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ABSTRACT

Neuroblastoma is an embryonal tumor derived from poorly differentiated neural
crest cells. Current research is aimed at identifying the molecular mechanisms
that maintain the progenitor state of neuroblastoma cells and to develop novel
therapeutic strategies that induce neuroblastoma cell differentiation. Mechanisms
controlling neural crest development are typically dysregulated during neuroblastoma
progression, and provide an appealing starting point for drug target discovery.

Transcriptional programs involved in neural crest development act as a context
dependent gene regulatory network. In addition to BMP, Wnt and Notch signaling,
activation of developmental gene expression programs depends on the physical
characteristics of the tissue microenvironment. TRPM7, a mechanically regulated TRP
channel with kinase activity, was previously found essential for embryogenesis and
the maintenance of undifferentiated neural crest progenitors. Hence, we hypothesized
that TRPM7 may preserve progenitor-like, metastatic features of neuroblastoma cells.

Using multiple neuroblastoma cell models, we demonstrate that TRPM7
expression closely associates with the migratory and metastatic properties of
neuroblastoma cells in vitro and in vivo. Moreover, microarray-based expression
profiling on control and TRPM7 shRNA transduced neuroblastoma cells indicates that
TRPM7 controls a developmental transcriptional program involving the transcription
factor SNAI2. Overall, our data indicate that TRPM7 contributes to neuroblastoma
progression by maintaining progenitor-like features.

INTRODUCTION

Neuroblastoma is an embryonic tumor derived from
cells of the neural crest. Survival rates are excellent for
patients with low- and intermediate-risk neuroblastomas.
In contrast, patients with high-risk neuroblastomas present
with metastatic disease at diagnosis and require intensive
treatment regimens. Although virtually all patients initially
respond to treatment, a therapy resistant pool of poorly
differentiated cells may arise that leads to refractory
disease for which no treatment options are currently
available [1, 2]. To develop more effective treatment

strategies for these patients, there is an urgent need to
understand the molecular mechanisms that control the
progenitor state of neuroblastoma cells. The similarities
between neural crest development and neuroblastoma
progression have previously been recognized [3-5]
and provide an appealing starting point for drug target
discovery.

The neural crest is a population of cells that
arises at the borders of the neuroectoderm during early
embryogenesis, spreads to different parts of the embryo
and gives rise to a multitude of cell types, including
the peripheral sympathetic neurons [6]. Mechanisms
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controlling migration and differentiation of neural crest
cells are typically dysregulated during neuroblastoma
development and progression. For instance genes
that maintain the balance between proliferation and
differentiation of neural crest cells, such as MYCN, ALK
and PHOX?2B, are often found mutated or overexpressed
in high-risk neuroblastomas [3, 4]. Additionally, metastatic
neuroblastoma cells adopt a pro-migratory developmental
program known as epithelial-to-mesenchymal transition
(EMT), which allows neural crest cells to delaminate
from the neural plate borders and spread throughout the
embryo [7—-10]. Consistently, in vitro evidence indicates
that genes involved in EMT of neural crest cells, including
transcription factors such as SNAI2, are misregulated in
metastatic neuroblastomas [4, 10, 11].

BMP, Wnt and Notch mediated signal transduction
pathways act in concert to control neural crest formation,
migration and maturation [6]. Additionally, mechanical
input from the cellular environment drives neural crest
maturation [12—16]. As these signals are essential for
proper tissue development and maintenance of cellular
quiescence, perturbed mechanical signaling can propagate
de-differentiation, uncontrolled cell proliferation, tissue
invasion and therapy resistance in solid tumors, including
neuroblastoma [17-29]. Members of the mammalian
Transient Receptor Potential (TRP) cation channel
family are considered key regulators of the mechanical
interactions between the cell and its microenvironment.
Tethered to the cytoskeleton, their ion conducting
properties can be modulated by different stimuli, including
mechanical cues, resulting in responses that range from
adhesion remodeling to cellular differentiation [30-32].
Indeed, we showed that TRPM7, a TRP-cation channel
with kinase activity, directly interacts with the actomyosin
cytoskeleton and controls cell-matrix interactions in breast
cancer cells as well as in neuroblastoma cells [33, 34].
Moreover, we and others showed that TRPM7 functionally
contributes to the progression of a number of malignancies
in vitro and in vivo (reviewed in [35]). However, the
mechanisms by which TRPM?7 drives tumor progression
remain poorly understood.

Studies using TRPM7 conditional knockouts
demonstrate that TRPM7 expression is required during
carly stages of embryogenesis [36, 37]. Moreover, TRPM7
appears to be essential for the maintenance of multi-
potent neural crest cells [37]. Hence, we hypothesize
that TRPM7 expression and/or activity may contribute
to neuroblastoma progression by disrupting normal
neural crest cell maturation and preserving progenitor-
like features in tumor cells. Consistent with this notion,
we show here that TRPM7 overexpression confers a
metastatic phenotype onto an otherwise poorly metastatic
neuroblastoma cell line, while shRNA-mediated
knockdown of TRPM7 reduces the migratory properties
of neuroblastoma cells. In addition, by gene expression
profiling we demonstrate that TRPM?7 is required for the

maintenance of a progenitor-like gene expression program
in human neuroblastoma cell lines.

RESULTS

TRPM?7 confers a malignant phenotype onto
poorly metastatic neuroblastoma cells

To address if TRPM7 contributes to the malignant
properties of neuroblastoma cells, we assessed whether
TRPM7 overexpression promotes metastasis formation
of poorly metastatic murine N1E-115 neuroblastoma
cells in vivo. To this end, we intravenously injected
luciferase expressing neuroblastoma cells that were
previously generated to either overexpress mouse
TRPM7 (mTRPM?7) or an empty vector control (Control)
(Supplementary Figure S1A) [33], into Rag2”1l2rg”"
immunodeficient mice. Non-invasive bioluminescence
imaging was used to monitor tumor cell dissemination
and growth. Bioluminescence signals were observed at
day 7 post-injection and progressively increased over time
(Figure 1A & 1B), showing that injected cells survived,
proliferated and formed metastasis. In good agreement
with earlier reports on metastasis of neuroblastoma cells
in mice [38], bioluminescence originated predominantly
from the abdominal region. Strikingly, the abdominal
signal in N1E-115 mTRPM?7 injected mice was much
higher at all time points (day 7: control = 5.41 x 10* +
9.92 x 10° photons/s, n = 9; mTRPM7 = 9.75 x 10° +
1.63 x 10° photons/s, n = 9). Note that the progressive
increase in bioluminescence was comparable in both
groups, suggesting that the in vivo proliferation rate
of neuroblastoma cells was not affected by TRPM7
expression levels (Figure 1B). Indeed, MTS assays
indicated that mTRPM?7 overexpression did not affect in
vitro proliferation rates (Figure 1C).

TRPM7 promotes metastatic spread to liver and
bone marrow, but not in vivo proliferation

As the proliferation rate of N1E-115 mTRPM7 cells
did not differ from control cells in vitro, the increased
abdominal signals of mice injected with these cells suggest
that dissemination is more widespread. Histopathological
analysis showed that the dissemination pattern was similar
in both groups, with metastases predominantly present in
the liver (Figure 2A & 2B). However, image analysis of
liver paraffin sections demonstrated that much more tumors
were present in mice injected with N1E-115 mTRPM?7 cells
(control = 9.5 £ 3.3 tumors per liver section; mTRPM7 =
79.7 £ 13.4 tumors per liver section; p <0.01, n=9) (Figure
2A & 2C). Consistent with the observation that TRPM7 does
not affect proliferation in vitro, nTRPM7 overexpression had
no effect on mean tumor size (control = 0.35 + 0.13 mm?,
n = 118 tumors; mTRPM7 = 0.26 + 0.03 mm?, p = 0.23,
n =786 tumors) (Figure 2D & 2E).
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Figure 1: TRPM7 increases the metastatic potential of N1E-115 cells. (A) Representative bioluminescent images of mice,
7 and 20 days after intravenous injections with N1E-115 control or mTRPM?7 overexpressing cells (» = 9 mice in each group). Photon
fluxes are set to the same scale (photons / s). Asterix indicates an example of bioluminescence observed in a limb. (B) Quantification of
bioluminescence in the abdominal region between day 7 and day 20 post-injection. Data are mean + SEM of #n = 9 mice per group. Data
presented are from 1 out of 2 independent experiments that show highly reproducible results. (C) Quantification of cell proliferation,
determined by MTS assays. Data are mean extinction at 492 nm + SEM of n = 3 experiments.

