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Abstract. - OBJECTIVE: The aim of this
study was to research gene expression profiles
and diagnostic applications of meningeal carci-
noma based on bioinformatics.

MATERIALS AND METHODS: We used the
Gene Expression Omnibus (GEO) database to
obtain the GSE43290 dataset based on the ex-
pression data of normal meninges and meningi-
omas consisting of 51 samples divided into two
groups (47 samples of meningioma tumors and
four samples of normal meninges). We used the
GEOZ2R tool to identify differentially expressed
genes (DEGs) by setting the log2 fold change
as greater than two and an adjusted p-value
lower than 0.05. We used the database for an-
notation, visualization and integrated discov-
ery (DAVID) to perform gene ontology, biolog-
ical pathways and functional annotation of the
DEGs. A search Tool for the Retrieval of Inter-
acting Gene database (STRING) was used to ob-
tain Protein-Protein Interaction (PPI) and modu-
lar networks based on the Markov clustering al-
gorithm.

RESULTS: Our study identified 358 signifi-
cant DEGs, of which 343 were downregulated
genes while 15 were upregulated. Five signifi-
cant hub genes (CXCL8, AGT, CXCR4, CXCL12
and CXCL2) were associated with various bio-
logical pathways, molecular functions and Kyo-
to Encyclopedia of Genes and Genomes (KEGG)
pathways. The DEGs were enriched in biolog-
ical pathways of chemokine-mediated signal-
ing, positive regulation of leukocyte chemotax-
is, second messenger-mediated signaling, in-
duction of positive chemotaxis, CXCR chemok-
ine receptor binding and activities of cytokines.

CONCLUSIONS: These hub genes and path-
ways could be targeted in clinical research to
discover new treatments for meningeal carci-
noma.
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Introduction

Meningeal carcinomas are benign tumors that
can be treated with surgical operations', with
about 25% of patients experiencing relapse. Re-
current meningiomas are predicted based on his-
topathological examinations and the tumor grade.
For instance, grade | meningiomas are associated
with recurrence or relapse. These tumors are pri-
marily benign, with no clear relationship between
various types of tumors and patient outcomes.

Meningeal carcinomatosis is a medical condi-
tion that involves cancer cells that grow from the
primary sites to the meninges. Meninges are the
thinner tissue layers that offer cover and protec-
tion to the spinal cord**. Meningeal carcinomato-
sis causes meninges inflammation, cerebrospinal
fluid build-up, and pressure in the cerebellum.
Aarhus et al* reported that meningiomas are
among the largest intracranial neoplasms in about
40% of cases worldwide. Mutations of the neuro-
fibromatosis type 2 (NF2) gene on the chromo-
some 22q12.2 have increased the pathogenesis of
meningiomas. The loss of the NF2 gene leads to
an autosomal syndrome that enhances the growth
and development of several meningiomas.

Aarhus et al* suggested that sporadic me-
ningiomas have the greatest loss of heterozy-
gosity in 70% of recorded cases and mutations
in 60%. The mechanisms of meningioma are
based on the Knudsons dual hit hypothesis.
Initially, the risk allele undergoes deletion fol-
lowed by mutations in the other allele contain-
ing tumors-suppressing genes associated with
neoplastic growth. However, this mechanism is
not exclusively responsible for the growth and
development of meningiomas, and other molec-
ular and biological pathways are associated with
the growth and development of meningiomas™®.
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Additionally, the role of other cell types and sig-
nalling pathways in meningioma development
is being actively investigated. For example, the
interaction between tumor cells and the micro-
environment, including immune cells, stromal
cells, and blood vessels, may play a crucial role
in the pathogenesis of this disease.

Magnetic resonance imaging (MRI) is the pri-
mary technique to distinguish between atypical
and benign meningioma”®. Pathological diagnosis
of meningioma can reveal malignant proliferation
or metastasis in benign tumors. Meningiomas
are primarily found in the brain and spinal cord;
however, some meningiomas could develop in
the venous sinuses. Surgical resections are the
most essential treatment for meningiomas with
a lower degree of recurrence’!!. Cytogenesis of
meningiomas is associated with monosomy of the
22 or 22q and mutations of NF2 genes; however,
they have a limited prognostic significance'*".
The exact cytogenesis of meningioma cells is
unclear and not explicitly understood; however,
recent studies'>'* have suggested that it begins in
the arachnoid cap cells situated in the arachnoid
membrane in the brain and spinal cord.

Meningioma cells are derived from the neural
crest and can form tumors due to their ability to
proliferate and differentiate'*'>. The accumulation
of genetic mutations and chromosomal abnor-
malities may transform these cells into menin-
gioma cells. Recent studies!é!® have suggested
that meningiomas may also arise from a subset
of stem cells in the arachnoid membrane, known
as meningothelial stem cells. These cells have the
potential to differentiate into various cell types
and may give rise to meningioma cells under cer-
tain conditions. Chromosomal mutations and ab-
normalities in the complex karyotypes have been
associated with poor outcomes in meningioma.

Bioinformatics has allowed researchers to
identify gene expression profiles and significant
hub genes associated with the growth and devel-
opment of meningiomas. Furthermore, identify-
ing differentially expressed genes (DEGs) allows
the discovery of significant biomarkers associated
with the growth and progression of meningio-
mas". Our study will also analyze the potential
links between hub genes and how they enhance
the development of meningiomas.

