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,:() 1";/) ^K%;"0') 6IZ_) ^R8??%(,*E) '&) ,?IE) 6G[X_I) L:) &/%=)$8('?) &/') "%+ ('S'+

$'&/*?&0,:=A'0,=') 3YC7V+) ,:() 3YC7VO) B0'(8$%:,&'?*) A":.&%8:) &8)

.,&,?*=') &/') '=&,#?%=/$':&) 8A) 3Y+) $'&/*?,&%8:) %:) &/') ;'0$) ?%:') ,:()

('M'?8B%:;)'$#0*8) ^N2,:8E)'&),?IE)6GGGE)f%'E)'&),?IE)6GGG_I)7/%=)B08.'==) %=)

,%('(),&).'0&,%:);':8$%.)0';%8:=)#*)&/')3YC7V@)B08&'%:E)J/%./) ?,.2=)&/')

(8$,%:) ,==8.%,&'() J%&/) !+C) #%:(%:;E) #"&) ,==8.%,&'=) J%&/) 3YC7V+) ,:()

3YC7VO) &8) $8("?,&') &/'%0) .,&,?*&%.) ,.&%M%&*) ^O8"0.d/%=E) '&) ,?IE) 4556E)

!"'&,2'E) 455W_I) N:.')$'&/*?,&%8:) /,=) #'':) '=&,#?%=/'(E) %&) %=)$,%:&,%:'()
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567'0&89:;8%1-3>&%13&'
&-?:0&'

!$-/.<-' @&>&%&-/&'

<=1LM" 0,&*(+*,*4+" E+'()/"&'$+*A$HMNOOI"

<=1L%,"
<=1L%?"

+'(,?-&'.0+*(" P&+"&'$+*A$HMNNNI"
QR,*)"&'$+*A$HMNNNI"

<=1L%S" *)"&*(/&*'&4"+*K20,94";5*49)*A"?5("
0)35-,(+'"%,",*3"%?"",49:&(2"

E)5/4T.&'"<D"&'$+*$HUVVMI"
W5+(,R+"&'$+*A$9BCCD?"

<=1LU" (X=>"0+(.2-(/,*';+/,'+"" #)--"1#D"&'$+*A$HUVVYI"

A1=;&'()('B-<C-'567'0&89:;8%1-3>&%13&3'C"89'D&81";3'<>'89&"%'0&89:;1.<-'>$-/.<-)'
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!

2&$.-E-$%&'()*+,-.$

F&G*04+,-.$

5+0.'&.+.4&$

!"5:=+$
!"5:=H$

!"5:;$

!"#$%&'()E'567'&381=;"390&-8'1-D'01"-8&-1-/&'0<D&;'13',%<,<3&D'=:'F<;;"D1:'1-D'G$#9)'
Z&--+3"4&/4-+'"/+7/+'+*("0+(.2-,(+3"'+49)*'");"<=>A")7+*"4&/4-+'"/+7/+'+*("5*0+(.2-,(+3"
/+8&)*'D"!&$.-E-"0+(.2-(/,*';+/,'+'"+'(,?-&'."<=>"0+(.2-,9)*A",*3"7,[+/*'");"0+(.2-,9)*"
,/+"0,&*(,&*+3"(./)58.)5("/)5*3'");"4+--"3&:&'&)*",*3"<=>"/+7-&4,9)*":&,"(.+",49:&(2");"
0,&*(+*,*4+"0+(.2-(/,*';+/,'+'D"
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!

&/08";/8"&) 08":(=) 8A) .'??) (%M%=%8:) #*) &/')3YC76) ':Q*$') ^O'=&80E) '&) ,?IE)

6G\\_E)J/%./),.&=)&8)A"??*)$'&/*?,&'()/'$%$'&/*?,&'()3Y+E)B0'=':&),A&'0)

3Y+) 0'B?%.,&%8:I) 3YC76) A":.&%8:=) &/08";/) %&=) %:&'0,.&%8:) J%&/) &/') FV)

?%;,=') L>O1G5) ^YBGZ) %:) $8"='_) ^+MM,2"$8ME) '&) ,?IE) 455\_) ,=) L>O1G5)

('$8:=&0,&'=) B0'A'0':&%,?) ,AA%:%&*) A80) /'$%$'&/*?,&'() 3Y+) 8M'0)

=*$$'&0%.,??*) $'&/*?,&'() 3Y+) &/08";/) %&=) !F7) ,:() -LYDT,==8.%,&'()

(8$,%:=) ^H:82%E) '&) ,?IE) 455W_I) 7/%=) $8('?) A80) 3Y+) $'&/*?,&%8:) ,:()

'=&,#?%=/$':&)%=)="BB80&'()#*)&/'),#":(,:.')8A)3YC7V+),:()3YC7VO)%:)

F!).'??=E)("0%:;)',0?*)'$#0*8;':'=%=),:()%:)('M'?8B%:;);'0$).'??=E),:()&/'%0)

="#='U"':&) (8J:T0';"?,&%8:) %:) (%AA'0':&%,&'() =8$,&%.) .'??=) ^>/':E) 4554_E)

,:()#*) &/')"#%U"%&8"=) :,&"0') 8A)3YC76I) 7/%=)$8('?) ('?%:',&'=) #'&J'':)

&/'),.&%8:=)8A)3YC76),:()3YC7V+),:()3YC7VO)%:)&/')'=&,#?%=/$':&),:()

$,%:&':,:.')$'./,:%=$=E) /8J'M'0) &/'0') %=) ,) ;08J%:;) #8(*) 8A) 'M%(':.')

A80)8M'0?,B)8A)"%+('S') ,:()$,%:&':,:.') A":.&%8:=I)9:8.28"&)8A)3YC7V+)

,:()3YC7VO)%:)F!).'??)."?&"0')0'M',?=)B08;0'==%M')?8==)8A)$'&/*?,&%8:)8M'0)

$"?&%B?') .'??) (%M%=%8:=) ,:() ,:) %:.0',=') %:) &/') ,$8":&) 8A) /'$%$'&/*?,&'()

=%&'=)=";;'=&%:;)&/,&)3YC76)(8'=):8&),.&),=)&/')=8?')$,%:&':,:.')':Q*$'E)

#"&)&/,&)3YC7V+),:()3YC7VO),?=8)B?,*),)08?')%:)&/%=)B08.'==)^>/':E)'&),?IE)

455V_I))

)

L=J=G!2&11$.$()&,0!7$)#50,)&/(!,(-!'$(/7&*!&7%.&()&('!

L:) $,$$,?=E) >*&8=%:') $'&/*?,&%8:) %=) ,) B0'0'U"%=%&') A80) .'??"?,0)

(%AA'0':&%,&%8:E) ('M'?8B$':&E) fT./08$8=8$') %:,.&%M,&%8:) ,:() ;':8$%.)

%$B0%:&%:;) ^O%0(E) 4554_I) C8=&) %$B0%:&'() ;':'=) /,M') #'':) =/8J:) &8)

,==8.%,&') :',0) 0';%8:=) 8A) 3Y+) &/,&) /,0#8"0) (%AA'0':&%,?) $'&/*?,&%8:)

B,&&'0:=) ('&'0$%:'() #*) &/') B,0':&) 8A) 80%;%:) A08$)J/%./) &/') 0';%8:=) /,=)

#'':) %:/'0%&'(E) &/'=') ,0') .8$$8:?*) 0'A'00'() &8) ,=) (%AA'0':&%,??*)

$'&/*?,&'()0';%8:=)^3C-=_I)3%AA'0':&%,?)3Y+)$'&/*?,&%8:),&),:) %$B0%:&'()

;':')?8."=)J,=)A%0=&)('=.0%#'(),&)&/')BCDE+?8."=)J/'0')B,0':&,?)$'&/*?,&%8:)

(%AA'0':.'=) J'0') 8#='0M'() ='M'0,?) &/8"=,:() #,='TB,%0=) "B=&0',$) 8A) &/')

BCDE)B08$8&'0)^!,=,2%E)'&),?IE)6GG4_),:()&/')08?')8A)(%AA'0':&%,?)$'&/*?,&%8:)

%:) %$B0%:&%:;)/,=)#'':).8:A%0$'()#*),:,?*Q%:;)./,:;'=) %:) %$B0%:&'();':')
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!

'SB0'==%8:) %:)$%.') ('A%.%':&) %:) 3Y+)$'&/*?&0,:=A'0,=') ,.&%M%&*) ^@%E) '&) ,?IE)

6GGV_I) C'&/*?,&%8:) $,*) 8.."0) 8:) '%&/'0) &/') $,&'0:,?) 80) B,&'0:,??*)

%:/'0%&'(),??'?'E),?&/8";/)$,&'0:,??*)$'&/*?,&'()3C-=),0')$80').8$$8:I)

7/'0'),0')45)./,0,.&'0%='()3C-=E),==8.%,&'()J%&/)%$B0%:&'()?8.%)&/,&),0%=')

A08$) (%AA'0':&%,?) $'&/*?,&%8:) 8A) 3Y+) %:) =B'0$) ,:() 88.*&'=I) 7/'=') ,0')

2:8J:),=);'0$?%:')3C-=)^;3C-=_) ^7,#?')6I4_I)+);':8$'TJ%(')=.0'':)A80)

,=*$$'&0%.)$'&/*?,&%8:) %:) ,("?&)$8"=') #0,%:) /,=) %(':&%A%'() ,) A"0&/'0) VX)

0';%8:=) 8A) (%AA'0':&%,?) $'&/*?,&%8:) %:) &/') ;':8$'E) $,:*) 8A) J/%./) 8.."0)

:',0),)2:8J:)%$B0%:&'()(8$,%:=))^f%'E)'&),?IE)4564_I)+)="#='&)8A)3C-=)/,=)

#'':) =/8J:E) #*) &,0;'&'() (%=0"B&%8:) 8A) &/') 3C-E) &8) .8:&08?) ;':8$%.)

%$B0%:&%:;) 8A) &/') ,==8.%,&'() &0,:=.0%B&=E) ,:() &/"=)$,*) #') 0'A'00'() &8) ,=)

%$B0%:&%:;).8:&08?)0';%8:=)^L>-=_I)

)

L=J=J!"#$!(:*0$/+/7$!

