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FRESFIEICRB I 228 ) A e TR 7 U T b= AT 2 LICHAT L. 2SS MRAT,
TaT A= LR MZ T~ VT A v 7 AR 21T, B FEREZEDRVRAT OFN
I THERERRAT D Z L 2 R E LT, T AEBILD Key & 725 BNABMET LD
Tumor Sphere & W\ THIEZIT o 72, £ OfERAPREIFIEEZ MYCN HEFIEE ORI A -
Bbic, =85 ) 2 &2Hild5HR ) 2—L PRC2DE A R AF )V T A7 =T —F EZH2 /8
BEREHZRTLTWD Z EHI LT, S%ITERER A CRldTrh oo EZH2 BREAI,
23 E CRA%E 0 EZH1/EZH2 PR O AR ZERE T BLIRHE ~O Proof of Concept #1573~ & 5
IR L 720y,

(EfREE. RFEL, S HEM)
t MRS AL O Transcriptome fEfT « =57 ) Mg « 7'a 7 A — LR -

b MNERIEIE R T A7 U7 h— AENTIE. 4 FEEEO A 7 = TR O EEM R, iPS
fa & & 2 BRINL ST AR BRI 2 T TV, ZORER AT = TR N L b i 7o el iR
fmr#ED 5B 4FE¥H (CD133, CDX1, CXX1, EZH2) (22T, SRl HAMIEK D 5\ D I35
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7 F(CGDZ BH Uiz, #fRIEEIZZ 6D CGI Dt A F /AL 432 Thb iz b O & R +4y
RHDED2HTT BN, TR EDOBENRBI N, T ORERIT CXX1 fEHTIZ DUV TIE
ONCOTARGET (Z#Ff&a L. revise FTH D, F7-. EZH2 ORI IS 1T DHEREMAT & R HL
fEMTIZOWTIE, BFETF TH 5, CDXLIZHOWTIE, BEHEHET TH D, Z Oft BFk 2 13 3E
JED “BIEFEREZMEDRVENRA” OWEL S BIOPIIZE CTHIT L, R Y 2 — AR EE e H
ERELTWDZ 2R ABMILET LB LN LTz,
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IEHEARIFMIE A 7 27 D F T AT 4 — A

TE AR SR SR D BRI 2 7 = 72k LT Bzh2 23RBS, MR ATREIC 22 570 &
IMEFEFRIC LT h T VAT 4 — ARBBZE L7z, TORE, MYCN 2383 &t 5 LffUATaE
(2722 DIZR LT, Bzh2 DR TIIZE TR < . MYCN & Ezh2 2R S GAIC ., MR
RIS bR, MYCNIZ R T U AT 4 — AT +453Th D DI LT, Ezh2 [3% 5 Tl
RN EDRIBEI LD,

TH-MYCN ~ 7 Z\Z%4 3 % Ezh2 BLEH OTRHH R



TH-MYCN = 7 A ® homozygote (100%f#{%2EE 2 F4E L C 7-8 WM T 2) 1% L C, Ezh2
BREAI DS FENEENRZRIET 5008 ) ha et Uiz, —EWIR# S % ke L 7214 (g
DREIEMHERLIZE A, HERM/IPRED DLz, Ezh2 (T TV A7 4 — A2+ 725 1T
72N b 0D, JREOIERXE L UIMBOD THEHTHY . =57 7 AflIHIK T LT, BBRAT S
FNLDOEZTNF—D ENVINET DL EEZOND,

(OMYCN HEiE & D& R ESEE s F DFRRE

MYCN #415 & OB EBSGEIE T VRKL /v 7 X2 0 B0y T-8hE

R EIEHIIARIC B W C VRKL 2/ v 7 Z o L4, MYCN 23 8E L TR Y . 7> pb3
DIEF AR C & 2 AIRERRIZ 3 W CREE VISR Il S 4L, £ DA D =X LET R b= 2D
FETHHZ xR LT, MRIFEEOYIFMARIET ps3 ITZEENMT LA E NS TWNRWT & 3E
HITHEY, ZOIEFIC VRKL ZEIC L 2 A RESEHE L2 TE DR B 2 Hivb,
(HpE—)

MR IEAINICB VT ALK SRR T52Fus v UEBMEEABE ZEBOITIC X 0 k% IZFEE
LTHELNTZERED 55, Flotillin-1 (FLOT1) 13 EICH W Tk ALK & IRIICHEA
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ALK EHEOLREMNHET Z L DR IEEDO N ALY 7V OERICE b 5 Z & 2R LTz, EEE,

