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Abstract: Guanylate binding protein 5 (GBP5) is a member of the interferon (IFN)-inducible large guanosine tri-
phosphate hydrolases (GTPase) family that regulates cell-autonomous immunity and malignant tumor transforma-
tion. However, its specific roles and underlying mechanisms GBP5 in gastric cancer (GC) remain unknown. In this
study, we aimed to determine the role GBP5 and underlying mechanism of GBP5 in GC cell progression. Potential
oncogenic roles of GBP5 in GC as well as its relationship with the tumor immune microenvironment (TIME) were
comprehensively evaluated using bioinformatics analysis. Protein expression levels of GBP5 and their correlation
with clinicopathological features of patients were assessed using immunohistochemistry. In addition, diverse in
vitro functional experiments were performed to identify the functions of GBP5 in GC. Downstream targets of GBP5
were identified using RNA-sequencing analysis and verified using western blotting or quantitative polymerase chain
reaction analysis in different cell lines. GBP5 expression is commonly upregulated and promotes the proliferation
and migration of GC cells. Mechanistically, GBP5 was regulated by the IFNy-Janus kinase (JAK1)-signal transducer
and activator of transcription 1 (STAT1) axis and induced CXCL8 expression. Interestingly, GBP5-induced CXCL8
regulated the JAK1-STAT1 signaling pathway to form a positive feedback loop. Moreover, GBP5 is closely related to
the TIME and may be used as a biomarker for predicting the efficacy of immunotherapy. Our findings revealed a new
JAK1-STAT1/GBP5/CXCL8 pathway and highlighted the value of GBP5 as a predictive biomarker and novel target
for GC intervention.
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Introduction

Gastric cancer is a serious health problem and
the second leading cause of death worldwide
[1]. Gastric cancer (GC) is a common digestive
system tumor affected by various factors,
including gene expression, Helicobacter pylori
infection, the environment, and diet [2].
Although the incidence of GC has decreased in
recent years, the estimated numbers of new
GC cases and deaths in 2022 were the third
highest in China [3]. Traditional treatments,
such as surgery and chemotherapy, have limit-
ed effects on improving the patient prognosis.

With the development of technology, the treat-
ment of GC is improving with the aid of preci-
sion medicine [4]. Therefore, it is necessary to
identify genes playing important roles in the
development of GC.

The guanylate-binding proteins (GBPs), mem-
bers of the translation factor (TRAFAC) class
dynamin-like GTPase superfamily, are involved
in important cellular processes, including signal
transduction, gene translation, vesicle traffick-
ing, and exocytosis [5-8]. Among GBP family
members, GBP5 is a critical cellular factor in
inflammasome assembly that is considered as
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a central orchestrator of neoplastic disease
immunity [9, 10]. Malignancy-related functions
and prognostic value of GBP5 in tumor progres-
sion suggest its potential clinical significance
[11-13]. For example, in triple-negative breast
cancer, GBP5 can promote tumor cell migration
by inducing programmed death-ligand 1 (PD-
L1) expression [12]. In addition, GBP5 is highly
expressed in gastric adenocarcinoma and med-
ullary carcinoma [14, 15]. However, the specific
role of GBP5 in GC remains unclear.

CXCL8 contributes to immune suppression in
the tumor microenvironment (TME) [16]. It can
act in a paracrine manner to alter the composi-
tion of immune infiltration in TME [17] by re-
cruiting tumor-associated macrophages [18],
myeloid-derived suppressor cells, and tumor-
associated neutrophils [19] to the TME and
inhibiting the anti-tumor activity of NK cells [20]
and dendritic cell migration without impairing
T-cell stimulation [21]. Additionally, CXCL8
expression is highly correlated with various
immune characteristics, including immune
modulator, chemokine, and drug levels, and
can act as a prognostic marker for immune
therapy response in patients with different can-
cer types [22-26]. However, the detailed mech-
anism underlying the regulation of CXCL8
remains unknown.

In this study, we investigated the biological role
of GBP5 in GC. We found that GBP5 expression
was upregulated and promoted the prolifera-
tion and migration of GC cells. GBP5 expres-
sion was regulated by the IFNy-JAK1-STAT1 axis
and induced CXCLS8 expression. We also found
that GBP5-induced CXCLS8 regulated the JAK1-
STAT1 signaling pathway to form a positive
feedback loop. In addition, GBP5 was closely
related to the tumor immune microenvironment
(TIME) and may be a marker for predicting the
efficacy of immunotherapy in patients with GC.

Materials and methods

Cell culture and construction of lentiviral cell
lines

Human GC cells (MKN45 and BGC823) were
stored in our laboratory and authenticated
using STR profiling. Cells were inoculated into
Dulbecco’s modified Eagle’s medium (Grand
Island, NY, USA) supplemented with 10% fetal

1311

bovine serum, 100 yg/mL Gibco-penicillin, and
100 pg/mL Gibco-streptomycin at 37°C with
5% CO,. Cells were transfected with overex-
pression and/or knockdown lentiviral vectors
designed and supplied by HANBIO Co. Ltd.
(Shanghai, China). GBP5 knockdown shRNA
sequence was GATGATGAGCTAGAGCCTGAA.
Multiplicity of infection of transfection was
approximately 50. Cells were treated with 2 pg/
mL puromycin for 1 week 72 h after infection.

