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Abstract

Background: Neuroblastoma exhibits a high incidence of chromosomal translocations, the most
common being the gain of a portion of the long arm of chromosome 17. This region includes the
gene BIRC5/survivin, which is highly upregulated in neuroblastoma and correlates with poor
prognosis. Survivin is a member of the inhibitor of apoptosis family of proteins and is involved in
tumor cell survival and migration. YM155 is a small molecule inhibitor of survivin transcription
and has shown efficacy in several cancer model systems both in vitro and in vivo. Procedure: Cells
were treated with YM155 and effects on migration, invasion, and apoptosis signaling were inves-
tigated in vitro. Tumor burden was assessed in xenografted mice by measuring tumor volume and
liver metastases. Results: Treatment with YM155 caused a dose-dependent decrease in survivin
expression and induction of apoptosis. Lower concentrations of YM155 reduced cell migration and
invasion by 15% - 50% which varied by cell line. In a xenograft model, YM155 treatment inhibited
tumor growth by 25% - 70%, reduced metastatic burden in the liver by 50%, and prolonged ani-
mal survival. Conclusion: The data suggest YM155 as a possible therapeutic agent for metastatic
neuroblastoma.
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1. Introduction

Neuroblastoma originates from neural crest cells and can arise nearly anywhere along the sympathetic nervous
system [1] [2]. As the most common pediatric extracranial solid tumor, neuroblastoma accounts for 7% of
childhood cancers in the US [3] and 15% of pediatric cancer deaths [1] [4]. Despite aggressive multimodal
therapy, including high-dose chemotherapy, hematopoietic stem cell transplantation, and maintenance with reti-
noic acid and immunotherapy, little progress has been made in survival among the high-risk group. High-risk
neuroblastoma is characterized by segmental chromosomal aberrations and metastasis to bone or bone marrow
[5]. Fifty to sixty percent of high-risk neuroblastoma patients will relapse with metastases [5]. This illustrates
the need for therapies that target tumor growth as well as metastasis [6].

Genetic changes in the more aggressive forms of neuroblastoma are often segmental chromosome aberrations
[2]. A recent study determines that among 8800 tumors the most common segmental chromosomal aberration is
gain of 17q, occurring in 48% of neuroblastomas [7]. One gene of interest mapped to this region is baculoviral
inhibitor of apoptosis repeat-containing 5 (BIRC5)/survivin, which is overexpressed in many cancers including
neuroblastoma [8] [9]. Gain of 17q and overexpression of survivin also correlates with MYCN amplification [1]
[2] [8]. As gene amplification tends to drive neuroblastoma, there is a need for novel therapies that can modulate
expression of these driver genes.

Sepantronium bromide (YM155) is a novel small molecule that inhibits survivin promoter activity by inter-
fering with the 1F3/p54™ transcription factor complex [10] and binding of the Sp1 transcription factor to the
survivin core promoter [11], resulting in decreased survivin expression [10] [11]. YM155 inhibits proliferation
in vitro and induces tumor regression in vivo in multiple cancer cell lines [12]. Additionally, dose and time de-
pendent induction of cell death was observed in vitro [13]. Recent studies indicate that YM155 also inhibits ex-
pression of the Bcl-2 family member, Mcl-1; however, whether the effects are on mRNA or protein is cell type-
specific [14]-[16]. Mcl-1 is upregulated in neuroblastoma and is a key mediator of chemoresistance [1] [17].
Therefore, inhibition of Mcl-1 by YM155 may contribute to apoptosis in neuroblastoma cells. Indeed, most es-
tablished neuroblastoma cell lines are sensitive to YM155 at low nanomolar concentrations in vitro, which is
partially rescued by exogenous expression of survivin [18].

