
9RRUDOVQRJ��PHW�ZHLQLJ�VXFFHV��2RN�PHW�MRX��]LW�KHW�OHYHQ�YRO�YHUUDVVLQJHQ�




