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ABSTRACT
Increasing evidence has indicated that the disorganized expression of certain genes promotes tumour
progression. In this study, we elucidate the potential key differentially expressed genes (DEGs) between
glioblastoma (GBM) and normal brain tissue by analysing three different mRNA expression profiles downloaded
from the Gene Expression Omnibus (GEO) database. DEGs were sorted, and key candidate genes and signalling
pathway enrichments were analysed. In our analysis, the highest fold change DEG was found to be abnormal
spindle-like microcephaly associated (ASPM). The ASPM expression pattern from the database showed that it is
highly expressed in GBM tissue, and patients with high expression of ASPM have a poor prognosis. Moreover,
ASPM showed aberrantly high expression in GBM cell lines. Loss-of-function assay indicated that ASPM
enhances tumorigenesis in GBM cells in vitro. Xenograft growth verified the oncogenic activity of ASPM in vivo.
Furthermore, downregulation of ASPM could arrest the cell cycle of GBM cells at the G0/G1 phase and
attenuate the Wnt/β-catenin signalling activity in GBM. These data suggest that ASPM may serve as a new
target for the therapeutic treatment of GBM.

INTRODUCTION

number of advances in the radiotherapy/TMZ treatment
of GBM, the prognosis for this type of cancer is still
very poor. For patients with newly diagnosed GBM, the
progression-free survival (PFS) is approximately 7–8
months, the median survival is approximately 15-18
months, and approximately 10% of patients go on to be
five-year survivors [4–6]. Despite many efforts, GBM
invariably recurs and leads to a fatal outcome.

GBM is the most frequent and aggressive type of
primary malignant brain tumour, with an incidence of
3–4/100,000 [1]. It represents 16% of all brain tumours
and 54% of all gliomas [2]. Although these tumours
may develop at all ages, the incidence increases with
age, with the peak incidence being in the fifth or sixth
decade [3]. To date, therapeutic options consist of
microsurgery and treatment with radiotherapy combined
with adjuvant chemotherapy with an alkylating agent,
temozolomide
(TMZ).
Although
microsurgical
resection can greatly reduce tumour volume, complete
excision is almost impossible because of the infiltrative
nature of the tumours. Although there have been a
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Microarray is a molecular biological technology that
accompanied the development of the Human Genome
Project (HGP). A large number of known sequence
probes are integrated on the same substrate, and then the
labelled target nucleotides are hybridized with probes at
specific locations on the microarray. By detecting
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hybridization signals, a large amount of gene information
in biological cells and tissues was analysed [7]. With the
large-scale application of microarray technology over the
years, there have been many GBM microarray data stored
in public databases. However, the results are always
limited or generated from a single cohort study, which
cannot identify reliable target genes. Thus, integrating
bioinformatics analysis with expression profiling technology may overcome these shortcomings.

differential distribution of the 362 DEGs, a heat map of
the up- and downregulated DEGs was drawn using the
data profile from GSE22866 as a reference (Figure 1B).
DEGs on human chromosomes are shown in the circos
plot (Figure 1C).
Validation of the DEGs in the TCGA GBM dataset
To certify the reliability of the 362 DEGs identified
from the 3 datasets, we downloaded the TCGA GBM
dataset, which provides extensive genetic studies of
human gene expression and specific disease
associations. We found that the 148 upregulated DEGs
found in this study were also significantly expressed in
the GBM dataset, and the 124 downregulated genes
found in this study were also significantly expressed in
GBM (Figure 2 and Supplementary Table 1). The
overall consistency of the DEGs was 75.13%, indicating
that the results of our candidate genes were reliable.

To better understand the influence of key DEGs on the
molecular pathogenesis of GBM, in this study, we
downloaded three GBM-related original microarray
datasets, GSE14818, GSE22866 and GSE50161, from
the GEO database (https://www.ncbi.nlm.nih.gov/geo),
consisting of a total of 104 samples, with 88 cases of
GBM samples and 16 cases of normal samples [8, 9].
DEGs in GBM and normal brain samples were screened
using R software. We developed Gene Ontology and
pathway enrichment analysis for screening DEGs with
and KEGG
DAVID
(https://david.ncifcrf.gov/)
PATHWAY (http://www.genome.jp/kegg) in GBM.
Subsequently, the DEGs identified in the present study
were validated using microarray data from The Cancer
Genome Atlas (TCGA) database. Finally, one of the
most upregulated genes, ASPM, which has the highest
fold change among DEGs, was further studied and
identified in vitro and in vivo. The present study
explored key DEGs and key pathways in GBM and
identified ASPM as a promising therapeutic target of
GBM.