7/'):".?'8=8$')%=).8$B0%='()8A),:)8.&,$'0)8A)/%=&8:'=E)&J8)8A)',./)R4+E)

R4OE)RV),:()RWI)3Y+) %=)J0,BB'(),08":()',./):".?'8=8$') %:),)6I[X) ?'A&)

/,:('() ="B'0/'?%.,?) &"0:) ':.8$B,==%:;) 6W[) #B) 8A) 3Y+E) J/%./) ='0M'=) &8)

(':='?*)B,.2,;')&/')3Y+)%:&8)&/'):".?'"=)8A)&/').'??)^K%;"0')6I[_)^@";'0E)'&)

,?IE) 6GG[_I) L:) ,((%&%8:) &8) &/'%0) 08?') ,=) ,) 3Y+) B,.2,;%:;) ('M%.'E) &/') .80')

/%=&8:'=)$,*)/,0#8"0)B8=&T&0,:=?,&%8:,?)$8(%A%.,&%8:=)&/,&).,:)A":.&%8:)&8)

.8:&08?) &/')/%;/'0)80('0) ./08$,&%:) =&0".&"0')#*) ./,:;%:;) &/')$8#%?%&*)8A)

&/') :".?'8=8$'E) ,:() .,:) &/"=) %:A?"':.') ;':8$%.) A":.&%8:=) #*) $,2%:;)

0';%8:=) 8A) 3Y+) $80') 80) ?'==) ,..'==%#?') &8) 3Y+) #%:(%:;) A,.&80=) ,:()

&0,:=.0%B&%8:,?) B08&'%:) .8$B?'S'=) ^7,#?') 6IV_I) 7/') B8=&T&0,:=?,&%8:,?)

$8(%A%.,&%8:=)8.."0)B0'(8$%:,&'?*)8:)&/')/%=&8:')&,%?=)^='')K%;"0')6E)OE)>_E)

J/%./) ,0') ":=&0".&"0'() 0';%8:=) 8A) &/') /%=&8:') B08&'%:=) &/,&) B08&0"(')

&/08";/) &/') 3Y+E) ,:() ,0') :8&) 0'U"%0'() A80) ,=='$#?*) 8A) &/') :".?'8=8$')

8.&,$'0)^@";'0E)'&),?IE)6GG\_I)7/')A8"0).80')/%=&8:'=),0')="#i'.&)&8),)M,0%'&*)

8A) ':Q*$,&%.,??*T$'(%,&'() B8=&T&0,:=?,&%8:,?) $8(%A%.,&%8:=) &8) M,0%8"=)

,$%:8) ,.%() 0'=%("'=) ^7,#?') 6IW_I) L:(%M%(",?) /%=&8:') $8(%A%.,&%8:=) (8) :8&)

A":.&%8:) %:) %=8?,&%8:)&8)0';"?,&')./08$,&%:)=&0".&"0'E)$,2%:;) %&)(%AA%."?&)&8)

('A%:') ,) .800'?,&%8:) #'&J'':) ,) B,0&%."?,0) $8(%A%.,&%8:) ,:() =B'.%A%.)
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!

A":.&%8:,?) =%;:%A%.,:.'I) R8J'M'0E) %&) %=) 0'.8;:%='() &/,&) =8$') /%=&8:')

$8(%A%.,&%8:=) =''$=) &8) #') %:M8?M'() %:) B,0&%."?,0) 0';%8:=) 8A) ;':8$%.)

,.&%M%&*I))

3%AA'0':&%,?) /%=&8:') $8(%A%.,&%8:=) #'&J'':) ,.&%M') ,:() =%?':&) ,??'?'=) 8A)

%$B0%:&'() ;':'=) %=) ('=.0%#'() ,&) $"?&%B?') %$B0%:&'() ?8.%) %:.?"(%:;) BCDEJ+

K(-T(J+ BCDE-J+GE*D<-?)J+,:1KJ+,-.)/J+("(J+!OP<CAOE),:()P#(U)) ^>,00E)'&),?IE)

455[E)K8"0:%'0E)'&),?IE)4554E)D0,:(i',:E)'&),?IE)4556E)R"E)'&),?IE)4555E)@,"E)

455WE) @'J%=E) '&) ,?IE) 455WE) @%E) 455WE) !,2,$8&8E) 455WE) !,:QE) '&) ,?IE) 455\E)

H$?,"AE)'&),?IE)455WE)j,:;E)455V_I)

38



!./)0)')0+" \07/&*9*8"4)*(/)-"/+8&)*'" Methylated allele 
4./U" 54'1B$ M 
4./U" "&1G+1$ M 
4./U" I.+1;+$ M 
4./U" ".+'$ M 
4./Y" J&K;C$ M 
4./Y" 5&1'$ M 
4./Y" "+G;*L$ M 
4./]" M0%B$9J&K=?$ M 
4./]" N.O67PN.6G.$ M 
4./]" Q.GGL7EB$ M 
4./]" /;RPQK7B$ P 
4./]" S4.T;-';$ M 
4./N" F+1K67;$ P 
4./MV" M+4;$ M 
4./MM" I6H;C$ M 
4./MM" UB+7;V61;$ M 
4./MU" I'*P!*W;$ P 
4./MF" J&K;=$ M 
4./M]" QK7B6P#06$ M 
4./MO" Q%G+4'$ M 

A1=;&'()H'I"38'<>'89&'2-<C-'#&%0;"-&'D"J&%&-.1;;:'0&89:;18&D'%&#"<-3'K#5L@3M)"1,(+/*,--2"
0+(.2-,(+3",--+-+'",/+"&*3&4,(+3"&*"/+3",*3"(.+"7,(+/*,--2"0+(.2-,(+3",--+-+'"&*"?-5+D"
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H3 H4 

H2B H2A 

H3 H4 

H2B H2A 

!"#$%&'()N'A9&'-$/;&<3<0&)'H>I",*3"HEI"]%?7".,-;"'57+/G.+-&@"'.)C&*8".,-;");"(.+"*54-+)')0+"
)4(,0+/D"H>I"UDO"^"/+')-59)*"4/2'(,-"'(/54(5/+"(,R+*"3&/+4(-2";/)0"HS58+/A"MNN]I"'.)C'"<=>"
3)5?-+".+-&@"H)/,*8+",*3"8/++*I"C/,77+3",/)5*3"(.+"4+*(/,-".&'()*+")4(,0+/D"HEI"!,/())*"
/+7/+'+*(,9)*");"(.+"4/2'(,-"'(/54(5/+"C&(."$U>"'.)C*"&*")/,*8+A"$UE"&*"/+3A"$%"&*"?-5+",*3"$_"
&*"8/++*D"H!I"!,/())*"'.)C&*8";5--"MD]%"'57+/.+-&4,-"(5/*",*3";5--"*54-+)')0+"4)07/&'+3");"O"
.&'()*+"7/)(+&*'D"

>

E !
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9"38<-&'0<D"O/1.<-' ,$81.P&'>$-/.<-3' %&>&%&-/&'

$%`%Y0+%" ,'')4&,(+'"C&(."+-)*8,9)*"7.,'+");"
)*8)&*8"(/,*'4/&79)*A"&*"7,/945-,/",("
+@)*&4"8+*+"/+8&)*'"

`)-,'&*'R,GaC&+/KA"UVVN"

$_`UV0+%" ,'')4&,(+3"C&(."4)*'9(59:+"
.+(+/)4./)0,9*"

`)5/0)5-&A"UVV_"

$%`U]0+%" ,'')4&,(+3"C&(."-)*8G(+/0A"7)-24)0?"
0+3&,(+3"8+*+"'&-+*4&*8":&,";)/0,9)*"
);"7)-24)0?"?)3&+'"

W&0)*A"UVVN"b"!.+59*A"
UVMU"

$%`_0+%",*3"
$%`_0+%"

,'')4&,(+3"C&(."(/,*'4/&79)*,--2",49:+"
,*3"7)&'+3"8+*+'"7,/95-,/-2",("(.+"FT"
+*3",*3"7,/945-,/-2",'')4&,(+3"C&(."
!7#"&'-,*3'"

E+/*'(+&*A"UVVU"b"c+?+/A"
UVV]"

$%RN0+" ,'')4&,(+3"C&(.".+(+/)4./)0,94"
/+8&)*'"

#/+C,-A"UVVU"

A1=;&'()Q"!$-/.<-'<>'9"38<-&'0<D"O/1.<-3)'6@,07-+'");".&'()*+"0)3&B4,9)*'"C&(."75(,9:+"
;5*49)*'D"
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&-?:0&'>10";:' &R10,;&3'<>'3,&/"O/'&-?:0&3' &R10,;&'<>'9"38<-&'
0<D"O/1.<-'

>4+(2-(/,*';+/,'+'" $>LMA"!Eded%VVA"$U>A"d!>Ze
#!=FA"L\dYVA"$%A"$EVM"

"$%`N,4"

<+,4+(2-,'+'" W&/LU" "$_`MY"

S2'&*+"1+(.2-(/,*';+/,'+" WJf%N$MA"WJf%N$UA"#N,A"6W6Le
W6L<EMA"65$1L,'+e#SdA"!SSOA"
1SSMA"1SSUA"1SS%A"1SS_A"1SSFA"
W6LM>A"W6LMEA">W$MA"W6LUA"=W<MA"
Wg1<UA"<QLMA"d/GW6LA"WJf_A"
WJf_UV$UA"6a$UA"X\aM"

"`%`_0+A"$%R%Y0+"

S2'&*+"<+0+(.2-,'+'" SW<MeE$!MMVA"h$<1M,A"h$<1M?A"
h$<1U,A"h$<1U?A"h1h<U>e
h$<1%>A"h1h<UEA"h1h<U!e
#>W!MA"h1h<U<"

"$%`_A"$%`%Y"

>/8&*&*+"1+(.-2(/,*';+/,'+'" !>X1MA"dX1L_A"dX1LF" "$_X%0+"

A1=;&'()*"F"38<-&'0<D">:"-#'&-?:0&3)'$&'()*+"0)3&;2&*8"+*K20+";,0&-&+'"-&'(+3"C&(."3+(,&-'");"
(.+&/"0+(.2-,9)*";5*49)*",*3"+@,07-+'");"R*)C*"8+*+'"&*"(.+"+*K20+";,0&-2D"
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!

L=P!U%&'$($)&*!.$%./'.,77&('!&(!)#$!'$.70&($!

