IV:24 T, {\H¥TH5 P2, V3, E, H,N KF
—DLL k% 37T HlIZa%, kiR & 35 fillZiR
HTWi,

INSZEMRITLL FOBR 2T /2,

1) BIn AR IERHER (RS LA X
7oV ) ke O DAN & Ha e i Bl AR o
DNAZHWT., 12707 L1 (Affymetrix
SNP6..0) ZHW\WT, FBIRTRITD W TG
UTzo T— 7 AT 34T Y 7 b (Genespring,
Partek) ZH Wz, LEEEOIEHIDO S E Wnt >
FIROEY ZMEKT 2HMT, CTNNB1( B
-catenin)lZ A, APC, Axinl, Axin2 DA %%
M L7z,

2) MR FIRBIRE . 512, BENS O+
BONDEOEWRNA Ml TE/234 #lizD 0
THRBUENTA~ 27107 L1 (Gene array) I
T, M5 OB AR 1 JEB 2 M8 Y IR U7z Wt
T FIVROENERTFE LT, MYC,
D1, Axin, survivin, MMP7 2D WTH&E L,
ISIZUTIVIALLPCRIEICTINS DR L
N EER{ELU 7,

3) TUAYNAFOT—DORET :

T 0O AT —EIL, MO 5T HEER
THO., COREFEOIEMEE & BHITZ OREFE Ofil
5> T % TERT (human telomerase reverse
transcriptase) OFEH L2 FE FHKF &
LTOEHTHAL ZEZLHILDRLTER. Z

A BNV & 1w #HA% O >k DNA % iR
¥ Hinf I LB LT, OXA770—7
(TTAGGG)4 TOYHY > 7oy METHLNS
>+ I DK Z TRF (terminal restriction
fragment) & % Jll & L 7=, ¥ /=, TRAP
(telomeric repeat amplification protocol)i%iZ
TaXS—EEEERET S EEBIT. BT
AT —E OS> TH5 TERT (telomerase
reverse transcriptase)DFEH L N) %2 RT-PCT

cyclin

16

THE Lz, LAz, Wt/ B-H7=>2 T F)V
E OB Z U 72§ 8. TERT 2% BRGL (also
called SMARCA4), a SWI/SNF-related chromatin
remodel ing protein 247 L T B-catenin-TCF &
aEEtieds e Wt/ B hs=> TS
WAKEFEEA ORBZ U S BTS2 &A%
5N/ >TWS, £Z T, TERT & Bcatenin
DM DIFELE L B catenin i ZfT> T3
BRG-1 (SMARCA4) i< 138l Z [A 4k RT-PCR
FEIZTRETL 72,

LREDFERN S FEEOY T TSI 2T D
B9 % KT OFEIC D W THRGET L 7z,

C. WFFERiR
1) BAR TR

SNP 7 LA OfERMN S, R T3k <
IR AL R S N2 REOK DN 5 A% &

CLUgTERING USING COPY NUMBERS OF CHR. 1 &

1 : SNP array 7 —¥ N5 OREHE 1 F, 2
BREDOISAL) T

1 HEFRO 2 BRAEREDESL S BWES T,

1 BXR) 2 BEAHREREDEEL S BWZI N, R
KTFBEARAICRAKREENL AENTZ(K



1)e Z95U7%, RAKFEERMICFLET 28R
TOWREEZRET S L (K2), MLEE. A
fb. BERCEOLIBERETNEHFEL TV,

Enrichment score

immune system..
pigmentation
locomotion
viral reproduction
rhythmic process
cell killing
cellular process
metabolic process
death

response to stimulus

cancer & cell survival

cell growth signaling
L ; T 1

0 10 20 30

2 Rfalk 1 % 2 BRIENL T OB RS
DY FAZ) TR

MR sEE, WA L, BAECHEDSELETFIELE
FELTW,

2) BIrTRERE

@Rl S A5 ) > TICT B TRBEED A
TTPRENF EFRABEFAZBERNL S 28R
F8 344 BinTHHEN/. INS5DEERTD
HME TR T DICES RS T2 Wat 27
FIFROEBELETFP AFP 2 EFEENTWR (N
3)e —ERDEFNE. T B OABREREITE
DLERTEH. REREB T SHRERMEITED
LELTHARB SN,
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Hisrarchical Custerng

r8ar
— Cose
i ts 0z
H 35

El 67
oo

T

X3 ; BRTERENS A 344 BIRFIZKZ Y
FAE ) 2 TR BIRTRBE/NS — 25
DNDY T AT —IZHHERE. T HDHBTHEAR
BlETzo7z,

3) FOATINA AT TU—OBE -

TOXAT—EEEL NN TFREEELRE, U
MU, BkH D &IT. TERT FEHRL NIV,
Wnt/ B -7 7 =2 BIR T RE D72 Wl TEEL
WEEETH o7z, TI T, TERT m¥EHRERE &<
NN DEE T, Wnt > FIE =5y MEIRT
DFEBL )V ZHEBRE Lz, TO/RER, RRL
7z 6 BInT & BIT TERT MAEBRIEE OS2 E T
HO. 3 BET W CCNDI, ABCSBI)3AREIC
EETH-7z. (P <0.05)



Relauve
expresson lev

GGAPDH)

8] TERT

7 ® High Low
*

6..

>1 T

4

3 w T

2 T ol T

3 i

O T T T

MYC CCNDI1 ABCB1 MMP7 AXINZ2 BIRCS

4 : TERT %81 & Wnt/( catenin £Z#Y5E {x T
DOFBIE (% : P<0.05)

D. B%

SNP 7 LA T =45, FEAKDHEREN S
5E 1B RN 2 BRAKREDVDEL S HNES
N, FRICTPERABRHNCREERE NS < A5,
MlsEng. 23 b, BAEICED 2B T01% < 1+
FELTW ez, 205 O OB TFOEIZL S
T. IR @ hepatoblast 705 hepatocyte D
SIMEHIBR S 4. & 5 Wik 0D R E O Rz
AT D Z EMMHFREICE G L TWwa 2 &
AR ENTz.

