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R, WEFEOIDRFs (—ikL)?

Ipsilateral tumor extension within two body compartments

Neck

* Tumor encasing carotid and/or vertebral artery and/or internal jugular vein
+ Tumor extending to base of skull
» Tumor compressing the trachea
Cervico-thoracic junction

+ Tumor encasing brachial plexus roots

* Tumor encasing subclavian vessels and/or vertebral and/or carotid artery

+ Tumor compressing the trachea

Thorax

+ Tumor encasing the aorta and/or major branches

« Tumor compressing the trachea and/or principle bronchi
 Lower mediastinal tumor, infiltrating the costo-vertebral junction between T9 and T12

Thoraco-abdominal

+ Tumor encasing the aorta and/or vena cava

Abdomen/pelvis

+ Tumor infiltrating the porta hepatis and/or the hepatoduodenal ligament

- Tumor encasing branches of the superior mesenteric artery at the mesenteric root

+ Tumor encasing the origin of the celiac axis, and/or of the superior mesenteric artery
+ Tumor invading one or both renal pedicles
+ Tumor encasing the aorta and/or vena cava
+ Tumor encasing the iliac vessels

- Pelvic tumor crossing the sciatic notch
Intraspinal tumor extension

Infiltration of adjacent organs/structures

i) RIS R BB Z L,

BREE LT, FoslEayiEE
BRLTES T\, Lo LHHESHIE

B b REI LR T 4720,
L RERO TR ch i —HF
W L EHEOfEi % [ L, B
TR TREL 2 BHIS vy F 7o #iE
FRETIEFLR L &8 ERIC B KB
FaHsaRed b, RYEOHIEEE~O 5
L% 5 sz BB0d 52 & HHEET,
FRICRED K E IR OB B L

TIHHEE LM ALEE 2577, B4,
—WIRBEERERIC L ) ABHET T &
YRR B EE T R % image
defined risk factors (IDRFs) (&) & #
5E L, IDRFOH M EERHRT &0

LB EEE I WD Z L YRR &

NTHENY, bDHIETLEHEESIED

B L Bl S O M % RED
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Fb, BTFEOAHIEFE— bOVTH
FAVTH LS, ALRoEEICE
BIEx VL Z EHEN,

2. &%

MIEFERED ) A HESL L OEER
ST OPE T HBE R EYENFT O
DA TH ), HEIGEEAEIER
% EDO—FOBIIE B TR O ER
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oncologic emergency

B T B8 O R L2 72 B dumb-
bell M D JEEAE R 35 & Ustage 4SO FF
HEARAT & 2% IR e 2 (i o) b e 3
T2 5 BT 7% oncologic emergency T
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B 55 NEEBICE TS ZRERHERER

HEROER

;‘ﬁ_}}fﬁ IS ST T

PREIFIERA - TP Y A 7 BRI 3 BRI BT 5
IDRF DOl & ABREEATA F 54 ~

HAMGESF UL 7 v —7 (NBSG)

H /i ZE B* Kk H Xt &
JEH M B xm H 2
It &~ F = BOJIN R =
e D NI i B OB 14
wm H ¥
FU &I
HEFEOWRB 5% & L T3, International

Neuroblastoma Staging System (INSS) 2SR £E{#H
XN T E 7Y, International Neuroblastoma Risk
Group (INRG) IZ8WTiE, JRERTOEEETMIC
k% staging L) ANSN LI & LTWw3BY
(R, ZDRad»THO»LN T 5 image defined
risk factors (IDRF) &, FEPriEmiESEEOfER I
XL, HEE&RFTR»SFMOV R 2H#EEL, H
Fiie L CTHRHE2RAZDDEBOALTEED S
DOhEHET 21-ODOFHIEETH 5, Lhuzzit
B CHERRREZ 1T B, EmrFEHr0hi%
W UEOREME ) 2KET 20032 DENT,
3 —nu v D% EFRLRPIEIC L D surgical risk
factor (SRF) & L TIRIBEN7z?,

2005 ﬁzhﬁﬁ:gﬂt I —u v SO HEER I [E
HEDIERIC L, FHiirRETH > 7z 719 HlD
)%ﬁﬁ'mﬁh%"%ﬂér {W) 9%, 35241 (49%) Ik
WT SRE D LT 5%, £, WIHAFEME L

