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The transcriptional repressor SNAI2 impairs neuroblastoma diﬀerentiation
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Neuroblastoma is the most common extracranial solid tumor in children and originates from poorly diﬀerentiated neural crest progenitors. High-risk neuroblastoma patients frequently present with metastatic disease at
diagnosis. Despite intensive treatment, patients often develop refractory disease characterized by poorly differentiated, therapy resistant cells. Although adjuvant therapy using retinoic acid (RA)-induced diﬀerentiation
may increase event-free survival, in the majority of cases response to RA-therapy is inadequate. Consequently,
current research aims to identify novel therapeutic targets that enhance the sensitivity to RA and induce neuroblastoma cell diﬀerentiation. The similarities between neural crest development and neuroblastoma progression provide an appealing starting point. During neural crest development the EMT-transcription factor
SNAI2 plays an important role in neural crest speciﬁcation as well as neural crest cell migration and survival.
Here, we report that CRISPR/Cas9 mediated deletion as well as shRNA mediated knockdown of the EMTtranscription factor SNAI2 promotes cellular diﬀerentiation in a variety of neuroblastoma models. By comparing
mRNA expression data from independent patient cohorts, we show that a SNAI2 activity-based gene expression
signature signiﬁcantly correlates with event-free survival. Loss of SNAI2 function reduces self-renewal, 3D invasion as well as metastatic spread in vivo, while strongly sensitizing neuroblastoma cells to RA-induced growth
inhibition. Together, our data demonstrate that SNAI2 maintains progenitor-like features in neuroblastoma cells
while interfering with RA-induced growth inhibition. We propose that targeting gene regulatory circuits, such as
those controlling SNAI2 function, may allow reversion of RA-therapy resistant neuroblastoma cells to a more
diﬀerentiated and therapy responsive phenotype.

1. Introduction
Neuroblastoma is the second most common solid tumor in infants
and young children, and accounts for 10% of pediatric cancer associated deaths [1,2]. While survival rates are excellent for low- and intermediate-risk neuroblastoma patients, outcome is dismal for high-risk
patients, who frequently present with metastatic disease at diagnosis.
These patients require intensive treatment, including chemo- and
radiotherapy, which is often combined with autologous stem cell
transplantation. To eradicate minimal residual disease, these treatments
are commonly followed by retinoic acid (RA)-induced diﬀerentiation
therapy and/or immunotherapy [3–5]. Although RA treatment was

shown to reduce the risk of a relapse, many cases show inadequate
responses to RA leading to the occurrence of relapses that no longer
respond to therapy [3,4]. As a consequence, there are no curative
treatment options for relapsed neuroblastoma, resulting in an overall
survival rate in high-risk patients that is below 40% [1,2].
Neuroblastoma is derived from the neural crest, a heterogeneous
cell population that arises at the borders of the neuro-ectoderm during
early embryogenesis and contributes to the formation of the peripheral
nervous system as well as other tissues [6]. Mechanisms controlling
neural crest development are frequently deregulated during neuroblastoma progression [7–9]. For instance, MYCN, ALK and PHOX2B,
genes controlling neural crest proliferation and diﬀerentiation, are
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instructions. Absorbance was acquired using a plate reader (Inﬁnite
F50, TECAN).

often overexpressed or mutated in high-risk neuroblastomas [7,8]. In
addition, a recent study comparing the genomic landscape of relapsed
refractory neuroblastoma with that of primary tumors, observed a
speciﬁc enrichment of mutations in genes that activate epithelial to
mesenchymal transition (EMT) in relapsed tumors [12]. This suggests
that within these tumors, neuroblastoma cells undergo phenotype
switching as a mechanism to escape therapy, driving the selective
outgrowth of drug-resistant cell populations with stem cell-like features
that give rise to relapsed tumors [7,8,10,11].
During neural crest development, EMT is one of the key developmental programs driving the transition from a non-migratory epitheliallike state to a highly migratory mesenchymal state. This allows neural
crest cells to delaminate from the neural tube and migrate through the
developing embryo. In epithelial tumors, EMT-transcription factors
such as TWIST1 and SNAI2 are considered important determinants of
cancer metastasis formation, pluripotency, and therapy resistance
[13–20]. In line with this notion, we recently showed that the cation
channel TRPM7, a gene essential for normal neural crest development,
promotes neuroblastoma self-renewal and metastasis formation most
likely by regulating the expression of the EMT-transcription factor
SNAI2 [21]. This transcriptional repressor plays a crucial role during
neural crest speciﬁcation, and expression of SNAI2 is essential during
delamination and survival of neural crest cells outside of the neural
crest niche [15,22]. Consistently, we and others have suggested a role
for SNAI2 in neuroblastoma development [21,23,24]. In this study, we
further explored a role for SNAI2 in promoting neuroblastoma progression.

2.4. Quantitative real time PCR
Total mRNA isolation using an RNeasy minikit (#74106, Qiagen)
was followed by cDNA synthesis using an iScript cDNA synthesis kit
(#170-8891, Bio-Rad) according to manufacturer's protocol. q-PCR
reactions were performed using SsoAdvanced™ Universal SYBR® Green
Supermix (#1725274, Bio-Rad) on a CFX96 Touch™ Real-Time System
(Bio-Rad) using PCR conditions as supplied by Bio-Rad. Expression levels were normalized against the housekeeping gene GAPDH and calculated according to the 2−ΔΔCt method [25]. For q-PCR primer sequences, see Supplementary Table 1.
2.5. PCR and mutational analyses
Genomic DNA was isolated using DNeasy Blood & Tissue kit
(#69504, Qiagen). SNAI2 target regions were ampliﬁed by PCR using
FastStart™ Taq DNA Polymerase (#12032937001, Roche). For PCR
primer sequences, see Supplementary Table 1. PCR products were
analyzed by Sanger sequencing and subjected to mutational analysis
using Surveyor® mutation detection kit (#706020, IDT) according to
manufacturer's protocol.
2.6. Western blotting
Lysates were prepared as described earlier [26]. Proteins were separated by SDS-PAGE and blotted onto nitrocellulose membranes. Nonspeciﬁc binding was blocked with 1% Fatty acid free BSA (#P6156, BioWest) for SNAI2 blots or 2% skim milk for γ-tubulin blots diluted in
TBS + 0.1% Tween-20 (TBST). Proteins were detected by immunoblotting using anti-SNAI2 (1:1000, #9585, Cell Signalling Technology, RRID:AB_2239535) and anti-γ-tubulin (1:10.000, #T6557,
Sigma-Aldrich, RRID:AB_477584) followed by HRP-conjugated secondary antibodies (1:5000, Dako) or IRDye® 800CW and 680RD secondary antibodies (1:2000, LICOR). When HRP-conjugated secondary
antibodies were used, proteins were visualized using ECL detection
agent (#RPN2232, Amersham GE Healthcare) and detected using a
Fluorchem E Digital Darkroom (Proteinsimple). In the case of IRDyeconjugated antibodies, membranes were scanned using an Odyssey CLx
Near-Infrared Fluorescence Imaging System (Biosciences).