BIAFREY LA OBEIMES A5 271
T EEAEFRBREOET TR RG] & TERARIE
Bl zfEn L5 2B I Wnt > 27 FIVRICEE

BLTWLERT AFP S AHEINT I EN G,

JFF2E1E O T IE-PHE R IZ 2 5 OBIRTFRILDZE
EDBEEG L TWAE ZEBRmDIENWEZALEE
ZA6ND, Tz, NAT oA BN S. RIERE
B 2 G HMEIC DL BERTRHVAT I N
72 2 03 ISR RIE IC RN OB x TR BREE T
BROBIED 23T 4 v 7 IRL DB 558 <
R E NI,

RT-PCR TOMRED Wnt/B-HF = FEMER
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F+TdH5 MC CCNDI and ABCBI BinT DIEMHEAL
LARWIRTFHEBIEL TWe, TERDBRENS,
TERT OFEH L X)L TF 10 A 7 —HiEHLN %
EHE L —KEIro =D, WInt/B-hT7=>
FERY R T O R B THE I 92 nTREMED VR &
N, ZnsoWnt/B-H7= 22TV OMEN
BREOEEN S/ L Al EtEAVRR S Nz, T HIT
TERT OB E LT c-myec A7z 7 0E—% —
ThdIENLHENTHBO, cmye & Wt/ B-7
TV T FIORENBIRTTHL I ENS,
Wnt/B-H7 =27 FITIEHELZ c-mye 73
TERT OFH 2 i ST, S 512 c-myc DFEH
PMEEIND Z LI/ BIERNAEL, i3 5
ZHIFEIC N D &R0 TRNE LD —R
EEZOHNS (K5). ik, BRNOZ)IL—T7)
HEEO< A 2707 LA OB T, 2iFHd 2 Wik
AR PEITF2F IS & PRICBIET 5 16 BT 285
MUz, ZNH0 16 BiaTid. WC RZERD
JUEIZR O T S N2 & il S B SR T
THolz. 6O AE. TERT & mye OESE
RN TFHEARBHFFEZFHOTTNWL I L%
HRT SR EZEZ SN,

B catanin Telomerase
accumulation '

f m,

MYC cyclin D1,
Axin, survivin, MMP7
TCF/CEF

DITFOPVIV *

5 : TERT 1&EAL & Wnt > 27 F)LiE HEAL o BEE

target genes

PLEMNS, HFEFEOREICIE. BNTOIED
TRTA I IREE—RT )LL)V TOD
TR T4V IEREANEEL TWS Z EAIRE
Nz, B TH Wnt/B-catenin > 7 FIVDRE
WL TERIL U FEMFERE L. & 512, TERT



® c-myc DIEMHALNEEED EFIZBEG L TW
LHAJREENRE S NTc. TN5 OEIFZFIHT N
 BUE, AF LB R IR —7 28—

(D?}Z?rﬁfci EHEALT, SHICFHHZRAL TN S,

5 DR S AU, 2 OEEEIL—
WRTE LU T2 TR BRE NI REE TR B &EF A 5
Nb. £z, KA Beckwith-Wiedemann JEME
BETOSREMN EEET 2B R T2FEICR A
INBHTEDBHFLTVS,

Hepatic stem cell

@‘ﬁ—'.

WnuB-Calenin slgnallng

Hepatoblast Mature Hepatocyte

Cholangiocyte

::::'i sl:rl\:ﬁﬂﬂ ﬂﬁ
[&® «: ©&o

6 : FFEFIE O R AR & B LR

E. f&#

FFEEfERfAD SNP 7 L. FBEBFT 7 L 10
FTOATNA B —DRBEN S, FFFE O FIE
EHERITIE. Wt/ B-HT = U ENERTROFR
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BHLN)DVOEADRBEE L TWe, ZN5IiZid.

TERT 12 & 5 23 5 OFERER TR OTE LT
RNz, £/2, 25kt BRTOIE
TIRT A v I IRBA TR D2k B
LTWBZENRBINZZ EMSE. ATF )AL
W72 EIT K D5 B OFMBRANBELEZ S
N7z,

F. WIZEE

1. #wCHER
1) Hiyama E. Pediatric Hepatoblastoma: diagnosis
and treatment. Translational Pediatrics, in press
2) Czauderna P, Lopez-Terrada D, Hivama E,
Héberle B, Malogolowkin MH, Meyers RL.
Hepatoblastoma state of the art: pathology,
genetics, risk stratification, and chemotherapy.
Curr Opin Pediatr. 2014 26:19-28. doi:
10.1097/MOP. 0000000000000046.
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JEA TR AR AR At (R 7S AR FE AL IR E R 38)
RRbEBRA S CERmS)

d—A 2 TRWIRIZHT 5D 71 d 5 2 2 7R O FE

HY S KEE

HESE RN 7 T B 0

HEA P2

WS -

d—A 27 AN

B D B D 728012,

— 2 TR LS E D1

BRI DNA A F)ULH BEHid %

RN IE T S
EWSRI-ETS Bl 3B AR TV B 72 B 23 U T b, il
i Tl ] S R Al L
AL D %A% Infinium human methylation assay |
K LM T, EWSRI-FLIL (3 #EIREHIIL O DNA AT/ — 2
> EESVASRVIIN
d—A 2 TREMAZ Lz, ZRHD I ELD, EWSRI-FLIL IZ
ZENURE I N,

T ANEC. Z OBEE ARV
e AR 1T K D R FE AR
EWSRI-FLI1 ZJEHl &+, DNA AF
Lo THA Lz, 27 0—71Z

—H®D CpG H A hDAFIULIZ
K DB

A. BIEER

d—A 2T RBE NI~ A B Y]

WHPFET B B O EIE S Th 5. LA,

L RREZE I U & T H1REIEDEAIC X
DIBEERAEA ELDDH 500, B
I S0%RETH D WEZIZHRMEDNE
WTHD. AEFED 90%LL LTI,

EWSR1 j#{x¥ & FLIL % ERG B FIZ &
575 BETS 7 v X —DIRERF Ak
RIBIC X o TRIG L. FATEBERTFLEK
% (EWSRI/ETS FAIERTF) . &
DF A ZBRTIL, RIEF IS TRERME

NEm<, MEZKEDIT5 L TEETHO,

N, JEERECHEEREEEEC TWY
b, TOMWREZHSMITEIEN, 21—
A T RIBEOFEETFOMAICEREFL
SENTHBO. FRAXIZBIDIZIN, KB
Tk &2 PEB R T OREZHFET S5
LWk, BERECEDo TWS EEZ
LTS, FATEBLFIIEK2 TEEEN
JLiE T SR T & LT CCNDI, NKX2.2,
ID2. DKK2, NROBl. PDGFC. EZH2,
IGF1. TOPK, CAV1, SOX2 7z EM, #xE
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W E S & LT TGFB2R,
IGFBP3. CDKNIC, CDKNIA, DKKI 7x
EMREINTNS,

