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Abstract. Treatment of advanced clear cell renal cell 
carcinoma (ccRCC) primarily involves targeted therapy 
and immunotherapy, however a number of patients develop 
treatment resistance. Identifying preferred biomarkers and 
immune‑related therapeutic targets is clinically important for 
the effective treatment of metastatic ccRCC. Due to the unmet 
clinical need for novel therapeutic approaches, it is impor‑
tant to explore potential biomarkers and their roles in tumor 
progression. Although guanylate‑binding protein 5 (GBP5) 
expression is notably upregulated in several cancers and 
promotes tumor progression, its role in ccRCC remains largely 
unknown. In the present study, GBP5 expression levels were 
compared between tumors and adjacent normal tissue using 
data from the Gene Expression Omnibus, Gene Expression 
Profiling Interactive Analysis 2 and Tumor Immune Estimation 
Resource (TIMER) databases. The relationship between 
GBP5 expression and clinicopathological features, along with 
its diagnostic and prognostic values, was evaluated using R 
software and the Kaplan‑Meier plotter. Gene Ontology term 
analysis and gene set enrichment analysis were performed to 
explore the biological functions of GBP5. The GeneMANIA 

database was used to investigate the protein‑protein interaction 
networks involving GBP5. The Tumor Immune Single‑Cell 
Hub and TIMER databases were used to evaluate the immune 
infiltration landscape of ccRCC and the association between 
GBP5 and immune cell markers. In vitro, GBP5 levels were 
manipulated in renal cancer cells through silencing or overex‑
pressing GBP5 using lentivirus transfection experiments. The 
migratory and invasive capabilities of the cells were evaluated 
using wound‑healing and Transwell assays. The GBP5 levels 
in ccRCC tissues were found to be higher compared with those 
in adjacent tissues. GBP5 expression was associated with the 
tumor‑lymph node‑metastasis classification and pathological 
stage. Furthermore, elevated GBP5 level was associated with a 
poor prognosis and demonstrated promising diagnostic value. 
Bioinformatics analysis of GBP5 suggested its involvement 
in multiple biological processes and its notable association 
with tumor‑infiltrating immune cells. Cellular experiments 
demonstrated that GBP5 regulates the migration and invasion 
of renal cancer cells. Overall, GBP5 shows potential as a prog‑
nostic indicator and a candidate target for immunotherapy in 
patients with ccRCC.

Introduction

Kidney cancer remains one of the most prevalent and deadliest 
tumors in urological oncology, with ~155,702 mortalities and 
434,419 new cases recorded worldwide in 2022 (1). Clear cell 
renal cell carcinoma (ccRCC) accounts for >70% of all kidney 
cancer cases and is the most common subtype (2). ccRCC 
typically exhibits aggressive growth, frequent metastasis and 
substantial immune infiltration, with ~30% of patients experi‑
encing recurrence after total nephrectomy (3,4). Conventional 
radiation therapy and chemotherapy have demonstrated 
limited efficacy in the treatment of all renal cell carcinoma 
subtypes (5). Immunotherapy and targeted therapy have shown 
considerable potential in patients with ccRCC. However, 
owing to low response rates, immunotherapy may not be 
suitable for all individuals (6). In addition, patients receiving 
targeted therapy are prone to resistance, limiting the efficacy 
of existing treatments and complicating ccRCC control (7). 
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The outcomes of patients with ccRCC are primarily affected 
by drug resistance and metastasis (8). Therefore, to effectively 
treat metastatic ccRCC, it is clinically important to identify the 
most preferable biomarkers and immune‑related therapeutic 
targets.

Human guanylate‑binding protein 5 (GBP5), which 
belongs to the guanylate‑binding protein (GBP) family, is 
classified under the dynamin superfamily of large GTPases 
that are induced by interferons (9,10). It is regarded as a key 
regulator of immune responses in neoplastic diseases  (9). 
Studies have shown that GBP5 exerts antiviral activity and 
influences innate immunity and inflammation (11,12). Due 
to the notable functions of other members of the GBP family 
in proliferation and invasion, GBP5 may also serve a major 
role in malignancy (13). Previous studies have supported the 
key role of GBP5 in cancer progression. In gastric adeno‑
carcinomas, GBP5 expression is markedly upregulated, 
contributing to cancer development through the Janus kinase 
1 (JAK1)‑STAT1/GBP5/C‑X‑C motif chemokine ligand 
8 (CXCL8) signaling circuit  (14,15). In addition, GBP5 
enhances the migration, invasion and proliferation of glioblas‑
toma cells, promoting glioblastoma progression through the 
proto‑oncogene tyrosine‑protein kinase Src/ERK1/2/MMP3 
pathway (16). Furthermore, in triple‑negative breast cancer 
cells exhibiting high GBP5 expression, GBP5 knockdown 
notably reduces the number of migrating cells, the activity of 
the IFN‑γ/STAT1 and TNF‑α/NF‑κB signaling axes and the 
expression of programmed death‑ligand 1 (PD‑L1) (17).

Previous reports have outlined the relevance of GBP5 
in tumor immunity. Several studies have indicated that 
GBP5 expression is associated with the extent of immune 
cell infiltration in breast cancer (17), melanoma (18), colon 
cancer (19), ovarian cancer (20), hepatocellular cancer (21) 
and small‑cell lung cancer  (22), emphasizing the role of 
GBP5 in shaping the tumor immune microenvironment 
(TME). In oral squamous cell carcinoma, GBP5 serves as 
an immune‑related biomarker that induces NF‑κB activa‑
tion and facilitates radioresistance, PD‑L1 upregulation 
and tumor metastasis (23). In hepatocellular carcinoma and 
ovarian cancer, GBP5 not only activates the PI3K‑AKT 
signaling pathway but also modulates tumor metabolism and 
immune evasion through the regulation of DNA methylation 
and micro‑RNA networks (24,25). Furthermore, in cutaneous 
melanoma and ovarian cancer, GBP5 induces pyroptosis 
through the JAK2‑STAT1‑caspase‑1 axis, therefore influ‑
encing cell death and immune responses. Overall, GBP5 
modulates the immune microenvironment which further 
influences the prognosis of diverse tumor types (20,26). In 
ccRCC, immune‑suppressive cells, such as regulatory T 
cells and myeloid‑derived suppressor cells, induce immune 
dysfunction, leading to poor therapeutic outcomes  (27). 
However, the precise function of GBP5 is still not fully 
understood in ccRCC.

