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Abstract

A large proportion of patients suffering from the malignant pediatric tumor 
neuroblastoma die of progressive disease despite intensive therapy. Neuroblastomas 
belong to the group of neuroblastic tumors, together with more differentiated 
ganglioneuroblastomas and benign ganglioneuromas. Little is known of the genes 
driving the differentiation processes in these tumor types. A search for the transcription 
factors differentially expressed between ganglioneuromas, ganglioneuroblastomas, 
and neuroblastomas in a series of 110 neuroblastic tumors (NB110) identified a large 
number of HOX- and TALE (Three Amino acid Loop Extension)-class homeobox 
transcription factor genes. The MEIS1-3, PBX1 and -3, and PKNOX1 TALE genes 
showed highest expression in neuroblastomas and lowest in ganglioneuromas and 
ganglioneuroblastomas. The PKNOX2 and TGIF1-2 genes showed the opposite 
expression pattern. This suggests an involvement of TALE genes in neuroblastoma 
differentiation. Expression of MEIS1, a known oncogene in haematopoietic tumors, 
was high in all neuroblastomas, and strongly correlated with undifferentiated 
histology. Consequently we generated IMR-32 neuroblastoma cells capable of 
inducible shRNA-mediated MEIS1 knockdown. We observed differentiation, growth 
arrest and induction of apoptosis upon MEIS1 down-regulation. Affymetrix profiling of 
time-course experiments using these cells allowed the identification of MEIS1 target 
genes. Analysis of the target genes in the NB110 series showed that 323 of these 
were also significantly correlated to MEIS1 expression and to tumor differentiation 
in neuroblastic tumors. Genes involved in the cell cycle and in developmental 
pathways were over-represented in this gene set. We conclude that MEIS1 governs 
several of the signal transduction routes important for neuroblastoma survival and 
differentiation. 
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Introduction

Neuroblastomas are common childhood tumors that originate during embryonic 
development from primitive, neural crest-derived cells called neuroblasts. These 
cells normally migrate and differentiate along the emerging anterior-posterior 
axis in the body to form the peripheral sympathetic nervous system (SNS). While 
neuroblastomas can occur along the whole SNS side chain, about 50% of tumors 
originate in the adrenal gland [1-3]. Neuroblastoma patients, especially below 1 
year of age, can experience complete regression of disease, but older children 
usually present with aggressive neuroblastomas that are refractory to aggressive, 
multimodal treatment. Therefore, the two-year survival without recurrent disease is 
below 50% for patients with high-stage disease [1-3]. Neuroblastoma is thereby the 
second most-lethal pediatric tumor, responsible for 15% of all cancer-related death 
in children [1-3]. A clear need for more effective treatment, using more specific drugs, 
exists.

Patient age at diagnosis, tumor stage, and genomic defects of the tumors like MYCN 
gene amplification are clinical parameters important for patient survival prediction 
and therapy regimen decisions [1-3]. Additionally, tumor histopathology provides an 
independent clinical parameter [4, 5]. Neuroblastomas, ganglioneuroblastomas, and 
ganglioneuromas together form the group of neuroblastic tumors. Neuroblastomas 
represent the proliferative, undifferentiated subtype, and consist almost exclusively 
of small, round neuroblast-like tumor cells. Ganglioneuromas are slow-growing, 
tumors formed by differentiated clusters of ganglion cells in a Schwannian stroma. 
Ganglioneuroblastomas form the histological continuum between neuroblastoma 
and ganglioneuroma [4]. Neuroblastomas are usually aggressive, ganglioneuromas 
are almost always benign. Clinical observations have shown that a differentiation 
gradient exists between the three neuroblastic tumor types: neuroblastomas 
sometimes mature into ganglioneuroblastoma and further into ganglioneuroma. In 
contrast, specific cases of ganglioneuroblastoma can progress to neuroblastoma 
[4-6]. 

Several genes have been implicated in neuroblastoma pathogenesis. The best 
known is MYCN, which is amplified in about 20% of tumors [7, 8]. In addition, 
CCND1 amplifications in ~3% of tumors [9], and isolated cases of MDM2, MEIS1 
and CDK4 amplification were reported [10-15]. More recently, recurring mutations of 
ALK (7% of tumors), and PHOX2B (3%) were identified in both sporadic and familial 
neuroblastoma [16-18]. Characterization of the genes involved in the differentiation 
gradient between the three groups of neuroblastic tumor types can provide important 
clues on neuroblastoma pathogenesis; especially the mechanisms involved in the 
resistance of neuroblastoma cells to differentiation, and thus yield new therapeutic 
insights. Most interesting would be to find the genes driving, and not the genes that 
are a result of the differentiation process. To this end, we investigated the transcription 
factor genes whose expression is correlated with neuroblastic tumor differentiation. 
We determined differential expression of transcription factor genes in a series of 
110 neuroblastic tumors generated in our lab (called “NB110”) using genome-wide 
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Affymetrix mRNA expression arrays, and found a large number of HOX and TALE 
(Three Amino acid Loop Extension) class genes.
 
TALE homeobox proteins are highly conserved transcription regulators that are 
essential contributors to several developmental programs, including that of the 
neural crest [19-23]. The TALE family is divided in several gene groups that share 
high sequence homology and can thereby have distinct, group-specific functions 
in downstream gene activation [24]. TALE proteins exert their transcription factor 
function by forming multi-protein/promoter DNA complexes with other TALE or HOX-
class homeobox proteins: Direct interaction of MEIS with PBX proteins results in 
increased nuclear PBX localization and enhanced target gene activation [25-29]. 
In a similar manner, binding of PKNOX proteins to PBX-DNA complexes results in 
stabilization of these complexes [30-32]. In contrast, the MEIS and TGIF proteins can 
compete for target binding sites by recognizing the same DNA promoter sequences, 
and thereby display opposite regulation of their targets [33]. The composition of 
the TALE-HOX complexes dictates their downstream activities by the binding of 
activating or inactivating chromatin-binding proteins like HAT’s or HDAC’s [29, 34]. 
TGIF genes are known negative modulators of other transcription factor genes by 
the recruitment of HDAC-containing co-repressor complexes [35, 36]. TALE genes 
not only operate together on downstream target gene activation, but also show 
extensive mutual regulation (e.g. [22]). Hereby, the TALE gene family can form a 
prominent signaling network in cells undergoing embryonic development and/or 
oncogenic transformation.

MEIS1 was originally identified as an oncogene driving experimental murine leukemia 
[37], and was since shown to be important for tumor progression in several kinds 
of human leukemia [38-41]. A role for MEIS1 in neuronal cancer development has 
been suggested in Xenopus, where ectopic MEIS1 expression in the developing 
neural crest induced diminished tissue differentiation and excessive proliferation 

Figure 1: TALE gene expression in neuroblastic tumor series and neuroblastoma cell lines. 
Panel A: TALE gene expression in the NB110 (Versteeg), Albino-19, and Fix-56 neuroblastic tumor, and 
the NBC24 (Versteeg) neuroblastoma cell line series. Visual representation of 18 TALE genes analyzed 
using Affymetrix expression. The bars represent the average expression in the series; see Supplemental 
Table 3 for the complete data. The HG133A Affymetrix array used for the Albino-19 series does not contain 
probes for IRX1, -2, -3, MEIS3, PBX4, or TGIFLX/Y. Panel B: Clustering of the NB110 neuroblastic tumor 
series based on nine TALE genes. Heatmap (z-log score) of a two-way clustering of the NB110 series 
with the nine TALE genes that show differential expression in the 3 tumor types (MEIS1-3, PBX1 and -3, 
PKNOX1-2, and TGIF1-2). Panel C: Correlation of TALE gene expression with tumor type in the NB110 
(Versteeg), Albino-19, and Fix-56 neuroblastic tumor series. The bars represent a significant correlation 
to tumor type (2logPearson). Positive and negative correlation means gene expression highest expressed 
in neuroblastomas and lowest in ganglioneuroma, or vice versa, respectively. N.P. means no probe is 
present on the array, N.S. means not significant. Panel D: TALE gene correlations in the NB110 tumor 
series. Correlations of MEIS1 expression (red circles) with PBX1, PBX3, PKNOX1, PKNOX2, TGIF1, or 
TGIF2 (blue rectangles) in the NB110 series. Visual representation of Affymetrix expression values in 
all 110 tumors (in 2log). Tumor samples are ranked on the horizontal axis from left to right according to 
their MEIS1 expression. Tumor histology is depicted below the graph (12 ganglioneuromas in green, 10 
ganglioneuroblastomas in yellow and 88 neuroblastomas in red). 
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[42]. We and others have previously shown high-level amplification of MEIS1 in the 
IMR-32 and CHP134 neuroblastoma cell lines, and over-expression in almost all 
neuroblastoma tumors and cell lines investigated [11-13, 15, 43], but little is known 
about a role for MEIS1 in neuroblastoma pathogenesis. 

