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Abstract: Background: GNG4, a member of the G-protein γ family, is a marker of poor overall survival
(OS) rates in some malignancies. However, the potential role of GNG4 in bladder cancer (BLCA) is
unknown. It is also unclear whether GNG4 may be utilized as a marker to guide chemotherapy or
immunotherapy. Methods: Single-cell RNA sequencing data were used to explore the expression
of GNG4 in tumor microenvironment of BLCA. Bulk RNA sequencing data from TCGA were used
to evaluate the relationship between GNG4 expression and biological features, such as immune
cell infiltrations and gene mutations. The associations between GNG4 expression and survival in
BLCA patients under or not under immunotherapy were evaluated using seven BLCA cohorts.
Results: GNG4 was specifically expressed in exhausted CD4+ T cells. And the high expression of
the GNG4 was associated with high level of immune cell infiltration. The high-GNG4-expression
group displayed a better response to immunotherapy, whereas patients in the low-GNG4-expression
group often benefited from chemotherapy. Moreover, the high-GNG4 group was more similar to the
basal group, whereas the low-GNG4 group was similar to the luminal group. Conclusions: GNG4
may be a potential biomarker for the prediction of the response to therapy in BLCA. Higher GNG4
expression can be used as a predictor of response to immunotherapy, and lower GNG4 expression
can be used as a predictor of response to chemotherapy.

Keywords: bladder cancer; G-protein subunit gamma 4; immune infiltration; immunotherapy;
chemotherapy

1. Introduction

Bladder cancer (BLCA), a malignancy of the urinary tract, is the second most common
urinary cancer, with approximately 573,278 new cases and 212,536 deaths reported in 2020,
which means it ranks as the 10th most frequently diagnosed cancer worldwide [1–3]. It
is urgent to develop effective treatment strategies to improve the survival rate of BLCA.
Chemotherapy plays an important role in the comprehensive treatment of cancer. How-
ever, tumor recurrence often occurs after chemotherapy, and over the last 30 years, there
have been no significant advancements in the treatment of BLCA [4]. Despite the ad-
vent of neoadjuvant and adjuvant chemotherapy, the treatment outcome and prognosis
of metastatic BLCA remain unsatisfactory [5]. Cancer immunotherapy, such as immune
checkpoint blockade (ICB), has resulted in promising improvements in survival rates in
individuals with advanced BLCA [6,7], which is characterized by a high tumor mutation
burden (TMB) and neoantigens [8]. However, only a minority of patients respond to ICB
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because they are resistant to the primary or secondary mechanisms of ICB [6,7]. Although
the advent of immunotherapy provided another excellent avenue for the treatment of
BLCA, the results continue to be unsatisfactory [9]. Therefore, both chemotherapy and
immunotherapy need to continue to improve in terms of how effectively they can treat
BLCA. In general, there is an urgent need to develop novel biomarkers that can be used to
effectively predict treatment response in BLCA patients.

As a member of the G-protein γ family, GNG4 normally transduces signals from
upstream G-protein-coupled receptors (GPCRs) [10–13]. Incidentally, GPCRs consist of a
large family of receptors that respond to a variety of extracellular stimuli such as hormones,
growth factors, light, and other sensory stimulus signals [14]. Several G-protein family
members have been determined to be pan-inhibitors and oncogenes of Gβγ, which reduce
cell proliferation and impede metastasis in breast and prostate cancer cell lines [15,16].
Meanwhile, GNG4 has been reported to be a tumor suppressor gene in glioblastoma [14].
GNG4 is also used as a biomarker in gastric cancer, especially in liver metastasis of gastric
cancer. High levels of GNG4 in primary tumor tissue have been reported to be associated
with short overall survival times and the likelihood of liver metastasis recurrence [17].
Notably, GNG4 is not only a candidate biomarker for the diagnosis of synchronous metas-
tasis and the prediction of metachronous metastasis but may also be a predictive factor
concerning 5FU, a representative pyrimidine drug [17]. GNG4 was also demonstrated to be
the key element of the colorectal carcinoma (CRC) tumor mutation burden (TMB), which is
essential information in the ICB therapy of CRC [18]. However, the role of GNG4 in BLCA
remains unclear.

In this study, we integrated the public bulk and single-cell RNA sequencing data to
comprehensively investigate the GNG4 expression in tumor microenvironment and its
relationship with immunotherapy response in bladder cancer.