The present study employed R software together with a 
variety of bioinformatics tools to integrate and analyze data, 
aiming to comprehensively investigate the role of GBP5 
in ccRCC. Specifically, its differential expression patterns, 
associations with clinicopathological features, prognostic 
and diagnostic significance, protein‑protein interaction 
networks, biological functions, and potential involvement in 

tumor immune cell infiltration were examined. Furthermore, 
in vitro cellular experiments were performed to validate and 
further explore the impact of GBP5 on the biological behavior 
of ccRCC. To the best of our knowledge, the results of the 
present study demonstrate the biological function and clinical 
significance of GBP5 and its influence on tumor immunity 
in ccRCC for the first time. Fig. 1 illustrates the study design 
and workflow, highlighting the step‑by‑step process from 
data acquisition to experimental validation. The present study 
provides novel insights into the function of GBP5 in ccRCC, 
potentially offering new biomarkers and therapeutic targets 
for the diagnosis and treatment of ccRCC.

Materials and methods

Gene Expression Profiling Interactive Analysis 2 (GEPIA2). 
GEPIA2 (http://gepia2.cancer‑pku.cn/) analyzes gene expres‑
sion differences based on tumor samples and normal samples 
from both The Cancer Genome Atlas (TCGA; https://portal.gdc.
cancer.gov) and the Genotype‑Tissue Expression (https://www.
gtexportal.org) databases (28). In the present study, this tool 
facilitated the comparison of GBP5 expression between renal 
tumor tissue and adjacent normal tissue.

Gene Expression Omnibus (GEO) dataset selection. From the 
GEO database (http://www.ncbi.nlm.nih.gov/geo), two data‑
sets were acquired. GSE53757 (29) included GBP1‑6 mRNA 
data from 72 ccRCC and 72 normal tissues. GSE36895 (30) 
provided GBP1‑6 mRNA data from 23 ccRCC samples and 
23 normal tissues. Analysis of GBP1‑6 mRNA levels was 
conducted using these two datasets.

Kaplan‑Meier (KM) plotter. As an online tool, the KM plotter 
(https://kmplot.com/analysis) provided survival analysis 
capabilities for 21 tumor types by associating gene expression 
profiles with clinical prognosis (31). Using this resource, the 
KIRC dataset was selected in the pan‑cancer module, and the 
‘auto select best cutoff’ option was applied for patient grouping 
to evaluate the overall survival of GBP1‑7.

GeneMANIA database analysis. GeneMANIA (http://www.
genemania.org) is a publicly accessible tool for analyzing 
genetic and protein interactions, co‑expression, pathways and 
gene co‑localization (32). The potential interactions of GBP5 
with related genes were assessed using this platform.

TIMER database analysis. TIMER (https://cistrome.shin‑
yapps.io/timer/) is based on six algorithms used to evaluate 
immune infiltration levels (33). The impact of GBP5 expression 
on immune cell infiltration in kidney renal clear cell carci‑
noma (KIRC) was analyzed in the present study. TIMER2.0 
(http://timer.comp‑genomics.org/) was also employed to 
investigate GBP5 expression differences between tumor tissue 
and adjacent tissue, alongside its association with immune cell 
gene markers in KIRC (34).

Tumor Immune Single‑cell Hub 2 (TISCH2) database analysis. 
Based on single‑cell RNA sequencing, the TISCH2 database 
(http://tisch.comp‑genomics.org/) is designed to analyze 
the TME at single‑cell resolution (35). The distribution and 
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expression patterns of GBP5 in the TME were analyzed using 
the GSE111360 (36) and GSE121636 (37) datasets.

Bioinformatics analysis. TCGA‑KIRC RNA‑sequencing 
data were downloaded from TCGA database. Transcript per 
million format expression data and the corresponding clin‑
ical information were extracted. Boxplots illustrating GBP5 
expression across different clinicopathological features, 
including tumor‑lymph node‑metastasis (TNM) stages, were 
generated using the ‘ggplot2 v3.3.5’ R package (RStudio, 
Inc.). Receiver operating characteristic (ROC) curves were 
plotted to assess the diagnostic value of GBP5 in ccRCC. 

Based on the criteria of log2 fold change ≥2 and the adjusted 
P‑value of <0.05, GBP5‑related differentially expressed genes 
(DEGs) were identified and visualized through a volcano 
plot plotted using the aforementioned ‘ggplot2’ R package. 
Gene Ontology (GO) biological process enrichment analysis 
was performed using the DAVID database (https://david.
ncifcrf.gov/tools.jsp). Gene set enrichment analysis (GSEA) 
was conducted to explore the relevant molecular signaling 
pathways. Data from the Tracking Tumor Immunophenotype 
(TIP) database (http://biocc.hrbmu.edu.cn/TIP) were used 
for immune cell infiltration analysis (38). The relationship 
between GBP5 expression and immune cell infiltration and 

Figure 1. Overall workflow of the study. Schematic representation of the major steps and analytical methods employed, offering a concise and visual summary 
of the entire research process. KIRC datasets from TCGA and GEO databases were utilized to perform differential gene expression and prognostic analyses 
of GBP1‑7 genes, with a focus on the clinical pathological characteristics of GBP5 in ccRCC, as well as the gene function enrichment analysis, PPI network 
analysis, GSEA analysis and immune cell infiltration analysis conducted. Finally, wound‑healing and Transwell assays were conducted to evaluate the role 
of GBP5 in the invasion and migration of ccRCC cells. KIRC, kidney renal clear cell carcinoma; TCGA, The Cancer Genome Atlas; GEO, Gene Expression 
Omnibus; GBP, guanylate‑binding protein; PPI, protein‑protein interaction; GSEA, gene set enrichment analysis; ccRCC, clear cell renal cell carcinoma.
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circulation was assessed using Spearman's rank correlation 
analysis.