Interestingly, the TALE gene with the highest expression correlation with aggressive, 
non-differentiated neuroblastoma tumors was MEIS1, and the TALE genes correlating 
best with differentiated tumors were the competing TGIF1-2 genes, suggesting a 
function for MEIS1 in aggressive neuroblastoma tumor formation. We therefore 
generated IMR-32 neuroblastoma cell line clones capable of MEIS1 knockdown 

Figure 2: MEIS1 expression in neuroblastic tumor series and fetal tissue. 
Panel A: MEIS1 expression in the NB110 series. Visual representation of Affymetrix expression values 
in all 110 tumors. Tumor samples are ranked on the horizontal axis from left to right according to their 
MEIS1 expression. Clinically important parameters are below the graph (see legend). MEIS1 expression 
is significantly higher in the more aggressive tumors. Panel B: A: MEIS1 expression in the NB110 
(Versteeg), Albino-19, and Fix-56 neuroblastic tumor series, and in the mixed series from De Preter. 
The bars represent the average expression in the series determined by Affymetrix analysis. T-ed lines 
on top of the bar represent the standard errors. Adr. Gl. means Adrenal Gland, Fetal NB means fetal 
neuroblast. 
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by inducible shRNA expression. IMR-32 cells with diminished MEIS1 expression 
showed differentiation, slower growth, and enhanced apoptosis. We performed 
genome-wide Affymetrix transcription profiling of time-course experiments of MEIS1 
knockdown in these cells. After characterization of the genes regulated by MEIS1 
knockdown, we correlated these downstream genes with MEIS1 expression in our 
NB110 series. This strategy revealed that MEIS1 regulates a large set of genes 
that correlate with the histology of the different neuroblastic tumors. These findings 
identify MEIS1 as one of the transcription factors with a central role in blocking 
differentiation and enhancing cell proliferation in neuroblastoma.
 

Materials and Methods

Cell lines
Neuroblastoma cell lines used in this study are described in Supplemental Table 
1. Cell lines were maintained in high-glucose DMEM without sodium-pyruvate 
with pyridoxine-HCl (Gibco 41965-039, Invitrogen, Breda, The Netherlands), 
supplemented with 10 % heat-inactivated fetal calf serum (Gibco 10106), 2 mM 
L-Glutamine (ICN 1680149, Irvine, UK), 1 x Minimal Non-Essential Amino Acids 
(Gibco 11140-035) and 10 U penicillin/10 μg streptomycin (Sigma P0781, St. Louis, 
MO, USA) per ml. 

Human Embryonic Kidney 293T cells (CRL-11268, ATCC, Manassas, VA, USA), were 
grown with DMEM containing sodium-pyruvate (Gibco 41966-039), supplemented 

Table 1: Transcription factor genes correlated with neuroblastic and neuroblastoma tumor 
histology. 
Transcription factor genes with significant correlation to tumor type or tumor differentiation in the NB110 
(Versteeg), Albino-19, and Delattre-56 neuroblastic tumor series and the NB88 neuroblastoma series. 
Positive or negative correlation are defined as highest expression in neuroblastoma and lowest expression 
in ganglioneuroma or the opposite, respectively. For the NB88 (Versteeg) series, which only contains the 
88 neuroblastomas from the NB110 series, correlation of transcription factor gene expression to the 
tumor differentiation grade (differentiating, poorly-differentiated or non-differentiated) was calculated. For 
this series, positive or negative correlations are defined as highest gene expression in non-differentiated 
tumors or differentiated tumors, respectively. Transcription factor genes were selected from GO Group 
3700 (945 genes). Correlation (R) was expressed in 2log Pearson, cut-off value for P (ANOVA) was 
< 0.05. Only genes showing a similar correlation in all four tumor series are shown, for all genes with 
significant correlation in any of the three neuroblastic tumor series with their Affymetrix probe-sets see 
Supplemental Table 2.
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as described above. All cells were maintained at 37 °C, in a humidified atmosphere 
containing 5% CO2. IMR-32 cell line clones capable of tetracycline/doxycycline-
regulated transgene expression were constructed using the T-Rex system (Invitrogen). 
IMR-32 cells were transfected with the pcDNA6/TR vector (Invitrogen V1025-20, 
Blasticidin resistance) encoding the tetracycline repressor 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. pTER-MEIS1-shRNA 
constructs (see below) were transfected into IMR32-TetR using Lipofectamine 2000. 
Clones were selected by limited dilution using 5 µg/ml Blasticidin S and 10 µg/ml 
Zeocin (Invitrogen R250), resulting in the isolation of IMR32-MEIS1-shRNA clones. 
MEIS1 expression levels were assayed by Northern and Western blot analysis 
after addition of 100 ng/ml doxycycline (ICN 195044). For each MEIS1-shRNA (see 
below), several clones that showed inducible knock-down of MEIS1 mRNA and 
protein, were used in this study.

A

B

C

Figure 3: MEIS1 expression in a neuroblastoma cell line panel. 
Panel A: MEIS1 mRNA expression. Northern blot autoradiograph of neuroblastoma cell line RNA hybridized 
with a radio-active probe specific for MEIS1 (upper lanes). The probe used detects alls full-length MEIS1 
splice variants. Ethidium bromide staining of the 28S rRNA band of the agarose gel is provided as a 
loading control (lower lanes). The broad MEIS1 bands are not caused by RNA degradation, but probably 
by mRNA processing. Sharp bands were obtained for the MEIS2 and TGIF2 TALE genes after stripping 
and re-probing of this blot (See Supplemental Figure 1). Panel B: MEIS1 protein expression. Western 
blot analysis of neuroblastoma cell line lysates or transfected HEK293T cells (for size comparison). Total 
protein was isolated and 10 μg used to prepare Western blots. Upper lanes: Neuroblastoma cell line 
blots. Incubated with MEIS1 antiserum, or with β-actin antiserum (as a loading control). The SJ-NB-6 
cell line has no β-actin expression. Lower lanes: blots from HEK293T cells transfected with pcDNA4/TO-
MEIS1 constructs or not transfected. Incubated with MEIS1 antiserum. Panel C: Visual representation 
of Affymetrix expression values in the NBC24 cell line panel. Samples are ranked on the horizontal axis 
from left to right according to their MEIS1 expression. The MEIS1 Affymetrix probe-set 204069_at used 
detects all full-length MEIS1 splice variants (See TranscriptView). For MYCN amplification status see 
Supplemental Table 1.
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DNA and RNA constructs
The complete human MEIS1 coding sequence was isolated by 
PCR using neuroblastoma tumor cDNA as a template with forward 
primer ccggaattccggATGGCGCAAAGGTACGAC and reverse primer 
ccgcgtcgacggCTACTGAGCATGAATGTCCAT. The forward primer contained a non-
coding flag containing an EcoRI recognition site and the first 7 MEIS1 codons (in 
capitals, nt 458-475 of the MEIS1 NCBI RefSeq NM_002398.2). The reverse primer 
contained a non-coding flag containing a SalI recognition site and the last 7 MEIS1 
codons (in capitals; nt 1630-1610 of NM_002398.2). MEIS1 PCR products were 
digested with EcoRI and SalI, purified by agarose gel electrophoresis using Qiaex 
II gel extraction (20021, Qiagen, Venlo, the Netherlands) and ligated into EcoRI-
SalI restricted pCI-neo (E1841, Promega Benelux, Leiden, the Netherlands). The 
MEIS1 sequence was then excised using EcoRI and the 3’ polylinker NotI site and 
subcloned into the pcDNA4/TO/myc-HisA mammalian expression vector (V1030-
20, Invitrogen, Breda, The Netherlands) restricted with EcoRI and NotI, resulting in 
pcDNA4/TO/MEIS1. Both MEIS1B and MEIS1D, the two most widely expressed full-
length MEIS1 splice variants, were cloned (see the MEIS1 locus in TranscriptView at 
http://bioinfo.amc.uva.nl/human-genetics/transcriptviewb/ and [44]). The constructs 
were verified by sequencing, and by demonstrating MEIS1 protein expression in 
Western blot analysis upon transient transfection of HEK293T cells (Figure 3B). 

