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Material and methods Small interfering RNA
Patients, umor specimens and cell lines TSLCI siRNA (GUCAAUAAGAGUGACGACUUL) and

One hundred and eight tumor specimens used in the present
study were kindly provided from various institutions und hospitals
in Japan (see Supplementary Information). Informed consent was
obtained at each institution or hospital. All umors were diagnosed
clinically as well as pathologically as neuroblastoma and staged
aomrdmg to Ihe Internationn] Neuroblastoma Staging System
(INSS) criteria.'” Twenty-seven patients were Stage I, 15 Stage 2,
36 Stage 3. 23 Siage 4 and 7 Stage 4S. The patients were treated
by the standard protocols as described previously.'™' MYCnN
copy number, TrkA mRNA expression levels and DNA index
were measured us reported previously.”™ Our present study was
approved by the Institutional Review Board of the Chiba Cancer
Center (CCC7817),

Human tumor-derived cell lines were cultured in RPMI 1640
medium (Nissul, Tokyo, Japan) supplemented with 10% hear-
inactivated letal bovine serum (FBS, Invitrogen, Carlsbad, CA)
and 50 pg/ml penicillin/streptomycin (Invitrogen) in an incubator
with humidified air at 37°C with 5% CO,.

Array-comparative genomic hybridization

Array-CGH analysis was performed using UCSF BAC array
(2464 BACs, =] Mb resolution) with 236 primary neuroblasto-
mas. Detailed experimental procedures and the criteria for losses
and gains were described previously,

LOH analysis

Genomic DNA prepared from neurob and bloods was
amplified by PCR-based strategy using the primer set, one of
which was labeled with Auorescent dye CYS. The amplified Imag-
ments including 3 polymorphic STS markers encompassing
TSLC!, DIIS4111, D11S2077 and D11S1885, were separated by
6% polyacrylamide gels containing 6 M urea using an automated
ALF express DNA sequencer.

Se ive and ive reverse
transe ription-PCR m:a.*;.urs

Total RNA was prepared from the indicated primary neuroblas-
tomas, various human normal tissues and tumor-derived cell lines
were subjected to semiquantitative RT-PCR using SuperScript 11
reverse tmnscriptase and random primers (Invitrogen), according
1o the manufacturer’s instructions, Oligonucleotide primer set used
1o amplify TSLC/ by semiquantitative RT-PCR was as follows: 5'-
CATTTTGGAATTTGCCTGCT-3 (sense) and 5'-GGCAGCAG-
CAAAGAG TTTTC-3 (nnlisense), Qu.nnlimive real-time PCR
was carried out using TagMan(R) Gene Expression Assay Syslem
(Applied Biosystems, Foster City, CA) as described previously ™
In brief, expression levels were calculated as a ratio of mRNA level
for a given gene relative to mRNA for GAPDH in the same cDNA.,
The oligonucleotide primers and TagMan probes, labeled at the 5'-
end with the reporter dye 6-carboxyfluorescein (FAM) and at the
3-end with 6-carboxytetmmethylrhodamine (TAMRA), were pro-
vided by Applied Biosystems (Hs00942508_m1).

Immunohistochemistry
heddead

Stealth RNAi Negative Control Duplex were purchased from
Sigma-Aldrich (5t. Louis, MO) and Invitrogen, respectively,

Transfection
Neuroblastoma-derived SH-SYSY cells were transfected with
the indicated combinations of expression plasmids or with siRNA
against TSLC1 using Lipofect AMINE 2000 or LipofectAMINE
RNAJMAX :rnmfulmn reagent (Invitrogen), according to the
dations.

...... "5 e

Coleny formation assay

SH-SY5Y and SK-N-AS cells (1 % 10* cells/plate) were seeded
in 6-well cell culture plates and transfected with or without the
increasing of the exp lasmid for TSLC1 (0, 250,
750 or 1,000 ng). Total amounts of plasmid DNA per transfection
were kept constant (1 pg) with the empty plasmid (pcDNA3.1-
Hygro (+): Invitrogen). Forty-eight hours afier transfection, cells
were transferred into the fresh medium containing hygromycin (at
a final concentration of 200 pg/ml) and maintained for 14 days,
Drug-resistant colonies were then stained with Giemsa's solution
and bers of drug colonies were scored,

Cell growth assay

SH-SYSY cells (6 % 107 cells/dish) were seeded in 10-cm di-
ameter cell culture dish and transiently transfected with sIRNA
against TSLC1 (240 pmol). Thirty-six hours after transfection, 2
% 10" cells were transferred into 6-well plates and transfected
with 60 pmaol of siRNA against TSLCL. At the indicated time
points after tansfection, number of viable cells was measured
using a Coulter Counter (Coulter Electronics, Hialeah, Finland),

Bisulfite-sequencing

Sodium bisulfite-mediated modification of genomic DNA was
performed using BisulFast Methylated DNA Deteciion Kit
(Toyobo, Osaka, annn) according to the manufacture’s instruc-
tions. Modified genomic DNA was subjected to PCR- hascd ampli-
fication with a primer set as described previously,™ The PCR
products containing the promoter region of TSLC/ gene were puri-
lied by PCR Purification Kit (Qiagen, Valencia, CA) and their nu-
cleotide sequences were detenmined by using a 3730 DNA Ana-
lyzer (Applied Biosystem),

Statistical analysis

Fisher's exact tests were employed 1o examine possible associa-
tions between TSLC/! expression and other prognostic indicators
such as age. The difference between high and low expression lev-
els of TSLC! was based on the mean value obtained from quantita-
tive real-time PCR analysis, Kaplan-Meier survival curves were
calculated, and survival distributions were compared using the
log-rank test. Cox regression models were used to investigate the
associations between TSLCT expression levels, age, MYCN ampli-
fication status, INSS and survival, Differences were considered
significant if the p-value was less than 0.05,

Results
Array-comparative genomic hybridization analysis identifies the
Hest region of overlaps of deletion in newroblastoma at 11q23

A 4-pm-thick section of formalin-fixed, parnfﬁr fed tis-
sues were stained with hematoxylin and eosin and the adjacent
sections were immunostained for TSLCI using polydunul anti-
TSLCI antibody (CC2) as described previously.'” The Bench-
Mark XT immunostainer (Ventana Medical Systems, Tucson, AZ)
and 3-3 diaminobenzidine detection kit {(Vemana Medical Sys-
tems) were used to visualize TSLCI. Appropriate positive and
negative control experiments were also performed in parallel for.
each immunostaining,

We have previously performed army-CGH analysis using
UCSF BAC army (2464 BACs, =1-Mb resolution) and 236 pri-
mary neuroblastomas.” In our array-CGH study, 66 umors were
revealed to have pamial deletion of 11q as shown in Figure la,
whose SRO were approximately |0-Mb long at 11923 (from phys-
ical location of 110,979 10 119,806 kb in UCSC database, May
2006), To date, the data base analysis demonstrated that there
could exist approximately 100 genes within this region. Of inter-
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FiGure 1 - Tdentification of the SRO of deletion at 11q in primary neuroblastoma, («) Amy-CGH analysis. Blue color indicates the position
of the deleted area in each case. The smallest region of overlaps (SRO) of deletion at 11q is also shown. (h) The schematic drawing of the rela-

tive positions of 3 independent polymomphic markers at 11423 used in
senttive electropherog ined from LOH analysis. Genomic D
was subjected 1o LOH analysis. Alle

est, TSLC! gene which has been considered as a putative tumor
suppressor for human lung as well us other cancers” locates within
this region (Fig. 1b), These observations prompted us to perform
loss of heterozygosity (LOH) as well as expression studies of
TSLCI gene in primary neuroblastoma,

LOH at the TSLC| locus is frequently detected in primary
newroblastoma

According 10 the previous observations,™ tumor-specific
downregulation of TSLCT gene might be largely attributed 1o loss
of one allele in ussociation with the hypermethylation of its pro-
moter region in the remaining allele, To address whether LOH of
TSLC! locus could be frequently detectable in primary neuroblas-
toma, we carried out LOH analysis using 3 independent fluores-
cently labeled polymorphic microsatellile markers (D1 151885,
DI152077 and D1154111) surrounding TSLCI gene (Fig. 1b). In
accordance with the previous results,”™~* the incidence of 11q23
LOH was 22% (7 of 32) and 45% (18 of 40) in favorable neuro-
blastomas (Stage 1 or 2) and unfavorable ones (Stage 3 or 4),
respectively (data not shown). Statistical Fisher's exact test analy-
sis revealed that the presence of LOH ar this locus is associated
with unfavorable neuroblastomas (p = 0.0493; data not shown), It
is worth noting that LOH is detectable at DJ/5/885 but not at
D1154111 in Case 3 wmor (Fig. 1¢), indicating that a putative
chromosome breakpoint might exist between these loci.

the present study and TSLC'/ gene on human chromosome | 1. (¢) Repre-
NA prepared from primary twumors (T) and their correspanding blood (C)

lic losses are indicated by arrowheads, NI, not informative,

Downregulation of TSLC expression is frequently observed in
unfavorable neuroblastomas

