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Genetic Alterations in Follicular Cell-derived
Thyroid Carcinomas

Kyu Eun Lee, M.D., Hyun-Keun Chi and Yeo-Kyu Youn,
M.D.

The molecular approaches to human diseases are receiving
greater attention following the completion of the Human
Genome Project. Molecular biology techniques are being
widely applied to the field of tumor biology, and thyroid car-
cinomas are not an exception; several genetic alterations
have been suggested to play roles in thyroid carcinogenesis
and its progression. Malignant tumors arising from thyroid
follicular cells can be classified into papillary carcinoma, fol-
licular carcinoma, poorly differentiated carcinoma and ana-
plastic carcinoma. BRAF mutation, RET/PTC rearrangement
and RAS mutation are the suggested molecular causes of
papillary thyroid carcinoma (PTC). RAS mutation, PAX8-
PPAR 7 rearrangement, PTEN mutation or methylation, and
PIK3CA mutation are known to induce follicular thyroid car-
cinoma (FTC). Poorly differentiated thyroid carcinoma
(PDTC) and anaplastic thyroid carcinoma (ATC) are related
to adding p53 or /4 -catenin gene alterations to those of
papillary or follicular carcinomas. The more aggressive ge-
netic alterations are added stepwise as thyroid tumors ad-
vance from differentiated PTC or FTC to less differentiated
PDTC and finally to ATC. Studying the molecular mecha-
nisms underlying thyroid carcinogenesis may help over-
come the limitations of the current diagnostic methods and
this may provide more accurate diagnostic and prognostic
tools. Furthermore, research at the molecular level is es-
sential for personalized therapies and creating targeted
therapies for thyroid carcinomas. (Korean J Endocrine Surg
2010;10:1-11)
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%9k A} (oncogene)oll 2]3l] Zoko] ubAjsttl: ALl <]
DA AZo 2 Aol tigt B2k FFNA 9] HTo] Al
E5o] gk 53] AFFAAMZZ A EHuman Genome
Project) & 53l U7HS] Al @A e FALZEE
Al Do] 7R o], Aol T3t HApY B A

o] Zabe W glvk. OPYFRS tlie] QAT

“ L B
T} Fh SR Robrh Fobstelrh. Fope] fuelle
chekst AR, FAREE FaL e 744 o] o] 1

Q 7k shuE A EE a9
AP Aol HMA ST ofokst 22 o] (genetic alter-
ations)o] AEE 3L Q= Aot ZAMEH HEHS
FHA Ao Wl o Esl= 71E WA dHAE A
slo] Kol ZEst Agk g oAl $d|F g 7hseA & 4 Qi
w3k F2 FEollA Y] AdA AAA S5 A Esle] Hit
FT4EoAY A 57} 7hssl, 53] ALE3 X S (per-
sonalized therapy) % 3% %] & (targeted therapy)] 282
3 EAPEY Z)del gt dFE B el

AL o] (follicle) T2E HA s o ZTA|Z9} o] E
FH F ol ol F A Z (paraparafollicular C cell)Z A =},
2] ZHA S oA EA| Eoll A fresleul, 3=l

w2} -+ (papillary thyroid carcinoma), o3} (follicular

N

P

thyroid carcinoma), -3} (poorly differentiated thyroid car-
cinoma), 233 4] ¢ (anaplastic thyroid carcinoma)o & 53+
T k() olfel FoAZAZol|A FEste T2 L (me-
dullary thyroid carcinoma)¥} 734 o2 Hf3 o 3}
thZ2)o 2 ol 72HAFA B ZZ(thyroid lymphoma) S-o] 2
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MAPK pathway PI3K pathway

Thyroid carcinogenesis

Fig. 1. Thyroid carcinoma-related signal pathways. Proto-onco-
genes and oncogenes are shaded in the diagram.
Rectangular figures represent membrane proteins, and
round figures cytoplasmic proteins.
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7+ 9k RAS-RAF-MEK-ERK 2 ©]0] 2= MAPK (mi-
togen-activated protein kinase) A EH A 42 F77} o]
gol AE = 757t Wl &5 RETe| I =7t 2]
Z3ro] Yoyt 755 RAS o]s} MAPK/ERK Al &4 2A|A|
7} &4 3 T Eo] PI3K (Phosphoinositide 3-kinase)
AZHAGA AL o] ZHdAete] Aol fofgte] o4
A . EFoA = MAPK ASAEAA 42 FAAE
FAeE A e o 2k, A3, dEAY 5 o
EA|Zof| A FEdt A FE FAAL o) el v F=
o‘j ]

1) Zad ESA0A gdsts 7L 0|4

A -7 (papillary thyroid cancer)s ksl 341
Al o] BRAF =911 o], RET/PTC =3}, RA A
o] 5ol &#A 9t} o] 5 7ol b fubsls WHEe
2+ A&3H4 7] 4 (distinct molecular pathway)Q] 7122 AY
telz 9omy) A5 ufAlAl (mutual exclusivity)e] Zz]gk

Q) A3A TS U FAA AME A FdHo]

w2
i
2
jus)

A o] EQ (follicular thyroid cancer)s F-3sl= 54

A} o] A& RAS E9ivio], PAX8-PPAR ¥ A Z3}, PTEN &
olxio] 9l we3}, PIK3CA EiWe] So| ¢#A At
T v Z o] F §AA) o] Zhlle A ulAIA

(mutual exclusivity)o] vl o] EL(60~75%)(4-8)= FT+%
(40~50%)(9-11)°ll v]&l 724 (deletion), & <] (inversion), A $
(translocation), %5 (duplication) 5 34| o|42] v|&o]
=t}

(1) BRAF SQ1H0|: BRAF= o] =4t 71-g-d) A=l 9
Efods Agz oz 9A3IA] 7= F4o]th RAF fam-
ily FrA2= 19831 w}-$-2o0ll A A& Z(fibrosarcoma) &
Y © 7]+ retrovirusoll A X5 WA E]o] RAF (rapidly accel-
erated fibrosarcoma)gb= o] 55 At o|F w2 FA
Al(genome)o | = L& 7] 4 < (cellular homologue)©]
wAsigen] A, B, C42] ofsoformpe] EAlEe %
B2 rh.(17) CRAFE= Y3 RAF- 1225 &2, e
A|Eol] ZA3kc).(18) BRAFE F2 HNAE, AJAE, 3
8 AEoA ghol Whlsh] tloRt £72) Eoldl E
Ho| Yel2 EAFro] WAEo] FE& WA ¥ )19
ARAFS} CRAF= RAS9} SRCol| <J&f|A] Q1 Ak (&A) 3hs]
o] MAPK AlZAEAAE EA3tel= RiHol BRAFE
SRC $lo|= FYslA A& = 9t #ub ol BRAF
= ARAFY} CRAFe]| H]ste] MEKell ZstA]l A3tsln] A5
£ Aggreh.o)

BRAF E91H# o] = Sanger Instituted] FU4-FAAZZAE
(Cancer Genome Project) & 5-3}o] BHAT| ¢t} o] ZZAE
T ARAAZZAES F3f 95X DNA A d& o] &3}
of iR 23 ds T, T4 BolF e g doj}
© A3t glste WAl e Z APy k.21 i
o] E<iHlo]= BRAF +412+¢] 1,799W1 4] &) ike]] Wb s)=
tll, o] 7% BRAF T2 6008 A 9] &l (valine, V)o] &
FEF4H(glutamate, E)E 2|35l B84 chal o] ww o]
£ V600EEZ E7|%ch 7)ol A3E 4 AL NM_
004333)% nlgro 2 1,796M 4 3}AH(V599E)el| Eodw o] 7}
Ue AR dHzion} oF At WA AANT
007914)0] ¥ AH A 1,799 A & 4ke] Fd Bl o] (V60OE)
2 AR = A}.(22)