GO term enrichment analysis of DEGs showed most
of the DEGs were significantly enriched in transport,
binding, cell parts and cell cycle
Functions and pathway enrichment of the candidate DEGs
in GBM identified from an integrated analysis of
microarray data were analysed using multiple online
databases, including DAVID and KEGG PATHWAY.
GO functional enrichments of up- and downregulated
genes were performed with DAVID, and enriched GO
terms with P-values < 0.05 were obtained. GO analysis of
DEGs was divided into three functional groups, including
biological processes (BP), cell composition (CC) and
molecular function (MF). The enriched GO terms for the
DEGs are presented in Figure 3. For the upregulated
DEGs, the top 3 enriched GO terms for each group were
DNA replication, G1/S transition of mitotic cell cycle and
mitotic nuclear division in the BP category; focal
adhesion, nucleoplasm and cytosol in the CC category;
and protein binding, protein kinase binding and cysteinetype endopeptidase activity in the MF category (Figure
3A, 3B). Similarly, for the downregulated DEGs, the top
3 enriched GO terms for each group were positive
regulation of GTPase activity, cell adhesion and
axonogenesis in the BP category; neuronal cell body,
axon and terminal bouton in the CC category; and
phospholipase binding, protein binding and actin binding
in the MF category (Figure 3C, 3D). These results showed
that most of the DEGs were significantly enriched in
transport, binding, cell parts and cell cycle.

RESULTS
362 candidate key genes were identified from GEO
microarray datasets
GBM and normal brain tissue gene expression profiles
from GSE14818, GSE22866 and GSE50161 were
obtained from NCBI-GEO. The GSE14818 microarray
data had 10 GBM tissues and 2 normal brain tissues from
Germany, and 5300 DEGs were obtained. Among them,
2006 downregulated genes and 3249 upregulated genes
were identified. The GSE22866 dataset had 40 GBM
tissues and 6 normal brain tissues from France, and
overall, 7012 DEGs were screened from the dataset,
including 5061 upregulated genes and 1951 downregulated genes. Additionally, 6627 DEGs, including
2849 upregulated genes and 3733 downregulated genes,
were screened from the GSE50161 dataset, which had 34
GBM tissues and 8 normal brain tissues from America. A
total of 362 consistently expressed genes were identified
from the three datasets (Figure 1A) after integrated
bioinformatical analysis, including 185 upregulated genes
and 177 downregulated genes in the GBM tissues
compared to normal brain tissues. To show the significant
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Signalling pathway enrichment analysis showed that
DEGs had the most common pathways in cell cycle
DEG functional and signalling pathway enrichment was
performed using the DAVID and KEGG PATHWAY

225

AGING

Figure 1. Identification of DEGs in mRNA datasets GSE14818, GSE22866 and GSE50161. (A) Venn diagram presents overlapping

relationships, and 362 DEGs were identified. (B) Cluster analysis of DEGs using data profile GSE22866 as a reference. Data are presented as a
heat map. (C) Circos plot showing DEGs on human chromosomes. From the outside in, the first layer of the circos plot is a chromosome map
of the human genome, black and white bars are chromosome cytobands, and red bars represent centromeres. Due to limited space, some of
the DEGs are labelled in the second circle. In the third layer, up- and downregulated DEGs are marked in red and blue, respectively. The
fourth layer represents the fold change of DEGs with fold change ≥ 2.0. The innermost circle indicates the DEGs with p-value < 0.05. The
network in the centre of the plot represents the core network.
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Figure 2. The expression of DEGs in the three datasets from this study in the TCGA dataset. (A) Expression of the top 3
upregulated DEGs from TCGA GBM. (B) Expression of the top 3 downregulated DEGs from TCGA GBM. *p < 0.05 indicates a significant
difference.

Figure 3. Gene Ontology analysis and significantly enriched GO terms of DEGs in GBM. The top 15 enriched DEGs of each
group are shown (p < 0.05). (A) GO analysis classified the upregulated DEGs into 3 groups (molecular function, biological process and

cellular component), gene counts of each GO terms were showed. (B) Significantly enriched GO terms of upregulated DEGs in GBM based on
their p-value. (C) GO analysis classified the downregulated DEGs into 3 groups, gene counts of each GO terms were showed. (D) Significantly
enriched GO terms of downregulated DEGs in GBM based on their p-value.
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online websites. The enriched KEGG pathways for the
upregulated DEGs include cell cycle, DNA replication,
Epstein-Barr virus infection, small cell lung
cancer, glycosaminoglycan degradation, pyrimidine
metabolism, microRNAs in cancer, shigellosis, p53
signalling pathway, purine metabolism and pathways in
cancer (Figure 4A). For the downregulated DEGs, the
enriched KEGG pathways include endocytosis, synaptic
vesicle cycle, renin secretion, GABAergic synapse and
tight junction (Figure 4B). The cell cycle pathway was
considered to be the most central functions because it
shared the most connected genes and the lowest p value.
Signalling pathway analysis showed that DEGs had the
most common pathways in cell cycle (Figure 4C).

