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a b s t r a c t

Clear cell renal cell carcinoma (ccRCC) is of poor clinical outcomes, and currently lacks reliable prognostic 
biomarkers. By analyzing the datasets of the Cancer Genome Atlas (TCGA) and the Clinical Proteomic Tumor 
Analysis Consortium (CPTAC), we established a five-protein prognostic signature containing GBP2, HLA- 
DRA, ISG15, ISG20 and ITGAX. Our data indicate that this signature was closely correlated with advanced 
stage, higher pathological grade, and unfavorable survivals in patients with ccRCC. We further functionally 
characterized GBP2. Overexpression of GBP2 enhanced the phosphorylation of STAT2 and STAT3 to trigger 
JAK-STAT signaling and promote cell migration and invasion in ccRCC. Treatment of Ruxolitinib, a specific 
inhibitor of JAK/STAT, attenuated the GBP2-mediated phenotypes. Patients with high GBP2 expression were 
accompanied with more infiltration of immune cells positively stained with CD3, CD8, CD68, and immune 
checkpoint markers PD-1 and CTLA4, which was validated by Opal multiplex immunohistochemistry in 
ccRCC tissues. More CD8 + T cells and CD68 + macrophages were observed in patients expressing high GBP2. 
Taken together, a five-protein prognostic signature was constructed in our study. GBP2 has an oncogenic 
role via modulating JAK-STAT signaling and tumor immune infiltration, and thus may serve as a potential 
therapeutic target in ccRCC.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Clear cell renal cell carcinoma (ccRCC) ranks the third most 
common malignant tumor of the urinary system [1]. More than 15% 
of ccRCC patients have developed distant metastasis at the time of 
diagnosis, and the 5-year survival rate of metastatic ccRCC patients is 
less than 10% [2]. Although promising treatment strategies have 
significantly improved the clinical outcome of ccRCC, monitoring 
disease progression remains challenging due to the lack of prog-
nostic factors. Elucidation of the mechanism of tumor initiation and 

development in ccRCC helps to identify novel prognostic and ther-
apeutic biomarkers [3].

Guanylate-binding proteins 2 (GBP2) belongs to the large 
GTPases superfamily and is induced by IFN-γ. GBP2 plays an essen-
tial role in host natural and autonomous cellular immunity [4] and 
has been implicated in tumorigenesis [5–8]. For instance, GBP2 in-
hibited the migration of breast cancer cells [9,10]. In contrast, GBP2 
facilitated glioma cell invasion [11,12]. These data highlight the 
controversial role of GBP2 in cancer metastasis. On the other hand, 
GBP2 was implicated in drug resistance and immune cell infiltration 
[13–15]. However, the functional character of GBP2 in ccRCC remains 
unclear.

In the present study, we performed bioinformatic analyses on 
public datasets and constructed a five-protein prognostic signature 
containing GBP2 in ccRCC. We further characterized the role of GBP2 
in ccRCC by demonstrating its capability to promote the migration 
and invasion of ccRCC cells through JAK/STAT pathway. In addition, 
we found that GBP2 overexpression was correlated with significant 
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infiltration of CD8 + T lymphocytes and CD68 + macrophages. Our 
data establish the oncogenic character of GBP2 and provide potential 
prognostic factors in ccRCC.

2. Material and methods

2.1. Data collection

The proteomic dataset was downloaded from the Clinical 
Proteome Tumor Analysis Consortium (CPTAC, https://cptac-data- 
portal.georgetown.edu/) [16]. The RNA transcriptome dataset and 
the corresponding ccRCC clinical information were downloaded 
from the Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) 
database [17]. The altered proteins with p-value <  0.05 and log2 
(fold change) ≥ 1 or ≤ −1 were regarded as significantly differentially 
expressed proteins (DEPs).