H| A4 BRAF thil A2 g4k QA E]o] &9 Aad=
AAE 2434 71h.(23) ¥4 BRAF ghiid o] g4 <l
AF3kEl = 712 20041 Wan 59 A5 F3l ezl
A 3tEA] ok BRAF Th A2 14k3} EuiQlel] ATP 7
g wwQle] a4 Folde AElE fA==ul BRAF
V600E EiH o] 7} WhAshH o] ZHgte] EEZ A 3t Q4
S =T A5 04

BRAF®] A Fdwlole FA%E(melanoma)?t FHE-4Sk
(thyroid cancer)ol]4] & HIEZ AR T o] oo % At
oF, At ol s Had wf odok2n A b o
Yoz A3t & 9l=vl BRAF o= 53] &
& R e GEALNAN AR = 5 o]
Ioh(25) A4 e OF 45%01 4 WA E =Y Aol
2} AARE Bk (26) oA thE F7bell vlE] =

(e}

O+ o
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£ 30 41
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of f-te] 63~83%cllA WA} (27,28) A 7
7hul ol 7} v 7] A Z i o] & (tall cell variant) f-7%F
oAlA F2 wlER A, 25) 7 e AR gl A

E Eo HEE WAEFAT o £9allA falid qA el
A BAE A Gevho) AR FAEE «dISst

o] &0l z}= 744l 9] F-f-(extrathhyroidal extension), &
7] (tumor stage), HZA # o](lymph node metastasis)7} T 3
ZQld] BRAF Eiio]& o] & At Aa3AI7} 9dgol
sl A Aok 30) 53| FoF wHAZE 1714 27191 2719] <
o /] = BRAF Ealuio]|7} EAfjeld AfutEo] Folxlvhe=
317} 9l ow (30,3]) BRAF Ealdo]7} ZAlsle 7H4akA
L2 2 E <ol Frosl= NIS (sodium-iodine symporter)
of wido] Fax o] WA 22 257} oEy A57t
| @& gieh32)

BRAF E<1¥ o] RAS &< o|u} RET/PTC 44| ]
Z3+3T) v A 2 £k ¥ (tumor initiation)ol] od sk}
3 A7 A MAAFEA ZHF(premalignant melano-
cytic nevi) (85%)2 A vl Al FL(17~52%)01 4 =
HEg dAs s A S I SR & 5 Urh33-35 Alx
T AglolA 85 A vlol] w21 BRAF E<1¥o]= DNA
& FAAF|A R FA ol A ZAH (apoptosis) & fridsh
of AEAAAS FAs= A= A9 gick webA] 443
© 2 BRAF EqHlol2 3l A7+ 4% &84
(genetic instability) T A1 814 ¥ 2} (epigenetic change)E
A ddlFell ke Fv AL A7) (36) BRAF &
9d¥o|= TSH (thyroid stimulating hormone) =& 42| ¥&
& ZHaAZItkE AollA = RET/PTCS §-AF3FA 2, RET/

B 0B r

PTCSH= th27] cAMP 85 AAlsAY cAMP 45
&A1 7| A Fehel. 18] 5L BRAF V600EE wl-$-2of <)
st A Rk fARRE Fokol ARtk A
Ark.(23)

BRAF V600E Eirio] uhaoll v x]= 31742 2.9l o
gt I zA Ane FrrdTe] oA S AAlE A
A =E2 FAZLY] A, ALA =EY B
o BRAF V6OOE E<iiio] o) WLAES 4AWA} g 2
o7 dHA ek 37) HhH o|&elotoll A= kA Ao
o] A 7 BA7E B A el v]sle] BRAF V600E
Saluels] WMo ek A Hastel oby A4
b2 At EAl s Aol el AFslieh38) 2
2= 4#7} BRAF V600E Eiwio] o] WhAlS fibsl=
A2 THeAE AAE Ak (39)

(2) RET/PTC X{Z& RET+= A&l AQAE 5ol &)
st 73 el 2 A QA4S E A (receptor tyrosine kin-
ase)©|t}. &AN7}A] neurotropic factor, neurturin, persephin, ar-
temin 5 4%9] ligand7} EAZctaL g A Sk (40) H=
Z 31219 DNAE A|EFol A9 (transfection)s+= A4S
ol A wAEAt AEFE G FAAE A=
gro] doluk Al E EAet AdFol Bz, A
Al RET (rearranged during transfection)o] 2l o] &5 929
th41) & A oA ZA| Z(follicular cell)oll A+ WS
A k3 B ZAEE FE3H3 A7 5] (neuroendocrine)
Aol ARt Wi} 23) RET A4S Azd F2 7}
A4 7% (papillary thyroid cancer, PTC)2] HAlol] Fhofs}
7] wiitell Ajzgre] ol RETE RET/PTCEL HE

fo

Table 1. Genetic rearrangements found in papillary thyroid carcinomas

Gene name Oncogene name Fusion gene name

Original function of the fusion gene

Fusion gene location

RET RET/PTC1 H4 Unknown 10g21
RET/PTC2 PRKARIA cAMP-dependent protein kinase regulatory subunit Rlalpha 17q23-24
RET/PTC3 ELE1 Androgen receptor coactivator 10q11.2
RET/PTC4 ELE1 Androgen receptor coactivator 10q11.2
RET/PTC5 RFG5 Golgi autoantigen 14q
RET/PTC6 HTIF1 Thought to associate with chromatin and 7q32-34
heterochromatin-associated factors
RET/PTC7 RFG7 Thought to be a transcriptional corepressor 1p13
RET/PTC8 KTN1 Microtubule-associated protein 14q22.1
RET/PTC8? RFG8 Unknown 18q21-22
NTRK1 TRK TPM3 Tropomyosin family of actin-binding proteins 1921.2
TRK/T1 TPR Forms intranuclear filaments attached to the inner surface 1925
of nuclear pore complexes
TRK/T2 TPR Forms intranuclear filaments attached to the inner surface 1925
of nuclear pore complexes
TRK/T3 TFG TRK-fused gene 3ql2.2
TRK/T4 TPR Forms intranuclear filaments attached to the inner surface 1925
of nuclear pore complexes
BRAF AKAP9-BRAF AKAP9 PKA binding anchor protein 7921
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t}h.(42) RET/PTCE RET +4124¢] 30 o] thE 41449
5 Fi3 Agee JeE ol Adtsle FAA el w
2} A 11579 RET/PTC7} ¢#A4 hvh(Table 1). WA
EEE Q) wAse A 77l 80%+ RET/PTC 1
H(RET/PTC1) =+ 38 (RET/PTC3)o|™ UHIZ S F RET/
PTC2}L & o] 55 A Zeh.(43,44)

B33 RET &A= A50] g5 ull 7 Mo &4
7} 2o o] & A|(dimen)E ©]FIL 0|8} FAld AZ9| &
Al QIAF3}LE A (tyrosine kinase) F-91E A7F 143} (auto-
phosphorylation) A171 ¥ #1919 chlA & A5 5 #dslo]
MAPK B PI3K A ZALAAE A=538be} (36,45,46) A=
o] Ydoji}A] RET/PTC FEl7} =™ a4 o] 3] el E Al
EAol| $xsl, wlebA E]l2Al QA g 4 9071 g
QAtztE|o] 319 ATAIAAIE LA 3tHAl = et.47)

