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Figure 2. NCYM expressmn is associated with poor prognosis in human neuroblastoma. (A} NCYM mBNA expression correlatés with that of
MYCN in human primary neurcblastomas {n= 106, Rs. = D.686, P=4.69%107 %), (8) NCYM mRNA expression correfates with that of MYCN In human
primary neuroblastomas with MYCN single copy (n=86, Rs,=0.695, P=1.11 =107 "%, The mANA expression of NCYM and MYCN was detected by gRT-
PCR and normalized using GAPDH, (C) Kag)ldn—MEt&g survival curves (n=106, 5—‘*-3?%}0“’ log-rank test), The expression levels of NCYM were
des:gna:ed hsgh {n=13, ctosed circle) or fow (n=93, open drcle] based on the naspeczwa average axpress:on (D} Kaplan-tisier survival, curves. The
expression levels of MYCN were deszgnated high (n=13, closed circle) or low (n=91, open circle} based on the respective average expression. High

MYCN mBNA expression was significantly correlated with poor prognosis (n= 108, P=2.31%1077 log-rank test).

dok10.1371/journal.pgen.1003996.0002

o its prowasome-dependent protein degradiation after an E3-
mediated polyubiquitination [28,29]. Therefore, using immuno-
precipitation, we nextsearched for factors Interacting with NCYM
that are able to induce MYCN swabilization, and found that
NCYM forris & complex with MYCN and 631\313 i CHPIS4
cells (Fignre 3F and G). In addition, purified NCYM was capable
of bteracting with purified GSK 38 and MYCN fisitre (Figure 3Hx
Ta examine iht effect of NCYM on GSK3 ﬁ*mgdmwd phosphor-
ylation of MYCN, we performed an in vifro kinase assay {Figure 311
NCYM protein inbilited the ;:clu}sphnwixima of MY CY Because
the purzﬁmd NCYM protein is'not a substrate of GSK3B (Figure

12}, it is unlikely that NCYM competes with MYCN for GSK3p
asa substrate, iai«m together these resulis suggest thay the NCOYM
protein inhibits GSK3f-mediated MYCN phosphorylation and
stabilizes the MYCN protein & vt

It has been reported that MYCN knockdown decreases egll

proliferation and induces apoposis and/or differentiation in

MYCX-amplificd neuroblastoma celis [30]. Therefore, we next
investignted the functional role of NCYM in these cells | Figure 813
and S We performed NCYM knockdown in BE (2:C,
CHP134, SK-N-AS and SH-SY3Y human neuroblastoma  cells,
SK-N-AS and SH-SY3Y cells ave MFCNsingle copy but have a
high expression of A 17C, while BE {25-C and CHPI34 are coll lines
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with MICN-amplifi cation and henee have a high expression of

CMYCXN and ACIM {Figure S13A% NCYM knockdown did not

affeet the sury ival of the MIC \»smaic nenroblastoma cell lines, but
promoted massive apoptosis of ﬂzc MY {L\’«;xmphf' ied neuroblasto-
ma cells {Figure S13B and €L In addidon, in BE {2:-C cells,
NCYM knockdown was found to inhibit eell pr ohﬁzmiion and
invasion (Figure S14B and 1), These results suggest that NCYM
promotes the survival and aggressiveness ci’ ‘-Hﬁ;\mnphhad
neuroblastama: cells,

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

To assess the function of NCYM in vive, we generated traisgenic
miice expressing the human NCEM gene under the contrel of the
tat fyosine ﬁ;‘dmx; ase {TH promoter §§ igure 5134 and BuIn
addition, we miade double tansgenic mice earrying both the
human MGV and NCIM genes, NCIM Tg/+ mice were mated
with MYCN Tg/+ NCIM Tg/+ mice, and 83 descendants were
observed for 200 days [Figure $15C and D). None of the NCIM
transgenic mice. of the 12979/8Y] background developed
neuroblastoma (Figare S13D) suggesting that NCYM overexpros-
sion- alone is not sufficient to initiste. neuroblastoma i site.
Although wmor formatdon was not aceelerated i the MICN/
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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
neurcblastoma cells transfected with MYCN expression vector. mRNA levels were measured by qRT-PCR with flactin as an internal control. (B}
Relative mANA levels of NCYM (left panel) or MYCW {right panel] upon depletion of MYCN in CHP 134 human MYCN-amplifi jed 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 ngj and their luciferase activity was measured, (0} Weszem blots showing NCYM overexpression’ induces MYCN prc;em in Neuro.
2a mouse neuroblastoma cells {left panel), MYCN mRNA expression in mouse. neuroblastoma Neuro 2a celis transfected with i ;nczeasmg amounts of
NCYM expression vector measured by GRT-PCR {right panel). (E) Wastérn blots showing NCYM knockdown decreases MYCN protein in CHP134 cells
(left panell, MYCN mRNA expression in NCYM knockdown CHP134 celis as measured by qﬁ? PCR {right panel}. IF. G} Co-immunoprecipitation of
endogenous NCYM with endogenous MYCN and GSK3E§ {H} GST-pulldown assay. Purified NCYM proteins were pulled down with GST-fused GSK3j
and MYCN. {1} In vitro kinase assay. Radiolabaled ATP was used for the second reaction with GSK3f togather with the indicated amount of NCYM or
GST. The amountof phosghovyiaxed MYCN was quamefed using standard autoradiography. The total amount of the MYCN was qi}aanf ed by using

an Criole Fluorescant Gel stain.
doit10:137 1/joumal.pgen. 1003995, gﬁ%

NCYAM double wansgenic mice Figure SI5LEL the incidence of
neureblastomag with distant metastases was significandy ncreased
in the MICA/ANCEM double transgenic mice {Figure 4, Figure
816, Table $3), The overexpression of the MYCN and NCYM
proteis in primary and metastatic tumor eells was confirmed by
immunchistochenistry (Figure 4B}, In the nearoblastoma tssue of
the double transgenic mice, GSK3B was significantly -inactivated
by pimspimwh%mn at serine 8 {Figwee 3AL o investigate the
mechanism by which NCYM promotes the phosphorylation of
GSK! )ﬁ we analyzed the phosphorylation status of the known
upstreanm Kinases for GS SK3B. AKT [28] and S6K [31]. S6K was
iughi‘» phosphorvlated inthe. MYCN/ACIM douhle transgenic
mice, whereas AKT was riot noticeably activated. The phosplior-
viation levels of S6K in neurohlastomas from the MYCN/NCYM
double ansgenic mice were correlated with the expression levels
of MYCN and NCYM {Figure 3A, M7-M11L These resulis

suggest that NCYM promotes the phosphondation of GSK3[ via.
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the activation of mMTOR-S6K signaling: Furthermore, NCYM co-
immunoprecipitated with GSK3p {Figure 3B} and substrates of
GSK3B such as MYCN and B-catenin were stabilized i the
newroblastoriia tssues induced  MICA/NCEM wransgenic niice
Figure 5A) We next examined the number of apoptotic cells in
neuroblastomas fram MICY ransgenic mice and MICN/NCIM
double_ transgenic mice by staining for cleaved cmpmc-% {Figure
$17%. The number of apaptatic wmer cells was %xg‘xﬂmauxh
acfrmseci in the primary tumors of MICN/NCIM double
tranigenic mice, suggesting thar NCYM promotes the survival of
nenroblastomia cells i wo,

The tumors which develop in MYCN/NCYM transgenic
mice are resistant to PBK!mTOR inhibition

To examine whether the overexpression of NCYM contribures
to the chemosensitivity of seurablastomas via GBRSES inhibition,
we tested the effect of \‘V}’-Eﬁz*?&; an the survival of the MICN/
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c
Metastatic tumor MYCN Tg/+ MYCN Tg/+ NCYM Tg/+ MYCN Tgl+ NCYM Tg/Tg
Line4 Line$6 Line 6
No 21 2 12 ( 7

Yes 1 (4.5%) 4(67%) 5 (29%) 3 (30%)

Total 22 6 17 : 10

Figure 4. NCYM promotes metastasis in mouse transgenic models of neuroblastoma. (A} Neurcblastomas arise as multifocal primary
lasions in a MYCNINCYM double transgenic mouse {line 6, {i) Abdomiinal primsary tumors and metastatic tumors in the intracranium (i} and avary (i}

s s

occurred within the same mouse (M1}, (B} H&E stalning (. i §i) and ;mmunoh:stechem;stry for MYCH {iv, v, vi} and NCYM vil, vill, T} expression in
abdsmmai tumers {, v, vii} and metastatic tumors in the intracranium (i, v, vili) and ovary {iil, vi, b, in the MYCN/NCYM transgenic mouse {(M1). Scale
bars, 50 pm, {C) The rates of metastatic tumor development in MYCN and MYCN/NCYM transgenic mice. Line 6; #=0.036, Mann-Whitney U test. Line
4 P00, Fisher's exact probability tast, ' o o
doR10:1371) fournalpgen.1003996.9004

NCYM double wansgenic mice, NVP-BEZ233 is a dual inhibitor of  human MICN [26], s actually translated imto a functonal prc)(cm
both PI3K and mTOR and. promotes the mmdﬁtmn of MYCN  in hunians, MICV is a highly conserved, maﬁr oncogene in
to effectively véduce tunior brrden i the MOV transgenic molise human cancer. The newly evolved asantisense NCOEM gene
via G %hof} activation [32]. As reported, NVP-BEZ233 wreatment product targets the sense MICN geve prc:dui:f mﬁumcmg its
a:gfm'cmxdv prolonged the survival duration of the MICN  sabilization, which in tarn enhances transeription of the NCIM
tramsgenic mice (P<BOn Tigure QC,“ I contrast NVP-BEZ2353 gene, This positive autoregulatory loop may function in primary
did not p;oifmg the survival of the MYCN/ACEM double human neoaroblastomas o enhance’ metistasis a3 well a5 drug
wansgenic mice [P=0648; Figure 3D} Thus, the expression of resistance through stabilization of MYCON and even §5-mh:nm,
NCOYM reduced the efficiency of this drug i1 oo which are mediated by inhibittion of GSK3p (Figure 818}, Thus,
' NCYM is the first ds novs evolved gene product shown 1o function
in'the development of human neuroblastoma.