2.2. Weighted gene co-expression network analysis (WGCNA)

WGCNA was employed to construct gene co-expression networks 
using R software’s ’WGCNA’ package [18]. DEPs obtained from the 
proteomic data of the CPTAC cohort were applied to construct gene 
co-expression networks using the scale independence, and tested 
the average connectivity degree of different modules with different 
power values (ranging from 1 to 20). The appropriate power value 
was determined when the degree independence was above 0.85 
with a relatively higher connectivity degree. Then, differently ex-
pressed proteins were sorted into different gene modules according 
to topological overlap matrix (TOM)‐based dissimilarities, and 
identified the module with the highest correlation with clinical 
characteristics was regarded as the key module.

2.3. Risk model construction

Univariate cox regression analysis and LASSO regression analysis 
were performed to identify the prognostic signature in the training 
dataset. The risk score for each ccRCC patient was calculated using 
the following formula: Risk score = ΣExpression × βi. The expression 
represents the expression level of each hub gene, while βi represents 
the coefficient of each hub gene.

2.4. Gene set enrichment analysis (GSEA)

Gene Set Enrichment Analysis (GSEA) was performed via the 
GSEA software (4.1.0) [19]. The c2.cp.kegg.v7.5.symbols.gmt gene set 
was selected as the reference gene set. KEGG pathways with sig-
nificant enrichment results were demonstrated based on NES (Net 
enrichment score), gene ratio, and P-value. Gene sets with |NES| >  1, 
NOM p  <  0.05 were considered enrichment significant.

2.5. siRNA sequence and transfection

The siRNA sequences: siRNA GBP2-#1: 5′- GCUGAACCCUGAUU 
UCAUATT-3′; siRNA GBP2-#2: 5′- CCAGUUAAUGGCAGAGCAATT-3′. 
Lipofectamine 3000 (Invitrogen, Carlsbad) was used to transfect 
siRNA into ccRCC cells according to the manufacturer’s instructions. 
Western blotting was used to verify the efficiency of siRNA 
knockdown.

2.6. Cell culture

The human ccRCC cell lines ACHN and 769-P were cultured in 
DMEM medium (Gibco, Carlsbad) supplemented with 10% fetal bo-
vine serum (Gibco, Carlsbad) and 1% penicillin/streptomycin (Gibco, 
Carlsbad). All cell lines were authenticated by short tandem repeat 
profiling.

2.7. Western blot

Cells were lysed in RIPA buffer (50 mmol/L Tris-HCI, 150 mmol/L 
NaCl, 0.5 mmol/L EDTA, 1% NP40, 10% glycerin), and BCA Protein Assay 
Kit (Pierce, Waltham) was used for protein quantification. Equal pro-
teins were added in loading buffer and boiled at 100 °C for 10 min, 
then separated by SDS-PAGE, and transferred to a polyvinylidene di-
fluoride (PVDF) membrane (Bio-Rad, Hercules). After being blocked 
with 5% defatted milk at room temperature for 1 h, the membrane was 
incubated at 4 °C overnight with the primary antibodies, including 
GBP2 (Proteintech, Wuhan), β-actin (Cell Signaling Technology, 
Boston). STAT1 (Cell Signaling Technology, Boston), STAT2 (Proteintech, 
Wuhan), STAT3 (Beyotime Biotechnology, Shanghai), Phospho-STAT1 
(Tyr701) (Cell Signaling Technology, Boston), Phospho-STAT2 (Tyr690) 
(Beyotime Biotechnology, Shanghai), Phospho-STAT3 (Tyr705) 
(Beyotime Biotechnology, Shanghai). After being washed with TBST 
three times, secondary antibodies (Bio-world, Minnesota) were in-
cubated at room temperature for another 1 h. Target protein bands 
were detected by Chemiluminescence Western Blotting Substrates 
(Bio-Rad, Hercules), then scanned by Luminescence Imaging System 
(Tanon, Shanghai).

