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& 7L 70~80%F Ak A w9t AF
N = Z13M3%%F (pheochromocytoma), DM F-3HAHA S4)%
7 Atk A FEe MEN2A E2ke] 7] 100%
3 A (medullary thyroid carcinoma, MTC) oA w3 tjF-22] 79 540 254 Akolo MEN-

7734 W19] parafollicular C cellel|A] 7] 98H= A1)
% (neuroendocrine tumor) 024 HA 773 de] oF 3~
5%% A8tk vhE A gel A9 A cal-
citoning #H|sh= 534S 2ty 9low, WISk o 2 em-
bryonic neural crestlA 7] 9ol w2} carcinoid, ise-
let—cell tumor9} £ e AAWRHIEH ARG A

A, 2482 542 WOl deh gaN S oy
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=X (unilateral) AAE 40~50t)o] ey A4 FoF
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2A°] A MA S oE Yepdth o ® oF 5%E AHA
h= MEN2B2] 4% MEN2AS} o] 3 =49t a5
AT dE FHksts] T S2o) §lal viEsg oF
o] AAA EA (Marfanoid body habitus) ¥ A Aukal
7d& (mucosal neuroma) & FRESITE MEN2BS] 1+
A A S AL BE #AollA YRt MEN2A #F
Zkell vlEl oS s HRlrh npA|dto R
FMTCE MEN2ASQ] o]8 (variant) 024 3Pl FoFat

s g A AL 10~20%F AR sH:Y
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AgHe

RET #8AS #1322 s

1990dt) ZHE RET (reagrranged during transfection)
Aol FAALe] ooz MEN2A, MEN2B, FMTCE

o }A]

49
Qo Abde] delzor] E% FAAg TR
R

(genotype—phenotype correlation) & 2o w
LB FAAY =AR0] codonell WE A
539 L7 Ao dopd = A =
oY RET 98¢ 44418 10q11.2 a0 9118 21
N2l exonl 2 o]FA&QlEH 1985 Takahashi 5°]
32} A %5 (genetic rearrangement)©ll 28] 243}y
o] YFe GARE HxE HASIEY RET 439t
FAAE 37 -4 alternative splicing®l] &J3l4 RET
9, RET 51, RET 430]g}= isoform @ &S encoding
3= A 7}A] splicing variants7} TF=o]Zt) o5 A 714
isoform<> 247} C—det -91¢] 970, 5170, 4371¢] 544
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Ql opu| Ak EE zha ¢l o FE3 neural crest—de-
rived cell®] 4] 22 v A3 sh= Ao dEA
Qltk? RET tyrosine kinase™= Al 712 functional domain
(extracellular domain with four cadherin—like repeats,
cysteine—rich region, intracellular tyrosine kinase) <
Zb= transmembrane £A|Q1H), extracellular region®l
GDNF (glial cell-line derived neutrophic factor) family
¢l persepherin, artemin, neurturin 59 ligand7} 236
A = AlEure] 91743 cysteine—rich regiono] &3}
o] receptor dimerization®] YAUA a1, o]oJA int-
racellular tyrosine residue® #7}214F3}(autophospho-
rylation) & Z3t] A U A5 A2 AA2] downstream
pathway S 243pA1717 Hch(Fig. 1).”
RET A5+ 998 7}4 downstream pathwayZ &3l
=], RAS/MEK/ERK pathway+= cell cycle pro-
gressions X3}l PISK/AKT/NF—- B AZE 53}

= o =

cell motility, survival, cell cycle progression 5= <7}

RET

Cadherin domain Caz*

Cysteine-rich
domain

Plasma membrane

Y905 ———» GRB7/10 ——> 7

Tyrosine kinase Y1015 — PLCy > PKCs

Domain yos1 - > SRC - 9
------------------ > ERK5
————————————————— > P38

Y1062| . £Rsy —» GRB2/SOS —» RAS/ERKL/2
Y1096 DOKlj:: NCK ——» INK

SHC GRB2/GAB1/2 “» PI3-K

Fig. 1. RET signaling pathways. Activation of RET leads to autopho-
sphorylation of tyrosine residues in the cytoplasmic tail of
the receptor that act as docking sites for several signaling
transducers. Tyrl096 is present only in the RET51 isoform.
Unbroken arrows indicate a direct functional interaction ;
broken arrows indicate indirect functional interactions
(Plaza-Menacho et al. Trends in Genetics. 2006;22(11) :
627-636).