Based on the previous observations,'''* the expression levels
of TSLC! were significantly reduced in ndvanced stages of tumors
as compared with those in early stages of tumors. We then exam-
ined the expression levels of TSLCT in 16 favorable neuroblasto-
mas without MYCN amplification and 16 unfavorable ones with
MYCN amplification. As clearly shown in Figure 2a, TSLC! was
expressed at lower levels in unfavorable neuroblastomas relative
to favorable ones us examined by semiquantitative RT-PCR. To
ask whether there could exist a possible relationship between
downregulation of TSLC! and MYCN amplification, we examined
the expression levels of TSLCI in various neuroblastoma-derived
cell lines bearing single copy of MYCN or MYCN amplification.
As shown in Supplementary Figure la, a significant downregula-
tion of TSLC! expression was detected in 2 of 6 neuroblastoma
cell lines carrying single copy of MYCN (OAN and CNB-RT) and
in 4 of 21 (CHP134, KP-N-NS, SK-N-DZ and NMB) bearing
MYCN amplification as ex i by semi itative RT-PCR.. In
addition, there was no obvious correlation between the expression
levels of TSLCT and loss of 11q except OAN, SK-N-DZ and
NMB. Next, we checked the expression levels of TSLC/ in various
human adult and fetal tissues, As seen in Supplementary Figure
Ib, TSLC! was highly expressed in normal neuronal tissues, adre-
nal gland, testis, prostate and liver. Our present results suggest
that TSLC/ is expressed in normal neuronal tissues and its expres-
sion levels might be regulated in a MYCN-dependent manner in
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Figuae 2 - Expression levels of TSLCI in primary neuroblastomis. (a) Expression of TSLC/ in 16 favorable neuroblastomas bearing single
copy of MYCN (Stage 1, higher expression levels of TrkA) and 16 unfavorable ones carrying MYCN amplification (stages 3 und 4, lower expres-
sion levels of TrkA). Total RNA was prepared from the indicated neuroblustoma tissues, reverse transcribed and amplified by PCR to examine
the expression levels of TSLC). GAPDH serves as an internal control. (b) Kaplan-Meier survival curves of pati with bl based
on higher or lower expression levels of 7SLC!. Expression levels of TSLC/ in 108 primary neuroblastoma samples categorized by their clinical
stage were examined by a quantitative real-time PCR. Relative expression levels of TSLC! mRNA were determined by calcularing the ratio
between GAPDH and TSLCY. (¢) Immunohistochemical analysis. Tumor samples derived from Case 5 (favorable neurobiastoma bearing single
copy of MYCN), Case 11 (unfuvorble neuroblastoma with MYCN amplification) and Case 14 (unfavorable neuroblastoma carrying single copy
of MYCN) were fixed and stained with polyclonal anti-TSLC1 antibody.

primary neuroblastoma but not in neuroblastoma-derived cell TABLE | = CORRELATION BETWEEN TSLC/ EXPRESSION AND OTHER
lines ° PROGNOSTIC FACTORS OF NEUROBLASTOMA
TSLCT expression
o ; : Tarms High TSLCY LowTSICI Ll
Lower expression levels of TSLC! are associated with poor B (= 40) (0 = 68

outcome of neuroblastoma Age (year)
/ vei

To evaluate whether there could exist a possible relationship <15 23 29
between TSLCI expression levels and clinicopathological factors >1.5 17 30 0.1646
of neuroblastoma patients, we have performed a quantitative real- Tumor origin
time PCR. For this purpose, totnl RNA prepared from 108 primary Adrenal grand 20 36
Others 20 30 0.6915

neuroblastoma samples was subjected to a quantitative real-time

PCR. According to the mean values of its expression levels b“'lgt’ 4 5
obtained from a quantitative real-time PCR, these patients were o 16 13 0.0074
divided into 2 groups including 40 patients with tumors expressing Shimuda pathology '
higher levels of TSLC/I (High TSLC!) and 68 patients with tumors Favorable 31 35
expressing lower levels of TSLCT (Low TSLCT). As shown in Ta- Unfavorable 6 22 0.0227
ble I, the significanmt differences were detectable between the MYCN copy number
above-mentioned 2 ips with respect to INSS stage, Shimada’s Single 38 51
pathological classification, copy number of MYCN, TrkA expres- _ Amplified 2 17 0.0086
sion levels and DNA index. In contrast, no significant differences r’:i‘ SHIESIRN - ;
were observed between them with respect 1o their age, tumor ori- L(Isl\{‘ if, # 0.0090
gin and LOH on TSLC/ locus, DNA index = E :

We then examined whether there could exist a possible correla- Diploidy 8 39
tion between the expression levels of TSLC/ in primary neuroblas- Aneuploidy % 19 <0.0001
tomas and the survival of patients with neuroblastomas, The log- L(:H‘ 3 23
rank test showed that lower expression levels of TSLC/ signifi- (+) 9 16 50,9999

cantly correlate with unfavorable outcome (p = 0.007) as shown
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TABLE 11 - IMMUNOHISTOCHEMICAL ANALYSIS OF TSLC/ EXPRESSION 1N PRIMARY NEUROBLASTOMAS

_ Cae  AgefGendec MYCN INPC Primary sw Suage (INSS) TSLCT
4 Hm/M NA NBL, Poorly diff., Low MKI, FH Mediastinum Stage | (+)
§ Tm/M NA NBL, Poorly diff., Low MKI, FH Adrenal Stage | (+)
6 9mM NA NBL, Poory diff., Low MKI, FH Adrenal Stage | (+)
7 25mM NA NBL, Diffesentiaung, Low MKI, FH Adrenal Stage 4 (+)
8 29mM NA NBL, Differentiating, Low MKI, FH Mediastinum Stage 2 (+)
4 13mM A NBL, Poorly diff.. High MKI, UH Adrenal Stage 4 {-)
10 13ImM A NBL, Poorly diff., Low MKI, UH Abdominal Stage 4 (-)
11 18 mM A NBL, Poorly diff., Low MKI, UH Adrenal Stage 3 (=)
12 B yM NA NBL, Poorly diff., Low MKI, UH Adrenal Stage 4 {+)

13 & mM NA nGNB (NBL, poorly diff., Low MKI), UH Mediastinum Stage 2 (=W+)
14 20 mM NA NBL, Poorly diff.. Low MKI, UH Adrenal Stage 3 (+)

m, months; ¥, years; M, male; NA, not amplified; A, amplified; NBL, » nGNB, nodular gangli Al MKIL,

kil.rl}!m:.!iﬁ index; FH, favorable histology; UH, unfavorable histology: (+), positive: (—), negative.

1i h 4

Neuroblastoma component showed negative of TSLCI signals, wi

gangl positive of TSLC| signals,
a b
- - -
<464 AAGGTGAGTGACGGAAATITGTA
Hizas
GTTIGGTICGCTAGGCCAGAT
:"1 [ [ ]
" " fn
GCACTCGGTGTGCGGGACAGAG
(W) [
"2 3
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Fisure 3 - Bisulfire-sequencing analysis of TSLC/
19 ol

cleotide sequence spanning from =464 1o -3 to the

gene promoter in

nedroblastoma-derived cell lines and primary neuroblastomas. (a) Nu-

site (+1). Six CpG sites are shown. Primer sequences

used for PCR-bused amplification are underlined. (h) Bisulfite-sequencing analysis. Sequencing histograms showing the methylation status of
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the positions

of the

at the indicated CpG sites, H1209

¥ L
cells were used as a positive comtrol. [Color figure can be viewed in the online issue, which is available nt www.interscience wiley .com. ]

in Kaplan-Meier cumulative survival curves (Fig. 25 and Supple-
mentary Table I). Additionally, multivariable Cox analysis dem-
onstrated that only clinical stage and MYCN amplification are sig-
nificantly associated with their survival (Supplementary Table I1),
suggesting that TSLC/ expression levels strongly correlate with
these factors.

To further confirm the expression levels of TSLCI in primary
neuroblastomas, we employed i histochemical staining of
TSLCI in Il primary neuroblastomas, including 5 favorable neu-
roblastomas bearing single copy of MYCN, 3 unfavorable neuro-
blastomas carrying single copy of MYCN and 3 unfavorable neuro-
blastormas with MYCN amplification. As shown in Figure 2.
TSLCI appeared to be detectable at the cell—cell boundary of the
tumaors (cases 5 and 14) but not in Case 11. The immunohisto-
chemical data were summarized in Table I1, TSLC) was detecta-
ble in tumors with favorable histology bearing single copy of
MYCN (cases 4-8), whereas cases 9-11 with unfavorble histol-
ogy carrying MYCN amplification did not express TSLCI. In addi-
tion, Case 13 was a nodular gangli bl whose lio-

and e

m ma components were TSLCI-pasitive
and -negative, respectively. OF note, TSLCI was detected in

tumors with unfavorable histology bearing single copy of MYCN
(cases 12-14), These observations indicate that there exists an
inverse relationship between the expression levels of TSLC1 and
MYCN amplification in primary neuroblastomas,

No promater methylation of TSLCI gene in newroblastoma cell
lines and primary newroblastomas

Based on our present results, lower expression levels of TSLC/
gene in unfavorable neuroblastomas might not be due to allelic
loss of TSLC! locus. Since accumulating evidence strongly sug-
gests that the downregulation of TSLC! in several cancers is asso-
cisted with the hypermethylstion of its  promoter
region, !534 e Sought 1o examine whether the hyper-
methylation of TSLC] promoter region could be delectable in
unfavorable neuroblastomas. For this purpose, we directly exam-
ined the methylation status of 6 cytosine residues of CpG sites
within a putative TSLC! promoter region (Fig. 3a) by bisulfite-
sequencing in 27 cell lines and 115 primary neuroblastomas. So-
dium bisulfite modification of genomic DNA convens unmethy-
lated cytosine residues 10 uracil residues but does not affect meth-
ylated cytosine residues. Unexpectedly, methylated cytosines
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were undetectable in all primary neuroblastomas and cell lines,
whereas hypermethylation was readily detected in human lung ad-
enocarcinoma-derived H1299 cell line used as a positive control
(Fig. 3h). Our present findings ruled out the possibility that the hy-
permethylation of TSLC/! promoter region contributes to the
downregulation of TSLC! gene in unfavorable neuroblastomas, Of
note, the treatment of neuroblastoma-derived SH-SYSY and CHP-
134 cells with TSA (trichostatin A) resulted in a remarkable upre-
gulation of TSLC] (Fig. 4). Since TSA is a histone deacetylase in-