Survivin is a member of the inhibitor of apoptosis (IAP) family of proteins. It is highly expressed during em-
bryonic development where it is involved in proliferation, migration, and apoptosis [19] [20]. Survivin is exten-
sively downregulated in differentiated tissues, but is highly upregulated in many cancers [19]. Survivin inhibits
apoptosis by inhibiting the release of SMAC/DIABLO and apoptosis inducing factor from the mitochondria to
prevent signaling and transcription for apoptosis [19]. When exported from the mitochondria, survivin interacts
with and stabilizes XIAP to inhibit caspase cascades [9].

Recent studies have also indicated that survivin is associated with increased migration of cancer cells [20]
[21], which is independent of survivin-mediated survival signaling [20]. Survivin mediates migration and inva-
sion through AKT activation and upregulation of a5-integrin in melanoma [21] and through NF-xB-mediated
upregulation of fibronectin and S1-integrin to induce signaling through focal adhesion kinase in adenocarcinoma
[20]. High levels of survivin are also correlated with metastatic disease in Ewing’s sarcoma [22] and malignant
peripheral nerve sheath tumors [23].

In neuroblastoma, high survivin expression correlates with MYCN amplification, high-risk group [24], recur-
rence, and decreased overall survival [25]. Inhibition of survivin expression in neuroblastoma cells increases
apoptosis [26] and sensitization to chemotherapy [27]. Additionally, survivin knockdown reduced migration of
neuroblastoma cells [28].

The nearly cancer-specific expression in many cancers combined with the vast roles it plays in tumor progres-
sion, makes survivin an attractive target. Indeed, YM155 has been studied in a variety of cancer models [10]-[16]
[18] [29]-[37] and has been studied in clinical trials for adult cancers [38] [39]. In this study, we investigate this
small-molecule survivin suppressant on neuroblastoma cell migration and invasion in vitro as well as tumor
growth and metastasis in vivo. The overall goal of this work is to establish YM155 as an effective treatment for
metastatic neuroblastoma.

2. Methods
2.1. Cell Culture
Cells were maintained in RPMI + 10% FBS + 1% Penicillin/Streptomycin (Invitrogen) in a 37°C humidified
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chamber with 5% CO,. Cell lines were authenticated by short tandem repeats (DNA Diagnostics Center).

2.2. Survivin Suppressor

YM155 (provided by Astellas Pharma) was dissolved in DMSO (10 mM). Aliquots were thawed and diluted in
cell culture medium for in vitro assays or in saline for xenograft studies on the day of treatment.

2.3. Whole Genome Expression

Cells were plated in duplicate or triplicate overnight in growth media and then collected, or treated with fresh
media 250 nM YM155 then collected at 6 and 12 hours (hr). Expression data were evaluated by cDNA micro-
array, U133 Plus 2.0 (Clinical Reference Laboratory). Untreated cell lines were compared to a 45-sample whole-
body reference set as is used in pediatric personalized medicine clinical trials by the Neuroblastoma and Medul-
loblastoma Translational Research Consortium. Partek® Genomics Suite™ and the R environment were used for
microarray analysis. Gene chip data were normalized and probe set expression matrix were calculated using the
Robust-multi array method [40]. Differential Expression statistics were analyzed between sample groups desig-
nated as normal and neuroblastoma cell line.

2.4. Quantitative RT-PCR

Cells were plated overnight in growth medium and then treated with 50 or 250 nM YM155 for 6 and 12 hr. Ly-
sates were collected using Trizol (Invitrogen), RNA extracted using BCP (Sigma) and the RNeasy clean-up kit
(Qiagen), and cDNA made using High Capacity cDNA (Applied Biosystems). DNA was extracted from two areas
of fixed liver tissue from xenografted mice using the QlAamp DNA FFPE tissue kit (Qiagen). All reactions were
run in triplicate using 30 - 100 ng cDNA or 100 ng DNA per reaction, Tagman Fast Advanced Master Mix (Applied
Biosystems) or Sso Advanced supermix (Bio-Rad), BIRC5, Mcl-1, and S-actin Tagman assays (Applied Biosys-
tems) or primers (Invitrogen) for human Alu (forward: 5’-ctgttttgtggcttgttcag-3’, reverse: 5’-aggaaaccttccctcctcta-3’)
and mouse GAPDH (forward: 5’-ttggttgagaagcagaaaca-3’, reverse: 5’-cacacagtcaagttcccaaa-3’).