Table 1. Subdivision of RET mutations*

A7 AoR Ad#yA] ek olgle|w= RET 989t 44
ko] A 3= p38, MAPK, JAK/STAT, protein kinase
Co S FHFEY RET AR m2oltdddl, ©

A 72 (neuron) B & neural crest—derived tissue

S WA CAIE, AL A3 e AR 24 5
o4 Fx7 waEs e g siel 42737 en-

teric nervous system) 9} F29] weto| . ojsir} ¥

RET #%¥& &

LIy

TAr SO

e B

1998 Shirahama 5] 7174<] 779t SAFEellM
Efvli= RET 939 42k E<driold] MoE A3t o]
B2 RET A3 Fa27F 33 29k dge] ojw
3 AeS sl=Aof thate] wol LA kY RET
AP s A= AAAE FARo) (germ
line mutation) & B 84 7 2% dx44<]
Qo deA 9lom MENZ #2ke] 98%, Ahad 744
A% (sporadic MTC) #x}¢] 1/4—1/3°4 RET €3
& AR AAAE Aol dElA RET 4-841¢]
constitutive activation®] Wepdth B3t RET A3 &
AzFe] AA|E EAHo] (somatic mutation) = AFFA 7R}
A A% YA 1/4-1/2 HE2] Aol sttty o
E:]X:] O]E}_IZ)

RET @3 delx =WolE Aoyl &
el whet o] Qlsh HAAd I ASk dAkel 14
ol x}o]Z BOItH(Table 1). MEN2A #4529 49 &
Ao 109 exon(609, 610, 611, 618, 6209 codons)
7} 1119 exon(634% codon) Uloll missense &<dRo]7}
Yepdt}, o]gldt E¢IHo)= RET extracelluar domain®]
ZA5H= 6719 cysteine residuesel] W3S oA dis-
ulfide A3 &3t 7841 homodimerizatione F%
sh A¥A 0% ligand®] EAIS} dAglel RET &417F
FA31E = Aotk MEN2BY 4% 95% ©1/d2] EAlo]
1 16% exon(9184 codon) & Edxo)7t HAE =] o]
+ RET 484 ©h14 9] tyrosine kinase domain®lA Y
Epdt), o] FdWolE F3dte] RET 4847 monomer

A

MEN2 Phenotype

Codons mutated/position of the mutation

Consequences of the mutation

Level 1 C609, E768, L790, Y791, V804, S891
Level 2 C611, C618, C620, C634
Level 3 A883, M918

Mild activating RET mutations predisposing to FMTC

Moderate activating RET mutations predisposing
to FMTC or MEN2A

Aggressive RET mutations predisposing to MEN2B

* 1 Mutations are subdivided according to the predisposing phenotype, the position in the coding sequence and the consequen-
ces of the mutations for the encoded proteins. The levels of the MEN2 mutations represent a scale of aggressiveness of the associ-
ated phenotype (level 1 represents the least aggressive and level 3 the most aggressive phenotype) (Plaza-Menacho et al. Trends

in Genetics. 2006;22(11) :627-636, modified) .
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AT EAdstE Al Y intracellular tyrosine resi-  FAY A Xz Qo] A} B2l JIEES UL
due?] Q14FgL9] F7ERE o]oWLhY FMTC #ke] 49+ = 3 RET A8 3 S zw 47 éﬂroﬂ ut
10, 11, 13 exon(768% codon) ¥ 14 exon(804, 806 & oWz 714 AAl&o] Alsio] A 3]},

codons) ollA 2] E=AWo|7} L)
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3N o9 : Multiple endocrine neoplasia - Oncogene -

Medullary thyroid carcinoma.

HeM fEAMY Genetic Screening

RET 993 sk ki 59 wastel ) o References
S0l W 44 B £ B ggos

1) Kouvaraki MA, Shapiro SE, Perrier ND, Cote GJ, Gagel RF,

Lo o] © HZ2 AAlS
=] RET allele®] 4 o172 ZAHE Hoff AO, et al. RET proto-oncogene: a review and update of ge-

W ZAWHolE 2l Gl A9 tiiREelA I ol notype-phenotype correlations in hereditary medullary thyroid
wbgsith RET 98t GARke] AN E ZdAo]e) st cancer and associated endocrine tumors. Thyroid. 2005;15:531-
screening FAARE AIEYsto] oAl A HAlES Al 544.

aaro 2 ool ugEly| o) o] 2] Wtk x 2) Block' MA, Jackson (.:E1 Gre_en_awa_ld l_(A, Yott ?B, Tashjian AH,
1 A W an Joro. o)eh 7IAbA Jr. Clinical characteristics distinguishing hereditary from spora-
=3 4 x -0, 7 Z
salldl Zelth ™ A e A b 24 e dic medullary thyroid carcinoma. Treatment implications. Arch
2 Mok ddojupd X7t 1=7] wiell dAl MEN2A, Surg. 1980;115:142-148.
MEN2B, FMTC 3$k712] 71558 Xols xdbslo] Y% 3) Brandi ML, Gagel RF, Angeli A, Bilezikian JP, Beck-Peccoz P,
RET 42 Zodmo] B4 ojio] tdt screening HALS Bordi C, et al. Guidelines for diagnosis and therapy of MEN type
AEEs Ao] AAE T 9k 1 and type 2. J Clin Endocrinol Metab. 2001;86:5658-5671.
4) Donis-Keller H, Dou S, Chi D, Carlson KM, Toshima K, Lairmore