NCYM promoted phosphorylation of GSK3f a serine 8

Our results revead that ACI3L which was initally zhmxght 1o be possibly vin the activation of mTOR-S6K signaling, that might
a large non-ceding RNA transtribed from & eisantisense gene of  have led o the constituiive Inactivation of GSK3B 4 sie.

Discussion
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Figure 5. MYCNINCYM tumors show drug resistance to a PI3K/mTOR-dual inhibitor. (A} Wastern blots of MYCN (M2-M6} and MYCNNCYM
{(M7-8411) mouse tumors for NCYM, phospho-GSK3p (59}, GSK3, freatenin, and MYCN, phospho-56K (T389), S6K, phospho-AKT (5473}, phospho-AKT
(7308}, and AKT. Actin was used 3s loading control. (8) NCYM binds to GSK3 in vivo, Tumors developed In MYCN/NCYM transgenic mice (M12} were
immunoprecipuated with control IgG or NCYM antibodies, GSK3[} was ce-rmmump!ectpitaged with a NCYM antibody, (C, D) Kaplan-Meier survival
analysis of MYCN mice (pa'xei €, P<0.01, log-rank test) or MYCN/NCYM mice (panel D, P=0.648, log-rank test). Treatment with NVP-BEZ235 (35 mgikg,
open circles) or vehicle {PEG3C:0/‘ closed c:wes; NVP-BEZ235, MYCN transgenic micé n=7, MYCN/NCYM transgenic mice n=11; PEG300, MYCN

transgenic mice n=5, MYCN/NCYM transgenic mice n=7,
doi:10.137 /journal.pgen, 1003996,g005

Recently, Schramm e al. reported that MYCN imm‘mptx()xrﬂ}v
regulates the mTOR pathway, promoting. its  activadon {33}
Thus, MYCN: might have enhanced S6K pimspimwlmmn by
Acumzmg the mTOR pathsay. in neurcblastomas caused in the
double transgenic mice. Previous reports have suggested that
neuroblastoma cell imes expressing hxvix levels of MYCN were
sighificantly more sensitive o mT OR inhibirors compared with
cell lines expressing low MYCN levels [34]. Furthermore, our
study showed that NOYM knockdown significandy. induces
apoptesis in MIC \’-ampimeci neuroblastoma cells, whereas the
effects were marginal in MICAsingle meuroblastoma cells.
Therefore, the feedback regulation benweenmT (}R, -SEK azgna}mg
and MYCN/NCYM may contribute 1o the survival of MICN
amplified neuroblastoma cells (Figure 3183

\Et%wng%z NCYM inhibits GSK3f-mediated MYCN phosphor-
viation @ sitre, owr dusa does not mle omt the posdibility that
NCYM may stabilize MYCN ina GSK38- mﬁcpcndc*n manner,
Because NCYM binds directly to MYCN both i nite and in
netroblastorna eclls, this mmy affect tie recruitment of the
regulators of MYCN subility. Indeed; we have recently found
that the tumor suppressor protein Runix3 directly binds to MYCN
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in neuroblastoma cells and promotes degradation of MYCN in the
ubiguitin-proteasome system dependent manner [351. Thercfore,
the binding of NCYM to MYCN irself could affect the interaction
of Runx3, or other fegulators such as Aurora A [36] with MYCN
1o induce its. stability. Further studies are mqmmd to evaluate the
role of NCYM-mediated inhibition of GSK3B activity on MYCN
smbﬂx;}i
- ‘Recent repors have suggested that both mutant ALK [37.38]
and Lin28B 1397 promote the growth of neuroblastomas in
zmﬂﬁcenic mouse modeis E;v ‘z&rqesiug MYCN for smbiiim:iozx
\i'& CN, J‘sé‘) ’sf is th f;sniv gem: z;im show: EQO% corns =m§ﬂmmuen
with MICY in human primary neuroblastomas, Overexprassed
NCYM smbi}uea both MYCN and B-catenin, and enhances the
ﬁemmaox} of neuroblastomas. with increased arrgreﬁ%we behavior
sg;ci; cas distant metastasiy and/or drug resismnce, which are
characteristics reminiseent of human neuroblastoma. Recently,
Valentijn o af. suggested that the activation of the MYCON pathway
is a more significant pmmmtm factor than the expression or
amplification of MYCN in primary neuroblastomas [40], Consis-
tent with this, our results indicate that NCFM expression is

January 2014 | Volume 10 | ksue 1 | 21003996



assotiated with poor eutcomes In human neuroblastoma regard-
less of genomic s of the MITN/ NCTM locus, Therefore, we
anticipate that the positive awﬂv-rcg}z atory loop formied by MYON
and NCYM may be a promising target for developing novel
:hemﬁmvc tools against high-risk. neuroblastoma:

As suggested in the recemt report [37] the <concomitant
inhibition of apoptosis and/or actdvation of survival signals may
be required for MYCN to induce mubtiple tumors or metastases in
wiza, I this stedy, we found that NCYM maintains the survival of
MICN-amplified nevroblastoma cells; and that the apoptotic cell
number, indicated by dleaved caspase-3, was downregulated in
MYCN/NCYAM transgenic mice: Iin addition, GSK3R inhibition
contributes 1o the inhibition of apoptosis in response o treatment:
with DX k«ﬁ@m:wmﬁ c%*‘ue;s in neurcblastoma cells {ﬁ} There-
tore, the concomitan: activation of othier GSK3B substrates, such
as ﬁc,azax in, and mTOR-S6K signaling by NCYM may b
involved in the inhibition of 2 ds}ﬁ}}tmiﬁ, Figure 518},

Sinee the proposals of Olino and Jacob, rizr: birth of a new gene
has been believed 1o be caused by the duplication or rearrange-
ment of pre-existing genes | 1,21, The recent advances in ‘whole
genome: wqumcmq tccimciow and blomformatics have identifed
the presence of @& nove proteing however, their physiological or
pathological significance have largely remained unelear {3,153 In
2010, Li «f o/ reported that MDF1 originated o2 moro from a DNA
sequence previously thought o be non-coding in Ssecharamyess
cerzisiae {7} MDF1 inhibits mating efficiency by binding MAT»2
and promoting .rgamuw growth. Therefore, while MDF} was the
fiest reported dr nevi gene whose protein product function was
wnveiled in & monad, NCYM may be the first de vors protein whose
precise function ‘has been clarified in mulicellular organisms,
speeifically in humans,

In conclusion, NGYM is a d novo evolved protein which acts as
an oncopromoting factor in human newroblastoma, Our results.
suggest that e 2o evolved uew gene products may be involved in
the funcional regulation of human cancers and even ather
diseases

Materials and Methods
Evolutionary analyses

DNA sequences of all species were extracted from the UCSC
genome browser on the basis of conservation. From the protein-

cadm;; reglons, we took the conserved block that was annotated ag

the region corrt:spovx*mc* to the NCEM cotling sequence, lacared in
exon 3, Tor intron sequences: we used BLAT [42] w0 ulign the
NCEM mRNA sequence INR_OZB766 to the genome: of each
species and extracted the vumapped regions in the alignment, We
found exacdy two unmapped regions for each species except for
mouse {and thus did not uée the mouse sequence), For inter, gm‘::
regions; we used multiz [43] ﬁxgnmzmz across 48 species in the
browser ‘and cut owt ‘G(}G bp sequences that corresponded to
hurmas fntergenic regions, nm sequences of common ancestors
were ﬁstzmatec‘ i}*&sed on the maximum parsimony principle thay
led 1o the minimum sumber of nucleatde-base changes along the
alveady-known plylogenctic tree of the five primates and mice
116 Yor mu}iiyy%c possibilities with the same minimum number,
we broke the e by selecting the nucleotide base-of the closest
cm{gmx.p (ag. when we had A for human, "I for chimpanzee, and
T for orangutan, we chose T for the common ancestor of human
and chimpanzeel, When nrdiiple ;xm;bx!mu; still remained fas in
common ancestor 1), we considered all the possibilities ‘to be
equally ‘pmimi:lr:. We estiniated common ancestor sequences only
within close species (human, chimpanzee, orangutan, and rhesus
macaguel, We nsed BLAST [44] to make an alignment between
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two transtated amino-acid sequences ending at the fisst terminal
codon, and caleulzted & and A nsing the KaKs_Caleulator §~1:>}
with the g\i‘x N’ mm}md where R, und A are the ratés of non-
ﬁ\?}(}}l\“’!!{}l!s Miﬂd S%I}OHV}T&(EKS «'H!HQQ'HCIE% changﬁs fCSp{Q(I‘»‘t‘;}V
All I pairs of sequences were aligned cxmrct} from'the start codon to
the terminal codon and did not mnclade any ;rari::is, except for the
alignment between common ancestor 2 and common ancestor 3,
for which we noted “Frameshift’ instead of the K, and &, values,

We measured a bias in the codmi i'requmcxm {or aminp acid
:rﬁqaerxcm} through the deviation from the. mz&}r&ﬁ usage of each
codon, wsing the {;%mzquarcd statistic .zmzmﬁm‘d to the number of
eodons:

Biag= Z{”’ X fk

fael

where 2y, 7 (0720) are the observed number of codon L ...,
and thatof c;sdoxz ke w:ﬁ;}evzwsiv Nisny +.’..‘§-z>g. We used R for the
calevlations and co iputed the Paalues u:mg a Mante-Carlo
simulation with 1{} GGQ repizmzes

Generation of a human NCYM antibody

A polyclonal anti-NCYM antibody was raited in rabbits against
& 14-amino acid siretch at the C-terminal region of NCYM 8+
LGTRPLDVSSFKLK-97; ¢ DMedical ‘and Biological L:*bc)mmrms.
Nageva, Japan), The s.peczhc‘zy of the purified antibody’s affinity
was assessed by Immunobloting.