2.5. Western Blot

Cells were plated in 6-well plates overnight in growth medium, then treated with 12.5 - 1000 nM YM155 for 24
or 48 hr. Cell lysates were collected with RIPA buffer, protein concentration measured, proteins separated by
SDS-PAGE, and blotted as previously described [41]. Primary antibodies include survivin (R&D Systems),
cleaved Caspase-3, Caspase-3, cleaved PARP, PARP, Mcl-1 (Cell Signaling), actin (Cell Signaling or Santa
Cruz), and beta tubulin (produced in house). Secondary antibodies were purchased from Licor. Blots were im-
aged using an Odyssey infrared scanner (Licor). Quantitation was performed using Image Studio software (Licor)
and reflects triplicate blots.

2.6. Cell Viability

Cells were plated 4000 - 7000 cells per well in 96-well plates overnight, then treated with 4 - 4000 nM YM155
as indicated for 48 or 72 hr. Viability was determined by Calcein AM as previously described [41] and reflect
three experiments.

2.7. Wound Assay

Cells were plated overnight in growth media 2.5 x 10° cells per well in glass-bottom plates (Grenier Bio-One).
Wounds were made using a pipette tip. Cells were washed with media and media were replaced +YM155. At
least ten fields per wound were imaged every 15 min for 20 hr using a Nikon Eclipse Ti microscope with a CO,
controlled, humidified chamber. Migration distance measured using Nikon Elements software.

2.8. Transwell Migration and Invasion Assays

Sub-confluent cells were serum starved for 2 hr and Bio-coat inserts were rehydrated for 2 hr in serum free
(SF)-media. Cells were suspended in SF-medium £10 or 20 nM YM155 and seeded in triplicate onto transwell
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filters, 1 x 10° cells per well in 24-well plates for migration and 5 x 10° in 6-well Bio-coat plates for invasion
(BD biosciences). Cells were allowed to settle for 20 - 30 min then lower wells were filled with medium con-
taining 10% FBS as a chemoattractant +YM155 as indicated. After 20 (migration) or 48 hr (invasion), cells on
the bottom of the filters were trypsinized, collected, pelleted, washed with PBS, and frozen. Cell number was
determined by CyQUANT (Molecular Probes) using a standard curve for each cell line created on the day of
plating. Results reflect percent of untreated controls and the average of three experiments.

2.9. Xenograft

Cells were suspended in Matrigel (BD Biosciences) and injected subcutaneously into the flanks of five-week-old
female nude mice (10" cells in 0.1 mL Matrigel per mouse). When tumor volumes reached 100 mm® (length x
width x depth x 0.52), YM155 was administered by 7-day continuous infusion using Alzet osmotic pumps
(1007D, Durect Corporation) according to manufacturer’s instructions. Pumps were subcutaneously implanted
into the backs of the mice and removed after ten days. Tumors were measured twice weekly by caliper. Animals
were sacrificed when control animal tumors exceeded 3.0 cm®. For survival studies, animals were sacrificed in-
dividually when each tumor reached 3.0 cm®. Studies were approved by the Institutional Animal Care and Use
Committee at the Van Andel Research Institute.

2.10. Statistics

Statistical analyses were performed using GraphPad or R software. Welch’s t-test was used for comparisons of
RNA expression in cell lines versus normal tissues. For in vivo survival curves, a log-rank test was used. Stu-
dent’s t-test was used for all other comparisons. All comparisons were considered significant at p < 0.05.

