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MAPK                              mitogen-activated protein kinase 

MEK                                 mitogen-activated protein kinase kinase 

MEN2                               multiple endocrine neoplasia type 2 syndrome 

MMP                                 matrix metalloprotease  

MTC                        medullary thyroid carcinoma  

NFKB              nuclear factor kappa-B  

NGF                   nerve growth factor 

EPN               osteopontin  

PDC                  poorly differentiated carcinoma 

PKC                 protein kinase C 

PI3K         phosphatidylinositol 3-kinase  

PS                 presenilin 

PTC              papillary thyroid carcinoma 

PTK                 protein tyrosine kinase  

RET         REarranged during Transfection 

RFG                    RET fused gene 

RIP              regulated intramembrane proteolysis  

SFLMGF            scatter factorLhepatocyte growth factor  

siRNA                small interfering RNA 

SRF                          serum response factor  

TG             thyroglobulin  

TPA                        2-0-tetradecanoylphorbol 13-acetate 

TPE          thyroperoxidase  

TRE                   TPA-responsive element 

TRM          thyrotropin releasing hormone  

TSM                thyroid stimulating hormone 

TSMR             thyroid stimulating hormone receptor  

WDC                 well-differentiated carcinoma 
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2.1 THYROID CANCER 
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".1." Thyroid pathology 
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increased, normal or decreased hormone secretion. 1ocal enlargement of the 

gland usually reflects a neoplastic process, a nodule. Thyroid nodules are 

broadly subdivided in benign and malignant lesions (;azzaferri, =>>3). 

Thyroid adenomas are benign tumors and are typically solitary neoplasms, 

arising from a genetic alteration in a single precursor cell (Kondo et al. 2006). 

They may be clinically silent or functional, producing increased levels of 

thyroid hormones, which results in symptomatic hyperthyroidism (referred to 

as a toxic thyroid adenoma). The most common genetic lesion in functional 

thyroid adenomas is somatic activating mutation in TSH receptor (TSHR) gene 

(J80L) (Marma et al. =>>5). ;utations in Gs! gene coding for TSHR-coupled 

G protein have been also found in toxic adenomas (J25L). ;alignant thyroid 

lesions comprise a heterogeneous group of neoplasm with distinctive clinical 

and pathological features and are discussed below.  

.  

2.1.3 Classification of thyroid carcinomas 

Thyroid carcinomas are the most common malignancies of endocrine 

organs and comprise approximately =L of newly diagnosed cancer cases 

(Hundahl et al. =>>8Q Gimm, 200=), and incidence rates have increased over 

the past few decades (Kondo et al. 2006Q Remal et al. 2008). ;ore than >5L of 

thyroid cancers derive from follicular cells whereas only 3-5L derive from C-

cells. According to histological parameters, follicular-cell-derived carcinomas 

are divided into different classesU =) well-differentiated carcinoma (VWC) 

including papillary thyroid carcinoma (MTC, 85L) and follicular thyroid 

carcinoma (1TC, 5-=0L) (Macini et al. 2006)Q 2) undifferentiated or anaplastic 

thyroid carcinoma (ATC, 2L) and 3) poorly differentiated carcinoma (MWC, 

5L) (WeXellis and Villiams, 2004Q WeXellis, 2006Q Kondo et al. 2006). 

Thyroid carcinomas vary considerably in aggressiveness, with tumor growth 

rate as well as mortality progressively increasing from VWC to MWC and to 
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lo2( th( a4ility to 'o/'(/trat( radioiodi/(. :or(o-(rA 2o1( <T# 284typ(2 liB( 

th( tall&'(ll -aria/tA di2play aggr(22i-( =(at8r(2 9Nh(r1a/A 2FFRQ D(4o8ll(8M et 

al. 2FFIQ !d(/ira/ et al. 2FFGQ Uli2(i et al. 2FFPaQ Vo1(i et al. 2FFP;. 

 

WT# i2 a 1alig/a/t (pith(lial t81or ?ith (-id(/'( o= =olli'8lar '(ll 

di==(r(/tiatio/ i/ th( a42(/'( o= th( diag/o2ti' /8'l(ar =(at8r(2 o= <T#. Xt2 

i/'id(/'( p(aB2 d8ri/g th( Ith d('ad( o= li=( ?ith a =(1al( to 1al( ratio o= R&

HJ1 9C(D(lli2 2FFG;. C(2pit( a high(r =r(L8(/'y o= di2ta/t ha(1atog(/o82 

1(ta2ta2i2 'o1par(d to <T#A 1o2t WT# pati(/t2 'a/ al2o 4( '8r(dA ?ith good 

lo/g&t(r1 28r-i-al rat(2 9N'hl814(rg(rA 1OOPQ Nh(r1a/A 2FFRQ C8ra/t( et al. 

2FFG;. 

 

," -.& 

!T# i2 1orphologi'ally d(=i/(d a2 a 1alig/a/t t81or 'o1po2(d (/tir(ly 

or partially o= 8/di==(r(/tiat(d '(ll2 (Mhi4iti/g (-id(/'( o= (pith(lial 
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differentiation by immunohistochemistry or electron microscopy (DeLellis, 

2006). ATC occurs between the 6th to Ath decades of life. At least in some cases, 

ATC may derive from a pre-existing well-differentiated carcinoma as 

suggested by the coincidental detection of WDC tissue in more than 25% of 

ATC patients (PasieJa, 2003; Mrdonez et al. 2004; Ain, 1999). ATC 

disseminates both to regional lymph nodes and to distant sites (PasieJa, 2003; 

Mrdonez et al. 2004; Ain, 1999). At present the treatment of ATC has in most 

cases only palliative purposes, therefore there is an urgent need of novel 

therapeutic approaches for this rare tumor type. 
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Roth morphologically and clinically, PDC occupies an intermediate 

position between WDC and ATC. PDC is defined as neoplasm of follicular 

origin with limited evidence of follicular cell differentiation; similar to ATC, 

PDC may arise ,e -./. or in association with pre-existing WDC (DeLellis, 

2006; Pulcrano et al. 200A; Solante et al. 200A). 
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Medullary thyroid carcinoma (MTC) is a rare malignant tumor that arises 

from C-cells (Ulisei et al. 200A; Ulisei et al. 2008b; Miccoli et al. 2008; 

Schlumberger et al. 2008). The maXority of cases are sporadic, while roughly 

25% of cases are autosomal dominantly inherited (Marx, 2005). Familial MTC 

can present as single disease as in isolated familial MTC (FMTC), or 

associated to pheochromocytoma, parathyroid adenoma and other tumors in the 

context of MUZ2 (multiple endocrine neoplasia type 2) syndromes A and R 

(MUZ2A, MUZ2R) (Leboulleux et al. 2004; DeLellis, 2006). 
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2.1.$ &'chanisms of thyroid t5mori6'n'sis 

!"# %#&'()(*+ (, -(.& &"+/('0 1%21#/. '. 3242(526 7%-')'%) (113//#21# (, 

89: "%. ;##2 0#.1/';#0 <7=>!:? ,%-')'%) 2(2 -#03))%/+ &"+/('0 1%/1'2(-%@ 

<>%)1"(,, %20 >%)1"(,,A B00DE F&3/*#(2 et al. B00GE =(.HA B00IE :%J#KK(2# et 

al. B00I@6 >(/#(L#/A 89: "%. ;##2 /#J(/&#0 &( (113/ '2 %..(1'%&'(2 5'&" 

"#/#0'&%/+ 1%21#/ .+20/(-#.A .31" %. 7MN <7%-')'%) M0#2(-%&(3. N()+J(.'.@A 

:(50#2 0'.#%.#A :%/2#+ 1(-J)#O %20 8#/2#/ .+20/(-#6 P(5#L#/A .31" 

,%-')'%) 1)3.&#/'2* %11(32&. (2)+ ,(/ % .-%)) ,/%1&'(2 (, 89: 1%.#. <>%)1"(,, 

%20 >%)1"(,, B00DE F&3/*#(2 et al. B00GE =(.HA B00IE :%J#KK(2# et al. B00I@6 

Q%0'%&'(2 #OJ(.3/# '. &"# (2)+ #O(*#2(3. /'.4 ,%1&(/ &"%& "%. 1)#%/)+ ;##2 

'0#2&','#0 %. ;#'2* %;)# &( 1%3.# &"+/('0 1%/1'2(-%6 M2 '21/#%.# '2 N!: 

J/#L%)#21# "%. ;##2 1)#%/)+ 0(13-#2&#0 '2 .3;R#1&. #OJ(.#0 &( '(2'K'2* 

/%0'%&'(2.6 S2 J%/&'13)%/A %,&#/ &"# :"#/2(;+) 231)#%/ %11'0#2&A N!: ,/#T3#21+ 

-%/4#0)+ '21/#%.#0 '2 1"')0/#2 #OJ(.#0 &( /%0'%&'(2. <8'))'%-.A B00BE :'%-J' 

%20 ='4',(/(LA B00U@6 ='4',(/(L %20 1(V5(/4#/. J/(J(.#0 %2 '2&/'*3'2* 

-#1"%2'.- &( #OJ)%'2 "(5 '(2'K'2* /%0'%&'(2 1%2 1%3.# QW!XN!: 

/#%//%2*#-#2&. <.## ;#)(5@ %20 5"+ &"'. (113/. J/#,#/#2&'%))+ '2 &"+/(1+&#.6 S2 

&"# '2&#/J"%.# 1"/(-%&'2 (, &"+/('0 1#)).A .J%&'%) 1(2&'*3'&+ ;#&5##2 QW! *#2# 

%20 PY )(1' -%+ J/(L'0# &"# .&/31&3/%) ;%.'. ,(/ /%0'%&'(2V'2031#0 '))#*'&'-%&# 

2(2"(-()(*(3. /#1(-;'2%&'(2 ;#&5##2 &"# &5( *#2#.A *'L'2* /'.# &( 

QW!XN!:1 <='4',(/(L% et al. B000@6 N/(J#2.'&+ (, &"+/(1+&#. &( '21/#%.# 9=M 

#20 R('2'2* %1&'L'&+ 3J(2 /%0'%&'(2V'2031#0 9=M 0%-%*# -%+ %))(5 

1"/(-(.(-%) /#%//%2*#-#2&. <[%2* et al. 1\\U@ %20 &"# "'*" .#2.'&'L'&+ (, &"# 

QW! *#2# &( /%0'%&'(2V'2031#0 0.9=M ;/#%4 -%+ ,%L(/ '2 J%/&'13)%/ &"# 

(113//#21# (, QW! /#%//%2*#-#2&. <]()J%&( et al. B00I@6 S2 %00'&'(2A '(0'2# 

#O1#.. %20 0#,'1'#21+A %. 5#)) %. '--32()(*'1%) %20 "(/-(2# '2,)3#21#. %/# 

%).( 0#;%&#0 %. /'.4 ,%1&(/. <^(20( et al. B00D@6  

M L%/'#&+ (, *#2#&'1 )#.'(2. "%L# ;##2 0'.1)(.#0 (L#/ &"# J%.& &5( 0#1%0#. 

&( ;# %..(1'%&#0 &( &"+/('0 1%21#/6 !"# *#2#&'1 )#.'(2. 1%2 %,,#1& #'&"#/ J/(&(V
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!"#!$%"%& ($)*"+!,+,-"#.*!" /-.).*!"&0 !1 .-/!1 &-221%&&!1 $%"%& (3!&&+!,+

,-"#.*!" /-.).*!"&04 5 &-//)16 !, 21%7)3%". $%"%.*# 3%&*!"& *" %)#8 !, .8% 

9*,,%1%". .861!*9 .-/!1 &-:.62%& *& &8!;" *" Table 14  

 

              "enet&' le)&on T,-o.       Cell t01e          2&)3  4a'to. 

"a&n  6o))  
PTC Follicular cell Ionizing 

radiation 

27T 8.) 

:T2;< 8.) 

=2>? 81-) 

PT7: 

8delet&on) 

FTC Follicular cell Iodine deficiency P>BCDPP>2! 8.) 

2>E 81-) 

PT7: 

8delet&on) 

ATC Follicular cell 9nknown 

(tumor 

progression) 

2>E 81-) 

=2>? 81-) 

PF;3C> 81-) 

PT7: 

8delet&on) 

TPH3 

8va.&o,)) 

MTC C-cell Familial 27T81-) CD;:KC 81-) 

 C-cell Sporadic 27T 81-) CD;:KC 81-) 

DTRF1, neurotrophic tyrosine receptor kinase type 1; PPAR!, peroxisome 

proliferator activated receptor !; PTED, phosphatase, tensin homologue, deleted 

on chromosome 10; CDFD2C, p18IDF4C; pm, point mutation; r, rearrangement. 

 

TaLle < M Et.,'t,.al Nenet&' alte.at&on) &n tO0.o&d 'an'e.. 

 (Table modified from Santoro and Carlomagno 2006). 

 

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

<%"%.*# )3.%1).*!"& )&&!#*).%9 ;*.8 =>? *"#3-9% #81!/!&!/)3 

1%)11)"$%/%".& .)1$%.*"$ .8% @A> (@A)11)"$%9 9-1*"$ >1)"&,%#.*!"0 !1 

B>@C1 ("%-1!.1!28*# 1%#%2.!1+.61!&*"% E*")&% 10 $%"%&F )"9 2!*". /-.).*!"& *" 

.8% G@5H )"9 @5I $%"%&4 >8% /!&. #!//!" 3%&*!"& )1% .8!&% ),,%#.*"$ @A> 

)"9 G@5H4 533 .8%&% $%"%& %"#!9% 21!.%*"& .8). &*$")3 )3!"$ .8% A@C 

(%J.1)#%33-3)1 &*$")3+1%$-3).%9 E*")&%0 2).8;)6F )"9 .8% $%"%.*# )3.%1).*!"& 

.)1$%.*"$ .8%/ 1%&-3. *" #!"&.*.-.*7% A@C1KL 2).8;)6 )#.*7).*!"4 M7%1)33F 

$%"%.*# %7%".& *"7!37*"$ @A>F B>@C1F G@5H !1 @5I )1% ,!-"9 *" .8% 7)&. 

/)N!1*.6 !, =>? #)&%& )"9 1)1%36 !7%13)2 *" .8% &)/% .-/!1 (C*/-1) "$ ()0 

LOOPQ I!)1%& "$ ()0 LOOPQ B*E*,!1!7) "$ ()0 LOOP)Q B*E*,!1!7) "$ ()0 LOOP:Q 

H1)..*"* "$ ()0 LOORQ A3*&%* "$ ()0 LOOS)0F -"9%13*"*"$ .8% 1%3%7)"#% !, A@C 
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!"#$al"$# (at*+a, a-$./0al"t"e! "$ t*e (at*.#e$e!"! .2 345. 7 !8*e0at"8 

/e(/e!e$tat".$ .2 8.0(.$e$t! .2 9:; (at*+a, "! (/e!e$te< "$ !"#$%e (. 

 

Figure 2 - ERK signaling pathway. 

 

! !"# 

4*e :94 (/.t.=.$8.#e$e "! l.8ate< .$ 8*/.0.!.0e >?@>>.A a$< 8.<e! 2./ 

a 0e0-/a$e /e8e(t./ t,/.!"$e B"$a!e C:4;D. :94 :4; "! a-le t. -"$< #/.+t* 

2a8t./! .2 t*e EFGH CEl"al 8ell l"$e=<e/"Ie< $eJ/.t/.(*"8 2a8t./D 2a0"l, 

C4aBa*a!*" %& '(. >KLMN Oa$"P %& '(. A??>N 5"a0(" a$< G"B"2./.I A??QD. R"#a$< 

-"$<"$#S "$ (/e!e$8e .2 8.=/e8e(t./! .2 t*e EH:α CEFGH 2a0"l, /e8e(t./αD 

2a0"l,S 8aJ!e! :94 <"0e/"Tat".$ a$< a8t"Iat".$. U$8e a8t"Iate<S :94 

aJt.(*.!(*./,late! t,/.!"$e /e!"<Je! +"t*"$ "t! "$t/a8ellJla/ <.0a"$. 

3*.!(*./,late< t,/.!"$e! 2J$8t".$ a! -"$<"$# !"te! 2./ !"#$al"$# 0.le8Jle! 

8.$ta"$"$# (*.!(*.t,/.!"$e=-"$<"$# 0.t"2! CVWA ./ 34XDS t*e/e-, a8t"Iat"$# 

!eIe/al !"#$al"$# (at*+a,! CVa$t./. %& '(. A??YN Va$t./. %& '(.S A??ZD. 4*/.J#* 

(*.!(*./,late< [>?ZAS :94 -"$<! VW5 a$< H:VAS +*"8* /e8/J"t E/-A=VUV 
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co#$le'es lea+in. to t0e acti1ation o2 t0e 34563476839 casca+e :4sai !" $%& 

;<<=> ?elillo !" $%& @AA;B. T0roF.0 G;A=@H 38T is also aIle to acti1ate t0e 

$0os$0ati+Jlinositol K6Linase :PNK9BO49T $at0PaJ :5e.oF22in6CarioF an+ 

RillaF+H @AAA> Pelicci !" $%& @AA@> 7rSc0e  !" $%& @AATB.  

 Nn PTCH c0ro#oso#al in1ersions or translocations +isrF$t t0e 38T .ene 

IetPeen t0e trans#e#Irane an+ t0e tJrosine Linase +o#ain an+ #e+iate t0e 

reco#Iination o2 t0e tJrosine Linase +o#ain to t0e U6ter#inFs enco+e+ IJ 

0eterolo.oFs .enesH t0Fs .eneratin. c0i#eric 38TOPTC onco.enes :7Fsco !" 

$%& ;<VWB. 5o 2arH #anJ 38TOPTC 1ariants 0a1e Ieen i+enti2ie+H 2or#e+ IJ t0e 

38T 2Fsion to +i22erent $artners. 38TOPTC; an+ 38TOPTCKH resFltin. 2ro# 

2Fsion Pit0 t0e XY :Z;A5;WAB :Grieco !" $%& ;<<AB or t0e 37G :UC\4YH 8]8; 

or 434WAB :5antoro !" $%& ;<<Y> Ror.an^one !" $%& ;<<YB .enesH are t0e #ost 

$re1alent 1ariants :Cia#$i an+ UiLi2oro1H @AAWB :Fig. &B. 38T rearran.e#ents 

are 2oFn+ in @A6YA_ o2 PTCH IFt t0e $re1alence is si.ni2icantlJ 0i.0er in 

$atients Pit0 a 0istorJ o2 acci+ental or t0era$eFtic ra+iation e'$osFre. Nn t0e 

t0Jroi+ .lan+H 38T is nor#allJ e'$resse+ at 0i.0 le1els in C6cellsH IFt not in 

2ollicFlar cells. RJ $ro1i+in. an acti1e $ro#oterH 38TOPTC rearran.e#ents 

enaIle t0Jroi+ e'$ression o2 t0e c0i#eric 38TOPTC onco$roteins :7Fsco !" $%& 

;<VW> Grieco !" $%& ;<<AB. ?oreo1erH 2Fsion Pit0 $artner .enes co+in. 2or 

$roteins $ossessin. $rotein6$rotein interaction #oti2s resFlts in 38TOPTC 

li.an+6in+e$en+ent +i#eri^ation an+ aFto$0os$0orJlation. RreaL$oints in t0e 

38T .ene lea1e intact t0e Linase +o#ainH an+ #ost o2 t0e aFto$0os$0orJlation 

sites t0ereIJ alloPin. +oPnstrea# si.nalin. :Cia#$i an+ UiLi2oro1H @AAWB. 

38TOPTC; is #ore 2re`FentlJ associate+ Pit0 classic PTCs an+ Pit0 t0e 

+i22Fse sclerosin. 1ariant> con1erselJH 38TOPTCK is #ore co##on in t0e soli+ 

1ariant an+ in PTC associate+ to ioni^in. ra+iation :T0o#as !" $%& ;<<<B. 38T 

rearran.e#ents 0a1e a loPer $re1alence in t0e 2ollicFlar 1ariant PTC co#$are+ 

to classic PTC :Ze]ellis @AA=B. ?oreo1erH at a 1ariance 2ro# R347 :see 

IeloPBH 38TOPTC it is not a ne.ati1e $ro.nostic 2actor :8lisei !" $%& @AAVaB. 

38TOPTC in+Fces trans2or#ation an+ +e+i22erentiation o2 cFltFre+ t0Jroi+ cells 
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!"#$%&'&( et al.( )**+,( -.( /0%#( et al.( )**123( #$4( %56'&04789.:0;0:( <=>?@>A7

%'#$8B.$0:(C0:.( 4.D.E&9(@>A3( 85&F0$B( %5#%( <=>?@>A(&$:&B.$.8( #'.( #GE.( %&(

0$0%0#%.( %56'&04( :#':0$&B.$.808( !"#$%&'&( et al.( )**H,( @&F.EE( et al.( )**12I(

J&'.&D.'3( <=>?@>A( 08( ;'.KL.$%E6( 4.%.:%.4( 0$( :E0$0:#EE6( 80E.$%( 9#90EE#'6(

C0:'&:#':0$&C#83( 9'&D0$B( 0%( :#$( G.( #$( .#'E6( .D.$%( 0$( %56'&04( %LC&'0B.$.808(

!ML8:&( et al.( NOON2I( <.:.$%( ;0$40$B8( 8L99&'%( %5.( 04.#( %5#%( <=>?@>A( 80B$#E8(

#E&$B( %5.( JP@Q( !=<Q2( 9#%5F#6( !Q$#L;( et al.( NOO+,( J.E0EE&( et al.( NOOR3(

J0%8L%#S.( et al.( NOOR2I( T&F.D.'3( &%5.'( 9#%5F#68( 4&F$8%'.#C( <=>?@>A3(

9#'%0:LE#'E6(%5.(@U+Q?PQ>(&$.3(C#6(:&$%'0GL%.(%&(0%8(G0&E&B0:#E(.;;.:%8(#8(F.EE(

!@.E0::0(et al.(NOON,(J06#B0(et al.(NOOV,(WL$B(et al.(NOOR3(-.(M#E:&(et al.(NOOR2I(

(

Figure 3 ) RET-PTC rearrangements in papillary thyroid cancer. 

(
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! !"#$% 

!i#i$%& () *+,- (./ 01F 30/&4/ 1&)5(. F%6()&7 .ig. %99i:i(; &/6/<()& 

0,*=> g/:/ ?:@/&g)/A ):6)g/:i6 6):4/&Ai): B; 6.&)#)A)#%$ 

&/%&&%:g/#/:(A i: C,D 31&/6) et al. EFFG7. I( $/%A( (.&// <%&(:/& g/:/A %&/ 

i:4)$4/@ i: (./A/ &/%&&%:g/#/:(A 31&/6) et al. >JJ3L 1&/6) et al. >JJML 1&/6) 

et al. >JJN7. 0,*=> &/%&&%:g/#/:(A %<</%& .)5/4/& $/AA <&/4%$/:( (.%: *+, 

):/A. 

 

! ,#-. 

O*IF iA % A/&i:/P(.&/):i:/ Qi:%A/ B/$):gi:g () (./ *IF 9%#i$; 3I*IF- 

O*IF- D*IF7 )9 i:(&%6/$$?$%& /99/6()&A )9 (./ RIC= 3+*=7 <%(.5%;. 

*/6&?i(#/:( () (./ 6/$$ #/#B&%:/ %:@ Bi:@i:g () *I!- i: i(A 1,CPB)?:@ A(%(/- 

(&igg/&A *IF %6(i4%(i):. I6(i4/ *IF <.)A<.)&;$%(/A %:@ %6(i4%(/A R+= 

3RIC=S+*= =i:%A/7- 5.i6. i: (?&: %6(i4%(/A +*=- 6%?Ai:g A/T?/:(i%$ 

%6(i4%(i): )9 @)5:A(&/%# /99/6()&A )9 (./ +*= 6%A6%@/. I#):g (./ *IF 

9%#i$; #/#B/&A- O*IF .%A (./ .ig./A( B%A%$ Qi:%A/ %6(i4i(; %:@ iA (./ #)A( 

<)(/:( %6(i4%()& )9 (./ RIC= <%(.5%; 3U/$$B&)6Q et al. EFFG7.  

 I6(i4%(i:g <)i:( #?(%(i):A 5i(.i: (./ Qi:%A/ @)#%i: )9 (./ O*IF g/:/ 

.%4/ B//: 9)?:@ i: A/4/&%$ (?#)& (;</A- i:6$?@i:g #/$%:)#% %:@ 6)$)&/6(%$ 

6%:6/&. I (.;#i:/ () %@/:i:/ (&%:A4/&Ai): %( :?6$/)(i@/ >NJJ 3,>NJJI7- 

&/A?$(i:g i: % A?BA(i(?(i): )9 g$?(%#i6 %6i@ 9)& % 4%$i:/ %( &/Ai@?/ VFF 3WVFF+7 

)9 (./ <&)(/i:- iA (./ #)A( 6)##): /4/:(. WVFF+ %:@ #)A( )(./& #?(%(i):A 

5i(.i: (./ O*IF Qi:%A/ @)#%i: (%&g/( /i(./& (./ %6(i4%(i): $))< )& (./ I,C 

Bi:@i:g Ai(/ 3C $))<7. O; @iA&?<(i:g (./ i:(/&%6(i):A B/(5//: (./ %6(i4%(i): $))< 

%:@ (./ C $))< (.%( .)$@ (./ Qi:%A/ i: %: i:%6(i4/ 6):9)&#%(i):- (./A/ #?(%(i):A 

6%?A/ O*IF 6):A(i(?(i4/ %6(i4%(i): 3U%: et al. EFFG7.  

 O*IF #?(%(i): &/<&/A/:(A (./ #)A( 6)##): g/:/(i6 /4/:( i: C,D- 

)66?&&i:g %<<&)Xi#%(/$; i: GMY )9 %$$ 6%A/A 3Di%#<i %:@ 0iQi9)&)4- EFFNL 

Zi:g- EFFNL +$iA/i et al. EFF[%7. WVFF+ iA B; 9%& (./ #)A( 6)##): ):6)g/:i6 
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mutation. *ther rare mutations, like point mutation K601E, insertion 8599Ins, 

mutation and the inversion of chromosome @q fusing the kinase domain 

encodingCregion of the DRAF gene with the AKAP9 gene, have been described 

(Trovisco et al. 2004; Carta et al. 2006; Ciampi et al. 2005; Qupi et al. 200@). 

Se have recently identified and functionally described the novel T599IC

8KSR(600C603)del in PTC patients affected by a follicular variant thyroid 

carcinoma (!anuscript ,,).  

 DRAF mutation has been found in very early stages of PTC (Wgolini et 

al. 200@), supporting its role in the initiation of these tumors. DRAF mutations 

are highly prevalent in classic and tallCcell variant PTCs, but similar to RET 

rearrangements, they are rarely found in the follicular variant, where 

sometimes variant DRAF (rather than the classic 8600E) mutations are found 

(Xing, 200@). DRAF mutations correlate with aggressive tumor behavior, 

tumor recurrence, decreased radioiodine concentration ability, and decreased 

survival (Yamba et al. 2003; Yikiforova et al. 2003a; Xing et al. 2005; RiescoC

EiZaguirre et al. 2006; Qupi et al. 200@; Elisei et al. 2008a). Importantly (see 

below), DRAF mutations are also found in ATC. ThyroidCspecific 

DRAF8600ECtransgenic mice develop PTCs that closely recapitulate the 

features of human PTC. These transgenic PTCs show characteristics of 

aggressive behavior and tendency towards progression to PDC (Knauf et al. 

2005). This suggests the involvement of DRAF mutation not only in PTC 

initiation but also progression to PDC. Accordingly, DRAF and the 

downstream MEK kinase have emerged as promising molecular targets for 

thyroid cancer treatment, in particular aggressive PTC variants as well as ATC 

(!anuscript ,,,). 