WA e 75 AR R FobA = A2
A7 02 WAl =EH oto]FollAl fFto] st 7
5 80%7} RET/PTCE <13t f-7Stol At (48,49) slA|Rk
T Qe E o ZAF,(50) AEAE,(50) A RE
A,(51-53) 2Ela WA =53 FEGE Y69 ol
AE A A 25 7 Eol gle el Al RET/
PTC7} 7%= 79+ tFto] 4o} 3kafolrh(42,55) 7+
A4 v Al (papillary microcarcinoma)oll A & =2 HIE
2 A=A A2 3kqko|u; Aol A= whAE A &
=th(2) RET/PTC7} EAlste 7] 745 2=4 Aol
sEo| F7eARt dlee 23] £ Ho|th(56) RET/
PTCE 34 799 3~77% BAEollA whAs e 4
A el A W AT 7| 3e] £33t Aol vt AXE
7} Ak w3 A AA7E chekgH(heterogeneous) Al E
o] mglojoj A ARG ol whebA] Axprt Uehbe Ao s
AZE| 3L dk(57) B EEAA &2 B =Fe]
PAY A =% 99 thE fFY A EAE
VoA E WA = ik dhElE e E =4S At
A G5 shake] 9F 10%0l4 RET/PTC1 %X RET/
PTC37} %74 9 c}.(58,59)

A& oA wekslt 7HARA A Eeof] RET/PTCL -+ RET/
PTC3 A4S Wolaw AEE S3MA7IA 2 &7}
ulu]stel, RET/PTC7F 9% Al W3k TSH Al 24 2|
Alol] W35 WHAel7l #FA|uk TSH glo] AAslA] s,
A2 E-9FA A (genetic instability) & -FFEE A b=} (2)
SRk A Bol A fAAke] Wi e] ZhAskal MAPK 4l
SHAGAAZE SA43tvta BaE ek (60) RET/PTCE
A7 PAAZE nf2 AR IGollA I3 F7
o] Wbl A NE Foke] AALEETE 2|3 Kol & oA &
Trh@9 WA 222 Qe sl A el A
+ NTRK1 #]#3%}, AKAP9-BRAF A =3t So] WA= 7
TE drk

(3) RAS S9HO0|: RAS F4A = AE(at)ollAl 55

[e2

2 o

Y 0 7]& ulol#] ol A - Ha|x| gl 7)o RAS (rat sarco-
ma)Zhs o] 202 B2t} (61,62) H-RAS, K-RAS, N-RASS]
Al 771 =t AN Al 7R B wAE
th(2) ket T AR FEAol A, 53] F&AA
3 g 24 Qasta4gRE A3 E HAdvtol AE 2
AAT = AEE o) RAS ©HA 2 v|dA S el o
+ GDP (guanosine diphosphaste)®} 7 $tsta 9lrir} 2413}
A3 E "vrom GTP (guanosine triphosphate)2} 7 s} 4]
L4 3k=lo] MAPK ¥ PIBK Al ZAZAAZ A5 A3t
th. RASel| EsiHo|7l A7|W GTPE GDPE X EEl+&
GTpuse 39171 A 438 FobAl H7ukord s2e) 4 &
odwlo]) GTPele| At o] 7Z3b=lof(12¥] & 13¥ A=
o A Eodue]) 3 243 Adlvt Heh23)

RAS E<dHlo]& vhofst E579 sholl EAlsl A <
A T oF 30% AEollA WAHACQ2) FFU(T~15%)
3 o ZQH(11~45%), A&E3HH24~55%), AHHAL G2~
55%) 2% 7<% RAS Eadwo] 9] vler}t F713}(63,64)
Lol A= HEE o LA (follicular variant) -5 oll A]
RAS Eal¥o]|7} galElc} (23) Al FFLANAHE WAE]
o ZHASE A 27|l tofsle Ao g o AR 1
AUk (6566) AF7} LF QoA T E& wiEZ ubAR
th(63) RAS Sl o] PAX8-PPAR 7 8} o] EAllslE= 7
7 flol Aol AMAL] i Aew A7

t3)

P

.I\l
R

RAS Eaddlo]7t EAllsles A4S +7eke 544
Q1 ¥ (nuclear feature)o] §liL, Z] o] A= o] = 45
7} E3pe, =z Holo| o] Yt whH A7 Aol
(distant metastasis)?] &Eo] L, A E o B3} 7} Yo}
A Bol# gl o] whdo] At gk £4] ¢k oflF
o A== AoE dHA YUt B3] AlEF AgollA 4
A A Bk Al (chromosomal instability) S ZZA]7]+ 2o
2 ghsiziedl, 93 ActollA RAS Eidlol7l =2 HIER
WAE = AL olof 7|sl= AoE AJ7ztE et (23) A

o] £ F(follicular adenoma)oll A B & <F7F YA wH30%)
RAS ElHlo]7h w5 710l %4 A% adenomath o4 %
Fcarcinoma)E AT FAHAZ A7l 3
7} heh(23) A3A oA N-RASYE I 8sl e & =2+g) n}
$20l A1 %2 o] Eato] MG Alzbo] Aukeh
A A 3o 2 2Pt (67)

(4) PAX8-PPAR 7 I Z&}: PAXS (paired box gene 8)< %+
A4 Axe] ARl Fast J3E sk HAR Ak (ranscrip-
tion factor)o]™ ZHA o]2]e] A ZEolA & WaAsA] ohe
t}.(23) PPAR7 (peroxisome proliferator-activated receptor
gamma)v Al EAGA 9l A ZAE S 2As ko] FgdA] t
4 (tumor suppressor) & Fh= W W TEE FEA
(nuclear hormone receptor)o]th.(68) G| Azgholl 2l
olE F FAAVE A¥H HdlE L¥Hsl= 2SS PAXS-
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PPAR 7 2}3 52w o] A% PPARy 7]5o] A=t} o]
L wtSo]A whmlAo] A4 thulA e 758 Hbdsls
(dominant negative) Q&S 7] wjFoZ AZH] (69)
PPAR 7 9| 7|5 A| v W7t AAAZE SHAZE
HIA 7= At 7142 obF wE A A gkokeh3)
PAX8-PPARy v+ oJZAF| 4~33%, oJxt9| 36~
45%, A EA F-592] 37.5%0014 AR (69-72) WhH o]
-LOP./] W Z o] & EA) 9 (Hurthle cell carcinoma)ol| A+ A
o] wrAE R 9k} (23) PAXS8-PPARy Azgte =z <l

ubgels IHAIQHS Bae] telv} ofelw, Feke] =7

7 2w, GRAee) e} Boke S76] otk
AES AYS B2 U AU AL e 94

A8 S E3 PPAR y 7} £k A cluiA o] o38kS 3= 7)

o] Zm = 9t} (73-75) PAX8-PPAR 7 7} EA3}E o] £4ta}
ZANSA ghe o QS wlwdk A fAA e gl
Z Aol E Hglow o= PAXS-PPAR 7 7} thokat Al A
Aol Tolaty] Wl Ao g AzEh (76 121

PAX8-PPAR 7 7} EAs}A] k= o kol A %= PPAR 7 9
wtedo| 7443 97t & o]— o]E A= 2 $A Ao
Wl 9 Aew >

Eeh(70)

() PBK ASHEEX |71| Ao| FEXL 0|A: A 53]
o] Z92 PBK ASALAAZL AR A7t Wk
EGF, IGF1 S AAolzte] As 2 utow AEFHo] &
A (53 #%iﬂé%‘ Bl 24l Qast )7t ol 55 A
I PBK7F AlZ9 o] PIP3E A3 5 A AKTS I4
A A chokst fAApe] W& =4 g} (77) PBK ASA

GAAlE AE ARl Fo3t d8E sl 4SS 3
dslo] FAE, A, Al 5

oll 4] PI3K A% L%zﬂﬂlel o]4o] HbA= T} (78-81) PI3K
A S GA| Aol o] o] 7= 22 =LA PTENS| 7]59]
4% 735, PIK3CA2| 7]so] 7385 7%, 28|l AKT
o] 7)ol Z4%E A¢E g T Uh282)