Tumor samples

Tissue microarray (TMA) was obtained from
the State Key Laboratory of Cancer Biology,
National Clinical Research Center for Digestive
Diseases, Xijing Hospital, Fourth Military
Medical University (Xi'an, China). TMA con-
tained 170 gastric tumor and paired adjacent
non-tumor tissue samples and was used to
determine GBP5 expression levels in GC and
matched normal tissues. Patient clinical char-
acteristics, including patient age, gender, tumor
location, and TNM stage, are presented in
Table 1. This study was approved by the
Xijing Hospital Protection of Human Subjects
Committee. All participants provided informed
consent prior to their participation in this study.

RNA extraction and reverse transcription-quan-
titative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from the cells using
the TaKaRa MiniBEST Universal RNA Extraction
Kit (Cat# 9767, Takara, Japan), and cDNA was
synthesized using a Takara-reverse transcrip-
tion kit (Cat# RRO36A, Japan). Subsequently,
the Takara-SYBR Green PCR Kit (Cat# RR820A,
Japan) was used to perform RT-qPCR on a Bio-
Rad CFX96 system (CA, USA) using the follow-
ing program: pre-denaturation at 95°C for 10
min, 40 cycles of denaturation at 95°C for 15 s,
primer annealing at 60°C for 1 min, and final
elongation at 72°C for 30 s. Fluorescence was
measured and Ct values were calculated using
Applied Biosystems-SDS 1.9.1 software. The
reactions were performed in triplicates. The
sequences of the primers were as follows:
GBP5-F, CTGTCTGCCATTACGCAACCTG; GBP5-R,
GTGTGAGACTGCACCGTAGATG.

Western blotting analysis

Proteins were extracted from cultured cells
using radioimmunoprecipitation assay buffer
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Table 1. Correlation between the Guanylate binding protein 5
(GBP5) expression levels in tissues and clinicopathological char-
acteristics of patients with gastric cancer (GC)

] Cases (No. GBP5
Variables (n=1;0) ) Low High | ‘ale
Age (years) 0.914
<60 (%) 97 38 59
> 60 (%) 73 28 45
Gender 0.850
Male (%) 125 48 77
Female (%) 45 18 27
Tumor Location 0.123
1 upper 34 8 26
2 middle 65 28 37
3 low 71 30 41
Tumor size 0.255
<5 (%) 71 24 47
>5 (%) 99 42 57
Invading surrounding organ tissues 0.634
0 128 51 77
1 42 15 27
Lymphatic enlargement 0.726
0 108 43 65
1 62 23 39
lymphatic metastasis 0.427
0 28 9 19
1 142 57 85
Vascular invasion 0.707
0 70 26 44
1 100 40 60
T stage 0.410
T1 15 6 9
T2 27 10 17
T3 104 37 67
T4 24 13 11
N stage 0.017
NO 28 9 19
N1 a7 12 35
N2 45 17 28
N3 50 28 22
Metastasis 0.844
0 167 65 102
1 3 1 2
TNM 0.422
1 26 8 18
2 49 16 33
3 92 41 51
4 3 1 2
Histological differentiation 0.035
1 95 42 53
2 39 8 31
3 17 7 10
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supplemented with a cocktail
of Millipore protease and phos-
phatase inhibitors. Denatured
proteins were resolved on a
10% SDS-PAGE gel for immu-
noblotting analysis with the
indicated antibodies. Protein
bands were Vvisualized and
quantified as previously desc-
ribed [27].

Immunohistochemistry (IHC)

TMA on glass slides were
placed in an incubator at 60°C
for 1 h, deparaffinized in xylene,
rehydrated through graded eth-
anol solutions, and subjected
to antigen retrieval in boiling
citrate buffer (0.01 M, pH 6.0)
for 2 min. After washing thrice
with phosphate-buffered saline
(pH 7.5) for 5 min each time,
the microarray was treated with
3% hydrogen peroxide solution
in methanol for 10 min to
qguench endogenous peroxi-
dase activity, followed by pre-
incubation with 5% goat serum
for 30 min at room temperature
to block nonspecific binding.
Slides were then incubated at
4°C overnight with GBP5 anti-
body in blocking buffer. After
washing, the tissue sections
were treated with peroxidase-
labelled polymer conjugated to
goat anti-rabbit or anti-mouse
immunoglobulin for 30 min at
room temperature (25°C). After
visualizing the immunostaining
with diaminobenzidine tetrahy-
drochloride (DAB), the sections
were counterstained with he-
matoxylin, dehydrated, and cov-
ered with coverslips. Immuno-
histochemical staining results
for each section were calculat-
ed as previously described [27].
Briefly, the IHC score for each
TMA was calculated by multiply-
ing the staining intensity in four
grades (0, negative; 1, weakly
positive; 2, moderately positive;
3, strongly positive) by the per-
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centage of positive cells in four grades (1, less
than 25%; 2, 25-50%; 3, 0-75%; 4, 75-100%).

5-ethynyl-20-deoxyuridine incorporation and
colony formation assays

MKN45 and BGC823 cells were cultured in
96-well plates. At 37°C, cells were treated with
50 yM 5-ethynyl-20-deoxyuridine (EdU, Ribo-
bio, China) for 2 h. Then, cells were fixed with
formaldehyde for 30 min and treated with 0.5%
Triton X-100 for 10 min. Next, 100 pl of the 1 x
Apollo reaction cocktail was added to each
well for 30 min. Finally, the cells with 100 pl of
1 x Hoechst 33,342 for 30 min and observed
under a fluorescence microscope. For colony
formation assays, MKN45 and BGC823 cells
were seeded at a density of 2,000 cells/well in
6-well plates. The cells were cultured for 2
weeks, during which the culture medium was
changed once every 3 days. The number of col-
onies in each well was counted.