3. Results
3.1. BIRC5/Survivin Expression in Neuroblastoma

Expression levels of survivin in neuroblastoma cell lines were determined by microarray and compared to a
whole-body reference set (Table 1). Values shown indicate fold change over the expression in normal tissues.
BIRC5/survivin expression in the four neuroblastoma cell lines tested is 37 - 64-fold higher than in normal tis-
sue. It has been reported that amplification of MYCN is correlated with gain of 17q [1] [2] [8]. Our data confirm
that cell lines with MY CN amplification also had the highest survivin expression (Table 1).

3.2. YM155 Inhibits Survivin Expression and Cell Viability in Neuroblastoma Cell Lines

Inhibition of survivin expression was confirmed by western blot following 48 hr exposure to YM155. Figure
1(a) shows that YM155 inhibits expression of survivin in all four cell lines. Quantification (Figure 1(b)) indi-
cates that the effects were dose-dependent. Excessive cell death among SMS-KNCR cells was observed at high
concentrations of YM155 (data not shown); therefore, these cells were treated with lower concentrations than
the other cell lines here and throughout the rest of this study. To confirm that YM155 inhibits transcription of
survivin in neuroblastoma cells, quantitative RT-PCR was used to measure the levels of survivin transcript at 6
hr and 12 hr of treatment with 250 nM YM155 (50 nM for SMS-KCNR [Figure 1(c)]). Indeed, expression of
survivin was reduced. However, the changes in expression were cell line-dependent and did not correlate with

Table 1. Gene expression in neuroblastoma cell lines. Expression of survivin is upregulated in neuroblastoma cell lines. Two
MYCN amplified and non-amplified cell lines were used in this study. Fold change and p-values were calculated by com-
paring expression in neuroblastoma cell lines to a 45-sample whole-body reference set.

BIRC5/survivin MYCN ABCB1
Fold change p-value Fold change p-value Fold change p-value
BE(2)C 64.0609 4.45E-8 379.391 1.57E-26 9.19534 0.000461
CHLA90 37.9506 8.31E-7 4.07487 1.21E-5 2.26204 0.174805
SH-SY5Y 51.4153 1.53E—7 6.00858 1.01E-7 4.0512 0.022177
SMS-KCNR 58.7294 7.25E-8 363.059 2.22E-26 =5.7772 0.004676
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Figure 1. YM155 inhibits survivin expression in neuroblastoma cell lines. (a) Neuroblastoma cells were exposed to increas-
ing concentrations of YM155 for 48 hr and cell lysates were subject to western blot; (b) Quantitation of westerns shows that
survivin expression decreased in a dose-dependent manner in all four cell lines; (c) qRT-PCR confirms the reduction in sur-
vivin transcript when cells were treated with YM155. BE(2)C, CHLA90, and SH-SY5Y were treated with 250 nM YM155
and SMS-KNCR were treated with 50 nM for times indicated. Data reflect fold change vs. untreated cells at the same time
point; (d) and (e) Neuroblastoma cells were treated with increasing concentrations of YM155 for (d) 48 or (e) 72 hr. Cell
viability was determined by calcein AM. I1Cs, values for each cell line are represented to the right. n = 3 experiments. Data is
presented as percent of untreated cells. Representative blots are shown, quantitation represents n = 3 experiments. "Indicates
significantly different than untreated controls p < 0.023.

the overall level of survivin expression as indicated in Table 1.

Cell viability was measured following 48 hr YM155 treatment. Sensitivity varied by cell line and also did not
correlate with the level of expression of survivin (Table 1). The SMS-KCNR cell line was found to be the most
sensitive, followed by CHLA90 and SH-SY5Y. BE(2)C cells were the most resistant with an ICsy of 1277 nM at
48 hr (Figure 1(d)); however, longer exposure to YM155 (Figure 1(e)) reduced the 1Cs, markedly to 81 nM at
72 hr.

