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'536&5+4+1'818! )@517*! '0A53+*'7'818>! G17/223;! 17!(?'@%.&! D;! 6&'! 5+2'! +.! (&! 6/5*'6!

*'7'8;!G+J/"!/7)!G+J/#!17!%H='22!)'<'2+40'76!/7)!6&'15!.@7=61+78!17!4'514&'5/2!%H='22!

&+0'+86/818!9122!A'!86@)1')>!
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9:0;&.!<5<!H&:1:%:>.!'*/!/.3:*:%:>.!?'.1'%+@+:.$:$!:*!1+;$.!

Q510161<'!'536&5+1)!)'<'2+40'76!86/568!/6!\]>!M6!6&18!86/*';!6&'!\53Q!/5'!45+)@=')!/6!

6&'! 3+2:! 8/=! /7)! @4! @7612! \"b;! .'9!?/=Q! /7)!?'*/Q! /5'! )'6'=6')>! (/'0/6+4+1'818!

6&'7! 8&1.68! 6+!MN?! 6+!45+)@='!)'.17161<'!(FK;! /7)! 8+! 6&'!)'.17161<'!&/'0/6+4+1'818!

9/<'! A'*178>! F&+5623! /.6'5;! (FK! /5'! 8'')')! 6+! 6&'! .'6/2! 21<'5! /7)! 17161/6'! 6&'!

)1..'5'761/61+7! +.! &/'0/6+4+1'61=! ='22! )'<'2+40'76! /6! \"">! %&'5'/.6'5;! `GWH\! /5'!

)'6'=6')! /6! \"">Z! 17! 6&'! .'6/2! 21<'5>! C7! 6&'!01)H*'86/61+7;! (FK! 8'')! 6&'! 842''7! /7)!

6&30@8! .5+0! .'6/2! 21<'5! 6+! =+7617@'! &/'0/6+4+1'818! /7)! %H='22! )'<'2+40'76! A'.+5'!

A156&>!!

(FK!q!(/'0/6+4+1'61=! 86'0!='22;!MN?!q!Aorta-gonads-mesonephros;! \53Q!q!Primitive 
erythroid progenitor;! ?/=Q! q! Qrimitive macrophage progenitor;! ?'*/Q! q! Primitive 
megakaryocyte progenitor !
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9:0;&.!<5K!O'.1'%+@+:.%:(!(.--!/.>.-+@1.*%!

G1*@5'!8&+9')!&/'0/6+4+1'61=!='22!)'<'2+40'76!.5+0!(FK!6+!0/6@5'!A2++)!='22>!(FK!

.1586! *1<'! 518'! 6+! ?QQ! ,XFU-;! 9&1=&! 6&'7! )1..'5'761/6'! 176+! '16&'5! K?Q! +5! KXQ! 6+!

=+0016!6+!'16&'5!03'2+1)!+5!2304&+1)!217'/*'>!!%&'!K?Q!6&'7!)1..'5'761/6'!176+!'16&'5!

?\Q!+5!N?Q!/7)!.17/223!*1<'!518'!6+!0/6@5'!'536&5+=36';!42/6'2'6;!7'@65+4&12;!A/8+4&12;!

'+817+4&12!/7)!0/=5+4&/*';!9&12'!KXQ!*1<'!518'!6+!%!/7)!`!2304&+=36'!/7)!VU!='22>!

%&'! 0@2614+6'76! 45+*'716+58! =/7! A'! 1)'761.1')! A3! 6&'15! 'J45'881+7! +.! ='22! 8@5./='!

0/:'58!,95166'7!17!5')->!!! 
(FK! q! (/'0/6+4+1'61=! 86'0! ='22;! ?QQ! q! ?@2614+6'76! 45+*'716+5! K?Q! q! K+00+7!

03'2+1)! 45+*'716+5;! KXQ! q! K+00+7! 2304&+1)! 45+*'716+5;! ?\Q! q! ?'*/:/53+=36'H!

'536&5+1)!45+*'716+5;!N?Q!q!!N5/7@2+=36'H0+7+=36'!45+*'716+58>!
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(Neutrophil) 
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NK cell 
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FcγRII/III- 
CD34+ 
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C-kit+ 

FcγRII/III- 
CD34- 

Lin- 
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C-kit+ 
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CD34+ 
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C-kit+ 
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9:0;&.!<56!R&G%?&+:/!/.>.-+@1.*%!:*!1+;$.!

G1*@5'!8&+9')!'536&5+1)!)'<'2+40'76!.5+0!(FK!6+!.@223!)'<'2+4')!'536&5+=36'>!`GWH

\!18!6&'!.1586!'536&5+1)!=+00166')!45+*'716+5;!6&/6!*1<'!518'!6+!6&'!0+5'!0/6@5'!KGWH\!

45+*'716+5>! %&'8'! 69+! 4+4@2/61+78! =/7! A'! 1)'761.1')! /7)! '7@0'5/6')! A3! =+2+73!

.+5017*! ='22! /88/38>! Q&+6+8! 5'45'8'76!`GWH\! /7)!KGWH\! .+5017*! 17!0'6&32='22@2+8'!

0')1@0>! KGWH\! 6&'7! )1..'5'761/6'! 176+! '536&5+A2/86! 4+4@2/61+78>! %&'5'! /5'! .+@5!

8@A8'68! +.! '536&5+A2/86! 6&/6! &/<'! A''7! 1)'761.1')! /7)! =/7! A'! 5'=+*71f')! A3! 6&'!

'J45'881+7!+.!6&'!='22!8@5./='!0/5:'58;!KD]"!/7)!%'5""a>!G17/223;!'536&5+A2/868!'J4'2!

6&'15!7@=2'1!/7)!A'=+0'!.@223!0/6@5'!'536&5+=36'8>!

  

Erythroblast subsets defined by  
expression of cell surface marker  

CD71 and Ter119  

Predominantly 
proerythroblast    HSC 

Ortho-
chromatophilic 

erythroblast 

    Late basophilic  
& chromatophilic    
    erythroblast 

Basopilic 
erythroblast Erythrocyte BFU-E CFU-E 

Ter119 

C
D

 7
1 

Subset II Subset III Subset IV subset I 

CD71hi 
Ter119med 

CD71hi 
Ter119hi 

CD71med 
Ter119hi 

CD71low 
Ter119hi 

Erythroid progenitors detected by  
colony forming assay 
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9:0;&.!<57!2M(.--!/.>.-+@1.*%!:*!1+;$.   

%&30+=36'! )'<'2+40'76! @7)'5*+'8! /! 8'51'8! +.! 86/*'8! /7)! 8'2'=61+7! 45+='88'8>!

l!8'2'=61+7!+==@58!/6!6&'!DV$!86/*';!17!9&1=&!%KL!l!=&/17!*'7'8!/5'!5'/55/7*')!/7)!

.+50!/!45'H%KL!=+042'J!916&!45'H%KL!m!=&/17>!%KL!m!=&/17!5'/55/7*'0'76!+==@58!17!

DQ! 6+! =+042'6'! 6&'! ml!%KL! 81*7/2217*! /7)! =+042'6'! ml!8'2'=61+7>! Q+8161<'! 8'2'=61+7!

8'2'=68! DQ! 6&30+=36'8! 916&! 0+)'5/6'! /..17163! +.! ?(K;! 17! 9&1=&! 6&'15! %KL! 916&! /!

865+7*!81*7/2!/7)!9&1=&!5'=+*71f'8!?(K!=2/88!CC!0+2'=@2'8!/5'!=+00166')!6+!KDOFQ!

%H='228;!9&12'!6&'15!%KL!916&!/!9'/:!81*7/2!9&1=&!5'=+*71f'8!?(K!=2/88!C!0+2'=@2'8!

/5'!=+00166')!6+!KD^FQ!%H='228>!DQ!='228!916&!%KL!6&/6!=/77+6!5'=+*71f'!?(K!+5!916&!

2+9!?(K!/..17163!@7)'5*+!/4+46+818>!`'.+5'!'J1617*!6&'!6&30@8!/7)!01*5/617*!6+!6&'!

2304&+1)! +5*/78! 17! 6&'! 4'514&'53;! 6&30+=36'8! *+! 6&5+@*&! 7'*/61<'! 8'2'=61+7! 6+!

'21017/6'!%H='228!916&!&1*&!/..17163!%KL!.+5!8'2.H4'461)'>!!

DV!q!D+@A2'!7'*/61<'!='228;!DQ!q!D+@A2'!4+8161<'!='228;!%KL!q!%H='22!5'='46+5!