Bioinformatics reduces the limitations of con-
ventional biology on molecular mechanisms,
which describes a partial viewpoint of the in-
dividual variations and functions of particular
genes, mRNA or proteins. The main objective of
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our study is to analyze the gene expression profile
and diagnostic application of meningeal carcino-
ma based on bioinformatics.

Materials and Methods

Microarray Datasets

Our study used the gene expression omnibus
(GEO) database from the National Center of
Biotechnology Information (https:/www.ncbi.
nlm.nih.gov/geo/) to obtain microarray datasets
associated with meningioma. We used the key-
words “meningioma” and “meninges” to obtain
the following datasets. The GSE43290 dataset
is based on the expression data of normal me-
ninges and meningiomas. The dataset correlated
the gene expression profiles with the relevant
cytogenetic groups of meningiomas. The dataset
was based on the GPL96 platform (Affymetrix
Human Genome UI133A Array), consisting of
51 samples divided into two groups (47 menin-
gioma tumors and four normal meninges). We
converted all probes into their corresponding
gene symbols.

Differentially Expressed Genes (DEGS)

Our study adopted the GEO2R tool (https://
www.ncbi.nlm.nih.gov/geo/geo2r/?ac-
c=GSE43290) to identify DEGs. Our analysis
used the predefined experimental groups of me-
ningioma tumors and normal meninges. Further-
more, we removed genes that did not have sym-
bols and those genes that consisted of more than
one probe. We set the log, fold change as greater
than two and used an adjusted p-value lower than
0.05 to identify statistically significant genes.
The same tool was used to obtain Venn diagrams
for analyzing overlapping DEGs and produced
the corresponding volcano and mean difference
plots. We used the Express Network Analyst
(https://www.networkanalyst.ca/) to analyze the
gene matrix files and produce the heatmap of
DEGs.

Gene Ontology (GO) and
KEGG Pathways

We used the database for annotation, visualiza-
tion, and integrated discovery (DAVID) (https://
david.ncifcrf.gov/) to perform gene ontology, bi-
ological pathways, and functional annotation of
the DEGs. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) (https:/www.genome.jp/
kegg/pathway.html) database revealed pathways



Gene expression profile and diagnostic application of meningeal carcinoma

of molecular interactions in meningiomas. We
set the gene counts to greater than or equal to 10,
with a false discovery rate (FDR) based on an
adjusted p-value lower than 0.05 as statistically
significant. GO analyses revealed the DEGs’ mo-
lecular functions, biological processes and cellu-
lar components.

Protein-Protein Interaction (PPl)
Networks and Modular Analysis

We used the Search Tool for the Retrieval of
Interacting Gene database (STRING) to examine
the interactions between various proteins (https:/
string-db.org/). Based on the Markov cluster-
ing algorithm, we exported the DEGs into the
STRING tool to obtain significant interactions
among various networks. The interaction score
was set to greater than 0.9. after which the PPI
networks were exported to Cytoscape for further
analysis. In Cytoscape, we used the Molecular
Complex Detection to examine densely connect-
ed regions based on the topological networks.
Statistically significant networks were detected
based on a cut-off degree of 0.2, a maximum
depth of 100 and a k-core of 2.

In Cytoscape (https://cytoscape.org/), we used
the CytoHubba to rank various nodes in the PPI
networks. We identified the top 10 genes based
on degree, centrality, and neighborhood compo-
nents. Overlapping genes were considered statis-
tically significant hub genes.

Statistical Analysis

We performed statistical analysis using
GEOZ2R tool to screen and identify differentially
expressed genes. In all analyses, statistical signif-
icance was inferred at a p < .05 and the log, fold
change was greater than 1.

Results

We used the GSE43290 dataset from the GEO
database. The dataset had 51 samples grouped
into meningioma tumors (N = 47) and nor-
mal meninges (N = 4). We processed the data
through a log, transformation while accounting
for batch effects on all gene expression profiles.
Our analysis involved tools such as GEO2R and
Network Analyst that generated the differentially
expressed genes. Our study identified 358 signif-
icant DEGs, of which 343 were downregulated
genes while 15 were upregulated. These DEGs

were screened based on the selected criteria of
a log fold change of greater or equal to 2 and an
adjusted p-value lower than 0.05.

The normalized boxplots (Figure 1) reveal
a successful log, transformation to normalize
the gene expression profiles. The median values
confirmed effective transformation and normal-
ization, which allows multiple cross-comparisons
in all groups.

Volcano Plot

According to Figure 2, we generated the differ-
entially expressed genes in GEO2R based on an
adjusted p-value lower than 0.05 and a log -fold
change. Log,-fold change represents the mag-
nitude of change and defines the proportion of
transcript-expressed values to the logarithm of
the genes. The volcano plot represents annotated
genes; the blue section represents downregulated
genes. Downregulated genes are those whose
expression levels were limited in meningioma
tumors compared to normal meninges. The red
section represents upregulated genes. Upregulat-
ed genes are those whose expression levels were
increased in meningioma tumors compared to
normal meninges. The black section represents
genes with no statistical significance.

Mean Difference Plot

According to Figure 3, the mean difference
plot represents the differences (intensity ratios of
logs) against the means (average log intensities).
Every point on the mean difference plot is a point
of gene annotation. The blue section represents
downregulated genes. Downregulated genes are
those whose expression levels were limited in
meningioma tumors compared to normal me-
ninges. The red section represents upregulated
genes. Upregulated genes are those whose expres-
sion levels were increased in meningioma tumors
compared to normal meninges. The black section
represents genes of no statistical significance.
Genes of higher expression levels are situated on
the far left, while genes of lower expression levels
are situated on the far right. We observed that
genes of lower expression values had the greatest
fold change and vice versa. Therefore, there is
a fanning effect as the differentially expressed
genes tend to move from the right to the left.