2.8. Transwell assay

ACHN and 769-P cells were transfected with indicated treatment 
and subsequently cultured for 24 h. For the cell migration assay, each 
group of transfected ACHN and 769-P cells were harvested, and 1 × 104 

cells in 100 µL of the serum-free medium were placed in the upper 
chamber of an insert (pore size, 8 µm) (BD Biosciences, Franklin Lakes). 
The lower chamber was filled with 600 µL DMEM medium with 10% 
FBS. For the cell invasion assay, 1 × 104 cells in 100 µL of the serum-free 
medium were placed in the upper chamber precoated with Matrigel 
(BD Biosciences, Franklin Lakes). The lower chamber was filled with 
600 µL DMEM medium with 10% FBS. After 24 h of incubation, cells 
were fixed with methanol and stained with 1% crystal violet. Then, cells 
were removed from the upper chamber of the insert using a cotton 
swab. After that, five random fields were selected to count the number 
of cells. Assays were performed in triplicate.

2.9. Protein extraction from FFPE and trypsin digestion

Tissue slices were deparaffinized with xylene and rehydrated by 
gradient ethanol. SDS lysis buffer (0.3 mmol/L Tris-HCl, 4% SDS, pH 8.0) 
was add to the tissues for protein extraction and the samples were 
sonicated at 40% amplitude for a total working time of 2 min with 2 s 
on and 2 s off. Lysates were then centrifuged at 12,000 g for 30 min to 
remove the insoluble debris and the supernatant was incubated for 
60 min at 99 °C in a heating block to untang the cross-linked proteins. 
Proteins were digested with trypsin through the FASP method [20].

2.10. Immunohistochemistry

Tissue microarrays (TMA) contained ccRCC tissues and adjacent 
renal tissues were used to evaluate the expression level of GBP2 based 
on immunohistochemistry (IHC) staining. Another cohort of TMA 
contained solid tumor tissues were used to evaluate the immune cell 
infiltration level. Slides with a thickness of 4 µm were deparaffinized 
with xylene and rehydrated. Antigen retrieval was performed with the 
sodium citrate buffer (pH 6.0) in a pressure cooker, boiling for 2.5 min. 
Then, the sections were treated with 3% hydrogen peroxide to quench 
endogenous peroxidase activity. After incubation with a blocking buffer 
to block nonspecific binding, the sections were incubated with primary 
antibodies overnight at 4 °C. The next day, after three rounds of 
washing with PBS buffer, the tissue sections were incubated with anti- 
Rabbit or mouse HRP secondary antibody (PV-6000, Zhongshan Golden 
Bridge Biotechnology, Beijing) for 20 min, followed by washing with 
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PBS buffer. DAB chromogen substrate was added to the staining sec-
tions, and the staining intensity was observed under the microscope. 
Two investigators reviewed and scored the immunostaining degree of 
sections independently, based on the proportion of positively stained 
cells and the staining intensity.

2.11. Multiplex immunohistochemical staining

Multiplex immunohistochemical staining was conducted using 
the PANO 5-plex IHC kit (Panovue, Being) to explore the infiltration 
level of different immune cells in ccRCC. Slides with a thickness of 
4 µm were deparaffinized in xylene and rehydrated in ethanol. 
Antigen retrieval was performed with the EDTA buffer (pH 9.0) by 
microwave treatment (MWT) for 15 min, and protein blocking was 
performed using blocking buffer (Panovue, Being). The slides were 
then incubated with the primary antibodies for 60 min. After that, 
the slides were washed using TBST buffer and incubated with the 
HRP-conjugated secondary antibody for 10 min before visualization 
using fluorophore diluted with tyramide signal amplification (TSA, 
1:200 dilution, Panovue, Beijing) for another 10 min. MWT was used 
to remove the non-covalently bound antibodies. All slides were 
stained sequentially with the following primary antibodies for CD3 
(1:100 dilution, ZM-0428, Zhongshan Golden Bridge) visualized with 
Opal520 TSA (1:200 dilution), CD8 (1:100 dilution, ZA-0508, 
Zhongshan Golden Bridge) visualized with Opal570 TSA (1:200 