Potentially suitable MEIS1 siRNA sequences were selected using the Ambion 
siRNA target finder (http://www.ambion.com/techlib/misc/siRNA_finder.html) with 
the MEIS1 coding sequence (nt 458-1630 of NM_002398.2). 12 different target 
sequences were prepared as siRNA using the Ambion Silencer® siRNA Construction 
Kit (AM1620, Applied Biosystems, Foster City, CA) and tested for knockdown activity 
by transient transfection in IMR-32 cells and by co-transfection with pcDNA4/TO/
MEIS1 constructs in HEK293T cells, followed by Western blot analysis. The two most 
efficient sequences that target all major MEIS1 splice variants [44] were: T7, encoding 
AAATGTGAATTAGCTACTTGT, T14, encoding AATCCAGAACTGGATAACTTG, 
and T16, encoding AACTTGATGATTCAAGCCATA (nt 734-754, 884-904, and 869-
889 in NM_002398.2, respectively). siRNA transfection experiments described in 
this study were performed using chemically synthesized RNA oligo’s from (Biolegio, 
Nijmegen, the Netherlands. For shRNA expression plasmid construction, oligo-
nucleotides containing the effective siRNA sequences were annealed and ligated 
directly into the pTER vector restricted with BglII and HindIII, creating pTER/MEIS1-
sh7, -sh14 and -sh16, for further details see [45]. pTER allows expression of shRNA 
driven by a TetR-responsive human H1 promoter [46]. The constructs were verified 
by sequencing, and tested for MEIS1 mRNA and protein knockdown activity in IMR-
32 cells and HEK293T cells by Northern and Western blot analysis as described 
above (Shown in Supplemental Figure 3 for HEK293T cells). Cells were seeded in 
6 cm plates one day prior to transfection, and transfection was performed with 500 
ng of pcDNA4 plasmid, and 5 μg of pTER plasmid or 250 pmol annealed ds siRNA 
using 20 μl Lipofectamine 2000. Cells were harvested 48h after transfection. pTER/
MEIS1-sh7 showed less efficient knockdown than the pTER/MEIS1-sh14 and -sh16 
constructs, and was not used to generate IMR32-MEIS1-shRNA cell lines. 
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Probes for Northern blot analysis were generated using RT-PCR on IMR-
32 cell line cDNA  with primers specific for BAMBI (agctttcacggacaccattc and 
tgcaaataaccctggtgaca, producing a probe encoding nucleotides 992-1442 of the 
BAMBI RefSeq NM_012342), CCND1 (tcattgaacacttcctctcc and gtcacacttgatcactctgg, 
688-929 of NM_053056.2), DKK3 (cgtgaggtccgttaggaaaa and cctccttgtgaaatggttgaa, 
201-695 of NM_002166), ID3 (gtgtcctgacacctccagaa and tcagggcaacagaacctttc, 773-

C

D

Figure 4: Inducible MEIS1 knockdown in IMR32-MEIS1-shRNA cell lines. 
The IMR32-MEIS1-shRNA inducible cell lines sh14-12, sh14-16, sh16-8, and sh16-13 were seeded in 
duplicate, and one day later induced with doxycycline to express MEIS1-shRNA, or not induced. Cells 
were then grown for an additional period of 7 days. The parental IMR32-TetR cell line was used as 
a negative control. Panel A: Western blot analysis of MEIS1 knockdown. Total protein lysates were 
isolated, and blots were incubated with MEIS1 (upper lanes) or β-actin antisera as a loading control (lower 
lanes). – Dox and + Dox means cells were grown for 4 days after seeding in the absence or presence 
of doxycycline, respectively. Panel B: Light microscopy analysis. Cells used for the MTT growth analysis 
were photographed after 5 days. Growth analysis: 1, 4, 5, or 6 days after induction, cellular proliferation 
was measured using MTT staining. Reported values represent the optical densities obtained, the data 
are the means of 3 replicates. Vertical bars represent the standard errors. The experiments have been 
performed three times on separate occasions with the same result. Panel C: FACS analysis. Cells were 
grown for 0, 4, or 7 days after induction, and isolated for FACS analysis as described in the Materials 
and Methods. Upper Graph: Bars represent average values for cell cycle fractions, the data are the 
means of 3 replicates. T-ed lines on top of the bar represent the standard errors. The experiments have 
been performed twice with the same results. Lower graph: Representative examples of FACS analysis 
pictures used for the cell cycle fraction measurements. Cells were grown for 7 days after induction Panel 
D: Western blot analysis of apoptosis. Cells were harvested from equal volumes of culture supernatant, 
total cell lysates were isolated, and Western blots were probed with antisera specific for cleaved Caspase 
3 or PARP. Also PARP cleavage was detected upon doxycycline stimulation in the sh16 clones (not 
shown). Lysate from apoptotic, Doxorubicin-treated IMR-32 cells is present as a positive control for the 
appearance of cleaved CASP3
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1141 of NM_002167), IRX1 (ccgcctgattaagggtcttc and tcgctgacgcgctatttac, 1488-1810 
of NM_024337), IRX2 (caagaaggagaacaagatgacc and atcccttcgtcctctgcc, 758-901 
of NM_033267), IRX3 (tgtagtgccttggaagtgg and aggtatttatacacggacatgc, 1806-2037 
of NM_024336), IRX4 (ttctgaacttggactcctgg and caggcaattattggtgtgaac, 1806-2176 
of NM_016358), IRX5 (tctatcccggctacacgaac and ggtgatggaaaaataactgccaag, 
1223-1524 of NM_005853), IRX6 (agtcttcctgcatacccaaag and aggttttctgtgtgtctgtctc, 
1738-2008 of NM_024335). MEIS1 (ccggaattccggatggcgcaaaggtacgac and 
ccgcgtcgacggctactgagcatgaatgtccat, 458-1951 of NM_002398), MEIS2 
(ttacactcctccccagatgacc and tccataacctgtccgccaac, 2351-2551 of NM_170677), 
MEIS3 (tgtgaggaccgcttttggtg and tgaaggaatcagaggagcag), 459-763 of NM_020160), 
PBX1 (atctcccagcaatcgcat and tgacgaaaaccaggctgac, 1551-1805 of NM_002585), 
PBX2 (acaggagaagcacaagacag and tgggagagggagagagaaag, 1648-1893 of 
NM_002586), PBX3 (agctgtttgcctatccctg and cccaatgtttccacactcg, 1888-2502 of 
NM_006195), PBX4 (gggggataagcaggaaagag and ggaaaatctgtgcccagtc), 1131-1413 
of NM_025245), PKNOX1 (aagttgttcagagaccccc and tgaaagaagtcgctgcac, 1160-
1657 of NM_004571), PKNOX2 (aagagccaaggagatggcag and tgttagggtggacagtggag, 
2479-3010 of NM_022062), SFRP1 (tccaacagcaacacagccac and 
ttctcagcccgaaaatcgcc, 1536-2054 of NM_003012), SOX9 (tgcgatttaaggaggagctg and 
ttctgagaggcacaggtgac, 2633-2983 of NM_000346), TGIF1 (tctgccataccactgtgac and 
tcatctcttgccttcacccc, 1292-1656 of NM_170695), and TGIF2 (gaaaatccccagtaggcat 
and aaaacaatcctcagtggcag, 873-1516 of NM_021809). The probes were verified by 
sequencing before hybridization. All primer sequences are listed 5’ to 3’.

Human CCND1 promoter constructs in pA3LUC were a kind gift from Prof. Dr. R. 
G. Pestell (Kimmel Cancer Center, Philadelphia, PA) [47]. The CCND1 inserts were 
recloned into the pGL3-Basic Firefly Luciferase vector (Promega E1751) using basic 
restriction digestion.