In addition to the liver, bone and bone marrow
metastases are commonly observed in neuroblastoma
patients [39]. We therefore isolated bone marrow content
from each limb and analyzed luciferase activity. Limbs
were considered positive when bioluminescence was five
times above background. Strikingly, only one limb from a
single N1E-115 control injected mouse met this criterion,
whereas all mice injected with N1E-115 mTRPM?7 cells
scored positive with an average of 3 affected legs per
mouse (control = 1 limb in 1 out of 9 mice; mTRPM7 =
9 out of 9 mice affected with 27 out of 36 limbs scoring
positive, p < 0.01) (Figure 2F). Hence, we conclude
that TRPM7 enhances the metastatic potential, but not
proliferation rate, of N1E-115 neuroblastoma cells in vivo.

TRPM?7 expression does not affect viability and
proliferation of human neuroblastoma cells

Although TRPM7 overexpression did not affect
proliferation of mouse N1E-115 neuroblastoma cells,
others have suggested a role for TRPM7 in neuroblastoma
cell proliferation, specifically in a MYCN-amplified
context [40]. SH-EP2 is a non-neuronal (S-type) subclone
of the SK-N-SH human neuroblastoma cell line with no
expression of MYCN. In turn, MYCN is amplified in the
neuroblastic (N-type) subclone of SK-N-SH cells, named
SH-SYS5Y [41]. As MYCN was essential for proliferation
of these cells [42], the SH-SY5Y neuroblastoma model
provides a physiological relevant model to study the
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Figure 2: TRPM7 promotes metastatic spread to liver and bone marrow. (A) Representative H&E staining on liver tissue,
collected 20 days after injection with N1E-115 cells. Prominent tumors in the liver indicate that both N1E-115 control and mTRPM7
overexpressing cells metastasize to the liver. (B) Histopathological analysis of mouse tissue sections, collected 20 days after injection with
either N1E-115 control or mTRPM?7 overexpressing cells. Mouse tissues were scored for the presence of tumor cells. Adrenal glands of 5
mice were scored for presence of tumor cells, whereas 9 mice were dissected for other tissues. (C) Quantification of the number of liver
tumors per mouse, measured in resected liver tissue from mice injected with N1E-115 control or mTRPM?7 overexpressing cells. Data are
mean = SEM of n = 9 mice in each group. **p < 0.01, two-tailed unpaired #-test with Welch correction. (D) Quantification of mean liver
tumor size in mice injected with N1E-115 control and mTRPM?7 overexpressing cells. Data are mean = SEM of n = 9 mice in each group.
(E) Size distribution of tumors in liver sections emphasizes similar growth rates for both cell lines. (F) Percentage of mice (left panel) and

limbs (right panel) with bone marrow metastases. Data are mean + SEM of n = 9 mice in each group. **p <0.01, two-tailed unpaired #-test
with Welch correction.
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functional interactions between TRPM7 and MYCN in
cell proliferation.

To see if and how TRPM7 affects viability
and proliferation of MYCN-negative and positive
neuroblastoma cells, we generated stable TRPM7
knockdown SH-EP2 and SH-SYS5Y cells using a
previously characterized lentiviral sShRNA construct [34]
(Supplementary Figure S1B & S1D). TRPM7 knockdown
did not markedly affect viability and proliferation of
MY CN-negative SH-EP2 cells, as we assessed by MTS-
assays (Figure 3A & 3B, Supplementary Figure S2A
& S2B). In contrast to previous reports [40], however,
stable knockdown of TRPM?7 did not affect viability and
proliferation of MYCN-amplified SH-SYSY cells (Figure
3C & 3D). To exclude the possibility that endogenous
TRPM7 expression levels were limiting MY CN-induced
proliferation, we overexpressed mMTRPM7 in SH-SY5Y
cells (Supplementary Figure S1C) and subsequently
assayed viability and proliferation. Again, no effects of
TRPM?7 expression levels were observed (Figure 3E & 3F).
From these experiments, we conclude that in our hands,
stable knockdown or overexpression of TRPM7 does not
affect viability and proliferation of both MYCN-negative
and MYCN-amplified neuroblastoma cell lines.

TRPM7 promotes neuroblastoma cell migration

We previously showed that TRPM?7 is required
for breast cancer cell migration [34]. Since metastatic
neuroblastoma cells adopt the migratory potential of
disseminating neural crest cells, we set out to evaluate
the effects of TRPM?7 expression on neuroblastoma cell
migration. We first compared the migratory properties of
N1E-115 control and mTRPM?7 cells by assaying migration
towards a serum gradient in Boyden chambers. Whereas
control cells remained immobile during 48 hours, mMTRPM7
overexpression enhanced the ability of neuroblastoma
cells to cross the transwell membrane (191.5 + 72 fold
mTRPM7 cells relative to control cells, p = 0.05, n = 6)
(Figure 4A). Similarly, mTRPM7 overexpression promoted
transwell migration of human SH-SYS5Y cells (1.5 = 0.078
fold mTRPM?7 cells relative to control cells, p = 0.026,
n = 3) (Figure 4B). In reciprocal experiments, TRPM7
knockdown limited serum induced transwell migration of
SH-SYS5Y cells (0.56 £ 0.049 fold TRPM7 shRNA cells
relative to control cells, p = 0.012, n = 3), as well as SH-
EP2 cells (0.36 £ 0.15 fold TRPM7 shRNA cells relative
to control cells, p = 0.049, n = 3) (Figure 4C & 4D). The
substrate adhesive characteristics of SH-EP2 cells allowed
us to assess cell migration in gap closure assays. Consistent
with serum induced transwell migration, reduced TRPM7
expression levels significantly reduced gap closure speed
(control = 5.4 £ 0.3 hrs; TRPM7 shRNA = 7.7 £ 0.26 hrs to
50% closure, p = 0.005, n = 3) (Figure 4E—4G). To control
for off-target effects of the TRPM7 shRNA, we confirmed
the effect of TRPM7 knockdown on SH-EP2 cell migration
using cells that were transduced with a second, independent

TRPM7 targeting shRNA (Supplementary Figure S1D,
Supplementary Figure S2C-S2E). Overall, we conclude
that TRPM?7 drives neuroblastoma cell migration.

TRPM7 maintains neuroblastoma cells in a
progenitor state

Since TRPM7 was shown to be required for
the development of neural crest derived tissues by
maintaining the pool of pluripotent progenitor cells
[37], we hypothesized that TRPM7 may contribute to
neuroblastoma metastasis by preserving progenitor-
like, migratory neural crest cell features. We performed
microarray-based gene expression profiling and
identified 3015 genes that were significantly (p < 0,
05) up (1418 genes) or down (1597 genes) regulated
in neuroblastic SH-SY5Y TRPM7 shRNA cells, when
compared to control cells (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE64000). Subsequent
Gene Ontology (GO)-term analysis revealed 40 GO
categories within the ‘Biological Process’ subroot that
were significantly enriched (p < 0.01, > 10 genes per
category) (Supplementary Table S1). Consistent with a
role for TRPM7 in embryonic development [36, 37], GO
categories comprising organism and cellular development
were most significantly enriched (Figure 5A). Moreover,
a simplified graphical representation of relationships
between all 40 enriched GO-terms based on the directed
acyclic graph as presented by Webgestalt, clearly indicates
that genes affected by TRPM7 shRNA are involved in
neuronal differentiation (Figure 5B). Within the GO
category ‘Cell Differentiation’, we found many genes that
are well established to control neural crest development
as well as neuroblastoma progression. In view of the
complex crosstalk between these genes and the different
roles they play at distinct stages of development, it is
difficult to define in detail how the observed changes in
gene expression affect neuroblastoma progression. In
general, genes that promote neural crest development,
such as DLX5, LEFI and MSXI were upregulated,
whereas genes that are expressed by precursor cells or
suppress differentiation, including ASCLI, ID3, SNAI2
and STAT3, were down regulated (Figure 5C & Table 1).
Hence, TRPM7 expression appears to be inversely
associated with neural crest differentiation. Moreover,
genes that have previously been established to drive
neuroblastoma progression and migration, including
DBH, NOTCHI, RET and WNT1, were down regulated in
response to TRPM7 knockdown (Figure 5C & Table 1).
Combined with our in vitro and in vivo data, these data
support the notion that sShRNA-mediated knockdown of
TRPM7 impairs the malignant potential of human SH-
SYS5Y neuroblastoma cells at the gene expression level,
by reducing a progenitor-like state.

It seems plausible that TRPM7 shRNA impairs
migration of neuroblastic SH-SY5Y by affecting genes that
control neuronal precursor characteristics. Despite the lack
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Figure 3: Manipulation of TRPM7 expression does not affect neuroblastoma cell viability and proliferation. Quantification
of cell viability and proliferation, determined by MTS assays. Viability was assessed over 4 hours, proliferation was assessed over 4
days. Data represents normalized mean extinction at 492 nm mean = SEM of n > 2 experiments performed in triplo. (A-D) Effects of
TRPM7 shRNA on viability and proliferation of SH-EP2 cells and SH-SH-5Y human neuroblastoma cells. (E & F) Effects of mTRPM7
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TRPM?7 controls developmental gene expression programs. GO-term analysis was performed on genes that were differentially expressed
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levels between control and TRPM7 shRNA SH-SYS5Y cells. (D) TRPM?7 drives expression of SNAI2 transcription factor in human and
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Table 1: TRPM7 shRNA impairs progenitor-status and tumorigenicity of neuroblastic SH-SY5Y
neuroblastoma cells on the gene expression level

Selection of up and down regulated genes in SH-SY5Y TRPM7 shRNA cells (Figure 5B & 5C) that are known to control neural crest
differentiation (Diff), migration (Migr) and/or neuroblastoma progression (NB). + positively associated, — negatively associated. (—)
or (+) associated with migration or cancer progression, but no direct link with neural crest development or neuroblastoma progression.

