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To explore the function of C-X-C motif chemokine ligand as a prospective early biomarker for recurrent
glioblastoma multiforme is the objective of the study. The differentially expressed genes for glioblastoma
multiforme patients were systematically explored; the gene ontology and Kyoto encyclopedia of genes
and genomes enrichment analysis for potential hub gene was established; the functional network was
developed by protein-protein interaction method. The glioblastoma multiforme cell line U251 was
established for the in vitro functional experiments; the wound healing assay as well as transwell assay
were conducted to measure tumor properties in U251 cells. The expression of C-X-C motif chemokine
ligand 6 in recurrent patients of glioblastoma multiforme was significantly higher than in non-recurrent
patients (p<0.05), suggesting C-X-C motif chemokine ligand 6 was an independent prognostic indicator
for glioblastoma multiforme recurrence. Based on the gene ontology and Kyoto encyclopedia of genes
and genomes enrichment analysis as well as a protein-protein interaction network for the C-X-C motif
chemokine ligand 6, programmed death ligand-1 and signal transducer and activator of transcription
3 signaling were primarily associated with C-X-C motif chemokine ligand 6. C-X-C motif chemokine
ligand 6 over-expression treatments induced markedly enhanced expression levels for programmed death
ligand-1 and phospho-signal transducer and activator of transcription 3. At the same time, the regulation
of C-X-C motif chemokine ligand 6 for U251 cells tumor properties was programmed death ligand-1
dependent since silencing of programmed death ligand-1 obviously attenuated the functions of C-X-C
motif chemokine ligand 6 over-expression. Moreover, it could be implied that the expression levels of
programmed death ligand-1 and phospho-signal transducer and activator of transcription 3 were linked to
the recurrent status of glioblastoma multiforme patients, as their expression was remarkably accelerated
for recurrent glioblastoma multiforme patients. This integrated study provided a potential biomarker
and offered beneficial references for future clinical administration as well as evaluation of recurrent
glioblastoma multiforme.
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Gliomas is the most common form of brain tumor in
which Glioblastoma Multiforme (GBM) is the major
malignant form, comprising for more than 3 % of
cancer-related deaths!!l. The GBM has been defined as
agrade IV cancer which is characterized as malignant,
mitotically active and predisposed to necrosis
by World Health Organization™. The worldwide
incidence of GBM is heterogeneous because of the
variable prevalence of the risk factors®. Even with
years of study, the knowledge of the genetic basis in
GBM is still far from satisfactions. Currently, several
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reports support that epigenetic change of Epidermal
Growth Factor Receptor (EGFR) especially the
overexpression of EGFR contribute to a considerable
part of GBM cases*. At the same time, the well-
known tumor suppressor proteins such as p53 as
well as Phosphatase and Tensin Homolog deleted on
Chromosome 10 (PTEN) are also closely associated
with the formation and development of GBMP-I
The standard procedure for GBM treatment in clinic
is pursued by surgical resection of the tumor with
the subsequent combination of radiotherapy and
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chemotherapy!”. One striking aspect of GBM is the
significant poor prognosis, with approximately a 5 y
survival rate of 4 %-5 % and a median survival time
of 12.6 mo®l. One potential reason is the fact that
nearly 50 % of all GBM patients are of ages 65 y
and abovel®. Moreover, the recurrent nature of GBM
has greatly hampered its resilience. Despite decades
of research to develop an effective biomarker for
detection of recurrent GBM, only few have yielded
significant commercial results!'”.

Chemokines refers to a superfamily of inducible,
secreted, heparin-binding proteins, which play
a fundamental role in inflammation as well as
immune response!'l. The receptor for chemokines
is characterized as a superfamily of seven
transmembrane spanning proteins coupled to
G-Protein-Coupled-Receptors (GPCRs). The family
of receptor is subdivided into four groups according
to the pattern of cysteine residues, which are CXC,
CC, C, as well as CX3CH12. Generally speaking, the
C stands for cysteine and X for non-cysteine amino
acids!™®, whereas, the CXCL refers to the C-X-C
Motif Chemokine Ligand (CXCL) family. Previously,
several studies have suggested the tight connection
between CXCL and tumor cell proliferation as well
as metastasis. For example, the chemokine axis
such as CXCL12/C-X-C Motif Chemokine Receptor
4 (CXCR4) has been shown to be involved in the
invasiveness and metastasis of lung cancer'. More
importantly, the targeted drug for this direction is
under development”!. Meanwhile, serum CXCLS
has been approved as a prospective biomarker for
colorectal cancer progression, which is comparable
with classical tumor marker Carcinoembryonic
Antigen (CEA)!. However, the connection between
CXCL and the recurrent nature of GBM is still poorly
understood.