lmmunchistﬁth&mis&r}t

Neunroblastoma tissues obrained from mice were fixed in 4%
paraformaldebyde and paraffin-embedded for hzswiagmal stucies.
Tissue sections were siained with hematoxylin and eosin (H&E
and examined histologically by pathologists for confirmation of the
wmor type. Tissue mrays zI’D»\ﬁ(?Bn» and FDAS08a-2, US
Biomuax, Rf}{“k\’i}‘, MD, USA} were useé for the: *imif es of
NCYM or MYCNX expression in nermal and tumorots hunian
tissues. For immunshistochemistry, tissue sections were stained
with the polyclonal anti-NCYM antibady we generated, an snti-
MYCN antibody {{:"ﬂb&(}thﬁlﬂ. San Dwv@. CA, USA), and
cleaved Cz&spne‘g {Cell me*:z}mg:’fwlmelmgvg‘ k

Immunofluorescence

MITN-amplificd human fenroblastomia TGW cells gréwn on
mvershgx were fixed with 4% parnformaldehyde i 1x PBS for
20 niin at 4°C, permeabilized with 0.1% Triton-X for 20 min at
room icm}}mmarm and then iricubated with 2% BSAand 3% 1 goat
serum in PBS for 1h tooreduce nonspecific binding, Impumo-
staining was performed by incubating eells with the polvclonal
anti-NCYM antibody and a mozmciexmi anti-MYCN antibady
{Calbiochem; for 2 h wr room temperature i a humidified
chamber, followed by incubation with Huorescent-conjugated zoat
anti-rabbit IgG (diluted 1:400; G"*i‘mm’escam-ee%zjug*%{e&'vimt anti-
mouse oG (dilwied 1:400), respectively, The coverslips were
washed exte%ﬁ;&cix with PBS, mounted in VECTASHIELD
mounting medivm with DAPL (Veetor Laboratories, Burlingame,
CAL US, &E and images were captured using a confocal microscope
DML §€1{)§Z‘JB Leical.

Plasmids

We ;;rmm;zslv made a4 MYCNelue #1312 plasmid that
contains the region of MYCN promoter region &panmﬁg from
21 1o #1312 fvhere +1 represents the wranscription start site}
[27]. Luciferase reporter plasmids containing different lengths of

January 2014 | Volume 10 | Issue 1 | e1003936



the MYCN promoter were generated from MYCN-Luc (+1312;
by partial removals of the .MFICN prometer region with
appropriate restriction enzymes. The MYCN promater region in
MYCN-ue (#1312) was \ui)dmrd nto the ;)GLSL)&::C wector or
pOLAITAEORY  EoRl vector in the opposite dircction for
generation of NCYM-luc vectors, pGLE17 ALRY EoRl was
ﬁ:e lnciferase reporter plasmid, where an EcoRV site in pGL% i7
gi’fome:g;x, Southampton, UK} is. rc;}lacm with an EeoR1 site,
NCGYM-Jue E-box WT and NCYM-lue E-box MT were gﬁaem;cﬁ
by PCR-based amplification wsing MYCN-lue i+ 1312} as a
!vmph{c Oligonueleotide printers wsed were as {{ﬁlm\s‘ AN
CCAGGTTCCCCAATCTTC-3 forwird) and 5 »\CC»&(»CG
CCTGCATCTGCAT:-3' freverse, NCYM-lue E-hox WT or 5'-
ACCACCCCCTGCATCCG CAT- 3¢ [reverse \(Af ‘\Hm: I“.-Em\
M, Underlined sequences: reve

wildetype or mutant E-bo
was introduesd mzo 2 peDNA
FLAG-tag atthe 5" Jocus of E\{Z‘x M 0 vtncmie ;’}CD‘\ &&FIA(}»
NCTM. The sequence of the entire . \e‘i}”ii open reading Frame was.
confirmed by sequencing, The FLAG-NCIM ¢DNA wais ligated
downsweam of the rat TH promoter in the pGEM7zi+
expression. plasmid, which was Oﬁgsmﬁy nmade from a M) é,\*
transgenic construct {21] by excision of the ¥ oy gene, to
genenate pGEM 72+ FLAG-ATTM.

-

Cell culture, infection, transfection, and RNA interference

Human neuroblastoma cell lines SH-SY5Y, SK-N-AS, NLF,
IMR32. CHP!34, and SK-N-BE were mammmcci in RPMI-1640
medium mppiemmmd with 10% fetal Bovine v;rum &BS}, and
antibiatics, Human rwum%ﬂmtoum Celi line BE {2:C was
maintained i » L1 misure of minimal essential mcdmm
’\Ii.M Gibco by Life technf:‘og&w Carlsbad, CA, USA) and
H m's Nutrient Mixtre F12 (Gibco) mpp&emmtcd with 13%
heat inactivated fetal bovine serum (FBSHGibeo) with MEM non-
essential amino acids {Gibcoy and antibiotics. Mouse neuroblas-
toma cellline Neuro 2a wiid maintained in DMEM supplemented
swith 10% FBS and antibiotics. NLF, IMR32, CHP134, SK-N-BE,
and BE {2}-(2 have: dmpizﬁeci MICKN, whereas SH-SY3Y, SK-N-
AS, and Neuro 2a are cell lines with a single copy of MITN. The
célls of tissues with a single copy of M1 (A’hme one copy. ofMICN
gene i a }mpioxd genome, Le:zzmms was: produced by co
transfecting cDNA or shRNA expression plasmids with pCMVYR
and pMDG plasmids inie HEK293T cells wing FuGENE HD.
reagent {Roche; Mannheim, Germany]. The MYCN and NCYM
shRNA expression plasmids conined ‘pLKO:I-pure as the
haciabam’t {Sigma, St Louis; MO, USAL Ar 24 and 48 b after
wransfection, the viral supernatants were collected and mixed with
neuroblastoma cells: Other plesmid transfections were done using
Lipofectamine 2000 transfection reagent {Imvitrogen, Karlsrulee,
Germany) according to the manufacturer’s instructions: The rarget
sequences of the shRNAs used were as follows: NCYM sh-1 (N-
eymil custom shRNA, Sigma) 5 -igecaatigengicataaa-3’, \CY\l
sh-2 IN-cym 2 custom shRNA, Sigma} 5 fgngg’tgtt{‘(fiz{tﬂt'm{m~5
NCYM sh-3 (Neeym 3 custom shRNA, Sigmaj 3 ~zce{gzgmamc~
gaaagaa-3'; MY C;Z\f shel (1 RC»;\GGQ%?G&Q@ ‘Sigmaj 3’ “geeag-
ratagactggangn-3', MY (;\, sh-2 {TRONDO0O0020695, Sina; 3'-
cageageagugotaaagaaa-3'.. The control shRNA [SHCO02) was
purchased from Sigma.

RN& isolation, RT-PCR and quaatxtatwe real-time RT-PCR

‘otal RNA was iolated from the frozen twmor samples and
adrenal tissues of tramsgenic mice with ISOGEN ’\EPPO\
GENE, Tokyo, Japani. and treated with RNase-free DN
Toral RNA from neuroblastoma cells (CHP134 and 8
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was prepured using an RNeasy Mind kit (Qlagen; Valencia, CA)
following the manufacturer’s instruction, cDNA was synthesized
using §upc:Scmpt 11 with random primers {Invitrogen). Quanti-
wtive real-tme RT -PCR {gRT-PCR] using an ABI PRISM 7500
S&stcm {\pphu} Biosystems, Foster Gity, CAj was carried out
usitiz 4 SYBR green PCR reaction. The pr:mcr sets used were o
follows: {for clinical &xpe,rzm«:*}ts using primary neuroblastomas)
human  MICAN, 5 ‘-geacacceiga gcgaticw»a‘» and -5 »wmw-
g'z"sagﬁcgcizctwg iy NCTM 3'-cegreagetcanacacagaca-3'

and 5' gmaiggmczac@zmmaa-i" for celidar experinients)
immm M? (oY ~{£C’itg‘uag§g€ﬂa&c 103" and 3= waacata-
cmggzs;*wnﬂﬂm-s ; human NCTAL, ”»cgccccczmggam:ﬂgac -3
and 3% g*:gcccctcxtcmcmitﬁ mouse MITN, 5 ~tcﬂggﬁz.zzcna§—
gagetica-3" and 5 mmatc:tgg*xcczgmcaa-i cmonse GAPDH, 5'-
surangéccarcacearet-3” and 3'-cggeercateccattte-3’. The mRNA
levels of each of the genes were standardized by fi-actin o GAPDH.