Clinical samples. A total of eleven pairs of clinical specimens 
were obtained from the University of Hong Kong‑Shenzhen 
Hospital (Shenzhen, P.R. China) between August 2024 and 
November 2024. Patients were eligible if no radiotherapy or 
chemotherapy had been administered prior to biopsy, the path‑
ological diagnosis confirmed ccRCC and no other malignant 
tumors were present. The Ethics Committee of the University 
of Hong Kong‑Shenzhen Hospital approved the collection of 
renal carcinoma tumor tissues and adjacent normal tissues 
(approval no. 2024256), ensuring that all procedures complied 
with the ethical guidelines of the Declaration of Helsinki. All 
the donors signed an informed consent form.

Cell culture. Human ACHN, Caki‑1, 786‑O and human 
proximal tubular epithelial (HK‑2) cell lines were procured 
from Procell Life Science & Technology Co., Ltd. RPMI 1640 
complete medium (Procell Life Science & Technology Co., 
Ltd.) was used to culture the 786‑O and ACHN cells. For Caki‑1 
cells, McCoy's 5A complete medium (Procell Life Science & 
Technology Co., Ltd.) was used. For HK‑2 cells, Dulbecco's 
modified eagle medium (Gibco; Thermo Fisher Scientific, Inc.) 
was utilized. A 10% fetal bovine serum solution (FBS; Procell 
Life Science & Technology Co., Ltd.) and 1% antibiotics solu‑
tion (100 µg/ml streptomycin and 100 U/ml penicillin) were 
added to prepare the complete medium. Cultures were placed 
at 37˚C in a 5% CO2 incubator, Mycoplasma contamination 
was checked in all cell lines and short tandem repeats analysis 
was used for authentication.

Transfection of lentivirus. Lentivirus overexpression, GBP5 
overexpression (GBP5 OE; 47597‑2; order of vector elements: 
Ubi‑MCS‑3FLAG‑SV40‑puromycin), vector controls 
(CON254), GBP5 short hairpin RNA (shRNA; order of vector 
elements: hU6‑MCS‑CBh‑gcGFP‑IRES‑puromycin) and 
negative control shRNAs (shNC) were produced by Shanghai 
GeneChem Co., Ltd. The target sequences of the shRNAs were 
as follows: shNC (CON313), 5'‑TTC​TCC​GAA​CGT​CAC​GT‑3'; 
the GBP5‑specific shRNA shGBP5#1 (103584‑1), 5'‑CTG​GAA​
ATA​GAT​GGG​CAA​CTT‑3' and the GBP5‑specific shRNA 
shGBP5#2 (103585‑1), 5'‑TGC​CTC​ATC​GAG​AAC​TTT​
AAT‑3'. Caki‑1 and 786‑O cells were transfected according 
to manufacturer's instructions. Cells infected with lentivirus 
were treated with puromycin (2 µg/ml) for 7 days, followed 
by evaluation of target gene knockdown and overexpression 
efficiency using western blot analysis. The stable cell lines 
obtained after successful selection and maintained within 
50 passages were used for subsequent experiments.

Western blotting. Tissue and cellular protein lysates were 
prepared using radioimmunoprecipitation assay buffer 
(cat. no.  P0013B; Beyotime Institute of Biotechnology) 
supplemented with protease and phosphatase inhibitors 
(cat. no.  P1048, Beyotime Institute of Biotechnology). 
Protein concentrations were determined using the bicin‑
choninic acid method (cat. no. P0012; Beyotime Institute 
of Biotechnology). The proteins were resolved using 8‑10% 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis, 

the proteins (10‑50 µg) were then transferred on to nitrocel‑
lulose membranes (cat. no. 66485; Pall Life Sciences). The 
membranes were blocked with 5% skimmed milk for 1 h at 
20‑25˚C, after which the membranes were incubated at 4˚C for 
8‑12 h with primary antibodies against CD163 (1:1,000; cat. 
no. R381830; Chengdu Zen‑BioScience Co., Ltd.), GAPDH 
(1:5,000; cat. no. D110016‑0100; Sangon Biotech Co., Ltd.), 
β‑actin (1:5,000; cat. no. D110022‑0100; Sangon Biotech Co., 
Ltd.), Flag (1:5,000; cat. no. 20543‑1‑AP; Proteintech Group, 
Inc.) and GBP5 (1:2,000; cat. no. 13220‑1‑AP; Proteintech 
Group, Inc.). The membranes were incubated with secondary 
antibodies [horseradish peroxidase (HRP)‑conjugated 
goat anti‑rabbit IgG; 1:5,000; cat. no.  511203; Chengdu 
Zen‑BioScience Co., Ltd.] and HRP‑conjugated goat 
anti‑mouse IgG (1:5,000; cat. no.  511103; Chengdu 
Zen‑BioScience Co., Ltd.) at 20‑25˚C for 2  h. Protein 
signals were detected using the ChemiDoc™ MP enhanced 
chemiluminescence system (Bio‑Rad Laboratories, Inc.) 
and quantified using the ImageJ software (version 1.40 g; 
National Institutes of Health).

Wound healing assay. 786‑O and Caki‑1 cells were seeded in 
12‑well plates and cultured until they reached full confluence. 
A 1,000 µl pipette tip was used to create a linear scratch in 
the cell monolayer. The wells were rinsed twice with PBS to 
remove detached cells and the adherent cells were maintained 
in a medium containing 1% FBS. Images of the wound area 
were captured at 0, 10, 12, 24 and 36  h using time‑lapse 
imaging under a light microscope (magnification, x4).