RNA isolation, Affymetrix microarray analysis and Northern blot analysis 
Tumor samples and patient data were obtained as described previously [6]. 
RNA isolation, Affymetrix microarray analysis, generation of Northern blots and 
hybridization protocols are described previously [48]. 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. 
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The neuroblastoma tumour series NB110 and the IMR32-MEIS1-sh16-13 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 GSE17827, respectively. CEL data 
from other Affymetrix data-sets from public GEO data-sets on the NCBI website 
[49] were downloaded and analyzed as described in [48]. These series are: three 
data-sets (GSE3526, GSE7307, and GSE8514) for 13 samples of normal adrenal 

Figure 5: CCND1 regulation by MEIS1.
Panel A: Correlation of MEIS1 expression (red circles) with CCND1 (blue rectangles) in the NB110 series. 
Further details are as in Figure 1D. Panel B: (Left lanes) IMR32-MEIS1-sh161-3 cells were grown for 
up to 7 days in the presence or absence of doxycycline to induce MEIS1 shRNA expression. Left lanes: 
Northern blot of cells isolated after 0, 4, or 7 days of induction. Other details are as in Figure 3A. (Right 
lanes) Western blots of cells isolated after 3 days of induction. Western blots were probed with antisera 
specific for MEIS1, CCND1, CDK4, the Ser780-phosphorylated form of Rb1, and β-actin (as a loading 
control). Panel C: Luciferase experiments with CCND1 promoter reporter constructs. (Upper panel).IMR-
32 cells were co-transfected with one of the CCND1 promoter-Firefly luciferase constructs listed below 
the graph, Renilla-luciferase as a transfection control, and ds siRNA against MEIS1 (T7, T14) or GFP (as 
a negative control). The CCND1 promoter constructs are numbered according to the transcription start 
site (nt =1) in the CCND1 RefSeq NM_053056.2 (ATG nt = 210). Constructs encompass sequences from 
the number depicted in the Graph up to and including nt 186 of NM_053056. Bars represent the Firefly 
over Renilla luciferase activity quotient; the data are the means of 4-6 samples. T-ed lines on top of the 
bar represent the standard errors. * and ** signify P values of ≤ 0.01, and < 0.001, respectively. The -56 
construct showed ** significance in other experiments. Experiments with IMR-32 were performed on 5 
different occasions, with n=4 (2x) or n=6 (3x). The T7 siRNA showed an intermediate effect (not shown).
Lower panel: SK-N-BE, SJ-NB-12, or SK-N-As cells were co-transfected with the longest CCND1 reporter 
construct and Renilla plasmid and siRNA as described above. The experiments with SK-N-BE and SJ-
NB-12 were performed on 2 different days, once with n=4, once with n=6, the experiments with SK-N-AS 
was performed once, with n=4. 
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gland tissue, the Albino-19 (GSE7529, [50]), and Fix-57 neuroblastic tumor series 
(GSE12460, [15]). The mixed series from De Preter et al., (E-MEXP-669, [51]) was 
from EMBL-EBI ArrayExpress. 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.

A

B
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Protein isolation and Western blot analysis
Cells were harvested by repeated washing with PBS followed by lysis in Radio-
immunoprecipitation (RIPA) buffer (150 mM NaCl, 1% (v/v) NP40, 0.5% (w/v) 
sodium deoxycholate, 0.1% (w/v) SDS, in 50 mM Tris-HCl (pH 8.0)) supplemented 
with protease (Roche RE 1836153, Woerden, the Netherlands) and phosphatase 
inhibitors (Calbiochem CALB524625, Merck, Nottingham, UK) according to the 
manufacturer’s protocol. Supernatant was collected by centrifugation for 5 min at 
1,500 g before washing and lysis. 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 buffer containing 10% (v/v) 2-mercaptoethanol was 
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a 
PVDF membrane (Immobilon-P, Millipore IPVH 00010, Amsterdam, The Netherlands) 
by electro-blotting with 20% (v/v) methanol, and blocked for 1 hour in 5% (w/v) 
dry milk/0.1% (v/v) Tween-20 in TBS. Membranes were incubated for 1 hour with 
primary antiserum following incubation with a horseradish peroxidase conjugated 
secondary antibody for 1 hour and developed using enhanced chemi-luminescence 
(GE Healthcare RPN2132, Eindhoven, The Netherlands). The following antibodies 
were used: β-actin: mouse monoclonal ab6267 (Abcam, Cambridge, UK), CCND1: 
mouse monoclonal DCS-6 (Neomarkers, Thermo Fisher Scientific, Astmoor, UK), 

C

Figure 6: MEIS1 target gene validation experiments. 
Affymetrix and and Northern blot analysis of ID3, BAMBI, DKK3, SFRP1, and SOX9 expression in IMR32-
MEIS1-sh16-13 time series and in the NB110 series. Panel A: Visual representation of the Affymetrix 
expression values in a time series experiment; time points analyzed were 0, 24, 48, 96, and 192 h after 
addition of doxycycline. Panel B: Northern blot analysis of a time series experiment; time points analyzed 
were 0, 4, and 7 days after addition of doxycycline. Other details are as in Figure 3A. Panel C: Correlation 
of MEIS1 expression (red circles) with a target gene (blue rectangles) in the NB110 series. Other details 
are as in Figure 1D.
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CDK4: rabbit polyclonal sc-260 (Santa Cruz, Santa Cruz, CA, USA), Cleaved CASP3: 
rabbit polyclonal 9662 (Cell Signaling, Frankfurt am Main, Germany), MEIS1: mouse 
monoclonal against human MEIS1 (a generous gift from Prof. Dr. M.L. Cleary), 
PARP1: mouse monoclonal 556494 (BD Biosciences, Erembodegem, Belgium), 
Phospho-Rb (Ser780): rabbit polyclonal 9307 (Cell Signaling). 

Cell pictures, cell growth assays, and FACS 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 to attach for 24 hours before the medium was replaced 
with 100 μl medium with or without 100 ng/ml doxycycline. For MTT measurements, 
Methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma M2128) was added to the 
medium 1, 4, 5 or 6 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. All experiments 
were performed on at least two different days, in triplicate. Additional growth analysis 
was performed according to a modified NIH/3T3 protocol: Cells were counted using a 
Coulter Counter, seeded at equal densities and grown for 3 to 4 days. Subsequently, 
all cells were released by trypsinization, counted and replated at the original density. 
This was continued for 3, 8, or 11 days. All samples were at least in triplicate, the 
experiment was performed on two different occasions.

For FACS analysis, cells (> 50,000) were cultured for the indicated time period, 
harvested by trypsinization and the cell nuclei collected and stained with propidium 
iodide essentially as described in [52]. FACS was performed on a FACSCanto™ 
II Flow Cytometry (BD Biosciences), results were analyzed using WinMDI 2.8 
software (http://www.cyto.purdue.edu/flowcyt/software/Winmdi.htm) with standard 
parameters. A minimum of 30,000 cells were gated for each analysis, and cell-cycle 
fractions are expressed as % of total gated cells. 

Luciferase experiments
For luciferase experiments, 6 well plates of IMR-32, SK-N-AS, SJ-NB-12, or SK-N-
BE were seeded one day before transfection at 20-40% confluency, depending on 
the cell line. Transfection with 2 μg CCDN1-pGL3 construct, 160 ng phRG-TK-Renilla 
Luciferase vector (Promega E6291), 100 pmol annealed double-strand GFP, T7- or 
T14-MEIS1-siRNA, and 10.5 μl Lipofectamine 2000. GFP siRNA (an equimolar mix 
of gacccgcgccgaggugaagtt and cuucaccucggcgcggguctt) was used as a negative 
control siRNA. Cells were harvested after 48h, the Dual-Luciferase™ Reporter 
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Assay System (Promega E1910) was used to detect luciferase activity according to 
the manufacturer’s protocol.

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, 3C, 5A, 6A/C, Supplemental Figures 1C and 
2, Table 1, and Supplemental Tables 2-5. 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 points are compared to time point zero. Used in 
Figure 6A, and Supplemental Tables 4 and 5. Gene expression correlations (r and 
P) were calculated with a 2log Pearson test. The significance of a correlation is 
determined by t=r/sqrt((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 1C/D, 2, 5A, 6C, Table 1, and Supplemental Tables 2, 3, 
and 5. Standard error (Figures 2B, 4B and 4C), 1-sided 2-tailed t-test (Figure 5C), 
and normal Pearson correlation (Supplemental Figure 1C) were calculated using 
Microsoft Excel (Microsoft, Redmond, WA).