dilution), Cytokeratin (1:100 dilution, ZM-0069, Zhongshan Golden 
Bridge) visualized with Opal480 TSA (1:200 dilution), and CD68 
(1:100 dilution, ZM-0464 Zhongshan Golden Bridge) visualized with 
Opal780 TSA (1:200 dilution). TSA-stained slides were finished with 
MWT, counterstained with DAPI for 10 min, and coverslipped using 
the mounting media. Finally, the sections were imaged using the 
Vectra Polaris Automated Pathology Imaging platform (Perkin Elmer, 
Waltham) at 20 x magnification and analyzed using the HALO digital 
pathology analysis platform (Indica Labs, Corrales).

2.12. Statistical analysis

Graphpad 8.0 and R software (Version 4.1.2) were used for 
computational and statistical analyses. The Kaplan-Meier curve and 
log-rank tests determined the survival differences between the high- 
risk and low-risk groups. For all analyses, P value <  0.05 was con-
sidered statistically significant.

3. Results

3.1. Identification of significant differentially expressed proteins in 
ccRCC

We firstly analyzed the proteomic data of 110 ccRCC patients in 
CPTAC to identify differentially expressed proteins (DEPs). Compared 

Fig. 1. Weighted co-expression network construction and identification of key modules. A. Volcano plot was drawn to indicate the differentially expressed proteins (DEPs) in 
ccRCC, comparing with normal tissues. DEPs, |log FC|= ≥ 1 and p  <  0.05. Red dots, significantly upregulated proteins. Blue dots, significantly downregulated proteins. Grey dots, 
non-significantly changed proteins. B. Dendrogram of all differentially expressed proteins clustered based on dissimilarity measurement (1-TOM) was shown. The color bands 
represent the results obtained from the automatic single-block analyses. C. Gene co-expression modules correlated with clinical characteristics were identified by WGCNA. The 
blue module was significantly positively associated with the stage and grade of ccRCC. D. KEGG enrichment analysis showed that the proteins in the blue module were sig-
nificantly enriched in immune-related functional pathways. The columns correspond to proteins enriched in associated pathways. Red columns, upregulated proteins. Blue 
columns, downregulated proteins. E. Protein-protein interaction (PPI) networks were constructed by Cytoscape software to explore the relationship between the proteins in the 
blue module. The top 20 hub-genes are represented by a red to yellow gradient.
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to the adjacent normal tissues, 519 up-regulated and 745 down- 
regulated DEPs in ccRCC were found (Fig. 1A & Supplementary 
Table 1). We then applied WGCNA algorithm to identify gene mod-
ules with similar expression patterns and related phenotypes. Gene 
modules strongly correlated to cancer were revealed with the op-
timal conditions of β = 4 (Supplementary Figure 1A-B). Eight co- 
expression modules that significantly correlated with tumor stage 
and grade were next identified (Fig. 1B-C). The MEblue module was 
positively associated with the clinical stage and pathological grade, 
and was thus selected for further analyses (Fig. 1C & Supplementary 
Table 2).

KEGG and GO enrichment analyses were conducted to further 
explore the biological implications of the proteins in the MEblue 
module. We found that enriched pathways were mainly related to 
immune-related functional responses, such as Th1 and Th2 cell 
differentiation, primary immunodeficiency, antigen processing and 

presentation (Fig. 1D). The most enriched GO terms in biological 
process (BP), cellular component (CC) and molecular function (MF) 
were T cell activation, secretory granule membrane and GTPase 
regulator activity, respectively (Supplementary Figure 1 C). The 
protein-protein interaction (PPI) network of the MEblue module 
proteins was generated by using CytoHubba of Cytoscape software. A 
total of 20 hub genes were identified (Fig. 1E).

