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"���!� �!� ������ ��� �!� ��!� � ���"�!� �#�� ���" ��#. ��� �� �� �!�  �!#�"���!� ��#��

�� �!��"���!7�

�� ���+����"���!��!������!������"� �!��#�������������� ���������#����� ������

��#�������������".��������#�������!��� ���"��"�7������#�����!�#����"����������������

���"���!�$��-!7��

� � ���6� �� ���+�� �!���������"�� ��!� � ���"��� �!� �#�� ��� ��!��� ��� "��"�� ��

���"��#��� ��� "� ������ #��� ����� � ����"�!"�6� ���#��� � "���6� ������� ���"'� �� �� ��

�����"�7��#�"���� �����9�

�

�

� �



�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

 �������
	����������������	���������������	��	�������	�����!��

"��������	����������	��������������

�

�



�

�������
�
�

�
		��7� �99� ������� ��� ������!��� ��� ����� ����� �� ������������� ���
������������� 	�������������� �� ������ ������ 
����������� ��� 
�������
�����������9�?=>@9�>=A 9���#��:��"��"��������1#:�"��%�,+��������!%/����9���#$�$%$�����
�%/����7����&�"#����������+����%��7��+����%��9�

�


� �*���"� ����""�$��� -�%����#� $� �#���� $%��"�#����#� �"�!%��$�#�����%���9����$%���
�����%������ ��� �&����,+�� ��""�$�� ��� "�# �#$�� ��� $"�$����$�� $�"��� ����##)"��� ��
��#��&��&����$�� ��� ��&�#� ���"�����#� ��� ��$��,+�� $%��"��9� �$%�����$�7� ��
#�!%��������$�����2�������� ��"����#����� �"��$��%���#$%������#���� "���#�&����#�
��$�"�,3�#� �#$"%$%"��#� �� ��� #�!%.�����  "�#��$�#� ��� $%��"9� �� � ����,+�� ��#$�#�
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��$����������������$�� �"��������$�����,+����������"����"�#���#����#�����'�#$.��������
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��$��,+������	�� $%��"��� ��"�%���$����#� ���#$"�#���� ��#��� ����$���#� ��������$�#�
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� #�!%��������$�� ��� ���'�� ����"$%"��  �"#�����(���� -�
 �"$��$��%�����$�"��$�&��&�)&����� "���##�"�� �"���&����"���"�# �#$�����$"�$����$�����
 �����$�#� ���� $%��"�#� ��� "�$�9� 	�� #��%����  �"$�� ��� �#$%��7� �� ��)��#�� ��� ��������#�
���%��"�#����$%��"�#�����""�$��#�"�&���%�%����"�����!%��$����������%$�,3�#� ��$%��#�
#��)$���#�;�	�#��� �����#<��������#�����������"�#� �"�� "�$�/��#����#% �"�/�������%��"�
;#%"�������<9� �#$�#� ��$�"�,3�#� ��� #%"�������� ��������  �$������#� ��&�#� ��&�#�  �"��
�"���#� �� &��#� "��%��$1"��#� ��$�"���#� ��#$�� $� �� ��� $%��"9� ��-�� ��##�7� �#$�#��%$�,3�#�
 ��$%��#�$���-��#+��"�# ��#)&��#� ������"�,+������ /$� �#����� �$���������%���.�����
���#$�#���&�#�� /$� �#� �����#�"�� ������#������&�����#���$�$%��"��#� �"#�����(���#���
�)� ��&���� #����  "� �#$�#� ����� %��� ��$�"��$�&�� $�"� .%$���9� ��  "�#��,�� ��� ��&�#�
� /$� �#7�  "���� �����$����#� ��������#� �������&���#� $�'�#�����%$�,+�� ;"�#%�$��$�����
��#$����������������"�##�$-��$�#����%$�,3�#��������#����"� �"������	��$� �����������
�%��
��<7�#%��"���$���-��%�� �$�������%#������"���#����%����"�#����#�#$������%���
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Linhagem Chr Posição Ref Var Gene SIFT PolyPhen2 MutAcessor Kinoma Drogável
CACO2 CHR1 153751933 G A SLC27A3 DAMAGING L low no no
CACO2 CHR1 208255817 C T PLXNA2 DAMAGING L medium no no
CACO2 CHR13 95735444 C T ABCC4 L L neutral no yes
CACO2 CHR17 48755267 A G ABCC3 DAMAGING DAMAGING high no yes
CACO2 CHR22 19055679 G A DGCR2 L L medium no no
CACO2 CHR3 45132683 G A CDCP1 L L low no no
CACO2 CHR6 117674165 G T ROS1 L L low yes yes
CACO2 CHR7 75513072 G A RHBDD2 L L low no no
COLO205 CHR10 102743263 G T SEMA4G L L neutral no no
COLO205 CHR11 57268637 C T SLC43A1 L L medium no no
COLO205 CHR11 68213980 C T LRP5 L DAMAGING medium no no
COLO205 CHR1 209933481 C T TRAF3IP3 DAMAGING L medium no no
COLO205 CHR16 16232225 G A ABCC1 DAMAGING DAMAGING medium no yes
COLO205 CHR20 44806828 C T CDH22 DAMAGING DAMAGING medium no no
COLO205 CHR5 140256399 G A PCDHA12 DAMAGING L medium no no
COLO205 CHR6 149285664 C T UST DAMAGING DAMAGING medium no yes
COLO205 CHR6 167549743 A G CCR6 DAMAGING L neutral no no
COLO205 CHR6 26446030 A C BTN3A3 L L neutral no no
COLO205 CHR6 26446042 A G BTN3A3 L L neutral no no
COLO205 CHR9 119976858 C T ASTN2 DAMAGING L neutral no no
COLO320 CHR1 109714594 G A KIAA1324 L L low no no
COLO320 CHR11 14825503 C G PDE3B L L low no yes
COLO320 CHR11 66136079 C G SLC29A2 L L neutral no no
COLO320 CHR14 71524364 A G PCNX DAMAGING DAMAGING medium no no
COLO320 CHR15 68500659 C T CLN6 L L low no no
COLO320 CHR15 90768389 G A SEMA4B L L low no no
COLO320 CHR16 2158596 C T PKD1 DAMAGING DAMAGING medium no no
COLO320 CHR18 29793156 C T MEP1B DAMAGING L low no no
COLO320 CHR19 36435593 C T LRFN3 DAMAGING DAMAGING medium no no
COLO320 CHR21 30953829 A G GRIK1 DAMAGING DAMAGING medium no yes
COLO320 CHR21 45798949 G A TRPM2 L L neutral no no
COLO320 CHR2 160761171 G C LY75 L L medium no no
COLO320 CHR5 140255988 G A PCDHA12 DAMAGING L high no no
COLO320 CHR5 140741831 C A PCDHGB2 DAMAGING L medium no no
COLO320 CHR5 140772601 T A PCDHGA8 L L low no no
COLO320 CHRX 152960008 G A SLC6A8 L L neutral no yes
COLO320 CHRX 49126913 A C PPP1R3F L L neutral no no
HCC2998 CHR10 105209640 T C CALHM2 L L low no no
HCC2998 CHR10 95185861 C A MYOF DAMAGING L medium no no
HCC2998 CHR1 109730918 C A KIAA1324 L L medium no no
HCC2998 CHR1 110466024 T G CSF1 L L neutral no yes
HCC2998 CHR11 113073162 C A NCAM1 L L L no no
HCC2998 CHR11 117165945 G A BACE1 DAMAGING DAMAGING medium no yes
HCC2998 CHR11 120200748 G A TMEM136 DAMAGING DAMAGING medium no no
HCC2998 CHR11 125830883 G T CDON L L medium no no
HCC2998 CHR11 4112604 A G STIM1 L L low no no
HCC2998 CHR1 153748997 T G SLC27A3 DAMAGING DAMAGING neutral no no
HCC2998 CHR11 57193087 T G SLC43A3 DAMAGING DAMAGING medium no no
HCC2998 CHR1 158057815 T G KIRREL L L neutral no no
HCC2998 CHR11 59559682 G A STX3 L DAMAGING medium no no
HCC2998 CHR11 68177402 G T LRP5 L DAMAGING neutral no no
HCC2998 CHR1 19175987 C T TAS1R2 L L low no yes
HCC2998 CHR12 13215874 C T KIAA1467 L L L no no
HCC2998 CHR1 21563331 C T ECE1 L L low no yes
HCC2998 CHR1 223177420 T G DISP1 DAMAGING L low no no
HCC2998 CHR1 223438053 T G SUSD4 L DAMAGING neutral no no
HCC2998 CHR1 226065189 T C TMEM63A L DAMAGING medium no no
HCC2998 CHR12 26816628 C A ITPR2 DAMAGING DAMAGING medium no no
HCC2998 CHR1 236332034 C A GPR137B DAMAGING L medium no no
HCC2998 CHR1 24485998 G T IL28RA DAMAGING L medium no no
HCC2998 CHR12 56351386 C A PMEL DAMAGING DAMAGING medium no no
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HCC2998 CHR12 7585167 G T CD163L1 L L neutral no no
HCC2998 CHR1 32198122 A C BAI2 L L low no no
HCC2998 CHR1 32203095 A C BAI2 DAMAGING DAMAGING low no no
HCC2998 CHR1 32207291 G T BAI2 DAMAGING L neutral no no
HCC2998 CHR1 40432547 C A MFSD2A L L neutral no no
HCC2998 CHR14 23245454 A C SLC7A7 DAMAGING DAMAGING medium no no
HCC2998 CHR1 45292607 C T PTCH2 L L low no no
HCC2998 CHR14 58605919 T C C14ORF37 L L medium no no
HCC2998 CHR1 46650467 T C TSPAN1 L L low no no
HCC2998 CHR14 95670487 T C CLMN DAMAGING L low no no
HCC2998 CHR15 63631072 A C CA12 L DAMAGING low no yes
HCC2998 CHR15 65943014 A C SLC24A1 L L neutral no no
HCC2998 CHR16 19501839 G A TMC5 L L neutral no no
HCC2998 CHR16 4164499 T G ADCY9 DAMAGING DAMAGING medium no no
HCC2998 CHR16 50348970 A C ADCY7 DAMAGING DAMAGING medium no no
HCC2998 CHR16 68842729 G T CDH1 DAMAGING DAMAGING high no yes
HCC2998 CHR17 26684860 C A TMEM199 DAMAGING L neutral no no
HCC2998 CHR17 43216468 A G ACBD4 L L L no yes
HCC2998 CHR17 65026687 C A CACNG4 DAMAGING DAMAGING medium no no
HCC2998 CHR17 7318876 G A NLGN2 DAMAGING DAMAGING medium no no
HCC2998 CHR19 10738426 T A SLC44A2 L L neutral no no
HCC2998 CHR1 92200359 C A TGFBR3 DAMAGING L low no no
HCC2998 CHR19 38848953 G A CATSPERG L L medium no no
HCC2998 CHR19 38853070 G T CATSPERG L L L no no
HCC2998 CHR19 42485962 G A ATP1A3 L DAMAGING low no no
HCC2998 CHR19 51133101 G T SYT3 L L neutral no no
HCC2998 CHR19 55710235 C T PTPRH L L low no no
HCC2998 CHR19 55715272 C T PTPRH L L low no no
HCC2998 CHR19 7964040 G T LRRC8E L L low no no
HCC2998 CHR20 3003380 G A PTPRA DAMAGING L low no no
HCC2998 CHR20 30738616 T G TM9SF4 DAMAGING L medium no no
HCC2998 CHR21 31062065 A G GRIK1 DAMAGING L medium no yes
HCC2998 CHR21 45837898 G A TRPM2 L L neutral no no
HCC2998 CHR2 202900778 C T FZD7 DAMAGING DAMAGING high no no
HCC2998 CHR2 219137385 A G PNKD L L low no no
HCC2998 CHR2 220028161 C T SLC23A3 L L medium no no
HCC2998 CHR2 220092646 T C ATG9A L DAMAGING low no no
HCC2998 CHR2 220502893 G A SLC4A3 DAMAGING DAMAGING medium no no
HCC2998 CHR2 230911135 G T SLC16A14 L L low no no
HCC2998 CHR22 46932200 C T CELSR1 L L low no no
HCC2998 CHR2 27430382 T G SLC5A6 DAMAGING L medium no yes
HCC2998 CHR2 8871839 G A KIDINS220 L L neutral no no
HCC2998 CHR2 97463322 A G CNNM4 L L neutral no no
HCC2998 CHR3 124527903 T G ITGB5 L L low no yes
HCC2998 CHR3 126708064 G A PLXNA1 L DAMAGING low no no
HCC2998 CHR3 183995145 C A ECE2 DAMAGING L medium no no
HCC2998 CHR3 37774271 C A ITGA9 L L medium no no
HCC2998 CHR3 49569259 A G DAG1 L L neutral no no
HCC2998 CHR3 53845183 A C CACNA1D DAMAGING L medium no yes
HCC2998 CHR3 66449409 T G LRIG1 DAMAGING L neutral no no
HCC2998 CHR4 16024954 G A PROM1 L L medium no no
HCC2998 CHR4 170913056 C T MFAP3L L DAMAGING low no no
HCC2998 CHR4 55161339 C A PDGFRA L DAMAGING low yes yes
HCC2998 CHR5 140248752 G A PCDHA11 L L low no no
HCC2998 CHR5 140262322 G A PCDHA13 DAMAGING L high no no
HCC2998 CHR5 140753655 C T PCDHGA6 L L low no no
HCC2998 CHR5 140754398 A C PCDHGA6 L L low no no
HCC2998 CHR5 140754506 G T PCDHGA6 L L L no no
HCC2998 CHR5 140782910 C T PCDHGA9 DAMAGING L high no no
HCC2998 CHR5 140865688 T G PCDHGC4 L L L no no
HCC2998 CHR5 36679758 T G SLC1A3 DAMAGING DAMAGING medium no yes
HCC2998 CHR6 170594398 C T DLL1 DAMAGING L medium no no
HCC2998 CHR6 26413436 T C BTN3A1 DAMAGING DAMAGING medium no no



HCC2998 CHR6 43109672 T G PTK7 L L low yes no
HCC2998 CHR7 142574519 C T TRPV6 DAMAGING DAMAGING medium no no
HCC2998 CHR7 38256675 C T STARD3NL L DAMAGING medium no no
HCC2998 CHR7 47937617 A C PKD1L1 DAMAGING DAMAGING low no no
HCC2998 CHR7 99474317 G T OR2AE1 L DAMAGING medium no no
HCC2998 CHR8 125499050 G A RNF139 L L low no no
HCC2998 CHR8 17611890 T G MTUS1 L L low no no
HCC2998 CHR8 95164141 T G CDH17 L L neutral no no
HCC2998 CHR9 131107816 G A SLC27A4 L L medium no no
HCC2998 CHR9 34657070 G A IL11RA L DAMAGING low no yes
HCC2998 CHR9 34658520 G A IL11RA DAMAGING DAMAGING medium no yes
HCC2998 CHR9 74360124 T G TMEM2 L L low no no
HCC2998 CHRX 109247278 G T TMEM164 DAMAGING DAMAGING medium no no
HCC2998 CHRX 77243968 A C ATP7A DAMAGING L low no yes
HCT116 CHR10 102738986 G A SEMA4G L L neutral no no
HCT116 CHR10 105798278 A T COL17A1 L L low no no
HCT116 CHR10 125804291 C T CHST15 L L neutral no no
HCT116 CHR1 109793495 G A CELSR2 DAMAGING DAMAGING medium no no
HCT116 CHR1 109794814 G A CELSR2 DAMAGING DAMAGING neutral no no
HCT116 CHR1 109814024 T A CELSR2 DAMAGING L low no no
HCT116 CHR11 113563829 C T TMPRSS5 DAMAGING DAMAGING medium no no
HCT116 CHR11 125830892 G A CDON L L medium no no
HCT116 CHR1 11346051 T G UBIAD1 DAMAGING L low no no
HCT116 CHR11 36248721 G A LDLRAD3 L L neutral no no
HCT116 CHR11 3838610 G A PGAP2 L L neutral no no
HCT116 CHR11 4112916 G A STIM1 L L neutral no no
HCT116 CHR1 158057650 G T KIRREL DAMAGING DAMAGING medium no no
HCT116 CHR11 62655936 G A SLC3A2 DAMAGING DAMAGING medium no no
HCT116 CHR1 16458244 C T EPHA2 DAMAGING DAMAGING neutral yes yes
HCT116 CHR11 76370985 A C LRRC32 L L high no no
HCT116 CHR12 12334095 A G LRP6 DAMAGING DAMAGING high no no
HCT116 CHR1 223178359 A C DISP1 L L low no no
HCT116 CHR1 226050192 C T TMEM63A DAMAGING DAMAGING medium no no
HCT116 CHR1 24483983 C A IL28RA DAMAGING L neutral no no
HCT116 CHR12 49165675 C T ADCY6 DAMAGING L medium no no
HCT116 CHR12 56121015 C T CD63 L L low no no
HCT116 CHR12 56349328 C T PMEL L DAMAGING low no no
HCT116 CHR12 56481853 C T ERBB3 L L L yes yes
HCT116 CHR12 57581173 G A LRP1 L DAMAGING medium no yes
HCT116 CHR12 7287939 C T CLSTN3 DAMAGING DAMAGING low no no
HCT116 CHR12 7303172 C A CLSTN3 DAMAGING DAMAGING medium no no
HCT116 CHR1 27427705 C T SLC9A1 DAMAGING L medium no yes
HCT116 CHR12 7526008 G A CD163L1 L L low no no
HCT116 CHR13 113481084 C T ATP11A DAMAGING DAMAGING high no no
HCT116 CHR14 24788331 A G ADCY4 DAMAGING DAMAGING low no no
HCT116 CHR1 45125892 C T TMEM53 DAMAGING DAMAGING medium no no
HCT116 CHR14 58599878 C T C14ORF37 L L L no no
HCT116 CHR1 46650979 A C TSPAN1 DAMAGING DAMAGING medium no no
HCT116 CHR14 77706926 T C TMEM63C L L low no no
HCT116 CHR15 40661500 A T DISP2 DAMAGING DAMAGING medium no no
HCT116 CHR15 40662233 C T DISP2 L L neutral no no
HCT116 CHR15 73590836 C T NEO1 DAMAGING L medium no no
HCT116 CHR15 75137864 C T SCAMP2 DAMAGING L low no no
HCT116 CHR15 79614369 A T TMED3 DAMAGING L medium no no
HCT116 CHR15 95022245 G T MCTP2 L L low no no
HCT116 CHR16 16101760 C A ABCC1 DAMAGING DAMAGING medium no yes
HCT116 CHR16 4042192 C T ADCY9 DAMAGING DAMAGING medium no no
HCT116 CHR16 50338385 C T ADCY7 L L medium no no
HCT116 CHR16 66600540 C T CMTM1 L L neutral no no
HCT116 CHR16 67289823 G A SLC9A5 L L medium no no
HCT116 CHR17 43214437 T G ACBD4 L L medium no yes
HCT116 CHR17 48765012 G A ABCC3 L L low no yes
HCT116 CHR17 60767623 G T MRC2 L L neutral no no



HCT116 CHR17 70845793 A G SLC39A11 DAMAGING DAMAGING high no no
HCT116 CHR18 13682013 T C C18ORF19 L L neutral no no
HCT116 CHR19 1042802 G A ABCA7 L L neutral no no
HCT116 CHR1 92185542 G A TGFBR3 L DAMAGING low no no
HCT116 CHR19 36230811 G A IGFLR1 L L neutral no no
HCT116 CHR19 38834946 A G CATSPERG L DAMAGING medium no no
HCT116 CHR19 41758310 T A AXL DAMAGING L high yes no
HCT116 CHR19 4550898 G A SEMA6B L DAMAGING medium no no
HCT116 CHR19 48836576 C T TMEM143 L L neutral no no
HCT116 CHR19 49246702 C T IZUMO1 L L low no no
HCT116 CHR1 95001617 G A F3 DAMAGING DAMAGING medium no yes
HCT116 CHR20 3214917 C T SLC4A11 L DAMAGING medium no no
HCT116 CHR20 3564702 G T ATRN L L low no no
HCT116 CHR20 35835700 G A RPN2 L L low no no
HCT116 CHR20 50290777 T C ATP9A DAMAGING L low no no
HCT116 CHR2 102793131 A G IL1R1 L L neutral no yes
HCT116 CHR2 120003091 A G STEAP3 L L low no no
HCT116 CHR21 45798938 G A TRPM2 L L medium no no
HCT116 CHR22 20127112 G A ZDHHC8 L L high no no
HCT116 CHR22 24224959 C T SLC2A11 DAMAGING L medium no no
HCT116 CHR2 230910754 T C SLC16A14 L DAMAGING low no no
HCT116 CHR2 230911291 G A SLC16A14 L L low no no
HCT116 CHR2 8871397 G A KIDINS220 L DAMAGING low no no
HCT116 CHR2 97464925 C T CNNM4 L L L no no
HCT116 CHR3 126748855 G T PLXNA1 DAMAGING DAMAGING medium no no
HCT116 CHR3 19575058 C T KCNH8 L L low no no
HCT116 CHR3 37670700 G T ITGA9 DAMAGING L low no no
HCT116 CHR3 48696585 G C CELSR3 DAMAGING DAMAGING high no no
HCT116 CHR3 49568662 G A DAG1 L DAMAGING medium no no
HCT116 CHR3 53700457 G T CACNA1D DAMAGING DAMAGING high no yes
HCT116 CHR3 57743437 G A SLMAP DAMAGING DAMAGING medium no no
HCT116 CHR5 140215961 G A PCDHA7 DAMAGING L medium no no
HCT116 CHR5 140750794 T C PCDHGB3 L L neutral no no
HCT116 CHR5 140753844 G T PCDHGA6 DAMAGING L high no no
HCT116 CHR5 140773957 G A PCDHGA8 L L low no no
HCT116 CHR5 141248471 A T PCDH1 DAMAGING DAMAGING medium no no
HCT116 CHR5 141248764 C A PCDH1 L L medium no no
HCT116 CHR5 159344255 C T ADRA1B DAMAGING DAMAGING medium no yes
HCT116 CHR5 36677150 A G SLC1A3 DAMAGING DAMAGING medium no yes
HCT116 CHR6 26459903 C T BTN2A1 L L L no no
HCT116 CHR6 26468259 A G BTN2A1 L L low no no
HCT116 CHR7 100226953 G A TFR2 DAMAGING DAMAGING low no no
HCT116 CHR7 150767407 G A SLC4A2 L L neutral no no
HCT116 CHR7 47970788 G A PKD1L1 L L neutral no no
HCT116 CHR7 99474469 A T OR2AE1 DAMAGING DAMAGING high no no
HCT116 CHR8 125487484 G A RNF139 L L neutral no no
HCT116 CHR8 145640451 G T SLC39A4 L L L no no
HCT116 CHR8 38279368 G A FGFR1 L L low yes yes
HCT116 CHR8 74209486 C T RDH10 L L low no no
HCT116 CHR9 113704219 G A LPAR1 DAMAGING DAMAGING high no no
HCT116 CHR9 92020267 T A SEMA4D L L low no no
HCT116 CHRX 109416555 C T TMEM164 L L neutral no no
HCT15 CHR10 102796287 C T SFXN3 L L low no no
HCT15 CHR10 103609579 T C C10ORF76 DAMAGING DAMAGING medium no no
HCT15 CHR10 104836858 C T CNNM2 L L low no no
HCT15 CHR10 105207018 C T CALHM2 L L medium no no
HCT15 CHR10 15256331 T C FAM171A1 L L low no no
HCT15 CHR10 47087098 C A PPYR1 DAMAGING DAMAGING low no yes
HCT15 CHR10 47087852 G C PPYR1 L L low no yes
HCT15 CHR10 95079703 C A MYOF DAMAGING DAMAGING high no no
HCT15 CHR10 95121223 G A MYOF DAMAGING DAMAGING medium no no
HCT15 CHR10 95168557 G A MYOF DAMAGING DAMAGING medium no no
HCT15 CHR1 109735299 G A KIAA1324 DAMAGING DAMAGING medium no no



HCT15 CHR1 109793815 C A CELSR2 L L low no no
HCT15 CHR1 109794148 C A CELSR2 DAMAGING DAMAGING low no no
HCT15 CHR1 109803885 T C CELSR2 L L medium no no
HCT15 CHR1 110464558 G T CSF1 L L low no yes
HCT15 CHR11 113102911 C A NCAM1 L L L no no
HCT15 CHR11 119181103 G T MCAM DAMAGING DAMAGING low no no
HCT15 CHR11 120200994 G T TMEM136 L L L no no
HCT15 CHR11 121429379 C A SORL1 DAMAGING L medium no no
HCT15 CHR11 121440952 G A SORL1 L L medium no no
HCT15 CHR11 124747068 T C ROBO3 DAMAGING DAMAGING low no no
HCT15 CHR11 129722528 G A TMEM45B L L low no no
HCT15 CHR11 130079714 T C ST14 DAMAGING L low no yes
HCT15 CHR11 130784232 T C SNX19 L L low no no
HCT15 CHR1 113459995 T C SLC16A1 L L neutral no yes
HCT15 CHR1 116233809 C T VANGL1 L L L no no
HCT15 CHR1 116605413 A T SLC22A15 L L neutral no no
HCT15 CHR1 117127352 C A IGSF3 L L low no no
HCT15 CHR1 117509698 C T PTGFRN DAMAGING DAMAGING low no no
HCT15 CHR1 120497754 C T NOTCH2 L DAMAGING low no yes
HCT15 CHR11 36119975 G A LDLRAD3 L DAMAGING medium no no
HCT15 CHR11 3846353 C T PGAP2 L L low no no
HCT15 CHR11 3988796 G A STIM1 L DAMAGING low no no
HCT15 CHR11 407948 C G SIGIRR L L neutral no no
HCT15 CHR11 4112826 C T STIM1 L L neutral no no
HCT15 CHR11 46900496 C A LRP4 DAMAGING DAMAGING medium no no
HCT15 CHR11 47436384 G T SLC39A13 L DAMAGING medium no no
HCT15 CHR1 153948354 C A JTB L L L no no
HCT15 CHR1 155162039 C A MUC1 L DAMAGING neutral no yes
HCT15 CHR1 156216025 C A PAQR6 L L medium no no
HCT15 CHR11 57258830 A C SLC43A1 L L low no no
HCT15 CHR11 57268302 G T SLC43A1 DAMAGING DAMAGING low no no
HCT15 CHR1 158061202 G A KIRREL DAMAGING DAMAGING medium no no
HCT15 CHR1 160389346 G T VANGL2 L L medium no no
HCT15 CHR11 62655873 G A SLC3A2 DAMAGING DAMAGING medium no no
HCT15 CHR1 16458741 G A EPHA2 L L L yes yes
HCT15 CHR1 16475436 T C EPHA2 L L medium yes yes
HCT15 CHR1 165532813 C G LRRC52 L L medium no no
HCT15 CHR1 169446700 A G SLC19A2 L L low no yes
HCT15 CHR11 73101936 G A RELT L L neutral no no
HCT15 CHR1 17332225 G A ATP13A2 L L neutral no no
HCT15 CHR1 19166988 T A TAS1R2 L L medium no yes
HCT15 CHR1 19175961 G C TAS1R2 L L low no yes
HCT15 CHR11 93913399 G A PANX1 L L low no yes
HCT15 CHR1 208234098 C T PLXNA2 L L low no no
HCT15 CHR12 118506289 C G VSIG10 L L neutral no no
HCT15 CHR12 12278291 G A LRP6 L L low no no
HCT15 CHR12 125302247 G A SCARB1 DAMAGING L medium no yes
HCT15 CHR12 129283823 C T SLC15A4 L L neutral no no
HCT15 CHR12 1893145 G A ADIPOR2 L L L no no
HCT15 CHR12 26572040 G A ITPR2 L L low no no
HCT15 CHR12 26816653 G T ITPR2 DAMAGING DAMAGING medium no no
HCT15 CHR1 227069634 G A PSEN2 DAMAGING L low no yes
HCT15 CHR1 246810865 G T CNST L L medium no no
HCT15 CHR12 49742912 T C DNAJC22 L L low no no
HCT15 CHR12 51868929 C T SLC4A8 DAMAGING L medium no no
HCT15 CHR12 52377808 G A ACVR1B L L L yes yes
HCT15 CHR12 52377857 C G ACVR1B L L low yes yes
HCT15 CHR12 52385722 T A ACVR1B DAMAGING DAMAGING medium yes yes
HCT15 CHR12 56350787 G A PMEL L L neutral no no
HCT15 CHR12 56478922 C A ERBB3 L L medium yes yes
HCT15 CHR12 56489535 G A ERBB3 DAMAGING DAMAGING medium yes yes
HCT15 CHR12 56495068 C A ERBB3 L DAMAGING neutral yes yes
HCT15 CHR12 56536498 G A ESYT1 L DAMAGING low no no