Tatsuro Tajiri  Akihiro Yoneda Tomoko Iehara

Kazuaki Tokiwa  Toshihiro Muraji  Atsushi Kikuta

Akira Kikuchi  Kimio Kanegawa Masayuki Kitamura

Akira Nakagawara Atsuko Nakazawa Hideto Takahashi

Tetsuya Takimoto Takeshi Fukushima Michio Kaneko

Junichi Hara  Hitoshi Ikeda

* MR EFER BRI RS R
(T812-8582 MHIMHRXSH 3-1-1)

X B M ¥ B & M W
% b B & Il & %
OB iR I N
& + & XK K o —

#& 1 INRGSS (International Neuroblastoma
Risk Group Staging System : E[Z#R3FE
U 2955

S

L1 Locoregional tumor not involving vital struc-
tures as defined by the list of Image Defined
Risk Factors

(IDRF TEZI N2 FTELIEER - HiEE2EZ
AT W BRTEEE)

L2 Locoregional tumor with presence of one or

more Image Defined Risk Factors

(1 HE D k@ IDRF 287 2 BAriEEES)

M Distant metastatic disease (except Stage Ms)
(EREBH (Stage Ms <))

Ms Metastatic disease confined to skin and/or liver
and/or bone marrow

(BZfE, BF, BficRE L 70&E

=N 207 )]

TR ZAA 518 HID 5 L 45 6 (8.7%) il
BAEHHEZ R D723, 155 D SRF FFEFIC BV
T 27 4l (17.4%) 363 51 SRF EHEHIZ BV
Tix 18 # (5.0%) ICEBFENRD 61, Malss
ficF & IZ SRF %l&fﬂ B W TR AEHEDHE
EnEso7Y, Lzdi->T, SRF BEFlIc B
TIEIMIERAHEIRE T2 AREIEL, Z0%
&, fAbEEE 2B IR, BEOMmNEFE- T
WHEfFIRETHBIEEINS,

Z DFERICE S WL TEERIC IDRF & BT
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% 2 IDRF—Image Defined Risk Factors

Ipsilataral tumor extension mrihin two body compartmerte
(BAF 2 DDOIMOLICHER LT v 5 Al EE)
Neck-chest, chest-abdomen, abdomen-pearls

(SHE-Fg s, Mosf-I538, IEH-5%)

Neck (SH#) :

Tumor anoasing carotid and/or vertebral artery and/or internal jugular veln
(SHBIAR, HEFBIIR, NSHEIIRZ % ZAA TV 2 EE)

Tumor tanding to base of shall

(BEZFICRE L T 2 EE)

Tumor compressing the trachea

(BEREEL T3 EE)

Cervlco-thoracle junction (SEIGES)

Tumor erasing brachial plexus roots

(sl G 2 & ZIAA TV B 1EE)

Tomor arcasing subclaian vessels and/or vartobral and/or carotid artery
(BHE THsIR, SEEIIR, HEEBIRZEERA TV 2EE)

Tumor compressing the traches

(REEEEL T2 1EE)

Thorax () -

Tumor ancaeing the aorta and/or major branches

(REIRE 7232 DR EHEZAATY 5 EE)

Tumor compressing the trachea and/or prinepal bronohl

(REE B ERELZEEL T3 EE)

Lower mediastinal tumor, infiltrating the costo-vertebral junction between T9 and T12

(Th9-Th12 D BIHERIES IR % T ERHtRRIEE)

Thoraco-abdmhral (JOiEE) :
Tumor ancaing the aorts and/or vene cava

(CREIIR £ 7213 TREIR % % E5AA TV 3 [E5)

Abdorran/pdvia (JEE8B#%) :

Tumor infotrating the porta hapatia and/or the hepatoodanal ligament

(HLPTEE & 72 3P+ B IC 2 L v 2 188)

Tumor encasing the brarchas of the superior mesenteric artery at the masertarie root
(BRI EBRIEEIR O 50 % 5 F A A TV 3 JEE)

Tumor encasing the origin of the celine axia, and/or of the supenior masertarie aitary
(B IREREAAES & 72 (3 HIBRIIEBIIRER S %2 B S AA T 3 [EE)

Tumor invading can or both ranal padiclss

(Fr & 7 3l E 228002 L o 2 1EE)

Tumor ancesing the aorta and/or vena cave

(CKEIIR & 72 13 T REIR % %5 25AA TV 3 [EE)

Tumor ancesing the iliac vessels

(MBEmMELEZAALTND)

Palvie tumor croseirg the sciatic notch

(REEEYEE MR 5B EENEE)

Imtraspinal tumor outansinon whataver the lccation pronided that
(HERIIEZ B o L L Ty) ¢