FIT, AWIETIE, —1 T AER
RIF A TR FETOREREEX
N5 EHMEEMLCRHETE 12— 2
WIEFEIE 7 )V DT 2B, I
Ko THIZI2ANEIE O FE AT & 7 L.
BRI TERRTHZEEAMNE LT,
FriZ DNA AF)IALMEITICE D, RIEEOD
FENDOIE D 23T 4 7 ADEG &
L7z,

B. WAk
MEZRBMIETH S UETI3 fifEIZ TetR
& EWSRI1/FLIL z & A L

Doxycycline(DOX)F£1E FiZ EWSRI/FLI1 @
W & 3% 8T & 5 M B UETI3-TR-
EWSRI/FLII #flifid% DOX #inkgi, &%
WITERINEE I T, 4 H. 16 H. 42 H.
69 &Lz, £/, I—A1 > J7HED
#RakkTdH D SK-ES1, RD-ES SYM1, EW93,
NCR-EW2 & {37z, Genome DNA % il



L. Illumina, Infinium DNA A FIULT v+
1 ( HumanMethylation450
BeadChip Kit) 7% H W THERMIZ CpG BT
;D AFIALIREEZ AT L. GenomStudio
ERWTHEENY A5 1) 2 THEOEN %
fro/z. 5 DOX FEFITEAF IV
HD5VIIEATFIEDNFEINDBRLETFE
U7z,

(B DELE)

Infinium

AREEITHIEFEEROERRZH NS,

SRAEFE LA, BRIRARAR 2 A W T fRAT 2 S
TRIZHZD, B - AECIDERRE
ZZ TR S 5 WIREAL S N2 BER
HEMEHETTH 2.

C. FEHER
UET13-TR-EWSRI1-FLI1 DRI A F )b
LM% Infinium DNA AFIALT w1
ERWTITW, BEWY 25 27 %17
o7z, A7 vt Tid. 485,000 HATLLE
D CpG U1 h& 1 HEDBGE THE ]
HET. & CpG EROLD A F AL DR EIL.
AFIUBRBRAO T 0 —7 EIEATFIULT
O—7 OHENBEDHE ([-value, 0-1 D
BETRIND) IXoTERIHN, 0 13£<
AF LS TR WIREE, 1 I3/ ITA
FIMINTWERETHZ, 2707
ERWEEEN SAY) VTR RE
Z % UETI3-TR-EWSRI-FLII @ DOX(+)$
L DOX(-) &2 —1 > T REMENZEN
TN TAY—EFRL, TNTHOME
I 72 A FIOVALIN Y — > DFEIEDRIE
I3, EWSRI-FLI1 ¥HDA TIX, UETI13
LD DNA AFIHALNE — 2 Z2HBIZ
d—A T RERICEESRESIZIEES R
WZ EDREE I Tz,

Dox #iN# 4 HE 16 HTWE, FNFhn
O DG INE ORRMEIC 7 T A5 — Bk
L7z5% 42 HE 69 HTIX, DOX #sinEE
L DOX JEIRMEEN T S A —k L.
DOX WIIZ K B A FIL/INE — (i
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13 16 BUL L OKBNKER I EAVRB X
N7z, 42 HE 69 HT. DOX iRfI# &Jk
RINBE D LB Tl DOX HFIiC L D& A
FIAb. EBAFIALETRD CpG B 1 Y
ROLENEHDD, DOX HRIMEICLDE
AFIALERDNERD 53Tz,

DOX #RINC LV B value 2% 0.2 LA E E&
957 0—713, 42 HT 39, 69 HT 859
HO. WHET 02 UEEFT L0712
18 o7z, TDHIZIT ADAP1, ECHDC3,
FTO . ADARB2 . SYT3 . SHANK2 .,
HAVCRI. SHANK2. KIF25. MDFIDOX
DTOA—=TNEENT W, AT vtA
TIE—BEFIZHN L TEEO S 0— T )%
HINTWBIZHh 5T, EKo o
— T TEAFIMENBENEBRTFIZ1E
mFIZTEholz. LMLaNs, 42
H. 69 H&EHITBAFIALERT 18 70O
—7M355, 16 JO0—T7TiE, 1—1 >
JAEMAE T UETI3 L0 HEAFIALT
HO. INSOTO—TDEAF)IALHME
RTR BN EHRBEI Nz,

—77, DOX #IIC XD B value 4% 0.2 L
HETI270—713, 42 HT 32, 69 H
DY TIT 54 THO, WMHFT 02 KLk
KFd2570-7134 DA THo7Z. ZD
HiZid. PDE4D. THRB 2’& £ TW/iz,
42 H. 69 HEBEAFIMLERLE 4 7
O—7., 2T, 21— 7 HEHR &
UET13 TIEERZEDAFIMLERLZZ
ES, EERRENREC T WATEEYE
HRB I N7z,

D. &8

dI—A > 7 AHEIZ. EWSRI-ETS Al&iE
EFNZTOEERECESEb> TS &
EZONTWD, BFEORMK—7 T
P—2AWE@EFTHI—1 >V RETE
DRLBDLNLMEBEBRTFRELIOE
IRTFEHEIL. STAG2, CDKN 2 A, p53 @
HBTHO, DRDDETHL I EHBAL



TWb, IN6OT &, REZSNT

Wz DGR TR O AR F. {RHEERR AR

EHR B 2R TWD &R LT L

Lo ULInUIRnis . BGE A3, B 7é

EOMWEET, WG T- & UTHET G BIERE

% Z A X DEEREAR T DR 2 T S I WCR&E

EINTWVD, FHZR B I W EZITAR e,

HTH 5, 2. FRIEER
AWFEDFEFAT L O . EWSRI-FLI1 1Z L.

L O0EU D AT IACEET, B8 R

MM & L—1 > 7 RIERI D AT IO H. HB9 M EENE D HEE - BREIRE

REHET 2 ENBZONINHDOD, D (P& L)

D CpG VA hDO@E AFIALZGIEHE 2T [ SRS

EEZ SNz, GRS T AT IAL~NGE e L
WMELGADLZENTRBRENDM, TDOAF 2 SRS ER
IACZAC I S B BE 59 5, ORI e
WHECTHWLNEDMTRHSETH D, 3. TOfth

EWSRI-FLII [ZXO@AFIMLE/RD,
— > J AN T 55 R e XL
0@ AFIALTE 16CpG V1 k& &R
T3, EWSRI-FLI1 {25 TG 2 il
NAHENTIIRWEDTHD, INSDJE
B & ORI/ 5 BENNETH 5,
— T, 7T AY —fRITOFERN 5.
FE B 72 EWSRI-FLII I 721 Tl
UET13 62— > T AEMEO ATV
{E)XF — 3 EZFET 2134 T,
HEHEDOMMEDAF IS — > D%
® DNA AFIUEDOZEALITIT L O Kl A3 4%
BEWSAEEESE Z 5Nz,

E. #&

A—A 7 ABEDOETINREZRNT
EWSRI-FLII %% DNA AFILICE 2 5%
HaMEt L7z, EWSRI-FLI1 3B 8iRER
HHIIED DNA AFI)IL/NNY — & 1—A
ST REAEA I T BITIEES NS,
—HED CpG B MBWTaI—1 2 FA
JEFRIEDE A F AL ZE R L7z, EWSRI-
FLIl IZ X B EEFEE L DNA ATF)IMLED
BEEDVRR 3177,
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for neuroblastoma.