HCT15 CHR12 57552211 T C LRP1 DAMAGING DAMAGING medium no yes
HCT15 CHR12 57573228 G T LRP1 L L low no yes
HCT15 CHR12 7302164 G A CLSTN3 L L low no no
HCT15 CHR1 27427020 T G SLC9A1 L L neutral no yes
HCT15 CHR1 27429017 T C SLC9A1 L L low no yes
HCT15 CHR1 29650155 C T PTPRU L L neutral no no
HCT15 CHR13 114150033 G T TMCO3 L L neutral no no
HCT15 CHR13 114202628 C T TMCO3 DAMAGING L low no no
HCT15 CHR13 39262883 T G FREM2 DAMAGING L low no no
HCT15 CHR13 39262976 A G FREM2 L L neutral no no
HCT15 CHR13 39358842 G C FREM2 DAMAGING DAMAGING high no no
HCT15 CHR13 52542743 C T ATP7B DAMAGING DAMAGING high no no
HCT15 CHR13 52548178 G T ATP7B L L medium no no
HCT15 CHR13 75873578 G T TBC1D4 DAMAGING DAMAGING high no no
HCT15 CHR1 38227575 C T EPHA10 L L neutral yes no
HCT15 CHR1 43396500 C T SLC2A1 DAMAGING L medium no no
HCT15 CHR14 45605562 T C FANCM DAMAGING DAMAGING medium no no
HCT15 CHR1 45120593 G T TMEM53 L DAMAGING low no no
HCT15 CHR14 77709313 T G TMEM63C L L neutral no no
HCT15 CHR14 95662892 C T CLMN L L neutral no no
HCT15 CHR14 96707737 T C BDKRB2 L L low no yes
HCT15 CHR15 34657280 A T LPCAT4 DAMAGING DAMAGING medium no no
HCT15 CHR15 41870266 C T TYRO3 L L neutral yes no
HCT15 CHR15 63631123 G T CA12 DAMAGING DAMAGING medium no yes
HCT15 CHR15 99465549 A G IGF1R L L medium yes yes
HCT15 CHR16 16208844 G T ABCC1 DAMAGING DAMAGING medium no yes
HCT15 CHR16 16232381 G A ABCC1 DAMAGING DAMAGING low no yes
HCT15 CHR16 19483425 C A TMC5 L L neutral no no
HCT15 CHR16 2373553 T C ABCA3 L L medium no no
HCT15 CHR16 2376256 G A ABCA3 L DAMAGING medium no no
HCT15 CHR16 2569335 G A ATP6V0C DAMAGING DAMAGING high no no
HCT15 CHR16 50327332 G A ADCY7 DAMAGING L low no no
HCT15 CHR16 57693321 G A GPR56 L L neutral no no
HCT15 CHR16 57693399 T C GPR56 DAMAGING DAMAGING medium no no
HCT15 CHR16 67979022 C T SLC12A4 DAMAGING L medium no yes
HCT15 CHR16 67988649 C T SLC12A4 DAMAGING DAMAGING medium no yes
HCT15 CHR16 68710372 A G CDH3 L L low no no
HCT15 CHR16 88801377 G A FAM38A DAMAGING L medium no no
HCT15 CHR17 1640879 C A WDR81 DAMAGING DAMAGING medium no no
HCT15 CHR17 26687771 G T TMEM199 L DAMAGING low no no
HCT15 CHR17 30376225 T C LRRC37B L L medium no no
HCT15 CHR17 38080399 G A ORMDL3 DAMAGING DAMAGING medium no no
HCT15 CHR17 40734031 C T FAM134C L L neutral no no
HCT15 CHR17 42153062 C T G6PC3 DAMAGING DAMAGING medium no no
HCT15 CHR17 42266652 C A TMUB2 L L neutral no no
HCT15 CHR17 48470176 C T LRRC59 L L neutral no no
HCT15 CHR17 56439952 G T RNF43 DAMAGING L low no no
HCT15 CHR17 66267544 T C SLC16A6 L L neutral no yes
HCT15 CHR17 71080954 G T SLC39A11 DAMAGING DAMAGING high no no
HCT15 CHR17 7165273 C T CLDN7 L L L no no
HCT15 CHR17 73486414 G T KIAA0195 L L low no no
HCT15 CHR17 7460209 T C TNFSF12 DAMAGING DAMAGING low no no
HCT15 CHR18 71816078 C T C18ORF55 L L low no no
HCT15 CHR19 1005405 G T GRIN3B DAMAGING DAMAGING medium no yes
HCT15 CHR19 1051287 C A ABCA7 L L medium no no
HCT15 CHR19 11408976 G A TSPAN16 L L L no no
HCT15 CHR19 16664645 G A SLC35E1 L L neutral no no
HCT15 CHR19 19765505 C T ATP13A1 L L low no no
HCT15 CHR19 3542949 C T C19ORF28 L L neutral no no
HCT15 CHR19 35646499 A G FXYD5 DAMAGING L low no no
HCT15 CHR19 38850118 A G CATSPERG L L neutral no no
HCT15 CHR19 38857901 T G CATSPERG DAMAGING L medium no no
HCT15 CHR19 38861248 C T CATSPERG DAMAGING L neutral no no



HCT15 CHR19 41762398 T C AXL DAMAGING DAMAGING high yes no
HCT15 CHR19 49464127 C A BAX L L neutral no no
HCT15 CHR19 49713557 C A TRPM4 DAMAGING DAMAGING medium no no
HCT15 CHR19 55693185 C A PTPRH DAMAGING L neutral no no
HCT15 CHR19 55693220 C T PTPRH L L neutral no no
HCT15 CHR19 7174706 C A INSR DAMAGING L medium yes yes
HCT15 CHR19 7184528 A G INSR L DAMAGING medium yes yes
HCT15 CHR19 7965515 A G LRRC8E L L neutral no no
HCT15 CHR20 10633240 C T JAG1 L L L no no
HCT15 CHR20 14307053 G A FLRT3 L L low no no
HCT15 CHR20 30136867 G T HM13 L L low no no
HCT15 CHR20 4864322 C T SLC23A2 L L low no yes
HCT15 CHR20 49196319 G A PTPN1 L L low no yes
HCT15 CHR20 50287767 A G ATP9A L L neutral no no
HCT15 CHR20 50346505 C T ATP9A L L L no no
HCT15 CHR2 103324788 C T SLC9A2 L L neutral no no
HCT15 CHR21 27423425 C T APP DAMAGING DAMAGING medium no yes
HCT15 CHR21 34635390 C T IFNAR2 L L neutral no yes
HCT15 CHR21 45656879 G A ICOSLG DAMAGING DAMAGING low no no
HCT15 CHR21 45786740 G T TRPM2 DAMAGING DAMAGING medium no no
HCT15 CHR21 45825109 G A TRPM2 L L medium no no
HCT15 CHR2 187466795 C A ITGAV L L medium no yes
HCT15 CHR2 219205490 C A PNKD DAMAGING DAMAGING medium no no
HCT15 CHR2 220087443 G T ATG9A L L low no no
HCT15 CHR22 20126806 C T ZDHHC8 DAMAGING DAMAGING medium no no
HCT15 CHR2 227779053 G A RHBDD1 L DAMAGING medium no no
HCT15 CHR22 47022779 C T GRAMD4 DAMAGING DAMAGING low no no
HCT15 CHR22 50942315 C A LMF2 L L low no no
HCT15 CHR2 25141496 G T ADCY3 DAMAGING L medium no no
HCT15 CHR2 26998021 A T C2ORF18 DAMAGING L medium no no
HCT15 CHR2 27001159 G A C2ORF18 DAMAGING DAMAGING medium no no
HCT15 CHR2 27426107 C A SLC5A6 L L low no yes
HCT15 CHR2 86071595 G A ST3GAL5 DAMAGING DAMAGING medium no no
HCT15 CHR2 97529491 C A SEMA4C L DAMAGING low no no
HCT15 CHR3 105252484 G A ALCAM DAMAGING DAMAGING medium no no
HCT15 CHR3 121725969 C T ILDR1 DAMAGING DAMAGING low no no
HCT15 CHR3 126708506 T G PLXNA1 DAMAGING DAMAGING medium no no
HCT15 CHR3 129289658 C A PLXND1 DAMAGING L low no no
HCT15 CHR3 129289968 T C PLXND1 L L medium no no
HCT15 CHR3 19432129 T C KCNH8 L L low no no
HCT15 CHR3 196387040 G A LRRC33 L L neutral no no
HCT15 CHR3 30715697 T C TGFBR2 DAMAGING DAMAGING medium yes yes
HCT15 CHR3 38520668 T C ACVR2B DAMAGING DAMAGING low no no
HCT15 CHR3 48666074 C A SLC26A6 L L low no no
HCT15 CHR3 48691087 C A CELSR3 L L neutral no no
HCT15 CHR3 49153201 G T USP19 L L low no no
HCT15 CHR3 49569080 C T DAG1 DAMAGING DAMAGING medium no no
HCT15 CHR3 49570030 C A DAG1 L L low no no
HCT15 CHR3 49570279 C T DAG1 DAMAGING DAMAGING medium no no
HCT15 CHR3 49933245 C A MST1R L L medium yes yes
HCT15 CHR3 49936038 G T MST1R L L L yes yes
HCT15 CHR3 53157825 G T RFT1 L L medium no no
HCT15 CHR3 53757914 T C CACNA1D DAMAGING DAMAGING high no yes
HCT15 CHR3 62142767 G A PTPRG L L neutral no no
HCT15 CHR3 62177218 C T PTPRG DAMAGING DAMAGING low no no
HCT15 CHR3 66436657 G A LRIG1 DAMAGING L medium no no
HCT15 CHR3 9974300 A G IL17RC L L neutral no no
HCT15 CHR4 110972565 G T ELOVL6 DAMAGING L medium no no
HCT15 CHR4 110972736 C T ELOVL6 DAMAGING L medium no no
HCT15 CHR4 170913205 G A MFAP3L L L low no no
HCT15 CHR4 1816168 C T LETM1 L L medium no no
HCT15 CHR4 1824845 T C LETM1 L L neutral no no
HCT15 CHR4 1836606 C T LETM1 L L neutral no no



HCT15 CHR4 187521417 G A FAT1 L L neutral no no
HCT15 CHR4 30724591 C G PCDH7 DAMAGING DAMAGING medium no no
HCT15 CHR4 42466966 T C ATP8A1 DAMAGING L medium no yes
HCT15 CHR4 47570940 A C ATP10D L L neutral no no
HCT15 CHR4 6303369 C T WFS1 L L low no no
HCT15 CHR4 79188420 G T FRAS1 DAMAGING L high no no
HCT15 CHR4 79393458 G A FRAS1 L L medium no no
HCT15 CHR5 1318506 G A CLPTM1L L L low no no
HCT15 CHR5 140215031 C A PCDHA7 DAMAGING L medium no no
HCT15 CHR5 140250915 G A PCDHA11 L L medium no no
HCT15 CHR5 140262472 G A PCDHA13 L L low no no
HCT15 CHR5 140347684 G A PCDHAC2 DAMAGING DAMAGING high no no
HCT15 CHR5 140719131 G T PCDHGA2 DAMAGING L medium no no
HCT15 CHR5 140720117 G A PCDHGA2 L L low no no
HCT15 CHR5 140740619 A T PCDHGB2 L L neutral no no
HCT15 CHR5 140753671 T A PCDHGA6 L L neutral no no
HCT15 CHR5 140762912 G T PCDHGA7 DAMAGING L high no no
HCT15 CHR5 140810777 C T PCDHGA12 DAMAGING L high no no
HCT15 CHR5 140869595 G A PCDHGC5 L L low no no
HCT15 CHR5 140870720 A G PCDHGC5 DAMAGING L medium no no
HCT15 CHR5 150838393 T A SLC36A1 L L neutral no yes
HCT15 CHR5 179393916 G A RNF130 L L neutral no no
HCT15 CHR5 36608541 G A SLC1A3 L L neutral no yes
HCT15 CHR5 76129322 T C F2RL1 DAMAGING DAMAGING medium no no
HCT15 CHR5 76129424 G A F2RL1 DAMAGING DAMAGING medium no no
HCT15 CHR5 96314958 T C LNPEP DAMAGING DAMAGING low no no
HCT15 CHR6 160492969 G A IGF2R DAMAGING DAMAGING medium no yes
HCT15 CHR6 170155446 T A C6ORF70 DAMAGING DAMAGING medium no no
HCT15 CHR6 26468604 C T BTN2A1 DAMAGING DAMAGING medium no no
HCT15 CHR6 29694749 C A HLALF L L low no no
HCT15 CHR6 44116103 A G TMEM63B L L neutral no no
HCT15 CHR7 100173498 G A LRCH4 DAMAGING DAMAGING medium no no
HCT15 CHR7 100463406 C A SLC12A9 L L medium no no
HCT15 CHR7 105636785 T A CDHR3 L L neutral no no
HCT15 CHR7 128445829 T G CCDC136 L L low no no
HCT15 CHR7 128802333 C A TSPAN33 DAMAGING DAMAGING low no no
HCT15 CHR7 131194268 C A PODXL L L neutral no no
HCT15 CHR7 143091961 C A EPHA1 DAMAGING DAMAGING high yes no
HCT15 CHR7 143095114 T G EPHA1 DAMAGING L low yes no
HCT15 CHR7 147844694 G T CNTNAP2 DAMAGING DAMAGING high no no
HCT15 CHR7 155100034 C A INSIG1 L L neutral no no
HCT15 CHR7 90895145 G A FZD1 L L low no no
HCT15 CHR7 99956639 A G PILRB L DAMAGING low no no
HCT15 CHR7 99987615 T G PILRA L L low no no
HCT15 CHR8 145140286 C T GPAA1 L DAMAGING low no no
HCT15 CHR8 145584086 C A GPR172A DAMAGING DAMAGING medium no no
HCT15 CHR8 27509144 G T SCARA3 L DAMAGING low no no
HCT15 CHR8 38282161 C A FGFR1 DAMAGING L neutral yes yes
HCT15 CHR9 111795623 G A C9ORF5 DAMAGING DAMAGING neutral no no
HCT15 CHR9 114840940 C T SUSD1 DAMAGING L neutral no no
HCT15 CHR9 119413904 C T ASTN2 L L neutral no no
HCT15 CHR9 130169493 C A SLC2A8 DAMAGING DAMAGING medium no no
HCT15 CHR9 131670378 A G LRRC8A L L low no no
HCT15 CHR9 2641415 G A VLDLR L L neutral no no
HCT15 CHR9 34635670 G A SIGMAR1 L L neutral no yes
HCT15 CHR9 86924601 T C SLC28A3 L L low no yes
HCT15 CHR9 91978345 C T SEMA4D L L L no no
HCT15 CHRX 153132187 G T L1CAM DAMAGING DAMAGING medium no no
HCT15 CHRX 37586986 A C XK L L low no no
HCT15 CHRX 48318212 C T SLC38A5 L L L no no
HCT15 CHRX 77264669 T C ATP7A L L medium no yes
HT29 CHR12 117187658 G T RNFT2 L L low no no
HT29 CHR1 223178961 G A DISP1 L L low no no



HT29 CHR12 56092319 C T ITGA7 DAMAGING DAMAGING medium no no
HT29 CHR16 88801402 C T FAM38A L L neutral no no
HT29 CHR2 95947686 C T PROM2 DAMAGING L medium no no
HT29 CHR5 140215257 G A PCDHA7 L L neutral no no
HT29 CHR5 140740472 C T PCDHGB2 L L low no no
HT29 CHR5 140774391 G C PCDHGA8 L L low no no
HT29 CHR7 100404997 G A EPHB4 DAMAGING DAMAGING medium yes yes
KM12 CHR10 104228871 C A TMEM180 L DAMAGING low no no
KM12 CHR10 129867964 T C PTPRE DAMAGING DAMAGING medium no yes
KM12 CHR1 109793324 C A CELSR2 DAMAGING DAMAGING medium no no
KM12 CHR1 110466805 G T CSF1 L DAMAGING medium no yes
KM12 CHR11 117164643 C T BACE1 L DAMAGING low no yes
KM12 CHR1 117142946 G A IGSF3 L DAMAGING low no no
KM12 CHR1 117504248 G A PTGFRN DAMAGING L low no no
KM12 CHR1 11888183 C T CLCN6 L L L no yes
KM12 CHR1 120458899 G A NOTCH2 DAMAGING DAMAGING medium no yes
KM12 CHR1 120468105 C T NOTCH2 L L neutral no yes
KM12 CHR11 5475494 C T OR51I2 L DAMAGING low no no
KM12 CHR1 155221343 C T FAM189B DAMAGING DAMAGING low no no
KM12 CHR1 156339125 C T RHBG DAMAGING L medium no no
KM12 CHR11 57456067 G A ZDHHC5 L L L no no
KM12 CHR1 160064880 G A IGSF8 L L neutral no no
KM12 CHR1 160388883 T C VANGL2 L L low no no
KM12 CHR11 61120500 C T CYBASC3 L L medium no no
KM12 CHR11 61632664 G A FADS2 L DAMAGING medium no yes
KM12 CHR11 61632694 C T FADS2 L L neutral no yes
KM12 CHR11 63342488 C T PLA2G16 DAMAGING L low no no
KM12 CHR1 165532832 C T LRRC52 L L low no no
KM12 CHR11 66134962 C T SLC29A2 L L low no no
KM12 CHR11 68171055 G A LRP5 L L L no no
KM12 CHR11 68839463 G A TPCN2 L L neutral no no
KM12 CHR12 118520169 C T VSIG10 L L low no no
KM12 CHR1 246811121 C T CNST DAMAGING L low no no
KM12 CHR12 4919564 G T KCNA6 L L neutral no no
KM12 CHR12 50357920 C T AQP5 L L medium no yes
KM12 CHR12 52370122 G A ACVR1B L L neutral yes yes
KM12 CHR12 56536172 G A ESYT1 L L neutral no no
KM12 CHR12 6342605 G A CD9 DAMAGING L medium no no
KM12 CHR1 28293200 C T XKR8 L DAMAGING medium no no
KM12 CHR1 29644308 G A PTPRU DAMAGING L medium no no
KM12 CHR1 32205164 C T BAI2 DAMAGING DAMAGING medium no no
KM12 CHR1 32542909 C T TMEM39B DAMAGING L low no no
KM12 CHR13 39264464 T G FREM2 L L low no no
KM12 CHR1 35908603 C T KIAA0319L DAMAGING DAMAGING medium no no
KM12 CHR1 39340468 G A GJA9 DAMAGING L neutral no no
KM12 CHR13 95886946 A G ABCC4 L L low no yes
KM12 CHR1 40434318 C T MFSD2A L L neutral no no
KM12 CHR14 23312957 C T MMP14 DAMAGING L neutral no yes
KM12 CHR14 70171407 G A KIAA0247 DAMAGING DAMAGING medium no no
KM12 CHR14 94578041 G A IFI27 L L neutral no no
KM12 CHR14 95670218 C T CLMN L L neutral no no
KM12 CHR15 63631125 G A CA12 L L low no yes
KM12 CHR15 65916511 G A SLC24A1 L L low no no
KM12 CHR15 90771576 C T SEMA4B DAMAGING DAMAGING medium no no
KM12 CHR16 2376220 C T ABCA3 L L low no no
KM12 CHR16 4016669 C T ADCY9 DAMAGING DAMAGING neutral no no
KM12 CHR1 6524697 C A TNFRSF25 L L neutral no no
KM12 CHR16 68732277 A G CDH3 DAMAGING L medium no no
KM12 CHR16 85024191 C T ZDHHC7 L DAMAGING medium no no
KM12 CHR17 37866384 C T ERBB2 DAMAGING L medium yes yes
KM12 CHR17 4337456 T C SPNS3 DAMAGING L medium no no
KM12 CHR17 7318466 C T NLGN2 DAMAGING L medium no no
KM12 CHR17 7318864 G A NLGN2 DAMAGING L medium no no



KM12 CHR17 73482016 C T KIAA0195 DAMAGING DAMAGING neutral no no
KM12 CHR17 73486315 G A KIAA0195 L L low no no
KM12 CHR17 73488819 G A KIAA0195 L L low no no
KM12 CHR17 74469770 C T RHBDF2 L L low no no
KM12 CHR19 10395094 A G ICAM1 L L low no yes
KM12 CHR19 1049360 G A ABCA7 L L medium no no
KM12 CHR19 19737432 C T LPAR2 L L medium no no
KM12 CHR19 19766709 C T ATP13A1 DAMAGING DAMAGING low no no
KM12 CHR1 92224237 G A TGFBR3 DAMAGING DAMAGING medium no no
KM12 CHR19 42867254 G A MEGF8 L L low no no
KM12 CHR19 48836515 G C TMEM143 L L L no no
KM12 CHR19 54675679 G A TMC4 DAMAGING DAMAGING medium no no
KM12 CHR19 55708607 C T PTPRH L L neutral no no
KM12 CHR20 3209557 G A SLC4A11 DAMAGING DAMAGING medium no no
KM12 CHR20 3627468 C T ATRN L L neutral no no
KM12 CHR2 220032762 A G SLC23A3 L DAMAGING medium no no
KM12 CHR2 220047181 A G FAM134A L L low no no
KM12 CHR2 220087012 C T ATG9A L L low no no
KM12 CHR2 220496785 C T SLC4A3 L L low no no
KM12 CHR2 223423150 G A SGPP2 L L neutral no no
KM12 CHR22 46859778 G A CELSR1 DAMAGING DAMAGING medium no no
KM12 CHR2 675581 G A TMEM18 L L neutral no no
KM12 CHR2 97531449 A G SEMA4C DAMAGING DAMAGING medium no no
KM12 CHR3 119177019 T C TMEM39A L L medium no no
KM12 CHR3 125786983 C T SLC41A3 L L low no no
KM12 CHR3 129370532 A T TMCC1 DAMAGING DAMAGING medium no no
KM12 CHR3 14526442 C A SLC6A6 DAMAGING L low no no
KM12 CHR3 184295458 G A EPHB3 L L low yes no
KM12 CHR3 19575016 C T KCNH8 L L low no no
KM12 CHR3 30715703 T C TGFBR2 DAMAGING DAMAGING high yes yes
KM12 CHR3 48697208 C T CELSR3 DAMAGING DAMAGING medium no no
KM12 CHR3 49570391 C T DAG1 DAMAGING DAMAGING medium no no
KM12 CHR3 49756861 A G AMIGO3 L L low no no
KM12 CHR3 53764553 C T CACNA1D L L low no yes
KM12 CHR4 187540637 G A FAT1 L L medium no no
KM12 CHR4 187549655 G A FAT1 L L neutral no no
KM12 CHR4 79351571 G T FRAS1 DAMAGING DAMAGING medium no no
KM12 CHR4 79400768 C T FRAS1 DAMAGING L medium no no
KM12 CHR5 138716294 G A SLC23A1 L L low no yes
KM12 CHR5 140216218 C A PCDHA7 L L neutral no no
KM12 CHR5 140250297 C T PCDHA11 L L low no no
KM12 CHR5 140256507 G A PCDHA12 L L neutral no no
KM12 CHR5 140347204 G A PCDHAC2 DAMAGING DAMAGING high no no
KM12 CHR5 140720342 G A PCDHGA2 DAMAGING L medium no no
KM12 CHR5 140774386 C T PCDHGA8 DAMAGING L medium no no
KM12 CHR5 140782901 G A PCDHGA9 DAMAGING L high no no
KM12 CHR5 140856299 C T PCDHGC3 DAMAGING L medium no no
KM12 CHR5 140868986 T A PCDHGC5 L L L no no
KM12 CHR5 72419784 C T TMEM171 L L low no no
KM12 CHR6 158014175 G A ZDHHC14 L DAMAGING low no no
KM12 CHR6 160464261 G T IGF2R L L medium no yes
KM12 CHR6 160471623 G A IGF2R L L medium no yes
KM12 CHR6 43098081 G A PTK7 L L low yes no
KM12 CHR7 100456752 C T SLC12A9 DAMAGING DAMAGING low no no
KM12 CHR7 105660937 C T CDHR3 L L low no no
KM12 CHR7 147600710 T C CNTNAP2 DAMAGING DAMAGING high no no
KM12 CHR7 55231511 G T EGFR L L L yes yes
KM12 CHR7 99474206 C T OR2AE1 L L medium no no
KM12 CHR8 145139357 G T GPAA1 L L neutral no no
KM12 CHR8 22269696 G A SLC39A14 DAMAGING DAMAGING low no yes
KM12 CHR8 38853825 G A TM2D2 L L neutral no no
KM12 CHR9 125797574 G T GPR21 L L low no no
KM12 CHR9 131708619 G A DOLK DAMAGING DAMAGING medium no no



KM12 CHR9 74360108 G A TMEM2 L DAMAGING medium no no
KM12 CHR9 86955512 C T SLC28A3 L L low no yes
LIM1215 CHR11 124745090 G T ROBO3 L L low no no
LIM1215 CHR11 62656157 G A SLC3A2 L L neutral no no
LIM1215 CHR1 16458244 C T EPHA2 DAMAGING DAMAGING neutral yes yes
LIM1215 CHR1 19644220 G A PQLC2 DAMAGING L medium no no
LIM1215 CHR12 106633854 C T CKAP4 L DAMAGING medium no no
LIM1215 CHR12 56480408 C T ERBB3 L L medium yes yes
LIM1215 CHR12 57581173 G A LRP1 L DAMAGING medium no yes
LIM1215 CHR12 57588410 C T LRP1 L L medium no yes
LIM1215 CHR1 27436120 C T SLC9A1 DAMAGING DAMAGING medium no yes
LIM1215 CHR16 2143546 C T PKD1 L L low no no
LIM1215 CHR16 68716239 A G CDH3 L L low no no
LIM1215 CHR19 10385665 G A ICAM1 L L low no yes
LIM1215 CHR19 1051038 G A ABCA7 DAMAGING DAMAGING low no no
LIM1215 CHR1 9164542 G A GPR157 L L neutral no no
LIM1215 CHR19 32968478 C T DPY19L3 DAMAGING DAMAGING medium no no
LIM1215 CHR19 35741473 T C LSR L L low no no
LIM1215 CHR19 36230811 G A IGFLR1 L L neutral no no
LIM1215 CHR19 579545 T C BSG L L low no no
LIM1215 CHR19 7965163 G A LRRC8E L L low no no
LIM1215 CHR20 30729696 A G TM9SF4 L L low no no
LIM1215 CHR20 4843508 C T SLC23A2 DAMAGING L neutral no yes
LIM1215 CHR2 220033503 A C SLC23A3 L DAMAGING medium no no
LIM1215 CHR22 46932005 G A CELSR1 L L L no no
LIM1215 CHR22 47073102 A G GRAMD4 L DAMAGING low no no
LIM1215 CHR3 14509377 G T SLC6A6 L DAMAGING low no no
LIM1215 CHR3 48475196 A G CCDC51 DAMAGING L medium no no
LIM1215 CHR3 49568662 G A DAG1 L DAMAGING medium no no
LIM1215 CHR3 66457811 G A LRIG1 DAMAGING DAMAGING neutral no no
LIM1215 CHR5 140347624 G A PCDHAC2 L L low no no
LIM1215 CHR5 140753844 G T PCDHGA6 DAMAGING L high no no
LIM1215 CHR5 140764756 C T PCDHGA7 DAMAGING L medium no no
LIM1215 CHR5 140811210 A C PCDHGA12 DAMAGING L high no no
LIM1215 CHR5 1422074 G A SLC6A3 DAMAGING DAMAGING high no yes
LIM1215 CHR5 150867777 G A SLC36A1 L L neutral no yes
LIM1215 CHR6 109763488 G A SMPD2 L L neutral no no
LIM1215 CHR6 128319988 A C PTPRK L DAMAGING low no no
LIM1215 CHR6 26468259 A G BTN2A1 L DAMAGING low no no
LIM1215 CHR6 41160563 A C TREML2 L L medium no no
LIM1215 CHR7 143092588 C A EPHA1 DAMAGING L high yes no
LIM1215 CHR8 22277108 G A SLC39A14 L L low no yes
LIM1215 CHR9 119976799 G A ASTN2 DAMAGING DAMAGING neutral no no
LIM1215 CHR9 92020267 T A SEMA4D L L low no no
LIM1215 CHRX 109416555 C T TMEM164 L L neutral no no
LIM1215 CHRX 70327701 A G IL2RG L DAMAGING medium no yes
LIM2405 CHR10 105209392 G T CALHM2 L L low no no
LIM2405 CHR10 123263358 C G FGFR2 L L medium yes yes
LIM2405 CHR10 125769704 C A CHST15 DAMAGING L low no no
LIM2405 CHR11 113075150 C T NCAM1 L L L no no
LIM2405 CHR11 113140998 C T NCAM1 L L L no no
LIM2405 CHR1 11333834 G T UBIAD1 L L neutral no no
LIM2405 CHR1 116206573 G T VANGL1 DAMAGING DAMAGING medium no no
LIM2405 CHR1 120459086 G A NOTCH2 L L low no yes
LIM2405 CHR1 153750812 G A SLC27A3 DAMAGING DAMAGING low no no
LIM2405 CHR11 57265257 G T SLC43A1 L DAMAGING low no no
LIM2405 CHR11 64065651 C T KCNK4 L DAMAGING medium no no
LIM2405 CHR1 16458881 A G EPHA2 DAMAGING L neutral yes yes
LIM2405 CHR12 56525318 G T ESYT1 DAMAGING DAMAGING medium no no
LIM2405 CHR12 57577933 C T LRP1 DAMAGING DAMAGING medium no yes
LIM2405 CHR13 95861803 C T ABCC4 L L low no yes
LIM2405 CHR1 44087648 G A PTPRF L DAMAGING neutral no no
LIM2405 CHR15 94841705 C T MCTP2 L L neutral no no



LIM2405 CHR16 19501841 A G TMC5 L DAMAGING medium no no
LIM2405 CHR16 2376023 T C ABCA3 L L neutral no no
LIM2405 CHR17 1628915 C A WDR81 DAMAGING L L no no
LIM2405 CHR17 37809884 T C STARD3 L L neutral no no
LIM2405 CHR17 37840938 C T PGAP3 DAMAGING DAMAGING medium no no
LIM2405 CHR17 73484958 G A KIAA0195 DAMAGING DAMAGING low no no
LIM2405 CHR19 11217291 A G LDLR L L neutral no yes
LIM2405 CHR19 11492608 A G EPOR DAMAGING DAMAGING medium no yes
LIM2405 CHR19 17441024 C T ANO8 L L neutral no no
LIM2405 CHR19 38849104 A T CATSPERG L L medium no no
LIM2405 CHR19 52033086 C T SIGLEC6 DAMAGING L low no no
LIM2405 CHR20 3842084 G A MAVS L L neutral no no
LIM2405 CHR21 34635228 G T IFNAR2 L L neutral no yes
LIM2405 CHR21 43716452 C G ABCG1 DAMAGING DAMAGING medium no yes
LIM2405 CHR21 45815315 C T TRPM2 DAMAGING L medium no no
LIM2405 CHR2 219204817 G T PNKD L L neutral no no
LIM2405 CHR2 220085922 C G ATG9A L L neutral no no
LIM2405 CHR3 124635290 C T MUC13 L L neutral no no
LIM2405 CHR3 45152150 C T CDCP1 L DAMAGING medium no no
LIM2405 CHR4 187524677 C T FAT1 L DAMAGING medium no no
LIM2405 CHR4 187540974 C T FAT1 DAMAGING DAMAGING high no no
LIM2405 CHR4 79432468 G A FRAS1 DAMAGING DAMAGING medium no no
LIM2405 CHR5 1057650 C T SLC12A7 L L low no yes
LIM2405 CHR5 140755029 A G PCDHGA6 DAMAGING L medium no no
LIM2405 CHR6 160481628 C A IGF2R L L L no yes
LIM2405 CHR6 170592574 C T DLL1 L DAMAGING medium no no
LIM2405 CHR6 31322427 C T HLALB L L medium no yes
LIM2405 CHR7 128415166 C T OPN1SW DAMAGING DAMAGING high no no
LIM2405 CHR7 94285380 C T SGCE L L neutral no no
LIM2405 CHR8 27516475 G A SCARA3 L L low no no
LIM2405 CHR8 29923585 T C TMEM66 L L low no no
LIM2405 CHR9 125797349 G C GPR21 DAMAGING DAMAGING medium no no
LIM2405 CHR9 98241300 C T PTCH1 L L L no yes
LOVO CHR10 104232618 A C TMEM180 DAMAGING DAMAGING medium no no
LOVO CHR10 135080895 G T ADAM8 L L L no no
LOVO CHR1 100546163 T C HIAT1 L L neutral no no
LOVO CHR1 109795250 T G CELSR2 DAMAGING DAMAGING high no no
LOVO CHR11 117166020 A G BACE1 DAMAGING DAMAGING medium no yes
LOVO CHR11 430132 T G ANO9 DAMAGING L medium no no
LOVO CHR11 46920222 T G LRP4 L L neutral no no
LOVO CHR11 47436649 G A SLC39A13 L DAMAGING low no no
LOVO CHR1 17320215 C T ATP13A2 L L neutral no no
LOVO CHR1 197479912 T A DENND1B L L neutral no no
LOVO CHR1 20097931 T C TMCO4 L L low no no
LOVO CHR1 207930431 G A CD46 DAMAGING DAMAGING medium no yes
LOVO CHR1 208202230 A G PLXNA2 DAMAGING DAMAGING medium no no
LOVO CHR12 110783175 A G ATP2A2 DAMAGING L high no yes
LOVO CHR12 12336940 A G LRP6 L L medium no no
LOVO CHR12 12397441 A C LRP6 DAMAGING L medium no no
LOVO CHR1 22047625 G A USP48 DAMAGING DAMAGING medium no no
LOVO CHR12 21926489 T G KCNJ8 L L low no yes
LOVO CHR12 56120970 C T CD63 DAMAGING DAMAGING high no no
LOVO CHR12 56350994 G A PMEL L L L no no
LOVO CHR12 57598907 A C LRP1 L L neutral no yes
LOVO CHR12 6497984 G A LTBR L L neutral no no
LOVO CHR12 7586227 A C CD163L1 DAMAGING DAMAGING high no no
LOVO CHR1 28293284 A C XKR8 L L medium no no
LOVO CHR12 89984781 T C ATP2B1 L DAMAGING medium no no
LOVO CHR12 9096398 G A M6PR L L low no yes
LOVO CHR12 94697763 A G PLXNC1 L DAMAGING neutral no no
LOVO CHR1 29641997 G A PTPRU DAMAGING DAMAGING high no no
LOVO CHR12 98987839 A C SLC25A3 L L neutral no no
LOVO CHR13 113975734 C T LAMP1 DAMAGING DAMAGING medium no no