 

! '() 

Activating point mutations in RAS small ^TPases are quite uncommon in 

PTC, with an overall frequency of less than 10_, and appear to be confined to 



! "#

t"e %&ll()*la, -a,(a.t /T1 23"* et al. 45567 8e 9ell(:; 455<; K&.>& et al. 

455<?. 

 

Genetic alterations in FTC 

FT1 BaC >e-el&D t",&*E" at lea:t tF& >(%%e,e.t Dat"FaC:; (.-&l-(.E e(t"e, 

RAI &, //AR! 2De,&J(:&Be D,&l(%e,at&,Ka)t(-ate> ,e)eDt&, !? Ee.e: 

2N(M(%&,&-a et al. 4556a?. RAI D&(.t B*tat(&.: a,e >ete)te> (. aN&*t O5P &% 

%&ll()*la, a>e.&Ba: a.> )a,)(.&Ba: 2N(M(%&,&-a et al. 4556a?. A.&t"e, :*N:et 

&% FT1 2"65P? "a,N&,: t"e t2476?2Q14K167D4SK4O? )",&B&:&Bal t,a.:l&)at(&.; 

F"()" )a*:e: t"e %*:(&. &% t"e ,eE(&. e.)&>(.E t"e 8NA N(.>(.E >&Ba(.: &% 

t"e t"C,&(> t,a.:),(Dt(&. %a)t&, /ATU t& t"e ,eE(&. e.)&>(.E >&Ba(.: AKF &% 

//AR! :te,&(>K"&,B&.e ,e)eDt&,7 t"e ,e:*lt(.E %*:(&. &.)&D,&te(. )&.t,(N*te: 

t& Bal(E.a.t t,a.:%&,Bat(&.  t",&*E" a >&B(.a.tK.eEat(-e e%%e)t &. 

t,a.:),(Dt(&.al a)t(-(tC &% F(l>KtCDe //AR! 2K,&ll et al. 45557 1a:t,& et al. 

455<?. Vt"e, B&,e ,a,e //AR! ,ea,,a.EeBe.t: "a-e Nee. %&*.> 29*( et al.; 

455U?. A: (. /T1; D&(.t B*tat(&.: &, Ee.e aBDl(%()at(&. &% /W6K1A "a-e Nee. 

,eD&,te> (. %eF FT1 )a:e: 2Xa,)YaKR&:tZ. et al. 455O7 [* et al. 4557 9(* et al. 

455U?. \&,e&-e,; (.),ea:e> (.)(>e.)e &% FT1 "a: Nee. &N:e,-e> (. t"e )&.teJt 

&% 1&F>e. >(:ea:e; >ete,B(.e> NC /T]N "eB(^CE&*: >elet(&. 29(aF et al. 

1__`?.  

 

Genetic alterations in P2C and ATC 

V-e,all AT1 a: Fell a: /81 :"a,e Ee.et() le:(&.: F(t" [81; )&.:(:te.t 

F(t" t"e D&::(N(l(tC t"at at lea:t :&Be )a:e: BaC >e,(-e %,&B D,eKeJ(:t(.E [81 

2N(M(%&,&-; 455S7 IBall,(>Ee et al. 455U?. W.>ee>; F"(le R]Ta/T1 a.> /ATUK

//AR! ,ea,,a.EeBe.t: a,e ,a,elC %&*.>; D&(.t B*tat(&.: a,e (.:tea> %,eQ*e.tlC 

>ete)te>. RAI D&(.t B*tat(&.: a,e Q*(te D,e-ale.t (. /81 a.> AT1 2Xa,)YaK

R&:tZ. et al. 4556?. R&*E"lC 65P &% AT1 a.> /81 "a,N&, t"e b<55] BRAF 

B*tat(&.; Da,t()*la,lC t"&:e :aBDle: F(t" B&,D"&l&E()al e-(>e.)e &% D,eK
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e"#$t#&' )*+ ,-#.#/0102a !t a%& 4556a7 S0a1e$ !t a%& 45597 :e';< !t a%& 4559=.  

:0t? :RAB a&C RAS <;tat#0& aDDea1 t0 E0&/e1 a D1eC#$D0$#t#0& t0 t?e 

Ce2el0D<e&t 0/ G0t? )H+ a&C A*+. B#&allIJ a<Dl#/#Eat#0& 01 D0#&t <;tat#0& #& 

)KL6+A t?at #$ 1a1elI a$$0E#ateC t0 MH+ #$ #&$teaC /1eN;e&tlI /0;&C #& A*+ 

,Oa1EPaQR0$tR& !t a%& 455S7 M; !t a%& 455S7 T#; !t a%& 455U=.  

 V0We2e1J #& Da1t#E;la1 <;tat#0&$ #& *)S6 a&C +*--:X ?a2e Gee& 

$eleEt#2elI a$$0E#ateC t0 A*+ ,-#.#/0102J 45597 S<all1#C'e !t a%& 455U=. 

 

• '()* 

*?e *)S6 'e&e e&E0Ce$ t?e &;Elea1 t1a&$E1#Dt#0& t;<01 $;DD1e$$01 /aEt01 

DS6 t?at DlaI$ a Ee&t1al 10le #& t?e 1e';lat#0& 0/ Eell EIEleJ H-A 1eDa#1J a&C 

aD0Dt0$#$. )S6 e"e1t$ t?#$ /;&Et#0&$ la1'elI GI #t$ aG#l#tI t0 t1a&$aEt#2ate 

e"D1e$$#0& 0/ 'e&e$ E0C#&' /01 D10te#&$ $;E? a$ D4X,+K)YMABX= t?at #&C;Ee 

Eell EIEle a11e$t GI #&?#G#t#&' EIEl#&QCeDe&Ce&t .#&a$e ,+HL= E0<Dle"e$ 

,Me#&Ge1'J 455Z=. DS6 #$ 02e1e"D1e$$eC #<<eC#atelI a/te1 t?e e"D0$;1e t0 

H-AQCa<a'#&' a'e&t$ a&C Ea;$e$ t1a&$#e&t Eell EIEle a11e$tJ D1e$;<aGlI t0 

all0W H-A 1eDa#1 t0 D10'1e$$. V0We2e1J #/ t?e H-A Ca<a'e #$ $e2e1eJ DS6 

#&#t#ate$ aD0Dt0$#$ t0 D1e2e&t El0&al e"Da&$#0& 0/ t?e Ca<a'eC Eell ,Me#&Ge1'J 

455Z=. Alte1at#0& 0/ DS6 /;&Et#0& #& 2a1#0;$ Ea&Ee1 Eell$J GI #&aEt#2at#&' D0#&t 

<;tat#0& 01 GI Celet#0&J 1e$;lt$ #& D10'1e$$#2e 'e&0<e Ce$taG#l#[at#0&J 

aEE;<;lat#0& 0/ <;tat#0&$J a&C e20l;t#0& 0/ <01e <al#'&a&t El0&e$. 

 K& t?I10#C t;<01$J D0#&t <;tat#0&$ 0/ *)S6 0EE;1 #& aDD10"#<atelI Z5\ 

0/ A*+ a&C #& a $#'&#/#Ea&t /1aEt#0& 0/ )H+J G;t 0&lI #& 1a1e Ea$e$ 0/ )*+ a&C 

B*+ ,-#.#/0102J 45597 L0&C0 !t a%& 455]=. B;1t?e1<01eJ Ge$#Ce$ <;tat#0& 

a//eEt#&' *)S6 #t$el/J $e2e1al 0t?e1 <eE?a&#$<$ Ea& D1e2e&t DS6 /;&Et#0& #& 

t?I10#C Ea&Ee1J #&El;C#&' ;DQ1e';lat#0& 0/ &e'at#2e DS6 1e';lat01$ 01 0/ 

D10te#&$ /0$te1#&' DS6 Ce'1aCat#0&. +0&$#$te&t W#t? a E0<<0& l0$$Q0/Q/;&Et#0& 

0/ DS6J A*+ $a<Dle$ e"e1t a 'e&e e"D1e$$#0& $#'&at;1e t?at #&El;Ce$ t?e ;DQ

1e';lat#0& 0/ <a&I Eell EIEleQ1elateC 'e&e$ &01<allI ;&Ce1 a &e'at#2e E0&t10l 
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exerted by p53 (Salvatore et al. 2007). 

 

! CT))*+ 

Another gene whose mutation is associated to thyroid tumor 

dedifferentiation is !-catenin. This cytoplasmic protein, encoded by the 

CTNNB1 gene, plays an important role in E-cadherin-mediated cell-cell 

adhesion and is also an important intermediate in the wingless (Wnt) signaling 

pathway. In thyroid tumors, point mutations in exon 3 of CTNNB1 have been 

reported in PDC and more frequently in ATC, but not in WDC (García-Rostán 

et al. 2001; Miyake et al. 2001), suggesting that they might play a direct role in 

the dedifferentiation and progression to ATC.  

 

Genetic alterations in 3TC 

RET point mutation is so far virtually the only genetic lesion consistenly 

associated to MTC formation (Elisei et al. 2007; Elisei et al. 2008; 

Schlumberger et al. 2008). As previously mentioned, MTC can occur either 

sporadically or in the context of autosomal dominant MEN 2 syndromes (MEN 

2A, MEN 2B and FMTC) (ManiX et al. 2001; Marx, 2005). MEN 2 is caused 

by germline point mutations that convert RET into a dominant oncogene 

(Santoro et al. 1995). In all MEN 2A cases, mutations target extracellular 

cysteine residues in RET. In more than 80% of the cases, MEN 2B is caused by 

the Met918Thr intracellular substitution in the P[1 loop of the kinase. FMTC 

is caused by mutations in the RET extracellular or kinase domains. Sporadic 

MTC presents with somatic RET mutation, up to 50% of the cases harbor point 

mutations in RET similar to those in MEN2B (Cote and Gagel, 2003; 

Leboulleux et al. 2004). Accordingly, RET kinase has emerged as a promising 

molecular target for treatment of MTC (!anuscript I-). 
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<9LQRF 3'&-(:)'#3 %*,'#&. S&.)3# L <RBLFG N. '"# 1)3): 3')'#5 RBL *#3&2#3 &. 
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'*).39*&%'&,.): (%*#I(:)'&,. ,H M4TU71&.2&.I %*,-,'#*35 H#)'(*&.I '"# 
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!"#$%e ( ) *+e *,-)./0)1234 5a75a8e.  

$%&a(e &o+i-ie+ -ro& Ma0r an+ Mont&in03 "4416. 

 
The TS&-P)A-CREB pathway represents the dominant regulatory cascade 

in the proliferation and differentiation of thyroid follicular cells ()imura !t a%& 

2001; Ledent !t a%& 1991; Dremier !t a%& 2002). Accordingly, a dominant 

negative CREB mutant triggered apoptosis of cultured thyrocytes and inhibited 

cell number increase, due to delayed cell cycle transit (Dworet !t a%& 200M). In 

)i)+, in transgenic mice, a dominant negative CREB inhibited growth of the 

thyroid gland as well as the expression of thyroid differentiated markers, 

TS&R, thyroperoxidase (TPP), thyroglobulin (TG) (Nguyen !t a%& 2000).  

 Cyclin D1 is a prototypic CREB target. The D-type cyclins control 

progression through the G1 phase of the cell cycle as the regulatory component 

in the cyclin DScdk4-M kinase complex. Enhanced cyclin D1 expression is a 

hallmark of many cancers and several elements in the cyclin D1 gene promoter 

are implicated in such up-regulation; these include binding sites for the 

transcription factors AP1, Ets-1, NF- B, SP-1, TCFSLEF, Pct-1, ATF-2, and 

CREB. The CRE element, located upstream of the mRNA start site, has a key 

role in both basal and induced cyclin D1 expression and the CRE-binding 

protein CREB is an essential component in its activity, either alone or in 

association with ATF-1 or ATF-2 (Albanese !t a%& 1995; Boulon !t a%& 2002).  

 Moreover, in thyroid cells TS&SCREB cascade regulates expression 

andSor activity of thyroid-specific transcription factors Pax8, TTF1 and TTF-2 
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!R#$$i et al. '(()* +,- R.-/.0g2.3 et al. '((4* O0/i6 et al. '((78 9i$$.0# et 

al. '((:;. T2>$* TSH/BA9P /,0g./$ i-BE>F. /2. /2G0#iF FiHH.0.-/i,/i#- $I.BiHiB 

g.-.$ TSHR* /2G0#I.0#JiF,$. !TPO;* /2G0#gE#K>Ei- !TL; !N,g,G,3, et al. 

'(:(; ,-F $#Fi>3Ni#Fi-. $G3I#0/.0 !NIS; !O23#0i et al. '((:;. 9#$/ #H /2. 

TSH/BA9PN0.g>E,/.F g.-.$ B#-/,i- CRE .E.3.-/$ i- /2.i0 I0#3#/.0$ #0 

.-2,-B.0$. 

CREB i$ , 3.3K.0 #H /2. CREB/ATFN' !,B/iT,/i-g /0,-$B0iI/i#- H,B/#0 

';/CRE9 !CRE 3#F>E,/#0; KUIP /0,-$B0iI/i#- H,B/#0$ H,3iEG !9#-/3i-G ,-F 

BiE.6i/Vi,-* '(:78 9,G0 ,-F 9#-/3i-G* 2XX'8 Y#2,--.$$.- et al. 2XX4; !!"#. 

&;.  

 

 

Figure ( ) The CREB0 ATF20 CRE3 4ac78rs.  

(Image modified from Mayr and Montminy 2001). 

 

T2. CN/.03i->$ B#-/,i-$ /2. K,$iB E.>Bi-. 6iII.0 !KUIP; F#3,i- 

0.$I#-$iKE. H#0 Fi3.0i6,/i#- ,-F Ki-Fi-g /# DNA. T2. NN/.03i->$ B#-/,i-$ , 

\i-,$.Ni-F>BiKE. F#3,i- !KID; ,-F , gE>/,3i-.N0iB2 F#3,i- /.03.F ^2* K#/2 

-.B.$$,0G H#0 H>EE ,B/iT,/i#- i- 0.$I#-$. /# .J/.0-,E $/i3>Ei. CGBEiB A9P 

/0,-$,B/iT,/.$ CRE$ Ti, I2#$I2#0GE,/i#- #H CREB ,/ S.0'__ i- /2. KID 

F#3,i- KG PKA !L#-6`E.$ ,-F 9#-/3i-G* '(:(;. H#a.T.0* CREB 2,$ K..- 
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found to mediate transcriptional responses to a variety of growth factor and 

stress signals. In fact, the same S1;; residue can be phosphorylated in response 

to multiple kinases, which are activated by different signaling pathways 

(Shaywitz and Greenberg, 1999; Cohannessen et al. 2004). Phosphorylated 

CREB then binds its coactivator CREB binding protein (CBP), which 

facilitates unwinding of DNA and interaction with the basal transcriptional 

machinery (Chrivia et al. 199;; Arias et al. 1994; Mayr et al. 2001).  Of note, 

CREB S1;; phosphorylation induces expression of only a small fraction (2S) 

of target genes, reflecting a reTuirement for additional CREB-regulatory 

partners in recruiting the transcriptional machinery (Zhang et al. 2005; Impey 

et al. 2004). In fact, CREB activity is also regulated by a family of latent 

cytoplasmic coactivators, called TORCs, which translocate to the nucleus and 

bind to CREB. Genome-wide studies have identified a high number of putative 

CREB target genes (up to 5,000) including several cell-cycle and growth-factor 

genes (Zhang et al. 2005; Impey et al. 2004). 

 CREB is involved in cancer formation (Conkright and Montminy, 

2005). A potential role for the CREB family in cellular transformation was first 

appreciated in clear-cell sarcomas of soft tissues (CSSTs), which contain a 

t(12,22) (T1;,T12) translocation that fuses the bZIP domain of ATF1 to the 

EwingZs sarcoma oncogene product (E[S), generating a E[S\ATF1 chimera 

able to enhance expression of CREB targets. Moreover, virally encoded 

oncoproteins such as human T-cell leukemia virus (HTLV-1) tax and hepatitis 

B virus ` enhance CREB target gene expression, by binding to the CREB bZIP 

domain and increasing the affinity of CREB for binding to cellular promoters. 

Finally, the CREB gene is amplified in myeloid blast leukemic cells from 

several patients and the elevated expression of CREB is associated with poor 

clinical outcome by enhancing S-phase entry and growth-factor-independent 

proliferation Levels of Bcl-2 were unchanged in CREB-amplified cells, while 

cyclin A1 was induced (Conkright and Montminy, 2005). 
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!.# %&'' 

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

C"## is a t)*e , tra.s/e/0ra.e *rotei. a.2 re*rese.ts the *ri.ci*a5 ce55 

surface rece*tor for h)a5uro.ic aci2 89A;, a co/*o.e.t of the e=trace55u5ar 

/atri= 8ECM; 8@o.ta !" $%& ABBC;. C"## is i.Eo5Ee2 i. a Eariet) of 

*h)sio5ogica5 *rocesses a.2 its 2)sfu.ctio. is associate2 to a Gi2e ra.ge of 

2iseases. These fu.ctio.s i.c5u2eI 

! /or*hoge.esis a.2 orga.oge.esis 8J.u2so. a.2 J.u2so., 1LLCM RuiO 

!" $%& 1LL5M Qoshe. !" $%& 1LLRM Ja)a !" $%& 1LLSM Ja)a !" $%& 1LLLM 

QT.thert !" $%& 1LLUM Vher/a. !" $%& 1LLU;M 

! hae/ato*oiesis 8WeGi.soh. !" $%& 1LLBM Wo.g !" $%& 1LLAM Ji.ashi a.2 

V*ri.ger, 1LL#M QT.thert !" $%& 1LLUM Qhaffari !" $%& 1LLSM Qhaffari !" 

$%& 1LLL;M 

! 5)/*hoc)te ho/i.g 8Berg !" $%& 1LUL, @icYer !" $%& 1LULM Veth !" $%& 

1LL1; a.2 /igratio. 8@urZ a.2 Cuff, ABB1M ,sacYe a.2 [arGoo2, ABBAM 

[asu2a !" $%& ABBA;M 

! 5eucoc)te actiEatio. 8"ia.Oa.i a.2 Ma5aEasi, 1LL5M \]55er, 1LLRM 

QT.thert !" $%& 1LLU;, effector fu.ctio.s 8Vhi/iOu a.2 VhaG, 1LL1M Ta. 

!" $%& 1LLCM ^a.g 1LLCM Qa5a.2ri.i !" $%& 1LLCM [a.g a.2 Bi..s, 1LLC; 

a.2 actiEatio._i.2uce2 ce55 2eath 8A,C"; 8^ittig !" $%& ABBBM Fuaita !" 

$%& ABBAM Qu) !" $%& ABBAM McJa55i* !" $%& ABBAM Marha0a !" $%& ABBC;M 

! tu/or groGth a.2 /etastasis 8Vher/a. !" $%& 1LLRM baor !" $%& 1LLSM 

baor !" $%& ABBAM @urZ a.2 Cuff, ABB1M [asu2a !" $%& ABBAM coth), 

ABBC;. 

 A5though the .u/0er of 2iEerse a.2 co/*5e= *rocesses to Ghich C"## 

taYes *art /a) 0e sur*risi.g, this co/*5e=it) ca. 0e e=*5ai.e2 through a s/a55 

.u/0er of C"## /o5ecu5ar *ro*ertiesI 
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! !"#e%&o( *o e+*,!-ell/l!, 0!*,&+ ele0e(*%1 232%4 e(560e% !(" %ol/7le 

8,o9*# f!-*o,%; 

! -oo<e,!*&o( 9&*# o*#e, *,!(%0e07,!(e ,e-e<*o,%; 

! &(*e,!-*&o( 9&*# -6*o%=ele*o( -o0<o(e(*% !(" %&8(!l *,!(%"/-*&o(. 

3 -o0<,e#e(%&?e "e%-,&<*&o( of *#e 0ole-/l!, <,o<e,*&e% of CD44 &% 

<,o?&"e" &( ,e-e(* ,e?&e9 !,*&-le% CDo(*! et al. 2FF3; H!,#!7! !(" IJlle,4 

2FF4K. 

!.#.! %&'' ()*te-. /a1-l3 

CD44 -o0<,&%e% ! f!0&l6 of *,!(%0e07,!(e 8l6-o<,o*e&(% *#!* !,e e(-o"e" 

76 ! %&(8le 8e(e lo-!*e" o( *#e %#o,* !,0 of -#,o0o%o0e 11 &( #/0!(%4 of 2F 

e+o(% %<!((&(8 !MF=7 of 8e(o0&- DN3 CO-,e!*o( et al. 1PP2K C4-5. 6K. 

Q?e,!ll4 #/0!( CD44 %#o9% #&8# "e8,ee of %eR/e(-e -o(%e,?!*&o( -o0<!,e" 

*o o,*#olo8/e% <,o*e&(4 &( <!,*&-/l!, &( *,!(%0e07,!(e !(" -6*o<l!%0&- 

"o0!&(%. S#e %&5e of *#e <,o*e&( ?!,&e% 7e*9ee( TF !(" 2FF =D!. O/-# ! %&5e 

#e*e,o8e(e&*6 &% "/e *o ?!,&!7le NU !(" QUl&(=e" 8l6-o%6l!*&o( !(" *o 

!l*e,(!*&?e %<l&-&(8. S#e %0!lle%*4 %oU-!lle" %*!("!," CD44 CCD44%*K o, 

#!e0!*o<o&e*&- &%ofo,0 &% <,e%e(* o( *#e 0e07,!(e of 0o%* ?e,*e7,!*e -ell% 

CN!o, et al. 1PPVK. W* &% *#e 0o%* !7/("!(* fo,0 !(" -o(%&%*% of !( NU*e,0&(!l 

%&8(!l %eR/e(-e Ce+o( 1K4 ! l&(=U#o0olo86 #6!l/,o(!(U7&("&(8 0o"/le Ce+o(% 

2 !(" 3K4 ! %*e0 ,e8&o( Ce+o(% 44 M4 X4 !(" VK4 ! %&(8leU<!%% *,!(%0e07,!(e 

"o0!&( Ce+o( TK !(" ! -6*o<l!%0&- "o0!&( Ce+o( P !(" 1FK.  
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!igure 6  - CD44 isoforms. 

$%&'( )' *+,,' -+&. / 0& /1 +,2+,(,'0 03, 4&'(05'0 +,*)&'6 ,%&'( -+&. 7/ 0& 7/1 5+, 

)'(,+0,8 9: 5;0,+'50)7, (2;)4)'*< =>??(0 @(05'85+8 =>??A 4&'05)'( &';: 03, 4&'(05'0 

+,*)&' 5'8 )( 03, .&(0 59B'85'0 -&+. )' 7,+0,9+50, 4,;;(6 =>?? C/D/1 4&'05)'( 5;; 03, 

75+)5'0 ,%&'( 5'8 )( 2+,8&.)'5'0;: ,%2+,((,8 )' 8)--,+,'0)50,8 ,40&8,+.5; 4,;;(< 

@E.5*, 58520,8 -+&. F&'05 et al. 211GA< 

!

!

CD44 %omain+ 

! ,-terminal %omain an% t2e +tem region 

"#$!%&'$()*+,-! ./('*/+! /0! 1233! *4! 0/-5$5! *+! ,! 6-/78-,(! 4'(89'8($! ,+5! *4!

($4./+4*7-$!0/(!'#$!7*+5*+6!'/!$:'(,9$--8-,(!),'(*:!9/)./+$+'4!;<=14>?!),*+-@!

#@,-8(/+*9!,9*5!;AB>!;C',)$+D/E*9!et al.!FGGFH!I$4-$@!et al.!FGGJ>K!,+5!L*'#!

-/L$(! ,00*+*'@! /'#$(! 6-@9/4,)*+/6-@9,+4! ! ;MBM4>K! 9/--,6$+! ;N,@+$(! et al.!
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combinations of variant exons have been described, some combinations being 

predominantly found on defined tissue or in a particular state of activation of 

the cells. 

 

! !"a$%&e&("a$e *+&a,$ a$* -.t+0la%&,- ta,l "e2,+$ 

The transmembrane region consists of 2; hydrophobic AA and a cysteine 

residue. This domain is responsible for the association of CD44 with lipid raft 

microdomains (Berschl et al. 199E). The cytoplasmic tail is important for 

anchoring to the cytoskeleton and association with non-receptor tyrosine 

kinases (BTIs). The CD44 interaction with cytoskeleton is indirect and 

involves binding to cytosolic proteins like ankyrin and members of the EKM 

(eMrin, radixin and moesin) family. Nn lymphocytes, CD44 has a co-stimulatory 

role on TCK activation through the association of the cytoplasmic tail with lck, 

fyn and lyn members of the Src family of BTIs (PQger et al. 2000).  

 

!.#.# CD44 in *an*er 

CD44 has been implicated in cell-cell and cell-matrix interactions and 

homing of tumor cell metastasis (Bonta et al. 200;). There is substantial 

evidence that CD44 splicing variants are aberrantly expressed in many human 

tumors, being in some instances correlated to tumor progression and poor 

prognosis. CD44 lacks intrinsic kinase activity and must therefore associate 

with other proteins to modulate signaling. As mentioned above, the 

cytoplasmic tail of CD44 is associated to the c-Src family of BTI. This 

association facilitates hyaluronan-mediated stimulation of the catalytic activity 

of c-Src and induces cytoskeleton-regulated tumor cell migration. Nn certain 

tumors, CD44, acts as a co-receptor to activate a group of KTIs. Por instance, 

in human colon carcinoma and in rat pancreatic adenocarcinoma, the c-Met 

receptor undergoes autophosphorylation when the scatter factor 
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!"#arino e" a%. *++,-. /n matrigel in5asion assays8 9:T<=T>? trans@ormed 

cells and tCyroid carcinoma cells8 treated DitC eEogeno#s F=G sCoD CigCer 

migratory response compared to nonItreated cells8 and in5asi5eness Das 

decreased by pretreatment DitC antiIF=G or antiI>KLL blocMing antibodies 

!>astellone e" a%. *++L-. >KLL stim#lation by F=G ca#sed rapid acti5ation o@ 

:9N and ONT patCDays !"#arino e" a%. *++,-. Pltimately tCe acti5ation o@ 

:9N and ONT patCDays promotes cell#lar migration8 as demonstrated by tCe 

marMed red#ction o@ in5asi5eness obser5ed a@ter treatment DitC speci@ic 

inCibitors o@ tCese patCDays !"#arino e" a%. *++,-.  

!"3"$ &'()*)+,-)'. '* /0$$ 12 34'-5'62-)+ 34'+577).8 

TCe eEtracell#lar domain !ectodomain- o@ >KLL is s#bQect to reg#lated 

proteolytic clea5age !re5ieDed by >icCy and =#rR8 *++?- !9)8" :-. O sol#ble 

@orm o@ ecto>KLL !s>KLL- Cas been detected in tCe blood and otCer body 

@l#ids. SCedding o@ ecto>KLL Cas been demonstrated in 5ario#s cancer cell 

lines !FMamoto e" a%. TUUUa- and in t#mor specimens !FMamoto e" a%. *++*-. 

9ecent DorM Cas re5ealed tCat @#rtCer proteolytic processing occ#rs DitCin tCe 

resid#al >KLL transmembrane and cytoplasmic domains !see beloD- !9)8" :;.  

 

'a"ri* +e"a%%,-r,"ea.e c%ea0a1e 

:Etracell#lar >KLL proteolytic clea5age is mediated by membraneI

associated matriE metalloproteases !VV=s-8 tCis clea5age being responsible 

@or dynamic reg#lation o@ tCe interaction betDeen >KLL and tCe :>V d#ring 

cell migration !FMamoto e" a%. TUUUa-. Vembrane type T metalloprotease 

!VTTIVV=- Cas been sCoDn to clea5e >KLL ectodomain at tCe cell s#r@ace 

and promote cell migration !NaQita e" a%. *++T- !9)8" :-. V#ltiple signaling 

patCDays reg#late >KLL clea5ageW tCe acti5ation o@ =N>8 tCe in@l#E o@ 

eEtracell#lar >a*X8 members o@ tCe 9Co @amily o@ "T=ases and tCe 9OS 

oncoprotein !FMamoto e" a%. TUUUbY NaDano e" a%. *+++-. /n partic#lar8 9OS 
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!"#!$%!te(" ("*+#e, -.// e#t!*!0a(" #lea3a4e t5%!+45 6789 a"* t5e :5! 