Transwell assay. Transwell assay was performed to assess the 
migratory potential of ccRCC cells. Cell migration was evalu‑
ated using uncoated Transwell chambers (cat. no. 14341, 8 µm 
pore size; LABSELECT®; Lanjieke Technology Co., Ltd.) 
and cell invasion was assessed using Matrigel‑coated inserts 
(Corning, Inc.) pre‑incubated at 37˚C for 30 min. A total of 
3x104 786‑O and Caki‑1 cells were seeded into the upper 
chambers of 24‑well plates containing serum‑free medium. 
Culture medium supplemented with 15% FBS was added to 
the lower chambers, making up 500 µl as a chemoattractant. 
After incubation at 37˚C for 24 h for the invasion assay and 
12 h for the migration assay, the cells that had moved to the 
lower surface of the membrane were fixed with 4% parafor‑
maldehyde at 20‑25˚C for 30 min, followed by crystal violet 
staining at 20‑25˚C for 10 min. Following staining, the cells 
were imaged using a light microscope (magnification, x10) 
and cell counts were performed in three or more randomly 
selected fields of view.

Statistical analysis. GraphPad Prism (version 7.0; GraphPad; 
Dotmatics) was used for statistical analyses. Each experi‑
ment was performed in triplicate. Continuous variables are 
presented as mean ± standard deviation. Both unpaired and 
paired two‑tailed Student's t‑tests were used for comparisons 
between groups. For comparisons involving multiple groups, 
Tukey's post hoc test was applied after one‑way ANOVA. 
Spearman's or Pearson's correlation coefficients were deter‑
mined, depending on suitability, to perform correlation 
analyses. P<0.05 was considered to indicate a statistically 
significant difference. Additionally, the following criteria 
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indicated statistical significance: *P<0.05, **P<0.01, ***P<0.001 
and ****P<0.0001.

Results

Role of GBP expression and its prognostic significance in 
ccRCC. Research suggests that the GBP gene family members 
regulate the biological behavior of various cancers, indicating 
their role in cancer initiation and progression (12). Therefore, 
the GEPIA2.0 tool was initially applied to assess the expres‑
sion of the GBP family members in ccRCC. Results revealed 
that GBP1‑7 exhibited a consistent expression pattern, 

characterized by upregulation in tumor tissues (Fig. 2A‑G). 
Notably, the upregulation of GBP1, GBP2 (39), GBP4 and 
GBP5 was statistically significant. This observation was 
consistent with the results of the analysis of ccRCC datasets 
from the GEO database, further reinforcing their validity 
(Fig. 2H and  I). Furthermore, the Kaplan‑Meier survival 
analysis results indicated that elevated levels of GBP2 (39) 
and GBP5 were associated with a poor prognosis, whereas 
low expression of GBP3, GBP4 and GBP7 was associated 
with unfavorable outcomes (Fig. 2J‑P). Collectively, these 
findings support the hypothesis that the GBP gene family 
is critically involved in ccRCC, with individual members 

Figure 2. Expression and prognostic analysis of GBP1‑7 in ccRCC. (A‑G) The expression levels of GBP1‑7 in KIRC and matching adjacent tissues were 
assessed using the gene expression profiling interactive analysis 2 online tool. Results indicate that GBP1, GBP2, GBP4 and GBP5 are highly expressed 
in KIRC tissues. The mRNA expression of GBP1‑6 in ccRCC and adjacent tissues from Gene Expression Omnibus databases (H) GSE53757 (n=72) and 
(I) GSE36895 (n=23) was analyzed. Results show that GBP1‑6 are highly expressed in ccRCC tissues. (J‑P) Kaplan‑Meier survival analysis results indicate 
that elevated levels of GBP2 and GBP5 are associated with a poor prognosis, whereas low expression of GBP3, GBP4 and GBP7 is associated with unfavorable 
outcomes. *P<0.05, **P<0.01 and ***P<0.001. GBP, guanylate‑binding protein; ccRCC, clear cell renal cell carcinoma; KIRC, kidney renal clear cell carcinoma; 
TPM, transcript per million; HR, hazard ratio.

https://www.spandidos-publications.com/10.3892/ol.2025.15317
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exhibiting distinct clinical relevance. Research specifically 
targeting GBP5 in ccRCC has been limited. Therefore, the 
present study focused on elucidating the function of GBP5 
in ccRCC.

Clinical characteristics and diagnostic value of GBP5 
expression in ccRCC. To comprehensively assess the 
expression profile of GBP5 across multiple tumor types, the 
TIMER database was employed. Analysis showed a marked 

increase in GBP5 expression across a wide range of malig‑
nancies, including KIRC and kidney renal papillary cell 
carcinoma (Fig. 3A). To investigate the clinical relevance 
of GBP5 in ccRCC, an in‑depth analysis was performed 
using transcriptomic and clinical data from TCGA. 
Elevated GBP5 expression was significantly associated 
with notable clinicopathological factors, including tumor 
size (T stage), lymph node involvement (N stage), distant 
metastasis (M stage) and both clinical and pathological 

Figure 3. Clinical characteristics of GBP5 in ccRCC. (A) The analysis of GBP5 mRNA expression in tumor and normal tissues was performed using the 
Tumor Immune Estimation Resource 2.0. Analysis showed a marked increase in GBP5 expression across a wide range of malignancies, notably KIRC and 
KIRP. The association of GBP5 mRNA expression with different clinical variables in patients with KIRC, such as (B) T stage, (C) N stage, (D) M stage and 
(E) pathological stage. (F) Univariate cox regression analysis indicates that elevated GBP5 expression is linked to unfavorable clinical characteristics in 
patients with ccRCC. (G) Receiver operating characteristic curve analysis suggests that GBP5 has high sensitivity and specificity in the diagnosis of ccRCC, 
with an AUC of 0.934. *P<0.05, **P<0.01 and ***P<0.001. GBP5, guanylate binding protein 5; ccRCC, clear cell renal cell carcinoma; KIRC, kidney renal clear 
cell carcinoma; KIRP, kidney renal papillary cell carcinoma; T, tumor; N, lymph node; M, metastasis; AUC, area under curve; TPM, transcript per million; 
TPR, true‑positive rate; FDR, false discovery rate.
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stage classifications (Fig. 3B‑E). Notably, GBP5 expression 
increased progressively with advancing tumor stage. In 
addition, univariate Cox regression analysis indicated that 
elevated GBP5 expression was associated with unfavorable 
clinical characteristics in patients with ccRCC (Fig. 3F). To 
evaluate the diagnostic potential of GBP5 in ccRCC, ROC 
curve analysis was performed, revealing a good diagnostic 
efficacy with an area under the curve (AUC) value of 0.934 
(Fig. 3G), suggesting high sensitivity and specificity. These 
results imply that GBP5 is a promising diagnostic biomarker 
involved in the progression of ccRCC.