2. Materials and methods
2.1. Cell lines
Human SH-SY5Y, SK-N-AS and mouse N1E-115 cell lines were obtained from ATCC (#ATCC® CRL-2266™, RRID: CVCL_0019; #ATCC®
CRL-2137™ RRID: CVCL_1700 and #ATCC® CRL-2263™, RRID:
CVCL_0451). Human LAN-5 and IMR-32 cells were derived from DSMZ
(#ACC 673, RRID: CVCL_0389 and #ACC 165, RRID: CVCL_0346). The
SH-EP2 cell line was obtained from J. Molenaar, Princess Máxima
Center, Utrecht, The Netherlands. All cell lines were cultured according
to the guidelines described by ATCC and DSMZ in a humidiﬁed incubator at 37 °C and 5% CO2. The SH-EP2 cell line was cultured as
described previously [21].
2.2. Generation of cell lines

2.7. RNA sequencing analysis
To generate SNAI2 knockout cell lines, control and SNAI2 gRNAs
(see Supplementary Table 1 for sequences) were transduced in SH-SY5Y
and N1E-115 cells using the lentiviral expression vector
pLentiCRISPRv1. To generate knockdown cell lines, non-targeting
control and SNAI2 shRNAs (obtained from Dr. R. Beijersbergen at The
Netherlands Cancer Institute - Screening and Robotics Facility) (see
Supplementary Table 1 for sequences) were transduced into LAN-5 cells
using the pLKO lentiviral expression vector according to manufacturer's
instructions (Sigma-Aldrich). Cells were selected using 1 μg/mL puromycin. For bioluminescent imaging, SH-SY5Y control and SNAI2
gRNA cells were co-transduced with a retroviral pLZRS luciferase reporter construct [21] and selected with 250 μg/mL Zeocin. Stable
overexpression of SNAI2 was obtained by transducing SH-SY5Y cells
with pPGS-hSLUG.ﬂ.ﬂag (a gift from Eric Fearon (Addgene plasmid
#25696)). Cells were selected using 1 mg/mL G418.

RNA sequencing and diﬀerential expression analysis of SH-SY5Y
SNAI2 control and gRNA cells was performed by GenomeScan B.V.
(Leiden, The Netherlands) on triplicate samples.
2.7.1. Sample preparation
RNA samples of SH-SY5Y SNAI2 control and gRNA cells were prepared and analyzed as three independent experiments. mRNA was
puriﬁed from cell cultures using an RNeasy minikit (#74106, Qiagen)
with on column DNAse (#79254, Qiagen) treatment. Quality and integrity of the RNA was determined using Fragment Analyzer™
(Advanced Analytical Technologies). Samples were processed using the
NEBNext® Ultra™ Directional RNA Library Prep kit for Illumina®
(#E7420S, NEB) according to manufactures instructions. In short, after
isolation of mRNA from total RNA using the oligo-dT magnetic beads,
mRNA was fragmented and cDNA synthesis was performed for ligation
with the sequencing adapters and PCR ampliﬁcation of the resulting
product. Quality and yield were measured with the Fragment
Analyzer™. Clustering and DNA sequencing using the Illumina cBot and
HiSeq 4000 was performed according to manufacturer's protocols using
DNA concentrations of 3.0 nM.

2.3. Cell proliferation and viability
The eﬀect of SNAI2 expression levels on cell viability and proliferation was assessed by MTS assays using CellTiter® 96 Aqueous One
Solution Reagent (#G3580, Promega) according to manufacturer's
2
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Molecular Probes, RRID:AB_2629482). Spheroids were imaged on an
Olympus FV1000 confocal laser scanning microscope equipped with a
20×/0.50 NA long working distance, water immersion objective. Zstacks were generated from images taken at 5 μm intervals. Maximum
intensity z-projections were used to quantify the number of invasive
strands, single cell invasions, and spheroid area and perimeter using
ImageJ 1.49b. Tumor border circularity was calculated using the folArea spheroid
lowing formula: Circularity = 4π∙ Perimeter spheroid2 .
Mouse kidneys with adrenal glands were ﬁxed in 4% PFA for 24 h at
20 °C, after which thick tissue slices (200 μm) were obtained by vibratome sectioning (Leica, VT1000s). After antigen retrieval in TrisEDTA buﬀer (pH 9) for 7 min at 97 °C, tissue slices were incubated with
primary human-speciﬁc Nestin (1:500; #ABD69, Millipore, RRID:AB_
2744681), Collagen I (1:200, #ab34710, Abcam, RRID:AB_731684) or
Collagen IV (1:200, #PA1-28534, Sigma-Aldrich, RRID:AB_1956972)
antibodies followed by Alexa-Fluor 488-conjugated goat anti-rabbit
(cross-adsorbed, 1:200, #A-11008, Thermo Fisher Scientiﬁc, RRID:AB_
143165) secondary antibodies and DAPI (4′,6-diamidino-2-phenylindole; 2.5 μg/mL, #10236276001, Roche Diagnostics). Confocal microscopy (Olympus FV1000) was performed using 20×/0.50 NA and
40×/0.80 NA long working distance objectives.

2.7.2. Primary data analysis
Image analyses, base calling, and quality check was performed using
the Illumina data analysis pipeline RTA v2.7.7 and Bcl2fastq v2.17
(Illumina).
2.7.3. Adapter clipping
Prior to alignment, reads were trimmed for adapter sequences using
Trimmomatic v0.30. Presumed adapter sequences were removed from
the read when the bases matched a sequence in the adapter sequence
set (TruSeq adapters) with 2 or less mismatches and an alignment score
of at least 12. All forward and reverse reads were pooled for each
sample after trimming.
2.7.4. Mapping of reads
Reads were mapped to the reference sequence, GCCh37.75 reference for Homo sapiens, using a short read aligner based on the
Burrows-Wheeler Transform. The default mismatch rate of 2% was
used. Frequency of reads mapping to a transcript was determined based
on the mapped locations.
RNAseq data have been submitted to the NCBI Gene Expression
Omnibus database, accession code: GSE126332. Diﬀerential expression
analysis was performed with the read counts using the DESeq package v
1.10.1 on the R platform v2.15.3. Genes were considered diﬀerentially
expressed when their 2log fold change ≥ |2|with a p < 1E−6.
Statistical signiﬁcance of overlapping up- and downregulated genes in
SH-SY5Y gRNA#1 and gRNA#2 was determined by means of a Fisher's
Exact test. GO-term analysis was performed using PANTHER (http://
www.pantherdb.org/geneListAnalysis.do; GO Ontology database
Released 2019-07-03) on genes that were diﬀerentially upregulated in
both gRNA cell lines.