2. Materials and Methods
2.1. Data Collection and Processing

The RNA sequencing (RNA-seq) transcriptome data of patients with BLCA and the
corresponding clinical data and mutation profiles were downloaded from The Cancer
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/, accessed on 12 September
2021). Fragments per kilobase million (FPKM) values were converted to transcripts per
kilobase million (TPM) values, and the Ensembl gene IDs of the RNA-seq data were
converted to gene symbols concerning the annotation file.

Three BLCA validation datasets were included for analysis from the Gene Expression
Omnibus (GEO) data portal (http://www.ncbi.nlm.nih.gov/geo/, accessed on 24 Septem-
ber 2021) (GSE13507, GSE32894, and GSE70691) [19–21]. The raw data were downloaded
as microarray data.

We included three immunotherapeutic cohorts and obtained the relative transcrip-
tomic and clinical data from the online Supplementary data appended to the published
studies. We downloaded RNA sequencing of the immunotherapy cohort of BLCA from
Mvigor210CoreBiologies, an R package [22]. Another immunotherapy cohort of BLCA
(GSE176307) was included for analysis from the Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/, accessed on 24 September 2021) [23]. RNA sequenc-
ing of the immunotherapy cohort of melanoma (PRJEB23709) was downloaded from
GEO [24].

The copy number variation (CNV) and somatic mutation profiles were also obtained
from TCGA data. The somatic mutation data sorted in the form of Mutation Annotation
Format (MAF) were analyzed using the R package ‘maftools’.

2.2. Single-Cell Transcriptome Sequencing and Data Preprocessing

Single-cell transcriptome sequencing data, downloaded from the Genome Sequence
Archive (GSA) database (https://ngdc.cncb.ac.cn/gsa/, accessed on 15 October 2021),
were analyzed using the Seurat (v3.1.3) R toolkit [25]. First, cells of poor quality were
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filtered out [26]. Then, DoubletFinder was used with the default parameters to predict cell
doublets. Next, the “NormalizeData” function was used to normalize the data, and the
“FindVariableFeatures” function was used to choose the highly variable genes. Then, the
gene expression matrices of all of the samples were integrated using the “Runharmony”
functions [27]. Finally, we determined the different cell types with default parameters; the
different cell types were visualized using UMAP.

We used the following rules to annotate the different cell types: Based on using the
“wilcoxauc” function in presto to derive the top ten differentially expressed genes, we
identified 8 main clusters and annotated them according to the expression of typical gene
markers, including endothelial cells, epithelial cells, fibroblast cells, myeloid cells, mast
cells, plasma cells, B cells, and T cells. CD4 and CD8 gene expressions were used for the
differentiation of CD4+ and CD8+ T cells. CD4+ T-cell subclusters were named using the
first marker gene.

2.3. Functional and Pathway Enrichment Analysis of Bulk RNA-Seq

The identification of differentially expressed genes between the low-GNG4 and the
high-GNG4 groups was carried out using the Limma R package [28]. To explore the
phenotype-specific signaling pathways of the tumor microenvironment (TME) in the high-
GNG4 and low-GNG4 groups, the Gene Set Enrichment Analysis (GSEA) approach was
used with an adjusted p < 0.05 using the ‘clusterfiler’ R package [29].

2.4. Immunological Characteristics of the TME in BLCA

The proportions of immune cell types (i.e., TICs) evaluated for immune cell infiltration
in each sample (with immune infiltration scores) were computed using the Timer [30],
MCP_counter [31], CIBERSORT, and Xcell [32] algorithms.

2.5. Prediction of the Molecular Subtypes in BLCA

The molecular subtype of each individual was determined using the ConsensusMIBC
R package [33]. All of the patients in the TCGA database were divided into six phenotypes.

2.6. Statistical Analysis

Using the Kaplan–Meier method to estimate OS or FPS, the Kaplan–Meier curves
were compared using the log-rank test. A two-sided p-value of less than 0.05 was regarded
as significant. Meanwhile, all of the sample sizes were large enough to enable proper
statistical analysis. Spearman correlation analysis was applied in all of the correlation
analyses. GraphPad Prism (https://www.graphpad.com/, accessed on 25 March 2022)
was also used to perform statistical analyses. p-values less than 0.05 were deemed to be
statistically significant. All of the t-test analyses were two-sided t-tests (paired or unpaired,
depending on the experiments).