Functional enrichment of GBP5 interaction and expres-
sion related genes. To further investigate the potential 
biological function of GBP5 in ccRCC, DEG analysis was 
performed and the results were visualized using a volcano 
plot (Fig.  4A). Notably upregulated and downregulated 
genes were identified using the criteria: Log2 fold change 
>2 and adjusted P‑value <0.05. Enrichment analysis was 
performed on these DEGs, revealing significant associations 
with various GO terms. Specifically, GO biological process 
analysis revealed significant enrichment in ‘humoral 
immune response’, ‘positive regulation of cell activation’, 

Figure 4. Analysis of functional enrichment of GBP5‑related DEGs in KIRC. (A) Volcano plot of DEGs related to GBP5 generated using the Cancer Genome 
Atlas‑KIRC dataset (log2 fold change >2; P<0.05). (B‑D) Gene Ontology enrichment analysis of GBP5‑related DEGs. (B) Biological process analysis. 
(C) Cellular component analysis. (D) Molecular function analysis. (E) GeneMANIA protein‑protein interaction network for GBP5 illustrates genes as 
nodes, with the size of each node representing the strength of interaction. The most markedly enriched pathways between the (F) high GBP5 expression and 
(G) low GBP5 expression groups determined using gene set enrichment analysis. GBP5, guanylate‑binding protein 5; DEGs, differentially expressed genes; 
KIRC, kidney renal clear cell carcinoma; P.adj, adjusted P‑value.

https://www.spandidos-publications.com/10.3892/ol.2025.15317


CHENG et al:  GBP5 PROMOTES THE PROGRESSION OF ccRCC8

‘positive regulation of leukocyte activation’ and ‘immune 
response‑regulation signaling pathways’ (Fig.  4B). The 
enriched GO cellular component terms were the ‘immu‑
noglobulin complex’, ‘external side of plasma membrane’, 
‘plasma membrane signaling receptor complex’ and ‘T cell 
receptor complex’‑related components (Fig. 4C). Regarding 
GO molecular functions, enrichment was observed in func‑
tions such as ‘antigen binding’, ‘immunoglobulin receptor 
binding’, ‘passive transmembrane transporter activity’ and 
‘channel activity’‑associated functions (Fig. 4D).

Subsequently, GeneMANIA was used to build a 
protein‑protein interaction network for GBP5 in order to iden‑
tify interacting proteins potentially involved in tumorigenesis. 
Results indicated that GBP5 exhibited strong co‑expression 
with proteins such as GBP1, GBP2, NLR family pyrin domain 
containing 3 (NLRP3) and GBP4 (Fig. 4E), implying a poten‑
tial interaction between GBP5 and these genes, which could 
promote tumor progression.

To further elucidate the biological pathways regulated by 
GBP5 across the high and low expression groups, GSEA was 

Figure 5. Relationship between GBP5 expression and immune cell infiltration in KIRC. (A) Analysis of the Tumor Immune Estimation Resource database 
revealed a positive correlation between GBP5 expression and infiltration levels of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils and DCs in 
KIRC. (B and C) The Tumor Immune Single‑cell Hub database was employed to assess the expression of GBP5 in various tumor microenvironment‑associated 
cellular subpopulations. In both KIRC GSE111360 and GSE121636 datasets, GBP5 was found to be highly expressed in CD4+ T cells, proliferating T cells, 
regulatory T cells, CD8+ T cells and NK cells. (D) The Tracking Tumor Immunophenotype database was employed to analyze the immunological features of 
GBP5. Results indicate a strong positive correlation between GBP5 and various immune cells, including macrophages, NK cells and CD8+ T cells. (E) Western 
blotting was used to measure GBP5 and CD163 protein levels in the samples of patients with ccRCC. The levels of GBP5 and CD163 are significantly higher in 
ccRCC tissues compared with adjacent normal tissues and the relative expression levels of GBP5 and CD163 exhibit a positive correlation. ***P<0.001. GBP5, 
guanylate‑binding protein 5; KIRC, kidney renal clear cell carcinoma; ccRCC, clear cell renal cell carcinoma; NK, natural killer; DC, dendritic cells; TPM, 
transcript per million, N, normal; T, tumor.
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Table I. Correlation analysis between guanylate‑binding protein 5 and immune cell markers in the Tumor Immune Estimation 
Resource 2.0 database.