In vitro cell migration assay

An 8-um pore 24-well Corning Transwell plate
(MA, USA) was employed to assay the migration
potential of all cell lines. We coated the cham-
ber inserts with an 8-um pore size, and the
upper compartment was inoculated with 6 x
104 cells suspended in serum-free media, and
20% FBS was employed as a chemo-attractant
and applied to the lower chamber. The cells
were allowed to grow at 37°C for a specified
time period, followed by fixation with 4% para-
formaldehyde. Crystal violet staining was per-
formed and the cells at x 100 under a micro-
scope (Olympus, Tokyo, Japan). All assays were
performed in triplicates. The degree of migra-
tion was determined as the ratio of the number
of treated cells to that of control cells.

Transcriptomic analysis

RNA-Seq transcriptome analysis was per-
formed in GBP5-overexpressed MKN45 and
control cells to assess the changes in global
gene expression. Differentially expressed
genes (DEGs) between high and low GBP5 ex-
pression groups were identified, where |log2-
fold change (FC)| > 1 and P < 0.05 were set as
the cutoff values. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses were
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conducted to interpret the functions of diffe-
rentially expressed genes. The differentially ex-
pressed proteins were uploaded to Search Tool
for the Retrieval of Interacting Genes/Proteins
(https://string-db.org) to construct protein-pro-
tein interaction (PPI) networks. Gene set en-
richment analysis (GSEA; using the Molecular
Signatures Database, h.all.v6.0. symbols.gmt)
was used to identify the potential function of
GBP5.

Bioinformatics analysis

Association between GBP5 expression and
TIME in GC was evaluated using bioinformatic
methods. First, GC samples from The Cancer
Genome Atlas (TCGA) were divided into hot
and cold tumors based on the degree of CD8A
expression. Specifically, CD8A expression in
the top 10% of GC and bottom 10% were
defined as hot and cold tumors, respectively.
Expression differences of GBP5 between cold
and hot tumors were compared, and the
immune-related genes associated with GBP5
were analyzed. In addition, the correlations
between GBP5 expression and immune score,
stroma score, tumor purity, and the Estimation
of STromal and Immune cells in MAlignant
Tumor tissues using Expression data (ESTI-
MATE) score of GC samples were evaluated.
Moreover, the Cell-type ldentification by Esti-
mating Relative Subsets of RNA Transcripts
(CIBERSORT) and Tumor Immune Estimation
Resource (TIMER) methods were used to deter-
mine the degree of immune cell infiltration [28,
29].

Quantification and statistical analysis

SPSS (V.19.0) and Prism version 9.0 and 4.1.1
version R were used to conduct the data analy-
sis. Fisher’s exact test was used to analyze the
categorical data. Student’s t-test or Wilcoxon
test was used for intergroup comparisons of
quantitative data. Kaplan-Meier survival analy-
sis and log-rank test were used to explore
cumulative survival rates. To identify the indica-
tors that independently affected survival, pre-
determined variables established to be signifi-
cant were subjected to multivariate analysis
and further analyzed using the Cox proportional
hazards model. Pearson’s coefficient was used
to explore the correlation between variables.
Statistical significance was set at P < 0.05.

Am J Cancer Res 2023;13(4):1310-1328



GBP5-CXCLS8 circuit in gastric cancer

Results

GBP5 is significantly overexpressed in patients
with GC

To investigate the expression of GBP5 in GC,
we first analyzed the expression of GBP5
online through the Gene Expression Profiling
Interactive Analysis (GEPIA) website based
on The Cancer Genome Atlas (TCGA) and
Genotype-Tissue Expression datasets, and
found that it was significantly overexpressed
in GC (Figure 1A) [30]. Moreover, Kaplan-Meier
analysis showed that patients with higher
GBP5 levels had shorter overall survival (Figure
1B) [31]. We aimed to clarify whether gene
mutations play a role in GBP5 dysregulation.
We evaluated the genetic alterations of GBP5
in patients with GC using the cBio Cancer
Genomics Portal (cBioPortal) database [32].
Seven datasets of GC were used, including
Gastric Cancer (OncoSG, 2018), Stomach
Adenocarcinoma (Pfizer and UHK, Nat Genet
2014), Stomach Adenocarcinoma (TCGA, Fir-
ehose Legacy), Stomach Adenocarcinoma
(TCGA, Nature 2014), Stomach Adenocarci-
noma (TCGA, PanCancer Atlas), Stomach
Adenocarcinoma (U Tokyo, Nat Genet 2014),
and Stomach Adenocarcinoma (UHK, Nat
Genet 2011) were analyzed. Among the datas-
ets analyzed, the frequency of gene alterations,
including mutations, amplification, and deep
deletions, was up to 3%, with mutations be-
ing the most commonly observed alteration
(Figure 1C). Figure 1D summarizes the correla-
tion between alterations and clinical character-
istics of patients with GC.

