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Summary

Purpose: The purpose of the present study was to identify 
differential gene expressions (DEGs) and key pathways in 
neuroblastoma with MEIS2 depletion through bioinformatics. 

Methods: The microarray gene expression dataset GSE56003 
was downloaded from the Gene Expression Omnibus (GEO) 
database. DEGs were identified using Gene Level RMA sketch 
and Transcriptome Analysis Console. Gene ontology (GO) 
function and KEGG pathway enrichment analysis of DEGs 
were performed using the DAVID online tool. Protein-protein 
interaction (PPI) networks were constructed by mapping the 
DEGs onto Cytoscape software. MCODE algorithm was used 
to select the module and Centiscape was used to screen the 
hub genes. The Kaplan-Meier survival curves was utilized 
to show the correlation of specific gene expressions and the 
survival situation of NB patients.

Results: A total of 1352 DEGs were identified in neuroblas-
toma with MEIS2 depletion, which were mainly enriched 
during the cell cycle, DNA replication, and DNA repair. 
CDK2, RAD51, BRCA1, and MCM3 were selected as hub 
genes that have the potential as novel therapeutic targets 
for neuroblastoma.

Conclusion: This study revealed the hub genes and pathway 
involved in neuroblastoma with MEIS2 knockdown, which 
offered new insights into the molecular networks underlying 
MEIS2 depletion in neuroblastoma. Additionally, this study 
provided a valuable resource of potential biomarkers and 
therapeutic targets.
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Introduction

 Neuroblastoma originates from the neural 
crest and is the most common malignant tumor 
in children. Moreover, it was reported that the 
incidence rates in Asian/Pacific Islanders is 6.3 
per 1,000,000 persons aged 0–19 years in 2000. 
The median age at the time of diagnosis is ap-
proximately 19 months, which ranges from an 
intrauterine fetus to patients 19 years old [1]. 
Several genomic abnormalities, such as MYCN 
amplification, mutations in ALK and ATRX, and 
genomic rearrangements in TERT genes, have ac-
counted for promoting the abnormal proliferation 

and metastasis of neuroblastoma [2]. Typically, 
a palpable abdominal mass is considered to be 
the first symptom, but some children also pre-
sent with generalized bone pain, malaise, fever, 
and irritability [3]. Diagnosis usually depends on 
imaging and biopsy [4]. Though the current treat-
ment methods mainly include surgical resection, 
induction chemotherapy, autologous hematopoi-
etic stem cell transplantation and maintenance 
treatment, the prognosis remains poor, because 
of tumor recurrence and metastasis [5]. Therefore, 
exploring the molecular mechanisms underlying 
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neuroblastoma is expected to provide a more in-
depth understanding for new targets of antitumor 
drugs.
 The Meis Homeobox 2 (MEIS2) gene is a 
member of TALE homeobox gene family. MEIS2 
is primarily involved during embryonic early de-
velopment and is implicated in the pathogenesis 
of human cancer [6]. MEIS has been observed 
to directly bind to Pbx. The resulting Meis/Pbx 
complex is mainly involved in the development 
of several organs, for example, limbs, heart, lens, 
pancreas, and hindbrain [3]. MEIS2 is highly ex-
pressed in patients with acute lymphoblastic leu-
kemia (AML). Additionally, MEIS2 is considered to 
be an oncogenic partner with AML1-ETO in AML 
[7]. Also, MEIS plays a significant role in MN1-
induced leukemia. High expression levels of the 
MEIS1 and MEIS2 gene products have also been 
identified in a panel of neuroblastoma cell lines 
[8]. Our previous study [3] identified that high ex-
pression levels of MEIS2 is inversely correlated 
with prognosis in neuroblastoma patients. MEIS2 
can regulate neuroblastoma cell survival and pro-
liferation through transcriptional control of M-
phase progression, which suggest that MEIS2 ex-
pression plays an essential role in neuroblastoma 
proliferation and metastasis [3]. 
 The molecular basis of MEIS2 gene’s mech-
anism of action in tumorigenesis remains un-
known. Several studies have used gene expression 
profiling techniques in knocking down MEIS2 to 
identify the effect of tumorigenesis where sev-
eral hundred differentially expressed genes were 
identified. However, few studies focused on the 
MEIS2-involved pathways and the protein-protein 
interaction networks. In order to screen potential 
hub genes involved in the development of neuro-
blastoma pathology as well as to identify varying 
molecular mechanisms and pathways related to 
neuroblastoma with MEIS2 depletion, bioinfor-
matics analysis was performed to a microarray 
gene expression dataset GSE56003, which was 
downloaded from the Gene Expression Omnibus 
(GEO) database (https://www.ncbi.nlm.nih.gov/
geo/). Gene ontology (GO) enrichment analysis 
and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis was performed, and a 
protein-protein interaction (PPI) network was con-
structed by mapping DEGs to human PPI data. Our 
research established an interrelationship between 
DEGs, KEGG pathways, and protein-protein inter-
action networks. Such an interrelationship will 
help identifying different molecular mechanisms 
involved in the pathogenesis of neuroblastoma 
with the hope of providing a valuable resource 
for potential biomarkers and therapeutic targets.