	 KIRC
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 None	 Purity
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Description	 Gene markers	 r	 P‑value	 r	 P‑value

CD8+ T cell	 CD8A	 0.838	 5.76x10‑141	 0.825	 6.04x10‑116

	 CD8B	 0.785	 3.79x10‑119	 0.767	 5.25x10‑95

T cell (general)	 CD3D	 0.837	 2.66x10‑136	 0.819	 1.20x10‑108

	 CD3E	 0.852	 6.79x10‑152	 0.836	 1.73x10‑122

	 CD2	 0.886	 5.95x10‑175	 0.873	 2.72x10‑142

B cell	 CD19	 0.474	 2.97x10‑34	 0.439	 4.92x10‑26

	 CD79A	 0.520	 4.93x10‑34	 0.486	 8.87x10‑26

Monocyte	 CD86	 0.750	 2.52x10‑95	 0.726	 4.68x10‑76

	 CD115 (CSF1R)	 0.604	 2.19x10‑54	 0.556	 1.39x10‑39

TAM	 CCL2	 0.108	 1.14x10‑2	 0.052	 0.263
	 CD68	 0.470	 1.60x10‑15	 0.455	 1.05x10‑13

	 IL10	 0.589	 3.28x10‑50	 0.523	 2.33x10‑34

M1 Macrophage	 INOS(NOS2)	 0.046	 0.287	 ‑0.02	 0.667
	 IRF5	 0.452	 8.40x10‑29	 0.444	 4.40x10‑24

	 COX2(PTGS2)	 0.068	 0.114	 0.028	 0.548
M2 Macrophage	 CD163	 0.512	 4.58x10‑39	 0.483	 0.85x10‑30

	 VSIG4	 0.501	 8.24x10‑37	 0.445	 1.28x10‑25

	 MS4A4A	 0.563	 4.87x10‑46	 0.526	 5.76x10‑35

Neutrophils	 CD66b (CEACAM8)	 0.052	 0.228	 0.056	 0.232
	 CD11b (ITGAM)	 0.576	 3.10x10‑49	 0.529	 2.51x10‑35

	 CCR7	 0.582	 1.41x10‑48	 0.538	 5.35x10‑35

Dendritic cell	 HLA‑DPB1	 0.765	 6.03x10‑99	 0.753	 1.23x10‑80

	 HLA‑DQB1	 0.538	 2.18x10‑44	 0.493	 4.34x10‑34

	 HLA‑DRA	 0.778	 2.89x10‑104	 0.777	 1.45x10‑90

	 HLA‑DPA1	 0.773	 1.52x10‑97	 0.768	 8.45x10‑83

	 BDCA‑1 (CD1C)	 0.305	 4.19x10‑13	 0.242	 9.85x10‑8

	 BDCA‑4 (NRP1)	 0.106	 2.36x10‑3	 0.058	 7.69x10‑2

	 CD11c (ITGAX)	 0.571	 3.10x10‑47	 0.536	 2.97x10‑36

Th1	 T‑bet (TBX21)	 0.540	 9.41x10‑41	 0.508	 6.33x10‑30

	 STAT4	 0.644	 3.19x10‑67	 0.612	 1.20x10‑51

	 STAT1	 0.821	 3.05x10‑122	 0.809	 6.13x10‑102

	 IFN‑γ (IFNG)	 0.841	 3.15x10‑147	 0.823	 7.02x10‑117

	 TNF‑α (TNF)	 0.408	 1.72x10‑22	 0.368	 1.33x10‑15

Th2	 GATA3	 0.346	 2.95x10‑16	 0.363	 1.18x10‑15

	 STAT6	 0.142	 1.21x10‑5	 0.152	 3.70x10‑5

	 STAT5A	 0.652	 6.78x10‑64	 0.621	 1.01x10‑49

	 IL13	 0.112	 1.73x10‑2	 0.09	 0.053
Tfh	 BCL6	 0.092	 0.035	 0.089	 0.059
	 IL21	 0.290	 4.62x10‑44	 0.275	 1.62x10‑33

Th17	 STAT3	 0.268	 4.13x10‑11	 0.242	 3.34x10‑8

	 IL17A	 0.081	 0.062	 0.063	 0.180
Treg	 FOXP3	 0.678	 2.03x10‑68	 0.651	 4.99x10‑55

	 CCR8	 0.734	 3.03x10‑96	 0.719	 4.66x10‑77

	 STAT5B	 0.168	 2.28x10‑5	 0.179	 4.09x10‑5

	 TGFβ	 0.194	 2.65x10‑6	 0.157	 3.51x10‑4

T cell exhaustion	 PDCD1	 0.795	 3.89x10‑118	 0.781	 1.82x10‑97

	 CTLA4	 0.773	 1.90x10‑113	 0.760	 8.78x10‑95

https://www.spandidos-publications.com/10.3892/ol.2025.15317
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performed. As shown in Fig. 4F, several biological pathways 
showed notable enrichment in the high GBP5 expression 
group, including IFN‑γ response, IL‑6/JAK/STAT3 signaling, 
inflammatory response, G2/M damage checkpoint and TNF‑α 
signaling through NF‑κB. By contrast, pathways such as oxida‑
tive phosphorylation, fatty acid metabolism, adipogenesis, 
estrogen response late and the p53 pathway were enriched in 

the low GBP5 expression group (Fig. 4G). According to these 
findings, GBP5 may influence ccRCC progression through 
mechanisms related to tumor immunity, cell cycle regulation 
and inflammation.

Immune cell infiltration is associated with GBP5 in ccRCC. 
To investigate whether GBP5 affects immune cell infiltration 

Table I. Continued.

	 KIRC
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 None	 Purity
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Description	 Gene markers	 r	 P‑value	 r	 P‑value

	 LAG3	 0.815	 2.78x10‑119	 0.798	 6.42x10‑99

	 TIM‑3 (HAVCR2)	 0.371	 9.92x10‑20	 0.331	 1.07x10‑13

	 GZMB	 0.489	 1.35x10‑33	 0.444	 7.90x10‑23

KIRC, kidney renal clear cell carcinoma; None, tumor purity was not used to adjust the results; Purity, in the correlation analysis, the results 
were corrected by tumor purity; r, correlation coefficient; TAM, tumor‑associated macrophages; Th1, T helper type 1 cells; Th2, T helper 
type 2 cells; Tfh, T follicular helper cells; Th17, T helper 17 cells; Treg, T regulatory cells.