 

 

DN 1 DN 2 DN 3 
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DN 4 

TCR !  Pre-TCR "  

DP 

TCR !  TCR "  
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CD4+ 
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! selection 
 (pre-TCR signalling) 
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   (TCR signalling) 

Positive selection  
(MHC recognition) 

DP 
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(Low MHC affinity) 

CD4 

CD8 

MHC classII recognition 

MHC class I recognition 

CD4 

CD8 

Negative selection 
(Self-peptide recognition)  

Apoptosis 
(MHC high affinity 

of self-peptide) 

Periphery 

Apoptosis 
(MHC high affinity 

of self-peptide) 

Survive 
(Moderate MHC affinity) 

With high 
TCR 
signal 

With low 
TCR 
signal 
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9:0;&.!<58!O./0.?+0!$:0*'--:*0 

C7!6&'!/A8'7='!+.!(&!45+6'178;!Q6=&!17&1A168!F0+!/=61<163!/7)!5'8@268!17!5'45'881+7!+.!

)+97H865'/0!65/78=51461+7!/=61</61+7>!T7!/=61</61+7!A3!A17)17*!/!0'0A'5!+.!6&'!(&!

45+6'178! 6+! Q6=&;! 17&1A161+7! +.! F0+! /=61<163! 18! 5'21'<')! 6&@8! 2'/)17*! 6+! 6&'!

65/78=51461+7!+.!84'=1.1=!(&!6/5*'6!*'7'8!A3!6&'!N21!./0123!+.!65/78=51461+7!./=6+58>!!

 

 

Dhh 
Shh Ihh 

Without Hh proteins With Hh proteins 

Patched Smoothened Patched Smoothened 

Hh signalling pathway 

Gli 
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4?'@%.&!2,+ B!E.%?+/$!'*/!E'%.&:'-$!

K5<!E:(.!

F0+.2+Jd.2+J;! N21$hdH! /7)! KDOH=5'! 65/78*'71=! 01='! 9'5'! 4@5=&/8')! .5+0! %&'!

R/=:8+7!X/A+5/6+53!,`/5!(/5A+@5;!?/17'->!KZ]`Xd[!01='!9'5'!4@5=&/8')!.5+0!

K&/52'8!L1<'5! ,WU->!D&&hdH! /7)! C&&hdH!01='!9'5'!:17)!*1.68! .5+0!D5>!M7)5'9!

?=?/&+7!,`16*++)!'6!/2>!"aa[;!F6HR/=E@'8!'6!/2>!"aaa->!_/<H=5'!65/78*'71=!01='!

9'5'! /! *1.6! .5+0! D5>! D1016518! U1+@8818! ,)'! `+'5! '6! /2>! #bb$->! G+J/".2+Jd.2+J!

G+J/#.2+Jd.2+J!01='!9'5'!/!*1.6!.5+0!D5>!F1'9HX/7!M7*!,G'551!'6!/2>!#bb]->!M22!01='!

9'5'! A5')! /7)!0/176/17')! /6! W71<'58163! K+22'*'! X+7)+7! ,W>U>->! N'7+634'8! +.!

/)@26!01='!9'5'! )'6'5017')! A3! 4+230'5/8'! =&/17! 5'/=61+7! ,QKL-! +.! *'7+01=!

DVM!/8!)'8=51A')!17!A'2+9!,K5<6->!!!

K5K!C&&'/:'%:+*!

?1='!/*')!OH[!9'':8!9'5'!*1<'7!/! 817*2'! 6+6/2HA+)3!)+8'!+.!O!N3! .5+0!/! [bK+!

*/00/H5/3! 8+@5='! /6! /! )+8'! 5/6'! +.! b>#^! N3d017>! %&'! 01='! 9'5'! 42/=')! 17!

<'7612/6')!=+76/17'58!)@517*!155/)1/61+7>!!

K56!4.--!C$+-'%:+*!!

`+7'!0/55+9!='228!9'5'! 18+2/6')! .5+0!6&'! .'0@5>!%&'!'7)8!+.! 6&'! .'0@5!9'5'!

65100')! 6+! 'J4+8'! 6&'! 176'51+5!0/55+9! 8&/.6;! /7)! 6&'7! 6&'! A'<'2! +.! /! 7'')2'!!

/66/=&')! 6+! /! "02! 83517*';! =+76/1717*! "! 02! +.! =+2)! MC?H_! 0')1@0;! ,X1.'!

%'=&7+2+*1'8;!N/16'58A@5*;!?D-!9/8!178'56')!176+!6&'!0/55+9!8&/.6!/7)!@8')!6+!



! $O!

.2@8&! +@6! 6&'! A+7'!0/55+9! ='228>! K'228! 18+2/6')! .5+0! .'6/2! 21<'5;! /)@26! 6&30@8;!

842''7!/7)!2304&!7+)'8!9'5'!&/5<'86')!/7)!=5@8&')!A'69''7!69+!.5+86')!*2/88!

821)'8>!

K57!"*%:#+/:.$!'*/!9-+,!4G%+1.%&G!

K575<!4.--!$;&3'(.!$%':*:*0!

K'228! 9'5'! 86/17')! @817*! =+0A17/61+78! +.! 6&'! .+22+917*! )15'=623! =+7B@*/6')!

/761A+)1'8! 8@4421')! A3! `D! Q&/5017*'7! ,F/7! D1'*+;! KM-e! /761HKD$GC%K;! /761H

KDOGC%K;!/761HKDOMQK;!/761HKDZQ\/761;!/761HKD^MQK;!/761HKD^=3=&5+0';!/761HKD#ZGC%K;!!

/761HKD[aQ\;! /761HKD]"GC%K;! /761HN5H"! GC%K;! /761H(FMQ'5KQH=3Z>Z/761HX3[NQ\;! /761H

?/=H"Q'5KQH=3Z>Z;! ! /761Hc/#G16=! /7)! /761H%\L""aQ\! >! Q5+*'716+5! ='22! 4+4@2/61+7!

/7/23818!9/8!)+7'!A3!86/1717*!916&!217'/*'!84'=1.1=!/761A+)1'8!,/761HKD$!Q\;!/761H

KDOQ\;! /761HKD^! Q\;! /761H`##b! Q\! /761H?/=H"Q\;! /761HN5H"Q\;! /761HKD"a! Q\-;! /761H

KD$OG16=;! /761HG=!CCdCCCQ'5KQH=3Z>Z;! /761HF=/H"MQK! /7)! /761HKH:16Q'H=3Z>! K'22!

8@84'781+78!9'5'! 86/17')! .+5! $b!017@6'8! +7! 1='! 17! 4&+84&/6'! A@..'5')! 8/217'!

,Q`F-!,F1*0/HM2)51=&-!8@442'0'76')!916&!#k!GKF!/7)!b>b"k!8+)1@0!/f1)'>!!

K575K!"**.Q:*MT!'@+@%+$:$!$%':*:*0!'$$'G!

M77'J17H_! 86/1717*! 9/8! =/551')! +@6! @817*! /7! M77'J17H_HGC%K! /4+46+818!

)'6'=61+7!:16! ,`D!Q&/5017*'7-!/==+5)17*!6+!0/7@./=6@5'5P8! 17865@=61+78>!Q51+5!

6+!M77'J17H_!86/1717*;!='228!9'5'!86/17')!/8!)'8=51A')!/A+<'>!



! $Z!

K5756!P1++%?.*./UP1+V!'*/!H'%(?./UH%(?V!$;&3'(.!$%':*:*0!!

G+5!='22!8@5./='!F0+!+5!Q6=&!86/1717*;!='228!9'5'!.1586!17=@A/6')!.+5!$b!017@6'8!

17!Q`F!916&!">Zk!)+7:'3!8'5@0!,F/76/!K5@f!`1+6'=&7+2+*3->!M.6'5!9/8&17*!916&!

Q`F;!='228!9'5'!17=@A/6')!916&!b>Zi*!/761HKD"[dKD$#!,Q&/5017*'7-!17!Zbi2!+.!

Q`F!.+5!Z!017@6'8>!K'228!9'5'!6&'7!17=@A/6')!916&!#i*!+.!/761HF0+;!VH"a!+5!/761H

Q6=&! ,F/76/! K5@f! `1+6'=&7+2+*3-! +5! *+/6! C*N! ,F/76/! K5@f! `1+6'=&7+2+*3-! /8!

18+634'! =+765+2! 17! Zbi2! +.! Q`F! .+5! [b! 017@6'8! /7)! 9/8&')! 916&! Q`F! /7)!

b>Zk`FM>! K'228! 9'5'! 6&'7! 17=@A/6')! 916&! #i*! +.! `1+617H=+7B@*/6')! G,/AP-#!

.5/*0'76!+.!)+7:'3!/761H*+/6!C*N!,F/76/!K5@f!`1+6'=&7+2+*3-!17!Zbi2!+.!Q`F!/7)!

">Zk!)+7:'3!8'5@0!.+5!$b!017@6'8!/7)!9/8&')!916&!Q`F!/7)!b>Zk`FM>!K'228!

9'5'! .17/223! 17=@A/6')! 916&! )15'=623! =+7B@*/6')! /761A+)1'8e! /761H

865'46/<1)17=3=&5+0';!/761HKD]"GC%K;!/761H%'5""aQ\!/8!/A+<'>!!

K5757!H&+@:/:;1!:+/:/.!$%':*:*0!