2.10. Soft agar colony assay
35 mm dishes were coated with a base layer of culture medium with
1% UltraPure™ Low Melting Point Agarose (#16520050, Invitrogen) in
PBS. SH-SY5Y and LAN-5 cells were seeded as single cells at a density of
15,000 cells per dish in culture medium containing 0.4% UltraPure™
Low Melting Point Agarose for 21 and 28 days, respectively. N1E-115
cells were seeded at a density of 2500 cells per dish for 16 days. After
incubation for the indicated number of days, colonies were counted
manually. Experiments were performed 3 times in triplicate.

2.8. 3D multicellular spheroid invasion assays
Multicellular spheroids of SH-SY5Y cells were generated using the
hanging drop method [27]. Cells were plated at a density of 1500 cells/
drop in culture medium supplemented with 4% methyl cellulose solution (#M6385, Sigma-Aldrich) and allowed to aggregate o/n in a humidiﬁed incubator at 37 °C and 5% CO2. Spheroids were washed in PBS
and mixed in a Collagen-Matrigel®-solution consisting of non-pepsinized rat-tail collagen type I (#354249, Corning, 3.3 mg/mL), Matrigel® (#356231, Corning, 21 μg/mL), Minimum Essential Medium α
(# 41061029, Gibco, 5%) buﬀered with 2,5% bicarbonate. Collagenspheroid mixtures were pipetted as a drop-matrix and left to polymerize
at 37 °C. Spheroid-containing collagen lattices were maintained in a
humidiﬁed incubator at 37 °C and 5% CO2 for 7–10 days.

2.11. Retinoic acid assays
Cells were seeded in 35 mm dishes (SH-SY5Y: 6.5·104, LAN-5:
1.0·105) or 6 wells plates (SH-SY5Y, SK-N-AS and SH-EP2: 3.0·104, IMR32 and LAN-5: 1.0·105) in the presence of 0.1 and/or 1 μM retinoic acid
(#R2625, Sigma-Aldrich) or vehicle control DMSO (#1029521011,
Merck) for the indicated time points. N1E-115 cells were pre-treated
with 0.1, 1 and/or 10 μM retinoic acid or vehicle control for 4 days in
medium containing 2% FCS, after which treatment was continued for
2.5·104 cells in 35 mm dishes or 1.5·104 cells in 6 well plates for 6 days.
Medium was replaced every 4–5 days. After the incubation period
samples were either ﬁxed, stained with crystal violet and photographed
or harvested and counted. For long term proliferation assays, 7.5·104
SH-SY5Y cells were seeded into 6 well plates in triplicate in the presence of retinoic acid (#R2625, Sigma-Aldrich) or vehicle control
DMSO (#1029521011, Merck). Medium was refreshed every 4–5 days.
Cells were counted when passaged and reseeded at a density of 7.5·104
cells per well. To determine the eﬀect of retinoic acid on SNAI2 protein
levels, cells were seeded in 6 wells plates (SH-SY5Y and SK-N-AS:
3.0·105, IMR-32 and LAN-5: 5.5·105, and SH-EP2 and N115: 1.5·105) in
the presence of 0.1, 1 and 10 μM retinoic acid or vehicle control DMSO.
After an incubation period of 4 days, protein lysates were harvested as
described earlier [26].

2.9. Immunoﬂuorescence
For visualization of neurite-like protrusions and quantiﬁcation of
protrusion length, SH-SY5Y cells were cultured o/n on ﬁbronectin
(1 mg/mL, Roche) coated glass coverslips. Coverslips were ﬁxed (3.7%
formaldehyde) washed and stained using β-Tubulin antibodies (1:1000,
#T4026, Sigma-Aldrich, RRID:AB_477577) and phalloidin Alexa-Fluor
568- (1:200, #A12380, Molecular Probes) and anti-mouse Alexa-Fluor
488-conjugated antibodies (1:1000, #A-11001, Life Technologies,
RRID:AB_2534069). Images were taken on a Leica TCS SP5 (Leica
Microsystems) equipped with a 63× water-immersion objective or
20× dry objective and LAS-AF acquisition software (Leica
Microsystems). Images were processed for publication and analyzed
using ImageJ 1.49b. For neurite length and percentage of cells with
neurites at least 250 cells/experiment were quantiﬁed from 3 independent experiments. Analyses of neurite length were done using
NeuronJ plugin in ImageJ 1.49b.
Spheroids in 3D collagen matrices were ﬁxed (3.7% formaldehyde)
washed and stained using Alexa-Fluor 568-conjungated phalloidin
(1:100, #A12380, Molecular Probes) and DAPI (1:3000, #D1306,

2.12. Mouse xenograft experiments
Mouse xenograft experiments were carried out in accordance with
protocols approved by the Radboud University's Animal Experiment
Committee (DEC-2014-004). Trypsinized SH-SY5Y cells were washed 3
times with PBS. 200 μL PBS containing 5·105 cells were injected into the
tail vein of female NOD-scid IL2Rgammanull gamma (NSG) mice of
8–10 weeks. The amount of cells injected was analyzed 3 hour post3
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injection by bioluminescence imaging. Tumor growth was followed
using bioluminescence imaging. To this end, animals were anaesthetized with 2–3% isoﬂurane and a solution of 200 μL sterile PBS
containing 3.6 μg XenoLight D-Luciferin - K+ Salt Bioluminescent
Substrate (#122799, Perkin Elmer) was injected i.p. Light emission was
measured 10 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 whole mouse. Mouse Xenograft bioluminescence data was log transformed, after which it was analyzed using
a Linear Mixed-eﬀects model, where the factors ‘experimental group’,
‘time’ and ‘experimental group*time’ were ﬁxed factors and the mouse
identiﬁer was the random factor.
Organs and tissues were collected at day 32 after injections. Tumors
were excised from one liver per group to prepare protein lysates as
described [26]. Adrenal glands and kidneys were ﬁxed in 4% paraformaldehyde for 24 h, while other organs and tissues were ﬁxed in 4%
buﬀered formaldehyde. All organs were stored in 70% EtOH. For
quantiﬁcation of tumor size and number in the liver, the large lobs of
the livers were sliced transversally in 4 parts, serial embedded in paraﬃn and 5 μm sections were cut and stained with a standard Haematoxylin and Eosin staining (H&E). Four liver sections per animal were
quantiﬁed using Pannoramic Viewer software 1.15.4 (3DHISTECH
Ltd.).
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Qiagen
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Deposited Data
Neuroblastoma patient
NCBI - Gene Expression Omnibus
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dataset Kocak-649
NCBI - Gene Expression Omnibus
RNAsequencing data of
SH-SY5Y control and
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Experimental Models: Cell Lines
SH-SY5Y
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2.13. Gene-expression dataset analyses
A predictive gene-signature, based on genes upregulated in response
to SNAI2 depletion, was established using the k-means clustering
module of the R2 genomics analyses and visualization platform (department of Oncogenomics, Academic Medical Center of the University
of Amsterdam (http://r2.amc.nl)). K-means clustering was performed
using two independent neuroblastoma patient cohorts (SEQC-498;
GSE49710 [28] and Kocak-649; GSE45547 [29]) based on the expression values of the upregulated genes. Limited by the availability of
probes in both datasets, only 152 out of the 173 upregulated genes were
included in signature (Sup. Table 4). The number of draws was set to
10 × 10. Heatmaps represent z-score normalized expression. Survival
curves based on the clusters were generated using event-free survival
(EFS) as endpoints.
2.14. Statistical analyses
Data are presented as mean ± SEM, unless stated otherwise.
Statistics on q-PCR data were performed using one-sample t-test and
fold changes in expression were presented relative to control levels.
Other statistical analyses were performed using the student's t-test,
unless stated otherwise. All statistical tests were two-sided and p values < 0.05 were considered statistically signiﬁcant.
2.15. Key resources table