LOVO CHR13 114152825 G A TMCO3 L L neutral no no
LOVO CHR13 39266025 G A FREM2 L L neutral no no
LOVO CHR1 35250967 A C GJB3 DAMAGING L medium no no
LOVO CHR13 52520478 A C ATP7B DAMAGING DAMAGING low no no
LOVO CHR14 23600683 G A SLC7A8 DAMAGING DAMAGING medium no yes
LOVO CHR14 24788600 T G ADCY4 DAMAGING DAMAGING high no no
LOVO CHR14 71445069 A C PCNX L L low no no
LOVO CHR14 77714802 A C TMEM63C DAMAGING L low no no
LOVO CHR15 23049280 G A NIPA1 DAMAGING L low no no
LOVO CHR1 53724095 T G LRP8 DAMAGING DAMAGING medium no no
LOVO CHR15 40660468 T C DISP2 DAMAGING DAMAGING medium no no
LOVO CHR15 40661537 T G DISP2 DAMAGING DAMAGING neutral no no
LOVO CHR15 41870355 A C TYRO3 L L neutral yes no
LOVO CHR15 55652665 G A CCPG1 DAMAGING L neutral no no
LOVO CHR15 68500525 G A CLN6 L DAMAGING medium no no
LOVO CHR15 73866007 G T NPTN L L low no no
LOVO CHR15 90768257 C T SEMA4B DAMAGING DAMAGING medium no no
LOVO CHR16 2140103 G A PKD1 L L L no no
LOVO CHR16 2164370 C T PKD1 DAMAGING L low yes no
LOVO CHR16 29996576 C T TAOK2 DAMAGING DAMAGING medium yes yes
LOVO CHR16 29999191 C T TAOK2 L L neutral yes yes
LOVO CHR16 4033342 T G ADCY9 L L low no no
LOVO CHR16 67283045 A G SLC9A5 L L neutral no no
LOVO CHR16 88802618 C T FAM38A L L low no no
LOVO CHR17 37829899 C T PGAP3 L L neutral no no
LOVO CHR17 57812701 C A VMP1 DAMAGING L low no no
LOVO CHR17 73495049 A C KIAA0195 L L neutral no no
LOVO CHR17 74471144 C T RHBDF2 DAMAGING L low no no
LOVO CHR17 74473316 C T RHBDF2 L L low no no
LOVO CHR17 78197095 A C SLC26A11 DAMAGING DAMAGING high no no
LOVO CHR18 29784272 C T MEP1B DAMAGING DAMAGING high no no
LOVO CHR18 55351387 T C ATP8B1 L L low no no
LOVO CHR18 66365210 G A TMX3 L L neutral no no
LOVO CHR18 77107881 G A ATP9B L L neutral no no
LOVO CHR19 1005130 T C GRIN3B DAMAGING DAMAGING high no yes
LOVO CHR19 1041420 A C ABCA7 DAMAGING DAMAGING low no no
LOVO CHR19 1051532 T G ABCA7 DAMAGING DAMAGING medium no no
LOVO CHR19 10747397 G A SLC44A2 DAMAGING DAMAGING high no no
LOVO CHR19 14281571 G A LPHN1 L L low no no
LOVO CHR19 17330035 T G USE1 L L neutral no no
LOVO CHR19 35506803 G A GRAMD1A DAMAGING L low no no
LOVO CHR19 38780809 C T SPINT2 DAMAGING DAMAGING high no no
LOVO CHR19 41726597 C T AXL DAMAGING DAMAGING low yes no
LOVO CHR19 42874398 A C MEGF8 L L neutral no no
LOVO CHR19 47127190 G T PTGIR DAMAGING DAMAGING medium no yes
LOVO CHR19 52034878 C T SIGLEC6 L L neutral no no
LOVO CHR19 54666855 G A TMC4 L DAMAGING medium no no
LOVO CHR19 7965646 C A LRRC8E DAMAGING DAMAGING medium no no
LOVO CHR20 3844977 A C MAVS DAMAGING L low no no
LOVO CHR20 7980500 C T TMX4 L L low no no
LOVO CHR21 45655287 C T ICOSLG L L low no no
LOVO CHR21 45789120 T C TRPM2 DAMAGING DAMAGING medium no no
LOVO CHR2 206659717 G A NRP2 DAMAGING DAMAGING medium no yes
LOVO CHR2 220089023 C T ATG9A DAMAGING DAMAGING medium no no
LOVO CHR2 231742121 A G ITM2C L L medium no no
LOVO CHR22 46761563 C T CELSR1 L L neutral no no
LOVO CHR22 46787138 C T CELSR1 L L L no no
LOVO CHR2 32396375 G A SLC30A6 L L low no no
LOVO CHR2 62728423 A G TMEM17 DAMAGING DAMAGING low no no
LOVO CHR2 70683600 C T TGFA DAMAGING DAMAGING medium no no
LOVO CHR2 74900656 G A SEMA4F L L neutral no no
LOVO CHR2 97427562 A C CNNM4 DAMAGING DAMAGING high no no
LOVO CHR3 124492643 C T ITGB5 DAMAGING L neutral no yes



LOVO CHR3 124854538 A G SLC12A8 L L L no no
LOVO CHR3 125786918 T G SLC41A3 L L neutral no no
LOVO CHR3 129290023 C T PLXND1 L L neutral no no
LOVO CHR3 183585757 C T PARL L L low no no
LOVO CHR3 196387946 C G LRRC33 L L low no no
LOVO CHR3 27427493 G A SLC4A7 DAMAGING DAMAGING medium no no
LOVO CHR3 48699902 T C CELSR3 L L neutral no no
LOVO CHR3 49935049 C A MST1R L L L yes yes
LOVO CHR3 62257058 G T PTPRG DAMAGING DAMAGING medium no no
LOVO CHR4 1018197 G A FGFRL1 L DAMAGING neutral no no
LOVO CHR4 1807345 A G FGFR3 DAMAGING DAMAGING neutral yes yes
LOVO CHR4 187004485 G A TLR3 L L low no yes
LOVO CHR4 187531023 C T FAT1 L L medium no no
LOVO CHR4 527664 A C PIGG DAMAGING L low no no
LOVO CHR4 6293694 C T WFS1 L DAMAGING low no no
LOVO CHR4 6302694 A G WFS1 DAMAGING L medium no no
LOVO CHR4 75937991 G A PARM1 L L neutral no no
LOVO CHR4 79429993 C T FRAS1 DAMAGING DAMAGING low no no
LOVO CHR5 140256391 T G PCDHA12 DAMAGING L high no no
LOVO CHR5 140256553 T G PCDHA12 DAMAGING L neutral no no
LOVO CHR5 140263772 T G PCDHA13 L L neutral no no
LOVO CHR5 140802818 A C PCDHGA11 DAMAGING L medium no no
LOVO CHR5 140870675 C T PCDHGC5 L L low no no
LOVO CHR5 52356848 C T ITGA2 DAMAGING L medium no no
LOVO CHR6 128294289 G C PTPRK DAMAGING DAMAGING high no no
LOVO CHR6 26410240 G A BTN3A1 L L neutral no no
LOVO CHR6 26448676 G T BTN3A3 L L L no no
LOVO CHR6 33541938 C T BAK1 DAMAGING DAMAGING medium no no
LOVO CHR6 44108011 A C TMEM63B DAMAGING DAMAGING medium no no
LOVO CHR6 44108014 T C TMEM63B DAMAGING L neutral no no
LOVO CHR6 70500336 A G LMBRD1 DAMAGING L low no no
LOVO CHR7 100172869 G A LRCH4 L L neutral no no
LOVO CHR7 100225424 C T TFR2 L L low no no
LOVO CHR7 142574205 C T TRPV6 DAMAGING DAMAGING medium no no
LOVO CHR7 143097119 A C EPHA1 DAMAGING DAMAGING medium yes no
LOVO CHR7 150778821 A G TMUB1 L L low no no
LOVO CHR7 17913195 G A SNX13 DAMAGING DAMAGING low no no
LOVO CHR7 2698630 G A TTYH3 DAMAGING DAMAGING medium no no
LOVO CHR7 38256841 T C STARD3NL DAMAGING DAMAGING medium no no
LOVO CHR7 47945458 C T PKD1L1 DAMAGING L low no no
LOVO CHR7 73097245 G A DNAJC30 DAMAGING DAMAGING medium no no
LOVO CHR7 86537827 T A KIAA1324L DAMAGING L low no no
LOVO CHR7 94259085 G A SGCE L L low no no
LOVO CHR7 97822901 T G LMTK2 DAMAGING DAMAGING medium yes no
LOVO CHR9 34659772 T C IL11RA L DAMAGING low no yes
LOVO CHR9 92011729 G A SEMA4D DAMAGING DAMAGING high no no
RKO CHR10 102740081 A G SEMA4G L L medium no no
RKO CHR10 104679142 C T CNNM2 DAMAGING DAMAGING high no no
RKO CHR10 95168603 C T MYOF L L low no no
RKO CHR11 113075210 C G NCAM1 L L L no no
RKO CHR11 117061379 T C SIDT2 DAMAGING DAMAGING medium no no
RKO CHR11 124747437 G A ROBO3 L L low no no
RKO CHR1 113460571 C A SLC16A1 DAMAGING DAMAGING high no yes
RKO CHR1 116206372 A G VANGL1 L L low no no
RKO CHR1 116228128 A T VANGL1 L L low no no
RKO CHR1 117142745 C T IGSF3 L DAMAGING low no no
RKO CHR1 117158816 T G IGSF3 DAMAGING L neutral no no
RKO CHR1 11898608 T C CLCN6 DAMAGING L high no yes
RKO CHR11 2418040 G A CD81 DAMAGING DAMAGING medium no no
RKO CHR11 3846602 A C PGAP2 DAMAGING DAMAGING medium no no
RKO CHR1 156255211 G T TMEM79 DAMAGING DAMAGING low no no
RKO CHR11 57193479 T G SLC43A3 L DAMAGING low no no
RKO CHR1 160321569 G A NCSTN L L neutral no yes



RKO CHR11 64852670 C A ZFPL1 L L low no no
RKO CHR11 66052344 A C YIF1A L L neutral no no
RKO CHR11 67765177 G A UNC93B1 L DAMAGING L no no
RKO CHR11 68030155 G A C11ORF24 L L neutral no no
RKO CHR1 168073766 A G GPR161 DAMAGING L medium no no
RKO CHR11 68846041 T C TPCN2 DAMAGING L low no no
RKO CHR1 17328812 C A ATP13A2 L L medium no no
RKO CHR12 117217062 G T RNFT2 DAMAGING DAMAGING low no no
RKO CHR12 125298860 T C SCARB1 L L low no yes
RKO CHR1 223178790 C A DISP1 L L low no no
RKO CHR12 3387704 G A TSPAN9 DAMAGING DAMAGING medium no no
RKO CHR1 24768554 C T NIPAL3 DAMAGING DAMAGING medium no no
RKO CHR12 56527209 T G ESYT1 DAMAGING L medium no no
RKO CHR12 57553743 G T LRP1 DAMAGING DAMAGING low no yes
RKO CHR12 57575050 C T LRP1 DAMAGING L medium no yes
RKO CHR12 57579569 C T LRP1 DAMAGING L low no yes
RKO CHR12 6483859 G T SCNN1A L L low no yes
RKO CHR12 9096441 G A M6PR DAMAGING DAMAGING medium no yes
RKO CHR13 101287114 C T TMTC4 L L neutral no no
RKO CHR13 113508637 C T ATP11A DAMAGING DAMAGING high no no
RKO CHR13 113530127 A G ATP11A L L low no no
RKO CHR1 32204498 C T BAI2 DAMAGING DAMAGING medium no no
RKO CHR1 32568228 C T TMEM39B L DAMAGING medium no no
RKO CHR13 30091863 C T SLC7A1 L L neutral no yes
RKO CHR1 35915572 A G KIAA0319L DAMAGING DAMAGING medium no no
RKO CHR14 23346509 G T LRP10 DAMAGING L low no no
RKO CHR1 45120334 G T TMEM53 DAMAGING L medium no no
RKO CHR1 45289032 C T PTCH2 DAMAGING L medium no no
RKO CHR1 45293664 T C PTCH2 L L neutral no no
RKO CHR15 73528735 G C NEO1 L L low no no
RKO CHR15 99251062 G C IGF1R DAMAGING DAMAGING medium yes yes
RKO CHR16 16225773 C G ABCC1 L L low no yes
RKO CHR16 2569378 T C ATP6V0C DAMAGING L medium no no
RKO CHR16 31049475 G A STX4 DAMAGING L medium no yes
RKO CHR16 67300025 G T SLC9A5 L L low no no
RKO CHR16 67979098 G A SLC12A4 DAMAGING L medium no yes
RKO CHR16 68712439 C A CDH3 L L medium no no
RKO CHR17 30349379 A G LRRC37B L L medium no no
RKO CHR17 56435492 G T RNF43 L DAMAGING low no no
RKO CHR17 60744769 G T MRC2 L L neutral no no
RKO CHR17 65014379 T A CACNG4 L DAMAGING low no no
RKO CHR17 7324449 A T SPEM1 L L neutral no no
RKO CHR17 7460614 C A TNFSF12 L L neutral no no
RKO CHR17 7464137 T C TNFSF12LTNFSF13 DAMAGING L low no no
RKO CHR19 10394319 A G ICAM1 L L medium no yes
RKO CHR19 10748932 C T SLC44A2 DAMAGING L medium no no
RKO CHR19 11038608 G A YIPF2 DAMAGING DAMAGING medium no no
RKO CHR19 14938468 G C OR7A5 L L neutral no no
RKO CHR19 35501037 C T GRAMD1A DAMAGING L medium no no
RKO CHR19 35524464 T C SCN1B L DAMAGING low no yes
RKO CHR19 35655100 T C FXYD5 L L low no no
RKO CHR19 38845419 G A CATSPERG L DAMAGING medium no no
RKO CHR19 38847382 T C CATSPERG L L low no no
RKO CHR1 9661436 C T TMEM201 L L L no no
RKO CHR19 7132268 C T INSR L L medium yes yes
RKO CHR20 33764148 A G PROCR L DAMAGING medium no yes
RKO CHR20 50241871 G A ATP9A L L low no no
RKO CHR20 50305627 A G ATP9A DAMAGING DAMAGING medium no no
RKO CHR2 103281806 T C SLC9A2 DAMAGING L medium no no
RKO CHR2 103324613 A T SLC9A2 L L neutral no no
RKO CHR21 42629197 A G BACE2 DAMAGING DAMAGING medium no no
RKO CHR2 158626966 T C ACVR1 DAMAGING DAMAGING high yes yes
RKO CHR2 191364873 C T MFSD6 L L neutral no no



RKO CHR2 206607948 T A NRP2 L DAMAGING medium no yes
RKO CHR22 46792574 C T CELSR1 L L neutral no no
RKO CHR22 46806300 C T CELSR1 L L neutral no no
RKO CHR2 25095489 G A ADCY3 DAMAGING L medium no no
RKO CHR2 27001017 G A C2ORF18 L L low no no
RKO CHR3 126748314 C A PLXNA1 DAMAGING DAMAGING medium no no
RKO CHR3 183707111 A G ABCC5 L L low no yes
RKO CHR3 183995790 C T ECE2 DAMAGING DAMAGING low no no
RKO CHR3 196674848 G A PIGZ DAMAGING DAMAGING medium no no
RKO CHR3 48473904 T C CCDC51 L L medium no no
RKO CHR3 48686177 G A CELSR3 L DAMAGING medium no no
RKO CHR3 9959265 G A IL17RC L L neutral no no
RKO CHR4 151520252 A G LRBA DAMAGING DAMAGING medium no no
RKO CHR4 520968 C T PIGG L L medium no no
RKO CHR5 140755224 T C PCDHGA6 L L neutral no no
RKO CHR5 140794385 G A PCDHGA10 DAMAGING L medium no no
RKO CHR5 179221104 T C LTC4S DAMAGING DAMAGING low no yes
RKO CHR5 76128829 G A F2RL1 L L low no no
RKO CHR5 94230493 A T MCTP1 DAMAGING L medium no no
RKO CHR6 160510968 A T IGF2R DAMAGING DAMAGING medium no yes
RKO CHR6 43127684 C T PTK7 L L neutral yes no
RKO CHR6 44120367 C T TMEM63B DAMAGING DAMAGING medium no no
RKO CHR7 131196094 G T PODXL L L neutral no no
RKO CHR7 133979776 C T SLC35B4 DAMAGING DAMAGING medium no no
RKO CHR7 150762019 G A SLC4A2 L L neutral no no
RKO CHR7 77572031 G C PHTF2 DAMAGING DAMAGING medium no no
RKO CHR7 99474065 T C OR2AE1 L L neutral no no
RKO CHR8 38285611 G A FGFR1 L L neutral yes yes
RKO CHR9 139571926 C G AGPAT2 L L neutral no no
RKO CHR9 86893153 C A SLC28A3 L L neutral no yes
RKO CHR9 91993695 T C SEMA4D L L neutral no no
RKO CHR9 95887195 G A NINJ1 L L L no no
RW2982 CHR14 45628379 G T FANCM DAMAGING L low no no
RW2982 CHR20 3838304 C T MAVS L L neutral no no
RW2982 CHR2 158617452 C T ACVR1 DAMAGING L low yes yes
RW2982 CHR2 97527502 G A SEMA4C L L medium no no
RW2982 CHR4 151770012 T C LRBA L L neutral no no
RW2982 CHR5 159344562 C T ADRA1B L L neutral no yes
RW2982 CHR7 100183660 C T LRCH4 L L low no no
RW2982 CHR7 105615475 T A CDHR3 L L low no no
RW2982 CHR7 97821335 G A LMTK2 L L low yes no
RW2982 CHR9 74344988 A T TMEM2 DAMAGING L medium no no
RW7213 CHR1 109795012 G A CELSR2 L L low no no
RW7213 CHR12 52374851 A G ACVR1B DAMAGING DAMAGING medium yes yes
RW7213 CHR16 19483485 A G TMC5 L L neutral no no
RW7213 CHR16 726120 G A RHBDL1 L L neutral no no
RW7213 CHR17 48750402 T A ABCC3 DAMAGING DAMAGING high no yes
RW7213 CHR19 19764782 G A ATP13A1 DAMAGING DAMAGING medium no no
RW7213 CHR3 129305085 C T PLXND1 L L low no no
RW7213 CHR3 184001720 G A ECE2 DAMAGING DAMAGING medium no no
RW7213 CHR3 49548142 G A DAG1 L L low no no
SKCO1 CHR10 135081560 C T ADAM8 L L neutral no no
SKCO1 CHR11 113102986 G A NCAM1 L L L no no
SKCO1 CHR1 17316695 T G ATP13A2 L L neutral no no
SKCO1 CHR12 51868953 T A SLC4A8 L L L no no
SKCO1 CHR16 2369721 A G ABCA3 DAMAGING DAMAGING medium no no
SKCO1 CHR16 74761211 T G FA2H DAMAGING DAMAGING medium no no
SKCO1 CHR17 1630507 C T WDR81 L L L no no
SKCO1 CHR19 18092608 G A KCNN1 DAMAGING DAMAGING medium no yes
SKCO1 CHR19 48845878 T C TMEM143 L DAMAGING low no no
SKCO1 CHR20 25290161 C A ABHD12 DAMAGING L medium no no
SKCO1 CHR22 43524524 G T BIK L L neutral no no
SKCO1 CHR22 46835249 C T CELSR1 DAMAGING DAMAGING medium no no



SKCO1 CHR3 38518787 G A ACVR2B L L neutral no no
SKCO1 CHR3 49933270 C T MST1R L L low yes yes
SKCO1 CHR4 84205934 G A COQ2 L L L no yes
SKCO1 CHR5 140256607 T G PCDHA12 DAMAGING L medium no no
SKCO1 CHR6 128718787 C A PTPRK L L medium no no
SKCO1 CHR6 41166123 C T TREML2 DAMAGING DAMAGING medium no no
SKCO1 CHR7 97822800 C T LMTK2 L L neutral yes no
SW1116 CHR10 102740703 C A SEMA4G L L neutral no no
SW1116 CHR1 29637287 C A PTPRU DAMAGING DAMAGING high no no
SW1116 CHR16 2369767 C T ABCA3 L L low no no
SW1116 CHR20 3209797 C A SLC4A11 L L neutral no no
SW1116 CHR20 50286589 C T ATP9A L L low no no
SW1116 CHR2 206605246 T A NRP2 DAMAGING DAMAGING medium no yes
SW1116 CHR2 230910527 C T SLC16A14 L L neutral no no
SW1116 CHR4 166021848 C T TMEM192 L L low no no
SW1116 CHR4 187541255 G A FAT1 DAMAGING DAMAGING medium no no
SW1116 CHR5 102361004 A G PAM L L neutral no yes
SW1116 CHR7 129842422 C A TMEM209 DAMAGING L low no no
SW1116 CHR7 55238079 G A EGFR L L neutral yes yes
SW1116 CHR8 38848906 A G TM2D2 DAMAGING DAMAGING medium no no
SW403 CHR10 102732779 C G SEMA4G DAMAGING L low no no
SW403 CHR10 114158758 G A ACSL5 DAMAGING L low no no
SW403 CHR1 109737169 G T KIAA1324 DAMAGING DAMAGING medium no no
SW403 CHR11 120200709 G T TMEM136 DAMAGING DAMAGING medium no no
SW403 CHR1 120612013 G A NOTCH2 L L neutral no yes
SW403 CHR11 5474897 A G OR51I2 DAMAGING DAMAGING medium no no
SW403 CHR11 59556388 A T STX3 DAMAGING L medium no no
SW403 CHR11 60694795 C A TMEM132A DAMAGING DAMAGING medium no no
SW403 CHR1 208391152 C A PLXNA2 L L neutral no no
SW403 CHR1 211966472 T C LPGAT1 DAMAGING DAMAGING medium no no
SW403 CHR12 124221722 G T ATP6V0A2 DAMAGING L medium no no
SW403 CHR12 56091027 C T ITGA7 L L low no no
SW403 CHR1 32201230 G C BAI2 DAMAGING DAMAGING low no no
SW403 CHR13 39266354 C A FREM2 L DAMAGING low no no
SW403 CHR14 23243206 G T SLC7A7 L L L no no
SW403 CHR14 77722980 G T TMEM63C L L L no no
SW403 CHR16 66657381 C A CMTM4 L L low no no
SW403 CHR19 3193423 G T NCLN L L L no no
SW403 CHR19 49244571 C T IZUMO1 L L neutral no no
SW403 CHR20 56227606 G T PMEPA1 L L low no no
SW403 CHR20 7964486 C A TMX4 L L L no no
SW403 CHR2 36691772 G T CRIM1 DAMAGING DAMAGING medium no no
SW403 CHR3 141626072 C T ATP1B3 L L low no no
SW403 CHR3 196674036 C A PIGZ L L L no no
SW403 CHR3 31641900 C G STT3B DAMAGING DAMAGING high no no
SW403 CHR3 53835189 G T CACNA1D L L low no yes
SW403 CHR4 151829958 T A LRBA L L L no no
SW403 CHR4 99428851 C T TSPAN5 DAMAGING L high no no
SW403 CHR5 1085384 C A SLC12A7 DAMAGING DAMAGING high no yes
SW403 CHR5 131309087 C T ACSL6 L L low no no
SW403 CHR5 140763515 C T PCDHGA7 DAMAGING L medium no no
SW403 CHR6 117866651 G T DCBLD1 DAMAGING DAMAGING low no no
SW403 CHR6 46761170 T G MEP1A DAMAGING L low no no
SW403 CHR7 117188797 A G CFTR L L neutral no yes
SW403 CHR9 131483519 C T ZDHHC12 L L neutral no no
SW403 CHR9 139568239 C T AGPAT2 L L low no no
SW480 CHR10 74100566 C T DNAJB12 L DAMAGING low no no
SW480 CHR11 113105855 C T NCAM1 L L L no no
SW480 CHR1 158063168 G A KIRREL DAMAGING DAMAGING low no no
SW480 CHR1 21548274 G A ECE1 DAMAGING L high no yes
SW480 CHR1 27440424 C T SLC9A1 DAMAGING DAMAGING high no yes
SW480 CHR13 39262935 C A FREM2 L L neutral no no
SW480 CHR16 19451553 T A TMC5 L L medium no no



SW480 CHR19 14273439 C T LPHN1 DAMAGING DAMAGING low no no
SW480 CHR20 49196439 A G PTPN1 L L neutral no yes
SW480 CHR2 54081568 G A GPR75 L L neutral no no
SW480 CHR3 9974300 A G IL17RC L L neutral no no
SW480 CHR4 6290834 C T WFS1 L L medium no no
SW480 CHR5 140256021 G A PCDHA12 DAMAGING L high no no
SW480 CHR5 140750356 C A PCDHGB3 L L low no no
SW480 CHR5 140866239 G A PCDHGC4 L L neutral no no
SW480 CHR5 140866458 G A PCDHGC4 L L neutral no no
SW480 CHR5 150844730 G T SLC36A1 DAMAGING DAMAGING medium no yes
SW480 CHR6 149285598 C T UST DAMAGING L medium no yes
SW480 CHRX 48319067 C T SLC38A5 DAMAGING DAMAGING medium no no
SW48 CHR10 104816683 C T CNNM2 DAMAGING DAMAGING medium no no
SW48 CHR10 105209329 G A CALHM2 DAMAGING L medium no no
SW48 CHR10 17659199 C T PTPLA L L low no no
SW48 CHR10 85901284 C T GHITM DAMAGING L medium no no
SW48 CHR10 95111323 T A MYOF L DAMAGING medium no no
SW48 CHR11 124743754 T G ROBO3 DAMAGING DAMAGING medium no no
SW48 CHR11 124747950 G A ROBO3 L L medium no no
SW48 CHR11 124749361 G A ROBO3 L L low no no
SW48 CHR11 14865528 C T PDE3B DAMAGING DAMAGING medium no yes
SW48 CHR1 116941271 G A ATP1A1 DAMAGING DAMAGING high no yes
SW48 CHR1 117127416 A C IGSF3 L L low no no
SW48 CHR1 117146318 G A IGSF3 DAMAGING DAMAGING neutral no no
SW48 CHR1 117509724 G A PTGFRN DAMAGING DAMAGING low no no
SW48 CHR1 120471800 G A NOTCH2 DAMAGING L neutral no yes
SW48 CHR1 165533006 G A LRRC52 L L low no no
SW48 CHR11 66083901 C T CD248 L L neutral no no
SW48 CHR11 67811057 T C TCIRG1 L L neutral no no
SW48 CHR1 168201106 T C SFT2D2 L L low no no
SW48 CHR1 208391105 C T PLXNA2 L L medium no no
SW48 CHR12 13220116 A T KIAA1467 DAMAGING DAMAGING medium no no
SW48 CHR1 223396855 A C SUSD4 L L low no no
SW48 CHR1 236347106 C T GPR137B L L low no no
SW48 CHR1 241803346 G A OPN3 DAMAGING DAMAGING medium no no
SW48 CHR12 44781990 A C TMEM117 L L low no no
SW48 CHR12 49165507 C T ADCY6 DAMAGING DAMAGING low no no
SW48 CHR12 52385715 C T ACVR1B L L L yes yes
SW48 CHR12 57575015 C T LRP1 DAMAGING L medium no yes
SW48 CHR12 57605360 G A LRP1 L L neutral no yes
SW48 CHR12 71971740 C T LGR5 DAMAGING L medium no no
SW48 CHR1 27427705 C T SLC9A1 DAMAGING L medium no yes
SW48 CHR1 27480699 C T SLC9A1 L L low no yes
SW48 CHR12 7527197 T C CD163L1 L L neutral no no
SW48 CHR12 94965381 T C TMCC3 L L neutral no no
SW48 CHR1 29611356 G T PTPRU L DAMAGING low no no
SW48 CHR14 105612974 C T JAG2 L DAMAGING medium no no
SW48 CHR14 23310721 T C MMP14 DAMAGING DAMAGING medium no yes
SW48 CHR14 23344638 G A LRP10 DAMAGING L medium no no
SW48 CHR14 24658853 C T TM9SF1 L L low no no
SW48 CHR1 44069698 A G PTPRF L L low no no
SW48 CHR1 44086778 G A PTPRF DAMAGING DAMAGING high no no
SW48 CHR1 45297396 C A PTCH2 DAMAGING L medium no no
SW48 CHR14 96706990 G A BDKRB2 L DAMAGING medium no yes
SW48 CHR15 50897127 C T TRPM7 DAMAGING DAMAGING medium yes yes
SW48 CHR1 57002662 G A PPAP2B DAMAGING DAMAGING medium no no
SW48 CHR15 73552705 T A NEO1 DAMAGING DAMAGING low no no
SW48 CHR15 73994743 T C CD276 DAMAGING L medium no no
SW48 CHR16 2327650 T C ABCA3 DAMAGING DAMAGING medium no no
SW48 CHR16 50324539 G A ADCY7 L L neutral no no
SW48 CHR16 68713872 C T CDH3 DAMAGING DAMAGING high no no
SW48 CHR16 726995 G C RHBDL1 L L neutral no no
SW48 CHR16 88782225 C A FAM38A DAMAGING DAMAGING medium no no