We also analyzed GBP5 expression in four tis-
sue micro-arrays containing 170 paired GC
specimens by IHC analysis. The data show-
ed that GBP5 was predominantly distributed
GBP5 in the nucleus and cytoplasm of GC cells.
Figure 1E shows GBP5 IHC staining trends in
GC. Statistical analysis further confirmed that
GBPS5 protein levels were significantly higher in
GC tissues than in the adjacent non-malignant
tissues (Figure 1F). In addition, GBP5 protein
expression was further analyzed using our pre-
viously reported proteomics data, which adopt-
ed 48 paired laser capture microdissection
cancer tissues that were histologically classi-
fied as signet ring cell carcinoma (n=14), poorly
differentiated adenocarcinoma (n=17), and
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well-moderately differentiated adenocarcino-
ma (n=17) [33]. The results showed that
GBP5 was commonly upregulated in patients
with the three subtypes (Figure 1G). Taken
together, GBP5 was overexpressed in GC, indi-
cating that GBP5 may play a critical role in GC
development.

Next, we determined the relationship between
GBP5 expression and clinicopathological char-
acteristics of 170 GC tissue samples with
available associated clinical details. GBP5
was highly expressed in 61.1% (104/170) of
the GC tissues (Table 1). There were no signifi-
cant associations between GBP5 expression
and patient age, gender, vascular invasion,
tumor size, lymphatic enlargement, metastasis,
or TNM stage. However, GBP5 expression cor-
related with N stage (P=0.017) and histological
differentiation (P=0.035). In addition, we used
univariate and multivariate analyses of various
factors associated with overall survival in
patients with GC. Univariate analysis showed
that gender, tumor size, invasion of surrounding
organ tissues, lymphatic enlargement, lymph
node metastasis, vascular invasion, and TNM
stage were significantly correlated with patient
survival (Table 2). Multivariate analysis sug-
gested a positive correlation among gender,
lymphatic enlargement, and prognosis.

GBP5 promotes GC cell proliferation and mi-
gration in vitro

To investigate whether GBP5 manipulates the
biological behavior of GC cells, we utilized three
independent short hairpin RNAs (shRNAs)
sh-NC, sh-GBP5-1, sh-GBP5-2, and sh-GBP5-3
to knockdown GBP5 expression in the GC cell
line (BGC823) with higher basal expression and
overexpressed GBP5 expression in the cell line
(MKN45) with lower basal expression of GBP5
(Figure 2A). However, at the protein level, GBP5
showed only a slight silencing effect when us-
ing sh-GBP5-1 and sh-GBP5-3 compared to
sh-GBP5-2. Based on these results, shGBP5-2
was selected for the subsequent experiments.
Quantitative real-time PCR (RT-qPCR) were per-
formed to evaluate transfection efficiency
(Figure 2B). Based on the results above, we
carried out EdU, colony formation, and tran-
swell assays to evaluate the proliferation and
migration ability of GC cell lines. We found that
GBP5-knockdown distinctly impairs the viabili-
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Figure 1. Guanylate binding protein 5 (GBP5) expression is significantly upregulated in gastric cancer (GC). (A) Expression levels of GBP5 in The Cancer Genome
Atlas (TCGA) and Genotype-Tissue Expression (GTEX) stomach adenocarcinoma (STAD) datasets. (B) High GBP5 expression was significantly associated with a short
overall survival (OS) (Log-rank test using the Kaplan-Meier Plotter online tools). (C) Alteration frequency of GBP5 in GC was studied using the cBioPortal. Altera-
tion types included mutations (green), amplifications (red), and deep deletions (blue). (D) Summary of all alterations. In this graphical summary, individual cases
are represented as columns. (E, F) Immunohistochemistry (IHC) evaluation (E) and statistical analysis (F) of GC and non-malignant neighboring tissues in tissue
micro-arrays (TMAs). (G) GBP5 protein expression levels in proteomics data derived from 48 paired laser capture microdissection (LCM) GC tissues of signet ring
cell carcinoma (SRCC; 14 cases), poorly differentiated adenocarcinoma (PDAC; 17 cases) and well-moderately differentiated adenocarcinoma (WMDAC; 17 cases).
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Table 2. Univariate and multivariate analyses of factors associated

with the overall survival of patients with GC

IFNy signaling cascade and
are involved in cellular biologi-

cal processes and immune

Variables 0s .
Ratio interval
Gender 0001 0391 0.225-0.677 ponse genes in cancer devel-
Tumor size <0001 3.392 2.149-5.352 opment are still not complete-
. _ ) ly understood. According to
Invading surrounding organ tissues < 0.001 2.502 1.642-3.812 . .
previous studies, GBPs are
Lymphatic enlargement 0.001 1.923 1.294-2.857 possibly the most abundantly
Lymphatic metastasis 0.001 3.79 1.755-8.185 induced genes upon IFNy
Vascular invasion <0.001 2419 1.553-3.770 stimulation [5]. Thus, we spec-
T classification <0.001 2.233 1.668-2.988 ulated that GBP5 might be
N classification <0.001 1.884 1.533-2.315 involved in the reactivity of GC
Metastasis 0.003 5.935 1.843-19.110 cells to IFNy stimulation by
TNM stage <0.001 3.098 2.189-4.384 responding to the JAK1-STAT1
Age 0.347 0.825 0.553-1.231 signaling pathway. Therefore,
Tumor location 0.507 0918 0.714-1.181 we assessed GBPS expres-
Histological differentiation 0.234 0.828 0.607-1.130 Z:’(;‘ \;i?hoif IFC,\?\'(' S'tiirr‘]fjlat"i";;h
ilz:’ti/ariate g 0.230 0.784 0.527-1.167 Changes in STAT1 and phos-
phorylated STAT1 (p-STAT1),
Gender 0.019 0.499 0.278-0.893 JAK1, and phosphorylated
Tumor size 0.183 1.452 0.839-2.516 JAKL (p-JAK1) in this path-
Invading surrounding organ tissues  0.794  1.071  0.640-1.793 way were also analyzed. WB
Lymphatic enlargement 0.040 1.616 1.023-2.552 assays indicated that upon
Lymphatic metastasis 0.104 0.413  0.142-1.199 stimulation with IFNy, the sig-
Vascular invasion 0.167 1.407 0.867-2.281 naling pathway was activated,
T classification 0.071 1511 0.965-2.366 and the expression level of
N classification 0146 1.355  0.899-2.042 GBP5 in GC cells was signifi-
Metastasis 0.288 2499 0.462-13.525 cantly increased (Figure 3A).
TNM stage 0281 1552 0.6983.452 To further confirm that the