Park JR, Valteau-Couanet D, Pearson ADJ, Cohn
SL.

di= i . 1
) RRERB (Bame) RERLUEH |BA - 503
7zl
2. RO - HEECHUSRER
BB (REEE) REERA ERLEST ) | RELEED (@ - 205
(R - MEER) 4
Suenaga Y, Islam SMR, Alagu J, Kaneko Y, Kato
NCYM, a cis-antisense gene of MYCN, encodes a de novo M, Tanaka Y, Kawana H, Hossain S, Matsumoto
evoluted protein that inhibits GSK3b resulting in the D, Yamamoto M, Shoji W, Itami M, Shibta T, PLoS Genet. 2014 [E2Ea
stabilization of MYCN in human neuroblastoma. Nakamura Y, Ohira M, Haraguchi S, Takatori A,
Nakagawara A.
RUNX3 interacts with MYCN and facilitates protein  |Yu F, Gao W, Yokochi T, Suenaga Y, Ando K, o 2014 4
degradation in neuroblastoma. Ohira M, Nakamura Y, Nakagawara A. ncogene
. . . . Nakamura Y, Suganami A, Fukuda M, Hasan MK,
Identlﬁc?non of novel c'an‘dxdate compounds targeting Yokochi T, Takatori A, Sato S, Hoshino T, Tamura {Cancer Med. 2014 Es
TrkB to induce apoptosis in neuroblastoma.
Y, Nakagawara A.
Two cases of neuroblastoma comprising two distinct | Yamazaki F, Nakazawa A, Shimojima N, Tanaka .
2 E3|
clones. T, Nakagawara A, Shimada H. Pediatr. Blood Cancer 2014 Bt
Yamaguchi Y, Takenobu H, Ohira M, Nakazawa
gulatt . . .
Novel Ip tumor suppressor DMAPI regulates A, Yoshida S, Akita N, Shimozato O, Iwama A, Eu. J. Cancer 2014 E4
MYCN/ATM/p53 pathway. .
Nakagawara A, Kamijo T.
Metastatic neuroblastoma confined to distant lymph  |Morgenstern DA, London WA, Stephens D,
nodes (stage 4N) predeicts outcome in patients with | Volchenboum S, Hero B, Cataldo AD, .
stage 4 disease: A study from the International Nakagawara A, Shimada H, Ambros P, Matthay J- Clin. Oncol. 2014 =t
Neuroblastoma Risk Group Database. KK, Cohn SL, Peason ADJ, Irwin MS.
RASSF1A methylation may have two biological roles
on neuroblastoma tumorigenesis depending on the Haruta M, Kamijo T, Nakagawara A, Kaneko Y. }Cancer Letters 2014 [E3p4N
ploidy status and age of patients.
Flotillin-1 regulates oncogenic signaling in Tomiyama A, Uekita T, Kamata R, Sasaki K,
neuroblastoma cells by regulating ALK membrane Takita J, Ohira M, Nakagawara A, Kitanaka C, Cancer Res. 2014 B4
association. Mori K, Yamaguchi H, Sakai R.
Receptor-type protein tyrosine phosphatase kdirectly Sh“,nosz} O, Waraya M, Nakashima K, Soda H,
dephosphorylates CD133 and regulates downstream Takiguchi N, Yamamoto H, Takenobu H, Uehara Oncogene 2014 14N
Lo H, Ikeda E, Matsushita S, Kubo N, Nakagawara A,
AKT activation. X .
Ozaki T, Kamijo T.
Significance of clinical and biologic features in stage 3 |Meany HJ, London WB, Ambros PF, Matthay KK,
neuroblastoma: A report from the International Monclair T, Simon T, Garaventa A, Berthold F, Pediatr. Blood Cancer (2014 [E254N
Neuroblastoma Risk Group project. Nakagawara A, Cohn SL, Peason ADJ, Park JR.
e EL s e [V, Mty KK, Wb Lo V5
b thepintemr;,tional okt sisk aro PO | ero B, Ambros PF, Nakagawara A, Miniati D, |J. Clin. Oncol. 2014 E4t
o TiSK group ‘Wheeler K, Pearson ADJ, Cohn SL, DuBois SG.
project.
Oberthuer A, Juraeva D, Hero B, Volland R,
Carolina S, Schmidt R, Faldum A, Kahlert Y,
Engesser A, Asgharzadeh S, Seeger RC, Ohira M,
Revised risk estimation and treatment stratification of Nakagawara A, Scaruffi P, ']"omm GP, Janoueix-
) . . . Lerosey I, Delattre O, Schleiermacher G, .
low- and intermediate-risk neuroblastoma patients by Clin. Cancer Res. 2014 [Eap4N
integrating clinical and molecular prognostic markers. Vandesompele J, Speleman F, Noguera R,
" |Piqueras M, Benard J, Valent A; Avigad S, Yaniv
I, Grundy RG, Ortmann M, Shao C, Schwab M,
Eils R, Simon T, Theissen I, Berthold F,
Westermann F, Brors B, Fischer M.
In'tracellular fragment of NLRR3 (NLRR3-1CD) Akter J, Takatori A, Islam MS, Nakazawa A, Ozaki|Biochem Biophys Res
stimulates ATRA-dependent neuroblastoma 2014 P38
. - T, Nagase H, Nakagawara A. Commun.
differentiation.
BMCCI, which is an interacting partner of BCL2, Tatsumi Y, Takano R, Islam MS, Yokochi T, Itami .
attenuates AKT activity, accompanied by apoptosis. M, Nakamura Y, Nakagawara A. Cell Death and Disease 12014 Bt
Pinto N, Applebaum MA, Volchenboum SL,
P . . . {Matthay KK, London WB, Ambros PF,
Advances in risk classification and treatment sttategies |\ v ooovara'A. Berthold F, Schleiermacher G, |, Clin. Oncol. 2014 =4

