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Abstract

Neuroblastoma is an embryonal tumour of the peripheral sympathetic nervous 
system. Neuroblastoma belongs, together with ganglioneuroma, to the group of 
neuroblastic tumors. While neuroblastoma can be very aggressive, ganglioneuroma is 
differentiated and has an excellent prognosis. The embryonic aetiology of neuroblastic 
tumors suggests a role for developmental pathways in their pathogenesis. We have 
recently identified NOTCH3 as a master regulator of motility in neuroblastoma cells 
(van Nes et al., submitted). In addition, NOTCH3 expression strongly decreased 
cell proliferation. Expression profiling of neuroblastoma cells with inducible NOTCH3 
expression identified many genes with known functions in motility that correlated 
with NOTCH3 expression in a series of 110 neuroblastic tumors. Here we identify 
MSX1, a homeobox transcription factor gene with a crucial role in embryogenesis 
of the peripheral sympathetic nervous system, as a mediator of part of the NOTCH3 
phenotype. MSX1 is induced by NOTCH3 and correlates with NOTCH3 expression 
in the neuroblastic tumor series. Expression profiling of IMR-32 clones with inducible 
MSX1 expression revealed a large overlap between the NOTCH3 and MSX1 
downstream networks. MSX1 expression caused a strongly decreased proliferation 
rate in IMR32, identifying MSX1 as the key regulator of a ‘proliferation delay’ module 
in the NOTCH3 downstream pathway in neuroblastoma. In contrast, MSX1 did not 
mediate the induction of the ‘motility’ module induced by NOTCH3. This study shows 
that the systematic study of transcription factor networks can help in dissecting 
networks central to complex cellular events like oncogenesis.
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Introduction

Neuroblastoma is a malignant childhood tumor of the peripheral sympathetic nervous 
system (SNS). It accounts for ~15% of all cancer-related deaths in children below 15 
years of age. It occurs in very young children; most patients are diagnosed below 2 
years of age [1-3]. While some neuroblastomas mature or regress spontaneously, 
most patients die of metastatic disease despite aggressive multimodal therapy [1-
3]. 

Neuroblastoma belongs, together with ganglioneuroma to a group of tumors 
collectively called neuroblastic tumors. An intermixed form also exists, called 
ganglioneuroblastoma [4-6]. Ganglioneuroma have a differentiated morphology and 
often show extensive Schwann cell infiltration. They can occasionally transdifferentiate 
to ganglioneuroblastoma, but have a predominantly good prognosis. Neuroblastomas 
have an undifferentiated morphology and often a poor prognosis, but in some 
patients, trans-differentiation of neuroblastomas into ganglioneuroblastoma has 
been observed. The clinical behaviour of neuroblastic tumours predicts a biological 
continuum of differentiation [4-6]. The molecular pathways that underlie these 
differentiation processes are hardly identified.

Neuroblastic tumors arise from the sympatho-adrenal lineage of the peripheral 
sympathetic nervous system [7]. This lineage has its origin in the neural crest, a 
temporary cell population formed during neurulation that develops into a number of 
different tissues including the sympathetic nervous system [8-11]. It is not yet known 
at which spatio-temporal stage of SNS development neuroblastic tumors develop, 
but their early onset, sometimes already before birth, suggests that embryonic 
developmental pathways play a role in their pathogenesis. Several recurrent gene 
aberrations have been reported in neuroblastoma: Amplification of the MYCN 
transcription factor is found in ~20% of tumors [12, 13], the CCND1 cell-cycle gene is 
amplified in ~3% [14], and mutations of the PHOX2B homeobox transcription factor 
gene are found in ~4 % of neuroblastomas [15, 16]. Recently, activating mutations of 
the ALK receptor kinase gene were found in ~7% of tumors [17]. 

The Delta-Notch and Wnt differentiation pathways, essential for the embryonic 
development of the SNS, were recently found to play an important role in 
neuroblastoma biology ([6, 18-26] and Van Nes et al., submitted). NOTCH3 was 
identified as a master regulator of a motility module that consists of over a hundred 
genes conferring a motile phenotype to neuroblastoma cells. The genes induced 
by NOTCH3 showed a strong correlation to NOTCH3 expression in a series of 110 
neuroblastic tumours profiled by Affymetrix expression analysis (called “NB110”). In 
addition, NOTCH3 expression induced a transient cell cycle arrest and a long-lasting 
decrease of cell proliferation rate in neuroblastoma cells. 

To dissect the profound effect of NOTCH3 in neuroblastoma signal transduction, we 
searched for transcription factor genes downstream of NOTCH3. Here we describe 
the identification of MSX1, a homeobox transcription factor gene that is crucial for 
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the embryonic development of the peripheral sympathetic nervous system [11, 27, 
28]. We have previously shown a role for MSX1 in the regulation of the Delta-Notch 
and Wnt pathways in neuroblastoma cells [21, 26]. Affymetrix expression profiling 
of IMR-32 clones with inducible expression of MSX1 identified a large overlap of 
the NOTCH3 and MSX1 downstream networks. The induction of a ‘proliferation 
delay’ module induced by NOTCH3 is mediated by MSX1. In contrast, MSX1 did 
not mediate the induction of the ‘motility’ module induced by NOTCH3. This study 
demonstrates the feasibility of transcription factor network analysis using gene 
manipulation experiments and the R2 bio-informatic platform. 

Materials and Methods

Generation of inducible cell lines 
Neuroblastoma cell line IMR-32 [29] was grown in high-glucose DMEM (Dulbecco´s 
Modified Eagle´s Medium) without sodium-pyruvate with pyridoxine-HCl (Gibco 
41965-039, Invitrogen, Breda, The Netherlands), supplemented with 10 % heat-
inactivated foetal calf serum (Gibco 10106), 2 mM L-Glutamine (ICN 1680149, 
Cleveland, OH, USA), 1 x MEM (Minimal Non-Essential Amino Acids, Gibco 11140-
035) and 10 U penicillin/10 μg streptomycin (Sigma P0781, St. Louis, MO, USA) 
per ml. All cells were maintained at 37°C, in a humidified atmosphere containing 5% 
CO2. For the generation of IMR-32 cell lines capable of tetracycline/doxycycline-
regulated transgene expression, the T-Rex system (Invitrogen) was used. IMR-32 
cells were transfected with the pcDNA6/TR vector (Invitrogen V1025-20, Blasticidin 
resistance) encoding the tetracycline repressor behind a constitutive CMV promoter, 
using Lipofectamine 2000 (Invitrogen 11668). Clones were selected by limited dilution 
using 5 µg/ml Blasticidin-S (Invitrogen R210), resulting in the isolation of IMR32-TetR. 
Full length cDNA of MSX1 (encoding nucleotides 236-1147 of RefSeq NM_002448) 
was cloned into pcDNA4/TO (Invitrogen V1030-20, Zeocin resistance) behind a 
tetracycline/doxycycline-inducible CMV promoter. The pcDNA4/TO/MSX1 construct 
was transfected into IMR32-TetR using Lipofectamine 2000. Clones were selected 
by limited dilution using 5 µg/ml Blasticidin S and 50 µg/ml Zeocin (Invitrogen R250), 
resulting in the isolation of several IMR32-TetR-MSX1 clones (called IMR32-MSX1). 
The expression levels of MSX1 were assayed at 48 h after addition of 100 ng/ml 
doxycycline (ICN 195044) by Western blotting and Northern blotting, respectively. 
Only clones that showed inducible expression of the transgene, as well as tight 
control of transgene expression by doxycycline were used in this study.