Gene Diff. Migr. NB. Description Ref.
Symbol
Down |ADHS5 - Negative regulator of neuronal differentiation (66)
ANG ) n Marke.r for.hlgh-rlsk NB; Induces cancer cell proliferation (67-69)
and migration
Marker for high-risk NB; Marker for neuronal precursor
— + . . .. —
ASCLI cells; Down regulated during NB differentiation (70-73)
CCI12 + Promotes neuronal cell migration (74)
DBH B N Marker for 'hlgh-rlsk NB; asgcomated with impaired terminal (75-78)
differentiation of sympathetic neurons
EDNRA = Edn1-EDNRA signaling suppress neural crest differentiation (79)
ID3 - Maintains undifferentiated state of NC cells (80)
NEUROG2| — N Essential fgr neurgna}l cell migration; Negative regulator of (81, 82)
neuronal differentiation
NOTCHI1 - + | Marker for high-risk NB; Blocks NB cell differentiation (83, 84)
RET B N N Mgrkq for neuronal precursor cells; Requl.red foT NC (85-88)
migration; Promotes neuroblastoma tumorigenesis
Promotes NC formation; Promotes NC/NB cell migration
- + +
SNAI2 and invasion; Reduces NC/NB cell apoptosis (6, 11,54)
Maintains undifferentiated state of NC cells; Preserves
= + . . ’
STAT3 progenitor-like features of NB cells (89,90)
WNTI 3 n Maintains undifferentiated state of NC cells; Marker for (91-93)

high-risk NB

Tumor suppressor; Downregulated in high-risk NB;
+ _ —
Up BINT Promotes NB cell differentiation and apoptosis (94-96)

Tumor suppressor; Mutated in NB (inactivation); Essential

CDKN2A | for cell cycle control 7

DLXS5 4 Early NC marker; Promotes neuronal differentiation (98, 99)

LEF1 + Induces NC differentiation (100)

MSX1 n B Ear.ly NC marker; Inhibits cell growth gnq decreases anoikis (54, 101)
resistence; Promotes neuronal differentiation

NGF + — | Induces NB differentiation (102)

POU4F1 + Induces NC differentiation (103)

30X2 N B Required for NC fo@atlon, prohffarat‘lon and dlffereptlatlon; (104)
Down regulated during NC delamination and migration

SLIT? 3 O Tgmor suppressor; Impairs NC/NB cell migration; Impairs (105-107)
glioma metastasis

TIAM — | Mutated in high-risk NB (inactivation) (28)
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of neuronal features, TRPM7 shRNA similarly impaired
migration of epithelial-like SH-EP2 cells (Figure 4). This
suggests that TRPM7-mediated effects on gene expression
are not restricted to neuronal cells. We set out to define the
transcriptional program controlled by TRPM?7 in SH-EP2
cells using a similar approach as described for SH-SYSY
cells. We identified a set of 3322 genes that was differentially
expressed by SH-EP2 cells upon TRPM7 knockdown (1664
up, 1658 down, p <0.05). Consistent with the large differences
between neuroblastic and epithelial-like neuroblastoma
cells, this set of genes showed only modest overlap with the
genes that were up or down regulated by TRPM7 shRNA
in SH-SYS5Y cells (5.6% up, 7.1% down) (Supplementary
Figure S3B). GO-term analysis yielded 40 significantly
enriched categories within the ‘Biological Process’ subroot
(p <0.01, > 10 genes per category), comprising a number of
developmental categories that were similar to those identified
in SH-SYSY cells (Supplementary Table S2). However,
unlike in the SH-SYS5Y cells, neurogenesis-related categories
were not found enriched in the SH-EP2 cells. Instead, many
GO-terms linked to cell migration were enriched in these
cells. Moreover, sShRNA-mediated knockdown of TRPM7 in
SH-EP2 cells affected expression of genes involved in EMT,
a developmental transcription program that allows epithelial
cells to become migratory (Supplementary Figure S3A).
Transcriptional activators that contribute to EMT, including
SNAIL, SNAI2, TWIST1, HIF 1A and LEF I, were significantly
down regulated by TRPM7 knockdown, consistent with
reduced migration of SH-EP2 TRPM7 shRNA cells. Despite
the up regulation of some other EMT inducers such as SOX9
and EOMES upon TRPM7 knockdown, these results suggest
that TRPM7 maintains epithelial-like neuroblastoma cells in
a progenitor-like migratory state.

In search of transcription factors that are directly
controlled by TRPM7, we screened for transcriptional
regulators that were affected in both SH-EP2 and SH-
SY5Y TRPM7 shRNA cells (Supplementary Figure
S3C). In addition to LIN28B, POU4F1, ID3 and SNAII,
SNAI2 was of particular interest since its expression was
most strongly reduced in both cell lines upon TRPM7
knockdown. Indeed, we confirmed by quantitative RT-
PCR that expression of SNAI2 was reduced upon TRPM7
knockdown in both SH-SY5Y and SH-EP2 neuroblastoma
cells (Figure 5D & Supplementary Figure S2F). Moreover,
overexpression of TRPM7 in the SNAI2 negative N1E-115
mouse neuroblastoma cell line induced expression of SNAI2.
Since SNAI2 is not only an important driver of neural crest
formation and migration [6, 10, 43], but also a determinant of
cancer stemness, migration and metastasis [4, 10, 11, 44], our
results indicate that TRPM7 maintains progenitor features of
neuroblastoma cells by controlling gene expression programs
that involve the transcription factor SNAI2.

DISCUSSION

Studies using in vitro and in vivo approaches have
identified TRPM?7 as a critical regulator of embryogenesis

and tissue homeostasis. Deregulation or dysfunction
of TRPM7 is associated with a number of pathologies,
including cancer [35, 45]. Despite the increasing number
of studies on the role of TRPM?7 in cancer, data that
support the association between TRPM?7 expression
levels and disease progression in patients are limited.
TRPM7 expression levels are increased in nasopharyngeal
carcinomas [46] and pancreatic ductal adenocarcinomas
[47], and we showed in two independent cohorts that high
TRPM?7 expression associates with poor prognosis of
breast cancer patients at time of diagnosis [34]. In a recent
publication, Zhang et. al. observed a strong correlation
between TRPM7 and MYCN expression levels in a large
neuroblastoma patient cohort (Kocak, n = 649) [40]. We
were able to confirm a positive association between TRPM7
and MYCN mRNA expression in two out of five additional
neuroblastoma patients datasets that are publically available
(Supplementary Table S3). However, neither in the Kocak
dataset nor in the other datasets did TRPM7 expression
associate with neuroblastoma disease stage, an important
prognostic marker. In only one of the datasets we found
TRPM7 to be associated with relapse, but not with
overall survival. Thus, increased TRPM7 expression may
correlate with MYCN expression, but whether TRPM7
mRNA expression associates with disease progression in
neuroblastoma patients remains to be established.

In this study, we show that TRPM7 overexpression
confers a malignant phenotype onto poorly metastatic
neuroblastoma cells in vivo. This is in close agreement
with our recent observations in breast cancer cells,
showing that TRPM7 shRNA-mediated knockdown
impairs breast cancer metastasis formation in a mouse
model [34]. Together, these experiments indicate that
high TRPM?7 expression levels promote tumor metastasis
formation in vivo. A number of studies have suggested that
TRPM7 contributes to tumor progression by enhancing
cell proliferation [40, 48-51]. Using neuroblastoma
cells that are made to express high levels of MYCN,
experiments by Penner and colleagues suggest that
TRPM?7 expression is required for MYCN-enhanced
proliferation of neuroblastoma cells [40]. However, using
neuroblastoma cells that express more physiological
levels of MYCN, we find that TRPM7 knockdown
and overexpression do not affect proliferation in vitro,
irrespective of MYCN amplification status. Moreover,
we find an increased number of tumors in mice injected
with mouse neuroblastoma cells that overexpress
TRPM?7, rather than increased tumor size. Differences
in experimental approach may explain the discordance
between our observation and those reported in literature.
Whereas we stably overexpressed mTRPM7 or TRPM7
shRNAs by retro- and lentiviral transductions, and
subsequently selected viable cells, others manipulated
TRPM7 protein levels by transient expression of siRNA
oligos. In our hands, transient knockdown as well as
overexpression of TRPM?7 induces cell death within 48
hours after transfection (data not shown). In agreement,
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long term exposure to high concentrations of TRPM7
channel blockers reduces cell viability [48, 52, 53]. We
propose that by generating stable TRPM7 overexpression
and knockdown cell lines, we have modulated TRPM?7
expression levels within a range compatible with normal
cell viability and proliferation.