GE1) RRERBR. BRALISREROBECE. EFEEXTUICLTERBEERT S L.
GE2) AR Eexce ERICTHER L. BAKDZIBEERRBF TS EMATE L.
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FRLUCERR (BRRHBE. O - KA &k Ui . ER - 540
5 —REDF) REEER (#2%%) RELEER |5
Nuclear Reprogramming and the Cancer , . Guangzhou, China (Nature Oct. 31-Nov. 2,
Genome([8) Yamada Y. Conference) 2014 =5
ADVANCES IN NEUROBLASTOMA Colonge, Germany (ADVANCES IN
7 v " ’)
RESEARCH(LI8H) Yamada Y. NEUROBLASTOMA RESEARCH) | MY 13-16. 2014 B
Dissecting Cancer Biology by Studying Seoul, Korea (8th International Cell
B . = Y . L2 Ed
induced Pluripotency( F1¥H) amada ¥ Therapy Conference) Oct. 23,2014 &5t
2. B - MEFCBITSHRUER
. 5o 5 RERULER . BRI

Ohnishi K, Semi K,

Yamamoto T,

Shimizu M, Tanaka
Premature termination of reprogramming in  |A, Mitsunaga K,
vivo leads to cancer development through Okita K, Osafune K, |Cell 2014 [EfIN
altered epigenetic regulation. Arioka Y, Maeda T,

Socjima H, Moriwaki

H, Yamanaka S,

Woltjen K, Yamada Y
Concise Review: Dedifferentiation Meets Yamada Y. Haga H
Cancer Development: Proof of Concept for » A8 Stem Cells Transl Med. 2014 E

: . Yamada Y

Epigenetic Cancer.
Application of iPS cell technology to cancer
epigenome study: Un'covermg the |n§cllanlsm Matsuda Y, Semi K, Pathol Int. 2014 @4
of cell status conversion for drug resistance |Yamada Y
in tumor.
Epigenetic regulation leading to induced - .
pluripotency drives cancer development in Ohnishi K, Semi K, Biochem Biophys Res Commun. 2014 B
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NCYM, a Cis-Antisense Gene of MYCN, Encodes a De
Novo Evolved Protein That Inhibits GSK3§ Resulting in
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Abstract

The rearrangement of pre-existing genes has long been thought of as the major mode of new gene generation. Recently, de
novo gene birth from non-genic DNA was found to be an alternative mechanism to generate novel protein-coding genes.
However, its functional role in human disease remains largely unknown. Here we show that NCYM, a cis-antisense gene of
the MYCN oncogene, initially thought to be a large non-coding RNA, encodes a de novo evolved protein regulating the
pathogenesis of human cancers, particularly neuroblastoma. The NCYM gene is evolutionally conserved only in the
taxonomic group containing humans and chimpanzees. In primary human neuroblastomas, NCYM is 100% co-amplified and
co-expressed with MYCN, and NCYM mRNA expression is associated with poor clinical outcome. MYCN directly
transactivates both NCYM and MYCN mRNA, whereas NCYM stabilizes MYCN protein by inhibiting the activity of GSK3p, a
kinase that promotes MYCN degradation. In contrast to MYCN transgenic mice, neuroblastomas in MYCN/NCYM double
transgenic mice were frequently accompanied by distant metastases, behavior reminiscent of human neuroblastomas with
MYCN amplification. The NCYM protein also interacts with GSK3, thereby stabilizing the MYCN protein in the tumors of the
MYCN/NCYM double transgenic mice. Thus, these results suggest that GSK3p inhibition by NCYM stabilizes the MYCN
protein both in vitro and in vivo. Furthermore, the survival of MYCN transgenic mice bearing neuroblastoma was improved
by treatment with NVP-BEZ235, a dual PI3K/mTOR inhibitor shown to destabilize MYCN via GSK3p activation. In contrast,
tumors caused in MYCN/NCYM double transgenic mice showed chemo-resistance to the drug. Collectively, our results show
that NCYM is the first de novo evolved protein known to act as an oncopromoting factor in human cancer, and suggest that
de novo evolved proteins may functionally characterize human disease.
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Introduction yeast revealed that the proteins produced from de novo genes were

not insignificant polypeptides but functional proteins [6,7] and

Gene evolution has long been thought to arise from pre-existing
genes through duplication or rearrangement followed by rapid
divergence [1-5]. De novo gene birth from non-coding genomic
regions has been generally believed to be exceptionally rare [1].
However, recent studies using genome-wide analyses have
suggested the presence of a large number of de novo evolved genes
in some species [3,5-11], including primates [12-17]. Studies in
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that de novo gene birth could be a major mechanism of new gene
generation [6]. In multicellular organisms, however, the functions
of de novo evolved proteins have been poorly characterized [3,15],
and thus their pathophysiological significance has remained
elusive. Therefore, it is still unclear whether de novo gene birth 1s
a general mechanism throughout evolution for the creation of
functional protein-coding genes.
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Author Summary

The MYCN oncogene has a central role in the genesis and
progression of neuroblastomas, and its amplification is
associated with an unfavorable prognosis. We have found
that NCYM, a MYCN cis-antisense RNA, is translated in
humans to a de novo evolved protein. NCYM inhibits
GSK3p to stabilize MYCN, whereas MYCN induces NCYM
transcription. The positive feedback regulation formed in
the MYCN/NCYM-amplified tumors promotes the aggres-
sive nature of human neuroblastoma. MYCN transgenic
mice, which express human MYCN in sympathoadrenal
tissues, spontaneously develop neuroblastomas. However,
unlike human neuroblastoma, distant metastasis is infre-
quent. We established MYCN/NCYM double transgenic
mice as a new animal model for studying neuroblastoma
pathogenesis. We found that NCYM expression promoted
both the metastasis and chemo-resistance of the neuro-
blastomas formed in the double transgenic mice. These
results demonstrate that NCYM may be a potential target
for developing novel therapeutic tools against high-risk
neuroblastomas in humans, and that the MYCN/NCYM
double transgenic mouse may be a suitable model for the
screening of these new drugs.