Methods 

Microarray data collection and preprocessing

 We searched GEO (www.ncbi.nlm.nih.gov/geo/) 
[9] for the study associated with MEIS2. Two datasets 
were related to a MEIS2 depletion group and a negative 
control group in human neuroblastoma BE (2)-C cells. 
There are three inclusion criteria shown as follows: (1) 
The data were genome-wide microarray data; (2) MEIS2 
depletion; (3) Complete microarray raw or normalized 
data were accessed. Finally, GSE56003 was utilized for 
further analysis. The data was based upon [HuGene-1_0-
st] Affymetrix Human Gene 1.0 ST Array Plate. The data-
set contained six samples, including three BE(2)-C cells 
infected with lentiviruses expressing shMEIS2-43 for 48 
h, and the other three negative control groups infected 
with lentiviruses expressing shGFP. The mode of analy-
sis used was the Gene Level RMA sketch. Gene expres-
sion values and clustering were completed using the 
Transcriptome Analysis Console (Affymetrix, Inc., Santa 
Clara, CA, USA). An adjusted p value <0.05 and |log-
FC|>1.5 were set as the cut-off criterion to screen DEGs.

Functional and pathway enrichment analysis of MEIS2-
specific DEGs

 Gene Ontology (GO) (http://geneontology.org/) [10] 
is a bioinformatics tool, which is mainly used to anno-
tate genes and gene products. It mainly consists of three 
categories: cell composition, molecular function, and bi-
ological process. The Kyoto Encyclopedia of Genes and 
Genomes (KEGG) [11] is a database resource for integra-
tion and interpretation of genomic information as well as 

Figure 1. Hierarchical clustering analysis of differentially 
expressed genes. Red represents the higher levels of gene 
expression; blue represents lower levels of gene expression. 
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chemical and systems information. GO and KEGG analy-
ses were available in the DAVID database (https://david.
ncifcrf.gov/), which were integral functional annotation 
tools to reveal the biological significance behind a large 
list of genes. P value <0.05 was set as the cut-off criterion.

Construction of protein-protein interaction (PPI) network

 The STRING database (http://string-db.org/) [12] is 
developed and managed by EMBL, SIB, and UZH, includ-
ing various protein interaction databases. The STRING 
9.1 online tool was used to construct an interaction net-
work of DEGs with the thresholds of required confidence 
(combined score) >0.4. 

The PPI networks and screening of hub genes

 The network data obtained from online STRING 9.1 
software were imported into Cytoscape software version 
3.5.1 [13]. The corresponding network was further visu-
ally analyzed. The CentiScaPe 2.2 plug-in was used to 
calculate the topology of the network, each node, and 
screen key nodes. The hub genes were selected based on 
the values of degree and betweenness between nodes. In 
our study, nodes with both degree and betweenness val-
ues greater than the mean, were considered as key nodes.

The PPI networks and module selection

 The PPI networks were visualized by Cytoscape 
software. The Molecular Complex Detection (MCODE) 

plug-in was used to select important functional modules 
of protein interaction networks. We used the MCODE 
plug-in default parameters: degree cut-off = 10, node 
score cut-off = 0.2, k-core = 2, and max. depth = 100. 
Moreover, the BiNGO plug-in was used to perform the 
functional and pathway enrichment analyses of DEGs in 
each module with the threshold of p value <0.05.

Evaluation of gene expression correlation with survival in 
NB patients 

 To evaluate the correlation of specific gene expres-
sions and the survival situation of NB patients, we ap-
plied online datasets to produce Kaplan-Meier survival 
curves. The R2: Genomics Analysis and Visualization 
Platform (http://hgserver1.amc.nl/cgi-bin/r2/main.cgi) 
and Tumor Neuroblastoma -SEQC-498-RPM-seqcnb1 
datasets were utilized to measure the expression of criti-
cal genes in NB biopsies.