REAGENT or RESOURCE SOURCE
Antibodies
anti‑SNAI2

Cell Signalling Technology

anti‑γ-tubulin

Sigma‑Aldrich

anti-β-Tubulin

Sigma‑Aldrich

anti-mouse-Alexa‑Fluor
488‑conjugated
human‑speciﬁc anti-Nestin
anti-Collagen I

Life Technologies
Millipore
Abcam

Sigma‑Aldrich

IDENTIFIER

LAN-5

DSMZ

N1E-115

ATCC

SK-N-AS

ATCC

IMR-32

DSMZ

J. Molenaar, Princess Máxima
Center, Utrecht, The Netherlands
Experimental Models: Organisms/Strains
female NOD‑scid IL2Rga- The Jackson Laboratory
mmanull gamma mice
Oligonucleotides
gRNA's
See Table S1
siRNA's
See Table S1
Primers
See Table S1
Recombinant DNA

Cat#PA1-28534;
RRID:AB_1956972
Cat#A-11008;
RRID:AB_143165
Cat# 926-32213,
RRID:AB_621848
Cat# 925-68070,
RRID:AB_2651128
Cat#79254
Cat#P6156
Cat#RPN2232
Cat#M6385
Cat#354249
Cat#356231
Cat#D1306;
RRID:AB_2629482
Cat#A12380
Cat#10236276001
Cat#R2625
Cat#16520050
Cat#122799

Cat#74106
Cat#170-8891
Cat#1725274

Cat#69504
Cat#12032937001
Cat#706020
Cat#E7420S

GSE49710
GSE45547
GSE126332

Cat#ATCC® CRL2266™;
RRID:CVCL_0019
Cat#ACC 673,
RRID:CVCL_0389
Cat#ATCC® CRL2263™;
RRID:CVCL_0451
Cat#ATCC® CRL2137™ RRID:
CVCL_1700
Cat#ACC 165,
RRID: CVCL_0346

SH-EP2

Cat#9585;
RRID:AB_2239535
Cat#T6557;
RRID:AB_477584
Cat#T4026;
RRID:AB_477577
Cat#A-11001;
RRID:AB_2534069
Cat#ABD69;
RRID:AB_2744681
Cat#ab34710;
RRID:AB_731684
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ipeline RTA v2.7.7
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trimmer for Illumina Sequence
Data. Bioinformatics, btu170.
DESeq package v 1.10.1 Love MI, Huber W, Anders S
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RNA-seq data with
DESeq2.” Genome Biology, 15, 550.
doi: https://doi.org/10.1186/
s13059-014-0550-8.
R platform v2.15.3
R Core Team (2013). R: A language
and environment for statistical
computing. R Foundation for
Statistical Computing, Vienna,
Austria. URL http://www.R-project.org/.
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National Institutes of Health,
Bethesda, Maryland, USA, https://
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diﬀerentiated phenotype (Fig. 2A and Sup. Fig. 2). Moreover, overexpression of FLAG-tagged SNAI2 in SH-SY5Y cells regulated this subset
of genes in the opposite direction (Fig. 2B).
To further determine how loss of SNAI2 expression aﬀects global
gene expression, RNA sequencing (RNAseq) analysis was performed
comparing mRNA derived from pools of control and SNAI2 gRNA SHSY5Y neuroblastoma cells. We identiﬁed 206 genes in SH-SY5Y
gRNA#1 cells (199 up, 7 down) and 356 genes in SH-SY5Y gRNA#2
cells (248 up, 108 down) that were diﬀerentially expressed
(p < 1E−6, log2 fold change ≥ |2|) when compared to control cells,
of which 180 genes were shared between both sets (Fig. 2C, Sup.
Table 2). Consistent with the notion that SNAI2 is a transcriptional
repressor [15,30], the majority of these diﬀerentially expressed genes
(173 of 180) were upregulated in response to SNAI2 depletion (Sup.
Fig. 3A). Moreover, we observed a strong concordance in expression
changes between SNAI2 gRNA#1 and gRNA#2 cell lines (Sup. Fig. 3A).
Log2 fold changes determined by RNAseq were conﬁrmed by q-PCR for
a subset of genes (Fig. 2D), including the number one most upregulated
gene POU4F2 and two genes involved in neuronal diﬀerentiation
(NRCAM and CHD5). Importantly, expression of CHD5 and NRCAM also
increased in SNAI2 silenced LAN-5 neuroblastoma cells (Sup. Fig. 3B).
Gene Ontology (GO)-term analysis using the 173 overlapping upregulated genes uncovered 106 GO categories within the subroot
‘Biological
Processess’
that
were
signiﬁcantly
enriched
(p < 0.01, > 10 genes per category) in response to SNAI2 depletion
(Sup. Table 3). In line with the eﬀects we observed on neurite outgrowth (Fig. 1A–C) and the role of SNAI2 in neural crest development,
biological processes such as neurogenesis, generation of neurons and
neuron diﬀerentiation were among the most signiﬁcantly enriched
ontologies (Fig. 2E). A simpliﬁed directed acyclic graph showing the
relationships between the most strongly enriched GO-terms further
underscores the role for SNAI2 aﬀected genes in neuronal diﬀerentiation (Fig. 2F). We conclude from these experiments that SNAI2 controls
neuroblastoma diﬀerentiation by repressing a gene expression program
involved in neuronal cell diﬀerentiation.

