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Identification of COL1A1 as an invasion-related
gene in malignant astrocytoma
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Abstract. Malignant astrocytoma (MA) is the most common
and severe type of brain tumor. A greater understanding of the
underlying mechanisms responsible for the development of MA
would be beneficial for the development of targeted molecular
therapies. In the present study, the upregulated differentially
expressed genes (DEGs) in MA were obtained from the Gene
Expression Omnibus database using R/Bioconductor software.
DEGs in different World Health Organization classifications
were compared using the Venny tool and 15 genes, including
collagen type I al chain (COL1AI) and laminin subunit y1
(LAMC1), were revealed to be involved in the malignant progres-
sion of MA. In addition, the upregulated DEGs in MA were
evaluated using functional annotations of Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes with the Database
for Annotation, Visualization, and Integrated Discovery tool.
The results indicated that invasion-associated enrichment was
observed in ‘extracellular matrix’ (ECM), ‘cell adhesion’ and
‘phosphoinositide 3-kinase-protein kinase B signaling pathway’.
Subsequently, the analysis of the protein-protein interactions
was performed using STRING and Cytoscape software, which
revealed that the ECM component was the invasion-associated

Correspondence to: Dr Dian-Shuai Gao, Department of
Neurobiology and Anatomy, Xuzhou Key Laboratory of
Neurobiology, Jiangsu Key Laboratory of New Drug Research and
Clinical Pharmacy, Xuzhou Medical University, 209 Tongshan
Road, Xuzhou, Jiangsu 221004, P.R. China

E-mail: gds@xzhmu.edu.cn

“Contributed equally

Key words: bioinformatics, malignant astrocytoma, invasion,
extracellular matrix, collagen type I al chain, laminin subunit vy1

module and its corresponding genes included COL1A1, LAMCI1
and fibronectin 1. Finally, survival Kaplan-Meier estimate was
conducted using cBioportal online, which demonstrated that
COLIALI expression affected the survival of and recurrence in
patients with MA. Moreover, the results of in vitro Transwell
assay and western blot analysis revealed that the depleted levels
of COL1ALI also decreased the expression of several proteins
associated with cell invasion, including phosphorylated-signal
transducer and activator of transcription 3, matrix metallopro-
teinase (MMP)-2, MMP-9 and nuclear factor-xB. On the whole,
the present study identified the invasion-related target genes and
the associated potential pathways in MA. The results indicated
that COL1A1 may be a candidate biomarker for the prognosis
and treatment of MA.

Introduction

Gliomas are the most common type of primary brain tumor
in adults; malignant glioma in the brain mainly is referred to
as astrocytoma [World Health Organization (WHO) III] and
glioblastoma (GBM; WHO IV) (1). Despite the optimal treat-
ments available, the 5-year relative survival rate is only 4.7%
for patients with GBM and 25.9% for patients with astrocy-
toma, which is less than the rates associated with other types
of glioma (2). One of the most likely explanations for the low
survival rate and high levels of recurrence in malignant astrocy-
toma (MA) may be its diffuse infiltrative nature (1). Therefore,
gaining a greater understanding of the molecular mechanisms
underlying the invasive phenotypes of MA is crucial for the
development of novel treatment strategies for MA.

To date, a number of modern technologies have been
developed that have provided new opportunities for the
identification of novel strategies and biomarkers for cancer
diagnosis, therapies and prognosis (3). Bioinformatics,
including nucleic acid sequence analysis, protein sequence
analysis and genomics, can be used to collect, process, store,
classify, analyze and interpret biological information through
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the application of mathematics and computer technology.
For example, when combined with microarray technology,
bioinformatics analysis can identify the connection between
meaningful molecular interactions and evaluate the associated
signaling pathways (4).

In the present study, high-throughput data were down-
loaded from online databases, which were then analyzed
through bioinformatics methods using R language, Database
for Annotation, Visualization, and Integrated Discovery
(DAVID), STRING and Cytoscape software. Survival analysis
was then performed using public statistical data in order to
identify the malignant progression-associated biomarkers of
MA. Additional experimental approaches were also performed
in order to validate these results.

In this study, the collagen type I al (COLIAI) gene was
identified as a invasion-related gene from bioinformatics
analysis. The al chain of type I collagen, encoded by the
COLIAI gene, the major extracellular matrix (ECM) compo-
nent, has been reported in multiple types of cancer, including
GBM (5,6) and has been reported to be involved in multiple
biological behaviors, including cell proliferation, invasion,
metastasis and angiogenesis (7,8). In this study, using bioinfor-
matics intervention, we made a firm confirmation of the high
level of expression of COL1AI in MA, which may have an
impact on the survival rate of patients.

