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!"#$%&' RH*' a030C43"/45"01' 9&9K%414"%&' 2&/' .%056"1&/' [!SV7128' &5' YZ[QSH' 241/' 34' 3"#16&'
T&.8U'/$%&-.%"9415'2&'J4b01'5%41/"50"%&'34'.%056"1&'[!SV7128'@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@'AH<'
!"#$%&' R8*' a0V"99$10.%6C"."545"01' 2,YZ[QSH' 4:&C' W`CV7128' 241/' 34' 3"#16&' T&.8U' W`CV
7128@'@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@'A8O'
!"#$%&' R(*' a0V"99$10.%6C"."545"01' 2&'W`CV7128' 4:&C' YZ[QSH' 241/' 34' 3"#16&'T&.8U'W`CV
7128@'@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@'A8A'
!"#$%&' RN*' +,&-5"1C5"01' 2&' 7128' 1&' 902"J"&' .4/' 34' 30C43"/45"01' 2,YZ[QSH' ;' 34' 9&9K%41&'
.34/9"?$&'241/'3&/'C&33$3&/'T&.8U@'@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@'A88'
!"#$%&'RR*' +&/' /"Q7L/' C"K3415'7128' "12$"/&15'$1&'&-5"1C5"01'2&' 3,&-.%&//"01'2&' 34'.%056"1&'
241/'3&/'C&33$3&/'WMQVWUVH8A'@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@'A)H'
!"#$%&' R)*' +,&-5"1C5"01' 2&' 7128' "1>"K&' 3,4C5":"56' 2&' 26#%4245"01' 2&' 34' #6345"1&' 2&/'
"1:420.02&/'.%6/&15/'241/'3&/'C&33$3&/'WMQVWUVH8A@'@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@'A)8'
!"#$%&' R<*' +,Q7L9'2&'!"#$' &/5' .3$/' J0%5&9&15' /0$/V&-.%"96' 241/' 3&/' aTa/'9$56/' /$%' 3&'
#=1&'C02415'.0$%'34'cVC4561"1&'\20116&'101'.$K3"6&^@'@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@'A<A'
!"#$%&'RI*' +,&-.%&//"01'2&' 3,Q7L9'2&'!"#$' &/5' C0%%636'16#45":&9&15'4:&C' C&3$"'2,%&'()*'
241/'3&/'6C>415"3301/'>$94"1/'2&'aTa/'\20116&'101'.$K3"6&^@'@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@'A<8'
'
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!"#$%&'%#&$()!%(*+&
!
"#$%&#'! ()! *+,-&./#/01.! 2&-! 3#4/&'+-! 2&! /+#.-4+05/01.! +,6'%#./! %7&85+&--01.! 2&! %79:;<! 2&!
!"#$=!======================================================================================================================================!>(!
"#$%&#'! ?)! @#+#4/,+0-/0A'&-! 2&-! 2033,+&./&-! +,#4/01.-! 2&! *@:! '/0%0-,&-! B! 5#+/0+! 2&! %C9D;!
6,.1<0A'&!&8/+#0/!2&-!-1'+0-=!=================================================================================================!E?!
"#$%&#'!F)!@#+#4/,+0-/0A'&-!2&-!5+16+#<<&-!'/0%0-,-!51'+! %&-!<#+A'#6&-!#./0GH+2I!&/!#./0G
JK*!-'+!%&-!41'5&-!2&!/0--'-!2&!-1'+0-=!===================================================================================!EL!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!
!
!
!



 

 12 

!"!#$%&'(&()*
!
"#!$%&'()*+!,*-./,0&1!+2'!3*!456#2+!#'7$)83+!-+!9#!:#;)99+!,0&!83)!+2'!-($&3%<3+!-=#>')<)'(!
456#2)83+!+'!83)!+2'!;#)*'+*3+!+*!$+%;#*+*>+!-#*2!3*+!>&*:&%;#')&*!#>')<+!9)(+!#3!456?!
@#! :&*>')&*! $%)*>)$#9+! +2'! -+! %(A39+%! 9+! >7'&283+9+''+! -=#>')*+! +*! )*-3)2#*'! 3*!
#%%&*-)22+;+*'!-+2!>+9939+2!+'!3*+!%(-3>')&*!-+2!:)B%+2!-+!2'%+22!A%C>+!D!3*+!-);)*3')&*!-+!
9=#>')<#')&*! -+! 9#! <&)+! ,0&E/,FGH?! I+! $#%! 2&*! %J9+! -#*2! 9#! %(A39#')&*! -3! >7'&283+9+''+!
-=#>')*+K! 9#!$%&'()*+!,*-.!+2'! );$9)83(+!-#*2!9#!;)A%#')&*!+'! 9=)*<#2)&*!-+!*&;B%+3L!'7$+2!
>+9939#)%+2! $#%;)! 9+283+92! 9+2! >+9939+2! '3;&%#9+2?! 199+! +2'! (A#9+;+*'! );$9)83(+! -#*2! 9#!
%(A39#')&*!-+2!$%&>+2232!-+!>%&)22#*>+!>+9939#)%+!+'!-=#$&$'&2+?!"=+L$%+22)&*!-+!9#!$%&'()*+!
,*-.! #! ('(! -(>%)'+! >&;;+! -(%(A39(+! -#*2! -+! *&;B%+3L! >#*>+%2! -&*'! *&'#;;+*'! 9+!
>#%>)*&;+!0($#'&>+9939#)%+!#383+9!M+!;+!23)2!)*'(%+22(+!-3%#*'!;#!'0N2+?!
!
"+! >#%>)*&;+! 0($#'&>+9939#)%+! OGPGQ! +2'! 9+! $%)*>)$#9! >#*>+%! $%);)'):! -3! :&)+?! G+! >#*>+%! +2'!
#22&>)(! D! 3*!;#3<#)2! $%&*&2')>! +*! %#)2&*!-=3*!-)#A*&2')>! '#%-):! #)*2)! 83+!-+! :&%'2! '#3L!-+!
%(>3%%+*>+!$&2'R&$(%#'&)%+!+'!-+!-(<+9&$$+;+*'!-+!;('#2'#2+2?!I+!$932K! )9!*=+L)2'+!$#2!-+!
'%#)'+;+*'! '0(%#$+3')83+! +::)>#>+?! "#! 456#2+! ,*-.! #! ('(!;&*'%(+! >&;;+! 2&32R+L$%);(+!
-#*2! 9+! GPGK! D! 9#! :&)2! #3! *)<+#3! -+! 9=E,S;! +'! -+! 9#! $%&'()*+?! "#! -(%(A39#')&*! -+! 2&*!
+L$%+22)&*! +2'! -=#3'#*'! $932! );$&%'#*'+! -#*2! 9+2! GPG2! -+! 0#3'! A%#-+! #)*2)! 83+! -#*2! 9+2!
'3;+3%2! $%(2+*'#*'! -+2! *&-39+2! 2#'+99)'+2! >&%%+2$&*-#*'! D! -+2! ;('#2'#2+2! 0($#')83+2?!
"=);$9)>#')&*!-+!9#!2&32R+L$%+22)&*!-+!,*-.!-#*2!9#!;)A%#')&*!+'! 9=)*<#2)&*!'3;&%#9+2!#!('(!
>&*:)%;(+! !"# $!%&'! -#*2! -+2! 9)A*(+2! >+9939#)%+2! -+! GPG?! "#! $%&'()*+! ,*-.! +2'! (A#9+;+*'!
);$9)83(+!-#*2! 9#! >%&)22#*>+!-+2! 9)A*(+2! -=0($#'&>7'+2! '3;&%#3L!;#)2! 2&*! %J9+! %+2'+! '%N2!
-($+*-#*'!-+!9#!9)A*(+!3')9)2(+?!
!
@3%!9#!B#2+!-+!>+2!'%#<#3LK!;#!'0N2+!2=+2'!#%')>39(+!#3'&3%!-+!-+3L!#L+2?!"+!$%+;)+%!#L+!#!('(!
-=('3-)+%! !"# $!$'! 9+! %J9+!-+!,*-.!-=3*+!$#%'! -#*2! 9#! >#%>)*&A+*N2+!0($#')83+!+'! 9=)*<#2)&*!
'3;&%#9+K! +'! -=#3'%+! $#%'! -#*2! 9#! $072)&9&A)+! 0($#')83+?! 6&3%! >+9#K! 3*! ;&-N9+! ;3%)*!
$%(2+*'#*'!3*!HF!>&*-)')&**+9!+'!0($#'&R2$(>):)83+!-+!,*-.!OHF,*-.P+$Q!#!('(!A(*(%(?!
!
"+! -+3L)N;+! #L+! #! $&%'(! 23%! 9=#*#972+! -+2! )*<#-&2&;+2! 83)! 2&*'! -+2! 2'%3>'3%+2! -=#>')*+!
$%&'%32)<+2! );$9)83(+2! -#*2! 9=)*<#2)&*! >+9939#)%+?! S&32! #<&*2! '&3'! -=#B&%-! >0+%>0(! D!
)-+*'):)+%!9#!2)A*#'3%+!;)*);3;!-+!>+2!2'%3>'3%+2!$+%;+''#*'!D!9#!:&)2!9+3%!:&%;#')&*!+'!9+3%!
:&*>')&*!-+!-(A%#-#')&*!-+! 9#!;#'%)>+!+L'%#>+9939#)%+?!S&32!#<&*2!+*23)'+!('3-)(! 9+!%J9+!-+!
,*-.!-#*2!>+2!2'%3>'3%+2!-=)*<#2)&*?!
!
T*+!27*'0N2+!B)B9)&A%#$0)83+!+2'! %(#9)2(+!-#*2! 9#!$%+;)N%+!$#%')+!-+!>+!;#*32>%)'!#:)*!-+!
%+$9#>+%!9+!$%&M+'!-+!'0N2+!#)*2)!83+!9=#*#972+!+'!9=);$9)>#')&*!-+2!%(239'#'2!&B'+*32!-#*2!9+3%!
>&*'+L'+! 2>)+*'):)83+?! G+''+! )*'%&-3>')&*! #B&%-+! 9+2! 23M+'2! -+! ;)A%#')&*! +'! -=)*<#2)&*!
'3;&%#9+2K! -+2! 456#2+2! -+! 9#! :#;)99+! ,0&K! -3! :&)+! +'! -3! -(<+9&$$+;+*'! -+! >#%>)*&;+!
0($#'&>+9939#)%+!+'!2=)*'(%+22+!$932!$#%')>39)N%+;+*'!D!9#!$%&'()*+!,*-.!+'!D!2&*!);$9)>#')&*!
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-#*2! 9+! GPG! 83)! #! ('(! 9+! '0N;+! >+*'%#9! -+! >+! $%&M+'?! "+2! $%&'&>&9+2! 3')9)2(2! -#*2! 9+2!
+L$(%)+*>+2!*&*!$3B9)(+2!2&*'!-(>%)'2!-#*2!9#!-+3L)N;+!$#%')+!-+!>+!;#*32>%)'? Les %(239'#'2!
%+9#'):2!D!9=);$9)>#')&*!-+!,*-.!-#*2!9#!$072)&9&A)+!+'!9#!>#%>)*&A+*N2+!0($#')83+2K!#)*2)!83+!
>+3L! $&%'#*'! 23%! 9=('3-+! -3! %J9+! -+2! 456#2+2! ,0&! -#*2! 9#! :&%;#')&*! +'! 9#! :&*>')&*! -+2!
)*<#-&2&;+2! 2&*'! +*23)'+! $%(2+*'(2! -#*2! 9#! '%&)2)N;+! $#%')+! +'! -)2>3'(2! +*! 83#'%)N;+!
$#%')+?!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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!
!
!
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!
!
!
!
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+,!&-$'.*/*0*-#$'(12+$-(#*
 
-3 4567895:;*<9*5;=8>5:;*9?@:78A<>*
!
"#! ;)A%#')&*! >+9939#)%+! +2'! 3*! ;(>#*)2;+! >%)')83+! $&3%! 9=)*<#2)&*! '3;&%#9+! +'! 9+!
-(<+9&$$+;+*'! -+! ;('#2'#2+2?! 199+! <#! *&'#;;+*'! $+%;+''%+! #3L! >+9939+2! '3;&%#9+2!
-=+*'%+%!-#*2!9+2!<#)22+#3L!2#*A3)*2!+'!97;$0#')83+2!$&3%!2+!-)22(;)*+%!-#*2!9#!>)%>39#')&*!
+'! :&%;+%!-+2!;('#2'#2+2!D!-)2'#*>+!-+! 9#! '3;+3%!$%);#)%+?! "+2!;(>#*)2;+2!-+!;)A%#')&*!
3')9)2(2!$#%!9+2!>+9939+2!'3;&%#9+2!2&*'!'%N2!$%&>0+2!-+!>+3L!3')9)2(2!$#%!9+2!>+9939+2!*&%;#9+2!
9&%2!-+!$%&>+2232!$072)&9&A)83+2!>&;;+!9#!;)2+!+*!$9#>+!-+2!')2232!+'!-+2!&%A#*+2!9&%2!-3!
-(<+9&$$+;+*'!+;B%7&**#)%+K! 9#!>)>#'%)2#')&*!-+2!')2232!+*-&;;#A(2K! 9=#*A)&A+*N2+!&3! 9#!
%+>0+%>0+!+'!9#!-+2'%3>')&*!-+!$#'0&AN*+2!$#%!9+2!>+9939+2!);;3*)'#)%+2?!!
!

/3 B8*@567895:;*<;*C?897<*D98E<>*
!
"+2!$%)*>)$+2!-+!9#!;)A%#')&*!>+9939#)%+!&*'!('(!B)+*!-(>%)'2!-#*2!9+2!>+9939+2!*&%;#9+2!>&;;+!
9+2!:)B%&B9#2'+2K!9+2!U(%#')*&>7'+2!&3!9+2!;7&B9#2'+2!23%!-+2!23%:#>+2!$9#*+2!OEB+%>%&;B)+!+'!
#9?K! VWXX!Y! "#3::+*B3%A+%! +'! #9?K! VWWZQ?! I#*2! >+2! >&*-)')&*2K! 9#!;)A%#')&*! >+9939#)%+! %(239'+!
-=3*! >7>9+! >&*')*3! -+! $932)+3%2! ('#$+2! 83)! &*'! ('(! -(>%)'+2! -#*2! -+! *&;B%+3L! '7$+2!
>+9939#)%+2!O[)'>0)2&*!+'!#9?K!VWWZQ?!"#!$%+;)N%+!('#$+!-(B3'+!$#%!9#!$&9#%)2#')&*!-+!9#!>+9939+!
+'!$#%! 9#! :&%;#')&*!-=3*+!$%&'%32)&*!;+;B%#*#)%+!#3!*)<+#3!-3! :%&*'!-+!;)A%#')&*?!G+''+!
+L'+*2)&*! -+! 9#!;+;B%#*+! +2'! )*-3)'+! $#%! 9#! $&97;(%)2#')&*! -3! >7'&283+9+''+! -=#>')*+! +'!
-($+*-! -+! 9=#>')<#')&*! -+2! 456#2+2! -+! 9#! :#;)99+! ,0&?! "#! -+3L)N;+! ('#$+! >&*2)2'+! +*!
9=('#B9)22+;+*'!-+! 9)#)2&*2!#$$+9(+2!>&*'#>'2! :&>#3L!+*'%+! 9#!$%&'%32)&*!;+;B%#*#)%+!+'! 9#!
;#'%)>+!+L'%#>+9939#)%+!O[1GQ!2&32RM#>+*'+?!"#!'%&)2)N;+!('#$+!+2'!9#!>&*'%#>')&*!-+!9#!>+9939+!
A%C>+!D!9=#>'&;7&2)*+!83)!<#!A(*(%+%!-+2!:&%>+2!-+!'%#>')&*!$+%;+''#*'!D!9#!>+9939+!-=#<#*>+%!
<+%2!9+!:%&*'!-+!;)A%#')&*?!"#!-+%*)N%+!('#$+!>&%%+2$&*-!#3!-('#>0+;+*'!+'!D!9#!%('%#>'#')&*!
-+!9=#%%)N%+!-+!9#!>+9939+!A%C>+!#3!-(2#22+;B9#A+!-+2!#-0(2)&*2!:&>#9+2!O:)A3%+!VQ?!
!
!
!
!
!
!
!
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!
!
!
!
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!
!
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!
!
!
!
!
!
F56?7<*/G*B8*@567895:;*H<AA?A857<*><*IDH:@E:><*<;*C?897<*D98E<>*>?HH<>>5=<>*J48995A8*<9*8A3K*
LMMNO3*

O8Q! "#!$%+;)N%+!('#$+!-+! 9#!;)A%#')&*!-(B3'+!$#%!3*+!$&9#%)2#')&*!-+! 9#!>+9939+!+'!$#%! 9#! :&%;#')&*!
-=3*+! $%&'%32)&*! ;+;B%#*#)%+! #3! *)<+#3! -3! :%&*'! -+! ;)A%#')&*?! "+2! $%&'%32)&*2! ;+;B%#*#)%+2!
:&%;(+2! 2&*'! #$$+9(+2!-+2! 9#;+99)$&-+2!+'!-+2! :)9&$&-+2?! OPQ! "#!-+3L)N;+!('#$+! >&*2)2'+!D!('#B9)%!
-+2!>&*'#>'2!:&>#3L!+*'%+!9#!$%&'%32)&*!;+;B%#*#)%+!+'!9#!;#'%)>+!+L'%#>+9939#)%+!2&32RM#>+*'+?!OHQ!"#!
'%&)2)N;+!('#$+!+2'! 9#! >&*'%#>')&*!-+! 9#! >+9939+!A%C>+!D! 9=#>'&;7&2)*+!83)! <#!A(*(%+%!-+2! :&%>+2!-+!
'%#>')&*! $+%;+''#*'! D! 9#! >+9939+! -=#<#*>+%! <+%2! 9+! :%&*'! -+! ;)A%#')&*?! OIQ "#! -+%*)N%+! ('#$+!
>&%%+2$&*-!#3!-('#>0+;+*'!+'!D!9#!%('%#>'#')&*!-+!9=#%%)N%+!-+!9#!>+9939+!A%C>+!#3!-(2#22+;B9#A+!-+2!
#-0(2)&*2!:&>#9+2?!
!
"&%2! -+! 9#! $%+;)N%+! ('#$+K! 9+2! $%&'32)&*2! ;+;B%#*#)%+2! :&%;(+2! #3! *)<+#3! -3! :%&*'! -+!
;)A%#')&*! -+2! >+9939+2! +*! >&3%2! -+! ;)A%#')&*! $+3<+*'! \'%+! (;)2+2! 2$&*'#*(;+*'! &3! +*!
%($&*2+!D!-+2!:#>'+3%2!-+!>%&)22#*>+!+'!-+2!>0);)&U)*+2!+'!2&*'!#$$+9(+2!9+2!9#;+99)$&-+2!+'!
9+2! :)9&$&-+2?! G+2! -+3L! 2'%3>'3%+2! -+! ;&%$0&9&A)+! -)::(%+*'+K! 2&*'! >&*2')'3(+2! -=#>')*+!
:)9#;+*'+32+! ;#)2! #322)! -+! *&;B%+32+2! $%&'()*+2! -+! 2'%3>'3%+! +'! -+! 2)A*#9)2#')&*! 83)!
-)<+%A+*'!+*'%+!9+2!-+3L!'7$+2!-+!$%&'32)&*2?!
!

R! "+2! 9#;+99)$&-+2! 2&*'! -+2! $%&'%32)&*2! $9#'+2! >&*2')'3(+2! D! 9+3%! B#2+! -+! 9&*A2!
:)9#;+*'2! -=#>')*+! 83)! <&*'! $%&A%+22)<+;+*'! 2+! %#;):)+%! +*! 2+! %#$$%&>0#*'! -3! :%&*'! -+!
;)A%#')&*?! "=#22+;B9#A+! +'! 9#! %#;):)>#')&*! -+! 9=#>')*+! -($+*-+*'! $%)*>)$#9+;+*'! -3!
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>&;$9+L+!E%$]/.K!-&*'!9=#>')<)'(!+2'!2&32!9+!>&*'%J9+!-+!:#>'+3%2!:#<&%)2#*'!9#!*3>9(#')&*!-+!
9=#>')*+! '+92! 83+! 9#! *+3%#9! ^)2U&''R#9-%)>0! 27*-%&;+! $%&'+)*! OSR_E@6Q! &3! @>#%/_E`1! 83)!
2&*'!%+>%3'(2!+'!#>')<(2!#3!*)<+#3!-+! 9#!;+;B%#*+!$#%! 9+2!456#2+2!,#>V!+'!G->a]!O[)U)!+'!
#9?K!VWWb!Y!5&;#2+<)>!+'!#9?K!]ccXQ?!"=+L$%+22)&*!-+!E%$]/.!+'!_E`1]!+2'!-=#)99+3%2!>&%%(9(+!D!
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R E V I EW S

MESENCHYME
Synonomous with mesoderm, a
3D network of undifferentiated
migratory fibroblast-like cells
and interstitial stroma that
forms in the notochord of the
developing embryo. It gives rise
to all connective tissues,
including muscle and bone.

Mesenchymal migration. Mesenchymal cells move via
the five-step migration cycle (BOX 1). Mesenchymal
movement is predominantly found in cells from con-
nective-tissue tumours, such as fibrosarcomas58,
gliomas59 and in epithelial cancers following progres-
sive dedifferentiation60,61 (FIG. 1). It represents an effi-
cient mechanism for tumour-cell dissemination and
metastasis60–62. Cells that undergo mesenchymal
migration (TABLE 2) have a fibroblast-like spindle-
shaped morphology that is dependent on integrin-
mediated adhesion dynamics and the presence of
high traction forces on both cell poles15–18,31,33,59.
Integrins, MT-MMPs and other proteases co-localize
at fibre binding sites to execute pericellular proteoly-
sis39,58,63. The activation of MMPs and uPA is required
for maintenance of the phenotype and mesenchymal
migration in vitro64,65 and in vivo61,66. Focal contacts
form and are turned over in the range of 10–120
minutes11,31, resulting in relatively slow migration
velocities of 0.1–2 µm/min in 3D models33. At least
part of the invasiveness of the mesenchymal pheon-
type can be attributed to the presence of focal con-
tacts and actomyosin-mediated contractility, which
are controlled by RHO and ROCK, or MLCK27,48,49,67.
Consequently, mesenchymal migration is impaired
by inhibiting the function of integrins, RHO GTPases
or MLCK18,33,48,49.

Amoeboid migration. Many established tumour cell
lines do not follow these mesenchymal characteris-
tics, but use a less adhesive, amoeboid type of migra-
tion56,68. The characteristics of amoeboid movement
have been established through studies of the single-
cell amoeba, Dictyostelium discoideum (BOX 2).
Dictyostelium is an elliptoid cell that translocates via
rapidly alternating cycles of morphological expan-
sion and contraction, extraordinary deformability
and relatively low-affinity substrate binding that is
integrin independent69–71. In higher eukaryotes, signs

cytoskeletal structure and protease production,single-cell
migration can occur in different morphological variants.
These variants include MESENCHYMAL and amoeboid types,
as well as cell chains (FIG.1).
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Figure 1 | Diversity of tumour invasion mechanisms. Individual or collective tumour-cell
migration strategies are determined by different molecular programmes (triangles). From
individual (top) to collective (bottom) movements, increased control of cell–ECM interaction is
provided by integrins and matrix-degrading proteases. Cell–cell adhesion through cadherins
and other adhesion receptors, as well as cell–cell communication, via gap junctions, are
specific characteristics of collective cell behaviour. Haematopoietic neoplasia (leukaemia and
lymphoma) and small-cell lung carcinoma (SCLC) cells have been shown to undergo amoeboid
behaviour. By contrast, mesenchymal-type migration occurs in sarcomas and glioblastomas.
Detached and disseminating cell collectives (clusters or cohorts) are observed in epithelial
cancers that retain high or intermediate levels of differentiation, such as breast and colon
carcinoma, prostate cancer, as well as melanoma. Multicellular strands and sheets that do not
detach are invasive, yet rarely metastatic. These occur in some epithelial cancers, including
basal-cell carcinomas and benign vascular tumours.

Table 2 | Differences in cellular and molecular migration mechanisms
Characteristic Mesenchymal Amoeboid

Cell shape Elongated, fibroblast-like Roundish/elliptoid
(length 50–200 µm) (length 10–30 µm)

Growth in culture Adhesive Growth in suspension

Migration velocity Low (0.1–1 µm/min) Low to high (0.1–20 µm/min)

Cell-matrix interactions Integrins and proteases focalize Integrins and proteases are 
non-focalized

Structure of actin cytoskeleton Cortical and stress fibres Cortical

Adhesion force generated High, fibre pulling and bundling Low, minor fibre bending

Proteolytic extracellular-matrix remodelling Present to extensive Not present

Cellular migration mechanism Traction dependent Propulsive, cytoplasmic streaming

Mechanism overcoming matrix barriers Path generation, formation of Path finding, propulsion and
proteolytic ECM defects cytoplasmic forward flow 

(‘streaming’); squeezing through 
narrow regions (constriction ring)

Prototypic non-neoplastic cell Fibroblast, smooth-muscle cell Lymphocyte, neutrophil

Neoplastic cells, carcinoma Fibrosarcoma, glioblastoma, Lymphoma, small-cell lung
defifferentiated epithelial cancer carcinoma, small-cell prostate cancer
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superfamily (for example, ALCAM), as well as 
connexins, which are involved in communication
through gap junctions104,105,108,109.

Comparative studies have identified individual
invading tumour cells, observed during neoplastic
differentiation and in haematological neoplasias, as
the main cause for systemic dissemination and
metastasis55,110. Collective-cell invasion, however,
predominates in highly differentiated tumours, such
as lobular breast cancer, epithelial prostate cancer and
large-cell lung cancer86,101,106. Histological studies have
indicated that tissue infiltration by individual cells 
is rarely detected (or absent) in these tumour types.
So, collective-cell movement could be a primary
mechanism for invasion and metastasis by highly 
differentiated tumours.

What are the advantages of collective-cell movement?
The large cell mass can produce high autocrine concen-
trations of promigratory factors and matrix proteases,
and protect inner cells from immunological assault by
lymphocytes and natural-killer cells. Because heteroge-
neous sets of cells move as one functional unit, cells of
different clonal origin and with different biological abili-
ties can function together.For example, the more migra-
tory cells can promote the invasion of less mobile, yet
possibly apoptosis-resistant clones, thereby increasing
tumour invasion efficiency and survival probability.

Plasticity of tumour-cell migration
In vitro cancer-cell migration studies using 2D sub-
strata have reproducibly shown the importance of inte-
grin-mediated adhesion to the underlying substrate.
3D culture and in vivo studies of the contribution of

substrate91,99, and show an increased expression and
activity of MT1-MMP and MMP-2, leading to polar-
ized ECM degradation100. Collective movements are
therefore sensitive to integrin antagonists, which block
traction and migration91,99. They are also susceptible to
protease inhibitors — this sensitivity has been shown
for myoblast collectives85 during branching morpho-
genesis92 and during angiogenesis93,94.

In tumours, two morphological and functional
variants of collective migration have been described
(FIG. 1). The first is protruding sheets and strands that
maintain contact with the primary site, yet generate
local invasion. These characteristics are histologically
detectable in invasive epithelial cancer such as oral
squamous-cell carcinoma and mammary carci-
noma86,101, colon carcinoma102, basal-cell carcinoma
and others. The second results from detached cell clus-
ters. Groups of cells, histologically seen as ‘nests’,
detach from their origin and frequently extend along
interstitial tissue gaps and paths of least resistance, as
well as along perineural structures, as seen in epithelial
cancer, melanoma and rhabdomyosarcoma86,101–103.
In vivo, such tumour collectives can be detected at any
stage of metastasis. Tumour clusters enter lymphyatic
vessels104–106 and can be isolated from peripheral
blood107. It is obvious that the coordination of integrin
and cytoskeletal activity within the cell collective
requires not only cell–cell adhesion, but also commu-
nication among cells (FIG. 1). In epithelial cancer and
melanoma samples, homotypic cell–cell interactions
within multicellular strands and sheets have been
shown to express cadherins (E-, N-, P-, VE-cadherin
and cadherin-11), members of the immunoglobulin

Amoeboid

Proteases

Mesenchymal
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Cadherins

!1 integrins
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Figure 2 | Plasticity of tumour invasion mechanisms. Disseminating cancer cells can undergo a variety of adaptation reactions in
response to changes in their molecular migration programme. In cancer-cell collectives, such as epithelial sheets or strands, individual
cells that have lost cell–cell interactions (such as by inhibition of cadherin function) can detach, and use integrins and proteases to
develop a mesenchymal-type migration (epithelial–mesenchymal transition). When proteases such as matrix metalloproteinases
(MMPs), serine proteases and cathepsins are blocked in cells that are undergoing mesenchymal migration, these cells can adapt by
using protease-independent amoeboid crawling (mesenchymal–amoeboid transition). Amoeboid single-cell migration can also result
from cell collectives and clusters after treatment with adhesion-disrupting anti-!1 integrin antibodies. By directly and indirectly interfering
with cell–cell junctions, as well as adhesion to collagen fibres, single cells detach and migrate by !1-integrin-independent amoeboid
mechanisms. All these transitions can be induced by drugs that are designed to inhibit cancer-cell migration, such as integrin or
cadherin antagonists and protease inhibitors. Similar transitions might also occur spontaneously during tumour progression.
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-  forme de rosettes ou « rings » comme 

dans certaines cellules endothéliales, les ostéoclastes ou les fibroblastes transformés (Figure 

2b, d et e). 

 Les invadosomes ont un diamètre allant de 0,5 à 2 m. En revanche, la hauteur de la 

de 0,5 à 2 m pour les podosomes alors que pour les 

invadopodes celle-ci dépasse 2 m (Murphy et al., 2011). 

 

 
 

 

Figure 2 : Les différentes organisations structurales des invadosomes en fonction du type 
cellulaire. 

Les podosomes sont représentés en rouge et les invadopodes en violet. (Adaptée de Linder et al., 
2011). 
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1. Introduction

1.1. Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the main primary malignancy
of the liver and one of the most common and aggressive cancers
worldwide. It causes 500,000 to 1 million deaths annually, and is the
third most common cause of cancer mortality [1]. In more than 80% of
the cases, HCC occurs on a diseased liver because of chronic injury due
to different agents depending on the geographical zone. Among the
various etiologies linked to HCC development, the most prominent
include chronic hepatitis B virus infection and aflatoxin-B1-contami-
nated food in Africa and southern Asia, and hepatitis C virus infection
and chronic alcohol consumption in Japan, Egypt, North America, and
Europe. At the molecular level, a number of genetic events have been
associated with the development of HCC. The major carcinogenic
pathways known to be deregulated in HCC are inactivation of the
tumor suppressor p53, Wnt/wingless activation mainly through
activating mutations of β-catenin, Ras/Raf/MEK/ERK and PI3K/Akt/
mTor. In addition, various cancer-relevant genes, such as CDH1 and
CDKN2 encoding E-cadherin and p16-INK4, respectively, appear to
be targeted at the epigenetic level in human HCC (for a complete
review on the HCC-associated genetic events, see [2]). Recently, gene-
expression analysis of human HCCs has led to the successful
molecular classification of HCCs into six robust subgroups of cancers

(G1–G6) associated with clinical and genetic characteristics [3].
Mutations in p53 were associated with genomic instability and HBV-
positive backgrounds whereas β-catenin mutations were linked to a
more stable genome. Thus, it is now clear that HCC should be
considered as a heterogeneous group of tumors that differ in risk
factors and genetic alterations. This high diversity of HCC tumors has
clinical implications, and points out the importance of developing
targeted therapies.

This review focuses on the expression and role of Rho GTPases in
HCC. Rho GTPases are general switches and modulators of cellular
processes important for tumor biology. Their role in liver carcinogen-
esis is now evidenced by an increasing number of studies. There is also
evidence that they may be therapeutic targets.

1.2. Rho GTPases

1.2.1. Family members
Rho (Ras homology) family members are small GTPases of the Ras

superfamily. The human Rho family includes 23 members that can be
subdivided into 6 subfamilies according to their amino acid sequence
(Fig. 1): Rho (RhoA/B/C), Rac (Rac1/2/3 and RhoG), Cdc42 (Cdc42/
G25K, TCL, TC10, Chp andWrch), Rnd (Rnd1/2/3), RhoBTB (RhoBTB1/
2/3), and Miro (Miro 1/2); three other members do not belong to any
subgroup: RhoD, Rif/RhoF and TTF/RhoH. The Rho, Rac and Cdc42
subgroups are the best characterized to date.

Fig. 1. Phylogenetic tree of the Rho GTPase family. The amino acid sequences of human Rho GTPases were aligned using the ClustalW program and the phylogenetic tree was
generated with the TreeView program [177]. The 23 members of the family can be classified in 6 subfamilies (Rho, Rac, Cdc42, RhoBTB, Miro, Rnd), shown in different colors.

138 F. Grise et al. / Biochimica et Biophysica Acta 1795 (2009) 137–151



 

 25 

>7'&$9#2;+! +'! 9+2! ;+;B%#*+2?! 1*! +::+'K! 9+2! 456#2+2! ,0&! 2&*'! ;&-):)(+2! #3! *)<+#3! $&2'R
'%#-3>')&**+9!$#%!9=#M&3'!-=3*!A%&3$+;+*'!)2&$%(*79!23%!9+!%(2)-3!>72'()*+!-=3*!;&'):!GEEt!
2)'3(! D! 9+3%! +L'%(;)'(! GR'+%;)*#9+! >+! 83)! $+%;+'! 9=#*>%#A+! D! 9#! ;+;B%#*+! $9#2;)83+!
O,&B+%'2!+'!#9?K!]ccbQ?!"+2!,0&4Ie2!2+!:)L+*'!23%!9+2!456#2+2!)*#>')<+2!$&3%!9+2!+L'%#)%+!-+!9#!
;+;B%#*+! $9#2;)83+! +'! 9+2! 2(83+2'%+%! -#*2! 9+! >7'&$9#2;+?! 199+2! $%&'NA+*'! #9&%2! >+2!
$%&'()*+2! -=3*+! #>')<#')&*! )*#$$%&$%)(+! +*! )*0)B#*'! 9#! -)22&>)#')&*! -3! 4I6K! -=3*!;#3<#)2!
%+$9)+;+*'!+'!-=3*+!-(A%#-#')&*!$#%!9+!$%&'(#2&;+!#:)*!-+!;#)*'+*)%!3*!);$&%'#*'!%(2+%<&)%!
-+! 456#2+2! )*#>')<+2! %#$)-+;+*'! ;&B)9)2#B9+2! O:)A3%+! XQ! O4#%>)#R[#'#! +'! #9?K! ]cVVQ?! "+2!
,0&4Ie2! $+3<+*'! $#%! #)99+3%2! #322)! %(A39+%! 9=#>')<)'(! -+2! 456#2+2! #>')<+2! +*! )*0)B#*'!
9=07-%&972+!-3!456!OP#%'!+'!#9?K!VWW]Q?!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
*

F56?7<*]G*B8*7D6?A895:;*I<>*Z$&8><>*I<*A8*Q8@5AA<*'T:*J8I8E9D*I<*F?^898*<9*8A3K**LMM/O3*

"+2!456#2+2!,0&!&2>)99+*'!+*'%+!3*+!:&%;+!#>')<+!9)(+!#3!456!+'!3*+!:&%;+!)*#>')<+!9)(+!#3!4I6?!199+2!
2&*'!#>')<(+2!$#%!9+2!,0&41i2!83)!>#'#972+*'!9=(>0#*A+!-3!4I6!+*!456K!+'!)*#>')<(+2!$#%!9+2!,0&4E62!
83)! 2');39+*'! 9=07-%&972+! -3! 456?! "+2! 456#2+2! ,0&! $&22N-+*'! 3*! A%&3$+;+*'! )2&$%(*79! 83)! 9+3%!
$+%;+'!-+! 2=#*>%+%!D! 9#!;+;B%#*+!$9#2;)83+?! "+2!,0&4Ie2! 2+! :)L+*'! 23%! 9+2!456#2+2! 9)(+2!#3!4I6!
$&3%!9+2!+L'%#)%+!-+!9#!;+;B%#*+!$9#2;)83+!+'!9+2!2'&>U+%!-#*2!9+!>7'&$9#2;+?!
!
e9! +L)2'+! >+$+*-#*'! 2)L! ;+;B%+2! #'7$)83+2! -+! 9#! :#;)99+! ,0&! O,*-VK! ,*-]K! ,*-.K! ,0&PK!
,0&r5rV!+'!,0&r5r]Q!83)!*+!2&*'!$#2!>#$#B9+2!-+!>7>9+%!+'!83)!2&*'!+*!$+%;#*+*>+!-#*2!
3*+! >&*:&%;#')&*! #>')<+! 9)(+! #3! 456! O,)&3! +'! #9?K! ]cVcQ?! G+2! $%&'()*+2! $%(2+*'+*'! -+2!
23B2')'3')&*2! #3!*)<+#3!-+2! #>)-+2! #;)*(2! *(>+22#)%+2! D! 9=07-%&972+!-3!456! O$#%! +L+;$9+K!
4VX@/EZa@/uZZ@!$&3%!9#!$%&'()*+!,*-.Q!Oi&2'+%!+'!#9?K!VWWZQ?!6#%!>&*2(83+*'K!>+2!$%&'()*+2!
*+!2&*'!$#2!%(A39(+2!-+!;#*)N%+!>9#22)83+!$#%!9+2!4E62!+'!9+2!41i2K!;#)2!$93'J'!#3!*)<+#3!-+!
9+3%!+L$%+22)&*!+'!-+!9+3%!9&>#9)2#')&*?!I+!$932K!9+2!$%&'()*+2!,*-!*+!2&*'!$#2!%(A39(+2!$#%!9+2!
,0&4Ie2?! "+3%! 9&>#9)2#')&*!+2'! 2&)'!$%(:(%+*')+99+;+*'!;+;B%#*#)%+!>&;;+!,*-V!+'!,*-.K!
2&)'!$93'J'!>7'&$9#2;)83+!>&;;+!,*-]?!
!

!"#$%&'"()*&+#,-."(

/012)*&+#"(



 

 26 

"+2! 456#2+2! ,0&! 2&*'! #322)! %(A39(+2! $#%! -=#3'%+2! ;&-):)>#')&*2! $&2'R'%#-3>')&**+99+2! 83)!
<&*'!;&-):)+%! 9+3%! #>')<#')&*K! 9+3%! 9&>#9)2#')&*K! 9+3%!-+;)R<)+! #)*2)! 83+! 9+3%2! :&*>')&*2?!G+2!
$%&'()*+2!$+3<+*'!\'%+!$0&2$0&%79(+2!$#%!$932)+3%2!U)*#2+2K!>&;;+!>=+2'!9+!>#2!$&3%!,0&EK!
>+!83)!:#<&%)2+!9=)*'+%#>')&*!#<+>!9+2!,0&4Ie2!+'!9+!-('#>0+;+*'!-+!9#!;+;B%#*+!$9#2;)83+!
>&*-3)2#*'!$#%!>&*2(83+*'!D!3*+!)*#>')<#')&*!-+2!456#2+2!O"#*A!+'!#9?K!VWWZQ?!I+!$932K!>+''+!
$0&2$0&%79#')&*! $%&'NA+! 9+2! 456#2+2! ,0&! -+! 9#! -(A%#-#')&*! $#%! 9+! $%&'(#2&;+! >+! 83)!
$&3%%#)'!$+%;+''%+!-+!>&*2')'3+%!3*!%(2+%<&)%!-+!456#2+2!#>')<+2!%#$)-+;+*'!-)2$&*)B9+2!+*!
9=#B2+*>+! -+! 41i2! O"&)%#*-! +'! #9?K! ]ccZQ?! e9! +L)2'+! #322)! -+2! ;&-):)>#')&*2! $&2'R
'%#-3>')&**+99+2! 83)! <&*'! #>')<+%! 9+2! 456#2+2! ,0&! >&;;+! 9#! -(#;)-#')&*K! 9#!
'%#*2A93'#;)*#')&*! &3! +*>&%+! 9#! 2(%&'&*79#')&*?! "=#>')<#')&*! -+! >+2! $%&'()*+2! %+2'+!
>+$+*-#*'!'%#*2)'&)%+!>#%!9+2!456#2+2!,0&!$+3<+*'!\'%+!3B)83)')*79(+2!$&3%!\'%+!-(A%#-(+2!
$#%!9+!$%&'(#2&;+!OI&7+!+'!#9?K!]cc]Q?!
 