Luciferase assay
SK-N-AS cells were co-vransfected with the indicated reporter

constracts and the pRL-TK Rendlle luciferase cDNA rogether wit
increasing amous of the expression plasmid for Xl\’{'}\ or MYC.
Total DNA per wanstection was kept constant (310 g} by adding
p{:D\ A3 {Invitrogen), Forty -mght hours after: xr'&xzaﬁ:cz:an firefly

and Renilla luciferase activities were measured with a dual-
lugiferase reporter assay system according to the manufacturer’s
instructions ;'f’romeg*é

immunoblotting
We resolved cell proteins by SDS-PAGE before electro-blotting

ainte. PVYDF miembrangs, We incubated the menmbranes with' the
following primary antibodies overnight: anti-NCYM (11000
dilution;, anti-MYCN antibody {1:1000 dilsdom: Calbiochem
and Cell Signaling), anti-Lamin B ﬂ 1000 éﬂxmcm‘ Catbiochem),
antisg-tubudin (1: 1000 dilution; Santa ( ruz, CAL USAY, ani-GST
(1:1000; Santa Cruz}, anti-GSK3f (1:1000 dilution; Cell Signal-
mgh *mt;—phss;}im-&ShSﬁ (89y{1: I{}{}O dilution; Cell Signaling).
anti-frearenin (1:1000 dilution; Cell Signaling, anti-phospho-
AKT (8473) (1:1000 diluation; Cell Signaling;, anti-phospho-AKT
{8308} (1:1000 dilution; Cell Signaling), anti-AKT (L 1(){){1
dilution: Cell Signaling), ant-S6K 11:1000 ditusion; CGell ‘Sx
g, mm«p msphe -S6K (1389 (1:1000 dilution; Cell Signaliz }g;.
and ant-actin {1:4000 dilution; Sigma} The membranes were then
incubated. with 2 hovseradish peroxidase-conjugated secondary
antibody (anti-rabbit 12G ar 1:2000-1:4000 dilution or anti-mouse
IeGar 12000 tiiiuﬂm‘ %mz;‘ from (‘fii Si‘gm%i;zg’ Technologyi and
the bound proteins were visualized using a chemiluminescence-

based detection kit ‘LC“L aﬂé ECL pro kit Amersham, Piscat-
away, NJ, USA: InumunoStar LD Wako.

immunoprecipitation

Whale lysutes prepared from CHPI3Y celis or wumor tissges
were ;}rzrc%eareﬁ by incubation with protein. G-Sepharose beads
{Aumersham i’h’arrmcm Bistech) for 1 h at 4°C. The supernatant
was collected-after a brief cenuifugation, and incubated with the
indicated primary antibodies at 4°C ‘overnight, “The immane
complexes were preciphated with protein G-Sepharose beads for
P hat 4°C, and the non-specific bound proteins were removed by
washing the beads with Iysis buffer five times ag #°C, Different lysis
buffers were used for the cell-based experiments (50 mM Fris- HCl
pH 8.0, 137 mM NaCL 2.7 mM KCl and 1% Triton X and for
the tumor tissues (30 mM. Tris-HCHpH 8.0, 1 mM EDTA, 0.2%
DOC and 0. 2% 3DSL. The mmxmmprgcspzt}md profeins were
eluted by boiling in Laemmii sample buffer and. analyzed by
immuneblouing.
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Analysis of MYCN stability

CHP134 cells were cultured with 50% lentiviral supernazant for
wanstection of the indicated shRNA. Forty-cight hours after the
wansfection, wd@hexmmie (Sigma) was added o the eubure
medium at a final concentration of 30 pg/ml and cells were
harvested at the dndicated time poims, For MG132 wreatment,
44 h after the ransfection, cells were weated with DMSO or
10 @M MGIS2 for 4 B

Purification of NCYM protein from bacteria

DH5% cells were transtormed with pG EXAT-NCEM plasmid
and cultured in Luria vah (LB 2t 377°C. Theexpression of the
GST-NCYM fusion protein was induced by culuring the cells
with 'L mM PTG for 10k at 25°C, C.e:lls were caikcwd by
cemuﬁtgazmm dissolved in cell fysis buffer {PBS, 1% TritonX-100,
5 mM EDTA and prowase mizszmﬁs;, ﬂd stored at ~80°C: Cell
extracts were obtalned by thawing the frozen cells, fﬁﬁow‘ed by
sonication  and nixmegcﬁmafugmxon. After a pulldown mﬁ}
glutathione sepharose 4B heads, the beads were washed five times
in cell Tysis bufferand once in thrombin buffer containing 30 mM
I’rb-ﬁ(‘l pH 80, 1530 mM NaCl 2.3 mM CaCly, 5 mM MgCls,
tmM DTT. GST-T: ag eleavage mediated by thrombin released
the i"ui?~§wgn NCYM protein from the beads and the thrombin
was removed by adding gammomammxdms agarose beads
aceording to the standard protwocol. The full length NCYM
protein was further purified by floadon using Amivon Ulwa-4
{(Millipore, Temecala, CA, USA), and dissolved in stock buffer
{50 mM ‘%’?is-l‘i(‘i pH 80, 130 mM NaCl 5'mM EDTA,
0.25 mM DTT, 10% sodium azide, 50% glvcerol and protesse
inhibitors) and Rzmcd at —20°C. Complete PIC (Roche) was nsed
for protease inbibition,

GST-pulidown assay

For GST-pulldown assay, 5 ug of pw zf:d NCYM proteins
were incubated with 0.3 ug 0?(13’1 protein or GST -fused CDK1/
Cyelin BI (Signal Chem, Richmond; Ganada), GSK3p {Promega;
and MYCN Abnova, Taipei, Taiwan) for ¢ h at #°C. Bound
complexes Were recovered on the gizumizmm—mph'mm; bemi:,2
washed with the bzrdmg buffer (30 mM Tris-HCL pH 8.0, 1 mM
EDTA, 150 mM NaClL 0:1% Nonidet P40 and Qt)ﬂ'l;)imtc PIC:,
boiled in iy Laemmii sample buffer and analyzed by ‘immuno-
blowing,

In vitro kinase assay

For MYCN phosphorylation, two kinase reactions were
p“rmmwd secpuentially. The first kinase reactions were performed
for 1 hvin kinase buffer @0 mM Tris-HCLpH 7.5, 20 mM MeCl,,
0.1 mg/ml BSA, 30 uM DTT) in the presence of 30 0M
Ulerapure ATP 5’1"mmcq‘z 30 ng of purificd MYCN iAbnoval,
and 40 ng of purified CDK1/Cyclin Bl Signal Chem} at room
ternperature, At 1 by, the first reaction selution was mixed with the
same volume of kinase buffer containing i(}(} aM CDK! inhibitor
{CGPT45 144, Calbiochent), 4 nCGi of [7-¥P] ATP PeskinElmer),
and 20 ng of purified GSE\Bﬁ with the indicated amounts of
purified "NOYM or punfied GST. The second reaction was
performed for Lh av foom emperawre, The muount of
phosphorvlated MYON was quamtified using standard autoradi-
ography. The total amount of MYCN was quantified by usiiz an
Oriole Fluorsscent Gel siain (Bio-Radl., We also exambied
whether purified NCYM could be a substate of GSK3P using
the ADP-Glo system {Promegal dccording to manufacturer’s
instructions. Reactions were performed for 1 h in kinase buffer
40 mM TrisHCU pHL 7.5, 20mM MgCly, 0.1 mg/ml BSA,
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50 uM DD'E} i the presence of 25 pM Ulrapure ATP {Promega
and 25 ngof mm?wﬁ GBK 3P with increasing amounts of NCY. \I
or GST at room wemperawre. The peptide of human musele
glycogen synthase-1 (YRRAAV %’!’bi*SLbRHSbPHQpSLﬂLhL*
was ised as ' positive conrol for the GSK3f substrate. Av 1 b, the
reaction solutions were niixed and incubated with ADP-Glo:
veagent for 40 min 2t room remperature, and the misture was
combined with a kinase deteetion reagent and allowed to stand for
30 min. The kinase activities were detected using o luminometer
{PeskinBlmer ARVOXS).

TUNEL staining

The indicated newroblasioma cells were vansfected with the
indicated shRNA mﬁ* 30% lentiviral supernatant, Seventy-two
howrs after transfection, all cells were collected by centrifugarion,
anached onto the covesdlips by CYTOSPIN ?“Tixumm Fisher
Seientific, Wilmingion, DE. USAL, and fixed in 4% paraformal-
debyde for 1 b .«\;wpzfmt cells wvere detected by using an i s
cell death detection kit (Roche} according to the manufacturer’s
protocol. The coverslips were motinted with DAPL-containing
mounting medium {(Vector Laboratories) and abserved under a
confocal microscope.

Cell viability assay (MTT assay)

Cell viability was quantified by the 344, 5-dimethvithiazol- 2.yl
2, ‘*dzphcm"is::mmi‘um brmn&: ;\I’I"’{} method. Cells were
collected and seeded In 96-well plates at Ix107 cells/ml. After
additien of 10 gl of MI'T tetrazolinm salt (Sigma) solution 1o each
well, the plates were incubuted in a COy incubator for 60 min:
‘The absorbance of cach well was measured using 3 Dynatech
MR3000 plate reader with a test wavelength of - 450 am and a
reference wavelength of 630 am.

Migration and invasion assay

The invasive potential of BE (2:-C cells i v was measured by
evaluating die number of inv, ddﬁis cells using \hmqebfmw:!
wans-well inserts (BD Bigsciences; according to the manufacturer’s
instructions, Bhé -0 cells wansfected with the indicated shRNA
were seeded onto an msen s@ni*nmng & um pores { {BD Bioscienc:
es)in a 24owell plateat | X107 cels/ml. Gells on the lower side of
the membrane were fixed with 4% paraformaldehyde and stained
using & Diff Quick Staining Kit {‘Smmx:\j

Generation of transgenic mice

All animal experimental pmtmwt; used i thisostudy. were
reviewed and approved by the Commitee on the Ethics of Animal
Experiments of the Ciuba Cancer Center (Permiit Number: 124
135 Linearized and purified pGEM7z (5#-FLAG-NCEM was
injected inw the prom*cim of fertilized eggs derived from 129/
‘*g} =CH7BL/B] mice, We selected four tines of NCT M wansgenic
mice according to the level of NCIM c\preuwn in adrenal dssues
{Figure S15B}, and the ransgenic mice were backerossed to 129/
Sy at least 10 times to generate NCYY transgenic mice. To
generate MICN/NCIM double transgenic mics, the NCYM
transgenic myice were crossed with MYCN wansgenic mice of the
129/8¢] swain. On the basis of breeding schemas, all mice’
carvying the MYCN wansgene were hemizygous. Tall DNA was
analvzed for MICN and NCXM wansgenes, and the NCYM
transgene copy number was guantified by quamitarive genomic
PCR. The primer sets used for gem}vq)mg were #s follows: AT
3'-cgeceectiaggnacangae-3’ zmd 5= g\.gcecctczti‘ﬁtcmtzefff MICN,
5 -tggaaageitctintiggtagaaacaa-3 3 and 3’ -agggatccticegeecegiegs
tutan-3’. W
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Detection of metastatic tumors in mice.