SH-SYSY CHP134

Fisune 4 — Upregulation of TSLC/T in cells exposed 10 TSA, SH-
SYSY und CHP-134 cells were treated with TSA (at a final concentra-
tion of 100 ng/ml) or left untreated. Twelve hours after treatment, total
RNA wus preparcd and analyzed for the expression levels of TSLC! by
semiquantitative RT-PCR. GAPDH was used ns an intemul control,
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hibitor, it is possible that the acetylation status of histone plays an
important role in the regulation of TSLCT expression,

TSLCI has an ability to suppress cell growth
of newroblastoma cells

To examine whether TSLC1 could have an ability 1o suppress
neuroblastoma cell proliferation, we performed colony formation
assays. Neuroblustoma-derived SH-SYSY cells were transfected
with or without the increasing amounts of the TSLCI expression
plasmid and maintained in fresh medium containing hygromycin
for 14 days. As shown in Figure 5a, number of drug-resistant colo-
nies was significantly reduced in a dose-dependent manner as
compared with that in cells transfected with the empty plasmid
alone, Similar results were also obtained in neuroblastoma-derived
SK-N-AS cells (Supplementary Fig. 2). Next, we sought to exam-
ine a possible effect of the endogenous TSLCI on neurablastoma
cell growth, To this end, SH-SYSY cells were tmnsiently trans-
fected with control siRNA or siRNA against TSLCIL. As shown in
Figure 5b, siRNA-mediated silencing of the endogenous TSLC/
was successful under our experimental conditions. Consistent with
the present results obtained from colony formation assays, siRNA-
mediated knockdown of TSLCI resulted in an accelerated cell
proliferation relative to the control cells (p < 0.05), Thus, it is
likely thar TSLC1 has an ability 1o suppress neuroblastoma cell
proliferation.

Number of drug-resistant
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Ficune 5 = Growth-suppressive potential of TSLCI in neuroblastoma cells. (a) Colony formation assay. SH-SYSY cells were transfected

with the increasing amounts of the expression plasmid for TSLCI (0,

250), 750 or 1,000 ng). Total amounts of plasmid DNA per transfection

were kept constant (1 pg) with pcDNA3. Forty-eight hours after transfection, cells were transferred into the fresh medium comaining hygromy-

cin (at a final concentration of 200 pg/ml) and incubated for 2 weeks.
and number of drug-res
transfected with control SIRNA or with siRNA against TSLCI, Forty-

Drug-resistant colonies were stained with Giemsa's solution (left panel)

nt colonies was scored (right panel). (h) siIRNA-mediated knockdown of TSLCI. SH-SY5Y cells were transiently

-eight hours after transfection, total RNA was prepared and subjected to

semiguantitative RT-PCR (left panel). At the indicated time periods after transfection, number of viable cells was measured in triplicate (right
panel). The differences between the growth rate of control cells and TSLCI-knocked down cells were statistically significant (p < 0.05). [Color
figure can be viewed in the online issue, which is available at www. interscience, wiley.com. ]
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Discussion

In the present study, we have d ated that the expression
levels of a candidate tumor suppressor gene termed 7SLC/ are sig-
nificantly associnted with unfavomble outcome of patients with
neuroblastomas. Our aray-CGH studies revealed that TSLCT gene
locates within the SRO of deletion in primary neuroblastoma at
14, Indeed, its expression levels in primary neuroblastomas cor-
related with several prognostic indicators for neuroblastoma such
as stage, Shimada's pathological classification, MYCN amplifica-
tion status, TrkA expression levels and DNA index. Furthermore,
TSLCI had an ability to suppress nearoblasioma cell proliferation,
Thus, it is likely that TSLCI acts as a putative wmor suppressor
for neuroblastoma,

As described previously, loss of TSLC/ expression in primary
esophageal squamous cell carcinoma (ESCC) preferentially corre-
lated with invasion and metastasis,'* and a remarkable reduction of
TSLC! expression levels was observed in primary lung adenocarci-
nomas with advanced stage." In addition, TSLCI expression was
undetectable in 48% of benign (Grade 1), 69% of atypical (Grade
I1) and 85% of anaplastic (Grade T1T) meningiomas.'® Consistent
with (hese observations, a significant downregulation of TSLC/ was
seen in unfavorable neuroblastomas bearing MYCN amplification as
compared with favorable ones carrying single copy of MYCN, indi-
cating that the decreased expression levels of TSLC/ is one of the
genenil properties of human luding bl
tomi.  Intriguingly, there might exist an inverse relationship
between the expression levels of TSLC/ and MYCN amplification
status in primary neuroblastoma. Indeed, our i histoch

hemical
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and cervical cancer, might be due 10 the hypermethylation of its
promoter region.”***" In a sharp contrast to these cancers, we did
not detect the hypermethylation of the promoter region of TSLCT
gene in primary neuroblastomas as well as neuroblastoma-derived
cell lines under our experimental conditions. During the prepara-
tion of our article, Nowacki ef al. found thai there is no TSLCI-
specific hypermethylation in bl * Similarly. the hy-
penmethylation of TSLCI promoter region wus not detectable in
medulloblastoma.’' According to the previous results, RASSFIA
and CASPS gene promoters were frequently hypermethylated in
primary neuroblastoma and neuroblastoma cell lines.® Thus, it is
conceivable that, unlike the other cancers, hypermethylation of the
promoter region of TSLC/ does not contribute (o its downregula-
tion in neuroblastoma, and there might exist as yel unknown tis-
sue-specific regulatory mechanisms of TSLC! transcription, Of
note, the treatment of neuroblasioma-derived SH-SYSY and CHP-
134 cells with TSA (trichostatin A) resulted in a remarkable upre-
gulation of TSLC. Since TSA is a histone deacetylase inhibitor, it
15 likely that the acetylation status of histone plays an important
role in the regulation of TSLC/ expression. Further studies should
be required to address this issue.

Several lines of evidence indicate that TSLCI has an ability 10
delay the cell cycle progression.'*'"** Altematively, enforced

pressi TSLCI Ired in an activation of proapoptotic cas-
pase-3 and induction of proteolytic cleavage of its subsirate
PARP.™ These findings strongly suggest that TSLC1 has an anti-
proliferative and/or proapoptotic activity. In a good agreement
with Ihis notion, our present results demonstrted that enforced

analysis demonstrated that TSLCI is detectable even in unfavorable
neuroblastoma without MYCN amplification (Case 14). In o sharp
contrast (o primary blastomas, the expression levels of TSLC/
might be regulated in a MYCN-independ in bl
toma-derived cell lines. Although the precise molecular mecha-
nisms behind the dysregulated expression of TSLC/ in neuroblas-
toma cell lines, it might be due to certain genetic alterations
occurred during the establishment of these cell lines.

Based on our present results, the presence of LOH at 11q was
associated with unfavorable outcome of patients with neuroblasto-
mas, however, there were no significan! correlation between |1q
LOH and the decreased expression levels of TSLCI. In accordance
with these observations, the expression levels of TSLC/ in neuro-
blastoma-derived cell lines were independent on their LOH status.
These results suggest that the reduced expression levels of TSLC/
in primary neuroblastomas are not attributed to haploinsufficiency.
Alternatively, accumulating evidence strongly suggests that down-
regulation of TSLC! in various cancers including lung cancer, he-
patocellular carcinoma, pastric cancer, pancrealic adenocarci-
noma, prostate cancer, breast cancer, nasopharyngeal carcinoma

exp of TSLCI in SH-SYSY cells as well as SK-N-AS cells
decreases the number of drug-resistant colonies, and enforced
depletion of the endogenous TSLC1 in SH-SYS5Y cells leads to an
accelerated cell proliferation, which was consistent with the recent
observations.’ Collectively, our present findings suggest that
TSLCI acts ns a mmor suppressor for neuroblastoma, and also
might contribute to the sp gression of neurobl
arising from neuronal apoptosis and/or differentianion,
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Deletion of the distal region of chromosome 1 frequently
occurs in a variety of human cancers, including aggressive neu-
roblastoma. Previously, we have identified a 500-kb homozy-
gously deleted region at chromosome 1p36.2 harboring at least
six genes in a neuroblastoma-derived cell line NB1/C201.
Among them, only KIFIBf, a member of the kinesin superfam-
ily proteins, induced apoptotic cell death. These results
prompted us to address whether KIFI1Bf could be a tumor sup-
pressor gene mapped to chromosome 1p36 in neuroblastoma,
Hemizygous deletion of KIF1Bf in primary neuroblastomas was
significantly correlated with advanced stages (p = 0.0013) and
MYCN amplification (p < 0.001), whereas the mutation rate of
the KIF1Bp gene was infrequent. Although KIFIBg allelic loss
was significantly associated with a decrease in KIFIBf mRNA
levels, its promoter region was not hypermethylated. Addition-
ally, expression of KIFIBf was markedly down-regulated in
advanced stages of tumors (p < 0.001). Enforced expression of
KIF1B resulted in an induction of apoptotic cell death in asso-
ciation with an increase in the number of cells entered into the
G,/M phase of the cell cycle, whereas its knockdown by either
short interfering RNA or by a genetic suppressor clement led to
an accelerated cell proliferation or enhanced tumor formation
in nude mice, respectively. Furthermore, we demonstrated that
the rod region unique to KIFIB is critical for the induction of
apoptotic cell death in a p53-independent manner, Thus,
KIF1BB may act as a haploinsufficient tumor suppressor, and its
allelic loss may be involved in the pathogenesis of neuroblas-
toma and other cancers.