 
Results

Differential transcription factor gene expression between neuroblastic tumor types 
Transcription factors establish the cellular networks of processes like cell growth, cell 
death, and differentiation. To characterize the causal genes in the signaling pathways 
underlying neuroblastic tumor differentiation, we determined which transcription 
factors are differentially expressed between the three neuroblastic tumor types. We 
performed genome-wide Affymetrix expression profiling on a series of 110 neuroblastic 
tumors (called “NB110”: 10 ganglioneuromas, 12 ganglioneuroblastomas, and 88 
neuroblastomas). Using the R2 bio-informatics platform developed in our lab (Koster 
et al., submitted), we identified 395 transcription factor genes with a significant 
differential expression between these three tumor types (Supplemental Table 2). We 
identified a large number of homeobox transcription factors in these gene groups. 
Most notably, 17 (of 39) HOX-class and 9 (of 19) TALE-class homeobox genes were 
present among the transcription factors identified (see also Supplemental Tables 2 
and 3). The nine TALE genes are: MEIS1-3, PBX1 and -3, PKNOX1-2, and TGIF1-
2.

The HOX and TALE gene families are implicated in neural crest and nervous 
system development (including the peripheral SNS), as well as in anterior-posterior 
axis formation [19-23, 53, 54] and therefore seem prime candidates for a role in 
neuroblastic tumor differentiation. This study will focus on TALE expression in 
neuroblastic tumors, the results obtained for the HOX genes will be published 
separately (Geerts et al., in preparation).
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To verify the results obtained with our NB110 tumor series, we also analyzed two 
other neuroblastic tumors series in the public domain: A series of 56 tumors (3 
ganglioneuromas, 4 ganglioneuroblastomas, and 49 neuroblastomas) published by 
Fix et al., [15], and a series of 19 tumors (7 ganglioneuromas, 2 ganglioneuroblastomas, 
and 10 neuroblastomas) by Albino et al., [50]. Despite the smaller size of these 
two series, a large overlap was found: 109 of 395 transcription factor genes were 
differentially expressed between the three neuroblastic tumor types in all three tumor 
series, and 170 were found in two of three series (Supplemental Table 2). In all 
cases, these 170 genes showed the same sign of correlation (positive or negative) 
between the tumor types, showing that our data were robust, and the observations 
could be extended to other tumor series available. 

The transcription factor expression correlation was also analyzed for correlation 
with differentiation within the series of 88 neuroblastoma tumors in the NB110 
series: within this NB88 series are 10 differentiating, 14 poorly differentiated, and 49 
non-differentiated neuroblastomas. Eight transcription factor genes were similarly 
differentially expressed in all three neuroblastic tumor series, as well as within 
neuroblastoma tumors. Two of these eight genes were TALE genes: MEIS1 and 
PKNOX1 (Table 1). 

TALE gene expression in neuroblastic tumors and cell lines
To date, 19 human TALE family genes have been described. These comprise 6 IRX 
genes, 3 MEIS genes, 1 MKX gene, 4 PBX genes, 2 PKNOX genes (also called PREP 
genes), and 3 TGIF genes [24]. We investigated the expression of 18 of these 19 
TALE genes (no Affymetrix probe was present for IRX6) in the Affymetrix expression 
profiles generated for the three neuroblastic tumor series described above, and for a 
series of 24 neuroblastoma cell lines (called “NBC24”). We validated the Affymetrix 
profile results by Northern blot analysis of 17 TALE genes in the NBC24 cell line 
panel (Supplemental Figure 1A and 1B), and performed Pearson correlation tests 
on the nine TALE genes described above to compare the results obtained with 
Affymetrix and Northern blot (Supplemental Figure 1C). The Northern blot analysis 
confirmed that the expression values found in the expression arrays were valid. We 
conclude that Affymetrix arrays of the neuroblastic tumors also reliably represent the 
expression pattern of the TALE homeobox genes in these samples. 

Figure 1A shows that eight TALE genes: MEIS1-2, PBX1 and -3, PKNOX1-2, and 
TGIF1-2 are highly expressed in the three neuroblastic tumor series and the cell 
line series. Of note, except for PKNOX2 and TGIF2, these genes are expressed in 
virtually all samples investigated. PKNOX2 and TGIF2 show expression in about 
60% of samples. MEIS3 and PBX2 and -4 are lower expressed in a smaller number 
of samples. The IRX and MKX families show much more restricted expression: IRX2 
and -4 are not expressed at all, and IRX3, -5, and MKX show only low expression in 
a small subset of samples tested (See Supplemental Table 3). 

Interestingly, the 8 most highly expressed TALE genes, together with MEIS3, 
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comprise the nine TALE genes that were differentially expressed in the three different 
neuroblastic tumor types. All nine genes show significant differential expression in 
at least two of the three neuroblastic tumor series investigated (see above, and 
Supplemental Table 2). In summary, a substantial part of the TALE homeobox 
family shows high expression in most neuroblastic tumors and cell lines tested, 
and their expression shows a significant correlation to tumor subtype and/or tumor 
differentiation. Together this strongly suggests an involvement of TALE signaling 
networks in neuroblastic tumor differentiation. 

For a first clue into a function of TALE genes in tumor differentiation, we performed 
unsupervised clustering for our NB110 tumor series on the expression of these nine 
TALE genes (Figure 1B). TALE gene expression levels clearly divide this tumor 
series into two groups: 17 tumors with low expression of MEIS1-3, PBX1 and -3, and 
PKNOX1, but with high expression of PKNOX2, and TGIF1-2, and a group of 93 tumors 
with completely opposite expression patterns. The group of 17 tumors consists of all 
12 ganglioneuromas, 4 of 10 ganglioneuroblastomas, and only 1 neuroblastoma. It 
therefore represents a group of differentiated, less aggressive, tumors. The other 
group consists of 6 ganglioneuroblastomas and 87 of 88 neuroblastomas. Similar 
clustering performed on the smaller neuroblastic tumor series from Albino and Fox 
described above show a comparable grouping of tumors (Supplemental Figure 2). 
We have plotted the correlation between the gene expressions of these nine TALE 
genes against tumor subtype for all three neuroblastic tumor series investigated 
in Figure 1C. Clearly, the expression of MEIS1-3, PBX1 and -3, and PKNOX1 is 
inversely correlated with differentiation in all three tumor series. In stark contrast, 
PKNOX2 and TGIF1-2 show expression correlation with a higher degree of tumor 
differentiation. We also plotted the expression of MEIS1 and six other TALE genes 
for all tumors in our NB110 series. This depicts the strong and highly significant co-
expression of MEIS1 with PBX1 and -3, and PKNOX1, and inverse correlation with 
PKNOX2, TGIF1, and TGIF2 expression (Figure 1D). The inverse patterns observed 
for the two PKNOX genes was unexpected considering their sequence homology, 
but functional differences between PKNOX1 and -2 have been suggested before 
[55]. The co- and inverse expression patterns between these nine TALE genes are 
especially interesting considering the mode of action of TALE transcription factor 
proteins: Cooperation between MEIS and PBX/PKNOX1 proteins, and competition 
between MEIS and PKNOX2/TGIF proteins (see Introduction). 

This suggests that, in neuroblastoma cells, MEIS genes cooperate with PBX1 or 
-3, and PKNOX1, and compete with PKNOX2, and TGIF1-2 in downstream target 
activation. We conclude that in all three neuroblastic tumor series investigated, high 
expression of the MEIS1-3, PBX1 and -3, and PKNOX1 genes correlates with an 
un-differentiated histology, and inversely, high expression of PKNOX2 and TGIF1-2 
coincides with tumor differentiation. 