More than one third of the spinal canal in the axial plane is irnaded
(B THERIN @ 1/3 BLEATEE S O T 3)

and/or the panmaolary laptomonirgoal spacea are net viaible

(F7 3 FMAE 7 e TRESESEEC L DHEL T 3)
and/or the apinal cord sigral is abnomal
(FRBHEHDOBREETPRDOND)

Imiration of aojaocert orgara/struetures (B3 28 - BEEICEB L TWw3) ¢
Pericardium ((ME), diaphragm (K%, kidnay (BWK), liver (FFI#), duoderdium-pacreic block
(BEEE+—4515) and massntery (HEREE)

Condtiang to be racorded butnot considerad IDRFs (IDRF D#EIEEIZ & £ 172023, SUETREHIEA) ©
Multilocal primary tumoes (5 {4 fEE)
Plaural efusion, with or without mailgnant cells (F7K @ EBHEME 2 S LB AL EE L VESD)

Apcites, with or without malignant cels (JE/K : BHEMEZ &TEAGIE T L VESY)
' (Monclair 5%, 2009 X b SZEHHy)
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RIFRED ) A7 EICEY AN G Z EREI N
Twb, 22T, EBENZRIUIR> THhEIC
BT 2 R IFIERRIIE 217 ) 729, JNBSG 128
WX ERTE MR FIEAER]IC IDRF 2@A L, #
DEMERTMET 2 2 & & D, MRFEK - G
MEIC xH g B EERITZE TIDRF (230 & FATREHE
DIREZIT ) HRIFIERY R 7 BHOBEME, &
"IDRF (ZE -0  FMESR B O IRE & BRERNIC
MR % B AR & RS E TR Y R
BN 5 8 AR RER, BTk, Bk
PR RE D MG EE T £ % E 9 B BRIC IDRF %
TY R 7l %17V, FHOEGE RET 258 &
L9, AREICE LT, B - Y 2
7 BRC R T B RIS IC 81T 2 IDRF O & 4+
BHEEN A R o4 VICOWTHEMNT 2, WK
FZOREKZ 70 b a— VIO TIRROFKFENG
EDORBUCTITHHAL T,

I. IDRF OEERLFHATEL L TERER

IBEETOEERAT R (&% CT £7:13 MR =M
v, IDRF OFEZHET 2, ZO, BHHRE
MEIC X 2Fe TN s Z EDEE L\,

ZNZNDFEFHEED SWMALIIEL T, K212
A9 X9 7% IDRF DIEBEIZOWTHET %, RFE
BROFALICHIG L 72 H B XTI RIS
O NEERBRERES) KB 3 NREMRE
IDRF checklist) (& CEHiiz4TV>, 1 HETH %Y
U, IDRF [l & Hlrs 3,

i, IDRF IS 244 F54 VIcELT,
INRG ®7u ¥ x7 F & LT Guidelines for Imag-
ing and Staging of Neuroblastic Tumors : Consen-
sus Report from the International Neuroblastoma
Risk Group Project; & \»9) XX 2355 Radiology
KRR NLY, EREY 27 BERIRICE T
% IDRF OHED, TOHmIXZLEICL T 505
ECICD - EBEELE R Z2MERICNT 2 HER
#E1¥, encased TH i IDRF BB, ZDiEH0
JEHE T yes THIUL IDRF Bk E T2, ImEIC
%9 % contact, encased O ¥|EFUEF R T E G
(B tv=—~ (B2 288575 %, T4bb,
BARICE L <X, IME3 RIS B &
T W7z 84 (total encasement), & %\ 1%, B

MREREOEED EEBICIRYBEEN TV IGE
(contact=50%) % encased (+) & L T IDRF &
L L, BIREREDFRERN L 2 S ICHD H E
T Wi LB AT contact (+) & LT IDRF &%
9%, £, BIRICEILTE, BREICEEIN
T, AP OSSN TRETEZWEA (no visible
lumen) %% encased (+) & L CIDRF [FHETH D,
WIEDSFEE T E 3861, contact (+) £ LT
IDRF &1t & ¢ 5,

IDRF HIEICB T 2EEAZ U TICEEHET 5,

1. Tumor compressing the trachea

EHR FRENOEESHNIHEELE T8, Lk

D35 T B IC trachea ~DEBEIZZTH, EXR
BEOMZEZ b 7o TEENHIUIHE & KT
%,

2. Lower mediastinal tumor, infiltrating
the costo-vertebral junction between T9
and T12

IR K W BRE~DIMMATEEEL 527

RS 2 EBEICERINS, LT, L&
ZEBEEM/INEX { ThH, Adamkiewicz Bk % t1
T3S, FREDOEMD & i xR
ZHELCBZVRAIBD 5,