3. Results

3.2. A SNAI2-dependent gene expression program predicts event-free
survival in neuroblastoma patients

3.1. SNAI2 regulates a gene expression program that interferes with
neuronal cell diﬀerentiation

Given that overall survival of neuroblastoma patients is positively
associated with the grade of diﬀerentiation of the tumor [31], we investigated whether SNAI2 expression correlates with event-free survival
in a cohort of human neuroblastoma patients using online available
microarray-based expression data (http://r2.amc.nl). However, no
correlation was found between SNAI2 mRNA expression and patient
prognosis (data not shown). We hypothesized that SNAI2 activity rather
than SNAI2 mRNA expression would be predictive of outcome. Therefore, we derived a SNAI2-dependent gene expression signature based on
the genes upregulated in response to SNAI2 knockout as determined by
RNAseq. Limited by the probes present within the available patient
datasets, 152 of the 173 upregulated genes could be included in the
SNAI2 signature (Sup. Table 4). K-means clustering of the micro-array
based SEQC patient dataset using the SNAI2 gene signature allowed
stratiﬁcation of 498 primary neuroblastomas [28] into a group with low
expression of the signature genes (n = 177) and a group with high
expression of these genes (n = 321) (Fig. 3A). Consistent with the
upregulation of these signature genes in response to SNAI2 depletion,
the patient group represented by the cluster with high expression
showed a signiﬁcantly longer event-free survival when compared to
patients in the low expression cluster (Fig. 3B). While the predictive
value of the SNAI2 gene signature was highly signiﬁcant in the subset of
401 patients without MYCN ampliﬁcation (Fig. 3C and Sup. Fig. 4A),
the signature lacked statistical signiﬁcance in patients with MYCN
ampliﬁcation, the strongest cytogenetic predictor of outcome in neuroblastoma, nor in patients diagnosed with stage 4 disease (data not
shown). Similar results were obtained in a second, independent micro-

To investigate how SNAI2 contributes to neuroblastoma development and progression, we used established neuroblastoma cell line
models SH-SY5Y, LAN-5 and N1E-115 cells. We performed targeted
deletion of SNAI2 using CRISPR/Cas9 in human SH-SY5Y neuroblastoma cells (Sup. Fig. 1A). To avoid eﬀects of clonal heterogeneity,
we focused on pools of cells expressing control and SNAI2 gRNA's.
Eﬃcient targeting of the SNAI2 gene (Sup. Fig. 1B & C) and depletion of
SNAI2 protein expression (Sup Fig. 1D) was validated by sequencing
and western blotting, respectively. In addition to targeted deletion in
SH-SY5Y cells, expression of SNAI2 was modulated by expression of
FLAG-tagged SNAI2 in human SH-SY5Y cells (Sup. Fig. 1E), RNAi
mediated silencing of SNAI2 in human LAN-5 cells (Sup. Fig. 1F), and
CRISPR/Cas9 mediated knockout of SNAI2 in mouse N1E-115 cells
(Sup. Fig. 1G).
Loss of SNAI2 in SH-SY5Y cells was accompanied by signiﬁcant
changes in neuroblastoma cell morphology, inducing the formation of
long neurite-like protrusions positive for both F-actin and β-tubulin
(Fig. 1A,B). Additionally, the percentage of neurite bearing cells was
increased in SH-SY5Y SNAI2 gRNA cells compared to control cells
(Fig. 1C), suggesting that loss of SNAI2 promotes neuroblastoma differentiation. Surprisingly, SNAI2 depletion did not signiﬁcantly increase neurite extension or number in LAN-5 and N1E-115 cells, most
likely reﬂecting cell intrinsic diﬀerences. Nevertheless, loss of SNAI2 in
SH-SY5Y and LAN-5 cells aﬀected expression of a subset of genes associated with neuronal diﬀerentiation, indicative of a more
5
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Fig. 1. SNAI2 depletion promotes morphological diﬀerentiation of neuroblastoma cells. (A) Representative immunoﬂuorescence staining of F-actin and β-tubulin.
Note the increase in number of cells with neurite-like protrusions and length thereof in SH-SY5Y SNAI2 gRNA cells. Scale bar = 25 μm. (B) Quantiﬁcation of induced
neurite outgrowth in response to SNAI2 depletion. Data represent mean ± SEM of at least 250 cells/experiment of n = 3 independent experiments ***p < 0.001.
(C) Percentage of cells presenting with neurite-like protrusions. Data represent mean ± SEM of n = 3 independent experiment with at least 250 cells/experiment
***p < 0.001.

3.3. SNAI2 promotes 3D invasion and dissemination of neuroblastoma cells

array based cohort representing 649 primary neuroblastomas [29] as
well as the RNAseq based dataset corresponding to the SEQC microarray dataset [28] (Fig. 3D–F and Sup. Fig. 4B–D).
While the SNAI2-dependent gene expression signature had no additive predictive value in stage 4 patients and patients with a MYCN
ampliﬁcation, both MYCN ampliﬁcation as well as increasing stage
corresponded with a lower SNAI2 signature score indicative of a lower
expression of genes present within the signature (Sup. Fig 5A–F).
Moreover, given the lack of predictive value of the signature in patients
with a MYCN ampliﬁcation, we tested whether the signature might, at
least in part, represent a MYCN signature. However, comparison of the
SNAI2-dependent signature with two published neuroblastoma MYCN
signatures only revealed a minimal overlap (Sup. Fig. 5G&H). Together,
our results indicate that repression of this SNAI2-dependent gene expression program is associated with an unfavorable outcome.

The correlation between SNAI2 activity and event-free survival, and
the prominent role of SNAI2 in neural crest delamination and migration
[32–34], suggest that SNAI2 contributes to neuroblastoma progression
by controlling migration and invasion of neuroblastoma cells. To simulate neuroblastoma tumor growth and dissemination in a 3D environment that reﬂects the in vivo situation, we evaluated the ECM
composition of mouse adrenal glands, given that the majority of the
human primary neuroblastomas arise at the adrenal gland [1]. In line
with previous reports [35,36], we identiﬁed collagen I and collagen IV
as the major ECM components of the adrenal gland (Fig. 4A). We
subsequently set up multi-cellular spheroid (MCS) cultures in collagenbased 3D matrices. MCSs of SH-SY5Y SNAI2 gRNA and control cells,
produced using the hanging drop method [37], were embedded in the
organotypic collagen-based matrices and allowed to invade the 3D
6
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(caption on next page)

which coincided with a marked increase in the number of invasive
strands and single cell invasions (Fig. 4F–I). Taken together, these results indicate that SNAI2 promotes local 3D invasion and dissemination
of neuroblastoma cells.