Based on the fact of complexity and aggressiveness
for the molecular mechanisms underline the GBM,
the patients call for a dire need of development of
effective biomarker for early diagnosis of recurrent
GBM. For this purpose, in this study, a comprehensive
differential expression analysis was performed on
recurrent patients of GBM. Using an innovative
bioinformatics method combined with a clinical
experimental verification, we comprehensively
explored the functions of CXCL6 as a prospective
biomarker for early detection of recurrent GBM,
which offered a beneficial guidance for the GBM
study in future.
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MATERIALS AND METHODS

Data source:

The Ribonucleic Acid (RNA) sequencing data
and clinical information for GBM patients were
downloaded from The Cancer Genome Atlas (TCGA,
https://tcga-data.nci.nih.gov/tcga/), which included
160 patients with complete survival information.

Survival analysis:

Survival analysis was performed using the R survival
package and survminer package based on Kaplan-
Meier method to estimate the overall survival rate
of different groups. At the same time, the log-
rank method was developed to test the differences
of survival rate among different groups. The
multivariate Cox regression model was generated to
analyze whether the factor was independent of others
for the GBM patients survival prediction.

Functional enrichment analysis:

For the obtained differentially expressed genes,
we used the“clusterProfiler” function package
in R language for enrichment analysis of Gene
Ontology (GO) (including biological process,
molecular function and cellular component) and
Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway. When p<0.05, we considered the
corresponding entries to be significantly enriched!”.

Protein-Protein Interaction (PPI) networks:

The Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database is a database
analyzing and predicting the functional protein-
protein connections. We used the STRING (https://
string-db.org/, version 11.0) to generate the functional
connections and interactions of candidate proteins!'®,
of which the interaction pairs with a combined score
greater than or equal to 0.4 (confidence score>0.4)
were retained. The Cytoscape (https://cytoscape.org/,
version 3.7.2) was developed to visualize the PPI
network"”l. We processed the Molecular Complex
Detection Method (MCODE) plugin in Cytoscape
software to identify significant clustering modules,
using MCODE score>2 as a criteria.

Cell lines and culture:

The GBM cell line (U251) was purchased from
American Type Culture Collection (ATCC) Company

Special Issue 5, 2022



www.ijpsonline.com

and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10 % Fetal Bovine
Serum (FBS, Gibco, United States of America (USA))
as well as 1 % Penicillin+Streptomycin (Gibco,
USA). The U251 cells were transfected with CXCL6
plasmid, CXCL6 small interfering RNAs (siRNAs)
and Programmed Death Ligand-1 (PD-L1) siRNA
to achieve CXCL6 Over-Expression (CXCL6-OE),
CXCL Low-Expression (CXCL6-LE) and PD-L1
Low-Expression (PD-L1-LE). CXCL6 siRNAs, PD-
L1 siRNAs and corresponding Negative Control (NC
siRNA) were constructed by Genewiz Corporation
Co. (Tianjin, China). The Lipofectamine™ 3000
was used for plasmid transfection. 1 uM NSC74859
(MedChemExpress (MCE), HY-15146) was utilized
to treat U251 cells for Phospho-Signal Transducer and
Activator of Transcription 3 (P-STAT3) inhibition.

Western blotting:

The CXCL6, STAT3, P-STAT3, PD-L1, as well
as  Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) antibodies were all purchased and
obtained from the Jackson Laboratory. The total
proteins of U251 cells were collected. Based on
the Bicinchoninic Acid (BCA) measurement, 50 pg
proteins each was subjected to Sodium Dodecyl-
Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) for analysis. The membranes were transferred
on semidry transfer apparatus and blocked with 5 %
nonfat dry milk powder at 37° for 1.5 h. The membrane
was incubated with corresponding primary antibodies
(1:1000 dilution) overnight at 4° and horseradish
peroxidase labeled secondary antibodies (1:10 000
dilution) at room temperature for 1 h. Then, the
membrane was washed extensively and the following
was developed with Enhanced Chemiluminescence
(ECL) developer and photographed by ultrasensitive
multifunctional imager.

