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Thyroid Tumorigenesis

Jin-Woo Park, M.D., Ph.D.

Thyroid tumors display an intriguing biological diversity from
benign follicular adenomas to lethal anaplastic carcinomas.
Thyroid tumorigenesis is becoming better understood.
Benign follicular adenomas are frequently associated with
mutation of the thyrotrophin receptor, G alpha s or RAS.
Although confirmatory studies are necessary, the present
knowledge concerning the similarity in gene expression
profiling between follicular adenomas and follicular carcino-
mas supports the progression of adenoma to carcinoma
sequence. Four major genetic aberrations in follicular cell-
derived thyroid carcinomas such as papillary, follicular, and
Hurthle cell carcinomas include mutations of BRAF or RAS,
and chromosomal rearrangement of RET/papillary thyroid
tumor or PAX8/peroxisome nproliferator-activated receptor
gamma. Differentiated thyroid carcinomas of follicular cell
origin dedifferentate to poorly differentiated or anaplastic
thyroid carcinomas through mutation of p53 and CTNNB1.
Familial nonmedullary thyroid carcinomas are heterogenous
in genetic profiling, but some genes have been investigated
as candidates for causative genetic aberration. Ret muta-
tions can cause medullary thyroid carcinomas. A geno-
type-phenotype relationship helps to decide prophylactic
thyroidectomiesin family members of hereditary medullary
carcinomas such as MENIla or MENIIb. Primary thyroid
lymphomasare closely related with Hashimoto's thyroiditis.
Recent novel and promising findings include additional ab-
normalities in the regulation of microRNA expression, poly-
morphisms associated with thyroid cancer susceptibility and
epigenetic changes. A newly proposed fetal cell carcino-
genesis hypothesis explains more about thyroid tumori-
genesis than classical multi-step carcinogenesis model, but
is not yet firmly supported by evidence. Future studies need
to uncover new molecular mechanisms in thyroid tumori-
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genesis and to provide novel therapeutic targets for thyroid
carcinomas. (Korean J Endocrine Surg 2010;10:79-87)
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ol

oll 4] TSH =£4(TSHR)U G alpha s (gsp)2] 24 EeiH o]
5 WES F QUrh() olf EdHolE G S FA3)
A2 Frolo] cyclic adenosine monophosphate (cAMP) A
Ae FA AEH o2 AEE A537A] Hrk TSHR &4
3} Eddo]le AR ETE o £FAFY] Al F
2 foslm, gsp EAH ol = FA T o FokollA Bl
A PEE = Ol FE ASee 7HE £AXAFNA vERd
th WAAE Hol& HSolle AHses ZT Aol sl
TSHRY gspét 22 23F 3 {4218 Fdw o7t A9
VA ghom | oF 20%0ll4] AFekA Akl RAS EalH
ol WA F U, FFEY 7HsA el Wk RAS 4
ol GA] oAzt ot BolA velhed], 22& A
Aol A= Aoz WA Hlx7) 2o

AAGAE §F A uo] e E =7ke] A7}
dl, £2XA4FE AAlstd, Aol Ao|7} W=7
thaL 34, o] FFo] b 3te] ThsAel glrkar vhg
sick ksl X84 AAE Sl AlGHA 4
E S48 A5G Aol & Hd 73] wiokeky]
£ 2E27] uiFoltt o] oJu|2 A4S} w|HA
(tumor of undefined malignancy)gl= $-01& H &3/ &
CARAE £AFTAFH LESQEY] AR HolE vz
e FEolA FAEE 7ML e, o]fl o] f &
webn qnhe i b3 obel el W,
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ZE7)9 9] B3HAtolls G4, £ Zk 34
Zoto] T3hE| ], o] 59 WAl BAW Fo §AA o
4o 2% BRAF, RASS EqiHo]sh RET/PTC, PAXS/
PPAR 7 42 Al Sol Slek @) ARSIkt o
QAgre B3 eAste Bus) B A0 Pz
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f
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ofe] 7HA §44 wol7t - FgtellA WAE =, of
FA9Q Ao g2 & AAA Al &3 RET, TRK 42k
9] W o]9} BRAF, RAS®| Ealnlo] Fo|t}. Unbd o= o
AR A S AN w3} Qlgbe] Gtk o]F SARE
B AARIA AE 39 F8A19] A A Fofst=
mitogen-activated protein kinase (MAPK) 7 &of] 2}-8-3tc} (4)
A FFEEY A9 70% AEelA ol FHA} Hlo] 7L