Neuroblastoma is one of the most common malignant solid
tumors occurring in infancy and childhood and accounts for
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10% of all pediatric cancers (1). Neuroblastomas are derived
from sympathetic neuroblasts with various clinical outcomes
from spontancous regression because of neuronal differentia-
tion and/or apoptotic cell death to malignant progression.
Extensive cytogenetic and molecular genetic studies identified
that genetic abnormalities such as loss of short arm of chromo-
some 1 (1p), amplification of MYCN, and 17q gain are fre-
quently observed and often associated with poor clinical out-
come (2, 3). The actual prevalence of 1p deletion in
neuroblastoma is ~35% (4—9). Thedeleted regions were exten-
sively mapped to identify the candidate tumor suppressor
gene(s) that has been deleted out from this region (10-17). A
chromosomal locus 1p36 is frequently deleted in aggressive
neuroblastoma, pheochromocytoma, colon, liver, brain, breast,
and other cancers (18, 19). Transfer of 1p chromosome seg-
ments into neuroblastoma-derived cell line NGP.1A.TR1
resulted in a significant suppression of their tumor formation
(20). Furthermore, previous studies indicated that there is no
single site of deletion on the distal part of 1p36, but thete are at
least three discrete regions that are commonly deleted in neu-
roblastoma, indicating that they may harbor potential tumor
suppressor gene(s) (8).

Tumor suppressor genes, one of the main classes of cancer-
associated genes, encode inhibitors of cell proliferation and/or
activators of apoptotic cell death and are involved in a variety of
molecular mechanisms behind cell growth suppression (21).
Tumer suppressor genes frequently mutated in other malig-
nancies do not appear to play a major role in the generation of
neuroblastoma, indicating that development of this type of
tumor employs one or more previously unidentified genetic
pathways. To date, a majority of candidate tumor suppressor
genes has been identified by mapping the minimal deleted
region and searching for the intact homologous region of
mutated genes. This experimental strategy fails when the sec-
ond allele is silenced by promoter hypermethylation or the tar-
geted gene is haploinsufficient for tumor suppression, a situa-
tion where loss of one allele confers a selective advantage for
tumor growth, Several examples of such haploinsufficiency for
tumor suppression have been demonstrated in the case of
p275%4, p53, and PTEN (22, 23).

We and other investigators have previously identified a
500-kb homozygous deletion at 1p36.2 harboring at least six
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genes, PEX14, UFD2a, KIFIB, CORT, DFF4S, and PGD, in a
neuroblastoma-derived cell line NB1/C201 (12, 15, 24). In this
study, we have demonstrated that only KIFIBB, a member of
the kinesin 3 family genes (25), might be a tumor suppressor
gene mapped to chromosome 1p36 in neuroblastoma. Kinesins
are microtubule-dependent intracellular motors involved in
the transport of organelles, vesicles, protein complexes, and
RNA to specific destinations (26, 27). KIF1B encodes two alter-
natively spliced isoforms, including KIF1Ba and KIF1Bg, and
both form homodimers and transport mitochondria and syn-
aptic vesicle precursors, respectively (28). The NH,-terminal
motor domain of KIFIBe is identical to KIF1BB, whereas
COOH-terminal tails share no structural homology. A point
mutation in the ATP-binding site within the motor domain of
KIF1Bp has been closely linked to Charcot-Marie Tooth dis-
ease type 2A (29).

In this study, we cloned a full-length KIFIBB cDNA, gener-
ated recombinant adenovirus encoding KIF18, and examined
its biological role in neuroblastoma and other cell lines. We
systematically analyzed KIF1Bg for LOH,* mutation, and pro-
moter methylation. Our genetic and functional analyses clearly
showed that KIFIBB is a tumor suppressor, although not a clas-
sic one. KIF1Bp might act as a haploinsufficient tumor suppres-
sor, and its down-regulation might potentially contribute to
tumorigenesis of cancers, including neuroblastoma.

EXPERIMENTAL PROCEDURES

Cell Lines and Tumor Samples—Human neuroblastoma
(NB) cell lines such as SH-SY5Y, NB1, and SK-N-BE were
grown in RPMI 1640 medium supplemented with heat-inacti-
vated fetal bovine serum, 100 units/ml penicillin, and 100
pg/ml streptomycin. NMuMG, COS7, HEK293, and HelLa cells
were grown in Dulbecco’s modified Eagle’s medium containing
10% heat-inactivated fetal bovine serum, 100 units/ml penicil-
lin, and 100 pg/ml streptomycin. Tumor DNA and RNA sam-
ples were obtained from our Neuroblastoma Resource Bank.
Informed consent was obtained at each hospital.

GSE-mediated Tumor Formation in Nude Mice—GSE assay
was performed as described previously (30). In brief, a cDNA
fragment (nucleotide number 2658-3115 of GenBank'™
accession number AB017133) corresponding to the unique
region of KIF1Bf was amplified by PCR-based strategy and sub-
cloned into the Hpal site of the pLXSN vector in an antisense
orientation to give pLXSN-antisense KIFIBS. NMuMG mam-
mary gland cells (1 X 10° cells) infected with pLXSN or with
pLXSN-antisense KIF18f were inoculated subcutaneously into
the femoral region of nude mice. In the experiments using live
animals, we strictly followed the Chiba Cancer Center Research
Institute guidelines and protocols for handling live animals.

Construction of Expression Plasmids and Recombinant
Adenovirus—KIFI1B splicing variants I, I11, and IV fused to the
FLAG epitope at their NH, termini were amplified by PCR

? The abbreviations used are: LOH, loss of heterogeneity; CGH, comparative
genomic hybridization; FHA, forkhead-associated; GSE, genetic suppressor
element; KIF, kinesin superfamily protein; NB, neuroblastoma; NGF, nerve
growth factor; FACS, fluorescence-activated cell sorter; siRNA, short inter-
fering RNA; MTT, 3-(4,5-dimethyithiazol-2-yl}-2,5-diphenyltetrazolium
bromide; RT, reverse transcription; GFP, green fluorescent protein.
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using ¢cDNA prepared from CHP134 cells as a template and
subcloned into pcDNA3.1 (Invitrogen). KIF1BB-GFP deletion
constructs were produced by PCR-based amplification. The
recombinant adenovirus was constructed as described previ-
ously (31). Briefly, KIFIBB ¢cDNA was subcloned into
pHMCMV6 adeno-shuttle vector. The shuttle vector was then
digested with I-Ceu land PI-Sce 1 and inserted intothe identical
restriction sites of the adenovirus expression vector pAdHM4.
All of the recombinant vectors were verified by DNA sequenc-
ing. Recombinant adenoviruses were produced by transfecting
the Pacl-digested expression constructs into HEK293 cells. An
expression vector encoding GFP was used to monitor the effi-
ciency of infection.

Mutation Analysis— For the detection of KIF1BS mutations,
we designed primer sets covering the motor domain and 2 kb of
the 5'-upstream region of KIF1Bp. After PCR-based amplifica-
tion, PCR products were separated by 5% nondenaturing poly-
acrylamide gels. After electrophoresis, PCR products were gel-
purified and subcloned into pGEM-T Easy Vector (Promega),
and their DNA sequences were determined by an automated
DNA sequencer (Applied Biosystems).

Flow Cytometry—Cells were fixed in ice-cold 70% ethanol,
treated with 50 mm sodium citrate, 100 pg/ml RNase A, 50
pg/ml propidium iodide and subjected to FACS analysis (BD
Biosciences) according to the manufacturer’s instructions.

Construction of KIFIBf siRNA Expression Vector—An
siRNA expression vector termed pMuniH1, in which the cyto-
megalovirus promoter of pcDNA 3.1 was replaced with the H1
promoter, was generated, Sense and antisense oligonucleotides
for KIF1BB (nucleotide number 371-389 of GenBank '™ acces-
sion number AB017183) were joined by a 9-base loop, annealed,
and subcloned into pMuniH1.

Luciferase Reporter Assay—The genomic fragments corre-
sponding nucleotide positions —887/+106, —630/+106, and
—294/+106 of the KIFI1BB gene were amplified from human
placenta genomic DNA and cloned into pGL3-Basic luciferase
reporter plasmid (Promega) to give pGL3(—887/+106),
pGL3(—630/+106), and pGL3(—294/+4106). For luciferase
assay, SK-N-BE cells were transfected with pRL-TK (Promega)
encoding Renilla luciferase cDNA and the indicated luciferase
reporter constructs. Forty eight hours after transfection, firefly
and Renilla luciferase activities were measured by dual-lucif-
erase reporter assay system (Promega), and firefly luciferase
activity was normalized to Renilla luciferase activity.

Methylation-specific PCR—The methylation status of the
promoter region of KIFI1BS was assessed by methylation-spe-
cific PCR as described previously (32).

Cell Cycle Analysis—Cells were fixed in 3.7% formaldehyde
and permeabilized with 0.2% Triton X-100 and DNA was
stained with 0.1 pg/ml of 4',6"-diamidino-2-phenylindole. Cel-
lular DNA content was analyzed by laser scanning cytometry
(LSC2 System, Olympus).

Array-CGH Analysis—Array CGH analysis of 112 sporadic
primary neuroblastomas using a chip carrying 2,464 bacterial
artificial chromosome clones was conducted as described pre-
viously (33). All array-CGH data are available at NCBI Gene
Expression Omnibus (GEO, www.ncbi.nlm.nih.gov) with
accession number GSE 5784.
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FIGURE 1. KIF18[3 has a growth-suppressive activity in vitro. A, NB1 (Jeft panel) and NMuMG (right panel) cells
were infected with recombinant adenovirus encoding LacZ or KIF1B£ at the indicated multiplicity of infection
(MON. At the indicated time points after infection, the number of viable cells was measured. 8, Hela cells stably
expressing control SIRNA-2 or siIRNA-5 against KIF 1B were th-d dtheexp levels of the endog-
enous KiF 1B were examined by RT-PCR (left panel), Glyceraldehyde-3-phosph (GAPDH)
was used as an internal control. Number of viable cells was measured at the |ndicated time pcunts (right panel).
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FIGURE 2. Enforced expression of KIF18 induces growth ion in blast derived cell

lines, A, MTT assay. Neumbi lstoma-deﬂved SH-S5YSY and NB1 cells were infected with the indicated recombi-
nant adenoviruses, including empty irus (pAdNull) at a 200 multiplicity of infection (MO (filled boxes) or
left untreated (open boxes), Twemy four hours after infection, infected SH-SY5Y and NB1 cells were seeded at a
density of 1 % 107 cells/96-well plates and allowed to attach. Ninety six hours after infection, 10 ul of MTT
solution was added to each well and incubated for 3 h at 37 °C (Jeft panel). Right panels show the expression of
the indicated splicing variants of KIF 182 as examined by Immunoblotting (1) with anti-FLAG antibody. 8, col-
ony formation assay. SH-5Y5Y and NB1 cells were transfected with an empty plasmid or wﬁh 'Ihe indicmed
expression plasmids. Forty eight hours after transfection, cells were ferred into fresh

500 ug/mi of G418 and incubated for 2 weeks. After selection with G418, G418-resistant viable coloﬂlﬂ wur!
stained with Giemsa solution, and number of colonies was scored.