ty, DNA replication, and migration abilities of
GC cells, whereas overexpression of GBP5
exhibited a contrasting trend (Figure 2C, 2D).
Consistent with the results above, the knock-
down of GBP5 dramatically increased the ratio
of apoptotic cells (Figure 2E) and arrested
the growth of MKN45 and BGC823 cells in the
GO/G1 phase based on flow cytometric assays
of apoptosis and cell cycle (Figure 2F). Taken
together, these data implied that GBP5 plays a
pivotal role in the proliferation and migration of
GC cells.

GBP5 expression is stimulated by IFNy in a
JAK1-STAT1 axis-dependent manner

The cytokine IFNy plays an important role in the
development of immune cells with anti-tumor
activities and immunoediting. Janus (JAK)-
signal transduction and activator of transcrip-
tion (STAT) signaling pathways respond to the

1317

JAK1-STAT1 signaling pathway
mediates the impact of IFNy
induction on GBP5, we developed a combina-
tion treatment comprising IFNy with Flu-
darabine, a JAK1/STAT1 Pathway Inhibitor.
After treating cells with IFNy and/or fludara-
bine, we measured the expression level of
GBP5. The results showed that IFNy alone
could upregulate GBP5 expression, but when
fludarabine was combined, the effect was off-
set due to inactivation of the JAK1-STAT1 sig-
naling pathway (Figure 3B). RT-qPCR revealed
that IFNy stimulation affected GBP5 mRNA lev-
els, regardless of the presence of fludarabine
(Figure 3C). The data indicated that GBP5
expression was stimulated by IFNy in a JAK1-
STAT1 axis-dependent manner.

Identification of GBP5 downstream targets in
GC cells

To verify the role of GBP5 in GC progression,
RNA-Seq transcriptome analysis was per-
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Figure 2. GBP5 impairs the viability, DNA replication, and migration abilities of GC cells. A. Knockdown of GBP5 in BGC823 cells and overexpression of GBP5 in
MKN45 cells were confirmed via western blotting. B. Short hairpin RNA (shRNA)-mediated GBP5 repression and GBP5 overexpression confirmed via quantitative
polymerase chain reaction (RT-gPCR) assay after lentivirus infection in BGC823 and MKN45 cells. C. Proliferation of GC cells with GBP5 knockdown or overexpres-
sion examined via 5-ethynyl-2’-deoxyuridine (EdU) assay. D. Colony-formation and transwell assays to assess the effects of GBP5 knockdown or overexpression on
cell proliferation and migration of GC cells. E. BGC823 and MKN45 cells were stained with annexin V and 7-AAD and analyzed using flow cytometry to assess the
effects of GBP5 knockdown or overexpression on cell apoptosis. F. Effects of GBP5 knockdown or overexpression on cell cycle progression in BGC823 and MKN45
cells analyzed via flow cytometry. Dip G1, Dip S, and Dip G2 populations are presented (n=3).
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Figure 3. GBP5 is stimulated by interferon IFNy in a Janus kinase 1 (JAK1)-signal transducer and activator of tran-
scription 1 (STAT1) axis-dependent manner. A. Effects of IFNy on STAT1, p-STAT1, JAK1, p-JAK1, and GBP5 expres-
sion levels in GC cells determined via western blotting. B. Protein levels of STAT1, p-STAT1, JAK1, p-JAK1, and GBP5
in GC cells treated with IFNy with or without fludarabine, a STAT pathway-specific inhibitor, determined via western
blotting. C. mRNA levels of GBP5 in GC cells treated with IFNy with or without fludarabine determined via RT-qPCR.

formed in GBP5-overexpressed MKN45 cells
and control cells to assess changes in global
gene expression. Differentially expressed gen-
es (DEGs) between the high and low GBP5
groups were identified, where fold change (FC)
> 2 and P < 0.05, were set as the cutoff values
(Figure 4A, 4B, Table S1). The DEGs were sig-
nificantly enriched in gene sets involved in
NF-kappa B signaling pathway, cytokine-cyto-
kine receptor interaction, and JAK1-STAT1 sig-
naling pathway after GBP5 overexpression
(Figure 4C). Thereafter, we used the gene ontol-
ogy (GO) database for enrichment analysis to
identify the GO terms in which the upregulated
genes were significantly enriched. As shown in
Figure 4D, the DEGs were principally enriched
in the inflammatory response. Moreover, KEGG
analysis suggested that the upregulated genes
were mainly involved in cytokine-cytokine re-
ceptor interactions (Figure 4E). Next, protein-
protein interaction (PPI) networks of the top 30
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proteins were constructed (Figure 4F). To fur-
ther identify the potential function of GBP5,
GSEA was conducted, and the results showed
that substantial gene sets were positively
enriched in the GBP5 high-expression group,
including inflammatory response (NES=2.08,
FDR=0.025), cell response to interferon-gam-
ma (NES=2.05, FDR=0.032), interferon-gam-
ma-mediated signaling pathway (NES=2.15,
FDR=0.01), chemokine activity (NES=2.04,
FDR=0.028), and cytokine-mediated signaling
pathway (NES=2.19, FDR=0.004) (Figure 4G).
Taken together, these results suggest that
GBP5 may promote tumor progression by regu-
lating cytokine-mediated signaling pathways,
especially interferon gamma.