FACS, growth, and soft agar analysis 
Cell pictures were taken at 200x magnification with a Leica 090-135 light microscope, 
and Leica IM500 1.20 software (Leica, Heerbrugg, Switzerland). For cell growth 
assays, logarithmically growing cells were collected by trypsinization and diluted in 2 
ml of medium. Two samples of 100 μl of this medium were diluted in 100 µl TritonX-100/
saponine and 10ml isotone II (Beckman Coulter, Mijdrecht, The Netherlands) and 
duplicate counting of these two samples were performed on a Z1 Coulter Counter 
(Beckman Coulter). Cells were then cultured in 96-well plates in triplicate and allowed 



129

MSX1 mediates a proliferation arrest module

5

to attach for 24 hours before the medium was replaced with 100 μl medium with or 
without 100 ng/ml doxycycline. MTT (Sigma M2128) was added to the medium 1, 2, 
3 or 4 days after the addition of doxycycline to stain metabolically active cells. After 
incubation for 4 hours at 37 °C, in a humidified atmosphere containing 5% CO2, 
100 μl solubilization solution (10% (w/v) SDS in 10 mM HCl) was added per well. 
After further 18 hours incubation, the cell density was quantified using a scanning 
multi-well spectrophotometer at a wavelength of 570 nm. The experiments were 
performed on at least two different occasions, in triplicate. For the soft agar assay, 
cells were suspended in 0.4 % Noble Agar (Difco 21430, Becton Dickinson, Sparks, 
MD, USA) in complete culture medium at 5,000 cells/ml. 1 ml of this suspension was 
spread on 1 ml of 0.5 % agar in medium in 6 well dishes. In cells indicated with “+ 
dox”, MSX1 expression was induced by the presence of doxycycline (100 ng/ml final 
concentration) in the seeding medium, and medium covering the agar was refreshed 
every 2-3 days with fresh doxycycline-containing medium. Cells indicated with “- 
dox” were treated similarly, but without added doxycycline. After 14 days, cells were 
stained with MTT (Sigma M2128, St. Louis, MO, USA), and colonies were counted 
using NIH ImageJ 1.37v software (http://rsb.info.nih.gov/ij/). The experiment was 
performed twice, in triplicate. For FACS analysis, cells were grown and collected as 
described above. Nuclei were isolated and stained using propidium iodide essentially 
as described in [30]. The cell cycle distribution was determined with a FACSCanto 
II (BD Biosciences, Erembodegem, Belgium) and analyzed using FlowJo software 
(PC-V5, Treestar, Ashland, OR). 

Protein isolation and Western blot analysis 
Cells were washed with PBS and lysed using RIPA (Radio immuno-precipitation 
buffer; 150 mM NaCl, 1.0% (v/v) NP40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) 
SDS, in 50 mM Tris-HCl (pH 8.0). Protein concentrations were determined using the 
DC Protein assay kit I (Biorad 500-0116, Veenendaal, the Netherlands). Total protein 
(10 µg) in 1 x Laemmli sample buffer (4% (w/v) SDS, 20% (v/v) glycerol, 0.004% 
(w/v) bromophenol blue and 125 mM Tris-HCl, (pH 6.8) supplemented with 10% 
(v/v) 2-mercaptoethanol was separated by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE), transferred to an Immobilon-P PVDF membrane (IPVH00010, 
Millipore, Amsterdam, the Netherlands) by electro-blotting (in 20% (v/v) methanol 
standard, in 10% (v/v) methanol for NOTCH3 blots), and blocked for 1 h. Membranes 
were incubated overnight at 4°C with primary antiserum following incubation with 
a horseradish peroxidase conjugated secondary antibody for 1 h and developed 
using enhanced chemiluminescence (ECL RPN2132, GE Healthcare, Eindhoven, 
the Netherlands). Blocking solutions were 5% (w/v) non-fat dry milk, 0.2% (v/v) 
Tween-20 in TBS for MSX1 and β-actin, and 5% (v/v) rabbit serum and 0.1% (v/v) 
Tween-20 in TBS for NOTCH3 antisera. Antisera against NOTCH3 (sc-7424), MSX1 
(sc-17727), CDKN1C (sc-1040), and PHOX2B (sc-13226) were purchased from 
Santa Cruz (Santa Cruz, CA, USA), against PARP (556494) from BD Pharmingen 
(San Diego, CA, USA) and against β-actin (AB6276) from Abcam (Cambridge, UK). 

RNA isolation, Affymetrix microarray analysis and Northern blot analysis 
Tumor samples and patient data were obtained as described previously [6]. 
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RNA isolation, Affymetrix microarray analysis, generation of Northern blots and 
hybridization protocols are described previously [21]. 
Probes for Northern blot analysis were generated using RT-PCR on neuroblastoma cell 
line cDNA with primers specific for BCL6 (ctgcggagccagatttgt and cccccagctatgatttgc), 
producing a probe encoding nucleotides 2145-2562 of the BCL6 RefSeq 
NM_001706), DLX5 (ttccaagctccgttccagac and agggctgtagtagtcagaatcg, 257-358 
of NM_005221), HEY1 (cagtgtgtgcggaacgc and ccgatctccgtcccccaagg, 95-1105 of 
NM_012258), IGFBP5 (tgcacctgagatgagacagg and tcatccaacttgcctcaaaa, 1311-1849 
of NM_000599), LUM (cctggttgagctggatctgt and aacttggctgatttccatgc, 1154-1707 of 
NM_002345), MSX1 (ccaaaaagtggctggaagag and cgatttctctgcgcttttct, 1316-1523 
of NM_002448), PLAT (acatgctgtgtgctggagac and tcctgtttccaaagctgctc, 1675-2246 
of NM_000930), PODXL (tcaccatcgtctgcatgg and agtgtggcatggtgcaaa, 1553-2248 
of NM_005397), SFRP1 (tccaacagcaacacagccac and ttctcagcccgaaaatcgcc, 1546-
2064 of NM_003012). All primer sequences are listed 5’ to 3’. The probes were verified 
by sequencing before hybridization. Signal intensity measurement on Northern blots 
was performed with a Fuji phosphor imager and Aida 2.41 software (Raytest GmbH, 
Straubenhardt, Germany). 