Heatmap
PPl networks and modular analysis

Our PPI networks and modular analysis pro-
duced 324 edges and 341 nodes (Figure 4). In Fig-
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Figure 1. Boxplots of normalized gene expression profiles. The x-axis shows the genes, while the y-axis represents their
expression profiles.

ure 4, the red marks indicate upregulated DEGs, is a member of the chemokine family of proteins
while the green regions represent downregulated involved in various cellular processes. Lastly,
DEGs. Modular analysis (Figure 4) showed a net- the CXCL2 gene encodes a macrophage inflam-
work of 14 nodes and 91 edges. matory protein-2 alpha (MIP-2 alpha) protein.

According to Figures 4 and 5, there were five CXCL?2 is a member of the chemokine family of
significant hub genes. CXCLS (C-X-C motif proteins and is produced by various cell types,
chemokine ligand 8) is a gene that encodes in- including macrophages, neutrophils, and epithe-

terleukin-8 (/L-8). IL-8 is a member of the CXC lial cells.
chemokine family and is involved in regulating

immune responses, inflammation, and angiogen- KEGG and GO Pathways of Hub Genes
esis. The AGT (angiotensinogen) gene encodes According to Figure 6, the hub genes were en-
a precursor protein called angiotensinogen, a riched in KEGG pathways of chemokine signal-
key component of the renin-angiotensin system ing, cytokine-cytokine receptor interactions, NF-
(RAS) that regulates blood pressure and fluid kB signaling pathway, pathways in cancer, human
balance in the body. CXCR4 (C-X-C chemokine cytomegalovirus infection, the intestinal immune
receptor type 4) is a gene that encodes a recep- network for IgA production, legionellosis, salmo-
tor protein called CXCR4, a member of the G nella infection, rheumatoid arthritis, /L-17 sig-
protein-coupled receptor superfamily. The CX- naling pathway and leukocyte transendothelial
CLI2 (C-X-C motif chemokine ligand 12) gene migration. The chemokine signaling pathway is
encodes a protein called CXCL12, also known as involved in producing chemokines, expression of
stromal cell-derived factor-1 (SDF-1). CXCLI2 receptors and numerous cellular responses.
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Figure 4. PPI Networks of DEGs.

Cytokine-cytokine receptor interactions path-
way regulated the immune system and signal-
ing of various cell molecules. The leukocyte
transendothelial migration (LTEM) pathway is
a complicated pathway involving the migration
of leukocytes across the endothelial barrier into
the tissues and cells in response to pathogens.
The nuclear factor kappa B (NF-xB) pathway is
essential in controlling various biological pro-
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cesses, such as the survival of cells’ inflamma-
tory and immune responses. All these pathways
were significant in the growth and development
of meningioma.

Chemokine signaling is involved in menin-
gioma by regulating leukocyte recruitment and
activation within the tumor microenvironment.
Chemokines are a family of small signaling pro-
teins that regulate the migration and activation
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Figure 5. Modular Analysis. The green color represents
downregulated genes.

of leukocytes in response to inflammation, tissue
damage, and infection. NF-kappa B is a tran-
scription factor that regulates gene expression in
various cellular processes, including cell prolifer-
ation, differentiation, and survival. The pathway
regulates biological processes, including inflam-
mation, immune response, and cell survival.
Cytokine-cytokine receptor interaction path-
way involves cytokines that play important roles
in cell signaling and immune system regulation.

They bind to specific cytokine receptors on the
surface of target cells, triggering a series of
downstream signaling events that can ultimately
affect cell behavior, such as proliferation, differ-
entiation, and survival.

Biological, Cellular and Molecular
Enrichment Pathways

According to Table I, in the Biological Process
(BP) category, there are various GO terms with
associated gene counts, ranging from 10 to 32,
and corresponding False Discovery Rates (FDR).
Similarly, in the Cellular Component (CC) cate-
gory, there are terms with gene counts ranging
from 13 to 81 and FDR values. Lastly, the Mo-
lecular Function (MF) category has the term
“integrin binding” with a gene count of 11 and
an FDR value.

Discussion

Our study identified five critical hub genes
in the growth and development of meningioma.
These hub genes included CXCLS, AGT, CXCRA4,
CXCLI2 and CXCL2. They were enriched in bio-
logical pathways of chemokine-mediated signal-
ling, positive regulation of leukocyte chemotaxis,
second messenger-mediated signalling, induction
of positive chemotaxis, CXCR chemokine recep-
tor binding and activities of cytokines.