Materials and methods

Microarray data. Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo) is a public repository
for data storage, such as microarray and next-generation
sequencing, which is open access and freely available. The
GSE4290, GSE15824 and GSE19728 datasets were used to
download expression data, including different grades (WHO)
of astrocytoma and normal brain data. In the present study, the
platform used to collect the microarray data was all based on
the GPL570 [HG-U133_Plus_2] Affymetrix Human Genome
U133 Plus 2.0 Array (9). In the GSE4290 data series, there
were 23 samples from patients with epilepsy, which were used
as non-tumor samples in the present study, and 26 astrocy-
toma and 81 GBM samples, which were used as the tumor
samples (10). The GSE15824 series included 19 frozen human
glioma tissue samples and 2 normal brain samples that were
obtained during surgery, which were processed according
to the guidelines of the Ethics Committee of the University
Hospitals of Basel (11). The GSE19728 series comprised total
RNA that was isolated from 17 patient tumor tissues and
4 pooled samples of normal tissue (12).

Data processing and identification of differentially expressed
genes (DEGs). R is a well-designed open source language that
is essential for data analysis and visualization. The R-based
packages provide a broad range of statistical and graphical
techniques (13). The above probe-level data (.cel files) were
processed using R language, which included the use of affy
package, an R package for the analysis of oligonucleotide
arrays manufactured by Affymetrix; Thermo Fisher Scientific,
Inc. (Waltham, MA, USA) (9), and the MASS algorithm, a
well-known pre-processing technique (14). To analyze the
upregulated DEGs between the high-grade glioma and normal
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brain groups in each microarray dataset, a classical t-test with
a cut-off criterion of P<0.05 and a fold control (FC) of =2.0
were used. To evaluate the different interactions between the
upregulated DEGs, Venny's online software (http://bioinfogp.
cnb.csic.es/tools/venny/index.html) was used to draw Venn
diagrams. Furthermore, where necessary, the present study
used the GeneChip® Human Genome U133 Plus 2.0 Array
(http://www.affymetrix.com/estore/index.jsp) to generate the
gene expression profiling datasets annotated from the raw data.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis of DEGs. GO
is an updated, comprehensive, major bioinformatics system
that facilitates high-quality functional gene annotation for all
species (15,16). KEGG (http://www.genome.jp/) is an online
encyclopedia of genes and genomes that provides information
associated with genomes, metabolism, biological pathways,
diseases and chemical substances (17). DAVID (http://www.
david.niaid.nih.gov) is an online platform that provides
query-based access. It integrates biologically rich information
from large datasets and displays graphic summaries of func-
tional information (18). The present study uploaded the DEGs
to DAVID and used the functional annotation tool to perform
GO and KEGG pathway enrichment analysis (P<0.01).

Integration of protein-protein interaction (PPI) network and
module analysis. The STRING database (http://string-db.org)
is an online network that critically assesses protein-protein,
direct (physical) or indirect (functional), interactions (19).
The present study input the DEGs on STRING in order to
obtain the PPI network from it (medium confidence: 0.400).
Subsequently, the PPI network was constructed using
Cytoscape software (http://www.cytoscape.org). Cytoscape
is a type of software environment for visualizing molecular
interaction networks and biological pathways, with annota-
tions, gene expression profiles and other datasets (20). The
present study used 3 plugins of Cytoscape; MCODE, ClueGo
and CluePedia. MCODE is a Cytoscape application that clus-
ters a given network based on topology in order to produce
highly interconnected subgraphs of molecular complexes and
parts of pathways (21). ClueGO is a Cytoscape plug-in that
can divide large clusters of genes into functional groups based
on GO, KEGG, Wiki Pathways and Reactome (22). CluePedia
is a ClueGO plugin that can integrate information regarding
genes, proteins and microRNAs into a network with ClueGO
terms/pathways (23).

In the present study, MCODE was used to create clus-
ters. The main parameters were as follows: Fluff; Degree
Cutoff = 2; Node Density Cutoff = 0.1; node score cutoff =0.2;
K-Core = 2; and Maximum Depth = 100. Subsequently, the
ClueGo and Cluepedia plug-ins were used in combination to
analyze the clusters and visualize the functional groups based
on GO and KEGG, as well as the genes associated with these
groups. The evidence codes used were as follows: #Genes in
KEGG, GO_MF, GO_CC and GO_BP; P<0.05.

Analysis of protein expression. To determine the protein
expression levels of the corresponding genes in MA, the
present study referred to the Human Protein Atlas available
from www.proteinatlas.org (24).
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Figure 1. MA-related upregulated DEGs. (A) A 3-set Venn diagram presenting the intersection between upregulated DEGs of high-grade astrocytoma
(FC,y > FCyj)) from the GSE4290, GSE19728 and GSE15824 microarrays. (B) A 4-set Venn diagram presenting the intersection between upregulated DEGs
of Group IV>III, including GSE4290 II, GSE15824 II and GSE19728 IUII. (C) Three-dimensional histogram presenting the mRNA expression of DEGs from
Group I'V>III, no I or 11, in GSE19728. x-axis, official gene symbols; y-axis, WHO grades IV, III, II and I and normal brain (N); z-axis, mRNA expression
values. MA, malignant astrocytoma; DEGs, differentially expressed genes; WHO, World Health Organization.