matrix (Fig. 4B). Depletion of SNAI2 signiﬁcantly increased tumor
border regularity of the multicellular spheroids, by interfering with the
formation of multicellular invasive strands (Fig. 4C&D). Moreover,
SNAI2 gRNA spheroids presented with signiﬁcantly less single cell invasions compared to MCSs derived from control cells (Fig. 4E). In
contrast, SNAI2 over-expression in SH-SY5Y neuroblastoma cells signiﬁcantly increased the irregularity of the invasive front of MSCs,
7
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Fig. 2. SNAI2 controls a gene expression program involved in neuronal diﬀerentiation. Relative mRNA expression of neuronal diﬀerentiation related genes in SNAI2
gRNA (A) and SNAI2 over-expressing (B) SH-SY5Y cells. mRNA expression in control cells is set to 1. Values are depicted as mean ± SEM (n = 3). * p < 0.05, **
p < 0.01, ***p < 0.001. (C) Overlapping diﬀerentially expressed genes in SNAI2 gRNA#1 (total 206) and SNAI2 gRNA#21 (total 356) as determined by RNAseq. A
log2 fold-change ≥|2| and p < 1E−6 were used as cut-oﬀ values. p-Value of overlap was determined by means of a Fisher's Exact test. (D) Log2 fold changes of
POU4F2, CHD5 and NRCAM in SH-SY5Y SNAI2 gRNA#1 and #2 cells compared to SH-SY5Y control gRNA cells as determined by RNAseq and validated by qPCR.
Data represents mean log2 fold changes ± SEM (n = 3). For qPCR data expression levels are normalized to GAPDH housekeeping gene expression. **p < 0.01,
***p < 0.001. (E) SNAI2 controls neuronal developmental gene expression programs. GO-term analysis was performed on the 173 overlapping genes that were
diﬀerentially upregulated in SH-SY5Y SNAI2 gRNA#1 and gRNA#2 cells, when compared to SH-SY5Y control cells. Presented are the 10 most signiﬁcantly enriched
GO-terms within the subroot ‘Biological Process’ as determined by Fisher's Exact test with False Discovery Rate (FDR) correction. Fold enrichment is the ratio
between observed and expected genes within a category. The number of expected genes is based on the number of protein encoding genes within a category. (F)
SNAI2 depletion aﬀects genes controlling neuronal diﬀerentiation. Simpliﬁed representation of the relationship between GO-terms involved in neuronal diﬀerentiation, and the number of genes observed per category.

injections of luciferase expressing SH-SY5Y neuroblastoma cells in
NOD-scid IL2Rgammanull (NSG) mice. Pilot experiments revealed that
similar to human primary neuroblastoma [1], SH-SY5Y cells selectively
colonized the adrenal medulla, liver and bone marrow (Sup. Fig. 6A–C),
while no inﬁltration in the lungs was seen. Tumor cell dissemination of
intravenously injected SH-SY5Y neuroblastoma SNAI2 gRNA and control gRNA cells was monitored by non-invasive bioluminescence imaging. Bioluminescence could be observed from 7 days post-injection
onwards, increasing over time, indicating survival and colonization of
the injected cells (Fig. 6A&B). The bioluminescence signal observed in
the SH-SY5Y SNAI2 gRNA injected mice was signiﬁcantly lower from
day 14 (gRNA#2) and day 17 (gRNA#1) onwards, as determined by
using a Linear Mixed-eﬀects model. Upon autopsy of the sacriﬁced

3.4. Loss of SNAI2 reduces metastatic spread of neuroblastoma cells in vivo
During development, SNAI2 is essential for the survival of neural
crest cells outside of the neural crest niche [22,38]. Therefore, we investigated whether SNAI2 contributes to anoikis resistance in neuroblastoma cells. Consistent with the more diﬀerentiated phenotype we
ﬁnd upon SNAI2 depletion, reduced SNAI2 expression hampered the
ability of SH-SY5Y, LAN-5 and N1E-115 cells to grow out in soft agar
colony formation assays when compared to their control counterparts
(Fig. 5A–C). In contrast, overexpression of SNAI2 enhanced the number
of colonies (Fig. 5D), indicating that SNAI2 promotes anchorage-independent growth of neuroblastoma cells.
To further substantiate these ﬁndings, we performed tail vein

Fig. 3. Expression of SNAI2 regulated genes correlates with neuroblastoma patient outcome. (A) K-means clustering of micro-array expression data of a cohort of 498
primary neuroblastoma tumors based on the 152 genes present within the SNAI2 signature. Tracks represent the k-means result (blue and red), INSS stage (light
green = stage 1, dark green = stage 2, yellow = stage 3, red = stage 4, blue = stage 4S), risk group (red = high risk, green = low risk) and MYCN ampliﬁcation
status (red = MYCN ampliﬁed, green = non MYCN ampliﬁed). Clustering result was identiﬁed in 8/10 k-means iterations. Track below represent signature score for
SNAI2 signature. (B) Kaplan Meier analyses of event-free survival based on the clustering performed in (A). (C) Kaplan Meier analyses of event-free survival based on
the k-means clustering performed in the subset of MYCN non-ampliﬁed patients of the SEQC cohort (see Sup. Fig. 4A). (D) K-means clustering of micro-array
expression data of a cohort of 649 primary neuroblastoma tumors based on the 152 genes present within the SNAI2 signature. Tracks represent the k-means result
(red and blue), INSS stage (light green = stage 1, dark green = stage 2, yellow = stage 3, red = stage 4, blue = stage 4S), risk group (red = high risk, green = low
risk) and MYCN ampliﬁcation status (red = MYCN ampliﬁed, green = non MYCN ampliﬁed). Clustering result was identiﬁed in 8/10 k-means iterations. (E) Kaplan
Meier analyses of event-free survival of the 476 patients of which survival data was available based on the clustering performed in (B). (F) Kaplan Meier analyses of
event-free survival based on the k-means clustering performed in the subset of 405 MYCN non-ampliﬁed patients of which survival data was available in the Kocak
cohort (see Sup. Fig. 4B). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. SNAI2 promotes local 3D invasion and dissemination of neuroblastoma cells. (A) Confocal imaging
of mouse adrenal gland samples stained for the nucleus
and collagen type I and type IV, revealed the abundant
presence of type I collagen ﬁbers (left panel) and basal
membrane component type IV collagen (right panel) in
both the medulla and cortex. Scale bar = 100 μm.
Representative immunoﬂuorescence max projections and
quantiﬁcations of multicellular spheroids of (B–E) SHSY5Y control and SNAI2 gRNA cells, and (F–I) SH-SY5Y
control and SNAI2 over-expressing cells, respectively 10
and 7 days after embedding in the 3D collagen-based
matrix. Spheroids were ﬁxed at designated time points
and stained for the cytoskeleton using phalloidin and the
nucleus using Dapi. Note the enhanced circular shape of
SNAI2 gRNA spheroids and increase in single cell invasions and invasive strands of SNAI2 over-expression
spheroids. Scale bar = 100 μm. Quantitative analysis of
(C–E) SNAI2 gRNA and (G–I) SNAI2 over-expression
spheroids. (C&G) Tumor border regularity (circularity) is
calculated based on the perimeter of the spheroid relative
to the area (see Materials and methods). Number of invasive strands (D&H) and single cell invasions (E & I) of
multicellular spheroids in response to SNAI2 expression
levels. Data are from at least n = 15 spheroids/cell line
and presented as box and whisker (5–95 percentile) plots.
* p < 0.05, ** p < 0.01, ***p < 0.001, two-tailed
unpaired t-test with Welch's correction.
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Fig. 5. SNAI2 enhances anchorage-independent growth of neuroblastoma cells. Quantiﬁcation of soft agar colony formation by (A) SH-SY5Y control vs. SNAI2
sgRNA, (B) LAN-5 control vs. SNAI2 shRNA, (C) N1E-115 control vs. SNAI2 gRNA cells, and (D) SH-SY5Y control vs. SNAI2 over-expression cells 21 days after single
cell seeding in a 1% agarose gel. Data represents mean number of colonies per experiment (n = 3 independent experiments performed in triplo). * p < 0.05, **
p < 0.01** p < 0.01, *** p < 0.001.