PTENS PI3K7} PIP3E A A7+ AS AAs}o]
PBBK AZAGAAE zAste FUIA =4 (umor
suppressor)©| T}, PTENo| A| 7|55 S+ Y9212 PTEN
ZAFe] A} (deletion), PTEN E<1H o], PTEN 42} o€l
3} 5ol k() PI3KE EA&F-2](pl110 catalytic subunit)$}
ZAH 9 (p85 regulatory subunit) .2 o] Folz|H FAH S
= AY =+ B¥o| 9t} PIK3CAE A¥ Q] g4HYE vt
T §HAAo] T} (83) PIK3CAL] 347 4= Z7}(copy num-
ber gain) e EA 3} Eodwo]7} dojubd PI3KY] 7] 5 0]
ZstE]o] PI3K AZAZA| A7} &A= (83) AKTE
PI3K A S EA Al A AZAE S Al d&E 3=
chil A olm Fofol|A] BpikE] = 757} vk A4 Sholl
AE FAEA kEAIRE, AKT Aol 2 Edw o] 7} EA)
gheba g A Ack(82,84)

PTENe]l AXZ <l Fadwo|7t flo] BA765 FsHl

5 7% PBK ASALA A7 A 31E] o] Cowden 22
o] HhAste) o] Foll Al 44 o St WAt Ee| =
the Aol A PIBK A A A AI7F of ZF k- Ael] F a3t
A3 = & Arh(85) FAH FAuo] e AAE
Eqro) s oGk WA ES %01%- Hyxgo
Zaolwjo] £9] o] §-& PTENO] A 7|5S F3la = 7%
7 m)SAA o EQS 20~30%0] Zdto] Ud#EA 9
t}.(86,87) I EAF2] 7§ m8 PTENS] £3A 3} B
= Ach(88) A AL 50% o]dellA PTENe| B4H o2
&2 Fghrhe AAelA ZHEAShe] A e 5 PI3K
AZHALA AT} FosHA Ag3s & 5 Ach(7789 =&
PIK3CAS] Eqivio] & shdo] HQle] H& o EYE

h.(90,91) PTEN W35 glol ARk up--2oll 4] 31
AE g A ZAFE WhAstaL o o] HHAYEA] et
Aol 4] PIK3CA E3F Z Q31 odahS 3lvkw §2=3t <= 9]
t}.(92) PIBKCA E<1¥ o] PTEN 417} o]z} n]s=st wl
T2 Hol=d) o] 9] 8~29%, J Ao 23%0l| 4] ut
75t} (93)

2) ZAN N2 U ABMANM LU= REK

o4

#] &-3}-%}(poorly differentiated thyroid cancer)

U
=
(anaplastic thyroid carcinoma)2 5% 9 o] o

o HhAstcka A Aok EIHTE Y of3
A 23, Ao g APt Al F3kghe] S4o] A
Aoz AeA JYPALe] EAQ A ZE Y (mitosis), Al
Z 3] AHmecrosis), 2] ©}3] A (nuclear pleomorphism)©] Zo]
WAE s Aol A o] & Q1S 4 k. w3k 3 AdQH
Wl 9ok i o] Zolol 01_‘?_7]. ZubElgs AAlg
Tc’r“v:‘°mL EE o] AE AFETS AP 54

= Hol& AL o] F AAIZ}3) AU L0~
50%), 1 E£H(60~75%) Kt 2 W= (85~100%)2] A4
A oA BTk (9,12-15) AR AL ps3, £ catenin S

u!

BRAF

RET/PTC

NTRK1

AKAP9-BRAF

RAS

— | PTC | — ]

RAS

PAX8-PPARY

PTEN

PK3CA

@ FTC -
B-catenin

p53
B-catenin g;gg‘ A
PTEN M

@ PK3CA »| PDTC [ ATC

Fig. 2. Thyroid carcinoma progression model.
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A2 o &3 A Aol 4 A Slrh(3) BRAF, RAS,
PIK3CA, PTEN 59| 47} o] Aol A = WA
%A%k RET/PTC AZ3%, PAXS8-PPAR y A2 ubA g
A b=rh(Fig. 2).(16)

(1) p53: p53< DNAS| &£4-& WA3laL Al 2575 24
slo] A9 ¢F3} WA J&E e T3 FAIA
A (tumor suppressor)©]t}h.(94) Al|FEol] o]Ao] ZHAE™ p53
o] ZhEste] AlE A& BAAT] ¥ =45 DNAE &7

(o2 wd

sHA| Ew B47) o] H - 7d-F- Al EAE (apoptosis) & =
3het.(95) P53ell Edw o] 7} LdofuhH DNAoY ZAgslA] 3
slo] DNA &4 &9 933 & 4 giA Hrh(3) MDM2
= p537 EEA {ES z2Ase Jde e,
MDM27} ol gk Qloll ozl Tpia=]md Al f p539] o
& TEAA A4S 534E W7 = gk (96) = MDM2
7} IrdE A S 2Ass pldtt ghal A o] whe oko)
FHaestol A 0 & ps3o] A 755 Al Fahe s
Art.(97,98)

p53 Eitlol s A FFe 50% Aol FoIht(99)
7 B oAES A= ALY whAEA gka A E3eE
(50%) B AFAA@B0%)NA E HIEE ps3 EH o7}
WA 100) o] W WAEE Fodol= i 72 A
=9 Falwo]olt} (101) MDM2E 5 B o] E ol A
A3, PG E AP o] o] 7has)
=4l o]& &0l Ael] ps3o] 4 Al wigle 2
MDM29| W&l& FX1A|71A] 3317] wiit(lack of feedback
loop)2-Z AZ-H ) (102) A A MDM2& k2] 5ol ub
2} ot ol wlElslr| = slal whu|H|Elr| & sto] Foko
FAAE A&sE7)7F FET103)

A A Eol] Foddo] p53E HolF AdollA ps3 &
odulo] uko &= HH (soft agar)oll v (colony)E B4 3HA
o] e glow FE v Y Aol T B
A4 Fslgict. webA ps3 Edw el kg ek
7} olu] EAsE Aol At AEAA HX Y
(dedifferentiation)ol] &=l &g s}zl Yzh=lc).
of| A AF3IRAIRE RET/PTC HAH 3 w5201 4]
A Fobe FFee] wrAst=T, ps3ol §le vh-2¢t
FA7IH A 23E 9 JEA4qhe] whARlet. o] & F3 psS3e
71584 A Aty 7)o d3s stelel Az
g k(109

(2) B-catenin: S -catenine Wnt Al x| Aol o}
= Aotk (105) B el AlxollAe AlEAl 9
2|l APC-axin 5340l o3l all=] 7] wiifoll &% &
Akt (106) 3419 APC-axin 5-3hAl|oll o] o] ALY 4-
catenin ZpAJol] o]Fo] WhA¥sl= A5 EallEA] R FE
2 ZAsA "ot o g o]Fslo] & Yol ALFEE &
Ashe A5 Aok 7 2 A Z40%), A3l ~
25%), AHANU8~66%)2F ZTH AL EAls=

12 Ho

~
(%)

2 L e
R

rir

B -catenin®] H]-go] Zolxlo] B Qe (107,108) ®3F A-
catenin E ol & §F-qFolut of Eqtol A w54 ¢k
I AR G2%)0I Y ABARG1%) 2 2w &
Fo] Fopdlckm ¢#A 9lrh(107,108) A FAelA Axin
7} APC §A 719 Ealu o] 82% (Axin)%} 9% (APC)ol|A]
WA= . (109)

3) MoAQl ZRHQUAE 0|S& ZalMet o7

A= 2 (genomics)=  FA AL, = 2|21 X(proteo-
mics)= KHA L] FAH Q] HAFES ATeke ol
o] 2o #| o] (microarray) 7]%2] 7N E DNAoIA A