KEGG_PATHWAY Chemokine signaling pathway
KEGG_PATHWAY Cytokine-cytokine receptor interaction
KEGG_PATHWAY NF-kappa B signaling pathway
KEGG_PATHWAY Pathways in cancer
KEGG_PATHWAY Human cytomegalovirus infection

KEGG_PATHWAY Legionellosis
KEGG_PATHWAY Salmonella infection
KEGG_PATHWAY Rheumatoid arthritis
KEGG_PATHWAY IL-17 signaling pathway

KEGG_PATHWAY Leukocyte transendothelial migration

KEGG_PATHWAY Intestinal immune network for IgA production

KEGG_PATHWAY AGE-RAGE signaling pathway in diabetic complications 0.006862441

1.21E-05 CXCL8;CXCL12;CXCR4;CXCL2
3.48E-05 CXCL8;CXCLI12;CXCR4;CXCL2
1.06E-04 CXCL8;CXCL12;CXCL2
1.84E-04 CXCLS8;CXCL12;CXCR4;AGT
8.51E-04 CXCL8;CXCLI12;CXCR4
0.002881915 CXCLI12;CXCR4
0.003249738 CXCL8;CXCL2
0.006977051 CXCL8;CXCL2
0.006944943 CXCL8;CXCLI2
0.006528466 CXCL8;CXCL2

CXCL8;AGT
0.007889946 CXCLI12;CXCR4

Figure 6. KEGG and GO pathways of Hub Genes.
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Table I. Biological, cellular and molecular enrichment pathways.

Category Term Description Count FDR

BP G0:0030198 Extracellular matrix organization 22 5.28E-07

BP G0:0006954 Inflammatory response 30 7.68E-07

BP GO:0007155 Cell adhesion 32 4.01E-06
BP G0:0008217 Regulation of blood pressure 11 8.98E-04
BP G0:0001666 Response to hypoxia 16 0.002754706
BP GO0:0001525 Angiogenesis 18 0.003633709
BP GO0:0016337 Single organismal cell-cell adhesion 12 0.008203143
BP GO0:0070374 Positive regulation of ERK1 and ERK?2 cascade 15 0.016753029
BP GO0:0071347 Cellular response to interleukin-1 10 0.0174516
BP G0:0032496 Response to lipopolysaccharide 14 0.038385128
CC GO0:0005615 Extracellular space 64 4.63E-09
CcC G0:0005576 Extracellular region 61 1.02E-04
CcC GO0:0030424 Axon 18 1.00E-03
CcC GO0:0031012 Extracellular matrix 20 0.003230368
CC G0:0048471 Perinuclear region of cytoplasm 29 0.01529324
CcC G0:0009986 Cell surface 26 0.031262473
CcC G0:0043209 Myelin sheath 13 0.031929
cC GO:0070062 Extracellular exosome 81 0.032123168
MF GO:0005178 Integrin binding 11 0.037757175

Biological Process (BP), Cellular Component (CC), Molecular Function (MF), False Discovery Rates (FDR).

The chemokine-mediated signalling pathway
is associated with cellular migration and the con-
trol of cellular positioning at a given space and
time**?!. Chemokines undergo signalling through
heptahelical G protein-coupled receptors (GP-
CRs) that increase the rate of cell migration®.
The cognate receptors of chemokines are located
on the cell surfaces of GPCRs?. Dysregulation
of chemokines is significant in the development
and progression of meningiomas. GPCRs have
an 80% sequence identity with different ligand
selectivity for all receptors.

Positive regulation of leukocyte chemotaxis
involves the mechanisms by which the chemok-
ines draw leukocytes to the inflammation sites or
infection sites**, It is a crucial immune system
component that regulates immune responses in
clearing damaged tissues and eliminating patho-
gens. Positive regulation of leukocyte chemotaxis
involves the production of chemokines, expres-
sion of chemokine receptors, adhesion molecules
and cytoskeletal rearrangements. The production
of chemokines is enhanced by inflamed or in-
fected tissues capable of drawing leukocytes to
the infection sites*. The mechanism is triggered
by numerous stimulants such as complementary
proteins, cytokines, bacteria or viruses.

The expression of chemokine receptors occurs
on the surface of leukocytes and permits them
to respond to various chemokine signals**?*. The
expression of these receptors can be down or up-
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regulated depending on the stimuli. We suggest
that the expression of chemokine receptors is
essential in leukocyte chemotaxis because leu-
kocytes (lymphocytes, neutrophils and mono-
cytes) express certain GPCRs on their surfaces
that allow response to chemokines. For instance,
pro-inflammatory cytokines such as interleukin
1 (IL-1) are involved in the upregulation of CX-
CR4 (chemokine receptor); hence, it increases the
response of the cells to CXCLI2 associated with
migration of leukocytes and tissue destruction®.
Furthermore, /L-8 has been implicated in the
upregulation of CXCLS on the receptor CXCRI
on neutrophils. Hence, it increases the response
of neutrophils to CXCLS and allows migration
to the sites of infection. Thus, chemokines are
involved in the upregulation of certain receptors
on leukocytes.

Our study suggests that the upregulation of
certain leukocyte receptors is significant in am-
plifying immune response to pathogens, destruc-
tion of tissues and infection in meningiomas.
Therefore, by increasing the number of leuko-
cytes responding to chemokines, the human body
can effectively fight off infections and eliminate
all pathogens?’. Moreover, dysregulation of this
mechanism leads to secondary infections and
tissue destruction, such as arthritis.

Expressing adhesion molecules is essential in
controlling leukocyte chemotaxis®®. Adhesion
molecules such as selectins or integrins express
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themselves on the surface of leukocytes and
adhere to the endothelial lining of blood vessels
before migrating into various tissues®-°, At the
site of tissue destruction or infection, leuko-
cytes and chemokines increase the upregula-
tion of adhesion molecules. An increase in the
upregulation of adhesion molecules increases
the capacity of leukocytes to bond to the endo-
thelial cells before migrating into the desired
tissues. Integrins are activated by the signalling
of chemokines, which promotes the adherence
of leukocytes to the endothelial lining and in-
hibits their activity. However, overexpression of
adhesion molecules increases the destruction of
tissues and chronic inflammations, leading to
secondary infections such as asthma or inflam-
matory bowels.