MEIS1 expression in neuroblastic tumors and cell lines
Of the nine TALE genes described in the previous paragraph, MEIS1 shows the 
most consistent correlation to an un-differentiated tumor type in the three published 
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neuroblastic tumor series (Figure 1C): MEIS1 expression is lowest in ganglioneuroma, 
intermediate in ganglioneuroblastoma, and highest in neuroblastoma in all three tumor 
series, and these differences are significant. MEIS1 expression is also significantly 
correlated to undifferentiated tumor histology in the 88 neuroblastomas within NB110 
(Figure 2B). In addition, MEIS1 is involved in neural crest development [19, 20]. Also, 
MEIS1 has been previously identified as an oncogene in haematopoietic tumors [38-
42]. We therefore further investigated the role of MEIS1 in neuroblastoma, especially 
its role in regulating the signal transduction pathways involved in neuroblastic tumor 
differentiation. A clue to the role of MEIS1 in neuroblastoma can be gleaned from 
a gene expression series by De Preter et al., who performed expression profiling 
on fetal neuroblasts and on adrenal gland tissue [51]: MEIS1 expression in fetal 
neuroblasts is several fold higher than in normal adrenal gland, and even higher than 
in neuroblastoma tumors (Figure 2B). A similarly lower MEIS1 expression was found 
in three additional adrenal gland series in the public domain (not shown). MEIS1 
expression was also found to be higher in foetal than in adult neural progenitor cells 
[56]. These results suggest fetal MEIS1 expression in the developing peripheral SNS 
is high, but is normally shut down after formation of the peripheral SNS (e.g. the 
adrenal medulla) has completed. The continued MEIS1 expression in neuroblastic 
tumor tissue could therefore represent aberrant embryonic regulation, the most 
common oncogenic function found for homeobox genes [57].

We investigated MEIS1 expression in a large neuroblastoma cell line panel on 
mRNA and protein level. A Northern blot of neuroblastoma cell line mRNA probed 
with a MEIS1-specific probe showed high-level expression of MEIS1 in most cell 
lines (Figure 3A), confirming the results obtained with Affymetrix profiling (Figure 
3C). Similarly, a Western blot analyzed using MEIS1 monoclonal antiserum showed 
high-level expression of MEIS1 protein, and MEIS1 mRNA and protein levels were 
comparable for most cell lines (Figure 3B). The Western blot showed two different 
MEIS1-specific bands, one around 50-55 kDa, and one around 70 kDa. We therefore 
compared this with a Western blot prepared from HEK293T cells transfected with 
one of the two most widely expressed MEIS1 full-length splice variants: MEIS1B 
or MEIS1D (reviewed in [44]). The comparison shows that neuroblastoma cells 
predominantly express MEIS1B, with smaller amounts of MEIS1D. 

MEIS1 knock-down in IMR-32 induces differentiation, growth retardation, and 
excess apoptosis
We generated IMR-32 neuroblastoma cell line clones capable of inducible shRNA-
mediated MEIS1 knockdown. IMR-32 was selected because it had the highest 
MEIS1 mRNA expression in the NBC24 cell line panel (Figures 3A and 3C). A series 
of MEIS1-shRNA expression plasmids were generated and tested for knockdown 
activity by transient co-transfection with a MEIS1B expression vector in HEK293T 
cells (Materials and Methods, see also Supplemental Figure 3). The sh14 and sh16 
plasmids were selected as the two most efficient constructs. Both of these target all 
known full-length MEIS1 splice variants. Several IMR-32 clones showing inducible 
MEIS1 knockdown were isolated for each shRNA sequence using Western blot 
analysis. In this study, two clones for each shRNA sequence were used: sh14-12 
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and 14-16, and sh16-8 and 16-13, respectively, that are representative of results 
obtained (Figure 4A). 

Time-course experiments with these four clones showed that induction of MEIS1-
shRNA by the addition of doxycycline led to diminished cell growth as analyzed by light 
microscopy and MTT proliferation assays (Figure 4B). In the presence of doxycycline, 
MEIS1-shRNA cells no longer reach full confluency, like the parental cell line IMR32-
TetR both in the presence and absence of doxycycline, or like non-induced MEIS1-
shRNA cells. In addition, induced MEIS1-shRNA cells change their appearance from 
rectangular, closely-stacked cells to more elongated, loosely interconnected cells. In 
most photographs, especially in the two sh16 clones, neurite-like extensions can be 
seen, suggestive of differentiation. In addition, all four MEIS1-shRNA clones showed 
an increased number of floating cells, suggesting excess apoptosis. The MTT 
assay showed that while non-induced clones are capable of rapid proliferation that 
is comparable to IMR32-TetR (with or without added doxycycline), induced clones 
show diminished proliferation. The two sh16 clones largely stop growing after ~ 4 
days. Similar results were obtained with a 3T3 growth assay (results not shown). 
 
We then investigated all four MEIS1-shRNA clones in a time-course experiment using 
FACS analysis, represented in a graph (Figure 4C). Representative FACS pictures 
for IMR32-TetR and IMR32-MEIS1-sh16-13 at days 0 and 7 are shown below the 
graph in Figure 4C. Growth of parental IMR32-TetR cells, seeded at low confluency, 
for up to 7 days in the presence of doxycycline had no effect on cell cycle distribution: 
about 5% of gated cells were in subG1, around 22% in S or G2/M, and ~ 52% in 
G1. These numbers were largely comparable for the four shRNA clones at the start 
of the time-course. However, growth in the presence of doxycycline for 4 or 7 days 
showed increased subG1 (reaching 20% in both sh16 clones), and diminished S 
(again especially in the sh16 clones). In addition, a slight increase in G1 could be 
seen in all four shRNA clones. The results suggest diminished cell growth induced 
by MEIS1 knockdown is a result of increased apoptosis, and possibly of a longer 
stay in G1 and G2. We confirmed this increased apoptosis by Western blot analysis 
of IMR32-TetR and IMR32-MEIS1-sh16 clones using antiserum specific for cleaved 
CASP3: shRNA-mediated MEIS1 knockdown causes a sizeable accumulation of 
cleaved CASP3 (Figure 4D).
 
The phenotype, the decreased cell growth, and the altered cell cycle distribution of 
the MEIS1-knockdown cells very much resembled that of neuroblastoma cell lines in 
which expression of cyclin D1 (CCND1) was abrogated using CCND1-specific siRNA 
[58]. MEIS1 and CCND1 expression show one of the highest positive correlations in 
NB110 (Figure 5A). In addition, CCND1 is one of the few published target genes of 
MEIS1 [59]. We therefore investigated the expression of CCND1 as a result of MEIS1 
knockdown in IMR32-MEIS1-sh16-13 cells. Northern blot analysis of a MEIS1-
shRNA time-course experiment confirmed MEIS1 knockdown after 4 and 7 days of 
shRNA induction, and showed a moderate decrease in CCND1 mRNA (Figure 5B). 
When we extended the analysis to Western blot, we again confirmed MEIS1 protein 
knockdown after 3 days of induction, and detected a more convincing CCND1 protein 
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knockdown (Figure 5B). We also detected decreased pRb phosphorylation (residue 
Ser780), and CDK4 protein content. Both are indicative of the cell cycle delay and 
differentiation onset demonstrated by CCND1 knockdown in [58]. Additionally, we 
performed co-transfection of wild-type IMR-32 cells with CCND1-promoter/luciferase 
constructs and siRNA against MEIS1 or GFP (as a negative control). The longest 
CCND1 construct (-1696 to +186) shows at least 3-fold higher luciferase activity 
in the presence of GFP siRNA than when MEIS1 siRNA was co-transfected. This 
was also true for two smaller CCND1 constructs (-56-+186 and -17-+186). The 
two smallest constructs, containing only CCND1 exon 1 DNA (+27-+186 and +49-
+186) showed no luciferase activity at all (Figure 5C). When the experiments were 
repeated in the SJ-NB-12, SK-N-AS, and SK-N-BE neuroblastoma cell lines using 
the longest CCND1 construct, we again observed a significant effect of MEIS1 
siRNA on CCND1/luciferase activity. Together, these results suggest that CCND1 
is downstream of MEIS1, and that this could be one of the mechanisms by which 
MEIS1 influences the cell cycle. 
In summary, the results obtained with the MEIS1-knockdown cells suggest a role for 
MEIS1 in IMR-32 cell survival.

Expression analysis of MEIS1 knockdown in IMR-32 cells and correlation with 
expression in neuroblastic tumors
To identify the MEIS1 target genes involved in IMR-32 cell survival, we performed 
genome-wide Affymetrix expression profiling on MEIS1 knockdown time-course 
experiments. Clone sh16-13 was chosen since it showed the strongest phenotype. 
Expression array analysis was performed of a time-course experiment at time-points 
0, 24, 48, 96 and 192 h after doxycycline addition. The MEIS1 knockdown resulted in 
the significant differential regulation of 1311 genes; with about equal numbers of up- 
and down-regulated genes (665 and 646, respectively, see Supplemental Table 5).