Results

Identification of DEGs and hierarchical clustering 
analysis

 In total, 1352 DEGs between the MEIS2 knock-
down group and the control group were identified, 
which included 704 downregulated DEGs and 648 
upregulated DEGs. Following hierarchical cluster-

Figure 2. Gene Ontology analysis and significant enriched GO terms of DEGs. 

Category Term Description Count p value

Up-regulated
GOTERM_BP_FAT GO:0007049 cell cycle 89 8.746E-8
GOTERM_BP_FAT GO:0051726 regulation of cell cycle 60 1.904E-7
GOTERM_BP_FAT GO:0006260 DNA replication 27 6.614E-7
GOTERM_BP_FAT GO:0022402 cell cycle process 73 1.202E-6
GOTERM_BP_FAT GO:0033554 cellular response to stress 88 2.135E-6
Down-regulated
GOTERM_BP_FAT GO:0048285 organelle fission 40 7.617E-6
GOTERM_BP_FAT GO:0000280 nuclear division 37 2.315E-5
GOTERM_BP_FAT GO:0071824 protein-DNA complex subunit organization 22 3.371E-5
GOTERM_BP_FAT GO:0006260 DNA replication 23 5.091E-5
GOTERM_BP_FAT GO:0065004 protein-DNA complex assembly 20 7.039E-5

Table 1. GO functional enrichment analysis of up- and downregulated DEGs
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ing analysis, there were two distinct gene clusters 
identified, including the MEIS2 depletion cluster 
and control cluster (Figure 1). These results sug-
gest that there were two different gene expression 
patterns with marked color differences, which were 
available for use to distinguish between the MEIS2 
depletion samples and the control samples.

GO enrichment analysis and KEGG pathway enrich-
ment analysis of DEGs

 The GO and KEGG pathway enrichment of the 
identified DEGs were analyzed with the DAVID 
tool. GO biological process (BP) analysis indicated 
that upregulated DEGs were mainly involved in 
the mitotic cell cycle, DNA replication, and DNA 
repair. The downregulated DEGs were mainly en-
riched in those relating to cell division and DNA 
replication (Figure 2, Table 1). In addition, KEGG 
analysis showed that the upregulated DEGs were 
mainly enriched in alcoholism, Fanconi anemia, 
and the cell cycle, while downregulated DEGs were 
mainly enriched in Taste transduction, Homolo-
gous recombination, and Systemic lupus erythe-
matosus (Figure 3, Table 2).

MEIS2-specific PPI network construction and hub gene 
identification

 The DEGs in MEIS2-knockdown cells were 
analyzed with STRING. The PPI network was con-
structed with 991 nodes and 3942 degrees. Fur-
thermore, CentiScaPe software, which calculated 
topological characteristics of each node, was used 
to gain an in-depth understanding of the biological 
characteristics of the PPI network, but not includ-
ing unrelated proteins. When the network diameter 
was 10, the average distance of the network was 
3.34. The maximum node degree was 90, the mini-
mum was 1, with an average of 10.95. The maxi-
mum betweenness was 52712.57, the minimum 
was 0, with an average of 1733.12. Proteins with 
high values were more important in the network, 
suggesting they play a central role in maintaining 
the functionality and the coherence of signaling 
mechanisms. In our PPI network, hub proteins with 
high node degree and betweenness (> Means) were 
CDK2, RAD51, BRCA1, MCM3, JUN, ACACA, RFC4, 
AURKB, EXO1, DTL, MELK, HIST1H2BM, RRM2, 
KNTC1, TYMS, BLM, HIST1H2BB, FANCI, FOLE2 
and UBE2T (Table 3).