Wound healing assay:

The wound healing assay and transwell assay
were followed as per the previously established
protocol??. U251 cells were inoculated on 6-well
plates with 3x10° cells in each well. A straight line
with the same angle and consistent thickness was
drawn on the bottom of the 6-well plate with a 10 pl
sterile tip. The wound healing areas were measured
and analyzed by Image J software.

Transwell assay:

The transwell assay was established for invasion
Special Issue 5, 2022

analysis. The basement Matrigel membrane was
obtained from BD Biosciences and established to
pre-coat the transwell chamber with a filter of 8 um
pores (Corning, New York). The serum-free medium
of 100 ul containing 1x10° cells per well was added
into the upper chamber and the medium with 10
% FBS was added into the lower chamber and the
following was placed in a 37° constant temperature
cell incubator for 48 h. After that, the cells on the
upper chamber were gently wiped off with cotton
swabs. The invaded cells in five random areas were
counted using Image J software.

The cell proliferation assay was conducted using
the Cell Counting Kit-8 (CCK-8) purchased from
MCE company. At the same time, the Annexin
V-Fluorescein Isothiocyanate (FITC)/Propidium
Iodide (PI) double staining of flow cytometry was
performed to examine the apoptotic cells.

Statistical analysis:

The Kaplan-Meier method was performed to estimate
the overall survival rate of different groups and log-
rank was used to test the difference of survival rate
between different groups. At the same time, the t-test
was used to compare the expression of target genes
in different groups, taking p<0.05 as a significant
threshold. The statistical analysis in this study was
conducted using R software, version 3.5.2.

RESULTS AND DISCUSSION

The comparison of CXCL6 expression in recurrent
and non-recurrent patients of GBM was shown in fig.
1A. Firstly, we found that the expression of CXCL6
in recurrent patients of GBM was significantly higher
than in non-recurrent patients (fig. 1A, p<0.05).
Subsequently, the samples were divided into high and
low-expression groups, according to the median of
CXCL6 expression. Survival analysis demonstrated
that the overall survival rate of high-expression group
was markedly lower than that of low-expression group
of CXCL6. Kaplan-Meier survival curves of GBM
patients in CXCL6 high-expression group and low-
expression group was shown here. The horizontal axis
represents time, the vertical axis represents survival
rate and the colors indicate different groups which was
shown in fig. 1B. To further determine whether the
expression of CXCL6 is an independent prognostic
indicator, the factors of age, sex as well as relapse
status were recruited to generate a multivariate Cox
regression analysis. As shown in fig. 1C, the expression
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level of CXCL6 was still obviously correlated with
the overall survival, whereas the high expression of
CXCL6 was associated with a higher risk of mortality
and a poor prognostic factor for GBM patients (Hazard
Ratio (HR)=1.1, 95 % Confidence Interval (CI): 1.03-
1.2, p=0.004). These data suggested that CXCL6 was a
key factor for recurrent status of GBM patients.

PD-L1 and STAT signaling were potentially linked to
CXCL6 functions asshowninfig. 2. Based on the GO and
KEGG enrichment analysis for high and low-expression
groups of CXCL6, the related molecular pathways and
biological processes were deeply investigated. The top
GO term enrichment results with the largest number of
genes were shown in fig. 2A. The enrichment results
of the KEGG pathways with the largest number of
genes were shown in fig. 2B. In the fig. 2A and fig. 2B,
the horizontal axis represents the number of enriched
genes and the vertical axis represents the name of
each GO term respectively. As shown in fig. 2A and
fig. 2B, the processes of immunoglobulin complex and
STAT3 signaling cascades were significantly enriched
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in CXCL6 high expression group, which could be the
potential molecular mechanisms, underlying in the
recurrent patients of GBM. The analysis of PPI network
for recurrent GBM was shown in fig. 2C. Different
colors represent different clusters of genes for recurrent
GBM. At the same time, a STRING database was
utilized to construct a PPI network for the genes and
the gene interactions with confidence score>0.4 were
selected for visualization with Cytoscape software. The
MCODE plugins were performed to identify significant
clustering modules, where 6 of them are shown in
fig. 2C. The MCODEI was the most striking one,
including Galanin and GMAP Prepropeptide (GAL),
C-C Motif Chemokine Ligand 23 (CCL23), Formyl
Peptide Receptor 2 (FPR2), Complement Component
5a Receptor 1 (C5AR1), PD-L1 and STAT3 as well
as CXCL6. The CXCL6 was significant one with the
largest node degree (i.e. 6). Based on these outcomes,
PD-L1 and STAT3 signaling were attractive, serving
for the primary working mechanism behind CXCL6.
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Fig. 1: The relationship between the expression of CXCL6 and the recurrence of GBM, (A) Recurrence, (E ) No and ( $) Yes; (B) CXCL6, (=)