FLOT1 ORHEORNZ E PR IFBO TFHAR LEDS Z L bR b,

FMRRFECT ALK N F a3 Rk A7 7 Z—F SHP2 LEEEREZTER L TWD Z &2 50
WZLl7e, ZOmMEOREIT ALK OF a v % —BEHICERFE LT, ALK 23EH b L7z
NB39-nu #ifaz 7 V' F=7 D & 5 72 ALK [HEAI T 5 & SHP2 @ 540 % & 580 & D F
By URERETOY Vb EIEIT A L EBIE L, FIC Ry XI5 SheCDJ v XD
IZE VW ALK & SheC OFEA DI S 37z 2 LS ili#H OFEA A SheC 2 LT\ Z & AVRIE
EN7z, Shp2 mA 7 7 & —FOMHER PHPS1 OALHELIZ X Y . NB39-nu #iffid> ERK1/2 OiEM:
0, HESHEE < EEEEME T L7z, ML boFE X SHP2 & ALK O AVER N FEIEO R | E
BB R B L TWD LRI E N,

TRBDOFEAS T &0 el UCIEMEA L L2 ALK 13 in vitro THEFRIFIEIC ALK PHLEAN 5
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DEVVERITIE, ALK BRERI~OBRZMENTTHE L CREICAZI TH L REERH Y, ~ T 2T
TN X BREEEIT > T <,

(V& FE 1)

PR EENE I N O ERAMEEE IS ORE TH Y | NEBABEIEDOR 15%W % 5H 5, MYCN
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FR(17QDOMBHE SITWDR, &7/ DERFEOREBIIHA LI > TWRWY, ZZ2T, M
FR2ENE 500 B O EERIMR A Z VT, MREFEREEE T 10 Mo X — 5y h¥ ¥ T F vy ——7
VAL SNP T LA WS ) A a =BT A2 T o 7o, EOREER, MR, T A
HEOREICLY 6 DOV T 7N —T1CH0BIND Z ENH L, 2o 7 70— 13K
MRS E LSBT Z R eoTz, Y77 NA— 13U TO@EY Thsb, Z7v—7 A
ALK #HFEZES ), 7 v—7 B (LO@BE AR 25 B, 7 v—7 C (MYCN BiiE 2 £ 5 #).
I N—7DA1q LOH 258, ZA—7E W7 b 1 pFTDT ) Aa e —8oE a4
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PR IFIEREE AR D aCGH 12 £ 57/ A28 B o MakErfiRhT
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Nz, PafRlZBWTY 1p R, 11q RO G Z1E 2 IEFNIIFFIC TR AR THY . ZhboH
TITN—TINNDLEEY AT ThDH I ENREBEIT,



Neuroblastoma (NB) is the second most common pediatric solid malignant tumor derived
from the sympathetic nervous system. The overall prognosis of patients with NB has
markedly improved; however, unlike many childhood malignancies for which survival has
been improved by recent therapies, high-risk NB is still one of the most difficult tumors to
cure, with only 40% of patients achieving long-term survival despite intensive multimodal
therapy. We performed the transcriptome and epigenome analysis of NB Cancer Stem Cell
model tumor sphere in human NB cells and mouse NB cells. Comprehensive molecular
studies have led to an emerging understanding of the role of chromatin regulator molecules
in tumor development and aggressiveness. EZH2, a histone methyl transferase subunit of
polycomb repressor complex 2, is markedly expressed and mutated in several forms of many
tumors. We investigated the roles of EZH2 in neuroblastoma (NB) and demonstrated that
EZH2 high expression correlated to unfavorable prognosis and MYCN amplification in NB.
EZH2 inhibitors effectively suppressed MYCN-transgenic mouse NB development. Further,
EZH2-depletion-related NB cell differentiation was studied by integrative methylome,
transcriptome, and chromatin immunoprecipitation assays using NB cell lines and clinical
samples. These clarified that the NTRK1 P1 and P2 promoter regions were regulated
differently by DNA methylation and EZH2-related histone modifications. The depletion and
inhibition of EZH2 successfully induced NTRK1 transcripts and functional proteins.
Collectively, these results indicate that EZH2 plays important roles in preventing the
differentiation of NB cells.