Caspase Assay—Caspase activity was measured by using
caspase-3/7 assay system (Promega) according to the manufac-
turer's instructions.
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Statistics—The Student's ¢ test
was used as a statistical method. Sta-
tistical significance was declared if
the p value was <0.05.

RESULTS

ldentification of KIF1BB as a Can-
didate Tumor Suppressor Mapped to
Chromosome 1p36.2—To search for
a candidate tumor suppressor
gene(s), we first transferred each of
the above-mentioned six genes into
NB1 and nontransformed NMuMG
mouse epithelial cells (30), and we
found that only KIFIBB induces
growth suppression in a dose-
dependent manner (Fig. 14). In
contrast, our preliminary observa-
tions indicated that its alternative
splicing variant KIFIBa lacking a
COOH-terminal rod region has
marginal effects on cell growth in
NB1 cells (data not shown). In sup-
port of these results, siRNA-medi-
ated knockdown of KIFIBg in HeLa
cells without 1p loss markedly
enhanced their cell growth (Fig. 18).
In addition, enforced expression of
KIF1B8B induced growth retardation
in p53-deficient H1299 cells and
HeLa cells in which p53 is inacti-
vated because of the presence of
E6-AP (data not shown).

Overexpression of KIF1BS in Neu-
roblastomas-induced Apoptotic Cell
Death—During PCR-based screen-
ing of human KIFIBB ¢cDNA from
human neuroblastoma cell lines, we
identified at least four splicing vari-
ants that lacked exons 14 and/or 15
(supplemental Fig. S1). Similar
splicing variants have also been
observed in mice and rats (34). We
successfully generated recombinant
adenoviruses for human KIF1Bg-1,
-lll, and -IV variants (Fig. 2A).
Enforced expression of these splic-
ing variants promoted apoptotic cell
death in both SH-SY5Y (without 1p
loss) and NB1 neuroblastoma cell
lines as determined by MTT and
FACS analyses (Fig. 24 and supple-
mental Fig. 52). Consistent with
these results, colony formation
assay showed that all these KIF1Bg

splicing variants strongly reduced the number of drug-resistant
colonies in SH-SY5Y and NB1 neuroblastoma cells (Fig. 2B).
These findings suggest that multiple KIF1Bg splicing isoforms
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£ B possess tumor suppressor activity.

Intriguingly, the expression pattern

Genomic DNA of KIF1B splicing variants was var-

m m‘s ied among various human tissues
(supplemental Fig. $3).

HFNBLET ,- Knockdown of KIF1B@ Expression

c Accelerates Growth of NMuMG

Cells and Tumor Formation in Nude

Mice—We then asked whether

L genetic disruption of KIFIBS gene

BY-PCH i L1 | could be critical for tumorigenesis.
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FIGURE 3. Tumor formation in vive. A NMuMG cells were infected with an empty retrovinus vector (pLXSN) orwith
PLXSN bearing mouse antisense KIFIBE (pLXSN-KIF1BA-AS). Genomic integration of the antisense KIFIBS was
examined by PCR (upper panel). Lower panel shows the expression levels of KIF1B as examined by RT-PCR. Amows
indicate the positions of PCR products corresponding to KIF18 and GAPDH. B, NMUMG cells (5 X 10* cells) infected

retrovirus pLXSN vector in an anti-
sense orientation to give pLXSN-
KIF1BB-AS. NMuMG cells, immor-
talized mouse mammary gland cells,
stably infected with pLXSN-
KIF1BB-AS, showed more than 80%

5 ¢ 7 8 9

with pLXSN or pLXSN-KIF 1B 3-AS were suspended in 3 mi of 0.4% low

Transplanted tumor

Low magnilication

High magnification

Lung metastases

Low magnification High magnification

FIGURE 4. Histology of tumors generated in nude mice. Representative
photographs of tumors (upper panels) and lung metastasis (lower panels) are
shown. For histological analyses, tumor tissues were removed from animals
and immediately fixed in 10% formaldehyde and embedded in paraffin, and
3-um sections were stained with hematoxylin and eosin,
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sul

ing agarose di
plated onto agarose bed consisting of 0.8% low-melting agarose, and incubated at 37 °C for 5 weeks, C, tumor
formation in nude mice. NMuMG cells (1 X 10 cells) infected with the indicated retroviruses were injected subcutane
ously and tumor volumes were estimated weekdy (lower panel). Upper panefs show tumors generated in nude mice,

Ived in culture medium, r i it
reduction in endogenous KIFIBB

expression (Fig. 34) and formed sig-
nificantly larger than
empty vector-infected control cells
in soft agar medium (Fig. 38). In addition, all eight mice subcu-
taneously transplanted with NMuMG cells stably infected with
pLXSN-KIF1BB-AS displayed remarkable tumor growth (Fig.
3C). On the other hand, only two of eight mice transplanted
with the empty vector-infected cells formed tumors, which
were smaller in both cases (note log scale in Fig. 3C). The
tumors formed by cells lacking KIFIBB expression were histo-
logically diagnosed as poorly differentiated invasive ductal car-
cinoma and frequently metastasized to the lung (Fig. 4). Thus, it
is likely that KIF1Bp exerts tumor-suppressive function in vivo.
LOH of KIFIBB Locus Is Frequently Observed in Primary
Advanced Neuroblastomas—We next sought to search for
LOH at chromosome 1p36 in 112 sporadic neuroblastomas
using array-based comparative genomic hybridization (array-
CGH). Similar to previous reports, the smallest region of over-
lap at the distal region of chromosome 1p identified in 37 pri-
mary neuroblastomas with 1p loss was between 1p36.22 and
Ipter and included KIF1B, CHDS, TP73, and SKI (supplemental
Fig. 54). Thirty two percent (30/95) of neuroblastomas exam-
ined had lost one KIF1B allele as determined by quantitative
real time genomic PCR (Table 1). KIF1BB was hemizygously
deleted in 18% of early neuroblastomas (stages 1 and 2, n = 51),
in 55% of advanced neuroblastomas (stages 3 and 4, n = 38)
(p = 0.0013), in 13% of primary neuroblastomas with a single
copy of MYCN (n = 70), and in 84% of MYCN-amplified pri-
mary neuroblastomas (n = 25) (p < 0,001). No homozygous
deletion was detected in the primary tumors examined.

colonies
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Decreased Expression of KIFIBB Is Associated with Monoal-
lelic Loss of the Gene in Primary Neuroblastomas—We exam-
ined expression levels of KIF1BB mRNA in 102 primary neuro-
blastomas by using both semi-quantitative and quantitative real
time PCRs. As shown in Fig. 5, A and 8, expression levels of
KIFIBB mRNA were significantly higher in tumors at favorable
stages (1, 2, and 4s, 1.654 * 0.257, mean = S.E., n = 60) than in
those at advanced stages (3 and 4, 0.503 + 0.180, n = 42, p <
0.001). To address whether its expression levels could be corre-
lated with number of alleles at the KIF1Bg gene locus, we exam-
ined primary tumors with a diploid karyotype. As shown in the

TABLE1
Frequency of LOH of the KIF18 gene

LOH was examined by both array-CGH and quantitative real time PCR using
genomic DNA obtained from primary neuroblastomas (tumor cells component,
>70%). The cutoff value of the LOH score was 0.8 in the latter,

Calgni KIF18LOH
a n e
T LOH (+) »
Stage
1 36 L] 17
2 16 3 20
3 7 3 43
4 31 18 58
45 & 0 ]
MYCN
Single copy 70 9 13
Amplification 15 21 84
Total 95 30 32
A Favorable neuroblasio mas

Untavorable neuroblastomas

lower panel of Fig. 5B, tumors with monoallelic loss of KIFI1BB
gene locus expressed significantly lower levels of KIFIRB
mRNA (0.126 * 0.092, n = 13) as compared with those with
two KIF1BB alleles (0.364 + 0.035, n = 16, p = 0.019), These
results suggest that KIF1BB is a haploinsufficient tumor sup-
pressor gene in high risk neuroblastomas.

No Promoter Methylation and Rare Mutations Are Observed in
Neuroblastoma Cell Lines and Primary Neuroblastomas—Our
initial mutation searches of KIFIBB gene were focused on its
motor domain and the proximal (~2 kb) promoter region in 21
primary neuroblastomas with 1p36 LOH and in 17 neuroblas-
toma cell lines. As shown in Table 2, we identified only a silent
mutation GCC-GCQG (at codon 95) in two primary tumors, a
2-bp (CC) deletion (at —113/—114) and G-A base change (at
—336) in the KIF1B promoter region in three primary tumors
and four neuroblastoma cell lines. Because these aberrations
were also found inthe control samples, it is likely that these base
changes reflect single nucleotide polymorphisms of the Japa-
nese population.

To further extend our mutation searches, we have examined
the presence or absence of KIFIBB mutations within its whole
codingregion in 100 primary neuroblastoma tissues. Finally, we
found out the missense mutations (N7375) in six independent
cases. However, their functional significances remained
unclear.