Our study proposes that the migration of leuko-
cytes in meningiomas is coupled with a complex
chain of cytoskeletal rearrangements that per-
mits the movement of leukocytes into the tumor
sites**2. The human cytoskeleton is a network of
protein filaments that offers structural support
to tissues, organs and cells, allowing them to
maintain their original shape and size®. In the
event of migration of leukocytes, the human cy-
toskeleton is altered and rearranged to permit the
movement of cells into the infection sites. The
mechanism of cytoskeletal rearrangement is a
complex multi-process that incorporates numer-
ous signalling molecules and critical regulators
such as Rac and Rho (GTPases)***. Rac and Rho
are molecular switches that turn on and off nu-
merous signalling pathways associated with the
rearrangement of the cytoskeleton.

In meningioma, leukocytes are loaded onto the
benign tumors, where they improve the immune
response against the growth and development of
the tumors. We propose that the molecular mech-
anisms involved in the migration of leukocytes
and rearrangement of the cytoskeleton could be
targeted as new therapeutic targets in diagnosing
and treating meningiomas.

The second messenger-mediated signalling
pathway was critical in regulating biological pro-
cesses involved in the growth and development of
meningioma. An aberrant activation of the sec-
ond messenger-mediated signalling pathway has
been implicated in the progression of meningio-
ma through the cyclic AMP pathway (cAMP)*-¢.
In the cAMP pathway, the hormones and neu-
rotransmitters (extracellular signals) adhere to
the GPCRs on the cell surfaces and activate ade-
nylate cyclase, responsible for cAMP production

from ATP. After that, cAMP activates the protein
kinase A that controls various signalling cascades
downstream.

Previous studies®”*® have proposed that ab-
errant activation of protein kinase A increases
cell proliferation and survival in meningioma.
Furthermore, cAMP activation increases the in-
vasion and metastasis rate in meningioma®>3¢,
We observed that stimulation of the calcium
signalling pathway led to an influx of calcium
ions into the cells, enhancing cellular migration
and proliferation. Understanding the molecular
mechanisms of second messenger-mediated sig-
nalling in meningioma may provide insights into
new therapeutic targets for treating this disease.

The chemokine signalling pathway involves
a complicated network of intracellular patterns
producing chemokines, receptor expression and
numerous cellular responses®. In meningeal car-
cinoma, chemokines are manufactured by the
infiltrating immune cells recruited into the tumor
microenvironment. Hence, the chemokine signal-
ling pathway is often dysregulated in meningeal
carcinoma. Particularly, the overexpression of
chemokines and their receptors (CXCLI2, CX-
CR4, CXCR7 and CXCL2) has been observed in
meningioma tissues compared to healthy tissues.
These chemokines and their receptors are often
involved in adding leukocytes into the tumor
microenvironment, enhancing meningeal carci-
noma’s growth and development.

The nuclear factor kappa B (NF-xB) path-
way is essential in controlling various biological
processes, such as the survival of cells’ inflam-
matory and immune responses***. We propose
that a dysregulation of this pathway is crucial in
cancer development. In normal tissues, NF-xB is
inactivated and bound to the I-kappa B (inhibi-
tors); however, it is activated in the presence of
oxidative stress markers or inflammatory cyto-
kines and consequently, I-kappa B is destroyed,
allowing the translocation of NF-xB to the nu-
cleus. Once in the nucleus, NF-«xB binds to DNA
sequences and controls the expression of various
genes.

We suggest that in meningioma, activation of
the NF-xkB pathway increases the growth and
development of tumors. Moreover, previous stud-
ies*** suggested that NF-xB is involved in cell
proliferation, migration and survival. The pathway
plays a key role in producing pro-inflammatory
cytokines that increase the recruitment of immune
cells linked with the progression of meningeal
carcinoma. We propose that targeting this pathway
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could lead to a significant therapeutic discovery
in diagnosing and treating meningeal carcinoma.
Inhibiting its activation is responsible for introduc-
ing apoptosis and sensitizing cells to adjuvant and
neoadjuvant chemotherapy. Therefore, dysregula-
tion of this pathway is crucial in the growth and
development of meningeal carcinoma.

The cytokine-cytokine receptor interactions
pathway regulate the immune system and sig-
nalling of various cell molecules**. Cytokines
bind to various cytokine receptors and initiate a
downstream signalling cascade of cell prolifera-
tion, cell differentiation and cell survival*?. The
dysregulation of cytokines such as interleukins
(IL-6, IL-10 and IL-8) and their corresponding
receptors are critical in regulating meningeal car-
cinoma. The upregulation of these interleukins
increases the tumor invasion and metastasis rate,
increasing the grade and level of meningioma.

Additionally, cytokine-cytokine receptor dys-
regulation is critical in meningeal carcinoma’s
pathogenesis. Specifically, CXCR2, a receptor of
CXCL2, is commonly expressed in meningioma
cells compared to healthy cells, where it has a role
in cellular invasion and migration. Therefore, we
propose that a dysregulation of these interactions
could be targeted to discover novel treatments for
meningioma. Clinical experiments have proved
that inhibiting the action of IL-6 through monoclo-
nal antibodies is critical in inhibiting the growth
and progression of meningeal carcinoma*.