(Takehiko Kamijo, Miki Ohira, Toshikazu Ushijima)
Epigenome analysis of transcriptome acquired from murine neuroblastoma stem cells and

tumor tissues

Recent comprehensive molecular studies have led to an emerging understanding of the role of
chromatin regulator molecules in tumor development and aggressiveness. EZH2, a histone
methyl transferase subunit of polycomb repressor complex 2, is markedly expressed and
mutated in several forms of many tumors. We herein investigated the roles of EZH2 in
neuroblastoma cell differentiation and demonstrated that NTRK1 (TrkA) is one of the
EZH2-related epigenetic suppression targets and also that the depletion/inhibition of EZH2
induces the de-repression of NTRK1. Our integrative methylome, transcriptome, and
chromatin immunoprecipitation assays using NB cell lines and clinical samples clarified that
the NTRK1 P1 and P2 promoter regions were regulated differently by DNA methylation and
EZH2-related histone modifications. The NTRK1 transcript variants 1/2, which were
regulated by EZH2-related H3K27me3 modifications at the P1 promoter region, were
strongly expressed in favorable, but not unfavorable NB. The depletion and inhibition of
EZH2 successfully induced NTRK1 transcripts and functional proteins. Collectively, these
results indicate that EZH2 plays important roles in preventing the differentiation of NB cells
and also that EZH2-related NTRK1 transcriptional regulation may be the key pathway for
NB cell differentiation.

Despite the use of aggressive therapy, survival rates among high-risk neuroblastoma (NB)

patients remain poor. Cancer stem cells (CSCs) are considered to play important roles in the
6



recurrence and metastasis of NB and are isolated as NB spheres.

The overexpression of CFC1 increased sphere formation, cell growth, and colony formation.
These phenotypes particularly sphere formation, and xenograft tumor formation were
significantly suppressed by the knockdown of CFC1. CFC1 suppressed Activin A-induced NB
cell differentiation and Smad2 phosphorylation in NB cell lines, indicating its roles in
tumorigenesis related to EGF-CFC co-receptor family molecule pathways. Collectively, these
results indicate that CFC1 is a candidate molecule for the development of CSC-targeted
therapy for NB.

(Kenji Kadomatsu, Toshikazu Ushijima)
Involvement of the epigenetic alterations on early tumorigenesis
-Transformation of normal sphere cells derived from wild-type mice

Ezh2 was overexpressed in normal sphere cells derived from wild-type mice, and their
passage ability, as a phenotype of transformation, was examined. As a result, although the
MYCN expression resulted in the generation of passageable sphere cells, the sphere cells
expressing exogenous Ezh2 could not be passaged. In addition, there was no additional
effect in Ezh2 expression together with MYCN. These results suggest that Ezh2 is not
sufficient for transformation, whereas MYCN is.
- Therapeutic effect of Ezh2 inhibitor on TH-MYCN homozygote mice
We systemically administrated (i.p.) Ezh2 inhibitor to TH-MYCN homozygote mice. After
daily administration for the particular period, the tumor sizes were significantly decreased.
Although Ezh2 might not be an essential factor for transformation, its inhibition must be a
potent tool to treat neuroblastoma. Ezh2, as an important epigenetic regulator, would

function at the superior hierarchy of neuroblastoma tumorigenesis.

Synthetic lethality with MYCN amplification
-The knockdown of VRK1, a synthetic lethal gene with MYCN amplification

The knockdown of VRKI1 specifically suppressed growth of MYCN-amplified and
p53-wild-type neuroblastoma cells, whose mechanism would be induction of apoptosis.
Because it has been reported that primary neuroblastomas rarely possessed p53 mutation,
the VRK1 could be a potent target of synthetic lethality-based therapy against them.

(Ryuichi Sakai)

Phosphotyrosine-containing proteins associated with ALK were investigated. Flotillin-1
(FLOT1) was identified as a binding partner of ALK that undergoes ALK-dependent tyrosine
phosphorylation. Knockdown of FLOT1 in neuroblastoma cells caused membrane
accumulation of ALK, which resulted in activation of ALK and downstream signals.
Suppression FLOT1 expression also enhanced oncogenic properties of neuroblastoma cells
both in vitro and in vivo. It was also confirmed that lower levels of FLOT1 in tumors were
significantly associated with poor prognosis of neuroblastoma patients.