Methylation of CpG islands in the promoters has been con-
sidered to be another well recog-
nized molecular mechanism behind
the inactivation of the tumor sup-

GAPDH

Case No. 34 58 10 111213 14 15 0 1 28 27 28 132
b2
KIFtBg -
i it "o

pressor gene. To determine whether
the methylation of CpGisland could
contribute to the inactivation of
KIF1B, the region spanning exon 1
and 5'-upstream sequences (nucle-

otide number —877 to +106) of

B -8 10 KIF1BBwas cloned and analyzed for
i_ : promoter activity by luciferase
=§ 7 reporter assay. As shown in Fig. 6, A
:E g and B, KIFIBB promoter region
Ei 3 existed at nucleotide position
Qg 3 between —630 and —294. We then
£ 2 identified KIFIBB CpG islands
= gl within the promoter region and

Nauroblastomas Neuroblastomas investigated whether these CpGs

(Stages 1.2 andds) [‘“'::2“" could be methylated in primary

s neuroblastomas as well as cell lines.

KiF 18/ alieles Number of KIF18/iexpression | Avalue The methylation-specific PCR anal-
aploid wmours (MeansSEM) ysis demonstrated that all of the

Mono allghe 5 0.126 20092 0019 CpG c.luslurs are unljncthyl'atod,
Bi-allelic 16 0.364 20.035 s_uggeslmg that KH-IIH,B is not inac-

tivated by methylation (Fig. 6C).

FIGURE 5, Expression levels of KIFTB in pri

lower expression levels.

24430 JOURNAL OF BIOLOGICAL CHEMISTRY

¥ bl A, semi-quantitative RT-PCR analysis.
Total RNA was prepared from favorable (n = 16; stages 1 and 2, MYCN single copy) and unfavorable (n = 16;
stages 3 and 4, MYCN amplified) neuroblastomas and subjected to semi-quantitative RT-PCR to examine the
expression levels of KIF1BE. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal
control. B, quantitative real time PCR. Expression levels of KIFI 85 were standardized using the corresponding
glyceraldehyde-3-phosphate dehydrogenase value of each neuroblastoma sample. The relative expression
levels of KIF1BB In favorable (stages 1, 2,and 4s) and advanced (stages 3 and 4) neuroblastomas are shown
(upper panel). Lower panel shows a significant correlation between mono-allelic loss of KIF1B3 gene and its

The COOH-terminal Region be-
tween FHA and Pleckstrin Homology
Domains of KIFIBP Is Responsible to
Induce Apoptotic Cell Death—To
map a critical domain(s) of KIF1B3
responsible for its tumor-suppres-
sive function, we generated NH,-
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TABLE 2
Mutation analyses of KIF1B[8 gene
5. no. Case no. Exon4-6 KIF exon 15 KIF promotor F12 KIF promotor F11 F/UP
1 NB-1 NA
2 NB-2 G—A A2 bp (—113-4) G—A (- 366) NA
3 NHB-3 UE
4 NB-4 G—A UF
5 NB-5 ! NA
6 NB-6 GCCIGCE (95) ! AZbp (-113-4) G—A (—366) F
7 NB-7 / UF
8 NB-8 / UF
9 NB-9 f F
10 NB-10 / F
11 NB-11 ! UF
12 NB-12 ! UF
13 NB-13 GCC/GCG (95) ! A2bp (~113-4) G—A (—366) UF
14 NB-14 ! NA
15 NB-156 1 NA
16 NB-16 { NA
17 NB17 ! NA
18 NB-18 ! NA
19 NB-19 ! UF
20 NB-20 / NA
21 NB-21 1/ F
22 NB-GAME G=A A2bp (~113-4) G—A (—366) Cell line
23 NB-GOTO/P3 Cell line
24 NB-KAN G=A A2bp (—~113-4) G=—A, (—366) Cell line
25 NB-LHN G=A A2bp (~113-4) G—A (—366) Cell line
6 NB-NB9 Cell line
27 NB-NB69 ! Cell line
28 NB-NBLS ! Cell line
29 NB-NBTu-1 ! Cell line
30 NB-NLF ! Cell line
31 NB-NMB ! A2bp (—113-4) G—A (~366) Cell line
32 NB-OAN / Cell line
33 NB-SK-N-AS ! Cell line
34 NB-SK-N-BE ! Cell line
a5 NB-SK-N-SH ! Cell line
36 NB-SH-5Y5Y ! Cell line
37 NB-CHP134 / Cell line
38 NB-TGW GCC/GCG (95) / Cell line
“ For Shimada classification, F indicates favorable histology; UF indicates unfavorable histology, and NA indicates not analyzed.
B terminal  deletion mutants of
KIF1Bg splicing isoform IV lacking
» motor domain (KIF1BB-1V-Del
.0 1-GFP), motor and FHA domains
Ix (KIF1BB-1V-Del 2-GFP), coiled-coil
2y domain (KIF1BB-IV-Del 3-GEP),
= mluumman 15 and FHA and coiled-coil domains
i e (KIF1BB-1V-Del 4-GFP) fused with
erccac Toace - i enhanced green fluorescent protein
14 - . - e .
£ i at their COOH termini (Fig. 7A).
e oo TR b i o COS7 cells were transfected with
TN (S g:."‘""' wild-type or with KIF1BB-IV-Del-
c GFP fusion constructs and followed
Gopel, ., © .. 2 . 3. _ W '8 _$§_ _F_ by live confocal laser scanning
meunblstomas transfection, KIF1Bg-GFP-positive
Conirol __ 1 2 3 4 H §o P cells began to lose their normal cell
SoLE N AN N N WMt N L Unfavorabie morphology. Seventy two hours
m neurcbinstomas after [ransfﬁ{_‘[iun_ most of the cells
FIGURE 6. Identification of the p t jion of | KIF1Bf3 gene and its methylation status. underwent apoptotic cell death and

A, nucleatide sequence of 5 -upstream reglon and a part of exon 1 of human KIF1BS gene. +1 indicates
the first nucleotide of exon 1. CpG island is indicated by underline. 8, luciferase reporter assay. Neuroblas-
toma-derived SK-N-BE cells were transiently co-transfected with the constant amount of pRL-TK encoding
Renilla luciferase cONA and the indicated luciferase reporter constructs, Forty eight hours after transfec-
tion, cells were lysed, and their luciferase activities were measured. C, methylation-specific PCR. Methyl-
ation status of the promoter region of KIF1B3 gene in primary neuroblastomas was examined by methy-

lation-specific PCR. M, methylated; UM, unmethylated; C, control.
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detached from the cell culture dish
(Fig. 7, Band D). Expression of splic-
ing variants-I, -IlI, and -1V along
with deletion mutants of splicing
variant-IV  lacking the motor
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KIF1Bp Is a Haploinsufficient Tumor Suppressor

A A I . DISCUSSION
KIFIBRERLGFP (1-1591) - In this study, we have shown that
KIFIBpIV-GFP (11578) s, - — 2 the KIFIBB gene is hemizygously
PN .- e — ] . deleted especially in aggressive pri-
KIPIBpIV-DSt2-GPP (6371578) — s mary nuu.ruhlaslnm:n tumors, and
i : ) its mutation 1*- infrequent. The
TRl o Faas ) expression of KIFIBB was kept al
quite a low level in aggressive neu-
GFP KIFIBp-V-GFP  KIFIBRIV-Del2 KIF1BSIV-Del3 18 L roblastoma subsets, even though no
B Cc g“’ 111ul|1}'|ulinn of its promoter region
é 1 | was observed. One of the well
s“' known haploinsufficient tumor
iy wrBpn  Suppressors isthe cyclin-dependent
D kinase inhibitor p27™™ (35). The
KIFIBpV-GFP heterozygous mice of p27%™ devel-
oped tumors when mice were
treated with tumor-promoting
P IBPN DU PP . . . agents, al;d_ tumors retained the
normal p27*7 gllele. Additionally,
hemizygous loss of p27%" and/or
i - . - reduced expression level of p27*%*
conferred poor prognosis in human

FIGURE 7. The coiled-coil region is required for KIF1B-mediated apoptotic cell death, A, schematic rep-
resentation of GFP-tagged KIF1BS deletion mutants and summary of their ability to induce apoptotic cell
death. B, COS7 cells were transiently transfected with the indicated expression plasmids, Forty eight hours after
transfection, morphologies of GFP-positive cells were examined by a confocal laser scanning micrascope.
C, caspase activity. Hela cells were transiently transfected with the indicated expression plasmids. Forty eight
hours after transfection, cell lysates were prepared, and their caspase activities were measured, Statistically
significant differences are indicated by asterisks (p < 0.05). D, time course experiments. The indicated expres-
sion plasmids were transiently introduced into COS7 cells, Forty eight hours after transfection, changes of

morphology of GFP-positive cells were monitored for 12 h,

domain (with or without FHA domain) also induced apoptotic
cell death. In contrast, expression of KIF1BS mutants lacking
the COOH-terminal rod domain did not promote apoptotic
cell death (Fig. 7, A and 8). Under our experimental conditions,
enforced expression of KIF1BB variant-IV resulted in a signifi-
cant increase in the caspase activities (Fig. 7C), suggesting that
KIF1BB-mediated apoptotic cell death might be regulated in a
caspase-dependent manner. Our further analysis using other
deletion mutants revealed that the 807 amino acids death-in-
ducing region is located between FHA and pleckstrin homology
domains (data not shown).

To determine whether the kinesin activity of KIF1Bg could
be necessary for its tumor-suppressive function, we introduced
a Q98L mutation within a consensus ATP-binding site of
KIF1BB-1V splicing variant (Fig. 84). This mutation disrupts
the motor function of KIF1Bg (29). In addition, a KIF1BB-IV
splicing variant carrying two point mutations (Q560A and
D568A) within its highly conserved amino acid residues of FHA
domain, which may be critical for binding to Ser/Thr-phospho-
rylated motifs of the interacting proteins, was also generated. In
addition to these two mutants, we also generated an additional
mutant bearing Q98L, Q560A, and D568A. These three
mutants, however, retained an ability to induce apoptotic cell
death, suggesting that KIF1BB-mediated apoptotic cell death
does not require its ability to transport cargo using its motor
domain (Fig. 88).