If more than one tumor over 2 mm in a diameter separately
developed in a different organ, we ‘defined this as the mouse
having macroscopic metastatic tumors. In Fi Figure 20, only the
number of mice with macroscopic metstatic tmors was “counted.
Asa pmiuﬁm iy experiment, we used microscopy w detect tumors
in the brain, pancreas, spleen, heart, lungs, kidueys and liver in
nine mice (MTCN/NCIM double transgenic mice; n=6, MITN
transgenic mice; n =3} In additon w macroscopic metastases in
the brain, heart, ovary and uterus, we found mmmccapu:
metastases in the hings of MITAY 1M double wansgenic mice,
but the mass of thése tumor cellswas not large enough to be visible
by eye. We also microscopically analyzed the HE-=stained bone
marrow from zhu. hind legs of 19 mice %,U} CA/NCEM double

ransgenic mice, n= 1 MY 2;’% zr’;r;se;mw mice, =9, ﬁoz&mcr,,
no metastatic wmor cells were found in the bone marrow.

Murine therapy - ‘

All mice were genotyped to deteet the presence of human MICY
ar NCTAM mnsgmes After weaning, at abow 30 days old; MICV
transgenic mice or MIT N/NCTA dami}rﬁ: transgenic mice were
palpated for inuw-abdominal mumors every day. Mice of either
genotype founid with palpable wmors wers treated mih NVP-
BEZ235 (Cayman Chemical, Ann Arbor, ML, USA} 35 mm"&g in
PEG300; or \tti‘ucli: {PEG300, Wako! onice’ daﬁvt + 30 davs by oral
gavage. All mice were monitored unti] euthanasia was required in
accordance with the institutional animal commitze,

Tumor specimens

Fhe 106 haman neuroblastoma Spccmaens wsed in the present
study were kindly provided by various institutions and hospitals in
Japan to the Chiba Cancer Center Neurablastoma Tissue Bank.
Written informed consent was obtained at each institwion or
hospital. This study was approved by the Chiba Cancer Center
Instirdonal Rzmz:w Board, Twmors were clussified according o
the International Nearoblastoma istarrwg Systeny INSS1 27 Stage
115 Stage 2 . 54 Stage: 3, 23 Stage 4 and 7 St:zgc: 45, Clinical
information mciudmsg Age at diagnosis, tumor origin, Shimada’s
histology, prognosis-and survival duration of each patient was
obtabiied, "The padens were treated following the protocols
preposcd by the Japanese Infantile Neuroblastoma Cooperative
Study and the Group for the Treaunent of Advanced Neuroblas-
toma. and sabjected 1o svival analysis, Cytogenetic and
molecular biological ‘analysis of all wmors was also performed
by assessing DNA ploidy, MITN amplification and  Trd
expression, as previously described [48].

Array CGH analysis
Array CGH analysis was conducted using the Fuman Genome
CGH 244K Gisgt:} Microarmay Kit [G4411B, Agilent Technologies,
Santa Clara, (s% USAL Genomic DNA prepared from primary
seurcblastoma tissies or :f;e}i lines was lubeled with Cy3- ,:2;.:: using a
QuickAmp labeling kit. Humian placental DNA was habeled with
Cy5-dye and used as a. reference control Labeling, hybridizaton
and snbsz‘queni data processing by T mmrehxtmcnor} and CGH-
Analytics software were performed as:cordmg to the manufacturer’s
instructions. Relative copy. aumber of the probes survounding the
MICN and \Cl Al ztmmmc toeus | from DDX! 1o FAMLGA were
compared in each primary tumer or celf line:

Statistical analysis

Seatistical sig:}iiicrmcc was fested as follows: pvo-group com-
parison of survival by log-rank test, correlation of gene expression
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by Pearson's correlation cocflicient testt or Student’s test,
multivariate analysis for survival by Cox regression model, and
the rate of mouse genotype and metastatic tumer cecurrence: in
line 6 was calculated by Chisguare independence test und Mann-
Whitney U test, respectiviely,

Supporting Information

Figure 81 Alignment of NCYM coding séquences. Primate
sequences were extracted from the UCSC ‘gk::m:;mtt browseron the
basie. of conservation, and commomn-ancestor sequences were
sstimated based on the maximum parsimony principle. Nudleotide
changes are colored in orange. Posptenminal sequences are
colored in blue. Post-terminal sequence refers to the DNA
sequence after the first wrminal codon up 1o the p%tmn
corresponding 1o the first terminal codon in the human sequence,
CA indicares common ancestor,

T

Figure 82 Analvsis of the bias of ¢odon fand amino acid} usage
and evoludonary rates in the NCE M genes (A} Diswibution of
NCYM protein 19*1&:21 numbers of end codons; and the bias of
wds‘i and amino acid uage, Asterish indicatés statistical
significance (P<0.001, Monte-Catlo Cilt->qu'irr testl. Graph
showing the number of codons | (B} or amino acids (¢ in the
NCYAM! prowin of different species,

iy

L

Figure 83 Exogenous NCYM prmc,m can be expressed in cells,
A} Purification of NCYM protein from bacteria. GST fusion
NCYM was overexpressed inf bacterial cells and purified by GST-
pulldown., The GST-NCYM proteiin was further cleaved by
thrombin, and full-length NCYM was purified. The left panel
shiows CBB staining and the right panel shows a western blot using
anti- C’\’\l antibody, The arrow indicares the NCYM proteby;
the asterisk indicates the degraded NOYM protein. (B) Human
NCYM pmtmn expression i monse newrsblastoma Newro 2a
cells; Neuro 2a cells were rransfected with increasitie amounts of
NCYM expression plasnnid {1, 1.5, 2 pg) for 48 L. The cell lysates
were subjected 1o western blotting to verily the expression of
human NCYM using an anti-NCYM antibody. The arrow
indicates the NCYM protein; the asterisk indicates a non-specific
band.

(ITE

Figure 54 Subcellular localizaton of NCYM protein in
neroblastoma cells. A} Localization” of NCYM prowin in
searoblastoma cells. The indicated neuroblastoma cells were
biochemically fractionated into nuclear and mte;}iz’%mw fractions
followed by immuneblouing with gxmz—:\(;}’.\i antibody, Lamin B
and 2-wbulin were ‘used s nuclear and cvioplasmic markers,
respectively, SK-N-AS and SH-SY3Y are human neuroblastoma
cells with a single copy of MICN, and NLF, IMR32, CH] P134, and
-BE are human neuroblastoma cells with amphé' ied MICA,
B) Nuclear staining of NCYM and MYCN prowin i MITA
amplified human neuroblastora TGW cells analyzed by confocal
fluorescence microse ugv. Seale bar, 50 pm. /

(T1F;

Figure $5 NOCYM protein expression i human normal and
nenroblastoma tisues analyzed by immunohistochemistry, The
indicated human normal tssues {tssue array, FDAB08a-1} were
stained with antt-NCYM antibody, (A% Cerebellum; scale bar,
100 wm. By Tests; seale-bar, 30 ume [C) Pancreas: scale bar,
L0 wm. (D) Heare: seale bar, 100 pme (B} Human menstate
neurchlastoma i the liver {Stage 18} seale bar, 50 pm. 17 Human
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metastatic neuroblastoma in: the lmph node Stage 4} scale bar,
50 pm

(T

Figure $6 Lxpression of NCYM and MYCN protein i hunian
thyroid tumors analyzed by imanmohistochemistey, Nornal and
cancerous human tissues fissue array, FDAS08a-2) were stained
with antiNCGYM A and By or ant-MYCN antibody (Crand D).
(AL (G, Normad thyrold, (85, 1D, Thyroid wmars, Scale bars,
100 pn,

ey

Figure $7 Co-amplificadon of MICN and MNCYM geneg in
huraan newrcblastoma eell Tnes and primary neurcblastomas,
Average gene copy number was calcukued based on the signals of
mulople probies tirgeted 1 “the indicated gene i aray CGH,
Twenty-three M) FeN -am;mﬁzfd human neuroblastoma cell lines
(Al or 23 human primary neuroblagiomas (B} were anshzed by
array CGH.

(T1F)

Figure $8 High NCIM mRNA expression s associated with
poor proguosis in neursblastormas without MITY ampim;aifm.
MIC: \‘ non-amplified neuroblastomas dizgnossd at over one year
of age were analyzed using Kaplan-Meicr survival curves based
o the expression levels of NCTM mRNA (A or MICNmRNA B
The expression levels of NCEM or MICY mBNA were examinied
by qRT-PCR and normal lized by GAPDH. The average of the
expression levels was used as'a izfesimla o éméa the tmors with
k:rw a\pm\smn fopen circle; A n=136. B, n=34; from those with
high expression {closed civele; A, n= 9, B, 5= 11} 2 values of (A)
and (B} were 0.0375 and 0,144, rhpr:mss:iy {Log-rank testl.
Ty

Figuré $9  MYCN; but not MYC, activates MICY gmzzgcripzibu
in human neuroblastoma cells, (A} Schematic drawing of the
MYCN/NCYM promoter region. (B Relative mRNA levels of
MFC MEPCN and NCYAM in SK-N-AS TN single copy human
aeuroblastoma cells transfected with 2 pg of & MYC expression
vector, mRNA levels were measured by qR T-PCR with §-aafin as
an internal control. (C) Luciferase reporter assays: SKaN-AS cells

were wansienty co-transfected with a constant amount of the
indicated luciferase reperter tonstructs bearing various lengths of
the human MICN promoter region (100 ng), -a Reniltls luciferase
reporter plasmid {pi{l,— K} (10 ng), and either an empty phm‘mt

{pc:D\A'%; orwith an incressing amowt {QOG SG& 400 1 of the
expression plasmid for MYCGN. Fortyeeight bours after wansfec
tion, cells were fysed and their luciferase activides were measured,
(T1F;