;a0(l< !; =>6a,e,? all!@("4 #ell 0(4%at(!" A9a@a"! !" $%& BCCCD Ea4a"! a"* 

Fa<a? BCC/G.  

 

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

7" a**(t(!" t! t5e eIt%a#ell+la% *!0a(" ;%a40e"t Ae#t!-.//G? ,e#!"*a%< t! 

,te$@(,e $%!te!l<,(,? -.// #lea3a4e 4e"e%ate, t@! #ell a,,!#(ate* -.// 

,$e#(e, AJ BK L.a a"* JMB L.aG AN+%aLa0( !" $%& BCC8D OLa0!t! !" $%& MPPPaD 

OLa0!t! et al BCCMD OLa0!t! !" $%& MPPPQD Ea4a"! a"* Fa<a? BCC/G A!ig. &G. 

>5e BK L.a ,$e#(e, #!%%e,$!"* t! t5e %e,(*+al 0e0Q%a"eRQ!+"* -Rte%0("al 

;%a40e"t !; -.// A-.//R->SG a;te% NN6 #lea3a4e. 7",tea*? t5e MB L.a Qa"* 

(, a ,!l+Qle -.// ("t%a#ell+la% *!0a(" A7-.G ;%a40e"t %e,+lt("4 ;%!0 a 

#lea3a4e T+,t (",(*e t5e -.// t%a",0e0Q%a"e *!0a(" AOLa0!t! !" $%& BCCMG. 

U;te% #lea3a4e? -.//R7-. t%a",l!#ate, ("t! t5e "+#le+, a"* e"5a"#e, 

t%a",#%($t(!" t5at (, 0e*(ate* t5%!+45 t5e >6UR%e,$!",(3e ele0e"t. U !R

,e#%eta,e #!0$leI? %eV+(%("4 $%e,e"(l("RM a, #atal<t(# ,+Q+"(t? @a, ,5!@" t! 

0e*(ate t5(, t%a",0e0Q%a"e *!0a(" #lea3a4e AWa00(#5 !" $%& BCCBD N+%aLa0( 

!" $%& BCC8G. >5e 7-. a$$ea%, t! Qe *e%(3e* ;%!0 t5e ->S ,("#e ("#+Qat(!" 

@(t5 0e0Q%a"eR$e%0eaQle $%!tea,e ("5(Q(t!%, ("#%ea,e* t5e a##+0+lat(!" !; 

t5e BK L.a Qa"* A->SG a"* $%e3e"te* t5e a$$ea%a"#e !; t5e MB L.a Qa"* 

A7-.G AOLa0!t! !" $%& BCCMG. 70$!%ta"tl<? (t 5a, Qee" *e0!",t%ate* t5at (" 

:X> NXEBU t%a",;!%0e* #ell, -.//,t (, a0!"4 t5e 0a(" +$R%e4+late* 

$%!te(", a"* t5at NXEBU (, aQle t! ("#%ea,e eI$%e,,(!" !; -.//R7-.  

A6ellet(e% !" $%& BCCYG.  
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!"g$re ( - *r+te+l.t"c 0r+cess"2g +3 4566. 

#$%&' )*&+,+-& ./ 0+%'12 0&%+**34'3%&+5&5 677859: &2%'+)&**;*+' <30+1= 3$ >?"" 

6&)%3>?""9 15 '&*&+5&<: *&+,1=- %@& 0&0.'+=& .3;=< >A%&'01=+* $'+-0&=% 6>BC9D # 

5;.5&E;&=% 4'3%&3*/%1) 5%&4 ./ !A5&)'&%+5&5 1= %@& %'+=50&0.'+=& <30+1= '&*&+5&5 

%@& 1=%'+)&**;*+' <30+1= 6F>?9D F0+-& +<+4%&< ./ B@3'=& !" $%. 2HH"D 

2.#.$ R'()*+,'- ./,0+1'120+/' 304,'4*56.6 

The generation the cytosolic CD44-ICD fragment from CD44, represents a 

new example of the process termed regulated intramembrane proteolysis (RIP) 

(Brown et al. 2000; Kopan and Ilagan, 2004). The key element in RIP is the !-

secretase complex, in particular presenilin (PS), the catalytic subunit 

(Sherrington et al. 1995). The list of membrane proteins that are targeted by !-

secretase activity is continuously increasing and includes Notch family and the 

amyloid precursor protein (APP) (Chyung et al. 2004), Ephrin B1 (Tomita et 

al. 2006), ERBB4 (Ni et al. 2001), and E-cadherin (Marambaud, 2002).  

Intriguingly in the case of APP and Notch, similarly to CD44, RIP requires a 

previous step of cleavage, performed at the extracellular level which sheds the 

bulk of extracellular domain. Then presenilin-1T!-secretase cleaves within the 

plasma membrane to generate the ICDs cytoplasmic fragments. The resulting 
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!CDs c'n tr'nsloc'te to t.e nucleus 'n0 pro2ote tr'nscription.  

 

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

5.e 6otc. p't.7'y is ' 7ell-est':lis.e0 e;'2ple of =!P. !t is 'n 

e?olution'rily conser?e0 sign'ling 2ec.'nis2 t.'t pl'ys ' critic'l role in cell 

f'te 0ecision 'n0 p'ttern for2'tion. A co2pre.ensi?e 0escription of 6otc. 

p't.7'y 'n0 its regul'tion is pro?i0e0 in recent re?ie7 'rticles BCr'yD EFFGH 

Io?'llD EFFJK. !n 2'22'lsD t.e 6otc. p't.7'y pro?i0es Ley sign'ls 0uring 

neur'lD c'r0io?'scul'rD i22uneD li?er 'n0 Li0ney 0e?elop2ent. !n '0ult 

org'nis2sD t.e 6otc. p't.7'y .'s :een i2plic'te0 in tissue regener'tion 'n0 in 

ste2 cells function. 6otc. is ' cell surf'ce receptor t.'t is processe0 

constituti?ely :y ' furin-liLe enMy2e in t.e secretory p't.7'y. 5.e enMy2e 

cle'?es t.e precursor to gener'te 'n e;tr'cellul'r 'n0 ' tr'ns2e2:r'ne su:unit. 

5.e t7o su:units re2'in 'ssoci'te0 's ' non-co?'lent .etero0i2er. At t.e cell 

surf'ceD t.e .etero0i2er re2'ins int'ct until it :in0s t.e 2e2:r'ne-:oun0 

lig'n0 Delt'H 'fter :in0ingD 6otc. is cle'?e0 in t.e tr'ns2e2:r'ne 0o2'in 

li:er'ting t.e 6otc.-!CD. 5.e l'tter tr'nsloc'tes to t.e nucleus 7.ere le'0s to 

'cti?'tion of se?er'l genesD inclu0ing t.ose t.'t enco0e ' f'2ily of :NON 

tr'nscription f'ctors. 5.ese f'ctors in turn regul'te ot.er genesD 7.ose net 

effect is to influence cell f'te 0uring 0e?elop2ent BC.'n 'n0 P'nD QRRRK. 

-..$

APP B'2yloi0 precursor proteinK is ' tr'ns2e2:r'ne protein of uncle'r 

function. A:nor2'l cle'?'ge of APP is in?ol?e0 in t.e p't.ogenesis of 

AlM.ei2erSs 0ise'se. OiLe CD44 'n0 6otc.D APP un0ergoes =!P. 5.e first 

cle'?'ge t'Les pl'ce in t.e lu2en :y ' !- or ' :y "-secret'se. After t.e first 

cle'?'geD presenilinQU#-secret'se rele'ses in t.e lu2en t.e '2yloi0 "-pepti0e 

BA"KD 7.ic. 'ssu2es ' "-ple'te0 s.eet configur'tionD c'using it to 'ggreg'te 

'n0 for2 '2yloi0 fi:rils BVelLoeD EFFJK. 5.e 'ccu2ul'tion of fi:rils le'0s to 

'2yloi0 pl'Wues gener'tion in cert'in neuron'l cellsD progressi?ely c'using 
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!e#e$t&a &$ a))e*te! +at&e$t,. .lea0a1e 23 !4,e*5eta,e6 7$ t8e 7t8e5 8a$!6 

7**95, *l7,e5 t7 t8e #e#25a$e t8a$ "4,e*5eta,e6 ,7 #4,e*5eta,e *lea0a1e 

l&2e5ate, a ,875te5 )5a1#e$t t8at &, $7t a#3l7&!71e$&*. 

2.#.6 Transcriptional properties of CD44-ICD 

:t &, ;ell e,ta2l&,8e! t8at 1e$e5at&7$ 7) ,.<== 23 #etall7+57tea,e, 

5e19late, *ell #&15at&7$. >$ t8e 7t8e5 8a$!6 1e$e5at&7$ 7) t8e .<==4:.< 8a, 

e))e*t, 7$ t5a$,*5&+t&7$. >?a#7t7 a$! *74;75?e5, ,87;e! t8at .<==4:.< 

l7*al&@e, t7 t8e $9*le9, A>?a#7t7 et a%& BCCDE. .<==4:.< *a$ e$8a$*e 

t5a$,*5&+t&7$ t8at &, #e!&ate! t857918 t8e FGH45e,+7$,&0e ele#e$t AFIJE6 a$! 

.<==4:.< t5a$,l7*at&7$ t7 t8e $9*le9, &, e,,e$t&al )75 t8&, e$8a$*e#e$t. KKG 

&$8&2&t75, 2l7*? .<==4!e+e$!e$t t5a$,*5&+t&7$ e$8a$*e#e$t a, ;ell a, a .<== 

#9tat&7$ t8at 5e#70e, t8e &$t5a*ell9la5 +57te7l3t&* *lea0a1e ,&te A>?a#7t7 et 

a%& BCCDE. F8e5e)75e6 ,eL9e$t&al +57te7l3t&* *lea0a1e 7) .<== a$! 5elea,e 7) 

.<==4:.< &, e,,e$t&al )75 .<==4!e+e$!e$t t5a$,*5&+t&7$ e$8a$*e#e$t. M,&$1 

NHO= t5a$,a*t&0at&7$ a,,a3,6 >?a#7t7 a$! *74;75?e5, )79$! t8at .<==4:.< 

;a, a2le t7 #e!&ate t5a$,*5&+t&7$ t857918 .PGQ+RCC6 ;8et8e5 t8&, 7**95, 23 a 

!&5e*t 75 &$!&5e*t &$te5a*t&7$ 5e#a&$, t7 2e !ete5#&$e! A>?a#7t7 et a%& BCCDE. 
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The aim of this study was to verify whether CD44 RIP occurs in thyroid 

cancer cells and to understand the role of CD44 cleavage in the RET signaling 

pathway in thyroid cancer. The study is divided in two different parts? 

! the RET-mediated cleavage of CD44, giving origin to CD44-ICDB 

! the role of CD44-ICD signaling in follicular thyroid cells.  

 

Cpecific aims were as follows?  

1) To check by immunoblot and ELICA assays the presence of CD44 

cleavage in PTC. 

2) To understand the biochemical mechanism of RET-mediated CD44  

cleavage. 

3) To assess the biological effects of CD44-ICD in follicular thyroid 

cells. 

4) To evaluate by luciferase reporter assays the CD44-ICD 

modulation of transcriptional regulation. 

L) To finally propose a model to eMplain the mechanism by which 

CD44-ICD could participate to transcriptional regulation in thyroid 

cells.  
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8'/$+(+B0 C-5'"/4-./ +* /$- D.%&-"2%/0 +* 8%2' ;E/'(0>F 9$- 2/310 A'2 
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#$'"'#/-"%,'/%+.N ? +* /$-2- 89: 2'45(-2 $'1 ' SG9O89:< "-'""'.B-4-./ ;9?N 

93> '.1 3 $'1 ' US!VW6YYG 43/'/%+. ;9<N 9IN 96> ;J-(%((+ et al. ?YY6>F 

H.'5=*"+,-. /%223- 2'45(-2 A-"- K-5/ %. (%M3%1 .%/"+B-. *+" 2/+"'B- '/ "RYZ:F 

V+" 5"+/-%. -L/"'#/%+. /%223- A-"- $+4+B-.%,-1 %. (02%2 73**-" %. /$- 4%L-" 4%(( 

JJ 3YY '55'"'/32 ;S-/2#$ [47PN P''. [-"4'.0> 32%.B 2/-'( 7-'12 '.1 

#-./"%*3B-1 '/ <YNYYY L BF 8"+/-%. #+.#-./"'/%+. A'2 -2/%4'/-1 '.1 \-2/-". 

7(+/ A-"- 5-"*+"4-1 '2 "-5+"/-1 /$-"-'*/-"F 
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PG]?Q3 #-((2 A-"- B"+A. %. C3(7-##+^2 4+1%*%-1 G'B(-^2 4-1%34 

;CJGJ> 2355(-4-./-1 A%/$ <Y_ *-/'( #'(* 2-"34N ?44+(O` +* `=B(3/'4%.- 

'.1 <YY DO4( 5-.%#%((%.=2/"-5/+40#%. ;E.&%/"+B-. ["+.%.B-.N 9$- 

@-/$-"('.12>F P34'. 5"%4'"0 #3(/3"-2 +* /$0"+%1 #-((2 ;86> A-"- +7/'%.-1 *"+4 

VF :3"#%+ '.1 A-"- #3(/3"-1 '2 5"-&%+32(0 1-2#"%7-1 ;:3"#%+ et al. <QQI>F 9$- 

$34'. /$0"+%1 #'.#-" #-(( (%.-2 1-"%&-1 *"+4 89: ;98:=<N U:8!8> A-"- 
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!"#$% '% ()*) +#%,-'%'%! ./0 12,-3 4#5'%2 62"789 :;<=. >-"4#"6 ,>2 

?*:@;:<. "2-""-%!282%,A B<;C; >-"4#7"6 ,>2 B?CDEF//* 87,-,'#% 

GH+>$2II2 !" $%. J//KL9 ;< <3 3 G>2"2-1,2" "212""2N ,# -6 O;<OL '6 - 

N'112"2%,'-,2N ,>P"#'N 1#33'+73-" +233 3'%2 N2"'52N 1"#8 .K=8#%,>=#3N D'6+>2" 

"-,69 ;< +2336 $2"2 +73,7"2N '% <##%Q6 8#N'1'2N R-8 D.J 82N'78 

67II3282%,2N $',> S0 +-31 62"78T -%N - 8'U,7"2 #1 F >#"8#%26 GFRLT 

'%+37N'%! ,>P"#,"#I'% G:HRT ./ 8V@83LT >PN"#+#",'6#%2 G./ %)LT '%673'% G./ 

!!@83LT -I#=,"-%612""'% GS !!@83LT 6#8-,#6,-,'% G./ %!@83L -%N !3P+P3=>'6,'NP3=

3P6'%2 G./ %!@83L GH'!8- <>28'+-3 <#9T H,9 W#7'6T )XL -++#"N'%! ,# D76+# !" 

$%. GD76+# !" $%. .YK7L9 ;< [<( +233 3'%2 $-6 #4,-'%2N 4P - 6,-432 ,"-%612+,'#% 

#1 ;< I-"2%,-3 +233 3'%2 $',> ,>2 <(\\=[<( +#%6,"7+, 4P ,>2 +-3+'78 I>#6I>-,2 

+#=I"2+'I',-,'#% ,2+>%']72 -6 N26+"'42N I"25'#763P G)23'33# !" $%. J//SL9 )-66 

I#I73-,'#% GI##3L #1 6252"-3 +233 +3#%26 -6 $233 -6 6'%!32=+233 +3#%26 $2"2 

'6#3-,2N 1#" 2-+> ,"-%612+,'#% 4P ^\.K 6232+,'#%9 _?X '6 - 1#33'+73-" ,>P"#'N 

+-"+'%#8- >78-% +233 3'%2A ', $-6 `'%N3P N#%-,2N 4P a9C9 D-!'%9 :"-%6'2%, 

,"-%612+,'#%6 $2"2 +-""'2N #7, $',> ,>2 D7!2%2 R( "2-!2%, 1"#8 ?#+>2 

('-!%#6,'+6 G)-%%>2'8T ^2"8-%PL -++#"N'%! ,# ,>2 8-%71-+,7"2"b6 

'%6,"7+,'#%69 

 

4.3 PLASMIDS 

:>2 ?*:@;:< +#%6,"7+,6 G;:<L 762N '% ,>'6 6,7NP $2"2 +3#%2N '% IBCB* 

-%N I<(cC3G)P+=R'6L G[%5',"#!2%T ^"#%'%!2%T :>2 c2,>2"3-%N6L9 :>2P 

2%+#N2 ,>2 6>#", G?*:=YL ?*: 6I3'+2N 1#"8 -%N -"2 N26+"'42N 2362$>2"2 

G<-6,233#%2 !" $%. J//3L9 ;:<. -%N ;:<3 +#%6,"7+,6 2%+#N2 ,>2 R\=?*: -%N 

?D^=?*: +>'82"'+ #%+#!2%269 ;:<.Gd=L '6 - `'%-62=N2-N 87,-%,T +-""P'%! 

,>2 6746,',7,'#% #1 ,>2 +-,-3P,'+ 3P6'%2 G"26'N72 7SK '% 1733=32%!,> ?*:L $',> - 

82,>'#%'%29 ;:<.Ge./FJDL +-""'26 ,>2 6746,',7,'#%6 #1 ,P"#6'%2 ./FJ $',> - 

I>2%P3-3-%'%29 ;:<G\eDL '6 - 87,-%, '% $>'+> ,>2 \ -7,#I>#6I>#"P3-,'#% 6',26 



 
!"

!"8$%& "()(*& "()$+& "()%$ ,- ./00102-345 6789 :. 452 ;<=>:?@0142=A,-<0 4<,0 

<=2 A/4<42B 4: C52-@0<0<-,-2DE ,- F8G!3"I9& 452 "()%$ 5<D >22- <BB2B ><;JK 

852D2 A/4<-4D L2=2 32-2=<42B >@ D,421B,=2;42B A/4<32-2D,D /D,-3 452 

M/,JG5<-32 A/4<32-2D,D J,4 !N4=<4<32-2& O< P:00<& GQ& RNQ9K S6QIT%))7 

L<D :>4<,-2B >@ D,421B,=2;42B A/4<32-2D,D J,4 !N4=<4<32-2& O< P:00<& GQ& RNQ9& 

<0D:K U6QN!T($9 C0<DA,B ,D B2D;=,>2B 20D2L52=2 !V20,00: et al. $))*9K 852 

GWXX C0<DA,B J,-B0@ C=:Y,B2B >@ NK V<-,Z !O@:-& I=<-;29 L<D ;0:-2B ,-4: 

CW7N8X[ Y2;4:= !L,45 \IF ;:B,-3 D2]/2-;29 !F200244,2= et al. $))%9& GWXX1

^GW L<D ;0:-2B >:45 ,- CW7N8X[ !\IF14<332B ^GW9 <-B ,- CW7N8X) !T*1

4<332B ^GW9K  

 

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

^AA/-:>0:44,-3 2?C2=,A2-4D L2=2 C2=.:=A2B <;;:=B,-3 4: D4<-B<=B 

C=:;2B/=2DK S=,2.0@& ;200D L2=2 5<=Y2D42B <-B 0@D2B ,- < >/..2= ;:-4<,-,-3 *) 

AV U7F7NE CU [K*& (_ 8=,4:- `1())& (*) AV a<G0& ( AV 7\8Q& 

()_30@;2=:0& (K* AV V3G0$& () AV a<I& () AV D:B,/A C@=:C5:DC5<42& ( 

AV a<3TbX& $ AV FVNI& () !3cA0 <C=:4,-,-& 02/C2C4,-K Q.42= ;0<=,.,;<4,:- 

>@ ;2-4=,./3<4,:- <4 ()&))) ? 3 .:= $) A,-& 0@D<42D ;:-4<,-,-3 ;:AC<=<>02 

<A:/-4D :. C=:42,-D& 2D4,A<42B >@ < A:B,.,2B S=<B.:=B <DD<@ !S,:16<B& 

V/-,;5& \2=A<-@9& L2=2 D/>d2;42B 4: e2D42=- >0:4K V2A>=<-2D L2=2 C=:>2B 

L,45 452 ,-B,;<42B <-4,>:B,2DK ^AA/-2 ;:AC02?2D L2=2 B242;42B L,45 452 

2-5<-;2B ;52A,0/A,-2D;2-;2 J,4 !7GO& QA2=D5<A F5<=A<;,< S,:42;59K N,3-<0 

,-42-D,4@ L<D <-<0@f2B L,45 452 F5:DC5:=,A<32= !8@C5::- 8%))& QA2=D5<A 

F5<=A<;,< S,:42;59 ,-42=.<;2B L,45 452 ^A<32M/<-4 D:.4L<=2K I:= 

,AA/-:C=2;,C,4<4,:-D& <.42= C=2;02<=,-3 L,45 C=:42,-1\ := C=:42,-1Q D2C5<=:D2 

>2<BD& 452 0@D<42D L2=2 ,-;/><42B :Y2=-,354 <4 XgG L,45 $ !3 :. <-4,>:B@K 

Q-4,>:B@1<-4,32- ;:AC02?2D L2=2 ;:002;42B L,45 X) !0 :. C=:42,-1\ := C=:42,-1

Q D2C5<=:D2 >2<BD .:= $5 <4 XgG L,45 32-402 =:4<4,:-K 852 D<AC02D L2=2 
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centrifuged, washed, eluted in sample buffer and run on SDS-polyacrylamide 

gel. Nuclear extraction was performed as described elsewhere (Feliciello et al. 

1@@7). Briefly, cells were harvested in lysis buffer (10 mM Tris-HCl pH 7.@, 

10 mM JCl, 1.5 mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM 

phenylmethylsulphonylfluoride (PMSF), supplemented with 60 mM NaF, 

60mM !-glycerophosphate and protease inhibitors (aprotinin, leupeptin and 

pepstatin; 40 mg/ml) and lysed by shearing with 15 passages through a 26-

gauge needle mounted in a 1 ml syringe. Nuclei were recovered by 

centrifugation at 3,000 x g for 10 min. Nuclear proteins were extracted in 50 

mM Tris-HCl, pH 7.5, containing 0.3M sucrose, 0.42 M JCl, 5 mM MgCl2, 

0.1 mM EDTA, 20% glycerol, 2 mM DTT, 0.1 mM PMSF, 60 mM NaF, 60 

mM !-glycerophosphate, leupeptin and aprotinin. Cytosolic fractions were 

recovered after membrane fraction removal by 100,000 x g ultracentrifugation. 

!.5 A&T()*+(,S A&+ .*/0*1&+S 

Anti-RET is an affinity-purified polyclonal antibody raised against the 

tyrosine kinase protein fragment of human RET. Anti-phospho p44/42 MAPJ 

(X@102), recognizing MAPJ (ERJ1/2) when phosphorylated either 

individually or dually on Thr202 and Tyr204, anti-p44/42 MAPJ (X@101) were 

purchased from Cell Signaling (Beverly, MA, USA). Anti-tubulin (XT@036) 

was from Sigma Chemical Company (St. Louis, MO, USA). Anti-phospho-

CREB (S133) (X06-51@), anti-CREB (X06-863), anti-PP2A (X05-421) were 

from Upstate Biotechnology Inc. (Lake Placid, NY, USA). Anti-p300 (sc-584), 

anti-GFP antibody (sc-8334), anti-c-Myc antibody (sc-40), anti-cyclin D1 (sc-

718) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody 

against cytosolic portion of CD44 ("-CD44cyto) was kindly provided by S. 

Manié (Lyon, France) (Pelletier et al. 2006). Secondary antibodies coupled to 

horseradish peroxidase were from Amersham Pharmacia Biotech (Little 

Chalfort, UJ). MEJ1/2-inhibitor U0126 was from Cell Signaling and used at 
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7.&-&41 7&+-,*1 ;<=%+.>? @AB/ 01, "54,*.,-(4, &'1&6&-+.4 C<$D EF 

G'H+)I-&+'J "5H,*.,-(4, G'1&6&-+. E ('> KLD0? -1, MN?ON *P*)&*5L$D ('()+Q 
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*1('Q,> ,U,.P a >(P4/ KRL 4P'-1,4&4 .(-, :(4 2,(4I.,> 6P -1, Ob56.+2+5Mb5

>,+=PI.&>&', ;7.>@B Z(6,)&'Q ('> K,-,*-&+' A&- %.+2 7+,1.&'Q,. $(''1,&2 

;c,.2('PB/ 7.&,%)P? *,))4 :,., 4,,>,> +' Q)(44 *+U,.4)&34? 3I)4,> %+. ! 1 :&-1 

7.>@ ;%&'() *+'*,'-.(-&+' !0 !$B? %&=,> ('> 3,.2,(6&)&T,>/ C+U,.4)&34 :,., 

&'*I6(-,> :&-1 ('-&57.>@ 2+I4, 2+'+*)+'() ('> .1+>(2&',5*+'dIQ(-,> 

4,*+'>(.P ('-&6+>&,4 ;[(*W4+' G22I'+\,4,(.*1 Z(6+.(-+.&,4? D1&)(>,)31&(? 