SW48 CHR16 919988 C A LMF1 L L medium no no
SW48 CHR17 48141461 G A ITGA3 L L neutral no no
SW48 CHR17 65026704 C A CACNG4 DAMAGING DAMAGING medium no no
SW48 CHR18 55398934 G A ATP8B1 L L L no no
SW48 CHR18 77089301 G A ATP9B L L low no no
SW48 CHR19 11034847 G A YIPF2 DAMAGING DAMAGING medium no no
SW48 CHR19 14938998 T G OR7A5 DAMAGING L neutral no no
SW48 CHR19 17330093 A G USE1 DAMAGING DAMAGING medium no no
SW48 CHR19 19762564 C T ATP13A1 DAMAGING DAMAGING high no no
SW48 CHR19 42489532 C T ATP1A3 DAMAGING DAMAGING high no no
SW48 CHR19 4294607 C T TMIGD2 L L L no no
SW48 CHR19 7594587 T C MCOLN1 L L low no no
SW48 CHR20 14306391 C T FLRT3 DAMAGING DAMAGING low no no
SW48 CHR20 3017913 G T PTPRA DAMAGING DAMAGING high no no
SW48 CHR20 44828182 C T CDH22 L L neutral no no
SW48 CHR20 4893561 C T SLC23A2 L DAMAGING neutral no yes
SW48 CHR2 103321078 C T SLC9A2 L L L no no
SW48 CHR21 42622828 G T BACE2 DAMAGING L medium no no
SW48 CHR2 220085879 C A ATG9A L L neutral no no
SW48 CHR2 220502919 A G SLC4A3 DAMAGING DAMAGING medium no no
SW48 CHR2 223423282 A G SGPP2 L L neutral no no
SW48 CHR2 74902493 G A SEMA4F DAMAGING L medium no no
SW48 CHR2 9008616 C A MBOAT2 L L low no no
SW48 CHR2 9661445 T A ADAM17 DAMAGING DAMAGING medium no yes
SW48 CHR2 99154426 G A INPP4A L L low no no
SW48 CHR3 121720670 C A ILDR1 L L L no no
SW48 CHR3 14526474 C T SLC6A6 L L low no no
SW48 CHR3 172428858 G A NCEH1 L L neutral no no
SW48 CHR3 19491679 G A KCNH8 L L neutral no no
SW48 CHR3 196674344 A G PIGZ DAMAGING DAMAGING low no no
SW48 CHR3 48665467 G A SLC26A6 L L low no no
SW48 CHR3 48685756 C T CELSR3 L L medium no no
SW48 CHR3 49755908 C T AMIGO3 L L medium no no
SW48 CHR3 49936300 C A MST1R DAMAGING DAMAGING low yes yes
SW48 CHR3 53137969 C T RFT1 L DAMAGING medium no no
SW48 CHR4 16010663 C T PROM1 L L low no no
SW48 CHR4 48035037 C T NIPAL1 DAMAGING DAMAGING low no no
SW48 CHR4 6303551 G A WFS1 L L medium no no
SW48 CHR4 84511381 G A AGPAT9 DAMAGING L low no no
SW48 CHR4 84511382 T G AGPAT9 DAMAGING L medium no no
SW48 CHR5 140264014 C A PCDHA13 DAMAGING L medium no no
SW48 CHR5 1403077 G A SLC6A3 L L low no yes
SW48 CHR5 140719392 C T PCDHGA2 L L low no no
SW48 CHR5 140741197 C T PCDHGB2 L L medium no no
SW48 CHR5 140741758 G A PCDHGB2 L L low no no
SW48 CHR5 140751666 C T PCDHGB3 L L neutral no no
SW48 CHR5 140801351 G T PCDHGA11 DAMAGING L medium no no
SW48 CHR5 55237601 G A IL6ST L DAMAGING low no no
SW48 CHR6 122766202 C A SERINC1 DAMAGING DAMAGING high no no
SW48 CHR6 14118286 C T CD83 L L low no no
SW48 CHR6 46800989 C A MEP1A DAMAGING L medium no no
SW48 CHR6 70459254 C T LMBRD1 L L low no no
SW48 CHR7 100175513 A C LRCH4 L L low no no
SW48 CHR7 100179785 T C LRCH4 DAMAGING DAMAGING high no no
SW48 CHR7 100410758 A G EPHB4 DAMAGING DAMAGING medium yes yes
SW48 CHR7 105636730 G T CDHR3 DAMAGING DAMAGING medium no no
SW48 CHR7 17930085 T C SNX13 DAMAGING DAMAGING medium no no
SW48 CHR7 47851597 G A PKD1L1 L L neutral no no
SW48 CHR7 47971561 G A PKD1L1 L L neutral no no
SW48 CHR7 55241707 G A EGFR DAMAGING DAMAGING high yes yes
SW48 CHR7 73183733 C T CLDN3 L L medium no no
SW48 CHR7 92848737 A C HEPACAM2 DAMAGING DAMAGING neutral no no
SW48 CHR8 17507364 C T MTUS1 L L low no no



SW48 CHR8 28420410 G A FZD3 L L low no no
SW48 CHR8 29924342 T C TMEM66 DAMAGING L medium no no
SW48 CHR8 30623872 A G UBXN8 L L L no no
SW48 CHR8 37688390 C T GPR124 L L low no no
SW48 CHR8 38275434 C A FGFR1 DAMAGING L low yes yes
SW48 CHR9 108127907 A C SLC44A1 L DAMAGING medium no no
SW48 CHR9 131105562 C T SLC27A4 DAMAGING DAMAGING medium no no
SW48 CHR9 98239971 C T PTCH1 DAMAGING L medium no yes
SW48 CHR9 98278975 C T PTCH1 L L L no yes
SW48 CHRX 37587576 G A XK L L low no no
SW620 CHR1 110464481 A C CSF1 DAMAGING DAMAGING medium no yes
SW620 CHR11 113105855 C T NCAM1 L L L no no
SW620 CHR1 116932195 G A ATP1A1 L L low no yes
SW620 CHR1 27440424 C T SLC9A1 DAMAGING DAMAGING high no yes
SW620 CHR15 79614468 C A TMED3 DAMAGING DAMAGING medium no no
SW620 CHR16 2161275 C A PKD1 L L low no no
SW620 CHR17 37815309 G A STARD3 L L low no no
SW620 CHR19 49713497 G A TRPM4 DAMAGING DAMAGING low no no
SW620 CHR3 37574866 G C ITGA9 L L low no no
SW620 CHR3 45132911 C G CDCP1 L L neutral no no
SW620 CHR4 170912813 C A MFAP3L L DAMAGING low no no
SW620 CHR4 30725149 G A PCDH7 DAMAGING DAMAGING medium no no
SW620 CHR4 6290834 C T WFS1 DAMAGING L medium no no
SW620 CHR5 140774131 G A PCDHGA8 DAMAGING L low no no
SW620 CHR5 140866239 G A PCDHGC4 L L neutral no no
SW620 CHR5 140866458 G A PCDHGC4 L L neutral no no
SW620 CHR6 149285598 C T UST DAMAGING L medium no yes
SW620 CHR6 29692844 C A HLALF L L high no no
SW620 CHR7 47917167 C T PKD1L1 L L low no no
SW620 CHRX 109247337 C G TMEM164 DAMAGING DAMAGING medium no no
SW837 CHR11 119183296 C T MCAM DAMAGING DAMAGING medium no no
SW837 CHR11 76371747 C T LRRC32 L L L no no
SW837 CHR1 26189336 A G PAQR7 L L low no no
SW837 CHR1 27434256 C T SLC9A1 L L low no yes
SW837 CHR14 77686380 G T TMEM63C L L L no no
SW837 CHR16 19126638 G C ITPRIPL2 L L neutral no no
SW837 CHR17 4342997 C T SPNS3 DAMAGING L neutral no no
SW837 CHR17 66274385 G A SLC16A6 L L neutral no yes
SW837 CHR7 90894227 G C FZD1 L L neutral no no
SW837 CHR8 145066637 G A GRINA DAMAGING DAMAGING low no no
SW837 CHR8 38884212 T C ADAM9 DAMAGING L low no no
SW948 CHR12 57593066 G T LRP1 L L L no yes
SW948 CHR15 73547132 C T NEO1 L L neutral no no
SW948 CHR16 74753022 C T FA2H L L low no no
SW948 CHR3 52294451 C T WDR82 DAMAGING L low no no
SW948 CHR5 140800862 C T PCDHGA11 L L low no no
SW948 CHR7 129841781 C G TMEM209 L DAMAGING medium no no
SW948 CHR7 142569515 C T TRPV6 L L low no no
SW948 CHR7 86542399 C A KIAA1324L DAMAGING DAMAGING medium no no
SW948 CHR7 92844905 C A HEPACAM2 DAMAGING DAMAGING low no no
SW948 CHR8 37693087 G A GPR124 DAMAGING DAMAGING medium no no
T84 CHR1 109803761 G C CELSR2 L L low no no
T84 CHR1 117487543 C T PTGFRN DAMAGING DAMAGING medium no no
T84 CHR1 160320003 T G NCSTN L L medium no yes
T84 CHR11 60694754 G T TMEM132A L L low no no
T84 CHR11 68133078 A C LRP5 L L high no no
T84 CHR11 70033939 G A ANO1 L L neutral no no
T84 CHR11 70033988 A G ANO1 L L low no no
T84 CHR1 180135658 G T QSOX1 DAMAGING DAMAGING high no no
T84 CHR11 824794 G C PNPLA2 L L neutral no no
T84 CHR1 46158981 C T TMEM69 L L neutral no no
T84 CHR14 94582130 T C IFI27 L L neutral no no
T84 CHR16 16208860 T C ABCC1 DAMAGING L low no yes



T84 CHR16 3021780 T G PAQR4 DAMAGING DAMAGING medium no no
T84 CHR16 3071795 G C TNFRSF12A L L low no no
T84 CHR1 6522200 G A TNFRSF25 DAMAGING L medium no no
T84 CHR16 626214 G A PIGQ DAMAGING L low no no
T84 CHR16 88782205 G C FAM38A L L medium no no
T84 CHR17 60749449 G T MRC2 DAMAGING DAMAGING medium no no
T84 CHR19 7592459 C T MCOLN1 L L neutral no no
T84 CHR20 4880328 C T SLC23A2 DAMAGING DAMAGING low no yes
T84 CHR2 97526695 G T SEMA4C L L neutral no no
T84 CHR3 37818946 G T ITGA9 L L L no no
T84 CHR3 49153185 G T USP19 L L neutral no no
T84 CHR4 47593282 A G ATP10D L L neutral no no
T84 CHR4 79173594 C T FRAS1 L L medium no no
T84 CHR6 157963727 T C ZDHHC14 DAMAGING L low no no
T84 CHR6 88218823 A C SLC35A1 DAMAGING DAMAGING high no no
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Linhagem Chr Posição Referência Variante Gene Classificação SIFT Kinoma Drogável
CACO2 CHR8 95189865 ACAG A CDH17 InFrame J no no
CACO2 CHR14 23524363 G GG CDH24 Frameshift DAMAGING no no
CACO2 CHR9 5811126 G GAGC ERMP1 InFrame DAMAGING no no
CACO2 CHR8 27516295 A AGA SCARA3 Frameshift DAMAGING no no
CACO2 CHR19 54676754 G GGGAA TMC4 Frameshift DAMAGING no no
COLO205 CHR19 41743939 C CC AXL Frameshift DAMAGING yes no
COLO205 CHR9 111853309 T TCT C9orf5 Frameshift DAMAGING no no
COLO205 CHR4 30725829 G GCATG PCDH7 Frameshift DAMAGING no no
COLO205 CHR3 125725274 ACAAA A SLC41A3 Frameshift J no no
COLO205 CHR11 57268783 G GTG SLC43A1 Frameshift DAMAGING no no
HCC2998 CHR10 105209356 CAG C CALHM2 Frameshift DAMAGING no no
HCC2998 CHR1 223178805 TT T DISP1 Frameshift J no no
HCC2998 CHR12 9098999 A AACA M6PR InFrame J no yes
HCC2998 CHR5 140795219 A AA PCDHGA10 Frameshift J no no
HCC2998 CHR3 125725274 ACAAA A SLC41A3 Frameshift J no no
HCT116 CHR3 53760966 CC C CACNA1D Frameshift DAMAGING no yes
HCT116 CHR16 68835768 GG G CDH1 Frameshift DAMAGING no yes
HCT116 CHR14 23523734 G GG CDH24 Frameshift DAMAGING no no
HCT116 CHR12 7301643 CC C CLSTN3 Frameshift DAMAGING no no
HCT116 CHR1 35250498 GG G GJB3 Frameshift DAMAGING no no
HCT116 CHR12 57567701 C CC LRP1 Frameshift DAMAGING no yes
HCT116 CHR12 57606243 GG G LRP1 Frameshift J no yes
HCT116 CHR12 9098999 A AACA M6PR InFrame J no yes
HCT116 CHR4 31144325 AA A PCDH7 Frameshift J no no
HCT116 CHR5 140812784 TTTT T PCDHGA12 InFrame J no no
HCT116 CHR7 47869147 AA A PKD1L1 Frameshift DAMAGING no no
HCT116 CHR1 44084781 A AA PTPRF Frameshift DAMAGING no no
HCT116 CHR1 156354355 C CC RHBG Frameshift DAMAGING no no
HCT116 CHR17 56448302 GG G RNF43 Frameshift DAMAGING no no
HCT116 CHR19 52034556 G GTG SIGLEC6 Frameshift DAMAGING no no
HCT116 CHR2 230911099 TCTTCT T SLC16A14 Frameshift DAMAGING no no
HCT116 CHR5 1403170 GG G SLC6A3 Frameshift DAMAGING no yes
HCT116 CHR11 60703977 CC C TMEM132A Frameshift DAMAGING no no
HCT116 CHR9 74360136 T TT TMEM2 Frameshift J no no
HCT15 CHR3 184071145 T TGGGCT CLCN2 Frameshift DAMAGING no no
HCT15 CHR5 76128977 GG G F2RL1 Frameshift DAMAGING no no
HCT15 CHR17 42153280 CC C G6PC3 Frameshift DAMAGING no no
HCT15 CHR12 57603947 C CC LRP1 Frameshift J no yes
HCT15 CHR20 4850575 GGG G SLC23A2 Frameshift J no yes
HCT15 CHR3 14513791 TT T SLC6A6 Frameshift DAMAGING no no
HCT15 CHR6 149395147 CC C UST Frameshift DAMAGING no yes
HCT15 CHR17 1631225 T TT WDR81 Frameshift DAMAGING no no
HT29 CHR16 88782164 G GCG FAM38A Frameshift DAMAGING no no
HT29 CHR19 42879966 T TTGTGC MEGF8 Frameshift DAMAGING no no
KM12 CHR19 41744389 CC C AXL Frameshift DAMAGING yes no
KM12 CHR19 49458978 GA GGA BAX Frameshift DAMAGING no no
KM12 CHR2 203407127 AA A BMPR2 Frameshift DAMAGING no no
KM12 CHR3 184073514 GG G CLCN2 Frameshift DAMAGING no no
KM12 CHR7 73184149 C CGTCAA CLDN3 Frameshift DAMAGING no no
KM12 CHR14 39819375 A AACCCT CTAGE5 Frameshift J no no
KM12 CHR8 145689666 CC C CYHR1 Frameshift DAMAGING no no
KM12 CHR4 1019073 CAC C FGFRL1 Frameshift J no no
KM12 CHR6 160485495 G GG IGF2R Frameshift DAMAGING no yes
KM12 CHR12 57603947 C CC LRP1 Frameshift DAMAGING no yes
KM12 CHR1 160324016 TTT TCGCTT NCSTN InFrame J no yes
KM12 CHR5 140263185 GG G PCDHA13 Frameshift DAMAGING no no
KM12 CHR5 140764780 C CC PCDHGA7 Frameshift DAMAGING no no
KM12 CHR14 71443764 GT G PCNX Frameshift DAMAGING no no
KM12 CHR12 94691191 T TA PLXNC1 Frameshift J no no
KM12 CHRX 37312618 C CCC PRRG1 Frameshift DAMAGING no no
KM12 CHR1 227071476 G GCGGCG PSEN2 Frameshift DAMAGING no yes
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KM12 CHR1 45292631 GG G PTCH2 Frameshift DAMAGING no no
KM12 CHR6 128302318 A AA PTPRK Frameshift DAMAGING no no
KM12 CHR11 66133905 CT C SLC29A2 Frameshift DAMAGING no no
KM12 CHR12 94976263 C CC TMCC3 Frameshift DAMAGING no no
KM12 CHR1 9667818 T TCT TMEM201 Frameshift DAMAGING no no
LIM1215 CHR14 95669435 TT T CLMN Frameshift DAMAGING no no
LIM1215 CHR7 143095446 T TTCCCC EPHA1 Frameshift J yes no
LIM1215 CHR4 1019075 C CAC FGFRL1 Frameshift DAMAGING no no
LIM1215 CHR15 65703481 CT C IGDCC4 Frameshift DAMAGING no no
LIM1215 CHR12 57603946 CC C LRP1 Frameshift DAMAGING no yes
LIM1215 CHR4 30726094 AA A PCDH7 Frameshift DAMAGING no no
LIM1215 CHR4 55156530 G GCTGTG PDGFRA Frameshift DAMAGING yes yes
LIM1215 CHR1 208315793 G GG PLXNA2 Frameshift DAMAGING no no
LIM1215 CHR3 48666133 CC C SLC26A6 Frameshift DAMAGING no no
LIM1215 CHR9 74360136 T TT TMEM2 Frameshift DAMAGING no no
LIM1215 CHR17 42268039 CC C TMUB2 Frameshift DAMAGING no no
LIM2405 CHR1 116930023 G GG ATP1A1 Frameshift DAMAGING no yes
LIM2405 CHR10 125805505 TT T CHST15 Frameshift DAMAGING no no
LIM2405 CHR10 125805650 GG G CHST15 Frameshift DAMAGING no no
LIM2405 CHR3 172046795 CA CACTGCA FNDC3B Frameshift DAMAGING no no
LIM2405 CHR8 28385236 G GG FZD3 Frameshift DAMAGING no no
LIM2405 CHR2 202900599 TG T FZD7 Frameshift DAMAGING no no
LIM2405 CHR2 187521091 G GG ITGAV Frameshift DAMAGING no yes
LIM2405 CHR20 10625848 CC C JAG1 Frameshift DAMAGING no no
LIM2405 CHR6 111587368 TT T KIAA1919 Frameshift DAMAGING no no
LIM2405 CHR3 49935638 GG G MST1R Frameshift DAMAGING yes yes
LIM2405 CHR15 73581576 C CC NEO1 Frameshift DAMAGING no no
LIM2405 CHR20 30737497 C CC TM9SF4 Frameshift DAMAGING no no
LOVO CHR2 148683685 TAAAAAAAA TAAAAAAA ACVR2A Frameshift J no no
LOVO CHR17 29185288 TAAAAAAA TAAAAAA ATAD5 Frameshift DAMAGING no no
LOVO CHR18 55328619 TTTCTTCTTCT TTTCTTCT ATP8B1 InFrame J no no
LOVO CHR2 203420129 GAAAAAAA GAAAAAA BMPR2 Frameshift DAMAGING no no
LOVO CHR16 66603929 GTTTTTTTT GTTTTTTT CMTM1 Frameshift DAMAGING no no
LOVO CHR14 39819357 ATTTTT ATTTT CTAGE5 Frameshift J no no
LOVO CHR3 49568919 GCCCCC GCCCC DAG1 Frameshift J no no
LOVO CHR9 5801291 GTTTTTTTT GTTTTTTT ERMP1 Frameshift DAMAGING no no
LOVO CHR3 172114964 GAGAAGAAG GAGAAG FNDC3B InFrame DAMAGING no no
LOVO CHR6 111587360 ATTTTTTTTT ATTTTTTTT KIAA1919 Frameshift DAMAGING no no
LOVO CHR19 11221403 TG T LDLR Frameshift DAMAGING no yes
LOVO CHR7 97766671 CTGTGTGTGTG CTGTGTGTG LMTK2 Frameshift DAMAGING yes no
LOVO CHR4 151509210 ATTTTTTT ATTTTTT LRBA Frameshift DAMAGING no no
LOVO CHR5 140720904 ATTTTTT ATTTTT PCDHGA2 Frameshift DAMAGING no no
LOVO CHR11 14880753 TAAAAA TAAAA PDE3B Frameshift DAMAGING no yes
LOVO CHRX 37312605 ACCCC ACCCCCC PRRG1 Frameshift DAMAGING no no
LOVO CHRX 105937255 GTTTTTTTT GTTTTTTT RNF128 Frameshift J no no
LOVO CHR5 158630629 GTTTTTTTTTTTCTTTTTTTTTTT GTTTTTTTTTCTTTTTTTTTTT RNF145 Frameshift J no no
LOVO CHR9 131112834 TCCCCC TCCCC SLC27A4 Frameshift DAMAGING no no
LOVO CHR11 57185345 CTTTTT CTTTTTT SLC43A3 Frameshift DAMAGING no no
LOVO CHR20 3215424 CAAAAAAA CAAAAAA SLC4A11 Frameshift DAMAGING no no
LOVO CHR1 212548596 CTTTTTTT CTTTTTTTT TMEM206 Frameshift DAMAGING no no
LOVO CHR12 83444731 CAAAAAAA CAAAAAA TMTC2 Frameshift DAMAGING no no
LOVO CHR21 45837906 GCCCCCC GCCCCC TRPM2 Frameshift DAMAGING no no
LOVO CHR12 58140476 TCAACAA TCAA TSPAN31 InFrame DAMAGING no no
LOVO CHR1 160389124 GCCCC GCCC VANGL2 Frameshift DAMAGING no no
LOVO CHR22 20130521 GCCCCCC GCCCCC ZDHHC8 Frameshift DAMAGING no no
LOVO CHR22 20132875 TAAGAAG TAAG ZDHHC8 InFrame DAMAGING no no
RKO CHR3 183669316 GGA G ABCC5 Frameshift DAMAGING no yes
RKO CHR21 43697013 A AATTA ABCG1 Frameshift DAMAGING no yes
RKO CHR11 69934049 CC C ANO1 Frameshift DAMAGING no no
RKO CHR2 203420135 AA A BMPR2 Frameshift DAMAGING no no
RKO CHR11 125880259 TG T CDON Frameshift DAMAGING no no
RKO CHR3 48698230 TCT T CELSR3 Frameshift DAMAGING no no
RKO CHR8 145689667 C CC CYHR1 Frameshift DAMAGING no no



RKO CHR4 187532799 A AA FAT1 Frameshift DAMAGING no no
RKO CHR4 1019073 CAC C FGFRL1 Frameshift DAMAGING no no
RKO CHR1 160063819 GTG G IGSF8 Frameshift DAMAGING no no
RKO CHR20 10630972 CC C JAG1 Frameshift DAMAGING no no
RKO CHR12 12303944 TT T LRP6 Frameshift DAMAGING no no
RKO CHR3 172365832 T TT NCEH1 Frameshift DAMAGING no no
RKO CHR5 140812785 TTT T PCDHGA12 Frameshift J no no
RKO CHR20 4850575 GGG G SLC23A2 Frameshift DAMAGING no yes
RKO CHR8 22262236 CTGCTGC C SLC39A14 InFrame DAMAGING no yes
RKO CHR1 27428611 GG G SLC9A1 Frameshift DAMAGING no yes
RKO CHR17 7324623 C CC SPEM1 Frameshift DAMAGING no no
RKO CHR19 51135703 CTGC C SYT3 InFrame DAMAGING no no
RKO CHR1 160393932 GG G VANGL2 Frameshift DAMAGING no no
RW2982 CHR16 88787607 CCTTCTTC CCTTC FAM38A InFrame J no no
RW2982 CHR16 19126043 TCTCCTC TCTC ITPRIPL2 InFrame DAMAGING no no
RW2982 CHR11 5475021 GTTT GT OR51I2 Frameshift DAMAGING no no
RW2982 CHR1 156354347 TCCCCCCCC TCCCCCCC RHBG Frameshift J no no
RW7213 CHR16 88787607 CCTTCTTC CCTTC FAM38A InFrame DAMAGING no no
SKCO1 CHR19 36230499 CAG C IGFLR1 Frameshift DAMAGING no no
SW1116 CHR3 184071131 CCGGCGG CCGGCGGCGG CLCN2 InFrame J no no
SW1116 CHR5 140772898 GCCCC GCCC PCDHGA8 Frameshift J no no
SW480 CHR5 159344459 G GAA ADRA1B Frameshift DAMAGING no yes
SW480 CHR19 17441667 TT T ANO8 Frameshift DAMAGING no no
SW480 CHR1 160327026 G GAATCG NCSTN Frameshift DAMAGING no yes
SW480 CHR11 5474927 A AC OR51I2 Frameshift DAMAGING no no
SW480 CHR1 44086146 C CA PTPRF Frameshift DAMAGING no no
SW480 CHR1 29631319 A AC PTPRU Frameshift DAMAGING no no
SW48 CHR2 148683685 TAAAAAAAA TAAAAAAA ACVR2A Frameshift DAMAGING no no
SW48 CHR3 105258916 TCCCCC TCCCC ALCAM Frameshift DAMAGING no no
SW48 CHR19 17441667 TT T ANO8 Frameshift DAMAGING no no
SW48 CHR4 47559697 TGGGGGGG TGGGGGG ATP10D Frameshift DAMAGING no no
SW48 CHR18 55365039 ATTTTTTTT ATTTTTTT ATP8B1 Frameshift DAMAGING no no
SW48 CHR20 3564725 GCCCCC GCCCC ATRN Frameshift DAMAGING no no
SW48 CHR1 32202283 AAAGAAGAAG AAAGAAG BAI2 InFrame DAMAGING no no
SW48 CHR1 32222151 CGGGGGG CGGGGG BAI2 Frameshift DAMAGING no no
SW48 CHR14 23517513 CGGGGGGG CGGGGG CDH24 Frameshift DAMAGING no no
SW48 CHR1 109801512 GCCTCCTCCTCC GCCTCCTCC CELSR2 InFrame DAMAGING no no
SW48 CHR12 102108337 GTTTTTTTT GTTTTTTT CHPT1 Frameshift DAMAGING no no
SW48 CHR8 145689658 GCCCCCCCCC GCCCCCCCC CYHR1 Frameshift DAMAGING no no
SW48 CHR6 170594673 GCCCCCCC GCCCCCC DLL1 Frameshift DAMAGING no no
SW48 CHR1 16462198 CGGGGGG CGGGGG EPHA2 Frameshift DAMAGING yes yes
SW48 CHR4 1801137 TGGGG TGGG FGFR3 Frameshift DAMAGING yes yes
SW48 CHR13 20717071 GCTCTCTCTCT GCTCTCTCT GJA3 Frameshift DAMAGING no no
SW48 CHR1 100534121 CTTTTTTTT CTTTTTTT HIAT1 Frameshift DAMAGING no no
SW48 CHR15 65676731 TGGGGG TGGGG IGDCC4 Frameshift DAMAGING no no
SW48 CHRX 70327613 TGGGGGGG TGGGGGG IL2RG Frameshift DAMAGING no yes
SW48 CHR12 26553091 CA CAA ITPR2 Frameshift DAMAGING no no
SW48 CHR1 202183357 TG T LGR6 Frameshift J no no
SW48 CHR11 76372197 TCCCCC TCCCCCC LRRC32 Frameshift DAMAGING no no
SW48 CHR1 90400066 CGGGGG CGGGG LRRC8D Frameshift DAMAGING no no
SW48 CHR5 94050577 CTTTTTTT CTTTTTT MCTP1 Frameshift DAMAGING no no
SW48 CHR17 60755932 TGGGGG TGGGG MRC2 Frameshift DAMAGING no no
SW48 CHR11 5474927 A AC OR51I2 Frameshift DAMAGING no no
SW48 CHR5 140751068 CAAAA CAAA PCDHGB3 Frameshift J no no
SW48 CHR9 98211548 TGGGGGG TGGGGG PTCH1 Frameshift DAMAGING no yes
SW48 CHR11 73101831 GCCCCCC GCCCCC RELT Frameshift DAMAGING no no
SW48 CHR8 101300215 CTTTTTTT CTTTTTT RNF19A Frameshift DAMAGING no no
SW48 CHR17 56435160 ACCCCCCC ACCCCCC RNF43 Frameshift DAMAGING no no
SW48 CHR17 56437564 CCACACA CCACA RNF43 Frameshift DAMAGING no no
SW48 CHR5 149357646 CTTTTTTT CTTTTTT SLC26A2 Frameshift DAMAGING no no
SW48 CHR17 79219741 TCCCCCCC TCCCCCC SLC38A10 Frameshift DAMAGING no no
SW48 CHR2 220502412 GCCCCCCC GCCCCCCCC SLC4A3 Frameshift DAMAGING no no
SW48 CHR12 21355480 TAAAAAA TAAAAA SLCO1B1 Frameshift DAMAGING no no



SW48 CHR6 132793429 TGGGGG TGGGG STX7 Frameshift DAMAGING no no
SW48 CHR11 85342821 GAAAAAAA GAAAAAA TMEM126B Frameshift DAMAGING no no
SW48 CHR6 75994292 GCCCCCC GCCCCC TMEM30A Frameshift J no no
SW48 CHR7 77423459 CTTTTTTTTT CTTTTTTTT TMEM60 Frameshift DAMAGING no no
SW48 CHR1 156255497 GCCCCCCC GCCCCCC TMEM79 Frameshift DAMAGING no no
SW48 CHR8 30601786 CGG CG UBXN8 Frameshift J no no
SW48 CHR3 49147679 TGGGGGG TGGGGG USP19 Frameshift DAMAGING no no
SW48 CHR12 6574048 ATACTTACTTAC ATACTTAC VAMP1 Frameshift J no no
SW48 CHR17 1631340 TGAGGAGGAGGAG TGAGGAGGAG WDR81 InFrame J no no
SW620 CHR9 111853308 C CCTC C9orf5 InFrame DAMAGING no no
SW620 CHR12 94691191 T TA PLXNC1 Frameshift DAMAGING no no
SW620 CHR17 79219504 ATGA A SLC38A10 InFrame DAMAGING no no
SW620 CHR17 1636866 A ACC WDR81 Frameshift DAMAGING no no
SW837 CHR8 120220771 GCCCC GCCC MAL2 Frameshift J no no
SW837 CHR2 197729757 ATT ATTT PGAP1 Frameshift DAMAGING no no
SW837 CHR1 156354347 TCCCCCCCC TCCCCCCC RHBG Frameshift J no no
T84 CHR5 140772898 GCCCC GCCC PCDHGA8 Frameshift DAMAGING no no
T84 CHR11 130784840 CCTTCTTC CCTTC SNX19 InFrame DAMAGING no no
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ABSTRACT 
 
BACKGROUND: Somatically acquired chromosomal rearrangements occur at early 

stages during tumor formation and can be used to indirectly detect tumor cells, serving as 

highly sensitive and specific tumor biomarkers. Recent advances in high throughput 

sequencing technology have allowed the genome-wide identification of patient-specific 

chromosomal rearrangements that can be used as personalized biomarkers to efficiently 

assess response to treatment, detect residual disease and monitor disease recurrence. 

However, sequencing and data processing costs still represent major obstacles for the 

widespread application of personalized biomarkers in oncology.  

RESULTS: We developed a computational pipeline (ICRmax) designed for the cost-

effective identification of a minimal set of tumor-specific interchromosomal 

rearrangements (ICRs) for clinical application. We examined ICRmax performance on 

our own sequencing data derived from six rectal tumors and simulated data achieving an 

average accuracy of 68% for ICR identification.  