WEE, gile B2 Sl FEE o] YehtA e
th(5)

(1) BRAF: RAF %2 serine/threonine protein kinases2]
UZOE MAPK HEE 538 A3H ol Fofste] AELF
A, 23k Aol Fa3t 985 3tk LH-Foll A= ARAF,
BRAF, CRAF9] Al| 7}A(isoform)7} &4k}, BRAFS] #1&
- A £FALE 3 RN E, AFAE, 23 T
oflA Fow, th& ol vlsl] MAPK 32 E A&
S o] 7sltt. BRAFS Eodulo]l= FAF9] oF 273004
A==, At dagt Sl dF Hased 3
FFELol A= < 40~70%N A WA= 714 &8 §
A4 wolo|th(6) 7H4 E3F FdHio] Fel= 1,7999 37
7} thymidineol| 4 adenine 2.2 H3t=]o] valineo] glutamate >
2 v}9]E(V600E) ZAoltl 1 & o}F =% 3 HlE K601E
Eodwo]9} AKAPYBRAF Aluldo] B uElch (7,8 UuHA
© 3 BRAF Eaitio]= WA =4t o whAlsle AH4
A FrageollAe E3kA kAT, AKAPY/BRAF Al
A2 AaL & 5~61d A AR T4 oF 11%01 4]
7= 2eh.(8) BRAFE Wl ol = A g ol A 384+
49 Fukha, 2 el Aol vlelsto] 272ty
A =7} S7k3keh(9) BRAF EdHole AY A -+
% ofyz} W (tall cell, oncocytic)o| L} vl Azt
AE T3 BARAY, £ZHoldAE =84
th(6) A &£ Fgolvt vhE F4 #ollA] BRAF &3
o7} WhAE ks HalEs $ivh BRAF W ol A&
o ZHAcke oF 15%0N4, JHAEe] oAl BdE
=tl, 53] A4 Le] Z5olli= BRAF 80|17} &= 7
ANl A 719Gt ge HoaAFe £ A "o
A o] Ho| AR, Xing 5] 17+ A7}l 4 BRAF 41

A, §Z4 Ho|, A3 W73,
AAIZE dem, W77t 1, 27191 A1 9]
oA AS diFsle 54 AU

(2) RET/PTC: RET UEFFA A= 100 Aol 912
s}, tyrosine TEHE £33k} Tyrosine 84+ il
S AR AL, AES 3, 725 AT

HEo g FAE o] Qo) RETS o8 ALY 333k 4
3 Aol o)zl &AJstE =, glial cell line-derived neuro-
trotrophic factors (GDNF)®} GDNF family receptors alpha
(GFRa)7} A o]t} o] & wi A7} A¥eld &4 &
A7} doi}aL, tyrosine residue®] 14H3}7F dojibm A A
Fof AZATo] AT RETE B3] WAl 4%
o Tag A5 3, A7 F(enteric plexus) A17341E
o] AE(Hirschsprung’s dis)¥+ 414He] Aol = Fagk o
& gl PTC £F-3-4 A= NIH3T3 A|E£9] Fel & vt
Ao 2 AR =,(12) o= RET 47 o] 42 3 &
el 2 tyrosine kinase domaing -3 3}s}+= RETS| 3* F-Ho]
AXAES b BAFFAA 5 TR AefdEo] A7)

(R
O.