+ mRNAS WHEES &AT 5 A HdA AAH
o gell Eutsl= FAAke] Ay

= i
ARl A dolute 47} Kol & Helrkes Ao
Z2E|uE o] & Hokslo] vkl xpA o] whdd ok
< FUste AgAelh MM FAAE alterative
splicing, ®1%) & w3 (post-translational modification) & &
3l TS ohekst T A S abEolWy] uifel Z&
glomlas Al vlsl] FAH FHe] A+ & F
AUct. Z2e|enl 2ol FHE V)£ WA A A=
o] IAE Axzo|A] ZEH LM 2E FAV Qe F
Ale]ct.
ulo] Z 2 o] | o] (microarray) & ©] &3t AFollAl= o
A2 =3 (classifier) & o] &3te] Fs FE3H T Al
571 Hol o] FoiRleh. 43R -5 A, Maz-
zanti 5= %Al Z9(hyperplastic nodule)Z -+l A 6%
o] fAAH(C2lorf4, Hs24183, Hs.296031, KIT, LSM7,
SYNGR2)9] W&l Xlo] & w7439 3L,(110) Weber 5
CCND2, PCSK2, PLABE- classifier@ ©|-£3}o] o] ZAZ1}
o] 29hS TR ).(111) Foukakis 52 TERT, TFF3,
PPARG, CITEDI, EGR2E- o] £3}0o] of| &7} L} o] Fok-&
aldeh(12) vhE F, 53 Y 2 Al e
A N FAA 23 o] &3t Ut E TS dFL
2 3k A7l AP vp glow 7]ES of|$ o3t}
geket AAAAE BAARE(113,114) AL = oF
2] a9} 2 vt R AF7F AH 6p gl

E 28| 27 2 (proteomics) ATE FHFASGE vIR3 B
S G FEFY Aol AgE T Ak B3 FHY T IF
Soll A& whul A o] Hbd oRikS A A Rk, of| Fof|F, 3o
A vESA & dIEsled Agstaat s oA dT
(translational reaserch)S #ks}A] A sfsla o}, 7HAFA
of| A9 A& ool vlal] ghEn] kAl HFEA 9=

tll, Brown G - 73toll Al A4 &kl vlsll Cathepsin

™
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CK19, Gal-3, S100A4, Prx2, HSP70 2] whu}A uldo] =7}
8} 1,(115) Netea-Maier 5= PDIA3, HSP90,
Calreticulin, TPO 58] ©hjA o] o EQFol|A] o A Fol H]
3 ks Haslolehie) 71E9] ATt FE 4=
Aol 24& 2 Aolrtd, Q7o g, A, 4 59
A H(body fluid)S e 2 A3PE= A7} o ge= o
S Wold Ao oA o] & 53 TFHeEE ZE
Bl or s o] &3F Ak o] Ny} ZE2 A A 9l #
£ F Adxe 7€ Aol 7=

oy el
shS

a =

AgAekel WA 9 Aol chekat £59 A of
Afo] oldh. AHRAHLS RAIRTY, ol Eehzt A
sho, elm i ggtoE AWEA B A ET} =
& §A% o) ol mEuE Ao ol AXM, wheba Fop
o AP ATe7e) £ Belo] ek wG {7
o AzFoE s FAAt] WA BT tho} ¢
Qoll the 37k ATE Besheh A% wi Gl
HPFS AP Ak 9 2o o] §3}as ohi
AT gk Fikelh AL WA fARe ol
Aol ol ATsHE AL FIHOL AL A o
NEE A% Fbel Feks Ao 1 9ol ghek.

REFERENCES

1) Burman KD, Ringel MD, Wartofsky L. Unusual types of
thyroid neoplasms. Endocrinol Metab Clin North Am
1996;25:49-68.

2) Riesco-Eizaguirre G, Santisteban P. New insights in thyroid
follicular cell biology and its impact in thyroid cancer therapy.
Endocr Relat Cancer 2007;14:957-77.

3) Wreesmann V, Singh B. Clinical impact of molecular analysis
on thyroid cancer management. Surgical Oncology Clinics of
North America 2008;17:1-35.

4) El-Shabrawi Y, Mangge H, Hermann J. Anti-tumour necrosis
factor alpha treatment in chronic recurrent inflammation of the
anterior segment of the eye in patients resistant to standard
immunomodulatory treatment. Ann Rheum Dis 2003;62:
1243-4.

5) Roque L, Rodrigues R, Pinto A, Moura-Nunes V, Soares J.
Chromosome imbalances in thyroid follicular neoplasms: a
comparison between follicular adenomas and carcinomas.
Genes Chromosomes Cancer 2003;36:292-302.

6) Kitamura Y, Shimizu K, Ito K, Tanaka S, Emi M. Allelotyping
of follicular thyroid carcinoma: frequent allelic losses in
chromosome arms 7q, 11p, and 22q. J Clin Endocrinol Metab
2001;86:4268-72.

7) Castro P, Eknaes M, Teixeira MR, Danielsen HE, Soares P,

8)

9

~

10)

11)

12)

13)

14)

15)

16

=~

17)

18)

19

~

20)

21)

Lothe RA, et al. Adenomas and follicular carcinomas of the
thyroid display two major patterns of chromosomal changes.
J Pathol 2005;206:305-11.

Wreesmann VB, Ghossein RA, Hezel M, Banerjee D, Shaha
AR, Tuttle RM, et al. Follicular variant of papillary thyroid
carcinoma: genome-wide appraisal of a controversial entity.
Genes Chromosomes Cancer 2004;40:355-64.

Roque L, Nunes VM, Ribeiro C, Martins C, Soares J.
Karyotypic characterization of papillary thyroid carcinomas.
Cancer 2001;92:2529-38.

Singh B, Lim D, Cigudosa JC, Ghossein R, Shaha AR, Poluri
A, et al. Screening for genetic aberrations in papillary thyroid
cancer by using comparative genomic hybridization. Surgery
2000;128:888-93;discussion 93-4.

Kjellman P, Lagercrantz S, Hoog A, Wallin G, Larsson C,
Zedenius J. Gain of 1q and loss of 9q21.3-q32 are associated
with a less favorable prognosis in papillary thyroid carcinoma.
Genes Chromosomes Cancer 2001;32:43-9.

Roque L, Soares J, Castedo S. Cytogenetic and fluorescence
in situ hybridization studies in a case of anaplastic thyroid
carcinoma. Cancer Genet Cytogenet 1998;103:7-10.

Mark J, Ekedahl C, Dahlenfors R, Westermark B. Cyto-
genetical observations in five human anaplastic thyroid
carcinomas. Hereditas 1987;107:163-74.

Jenkins RB, Hay ID, Herath JF, Schultz CG, Spurbeck JL,
Grant CS,
abnormalities in sporadic nonmedullary thyroid carcinoma.
Cancer 1990;66:1213-20.

Rodrigues RF, Roque L, Krug T, Leite V. Poorly differen-
tiated and anaplastic thyroid carcinomas: chromosomal and

et al. Frequent occurrence of cytogenetic

oligo-array profile of five new cell lines. Br J Cancer
2007;96:1237-45.

Smallridge RC, Marlow LA, Copland JA. Anaplastic thyroid
cancer: molecular pathogenesis and emerging therapies.
Endocr Relat Cancer 2009;16:17-44.

Rapp UR, Goldsborough MD, Mark GE, Bonner TI, Groffen
J, Reynolds FH Jr, et al. Structure and biological activity of
v-raf, a unique oncogene transduced by a retrovirus. Proc Natl
Acad Sci U S A 1983;80:4218-22.

Nucera C, Goldfarb M, Hodin R, Parangi S. Role of B-Raf
(V600E) in differentiated thyroid cancer and preclinical
validation of compounds against B-Raf (V600E). Biochim
Biophys Acta 2009;1795:152-61.

Leicht DT, Balan V, Kaplun A, Singh-Gupta V, Kaplun L,
Dobson M, et al. Raf kinases: function, regulation and role
in human cancer. Biochim Biophys Acta 2007;1773:1196-212.
Emuss V, Garnett M, Mason C, Marais R. Mutations of
C-RAF are rare in human cancer because C-RAF has a low
basal kinase activity compared with B-RAF. Cancer Res
2005;65:9719-26.