High-risk metastatic neuroblastoma cells adopt
features used by neural crest progenitor cells to delaminate
from the neural border and to colonize different parts of
the embryo [4]. Using conditional knockout mice, TRPM7
was found to be required for the maintenance of multi-
potent neural crest cells during embryogenesis [37].
Hence, TRPM7 may drive neuroblastoma metastasis by
preserving neural crest-like progenitor features. Indeed, we
observed that TRPM7 expression is required for migration
of neuroblastic (N-type) and epithelial-like (S-type)
neuroblastoma cells, resembling the migratory potential of
neural crest cells [8]. Using microarray-based expression
profiling, we show that TRPM?7 controls expression of
genes that regulate neural crest development (Figure 5
& Supplementary Figure S3). Gene ontology analysis
suggests that TRPM7 maintains an undifferentiated state
in N-type SH-SYS5Y cells by controlling the expression
of neural plate border and neural crest specifiers, whereas
it preserves a motile phenotype in S-type SH-EP2
cells by controlling genes that drive the epithelial-to-
mesenchymal transition. It should be noted, however, that
genes controlling neural crest development play distinct
roles at different stages of development. Attributing genes
a specific role in neural crest development, i.e. neural
plate border and neural crest specification, induction
of migration (EMT) and late differentiation, is an
oversimplification of the complex crosstalk between genes
during development [6]. However, based on an extensive
literature search (Table 1), we postulate that TRPM7
knockdown redirects neuroblastoma gene expression
by reducing stemness and motility, and promoting
differentiation.

The limited overlap in genes that are controlled
by TRPM?7 in the two cell models is reminiscent of
the concept that signaling inputs and transcription
factors involved in neural crest development act as time
and context dependent gene regulatory networks [6].
Since SNAI2 function is crucial to early neural crest
specification, as well as EMT-driven delamination and
survival of neural crest cells outside of the niche, down
regulation of SNAI2 expression may underlie the distinct
effects on developmental gene expression programs upon
TRPM?7 shRNA in N-type and S-type neuroblastoma cells
[6, 10, 43, 44, 54].

Consistent with its function in neural crest
development [44], SNAI2 is an important driver of cancer
progression. SNAI2 expression is suggested to maintain
the pool of cancer stem cells, allowing tumor cells to
leave the primary tumor, colonize ectopic tissues, and
induce therapy resistance [44, 55, 56]. Moreover, SNAI2

drives EMT in neuroblastoma cells [10], and, reciprocally,
SNAI2 knockdown increases the sensitivity to apoptosis-
inducing compounds and impairs the metastatic potential
of neuroblastoma cells in vitro and in vivo [11]. Hence, our
results strongly suggest that TRPM7 maintains stem cell
features of neuroblastoma cells by expression regulation
of SNAI2.

Although the findings presented in this study are in
line with the accumulating evidence that TRPM?7 plays a
crucial role during embryogenesis, cellular differentiation
and overall tissue homeostasis [35, 45], the precise signaling
mechanisms and transcriptional regulators involved remain
largely elusive. Supporting the idea that developmental
processes are controlled in a context-dependent manner,
TRPM7 activity is responsive to the physical characteristics
of the microenvironment [57, 58] and modulates
mesenchymal stem cell differentiation upon mechanical
stimulation [59]. In addition to activating Ca**-dependent
transcription factors upon mechanical stimulation, including
STAT3 and NFATCI1 [37, 59-61], TRPM7 may translate
mechanical cues from the microenvironment into gene
expression alternations by modulating cytoskeletal tension.
Actomyosin-driven cytoskeletal tension is an important
determinant of neural crest formation [62]. For instance,
reduced cytoskeletal tension promotes the expression of
neural crest specifiers including SNAI2. Consistent with
the association between TRPM7 and SNAI2 expression
levels in our neuroblastoma cell models, we previously
showed that TRPM?7 activity induces cytoskeletal relaxation
in breast cancer cells as well as in neuroblastoma cells
[33, 34]. Although the mechanism by which TRPM?7 affects
gene expression remains to be explored, our results suggest
a model in which context dependent activation of TRPM7
reduces cytoskeletal tension, and through activation of
transcriptional regulators that respond to cytoskeletal
dynamics, such as YAP/TAZ and SRF [63, 64], controls
the malignant features of neuroblastoma cells by promoting
neural crest stem cell properties. Future studies will
determine how alterations in cytoskeletal dynamics affect
the expression of SNAI2, and whether TRPM7-driven
SNAI2 expression contributes to neuroblastoma progenitor-
like features. Ultimately, specific TRPM7 inhibitors such
as Waixenicin A [48], could potentially be used to induce
neuroblastoma differentiation, and may prove useful in
treatment of neuroblastoma in future (pre-) clinical studies.

MATERIALS AND METHODS

Constructs and cell lines

NI1E-115 and SH-EP2 cells were cultured in
DMEM supplemented with 10% FCS and 1% penicillin-
streptomycin, at 37°C and 5% CO,. SH-SYSY were
maintained in DMEM/F12 medium supplemented with
10% FCS, 1% penicillin-streptomycin, 1% non-essential
amino acids and 1% L-glutamine.

www.impactjournals.com/oncotarget

8770

Oncotarget



Cloning of full length TRPM7-HA cDNA into LZRS-
neo was previously described [33]. Luciferase cDNA was
isolated from pMX-luciferase-YFP-neo and subcloned into a
retroviral pLZRS-IRES-zeocin vector. N1E-115 mouse and
SH-SYS5Y human neuroblastoma cells stably overexpressing
TRPM7-HA and empty vector control were generated by
retroviral transductions. Transduced cells were selected by
the addition of 1 mg/ml G418. For bioluminescent imaging,
control and TRPM?7 overexpressing N1E-115 cells were
co-transduced with a retroviral pLZRS luciferase reporter
construct and selected with 0.5 mg/ml Zeocin. Human
TRPM7 shRNA (5-GCGCTTTCCTTATCCACTTAA-3)
was introduced in SH-SY5Y (CRL-2266, ATCC) and SH-
EP2 (J. Molenaar, AMC, Amsterdam, The Netherlands)
cells, using the pLKO lentiviral expression vector according
to manufacturer’s instructions (Sigma Aldrich, St. Louis,
MO). An independent TRPM7 shRNA was introduced in
SH-EP2 to control for off-target effects (TRPM7 shRNA#2:
5-TTGCCTGTAAGATCTATCGTT-3). A nonfunctional
shRNA (5-GCTACAAGAGAAACCAAATCT-3) was
introduced in SH-SYSY and SH-EP2 cells to serve as
negative control. Transduced cells were selected with 1 pg/
ml puromycin.

The effect of TRPM7 overexpression and
knockdown on cell viability and proliferation was assessed
by MTS assays according to manufacturer’s instructions
(Promega, Madison, WI).

Quantitative RT-PCR

Total mRNA isolation (Qiagen, Valencia,
CA) was followed by SuperScript cDNA synthesis
(Life Technologies, Carlsbad, CA), according to
manufacturer’s protocols. TRPM7 mRNA expression
levels in N1E-115, SH-EP2 and SH-SYS5Y cells were
determined by quantitative PCR reactions using
power SYBR-green reagent (Applied Biosystems,
Carlsbad, CA) in combination with mouse specific
(forward: TAGCCTTTAGCCACTGGACC; reverse:
GCATCTTCTCCTAGATTGGCAG) or human

specific  (forward: TAGCCTTTAGCCACTGGAC;
reverse: GCATCTTCTCCTAGATTTGC)
TRPM7  primers according to manufacturer’s
recommendations. Using the similar approach,

SNAI2 levels were determined using mouse specific
(forward: GGCTGCTTCAAGGACACATT; reverse:
GGTTTTGGAGCAGTTTTTGC) and human
specific (forward: AGATGAGCATTGGCAGCGAG;
reverse: AAGCATTTCAACGCCTCCAAA) SNAI2
primers. Mouse and human TRPM7 and SNAI2
mRNA expression levels were normalized to the
mouse (forward: GCCAAGGTCATCCATGACAAC;
reverse: GAGGGGCCATCCACAGTCTT) or human
(forward: CTCCTCCACCTTTGACGCTG; reverse:
TCCACCACCCTGTTGCTGTA) GAPDH housekeeping
genes respectively, and calculated according to the cycling
threshold method [65].