We then examined the expression of ASPM in
glioma cell lines and discovered that the mRNA and
protein expression levels of ASPM were similarly
upregulated in 4 human glioma cell lines compared
with the normal glial cell line (Figure 5E–5F).
Taken together, these results collectively demonstrate
that the upregulation of ASPM could serve as a new
target for the investigation of potential GBM
biomarkers.
ASPM enhances tumorigenesis of GBM in vitro and
in vivo
To evaluate the oncogenic role of ASPM in GBM, we
chose the human GBM cell lines U87, U251, and U118
to perform loss-of-function assays, as these lines
express relatively higher levels of ASPM (Figure 6D,
6E). Next, we established stable ASPM knockdown
cells using lentiviral shRNAs and identified those
shRNAs that can readily knockdown ASPM expression
(Figure 6A–6C). Silencing of ASPM resulted in a
decrease in the cell proliferation of U87, U251 and
U118 (Figure 6D–6F). Colony formation assays further
demonstrated that ASPM knockdown significantly
inhibited cell growth (Figure 6G–6I). To confirm the
effect of ASPM on tumorigenesis in GBM, we
performed a xenograft tumour formation assay to detect
xenograft growth in vivo. U251 ASPM-sh-nc cells and
ASPM-sh-1 cells were injected subcutaneously into
nude mice. After 30 days, the volume and weight of
subcutaneous tumours were calculated. Compared with
the sh-NC cells, the volume and weight of xenograft
tumours were significantly reduced (Figure 6J–6L).
These results indicate the oncogenic activity of ASPM
in vivo.

ASPM is highly expressed in human glioma tissues
and cells
In our analysis, the upregulated gene with the highest
fold change was found to be ASPM. We investigated
the expression pattern of ASPM in cancer patients
compared with that of normal samples using the GEPIA
database (http://gepia.cancer-pku.cn) [10]. The results
showed that ASPM is overexpressed in most human
cancers, such as GBM, oesophageal carcinoma (ESCA),
liver hepatocellular carcinoma (LIHC) and pancreatic
adenocarcinoma (PAAD). In these cancers, ASPM
acted as an oncogene. We also noted that ASPM may
have a tumour suppressive effect in acute myeloid
leukaemia (LAML), in which ASPM expression is
lower in cancer tissues than in adjacent, normal tissues
(Supplementary Figure 1). By exploring expression data
from the Chinese Glioma Genome Atlas (CGGA)
(http://www.cgga.org.cn), we found that the expression
of ASPM increased with the increase of glioma grade
(Figure 5A). Patients with high expression of ASPM in
glioma had a significantly poor prognosis (n=262, p <
0.0001) (Figure 5B). Consistent with the results of
CGGA, we found that ASPM transcription levels were
significantly elevated in GBM tissues in TCGA (Figure
5C). By exploring clinical pathology data from the
Human Protein Atlas project (https://www.proteinatlas.
org) [11], we discovered that ASPM was moderately
expressed in glioma tissues but weakly expressed in
normal cerebral cortex specimens (Figure 5D). We next
investigated the possible causes of ASPM upregulation
in GBM and analysed the methylation level of ASPM
transcriptional start site (TSS) from 2 kb upstream to
0.5 kb downstream. We did not observe significant
differences in methylation levels (http://bio-bigdata.
hrbmu.edu.cn/diseasemeth/index.html). Moreover, we
found no significant correlation between gene
expression and copy number gain (https://xena.
ucsc.edu) (Supplementary Figures 2, 3). So, the
mechanism of ASPM overexpression in GBM needs
further study.
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Downregulation of ASPM could arrest the cell cycle
of GBM cells and attenuate the Wnt/β-catenin
signalling activity in GBM
To further explore the underlying mechanism by which
ASPM promotes the cell growth of GBM, we analysed
the enriched signalling pathways involved in ASPMrelated genes by searching the LinkedOmics
(http://www.linkedomics.org/login.php) database and
found that cell cycle is the most enriched pathway
(Figure 7A). This is also supported by GSEA analysis
(Figure 7B). It is known that ASPM could stabilize
cyclin E abundance and passage through the G1
restriction point during NPC division [12], We observed
that the expression of cyclin E is strongly correlated
with ASPM in TCGA GBM by Spearman’s rank
correlation (Figure 7C). Moreover, cell-cycle analysis
revealed that stable knockdown of ASPM resulted in
arrest at the G0/G1 phase in U87, U251 and U118 cells
(Figure 7D–7F). As expected, knockdown of ASPM
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Figure 4. Significantly enriched pathway terms of DEGs in GBM. (A) KEGG pathway enrichment analysis of upregulated mRNAs (p <
0.05). (B) KEGG pathway enrichment analysis of downregulated mRNAs (p < 0.05). (C) KEGG pathway annotations of the cell cycle pathway.
Red star-marked nodes are associated with significant genes.
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Figure 5. ASPM is highly expressed in human GBM tissues and cell lines. (A) Expression profiles of ASPM in GBM form grade II to