7/') %$B80&,:.') 8A) .800'.&) B,0':&T8AT80%;%:) =B'.%A%.) $'&/*?,&%8:) B,&&'0:=)

A80).8:&08??%:;);':8$%.)%$B0%:&%:;)J,=)A%0=&)B08B8='(),&)&/')BCDE-)%$B0%:&'()

?8."=)#*)!&8;'0)%A+*O5)^!&s;'0E)'&),?IE)6GGV_),:()&/%=)$'./,:%=$)A80)B,==%:;)

B,0':&T8AT80%;%:) =B'.%A%.) $'&/*?,&%8:) &/08";/) &/') ;'0$?%:') $',:=) &/,&)

$'&/*?,&%8:) %$B0%:&=) $"=&) #') '0,='() ,:() 0'T'=&,#?%=/'() ("0%:;)

;,$'&8;':'=%=E) ('B':(,:&) 8:) &/') ='S) 8A) &/') ,:%$,?E) %:) 80('0) &8) ,??8J)

.800'.&) &0,:=$%==%8:) 8A)$'&/*?,&%8:)$,02=) &8) &/') :'S&) ;':'0,&%8:I) 7/'=')

$'&/*?,&%8:) %$B0%:&=) $"=&) ,?=8) #') B08&'.&'() A08$) &/') ;?8#,?) 3Y+)

('$'&/*?,&%8:)J/%./)8.."0=)B8=&TA'0&%?%Q,&%8:I)

)

L=P=L!D$)#50,)&/(!&(!)#$!'$.70&($!

10%$80(%,?);'0$).'??=) ^1D>_),0')('0%M'()A08$)&/')'B%#?,=&),&),08":()'[IXE)

,:()$%;0,&')&8)&/');':%&,?)0%(;')^K%;"0')6I\_)J/'0')&/'*)":('0;8)'S&':=%M')

3Y+)$'&/*?,&%8:),:()/%=&8:') 0'$8('??%:;).8:(".%M') &8) &/'%0),(8B&%8:)8A)

;'0$).'??)A,&')^R,i28M,E)'&),?IE)455\E)R,i28M,E)4565_I)3"0%:;)&/%=)$%;0,&%8:E)

$'&/*?,&%8:) %=) '0,='() A08$),) ?'M'?) 8A) ;0',&'0) &/,:) [5k) &8) ?'==) &/,:) 65k)

>BD) $'&/*?,&%8:) ^K%;"0') 6IGE) =&,;') 6_E) J%&/) 8:?*) ,) A'J) ='?'.&) ;':8$%.)

'?'$':&=) 0'$,%:%:;) $'&/*?,&'(I) 7/%=) ('$'&/*?,&%8:) 'M':&) B08M%('=) &/')

':M%08:$':&)A80)&/')$'&/*?,&%8:)%:)&/');'0$).'??)&8)#')0'='&)('B':(':&)8:)

&/');':('0)8A)&/')'$#0*8I)

D':('0) =B'.%A%.,&%8:) %:) $8"=') 8.."0=) ,&) ) ,08":() '64IXE) ,:() 1D>)
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,(('()&8)%:)80('0)&8)A0,;$':&)&/')':0%./'()3Y+)%:&8)=%Q'=)8B&%$,?)A80)=%Q')

='?'.&%8:)("0%:;)?%#0,0*)B0'B,0,&%8:I)
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!"#$%&' ()(' *+,-"./,01' 02' 34%0-/,1' 501"3/,01)' !"#$ %&'()*+,$ -./('.$ 0(,12*+(,3$ !4#$ "5.'$
0(,12*+(,$601,7$-(8&$9'(-.$0(,12*8('$*,:$41(;698.'<$601,7$=$:1>.'.,8$8'.*8).,80$!?@=#$0&(A,$
1,$ !%#3$B*)9C.0$A.'.$:.@2'(00C1,D.:$*5.'$0(,12*+(,$*0$9.'$).8&(:$*,:$.C.28'(9&('.0.:$(,$*$
?3EF$*7*'(0.$7.C3$

4G%$ %G4$
4G%$
?$$$$H$

%G4$
?$$$$H$

4G%$
I$$$=$

%G4$
I$$$$=$

J'(-.$B(,12*+(,$ 41(;698.'$

K'.*8).,8$$

?$ LG3$?$)1,$M,NM>$2O2C.0$
=P$*)9C186:.$

H$ QG3$?$)1,$M,NM>$2O2C.0$
=P$*)9C186:.$

I$ IPG3$IP0$M,NM>$2O2C.0$

=$ EPG3$IP0$M,NM>$2O2C.0$

"$ 4$

%$
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         200     450      800              [bp]          200     450      800              [bp]          200     450      800              [bp] 

?G3$

R68O$%O2C.$
Y,8.,018O$
%O2C.0$9.'$-6'08$
K1).0$!0#$

E$F$
I$
HPP$
ZP$

HG3$

R68O$%O2C.$
Y,8.,018O$
%O2C.0$9.'$-6'08$
K1).0$!0#$

E$F$
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HPP$
ZP$
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R68O$%O2C.$
Y,8.,018O$
%O2C.0$9.'$-6'08$
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E$F$
I$
HPP$
ZP$

!"#$%&'()B'*+,-"./,01'02'70C/%"5D'$@?%/501"3/,01)$!"#$T'*7).,8$C.,78&$-./('.$0(,12*+(,3$!4#$
T'*7).,8$ C.,78&$ *5.'$ 0(,12*+(,<$ 0*)9C.0$ A.'.$ 06-[.28.:$ 8($ ?G<$ HG$ ('$ IG$ 2O2C.0$ (/$ 08*8.:$
(9.'*+,7$ 2(,:1+(,03$ HG3$ 2O2C.0$ 9'(:62.:$ (9+)6)$ O1.C:$ (/$ RS"$ /'*7).,8$ 01U.:$ -.8A..,$
IPP@EPP-9$1,$C.,78&3$

"$

4$
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(%AA'0':.'=)#'&J'':)&/')&J8)$'&/8(=I)

)
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P$

EP<PPP<PPP$

?PP<PPP<PPP$

?EP<PPP<PPP$

HPP<PPP<PPP$

HEP<PPP<PPP$

%K%T$ ;*:H?$

%G4$;.*:$%(6,8$
4G%$;.*:$%(6,8$

PF$
?F$
HF$
IF$
=F$
EF$
LF$
]F$

%K%T$
4G%$

%K%T$
%G4$

;*:H?$
4G%$

;*:H?$
%G4$

"X.'*7.$

EIF$

=]F$

787!'

EPF$
EPF$

787!'

EPF$
EPF$

704&5"1'

^*8$

J*8$E=F$

=LF$

704&5"1'

4CNL$

2*08$

"$ 4$

ZHF$

?PF$
ZF$

_,*0017,.:$'.*:0$
4CNL$
%*08$

%$ R$

\$ T$

$$4$$$$$$$$$$$$$$%$

♀$$$$$$$$♂$
4G%$

$$4$$$$$$$$$$$$$$%$

♀$$$$$$$$♂$
%G4$

`$

%K%T$%&YJ@0.a$
%(&.01,$%&YJ@0.a$

??=<==I<E]]$
?HI<H=P<E]I$$

?HP<?H]<PEL$$
?P]<QEL<Q]L$$

6,1a6.CO$)*99.:$'.*:0$
!"#$%&'()N':&/9'5?/,5,35' 2%0-'74=>J5&K)' !"#$K&.$,6)-.'$(/$6,1a6.CO$)*99.:$'.*:0$ /('$%K%T$
*,:$ 2(&.01,$ %&YJ@0.a<$ '.*:0$ *'.$ 09C18$ -O$ '.219'(2*C$ 2'(00$ 2*8.7('Ob$ %G4$ *,:$ 4G%3$ !4#$ K&.$
9.'2.,8*7.$(/$'.*:0$8&*8$:.)(,08'*8.$2C(,*C$:69C12*+(,$/('$.*2&$C*,.$*'.$1,:12*8.:3$!%<R#$;.*:0$
A.'.$)*99.:$8($%E]4CNL$!'./.''.:$8($*0$4#$('$!"#$%"#&"'"#$&(#)(*+"#$!'./.''.:$8($*0$%#$A&.'.$
9(001-C.3$M/$8&.$'.*:0$A&12&$A.$,(8$)*99.:$QZF$:6.$8($*,$*-0.,2.$(/$*$BSJ$-.8A..,$4$*,:$%$
)(60.$08'*1,0<$*,:$HF$-.2*60.$(/$*$)10)*82&$!1.3$8&.$BSJ$:1:$,(8$)*9$8($.18&.'$4$('$%#3$M/$8&.$
'.*:0$ A&12&$)*99.:$ A18&1,$ *$ -1,:1,7$ 9.*D<$ ?PF$)*99.:$ 8($ 4<$ ZF$ 8($ %$ *,:$ ZHF$ '.)*1,.:$
6,*0017,.:$ 8($ .18&.'$ 4$ ('$ 2*08*,.603$ !\<T<$ `#$ "$ -1*0$ A*0$ 0..,$ 8(A*':0$ 4$ /('$ -(8&$ %K%T$ *,:$
2(&.01,<$&(A.X.'$8&10$A*0$'.0(CX.:$*5.'$8&.$2(,2*+,*+(,$(/$8&.$4G%$*,:$%G4$2'(00$'.*:03$

QZF$

HF$

_,*0017,*-C.$:6.$
8($C*2D$(/$BSJ$

_,*0017,*-C.$:6.$
8($)10)*82&$

,cIZ<]HI<=EI$

,c=<P?]<P?Z$ ,c=<IZP<=EQ$

4$
%$

4$

%$
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#') .8:(".&'(E) &/'0'A80') &/') ;':') ?%=&) J,=) 'S&':('() &8) %:.?"(') ,??) ;':'=)

&/,&) =/8J'() ,:) ,#=8?"&') A8?() ./,:;') 8A) r) @8;4^5IW_) ^0'B0'=':&%:;)

,BB08S%$,&'?*)V5)k)%:.0',=')80)('.0',=')%:);':')'SB0'==%8:_),:()&/,&)/,()
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@K# ./-),33#