CONCLUSIONS: ICRmax allows the identification of interchromosomal translocations 

from low-coverage (3x) sequenced tumor genomes, eliminates the need to sequence a 

matched normal tissue genome and significantly reduces the costs that currently limit the 

utilization of personalized biomarkers in the clinical setting to approximately US$1,700 

per patient. 
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INTRODUCTION 
 

Somatically acquired chromosomal rearrangements, including duplications, 

inversions, deletions, insertions and translocations, constitute a key feature of tumor 

genomes (1-3). They occur at early stages during tumor formation and persist throughout 

tumor progression (4). These rearrangements are not present in normal cells from cancer 

patients and can thus be used to unequivocally detect tumor cells, serving as highly 

sensitive and specific tumor biomarkers to approach clinically relevant endpoints, such as 

assessment of response to therapy and detection of disease recurrence (5-7). 

 Technically, PCR detection of translocated DNA sequences that originate from 

different chromosomes or thousands of base pairs apart is a straightforward process when 

compared to PCR discrimination of single-base alterations and, therefore, tumor-specific 

chromosomal rearrangements represent ideal markers for monitoring tumor burden (5,8). 

Highly sensitive and specific assays developed to detect recurrent chromosomal 

translocations in hematological tumors have become standard practice to monitor residual 

disease and predict relapse to targeted therapy, allowing individualized therapeutic 

choices (9,10). 

Unfortunately, a similar use of known chromosomal rearrangements in solid 

tumors has been hampered by the absence of recurrent rearrangements in these tumors (3). 

Recently, however, whole-genome sequencing has become efficient and affordable 

enough to allow genome-wide identification of patient-specific somatic chromosomal 

rearrangements (Campbell, et al., 2008; Mardis, et al., 2009; Stephens, et al., 2009; 

Stratton, et al., 2009; Pleasance, et al., 2010a,b) that could be used as personalized 

biomarkers to detect tumor cells (5).  
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Currently, analysis of short read paired-end or mate-pair sequences aligned 

against the human reference genome is the most efficient strategy to detect somatic 

chromosomal rearrangements present in tumor genomes. However, due to the repetitive 

nature of the human genome and the presence of structural variations, assigning the 

correct mapping positions to short reads and calling somatic chromosomal 

rearrangements are not straightforward processes (1,11), and a large number of false 

positive candidates are usually identified (3), generating unacceptable levels of noise. In 

order to reduce the high number of false positives candidates and analysis complexity, 

sequencing of a matched normal tissue DNA sample is usually required (12,13), 

increasing both the sequencing and computational costs, and further limiting the use of 

this strategy in actual clinical practice.  

Here we present a pipeline (ICRmax) that allows the efficient identification of 

tumor-specific interchromosomal rearrangements. ICRmax has sets of filters that 

efficiently eliminate the need to sequence a matched normal genome and to allow the 

efficient identification of interchromosomal rearrangements from low-coverage (~3x) 

sequenced tumor genomes. The use of ICRmax significantly reduces the sequencing and 

computational costs associated with the identification of tumor-specific chromosomal 

rearrangements and will certainly contribute to the widespread use of personalized 

biomarkers in the routine clinical practice of patients with solid tumors. 
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RESULTS AND DISCUSSION 

 
ICRmax implementation and filters 
 
 ICRmax was developed to efficiently identify a minimal set of reliable 

interchromosomal rearrangements from low coverage sequenced tumor genomes without 

the need to sequence a matched normal genome, reducing the sequencing cost and 

creating an opportunity to implement the use of personalized biomarkers in the routine 

clinical management of solid tumors. 

 ICRmax starts from sequence alignment data against the human reference genome 

in .bam format allowing users to apply their algorithm of choice for the alignment of 

mate-pair or pair-end reads. First, all reads with identical mapping coordinates are 

removed from further analysis, since they likely result from PCR duplicates generated 

during the library construction and amplification steps and can provide sequencing 

support to a false positive candidate (14-16). Next, .bam files are processed using 

BEDTools (17) and read pairs presenting an alignment against the human reference 

genome in the expected orientation and distance are discarded while aberrant pairs with 

reads mapping on different chromosomes are retained in the analysis. 

 In order to minimize reference genome assembly errors and structural 

polymorphisms, selected reads pairs are submitted through a second mapping step using 

alternative human genome assemblies and read pairs mapping on the same chromosome 

are excluded. Subsequently, read pairs mapping inside centromeric (+1Mb) and telomeric 

regions (+1Mb), and read pairs mapping to some of the regions defined by RepeatMasker 

(18) that may result in ambiguous mapping are removed. We also removed read pairs 

mapped in regions corresponding to segmental duplications (19) in order to avoid false-
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positive rearrangements caused by the misalignment of read pairs in the parental and 

duplicated regions. Lastly we removed mate pairs with reads mapping to the 

mitochondrial genome since we observed that the presence of nuclear copies of 

mitochondrial DNA (numts) in the nuclear genome (20) leads to misalignments and the 

identification of false-positives. 

Finally, read pairs are grouped (clustered) based on their genomic coordinates. 

Reads from different pairs mapped within a minimal distance corresponding to the 

average library insert size + 2 standard deviation (s.d.) on either side of the putative 

rearrangement are grouped. Putative ICRs are then ranked by the number of supporting 

pairs and we select those clusters composed of a minimum of three and a maximum of 80 

pairs, reducing the impact of incorrect mapping and other artifacts. Both the clustering 

and this cutoff reduce substantially the number of reads indicating rearrangement events 

and simplify the last steps of the pipeline. For SOLiD platform data, the small number of 

remaining reads is then realigned using BLAT to remove further unreliable read mapping 

that may result from the initial alignment step for color space reads (see Methods). After 

removing these mate pairs, the minimum read pair support should once again be 

evaluated and only clusters with at least two reads respecting the same orientation pattern 

should be maintained (see Supplementary Figure 1). ICRmax pipeline is summarized in 

Figure 1 and a step-by-step command line is provided in the supplementary material and 

also available at http://www.bioinfo.mochsl.org.br/ICRmax/downloads (file 

ICRmax_pipeline.htm). 

 

 

http://www.bioinfo.mochsl.org.br/SVMax/downloads
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Identification of interchromosomal rearrangements in rectal tumors with ICRmax. 

 
In order to show how our pipeline works, we used ICRmax to identify 

interchromosomal rearrangements in six rectal tumor genomes (RT1-RT6). For each 

sample, mate-pair libraries with average insert size of 600bp were generated using tumor 

genomic DNA and sequenced in a SOLiD sequencing platform to varying depths (see 

Table 1). Sequenced reads were aligned against the human genome reference sequence 

using Bioscope (Applied Biosystems) and only high quality (Q>20) alignments were 

selected for further analysis. Sequence coverage varied from 4 to 9x and the calculated 

physical coverage based on the average insert size of sequenced fragments varied 

between 15 to 62x. Sequencing and coverage information for each tumor sample is 

presented in Table 1. We also sequenced three matched normal genomes (N1, N5 and 

N6) and submitted the sequenced reads through the same pipeline to evaluate their 

contribution to exclude false positive events that were not filtered out by ICRmax. 

Sequence and physical coverage for the matched normal genomes varied from 3.2 to 9.3x 

and from 15 to 32x, respectively (Table 1). 

As expected, a variable number of putative interchromosomal rearrangements 

were identified in each tumor genome (ranging from 9 to 105 events per sample, average 

of 32). Interestingly, when we compared the set of ICR candidates in each tumor genome 

we found a significant number of recurrent events (Table S1). Since solid tumors are well 

known for their lack of recurrent tumor-specific rearrangements (3) we assumed that 

these recurrent events (Table S1) might correspond to artifacts that could be removed by 

comparison with the matched normal samples (21-23). The presence of recurrent 

structural variation breakpoints was recently observed in a study of complex genomic 
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rearrangements (24) and as a validation strategy only breakpoints present in a single 

tumor were considered somatic. Accordingly, we selected eight tumor-recurrent events 

for validation by PCR amplification with primers flanking the putative breakpoint region 

determined by the alignment of mate pair reads. As expected for such false positive 

somatic events, amplification with specific primers was obtained when using both the 

tumor and matched normal DNA (Figure S2) and these cases are therefore not candidates 

for tumor-specific rearrangements. The list of recurrent artifacts is available as 

supplementary data (Table S2), or directly at 

http://www.bioinfo.mochsl.org.br/ICRmax/downloads (file recurrent_artifacts.bed).  

Thus, ICRmax does not rely on the need to sequence matched normal/tumor 

genomes due to the implementation of additional filters to remove recurrent events and to 

eliminate false-positive rearrangements, reducing by at least half the sequencing cost, but 

still allowing the identification of a reliable minimal set of tumor specific ICRs for 

clinical application. 

 After removing recurrent artifacts and false-positive candidates, the number of 

identified events for each sample varied from 2 to 96, with an average of 23 per sample 

(detailed in Table 2). Rearrangements present in each sample are graphically represented 

in Figure 2 and Supplementary Figure 3. A subset of theses putative rearrangements was 

then selected for PCR validation followed by Sanger sequencing (Table 2). Of the 36 

putative interchromossomal rearrangements selected for validation, 18 (50%) were 

confirmed as somatic tumor-specific events and their exact breakpoints were determined 

for most cases after sequencing (PCR amplification results are shown in Supplementary 

Figure 2). Validation efficiency between different samples varied from 9 to 90%, and 

http://www.bioinfo.mochsl.org.br/SVMax/downloads
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some patients, like RT4, provided more difficulty in the validation stage, possibly due to 

the presence of different levels of genetic instability and tumor heterogeneity. Figure 3 

illustrates the genomic region, as well as the sequence coverage, of a confirmed 

rearrangement between chromosomes 1 and 17 detected in sample RT2. The exact 

breakpoint was determined by PCR amplification followed by Sanger sequencing of the 

amplified fragment (see Supplementary Figure 4). Interestingly, this rearrangement is 

located in the TP53BP2 gene region, and loss of this functional gene product has been 

associated with gastric and other cancer susceptibility (25). 

These validated rearrangements can be used in further investigation as biomarkers 

for their corresponding patients. The validation stage is essential in distinguishing tumor 

specific events from germline polymorphisms or false positives candidates. Furthermore, 

one could argue that studies can rely mainly on this step to select for tumor-specific 

events. However, the costs of primer design and the time spent on breakpoint 

amplification can be a limiting factor when identifying personalized chromosomal 

rearrangements in the clinical setting. The optimization of the bioinformatics analysis is 

therefore critical for defining a concise set of reliable rearrangements to substantially 

increase the efficiency of the entire process. 

 

Comparison to a tumor-normal paired sequencing  

As previously mentioned, to assess the contribution of sequencing matched 

normal genomes when using ICRmax, we sequenced matched normal DNA for three of 

our tumor samples. Sequencing and coverage information for all normal samples is 

presented in Table 1. We found that most (62%) of the ICR candidates detected in both 
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normal and tumor DNA were also detected in other tumor samples and therefore present 

in our list of recurrent artifacts. For instance, 13 events were detected in both N1 and RT1 

samples derived from the same patient, but 10 of these rearrangements were also present 

in our list of tumor-recurrent artifacts. Interestingly the number of events filtered by the 

recurrent artifact list was for some of the samples greater than the number of events 

removed exclusively by comparison to the matched normal genomes. For example, for 

patient #1 a total of 3 rearrangements that were not identified by sequencing the matched 

normal genome were filtered out using the list of tumor-recurrent rearrangements and one 

extra event was removed by comparison with one of the other normal tissues sequenced. 

Similar results were observed for the other two patients for whom we have sequenced the 

matched normal DNA (Table S1). Noteworthy, for patient #6, sequencing the matched 

normal DNA (N6) removed only four rearrangements found in the tumor genome (and 

only one of these could not be removed by the tumor-recurrent list), likely due to the low 

coverage obtained for the normal sample (Table 1), suggesting that sequencing paired 

normal tissue with lower coverage is not an effective option to remove false-positive 

candidates. The matched normal tissue contribution therefore does not justify the increase 

in the sequencing cost, since a search for recurrent events in different tumor genomes 

allows the efficient identification of artifactual events. 

 

Simulated rearrangement datasets 

 Overall, our pipeline was effective when applied to the tumor genomes sequenced 

and allowed the identification of a minimal subset of personalized interchromosomal 

rearrangements. However, tumor heterogeneity and genetic instability prevents both the 
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complete identification of rearrangements present in the tumor genome as well as a true 

estimate of our method’s accuracy. In order to better evaluate our pipeline we simulated 

three human genomes (based on hg19) containing different numbers of ICRs. We 

randomly created 20, 30 and 40 ICR events for each genome (RG1, RG2 and RG3, 

respectively; for details, see Methods and Supplementary data). From each genome (RG1, 

RG2 and RG3) we also generated three sets of randomly sampled reads (mate pairs of 

50nt and insert size of 700nt, on average), which represent a simulated physical coverage 

of 44x, 25x and 13x, respectively (see Table 3). Using ICRmax and increasing the 

minimal mate pair support to five reads, we were able to correctly identify 42 out of the 

90 simulated rearrangements (47% specificity) and eight additional false positive 

candidates (84% accuracy; Table 4). As expected, for the low sequence coverage 

genomes (1.9x and 3.8x; Table 3), ICRmax performed with a lower sensitivity (42.5%), 

but a remarkable accuracy (100%). When we decrease the mate pair support requirement 

to three reads in the RG2 and RG3 simulated genomes, we detected a higher number of 

true simulated rearrangements (18/30 for RG2 and 20/40 for RG3) but a number of false 

positives also appear in the sets (14 for RG2 and 3 for RG3). The results presented in 

Table 4 suggest that our pipeline achieved an experimentally acceptable accuracy and 

sensitivity for ICR detection and performed well even under low sequencing (1.9x) and 

physical (13x) coverage (for RG3, for instance). Further details on the simulated reads 

can be found in the Methods section and results regarding our simulated data are 

presented in Tables 3 and 4 and Supplementary Figure 3. 
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Cost Analysis 

 Based on the data presented here, we estimated the final cost associated with the 

immediate application of this protocol in the clinical setting. At our facilities, the 

sequencing cost in the SOLiD 5500XL platform is approximately ~US$1 per 20 million 

bases. To obtain a 4X sequencing coverage for each patient sample, one needs to generate 

~20 billion bases (400 million reads with 50nt), totalizing ~US$1,000 per patient. For 

each patient the final cost for the development of personalized chromosomal 

rearrangements should include additional costs for sample processing and mate-pair 

library construction (~US$470 per patient) as well as for PCR validation. Testing 10 

putative rearrangements will cost ~US$200 in primer synthesis and ~US$10 for all PCR 

reactions. Assuming a 50% validation rate, subsequent Sanger sequencing of the five 

PCR-validated rearrangements for breakpoint determination would add ~US$50 reaching 

the final cost of ~US$1730 per patient. 

 

CONCLUSION 

Recent advances in high throughput sequencing technology have allowed the 

genome-wide identification of patient-specific chromosomal rearrangements (2,3,5,6,13). 

These personalized biomarkers are especially useful to assess response to treatment, 

detect residual disease and monitor disease recurrence and are expected to have a 

widespread use in clinical oncology (5,6). Unfortunately, current methods for 

chromosomal rearrangement detection require the sequencing of both tumor and matched 

normal genomes increasing the sequencing and computational costs and precluding the 

implementation of personalized biomarkers in clinical practice (12,13). ICRmax aims to 
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eliminate this need, relying on a set of strict mapping filters and inter-tumoral comparison 

to greatly reduce false positive candidates. However it is important to emphasize that the 

main goal is not to obtain the full set of ICR events present in the tumor genome, but to 

efficiently identify a minimal set of rearrangements which in any case can only represent 

part of a much larger set of tumor alterations due to the percentage of a solid tumor 

collected in a biopsy, for example. The minimal set of identified rearrangements can be 

validated and included into practice, reducing the cost and time required the identification 

of clinically useful personalized biomarkers. 
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METHODS 

Sample preparation and whole genome sequencing 

Biopsies from six locally advanced rectal tumors were obtained from patients treated at 

the Instituto Angelita & Joaquim Gama/Hospital Alemão Oswaldo Cruz (HAOC – São 

Paulo, Brazil; http://www.hospitalalemao.org.br). Tumor samples were collected after 

informed consent and approval of the HAOC Ethics Committee in Research. Blood 

samples from the same patients were also collected and circulating leucocytes were used 

as a source of normal matched germline DNA. Genomic DNA was extracted using a 

Trizol based protocol for simultaneous DNA/RNA extraction (26). Mate-pair libraries 

were generated for the SOLiD platform according to the manufacturer’s instructions. In 

brief, 5ug of whole genome amplified (WGA) DNA samples were randomly sheared into 

0.6-1.0 kb fragments using the Covaris S2 System. Fragmented DNA was size selected 

on 0.8% agarose gels and used as template in emulsion PCR. DNA fragments were 

coupled to bead via an adapter sequence and clonally amplified. Amplified DNA 

fragments were then covalently attached to a glass slide. Sequencing primers hybridized 

to the adapter sequence and fluorescently labeled di-base probes were used in ligation-

based sequencing generating 50nt mate-pair reads.  

 

Read alignment and selection of discordant mate pairs 

 All color space reads were aligned using standard BioScope mapreads (Applied 

Biosystems) algorithm against hg19/GRCh37 reference sequence downloaded from 

UCSC Genome Browser (http://genome.ucsc.edu/) (27). Only sequences with unique 

mapping and mapping quality greater than or equal to 20 (Q>=20) are used in subsequent 

http://genome.ucsc.edu/
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steps. Once the reads are paired, their orientation and mapping position are analyzed. 

Mate pairs showing same orientation and mapping within expected distance (mean insert 

size +/- 2s.d.) are discarded. For interchromosomal rearrangements, paired reads mapped 

in different chromosomes are selected and further investigated. Other mate pairs with 

anomalous mapping patterns can be selected to search for interchromosomal 

rearrangements such as insertions, deletions and inversions (28). 

 Selected reads presenting discordant interchromosomal mapping were submitted 

through a second alignment step using a set of three alternative genome assemblies: 

HuRef (J. Craig Venter Institute) (29), GRCh37_alt (partial reference genome with 

alternative representations - Genome Reference Consortium) and CRA (human chr7 

complete sequence - The Center for Applied Genomics) (30). After mapping, all cases 

where both reads in a mate pair map in the same chromosome were removed from further 

analysis. 

 Finally, sequences with the same alignment (identical start or end positions) 

putatively resulting from PCR amplification in the library construction step are removed 

from the set. 

  

Rearrangement identification 

Sequences mapped on certain repetitive regions defined by RepeatMasker (18) 

(LINEs, SINEs, low complexity regions, satellites and rRNA genes) are removed, as well 

as reads mapped within segmental duplications (19). Centromeric and telomeric regions 

(downloaded from UCSC Genome Browser – http://genome.ucsc.edu) are expanded by 
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1Mb and reads mapped within those regions are also removed. Reads mapped to 

mitochondrial chromosome are also excluded. 

Remaining mate pairs are clustered based on mapping positions and indication of 

the same rearrangement. For interchromosomal rearrangements, mate pairs with reads 

mapping in the same two chromosomes are compared and reads from each pair should 

map within a predetermined window to indicate the same event (windows are calculated 

by adding 2s.d. to mean insert size).  

Once clusters are formed, the number of mate pairs supporting the event is 

evaluated. At this point all clusters supported by less than 3 and more than 80 mate pairs 

are removed. For the evaluation of the recurrent events, we lowered the mate pair support 

to two reads for the comparison between patients, keeping only events in the final set that 

could not be found in other patients even with the lower support. 

For SOLiD sequencing data, remaining reads are submitted through a third and 

final mapping step. The FASTA sequences resulting from the initial alignment are used 

as input for BLAT (31). BLAT parameters used were the same indicated for reproducing 

the webtool results and can be found in Genome Browser (27,32). Similarly, reads from a 

single mate pair showing other mapping possibilities in the same chromosome and within 

expected distance from their mate pairs are removed from the final set. After removing 

these reads, support for the clusters is reevaluated and once again maintained only cases 

with 3 or more mate pairs indicating the event. The final sets of rearrangements found are 

represented in Figure 2 and Figure S3 using Circos (33). 
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Simulated datasets 

  Based on the human genome sequence (hg19), three sets (RG1, RG2 and RG3) 

of ICR were randomly generated by using Perl scripts. Briefly, we first randomly selected 

a chromosome and a genomic coordinate, followed by a second selection of another 

breakpoint in a different chromosome. The FASTA sequences of both chromosomes 

involved in the rearrangements were joined, creating a new chromosome. This process 

was repeated 20x for RG1, 30x for RG2 and 40x for RG3 (Supplementary Table 3). 

Chromosomes that were not involved in any simulated rearrangement were also kept in 

the final file. Finally, these genomes were then used to simulate color space sequenced 

reads with 50bp and 700bp insert size between mate pair reads. In order to simulate the 

real sequencing, the generated reads contain 1% sequencing errors. The number of reads 

generated was calculated based on the sequence and physical coverage we wished to 

obtain for each simulation relative to the size of the reference human genome (hg19). 

 

Orientation patterns and primer design  

 Read orientation is also considered when defining the candidates for 

interchromosomal rearrangements. For the true positive candidates, mate pairs spanning a 

single breakpoint will show equal patterns of orientation. In case of SOLiD sequencing, 

mate pairs indicating the same breakpoint can be classified into four different patterns 

detailed in Figure S1. After dividing remaining mate pairs into different orientation 

patterns clusters still containing two or more mate pairs are chosen for validation. 

Clusters can end up divided into two sets of orientations, which most likely represent two 

separate breakpoints for an insertion or translocation. After observing read orientation, 
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support for the final clusters is lowered to at least two mate pairs indicating the 

rearrangement. 

  

Breakpoint validation by PCR and sequencing 

Primers were designed for a randomly chosen subset of the identified rearrangements for 

each patient. Mate-pair sequences flanking predicted breakpoints were used as target 

sequences for primer design using Primer3 when possible, with further manual 

evaluations necessary to adjust the sequences to the target regions. Mate-pair sequence 

order and orientation was used to guide primer design. When primers could not be 

designed from mate-pair sequences, upstream genomic sequence up to 200 bp was used 

for primer design. Primers were used for PCR on tumor and matched normal samples to 

confirm the somatic origin and tumor-specificity of the rearranged fragments. Sanger 

sequencing of PCR products was used confirm the specificity of the PCR amplification 

and to map breakpoint sequences. 

 

AVAILABILITY AND REQUIREMENTS 
   

 The step-by-step command line and necessary files to implement the ICRmax 

pipeline are available at http://www.bioinfo.mochsl.org.br/ICRmax/downloads. The 

sequences used in this analysis are available at: The European Nucleotide Archive (ENA; 

www.ebi.ac.uk/ena) under accession number PRJEB4781. 

 

 

 

http://www.bioinfo.mochsl.org.br/SVMax/downloads
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Figure 1. Bioinformatics pipeline showing the main steps for whole tumor genome 

analysis and selection of sequences indicating the presence of structural variation such as 

interchromosomal rearrangements. 

 

Figure 2. Circos representation of the interchromosomal rearrangements found in 3 

tumor genomes. a) RT1; 10 rearrangements b) RT2; 15 rearrangements c) RT3; 4 

rearrangements. 

 

Figure 3. Genome browser view of reads (green) indicating one of RT2 rearrangements 

between chromosome 17 (left) and chromosome 1 (right). Region shown for chromosome 

17 ends in the breakpoint found after Sanger sequencing. Region shown for chromosome 

1 also starts in the exact breakpoint nucleotide. Read orientation indicates that the 

rearrangement is structured as shown and confirmed through Sanger sequencing. The 

nucleotide sequence of the breakpoint region is shown above. Last nucleotide of 

chromosome 17 and first nucleotide of chromosome 1 are marked in red. Sequence 

coverage is shown in dark blue, only reads with mapping quality >= 20 are used. 
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TABLES 
 
Table 1. Mapping results for rectal tumor samples and paired normal tissue samples 
submitted through whole genome sequencing. 
Sample Total reads Mapped Nucleotides Physical Coverage Sequence 

Coverage 
RT1 1,035,604,016 25,967,977,794 (50%) 180,593,981,498 (62x) 9.0x 

RT2 393,756,912 12,232,074,899 (62%) 57,714,657,702 (20x) 4.2x 

RT3 385,789,584 11,616,923,871 (60%) 53,821,366,172 (19x) 4.0x 

RT4 398,436,826 12,231,994,959 (61%) 59,355,360,167 (20x) 4.2x 

RT5 425,460,416 15,150,461,585 (51%) 42,211,056,664 (15x) 5.2x 

RT6 991,625,036 20,921,867,961 (42%) 77,491,127,440 (27x) 7.2x 

N1 728,574,754 21,532,212,957 (49%) 78,716,757,426 (27x) 7.4x 

N5 682,517,714 26,824,738,972 (65%) 94,020,024,357 (32x) 9.3x 

N6 305,101,394 9,129,663,072 (60%) 43,929,159,747 (15x) 3.2x 
 
 
 
Table 2. Validation results 
Sample Number of 

clusters 
Rearrangements after 

recurrent filter 
Tested 

rearrangements 
Validated as 

tumor specific 
RT1 27 10 6 3 (50.0%) 

RT2 18 15 10 9 (90.0%) 

RT3 9 4 4 3 (75.0%) 

RT4 105 96 11 1 (9.0%) 

RT5 14 2 1 1 (100.0%) 

RT6 19 14 4 1 (25.0%) 
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Table 3. Mapping results for genomes containing randomly simulated ICRs. 
Simulated 
Genomes 

Reads Generated Mapped Reads Sequence 
Coverage 

Physical 
Coverage 

RG1 402,771,620 336,548,722 
(83.5%) 

5.8x 44x 

RG2 263,391,883 221,636,923 
(84.1%) 

3.8x 25x 

RG3 131,695,960 110,878,325 
(84.2%) 

1.9x 13x 

 
Table 4. Identification of simulated events by ICRmax. 
Simulated 
Genomes 

Simulated 
ICRs 

Found ICRs 
(final set) 

True positives 
(accuracy) 

Sensitivity 

RG1 20 21 13 (62%) 65% (13/20) 

RG2 30 15 15 (100%) 50% (15/30) 

RG3 40 14 14 (100%) 35% (14/40) 

Total 90 50 42 (84%) 47% (42/90) 
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SUPPLEMENTARY"TABLES"

Supplementary"Table"1"–"Recurrent"artifacts."BC=Buffy&Coat&amplification&shown&in&figure&S2.&

"

Supplementary"Table"2"#"List"of"Recurrent"Artifacts"Identified"

Chromosome Start End Artifact_Id 
chr11 108584189 108586766 89614_96597 
chr13 21726906 21729281 89614_96597 
chr11 108584788 108587264 89620_96597 
chr13 21741127 21743464 89620_96597 
chr13 105796631 105800272 132773_162053 

Sample Recurrent Artifacts 

RT1 * * * * * * * * * * * * * *  *  *  * * * * * *       

RT2      * *   * * *  *  *                

RT3 * *  *   *  *  *    * * * *              

RT4    * * * * * * *  *    * *  * *            

RT5 *  * *   * * *   *   * *  * *  *     * * * * *  

RT6 *      *  *  * *    *  *   * *         * 

N1 * * * *  * * * *  * *    * * *     * * *       

N5 *  * *  * * * *   * *  * * * * *  *     * * * * *  

N6       *     *    *               * 

PCR BC BC - BC BC BC - - - BC BC - - BC - - - - - - - - - - - - - - - - - 



chr15 90327152 90329234 132773_162053 
chr12 73238274 73241432 134053_128214 
chr15 94885320 94889540 134053_128214 
chr1 182273321 182275468 184306_39495 
chr17 74318711 74320960 184306_39495 
chr1 37937257 37939377 243905_10777 
chr2 68913270 68916895 243905_10777 
chr1 119400044 119402193 261947_31449 
chr2 141851156 141854725 261947_31449 
chr17 74376274 74378425 265514_246449 
chr2 153995541 153999677 265514_246449 
chr14 65446302 65448678 277955_172280 
chr2 194542895 194545899 277955_172280 
chr10 35955348 35957410 308075_61447 
chr20 60396725 60400323 308075_61447 
chr18 36903625 36905797 332944_234051 
chr3 3638027 3641216 332944_234051 
chr1 218882476 218885378 337297_42691 
chr3 25098294 25100912 337297_42691 
chr17 41399252 41402014 341745_237366 
chr3 46876431 46878494 341745_237366 
chr11 8837834 8840151 393090_84435 
chr4 109328905 109330958 393090_84435 
chr4 80893096 80895435 406835_434722 
chr5 21206859 21209840 406835_434722 
chr13 61460610 61462902 437966_150506 
chr5 21898980 21901255 437966_150506 
chr22 32926900 32929511 438497_357381 
chr6 24682294 24684997 438497_357381 
chr3 187727662 187730166 448852_412995 
chr6 93095822 93098009 448852_412995 
chr17 64636488 64639044 480508_243791 
chr6 13190048 13192272 480508_243791 
chr19 34958601 34961602 491188_264861 
chr6 142382498 142386242 491188_264861 
chr12 129348944 129352162 509380_131398 
chr7 64085163 64087486 509380_131398 
chr7 129355731 129358254 518341_554542 
chr8 96786681 96789830 518341_554542 



chr5 37708752 37710828 519752_509914 
chr7 8661351 8665285 519752_509914 
chr1 168419966 168423607 543490_37263 
chr8 30104410 30106823 543490_37263 
chr8 30144402 30146626 520417_254001 
chr17 7165565 7169441 520417_254001 
chr11 38810960 38814409 563868_91918 
chr8 52729384 52731790 563868_91918 
chrX 6136090 6139710 579571_585981 
chrY 16641626 16643936 579571_585981 
chr17 41462768 41467792 349866_237387 
chr3 73159060 73161128 349866_237387 
chr18 69615587 69617907 269626_243213 
chr2 144010082 144012186 269626_243213 
chr11 62608096 62610525 159670_101207 
chr17 41462768 41467230 159670_101207 
chr13 90584185 90586218 159670_168661 
chr17 41465151 41467239 159670_168661 
 

Supplementary"Table"3"#"Simulated"Rearranged"Genomes"

RG1 Rearrangements RG2 Rearrangements RG3 Rearrangements 

1 chr1 5967154                         
1 chr9 132552309                     
2 chr4 99190688 
2 chr16 10583406 
3 chr2 157052395                     
3 chr16 20564272                     
4 chr1 92160215 
4 chr4 96086097 
5 chr13 7056402                       
5 chr11 78511841                     
6 chr4 75278019 
6 chr16 3864870 
7 chr1 221326909                     
7 chr20 40038782                     
8 chr8 36692250 
8 chr20 4574603 
9 chr2 202754912                     
9 chr15 95565379                     

1 chr19 16145942                     
1 chr20 10316088                     
2 chr19 17550368 
2 chr3 88342067 
3 chr13 24498602                     
3 chr4 62772317                       
4 chrX 94200100 
4 chr10 36494648 
5 chr10 85282775                      
5 chr19 47026802                      
6 chr1 193129800 
6 chr20 38935527 
7 chr5 131277311                     
7 chr18 37667584                     
8 chr14 10259236 
8 chrX 122182020 
9 chr14 9334101                       
9 chr3 195239030                     