G+5!45+41)1@0!1+)1)'!,QC-!86/1717*;!='228!9'5'!4'50'/A121f')!17!b>"k!%516+7!jH

"bb! ,F1*0/-! /7)! 17=@A/6')! 916&! Zbr*d02! QC! ,F1*0/-! 17! "bbr*d0X! +.! LV/8'!

,F1*0/-! 17! Q`F! .+5! "b!017@6'8! 17! 6&'! )/5:! /6! 5++0! 6'04/6@5'>! F/042'8!9'5'!

/7/238')!+7!/!GMKFK/21A@5!,`'=6+7!D1=:178+7-!+5!M==@51!K[>!!!

K5758!C*%&'(.--;-'&!$%':*:*0!3+&!(G(-:*!W<!

Q@51.1')! %'5""ah<'! ='228! 9'5'! 17=@A/6')!916&! 4'50'/A121f/61+7! A@..'5! .+5! $b!

017@6'8! 17! 6&'! )/5:>! G+22+917*! 6&18;! ='228! 9'5'! 9/8&')! 691='! 916&!

4'50'/A121f/61+7! A@..'5! 6&'7! 86/17')! 916&! /761H=3=217`"! /761A+)3! 17!



! $[!

4'50'/A121f/61+7! A@..'5! .+5! $b! 017@6'8>! M.6'5! 17=@A/61+7;! ='228! 9'5'! 9/8&')!

691='! 916&! 4'50'/A121f/61+7! A@..'5! .+22+9')! A3! 9/8&17*! 916&! GMKF! A@..'5>!

F/042'8!9'5'!/7/238')!+7!GMKF8=/7!,`'=6+7!D1=:178+7;!G5/7:217!X/:'8;!VR-!

K575D!C*%&'(.--;-'&!$%':*:*0!3+&!9+Q@6!

C765/='22@2/5!86/1717*!+.!G+J4$!9/8!4'5.+50')!@817*! 6&'!Q\!/761H0+@8'!G+J4$!

F6/1717*! F'6! ,'`1+8=1'7='8;! F/7! D1'*+;! KM->! F42'7+=36'8! 9'5'! 18+2/6')! /7)!

86/17')!916&! /761HKDOQ'5=4H=3Z>Z!/7)! /761HKD#ZGC%K>!M.6'5!9/8&17*!916&! Q`F;! ='228!

9'5'! 17=@A/6')! 916&! G1J/61+7dQ'50'/A121f/61+7! 9+5:17*! 8+2@61+7! .+5! $b!

017@6'8! 17! 6&'! )/5:>! G+22+917*! 6&18;! ='228! 9'5'! 9/8&')! 691='! 916&!

4'50'/A121f/61+7! A@..'5! 6&'7! 86/17')! 916&! /761HG+J4$! /761A+)3! 17!

4'50'/A121f/61+7! A@..'5! .+5! $b! 017@6'8>! M.6'5! 17=@A/61+7;! ='228! 9'5'! 9/8&')!

691='! 916&! 4'50'/A121f/61+7! A@..'5! .+22+9')! A3! 9/8&17*! 916&! GMKF! A@..'5>!

F/042'8!9'5'!/7/238')!+7!/7!M==@51!K[>!!
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! OO!
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c1/*'7!,c@/7616'=6!4510'5!/88/3->!
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!

!

!

!



! OZ!

Transcript 
Direction 

of 
Primer 

Oligonucleotide Sequence Product size 
(bp) 

    
Forward ATCCACGTATCGGTCAAAGC Dhh WT gene 
Reverse GGTCCAGGAAGAGCAGCAC 

442 

    
Forward GGCATGCTGGGGATGCGGTG Dhh mutated gene 
Reverse GGTCCAGGAAGAGCAGCAC 

110 

    
Forward CGATGCAACGAGTGATGAGG CD4-cre 
Reverse GCATTGCTGTCACTTGGTCGT 

300 

    
Forward AGATGCCAGGACATCAGGAACCTG Vav-cre 
Reverse ATCAGCCACACCAGACACAGAGATC 

300 

    
Forward CTGTGGATTATGTTCCTGAT Foxa1  

WT and loxP gene Reverse GTGTCAGGATGCCTATCTGGT 
WT 290             
loxP 450 

    
Forward CCCCTGAGTTGGCGGTGGT Foxa2  

WT and loxP gene Reverse TTGCTCACGGAAGAGTAGCC 
WT 290             
loxP 450 

!

2'#-.!K5<!H&:1.&$!;$./!3+&!0.*+%G@:*0!'*/!H4L!'*'-G$:$!

!

Transcript Direction of Primer Oligonucleotide Sequence 
   

Forward CTGATGACAGAGCGTTGC 
Dhh 

Reverse TCGTAGTGGAGTGAATCCTG 
   

Forward  AGGAGGCCTACTCCTCTGTC 
Foxa1 

Reverse  GCGTAGGACATGTTGAAGGA 
   

Forward  TTCTTCAACCAGGCTGAGTG 
Smo 

Reverse  CGTATGGCTTCTCATTGGAGTG 
   

Forward  TGCTCTCCAGTTCTCAGACTC Ptch 
Reverse  CCACAACCTTGGGTTTGG 

   
Forward  AAACCTCAAGACGCACCTTCGG 

Gli 
Reverse  CGTATCCDTTCTCATTGGAGTG 

   
   
  

!2'#-.!K5K!H&:1.&$!;$./!3+&!L2MH4L!
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!
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'536&5+A2/868! =@26@5')! 916&! 5D&&! /7)! /761H(&! 7'@65/21f17*! /761A+)3;! 8&+9')!

6&/6! X0+#! 18! /! )15'=6! .@7=61+7/2! 6/5*'6! +.!D&&! 81*7/2217*! 17! 6&'! 2/6'5! 86/*'8! +.!

'536&5+A2/86!)1..'5'761/61+7>!!

!

!

!

!



! O]!

F.(-'&'%:+*!+3!H;#-:('%:+*!

F+0'! )/6/! 17! 6&'! .+22+917*! =&/46'5! 18! 6/:'7! .5+0! /! 4@A21=/61+7! 6162')!
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(')*'&+*w! 17! `2++)>! #b"#! ?/3! "]x""a,#b-eO]O"HZ">! %&'! 0/7@8=5146! 9/8!
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!

!

!

!

!

!

!

!

!

!

!

!
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0+86! 9'22H:7+97! *5+96&! ./=6+5! .+5! )'<'2+40'76! +.! '536&5+=36'8! 18!

'536&5+4+1'617! ,\4+-;! 9&1=&! 18! /! *23=+45+6'17! &+50+7'>! \4+! 18! /! :'3!

'536&5+4+1'61=!./=6+5!6&/6!/=68!6&5+@*&!A17)17*!6+!168!5'='46+5!,\4+L-!6+!=+765+2!

='22! 8@5<1</2;! 45+21.'5/61+7! /7)! )1..'5'761/61+7! +.! '536&5+1)! 217'/*'8! ,X17! '6! /2>;!

"aa[->!%&'!45+21.'5/61+7!+.!4510161<'!'536&5+1)!217'/*'8!18!)'4'7)'76!+7!6&'!\4+!

81*7/2;!9&'5'/8!\4+!/=68!/8!/!8@5<1</2!./=6+5!17!6&'!)'.17161<'!'536&5+1)!217'/*'!

/7)! /28+! .@7=61+78! /8! /! *5+96&! ./=6+5! .+5! 6&'! 8@5<1</2! /7)! 45+21.'5/61+7! +.!

45+'536&5+A2/868!,U+@53!/7)!`+7)@5/76!"aab->!

G@56&'50+5';! 6&'!)1..'5'761/61+7!+.!&/'0/6+4+1'61=!='228! 18!&1*&23!5'*@2/6')!A3!

6&'! =++5)17/61+7! +.! 217'/*'! 84'=1.1=! 65/78=51461+7! ./=6+58>! %&'! 5+2'! +.! 6&'!

65/78=51461+7!./=6+5;!N/6/H";!17!'536&5+4+1'818!&/8!A''7!9'22!'86/A218&')>!N/6/H"!

/=68! /8! /! :'3! 5'*@2/6+5! /7)! 42/38! /! ='765/2! 5+2'! 17! '536&5+1)! )'<'2+40'76!

(Fujiwara et al. 1996)>!\J45'881+7!+.!N/6/H"!18!'88'761/2!6&5+@*&+@6!6&'!45+='88!+.!

'536&5+4+1'818!,N&17/881!'6!/2>!#bb]->!X+88!+.!N/6/H"!=/@8'8!8'<'5'!/7/'01/!)@'!

6+! =+042'6'!/A2/61+7! +.! 4510161<'! /7)! )'.17161<'! '536&5+4+1'818! /7)! 5'8@268! 17!

'0A53+71=! )'/6&! /6! )/3! \"b>ZH\"">Z! 17!0+@8'! ,G@B19/5/! '6! /2>! "aa[->! N/6/H"!

/=61<163! /7)! 6&'!)'*5''!+.! 168! 'J45'881+7!/6! '/=&! 86/*'!/5'!/28+! =5161=/2! .+5! 6&'!