0/-),33# (X#

a/-'F#

T#S#M33,=>)/#@m]\#=*,<1#/22/5#

VWjN#B%/-/#621]62*'1<<>)4C#

O/D#'*)-2*3#<>4)/3#O/D#62*E1#<>4)/3###############

@K#B$C# ./-),33#BPC# 0/-),33#BPC# @K#B:C#:J#U/=631<#
B)fC#

TJ#H22/5#

$J#j,/3>-5#N*)-2*3#
1/&7&

02>)'>6/3#'*=6*)1)-#/)/35<><# 1/&8.92.:&

PJ#%/-/#=*&13>)4#
;1<<.&80"32&

!"#$%&'()M0'T"5%/0%%0K'0-0JK2"2'S/%4U/SJ#U-16#:#/)&#T;#U/=631<#/21#6216/21&#/)&#/)/35G1&#*)#
-F1#@m]\#=*,<1#1S621<<>*)#/22/5J# U-16#$;#O/D#<>4)/3<#/21#)*2=/3>G1&#/)&#Y,/3>-5# '*)-2*331&I#
E/-'F#1k1'-#><#'F1'+1&#,<>)4#62>)'>631#'*=6*)1)-#/)/35<><J#U-16#P;#[>)1/2#.*&13#B[>==/C#><#E,>3-#
,<>)4# lR1# '*=6*)1)-<# BA*,2# 41)*-561<# 63,<# E/-'F# 1k1'-CJ# @>-F>)# -F><# =*&13# '*=6/2><*)<#
E1-D11)#41)*-561<#'/)#-F1)#E1#=/&1J#

1/&7&
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N*=6*)1)-#T#

N*
=
6*

)1
)-
#:
#

b#
b#
b#

b#

b#
b#

T#
T#

T#

T#

T#
T#

b#
b#

b#
b#

b#

b#:#

:#

:#

:#

:#

:#

!"#$%&'()D0'O%"-5".J&'5/1./-&-3'0-0JK2"2'BO9IC'/P'1"5%/0%%0K',030)'0NH#21R1/3<#<14214/?*)#
E/<1&#*)#E/-'FJ#H22/5<#D121#2,)#>)#-D*#E/-'F1<J#U/=631<#/21#3/E131&#/''*2&>)4#-*#E/-'FJ#H33#
E/-'F#:#/21#42*,61&#*)#-F1#2>4F-#/)&#E/-'F#T#/21#42*,61&#*)#-F1#31nJ#9*2#-F><#21/<*)#oE/-'F#
1k1'-"#D/<#/&&1&#/<#/#R/2>/E31#>)#<,E<1Y,1)-#/)/35<><J#
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!

,) BTM,?"') 8A) B) {) 5I556E) #'A80') ,..8":&%:;) A80) $"?&%B?') &'=&%:;I) 7/%=)

=&0%:;':.*)8A)(%AA'0':&%,?)'SB0'==%8:)*%'?('(),)?%=&)8A)V4V);':'=E)J/%./)J'0')

="#='U"':&?*)"='()&8),:,?*=')#%8?8;%.,?)B08.'=='=)&/,&)$,*)#'),AA'.&'()#*)

,#?,&%8:)8A)!"#$%&'()*)'SB0'==%8:)8:)&/')B,&'0:,?),??'?')%:)&/')('M'?8B%:;)

/',0&I)7/')&/0'')!"#)B08#'=)=/8J'()&/')/%;/'=&)A8?()./,:;')%:)'SB0'==%8:)

#'&J'':)!"#neT),:()!"#Ten),:()0'B0'=':&'()&/')$8=&)=&,&%=&%.,??*)=%;:%A%.,:&)

./,:;'=) %:) 'SB0'==%8:E) ./,:;'=) 8#='0M'() %:) 8&/'0) ;':'=) J'0') ?'==)

,BB,0':&I)7/%=)%=)%:(%.,&%M')8A),);':')&/,&)(8'=):8&)(%0'.&?*)%:A?"':.');':')

'SB0'==%8:)#*),.&%:;),=),) &0,:=.0%B&%8:) A,.&80E)#"&) %:=&',() %=) %:M8?M'() %:),)

#%8./'$%.,?) B,&/J,*E) ,:() &/'0'A80') '?%.%&=) ,:) 'AA'.&) M%,) ,) #%8./'$%.,?)

A''(#,.2)$'./,:%=$I)

)

8%%$(-&4!J=I!T()/0/'&*,0!,(,05+&+!

7/') V4V) ;':'=) J%&/) (%AA'0':&%,?) 'SB0'==%8:) J'0') ,:,?*='() A80)

8M'00'B0'=':&'();':')8:&8?8;%'=)^DN_)"=%:;)&/0'')='B,0,&')$'&/8(=q)

6_ 3+PL3),:,?*=%=)

4_ L:;':"%&*),:,?*=%=)

V_ C,$$,?%,:)B/':8&*B')#08J='0),:,?*=%=)

)

7/') 3+PL3) #%8%:A80$,&%.) ,:,?*=%=) &88?) %=) ,) #%8%:A80$,&%.) 2:8J?'(;') #,=')

&/,&) "&%?%Q'=) ,) /%;/) &/08";/B"&E) (,&,T$%:%:;) ':M%08:$':&) &8) 'S&0,.&)

#%8?8;%.,?)$',:%:;)A08$)?,0;');':')?%=&=E)=B'.%A%.,??*)('M'?8B'()A80)"=')8:)

;':') ?%=&=) 'S&0,.&'() A08$) ;':8$'TJ%(') =&"(%'=) ^R",:;E) '&) ,?IE) 455\_I))

+:,?*=%=)8A)&/')V4V)(%AA'0':&%,??*)'SB0'=='();':'=)"=%:;)3+PL3)0'M',?'()44)

8M'0T0'B0'=':&'();':')8:&8?8;%'=)J%&/),)A,?=')(%=.8M'0*)0,&')^K3-_)8A){45)

k)^7,#?')XI6,_E)8:?*)8:').,&';80*)~$80B/8;':'=%=)8A),)#0,:./%:;)=&0".&"0'<)

="0M%M%:;)$"?&%B?') &'=&%:;) .800'.&%8:) ^U) {) 5I5X_I) ) >8$#%:%:;) &/'=') 0'="?&=)

J%&/) &/') ,:,?*=%=) 8A) !"#$%&'()*) 'SB0'==%8:) B,&&'0:=) %:) &/') ('M'?8B%:;)

$8"=') /',0&) B8%:&=) &8) ,) B8&':&%,?) 08?') A80) 3(.) %:) &0,#'."?,0)

$80B/8;':'=%=E) ,=) &0,#'."?,') A80$=) ,) #0,:./%:;) .8$B8:':&) 8A) &/')

('M'?8B%:;)/',0&I))
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K12=# N*,)-# 9%O#B8C#
=*26F*41)1<><#*A#/#E2/)'F>)4#<-2,'-,21# :7# 7J7\7#
<-2>/-1&#=,<'31#?<<,1#&1R13*6=1)-# Q# TJ:_^#
/'?)#'5-*<+131-*)#*24/)>G/?*)# _# TJ$:T#
6*26F52>)#E>*<5)-F1?'#62*'1<<# P# TJP^\#
-1-2/6522*31#E>*<5)-F1?'#62*'1<<# P# TJP^\#
-,E1#=*26F*41)1<><# _# TJQ_:#
=,<'31#?<<,1#&1R13*6=1)-# Q# $JT$_#
/'?)#l3/=1)-]E/<1&#62*'1<<# _# $JP!P#
<+131-/3#=,<'31#?<<,1#&1R13*6=1)-# \# $J_T\#
<+131-/3#=,<'31#*24/)#&1R13*6=1)-# \# PJP:\#
214,3/?*)#*A#E2/)'F>)4#>)R*3R1&#>)#62*<-/-1#43/)&#=*26F*41)1<><# $# !J$_\#
125-F2*'5-1#&>k121)?/?*)# !# !J!7!#
'5-*<+131-*)#*24/)>G/?*)# :T# !J^_:#
214,3/?*)#*A#=*26F*41)1<><#*A#/#E2/)'F>)4#<-2,'-,21# P# \JP7$#
125-F2*'5-1#F*=1*<-/<><# !# \JQ:!#
E*)1#&1R13*6=1)-# ^# ^J77^#
6*26F52>)#=1-/E*3>'#62*'1<<# P# ^J:P$#
-1-2/6522*31#=1-/E*3>'#62*'1<<# P# ^J:P$#
E2/)'F>)4#=*26F*41)1<><#*A#/#-,E1# \# ::JT__#
=*26F*41)1<><#*A#/)#16>-F13>,=# Q# ::J!Q^#
=,<'31#*24/)#&1R13*6=1)-# Q# :TJ\!7#
6*<>?R1#214,3/?*)#*A#'133#&>R><>*)# P# :\J_!7#

:0?J&' ()M0' VI78V' /-3/J/#"50J' 0-0JK2"2)' X)-*3*4>'/3# /)/35<><# D/<# 612A*2=1&# *)# $T$# 41)1<#
&>k121)?/335# 1S621<<>*)# >)#!"#,%$& '*=6/21&# -*& !"#$%,# ,<>)4# -F1# %HLM%# E>*>)A*2=/?'# /)/35<><#
-**3J#N*,)-#<F*D<#-F1#),=E12#*A#41)1<#>)#-F1#3><-1&#*)-*3*45J#O1<,3-<#/21#2/)+1&#E5#<-/?<?'/3#
<>4)>l'/)'1# E/<1&# *)# -F1# A/3<1# &><'*R125# 2/-1# B9%OC# D>-F# -F1# =*<-# <-/?<?'/335# <>4)>l'/)-#
*)-*3*45#l2<-J#m1)1<#D>-F#/)#9%O#g#!8#/21#<F*D)#D>-F#/#DF>-1#E/'+42*,)&#/)&#/21#-F1#=*<-#
<-/?<?'/335#>)-121<?)4J#
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!