3.3. Treatment with Low-Dose YM155 Inhibits Cell Migration and Invasion in Vitro

Effects of YM155 on cell migration were assessed over 20 hrs. For all migration and invasion experiments, cells
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were treated with lower concentrations of YM155 to reduce confounding effects on cell proliferation. BE(2)C
cells were plated in a confluent monolayer and subject to a wound assay +20 nM YM155. By 20 hr, untreated
cells had migrated further into the wound area than YM155-treated cells (Figure 2(a) and Figure S1(a) and
Figure S1(b)). Distance migrated was measured at 30 min intervals over 20 hr. Results reflect the distance mi-
grated as a percent of the maximum migration (average distance migrated by untreated cells at 20 hr). Treatment
with YM155 inhibited the distance migrated of BE(2)C cells by 32% compared to untreated cells (Figure 2(b)).
Cell viability was not affected at this dose even at 48 hr (Figure 2(f)) and YM155 did not induce apoptotic sig-
naling at 24 hr except at the high doses (Figure S2).

Because SMS-KCNR cells do not form a monolayer, which is necessary for a wound assay, migration was
assessed by transwell assay. Cells were plated in transwell plates £20 nM YM155. Migrating cells were col-
lected and cell number determined by Cyquant. Results reflect percent of untreated cells. Cells were also plated
in triplicate in 24-well plates £20 nM YM155 to determine effects on proliferation at the same time-point.
Low-dose YM155 reduced the number of cells migrating by 15% (Figure 2(c)), but did not significantly affect
proliferation (Figure 2(d)).

Cellular invasion was assessed by Matrigel invasion assay. Invading cells were collected at 48 hr. Results
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Figure 2. YM155 inhibits cell migration and invasion in vitro. Cells were treated with low concentrations of YM155. (a) and
(b) BE(2)C cells were subject to a wound assay. (a) Start and end point images illustrate that YM155 reduced migration into
the wound area; (b) Distance migrated was measured at 3 locations across each wound at 30 minute intervals over 20 hr. For
simplification, only the error bars for the 20 hr time point are shown; (c) 20 nM YM155 reduced migration of SMS-KCNR
cells by 17%, but did not affect proliferation of SMS-KCNR cells; (d) Invasion of BE(2)C cells was reduced by 47% with 20
nM YM155 treatment over 48 hr, but proliferation was not affected. “Indicates significantly less than untreated cells, p <

0.05.
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reflect percent of untreated cells. YM155 inhibited the number of invading BE(2)C cells by nearly 50% (Figure
2(e)), but did not affect proliferation over this time course (Figure 2(f)). To assess invasion of SMS-KCNR cells,
the concentration of YM155 was decreased to 10 nM to avoid affecting cell proliferation over the longer time
course (Figure 2(f)). In 48 hr, SMS-KCNR cells demonstrated a slight, but non-significant, decrease in invasion
with YM155 treatment (Figure 2(e)).

3.4. YM155 Induces Signaling for Apoptosis

Western blot analysis following 48 hr treatment with increasing concentrations of YM155 confirm increased
apoptotic signaling. Blots were probed for cleaved caspase-3 and for cleaved-Poly ADP Ribose Polymerase
(PARP) (Figure 3(a)) to indicate the increased incidence of programmed cell death induced by YM155 in each
cell line.