R3***B<>*Q:;H95:;>*I<>*'T:Z$&8><>*
 
"#!:&*>')&*!$%)*>)$#9+!-+2!,0&456#2+2!+2'!9+!%+;&-+9#A+!-3!>7'&283+9+''+!-=#>')*+?!"+2!'%&)2!
$%)*>)$#3L!;+;B%+2!-+!>+''+!:#;)99+K!,0&EK!,#>V!+'!G->a]K!M&3+*'!3*!%J9+!;#M+3%!-#*2!>+''+!
:&*>')&*! +*! )*-3)2#*'! *&'#;;+*'! 9#! :&%;#')&*! -+! 2'%3>'3%+2! -=#>')*+! $#%')>39)N%+2?! "#!
456#2+!,0&E!+2'! );$9)83(+!-#*2!9#!:&%;#')&*!-+2!:)B%+2!-+!2'%+22!+'!-+2!#-0(2)&*2!:&>#9+2!
*&'#;;+*'!A%C>+!D!9=#22+;B9#A+!-+2!:)9#;+*'2!-=#>'&;7&2)*+!;(-)(!$#%!3*+!#>')<#')&*!-+!
,FGH!&3!D!9#!$&97;(%)2#')&*!-+!9=#>')*+!)*-3)'+!$#%!9#!:&%;)*+!;I)#!O,)-9+7!+'!#9?K!VWW]Q?!"#!
$%&'()*+! ,#>V! $+%;+'! 9#! :&%;#')&*! -+2! 9#;+99)$&-+2! +'! -+2! %+$9)2!;+;B%#*#)%+2! 83)! 2&*'!
-+3L! 2'%3>'3%+2! -=#>')*+! $%&'%32)<+2! );$9)83(+2! -#*2! 9#!;)A%#')&*! >+9939#)%+! O,)-9+7! +'! #9?K!
VWW]Q?! "=#>')<#')&*! -+! ,#>V! D! 9#! ;+;B%#*+! >&*-3)'! D! 9#! :&%;#')&*! -=3*! %(2+#3! B%#*>0(!
-=#>')*+! ;)2! +*! $9#>+! $#%! 9#! $%&'()*+! _E`1/@>#%! +'! 9+! >&;$9+L+! E%$]/.! $+%;+''#*'! -+!
%+$&322+%!9#!;+;B%#*+!$9#2;)83+!<+%2!9=#<#*'!$&3%!A(*(%+%!>+2!-+3L!'7$+2!-+!$%&'%32)&*2?!
"#!456#2+!G->a]!$#%')>)$+!D!9#!:&%;#')&*!-+2!:)9&$&-+2!83)!2&*'!-+!:)*+2!$%&'%32)&*2!-=#>')*+!
);$9)83(+2!*&'#;;+*'!-#*2!9#!;)A%#')&*!+'!9+2!M&*>')&*2!)*'+%>+9939#)%+2!OS&B+2!+'!#9?K!VWWnQ?!!!
G+2!2'%3>'3%+2!2&*'!>&*2')'3(+2!A%C>+!D!9#!$&97;(%)2#')&*!-+!9=#>')*+!)*-3)'+!$#%!9=#>')<#')&*!
-+! $932)+3%2! $%&'()*+2! -&*'! SR_E@6/E%$]/.K! ;I)#]! +'! e,@$n.! $#%! G->a]?! G+''+! 456#2+!
$#%')>)$+!#322)!D!9#!;)2+!+*!$9#>+!-+!9#!$&9#%)'(!-#*2!9+2!>+9939+2!+*!;)A%#')&*K!+'!*&'#;;+*'!
D!9#!%(&%)+*'#')&*!-3!>+*'%+!&%A#*)2#'+3%!-+2!;)>%&'3B39+2!<+%2!9+!:%&*'!-+!;)A%#')&*!A%C>+!D!
2&*!)*'+%#>')&*!#<+>!9+2!$%&'()*+2!6#%.K!6#%Z!+'!6HG!#'7$)83+?!4%C>+!D!>+!%J9+!-+!%(A39#'+3%!
-3! >7'&283+9+''+! -=#>')*+K! 9+2! ,0&456#2+2! 2&*'! $#%')>39)N%+;+*'! );$9)83(+2! -#*2! 9+2!
$%&>+2232! -+!;)A%#')&*! +'! -=)*<#2)&*! >+9939#)%+! 83)! *(>+22)'+*'! 3*+! #>')<#')&*! >&&%-&**(+!
-+2!-)::(%+*'+2!<&)+2!-+!2)A*#9)2#')&*!)*-3)'+2!$#%!>+2!$%&'()*+2?!
!
[#)2! 9+3%2! :&*>')&*2! *+! 2+! 9);)'+*'! $#2! D! 9=&%A#*)2#')&*! 2'%3>'3%#9+! -3! >7'&283+9+''+?! "+2!
,0&456#2+2! $#%')>)$+*'K! #<+>! 9+2! #3'%+2! 456#2+2! -+! 9#! :#;)99+! ,#2K! D! -+! '%N2! *&;B%+3L!
$%&>+2232! >+9939#)%+2! 83)! );$9)83+*'! &3! $#2! 3*+! %(&%A#*)2#')&*! -3! >7'&283+9+''+! -=#>')*+?!
G=+2'! *&'#;;+*'! 9+! >#2! -+! 9#! 2(>%(')&*! +'! -3! '%#*2$&%'! <(2)>39#)%+K! -+! 9#! >&*'%#>')&*!



 

 27 

>+9939#)%+K! -+! 9#! $0#A&>7'&2+! #)*2)! 83+! -+! 9#! -7*#;)83+! -+2! ;)>%&'3B39+2! O1')+**+R
[#**+<)99+K!]cc]!Y!v#::+!+'!P#99K!]ccnQ?!"+2!$%&'()*+2!,0&!%(A39+*'!(A#9+;+*'!9#!2)A*#9)2#')&*!
*3>9(#)%+! +'! 9#! '%#*2>%)$')&*! -+! >+%'#)*2! AN*+2?! 1*:)*K! 9+2! $%&'()*+2! ,#>! +'! ,0&! $&3%%#)+*'!
M&3+%!3*!%J9+! );$&%'#*'!-#*2! 9#!$%&9):(%#')&*!>+9939#)%+!+'! 9#! '%#*2:&%;#')&*!$#%! 9f&*>&AN*+!
,#2?!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!



 

 28 

---3 ';IR*
 

/3 -I<;95Q5H895:;*<9*E7:E75D9D>*I<*';IR*
!
"#!$%&'()*+!,*-.K!(A#9+;+*'!#$$+9(+!,0&1K!,0&b!&3!E%01K!#$$#%')+*'!D!9#!2&32R:#;)99+!,*-!
-+2!456#2+2!-+!9#!:#;)99+!,0&?!G+''+!2&32R:#;)99+!>&*2')'3(+!-+!'%&)2!;+;B%+2!O,*-VK!,*-]!
+'! ,*-.Q! +2'! #$$#%3+! #3! >&3%2! -+! 9=(<&93')&*! -#*2! 9+2! >0&%-(2! Or&3%+3L! +'! #9?K! ]ccXQ?! "#!
$%&'()*+!,*-.!+2'! 9+!$%+;)+%!;+;B%+!-+! 9#! :#;)99+!D!#<&)%!('(! )-+*'):)(!+'! >+>)! A%C>+!D! 2#!
>#$#>)'(!-=)*'+%#>')&*!#<+>!$VWc,0&4E6K!3*+!4E6!-+!,0&E!Oi&2'+%!+'!#9?K!VWWZQ?!!
!
G&;;+! -(>%)'! $%(>(-+;;+*'K! 9+2! ;+;B%+2! -+! 9#! 2&32R:#;)99+! ,*-! 2&*'! -+2! ,0&456#2+2!
#'7$)83+2?!1*!+::+'K!,*-.!*=+2'!$#2!>#$#B9+!-=07-%&972+%! 9+!456! !"#$!%&'# O:)A3%+!bEQK!+'!>+>)!
;\;+!+*!$%(2+*>+!-+!,0&4E62?!I#*2!9+2!>&*-)')&*2!+L$(%);+*'#9+2!'+2'(+2K!,0&E!07-%&972+!
$932!-+!Xnw!-3!456!:)L(!#9&%2!83=#3>3*+!07-%&972+!-3!456!*=+2'!-('+>'(+!#<+>!,*-.!Oi&2'+%!
+'! #9?K! VWWZQ?! I+! $932K! >+''+! >#%#>'(%)2')83+! #! ('(! >&*:)%;(+! !"# $!$'! #<+>! 3*+! #22&>)#')&*!
>&*2')'3')<+!-+!,*-.!#<+>!-3!456!O:)A3%+!brQ!Oi&2'+%!+'!#9?K!VWWZQ?!
!
!
!
!
!
!
!
!
!
!

!
!
!
F56?7<*NG*';IR*<>9*5;H8E8PA<*I_TSI7:AS><7*A<*Z$&*5;*=597:*<9*<>9*<;*E<7@8;<;H<*A5D*8?*Z$&*5;*
=5=:*J8I8E9D*I<*F:>9<7*<9*8A3K*/\\[O3*

!3*"+2!$%&'()*+2!-+!:32)&**4@5R,0&E!+'!4@5R,*-.!&*'!('(!:)L(+2!23%!-+2!B)99+2!-f#A#%&2+!>&3$9(+2!#3!
A93'#'0)&*?!E$%N2!9#!9)#)2&*!-3!456!;#%83(!#3!$0&2$0&%+!.]!23%!9+!$0&2$0#'+!#9$0#K!9+2!$%&'()*+2!&*'!
('(! )*>3B(+2! &3! $#2! $+*-#*'! .c! ;)*3'+2! D! .XxG?! "+2! *3>9(&')-+2! :)L(2! &*'! +*23)'+! ('(! (93(2! +'!
#*#972(2! $#%! >0%&;#'&A%#$0)+! 23%! >&3>0+! ;)*>+! +'! #3'&%#-)&A%#$0)+?! "#! :#)B9+! 83#*')'(! -+! 4I6!
<)2)B9+! -#*2! 9#! >&*-)')&*!,0&E! #3! '+;$2! c! %+:9N'+! 3*+! :#)B9+! 07-%&972+! -3!456!83)! #! +3! 9)+3! D! axG!
#<#*'! 9=)*>3B#')&*! D! .XxG?* `3* "+2! >+9939+2! GF@! &*'! ('(! '%#*2:+>'(+2! #<+>! 3*! <+>'+3%! -=+L$%+22)&*!
;#;;):N%+! O,>/G[`! Y! e*<)'%&A+*Q! >&*'+*#*'! 9#! 2(83+*>+!-+!,0&E!&3!-+!,*-.!;#%83(+! #<+>! 3*+!
(')83+''+!PEK! &3! #<+>! 3*! <+>'+3%! <)-+?! E$%N2! ]a! 0+3%+2K! 9+2! >+9939+2! &*'! ('(! )*>3B(+2! $+*-#*'! Vb!
0+3%+2!#<+>!-+2!$0&2$0#'+2!)*&%A#*)83+2!;#%83(2!#3!$0&2$0&%+!.]?!"+2!+L'%#)'2!$%&'()83+2!&*'!('(!
#*#972(2!$#%!);;3*&$%(>)$)'#')&*!#<+>!3*!#*')>&%$2!>)B9#*'!9=(')83+''+!PE?!"+2!*3>9(&')-+2!:)L(2!&*'!
+*23)'+! ('(! (93(2! +'! #*#972(2! $#%! >0%&;#'&A%#$0)+! 23%! >&3>0+! ;)*>+! +'! #3'&%#-)&A%#$0)+?! I+2!
(>0#*')99&*2! -+! 456! +'! -+! 4I6! ;#%83(2! #3! $0&2$0&%+! .]! O2'#*-#%-2Q! &*'! #322)! ('(! 3')9)2(2! $&3%!
)-+*'):)+%!9#!h&*+!-+!;)A%#')&*!-+!>+2!-+3L!*3>9(&')-+2?!

GTP, RhoE did not hydrolyze GTP detectably during a 30-min
incubation at 37�C in either assay, suggesting that RhoE lacks
intrinsic GTPase activity (�0.001 min�1). Varying the pH and
salt concentration or addition of detergents and lipids that
promote hydrolysis by other small GTPases did not result in
any detectable GTPase activity by RhoE, even after a 2-h
incubation at 37�C (data not shown). Moreover, identically
prepared samples of RhoB, H- and K-Ras, Rac1, CDC42, and
Rap1 all exhibit GTPase activity under similar test conditions
(data not shown). RhoE’s inability to hydrolyze GTP is con-
sistent with the amino acid differences between RhoE and
other GTPases. A thrombin-cleaved version of RhoE that
lacks the GST portion is also defective for GTP hydrolysis (not
shown).

RhoE is resistant to RhoGAP activity. The down-regulation
of small GTPases is achieved largely through their interaction
with specific GAPs that strongly promote their intrinsic

GTPase activities. Each of the Rho family proteins that have
been characterized biochemically thus far is susceptible to the
activity of at least one of several Rho-specific GAPs that have
been identified (26). Since RhoE was identified by its interac-
tion with p190 RhoGAP, we assayed the ability of p190 (a
potent GAP for at least five Rho family members [44]) and
another member of the RhoGAP family, CDC42 GAP (which
stimulates Rho and CDC42 [4, 27]), to promote GTP hydro-
lysis by RhoE. Incubation of [32P]GTP-loaded RhoE with pu-
rified preparations of p190 or CDC42 GAP failed to promote
detectable GTP hydrolysis by RhoE under conditions in which
RhoA activity was strongly promoted by both GAPs (Fig. 4d).
Moreover, incubation of GTP-loaded RhoE with concentrated
whole cell protein extracts from a variety of tissues (heart,
lung, brain, liver, kidney, skeletal muscle, spleen, testes, and
skin) also failed to promote GTP hydrolysis by RhoE (data not
shown).

FIG. 4. RhoE binds GTP but lacks GTPase activity and is resistant to RhoGAPs. (a) Nucleotide dissociation assay of H-Ras, RhoA, and RhoE under conditions
of high or low magnesium concentration. Purified, bacterially expressed fusion proteins were preloaded with [�-32P]GTP, incubated at 37�C for the indicated times in
the presence of excess (1 mM) unlabeled GTP, and subjected to a filter binding assay to quantitate the remaining radioactivity. (b) GTP hydrolysis by RhoA and RhoE
in a filter binding assay. Each purified protein was preloaded with [�-32P]GTP, incubated at 37�C for the indicated times, and subjected to a filter binding assay to
quantitate GTP hydrolysis. (c) GTP hydrolysis by RhoA and RhoE in a TLC assay. GST-RhoA and GST-RhoE fusion proteins bound to glutathione-agarose beads
were preloaded with [�-32P]GTP and incubated at 37�C for the indicated times (minutes), and eluted nucleotide was analyzed by TLC and autoradiography. The small
amount of GDP seen in the RhoA sample at time zero reflects a low level of hydrolysis that occurs at 4�C prior to incubation at the assay temperature. (d) RhoGAPs
stimulate RhoA but not RhoE. RhoA and RhoE fusion proteins were preloaded with [�-32P]GTP, incubated at 30�C in the presence or absence of p190 RhoGAP or
CDC42 GAP for the indicated times, and subjected to a filter binding assay to quantitate GTP hydrolysis.
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dCTVM contains a deletion of the carboxy-terminal four
amino acids of RhoE and is predicted to be defective for
prenylation of either type. Wild-type RhoE and the two mu-
tants were expressed transiently in transfected COS cells. All
of the RhoE proteins were expressed at similar levels 48 h
posttransfection, as revealed by anti-HA immunoblotting (Fig.
7).

To investigate the subcellular distribution of RhoE and the
CAAX motif mutants, we transiently transfected RhoE expres-
sion vectors into COS cells, homogenized cells in hypotonic
lysis buffer (48 h posttransfection), and fractionated the cellu-
lar proteins biochemically into a soluble S100 fraction and a
particulate (presumably membrane-associated) P100 fraction
by ultracentrifugation at 100,000 � g. Fractions were then
subjected to immunoblot analysis. Approximately 60% of the
wild-type RhoE distributes to the P100 fraction, while about
80% of the RhoE-CTVL mutant is in the P100 fraction (Fig.
8). In contrast, the vast majority of the RhoE-dCTVM mutant,
whose CAAX motif is deleted, distributes to the S100 fraction.
This experiment was repeated several times with the same
results. The fractionation was judged to be essentially com-
plete, since Coomassie blue staining of the same samples re-
vealed that some protein bands were distributed completely to
the S100 fraction while others were seen only in the P100
fraction (data not shown). Thus, these data suggest that RhoE

is probably prenylated and that this modification is important
for determining RhoE’s subcellular localization.

To test the possibility that RhoE is normally farnesylated, as
predicted by its CAAX motif sequence, COS cells were trans-
fected with the wild-type and mutated forms of RhoE and
metabolically labeled with [3H]mevalonate, a precursor for
both farnesyl and geranylgeranyl groups. After immunopre-
cipitation of the HA-tagged RhoE protein, the associated ra-
dioactive prenyl groups were released and analyzed by reverse-
phase HPLC together with C15 farnesyl group and C20
geranylgeranyl group standards (Fig. 9). As expected, wild-type
RhoE is solely farnesylated, the RhoE-CTVL mutant is gera-
nylgeranylated, and the RhoE-dCTVM mutant is not detect-
ably prenylated.

To complement the biochemical fractionation results, we
used immunofluorescence (with the anti-HA antibody) to ex-
plore further the subcellular localization of RhoE. Since the
morphology of the transfected COS cells was not optimal, we
chose to use the human osteosarcoma cell line U2OS, which
maintains good morphology following transient transfection by
the calcium phosphate method. As shown in Fig. 10A, wild-
type RhoE expressed in transfected U2OS cells is seen dif-
fusely in the cytoplasm, in association with plasma membrane,
and in an unidentified cellular structure with a worm-like ap-
pearance. Notably, these worm-like structures are seen pre-
dominantly at the ventral surface of the cells, consistent with a
role in adhesion. This is most clearly seen in confocal images of
the most ventral focal plane (Fig. 10D). These structures do
not resemble focal adhesions, which were revealed by immu-
nostaining with an antivinculin antibody (Fig. 10E). The
RhoE-CTVL mutant exhibits a similar staining pattern (Fig.
10B). The RhoE-dCTVM mutant fails to localize to the plasma
membrane and instead is seen predominantly in the nucleus
(Fig. 10C). Analogous experiments with nonprenylated Ras
proteins revealed a similar nuclear accumulation of protein
(20). In these experiments, transfected cells, which stain quite
strongly, are easily seen among the nontransfected cells on the
same slide by immunofluorescence with the anti-HA tag anti-
body. We cannot, however, formally rule out the possibility
that the observed localization of RhoE is due to overexpres-
sion of the protein in transfected cells. A definitive localization
will have to await the development of specific antisera that
allow the detection of the endogenous protein.

DISCUSSION

In a yeast interaction trap screen to identify proteins that
interact with p190 RhoGAP, we identified cDNA clones en-
coding a novel member of the Rho family of GTP-binding
proteins. In light of the facts that p190 does not exhibit detect-
able GAP activity toward RhoE and that we have been unable

FIG. 6. RhoE is associated only with GTP in vivo. COS cells were transfected
with a mammalian expression vector (Rc/CMV; Invitrogen) containing HA
epitope-tagged versions of RhoA or RhoE (empty vector was transfected as a
negative control). After 24 h, cells were metabolically labeled for 18 h with 32Pi,
collected, lysed, and subjected to immunoprecipitation with an anti-HA anti-
body. After extensive washing of the immunoprecipitates, eluted nucleotide was
subjected to TLC to resolve GTP and GDP. GTP and GDP standards were also
run to indicate their migration.

FIG. 7. Expression of RhoE proteins in transfected COS cells. Lysates from
COS cells transiently transfected with plasmids expressing HA-tagged forms of
wild-type RhoE (RhoE-WT) or the RhoE-CTVL and RhoE-dCTVM mutants
were subjected to immunoblotting with an anti-HA antibody. Size markers are
indicated in kilodaltons.

FIG. 8. Subcellular fractionation of RhoE. Lysates from COS cells tran-
siently transfected with plasmids expressing HA-tagged forms of wild-type RhoE
(WT) or the RhoE-CTVL and RhoE-dCTVM mutants were fractionated to
P100 (P) and S100 (S) fractions as described in Materials and Methods and
analyzed by immunoblotting with an anti-HA antibody. For comparison, total
lysates (T) of corresponding transfections were analyzed similarly.
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to establish an interaction between these proteins outside of
the yeast system, it is difficult to assess the physiologic rele-
vance of the observed interaction between RhoE and p190. It
is possible that the detection of this interaction simply reflects
the ability of p190’s RhoGAP domain to recognize a Rho-like
structure in the highly sensitive yeast assay. As expected, the
carboxy-terminal region of p190 that contains the RhoGAP
domain is necessary for the p190-RhoE interaction (unpub-
lished results). It remains possible, however, that the interac-
tion is physiologically meaningful, with p190 potentially func-
tioning as a downstream target of RhoE.

The finding that RhoE is farnesylated, while other Rho
family proteins are geranylgeranylated, is intriguing and sug-
gests that RhoE may exhibit unusual subcellular localization
properties. The biological functions of small GTPases are me-
diated in part through their association with various cellular
membranes. RhoE, like some of the other Rho family proteins
(1), appears to distribute essentially equally between a soluble
cytoplasmic form and a plasma membrane-associated form. In
addition, immunostaining revealed that RhoE associates with
cellular worm-like structures that we have yet to identify. The
concentration of these structures at the ventral attachment
surface of the cell suggests a possible role in adhesion. Indeed,
other Rho proteins have recently been implicated in the reg-
ulation of adhesion in several systems (2, 32, 41, 47). The

eventual identification of this putative adhesion structure will
likely provide an important clue as to the precise biological
function of RhoE. We have demonstrated that localization of
RhoE to the plasma membrane as well as to this unknown
structure requires prenylation of the carboxyl terminus. How-
ever, a geranylgeranylated form of RhoE appears to localize in
a manner that is qualitatively indistinguishable from that of the
wild-type farnesylated form of RhoE. The geranylgeranylated
RhoE does, however, distribute preferentially to the particu-
late component in fractionation experiments. Thus, the un-
usual prenylation state of RhoE does not appear to provide
RhoE with a particular subcellular localization that cannot be
attained by geranylgeranylation of the protein. Similar results
have been reported for a Ras mutant that was designed to
undergo geranylgeranylation and which localizes normally to
the plasma membrane and is biologically functional (8). Thus,
the functional relevance of the distinct prenylation types for
small GTPases remains unclear. It may be that the distinct lipid
modifications of different small GTPases provide a regulatory
mechanism that is too subtle to be detected by the methods
described here. Notably, unlike the farnesylated Ras proteins,
which are found exclusively at the plasma membrane, gera-
nylgeranylated Rho proteins translocate between soluble and
membrane-associated forms upon appropriate stimulation
(47). Possibly, the prenylation difference influences the revers-
ibility of the membrane interaction.

As has been found with Ras, RhoE protein that is not pre-
nylated accumulates in the nucleus. This is most likely due to
the presence of a cluster of basic amino acids found near the
carboxyl termini of many small GTPases which may mimic a
nuclear localization signal (20). However, the nuclear localiza-
tion is not likely to be physiologically relevant. Notably, the
prenylation-deficient form of RhoE fails to associate with the
putative adhesion structure, indicating that this association
also requires prenylation.

Interestingly, specific inhibitors of the farnesyltransferase
enzyme, which have shown some success as antitumor drugs,
have recently been found to revert Ras-transformed cells
through a mechanism that does not appear to involve inhibi-
tion of Ras prenylation but instead appears to involve inhibi-
tion of an as yet unknown farnesyltransferase substrate that
regulates the actin cytoskeleton (32). Since RhoE may be a
cytoskeletal regulator that is farnesylated in vivo, it could be a
target of these antitumor agents.

The primary structure of RhoE, which contains amino acid
substitutions at three highly conserved positions that are im-
portant for normal GTPase activity by other Rho and Ras
proteins, is somewhat unique. While a few small GTPases that
contain substitutions at one or two of these positions have been
identified, those proteins for which a biochemical analysis has
been performed have been found to exhibit GTPase activity
despite these differences (30, 40). For example, the Rap pro-
teins contain a threonine at position 61, which is a glutamine in
nearly all other mammalian GTP-binding proteins, and is able
to hydrolyze GTP efficiently (21). In addition, the Rad and
Gem proteins, which define a novel class of Ras-related (25%
identity) GTP-binding proteins, have an unusual structure in
some of the well-conserved nucleotide-binding motifs, and
Rad has been found to exhibit GTPase activity and to be
susceptible to a cellular GAP activity (53). Therefore, it ap-
pears that some deviation from the consensus structure within
the catalytic region can be tolerated. However, at least for
several Ras and Rho proteins that have been examined, sub-
stitutions at position 12 or 61 substantially impair catalytic
function (9, 10, 15, 52). Moreover, substitutions at all three of
these positions in any one GTPase are unprecedented.

FIG. 9. Identification of the prenyl group attached to RhoE. COS cells ex-
pressing epitope-tagged versions of either wild-type RhoE (A), RhoE containing
the C-terminal CAAX sequences CTVL (B), or HA-RhoE with a deleted CAAX
(C) were labeled with [3H]mevalonate. Proteins were immunoprecipitated with
the anti-HA antibody, and the 3H-labeled isoprenoids were cleaved from the
proteins as described in Materials and Methods. Radioactivity extracted from the
cleavage reactions was analyzed by reverse-phase HPLC as described in Mate-
rials and Methods. Elution of isoprenoid standards, marked by arrows, was
monitored by A210 of authentic prenyl alcohols added to the samples prior to
injection. C15, trans,trans-farnesol; C20, all-trans-geranylgeraniol.
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FIG. 3. RhoE colocalizes with ROCK I on the Golgi complex. COS-7 cells were stained with polyclonal (A, D, and F) or monoclonal
(B) anti-RhoE antibodies, anti-TGN38 antibody (E and H), or polyclonal anti-ROCK I antibody (G). Swiss 3T3 cells were stained with monoclonal
RhoE antibody (C), anti-TGN38 antibody (K), or anti-FLAG antibody to stain exogenous FLAG-RhoE (I). Swiss 3T3 cells were microinjected
with plasmid encoding FLAG-RhoE (I to K) and fixed after 5 h. Filamentous actin was stained with TRITC-phalloidin in panels A to E and J and
is shown in blue in COS-7 cells to indicate the cell shape (A, B, D, and E) and in red in Swiss 3T3 cells (C and J). Bars, 20 !m (A, B, and F to
H), 35 !m (C and I to K), and 15 !m (D and E). (L) Intracellular distribution of RhoE and ROCK I by cell fractionation and immunoblotting.
RhoE and ROCK I were immunoblotted with polyclonal and monoclonal antibodies, respectively.
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is shown in blue in COS-7 cells to indicate the cell shape (A, B, D, and E) and in red in Swiss 3T3 cells (C and J). Bars, 20 !m (A, B, and F to
H), 35 !m (C and I to K), and 15 !m (D and E). (L) Intracellular distribution of RhoE and ROCK I by cell fractionation and immunoblotting.
RhoE and ROCK I were immunoblotted with polyclonal and monoclonal antibodies, respectively.

VOL. 23, 2003 RhoE INHIBITION OF ROCK I FUNCTION 4223

 on October 13, 2014 by INSERM
http://mcb.asm.org/

Downloaded from 

FIG. 3. RhoE colocalizes with ROCK I on the Golgi complex. COS-7 cells were stained with polyclonal (A, D, and F) or monoclonal
(B) anti-RhoE antibodies, anti-TGN38 antibody (E and H), or polyclonal anti-ROCK I antibody (G). Swiss 3T3 cells were stained with monoclonal
RhoE antibody (C), anti-TGN38 antibody (K), or anti-FLAG antibody to stain exogenous FLAG-RhoE (I). Swiss 3T3 cells were microinjected
with plasmid encoding FLAG-RhoE (I to K) and fixed after 5 h. Filamentous actin was stained with TRITC-phalloidin in panels A to E and J and
is shown in blue in COS-7 cells to indicate the cell shape (A, B, D, and E) and in red in Swiss 3T3 cells (C and J). Bars, 20 !m (A, B, and F to
H), 35 !m (C and I to K), and 15 !m (D and E). (L) Intracellular distribution of RhoE and ROCK I by cell fractionation and immunoblotting.
RhoE and ROCK I were immunoblotted with polyclonal and monoclonal antibodies, respectively.

VOL. 23, 2003 RhoE INHIBITION OF ROCK I FUNCTION 4223

 on O
ctober 13, 2014 by INSERM

http://m
cb.asm

.org/
Downloaded from

 

FIG. 3. RhoE colocalizes with ROCK I on the Golgi complex. COS-7 cells were stained with polyclonal (A, D, and F) or monoclonal
(B) anti-RhoE antibodies, anti-TGN38 antibody (E and H), or polyclonal anti-ROCK I antibody (G). Swiss 3T3 cells were stained with monoclonal
RhoE antibody (C), anti-TGN38 antibody (K), or anti-FLAG antibody to stain exogenous FLAG-RhoE (I). Swiss 3T3 cells were microinjected
with plasmid encoding FLAG-RhoE (I to K) and fixed after 5 h. Filamentous actin was stained with TRITC-phalloidin in panels A to E and J and
is shown in blue in COS-7 cells to indicate the cell shape (A, B, D, and E) and in red in Swiss 3T3 cells (C and J). Bars, 20 !m (A, B, and F to
H), 35 !m (C and I to K), and 15 !m (D and E). (L) Intracellular distribution of RhoE and ROCK I by cell fractionation and immunoblotting.
RhoE and ROCK I were immunoblotted with polyclonal and monoclonal antibodies, respectively.

VOL. 23, 2003 RhoE INHIBITION OF ROCK I FUNCTION 4223

 on O
ctober 13, 2014 by INSERM

http://m
cb.asm

.org/
Downloaded from

 

!"#$% &'($)% *+,-+%



 

 32 

!
!
!
!
!
!
!
F56?7<* //G* B8* E7:9D5;<* ';IR* <>9* @8a:759857<@<;9* 8>>:H5D<* 8?b* @<@P78;<>* J8I8E9D* I<*
'5<;9:*<9*8A3K*LMMRO3!

"+2!>+9939+2!@^)22!.5.!&*'!('(! 972(+2!+'! :%#>')&**(+2!$&3%!%(>3$(%+%!2($#%(;+*'! 9+2!$%&'()*+2! 9)(+2!
#3L!;+;B%#*+2!+'!9+2!$%&'()*+2!>7'&2&9)83+2?!T*+!+L'%#>')&*!'&'#9+!-+2!$%&'()*+2!#!#322)!('(!%(#9)2(+!
23%! >+2! >+9939+2?! "+2!+L'%#)'2!$%&'()83+2!&*'!('(!#*#972(2!$#%!^+2'+%*!B9&'!+*!3')9)2#*'!3*!#*')>&%$2!
-)%)A(!>&*'%+!,*-.?!
!

R3 F:;H95:;>*H<AA?A857<>*I<*';IR*
!
"+2!$%&'()*+2!,*-!2&*'!);$9)83(+2!-#*2!-+!*&;B%+3L!;(>#*)2;+2!$#%;)!9+283+92!9+!>&*'%J9+!
-+!9#!-7*#;)83+!-3!>7'&283+9+''+!-=#>')*+K!9#!$%&9):(%#')&*!+'!9#!23%<)+!>+9939#)%+?!
!

R3/ *'D6?A895:;*I?*HS9:>C?<A<99<*IX8H95;<*
 
"#!:&*>')&*!9#!;)+3L!-(>%)'+!-+!9#!$%&'()*+!,*-.!+2'!9#!%(A39#')&*!-3!>7'&283+9+''+!-=#>')*+?!
"+2! $%+;)+%2! '%#<#3L! 23%! 9#! :&*>')&*! -+! ,*-.! &*'! ;&*'%(! 83+! 2&*! +L$%+22)&*! -#*2! -+2!
:)B%&B9#2'+2! @^)22/.5.! $%&<&83+! 3*! #%%&*-)22+;+*'! -+2! >+9939+2! Oo!,*-!p! <)+*'! -3! '+%;+!
o!%&3*-!pQ! +'! 3*+! %(-3>')&*! -+2! :)B%+2! -+! 2'%+22! OS&B+2! +'! #9?K! VWWbQ?! G+'! +::+'! 23%! 9+!
>7'&283+9+''+! -=#>')*+! #! ('(! >&*:)%;(! -#*2! -+! *&;B%+3L! '7$+2! >+9939#)%+2! -&*'! 9+2!
;#>%&$0#A+2!+'! 9+2!>+9939+2![IGH!O43#2>0!+'!#9?K!VWWb!Y!G0#%-)*!+'!#9?K!]ccZQ?!G+'!+::+'!+2'!
-z!D!3*+!-);)*3')&*!-+!9=#>')<#')&*!-+!9#!456#2+!,0&E!A%C>+!D!9=)*'+%#>')&*!-+!,*-.!#<+>!9#!
4E6! $VWc,0&4E6! 83)! <#! 2');39+%! 9=07-%&972+! -3!456! -+! ,0&E! O_+**+%B+%A! +'! #9?K! ]cc.Q?!
I#*2! 9+!;\;+!B3'K!,*-.!$+3'! )*0)B+%!@7L! O27*+>')*RB)*-)*A!,0&E!+L>0#*A+! :#>'&%Q!83)!+2'!
3*+!41i!-+!,0&E!#:)*!-+! %(-3)%+! 9=#>')<#')&*!-+! 9#!456#2+! O4&0!+'!#9?K! ]cVcQ?!,*-.! )*0)B+!
#322)! 9#! $0&2$0&%79#')&*! -=#3'%+2! 23B2'%#'2! -+! ,FGHe! >&;;+! 9#! ;7&2)*+! 9)A0'! >0#)*!
$0&2$0#'#2+! >+! 83)! +;$\>0+! 9#! >&*'%#>')9)'(! -+! 9=#>'&;7&2)*+! ;(-)(+! $#%! ,FGH! +'! 9#!
:&%;#')&*!-+2!:)B%+2!-+!2'%+22!O:)A3%+!V]Q!O,)+*'&!+'!#9?K!]ccnQ?!"#!9)#)2&*!-+!,*-.!#<+>!,FGHe!
*=+2'!+*!%+<#*>0+!$#2!*(>+22#)%+!$&3%!)*0)B+%!9#!:&%;#')&*!-+2!:)B%+2!-+!2'%+22!OH&;#*-+%!+'!
#9?K!]ccbQ?!!
!
!
!
!
!
!

FIG. 3. RhoE colocalizes with ROCK I on the Golgi complex. COS-7 cells were stained with polyclonal (A, D, and F) or monoclonal
(B) anti-RhoE antibodies, anti-TGN38 antibody (E and H), or polyclonal anti-ROCK I antibody (G). Swiss 3T3 cells were stained with monoclonal
RhoE antibody (C), anti-TGN38 antibody (K), or anti-FLAG antibody to stain exogenous FLAG-RhoE (I). Swiss 3T3 cells were microinjected
with plasmid encoding FLAG-RhoE (I to K) and fixed after 5 h. Filamentous actin was stained with TRITC-phalloidin in panels A to E and J and
is shown in blue in COS-7 cells to indicate the cell shape (A, B, D, and E) and in red in Swiss 3T3 cells (C and J). Bars, 20 !m (A, B, and F to
H), 35 !m (C and I to K), and 15 !m (D and E). (L) Intracellular distribution of RhoE and ROCK I by cell fractionation and immunoblotting.
RhoE and ROCK I were immunoblotted with polyclonal and monoclonal antibodies, respectively.
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H), 35 !m (C and I to K), and 15 !m (D and E). (L) Intracellular distribution of RhoE and ROCK I by cell fractionation and immunoblotting.
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phosphorylation and cell cycle regulation have not been
identified. It is also important to determine whether Rnd1
or Rnd2 affect the cell cycle and/or apoptosis, or whether this
is a pathway unique to Rnd3.

So far we know little about how the Rnd promoters are
regulated by diverse stimuli and transcription factors, and
thus this should be an important focus of future research.
In addition, it is not yet clear whether the changes in Rnd3
expression observed during development or disease processes
lead to altered cell shape and migration, cell cycle inhibition
or both. A fuller understanding of Rnd function will require
manipulation of Rnd expression levels in the relevant tissues
using genetically modified mice. So far, no knockout mice for
Rnd genes have been described, even though mouse knock-
outs for several other Rho GTPases exist [64]. It will be particu-
larly important to investigate Rnd function in the brain, where
they appear to either induce neurite extension, for example
downstream of NGF, or neurite retraction via plexins.

Studies in mice should also help to elucidate the contri-
bution of Rnd3 to different aspects of tumour progression.
As an inhibitor of cell cycle progression, Rnd3 would be
predicted to be a tumour suppressor, yet its ability to increase
cell migration could allow it to promote invasion and meta-
stasis in cancers if cell cycle inhibition is bypassed by
mutations in cell cycle regulators. So far there is no evidence
that Rnd proteins are mutated in cancer, but the large scale
sequencing of multiple cancer genomes currently being
carried out may reveal new information about this unusual
family of proteins.
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Figure 3. Rnd3 regulates cell cycle progression. eIF4E recognises
the 50 cap of mRNAs and thereby promotes translation of genes
required for cell cycle progression in G1, including cyclin D1 and
c-Myc. eIF4E is inhibited by 4EBP1, and this inhibition is prevented
when 4EBP1 is phosphorylated by the protein kinase mTOR, which
in turn is activated by multiple extracellular growth stimulatory sig-
nals. mTOR promotes cell growth in part through phosphorylation of
4EBP1. The phosphatase PP2A dephosphorylates 4EBP1. Rnd3
acts to inhibit cell cycle progression by reducing 4EBP1 phosphoryl-
ation, thereby promoting eIF4E binding to 4EBP1 and inhibition of
eIF4E function.
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phosphorylation and cell cycle regulation have not been
identified. It is also important to determine whether Rnd1
or Rnd2 affect the cell cycle and/or apoptosis, or whether this
is a pathway unique to Rnd3.

So far we know little about how the Rnd promoters are
regulated by diverse stimuli and transcription factors, and
thus this should be an important focus of future research.
In addition, it is not yet clear whether the changes in Rnd3
expression observed during development or disease processes
lead to altered cell shape and migration, cell cycle inhibition
or both. A fuller understanding of Rnd function will require
manipulation of Rnd expression levels in the relevant tissues
using genetically modified mice. So far, no knockout mice for
Rnd genes have been described, even though mouse knock-
outs for several other Rho GTPases exist [64]. It will be particu-
larly important to investigate Rnd function in the brain, where
they appear to either induce neurite extension, for example
downstream of NGF, or neurite retraction via plexins.