Fxgure $10 An infact upsweam E-box s required for the
activation of the NCYM promoter by \WC& (A The NCYM
promoter sequence. The sequences of pnmu' sets figed inoour
previous report [27] ave shown a8 MYCN ChIP Forward (Reverse)
Primer,’ iuc;: recruitment of the MY CN pmmvi o its own intron
was derected using those primers. The putative E-boX sequence s
indicated in red char racters. [B) MYCN, but not MYC., enhances
NCYM promoter activity, Human newrablastoma SK-N-AS cells
were transtectedd with 400 ng of the MYCN expression plasmid for
48 hours and then their luciferase activity was measured. (C} The
effect of an E-box mutation on MYC! Ginduced NGYM promoter
activity, The WT and mutant NCYM promoters were evaluated
for transeriptional activity 24 hours after the wansfecton of the
expression plasmids for MYCON or MYC, The asteriske indicate
statistical significance {P<0.01, Student’s festh,

g8l
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Figure S11 NCYM suabilizes the MYCN protein in the
ni:»xqmun prowasome system dependent manner, A Western
amhysis and R PCR. Bothr NCYM and i SNP ype
INCYMLIOV) induce MYUN expression levels in CHP134 cells.
(B} Westérn bimﬁanzziy&is of MYCN expression in CHP134 cells
wansfected with NCYM or control shRNAL followed by wréatmient
with 30 uM cyeloheximide (CHX), and harvested avthe indicated
tme points. {C) Proteasome inhibitor MG132 ireament of NCYM
tmoekdown CHP154 cells, Western blot analysis showed that
NCYM-mediated downregulation of MYCN is inhibited by
MG132 treatment. Actin was used as a loading control,
(TIF

Figure 512 GSK3f doesnot phospliorviate NCYM protein. \1
It vitre kinase assay. The phosphorylation of the control substrat
human glucose wmhast: 1 by GSK3B was measured to test tf‘f:
assay system. () The correlation hetween the peru‘}}(dgc of ADP
and the feizmu: kinase activity mieasured Lss.“u ciferase activity
IR¥=0.8504, () The relative Kinase activity of GSK3p was not
increased when (‘SI ‘or NCYM were used as'a substratel

(TIE)

Figure §13 NUOYM knockdown promotes apc;pto:sis i TN
amplificd newroblastoma cells (A} The relative mRNA levels of
MYCN, NCYM and MICin huxmm neurablastoma cells. Levels of
mRNA were measuted by gRT-PCR with ffutin as an intesnal
control, (B and ¢ TUNEL staining. The indicated human
nenroblastoma cells were lentivirally tr zmsﬁ:md with the indieated
shRNA. Sevently-two howrs after the transfection, cells were fixed
i 4% paraformaldebyde and subjected 1o TUNEL staining, Cell
nuclei were stained w ith DAPI {npper panelst. Seale bars, 50 pom,
The percentage of T LL~posmw cells was ‘calculated as the
average of three different microscopic fivlds. SHSY3Y and SKN-
AS are MITN single copy cells {B), and BE (2-C and CHP 134 are
MICN-amplified ¢ells (CL

[TIE

Figure S14 NCYM knockdown inhibits the proliferation and
tvasion in BE 25C cellsl (A} Western blot analydis showed that
NCYM knockdown decreased MYCN protein in BE- 120 gells,
(B Ceil proliferation assay, Afier ransfection with NCYMshRNA
{closed circle) or control hRNA {opexn eircle), cell prtaizﬁ‘m;x{m was
examined in an MTT assay, ac the indicnted time pmms. G, Dy
the effect of NCYM knockdown on cellular migration (C) and
invaston (D}, Three days after the introduction of NCYM shRNA,
the cells were &é;zxsted o Ix Zﬂ’ cells/ml and subjected 0 2
Boyden chamber nvasion assay.

Nty

Figure $15  Generation of MITN/NCEM vansgenico mice, (AT A
NCIM eDNA was Hgated 3 w0 the rat TH promoter 1o generate the
pGEM72HTAGAVCYN wansgenic conswucts, (B ACEY
mRNA expression in the adrenal dssues of ANCTM transgenic mice
was measured by QRT-PCR. The c\pr&s&;&ﬂ levels were normalized
to mouse GAPDH. Red arrows indicate the mouse lines used for
further experiments, (C) Table showing the disuibution of actual
nuinbers of transgenic mice (ne 6} resulting from intercrossing of
MYCN e/ NCYAI Tg/+ and NCTM T /4 and the corfesponding
theoretical numbers ’PZ>!3 05, Chqumrc independence testh. This
vesult indicates that the NCTM and MYCV tramsgenes have a
marginal effect on the embryonic lethaliey of mice, D} Kaplan~
Meter iuwévd mr‘m&”c}f 83 mice resuling from intercrosses of
SN Ta/+ Tg/+ and NCEM To/+ (mouse line 8. (E}
I\.&pﬂvlw‘dmef anadvsis for numor m@ﬁmﬁes in MICN Tg/+ and
MICN/NCEM Vg mice (mouse line 61,
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Figure $16 Neuroblastoma histology of MOV transgenic mice
and MYCN/NCEM double wansgenic mice, (A} Neuroblastomag
arise as primary lesions in a MITN/NCFM double u"zmgr‘mc
mouse (i and M)CV transgenic mice (i, Thoradic p,mapmsd I
and abdominal (12, I3} tumors, K, kidney. (B} H&E staining of
TGy, T2 45, and T3 i)

r 15 1

Figure 817 NCOYM inhibits apoptosis in the neuroblastoras of
MITN/NCEM double transgenic mice, The number of apoptotic
cells in neuroblastomas from MICY wansgenic mice (A} and
MICN/ANCEM double tiansgenic mice (B} were meastred using
cleaved capase-3 staining. Scale bar, 30 fum. 1C) Quantification of
cleaved caspase-3-positive afeas in the tmors, ’ﬂie apoptotic cells
were caleulated by ave ragm*v the number of cleaved r:‘xspascﬂ
positive areas counted in 3 randorly sclected fields (100 um® per
slxdct using. WinROOF software (version 7.0, Xi;mm Carp.‘. P
value was {3.012 Suident’s Ftesty,

{11F;

Figure 818 Schematic model of NCYM function in aggressive
humian neuroblastomas.
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Table 81 Correlation between the expression of NCTY or
MICY and other prognostie factors:
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Introduction

Abstract

Neuroblastoma (NB) is one of the most frequent solid tumors in children and
its prognosis is still poor. The neurotrophin receptor TrkB and its ligand brain-
derived neurotrophic factor (BDNF) are expressed at high levels in high-risk
NBs and are involved in defining the poor prognosis of the patients. However,
the TrkB targeting therapy has never been realized in the clinic. We performed
an in silico screening procedure utilizing an AutoDock/grid computing technol-
ogy in order to identify novel small chemical compounds targeting the BDNF-
binding domain of TrkB. For the first screening, a library of three million syn-
thetic compounds was screened in silico and was ranked according to the
Docking energy. The top-ranked 37 compounds were further functionally
screened for cytotoxicity by using NB cell lines. We have finally identified seven
compounds that kill NB cells with the ICso values of 0.07—4.6 umol/L. The
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
showed that these molecules induce apoptosis accompanied by p53 activation
in NB cell lines. The candidate compounds and BDNF demonstrated an antago-
nistic effect on cell growth, invasion, and colony formation, possibly suggesting
competition at the BDNF-binding site of TrkB. The candidate compounds had
tumor-suppressive activity in xenograft and in vivo toxicity tests (oral and
intravenous administrations) using mice, and did not show any abnormal signs.
Using in silico Docking screening we have found new candidate TrkB inhibitors
against high-risk NBs, which could lead to new anti-cancer drugs.

chromosomal instability, such as allelic loss of the short
arm of chromosome 1, that of the long arm of chromosome

Neuroblastoma (NB) is one of the most common child-
hood solid tumors occurring from the precursor cells of the
sympathoadrenal lineage of the neural crest cells and is
responsible for nearly 8% of all pediatric cancers [1]. The
tumors arise in the peripheral nervous system, such as in
the adrenal medulla and in sympathetic ganglia. NBs
observed within 1 year after birth often regress spontane-
ously [2—4]. On the other hand, the tumors found in
patients over 1 year of age are usually aggressive with
poor prognosis, which are frequently associated with

11, gain of chromosome 17q, and amplification of MYCN
oncogene [5, 6]. In particular, chromosomal deletions at
1p36 and 11q have been detected in many cancers includ-
ing NB, and thus the genes located in this region have been
the candidates as tumor suppressor genes [5-8].

The Trk (NTRK) family of neurotrophin receptors plays
a critical role in development and maintenance of the
nervous system. This protein family of tyrosine kinase
receptors consists of TrkA (NTRK1), TrkB (NTRK2), and
TrkC (NTRK3). Activation of Trk family protein receptors

® 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. This is an open access article under the terms of 25
the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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by their preferred neurotrophins (nerve growth factor
[NGF] to TrkA, brain-derived neurotrophic factor [BDNF]
and NT4/5 to TrkB, and NT3 to TrkC) is closely involved
in the survival and differentiation of neurons during devel-
opment [2-4, 9-13]. TrkB, one of the members of TRK
family of tyrosine kinase receptors mentioned above, is
involved in regulating neuronal survival and differentiation
[2, 4, 11]. We previously reported that the level of TrkA is
significantly higher in favorable NB tissues, while TrkB and
its ligands, BDNF and NT4/5, are expressed at high levels
in unfavorable NBs and function in an autocrine/paracrine
manner to promote cell growth and survival [14]. Thus, we
hypothesized that a clinical treatment targeting TrkB could
improve the prognosis of patients with NB. Toward this
end, we performed an in silico screening strategy utilizing
grid computing technology (http://www.worldcommunity-
grid.org/) to identify novel candidate compounds targeting
the BDNF-binding domain of TrkB. The grid-networking
system we employed in this project is World Community
Gird, which was implemented by the IBM Corporation as
a social contribution program. Grid computing technology
links many individual computers processing in their
spare time, creating a large system with massive computa-
tional power far suppressing the power of supercomputers.
As the job is split into small pieces that can be processed
simultaneously, computation time is reduced from years to
days.