grade IV. Red points indicate the expression level of ASPM in grade II glioma; green points indicate the expression level of ASPM in grade III
glioma, and blue points indicates the expression level of ASPM in grade IV glioma. (B) Patients with high expression of ASPM in glioma had a
significantly poor prognosis (n=262, p < 0.0001). (C) Box plot of ASPM expression in GBM from GEPIA. The box plot is based on 163 GBM
cancer samples and 207 normal samples. The expression level of RNA was upregulated in GBM tissues compared with normal tissues. *p <
0.05 indicates a significant difference. (D) The Human Protein Atlas project shows representative immunohistochemical images of ASPM in
GBM compared with normal tissues. (E) and (F) The RNA and protein levels of ASPM were detected in four GBM and one normal glial cell line
by RT-qPCR and western blot. *p < 0.05, *** p < 0.001.
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Figure 6. ASPM enhances tumorigenicity of GBM cells in vitro and in vivo. (A–C) RT-qPCR analysis of ASPM expression in stable

knockdown U87, U251 and U118 cells. GAPDH was used as an internal reference. sh-NC: shRNA control, sh-1/2: shRNA targeting ASPM. *p <
0.05 versus control. (D–F) The growth rate of U87, U251 and U118 cells with stable ASPM knockdown was monitored by the RTCA-MP
system. (G–I) Colony formation assay was performed using U87, U251 and U118 cells with stable ASPM knockdown. Representative images
(up) and quantification analysis (down) are shown, and the data shown are the mean ± SD (n = 3). ***p < 0.001 versus control. (J–L) ASPM
knockdown inhibited tumour growth in the U251 xenograft assay. Photos of xenograft tumours (J), tumour volume (K) and tumour weight (L)
are shown. sh-NC, n = 10; sh-1, n = 10. **p < 0.01, ***p < 0.001 versus control.

www.aging-us.com

231

AGING

Figure 7. Downregulation of ASPM could arrest the cell cycle of GBM cells at the G0/G1 phase. (A, B) The enriched signalling

pathways involved in ASPM-related genes by searching the LinkedOmics database. Cell cycle is the most enriched pathway. Volcano plot (A)
and GSEA enrichment analysis (B) are shown. (C) Spearman’s correlation of the expression of cyclin E and ASPM in TCGA GBM, indicating a
strong correlation. r = 0.53. (D–F) The cell cycle distribution of U87, U251 and U118 cells with stable ASPM knockdown was determined by PI
staining and flow cytometry. Data shown are the mean ± SD (n = 3). G0/G1 phase distribution: *p < 0.05 versus control. (G, H) Western blot
analysis of cyclin E and β-catenin protein levels in U87 and U118 cells with stable ASPM knockdown. (I) ASPM was immunoprecipitated with
anti-cyclin E antibody from U87 cells, and the immunoprecipitates were subjected to Western blot analysis. (J) Luciferase activity of
TOPFlash/FOPFlash in U87 cells that were transiently transfected with ASPM sh-NC or sh-2.
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reduced the expression of cyclin E in U87 and U118
cells (Figure 7G, 7H). In addition, cyclin E was capable
of co-immunoprecipitating ASPM (Figure 7I). These
data indicate that ASPM interacts with cyclin E and is
likely to control cell cycle via cyclin E.

among DEGs. Thus, it might be an oncogene that drives
cancer cell growth in GBM. To our knowledge, ASPM
has been shown to be a centrosomal protein associated
with neurogenesis and brain size [18]. We found that
ASPM is overexpressed in most human cancers. In
GBM, we found the mRNA and protein expression
levels of ASPM were significantly elevated in GBM
tissues and GBM cell lines, same as Bikeye et al.
conclusion [19]. As reported in many studies, it acts as
an oncogene that is upregulated in some types of human
cancers, including gastric cancer [20], prostate cancer
[21], pancreatic cancer [13], ovarian cancer [22] and
GBM [23]. In addition, we found that stable knockdown
of ASPM resulted in a decrease in cell proliferation in
vivo and in vitro. In 2010, Sanson et al. described that
ASPM expression was positively correlated with
tumour grade and increased with tumour recurrence,
while silencing of ASPM resulted in dramatic
proliferation arrest and cell death in glioma sphere
models [19]. S. Horvath et al. indicated that ASPM
knockdown inhibits tumour cell proliferation and neural
stem cell proliferation [23]. Moreover, we discovered
that stable knockdown of ASPM resulted in cell cycle
arrest at the G0/G1 phase in U87, U251 and U118 cells
and reduced the expression of cyclin E and β-catenin.
Previous studies have reported that ASPM tune cyclin E
ubiquitination and the G1 restriction point and acts as a
positive regulator of the Wnt signalling process [12, 13,
15, 21]. These results collectively demonstrate that
ASPM may serve as a new therapeutic target for GBM.