Survival analysis of DEGs. The Cancer Genome Atlas
(TCGA; http://cancergenome.nih.gov/) is a comprehensive,
multi-dimensional map of the key genomic changes in
33 types of cancer. The cBioPortal for Cancer Genomics is
a user-friendly, open-access web platform for the visualiza-
tion, analysis, and download of large-scale cancer genomics
datasets (25). To evaluate the effects of the selected DEGs on
the survival of patients with MA, GBM Multiforme (TCGA,
Provisional) datasets were selected to generate the overall
survival (OS) and disease-free survival (DFS) Kaplan-Meier
(KM) plots using the cBioPortal online platform. In total,
166 tumor samples with mRNA data (RNA-Seq V2) were
selected as the patient dataset and the mRNA expression
z-Scores (RNA-Seq V2 RSEM) were selected as the genomic
profile (P<0.05).

Cell lines and culture. The human astrocytoma cell line,
U251MG, and the GBM of unknown origin cell line,

US87MG (authenticated by STR profiling), were maintained
in Dulbecco's modified Eagle's medium (DMEM; 1X High
Glucose; Gibco/Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (FBS; Gibco/Thermo Fisher
Scientific, Inc.) at 37°C and 5% CO,. The U251MG and
UB7MG cells were used for stable transfection with siRNA
directed against COL1A1, which were was obtained from
GenePharma (Shanghai). U251MG and US7MG cells that were
cultured with the COL1A1 siRNA used as the experimental
group were named as ‘COL1A1 siRNA’ cells. U251MG and
UB7MG cells with the treatment of siControl served as the
control group were designated as ‘Non-targeted’ or ‘NT” cells.
The growth medium was replenished every 4 days until >80%
cells reached confluence.

COLIAI gene silencing. siRNA were purchased from
GenePharma (Shanghai, China). The sequences of the
targeting siRNA and the control were as follows: siRNA
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Table I. Top 10 terms of biological processes (BP).
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Category Term Description P-value Gene

GOTERM_BP GO:0030198 Extracellular matrix organization 1.88E-09 COL1A1,CD44,COL3A, COL4A1,

_DIRECT COL4A2,FN1, GFAP, ITGB2,
LAMB2, LAMCI1,NID1, TNC

GOTERM_BP  GO:0006958  Complement activation, 1.89E-06 CI1QA,C1QB, C1QC, CIRL,

_DIRECT classical pathway CIR, C1S,C3

GOTERM_BP GO:0050776  Regulation of immune response 9.80E-06 TYROBP, COL1A1, COL3A1,C3,

_DIRECT ITGB2, HLA-B, HLA-C, HLA-F

GOTERM_BP GO0:0006956  Complement activation 1.56E-05 CIQA,CI1QB,CI1QC,CIR,CI1S,C3

_DIRECT

GOTERM_BP  GO:0060333  Interferon-y-mediated 2.07E-05 CD44, GBP1, GBP2,

_DIRECT signaling pathway HLA-B,HLA-C

GOTERM_BP GO:0045087  Innate immune response 3.45E-05 TYROBP, C1QA, C1QB, C1QC,

_DIRECT CIRL, CIR, C1S,HLA-B, HLA-C,
PTX3, RNF135

GOTERM_BP  GO:0009611  Response to wounding 2.94E-04  ZFP36L2,F2R,FN1, GFAP, TNC

_DIRECT

GOTERM_BP  GO:0002480  Antigen processing and presentation  7.71E-04 HLA-B, HLA-C, HLA-F

_DIRECT of exogenous peptide antigen via

MHC class I, TAP-independent

GOTERM_BP GO:0006955 Immune response 7.94E-04 FYB, TNFRSF1A, C1QC, CIR, C3,

_DIRECT GBP2, HLA-B, HLA-C, HLA-F

GOTERM_BP  GO:0007155  Cell adhesion 0.001423  CDI151,CD44,COLI1A1,FNI,

_DIRECT IGFBP7,ITGB2, 22LAMB2,

LAMCI1, TNC

sense (5'-3'), CAUUGGUAAUGUUGGUGCUTT and anti-
sense (5'-3'), AGCACCAACAUUACCAAUGTT; and
control sense (5'-3"), UUCUCCGAACGUGUCACGUTT
and antisense (5'-3'), ACGUGACACGUUCGGAGAATT.
The synthesized siRNAs were transfected into the U251 or
U87 cells using Lipofectamine 2000 according to the
manufacturer's instructions. Briefly, (1.5-2)x10° U251 or
U87 glioma cells were seeded in 6-well plates for 24 h.
siRNA dissolved in serum free-medium was incubated for
20 min at room temperature. The cells were then replaced
with fresh medium containing 25 nM siRNA, and then
cultured for specific periods of time (24 h) for further
analysis.

Invasion assay. Cell invasion assays were performed using
Transwell with Matrigel-coated membrane filter inserts in
24-well culture plates (Corning Inc., Corning, NY, USA).
The U251MG and US7MG cells were seeded at a density
of 1x10* cells in 200 ul of serum-free medium in the upper
chamber. The bottom chamber was fixed with 600 ul of
culture medium containing 10% FBS and 1% penicillin
streptomycin (Thermo Fisher Scientific, Inc.). The cells on
the lower surface of the membrane were fixed with 4% form-
aldehyde and stained with crystal violet (Vicmed Biotech
Co., Ltd., Xuzhou, China). The stained invaded cells were
photographed under an inverted light microscope (magnifi-
cation, x100; Olympus Corp., Tokyo, Japan) and counted in
5 random fields of view.