3. Pelvie tumor crossing the sciatic notch

CNEEBAD SO 7 70 —F 72 CIRIEEY

PRSP AIRECH 5541 IDRF BBk & HBT§ 5,
L7ed3o T, RELFREZBEZ CERICHE
T HEENEYET 5, ’

4 . Dumbbell tumors with symptoms of spi-
nal cord compression

Dumbbell [EZ X, UTO O~ DHH 12T

b %Y TUL IDRF G &KW %,
O BB TEHEND 1/3 L LEE2EESSHD T

W3,

@ EFHAEEC OFETESESZMEICK DERL
TWw3,
@ EFMOREFEVHRDOLNG,

5. BIANDZRREICDOWVWT

RIBIEIES GRS I RIS 23587k SHHRA
DEREBHR NG Z EDVH 5D, HRIZEHIIR
HJEEEEZ, BHIRN~DRMIZ IDRF B & dak
I,
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1 IDRF ¥EEEE S (MRI)
A. Contact (+) (IDRF [&1%), B. Encased (+) (IDRF &),

Artery Vein Vein
/ Partial encasement
(contact>=>50%)
(?gé%/?) ( _f!g'ttelned ) Total | flattened
visible lumen o
encasement | 4t (no visible lumen)

2 IDRF HIEE#E> 1 —T
BRCBIL T, MEPLRECEEICID BN T4 (total encasement), & 2151,
FREREOFA M EEEICEE N T RVEE (contact=50%) % encased (+) & L C IDRF
[t & L, BINRERED RS L IR ICED Bl T w841 contact (+) & LT IDRF
BHELT5, £, BIRICELTE, BECEAESINT, AENSSNTHETEZVLES
(no visible lumen) %% encased (+) & L C IDRF [BiETH b, NEEHHETE 318412, contact

(+) &L LTIDRF s ¥ 5., (Brisse 5%, 2011& b i)
6. BEFEICOWT -0y NORFICHEVHERICE 2 EEbR
I—0 vy SOWREIC LI, BIFEERIEED %9,

9 B K 50% DFEHIIZ T IDRF BT H - . -

7Y, OOEORERNE T, 30% 55 DI H.@@@gx?ﬁk&wéﬂﬂﬁ
51T IDRF [BHECH %55, =~ Ix< A2 2 ALRZA>

V==V IR EEZSEATORIEDEEZS RFEY 2 7 BICB T 3 ARHEREO A F 94
n, A7V —=v 7 RIEBOOMBEIZE VLTI, Y TIERT,
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1. #EFMERICDOWT

(1) Rl (&% CT £7213 MRD) 2L %
IDRF %78 L 72 \WEES
—HINFM AT,

(2) iBTHEGRETE (&% CT £/ MRI) 12X 5
IDRF % 1 D CTHHET BEH
EOHET B,

XIDRF 12 X 2 #EAFMOEIC L, R RBME

WRIFEICN L TCHBLNBE LD TH D, stage 4/

4S FEB 0 JR F B O FIH FHLEIG &L FEICOw

TN E 45,

2. —HIMWERFMAC RS0 > (REEHE

IFiE)

RS e 2EE (stage 3) 1 L CTIRFEIRALIC
200 59, IDRF »efEchdnid, FAE LT
R EFE L CREEL M5, FREE
BRIz oY UOoSETIZRREE E LT —8 &
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CD133 suppresses neuroblastoma cell differentiation via signal pathway

modification
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CD133 (prominin-1) is a transmembrane glycoprotein
expressed on the surface of normal and cancer stem cells
(tumor-initiating cells), progenitor cells, rod photorecep-
tor cells and a variety of epithelial cells. Although CD133
is widely used as a marker of various somatic and putative
cancer stem cells, its contribution to the fundamental
properties of cancer cells, such as tumorigenesis and
differentiation, remains to be elucidated. In the present
report, we found that CD133 was expressed in several
neuroblastoma (NB) cell lines/tumor samples. Intrigu-
ingly, CD133 repressed NB cell differentiation, for
example neurite extension and the expression of differ-
entiation marker proteins, and was decreased by several
differentiation stimuli, but accelerated cell proliferation,
anchorage-independent colony formation and in vive
tumor formation of NB cells. NB cell line and primary
tumor-sphere experiments indicated that the molecular
mechanism of CD133-related differentiation suppression
in NB was in part dependent on neurotrophic receptor
RET tyrosine kinase regulation. RET transcription was
suppressed by CD133 in NB cells and glial cell line-
derived neurotrophic factor treatment failed to induce
RET in CD133-expressing cells; RET overexpression
rescued CD133-related inhibition of neurite elongation.
Of note, CD133-related NB cell differentiation and RET
repression were mainly dependent on p38SMAPK and
PI3K/Akt pathways. Furthermore, CD133 has a function
in growth and RET expression in NB cell line- and
primary tumor cell-derived tumor spheres. To the best of
our knowledge, this is the first report of the function of
CD133 in cancer cells and our findings may be applied to
improve differentiation induction therapy for NB patients.
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Introduction