3.2. A five-protein prognostic signature for patients with ccRCC

To explore the prognostic value of these 20 hub genes, we con-
ducted a univariate COX proportional hazards regression analysis. 
Expressions of six proteins were significantly correlated with the 
clinical outcomes of ccRCC patients (Fig. 2A). LASSO regression 
analysis was performed to avoid overfitting (Fig. 2B-C). Five proteins 
including GBP2, HLA-DRA, ISG15, ISG20 and ITGAX were found to be 

Fig. 2. Construction of a prognostic signature for ccRCC patients. A. The univariate Cox regression analysis was performed to identify prognostic hub in TCGA database. Six 
prognostic genes were identified. B-C. Identification of five-gene prognostic signature using LASSO regression. The optimal values of the penalty parameter were determined by 
cross-validation (B). Lasso regression analysis was performed for the six prognostic genes (C). D. Kaplan-Meier survival analyses were conducted for ccRCC patients with high-risk 
group (red) and low-risk group (blue) in the training and test sets. ccRCC patients were randomly divided into low-risk and high-risk groups based on the median risk score. E. 
Heatmap showed the expression of prognostic genes in the low-risk and high-risk groups in the training and testing sets. F. Distribution of patients in the training set and testing 
set based on the risk score. G. The survival status for each patient in the training and testing sets. Low-risk population, on the left side of the dotted line; high-risk population, on 
the right side of the dotted line. The green and red dots represent survival and death, respectively. H. Heatmap for the connections between clinicopathologic features and the 
clusters of risk. From blue to red means increased gene expression. I. Nomogram depicting clinicopathologic features and risk score. For each patient, five lines were drawn 
upward to verify the points received from the three predictors of the nomogram. The sum of these points situates on the ’Total Points’ axis. Then a line is drawn downward to 
assess the 1-, 3-, and 5-year overall survival of CRC.

Fig. 3. GBP2 is highly expressed in ccRCC and its high expression is associated with a poor prognosis in ccRCC Patients. A-B. The expression of GBP2 proteins level (A) and RNA 
level (B) in ccRCC and non-tumor kidney tissues were analyzed in TCGA and CPTAC cohorts. C-D. The expression of GBP2 was compared in ccRCC patients with different stages (C) 
and different grades (D), using TCGA data. E-F. The expression of GBP2 was compared in ccRCC patients with distant metastasis (E) or lymph node metastasis (F). G. Kaplan-Meier 
analyses were conducted to indicate the correlation of GBP2 expression and patient survivals. H. The expression of GBP2 was examined in four ccRCC cell lines and normal kidney 
cell line HK2 by western blotting. The expression of GBP2 was quantified by image J. I. The expression of GBP2 protein was examined in five ccRCC tissues (T) and adjacent non- 
tumor tissues (N). The expression of GBP2 was quantified by image J.
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of independent prognostic values in ccRCC, and were therefore 
submitted for the establishment of a prognostic signature. The risk 
score of the prognostic signature was calculated by the following 
formula: Risk Score = (0.27 × GBP2 exp.) + (−0.39 × HLA-DRA exp.) 
+ (0.19 × ISG15 exp.) + (−0.19 × ISG20 exp.) + (0.27 × ITGAX exp.).

To verify the prognostic signature, a total of 530 ccRCC patients 
from TCGA were randomly divided into training (n = 266) and testing 
(n = 264) sets. The whole TCGA dataset was also used as another 
testing set. Patients were divided into high-risk and low-risk groups 
based on the median risk score. Kaplan-Meier analyses revealed that 
patients in high-risk group were accompanied with unfavorable 
survivals in both the training and testing sets (Fig. 2D).

The expressions of the five proteins in the training and testing 
sets were associated with the prognostic risk in ccRCC (Fig. 2E). More 
dead cases during post-surgical 5-years were observed in patients 
with high-risk scores (Fig. 2F&G). Patients with high-risk scores 
were likely to have higher pathological grade, advanced clinical 
stage and tumor metastasis (Fig. 2H). Furthermore, the 1–year, 3- 
year and 5-year survival probabilities were better in patients with 
lower risk score (Fig. 2I). Taken together, the five-protein signature 
has prognostic value in ccRCC.