Cell migration assays

Following overnight serum starvation, cells were
harvested and resuspended in DMEM containing 0.1%
FBS. Subsequently, 50.000 cells were applied to a transwell
insert with 8 pm pore size (Corning Life Sciences, Corning,
NY), which was incubated in DMEM supplemented with
10% FBS. N1E-115 and SH-SYS5Y cells were allowed to
migrate for 48 hours at 37°C towards a serum gradient. SH-
EP2 cells were allowed to migrate for 24 hours. Migrated
cells were fixed (75% methanol and 25% acetic acid) and
stained (0.25% Coomassie Blue, 45% methanol, 10%
acetic acid in H,0). Gap closure assays were performed
according to manufacturer’s recommendations (Applied
Biophysics, Troy, NY). In short, 50.000 SH-EP2 cells were
seeded per insert and cultured overnight. After removal of
the insert, cells were allowed to migrate for 24 hours and
migration was followed by time lapse microscopy for 24
hours. Gap closure speed was quantified using Imagel
(version 1.48) image analysis software

Mouse xenograft experiments

All animal work was performed in accordance with
protocols approved by the Animal Welfare Committee
(DEC-NKI-10.034).  Rag2”Ii2rg”~  immunodeficient
mice, backcrossed on a Balb/c background, were used for
metastasis experiments at 5—8 weeks old. N1E-115 mouse
neuroblastoma cells were trypsinized and washed 3 times
with PBS. Subsequently, 0.2 ml PBS containing 5*10° cells
was injected into a tail vein. Tumor growth was monitored
by bioluminescence imaging from day 7 onwards. Beetle
luciferin (Promega, Fitchburg, WI, USA) was dissolved at
15 mg/ml in sterile PBS and stored at —20°C. Animals were
anaesthetized with 2-3% isoflurane. Luciferin solution was
injected i.p. (0.01 ml per gram body weight). Light emission
was measured 15 min later, using a cooled CCD camera
(IVIS; Xenogen), coupled to Living Image acquisition and
analysis software over an integration time of 1 min. Signal
intensity was quantified as the Flux (photons / s) measured
over the abdominal region. Organs and tissues were collected
at day 20 after injection, fixed in EAF (ethanol-acetic
acid-formol saline fixative, 40:5:10:45 v/v) and processed
routinely for histology preparations. The paraffin sections
were stained with Haematoxylin and Eosin (H&E). For
quantitative analysis of the neoplastic lesions, liver sections
(9 sections from each liver) were stained with Haematoxylin
and Eosin. Liver tumors were quantified under a microscope
and the data were further processed by Image J (version 1.48).

Microarray

Microarray-based gene expression profiling on
SH-SYSY and SH-EP2 control and shTRPM7 cells was
performed by ServiceXS B.V. (Leiden, The Netherlands).
Samples were prepared and analyzed in duplo. mRNA
was purified from cell cultures and treated with DNAse
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(Qiagen, Valencia, CA). RNA concentrations were
measured using the Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE. U.S.A). RNA
quality and integrity were determined using Lab-on-
Chip analysis on the Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA, U.S.A). Biotinylated
cRNA was prepared using the Illumina TotalPrep RNA
Amplification Kit (Ambion, Inc., Austin, TX, U.S.A)
according to manufacturer’s specifications with an input
of 200 ng total RNA. Per sample, 750 ng of the obtained
biotinylated ¢cRNA samples was hybridized onto the
IMlumina HumanHT-12 v4 (Illumina, Inc., San Diego,
CA, U.S.A). Hybridization and washing were performed
according to the Illumina Manual ‘Direct Hybridization
Assay Guide’. Scanning was performed on the Illumina
iScan (Illumina, Inc., San Diego, CA, U.S.A). Image
analysis and extraction of raw expression data was
performed with Illumina GenomeStudio v2011.1 Gene
Expression software. Arrays were normalized in Arraystar
(v. 4.03), using Robust-Multi-Array normalization. Fold
difference and P-values were calculated using Multi
Experiment Viewer (v. 4.8.1). GO-term analysis was
performed using Webgestalt (http://bioinfo.vanderbilt.edu/
webgestalt/) on genes that were significantly (p < 0.05)
up or down regulated. Vennmaster (http://sysbio.uni-
ulm.de/?Software: VennMaster) was used to determined
the overlap in genes that were significantly up or down
regulated in SH-SY5Y and SH-EP2 TRPM7 shRNA cells.

ACKNOWLEDGMENTS

We thank J. Molenaar and J. van Nes (AMC,
Amsterdam, the Netherlands) for providing us with SH-
EP2 cells, support and critical discussions. This work was
supported by a KIKA grant to FNvL, KJ & PMH (KIKA-104).

CONFLICT OF INTERESTS

The authors declare no conflict of interests.

REFERENCES

1. Maris JM. Recent advances in neuroblastoma. N Engl J
Med. 2010; 362:2202—11. Epub 2010/06/19.

2. Morgenstern DA, Baruchel S, Irwin MS. Current and future
strategies for relapsed neuroblastoma: challenges on the
road to precision therapy. J Pediatr Hematol Oncol. 2013;
35:337-47. Epub 2013/05/25.

3. Cheung NK, Dyer MA. Neuroblastoma: developmental
biology, cancer genomics and immunotherapy. Nat Rev
Cancer. 2013; 13:397-411. Epub 2013/05/25.

4. Jiang M, Stanke J, Lahti JM. The connections between neu-
ral crest development and neuroblastoma. Current topics in
developmental biology. 2011; 94:77-127. Epub 2011/02/08.

5. Mohlin SA, Wigerup C, Pahlman S. Neuroblastoma aggres-
siveness in relation to sympathetic neuronal differentiation

10.

11.

12.

13.

14.

15.

16.

17.

18.

stage. Seminars in cancer biology. 2011; 21:276-82. Epub
2011/09/29.

Prasad MS, Sauka-Spengler T, LaBonne C. Induction of the
neural crest state: control of stem cell attributes by gene
regulatory, post-transcriptional and epigenetic interactions.
Dev Biol. 2012; 366:10-21. Epub 2012/05/16.

Nozato M, Kaneko S, Nakagawara A, Komuro H.
Epithelial-mesenchymal transition-related gene expression
as a new prognostic marker for neuroblastoma. International
journal of oncology. 2013; 42:134—40. Epub 2012/11/09.

Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-
mesenchymal transitions in development and disease. Cell.
2009; 139:871-90. Epub 2009/12/01.

van Nes J, Chan A, van Groningen T, van Sluis P, Koster J,
Versteeg R. A NOTCH3 transcriptional module induces
cell motility in neuroblastoma. Clinical cancer research:
an official journal of the American Association for Cancer
Research. 2013; 19:3485-94. Epub 2013/05/08.

Ferronha T, Rabadan MA, Gil-Guinon E, Le Dreau G, de
Torres C, Marti E. LMO4 is an essential cofactor in the
Snail2-mediated epithelial-to-mesenchymal transition of
neuroblastoma and neural crest cells. J Neurosci. 2013;
33:2773-83. Epub 2013/02/15.

Vitali R, Mancini C, Cesi V, Tanno B, Mancuso M,
Bossi G, Zhang Y, Martinez RV, Calabretta B, Dominici C,
Raschella G. Slug (SNAI2) down-regulation by RNA inter-
ference facilitates apoptosis and inhibits invasive growth in
neuroblastoma preclinical models. Clinical cancer research:
an official journal of the American Association for Cancer
Research. 2008; 14:4622—-30. Epub 2008/07/17.

Theveneau E, Marchant L, Kuriyama S, Gull M, Moepps B,
Parsons M, Mayor R. Collective chemotaxis requires
contact-dependent cell polarity. Dev Cell. 2010; 19:39—
53. Epub 2010/07/21.

Carmona-Fontaine C, Matthews HK, Kuriyama S,
Moreno M, Dunn GA, Parsons M, Stern CD, Mayor R.
Contact inhibition of locomotion in vivo controls neural
crest directional migration. Nature. 2008; 456:957-61. Epub
2008/12/17.

Theveneau E, Mayor R. Neural crest delamination and migra-
tion: from epithelium-to-mesenchyme transition to collective
cell migration. Dev Biol. 2012; 366:34-54. Epub 2012/01/21.
Perris R, Perissinotto D. Role of the extracellular matrix
during neural crest cell migration. Mechanisms of develop-
ment. 2000; 95:3-21. Epub 2000/07/25.

Li X, ChulJ, Wang A, Zhu Y, Chu WK, Yang L, Li S. Uniaxial
mechanical strain modulates the differentiation of neural crest
stem cells into smooth muscle lineage on micropatterned sur-
faces. PLoS One. 2011; 6:¢26029. Epub 2011/10/22.

Wirtz D, Konstantopoulos K, Searson PC. The physics
of cancer: the role of physical interactions and mechani-
cal forces in metastasis. Nat Rev Cancer. 2011; 11:512—
22. Epub 2011/06/28.