In the first screening, a library of synthetic compounds
including three million molecules was examined in silico.
We further performed in vitro screening assays and
identified seven candidate molecules that significantly
facilitate growth inhibition in several NB-derived cell
lines. We found that these molecules induce apoptosis in
NB cell lines at low ICs, values, suggesting the molecular
mechanism of the cellular growth inhibition. In this
study, we demonstrated that novel candidate compounds
were rapidly and effectively identified by an in silico
Docking screening strategy, followed by in vitro assays.
We propose that the candidate compounds targeting the
extracellular domain of TrkB could help develop a novel
treatment and cure for childhood cancers, including NB.

Material and Methods

In silico screening

The three-dimensional structures of the TrkB/BDNF com-
plex on cell membrane were constructed with MOE (ver-
sion 2009; CCG Inc., Montreal, Canada) and NAMD
(http://www.ks.uiuc.edu/Research/namd/) according to
the Brookhaven Protein Databank 1WWB.

The molecular mechanistic calculations were performed
to obtain the local minimum structure using Amber99 force

26
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field in MOE. In silico screening was performed by using
AutoDock (http://autodock.scripps.edu/) and the World
Community Grid (http://www.worldcommunitygrid.org/).
The three-dimensional structures of these complexes were
displayed by using MOE.

Reagents and cell culture

Small molecules were purchased from Namiki Shoji Co.
Ltd. (Tokyo, Japan) dissolved in dimethyl sulfoxide
(DMSO) at a final concentration of 10 mmol/L, and kept
at —20°C. Human NB-derived cell lines were maintained
in an RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum at 37°C in a humidified
atmosphere of 5% CO,; in the air.

Proliferation assay

The cells were plated in triplicate at a density of
1 x 10" per well in 24-well culture plates. Twenty-four
hours after seeding the cells, the cells were treated with
small candidate molecules and DMSO as a control at
several concentrations (0.1, 1.0, 10 umol/L) or left
untreated. At the indicated time points after the treat-
ment with the small molecules, cells were trypsinized
and the number of viable cells was directly scored using
a cell counter. Each experiment was performed in tripli-
cate samples.

TUNEL assay

Cells were grown in a standard culture medium in the
presence or absence of the small candidate molecules for
indicated periods. Cells were trypsinized, washed with ice-
cold phosphate buffered saline (PBS), and then attached
to a coverslip using a cytospin centrifuge. Cells were fixed
with 4% paraformaldehyde in PBS for 1 h, and permeabi-
lized with 0.1% Triton X-100 and 0.1% sodium citrate in
PBS for 2 min. Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) reaction was performed
according to the manufacturer’s instructions. The nuclei
were stained with DAPI. The coverslips were mounted
onto glass slides, and the stained cells were examined by a
confocal laser scanning microscope.

Western blotting

Cells growing in the mid-log phase were washed with
PBS and a lysis buffer (10% glycerol, 5% 2-mercapto-
ethanol, 2.3% sodium dodecyl sulfate (SDS), 62.5 mmol/L
Tris-HCl, pH 6.8) was added. Whole cell lysate was
subjected to SDS/PAGE (polyacrylamide gel electrophore-
sis) followed by Western blotting.

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Cellular assays with BDNF treatment

For colony formation assay, SH-SY5Y cells overexpressing
TrkB were treated with the candidate compounds (0, 0.1,
and 1 umol/L) in the absence or presence of BDNF
(50 ng/mL) for 2 weeks. Images were taken after crystal
violet staining. The number and size of colonies were
measured in independent triplicate experiments. For the
cell invasion assay, SH-SY5Y cells overexpressing TrkB
were treated with the candidate compounds in the
absence or presence of BDNF (50 ng/mL) for up to
6 days. Cellular invasion was measured by the Boyden
chamber method. For phospho-TrkB assay, SH-SY5Y/
TrkB cells were incubated in RPMI 1640 medium without
serum for 6 h, then pretreated with the medium in the
presence or absence of compound G (100 pumol/L) for
5 min. BDNF in the final concentrations of 0, 5, 15, and
25 ng/mL was added, incubated for 10 min, and then
whole cell lysate was prepared. TrkB and phosphorylated
TrkB proteins were detected by mouse monoclonal anti-
TrkB (Z10) antibody (Santa Cruz Biotechnology, Inc.,
Dallas, TX) and rabbit polyclonal anti-phospho-TrkB
(C50F3) antibody (Cell Signaling Technology, Inc., Dan-
vers, MA), respectively.

Tumor suppression assay utilizing SCID mice

NOD SCID mice (CB-17-Prkdc scid/]) were used for the
tumor xenograft experiments. Live animals in this assay
were handled, strictly following the protocols and instruc-
tions of the Chiba Cancer Center Research Institute, which
were approved by our ethics committee. SCID mice were
transplanted with CHP134 (5 x 10° cells/100 uL) after
6 weeks of the birth. The compound treatment was initi-
ated at the time when the tumor is about 5 mm?®. The ratio
for the injection (amount of compounds/the weight of
mouse) was 2 mg per 1 kg Candidate compounds were
dissolved in DMSO and were diluted with a 20% xylitol
solution (10-fold dilution). Each mouse was treated with
intraperitoneal injection once a day for 14 days. Tumor
volume was measured once every 2 days to evaluate the
inhibition capability of the candidate drugs. The length and
width of each tumor was measured once in every 2 days to
evaluate the inhibition capability of the candidate drugs.
Tumor volume was calculated according to the following
formula: [length x width®]/2 [15, 16]. Animals were
treated according to the Institutional Animal Care and Use
committee guidelines.

Statistical analysis

The Mann-Whitney test was used to compare differences
between two independent groups of the data in Figures 2,

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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4, and 6. All the statistical analyses were performed by Excel
2002 (Microsoft, Redmond, WA) with statistics add-in
module Statcel2 (OMS publishing Inc., Saitama, Japan). A
P-value of <0.05 was deemed statistically significant.

Results

In silico screening and candidate selection

Our goal was to develop novel drugs to treat and cure
the patients with high-risk NB. We performed the in
silico Docking simulations using AutoDock software to
achieve high-throughput screening. World Community
Grid (IBM Corp., Armonk, NY) was utilized to accelerate
the computations. Because TrkB, one of the neurotrophin
(NT) receptors harboring tyrosine kinase activity, is
expressed at high levels in aggressive NB [14], we focused
on the extracellular BDNF-binding site of TrkB as the tar-
get for the in silico screening. According to the molecular
simulation of a ternary structure of the TrkB/NT com-
plex, we determined the amino acid residues that partici-
pate in the physical interaction between BDNF and TrkB
(Fig. 1) [17]. We set the docking grid to this BDNF-bind-
ing domain of TrkB [18] and performed the in silico
screening against a library of three million small chemical
compounds as potential drug candidates. Using the
docked energy scores given by the AutoDock simulations,
the molecular profile of the top 100 molecules was

Figure 1. Computational modeling of the specific binding between
TrkB (yellow) and BDNF (blue) on the cell membrane (white). 3D
structure of TrkB/BDNF on the cell membrane is shown. Inset indicates
potential amino acid residues participating in the interaction.
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examined in the light of Lipinski’s Rule of Five (data not
shown) and the highest 60 were chosen for further experi-
ments.

Candidate compounds inhibit the cellular
growth in NB cell lines

We expected that the candidate molecules identified
above compete with BDNF at the BDNF-binding domain,
resulting in inactivation of TrkB activity that triggers the
inhibition of the TrkB signaling pathway. As this pathway
propagates differentiation and survival signals into the
inner part of the cellular fractions, such as the cytosol
and the nucleus, endogenous overexpression of the TrkB
gene frequently found in unfavorable NB may facilitate
cellular growth [2, 11, 12, 19, 20]. Therefore, we exam-
ined whether the candidate compounds could decrease
the growth rate of NB cell lines in which TrkB expression
was either detected (CHP134) or overexpressed (SH-
SY5Y/TrkB) (Fig. 2A). Among 60 candidates identified
using in silico screening, 37 were available for further
screening because 23 chemicals could not be obtained or
they could not be dissolved in DMSO. CHP134 cells were
treated with a fixed concentration of the candidate com-
pounds and finally seven compounds were selected
(Table 1), which yielded the highest toxicity. These seven
candidate molecules were designated as compounds A-G.
In the second screening, CHP134 cells were treated with
increasing concentrations of the candidate compounds
and then the number of surviving cells were counted 2, 4,
and 6 days after the treatment. We confirmed that the

Table 1. ICsg values of low-molecular-weight compounds in CHP134
and SH-SYSY/TrkB cell lines.

ICso in CHP134 ICso in SH-SYSY/TrkB

Compound (umol/l) (umol/L)
Compound-A 0.29 0.3
Compound-B 1.9 2.0
Compound-C 1.4 2.0
Compound-D 4.6 3.5
Compound-E 2.0 2.2
Compound-F 3.5 3.5
Compound-G 0.07 0.18

Y. Nakamura et al.

candidate compounds decreased the number of surviving
cells at the concentrations of either 1 or 10 umol/L
(Fig. 2B). These results suggest that the seven candidate
compounds induce cellular growth inhibition in NB cell
line. In addition, in the other NB-derived cell line, SH-
SY5Y, in which TrkB was stably overexpressed, essentially
similar results were obtained (Fig. 2B). To quantify the
cell growth inhibition mediated by the candidate com-
pounds, the value of half maximal inhibitory concentra-
tion, namely ICsq, was evaluated for these seven candidate
compounds. In particular, compounds A and G show
significantly low ICsy values of 0.3 and 0.07 pumol/L,
respectively, while the average of ICs, values for the seven
compounds was 1.9 umol/L (Table 1). Compounds A
and G killed the human foreskin fibroblast cells (strain
BJ; ATCC no. CRL2522) at three to five times higher ICsq
values than NB cell lines (data not shown). On the basis
of the chemical structure of compounds A and G (Fig. 3),
potential interaction between the compounds and BDNF-
binding domain was simulated and this topic is discussed
in the Discussion section.