3.3. The high expression of GBP2 in cancers

We next focused on GBP2, one of the five proteins, for further 
investigation. Dysregulation of GBP2 is frequently observed in tu-
mors [9,11,21]. As shown by Supplementary Figure 2 A, GBP2 mRNA 
was upregulated in multiple cancers, including glioblastoma multi-
forme (GBM), renal clear cell carcinoma (KIRC), renal papillary cell 
carcinoma (KIRP), brain lower grade glioma (LGG), liver hepatocel-
lular carcinoma (LIHC), pancreatic adenocarcinoma (PAAD) and 
thyroid carcinoma (THCA). Kaplan-Meier analyses showed that high 
expression of GBP2 was correlated with poor overall survival in KIRC, 
LGG, PAAD, thymoma (THYM), and uveal melanoma (UVM). In ad-
dition, increased GBP2 expression was also associated with un-
favorable release-free survival in KIRP, LAML, LGG, and THYM 
(Supplementary Figure 2B). These findings indicated the prognostic 
role of GBP2 in cancers. HPA data showed that both nuclear and 
cytosolic staining of GBP2 were depicted in renal, liver, pancreatic, 
colorectal, prostate and endometrial cancers (Supplementary Figure 
2 C). We next explored the expression and clinical value of GBP2 in 
ccRCC. Using CPTAC and TCGA databases, we found that GBP2 was 
significantly up-regulated in ccRCC at both RNA and protein levels, as 
compared with the adjacent nontumorous tissues (Fig. 3A-B). 
Overexpression of GBP2 was found in ccRCC patients with higher 
pathological grade and advanced clinical stage (Fig. 3C-D). In addi-
tion, the expression of GBP2 was higher in patients with metastatic 
ccRCC (Fig. 3E-F). Survival analyses revealed that patients with high 
GBP2 expression had increased risk of ccRCC-related death (Fig. 3G).

The elevated expression of GBP2 protein in ccRCC was validated 
in cell lines and clinical fresh specimens. Compared with the ex-
pression of GBP2 in immortalized normal human renal HK2 cells, 
more GBP2 protein was detected in ccRCC cell lines (Fig. 3H). In five 
pairs of clinical ccRCC samples, GBP2 protein was found to have high 
expression in tumor (Fig. 3I).

3.4. GBP2 enhances cell migration and invasion in ccRCC

Our data showed that patients with tumor metastasis expressed 
more GBP2, we next determined whether GBP2 affected cell mi-
gration in ccRCC. We knocked down the expression of GBP2 by 
siRNAs in ACHN and 769-P cells (Fig. 4A). Transwell data demon-
strated that GBP2 silence significantly inhibited the migration and 
invasion of both ACHN and 769-P cells (Fig. 4B). Consistently, over-
expression of GBP2 markedly increased migrated and invasive cells 
in ccRCC (Fig. 4C-D).

GSEA was conducted to investigate the mechanism through 
which GBP2 exerted pro-metastatic activity. The data suggested that 
GBP2 was connected with the activation of JAK/STAT signaling 
(Fig. 4E-F). GeneMANIA [22] presented the PPI network for GBP2, 
indicating the involvement of GBP2 in JAK/STAT pathway (Fig. 4G). 
Positive correlation between GBP2 and STAT2/STAT3 was de-
termined using TCGA and CPTAC data in ccRCC (Fig. 4H). Results of 
western blotting revealed that knockdown of GBP2 suppressed the 
phosphorylation of STAT2 at Tyr690 and STAT3 at Tyr705 (Fig. 4I). In 
contrast, the expression levels of phosphorylated STAT2 and phos-
phorylated STAT3 were increased upon GBP2 overexpression in 
ccRCC cells (Fig. 4J). Ruxolitinib, a specific inhibitor of JAK, was used 
to confirm whether GBP2 promoted ccRCC cell migration through 
JAK/STAT signaling. The results demonstrated that Ruxolitinib ef-
fectively attenuated GBP2-mediated cell migration in ACHN and 
769-P cells (Fig. 4K). Taken together, these findings suggest that 
GBP2 promotes cell metastasis in ccRCC via the activation of JAK/ 
STAT pathway.