During the screening of phosphotyrosine-containing proteins associated with ALK in

neuroblastoma cells, we identified SHP2 as one of the binding partners of ALK.
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Immunoprecipitation study revealed binding of SHP2 with ALK by ALK activity-dependent
manner and knockdown of ALK or inhibition of kinase activity of ALK by ALK inhibitors
suppressed phosphorylation of SHP2 at Tyr540 and Tyr580 in NB-39-nu neuroblastoma cells
which have ALK addiction. In addition, knockdown of ALK-binding docking protein ShcC
resulted in decrease of ALK-SHP2 interaction. On the other hands, treatment of SHP2
inhibitor PHPS1 or knockdown of SHP2 resulted in down-regulation of ERK1/2 activation,
proliferation and migration of NB-39-nu cell. However, phosphorylation of ALK was
up-regulated by inhibition or knockdown of SHP2. These results suggest that interaction
between ALK and SHP2 plays significant role in the regulation of oncogenesis of the
neuroblastoma cells.

Activation and stabilization of ALK by these ALK binding molecules appear to induce
sensitivity to the ALK inhibitors of neuroblastoma cells in vitro. It is indicated that ALK
inhibitors might be applicable to the neuroblastoma patient without ALK gene alteration
depending on the condition of the FLOT1, SHP2 and ShcC expression, which should be
validated by mouse models.

(Junko Takita)
To provide better insight into the genetic signatures of neuroblastomas and access their
clinical impact we analyzed 500 neuroblastomas (included specimens from Japanese
Neuroblastoma Study Group) using targeted deep sequencing for 10 actionable genes and
SNP arrays analysis. ALK expression was evaluated using immunohistochemical analysis in
259 samples. Based on genetic alterations, the following 6 genetic subgroups were identified:
groups A (ALK abnormalities), B (other gene mutations), C (MYCN amplification), D (11q loss
of heterozygosity [LOH]), E (at least 1 copy number variants), and F (no genetic changes).
These subgroups were well correlated with clinical characteristics. Groups A to D showed
advanced disease and poor prognosis, whereas groups E and F showed excellent prognosis.
Intriguingly, based on the MYCN status, group A has been further divided into 2 subgroups,
which were well correlated with copy number alterations. Our comprehensive genetic

overview clarifies the clinical impact of genetic signatures in neuroblastoma.

(Tatsurou Tajiri, Akira Nakagawara)

For the purpose of creating the integrated database between the clinical features and
molecular&genome information, we had send with survey file to 88 institutes, 81 of which
returned us them. As a result, 1830 cases out of 2104 examined in this study were available.
Moreover, this database was combined with the data which were collected from JNBSG
participating institutes by Chiba Cancer Center until 2014. Finally, 1923 cases were
analyzable in this study.

From 2015, we have started to analyze follow-up data according to the INRG queries (age,
stage, primary site, metastatic site, pathological classification, late complication, overall
survival, disease free survival). In 2016, we had cleaned data with focus on 500 cases having

the detailed genome information.



(Miki Ohira, Akira Nakagawara, Takehiko Kamijo)

In this study, we collected follow-up data for 1,923 neuroblastoma cases diagnosed in 81
hospitals as a cooperative effort of the Japan Neuroblastoma Study Group (JNBSG).
Array CGH was conducted with 525 cases and clinical relevance of each genome
signature was assessed with the updated follow-up data. Tumors were sub-grouped into
three genomic groups (GGs): silent (S), partial (P) and whole (W), which were further
segregated by MYCN amplification (a: MYCN-amp, s: MYCN single copy), 1lp-loss,
11g-loss and 17q-gain. GG-Ps with either 1p-loss or 11g-loss showed unfavorable
prognosis with overall survival rate (SR) of 46%, whereas GG-Ps without both 1p-loss
and 11g-loss showed SR of 80%. Ps and Pa accompanying both 1p-loss and 11qg-loss
exhibited ultra-high risk phenotype with SR of 27% and 35%, respectively. The results
suggested that array CGH-based GG subgrouping will be useful for the tumor risk
classification.
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PR IEIEAIIIC B W TALK EfEET 0T a v U UM bEAE 2 -E &0 L 0 R4 IZ[FE LT
BONIZERED 9 6, Flotillin-1 (FLOT1) 13 FEICH VTt ALK & RIS EG L, =
RYA F—2 2% LT ALK EHEOSRICED S Z &  FLOT1 OFIUL FIZ L Y ALK EHED
LZEMENET Z LB FENEO N ALY 7TV OBEFRICE D D Z & Zx Lz, FEEE, FLOT1 O%8
BORNZ EPHRFEOTHRAREEDD Z LB LI,