Studies in mice should also help to elucidate the contri-
bution of Rnd3 to different aspects of tumour progression.
As an inhibitor of cell cycle progression, Rnd3 would be
predicted to be a tumour suppressor, yet its ability to increase
cell migration could allow it to promote invasion and meta-
stasis in cancers if cell cycle inhibition is bypassed by
mutations in cell cycle regulators. So far there is no evidence
that Rnd proteins are mutated in cancer, but the large scale
sequencing of multiple cancer genomes currently being
carried out may reveal new information about this unusual
family of proteins.
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Figure 3. Rnd3 regulates cell cycle progression. eIF4E recognises
the 50 cap of mRNAs and thereby promotes translation of genes
required for cell cycle progression in G1, including cyclin D1 and
c-Myc. eIF4E is inhibited by 4EBP1, and this inhibition is prevented
when 4EBP1 is phosphorylated by the protein kinase mTOR, which
in turn is activated by multiple extracellular growth stimulatory sig-
nals. mTOR promotes cell growth in part through phosphorylation of
4EBP1. The phosphatase PP2A dephosphorylates 4EBP1. Rnd3
acts to inhibit cell cycle progression by reducing 4EBP1 phosphoryl-
ation, thereby promoting eIF4E binding to 4EBP1 and inhibition of
eIF4E function.
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Figure 2. RhoE gt/gt mice are smaller in size and present a limited survival. A) Pictures of RhoE gt/gt and +/+ littermates were taken at
postnatal day (PD) 3 (left) and PD15 (right) to compare their size. Note the abnormal position of the hindlimbs of the RhoE gt/gt mouse. B) All mice
(n = 49, 8 wt, 30 +/gt and 11 gt/gt) were weighted everyday from PD1 to PD21. Data are represented as Mean+SD. RhoE gt/gt mice were smaller than
RhoE +/+ or +/gt animals at birth (Student’s t test, p,0.01) and showed a growth delay thereafter (one way ANOVA and Tukey’s test, p,0.005). C)
Kaplan Meier survival curve of a total of 31 RhoE gt/gt mice. All RhoE +/+ and +/gt littermates survived beyond the day when the last RhoE gt/gt
mouse died (not shown). The median survival for the RhoE gt/gt mice was 15 days.
doi:10.1371/journal.pone.0019236.g002
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Tissue Expression

Northern blots show that Rnd1 is expressed as a major 1.9-kb
mRNA, mostly in brain and liver, Rnd2 as a 1.5-kb mRNA
abundant in testis, whereas Rnd3/RhoE is expressed at
low levels as a 3.1-kb mRNA in all tissues studied (Fig. 3).
Rnd3/RhoE expression is particularly low in brain, pan-
creas, thymus, testis, and peripheral blood leukocytes, but
could be detected upon longer exposure. When the same
blot was rehybridized with a ubiquitously expressed probe,
the relative intensities of the signals were similar to those
seen with the Rnd3/RhoE probe. 

The expression of Rnd proteins (probably mainly Rnd1)
in rat brain and liver could also be detected at the protein
level, with antibodies raised against Rnd1. When these tis-
sue extracts are centrifuged at 100,000 g the major portion
of Rnd1 proteins are found in the pellet (P100) fraction
(Fig. 4), whereas most Rho appears in the supernatant
(S100) fraction, as described previously. In freshly pre-
pared rat hepatocytes, the expression of the Rnd1 protein
was similar to that found in total liver. We looked at the
expression of the Rnd2 protein in testis of immature rats
(6 d) with antibodies raised against bacterially expressed

Rnd2 and found a level of expression similar to that in
adult rats (data not shown). 

Closer examination of Rnd1 expression in the brain us-
ing a Northern blot of mRNAs prepared from different re-
gions of the brain revealed high levels in the cortex, the oc-
cipital pole and the frontal and temporal lobes (Fig. 5 A).
Lower levels of expression are observed in most other re-
gions of the brain. When the same blot was rehybridized
with a ubiquitously expressed probe (�-actin), the inten-
sity of the signal was much stronger and similar for all
brain regions. Analysis of Rnd1 mRNA expression on rat
brain sagittal sections was performed by in situ hybridiza-
tion. The general expression of Rnd1 transcripts was low
in most regions of the rat brain. Overall, the highest ex-
pression of Rnd1 mRNA was observed in the cerebral cor-
tex including both the frontal, striate, and primary olfac-
tory cortex (piriform cortex). Also the hippocampus,
including the dentate gyrus, the cerebellar granular layer
and pontine nuclei expressed relatively high levels. A lower
expression was found in the inferior and superior collicu-
lus, substantia nigra, ventral tegmental area (VTA), and
several unidentified brain stem nuclei (Fig. 5 B). Hybrid-
ization with the sense riboprobe revealed no signal (Fig. 5 C).

Figure 2. Biochemical properties of
E. coli–expressed Rnd1. (A) Kinet-
ics of GDP and GTP�S binding on
Rnd1 (25 pmol/point) at high mag-
nesium. (B) Kinetics of GTP�S dis-
sociation from Rnd1 with different
concentrations of GDP, GTP, or
GTP�S as competitors. (C) GTP
hydrolysis by Rho and Rnd pro-
teins.

Figure 3. Expression of Rnd1, 2,
and 3 mRNAs in human adult and
fetal tissues. Northern blots of hu-
man Poly(A�) RNAs from various
tissues were hybridized with Rnd
probes labeled to similar activities
and autoradiographed for 1 wk, so
that the intensities of the signals
with the three probes could be com-
pared. Hybridization of the same
blots with an actin probe gave a
much stronger signal, with compa-
rable intensities for all organs. Ex-
pression of Rnd3/RhoE in brain,
pancreas, thymus, testis, and pe-
ripheral blood leukocytes (Leu.)
could only be detected upon longer
exposure.
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Fig. 2.2 Zonation of Wnt signaling in the liver. (a) Localization of 
Wnt partners. PP hepatocytes are enriched in APC, allowing the 
 accumulation of active unphosphorylated (beta)-catenin in PV hepa-
tocytes. A schematic diagram of a PP hepatocyte in which Wnt is inac-
tive is shown on the left, and the consequences of Wnt activation in a 
PV hepatocyte are shown on the right. (b) Mouse models of liver-
specific (beta)-catenin inactivation ( (beta)-catenin ko) or activation 

(Apc ko). (c) In situ hybridization showing the distribution of PV posi-
tive target gene expression and of PP negative target gene expression 
along the portocentral axis of the liver, in (beta)-catenin-null, wild-
type, and APC-null livers. The Axin2 gene is a universal target gene of 

(beta)-catenin, and the signal generated for this gene on in situ 
hybridization is thought to correspond to the area of (beta)-catenin 
activation
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Discussion
To elucidate the molecular diversity of HCC tumors

without any a priori assumptions, we used an unsuper-
vised transcriptome-wide approach to classify a large
number of tumors that have been extensively clinically
and genetically annotated. Using this approach, we ob-
tained a robust classification of HCC that yielded 6 main
subgroups reflecting the large spectrum of these tu-
mors.1,2,21 This classification was achieved by QRT-PCR
using 16 diagnostic genes and was applied to an indepen-
dent set of 63 tumors, for a total of 120 HCCs studied.
Our classification is in full agreement with previously
published transcriptomic analyses of HCC,22-24 which
identified 2 tumor groups linked to chromosome stabili-
ty/instability (corresponding to meta-groups 1-3 and
4-6). However, our study went further by exquisitely re-
fining this classification. Indeed, the strength of our study
resides in our inclusion of a vast amount of medical data:
(1) our series of tumors of patients surgically treated in
France who had the main risk factors for HCC (HBV
infection, HCV infection, alcohol abuse, and hemochro-
matosis), and (2) an exhaustive number of clinical, his-
topathological, and genetic annotations. From the results

of our study, we have concluded that the primary clinical
determinant of class membership is HBV infection, and
the other main determinants are genetic and epigenetic
alterations, including chromosome instability (FAL !
0.128), CTNNB1 and TP53 mutations, and parental im-
printing (Fig. 6).

The natural history of HCC has taught us that HBV-
related tumors (defining the G1 and G2 subgroups) are
strikingly molecularly distinct from other HCCs. Indeed,
tumors related to HCV infection and alcohol abuse were
interspersed across subgroups G3-G6. Our transcrip-
tomic classification has enabled the identification of new
entities of tumors. Subgroup G1 included HBV-related
tumors from younger patients (relative to the other HBV
HCCs), frequently from Africa, with an equal sex ratio, a
low number of viral DNA copies, frequent AXIN1 muta-
tions, absence of TP53 mutation, and overexpression of
genes normally imprinted (Fig. 6). These results suggest
that HBV infection early in life25,26 leads to a specific type
of HCC that has immature features with abnormal paren-
tal gene imprinting selection, possibly through the persis-
tence of fetal hepatocytes or alternatively through partial
dedifferentiation of adult hepatocytes. These G1 tumors

Fig. 6. Schematization of the different HCC subgroups defined by transcriptome analysis with their related clinical and genetic pathways. G1 to
G6 are the subgroups of HCCs defined by transcriptome analysis. Vertical lines indicate significantly associated features (see Table 1, Fig. 3, and
supplementary Table 5). Red and green primarily indicate over- and underexpressed genes, respectively, in that particular functional category. LOH,
loss of heterozygosity; Hemochrom, hemochromatosis; AFP, alpha-fetoprotein; HBV, hepatitis B virus; *rare feature.
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morphology of invading cells, cells were included in a
type I collagen gel (BD Biosciences) added to the
upper chamber of a Transwell plate, as described
previously.22

Statistical Analysis. Statistical analysis was per-
formed with GraphPad Prism software (GraphPad
Software, Inc., La Jolla, CA). Differences between
means were assessed with Mann-Whitney’s test or the
Student’s t test. When comparing multiple means, we
used an analysis of variance (ANOVA). Correlations
between the mRNA level of expression and qualitative
variables were calculated with Kruskal-Wallis’ nonpara-
metric test. Pearson’s test was used to compare quanti-
tative values of expression. P values less than 0.05 were
considered significant.
Materials and Methods. See the Supporting Mate-

rials and Methods for details regarding antibodies and
reagents, short interfering RNA (siRNA) and micro-
RNA (miRNA) transfection, stable cell-line construc-
tion, cell-growth assay and culture, immunohistochem-
istry (IHC), immunofluorescence (IF), and reverse-

transcription polymerase chain reaction (RT-PCR)
procedures.

Results

RND3 Is Down-regulated in HCC and HCC Cell
Lines. To investigate the expression levels of RND3 in
HCC, we reanalyzed the Affymetrix GeneChip arrays
of our own series of 57 HCCs and five samples of
pooled nontumor tissues.21 A highly significant down-
regulation of RND3 mRNA was observed when HCCs
were compared to nontumor tissues (Supporting Fig.
1A). Quantitative RT-PCR (qRT-PCR) results on the
same sample set correlated very well with the array
data (Supporting Fig. 1B; Pearson’s r ¼ 0.7915; P <
0.0001). These data, in addition to qRT-PCR analysis
on a second independent set of 63 tumors, demon-
strated that RND3 mRNA expression was significantly
lower in HCC than in cirrhotic livers, benign hepato-
cellular adenomas, and nontumor livers (Fig. F11A,B).
The mean level of RND3 mRNA expression in

Fig. 2. Rnd3 protein is down-regulated in
HCC patient samples and cell lines. (A) Left
panel: representative results from western
blottings of Rnd3 protein in HCC extracts.
Four samples of matched HCCs (T) and non-
tumor livers (NT). Right panel: quantitation on
27 matched human samples. P value from
the paired Student’s t test is indicated. (B)
IHC of Rnd3 in HCC versus cirrhotic tissue.
Tissues were stained with anti-Rnd3 antibody.
Control shows a serial section incubated with
nonimmune immunoglobulin G. (C) Western
blotting analysis of Rnd3 expression in seven
tumor cell lines, compared to primary human
hepatocytes cultured in DMEM or Williams’
media (HPM and HPW, respectively). Quantifi-
cation of Rnd3 protein levels normalized using
b-actin. Each bar represents the mean 6
standard error (n ¼ 3).
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Fig. S6A). Six hours after the addition of doxycycline,
the Tet-On-RhoE cells were fixed and stained with
phalloidin. We observed that RhoE-expressing HCC
cells showed loss of stress fiber formation, whereas
the vector control cells showed no disruption in the
stress fiber networks (Fig. 5B,C; Fig. S6B). Sixteen
hours after the addition of doxycycline, stress fibers
reappeared in RhoE-expressing cells, indicating that

the effects of RhoE on stress fiber formation were
transient (data not shown).
Knockdown of RhoE Increased Plasma Membrane

Blebbing. To further investigate the effect of RhoE-
mediated cytoskeleton reorganization on cellular
changes in relation to migratory ability and invasive-
ness of HCC cells, we compared the cell morphology
of stable nontarget control and RhoE knockdown

Fig. 4. Knockdown of RhoE impaired actomyosin contractility through ROCK. (A) Knockdown of RhoE enhanced the phosphorylation level of
MYPT1 at Thr 853. Western blot analysis showed that shRhoE-16 knockdown cells had enhanced MYPT1 phosphorylation (Thr 853) (arrow) as
compared with the nontarget control, indicating deregulated actomyosin contractility. The increased phosphorylation was reversed by addition of
ROCK inhibitor Y27632. (B) Addition of the ROCK inhibitor Y27632 suppressed the accelerated cell migration induced by knockdown of RhoE (P
<0.001, Student’s t test). The results were from three independent experiments.

Fig. 3. Knockdown of RhoE in
MHCC-97L enhanced HCC invasion
in vivo. (A) RhoE expression was
significantly reduced in shRhoE-16
MHCC-97L clones. (B) Tumors
formed in livers from MHCC-97L
shRhoE-16 clone had more inva-
sive tumor growth fronts with irreg-
ular tumor margins, whereas
tumors formed in the livers from
the MHCC-97L nontarget control
clone displayed more expansive
growth fronts (hematoxylin and eo-
sin sections) (P < 0.001, Fisher’s
exact test). Arrows mark the tumor
fronts. (C) Multiple foci of venous
invasion (arrows) were present
more frequently in the livers of the
MHCC-97L shRhoE-16 knockdown
group than in the nontarget control
group with statistical significance
(P ¼ 0.037, Student’s t test).
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+'!".%!$+%;+''#*'!-+!-('+>'+%!9+2!-)::(%+*'2!#99N9+2!-3!AN*+!56(7!O56(7!2#3<#A+!Vnna!$B!Y!
56(7!:9&L(!VXVn!$B!Y!56(7!+L>)2(!ZV]!$BQ?!"+!%(239'#'!&B'+*3!;&*'%+!3*+!+L>)2)&*!-+!9=+L&*!
.!-3!AN*+!56(7!2+39+;+*'!>0+h!9+2!2&3%)2!HF,*-.55,!0('(%&h7A&'+2!'%#)'(+2!#3!'#;&L):N*+K!
83+9! 83+! 2&)'! 9+! ;&-+! -=#-;)*)2'%#')&*! 3')9)2(! O:)A3%+! .ZE! +'! rQ?! G+! %(239'#'! <#9)-+! 9#!
:&*>')&**#9)'(! -+2! 2&3%)2! HF,*-.55,! +'! 9=3')9)2#')&*! -3! '#;&L):N*+! $&3%! +*A+*-%+%! 3*+!
+L>)2)&*!-+!9=+L&*!.!-+!56(7!$#%!9#!G%+!%+>&;B)*#2+?!e9!%+2'+!>+$+*-#*'!'&3M&3%2!3*+!B#*-+!
>&%%+2$&*-#*'! D! 9#! :&%;+! :9&L(+! -+! ,SI.!83)! *=#! $#2! ('(! +L>)2(+! $#%! 9#! %+>&;B)*#2+! G%+!
>0+h!>+2!#*);#3L!O:)A3%+!!.ZE!+'!rQ?!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
F56?7<*R[G*BX8AAdA<*'#1R*QA:bD*<>9*<bH5>D*I8;>* A<* Q:5<*I<>*>:?75>*e(';IR$$'*TD9D7:fS6:9<>*
97859D<>*8?*98@:b5Qd;<3*

"+2!2&3%)2*HF,*-.55,!0('(%&h7A&'+2!O,*-.!}/:9!Y!55,R)G%+!}/G%+Q!+'!>&*'%J9+2!2&*'!'%#)'(+2!D!9=CA+!-+!b!
2+;#)*+2!#<+>!-3! '#;&L):N*+?!X]!0+3%+2!#$%N2! 9#! :)*!-3! '%#)'+;+*'K! 9+2! 2&3%)2! 2&*'! 2#>%):)(+2!$&3%!
$%(9+<+%! 9+3%! :&)+!+'!+*!+L'%#)%+! 9=EIS?!T*+!6G,!#;$9):)#*'! 9+2!'%&)2!#99N9+2!-3!AN*+!56(7!m!2#3<#A+!
OVnna!$BQK!:9&L(!OVXVn!$BQ!+'!+L>)2(!OZV]!$BQ!+2'!%(#9)2(+!23%!>+2!+L'%#)'2?!!3!"+2!2&3%)2!2&*'!*&3%%)+2!
$+*-#*'! X! M&3%2! #<+>! -+2! >%&83+''+2! +*%)>0)+2! +*! '#;&L):N*+! O"E@G,-)+'à! G%+E>')<+! 5E[accK!
"E@<+*-)! Y!ac!;A/UA!-+!$&)-2!>&%$&%+9/M&3%Q?!`3!"+2!2&3%)2!%+k&)<+*'!3*+! )*M+>')&*! )*'%#R$(%)'&*(#9+!
83&')-)+**+!-+!'#;&L):N*+!Oac!;A/UA!-+!$&)-2!>&%$&%+9/M&3%Q!$+*-#*'!n!M&3%2?!
!
"=+::)>#>)'(! -+! 9=+L>)2)&*! -+! 9=#99N9+# 56(7! :9&L(! &B'+*3+! +2'! '%N2! $%&>0+! #<+>! 9+2! -+3L!
'%#)'+;+*'2!-+!'#;&L):N*+!'+2'(2?!S&32!#<&*2!-&*>!-(>)-(!-+!>0&)2)%!9+!%(A);+!#9);+*'#)%+!
$&3%! 9+2! $%&>0#)*+2! +L$(%)+*>+2! -=#-;)*)2'%#')&*! -+! '#;&L):N*+! #:)*! -+! 2);$9):)+%! 9#!
$%&>(-3%+?! G+$+*-#*'K! >&;;+! 9+2! 2&3%)2! ;#*A+*'! '%N2! $+3! -+! >%&83+''+2! +*%)>0)+2! +*!

!"""#$%#
#
&'""#$%#

#
&"""#$%#
#
('"#$%#

#
'""#$%#
#
##
!'"#

)*# +,
-.
#/0
1#2
#33
+45
678

##

+,
-.
#10
1##
#

+,
-.
#/0
/#2
#33
+45
678

###

+,
-.
#/0
/##
##

69,:7;<8#-=8>?5@59,#
-8#!"#$##

!"#$#19>A#B&(&'#$%C#
!"#$#D3#B&''E#$%C#

!"#$#8>?5@A#BF&!#$%C#

G9H75@#?9,:7;<8@#2#G9H75@#IJ+,-.K8$###

37L5:8M8,:#:LM9>5NO,8#
B?79PH8Q8@C#

R#

!"""#$%#
#
&'""#$%#

#
&"""#$%#
#
('"#$%#

#
'""#$%#
#
##
!'"#

)*# +,
-.
#/0
1#2
#33
+45
678

##

+,
-.
#/0
/##
##

+,
-.
#/0
/#2
#33
+45
678

####

69,:7;<8#-=8>?5@59,#
-8#!"#$##

!"#$#19>A#B&(&'#$%C#
!"#$#D3#B&''E#$%C#

!"#$#8>?5@A#BF&!#$%C#

G9H75@#?9,:7;<8@#2#G9H75@#IJ+,-.K8$##

37L5:8M8,:#:LM9>5NO,8#
B5,P8?Q9,@C#

+,
-.
#/0
1#2
#33
+45
678

##

R#
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'#;&L):N*+! 9+! $%+;)+%! M&3%K! *&32! #<&*2! #M&3'(! 3*+! )*M+>')&*! -+! '#;&L):N*+! #3! -(B3'! -3!
'%#)'+;+*'!$&3%!>&;;+*>+%!9=)*-3>')&*!-3!HF!-+!,*-.!-N2!9+!-(B3'!-3!'%#)'+;+*'?!
!
S&32!#<&*2!(A#9+;+*'!3')9)2(! 9+2! 2&3%)2!HF,*-.55,!0('(%&h7A&'+2!$&3%! '+2'+%! 9#! 2$(>):)>)'(!
-=)*-3>')&*!-3!HF!-+!,*-.!$#%!9+!'#;&L):N*+?!6&3%!>+9#K!9+2!2&3%)2!HF,*-.55,!0('(%&h7A&'+2!
&*'!%+k3!&3!$#2!3*!'%#)'+;+*'!'#;&L):N*+!D!9=CA+!-+!b!2+;#)*+2!2+9&*!9+!$%&'&>&9+!-(>%)'!>)R
-+2232?!"+2!2&3%)2!2&*'!2#>%):)(+2!X]!0+3%+2!#$%N2!9#!:)*!-3!'%#)'+;+*'!$&3%!$%(9+<+%!9+3%!:&)+?!
"=EIS! +L'%#)'! -3! :&)+! -+! >+2! 2&3%)2! +2'! #*#972(! $#%! 6G,! #<+>! 9+2! #;&%>+2! 1:! +'! ".%?! G+''+!
+L$(%)+*>+! >&*:)%;+! 83+! 9+! HF! -+! ,*-.! +2'! B)+*! )*-3>')B9+! >#%! 9+2! 2&3%)2! HF,*-.55,!
0('(%&h7A&'+2!*&*!'%#)'(+2!#3!'#;&L):N*+!*+!$%(2+*'+*'!$#2!-+!B#*-+!-=+L>)2)&*!-+!56(7!
O-&**(+!*&*!;&*'%(+Q?!
!
"+2! %(239'#'2!&B'+*32!23%! 9+2! 2&3%)2!HF,*-.55,!0('(%&h7A&'+2!;+''+*'!+*!#<#*'!3*!;&-N9+!
;3%)*! ,*-.! HF! :&*>')&**+9! +'! >&*-)')&**+9! #<+>! 3*+! +L>)2)&*! -+! 9=#99N9+! :9&L(! -+! 56(7!
)*-3)'+!3*)83+;+*'!$#%!9=#-;)*)2'%#')&*!-+!'#;&L):N*+?!
!

! G0+h!9+2!2&3%)2!HF,*-.55,!0&;&h7A&'+2!
!
E$%N2!-+!*&;B%+3L!>%&)2+;+*'2!+'!A(*&'7$#A+2K!*&32!#<&*2!&B'+*3! 9+2!$%+;)+%2!#*);#3L!
HF,*-.55,!0&;&h7A&'+2!Ol!,*-.!:9/:9!Y!55,R)G%+!}/G%+Q?!G+2!#*);#3L!2&*'!#$$+9(2!HF,*-.55,!
0&;&h7A&'+2!-#*2!3*!2&3>)!-+!2);$9)>)'(!;\;+!2)! 9=#99N9+!;;5H!1&,!+2'! '&3M&3%2!>&*2+%<(!D!
9=('#'!0('(%&h7A&'+?!1*!+::+'K!9=+L$%+22)&*!0('(%&h7A&'+!-+!9#!%+>&;B)*#2+!G%+!+2'!23::)2#*'+!
$&3%!)*-3)%+!9=+L>)2)&*!>&;$9N'+!-=3*!AN*+!+'!$+%;+'!-+!9);)'+%!9+2!(<+*'3+92!$%&B9N;+2!-+!
'&L)>)'(!-+!9#!G%+!Or+*0#;&3>0+!+'!#9?K!]ccZ!Y!@>0;)-'R@3$$%)#*!+'!#9?K!]ccXQ?!
!
"=+::)>#>)'(! -+! *&'%+!;&-N9+!;3%)*! HF,*-.55,! +2'! -(2&%;#)2! (<#93(+! 3*)83+;+*'! 23%! -+2!
2&3%)2!;C9+2! 83)! 2+%&*'! +L>932)<+;+*'! 3')9)2(2! -#*2! 9+2! +L$(%)+*>+2! -+! %(A(*(%#')&*! +'! -+!
>#%>)*&A+*N2+! 0($#')83+2! !"# $!$'?! "#! $%+;)N%+! +L$(%)+*>+! #! >&*2)2'(! D! #-;)*)2'%+%! -3!
'#;&L):N*+!D!-+3L!2&3%)2!HF,*-.55,!0&;&h7A&'+2!CA(+2!-+!b!2+;#)*+2!+'!D! 9+2! 2#>%):)+%!V!
M&3%!#$%N2!9#!:)*!-3!'%#)'+;+*'?!"+!:&)+K!#)*2)!83+!03)'!&%A#*+2!>&*'%J9+2!O%+)*K!%#'+K!>+%<+#3K!
)*'+2')*K! >s3%K! $&3;&*K! $(%)'&)*+K! $#*>%(#2Q! 2&*'! $%(9+<(2! 23%! >+2! -+3L! #*);#3L!$&3%! +*!
+L'%#)%+!9=EIS?!"#!6G,!%(#9)2(+!23%!>+2!-)::(%+*'2!+L'%#)'2!#<+>!9+2!#;&%>+2!1:!+'!".%!;&*'%+!
3*+! +L>)2)&*! -+! 9=+L&*! .! -3! AN*+! 56(7! 2+39+;+*'! -#*2! 9+! :&)+! -+2! 2&3%)2! HF,*-.55,!

0&;&h7A&'+2!O:)A3%+!.XQ?!5&3'+:&)2!>&;;+!-#*2!9+!:&)+!-+2!2&3%)2!HF,*-.55,!0('(%&h7A&'+2K!
9+2! -+3L! #99N9+2! 56(7# :9&L(2! -+2! 2&3%)2! HF,*-.55,! 0&;&h7A&'+2! *+! 2&*'! $#2! '&'#9+;+*'!
+L>)2(2!$#%!9#!%+>&;B)*#2+!G%+!O:)A3%+!.XQ?!
!
!
!
!
!
!
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!
!
!
!
!
!
!
!
!
F56?7<* R]G* B<* 6d;<*'#1R* QA:bD* <>9* <bH5>D* ?;5C?<@<;9* I8;>* A<* Q:5<* I<>* >:?75>* e(';IR$$'**
T:@:fS6:9<>*97859D<>*8?*98@:b5Qd;<3*

I+3L!2&3%)2*HF,*-.55,!0&;&h7A&'+2!O,*-.!:9/:9!Y!55,R)G%+!}/G%+Q!2&*'!'%#)'(+2!D!9=CA+!-+!b!2+;#)*+2!
#<+>!-3!'#;&L):N*+?!]a!0+3%+2!#$%N2!9#!:)*!-3!'%#)'+;+*'K!9+2!2&3%)2!2&*'!2#>%):)(+2!$&3%!$%(9+<+%!9+3%!
:&)+! #)*2)! 83+! 03)'! &%A#*+2! >&*'%J9+2! O%+)*K! %#'+K! >+%<+#3K! )*'+2')*K! >s3%K! $&3;&*K! $(%)'&)*+K!
$#*>%(#2Q?!"=EIS!+L'%#)'!-+!>+2!-)::(%+*'2!&%A#*+2!+2'!#*#972(!+*!+::+>'3#*'!3*+!6G,!83)!#;$9):)+!9+2!
'%&)2! #99N9+2! -3! AN*+! 56(7!m! 2#3<#A+! OVnna! $BQK! :9&L(! OVXVn! $BQ! +'! +L>)2(! OZV]! $BQ?! "+! %(239'#'!
%+$%(2+*'#'):!-+!9#!6G,!-=3*+!2+39+!2&3%)2!HF,*-.55,!0&;&h7A&'+!'%#)'(+!#3!'#;&L):N*+!+2'!$%(2+*'(!
-#*2!>+''+!:)A3%+?!
!
G+''+!+L$(%)+*>+!$+%;+'!-+!>&*:)%;+%!9#!:&*>')&**#9)'(!+'!9+!>#%#>'N%+!0($#'&R2$(>):)83+!-+!
*&'%+!;&-N9+!;3%)*!-#*2!9+83+9!9=+L>)2)&*!-3!AN*+!56(7!:9&L(!+2'!)*-3)'!3*)83+;+*'!-#*2!9+!
:&)+!-+2!2&3%)2!HF,*-.55,?!
!
S&32! #<&*2! +*23)'+! 2&30#)'(! (<#93+%! 9=+L')*>')&*! $%&'()83+! -+! ,*-.! >0+h! 9+2! 2&3%)2!
HF,*-.55,?! 6&3%! >+9#K! -+3L! 2&3%)2! >&*'%J9+2! Ol! ,*-.! :9&L(+2! 0&;&h7A&'+2Q! +'! -+3L! 2&3%)2!
HF,*-.55,!0&;&h7A&'+2!2&*'!'%#)'(+2!D! 9=CA+!-+!b!2+;#)*+2!#<+>!-3!'#;&L):N*+?!199+2!2&*'!
2#>%):)(+2! D! 3*! '+;$2! $932! 9&*AK! ]! 2+;#)*+2! #$%N2! 9=#%%\'! -3! '%#)'+;+*'K! $&3%! &B'+*)%! 3*+!
B&**+!+L')*>')&*!-+!9#!$%&'()*+!'&3'!+*!$+%;+''#*'!#3L!2&3%)2!-+!2'#B)9)2+%!9+3%!$&)-2!#$%N2!
9#!%+$%)2+!-=3*+!#9);+*'#')&*!*&%;#9+?!G+!-(9#)!-+!]!2+;#)*+2!+2'! 9+!'+;$2!>0&)2)!+'!3')9)2(!
$&3%! $&3<&)%! %(#9)2+%! -+! 9#! >0)%3%A)+! 23%! -+2! 2&3%)2! '%#)'(+2! #3! '#;&L):N*+?! "+! :&)+! -+! >+2!
83#'%+!2&3%)2!+2'!$%(9+<(!$&3%!+*!+L'%#)%+!9+2!$%&'()*+2!83)!2&*'!#*#972(+2!$#%!^+2'+%*!B9&'?!
"+!%(239'#'!&B'+*3!*+!;&*'%+!$#2!-+!-);)*3')&*!-+!9=+L$%+22)&*!-+!9#!$%&'()*+!,*-.!>0+h!9+2!
2&3%)2!HF,*-.55,!0&;&h7A&'+2!'%#)'(+2!#3!'#;&L):N*+!O:)A3%+!.bQ?!
!
!
!
!
!
!

!"# $%
&'#

()*+&,#$'-.#/0/#1#22$3&4+%#5+6&57%#6*#568)9&:;'%#

$6
5%#

4%
+<%

6*
#

='5
%,>

'#

4)
%*
+#
!)
*8

)'
#

!7
+&5)

&'%
#

!6
'?+
76
,#

()*+&,#@A$'-.B%C##
#

DEEE#CF#
#
GHEE#CF#
#
GEEE#CF#
#
IHE#CF#

#
HEE#CF#
#
##
DHE#

4)'5+JK%#-L%9?&,&)'#
-%#!"#$##

!"#$#%9?&,7#MNGD#CFO#

!"#$#P2#MGHHQ#CFO#

!"#$#/)97#MGIGH#CFO#

R)
&%#
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!
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!
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F56?7<*RNG*BX<b95;H95:;*I<*A8*E7:9D5;<*';IR*;X<>9*E8>*=5>5PA<*E87*l<>9<7;*PA:9*I8;>*A<*Q:5<*
I<>*>:?75>*e(';IR$$'*T:@:fS6:9<>*97859D<>*8?*98@:b5Qd;<3!

E!9=CA+!-+!b!2+;#)*+2K!-+3L!2&3%)2!>&*'%J9+2!Ol!,*-.!:9&L(+2!0&;&h7A&'+2Q!+'!-+3L!2&3%)2!HF,*-.55,!
0&;&h7A&'+2! 2&*'! '%#)'(+2! #<+>! -3! '#;&L):N*+?! "+3%! :&)+! +2'! $%(9+<(! ]! 2+;#)*+2! #$%N2! 9#! :)*! -3!
'%#)'+;+*'!$&3%!+*!+L'%#)%+!9+2!$%&'()*+2?!"+2!+L'%#)'2!$%&'()83+2!2&*'!#*#972(2!$#%!^+2'+%*!B9&'!+*!
3')9)2#*'!-+2! #*')>&%$2!-)%)A(2! >&*'%+!,*-.!+'! 9#!|R#>')*+?! "+!*)<+#3!-=+L$%+22)&*!-+! 9#!|R#>')*+!+2'!
3')9)2(!>&;;+!>&*'%J9+!-+!>0#%A+?!
!
1*! %#)2&*! -+! 9=#B2+*>+! -=+L')*>')&*! $%&'()83+! -+! ,*-.! >0+h! >+2! -+3L! 2&3%)2! HF,*-.55,!

0&;&h7A&'+2K!*&32!#<&*2!+L'%#)'!9=EIS!-+!9+3%!:&)+!$&3%!<(%):)+%!9=+L>)2)&*!-3!AN*+!$#%!6G,?!
G+''+! +L$(%)+*>+! #! >&*:)%;(! 9=+L>)2)&*! -+! 9=+L&*! .! -3! AN*+! 56(7! :9&L(! >0+h! >+2! -+3L!
#*);#3LK! ;\;+! 2)! >&;;+! #<+>! 9+2! $%+;)+%2! #*);#3L! HF,*-.55,! 0&;&h7A&'+2K! >+''+!
+L>)2)&*!$#%!9#!%+>&;B)*#2+!G%+!*=+2'!$#2!'&'#9+!O-&**(+!*&*!;&*'%(+Q?!G+!%(239'#'!23AAN%+!
83+! 9+! $%&B9N;+! $&3%%#)'! <+*)%! -+2! >&*-)')&*2! -=+L'%#>')&*! $%&'()83+! 23%! ')223! +'/&3! -+!
-=);;3*&-('+>')&*! -+! 9#! $%&'()*+! ,*-.?! "#! -('+>')&*! -+2! >0#)*+2! 9(AN%+2! -+2! #*')>&%$2!
$%&<+*#*'!-3!:&)+!#<+>!9=#*')>&%$2!#*')R,*-.!-+!2&3%)2!$&3%%#)'!+;$\>0+%!9#!-('+>')&*!-+!9#!
$%&'()*+!,*-.!83)!#!3*!$&)-2!;&9(>39#)%+!'%N2!$%&>0+!O,*-.!l!]X!UI#!Y!>0#)*+2!9(AN%+2!-+2!
#*')>&%$2!l!]n!UI#Q?!
!
6&3%!$#99)+%!>+2!$%&B9N;+2K!*&32!#<&*2!-(>)-(!-=)2&9+%!9+2!0($#'&>7'+2!-+2!2&3%)2!HF,*-.P+$!
'%#)'(+2!#3!'#;&L):N*+!$&3%!+*!+L'%#)%+!9+2!$%&'()*+2!83)!2+%&*'!#*#972(+2!$#%!^+2'+%*!B9&'?!
1*!+::+'K!9#!'+>0*)83+!-=+L'%#>')&*!$%&'()83+!23%!>+9939+2!$+%;+''#*'!-+!-('+>'+%!9#!$%&'()*+!
,*-.!+2'!;#)'%)2(+!#3!9#B&%#'&)%+?!I+!$932K!9=)2&9+;+*'!-+2!0($#'&>7'+2!$+%;+''%#!-+!*+!$#2!
%(>3$(%+%! -=#*')>&%$2! -#*2! 9+2! +L'%#)'2K! #)*2)! 83+! -=#3'%+2! '7$+2! >+9939#)%+2! -3! :&)+! *+!
$%(2+*'#*'! $#2! -+! HF! -+! ,*-.?! "+! $%&'&>&9+! -=)2&9+;+*'! +'! -+! >39'3%+! -+2! 0($#'&>7'+2!
$%);#)%+2!-+!2&3%)2!+2'!>+93)!3')9)2(!$#%!9+!I%?!G0#*'#9!I+2-&3+'2!Oe*2')'3'!G&>0)*K!6#%)2Q?!"+2!
0($#'&>7'+2! -+! -+3L! 2&3%)2! >&*'%J9+2! Ol! ,*-.! :9&L(+2! 0&;&h7A&'+2Q! +'! -+! -+3L! 2&3%)2!
HF,*-.55,!0&;&h7A&'+2!&*'!('(!)2&9(2!+'!;)2!+*!>39'3%+!$+*-#*'!]a!0+3%+2?!"=EIS!+L'%#)'!-+!
>+2! 0($#'&>7'+2! +2'! #*#972(! $#%! 6G,! #<+>! 9+2! #;&%>+2! 1:! +'! ".%?! "=+L>)2)&*! -3! AN*+!56(7!
:9&L(! +2'! $%(2+*'+! 3*)83+;+*'! -#*2! 9+2! 0($#'&>7'+2! -+2! 2&3%)2! HF,*-.55,! 0&;&h7A&'+2!

'%#)'(+2!#3!'#;&L):N*+K!+'!9D!+*>&%+!9=+L>)2)&*!+2'!'%N2!)*>&;$9N'+!O:)A3%+!.WEQ?!"+2!$%&'()*+2!
2&*'! (A#9+;+*'! +L'%#)'+2! -+! >+2! 0($#'&>7'+2! $&3%! %(#9)2+%! 3*! ^+2'+%*! B9&'?! "+! %(239'#'!
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&B'+*3!*+!;&*'%+!$#2!-=+L')*>')&*!-+!9=+L$%+22)&*!-+!9#!$%&'()*+!,*-.!-#*2!9+2!0($#'&>7'+2!
HF,*-.55,!0&;&h7A&'+2!$#%!%#$$&%'!#3L!0($#'&>7'+2!>&*'%J9+2!O:)A3%+!.WrQ?!!
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F56?7<*R\G* BX<b95;H95:;*I<* A8*E7:9D5;<*';IR*;X<>9*E8>*=5>5PA<*I8;>* A<>*TDE89:HS9<>* 5>:AD<>*
I<>*>:?75>*e(';IR$$'*T:@:fS6:9<>*97859D<>*8?*98@:b5Qd;<K*@8A67D*AX<bH5>5:;*I?*6d;<*'#1R*
QA:bD*ID9<H9D<*<;*&+'3!

I+3L! 2&3%)2! >&*'%J9+2! Ol! ,*-.! :9&L(+2! 0&;&h7A&'+2Q! +'! -+3L! 2&3%)2! HF,*-.55,! 0&;&h7A&'+2! 2&*'!
'%#)'(+2!D!9=CA+!-+!b!2+;#)*+2!#<+>!-3!'#;&L):N*+?!"+3%2!0($#'&>7'+2!2&*'!)2&9(2!Vn!M&3%2!#$%N2!9#!:)*!
-3! '%#)'+;+*'! 2+9&*! 9+! $%&'&>&9+! -(>%)'! -#*2! >+! ;#*32>%)'?! E$%N2! ]a! 0+3%+2! -+! >39'3%+K! 9+2!
0($#'&>7'+2!2&*'!972(2!$&3%!+L'%#)%+!9=EIS!+'!9+2!$%&'()*+2?!!3!"#!6G,!+2'!%(#9)2(+!#<+>!9+2!#;&%>+2!1:!
+'!".%!$+%;+''#*'!-=#;$9):)+%! 9+2!'%&)2!#99N9+2!-3!AN*+!56(7!m!2#3<#A+!OVnna!$BQK! :9&L(!OVXVn!$BQ!+'!
+L>)2(!OZV]!$BQ?!`3!"+2!+L'%#)'2!$%&'()83+2!2&*'!#*#972(2!$#%!^+2'+%*!B9&'!+*!3')9)2#*'!-+2!#*')>&%$2!
-)%)A(2!>&*'%+!,*-.!+'!9#!|R#>')*+?!"+!*)<+#3!-=+L$%+22)&*!-+!9#!|R#>')*+!+2'!3')9)2(!>&;;+!>&*'%J9+!-+!
>0#%A+?!
!
"=+L>)2)&*!-3!AN*+!56(7! :9&L(!-('+>'(+!+*!6G,!-#*2! 9+2!0($#'&>7'+2!-+2!2&3%)2!HF,*-.55,!

0&;&h7A&'+2!'%#)'(+2!#3!'#;&L):N*+!%(<N9+!83+!9+2!0($#'&>7'+2!HF!$&3%!,*-.!23%<)<+*'!#3!
$%&'&>&9+! -=)2&9+;+*'! +'! -+! ;)2+! +*! >39'3%+?! G+$+*-#*'K! 9=#B2+*>+! -=+L')*>')&*! -+! 9#!
$%&'()*+!,*-.!-#*2!>+2!;\;+2!0($#'&>7'+2!23AAN%+!3*!$%&B9N;+!-=);;3*&-('+>')&*!-+!9#!
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:&%;+! ;3%)*+! -+! ,*-.! &3! 3*! $%&B9N;+! -=+L')*>')&*! $%&'()83+! -#*2! *&'%+! ;&-N9+?! 6&3%!
)-+*'):)+%! 9+! $%&B9N;+K! *&32! #<&*2!-(>)-(!-=+L$%);+%!3*+! #3'%+! %+>&;B)*#2+!G%+!-#*2! 9+2!
0($#'&>7'+2!-+2!2&3%)2!,*-.!:9&L(+2?!
!