Since the downstream target genes regulated by MEIS1 knockdown in the IMR-
32 cell line might not represent a genuine in vivo downstream network, we were 
interested to see if the correlation between the expression of MEIS1 and that of 
these genes also existed in our NB110 series. We assumed that genes that are 
down-regulated in the MEIS1-shRNA time series, are normally positively regulated 
by MEIS1, and should therefore have a positive correlation with MEIS1 expression in 
the NB110 series. In contrast, genes that were up-regulated in the time series should 

Table 2: MEIS1 target genes: genes regulated by MEIS1 in IMR-32 cells and correlated with MEIS1 
expression in the NB110 series. Genes with significant regulation during a MEIS1 knockdown time 
course experiment in IMR32-MEIS1-sh16-13 cells, which also have significant correlation to MEIS1 
expression in the NB110 neuroblastic tumor series. The following cut-offs were used for the gene 
selection: For the time series: Expression: present call ≥ 50, Expression change: minimal change during 
the time-course: 2log fold ≥ 0.6 and P value < 0.025. For the cut-offs used for correlation with the NB110 
series, see Table 1. See Supplemental Table 5 for the complete data. GO analysis showed the following 
GO-Paths with significant over-representation: 1.5.14 (22402 cell cycle process): 40 of 611 genes, P = 
1.5 • 10-14, 1.5.23 (8283 cell proliferation): 29 of 761 genes, P = 1.2 • 10-3, and 1.15.8 (7275 multicellular 
organism development): 63 of 1,759 genes, P = 5.9 • 10-6. P was calculated with a Chi-square test. C or 
D signifies genes belong to the “cell cycle process”/“cell proliferation” or “multicellular development” GO-
Paths, respectively. 
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represent MEIS1-downregulated genes, for which we would expect a negative 
correlation in the NB110 series. The results of this query in the R2 bio-informatics 
program showed that of the MEIS1-regulated genes in the MEIS1-shRNA time series, 
a total of 339 genes also significantly correlated with MEIS1 expression in the NB110 
series. 181 genes were up-regulated by MEIS1 and showed a positive correlation, 
and 158 genes were down-regulated and showed a negative correlation (Table 
2 and Supplemental Table 5). This analysis shows that a large part of the MEIS1 
downstream network found with MEIS1 knockdown in IMR-32 cells is indeed also 
functional in neuroblastic tumors. We analyzed which of the 339 genes were also 
significantly correlated with tumor histology in the NB110 series. As expected, 95% 
of these genes (323 of 339) also showed this correlation, illustrating the importance 
of this gene set in neuroblastic tumor differentiation. 

We performed GO analysis on this gene set to find further clues for the mechanisms 
of MEIS1 action. We found that the two GO-Paths involved in cell cycle progression 
and cellular proliferation (1.5.14 and 1.5.23), were significantly enriched in the set of 
339 genes, for a total of 51 genes. In addition, the GO-Path group containing genes 
involved in multicellular development (1.15.8) was significantly over-represented, 
with 62 genes total. In Table 2, these genes are marked with C and D, respectively. 
A large part of the 339 genes present in Table 2 is therefore involved in cell cycle 
and proliferation and/or in development. Table 2 also shows several defined 
groups of genes, like the E2F1, -7, and -8 genes involved in cell cycle progression 
and development [60], and all four ID genes (ID1-4) involved in cell growth and 
differentiation [61]. In addition, the list contains the CENPE, -K, -N, -Q and KIF11, 
-15, -23 genes involved in mitotic progression (by centromere assembly, kinetochore 
function and chromosome movement), in concordance with the role found for MEIS 
in Drosophila chromosomal segregation [62].

We consider this a strong indicator that MEIS1 expression contributes substantially 
to the differentiation gradient as well as to the differences observed in proliferation 
between the neuroblastic tumor types. 
 
Validation of selected MEIS1 downstream target genes by Northern blot 
analysis
We selected several newly identified MEIS1 targets for validation by Northern blot 
analysis. We focused on a few key genes involved in developmental signaling (Figure 
6).

ID1-4: The ID transcription factors are crucial regulators of terminal differentiation 
and implicated in neural crest differentiation [61]. In neuroblastic tumors, all four ID 
genes show highest expression in the more differentiated tumor types, suggesting 
they are correlated with tumor differentiation. The ID3 gene is up-regulated when 
MEIS1 expression is knocked down, we show this in Affymetrix as well as in Northern 
blot analysis. It also shows a significant negative correlation with MEIS1 expression 
in NB110. 
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BAMBI: The BMP/TGFβ signaling pathway is important for neural crest development, 
and aberrations in this pathway are causative in many other cancer types [63, 64]. 
Until now however, no clear involvement of this pathway in neuroblastoma has been 
found. The BAMBI (BMP and activin membrane-bound inhibitor) gene encodes a 
decoy BMP receptor molecule, which acts as a negative regulator of BMP/TGFβ 
downstream signaling [65], and can be silenced in aggressive cancers [66]. Time 
series analysis of the MEIS1 knockdown in IMR32-MEIS1-sh16-13 cells shows that 
BAMBI is strongly up-regulated, suggesting it is normally down-regulated by MEIS1. 
Northern blot analysis confirmed this up-regulation of BAMBI mRNA. As suggested 
by the time series experiment, MEIS1 and BAMBI show a negative correlation in 
the NB110 series. A similar regulation and correlation was found for the SMAD6 
TGFβ inhibitor gene [64] (not shown). In addition, the expression of the TGIF1 and 
-2 TALE genes that act as co-repressors on TGFβ pathway target genes [35, 36] is 
significantly inversely correlated in neuroblastic tumors (Figure 1C, and –D). MEIS1 
might therefore act as an inducer of the BMP/TGFβ pathway in neuroblastoma 
cells.

SFRP1, DKK3: A role for Wnt signaling in neural crest formation has long been 
established in various organisms, and the Wnt pathway is one of the best defined 
pathways in many different cancers [67, 68]. There is also evidence suggesting a role 
for the Wnt pathway in neuroblastoma pathogenesis [6, 69-73]. DKK3 and SFRP1 
are secreted inhibitors of the Wnt pathway. They both display a strong differential 
expression between the neuroblastic tumor types, and low DKK3 or SFRP1 expression 
is correlated with poor patient prognosis [6, 73]. MEIS1 knockdown resulted in strong 
up-regulation of DKK3 and SFRP1 in the IMR32-MEIS1-sh16-13 time series, and 
this was validated by Northern blot analysis. Also, a negative correlation between 
MEIS1 and DKK3/SFRP1 expression was found in the NB110 series. In contrast, 
positive regulation by, and correlation with MEIS1 was found for the WNT3 and JUN 
genes, that have an activating role in the Wnt signaling pathway [67] (not shown). 
Together, this suggests that in neuroblastoma cells, MEIS1 could have a role in 
activating the WNT pathway. 

SOX9: The SOX9 transcription factor gene is involved in neural crest cell specification, 
especially of glial lineages [74]. In cancer, SOX9 predominantly act as a growth-
inhibiting gene [75]. Indeed, SOX9 expression is highest in the differentiated tumors, 
and its expression is inversely correlated with that of MEIS1. In the time series, 
SOX9 expression is very low until MEIS1 is knocked down, and is then up-regulated 
at least 3-fold. Although SOX9 expression was difficult to show on Northern blot, a 
weak signal after 7 days of induced MEIS1-knockdown was detected. Interestingly, 
SOX9 has been identified as a Wnt inhibitor gene; another suggestion MEIS1 could 
activate the Wnt pathway in neuroblastoma cells [76].
 
With these validations as examples, we have gained considerable insight into the 
mechanism by which MEIS1 acts in neuroblastic tumors. MEIS1 has a distinct 
proliferative role in normal embryogenesis and in cancers like leukemia, where it can 
block differentiation. The distribution of MEIS1 expression among the neuroblastic 
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tumors in our NB110 and two other neuroblastic tumor series suggests also in these 
tumors MEIS1 has a proliferative role. In addition, the cellular effect on IMR-32 cells 
of MEIS1 knockdown shows that MEIS1 is important for cell cycle progression and 
survival of these cells, and gene expression profiling of the knockdown experiments 
yielded a number of genes involved in cell cycle and differentiation. We therefore 
propose that MEIS1 expression enhances neuroblastoma tumor progression by 
enhancing cell cycle progression, blocking differentiation, and protecting against 
apoptosis. 