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg
S, et al. Mutations of the BRAF gene in human cancer. Nature



8 [HsHH=HIAWESIXI : M 10 & H 1S 2010

2002;417:949-54.

22) Kumar R, Angelini S, Czene K, Sauroja I, Hahka-Kemppinen
M, Pyrhonen S, et al. BRAF mutations in metastatic
melanoma: a possible association with clinical outcome. Clin
Cancer Res 2003;9:3362-8.

23) Nikiforova MN, Stringer JR, Blough R, Medvedovic M, Fagin
JA, Nikiforov YE. Proximity of chromosomal loci that
participate in radiation-induced rearrangements in human cells.
Science 2000;290:138-41.

24) Wan PT, Garnett MJ, Roe SM. Mechanism of activation of
the RAF-ERK signaling pathway by oncogenic mutations of
B-RAF. Cell 2004;116:855-67.

25) Nikiforova MN, Kimura ET, Gandhi M, Biddinger PW, Knauf
JA, Basolo F, et al. BRAF mutations in thyroid tumors are
restricted to papillary carcinomas and anaplastic or poorly
differentiated carcinomas arising from papillary carcinomas. J
Clin Endocrinol Metab 2003;88:5399-404.

26) Xing M. BRAF mutation in thyroid cancer. Endocr Relat
Cancer 2005;12:245-62.

27) Chung KW, Yang SK, Lee GK, Kim EY, Kwon S, Lee SH,
et al. Detection of BRAFV600OE mutation on fine needle
aspiration specimens of thyroid nodule refines cyto-pathology
diagnosis, especially in BRAF600E mutation-prevalent area.
Clin Endocrinol (Oxf) 2006;65:660-6.

28) Jo YS, Li S, Song JH, Kwon KH, Lee JC, Rha SY, et al.
Influence of the BRAF V600E mutation on expression of
vascular endothelial growth factor in papillary thyroid cancer.
J Clin Endocrinol Metab 2006;91:3667-70.

29) Xing M, Vasko V, Tallini G, Larin A, Wu G, Udelsman R,
et al. BRAF T1796A transversion mutation in various thyroid
neoplasms. J Clin Endocrinol Metab 2004;89:1365-8.

30) Xing M, Westra WH, Tufano RP, Cohen Y, Rosenbaum E,
Rhoden KIJ, et al. BRAF mutation predicts a poorer clinical
prognosis for papillary thyroid cancer. J Clin Endocrinol
Metab 2005;90:6373-9.

31) Kim TY, Kim WB, Rhee YS, Song JY, Kim JM, Gong G,
et al. The BRAF mutation is useful for prediction of clinical
recurrence in low-risk patients with conventional papillary
thyroid carcinoma. Clin Endocrinol (Oxf) 2006;65:364-8.

32) Riesco-Eizaguirre G, Gutierrez-Martinez P, Garcia-Cabezas
MA, Nistal M, Santisteban P. The oncogene BRAF V600E is
associated with a high risk of recurrence and less differentiated
papillary thyroid carcinoma due to the impairment of Na+/I-
targeting to the membrane. Endocr Relat Cancer 2006;13:
257-69.

33) Fecher LA, Cummings SD, Keefe MJ, Alani RM. Toward a
molecular classification of melanoma. J Clin Oncol 2007;25:
1606-20.

34) Ugolini C, Giannini R, Lupi C, Salvatore G, Miccoli P,
Projetti A, et al. Presence of BRAF V600E in very early
stages of papillary thyroid carcinoma. Thyroid 2007;17:381-8.

35) Kim TY, Kim WB, Song JY, Rhee YS, Gong G, Cho YM,

et al. The BRAF mutation is not associated with poor

prognostic factors in Korean patients with conventional

papillary thyroid microcarcinoma. Clin Endocrinol (Oxf)
2005;63:588-93.

Mitsutake N, Miyagishi M, Mitsutake S, Akeno N, Mesa C

Jr, Knauf JA, et al. BRAF mediates RET/PTC-induced

mitogen-activated protein kinase activation in thyroid cells:

functional support for requirement of the RET/PTC-RAS-

BRAF pathway in papillary thyroid carcinogenesis. Endo-

crinology 2006;147:1014-9.

37) Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam KIJ,
Kutzner H, et al. Distinct sets of genetic alterations in
melanoma. N Engl J Med 2005;353:2135-47.

38) Frasca F, Nucera C, Pellegriti G, Gangemi P, Attard M, Stella
M, et al. BRAF (V600E) mutation and the biology of papillary
thyroid cancer. Endocr Relat Cancer 2008;15:191-205.

39) Guan H, Ji M, Bao R, Yu H, Wang Y, Hou P, et al
Association of high iodine intake with the T1799A BRAF
mutation in papillary thyroid cancer. J Clin Endocrinol Metab
2009;94:1612-7.

40) Suarez HG. Molecular basis of epithelial thyroid tumorigenesis.
C R Acad Sci III 2000;323:519-28.

41) Takahashi M, Ritz J, Cooper GM. Activation of a novel human
transforming gene, ret, by DNA rearrangement. Cell 1985;42:
581-8.

42) Fusco A, Grieco M, Santoro M, Berlingieri MT, Pilotti S,
Pierotti MA, et al. A new oncogene in human thyroid papillary

36

=

carcinomas and their lymph-nodal metastases. Nature 1987
328:170-2.

43) Grieco M, Santoro M, Berlingieri MT, Melillo RM, Donghi
R, Bongarzone I, et al. PTC is a novel rearranged form of the
ret proto-oncogene and is frequently detected in vivo in human
thyroid papillary carcinomas. Cell 1990;60:557-63.

44) Santoro M, Dathan NA, Berlingieri MT, Bongarzone I, Paulin
C, Grieco M, et al. Molecular characterization of RET/PTC3;
a novel rearranged version of the RETproto-oncogene in a
human thyroid papillary carcinoma. Oncogene 1994;9:509-16.

45) Miyagi E, Braga-Basaria M, Hardy E, Vasko V, Burman KD,
Jhiang S, et al. Chronic expression of RET/PTC 3 enhances
basal and insulin-stimulated PI3 kinase/AKT signaling and
increases IRS-2 expression in FRTL-5 thyroid cells. Mol
Carcinog 2004;41:98-107.

46) Ouyang B, Knauf JA, Smith EP, Zhang L, Ramsey T, Yusuff
N, et al. Inhibitors of Raf kinase activity block growth of
thyroid cancer cells with RET/PTC or BRAF mutations in
vitro and in vivo. Clin Cancer Res 2006;12:1785-93.

47) Nikiforov YE. RET/PTC rearrangement in thyroid tumors.
Endocr Pathol 2002;13:3-16.

48) Nikiforov YE. Radiation-induced thyroid cancer: what we have
learned from chernobyl. Endocr Pathol 2006;17:307-17.

49) Thomas GA, Bunnell H, Cook HA, Williams ED, Nerovnya
A, Cherstvoy ED, et al. High prevalence of RET/PTC



Ol Q1 : OIZMIE Rl 2HHA0 FHL Ol 9

rearrangements in Ukrainian and Belarussian post-Chernobyl
thyroid papillary carcinomas: a strong correlation between
RET/PTC3 and the solid-follicular variant. J Clin Endocrinol
Metab 1999;84:4232-8.

50) Ishizaka Y, Kobayashi S, Ushijima T, Hirohashi S, Sugimura
T, Nagao M. Detection of retTPC/PTC transcripts in thyroid
adenomas and adenomatous goiter by an RT-PCR method.
Oncogene 1991;6:1667-72.

51) Nikiforova MN, Caudill CM, Biddinger P, Nikiforov YE.
Prevalence of RET/PTC rearrangements in Hashimoto’s
thyroiditis and papillary thyroid carcinomas. Int J Surg Pathol
2002;10:15-22.