All expression micro-array analysis in this study was performed on a genome-
wide mRNA expression platform (Affymetrix HG-U133 Plus 2.0, Santa Clara, CA). 
All gene transcript levels were determined from data image files using GeneChip 
operating software (MAS5.0 and GCOS1.0, from Affymetrix). Samples were scaled 
by setting the average intensity of the middle 96% of all probe-set signals to a fixed 
value of 100 for every sample in the dataset. Transcript levels can thus be compared 
between micro-arrays. The TranscriptView genomic analysis and visualization tool 
was used to certify that the probe-set selected had an anti-sense position in an 
exon of the gene (http://bioinfo.amc.uva.nl/human-genetics/transcriptview/). The 
probe-sets selected for a gene showed the highest expression in any sample with a 
present call for that gene in that series, and are listed in the corresponding tables. 
The neuroblastoma tumour series NB110 and the IMR32-MSX1 time-course micro-
array data have been deposited for public access in a MIAME-compliant format 
through the Gene Expression Omnibus (GEO) database at the NCBI website under 
numbers GSE16476/GSE18272, and GSE GSE16481, respectively. CEL data from 
the Albino-19 set (GSE7529, [31]) on the NCBI website [32] were downloaded and 
analyzed as described in [21]. Annotations and clinical data for the tissue samples 
analyzed are available from http://www.ncbi.nlm.nih.gov/geo/query/ or http://www.
ebi.ac.uk/arrayexpress/ thru their GEO or EMBL-EBI ID’s, respectively.

Statistics
Affymetrix analysis: Intensity values and their p-values were assigned to probe-
sets with GeneChip® Operating Software (GCOS) using the MASS5.0 algorithm 
(Affymetrix Inc.). Used in Figures 1, 2, 4, 7, 8; Supplemental Figure 1; Tables 1, 2; 
Supplemental Tables 1, 3, 4. Significant changes in gene expression in time-course 
experiments were assessed using the p-values generated by the ‘comparison 
analysis’ provided by the Affymetrix GCOS software. GCOS software uses a Wilcoxon 
Rank sum test to calculate p-values. Within a time-course experiment, all the time 
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points are compared to time point zero. Used in Figures 1, 4, 7, 8; Supplemental 
Figure 1; Table 1; Supplemental Tables 1, 3. Gene expression correlations (r and 
P) were calculated with a 2log Pearson test. The significance of a correlation is 
determined by t=r/√((1-r^2)/(n-2)), where r is the correlation value and n is the 
number of samples. Distribution measure is approximately as t with n-2 degrees of 
freedom. Used in Figures 1, 8; Table 1; Supplemental Table 4. MSX1 expression and 
its relationship with tumor histology were evaluated on grouped samples using the 
non-parametric Kruskal-Wallis and Mann-Whitney U tests (Figure 1; Supplemental 
Figure 1). Standard error (Figures 1, 6; Supplemental Figures 1, 3), and 1-sided 
2-tailed t-test (Figure 2) were calculated using Microsoft Excel (Microsoft, Redmond, 
WA).

Results

Transcription factors regulated by NOTCH3 in neuroblastoma 
We previously characterized the NOTCH3 downstream signaling network in 
neuroblastoma by expression of the NOTCH3 intracellular domain (NOTCH3-IC) in 
neuroblastoma cells (van Nes et al., submitted). Notch receptor proteins are activated 
by ligand binding, which triggers cleavage of the intracellular part of the receptor 
(Notch-IC) and translocation to the nucleus where it acts as transcriptional activator 
(reviewed in [33-35]). We generated IMR-32 neuroblastoma cell line clones with 
a doxycycline-inducible NOTCH3-IC transgene. NOTCH3-IC induction conferred a 
highly motile phenotype, as well as a transient cell cycle arrest. Affymetrix profiling of 
time-course experiments in two IMR32-NOTCH3-IC clones identified 502 NOTCH3 
downstream target genes, many of which have known functions in cell adhesion and 
migration (van Nes et al., submitted). 

For a systematic analysis of the signaling routes in the NOTCH3 downstream 
network in neuroblastoma, we here determined which transcription factor genes 
were regulated by NOTCH3 in IMR-32 using the R2 bioinformatics analysis tool 
(Koster et al., manuscript in preparation). We asked whether NOTCH3 induces other 
transcription factor genes to mediate part of the NOTCH3 downstream signaling, and 
limited the search of NOTCH3-regulated genes to the GO-category ‘Transcription 
factors’ (GoID 0003700, n=945). The NOTCH3 gene regulated 38 transcription 
factors; including known Notch targets of the HES and HEY family. To prioritize 
those transcription factors that may also function in vivo in the NOTCH3 downstream 
pathway, we subjected these 38 genes to a second selection for correlation with 
NOTCH3 expression in a series of 110 neuroblastic tumors (“NB110”, consisting of 
88 neuroblastomas, 10 ganglioneuroblastomas and 12 ganglioneuromas) that were 
profiled for mRNA expression (Koster et al., manuscript in preparation). This double 
selection identified 21 transcription factors regulated by NOTCH3-IC and correlating 
to NOTCH3 in the tumor series. ZFP36L1, HEYL and MSX1 formed the top-three 
of this list (Table 1). ZFP36L1 is discussed below; HEYL is a known NOTCH target 
gene [36]. MSX1 aroused our interest as it has a prominent role in neural crest and 
peripheral sympathetic nervous system development. MSX1 initiates delamination 
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of the neuroblasts from the neural crest upon BMP stimulation. In addition, MSX 
genes function as intermediate between several developmental signaling pathways 
(like TGFβ and Wnt), to ensure proper proliferation as well as differentiation of neural 
crest cells [11, 27, 28]. We have previously shown that MSX1 reduces anchorage-
independent growth and proliferation of the SJ-NB-8 neuroblastoma cell line, and 
induces the expression of key Delta-Notch and Wnt signaling pathway genes [21, 
26]. 