YM155 has also been reported to inhibit expression of Mcl-1 in a panel of cancer cell lines [14], but this has
not been shown in neuroblastoma cell lines. Microarray analysis of BE(2)C cells exposed to YM155 for 12 hr
showed a small but significant decrease in Mcl-1 expression (1.21-fold decrease p = 0.008). Western blot analysis
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Figure 3. YM155 induces signaling for apoptosis. (a) Western blot analyses indicate increased caspase-3 and PARP clea-
vage in neuroblastoma cells exposed to YM155 for 48 hr; (b) Western blot analysis shows decreased expression of Mcl-1
protein with 48 hr YM155 treatment; (c) Quantitation of Mcl-1 protein confirms decreased expression; (d) YM155 reduced
expression Mcl-1 transcript at 6 hr in BE(2)C and SMS-KCNR cells, but with little or no change in expression at 12 hr.
“Significantly different from untreated cells p < 0.042. Quantitation represents n = 3 experiments and representative blots are
shown. "Bands were moved from a different part of the same blot.
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confirmed reduced Mcl-1 protein expression following 48 hr treatment with YM155 despite a slight induction
by the vehicle (Figure 3(b) and quantitated in Figure 3(c)). qPCR (Figure 3(d)) shows decreased Mcl-1 ex-
pression in BE(2)C and SMS-KCNR at 6 hr (250 nM and 50 nM, respectively), but then expression recovers at
12 hr after YM155 treatment, returning to the level found in untreated cells for SMS-KCNR. Expression in
SY5Y was unchanged at any time point (Figure 3(d)) and no consistent changes in expression in CHLA90 were
observed (data not shown). These data suggest that YM155 may have an indirect effect on Mcl-1 protein ex-
pression in neuroblastoma cells.

3.5. YM155 Alters Expression of Genes Involved in Migration and Apoptosis

Microarray analysis of BE(2)C cells indicated that YM155 treatment decreased expression of survivin (Table 2).
YM155 treatment did not significantly change expression of other IAP proteins (data not shown); however, ex-
amination of other genes involved in migration and survival signaling showed a change in expression. Table 2
shows genes involved in apoptosis and/or migration, for which expression was changed by >1.5-fold following
12 hr exposure to YM155. Like Mcl-1, the effects of YM155 on expression of genes such as TGM2 (Transglu-
taminase 2) that promote cell survival [42] may aid in the anti-tumor effects of YM155. Many of the genes iden-
tified promote cell migration including CDC25A (Cell Division Cycle 25A), CXCR4 (Chemokine Receptor 4),
zyxin (ZYX), ephrin-B1 (EFNB1), and a disintegrin and metalloproteinase with thrombospondin motifs-1
(ADAMTS1) [43]-[48]. Treatment with YM155 reduced the expression of most of these genes, either directly or
indirectly, suggesting that these pathways may be involved in the inhibition of migration by YM155.

Table 2. YM155 induces changes in expression of genes involved in migration and apoptosis. BE(2)C cells were treated +
YM155 (250 nM) for 12 hr. Microarray analysis of treated versus untreated cells identified several genes involved in apopto-
sis and/or migration signaling pathways for which expression is significantly changed by YM155. Twenty genes with the
greatest change in expression for migration and apoptosis pathways are shown.

Gene symbol Fold change p-value
BIRC5 -2.97295 1.15E-6
SDC1 -2.87152 5.63E4

CDC25A —2.68777 0.002826
TGM2 —2.47326 2.55E-3
EFNB1 —2.06959 0.008898
MGATS —2.06326 0.000155
ADRB2 —1.98096 0.006454

CD44 -1.94873 0.001243
ADAMTS1 —1.72508 0.004316
CXCR4 —1.66986 0.010546
MSX2 1.87647 0.005905
ZYX 2.10436 9.41E-4

KALRN 2.18131 3.49E-4
FMN1 2.49372 1.27E-5
PTPRH 2.53891 3.02E-3
FNBP1 2.8294 1.09E—4

ID1 290711 8.00E-8
SMADG 3.1044 5.80E-5
ARHGEF2 4.15769 2.49E-5
ATF5 6.69577 1.30E-7
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3.6. YM155 Reduces Tumor Growth and Metastasis in Vivo

Xenografts of SMS-KCNR and BE(2)C cells were used to assess the effects of YM155 on tumor growth in vivo.
Seven day treatment with YM155 (5 or 10 mg/kg) reduced tumor volume of SMS-KCNR tumors (Figure 4(a)).
Tumors of BE(2)C cells demonstrated a slight reduction in tumor volume with YM155 treatment, however, sta-
tistical significance was not achieved (Figure 4(b)). As there was little difference in tumor volumes between the
doses of 5 and 10 mg/kg in the above experiments, animals were treated with 2 and 5 mg/kg YM155 for the as-
sessment of overall survival in SMS-KCNR-inoculated mice. Results indicate that at 2 mg/kg, YM155 prolongs
survival in vivo by 33% (Figure 4(c)).