2 ofn o
2 2 a2 12 A ol



th(13) RET/PTC7} 234 -7 s Ao 27 B olet
T SAZE A vAY EBe FEgAE dEs
w,(14) A B 3484 Al ZellA] RET/PTCle 3 A
719 A FEAEY] Ak EAS 2 ¥ wtE
fE3k3L,(15) RET/PTC JAALH = AR+ 34a
frARE EFE WAAITIH ps3 Edwol gt 2 o E FA
A o] 4ol ke A Ho|7} dofytrh= Zlolrh(16,17)
RET/PTC 34| Ajuid-2 A4 W o|ut, Aol wpe} %
o] & HolAuk A 3] <F 30~40%01 A HHA s
o] 7 WiAZ &3t §47 wolo|ct A 1001 71A] o]
$3Jo] Haxo] 9l&=d], RET/PTCL (60~70%), RET/PTC3
(20~30%)7} 7H4 =8l o] Fo] 90% o= AAIRE
t}.(5,18 RET/PTCI ARA Y 344 &=, vzt
A4 u|nkA 7334 WolellA v &}, RET/PTC3I=
aEHo|ol| A &3] WHAEITH(1819) ARHH o Z A£FA H
ololl A& RET/PTC 44| Ajujdo] =-Fr}. RET/PTC %
A AL 53] 40k@0~70%)9F WA 2ARS At
(50~80%)=o] &3] WAL=, A2 YA A & &
ofoll A ukAYgl 7+ kol A= RET/PTC37F 7h4 &3k
o]t (20) RET/PTC 4A3Q 79+ A¥PH o= Al
7h oA, AEAR F7E F2E Holn, ]1Z4 Kol ul
57F =2 Age] Ak

(3) RAS: RASE H-RAS, K-RAS, N-RAS9] A 77
aL, Z7be] Eedwol 7t ol Fokoll A IEE G A4
N FE £EFY T £EGH £FZHAFNA F
Ax, AEAQ A T8l = 10% v]Hke
A A4 8 axdoldlA e
t}.(22) Di Cristofaro 59 1ol &J3}H
BRAF, RET/PTC, RAS 417} Hlo] 9] Hl=7} A3 =Ql 3t
AR Al A 2 30%, 45%, 0% 21Tl Whell, AE o]
o] ASolle 247 7.6%, 41.7%, 25% % AAZ o] S Hel
th(23) o]l AAE RAS Edilo|7} £ RS H3}
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s1)
T4 FEE PEAL BhE 24 sbsebl vk
A e £xHele S
ol 77k AIE HolAMt, FAAoRE £XFgo
71,

(4) TRK: Neurotrophic receptor-tyrosine kinase (NTRK1) -
ARk 19 ARl 125k, AR A Aol Y -
A S T34k NTRK1 SA4A] Aol el 2413k
5)u), RETHehE 94 S%ol4 A2 9 A 3
HEASE fF o] oF 3%l A A EI ek (24) NTRK12 Al
Ay 2o e AT GohE FEshA TepAn, g
AR A A= A ds ek, p27 A A AE H
sl e} 276l Halrh AWA3)

(5) FMstN H3s}H(Epigenetic changes): W& 3l o}Al€l
o e T Wk SA4E WYAA ghomA

o— v

2R Aol & glek ARl B Aol £
of Al SAA, A4 B2 B HAX 2
oz oAzl g

RAS association domain family 1, splicing isoform A
(RASSF1A)9] Zu|el3t 5 wiws] Bzl (26) 12t} o]
A FATA HE dogle FE Al tsliAE o
2 g A ek

(6) Micro-RNA =& ZH0H: Micro-RNA (miRNA)+= 19~
23 wEELE 2R ¥ ¥ 33} RNARE A HE S Al
olgl= J&S b (27) T miRNAZF A|E £3), wbay,
AR A A Foll Tash A3 dhrke Zlo
A, A ske 233 oy FeokollA o Wk =4l o]
o] glgro] Haw At Fe3t 7|42 obF 2 gt o]
AA okt A 7ol A= miR-146b, -221, -222,
-187, -155, -224 59| ¥ o] FrlEo] =, dFedAE
FAA o] 43t AAE|o] vt miR-1872] 73-F RET/PTC A
vld 7}, miR-2219} miR-2222] 73-$-oll== BRAFY} RAS =41
Hol & Hol7A} EME FulelE ZE T gle 74
ol A, miR-146b2] 7d-f-oll = RAS EdHlo] & Kol ¢
ol A] whglo] F7txo] 9lrk. miRNA-2219F miRNA-222+
A ZF7]0l] Pofete p279 WS Al AoE Bl
t}.(28)