Sloan EK, Pouliot N, Stanley KL, Chia J, Moseley JM, Hards
DK, Anderson RL. Tumor-specific expression of alphavbeta3

www.impactjournals.com/oncotarget

8772

Oncotarget



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

integrin promotes spontaneous metastasis of breast cancer to
bone. Breast Cancer Res. 2006; 8:R20. Epub 2006/04/13.
Kim HS, Kim SC, Kim SJ, Park CH, Jeung HC, Kim YB,
Ahn JB, Chung HC, Rha SY. Identification of a radiosensi-
tivity signature using integrative metaanalysis of published
microarray data for NCI-60 cancer cells. BMC genomics.
2012; 13:348. Epub 2012/08/01.

Ou J, Luan W, Deng J, Sa R, Liang H. alphaV integrin
induces multicellular radioresistance in human nasopharyn-
geal carcinoma via activating SAPK/INK pathway. PLoS
One. 2012; 7:¢38737. Epub 2012/06/22.

Eke I, Deuse Y, Hehlgans S, Gurtner K, Krause M,
Baumann M, Shevchenko A, Sandfort V, Cordes N. beta(1)
Integrin/FAK/cortactin signaling is essential for human
head and neck cancer resistance to radiotherapy. J Clin
Invest. 2012; 122:1529-40. Epub 2012/03/02.

White DE, Rayment JH, Muller WJ. Addressing the role
of cell adhesion in tumor cell dormancy. Cell cycle. 2006;
5:1756-9. Epub 2006/08/02.

Matsushima H, Bogenmann E. Modulation of neuroblas-
toma cell differentiation by the extracellular matrix. Int J
Cancer. 1992; 51:727-32. Epub 1992/07/09.

Yoon KJ, Danks MK. Cell adhesion molecules as targets for
therapy of neuroblastoma. Cancer biology & therapy. 2009;
8:306—11. Epub 2009/02/07.

Feduska JM, Garcia PL, Brennan SB, Bu S, Council LN,
Yoon KJ. N-glycosylation of ICAM-2 is required for
ICAM-2-mediated complete suppression of metastatic
potential of SK-N-AS neuroblastoma cells. BMC Cancer.
2013; 13:261. Epub 2013/05/30.

Lee S, Qiao J, Paul P, O’Connor KL, Evers MB, Chung
DH. FAK is a critical regulator of neuroblastoma liver
metastasis. Oncotarget. 2012; 3:1576-87. Epub 2012/12/06.

Megison ML, Stewart JE, Nabers HC, Gillory LA,
Beierle EA. FAK inhibition decreases cell invasion, migra-
tion and metastasis in MYCN amplified neuroblastoma.
Clin Exp Metastasis. 2013; 30:555-68. Epub 2012/12/05.
Molenaar JJ, Koster J, Zwijnenburg DA, van Sluis P,
Valentijn LJ, van der Ploeg I, Hamdi M, van Nes J,
Westerman BA, van Arkel J, Ebus ME, Haneveld F,
Lakeman A, et al. Sequencing of neuroblastoma identifies
chromothripsis and defects in neuritogenesis genes. Nature.
2012; 483:589-93. Epub 2012/03/01.

Meyer A, van Golen CM, Kim B, van Golen KL, Feldman EL.
Integrin expression regulates neuroblastoma attachment and
migration. Neoplasia. 2004; 6:332—-42. Epub 2004/07/17.
Lin SY, Corey DP. TRP channels in mechanosensation.
Current opinion in neurobiology. 2005; 15:350-7.

Orr AW, Helmke BP, Blackman BR, Schwartz MA.
Mechanisms of mechanotransduction. Dev Cell. 2006;
10:11-20. Epub 2006/01/10.
Kuipers AJ, Middelbeek J,
Mechanoregulation of cytoskeletal dynamics by TRP chan-
nels. Eur J Cell Biol. 2012. Epub 2012/06/26.

van Leeuwen FN.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Clark K, Langeslag M, van Leeuwen B, Ran L,
Ryazanov AG, Figdor CG, Moolenaar WH, Jalink K, van
Leeuwen FN. TRPM7, a novel regulator of actomyosin
contractility and cell adhesion. EMBO J. 2006; 25:290—
301. Epub 2006/01/13.

Middelbeek J, Kuipers AJ, Henneman L, Visser D, Eidhof I,
van Horssen R, Wieringa B, Canisius SV, Zwart W,
Wessels LF, Sweep FC, Bult P, Span PN, et al. TRPM7 Is
Required for Breast Tumor Cell Metastasis. Cancer Res.
2012; 72:4250-61. Epub 2012/08/09.

Visser D, Middelbeek J, van Leeuwen FN, Jalink K. Function
and regulation of the channel-kinase TRPM7 in health and
disease. Eur J Cell Biol. 2014; 2014. Epub 2014/07/31.

Jin J, Desai BN, Navarro B, Donovan A, Andrews NC,
Clapham DE. Deletion of Trpm7 disrupts embryonic devel-
opment and thymopoiesis without altering Mg2+ homeosta-
sis. Science. 2008; 322:756-60. Epub 2008/11/01.

Jin J, Wu LJ, Jun J, Cheng X, Xu H, Andrews NC,
Clapham DE. The channel kinase, TRPM7, is required for

early embryonic development. Proc Natl Acad Sci U S A.
2012; 109:E225-33. Epub 2011/12/29.

Bogenmann E. A metastatic neuroblastoma model in SCID
mice. Int J Cancer. 1996; 67:379-85. Epub 1996/07/29.

DuBois SG, Kalika Y, Lukens JN, Brodeur GM, Seeger RC,
Atkinson JB, Haase GM, Black CT, Perez C, Shimada H,
Gerbing R, Stram DO, Matthay KK. Metastatic sites in
stage IV and IVS neuroblastoma correlate with age, tumor
biology, and survival. J Pediatr Hematol Oncol. 1999;
21:181-9. Epub 1999/06/11.

Zhang Z, Faouzi M, Huang J, Geerts D, Yu H, Fleig A,
Penner R. N-Myc-induced up-regulation of TRPM6/
TRPM?7 channels promotes neuroblastoma cell prolifera-
tion. Oncotarget. 2014; 5:7625-34. Epub 2014/10/04.

Cohen N, Betts DR, Rechavi G, Amariglio N,
Trakhtenbrot L. Clonal expansion and not cell interconver-
sion is the basis for the neuroblast and nonneuronal types of
the SK-N-SH neuroblastoma cell line. Cancer genetics and
cytogenetics. 2003; 143:80—4. Epub 2003/05/14.

Huang R, Cheung NK, Vider J, Cheung 1Y, Gerald WL,
Tickoo SK, Holland EC, Blasberg RG. MYCN, and MYC
regulate tumor proliferation and tumorigenesis directly
through BMII in human neuroblastomas. FASEB J. 2011;
25:4138-49. Epub 2011/08/23.

Taneyhill LA, Coles EG, Bronner-Fraser M. Snail2 directly
represses cadherin6B during epithelial-to-mesenchymal
transitions of the neural crest. Development. 2007;
134:1481-90. Epub 2007/03/09.

Cobaleda C, Perez-Caro M, Vicente-Duenas C, Sanchez-
Garcia 1. Function of the zinc-finger transcription factor
SNAI2 in cancer and development. Annual review of genet-
ics. 2007; 41:41-61. Epub 2007/06/07.

Yee NS, Kazi AA, Yee RK. Cellular and Developmental
Biology of TRPM7 Channel-Kinase: Implicated Roles in
Cancer. Cells. 2014; 3:751-77. Epub 2014/08/01.

WWw

.impactjournals.com/oncotarget

8773

Oncotarget



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Chen JP, Wang J, Luan Y, Wang CX, Li WH, Zhang JB,
Sha D, Shen R, Cui YG, Zhang Z, Zhang LM, Wang WB.
TRPM?7 promotes the metastatic process in human nasopha-
ryngeal carcinoma. Cancer Lett. 2014. Epub 2014/10/12.

Rybarczyk P, Gautier M, Hague F, Dhennin-Duthille I,
Chatelain D, Kerr-Conte J, Pattou F, Regimbeau JM,
Sevestre H, Ouadid-Ahidouch H. Transient receptor
potential melastatin-related 7 channel is overexpressed in
human pancreatic ductal adenocarcinomas and regulates
human pancreatic cancer cell migration. Int J Cancer. 2012;
131:E851-61. Epub 2012/02/11.

Zierler S, Yao G, Zhang Z, Kuo WC, Porzgen P, Penner R,
Horgen FD, Fleig A. Waixenicin A inhibits cell prolif-
eration through magnesium-dependent block of transient
receptor potential melastatin 7 (TRPM?7) channels. J Biol
Chem. 2011; 286:39328-35. Epub 2011/09/20.

Yee NS, Zhou W, Lee M, Yee RK. Targeted silencing of
TRPM?7 ion channel induces replicative senescence and
produces enhanced cytotoxicity with gemcitabine in pancre-
atic adenocarcinoma. Cancer Lett. 2012; 318:99—-105. Epub
2011/12/15.