CD133 (AC133; human prominin-1) belongs to a family
of cell-surface glycoproteins harboring five transmem-
brane domains (Corbeil et al., 2001) and was originally
found as a hematopoietic stem cell marker (Yin ez al.,
1997). CD133 was subsequently shown to be expressed
by a number of progenitor cells, including those of the
epithelium, where it is expressed on the apical surface
(Corbeil et al., 2000). Previously, it was found that
CD133-expressing cells in brain tumors have the
capacity for unlimited self-renewal, as well as the ability,
in small numbers, to initiate tumor formation and
progression in immuno-deficient mice (Singh er al.,
2004), suggesting that CD133-expressing cells satisfy the
important criteria required for tumor-initiating cells
(TICs) (Reya et al., 2001; Jordan er al., 2006). Using
similar methods, CD133 has recently been designated as
a marker associated with TICs in the colon (O’Brien
et al., 2007; Ricci-Vitiani et al, 2007), pancreatic
(Olempska ez al., 2007), liver (Yin et al., 2007), skin
(Monzani et al., 2007) and prostate (Collins et al., 2005;
Miki et al., 2007) cancers. Maw et al. (2000) reported
homozygosity for a 1-bp deletion (1878delG) in exon 16
of the CD133 gene predicted to cause a frameshift at
codon 614 and a prematurely truncated protein lacking
about half of the second extracellular loop, the final
membrane-spanning segment and the cytoplasmic-
C-terminal domain; this missense mutation caused
retinal degeneration in four affected members of a
consanguineous Indian family. This finding was further
confirmed by an article describing that loss of Prom-1 in
genetically modified mouse results in the progressive
degeneration of mature photoreceptors with complete
loss of vision (Zacchigna e al., 2009); however, to the
best of our knowledge, no reports have studied the
function of CD133 in tumorigenesis.

Neuroblastoma (NB) is the most common pediatric
solid malignant tumor derived from the sympathetic
nervous system. Unlike the many childhood malignan-
cies for which survival has been improved by recent
therapies, high-risk NB is still one of the most difficult
tumors to cure, with only 30% long-term survival
despite intensive multimodal therapy (Maris er al.,
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2007). The clinical presentation and treatment response
of advanced NB, which results in relapse and a
refractory state after a good responsive to the initial
chemotherapy, suggest that TICs likely exist in NB
tumors. A previous report indicated the isolation and
characterization of putative TICs using primary-sphere
formation with tumors and bone marrow metastases
from NB patients, although CD133 expression was not
detected in a bone marrow-derived high-risk NB tumor-
sphere sample (Hansford er al., 2007). On the other
hand, it was reported that sub-cloned NB cells
(designated ‘intermediate type’), which have a signifi-
cantly more malignant phenotype, with four- to fivefold
greater plating efficiencies in soft agar and sixfold higher
tumorigenicity in athymic mice, expressed high amounts
of CD133 mRNA compared with less malignant sub-
clones (Walton et al., 2004); therefore, the function of
CD133 in NB tumorigenesis and aggressiveness remains
unresolved.

Previous reports about CD133 expression in NB and
its function as a stem cell marker in several tumors
prompted us to study the function of CD133 in NB cells
(Walton et al., 2004; Hansford et al., 2007). Our results
clearly indicated that CD133 also seems to regulate cell
proliferation and tumorigenesis in NB cells. Impor-
tantly, CD133 represses NB cell differentiation and is
decreased by several differentiation stimulators. We
studied the molecular mechanism of CD133-related
differentiation inhibition in NB cells and found that it
was in part dependent on RET tyrosine kinase receptor
regulation via signal pathway modification. Further-
more, CD133 is expressed in NB cell spheres and has a
function in sphere growth and RET regulation.