Category Term Description Count p value

Up-regulated
KEGG_PATHWAY hsa05034 Alcoholism 14 0.006
KEGG_PATHWAY hsa03460 Fanconi anemia pathway 7 0.008
KEGG_PATHWAY hsa04110 Cell cycle 11 0.008
KEGG_PATHWAY hsa05200 Pathways in cancer 23 0.012
KEGG_PATHWAY hsa04024 cAMP signaling pathway 14 0.016
Down-regulated
KEGG_PATHWAY hsa04742 Taste transduction 6 0.007
KEGG_PATHWAY hsa03440 Homologous recombination 5 0.007
KEGG_PATHWAY hsa05322 Systemic lupus erythematosus 10 0.011
KEGG_PATHWAY hsa05034 Alcoholism 11 0.023
KEGG_PATHWAY hsa04115 p53 signaling pathway 6 0.036

Table 2. The enriched KEGG pathway of DEGs

Figure 3. Significantly enriched pathway terms of DEGs.
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PPI network and module selection

 Based on the STRING output, there were 
342 genes with their degree ≥10 module score 
≥3. Through the plug-in MCODE, two significant 
modules were selected with MCODE score ≥20, 
nodes ≥20, and edges ≥10 (Figure 4). Functional 
enrichment analysis indicated that the hub genes 
in module one were significantly enriched in DNA 
replication, cell cycle, and DNA repair, while the 
hub genes in module two did not produce any clas-
sification for the selected nodes.

The high expression of CDK2, RAD51, BRCA1, and 
MCM3 indicated poor survival in neuroblastoma 
patients 

 The definition of high and low expression was 
computer-generated based on the threshold that 
provided the best distinction between the two 
populations of gene expression. High expression 
of CDK2, RAD51, BRCA1 and MCM3 indicated a 
significant decrease in overall patient survival 
(Figure 5). 

Discussion

 In this study, the microarray data were used to 
find hub genes related to MEIS2 depletion. MEIS2 
was considered a cofactor of the hox gene, mainly 
involved in early embryonic development and tu-
mor proliferation.
 In our study, a total of 1352 DEGs, including 
648 upregulated genes and 704 downregulated 
genes were screened with bioinformatics. The up-
regulated DEGs were mainly involved in the mi-
totic cell cycle, DNA replication, and DNA repair, 
while the downregulated DEGs were mainly en-
riched in those relating to cell division and DNA 
replication. Moreover, we identified high degree 
genes including CDK2, RAD51, BRCA1, MCM3, JUN, 
ACACA, RFC4, AURKB, EXO1, DTL, MELK, HIST1H-
2BM, RRM2, KNTC1, TYMS, BLM, HIST1H2BB, 
FANCI, FOLE2 and UBE2T with constructing the 
PPI and CentiScaPe software. By means of modules 
analysis, the hub genes in module were significant-
ly enriched in DNA replication, cell cycle and DNA 
repair.
 It has been assumed that mutagenesis plays 
a pivotal part in the progression phase of tumori-

Name Degree Betweenness

CDK2 90 29763

RAD51 80 13391

BRCA1 79 23665

MCM3 70 12171

JUN 68 50741

ACACA 66 52712

RFC4 66 8194

AURKB 66 6519

EXO1 63 2894

DTL 59 5927

MELK 57 9098

HIST1H2BM 56 9402

RRM2 56 8191

KNTC1 56 7711

TYMS 55 4854

BLM 55 2938

HIST1H2BB 54 8121

FANCI 54 2930

FOLE2 52 1711

UBE2T 51 8810

Table 3. Significantly key genes using CentiScaPe software

Figure 4. Two significant modules selected from the PPI network. A: Module 1 B: Module 2.
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genesis. The resulting mutations, which accumu-
late during abnormal cell division, have shown to 
be a result of two different mechanisms: acquired 
variation in DNA replication or shortage in DNA 
repair. Several studies support the view of disor-
dered DNA replication in neuroblastoma. Cell cycle 
regulatory proteins ensure accurate DNA replica-
tion in a cell-controlled level. It is reported that 
the overexpression and/or distortion of cell cycle 
regulatory proteins are involved in the pathogen-
esis of neuroblastoma [14]. The DNA repair process 
is a complex system consisting of diverse processes 
including error-prone repair, base-excision repair 
and mismatch repair. These processes are activated 
as a result of DNA damage stimuli. Dysregulation 
of one or more DNA repair pathways usually lead 
to carcinogenesis [15].
 CDK2 is a member of phase-specific cyclin-
dependent kinases, which is involved in both G1/S 
transition and initiation of DNA replication. A re-
cent study suggested that siRNA knockdown of 
CDK2 resulted in G1 phase arrest in mouse embry-