D,''4P)U('&(B ('> 2+I'-,> &' $+U&+) +' Q)(44 4)&>,4/ C,)) 'I*),& :,., 

&>,'-&%&,> 6P X+,*14- MMaOY ;%&'() *+'*,'-.(-&+' ! !QF2)e H&Q2( C1,2&*()4 

C+B 4-(&'&'Q/ 01, %)I+.,4*,'- 4&Q'() :(4 U&4I()&T,> :&-1 (' ,3&%)I+.,4*,'- 

2&*.+4*+3, ;L=&+U,.- a? ^,&44B ;,fI&33,> :&-1 ( !00E ),'4B &'-,.%(*,> :&-1 -1, 

&2(Q, ('()PT,. 4+%-:(., AHM00 ;^,&44B/ L- ),(4- !00 *,))4 :,., *+I'-,> &' %&U, 

>&%%,.,'- 2&*.+4*+3&* %&,)>4e .,4I)-4 :,., (U,.(Q, %.(*-&+'4 +% 7.>@53+4&-&U, 

*,))4 g HK/ 
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!.# %&'() )(()* 

!"#$%&'(()(%$ +,'--./0 12 #,' +1()3(' '&#1-14%./ 12 ,)4%/ +#%/-%$- 5644 

85644+#9 :%+ 4'%+)$'- )+./0 #,' ;/+#%/# !<;=> 8?'/-'$ @'-=A+#'4+B 

C.'//%B >)+#$.%9 %&&1$-./0 #1 4%/)2%&#)$'$D+ ./+#$)&#.1/+E 51/-.#.1/'- 4'-.% 

2$14 &'(( &)(#)$'+ :'$' %/%(AF'- ./ #$.G(.&%#' %# 4HI /@ :.#, %/ !<;=> $'%-'$ 

8@1-'( HHI 4.&$1G(%#' $'%-'$B ?.1JK%-9E 

 

!.+ ,-&& ./01 )(()* 

L,' M=LJ5644J;56 :%+ 0'/'$%#'- 3A #,' ;/N.#$10'/ M%#':%A #'&,/.O)' 

)+./0 %+ -1/1$ #,' G6!=L4PJ5644J;56 N'&#1$ %/- %+ $'&.G.'/# #,' '4G#A 

N'&#1$ G6!=L1HE L,' M=LJ5644J;56 N'&#1$ &1-'+ 21$ % &,.4'$.& G$1#'./ 

:.#, 5644J;56 2)+'- #1 #,' 0()#%#,.1/' =J#$%/+2'$%+' 8M=L9E M=LJ5644J;56 

:%+ G)$.2.'- 2$14 G6!=L1HJ5644J;56 #$%/+21$4'- 3%&#'$.%( (A+%#'+ )+./0 

0()#%#,.1/'J='G,%$1+' 3'%-+ %&&1$-./0 #1 +#%/-%$- G$1&'-)$'+E L1 G'$21$4 #,' 

%++%AB &'((+ :'$' +'$)4 +#%$N'- 21$ 1R , %/- (A+'- ./ .&'J&1(- 3)22'$E S$1#'./ 

(A+%#'+ 8T 409 :'$' ./&)3%#'- 21$ T , :.#, UI !0 12 M=LJ5644J;56 2)+.1/ 

G$1#'./ %2#'$ T , 12 G$'&('%$./0 :.#, 0()#%#,.1/' ='G,%$1+' 3'%-+E S'(('# 3'%-+ 

:'$' &1(('&#'- 3A &'/#$.2)0%#.1/ 81BIII " 09 21$ #,$'' 4./)#'+ %/- :%+,'- :.#, 

(A+.+ 3)22'$E L,' 3'%-+ :'$' 2./%((A $'+)+G'/-'- ./ TV <%'44(. 3)22'$ %/- 

+)3W'&#'- #1 X'+#'$/ 3(1##./0E 

 

!.2 3%,/34%3 )(()* 

>(( #,' !"#$%&' ()&.2'$%+' $'G1$#'$+ :'$' Y./-(A G$1N.-'- 3A =EZE M)#Y./- 

8[;\B ?'#,'+-%B @69E L,' GM<UJ5K! 8&>@S $'+G1/+' '('4'/#9B GM<UJ

[]^? 8/)&('%$ 2%&#1$ Y%GG% ?9B GM<UJ>SJ1 8%&#.N%#1$ G$1#'./ 19B GM<UJ=K] 

8+'$)4 $'+G1/+' 2%&#1$9B GM<UJM(. 8M(.14%J%++1&.%#'- 1/&10'/' ,141(10)'B 
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!"#$% '()*('"* +,-'.,/0 1(+"1-(1 %"#-,$#2 3$4( 1(+(-$-$"# "3 -'( 2,5( 2$-( 

61(2+(%-$4(7/ 89:; <=>?; @ABC; !9= ,#) D7$ 1(2+"#2$4( (7(5(#-20 E+2-1(,5 

-'( =$1(37/ 7E%$3(1,2( %F<@G H" (4,7E,-( -'( H8=IJ:= -1,#2%1$+-$"#,7 ,%-$4$-/; 

.( E2() , +,$1 "3 7E%$3(1,2( 1(+"1-(1 %"#2-1E%-2; HKAB=J@!L ,#) $-2 #(*,-$4( 

%"#-1"7 =KAB=J@!L 6M+2-,-( ?$"-(%'#"7"*/0G HKAB=J@!L %"#-,$#2 -'1(( 

%"+$(2 "3 -'( H8=IJ:= N$#)$#* 2$-( 6@@D@H8@@@DDDDDH0 E+2-1(,5 "3 

-'( -'/5$)$#( O$#,2( 5$#$5,7 +1"5"-(1P =KAB=J@!L %"#-,$#2 , 5E-,-() 

H8=IJ:= N$#)$#* 2$-( 6@@DD88@@@DDDDDH0G H8=IJ:= ,%-$4$-/ .,2 

)(-(15$#() N/ -'( HKAB=J@!LQ=KAB=J@!L 1,-$"G =$#,77/; -'( +DJRB8/%FC 

1(+"1-(1 %"#-,$#2 , %/%7$# FC #,-E1,7 +1"5"-(1 6@7N,#(2( et al. CSST0G H.(#-/B

3"E1 '"E12 ,3-(1 2(()$#*; -'( %(772 .(1( -1,#2$(#-7/ -1,#23(%-() $# -1$+7$%,-( .$-' 

"#( "3 -'(2( 1(+"1-(12 -"*(-'(1 .$-' +9JB#E77; , +7,25$) (U+1(22$#* -'( (#V/5( 

Renilla 7E%$3(1,2(; E2() ,2 ,# $#-(1#,7 %"#-1"7; ,%%"1)$#* -" 5,#E3,%-E1(1W2 

$#2-1E%-$"# 6A1"5(*, 8"1+"1,-$"#; X,)$2"#; YZ; M!@0G ="1-/B($*'- '"E12 ,3-(1 

-1,#23(%-$"# %(772 .(1( 2(1E5B2-,14() "4(1#$*'-G Firefly ,#) Renilla 7E%$3(1,2( 

,%-$4$-$(2 .(1( ,22,/() E2$#* -'( FE,7BJE%$3(1,2( 9(+"1-(1 !/2-(5 6A1"5(*, 

8"1+"1,-$"#0G J$*'- (5$22$"# .,2 [E,#-$-,-() E2$#* , ?(1-'"7) H(%'#"7"*$(2 

7E5$#"5(-(1 68(#-1" J? S\]; ?,) Y$7)N,); D(15,#/0 ,#) (U+1(22() ,2 , 

+(1%(#-,*( "3 1(2$)E,7 ,%-$4$-/ %"5+,1() -" E#-1(,-() %(772G Z# ,77 %,2(2; -'( 

-"-,7 ,5"E#- "3 -1,#23(%-() +7,25$) F<@ .,2 #"15,7$V() .$-' (5+-/ 4(%-"1 

F<@B-1,#23(%-() %(772G @4(1,*( 1(2E7-2 "3 -'1(( $#)(+(#)(#- ,22,/2 ^ !F ,1( 

$#)$%,-()G !-E)(#-_2 - -(2- .,2 E2() -" ,22(22 2-,-$2-$%,7 2$*#$3$%,#%(G 

4.#$ &'RO*AT-N -**UNOPRE&-P-TAT-ON 2&3-P4 

8'1"5,-$# .,2 (U-1,%-() 31"5 8F44BZ8F "1 (5+-/ 4(%-"1 -1,#23(%-() 

L:>2SR %(772G <E%7(,1 (U-1,%-2 .(1( $2"7,-() ,#) -'(# 31,*5(#-() -'1"E*' 

2"#$%,-$"#G 8'ZA .,2 +(13"15() N/ -'( %'1"5,-$# $55E#"+1(%$+$-,-$"# ,22,/ 

O$- 6M+2-,-( ?$"-(%'#"7"*/ Z#%G0; 3"77".$#* 5,#E3,%-E1(1_2 $#2-1E%-$"#2G 

?1$(37/; %'1"5,-$# .,2 3$U() N/ )$1(%-7/ ,))$#* 3"15,7)('/)( 6Cb 4I40 -" -'( 
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!ell$ !%l&%re$ (e)i%(+$ ,r-./!ri0&i1.$ f-!&1r341%.)$ !5r1(-&i.$ 6-/$
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!. RES'LTS  

!.1 C,44.IC, 01 2345467541148 09 :;<=9 >TC. 

"ur group has previously demonstrated that "PN6 one of the CD44 

ligands6 is among the most heavily induced transcripts in thyroid follicular cells 

transformed by RET/PTC and BRAF oncogenes (Eelillo !" $%& F005). 

Interestingly thyroid transformed cells also feature CD44 mRNA upregulation6 

in particular vL and v6 containing variants (Castellone !" $%& F004). 

Npregulation of both "PN and CD44 was also found in thyroid carcinoma cell 

lines spontaneously harboring RET/PTC oncogenes (Castellone !" $%& F004). 

Eoreover PTC carrying mutations at the level of the RET-RAQ-BRAF-EAPR 

signaling cascade featured upregulation of both "PN and CD44 v6 mRNA and 

such an upregulation correlated with the presence of lymph node metastasis; in 

particular (Tuarino !" $%& F005).  

 Ectodomain shedding of CD44 has been demonstrated in various cancer 

cell lines ("Uamoto !" $%& 1WWWa) and in tumor specimens ("Uamoto !" $%& 

F00F)6 releasing ectoCD44 and membrane-bound CD44-CTF. Recent worU has 

revealed that further CD44-CTF proteolytic processing occurs within the 

residual CD44 transmembrane and cytoplasmic domains6 releasing 

intracellularly the CD44-ICD (?0@. A in the BacUground section). 

 Thus6 to better understand the role of CD44 in PTC6 we investigated the 

presence of its cleaved form6 CD44-ICD6 in a small set of primary PTC 

samples (T1-T5); normal thyroid samples (N16 NF) were used as control. To 

this aim6 we determined the presence of full-length CD44 and CD44-ICD by 

Western blot with an anti-CD44cyto (which recognizes the cytosolic region of 

CD44) polyclonal antibody. To normalize the samples we used the anti-tubulin 

monoclonal antibody. Both full-length and low molecular weight (! 17 UDa) 

CD44 (corresponding to the molecular weight of CD44-ICD)6 were 

upregulated in PTC samples compared to normal tissues (?0@. BA). Instead6 



 
4"

!"##$!%& (a* +,t .ete0te.1 *233e*t4+3 a 5e67 *8,6t 8al: l4:e1 ;e68a;* .2e t, 
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Figure 8 - CD44-ICD is overexpressed in PTC specimens and in PTC cell lines. 

A) Protein lysates (100 !g) e5tracted from the indicated tissue samples underwent 

Western blotting with anti-CD44cyto (against cytosolic region of CD44)-specific 

antibodies. Immunocomple5es were revealed by enhanced chemiluminescence. EGual 

protein loading was ascertained by anti-tubulin immunoblot. NI normal samples; TI 

papillary tumor samples.  

B) Western blot with anti-CD44cyto of protein lysates from PTC cell lines. 

Normalization of the levels of total proteins was verified by anti-tubulin blot. P5I normal 

thyroid follicular cells; BCPAPI PTC cell line harboring BRAFQ600E mutation; TPC-1I 

PTC cell line harboring RET/PTC mutation. 
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!e used several che-ical inhi0i1ors 1o 1es1 1heir a0ili1y 1o 0loc4 1he 

genera1ion of 1he CD44:;CD. !e 1rea1ed for 24 hours 1he cells >i1h 1he 0road:

s?ec1ru- -e1allo?ro1ease inhi0i1or BB94 or 1>o differen1 !:secre1ase 

inhi0i1orsB CCDE F and DAET. Fur1her-oreB 1o unders1and 1he role ?layed 0y 

1he onco?ro1eins eJ?ressed 0y TEC:K and BCEAEB >e 1rea1ed cells >i1h 1he 

LMT 4inase inhi0i1or NDO4P4 or 1he DMQ:inhi0i1orB RSK2O. As sho>n in 

8*.1(/ 9:B 1he 0road:s?ec1ru- -e1allo?ro1ease inhi0i1or BB94 do>nregula1ed 

CD44:;CDB ?resu-a0ly 0loc4ing 1he cleavage of CD44T an accu-ula1ion of 

full leng1h CD44 >as no1 de1ec1a0le li4ely for 1he high a0undance of 1his 

?ro1ein even in un1rea1ed cells. CCDE F and DAETB 1>o differen1 !:secre1ase 

inhi0i1orsB reduced 1he a-oun1 of CD44:;CD 0y 0loc4ing 1he conversion of 

CD44:CTF 1o CD44:;CDT indeedB as eJ?ec1edB 1hey increased 1he a-oun1 of 

CD44:CTF U;*." 9:V.  

 ;n1eres1inglyB 1he a0roga1ion of LMTWETC 4inase ac1ivi1y 0y NDO4P4 in 

TEC:K cells and BLAFXOSSM and LMTWETC signaling 0y a DMQ:inhi0i1or 

RSK2OB in 0o1h TEC:K and BCEAE cellsB do>nregula1ed CD44:;CD >i1hou1 

causing an accu-ula1ion of CD44:CTFB si-ilar 1o BB94 U;*." 9:V. NDO4P4 

had no effec1 in BCEAE cells Uno1 sho>nV. This indica1es 1ha1 CD44 regula1ed 

?ro1eolysis UL;EV is sus1ained 0y oncogene signals in 1hyroid cancer cells and 

sugges1s 1ha1 -e1allo?ro1easeY-edia1ed cleavage is 1he ?ri-ary U0u1 no1 

necessarily 1he onlyV level of such an induc1ion.  

 To confir- 1hese resul1sB an MZ;[A analysis of cul1ure su?erna1an1s 

revealed 1ha1 1rea1-en1 >i1h BB94B NDO4P4 or RSK2OB 0loc4ed 1he shedding of 

ec1oCD44 UsCD44s1B solu0le s1andard CD44V in1o 1he cell cul1ure -edia U;*." 

9<V. Xir1uallyB no CD44 shedding >as -easured in nor-al E5 cells Uno1 

sho>nV. The fac1 1ha1 ec1oCD44 accu-ula1ion ?arallels CD44:;CD 

accu-ula1ion sugges1s 1ha1 onco?ro1eins are indeed s1i-ula1ing 1he CD44 



 "1

cleavage rather than simply stabilizing CD44-ICD.  
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A) &estern blot analysis with anti-CD44cyto of BCPAP and TPC-1 cells upon the 

indicated treatments. Bach treatment blocCed release of CD44-ICDE CFGP-H and 

DAPT treatments stabiliIe CD44-CTF by blocCing !-secretase activity. 
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!" investigate t,e signaling .ec,anis. "f "nc"gene1in2uce2 CD44 

cleavage7 8e c"1transfecte2 a :F<1tagge2 full1lengt, CD44 c"nstruct 8it, 

2ifferent RE!?<!C .utants in @EKBC3 cells. !,e RE! catalFtic lFsine GKH5JK 

an2 .aL"r RE! aut"M,"sM,"rFlati"n sites GNJBO7 N10157 N10BC7 N10OBK are 

in2icate2 in 6)*7/0 80:. Re use2 Mlas.i2s enc"2ing t,e t8" ."st freSuent 

RE!?<!C rearrange.ents7 RE!?<!C1 G<!C1K an2 RE!?<!C3 G<!C3K7 an2 t,e 

2ifferent RE!?<!C .utants illustrate2 in 6)*7/0 80:. !,e c"1transfecti"n "f 

CD44 t"get,er 8it, <!C1 "r <!C3 .Fc1tagge2 eTMressing Mlas.i2s in2uce2 

t,e generati"n "f t,e CD441UCD frag.ent G;)*" 80<K7 furt,er in2icating t,at 

RE!?<!C is aVle t" sti.ulate t,e cleavage "f CD44.  

 W"re"ver t,e RE!?<!C1.e2iate2 CD44 cleavage 2eMen2e2 "n RE! 

Xinase activitF an2 integritF "f tFr"sine 10OBY in fact7 CD441UCD 2i2 n"t f"r. 

8,en t,e RE!?<!C 4NF GtFr"sines NJBO11015110BC110OB .utate2 t" 

M,enFlalanineK .utant 8as use2Y instea27 CD44 cleavage 8as rescue2 8,en 

N10OB 8as a22e2 VacX G3NFK t" t,e 4NF .utant G;)*" 801K. N10OB triggers 

several signaling casca2es 2"8nstrea. RE!?<!C7 inclu2ing t,e ERK an2 

<U3K "nes GWaniZ et al. B001K. !" investigate t,e r"le "f N10OB signaling in 

t,e CD44 cleavage7 8e treate2 RE!?<!C1 transfecte2 @EKBC3 cells 8it, 

WEK G[01BOK "r <U3K G\NBC400BK in,iVit"rs. UnterestinglF7 [01BO G;)*" 

802K7 Vut n"t \NBC400B G2ata n"t s,"8nK Vl"cXe2 CD441UCD generati"n. Re 

als" f"un2 t,at transient eTMressi"n "f t,e .Fc1tagge2 c"nstitutivelF active 

f"r.s "f RA^7 GRA^_1BK an2 BRAF GBRAF_O00EK7 in2uce2 t,e CD44 

cleavage G;)*" 802K. !aXen t"get,er7 t,ese results 2e."nstrate t,at RE!?<!C1

RA^1BRAF signaling casca2e triggers t,e CD44 cleavage.  
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e?t-a&ell@la-> 9A/; &A/te,0e -,&'> 5B; t-a0/)e)C-a0e> DE; F@?ta)e)C-a0e> 5G; 
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&leaVa<e 12 9U"" 6e.e06/ 10 345 H,0a/e a&t,V,tA a06 ,0te<-,tA 12 tA-1/,0e PWXM> t'e 
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cleavage is rest-red /he1 21056 is added-8ac9 :;F). D) RAS/RAF/CEE Fath/aG 

i1duces the CD44 sheddi1gL as sh-/1 8G the eMFressi-1 -N active RAS a1d BRAF 

a1d the eNNects -N CEE-i1hi8it-r PQ165. E) The RET/PTC-i1duced cleavage is 

8l-c9ed 8G the BBT4L a Uetall-Fr-tease i1hi8it-rL a1d 8G DAPTL a !-secretase 

i1hi8it-r. 

 

 

 

"o test '(et(er RE",-"C induced t(e CD44 c6ea8age t(roug( 

meta66oprotease and !-secretase acti8ity 'e treated t(e RE",-"C-trans>ected 

?E@AB3 ce66s 'it( BBB4 and DA-". As s(o'n in figure 10EG RE",-"C-

induced c6ea8age o> CD44 did not occur in t(e presence o> t(e t'o in(iHitors. 

Fina66yG to >urt(er 8eri>y t(e ro6e o> RE",-"C in CD44 c6ea8ageG 'e used a 

>o66icu6ar t(yroid cancer ce66 6ineG JRKG t(at expresses (ig( 6e8e6s o> 

endogenous CD44. Mpon transient trans>ection o> myc-tagged--"C1G --"C3G -

RAOP1A and -BRAFPQ00EG t(e c6ea8age o> endogenous CD44 'it( s(edding 

o> ectoCD44 and generation o> CD44-ICD 'as inducedG as demonstrated Hy 

ETIOA U+ig. 10+, 6e>t pane6) and immunoH6ot U+ig. 10+, rig(t pane6).  
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!o stu'y the effects of CD44-ICD in thyroi' ce55s6 7e sta95y e:;resse' 

<F>-tagge' CD44-ICD in the thyroi' >C C5 @ ce55s Ahereafter referre' to as 

B>CCD6 a continuous 5ine of norma5 fo55icu5ar thyroi' ce55s6 'erive' from 

Fischer rats6 that constitutes a goo' mo'e5 system to stu'y 'ifferentiation an' 

gro7th regu5ation in an e;ithe5ia5 thyroi' ce55 setting. >C ce55s reHuire a 

mi:ture of I hormones AIJD6 inc5u'ing thyrotro;ic hormone A!KJD6 for 

;ro5iferation AFusco et al. 1MNOD. A mass ;o;u5ation A>C ICD ;oo5D an' of one 

re;resentative c5one A>C ICD Q1D e:;ressing CD44-ICD A7-0" 889D sho7e' a 

mor;ho5ogica55y transforme' ce55 ;henoty;e an' a more ra;i' ce55 gro7th6 

com;are' to the ;arenta5 >C ce55s A'ata not sho7nD. Im;ortant5y6 the >C ICD 

ce55s 5ost the 'e;en'ence on !KJ for ;ro5iferation6 as 'emonstrate' 9y :-0;61 

88<. DRA synthesis6 9y the Br'T incor;oration assay6 7as measure' u;on 1 

hour Br'T ;u5se. !he average resu5ts of @ in'e;en'ent e:;eriments are 

re;orte' in figure 88%. >arenta5 >C ce55s 'e;rive' of !KJ virtua55y 'i' not 

incor;orate Br'T6 7hi5e Br'T incor;oration rate 7as strong5y increase' in >C 

ICD ce55s.  
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!igure 11 - CD44-ICD has mitogenic activity in thyrocytes 

$% &'()al (at -'ll./0la( t12('.3 45 /ell7 8e(e 7ta9l2 t(a:7-e/te3 8.t1 5;<<=>5; ?@A4=

taBBe3%C 7eDe(al /l':e7 a:3 ':e )a77 E'E0lat.': 8e(e .7'late3 92 @<FG 7ele/t.':. 

>))0:'9l't 8.t1 a:t.=@A4 8a7 Ee(-'()e3 t' te7t t1e t(a:7Be:e eIE(e77.':. 

&'()al.Jat.': 8a7 /1e/Ke3 8.t1 a:t.=t090l.:. 

L% 4('l.-e(at.': '- t1e 45 >5; /ell7 8a7 )ea70(e3 .: t1e a97e:/e '- MNO 92 /'0:t.:B 

t1e /ell7 at 3.--e(e:t t.)e E'.:t7. M1e (at.' '- >5;=eIE(e77.:B De(707 Ea(e:tal :0)9e( 

/ell7 8a7 /al/0late3.  

5% 4e(/e:taBe '- L(3P E'7.t.De /ell7 .: t1e a97e:/e '- MNO .: 45 >5; /ell7 De(707 45 

Ea(e:tal /ell7.  

;% A(a/t.': '- L(3P .:/'(E'(at.': .: L54$4 a:3 M45=F t(a:7-e/te3 8.t1 715;<< 

Ela7).3 8.t1 '( 8.t1'0t a 5;<<=>5;=eIE(e77.': De/t'( ?(e-(a/t'(2 t' 715;<< Q&$.%. 

 

To verify CD44-ICD mitogenic capability also in human thyroid cancer 

cells, endogenous CD44 was silenced by a transient transfection of a shCD44 

plasmid in BCPAP and TPC-1 cells. Cells were co-transfected by a CD44-

ICD-expression vector (refractory to human shCD44 RNAi because of rat 

origin) and the efficiency of CD44 silencing as well as CD44-ICD expression 

levels were verified by Hestern blot (data not shown). DNA synthesis was 

measured by BrDU incorporation assay (Fig$ 11D). CD44 silencing reduced 

BrdU incorporation rate and adoptive CD44-ICD expression was able to rescue 

DNA synthesis rate (Fig$ 11D).  
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!o address t*e mec*anisms o/ CD44-ICD mediated signaling7 8e anal9sed 

t*e CD44-ICD capa;ilit9 to trans-acti<ate luci/erase reporter transcription 

mediated ;9 a panel o/ promoter elements in >E@2BC cells. As a positi<e 

control7 co-trans/ection o/ t*e same reporters 8it* t*e correspondent Fno8n 

acti<ator 8as per/ormed Gdata not s*o8nH. Ie used reporter plasmids 

eJpressing luci/erase under t*e control o/ AK-1 Gacti<ating protein-1H7 MRF 

Gserum response /actorH7 !CF Gternar9 compleJ /actorH7 Pli GPlioma-associated 

oncogene *omologueH7 t*e QF@B Gnuclear /actor Fappa BH and t*e CRE 

GcASK-responsi<e elementH DQA elements GSarinissen et al. 2TT4U Ia<arone 

et al. 2TTCU Castellone et al. 2TT5H.  

 CD44-ICD strongl9 Ga;out 1T /oldH and speci/icall9 acti<ated CRE 

reporter G9+:" ;<=H. !o <eri/9 t*is capa;ilit9 also in a t*9roid cell s9stem7 8e 

used transientl9 trans/ected KC cells 8it* <irtuall9 identical results G9+:" ;<>H. 

Finall97 t*e CRE reporter 8as also acti<ated in t*e sta;l9 trans/ected KC ICD 

cells compared to parental cells G9+:" ;<$H.  
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=> $%%e't) *+ ,a./*0) .e1*.te.) *% 23445623 76238 /+ 9$:;#< 'ell). 

?> 2?$5@A2 .e1*.te. a))aB /+ C2 'ell) t.a+)/e+tlB t.a+)%e'teD E/tF 23445623.  

+> 2?$5@A2 .e1*.te. a))aB /+ a 'l*+e 7C2 623 GH8 a+D a Ia)) 1*10lat/*+ 7C2 623 

1**l8 *% )taJlB eK1.e))/+L 23445623. 
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!"e acti)ation o, t"e CRE e0ement suggested t"e in)o0)ement o, t"e 

transcription acti)ating protein CREB 9cA;<-responsi)e e0ement >inding 

protein? in t"e signa0ing mediated >y CD44-ICD in t"yroid ce00s. !o determine 

E"et"er CD44-ICD can acti)ate a0so a natura0 promoter containing t"e CRE 

e0ementF Ee studied t"e e,,ect o, t"e transient trans,ection o, CD44-ICD in 

GEHIJ3 and <C ce00s on Cyc0in D1 0uci,erase promoter 9cycD1?. Cyc0in D1 is 

a prototypic CREB target and a CRE e0ementF 0ocated upstream o, t"e mRMA 

start site 9at -5O >p?F "as a Pey ro0e in >ot" >asa0 and induced cyc0in D1 

expression 9A0>anese et al. 1JJ5R Bou0on et al. I00I?. <C ce00s Eere Pept 

Eit"out !TG ,or 4O" a,ter t"e trans,ection to reduce t"e !TG-dependent Cyc0in 

D1 promoter acti)ity. CD44-ICD stimu0ated cycD1 promoter 0uci,erase 

transcription 9a>out 4 ,o0d? in GEHIJ3 and <C ce00s 9?.@" ;5A?.  

 !o in)estigate t"e in)o0)ement o, CREB in t"e CD44-ICD-mediated 

cyc0in D1 promoter acti)ationF a c"romatin-immunoprecipitation assay 9C"I<? 

Eas per,ormed to measure CREB >inding to t"e region o, t"e cyc0in D1 

promoter t"at contains CRE. For <CRF Ee used a primer pair spanning t"e 

CRE site 9?.@" ;52?. Binding o, CREB to t"e cyc0in D1 promoter Eas great0y 

en"anced upon CD44-ICD expression 9?.@" ;52?.  

 Ve assessed t"e ro0e o, CREB in CD44-ICD-mediated cycD1 promoter 

acti)ity >y si0encing endogenous CREB >y RMA-inter,erence 9siCREB? in 

CD44-ICD-trans,ected GEHIJ3 and <C ce00sF a contro0 siRMA Eas a0so used. 

!"e resu0ts o, t"e 0uci,erase assays con,irmed t"at CREB is necessary ,or t"e 

CD44-ICD-mediated acti)ation o, cyc0in D1 promoter 9?.@" ;5%?.  
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?@ $%&'#()*$ +e-.+te+ a11a% 23 4$'(t+a312e3tl% t+a316e&te7 89:;<= a37 >$ &ell1. 

5@ $@+.Aat23 2AAB3.-+e&2-2tat2.3 a11a% 23 4$'(t+a312e3tl% t+a316e&te7 89:;<= &ell1. 

43-Bt 'CD leEel1 a+e 1@.F3 6.+ 3.+Aal2Gat2.3. H.&I .+ $J9K a3t2L.72e1 

2AAB3.-+e&2-2tate7 &@+.Aat23 Fa1 a3al%1e7 L% 1eA2MBa3t2tat2Ee >$J F2t@ @BAa3 

&%&'# -+.A.te+ -+2Ae+1 1-a3323N $J9 12te.  

+@ $%&'#()*$ +e-.+te+ a11a% 23 4$'(t+a312e3tl% t+a316e&te7 89:;<= a37 >$ &ell1 

B-.3 $J9K 12le3&23N L% JCD2. JCD 23te+6e+e3&e Fa1 -e+6.+Ae7 F2t@ &.3t+.l O12$PJQ 

12JCD .+ $J9K O12$J9KQ 12JCDR &ell1 Fe+e @a+Ee1te7 at t@e 2372&ate7 t2Ae -.23t1.  

,@ 4AAB3.Ll.t 1ta23e7 F2t@ $%&'# a3t2L.7% .6 89:;<= &ell1 t+a316e&te7 F2t@ 4$' a37 

F2t@ -=SS .+ -=SS)TJJ 7.A23a3t 3eNat2Ee ABta3t. 4$' eU-+e112.3 Fa1 te1te7 F2t@ 

a3t2(VW>. D3t2(tBLBl23 Fa1 B1e7 a1 a &.3t+.l.  

4@ 4AAB3.Ll.t 1ta23e7 F2t@ $%&'# a3t2L.7% .6 K$>D> a37 P>$(# &ell1 t+eate7 F2t@ 

12$'XX .+ 12$J9K. P@e e662&2e3&% .6 23te+6e+e3&e Fa1 te1te7 L% 2AAB3.Ll.t F2t@ a3t2(

$'XX&%t. a37 a3t2($J9K.  