FIMRFEECALK N T o v VR A7 7 ¥ —EBSHP2 L EHEKEZE L TWAH I EEHLMNT L
oo ZOMFEDREGIL ALK OF 1 % —BIEMEITKAF L TE Y . ALK 23EME(L L7z NB39-nu
Mz 27 Uy F=70 k5 7 ALK [HER TS5 L. SHP2 @ 540 & & 580 FHDF 1 o 78K
TOY UMb EIHT 2 2 EABE LT, BIZRyFx 277 SheC D/ v 7 X2k ALK &
SheC OFEEBMFI SN EnE, WHEOMEED SheC Z/h L TW5 Z VR I N7, Shp2 &
A7 7 A —EDOLEA] PHPS1 ORI L Y . NB39-nu A ERK1/2 OFEMESC, HEFHAE - EHIHE
PET U7, L EDHE LY SHP2 & ALK O AEAFH SR F O IC EE R & E 2 R LT D
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TN ORES IV REMNR L THEMAL L7z ALK 13 in vitro THEEEZEIEIZ ALK THEANZ X5
A FYET D 2 0D, BRRIERI TS FLOTI OFFAMEL | SheC, Shp2 ORIV L&
UME Tl ALK PREAI DB T L TRRICAEN TH D PR H Y . v T AET VLD
MREEZ 1T > T <,

Phosphotyrosine-containing proteins associated with ALK were investigated. Flotillin-1
(FLOT1) was identified as a binding partner of ALK that undergoes ALK-dependent tyrosine
phosphorylation. Knockdown of FLOT1 in neuroblastoma cells caused membrane accumulation
of ALK, which resulted in activation of ALK and downstream signals. Suppression FLOT1
expression also enhanced oncogenic properties of neuroblastoma cells both in vitro and in vivo. It
was also confirmed that lower levels of FLOT1 in tumors were significantly associated with poor
prognosis of neuroblastoma patients.

During the screening of phosphotyrosine-containing proteins associated with ALK in
neuroblastoma cells, we identified SHP2 as one of the binding partners of ALK.
Immunoprecipitation study revealed binding of SHP2 with ALK by ALK activity-dependent
manner, and knockdown of ALK or inhibition of kinase activity of ALK by ALK inhibitors
suppressed phosphorylation of SHP2 at Tyr540 and Tyr580 in NB-39-nu neuroblastoma cells
which have ALK addiction. In addition, knockdown of ALK-binding docking protein ShcC
resulted in decrease of ALK-SHP2 interaction. On the other hands, treatment of SHP2 inhibitor
PHPS1 or knockdown of SHP2 resulted in down-regulation of ERK1/2 activation, proliferation
and migration of NB-39-nu cell. However, phosphorylation of ALK was up-regulated by
inhibition or knockdown of SHP2. These results suggest that interaction between ALK and
SHP?2 plays significant role in the regulation of oncogenesis of the neuroblastoma cells.

Activation and stabilization of ALK by these ALK binding molecules appear to induce
sensitivity to the ALK inhibitors of neuroblastoma cells in vitro. It is indicated that ALK
inhibitors might be applicable to the neuroblastoma patient without ALK gene alteration
depending on the condition of the FLOT1, SHP2 and ShcC expression, which should be validated

by mouse models.
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Involvement of the epigenetic alterations on early tumorigenesis
* Transformation of normal sphere cells derived from wild-type mice
Ezh2 was overexpressed in normal sphere cells derived from wild-type mice, and their

passageability, as a phenotype of transformation, were examined. As a result, although the
MYCN expression resulted in the generation of passageable sphere cells, the sphere cells
expressing exogenous Ezh2 could not be passeged. In addition, there was no additional effect in
Ezh2 expression together with MYCN. These results suggest that Ezh2 is not sufficient for
transformation, whereas MYCN 1is.

* Therapeutic effect of Ezh2 inhibitor on TH-MYCN homozygote mice
We systemically administerated (.p.) Ezh2 inhibitor to TH-MYCN homozygote mice. After
daily administration for the particular period, the tumor sizes were significantly decreased.
Although Ezh2 might not be an essential factor for transformation, its inhibition must be a
potent tool to treat neuroblastoma. Ezh2, as an important epigenetic regulator, would function

at the superior hierarchy of neuroblastoma tumorigenesis.

Synthetic lethality with MYCN amplification
*The knockdown of VRK1, a synthetic lethal gene with MYCN amplification
The knockdown of VRK1 specifically suppressed growth of MYCN-amplified and
p53-wild-type neuroblastoma cells, whose mechanism would be induction of apoptosis. Because
it has been reported that primary neuroblastomas rarely possessed p53 mutation, the VRK1

could be a potent target of synthetic lethality-based therapy against them.
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