The up-regulation of MSX1 in IMR32-NOTCH3-IC cells is fast and long-lasting: 
MSX1 mRNA is induced within a few hours, and remains up-regulated for at least 
120 hours in both IMR32-NOTCH3-IC clones. In contrast, no MSX1 regulation was 
observed in a triplicate time-series experiment of IMR32-TetR parental cells treated 
with doxycycline (Figure 1A). Western blot analysis confirmed induction of MSX1 
by NOTCH3 (Figure 1B). Figure 1C shows the correlation of NOTCH3 and MSX1 
expression in the NB110 series, suggesting that the regulatory connection between 
NOTCH3 and MSX1 observed in IMR-32 cells also exists in vivo. MSX1 expression 
was detected in 78 of 110 tumors. MSX1 expression was significantly correlated 

Table 1: Transcription factor genes regulated by NOTCH3 in IMR32-NOTCH3 cells and correlated 
with NOTCH3 expression in NB110.  Affymetrix expression profiling of the IMR32-NOTCH3-IC time-
course experiments and the NB110 tumour series. Gene selection: Minimal target gene expression of 50, 
and a minimum change in expression during the experiment (2log-fold) of 1 (P < 0.05) for both clones, 
a minimal positive correlation in expression for the two NOTCH3 clones of 0.5 (normal Pearson), GO 
category 3700 (n=945). Correlation with NB110: positive when upregulated, negative when downregulated. 
Minimal correlation: 2log Pearson P value of < 0.05. For full data see (Van Nes et al., submitted).
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with tumor histology: it was most highly expressed in ganglioneuromas, showed 
intermediate expression in ganglioneuroblastomas, and had the lowest expression 
in neuroblastomas (Figure 1D; P = 5.5 • 10-6). To exclude the possibility that the 

A

B

C

D

Figure 1: MSX1 expression and NOTCH3-MSX1 correlation in IMR32-NOTCH3 cells and NB 110. 
(Panel A): Expression micro-array analysis of time-course experiments of two IMR32-NOTCH3 clones 
and the IMR32-TetR parental cell line. Visual representation of the Affymetrix expression values for MSX1. 
The time points represent hours after addition of doxycycline. The Affymetrix analysis for IMR32-TetR 
was performed in triplicate. (Panel B): Western blot analysis. Total protein was isolated from an IMR32-
NOTCH3-IC time-course experiment, and 10 μg used to prepare Western blot. The time points represent 
hours after addition of doxycycline. The blots were probed with antisera specific for NOTCH3, MSX1, and 
β-actin (as a loading control). (Panel C): Correlation of NOTCH3-MSX1 expression in the NB110 series. 
Affymetrix analysis of NOTCH3 and MSX1 expression in NB110. Visual representation of expression 
values in all 110 neuroblastic tumors. Tumors are ranked on the horizontal axis from left to right according 
to their NOTCH3 expression. NOTCH3 and MSX1 expression values are visualized with black circles 
and red rectangles, respectively. Clinically important parameters for each tumor are listed below the 
graph. (Panel D): MSX1 gene expression in the NB110 tumour series. The bar plot represents average 
MSX1 expression in the three neuroblastic tumor subtypes: ganglioneuroma (GN), ganglioneuroblastoma 
(GNB), and neuroblastoma (NB). Amount of tumors analyzed is behind tumor subtype in parentheses. 
Correlation between MSX1 expression and tumor type was calculated as in Materials and Methods. 
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high MSX1 expression in ganglioneuroma was caused by the presence of infiltrating 
Schwann cells, we analyzed MSX1 expression in an Affymetrix set of Albino et al., 
which includes micro-dissected ganglioneuromas and neuroblastomas [31]. The 
expression of MSX1 in these samples remained high, while MSX1 expression was 
significantly lower (p< 0.01, Kruskal-Wallis test) in the micro-dissected neuroblastoma 
samples (Supplemental Figure 1). 

As a further control for the Affymetrix MSX1 expression values, we validated MSX1 
expression in a series of 24 neuroblastoma cell lines analyzed by Affymetrix (called 
“NBC24”; Figure 2A) by Northern blot analysis (Figure 2B). The signals of the Northern 
blot and the Affymetrix probe for MSX1 were strongly correlated (R = 0.82, Figure 
2C), indicating that the MSX1 Affymetrix expression values for the NB110 tumors are 

Figure 2: MSX1 expression in NBC24. 
(Panel A): Expression micro-array analysis of MSX1 expression in 24 neuroblastoma cell lines (“NBC24”). 
Cell line names are below the panel. (Panel B): Northern blot analysis of MSX1 expression in a 20 
neuroblastoma cell lines. Northern blot autoradiographs of Total RNA was isolated, and 20 μg was used 
to prepare a Northern blot. The blot was hybridized with a radio-active probe specific for MSX1 mRNA. 
Ehtidium bromide staining of the 28S rRNA band of the agarose gel used for the blot is provided as a 
loading control. The MSX1 and 28S bands are from the same exposure of the same autoradiograph and 
gel picture, one sample was cut out. (Panel C): Correlation of MSX1 expression correlation measured with 
Affymetrix and Northern blot. Scatter plots of expression values measured with Affymetrix (X-axis) and 
Northern blot (Y-axis). Values for Y- and X-axis are probe call and density on Northern blot, respectively. 
The highest value for each method of measurement was set to 100%.
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reliable. We concluded from these analyses that MSX1 is up-regulated by NOTCH3 
and strongly correlates with differentiated histology and NOTCH3 expression in the 
neuroblastic tumor series, 

Inducible MSX1 expression in IMR32 
To analyze whether MSX1 plays a role in the NOTCH3 downstream pathway, we 
generated IMR32 clones with doxycycline-inducible expression of a full-length MSX1 
cDNA. Induction experiments with two independent clones (IMR32-MSX1-K5 and 
-K6, see Materials and Methods) followed by Northern and Western blot analysis 
showed that the addition of doxycycline resulted in the rapid induction of MSX1 
mRNA and protein (within 2 and 4 h, respectively). In the presence of doxycycline, 
MSX1 remained expressed for at least 96h at mRNA level, and at least 72h at protein 
level (Figure 3A and 3B, and Supplemental Figure 2). This induction was specific: 
addition of doxycycline to parental IMR32-TetR cells did not induce MSX1 mRNA 
or protein expression (Supplemental Figure 2). Western blot analysis showed that 
MSX1 expression did not cause changes in the NOTCH3 expression levels (Figure 
3B), formally proving that MSX1 is downstream of NOTCH3. MSX1 induction caused 
diminished cell proliferation, but cells remained viable and did not show signs of 
apoptosis (see below). 

To establish whether MSX1 mediates part of the NOTCH3 downstream pathway, we 
performed Affymetrix expression profiling of a triplicate time-course experiment of 
MSX1 induction in IMR32-MSX1-K6 cells. Total RNA was isolated 0, 8, 24, and 48 

Figure 3: IMR-32 cell line clones with inducible MSX1 expression. 
Northern and Western blot analyses of MSX1 and NOTCH3 expression in IMR32-MSX1 clones K5 and 
K6. Expression was induced with doxycycline, and total RNA or total protein was isolated 72h after the 
addition of doxycycline (Panel A): Northern blot analysis. Details are as in Figure 2B. (Panel B): Western 
blot analysis. Details are as in Figure 1B. For Northern and Western blots of the time-course experiments 
used for Affymetrix profiling see Supplemental Figure 2.
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h after induction of MSX1 expression, and used for Affymetrix profiling. As a control, 
we performed a similar triplicate analysis of IMR32-MSX1-K6 cells without addition 
of doxycycline (Supplemental Figure 2). We determined which genes were regulated 
by MSX1 using the R2 bio-informatic platform. We selected genes that showed a 2log 
fold regulation of ≥1 in all three MSX1 time-course experiments. At these stringent 
cut-offs, 195 genes were regulated (Supplemental Table 1). These comprehend 156 
up-regulated and 39 down-regulated target genes. For validation of the profiling 
results, the RNA from the time-course experiments was also used for Northern blot 
analyses. Figure 4A shows the Affymetrix profiles of 8 genes picked from the list 
in Supplemental Table 1. None of these genes were regulated in IMR32-MSX1-K6 
cells in the absence of doxycycline, or in IMR32-TetR cells with added doxycycline. 
The Northern blot analyses in Figure 4B confirm the MSX1-dependent target gene 
regulation, and show that similar results were observed in IMR32-MSX1-K5 and -K6 
cells. We conclude that the time-course experiments were robust and yield a true 
MSX1 downstream network.