Several studies have reported that ASPM acts as an
essential regulator of the Wnt signalling process, which
enhances tumorigenicity in cancers and facilitates
neurogenesis in brain development [13–15]. Western
blot analysis of U87, U251 and U118 cells ASPM
knockdown significantly attenuated the levels of βcatenin (Figure 7G, 7H, Supplementary Figure 4). U87
cells were co-transfected with Wnt signalling reporter
and ASPM shRNA encoding plasmids. Figure 7J shows
that the luciferase activities were lower in ASPM
knockdown cells, compared to the control cells. These
findings indicate that ASPM enhance the Wnt/β-catenin
signalling activity in GBM.

DISCUSSION
Although a large number of basic and clinical studies
have revealed the mechanisms of the formation and
development of GBM in the past decades, the prognosis
is still very poor and practically unchanged since 2000,
when TMZ was introduced into clinical practice [16]. In
the present study, using bioinformatics methods to deeply
analyse the gene expression profiles of GSE14818,
GSE22866 and GSE50161, a total of 362 DEGs,
consisting of 185 upregulated and 177 downregulated
DEGs, were screened between GBM and normal
samples. Then, the DEGs were enriched into BP, CC and
MF groups by GO terms, and signalling pathway
enrichment was performed. Finally, we found that ASPM
was overexpressed in GBM tissues and cell lines and
enhanced GBM cell proliferation by promoting cell cycle
progression in vitro. Xenograft growth suggests
oncogenic activity of ASPM in vivo. Moreover, silencing
of ASPM attenuated the levels of cyclin E and β-catenin.

CONCLUSIONS
Using three profile datasets and integrated bioinformatical analysis, 362 key candidate DEGs were
identified, and GO and signalling pathway enrichment
analysis showed that most of the key genes were
significantly enriched in cell cycle. In our analysis,
ASPM showed aberrantly high expression in GBM
tissues and cell lines. Loss-of-function assay verified
the oncogenic activity of ASPM in vitro and in vivo.
Finally, downregulation of ASPM could arrest the cell
cycle of GBM cells at the G0/G1 phase, and ASPM
enhance the Wnt/β-catenin signalling activity in GBM.
These findings could significantly enhance our
understanding of the aetiology and underlying
molecular events of GBM and suggest that ASPM may
serve as a new target for the therapeutic treatment of
GBM.

Similar to our studies, recent studies have also reported
the identification of DEGs in GBM. For example,
Wang’s group analysed the GSE12657 and GSE42656
datasets consisting of 25 samples. Of these, 167 DEGs
were identified, including 100 upregulated genes and 67
downregulated genes [17]. However, Wang’s research
only contains 12 GBM and 13 normal brain samples,
and most of the enriched pathways merely include one
gene. In contrast to Wang's report, we used 3 datasets
generated from 3 different races from the worldwide
population. These indicated that our results are more
reliable, but further analysis is still needed.

MATERIALS AND METHODS
Microarray data information
GBM and normal brain tissue gene expression profile
datasets were downloaded from the National Center for

According to our analysis, one of the most notable
genes was ASPM, which has the highest fold change
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Biotechnology Information (NCBI) GEO database,
from which GSE14818, GSE22866 and GSE50161
were obtained. The GSE14818 microarray data were
based on the GPL6370 Platform (Agilent Technologies,
USA) and included 10 GBM tissues and 2 normal brain
tissues (Submission date: Feb 13, 2009). The
GSE22866 microarray data were based on the GPL4133
Platform (Agilent Technologies, USA) and included 40
GBM tissues and 6 normal brain tissues (Submission
date: Jul 09, 2010). The GSE50161 microarray data
were based on the GPL570 Platform (Affymetrix, USA)
and included 130 tumour and normal brain tissues
(Submission date: Aug 23, 2013). We selected 34 GBM
tissues and 8 normal brain tissues from these data.
Therefore, a total of 104 samples, including 88 cases of
GBM samples and 16 cases of normal brain samples,
were selected. We chose these 3 datasets for integrated
analysis in this study because they contain a relatively
large number of samples compared with other datasets,
and these 3 datasets represented three different racial
populations: GSE14181 was from Germany, GSE22866
was from France, and GSE50161 was from the United
States. The original files and the platform probe
annotation files were downloaded.