L3L3R 295A5>895:;*IX?;*8ID;:=57?>*<bE75@8;9*?;<*+7<*7<H:@P5;8><*E:?7*
5I<;95Q5<7*A<*E7:PAd@<*I<*;:97<*@:IdA<*@?75;*e(';IR$$'*

!
"+! ;&-N9+! ;3%)*! HF,*-.55,! *+! $+%;+'! $#2! -=&B'+*)%! -=+L')*>')&*! $%&'()83+! -+! ,*-.!
-('+>'#B9+!+*!^+2'+%*!B9&'!>0+h! 9+2!2&3%)2!+'! 9+2!0($#'&>7'+2!$%);#)%+2?!E:)*!-=)-+*'):)+%! 9+!
$%&B9N;+! +'! -+! $&3<&)%! 9+! %(2&3-%+K! *&32! #<&*2! 3')9)2(! 3*! #-(*&<)%32! >&-#*'! $&3%! 3*+!
%+>&;B)*#2+!G%+! 2&32! 9+! >&*'%J9+!-=3*!$%&;&'+3%!3B)83)'#)%+! OE-RGE4RG%+Q! O5#*#U#!+'!#9?K!
]cVcQ?! I#*2! 3*! $%+;)+%! '+;$2K! 9+2! 0($#'&>7'+2! $%);#)%+2! -=3*+! 2&3%)2! ,*-.! :9&L(+! 2&*'!
)2&9(2!+'!;)2!+*!>39'3%+?!"+!9+*-+;#)*K!)92!2&*'!)*:+>'(2!&3!$#2!#<+>!3*!9&'!-=#-(*&<)%32!GE4R
G%+!:&3%*)!$#%!9+!I%?!@#B)*+!G&9*&'!Oe*2')'3'!G&>0)*K!6#%)2Q!+*!3')9)2#*'!3*+!:&%'+!>&*>+*'%#')&*!
<)%#9+! O[Fe! VccQ! $&3%! A(*(%+%! 3*! ;&-N9+! ;3%)*! HF,*-.E-?! "=EIS! +'! 9+2! $%&'()*+2! 2&*'!
+L'%#)'2! ab! 0+3%+2! #$%N2! 9=)*:+>')&*! <)%#9+! $&3%! \'%+! #*#972(2! %+2$+>')<+;+*'! $#%! 6G,! +'!
^+2'+%*!B9&'?!"=#-(*&<)%32!GE4RG%+!)*-3)'!3*+!+L>)2)&*!83#2);+*'!>&;$9N'+!-3!AN*+!56(7!
:9&L(!-#*2!9+2!0($#'&>7'+2!)*:+>'(2!O:)A3%+!acEQ?!I+!$932K!9+!%(239'#'!-3!^+2'+%*!B9&'!;&*'%+!
3*+!+L')*>')&*!-+!Zcw!-+! 9=+L$%+22)&*!-+! 9#! $%&'()*+!,*-.!-#*2! 9+2! 0($#'&>7'+2! #$%N2! ab!
0+3%+2!-=)*:+>')&*!O:)A3%+!acrQ?!
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F56?7<*VMG*BX5;Q<H95:;*I<>*TDE89:HS9<>*E75@857<>*';IR*QA:bD>*8=<H*?;*8ID;:=57?>*<bE75@8;9*
?;<* 7<H:@P5;8><*+7<*?P5C?59857<* 5;I?59*?;<*<bH5>5:;*C?8>5@<;9* H:@EAd9<*I?*6d;<*'#1R*
QA:bD*<9*?;<*<b95;H95:;*I<*A8*E7:9D5;<3*

"+2!0($#'&>7'+2!$%);#)%+2!-=3*+!2&3%)2!>&*'%J9+!Ol!,*-.!:9&L(+Q!2&*'!)2&9(2K!;)2!+*!>39'3%+!+'!)*:+>'(2!
&3! $#2! 9+! 9+*-+;#)*! #<+>! 9=#-(*&<)%32! GE4RG%+! +L$%);#*'! 3*+! %+>&;B)*#2+! G%+! 3B)83)'#)%+! D! 3*+!
:&%'+![Fe!-+!Vcc!OHF,*-.E-Q?!"+2!0($#'&>7'+2!2&*'! 972(2!ab!0+3%+2!#$%N2! 9=)*:+>')&*!<)%#9+!$&3%!+*!
+L'%#)%+!9=EIS!+'!9+2!$%&'()*+2?!!3!"=EIS!+2'!#*#972(!$#%!6G,!#<+>!3*+!#;$9):)>#')&*!-+2!'%&)2!#99N9+2!
-3!AN*+!56(7!m!2#3<#A+!OVnna!$BQK!:9&L(!OVXVn!$BQ!+'!+L>)2(!OZV]!$BQ?!`3!"+2!$%&'()*+2!2&*'!#*#972(+2!
$#%! ^+2'+%*! B9&'! +'! %(<(9(+2! #<+>! -+2! #*')>&%$2! -)%)A(2! >&*'%+! ,*-.! +'! 9#! |R#>')*+?! "+! *)<+#3!
-=+L$%+22)&*!-+!9#!|R#>')*+!+2'!3')9)2(!>&;;+!>&*'%J9+!-+!>0#%A+?!
!
G+''+!+L$(%)+*>+!*&32!$+%;+'!-+!>&*2'#'+%!83+!9#!%+>&;B)*#2+!GE4RG%+!+2'!B+#3>&3$!$932!
+::)>#>+!!"#$!%&'!83+!9#!%+>&;B)*#2+!55,R)G%+!+L$%);(+!-#*2!9+!;&-N9+!;3%)*!HF,*-.55,?!1*!
+::+'K! 9#! GE4RG%+! )*-3)'! 3*+! +L>)2)&*! $%+283+! >&;$9N'+! -3! AN*+!56(7! :9&L(! #9&%2! 83+! >+!
AN*+! +2'! +*>&%+! $%(2+*'! -+! ;#*)N%+! );$&%'#*'+! #$%N2! 9=#>')&*! -+! 9#! 55,R)G%+?! G+''+!
-)::(%+*>+!-=+::)>#>)'(!+2'!)9932'%(+!23%!9#!:)A3%+!*xX!>#%!9+!>&*'%J9+!-=+L>)2)&*!-+!56(7!3')9)2(!
$&3%!9#!6G,!+2'!%(#9)2(!D!$#%')%!-+!9=EIS!+L'%#)'!-=3*!:&)+!-+!2&3%)2!HF,*-.55,!0('(%&h7A&'+!
'%#)'(+!#3!'#;&L):N*+?!I+!$932K!+99+!$+%;+'!-=)*-3)%+!3*+!:&%'+!-);)*3')&*!-+!9=+L$%+22)&*!-+!
9#! $%&'()*+! ,*-.! >+! 83)! *=#! M#;#)2! $3! \'%+! -('+>'(+! #<+>! 9#! 55,R)G%+?! G+! %(239'#'! $&2)'):!
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&B'+*3!#<+>!9#!%+>&;B)*#2+!GE4RG%+!*&32!$+%;+'!-+!>&*>93%+!83+!9=+L&*!.!-3!AN*+!56(7!
+2'! B)+*! :9#*83(! -+! ]! 2)'+2! 9&L6! #>>+22)B9+2! +'! >9)<#B9+2! !"# $!%&'! $#%! 3*+! G%+?! "+! $%&B9N;+!
$&3%%#)'! #9&%2! <+*)%!-=3*!-(:#3'!-+!83#*')'(!+'/&3!-=#>>+22)B)9)'(!-3! '#;&L):N*+!#3!*)<+#3!
0($#')83+!>0+h!9+2!2&3%)2!HF,*-.55,?!
!
6&3%!'+2'+%!>+''+!07$&'0N2+K!*&32!#<&*2!-#*2!3*!-+3L)N;+!'+;$2!)2&9(!+'!;)2!+*!>39'3%+!9+2!
0($#'&>7'+2!-=3*+!2&3%)2!HF,*-.55,!0&;&h7A&'+!#7#*'!%+k3!3*!'%#)'+;+*'!-+!'#;&L):N*+!D!
9=CA+! -+! b! 2+;#)*+2?! "+! 9+*-+;#)*K! 3*! ;('#B&9)'+! #>'):! -3! '#;&L):N*+! Ol! aR07-%&L7!
'#;&L):N*+!&3!aRFP5K!@)A;#Q!+2'!#M&3'(!-)%+>'+;+*'!23%! 9+2!0($#'&>7'+2!$%);#)%+2!D!-+3L!
>&*>+*'%#')&*2! -)::(%+*'+2! OV! &3! n! á[Q?! T*+! >&*-)')&*! >&*'%J9+! +2'! %(#9)2(+! +*! #M&3'#*'!
2+39+;+*'!-+! 9=('0#*&9K!83)!+2'!3')9)2(!$&3%! %+232$+*-%+! 9+!aRFP5K! 23%! 9+2!0($#'&>7'+2?!T*!
>&*'%J9+! $&2)'):! -+! HF! -+! ,*-.! +2'! (A#9+;+*'! +::+>'3(! +*! )*:+>'#*'! 9+2! 0($#'&>7'+2! #<+>!
9=#-(*&<)%32!GE4RG%+!O[Fe!ncQ?!"=EIS!-+2!0($#'&>7'+2!$%);#)%+2!+2'!+L'%#)'!ab!0+3%+2!#$%N2!
9=)*:+>')&*!<)%#9+K!+'!X]!0+3%+2!#$%N2!9=#M&3'!-+!aRFP5!&3!-=('0#*&9?!G+2!+L'%#)'2!2&*'!#*#972(2!
$#%!6G,!+*!3')9)2#*'!9+!>&3$9+!-=#;&%>+2!1:!+'!".%?!u3+99+!83+!2&)'!9#!-&2+!-+!aRFP5!3')9)2(+!
OV!&3!n!á[QK!&*!$+3'!<&)%!83=)9!*=7!#!$#2!-=#3A;+*'#')&*!-+! 9=+L>)2)&*!-3!AN*+!56(7! :9&L(!
)*-3)'+! $#%! 9#! $%+;)N%+! #-;)*)2'%#')&*! -+! '#;&L):N*+! >0+h! 9#! 2&3%)2! O:)A3%+! aVQ?! I+! $932K!
2+39+!9=)*:+>')&*!-+!>+2!0($#'&>7'+2!$%);#)%+2!#<+>!9=#-(*&<)%32!GE4RG%+!#3A;+*'+!9=+L>)2)&*!
-+!56(7!)*-3)'+!!"#$!$'!+*!)*-3)2#*'!3*+!-(9(')&*!83#2);+*'!>&;$9N'+!-3!AN*+!:9&L(!O:)A3%+!
aVQ?!
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F56?7<* V/G* BX8a:?9* I?* @D98P:A59<* 8H95Q* I?* 98@:b5Qd;<* I57<H9<@<;9* >?7* A<>* TDE89:HS9<>*
E75@857<>*e(';IR$$'*T:@:fS6:9<>*;<*E<7@<9*IX8?6@<;9<7* AX<bH5>5:;*I?*6d;<*'#1R*QA:bD*
5;I?59<*!"#$!$'*E87*AX8I@5;5>97895:;*I<*98@:b5Qd;<3*

T*+! 2&3%)2! HF,*-.55,! 0&;&h7A&'+! +2'! '%#)'(+! D! 9=CA+! -+!b! 2+;#)*+2! #<+>! -3! '#;&L):N*+?! 199+! +2'!
2#>%):)(+!.!2+;#)*+2!#$%N2! 9#!:)*!-3!'%#)'+;+*'!$&3%! )2&9+%!+'!;+''%+!+*!>39'3%+!2+2!0($#'&>7'+2?!"+!
9+*-+;#)*! -+! 9=)2&9+;+*'K! 9+2! 0($#'&>7'+2! 2&*'! %($#%')2! +*! 83#'%+! >&*-)')&*2?! I#*2! 9+2! -+3L!
$%+;)N%+2! >&*-)')&*2K! 3*!;('#B&9)'+! #>'):! -3! '#;&L):N*+! OaRFP5Q! +2'! #M&3'(! 23%! 9+2! 0($#'&>7'+2! D!
-+3L! >&*>+*'%#')&*2! -)::(%+*'+2! OV! &3! n! á[Q?! T*+! >&*-)')&*! >&*'%J9+! +2'! %(#9)2(+! +*! #M&3'#*'!
2+39+;+*'!-+!9=('0#*&9K!3')9)2(!$&3%!%+232$+*-%+!9+!aRFP5K!23%!9+2!0($#'&>7'+2?!"#!-+%*)N%+!>&*-)')&*!
+2'!3*!>&*'%J9+!$&2)'):!-=+L>)2)&*!-+!9=+L&*!.!-3!AN*+!56(7!:9&L(!-#*2!9#83+99+!9+2!0($#'&>7'+2!2&*'!
)*:+>'(2!#<+>!9=#-(*&<)%32!GE4RG%+!O[Fe!ncQ?!"=EIS!+2'!+L'%#)'!-+2!0($#'&>7'+2!$%);#)%+2!ab!0+3%+2!
#$%N2!9=)*:+>')&*!<)%#9+K!+'!X]!0+3%+2!#$%N2!9=#M&3'!-+!aRFP5!&3!-=('0#*&9?!"#!6G,!+2'!+::+>'3(+!#<+>!
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3*+! %+>&;B)*#2+! G%+! -#*2! 9+2! 0($#'&>7'+2! ,*-.! :9&L(2! 2=#<N%+! \'%+! 3*+! 2'%#'(A)+!
:&*>')&**+99+! +::)>#>+! !"# $!%&'! +'! $&3%%#)'! \'%+! 3')9)2(+! !"# $!$'! $&3%! )*-3)%+! 3*!HF!-+!,*-.!
-#*2!9#!;#M&%)'(!-+2!0($#'&>7'+2!-=3*!:&)+!#-39'+?!
!

L3R -;a<H95:;* I<>* 8ID;:=57?>* <bE75@8;9* ?;<* +7<* 7<H:@P5;8><* HT<f* A<>* >:?75>* ';IR*
QA:bD<>**

!
1*! %#)2&*! -+! 9=)*+::)>#>)'(! -+! *&'%+! $%+;)+%!;&-N9+!;3%)*! HF,*-.55,K! *&32! #<&*2!;)2! +*!
$9#>+! 3*+! *&3<+99+! 2'%#'(A)+! 83)! >&*2)2'+! D! )*M+>'+%! -)%+>'+;+*'! 3*! #-(*&<)%32! +L$%);#*'!
3*+!%+>&;B)*#2+!G%+!>0+h!9+2!2&3%)2!,*-.!:9&L(+2!0&;&h7A&'+2?!6&3%!>+9#K!*&32!#<&*2!3')9)2(!
3*! 9&'! -=#-(*&<)%32! >&*'%J9+! OE-RG[`R4i6Q! +'! 3*! 9&'! -=#-(*&<)%32! +L$%);#*'! 3*+!
%+>&;B)*#2+!G%+!OE-RG[`R4i6RG%+Q! O69#'+R:&%;+!-+!$%&-3>')&*!-+!<+>'+3%!<)%#3LK! eS@1,[!
TVcbWK! S#*'+2Q?! "+! $%&;&'+3%! -+! >+2! -+3L! 9&'2! +2'! )-+*')83+! +'! )*-3)'! 3*+! +L$%+22)&*!
3B)83)'#)%+!-+!9#!4i6!2+39+K!&3!-+!9#!%+>&;B)*#2+!G%+!:32)&**(+!D!9#!4i6!2+9&*!9+!9&'!>0&)2)?!
G+''+!*&3<+99+!2'%#'(A)+!$+%;+'!-+!A(*(%+%!3*!;&-N9+!;3%)*!$%(2+*'#*'!3*!HF!)*-3>')B9+!-+!
,*-.!OHF,*-.E-Q?!G+$+*-#*'K!;#9A%(!9+!'%&$)2;+!-+2!#-(*&<)%32!$&3%!9+!:&)+K!9#!$%(2+*>+!-3!
$%&;&'+3%!3B)83)'#)%+!G[`!-#*2! 9+2!#-(*&<)%32!*+!$+%;+''%#!$#2!-=)*-3)%+! 9+!HF!-+!,*-.!
3*)83+;+*'! -#*2! 9+! :&)+! -+2! 2&3%)2?! 6#%! >&*2(83+*'K! >+''+! 2'%#'(A)+! *+! $&3%%#! $#2! \'%+!
3')9)2(+! $&3%! 9+2! +L$(%)+*>+2! D! 9&*A! '+%;+! >&;;+! 9#! >#%>)*&A+*N2+?! IN2! 9#! %(>+$')&*! -+2!
#-(*&<)%32K! >+''+! 2'%#'(A)+! #! ('(! %#$)-+;+*'! ;)2+! +*! $9#>+! >#%! 9+2! 2&3%)2! ,*-.! :9&L(+2!
('#)+*'! #;$9):)(+2! +'! );;(-)#'+;+*'! -)2$&*)B9+2! #3! 2+)*! -+! 9=#*);#9+%)+! 2$(>)#9)2(+! -+!
9=T*)<+%2)'(?!!
!
6&3%! '+2'+%! 9=+::)>#>)'(! -+! >+! *&3<+#3!;&-N9+! ;3%)*! HF,*-.E-K! *+3:! 2&3%)2! ,*-.! :9&L(+2!
CA(+2!-+!b!2+;#)*+2!%+k&)<+*'!3*+!)*M+>')&*!-+!]!L!VcW!!$#%')>39+2!)*:+>')+32+2!-=#-(*&<)%32!
$#%! <&)+! %('%&R&%B)'#9+?! I#*2! >+! A%&3$+K! '%&)2! 2&3%)2! 2&*'! )*M+>'(+2! #<+>! 9+2! #-(*&<)%32!
>&*'%J9+2!G[`R4i6!+'!2)L!2&3%)2!2&*'!)*M+>'(+2!#<+>!9+2!#-(*&<)%32!G[`R4i6RG%+?!"+2!2&3%)2!
2&*'!2#>%):)(+2!$#%!9&'!-+!'%&)2!OV!2&3%)2!>&*'%J9+!+'!-+3L!2&3%)2!HF,*-.E-Q!WZ!0+3%+2K!Vn!M&3%2!
+'! .c! M&3%2! #$%N2! 9=)*M+>')&*! -=#-(*&<)%32?! "+3%! :&)+! +2'! $%(9+<(! $&3%! +L'%#)%+! 9=EIS! +'! 9+2!
$%&'()*+2K! #)*2)! 83+!$&3%! :)L+%!3*+!$#%')+!-3! ')223!+*! :&%;#9-(07-+?! "=);;3*&0)2'&>0);)+!
%(#9)2(+!23%!>+2!(>0#*')99&*2!%(<N9+!3*+!+L$%+22)&*!-+!9#!4i6!-#*2!9#!;#M&%)'(!-+2!>+9939+2!>+!
83)! '%#-3)'!3*+!B&**+!+::)>#>)'(!-=)*:+>')&*!-3! :&)+!#<+>! 9+2!-+3L! 9&'2!-=#-(*&<)%32!3')9)2(2!
O:)A3%+2! a.! +'! aaQ?! "+2! #-(*&<)%32! >&*'%J9+2! G[`R4i6! )*-3)2+*'! 3*+! +L$%+22)&*!
>7'&$9#2;)83+! +'! *3>9(#)%+! -+! 9#! 4i6! -#*2! 9+2! >+9939+2! O:)A3%+! a.Q?! "=+L$%+22)&*! -+! 9#! 4i6!
)*-3)'+! $#%! 9+2! #-(*&<)%32! G[`R4i6RG%+! +2'! +L>932)<+;+*'! 9&>#9)2(+! -#*2! 9+! *&7#3! &d! 9#!
%+>&;B)*#2+! G%+! +2'! #>')<+! +'! $+3'! >9)<+%! 9+2! %(A)&*2! -=EIS! :9#*83(+2! -+! -+3L! 2)'+2! 9&L6!
O:)A3%+! aaQ?! "=+L$%+22)&*! -+! 9#! 4i6! -);)*3+! #3! >&3%2! -3! '+;$2! #<+>! 9+2! -+3L! 9&'2!
-=#-(*&<)%32!+*!%#)2&*!-+!9=#B2+*>+!-=)*'(A%#')&*!A(*&;)83+!-+2!#-(*&<)%32!O:)A3%+2!a.!+'!
aaQ?! "=+L$%+22)&*! '%#*2)'&)%+! -+! 9#! %+>&;B)*#2+! 4i6RG%+! *+! $&2+! $#2! -+! $%&B9N;+! >#%!
9=+L>)2)&*! -3! AN*+! 56(7! :9&L(! +2'! $+%;#*+*'+! +'! '%#*2;)2+! #3L! >+9939+2! :)99+2! +*! >#2! -+!
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]!L!VcW!!$#%')>39+2!)*:+>')+32+2!-=#-(*&<)%32!G[`R4i6?!"+2!2&3%)2!2&*'!2#>%):)(+2!WZ!0+3%+2K!Vn!M&3%2!
&3!.c!M&3%2!#$%N2!9=)*M+>')&*!-=#-(*&<)%32!$&3%!$%(9+<+%!9+3%!:&)+!-&*'!3*+!$#%')+!2+%#!:)L(+!-#*2!-3!
:&%;#9-(07-+! aw! +*! <3+! -=3*+! )*>932)&*! +*! $#%#::)*+?! "+2! >&3$+2! -+! :&)+! 2&*'! #*#972(+2! $#%!
);;3*&0)2'&>0);)+!#<+>!3*!#*')>&%$2!-)%)A(!>&*'%+!9#!4i6!+'!&B2+%<(+2!#3!;)>%&2>&$+!S)U&*!1>9)$2+!
nc)!O&BM+>'):!ta!&3!t]cQ?!T*+!$0&'&!%+$%(2+*'#')<+!-3!;#%83#A+!4i6!&B'+*3!$&3%!>0#83+!'+;$2!+'!
>0#83+!A%&22)22+;+*'!+2'!$%(2+*'(+?!
!
!
!
!
!
!
!
!

!"#$%&'()*+,-./012+3+-4(5)467+"7+84+012+

9:;+

<=>+

?@>+

AB>7CDE+FG+ AB>7CDE+FH@+



 

 105 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
F56?7<*VVG*B8*ZF&*<>9*<bE75@D<*?;5C?<@<;9*I8;>* A<*;:S8?*I<* A8*@8a:759D*I<>*H<AA?A<>*I?*
Q:5<*8E7d>*?;<*5;Q<H95:;*8=<H*A<>*8ID;:=57?>*+4"%ZF&%+7<3*

I+2!2&3%)2!,*-.!:9&L(+2!0&;&h7A&'+2!CA(+2!-+!b!2+;#)*+2!2&*'!)*M+>'(+2!$#%!<&)+!%('%&R&%B)'#9+!#<+>!
]! L! VcW!! $#%')>39+2! )*:+>')+32+2!-=#-(*&<)%32!G[`R4i6RG%+?! "+2! 2&3%)2! 2&*'! 2#>%):)(+2! WZ!0+3%+2K! Vn!
M&3%2! &3! .c! M&3%2! #$%N2! 9=)*M+>')&*! -=#-(*&<)%32! $&3%! $%(9+<+%! 9+3%! :&)+! -&*'! 3*+! $#%')+! 2+%#! :)L(+!
-#*2!-3!:&%;#9-(07-+!aw!+*!<3+!-=3*+!)*>932)&*!+*!$#%#::)*+?!"+2!>&3$+2!-+!:&)+!2&*'!#*#972(+2!$#%!
);;3*&0)2'&>0);)+!#<+>!3*!#*')>&%$2!-)%)A(!>&*'%+!9#!4i6!+'!&B2+%<(+2!#3!;)>%&2>&$+!S)U&*!1>9)$2+!
nc)!O&BM+>'):!ta!&3!t]cQ?!T*+!$0&'&!%+$%(2+*'#')<+!-3!;#%83#A+!4i6!&B'+*3!$&3%!>0#83+!'+;$2!+'!
>0#83+!A%&22)22+;+*'!+2'!$%(2+*'(+?!
!
G+! %(239'#'! ;+'! +*! (<)-+*>+! 9=+::)>#>)'(! -=)*:+>')&*! -3! :&)+! !"# $!$'! #<+>! 9+2! -+3L! 9&'2!
-=#-(*&<)%32?! I+! $932K! 9#! 9&>#9)2#')&*! +L>932)<+;+*'! *3>9(#)%+! -+! 9#! 4i6! -#*2! 9+! :&)+! -+2!
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2(83+*>+! e,1@! :#<&%)2#*'! 9=)*)')#')&*! -+! 9#! '%#-3>')&*! -+2! E,S;K! -#*2! 9#! %(A)&*! .=! *&*!
'%#-3)'+!-3!AN*+!-+!9=#9B3;)*+!2(%)83+!O@>039+%!+'!#9?K!]ccaQ?!"#!%+>&;B)*#2+!@ERG%+R1,5]!+2'!
+L$%);(+!3*)83+;+*'!-#*2!9+!:&)+K!>&*'%#)%+;+*'!D!9=#9B3;)*+!83)!+2'!#322)!+L$%);(+!-#*2!
-+2!')2232!+L'%#R0($#')83+2!>&;;+!9=+2'&;#>K!9#!%#'+!+'!9+2!%+)*2!OS#0&*!+'!#9?K!VWbbQ?!
!
"+2!2&3%)2!@ERG%+R1,5]!*&32!&*'!('(!:&3%*)+2!$#%!9+!I%?!I#*)+9![+'hA+%!Oe4r[GK!@'%#2B&3%AQ?!
199+2!&*'!('(!$9#>(+2!D!9+3%!#%%)<(+!#3!2+)*!-+!9=#*);#9+%)+!>&*<+*')&**+99+!-+!9=T*)<+%2)'(!-+!
r&%-+#3L!+*!%#)2&*!-+!9+3%!2'#'3'!2#*)'#)%+?!T*+!-(>&*'#;)*#')&*!#!%(>+;;+*'!('(!%(#9)2(+!
$&3%! ('#B9)%! 9#! >&9&*)+! @ERG%+R1,5]! #3! 2+)*! -+! 9=#*);#9+%)+! 2$(>)#9)2(+! -+! 9=T*)<+%2)'(?! "+2!
2&3%)2!@ERG%+R1,5]!2&*'!A(*&'7$(+2!$#%!6G,!D!$#%')%!-+!9=EIS!+L'%#)'!-=3*!;&%>+#3!-+!83+3+?!
"#!6G,!3')9)2(+!+2'!9#!;\;+!83+!>+99+!$+%;+''#*'!-+!A(*&'7$+%!9+2!2&3%)2!55,R)G%+?!!
!
"+!;&-N9+ HF,*-.E9B!+2'!&B'+*3!+*!>%&)2#*'!9+2!2&3%)2!,*-.!:9&L(+2!#<+>!9+2!2&3%)2!@ERG%+R
1,5]?!"=#-;)*)2'%#')&*!-+!'#;&L):N*+!>0+h!>+2!2&3%)2!$+%;+''%#!-=)*-3)%+!9=+L>)2)&*!-+!9=+L&*!
.!-3!AN*+!56(7!:9&L(!$#%!9#!G%+!2+9&*!9+!;\;+!$%)*>)$+!83+!>+93)!-(>%)'!$&3%!*&'%+!$%+;)+%!
;&-N9+!HF,*-.55,?!
!
"+2!>%&)2+;+*'2!+*'%+!9+2!2&3%)2!,*-.!:9&L(+2!+'!@ERG%+R1,5]!2&*'!#>'3+99+;+*'!+*!>&3%2!#3!
2+)*!-+!9=#*);#9+%)+!2$(>)#9)2(+!#:)*!-=&B'+*)%!9+2!2&3%)2!HF,*-.E9B!Ol!,*-.!:9/:9!Y!@ERG%+R1,5]!
}/G%+Q?!
*
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R3 'cA<*I<*';IR*I8;>*A8*7D6D;D7895:;*TDE895C?<*
*
"+2! ;&-N9+2! ;3%)*2! HF,*-.! A(*(%(2! 2&*'! 3')9)2(2! $&3%! ('3-)+%! 9+! %J9+! -+! ,*-.! -#*2! 9#!
$%&9):(%#')&*! -+2! 0($#'&>7'+2! *&%;#3L?! 1*! +::+'K! >&;;+! -(>%)'! >)R-+2232K! 9=+L')*>')&*! -+!
,*-.!-);)*3+!9#!$%&9):(%#')&*!-+2!0($#'&>7'+2!'3;&%#3L!;#)2!2&*!%J9+!*=+2'!$#2!>&**3!-#*2!
9+2! 0($#'&>7'+2! *&%;#3L?! "#! $%&9):(%#')&*! -+2! 0($#'&>7'+2! *&%;#3L! +2'! 3*! ;(>#*)2;+!
);$&%'#*'! +'! *(>+22#)%+! D! 9#! %(A(*(%#')&*! -3! :&)+! 23)'+! D! -+2! 9(2)&*2! &3! D! -+2! ;#9#-)+2!
0($#')83+2?!"=)-+*'):)>#')&*!-+!*&3<+#3L!;(>#*)2;+2!);$9)83(2!-#*2!>+!$%&>+2232!$&3%%#)'!
$+%;+''%+!-+!;+''%+!+*!$9#>+!-+2! 2'%#'(A)+2! )**&<#*'+2! :#<&%)2#*'! 9#! %(A(*(%#')&*!-3! :&)+!
#:)*! -=#;(9)&%+%! 9#! $%)2+! +*! >0#%A+! +'! 9+! '%#)'+;+*'! -+2! ;#9#-)+2! 0($#')83+2! 03;#)*+2!
OP3#*A!+'!#9?K!]cVaQ?!
 
6&3%!('3-)+%!9#!$%&9):(%#')&*!-+2!0($#'&>7'+2!*&%;#3L!!"#$!$'K!*&32!#<&*2!-(>)-(!-=3')9)2+%!9#!
'+>0*)83+! -+! %(:(%+*>+! 83)! +2'! 9=0($#'+>'&;)+! -+2! -+3L! ')+%2?! G+''+! >0)%3%A)+! )*-3)'! 3*+!
%(A(*(%#')&*!-3! :&)+! #<+>! 9=+*'%(+!-+2!0($#'&>7'+2!*&%;#9+;+*'!83)+2>+*'2! -#*2! 9+! >7>9+!
>+9939#)%+!$&3%!%+2'#3%+%!9#!;#22+!0($#')83+!)*)')#9+?!
 
S&32!*&32!2&;;+2!'&3'!-=#B&%-! )*'(%+22(2!D! 9=+L$%+22)&*!-+! 9#!$%&'()*+!,*-.!#3!>&3%2!-3!
$%&>+2232! -+! %(A(*(%#')&*! 0($#')83+!*&%;#9?! 6&3%! >+9#K! 3*+! 0($#'+>'&;)+! -+2! -+3L! ')+%2!
+2'!%(#9)2(+!>0+h!Va!2&3%)2!GnXr"/Z!2#3<#A+2!83)!2&*'!2#>%):)(+2!-+3L!$#%!-+3L!D!-)::(%+*'2!
'+;$2!#$%N2!9#!:)*!-+!9#!>0)%3%A)+!OaK!bK!V]K!]aK!.ZK!ab!+'!X]!0+3%+2Q?!E3!;&;+*'!-3!2#>%):)>+K!
9+!:&)+!-+2!2&3%)2!+2'!$%(9+<(!$&3%!+*!+L'%#)%+!9+2!$%&'()*+2?!"+!^+2'+%*!B9&'!%(#9)2(!#<+>!>+2!
(>0#*')99&*2!;&*'%+!3*+!)*-3>')&*!-+!9=+L$%+22)&*!-+2!>7>9)*+2!E!'&'#9+2!O>7>9)*+2!EV!+'!E]Q!
#$%N2! .Z! 0+3%+2! O:)A3%+! aXQ! >+! 83)! >&%%+2$&*-! #3L! -&**(+2! $3B9)(+2! -#*2! 9#! 9)''(%#'3%+!
O[+%9+*! +'! #9?K! ]cVaQ?! "=+L$%+22)&*! -+2! #3'%+2! >7>9)*+2! +2'! +*! >&3%2! -=#*#972+?!I+!;#*)N%+!
'%N2!)*'(%+22#*'+K!9=+L$%+22)&*!-+!9#!$%&'()*+!,*-.!+2'!)*-3)'+!-N2!b!0+3%+2!#$%N2!9#!>0)%3%A)+!
+'!#3A;+*'+!M3283=#3!'+;$2!ab!0+3%+2!O:)A3%+!aXQ?!
!
!
!
!
!
!
!
*
F56?7<*V]G*BX<bE7<>>5:;*I<*A8*E7:9D5;<*';IR*8?6@<;9<*E7:67<>>5=<@<;9*W*E87957*I<*A8*Nd@<*
T<?7<*I<*7D6D;D7895:;*TDE895C?<3!

T*+!0($#'+>'&;)+!-+2!-+3L!')+%2!+2'!%(#9)2(+!>0+h!Va!2&3%)2!,*-.!:9&L(+2!83)!2&*'!2#>%):)(+2!-+3L!$#%!
-+3L!D!-)::(%+*'2!'+;$2!#$%N2! 9#!:)*!-+! 9#!>0)%3%A)+!OaK!bK!V]K!]aK!.ZK!ab!+'!X]!0+3%+2Q?!"+3%!:&)+!+2'!
$%(9+<(!$&3%!+*!+L'%#)%+!9+2!$%&'()*+2?!"+2!(>0#*')99&*2!$%&'()83+2!2&*'!#*#972(2!$#%!^+2'+%*!B9&'!+*!
3')9)2#*'!-+2!#*')>&%$2!-)%)A(2!>&*'%+!,*-.K!9+2!>7>9)*+2!E!'&'#9+2!+'!9#!|R#>')*+?!"+!*)<+#3!-=+L$%+22)&*!
-+!,*-.!+'!-+2!>7>9)*+2!E!'&'#9+2!+2'!*&%;#9)2(!$#%!%#$$&%'!D!>+93)!-+!9#!|R#>')*+?!
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!"
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#$

!%
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34567)8$,"'$./01$
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,"@$8>$A'$./01$$

'A$./0$
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AA$./0$
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!
"=)*-3>')&*!+'! 9=#3A;+*'#')&*!$%&A%+22)<+!-+! 9=+L$%+22)&*!-+! 9#!$%&'()*+!,*-.!#3!>&3%2!-3!
$%&>+2232!-+! %(A(*(%#')&*!0($#')83+!>&*2')'3+*'!3*!$%+;)+%!(9(;+*'!$%&;+''+3%!83#*'!D!
9=);$&%'#*>+!-+!,*-.!-#*2!9#!$%&9):(%#')&*!-+2!0($#'&>7'+2!*&%;#3L?!I+!$932K!9=)*-3>')&*!-+!
9=+L$%+22)&*! -+2! >7>9)*+2! E! '&'#9+2! #$%N2! .Z! 0+3%+2! $+%;+'! -+! <#9)-+%! *&'%+! >0)%3%A)+!
-=0($#'+>'&;)+!-+2!-+3L!')+%2?!
!
"+!$%+;)+%!;&-N9+!;3%)*!3')9)2(!$&3%!:#)%+!-+2!0($#'+>'&;)+2!-+2!-+3L!')+%2!+2'!9+!;&-N9+!
HF,*-.55,!&B'+*3!$#%! >%&)2+;+*'!+*'%+! 9+2! 2&3%)2!,*-.! :9&L(+2!+'! 9+2! 2&3%)2!55,R)G%+?!G+2!
>0)%3%A)+2!&*'!('(!%(#9)2(+2!+*!$#%#99N9+!-+2!+L$(%)+*>+2!<)2#*'!D!>&*:)%;+%!9=+::)>#>)'(!-+!>+!
;&-N9+?! "+!$%&'&>&9+!>&*2)2'+!D!#-;)*)2'%+%!-3! '#;&L):N*+!D!-+2! 2&3%)2! >&*'%J9+2! Ol!,*-.!
:9&L(+2! 0&;&h7A&'+2Q! +'! HF,*-.55,! 0&;&h7A&'+2! CA(+2! -+! b! 2+;#)*+2?! G+2! #*);#3L! 2&*'!
&$(%(2!Vn!M&3%2!#$%N2!9#!:)*!-3!'%#)'+;+*'!$&3%!23B)%!3*+!0($#'+>'&;)+!-+2!-+3L!')+%2?!S&2!
$%+;)+%2!%(239'#'2!&*'!('(!&B'+*32!ab!+'!X]!0+3%+2!#$%N2!0($#'+>'&;)+!O:)A3%+!abQ?!!
!
!
!
!
!
!
!
!
F56?7<*VNG*)HTD@8*I<* AX<bED75<;H<*IXTDE89<H9:@5<*I<>*I<?b*95<7>* 7D8A5>D<*HT<f* A<>*>:?75>*
e(';IR$$'3!

n! 2&3%)2! >&*'%J9+2! O,*-.! :9&L(+2! 0&;&h7A&'+2Q! +'! Z! 2&3%)2! HF,*-.55,! 0&;&h7A&'+2! 2&*'! '%#)'(+2! D!
9=CA+!-+!b!2+;#)*+2!#<+>!-3!'#;&L):N*+?!"=0($#'+>'&;)+!-+2!-+3L!')+%2!+2'!%(#9)2(+!>0+h!>+2!#*);#3L!
Vn!M&3%2!#$%N2!9#!:)*!-3!'%#)'+;+*'?!"+2!2&3%)2!2&*'!2#>%):)(+2!ab!0+3%+2!+'!X]!0+3%+2!#$%N2!9#!>0)%3%A)+!
O]!2&3%)2!*=&*'!$#2!23%<(>3!D!9#!>0)%3%A)+!Y!]IGIQ?!
!
"#! 83#*'):)>#')&*! -+! 9#! %(A(*(%#')&*! 0($#')83+! 2+! :#)'! $#%! );;3*&0)2'&>0);)+! #$%N2!
)*>&%$&%#')&*!-+!r%-T?![#9A%(!3*+!:#)B9+!+L>)2)&*!-3!AN*+!56(7!:9&L(!$#%!9#!55,R)G%+!O:)A3%+!
aWEQK! 9+2! $%+;)+%2! %(239'#'2! &B'+*32!;&*'%+*'! 3*! %+'#%-! -+! $%&9):(%#')&*! -+2! 0($#'&>7'+2!
HF,*-.55,!D!ab!0+3%+2!+*!83#*'):)#*'!9+!*&;B%+!-=0($#'&>7'+2!r%-T!$&2)'):2!O:)A3%+!aWQ?!1*!
+::+'K! &*! >&;$'+! +*! ;&7+**+! .cw! -=0($#'&>7'+2! r%-T! $&2)'):2! >0+h! 9+2! 2&3%)2! >&*'%J9+2!
>&*'%+!2+39+;+*'!Vbw!>0+h!9+2!2&3%)2!HF,*-.55,?!"+2!#*);#3L!HF,*-.55,!2+;B9+*'!%#''%#$+%!
9+3%! %+'#%-!-+!$%&9):(%#')&*! D! X]!0+3%+2! >#%! 9#! -)::(%+*>+!-+!$%&9):(%#')&*!-+2!0($#'&>7'+2!
+*'%+! 9+2! -+3L! A%&3$+2! -=#*);#3L! *=+2'! $932! <)2)B9+! D! >+! ;&;+*'! 9D! Oaw! <+%232! Zw! +*!
;&7+**+! -=0($#'&>7'+2! r%-T! $&2)'):2! %+2$+>')<+;+*'! $&3%! 9+2! 2&3%)2! >&*'%J9+2! +'!
HF,*-.55,Q!O:)A3%+!ncQ?!"#!%(A(*(%#')&*!0($#')83+!$+3'!#322)!\'%+!(<#93(+!+*!>&;$#%#*'!9+!
$&)-2!-3!:&)+!%(>3$(%(!#3!;&;+*'!-3!2#>%):)>+!#<+>!9+!$&3%>+*'#A+!-=0($#'+>'&;)+!%(#9)2(!
>+!83)!>&%%+2$&*-!#3!>#9>39!-3!$&3%>+*'#A+!-+!%(A(*(%#')&*!0($#')83+?!I#*2!>+!>#2K!9#!:#)B9+!