High and ( == ) Low and (C) HR, **p=0.004 and ***p<0.001
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CXCL6 modulated tumor properties of GBM cells via
STAT3 dependent PD-L1 signaling was shown in fig.
3. Since the PD-L1 and STAT3 signaling axis were
suggested to be closely associated with CXCL6, next,
we sought to testify whether there is a direct connection
between them. Driven by this question, we obtained
CXCL6-OE through CXCL6 plasmid transfection in
U251 cells. Compared with control cells, CXCL6-OE
cells demonstrated markedly enhanced expression
levels for PD-L1, suggesting CXCL6 was a positive
regulator for PD-L1. At the same time, the activity of
P-STAT3 was also found to be elevated upon CXCL6-
OE treatment. Previously, NSC74859 was shown to be a
specific inhibitor for P-STAT32%, NSC74859 treatment
completely abolished the effects of CXCL6-OE for
PD-L1 (fig. 3A), indicating CXCL6 modulated PD-L1
via P-STAT3 dependent signaling cascade. As for the
cellular functional experiments, CXCL6-OE treatment
significantly increased cell proliferation, migration
as well as invasion ability, while, CXCL6 siRNAs
transfected cells (CXCL6-LE) displayed the opposite
pattern. Moreover, the regulation of CXCL6 for U251
cells could be PD-L1 dependent since PD-L1 silencing
using siRNA transfection obviously attenuated the
functions of CXCL6-OE (fig. 3B-fig. 3D). Based on
these results, we hypothesized that CXCL-6 induced
tumor properties for GBM cells, which was achieved
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) MCODE6
via PD-L1 dependent of P-STAT3 activity.

The Western blotting of U251 cells upon different
treatments was shown in fig. 3A, the cell proliferation
assay conducted by CCK-8 assay was shown in fig.
3B, the U251 cells migration ability was measured by
wound healing assay as shown in fig. 3C and CXCL6-
OE, CXCL6-LE, PD-L1-LE, P-STAT3 and NC was
shown in fig. 3D.

The expressions of PD-L1 and P-STAT3 were closely
associated with the recurrent status of GBM patients
was shown in fig. 4. Based on the fact that PD-L1 was
a direct target of CXCL6, we re-investigated the GBM
patients according to PD-L1 and P-STAT3 expression.
It could be implied that the expression levels of PD-L1
and P-STAT3 were associated with the recurrent status
of GBM patients, as their expression was obviously
accelerated for recurrent GBM patients. The violin
plot of PD-L1 and P-STAT3 with significant difference
between recurrent and non-recurrent GBM patients
was shown in fig. 4A and the p-value is calculated
by Wilcoxon method. Furthermore, the non-recurrent
and recurrent GBM patients could be successfully
distinguished by either PD-L1 or P-STAT3 expressions
based on Principal Component Analysis (PCA). The
PCA analysis for GBM patients based on the expression
differences of PD-L1 or P-STAT3 was shown in
fig. 4B. These outcomes suggested that CXCL6-P-
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STAT3-PD-L1 signaling axis was a primary working
mechanism underlined GBM recurrence.

The high mortality of GBM has brought many obstacles
to clinical treatment all over the world, based on the facts
of a high average age of onset, tumor location, as well
as high frequency of recurrent. The recurrent tumors
are often indistinguishable by Magnetic Resonance
Imaging (MRI), when present with similar neurological
symptoms. A combination of diffusion and perfusion-
weighted MRI might be an alternative method, which
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could improve diagnostic accuracy by exploiting
differences in tissue cellularity and microvasculature
respectively. However, this initiates a complex
procedure and puts high demands on the clinicians.
To address the issues of high rate of misdiagnosis rate
and poor understandings of the tumor pathophysiology
behind the recurrent GBM, we explored the potential
biomarker as well as associated signaling pathways in
this study.