B

137

MSX1 mediates a proliferation arrest module

5

 
The comparison of the set of genes regulated by MSX1 with the genes regulated 
by NOTCH3-IC in IMR32 (see above), showed that MSX1 regulates 102 of the 502 
NOTCH3 targets. Of these, 88 genes (86.3%) showed the same direction of up- or 
down-regulation in all five NOTCH3 and MSX1 experiments (Figure 5, Table 2, and 
Supplemental Table 3). These 88 MSX1- and NOTCH3-regulated genes constitute a 
highly significant fraction of the MSX1 target genes (P < 10-4). This strongly suggests 
that MSX1 mediates the regulation of a substantial part of the NOTCH3 downstream 
signaling pathway. 
 
To gain more insight into the function of this NOTCH3-downstream network governed 
by MSX1, we first carried out a GO annotation of the full MSX1 target gene set 
(Supplemental Table 1). This showed that three functional gene classifications 
were significantly over-represented among the MSX1 target genes: ‘Adhesion-
communication-migration’, ‘Cellular proliferation’, and ‘Development’ (Supplemental 
Table 2). While genes involved in developmental processes were expected in this list, 
the first two groups were more surprising. The ‘Adhesion-communication-migration’ 

Figure 4: MSX1 target genes in IMR32-MSX1 clones K5 and K6. 
Affymetrix and Northern blot analyses of 8 MSX1-regulated genes picked from Supplemental Table 1. 
(Panel A): Expression micro-array analysis of time-course experiments of IMR32-MSX1-K6 with or without 
doxycyline (both in triplicate), and of the IMR32-TetR parental cell line (See Figure 1A). Other details are 
as in Figure 1A. (Panel B): Northern blot analyses of IMR32-MSX1-K5 and –K6 time-course experiments. 
The time points represent hours after addition of doxycycline. Other details are as in Figure 2B.
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group contains genes like COL1A1, COL3A1, COL6A3, FN1, and ITGA6 whose 
products are directly involved in cell communication, ECM-receptor interaction, and 
focal adhesion, but also transcription factor genes like HEY1, MAML2, and SOX2. 
The ‘cellular proliferation’ group contains the BCL6, CDKN1C (also called p57 or 
Kip2), GADD45G, and GAS1 cell cycle genes, in addition to several transcription 
factor genes from the HEY and SOX gene families. If this GO list is compared to 
the list of genes regulated by NOTCH3 in IMR32 in the same GO-categories, it is 
evident that NOTCH3 regulates many more motility genes than MSX1. When the 
GO group ‘Adhesion-communication-migration’ is analyzed for sub-groups like ‘cell 
motility and locomotion’ (GO groups 1,5,22 and 1,12,0), many genes are regulated 

Figure 5: NOTCH3-MSX1 and MSX1-only signaling in neuroblastoma. 
VENN-diagram and schematic representation of genes regulated by and correlating with NOTCH3 and/
or MSX1 in the IMR32-MSX1-K6 time-course experiments and in the NB110 tumour series. Cut-offs for 
regulation in the cell line experiments are as described in the text, for correlation it is P < 0.05 (see 
Materials and Methods). The 502 NOTCH3 target genes are listed in (van Nes et al., submitted), the 195 
MSX1 target genes in Supplemental Table 2, the 88 NOTCH3-MSX1 common target genes in Table 2, the 
genes correlating with NOTCH3 and/or MSX1 in the NB110 series in Supplemental Table 4. 
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by NOTCH3, but not by MSX1. The 
GO group ‘localization of cell’ (GO 
1,10,3) contains 34 Notch-regulated, 
but only 15 MSX1-regulated genes. 

MSX1 mediates part of the NOTCH3 
phenotype: transient arrest, but not 
migration
NOTCH3 expression induces two 
striking phenotypes in IMR32. The cells 
become highly motile, and undergo a 
transient cell cycle block, followed by 
a persistent decrease in proliferation 
rate (van Nes et al., submitted. See 
also Supplemental Figure 3). As MSX1 
appears to mediate regulation of about 
20% of the NOTCH3 downstream 
pathway genes, we wondered whether 
MSX1 might mediate any of these 
phenotypes. 
 
We tested the motility of IMR32 
clones with MSX1 induction by a 
wound-healing (“scratch”) assay, but 
in contrast to the results of this test 
in NOTCH3-expressing IMR-32 cells, 
MSX1 was not found to affect motility 
(data not shown). This is in agreement 
with the observation that MSX1 
regulates the expression of only 15 
of the 82 genes that are regulated by 
NOTCH3 and have a well-established 

Table 2: Genes regulated by MSX1 and 
NOTCH3 in IMR32. Affymetrix expression 
profiling of IMR32-MSX1-K6 and –NOTCH3-
IC time-course experiments. Gene selection: 
Minimal target gene expression of 50 for all 
three MSX1 experiments and both NOTCH3 
clones, minimum change in expression during 
all 5 experiments (2log-fold) of 1 (P < 0.05), a 
minimal positive correlation in expression for all 
three MSX1 experiments and the two NOTCH3 
clones of 0.8 (normal Pearson). Gene group 
assignments are as in Supplemental Table 2. 
For full IMR32-MSX1 data see Supplemental 
Table 1. For full IMR32-NOTCH3 data see (Van 
Nes et al., submitted).
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role in motility (van Nes et al., submitted). 