+)$80')%:)('B&/)?882),&)&/')8M'0T0'B0'=':&'()8:&8?8;%'=)J%&/),:)K3-){45)

k) 0'M',?) &/,&) 6Z) 8A) &/') 44) DN) .,&';80%'=) ,0') ,==8.%,&'()J%&/) #0,:./%:;)

$80B/8;':'=%=E) $"=.?') ,:() 80;,:) ('M'?8B$':&) ,:() .'??) 0'T80;,:%Q,&%8:)

,:();08J&/E),??)8A)J/%./),0').8:.80(,:&)J%&/)&/')/*B8&/'=%=)&/,&)3(.)B?,*=)

,) 08?') %:) /',0&) $"=.?') A80$,&%8:I) L:) 80('0) &8) ?882) A"0&/'0) ,&) &/'=')

8:&8?8;%'=)=B'.%A%.,??*E)&/');':'=)%:M8?M'()J'0')'S&0,.&'(),:(),:,?*='()%:)

$80') ('&,%?) ^7,#?') XI4,_) %:.?"(%:;) J/'&/'0) 'SB0'==%8:) %:.0',='() 80)

('.0',='() %:)!"#neT) /',0&=) &/,&) ?,.2)!"#) 'SB0'==%8:E) .8$B,0'() &8)!"#Ten)

/',0&I)7/'='),:,?*='=)0'M',?'()&/,&)[6)k)8A);':'=)(%AA'0':&%,??*)'SB0'=='()

%:)&/'=')8:&8?8;%.,?);08"B=),0')(8J:T0';"?,&'()%:)0'=B8:=')&8),)0'(".&%8:)

%:) &/') ?'M'?) 8A) !"#) &0,:=.0%B&E) J%&/) &/') 0'$,%:%:;) 4G) k) "BT0';"?,&'(E)

=";;'=&%:;)3(.)$,*)B8=%&%M'?*)0';"?,&')&/'=')8:&8?8;%.,?)A":.&%8:=)^K%;"0')

XIV,_I) 7/') :"$#'0) 8A) ;':'=) %:.0',='() 80) ('.0',='() J,=) .8:=%('0'() A80)

',./)%:(%M%(",?)8:&8?8;*),==8.%,&'()J%&/)#0,:./%:;)$80B/8;':'=%=E)$"=.?')

,:() 80;,:) ('M'?8B$':&) ,:() .'??) 0'T80;,:%Q,&%8:) ,:() ;08J&/E) &8) ,=='==)

J/'&/'0)A":.&%8:)J,=)(8J:T0';"?,&'()80)$%=T0';"?,&'()A80)',./)8:&8?8;*)

,=)('A%:'()#*)&/')B08B80&%8:)8A);':'=)%:)&/')B,&/J,*)=/8J'()%:.0',='()80)

('.0',='() 'SB0'==%8:) ^7,#?') XIV,_I) 7/'=') ,:,?*='=) =";;'=&) &/,&) 3(.)

A":.&%8:=)&8)%:.0',=')#0,:./%:;E)$"=.?')&%=="'),:()80;,:)('M'?8B$':&),:()

.'??)B08?%A'0,&%8:E),:()A":.&%8:=)&8)0';"?,&')$"=.?')&%=="')('M'?8B$':&),:()

.*&8=2'?'&,?)80;,:%Q,&%8:)%:)&/')('M'?8B%:;)/',0&I)

)

+((%&%8:,?) #%8%:A80$,&%.) &88?=) J'0') "='() &8) 'S&0,.&) 8M'00'B0'=':&'()

A":.&%8:=) ,:() =*=&'$=) &/,&) ,0') %:A?"':.'() #*) ;':'=)$%=T0';"?,&'() %:) &/')

!"#neT) /',0&I) 3,&,) J'0') ,:,?*Q'() &/08";/) &/') "=') 8A) %:;':"%&*) B,&/J,*)

,:,?*=%=) ^L1+_) ^L:;':"%&*c) !*=&'$=E) JJJI%:;':"%&*I.8$_E) ,) .8$$'0.%,??*)

,M,%?,#?') &88?) &/,&) $%:'=) ,) 0'B8=%&80*) 8A) #%8?8;%.,?) %:&'0,.&%8:=) ,:()

A":.&%8:,?) ,::8&,&%8:=) &,2':) A08$) $%??%8:=) 8A) %:(%M%(",??*) $8('??'()

0'?,&%8:=/%B=) #'&J'':) B08&'%:=E) -Y+=E) ;':'=E) %=8A80$=E) $'&,#8?%&'=E)

.8$B?'S'=E) .'??=E) &%=="'=E) (0";=E) ,:() (%=',='=E) %:) ,) A,=/%8:) =%$%?,0) &8) &/')

3+PL3) &88?I) 7/') %:;':"%&*) ?%.':.') J,=) "='() .8"0&'=*) 8A) P,:('0#%?&)

H:%M'0=%&*) C'(%.,?) >':&'0E) 7YE) H!+I) +:,?*='=) 0'M',?'() =%$%?,0) 0'="?&=) &8)
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m1)1#V/=1## %1<'2>6?*)# !"#$%,R<J&!"#,%$##

H'-/:# H'?)I#/36F/#:I#<+131-/3#=,<'31# %*D)#
a=6P# a*)1#=*26F*41)1?'#62*-1>)#P# %*D)#
a-'# a1-/'133,3>)I#16>&12=/3#42*D-F#A/'-*2#A/=>35#=1=E12# p6#
N/')/T&T# N/3'>,=#'F/))13I#R*3-/41]&161)&1)-I#/36F/#Tc&13-/#<,E,)>-#T# %*D)#
N))T# N/36*)>)#T# %*D)#
N*3T/:# N*33/41)I#-561#MMI#/36F/#:# %*D)#
NS'3:T# NF1=*+>)1#BN]q]N#=*?AC#3>4/)&#:T# %*D)#
W6EPJ:# W25-F2*'5-1#62*-1>)#E/)&#PJ:# p6#
94A2T# 9>E2*E3/<-#42*D-F#A/'-*2#21'16-*2#T# %*D)#
9F3T# 9*,2#/)&#/#F/3A#[M.#&*=/>)<#T# p6#
93)E# 9>3/=>)I#E1-/# p6#
9-'&# 9*2=>=>)*-2/)<A12/<1#'5'3*&1/=>)/<1## p6#
M4r6$# M)<,3>)]3>+1#42*D-F#A/'-*2#E>)&>)4#62*-1>)#$# %*D)#
.&+# .>&+>)1## %*D)#
.1*ST# .1<1)'F5=1#F*=1*E*S#T# p6#
.5F\# .5*<>)I#F1/R5#6*35616?&1#\I#'/2&>/'#=,<'31I#/36F/# p6#
0/6<<T# $]6F*<6F*/&1)*<>)1#!]6F*<6F*<,3A/-1#<5)-F/<1#T# %*D)#
0&4A'# 03/-131-]&12>R1&#42*D-F#A/'-*2I#N#6*35616?&1# %*D)#
0&3>=$# 0%s#/)&#[M.#&*=/>)#$# %*D)#
0>-ST# 0/>21&]3>+1#F*=1*&*=/>)#-2/)<'2>6?*)#A/'-*2#T# %*D)#
02+'G# 02*-1>)#+>)/<1#NI#G1-/# %*D)#
0-)# 031>*-2*6F>)## %*D)#
OF*,# O/<#F*=*3*4#41)1#A/=>35I#=1=E12#p# %*D)#
O<6*$# O]<6*)&>)#$#F*=*3*4#Bq1)*6,<#3/1R><C# %*D)#
U:77/_# U:77#'/3'>,=#E>)&>)4#62*-1>)#H_#B'/342/),3>)#aC# p6#
U1=/$/# U1=/#&*=/>)I#>==,)*43*E,3>)#&*=/>)#BM4CI#<F*2-#E/<>'#&*=/>)I#

<1'21-1&I#B<1=/6F*2>)C#$H#
%*D)#

UA26:# U1'21-1&#A2>GG31&]213/-1&#62*-1>)#:# %*D)#
U4'4# U/2'*435'/)I#4/==/#B&5<-2*6F>)]/<<*'>/-1&#435'*62*-1>)C# p6#
UF2**=:# UF2**=#A/=>35#=1=E12#:# %*D)#
U*2E<:# U*2E>)#/)&#Ui$#&*=/>)#'*)-/>)>)4#:# p6#
K'AT:# K2/)<'2>6?*)#A/'-*2#T:# %*D)#
K4>A:# Km9a]>)&,'1&#A/'-*2#F*=1*E*S#:# %*D)#
KF<&T## KF2*=E*<6*)&>)I#-561#MI#&*=/>)#'*)-/>)>)4#T## %*D)#
KD><-:# KD><-#F*=*3*4#:#B%2*<*6F>3/C# %*D)#
@)-!/# @>)431<<]213/-1&#..KL#>)-142/?*)#<>-1#!H# %*D)#

:0?J&'()D0'A&-&'&G.%&22"/-',"W&%&-5&2' "-'!"#'4-/54/$3'L&0%3)#m1)1<# A2*=#*R1221621<1)-1&#
*)-*3*4>1<# B9%O#g#T78C# -F/-#/21#/<<*'>/-1&#D>-F#E2/)'F>)4#=*26F*41)1<><I#=,<'31#/)&#*24/)#
&1R13*6=1)-#/)&#'133#21]*24/)>G/?*)#/)&#42*D-F#/21#3><-1&J#m1)1<#&*D)]214,3/-1&#>)#-F1#!"#$%,&
DF1)#'*=6/21&#-*&!"#,%$&/21#<F*D)#>)#4211)#/)&#-F*<1#,6]214,3/-1&#/21#<F*D)#>)#21&J##
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^:8#

T_8#

%*D)]214,3/-1&#

p6]214,3/-1&#

)f$!#

!"#$%&'()X0'A&-&'&G.%&22"/-',"W&%&-5&2'"-'!"#'4-/54/$3'L&0%3)#^:#8#*A#41)1<#/<<*'>/-1&#D>-F#
E2/)'F>)4#=*26F*41)1<><I#=,<'31#/)&#*24/)#&1R13*6=1)-#/)&#'133#21]*24/)>G/?*)#/)&#42*D-F#
D121#&*D)]214,3/-1&#>)#F1/2-<#3/'+>)4#!"#&1S621<<>*)J#
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mX#42*,6<#D>-F#tQ7#8#B%*D)]214,3/-1&#>)#%&'bc]C# V,=E12#*A#
41)1<#>)#mX#