Our study suggests that the leukocyte transen-
dothelial migration (LTEM) pathway is a compli-
cated pathway involving the migration of leuko-
cytes across the endothelial barrier into the tis-
sues and cells in response to pathogens®. In me-
ningioma, dysregulation of LTEM increases the
capacity of tumor cells to generate chemoattrac-
tants and chemokines that enhance the infiltration
of leukocytes into the microenvironments. The
recruitment of leukocytes into the microenviron-
ment enhances angiogenesis and proliferation of
tumors. LTEM involves rolling leukocytes along
the endothelial lining, activating integrins, and
adherence to the endothelial lining using mole-
cules such as intercellular adhesion molecule 1
(ICAM-1), vascular cellular adhesion molecule-1
(VCAM-1) and E-selectin before transmigration
across the barrier.

We identified five overlapping hub genes (CX-
CL8, AGT, CXCR4, CXCLI2 and CXCL2) im-
plicated in meningeal carcinoma’s growth and
development. In meningeal carcinoma, CXCLS is
overexpressed in tumor cells, which is thought to
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contribute to tumor progression and immune eva-
sion. CXCLS can promote tumor cell proliferation
and angiogenesis, as well as inhibit the immune
response by recruiting myeloid-derived suppres-
sor cells (MDSCs) and regulatory T cells (Tregs)
to the tumor microenvironment*.

Our study established that the angiotensinogen
(AGT) gene encodes the precursor protein for an-
giotensin peptides, which are crucial in regulating
blood pressure and electrolyte balance. AGT is
often overexpressed in meningioma tissues com-
pared to normal tissues; therefore, it increases the
rate of cell proliferation and invasion and the over-
all resistance to chemotherapy*’. The expression of
AGT is dependent on factors such as hypoxia-in-
ducible factors (HIFs) that increase its levels by
activating the P13K/AKT pathways. Additionally,
components of AG7, such as the renin-angiotensin
system (RAS), have a crucial role in promoting
angiogenesis and the development of edema. RAS
enhances angiogenesis by activating the vascular
endothelial growth factor (VEGF). VEGF increas-
es the vascular system’s permeability, increasing
the growth and development of edema.

Our study observed that C-X-C chemokine
receptor type 4 (CXCR4) is a gene that encodes
a chemokine receptor protein, which regulates
cell migration and proliferation. CXCR4 is of-
ten elevated in meningeal carcinoma compared
to healthy samples. It has a role in controlling
the movement of leukocytes and transmigration
across the blood-brain barrier”®. CXCR4 interacts
with its ligand CXCL12 to increase its expression
in the tumor microenvironment. The interac-
tion between CXCR4 and CXCLI2 activates the
MAPK pathway that exacerbates cell prolifera-
tion, migration and survival.

Targeting CXCR4 and its downstream signal-
ing pathways may represent a potential therapeu-
tic strategy for treating meningeal carcinoma. In-
hibitors of CXCR4 have been shown to decrease
tumor growth and metastasis in various cancer
models, including meningeal carcinoma. Howev-
er, further research is needed to fully understand
the role of CXCR4 in developing and progressing
this disease and to evaluate the efficacy and safe-
ty of CXCR4 inhibitors in clinical settings.

Conclusions
Our main objective was to identify five hub

genes (CXCLS, AGT, CXCR4, CXCLI12, and CX-
CL2) essential in meningeal carcinoma’s growth
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and development. These hub genes were import-
ant molecules in the pathogenesis of meningeal
carcinoma, promoting tumor progression, im-
mune evasion, and the development of tumor-as-
sociated edema. We established that the DEGs
were enriched in biological pathways of chemo-
kine-mediated signaling, positive regulation of
leukocyte chemotaxis, second messenger-medi-
ated signaling, induction of positive chemotaxis,
CXCR chemokine receptor binding and activities
of cytokines.

The significant KEGG pathways were the
chemokine signaling pathway, NF-kappa B sig-
naling pathway, cytokine-cytokine receptor in-
teractions, pathways in cancer, human cytomeg-
alovirus infection, leukocyte transendothelial
migration, and intestinal immune network for
the production of IgA. Our findings suggest that
these hub genes and pathways could be targeted
in clinical research to discover new treatments for
meningeal carcinoma.

Conflict of Interest
The authors declare that they have no conflict of interests.

Ethics Approval and Informed Consent
Not applicable.

Availability of Data and Materials
All data generated or analyzed during this study are includ-
ed in this published article.

Funding
Not applicable.

Authors’ Contribution

JL, YZ, KXB, XJQ, YZ, and HB participated in the draft
and design, supervision and editing, resources, original
draft writing, experimental implementation, and data sta-
tistics and analysis. All authors read and approved the fi-
nal manuscript.

ORCID ID
Hui Bu: 0000-0002-5883-1195.

References

1) Yang C, Fang J, Li G, Jia W, Liu H, Qi W, Xu Y.
Spinal meningeal melanocytomas: clinical mani-
festations, radiological and pathological charac-
teristics, and surgical outcomes. J Neurooncol
2016; 127: 279-286.

2)

4)

10)

11)

12)

13)

14)

15)

Boetto J, Peyre M, Kalamarides M. Meningio-
mas from a developmental perspective: explor-
ing the crossroads between meningeal embry-
ology and tumorigenesis. Acta Neurochir 2021;
163: 57-66.

Kuruppu D, Bhere D, Farrar CT, Shah K, Brownell
AL, Mahmood U, Tanabe KK. Oncolytic HSV1
targets different growth phases of breast cancer
leptomeningeal metastases. Cancer Gene Ther
2023; 30: 833-844.