!"#$%&'()*+ ,-."/*0/$#&*+1*2+1*3%+4*52+

+++++6+2*#"&)*2+

7"05&80*+

96+:*35*2+

;;+2$35&2++
<0$)/5=>*2+*/+?@A)1B!!AC+

!"#$%&'()*+ ,-."/*0/$#&*+1*2+345+

+++++6+2*#"&)*2+

7"08&90*+

:6+;*<8*2+

==+2$<8&2++
>0$)/8?@*2+*/+ABC)15!!CD+

+++++==+2*#"&)*2+

7"08&90*+

:6+;*<8*2+

3+E!+
5+AB+

=+E!+>F+3GHGD+
5+AB+

+++++;;+2*#"&)*2+

7"05&80*+

DE+:*35*2+

E+F!+
B+?@+

;+F!+<G+EHIHC+
B+?@+
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+L>)2)&*!-3!AN*+!56(7!*+!2+;B9+!$#2!;&-):)+%!9+!$&3%>+*'#A+!-+!%(A(*(%#')&*!0($#')83+!D!
ab!&3!X]!0+3%+2!O:)A3%+2!aW!+'!ncQ?!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
*
F56?7<*V\G*B<>*>:?75>*e(';IR$$'*@:;97<;9*?;*7<987I*I<*7D6D;D7895:;*TDE895C?<*W*VN*T<?7<>*
@8A67D*A8*Q85PA<*<bH5>5:;*I?*6d;<*'#1R*QA:bD*HT<f*H<>*8;5@8?b3!

"+2!2&3%)2!>&*'%J9+2!Ol!,*-.!:9&L(+2!0&;&h7A&'+2Q!+'!HF,*-.55,!0&;&h7A&'+2!2&*'!'%#)'(+2!D!9=CA+!-+!
b!2+;#)*+2!#<+>!-3!'#;&L):N*+?!"=0($#'+>'&;)+!-+2!-+3L!')+%2!+2'!%(#9)2(+!>0+h!>+2!#*);#3L!Vn!M&3%2!
#$%N2!9#!:)*!-3!'%#)'+;+*'?!"+2!2&3%)2!2#>%):)(+2!D!ab!0+3%+2!%+k&)<+*'!3*+!)*M+>')&*!)*'%#R$(%)'&*(#9+!
-+!r%-T! OVcc!;A/UA!-+!$&)-2! >&%$&%+9Q! ]!0+3%+2! #<#*'! 9+! 2#>%):)>+?!!3! "=EIS!+2'! +L'%#)'! -3! :&)+! +'!
#*#972(!$#%!6G,!#<+>!9+2!#;&%>+2!1:!+'!".%!83)!$+%;+''+*'!-=#;$9):)+%!9+2!'%&)2!#99N9+2!-3!AN*+!56(7!m!
2#3<#A+!OVnna!$BQK!:9&L(!OVXVn!$BQ!+'!+L>)2(!OZV]!$BQ?!`3!T*+!$#%')+!-3!:&)+!+2'!:)L(+!+'!#*#972(+!$#%!
);;3*&0)2'&>0);)+!+*!3')9)2#*'!3*!#*')>&%$2!>)B9#*'!9+!r%-T?!T*+!$0&'&!%+$%(2+*'#')<+!-3!;#%83#A+!
r%-T! &B'+*3! -#*2! >0#83+! A%&3$+! +2'! $%(2+*'(+?! "+! $&3%>+*'#A+! -=0($#'&>7'+2! r%-T! $&2)'):2! +2'!
83#*'):)(!-#*2!Vc!>0#;$2!$%)2!#3!0#2#%-!#3!;)>%&2>&$+!D!($):93&%+2>+*>+!q+)22!EL)&$9#*!]!O&BM+>'):!
t]cQ?!"+!$&3%>+*'#A+!-+!%(A(*(%#')&*!0($#')83+!+2'!>#9>39(!+*!3')9)2#*'!9#!:&%;39+!23)<#*'+!m!OOO$&)-2!
:&)+!2#*2!*(>%&2+!%(>3$(%(!#3!2#>%):)>+!R!$&)-2!:&)+!%+2'#*'!#$%N2!9=0($#'+>'&;)+Q!/!$&)-2!'&'#9!+2');(!
-3!:&)+Q!Ö!OVcc!/!$&3%>+*'#A+!-=0($#'+>'&;)+QQ!Ö!Vcc?!"+!$&)-2!'&'#9!-3!:&)+!+2'!+2');(!D!aw!-3!$&)-2!
-+!9=#*);#9?!
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#
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#
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#
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345
678
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!"#$#7<=4>?#+@&!#$%8#

!"#$#A2#+&''9#$%8#

!"#$#/B<?#+&(&'#$%8#

CBD64>#=B-E6FG7>#1#CBD64>#HI,-.*J7$#

CBD64>#)9#+,-.*#/0/8# CBD64>#)*#+,-.*#/0/#1#22,345678#

KL# 5B-E6FG7#.M7<=4>4B-#
.7#!"#$##N#

O#

!"

#!"

$!"

%!"

&!"

'(" )*"

KBD6=7-EPQ7#
.RS?$PEB=TE7>#O6.U#

$B>4VW>#

!"

$!"
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G+2!%(239'#'2!2&*'!$93'J'!+*>&3%#A+#*'2!+*!%#)2&*!-+!9#!:#)B9+!+L>)2)&*!-3!AN*+!56(7!:9&L(!+'!
-+!9=#B2+*>+!-=+L')*>')&*!$%&'()83+!-('+>'#B9+!+*!^+2'+%*!B9&'!-#*2!*&'%+!$%+;)+%!;&-N9+!
;3%)*!HF,*-.55,?!G+$+*-#*'K!-+<#*'!9+2!$%&B9N;+2!%+*>&*'%(2K!*&32!*=#<&*2!$#2!$&3%23)<)!
9=#*#972+!-+!9#!%(A(*(%#')&*!0($#')83+!#<+>!>+!;&-N9+?!
!
6&3%! 9#! 23)'+K! *&32! #<&*2! -(>)-(! -+! >0#*A+%! -+! ;&-N9+! +'! -=3')9)2+%! 9+! ;&-N9+! ;3%)*!
HF,*-.E-!&B'+*3!+*! )*M+>'#*'!-+2! #-(*&<)%32!G[`R4i6RG%+! >0+h!-+2! 2&3%)2!,*-.! :9&L(+2?!
G&;;+! ;&*'%(! $%(>(-+;;+*'K! >+! ;&-N9+! $+%;+'! -=&B'+*)%! 3*+! :&%'+! +L')*>')&*! -+!
9=+L$%+22)&*!-+! 9#!$%&'()*+!,*-.?!6&3%!>+''+!+L$(%)+*>+K!-+2!2&3%)2!,*-.! :9&L(+2! %+k&)<+*'!
3*+!)*M+>')&*!-+!]!L!VcW!$#%')>39+2!)*:+>')+32+2!-=#-(*&<)%32!OG[`R4i6!&3!G[`R4i6RG%+Q!$#%!
<&)+! %('%&R&%B)'#9+! D! 9=CA+! -+! Z! 2+;#)*+2?! "#! >0)%3%A)+! -=0($#'+>'&;)+! -+2! -+3L! ')+%2! +2'!
%(#9)2(+!23%!>+2!#*);#3L!]!;&)2!#$%N2! 9=)*M+>')&*!-=#-(*&<)%32?!"+2!2&3%)2!2&*'!2#>%):)(+2!#3!
'+;$2!.Z!0+3%+2K!83)!>&%%+2$&*-!#3!$)>!-+!%(A(*(%#')&*!0($#')83+!>0+h!-+2!2&3%)2!2#3<#A+2K!
#)*2)!83=#3!'+;$2!ab!0+3%+2!O:)A3%+!nVQ?!
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!
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e(';IR!I3!

"+2!$%+;)+%2!%(239'#'2!;&*'%+*'!3*!%+'#%-!-+!$%&9):(%#')&*!-+2!0($#'&>7'+2!HF,*-.E-!D!.Z!
0+3%+2!$#%!%#$$&%'!#3L!0($#'&>7'+2!>&*'%J9+2!O:)A3%+!n]EQ?!1*!+::+'K!&*!>&;$'+!+*!;&7+**+!
X]!0($#'&>7'+2!r%-T!$&2)'):2!$#%!>0#;$!>0+h! 9+2!2&3%)2!>&*'%J9+2!>&*'%+!a]!>0+h! 9+2!2&3%)2!
HF,*-.E-!D!.Z!0+3%+2?!G+''+!2)'3#')&*!+2'! )*<+%2(+!D!ab!0+3%+2!#<+>!3*+!$%&9):(%#')&*!-+2!
0($#'&>7'+2! $932! );$&%'#*'+! >0+h! 9+2! 2&3%)2! HF,*-.E-! Ob! <+%232! VZ! 0($#'&>7'+2! r%-T!
$&2)'):2! +*! ;&7+**+! $#%! >0#;$! %+2$+>')<+;+*'! $&3%! 9+2! 2&3%)2! >&*'%J9+2! +'! HF,*-.E-Q!
O:)A3%+! n]rQ?! "+! $&3%>+*'#A+! -+! %(A(*(%#')&*! 0($#')83+! >&%%N9+! #<+>! 9+! *&;B%+!
-=0($#'&>7'+2!r%-T!$&2)'):2!$#%!>0#;$!D!.Z!0+3%+2!O:)A3%+!n]Q!>+!83)!+2'!$%&;+''+3%!83#*'!
#3!%+'#%-!-+!$%&9):(%#')&*!&B2+%<(!-#*2!9+2!0($#'&>7'+2!HF,*-.E-!D!>+!'+;$2R9D?!1*!+::+'K!9+!
$&3%>+*'#A+! -+! %(A(*(%#')&*! 0($#')83+! *=#! M#;#)2!;&*'%(! -+! -);)*3')&*! -#*2! 9+!;&-N9+!
,*-.HF55,?!G+$+*-#*'K!>+''+!>&%%(9#')&*!*=#!$#2!('(!%+'%&3<(+!D!ab!0+3%+2?!
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-=#-(*&<)%32! OG[`R4i6! &3! G[`R4i6RG%+Q! $#%! <&)+! %('%&R&%B)'#9+! D! 9=CA+! -+! Z! 2+;#)*+2?!
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:&)+! -+! >0#83+! 2&3%)2! +2'! $%(2+*'(+?! "+! *&;B%+! -=0($#'&>7'+2! r%-T!$&2)'):2! +2'! 83#*'):)(! -#*2! Vc!
>0#;$2! $%)2! #3! 0#2#%-! #3! ;)>%&2>&$+! D! ($):93&%+2>+*>+! q+)22! EL)&$9#*! ]! O&BM+>'):! t]cQ?! "+!
$&3%>+*'#A+!-+!%(A(*(%#')&*!0($#')83+!+2'!>#9>39(!+*!3')9)2#*'!9#!:&%;39+!23)<#*'+!m!OOO$&)-2!:&)+!2#*2!
*(>%&2+!%(>3$(%(!#3!2#>%):)>+!R!$&)-2!:&)+!%+2'#*'!#$%N2!9=0($#'+>'&;)+Q!/!$&)-2!'&'#9!+2');(!-3!:&)+Q!Ö!
OVcc! /! $&3%>+*'#A+! -=0($#'+>'&;)+QQ! Ö! Vcc?! "+! $&)-2! '&'#9! -3! :&)+! +2'! +2');(! D! aw! -3! $&)-2! -+!
9=#*);#9?!
!
G+''+!+L$(%)+*>+!;&*'%+!3*!%+'#%-!-+!$%&9):(%#')&*!-+2!0($#'&>7'+2!*&%;#3L!HF,*-.E-!83)!
$%&<&83+! 3*! -(>#9#A+! -+! 9#! >)*(')83+! -+! %(A(*(%#')&*! >0+h! >+2! #*);#3L?! 199+! -+<%#! \'%+!
%(#9)2(+! 23%!3*!*&;B%+!-=#*);#3L!$932! );$&%'#*'!$&3%!$&3<&)%! >&*:)%;+%! 9+! %J9+!-+!,*-.!
-#*2!9#!%(A(*(%#')&*!-3!:&)+?!e9!:#3-%#!(A#9+;+*'!<(%):)+%!9+!;#)*')+*!-+!9=+L')*>')&*!-+!,*-.!
-+3L!;&)2!#$%N2!9=)*M+>')&*!-+2!#-(*&<)%32!#:)*!-+!<#9)-+%!>+2!%(239'#'2?!
!
G+$+*-#*'K! 9#! >)*(')83+! -+! %(A(*(%#')&*! +2'! -)::(%+*'+! +*'%+! 9+2! 2&3%)2! HF,*-.55,! +'!
HF,*-.E-K!D!9#!:&)2!#3!*)<+#3!-+!9#!%(A(*(%#')&*!-+2!2&3%)2!>&*'%J9+2!+'!-3!'+;$2!$&3%!9+83+9!
3*! %+'#%-! -+! %(A(*(%#')&*! +2'! <)2)B9+! >0+h! 9+2! 2&3%)2! HF,*-.?! 1*! +::+'K! 9+! :&)+! -+2! 2&3%)2!
HF,*-.55,! %(A(*N%+!;&)*2!83+! 9+2! 2&3%)2! >&*'%J9+2! D! ab!0+3%+2K! #9&%2! 83+! >+! %+'#%-!*=+2'!
&B2+%<(!83=D!.Z!0+3%+2!>0+h!9+2!2&3%)2!HF,*-.E-?!G+''+!-)::(%+*>+!$&3%%#)'!2=+L$9)83+%!$#%!9#!
:&%'+!+L')*>')&*!$%&'()83+!-+!,*-.! )*-3)'+!>0+h! 9+2!2&3%)2!HF,*-.E-!83)!$%&<&83+%#)'!#)*2)!
3*!%+'#%-!-+!%(A(*(%#')&*!$932!$%(>&>+?!
!
E$%N2! #<&)%! >&*:)%;(! 9+! %+'#%-!-+! %(A(*(%#')&*!0($#')83+! )*-3)'! $#%! 9#! $+%'+!-+!,*-.K! 9+2!
;(>#*)2;+2! ;&9(>39#)%+2! -+<%&*'! \'%+! (93>)-(2! +*! ('3-)#*'! $#%')>39)N%+;+*'! 9=+L$%+22)&*!
-+2!-)::(%+*'+2!>7>9)*+2!);$9)83(+2!-#*2!9#!$%&A%+22)&*!-3!>7>9+!>+9939#)%+!#)*2)!83+!>+99+!-+2!
U)*#2+2!83)!9+3%!2&*'!#22&>)(+2?!"+2!$%+;)+%2!%(239'#'2!&B'+*32!;&*'%+*'!3*+!-);)*3')&*!-3!
*&;B%+! -=0($#'&>7'+2! r%-T! $&2)'):2! 9&%2! -+! 9=#B2+*>+! -+! ,*-.?! @#>0#*'! 83+! 9+! r%-T! +2'!
)*>&%$&%(!-3%#*'!9#!$0#2+!@K!9+2!$%+;)N%+2!>)B9+2!)*'(%+22#*'+2!D!('3-)+%!2+%&*'!9+2!>7>9)*+2!I!
+'!1K!#)*2)!83+!9+2!>-U!]K!a!+'!Z!83)!2&*'!);$9)83(+2!-#*2!9#!'%#*2)')&*!+*'%+!9+2!$0#2+2!4V!+'!@?!
!
V3 'cA<*I<*';IR*I8;>*A8*H87H5;:6<;d><*TDE895C?<*
 
"+2!;&-N9+2!;3%)*2! A(*(%(2! 2&*'! (A#9+;+*'! 3')9)2(2! $&3%! ('3-)+%! 9+! %J9+! -+! ,*-.! -#*2! 9#!
>#%>)*&A+*N2+!0($#')83+!+'! 9=)*<#2)&*!'3;&%#9+! !"#$!$'?!6&3%!>+!$%&M+'K!*&32!*&32!2&;;+2!
)*'(%+22(2! D! -+3L! '7$+2! -+! >#%>)*&A+*N2+2! 0($#')83+2!m! 9#! >#%>)*&A+*N2+! 2$&*'#*(+! +'! 9#!
>#%>)*&A+*N2+!)*-3)'+!$#%!9=)*M+>')&*!-=3*!>#%>)*&AN*+!>0);)83+?!
!

V3/ -@EA5H895:;*I<*AX<b95;H95:;*I<*';IR*I8;>*A8*H87H5;:6<;d><*TDE895C?<*>E:;98;D<*
 
"#! $%&'()*+! ,*-.! #! ('(! -(>%)'+! $&3%! )*0)B+%! 9#! '%#*2:&%;#')&*! '3;&%#9+! -+! :)B%&B9#2'+2!
'%#*2:&%;(2!$#%! 9+2!&*>&AN*+2!,#2!+'!,#:!O`)99#9&*A#!+'!#9?K!]ccaQ?!"+2!%(239'#'2!-+!9=(83)$+!
&*'!;&*'%(!83+!,*-.!+2'!2&32R+L$%);(!-#*2!9+!:&)+!'3;&%#9!$#%!%#$$&%'!#3!:&)+!2#)*!O4%)2+!+'!
#9?K! ]cV]Q?! r)+*! 83+! -#*2! 9+2! >+9939+2! '3;&%#9+2! +*! >39'3%+! 9#! $+%'+! -+! ,*-.! +*A+*-%+! 3*!
#%%\'!-+!>%&)22#*>+K!*&32!2&30#)'&*2!#*#972+%!9=);$#>'!-+!9=+L')*>')&*!-+!>+''+!$%&'()*+!23%!9+!
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-(<+9&$$+;+*'! (<+*'3+9! -+! GPG! >0+h! 9#! 2&3%)2?! G+''+! #$$%&>0+! #! ('(!;&')<(+! $#%! 9+! :#)'!
83=3*+!#3'%+!456#2+!,0&!#!('(!-(>%)'+!>&;;+!);$9)83(+!-#*2! 9#!>#%>)*&A+*N2+!0($#')83+!
2$&*'#*(+?!1*!+::+'K!-+2!2&3%)2!$%(2+*'#*'!3*+!+L')*>')&*!-+!G->a]!-#*2!9+2!0($#'&>7'+2!+'!
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!"#$ %&'()*!(+,,1 %&'()*.(+,,1 / / / / / , / , / / 08* and contribute to the development of HCC. Surpris-

ingly, we found that Rnd3 knockdown inhibited HCC
cell growth. However, cells with reduced Rnd3 expres-
sion also acquired invasive capacity. This suggests that
Rnd3 regulates a switch to attenuate cell growth and
favor cell invasion. This is consistent with the concept
that profound morphological changes are incompatible
with high proliferation, and that attenuation of cell
proliferation favors invasion versus tumor growth.2 In
this respect, the EMT-promoting factor, Snail, was
described to induce partial G1/S cell-cycle arrest that
is, at least in part, a result of the repression of
CCND2-encoding cyclin D2.38 Further experiments
are required to decipher the mechanistic insights re-
sponsible for HCC growth arrest observed upon Rnd3
silencing.
On the other hand, the alteration in the 3D cell

motility observed when Rnd3 expression was modu-
lated is consistent with findings in healthy9 and trans-
formed fibroblasts,39 showing a reduced invasion sub-
sequent to overexpression of Rnd3. These results are,
however, in sharp contrast with the reported implica-
tion of Rnd3 in the acquisition of an invasive pheno-
type of melanoma cells. Indeed, Rnd3 is overexpressed
in melanoma cell lines and its down-regulation
reduced cell-invasion ability.11 This could reflect the
plasticity of cancer cells and the different implication
of Rnd3 in various tumors.
Characterization of invasion of HCC cells induced

by Rnd3 knockdown revealed the absence of MMP ac-
tivity requirement, suggesting an amoeboid-like move-
ment. However, we demonstrated that this movement
occurs in an RhoA-independent manner. Because
Rnd3 was mainly described as an RhoA pathway an-
tagonist, this may represent a novel RhoA-independent
role of Rnd3. We further characterized cell invasion
induced by Rnd3 silencing as a Rac1-dependent move-
ment, with a round morphology and the presence of
actin-rich pseudopodia. Thus, according to the multi-
scale tuning model from Friedl and Wolf,29 we assume
that the loss of Rnd3 induced an amoeboid pseudopo-
dal-like mode of movement facilitated by the loss of
strong adhesive cell-cell interactions, which is itself
linked to the repression of E-cadherin expression.
Remarkably, Rnd3 down-regulation strongly correlated
with E-cadherin down-expression in HCC samples,
and low levels of Rnd3 also correlated with the pres-
ence of satellite nodules, suggesting that our observa-
tion may be relevant for HCC progression. Although
no publication has reported on an effect of Rnd3 on
E-cadherin expression as yet, our data agree with
others showing a role of Rnd3 on the expression of

M-cadherin12 and, more generally, on the assembly of
adherens and tight junctions.40 Consistent with this,
depletion of Rnd3 in A431 squamous-cell carcinoma
cells led to loss of cell-cell cohesion and defective col-
lective cell invasion.41 We found that the repression of
E-cadherin occurs at the mRNA level through the up-
regulation of the EMT transcription repressor, ZEB2.
We demonstrate, for the first time, that Rnd3 regulates
the miR-200/ZEB/E-cadherin pathway. ZEB1 and
ZEB2 are master regulators of the mesenchymal phe-
notype that repress the transcription of genes contain-
ing E-box elements in their promoters, including
E-cadherin.42 The miR-200 family has been shown to
target ZEB1 and ZEB2 through their 30 UTRs. In
addition, ZEB1 and ZEB2 directly repress miR-200
miRNA expression, demonstrating a double-negative
feedback loop between ZEB1/ZEB2 and the miR-200
family during EMT and tumorigenesis.26 Here, we
demonstrated that Rnd3 knockdown induces a
decrease of miR-200b and miR-200c and an increase
in ZEB2 expression, resulting in decreased E-cadherin
expression and the acquisition of mesenchymal features
(Fig. F77). These results are also in agreement with the
previously reported role of ZEB2 in HCC cell inva-
sion.43 The mechanisms by which Rnd3 silencing
alters the miR-200/ZEB balance remain to be charac-
terized (Fig. 7). However, because ZEB2, but not
ZEB1, expression was altered in response to Rnd3
silencing, we postulate that Rnd3 silencing may
probably first act on ZEB2 expression, which, in con-
sequence, alters miR-200 transcriptional levels. In

Fig. 7. Schematic representation of Rnd3 involvement in HCC to-
ward cell invasion. RND3 down-regulation may participate in the
establishment of EMT through the miR-200/ZEB/E-Cadherin pathway
and the induction of cell invasiveness.
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Figure 1: The domain structure of human IQGAP1 and IQGAP2. CH (calponin homology) domain, WW, polyproline binding domain,
IQ calmodulin-binding motif, GBD-GTPase binding domain, and RGCT-RasGAP C-terminus domain. Domain percent homology is
shown. Adapted from [15, 16]. Also shown binding partners of IQGAP2 identified to date. While it has been confirmed that IQGAP2 co-
immunoprecipitates with β-catenin [27], RGCT is marked as a domain responsible for β-catenin binding based on analogy with IQGAP1.
A list of IQGAP1 numerous binding partners can be found in [28].

specific emphasis on the development of HCC. Compelling
recent data have introduced IQGAP2 as the newest addi-
tion to the long list of HCC-related tumor suppressors
and potential molecular targets for much needed curative
therapy.

2. Multifunctional IQGAP Protein Family

IQGAPs represent a small subgroup of an evolutionally
conserved superfamily of GTPase-activating proteins (GAPs)
[11]. In humans and mice, the IQGAP protein family consists
of three members-IQGAP1, IQGAP2 and IQGAP3 [12–15].
IQGAPs are highly homologous multidomain proteins that
integrate Rho GTPase and Ca2+/calmodulin signals with
cell adhesive and cytoskeletal reorganizational events [16].
All three are large cytoplasmic scaffolding proteins (MW
180–190 kDa). Their domain structure includes an actin-
binding calponin homology (CH) domain, a single WW
domain capable of binding various proline-rich proteins,
four IQ motifs binding calmodulin, a large GTPase binding
domain (GBD) known to bind Rho GTPases Rac1 and
cdc42, and a RasGAP C-terminus domain (RGCT) (Figure 1)
[16]. The GTPase binding domain in IQGAPs lacks an
arginine residue, essential for GTP-hydrolysis, which may
explain why none of the IQGAPs demonstrated in vitro
GAP activity toward GTPases [17]. Rather, IQGAPs are
believed to stabilize the active GTP-bound form of both
Rac1 and cdc42 [18, 19]. Among the three homologs,
IQGAP1 is the most extensively studied to date. IQGAP1
has been shown to play a role in multiple cellular processes
requiring cytoskeletal rearrangement, including cell motility,
polarity, proliferation, and differentiation [16]. Significant
amount of evidence also implicates IQGAP1 in promoting
tumorigenesis in various cancers [20, 21], characterizing it

as a bona fide oncogene. Unlike its ubiquitously expressed
homolog, IQGAP2 is predominantly expressed in liver,
kidney and platelets [13, 22], and its physiological role
remains largely understudied. Both IQGAP1 and IQGAP2
appear to have functional significance in platelets. IQGAP1
may modulate platelet procoagulant function by regulating
the secretory pathway of α-granule exocytosis [23], while
IQGAP2 functions as a unique scaffolding protein linking
thrombin activation to platelet cytoskeletal actin assembly
and reorganization, a finding consistent with the IQGAP2
domain structure [22]. Peculiar chromosomal localization of
the IQGAP2 gene within the proteinase activated receptor
(PAR) gene cluster in both the human and mouse genome
[22, 24] also supports the notion that IQGAP2 and PARs
may be components of a functional genomic unit uniquely
evolved to facilitate thrombin-mediated signaling. The most
recently discovered member of the IQGAP family, IQGAP3,
is expressed predominantly in the brain and regulates
neurite outgrowth [15]. There also have been two reports
on potential function of IQGAP3 in liver. A genome-wide
microarray expression profiling of 24 HCC tumors revealed
upregulation of the IQGAP3 gene, along with several other
genes located at 1q22, a region commonly amplified in HCC
[25]. IQGAP3 expression was also shown to be increased
in proliferating hepatocytes in a mouse liver regeneration
model [26].

3. IQGAP1 and IQGAP2 Play Opposing Roles in
Hepatic Carcinogenesis in Mice

While the molecular mechanisms leading to HCC may
differ by etiology, it generally evolves through a multistep
process involving hepatocyte destruction, proliferation and
regeneration. At the molecular level, both genetic and
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)#2-(/4,(-122>,(2*,$191$D(-3,(1&,"-1-.(#9(-3,(J&$EK%;AB()/.(&199,4(/$$#4&1"7(-#(-3,($,++(-.*,5(
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!"#$%&$'()$*+,*-&$"./0%".1$2("$%'3*1(&(4.$2("4*)%('$*'1$20'#)%('*

<6"* 2B* +,-* 9/.>2.8* 7-7J-6* 39* 1* B7100* 91720D* 39* B+6/"+/6100D* 6-01+->* .3.46-"-5+36* +D63B2.-*

#2.1B-B)*"100->*+,-*<6"*91720D*#2.1B-B*A<KLC*+,1+*2."0/>-B*<6")*M-B*KD.*1.>*+,-*,-71+3532-+2"*

6-B+62"+->*7-7J-6B*N"#)*OD.*1.>*K86'PF*<6")*+,1+*501DB*1*#-D*630-*2.*6-8/01+2.8*I1623/B*B28.10*

+61.B>/"+23.*51+,Q1DB)* 2B*>-B"62J->*1B*1*"-.+610*,/J*39*+,-*2.I1>3B37-*.-+Q36#'RF*=23.--6*

Q36#* JD* @16",2B23* 1.>* "3001J361+36B)* >-73.B+61+->* +,-* 1J202+D* 39* S3/B4B16"371* I26/B*

-."3>2.8* +,-* I4<6"* 3."38-.-* +3* 2.>/"-* +,-* 93671+23.* 39* K41"+2.* >3+B* 1.>* 63B-++-B* 1+* +,-*

I-.+610* 7-7J61.-* 2.* TNL* "-00B&HF* U-00/016* <6"* Q1B* 6-V/26->* 936* 72+38-.-B2B* 2.2+21+->* JD*

7/0+250-*863Q+,*91"+36*6-"-5+36B'E)*2."0/>2.8*+,-*6-"-5+36B*936*-52>-6710*863Q+,*91"+36*AWXKC)*

501+-0-+4>-62I->*863Q+,*91"+36*A=?XKC*1.>*"303.D*B+27/01+2.8*91"+364$*AU<K$C)* +,1+*Q-6-*100*
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Z.+-6-B+2.80D)*@1>-6* -+* 10F&'* 10B3* >-73.B+61+->* +,1+* <6"* 2B* .3+* 6-V/26->* 936* +,-* 1"+2.* "36-*
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6-B2B+1.+*+3*1*,28,*"3."-.+61+23.*39*+,-*==&*2.,2J2+36P$F*;.3+,-6*-]1750-*"37-B*9637*+,-*2.*

149



!"#

!"!#$ %&'()"*+"#,$ #-$ ",!.%#*#%"./0"1&$ *)#+)2'"#,'$ ",$ +3&$ 4&5).-"'3$ ",+&'+",&$ &*"+3&0"26789$
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161



!"#

!"#$!#%&'(!)&(*)(+(!,"-&$!&.& /&0,"&1&),2"3&4)#&-$5#&$*$67-(-&-),'-&!)$!&6(*#$"&(*8$%,-,5#-&

$"#&*,!&-#*-(!(8#&!,&9":&(*)(+(!,"-3&9:$6#&+$"-;&1<& 53&

&

!"#$%&'(;&9":& (*8,68#5#*!& (*& (*8$%,-,5#&%#="$%$!(,*&$:!(8(!73&>?@&A#B"#-#*!$!(8#&:,*0,:$6&

5(:",-:,B7&(5$=#-&,0&CDEFG4G&:#66-&$*%&CDEFG4G&:#66-&#HB"#--(*=&IJKFL1MN%:OM&-##%#%&,*&

=#6$!(*FAD4N& $*%& !"#$!#%& ,"& *,!& '(!)& 9":& (*)(+(!,"-& >9PQQ.Q& ,"& KKM@& 0,"& MO& ),2"-3& ?0!#"&

0(H$!(,*R&:#66-&'#"#&-!$(*#%& 0,"&JF$:!(*&>(*-#"!-@3&S6$:T&$"#$-&:,""#-B,*%& !,&:#66&%#="$%$!(,*&

$:!(8(!73& 4)(-& $*$67-(-& "#8#$6-& !)$!& CDEFG4G& :#66-& $"#& 2*$+6#& !,& %#="$%#& =#6$!(*& $!& !)#&

:,*!"$"7& ,0& CDEFG4G& :#66-& #HB"#--(*=& IJKFL1MN%:OM3& 9":& (*)(+(!,"-& !"#$!5#*!& (*)(+(!-&

%#="$%$!(,*& $:!(8(!7& ,0& !)#-#& :#66-3& 9:$6#& +$"-;& G<& 53& >S@& A#B"#-#*!$!(8#& :,*0,:$6&

5(:",-:,B7&(5$=#-&,0&CDEFG4G&:#66-&-##%#%&,*&=#6$!(*FAD4NU!7B#&D&:,66$=#*&5$!"(H3&4)#&:#66-&

'#"#& !"#$!#%& '(!)& !)#& (*%(:$!#%& 9":& (*)(+(!,"-R& $*%& $0!#"& 0(H$!(,*R& -!$(*#%& 0,"& JF$:!(*3&

V#="$%$!(,*&$:!(8(!7&,0&!7B#&D&:,66$=#*F(*%2:#%&(*8$%,-,5#-&(-&*,!&$00#:!#%&2B,*&9":&T(*$-#&

(*)(+(!(,*3&9:$6#&+$"-;&G<& 53&

&

&

)*+,-.'

&

4$+6#& D;& A),I4K$-#-& >N%:OMR& A),?& $*%& A$:1@& (*8,68#5#*!& (*& %(00#"#*!& 5,%#6-& ,0&

(*8$%,-,5#-3&*%R&*,!&%#!#"5(*#%W&XR&(*8,68#%W&FR&*,!&(*8,68#%3&

#

#

162



!"##$#%&'()*"#! "#$%&! '()*! '+$,! '-.-/-0$-1!
+,-,.,/0.!
(%1&)23%4"5!
,!!
-!!
0!!
./!!
678&)8#%595!
!
.&129&%:56)&("*'1"##5!
!
;<=>-,+,-;>!
/->?/@?ABC!
>BDE//!
F+/;DGEC!
/H#:B!
.<@CGIJKD!

!"#$%&&'()*+",-.#/0*+%12.3+%&2"0.+245)6&2#.3%*%#%12#."0.3+"16+/.
-5160.16,+%3-642#7 !"

8",+%&595)2'*2320*20&.:%+16&"%0.%:.3%*%#%16).6*-2#"%0.
#&+5,&5+2#."0.3+"16+/.-5160.16,+%3-642#7 ##$%&'%($

;245)6&"%0.%:.3%*%#%12.*/061",#.9/.!(<3.3-%#3-%+/)6&"%0=.
"13)",6&"%0."0.16&+">.*24+6*6&"%0.60*.,-21%&6>"#."0.16,+%3-642#7
#((

;-%.60*.;6,.2>2+&.60&64%0"#&",.:50,&"%0#.%0.#3+26*"04.%:.
16,+%3-642'*2+"?2*.15)&"05,)26&2*.,2))#.60*.6+2.0%&.+2@5"+2*.:%+.6,&"0.:"92+.
:%+16&"%07 ##$%)%&'%*+

;245)6&"%0.%:.6,&"0.+"04.:%+16&"%0.9/.+-%.ABC6#2#."0.%#&2%,)6#&#7
(,-

D0&24+6).+%)2#.%:.6.4560"02.05,)2%&"*2.2>,-6042.:6,&%+E.
F(;CGE."0.%#&2%,)6#&.3%*%#%12.+26++6042120&#7 (.

(36&"&2'12*"6&2*.6,&"0.*/061",#."0.+2#%+9"04.%#&2%,)6#&#7
#/

;-%'(."#.,+"&",6).:%+.%#&2%,)6#&.3%*%#%12.%+460"H6&"%0E.
1%&")"&/E.60*.9%02.+2#%+3&"%07 (*/

B-2.#16)).ABC'9"0*"04.3+%&2"0E.+-%.3GIE."#."0?%)?2*."0.9%02.
+2#%+3&"%0.9/.+245)6&"04.,/&%#$2)2&6).%+460"H6&"%0."0.%#&2%,)6#&#7
#-,%)%&'%"+

;6,."#.+2@5"+2*.:%+.,%0#&"&5&"?2.16,+%3"0%,/&%#"#.9/.*20*+"&",.
,2))#.95&.*%2#.0%&.,%0&+%)."&#.*%J0+245)6&"%07 #-

K%0:"45+6&"%0.%:.-5160.*20*+"&",.,2)).,/&%#$2)2&%0.9/.;-%.ABC6#2#E.
&-2.!(<.3+%&2"0E.60*.*"::2+20&"6&"%07 !,

163
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!#'+%&#5(#&'+&0'4-/./'+)6/#*4'+5)*/&#*/+4*+&#/.&,+,#+7&)(''.*7#+,#'+=0%./)7@/#'+*)&5.4$+
7=#N+-#'+.*(5.4$+FG1*,2L,;+C#'+&0'4-/./'+,#:&)*/+O/&#+7)*9(&50'+'4&+4*+%-4'+3&.*,+*)56&#+
,".*(5.4$>+.(*'(+84"#*+%.&.--E-#+'4&+-#'+=0%./)7@/#'+%&(5.(&#'+(')-0'+,#'+')4&('+FG1*,2L,;+!#+
/&)('(E5#+5),E-#+54&(*+FG1*,2L-6>+84(+#'/+#*+7)4&'+,#+&0.-('./()*>+,#:&.(/+*)4'+%#&5#//&#+
,")6/#*(&+ 4*#+ #$/(*7/()*+ #99(7.7#>+ (*,47/(6-#+ #/+ '%07(9(84#+ ,#+ 1*,2+ ,.*'+ -#+ 9)(#>+ .9(*+
,".*.-@'#&+-#+&B-#+,#+1*,2+,.*'+-"=)50)'/.'(#+=0%./(84#;++
+
<4&.*/+ -.+ ,#4$(E5#+ %.&/(#+ ,#+ 7#+ /&.:.(-+ ,#+ /=E'#>+ *)4'+ *)4'+ ')55#'+ (*/0&#''0'+ .4$+
(*:.,)')5#'>+ '/&47/4&#'+ ,".7/(*#+ (5%-(840#'+,.*'+ -"(*:.'()*+ 7#--4-.(&#;+P)4'+*)4'+ ')55#'+
.//.7=0'+ Q+ 0/.6-(&+ 4*#+ '(3*./4&#+ 5(*(545+ ,#'+ (*:.,)')5#'>+ 7"#'/+ Q+ ,(&#+ Q+ ,09(*(&+ -#'+
%&)/0(*#'+7)554*#'+.4$+,(990&#*/'+5),E-#'+,"(*:.,)')5#';+L(*'(+*)4'+.:)*'+5)*/&0+84#+-.+
RJS.'#+ C,7TU+ #/+ -.+ %&)/0(*#+ ,"07=.9.4,.3#+ JV'W+ ')*/+ *07#''.(&#'+ Q+ -.+ 9)&5./()*+ #/+ -.+
9)*7/()*+ ,#'+ (*:.,)')5#'+ ,.*'+ /)4'+ -#'+ /@%#'+ 7#--4-.(&#'+ %&0'#*/.*/+ ,#'+ (*:.,)')5#';+<#+
%-4'>+*)'+ &0'4-/./'+ &07#*/'+ '433E&#*/+ -"(5%-(7./()*+,#+ -.+%&)/0(*#+1*,2+,.*'+ -.+ 9)*7/()*+,#+
,03&.,./()*+,#'+ (*:.,)')5#';+C#+&0'4-/./+.+0/0+)6/#*4+,.*'+,#4$+ -(3*0#'+,(990&#*/#'>+4*#+
-(3*0#+ ,#+ 7.*7#&+ ,4+ '#(*+ #/+ 4*#+ -(3*0#+ ,#+ 50-.*)5#>+ #/+ ,#:&.+ O/&#+ &#%&),4(/+ ,.*'+ ,#'+
-(3*0#'+,#+CDC'+7.%.6-#'+,#+9)&5#&+,#'+(*:.,)')5#';++
+
L(*'(>+ 7#+ /&.:.(-+ ,#+ /=E'#+ .+ %#&5('+ ,#+ 5#//&#+ #*+ %-.7#+ ,#+ *)4:#.4$+ 5),E-#'+ 54&(*'+ #/+
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!"#$%&'()*)+)'(,('(-!(.)
 