2) UMM AT

WHO %ol Slehtl 444 &£FeHe 2T AEel 4 7]
Uele] ZTAE R3E 25 PIon FFALe Y

= 44 g BTE o
HAARAFIoZ o T Uk 3 EAFE(oncocytic or
Hurthle cell) 3|54 E7}F Eoke] 75% o] 45 XAl #lok 41
ok = gl 20049 WHORFoll A &Xqke] dF o
k. e 1A SA oY, +4H Aol &
S Bk AHE dol obd ake] o7t 9]

. &2XFe] oF 80% = RAS EdHo|L} PAXS/PPAR 7 A
MadS Hol& d THE Uehte A5+ dlelF o]t
Nikiforova 5] Hitoll o]l Al 4E ol A RAS
Zolulo| 9} PAXS/ PPARy SIAA| Aufd o] vl=& 7H7t
49%, 35% Q3L F 7HAE BF 2l 7t 3% eh29)

(1) RAS: RAS ©+-2 guanosine diphosphate (GDP)ol] ZA gt
%lo] d=d FA3=™ guanosine triphosphate (GTP)S} 7
3}s}lo], MAPK S} phosphatidylinositol-3 kinase (PI3K)/Akt Al
SAGAE A AAH o2 s FA3hE RAS-
GTP who] GTPaseoll |zl wh2A] =24 3w ojof 34
ok, o]zt 7™ GTPoll gk A3t o] FrhslA,
GTPase 7|52 A3l Al&NA A3} FelE A

v
Ehe AENHIT B
3

noh oX!
1o
i) N
il
[

i

Lo g
2
krt
b
g
Sl



82 [HSHH=RHIQIMESIXI : HI10 & M 25 2010

=t} H-RAS, K-RAS, NRASg] Eddols £XFk <
50% (=EG2] 40~50%, ZFEAF2] 20~40%)0ll 4] BEAE]
<, Nikiforova 52| °i:rL°ﬂ «I*de RAS E1Ho] & Ho]
= 42X <F 82%A N-RASS] E<iHio]7}, 18%0ll4]
H-RAS®] Eqidol7} & =w, vises 25 So|l AT
EXAFANAE 2 FAdel7h REH (29 ol glol
RAS ElHlo]& I A ZZUdolAE G HIEZE Veht
™, AZA AA o LA E Vet (30) whEkA]
RAS Eddio] &= E—%—%@l ofA ol Ego] ¥ X
*Pv‘r RAS E<iHio]e} TjEo] gsp EiHio]7} Zho] WhAYs}
€ At £ ° 44 4%E 7HAe 2o BHud
.30

(2) PAXS/PPAR7: PAXS/PPAR7y SAAE 1(2;3)(ql3;
p25) SAA] e ] AzkZ PAXSY} PPARy AR} o]
4 AgshA A7k PAXSS A -] AARIALE
sodium-iodide symporter, €] 22 Z5-8l, TSH 8] ¥4 &
EZAE] v‘iriMl F a3k 935 817,(32) PPARY & A
WA|ES] 3ot Qe A STkl Hofsh=u] el
= %9 ‘%}*ﬁﬁr Aslo] #iks] AFE L AUrk(33)
PAX8/PPAR 7 ANujdL A& Hud ujut %= £FQY 3
v«l A Wol2 A4 IA 34 5 ATE Foll

2 oA WAE, A z2Ae BEo] glLo]
+8] 2 t}.(35) PAXS/PPAR 7 Aullde 4 Eke] 30~40%

W PEEY, 2F AL FFEe] o)A oF
10%, A EAEGNAE <k 2%2] HIEE Holx, A=
AR fekeld, d¥ Aol e BaslA] o=k (35)
PAX8/PPAR 7 AfuHdo] FAFRQ LT AL E FF
Fo], o]Zlo] St3toll A A Hosl=A|7t EAETE 8}
Ak, A&k RS Aggehd 2 Refo Fo3k o
g g Aer AAAY, 229k 54 S vYebiA k=
Z7] JH oz A7 A3y A3ellA] PAXSPPAR Y
T " AlE AAS FRE AZAES JAEHA
ot FEARA GEo g TS fREIAE X3
t}.(36,37) whekA PAX8/PPAR ¥ A o] A=3qke] whAlol|
ofGA o33 F= A% v 2 oy Fu WAE
7HA = Aol 3k 1] A7 D23k A7 ot PAXS)
PPARy AuHdg Ho|y A&FghE Zl2 %, A2 271,
574 244 {3 (a solid/nested growth pattern), &3
S A=l yehbe Zgkol hrh(35,39)