identified DEGs using the same strategy as used in this
report.
GO and KEGG pathway enrichment analyses of
DEGs
The functional enrichment of the validated DEGs was
assessed based on the GO term and KEGG pathway
annotations [25, 26]. GO term analyses were
performed by using the DAVID database
(https://david.ncifcrf.gov/), which is an essential
foundation for the success of any high-throughput gene
function analysis. Pathway analysis was carried out
using multiple online databases, including DAVID and
KEGG PATHWAY (http://www.genome.jp/kegg). Pvalues < 0.05 were considered statistically significant
for GO term enrichment analysis and KEGG pathway
analysis.
Cell culture
Human U87, U251, and U118 glioma cell lines, a
normal human astrocyte cell line (HEB) and a human
embryonic kidney cell line (HEK-293) were cultured in
high glucose Dulbecco’s modified Eagle medium
(DMEM, Gibco, NY, USA) supplemented with 10%
foetal bovine serum. All cells were incubated in a
humidified incubator at 37 °C and 5% CO2. All cell
lines were donated from Cancer Hospital Chinese
Academy of Medical Sciences.

Screening for DEGs
The raw GSE50161 data were classified into GBM and
normal groups and analysed using R software (version
3.4.3). Additional software packages (affy, RCircos and
pheatmap) were taken from the Bioconductor project
(http://www.bioconductor.org/). Data analysis of the
probe level data used a background-adjusted and
normalized robust multi-array average (RMA) [24]. The
normalized array data of the GSE14818 and GSE22866
datasets were downloaded from GEO directly, and each
dataset was classified into GBM and normal brain
groups. Student’s t-tests were conducted between GBM
and normal brain samples. Statistically significant
DEGs were defined with p < 0.05 and |log FC| > 1 as
the cut-off criterion. The ID corresponding to the probe
name was converted into the international standard
name for genes. The list of DEGs from the
three microarray datasets was saved as TXT files, and
then the TXT format data were processed in
Bioinformatics and Systems Biology Website
(http://bioinformatics.psb.ugent.be/). A list of the genes
that were up- or downregulated in the three microarrays
was used for subsequent analysis.

Total RNA was isolated from cultured cells using Trizol
reagent (Invitrogen, USA) according to the
manufacturer’s instructions. First-strand cDNA was
generated using the PrimeScriptTMII 1st Strand cDNA
Synthesis Kit (Takara, Dalian, China). Real-time PCR
was performed in the StepOne™ Real-Time PCR
System (Applied Biosystems, Foster City, USA)
using TB Green™ Premix Ex Taq™ (Tli RNaseH Plus)
(Takara, Dalian, China), and GAPDH was used as the
internal control. The primers used are listed: ASPM
sense: 5'- GAGACCTTGGTGGAATACCTGC-3',
ASPM anti-sense: 5'- ACGAAGATCCAAAAGCCT
TGCAC-3', GAPDH sense: 5'-GGGGTCATTG
ATGGCAACAATA-3', GAPDH anti-sense: 5'-ATGG
GGAAGGTGAAGGTCG-3'.

Validation of the DEGs in the TCGA GBM dataset

Cell proliferation assay

The TCGA database provides extensive genetic studies
of human gene expression and specific disease
associations. In the present study, we downloaded the
TCGA GBM dataset to confirm the reliability of the

The proliferation ability of glioma cells was monitored
by using the xCELLigence Real-Time Cell Analyzer
(RTCA)-MP system (Acea Biosciences/Roche Applied
Science). This platform is able to measure cellular
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growth status in real time. First, 100 μl of culture
medium was added to each well of E-Plate 96 (Roche
Applied Science) to obtain equilibrium. Then, 2,000
cells in 100 μl of culture medium were seeded in each
well. E-Plate 96 was locked in the RTCA-MP device at
37 °C with 5% CO2. Measured changes in electrical
impedance were presented as a cell index that directly
reflects cellular proliferation on biocompatible microelectrode coated surfaces. The cell index was read
automatically every 15 min, and the recorded curve was
depicted as the cell index ± SD.

5′CCGGCCAAAGTTGTTGACCGTATTTCTCGAGA
AATACGGTCAACAACTTTGGTTTTTG-3′
and
ASPM shRNA-2 5′-CCGGCGGCAATAAGTCGTC
TTCAAACTCGAGTTTGAAGACGACTTATTGCCG
TTTTTG -3′. They are synthesized by Generay
(Shanghai, China). To produce lentiviral particles, HEK
293T cells were cultured overnight to reach
approximately 80% confluence before transfection.
Transfection was performed using the Lipofectamine
2000 reagent (Invitrogen, USA) according to the
manufacturer’s instructions. Then, 5 μg of pLKO.1
shControl (sh-NC) or pLKO.1 sh-1 plasmid, 3.75 μg of
psPAX2, and 1.25 μg of pVSV-G were introduced into
the cells. After incubation for 48 h, culture medium
containing the lentiviral particles was collected and
filtered through a 0.45 μm filter to remove any
remaining cells and debris. Target cells were infected
for 24 h with lentiviral particles in the presence of 8
μg/ml polybrene and screened with puromycin to
establish stable cells.