Aarhus M, Lund-dohansen M, Knappskog PM.
Gene expression profiling of meningiomas: cur-
rent status after a decade of microarray-based
transcriptomic studies. Acta Neurochir 2011; 153:
447-456.

Borghammer P, Just MK, Horsager J, Skjeerbaek
C, Raunio A, Kok EH, Savola S, Murayama S,
Saito Y, Myllykangas L, Van Den Berge N. A post-
mortem study suggests a revision of the dual-hit
hypothesis of Parkinson’s disease. NPJ Parkin-
sons Dis 2022; 8: 166.

Chernoff J. The two-hit theory hits 50. Mol Biol
Cell 2021; 32: rt1.

Nguyen DH, Le TD, Nguyen DM, Nguyen HK,
Ngo QD, Duong DH, Nguyen MD. Diagnostic per-
formance of quantitative signal intensity mea-
surements on magnetic resonance imaging for
distinguishing cerebellopontine angle meningi-
oma from acoustic schwannoma. Eur Rev Med
Pharmacol Sci 2022; 26: 7115-7124.

Tantawy HI, Mohamad FF, Ismael AM. The role of
advanced MRI techniques in differentiating typ-
ical from atypical and malignant meningiomas.
Egypt J Radiol Nucl Med 2010; 41: 411-419.

Simpson D. The recurrence of intracranial menin-
giomas after surgical treatment. J Neurol Neuro-
surg Psychiatry 1957; 20: 22-39.

Whittle IR, Smith C, Navoo P, Collie D. Meningio-
mas. Lancet 2004; 363: 1535-1543.

Samii M, Klekamp J, Carvalho G. Surgical results
for meningiomas of the craniocervical junction.
Neurosurg 1996; 39: 1086-1095.

Holland H, Mocker K, Ahnert P, Kirsten H, Hant-
mann H, Koschny R, Bauer M, Schober R, Scholz
M, Meixensberger J, Krupp W. High-resolution
genomic profiling and classical cytogenetics in a
group of benign and atypical meningiomas. Can-
cer Genet 2011; 204: 541-549.

Drummond KJ, Zhu JJ, Black PM. Meningiomas:
updating basic science, management, and out-
come. Neurol 2004; 10: 113-130.

Rath P, Miller DC, Litofsky NS, Anthony DC,
Feng Q, Franklin C, Pei L, Free A, Liu J, Ren M,
Kirk MD. Isolation and characterization of a pop-
ulation of stem-like progenitor cells from an atyp-
ical meningioma. Exp Mol Pathol 2011; 90: 179-
188.

Rutka JT, Apodaca G, Stern R, Rosenblum M.
The extracellular matrix of the central and periph-
eral nervous systems: structure and function. J
Neurosurg 1988; 69: 155-170.

9611



J. Li, Y. Zhang, K.-X. Bai, X.-J. Qi, Y. Zhao, H. Bu

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

Kalamarides M, Stemmer-Rachamimov AO, Ni-
wa-Kawakita M, Chareyre F, Taranchon E, Han
ZY, Martinelli C, Lusis EA, Hegedus B, Gutmann
DH, Giovannini M. Identification of a progenitor
cell of origin capable of generating diverse me-
ningioma histological subtypes. Oncogene 2011;
30: 2333-2344.

Khan |, Baeesa S, Bangash M, Schulten HJ, Al-
ghamdi F, Qashgari H, Madkhali N, Carracedo A,
Saka M, Jamal A, Al-Maghrabi J. Pleomorphism
and drug-resistant cancer stem cells are char-
acteristic of aggressive primary meningioma cell
lines. Cancer Cell Int 2017; 17: 72.

Boetto J, Peyre M, Kalamarides M. Meningiomas
from a developmental perspective: exploring the
crossroads between meningeal embryology and
tumorigenesis. Acta Neurochir 2021; 163: 57-66.
Xie H, Yuan C, Ding XH, Li JJ, Li ZY, Lu WC. Iden-
tification of key genes and pathways associated
with resting mast cells in meningioma. BMC Can-
cer 2021; 21: 1209.

Stein JV, Nombela-Arrieta C. Chemokine control
of lymphocyte trafficking: a general overview. Im-
munol 2005; 116: 1-2.

Griffith JW, Sokol CL, Luster AD. Chemokines
and chemokine receptors: positioning cells for
host defense and immunity. Annu Rev Immunol
2014; 32: 659-702.

Cotton M, Claing A. G protein-coupled receptors
stimulation and the control of cell migration. Cell
Signal 2009; 21: 1045-1053.

Anders HJ, Vielhauer V, Schléndorff D. Chemok-
ines and chemokine receptors are involved in the
resolution or progression of renal disease. Kidney
Int 2003; 63: 401-415.

Olson TS, Ley K. Chemokines and chemokine
receptors in leukocyte trafficking. Am J Physiol
Regul Integr Comp Physiol 2002; 283: R7-R28.

Alon R, Sportiello M, Kozlovski S, Kumar A, Reilly
EC, Zarbock A, Garbi N, Topham DJ. Leukocyte
trafficking to the lungs and beyond: lessons from
influenza for COVID-19. Nat Rev Immunol 2021;
21: 49-64.

Raman D, Baugher PJ, Thu YM, Richmond A.
Role of chemokines in tumor growth. Cancer Lett
2007; 256: 137-165.

Rosales C. Neutrophils at the crossroads of in-
nate and adaptive immunity. J Leucocyte Biol
2020; 108: 377-396.