V,=E12#&*D)]
214,3/-1&#

V,=E12#,6]
214,3/-1&#

.*26F*41)1<><#*A#/#E2/)'F>)4#<-2,'-,21# :7# :7# 7#
-,E1#=*26F*41)1<><# _# _# 7#
<+131-/3#=,<'31#?<<,1#&1R13*6=1)-# !# P# :#
<+131-/3#=,<'31#*24/)#&1R13*6=1)-# !# P# :#
214,3/?*)#*A#E2/)'F>)4#>)R*3R1&#>)#62*<-/-1#43/)&#
=*26F*41)1<><# $# $# 7#

214,3/?*)#*A#=*26F*41)1<><#*A#/#E2/)'F>)4#<-2,'-,21# $# $# 7#
E*)1#&1R13*6=1)-# ^# \# :#
E2/)'F>)4#=*26F*41)1<><#*A#/#-,E1# \# \# 7#
=*26F*41)1<><#*A#/)#16>-F13>,=# Q# Q# 7#
6*<>?R1#214,3/?*)#*A#'133#&>R><>*)# !# P# :#

mX#42*,6<#D>-F#T7#g#S#g#Q7#8#B.><]214,3/-1&#>)#%&'bc]C# V,=E12#*A#
41)1<#>)#mX#

V,=E12#&*D)]
214,3/-1&#

V,=E12#,6]
214,3/-1&#

<-2>/-1&#=,<'31#?<<,1#&1R13*6=1)-# Q# P# P#
/'?)#'5-*<+131-*)#*24/)>G/?*)# _# !# P#
=,<'31#?<<,1#&1R13*6=1)-# ^# $# P#
/'?)#l3/=1)-]E/<1&#62*'1<<# :7# \# P#
'5-*<+131-*)#*24/)>G/?*)# :T# \# \#
=,<'31#*24/)#&1R13*6=1)-# Q# P# P#

:0?J&'()X0'+%0-5L"-#'1/%.L/#&-&2"2Y'1$25J&'0-,'/%#0-',&@&J/.1&-3'0-,'5&JJ'%&Z/%#0-"[0R/-'
0-,' #%/S3L' /-3/J/#"&2)' KF1# ),=E12# *A# 41)1<# ,6# /)&# &*D)]214,3/-1&# >)# -F1# !"#$%,& DF1)#
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Molecular and Cellular Functions! p-value! # molecules!
Cellular Development! 1.30E-06 - 1.23E-02! 54!
Cellular Movement! 1.63E-05 - 1.23E-02! 46!
Lipid Metabolism! 3.57E-05 - 1.23E-02! 28!
Molecular Transport! 3.57E-05 - 1.23E-02! 25!
Small Molecule Biochemistry! 3.57E-05 - 1.23E-02! 41!

Physiological System Development! p-value! # molecules!
Connective Tissue Development and Function! 1.65E-07 - 1.23E-02! 29!
Skeletal & Muscular System Development and Function!1.65E-07 - 1.23E-02! 54!
Tissue Development! 1.65E-07 - 1.23E-02! 64!
Cardiovascular System Development and Function! 8.68E-07 - 1.23E-02! 38!
Embryonic Development! 8.68E-07 - 1.23E-02! 43!
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Abstract In mammals, most somatic cells contain two
copies of each autosomal gene, one inherited from each

parent. When a gene is expressed, both parental alleles are

usually transcribed. However, a subset of genes is subject
to the epigenetic silencing of one of the parental copies by

genomic imprinting. In this review, we explore the evi-

dence for variability in genomic imprinting between dif-
ferent tissue and cell types. We also consider why the

imprinting of particular genes may be restricted to, or lost

in, specific tissues and discuss the potential for high-
throughput sequencing technologies in facilitating the

characterisation of tissue-specific imprinting and assaying

the potentially functional variations in epigenetic marks.

Keywords Imprinting ! Tissue-specific ! Genome-wide

Epigenetic processes are essential for mammalian differ-
entiation and development and errors can result in devel-

opmental defects and disease. Genomic imprinting is a

specialized form of gene regulation in mammals (Reik and
Walter 1998) and flowering plants, whereby rather than

expression of all alleles of a gene, the alleles inherited from
one parent are silenced, while the other alleles remain

active (Fig. 1). The functional non-equivalence of the

mammalian genome was demonstrated by elegant nuclear
transfer experiments in the 1980s (McGrath and Solter

1984; Surani et al. 1984) illustrating the need for a
maternal and a paternal genome for development to term.

Complementary studies using mice with balanced translo-

cation chromosomes contributed to the delineation of
specific regions of the genome that cause abnormalities

when inherited from only a single parent (Cattanach and

Kirk 1985). These mice exhibit phenotypes ranging from
subtle effects on growth and development to embryonic

lethality, demonstrating that many imprinted genes play a

role in normal growth and development. Decades of work
have revealed up to 150 likely imprinted genes in the

mouse genome (Williamson et al. 2012; Schulz et al. 2008)

with a significant number similarly expressed in human
(Morison et al. 2001). Interestingly, the imprinted state of a

gene is not necessarily conserved between mouse and

human. Moreover, imprinting is not always consistent
across tissues within the same organism, with some genes

demonstrating imprinted expression in only a subset of the

tissues in which the gene is active. It is this tissue speci-
ficity that this review seeks to explore.

In the genome, imprinted genes are frequently found in
close proximity to one another, either organised into

clusters (Reik and Walter 2001) or pairs (Wood et al. 2007)

and occasionally as singletons (Hagiwara et al. 1997). This
genomic organisation is a feature of both the mouse and

human genomes. Ultimately, parent-of-origin-specific gene

expression in even the largest cluster is controlled by a
differentially methylated region (DMR), a small genomic

region, typically with a CpG island at its heart that is

methylated on one of the parental alleles, but not the other.
Some of these methylation differences are established

during germline development, and these regions are

therefore referred to as germline DMRs (gDMRs); others
are acquired during early embryonic development and

are called somatic or acquired DMRs. The molecular
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mechanisms by which DMRs exert control over the

expression of imprinted genes have been intensely studied

(Thorvaldsen et al. 1998; Peters et al. 1999; Lin et al. 2003;
Redrup et al. 2009). For example, specific histone modifi-

cations, central to chromatin organization and transcrip-

tional regulation, are enriched in a parental allele-specific
manner at DMRs (Umlauf et al. 2004) and the regulation of

chromatin organization has been implicated in the control

of imprinting of the well-characterised imprinted Igf2/H19
locus via interactions mediated by DNA methylation (Hark

et al. 2000; Murrell et al. 2004). One feature that has

emerged is the fact that imprinting is not necessarily con-
served across all tissues of a given mammal, and other

factors contribute to a more complicated picture, including

the use of tissue-specific promoters and epigenetic marks.
Epigenetic mechanisms are closely linked with the

processes of cell differentiation and the specification of cell
types and tissues that emerge during development. Here,

we consider examples of tissue-specific imprinting and

discuss the potential significance of these patterns of
expression. We also examine the importance of next-gen-

eration sequencing technologies in elucidating the extent of

tissue-specific imprinting and the associated epigenetic
mechanisms.

Some genes are imprinted in a tissue-specific manner

To study examples of tissue-specific imprinting, we have
summarized the collection of imprinted genes found in the

Web Atlas of Murine genomic Imprinting and Differential

EXpression (WAMIDEX) (Schulz et al. 2008) and stratified
genes into three categories: (1) those with tissue-specific

imprinted expression. We categorized genes as tissue-spe-

cific if they are imprinted in only one tissue and if multiple
other tissues, or whole embryo has been tested for expres-

sion and the gene is bi-allelic; (2) those with ubiquitous

imprinting, or imprinted expression in multiple differ-
ent tissue types and only sporadic bi-allelic expression;

or (3) those that cannot be assigned because imprinting has
only been tested in one tissue type (Fig. 2). This stratifi-

cation is fluid because it represents currently published data

and thus genes may change categories as more data from
additional tissue or cell types become available. We did not

include expression data on oocytes and sperm. Of the 82

imprinted genes for which imprinted expression has been
tested in multiple tissues, a surprisingly large proportion

(28 %) shows tissue-specific imprinted expression in one

specific tissue type (Fig. 3). These cases of tissue-specific
imprinted gene expression represent a plausible and useful

model for studying epigenetic variation that may be
involved with the control of differential imprinting between

cell types. It may also provide additional insight into the

evolution of genomic imprinting in mammals.
Of the 23 tissue-specific imprinted genes (Table 1), the

majority are imprinted only in extra-embryonic tissues,

specifically placenta (48 %) and yolk sac (9 %), or only in
the brain, including specific subsets of brain regions (39 %)

(Fig. 4). We have also highlighted in Table 1 a further five

genes which do not quite fit our criteria for tissue-specific
imprinting, because their imprinting is not unique to one

23

59

33
tissue specific imprinted 
genes

genes imprinted in 
multiple tissue types

cannot assigned
n=115

Fig. 2 Imprinted gene categories. All genes listed on WAMIDEX
were stratified into three categories; those with tissue-specific
imprinted expression, those imprinted in two or more tissues and
those that cannot be assigned as imprinting has only been tested in
one tissue type. Over a quarter of imprinted genes have only been
assessed in one tissue type, mostly from screens involving a single
tissue (colour figure online)

28%

72%

tissue-specific imprinted 
genes

genes imprinted in 
multiple tissue types

Fig. 3 Proportion of genes exhibiting tissue-specific imprinting. Of
the 82 imprinted genes that have been tested for mono-allelic
expression in multiple tissues, 28 % show imprinting in just one
tissue type. We have considered genes tissue-specifically imprinted if
parent-of-origin-specific mono-allelic expression is seen in one tissue
type only and multiple other tissues have been assessed for imprinted
expression (colour figure online)

bi-allelic expression imprinted expression

Fig. 1 Imprinted gene expression. Most genes show bi-allelic
expression in mammalian cells; this means that transcription occurs
roughly equally from both maternal and paternal alleles. Imprinted
genes are an exception to this rule; for these genes, expression comes
predominantly from one parental allele with the other allele silenced
by epigenetic mechanisms. Red bars indicate a maternally inherited
allele and blue indicates paternally inherited alleles (colour figure
online)
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tissue only, but they are mono-allelically expressed only in
the extra-embryonic tissues of both placenta and yolk sac.

Genomic imprinting, by the nature of epigenetically

silencing one allele, presents a potential disadvantage to
mammals if they are unlucky enough to be encumbered by

a deleterious mutation on the active copy as this would

result in complete loss of function. Explanations for why
imprinting evolved have thus been energetically sought.