Colony formation assay
A total of 1 × 103 cells per well were seeded into 6-well
plates in triplicate. After culture for 10 days, each
well was washed three times with phosphate buffered
saline (PBS), fixed with methyl alcohol for 10 min,
nd then stained with 1% crystal violet solution for 5
min. After washing, the colonies in each group were
counted and imaged. Each experiment was repeated in
triplicate.

In vivo xenograft model

Cell cycle analysis

Briefly, 4-week-old male athymic nude mice were used
for the xenograft model. U251 cells stably expressing shNC and sh-1 were trypsinized and washed twice with
sterilized PBS, and then 0.2 ml of PBS containing 5 x 106
cells was subcutaneously inoculated into the inguinal
area of the mice. Tumour volume was calculated using
the formula: tumour volume = 0.5 × (width)2 × length.
All animal experiments were undertaken in accordance
with the NIH Guide for the Care and Use of Laboratory
Animals, with the approval of the Institutional Animal
Care and Use Committee of the Cancer Hospital Chinese
Academy of Medical Sciences.

The cells were harvested and washed with PBS, adding
70% ice-cold ethanol at -20 °C overnight. Cells were
then sequentially washed once in PBS and stained with
500 μl propidium iodide buffer (50 μg/ml PI, 50 μg/ml
RNase A, 0.1% Triton) for 30 min at 37 °C and then
immediately analysed using flow cytometry (BD
Biosciences, San Jose, CA). The percentage of cells in
different phases was counted and compared.
Western blot analysis

Coimmunoprecipitation (co-IP)

Total cell lysates were prepared in RIPA lysis buffer
(APPLYGEN, Beijing, China). Identical quantities of
proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto PVDF membranes. After incubation
with antibodies specific for ASPM (Proteintech, USA),
cyclin E (Proteintech, USA), CDK2 (Santa, USA), βcatenin (Santa, USA) and β-actin (Sigma-Aldrich,
USA), the blots were incubated with anti-rabbit IgG or
anti-mouse IgG- conjugated to horseradish peroxidase
(HRP) and detected using ImageQuant™ LAS 4000
(GE Healthcare Life Sciences, USA). β-actin was used
as a loading control.

U87 cells were lysed in RIPA (Beyotime, China)
containing a protease inhibitor (Sigma-Aldrich，USA)
and placed on ice for 30 min, vortex-mixed once every
10 min. The protein supernatant was collected by
centrifugation at 12000 rpm in a centrifuge at 4 °C for
15 minutes. After determining the protein concentration,
30 μl of Protein A/G Agarose was added to the
supernatant and then placed on the mixer for 4h at 4°C.
After centrifugation at 3000 rpm for 5 minutes, the
supernatant was transferred to a new tube. Then, the
lysates were incubated with 10 µl of anti-cyclinE (Santa
Cruz, USA) at 4 °C overnight with constant shaking.
Next, 30 μl of Protein A/G Agarose were added to
the sample and shaken slowly at 4 °C for 2 hours.
Washing with protein lysate 6 times. The supernatant
was discarded, and the pellet was resuspended by
adding 30 μl 1 x protein loading buffer, and analysed by
Western blot.

Construction of stable cell lines with overexpression
or downregulation of ASPM
ASPM shRNA-1 and shRNA-2 knockdown constructs
were sub-cloned into the pLKO.1 puro cloning vector,
and the shRNA sequences are shown: ASPM shRNA-1
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Luciferase reporter assay

81872051), the “National key research and development
program of China” (Grant Number 2016YFA0500303),
and the “Peking University Clinical Scientist Program”
(Grant Number: BMU2019LCKXJ007).

U87 cells (5×104 cells per 24 well) were co-transfected
with either the Wnt signaling reporter (TOPFlash or
FOPFlash, Qualityard Bio, China), along with the
ASPM shRNA encoding plasmids (sh-2 plasmid or shNC) 24 h after cell seeding using Lipofectamine 2000
(Invitrogen, USA). The ratio of Wnt signaling
reporter/ASPM shRNA encoding plasmids was titrated (2
：1). The 50 ng pRL-TK vector (Qualityard Bio, China)
that provided the constitutive expression of renilla
luciferase was co-transfected as an internal control.
After transfection for 48 h, the cells were harvested for
analysis with the dual-luciferase reporter assay system
(Promega, USA). Transfections were performed in
quadruplicate and repeated at least three times in
separate experiments. The transfection efficiency was
normalized with renilla luciferase activity. The data are
represented as normalized TOPFlash/FOPFlash values.
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SUPPLEMENTARY MATERIALS

Supplementary Figures

Supplementary Figure 1. Expression profiles of ASPM in all tumour types. At the top of the panel is the name of the cancer; red
indicates that ASPM is highly expressed in the cancer tissue, black indicates that ASPM is not differentially expressed between cancer and
normal tissues, and green indicates that ASPM is highly expressed in normal tissue.