52) Wirtschafter A, Schmidt R, Rosen D, Kundu N, Santoro M,
Fusco A, et al. Expression of the RET/PTC fusion gene as
a marker for papillary carcinoma in Hashimoto’s thyroiditis.
Laryngoscope 1997;107:95-100.

53) Sheils OM, O’Eary JJ, Uhlmann V, Lattich K, Sweeney EC.
Ret/PTC-1 Activation in hashimoto thyroiditis. Int J Surg
Pathol 2000;8:185-9.

54) Elisei R, Romei C, Vorontsova T, Cosci B, Veremeychik V,
Kuchinskaya E, et al. RET/PTC rearrangements in thyroid
nodules: studies in irradiated and not irradiated, malignant and
benign thyroid lesions in children and adults. J Clin Endo-
crinol Metab 2001;86:3211-6.

55) Fenton CL, Lukes Y, Nicholson D, Dinauer CA, Francis GL,
Tuttle RM. The ret/PTC mutations are common in sporadic
papillary thyroid carcinoma of children and young adults. J
Clin Endocrinol Metab 2000;85:1170-5.

56) Adeniran AJ, Zhu Z, Gandhi M, Steward DL, Fidler JP,
Giordano TJ, et al. Correlation between genetic alterations and
microscopic features, clinical manifestations, and prognostic
characteristics of thyroid papillary carcinomas. Am J Surg
Pathol 2006;30:216-22.

57) Zhu Z, Ciampi R, Nikiforova MN, Gandhi M, Nikiforov YE.
Prevalence of RET/PTC rearrangements in thyroid papillary
carcinomas: effects of the detection methods and genetic
heterogeneity. J Clin Endocrinol Metab 2006;91:3603-10.

58) Chung KW, Chang MC, Noh DY, Oh SK, Choe KJ, Youn
YK. RET oncogene expression of papillary thyroid carcinoma
in Korea. Surg Today 2004;34:485-92.

59) Chung JH, Hahm JR, Min YK, Lee MS, Lee MK, Kim KW,
et al. Detection of RET/PTC oncogene rearrangements in
Korean papillary thyroid carcinomas. Thyroid 1999;9:1237-43.

60) Knauf JA, Kuroda H, Basu S, Fagin JA. RET/PTC-induced
dedifferentiation of thyroid cells is mediated through Y1062
signaling through SHC-RAS-MAP kinase.
2003;22:4406-12.

61) Harvey JJ. An unidentified virus which causes the rapid
production of tumours in mice. Nature 1964;204:1104-5.

Oncogene

62) Kirsten WH, Mayer LA. Morphologic responses to a murine
erythroblastosis virus. J Natl Cancer Inst 1967;39:311-35.
63) Garcia-Rostan G, Zhao H, Camp RL, Pollan M, Herrero A,

Pardo J, et al. ras mutations are associated with aggressive
tumor phenotypes and poor prognosis in thyroid cancer. J Clin
Oncol 2003;21:3226-35.

64) Nikiforov YE. Genetic alterations involved in the transition
from well-differentiated to poorly differentiated and anaplastic
thyroid carcinomas. Endocr Pathol 2004;15:319-27.

65) Lemoine NR, Mayall ES, Wyllie FS, Farr CJ, Hughes D,
Padua RA, et al. Activated ras oncogenes in human thyroid
cancers. Cancer Res 1988;48:4459-63.

66) Namba H, Rubin SA, Fagin JA. Point mutations of ras

oncogenes are an early event in thyroid tumorigenesis. Mol

Endocrinol 1990;4:1474-9.

Vitagliano D, Portella G, Troncone G, Francione A, Rossi C,

Bruno A, et al. Thyroid targeting of the N-ras(GIn61Lys)

oncogene in transgenic mice results in follicular tumors that

67

~

progress to poorly differentiated carcinomas. Oncogene
2006;25:5467-74.

68) Hihi AK, Michalik L, Wahli W. PPARs: transcriptional
effectors of fatty acids and their derivatives. Cell Mol Life Sci
2002;59:790-8.

69) Kroll TG, Sarraf P, Pecciarini L, Chen CJ, Mueller E,

Spiegelman BM, et al. PAX8-PPARgammal fusion oncogene

in human thyroid carcinoma [corrected]. Science 2000;289:

1357-60.

Marques AR, Espadinha C, Frias MJ, Roque L, Catarino AL,

Sobrinho LG, et al. Underexpression of peroxisome prolifera-

tor-activated receptor (PPAR)gamma in PAX8/PPARgamma-

negative thyroid tumours. Br J Cancer 2004;91:732-8.

71) French CA, Alexander EK, Cibas ES, Nose V, Laguette J,
Faquin W, et al. Genetic and biological subgroups of low-
stage follicular thyroid cancer. Am J Pathol 2003;162:
1053-60.

72) Nikiforova MN, Lynch RA, Biddinger PW, Alexander EK,
Dom GW 2nd, Tallini G, et al. RAS point mutations and
PAXS8-PPAR gamma rearrangement in thyroid tumors:

70

=

evidence for distinct molecular pathways in thyroid follicular
carcinoma. J Clin Endocrinol Metab 2003;88:2318-26.
73) Kim KY, Ahn JH, Cheon HG. Apoptotic action of peroxisome
proliferator-activated receptor-gamma activation in human non
small-cell lung cancer is mediated via proline oxidase-induced
reactive oxygen species formation. Mol Pharmacol 2007;72:
674-85.
Govindarajan R, Ratnasinghe L, Simmons DL, Siegel ER,
Midathada MV, Kim L, et al. Thiazolidinediones and the risk
of lung, prostate, and colon cancer in patients with diabetes.
J Clin Oncol 2007;25:1476-81.
75) Martelli ML, Iuliano R, Le Pera I, Sama I, Monaco C,
Cammarota S, et al. Inhibitory effects of peroxisome

74

=

poliferator-activated receptor gamma on thyroid carcinoma cell
growth. J Clin Endocrinol Metab 2002;87:4728-35.

Giordano TJ, Au AY, Kuick R, Thomas DG, Rhodes DR,
Wilhelm KG Jr, et al. Delineation, functional validation, and

76

=~



10 [HEHHEHIQIWSEISIKI - M 10# H 15 2010

bioinformatic evaluation of gene expression in thyroid
follicular carcinomas with the PAX8-PPARG translocation.
Clin Cancer Res 2006;12:1983-93.

77) Garcia-Rostan G, Costa AM, Pereira-Castro I, Salvatore G,
Hernandez R, Hermsem MIJ, et al. Mutation of the PIK3CA
gene in anaplastic thyroid cancer. Cancer Res 2005;65:
10199-207.

78) Singh B, Reddy PG, Goberdhan A, Walsh C, Dao S, Ngai I,
et al. p53 regulates cell survival by inhibiting PIK3CA in
squamous cell carcinomas. Genes Dev 2002;16:984-93.

79) Robertson GP. Functional and therapeutic significance of Akt
deregulation in malignant melanoma. Cancer Metastasis Rev
2005;24:273-85.

80) Kada F, Saji M, Ringel MD. Akt: a potential target for thyroid
cancer therapy. Curr Drug Targets Immune Endocr Metabol
Disord 2004;4:181-5.

81) Ollikainen M, Gylling A, Puputti M, Nupponen NN,
Abdel-Rahman WM, Butzow R, et al. Patterns of PIK3CA
alterations in familial colorectal and endometrial carcinoma.
Int J Cancer 2007;121:915-20.

82) Davies MA, Stemke-Hale K, Tellez C, Calderone TL, Deng
W, Prieto VG, et al. A novel AKT3 mutation in melanoma
tumours and cell lines. Br J Cancer 2008;99:1265-8.