'536&5+1)! 217'/*'! =+00160'76! =&+1='>! C6! &/8! A''7! 8&+97! 6&/6! 2+88! +.! N/6/"!

104/158! 6&'! 0/6@5/61+7! +.! 6&'! A14+6'76! '536&5+1)! /7)! 0'*/:/53+=361=!



! Oa!

45+*'716+5;! ?\Q! ,N&17/881! '6! /2>! #bb];! F6/=&@5/! '6! /2>! #bb[->! C7! =+765/86;!

'7.+5=')!'J45'881+7!+.!N/6/H"!18!/A2'!6+!5'45+*5/0!KXQ!/7)!N?Q!6+!=+7<'56!6+!

?\Q!/7)!)1..'5'761/6'!176+!6&'!'536&5+1)!217'/*'!,C9/8/:1!'6!/2>!#bb$->!!

C7! /))161+7! 6+! N/6/H";! +6&'5! 65/78=51461+7! ./=6+58! /5'! /28+! 104+56/76! 17! 6&'!

45+='88! +.! '536&5+1)! )'<'2+40'76>! N/6/H"! &/8! A''7! 5'4+56')! 6+! 176'5/=6! 916&!

X0+#;!GTNH";!\#M;!F=2!/7)!X)AH"!6+!.+50!/!45+6'17!=+042'J!6&/6!5'*@2/6'8!6&'!

65/78=51461+7!+.!N/6/!6/5*'6!*'7'8!6&/6!5'*@2/6'!'536&5+4+1'818>!M22!.1<'!+.!6&'8'!

45+6'178! /5'! 5'E@15')! 6+! /88'0A2'! 6+*'6&'5! /7)! '86/A218&! 6&'! DVMHA17)17*!

=+042'J!,I/)0/7!'6!/2>!"aa]->!%&@8;!'/=&!+.!6&'8'!45+6'178!18!'88'761/2!.+5!6&'!

=+765+2!+.!'536&5+1)!)'<'2+40'76>! C76'5'8617*23;!X0+#! 18!/!:'3!'2'0'76! 6+! 6&18!

45+6'17!=+042'J;!9&1=&!/=68!/8!/!A51)*'!6+!=+77'=6!F=2;!\#M!6+!X)AH"!/7)!N/6/H"!

,I/)0/7!'6!/2>!"aa]->!!

65<5K!F.$.&%!?./0.?+0!UF??V!

%&'! 6&5''!0/00/21/7! (&! 45+6'178! /5'! &1*&23! =+78'5<')! /7)! 8&/5'! 6&'! 8/0'!

81*7/2217*!4/6&9/3>!(+9'<'5;! 6&'15!)18617=6!4/66'578!+.!'J45'881+7!0/3!2'/)!6+!

)1..'5'76!5+2'8!17!)'<'2+40'76!,_/5B+8/2+!/7)!%/14/2'!#bb^->!

C7! 6&'!0@517'!'0A53+;!D&&! 18!'J45'88')! 17!</51+@8! 6188@'8;! 17=2@)17*! 6&'! .'6/2!

21<'5! ,K51)2/7)! '6! /2>! #bba-;! &'/56;! A2++)! <'88'28;! '416&'21@0! ,`16*++)! /7)!

?=?/&+7! "aaZ-;! 6'8618! ,`16*++)! '6! /2>! "aa[-;! +</51'8! ,L'7! '6! /2>! #b"#-! /7)!
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)1..'5'761/61+7! +.! 6&'! '536&5+1)! 217'/*'>! C6! 9/8! .+@7)! 6&/6! 17&1A161+7! +.! (&!

81*7/2217*! 4/6&9/3! )'2/38! 6&'! 0+54&+2+*1=/2! =&/7*'! +.! '536&5+1)! 0/6@5/61+7!
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!

!
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'J45'881+7!+.!(&!81*7/2217*!4/6&9/3!=+04+7'768!17!6&'!'536&5+1)!217'/*'!9'5'!
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'536&5+4+1'818! 18! 86122! @7=2'/5>! C7! 6&18! 86@)3;!9'! )'0+7865/6')! /! 7+<'2! 5+2'! +.!

D&&! 17! 5'*@2/617*! +.! '536&5+4+1'818>! I'! 8&+9')! 6&/6! 16! is required for the 

regulation of erythroid progenitor differentiation and that it acts as a negative 

regulator of erythropoiesis.!!

Analysis of Dhh-/- mice showed that in the absence of Dhh, normal erythroid 

development occurs in an accelerated fashion resulting in an accumulation of late 

stage erythroblasts both in the bone marrow and spleen. A negative regulatory role 

for a Hh protein family member has previously been described for Indian hedgehog 

(Outram et al. 2009). In this case, Hh signalling provides both positive and negative 

regulatory signals in order to maintain homeostatic control of the thymus. In terms of 

erythropoiesis, it was found that Shh positively regulates erythroid development, as 

addition of Shh promotes erythroid proliferation /7)! 5'8@26')! 17! 'J4/7)')!

'536&5+1)!=+2+71'8!,D'60'5!'6!/2>!#bbb->!Therefore, it is likely that the process of 

erythroid development may be controlled both by positive and negative regulatory 

signals with feedback between both sets of signals thus allowing a tight control of 

erythroid homeostasis, as seen in the case of the thymus (Outram et al. 2009).  

In fact, the three Hh proteins sequences are highly conserved in vertebrates, and Hh 

proteins can act in the same tissues and have overlapping or redundant functions 

(Kumar et al. 1996). Although the overlapping functions of Hh proteins have not 

been well-studied, studies of Hh on T-cell development showed that the three Hh 
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proteins may have some differential functions and overlapping activities in order to 

regulate thymocyte differentiation (Crompton et al. 2007, Outram et al. 2009). Thus, 

it is possible that the Hh proteins may have differential regulatory roles and 

overlapping functions in controlling erythroid development to maintain homeostasis. 

More studies are needed to identify the role of other Hh proteins and the Hh 

signalling pathway components in erythropoiesis.  

It is well known that the Hh signalling pathway is activated by binding of Hh 

proteins to Ptch and this relieves the Ptch mediated inhibition of Smo. This then 

allows Smo to regulate the activity of the Gli transcription factors, which in turn 

regulate expression of Hh target genes. Although Gli1 acts as an activator of 

transcription, it is not essential for the initiation of Hh signalling and is itself a target 

gene of the Hh signalling pathway (Crompton et al. 2007), thus it is important to!

point out  that the transcription level of Gli1 in a population of cells can also be read 

as an indicator of activation of Hh signalling. In our findings, the high expression 

level of Gil1 in the population of late stage erythroblasts (subset III) suggested that 

the influence of Hh signalling on erythroblast differentiation may not be observed 

until the later stages of erythroid development. These findings are consistent with 

our observation of an increase in the number of late stage erythroblasts in the spleen 

and bone marrow in the Dhh-/- mice. Thus, here we show that Dhh may have a 

negative effect on erythroid differentiation, specifically in late stage erythroblasts 

and thus increase the total number of cells in the spleen in Dhh-/- mice. 

Our data also demonstrated that loss of Dhh alters the differentiation of myeloid 

lineages, and results in decreased production of GMP and increased CMP and MEP 
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populations in Dhh-/- bone marrow. Furthermore, analysis of committed erythroid 

progenitors, BFU-E, also revealed an increased number of this population in Dhh-/-. 

These experiments indicate that Dhh is essential in haematopoiesis and negatively 

regulates erythroid development at multiple stages. We did not find evidence to 

support the hypothesis that the proliferation of erythroid lineages is increased. Thus 

the increased number of erythroblasts in the spleen and bone marrow that led to the 

enlarged spleen in Dhh-/- mice seemed to also be the result of an increased rate of 

differentiation from the early progenitors, CMP and MEP along the erythroid 

lineage. These findings are consistent with the regulatory functions of Gli1 in 

haematopoiesis, as Gli1 is essential for differentiation of myeloid progenitors. 

(Merchant et al. 2010) 

Our data showed that Lmo2 is upregulated on loss of Dhh signalling in erythroid 

populations and down-regulated by treatment of Dhh-/- erythroblasts with rDhh. 