1 chr13 99313058                     
1 chr12 62898082                                        
2 chr22 27728600 
2 chr17 17054965 
3 chr17 21161135                     
3 chr5 124398911                     
4 chr3 143721961 
4 chr10 112595223 
5 chr6 48101937                       
5 chr7 82819179                       
6 chr3 16864669 
6 chrX 55966944 
7 chr22 23196028                     
7 chr14 8722577                       
8 chr17 12776619 
8 chr11 12042766 
9 chr15 31304144                     
9 chr3 183308460                     



10 chr12 10090207 
10 chr1 155896653 
11 chr14 75116791                    
11 chr7 26022571                      
12 chr16 50403890 
12 chr2 138307643 
13 chrX 34607425                     
13 chr2 10671534                      
14 chrX 4357428 
14 chr14 99112591 
15 chr13 113470086                  
15 chr15 1407346                      
16 chr6 100356908 
16 chrX 132773677 
17 chr14 63804958                   
17 chr22 21157826                   
18 chr6 106355647 
18 chrX 47650389 
19 chr10 29293916                   
19 chr5 158682739                   
20 chr8 111816948 
20 chr15 72730220  

10 chr17 15428849 
10 chr2 19402593 
11 chr14 35627881                   
11 chr7 95468121                     
12 chr6 36417132 
12 chr12 131746448 
13 chr16 31918313                   
13 chr3 126519428                   
14 chr20 31731275 
14 chr4 79044069 
15 chr5 68070400                     
15 chr15 11819673                   
16 chr21 21526994 
16 chr14 55412783 
17 chr4 7078779                       
17 chr2 134634744                   
18 chr20 10259276 
18 chr4 3677150 
19 chr5 102032871                   
19 chr18 47884662                   
20 chr20 56739411 
20 chr16 28163826 
21 chrX 144458641                   
21 chr10 31663026                    
22 chrX 57483753  
22 chr2 211914206 
23 chr11 72791775                   
23 chr2 52469082                     
24 chr1 26715498 
24 chr14 33620656 
25 chr4 114650909                   
25 chr7 81686153                     
26 chr22 24626489 
26 chr11 13459873 
27 chr16 77790570                   
27 chr14 83261902                   
28 chr11 39536531 
28 chr1 57303536 
29 chr14 29184928                   
29 chr16 1349126                     
30 chr20 41624822 
30 chr14 31881671  

10 chr17 19192213 
10 chr7 4376601 
11 chr3 193690685                   
11 chr9 119329369                   
12 chr5 148028181 
12 chr8 84824378 
13 chr19 36497196                    
13 chr3 141059015                    
14 chr20 42287075 
14 chr12 99153280 
15 chr6 132236187                    
15 chrX 67254446                     
16 chr20 43537346 
16 chr6 127455466 
17 chr17 14217930                    
17 chr15 80324145                    
18 chr21 42632094 
18 chr17 20332313 
19 chr17 17443518                   
19 chr3 159511236                   
20 chr7 13970235 
20 chr6 74233668 
21 chr18 14269931                    
21 chr2 115932833                    
22 chr22 27467657 
22 chr18 25612658 
23 chr9 58055373                     
23 chr11 76223695                   
24 chr13 55487635 
24 chr15 97179693 
25 chr17 13998622                   
25 chr1 234588536                   
26 chr19 35450393 
26 chr11 100198960 
27 chr1 41470080                     
27 chr21 6680057                     
28 chr1 214112454 
28 chr2 104202591 
29 chr16 83969989                    
29 chr11 81160042                    
30 chr15 85239175 
30 chr5 155565902 



31 chr17 8167243                     
31 chr4 173428557                   
32 chr5 15277572 
32 chr9 112001540 
33 chr9 58220360                     
33 chr15 23346838                   
34 chr10 14437461 
34 chr22 8705078 
35 chr17 19289868                    
35 chr7 65304537                      
36 chr4 153358108 
36 chr9 95296962 
37 chr6 27160174                     
37 chr13 44547386                   
38 chr2 64436242 
38 chr11 82911249 
39 chr12 126775967                  
39 chr8 5905290                        
40 chr7 47388266  
40 chr17 1871452  

 

STEP#BY#STEP"COMMAND"LINE"FOR"ICRMAX"FILTERS"

At& this& step&you&should&have&a&BED& file& containing& the&aligned&mate&pair& reads&mapped& in&different& chromosomes&

with&mapping&quality&greater&than&or&equal&to&20,&after&the&reference&genome&mapping&and&mapping&to&alternative&

assemblies.&The&duplicate&reads&should&also&have&been&removed.&For&that,&samtools&rmdup&is&a&good&option&but&we&

prefer& a& local& script& to& remove& reads& with& the& same& start& OR& end& positions,& keeping& the& read& with& the& highest&

mapping& quality.& You& should& have& a& recent& version& of& Bedtools& installed& (v2.17.0& or& higher& see&

bedtools.readthedocs.org/en/latest/)&and&BLAT&(source&at&users.soe.ucsc.edu/~kent/src/).&

Example&input:&

$1&==&read1_chromosome&&

$2&==&read1_start_position&&

$3&==&read1_end_position&&

$4&==&read2_chromosome&&

$5&==&read2_start_position&&

$6&==&read2_end_position&&

$7&==&matepair_id&&

$8&==&qual&&

$9&==&read1_strand&&

$10&==&read2_strand&

&

$1& $2& $3& $4& $5& & $6& & $7& & & $8& $9& $10&



chr1& 54832& 54882& chr19& 95964& & 96014& & 872_1929_510_21& 1& +& +&

&

chr1& 88252& 88299& chr8& 125193040& 125193089& 1591_1759_1257_21& 1& B& B&

&

chr1& 96549& 96599& chr6& 123975472& 123975522& 1207_623_783_21& 1& B& B&

&

&

1."Remove&reads&mapped&in&the&mitochondrial&chromosome&and&order&the&bed&file:&

$ grep -v 'chrM' input.bed | sortBed > step1_woM.bed 

2."Remove&reads&mapped&in&centromere&and&telomere&regions.&To&do&that&on&both&reads&in&the&mate&pair&you&must&

invert&the&file&and&repeat&the&command.&Access&the&file&with&centromere&end&telomere&positions&at&

http://www.bioinfo.mochsl.org.br/ICRmax/downloads&file&centr_and_tel.bed:&

$ bedtools subtract -A -a step1_woM.bed -b centr_and_tel.bed > 
step2.wo_centr_tel.bed 
&

$ awk '{print $4,$5,$6,$1,$2,$3,$7,$8,$10,$9}' step2.wo_centr_tel.bed | sed 
"s/\s/\t/g" | sortBed > step2.wo_centr_tel.inv.bed 
 
$ bedtools subtract -A -a step2.wo_centr_tel.inv.bed -b centr_and_tel.bed > 
step2.wo_centr_tel.final.bed 
 
&

3.&Remove&reads&mapped&in&masked&regions.&Access&the&file&with&regions&to&mask&at&

http://www.bioinfo.mochsl.org.br/ICRmax/downloads&file&all_to_mask.bed:&

$ bedtools subtract -A -f 1.0 -a step2.wo_centr_tel.final.bed 
 -b all_to_mask.bed > step3.masked.bed 
 
 
$ awk '{print $4,$5,$6,$1,$2,$3,$7,$8,$10,$9}' step3.masked.bed 
 | sed "s/\s/\t/g" | sortBed > step3.masked.inv.bed 
 
$ bedtools subtract -A -f 1.0 -a step3.masked.inv.bed -b all_to_mask.bed | sortBed 
> step3.masked.final.bed 
&

4."Cluster&the&reads&from&different&mate&pairs&mapped&in&the&same&chromosome.&Use&mean&insert&size&+2s.d.&as&

cluster&distance&(Bd&size,&e.g.&1000).&At&this&point&observe&that&a&cluster&number&will&be&generated&and&the&file&will&

have&an&extra&column&($11):&

$ bedtools cluster -i step3.masked.final.bed -d 1000 > step4.cluster.bed 
 
$ awk '{print $4,$5,$6,$1,$2,$3,$7,$8,$10,$9,$11}' step4.cluster.bed | sed 
"s/\s/\t/g" | sortBed >  
step4.cluster.inv.bed 
 
$ bedtools cluster -i step4.cluster.inv.bed -d 1000 > step4.cluster.final.bed 
 

5."Join&cluster&numbers&generated&for&both&sides&and&select&only&clusters&with&3&or&more&reads:&



$ sed -i "s/\t/_/11"  
step4.cluster.final.bed 
 
$ awk '{print $11}' step4.cluster.final.bed | nsort | uniq -c | awk '{if ($1>=3) 
print $2}' > clusters_over_3_reads 
 
 
$ fgrep -w -f clusters_over_3_reads step4.cluster.final.bed > step5_cutoff3.bed 
 

6.&For&SOLiD&platform&we&suggest&realigning&the&reads&with&BLAT&using&as&input&the&sequences&resulting&from&the&

initial&alignment,&BLAT&parameters&are&the&same&used&as&default&in&the&webtool:&

$ blat -stepSize=5 -repMatch=2253 -minScore=24 -minIdentity=80 -noTrimA -fine -
out=pslx genome.2bit input.fa 
&

7."Parse&BLAT&results&and&remove&reads&mapped&in&the&same&chromosome&after&alignment.&

8.&Invert&the&read&order&in&the&BED&file&once&again&and&recluster&the&reads&once&more,&this&step&should&remove&any&

clusters&containing&large&gaps&from&reads&that&were&removed&by&the&BLAT&filter.&After&that&select&only&clusters&still&

represented&by&at&least&3&reads,&at&this&point&there&are&three&numbers&in&the&cluster&id:&

$ awk '{print $4,$5,$6,$1,$2,$3,$7,$8,$10,$9,$11}' step7_BLAT_filter.bed | sed 
"s/\s/\t/g" | sortBed | bedtools cluster -d 1000 > step8_recluster.bed 
 
$sed -i "s/\t/_/11" step8_recluster.bed 
 
$awk '{print $11}' step8_recluster.bed | nsort | uniq -c | awk '{if ($1>=3) print 
$2}' > clusters_over_3_reads 
 
$fgrep -w -f clusters_over_3_reads3 step8_recluster.bed > 
step8_recluster_cutoff3.bed 
&

Example"final"output:"

$1&==&read1_chromosome&&

$2&==&read1_start_position&&

$3&==&read1_end_position&&

$4&==&read2_chromosome&&

$5&==&read2_start_position&&

$6&==&read2_end_position&&

$7&==&matepair_id&&

$8&==&qual&&

$9&==&read1_strand&&

$10&==&read2_strand&&

$11&==&cluster_id&

&

$1&&&&&&&&&$2& & $3& &&&&&&$4& $5& &&&&&&$6& &&&&&&&&&&&&$7& & &&&&&&$8&& $9& &$10& $11&

chr11&&10847236& 10847277&&chr1&16503168&&16503205&&929_1168_1869_21&&&&&&1& &B&& +&&14774_4005_1&

&

chr11&&10847381& 10847431&&chr1&16502755&&16502805&&1503_783_582_21&&&&&&&&1& &&B& +&&14774_4005_1&

&

chr11&&10847383& 10847425&&chr1&16502701&&16502751&&990_1616_1004_21&&&&&1& &&+&&& +&&14774_4005_1&

&



chr11&&10847439& 10847488&&chr1&16502752&&16502799&&1441_1504_612_21&&&&&1&& &+& B&&&14774_4005_1&

&

chr11&&10847443& 10847493&&chr1&16502691&&16502741&&1368_1680_1079_21&&&1& &&B& +&&14774_4005_1&

&

chr11&&10847474& 10847523&&chr1&16502875&&16502920&&973_233_660_21&&&&&&&&&&&1& &&B& +&&14774_4005_1&

&

chr11&&10847479& 10847526&&chr1&16502664&&16502713&&1140_774_769_21&&&&&&&&1& &&+& B&&&14774_4005_1&

&

chr11&&10847518& 10847566&&chr1&16502744&&16502794&&1608_1480_1404_21&&&1& &&+& +&&14774_4005_1&

&

chr11&&10847555& 10847605&&chr1&16502700&&16502750&&1496_361_1184_21&&&&&1& &&B& +&&14774_4005_1&

&

&

9."Remove&recurrent&artifacts.&To&compare&final&clusters&between&different&tumor&samples&it&is&necessary&to&first&

merge&all&reads&and&get&the&rearrangements&span&on&each&chromosome.&This&can&be&done&with&a&local&script&or&with&

the&Bedtools&merge&command.&Example&for&the&rearrangement&shown&above:&

$ awk '{print $1"\t"$2"\t"$3"\t"$11"\n"$4"\t"$5"\t"$6"\t"$11}' 
step8_recluster_cutoff3.bed | sortBed | bedtools merge -d 1000 -nms > 
step9_merged.bed 
&

chr1& 16502664& 16503205& 14774_4005_1&

chr11& 1084723&& 10847605& 14774_4005_1&

&

& Comparison&between& rearrangements& from&different& samples& can&be& easily&done&with& the&bedtools&merge&

command&as&used&above,&make&sure&to&allow&for&a&distance&similar&to&the&clustering&distance&used&(Bd&1000)&outside&

of&the&read&span&and&alter&the&cluster&names&to&include&the&patient&identification&(example:&14774_4005_1_RT2).&This&

way,&after&the&bedtools&merge&command&using&the&parameter&#nms&you&should&have&a&single&cluster&and&the&different&
cluster&names&separated&by&a&semicolon.&

& The& list& of& recurrent& artifacts& found& in& our& tumor& samples& can& be& accessed& at&

http://www.bioinfo.mochsl.org.br/ICRmax/downloads&file&recurrent_artifacts.bed:&

&

&



SUPPLEMENTARY"FIGURES"

&

Figure"S1"–"Read"orientation"patterns.&For&primer&design&and&orientation,&it&is&important&to&evaluate&the&read&

pattern&in&the&rearrangements&found,&the&figure&shows&the&4&possible&mate#pair&read&patterns&to&be&considered.&



"

Figure"S2"#"PCR"validations."PCR&amplification&results&for&all&tumorBspecific&validated&rearrangements&(top&and&

bottom&left)&for&each&patient&(RT1B6&identified&at&the&top&and&different&ICRs&are&identified&by&letters&below)&and&for&

the&8&recurrent&artifacts&tested&(bottom&right,&identified&by&numbers&1B8).&Validated&interchromosomal&

rearrangement&(ICR)&candidates&show&biopsyBspecific&amplification.&Recurrent&artifacts&tested&result&in&amplification&

both&in&normal&DNA&(Buffy&Coat&=&BC)&and&in&biopsy&DNA.&M&=&marker;&+&=&positive&BC&template&control&(MLH1&locus&

chr3:37001673B37002152).&



&

Figure"S3"–"Rearrangements"found.&Circos&plot&representation&for&the&patient&samples&4B6&and&for&simulated&

datasets.&

&

&

Figure"S4"#"Sanger"sequencing"result"for"a"RT2"rearrangement"between"chr1"and"chr17."Chromatogram&image&

for&the&rearrangement&shown&in&Figure&3&identified&and&validated&for&sample&RT2.&

&



ANEXO&D:&Artigo&publicado:&Mutation&analysis&of&genes&coding&for&cell&surface&
proteins&in&colorectal&cancer&cell&lines&reveal&new&altered&pathways,&drugable&
mutations&and&mutated&epitopes&for&target&therapy&
& &



Oncotarget1www.impactjournals.com/oncotarget

www.impactjournals.com/oncotarget/ Oncotarget, Advance Publications 2014

Mutational analysis of genes coding for cell surface proteins 
in colorectal cancer cell lines reveal novel altered pathways, 
druggable mutations and mutated epitopes for targeted therapy

Elisa Donnard1,2,§, Paula F. Asprino1,§, Bruna R. Correa1, Fabiana Bettoni1, Fernanda 
C. Koyama1,3, Fabio C.P. Navarro1,2, Rodrigo O. Perez3,4, John Mariadason5, 
Oliver M. Sieber6,7, Robert L. Strausberg8, Andrew J.G. Simpson8, Denis L.F. Jardim1, 
Luiz Fernando L. Reis1, Raphael B. Parmigiani1, Pedro A.F. Galante1, 
Anamaria A. Camargo1,3 
1  Centro de Oncologia Molecular, Hospital Sírio-Libanês, São Paulo, Brazil.
2  Programa de Pós Graduação do Departamento de Bioquímica, Instituto de Química, Universidade de São Paulo, São Paulo, 

Brazil.
3 Laboratory of Molecular Biology and Genomics, Ludwig Institute for Cancer Research, São Paulo, Brazil.
4 Instituto Angelita & Joaquim Gama, São Paulo, Brazil.
5 Oncogenic Transcription Laboratory, Ludwig Institute for Cancer Research, Melbourne, Australia.
6  Colorectal Cancer Genetics Laboratory, Systems Biology and Personalised Medicine Division, Walter and Eliza Hall Institute 

of Medical Research, Parkville, Australia.
7  Faculty of Medicine, Dentistry and Health Sciences, Department of Medical Biology, University of Melbourne, Parkville, 

Australia
8 Ludwig Institute for Cancer Research, New York, USA.
§ These Authors contributed equally to this work

Correspondence to:
Dr. Anamaria A. Camargo, email: aacamargo@mochsl.org.br
Keywords: colorectal cancer, targeted therapy, cell surface proteins, somatic mutations. 
Received: July 03, 2014 Accepted: August 20, 2014  Published: August 25, 2014

ABSTRACT
We carried out a mutational analysis of 3,594 genes coding for cell surface proteins 

(Surfaceome) in 23 colorectal cancer cell lines, searching for new altered pathways, 
druggable mutations and mutated epitopes for targeted therapy in colorectal cancer. 
A total of 3,944 somatic non-synonymous substitutions and 595 InDels, occurring in 
������������6XUIDFHRPH�JHQHV�ZHUH�FDWDORJXHG��:H�LGHQWL¿HG����JHQHV�QRW�SUHYLRXVO\�
described as mutated in colorectal tumors in the TCGA database, including genes that 
are mutated and expressed in >10% of the cell lines (SEMA4C, FGFRL1, PKD1, FAM38A, 
WDR81, TMEM136, SLC36A1, SLC26A6, IGFLR1). Analysis of these genes uncovered 
important roles for FGF and SEMA4 signaling in colorectal cancer with possible 
therapeutic implications. We also found that cell lines express on average 11 druggable 
mutations, including frequent mutations (>20%) in the receptor tyrosine kinases AXL 
and EPHA2, which have not been previously considered as potential targets for colorectal 
FDQFHU��)LQDOO\��ZH�LGHQWL¿HG����FHOO�VXUIDFH�PXWDWHG�HSLWRSHV��KRZHYHU�H[SUHVVLRQ�RI�
only 30% of these epitopes was detected in our cell lines. Notwithstanding, 92% of 
these epitopes were expressed in cell lines with the mutator phenotype, opening new 
venues for the use of “general” immune checkpoint drugs in this subset of patients.

INTRODUCTION

Colorectal cancer is the most common gastro-
intestinal cancer in the world, with approximately one 

million new cases being diagnosed and more than 
500,000 deaths occurring yearly. Approximately, one in 
¿YH� SDWLHQWV� LV� GLDJQRVHG�ZLWK�PHWDVWDWLF� GLVHDVH�� DQG�
DQ� DGGLWLRQDO� ���±���� GHYHORS�PHWDVWDVLV� GXULQJ� WKH�
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course of their disease. Unfortunately, only a minority of 
WKH�SDWLHQWV�ZLWK�PHWDVWDWLF�GLVHDVH�LV�DPHQDEOH�WR�FXUDWLYH�
UHVHFWLRQ�DQG�UHPDLQV�IUHH�RI�GLVHDVH�UHFXUUHQFH�>�@��(YHQ�
WKRXJK�VXUYLYDO�IRU�SDWLHQWV�ZLWK�XQUHVHFWDEOH�PHWDVWDWLF�
FRORUHFWDO� FDQFHU� KDV� LPSURYHG� RYHU� WKH� SDVW� GHFDGH��
due to the introduction of agents targeting the Epidermal 
Growth Factor Receptor (EGFR) and the Vascular 
Endothelial Growth Factor (VEGF), these treatments 
DUH� RIWHQ� QRW� FXUDWLYH�� DQG� LQWULQVLF� DQG� DFTXLUHG� GUXJ�
UHVLVWDQFH�LV�IUHTXHQWO\�REVHUYHG�LQ�WKH�FOLQLFDO�SUDFWLFH�
>�@�� 7KHUHIRUH�� WKH� LGHQWL¿FDWLRQ� RI� DOWHUHG� SDWKZD\V�
DQG� QHZ� WKHUDSHXWLF� WDUJHWV� LV� FULWLFDO� WR� LPSURYH� WKH�
PDQDJHPHQW� RI� D� VLJQL¿FDQW� SURSRUWLRQ� RI� FRORUHFWDO�
cancer patients.

*HQHWLF� DQDO\VLV� RI� FRORUHFWDO� WXPRUV� RYHU� WKH�
past 30 years allowed the characterization of distinct 
PROHFXODU� SDWKZD\V� DOWHUHG� GXULQJ� WKH� GHYHORSPHQW�
and progression of this disease [3]. Initial whole-exome 
screenings using colorectal cancer cell lines detected an 
DYHUDJH�RI����SRLQW�PXWDWLRQV�LQ�FRGLQJ�UHJLRQV�RI�WKH�
JHQRPH�DQG�D�VPDOO�QXPEHU�RI�IUHTXHQWO\�PXWDWHG�FDQFHU�
genes [4]. More recently, in a major effort to dissect the 
genetic basis of colorectal cancer, the TCGA released the 
UHVXOWV�RI�D�FRPSUHKHQVLYH�DQG�LQWHJUDWHG�JHQRPH�VFDOH�
DQDO\VLV�RI�����WXPRUV��1R�VLJQL¿FDQW�JHQHWLF�GLIIHUHQFHV�
ZHUH� REVHUYHG� EHWZHHQ� UHFWDO� DQG� FRORQ� WXPRUV�� DQG�
WZHQW\±IRXU�JHQHV�ZHUH�LGHQWL¿HG�DV�IUHTXHQWO\�PXWDWHG�
LQ�FRORUHFWDO�FDQFHU��LQFOXGLQJ�VHYHUDO�QRYHO�FDQFHU�JHQHV�
such as SOX9, ARID1A, ATM, TCF7L2 and FAM123B. 
Most importantly, new potentially druggable targets 
ZHUH�LGHQWL¿HG��LQFOXGLQJ�DPSOL¿FDWLRQV�LQ�WKH�(5%%��
DQG� ,*)�� JHQHV� >�@�� 'HVSLWH� WKLV� PDVVLYH� VHTXHQFLQJ�
effort, a recent mutation saturation analysis of 4,742 
WXPRUV��DFURVV����FDQFHU�W\SHV��UHYHDOHG�WKDW�WKH�FDQFHU�
gene catalogue is far from complete, and that many more 
PXWDWHG�JHQHV�ZLWK�SXWDWLYH�GUXJJDEOH�PXWDWLRQV�UHPDLQ�
WR�EH�GLVFRYHUHG�>�@�

&HOO� VXUIDFH�SURWHLQV�DUH� LQYROYHG� LQ�D�YDULHW\�RI�
cellular functions, including nutrient and ion transport, 
adhesion and signaling. These proteins also play important 
roles in pathological conditions such as diabetes, 
neurological disorders and cancer. They represent 
DSSUR[LPDWHO\� ���� RI� DOO� SURWHLQ�FRGLQJ� JHQHV� LQ� WKH�
human genome [7] and, due to their accessibility on the 
cell surface, they constitute optimal targets for directed 
WKHUDSLHV� >�@�� :H� KDYH� UHFHQWO\� JHQHUDWHG� D� FDWDORJ�
of genes coding for transmembrane proteins located 
at the surface of human cells (Surfaceome), and by 
LQWHJUDWLQJ�SXEOLFDOO\�DYDLODEOH�JHQH�H[SUHVVLRQ�GDWD�IURP�
D�YDULHW\�RI�VRXUFHV��ZH�VHDUFKHG�IRU�DOWHUHG�SDWKZD\V��
new therapeutic targets and tumor antigens in gliomas, 
colorectal and breast tumors [9, 10]. In the present work, 
we carried out a systematic mutational analysis of the 
6XUIDFHRPH� LQ� D� SDQHO� RI� ��� UHSUHVHQWDWLYH� FRORUHFWDO�
FDQFHU�FHOO� OLQHV��VHDUFKLQJ�IRU�QRYHO�DOWHUHG�SDWKZD\V��
druggable mutations and mutated epitopes for targeted 

WKHUDS\�LQ�FRORUHFWDO�FDQFHU��&ROOHFWLYHO\��RXU�UHVXOWV�SRLQW�
towards the potential use of FDA (U.S. Food and Drug 
$GPLQLVWUDWLRQ�� DSSURYHG�57.� LQKLELWRUV� DQG� LPPXQH�
FKHFNSRLQW�WDUJHW�GUXJV�LQ�VSHFL¿F�VXEVHWV�RI�FRORUHFWDO�
cancer patients.

RESULTS

Targeted sequencing the Surfaceome in 
colorectal cancer

:H�KDYH�UHFHQWO\�XVHG�D�FRPELQHG�ELRLQIRUPDWLFV�
approach to generate a catalog of genes coding for 
transmembrane proteins located on the surface of 
KXPDQ� FHOOV� >�@�� %ULHÀ\�� ZH� VHDUFKHG� WKH� FRPSOHWH�
set of protein-coding genes for an annotated and/or 
predicted transmembrane domain and eliminated false 
SRVLWLYH�FDQGLGDWHV�FRQWDLQLQJ�D�VLJQDO�SHSWLGH�RU�NQRZQ�
to be located on the membrane of other intracellular 
compartments. An updated list of genes coding for 
cell surface proteins was generated for this study 
(Supplementary information Table S1).

7R�GH¿QH�WKH�PXWDWLRQDO�SUR¿OH�RI�WKH�6XUIDFHRPH�
LQ� FRORUHFWDO� FDQFHU�� ZH� WDUJHW� VHTXHQFHG� WKH� FRGLQJ�
regions of the 3,594 cell surface protein genes in a panel of 
23 tumor cell lines (Supplementary information Table S2) 
WKDW� DOWRJHWKHU� DUH� UHSUHVHQWDWLYH� RI� WKH�PDLQ� VXEW\SHV�
RI�SULPDU\�FRORUHFWDO�WXPRUV�DW�WKH�JHQRPLF�OHYHO�>��@��
$� WRWDO�RI��������H[RQV�� FRYHULQJ�a�0E�RI� WKH�KXPDQ�
genome, were screened for the presence of somatic point 
mutations (nucleotide non-synonymous substitutions and 
InDels). For each cell line we analyzed approximately 1.2 
*E�RI�RQ�WDUJHW�VHTXHQFHV��ZLWK�DQ�DYHUDJH�FRYHUDJH�RI�
30X (Table 1).

Somatic mutations in the colorectal 
cancer Surfaceome

Somatic point mutations were detected using an in 
house computational pipeline based on SAMtools mpileup 
calling (Figure 1). As matched normal tissue for these cell 
OLQHV�ZDV�QRW�DYDLODEOH��SXWDWLYH�VRPDWLF�PXWDWLRQV�ZHUH�
LGHQWL¿HG�E\�DQQRWDWLRQ�DJDLQVW�GDWDEDVHV�RI�NQRZQ�KXPDQ�
JHUPOLQH� YDULDQWV� �7DEOH� ����$� WRWDO� RI� ������ SXWDWLYH�
somatic non-synonymous substitutions and 595 InDels 
were catalogued affecting 2,061 (57%) Surfaceome genes 
�6XSSOHPHQWDU\�LQIRUPDWLRQ�7DEOH�6����:H�LGHQWL¿HG�DQ�
DYHUDJH�RI�����SXWDWLYH�QRQ�V\QRQ\PRXV�VXEVWLWXWLRQV�DQG�
���,Q'HOV�SHU�FHOO�OLQH��7DEOH�����0XWDWLRQ�UDWHV�IRU�JHQHV�
FRGLQJ�IRU�FHOO�VXUIDFH�SURWHLQV�YDULHG�VLJQL¿FDQWO\�DFURVV�
FHOO�OLQHV�DQG�ZHUH�VLPLODU�WR�WKRVH�SUHYLRXVO\�UHSRUWHG�
for the entire set of protein-coding genes in colorectal 
tumors (Table 2) [5]. As expected, higher mutation rates 
�PXWDWRU� SKHQRW\SH�� ZHUH� REVHUYHG� LQ� FHOO� OLQHV� ZLWK�
microsatellite instability (MSI) and mutations in the  
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'1$�PLVPDWFK�UHSDLU� JHQHV� RU� 32/İ� �6XSSOHPHQWDU\�
information Table S2).

$� WRWDO� RI� ���� ����� SXWDWLYH� QRQ�V\QRQ\PRXV�
VXEVWLWXWLRQV�ZHUH�QRQVHQVH��DQG�����������RI�WKH�,Q'HOV�
introduced a frame-shift alteration in the mutated protein 
(Table 2 and Supplementary information Table S4). To 
further identify substitutions that may impact protein 
function, we used three different algorithms (PolyPhen, 
SIFT and Mutation Assessor) to estimate the impact of 
amino acid substitutions using information from DNA 
VHTXHQFH�� HYROXWLRQDU\� FRQVHUYDWLRQ� DQG� VWUXFWXUDO�
GDWD��$� WRWDO� RI� ������ ������SXWDWLYH�QRQ�V\QRQ\PRXV�
VXEVWLWXWLRQV� DQG� ���� ������ ,Q'HOV� ZHUH� FODVVL¿HG� DV�
KDYLQJ� DQ� LPSDFW� RQ� SURWHLQ� IXQFWLRQ�� DQG� FRORUHFWDO�
FDQFHU� FHOO� OLQHV� KDUERU� RQ� DYHUDJH� ��� SXWDWLYH� SRLQW�

mutations (non-synonymous substitutions and indels) 
with a predicted impact on protein function (Table 3 and 
Supplementary information Table S5).