In specific malignancies, for example NB and acute
promyelocytic leukemia, differentiation induction therapy
using retinoic acid is clearly effective. In vitro experiments
indicated that all-frans-retinoic acid (ATRA) treatment
induced morphological and biochemical differentiation in
these cancer cells, suggesting that the induced differentia-
tion seems to repress the tumorigenic activity of cancer
cells (Brodeur et al., 2000; Weinberg, 2006). Together,
CD133 may regulate NB tumorigenesis and proliferation
by preventing differentiation.

Results

CD133 has a function in NB cell proliferation

First, we checked the expression of CD133 in NB cell
lines and found its expression in 7 out of 20 (53%) cell
lines (Figure 3d and Supplementary Figure 1S). A high
level of cell-surface expression of CD133 was detected in
TGW and SK-N-DZ cells, and modest expression was
found in IMR32 (Figure la; Supplementary Figure
1Sa). Next, we knocked down CDI33 in highly
expressing NB cells and analyzed the knockdown-
induced phenotype. Figure 1b shows that infection
of shRNA-reduced CD133 mRNA and protein and
CD133 knockdown in TGW cells effectively resulted
in significant growth retardation. Inhibition of cell
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proliferation by CD133 small-interference RNA was
also observed in SK-N-DZ cells (Supplementary Figure
S1). Furthermore, stable knockdown of CD133 in TGW
cells suppressed cell proliferation under anchorage-
independent conditions (Figure 1c). To test tumorigeni-
city in vivo, CD133-silenced TGW cells were injected
subcutaneously into nude mice. Mock shRNA lenti-
virus-infected cells formed large tumors within 9 days
post-injection; CD133 shRNA lentivirus-infected cells
formed very small tumors (Figure 1d). Next, we
examined the effect of CD133 on NB cell proliferation
(Supplementary Figure 2S). CD133 was successfully
expressed in SH-SYS5Y cells by lentivirus. The prolifera-
tion rate of CDI133-expressing SH-SYSY cells was
2-2.5-fold greater than mock cells. Moreover, a soft agar
colony formation assay showed that CD133-expressing
cells formed more and bigger colonies than mock-control
cells.

CD133 knockdown induces NB differentiation

In NB cells, differentiation into a neuronal phenotype is
induced when cells are treated with several stimulations.
Glial cell line-derived neurotrophic factor (GDNF)
induced neurite outgrowth in TGW cells (Figure 2a,
center). In CD133 knocked-down TGW cells, neurite
formation was observed even under normal culture
conditions (Figure 2a, KD). We scored cells with neurite
length longer than the cell body diameter as neurite
positive (Figure 2b). CD133 knocked-down cells showed
intensified neurite extensions when compared with mock
cells. Mock-infected and CD133 knocked-down cells
were collected at the end of the experiment, and mRNA
was extracted and subjected to RT-PCR (Figure 2c).
With GAP43/neurofilament (NF) 68 as neuronal differ-
entiation markers, these expressions were constitutively
upregulated in CD133 knocked-down cells. Along with
differentiation induced by treatment with ATRA or
phorbol-12-myristate-13-acetate (TPA) in parental
TGW cells, CD133 expression was suppressed at both
protein and mRNA levels (Supplementary Figure 3S).
These results indicated that CD133 may suppress the
differentiation of NB cells.