CXCLS8 is a potential regulatory target of GBP5

The focus now forwards the identification of
downstream regulators of GBP5 in cytokine-
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Figure 4. Identification of GBP5 downstream targets. A. Heatmap of GBP5 downstream targets assessed via RNA-
sequencing (RNA-seq) analysis. Red indicates the upregulated genes, while blue indicates the downregulated genes.
B. Upregulated genes based on RNA-seq results. C. Bubble plot of Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment terms based on RNA-seq results. Alteration in color from red to blue illustrates a decrease in
the P-value, while the size of the circles indicates the number of genes enriched in KEGG terms. D. Upregulated
genes enriched terms of Gene Ontology (GO) analysis. E. Upregulated genes enriched pathways of KEGG analy-
sis. F. Protein-protein interaction (PPI) networks of differentially expressed proteins (DEPs) constructed using the
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database. Node size is positively associated
with the degree of interaction and gradation of color is positively associated with the expression level of this gene.
G. Gene set enrichment analysis (GSEA) revealed that inflammatory response, cell response to interferon-gamma,
interferon-gamma-mediated signaling pathway, chemokine activity, and cytokine-mediated signaling pathway were
positively enriched in GBP5 high-expression group.
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Figure 5. CXCLS8 is a potential regulatory target of GBP5. (A) Correlation analysis of GBP5 and different gene mRNA
expression levels in the Gene Expression Profiling Interactive Analysis (GEPIA) database. (B, C) RT-gPCR detects the
gene expression difference at mRNA level and western blotting detects the correlation between GBP5 and CXCL8
expression at the protein level in MKN45-LV-GBP5 cells (B) and BGC823-LV-shGBP5 cells (C).

cytokine receptor interactions. We first ana-
lyzed the correlation between GBP5 and candi-
date gene mRNA expression using the GEPIA
public database. Correlation analysis showed
that both CXCL8 and IL2RG had high correla-
tion coefficients with GBP5 expression (Figure
5A). Then, mRNA and protein expression levels
of some or all of these genes were detected
by RT-qPCR and WB to confirm the role of GBP5
in the regulation of expression in MKN45-LV-
GBP5 and BGC823-LV-shGBP5 cells. It can be
observed that as GBP5 increases, the expres-
sion level of CXCLS8 increases as well (Figure
5B). Similarly, a concomitant decrease in
CXCL8 expression was observed when GBP5
was silenced (Figure 5C). The consistent trend
of changes suggests that CXCL8 may function
downstream of GBP5.

Reciprocal positive regulation between GBP5
and CXCL8-JAK1/STAT1 signaling

C-X-C motif ligand 8 (CXCL8) is a chemokine
that acts as an important multifunctional cyto-
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kine that modulates tumor proliferation, inva-
sion, and migration in an autocrine or paracrine
manner. The function of CXCL8 in tumorigene-
sis and tumor progression relies mainly on
chemokine receptor 1 (CXCR1) and CX-C che-
mokine receptor 2 (CXCR2). Studies have sug-
gested that increased CXCLS8 levels indicate
poor clinical outcomes and tumor progression
in patients with gastric cancer [34]. Therefore,
we examined whether CXCL8 functions as a
major downstream effector of GBP5 in the
stimulation of IFNy in GC cells. As indicated in
Figure 6A, the levels of tyrosine-phosphorylat-
ed JAK1 and STAT1 were dramatically increased
by stimulation with IFNy compared to those in
unstimulated cells. More importantly, CXCL8
trends were consistent with GBP5 trends in
IFNy-treated cells (Figure 6A). To further verify
that GBP5 regulates the expression of CXCLS8-
JAK1/STAT1, we used WB to detect changes
in the expression of MKN45-LV-GBP5. CXCL8
overexpression was associated with GBP5
overexpression, in accordance with p-JAK1 and
p-STAT1 (Figure 6B). Next, to examine whether
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Figure 6. Reciprocal positive regulation between GBP5 expression and CXCL8-JAK1/STAT1 signaling. A. Effects of
IFNy treatment on STAT1, p-STAT1, JAK1, p-JAK1, GBP5, and CXCLS8 levels in GC cells determined via western blot-
ting. B. Effects of GBP5 overexpression on CXCL8 expression and JAK1/STAT1 signaling pathway determined via
western blotting. C. Protein levels of GBP5 in GC cells treated with CXCL8 with or without repertaxin/fludarabine
determined via western blotting. D. Mechanism graph of the JAK1-STAT1/GBP5,/CXCLS8 positive feedback loop.

CXCL8 has an impact on GBP5, we added
CXCLS8 alone or in combination with repertaxin
(@ CXCR1/2 small molecular inhibitor) or fluda-
rabine to cells and detected GBP5 expression.
Surprisingly, the addition of CXCL8 significantly
increased the expression of GBP5, and GBP5
expression showed an apparent decrease
when treated with Repertaxin or Fludarabine.
Moreover, CXCL8 administration attenuated
the fludarabine-induced decline in GBP5 ex-
pression (Figure 6C). Taken together, the above
data verified the presence of a positive feed-
back loop between GBP5 and CXCL8 through
the CXCL8-CXCR1 and JAK1/STAT1 signaling
pathways (Figure 6D).