Novel mutated cell surface proteins and 
altered pathways in colorectal cancer

7R� IXUWKHU� DGGUHVV� WKH� ELRORJLFDO� VLJQL¿FDQFH� RI�
WKH� XQFRYHUHG� SRLQW� PXWDWLRQV�� ZH� KDYH� LQFRUSRUDWHG�
JHQH�H[SUHVVLRQ�GDWD�DYDLODEOH�IRU�WKH�FHOO�OLQHV��51$VHT�
and microarray) and restricted our downstream analysis 
to mutated and expressed genes. A list of genes coding 
for cell surface proteins that are mutated and expressed 
LQ� !���� RI� WKH� ��� FHOO� OLQHV� DQDO\]HG� LV� SURYLGHG� LQ�
Supplementary information Table S6. Analysis of 

Table 1:  Sequencing and coverage data of the Surfaceome in colorectal cancer cell lines.
Cell lines Sequenced bases on 

target
Targeted region 
coverage

% of the target 
region covered

% of the target 
region covered >10X

CACO2 ����������� 21.69 x 94 72

COLO205 ����������� 23.32 x 94 76

COLO320 ������������� 37.44 x 97 79

+&&���� 776,194,619 19.59 x 92 ��

HCT116 ����������� 19.63 x �� 71

HCT15 ����������� 22.35 x 91 74

HT29 ����������� 19.06 x �� 64

.0�� ����������� 19.91 x �� 71

LIM1215 ����������� 20.64 x �� 71

LIM2405 ����������� 20.01 x 90 ��

LOVO ������������� ������[ 97 ��

5.2 ����������� 20.34 x 92 ��

5:���� ������������� ������[ 97 76

5:���� ������������� 43.33 x 97 ��

6.&2� 1,564,643,937 41.67 x 97 ��

6:���� ������������� 44.23 x 97 ��

6:��� ������������� 49.36 x 97 ��

6:�� ������������� 45.51 x 97 ��

6:��� ����������� 21.45 x 90 73

6:��� ����������� 20.79 x �� 71

6:��� ������������� 44.74 x 97 ��

6:��� 710,553,204 ������[ 96 51

7�� 1,761,549,149 43.46 x 97 ��
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Figure 1: Sequencing strategy and computational pipeline used for the detection of somatic point mutations in the 
Surfaceome of colorectal cancer cell lines. The coding regions of 3,594 cell surface proteins were screened for the presence of somatic 
SRLQW�PXWDWLRQV�LQ����FRORUHFWDO�FDQFHU�FHOO�OLQHV��*HQRPLF�VHTXHQFHV�ZHUH�JHQHUDWHG�XVLQJ�HLWKHU�D�62/L'��RU�D�+L6HT������VHTXHQFLQJ�
SODWIRUP��6HTXHQFHV�ZHUH�DOLJQHG�DJDLQVW�WKH�KXPDQ�JHQRPH�UHIHUHQFH�VHTXHQFH��*5&K���KJ����XVLQJ�%LRVFRSH�DQG�1RYR$OLJQ�&6�IRU�
62/L'��VHTXHQFHV�DQG�%:$�IRU�+L6HT������VHTXHQFHV��9DULDQW�FDOOLQJ�ZDV�SHUIRUPHG�XVLQJ�VDPWRROV�PSLOHXS�DQG�UHTXLULQJ�DW�OHDVW���
KLJK�TXDOLW\�UHDGV��4�����T�����RQ�ERWK�VWUDQGV�VXSSRUWLQJ� WKH�YDULDQW��.QRZQ�JHUPOLQH�SRO\PRUSKLVPV�ZHUH�UHPRYHG�DQG�UHFXUUHQW�
PXWDWLRQV�ZHUH�PDQXDOO\� LQVSHFWHG� WR� UHPRYH� DOLJQPHQW� DUWLIDFWV�� 6,)7�� 3RO\3KHQ��� DQG�0XWDWLRQ�$VVHVVRU�ZHUH� XVHG� WR� SUHGLFW� WKH�
IXQFWLRQDO�LPSDFW�RI�QRQ�V\QRQ\PRXV�VXEVWLWXWLRQV�RQ�SURWHLQ�IXQFWLRQ��5$1.3(3�DQG�1HW0+&�ZHUH�XVHG�IRU�HSLWRSH�SUHGLFWLRQ��*HQH�
H[SUHVVLRQ�GDWD�ZDV�REWDLQHG�IURP�51$6HT��)3.0!���RU�PLFURDUUD\��K\EULGL]DWLRQ�LQWHQVLW\������H[SHULPHQWV�



Oncotarget5www.impactjournals.com/oncotarget

Table 2:  SNV and InDel calling in the surfaceome of colorectal cancer cell lines.
Cell line SNVs % of 

SNVs in 
dbSNP

Somatic 
SNVs

Somatic 
non-
synonymous 
SNVs

Somatic 
nonsense 
mutations

InDels % of 
InDels 
in 
dbSNP

Somatic 
InDels

Somatic 
Frameshift 
InDels 

Mutation 
rate

Mutator 
Phenotype

CACO2 2572 �� 41 24 - 51 33 12 � 6.72E-06 No

COLO205 2753 �� 43 33 - 64 30 15 11 7.05E-06 No

COLO320 ���� 97 �� 65 4 43 53 2 2 1.21E-04 No

+&&���� 3391 �� ��� 569 44 52 37 16 14 ����(��� Yes

HCT116 3193 �� 357 237 10 106 �� 61 54 1.76E-04 Yes

HCT15 3959 73 1071 775 34 77 26 31 27 ����(��� Yes

HT29 2373 96 66 49 3 49 33 9 � 6.92E-05 No

.0�� ���� �� 422 ��� 12 117 15 74 65 2.39E-05 Yes

LIM1215 ���� 95 146 103 2 �� 21 41 39 3.39E-05 Yes

LIM2405 2731 92 207 ��� 6 91 �� 53 53 7.90E-05 Yes

LOVO 4591 �� 495 352 11 130 22 �� 74 1.36E-05 Yes

5.2 3500 �� ��� 344 15 123 16 �� 75 1.62E-05 Yes

5:���� 3545 97 �� 57 2 32 50 � 5 1.41E-05 No

5:���� 3763 �� 62 40 - 44 �� 7 1 ����(��� No

6.&2� 4055 96 ��� 79 5 43 49 5 5 1.31E-05 No

6:���� 3719 97 �� 64 - 47 51 6 4 1.02E-05 No

6:��� 4196 94 165 123 9 �� �� 4 4 1.94E-05 No

6:�� 4706 �� 530 365 15 177 23 96 92 1.46E-05 Yes

6:��� 2440 96 �� 60 3 43 �� � � 2.71E-05 No

6:��� 2535 95 99 69 3 49 29 13 9 ����(��� No

6:��� 3912 97 62 44 3 42 50 4 3 1.02E-05 No

6:��� ���� �� 56 35 2 34 53 3 1 ����(��� No

7�� ���� 96 ��� �� 2 51 51 5 2 1.94E-05 No

H[SUHVVHG� PXWDWHG� VXUIDFH� JHQHV� UHYHDOHG� UHFXUUHQW�
mutations in genes belonging to pathways known to be 
LQYROYHG�LQ�FRORUHFWDO�FDQFHU��LQFOXGLQJ�WKH�:17��/53��
DQG�)='�����7*)ȕ��7*)%5��DQG�$&95�%��DQG�57.�
Ras (EGFR and ERBB3) signaling pathways [5]. Our 
DQDO\VLV�DOVR�LGHQWL¿HG����H[SUHVVHG�JHQHV�WKDW�ZHUH�QRW�
SUHYLRXVO\� GHVFULEHG� DV� PXWDWHG� LQ� SULPDU\� FRORUHFWDO�
tumors in the TCGA database [5] (Supplementary 
information Table S7). This list includes mutations in 9 
JHQHV��6(0$�&��)*)5/���3.'���)$0��$��:'5����
TMEM136, SLC36A1, SLC26A6, IGFLR1) that occur 
LQ�!����RI�WKH�FHOO�OLQHV�DQG�ZHUH�FRQ¿UPHG�E\�6DQJHU�
VHTXHQFLQJ�

Semaphorin 4C (SEMA4C) mutations were detected 
DQG� YDOLGDWHG� E\� 6DQJHU� VHTXHQFLQJ� LQ� �� FHOO� OLQHV�
�+&7����.0����5:������7�����7ZR�RI�WKHVH�PXWDWLRQV�
RFFXU�LQ�WKH�6(0$�GRPDLQ��D�KLJKO\�FRQVHUYHG�VHTXHQFH�
of approximately 500 amino acids critical for inducing 
targets of Semaphorin signaling. A third mutation occurs 
in the plexin-semaphorin-integrin (PSI) domain, another 
KLJKO\�FRQVHUYHG�GRPDLQ��HQULFKHG�LQ�F\VWHLQH�UHVLGXHV�
(Figure 2). Recurrent mutations in other genes belonging 
WR�WKH�6HPDSKRULQ�VLJQDOLQJ�SDWKZD\�ZHUH�DOVR�REVHUYHG��
LQFOXGLQJ� IUHTXHQW�PXWDWLRQV� �!����� LQ�6(0$�*�DQG�
SEMA4D, some of which also occurring in the SEMA and 
36,�GRPDLQV��)LJXUH�����6HPDSKRULQV�DUH�DQ�HYROXWLRQDULO\�
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Table 3:  Analysis of somatic point mutations present in the surfaceome of colorectal cancer 
cell lines.
Cell line Mutator 

phenotype
Non-
synonymous 
mutations 
with 
predicted 
functional 
impact

InDels with 
predicted 
functional 
impact

Druggable 
mutations

Expressed 
druggable 
mutations

Mutated 
epitopes

Expressed 
mutated 
epitopes

CACO2 No � 6 4 3 - -

COLO205 No 10 11 9 2 1 0

COLO320 No 24 1 15 3 2 0

+&&���� Yes 196 9 ��� 17 11 3

HCT116 Yes �� 45 66 19 7 4

HCT15 Yes ��� 20 ��� 57 19 7

HT29 No 10 4 16 1 2 1

.0�� Yes 91 54 74 27 6 2

LIM1215 Yes 42 33 40 13 - -

LIM2405 Yes �� 46 56 16 7 2

LOVO Yes 160 57 69 19 � 2

5.2 Yes 131 72 95 30 7 2

5:���� No 17 3 9 2 3 0

5:���� No 13 4 10 2 - -

6.&2� No 24 3 10 3 1 0

6:���� No 29 3 9 3 2 1

6:��� No 36 4 22 4 - -

6:�� Yes 141 75 91 24 4 2

6:��� No 26 7 13 7 3 1

6:��� No 26 11 �� 4 1 0

6:��� No 9 2 6 2 1 0

6:��� No 14 3 � 1 - -

7�� No 27 4 15 3 1 0

FRQVHUYHG� IDPLO\� RI� SURWHLQV� WKDW� KDYH� EHHQ� LQLWLDOO\�
LPSOLFDWHG� LQ� QHUYRXV� V\VWHP� GHYHORSPHQW� DQG�� PRUH�
recently, in cancer progression and tumor angiogenesis 
>���� ��@�� 6(0$�&� H[SUHVVLRQ� LV� VLJQL¿FDQWO\� GRZQ�
regulated during stem cell differentiation [14] and plays an 
LPSRUWDQW�UROH�LQ�7*)ȕ���LQGXFHG�HSLWKHOLDO�PHVHQFK\PDO�
WUDQVLWLRQ� >��@��7R�GDWH�� WKHUH� LV�QR�SXEOLVKHG�HYLGHQFH�
RI� WKH� GLUHFW� LQYROYHPHQW� RI� 6(0$�&� LQ� FDQFHU�� EXW�

somatic point mutations in SEMA4C were also reported 
E\�7&*$�LQ����RI�WKH�FXWDQHRXV�PHODQRPDV��&RQYHUVHO\��
an important role of the SEMA4D-Plexin-B1 interaction 
in regulating different aspects of tumor progression and 
angiogenesis is well established [16]. In all, alterations in 
SEMA4 family members were detected in 56% (13/23) 
of the cell lines, indicating an important role of SEMA4 
signaling in colorectal cancer.
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Figure 2: Schematic representation of somatic point mutations affecting the coding regions of putative druggable genes 
in colorectal cancer cell lines. .QRZQ�SURWHLQ�GRPDLQV�DUH�UHSUHVHQWHG�XVLQJ�GLIIHUHQW�FRORUV��6RPDWLF�SRLQW�PXWDWLRQV�RFFXUULQJ�LQ�
different colorectal cancer cell lines are indicated (ź��DQG�KLJKOLJKWHG�LQ�UHG�ZKHQ�SUHGLFWHG�WR�KDYH�DQ�LPSDFW�RQ�SURWHLQ�IXQFWLRQ�

Fibroblast Growth Factor Receptor Like Protein 1 
�)*)5/��� DOWHUDWLRQV� ZHUH� GHWHFWHG� DQG� YDOLGDWHG�
E\� 6DQJHU� VHTXHQFLQJ� LQ� �� FHOO� OLQHV� �/292�� .0����
/,0������ 5.2��� 7KUHH� FHOO� OLQHV� FDUU\� IUDPHVKLIW�
mutations and the remaining cell line carries a non-
synonymous point mutation with a predicted damaging 
effect, indicating a loss of function of the FGFRL1 
protein in colorectal cancer (Figure 2). Recurrent (>10%) 
FGFRL1 somatic mutations were also reported in bladder 
WXPRUV� >��@�� )*)5/�� DFWV� DV� D� QHJDWLYH� UHJXODWRU� RI�
Fibroblast Growth Factor Receptor 1 (FGFR1) signaling 
either by interfering with FGFR1 dimerization and 
SKRVSKRU\ODWLRQ� RU� E\� VHTXHVWHULQJ� )*)5�� OLJDQGV�
>��@��)*)5��DPSOL¿FDWLRQ�DQG�RYHUH[SUHVVLRQ�KDV�EHHQ�
reported in colorectal cancer and associated with the 
SUHVHQFH�RI�OLYHU�PHWDVWDVLV�>��@��,QGHHG��LQ�RXU�VWXG\�ZH�
DOVR�GHWHFWHG�DQG�YDOLGDWHG�E\�6DQJHU�VHTXHQFLQJ�VRPDWLF�
mutations in FGFR1 in 4 cell lines (HCT116, HCT15, 
5.2��6:�����LQFOXGLQJ�D�QRQ�V\QRQ\PRXV�VXEVWLWXWLRQ�
in the tyrosine kinase domain (Figure 2). Mutations in 
)*)5���/,0������DQG�)*)5���/292��6:����ZHUH�DOVR�
REVHUYHG�DW�D�ORZHU�IUHTXHQF\��,Q�DOO��DOWHUDWLRQV�LQ�)*)5�
IDPLO\�PHPEHUV�ZHUH�GHWHFWHG�LQ������������RI�WKH�FHOO�
lines, suggesting an important role of FGF signaling in 
colorectal cancer.

$OWKRXJK�WKH�UHPDLQLQJ���JHQHV��3.'���)$0��$��
:'5���� 70(0����� 6/&��$��� 6/&��$��� ,*)/5���
are mutated in >10% of the colorectal cancer cell 
OLQHV�� OLWHUDWXUH�VHDUFKHV�GLG�QRW� UHYHDO�HYLGHQFH�RI� WKH�
functional role or therapeutic potential of these genes 
LQ� FRORUHFWDO� FDQFHU�� 1HYHUWKHOHVV�� UHFXUUHQW� PXWDWLRQV�

�!���� LQ�)$0��$��6/&��$��DQG�:'5���KDYH�EHHQ�
reported for other primary tumors in the TCGA database, 
and further functional studies will be necessary to address 
WKHLU�LQYROYHPHQW�LQ�FRORUHFWDO�WXPRULJHQHVLV�

Druggable mutations in cell surface proteins for 
targeted therapy in colorectal cancer

,Q� RUGHU� WR� LGHQWLI\� SXWDWLYH�GUXJJDEOH�PXWDWLRQV�
in cell surface proteins, we searched for mutated genes 
present in the Drug-Gene Interaction Database (DGIdb), 
which integrates drug-target information from 13 
GLIIHUHQW�VRXUFHV��LQFOXGLQJ�WKH�OLWHUDWXUH�DQG�SUHYLRXVO\�
HVWDEOLVKHG�GDWDEDVHV�>��@��:H�JHQHUDWHG�D�FDWDORJXH�RI�
point mutations in druggable genes, and we found that 
FRORUHFWDO� FHOO� OLQHV�KDUERU�RQ�DYHUDJH����PXWDWLRQV� LQ�
druggable expressed genes (Table 3 and Supplementary 
LQIRUPDWLRQ�7DEOH�6���

$� VLJQL¿FDQW� IUDFWLRQ� ������ RI� WKHVH� PXWDWLRQV�
occurred in membrane transporters. Membrane 
transporters, including solute carriers (SLCs) and ABC 
WUDQVSRUWHUV��FRQWURO�WKH�XSWDNH�DQG�HIÀX[�RI�DPLQR�DFLGV��
VXJDUV�� OLSLGV� DQG� YLWDPLQV�� DQG� WKHLU� H[SUHVVLRQ� DQG�
DFWLYLW\�DUH�IUHTXHQWO\�DOWHUHG�LQ�FDQFHU�DV�D�FRQVHTXHQFH�
RI� WKH� KLJKHU� HQHUJ\� DQG� QXWULWLRQDO� UHTXLUHPHQWV� RI�
the tumor cells [21]. Membrane transporters represent 
potential targets for cancer therapy and blocking their 
DFWLYLW\� FRXOG� EH� RQH� ZD\� WR� LQWHUIHUH� ZLWK� WXPRU�
progression. In addition, membrane transporters can also 
VHUYH� DV� FKHPR�VHQVLWL]LQJ� WDUJHWV�� VLQFH� WKH\� DFWLYHO\�
SDUWLFLSDWH� LQ� GUXJ� GHOLYHU\� DQG� UHVLVWDQFH� >���� ��@��
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Mutations in ABCA3, ABCA7, ABCC1, SLC23A2 and 
6/&�$��ZHUH�HDFK�REVHUYHG�LQ�!����RI�WKH�FHOO�OLQHV�

:H�WKHQ�IRFXVHG�RQ�H[SUHVVHG�JHQHV�ZLWK�SXWDWLYH�
GUXJJDEOH�PXWDWLRQV�WKDW�ZHUH�QRW�SUHYLRXVO\�FRQVLGHUHG�
as potential therapeutic targets for colorectal cancer, 
EXW� IRU�ZKLFK� VSHFL¿F� LQKLELWRUV� KDYH� SUHYLRXVO\� EHHQ�
GHYHORSHG��:H�SDUWLFXODUO\� IRFXVHG�RQ�VXUIDFH�SURWHLQV�
ZLWK�NLQDVH�DFWLYLW\��DV�WKH\�UHSUHVHQW�D�VLJQL¿FDQW�IUDFWLRQ�
of the genes mutated in cancer and are highly amenable to 
targeting by rationally designed small molecule inhibitors. 
7ZR�GUXJJDEOH�57.V��$;/�DQG�(3+$���ZHUH�IRXQG�WR�EH�
IUHTXHQWO\��!�����DOWHUHG�LQ�RXU�FHOO�OLQHV�

)LYH�SRLQW�PXWDWLRQV�LQ�WKH�NLQDVH�GRPDLQ�DQG�RU�
with predicted functional impact in the AXL Receptor 
7\URVLQH� .LQDVH� �$;/�� ZHUH� GHWHFWHG� DQG� YDOLGDWHG�
E\� 6DQJHU� 6HTXHQFLQJ� LQ� ���� ������� RI� RXU� FHOO� OLQHV�
�&2/2����� .0���� +&7����� +&7��� DQG� /292��
(Figure 2). One of these mutations (g.chr19:41726597 
C>T) occurring in the GAS6-ligand binding domain was 
DOVR�REVHUYHG�LQ�D�XWHULQH�FRUSXV�HQGRPHWULRLG�FDUFLQRPD�
and in a glioblastoma. AXL is a member of the TAM 
IDPLO\� RI� 57.V�� ZKLFK� DOVR� LQFOXGHV�0HU� DQG� 7\UR��� 
>��@�� 0XWDWLRQV� LQ� 0HU� �6:���� DQG� 7\UR��� �+&7����
ZHUH� DOVR� REVHUYHG�� 3RLQW�PXWDWLRQV� LQ�$;/� KDYH� QRW�
EHHQ�VSHFL¿FDOO\�GHVFULEHG�LQ�WKH�OLWHUDWXUH�IRU�FRORUHFWDO�
FDQFHU�� DQG� ORZHU� PXWDWLRQ� IUHTXHQFLHV� ������� ZHUH�
reported for primary colorectal cancers in the TCGA 
GDWDEDVH�>�@��2YHUH[SUHVVLRQ�RI�$;/�LQ�FRORUHFWDO�WXPRUV�
was reported in metastatic lesions [24] and AXL was 
recently characterized as a poor prognostic marker in early 
stage colorectal tumors, and as an important mediator of 
EDVDO�DQG���)8�LQGXFHG�(07�DQG�LQYDVLYHQHVV�>��@�

Point mutations in the EPH Receptor A2 gene 
�(3+$��� ZHUH� GHWHFWHG� DQG� YDOLGDWHG� E\� 6DQJHU�
VHTXHQFLQJ�LQ���FHOO�OLQHV��+&7����/,0������/,0�������
Three of these mutations are located in the tyrosine 
kinase domain and one in the Ephrin-ligand binding 
domain (Figure 2). Mutations with predicted functional 
impact in the Ephrin-ligand binding domain and in the 
tyrosine kinase domain of the EPHA1 gene were also 
REVHUYHG�LQ���FHOO�OLQHV��+&7����/,0�����DQG�/292��
(Figure 2). Point mutations in EPHA2 and EPHA1 
KDYH�QRW�EHHQ�VSHFL¿FDOO\�GHVFULEHG�LQ�WKH�OLWHUDWXUH�IRU�
SULPDU\�FRORUHFWDO�WXPRUV��DQG�ORZHU�PXWDWLRQ�IUHTXHQFLHV�
for these genes (4.4% EPHA1 and 2.6% EPHA2) were 
reported for primary colorectal tumors in the TCGA 
GDWDEDVH�>�@��(3+$��LV�RYHUH[SUHVVHG�LQ�WXPRU�FHOOV�DQG�
LQ�WXPRU�EORRG�YHVVHOV�LQ�GLIIHUHQW�W\SHV�RI�FDQFHU�>��@��,Q�
FRORUHFWDO�WXPRUV��(3+$��RYHUH[SUHVVLRQ�ZDV�GHWHFWHG�LQ�
approximately half of the samples and higher expression 
ZDV� DVVRFLDWHG�ZLWK� DGYDQFHG� VWDJH� WXPRUV��PHWDVWDWLF�
GLVHDVH�DQG�KLJKHU�PLFURYHVVHOV�FRXQWV�>������@��0RUHRYHU��
loss of EPHA2 reduced tumor formation in Apc Min/+ 
PLFH�>��@��&RQYHUVHO\��HOHYDWHG� OHYHOV�RI�(3+$��ZHUH�
REVHUYHG�LQ�HDUO\�VWDJH�FRPSDUHG�WR�ODWH�VWDJH�FRORUHFWDO�
tumors. Reduced EPHA1 expression was associated with 

SRRUO\�GLIIHUHQWLDWHG�DQG�LQYDVLYH�WXPRUV�DQG�SRRU�RYHUDOO�
VXUYLYDO��LQGLFDWLQJ�WKDW�(3+$��PD\�SOD\�GLIIHUHQW�UROHV�
during different stages of colorectal carcinoma progression 
[30, 31].

Mutated epitopes exposed on the cell surface of 
colorectal cancer

Non-synonymous and frameshift mutations in the 
Surfaceome of the 23 colorectal cancer cell lines were 
used to identify mutated epitopes with differential binding 
DI¿QLW\�WR�+/$�ZKHQ�FRPSDUHG�WR�HSLWRSHV�JHQHUDWHG�E\�
WKH� FRUUHVSRQGLQJ� QRQ�PXWDWHG� �UHIHUHQFH�� VHTXHQFHV��
Our local pipeline for immunogenic epitope prediction 
ZDV�EDVHG�RQ�WZR�DOJRULWKPV�5$1.3(3�DQG�1HW0+&�
as described in Materials and Methods. Mutated epitopes 
ZHUH�UHTXLUHG�WR�KDYH�D�ELQGLQJ�DI¿QLW\�WR�WKH�+/$�����
molecule that was at least 20% higher than the reference 
HSLWRSH� DV� SUHGLFWHG� E\� ERWK� DOJRULWKPV��$� WRWDO� RI� ���
SXWDWLYH�PXWDWHG� HSLWRSHV�ZHUH� LGHQWL¿HG� ���� HSLWRSHV�
from non-synonymous mutations and 9 epitopes from 
IUDPHVKLIW� PXWDWLRQV��� +RZHYHU�� ZKHQ� ZH� FRPELQHG�
gene expression data with epitope prediction analysis, 
ZH�IRXQG�WKDW�RQO\�������������RI�WKH�SUHGLFWHG�HSLWRSHV�
are expressed, and that 92% (23/25) of these epitopes are 
expressed in a subset of the cell lines with the mutator 
phenotype. These results suggest that the use of potentially 
immunogenic mutations in cell surface proteins for 
personalized T-cell based immunotherapy in colorectal 
cancer is limited, as only 30% of the mutated epitopes 
are expressed and less than half (11/23) of the tumors cell 
lines express mutated epitopes.

Discussion and Therapeutic Implications

2QH� RI� WKH� PDMRU� REMHFWLYHV� RI� FDQFHU� JHQRPH�
VHTXHQFLQJ�SURMHFWV�LV�WR�LGHQWLI\�WKHUDSHXWLFDOO\�WDUJHWDEOH�
PXWDWLRQV��7KLV�REMHFWLYH�KDV�EHHQ�DFKLHYHG�ZLWK�UHSHDWHG�
success in cancer therapy, resulting in the introduction of 
new treatment protocols in the clinical practice. The use 
of Imatinib, for chronic myeloid leukemia and other solid 
WXPRUV��RI�7UDVWX]XPDE�DQG�/DSDWLQLE��IRU�(5%%��SRVLWLYH�
breast cancer, and of Vemurafenib, for BRAF mutant 
melanomas, are emblematic examples of how genomic 
DOWHUDWLRQV�FDQ�EH�XVHG�WR�WDUJHW�FDQFHU�FHOOV�>��@��2YHU�
WKH�SDVW�\HDUV�� WKHVH�VHTXHQFLQJ�SURMHFWV�KDYH�UHYHDOHG�
many new cancer genes, most of which are mutated at 
LQWHUPHGLDWH�IUHTXHQFLHV���±�����RU�ORZHU��XQFRYHULQJ�
DQ�XQSUHFHGHQWHG�OHYHO�RI�JHQHWLF�KHWHURJHQHLW\�LQ�KXPDQ�
cancers and establishing the need for a continued effort to 
GHWHUPLQH�WKH�IXQFWLRQDO�VLJQL¿FDQFH�RI�WKHVH�PXWDWLRQV�
DQG�WR�WUDQVODWH�WKHVH�¿QGLQJV�WR�WKH�EHGVLGH�>��@�

Cell surface proteins constitute optimal targets for 
directed therapies and represent two-thirds of the protein-
based drug targets [34, 35]. Surface proteins are also 
H[FHOOHQW�WDUJHWV�IRU�DQWLERG\�EDVHG�WKHUDSLHV�DQG�YDFFLQH�
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GHYHORSPHQW�VLQFH�WKH\�DUH�H[SRVHG�RQ�WKH�FHOO�VXUIDFH�
DQG��WKHUHIRUH��KDYH�WKH�KLJKHVW�FKDQFHV�WR�EH�UHFRJQL]HG�
as antigens [36]. In the present work, we carried out a 
systematic mutational analysis of human genes coding 
IRU�FHOO�VXUIDFH�SURWHLQV��DLPLQJ�WR�XQFRYHU�QRYHO�DOWHUHG�
pathways, druggable mutations and mutated epitopes for 
WDUJHWHG�WKHUDS\�LQ�FRORUHFWDO�FDQFHU��:H�WDUJHW�VHTXHQFHG�
the coding regions of cell surface protein genes in a panel 
RI����WXPRU�FHOO� OLQHV�WKDW�DOWRJHWKHU�DUH�UHSUHVHQWDWLYH�
of the main subtypes of primary colorectal tumors at 
WKH�JHQRPLF�OHYHO�>��@��:H�RSWHG�WR�XVH�FHOO�OLQHV�LQ�WKLV�
VWXG\��LQVWHDG�RI�SULPDU\�WXPRUV��WR�RYHUFRPH�OLPLWDWLRQV�
LPSRVHG� E\� WKH� KLJK� OHYHO� RI� FRORUHFWDO� LQWUDWXPRUDO�
JHQHWLF�KHWHURJHQHLW\�LQ�WKH�PXWDWLRQ�GHWHFWLRQ�HI¿FLHQF\�
DQG�WR�KDYH�VWUDLJKWIRUZDUG�FHOO�PRGHOV�WR�IXUWKHU�DGGUHVV�
WKH�WKHUDSHXWLF�SRWHQWLDO�RI�WKH�XQFRYHUHG�DOWHUHG�SDWKZD\V�
and druggable mutations.

:H�IRXQG�WKDW�D�VLJQL¿FDQW�������IUDFWLRQ�RI�WKH�
Surfaceome is reshaped by somatic point mutations 
LQ� FRORUHFWDO� FDQFHU� FHOO� OLQHV�� 2XU� DQDO\VLV� LGHQWL¿HG�
���JHQHV�FRGLQJ�IRU�FHOO�VXUIDFH�SURWHLQV�WKDW�ZHUH�QRW�
SUHYLRXVO\� GHVFULEHG� DV�PXWDWHG� LQ� SULPDU\� FRORUHFWDO�
tumors in the TCGA database [5], including mutations in 
6(0$�&�DQG�)*)5/��ZKLFK�KDYH�QRW�EHHQ�SUHYLRXVO\�
considered as potential therapeutic targets for colorectal 
cancer. Although we cannot exclude the possibility 
that some of these alterations correspond to mutations 
DFTXLUHG�GXULQJ�in vitro propagation of the cell lines, our 
results are in agreement with a recent mutation saturation 
DQDO\VLV� RI� ������ VHTXHQFHG� WXPRUV�� DFURVV� ��� FDQFHU�
W\SHV�>�@��7KLV�VWXG\�UHYHDOHG�WKDW�WKH�GLVFRYHU\�RI�FDQFHU�
JHQHV� PXWDWHG� DW� IUHTXHQFLHV� RI� �±���� LQ� FRORUHFWDO�
tumors is increasing linearly in relation to the number of 
WXPRU�JHQRPHV�VHTXHQFHG��DQG�WKDW�WKH�FXUUHQW�FROOHFWLRQ�
RI�VHTXHQFHG�FRORUHFWDO�WXPRUV�ODFNV�WKH�GHVLUHG�SRZHU�
WR�GHWHFW�JHQHV�PXWDWHG�DW�IUHTXHQFLHV�RI����DERYH�WKH�
background rate [6].

SEMA4C mutations were found in 17% of the 
cell lines and recurrent mutations in SEMA4G (17%) 
DQG� 6(0$�'� ������ ZHUH� DOVR� REVHUYHG�� 7KH� HIIHFWV�
of Semaphorins and their receptors in cancer are broad, 
context dependent and complex [37]. SEMA4C is 
expressed in neural stem cells and its expression is 
downregulated during stem cell differentiation [14]. 
6(0$�&� H[SUHVVLRQ� LV� LQGXFHG� E\� 7*)ȕ��� LQ� UHQDO�
HSLWKHOLDO� FHOOV� DQG� SOD\V� DQG� LPSRUWDQW� UROH� LQ�7*)ȕ�
1 induced epithelial-mesenchymal transition [15]. In 
addition, an important role of SEMA4D-Plexin-B1 
interaction in regulating different aspects leading to tumor 
SURJUHVVLRQ��LQFOXGLQJ�LQYDVLYH�JURZWK�DQG�DQJLRJHQHVLV��
is well established [16]. The pro-angiogenic effect of 
SEMA4D was demonstrated both in vitro and in vivo 
and is comparable to that elicited by other well-known 
angiogenic molecules, such as VEGF-A, HGF and bFGF 
>���� ��@��2XU� UHVXOWV� VXJJHVW� WKDW� 6(0$�� VLJQDOLQJ� LV�
DFWLYDWHG� E\� SRLQW� PXWDWLRQV� LQ� D� VLJQL¿FDQW� IUDFWLRQ�

RI� FRORUHFWDO� WXPRUV�� DQG� DOWKRXJK� VSHFL¿F� LQKLELWRUV�
WDUJHWLQJ� 6(0$�� SURWHLQV� DUH� QRW� FXUUHQWO\� DYDLODEOH��
VHYHUDO�ELRORJLFDO�SURFHVV�GULYHQ�E\�6(0$��VLJQDOLQJ��
VXFK�DV�DQJLRJHQHVLV�DQG�LQYDVLYHQHVV��FRXOG�EH�WDUJHWHG�
ZLWK� )'$� DSSURYHG� GUXJV�� LQFOXGLQJ� DQWL�DQJLRJHQLF�
agents and MET inhibitors.