CD133 regulates RET expression in NB cells

To identify the mechanism of CD133-related cellular
differentiation, we studied the expression of several
neurotrophic receptors and RET receptors because they
are the important signal transduction pathway mole-
cules, which have important functions in sympathetic
nerve and NB cell differentiation (Kaplan ez al., 1993;
Klein, 1994; D’Alessio et al., 1995; Enomoto et al.,
2001). We introduced CD133 cDNA into several NB cell
lines (Figure 3a), and checked the effect of CD133
overexpression on RET expression using a primer pair
recognizing all RET isoforms, RET5I, RETY9 and
RET43, formed by alternative splicing of C-terminal
exon cassettes (Myers et al., 1995; Enomoto et al., 2000).
Intriguingly, in RET and all RET isoforms, transcrip-
tions were suppressed in CD133-overexpressing NB cells
(RET reduction was 1.3-3.8-fold by gPCR); however,
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Figwre 1 CDI33 knockdown inhibits the growth of human neuroblastoma (NB) cells. (a) Flow cytometric analysis of CD133
expression profiles in TGW celis. CD133 fluorescence is depicted on the y axis, and the percentage of CD133-positive cells is shown in
the left upper corner of cach plot. (b) Stable knockdown of CD133 by lentivirus-mediated shRNA was performed as described in
Materials and methods. CDI33 expression was detected by semi-quantitative RT-PCR and western blotting analysis in TGW cells.
Growth curves were obtained by WST-8 assay. Anchorage-independent colony formation (¢) and in vivo tumorigenic assay (d). TGW
cells were stably transduced with shRNA against mock or CD133 (KD). (c) Colonies were stained with MTT dye and directly counted
under a phase contrast microscope. (d) Tumor development in BALB/c Alcl nu/nu mice on injection of TGW cells stably infected with
shRINA against mock (arrow) and CD133 (KD, arrowhead) cells. Tumor volume was measured every 3 days. Data are presented as the
mean +s.d. of tumors in four mice.
the effects of CD133 on Trkd/B/C, p7SNGFR and and RET expression in unfavorable patient-derived
GDNF expressions did not show a specific tendency. tumors (stages 3 and 4, TrkA(—), MYCN amplified).
CD133 knockdown clearly increased RET mRNA (RET  Again, RET expression was profoundly repressed in
induction was 2.5-3.0-fold by gPCR). CD133-mediated CD133-expressing NB tumors (Figure 3e). Finally, we
RET downregulation was also observed at the protein  studied the transcriptional activity of RET promoter in
level (Figure 3b). Furthermore, CD133 expression in CD133-expressing cells. RET promoter reporter-derived
primary NB spheres resulted in transcriptional suppres-  luciferase activity was significantly suppressed in
sion of RET (Figure 3c). These results suggest that CD133-expressing cells (Figure 3e).
CD133 suppresses RET gene transcription in NB cells.
To study the expression pattern of CD/33 and RET
mRNA in human NBs, we performed semi-quantitative =~ CDI33 regulates NB cell differentiation
RT-PCR. CD1I33 was expressed in 7 of 20 NB cell lines ina RET-dependent manner
tested (Figure 3d), and only 1 NB cell line was RET  We investigated the biological effects of CD133 over-
positive in the 7 cell lines. We further studied CD/33  expression on RET downregulation in SH-SYSY cells.
Oncogene
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Significant neurite outgrowth was observed when mock-
infected cells were stimulated with GDNF (Figure 4a).
At the same time, no obvious difference was observed
between mock- and GDNF-treated CD133-expressing
cells. These results implied that CD133 overexpression
inhibited NB cell differentiation.
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Figure 2 CD133 silencing induces differentiation in TGW cells.
TGW cells were infected with lentivirus vectors encoding shRNA
against CDI33 (right) or a mock (left) as a negative control. Ten
days after infection, cells were treated with buffer (mock and KD)
or GDNF (10 ng/ml, middle). Cells were scored for the presence of
neurites longer than one cell diameter 72h after treatment (photo:
(a), bar graphs: (b)). Data arc presented as the mean £ s.d. from at
least three independent experiments. Statistical analysis was
performed by Student’s -test. (¢) NB differentiatdon-related
molecule neurofilament 68 (NF68) and GAP43 expressions
in RT-PCR and WB. NF68 protein was not detccted by WB in
TGW cells.