These experiments suggested that Lmo2 is a potential functional transcriptional 

target of Hh signalling, which is repressed by Dhh signalling, presumably by 

activation of an intermediate transcriptional repressor. Studies of Lmo2 have shown 

that it is required for erythroid differentiation and is expressed in the myeloid lineage 

and especially highly expressed in erythroid progenitors. Loss of Lmo2 cause defects 

in yolk sac erythropoiesis and leads to embryonic lethality (Hansson et al. 2007, 

Warren et al. 1994). Forced expression of Lmo2 leads to expansion of erythroid 

progenitors, thus suggesting that Lmo2 is a positive regulator of erythropoiesis 

(Hansson et al. 2007). In that study, overexpression of Lmo2 caused an increase in 

numbers of BFU-E, and reductions in granulocyte and macrophage progenitors, 

which is consistent with our findings in Dhh-/- mice (Hansson et al. 2007). Taken 
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together, the increased numbers and differentiation, and increased Lmo2 expression 

found in Dhh-/- erythroblasts consistent with the positive regulatory function of 

Lmo2, which may provide one possible mechanism for Dhh function in 

erythropoiesis.  
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  Red pulp/White/pulp  Red pulp %  
 

 WT Dhh-/-  WT Dhh-/-  
        

Day 0  1.4 2.1  59 68  
        

Day 5  5.2 4.8  84 83  
        

Day 7  4.8 6.2  83 86  
        

Day 9  5.0 4.9  83 83  
        

Day 14  3.7 2.5  79 71  
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Following chemotherapy or radiotherapy, humans, as well as mice, may experience 

bone marrow regeneration and stress erythropoiesis to replenish the HSCs and 

erythrocytes. Use of mouse models to induce bone marrow regeneration and stress 

erythropoiesis by sub-lethal irradiation or treatment with drugs to induce anaemia, 

=/7! &'24! 6+! A'66'5! @7)'586/7)! 6&'! 5'*@2/61+7! +.! &/'0/6+4+1'818! /7)!
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6&/6!D&&!18!'88'761/2!in bone marrow regeneration and stress erythropoiesis in vivo.  
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M.6'5! A156&;! &/'0/6+4+1'818! 6/:'8! 42/='!0/1723! 17! 6&'! A+7'!0/55+9;! /7)! 6&18!
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6&/6!45+)@='!&/'0/6+4+1'61=!='228!8&1.6!6+!</51+@8!42/='8>!In mammals, two major 

haematopoietic phases have been defined. The first haematopoietic wave, named 

primitive haematopoiesis, occurs in the yolk sac at E7 in mice. Primitive erythroid 

progenitors (EryP) are the main and earliest population produced at this stage, 

whereas rare primitive macrophage and megakaryocyte progenitors are also detected 

in the yolk sac (Palis et al. 1999, Tober et al. 2007, Xu et al. 2001). This is followed 

by the second wave, definitive haematopoiesis, which begins within the aorta-

gonads-mesonephros (AGM) region at E10 (Medvinsky and Dzierzak 1996). 

Although the initial production of haematopoietic stem cells (HSC) is detected in the 

AGM region, the HSC produced at this stage are incapable of differentiating into 

different lineages (Godin et al. 1999). Instead, the HSC seed the fetal liver at around 

E11 to give rise to multipotent haematopoietic cells. In the fetal liver, the HSC are 

then expanded and differentiate into different haematopoietic lineages, including 

myeloid, T-cell, and B-cell precursors.!,\0/!/7)!V/:/@=&1!#bbb;!\0/!'6!/2>!"aa^;!

N@7B1!'6!/2>!"aa"-!,G1*@5'!">"-!
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'536&5+1)! 217'/*'!A'*178>!`GWH\!/5'!)'6'=6')!/8!'/523!/8!\"">Z;! 6&'!7@0A'5!+.!

'536&5+A2/868! /5'! 6&'7! *5'/623! 17)@=');! /7)! '536&5+4+1'818! 5'/=&'8! /! 4'/:! /6!



! ""Z!

\"#>Z! ,?=N5/6&! '6! /2>! #b"";! %/)/! '6! /2>! #bb[->! Haematopoiesis is then 

subsequently shifted to the thymus for T-cells and spleen from mid-gestation, and to 

the bone marrow before birth and throughout postnatal life (Rieger and Schroeder 

2012). ,G1*@5'!">"- 
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.5+0!DQ! 6+! FQ! 86/*'>! %&'! 45+4+561+7! +.! KDOFQ! /7)! KD^FQ!%H='228! 8&+9')! 7+!

81*71.1=/76! )1..'5'7='! A'69''7! G+J/"! UT! /7)! I%! 01='! ,G1*@5'! [>[`HK->! %&'!

7@0A'5! +.! KDO! /7)! KD^! %H='228! 17! 842''7! /7)! 2304&! 7+)'! ,XV-! 9'5'! /28+!



! "Z#!

17<'861*/6');! /7)! 21:'918'! 8&+9')! 7+! 81*71.1=/76! )1..'5'7='! A'69''7! *5+@48!

,G1*@5'![>]KH[>^K->!

%+! .@56&'5! 17<'861*/6'! 1.! G+J/"! 17.2@'7=')! 6&'! 65/78161+7! .5+0! DQ! 6+! FQ;! 6&'!

KDOeKD^!5/61+!17!6&30@8;!842''7!/7)!XV!9'5'!/7/238')!/7)!/5'!8&+97!5'2/61<'!

6+!I%!,G1*@5'![>[D;![>]D;![>^D->!C7!XV;!6&'!5'2/61<'!KDOeKD^!5/61+!17!6&'!G+J/"!

UT!9/8!"bk!2+9'5!6&/6!6&/7!17!I%!,4qb>bba-,G1*@5'![>^D->!

T<'5/22;! 2+88!+.!G+J/"!.5+0!%H='228!)1)!7+6!*5'/623!/..'=6!%H='22!)'<'2+40'76! 17!

6&'!6&30@8;!A@6!&/)!/7!17.2@'7='!17!6&'!4'514&'5/2!KDOdKD^!45+4+561+78>!

D5K5D!L+-.!+3!9+Q'K!:*!%?G1+(G%.!/.>.-+@1.*%!

%+!'J/017'!6&'!.@7=61+7!+.!G+J/#!17!%H='22!)'<'2+40'76;!G+J/#.2+Jd.2+J!01='!9'5'!

=5+88')!916&!KDOH=5'!65/78*'71=!01='!6+!*'7'5/6'!G+J/#.2+Jd.2+J!KDOH=5'h!,G+J/#!

UT-;!17!9&1=&!6&'!G+J/#.2+Jd.2+J!KDOH=5'H!/=6!/8!I%!=+765+2!2166'50/6'8>!

%&'!7@0A'5!+.!6&30+=36'8!9/8!=+04/5')!A'69''7!I%!/7)!G+J/#!UT!01=';!/7)!

/8! .+5! =+7)161+7/2! G+J/"! UT! 01=';! 7+! 81*71.1=/76! )1..'5'7='! 17! 6&30+=36'!

7@0A'5!9/8!.+@7)!,G1*@5'![>aM->!F1012/523;!6&'!45+4+561+78!/7)!5/61+!+.!KDOFQ!

/7)! KD^FQ! 4+4@2/61+78! 17! 6&'! 6&30@8! /44'/5')! 7+50/2! 9&'7! =+04/5')!

A'69''7!I%!/7)!G+J/#!UT!2166'50/6'8!,G1*@5'![>a`HK->!

M26&+@*&!=+7)161+7/2!G+J/#!)'.1=1'7=3!)1)!7+6!17.2@'7='!='22!7@0A'58!17!842''7!

/7)!XV! ,G1*@5'! [>"bM;! [>""M-;! 6&'! 4'5='76/*'8! +.!0/6@5'!%H='228!9'5'! *5'/623!

5')@=')!17!6&'8'!69+!4'514&'5/2!2304&+1)!+5*/78!17!=+7)161+7/2!G+J/#!UT!01='>!

%&'! 4'5='76/*'8! +.! KDO! /7)! KD^! %H='228! 17! 6&'! G+J/#! UT! 842''7! /5'! 8&+97!



! "Z$!

5'2/61<'!6+!I%!2166'50/6'8!,G1*@5'![>"b`HK->!I'!.+@7)!#bk!.'9'5!KDOh!='228!17!

6&'!G+J/#!UT!842''7!=+04/5')!6+!6&/6!+.!I%!,4vb>bbZ-,G1*@5'![>"bK->!!

G+J/#!UT!01='!/28+!'J&1A16')!)'=5'/8'8! 17!6&'!4'5='76/*'8!+.!KDOh!/7)!KD^h!

%H='228!17!6&'!XV!,KDOh!4qb>bb$;!KD^h!4qb>b$-!,G1*@5'![>""`HK->!C76'5'8617*23;!

6&'!KDOeKD^!5/61+!9'5'!5'2/61<'23!2+9!17!G+J/#!UT!01='!17!A+6&!842''7!/7)!XV!

=+04/5')!6+!6&/6!+.!I%!,G1*@5'![>"bD;![>""D->!!

%&@8;!)'2'61+7!+.!G+J/#! 17!0/6@5'!%H='228! 5')@=')!7@0A'58!+.!KDOh!%H='228! 17!

4'514&'5/2!2304&+1)!+5*/78>!!

D5K5I!2?G1+(G%.!/.>.-+@1.*%!:*!(+*/:%:+*'-!9+Q'<!'*/!9+Q'K!/+;#-.!bA!
1:(.!

F17='!G+J/"!/7)!G+J/#!&/<'!A''7! .+@7)! 6+!&/<'! =+04'78/6+53! 5+2'8! 17!0/73!

)1..'5'76! 6188@'8;! /7)! 6&'3! /5'! =+H'J45'88')! 17! 6&'! 6&30@8! /7)! )'<'2+417*!