Discussion

Neuroblastic tumors form a group of SNS tumors ranging from undifferentiated, 
aggressive neuroblastomas to differentiated, benign ganglioneuromas. We identified 
the transcription factors differentially expressed between these tumor types that 
could present the signaling network involved in the cellular differentiation and 
survival processes distinguishing these tumors (Table 1, Supplemental Table 2). The 
best part of two different homeobox gene families, TALE and HOX, are represented 
among these transcription factors, and since both gene families have crucial roles in 
neural crest development, peripheral SNS development, and anterior-posterior axis 
formation [19-23, 53, 54], they seem promising candidates for a role in neuroblastic 
tumor differentiation. Here, we show that TALE gene expression strongly correlates 
with tumor differentiation in three neuroblastic tumor series, suggesting an important 
regulatory role of these genes in neuroblastic tumor differentiation.

In this study, we focused on the MEIS1 gene. In embryonic neural crest development, 
e.g. in Xenopus, MEIS1 is expressed early, and is involved in cell growth and 
tissue proliferation. Later, differentiation, MEIS expression becomes restricted to 
the proximal region. Also in other developmental roles (e.g. in the eye, limb, and 
wing, in Drosophila, chick, and mouse), early MEIS expression promotes cellular 
proliferation, and has to be down-regulated by competing developmental signaling 
pathways like Wnt and TGFβ for normal tissue differentiation and organogenesis 
to occur [77-80]. In several of these developmental roles, ectopic MEIS expression 
leads to diminished cell differentiation even in the presence of other differentiation 
signals, causing aberrant growth, and altered cell fate [59, 78, 79]. Also in the neural 
crest, continued MEIS1 expression can induce an excessive formation of proliferative, 
motile tissue along the neural tube [42]. The MEIS1 gene was originally identified 
as a common locus for viral integration involved in myeloid leukemia in BXH-2 mice 
[37], and has since been shown to be involved in several human leukemias [38-41]. 
In leukemia, MEIS1 expression can induce faster tumor progression by suppressing 
growth factor-induced differentiation and enhancing leukemic stem cell renewal and 
proliferation [41, 81, 82]. In solid tumors, high MEIS gene expression was found to 
be higher in cancerous tissue than in normal tissue for Wilms tumor, retinoblastoma, 
and ovarian carcinoma [83-85], and correlated with aggressive tumor type in lung 
carcinoma [86], but no data on the MEIS gene signaling network in solid tumors yet 
existed. To our knowledge, this is the first systematic study of MEIS1 function in a 
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solid tumor. 

Most likely, MEIS1 expression should be repressed during the later developmental 
steps of the neural crest-derived cells that form the peripheral SNS (Figure 
2B). Aberrant, continued high-level MEIS1 expression, found in all aggressive 
neuroblastomas investigated in this study, could be one of the processes leading 
to transformation of these cells, especially in combination with its regulation of cell 
cycle genes like CDK2 and CDKN1A (Table 2), and the genetic defects found for the 
G1 cell cycle checkpoint in neuroblastoma [9, 14, 58]. The cause for the sustained 
MEIS1 expression in neuroblastoma is unknown. In leukemia, oncogenic MEIS1 
expression can be induced by translocation, mutation, or over-expression of MLL, 
of the Trithorax-group of chromatin-binding genes [82]. In contrast, the competing 
Polycomb-group of genes represses MEIS expression [87, 88]. Since Trithorax 
and Polycomb gene also act in the self-renewal and neurogenic versus gliogenic 
differentiation of neural stem cells [89, 90], it would be interesting to analyze the 
expression and genomic integrity of the Trithorax- or Polycomb-group genes in 
neuroblastoma. 

We here present that MEIS1 knockdown affects differentiation, cell cycle progression, 
and apoptosis in the IMR-32 cell line. Among the genes regulated by MEIS1 in IMR-
32, and correlated with MEIS1 expression in the NB110 tumor series we found genes 
from pathways that compete with MEIS1 signaling in embryonic development, like 
Wnt and TGFβ. We suggest a role for MEIS1 in neuroblastic tumors by controlling 
multiple genes that are differentially expressed between the neuroblastic tumor 
types as well as between differentiated or non-differentiated neuroblastomas. This 
insight into these differentiation processes will be of aid in pinpointing the important 
signaling networks that can be used in detriment of neuroblastoma tumors. 
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Supplemental figures

Supplemental Table 1: Neuroblastoma cell lines. 
Neuroblastoma cell lines used in this study. Cell line: common name, Literature Reference/PMID: Original 
description and PubMed number, NMA: Amplification of MYCN reported [12, 13].

Supplemental Table 2 is available online at http://supplemental.humangenetics-amc.nl/
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Supplemental Table 3: TALE gene expression in neuroblastic tumors and cell lines
Human TALE genes and their expression in the 3 neuroblastic tumor series and the NBC24 neuroblas-
toma cell line series determined using Affymetrix gene expression profiling (U133 Plus2.0 and U133A 
platforms). The TALE gene list is from [24]. Symbol: NCBI gene name, GeneID: NCBI Gene Name. Pseu-
do-genes are not listed. No IRX6 probe is present on either Affymetrix platform used. The expression of 
TGIFLX and -Y is measured by a single probe. AVG means average expression in the data-set, n means 
number of samples in the series with a present call. n. d. means not determined. Probe intensities were 
calculated using the MAS5 algorithm (Materials and Methods). For comparison: average probe intensities 
for the ACTB (β-actin) and GAPDH household genes were 7,516 and 5,960 for the NB110 series, and 
7,406 and 5,794 for the NBC24 series, respectively. The U133A array on average gives about 50% of 
values of the U133 Plus2.0 array due to the different probe content an intensity scaling of the array. Gene 
names in bold on dark grey background show the nine TALE genes in the text (MEIS1-3, PBX1 and -3, 
PKNOX1-2, and TGIF1-2). 

Supplemental Table 4 is available online at http://supplemental.humangenetics-amc.nl/

Supplemental Table 5 is available online at http://supplemental.humangenetics-amc.nl/ 
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Supplemental Figure 1: Northern blot analysis as validation of TALE gene expression in a 
neuroblastoma cell line panel. Panels A and B: Northern blot. Northern blot autoradiograph of 
neuroblastoma cell line RNA hybridized with radio-active probes specific for a TALE gene. Hybridizations 
not shown are for: MKX, PBX4, IRX1, -2, -4 (no expression detected) and TGIFLX/Y (to be published - 
Geerts et al., manuscript in preparation). Six lanes have been shown before as illustration [43], we now 
present the complete Northern analysis and the validation by Affymetrix analysis of all TALE genes. Other 
details are as in Figure 3A. Panel C: Scatter plots of correlation between Affymetrix and Northern blot 
analysis of TALE gene expression in the neuroblastoma cell line panel. The nine TALE genes discussed 
in the text (MEIS1-3, PBX1 and -3, PKNOX1-2, and TGIF1-2) are shown only. Expression data are 
expressed as a fraction of the highest expression for that gene in the panel (set at 100%).
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Supplemental Figure 2: Clustering of neuroblastic tumor series based on nine TALE genes.
Two-way clustering of neuroblastic tumors series with the nine TALE genes in the text (MEIS1-3, PBX1 
and -3, PKNOX1-2, and TGIF1-2): Heatmap (z-log score). Upper panel: The Albino-19 series. Lower 
panel: the Fix-56 series. In both panels, two tumor groups separated by high expression of MEIS1-3, 
PBX1 and -3, and PKNOX1 or of PKNOX2, and TGIF1 and -2, respectively, can be seen.

Supplemental Figure 3: Testing of MEIS1 knockdown with siRNA and shRNA. Western blot of 
HEK293T cells transiently co-transfected with pcDNA4/TO-MEIS1B expression plasmid and pTER/
MEIS1-shRNA expression plasmid (sh7, sh14, or sh16), MEIS1- siRNA (T14), or nothing (as positive 
control. Upper panel: probed with MEIS1 antiserum. Lower panel: probed with β-actin antiserum (loading 
control). HEK293T cells transfected with pcDNA4/TO-MEIS1B DNA or not transfected show high or no 
expression of MEIS1, respectively. Co-transfected T14 double-strand siRNA causes severely diminished 
MEIS1 expression. A similar result was obtained by the transfection of pTER/MEIS1-shRNA plasmid for 
sh14 and sh16 constructs, with lower knockdown efficiency for the sh7 construct.