Neuroblastoma is one of the most common solid tumors in
children. It originates from the neuronal precursor cells of the
sympathoadrenal lineage of the neural crest [18]. Its clinical
behavior is enigmatic; the tumors in patients of less than one year
of age often regress spontaneously, whereas the tumors detected in
patients over one year of age are usually aggressive and eventually
cause the patient’s death despite intensive multimodality therapies
[18]. The MYCN oncogene is frequently amplified in those tumors
that occur in patients who are over one year of age at diagnosis
[19,20]. Transgenic mice expressing human MYCN in sympatho-
adrenal tissues spontaneously develop neuroblastomas [21],
suggesting that MYCN alone can initiate tumorigenesis and
promote tumor growth. However, unlike human neuroblastoma,
its distant metastasis is infrequent. Furthermore, in human
neuroblastomas without MYCN amplification, MYCN mRNA
expression levels do not correlate with the prognosis of the
patients [22,23], suggesting that additional events might contribute
to the acquisition of increased aggressiveness. We focused on
NCYM as a candidate gene that promotes the aggressiveness of
MYCN-amplified neuroblastomas. NCYM is a cis-antisense gene of
MYCN [24,25] and is co-amplified with MYCN in human
neuroblastoma cells. NCYM is transcribed in the opposite direction
to MYCN, starting from intron 1 of the MYCN gene (Figure 1A),
and it has remained unclear for a long time whether the gene
encodes a functional protein [24,26]. In this study, we have found
that NCYM is indeed a functional protein that regulates MYCN
function in human, but not mouse, neuroblastoma.

Results

NCYM is a de novo evolved gene

We first analyzed the genomic sequence of NCYM in various
species and found that in humans and chimpanzees the potential
NCYM protein is composed of 109 amino acids (Figure 1B, Figure
S1). We next searched for paralogs and orthologs of the human
NCYM protein among other animals using the Basic Local
Alignment Search Tool (BLAST) databases with an E-value
threshold of 107%. We did not find any paralogs, but identified
orthologs for a probable NCYM protein in olive baboons,
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chimpanzees and pigmy chimpanzees. From here on, we focused
on the NCYM gene of the hominidae to investigate the function of
the protein product. The evolutionary rates between the indicated
species suggest that the coding sequence of NCYM gene was
exposed to positive selection in humans and chimpanzees
(Figure 1C), and the amino acid frequencies in these species were
significantly different from the uniform usage of amino acids
(P<0.001; Figure S2). We next raised an antibody against the
putative human NCYM protein, and identified a 12 to 15 kDa
protein in human neuroblastoma cells which mainly localized to
nuclei in MYCN-amplified neuroblastoma cells (Figure S3, Figure
S4). The NCYM protein was expressed in a variety of normal
human tissues, including the neuronal cells of the cerebrum and
cerebellum, spermatocytes of the testis, pancreatic cells and also
the heart (Figure S5). NCYM was also localized in both the
nucleus and cytoplasm in these cells (Figure S5A-D). NCYM was
expressed in both primary and metastatic human neuroblastomas
(Figure 1D, Figure S5E and I), and was co-expressed with the
MYCN protein in cells of human neuroblastomas (Figure 1D and
E) and the neuronal cells of the human cerebrum (Figure 1F and
G). It was also co-expressed with the MYCN protein in some
primary human cancers, including thyroid cancer (Figure S6).
Thus, the NCYM protein is a de novo evolved gene product and is
endogenously expressed in both normal human tissues and
cancers.

Prognostic significance of NCYM expression in human

neuroblastoma

We next examined the prognostic significance of NCYM mRNA
expression in human neuroblastoma. The NCYM gene was co-
amplified with the MYCN gene in all the cell lines and primary
neuroblastomas we examined (Figure S7). NCYM expression levels
were significantly correlated with that of MYCN in primary
neuroblastomas (n =106, P=4.69x10"'°; Figure 2A) and in the
tumors with a single copy of MYCN (n=86, P=1.11x10""%;
Figure 2B). In addition, high levels of NCYM mRNA expression
were significantly associated with unfavorable prognostic factors
(P<0.05, Table S1) and a poor outcome (P= 3.70x1077;
Figure 2C), similar to that for MYCN mRNA expression
(P<0.05; Table S1 and P=2.31 x107>; Figure 2D). Interestingly,
high levels of NCYM mRNA expression were also significantly
correlated with poor outcome in those patients diagnosed at over
one year of age without MYCN amplification (n =45, P=0.0375;
Figure S8A) whereas those of MYCN did not correlate with the
prognoses (n =45, P=0.144; Figure S8B). Multivariate analysis of
106 primary neuroblastomas showed, as expected, that NCYM
mRNA expression is not an independent prognostic factor from
expression and amplification of MYCN (Table S2). However, it is
an independent prognostic factor from age at diagnosis, stage and
TrkA expression.

Positive feedback regulation between NCYM and MYCN

The co-amplification and co-expression of NCYM and MYCN in
human primary neuroblastomas prompted us to investigate the
functional interaction between NCYM and MYCN. Previously we
have reported that MYCN directly targets its own expression in
neuroblastoma cell lines [27]. Because the promoter region of the
NCYM gene is localized within intron 1 of MYCN (Figure S9A), we
examined whether MYCN regulates NCYM transcription. Over-
expression of MYCN in human neuroblastoma cells induced
NCYM mRNA expression (Figure 3A), whereas shRNA-mediated
knockdown of MYCN downregulated endogenous NCYAM mRNA
levels (Figure 3B). MYC overexpression did not induce either
MYCN or NCYM expression (Figure S9B). However, MYCN
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NCYM

Human 1 MQHPPCEPGNCLSLKEKKITEGSGG
Chimpanzee 1 MQHPPCEPGNCLSLKEKKITEGSGG
Orangutan 1 MQHPPCGPGNCLSLKEKKNYGGLRE
Rhesus 1 MQHPPCGPGNCLSLKEKKNYGGLRG
Marmoset 1 MQHPPCGPGNWLSLKEKKIRRAPGV
Human 26 VCWGGETDASNPAPALTACCAAERE
Chimpanzee 26 VCWGGETDASNPAPALTACCAAERE
Orangutan 26 CVLGRGDRCF 35

Rhesus 26 CVLERGDRCF 35

Marmoset 26 CVEEGRPMFSPSPRFDCVLCC 46
Human 51 ANVEQGLAGRLLLCNYERRLVRRCK
Chimpanzee 51 ANVEQGLARRLLLCNSERRLVRRCK
Human 76 IAGRGRAPLGTRPLDVSSFKLKEEG