In contrast, induction of MSX1 expression strongly affected proliferation of IMR32 
cells: MSX1 induction inhibited proliferation of both IMR32-MSX1 clones, as 
measured in a 4 days MTT assay. IMR32-TetR cells showed a linearly increasing 
OD570, and grew from ~10% to ~60% confluency in 3 days both in the absence 
or presence of doxycycline, but IMR32-MSX1-K5 and -K6 cells hardly proliferated 
after addition of doxycycline, and remained at low confluency (Figure 6A and 6B). 
MSX1-expression did not induce clear phenotypic changes; no apoptosis or cell 
shape changes -like neurite formation- were apparent (Figure 6A). Cells expressing 
MSX1 did not die; even after 4 weeks, cells were still viable and dividing, strikingly at 
a slower rate than non-induced cells. In a soft-agar assay, MSX1 expression strongly 
reduced the colony-forming capacity of IMR-32, indicating that MSX1 also represses 
anchorage-independent growth (Figure 6C). 
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We performed FACS cell cycle analysis of a time-course experiment of IMR32-MSX1 
clones 5 and 6. Cells were seeded at ~10% confluency with or without addition of 
doxycycline and harvested 4, 8, 24, 48, and 72 h later. In the presence of doxycycline, 
the percentage of cells in the G1 phase increased, while fewer cells in the S and G2 
phases were detected (Figure 6D). This G1/S cell cycle delay remained present until 
48h after MSX1 induction, but disappeared at 72h, when the number of cells in S and 
G2 populations started to increase again. The observed G1/S delay was not present 
in cells without added doxycycline. Throughout the experiment, no changes in the 
sub-G1 cell population were observed, implying that apoptosis does not play a role 
in MSX1-induced proliferation delay. We conclude that MSX1 expression causes 

Figure 6: MSX1 expression in IMR-32 cells : phenotype. 
IMR32-MSX1-K5 and –K6 cells were seeded and induced as described in Materials and Methods and 
in the text. The parental IMR32-TetR cell line was taken along as a negative control. (Panel A): Pictures 
taken after 72h at 400x magnification. (Panel B): Proliferation assay (MTT) performed on the same time-
course experiment as in Panel A. OD570 was measured as a measurement of cellular activity. Standard 
errors are represented by vertical bars. (Panel C): Colony formation measured by soft agar assay. Left 
pictures : Photographs of two representative wells containing cells treated without or with doxycyline, 
respectively. Right pictures : Bar plot of colonies counted per well. The difference is significant according 
to a Student’s t-test (P < 0.01). No significant difference in colony number was observed in parental 
IMR32-MSX1 cells grown with or without doxycycline (not shown). Standard errors are represented by 
vertical bars. (Panel D): FACS analysis of cells harvested from a time-course experiment of IMR32-
MSX1-K6 cells. Upper Picture : The bar plot represents the G1, S, and G2/M fractions counted in PI-FACS 
(Materials and Methods). Lower picture : representative FACS pictures. The G1 fraction is set to 100%. 
IMR32-MSX1-K5 cells showed a similar result, no G1 arrest was observed in parental IMR32-MSX1 cells 
treated with doxycyline (not shown). The experiment was performed twice, in triplicate. Standard errors 
are represented by vertical lines on top of the bar. 
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a transient and incomplete G1/S cell cycle arrest, and a lasting reduction in cell 
proliferation. The growth reduction and cell cycle characteristics as a result of 
MSX1 induction were very similar to those observed in IMR32-NOTCH3-IC cells 
(Supplemental Figure 3A and 3B). We conclude that MSX1 mediates the cell cycle 
arrest phenotype of NOTCH3, but not the motility phenotype, and therefore separates 
these functional downstream segments of the NOTCH3 signaling network.

Cell cycle genes regulated by NOTCH3 and MSX1
We wondered whether the reduced proliferation seen in both IMR32-NOTCH3-IC 
cells and IMR32–MSX1 cells followed the same mechanism. We used the R2 bio-
informatic platform to screen for cell cycle genes that were regulated by NOTCH3 
as well as MSX1. At a cut-off level of 2log fold ≥1, three cell-cycle genes were up-
regulated by MSX1 and NOTCH3 in all 5 time-course experiments: CDKN1C, BCL6 
and GAS1. The Cip/Kip gene CDKN1C is involved in G1/S transition. Like the other 
Cip/Kip genes (CDKN1A/p21 and CDKN1B/p27), its main role is the prevention of cell 

Figure 7: MSX1 and NOTCH3 expression in IMR-32 cells : influence on cell cycle genes. 
(Panel A): Visual representation of the Affymetrix expression values for CDKN1C during the time-course 
experiments from Figures 1 and 4. Details are as in Figures 1 and 4 (Panel B): Western blot analysis. 
Total protein was isolated from an IMR32-MSX1-K6 time-course experiment. A Western blot was probed 
with antisera specific for MSX1, CDKN1c and β-actin (as a loading control). All samples are present in 
duplicate. Other details are as in Figure 1B. (Panel C): Visual representations of the Affymetrix expression 
values for several cell cycle genes during the time-course experiments from Figures 1 and 4. 
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cycle progression by the inhibition of CDK-cyclin complexes [37]. Affymetrix analysis 
showed that CDKN1C underwent a transient up-regulation during the first 48 hours 
(Figure 7A). This transient induction was confirmed by Western blot analyses of 
time courses after NOTCH3-IC and MSX1 induction (Figure 7B and Supplemental 
Figure 3C). CDKN1C is up-regulated by MSX1 at 24h when the G1 block becomes 
apparent, and is down-regulated again later in the experiment, when the G1 block 
disappears (48h and 72h; Figure 7B). CDKN1C also shows a transient up-regulation 
in IMR32-NOTCH3 cells (Figure 7A and Supplemental Figure 3). We conclude that 
CDKN1C might be a major effector of the transient G1 block, but a contribution of 
e.g. BCL6, GAS1 and other genes is well possible. In addition, when we selected for 
cell cycle genes regulated by NOTCH3 as well as MSX1 at lower stringency (2log 
fold regulation of ≥ 0.6), we detected down-regulation of several genes essential 
for cytokinesis. Eight genes presented were down-regulated 24h after doxycycline 
treatment of IMR32-NOTCH3 and IMR32-MSX1 cells, but not in IMR32-MSX1 
control (cell)s (Figure 7C). All down-regulations were transient, except for CENP-I. 
Striking is the down-regulation of three of the four components of the Chromosome 
Passenger Complex [38]; AURKB (Aurora Kinase B), BIRC5 (also called survivin), 
and CDCA8 (borealin) that is essential for spindle formation, kinetochore assembly, 
and chromosome segregation [38]. Also CENP-A and CENP-I, encoding two major 
centromere proteins were transiently down-regulated [39]. AURKA (Aurora Kinase 
A) is important earlier in mitosis, for microtubule formation and stabilization in 
centrosome and spindle assembly [40]. Lastly, PLK1 (Polo kinase I) and ESPL1 
(separase or separin) are crucial for licensing of centrosome duplication and show 
prolonged down-regulation [41]. NOTCH3 and MSX1 therefore modify essential 
components of the cell cycle machinery, leading to transient cell cycle arrest and a 
subsequent collapse of the proliferation rate.