83) Liu Z, Hou P, Ji M, Guan H, Studeman K, Jensen K, et al.
Highly prevalent genetic alterations in receptor tyrosine
kinases and phosphatidylinositol 3-kinase/akt and mitogen-
activated protein kinase pathways in anaplastic and follicular
thyroid cancers. J Clin Endocrinol Metab 2008;93:3106-16.

84) Carpten JD, Faber AL, Horn C, Donoho GP, Briggs SL,
Robbins CM, et al. A transforming mutation in the pleckstrin
homology domain of AKT1 in cancer. Nature 2007;448:439-44.

85) Liaw D, Marsh DJ, Li J, Dahia PL, Wang SI, Zheng Z, et
al. Germline mutations of the PTEN gene in Cowden disease,
an inherited breast and thyroid cancer syndrome. Nat Genet
1997;16:64-7.

86) Alvarez-Nunez F, Bussaglia E, Mauricio D, Ybarra J, Vilar
M, Lerma E, et al. PTEN promoter methylation in sporadic
thyroid carcinomas. Thyroid 2006;16:17-23.

87) Hou P, Liu D, Shan Y, Hu S, Studeman K, Condouris S, et
al. Genetic alterations and their relationship in the pho-
sphatidylinositol 3-kinase/Akt pathway in thyroid cancer. Clin
Cancer Res 2007;13:1161-70.

88) Halachmi N, Halachmi S, Evron E, Cairns P, Okami K, Saji
M, et al. Somatic mutations of the PTEN tumor suppressor
gene in sporadic follicular thyroid tumors. Genes Chro-
mosomes Cancer 1998;23:239-43.

89) Wu G, Mambo E, Guo Z, Hu S, Huang X, Gollin SM, et al.
Uncommon mutation, but common amplifications, of the
PIK3CA gene in thyroid tumors. J Clin Endocrinol Metab
2005;90:4688-93.

90) Ringel MD, Hayre N, Saito J, Saunier B, Schuppert F, Burch
H, et al. Overexpression and overactivation of Akt in thyroid

carcinoma. Cancer Res 2001;61:6105-11.

91) Vasko V, Saji M, Hardy E, Kruhlak M, Larin A, Savchenko
V, et al. Akt activation and localisation correlate with tumour
invasion and oncogene expression in thyroid cancer. J Med
Genet 2004;41:161-70.

92) Yeager N, Klein-Szanto A, Kimura S, Di Cristofano A. Pten
loss in the mouse thyroid causes goiter and follicular
adenomas: insights into thyroid function and Cowden disease
pathogenesis. Cancer Res 2007;67:959-66.

93) Wang Y, Hou P, Yu H, Wang W, Ji M, Zhao S, et al. High
prevalence and mutual exclusivity of genetic alterations in the
phosphatidylinositol-3-kinase/akt pathway in thyroid tumors.
J Clin Endocrinol Metab 2007;92:2387-90.

94) Hollstein M, Sidransky D, Vogelstein B, Harris CC. p53
mutations in human cancers. Science 1991;253:49-53.

95) Vogelstein B, Kinzler KW. p53 function and dysfunction.
Cell 1992;70:523-6.

96) Freedman DA, Wu L, Levine AJ. Functions of the MDM?2
oncoprotein. Cell Mol Life Sci 1999;55:96-107.

97) Jin S, Levine AJ. The p53 functional circuit. J Cell Sci
2001;114:4139-40.

98) Tao W, Levine AJ. P19(ARF) stabilizes p53 by blocking
nucleo-cytoplasmic shuttling of Mdm2. Proc Natl Acad Sci
U S A 1999;96:6937-41.

99) Vogelstein B, Kinzler KW. Cancer genes and the pathways
they control. Nat Med 2004;10:789-99.

100) Donghi R, Longoni A, Pilotti S, Michieli P, Della Porta G,
Pierotti MA. Gene p53 mutations are restricted to poorly
differentiated and undifferentiated carcinomas of the thyroid
gland. J Clin Invest 1993;91:1753-60.

101) Boltze C, Roessner A, Landt O, Szibor R, Peters B,
Schneider-Stock R. Homozygous proline at codon 72 of p53
as a potential risk factor favoring the development of
undifferentiated thyroid carcinoma. Int J Oncol 2002;21:
1151-4.

102) Saltman B, Singh B, Hedvat CV, Wreesmann VB, Ghossein
R. Patterns of expression of cell cycle/apoptosis genes along
the spectrum of thyroid carcinoma progression. Surgery
2006;140:899-905; discussion 05-6.

103) Onel K, Cordon-Cardo C. MDM2 and prognosis. Mol Cancer
Res 2004;2:1-8.

104) La Perle KM, Jhiang SM, Capen CC. Loss of p53 promotes
anaplasia and local invasion in ret/PTCl-induced thyroid
carcinomas. Am J Pathol 2000;157:671-7.

105) Mulholland DJ, Dedhar S, Coetzee GA, Nelson CC.
Interaction of nuclear receptors with the Wnt/beta-catenin/Tcf
signaling axis: Wnt you like to know? Endocr Rev
2005;26:898-915.

106) Van Aken E, De Wever O, Correia da Rocha AS, Mareel
M. Defective E-cadherin/catenin complexes in human cancer.
Virchows Arch 2001;439:725-51.

107) Garcia-Rostan G, Camp RL, Herrero A, Carcangiu ML,



Ol721 Q| : OIENIE Fefl Zadto] RTKL Ol 11

Rimm DL, Tallini G. Beta-catenin dysregulation in thyroid
neoplasms: down-regulation, aberrant nuclear expression, and
CTNNBI exon 3 mutations are markers for aggressive tumor
phenotypes and poor prognosis. Am J Pathol 2001;158:
987-96.

108) Garcia-Rostan G, Tallini G, Herrero A, D’Aquila TG,
Carcangiu ML, Rimm DL. Frequent mutation and nuclear
localization of beta-catenin in anaplastic thyroid carcinoma.
Cancer Res 1999;59:1811-5.

109) Kurihara T, Ikeda S, Ishizaki Y, Fujimori M, Tokumoto N,
Hirata Y, et al. Immunohistochemical and sequencing
analyses of the Wnt signaling components in Japanese
anaplastic thyroid cancers. Thyroid 2004;14:1020-9.

110) Mazzanti C, Zeiger MA, Costouros NG, Umbricht C, Westra
WH, Smith D, et al. Using gene expression profiling to
differentiate benign versus malignant thyroid tumors. Cancer
Res 2004;64:2898-903.

111) Weber F, Shen L, Aldred MA, Morrison CD, Frilling A, Saji
M, et al. Genetic classification of benign and malignant
thyroid follicular neoplasia based on a three-gene com-
bination. J Clin Endocrinol Metab 2005;90:2512-21.

112) Foukakis T, Gusnanto A, Au AY, Hoog A, Lui WO, Larsson
C, et al. A PCR-based expression signature of malignancy in
follicular thyroid tumors. Endocr Relat Cancer 2007;14:
381-91.

113) Fan C, Oh DS, Wessels L, Weigelt B, Nuyten DS, Nobel
AB, et al. Concordance among gene-expression-based
predictors for breast cancer. N Engl J Med 2006;355:560-9.

114) Wang Y, Klijn JG, Zhang Y, Sieuwerts AM, Look MP, Yang
F, et al. Gene-expression profiles to predict distant metastasis
of lymph-node-negative primary breast cancer. Lancet 2005;
365:671-9.

115) Brown LM, Helmke SM, Hunsucker SW, Netea-Maier RT,
Chiang SA, Heinz DE, et al. Quantitative and qualitative
differences in protein expression between papillary thyroid
carcinoma and normal thyroid tissue. Mol Carcinog 2006;45:
613-26.

116) Netea-Maier RT, Hunsucker SW, Hoevenaars BM, Helmke
SM, Slootweg PJ, Hermus AR, et al. Discovery and
validation of protein abundance differences between follicular
thyroid neoplasms. Cancer Res 2008;68:1572-80.