TG A ek W opet Ak A k] TC, et al. Mutations in the RET proto-oncogene are associated
BFol® A9 gkl 1 71 FellA RET 93t 4 with MEN 2A and FMTC. Hum Mol Genet. 1993:2:851-856.
2t Boiwio] 7} #AETEY weba] o]5 #kaje|| Ul RET  5) Takahashi M, Ritz J, Cooper GM. Activation of a novel human
Ao G4} Zolwolo] tjst screening AAF T3 AAF transforming gene, ret, by DNA rearrangement. Cell. 1985;42:
- - _ 581-588.
M-S atesitele o Alwks 7k gl & 5 9\}1:_}, 6) Carter MT, Yome JL, Marcil MN, Martin CA, Vanhorne JB,
1 AR A sk el e - Sl F Mulligan LM. Conservation of RET proto-oncogene splicing va-
AR RET &8 FAAke] AAE EdRlold] B, & riants and implications for RET isoform function. Cytogenet Cell
OF M3 <lofut E1517] wjFof WE G- DNAS o] 83} Genet. 2001;95:169-176.
IuFA 9l genetic screening AAFEE 8F)7] o]t} 7) Arighi E, Borrello MG, Sariola H. RET tyrosine kinase signaling
obA] Bkl 2 RET 980k Saxte] AAAL Soin ;nsf:f}zgrent and cancer. Cytokine Growth Factor Rev. 2005;
ool tigh s Fsto] fRAIAF EARo]e] B of PRk 8) Ichihara M, Murakumo Y, Takahashi M. RET and neuroendocrine
ofe} =Wl S 2kl Q1= 54 codon®] w4s Edto] tumors. Cancer Lett. 2004;204:197-211.
Foko) AFA | 3t =% 71532 E genetic screen- 9) Drosten M, Putzer BM. Mechanisms of Disease: cancer targeting
ing 7AALe A2 Bow oA A AALe] AEs and the impact of oncogenic RET for medullary thyroid carcinoma

therapy. Nat Clin Pract Oncol. 2006;3:564-574.
10) Schuchardt A, D’Agati V, Larsson-Blomberg L, Costantini F, Pa-
chnis V. Defects in the kidney and enteric nervous system of mice

A719F e WSE A2

4
4
Stk AAIZ RET 35
1Ak %03)31012 HArstar gl
10¥

Srpoll A ol A
3

AAlES Aldst 49 5d3 10 =52 A< 100%°1 lacking the tyrosine kinase receptor Ret. Nature. 1994;367:380-
TP Aoz HuEa okl 383.
11) Shirahama S, Ogura K, Takami H, Ito K, Tohsen T, Miyauchi A,
H =2 et al. Mutational analysis of the RET proto-oncogene in 71 Ja-
= = panese patients with medullary thyroid carcinoma. J Hum Genet.
1998;43:101-106.

RET &% A5 o= o 84 A54 52 A 12) Eng C, Clayton D, Schuffenecker I, Lenoir G, Cote G, Gagel RF,
T7F A 1 QA AR A ke 9kx)E o= et al. The relationship between specific RET proto-oncogene mu-
Q= g3 we getodal A X827 2t 9 tations and disease phenotype in multiple endocrine neoplasia
= S e Eoko] A o] ek Holge o = ;yg;s?é;gfi;r;t_ligjglRET mutation consortium analysis. JAMA.
71ell P EAES Adshe 2 Eoloh webA 1P

— 153 —



13) Santoro M, Carlomagno F, Romano A, Bottaro DP, Dathan NA,
Grieco M, et al. Activation of RET as a dominant transforming
gene by germline mutations of MEN2A and MEN2B. Science.
1995;267:381-383.

14) Kebebew E, Tresler PA, Siperstein AE, Duh QY, Clark OH. Nor-
mal thyroid pathology in patients undergoing thyroidectomy for
finding a RETgene germline mutation: a report of three cases and
review of the literature. Thyroid. 1999;9:127-131.

15) Elisei R, Romei C, Cosci B, Agate L, Bottici V, Molinaro E, et al.
RET genetic screening in patients with medullary thyroid cancer
and their relatives: experience with 807 individuals at one center.
J Clin Endocrinol Metab. 2007;92:4725-4729.

16) Skinner MA, Moley JA, Dilley WG, Owzar K, Debenedetti MK,
Wells SA, Jr. Prophylactic thyroidectomy in multiple endocrine
neoplasia type 2A. N Engl J Med. 2005;353:1105-1113.

— 154 —