Association between GBP5 expression and
TIME

Considering that GBPs are potential targets for
immunotherapy [35], we next demonstrated
the association between GBP5 and TIME in GC
using bioinformatics methods. We divided GC
samples in TCGA into hot and cold tumors
based on the degree of CD8A expression, and
found that GBP5 was significantly enriched in
hot tumors, suggesting that GBP5 can predict a
better immunotherapy response (Figure 7A).
We also analyzed the association of some
immune-related genes, including CD274, HLA-
C, HLA-B, and HLA-A, with GBP5, and found a
significant positive correlation between their

1323

MRNA expression (Figure 7B). In addition, we
calculated the immune score, stroma score,
tumor purity, and ESTIMATE score of the GC
samples and compared their relationship with
GBP5 (Figure 7C). The results showed that
GBP5 was positively correlated with the
immune, stromal, and ESTIMATE scores, and
positively correlated with tumor purity. The
degree of immune cell infiltration was deter-
mined using the CIBERSORT method. The frac-
tion of CD8 T cells, CD4 memory activated T
cells, follicular helper T cells, monocytes and
macrophages M1 were higher in the GBP5 high
expression group, and in the GBP5 low expres-
sion group, the fraction of CD4 memory resting
T cells, regulatory T cells (Tregs), macrophages
MO, mast cells, and eosinophils was lower
(Figure 7D). Similar conclusions were obtained
using the TIMER method. The expression of
GBP5 was negatively correlated with tumor
purity and B cell infiltration level and positively
correlated with CD8+ T cells, CD4+ T cells,
macrophages, neutrophils, and dendritic cell
infiltration levels (Figure 7E). These results
demonstrate the effect of GBP5 on the TIME in
GC.

Discussion
GBPs induced by IFNy have been shown to

mediate antimicrobial responses, but the role
of GBPs in cancer remains controversial [36].

Am J Cancer Res 2023;13(4):1310-1328



GBP5-CXCLS8 circuit in gastric cancer

A ‘ cold - hot B STAD (415 samples) " STAD (415 samples) STAD (415 samples) STAD (415 samples)
p<222-16 ° °
. 12
c
2 . 5 1
7]
2 g g &
o 4 3, 3, 9,10
& X Q9 N
u a 3 3
[Te) (@] I I
o 0
o 2 . 7 8
O . ‘ °
0 * . . . 6 .
Cold Hot 0.0 25 5.0 7.5 10.0 0.0 2.5 5.0 75 10.0 0.0 25 5.0 75 10.0 0.0 25 5.0 75 10.0
GBP5_exp GBP5_exp GBP5_exp GBP5_exp
Spearman Correlation Test: Spearman Correlation Test: Spearman Correlation Test: Spearman Correlation Test:
rho = 0.73, p < 2.2e-16 tho = 0.349, p = 3.4e-13 rho = 0.368, p = 1.26e-14 rtho =0.314, p = 7.87e-11
C Cancer: STAD Cancer: STAD D
/-\ /\ 02 prose — low
B p<0.001 — i
Trampsaama | o | o0 mebedecatgs | | o high
‘ 04
;'). 2 p=0.041
8 H : -
1 o 03 M;Dm p=0.001
g 3 _
°l ‘ s
3 =0.105
E I S - E e = 8 p=0.410"""
Inminescore Sromatscors I - p=0.002
p=0.201"
02 4 p<0.001 —  p<0.001
p<0.001 _ g =0.432 —
_ p<0.001 p=0. 7‘67 p—U 285
Cancer: STAD Cancer: STAD p<0.001 p=0.223 |
o _ ooisos | p=0_017
-064,p.3" - p=0.758 |
e of ¢ -
p=1.000 li
v . 0.0 4 .
& N
\’b\ OéQ O‘Q
o &
@0
o o D 3 2
Tumorpurty EsTMATEScore
B Cell CD8+ T Cell CD4+ T Cell Macrophage Neutrophil Dendritic Cell
partial.cor = -0.289 artia cor O 658 (3 pgrjjal.cor =0.157 ®, partial.cor = 0.251 mal con 0.702 partial.cor & Q676
8 fe . p = 1.65e-08 - 8 L e—26 e °° W =259¢-03 ¢ ° p =9.756-07 . B ese 5 e D=8 Q' 51

IS
STAD

GBPS5 Expression Level (log2 TPM)

025 0.50 0.75 1.00 0.0 0.1 02 03 04 0.0 02 04 06 00 0.1 02 03 04 0.0 01 02 03 0.1 02 03 04 06 08 10
Infiltration Level

1324 Am J Cancer Res 2023;13(4):1310-1328



GBP5-CXCLS8 circuit in gastric cancer

Figure 7. Correlation between GBP5 expression and the tumor immune microenvironment (TIME) in GC. A. Differ-
ences in GBP5 expression levels between hot and cold tumors in GC. B. Correlation between GBP5 and immune-
related gene expression levels. C. Correlation between GBP5 expression and the Estimation of STromal and Immune
cells in malignant Tumor tissues using Expression data (ESTIMATE) score. D. Differences in the fraction of tumor-
infiltrating immune cells (TIICs) between GBP5-high and low expression groups in GC using the Cell-type Identifica-
tion by Estimating Relative Subsets of RNA Transcripts (CIBERSORT). E. Correlation between GBP5 expression and
the infiltration levels of TIICs using the Tumor Immune Estimation Resource (TIMER). Wilcoxon test was used for the

significance test. "P < 0.05, ""P < 0.01, and ""P < 0.001.