!@ K+7* 23&.+-.+at2.3 +ate 23 K$>D> a37 P>$(# &ell1 t+eate7 F2t@ 12$'XX a37 

12$J9K.  

 

CB$%p300 is a genera0 transcriptiona0 co-acti5ator6 in particu0ar in5o05ed in 

CREB-mediated gene transcription6 <eing recruited to =133 p?osp?ory0ated 

CREB AC?ri5ia et al. 1BB3C Do?annessen6 E004C Gayr et al. E001). $re5ious 

data demonstrated t?at CD44-ICD is a<0e to potentiate transacti5ation oL 



 
!"

!"#$#%&"' %)"#*+) ,-./!011 2345$#%# et al. 611789 :& ;)&;4&< => ,?@@A

B,? =C;"&5'&< %)& &D!"&''=#C #> ;E;F=C ?7G =C 5 !011 <&!&C<&C% $5CC&"9 H# 

%)=' 5=$G I& ;#A%"5C'>&;%&< %)& JK.A%5++&< ,?@@AB,? &=%)&" I=%) !011 #" 5 

!011A<#$=C5C% C&+5%=L& &D!"&''=#C L&;%#" 2MNOO8 2?= P+#'%=C# et al. 611Q89 

P' ')#IC =C !"#$%e ()*G !011 $#<&'%FE =C;"&5'&< %)& B,?A=C<*;&< ;E;F=C ?7 

&D!"&''=#CG I)=F& %)& !011A<#$=C5C% C&+5%=L& !#%&C%FE RF#;4&< ;E;F=C ?7 

*!"&+*F5%=#C9  

 K=C5FFEG I& ;#C>="$&< %)& =CL#FL&$&C% #> ,OS- =C %)& ,?@@AB,? 

$&<=5%&< &D!"&''=#C #> ;E;F=C ?7 5F'# =C )*$5C <&"=L&< %)E"#=< ;5C;&" ;&FF' 

-,.P. 5C< H.,A79 ?#IC"&+*F5%=#C #> ,OS-G 5' I&FF ,?@@G RE OTP 

=C%&">&"&C;& 2'=,OS-8 RF*C%&< %)& &D!"&''=#C #> ;E;F=C ?7 =C R#%) ;&FF F=C&' 

2+"#. ()-89 B$!#"%5C%FEG %)& "&<*;%=#C #> ;E;F=C ?7 &D!"&''=#C >#FF#I=C+ 

<#IC"&+*F5%=#C #> ,OS- #" ,?@@ RE OTP=G !5"5FF&F&< %)& <&;"&$&C% #> ?TP 

'EC%)&'=' #> ;&FF F=C&' $&5'*"&< RE -"?U =C;#"!#"5%=#C 2+"#. ()+89  



 "3

!"# %&''()%& *+,-./0.0 1.2.10 34 5630563%789" 

!o e%plore ho* CREB is involve3 in 4he signaling 7e3ia4e3 89 CD44-

ICD, *e anal9se3 CREB phosphor9la4ion a4 serine 1@@, i4s principal ac4iva4ion 

si4e, in nuclear e%4rac4s of DEEFG@ cells 4ransfec4e3 *i4h CD44-ICD. ForsJolin 

KFLEM K4N!O for @N 7inu4esM s4i7ula4ion *as use3 as a posi4ive con4rol 4o 

s4i7ula4e CREB phosphor9la4ion K:*;" <'=M. !o4al CREB nuclear levels *ere 

7easure3 for nor7aliPa4ion. !he phospho-CREB an4i8o39 recogniPes, 8esi3es 

CREB K4@JDaM, also CREO K@N JDaM an3 A!F-1 K@R JDaMS 4he arro* in3ica4es 

CREB an3 A!F-1. E%pression of CD44-ICD in3uce3 a ro8us4 increase of 

CREB L1@@ phosphor9la4ion K:*;" <'=> lef4 panelM.  

 L1@@ phosphor9la4e3 CREB 8in3s CREB 8in3ing pro4ein KCBTUp@NNM 

resul4ing in a 4ranscrip4ionall9 ac4ive co7ple% KOa9r !" $%. FNN1M. Ve anal9se3 

s4oichio7e4r9 of CREB-p@NN 8in3ing 89 i77unoprecipi4a4ing CREB fro7 

nuclear e%4rac4s of DEEFG@ cells 4ransfec4e3 *i4h CD44-ICD an3 s4aining 4he 

i77uno8lo4 *i4h p@NN. !o4al levels of p@NN an3 CREB pro4eins are sho*n for 

nor7aliPa4ion. CD44-ICD s4rongl9 increase3 CREB-p@NN in4erac4ion K:*;" 

<'=> righ4 panelM. 

 Ve also anal9se3 4he level of L1@@ CREB phosphor9la4ion in BCTAT 

an3 !TC-1 cells co7pare3 4o nor7al 4h9roi3 follicular cells KT5M. As sho*n in 

4*;?-. <'9, CREB phosphor9la4ion *as al7os4 un3e4ec4a8le in T5 cells *hile 

BCTAT an3 !TC-1 sho*e3 high levels of CREB phosphor9la4ion.  

 Ve applie3 CD44 RXA in4erference, 4o 3e4er7ine CD44 con4ri8u4ion. 

CREB phosphor9la4ion in 4he hu7an T!C cell lines par4iall9 3epen3e3 on 

CD44 e%pression K:*;" <'%M. Yevels of CREB phosphor9la4ion *ere also 

7easure3 upon 4ransfec4ion of in 4he hu7an T!C cells 4rea4e3 *i4h 4he shCD44 

plas7i3. CREB phosphor9la4ion s4rongl9 3epen3e3 on CD44-ICD 8ecause i4 

*as efficien4l9 rescue3 89 Z5- CD44-ICD K:*;" <'&M. Finall9, 8locJing CD44 

cleavage 89 4he 7e4allopro4ease-inhi8i4or KBBG4M or "-secre4ase-inhi8i4or 
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$% &''()*+,*- .i-0 1214456E8 9)-i+*:; *< )(=,>9? >@-?9=-A *< BECDE4 =>,,A 

A-i'(,9->: .i-0 <*?AF*,i) GF2C% *? -?9)A<>=->: .i-0 5I44K&5I G&5I%. $)-iK56E8 .9A 

(A>: <*? )*?'9,iM9-i*). 14NN 9)-i+*:; A-9i) *< 56E8Ki''()*=*'1,>@>A i) BECDE4 

)(=,>9? >@-?9=-A. 8% 1214456E8 ,>O>,A i) )*?'9, GP#% 9): 85P$P 9): QP5K1 =>,,A. 

$)-iK56E8 9)-i+*:; .9A (A>: -* )*?'9,iM>. 5% 1214456E8 ,>O>,A i) 85P$P 9): 

QP5K1 =>,,A -?>9->: .i-0 Ai5I44. Q0> 6R$i ><<i=i>)=; .9A ->A->: +; 5I44=;-* 

9)-i+*:;. $)-iK-(+(,i) 9): 9)-iK56E8 .>?> (A>: <*? )*?'9,iM9-i*).  I% 1214456E8 

,>O>,A i) =>,,A -?9)A<>=->: .i-0 A05I44 .i-0 *? .i-0*(- S#K-9gg>: 5I44K&5I G?><?9=-*?; 

-* A05I44 6R$i%. E% 1214456E8 ,>O>,A i) 85P$P 9): QP5K1 =>,,A -?>9->: .i-0 88E4 

*? I$PQ. $)-iK56E8 .9A (A>: <*? )*?'9,iM9-i*). $)-iK10*A10*U$PC .9A (A>: -* 

9AA>AA -0> A1>=i<i=i-; *< -?>9-'>)-A.  
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It is &'ow' that CD44-ICD ca' tra'slocate i'to the 'ucleus a'5 that this 

tra'slocatio' is 'ecessar6 to acti7ate CD44-ICD-me5iate5 tra'scriptio' 

:;&amoto et al. <==1). Ao u'5ersta'5 the mecha'ism B6 which CD44-ICD 

i'5uces CREB-phosphor6latio', we a'al6se5 whether CD44-ICD a'5 CREB 

forme5 a protei' complex. A'ti-CREB :<6=" >!?@ left pa'el) a'5 a'ti-phospho-

CREB :<6=" >!?@ right pa'el) immu'ocomplexes of KEL<MN cells tra'sfecte5 

with O5-tagge5 CD44-ICD were stai'e5 with O5 a'tiBo56. O5-CD44-ICD 

i'teracte5 with total CREB a'5 i' particular with the phosphor6late5 pQ1NN 

form. Ahe mirror experime't was performe5 B6 immu'oprecipitati'g RFT-

tagge5 CD44-ICD a'5 immu'oBlotti'g with a'ti-CREB a'tiBo56. Ahis 

experime't was performe5 o' total l6sates a'5 purifie5 c6tosolic a'5 'uclear 

fractio's. Ahe CREB-CD44-ICD complex was 5etecte5 i' Both the fractio's 

But was more aBu'5a't i' the 'uclear fractio', parallel to CREB protei' 

5istriButio' :<6=" >!;).  

Ahe CREB-CD44-ICD i'teractio' was also 5emo'strate5 i' the huma' 

TAC cells, B6 immu'oprecipitati'g e'5oge'ous pQ1NN-phosphor6late5 CREB 

a'5 stai'i'g the Blot with a'ti-CD44c6to a'tiBo56 :<6=" >!%). Uoreo7er, we 

carrie5-out a pull-5ow' experime't B6 usi'g as a Bait RQA :as 'egati7e 

co'trol) a'5 recomBi'a't CD44-ICD-RQA protei'. RQA-CD44-ICD was aBle 

to pull-5ow' the acti7e form of CREB :pQ1NNCREB) i' Both BCTAT a'5 

ATC-1 cell l6sates :<6=" >!&). I'teresti'gl6, RQA-CD44-ICD was also aBle to 

pull-5ow' TT1 a'5 TT<A phosphatases, that ph6siologicall6 Bi'5 a'5 5e-

phosphor6late pQ1NN CREB :Vgi et al. <==<) :<6=" >!&A.  

Fi'all6, to 7erif6 if the i'teractio' Betwee' CREB a'5 CD44-ICD was 

5irect or me5iate5 B6 other protei's, we performe5 a pull-5ow' assa6 B6 usi'g 

a' in vitro recomBi'a't CREB protei' a'5 CD44-ICD-RQA. As show' i' 

*6=B,3 >!:, the two recomBi'a't protei's, CREB a'5 CD44-ICD, rea5il6 
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interacted !" $!%&'.  

 

 
 
Figure 15 - CD44-ICD binds CREB. 

$% &''(no+lot anal/0i0 2it3 45 anti+o6/ o7 89:; <le7t >anel% an6 >3o0>3o89:; 

<ri@3t >anel% i''(no>reAi>itate0 7ro' B:CDEF tran07eAte6 or not 2it3 45Gta@@e6 

8HIIG&8H <&8H%. :K(al a'o(nt0 o7 >89:; 2ere (0e6 7or t3e a00a/ in t3e ri@3t >anel. 

$ntiG89:; anti+o6/ 2a0 (0e6 7or nor'aliLation. M3e i''(no@lo+(lin <&@N% +an6 i0 

in6iAate6. 

;% &''(no+lot 2it3 antiG89:; o7 NOPGi''(no>reAi>itate6 total <tot%Q A/to0oliA  <A/t% 

an6 n(Alear <n(A% 7raAtion0 o7 B:CDEF tran07eAte6 or not 2it3 NOPGta@@e6 8HIIG&8H 

<&8H%. Ror'aliLation 2a0 >er7or'e6 2it3 89:; anti+o6/.  

8% &''(no+lot 2it3 8HIIA/to anti+o6/ o7 >3o0>3o89:; i''(noAo'>leSe0 7ro' 

;8P$P an6 MP8GT Aell0. $ntiG>3o0>3o89:; 2a0 (0e6 7or nor'aliLation. &n t3e T0t 

an6 Fr6 lane t3e i''(no>reAi>itation 2a0 >er7or'e6 2it3o(t >ri'ar/ anti+o6/. $ nonG

0>eAi7iA +an6 2a0 in6iAate6 +/ t3e a0teri0U. 

H% 8HIIG&8H 2a0 >ro6(Ae6 a0 NVMG7(0ion >rotein <&8HGNVM% an6 (0e6 to >(llG6o2n 

>3o0>3o89:;Q PPT an6 PPD$ 7ro' ;8P$P an6 MP8GT >rotein l/0ate0. P(llG6o2n 

2it3 NVM +aAU+one 2a0 (0e6 a0 a Aontrol. 

:% P(llG6o2n 2it3 FW !@ o7 &8HGNVM or NVM <a0 a Aontrol% o7 T !@ o7 reAo'+inant 

89:; <89:;G9:8%. &''(no+lot o7 >(lle6G6o2n 0a'>le0 an6 o7 an aliK(ot o7 in>(t 

89:;G9:8 2a0 0taine6 2it3 89:; anti+o6/. 
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5.9 CD44-ICD binds preferentially the phosphorylated form 

of CREB and delays CREB rate of dephosphorylation. 

To better understand the mechanism by which CD44-ICD induces CREB 

phosphorylation we used different inhibitors against known CREB kinases 

(Johannessen et al. 2004). We inhibited the kinase activity of PKA by treating 

CD44-ICD transfected HEK293 cells for two hours with the compound H89 or 

by cotransfection of CD44-ICD with a plasmid encoding PKA-specific peptide 

inhibitor (PKi) (Feliciello et al. 1997). Since RSK and MSK, two MEK 

downstream kinases, are able to phosphorylate CREB on S133, we also treated 

CD44-ICD transfected cells for two hours with MEK-inhibitor U0126. Nuclear 

extracts were analysed by Western blot with anti phospho-CREB antibody and 

normalized with anti-CREB (Fig. 16A). The inhibition of both PKA and MEK 

efficiently blocked CD44-ICD-induced CREB phosphorylation.  

 We hypothesized that rather than promoting the activity of a specific 

CREB kinase, CD44-ICD may instead negatively affects the rate of CREB de-

phosphorylation. To verify this possibility, we stimulated serum-starved 

HEK293 cells for 40 minutes with cAMP-analogue (N6-benzoyl-cAMP) to 

induce CREB phosphorylation. A preferential binding of CD44-ICD to 

pS133CREB was detected; accordingly, CD44-ICD-GST pulled-down a larger 

amount of CREB upon induction of CREB phosphorylation (Fig. 16B). It is 

possible that binding to CD44-ICD either sterically or allosterically inhibit 

CREB interaction with PP1/PP2A phosphatases this leading to a long half-life 

of pS133 CREB.  To start verifying this hypothesis, we induced CREB 

phosphorylation with N6-benzoyl-cAMP in the presence or not of CD44-ICD 

and followed in a time-course experiment pS133 CREB. Anti-CREB antibody 

was used for normalization. Fig. 16C shows that CD44-ICD expression is able 

to delay the rate of CREB dephosphorylation. 
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Figure 16 - CD44-ICD binds preferentially the phosphorylated form of CREB and 

reduces CREB rate of dephosphorylation. 

A) Immunoblot analysis with phosphoCREB antibody from nuclear extract of CD44-

ICD transfected HEK293 cells. The cells were treated for 2 hours with PKA inhibitor 

(H89) or MEK-inhibitor (U0126). Lane 4 shows cells transfected with PKA inhibiting 

peptide (PKi). Anti-CREB was used for normalization.  

B) CD44-ICD-GST (ICD-GST) was used to pull down CREB from protein lysates of 

HEK293 treated for 1 hour with cAMP analogue (N6-benzoyl-cAMP, 100 !M). 

Immunoblot was performed with the indicated antibodies. The efficiency of N6-

benzoyl-cAMP treatment on CREB phosphorylation was checked by phosphoCREB 

antibody.  

C) Immunoblot analysis of CREB phosphorylation of HEK293 cells upon N6-benzoyl-

cAMP treatment. GFP-tagged CD44-ICD (ICD) transfected cells were treated with N6-

benzoyl-cAMP and harvested at different time points. Anti-GFP was used to check the 

efficiency of transfection. The normalization was performed with CREB antibody. 



 
7"

6. DISCUSSION AND CONCLUSIONS 

Thyroid cancer is often associated to the oncogenic conversion of genes 

(RET, RAS and BRAF) acting in the ERK signaling pathway. In this 

dissertation, we have explored functional interaction between such oncogenes 

and CD44. It was previously known that CD44 is involved in the mitogenic 

and invasive phenotype of papillary thyroid carcinomas (Melillo et al. 2005; 

Guarino, et al. 2005; Castellone et al. 2004) and that CD44 undergoes 

regulated intramembrane proteolysis in various cancer cell lines (Okamoto et 

al. 2001) and human tumors (Okamoto et al. 2002). Here we have shown that 

the CD44-ICD fragment is expressed in human PTC tissue samples and in PTC 

cell lines harboring RET/PTC or BRAFV600E mutations.  

As previously demonstrated in other cellular systems (Okamoto et al. 

1999a; Pelletier et al. 2006), our study shows, by using different chemical 

inhibitors, that in transformed thyroid cells the release of the ICD fragment 

from CD44 depends on metalloprotease and !-secretase activities. The 

increased production of the extracellular ectoCD44 fragment indicates that 

metalloprotease-mediated cleavage is at least one level at which induction of 

CD44 cleavage takes place in thyroid cancer cells. Multiple signaling pathways 

have been described to regulate the CD44 cleavage: the activation of PKC, the 

influx of extracellular Ca2+, members of the Rho family of GTPases and the 

RAS oncoprotein (Okamoto et al. 1999b; Kawano et al. 2000). In particular, it 

has been shown that RAS oncoprotein induces CD44 cleavage through PI3K 

and the Rho family of GTPases, allowing cell migration (Kawano et al. 2000; 

Nagano and Saya, 2004). Here we demonstrate that RET/PTC signaling 

induces CD44 cleavage through the RAS/BRAF/MEK pathway. Such 

signaling cascade may stimulate metalloprotease-mediated CD44 cleavage at 

different levels, such as i) stimulation of metalloprotease expression or activity 

(Inamoto et al. 2007), ii) post-translational modification of CD44, including 

altered plasma membrane distribution, in turn making the molecule more 
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susceptible to proteolysis (Pelletier et al. 2006), iii) production of CD44 

ligands, such as chondroitin sulfate or hyaluronan in turn, able to promote 

CD44 cleavage (Sugahara et al. 2003, 2005, 2008). Metalloprotease up-

regulation is likely an important event in RET/PTC-mediated CD44 cleavage 

as we could previously show that RET/PTC and BRAF up-regulate 

transcription of some metalloproteases (Melillo et al. 2005). However, this 

does not exclude additional mechanisms. In addition to increasing kinetics of 

CD44 cleavage, RET/PTC mediated signaling may also increase the half life of 

CD44-ICD; accordingly, our preliminary data indicate that CD44-ICD 

expression is still detectable up to 24 hours inhibition of de novo protein 

synthesis in CD44-ICD transfected cells expressing RET/PTC (data not 

shown). Likely, a combination of these factors contributes to CD44-ICD 

accumulation in thyroid cancer cells. However, it is important to note that the 

increased expression of CD44-ICD in transformed compared with non 

transformed cells is not merely a consequence of the increased expression level 

of full-length CD44, because it was noted also upon adoptive expression of 

exogenous CD44 in cells transfected with RET/PTC, RAS V12 or 

BRAFV600E but not in mock transfected cells.  

Concerning the role of CD44-ICD in thyroid cells, here we have 

demonstrated that CD44-ICD triggers autonomous proliferation of normal 

thyrocytes in the absence of TSH and is required for the proliferation of the 

transformed thyroid cells as well. It has been previously demonstrated that 

CD44-ICD is able to translocate to the nucleus and potentiate gene 

transcription (Okamoto et al. 2001). Our results demonstrated that CD44-ICD 

stimulates CRE-mediated transcription, thus targeting a major mitogenic 

signaling cascade for thyroid follicular cells. Indeed, PKA-mediated CREB 

activation and stimulation of CRE-mediated gene transcription is one of the 

prominent mechanisms of mitogenic TSH effects in thyroid cells (Kupperman 

et al. 1993). CREB-mediated stimulation of CRE-containing gene promoters 

may ultimately lead to the up-regulation of cell cycle regulated genes such as 
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type D cyclins (Albanese et al. 1995; Motti et al. 2003). Moreover, cyclin D1 

is able to trigger TSH-independent proliferation of normal thyrocytes (Kimura 

et al. 2001; Medina and Santisteban 2000). In addition, the expression of a 

dominant-negative CREB mutant in FRTL-5 rat thyroid follicular cells leads to 

a reduction of TSH-stimulated cell proliferation and cAMP-mediated gene 

transcription (Woloshin et al. 1992). Furthermore, the expression of a 

dominant negative CREB in transgenic mice thyroids induces dwarfism and 

hypothyroidism by reducing expression of thyroid-specific genes and 

transcription factors (Nguyen et al. 2000).  

Consistent with the mitogenic effect of CD44-ICD, we found that its 

expression sustains CREB-mediated cyclin D1 expression in thyroid cells. 

CD44-ICD was previously reported to potentiate transactivation by the 

transcriptional coactivator CBP/p300 (Okamoto et al. 2001). Accordingly, by 

using a p300 dominant negative mutant, we demonstrated that the CD44-ICD-

mediated overexpression of cyclin D1 is dependent on p300. The mechanism 

by which CD44-ICD promotes CREB-mediated gene transcription remains to 

be clarified. Phosphorylation on S133 is a hallmark of CREB activation and 

allows CBP/p300 binding to CREB thereby facilitating DNA unwinding and 

recruitment of basal transcriptional machinery (Mayr et al. 2001; Chrivia et al. 

1993; Arias et al. 1994). We show that CD44-ICD induces CREB 

phosphorylation at S133. Furthermore, CD44-ICD formed a protein complex 

with CREB. It is possible that this interaction either favors CREB S133 

phosphorylation or attenuates CREB pS133 de-phosphorylation. We favor the 

second possibility because on one hand we did not detect a CREB kinase 

activity in the CD44-ICD/CREB complex (data not shown) and on the other 

hand we noted a preferential binding of CD44-ICD to phosphorylated form of 

CREB and the capability of CD44-ICD to delay the rate of CREB 

dephosphorylation. PP1 and PP2A phosphatases have been reported to de-

phosphorylate CREB S133 (Wadzinski et al. 1993; Wheat et al. 1994). It 
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remains to be clarified whether CD44-ICD/CREB interaction prevents 

phosphorylated CREB binding to PP1 and PP2A or protect phosphoCREB 

from PP1 and PP2A activity. According with such a model, RET signaling is 

able to directly promote S133 CREB phosphorylation via ERK mediated 

activation of CREB kinases (likely RSK or MSK) (Hyashi et al. 2000); in this 

framework, via CD44 cleavage RET signaling will also stabilize phosphoS133-

CREB, thereby fostering its transcriptional activity. 

Likely, CD44-ICD cooperates with other signaling cascades activated by 

RET/PTC to mediate mitogenic activity. For instance, RET/PTC triggered 

CREB phosphorylation cooperates with beta-catenin stimulation in promoting 

the proliferation of thyroid cells (Castellone et al. 2008). Several points remain 

to be clarified, including i) whether CD44-ICD sits on CRE-containing 

promoters together with CREB; ii) mechanism of CD44-ICD nuclear import; 

iv) whether the formation of CREB-CD44-ICD complex modifies the panel of 

CREB transcriptional targets. Finally, it should not be disregarded that CD44-

ICD release is not the only result of CD44 proteolysis and ectoCD44 shedding 

indeed the cleavage may also modulate cell migration and metastasis formation 

of thyroid cancer cells as previously shown for other cancer systems (Ponta et 

al. 2003).  

Altogether, these findings unveil a novel signaling cascade involved in 

sustaining the mitogenic phenotype of thyroid cancer cells. In principle, this 

pathway offers the possibility of detecting thyroid cancer burden by measuring 

ectoCD44 levels in patient blood. Moreover, this pathway is amenable to 

pharmacological intervention. CD44 cleavage is mediated by metalloproteases 

and gamma-secretases and both enzymes can be pharmacologically inhibited 

(Ramnath and Creaven, 2004). For instance, in tumors of epithelial origin, 

inhibition of TNF-! sheddase may prevent paracrine activation of the 

epidermal growth factor receptor (EGFR), resulting in inhibition of cancer cell 

growth (Borrell-Pages et al. 2003). The ability of combination between !-

secretase inhibitors and kinase inhibitors to improve efficacy and specificity of 
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cancer therapy was already shown. For instance, in T-cell acute lymphoblastic 

leukemia patients carrying ABL1 rearrangement and presenting !-secretase-

dependent cleavage of mutated Notch1, a synergistic anti-proliferative effects 

was reported for the combined treatment with !-secretase inhibitors to prevent 

Notch cleavage, and tyrosine kinase inhibitor imatinib to prevent ABL activity 

(De Keersmaecker et al. 2008). Our study suggests that CD44 cleavage may be 

another potential therapeutic target in thyroid cancer cells sustaining oncogenic 

activation of RET, RAS and BRAF.  
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Context: Mutations in BRAF are rare in the follicular variant of papillary thyroid carcinoma
(FV-PTC).

Objective: We identified and functionally characterized a novel T599I-VKSR(600–603)del BRAF
mutation in a FV-PTC patient. We analyzed in vitro the effects of this novel mutation in comparison
with other thyroid cancer-associated mutations.

Design: Expression vectors for the BRAF mutants were generated and their in vitro kinase activity,
signaling along the MAPK pathway, and capability of stimulating transcription from an AP1-
responsive reporter evaluated.

Results: BRAF kinase and signaling were increased to a similar extent by the T599I-VKSR
(600 – 603)del, V600E, and K601E mutations. Instead, the G474R, a mutation previously found in
a FV-PTC, knocked down the BRAF kinase and its intracellular signaling. Some cancer-associated
low-activity BRAF mutants stimulate the MAPK cascade via CRAF; however, the G474R protein
lacked also this property.

Conclusion: The T599I-VKSR(600–603)del is a novel gain-of-function mutation that targets BRAF
in FV-PTC. Moreover, G474R is the first example of a mutation knocking down enzymatic BRAF
activity in a FV-PTC. These findings underscore the importance of functional studies to char-
acterize the role of BRAF mutations associated with thyroid cancer. (J Clin Endocrinol Metab
93: 4398 – 4402, 2008)

Point mutations in BRAF are the most common genetic event
in papillary thyroid carcinoma (PTC) and can initiate thy-

roid carcinogenesis in vivo (1–4). V600E is the most frequent
mutation in thyroid cancer. Less frequent are the K601E (5),
V599ins (6), G474R (7), and G469R (8) point mutations as well
as complex genetic alterations such as the AKAP9-BRAF rear-
rangement (9), the V600E-K601del (10, 11), and V600D-
FLAGT601–605ins (12).

There are three main PTC subtypes: the tall cell variant
(TCV)-PTC, conventional variant (CV)-PTC, and follicular vari-
ant (FV)-PTC. BRAF is mutated in about 77% of TCV-PTC

cases, in 60% of CV-PTC cases, and in only 12% of FV-PTC
cases (3). Moreover, there is an association between PTC sub-
types and particular BRAF mutations. Although V600E ac-
counts for most BRAF-mutated cases of CV-PTC and TCV-PTC,
mutants K601E (7% of patients) and G474R (in only one
patient) are associated with FV-PTC (3, 5, 7, 13).