Chimpanzee 76 IAERGRAPLGTRPLDVSSFKLKEEG
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Figure 1. NCYM encodes a de novo evolved protein in humans. (A) Gene structure of the human MYCN/NCYM locus. (B) Alignment of the
possible amino acid sequences of NCYM in the human and primate genomes, where the ORF of the primate genes begins at the same position as the
human start codon. Red text indicates amino acid differences compared with human NCYM. (C) Change in protein features along the lineage shown.
CA indicates common ancestor. L indicates the sequence length of amino acids before the first terminal codon. Asterisk indicates statistical
significance (**P<0.001, *P<0.05). K, and K; indicate the rate of non-synonymous changes and synonymous changes, respectively. (D-G) The protein
expression of NCYM and MYCN in human primary neuroblastomas (D, E) and normal human cerebrum (F, G). Scale bars, 100 um (D, E) and 50 um (F,
G). Sections of neuroblastomas with MYCN amplification and those of normal human cerebrum were stained with anti-NCYM (D, F) or anti-MYCN (E,

G) antibodies.
doi:10.1371/journal.pgen.1003996.g001

overexpression did enhance NCYAM promoter activity in a dose-
dependent manner (Figure 3C), suggesting that MYCN, but not
MYC, activates the transcription of NCYM. Putative E-boxes exist
in intron 1 of the MYCN gene; however, it is unclear whether they
are responsible for this feedback regulation. We therefore
generated constructs containing different lengths of the MYCN
intron 1 region and performed luciferase assays to identify the
MYCN-responsive region (Figure S9C). MYCN enhances its own
promoter activity in a dose-dependent manner when co-transfect-
ed with reporter plasmids containing the NCYM promoter region
(from +1073 to +1312). However, when co-transfected with
plasmids without this NCYM promoter region, MYCN positive
autoregulation was diminished. Within this region, there is a
putative E-box located just 2 base pairs upstream from the
transcription start site of the NCYAM gene (Figure S10A). We
generated constructs containing the NCYM promoter region
comprising either a wild-type or a mutant E-box. Overexpression
of MYCN enhanced NCYM wild-type promoter activity, but
mutation of the E-box diminished its activation (Figure S10C).
MYC overexpression did not activate either of the NCYM
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promoter constructs (Figure S10B and C). Therefore, these results
indicate that MYCN enhances NCYM promoter activity in an E-
box-dependent manner. MYC, however, is not involved in NCYM
transcription.

We next investigated the function of NCYM in neuroblastoma
cells. NCYM overexpression induced MYCN protein levels
(Figure 3D, left panel; Figure S11A), but had no effect on the
mRNA levels of MYCN (Figure 3D, right panel; Figure S11A).
Consistent with these results, shRNA-mediated knockdown of
NCYM significantly downregulated the amount of MYCN protein
without affecting the level of A/YCN mRINA expression (Figure 3E).
In addition, knockdown of NCYM decreased the stability of the
MYCN protein (Figure S11B). This NCYM knockdown-mediated
destabilization of MYCN could be inhibited using the proteasome
inhibitor MG132 (Figure S11C). It is known that the stability of
the MYCN protein is regulated by a series of phosphorylation and
ubiquitination events that are required for its recognition by the
proteasome [28]. CDKI1/Cyclin Bl phosphorylates MYCN at
serine 62: the mono-phosphorylated MYCN is then recognized by
GSK3p and subsequently phosphorylated at threonine 58, leading
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Figure 2. NCYM expression is associated with poor prognosis in human neuroblastoma. (A) NCYM mRNA expression correlates with that of
MYCN in human primary neuroblastomas (n =106, Rs.=0.686, P=4.69x107"). (B) NCYM mRNA expression correlates with that of MYCN in human
primary neuroblastomas with MYCN single copy (n= 86, Rs.=0.695, P=1.11x107'3). The mRNA expression of NCYM and MYCN was detected by qRT-
PCR and normalized using GAPDH. (C) Kaplan-Meier survival curves (n=106, P=3.70x107°, log-rank test). The expression levels of NCYM were
designated high (n=13, closed circle) or low (n=93, open circle) based on the respective average expression. (D) Kaplan-Meier survival curves. The
expression levels of MYCN were designated high (n= 15, closed circle) or low {n=91, open circle) based on the respective average expression. High

MYCN mRNA expression was significantly correlated with poor prognosis (n =106, P=2.31x107>, log-rank test).

doi:10.1371/journal.pgen.1003996.g002

to its proteasome-dependent protein degradation after an E3-
mediated polyubiquitination [28,29]. Therefore, using immuno-
precipitation, we next searched for factors interacting with NCYM
that are able to induce MYCN stabilization, and found that
NCYM forms a complex with MYCN and GSK3B in CHP134
cells (Figure 3F and G). In addition, purified NCYM was capable
of interacting with purified GSK3 and MYCN in vitro (Figure 3H).
To examine the effect of NCYM on GSK3B-mediated phosphor-
ylation of MYCN, we performed an @ vitro kinase assay (Figure 3I).
NCYM protein inhibited the phosphorylation of MYCN. Because
the purified NCYM protein is not a substrate of GSK3p (Figure
S12), it is unlikely that NCYM competes with MYCN for GSK3f3
as a substrate. Taken together these results suggest that the NCYM
protein inhibits GSK3B-mediated MYCN phosphorylation and
stabilizes the MYCN protein i vitro.

It has been reported that MYCN knockdown decreases cell
proliferation and induces apoptosis and/or differentiation in
MYCN-amplified neuroblastoma cells [30]. Therefore, we next
investigated the functional role of NCYM in these cells (Figure S13
and S14). We performed NCYM knockdown in BE (2)-C,
CHPI134, SK-N-AS and SH-SY5Y human neuroblastoma cells.
SK-N-AS and SH-SY5Y cells are MYCA-single copy but have a
high expression of MYC, while BE (2)-C and CHP134 are cell lines
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with MYCN-amplification and hence have a high expression of
MYCN and NCYM (Figure S13A). NCYM knockdown did not
affect the survival of the MY CN-single neuroblastoma cell lines, but
promoted massive apoptosis of the MY CN-amplified neuroblasto-
ma cells (Figure S13B and C). In addition, in BE (2)-C cells,
NCYM knockdown was found to inhibit cell proliferation and
invasion (Figure S14B and D). These results suggest that NCYM
promotes the survival and aggressiveness of AYCN-amplified
neuroblastoma cells.