Kulkarni NN, Takahashi T, Sanford JA, Tong Y,
Gombart AF, Hinds B, Cheng JY, Gallo RL. Innate
immune dysfunction in rosacea promotes photo-
sensitivity and vascular adhesion molecule ex-
pression. J Invest Dermatol 2020; 140: 645-655.

Luissint AC, Williams HC, Kim W, Flemming S,
Azcutia V, Hilgarth RS, O’Leary MN, Denning
TL, Nusrat A, Parkos CA. Macrophage-depen-
dent neutrophil recruitment is impaired under
conditions of increased intestinal permeability in
JAM-A-deficient mice. Mucosal Immunol 2019;
12: 668-678.

9612

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

David BA, Kubes P. Exploring the complex role
of chemokines and chemoattractants in vivo on
leukocyte dynamics. Immunol Rev 2019; 2809:
9-30.

Al Assaf E. Signalling pathways involved in can-
cer cell migration towards CXCL8 and CXCL10.
Doctoral dissertation, University of East Anglia,
2020.

Hassan N, Efing J, Kiesel L, Bendas G, Gétte M.
The Tissue Factor Pathway in Cancer: Overview
and Role of Heparan Sulfate Proteoglycans. Can-
cers 2023; 15: 1524.

Yang S, Tang Y, Liu Y, Brown AJ, Schaks M, Ding
B, Kramer DA, Mietkowska M, Ding L, Alekhina
O, Billadeau DD. Arf GTPase activates the WAVE
regulatory complex through a distinct binding site.
Sci Adv 2022; 8: eadd1412.

Lavanderos B, Silva |, Cruz P, Orellana-Serradell
O, Saldias MP, Cerda O. TRP channels regula-
tion of Rho GTPases in brain context and diseas-
es. Front Cell Dev Biol 2020; 8: 582975.

Massimi M, Ragusa F, Cardarelli S, Giorgi M. Tar-
geting cyclic AMP signalling in hepatocellular car-
cinoma. Cells 2019; 8: 1511.

Blanco E, Fortunato S, Viggiano L, de Pinto MC.
Cyclic AMP: A polyhedral signalling molecule in
plants. Int J Mol Sci 2020; 21: 4862.

Guo L, Cui J, Wang H, Medina R, Zhang S,
Zhang X, Zhuang Z, Lin Y. Metformin enhanc-
es anti-cancer effects of cisplatin in meningioma
through AMPK-mTOR signaling pathways. Mol
Ther Oncolytics 2020; 20: 119-131.

John P, Waldt N, Liebich J, Kesseler C, Schna-
bel S, Angenstein F, Sandalcioglu IE, Scherlach
C, Sahm F, Kirches E, Mawrin C. AKT1E17K-mu-
tated meningioma cell lines respond to treatment
with the AKT inhibitor AZD5363. Neuropathol Ap-
p! Neurobiol 2022; 48: e12780.

Asokan S, Bandapalli OR. CXCL8 Signaling in
the Tumor Microenvironment. Adv Exp Med Biol
2021; 1302: 25-39.

Alharbi KS, Fuloria NK, Fuloria S, Rahman SB,
Al-Malki WH, Shaikh MA, Thangavelu L, Singh
SK, Allam VS, Jha NK, Chellappan DK. Nucle-
ar factor-kappa B and its role in inflammato-
ry lung disease. Chem Biol Interact 2021; 345:
109568.

Fathi N, Mojtahedi H, Nasiri M, Abolhassani H,
Yousefpour Marzbali M, Esmaeili M, Salami F,
Biglari F, Rezaei N. How do nuclear factor kappa
B (NF-kB) 1 and NF-kB2 defects lead to the inci-
dence of clinical and immunological manifesta-
tions of inborn errors of immunity? Exp Rev Clin
Immunol 2023; 19: 329-339.

Qian Z, Zhang Z, Wang Y. T cell receptor signal-
ing pathway and cytokine-cytokine receptor inter-
action affect the rehabilitation process after re-
spiratory syncytial virus infection. Peer J 2019; 7:
e7089.

Guo Y, Jiang R, Su A, Tian H, Zhang Y, Li W,
Tian Y, Li K, Sun G, Han R, Yan F. Identification



Gene expression profile and diagnostic application of meningeal carcinoma

44)

45)

of genes related to effects of stress on immune
function in the spleen in a chicken stress model
using transcriptome analysis. Mol Immunol 2020;
124: 180-189.

Hill DG, Ward A, Nicholson LB, Jones GW.
Emerging roles for IL-6 family cytokines as
positive and negative regulators of ectopic
lymphoid structures. Cytokine 2021; 146:
155650.

Zuliani JP. Alarmins and inflammatory aspects re-

lated to snakebite envenomation. Toxicon 2023;
226: 107088.

46)

47)

48)

LiL, YuR, Cai T, Chen Z, Lan M, Zou T, Wang B,
Wang Q, Zhao Y, Cai Y. Effects of immune cells
and cytokines on inflammation and immunosup-
pression in the tumor microenvironment. Int Im-
munopharmacol 2020; 88: 106939.

Nehme A, Zouein FA, Deris Zayeri Z, Zibara K.
An update on the tissue renin-angiotensin system
and its role in physiology and pathology. J Cardio-
vasc Dev Dis 2019; 6: 14.

Bianchi ME, Mezzapelle R. The chemokine re-
ceptor CXCR4 in cell proliferation and tissue re-
generation. Front Immunol 2020; 11: 2109.