B
Figure 3 CD133 inhibits RET expression in NB cells. (a) SH-
SY5Y, NB-69 and NB-9 cells were infected with mock or CD133-
expressing lentivirus, and TGW and SK-N-DZ cells were stably
infected with shRNA against mock or CD133 (KD) lentivirus.
Semi-quantitative RT-PCR analyses were performed with CD133-
modified NBs using specific primers against each RET isoform, Trk
families, GFRo-1/2 and GDNF. GAPDH was used as a loading
control. Expression level of RET (pan) was analyzed by gPCR. In
gPCR, relative RET values were normalized by GAPDH. Data are
representative results of at least three independent experiments.
(b) CD133-expressing SH-SYSY or CDI133 knocked-down TGW
cell lysates were subjected to western blotting for CD133 and pan-
RET expression. Pan-RET antibody detected two bands corre-
sponding to RET isoforms (arrows). (¢) Primary sphere from a
stage 4 NB patient was infected with mock or CD133-expressing
lentivirus. Five days after infection, RNA was extracted for semi-
quantitaive RT-PCR of CDI33/RET and gPCR of RET.
GAPDH was used as an internal control. Data are representative
of three tumor samples. (d) Expression of CDI33 and RET mRNA
in NB cell lines. In all, 18 NB cell lines with amplified M YCN and 2
cell lines with a single copy of MYCN were used for semi-
quantitative RT-PCR analysis. (e) Semi-quantitative RT-PCR
analysis in unfavorable primary NBs. The results of 12 NBs are
shown. Unfavorable NBs: International NB Staging System (INSS)
stage 3 or 4, TrkA (—), with M YCN amplified. (f) Effects of CD133
on RET promoter (0.8kb) activity in SH-SY5Y cells. pGL4.17-
RET promoter-driven luciferase activities were normalized to pRL-
SV40 early enhancer/promoter-driven Renilla luciferase activities
as the transfection control and expressed as relative values.
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We examined the effect of the co-expression of CD133
and RET (RET9) on SH-SYSY cells. RET-expressing
lentivirus was co-infected into stably CD133-expressing
SH-SYSY cells. Ten days after infection, ectopic RET
and CD133 expressions were observed both at protein
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and mRNA levels (Figure 4b and data not shown). As
seen in Figure 4a, GDNF significantly induced neurite
outgrowth of CDI33/RET co-expressing SH-SYS5Y
cells. CDI33 single-infected cells did not respond to
GDNF, suggesting that the response was dependent
on RET receptor expression. However, the expression
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of neuronal cell differentiation markers induced by
GDNF was not recovered by RET in CD133-expressing
cells (Figure 4b). These findings indicated that
CD133 inhibits GDNF-promoted neuronal differentia-
tion via not only by RET but also by the other signal
pathways.

CD133 regulates RET expression and NB cell
differentiation by modification of signaling pathways

To identify the mechanism of RET downregulation in
CD133-expressing cells, we studied the signaling mole-
cule status in CD133 knocked-down cells (Figure 4c)
and found a strong suppression of Akt (473S, 308T) and
p3SMAPK phosphorylation, but not ERK1/2 in both
TGW and SK-N-DZ cells. To confirm the Akt and
p38MAPK phosphorylation status caused by CD133
downregulation, we treated TGW cells with kinase
inhibitors. MEK1 inhibitor (PD98059, PD), p38MAPK
inhibitor (SB203580, SB) and PI3K inhibitor
(LY294002, LY) induced neurite elongation in NB cells,
and SB and LY were more effective for neurite
elongation than PD. RET induction by kinase inhibitors
was correlated with neurite elongation; however, differ-
entiation markers NF68 and GAP43 were significantly
induced by SB treatment. These results suggest that
downregulation of p38MAPK and PI3K/Akt pathways
has a function in CD133-related neurite elongation and
differentiation marker expression is affected mainly by
the p38MAPK pathway. ‘

CD133 has a function in tumor-sphere growth and cell
survival

1t was previously reported that NB TICs were accumu-
lated in NB spheres in serum-free media (SFM)
(Hansford et al., 2007). These observations prompted
us to study the function of CD133 in tumor-sphere
formation of NB cells. In IMR32 cells, only a small
fraction of cells expressed CD133 (Supplementary
Figure 18a). IMR32 cells were cultured in SFM with
epidermal growth factor and fibroblast growth factor
for a week, and sphere formation, upregulation of
CD133 (11.8-fold induction) and suppression of RET
(2.8-fold reduction) were observed (Figure 5a). In
primary NB cells from bone marrow metastasis,

Figure 4 NB cell differentiation was regulated by CD133-dependent
RET suppression via signal pathway modification. (a) Mock, CD133
and/or RET9 co-expressing SH-SY5Y cells were treated with GDNF
(30ng/ml) for 72h. Cells were scored for the presence of neurites
longer than one cell diameter after GDNF treatment. (b) CD133 and/
or RETY co-infected SH-SY3Y cells were cultured with or without
GDNF treatment. Semi-quantitative RT-PCR analyses of CDI33,
GAP43, RET and GAPD H were performed. (¢) The levels of phospho-
Akt (p-Akt(473S) and p-Akt(308 T)), total-Akt, phospho-p38MAPK
(p-p38), total-p38MAPK, phospho-ERK. (p-ERK), total-ERK and
tubulin were analyzed by western blot analysis. (d) TGW cells were
cultured with DMSO (mock, 0.1%), PD98059 (PD, 5 um), SB203580
(SB, 5unm), LY294002 (LY, 5pm), GDNF (50 ng/ml) or ATRA (5 um)
for 96 h. Cells were scored for the presence of neurite longer than one
cell diameter after treatments. Semi-quantitative RT-PCR analysis of
RET/NF68/GAP43/GAPDH, and gPCR of RET were performed.
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