6&30+=36'8;!01='!)'.1=1'76!.+5!A+6&!G+J/"!/7)!G+J/#!9'5'!/28+!17<'861*/6');!A3!

/7/23818!+.!G+J/".2+Jd.2+J!G+J/#.2+Jd.2+J!KDOH=5'!y!,I%-!/7)!G+J/".2+Jd.2+J!G+J/#.2+Jd.2+J!

KDOH=5'!h!,G+J/"/#!UT-!2166'50/6'8>!!

C7!6&'!6&30@8;!6&'!='22!7@0A'5!9/8!7+6!81*71.1=/7623!)1..'5'76!A'69''7!I%!/7)!

=+7)161+7/2! G+J/"/#! UT! 01='! ,G1*@5'! [>"#M->! (+9'<'5;! =&/7*'! 17! 6&30+=36'!

)'<'2+40'76!17!=+7)161+7/2!G+J/"/#!UT!9/8!+A8'5<')>!%&18!/7/23818!5'<'/2')!/!

81*71.1=/76! )'=5'/8'! 17! KDOFQ! 17! G+J/"/#! UT! 01='! =+04/5')! 6+! I%! 01='!

,4qb>b#O-! ,G1*@5'![>"#`HK->! C7!/))161+7;! 6&'!KDOeKD^!5/61+! 17! 6&'!G+J/"/#!UT!

6&30@8!9/8!"Zk!2+9'5!6&/7!6&/6!17!I%!,4qb>bbZ-,G1*@5'![>"#D->!!



! "ZO!

F1012/5!5'8@268!17!6&'!G+J/"/#!UT!842''7!/7)!XV!9'5'!+A8'5<')>!!%&'!7@0A'5!+.!

='228!5'=+<'5')! .5+0!842''7!/7)!XV!9'5'!81012/5! 17!I%!/7)!G+J/"/#!UT!01='!

,G1*@5'![>"$M;![>"OM-;!A@6!G+J/"/#!UT!01='!'J&1A16')! 5')@=')!45+4+561+78!+.!

4'514&'5/2!KDOh!=+04/5')!6+!I%!=+765+28>!%&'!4'5='76/*'!+.!KDOh!%H='228!9/8!

81*71.1=/7623! )'=5'/8')! 17! G+J/"/#! UT! 842''7! ,4qb>b""-! ,G1*@5'! [>"$K->! C7!

/))161+7;!6&'!KDOeKD^!5/61+!17!6&'!G+J/"/#!UT!01='!9/8!#Zk!2+9'5!6&/7!6&/6!17!

I%!,4qb>bbb^-!,G1*@5'![>"$D->!!!

C7! 6&'! XV;! 4'5='76/*'8! +.! KDOh! %H='228! 9'5'! /28+! )'=5'/8')! 17! G+J/"/#! UT!

=+04/5')! 6+! 6&/6! +.! I%! A@6! 6&18! )1..'5'7='! 9/8! 7+6! 86/61861=/223! 81*71.1=/76!

,4qb>b[O-!,G1*@5'![>"OK->!%&'!G+J/"/#!UT!XV!/28+!8&+9')!/!#bk!5')@=61+7!17!

KDOeKD^!5/61+!9&'7!=+04/5')!6+!I%!,4qb>bb"[-!,G1*@5'![>"OD->!

C7!8@00/53;!6&'!)+@A2'!UT!+.!G+J/"!/7)!G+J/#!&/)!5')@=')!7@0A'58!+.!KDOh!

%H='228;! /7)! 5')@=')! KDOeKD^! 5/61+8! 17! 6&30@8;! 842''7! /7)! XV>! %&'! /26'5')!

KDOeKD^! 5/61+;! /7)! )'=5'/8'! 17! 7@0A'58! +.! KDOFQ! 4+4@2/61+7! 17! 6&'! 6&30@8;!!

/7)! KDOh! %H='228! 17! 4'514&'5/2! 2304&+1)! +5*/78;! 8@**'86')! 6&/6! 217'/*'!

=+00160'76! +5! &+0'+86/818! 18! /26'5')! /7)! 2'/)8! 6+! .'9'5! KDO! %H='228! 6&/6!!

)1..'5'761/6'!.5+0!DQ;!/7)d+5!.'9'5!KDO!%H='228!8@5<1<17*!/7)!'J4/7)17*>!

C76'5'8617*23;!=+7)161+7/2!)'2'61+7!+.!A+6&!G+J/"!/7)!G+J/#!&/8!0+5'!45+.+@7)!

'..'=6!+7!6&'!6&30@8!6&/6!)'2'61+7!+.!G+J/"!+5!G+J/#!/2+7';!8@**'8617*!6&/6!A+6&!

G+J/"! /7)! G+J/#! /5'! 17<+2<')! 17! 6&'! 5'*@2/61+7! +.! %H='22! )'<'2+40'76! 17! 6&'!

6&30@8>!(+9'<'5;!G+J/"!/7)!G+J/#!)1)!7+6!.@7=61+7!'E@/223!17!=+765+2217*!%H='22!

)1..'5'761/61+7>! X+88! +.! G+J/"! &/)! 2'88! 104/=6! 6&/7! 2+88! +.! G+J/#! +7! 6&'!



! "ZZ!

5')@=61+7!+.!KDO!%H='228>!%&@8;!/26&+@*&!A+6&!G+J/!45+6'178!/5'!5'E@15')!.+5!%H

='22! )'<'2+40'76;! G+J/#! 18! 0+5'! 4+6'76! 6&/6! G+J/";! /7)! G+J/#! /44'/5')! 6+!

=+04'78/6'!.+5!)'.1=1'7=3!+.!G+J/"!17!%H='228;!A@6!7+6!<1='!<'58/>!

D5K5J!9+Q'K!(+*%&+-$!2M(.--!1'%;&'%:+*!!

M8!0'761+7')!/A+<';!6&'5'!9'5'!.'9'5!KDOh!%H='228! 17!6&'!4'514&'53!17!G+J/#!

UT! 01='! =+04/5')! 6+! I%>! %+! 17<'861*/6'! 6&'! 0/6@5/61+7! 86/6@8! +.! 6&'8'!

6&30+=36'8! A'.+5'! 6&'3! 2'/<'! 6&'! 6&30@8! /7)! 01*5/6'! 6+! 4'514&'53;! 6&'!

'J45'881+7! +.! 0/6@5163! 0/5:'58! (FM! /7)! c/#! +7! DQ;! KDOFQ! /7)! KD^FQ!

6&30+=36'! 17! 6&30@8!9'5'! /88'88')>! M8! 6&'! DQ! ='22! )1..'5'761/6'8;! 168! 8@5./='!

'J45'881+7!+.!(FM!/7)!c/#!=&/7*'8!.5+0!(FM&1!/7)!c/#2+9!6+!(FM2+9!17!DQ!/7)!

c/#&1!17!FQ!='228>!

%&'! 'J45'881+7! +.! (FM! /7)! c/#! +7! DQ;! KDO! /7)! KD^! ='228! 17! G+J/#! UT!9/8!

0'/8@5')!=+04/5')!6+!I%!2166'50/6'8!,G1*@5'![>"ZM->!!%&'5'!9/8!/!81*71.1=/76!

)'=5'/8'!17!6&'!4'5='76/*'!+.!DQ!/7)!KDOFQ!6&30+=36'8!6&/6!'J45'88')!c/#!17!

G+J/#!UT!=+04/5')!6+!I%!,4qb>b$-;!9&'5'/8!(FM!'J45'881+7!9/8!81*71.1=/7623!

17=5'/8')!+7!G+J/#!UT!DQ!=+04/5')!6+!6&/6!+.!I%;!/26&+@*&!6&'!)1..'5'7='8!17!

4'5='76/*'!9'5'!80/22!,4qb>bO-,G1*@5'![>"Z`HK->!M!81012/5!5'8@26!9/8!+A8'5<')!

17! KDOFQ! %H='228;! 17! 9&1=&! /! 2+9'5! 4'5='76/*'! +.! KDOFQ! 'J45'88')! c/#!

,4qb>b"[-;! /26&+@*&!(FM!'J45'881+7!9/8! 81012/5! 17!I%!/7)!G+J/#!UT! ,G1*@5'!

[>"ZDH\->!T7! 6&'!+6&'5!&/7);! 6&'!G+J/#!UT!KD^FQ!%H='228!&/)!7+!/26'5')!c/#!

/7)!(FM!'J45'881+7!,G1*@5'![>"ZGHN>->!



! "Z[!

T<'5/22;! 6&18! /7/23818! 8@**'86')! 6&/6! G+J/#! UT! DQ! ='228! 9'5'! 2'88! =/4/A2'!

)1..'5'761/617*! 6+! 817*2'!4+8161<'!%H='228! 6&/7!I%>! C7! /))161+7;! .'9'5!KDOFQ!%H

='228! 'J45'88')! c/#! 8@**'8617*! 6&/6! 6&'3!9'5'! 2'88!0/6@5';! /7)! 18! =+78186'76!