(3) PIBK-AKT &S MEH: PIBK/Akt AT DA = Al
ARt F4, AL 9 FF WAl T3t 4L e,
RASel| o|af) ZAstuw, FFAA FAA PTENo] =4
ol Foigte}. PTENS] wiobA|E EFduio]7} 9l Cowden
F3TolA Al ubgo] ZF7belal, PTEN(—)/Aktl(—)
Foll A 7HAQH who] Folt Ao Hol PI3K/AKT
RS A A7} 7HAAAL vbAlof] £ Q3F o8-S 3¢S &

T Avh.(39,40) PI3K 71 Ake] Edwo|u} PTEN & o]

%

|

© T2 AYAAgNA YerARE, E3H A e A = vt
E}%UP PTEN W& A= 2121 vel3}, HEadw o], o]

HATAEA Soll o8l el £29He] 20~30%0114] K
o]a, PI3K E%iWo]9} PIK3CA ZZF& 4£¥9te 77
10%, 29%°l A 2= ct.(41)

4) Micro-RNA ZHZH0: miRNAS] =4 F2

FAGANA AFE o HE iiz%oﬂ/ﬂi H x|
9:1‘4. Nikiforova 52 Hilof| sl 7} ubse] =
miRNA 312 A3 20 £ Fqtol| A= miR-187, -224, -155,
222, 22191 WhHof|, oA £ A FelAE miR-339, 224,
205, 210, -190, -328 -342% x}o]E Helt}h(28) o]#
miRNA W8 Z71= SA4 AA- A= $EE A et
Weber 5 £3%3 AFAZo|A miR-192, -197, -328,
346 59 Wl AolE HY I, AFEA AFAE
miR-197, -3462] Fpkedo] A|E AA-S ZXslH o] F o4
3 FTC133 A E AA-S AAlsles AL Hasigc) =
miR-1979} miR-3462 Z+7F ACVRI, TSPAN39]- EFEMP2,
CFLAR §-7478} qd3to] gct AAZ o] FAAE o] &
slo] &£3x9He] 87%5 AEsA 7t F Uk (42)
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3) S EM=E

B EAELLS £FQ9] o2 BFE|A|nk, Al ¢
T} v]s23k WlE o] BRAF £ o] ¢} RET/PTC 34
A A DS Holw, £FFka= Fe] RAS FdH o
PAXS/PPAR 7 Al o] HIE7} - U} (43) 3154 el
T 54 g nEZEol DNA (mDNA)S| & &
Eqdol7} &3] WEE =, 2 oule oA A& vhelA 9l
A okr}.(44) mtDNA AP A4 Complex I (NADH-ubig-
uinone oxidoreductase) subunits®] E¢A# o] 7} 53%0N A WA
==, Complex 19] 7|53 A|ZA ] Fo3F A5 o
GRIM-19 FA 7 Edwlo]7} 15%0ll4 WA E T (45) L3
Al A A FFFFAAR] c-mye, c-fos 5o T
A=]aL, o]F Fbdo] Tk FAA T Aol gk B
27} A=, FEHELANA Nomye B39 S77F Z2e
ou| & o}# Bttt (46) —rlé‘ﬂi ¥oll A micro-RNA
o] 24 Aeljol] ¥3F A= ®A ¢, Nikiforova 5
3 EA| Zobol| A= miR-187, -221, -339, -183, -222, -1977},
FA I EAZHZAE miR-31, -339, -183, -221, -224
-2039] Walo] Eokvka Hwalolch(28)

m'\-'