!"#$%$&'"(#)*+,)*-,*!,*./00)*102*3,*4,*5#167,*897#*:71;#*102*+&<#'#06*&=*>("$&"?1@6@* (0*
A/?6/$#,B*:&%(#6C*&=*-#0#$1?*47C@(&?&D(@6@*:#$(#@*EF*GHIJJKL*MJNJO,*
*
!"&/PQ?#??1)* !,)* 9,* -$1'?(%7)* A,* >$(6@%7)* 102* 9,* -10@?#$,* 8AP+C%* !';?(=(%16(&0* (0*
5#;16&%#??/?1$* A1$%(0&'1* 4$#2(%6@* R0=1<&$1"?#* 4$&D0&@(@,B*+&2#$0* 4167&?&DCL* !0* S==(%(1?*
3&/$01?* &=* 67#* R0(6#2* :616#@* 102* A1012(10* !%12#'C* &=* 4167&?&DC)* T0%* I)* 0&,* F* G>#"$/1$C*
HIIUKL*IMNIV,*
*
!"$1')*A?1$#*W,)*.1$$#0*>,*:#1?@)*T10*41@@)*.10(#?*:1?(0@XC)*W(@1*+1/$#$)*97#$#@#*+,*Y&67)*102*
:1$1* !,* A&/$60#(2D#,* 897#* !21;6&$* 4$&6#(0* >(@7* !@@&%(16#@* Z(67* +#'"#$@* &=* 67#* !.!+@*
>1'(?C* 102* W&%1?([#@* 6&* 4&2&@&'#@* &=* :$%P9$10@=&$'#2* A#??@,B* 97#* 3&/$01?* &=* \(&?&D(%1?*
A7#'(@6$C*FJV)*0&,*HI*G+1C*I)*FOOEKL*HUV]]NMH,**
*
!?"$#%76)* 3,* 5,)* 102* W,* ^,* 510@#0,* 8AC%?(0* .H* 4$&'&6#@* +(6&D#0PT02#;#02#06* A#??* AC%?#*
4$&D$#@@(&0*(0*5#;16&%C6#@,B*A#??*-$&Z67*_*.(==#$#06(16(&0L*97#*+&?#%/?1$*\(&?&DC*3&/$01?*&=*
67#*!'#$(%10*!@@&%(16(&0*=&$*A10%#$*Y#@#1$%7*HO)*0&,*U*G3/0#*HIIIKL*EIJN]O],*
*
!?#`102#$)*a#?@&0*Y,)* ^#<(0*+,*\$10%7)*!$&0*41$#X7)* Q'(?C* :,* A?1$X)* T[/%7/XZ/*A,* TZ/#X#)*
:%&66* !,* -/#?%7#$)* 102* !?(@@1* +,* b#1<#$,* 8Q`6$1%#??/?1$* +16$(`* Y(D(2(6C* 4$&'&6#@*
T0<12&;&2(1*!%6(<(6C,B*A/$$#06*\(&?&DCL*A\*HV)*0&,*HJ*G:#;6#'"#$*I)*FOOVKL*HFIMNII,**
*
!'(6)* :71$&0)* !21* 516[/"1()* c11$1* \($'10)* 3#0@* :,* !02#$@#0)* Q66(* \#0P:7/@710)* +1667(1@*
+100)* c(0&0* \#0Pa#$(17)* 102* T$(6* !?X1?1C,* 8!`(0P+#2(16#2* A^T* 47&@;7&$C?16(&0* &=* \#61P
A16#0(0*16*:#$*]ML*!*+&?#%/?1$*:Z(6%7*=&$*67#*b06*4167Z1C,B*-#0#@*_*.#<#?&;'#06*HU)*0&,*
I*G+1C*H)*FOOFKL*HOUUNJU,**
*
!6[&$()*W/(D()*-(/@#;;#*4&?()*102*!02$#1*4#$$1,*85#;16(%*:6#??16#*A#??L*!*:61$*A#??*(0*67#*W(<#$,B*
97#* T06#$016(&01?* 3&/$01?* &=* \(&%7#'(@6$C* _* A#??* \(&?&DC* ]H)* 0&,* VNI* G:#;6#'"#$* FOOIKL*
HUEIN]F,**
*
!<$/%7)*3,)*.,*d7&/)*3,*>(61'106)*102*a,*\1$2##@C,*8+@6HeF*:(D01??(0D*6&*c1;L*-16#X##;#$*=&$*
W(<#$*:([#*102*9/'&/$*.#<#?&;'#06,B*\$(6(@7*3&/$01?*&=*A10%#$*HO])*0&,*H*G310/1$C*])*FOHHKL*
F]NEF,**
*
![[1$#??()*Y&"#$61)*Q'(?(#*41%1$C)*Y(6/*-1$D)*416$(%(1*-1$%#[)*.#""(#*<10*2#0*\#$D)*47(?(;;#*
Y(&/)* !00#* 3,* Y(2?#C)* Y&?102* 5,* >$(#2#?)* +122C* 41$@&0@)* 102* >$10f&(@* -/(??#'&6,* 8!0*
!061D&0(@6(%* T06#$1%6(&0* "#6Z##0* 4?#`(0\F* 102* Y02E* A&06$&?@* Y7&!* !%6(<(6C* 102* A&$6(%1?*
a#/$&0*+(D$16(&0,B*a16/$#*A&''/0(%16(&0@*M*GFOH]KL*E]OM,**
 



 

 188 

!"##$%&$'()*'+$,-!$./0",-1*%"2"-3/245#$4(3'"2$'/,-62'78-9/8:/#;,-62'78-</8:,-9"';"-3"'8;"(
9"24"2"'$%,-9"'"-=7$'%%$2,->.2"87/-<?'$4(@/.$',-A/%?-9B-3"'8;"(C$'D*./,-@/%"-9B-3*"%8:,-
"2D-A/%?-E$''"D/B-F@:/6-=$G787$28H-I#&$'%-</%&2"&"#-1*+J$2&'78*#"'-K/2$-=$J$#/LM$2&-"2D-
&:$- N*M+$'- /G- O"#+72D72(6PL'$%%72.- N$*'/2%- 72- &:$- Q#G"8&/'H- !*#+- /G- 9/*%$BR- !"#$%&
'(")*()"+&,&-)%*($.%,-A*#H-ST,-UTSVB--
 
!"'D(O:"L$"*,- 6M7#7$- IB,- 1:*"2.W$7- )7,- A72- =72.,- 1:"'/2- 1B- K:"2.,- X$#$2- XB- K:*,- Y'$D$'78-
<'728$2,-=7"2$-=B- Y"2.,- $&- "#B- F<&L2SSZ1:LU-I8&%- "%- "- E*M/'- 1*LL'$%%/'- 72-X$L"&/8$##*#"'-
O"'872/.$2$%7%BR-/#%*+"&/+00-S[,-2/B-\-]9"H-S^,-UTSS_`-aU[bc[B--
-
!$d&78,-A"%M72,-Q#7J$'-IB-e'*#78:,-3"+'7$#$-=/+#$',-f*'&-f/G#$',-Y#/'7"2-g$+$'"##,-K/'"2-O*#7.,-
3$/'.-!"'&%8:,-"2D-X$#M*&-f#/8d$'B-F>D$2&7G78"&7/2-/G-3$2$%->2J/#J$D-72-6%&'/.$278-I8&7/2-72-
&:$-X*M"2-<'/%&"&$-g%72.-978'/"''"H-I2"#H%7%BR-3$2/M78%-hc,-2/B-S-]A"2*"'H-UTTV_`-cVbVVB-
-
!$d&78,-A"%M72,-f"'72"-<G$7#,-I2D'$"%-<"*#-!$'.$',-@$72:/#D-@"M/2$',-I#$P"2D'$-<$#4$',-3$/'.-
18:iG$',- f*'&- f/G#$',- 3$/'.- !"'&%8:,- "2D- X$#M*&- f#/8d$'B- F1M"##- 3(<'/&$72- @:/6- >%-
g2D$'$PL'$%%$D- 72- <'/%&"&$- O"28$'- "2D- >2D*8$%- O$##- OH8#$- I''$%&- "2D- IL/L&/%7%BR- E:$-
<'/%&"&$-aV,-2/B-V-]1$L&$M+$'-S,-UTT\_`-ccUbVTB--
-
!$2:"M/*8:$,- 1"M7'",- E:/M"%- =$8"$2%,- O?87#$- 3/D"'D,- @?.72$- O:"M+'$H,- ="J7D- 1B-
@78dM"2,-O:'7%&/L:$-9/72"'D,-97'$7##$-C"%%$*'(O/.2$&,-$&-"#B-FIL8-E*M/'-1*LL'$%%/'-3$2$-
>%-&:$-jK/2"&7/2(f$$L$'k-/G-9/*%$-)7J$'BR-1+2+0.34+%(#0&/+00-ST,-2/B-a-]A*2$-UTTa_`-^\[b^TB-
-
!$'D$"*P,-@$+$88"-)B,-!$./0"-=;"4,-)/M7-f7M,-"2D-3B-1&$J$2-9"'&72B-FI8&7J$-@:/->%-)/8"#74$D-
&/-</D/%/M$%->2D*8$D-+H-Q28/.$278-1'8-"2D->%-@$l*7'$D-G/'-E:$7'-I%%$M+#H-"2D-Y*28&7/2BR-
E:$-A/*'2"#-/G-O$##-!7/#/.H-Saa,-2/B-c-]I*.*%&-U,-UTTV_`-cS^bUcB--
-
!/7.$,-CB,-<B-)"*'$2&(<*7.,-<B-Y/*8:$&,-AB-YB-Y#?m/*,-3B-9/2.$%,-<B-!$D/%%",-<B-!7/*#"8(1".$,-$&-
"#B- FO/28$'&$D- N/2%H2&$278- I##$#78- )/%%$%- 72- XHL$'L#/7D- X$L"&/8$##*#"'- O"'872/M"- "%-
=$&$'M72$D-+H-"-X7.:(@$%/#*&7/2-I##$#/&HL$BR-O"28$'-@$%$"'8:-\^,-2/B-ST- ]9"H-S\,-S[[^_`-
S[hab[TB-
-
!/%W$##,-1"'":-IB,-<"&-<B-Q2.*%":",-<"*#-N.:7$M,-"2D-1"M-eB-)$$B-FE:$-<'/&$8&7J$-@/#$-/G-"-
1M"##- 3E<"%$- @:/6- "."72%&- gC!(>2D*8$D- =NI- ="M".$- 72- f$'"&72/8H&$%BR- E:$- A/*'2"#- /G-
!7/#/.78"#-O:$M7%&'H-UhU,-2/B-^-]Y$+'*"'H-Sa,-UTT^_`-Vh\Tb\hB-D/7`STBST^VZm+8B9aST\cUUTTB-
-
!/*'$*P,- I2&:/2H,- 6MM"2*$#- C7.2"#,- 1"2D'72$- Y"*'$,- "2D- <:7#7LL$- Y/'&B- F6J/#*&7/2- /G- &:$-
@:/- Y"M7#H- /G- @"%(#7d$-3E<"%$%- 72- 6*d"'H/&$%BR-5.0+*)0#"& !$.0.67& #%8& 92.0)($.%- UV,- 2/B- S-
]A"2*"'H-UTT^_`-UTcbSaB--
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!"#$%&'() *+() ,+) -%) !.%'%/() 0+) 12&3%/4%/4%&() !+) 5%%/6'() 2&3) 7+) 89''%+) :*9;%/) <%..)

=%6%/">%&%96?@)A#&B69"&')"C)D"&E,2/%&BF?G2.)<%..'+H)!"#$%&)IJ()&"+)KLM)NKOOPQ@)KRRLJS+)
!"?2#.6() T2&3/9&%() -2;93) T+) U9B4G2&() V#/W.9%&) 3%) U%?&9X'() <F2/.%') !2.2Y2#3() T2&3/2)

U%Y"#9''"#() 7GG2&#%..%) Z%2&&"6() V#/W.9%) =W/2#.6() %6) 2.+) :[/2&'B/9\6"G%) <.2''9C9B269"&) "C)

=<<)]')U%.26%3)6")5%&%)V.6%/269"&')2&3)6")D%$)[F%/2\%#69B)[2/>%6'+H)=%\26".">?)N!2.69G"/%()

^3+Q)IR()&"+)K)NZ2&#2/?)P__`Q@)IPLRP+))

)

!/2%6() A9.9\() 2&3) 7339%) 89''%+) :T6/#B6#/2.) 2&3) A#&B69"&2.) V'\%B6') "C) *9;%/) T9&#'"932.)

7&3"6F%.92.)<%..)A%&%'6/2%@)V)U%;9%$+H)'(%)*+*,-.&/0&)*,(1(2$)K()&"+)K)NV#>#'6)PM()P__PQ@)K+)
)

!/2%#&9&>() V.Y%/6() <2/9&2) ]66/9BF() <F/9'6"\F) 0aF.%() T6%\F2&) =29.C9&>%/() ^9BF2%.) !"&9&()

V.Y/%BF6)!#BFG2&&() 2&3)^9BF2%.) TBF$2/b+) :-9CC%/%&692.)5%&%)7c\/%''9"&) 9&),%/9\"/62.) 2&3)

,%/9;%&"#')^"#'%)=%\26"B?6%'+H)[F%)A7!T)Z"#/&2.)P`M()&"+)PP)ND";%GY%/)P__JQ@)R_RKLJK+))

)

!/2%#&9&>()V.Y%/6()<2/9&2)]66/9BF()<F/9'6"\F)0aF.%()V.Y/%BF6)!#BFG2&&()2&3)^9BF2%.)TBF$2/b+)

:d"&2.)5%&%)7c\/%''9"&)9&)^"#'%)*9;%/)U%'%GY.%')7c\/%''9"&),266%/&')"C)=2EU2')2&3)!%62E

<26%&9&) ^#626%3) =%\26"G2'+H) -/#>) ^%62Y".9'G) 2&3) -9'\"'969"&@) [F%) !9".">9B2.) A26%) "C)

<F%G9B2.')MR()&"+)I)NV\/9.)P__`Q@)R_ML`+))

)

!/2;"E<"/3%/"()Z"'%)Z2;9%/()^266F%$)e'%/()f92"G9&>)<F%&()U"Y%/6)733?()*"#9')="3>'"&()2&3)

Z"F&)<"&3%%.9'+):V)D";%.)T\269"6%G\"/2.)UF"<)VB69;269"&),26F$2?)*"B2..?)U%>#.26%')<"C9.9&)

VB69;96?)26)]&;23"\"392+H)<#//%&6)!9".">?@)<!)PK()&"+)S)NV\/9.)PJ()P_KKQ@)JMRLII+))

)

!/WBF"6() <+() -+) 5"b#2B94() g+)^#/242G9() 2&3) ,+) ,26%/.9&9E!/WBF"6+) :^".%B#.2/) !2'%') C"/) 6F%)

-%;%."\G%&6)"C)=%\26969')!)19/#')N=!1QEU%.26%3)=%\26"B%..#.2/)<2/B9&"G2)N=<<Q+H)T%G9&2/')

9&)<2&B%/)!9".">?)K_()&"+)M)NZ#&%)P___Q@)PKKLMK+))

)

!/%''2B()!+()^+)0%$() Z+)82&3'()2&3)^+)eb6#/4+):T%.%B69;%)5)6")[)^#6269"&')"C)\RM)5%&%) 9&)

=%\26"B%..#.2/)<2/B9&"G2)C/"G)T"#6F%/&)VC/9B2+H)D26#/%)MR_()&"+)JMK`)NV\/9.)I()KOOKQ@)IPOL

MK+)3"9@K_+K_MShMR_IPO2_+)

)

!/9..()T+()T+)*9()<+)8+)*?G2&()-+)^+)<F#/BF()Z+)Z+)82'G#6F()*+)8%9''Y2BF()V+)!%/&2/3'()2&3)V+)Z+)

T&9i3%/'+) :[F%) U2') 5[,2'%EVB69;269&>E,/"6%9&EU%.26%3) =#G2&) ,/"6%9&) ]j5V,P) =2/Y"/') 2)

,"6%&692.) VB69&) !9&39&>) -"G29&) 2&3) ]&6%/2B6') $96F) <2.G"3#.9&) 2&3) UF") A2G9.?) 5[,2'%'+H)

3(1&451*+/*"6/'&1151*+/7-(1(2$)KJ()&"+)O)NT%\6%GY%/)KOOJQ@)ISJOL`S+)

)

!/#9c()Z"/39()^"//9')TF%/G2&()2&3),/2B69B%)5#93%.9&%')<"GG966%%()VG%/9B2&)V''"B9269"&)C"/)

6F%) T6#3?) "C) *9;%/) -9'%2'%'+) :^2&2>%G%&6) "C) =%\26"B%..#.2/) <2/B9&"G2+H) =%\26".">?)

N!2.69G"/%()^3+Q)IP()&"+)R)ND";%GY%/)P__RQ@)KP_SLMJ+))

)
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!"#$%&' ()&' *)' +)' ,-#.%-/#&' 0)' 1)' !2"$3/22&' 4)' 0.5-/%67&' .$3' 8)' 9)' +:$/%)' ;<:$=>?"#.@>:$' :='
A"B.$'C/$3#>@>5'</22'<7@:%6/2/@:$'D7'E-:'8,1.%/%&'@-/'F*('1#:@/>$&'.$3'C>==/#/$@>.@>:$)G'
!2::3'HI&'$:)'J'K*"?"%@'LM&'NOOLPQ'LLJNRJH)'
'
!"@&' C.S>3TU>"TV"/$&' <->$?T4"$?' 4.>&' .$3' 0.$TW"$?' U"/$)' ;X.@"#.2' A>%@:#7' :=' A/Y.@>@>%T
E/2.@/3' A/Y.@:5/22"2.#' <.#5>$:B.)G'!"#$%& '"(#)*$& "+& ,*-.#"/)./#"$"012& !',' LJ&' $:)' LL'
K0.#5-'NL&'NOOIPQ'LZMNRMZ)'
'
<.22/&' U:2.$3.&' (>:D-.$' !"#$%&' *3#>.$' +)' ,-#.%-/#&' .$3' 8.#/@-' 9)' +:$/%)' ;,-/' 4/"6:57@/'
1:3:%:B/)G'9"#:Y/.$'+:"#$.2':='</22'!>:2:?7'IM&'$:)'[RJ'K*Y#>2'NOOZPQ'LMLRM\)''
'
<.2S>%>&'C>/?:'W)&'(.#.'4.3"&'*2/]>%'8:#3/$&'0>#>.B'W.#>$.&'+"T(/:?'4//&'92>^.D/@-'*)'<:$$/#&'
_$%.'(5-#:/3/#&'`.2/$@>$.'0)'W.5@:#&'.$3'($:##>'()',-:#?/>#%%:$)';0/5-.$>%@>5'.$3'1#:?$:%@>5'
(>?$>=>5.$5/' :=' *D/##.$@' 0/@-72.@>:$' >$' @-/' 0:2/5"2.#' 1.@-:?/$/%>%' :=' A"B.$'
A/Y.@:5/22"2.#' <.#5>$:B.)G' ,-/' +:"#$.2' :=' <2>$>5.2' _$S/%@>?.@>:$' LL\&' $:)' H' K(/Y@/BD/#'
NOO\PQ'N\L[RNN)''
'
<.#>:T,:"B.$>.$@^&' <)&' 8)' E/>22."3:"]&' `)' (."^/."&' W)' A/"@@/&' X)' `.>22.$@&' 0)' W>$/@&' 1)'
<-.#3>$&' 8)' 4:>#.$3&' .$3' 1)' 1.5."3)' ;0:3"2.@>:$' :=' E-:*TE-:' V>$.%/T0/3>.@/3' <.Na'
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Abstract 

RhoGTPases, members of the Ras superfamily of small GTPases, are general modulators of 

cellular processes important for tumor biology. Among these proteins, Rnd3, an atypical 

RhoGTPase devoid of GTP hydrolytic activity, has recently been extensively studied for its 

putative role in tumorigenesis. Indeed, Rnd3 is implicated in processes, such as proliferation 

and migration, whose deregulation may lead to cancer development and metastasis. The aim 

of this review is to provide an overview of the data available about Rnd3 deregulation in 

cancers, its origin and consequences. There is no consensus about Rnd3 expression in 

cancers as this protein is differently altered according to the tumor context, but these 

alterations are always in favor of a pro-tumorigenic role. Thus, depending on the tumor types, 

it behaves either as a tumor suppressor, or as a tumor promoter. Interestingly, the 

deregulation of Rnd3 is often linked to patient poor outcome. Thus, Rnd3 may be used as a 

prognostic marker as exemplified in lung cancers and Rnd3 or Rnd3 pathway may represent 

a new putative therapeutic target. 
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Small GTP-binding proteins are signaling components that are important in converting 

extracellular stimuli into a wide range of cellular responses. Rho GTPases which are part of 

the Ras superfamily of GTPases control cell adhesion, cell cycle progression, cell migration, 

cell morphogenesis, gene expression and actin cytoskeleton dynamics. Therefore they play 

important roles in tumor biology. Genetic alterations to small GTPases underscore their 

important role. However, for a long time, in contrast with Ras, no gain- or loss- of function 

mutations were found in Rho GTPases in solid tumors. Recently, large-scale exome 

sequencing of tumors led to the discovery of recurrent mutations into Rho GTPase genes, 

such as gain of function mutations of RAC1 in human sun-exposed melanomas (Hodis et al., 

2012; Krauthammer et al., 2012) and mutations of RHOA in head and neck tumors 

(Lawrence et al., 2014) and in diffuse-type gastric cancers (Cancer Genome Atlas Research, 

2014; Kakiuchi et al., 2014). In addition to the mutational status of those two members, most 

RhoGTPase function is perturbed by mechanisms that involve altered regulation and 

expression. This is the case of Rnd3/RhoE, an atypical member of the Rho family, which is 

not, so far, described as mutated in tumors, but for which the expression is altered in an 

increasing number of cancers. 

1. Rnd3/RhoE, an atypical RhoGTPase member 

Besides the well-known triad, Cdc42, Rac1 and RhoA, the RhoGTPase family actually 

harbors 20 members. Rnd3/Rho8/RhoE belongs to the Rnd sub-family that also comprises 

the closely related Rnd1/Rho6 and Rnd2/Rho7/RhoN proteins, which share 54%–63% 

identity pairwise (Nobes et al., 1998). Evolutionary history of the Rho family revealed that 

Rnd members emerged in chordates, suggesting that they evolved relatively recently 

(Boureux et al., 2007). Rnd proteins have structural, as well as, functional features which 

make it pertinent to classify them as atypical RhoGTPases (Aspenstrom et al., 2007). Rnd1 

and Rnd3 have N- and C-terminal extensions of about 30 amino acids relative to Cdc42 

(Nobes et al., 1998). Unlike the best-characterized Rho family members that are 

geranylgeranylated, Rnd proteins are predominantly farnesylated. Unlike canonical members 

of the Rho family that are regulated by switching between an inactive GDP-bound and an 

active GTP-bound form, Rnd proteins are constitutively bound to GTP. Indeed, as these 

proteins lack amino acids that are critical for GTP hydrolysis, they have no detectable 

GTPase activity. Accordingly, in its basal state Rnd3 is not cytosolic, but is predominantly 

associated with membranes (Foster et al., 1996). As a consequence, regulation of Rnd3 is 

controlled preferentially by the balance between transcription/translation and degradation, 

and/or by post-translational modifications such as phosphorylation, rather than by classical 

Rho regulators such as GEFs, GAPs, and GDIs (Goh and Manser, 2012; Riou et al., 2010). 

In addition, Rnd proteins were also found regulated through interactions with other proteins, 
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such as 14-3-3 (Riou et al., 2013) or effectors as Syx/PLEKHG5 (Goh and Manser, 2012).   

In contrast with its atypical regulation, Rnd3 has been implicated in functions commonly 

regulated by RhoGTPases such as remodeling of the actin cytoskeleton and in many basic 

cellular processes such as cell proliferation, differentiation, survival, motility and adhesion. 

Rnd3 is ubiquitously expressed (Foster et al., 1996; Nobes et al., 1998), thus the in vivo 

function of Rnd3 has been established with the development of knockout mice that lack Rnd3 

expression (Mocholi et al., 2011). Rnd3 null mice died shortly after birth showing that Rnd3 is 

essential for postnatal development. In addition, Rnd3 ablation results in neuromotor 

impairment and neuromuscular alterations, suggesting a defect in the development of the 

nervous system (Mocholi et al., 2011). This has been confirmed in vitro using Rnd3-deficient 

hippocampal neurons that display a decrease of neurite and axon outgrowth and a delay in 

neuronal polarization (Peris et al., 2012). These defects were linked to the RhoA/ROCK 

signaling pathway. Indeed, Rnd3 was early described as a RhoA antagonist and involved in 

the regulation of actomyosin contractility. In addition to its role in neurons, Rnd3 was involved 

in smooth muscle contractility (Cario-Toumaniantz et al., 2003; Lartey et al., 2006) and 

cancer cell migration (Hidalgo-Carcedo et al., 2011; Pinner and Sahai, 2008).  

Rnd3 was also shown to regulate cell proliferation and survival, apparently independently of 

cytoskeleton remodeling (Pacary et al., 2013; Riou et al., 2010). Indeed, a recent in vivo 

study reported that Rnd3-/- mice developed hydrocephalus due to the overgrowth of 

ependymal epithelia through up-regulation of Notch signaling (Lin et al., 2013). Thus, this 

may reflect a novel function of Rnd3 independent on its actin-based role. 

Thus, Rnd3 has been implicated in different processes required for cancer development, 

such as cell proliferation, differentiation, survival and motility. The aim of this review is to 

provide an overview of the data describing the de-regulation of Rnd3 in cancers and its 

consequence. 

 

2. Rnd3/RhoE expression is differently altered in cancers 

A growing number of studies described the alteration of Rnd3 expression and function in 

tumors. Rnd3 expression is clearly deregulated in a majority of cancers, but there is no 

consensus about the nature of its alteration. Interestingly, Rnd3 expression is differentially 

regulated in various cancers. Indeed, Rnd3 mRNA and protein are under-expressed in 

biopsies from prostate and gastric cancers (Bektic et al., 2005; Chen et al., 2011) and over-

expressed in non–small cell lung (Cuiyan et al., 2007; Zhang et al., 2007) and pancreatic 

cancers. Thus, whereas Rnd3 over-expression is considered as an unfavorable prognostic 

factor in lung cancer, Rnd3 is also considered a tumor suppressor gene in prostate cancer. 

To address Rnd3 functions either as tumor suppressor or oncoprotein in specific cell types, 

an accurate description of the alteration of Rnd3 expression in the tumors is required. Thus, 
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it is important to make an overview of these deregulations and the way they have been 

stated. Indeed, the methods of analysis of gene expression and the numbers of studies and 

cases are key to achieve an exact description in the tumor context. Table I summarizes the 

data available about the deregulation of Rnd3 in various cancers and below is the description 

of the results obtained for each cancer type. 

 

2.1 Brain tumors 

Gliomas, arising from glial cells, are the most common intracranial malignant tumors in 

humans. Gliomas are categorized into grades I-IV based on the degree of malignancy, as 

determined by histopathological criteria. Grade IV glioblastoma multiform are highly 

aggressive neoplasms which have an elevated invasive capacity, infiltrating diffusely into 

regions of normal brain. Rnd3 was early described to affect the proliferation of U87 

glioblastoma cells (Poch et al., 2007). Rnd3 overexpression induced a decrease in the 

phosphorylation of the retinoblastoma protein, Rb and in the expression of cyclinD1 resulting 

in an inhibition of U87 cell cycle progression. Rnd3 expression was further shown to induce 

apoptosis in the same cell line. These results suggest a negative role of Rnd3 in 

glioblastoma development. However, Forsyth and collaborators recently found that 

expression of Rnd3 also increased migration and invasion of U87 cells in vitro and in vivo. 

Preliminary results from this group also found a significantly higher expression of Rnd3 in 

patients with highly invasive gliomas (Liacini et al., 2014). All together these results, that 

required to be consolidated, suggests that Rnd3 may play a role in the development of 

glioblastoma multiform, promoting a potential switch from proliferative, non invasive tumors 

towards non proliferative and highly invasive tumors. 

Rnd3 was also described to be up-regulated in the subependymal giant cell astrocytomas 

(SEGAs), a rare low-grade brain tumor often associated with tuberous sclerosis complex 

(Tyburczy et al., 2010). This latter disease is characterized by mutations in TSC1 or TSC2 

genes responsible for mammalian target of rapamycin (mTOR) activity resulting in 

dysregulation of cell growth, abnormal differentiation and tumorigenesis. Rnd3 was found as 

one of the genes significantly up-regulated in SEGA versus control brain in a microarray 

analysis. Moreover, this upregulation of Rnd3 was found to be driven by mTOR activity as 

rapamycin treatment led to a decrease of Rnd3 expression in SEGA cells (Tyburczy et al., 

2010). Thus, Rnd3 represents one of the candidate markers of SEGAs and, in contrary to 

glioblastomas, its expression is linked to the benign phenotype and relatively low 

invasiveness of these tumors. 

 

2.2 Digestive Cancers 

 Colon cancers 
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Colorectal cancer (CRC) is a common malignant tumor, where the prognosis is directly 

correlated with the extent of tumor invasion and metastasis. Studies describing Rnd3 

expression in CRC produced conflicting data. Indeed, two papers using both Chinese cohorts 

of patients reported, in an inapprehensible manner, opposite results. On one hand, Luo et al. 

(Luo et al., 2012b) demonstrated that Rnd3 act as a tumor suppressor gene in CRC. Using 

immunohistochemistry approach, Rnd3 was found to be significantly lower in CRC tissues 

(n=41) in comparison to normal tissues (n=49) and adenomas (n=41). Its expression further 

correlated negatively with miR-17 level found to be elevated in CRC. In vitro, miR-17 indeed 

targeted Rnd3 3’UTR and inhibiting Rnd3 reversed cell cycle arrest caused by inhibiting miR-

17, demonstrating the functional link between miR-17 and Rnd3 (Luo et al., 2012b). On the 

other hand, in a cohort of 202 paired tissues, Zhou and collaborators found a significantly 

elevated expression level of Rnd3 in primary CRC compared with adjacent normal tissues 

(Zhou et al., 2013). Moreover, Rnd3 expression was significantly correlated with depth of 

invasion, lymph node metastasis and distant metastasis. This link between Rnd3 expression 

and invasiveness was further confirmed by transwell assay using SW620 CRC cell line. Most 

importantly, this study found that patients with CRC with strong Rnd3 expression had a 6.78-

fold higher risk of relapse than those with CRC with negative straining. Consequently, 

disease-free and overall survivals were significantly poorer for patients with Rnd3-positive 

tumors than those with Rnd3-negative tumors. Thus, in striking contrast with the first study, 

Zhou and collaborators described Rnd3 expression as an independent prognostic marker for 

CRC patients. In both studies the large cases of tissues were analyzed by 

immunohistochemistry approach using two different antibodies and protocols, raising the 

importance of complementary approaches to confirm the deregulation of Rnd3 expression in 

patient samples. Another point is that in Luo et al. study, T1+T2 stage represented only 22% 

of the cases whereas in Zhou et al., it represented about 57% of the cases. In addition, the 

existence of distinct molecular subclasses of CRC may also explain this discrepancy. The 

microRNA miR200-b, which targets Rnd3 3’UTR was described as over-represented in 

TGFßRII-negative colorectal tumors (about 30% of CRC) when compared to TGFßRII-

positive tumors, suggesting that Rnd3 may be down-regulated in these tumors (Fu et al., 

2014). Work using CRC cell lines also demonstrated either a negative or no role of Rnd3 on 

cell proliferation (Table II). Thus, further work is required to clarify the level of Rnd3 

expression and its role in colorectal cancer. 

 

 Gastric cancers 

Although gastric cancer is the fifth most common malignancy in the world, it is the third 

leading cause of death (Fock, 2014). Overall incidence rates for gastric cancer have steadily 

declined over the past 50 years, particularly in developed countries, mainly due to anti-
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Helicobacter pylori therapies. However, drug resistance to chemotherapy and development 

of metastases are the major causes of patient mortality.  

Two recent studies demonstrated that Rnd3 expression is significantly higher in gastric 

cancer tissues as compared with normal gastric tissues (Chang et al., 2014; Feng et al., 

2013) and even more in metastatic lymph node tissues (Feng et al., 2013). This up-

regulation correlated with the differentiation grade and the prognostic of the patient, 

presenting Rnd3 as a prognostic marker and a metastatic-promoting gene for gastric cancer 

(Feng et al., 2013). In cultured gastric cells, Rnd3 expression was also linked to 

chemotherapy drug resistance. Indeed, the knockdown of Rnd3 enhanced the sensitivity of 

SGC7901/DDP cells, which are resistant to cisplatin (Chang et al., 2014), whereas its ectopic 

expression enhanced the resistance of the parental SGC7901 cells to several kinds of 

antitumor drugs (Li et al., 2009). Few studies further described the possible sources of Rnd3 

deregulation in gastric tumor cells. The expression of Rnd3 was described to be regulated at 

the transcriptional level by Hif1alpha in response to hypoxia (Zhou et al., 2011) and at the 

post-transcriptional level by miR-200c (Chang et al., 2014) in gastric cancer cells. An 

additional study, that claims that Rnd3 is down-regulated in gastric cancer patient samples 

(data not available), also demonstrated that its expression might be regulated at the 

epigenetic level and subject to histone deacetylation (Chen et al., 2011). The role of Rnd3 in 

gastric cancer has also been addressed in functional studies. Gain of function experiments 

clearly demonstrated that Rnd3 increases the invasive capacities of various gastric cancer 

cell lines in vitro and in vivo (Feng et al., 2013; Zhou et al., 2011). The way Rnd3 promotes 

cell invasion in gastric cancer cells still requires some investigations, but Rnd3 up-regulation 

was linked to hypoxia-induced epithelial-mesenchymal transition (Zhou et al., 2011) and to 

CXCR4, receptor of the cytokine CXCL12 involved in metastasis development, increase 

(Feng et al., 2013). Altogether, most of the data presented Rnd3 as a pro-metastatic gene in 

the stomach cancer. 

 

 Liver cancer 

Hepatocellular carcinoma (HCC) is the main primary malignancy of the liver and one of the 

most common and aggressive cancers worldwide, causing more than 500,000 deaths 

annually (Nordenstedt et al., 2010). Work from three independent laboratories, including 

ours, highlighted the alteration of Rnd3 in human HCC (Grise et al., 2012; Luo et al., 2012a; 

Ma et al., 2012). Rnd3 was found to be down-regulated in the majority of human HCC 

samples (n=120, 71 and 99, respectively in Grise et al., 2012, Ma et al., 2013 and Luo et al., 

2012) at both mRNA and protein levels. Interestingly, these studies are complementary as 

they were done in two different countries (China and France) suggesting that down-
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regulation is not related to patient origin and not to HCC etiology. Indeed, among the various 

etiologies linked to HCC development, the most prominent is chronic hepatitis B virus 

infection in southern Asia and hepatitis C virus infection and chronic alcohol consumption in 

Europe as found in the studied cohorts. In addition, irrespective of the patient cohort and the 

method used to detect Rnd3 expression, Rnd3 expression was frequently downregulated 

(66.7%-85% of HCCs) and by a least 2 folds in tumor samples. Compared to primary 

hepatocytes or to normal cell line hepatocytes (HL-7702), Rnd3 expression was also found 

down-regulated in a wide-spread variety of HCC cell lines. Altogether these data strongly 

attested of the down-regulation of Rnd3 in liver tumors. A consensus about the involvement 

of Rnd3 in invasion of HCC cells and in metastasis development can also be made from the 

literature. In the French cohort a correlation between the low level of Rnd3 and the presence 

of satellite nodules, which are intrahepatic metastases was found (Grise et al., 2012), and in 

the Asian cohorts Rnd3 down-regulation was associated with shorter disease free survival 

(Luo et al., 2012a; Ma et al., 2013). Thus, low Rnd3 expression may be used as a poor 

prognostic factor for HCC patients. Reproducing Rnd3 down-expression using RNA 

interference in cultured cells demonstrated that Rnd3 knockdown led to an increase of HCC 

cell invasiveness. This result was robust as different groups showed it in various cell lines 

(Table II). However, the mode of invasion was slightly different according to the studied cell 

type. We found that Rnd3 KD in Hep3B HCC cells induced an epithelial-mesenchymal 

transition with loss of E-cadherin and miR-200b/c, expression of ZEB2 and activity of 

Rac/Cdc42 (Grise et al., 2012). On the other hand, Ng and collaborators found that Rnd3 KD 

in Chinese tumor-derived cell lines activated the RhoA/ROCK pathway favoring an amoeboid 

mode of migration (Ma et al., 2013). In terms of cell proliferation, the findings were even 

more confusing as, depending on the cell line, the impact of Rnd3 knockdown on cell growth 

was different (Table II). Indeed, loss of function of Rnd3 led to cell growth inhibition in Hep3B 

and Huh7 (Grise et al., 2012) and, on the contrary, to cell growth enhancement in HepG2 

(Xia et al., 2013), whereas it has no impact in SMMC-7721 and BEL-7402 cell lines (Ma et 

al., 2013). Further work is required to better decipher the impact of Rnd3 on tumor 

hepatocyte proliferation. Thus, whatever its impact on cell cycle progression on liver tumor 

cells, at the opposite of gastric cancer, data demonstrated that Rnd3 is an anti-metastatic 

gene in hepatocellular carcinoma. 

 

2.3 Lung Cancers 

Lung cancer is the most common cancer among men in terms of both incidence and 

mortality worldwide and among women has the third highest incidence, and is second after 

breast cancer in mortality. Non-mall cell lung cancer (NSCLC) is the major histological 
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subgroup of lung cancer and its 5-year survival depends on the cancer type and stage. Rnd3 

mRNA and protein were early shown to be overexpressed in NSCLC, and was correlated 

with an unfavorable prognostic in patients, suggesting that Rnd3 expression could be used 

as a prognostic marker in patients with NSCLC (Cuiyan et al., 2007; Zhang et al., 2007). In 

order to translate into clinical application prognostic biomarkers for NSCLC, David Jablons’ 

lab selected and validated a prognostic model based on the expression of a limited number 

of genes. They first generated a 4-gene signature that was prognostic of long-term survival in 

patients with completely resected lung adenocarcinoma (Raz et al., 2008). This 4-gene 

signature included RND3 in addition to WNT3A, ERBB3 and LCK. Later on, the same group 

extended this signature and developed a qPCR-based 14-gene expression assay (Kratz et 

al., 2012). This signature was developed in a cohort of 361 patients and further validated in 

two other large cohorts of 433 and 1006 patients (Kratz et al., 2012). This practical molecular 

assay that worked only for non-squamous NSCLC, allowed the identification of patients with 

high risk of mortality after surgical resection. This robust signature, that predicted survival 

better than simple staging, was recently patented (US patent US20130059747 / European 

patent EP2726635A1) and developed as a kit for clinical use. This prognostic assay may 

help clinicians to adapt the chemotherapy to improve outcomes of their patients. Thus, even 

if no functional data was produced about Rnd3 impact in lung cancer cells, Rnd3 

overexpression is linked to bad prognosis and cancer progression for NSCLC patients.  

 

2.4 Skin cancer - Melanoma 

Research in the past decades has provided us with insights into the molecular mechanisms 

that drive melanoma tumorigenesis and cancer progression. Notably mutations of Rac1 were 

found recently in about 9% of sun-exposed melanoma, but the most common mutation found 

in melanoma, is mutations in the serine/threonine kinase B-RAF. B-RAF mutations, resulting 

in the activation of the protein and the ERK/ERK1/2 pathway, are found in about 60% of 

melanomas. A study focused on delineating mutant B-RAF regulated targets involved in 

malignant traits identified Rnd3 as a candidate (Klein et al., 2008). Rnd3 was found as a 

downstream effector of the oncogene B-RAF-mediated reorganization of the actin 

cytoskeleton. Indeed, oncogenic activation of the B-RAF-MEK signaling pathway induced 

Rnd3 expression in WM793 melanoma cells (Klein et al., 2008). The use of PLX4720, which 

selectively inhibits B-RAF kinase activity, decreased thus Rnd3 expression using a pathway 

that required Forkhead transcription factor FOXD3 (Katiyar and Aplin, 2011). Interestingly, 

Rnd3 expression was linked to the acquisition of an invasive melanoma phenotype. In vitro, 

Rnd3 depletion in WM793 melanoma cells reduced the invasive behavior of melanoma tumor 

spheroids in a ROCK1/2 dependent manner (Klein and Aplin, 2009). This ability of Rnd3 to 
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regulate melanoma cell motility was also found dependent on PDK1 level in A375 melanoma 

cells, as PDK1 competed with Rnd3 for binding to ROCK1 (Pinner and Sahai, 2008). 

Following treatment, patients generally develop resistance to agents targeting mutant B-RAF. 

Reproducing this phenomenon in vitro, the resistant cell subpopulation was shown to 

retained the ability to invade in a 3D microenvironment. It appeared that B-RAF inhibition 

using drugs invokes a switch in the utilization of the Rnd3-RhoA signaling pathway. Down-

regulation of Rnd3 expression and enhancement of RhoA activity participated in residual 

melanoma cell invasion following pharmaceutical B-RAF inhibition. Thus, the Rnd3-RhoA 

antagonistic function that regulates melanoma cell invasiveness may be targeted at various 

step of melanoma progression. Regarding cell growth, whereas Rnd3 silencing in MW793 

cells has no impact on cell cycle progression and tumor cell growth (Klein and Aplin, 2009), 

ectopic expression of Rnd3 led to a decrease in BrdU positive cells and to an increase of 

apoptosis in A375 melanoma cells (Poch et al., 2007). Besides these numerous data 

obtained in human cultured cells, studies relating the level of Rnd3 in melanoma patient 

samples are still missing.  