916&!6&'!./=6!6&/6!6&'5'!9'5'!.'9'5!KDOh!%H='228!17!6&'!842''7!/7)!XV!17!G+J/#!

UT!01=';!=+04/5')!6+!I%>!

D5K5N!C*3-;.*(.!+3!9+Q'K!+*!24L!$:0*'-!,'$!*+%!/.%.(%./!!

%&'!865'7*6&!+.!%KL!81*7/2!18!=5161=/2! 17!)'6'501717*!6&'!+@6=+0'!+.!5'4'56+15'!

8'2'=61+7! )@517*! 6&30+=36'! )'<'2+40'76;! /7)! 17.2@'7='8! KDOdKD^! 217'/*'!

=+00160'76!17!6&'!6&30@8!,U/44'8!/7)!('!#bbZ->!%&'!%KL!18!/88+=1/6')!916&!

6&'! KD$! 0+2'=@2'8! 6+! .+50! /! %KL! =+042'J;! 9&1=&! 5'*@2/6'8! %H='22!

)1..'5'761/61+7;!/=61</61+7!/7)!45+21.'5/61+7>!K'22!8@5./='!'J45'881+7!+.!KDZ!=/7!

A'!@8')!6+!0'/8@5'!%KL!81*7/2!865'7*6&;!9&1=&!18!=+55'2/6')!6+!6&'!176'78163!+.!

KDZ!='22!8@5./='!'J45'881+7!+7!%H='228!,Mff/0!'6!/2>!#bb"->!

%+!86@)3!1.!)'2'61+7!+.!G+J/#!17!DQ!='228!17.2@'7='8!%KL!'J45'881+7!/7)!168!81*7/2!

865'7*6&;! 6&'! 176'78163! +.! KD$! /7)! KDZ! 'J45'881+7! +7! 6&'! 6&30+=36'! 8@5./='!

9'5'!17<'861*/6')!,G1*@5'![>"[->!%&'5'!9/8!7+!)1..'5'7='!17!'J45'881+7!+.!KD$!

/7)!KDZ!+7!DQ;!KDOFQ!/7)!KD^FQ! 6&30+=36'8!A'69''7!*5+@48!/7)! 6&'5'.+5'!

9'!.+@7)!7+!'<1)'7='!6&/6!G+J/#!'..'=6')!%KL!81*7/2!865'7*6&!,G1*@5'![>"[->!!



! "Z]!

D5K5<=!9+Q'K!&.0;-'%.$!@&+-:3.&'%:+*!+3!2M(.--$!

%+!17<'861*/6'!1.!G+J/#!&/8!/!5+2'!17!5'*@2/617*!45+21.'5/61+7;!9&1=&!2'/)8!6+!6&'!

5')@=61+7! +.! %H='228;! KDOFQ! /7)! KD^FQ! %H='228! 17! I%! /7)! G+J/#! UT! 6&30@8!

9'5'!8+56')!A3!GMKF!6+!/7/238'!6&'!='22!=3=2'!86/6@8!A3!QC!86/1717*>!!

C7!6&18!/7/23818;!6&'!6&5''!0/B+5!4&/8'8!+.!='22!=3=2'!86/6@8!NbdN"xFxN#d?;!9'5'!

1)'761.1')!/7)!=+04/5')!A'69''7!I%!/7)!G+J/#!UT!KDO!/7)!KD^!%H='228>!G+5!

KDO!%H='228;! ]ak!+.!I%!9'5'! 17!NbdN"!4&/8';!9&12'! ^$k!9'5'! .+@7)! 17! 6&18!

4&/8'!17!G+J/#!UT!KDO!='228;!17)1=/617*!6&/6!0+5'!KDO!%H='228!17!G+J/#!UT!9'5'!

5'8617*;! =+04/5')! 6+! I%>! C7! I%;! #bk! +.! ='228! 9'5'! *+17*! 6&5+@*&! FhN#d?!

,ak17!F;!""k17!N#d?-!4&/8';!=+04/5')!6+!+723!"Ok!17!FhN#d?!,]k!17!F;!]k!17!

N#d?-! 17! G+J/#!UT! ,G1*@5'! [>"]M->! ! C7! KD^!%H='228;! =+04/518+7! +.! ='22! 86/6@8!

8&+9')! 81012/5! 5'8@268>! G+J/#!UT!KD^!%H='228! &/)!0+5'! ='228! 17!NbdN"!4&/8'!

/7)! .'9'5!='228! 17!FhN#d?!4&/8';! =+04/5')! 6+! 6&'15!I%!=+@76'54/568! ,G1*@5'!

[>"]`->!!

T<'5/22;!6&'!='22!=3=2'!/7/23818!17)1=/6')!6&/6!G+J/#!18!17<+2<')!17!6&'!5'*@2/61+7!

+.!%H='22!45+21.'5/61+7!17!6&'!6&30@8>!

D5K5<<!9+Q'K!:*3-;.*(.$!/:33.&.*%:'%:+*!+3!&.0;-'%+&G!2M(.--$!U2&.0V!

N1<'7! 6&/6! 6&'!7@0A'58!+.!%H='228!9'5'!)'=5'/8')! 17!G+J/#!UT!842''7!/7)!XV!

=+04/5')!916&!I%;!6&'!4'5='76/*'8!+.!6&'!%5'*!4+4@2/61+7!9/8!/7/238')!6+!6'86!

1.!G+J/#!18!17<+2<')!17!%5'*!)'<'2+40'76>!F42'7+=36'8!/7)!XV!='228!.5+0!I%!/7)!

G+J/#! UT! 01='! 9'5'! 18+2/6')! /7)! 6&'! %5'*! 4+4@2/61+7! 9/8! /7/23f')! A3!

'J45'881+7!+.!KD#Z!/7)!G+J4$>!



! "Z^!

C7! 6&'! 842''7;! 6&'5'! 9/8! /! 81*71.1=/76! 17=5'/8'! 17! 6&'! 4'5='76/*'! +.! 6&'!

KDOhKD#ZhG+J4$h!4+4@2/61+7!,%5'*-!)'6'=6')!17!6&'!G+J/#!UT!0+@8'!5'2/61<'!

6+!I%! ,4qb>b#a-,G1*@5'! [>"^->! %&'! %5'*! 4+4@2/61+7! 17! G+J/#UT! XV!9/8! /28+!

81*71.1=/7623!&1*&'5!6&/7!6&/6!.+@7)!17!I%!2166'50/6'8!,4qb>b"Z-!,G1*@5'![>"a-!!!

C7!=+7=2@81+7;!=+7)161+7/2!)'2'61+7!+.!G+J/#!.5+0!%H='228!5'8@26')!17!/7!17=5'/8'!

17!6&'!4'514&'5/2!%5'*!4+4@2/61+7>!

D5K5<K!9+Q'K!:*3-;.*(.$!2M(.--!'(%:>'%:+*!!

%+! 86@)3! 6&'! 5+2'! +.! G+J/#! 17! %H='22! /=61</61+7;! 842'7+=36'8! 18+2/6')! .5+0!I%!

/7)!G+J/#!UT!01='!9'5'! 8610@2/6')!916&! /761HKD$! /7)! /761HKD#^! /761A+)1'8>!

%&'!='22!8@5./='!'J45'881+7!+.!6&'!'/523!/=61</61+7!0/5:'5!KD[a!9/8!/88'88')!A3!

.2+9!=36+0'653!/6!O;!"^!/7)!Ob!&+@58!/.6'5!8610@2/61+7!17!=@26@5'!,G1*@5'![>#bM!

,KDO!%H='228-;![>#"M! ,KD^!%H='228--;!9&'5'/8! 6&'! 2/6'5!/=61</61+7!0/5:'5!KD#Z!
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9+Q'<! '*/! 9+Q'K! @-'G! (+1@-.1.*%'&G! &+-.$! :*! -'%.! %?G1+(G%.!

/.>.-+@1.*%5!('5'!9'!8&+9!6&/6!G+J/"!/7)!G+J/#!42/3!=+042'0'76/53!5+2'8!

)@517*! 6&'! 5'*@2/61+7! +.! 6&30+=36'! )'<'2+40'76>! ! `+6&! G+J/"! /7)! G+J/#! /5'!

'J45'88')! 17! 6&30+=36'8! /7)! 6&'! 2304&+1)! +5*/78>! C7! 6&'! =+7)161+7/2!

G+J/"dG+J/#! )+@A2'H0@6/76!01=';! KDOdKD^! 217'/*'! =+00160'76!9/8! /26'5')!

/7)!6&'5'!9/8!/!)'=5'/8'! 17!7@0A'58!+.!KDO!%H='228! 17!6&30@8!/7)!4'514&'53>!!

T7! 6&'! +6&'5! &/7);! 2+88! +.! '16&'5! G+J/"! +5! G+J/#! /2+7'! )1)! 7+6! )185@46! %H='22!