Westernblotanalysis. Thematrix metalloproteinase (MMP)-2,
MMP-9, nuclear factor (NF)-kB and phosphorylated-signal
transducer and activator of transcription 3 (p-STAT3) protein
levels were determined by western blot analysis. Briefly, cells
were collected following treatment with COLIA1 siRNA
for 24 h, and cell lysates were prepared in 10 mm Tris (pH
7.5), 1 mm EDTA, 400 mm NacCl, 10% glycerol, 0.5% NP40,
5 mm NaF, 0.5 mm sodium vanadate, 1 mm DTT and
0.1 mm phenylmethylsulfonyl fluoride. Proteins extracted
from the experimental and control groups were denatured,
electrophoretically separated by 8% SDS-PAGE and
transferred onto nitrocellulose membranes (EMD Millipore,
Billerica, MA, USA). After blocking with 5% non-fat milk,
the membranes were incubated overnight at 4°C with the
following primary antibodies: MMP-2 (10373-2-AP, 1:500;
ProteinTech Group, Inc., Chicago, IL, USA), MMP-9
(10375-2-AP, 1:500; ProteinTech Group, Inc.), pSTAT3
(CJ44121, 1:500; Bioworld Technology, Co., Ltd., Nanjing,
China) and NF-«xB (MA DI14E12, 1:1,000; Cell Signaling
Technology, Inc., Danvers, MA,USA). Anti-f3-actin (1:10,000;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was used
as a protein loading control. The blots were then incubated
for 2 h with goat anti-rabbit (Lot No. C60321-05) or goat
anti-mouse (Lot No. C70124-05) secondary antibodies,
respectively (1:1,000; LI-COR Biosciences, Lincoln, NE,
USA). All the protein bands were scanned using the Odyssey
Infrared laser scanning image system (LI-COR Biosciences)
once washed. The bands on the membranes were analyzed
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Category Term Description P-value Gene

GOTERM_MF  GO:0005201  Extracellular matrix 3.10E-04 COL1A1,COL3A1,COL4A1,COL4A2,

_DIRECT structural constituent LAMCI1

GOTERM_MF  GO:0004252  Serine-type endopeptidase 9.49E-04 CIQA,C1QB, CIQC,CIRL,CIR,

_DIRECT activity C1S,C3

GOTERM_MF  GO:0048407  Platelet-derived growth 1.24E-03 COLI1A1,COL3A1,COL4Al

_DIRECT factor binding

GOTERM_MF  GO:0005102  Receptor binding 1.60E-03 ABCAI1,FYB, TYROBP, F2R,

_DIRECT C3,IDH1, HLA-B, HLA-F

GOTERM_MF  GO:0005178  Integrin binding 1.68E-03 CDI151,COL3A1, FEN1, GFAP, LAMB2

_DIRECT

GOTERM_MF  GO0:0001948  Glycoprotein binding 3.52E-03 FLNA, GFAP, ITGB2, VIM

_DIRECT

GOTERM_MF  GO:0005515  Protein binding 3.78E-03 ABCA1,BARDI,CDI151,CD163, DAB2,

_DIRECT FYB, KIAA0101,RAB13,RAD51AP1,
STEAP3, TEADI1, THOC2, TNFRSF1A,
TYROBP, ZFP36L.2, ANXA2, CALU,
CHEKI1, CLICI, F2R, COL1A1, COL3Al,
C3,CDK1,DTX3L, FN1, FLNA, GFAP,
GBPI1, HMG20B, IGFBP7,1TGB2, MCCC?2,
MCM5,MYOF, NOTCH2NL, PTX3, PTBPI,
PTPRC, RNF135, SLC40A1, UHRFI1, VIM

GOTERM_MF  GO:0042605  Peptide antigen binding 1.05E-02 HLA-B, HLA-C, HLA-F

_DIRECT

GOTERM_MF  GO:0098641  Cadherin binding involved 1.33E-02 ARHGAPI18,ANXA2, CALDI, CLICI,

_DIRECT in cell-cell adhesion FLNA, IDH1

GOTERM_MF  GO:0046977  TAP binding 0.014459 HLA-B,HLA-C

_DIRECT

using ImageJ 1.48v software (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis. All data were analyzed with SPSS 16.0
software (SPSS, Inc., Chicago, IL, USA) and are expressed as
the means + standard deviation. Independent sample t-tests
were conducted to identify significant differences in the mean
values between the two groups. One-way analysis of variance
was performed to compare the mean values of multiple
samples. The post hoc LSD and S-N-K tests were used for the
comparison of the means of the control versus the case groups.
A value of P<0.05 was considered to indicate a statistically
significant difference.