 

2.5 Prostate cancer 

One of the first studies demonstrating that Rnd3 was de-regulated in tumors was published 

for prostate cancer in 2005 (Bektic et al., 2005). Rnd3 expression was significantly lower in 

malignant when compared to benign prostate tissue samples. In addition, prostatic 

carcinoma cell lines showed lower amount of Rnd3 protein than primary human prostate 

epithelial cells (Bektic et al., 2005). These data suggested that Rnd3 is constitutively 

expressed in the benign prostate and down-regulated during carcinogenesis of the prostate 

gland. In this study, Rnd3 was further described as a tumor suppressor gene in prostate 

cancer as its overexpression in DU-145 prostate carcinoma cells induced cell growth arrest 

and cell death. Indeed, ectopic expression of Rnd3 inhibited the expression of cyclin B1 and 

Cdc2, two proteins essential for the G2/M transition (Bektic et al., 2005). On the other hand, 

Rnd3 was found overexpressed, together with 14 other genes, in LNCaP-C4-2 cells, which 

are associated with a higher metastatic potential when compared to the parental LNCaP cells 

(Trojan et al., 2005). Altogether these data suggest that Rnd3 may be down-regulated in 

prostate carcinoma to allow tumor growth and a re-expression may occur to favor invasion 

and metastasis development. Other clinical and functional studies are required to confirm 

these statements. 

 

2.6 Squamous cell carcinomas 

Squamous epithelial cells composed the most superficial layer of the epithelium. Rnd3 

expression was related to be de-regulated in various types of squamous cell carcinomas 
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(SCC). Rnd3 mRNA and protein levels were significantly downregulated in esophageal 

squamous cell carcinoma (ESCC) and cell lines (Zhao et al., 2012). And Rnd3 expression 

was associated with the clinical staging and lymph node metastasis in patients. Functional 

studies in ESCC EC1 cell line demonstrated that downregulation of Rnd3 expression 

promoted cell proliferation, cell invasion and cell apoptosis though modulation of the 

PTEN/PI3K/Akt signaling pathway (Zhao et al., 2012). Rnd3 was also implicated in 

squamous cell carcinomas that arise in skin epithelia. Rnd3 was found as a transcriptional 

target of activated Notch1, which is attenuated, through loss-of-function mutations in SCC 

cells (Zhu et al., 2014). Consequently, skin SCC showed a significant suppression of Rnd3 

expression when compared to normal controls tissues. The suppression of Rnd3 expression 

resulted in an increased proliferation and the failure to commit to differentiation in 

keratinocytes, thus demonstrating that Rnd3 expression is key for cell fate decision in 

epithelial tissues (Zhu et al., 2014). Functional study in A431 squamous carcinoma cell line 

also implicated Rnd3 in collective cell migration, where Rnd3 is required for limiting 

actomyosin contractility at cell-cell contacts and favor collective cell invasion (Hidalgo-

Carcedo et al., 2011). Thus, in this case loss of Rnd3 led to a defect in cell-cell adhesion and 

SCC cell collective invasion. Altogether these data demonstrated that alteration of Rnd3 

expression in squamous epithelial cells might favor tumor development.  

 

3. Overview 

Rnd3 has a diverse expression pattern, depending on the cancer types (Table I and Figure 

1). Rnd3 expression is decreased in prostate cancer and in hepatocellular and squamous 

cell carcinomas, whereas its expression is up-regulated in brain, gastric and lung cancers. 

But, in most of the cases, functional studies demonstrated that these alterations are in favor 

of a pro-tumorigenic role (Table II). Thus, depending on the tumor types, it behaves either as 

a tumor suppressor, or as a tumor promoter. This apparent controversy is probably linked to 

the origin and/or to the mutational status of the cancer cell. Whereas Rnd3 mRNA 

expression is ubiquitous in normal cells, its level of expression varies among tissues and was 

early shown to be particularly low in brain, pancreas, thymus, testis, and kidney (Foster et al., 

MCB96; Nobes et al., JCB98). Besides the transcript, the amount of Rnd3 protein may also 

be regulated according to the tissue of origin. Data about the expression levels of the Rnd3 

protein in human organs are still missing. In addition to this variability of expression in the 

healthy human tissues, the variability in tumor types may additionally be due to the 

mutational status. Indeed, dysregulated pathways are specific to each tumor types. Thus, the 

sources of Rnd3 deregulation are multiple. As a rather good correlation between mRNA and 

protein levels is usually found in tumors (Cuiyan et al., 2007; Grise et al., 2012; Zhao et al., 

2012), it is likely that Rnd3 deregulation may arise at a genomic, transcriptional or post-
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transcriptional levels. Rnd3 expression was indeed found deregulated at the epigenetic level 

through histone deacetylation in gastric cancer cells (Chen et al., 2011). Moreover, as 

described herein, the alteration of Rnd3 expression also involves miRNA deregulation such 

as in colorectal or gastric cancers (Chang et al., 2014; Luo et al., 2012b), mTOR pathway in 

astrocytomas (Tyburczy et al., 2010) or Notch1 and Hif1a, respectively in squamous cell 

carcinomas and gastric cancers (Zhou et al., 2011; Zhu et al., 2014). However since the last 

few years, more and more studies described novel modes of regulation for Rnd3 either at the 

transcriptional, post-transcriptional or post-translational levels. These important data may 

give clues about the origin of Rnd3 deregulation in tumors. For example, p53 was shown to 

directly regulate Rnd3 transcription in response to DNA damage (Ongusaha et al., 2006). 

Due to the mutational status of p53 in various cancers, we may anticipate a p53-related 

alteration of Rnd3 expression in such tumor cells. However, to date no further study 

confirmed this link in human tumors. 

The functions of Rnd3/RhoE in cancer development are complex, which is consistent with 

the wide range of cellular responses that it modulates. Certain cancer cells use this signaling 

pathway to antagonize cell proliferation and migration, whereas others can subvert this 

pathway to facilitate proliferation, survival and invasion. Its is clear that opposite effects are 

found upon cancer types, but it is interesting to note that despite its up or down-regulation in 

tumors, Rnd3 expression is always linked to the promotion of cell invasion and metastasis 

with the exception of SEGAs. Indeed, reduced expression of Rnd3 in human hepatocellular 

carcinoma and sarcoma cells increases their invasiveness and metastatic potential, whereas 

in gastric cancers and glioma, this latter effect is due to the up-regulation of Rnd3. Its impact 

on cell proliferation is less clear, but the down-regulation of Rnd3 expression seems to be 

associated with an increase of cell growth and reciprocally. This is the case for prostate 

cancer, squamous cell carcinoma and glioblastoma. Another important aspect to explain the 

apparent contradictory result in various tumors is that Rnd3 expression may also be 

modulated upon the evolution of the tumor. Indeed, we may hypothesize that in some cancer 

cells, Rnd3 could be tightly regulated during cancer development. This could be the case in 

prostate cancer, where Rnd3 is firstly down-regulated in order to allow the tumor growth, and 

then overexpressed to favor invasion and metastasis development. This concept may also 

explain conflicting data obtained in colorectal cancers. 

 

4. What’s next? How may the field develop? 

Rnd3 is clearly a gene of interest to address the mechanisms of carcinogenesis. However, 

further studies using well-defined cohorts of patients should help to better characterize its 
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level of expression and regulation in various cancers, especially in colorectal cancers where 

data are still conflicting. In light of non-small cell lung cancers, where Rnd3 is part of a robust 

14-genes signature that predicted survival, independent prospective studies are needed to 

establish the prognostic value of Rnd3 expression for individual patients in other type of 

cancers. Indeed, given that Rnd3 is involved in invasion of most of tumors, it supports new 

opportunities for the development of prognostic tools in these cancers. 

 

As an atypical member of the RhoGTPase family without GTPase activity, the regulation of 

Rnd3 does not occur through GEF, GAP and GDI, but rather by a regulation of the 

transcription/translation and degradation, and by post-translational modifications. Even if 

some Rnd3 regulators have been highlighted, there are still much to do to understand the 

origin of Rnd3 deregulation in cancers. Currently, the large scale sequencing of multiple 

cancer genomes is carried out, and may help to identify putative Rnd3 mutations. The 

understanding of the transcription factors and the pathways regulating Rnd3 is of particular 

interest to help the development of strategies to either inhibit or favor Rnd3 expression. 

 

Rnd3 plays a dual role in cells; on one hand, it regulates cell proliferation, on the other hand, 

Rnd3 plays an important role in regulating metastasis and invasion. A more detailed 

investigation of these two roles of Rnd3 will be necessary to better understand the 

mechanism of carcinogenesis and tumor progression in patients. Indeed, the study of Rnd3 

expression and function upon the different steps of cancer development is of interest. Finally, 

due to the early postnatal death of Rnd3 KO mice, development of mice with inducible or/and 

organ-specific KO is required to address the impact of Rnd3 loss in cancer development in 

adult mice. These new models may help to better define Rnd3 or the pathways regulated by 

Rnd3 as therapeutic markers. 
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Figure Legends 

 

Figure 1: Rnd3 expression is differently altered in cancers. 

Rnd3 expression in either up or down-regulated in tumors. The impact of this alteration on 

cell proliferation and invasion is indicated based on functional data available. 
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Cancer type Rnd3: 
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down? 

Nb of tumors/control Method of 
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deregulation 
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Glioma Up dna dna nd Highly invasive tumors [1] 
!"#$%$&'()*+,
-.*&/,0$++,
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IHC 
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Cancer type Cell line Loss or Gain of 

function 
experiment 

Output on 
cell 
proliferation 

Output on cell 
invasion 

Other output References 

Glioma 
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(overexpression) nd Increase  [2] 

U251 Loss (siRNA) nd Decrease  

Colon carcinoma T84 Gain 
(overexpression) Decrease nd Induction of apoptosis [1] 

Colorectal 
cancer 
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SW620 
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AGS, MKN28, 
KATOIII 
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(overexpression) nd Decrease  

MHCC-97L Loss (shRNA) nd Increase  
HepG2 Loss (siRNA) Increase Increase  [12] 
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Introduction
Type I collagen !brils are present in tumors, where they were 
long considered to be a simple physical and structural barrier to 
inhibit tumor progression and metastasis. However, type I col-
lagen is overexpressed in a large number of cancers, and, para-
doxically, a high expression is correlated with an increased 
risk of metastasis, for instance in breast and lung cancers 
(Ramaswamy et al., 2003; Gilkes et al., 2013). Collagen over-
expression is not the only factor involved in cancer progression. 
Indeed, the size, diameter, morphology, and cross-linking of 
type I collagen !brils have an impact on tumor cell proliferation 
and metastatic growth (Levental et al., 2009; Cox et al., 2013). 
Moreover, type I collagen !brils promote the activity of matrix 
metalloproteases (MMPs; Ruangpanit et al., 2001).

We previously discovered that type I collagen !brils are 
powerful and physiological inducers of invadosomes, which are 
F-actin–rich structures able to degrade the ECM (Juin et al., 
2012). The term invadosomes refers to podosomes in normal 
cells as well as to invadopodia in cancer cells. Both are matrix- 
degrading structures allowing matrix remodeling and cell in-
vasion due to the activity of MMPs such as MMP2, MMP9, 
and MT1-MMP (Hoshino et al., 2013). Invadosomes in some 
cancers correlate with their ability to metastasize (Eckert et al., 
2011). Moreover, invadosomes were recently involved in tumor 
cell extravasation and demonstrated to be a therapeutic target 
for metastasis (Leong et al., 2014). Invadosome formation, or-
ganization, and activation are controlled by RhoGTPases such 
as RhoA, Rac1, and Cdc42 (Moreau et al., 2003; Di Martino  
et al., 2014) and also by Src kinases (Tarone et al., 1985; Linder 
et al., 2000; Hauck et al., 2002). The invadosome basic module 

Accumulation of type I collagen fibrils in tumors is 
associated with an increased risk of metastasis. 
Invadosomes are F-actin structures able to de-

grade the extracellular matrix. We previously found that 
collagen I fibrils induced the formation of peculiar lin-
ear invadosomes in an unexpected integrin-independent 
manner. Here, we show that Discoidin Domain Receptor 1  
(DDR1), a collagen receptor overexpressed in can-
cer, colocalizes with linear invadosomes in tumor cells  
and is required for their formation and matrix degra-
dation ability. Unexpectedly, DDR1 kinase activity is not 

required for invadosome formation or activity, nor is Src 
tyrosine kinase. We show that the RhoGTPase Cdc42 
is activated on collagen in a DDR1-dependent manner. 
Cdc42 and its specific guanine nucleotide-exchange 
factor (GEF), Tuba, localize to linear invadosomes, and 
both are required for linear invadosome formation.  
Finally, DDR1 depletion blocked cell invasion in a colla-
gen gel. Altogether, our data uncover an important role 
for DDR1, acting through Tuba and Cdc42, in proteolysis-
based cell invasion in a collagen-rich environment.

Discoidin domain receptor 1 controls linear 
invadosome formation via a Cdc42–Tuba pathway
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Results
DDR1 drives linear invadosome formation 
and activity
For this study, we selected breast cancer and lung cancer cell 
lines with high levels of DDR1 expression. We found that 
MDA-MB-231 and A549 cells, derived from human breast and 
lung cancers, respectively, express DDR1 (see Fig. 2 B and  
Fig. S2 A). We !rst analyzed the formation of invadopodia in 
these cells. As shown by dual F-actin/cortactin immunostaining 
on "uorescent gelatin, A549 cells do not form constitutive in-
vadopodia, whereas MDA-MB-231 cells do (Fig. 1 A). Conse-
quently, only MDA-MB-231 cells degrade gelatin in the in situ 
zymography assay. However, when seeded on collagen I !brils, 
both cell types were able to form linear invadosomes (Fig. 1,  
B–D). These dynamic structures formed along collagen !brils 
are composed of F-actin, cortactin, and Tks5, which are classical 
markers for invadosomes (Fig. 1, B and C; and Video 1). These 
results con!rm our previous data demonstrating that type I col-
lagen !brils reorganized invadopodia from MDA-MB-231 cells 
into linear invadosomes (Juin et al., 2012). In addition, we show 
that type I collagen !brils strongly induced linear invadosomes 
in cancer cells that do not exhibit constitutive invadopodia  
(Fig. 1 D). In MDA-MB-231 cells, the invadosome reorganiza-
tion was also associated with an increase in the percentage of 
cells exhibiting these structures (Fig. 1 D) and was correlated 
with an increase in the global degradation activity of cells  
(Fig. S1 A). Altogether, we show that cancer cells express-
ing DDR1 can form linear invadosomes when plated on type 
I collagen !brils and that contact with type I collagen !brils 
increases the ability of the cells to degrade the ECM.

To investigate whether DDR1 played a role in linear 
invadosome formation, we analyzed DDR1 subcellular local-
ization when cells were plated onto type I collagen !brils. In 
order to do this, we transfected or infected MDA-MB-231 cells 
with either a DDR1-Flag construct or a DDR1-GFP lentiviral 
construct. We found that tagged DDR1 colocalized with lin-
ear invadosomes and type I collagen !brils in MDA-MB-231 
cells (Fig. 2 A). This result was con!rmed with endogenous 
DDR1 when using an anti-DDR1 antibody in MDA-MB-231 
and A549 cells (Fig. S1, B and C).

To determine DDR1 involvement in linear invadosome 
formation, we used an RNA interference strategy. Two to three 
distinct siRNAs were used to deplete DDR1 in both cell types 
(Fig. 2, B and C; and Fig. S2, A–C), and linear invadosomes 
were quanti!ed upon plating on type I collagen !brils. We 
found that depletion of DDR1 promoted a signi!cant decrease 
in the percentage of cells able to form linear invadosomes in 
both cell types (Fig. 2, C and D; and Fig. S2, B and C). It 
also strongly decreased the number of linear invadosomes per 
cell (Fig. 2 E), altogether highlighting a major role of DDR1 
in linear invadosome formation. To con!rm these data, we 
performed a rescue experiment. We found that lentiviral- 
mediated expression of DDR1-GFP restored linear inva-
dosome formation in cells transfected with a DDR1 siRNA, 
which is associated with a colocalization between Tks5 and 
DDR1 (Fig. S2, D and E). We have previously shown that 

corresponds to a central F-actin core composed of actin-binding  
proteins like neuronal Wiskott–Aldrich Syndrome protein  
(N-WASP), the Arp2/3 complex, and cortactin, which is associ-
ated with scaffold proteins such as Tks5 (Destaing et al., 2011; 
Linder et al., 2011; Murphy and Courtneidge, 2011). This actin 
core may be surrounded by a ring of regulating proteins like in-
tegrins, vinculin, and talin. Invadosomes are found as individual 
items, aggregates, or organized into “rosettes” according to cel-
lular models and context. They are constitutive in various cancer 
cells and in osteoclasts, but in most cell types they are absent in 
basal conditions, although inducible by various stimuli includ-
ing cytokines (PDGF, VEGF, and TGF- ) or various compounds 
(phorbol esters, cytotoxic necrotizing factor 1, and sodium "uor-
ide; Albiges-Rizo et al., 2009). Our recent data showed that 
type I collagen !brils induce invadosome formation in most 
cell types tested, such as endothelial cells and !broblasts. More-
over, type I collagen !brils promoted a linear reorganization of 
invadopodia in cancer cell lines, which was associated with an 
increase in ECM-degrading activity. Invadosomes induced or 
reorganized by collagen I aligned along the collagen !bers, and 
we thus called them linear invadosomes. Two studies have con-
!rmed the induction of linear invadosomes upon cell contact 
with collagen !brils (Monteiro et al., 2013; Schachtner et al.,  
2013). Interestingly, although 1 integrin family members  
are the major receptors for type I collagen (Leitinger, 2011) and 
are associated with classical invadosomes in many cell types, we 
found that they were not necessary for linear invadosome for-
mation (Juin et al., 2012), raising the question about the ECM 
receptor involved.

Discoidin domain receptors (DDRs) are a ubiquitously ex-
pressed family of receptors known to interact with collagens, in 
particular !brillar collagens I–III (Shrivastava et al., 1997; Vogel 
et al., 1997). DDRs only bind collagens in their native physio-
logical triple-helical conformation and do not recognize dena-
tured collagens such as gelatin (Konitsiotis et al., 2008). The 
DDR receptor family belongs to the large group of receptor tyro-
sine kinases (RTKs) and is composed of two members, DDR1 
and DDR2. Ligand interaction with DDRs promotes tyrosine  
autophosphorylation as with classical RTKs, although with very 
slow and persistent kinetics (Vogel et al., 1997). The DDRs are 
considered to be collagen sensors and act on tissue homeostasis, 
as well as on many cellular processes, including cell prolifera-
tion and differentiation, cell adhesion, cell migration, and inva-
sion (Leitinger, 2014). These latter properties clearly connect 
them with cancer. Indeed, several recent studies show that the 
DDRs are often up-regulated in various cancers (for review see 
Valiathan et al., 2012). Notably, DDR1 was found overexpressed 
in lung and breast cancers (Barker et al., 1995; Ford et al., 2007), 
where a high expression level was correlated with a poor prog-
nosis and metastasis formation (Yang et al., 2010; Valencia et al., 
2012; Miao et al., 2013).

Because both DDR1 and collagen I are overexpressed in 
cancers and associated with metastasis development, and as 
type I collagen !brils promote linear invadosome formation, we 
hypothesized that DDR1 could be the collagen I receptor in-
volved in the formation of linear invadosomes and subsequent 
cellular invasion.
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that allows collagen !bril visualization without any stain-
ing, we thus quanti!ed the consequences of DDR1 depletion  
on collagen !bril degradation (Gailhouste et al., 2010). As 

collagen I–induced linear invadosomes were able to degrade 
not only gelatin but also collagen I !brils themselves (Juin et al., 
2012). Using second harmonic generation (SHG) microscopy 

Figure 1. DDR1-expressing cells form linear invadosomes. (A) A549 (left) and MDA-MB-231 cells (right) were cultured on FITC-gelatin for 24 h. F-actin 
(red), cortactin (green), and degradation area (black) are shown. (B) A549 cells were seeded for 4 h on collagen I. (B, top) Colocalization of cortactin 
(green) and F-actin (red) at linear invadosomes. (B, bottom) Confocal images of linear invadosomes (cortactin, green) along collagen I fibrils (gray).  
(C) The same process was applied on MDA-MB-231 cells. (C, top) Colocalization of Tks5 (green) and F-actin (red) at linear invadosomes. (C, bottom) 
Confocal images of linear invadosomes (Tks5, green) along collagen I fibrils (gray and red in merge panel). Correlation coefficient of colocalization  
(collagen I/cortactin r = 0.15; collagen I/Tks5 r = 0.28; actin/cortactin r = 0.30; actin/Tks5 r = 0.23; n = 10). (D) Quantification of the percentage of 
A549 and MDA-MB-231 cells exhibiting invadopodia on gelatin versus linear invadosomes on collagen I. Values are expressed as the mean ± SEM of 
three independent experiments. ***, P < 0.001 as compared with plating on gelatin. Bars: (A) 5 µm; (B and C, top left) 10 µm; (B, enlarged panel on the 
top right) 3 µm; (B, bottom; and C, top right and bottom) 2 µm.

 on N
ovem

ber 26, 2014
jcb.rupress.org

D
ow

nloaded from
 

Published November 24, 2014

242

http://jcb.rupress.org/


JCB • VOLUME 207 • NUMBER 4 • 2014 520

Figure 2. DDR1 localizes at linear invadosomes and is required for their formation. (A, top) MDA-MB-231 cells transiently transfected with DDR1-Flag were 
cultured for 4 h on collagen I. All channels of the boxed region are shown magnified on the right. F-actin (red) colocalizes with DDR1 (green) and Tks5 
(blue) at linear invadosomes. (A, bottom) MDA-MB-231 cells stably expressing DDR1-GFP were cultured for 4 h on collagen I fibrils. Tks5 (red) colocalizes 
with DDR1 (green) and collagen I (blue). Correlation coefficient of colocalization: actin/DDR1 r = 0.29; DDR1/Tks5 r = 0.11; n = 10. (B) MDA-MB-231 
cells were transfected with control (siCT) or three independent DDR1 siRNAs. DDR1 protein expression was analyzed by immunoblotting. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. (C) Cells transfected as in B were seeded for 4 h on collagen I. Shown are 
representative confocal images of MDA-MB-231 cells. Tks5 (green) and F-actin (red) are shown. Right panels show enlarged views of the boxed regions. 
Similar results were obtained with siDDR1 #2 and #3. (D–F) Down-regulation of DDR1 expression decreases the formation of linear invadosomes and their 
degradation activity. (D) Quantification of the percentage of MDA-MB-231 cells able to form linear invadosomes. Error bars represent the SEM (n > 1,000; 
three independent experiments; ***, P < 0.001 as compared with the control siRNA condition). (E) Quantification of the number of linear invadosomes 
per cell. Results are expressed as mean ± SEM (n > 500; three independent experiments; ***, P < 0.001 as compared with the control siRNA condition). 
(F) Bar graph shows the amount of collagen I degraded per cell over the time. Error bars represent the SEM (n = 60 fields, three independent experiments; 
ns, not statically significant; ***, P < 0.001; **, P < 0.005 as compared with the control siRNA condition). The right panel shows representative images 
of SHG collagen signals 4 h after seeding of control (siCT) or siDDR1 #1–transfected MDA-MB-231 cells. Cells are stained for Tks5 (red). Bars: (A and C, 
left panels) 5 µm; (A and C, magnified panels on the right) 2 µm; (E) 100 µm.
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inhibit DDR1 kinase activity highly ef!ciently (Day et al., 
2008). We first confirmed using immunoprecipitation that 
type I collagen promoted DDR1 tyrosine phosphorylation and 
that nilotinib almost completely abrogated it (Fig. 3 A). We 
found however that nilotinib treatment did not affect linear  
invadosome formation (Fig. 3, B–D). Indeed, type I collagen 
stimulation was still able to reorganize F-actin along !brils, 
and Tks5 remained associated with the structures (Fig. 3 B). 
As assessed by the quanti!cation of the SHG (Fig. 3 E) or of 
the cleaved collagen antibody signal (Fig. S4), we also found 
that nilotinib treatment did not affect linear invadosome deg-
radation activity.

Moreover, we used three independent monoclonal anti-
bodies that block DDR1 autophosphorylation without inter-
fering with collagen binding (Carafoli et al., 2012), and we 
obtained the same results (Fig. 3 F), demonstrating that linear 
invadosome formation and activity are indeed independent of 
DDR1 kinase activity. In the next part of this study, we thus 
aimed at understanding which signaling pathway is responsible 
for the role of DDR1 in linear invadosome formation.

expected, the decrease of linear invadosome formation was 
correlated with a decrease in the cell capacity to degrade type 
I collagen !brils (Fig. 2 F). Altogether, these results demon-
strate the critical role of DDR1 in the formation and activity 
of type I collagen-induced invadosomes.

These results raised the question about a potential role of 
DDR1 in the formation and function of classical invadosomes. 
We thus silenced DDR1 in MDA-MB-231 and Huh6 cells, which 
both exhibit constitutive invadopodia. Interestingly, whereas we 
were not able to localize DDR1 at invadopodia, we found that 
decreasing DDR1 expression using two different siRNAs al-
tered invadosome formation and decreased cell degradation ca-
pacity in MDA-MB-231 and Huh6 cells (Fig. S3).

DDR1 kinase activity is not required for 
linear invadosome formation and activity
As DDR1 is a tyrosine kinase receptor, we investigated the in-
volvement of DDR1 kinase activity in linear invadosome for-
mation and degradation function. To this end, we used nilotinib, 
developed as a Bcr-Abl kinase inhibitor but later shown to  

Figure 3. DDR1 kinase activity is not necessary for linear invadosome formation and degradation activity. (A) A549 cells were pretreated for 1 h with 
DMSO or 1 µM nilotinib, then seeded for 4 h on collagen I. DDR1 was immunoprecipitated and its phosphorylation assessed with a phospho-tyrosine anti-
body. Nilotinib treatment efficiently reduced collagen-induced DDR1 phosphorylation (representative of three experiments). (B) MDA-MB-231 cells treated 
with DMSO or 1 µM nilotinib were seeded on collagen I and fixed 4 h later. Shown are representative confocal images of MDA-MB-231 cells. Tks5 (green) 
and F-actin (red) are shown. Panels on the right show enlarged views of the boxed regions. Bars: (left) 10 µm; (magnified panels on the right) 3 µm. Correla-
tion coefficient of colocalization: actin/Tks5 DMSO r = 0.22; nilotinib r = 0.19; n = 10. (C) The scatter plot represents the mean size of linear invadosomes 
in control and nilotinib conditions. n = 15 cells. There is no significant difference between the two conditions (ns, not statically significant). (D) Quantification 
of the percentage of cells forming linear invadosomes. Error bars represent the SEM (n > 1,000, three independent experiments). (E) Collagen degrada-
tion was monitored by SHG microscopy. The bar graph shows the amount of collagen I degraded per cell over time. Error bars represent the SEM (n = 60 
fields, three independent experiments). (F) MDA-MB-231 cells were pretreated for 10 min with DMSO or the different blocking antibodies at 10 µg/ml, then 
cultured for 4 h on collagen I. The antibodies target the discoidin-like domain, which is outside the collagen-binding site but required for signaling. Shown is 
the percentage of MDA-MB-231 cells able to form linear invadosomes after treatment. Values are mean ± SEM of three independent experiments.
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Figure 4. Linear invadosome formation and activity is independent of Src activity. (A and B) MDA-MB-231 cells were seeded on gelatin-FITC (top) or on a 
mixed matrix (collagen I/gelatin-FITC; bottom) and treated with 5 µM PP2 (Src inhibitor) or DMSO (vehicle). Gelatin (gray), Tks5 (green), and F-actin (red) 
are shown. (C) Quantification of the degradation capacity of MDA-MB-231 cells seeded on a mixed gelatin/collagen I matrix treated or not treated with 
PP2. The left graph represents the gelatin area degraded per cell after 24 h. The right graph represents the amount of collagen degraded after 4 h (n = 30 
fields). Data are shown as mean ± SEM of three independent experiments. (D) MDA-MB-231 cells transfected with control (siCT) or two independent DDR1 
siRNAs (DDR1 #1 and #2) were seeded on gelatin or collagen I and treated with PP2. Protein extracts were then analyzed by immunoblotting to determine 
phospho-Src, total Src, and DDR1 protein expression (representative of three experiments). (E and F) Western blots performed on SYF and SYF c-Src protein 
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c-Src is not involved in linear invadosome 
formation and activity
c-Src is well known as a key molecule implicated in the forma-
tion and activity of classical invadosomes (Tarone et al., 1985). 
Src inhibition or depletion is suf!cient to abolish classical inva-
dosome formation. In addition, c-Src has been shown to be re-
quired in DDR signaling for full phosphorylation after ligand 
binding (Dejmek et al., 2003; Yang et al., 2005). This prompted 
us to examine c-Src involvement in DDR1-induced linear inva-
dosome formation. As expected, the c-Src inhibitor PP2 abolished 
invadopodia formation and degradation activity in MDA-MB-
231 cells plated on gelatin (Fig. 4 A). Surprisingly, when MDA-
MB-231 cells were seeded on type I collagen, or on a mixed 
matrix composed of gelatin associated with type I collagen !-
brils, PP2 treatment had no impact on linear invadosome forma-
tion, on gelatin degradation (Fig. 4, B and C), or on type I collagen 
!bril degradation (Fig. 4 C). This latter !nding is supported by the 
fact that the cleaved collagen signal was not modi!ed upon PP2 
treatment when compared with the control condition (Fig. S4).

Moreover, we demonstrated that DDR1 depletion did not 
modify c-Src phosphorylation whether cells were plated on gela-
tin or collagen I (Fig. 4 D). The lack of involvement of c-Src was 
con!rmed using SYF cells, which do not express either Src, Yes, 
or Fyn, three members of the Src kinase family; and, as control, 
SYF-Src cells, which are the same cells that stably express c-Src 
(Fig. 4 E). We !rst con!rmed that both cell lines express DDR1 
(Fig. 4 F). We found that control and SYF cells do not exhibit 
invadopodia on gelatin (Fig. 4 G). However, when plated on a 
mixed matrix, SYF cells had the same potential as control cells 
to form linear invadosomes, and these invadosomes were fully 
active at degrading the matrix (Fig. 4 H). All these results show 
that c-Src is not involved in the formation or in the degradation 
activity of type I collagen–induced linear invadosomes.

Cdc42 is the main RhoGTPase involved in 
the formation of linear invadosomes
It is well established that RhoGTPases, principally RhoA, Rac1, 
and Cdc42, control actin cytoskeleton remodeling and inva-
dosome formation (Linder et al., 2011). Using siRNAs targeting 
these three proteins, we investigated their respective involve-
ment in linear invadosome formation. We used two distinct 
siRNAs per GTPase and !rst checked their ef!ciency by spe-
ci!cally depleting their corresponding targets (Fig. 5 A). We 
then measured their impact on linear invadosome formation. 
We found that only Cdc42 depletion had an impact on linear 
invadosome formation (Fig. 5, B and C). We then expressed 
constitutively active and inactive forms of Cdc42 in MDA-MB-231 
cells seeded on type I collagen !brils. We found that the con-
stitutively active form of Cdc42, GFP-V12Cdc42, colocalized 
with linear invadosomes (Fig. 6 A), unlike the Cdc42 domi-
nant-negative form, GFP-N17Cdc42 (Fig. 6 B). Moreover, we 

found that expression of GFP-V12Cdc42 enhanced the ability 
of MDA-MB-231 cells to form linear invadosomes, whereas 
expression of GFP-N17Cdc42 had the opposite effect (Fig. 6 C).  
It has been shown that type I collagen !brils can promote Cdc42 
activation (Sato et al., 2003). We thus analyzed the activity 
level of Cdc42 in cells plated on type I collagen !brils with or 
without depletion of DDR1. We !rst con!rmed that type I col-
lagen signi!cantly promoted Cdc42 activation, and found that 
this effect of type I collagen was abolished in cells with DDR1 
depletion (Fig. 6 D). This result was strengthened by the colo-
calization of DDR1 with the active form of Cdc42 (Fig. 6 E). In 
addition, using the Raichu Cdc42 biosensor (Itoh et al., 2002) 
on living cells seeded on type I collagen, we showed a signal 
corresponding to activated Cdc42 along collagen !brils (69 hits 
with a high FRET ratio along collagen !brils out of 79 cells 
observed; Fig. 6 F). All these data show that Cdc42 is involved 
in relaying the collagen I signal through DDR1 for the forma-
tion of linear invadosomes.

Tuba, a Cdc42-specific guanine nucleotide-
exchange factor (GEF), is required for 
linear invadosome formation
To go further concerning the link between DDR1 and Cdc42, 
we searched for a GEF involved in Cdc42 activation upon type 
I collagen !bril induction. For this purpose, we performed an 
RNAi screen targeting 14 Cdc42-speci!c GEFs (Table S1) on 
cell ability to form linear invadosomes (Cook et al., 2014). Our 
screen revealed that the depletion of the GEF Tuba impacts on 
linear invadosome formation. Tuba is a Cdc42-speci!c GEF but 
also acts as a scaffold protein to link dynamin with actin regula-
tory proteins such as N-WASP. To con!rm this result, we used 
two distinct siRNAs to deplete Tuba expression in MDA-MB-
231 and A549 cells (Fig. 7, A and B). We demonstrated that 
Tuba depletion induces a decrease in cell ability to form linear 
invadosomes in both cell types (Fig. 7, A–C). In addition, we 
observed a colocalization between DDR1 and Tuba in linear  
invadosomes of DDR1-GFP–expressing cells that supports a 
link between these two molecules (Fig. 7 D). Thus, this is the 
!rst demonstration of the involvement of Tuba in invadosome  
formation. To address Tuba participation in classical invadopo-
dia, we analyzed Tuba localization in MDA-MB-231 cells seeded 
on gelatin. Interestingly, Tuba did not colocalize with classical in-
vadosomes while it was present on linear invadosomes (Fig. 7 E). 
These data suggest that DDR1 can recruit Tuba that can speci!-
cally activate Cdc42 to induce linear invadosome formation.

DDR1 depletion decreases cancer cell 
invasion capacities
DDR1 is known to be involved in cancer cell invasion and me-
tastasis induction (Valiathan et al., 2012). Because type I col-
lagen !brils are part of the tumor microenvironment, we studied 

extracts representing, respectively, protein expression of Src and DDR1. GAPDH was used as a loading control. (G and H) Confocal images of control 
cells (SYF c-Src) and SYF fibroblasts cultured on gelatin (G) or on a mixed matrix (gelatin/collagen I; H) for 24 h and processed for immunofluorescence 
staining (F-actin, red; Tks5, green; DAPI, blue). Insets on the bottom show gelatin-degraded pictures. Bars: (A, G, and H) 10 µm; (A, insets) 7 µm; (H, top 
insets) 2 µm; (G and H, bottom insets) 10 µm.
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Figure 5. Cdc42 drives linear invadosome formation via DDR1. (A) Western blot analysis of MDA-MB-231 cells transfected with siRNA control (siCT) or 
two independent siRNAs targeting Rac1, Cdc42, or RhoA. GAPDH is used as a loading control. Three independent experiments were realized and quanti-
fied to demonstrate a specific effect on targeted RhoGTPase expression represented on the bar graph on the right. (B and C) MDA-MB-231 cells transfected 
as in A were cultured on collagen I for 4 h, fixed, and processed for immunofluorescence staining. (B) Representative confocal images of MDA-MB-231 cells 
transfected as in A. Tks5 (green) and F-actin (red) are shown. Panels on the right show enlarged views of the boxed regions. Bars: (left) 10 µm; (enlarged 
panels on the right) 2.5 µm. (C) The percentage of siRNA-transfected MDA-MB-231 cells able to form linear invadosomes was quantified. Error bars repre-
sent the SEM (n > 1,000, three independent experiments; ***, P < 0.001 as compared with the control siRNA condition [siCT]).
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whether DDR1 was involved in the invasion of a 3D collagen 
gel by linear invadosome-bearing tumor cells. We !rst dem-
onstrated that MDA-MB-231 cells were able to form linear  
invadosomes in a 3D collagen gel (Fig. 8 A). We further used 
an invasion assay (Lopez et al., 2005) consisting of a type I 
collagen gel polymerized into Boyden chambers. Gels were po-
lymerized at a 1 mg/ml concentration of type I collagen at 37°C  
for 1 h. In this condition, cells need proteolysis to invade the gel 
according to the study of Wolf et al. (2013). Cells were seeded 
on top of the collagen gel and !xed after 1 h and 3 d. We con-
!rmed that DDR1 depletion remained constant over the stud-
ied time frame (Fig. 8 B). Using quantitative confocal z-stack 
analysis (Fig. 8 C), we found that DDR1 depletion blocked the 
cell’s ability to invade the collagen gel. In the control condi-
tion, approximately half of the cells were able to invade the 
gel (Fig. 8 D). In contrast, DDR1 down-regulation abolished 
cell invasion. Confocal analysis showed that after 3 d, most of 

the DDR1-silenced cells remained stacked at the gel surface 
and did not enter into the gel (Fig. 8 E). To control that cells 
used a proteolysis-dependent mode of migration to invade the 
collagen gel, we used an MMP inhibitor, GM6001. We found 
that GM6001 totally blocked the cell’s ability to penetrate  
the gel, demonstrating the MMP involvement in this process 
(Fig. S5, A and B). Consequently, GM6001 treatment abol-
ished the cleaved collagen signal observed in the control con-
dition (Fig. S5 C). As PP2 and nilotinib treatments did not 
inhibit type I collagen degradation in 2D (Fig. S4), we also 
checked for cell invasion in 3D in these conditions. PP2 treat-
ment did not have an impact on cell invasion, whereas nilotinib 
treatment only induced a slight decrease in the cell capacity to 
invade the collagen gel (Fig. S5, A and B). These data dem-
onstrate the crucial involvement of DDR1 in type I collagen 
matrix invasion, which we found to be MMP dependent and  
Src independent.