24432
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cancers (36). Taken together, our
present results suggest that, like
p275PL KIFIBR is a haploinsuffi-
cient tumor suppressor gene of neu-
roblastoma, and its [unction to
induce apoptotic cell death is regu-
lated in a p53-independent manner.
Although homozygous deletion or
mutations of KIFIBB were rarely
detectable in this study, several losses of function mutations in
the coding region of KIF1BB gene in a large number of primary
neuroblastomas, pheochromocytomas, and medulloblastomas
have now been identified.® Homozygous deletion of KIFIB in
mice resulted in death just after birth because of apnea. How-
ever, heterozygous mice are viable with a phenotype resembling
Charcot-Marie-Tooth disease type 2A (29). To date, no infor-
mation has been available in the literature regarding spontane-
ous tumor formation in KIF1B-heterozygous mice. It is possible
that these mice have not been followed long enough or that loss
of one KIFIB allele is not sufficient for tumor formation and
requires cooperating mutations for spontaneous tumor forma-
tion. Since there is functional disruption of wild-type p53
because of its mislocalization, haploinsufficiency of the KiF1BB
gene might contribute to tumorigenesis of aggressive neuro-
blastomas with 1p LOH and MYCN amplification (37). KIF1BB
might also be involved in tumorigenesis in combination with
other contiguous 1p36.3 genes such as p73 (38) and CHDS (39).

Finally, we have identified four different splicing variants of
KIF1BB. However, colony formation assay revealed that all of
the splicing variants almost equally suppress cell growth, indi-
cating that its tumor-suppressive function may not be depend-
ent on alternative splicing events. The deletion construct
termed Del 2-GFP encoding amino acid residues 637-1576

¥ 5, Schlisio and W. G. Kaelin, Jr, personal communication.
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induced apoptotic cell death similar to wild-type KIF1Bg.
Therefore, this region containing two predicted coiled-coils
(amino acid residues 668 -737 and 841- 863) alone is sufficient
for pro-apoptotic function of KIF1BB. The coiled-coil motifs
are amphipathic oligomerization motifs. The tumor suppressor
par-4 with a potential coiled-coil structure induced apoptotic
cell death in prostate cancer cell lines (40, 41). Moreover, a
putative coiled-coil domain of potential tumor suppressor pro-
tein, Prohibitin, has been shown to be sufficient to repress
E2F1-mediated transcription and induction of apoptotic cell
death (42).

In neuroblastoma, polyploidy is very common, which is often
associated with a better prognosis. The precise molecular
mechanisms underlying this phenomenon still remain unclear.
Recently, defects in mitotic spindle check point gene products
such as MAD1, MAD2, BUB1, BURB3, and BUBR1 have been
implicated in the generation of polyploidy (43). Intriguingly,
attached cells expressing GFP-tagged KIF1B splicing variants
exhibited a perturbation of G,/M progression and multinucle-
ation (supplemental Fig. 55). The precise molecular mecha-
nisms by which KIF1Bg could promote these cellular abnor-
malities and apoptotic cell death are currently unknown. On
the other hand, down-regulation of KIF1Bf resulted in aug-
mented cell proliferation in vitre and tumor formation in vivo,
indicating that KIF1B8 might have a critical role in the regula-
tion of mitosis like other mitotic kinesins (44). [t is conceivable
that KIF1BB might act in a dominant inhibitory manner to

KA
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v (Qe8L) mmm IV (D. mi)
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V(Q88L) IV (FHA mi)
FIGURE & Motor and FHA domains are not rcquir-d for KIF1B-mediated growth suppression. A, sche-
matic drawing of mutant forms of KIF1BA. Point mutations (Q98L, Q560A, and D568A) were introduced into
KIF1BB by using the QuickChange XL site-directed mutagenesis kit (Stratagene) following the manufacturer's
recommendations. B, colony formation assay. SH-5Y5Y cells were transfected with an empty vector ar with the
indicated expression vectors. Forty eight hours after transfection, cells were transferred into fresh medium
containing 500 ug/ml of G418, Two weeks after selection, G418-resistant colonies were fixed and stained with

dependence of tumor cells through
the TrkA-p75™'* receptor complex
plays a critical role in the regulation
of the spontaneous regression and
differentiation in neuroblastoma
(45). NGF depletion-induced apop-
totic cell death is blocked in aggres-
sive neuroblastoma (46). The find-
ings showing that expression of
KIFIBB also increases during apo-
ptotic cell death triggered by NGF
depletion in PC12 cells® strengthen
the significance of the tumor
suppressor function of KIF1BB in
primary neuroblastomas and phe-
ochromocytoma. Indeed, some
kinesin family proteins are in-
volved in the regulation of apopto-
tic cell death in developing neu-
rons (47). In conclusion, our
present results unveiled that
KIF1BB, mapped to chromosome 1p36.2, is the candidate
tumor suppressor gene of the kinesin family functioning ina
manner of haploinsufficiency.

IV (D. m1)
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Neuroblastoma is the third-most-common solid tumor of childhood.
To date, no reliable blood marker for neuroblastoma has been
established. The growth factor midkine is highly expressed in

¥ carc and its knockd leads to tumor growth
ppression in | models, The p study evaluated the
plasma midkine level in human neuroblastoma i Plasma

samples were obtained from patients found through mass screening,
as well as from sporadic neur pati The total number
of cases examined was 756. Among them, prognostic information
was available for 175 sporadic cases and 287 mass-screening cases.
Midkine levels were significantly higher in neuroblastoma patients,
including both mass-screening cases and sporadic cases, than in
nan-tumor controls (P < 0.0001). The midkine level was significantly
correlated with the statuses of MYCN amplification, TRKA expression,
ploidy, stage and age (P < 0.0001, < 0.0001, = 0.004, < 0.0001 and
< 0.0001, respectively), which are known prognostic factors for
neuroblastoma. There was a striking correlation between high plasma
midkine level and poor prognosis (P < 0.0001). Within sporadic
cases, the midkine level was also strikingly higher than in non-tumor
controls (P < 0.0001), and correlated with the statuses of MYCN
amplification and stage (P = 0.0005 and = 0.003, respectively). There
was a significant correlation between high plasma midkine level and
poor prognosis (P = 0.04). Taken together, the present data indicate
that plasma midkine level is a prognostic factor for human
neuroblastoma. (Cancer Sci 2008; 99; 2070-2074)

N euroblastoma (NBL) is the third-most-common malignant
tumor of childhood, accounting for 15% of cancer-related
death.™ In spite of an enormous amount of research devoted to
curing this disease, its prognosis remains poor. NBL has several
established prognostic factors, i.e. MYCN amplification, TRKA
expression level, ploidy, stage and age."? Cases with tumors with
an amplified MYCN gene, low TRKA expression or diploidy show
poor prognosis. Cases at stage 3 or 4, or at ages older than 18 months
also show poor prognosis. Since molecular fingerprints within
tumor tissues, such as MYCN amplification, TRKA expression
level and ploidy, require a tumor biopsy or its removal, a blood
marker for NBL has long been awaited."* A blood marker
would not only be useful for the initial diagnosis but would also
be beneficial for the sequential monitoring of the wmor status,

The growth factor midkine (MK) was originally found in
embryonal carcinoma cells, and has been implicated in cancer
development.™® MK is highly and frequently expressed in
human carcinomas, including Wilms' tumor, tumors of the
digestive tract, brain tumors, urinary bladder tumors and breast
tumors, whereas its expression is scarcely detected in normal
adult tissues,'" Strong MK expression is also detected in pre-
cancerous stages of human colorectal cancer and human prostate
cancer.""'? Knockdown of MK expression leads to suppression

CancerSci | October 2008 | vol.99 | no.10 | 2070-2074

of xenografted tumors of mouse colorectal cancer cells and
human prostate cancer cells, "4

We previously reported that the plasma MK level was correlated
with the values of established prognostic factors through a study
of 220 cases, including 82 non-mass-screening (sporadic) cases and
122 mass-screening cases.'" However, in that study, information
on the prognosis of patients was too limited to determine whether
the plasma MK level could be a prognostic factor. In the present
study, we measured plasma MK levels of 756 NBL cases, which
consisted of 286 sporadic cases, 387 mass-screening cases and 83
unknown cases. Among them, prognaostic information was available
for 175 sporadic cases and 287 mass-screening cases. This enabled
us to evaluate the plasma MK level as a prognostic factor.

Mass screening for NBL started in 1985 in Japan, but was
discontinued in 2004 because of the lack of apparent beneficial
effects on the cure rate of NBL. Mass-screening cases are
grouped into the favorable prognosis group, and most of the
mass-screening cases are thought to have spontaneously regressed.
Therefore, nowadays, sporadic NBL patients are the major subject
of therapy. However, information obtained from mass-screening
cases has been useful, especially to understand tumor phenotype
with favorable prognosis. This is the reason why we enrolled
387 mass-screening patients in this study. Accordingly, we evaluated
plasma MK levels in two categories: first, the entire set of NBL
cases including mass-screening cases and sporadic cases; and
second, the set of sporadic cases.

Here we report that the plasma MK level is a prognostic factor
for NBL.

Materials and Methods

Plasma samples. Clinical data of 756 neuroblastoma patients
are summarized in Table 1. The same archive samples were used
as those without malignant tumors (1 = 17; eleven were <l-year
old and six were >1-year old).""