(Fig. 6G). Unexpectedly, we observed that also in the control cells,
expression of SNAI2 was signiﬁcantly higher in SH-SY5Y cells isolated
from liver metastasis when compared to cells prior to injection
(Fig. 6G). Although we cannot rule out that speciﬁc interactions between the tumor cells and the liver microenvironment contribute to this
eﬀect, our results suggest that high expression of SNAI2 favors tumor
outgrowth at secondary sites.

mice, we observed a marked increase in liver size and weight of livers
derived from mice injected with control gRNA cells (Fig. 6C&D). Image
analysis of liver paraﬃn sections revealed that the number of tumors
was signiﬁcantly higher in mice injected with control cells vs. mice
injected with SNAI2 gRNA cells (Fig. 6E), consistent with the premise
that SNAI2 expression promotes survival of tumor cells at ectopic sites.
Although proliferation of SNAI2 depleted SH-SY5Y was not aﬀected in
vitro (Sup. Fig. 6D&E), tumors derived from SNAI2 gRNA cells were
signiﬁcantly smaller (Fig. 6F), indicating that SNAI2 depletion also
hampers tumor growth in vivo.
Given the fact that the injected pool of SNAI2 gRNA cells showed
heterogeneous expression of SNAI2, the tumors appearing in the SNAI2
knockout pools may represent cells that managed to maintain suﬃcient
levels of SNAI2 expression. Indeed, all tumors derived from either
control or gRNA cell injected mice expressed SNAI2 protein, indicating
that only SH-SY5Y cells expressing SNAI2 are able to colonize the liver

3.5. SNAI2 depletion sensitizes neuroblastoma cells to retinoic acid
In a variety of neuroblastoma cell lines, exposure to the vitamin A
metabolite retinoic acid (RA) leads to a proliferation arrest, terminal
diﬀerentiation and the induction of apoptosis. Moreover, RA is used in
the clinic to treat minimal residual disease [39,40]. Given the observation that loss of SNAI2 expression promotes diﬀerentiation, we
tested whether reduced expression of SNAI2 would enhance the
10
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Fig. 6. Loss of SNAI2 reduces in vivo colonization and growth of neuroblastoma cells. (A) Representative bioluminescent images of mice 32 days after intravenous
injections with SH-SY5Y control or SNAI2 gRNA cells (n = 10 mice in each group, divided over 2 independent experiments that show highly reproducible results).
Photon ﬂuxes are set to the same scale (photons/s/cm2/sr). (B) Quantiﬁcation of bioluminescence between day 7 and day 32 post-injection. Data are modelled using
a Linear Mixed eﬀects model (see Materials and methods). Data are mean ± SEM of n = 10 mice per group. (C) Representative images of livers of mice intravenously injected with SH-SY5Y control or SNAI2 gRNA cells at day 32. (D) Quantiﬁcation of liver weight at day 32 post-injection. (E) Quantiﬁcation of number of
liver tumors per mouse, measured in resected liver tissue from mice injected with SH-SY5Y control or SNAI2 gRNA cells. (F) Quantiﬁcation of mean liver tumor size
in mice injected with SH-SY5Y control or SNAI2 gRNA cells. Data are mean ± SEM of n = 10 livers/group for control and gRNA#2 and n = 9 livers for gRNA#1).
***p < 0.001, two-tailed unpaired t-test with Welch's correction. (G) SNAI2 protein expression in SH-SY5Y control and SNAI2 gRNA cells pre-injection, and resected
liver tumors of mice injected with SH-SY5Y control or SNAI2 gRNA cells, determined by Western blotting. The additional SNAI2 bands in the tumor samples most
likely represent additional post-translational modiﬁcations that occur in vivo.

Fig. 7. SNAI2 controls retinoic acid sensitivity of neuroblastoma cells. (A) Representative images of SH-SY5Y control and SNAI2 gRNA cells grown in the absence or
presence of RA (1 μM). Cells were ﬁxed, stained and photographed after 10 days. (B) Proliferation curves of SH-SY5Y control and SNAI2 gRNA cells in the presence or
absence of 1 μM RA over the period of 56 days. (C) Representative images of LAN-5 control and SNAI2 shRNA cells grown in the absence or presence of RA (1 μM).
Cells were ﬁxed, stained and photographed after 14 days. (D) Quantiﬁcation of cell number of LAN-5 control and SNAI2 shRNA cells after 14 days in the presence or
absence of 1 μM RA. Data represent mean number of cells ± SEM (n = 3). (E) Representative images of mouse N1E-115 control and SNAI2 gRNA cells grown in the
absence or presence of RA (10 μM). Cells were ﬁxed, stained and photographed after 10 days. (F) Quantiﬁcation of cell number of mouse N1E-115 control and SNAI2
gRNA cells after 10 days in the presence or absence of 10 μM RA. Data represent mean number of cells ± SEM (n = 4). ** p < 0.01, as determined by t-test with
Welch's correction.

basal SNAI2 protein levels may be correlated to response to RA, we
determined the SNAI2 protein expression in a panel of neuroblastoma
cell lines and compared this with the eﬀect of RA on proliferation.
However, we did not ﬁnd a consistent relation between basal SNAI2
protein levels and RA sensitivity (Sup. Fig. 8A–C), nor did we ﬁnd
evidence that SNAI2 expression is repressed in response to RA (Sup.
Fig. 8D). We conclude from these data that while SNAI2 depletion enhances the response of our neuroblastoma models to RA, its expression
does not appear to be subject to regulation by RA.