To determine whether YM155 could inhibit metastasis in vivo, DNA was isolated from livers and lungs of
tumor-bearing mice. The level of human DNA present in the tissues was measured by gPCRas described in [49].
Expression of human Alu normalized to mouse GAPDH indicated that YM155 inhibited metastasis to liver by
50% (Figure 4(d)). YM155 had no effect on metastasis to lungs (data not shown).

4. Discussion

Recent evidence that suggests that survivin promotes migration in several cancers [20]-[23] [28]. Increased sur-
vivin expression in neuroblastoma correlates with high-risk group, which is also characterized by metastasis
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Figure 4. YM155 inhibits tumor growth and metastasis in vivo. Nude mice,
harboring subcutaneous xenograft tumors of (a) and (c¢) SMS-KCNR cells or
BBE(2)C cells were treated with YM155 or saline (vehicle) by osmotic pump
on days 0-7. Tumor volume was measured twice weekly. (a) and (b) Results
indicate that YM155 inhibits tumor growth in vivo; (c) Mice were euthanized
as each tumor reached 3000 mm?; (d) Human DNA (Alu) in the livers of mice
inoculated with BE(2)C tumors was measured by gPCR. Data indicate human
Alu relative to mouse GAPDH and reflect three mice per group. Results indi-
cate that YM155 slows tumor growth, prolongs survival, and inhibits metas-

tasis to liver in vivo. p < 0.024.
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[24]. This led us to investigate the effects of YM155 treatment on neuroblastoma cell migration and invasion.
For these studies lower, non-cytotoxic concentrations of YM155 were used in order to reduce any confounding
effects on cell proliferation and/or apoptosis. The effects of YM155 on migration and invasion are evident in the
more resistant BE(2)C cells, where invasion is inhibited by nearly 50% (Figure 2(d)). This is consistent with the
decrease in metastasis observed for BE(2)C cells in vivo (Figure 4(d)). BE(2)C cells were resistant to YM155 in
viability assays, but exhibited sensitivity in cell migration experiments, suggesting that patients whose tumors
are resistant to the apoptotic effects of YM155 may still benefit from treatment with YMZ155 to inhibit metasta-
sis.

To gain additional insight into migration inhibition by YM155, expression of genes involved in migration
were examined after YM155 treatment. Several genes that promote metastasis are downregulated by YM155.
CXCR4 has been implicated in neuroblastoma metastasis to bone marrow [43]. CD44 expression promotes me-
tastasis in many cancers. In neuroblastoma, however, loss of CD44 did not inhibit cells from leaving the primary
tumor, but slowed tumor growth at the metastatic site, resulting in micrometastases [50]. Other genes such as
SMADS, a negative regulator of transforming growth factor-beta (TGF-b) signaling [51], are involved in cell
migration as well as survival. Further analysis of these genes will give insight into the mechanism by which
YM155 inhibits metastasis in neuroblastoma.

Neuroblastoma cell lines exhibit a wide range of sensitivities to YM155 (Figure 1(d) and [18]). In our studies,
sensitivity did not correlate with MYCN (Table 1) or p53 status (data not shown). Lamers et al., [18] deter-
mined that resistance is correlated with expression of the multidrug transporter ABCBL. Indeed, sensitivity of
our cell lines to YM155 correlates with ABCB1 expression (Table 1). However, while BE(2)C had the highest
ABCBL expression of all the cell lines tested and was resistant at 48 hr, YM155 suppressed survivin mRNA at 6
hr, and suppressed survivin protein and induced apoptotic signaling at 48 hr. When exposure to YM155 was in-
creased from 48 to 72 hr, BE(2)C cells showed much greater sensitivity (Figure 1(d)).