Jiang J, Li MH, Inoue K, Chu XP, Seeds J, Xiong ZG.
Transient receptor potential melastatin 7-like current in
human head and neck carcinoma cells: role in cell prolif-
eration. Cancer Res. 2007; 67:10929-38. Epub 2007/11/17.

Guilbert A, Gautier M, Dhennin-Duthille I, Haren N,
Sevestre H, Ouadid-Ahidouch H. Evidence that TRPM7 is
required for breast cancer cell proliferation. Am J Physiol
Cell Physiol. 2009; 297:C493-502. Epub 2009/06/12.

Kim BJ, Nam JH, Kwon YK, So I, Kim SJ. The Role of
Waixenicin A as Transient Receptor Potential Melastatin 7
Blocker. Basic Clin Pharmacol Toxicol. 2012. Epub 2012/08/21.
Chubanov V, Mederos y Schnitzler M, Meissner M,
Schafer S, Abstiens K, Hofmann T, Gudermann T. Natural
and synthetic modulators of SK (K(ca) 2) potassium chan-
nels inhibit magnesium-dependent activity of the kinase-
coupled cation channel TRPM7. Br J Pharmacol. 2012;
166:1357-76. Epub 2012/01/17.

Tribulo C, Aybar MJ, Sanchez SS, Mayor R. A balance
between the anti-apoptotic activity of Slug and the apoptotic
activity of msx1 is required for the proper development of the
neural crest. Dev Biol. 2004; 275:325-42. Epub 2004/10/27.
Shih JY, Yang PC. The EMT regulator slug and lung carcino-
genesis. Carcinogenesis. 2011; 32:1299-304. Epub 2011/06/15.
Come C, Magnino F, Bibeau F, De Santa Barbara P,
Becker KF, Theillet C, Savagner P. Snail and slug play dis-
tinct roles during breast carcinoma progression. Clinical can-
cer research: an official journal of the American Association
for Cancer Research. 2006; 12:5395-402. Epub 2006/09/27.
Wei C, Wang X, Chen M, Ouyang K, Song LS, Cheng H.
Calcium flickers steer cell migration. Nature. 2009;
457:901-5. Epub 2009/01/02.

Oancea E, Wolfe JT, Clapham DE. Functional TRPM7
channels accumulate at the plasma membrane in response
to fluid flow. Circ Res. 2006; 98:245-53. Epub 2005/12/17.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Xiao E, Yang H, Gan YH, Duan DH, He LH, Guo
Y, Wang S, Zhang Y. TRPM7 Senses Mechanical
Stimulation Inducing Osteogenesis in Human Bone
Marrow Mesenchymal Stem Cells. Stem cells. 2014. Epub
2014/09/30.

Davis FM, Azimi [, Faville RA, Peters AA, Jalink K, Putney
JW, Jr., Goodhill GJ, Thompson EW, Roberts-Thomson SJ,
Monteith GR. Induction of epithelial-mesenchymal transi-
tion (EMT) in breast cancer cells is calcium signal depen-
dent. Oncogene. 2013. Epub 2013/05/21.

Liu M, Inoue K, Leng T, Guo S, Xiong ZG. TRPM7 chan-
nels regulate glioma stem cell through STAT3 and Notch
signaling pathways. Cell Signal. 2014; 26:2773-81. Epub
2014/09/07.

Kim K, Ossipova O, Sokol SY. Neural crest specification
by inhibition of the ROCK/Myosin II pathway. Stem cells.
2014. Epub 2014/10/28.

Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S,
Cordenonsi M, Zanconato F, Le Digabel J, Forcato M,
Bicciato S, Elvassore N, Piccolo S. Role of YAP/TAZ in
mechanotransduction. Nature. 2011; 474:179-83. Epub
2011/06/10.

Posern G, Treisman R. Actin’ together: serum response fac-
tor, its cofactors and the link to signal transduction. Trends
Cell Biol. 2006; 16:588-96. Epub 2006/10/13.

Livak KJ, Schmittgen TD. Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta
Delta C(T)) Method. Methods (San Diego Calif). 2001;
25:402-8.

Wu K, Ren R, Su W, Wen B, Zhang Y, Yi F, Qiao X,
Yuan T, Wang J, Liu L, Izpisua Belmonte JC, Liu GH,
Chen C. A novel suppressive effect of alcohol dehydro-
genase 5 in neuronal differentiation. J Biol Chem. 2014;
289:20193-9. Epub 2014/06/05.

Dungwa JV, Uparkar U, May MT, Ramani P. Angiogenin
up-regulation correlates with adverse clinicopathological
and biological factors, increased microvascular density and

poor patient outcome in neuroblastomas. Histopathology.
2012; 60:911-23. Epub 2012/03/01.

Wei S, Gao X, Du J, SuJ, Xu Z. Angiogenin enhances cell
migration by regulating stress fiber assembly and focal
adhesion dynamics. PLoS One. 2011; 6:¢28797. Epub
2011/12/24.

Miyake M, Goodison S, Lawton A, Gomes-Giacoia E,
Rosser CJ. Angiogenin promotes tumoral growth and
angiogenesis by regulating matrix metallopeptidase-2
expression via the ERK1/2 pathway. Oncogene. 2014. Epub
2014/02/25.

Wilkinson G, Dennis D, Schuurmans C. Proneural genes
in neocortical development. Neuroscience. 2013; 253:256—
73. Epub 2013/09/04.

Rheinbay E, Suva ML, Gillespie SM, Wakimoto H,
Patel AP, Shahid M, Oksuz O, Rabkin SD, Martuza RL,
Rivera MN, Louis DN, Kasif S, Chi AS, et al. An aberrant
transcription factor network essential for Wnt signaling and

WWw

.impactjournals.com/oncotarget

8774

Oncotarget



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

stem cell maintenance in glioblastoma. Cell reports. 2013;
3:1567-79. Epub 2013/05/28.

Carter YM, Kunnimalaiyaan S, Chen H, Gamblin TC,
Kunnimalaiyaan M. Specific glycogen synthase kinase-3
inhibition reduces neuroendocrine markers and suppresses
neuroblastoma cell growth. Cancer biology & therapy.
2014; 15:510-5. Epub 2014/02/14.

Axelson H. The Notch signaling cascade in neuroblastoma:
role of the basic helix-loop-helix proteins HASH-1 and
HES-1. Cancer Lett. 2004; 204:171-8. Epub 2004/03/12.
Poon K, Ho HT, Barson JR, Leibowitz SF. Stimulatory
role of the chemokine CCL2 in the migration and pep-
tide expression of embryonic hypothalamic neurons.
J Neurochem. 2014; 131:509-20. Epub 2014/07/22.
Bate-Eya LT, Ebus ME, Koster J, den Hartog 1J,
Zwijnenburg DA, Schild L, van der Ploeg I, Dolman ME,
Caron HN, Versteeg R, Molenaar JJ. Newly-derived neu-
roblastoma cell lines propagated in serum-free media
recapitulate the genotype and phenotype of primary neu-
roblastoma tumours. European journal of cancer. 2014;
50:628-37. Epub 2013/12/11.

Stutterheim J, Gerritsen A, Zappeij-Kannegieter L,
Yalcin B, Dee R, van Noesel MM, Berthold F, Versteeg R,
Caron HN, van der Schoot CE, Tytgat GA. Detecting mini-
mal residual disease in neuroblastoma: the superiority of a
panel of real-time quantitative PCR markers. Clinical chem-
istry. 2009; 55:1316-26. Epub 2009/05/23.

Pei D, Luther W, Wang W, Paw BH, Stewart RA,
George RE. Distinct neuroblastoma-associated alterations
of PHOX2B impair sympathetic neuronal differentiation in
zebrafish models. PLoS genetics. 2013; 9:¢1003533. Epub
2013/06/12.

Wilzen A, Nilsson S, Sjoberg RM, Kogner P, Martinsson T,
Abel F. The Phox2 pathway is differentially expressed in
neuroblastoma tumors, but no mutations were found in the
candidate tumor suppressor gene PHOX2A. International
journal of oncology. 2009; 34:697-705. Epub 2009/02/13.
Kim KS, Arima Y, Kitazawa T, Nishiyama K, Asai R,
Uchijima Y, Sato T, Levi G, Kitanaka S, Igarashi T,
Kurihara Y, Kurihara H. Endothelin regulates neural crest
deployment and fate to form great vessels through DIx5/
DIx6-independent mechanisms. Mechanisms of develop-
ment. 2013; 130:553-66. Epub 2013/08/13.