Under basal conditions, hydrophobic interactions between
the activation loop (A-loop), in the C-lobe, and the glycine-rich
phosphate-binding loop (P-loop), in the N-lobe, of the BRAF
kinase stabilize its inactive conformation. Oncogenic mutations
mostly cluster at the A- and P-loops and destabilize the inactive
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conformation, thereby promoting constitutive activity of the en-
zyme (14). Functionally, cancer-associated BRAF mutants can
be divided into three categories: high activity (exemplified by
V600E in the A-loop), low activity (exemplified by G466E/V in
the P-loop and G596R in the A-loop), and rare impaired activity
(exemplified by D594V in the A-loop) (14, 15). These mutants
differ in the extent and mechanism of MAPK kinase (MEK), the
BRAF downstream kinase, activation. Low-activity mutants,
which have impaired MEK kinase activity, can activate MEK
indirectly by binding and allosterically activating CRAF. High-
activity BRAF mutants signal directly to MEK (although they can
also activate MEK through CRAF). No effect has yet been as-
cribed to impaired-activity BRAF mutants (14, 15).

Patients and Methods

Thyroid sample
The patient (a 23-yr-old woman) had a 2-cm thyroid nodule and was

treated at the Institute of Endocrinology of the University of Pisa with
Ethics Committee approval (16). Histological diagnosis, encapsulated
FV-PTC stage pT1NxMx with a neoplastic blood embolus, was made in
a blinded fashion by two pathologists (C.U. and F.B.) according to the
World Health Organization guidelines (17). She belonged to a series of
500 PTC patients treated at the same institution (16). Among these sam-
ples, 230 were micro-PTC, 82 were CV-PTC, 114 were FV-PTC, 40 were
TCV-PTC, and 34 belonged to other variants; 219 and three of the PTC
samples of this series had the V600E or the K601E mutation, respectively.
The BRAF mutant cases were 90 micro-PTC, 56 CV-PTC, 32 TCV-PTC,
21 FV-PTC, and 15 other subtypes. The K601E mutation was found
in one FV-PTC and in two micro-PTC with a FV-PTC pattern (16).

Detection of BRAF mutation
DNA was isolated by using QIAGEN spin columns (QIAGEN

GmbH, Hilden, Germany) and processed for PCR amplification. Single-
strand conformation polymorphism and sequencing were carried out as
described elsewhere (16).

Expression vectors and cell transfections
BRAF and CRAF expression vectors were kindly donated by C. J.

Marshall. The T599I-VKSRdel mutant was generated by PCR. The thy-
roid cancer-associated (V600E, G474R, and K601E), the melanoma-
associated (G596R), and the kinase-dead K483M (BRAF K-) BRAF
constructs were obtained by site-directed mutagenesis (Stratagene, La Jolla,
CA). The constructs were myc-tagged and cloned in the pEF vector. The
mutations were confirmed by DNA sequencing. HEK293 cells were
grown in DMEM supplemented with 10% fetal calf serum (Invitrogen,
Carlsbad, CA). PC Cl 3 (hereafter referred to as PC), a differentiated rat
thyroid follicular cell line, was cultured in Coon’s modified Ham F12
medium supplemented with 5% calf serum and a mixture of six hor-
mones (6H), including TSH as described (18). Transfections were
carried out with the Lipofectamine reagent according to the manu-
facturer’s instructions (GIBCO, Paisley, PA). In HEK293, green flu-
orescent protein transfection was used to measure transfection effi-
cacy (about 30%).

Protein studies
Immunoblotting experiments were performed according to standard

procedures. Signal intensity was evaluated with the Phosphorimager
(Typhoon 8600; Amersham Pharmacia Biotech, Little Chalfont, UK)
interfaced with the ImageQuant software. Anti-phospho-p44/42 MAPK
(9102), anti-p44/42 MAPK (9101), anti-phospho-p90RSK (90-kDa ri-
bosomal S6 kinase) (9344), anti-p90RSK (9347), anti-phospho-MEK1/2

(MAPK 1 and 2) (9121), and anti-MEK1/2 (9122) were from Cell
Signaling (Beverly, MA). Anti-BRAF (sc-9002) was from Santa Cruz
Biotechnology (Santa Cruz, CA). Monoclonal anti-!-tubulin was
from Sigma Chemical Co. (St. Louis, MO). Secondary antibodies
coupled to horseradish peroxidase were from Santa Cruz Biotechnol-
ogy. For the BRAF kinase assay, HEK293 cells were transiently trans-
fected with the indicated constructs, cultured for 18 h in serum-de-
prived medium, and harvested 48 h after transfection. BRAF kinase
was immunoprecipitated with anti-myc and resuspended in a kinase
buffer containing 100 mM MgCl2, 20 "M ATP, and 0.5 "g recombi-
nant glutathione S-transferase-MEK. After 15 min incubation at 30 C,
reactions were stopped by adding 2! Laemmli buffer. Proteins were
then subjected to 10% SDS-PAGE and immunoblotted with anti-
phospho-MEK1/2 antibody. Immunoblots with anti-MEK antibodies
served as loading controls.

Luciferase assays
HEK293 cells were transiently transfected with BRAF vectors and the

AP1-Luc reporter containing six AP1 binding sites upstream from the
Firefly luciferase cDNA (Stratagene, Garden Grove, CA). Twenty-four
hours after transfection, cells were serum starved and harvested 48 h after
transfection. Ten nanograms of pRL-null (a plasmid expressing the en-
zyme Renilla luciferase from Renilla reniformis) were used for normal-
ization. Firefly and Renilla luciferase activities were assayed using the
Dual-Luciferase reporter system (Promega Corp., Madison, WI) in pro-
tein extracts normalized for equal level expression of the BRAF con-
structs and expressed as fold increase with respect to empty vector-
transfected cells. Average results of three independent assays " SD are
indicated.

Statistical analysis
The two-tailed unpaired Student’s t test (normal distributions and

equal variances) was used for statistical analysis (GraphPad InStat soft-
ware program, version 3.06.3; GraphPad, San Diego, CA). Differences
were significant when P # 0.001.

Results

Identification of the T599I-VKSRdel mutation in BRAF
We identified a novel BRAF mutation in a FV-PTC (Fig. 1A).

The mutation was a heterozygous 14-bp deletion with a 2-bp
insertion. This resulted in a complex amino acid change consist-
ing in replacement of threonine 599 with isoleucine and deletion
of valine 600, lysine 601, serine 602, and arginine 603 [T599I-
VKSR (600–603)del, abbreviated to T599I-VKSRdel] (Fig. 1, B
and C).

Functional characterization of the T599I-VKSRdel
mutation

After being phosphorylated by RAF kinases at serine 217 and
221, MEK1/2 phosphorylates threonine 202 and tyrosine 204 of
p44 and p42 MAPK (ERK1 and 2). In turn, p90RSK is a p44/p42
MAPK substrate. We transiently expressed the BRAF T599I-
VKSRdel mutant and other BRAF alleles previously identified in
thyroid carcinoma (V600E, K601E, and G474R) in HEK293
and evaluated their effect on the MAPK cascade using immuno-
blottingwith phosphospecific antibodies. Forty-eighthours after
transfection, V600E, K601E, and T599I-VKSRdel expression
resulted in higher phosphorylation levels of MEK1/2 (2.8-, 2.4-,
and 4-fold, respectively), p44/42 MAPK (3-, 2.5-, and 3-fold,
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respectively), and RSK (3-, 2.7-, and 1.8-fold, respectively) com-
pared with wild-type BRAF (P # 0.001) (Fig. 2B). Differently,
the activity of G474R was impaired compared with wild-type
BRAF (2.5-fold reduction of both phospho-MEK and phospho-
MAPK) and virtually indistinguishable from that of kinase-dead
BRAF (Fig. 2B). Accordingly, in an in vitro immunocomplex
phosphorylation assay, V600E, K601E, and T599I-VKSRdel ex-
erted strong kinase activity, whereas G474R exerted no activity
(Fig. 2C).

We measured AP1-luciferase stimulation by the various
BRAF mutants. As shown in Fig. 2D, V600E, K601E, and T599I-
VKSRdel stimulated AP1-Luc by more than 2.5-fold with respect
to wild-type BRAF (P # 0.001). The difference between them
was not significant (P $ 0.01). Instead, G474R was approx-
imately 50-fold less active than wild-type BRAF (P # 0.001)
(Fig. 2D).

Although unable to signal to MEK directly, low-activity
BRAF mutants (exemplified by G466E/V and G596R) can
induce MEK phosphorylation in trans by allosterically acti-
vating CRAF. We tested whether G474R retained the ability
to cooperate with CRAF. G474R was coexpressed in HEK293
cells in combination with a suboptimal CRAF dose, which
alone is unable to stimulate MAPK. The G596R mutant, pre-
viously reported to activate MEK through CRAF (14, 15), was
used as control. Overexpressed wild-type BRAF exerted mod-
est levels of MEK stimulation that was not further potentiated

by CRAF (Fig. 2E). G596R, although in-
active alone, triggered MEK and MAPK
phosphorylation in the presence of CRAF.
G474R was not able to active the MEK/
ERK pathway also when coexpressed with
CRAF (Fig. 2E).

BRAF V600E drives TSH-independent
proliferation of thyroid PC cells (18). Thus,
equal numbers (25,000) of marker-selected
PC cells transfected with V600E, T599I-
VKSRdel, or G474R mutants were plated in
triplicate in the absence of TSH and counted
7 d later. Empty vector-transfected cells
did not proliferate; BRAF(V600E) cells
were able to proliferate (cell number in-
creased by 4.5-fold) in the absence of TSH.
The BRAF(T599I-VKSRdel) also triggered
TSH-independent proliferation (cell num-
bers increased by 3.5-fold). Although to a
lesser extent (2.5-fold), also G474R was
able to mediate a modest TSH-independent
proliferation.

Discussion

Here we show that the newly identified
T599I-VKSRdel mutant activates the kinase
function and signaling ability of BRAF. In-
terestingly, while this manuscript was un-
der revision, a second patient with the

T599I-VKSRdel mutation was found in the frame of a routine
analysis for BRAF mutations at the University of Pisa; also in
this case (a 46-yr-old women), the tumor sample was a small
(T1) encapsulated FV-PTC. T599I-VKSRdel targets the A-
loop of BRAF, which is also targeted by most activating mu-
tations (V600E, K601E, V599ins, V600E-K601del, and V600D-
FLAGT601–605ins). It is likely that all these mutations disturb
the interaction %between the A- and P-loops that normally keep
BRAF under check, thereby activating its catalytic function (14).
In contrast, the other FV-PTC-associated mutant (G474R), tar-
geting the glycine-rich loop, impaired BRAF kinase. G474R has
been identified only in one FV-PTC (7), and to the best of our
knowledge, it has not been described in other tumor types. It
remains unclear whether G474R is only a passenger mutation or
whether it signals in a kinase-independent manner through
pathway(s) alternative to the MAPK one. The observation
that in vitro G474R is able to drive, albeit at low levels, TSH-
independent thyroid cell proliferation suggests that it may
contribute to thyroid tumorigenesis in a kinase-independent
manner. In vivo experiments may help to address this issue.

In conclusion, the identification of T599I-VKSRdel con-
firms that FV-PTC often harbor BRAF mutations other than
the classic V600E one, information to be taken into account
to optimize the search of BRAF mutations in thyroid cancer
patients.

FIG. 1. A, Representative hematoxylin- and eosin-stained sections of the FV-PTC at !1.6 (left) and !40
(right) magnification; B, sequence analysis (reverse strand) of the BRAF exon 15 region containing the
T599I-VKSR (600–603)del mutation (K represents T/G overlap; W represents T/A overlap); C, partial BRAF
exon 15 sequence of the mutated (mut) sample aligned with the wild-type (wt) sequence; mutated
residues are in bold, and deleted residues are marked with an asterisk.
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FIG. 2. A, Schematic representation of the BRAF protein structure and the various mutants used in this study. CR1, -2, and -3 represent conserved regions; CR3 is a
kinase domain; A represents an activation loop. B, HEK293 cells expressing the indicated BRAF mutants were kept in serum-deprived medium (18 h) and harvested.
Total cell lysates (50 "g) were immunoblotted with the indicated phosphospecific antibodies. Total amounts of MEK, MAPK, and RSK are shown for normalization. The
results were quantified at the Phosphorimager. Data are representative of at least three different experiments. C, Protein lysates (500 "g) were immunoprecipitated
with anti-BRAF and subjected to a kinase assay with recombinant glutathione S-transferase-MEK. Data are representative of at least three different experiments. D,
HEK293 cells were transiently transfected with BRAF mutant-expressing vectors and the AP1-Luc reporter. Average results of three independent Luciferase assays " SD

are expressed as fold increase compared with empty vector-transfected (&) cells. Statistical significance was assessed with the Student’s t test. E, HEK293 cells
expressing the indicated BRAF mutants, and when indicated CRAF, were kept in serum-deprived medium and harvested. Total cell lysates (50 "g) were immunoblotted
with the indicated antibodies. Data are representative of at least three different experiments.
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Abstract 

Context: BRAF activating mutations are prevalent in papillary and anaplastic thyroid 

carcinoma. The V600E mutation accounts for the vast majority of thyroid carcinoma-associated 

BRAF mutations. Objective: To study the effects of two BRAF ATP-competitive kinase 

inhibitors, PLX4032 and PLX4720, in thyroid carcinoma cell lines. Experimental design: We 

examined PLX4032 and PLX4720 activity in thyroid carcinoma cell lines (8505C, FB1, 

BCPAP, SW1736) harboring BRAF V600E oncogene. Normal thyrocytes (PC Cl 3) were used 

as control. Results: Extracellular regulated kinases (ERK) were de-phosphorylated upon 

PLX4032 and PLX4720 treatment in thyroid carcinoma cells and not in normal thyroid cells. 

PLX4720 inhibited the proliferation of BRAF mutant cell lines with a half maximal effective 

concentration (EC50) ranging from 94 (FB1 cells) to 113 (BCPAP cells) nM. PLX4032 EC50 

ranged from 29 (SW1736 cells) to 78 (BCPAP cells) nM. Importantly, PLX4032 and PLX4720 

exerted potent cytostatic effects on carcinoma cell lines, but not in normal thyroid follicular 

cells. Furthermore, PLX4032 and PLX4720 treatment induced a block in the G1-S transition of 

the cell cycle and an altered expression of genes involved in the control of cell-cycle 

progression. These effects were observed also with a MEK inhibitor, PD0325901, indicating 

they are indeed mediated by ERK pathway inhibition. Conclusions: This study provides 

additional evidence of the potential efficacy of BRAF targeting in BRAF mutant thyroid 

carcinoma cells.  



PLX4032/PLX4720 effects on thyroid carcinoma cells 

 3 

Introduction 

Thyroid cancer incidence has increased significantly during the past decades and it has become 

one of the ten leading cancer types in female (1). In general, well-differentiated papillary 

carcinomas (PTC) are curable with total thyroidectomy, ablative doses of radioiodine and 

thyroid suppressive treatment. However, there is still no effective systemic treatment for PTC 

patients if their disease does not concentrate radioiodine. Finally, anaplastic thyroid carcinoma 

(ATC) is a very rare thyroid tumor with a dismal prognosis (2). Thyroid carcinomas are often 

associated to oncogenic conversion of proteins acting in the ERK cascade. In particular, BRAF 

mutation has emerged as the most frequent genetic lesion of thyroid carcinoma, identified in 

44% of PTC and 25% of ATC samples. The T1799A transversion, leading to V600E amino acid 

substitution accounts for the vast majority of these cases (3-6).  

Several small-molecule RAF kinase inhibitors are being developed. Among these, 

Sorafenib (BAY 43-9006) is a multitarget ATP competitive inhibitor that, in vitro, inhibits RAF 

kinases and a set of tyrosine kinases. Results from a phase II clinical trial of sorafenib in 

advanced thyroid cancer have been recently reported (7, 8). RAF (9) and MEK (10-13) kinase 

targeting with different compounds (AAL-881 and LBT-613 for RAF and PD0325901, CI-

1040, and AZD6244 for MEK) also proved efficacy in thyroid carcinoma cell models. 

Importantly, BRAF mutation was demonstrated to be a molecular determinant of high MEK 

blockade responsiveness (9-13). Recently, a 7-azaindole, named PLX4720, was discovered as a 

novel selective inhibitor of RAF kinases (14). PLX4720 inhibited BRAF V600E with a half 

maximal inhibitory concentration (IC50) of 13 nM. It also inhibited mutant (Y340D and Y341D) 

CRAF with an IC50 of 6.7 nM. Importantly, the compound inhibited less efficiently wild type 

BRAF (10-fold higher concentration than BRAF V600E) and was selective against a panel of 

70 kinases. A related compound, PLX4032, also selectively targeted BRAF V600E (IC50 = 44 
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nM); besides BRAF, only BRK showed PLX4032 inhibition with an IC50 = 240 nM out of a 

series of 65 different kinases (14). Sala and coworkers reported that PLX4032 had modest anti-

proliferative effects (IC50 > 10,000 nM) in BRAF wild type and RET/PTC1-positive TPC1 

thyroid cancer cells, while it was active in BRAF mutant ARO and NPA cells recently reported 

not to be of thyroid origin (15, 16). Here, we studied the in vitro efficacy of PLX4720 and 

PLX4032 in a panel of thyroid carcinoma cell lines harboring BRAF V600E oncogene and in 

normal thyroid follicular cells. 
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Materials and Methods 

 

Reagents-PLX4720 and PLX4032 were provided by Plexxikon, Inc, Berkely, CA, USA. The 

compounds were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 50 mM. Anti-

phospho p44/42 (#9101) specific for MAPK (ERK1/2) phosphorylated at Thr202/Tyr204, anti-

p44/42 MAPK (#9102), anti-phospho MEK1/2 (#9121) specific for MEK1/2 phosphorylated at 

Ser217/Ser221 and anti-MEK1/2 (#9122) antibodies were from Cell Signaling (Beverly, MA), 

anti-BRAF (sc-9002) antibody was from Santa Cruz Biotechnology (Santa Cruz).   

 

Cell cultures-The human thyroid carcinoma cell lines 8505C, FB1, SW1736 and BCPAP were 

grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Groningen, The 

Netherlands) containing 10% fetal bovine serum. The Fischer rat-derived differentiated thyroid 

follicular cell line PC Cl 3 (hereafter referred as “PC”) was grown in Coon’s modified Ham F12 

medium supplemented with 5% calf serum and a mixture of six hormones (6H) (Sigma 

Chemical Co., St. Louis, MO).  

 

Cell proliferation-For cell proliferation assay, 5x10
4
 cells were plated in 35-mm dishes in low 

serum (2.5% for carcinoma cell lines, 1.25% for normal rat cells). The day after plating, 

compounds or vehicle were added. The medium was changed every 2 days and cells were 

counted in triplicate every day. Cell counts after 96 hours treatment were used for half maximal 

effective concentrations (EC50) calculation (Graph Pad InStat software program, version 3.06.3, 

San Diego, CA). 
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Cell cycle analysis- 5x10
5
 cells were plated in 100-mm dishes in low serum. The day after 

plating, compounds or vehicle were added; at the indicated time intervals, cells were harvested 

and fixed in 70% ethanol for 4 hours. After washing with PBS, cells were treated with RNAse A 

(100 U/ml) and stained with propidium iodide (25 µg/ml) (Sigma) for 30 min. Samples were 

analyzed with a CyAn ADP flow cytometer interfaced with the Summit V4.2 software 

(DakoCytomation, Carpinteria, CO).  

 

Protein studies-Immunoblotting experiments were performed according to standard 

procedures. Antigens were revealed by an enhanced chemiluminescence detection kit (ECL, 

Amersham Pharmacia Biotech, Little Chalfort, UK). Signal intensity was evaluated with the 

Phosphor-imager (Typhoon 8600, Amersham Pharmacia Biotech). For the BRAF kinase assay, 

cells were cultured for 18 hours in low serum medium, thereafter treated with different 

concentrations (50 and 500 nM) of PLX4032 for 2 hours. BRAF kinase was 

immunoprecipitated and resuspended in a kinase buffer containing 100 mM MgCl2, 20 µM ATP 

and 0.5 µg of recombinant GST-MEK. After 15 min incubation at 30°C, reactions were stopped 

by adding 2X Laemmli buffer. Proteins were then subjected to 10% SDS gel electrophoresis and 

immunoblotted with anti-phospho-MEK1/2 antibody. Immunoblots with MEK and BRAF 

antibodies served, respectively, as loading and immunoprecipitating controls. 

 

RNA extraction and RT-PCR 

Total RNA was isolated with the RNeasy Kit (Qiagen, Crawley, West Sussex, UK). One µg of 

RNA from each sample was reverse-transcribed with the QuantiTect!
 
Reverse Transcription 

(Qiagen) according to manufacturer’s instructions. Expression levels of the cell cycle-related 

genes: cyclin E1 (CCNE1), cyclin E2 (CCNE2), cyclin D1 (CCND1), cyclin D3 (CCND3), cell 
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division cycle 25 homolog A (CDC25A), minichromosome maintenance complex component 6 

(MCM6), minichromosome maintenance complex component 7 (MCM7), cell division cycle 6 

homolog (CDC6), proliferating cell nuclear antigen (PCNA), cyclin-dependent kinase inhibitor 

1A (CDKN1A), cyclin-dependent kinase inhibitor 1B (CDKN1B) were measured by 

quantitative RT-PCR, using the Human ProbeLibray
TM

 system (Exiqon, Denmark). PCR 

reactions were performed in triplicate and fold changes were calculated using the formula: 2
-

(sample 1 "Ct - sample 2 "Ct)
, where "Ct is the difference between the amplification fluorescent 

thresholds of the mRNA of interest and the mRNA of RNA polymerase 2A used as an internal 

reference. Primers sequences are available upon request.  

 

Statistical analysis-Two-tailed unpaired Student’s t test (normal distributions and equal 

variances) was used for statistical analysis. Differences were significant when P < 0.05. 

Statistical analysis and EC50 calculation was performed by using the Graph Pad InStat software 

program, version 3.06.3, San Diego, CA). 

 

 

Results 

PLX4032 and PLX4720 inhibition of ERK phosphorylation in thyroid carcinoma cells 

harboring BRAF mutation- BRAF V600E-positive PTC (BCPAP) and ATC (8505C, FB1, 

SW1736) cell lines were used together with normal PC thyrocytes as control (18). Cells were 

treated with 50-500 nM doses of PLX4720 and PLX4032 for two hours and p44/p42 ERK 

(MAPK) phosphorylation measured by immunoblot. Both PLX4720 and PLX4032 inhibited 

MAPK phosphorylation with an IC50 ranging 50-100 nM in BRAF mutant cells; no inhibition  

was observed in normal cells with compounds concentration up to 500 nM (Fig. 1A). 
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Accordingly, phosphorylation levels of the downstream effector MEK, were reduced in BRAF 

mutant cells and not in normal thyrocytes (Fig. 1B, upper panel). To verify whether the reduced 

phosphorylation of ERK was indeed mediated by BRAF inhibition, we performed an in vitro 

BRAF kinase assay. As shown in Fig. 1B (lower panel), at the dose of 50 nM, PLX4032 

inhibited BRAF enzymatic activity in the SW1736 and 8505C cells, while up to 500 nM 

PLX4032 did not inhibit the wild type BRAF kinase in normal thyroid cells.  

 

PLX4032 and PLX4720 inhibition of cell growth in BRAF V600E-positive thyroid 

carcinoma cells - Cells were treated with different concentrations of PLX4720, PLX4032 or 

vehicle (NT) and counted daily for four days. The average results of three independent 

determinations are reported in Fig. 1C. Treatment with PLX4720 caused a dose-dependent 

growth inhibition of the BRAF mutant cell lines with EC50 of 98 (8505C, SW1736), 94 (FB1) 

and 113 nM (BCPAP). Similarly, PLX4032 inhibited the proliferation with an EC50 of 57 

(8505C), 29 (SW1736), 54 (FB1), 78 nM (BCPAP). Importantly, at 1,000 nM the EC50 for 

growth inhibition of normal PC cells was not reached yet (Fig. 1C).  

 The reduced activity of PLX4032 and PLX4720 on normal thyrocytes could be due to 

their selectivity for mutant BRAF or the reduced dependence of normal cells on ERK pathway 

for proliferation or both. To discriminate between these possibilities, we used the MEK inhibitor 

PD0325901 as an alternative tool for ERK pathway inhibition. As shown in Fig. S1A, 

PD0325901 efficiently inhibited ERK (MAPK) phosphorylation both in SW1736 and PC cells. 

Importantly, treatment with the compound caused a dose-dependent growth inhibition of 

SW1736 cell line with a half maximal efficacy concentration (EC50) of 0.4 nM; while 50% of 

growth inhibition was observed in normal thyrocytes only at concentrations # 50 nM (Fig. 



PLX4032/PLX4720 effects on thyroid carcinoma cells 

 9 

S1B). These findings indicate that BRAF mutant cancer cells are more dependent on ERK 

pathway than normal thyrocytes.  

 

Characterization of PLX4032 and PLX4720-mediated cell cycle arrest in thyroid 

carcinoma cells 

To characterize the growth inhibitory effect induced by PLX4720 and PLX4032, we performed 

flow cytometry analysis in SW1736 and control PC cells. SW1736 underwent a marked G1 

arrest, starting at 24 hours (Fig. 2A) and lasting up to 48 hours (not shown), upon PLX4032 and 

PLX4720 (500 nM) treatment. No increase in the sub G1 fraction was detectable, indicating that 

the treatment is cytostatic, as reported also previously with other agents targeting the 

BRAF/MEK pathway in thyroid cancer cells (9-13). Importantly, PLX4032 and PLX4720 

treatment (500 nM) did not modify cell cycle profile of normal control cells (Fig. 2A). 

Consistently, the MEK inhibitor PD0325901 arrested SW1736 cells in G1 phase while it did not 

affect the cell cycle profile of normal thyroid cells (not shown). Further, to better characterize 

the G1-S transition block, we analyzed by quantitative RT-PCR the expression levels of cell 

cycle related genes involved in G1-S  transition upon PLX4720 and PLX4032 treatment. 

PLX4720 and PLX4032 induced respectively a reduction of the mRNA levels of CCND1 (6.1 

and 9.5 fold), CCND3 (2.5 and 4.1 fold), CCNE1 (2.3 and 2.7 fold), CCNE2 (8.1 and 12.6 

fold), PCNA (3.5 and 4.8 fold), CDC25A (4.1 and 6.4 fold), CDC6 (5.7 and 11.3 fold), MCM6 

(2.0 and 3.4 fold) and MCM7 (2.3 and 4.2 fold) at 24 hours upon treatment (Fig. 2B). The 

reductions started at 6 hours and lasted up to 48 hours upon treatment (Fig. 2B). Moreover, 

increased mRNA levels of the cyclin-dependent kinase inhibitors CDKN1A (4.0 and 4.2 fold) 

and CDKN1B (1 and 1.5 fold) was observed after 24 hours of PLX4720 and PLX4032 
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treatment (Fig. 2B). Similar results were obtained using the MEK inhibitor PD0325901 (Fig. 

2B).  

 

 

Discussion 

There is currently no effective systemic treatment for iodine-refractory thyroid carcinoma. 

Based on the high prevalence and the correlation with high tumor stage, BRAF mutation is a 

promising molecular target (3-6). Although RNAi-mediated genetic knock-down has provided 

the proof-of-concept that BRAF targeting may be useful, thus far, chemical inhibition with 

available agents, given their multitarget activity, could only provide correlative experimental 

evidence of the validity of the approach (15, 17). Here, we show that PLX4032 and PLX4720 

inhibited at nM concentration ERK pathway phosphorylation and growth of cancer cells 

harboring BRAF mutation.  

The refractoriness of normal thyroid cells to PLX4032 and PLX4720 may be explained 

by the reduced activity of the compounds on wild type BRAF, as demonstrated by BRAF kinase 

assay, and by the lack of addiction of normal cells on BRAF for their proliferation as 

demonstrated by the experiments with the MEK inhibitor PD0325901. Solit et al and Pratilas 

first reported selectivity of MEK pathway inhibitors for BRAF mutant cancer cell lines (18, 19). 