,QDFWLYDWLQJ�PXWDWLRQV�LQ�)*)5/���WKH�PRVW�UHFHQWO\�
GLVFRYHUHG�PHPEHU�RI�WKH�)*)5�IDPLO\��ZHUH�GHWHFWHG�LQ�
����RI�RXU�FHOO�OLQHV��)*)5/��ELQGV�ZLWK�KLJK�DI¿QLW\�
to heparin and FGF ligands, but it does not possess an 
intracellular protein kinase domain and, therefore, cannot 
VLJQDO�E\�WUDQV�DXWR�SKRVSKRU\ODWLRQ�>��@��)*)5/��WKXV�
DFWV�DV�D�QHJDWLYH�UHJXODWRU�RI�)*)5��VLJQDOLQJ�DQG�ORVV�
of function mutations described here may represent a 
QRYHO�PHFKDQLVP�RI�)*)�VLJQDOLQJ�DFWLYDWLRQ�LQ�FRORUHFWDO�
cancer. Alterations in FGFR1, FGFR2 and FGFR3 were 
DOVR�REVHUYHG�DW�D�ORZHU�IUHTXHQF\��DQG�����RI�WKH�FHOO�
lines harbored somatic mutations in members of the FGF 
VLJQDOLQJ�SDWKZD\��'LIIHUHQW�)*)5�VSHFL¿F�LQKLELWRUV�DUH�
FXUUHQWO\�XQGHU�GHYHORSPHQW�>��@��DQG�IXUWKHU�HYDOXDWLRQ�
RI� WKHLU� DFWLYLW\� LQ� WKH� VXEVHW�RI� FRORUHFWDO� FDQFHU�ZLWK�
)*)5�)*)5/��DOWHUDWLRQV�VKRXOG�EH�SXUVXHG��0RUHRYHU��
Regorafenib, a multi-kinase inhibitor that targets FGFR1 
DPRQJ�RWKHU�57.V��ZDV�UHFHQWO\�DSSURYHG�E\�WKH�)'$�
IRU� WKH� WUHDWPHQW� RI� DGYDQFHG� FRORUHFWDO� FDQFHU� >��@��
EXW�SUHGLFWLYH�ELRPDUNHUV�IRU�WKLV�LQGLFDWLRQ�DUH�QRW�\HW�
FXUUHQWO\�DYDLODEOH�

+LJKHU� PXWDWLRQ� IUHTXHQFLHV� LQ� WKH� 57.V� $;/�
(22%) and EPHA2 (17%) were detected in our panel 
compared to those reported in the TCGA database for 
primary colorectal tumors (3.51% AXL and 2.63% 
(3+$��� >�@�� %RWK� 57.V� KDYH� QRW� EHHQ� FRQVLGHUHG� DV�
SRWHQWLDO�WKHUDSHXWLF�WDUJHWV�IRU�FRORUHFWDO�FDQFHU��KRZHYHU�
WKH�DYDLODELOLW\�RI�VSHFL¿F�LQKLELWRUV�DQG�SUH�FOLQLFDO�GDWD�
VXSSRUW� WKHLU� SRWHQWLDO� XVH� IRU� WKHUDSHXWLF� LQWHUYHQWLRQ��
The oncogenic properties of AXL were initially described 
in patients with chronic myelogenous and lymphoblastic 
OHXNHPLD��&0/���EXW�RYHUH[SUHVVLRQ�RI�$;/�KDYH�DOVR�
been detected in many solid tumors and associated with 
poor prognosis [23]. AXL has a well established oncogenic 
UROH�LQ�VXUYLYDO��SUROLIHUDWLRQ�DQG�PLJUDWLRQ�RI�FDQFHU�FHOOV�
in vitro, as well as in tumor angiogenesis and metastasis 
in vivo >��@��0RUHRYHU�� UHFHQW� VWXGLHV� KDYH� XQFRYHUHG�
D�PDMRU�UROH�RI�$;/�LQ�SULPDU\�DQG�DFTXLUHG�UHVLVWDQFH�
WR�VHYHUDO�DQWLFDQFHU�WKHUDSLHV��$;/�RYHUH[SUHVVLRQ�KDV�
been linked to Imatinib-resistance in gastrointestinal 
stromal tumors [42], Nilotinib-resistance in CML [43] and 
/DSDWLQLE�UHVLVWDQFH�LQ�+(5���SRVLWLYH�EUHDVW�WXPRU�FHOOV�
>��@�� ,Q� OXQJ�FDQFHU��$;/�ZDV� LGHQWL¿HG�DV�D�SRWHQWLDO�
WDUJHW� IRU� RYHUFRPLQJ� (*)5� LQKLELWRU� UHVLVWDQFH� DQG�
FRPELQDWLRQ� RI� DQ�$;/� VSHFL¿F� LQKLELWRU� �6*,�������
ZLWK�(UORWLQLE�UHYHUVHG�(UORWLQLE�UHVLVWDQFH�LQ�D�[HQRJUDIW�
model of mesenchymal non-small cell lung cancer [45].

In colorectal cancer, AXL expression is associated 
WR� LQFUHDVHG� LQYDVLYHQHVV� RI� WXPRU� FHOO� OLQHV� ZLWK�
RYHUH[SUHVVLRQ� RI� WKH� FKHPRNLQH� UHFHSWRUV� &;&5��
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and CXCR7, and AXL knock-down in these cell 
OLQHV� VLJQL¿FDQWO\� KDPSHUHG� WXPRU� FHOO� LQYDVLRQ� >��@��
Considering that many multi-kinase inhibitors under 
GHYHORSPHQW� KDYH�$;/�DV� RQH� RI� WKHLU� WDUJHWV�� IXUWKHU�
exploration of the pharmacologic inhibition of this 
pathway in pre-clinical models, including tumor cells lines 
with resistance to anti-EGFR drugs, should be pursued. 
In addition, monoclonal antibodies and small-molecule 
W\URVLQH�NLQDVH�LQKLELWRUV�VSHFL¿FDOO\�WDUJHWLQJ�$;/�DUH�
FXUUHQWO\�LQ�GHYHORSPHQW�DQG�WKHLU�XVH�LQ�FRORUHFWDO�FDQFHU�
patients should also be further explored [47]. Noteworthy, 
some of the cell lines analyzed herein presented 
concomitant mutations in AXL and FGFR or FGFRL1 
�+&7�����+&7����/292��.0�����ZKLFK�VXJJHVWV�WKDW�
WKHVH�PXWDWLRQV�DUH�QRW�PXWXDOO\�H[FOXVLYH��,Q�WKLV�VHWWLQJ��
it will be important to explore the interdependence of both 
pathways, specially considering that some multi-kinase 
LQKLELWRUV� XQGHU� GHYHORSPHQW� DUH� FDSDEOH� RI� EORFNLQJ�
$;/�DQG�)*)5�FRQFRPLWDQWO\�>��@��,QGHHG��FRPELQDWLRQ�
RI�WKHVH�PXOWL�NLQDVH�LQKLELWRUV�ZLWK�EHYDFL]XPDE�OHG�WR�
near total inhibition of tumor growth in colon carcinoma 
xenograft models and caused tumor growth arrest in 
EHYDFL]XPDE�UHVLVWDQW�WXPRUV�>��@�

Somatic alterations in EPH receptors were also 
IUHTXHQWO\�REVHUYHG�LQ�RXU�FHOO�OLQHV��LQFOXGLQJ�IUHTXHQW�
mutations in EPHA1 and EPHA2. Point mutations in 
(3+$�� DQG� (3+$�� KDYH� QRW� VR� IDU� EHHQ� GHVFULEHG�
LQ� WKH� OLWHUDWXUH� IRU� FRORUHFWDO� FDQFHU�� 1HYHUWKHOHVV��
mutations in the kinase domain of EPHA3 was reported 
in 5% of colorectal cancer cell lines [49] and EPHA3 
was listed among the top 3 cancer genes in a large-scale 
screening for somatic mutations in colorectal cancer 
[4]. EPH receptors play critical roles in embryonic 
GHYHORSPHQW�DQG�WKHLU�H[SUHVVLRQ�LV�IUHTXHQWO\�DOWHUHG�
LQ�D�YDULHW\�RI�FDQFHUV�DQG�WXPRU�FHOO�OLQHV�>��@��7KH\�
FRPSULVH�WKH�ODUJHVW�IDPLO\�RI�57.V�DQG�ELQG�WR�HSKULQV�
�()1�� DYDLODEOH� RQ� WKH� VXUIDFH� RI� QHLJKERULQJ� FHOOV��
8QOLNH� RWKHUV� 57.V�� (3+�()1� VLJQDOLQJ� LV� XQLTXH��
since it triggers a bi-directional signal that affects both 
receptor and EFN expressing cells [50]. EPH receptors 
are thus important mediators of tumor cell interactions 
ZLWK�WKH�WXPRU�VWURPD�DQG�WXPRU�YDVFXODWXUH��DQG�KDYH�
been proposed as promising targets for cancer therapy, 
since targeting these receptors could simultaneously 
LQKLELW� VHYHUDO�DVSHFWV�RI� WXPRU�SURJUHVVLRQ� >������@��
(3+$��RYHUH[SUHVVLRQ�LQ�FRORUHFWDO�FDQFHU�LV�DVVRFLDWHG�
ZLWK� DGYDQFHG� VWDJH� WXPRUV�� PHWDVWDWLF� GLVHDVH� DQG�
KLJKHU�PLFURYHVVHO�FRXQWV�>������@��0RUHRYHU��ORVV�RI�
EPHA2 was shown to reduce Apc Min/+ tumorigenesis 
>��@��&RQ¿UPDWLRQ�RI�WKH�DFWLYDWLRQ�RI�(3+�VLJQDOLQJ�
mediated by EPHA2 point mutations in colorectal cancer 
LV� RI� XSPRVW� LPSRUWDQFH� FRQVLGHULQJ� WKH� DYDLODELOLW\�
RI� )'$� DSSURYHG� GUXJV� WDUJHWLQJ� WKLV� UHFHSWRU�� VXFK�
as Dasatinib [51]. In addition, EPHA2-FC soluble 
UHFHSWRUV� ZHUH� VKRZQ� WR� VLJQL¿FDQWO\� UHGXFH� WXPRU�
YROXPH� DQG� RYHUDOO� PHWDVWDWLF� EXUGHQ� LQ� SUH�FOLQLFDO�

models of breast [52] and pancreatic tumors [53], but 
KDYH�QRW�EHHQ�HYDOXDWHG� LQ� FRORUHFWDO� FDQFHU�PRGHOV��
Finally, receptor endocytosis promoted by anti-EPHA2 
monoclonal antibodies has also been used to reduce 
(3+$��DFWLYLW\�DQG�LQKLELW�PDOLJQDQW�FHOO�EHKDYLRU�in 
vitro [54]. On the other hand, therapies targeting EPHA1 
LQ�FRORUHFWDO�FDQFHU�VKRXOG�EH�FDUHIXOO\�HYDOXDWHG�VLQFH�
this gene seems to play different roles during disease 
progression [30, 31].

Non-synonymous and frameshift mutations in 
WXPRU�FHOOV�FDQ�JHQHUDWH�XQLTXH�7�FHOO�PXWDWHG�HSLWRSHV�
DQG� LQGXFH� WXPRU� DQWLJHQ�VSHFL¿F� LPPXQH� UHVSRQVH�
>��@�� 7KHUH� LV� HYLGHQFH� VXSSRUWLQJ� WKH� HI¿FDF\� RI�
YDFFLQDWLRQ� VWUDWHJLHV� XVLQJ�PXWDWHG� HSLWRSHV� >��@� DQG�
WKH� XVH� RI� SHUVRQDOL]HG� SHSWLGH� YDFFLQHV� DQG� DGRSWLYH�
7�FHOO� WUDQVIHU� SURWRFROV� EDVHG� RQ� SDWLHQW�VSHFL¿F�
mutated epitopes holds great promise in cancer therapy 
[57]. Unfortunately, combining epitope prediction 
algorithms and gene expression data, we found that the 
use of potentially immunogenic mutations in cell surface 
proteins for personalized immunotherapy in colorectal 
cancer is limited, since the expression of approximately 
70% of these epitopes was not detected in the tumor cells. 
+RZHYHU��DGGLWLRQDO�VWXGLHV�LQFOXGLQJ�PXWDWHG�HSLWRSHV�
SUHVHQW�LQ�LQWUDFHOOXODU�SURWHLQV�ZLOO�EH�UHTXLUHG�WR�IXUWKHU�
DGGUHVV� WKH� DSSOLFDELOLW\� RI� SHUVRQDOL]HG� YDFFLQHV� LQ�
colorectal patients.

1RWZLWKVWDQGLQJ�� ZH� REVHUYHG� WKDW� PXWDWHG�
expressed epitopes are predominantly found in colorectal 
cell lines presenting a mutator phenotype and that this 
VSHFL¿F�VXEVHW�RI�FHOO�OLQHV�H[SUHVV�D�WRWDO�RI����PXWDWHG�
epitopes. In this context, it was recently demonstrated 
that patients with tumors showing naturally occurring 
immunogenic mutations presented higher cytotoxic T-cell 
LQ¿OWUDWLRQ�DQG�LPSURYHG�RYHUDOO�VXUYLYDO�DQG��EDVHG�RQ�
WKHVH�REVHUYDWLRQV��WKH�XVH�JHQHUDO�LPPXQH�PRGXODWRUV�
that block immune regulatory checkpoints such as anti-
CTLA4 and anti-PD1 was proposed as a treatment 
VWUDWHJ\�IRU�SDWLHQWV�ZLWK�LPPXQRJHQLF�PXWDWLRQV�>��@��
$FFRUGLQJO\�� WXPRUV�ZLWK� D� KLJK� OHYHO� RI�PXWDWLRQV� DV�
UHYHDOHG�E\�WKH�7&*$�>��@��VXFK�DV�PHODQRPD�DQG�QRQ�
VPDOO� FHOO� OXQJ� FDQFHU�� DUH� FXUUHQWO\� GHULYLQJ� VWULNLQJ�
EHQH¿WV�ZLWK�LPPXQH�FKHFNSRLQW�EORFNDJH�GUXJV�>������@��
Although our results do not support the use of personalized 
T-cell based immunotherapy in colorectal cancer, they 
suggest that colorectal cancer patients harboring tumors 
ZLWK�D�PXWDWRU�SKHQRW\SH�FRXOG�EH�PRUH� UHVSRQVLYH� WR�
immune checkpoint blockage. Indeed, increased counts 
RI� &'��� 7�FHOOV� ZHUH� REVHUYHG� LQ� FRORUHFWDO� FDQFHU�
WXPRUV�ZLWK�KLJK�PXWDWLRQDO�ORDGV�>��@�DQG�PLFURVDWHOOLWH�
instability [62]. Data on the use of immune checkpoint 
target drugs in colorectal cancer are still limited, but the 
UHVXOWV� RI� WKH� ¿UVW� ORQJ� WHUP� IROORZ�XS� VWXG\� IURP� WKH�
¿UVW�FOLQLFDO�WULDO�EDVHG�RQ�WKH�3'��WDUJHWLQJ�PRQRFORQDO�
DQWLERG\�KDYH�UHFHQWO\�EHHQ�UHSRUWHG��7KLV�VWXG\�LQFOXGHG�
a 71-year-old patient with colorectal cancer who attained 
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a complete and durable (>4 years) response to anti-PD1 
treatment [63].

7R� WKH� EHVW� RI� RXU� NQRZOHGJH�� WKLV� LV� WKH� ¿UVW�
systematic and focused screen of point mutations in genes 
coding for cell surface proteins in colorectal cancer. By 
FRPELQLQJ� KLJK�WKURXJKSXW� VHTXHQFLQJ�� ELRLQIRUPDWLFV�
WRROV�� GDWD� LQWHJUDWLRQ� DQG� OLWHUDWXUH� VHDUFKHV��ZH� KDYH�
VXFFHVVIXOO\� GLVFRYHUHG� QRYHO� DOWHUHG� SDWKZD\V� DQG�
druggable mutations for targeted therapy in colorectal 
FDQFHU�� :H� KDYH� DOVR� XQFRYHUHG� WKH� SRWHQWLDO� XVH� RI�
H[LVWLQJ�57.� LQKLELWRUV� DQG� LPPXQH� FKHFNSRLQW� WDUJHW�
GUXJV� LQ� VSHFL¿F� VXEVHWV� RI� FRORUHFWDO� FDQFHU� SDWLHQWV��
5HVXOWV�SUHVHQWHG�KHUH�DUH�HQFRXUDJLQJ��KRZHYHU�RXU�VWXG\�
also presents some limitations.

)LUVW��DOWKRXJK�ZH�KDYH�GHVFULEHG�QRYHO�GUXJJDEOH�
PXWDWLRQV�RFFXUULQJ�LQ�D�UHSUHVHQWDWLYH�SDQHO�RI�FRORUHFWDO�
FDQFHU� FHOO� OLQHV�� LW� ZLOO� EH� LPSRUWDQW� WR� FRQ¿UP� WKH�
SUHYDOHQFH� RI� WKHVH� DOWHUDWLRQV� LQ� FOLQLFDO� VDPSOHV�
matched with normal tissue. At present, we cannot 
completely exclude the possibility that some of the 
alterations reported in this study correspond to mutations 
DFTXLUHG�GXULQJ�in vitro propagation of the cell lines or 
WR� YHU\� UDUH� JHUPOLQH� SRO\PRUSKLVPV� QRW� UHSUHVHQWHG�
LQ� SXEOLF� GDWDEDVHV�� QRU� LQ� LQGLYLGXDOV� VHTXHQFHG�
E\� WKH� ����� *HQRPHV� 3URMHFW�� +RZHYHU�� ZH� EHOLHYH�
WKDW� WKHVH� SRVVLELOLWLHV� GR� QRW� VLJQL¿FDQWO\� DIIHFW� RXU�
UHVXOWV��VLQFH�ZH�KDYH�SUHYLRXVO\�VKRZQ�WKDW�WKH�UDWH�RI�
mutation accumulation during in vitro propagation is not 
VLJQL¿FDQW�>��@�DQG�VWULQJHQW�ELRLQIRUPDWLFV�FXW�RIIV�ZHUH�
LPSOHPHQWHG�WR�¿OWHU�PRVW��LI�QRW�DOO��QRQ�FORQDO�PXWDWLRQV�
HYHQWXDOO\� LQWURGXFHG� GXULQJ� in vitro growth. Second, 
WKH� IXQFWLRQDO� FRQVHTXHQFHV� RI� WKH� XQFRYHUHG� JHQHWLF�
alterations were predicted primarily using computational 
WRROV�� DQG� FRQ¿UPDWLRQ�ZLWK� IXQFWLRQDO� in vitro assays 
LV�IXUWKHU�UHTXLUHG��6LPLODUO\��DGGLWLRQDO�H[SHULPHQWV� WR�
HYDOXDWH� WKH� HIIHFWV� RI� SKDUPDFRORJLF� LQKLELWLRQ� RI� WKH�
altered pathways using pre-clinical models are compulsory 
WR�WUDQVODWH�RXU�¿QGLQJV�WR�WKH�EHGVLGH��)LQDOO\��DOWKRXJK�
we suggest potential molecular therapeutic targets in 
colon cancer, it is important to recognize that a recent 
VWXG\�PDWFKLQJ�WDUJHWHG�WKHUDS\�ZLWK�VSHFL¿F�PROHFXODU�
DEQRUPDOLWLHV�IRU�SDWLHQWV�ZLWK�DGYDQFHG�FRORUHFWDO�FDQFHU�
IDLOHG�WR�FRQIHU�VLJQL¿FDQW�FOLQLFDO�EHQH¿W�>��@��:H�EHOLHYH�
WKDW�D�GLYHUVL¿FDWLRQ�RI�SRWHQWLDO�WDUJHWV��LQFOXGLQJ�WKRVH�
proposed by our study, could bring new opportunities to 
change this paradigm.

MATERIALS AND METHODS

Colorectal cancer cell lines

The panel of 23 colorectal cancer cell lines 
used in this study was obtained from different sources 
(Supplementary information Table S2). CACO2, 
COLO205, COLO320-DM, HCT116, HCT15, HT29, 
/292��5.2��6.&2����6:������6:�����6:����6:�����

6:����� 6:����� 6:���� DQG�7���ZHUH� REWDLQHG� IURP�
the American Type Culture Collection (Manassas, VA). 
LIM1215 and LIM2405 were generated by the Ludwig 
,QVWLWXWH�IRU�&DQFHU�5HVHDUFK��+&&�����DQG�.0���ZHUH�
obtained from the National Cancer Institute-Frederick 
&DQFHU�'&7�7XPRU�5HSRVLWRU\��5:�����DQG�5:�����
ZHUH�SURYLGHG�E\�'U��3�&DODEUHVL�IURP�5RJHU�:LOOLDPV�
General Hospital. Cells were cultured with Dulbecco’s 
0RGL¿HG� (DJOH� 0HGLXP� DQG� ���� )%6� DW� ��oC and 
5% CO2. Cell lines were authenticated and tested for 
Mycoplasma�FRQWDPLQDWLRQ�DV�SUHYLRXVO\�GHVFULEHG�>��@�

Target sequencing the human surfaceome

:H� WDUJHW�VHTXHQFHG� WKH� FRGLQJ� UHJLRQV�RI�������
cell surface proteins in 12 cell lines (CACO2, COLO205, 
+&7����� +&7���� +7���� 5.2�� 6:����� 6:�����
/,0������ /,0������ +&&������ .0����� 6XUIDFHRPH�
FDSWXUH�DQG�VHTXHQFLQJ�ZHUH�SHUIRUPHG�XVLQJ�6XUH�6HOHFW�
Target Enrichment baits (Agilent Technologies) and the 
62/L'� ���� VHTXHQFLQJ� SODWIRUP� �/LIH� 7HFKQRORJLHV���
UHVSHFWLYHO\�� )RU� WKH� UHPDLQLQJ� FHOO� OLQHV� �&2/2�����
/292�� 6.&2��� 6:������ 6:����� 6:���� 6:�����
6:����� 7���� 5:����� DQG� 5:������ ZKROH�H[RPH�
FDSWXUH� ZDV� SHUIRUPHG� XVLQJ� WKH� 7UX6HT� ([RPH�
(QULFKPHQW�.LW��,OOXPLQD��DQG�SDLUHG�HQG�VHTXHQFLQJ�ZDV�
SHUIRUPHG�XVLQJ�,OOXPLQD�+L6HT�������$�ORFDO�SLSHOLQH�
ZDV� WKHQ� GHYHORSHG� WR� H[WUDFW� WKH� JHQRPLF� VHTXHQFHV�
corresponding to the Surfaceome targeted region from 
whole-exome data.

Public Data and Databases

([RPH�FDSWXUH�VHTXHQFLQJ�GDWD�RQ�FRORUHFWDO�WXPRUV�
ZHUH� UHWULHYHG� IURP�7&*$� DQG� XVHG� WR� LGHQWLI\� QRYHO�
PXWDWHG�JHQHV�DQG�WR�GHWHUPLQH�PXWDWLRQ�IUHTXHQFLHV�LQ�
colorectal cancer primary tumors. The DGIdb [20] was 
used to identify druggable mutated genes and the gene list 
SURYLGHG�E\�WKH�+XPDQ�.LQRPH�SURMHFW�>��@��NLQDVH�FRP�
human/kinome) was used to identify genes coding for cell 
VXUIDFH�SURWHLQV�ZLWK�NLQDVH�DFWLYLW\�

Somatic mutation detection, validation and 
functional analysis

)RU�VLQJOH�QXFOHRWLGH�YDULDWLRQV��619V��GHWHFWLRQ��
SOLiD 4.0 and Illumina reads were aligned to the 
KXPDQ� UHIHUHQFH� JHQRPH� VHTXHQFH� �*5&K���KJ����
XVLQJ� %LR6FRSH� �/LIH� 7HFKQRORJLHV�� DQG� %:$� >��@��
UHVSHFWLYHO\�� )RU� ,Q'HOV� GHWHFWLRQ�� DOLJQPHQWV� ZHUH�
SHUIRUPHG�XVLQJ�1RYR$OLJQ&6��ZZZ�QRYRFUDIW�FRP���$�
ORFDO�SLSHOLQH� IRU�SRLQW�PXWDWLRQV�ZDV�GHYHORSHG�XVLQJ�
Samtools mpileup and bcftools [67]. Duplicated reads 
ZHUH�UHPRYHG�ZLWK�UPGXS��6DPWRROV��WR�DYRLG�SRWHQWLDO�
PCR duplicates generated during library construction. 
9DULDQWV�ZHUH�¿OWHUHG�DJDLQVW�NQRZQ�JHUPOLQH�YDULDWLRQV�
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DQQRWDWHG�LQ�GE613��YHUVLRQ�������DQG�YDULDWLRQV�SUHVHQW�
in more than 3 cell lines were manually inspected to 
distinguish recurrent mutations (eg. EGFR mutations) 
IURP�IDOVH�SRVLWLYH�PXWDWLRQV�GXH�WR�DOLJQPHQW�DUWLIDFWV��
6RPDWLF�PXWDWLRQV�ZHUH�YDOLGDWHG�XVLQJ�3&5�DPSOL¿FDWLRQ�
DQG� 6DQJHU� VHTXHQFLQJ� XVLQJ� VWDQGDUG� SURWRFROV�
�6XSSOHPHQWDU\�LQIRUPDWLRQ�7DEOH�6���6�����6,)7�>��@��
PolyPhen-2 [69] and Mutation Assessor [70] were used 
WR�HYDOXDWH�WKH�LPSDFW�RI�QRQ�V\QRQ\PRXV�VXEVWLWXWLRQV�
and InDels on protein function. Mutations were annotated 
DV�KDYLQJ�DQ�LPSDFW�RQ�SURWHLQ�IXQFWLRQ�ZKHQ�SUHGLFWHG�
by at least two of these algorithms in the case of non-
synonymous substitutions and by SIFT in the case of 
InDels.

Gene expression data

51$�6HT� GDWD� ZDV� JHQHUDWHG� IRU� ��� FHOO� OLQHV�
(CACO2, COLO205, COLO320, HCT116, HCT15, HT29, 
.0���� /,0������ /,0������ 5.2�� 6:����� 6:�����
XVLQJ� WKH� ����;/� VHTXHQFLQJ� SODWIRUP� WR� D� GHSWK� RI�
!����PLOOLRQ�UHDGV��6HTXHQFHV�ZHUH�DOLJQHG�WR�WKH�KXPDQ�
UHIHUHQFH�JHQRPH�VHTXHQFH��*5&K���KJ����XVLQJ�7RS+DW�
[71] with standard parameters for color space reads. 
,VRIRUP�DVVHPEO\�DQG�WUDQVFULSW�UHODWLYH�DEXQGDQFH�ZDV�
GHWHUPLQHG�XVLQJ�&XIÀLQNV�>��@��*HQHV�ZHUH�FRQVLGHUHG�
H[SUHVVHG�ZKHQ�)3.0�>������@�ZDV�����LQ�DW�OHDVW�RQH�
of the cell lines [73, 74]. For the remaining cell lines 
�/292�� 6.&2��� 6:������ 6:����� 6:���� 6:�����
6:�����H�7����PLFURDUUD\�H[SUHVVLRQ�GDWD�ZDV�H[WUDFWHG�
IURP�*(2�>��@��$FFHVVLRQ�*6(�������DQG�JHQHV�ZHUH�
FRQVLGHUHG�H[SUHVVHG�ZKHQ�WKH�DUUD\�YDOXHV�ZHUH�������

Epitope prediction

3HSWLGH�VHTXHQFHV�FRUUHVSRQGLQJ�WR�QRQ�V\QRQ\PRXV�
PXWDWLRQV� DQG� ,Q'HOV�� ÀDQNHG� E\� ��� DPLQRDFLGV� RQ�
either side, were used for epitope prediction by applying 
a similar approach to that described by Segal et al. 
�����>��@��7KH�VDPH�SURFHVV�ZDV�SHUIRUPHG�IRU�SHSWLGH�
VHTXHQFHV� FRUUHVSRQGLQJ� WR� WKH� QRQ�DOWHUHG� �UHIHUHQFH��
VHTXHQFHV��&RQFDWDPHUV�RI�WKHVH�SHSWLGHV�ZHUH�DQDO\]HG�
E\�5$1.3(3� >��@� DQG�1HW0+&� >��@� WR� LGHQWLI\� �� DD�
SHSWLGH�VHTXHQFHV�ZLWK�ELQGLQJ�DI¿QLW\�WR�WKH�FODVV�,�0+&�
PROHFXOH�+/$�$������5$1.3(3�SUHGLFWV�ELQGLQJ�EDVHG�
on scoring matrices from known peptides that bind to 
MHC molecules. Peptides were considered immunogenic 
LI� WKH�SHUFHQWDJH�RSWLPXP�ZDV��������5$1.3(3�DOVR�
HYDOXDWHV� LI� WKH� SHSWLGH� WHVWHG� UHVXOWV� IURP� D� NQRZQ�
FOHDYDJH� SURFHVV� DQG� WKHUHIRUH� RQO\� SUHGLFWHG� FOHDYHG�
SHSWLGHV� ZHUH� DQDO\]HG�� 1HW0+&� XVHV� DUWL¿FLDO� QHXUDO�
networks to predict binding to the MHC molecule. The 
peptides were considered immunogenic if the IC50�ZDV���
���Q0��7R�FKHFN�IRU�SUHGLFWHG�FOHDYDJH��VHTXHQFHV�ZHUH�
then analyzed using the NetChop algorithm [79], and only 
SHSWLGHV�ZLWK�SUHGLFWHG� FOHDYDJH�ZHUH� VHOHFWHG��5HVXOWV�

from both algorithms were processed using a local pipeline 
DQG� HSLWRSHV� UHVXOWLQJ� IURP� VHTXHQFH� FRQFDWHQDWLRQ�
DUWLIDFWV�ZHUH�H[FOXGHG��0XWDWHG�HSLWRSHV�ZHUH�GH¿QHG�DV�
WKRVH�SUHGLFWHG�E\�ERWK�DOJRULWKPV�DQG�WKDW�ZHUH�XQLTXH�WR�
WKH�YDULDQW�VHTXHQFH�RU�VKRZLQJ�DQ�LQFUHDVH�LQ�0+&�ELGLQJ�
DI¿QLW\�E\�!����ZKHQ�FRPSDUHG�WR�WKH�UHIHUHQFH�SHSWLGH�
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