Figure 6. GBP5 levels in renal cell carcinoma cells. (A) The detection of GBP5 expression in HK‑2, ACHN, 786‑O and Caki‑1 cells using western blotting. 
Results demonstrate that GBP5 protein levels are higher in renal cancer cell lines compared with HK‑2 cells. (B and C) The efficiency of knockdown and 
overexpression of GBP5 in Caki‑1 and 786‑O cells was determined using western blotting. Results are presented as mean ± standard deviation from three 
distinct experiments. *P<0.05, **P<0.01 and ****P<0.0001. GBP5, guanylate‑binding protein 5; OE, overexpression; sh, short hairpin; NC, negative control; ns, 
not significant.
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in ccRCC, the TIMER online tool was used to explore the 
relationship between GBP5 expression and the abundance of 
various immune cell types. In ccRCC, a strong positive corre‑
lation was observed between GBP5 expression and the levels of 
immune cell infiltration, including B cells, CD8+ T cells, CD4+ 
T cells, macrophages, neutrophils and dendritic cells (Fig. 5A). 
These findings suggest that GBP5 serves a role in immune cell 
infiltration in ccRCC. TIMER2.0 was then utilized to conduct 
a deeper analysis of the association between GBP5 expres‑
sion and marker genes of various immune cells (Table I). The 
data revealed strong positive correlations between GBP5 and 
marker genes of T cells, CD8+ T cells, M2 macrophages and 
exhausted T cells, further supporting the involvement of GBP5 
in immune regulation in ccRCC.

To validate the relationship between GBP5 expression 
and immune cell infiltration in ccRCC, two single‑cell RNA 
datasets of ccRCC were analyzed from the TISCH2 database. 

GBP5 expression was assessed in different TME‑associated cell 
subsets. The results demonstrated that in both KIRC GSE111360 
and GSE121636 datasets, GBP5 was highly expressed in CD4+ 
T cells, proliferating T cells, regulatory T cells, CD8+ T cells and 
natural killer (NK) cells (Fig. 5B and C).

Association between GBP5 and tumor‑associated 
macrophages. Further analysis of the immunological charac‑
teristics of GBP5 in ccRCC was conducted. Results indicated 
a strong positive correlation between GBP5 and various 
immune cells, including macrophages, NK cells and CD8+ T 
cells (Fig. 5D). To validate the findings from public databases, 
western blotting of tumor and adjacent normal tissues from 
11 patients with ccRCC was performed. In ccRCC tissues, the 
levels of GBP5 and CD163 were markedly higher compared 
with those in adjacent normal tissues. The relative expression 
levels of GBP5 and CD163 exhibited a positive correlation 

Figure 7. GBP5 enhances clear cell renal cell carcinoma cell migration and invasion. (A and B) The capability of cell migration was assessed through wound 
healing assay (scale bar, 100 µm). Results show that the suppression of GBP5 expression significantly decreased the cell migratory capacity and GBP5 
overexpression enhanced the wound closure rate. Transwell assays demonstrate that (C) knockdown of GBP5 inhibits cell migration and invasion, whereas 
(D) GBP5 overexpression significantly promotes migration and invasion (scale bar, 100 µm). Results are presented as mean ± standard deviation from three 
distinct experiments *P<0.05, **P<0.01 and ***P<0.001. GBP5, guanylate‑binding protein 5; OE, overexpression; sh, short hairpin; NC, negative control.

https://www.spandidos-publications.com/10.3892/ol.2025.15317
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(Fig. 5E). These findings underscore the association between 
GBP5 and M2 macrophages and suggest a potential interac‑
tion between them.

Verification of GBP5 expression and its effect on the 
biological behavior of ccRCC. Several in vitro experiments 
were performed to investigate the role of GBP5 in ccRCC 
cells. Western blotting was performed to assess GBP5 
expression in Caki‑1, 786‑O, ACHN and HK‑2 cells. Findings 
demonstrated that GBP5 protein levels were markedly higher 
in renal cancer cell lines compared with HK‑2 cells (Fig. 6A). 
For subsequent experiments, 786‑O and Caki‑1 cell lines 
were selected.

The efficiency of lentivirus‑mediated gene silencing was 
evaluated using western blotting. As shown in Fig. 6B, two 
lentiviral constructs carrying different shRNA sequences 
targeting GBP5 were tested in Caki‑1 and 786‑O cells. Both 
shRNA constructs effectively knocked down GBP5 expres‑
sion, with shGBP5#1 showing improved knockdown efficiency. 
Thus, the shGBP5#1 lentivirus was selected to establish 
stable GBP5 knockdown cell lines. Similarly, GBP5 OE cell 
lines were generated using a lentiviral system. Following the 
exogenous introduction of GBP5 into 786‑O and Caki‑1 cells, 
western blotting analysis confirmed a significant upregulation 
of GBP5 expression (Fig. 6C).

To explore the biological function of GBP5 in cancer 
progression, a wound healing assay was performed. Notably, 
the suppression of GBP5 expression significantly decreased 
the migratory capacity of the cells (Fig. 7A). By contrast, 
GBP5 overexpression enhanced the wound‑closure rate 
(Fig. 7B). These findings were consistently observed in Caki‑1 
and 786‑O cell lines, indicating that the GBP5‑mediated regu‑
lation of cell migration is not cell‑type specific.

The Transwell migration assays demonstrated that GBP5 
knockdown inhibited cell migration, whereas GBP5 overex‑
pression significantly promoted it (Fig. 7C and D). In addition, 
the Matrigel‑coated Transwell invasion assays demonstrated 
that GBP5 depletion markedly suppressed the invasive capa‑
bilities of Caki‑1 and 786‑O cells, whereas the overexpression 
of GBP5 exerted the opposite effect, significantly enhancing 
cell invasion (Fig. 7C and D).

Discussion

ccRCC is the predominant subtype of RCC. It is associated 
with a poor prognosis and also lacks effective biomarkers. 
The primary cause of ccRCC‑related mortality is the low 
rate of early detection and scarcity of effective treatments 
for patients with advanced or metastatic disease  (40,41). 
Consequently, it is key to identify reliable biomarkers for 
early detection and prognosis, along with the development 
of innovative therapeutic approaches to enhance the clinical 
outcomes of ccRCC.