Competitive inhibition between candidate
compounds and BDNF

To investigate the relationship between the candidate
compounds and BDNF, SH-SY5Y/TrkB cells were treated
with compounds in the presence or absence of BDNF.
Increasing amount of compound A significantly decreased
the number of surviving cells, while the cell growth was
partially restored in the presence of BDNF under the
same treatment with compound A (Fig. 4A, top panels).
This result demonstrates that BDNF partially interferes
with the cellular toxicity of compound A, suggesting that
compound A and BDNF compete to occupy the BDNF-
binding domain of TrkB. Similar competitive inhibition
by BDNF was observed in the growth inhibitory effect of
compound G (Fig. 4A, bottom panels) and five other
compounds (data not shown). The colony formation
assay showed that the candidate compounds decrease
both colony number and colony size even in the presence
of BDNF, indicating that the molecules overcome the cell
growth activity of BDNF (Fig. 4B). This result suggests
that the compounds and BDNF show an antagonistic

Figure 2. Growth inhibitory effects of compounds A-G in neuroblastoma-derived cell lines. (A) Expression levels of TrkB mRNA in SH-SY5Y, SH-
SY5Y/TrkB, and CHP134 cells. SH-SY5Y/TrkB is the cells in which TrkB is stably cloned. (B) Growth curves in the presence or absence of
compounds A-G. Compounds concentration: open circle (0 pmol/L), filled circle (0.1 pmol/L), filled triangle (1 umol/L), filled square (10 umol/L).
The cell numbers were represented as the relative values compared to those without the compounds (open circle) at the time of 6 days (set to 1).
The P-values between the open circle (O umol/L) and filled square (10 umol/L) at day 6 were less than 0.05 in all experiments using seven

compounds.

28

116

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.



Y. Nakamura et al.

@

Relative cell number Relative cell number

Relative cell number

Relative cell number

Identification of Novel Compounds Targeting TrkB

s}
=<
=
> >
e 3 @
@ o @
I I T
7] &) »
TrkB
GAPDH
CHP134
Compound A Compound B Compound C Compound D
| /— /
OIA‘_ Jk"‘ B “/i-/ -
o] 2 4 6 0 2 4 6 0 2 4 [ 0 2 4 6
Incubation time (day) Incubation time (day) Incubation time (day) Incubation time (day)
Compound E Compound F Compound G
Drug concentration
1 O
—0— 0 umol/L
/ } —&— 0.1 umol/L
= —&— 1 gmoliL
ﬂ// —=— 10 umol/L.
o B E u—| B ——R
0 2 4 6 0 2 4 6 0 2 4 6
Incubation time (day) Incubation time (day) Incubation time (day)
SH-SY5Y/TrkB
Compound A Compound B Compound C Compound D
0 - z—z" f—%
0 2 4 6 0 2 4 6 0 2 4 6 2 4 6
Incubation time (day) Incubation time (day) Incubation time (day) Incubation time (day)
Compound E Compound F Compound G
Drug concentration
1
/‘ /}-' ~—O0— 0 umol/L.
/i ) ——&— (.1 umol/L
—&— 1 pmol/L
o] —B— 10 umol/L

o

2 4 6
Incubation time (day)

0 2 4 6
Incubation time (day)

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

0 2 4 [
Incubation time (day)

117

29



Identification of Novel Compounds Targeting TrkB

A
\0 9 \ \N

o /

\/U\N N

H )\
N/ NH
— 0

Compound A:

N-[2-(5,6-dimethyl-4-oxo-1H-pyrimidin-2-yl)-
5-methylpyrazol-3-yl]-2~(2-
methoxyphenoxy)acetamide

B
@ Ct
I i
AT
p
Compound G:

2-[[5-(4-chlorophenyl)-4-pyrrol-1-yl-
1,2,4-triazol-3-ylJsulfanyl]-N-(2-
methoxyphenyl)acetamide

Y. Nakamura et al.
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Figure 3. Chemical structure and hypothetical binding model between the molecules A (A) or G (B) and the surrounding residues of TrkB. Amino
acid residues involved in the interaction were predicted by the docking simulation.

effect on cell growth. The cell invasion assay demon-
strated that the inhibitory effect on cellular invasion med-
iated by the candidate molecules was facilitated in the
presence of BDNF (Fig. 4C). Furthermore, we examined
whether the candidate compounds can inhibit the
phospho-activation of TrkB, which was mediated by
BDNF. BDNF induces phosphorylation of TrkB in a
dose-dependent manner in SH-SY5Y/TrkB cells, while the
phosphorylated TrkB was significantly decreased by the
addition of compound G in the concentration of
100 umol/L (Fig. 4D), also supporting the notion above.

Candidate compounds induce apoptosis in
cell lines and inhibit tumor growth in vivo

Next, we sought to investigate the possible mechanism of
the cellular growth inhibition mediated by the candidate
compounds. The treatment of CHP134 cells with optimal
concentrations of each candidate compound yielded
positive signals in the TUNEL assay (Fig. 5A), which is a
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typical marker of apoptosis in the cells. The stably cloned
strain SH-SY5Y/TrkB also demonstrated similar results.
Next, whole cell extracts of CHP134 after treatment with
the candidate compounds were analyzed using SDS/PAGE
followed by Western blotting (Fig. 5B). The compound
treatment induced in the cleavage of PARP and caspase 9.
Also, the p53 protein was stabilized and phosphorylated
at serine 15. These results strongly suggest that the
candidate compounds induce apoptosis in the NB cell
line. To further prove the biological activity of the
candidate compounds, tumor xenograft studies were per-
formed in SCID mice (Fig. 6). Compounds A and G
could significantly decrease the size of tumors in mice
compared to xenografts treated with mock (P < 0.05),
suggesting that the candidate compounds exert antitumor
activity in vivo. In contrast, the acute in vivo toxicity test
(oral and intravenous administrations) using mice has
not shown abnormal signs (data not shown) indicating
that the cellular toxicity of the candidate compounds to
normal tissue is residual.

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 4. Antagonistic effects of compounds A/G against BDNF in SH-SY5Y/TrkB cells. (A) Growth inhibitory effect mediated by the compounds
A and G in the presence or absence of BDNF. The data plotted relative to the cell number without compound (set to 1). Colony formation assay
(B) and cell invasion assay (C) indicating an antagonistic effect between the compounds and BDNF. In the cell invasion assay, the data plotted
relative to the value at day O (set to 1). The P-values between the diamond (0 pmol/L) and cross mark (1 umol/L) at day 5 were less than 0.05 in
all experiments except compound A without BDNF (top left panel). (D) The candidate compounds inhibit phospho-activation of TrkB, which is
mediated by BDNF. Cells were pretreated with or without compuond G (100 umol/L) for 5 min, and were incubated with various concentrations

of BDNF (0, 5, 15, 25 ng/mL) for 10 min.

. . was the induction of apoptosis accompanied by activation
Discussion of p53 and caspase 9 as well as PARP cleavage. The candi-
In this report, we showed that the candidate molecules of = date compounds demonstrated a competitive inhibitory
anticancer drug could be screened effectively and rapidly  effect against BDNF, a natural ligand of TrkB.
by utilizing an in silico docking approach. We identified We generated a possible interaction model between the
several molecules that inhibit cellular growth in NB cell BDNF-binding site of TrkB and small molecules A and G,
lines. The molecular mechanism of this growth inhibition =~ which are able to induce cellular growth inhibition in NB
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Figure 4. Continued

[21, 22]. The docking simulation with molecule A pre-
dicted that the amino acid residues of TrkB, such as
T290, F291, T306, K308, and H343, presumably partici-
pate in the interaction between TrkB and the candidate
molecules (Fig. 3A). Among them, H343 is the only resi-
due that is physically located at the BDNF-binding site.
Therefore, we presume that the small molecule A could
competitively inhibit the binding of BDNF by forming
the n—7n interaction with H343. In addition, one of the
benzene rings of the molecule A was capable of stabilizing
its binding with TrkB by establishing the hydrogen bonds
with T290 and T306. Also, the docking simulation with
molecule G resulted in the prediction that the residues
H335, V336, and H343 of TrkB contribute to the protein-
molecule binding (Fig. 3B). In addition, three hydrogen
bonds are formed between the molecule G and TrkB (one
with H335 and two with H343). We assume that these
hydrogen bonds effectively inhibit the interaction between
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BDNF and TrkB, which may explain the low ICs, value
of the molecule G.

Because the Trk family of proteins is involved in
tumorigenesis, inhibition of tyrosine kinase activity of
TrkB has been extensively examined to develop a novel
therapeutic treatment in NB [23, 24]. So far, there is
no literature reporting an inhibitor specific to TrkB
tyrosine kinase activity. Two types of Trk tyrosine
kinase inhibitor have been reported. Cephalon’s CEP-
751 and CEP-701, namely Lestaurtinib, are structural
derivatives of staurosporine and are nonselective tyro-
sine kinase inhibitors that work on several tyrosine
kinases such as TrkA, TrkB, TrkC, and protein kinase
C. CEP-751 shows potent inhibitory effect on the enzy-
matic activity of Trks both in vitro and in intact cells.
Interestingly, CEP-751 was also found to be without
effect when administered to nude mice bearing SK-OV-
3 tumors, which overexpress erbB2 receptors, indicating

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 5. Induction of apoptosis by the candidate compounds. (A) TUNEL assay demonstrating the induction of apoptosis in CHP134 cells.
Concentrations of candidate compounds are 5 umol/L for compounds A and G. Cells were incubated for 3 days prior to TUNEL reaction. DAPI
(blue), TUNEL signal (red), and merged images were shown for molecules A and G, respectively. (B) Immunoblotting shows the induction of
apoptosis in CHP134 cells. Actin is a loading control.
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Figure 6. Tumor suppression experiment in vivo utilizing xenografts. (A) When the tumor size reaches to 5 mm square after the injection of
CHP134 cells into SCID mice, candidate compounds or mock were treated as described in Material and Methods section. The tumor volume was

measured at the indicated days. The data represent the mean value and the error bar represent standard deviation. (B) Representative pictures of
tumors obtained at the 20th day after starting administration of the chemicals are shown.
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