4 D Agye

£ 19831 Sakamoto S(47)0] Ab&3t &
o] & A5k 7]Fell gk =xho] Al&E o] vyl g R
| o3l Z=elAdel A=A TA AA 2
QI Rkx, golo] I} Agk 7ol FRHEJARY, AA
Aol A getrel o el ojelg Aol Aelet. A
PAGAAGS £2EATZE Bot ZAT AT AT
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& wrelil, Yo ozt A S Rebrhga
01-;} o] 0:1/1401-9,] %

]
- (de novo) B 7]391 3 A Qe 4
OH lil—/lﬂ ol— 2= oll;], 1_ .g. %3H lg,_,l—xlol-g

AQte] 44 o] g ZHE YErE F JAAT, AAZ
2] B-3}okol| = RET, RAS, BRAF §-47} o]Abo] 7472} 139,
46~55%, 12~17% "7 =™, 934 kol A = RAS, BRAF,
PIK3CA, PTEN A%} o]&o] Z+zt 6~52%, 25~29%,

E

16%, 14% 7 Eoll A WA=} (41,4849) g+ LubA el B
it 2el AE3Qtolu AP A o A& ps3 =9

o|7} 247+ 17~38%, 67~88% CTNNB1 &dHo|7} Z+7h
25%, 66%9) =& wlx g AZ= ) (50,5]) F A= B3}
Aol Al AKT1 FekrA7e] Edo|7t HAE A=
dl, BRAF Zollo|9} olFte] @ o1} PIK3CA Zoldio]g}
L B3] Beloh(52) AE3}F i Iy A 7HAAIgke] vk
W& BRAFS} RAS Eoiwlo|7} Asfsla of7|ol] p533}
CTNNBI1 Ed®o]7} Frlx]o] WhAsl= Ao g FA =)
p53v°‘ AxF715 248 12 45 3 5sked F
23 o8k 3k AAIE RET/PTC 3243 ollA] ps3 7]
=5 AAAF|H 7HARAeke] A8 dat A LA o] =v)e)
t}.(53) CTNNBI FHA= B -catening H3}sl=d]. o]
Sl AL cadherind} HFSslo] AT H Ao FQ3k JgS
slal, Wnt ASH A Fofdhrl. Garcia-Rostan 5
CTNNBI 3= 3 T 0]9} B-catenin®] 3] ] $1%]7} A&
sietoll Al 747t 25%, 21.4%, ABALANAE 22 65.5%,
48.3%¢llA WA vkl 2 sk (s °ﬂﬁgﬂ‘?}oﬂﬁc micro-
RNA Z}f_ﬂ_, ZL°H7]' HL}]Q.‘:{;{] Visone '5"‘: ./] mi-
cro-RNA < miR-30d, -125b, -26a, -30a-5p Y 24_0] 744 z2
ol vl Z&Fe] vtz Huslgich (54 2zl BAH
A ZE miR-30a7} Beclin 1 (BECN1),(55) miR-125b7}
sel-1 suppressor of lin-12-like (SELIL) protein,(56) miR-26a”}
cyclins D2, E2(57)2F 1= Zlo & Helch ubw A3 AdQt
o] Al miR-21, -17-3p, -17-5p, -19a, -146b, 221 -222 52| W&
o] Z7l¥lo] = YH+= retinoblastoma protein (RB1)9}
PTEN 47} &l s} odfs]o] 5 wka 9lct(58,59)

ruﬁ o

5 J1EY HISEY ZaHY

&9 BIAAGE G414 Aol T, 29
§19] 745k dlolelulo] 2ol oleml QubAel grel 7154
wha g on) A va) AL 6

u!

Ab e = A3
=} (60) 7}EA HIFAA 7%»{ ore 3lApe] AYANM =
R, YA £ A F g o]l A &E A)9le
7HL/<OL oLo] H]—xﬂ—‘—],u:] ;(] s‘_} _1[; 9,1]\‘{‘13], %ﬂ@ﬂ‘ﬁ%}ﬂ
oF 5% ol A WhAYdke) o] = A28 vhA UlEH] EokA
o 5L FAR2] Holo o3 WSl Hoh= vlekst
A AdE Ad AW 2ol AY 5 FAA &
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