Supplementary Figure 2. The methylation level of ASPM transcriptional start site from 2 kb upstream to 0.5 kb downstream
in GBM and normal tissue. There was no significant difference of methylation level between GBM and normal tissue.
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Supplementary Figure 3. The relationship between copy number of ASPM and its expression level in GBM.

Supplementary Figure 4. Western blot analysis of ASPM and β-catenin protein levels in U251 cells with stable ASPM
knockdown.
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Supplementary Table
Supplementary Table 1. Validation of the DEGs in TCGA dataset in GBM.
DEGs

Up-regulated

Down-regulated
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MCM3 PPP4C HIST1H1C
PDLIM5
TPX2 POLQ WDHD1
MOV10 CD276 ASPM ANXA2 PLAU MEOX2 NOX4 ANXA1 MMP2 CRISPLD1
SOAT1 BTN3A2
PDIA5 CDK2 SHOX2 VIM
CTSC POLE2 ESPL1
CDC25A
APOBEC3B
CMTM6 CLEC2D
KIF20A DEPDC1
HPSE HMGN1 LRRC17
RHOJ MPZL1 NEDD4 NEK2 TFAP2A
SHC1 PLEKHG2
STK36 NUP205 TUBB6 TRAM2 CDKN2C
RPS19
DTX3L PAICS HMOX1 SDC1 ATAD2 KDELC1
TM9SF1
CASP2
CEP152 LSM5 RHOC ODC1 IL1RAP NECAP2
RNASEH2A
DNAJC10
ELMOD2
CD44 FBXO9 FKBP14 GNS
ARF4 KDELR2
PI4K2B
SLC39A1
GINS3 AK2
IKBKB TNFRSF11B
DTYMK
LIMS1
CPSF3 ETV6 TIMELESS
PCNA C1orf112
SLC25A24
DKC1
TRAM1 MALT1 ODF2 PDIA6 SFT2D3 HMBS ARL6IP6
NIP7 DDX11
DCTN5 ZNF561 GUSB NME6 BAZ1A RSU1 RBMS1 TANC1 CASK ARMCX6
CLIC4 S100PBP
TMED10
KLHL7 ITGB1 TWSG1 BRCA1 CENPN
MANEA
RALA MCM7 KCTD3 REST PLOD3 ATP11C MND1 MTFR1
POLR2F
COL4A1
EXO1 PLP2 LIMA1 FAM60A
CASP8
TP53I3 CCNB1 CPVL RCC1 DBF4 KIF11 STIL GNG12 MASP1 GLIS3
RPLP0 ADAM17
ETV4 GNB2L1
CKAP2 RRM1 SNRPB RELA
RUVBL1
EDNRA LIN7B COL18A1
SIRPA EIF4E3 SH3PXD2A
RNF135 SERPING1
NTSR2 ELAVL3
CD99L2 KIF1B SCAMP1
ZNF540 CD47 BDH1
PDE4DIP
ULK2 CX3CL1
EVL
PRKCDBP
CCNA1 FAM83H
RALGPS1
FLRT2 CTNNA2
OTUD1 NEBL ALDH5A1
CLDN10
AQP1 REPS2 GNG7 RGS20 APBB1 PRKCZ SNCA PDE1A CDH10 PPP2R2C
PGBD5 PARD6A
SLC7A14
STOML1
CRY2 AKAP11
HABP4 INPP5A PLD3 CCDC92
YPEL2 FGFR3 SLC35F3
SELENBP1
FBXO44
PALM CYGB CLTB GABARAPL1 GHITM BCL11A
PREPL SYNGR1
MRPL41
ATP6V1H
PTPRN SLC9A6 ARHGEF12
MPP2 FBXW7 OSBPL1A
WNK2 EPHB6 CALM1 PTPRR ATP2A2
NRXN3 KNDC1 NAPB HPCA ATP13A2
RAP1GAP
SYNJ1 BRWD1
AMPH FXYD7 TEF
MBP
CHGB KCNH3 OLFM1 STXBP1
RGS7
PTPRT BAIAP2 KCNB2 TMEM130
FBXL16 JPH1 STMN2 MYT1L EMX1
NELL1 CCK
NSF
EPHA10
PNMA3 HPRT1 SRGAP3
GABRB3
CYP4X1
AP3M2 SH3BGRL2
NECAP1
ARNT2 C1orf115
RAB11FIP4
STXBP6
GARNL3
GNAZ SH3GLB2
TYRO3
DDX24 KLHL2 PPP1R7
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