Regulation of PHOX2B and ZFP36L1 by MSX1 
As MSX1 is a major regulator of development of the neural crest and neuroblasts, 
we searched the list of genes regulated by MSX1 for other genes with a role in 
development of the sympathetic neural system and neuroblastoma. The PHOX2B 
homeobox transcription factor is essential for the proper development of the adrenal 
medulla, which is formed by colonization of neuroblasts and is a major site of 
primary neuroblastomas. PHOX2B knock-out mice have a strongly compromised 
adrenal medulla and die from lack of nor-adrenalin production. Moreover, PHOX2B 
is mutated in a small percentage of neuroblastomas [15, 16]. We therefore tested 
down-regulation of PHOX2B by MSX1 at the mRNA and protein level. The microarray 
data of IMR32-NOTCH3-IC showed a moderate down-regulation of PHOX2B by 
NOTCH3, suggesting that MSX1 mediates transmission of this NOTCH3 function as 
well (Figure 8A). Western blot analysis showed a very strong down-regulation (Figure 
8B). In addition, MSX1 was found to inversely correlate with PHOX2B expression in 
the NB110 tumor series. PHOX2B expression is very high in neuroblastoma, while 
MSX1 is high in ganglioneuroma (Figure 8C). 
 
Finally, MSX1 appeared to up-regulate expression of ZFP36L1 in IMR-32 cells 
(Figure 8D), and its expression is significantly correlated to that of ZFP36L in the 
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NB110 series (Figure 8E). As described above, the three transcription factors 
regulated by NOTCH3 in IMR32 and most strongly correlating to NOTCH3 in the 
NB110 series consisted of ZFP36L1, HEYL and MSX1. The finding that ZFP36L1 is 
strongly induced by NOTCH3 and by MSX1 suggests that the NOTCH3-regulation 
of this transcription factor gene is mediated by MSX1. This identifies ZFP36L1 as an 
interesting transcription factor in the NOTCH3-MSX1 network. 

The NOTCH3-MSX1 signaling network in neuroblastoma 
In the previous paragraphs, we have shown that MSX1 most probably mediates 
an important clade of the NOTCH3 downstream network in IMR-32 cells. To verify 
this role of MSX1 in the NOTCH3 pathway in tumors, we analyzed the 88 genes 
identified as common targets of NOTCH3 and MSX1 for correlation to these two 
genes in the NB110 tumor series. The correlations had to have the same direction as 
the regulation (up/positive or down/negative). Of the 88 genes, 40 had a significant 
correlation with NOTCH3 and 41 with MSX1 (Figure 5 and Supplemental Table 4). In 
addition, 35 genes showed a correlation with both NOTCH3 and MSX1. All 35 genes 
were up-regulated by NOTCH3 and MSX1. This shows that the NOTCH3-MSX1 axis 
detected in vitro, probably also functions in vivo, in neuroblastic tumors. 
 
Remarkably, there are also 93 MSX1 target genes that are not regulated by NOTCH3. 
Of these, 33 genes showed a significant correlation with MSX1 expression in the 
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NB110 series (Figure 5 and Supplemental Table 4). This group of genes seems 
to present an “MSX1 only network”, that is not dependent on NOTCH3 signaling. 
Since NOTCH3 is upstream of MSX1, this presents a paradox. Presumably, this 
observation indicates a feedback mechanism that is directed by MSX1 to counter part 
of the NOTCH3 downstream signaling. The NOTCH3-MSX1 connection therefore 
presents an example of a compound regulatory mechanism that can be detected by 
the systematic study of transcription factor networks. 

Discussion 

We have previously identified NOTCH3 as a master regulator of motility in 
neuroblastoma. Expression of a NOTCH3 transgene confers a highly motile 
phenotype to IMR-32 cells and many of the genes induced by NOTCH3 in this cell 
line also strongly correlate with NOTCH3 expression in a series of neuroblastoma 
tumors. In addition, NOTCH3 induced a transient cell cycle arrest and a long-lasting 
decrease in proliferation rate of IMR-32 cells. To gain insight into the molecular 
pathways governing the NOTCH3-induced phenotypes, we here searched for 

Figure 8: MSX1 regulates the PHOX2B and ZFP36L1 transcription factors. 
(Panel A): Expression micro-array analysis of time-course experiments described in Figures 1 and 4. 
Visual representation of the Affymetrix expression values for PHOX2B. (Panel B): Western blot analysis. 
Total protein was isolated from an IMR32-MSX1-K6 time-course experiment. The blots were probed with 
antisera specific for MSX1, PHOX2B, and β-actin (as a loading control). Other details are as in Figure 
1B. (Panel C): Correlation of NOTCH3-PHOX2B and NOTCH3-MSX1 expression in the NB110 series. 
Details are as in Figure 1C. (Panel D): As in Panel A, for ZFP36L1. (Panel E): As in Figure 8C, for MSX1-
ZFP36L1.
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transcription factors high in the NOTCH3 cascade in neuroblastic tumor cells. 
MSX1 was, along with HEYL and ZFP36L1, identified as one of the transcription 
factors that were strongly induced by NOTCH3 and highly correlated with NOTCH3 
expression in the tumor series. Induced expression of MSX1 in IMR-32 cells also 
resulted in a transient cell cycle arrest, followed by a lasting decrease in proliferation 
rate. However, the motility phenotype induced by NOTCH3 was not mimicked by 
MSX1. Only a small part of the motility-associated genes induced by NOTCH3 were 
induced by MSX1, explaining the absence of this phenotype in IMR32-MSX1 cells. In 
contrast, MSX1 was found to regulate, just like NOTCH3, a series of cell cycle genes 
like CDKN1C, as well as genes functioning in mitosis and chromosome segregation. 
The shared cell cycle phenotypes induced by NOTCH3 and MSX1 and the collective 
set of downstream cell cycle genes strongly indicate that MSX1 controls a functional 
module to slow down proliferation and that NOTCH3 induces MSX1 to activate this 
module. 
 
The identification of NOTCH3 as a master regulator of a ‘motility’ module and of 
MSX1 as a master regulator of a ‘proliferation arrest’ module results from a systematic 
study of inducible transgene expression in the same cell line, combined with data 
from a large series of neuroblastic tumor expression profiles. Analysis of expression 
data within tumor series identifies many genes with a correlating expression, but this 
does by no means imply that these genes have a hierarchic functional relationship. 
Also, not all genes regulated by transgenes or shRNA in cell lines are relevant in 
vivo: Cell line results might be misleading, as cell lines can lack relevant co-factor 
genes or have additional gene mutations which interrupt signaling pathways that are 
intact in neuroblastic tumors. The R2 bio-informatic database and analysis system 
was essential for facilitating fast analyses of experimental in vitro data and their 
integration with the tumor series data to prioritize the experimental results relevant 
for in vivo tumor biology. An example of complex and paradox cell line data was 
provided by our previous analysis of the PHOX2B and MSX1 pathways in another 
neuroblastoma cell line, SJ-NB-8 [21]. In SJ-NB-8, PHOX2B down-regulates MSX1 
expression, while MSX1 was found to up-regulate NOTCH3 expression. Here, we 
describe that in IMR-32 cells, NOTCH3 induces MSX1 expression (but not the other 
way around), while MSX1 down-regulates PHOX2B (Figure 8A and 8B). The MSX1-
PHOX2B and NOTCH3-PHOX2B correlations in the NB110 tumor series are both 
significant and negative (Figure 8C), while NOTCH3 and MSX1 show a positive 
correlation (Figure 1C). We conclude that the PHOX2B-MSX1-NOTCH3 signaling 
axis is a genuine neuroblastoma signaling path, which can change its direction 
depending on other genes present in the neuroblastoma cell.
 