)'<'2+40'76!17!6&'!6&30@8!6+!6&'!8/0'!'J6'76!/8!6&'!)+@A2'H0@6/76>!!(+9'<'5;!

817='!2+88!+.!G+J/#!&/)!/!&1*&'5!104/=6!+7!5')@=61+7!+.!KDO!%H='228!6&/7!2+88!+.!

G+J/"!17!4'514&'53;!16!18!6&@8!4+881A2'!6&/6!G+J/#!18!0+5'!81*71.1=/76!6&/7!G+J/"!

17!5'*@2/617*!%H='228!)'<'2+40'76>!%&'8'!.17)17*8!17)1=/6'!6&/6!A+6&!G+J/"!/7)!

G+J/#!/5'!5'E@15')!17!2/6'!%H='22!)'<'2+40'76!/7)!6&/6!+7'!G+J/!./0123!0'0A'5!

0/3!A'!/A2'!6+!=+04'78/6'!.+5!6&'!2+88!+.!/7+6&'5>!!

C7!/))161+7;!/!=+04/5/A2'!'J45'881+7!4/66'57!+.!G+J/"!/7)!G+J/#!9/8!+A8'5<')!

17! 6&'! '/523! 86/*'! +.! )'<'2+417*! 6&30+=36'8! ,DV"! H! DV$-;! 9&12'! /! )1<'5*'76!

'J45'881+7!9/8!)'6'=6')!/6!6&'!86/*'!/.6'5!45'H%KL!81*7/2217*!,DVO!H!0/6@5'!%H

='228->! %&'8'! )/6/! 17)1=/6'! 6&'! 4+881A12163! 6&/6! G+J/"! /7)! G+J/#! 0/3! A'!

.@7=61+7/223!5')@7)/76!/6!'/523!86/*'8!+.!%H='22!)'<'2+40'76;!9&'5'/8!different!

5+2'8! /5'! 17<+2<')! )@517*! 6&'! 65/78161+7! +.! DV! 6+! DQ! /7)! DQ! 6+! FQ>! M! 81012/5!

.17)17*!9/8!)'8=51A')!45'<1+@823!17!6&'!21<'5e!/26&+@*&!G+J/"!/7)!G+J/#!8&/5'!/!

&1*&23!81012/5!A17)17*!)+0/17!/7)!/5'!.@7=61+7/223!5')@7)/76!)@517*!.'6/2!21<'5!
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5'*1+78! 17! /)@26! &'4/6+=36'8! ,`+=&:18! '6! /2>! #b"#->! G@56&'5! 17<'861*/61+7! 18!

5'E@15')! 6+! 86@)3! 6&'! 45'=18'! .@7=61+7! +.! G+J/"! /7)! G+J/#! /7)! 6&'15!

=+042'0'76/53d5')@7)/76!/=61+78!17!%H='22!)'<'2+40'76>!

9+Q'K!&.0;-'%.$!2M(.--!1'%;&'%:+*!:*!%?.!%?G1;$!'*/!2M(.--!?+1.+$%'$:$!:*!

%?.! @.&:@?.&G5!I'!+A8'5<')!/! 2+9'5!KDOeKD^! 5/61+! /7)! 5')@=')!7@0A'58!+.!

KDO! %H='228! 17! G+J/#! UT! 01='>! %&18! 8@**'86')! 6&/6! G+J/#! 18! 17<+2<')! 17!

6&30+=36'! )1..'5'761/61+7! .5+0! DQ! 6+! FQ! ='228>! (+9'<'5;! /7/23818! +.! KD$! /7)!

KDZ! 'J45'881+7! +7! 6&30+=36'8! )1)! 7+6! 8&+9! /! )1..'5'7='! A'69''7! I%! /7)!

G+J/#! UT;! 8@**'8617*! 6&/6! 6&'! =&/7*'8! 17! DQ! 6+! FQ! )1..'5'761/61+7! 9'5'! 7+6!

17.2@'7=')!A3!6&'!%KL!81*7/2>!D@517*!6&'!65/78161+7!.5+0!DQ!6+!FQ;! 6&30+=36'8!

@7)'5*+!0/6@5/61+7!6&5+@*&!/!8'51'8!+.!)'<'2+40'76/2!86/*'8!A'.+5'!A'=+017*!

.@7=61+7/223! 0/6@5'! 6&30+=36'8! 6&/6! 'J16! 6&'! 6&30@8>! I'! /7/238')! 6&'! ='22!

8@5./='!'J45'881+7!+.!(FM!/7)!c/#!6+!0'/8@5'!6&'!0/6@5/61+7!86/6@8!+7!DQ!/7)!

FQ! 6&30+=36'8! 17! G+J/#! UT! 01='>! I'! .+@7)! 6&/6! G+J/#! UT! 01='! )1842/3')!

)'2/3')! DQ! 6+! KDO! FQ! )1..'5'761/61+7! /7)! 4/561/223! /55'86')! KDO! FQ!

)'<'2+40'76>! !%&'5'.+5';! 6&'8'!)/6/! 17)1=/6')! 6&/6!G+J/#!5'*@2/6'8!KDO!%H='22!

217'/*'!0/6@5/61+7>!%&18!0/3!/28+!/==+@76!.+5!6&'!5')@=61+7!17!KDO!%H='228!17!6&'!

4'514&'53! +.! G+J/#! UT! 01='>! C7! /))161+7;! 6&'! 17=5'/8')! %5'*! 45+)@=61+7! 17!

G+J/#! UT!01='! 0/3! /28+! 'J42/17! 6&'! 5')@=61+7! +.! %H='228! 17! 4'514&'53>! ?+5'!

86@)1'8! 9122! A'! 7'')')! 6+! 17<'861*/6'! 6&'! 45'=18'! 0'=&/71808! +.! &+9! G+J/#!

5'*@2/6'8!%H='22!)'<'2+40'76!/7)!6&'!45+)@=61+7!+.!%5'*>!!

9+Q'K! &.0;-'%.$! @.&:@?.&'-! 2M(.--! '(%:>'%:+*! '*/! 2M?.-@.&! (.--!

/:33.&.*%:'%:+*5!I'!&/<'!8&+97!6&/6!6&'!/=61</61+7!+.!A+6&!KDOh!/7)!KD^h!%H
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='228!17!G+J/#!UT!01='!18!5')@=')!.+22+917*!8610@2/61+7!916&!/761HKD$!/7)!/761H

KD#^!/761A+)1'8>!?+5'+<'5;!6&'!KGF\!/88/3!5'<'/2')!6&/6!%H='22!45+21.'5/61+7!17!

G+J/#!UT!9/8!+<'5/22!2+9'5!6&/7!6&/6!17!I%!=+765+2>!%&'8'!.17)17*8!8@**'86')!

6&/6!G+J/#!4+8161<'23! 5'*@2/6'8!%H='22! /=61</61+7;! /7)!45+21.'5/61+7!+.!/=61</6')!

%H='228>!!

G@56&'50+5';!9'!6'86')!9&'6&'5!G+J/#H)'.1=1'76!%H='228!)1842/3!=&/7*'8! 17!%&!

'..'=6+5! ='22! )1..'5'761/61+7>! M7/23818! +.! 1765/='22@2/5! =36+:17'! 86/1717*! ()# $!$'#

5'<'/2')!6&/6!G+J/#!UT!KDO!%H='228!&/8!17=5'/8')!%&#!=36+:17'!45+)@=61+7!,CXO!

/7)! CX"$-;! 9&1=&! 8@**'86')! 6&/6! G+J/#! 7'*/61<'23! 5'*@2/6'8! %&#! ='228!

)1..'5'761/61+7>! ! C76'5'8617*23;! +@5! .17)17*8! 9'5'! 81012/5! 6+! /! 45'<1+@8! 5'4+56!

6&/6! G+J/#! 18! 17<+2<')! 17! %&#H0')1/6')! 17.2/00/61+7>! C6! 9/8! .+@7)! 6&/6!

=+7)161+7/2! )'2'61+7! +.!G+J/#! 17! 5'8415/6+53! '416&'21/2! ='228! 5'8@26')! 17! /7!

17=5'/8')!5'=5@160'76!+.!%&#!='228!/7)!'7&/7=')!'J45'881+7!+.!%&#!=36+:17'8!17!

6&'!2@7*!,K&'7!'6!/2>!#b"b->!

%/:'7! 6+*'6&'5;!G+J/#!0/3!A'!/88+=1/6')!916&!%&#H0')1/6')!)18'/8'!/7)! 16! 18!

5'E@15')!17!A+6&!%H='228!/7)!5'8415/6+53!'416&'21/2!='228!6+!0/176/17!6&'!A/2/7='!

+.!'..'=6+5!='22!)1..'5'761/61+7>!

9+Q'<! '*/! 9+Q'K! '&.! ;@&.0;-'%./! #G! O?! $:0*'--:*0! '*/! O?! $:0*'--:*0! :$!

;@&.0;-'%./! :*! '#$.*(.!+3! 9+Q'K5! !Q5'<1+@8!86@)1'8!&/<'!)'0+7865/6')!6&/6!
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