Co-expression of MYCN/NCYM in mice promotes
neuroblastoma metastasis

To assess the function of NCYM in vivo, we generated transgenic
mice expressing the human NCYM gene under the control of the
rat gyrosine hydroxylase (TH) promoter (Figure SI15A and B). In
addition, we made double transgenic mice carrying both the
human MYCN and NCYM genes. NCYM Tg/+ mice were mated
with MYCN Tg/+ NCYM Tg/+ mice, and 83 descendants were
observed for 200 days (Figure S15C and D). None of the NCYM
transgenic mice of the 129"°/SV] background developed
neuroblastoma (Figure S15D), suggesting that NCYM overexpres-
sion alone is not sufficient to initiate neuroblastoma in wvio.
Although tumor formation was not accelerated in the MYCN/
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Figure 3. Functional interaction between NCYM and MYCN. (A) Relative mRNA levels of NCYM in SK-N-AS MYCN single copy human
neuroblastoma cells transfected with MYCN expression vector. mRNA levels were measured by gRT-PCR with f-actin as an intemnal control. (B)
Relative mRNA levels of NCYM (left panel) or MYCN (right panel) upon depletion of MYCN in CHP134 human MYCN-amplified neuroblastoma cells. (C)
MYCN enhances NCYM promoter activity. Human neuroblastoma SK-N-AS cells were transfected with increasing amounts of MYCN expression
plasmid (0, 200, 300 ng) and their luciferase activity was measured. (D) Western blots showing NCYM overexpression induces MYCN protein in Neuro
2a mouse neuroblastoma cells (left panel). MYCN mRNA expression in mouse neuroblastoma Neuro 2a cells transfected with increasing amounts of
NCYM expression vector measured by qRT-PCR (right panel). (E) Western blots showing NCYM knockdown decreases MYCN protein in CHP134 cells
(left panel). MYCN mRNA expression in NCYM knockdown CHP134 cells as measured by qRT-PCR (right panel). (F, G) Co-immunoprecipitation of
endogenous NCYM with endogenous MYCN and GSK3f. (H) GST-pulidown assay. Purified NCYM proteins were pulled down with GST-fused GSK3p
and MYCN. (I} In vitro kinase assay. Radiolabeled ATP was used for the second reaction with GSK3p together with the indicated amount of NCYM or
GST. The amount of phosphorylated MYCN was quantified using standard autoradiography. The total amount of the MYCN was quantified by using
an Oriole Fluorescent Gel stain.

doi:10.1371/journal.pgen.1003996.g003

NCYM double transgenic mice (Figure S15E), the incidence of the activation of mTOR-S6K signaling. Furthermore, NCYM co-
neuroblastomas with distant metastases was significantly increased immunoprecipitated with GSK3B (Figure 5B) and substrates of
in the MYCN/NCYM double transgenic mice (Figure 4, Figure GSK3p such as MYCN and B-catenin were stabilized in the
S16, Table S3). The overexpression of the MYCN and NCYM neuroblastoma tissues induced in MYCN/NCYM transgenic mice

proteins in primary and metastatic tumor cells was confirmed by (Figure 5A). We next examined the number of apoptotic cells in
immunohistochemistry (Figure 4B). In the neuroblastoma tissue of ~ neuroblastomas from MYCN transgenic mice and MYCN/NCYM
the double transgenic mice, GSK3B was significantly inactivated double transgenic mice by staining for cleaved caspase-3 (Figure

by phosphorylation at serine 9 (Figure 5A). To investigate the S17). The number of apoptotic tumor cells was significantly
mechanism by which NCYM promotes the phosphorylation of ~ decreased in the primary tumors of MYCN/NCYM double
GSK3B, we analyzed the phosphorylation status of the known transgenic mice, suggesting that NCYM promotes the survival of
upstream kinases for GSK3B, AKT [28] and S6K [31]. S6K was ~ neuroblastoma cells in vivo.

highly phosphorylated in the MYCN/NCYM double transgenic

mice, whereas AKT was not noticeably activated. The phosphor- The tumors which develop in MYCN/NCYM transgenic
ylation levels of S6K in neuroblastomas from the MYCN/NCYM  mice are resistant to PI3K/mTOR inhibition

double transgenic mice were correlated with the expression levels To examine whether the overexpression of NCYM contributes
of MYCN and NCYM (Figure 5A, M7-MI11). These results to the chemosensitivity of neuroblastomas via GSK3p inhibition,
suggest that NCYM promotes the phosphorylation of GSK3B via we tested the effect of NVP-BEZ235 on the survival of the MYCN/
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Figure 4. NCYM promotes metastasis in mouse transgenic models of neuroblastoma. (A) Neuroblastomas arise as multifocal primary
lesions in a MYCN/NCYM double transgenic mouse (line 6). (i) Abdominal primary tumors and metastatic tumors in the intracranium (ii) and ovary (iii)
occurred within the same mouse (M1). (B) H&E staining (i, ii, iii) and immunohistochemistry for MYCN (iv, v, vi) and NCYM (vii, viii, ix) expression in
abdominal tumors (i, iv, vii) and metastatic tumors in the intracranium (ii, v, viii) and ovary (iii, vi, ix), in the MYCN/NCYM transgenic mouse (M1). Scale
bars, 50 um. (C) The rates of metastatic tumor development in MYCN and MYCN/NCYM transgenic mice. Line 6; P=0.036, Mann-Whitney U test. Line

4; P<0.01, Fisher's exact probability test.
doi:10.1371/journal.pgen.1003996.g004

NCYM double transgenic mice. NVP-BEZ235 is a dual inhibitor of
both PI3K and mTOR and promotes the degradation of MYCN
to effectively reduce tumor burden in the MYCN transgenic mouse
via GSK3P activation [32]. As reported, NVP-BEZ235 treatment
significantly prolonged the survival duration of the MYCN
transgenic mice (£<<0.01; Iigure 5C). In contrast NVP-BEZ235
did not prolong the survival of the AMYCN/NCYM double
transgenic mice (P=0.648; Iigure 5D). Thus, the expression of
NCYM reduced the efficiency of this drug i vivo.

Discussion

Our results reveal that NCYM, which was initially thought to be
a large non-coding RINA transcribed from a cis-antisense gene of

PLOS Genetics | www.plosgenetics.org

human MYCN [26], is actually translated into a functional protein
in humans. MYCN is a highly conserved, major oncogene in
human cancer. The newly evolved cs-antisense NCYM gene
product targets the sense MYCN gene product, influencing its
stabilization, which in turn enhances transcription of the NCYM
gene. This positive autoregulatory loop may function in primary
human neuroblastomas to enhance metastasis as well as drug
resistance through stabilization of MYCN and even B-catenin,
which are mediated by inhibition of GSK3p (Figure S18). Thus,
NCYM is the first de novo evolved gene product shown to function
in the development of human neuroblastoma.

NCYM promoted phosphorylation of GSK3B at serine 9
possibly via the activation of mTOR-S6K signaling, that might
have led to the constitutive inactivation of GSK3B i wvivo.
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