One of the most intriguing observations made in this study is that although MSX1 
regulates the expression of 88 genes in the NOTCH3 pathway, including several 
transcription factors from the Delta-Notch signaling pathway, there is also a group 
of 93 genes regulated by MSX1, but not by NOTCH3. This constitutes a paradox: if 
NOTCH3 induces MSX1 expression, NOTCH3 should also result in regulation of all 
MSX1 downstream genes. The robustness of the gene manipulation experiments, 
in combination with the correlations with in vivo data and other R2 analyses (e.g. 
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Figures 1, 2, and 4) led us to believe that these contradictory results present an 
additional layer of complexity to the transcription networks studied, rather than 
experimental artifacts. This observation then offers an opportunity to understand 
how intricate transcriptional networks actually work. 
 
A simple model starts with the observation that NOTCH3 activates a ‘motility’ module 
and a ‘proliferation arrest’ module, the latter one via induction of MSX1 (Figure 5). In 
addition, MSX1, but not NOTCH3, controls a set of genes in an ‘MSX1-only’ module. 
To explain why these genes are not regulated when NOTCH3 is induced, we propose 
that a transcription factor induced by NOTCH3 (e.g. in the ‘motility’ module) prevents 
the induction by NOTCH3 of all genes in the ‘MSX1-only’ module. For instance, 
NOTCH3 could induce a co-repressor that in complex with MSX1 suppresses 
genes in the MSX1-only module. When NOTCH3 is not active, this co-repressor is 
absent, and MSX1 can, probably in a complex with other transcriptional co-factors, 
induce expression of the genes in the ‘MSX1-only’ module. MSX1 is known to bind 
a number of other transcription factors, as well as general transcription-regulating 
proteins like CBP [42], TBP/TFIIA [43], and chromatin components like H1B [44], 
thereby modifying their downstream transcriptional activities. Moreover, MSX2, 
which is >70% homologous to MSX1 is known to bind several Notch-DNA complex 
protein partners, like SPEN (also known as MINT), TLE1, and SNWI (also known as 
SKIP) [45-48]. 
 
To our knowledge, a role for MSX1 in NOTCH-downstream signaling, nor its role as 
a master regulator of a ‘proliferation arrest’ module, have been described before. 
Detailed elucidation of the signaling network controlling essential modules driving 
differentiation and the cell cycle, but also processes like apoptosis or metastasis 
can form the basis for targeted pharmacological disruption of these pathways. 
We recently showed that inhibition of CDK2 by shRNA or small molecule drugs 
drives neuroblastoma cells with MYCN amplification or over-expression, but not 
neuroblastoma cells without MYCN amplification or normal cells, into apoptosis 
[49]. Similarly, we showed that inhibition of SPRY1 leads to complete regression 
of medulloblastoma cell line xenografts with an activated Ras gene, but not of 
xenografts without mutated Ras [50]. Also the Notch pathway can be inactivated 
by specific small molecule drugs [51-53] Identification of the signaling networks 
governing main oncogenic pathways is essential for tailor-made therapy of tumors 
with known activation states of the functional modules that drive cancer.  
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Supplemental figures:

Supplemental Figure 1: MSX1 expression and tumor histology – the Albino-28 set
MSX1 gene expression in the Albino-28 neuroblastic tumour series [31]. Visual representation of MSX1 
expression analyzed using Affymetrix profiling. The graph represents average MSX1 expression in different 
tumor preparations: ganglioneuroma-microdissected (GN-MD), neuroblastoma (NB), and neuroblastoma-
microdissected (NB-MD). Amount of tumors analyzed is behind tumor subtype in parentheses. Differential 
MSX1 expression between the tumor subtypes was calculated as in Materials and Methods. 

Supplemental Figure 2: IMR-MSX1 Time series
(Panel A): Northern and (Panel B): Western blot analysis of the complete time-series experiments shown 
in Figures 3, 4, 6, 7, And 8. Details are as in Figures 2B and 1B, respectively.
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Supplemental Figure 3: IMR-NOTCH3-K6 cells : phenotype and cell cycle genes. (Panel A): as in Figure 
6B, (Panel B): as in Figure 6D, (Panel C): Western blot as in Figure 7B, but for IMR32-NOTCH3-K6 cells. 
See Figures 6 and 7 for other details.
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Supplemental Table 1: Genes regulated by MSX1 in IMR32-MSX1 – Gene list. 
Affymetrix expression profiling of IMR32-MSX1-K6 time-course experiments. Complete list of Table 2. 
Gene selection: Minimal target gene expression of 50, and minimum change in expression during for all 
three MSX1 experiments (2log-fold) of 1 (P < 0.05), a minimal positive correlation in expression for all 
three MSX1 experiments of 0.8 (normal Pearson). 195 genes, 156 are up-, 39 are down-regulated. Genes 
in bold and on grey background are shown in Figure 4. 
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Supplemental Table 2: Genes regulated by MSX1 in IMR32-MSX1 – GO annotation. 
MSX1 target genes identified in Supplemental Table 1 were subjected to a GO annotation (Group 1 only : 
L1 (008150 : biological process). Shown are only GO groups that have significant over-representation in 
the set of MSX1 target genes (P = 0.05). Set = total number of genes in GoPath, No. = number of genes 
regulated by MSX1.
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Supplemental Table 3: Genes regulated by MSX1 and NOTCH3 in IMR32. 
Affymetrix expression profiling of IMR32-MSX1-K6 and -NOTCH3-IC time-course experiments. Full 
dataset for Table 2. For details see Table 2.
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Supplemental Table 4: Genes regulated by MSX1 and NOTCH3 in IMR-32 and correlated with 
MSX1 and NOTCH3 expression in NB110. Affymetrix expression profiling of the IMR32-MSX1-K6 and 
-NOTCH3-IC time-course experiments and the NB110 tumor series. Gene selection: See Table 2, with 
additional a correlation with NB110: positive when up-regulated, negative when down-regulated. Minimal 
correlation: 2log Pearson P value of < 0.05. For full MSX1 data see Supplemental Table 1, for full NOTCH3 
data see (Van Nes et al., submitted).