Results

Identification of MA-related upregulated DEGs. The Venn
diagram revealed that the intersection between the upregulated
DEGs in the high-grade astrocytoma cases (FC,, > FCy;))
from the GSE4290, GSE19728 and GSE15824 datasets
was 112 (Fig. 1A; termed group I'V>III). Once the DEGs
from the samples with WHO grades I or II were removed,
there were 15 DEGs remaining (termed group ‘IV>III,
with no I or II’; Fig. 1B and C), including PCNA clamp
associated factor (PCLAF, also known as KIAAQIOI), cluster

of differentiation 151 (CDI51), exoribonuclease 1 (ERII), gap
junction protein yl (GJCI), laminin subunit y1 (LAMCI),
RADSI associated protein 1 (RAD51API), pentraxin 3 (PTX3),
chloride intracellular channel protein 1 (CLICI), ATPase family,
AAA domain containing 2 (ATAD?2), structural maintenance go
chromosome 4 (SMC4), six-transmembrane epithelial antigen
of prostate 3 (STEAP3), COL1A1l and minichromosome
maintenance complex component 5 (MCM5).

GO term enrichment and KEGG pathway analysis. Using the
online software, DAVID, the DEGs of group IV>III were anno-
tated and the overrepresented GO terms and KEGG pathways
were identified. The results revealed that these DEGs were
significantly enriched in biological processes (BP), including
‘extracellular matrix (ECM) organization’ and ‘cell adhesion’
(Table I). For molecular function (MF), the upregulated DEGs
might be enriched in ‘ECM structural constituent’ (Table IT). In
addition, the cell component (CC) analysis demonstrated that the
upregulated DEGs were significantly enriched in terms associ-
ated with extracellular functions, such as extracellular exosome
and extracellular matrix (Table IIT). Furthermore, using the
gene annotation tool for the KEGG pathway, the upregulated
DEGs might be enriched in ‘FECM-receptor interaction’, ‘Focal
adhesion’ and ‘phosphoinositide 3 (PI3K)-kinase-protein
kinase B (Akt) signaling pathway’ (Table I'V).
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Table III. Top 10 terms of cell component (CC).
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Category Term Description P-value Gene

GOTERM_CC GO:0005576 Extracellular region 798E-10 CD163, TNFRSF1A,APOC1, CALU, F2R,

_DIRECT COL1A1,COL3A1,COL4A1, COL4A2,
CIQA, CI1QB, C1QC, CIR, CI1S, C3,
FNI1, FLNA, GBP1, IGFBP7, LAMB?2,
LAMCI, HLA-C,NID1, NOTCH2NL,
PTX3, PLTP, TNC, TFPI

GOTERM_CC GO:0031012 Extracellular matrix 9.55E-09 ANXA2,COL1A1,COL3A1,COL4Al,

_DIRECT COL4A2,FN1, FLNA, IGFBP7,
LAMB2, LAMCI, NID1, TNC, VIM

GOTERM_CC GO:0070062 Extracellular exosome 6.04E-07 ATAD2,CD44,DAB2, FCGR2A,RAB13,

_DIRECT ANXA2,APOCI1, CLIC1,COL4A2,CIQA,
C1QB, C1QC, CIRL, CIR, C18S, C3,
CDKI1, FN1, FLNA, IGFBP7, ITGB2,
IDH1, LAMB2, LAMCI1, HLA-B, HLA-C,
MYOF, NID1, PTBP1, PSMB9, PTPRC, VIM

GOTERM_CC GO:0005604 Basement membrane 1.99E-06 CDI151,ANXA2, COL4A1,LAMB2, LAMCI1,

_DIRECT NID1, TNC

GOTERM_CC GO:0072562 Blood microparticle 490E-05 CLIC1,CI1QB,CI1QC,CIR,C1S,C3,FNI1

_DIRECT

GOTERM_CC GO:0005581 Collagen trimer 593E-05 COLI1A1,COL3A1,C1QA,CIQB,CIQC,MSR1

_DIRECT

GOTERM_CC  GO:0009986 Cell surface 2.05E-04 CD44, TNFRSF1A, TYROBP, ANXA2,

_DIRECT F2R,ITGB2, HLA-B, HLA-C, HLA-F,
PTPRC, TFPI

GOTERM_CC GO:0005615 Extracellular space 3.27E-04 TNFRSF1A, ANXA2, CHEKI1, CLIC1,

_DIRECT COL1A1,COL3A1,C1QC, CIRL, C3,
FN1,IGFBP7, LAMCI, PTX3, PLTP,
PTPRZ1, TNC, TFPI

GOTERM_CC GO:0042612 MHC class I protein complex 1.51E-03 HLA-B, HLA-C, HLA-F

_DIRECT

GOTERM_CC GO:0005605 Basal lamina 0.002026 FN1,LAMB2,NIDI1

_DIRECT

Module screening from the PPI network. The DEGs of
group IV>IIT were input into STRING online and the
acquired interaction network of DEGs was then recon-
structed to form the network using Cytoscape-MCODE. The
results revealed that there were 2 clusters (Fig. 2). Further
Cytoscape-ClueGo/CluePedia analysis demonstrated that in
cluster 1, there were mainly 4 functional modules enriched
such as ‘ECM component’ and ‘collagen trimer’ and the corre-
sponding genes included COLIAI, LAMCI and fibronectin 1
(FNI) (Fig. 3).