For example, GBP2 is associated with a better
prognosis in bladder cancer, whereas the oppo-
site is true in melanoma [37, 38]. As for GBP5,
it is an oncogene in glioblastoma, oral squa-
mous cell carcinoma, and triple-negative breast
cancer [11-13]. However, the role of GBP5 in GC
remains unclear. In this study, we found that
GBP5 was highly expressed in tumor tissues
and was associated with poor prognosis. We
demonstrated that GBP5 could promote the
proliferation and migration of gastric cancer
cells in vitro. Mechanistically, GBP5 is regulat-
ed by the IFNy-JAK1-STAT1 signaling axis and
promotes the malignant phenotype by inducing
the expression of CXCL8, which can further
activate the JAK1-STAT1 signaling pathway to
promote the expression of GBP5. In addition,
GBP5 affected the tumor immune microenvi-
ronment. These results indicate that GBP5 is a
potential target for molecular-targeted therapy
and immunotherapy in GC.

IFNy is a cytokine that can be used in anti-
tumor therapy and often acts by activating the
JAK1-STAT1 signaling pathway [39]. However,
owing to the serious side effects of IFNy, it is
still very important to study new targets in the
IFNy pathway. GBP5 has been shown to be reg-
ulated by IFNy in autoimmune and inflammato-
ry diseases as well as breast cancer [5, 12]. We
found that GBP5 is similarly regulated by the
IFNy-JAK1-STAT1 signaling axis in GC. In addi-
tion, we performed enrichment analysis of
RNA-seq transcriptome data and found that
multiple IFNy-related pathways were enriched
in GBP5 overexpressing cell lines. Our results
suggest that IFNy regulates GC cell prolifera-
tion and migration by inducing GBP5 expres-
sion, which is beneficial for the clinical applica-
tion of IFNy.

CXCLS8, also known as interleukin-8, is a media-
tor of inflammation. Recent studies have
shown that CXCL8 is secreted by tumor cells
and mediates the malignant phenotype of
tumors [40, 41]. CXCL8 promotes tumor metas-
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tasis and induces immune escape in GC [34,
42]. In this study, CXCL8 was one of the most
significantly upregulated mRNAs in GBP5 over-
expressing cell lines. We confirmed that GBP5
could regulate CXCL8 expression in vitro.
Interestingly, CXCL8 affects GBP5 expression,
which may represent a novel positive feedback
loop in GC. Positive feedback loops are ubiqui-
tous in tumors and closely related to tumor
development [43]. Our results indicated that
CXCLS8 acting on the CXCR1 receptor can acti-
vate the JAK1-STAT1 signaling pathway, which
in turn induces GBP5 expression. Therefore, a
positive feedback loop between GBP5 and
CXCL8 may regulate GC progression.

Next, we explored the relationship between
GBP5 and the TIME. Recent studies have shown
that GBP1 has the potential to predict the
effect of immunotherapy, but the effect of
GBP5 on immunotherapy remains unknown
[44]. Thus, TIME was classified into hot and
cold tumors according to the degree of CD8+ T
cell infiltration. GBP5 expression was signifi-
cantly upregulated in hot tumors, which corre-
lated with better immunotherapy efficacy. In
addition, GBP5 was positively correlated with
multiple immune-related genes, including
PD-L1, and immune scores. Using different
algorithms, we demonstrated that the abun-
dance of CD8+ T cells was higher in the GBP5
high-expression group. These results partially
explained the immunogenicity of GBP5. How-
ever, the correlation between GBP5 and TIME,
as well as immunotherapy needs to be con-
firmed through functional experiments.

This study has some limitations. First, the
results of RNA-seq and bioinformatics analyses
were not verified in vivo. As GC tumors are com-
plex ecosystems composed of different types
of immune cells, the roles of GBP5 within the
TIME need to be further investigated. The lack
of tumor-specific tumor microenvironment com-
position in most public datasets limited the
clinical interpretation of GBP5 function mecha-
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nism. Thus, further experiments are needed to
identify the interactions between GBP5 and
these cells in vivo to determine the anticancer
immune response in the host. Here, we con-
firmed that GBP5 promotes GC cell prolifera-
tion via a GBP5/CXCLS8 positive feedback loop
in vitro. Whether disturbing this positive feed-
back loop using a specific inhibitor can promote
the anticancer immune response remains
unknown. Whether this finding can be trans-
formed to benefit other targeted immunothera-
pies also remains unclear. A more detailed
investigation of the mechanism of GBP5 in can-
cer immunotherapy should be conducted at
pre-clinical and clinical levels.

In conclusion, we revealed the biological func-
tions of GBP5 in GC in this study. GBP5 is highly
expressed in tumor tissues and is associated
with poor prognosis of patients with GC. GBP5
expression was regulated by the IFNy-JAK1-
STAT1 signaling axis and promoted tumor cell
proliferation and invasion by inducing the
expression of CXCLS8. Interestingly, CXCL8 fur-
ther promoted GBP5 expression by activating
the JAK1-STAT1 signaling pathway to form a
new positive feedback loop. Moreover, GBP5
expression was closely related to the TIME.
Therefore, GBP5 is a potential therapeutic tar-
get for GC.
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