GBP5, which is induced by IFN‑γ and classified within the 
large GTPase family, is one of seven GBPs with strong sequence 
homology that contribute to host defense mechanisms (42). 
The function of GBP5 in cancer, particularly ccRCC, remains 
largely unclear. In the present study, GBP5 was recognized as 
a potential immunotherapeutic target, exhibiting upregulation 
in several types of cancer. Previous studies have highlighted 

the involvement of GBP5 in the progression of oral squamous 
cell carcinoma (23), hepatocellular carcinoma (43), gastric 
cancer (15) and glioblastoma (16). In the present study, GBP5 
was characterized as a novel biomarker for ccRCC involved in 
the tumorigenesis and progression of this malignancy. Findings 
show that GBP5 expression was notably increased in ccRCC 
tissues and was also associated with a poor prognosis. With 
this, the results of the bioinformatics analysis demonstrated 
that GBP5 exhibited stage‑ and grade‑specific expression, 
making it a useful biomarker for diagnosing and predicting 
the prognosis of patients with ccRCC. However, GBP5 has 
been reported to serve an opposite role in ovarian cancer (44), 
likely due to the complexity of ovarian tumorigenesis and 
the organ‑specific characteristics, such as lineage‑specific 
transcription factors (45).

Cancer progression involves a complex array of immune 
evasion mechanisms that collectively shape the immuno‑
logical characteristics of the TME. Tumor‑associated immune 
cells have been explored as potential therapeutic biomarkers 
for cancer (46). In response to pathogen‑ or danger‑associated 
molecular patterns, GBP5 serves a key role in the activation of 
the NLRP3 inflammasome (47). It primarily mediates inflam‑
mation and activates macrophages in the innate immune 
system (48). Previous studies have suggested that GBP5 may 
be involved in tumor immunity (17‑22). The efficacy of both 
targeted therapies and immunotherapies is influenced by the 
TME immune landscape (49). Various immune cell types such 
as T cells, regulatory tumor‑associated macrophages (TAMs), 
T regulatory cells (Tregs), cancer‑associated fibroblasts and 
myeloid‑derived suppressor cells, serve a role in the TME and 
contribute to immune cell infiltration, which is regulated by 
tumor and immune‑modulating factors (50,51). Associations 
between GBP5 expression and several immune cell markers 
were observed, including CD8+ T cells, Tregs, T helper type 
1 cells, exhausted T cells, M2 macrophages and monocytes. 
Patients with ccRCC showing elevated programmed cell death 
protein 1 expression alongside CD8+ T cell and Treg infiltra‑
tion tended to have worse clinical outcomes (52‑54). Tregs may 
contribute to tumor progression and immune escape by inter‑
acting with the TME and suppressing antigen‑presenting cell 
maturation (55). Although CD8+ T cell infiltration is elevated 
in the ccRCC microenvironment, it does not appear to enhance 
prognosis, most likely because of functional T cell exhaus‑
tion (56). Moreover, analysis revealed a positive association 
between GBP5 expression and CD163, an established marker 
of M2‑polarized TAMs. M2‑like TAMs are commonly found 
in tumors and facilitate tumor progression, cell proliferation, 
angiogenesis, invasion and metastasis by secreting diverse 
cytokines and chemokines (57‑60). These findings indicate 
that GBP5 is a possible driver of ccRCC progression through 
TAMs.

Cancer metastasis is the primary cause of mortality in 
patients with cancer (61). Regarding cancer biology, GBP5 has 
been implicated in various malignant behaviors, including 
tumor invasion, migration, epithelial‑mesenchymal transition, 
cell proliferation and supporting properties of cancer stem 
cells (16,23). Similarly, GBP5 was found to be involved in the 
regulation of renal cancer cell invasion and migration, perhaps 
explaining why patients with high GBP5 expression in ccRCC 
exhibit a poor prognosis. With regards to the molecular 
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mechanisms underlying the function of GBP5 in tumorigenesis, 
previous research has demonstrated that GBP5 might enhance 
tumor progression in breast and oral cancers by upregulating 
PD‑L1 expression and activating NF‑κB signaling (17,23). 
Additionally, GBP5 accelerates gastric cancer development 
by engaging in a JAK1‑STAT1/GBP5/CXCL8‑mediated 
positive feedback circuit (15). In the present study, through 
bioinformatic approaches, GBP5 was found to associate with 
key oncogenic signaling cascades such as the INF‑γ response, 
IL‑6/JAK/STAT3 axis and the TNF‑α/NF‑κB network. These 
pathways are recognized for their essential roles in both 
cancer development and immune regulation (62,63). However, 
the precise molecular mechanisms by which GBP5 modulates 
these pathways in RCC warrants further investigation.

The present study has some limitations. Firstly, the 
publicly available ccRCC datasets used in the analyses were 
limited in scope, which may have introduced potential errors 
or biases. Secondly, while the pro‑migratory and pro‑inva‑
sive roles of GBP5 in renal cancer cells have been confirmed 
in vitro, the underlying molecular mechanisms remain unex‑
plored and no in vivo validation has been performed. Finally, 
although GBP5 appears to be related to tumor immune cell 
infiltration, the present study lacks supporting in vitro and 
in vivo experimental evidence. These limitations must be 
considered when interpreting the findings and they will be 
addressed in future studies to provide a deeper understanding 
of the role of GBP5 in immune cell infiltration and metastasis 
in ccRCC.

Overall, using bioinformatic analyses and in vitro experi‑
ments, the upregulation of GBP5 in ccRCC was confirmed. 
Moreover, immune cell infiltration in ccRCC is associated 
with the upregulation of GBP5. In addition, GBP5 facilitates 
renal cancer cell migration and invasion, suggesting its useful‑
ness as a prognostic biomarker for poor clinical outcomes and 
a promising immunotherapeutic target in ccRCC.
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