COLIAI and LAMCI are overexpressed in human MA. By
searching the Human Protein Atlas, the present study revealed
that in some patients with M A, there was a positive expression
of COL1A1 or LAMCI in the tumor cells, while in the normal
cerebral cortex, there was no positive staining of COL1A1 or
LAMCI in glial cells (Fig. 4).

KM plots. Comparisons between the cases with and without
alterations in Query Genes, OS and DFS KM estimates were

then made. The results revealed that in GBM, COLIAI was
altered in 8 of the queried samples, while its OS (Fig. 5A) and
DFS KM plots (Fig. 5B) both exhibited significant differences
(P<0.05). LAMCI, on the other hand, was altered in 6 of the
queried samples, and neither of its OS (Fig. 5C) nor DFS KM
plots (Fig. 5D) exhibited significant differences (P>0.05).
However, in brain Lower Grade Glioma (LGG), both COLIAI
and LAMCI exhibited significant differences in the OS and
DFS KM plots (Fig. SE-H).

COLIAI promotes glioma cell invasion. The effects of
COLI1ALI on U251MG or U87MG cell invasion were quantita-
tively determined by Transwell assay (Fig. 6). The investigated
COLI1A1 siRNA-treated groups exhibited an unequivocal
decrease in their invasive capacities relative to the control cells
(P<0.001).

Downregulation of COLIAI may lead to a reduction in the
levels of recognized invasion-related factors. A comparison
between the results of western blot analysis (Fig. 7) and those
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Category Term Description P-value Gene
KEGG_PATHWAY hsa05150  Staphylococcus aureus 5.89E-08 FCGR2A,CI1QA, C1QB,C1QC,
infection CIR, C1S,C3,ITGB2
KEGG_PATHWAY hsa04512  ECM-receptor interaction 9.60E-08 CD44,COL1A1,COL3A1,COL4A1,
COL4A2,FN1,LAMB2, LAMCI1,TNC
KEGG_PATHWAY hsa04610 Complement and coagulation  3.33E-07 F2R,CI1QA,CI1QB, C1QC, CIR,
cascades C1S, C3, TFPI
KEGG_PATHWAY hsa05146  Amoebiasis 6.22E-06 COL1A1,COL3A1,COL4A1,COL4A2,
FNI1,ITGB2, LAMB2, LAMCI1
KEGG_PATHWAY hsa05133  Pertussis 101E-05 CI1QA,CIQB,CIQC,CIR,CI1S,C3,ITGB2
KEGG_PATHWAY hsa04510  Focal adhesion 6.30E-05 COL1A1,COL3A1,COL4A1,COL4A2,
FN1, FLNA, LAMB2, LAMCI1, TNC
KEGG_PATHWAY hsa04145  Phagosome 6.80E-05 FCGR2A,CIR, C3,ITGB2, MSRI1,
HLA-B,HLA-C, HLA-F
KEGG_PATHWAY hsa05322  Systemic lupus erythematosus  2.66E-04 FCGR2A, C1QA,CI1QB, C1QC, CIR,
Cl1S,C3
KEGG_PATHWAY hsa05020  Prion diseases 0.001395 CI1QA,CI1QB, C1QC,LAMCI1
KEGG_PATHWAY hsa04151  PI3K-Akt signaling pathway 0.002024 F2R,COLI1A1,COL3A1,COL4Al,

COL4A2,FN1, LAMB2, LAMCI1, TNC

Figure 2. Cytoscape protein interaction analysis of differentially expressed genes. STRING interaction network of DEGs of ‘Group IV>III" was analyzed
by Cytoscape software. Using Plug-in MCODE, the network is divided into 2 clusters: (A) Cluster 1: Score=6, Nodes=11, Edges=30, the CD44 is the ‘seed’;

(B) Cluster 2: Score=65.6, Nodes=6, Edges=140, PTX3 is the ‘seed’.

of the invasion assay (Fig. 6) indicated that, as was expected,
the cells transfected with COL1A1 siRNA expressed lower
levels of p-STAT3 (up to 60%) when compared with the
endogenous levels in the U251MG or U87MG control cells.
As shown in Fig. 7, the COL1A1 siRNA-transfected glioma
cells exhibited a significant decrease (up to 60%) in the
MMP-2 and MMP-9 protein levels. Furthermore, the expres-
sion of NF-kB in the COL1A1 siRNA-transfected group was
significantly lower (up to 50%) than that observed in the NT

group (Fig. 7).