Imprinted expression of genes specifically in placenta or

the brain during the pre-weaning period in the mouse can
be seen to support the ‘‘parental conflict’’ theory of evo-

lution for genomic imprinting (Moore and Haig 1991). The

salient points of this theory are that the maternal and

paternal genomes have different interests in terms of off-
spring demand on maternal resource allocation, with

paternally expressed imprinted genes selected to maximize

demand from the mother and maternally expressed genes to
act to balance demand between offspring of current and

future litters (Moore and Haig 1991). If one buys into this

evolutionary perspective, one might expect the imprinting
status of genes to be different depending on whether the

genes are being expressed in a tissue type where their

function could influence the allocation of maternal
resources. For genes acting in growth factor signalling

pathways, such as Igf2 or its receptor Igf2r, growth can be

considered as a global effect, and thus tissue-specific

Table 1 Details of WAMIDEX genes exhibiting imprinting in one tissue-type only

Gene Allele Location of tissue-specific imprinting References

A19 p Brain (de la Puente et al. 2002)

Ampd3 m Placenta (Schulz et al. 2006)

Atp10a m Hippocampus and olfactory bulb (Kayashima et al. 2003; Kashiwagi et al. 2003)

Blcap_v1a m Brain (Schulz et al. 2009)

Calcr m Embryonic and adult Brain (Hoshiya et al. 2003)

Commd1 m Brain from postnatal day 14 (Wang et al. 2004)

Copg2 m Brain (Lee et al. 2000)

Dcn m Placenta (Mizuno et al. 2002)

Ddc_exon1a p Embryonic and neonatal heart (Menheniott et al. 2008)

Dhcr7 m Placenta (Schulz et al. 2006)

Ins1* p Yolk Sac (Giddings et al. 1994; Deltour et al. 2004)

Ins2 p Yolk Sac (Giddings et al. 1994; Deltour et al. 2004)

Mash2 m Placenta (Tanaka et al. 1999)

Nap1l4 m Placenta (Paulsen et al. 1998; Engemann et al. 2000)

Obph1 m Placenta (Umlauf et al. 2004; Higashimoto et al. 2002; Engemann et al. 2000)

Slc22a2 m Placenta (Zwart et al. 2001)

Slc22a3 m Placenta (Zwart et al. 2001)

Th m Placenta (Schulz et al. 2006)

Tnfrsf23 m Placenta (Clark et al. 2002)

Tssc4 m Placenta (Paulsen et al. 2000)

Ube3a m Neurons (Yamasaki et al. 2003)

Ube3aAs p Neurons (Yamasaki et al. 2003)

Zfp264 p Neonatal and adult Brain (Kim et al. 2001)

Genes imprinted specifically in extra-embryonic tissue

Gatm m Placenta and yolk sac (Sandell et al. 2003)

Neurabin m Placenta and yolk sac (Ono et al. 2003; Monk et al. 2008)

Pon2 m Placenta and yolk sac (Ono et al. 2003; Monk et al. 2008)

Pon3 m Placenta and yolk sac (Ono et al. 2003; Monk et al. 2008)

Tfpi2 m Placenta and yolk sac (Monk et al. 2008)

Tissue-specific imprinted genes are taken from those imprinted genes listed in the Web Atlas of Murine genomic Imprinting and Differential
Expression (WAMIDEX). We categorized genes as tissue-specific if they are specifically imprinted in only one tissue type, and multiple other
tissue types or whole embryo has been tested for expression and imprinting, but show bi-allelic expression. A further five genes listed are not
tissue-specific by this definition, as they are imprinted in the two extra-embryonic tissues of the placenta and yolk sac; however, they have been
included to illustrate extra-embryonic imprinting. ‘‘Allele’’ denotes the allele that is expressed where the gene is imprinted

* Denotes contradictory evidence
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imprinting is irrelevant. However, in tissues such as the brain,

which influences feedingbehaviour, or placenta,which acts as
a direct mediator of maternal resource allocation, pressure to

evolve genomic imprinting of particular genes may be

localized specifically to these tissues. Existing evidence
supports a role for genomic imprinting in behaviour that is

associated with demand for resources. For example, mouse

models where imprinting has been disrupted due to the
maternal duplication of chromosome 2 (and lack of a pater-

nal Chr 2) die perinatally due in part to a failure to suckle
(Cattanach 1986).This phenotype can be attributed, at lease in

part, to genes in the imprinted GNAS cluster. This complex

gene cluster is made up of multiple transcripts, each with a
distinct pattern of imprinted expression. The GnasXL tran-

script in particular is paternally expressed in multiple regions

of the brain associated with the control of orofacial muscles,
and mice with a deletion specifically targeted to the XL
transcript exhibit reduced ability to sucklemilk, becomeweak

and inactive and die shortly after birth (Plagge et al. 2004).
The imprinted Peg3 and Dlk1 genes have also been shown to
regulate suckling behaviour in mouse (Curley et al. 2004; da

Rocha et al. 2009). Interestingly, in placenta, all 11 genes that
are tissue-specifically imprinted (Table 1) are expressed

from the maternal allele only, pointing to a specialized and

overrepresented role for the maternal genome in placental
development and function (p\ 0.005, Chi-squared vs.

mat:pat for all imprinted genes) (Fig. 5), consistent with

previous findings (Schulz et al. 2010). Of the tissue-specifi-
cally imprinted genes in brain, three are paternally and five

are maternally expressed, which is not significantly differ-

ent from the expected ratio based on the overall numbers
of maternally and paternally expressed imprinted genes

(Fig. 5).

The only published example of a tissue-specific
imprinted gene where imprinting is not localized to the

brain or extra-embryonic tissue is Dopa decarboxylase

(Ddc), which is imprinted solely in heart (Menheniott et al.

2008). Ddc demonstrates a mechanism of tightly controlled

epigenetic regulation, which varies between heart and other
tissue types. Ddc gives rise to two transcript variants

termed Ddc_canonical and Ddc_exon1a, which differ only

in the first untranslated exon. The Ddc_exon1a variant is
expressed in brain and heart, and is bi-allelic in brain, but

expressed from the paternal allele only in the developing

heart (Fig. 6). This organization of transcripts and
expression patterns indicate that epigenetic differences

between brain and heart are key to controlling imprinted
expression. The fine transcriptional control exerted at the

Ddc locus, specifically in heart tissue, does not readily

support the parental conflict theory of imprinting.
Imprinting of Ddc is neither ubiquitous nor active in a

tissue that is directly involved in resource provisioning

from mother to offspring. We must therefore consider that
there may be another evolutionary role for maternal

silencing of Ddc in heart.

Ubiquitous and tissue-specific imprinting in a single
imprinted cluster

Interestingly, the tissue-specific switch from bi-allelic gene

expression to imprinted expression appears to occur inde-
pendently of other imprinted genes within a single imprinting

cluster.Mash2,Obph1 and Tssc4 are each tissue-specifically
imprinted in placental tissues, remaining bi-allelically
expressed in other embryonic tissues. These genes form part

of the imprinted cluster that is controlled, at least in part, by a

DMR located at the promoter of Kcnq1ot1. This domain
includes genes ubiquitously imprinted in early embryonic

development namely Kcnq1ot1, Kcnq1, Slc22a18, Cdkn1c
and Phlda2 (Mancini-Dinardo et al. 2006). It has subse-
quently been shown that a separate genomic region down-

stream of the kcnq1ot1 promoter may be responsible for

Fig. 5 Parent-of-origin of tissue-specific imprinting in the brain and the
placenta. Of the genes imprinted tissue-specifically in the placenta, all
are expressed from thematernal allele demonstrating maternal genome-
specific contributions to placental growth and function.Genes imprinted
tissue-specifically in brain are both maternally expressed (63 %) and
paternally expressed (37 %) (colour figure online)

26%

4%9%

4%

48%

9%
Whole Brain

Hippocampus and olfactory bulb

Neurons only

Heart

Placenta

Yolk Sac

Fig. 4 Location of tissue-specific imprinting. For tissue-specific
imprinted transcripts, we surveyed in which tissues these are
imprinted. A large proportion is imprinted in extra-embryonic tissues
of the placenta (48 %) and yolk sac (9 %). Another hot-spot of tissue-
specific imprinting is whole brain (26 %) including subsets of brain
regions, the hippocampus (4 %) and neurons (9 %) (colour figure
online)
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differential control of the ubiquitously imprinted and the

tissue-specifically imprinted genes found at this locus

(Mohammad et al. 2010). Further to this, the imprinting of
Kcnq1 itself is relaxed during mid-gestation in the brain and

the kidney and in cardiac lineages between embryonic days

13.5 and 14.5, reverting from maternal expression to
bi-allelic expression. This reversion is concurrent with

changes to the chromatin structure and results in an increase in
kcnq1 transcript levels in the developing heart (Korostowski

et al. 2011). Thus, evidence from this locus demonstrates

how a temporal switch from imprinted to bi-allelic expression
in a single tissue canbeusedaspart of amechanism to regulate

gene dosage, how tissue-specifically imprinted genes can

exist alongside genes imprinted in multiple tissue types
within a single imprinting cluster and how changes to the

chromatin structure may influence tissue-specific gene

expression.

Imprinted genes that are bi-allelic in a specific tissue
type

In the same way that a subset of imprinted genes is mono-
allelic in one tissue only, another subset is almost

ubiquitously imprinted and yet is expressed in a bi-allelic

fashion in a single tissue (Table 2). This was first demon-

strated at the Igf2 locus, as Igf2 reverts to bi-allelic
expression in the choroid plexus and leptomeninges

(DeChiara et al. 1991). In somatic tissues it has been

considered that reversion to bi-allelic expression may pas-
sively result from a lack of a need to maintain the imprinted

state. However, new work on the Dlk1 gene suggests that in
this case reversion to bi-allelic expression may play an

important role in the regulation of gene dosage.