3.5. GBP2 expression is correlated with immune cell infiltration

GBP2 is involved in the construction of tumor immune micro-
environment [14,15]. We collected paraffin-embedded samples from 56 
patients with solid tumors and performed proteomic investigation to 
determine the association of GBP2 with the infiltration of immune 
cells. Results showed that high expression of GBP2 was associated with 
more infiltration of immune cells with positive staining of CD3, CD8, 
CD68, PD1, CTLA4, TIM-3, CD4, FoxP3, CD19, CD86, and CD163 (Fig. 5A 
& Supplementary Figure 3A). Representative staining results were 
showed as Fig. 5B and Supplementary Figure 3B. The difference of 
immune infiltration patterns in ccRCC patients with high or low GBP2 
expression was then examined by CIBERSORT algorithm in TCGA co-
hort. The results showed that high GBP2 expression was associated 
with more infiltrations of CD8 + cytotoxic T lymphocyte and macro-
phage (Fig. 5C), two immune cell types that play significant roles in 
anti-tumor immunity [23,24]. Using multiplex immunohistochemical 
staining, we further confirmed that patients with high GBP2 expression 
were accompanied with higher proportion of CD8 + cytotoxic T cells 
and CD68 + macrophages in ccRCC tissues (Fig. 5D).

4. Discussion

ccRCC, a common malignant tumor in the urinary system, is as-
sociated with poor prognosis due to the frequent distant metastasis. 
Diagnostic and prognostic biomarkers are urgently needed to im-
prove the clinical management of ccRCC. Mass spectrometry-based 