Assessment of apoptosis signaling (Figure 3(a)) confirmed that YM155 induces programmed cell death in
neuroblastoma cells. Evidence that YM155 inhibits expression of Mcl-1 [14]-[16] and that Mcl-1 is upregulated
and confers chemoresistance in neuroblastoma [1] [17] prompted us to examine the effects of YM155 on Mcl-1
in neuroblastoma cells. Our data indicate that the observed decrease in Mcl-1 expression is not likely to be a di-
rect effect of YM155, as the effect on RNA expression was transient, but was sustained at the protein level.
YM155 can induce protein ubiquitination [15]. This may be aYM155-mediated mechanism for loss of Mcl-1
protein. In a recent study, ectopic expression of survivin in IMR32 neuroblastoma cells caused only a partial
rescue from YM155-induced apoptosis [18]. YM155-mediated decrease in Mcl-1 may account for the additional
effects observed for YM155 on neuroblastoma apoptosis. However, further investigation is required to establish
the relationship between the effects on Mcl-1 and cell death in these cells.

In vivo, YM155 has demonstrated anti-tumor activity in multiple cancer types, including neuroblastoma [12]
[29]-[33]. Sensitivities of the cell lines to YM155 in vivo correlated with cell viability in vitro. SMS-KCNR tu-
mor model experienced significantly reduced tumor growth (Figure 4(a)), while BE(2)C tumors showed a only
mild decrease in tumor growth following YM155 treatment (Figure 4(b)). In addition, we determined that
YM155 reduces metastases in the livers of mice harboring BE(2)C tumors. Our models suggest that patients
with tumors that are more sensitive to YM155 will benefit most from the pro-apoptotic effects, whereas patients
whose tumors are more resistant may still benefit from the anti-metastatic effects following de-bulking and/or in
combination with other therapies. Indeed, recent reports have indicated that YM155 sensitizes cancers to che-
motherapies [29] [31] [33] [34]-[36], targeted therapies [30] [32] [37], and natural compounds [28].

5. Conclusion
In conclusion, YM155 is effective in inhibiting neuroblastoma tumor growth, migration, and metastatic burden
suggesting that YM155 may be a promising adjuvant treatment for neuroblastoma.
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Supplementary

untreated 20 nM YM155
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Figure S1. Cell migration was measured using a wound assay. Representative images show migration of cells at 5 he inter-
vals over 20 hr. Untreated cells (left panels) show long projections and migrate further than BE(2)C cells treated with 20 nM

YM155 (right panels).
BE2C CHLA90 SH-SY5Y SMS-KCNR
YM155 YM155 YM155 YM155
3 3 3 3
2o s fuo s Ro s fuo s 2
00 <=T¢ VU <=T¢ 00 <=T¢ 00 <c=T¢
S£=2¢c o8 S£2¢ o8 S£2¢c o8 S£=2¢ o8
CO fo & CoO fo &5 CO fo & CoO fo &
5S> =« 5> = D> =+~ 5S> ==
Caspase? Emememememasy e

Caspase-3

Tubulin

PARP  + e s —

Cleaved P [

Tubulin e e
Tubulin » Cu» cED evedben .- o ‘ -

Figure S2. Apoptosis signaling following 24 hr treatment with YM155. Western blot analyses indicate that treatment with
YM155 for 24 hr does not induce Caspase-3 or PARP cleavage except at the highest doses shown. Note: SMS-KCNR cells
were much more sensitive to YM155 and at 1000 nM there was very little protein present (as shown in the survivin blots),
and so this sample was not run on the Caspase-3 and PARP blots.
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