The chemokine superfamily consists of a relatively
large number of chemokines and chemokine
Special Issue 5, 2022
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receptors. Currently, more than 50 chemokines and the
corresponding receptors have been identified™!22,
Within these members, the axis of CXCR4/CXCR7-
CXCL12 has been deeply studied in multiple cancer
types within the last decades. For instance, the
metastasis process has been stimulated by irregularity
of CXCR4-CXCLI2 in prostate cancer, involving
Mitogen-Activated  Protein ~ Kinase = (MAPK)/
Extracellular-Regulated Kinase (ERK) signaling
pathway!>’l. At the same time, the progressive breast
tumor growth was suggested to be associated with the
increased expression level of CXCR72%. Hattermann
et al. proposed that the microvascular hyperplasia
of the tumor triggered over-expression of CXCR7
in glioblastomal®!. So that, the GBM patients with
poor overall survival rate displayed upregulation of
CXCR7P26, Moreover, a combined administration
of X7Ab (a chimeric antibody of CXCR7) and
temozolomide (first-line treatment for glioblastoma)
could decrease the tumor sizes and prolonged survival
in the animal model™”). In addition to CXCR7, a novel
Stromal Derived Factor 1 alpha (SDF-10/CXCL-12)
inhibitor has been shown to reverse the recruitment
of macrophages and potentiate the antitumor effect
of anti-Vascular Endothelial Growth Factor (VEGF)
therapy in the process of GBMP. In fact, as a standard
chemotherapeutic drug used to treat GBM patients, the
temozolomide was demonstrated to function through
the expression and secretion of CXCL2, CXCL3 as
well as CXCLS8 in glioma cells®®. All the previous
investigations provided the evidences for the connection
between chemokine superfamily and GBM formation.
In this integrated study, we did observed the function of
CXCL6 as a biomarker especially for GBM recurrent.
However, CXCL6 did not demonstrate a significant
difference like other family members in the initiation
stage of GBM compared with control health specimen.
This may be either due to the fact that CXCLG6 played a
critical function solely in recurrent stage or there exist
a functional switch between different members of this
superfamily.

Here, in this study, our data suggested that CXCL6
modulated PD-L1 activity STAT signaling is a causal.
Immunotherapies that target Programmed Cell Death 1
(PD-1)/PD-L1 axis have suggested the unprecedented
success in a wide variety of human cancers. PD-1
pathway suppresses effector T cells in immune
response, thereby causing immune suppression, which
has become a hot-spot in cancer research. Previously,
in lung cancer cell, STAT3 pathway was shown to
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regulate expression level of PD-L1 and subsequent
Epithelial-to-Mesenchymal Transition (EMT)E. Our
data also supported the opinion and we also proposed
that CXCL6 was a specific upstream regulatory factor
for the signaling axis. Based on our search, there were
few reports focusing on the connection between CXCL6
and STAT/PD-L1 signaling node for cancer research. In
a study of Diabetic Nephropathy (DN), high glucose
significantly increased the proliferation of rat renal
fibroblasts and Janus Kinase (JAK)-STAT signaling
pathway®!l, While, knockdown of CXCL6 ameliorated
the pro-proliferation effect ofhigh glucose and decreased
the expression of fibrosis-related cytokines, suggesting
that CXCL6 promoted fibrosis-related factors to
accelerate the development of DN renal interstitial
fibrosis by activating JAK/STAT3 signaling pathway. It
is worth noting that the primary molecular mechanisms
between CXCL6 and STAT/PD-L1 signaling node have
not been fully explored here, which call for a great point
for the future study. Here, we in-depth re-investigated
the GBM patients according to PD-L1 and P-STAT3
expression. It could be demonstrated that the expression
levels of PD-L1 and P-STAT3 were closely associated
with the recurrent status of GBM patients (fig. 4A). In
other words, recurrent status of GBM patients could be
distinguished based on CXCL6/STAT/PD-L1 signaling
as a casual. The CXCL6 could be a primary biomarker
for GBM recurrence, with a high diagnostic value in
future clinical study.

Even with years of hard work for the breakthroughs
in the recurrent GBM study, the GBM remains
at large and the need to discover highly accurate
early biomarkers for recurrent GBM. To this end,
we systematically compared the recurrent and non-
recurrent patients of GBM, which elucidated CXCL6
as a potential biomarker. With enrichment analysis, PPI
network construction as well as in vitro verification, the
functions of CXCL6 had been deeply explored. All the
work here provided novel insights in the administration
and evaluating the biomarker investigation for future
recurrent GBM research.
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