Figure 6. Activated Cdc42 colocalizes with linear invadosomes, DDR1, and collagen I fibrils. (A and B) MDA-MB-231 cells transiently transfected with 
GFP-V12Cdc42 or GFP-N17Cdc42 were cultured for 4 h on collagen I. Tks5 (green) colocalizes with GFP-V12Cdc42 (red) at linear invadosomes whereas 
GFP-N17Cdc42 (red) does not. Panels on the right show enlarged views of the boxed regions. Correlation coefficient of colocalization: Tks5/V12Cdc42  
r = 0.21; Tks5/N17Cdc42 r = 0.11 (n = 25). (C) Quantification of the percentage of GFP-WTCdc42–, GFP-V12Cdc42–, and GFP-N17Cdc42–transfected 
cells able to form linear invadosomes. Data are mean ± SEM (n > 500, three independent experiments; ***, P < 0.001). (D) Active Cdc42 level was 
monitored in MDA-MB-231 cells treated as indicated. Data are mean ± SEM, three independent experiments. **, P < 0.005; ***, P < 0.001. (E) MDA-
MB-231 stably expressing DDR1-GFP transiently transfected with myc-V12Cdc42 were seeded for 4 h on collagen I (DDR1-GFP, green; myc-V12Cdc42, 
red). Panels on the right show an enlarged view of the boxed region. Correlation coefficient of colocalization: DDR1/mycV12Cdc42 r = 0.15 (n = 10). 
(F) MDA-MB-231 cells were transfected with Raichu-Cdc42 and seeded on labeled collagen I. Shown are representative images: on the left, the pseudocol-
ored ratio image generated from YFP/CFP ratio images represents the FRET ratio, which correlates with the Cdc42 activity (in yellow); and on the right, a 
collagen I image. Arrows represent colocalization of active probe and collagen I fibrils. Bars: (A and B, left) 5 µm; (A and B, right) 2.5 µm; (E, left) 7 µm; 
(E, enlarged panels on the right) 2 µm; (F) 3 µm.
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Figure 7. The GEF Tuba is specifically implicated in linear invadosome formation. (A and B) From left to right, MDA-MB-231 and A549 cells were trans-
fected with control (siCT) or two independent Tuba siRNAs (Tuba #1 and #2). Tuba protein expression was analyzed by immunoblotting. GAPDH was 
used as a loading control. The graphs show quantification of the percentage of cells able to form linear invadosomes. Error bars represent the SEM (n = 
900, three independent experiments; ***, P < 0.001 as compared with the control siRNA condition). (C) MDA-MB-231 cells were treated as in A and 
seeded for 4 h on collagen I. Shown are representative confocal images of MDA-MB-231 cells. Tks5 (green) and F-actin (red) are shown. Panels on the 
right show enlarged views of the boxed regions. Similar results were obtained with siTuba #2. Tuba extinction decreases the capacity of cells to form linear 
invadosomes. (D) MDA-MB-231 cells stably expressing DDR1-GFP were seeded for 4 h on collagen I and fixed. Immunofluorescence with endogenous 
Tuba (green) and DDR1-GFP (red) was performed and reveals a colocalization of the GEF Tuba with DDR1. Right panels show enlarged views of the boxed 
region. Correlation coefficient of colocalization: DDR1/Tuba r = 0.15 (n = 10). (E) MDA-MB-231 cells were seeded on gelatin (top) or mixed matrix (col-
lagen I/gelatin) for 24 h and 4 h, respectively, then processed for immunofluorescence staining (cortactin, red; Tuba, green). While Tuba is not present 
on classical invadosomes, it colocalizes with cortactin on linear invadosomes. Bars: (C, left) 5 µm; (C, enlarged panels on the right) 2 µm; (D, left) 10 µm;  
(D, enlarged panels on the right) 3 µm; (E) 3 µm.
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Figure 8. DDR1 is required for invasion of invadosome-bearing cells in 3D collagen matrix. (A) MDA-MB-231 cells were placed for 4 h into a 3D collagen 
gel (red), fixed, and processed for immunofluorescence staining (Tks5, green). The z-cut section is shown on the right. The broken line on the left panel corre-
sponds to the focal plane shown in the z-cut section. (B) DDR1 expression in MDA-MB-231 cells transfected with control siRNA (siCT) or two siRNAs targeting 
DDR1 (siDDR1 #1 and #2) was monitored 3 d after cell seeding (anti-DDR1 [D1G6]; Cell Signaling Technology). (C–E) MDA-MB-231 cells transfected as in B  
were seeded for an invasion assay and allowed to invade the collagen matrix for 1 h or 3 d. Z confocal optical sections were taken. (C) Assays were 
quantified by measuring an invasion index. The bar graph represents the ratio of the number of MDA-MB-231 cells penetrating the collagen gel/number 
of seeded cells. Data are expressed as mean ± SEM (three independent experiments). ***, P < 0.001 as compared with control siRNA (siCT). (D and E) 
Representative confocal images of MDA-MB-231 cells transfected with control siRNA (siCT) or siRNA targeting DDR1 seeded on collagen I fibrils. F-actin, 
green; collagen I fibrils, red. Images were taken 1 h (left) or 3 d after seeding (middle and right). Top panels correspond to focal planes whereas bottom 
panels represent matched z-cut sections. The broken lines on the bottom panel correspond to focal planes. 1 h after seeding, MDA-MB-231 cells transfected 
with control or siDDR1 #1 are on the top of the gel. 3 d later, control MDA-MB-231 cells deeply invaded the collagen plug (D, right), whereas DDR1- 
depleted cells were still on the top of the collagen plug (E, right). Bars: (A) 5 µm; (D and E) 50 µm.
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be implicated in the proteolytic breakdown of the ECM, which  
favors invasive migration, either in physiological conditions 
such as angiogenesis, or in pathological situations such as can-
cer. Thus, there is a great interest in developing our understand-
ing of the molecular pathways required for the formation and 
function of linear invadosomes.

Although integrins are required for the formation and 
activity of classical invadosomes (Destaing et al., 2010; Beaty 
et al., 2013), we found that they are not necessary for linear 
invadosome formation (Juin et al., 2012), thus raising the ques-
tion of the identity of the collagen receptor responsible for their 
formation. Four major classes of vertebrate transmembrane re-
ceptors are known to interact directly with the native collagen 
triple helix: collagen-binding 1 integrins, DDRs, glycoprotein 
VI (GPVI), and leukocyte-associated immunoglobulin-like 
receptor-1 (LAIR-1; Hidalgo-Carcedo et al., 2011; Leitinger, 
2011). Our own data eliminated 1 integrins (Juin et al., 2012). 
Because GPVI is present only on platelets and LAIR-1 on leu-
kocytes, we turned our attention to the DDRs, which are ubiq-
uitously expressed.

We found that DDR1 colocalized within linear inva-
dosomes, and, using a RNAi approach, found that it was in-
volved in their formation and in their ability to degrade type I 
collagen !brils. These results establish DDR1 as the collagen I 
receptor required for linear invadosome formation (Fig. 9) and 
raise the question of DDR1’s role in classical invadosomes.  
We showed that DDR1 depletion decreased classical inva-
dosome formation and activity. Importantly, the effect of DDR1 
on classical invadosomes was observed on gelatin, which is not 
known as a DDR1 substrate. Accordingly, we were unable to 
colocalize DDR1 with classical invadosomes. However, these 
data suggest an involvement of DDR1 in classical invadopodia. 
Because DDR1 controls integrin activation (Xu et al., 2012), it 
could modulate invadosome formation and activation directly 
or indirectly. Moreover, DDR1 and integrins present common 
signaling pathways, which suggests a cooperative action to 
form classical invadosomes (Shintani et al., 2008).

Because DDR1 is an RTK, we investigated the role of 
its kinase activity in invadosome formation. We demonstrated, 
using nilotinib as an inhibitor as well as blocking antibodies, 
that DDR1 kinase activity is not necessary for the formation 
of linear invadosomes. This is in agreement with our previous 
observations. Indeed, we found that linear invadosomes al-
ready appear within 10 min of cell seeding on type I collagen, 
a kinetic that is not compatible with DDR autophosphoryla-
tion, a slow process requiring >30 min before being detectable 
(Shrivastava et al., 1997; Vogel et al., 1997; Juin et al., 2012). 
Interestingly, it was previously shown that the role of DDR1 
in promoting collective migration was also independent of its 
kinase activity (Hidalgo-Carcedo et al., 2011). In our hands, 
the lack of requirement for c-Src activity, demonstrated with 
both a pharmacological antagonist and the use of SYF cells, 
is also in line with these !ndings because it was shown that  
c-Src was necessary for the full DDR phosphorylation (Dejmek 
et al., 2003; Yang et al., 2005). In addition, although c-Src has 
been historically associated with invadosomes, our data show 
that collagen I–induced invadosomes are independent of c-Src 

Discussion
This study has revealed the link between the collagen recep-
tor DDR1 associated with the development of metastasis, and 
invadosomes, which are protrusive F-actin structures used by 
tumor cells to degrade the ECM and promote invasion. Herein, 
we con!rmed our previous !ndings showing the importance of 
type I collagen !brils as powerful invadosome inducers (Juin  
et al., 2012) and extend them to cancer cells. Most cell types are 
able to form linear invadosomes, including endothelial cells, !-
broblasts, cancer cells, Src-transformed cells (Juin et al., 2012), 
or, as shown by another group, megakaryocytes (Schachtner 
et al., 2013). We demonstrated that the simple contact of can-
cer cells with type I collagen !brils can promote formation of 
linear invadosomes and consequently activate their capacity 
to degrade the ECM. In the case of cancer cells constitutively 
exhibiting invadopodia, type I collagen !brils induced their re-
organization into linear invadosomes, increased the percentage 
of cells presenting linear invadosomes as compared with clas-
sical invadopodia, and also increased the capacity of the cells 
to degrade the ECM. Owing to their capacity to localize the 
degradation machinery along !brils, linear invadosomes could 

Figure 9. DDR1 controls linear invadosome formation via Tuba-dependent  
Cdc42 activation. Schematic representation of linear invadosome architec-
ture and molecular composition. When cells are seeded on fibrillar type I 
collagen, DDR1 is activated along the fibrils, leading to the activation of 
Cdc42 via Tuba GEF and recruiting classical components of invadopodia 
such as N-WASP, cortactin, and scaffold protein Tks5 to form linear in-
vadosomes. Linear invadosomes are able to degrade extracellular matrix 
elements via MT1-MMP and MMP2 (Juin et al., 2012).
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activity. Thus, linear invadosomes are the !rst described c-Src 
kinase–independent invadosomes.

How then does DDR1 signal for invadosome formation? 
As the RhoGTPases RhoA, Rac1, and Cdc42 have been largely 
involved in invadosome formation and organization, we inves-
tigated their role in DDR1-dependent linear invadosome forma-
tion. We clearly showed that only Cdc42 is involved. This is 
supported by the drastic effect of Cdc42 silencing, the blockage 
of collagen I–induced Cdc42 activation in cells transfected with 
DDR1 siRNAs, and the localization of the active form of Cdc42 
(GFP-V12Cdc42 protein and Cdc42 biosensor) at linear inva-
dosomes. Conversely, the GFP-N17Cdc42 dominant-negative 
form decreased the cell’s ability to form linear invadosomes on 
collagen and did not colocalize with linear invadosomes. Most 
invadosome models are controlled and regulated by several 
Rho-GTPases. Our results are thus important, as only very few 
models have been described so far in which only Cdc42 and not 
RhoA or Rac1 are implicated in invadosome formation. This 
speci!city of linear invadosomes, together with their restricted 
molecular composition, which we reported previously (Juin  
et al., 2012), supports the idea that collagen-induced invadosomes 
correspond to a minimal form of invadosomes (Di Martino  
et al., 2014). Intriguingly, another study showed that overexpres-
sion of tagged forms of DDR1 in MDCK cells decreased Cdc42 
activation by collagen (Yeh et al., 2009). The reason for this 
discrepancy is unclear, but it may be relevant to explain why 
MDCK cells are unable to form linear invadosomes and to de-
grade the ECM upon collagen stimulation (unpublished data).

Altogether, our data demonstrated that collagen I–induced 
invadosomes rely on a DDR1, Cdc42-dependent pathway 
(Fig. 9). We further identi!ed Tuba as the major Cdc42GEF 
involved in linear invadosome formation. Several other Cdc-
42GEFs such as FGD1 or Vav1 were shown to be involved 
in invadopodia formation (Ayala et al., 2009; Razidlo et al., 
2014), but this is the !rst demonstration of the involvement of 
Tuba. Moreover, Tuba colocalized with DDR1 into linear in-
vadosomes but not with classical invadosomes, which allowed 
us to identify Tuba in addition to DDR1 as a speci!c marker of 
linear invadosomes. Tuba is a 177-kD protein containing four 
SH3 domains in its N terminus: a central GEF domain, followed 
by a BAR domain and two SH3 domains in the C terminus  
(Cestra et al., 2005; Xu et al., 2012). The involvement of Tuba is 
in line with the involvement of N-WASP in linear invadosomes, 
as Tuba was shown to be involved in N-WASP–dependent cy-
toskeletal rearrangements (Salazar et al., 2003; Kovacs et al., 
2006). Though we describe here the involvement of Tuba in 
MDA-MB-231 and in A549 cells, it is now clear that each cancer 
cell expresses its own pattern of GEFs among the 70 RhoGEFs 
in the human genome, (Cook et al., 2014; Razidlo et al., 2014), 
which suggests that other GEFs may also be involved in linear 
invadosome formation according to the cell type. In addition, the 
link between DDR1 and Tuba is probably not direct, as we were 
not able to show an interaction between both proteins. Indeed, 
other DDR1-interacting proteins could also be involved. For  
instance, on one hand several studies have identi!ed DDR1 part-
ners previously linked to the invadosome machinery (Murphy 
and Courtneidge, 2011), like PYK2 (Shintani et al., 2008), Nck2 

(Koo et al., 2006), and PI3K (Dejmek et al., 2003), whereas oth-
ers found DDR1-interacting partners that bind DDR1 regardless 
of its phosphorylation status, like Syk (Dejmek et al., 2005),  
E-cadherin (Hidalgo-Carcedo et al., 2011), and the Par3/Par6 cell 
polarity proteins (Hidalgo-Carcedo et al., 2011). Further studies 
will tell if these proteins are involved in the role of DDR1 on 
linear invadosome formation and activation.

In our study, we con!rmed the role of DDR1 in cell inva-
sion. However, interestingly, we established that inhibition of 
Src with PP2 or of DDR1-kinase activity with nilotinib did not 
affect drastically type I collagen degradation and cell invasion. 
This differs from the !ndings from other studies showing an 
impact of PP2 treatment on cell invasion (Angers-Loustau et al., 
2004). This point could be explained by the conditions used to 
perform these assays such as the use of a non–type I collagen 
matrix, the collagen source, or the absence of serum starvation. 
It is clear that the kinase activity of the receptor is crucial for 
DDR1 signaling that promotes, for example, cell proliferation. 
But we demonstrated here that cells can sense type I !brils and 
start a degradation process independent of its kinase activity 
and in the absence of a requirement for c-Src.

Thus, upon contact with type I !bers, DDR1 is able to re-
cruit the actin machinery associated with a strong matrix degra-
dation activity. Although the proteolytic mechanisms used by 
linear invadosomes are still being investigated, a recent study 
has shown that the Scar homologue (WASH) and the exocyst 
complex are involved in delivering MT1-MMP–positive late 
endosomes focally to linear invadosomes (Monteiro et al., 2013).  
It is well known that MMPs, such as pro-MMP2, can be acti-
vated by the culture of cells on !brillar collagen I (Azzam and 
Thompson, 1992; Ruangpanit et al., 2001) in an MT1-MMP–
dependent manner (Takino et al., 2004). Thus, we propose that 
DDR1 is the sensor used by tumor cells to interact with !brillar 
collagen I, leading to the organization of invadosomes that con-
centrate the proteolytic machinery of the cells to facilitate inva-
siveness. Because of its capacities to stimulate cell invasion and 
its overexpression in different cancers, DDR1 should be a good 
target for the prevention of metastasis.

Materials and methods
Antibodies, reagents, and constructs
Nilotinib, anti-Tks5 (rabbit, M-300), anti-DDR1 (rabbit, C-20), anti-GAPDH 
(mouse, FL-335), anti-myc (mouse, 9E10), and anti-RhoA (mouse, 26C4) an-
tibodies were purchased from Santa Cruz Biotechnology, Inc. Mouse anti-
DDR1 monoclonal antibodies (1F7, 1F10, 3E3, and 5D5) were provided 
by B. Leitinger (National Heart and Lung Institute, Imperial College London, 
London, England, UK) and produced as described previously (Carafoli et al.,  
2012). Mouse anti– -actin (clone AC-15), anti-tubulin (T6074), and anti-
Flag (clone M2) antibodies were purchased from Sigma-Aldrich. We also 
used anti-DDR1 (rabbit, D1G6) from Cell Signaling Technology. Anti- 
cortactin (mouse, p80/85), anti-Rac1 (mouse, 23A8), anti-Src CT (rabbit, clone 
NL19), anti–phospho-Src (mouse, Tyr416), and anti-phosphotyrosine (mouse, 
4G10) antibodies and GM6001 were purchased from EMD Millipore.  
Anti-Cdc42 (mouse, clone 44) antibody was purchased from BD. PP2 was 
from Abcam. Anti–collagen type I cleavage site antibody (rabbit, Col1 3/4 
short C) was purchased from immunoGlobe. Rabbit polyclonal anti-Tuba 
antibody was provided by P. De Camilli (Yale University, New Haven, CT; 
Salazar et al., 2003; Cestra et al., 2005). Secondary antibodies FluoProbes 
488, 547H, and 647H anti–rabbit and anti–mouse antibodies were pur-
chased from Interchim. F-actin was stained with Phalloidin-FluoProbes 647, 
547H, 488, or 405 (Interchim). Hoechst 34580 (Invitrogen) was used to 
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in cells receiving siRNA control to siRNA DDR1 only and siRNA DDR1 + 
DDR1-GFP. To generate the MDA-MB-231 cell line stably expressing Life-
act-mRuby, cells were transduced at a multiplicity of infection of 10.

Cdc42 activity assay
To detect GTP-active bound Cdc42, MDA-MB-231 transfected with CT or 
DDR1 #1 siRNA were cultured for 2 h on type I collagen fibrils or overnight 
on plastic. 50 µg of protein was subjected using the G-LISA Cdc42 Activa-
tion Assay Biochem kit (Cytoskeleton, Inc.) according to the manufacturer’s 
instructions.

Gelatin degradation assay
Coverslips were coated with Oregon green gelatin (Invitrogen), fixed with 
0.5% glutaraldehyde (Electron Microscopy Sciences), and washed three 
times with PBS (Invitrogen). Cells were seeded on coated coverslips and in-
cubated overnight before fixation and staining.

Immunofluorescence and imaging
Cells were fixed with 4% paraformaldehyde, pH 7.2, for 10 min, permea-
bilized with 0.2% Triton X-100 for 10 min, and incubated with various an-
tibodies. Cells were imaged with an SP5 confocal microscope (Leica) using 
a 63×/NA 1.4 Plan Neofluor objective lens. To prevent contamination be-
tween fluorochromes, each channel was imaged sequentially using the 
multitrack recording module before merging.

Collagen polymerization, linear invadosome quantification,  
and collagen degradation
Collagen polymerization and linear invadosome quantifications were made 
as described previously (Juin et al., 2012). In brief, collagen was diluted at 
0.5 mg/ml in DPBS 1×, then polymerized for 4 h at 37°C before cell seed-
ing. Cells were seeded for 4 h on collagen before fixation. Confocal images 
of isolated cells were obtained using an SP5 confocal microscope (Leica) 
using a 63×/NA 1.4 Plan NeoFluor objective lens. Cell surface area was 
measured upon phalloidin staining, and Tks5 staining was used as a marker 
for linear invadosomes. We used a custom macro (macros 1–3, available as 
supplemental files) with ImageJ software (W. Rasband, National Institutes of 
Health) that allowed measurement of all required parameters of linear inva-
dosomes: number, size (using the Feret diameter, the longest distance be-
tween any two points), and area (A.U.). Collagen degradation using the 
anti–collagen type I cleavage site antibody (rabbit, Col1 3/4 short C) was 
done using a custom macro (see supplemental files) with ImageJ.

SHG imaging of collagen fibers and quantification
The SHG imaging system consists of a confocal TCS SP2 scanning head 
(Leica) mounted on an inverted microscope (DMIRE2; Leica) and equipped 
with a MAITAI femtosecond laser (Spectra Physics). A 10× dry objective lens 
(NA 0.4; Leica) was used for applying an 820-nm excitation to the sample. 
The SHG signal was collected in the forward direction using the condenser 
(S1, NA = 0.9–1.4; Leica), and the two-photon-excited fluorescence (TPEF) 
was epi-collected in the backward direction. IRSP 715 band-pass and 410-nm 
infrared (IR) filters (10-nm full width at half-maximum [FWHM]) were placed 
before the photomultiplier tube.

All image analysis was performed with the ImageJ software, using a 
custom macro (see supplemental files). For collagen quantification, SHG 
images were thresholded and the mean pixel numbers corresponding to 
collagen were converted to square micrometers, multiplying by a factor of 
8.583 and taking into account the point spread function of the objective. 
For cell counts, the TPEF images were thresholded and watersheded before 
performing the “Analyze Particles” function.

Invasion assay
The invasion assay was adapted from Lopez et al. (2005). 1 mg/ml type I 
rat tail collagen (BD) was used. Costar Transwell inserts (8-µm pore; Corn-
ing) and gels were allowed to polymerize at 37°C for 1 h. Collagen gel 
matrices were then hydrated with DMEM (Life Technologies) supplemented 
with 50% fetal bovine serum (Biomedia) for 4 h. Cells were washed twice in 
serum-free medium, trypsinized, counted, placed in the upper chamber of the 
Transwell insert, and allowed to invade for the indicated time points. After 
invasion, the Transwell inserts were removed from the plate and the quantity 
of invading cells into the gel matrix was determined by F-actin staining.

Western blotting and immunoprecipitation
Cells were lysed in radio-immunoprecipitation assay buffer (25 mM Tris 
HCl, pH 7.5, 150 mM NaCl, 1% IGEPAL, 1% sodium deoxycholate, and 
0.1% SDS), sonicated, incubated at 95°C for 5 min, and loaded onto a 

stain nuclei. To visualize the collagen I network, we labeled 0.4 mg/ml 
fibrillar collagen I with 10 µg/ml Alexa Fluor 546 or 647 carboxylic acid 
succinimidyl ester (Invitrogen).

pDDR1-Flag construct was provided by M. Bendeck (Laboratory 
Medicine and Pathobiology, University of Toronto, Toronto, Ontario, Canada). 
Human DDR1 full length fused to flag sequence was cloned in pcDNA3.1/
Zeo ( ) using EcoRI–BamHI cloning sites, placed under the control of a  
cytomegalovirus (CMV) promoter. pEGFP-Cdc42 WT, pEGFP-V12Cdc42, 
myc-V12-Cdc42, and pEGFP-N17Cdc42 have been described previously 
(Moreau et al., 2003). GFP-Cdc42–tagged constructs were cloned in 
pEGFP-C1 using BglII–KpnI cloning sites and placed under the control of a 
CMV promoter. pLVX-EF1 -DDR1-acGFP was constructed from pcDNA 
3.1/zeo–DDR1–myc (provided by G.D. Longmore, ICCE Institute, Wash-
ington University School of Medicine, St. Louis, MO; Zhang et al., 2013) 
by subcloning DDR1 full length under the control of an EF1  promoter into 
pLVX-EF1 –acGFP-N1 (Takara Bio Inc.) using AfeI and BamHI restriction 
sites. pRaichu-Cdc42 was provided by M. Matsuda (Graduate School  
of Biostudies, Kyoto University, Kyoto, Japan; Aoki and Matsuda, 2009). 
pRaichu-Cdc42 was derived from the pCAGGS eukaryotic expression vec-
tor and encoded a chimeric protein, Raichu-Cdc42. pLifeact-mRuby lentivi-
ral vector was obtained by subcloning Lifeact-mRuby from pmRFPRuby-Lifeact, 
provided by R. Wedlich-Soeldner (Max Planck Institute of Biochemistry, 
Martinsried, Germany; Riedl et al., 2010), using BglII and SpeI restriction 
sites in pRRLsin-MND-MCS-WPRE lentiviral plasmid, placed under the con-
trol of an MND promoter. pTks5-GFP was provided by S.A. Courtneidge 
(Sanford-Burnham Medical Research Institute, La Jolla, CA). Human Tks5 
was cloned in pcDNA3.1/Zeo ( ) using XhoI–Kpn I cloning sites, placed 
under the control of a CMV promoter.

Cell culture
MDA-MB-231 cells (human breast cancer cell line) were from American 
Type Culture Collection and were maintained in L-15 medium and Glutamax-I 
(Invitrogen) supplemented with 10% fetal calf serum and 100 U/ml penicil-
lin–streptomycin (Invitrogen). A549 (human lung adenocarcinoma cell line) 
were from Sigma-Aldrich, provided by F. Delom (INSERM, Bordeaux, France), 
and SYF and SYF c-Src fibroblasts were from A. Wiedmann (INRA Val de 
Loire, Tours, France; Klinghoffer et al., 1999). Huh6 cells (human hepato-
blastoma cell line) were provided by C. Perret (Cochin Institute, Paris, 
France). A549 and SYF cell lines were cultured in Dulbecco’s modified Ea-
gle’s medium with 4.5 g/liter glucose Glutamax-I (Invitrogen) supplemented 
with 10% fetal calf serum (Pan Biotech GmbH) and 100 U/ml penicillin–
streptomycin (Invitrogen). The Huh6 cell line was cultured in Dulbecco’s 
modified Eagle’s medium with 1 g/liter glucose Glutamax-I (Invitrogen) 
supplemented as with A549 cells.

Transfections and infections
SiRNA oligonucleotides (100 nM) were transfected with Lipofectamine 
RNAiMax (Invitrogen) according to the manufacturer’s instructions. The siRNA 
sequences for human DDR1 were as follows. DDR1 #1, 5 -GAAUGU-
CGCUUCCGGCGUGUU-3 ; DDR1 #2, 5 -GAGCGUCUGUCUGCGGG-
UAUU-3  according to published sequences (Hidalgo-Carcedo et al., 2011). 
DDR1 #3 (SI05130706; QIAGEN) targets the 3  UTR of DDR1 mRNA. The 
antisense strand siRNA was targeted against GTPases using the 21-nucleotide 
sequences 5 -AAGAAGTCAGCATTTCTGTC-3  for hRhoA #1, 5 -AAGTTCT-
TAATTTGCTTTTCC-3  for hRac1 #1, and 5 -AAGATAACTCACCACTGTCCA-3   
for hCdc42 #1 according to published sequences (Deroanne et al., 2003); 
5 -AAGGAGATTGGTGCTGTAAAA-3  for hRac1 #2 as previously pub-
lished (Grise et al., 2012); and 5 -AGGTGGATGGAAAGCAGGTA-3   
for hRhoA #2 and 5 -GAGATGACCCCTCTACTATTG-3  for hCdc42 #2.  
A control siRNA targeted against luciferase (CT) 5 -CGTACGCGGAATAC-
TTCGA-3  was purchased from Eurofins MWG Operon, Inc. siRNAs used 
for the GEF screen were purchased from QIAGEN and are referenced in 
Table S1. The second siRNA sequence for human Tuba was as follows: Tuba 
#2, 5 -GAGCUUGAGGGAACAUACAAGAUUU-3 , as previously published 
(Rajabian et al., 2009). For transient transfection of MDA-MB-231 cells, 
the Amaxa Nucleofector kit V (Amaxa Inc.), JET PRIME (PolyPlus; Ozyme), 
or Lipofectamine 2000 (Invitrogen) was used according to the manufacturer’s 
instructions. 5 µg of DNA was added per well of a six-well plate. Cells were 
allowed to grow 24 h after transfection before use.

For the rescue experiment, cells were transfected with siRNA DDR1 
#3 to silence endogenous DDR1 as described in the same paragraph.  
2 d after, siRNA DDR1-expressing cells were infected with lentivirus par-
ticles expressing DDR1-GFP at a multiplicity of infection of 2.5 and selected 
using puromycin antibiotic at a concentration of 1 µg/ml. The rescue was 
observed comparing the proportion of cells able to form linear invadosomes 
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10% or 12% SDS-PAGE gel. Proteins were blotted onto a nitrocellulose mem-
brane (Sigma-Aldrich), blocked with 5% bovine serum albumin, and probed 
with primary antibody overnight. Membranes were then washed and incu-
bated with the corresponding secondary antibody, and signals were ac-
quired and quantified with the Odyssey system (LI-COR Biosciences).

Biosensor assay and FRET analysis
Raichu-Cdc42 biosensor was used for FRET imaging to measure Cdc42 
activity (Aoki and Matsuda, 2009). MDA-MB-231 cells transfected with the 
biosensor were plated in µ-Dish 35 mm, high glass bottom plates (Ibidi) 
coated with type I collagen. 2 h later, living cells were imaged using an in-
verted microscope (TE Eclipse; Nikon) equipped with a motorized heated 
and CO2-regulated incubator. Images were taken using a Nikon 100× 
Plan-Apochromat VC 1.4 oil objective lens and captured with an EM 
charge-coupled device (CCD) camera (C9100-13, ImagEM; Hamamatsu 
Photonics) controlled by the MetaMorph 7.0 software. A ratio image of 
YPF/CFP was created to represent FRET efficiency, which correlated with 
the activities of the G proteins. Pseudocolored ratio images were gener-
ated from images of CFP and FRET channels, as described previously 
(Hodgson et al., 2006). For quantification, the frequency of colocalization 
between active probe and collagen I fibrils was observed and presented 
as the number of cells presenting active probe on collagen I fibrils per num-
ber of cells observed (two independent experiments).

Video microscopy
MDA-MB-231 cells stably expressing Lifeact-mRuby were transfected with 
pTks5-GFP construction. The next day after transfection, cells were plated 
on 14-mm glass-bottom dishes, No. 1.5 thickness (MatTek) before being 
coated with 633 fluorescent collagen type I. Cells were imaged 2 h after 
seeding, with or without PP2 in DMEM 4.5 g/liter glucose, Hepes, no phe-
nol red, and 10% fetal calf serum at 37°C without CO2. A picture was 
taken every 4 min for 1 h with a confocal microscope (SP5; Leica).

Colocalization quantification
For colocalization quantification, we used Co-localization Finder Version 
1.2 from C. Laummonerie and J. Mutterer (Institut de Biologie Moleculaire 
des Plantes, Strasbourg, France) on ImageJ version 1.48. Results were pre-
sented as the mean of 10 fields quantified.

Statistical tests
Data were reported as the mean ± SEM of at least three experiments. Sta-
tistical significance (P < 0.05 or less) was determined using a paired t test 
or analysis of variance (ANOVA) as appropriate and performed with 
GraphPad Prism software (GraphPad Software).

Online supplemental material
Fig. S1 demonstrates the impact of type I collagen fibrils on cell degradation 
activity and confirms the DDR1 localization with linear invadosomes. Fig. S2  
reveals DDR1 involvement in linear invadosome formation in A549 cells 
and shows a rescue experiment on cells depleted for DDR1 and infected 
with DDR1-GFP. Fig. S3 describes the DDR1 role in classical invadosome 
formation and activity. Figs. S4 and S5 demonstrate that the role of DDR1 in 
collagen degradation and cell invasion is MMP dependent but Src indepen-
dent. Table S1 contains the list of siRNAs tested to screen for GEFs involved 
in linear invadosome formation. Video 1 shows the dynamics of Tks5-GFP 
and F-actin on MDA-MB-231 cells seeded on labeled type I collagen fibrils. 
ImageJ macros 1 and 2 were used to determine the number and the size of 
linear invadosomes per cell and collagen degradation. ImageJ macro3 was 
used to quantify SHG signal. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.201404079/DC1.
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Figure S1. Collagen I promotes a matrix degradation increase and DDR1 localization at linear invadosomes. (A) Collagen I increases the degradation activ-
ity of cells. MDA-MB-231 cells were seeded for 24 h on gelatin or on a mixed gelatin/collagen I matrix. Shown are representative confocal images of gelatin 
(gray) after degradation. The bar graph shows quantification of the gelatin degradation. Values are expressed as mean ± SEM of three independent experi-
ments (n = 30 fields). ****, P < 0.0001. (B and C) DDR1 localizes at linear invadosomes. A549 (B) and MDA-MB-231 (C) cells were cultured for 4 h on 
collagen I, fixed with MetOH, and processed for immunofluorescence staining. DDR1 (green; anti-DDR1, 1F10) colocalizes with -actin (red). Right panels 
show enlarged views of the boxed regions. Bars: (A) 50 µm; (B and C, left) 5 µm; (B and C, right) 2 µm.
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Figure S2. DDR1 is required for linear invadosome formation in A549 cells, and its rescue restores cell capacity to form linear invadosomes. (A) A549 
cells were transfected with control siRNA (siCT) or two independent siRNAs targeted against DDR1 (siDDR1 #1 and siDDR1 #2). DDR1 depletion was ana-
lyzed by immunoblotting (anti-DDR1 [D1G6]; Cell Signaling Technology). Tubulin was used as a loading control. (B and C) Cells treated as in A were 
seeded for 4 h on collagen I, fixed, and stained for Tks5 (green) and F-actin (red). The bar graph (B) represents the percentage of cells presenting linear in-
vadosomes. Data are mean ± SEM (n > 500, three independent experiments). ***, P < 0.001 as compared with the control (siCT) condition. (C) Represen-
tative confocal images of A549 cells. DDR1 depletion severely impairs linear invadosome formation in A549 cells. (D and E) Rescue experiment. 
MDA-MB-231 cells were transfected with control siRNA (siCT) or siDDR1 #3. 2 d after transfection, cells were infected with lentiviruses expressing DDR1-
GFP to rescue DDR1 activity. Cells were seeded for 4 h on collagen I and processed for immunofluorescence stainings. The bar graph represents the per-
centage of cells able to form linear invadosomes. Error bars represent the SEM (n = 900; three independent experiments; ***, P < 0.001 as compared 
with the control [siCT] condition; ***, P < 0.001 as compared with the si DDR1 #3 + DDR1-GFP condition). Shown are confocal images of cells stained 
for F-actin (red, top), Tks5 (green; top), DDR1-GFP (red, bottom), or Tks5 (green, bottom). Panels on the right show enlarged views of the boxed regions. 
Bars: (C) 5 µm; (E, left) 10 µm; (E, magnified panels on the right) 3 µm.
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Figure S3. DDR1 depletion induces a decrease in the number of cells forming invadopodia and associated degradation activity. (A) MDA-MB-231 cells 
were transfected with control siRNA (siCT), siDDR1 #1, or siDDR1#2 and seeded for 24 h on fluorescent gelatin matrix. Shown are representative confocal 
images of degraded gelatin area. The bar graph represents quantification of degradation area per nuclei (A.U., arbitrary units). Error bars represent the 
SEM (n = 120 fields, three independent experiments; ***, P < 0.001 as compared with the control condition). (B) HuH6 cells were treated as in A, and 
protein extracts were analyzed by immunoblotting to determine DDR1 protein expression (anti-DDR1; cell signaling). GAPDH was used as loading control. 
(C) Huh6 cells were transfected as in A, seeded for 24 h on fluorescent gelatin matrix, and processed for immunofluorescence staining (F-actin; red). The 
bar graph on the right represents quantification of the percentage of Huh6 cells presenting invadopodia. Error bars represent the SEM (n = 900 cells, three 
independent experiments; ***, P < 0.001 as compared with the control condition). (D) Huh6 cells were treated as in A and seeded for 24 h on fluorescent 
gelatin. Shown are representative confocal images of degraded gelatin area in each siRNA condition. The bar graph represents quantification of degrada-
tion area per nuclei (A.U.). Error bars represent the SEM (n = 120 fields, three independent experiments). (E) Huh6 cells stably expressing DDR1-GFP were 
seeded for 24 h on gelatin and processed for immunofluorescence staining. Left: F-actin, blue; Tks5, red; and DDR1, green. Panels on the right show en-
larged views of the boxed region. Bars: (A) 30 µm; (C) 10 µm; (D) 30 µm; (E, left) 5 µm; (E, enlarged panels on the right) 3 µm.
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Figure S4. The impact of metalloprotease, DDR1 activity, and Src inhibitors on degradation of collagen I. (A) MDA-MB-231 cells were treated with 5 µM 
GM6001, 1 µM nilotinib (1 h of pretreatment with this inhibitor), or 5 µM PP2 and seeded for 4 h on collagen I. Cells were fixed and stained with an anti–
collagen type I cleavage site (Col1 3/4 C) antibody. The bar graph represents the quantification of the degraded collagen area per cell (A.U., arbitrary 
units). Error bars represent the SEM (n = 90 fields, three independent experiments; ***, P < 0.001 as compared with the control condition [DMSO treat-
ment]). (B) Shown are cells treated as in A with GM6001 (cleaved collagen, green; F-actin, gray). Bar, 20 µm.
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Figure S5. The effect of metalloprotease, Src, and DDR1 kinase activity inhibitors on cell invasion in a 3D collagen matrix. (A) MDA-MB-231 cells were 
seeded on the top of a 3D collagen gel labeled with 546-succinimidyl-ester (red). Indicated drugs were added 1 h after seeding and cells were incubated 
for 3 d, fixed, and processed for immunofluorescence staining (F-actin, green). Top panels, upper view of the gel; middle panels, inside view; bottom pan-
els, z-cut. From left to right: DMSO-treated cells (control, vehicle), GM6001 5 µM, PP2 5 µM, and nilotinib 1 µM. (B) Quantification of the cell invasion 
index of the experiment described in A. The bar graph represents the ratio of the number of MDA-MB-231 cells penetrating the collagen gel/number of 
cells seeded. Data are expressed as mean ± SEM (three independent experiments). ***, P < 0.001; *, P < 0.05 as compared with the control condition 
(DMSO). (C) MDA-MB-231 cells were seeded on a 3D collagen gel labeled with 546-succinimidyl-ester (red), as in A, treated with DMSO (control) or 
GM6001 and processed for immunofluorescence staining (cleaved collagen, green). Shown are representative confocal images of the inside view (top) 
and the z-cut (bottom). Note that in the control condition, the cleaved collagen staining shows the path generated by the cells inside the collagen gel (visible 
on the z-cut), whereas no signal is found upon MMP inhibition. Bars, 50 µm.
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Table S1. List of siRNA tested to screen for GEFs involved in linear invadosome formation

siRNA use NCBI gene symbol Gene description siRNA target sequence 5 -3 Origin

GEF screen ARHGEF37 Rho GEF 37 SI03205825 QIAGEN
ARHGEF38 Rho GEF 38 SI00396781 QIAGEN
ARHGEF4 Rho GEF 4 SI00110411 QIAGEN
ARHGEF9 Cdc42 GEF 9 SI04138498 QIAGEN
DNMBP #1 Dynamin binding protein (Tuba) SI04220237 QIAGEN
DNMBP #2 Dynamin binding protein (Tuba) GAGCUUGAGGGAACAUACAAGAUUU Eurofins MWG Operon, Inc.

FARP2 FERM, RhoGEF, and pleckstrin domain protein 2 SI00384769 QIAGEN
FARP2 FERM, RhoGEF, and pleckstrin domain protein 2 SI04332370 QIAGEN
FGD1 FYVE, RhoGEF, and PH domain containing 1 SI00386568 QIAGEN
FGD1 FYVE, RhoGEF, and PH domain containing 1 SI05044494 QIAGEN
FGD2 FYVE, RhoGEF, and PH domain containing 2 SI00386603 QIAGEN
FGD3 FYVE, RhoGEF, and PH domain containing 3 SI04211130 QIAGEN
FGD4 FYVE, RhoGEF, and PH domain containing 4 SI00386652 QIAGEN
ITSN1 Intersectin 1 (SH3 domain protein) SI04161136 QIAGEN
ITSN1 Intersectin 1 (SH3 domain protein) SI05030865 QIAGEN
ITSN2 Intersectin 2 SI00086779 QIAGEN

PLEKHG2 Pleckstrin homology domain containing, family G 
(with RhoGef domain) member 2

SI00686910 QIAGEN

SPATA13 Spermatogenesis associated 13 SI04177103 QIAGEN
Others DDR1 #1 DDR1 GAAUGUCGCUUCCGGCGUGUU Eurofins MWG Operon, Inc.

DDR1 #2 DDR1 GAGCGUCUGUCUGCGGGUAUU Eurofins MWG Operon, Inc.
DDR1 #3 DDR1 SI05130706 QIAGEN

CDC42 #1 Cell division control protein 42 homologue AAGATAACTCACCACTGTCCA Eurofins MWG Operon, Inc.
CDC42 #2 Cell division control protein 42 homologue GAGATGACCCCTCTACTATTG Eurofins MWG Operon, Inc.
RAC1 #1 Ras-related C3 botulinum toxin substrate 1 AAGTTCTTAATTTGCTTTTCC Eurofins MWG Operon, Inc.
RAC1 #2 Ras-related C3 botulinum toxin substrate 1 AAGGAGATTGGTGCTGTAAAA Eurofins MWG Operon, Inc.
RHOA #1 Ras homolog gene family, member A AAGAAGTCAGCATTTCTGTC Eurofins MWG Operon, Inc.
RHOA #2 Ras homolog gene family, member A AGGTGGATGGAAAGCAGGTA Eurofins MWG Operon, Inc.

GL2 Luciferase CGTACGCGGAATACTTCGA Eurofins MWG Operon, Inc.

Video 1. Localization and dynamics of Tks5-GFP and F-actin on MDA-MB-231 cells seeded on labeled type I collagen fibrils. 
MDA-MB-231 cells constitutively expressing pLifeact-mRuby (red) and transfected with Tks5-GFP (green) were seeded on type 
I collagen fibrils labeled with 633-succinimidyl-ester (gray). Images were analyzed by time-lapse confocal microscopy using a 
laser-scanning confocal microscope (SP5 confocal microscope; Leica). Frames were taken every 4 min for 2 h.

ImageJ macros 1 and 2 were used to determine the number and the size of linear invadosomes per cell 
and collagen degradation.

ImageJ macro 3 was used to quantify SHG signal.

All three files are available as a ZIP file.
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