Enzyme-linked immunoassay for human MK. An enzyme-linked
immunoassay for human MK was performed as described
previously."® Briefly, human MK was produced using Pichia
pastoris GS115 by transfection with a human MK expression
vector, which was constructed into pHIL-D4 (Invitrogen, Carlsbad,
CA, USA). This yeast-produced human MK was used to immunize
rabbits and chickens to raise antibodies. The rabbit antihuman
MK antibody (50 pL of 5.5 pg/mL in 50 mM Tris HCI (pH 8.2),
0.15M NaCl, 0.1% NaN,) was coated onto the wells of
microtiter plates (Polysorp plates, Nunc, Rochester, New York,
USA) for 20 h at room temperature. Afler washing with 0,05%
Tween-20 in phosphate-buffered saline (PBS), the wells were

To whom correspondence should be addressed.
E-mall; kkadoma@med nagoya-u.ac.jp

dok 10.1111/.1349-7006.2008.00957 x
© 2008 Japanese Cancer Assodation

117



Table 1. Plasma samples

n

No malignant tumors 17
<1 year 1
>1 year 6
Neuroblastomas 756
Stage 1,2,45 372
Stage 3,4 330
Unknown 54
MYCN amplification - 643
MYCN amplification + 97
Unknown 16
High TrkA expression 425
Low TrkA expression 159
Unknown 172
Mass screening g7
Sporadic 286
Stage 1,2,45 62
Stage 3,4 209
Unknown 15
MYCN amplification - 207
MYCN amplification + 73
Unknown 6
High TrkA expression 109
Low TrkA expression 13
Unknown 64
Hyperdiploidy/pentaploidy 96
Diploidyftetraploidy 136
Unknown 54
<18 months 101
>18 months 183
Unknown 2
Unknown 83
Hyperdiploidy/pentaploidy 379
Diploidy/tetraploidy 263
Unknown 14
<18 months 506
>18 months 242
Unknown 8

blocked with 300 pul. of 0.1% casein, 0.01% Microcide |
(aMReSCO) in PBS for 20 h at 37 C. Plasma samples (10 pl.
each) were mixed with 100 uL. of 50 mM Tris HCL (pH 8.4),
0.5M KCI, 0.19% casein, 0.5% bovine serum albumin (BSA),
0.01% Microcide 1 and 0.1 pg/mL peroxidase-labeled chicken
antihuman MK antibody. Aliquots of 50 pL of this mixture were
added to wells prepared as described above, and further subjected
to chromogenic detection at optical density at 450 nm (OD,)
using tetramethylbenzidine as the substrate. This assay system
shows linearity from 0 to 5 ng/mL of MK, and there is no cross-
reaction with pleiotrophin, a close homolog of MK.*
Statistical analysis. The Kruskal-Wallis test was used to evalvate
the statistical differences between stages. The Mann—Whitney
U-test was used to further evaluate the difference between the
two groups. The Mann—Whitney U-test was used for analysis of
the other prognostic factors. Survival time was measured from the
date of initial diagnosis to the date of death or last contact. The
Kaplan-Meier method was used to compare survival between
the groups defined by plasma MK levels, and survival differences
were analyzed using the log-rank test. All analyses were carried
out using StatView for Windows (ver. 5.0; SAS Institute, Cary,
NC, USA). P < 0.05 was considered statistically significant.

lkematsu et al,

Results

Plasma MK levels of NBL patients and the relationship of plasma
MK to established prognostic factors for NBL. The entire set of 756
NBL cases consisted of 387 cases found through mass screening,
286 sporadic NBL cases and 83 unknown cases (Table 1). Plasma
MK level of the NBL cases was 23-1 062 520 pg/mL, whereas
that of non-tumor controls was 146-517 pg/mL (Fig. la). The
values of NBL cases were significantly higher than those of
controls (P < 0.0001). We set the cut-off value average + 4SD of
non-tumor controls at 900 pg/mL (Fig. 1a). The group of cases
with levels higher than 900 pg/mL was designated high MK,
whereas cases with lower than 900 pg/mL were grouped into
low MK.

MYCN amplification, TRKA expression level, ploidy, stage
and age are well-known prognostic factors for NBL." The values
of each factor were determined for all 756 NBL cases. As shown
in Figure 1(b-f), MK levels were significantly correlated with
all the prognostic factors. Thus, MK levels were significantly
higher in MYCN-amplified cases (P <0.0001, versus MYCN-
nonamplified), in cases with low TRKA expression (P < 0.0001,
versus high TRKA expression), in diploidy cases (P = 0.004), in
cases at stage 3 and 4 (P <0.0001, versus stage 1, 2, and 48)
and in cases older than 18 months (P < 0.0001, versus younger
than 18 months). These groups in which MK levels were high,
Le. MYCN-amplified, low TRKA expression, diploidy, stage 3 and
4 and older than 18 months, are known to have a poor prognosis.
The daw indicate close correlations between MK levels and
known Frognosis factors and are consistent with our previous
report.1¥

Figure 2(a) shows Kaplan-Meier survival curves based on plasma
MK levels for all NBL cases. A high MK level was closely
associated with poor prognosis of NBL patients (F < 0.0001),
indicating that the MK level alone can be a prognostic factor for
NBL patients. It was interesting that a high MK level was associated
with poor prognosis within the unfavorable NBL group based on
ploidy, i.e. diploidy (P = 0.02) (Fig. 2b). This was also the case
within favorable NBL groups, that is, groups with MYCN non-
amplification, age <18 months or high TRKA expression (P = 0.02,
0.001 or 0.02, respectively), although the survival differences
between high MK and low MK were very small (data not shown),

Analysis for sporadic NBL cases. We examined 286 sporadic NBL
cases, among which prognostic information was available for
only 175. Plasma MK level was significantly higher in sporadic
NBL cases than in non-tumor controls (P < 0.0001) (Fig. 3a). It
was closely related to the values of two prognostic factors, i.e.
MYCN amplification and stage (P = 0.0005 and 0.003, respectively)
(Fig. 3b,c), but not to those of age, TRKA expression level and
ploidy (data not shown).

Kaplan-Meier analysis revealed that a high MK level was
correlated with poor prognosis in the sporadic NBL patients
(P =0.04) (Fig. 4a). The Kaplan-Meier data on MK was further
compared with those on known prognostic factors. Survival
based on ploidy exhibited a significant difference (P =0.025)
(Fig. 4b). MYCN amplification, TRKA expression level and stage
also showed significant differences (P = 0.003, 0.01 and 0.008,
respectively), whereas age could not be a prognostic factor for the
sporadic NBL cases examined (data not shown). The Cox hazard
ratio was 1.71 for MK level, 2.27 for ploidy, 2.70 for MYCN
amplification, 2.38 for TRKA expression and 1.84 for stage.

Discussion

In the present study, we first evaluated the plasma MK level
using the entire set of NBL cases including both the mass
screening and sporadic cases. As predicted from our previous
data," we found that MK level is correlated with established
prognostic factors (MYCN, TRKA, ploidy, stage and age). Since
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Fig. 1. Plasma midkine (MK) levels of the entire
set of neurcblastoma (NBL) cases and the
relationship of MK level to established prognostic
factors for NBL Blood MK levels are presented
with dots. Each dot represents a NBL patient or a
non-NBL control as indicated. (a) MK level
distribution of the NBL patients through stages.
Non-NBL, non-NBL controls, ****P < 0.0001. (b)
NBL cases divided into MYCN amplification (MYCN+)
and nonamplification (MYCN-). ****P < 0.0001.
(<) NBL cases divided into low TRKA expression
(low TRKA) and high TRKA expression (high
TRKA), ****P < 0.0001, (d) NBL cases divided into
diploid and triploidip ploid. **P=0.004. (e) NBL
cases divided into stage 2 or 4 (Stage 3, 4) and
stage 1, 2or 45 (Stage 1, 2, 45). ****P < 0.0001.
(f) NBL cases divided into age >18 months and
<18 months. ****P < 0.0001.

Fig. 2. Kaplan-Meier curves for neuroblastoma
(NBL) cases. "MK low’ was defined as a blood
midkine (MK) level less than 900 pa/ml, whereas
‘MK high’ was more than 900 pg/mL. Cumulative
survival rates of MK low and high groups were
estimated for the entire set of NBL cases (a) and
cases with diploidy (b).

mass screening has been discontinued, sporadic NBL are the
major subject of therapy. We therefore further evaluated the MK
level of only the sporadic cases. Our study revealed that, within
sporadic cases, blood MK level alone could be a predictor of
prognosis. MK level was also significantly correlated with MYCN

plification and stag

However, blood MK level could not predict prognosis of
patients in the intermediate risk group (MYCN non-amplification
and stage 3 or 4) (data not shown). It could not predict the prognosis

2072

of patients within the high-risk group or low-risk group either
(data not shown). This indicates that a single molecule may not
be satisfactory for predicting the prognosis or judging the precise
status of NBL for the decision of therapy, since, like other
carcinomas, a complex of molecules is thuught to contribute to
carcinogenesis and development of NBL."™™ There are several
blood markers predicting clinical outcome of neuroblastoma
patients: i.e. serum lactate dehydrogenase, ferritin, neuron-specific
enolase, disialoganglioside GD2 and NM23H 1.2 Therefore,
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it is reasonable to expect that a combination of the plasma levels
of MK and other blood biomarkers will facilitate accurate
prognosis and accurate evaluation of tumor status. In addition,
many efforts are being made to identify molecular changes
associated with NBL with unfavorable prognosis."”'™ Such
studies will provide other biomarkers for NBL.

It is interesting that MK levels of stage 4s were lower in the
present study than those in the previous study. Twelve cases
were only available for stage 4s in the previous study. In the
present study, 39 cases of stage 4s were available for the analysis
of the entire set of NBL (Fig. la) and 15 cases for the sporadic
NBL (Fig. 3a). Therefore, it is conceivable that midkine level
deduced in the present study is more reliable because of the
increased number of cases analyzed.

This is the first report indicating the plasma MK level as a
prognosis factor for a human carcinoma. MK is frequently and
highly expressed in malignant tumors regardless of the tissue
type,” similar to mutations in the p53 gene. An elevated serum
MK level is also detected in more than 80% of human adult
carcinomas.”"® Although the MK level has not been evaluated as
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