In conclusion, these in vitro data, set the stage for potential clinical assessment of 

PLX4032 and PLX4720 efficacy in BRAF V600E-positive iodine-refractory thyroid cancer 

patients and suggest cell cycle G1-S related proteins as potential surrogate markers for ERK 

pathway inibition monitoring in thyroid cancer cells. It should be noted however that in solid 

tumors blockade of one single signaling pathway is expected to hardly exert a prominent effect 

on tumor maintenance. Multiple regulatory circuits have been shown to be elicited secondary to 



PLX4032/PLX4720 effects on thyroid carcinoma cells 

 11 

oncogenic pathways ablation that limit the effectiveness of this approach (20, 21). For instance 

in thyroid cancer cells, ERK pathway inhibition was followed by downregulation of ERK-

specific phosphatases that, in turn, restored the ERK phosphorylation (9). Thus, rather than used 

as single agents, ERK pathway inhibitors could be used in combination with other targeted 

inhibitors. MEK inhibitors were recently reported to synergize with AKT/mTOR blockade in 

prostate cancer (22). Thus, the identification of the pathway whose inhibition synergizes with 

ERK blockade is the next challenge to develop molecular targeting therapeutic approaches in 

thyroid cancer. 
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Figure legends 

 

Fig. 1. PLX4720 and PLX4032 in BRAF V600E-positive thyroid carcinoma cells.  

1A) The indicated thyroid cell lines (their BRAF status is indicated) were kept in low serum and 

treated with increasing concentrations of PLX4720 or PLX4032. Two hours later, cells were 

lysed and analyzed by Western blotting with phosphospecific antibodies. Antibodies that 

recognize total amount of the same proteins were used for normalization. 1B, upper panel) 

Cells were kept in low serum and treated with increasing concentrations of PLX4032. Two 

hours later, cells were lysed and analyzed by Western blotting with the indicated antibodies. 1B, 

lower panel) Protein lysates (500 µg) were immunoprecipitated with anti-BRAF and subjected 

to a BRAF kinase assay with recombinant GST-MEK. Data are representative of at least three 

different experiments. 1C) The indicated cells (5x10
4
) were plated in triplicate in 35-mm dishes. 

One day later, different concentrations of PLX4720, PLX4032 or vehicle (NT) were added. 

Cells were counted at different time points. Each point represents the mean value for the three 

triplicates and error bars represent 95% confidence intervals. Statistical significance was 

determined by the two-tailed unpaired Student’s t test. 

 

Fig.2. Cell cycle effects of PLX4032 and PLX4720 in thyroid cancer cell lines. 

2A) SW1736 and PC cells were incubated with PLX4032 (500 nM) and PLX4720 (500 nM) or 

vehicle (NT) at the indicated time points and cell cycle distribution was determined by flow 

cytometry. 2B) SW1736 cells were incubated with PLX4032 (500 nM), PLX4720 (500 nM), 

PD0325901 (10 nM) or vehicle (NT) at different time points, RNA was extracted and mRNA 

levels of the indicated genes were measured by quantitative RT-PCR and reported as fold 

change (logarithmic scale) with respect to vehicle treated cells (NT). 
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Fig.S1. Inhibition of MEK by PD0325901 in BRAF mutant thyroid carcinoma cells and in 

normal thyroid cells.  

S1A) The indicated cell lines were kept in low serum and treated with increasing concentrations 

of PD0325901 or vehicle (NT) for 2 hours. Cell lysates were immunoblotted with the indicated 

antibodies. Total amounts of proteins are shown for normalization. S1B) The indicated cell lines 

(5x10
4
) were plated in triplicate in 35-mm dishes in low serum. The BRAF status of the 

different cell lines is represented. One day later, different concentrations of PD0325901 or 

vehicle (NT) were added. Cells were counted at different time points. Day 0 was the treatment-

starting day. Each point represents the mean value of triplicates and error bars represent 95% 

confidence intervals. Statistical significance was determined by the two-tailed unpaired 

Student’s t test. 
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Abstract  

Purpose. Oncogenic conversion of the RET kinase is a frequent feature of medullary 

thyroid carcinoma (MTC), a tumor that is unresponsive to systemic therapies. We have 

assessed the effects of ZD6474 (ZACTIMA™, vandetanib), which is an ATP-competitive 

inhibitor of RET, EGFR and VEGFR, in human MTC cell lines carrying RET mutations. 

Experimental Design. We evaluated the effects of ZD6474 in the TT and MZ-CRC-1 MTC 

cell lines, which carry the cysteine 634 to tryptophan (C634W) and the methionine 918 to 

threonine (M918T) RET mutations, respectively. The RET mutation-negative 6-23C6 and 

MTC-M MTC cell lines served as controls. Results. ZD6474 arrested in vitro growth and 

inhibited RET, Shc and p44/p42 MAPK phosphorylation in RET mutation-positive cells. It 

also significantly reduced the size of TT tumor xenografts in nude mice. The mean tumor 

size in mice treated with 50 mg/kg/day ZD6474 for 17 days was 26 mm
3
 versus 560 mm

3 

in control mice (P ! 0.0001). The effects of ZD6474 on the growth of  6-23C6 xenografts 

did not reach statistical significance. Inhibition of tumor growth paralleled phospho-RET 

suppression. Conclusions. ZD6474 is a powerful inhibitor of the RET signaling pathway 

and a potential therapeutic tool in RET-positive MTC. P#$%&#$'(#)!*+,!&#$%&#$'-./0!

could serve as surrogate markers to monitor the effect of ZD6474 treatment in MTC 

patients. 
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Introduction  

RET (REarranged during Transfection) is a single-pass transmembrane tyrosine kinase 

receptor (1). Oncogenic conversion of RET is involved in the pathogenesis of papillary (PTC) 

and medullary (MTC) thyroid carcinoma (2). MTC arises from neural crest-derived thyroid C 

cells and it accounts for about 3% of all thyroid cancers (3). It is sporadic in about 75% of 

cases; in the remaining cases it is inherited as a component of the autosomal dominant 

multiple endocrine neoplasia type 2 (MEN 2) syndrome. There are three MEN 2 subtypes 

!MEN 2A, MEN 2B and familial MTC (FMTC)" and d#$%#&'%!()*+,#&)!-'%#.-%#&(!+/%-%#0&$!01!

234!'0&1)*!5*)6#$50$#%#0&!%0!738!9!$/:%;5)$!(4, 5). Moreover, RET point mutations, 

particularly M918T, V804L/M and E768D, at the somatic level, are found in 30–50% of 

sporadic MTC cases (2, 4, 5). MTC-associated mutations activate the RET kinase and convert 

RET into a dominantly transforming oncogene (2). The finding that activating mutations of 

RET are present in the germline of familial MTC demonstrates that RET triggers MTC in 

these patients; likely, RET exerts a similar function in sporadic MTC cases associated with 

somatic mutations in RET. In this scenario, RET appears to be a promising target for 

molecular therapy of MTC. Accordingly, expression of a dominant negative RET kinase 

mutant impaired growth of MTC cells (6). 

While adjuvant radioiodine treatment is very effective in the vast majority of thyroid 

cancers arising from follicular cells, there is no systemic treatment for MTC. MTC does not 

respond to standard chemotherapy or radiotherapy. In fact, high-dose doxorubicin (used as 

single agent or associated with cisplatin) results in a response rate less than 20% (7). Total 

thyroidectomy, if performed early, is curative in a high percentage of MTC patients (7) and 

early preventive surgery in RET mutation carriers has significantly improved the prognosis of 
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familial MTC (8). However, MTC patients are often incurable because the cancer has already 

metastasized to regional lymph nodes or distant sites at the time of diagnosis (7, 9, 10).  

Small molecule tyrosine kinase inhibitors are used to disrupt tyrosine kinase signaling 

in cancer (11, 12). Five of the clinically approved kinase-targeted oncology agents are small 

molecules and the other three are monoclonal antibodies (12). The efficacy of imatinib in 

BCR-ABL-positive chronic myelogenous leukemia (CML) and in c-KIT-positive gastro-

intestinal stromal tumors (GIST) and of the epidermal growth factor receptor (EGFR) 

inhibitors gefitinib and erlotinib in non small cell lung carcinomas (NSCLC), carrying 

specific EGFR mutations or EGFR amplification, illustrates the power of small molecule 

tyrosine kinase inhibitors (12). These examples also show that mutations causing gain-of-

function of the kinase and dependence of the cancer cell on the increased signaling by the 

mutant kinase are the best parameters available to identify candidates for treatment with these 

compounds (13).  

#$%&&!'()*+,$-./0/01.!023040/,56!,7!1%50,86!+3.$0+%&!+&%66.6!3%1.!4..2!5.-,5/.9!/,!

023040/!:;(!<=">?@AB!CDE"F"!<ZACTIMA™, vandetanibA!!G*<"*45,$,*?*7&8,5,-3.2H&A*E*

$./3,IH*F*J<=*$./3H&-0-.50902*"*H&A$./3,IHKL802%M,&02*"*%$02."!06!%2!%20&02,L802%M,&02.!

+,$-,829!N0/3!%!$,&.+8&%5!N.0O3/!,7!"FP!D%B!Q/!06!%!-,/.2/!:;(!023040/,5R!4&,+S02O!:;(!

S02%6.!N0/3!%2!023040/,5H!+,2+.2/5%/0,2!PT!<QUPTA!,7!=TT!2V!<=PAB!CDE"F"!N%6!.77.+/01.!

%O%026/!%!!"#$#%&'()*$,9.&!,7!:;(*$.90%/.9!/8$,50O.2.606!<?"AB!W.609.6!:;(!023040/0,2R!/3.!

+,$-,829!3%6!%2/0*%2O0,O.20+!%+/010/H!4.+%86.!0/!%&6,!/%5O./6!1%6+8&%5!.29,/3.&0%&!O5,N/3!

7%+/,5!5.+.-/,5!/H-.!?!<X;YZ:*?!%&6,!2%$.9![D:AR!%!5.+.-/,5!7,5!X;YZ*'!%29!5.&%/.9!

X;YZ!7%$0&H!$.$4.56R!<QUPT!\!"T!2VA!%29!X;YZ:*@!<Z&/*"AR!%!5.+.-/,5!7,5!X;YZ*U!%29!

X;YZ*DR!<QUPT!\!==T!2VAB!Q/!%&6,!023040/6!/3.!.-09.5$%&!O5,N/3!7%+/,5!5.+.-/,5!<;YZ:A!<QUPT!

\!PTT!2VA!<?P>?FAB!CDE"F"!06!,5%&&H!%1%0&%4&.!%29!-3%6.!Q!+&020+%&!.1%&8%/0,2!3%6!63,N2!/3%/!
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#$!#%!&'(()$*('+,$'-!,.-!$/,$!#$!/,%!,!0/,+1,2*3#.'$#2!0+*4#('!,00+*0+#,$'!4*+!*.2')-,#(5!*+,(!

-*%#.67!89:;<;!,$!-*%'%!*4!=>>?@>>!16!#.!%#.6('),6'.$!,.-!2*1A#.,$#*.!+'6#1'.%!#%!

B.-'+6*#.6!0/,%'!CC!,.-!CCC!'D,(B,$#*.!#.!,!+,.6'!*4!%*(#-!$B1*+%!EF<GH!#.!0,+$#2B(,+I!$/'!

2*10*B.-!#%!.*&!B.-'+6*#.6!2(#.#2,(!$+#,(%!#.!0,$#'.$%!&#$/!4,1#(#,(!JKL!,%%*2#,$'-!&#$/!

6'+1(#.'!MNK!1B$,$#*.%!E/$$0OPP2(#.#2,($+#,(%76*DG7!!

K/'!,#1!*4!$/#%!%$B-5!&,%!$*!,%%'%%!'44#2,25!*4!89:;<;!#.!/B1,.!JKL!2'((%!%B%$,#.#.6!

*.2*6'.#2!1B$,$#*.%!#.!MNK7! 

!

!

Materials and Methods 

Compounds. 89:;<;!,.-!6'4#$#.#A!E#+'%%,I!89=Q@RG!&'+'!0+*D#-'-!A5!S%$+,8'.'2,!

T/,+1,2'B$#2,(%!EJ,22('%4#'(-I!UVG7!W$*23!%*(B$#*.%!E">!1JG!&'+'!1,-'!#.!=>>X!9JWY!

,.-!-#(B$'-!&#$/!2B($B+'!1'-#,!A'4*+'!B%'7!LB($B+'!1'-#,!2*.$,#.#.6!,.!'ZB#D,('.$!9JWY!

2*.2'.$+,$#*.!%'+D'-!,%!D'/#2('!2*.$+*(%7!!

 

Cell Cultures. KKI!:)F@L:!,.-!JKL)J!2'((%!&'+'!4+*1!S1'+#2,.!K50'!LB($B+'!L*(('2$#*.!

EJ,.,%%,%I![SG7!J8)LML)=!2'((%!&'+'!3#.-(5!0+*D#-'-!A5!M*A'+$!\7!],6'(7!KK!2'((%!&'+'!

-'+#D'-!4+*1!$/'!0+#1,+5!$B1*+!*4!,.!,00,+'.$(5!%0*+,-#2!JKL!EFQG!,.-!/,+A*+!$/'!25%$'#.'!

:@;!$*!$+50$*0/,.!EL:@;^G!'_*.!==!MNK!1B$,$#*.!EFRG!,%!&'((!,%!,!$,.-'1!-B0(#2,$#*.!*4!$/'!

1B$,$'-!MNK!,(('('!E@>G7!J8)LML)=!&'+'!-'+#D'-!4+*1!,!1,(#6.,.$!0('B+,(!'44B%#*.!4+*1!,!

0,$#'.$!&#$/!,!1'$,%$,$#2!JKL!E@=G7!K/'!:)F@L:!2'((!(#.'!&,%!'%$,A(#%/'-!4+*1!$+,.%0(,.$,A('!

+,$!JKL!2,++#'-!#.!$/'!^S]PM#`!%$+,#.!E@@G7!K/'!JKL)J!2'((!(#.'!&,%!-'+#D'-!4+*1!,!

$+,.%0(,.$,A('!JKL!#.!$/'!aSbaP2!1*B%'!%$+,#.!E@;G7!KK!2'((%!&'+'!6+*&.!#.!MTJC!=:;>!

%B00('1'.$'-!&#$/!=:X!4'$,(!2,(4!%'+B17!J8)LML)=!2'((%!&'+'!6+*&.!#.!9B(A'22*c%!
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#$%&'&(%!)*+,(-.!#(%&/#!012)23!./44,(#(56(%!7&68!9:;!'(6*,!<*,'!.(=/#>!"?@AB"!<(,,.!

7(=(!</,6/=(%!&5!CD2E!9"F:!./44,(#(56(%!7&68!9G;!8$=.(!.(=/#H!2IB?2!<(,,.!7(=(!

</,6/=(%!&5!CD2E!9"F:!./44,(#(56(%!7&68!9:;!8$=.(!.(=/#!*5%!G;!'(6*,!<*,'!.(=/#>!J,,!

#(%&*!7(=(!./44,(#(56(%!7&68!@!#2!K?+,/6*#&5(!*5%!9::!/5&6.L#,!4(5&<&,,&5?.6=(46$#M<&5!

0NEOBPQ!D*&.,(MQ!DJ3> 

 

Immunoblotting Analysis. D=$6(&5!,M.*6(.!<$56*&5&5+!<$#4*=*R,(!*#$/56.!$'!4=$6(&5.Q!

(.6&#*6(%!RM!*!#$%&'&(%!O=*%'$=%!*..*M!0O&$?C*%Q!2/5&<8Q!N(=#*5M3Q!7(=(!./RS(<6(%!6$!

%&=(<6!7(.6(=5!R,$6>!E##/5(!<$#4,(T(.!7(=(!%(6(<6(%!7&68!68(!(58*5<(%!

<8(#&,/#&5(.<(5<(!U&6!0J#(=.8*#!D8*=#*<&*!O&$6(<8Q!K&66,(!B8*,'$=6Q!VW3>!X&+5*,!

&56(5.&6M!7*.!*5*,MY(%!*6!68(!D8$.48$=&#*+(=!0IM48$$5!Z"::Q!J#(=.8*#!D8*=#*<&*!

O&$6(<83!&56(='*<(%!7&68!68(!E#*+([/*56!.$'67*=(>!J56&?48$.48$?X8<!0\]A9^3Q!78&<8!!

=(<$+5&Y(.!X8<!4=$6(&5.!78(5!48$.48$=M,*6(%!*6!]A9^Q!7*.!'=$#!V4.6*6(!O&$6(<85$,$+M!

E5<>!0K*U(!D,*<&%Q!_]3>!J56&?X8<!0`?9:Z3!7*.!'=$#!X*56*!B=/Y!O&$6(<85$,$+M!0X*56*!

B=/YQ!BJ3>!J56&?2JDW!0\a9:93!*5%!*56&?48$.48$?2JDW!0\a9:@3Q!.4(<&'&<!'$=!

4FFLF@2JDW!0)CW9L@3!48$.48$=M,*6(%!*6!I8=@:@LIM=@:FQ!7(=(!'=$#!B(,,!X&+5*,&5+!

0O(b(=,MQ!2J3>!J56&?<M<,&5!19!0J?9@3!7*.!'=$#!X*56*!B=/Y!O&$6(<85$,$+M>!2$5$<,$5*,!

*56&?!?6/R/,&5!7*.!'=$#!X&+#*!B8(#&<*,!B$>Q!*5%!*56&?4@^W&49!7*.!'=$#!O1!

I=*5.%/<6&$5!K*R$=*6$=&(.!0X*5!c$.(Q!BJ3>!J56&?48$.48$6M=$.&5(!0FN9:3!7*.!'=$#!V4.6*6(!

O&$6(<85$,$+M!E5<>!J56&?C)I!&.!*!4$,M<,$5*,!*56&R$%M!=*&.(%!*+*&5.6!68(!6M=$.&5(!U&5*.(!

4=$6(&5!'=*+#(56!$'!8/#*5!C)I>!J56&?4]a:G!*5%!*56&?4]9:"@!*=(!48$.48$?.4(<&'&<!

*''&5&6M?4/=&'&(%!4$,M<,$5*,!*56&R$%&(.!68*6!=(<$+5&Y(!C)I!4=$6(&5.!48$.48$=M,*6(%!*6!

]a:G!*5%!]9:"@Q!=(.4(<6&b(,M!09"3>!X(<$5%*=M!*56&R$%&(.!<$/4,(%!6$!8$=.(=*%&.8!

4(=$T&%*.(!7(=(!'=$#!J#(=.8*#!D8*=#*<&*!O&$6(<8> 
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Growth Curves and Cell Cycle Analysis. Compounds or vehicle were added to the cell 

culture medium and changed every two days. Cells were counted every day. For flow 

cytometry (FACS) analysis, cells were grown to subconfluence in 100-mm dishes, and 

then treated with vehicle or 200 nM ZD6474 for 48 hours. After harvesting, cells were 

fixed in ice-cold 70% ethanol in phosphate-buffered saline. Propidium iodide (25 !g/ml) 

was added and samples were analyzed with a FACScalibur flow cytometer (Becton 

Dickinson, San Jose, CA) interfaced with a Hewlett Packard computer (Palo Alto, CA). 

DNA synthesis was measured by the 5’-bromo-3’-deoxyuridine (BrdU) Labeling and 

Detection kit from Boehringer Mannheim. Cells were seeded on glass coverslips and 

treated or not with the compounds for 24 hours. Then, cells were incubated for 1 hour with 

BrdU (final concentration of 10 !M), fixed with paraformaldehyde (4%), and 

permeabilized with Triton X-100 (0.2%). Coverslips were incubated with anti-BrdU mouse 

monoclonal antibody and with a secondary Texas red-conjugated antibody (Jackson 

ImmunoResearch Laboratories, Philadelphia, PA). All coverslips were counterstained in 

PBS containing Hoechst 33258 (final concentration, 1 mM; Sigma Chemical Co.), rinsed 

in PBS, and mounted in Moviol on glass slides. The fluorescent signal was visualized with 

an epifluorescent microscope (Axiovert 2, Zeiss; equipped with a 100 lens) interfaced with 

the image analyzer software KS300 (Zeiss). 

To determine cell viability, TT and MZ-CRC-1 cells (500,000/dish) were treated or 

not with ZD6474 at 500 nM or 2 !M for 5 days. Each day, cells in suspension were 

harvested. The cell suspension was mixed with 0.4% trypan blue (1:1) (Sigma) and the 

mixture was incubated for 3 min at room temperature. Unstained (viable) and stained (non 

viable) cells were counted separately.  



ZD6474 effects on MTC cells!

!

! "!

 

Tumorigenicity in Nude Mice. Animals were housed in barrier facilities on a 12-hour 

light:dark cycle at the Dipartimento di Biologia e Patologia Cellulare e Molecolare  

(University of Naples “Federico II”, Naples, Italy), and had free access to food and water. 

#$%&!&'()*!+,&!-./)(-'0)!%/!,--.1),/-0!+%'$!2',3%,/!104(3,'%./&!5.1!06701%80/','%./!./!

,/%8,3&9!All manipulations were performed while animals were under isoflurane gas 

anesthesia. TT cells (1x10
7
/mouse) or 6-23C6 cells (1 x10

6
/mouse) were inoculated 

subcutaneously into the right dorsal portion of 4-week-old male BALB/c nu/nu mice 

(Jackson Laboratories, Bar Harbor, ME). When established tumors developed, ZD6474 (50 

mg/kg/day dissolved in PBS containing 0.5% v/v Tween 80) or vehicle alone was 

administered by oral gavage 5.1!5%:0!-./&0-('%:0!),*&;+00<9!Tumor diameters were 

measured with calipers at regular intervals9 Tumor volumes (V) were calculated with the 

rotational ellipsoid formula: V=AxB
2
/2 (A=axial diameter; B= rotational diameter). 

Tumors were excised and divided in two parts. Half the tissue was snap-frozen in liquid 

nitrogen and used for protein extraction. The other half was fixed overnight in neutral 

buffered formalin and processed for histological examination or immunohistochemistry. 

Briefly, 5 !M sections were deparaffinized, alcohol-rehydrated, subjected to heat-induced 

antigen retrieval and incubated overnight with anti-CD31 antibodies (PECAM-1 [M-20] 

SC-1506 goat polyclonal; Santa Cruz Biotechnology). Finally, the slides were incubated 

with biotinylated anti-IgG and with premixed avidin-biotin complex (Vectostain ABC kits, 

Vector Laboratories, Burlingame, CA). The immune reaction was revealed with 0.06 

mmol/L diaminobenzidine (DAB-DAKO, Carpinteria, CA) and 2 mmol/L hydrogen 

peroxide. As a negative control, tissue slides were incubated with pre-immune serum. 
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Statistical Analysis. We used the two-tailed unpaired Student’s t test and the JMP 

software program (version 5.1.1, SAS Institute, Inc, Austin, TX) for statistical analyses. 

Differences were significant at P < 0.05. 

 

 

Results 

!"#$%&'(&)*&$+)+,-%.%$/0$1#2$*&,,%3$##!$%&&'!()*+,*!-(%!./012!34#!56-)-7,8!9:";<!#(%!

'%=6%8$%!,>!34#!$?@A!>*,5!BCD.3.DEF!/D:0./F!)8G!B#.DB!$%&&'!H)'!G%-%*578%G!+I!3#D

J.3!6'78K!,L%*&)MM78K!M*75%*'<!N%=6%8$%'!H%*%!$,5M)*%G!-,!-(%!(65)8!9A$$%''7,8!!865+%*!

@BOP:P/0P;F!5,6'%!9A$$%''7,8!865+%*!@.OPPPPQ:;!)8G!*)-!9A$$%''7,8!!865+%*!

@2OP1Q/"/;!34#!'%=6%8$%'!)L)7&)+&%!78!-(%!R%8S)8T!9@)-7,8)&!.%8-%*!>,*!S7,-%$(8,&,KI!

U8>,*5)-7,8;!6'78K!-(%!S)'7$!A&7K85%8-!N%)*$(!#,,&!9SVAN#;!',>-H)*%<!#(%!34#!'%=6%8$%'!

,>!B#.DBF!)8G!/D:0./!H%*%!>,68G!-,!+%!H7&G!-IM%<!U8'-%)GF!BCD.3.DE!$%&&'!*%L%)&%G!)!

(%-%*,WIK,6'!9A#R!-,!A.R;!-*)8'7-7,8!78!%X,8!E/!*%'6&-78K!78!-(%!B4@!:SD)'',$7)-%G!

'6+'-7-6-7,8!,>!-(*%,878%!"EY!>,*!5%-(7,878%!9B"EY#;!9Z7K<!EA;<$

$

4)5.6.7./)$/0$!"#$8.9)+,.)9$.)$RET Mutation-Positive 1#2$2&,,%$6-$:;<=>=3$Cells 

were treated with increasing concentrations of ZD6474 for 24 hours and RET phosphorylation 

levels were measured by immunoblotting with phospho-specific antibodies that recognize 

RET only when phosphorylated at tyrosine 905 (Y905) or 1062 (Y1062).!Y905 maps in the 

activation loop of the RET kinase while Y1062 maps in the carboxyl-terminal tail of the 

receptor. When phosphorylated Y1062 binds to Shc and other adaptor proteins thereby 

leading to the activation of various intracellular signaling cascades (34). Treatment with 

ZD6474 reduced RET/C634W and RET/M918T phosphotyrosine content with an IC50 of 50-
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250 nM (average 150 nM), whereas the vehicle had no effect (Fig. 1B–C). The two RET 

kinases were completely blocked when cells were exposed to 1 !M ZD6474. RET expression 

was barely detectable in 6-23C6 cells and no RET phosphorylation was detected in these cells 

irrespective of treatment (Fig. 1B).  

Due to their constitutive enzymatic activity, oncogenic versions of RET bind to the Shc 

docking protein that, in turn, mediates Grb2/Sos recruitment and phosphorylation of 

p44/p42MAPK (mitogen-activated protein kinase) (34). We asked whether this pathway was 

active in MTC cells and responsive to ZD6474. We treated MTC cells with increasing 

concentrations of ZD6474 and analyzed Shc and p44/p42MAPK phosphorylation by 

immunoblotting with phospho-specific antibodies. The results of one experiment 

representative of three independent determinations are reported in Fig. 2. In TT and MZ-

CRC-1 cells, ZD6474 inhibited phosphorylation of both Shc and p44/42MAPK with an IC50 

of 50–250 nM. No Shc phosphorylation was seen in 6-23C6 cells. However, these cells had 

significant levels of MAPK phosphorylation that were not affected by ZD6474 (up to 1 !M) 

(Fig. 2). 

 

Cytostatic effects of ZD6474 in RET mutation-positive MTC cells. We measured $%&'('!

)**)+,-!./!,0)!12.3,0!.*!456!+)77-8!9*,)2!:!;<=-!.*!,2)<,>)/,?!55!+)77-!,2)<,);!3@,0!A)0@+7)!

/B>C)2);!"?D##!E!"#D!</;!,0.-)!,2)<,);!3@,0!F:#!/4!.*!$%&'('!/B>C)2);!G##!E!"#D!

!;@**)2)/+)!H!:##!E!"#D?!I:J!+./*@;)/+)!@/,)2A<7!K6LM!H!D"#N&I#!E!"#D?!!!"!#8##":M#!KO@18!

D9M8!4$P6Q6P"!+)77-!,2)<,);!K&!;<=-M!3@,0!A)0@+7)!.2!3@,0!F:#!/4!.*!$%&'('!/B>C)2);!

"?"''!E!"#D!</;!("F!E!"#D?!2)-R)+,@A)7=!K;@**)2)/+)!H!'DF!E!"#D?!I:J!6L!H!F:DP&""?!!!"!

#8##"M!KO@18!DSM8!T/)!!4!.*!,0)!;2B1!A@2,B<77=!<22)-,);!R2.7@*)2<,@./!.*!C.,0!+)77!7@/)-8!L/!55!

+)77-?!"!!4!$%&'('!)E)2,);!<!>.;)-,!;)12))!.*!+=,.,.E@+@,=!./7=!<,!7<,)!K'N:!;<=-M!,@>)P
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#$%&'(!)*%+,!-./,!01%(!23(!4$&5%6789!:;!'6;#3&!:<=8!8>4<=(%$&!3((3;!$5!98'34189!00!48<<(!