onic stem cells [16]. The pharmacological evidence 
suggested that overexpression of CDK2 causes ab-
normal cell-cycle regulation, which directly results 
in hyperproliferation of cancer cells [17]. Abnormal 
activation of CDKs has been shown to contribute to 
tumor cell proliferation and growth in many can-
cers, including neuroblastoma. Ainaciclib, a novel 
multiple-CDK inhibitor, inhibits NB cell prolifera-
tion and induces cell cycle arrest in many types of 
neuroblastoma cell lines [18] . On the one hand, 
CDK2 knockdown inhibited cell proliferation and 
growth in all neuroblastoma cell lines and cell cy-
cle analysis at 3 days after CDK2 siRNAs showed 
accumulation of cells in G1/G0 phase in most cell 
lines [19]. On the other hand, MEIS2 depletion can 
induce M-phase arrest. As mentioned above, upreg-
ulated CDK2 after MEIS2 silencing may accelerate 
neuroblastoma progression.
 RAD51 is a critical enzyme that plays essen-
tial roles in DNA double-strand break (DSB) re-
pair by the homologous recombination pathway 
[20]. RAD51 is overexpressed in many kinds of 

Figure 5. Kaplan-Meier survival curves for the SEQC cohort of 498 neuroblastoma patients based on the average mRNA 
expression of the CDK2 (A) RAD51 (B), BRCA1 (C) and MCM3 (D) gene signature, with log-rank test P value indicated. 
Curves were generated with R2: Genomics Analysis and Visualization Platform using Tumor Neuroblastoma-SEQC-
498-RPM-seqcnb1 dataset.
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cancer cell lines and is related to poor prognosis, 
because RAD51 protein significantly promotes the 
cell cycle transition of the G0/G1 phase and the 
expression of RAD51 in tumor cells, possibly in-
creasing the resistance to anticancer agents [21]. 
A case-control study found that overexpression of 
RAD51 was relevant to the progression of thyroid 
carcinoma. High RAD51 expression indicated later 
stages, poor tissue differentiation, large tumor size, 
greater possibility of lymph node metastasis, and 
distant metastasis [22]. At the same time, RAD51 is 
overexpressed in esophageal squamous carcinoma 
cells. RAD51 interacts with CHK1 with its DMC1 
domain to increase the expression of CHK1, which 
subsequently promotes its oncogenic role in tumo-
rigenesis [23].
 BRCA1 was first discovered in 1994 and has 
been identified to maintain genetic stability via 
DNA damage response pathways. Homology-
directed repair (HDR) consist of homologous re-
combination (HR) and single-strand annealing 
(SSA). BRCA1 regulates homology-directed repair 
(HDR) of DNA double-strand breaks [24]. BRCA1 
can physically interact with p53 and co-regulate its 
transcriptional targets, shifting cellular outcomes 
towards cell cycle arrest. A study detected the pres-
ence of BRCA1 upstream of the transcriptional start 
site of MEIS2, and knockdown of BRCA1 can down-
regulate MEIS2 expression [25]. This requires fur-
ther investigation to explore the regulation mecha-
nism between the two genes.
 Minichromosomal maintenance (MCM) pro-
teins play a central role in DNA synthesis in 
prokaryotic and eukaryotic cells. MCM proteins 
form Mcm2-7 hexamers that act as replicative DNA 
helicase for quality control of DNA replication ori-
gin licensing [26]. The ATM and ATR checkpoint 
kinases directly interact with three members of the 
MCM complex to regulate DNA replication [27]. 
MCM3 is overexpressed in various cancers. Fur-
thermore, increased expression of MCM3 genes is 
an independent biomarker of poor prognosis.

Conclusions

 In our study, a variety of bioinformatics meth-
ods were performed, such as the construction of a 
PPI network, hub gene analysis, module analysis 
of the PPI network, and the prediction of transcrip-
tion factor to discover the relationship between 
the significance of genes and several topological 
properties in the human PPI network. We have de-
tected gene expression changes that occurred in 
human neuroblastoma BE(2)-C cells with MEIS2 
depletion. According to this, gene expression data 
of the MEIS2 depletion group and negative control 
group were used to screen DEGs related to neuro-
blastoma. Several kinds of bioinformatic tools were 
used to discover hub genes, enriched GO terms and 
KEGG pathways. GO terms were well enriched in 
cell cycle, DNA replication and DNA repair, where 
signaling was the main determinant for enrich-
ment by DEGs. CDK2, RAD51, BRCA1 and MCM3 
along with many other DEGs that were screened 
as potential hub genes for neuroblastoma. Our dis-
covery may be useful in exploring the complex mo-
lecular mechanism underlying this disease. How-
ever, further studies are still required to confirm 
the significance of our observations.
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