Discussion

The development and progression of malignant glioma are driven
by a series of genomic alterations, including changes in mRNA
expression (26). Understanding the molecular mechanisms
associated with malignant glioma is crucial for its diagnosis and
treatment. Since microarrays and high-throughput sequencing
can provide the expression levels of thousands of genes in the
human genome simultaneously, they are now widely used to
identify the potential therapeutic targets for MA (27).
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Figure 4. Immunohistochemical staining reveals that the protein expression of COL1IA1/LAMCI is upregulated in MA. (A) In the cerebral cortex, COL1Al
expression is only observed in endothelial cells (indicated by yellow arrow). Patient ID: 2927. (B) In MA, COL1A1 expression is observed in tumor cells
(indicated by red arrow). Patient ID: 3241. (C) In the cerebral cortex, LAMCI1 expression is observed in the endothelial cells (indicated by yellow arrow)
and neuronal cells (indicated by green arrow). There is no LAMCI expression in glial cells (indicated by blue arrow). Patient ID: 1539. (D) In MA, LAMCI
expression is observed in tumor cells (indicated by red arrow). Patient ID: 183. COL1ALI, collagen type I al; LAMCI, laminin subunit y1; MA, malignant
astrocytoma.
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Figure 5. OS and DFS Kaplan-Meier estimate and relevant statistical table of COL1A1 and LAMCI1 in GBM and LGG. (A) OS of COL1A1 in GBM; (B) DFS
of COL1AL1 in GBM; (C) OS of LAMCI in GBM; (D) DFS of LAMCI in GBM; (E) OS of LAMCI in LGG; (F) DFS of LAMCI in LGG; (G) OS of COL1A1
in LGG; and (H) DFS of COL1ALI in LGG. OS, overall survival; DFS, disease-free survival; GBM, glioblastoma; LGG, brain Lower Grade Gioma; COL1A1,
collagen type I al; LAMCI, laminin subunit y1.
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Figure 7. Inactive signaling pathways and the downregulation of genes and proteins associated with invasion. (A and C) Western blot analysis of protein
lysates were prepared from control siRNA or COL1A1 siRNA. (B and D) Graphic representations of results of western blot analysis evaluating the changes in
the invasion-related protein expression induced by COL1A1 siRNA treatment. Data in (A and B) are from the U251MG cells. Data in (C and D) are from the
U87MG cells. "P<0.05. COLI1ALI, collagen type I al.

In the present study, to increase the reliability of the the GEO database. For comparisons with the normal brain,
results, gene expression profile data were downloaded from  the upregulated DEGs of high-grade gliomas were organized,
the microarrays GSE15824, GSE4290 and GSE19728, which  subjected to GO and KEGG pathway annotation, and used to
all originated from 3 independent research object groups, from  construct the PPI network and for functional module analysis.
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The results from these 2 technologies were comparable in
terms of the ECM-related terms identified.

The ECM is comprised of a collection of extracellular
molecules, including a mesh of fibrous proteins and glycos-
aminoglycans (GAGs), that are secreted by cells, providing the
basis for cellular autonomy and cellular cooperation (28). The
interactions between tumor cells and the host are key for the
invasion of tumor cells (29). It has been previously reported
that cell adhesion and migration in gliomas were increased
by several ECM components, such as laminin (30,31) and
collagen (32,33). The results of the present study support the
notion that the ECM is important for the invasion of MA.

In addition, in this study, from the results of GO and KEGG
analysis, it was indicated that cell adhesion and the PI3K/Akt
signaling pathway may be of particular interest. Cell adhesion
is a biological process through which cells interact and attach
to ECM component or other cells. It is mediated by interac-
tions between molecules on the cell surface and occurs via
transmembrane cell adhesion molecules. Previous studies have
demonstrated that a number of cell adhesion molecules are
aberrantly expressed in gliomas and are involved in its malig-
nant progression (34,35). The PI3K/Akt signaling pathway is a
signal transduction pathway that promotes survival and growth
in response to extracellular signals and it also plays an impor-
tant role in the progression of tumors (36,37). Previous studies
have revealed that the PI3K/Akt signaling pathway is abnor-
mally expressed during malignant glioma progression (38) and
alterations in the PI3K/Akt signaling pathway lead to glioma
formation (39). The results of the present study confirm the
association between cell adhesion and the PI3K/Akt signaling
pathway and tumor invasion.

In order to further determine the tumor invasion-related
molecules, the present study generated Venn diagrams to count
the number of upregulated DEGs that existed in both WHO
grades III and IV (FC value: IV>III), and those that were not
presented in WHO grades I or II, in order to obtain the genes
that were mostly associated with the malignant progression of
tumor. A PPI network of the upregulated DEGs that existed in
both WHO grades IIT and IV (FC value: IV>III), was created
and analyzed using STRING and Cytoscape software; this
allowed for the acquisition of genes that were in the most rele-
vant module for MA invasion. Considering these two results,
it was hypothesized that COLIAI and LAMCI may be the two
most probable genes to be related to MA invasion.

COLIAL is a key component of the ECM and plays an
important role in cell adhesion and differentiation. A previous
in vitro silencing experiment also demonstrated that COL1A1
was involved in GBM cell invasion (40). A recent study
revealed that there was a higher expression of COL1A1 in
GBM than in low-grade gliomas (6). By searching the Human
Protein Atlas, the present study also observed that some MA
tumor cells exhibited COL1AL1 positive staining.

LAMCI1 belongs to the laminins family of ECM glycopro-
teins. It has been reported that a high expression of LAMCI1
together with a large GBM tumor size may be associated with
a shorter median OS (41).