)93'3!&$'!(1$2&/,!!

The +6$2'1?%&1%:%'$6;!85584'(!$5!@ABCDC!%&!E0F!48<<!<%&8(!23(!4$668<3'89!2%'1!'18!

8>#68((%$&!$5!GH0?34'%I3'%&+!7='3'%$&(,!J&9889K!3'!4$&48&'63'%$&(!8L=3<!$6!:8<$2!"!!EK!

@ABCDC!9%9!&$'!35584'!GH0!7='3'%$&?&8+3'%I8!B?M-FB!3&9!E0F?E!48<<!<%&8(!)*%+,!C/,!N&<;!O!

!E!@ABCDC!)!OP?5$<9!'18!JFOP!5$6!'18!GH0!Q%&3(8/!8>86'89!3!7$98('!:='!('3'%('%43<<;!

(%+&%5%43&'!4;'$('3'%4!85584'!3<($!$&!'18(8!48<<(!)3'!D!93;(K!!!R!P,PP"C!%&!B?M-FBS!!!T!P,PPP"!%&!

E0F?E/,!!

J&!399%'%$&!'$!GH0K!@ABCDC!3<($!%&1%:%'(!HU*G!)JFOP!ROPP!&E/K!3&9!VH*UG?M!3&9!?-!

)JFOP!R!CP!&E!3&9!""P!&EK!68(#84'%I8<;/!)MD/,!0$!8I3<=3'8!218'186!HU*G!%&1%:%'%$&!%(!

%&I$<I89!%&!'18!@ABCDC?789%3'89!%&1%:%'%$&!$5!E0F!48<<!+6$2'1K!28!=(89!+85%'%&%:K!3!1%+1<;!

(8<84'%I8!HU*G!%&1%:%'$6!)"#$%"&'(!JFOP!R!MD&E/!)-O/,!U85%'%&%:!9$8(!&$'!%&1%:%'!GH0!)"O/,!

0683'78&'!2%'1!+85%'%&%:K!3'!3!4$&48&'63'%$&!of 5 !EK!9%9!&$'!(%+&%5%43&'<;!35584'!00!48<<!

#6$<%5863'%$&W!35'86!B!93;(!$5!'683'78&'K!00!48<<(!'683'89!2%'1!I81%4<8!&=7:8689!"KXOP!>!"P-!

3&9!'1$(8!'683'89!2%'1!O!!E!+85%'%&%:!&=7:8689!"KYPP!>!"P-!)9%55868&48!R!"OP!>!"P-K!!!!!
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!

"#$%&%'%(#!()!**+"#,-./,!*-0(1!2(103'%(#!%#!4-,/!5%./!&6!789:;:<!OBC)!;*-)!<)8)!

*&P)-')C!<*'(!"M"Q@!II!-)..$2!4+,B'!NQ!C7%$!.7')8:!<()&!'B;,8$!;)7$B8)C!!#QQ!;;N:!'()!
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,8!J)(*-.)!R!C7%$S<))D!A,8!"@!C7%$2!IB;,8!18,<'(!<7$!;,&*',8)C!)J)8%!NT?!C7%$!<*'(!

-7.*E)8$2!I8)7';)&'!<*'(!=>3?@?!18)7'.%!8)CB-)C!'()!'B;,8!+B8C)&!/0*12!@452!4A')8!"@!C7%$!

,A!'8)7';)&':!'()!;)7&!$*U)!,A!'B;,8$!*&!;*-)!'8)7')C!<*'(!J)(*-.)!,8!=>3?@?!<7$!R3Q!;;N!

/VRW!XY!Z!?Q3F@"R!;;N5!7&C!#3!;;N!/VRW!XY!Z!NFRR!;;N5:!8)$E)-'*J).%!/C*AA)8)&-)!Z!NR!

;;N:!VRW!XY!ZN[#F3[@!;;N:!&!!!Q2QQQ"52!We next divided the vehicle-treated animals 

/7J)871)!'B;,8!$*U)\!R3Q!;;N5!*&',!'<,!18,BE$\!,&)!-,&'*&B)C!',!8)-)*J)!J)(*-.)!A,8!7&!

7CC*'*,&7.!'(8))!<))D$:!7&C!'()!,'()8!18,BE!8)-)*J)C!=>3?@?!A,8!'(8))!<))D$2!=>3?@?!

)M)8')C!$*1&*A*-7&'!)AA)-'$!7.$,!,&!'()$)!.781)!'B;,8$2!4$!$(,<&!*&!0*12!@4:!'()!;)7&!

C*AA)8)&-)!+)'<))&!J)(*-.)F'8)7')C!7&C!=>3?@?F'8)7')C!'B;,8$!<7$!?3Q!;;N!/VRW!XY!Z!#QQF

@"V!;;N]!&!!!Q2QQ352!!

^)!)M7;*&)C!RET phosphorylation in E8,')*&$!)M'87-')C!A8,;!II!'B;,8$!'8)7')C!,8!&,'!

<*'(!=>3?@?2!4$!$(,<&!*&!0*12!@4:!'B;,8F18,<'(!*&(*+*'*,&!<7$!7$$,-*7')C!<*'(!7!

8);78D7+.)!8)CB-'*,&!,A!'()*'*$!KLI!E(,$E(,8%.7'*,&!.)J).$!,&!'%8,$*&)!"Q3#2!I(B$:!'()*'*$:!

=>3?@?!'781)')C!'()!KLI!E8,')*&2  

H%!C*8)-'.%!'781)'*&1!_L90K$!*&!'()!'B;,8!)&C,'().*B;!/#@5:!=>3?@?!;*1('!E8)J)&'!

'()!C)J).,E;)&'!,A!'B;,8!&),J7$-B.78*U7'*,&2!^)!)J7.B7')C!'(*$!E,$$*+*.*'%!+%!-,B&'*&1!'()!
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+743*)!;<<<!7$30'*-6=!7$-!+*%$-!3273!>?@ABA!)(-%4(-!32(!$%&'()!*+!.(//(,/!C+)*&!B!#DE!3*!

F!"!5()!&04)*/4*504!+0(,-G!$*3!/2*9$HD!I2()(+*)(=!03!755(7)/!3273!32(!!"#$!$%!7$30:3%&*)!(++(43/!

*+!>?@ABA!&76!'(!7!4*$/(J%($4(!*+!0$20'030$1!'*32!KLI=!7$-!7,/*!$(*7$10*1($(/0/D!!

Finally, we tested ZD6474 effects in tumor xenografts induced by RET-negative 6-

23C6 cells. When tumors measured !100 mm
3
, we randomly assigned animals (7 for each 

group) to receive per os ZD6474 (50 mg/kg/day) or vehicle 5 days/week for 15 days (Fig. 

7B). At the end of treatment, the mean size of tumors in mice treated with vehicle or ZD6474 

was 1553 mm
3
 and 1092 mm

3
, respectively (P = 0.33). Therefore, ZD6474 had effects clearly 

less intense in RET mutation negative xenografts, suggesting that RET inhibition was a factor 

in the ZD6474-mediated inhibition of MTC xenograft growth.  

 

 

Discussion  

We have established an in vitro model system to determine the efficacy of RET inhibition by 

ZD6474 in MTC cells. ZD6474 was equally active in cells harboring a MEN 2A-type (TT) or 

a MEN 2B-type (MZ-CRC-1) mutation. The compound was active in these RET mutation-

positive MTC cells at doses very close to its in vitro IC50 for the RET kinase. The effects were 

probably RET-dependent because they were much more modest in cells without the RET 

mutation. It is still possible that inhibition of targets other than RET contribute to the in vitro 

ZD6474 activity on MTC cells. RT-PCR experiments revealed the expression of at least two 

other ZD6474 targets, e.g.  EGFR and ;LMNK:F= in both TT and MZ-CRC-1 cells (data not 

shown). Moreover, EGFR was reported to be expressed in MTC samples although it is not 

known whether it may carry mutations (37-39). However, our data with the EGFR selective 
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inhibitor gefitinib indicate that EGFR inhibition, at least alone, does not have a major effect 

on MTC cells.  

ZD6474 treatment reduced the tumor burden in nude mice xenografted with TT cells. 

RET inhibition was crucial for this activity. In fact, RET phosphorylation was decreased in 

treated tumors. Moreover, the effects were more modest in tumors induced by the RET 

mutation-negative 6-23C6 cells. Also in this case it is feasible that inhibition of ZD6474 

targets other than RET, and in particular pro-angiogenic receptors, contributed to these anti-

tumor effects. Accordingly, MTC cells have been demonstrated to overexpress VEGF-A 

(rather than VEGF-C) that might function on tumor endothelial cells (40, 41). The 

simultaneous attack to neoplastic and endothelial cells could indeed be an advantage of this 

compound.  

$%&#'#!()*!+,-,./01!,./,+,2!)!3()*,!44!-05.5-)0!*/621!5.!789!3)/5,./*!:5/(!;,+<05.,!

=>8!<6/)/5?.*!).2!:500!*??.!@,!/,*/,2!)0*?!5.!*3?+)25-!789!3)/5,./*!

A(//3BCC-05.5-)0/+5)0*D;?EFD!G6++?;)/,!<)+H,+*!?I!/)+;,/!5.(5@5/5?.!-).!*,+E,!/?!,E)06)/,!/(,!

,II5-)-1!?I!)!-?<3?6.2!5.!)!-05.5-)0!*,//5.;D!8(5*!5*!:,00!5006*/+)/,2!@1!/(,!6*,!?I!

3(?*3(?+10)/5?.!?I!9=JKL!)!*6@*/+)/,!?I!M9=NOMKL!/?!)**,**!97K!3)/5,./*!+,*3?.*,!/?!

5<)/5.5@!A#PFD!Q6+!2)/)!*6;;,*/!/()/!3(?*3(?NG(-!).2!3(?*3(?N7ORJ!-?602!@,!3+?3?*,2!)*!

@5?<)+H,+*!/?!<?.5/?+!/(,!,II5-)-1!?I!=>8!/)+;,/5.;!5.!789!3)/5,./*!/+,)/,2!:5/(!$%&#'#D!

4.!-?.-06*5?.L!$%&#'#!<5;(/!@,!)!3+?<5*5.;!)./5N-).-,+!);,./!I?+!789!3)/5,./*L!

3)+/5-60)+01!/(?*,!-)++15.;!=>8!<6/)/5?.*D!$%&#'#!,S,+/,2!<)5.01!-1/?*/)/5-!,II,-/!5.!789!

-,00*!).2!-1/?/?S5-!,II,-/*!:,+,!05<5/,2!/?!(5;(!2?*,*!).2!0?.;N/,+<!/+,)/<,./*D!9?<@5.)/5?.*!

?I!$%&#'#!).2!-?.E,./5?.)0!-1/?/?S5-!);,./*!-?602!@,!,S30?5/,2!5.!?+2,+!/?!5.-+,)*,!/(,!

/(,+)3,6/5-!5.2,S!).2!+,26-,!/(,!+5*H!?I!+,*5*/).-,!I?+<)/5?.!A#TN#UFD!!
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Figure 1. Inhibition of RET phosphorylation by ZD6474 in MTC cells. A) Schematic 

representation of RET/C634W and RET/M918T alleles expressed by TT and MZ-CRC-1 

cells, respectively. EC: extracellular domain; IC: intracellular (kinase) domain; TM: 

transmembrane domain. B–C) The cell lines were treated with different concentrations of 

ZD6474 for 24 hours; 100 !g of total cell lysates were subjected to immunoblotting with 

antibodies specific for phosphorylated RET/Y905 or RET/Y1062. Equal gel loading was 

determined by using an anti-tubulin antibody (not shown). The signal was analyzed at the 

Phosphorimager to estimate the concentration of compound causing 50% inhibition (IC50). 

Data are representative of 3 independent experiments. 

 

Figure 2. Inhibition of RET-mediated signaling by ZD6474. TT, 6-23C6 and MZ-CRC-1 

cells were treated with vehicle or increasing concentrations of ZD6474. Cell lysates (50 !g) 

were immunoblotted with phospho-specific Shc or p44/42 MAPK antibodies. Anti-MAPK 

and anti-SHC were used for normalization. Data are representative of 3 independent 

experiments.  

 

Figure 3. Effects of ZD6474 on MTC cell proliferation. TT (A), and MZ-CRC-1 (B) cells 

were incubated with vehicle or the indicated concentrations of ZD6474 and counted at 

different time points. Each point represents the mean value for 3 dishes and error bars 

represent 95% confidence intervals. Statistical significance was determined with the two-

tailed unpaired Student’s t test.  
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Figure 4. Effects of ZD6474 on MTC RET-negative cell proliferation. 6-23C6 (A) and MTC-

M (B) cell lines were incubated with vehicle or the indicated concentrations of ZD6474 and 

counted at different time points. Each point represents the mean value for 3 dishes and error 

bars represent 95% confidence intervals. Statistical significance was determined with the 

two-tailed unpaired Student’s t test. 

 

Figure 5. Cell cycle effects exerted by ZD6474 on TT and MZ-CRC-1 cells. Cell lines were 

treated or not for 24 hours with 250 nM ZD6474 and subjected to flow cytometry. The 

percentage of cells in the sub-G1 (apoptotic), GO/G1, S, and G2/M compartments is indicated 

in the insets. Data are representative of 3 independent experiments. 

 

!"#$%&'($!%&'!()*+,-(.(!.*,./.+.0*!/)!ZD6474 on TT and MZ-CRC-1 cells. (A) MTC 

cells were pretreated with the indicated concentrations of ZD6474 for 24 hours. 

Bromodeoxyuridine (BrdU) was added for 1 h, and cells were processed for 

immunofluorescence: anti-BrdU, monitored by a Texas red-conjugated secondary 

antibody, was used to detect the fraction of cells in S phase. Cell nuclei were 

counterstained with Hoechst. The average results +/- SD of three independent experiments 

in which at least 500 cells were counted are shown. (B) The indicated cell lines were 

treated with ZD6474 for 24 h and expression levels of cell cycle regulatory proteins were 

determined by immunoblot. Anti-tubulin was used for normalization.  

!

!"#$%&')*!1,-!2*+.3+4506.7-*.8!-99-8+(!09!:%;<#<!.*!11!8-==(!>-*07629+($!?+@!11!8-==(!

?">"A#B504(-@!C-6-!.*084=2+-D!(4/84+2*-04(=)!.*+0!+,-!6.7,+!D06(2=!E06+.0*!09!F'GFB8!

*4D-!5.8-$!H,-*!+4506(!5-2(46-D!!IAA!55JK!2*.52=(!C-6-!62*D05=)!2((.7*-D!+0!+C0!
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ZD6474 (50 mg/kg/day, white circles) E&%!<;;-2-&F<@!2A%//!G//:)C!H',&%!;-<,/2/%)!G/%/!

,/<)'%/;!G-2A!.<@-(/%)!<F;!2',&%!3&@',/)!G/%/!.<@.'@<2/;C!I%%&%!?<%)!%/(%/)/F2!J8K!
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mg/kg/day, white circles) or vehicle alone (black circles) for two weeks. H',&%!3&@',/)!
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7aE1-/I/7/0'!]NN"^+!*!R(/0!G0724-/02(!H'.%C!"##=<BB5>B[?A[#"+!!

17. RK44K-K!WF!D%0_/!RF!R%&&/0'((/!WF!'.!%(+!R'((K(%-!'JJ'4.&!%07!%0./.KI2-!%4./9/.1!2J!XG,!

/06/C/.2-!XNbA>!20!HGL"QA%&&24/%.'7!I'7K((%-1!.61-2/7!4%-4/02I%+!*!L%.(!R%04'-!b0&.!

"##M<[;5>##;A>M+!!

18. :.-243!R*F!N%-3!*bF!X2&'0!HF!'.!%(+!RGNA?#>!%07!RGNA?@>!/06/C/.!420&./.K./9'(1!%4./9%.'7!

XG,!.1-2&/0'!3/0%&'!%4./9/.1!%07!C(243!I'7K((%-1!.61-2/7!4%-4/02I%!4'((!)-28.6+!R%04'-!

X'&!"##=<;=5@@@[A;=+!

19. :.-243!R*F!N%-3!*bF!X2&'0!VHF!'.!%(+!Q4./9/.1!2J!/-/02.'4%0!%07!.6'!.1-2&/0'!3/0%&'!

/06/C/.2-!RGNA?@>!/0!I'7K((%-1!.61-2/7!4%04'-+!*!R(/0!G0724-/02(!H'.%C!"##;<[>5?[ABM+!
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20. $%&'()!*+!,('%-!./+!01234!56+!73!'89!:(42;23<=>!<-!?'-!@2('>7!'A32B23&!;8<A@!)=<C34!<-!

34&=<2D!A'(A7=!A788>!C234!?5EF6EG!<=!*?/H!1%3'32<(>!2(!B23=<!'(D!2(!B2B<9!G82(!G'(A7=!

?7>!"IIJK#"L#MNOPQR9!!

21. G'=8<1')(<!H+!/(')'(32!0+!S%2D'!E+!73!'89!*/T!URPQIIJ!2(42;232<(!<-!<(A<)7(2A!?5E!

1%3'(3>9!.!V'38!G'(A7=!:(>3!"IIJKQNLR"JPRU9!

22. ,21!WX+!.<!T0+!.%()!Y0+!73!'89!/(!<='88&!'D12(2>37=7D!1%8323'=)73!3&=<>2(7!@2('>7!

2(42;23<=+!0Z##"UN+!2>!'!(<B78![<37(3!2(42;23<=!<-!34&=<2D!<(A<)7(2A!?5EF['[288'=&!

34&=<2D!A'(A7=!@2('>7>9!.!G82(!5(D<A=2(<8!\73';!"IIJKQ#LUIMIPJ9!

23. \<8<)(2!]+!0'8'!5+!G'^^'(2)'!0+!73!'89!:(42;232<(!<-!?5E!3&=<>2(7!@2('>7!;&!0ZOU#J9!.!

\<8!5(D<A=2(<8!"IIJKRML#QQP"#"9!

24. _2D'8!\+!X788>!0+!?&'(!/+!G')'(!?9!`WJUMU!>%[[=7>>7>!<(A<)7(2A!?5E!2><-<=1>!2(!'!

W=<><[428'!1<D78!-<=!3&[7!"!1%832[87!7(D<A=2(7!(7<[8'>2'!>&(D=<17>!'(D!['[288'=&!

34&=<2D!A'=A2(<1'9!G'(A7=!?7>!"IIOKJOLRORNPU#9!

25. X7D)7!0?+!$)28B27!W.+!W%@7>!\+!73!'89!`WJUMU!2(42;23>!B'>A%8'=!7(D<34782'8!)=<C34!

-'A3<=!>2)('82()+!'()2<)7(7>2>+!'(D!3%1<=!)=<C34!-<88<C2()!<='8!'D12(2>3='32<(9!G'(A7=!

?7>!"II"KJ"LUJUOPOO9!!

26. G2'=D2788<!H+!G'[%3<!?+!W'12'(<!_+!73!'89!/(323%1<=!7--7A3>!<-!`WJUMU+!'!>1'88!1<87A%87!

B'>A%8'=!7(D<34782'8!)=<C34!-'A3<=!=7A7[3<=!3&=<>2(7!@2('>7!2(42;23<=+!C234!'DD232<('8!

'A32B23&!')'2(>3!7[2D7=1'8!)=<C34!-'A3<=!=7A7[3<=!3&=<>2(7!@2('>79!G82(!G'(A7=!?7>!

"IIRKQL#OUJPOJ9!

27. ?&'(!/.!'(D!X7D)7!0?9!`WJUMUP'!(<B78!2(42;23<=!<-!_5SH?!'(D!5SH?!3&=<>2(7!@2('>7!

'A32B23&9!*=!.!G'(A7=!"IIOKQ"L0Ja0#R!
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28. #$%&'!(()!*$+'$,!-)!./0!12)!345,+&!(!4&6!2+74&6!89:!9!&$;!<$,,!,+&$!=%7!>?065!%=!

/0@4&!@$60,,475!?/57%+6!<47<+&%@4:!A&B!2:!9&67$%,+!$?!4,!C$6>D)!96E4&<$>!+&!1/57%+6!

F4%G,4>+4)!GG!HIJKLM:!N+$,6!860<4?+%&4,!A?4,+4)!-%@$!KHMK:!

29. .47,%@4'&%!N)!(4,E4?%7$!O)!(4&?%7%!2)!$?!4,:!P%+&?!@0?4?+%&!%=!?/$!-81!G7%?%J%&<%'$&$!

+&!?/$!11!/0@4&!@$60,,475!?/57%+6!<47<+&%@4!<$,,!,+&$:!3+%</$@!3+%G/5>!-$>!.%@@0&!

KHHIQ"LRBKL""JM:!

30. S04&'!(.)!1%77$>J.70T!U)!P4<V!(O)!$?!4,:!9@G,+=+<4?+%&!4&6!%E$7$WG7$>>+%&!%=!@0?4&?!

-81!+&!@0,?+G,$!$&6%<7+&$!&$%G,4>+4!?5G$!"J4>>%<+4?$6!@$60,,475!?/57%+6!<47<+&%@4:!U!

.,+&!8&6%<7+&%,!2$?4X!"LLYQMMBZIHJ[Y:!

31. .%%,$5!#O)!8,6$7!NN)!\&0?/!9)!]4'$,!-N:!.5?%'$&$?+<!</474<?$7+T4?+%&!%=!?/7$$!/0@4&!

4&6!?/7$$!74?!@$60,,475!?/57%+6!<47<+&%@4!<$,,!,+&$>:!.4&<$7!]$&$?!.5?%'$&$?!

KHHIQMLBKYMJZH:!

32. *$5?+&%',0!NF)!O$#$,,+>!-9)!]4'$,!-N)!^%,=$!SU)!14>/_+4&!9S!U7:!8>?4X,+>/@$&?!%=!4!

<4,<+?%&+&JG7%60<+&'!74?!@$60,,475!?/57%+6!<47<+&%@4!<$,,!,+&$:!A:!2%7G/%,%'+<4,!>?06+$>!

%=!?/$!?0@%7!4&6!<$,,>!+&!<0,?07$:!8&6%<7+&%,%'5!KHMLQKLRBILHJKI:!

33. 1+></,$7!9()!#$$!`.)!.%>?%G%0,%>!O)!$?!4,:!8>?4X,+>/@$&?!%=!4!<%&?+&0%0>!>%@4?%>?4?+&J

G7%60<+&'!,+&$!%=!@$60,,475!?/57%+6!<47<+&%@4!<$,,>!=7%@!39#3a<!@+<$:!U!8&6%<7+&%,!

KHM[QKKLBYLHJKY:!

34. 9>4+!F)!2074V4@+!S)!A;4>/+?4!1)!14V4/4>/+!2:!9!@0?4?+%&!4?!?57%>+&$!KL["!+&!28F"9J

-$?!4&6!28F"3J-$?!+@G4+7>!?/$+7!?74&>=%7@+&'!4<?+E+?5!4&6!4>>%<+4?+%&!;+?/!>/<!464G?%7!

G7%?$+&>:!U!3+%,!./$@!KHH[Q"RKBKR[ZZJH:!!

35. b%&!P4;$,!U:!]$=+?+&+X!CA7$>>4)!*OKMYHDB!4!&%E$,!?47'$?$6!4GG7%4</!=%7!?/$!?7$4?@$&?!%=!

>%,+6!?0@%7>:!30,,!.4&<$7!"LLZQHKB8RLJ[:!
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36. $%&'(!))*!+,-./01(!23*!4,!5+*!67!/-8!9(:,-7/16%,&!;%<106=,-/7(%1!%>!?@+!(1'(A(7%0&!

BCDEF1.GHI!/1;!B"JE+(BCI!(&!06K,(06;!>%0!2LM"NOPLQO:6;(/76;!:(7%=616&(&8!R1H%=616!

"SSTU!96B!G8!

37. V/1=!V*!$%'/1&&%1!WL*!560='%-:!XF*!V6&760:/0.!+2*!Y0(:6-(,&!ZL8!L[B06&&(%1!%>!HO

2\H*!QY]O/-B'/!/1;!LY]O06H6B7%0!(1!&B%0/;(H!:6;,--/0\!7'\0%(;!H/0H(1%:/8!NH7/!R1H%-!

C^^JU#T_GSJOCC8!!

38. M(-&&%1!R*!V/1=A60=!5*!+%-A\!Z*!9H',-7`!Y9*!N'-:/1!W8!L[B06&&(%1!%>!70/1&>%0:(1=!

=0%<7'!>/H7%0!/-B'/!/1;!(7&!06H6B7%0!(1!',:/1!16,0%61;%H0(16!7,:%,0&8!F17!$!?/1H60!

C^^aUTS_TGaOaC8!!

39. b/1!;60!Z//1!5]*!]066:/1!$Z*!N&/!9Z8!L[B06&&(%1!%>!=0%<7'!>/H7%0&!/1;!=0%<7'!>/H7%0!

06H6B7%0&!(1!1%0:/-!/1;!7,:%0%,&!',:/1!7'\0%(;!7(&&,6&8!Q'\0%(;!C^^aUa_TJOJ#8!

40. W,1=!?$*!Y(1`(1=60!@Y*!c/016=/0!P*!67!/-8!L[B06&&(%1!%>!b/&H,-/0!61;%7'6-(/-!=0%<7'!

>/H7%0O?!(1!A61(=1!/1;!:/-(=1/17!7'\0%(;!7,:%0&8!$!?-(1!L1;%H0(1%-!267/A!"SS#UDD_#T^GO

^8!

41. ;6!-/!Q%006!MY*!5,-6\!F*!V/&&!$N*!Q,0160!WL8!N1=(%=616&(&!/1;!-\:B'/1=(%=616&(&!(1!

7'\0%(;!B0%-(>60/7(b6!-6&(%1&_!06-/7(%1&'(B!7%!7\B6!/1;!7,:%,0!A6'/b(%,08!L1;%H0!P6-/7!

?/1H60!"SSTUC#_^#COGG8!!

42. +/17/0d(/1!W*!Y(-6&!]*!V,1;60-6!Z*!67!!/-8!M(-%7(1(A!(1!(:/7(1(AO06&(&7/17!?2Z!/1;!

)'(-/;6-B'(/!H'0%:%&%:6OB%&(7(b6!NZZ8!M!L1=-!$!26;!"SSTU#aG_"aG"OaC8!!

43. Q,HH(--%!?*!P%:/1%!2*!Q0%(/1(!Q*!67!/-8!N17(7,:%0!/H7(b(7\!%>!c@TGJG*!/!b/&H,-/0!

61;%7'6-(/-!=0%<7'!>/H7%0O"!/1;!6B(;60:/-!=0%<7'!>/H7%0!06H6B7%0!&:/--!:%-6H,-6!7\0%&(16!

.(1/&6!(1'(A(7%0*!(1!H%:A(1/7(%1!<(7'!9?O"#T*!/!H\H-%%[\=61/&6O"!(1'(A(7%08!?-(1!?/1H60!

P6&!"SSaUCC_C"TDOJT8!!
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44. $%&'%()!*+!,-.'/'!$+!0'%(1)!2+!-3!%.4!!2))5-6%3'7-!%(3'38&)6!-99-13!)9!&8.3'3%6:-3-;!

<'(%/-!'(='>'3)6!?$@#A#!%(;!')('B'(:!6%;'%3')(!'(!:.')>.%/3)&%4!2.'(!2%(1-6!C-/!

"DDEFGGHE@IJK##4!!

45. 2%6.)&%:()!L+!M8';%!N+!O(%:%(3'!P+!-3!%.4!$'/-%/-!%//)1'%3-;!&83%3')(/!%3!7%.'(-!QD#!'(!

3=-!CRN!6-1-53)6!3S6)/'(-!<'(%/-!1)(9-6!6-/'/3%(1-!3)!/-.-13'7-!<'(%/-!'(='>'3)6/4!

T(1):-(-!"DD#F"IH@DE@K@I4!
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