sensitivity of neuroblastoma cells to RA. Indeed, proliferation of SNAI2
gRNA cells was strongly reduced and reached a plateau when SNAI2
gRNA cells were treated with 1 μM of RA, whereas proliferation of SHSY5Y control cells was only marginally inhibited (Fig. 7A&B). Similar
eﬀects were observed in LAN-5 SNAI2 shRNA cells (Fig. 7C&D) and
mouse N1E-115 neuroblastoma cells expressing mouse speciﬁc SNAI2
gRNA's (Fig. 7E&F). In contrast, SNAI2 overexpression in SH-SY5Y
neuroblastoma cells slightly enhanced basal proliferation rates, but did
not signiﬁcantly enhance RA resistance of these cells (Sup. Fig. 7). As
12
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4. Discussion

response to RA-therapy.
While no speciﬁc inhibitors are currently available for SNAI2, recent
studies have identiﬁed SNAI2 as part of diﬀerent transcriptional complexes. For instance, a physical and functional interaction has been
described for SNAI2 with the transcriptional co-activators YAP and TAZ
[48,49]. Moreover, inhibition of SNAI2 function using a p53-SNAIL
binding inhibitor mimics SNAI2 knockdown and reduces growth of
therapy resistant ER+ breast cancer cells [50]. Additionally, the SNAG
repressor-domain of SNAI2 was found to interact with the chromatinmodifying proteins, such as lysine speciﬁc demethylase 1 (LSD1)
[51,52]. Blocking the interaction between SNAI2 and LDS1 by using the
LSD1 inhibitor Parnate, or by means of a cell-permeable peptide targeting the SNAG domain of SNAI2, signiﬁcantly suppressed the malignant behavior of a variety of tumor cell types [53]. Moreover, LSD1
inhibition using Parnate was shown to reactivate RA-induced diﬀerentiation in acute myeloid leukemia [54]. However, in our hands targeting SNAI2 by LSD1 inhibition, using the LSD1 inhibitor
GSK2879552, did not measurably enhance the response of SH-SY5Y
neuroblastoma cells to RA (data not shown). Therefore, future research
should focus on identifying targetable SNAI2 interactors in neuroblastoma cells to eﬀectively inhibit SNAI2 mediated repression and
enhance RA-mediated growth inhibition.
While SNAI2 has mainly been described as an EMT-activating
transcription factor, we have found no evidence that depletion of SNAI2
inﬂuences the expression of canonical epithelial or mesenchymal markers, or results in a more epithelial-like morphology in our neuroblastoma cell models. Our results, on the other hand, do indicate that
SNAI2 promotes malignant behavior of neuroblastoma cells by maintaining a progenitor-like transcriptional program in neuroblastoma
cells. Hence, interfering with diﬀerentiation by activation of developmental programs may thus contribute to neuroblastoma disease progression. Consistently, targeting regulatory networks that control these
developmental programs may help promote neuroblastoma diﬀerentiation and enhance response to therapy. For instance, recent studies
have shown that ALKF1174L driven neuroblastomas develop resistance to
ALK inhibitors by activation of AXL [56], a tyrosine kinase that promotes EMT. Inhibition of AXL using small-molecule inhibitors strongly
increased the sensitivity of ALK mutated neuroblastoma cells to treatment [56,57]. Going forward, future eﬀorts should determine to what
extend targeting regulatory networks controlling developmental programs, such as those interfering with SNAI2 function, can revert
therapy resistant neuroblastoma to a more diﬀerentiated, therapy responsive phenotype.

The transcriptional repressor SNAI2 is a key determinant of neural
crest development [15] and its expression has been linked to tumor
progression and therapy resistance in a variety of tumor types [17–20].
By RNA sequencing we observed that targeted deletion of SNAI2 leads
to derepression of a gene expression program involved in neuronal
diﬀerentiation. Consistent with the fact that overall survival of neuroblastoma patients is dependent on the diﬀerentiation status of the
tumor [41], high expression of these SNAI2 responsive genes is correlated with an increased event-free survival probability in two independent neuroblastoma patient cohorts. Consistently, MYCN ampliﬁcation as well as increased stage corresponds to a lower expression of
the SNAI2-dependent gene expression program. While this SNAI2-dependent gene signature is highly predictive in non-MYCN ampliﬁed
tumors, the signature has no additive predictive value in MYCN ampliﬁed tumors, which was to be expected as MYCN-ampliﬁcation is
already strongly predictive of poor outcome.
Although the SNAI2-dependent gene signature corresponds well
with event-free survival, SNAI2 mRNA expression itself does not.
Therefore, we postulate that SNAI2 protein level or activity rather than
mRNA expression determines outcome. Consequently, activation of a
SNAI2-dependent gene expression program may be controlled by regulating SNAI2 protein expression or activity. In line with such a mode of
action, it was shown that phosphorylation of speciﬁc residues can alter
SNAI2 activity or mark the protein for ubiquitination and proteasomal
degradation [42–44].
Although we cannot rule out a role for other members of the SNAI
family in neuroblastoma pathogenesis, we have focused our studies on
SNAI2, based on our previous studies involving the channel kinase
TRPM7 that showed that expression of SNAI2, but not that of other
SNAI family members, was correlated with neuroblastoma self-renewal
and metastasis formation [21]. Consistent with a role for SNAI2 as a
regulator of stemness, cell survival, and cell motility, we observed that
SNAI2 expression is essential for maintaining neuroblastoma anchorage-independent growth as well as the ability to disseminate and invade in vitro and metastasize in vivo. In fact, all tumors isolated from
mice injected with SH-SY5Y SNAI2 gRNA cell pools were found to express SNAI2 protein, suggesting that only cells having functional SNAI2
protein expression were able to survive in vivo. Strikingly, also in tumors from mice injected with SH-SY5Y control cells expression was
higher than in the injected cell pool, suggesting that high SNAI2 expressing cells within this population have a selective growth advantage
in vivo.
In high-risk neuroblastoma patients, RA is used as an adjuvant to
diﬀerentiate or eliminate remaining tumor cells after intensive multimodal therapy [5]. However, many patients fail to respond to the differentiation-inducing eﬀects of this drug [3,4]. While no direct link has
been described between RA signaling and SNAI2, it was shown that
SNAI2 expression is downregulated in response to RA during embryonic
development [45,46]. Although we did not ﬁnd that RA modulates
SNAI2 expression, targeted deletion of SNAI2 strongly sensitizes both
human MYCN-ampliﬁed LAN-5 and non-MYCN ampliﬁed SH-SY5Y cells
[47] as well as mouse N1E-115 neuroblastoma cells to RA-induced
growth inhibition. However, as the gene expression changes observed
in response to RA treatment were highly cell type speciﬁc, we were
unable to deﬁne uniform SNAI2 responsive genes responsible for repressing the response to RA. Moreover, forced SNAI2 over-expression
did not further enhance resistance of the SH-SY5Y cell line to RA. Since
SNAI2 is part of large transcriptional complexes [48–54], forced expression of SNAI2 may lead to a stoichiometric imbalance between
SNAI2 and its binding partners [55]. As a consequence, SNAI2 overexpression may not be suﬃcient to fully reproduce the responses seen
in reaction to physiologically enhanced expression or activity of SNAI2.
Nevertheless, our data indicate that targeting (regulators of) SNAI2 in
neuroblastoma may reduce malignant behavior and promote the
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