Light W, Vernon AE, Lasorella A, Iavarone A, LaBonne C.
Xenopus Id3 is required downstream of Myc for the for-
mation of multipotent neural crest progenitor cells.
Development. 2005; 132:1831-—41. Epub 2005/03/18.
Heng JI, Nguyen L, Castro DS, Zimmer C, Wildner H,
Armant O, Skowronska-Krawczyk D, Bedogni F,
Matter JM, Hevner R, Guillemot F. Neurogenin 2 con-
trols cortical neuron migration through regulation of Rnd2.
Nature. 2008; 455:114-8. Epub 2008/08/12.

Hindley C, Ali F, McDowell G, Cheng K, Jones A, Guillemot F,
Philpott A. Post-translational modification of Ngn2 differ-
entially affects transcription of distinct targets to regulate the

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

balance between progenitor maintenance and differentiation.
Development. 2012; 139:1718-23. Epub 2012/04/12.

Grynfeld A, Pahlman S, Axelson H. Induced neuroblastoma
cell differentiation, associated with transient HES-1 activity
and reduced HASH-1 expression, is inhibited by Notchl.
Int J Cancer. 2000; 88:401-10. Epub 2000/10/31.

Chang HH, Lee H, Hu MK, Tsao PN, Juan HF, Huang MC,
Shih YY, Wang BJ, Jeng YM, Chang CL, Huang SF,
Tsay YG, Hsieh FJ, et al. Notchl expression predicts an
unfavorable prognosis and serves as a therapeutic target
of patients with neuroblastoma. Clinical cancer research:
an official journal of the American Association for Cancer
Research. 2010; 16:4411-20. Epub 2010/08/26.

Natarajan D, Marcos-Gutierrez C, Pachnis V, de Graaff E.
Requirement of signalling by receptor tyrosine kinase RET
for the directed migration of enteric nervous system progen-
itor cells during mammalian embryogenesis. Development.
2002; 129:5151-60. Epub 2002/10/26.

Mulligan LM. RET revisited: expanding the oncogenic
portfolio. Nat Rev Cancer. 2014; 14:173-86. Epub 2014/02/25.
Cazes A, Lopez-Delisle L, Tsarovina K, Pierre-Eugene C,
De Preter K, Peuchmaur M, Nicolas A, Provost C,
Louis-Brennetot C, Daveau R, Kumps C, Cascone I,
Schleiermacher G, et al. Activated Alk triggers prolonged
neurogenesis and Ret upregulation providing a therapeutic
target in ALK-mutated neuroblastoma. Oncotarget. 2014;
5:2688-702. Epub 2014/05/09.

DeNardo BD, Holloway MP, Ji Q, Nguyen KT, Cheng Y,
Valentine MB, Salomon A, Altura RA. Quantitative phos-
phoproteomic analysis identifies activation of the RET and
IGF-1R/IR signaling pathways in neuroblastoma. PLoS
One. 2013; 8:e82513. Epub 2013/12/19.

Nichane M, Ren X, Bellefroid EJ. Self-regulation of Stat3
activity coordinates cell-cycle progression and neural crest
specification. EMBO J. 2010; 29:55-67. Epub 2009/10/24.

Ara T, Nakata R, Sheard MA, Shimada H, Buettner R,
Groshen SG, JiL, Yu H, Jove R, Seeger RC, DeClerck YA.
Critical role of STAT3 in IL-6-mediated drug resistance
in human neuroblastoma. Cancer Res. 2013; 73:3852—
64. Epub 2013/05/02.

Chou AH, Zheng S, Itsukaichi T, Howard BD. Wnt-1 inhib-
its nerve growth factor-induced differentiation of PC12
cells by preventing the induction of some but not all late-

response genes. Brain research Molecular brain research.
2000; 77:232—45. Epub 2000/06/06.

Liu X, Mazanek P, Dam V, Wang Q, Zhao H, Guo R,
Jagannathan J, Cnaan A, Maris JM, Hogarty MD.
Deregulated Wnt/beta-catenin program in high-risk neuro-
blastomas without MYCN amplification. Oncogene. 2008;
27:1478-88. Epub 2007/08/29.

Barker N, Clevers H. Mining the Wnt pathway for can-
cer therapeutics. Nat Rev Drug Discov. 2006; 5:997—
1014. Epub 2006/12/02.

Zhong X, Hoelz DJ, Kumar HR, Sandoval JA, Rescorla FJ,
Hickey RJ, Malkas LH. Binl is linked to metastatic

WWw

.impactjournals.com/oncotarget

8775

Oncotarget



95.

96.

97.

98.

99.

100.

potential and chemosensitivity in neuroblastoma. Pediatric
blood & cancer. 2009; 53:332—7. Epub 2009/05/07.

Tajiri T, Liu X, Thompson PM, Tanaka S, Suita S, Zhao H,
Maris JM, Prendergast GC, Hogarty MD. Expression of a
MY CN-interacting isoform of the tumor suppressor BIN1
is reduced in neuroblastomas with unfavorable biological
features. Clinical cancer research : an official journal of the
American Association for Cancer Research. 2003; 9:3345—
55. Epub 2003/09/10.

Galderisi U, Di Bernardo G, Cipollaro M, Jori FP,
Piegari E, Cascino A, Peluso G, Melone MA. Induction of
apoptosis and differentiation in neuroblastoma and astro-
cytoma cells by the overexpression of Binl, a novel Myc
interacting protein. Journal of cellular biochemistry. 1999;
74:313-22. Epub 1999/07/21.

Caren H, Erichsen J, Olsson L, Enerback C, Sjoberg RM,
Abrahamsson J, Kogner P, Martinsson T. High-resolution
array copy number analyses for detection of deletion, gain,
amplification and copy-neutral LOH in primary neuro-
blastoma tumors: four cases of homozygous deletions of
the CDKN2A gene. BMC genomics. 2008; 9:353. Epub
2008/07/31.

Paina S, Garzotto D, DeMarchis S, Marino M, Moiana A,
Conti L, Cattaneo E, Perera M, Corte G, Calautti E, Merlo GR.
Whnt5a is a transcriptional target of DIx homeogenes and
promotes differentiation of interneuron progenitors in vitro
and in vivo. J Neurosci. 2011; 31:2675-87. Epub 2011/02/18.

Perera M, Merlo GR, Verardo S, Paleari L, Corte G,
Levi G. Defective neuronogenesis in the absence of DIx5.
Molecular and cellular neurosciences. 2004; 25:153—
61. Epub 2004/02/14.

Ishitani T, Matsumoto K, Chitnis AB, Itoh M. Nrarp
functions to modulate neural-crest-cell differentiation by
regulating LEF1 protein stability. Nat Cell Biol. 2005;
7:1106-12. Epub 2005/10/18.

101.

102.

103.

104.

105.

106.

107.

Revet I, Huizenga G, Chan A, Koster J, Volckmann R, van
Sluis P, Ora I, Versteeg R, Geerts D. The MSX1 homeobox tran-
scription factor is a downstream target of PHOX2B and activates
the Delta-Notch pathway in neuroblastoma. Experimental cell
research. 2008; 314:707—19. Epub 2008/01/19.

Pajtler KW, Mahlow E, Odersky A, Lindner S,
Stephan H, Bendix I, Eggert A, Schramm A, Schulte JH.
Neuroblastoma in dialog with its stroma: NTRK1 is a regu-
lator of cellular cross-talk with Schwann cells. Oncotarget.
2014. Epub 2014/11/02.

Pomp O, Brokhman I, Ben-Dor I, Reubinoff B,
Goldstein RS. Generation of peripheral sensory and sympa-
thetic neurons and neural crest cells from human embryonic
stem cells. Stem cells. 2005; 23:923-30. Epub 2005/05/11.

Wakamatsu Y, Endo Y, Osumi N, Weston JA. Multiple
roles of Sox2, an HMG-box transcription factor in avian
neural crest development. Developmental dynamics:
an official publication of the American Association of
Anatomists. 2004; 229:74-86. Epub 2003/12/31.

Huang P, Kishida S, Cao D, Murakami-Tonami Y, Mu P,
Nakaguro M, Koide N, Takeuchi I, Onishi A, Kadomatsu K.
The neuronal differentiation factor NeuroD1 downregulates
the neuronal repellent factor Slit2 expression and promotes
cell motility and tumor formation of neuroblastoma. Cancer
Res. 2011; 71:2938-48. Epub 2011/02/26.

Giovannone D, Reyes M, Reyes R, Correa L, Martinez D,
Ra H, Gomez G, Kaiser J, Ma L, Stein MP, de Bellard ME.
Slits affect the timely migration of neural crest cells via
Robo receptor. Developmental dynamics : an official pub-
lication of the American Association of Anatomists. 2012;
241:1274-88. Epub 2012/06/13.

Yiin JJ, Hu B, Jarzynka MJ, Feng H, Liu KW, Wu JY,
Ma HI, Cheng SY. Slit2 inhibits glioma cell invasion in the
brain by suppression of Cdc42 activity. Neuro-oncology.
2009; 11:779-89. Epub 2009/12/17.

www.impactjournals.com/oncotarget

8776

Oncotarget