In order to further clarify the clinical significance of the
abnormal changes in COL1A1 and LAMC, the present study
utilized the Survival KM estimate on cBioportal TCGA
online. The results demonstrated that COL1A1 was associ-
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ated with the survival rate and recurrence in patients with
MA, while LAMCI1 was not. Of note, in patients with LGG,
both LAMCI and COL1A1 had significant effects on the
survival KM curve. Therefore, it was concluded that, although
COLI1AI and LAMCI are closely related to MA invasion, their
abnormal expression levels exert differential effects on patient
survival and recurrence, which were also associated with the
pathological levels in glioma patients. While COL1A1 exerted
significant effects on the survival and recurrence of both GBM
and LGG, the abnormal expression of LAMCI only had signif-
icant effects on the survival and recurrence rate of LGG. In
addition, using the above-mentioned bioinformatics approach,
the present study revealed that COLIAI was the most likely
invasion-related DEG in MA.

Bioinformatics analysis was applied to predict the functions
of DEGs in MA; it was assumed that an assessment such as
this should accompany several experimental parameters. The
present study confirmed some of the aforementioned results
through experiments using a cell model of MA. The expression
of COL1A1 in the U251M cell line was associated with an
increase in cell motility and invasiveness. An in vitro Transwell
assay revealed that cells in which COL1A1 was knocked down
were less invasive than the control cells. These results were
consistent with those of the bioinformatics analysis, as well as
those of the aforementioned previous studies. A recent study
performed by Balbous et al (40), which aimed to identify a
mesenchymal glioma stem cell profile, reported that the
silencing of COL1A1 resulted in a significant reduction in cell
invasive capabilities.

However, it is important to identify which signaling
pathways are involved in COL1Al-induced glioma invasion.
In this study, following a literature research, three signaling
pathways, Janus kinase (JAK)/STAT3, PI3K/Akt and NF-«kB,
were identified to be closely related to glioma invasion.

When the JAK/STAT3 signaling pathway is activated,
STAT3 is phosphorylated and p-STAT3 forms dimers that are
then translocated to the nucleus. As a result, these activities
may facilitate transcription and expression of genes related to
the cell cycle (42), cell proliferation (43), invasion and metas-
tasis (44). Furthermore, the cell invasive ability is known to
have a close association with the degradation of ECM, and
MMPs, which downstream of the PI3K/AKT signaling
pathway, are also involved in these events. Previous studies
have reported that there is an association between tumor
invasion and the expression of MMP-2 and MMP-9 (45,46).
Additionally, the sustained activation of NF-kB in gliomas has
also been reported (47). The aberrant activation of NF-«xB has
been shown to play key roles in a range of biological behaviors,
such as cell proliferation (48), angiogenesis (49), metastasis (50)
and invasion (51). Of note, there is crosstalk between the three
pathways. NF-xB signaling leads to MMP activation (52).
JAK overexpression induces the activation of NF-xB, which
frequently cooperates with STAT3 to upregulate metastasis,
promoting genes such as MMPs and cytokines (53). As
p-STAT3, NF-«B and MMPs are known to be crucial factors
that may facilitate tumor invasion, it was hypothesized that
they may also be involved in COL1Al-induced glioma cell
invasion.

To text this hypothesis, in this study, experiments were
designed and performed; key factors within these signaling
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pathways were investigated by western blotting. The downreg-
ulation of COL1A1 in the U251MG or U87MG cells reduced
the protein levels of the recognized invasion-related factors,
such as p-STAT3, MMP-2, MMP-9 and NF-«kB, suggesting
that the JAK/STAT3, PI3K/AKT and NF-«kB signaling path-
ways may be involved in COL1Al-mediated invasion.

The results of the present study are in agreement with those
of a previous study that demonstrated that there was elevated
COLI1AL1 expression in cancer (54). A previous in vitro study
also suggested that COL1A1 activity may promote cancer
cell proliferation and/or invasion (7). However, to the best of
our knowledge, no studies to date have analyzed COL1A1
expression in gliomas, and as such, this may be one of the first
reports. Unfortunately, the present study did not fully eluci-
date the mechanism underlying how COLI1A1 affects these
signaling pathways.

The identification of COL1A1 within gliomas provides
the basis for future targeted treatments; the overexpression of
COLI1AL facilitating cell invasion in glioma is a major thera-
peutic target. In the future, this may be a key prognostic factor
for predicting OS.

Based on the high throughput data using bioinformatics
technologies, the present study further investigated the MA
microarray data. The results revealed that ‘ECM’, ‘cell adhe-
sion’, and ‘PI3K-Akt signaling pathway’ were the most closely
related GO or KEGG terms associated with MA invasion. In
addition, further analysis highlighted COLIAI and LAMCI
as major genes involved in MA invasion. Due to its correla-
tion with the survival and recurrence of MA, COLI1A1 may
be a candidate biomarker for the prognosis and treatment of
MA. Future experiments may provide evidence that COL1A1
may contribute to glioma invasion and participate in the
JAK/STATS3, PI3K/Akt and NF-«B signaling pathways.
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