Fig. 4. GBP2 enhances metastasis of ccRCC cells through JAK-STAT signaling. A. Western blotting validation of GBP2 expression in ccRCC cells upon knockdown of GBP2. B. 
Transwell assays were used to test the migration and invasion abilities upon knockdown of GBP2. * *P  <  0.01, * **P  <  0.001. Scale bar, 600 µm. C. Western blotting validation of 
GBP2 expression in ccRCC cells transfected with indicated constructs. D. Transwell assays were used to test the migration and invasion abilities of ACHN and 769-P cells 
transfected with indicated constructs. * *P  <  0.01, * **P  <  0.001. Scale bar, 600 µm. E-F. Gene Set Enrichment Analysis revealed that high GBP2 expression was mainly enriched in 
JAK/STAT signaling based on proteome and transcriptome data from CPTAC (E) and TCGA (F). G. Protein-protein interaction network for GBP2 in ccRCC was constructed using 
GeneMANIA. Different colors of the network edge indicate the bioinformatics methods applied: physical interaction, predicted, and co-expression. H. The correlation of GBP2 with 
STAT2/STAT3 at both RNA levels (TCGA) and protein levels (CPTAC) in ccRCC was determined. I-J. GBP2 siRNAs (I) or overexpression vectors (J) were transfected into ccRCC cells. 
The phosphorylation of STAT family proteins was examined by western blotting. K. Transwell assays were used to test the migration abilities of GBP2-expressing ACHN and 769-P 
cells treated with JAK inhibitor Ruxolitinib. * * P  <  0.01, * ** P  <  0.001. n.s, no significant. Scale bar, 600 µm.
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Fig. 5. GBP2 expression is correlated with immune cell infiltration in ccRCC tissues. A. The comparison of GBP2 expression and the cell densities of CD3 + , CD8 + , CD68 + , PD1 + , 
CTLA4 + , TIM-3 + cells in ccRCC tissues were performed and shown. B. Representative immunohistochemical staining images of CD3, CD8, CD68 and TIM-3 in patients with high 
GBP2 expression and low GBP2 expression were shown. Scare bar, 100 µm. C. The correlation of GBP2 expression with immune cell infiltration in TCGA ccRCC patients was 
determined. TCGA database was analyzed by XCELL, TIMER, QUANTISEQ, MCPCOUNTER, EPIC, CIBERSORT-ABS and CIBERSORT. D. Multiplex immunohistochemical staining using 
specific antibodies of CD3, CD8, CD68 and CK was performed in ccRCC tissues with high GBP2 expression and low GBP2 expression. Nave blue, nucleus; yellow, CD3 + immune 
cells; green, CD8 + cytotoxic T cells; red, CD68 + macrophages; pale blue, CK+ tumor cells. Scare bar, 50 µm.
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proteomics is a powerful tool for screening factors that contribute to 
tumor growth and metastasis [25]. The CPTAC database contains a 
large amount of cancer proteomic data and clinical information, 
providing a valuable resource for biomarker discovery [16]. By in-
tegrating proteomic data from CPTAC and transcriptomic data from 
TCGA database, we can obtain a more comprehensive understanding 
of the complex regulatory mechanisms underlying cancer and 
identify promising biomarkers [17,26–28]. In the present study, we 
performed WGCNA, GO and KEGG enrichment analyses on the in-
tegrated CPTAC and TCGA data of ccRCC. We constructed a prog-
nostic risk model consisting of five prognostic-associated proteins 
(GBP2, HLA-DRA, ISG15, ISG20 and ITGAX) using univariate Cox 
proportional hazards regression and LASSO regression analysis. This 
five-protein signature was found to be closely correlated with both 
pathological grade and clinical stage, and was able to classify ccRCC 
patients into low- and high-risk subgroups based on the median 
value of risk score. Kaplan-Meier survival analysis confirmed that 
the high-risk subgroup had a worse overall survival.

Among the five prognostic-associated proteins, GBP2 is an IFN-γ- 
induced protein that plays a critical role in host cellular immunity. 
Abnormal expression of GBP2 has been observed in human cancers, 
leading to tumor occurrence and development. For example, GBP2 
enhanced the migration and invasion in breast cancer and glioma 
[9–12]. Consistently, our study showed that GBP2 silencing de-
creased the invasion and migration of ccRCC cells. Further analyses 
revealed that GBP2 was involved in the JAK/STAT pathway which 
plays crucial roles in tumor growth, metastasis, angiogenesis, and 
immunity [29–31]. Further investigations demonstrated that GBP2 
overexpression was able to increase the phosphorylation of STAT2 
and STAT3. Inhibition of JAK/STAT signaling by Ruxolitinib abolished 
the GBP2-promoted metastatic phenotypes.

Immune checkpoint blockade (ICB) therapy has significantly 
prolonged the survival of ccRCC patients. However, clinical response 
to ICB therapy remains unsatisfactory [32]. CD8 + cytotoxicity T 
lymphocytes are the primary anti-tumor immune cells that can kill 
tumor cells through the secretion of granzyme and perforin [33]. 
Recent studies have confirmed a positive correlation between GBP2 
and CD8 + T cell infiltration, suggesting that GBP2 may serve as a 
potential immunotherapeutic target for combinatorial therapy with 
ICB [15]. Our study demonstrated that high GBP2 expression was 
associated with increased infiltration of CD8 + T lymphocytes and 
CD68 + macrophages in ccRCC, indicating that GBP2 may be used as a 
predictive factor for anti-tumor immunity in ccRCC.

5. Conclusions

In summary, we develop a prognostic risk model comprising of 
five hub proteins that helps to predict the prognosis and survival of 
ccRCC. Our data reveal strong functional correlations between GBP2 
expression and tumor metastasis and immune cell infiltration in 
ccRCC.
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