The switch from imprinted to bi-allelic expression of
Dlk1 in niche astrocytes and neural stem cells is achieved

by the acquisition of a methylation mark, and the resulting

reactivation of the maternal allele is integral for post-natal
neural development (Ferron et al. 2011). So, while the bi-

allelic expression of Dlk1 is important in these cells, it is

also critical for imprinting of Dlk1 to be maintained in
other somatic tissues to facilitate correct gene dosage. Mice

harbouring a Dlk1 BAC transgene, recapitulating a

re-activation of bi-allelic expression, are born larger than
wild-type littermates, but exhibit skeletal abnormities and

show an increase in postnatal lethality due to reduced

suckling ability (da Rocha et al. 2009). It is important
therefore to consider the role of tissue-specific imprinted

mat allele

pat allele

Heart – paternal expression only Brain – bi-allelic expression

1     1a

1     1a

1     1a

1     1a

Ddc

Ddc

Ddc

Ddc

Fig. 6 Imprinted expression of
Ddc. Ddc is the only example of
tissue-specific imprinting in
heart. The Ddc_exon1a
transcript is expressed from
both parental alleles in brain;
however, in heart the maternal
allele is epigenetically silenced

Table 2 Details of WAMIDEX genes exhibiting bi-allelic expression in one tissue-type only

Gene Allele when
imprinted

Location of bi-allelic expression References

Dlk1 p From day 7 in niche astrocytes and neural stem
cells

(Ferron et al. 2011)

Frat3 p Placenta (Kobayashi et al. 2002)

H13 –multiple
isoforms*

m Neonatal brain (Wood et al. 2007, 2008)

Igf2 p Neonatal choroid plexus and Leptomeninges (DeChiara et al. 1991; Hetts et al.
1997)

Igf2r m Neonatal cerebrum (Yamasaki et al. 2005)

Inpp5f_v2 p Adult testes (Choi et al. 2005; Wood et al. 2007)

Mcts2 p Adult testes (Wood et al. 2007)

U2af1-rs1 p Adult testes (Wang et al. 2004; Wood et al. 2007)

Zac1 p 30-day Liver (Piras et al. 2000)

Listed are the imprinted genes that are close to ubiquitously imprinted but which are expressed in a bi-allelic fashion in one tissue type only (data
from WAMIDEX). Excluded are data from cell lines and data that are ambiguous or open to alternative interpretation

* Denotes genes that have multiple isoforms some of which are maternally expressed and other of which are paternally expressed
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expression in the context of gene dosage control, which

could also drive the imprinted expression of Ddc_exon1a
in heart.

Grb10 switches expression from the maternal
to the paternal allele in a tissue-specific manner

The growth factor receptor-binding protein, Grb10, has to
date a somewhat unique imprinted expression pattern,
being expressed from the paternal allele in brain but from

the maternal allele in most other peripheral tissues. During

development, Grb10 expressed from the maternal allele
functions to repress growth and in adulthood mediates

glucose metabolism and energy homeostasis (Smith et al.

2007; Charalambous et al. 2003, 2010). Intriguingly, in the
brain, where Grb10 is expressed from the paternal allele, it

exhibits a distinct function, tempering social dominance

(Garfield et al. 2011). This switch from maternal to
paternal expression is associated with tissue-specific

changes in epigenetic marks, namely the presence of a

brain-specific somatic DMR, located upstream of the
Grb10 germline DMR, which is hypermethylated on both

parental alleles in the peripheral tissues of the kidney and

liver and the loss of the repressive H3K27me3 histone
mark at the paternal Grb10 promoter in the developing

neural lineage (Arnaud et al. 2003; Sanz et al. 2008).

Grb10 is a unique example of a gene that exhibits a dif-
ferent function depending on which parental allele is

expressed.

Next-generation sequencing will aid the identification
of novel instances of tissue-specific imprinting

Next-generation sequencing technology is beginning to

provide novel insights into genomic imprinting (Cooper
and Constancia 2010). To accurately define all imprinted

gene expression would require the analysis of each gene

transcript’s expression in a pure population of each distinct
developmental and terminally differentiated cell type.

Although this remains a distant goal, the detection of new

examples of tissue-specific imprinting and identification of
the epigenetic differences that cause the parent-of-origin

specific silencing in a particular cell type are facilitated by

next-generation sequencing techniques applied to RNA
(RNA-seq), immunoprecipitated chromatin using antibod-

ies against DNA-binding proteins or histone modifications

(ChIP-seq) and bisulphite-treated DNA (BS-seq). For
example, next-generation sequencing has enabled signifi-

cant progress in elucidating the establishment of the epi-

genetic marks that are crucial for genomic imprinting
during oogenesis (Smallwood et al. 2011). Genome-wide

analysis of tissue-specific imprinting can provide an addi-

tional tool for understanding how somatic changes to epi-
genetic marks, during growth and development, can control

gene silencing by allowing direct comparisons to be made

between active and silenced alleles in imprinted and non-
imprinted tissues.

In principle, RNA-seq can generate quantitative mea-

surements of gene expression for both parental alleles. One
of the main problems encountered when identifying tissue-

specific imprinting is the masking of mono-allelic expres-
sion in one tissue-type, by bi-allelic expression of the same

gene in surrounding tissues. For example, when assaying

whole brain for mono-allelic gene expression, we are
actually looking at multiple brain regions, multiple cell

types as well as potential contaminations that may occur

during tissue dissection. The sensitivity and large dynamic
range of RNA-seq can identify imprinting that has not

previously been detectable. So far the use of RNA-seq for

identifying novel tissue-specific imprinting has been a
useful tool. Using RNA-seq, Gregg et al. (2010a, b)

recently reported 1300 new examples of genes imprinted in

brain including many examples of sex-specific imprinting.
However, a recent re-analysis of their data suggests that

this may be an overestimate and that the real number of

novel imprinted genes may be much lower (Deveale et al.
2012). These studies highlight the difficulty in interpreting

and modelling genome-wide expression data generated by

RNA-seq and also illustrate the difficulty in distinguishing
between true imprinting and either biological or technical

stochastic biases in the levels of transcript from the two

parental alleles (Kelsey and Bartolomei 2012). Although
RNA-seq is sometimes effective in detecting imprinted

expression in the mixtures of cell types found in whole

tissues, to correctly pinpoint tissue-specific imprinting, one
would ideally need to sequence a pure population of cells

using RNA-seq. Isolating pure populations of cells will

become easier as cell sorting approaches mature and the
amount of input RNA required is reduced as sequencing

technologies improve. Single-cell RNA-seq will ultimately

allow for assessment of allelic expression in a cell-specific
manner (Tang et al. 2010); however, this technology is still

immature and is yet to be applied to the study of tissue-

specific imprinting.
In addition to RNA-seq, further analysis of other gen-

ome-wide epigenetic marks and chromatin structure is

providing a better understanding of tissue-specific epige-
netic variation. This includes the study of tissue-specific

changes in DNA methylation and histone modifications

alongside tissue-specific differences in chromatin confor-
mation. This will allow the characterization of the inter-

play between epigenetic marks, chromatin structure and

imprinted gene expression in mechanistic studies. Genomic
imprinting is reliant on epigenetic differences set up in the
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germline and then maintained, or potentially lost or gained,

during differentiation. Epigenetic differences between
tissues may indicate variation in genomic imprinting in

different tissues and inform further on the epigenetic

mechanisms governing imprinted gene expression.
Differential methylation between parental alleles is

known to control imprinted gene expression (Reik et al.

2001). Identification of variations in DMRs, particularly
somatic DMRs, genome-wide and in different tissue types,

are potentially indicative of tissue-specific imprinting.
Advances in bisulfite-seq technology are allowing us to

interrogate methylation genome-wide with base pair reso-

lution and can be used to examine methylation in a parent-
of-origin specific manner. A recently published study in

mouse frontal cortex demonstrated allele-specific methyl-

ation at 32 known imprinted domains and a further 23
genomic regions (Xie et al. 2012). In the same study, Xie

et al. examined the histone modifications H3K27ac and

K3K4me3 using ChIP-seq as well as RNA-seq to identify
parent-of-origin differences in expression. This is the first

study to combine multiple genome-wide and allele-specific

techniques to probe epigenetic and gene expression differ-
ences in a single in vivo tissue type. To investigate changing

chromatin structure in different cell types, Hi-C has been

developed as a technique for studying higher order chro-
matin interactions in a genome-wide context. Hi-C com-

bines chromosome conformation capture with next-

generation sequencing to profile the spatial association of
different regions of DNA within the cell. Hi-C has been

used to study variation in chromatin interactions between

mouse embryonic stem cells and differentiated mouse cor-
tex (Dixon et al. 2012); this type of comparison, made

between tissues which display tissue-specific imprinting

differences, could be used to better understand the effect of
chromatin looping in governing genomic imprinting.

For the purposes of review, we have defined tissue-

specific imprinting as genes that are bi-allelic in most tis-
sues but imprinted specifically in only one tissue or cell

type. It is pertinent, however, to mention Gsa despite the

fact it does not fit our criteria for tissue-specific imprinting.
Gsa is located in the GNAS cluster of imprinted genes and

is a well-studied example of a gene that switches from

bi-allelic to imprinted expression. The GNAS locus consists
of multiple different imprinted transcripts; for a full review

see Peters and Williamson (2007). Of these transcripts, Gsa
is highly expressed in a bi-allelic manner in most tissues,
but is expressed only from the maternal allele in a specific

subset of tissues composed of renal cortex, brown and

white adipose tissue (Yu et al. 1998), the anterior pituitary
(Hayward et al. 2001), thyroid (Mantovani et al. 2002;

Germain-Lee et al. 2002), ovary (Mantovani et al. 2002)

and paraventricular nucleus of the hypothalamus (Chen
et al. 2009). The 1A DMR is known to control imprinting in

these tissues (Williamson et al. 2004); however, no tissue-

specific differences in methylation at this DMR have so far
been found; thus tissue-specific imprinting may involve

more than simple tissue-specific methylation differences

and it is important to consider other epigenetic variations.

Summary

Genomic imprinting can be regarded as the ‘perfect’ tool
for studying epigenetic silencing as both active and inac-

tive gene copies reside in identical conditions in the same

cell. By using a raft of novel experimental tools, it is now
feasible to fully dissect the imprintome by studying tissue-

specific differences in allelic expression. When coupled

with genome-wide epigenetic analysis from the same pure
cell populations, this will allow a greater understanding of

epigenetic silencing at imprinted loci and will form a

foundation from which we can increase our understanding
of the relationship between epigenetic marks and gene

silencing in a non-imprinting context.
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