3. Result
3.1. GNG4 Is a Biomarker of Exhausted CD4+ T Cells in BLCA

Unsupervised clustering of the published BLCA single-cell RNA sequencing data
revealed eight cell clusters (Figures 1A and S1A). Intriguingly, GNG4 was specifically
expressed in T cells (Figure 1B, Table S1). After dividing all CD4+ T cells into six sub-
clusters, we found GNG4 only expressed in cluster CD4_CXCL13 (GNG4 was not expressed
in CD8+ T cells, and the results are not shown) (Figures 1C,D and S1B, Table S2). In addition
to the high expression of GNG4, this cluster is accompanied by the high expression of
PDCD1, LAG3, TIGIT, and CXCL13, suggesting that the cells of this cluster were in an
exhausted state (Figure 1E). Overall, we determined that GNG4 is specifically expressed in
exhausted CD4+ T cells in BLCA tumor microenvironment.

https://www.graphpad.com/
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tumor microenvironment (TME) in BLCA, were upregulated in the high-GNG4 group. In 
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Figure 1. GNG4 is a biomarker for exhausted CD4+ T cells population in BLCA. (A). The UMAP plot
of all cells. Each dot indicates a single cell. Color-coded for the cell type. (B). The UMAP plot of
GNG4 expression. (C). UMAP plot of CD4+ T cells. Each dot indicates a single cell, and colors refer
to clusters denoted by CD4+ T cell types. (D). The expression of GNG4 in each type of CD4+ T cells.
(E). Dot plot of immune-related genes expressed in types of CD4+ T cells.

3.2. High Expression of GNG4 Reveals High Immune Infiltration but Tends to Be Exhausted

Since GNG4 was found as a biomarker to measure the exhausted CD4+ T cells, we next
used the bulk RNA sequencing data to further explore the relationship between GNG4 and
immune cell infiltration. Hence, we obtained and analyzed the clinical data of 406 patients
diagnosed with BLCA in the TCGA database (Table S3) and investigate the association be-
tween the level of GNG4 expression and immune-related indicators. The result reveals that
GNG4 was positively correlated with many immunomodulators, including chemokines,
receptors, MHC, and immunostimulators. (Figure 2A). Many chemokines, such as CCL3,
CCL4, CCL7, CCL8, CCL11, CXCL9, CXCL10, and paired receptors, including CCR1, CCR2,
CCR4, CXCR4, and CXCR6, were also positively correlated with GNG4. These chemokines
and receptors promote the recruitment of effector TIICs, including TH17 cells, antigen-
presenting cells, and CD8+ T cells [34]. Among them, two vital chemokines (CXCL9 and
CXCL10), which trigger the recruitment of CD8+ T cells into the tumor microenvironment
(TME) in BLCA, were upregulated in the high-GNG4 group. In addition, a majority of MHC
molecules, especially Human Leukocyte Antigen (HLA) molecules, were highly expressed
in the high-GNG4 group, which suggested the upregulation of antigen presentation and
processing ability in the high-GNG4 group. Additionally, many immunostimulators also
had high expression in the high-GNG4 group, which were able to stimulate the immune
system by inducing activation or increasing the activity of any of its components. The
same result was obtained in three BLCA validation cohorts including GSE13507, GSE32894,
and GSE70691 (Figure S2A). Surprisingly, in the present study, we found that GNG4 was
positively related to many immune checkpoint inhibitors, including PDCD1, CTLA4, LAG3,
IDO1, HAVCR2, and TIGIT (Figure 2B). This demonstrated that the high-GNG4 group
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had an inflammatory but inhibitory TME. Similarly, we also found a positive correlation
between GNG4 and immune checkpoint inhibitors in three validation cohorts (Figure S2B).
We further analyzed the differential expression of genes in the high- and low-GNG4 groups
in BLCA (Figure 2C, Table S4). Based on these results, the biological functions of gene
sets in high-GNG4 groups were investigated via Gene Ontology (GO) analysis (Figure 2D,
Table S5). Interestingly, these genes were found to have a strong association with signif-
icant immunomodulatory processes such as the negative regulation of T-cell activation,
granulocyte chemotaxis, and the negative regulation of cell adhesion.
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To further explore the relationship between GNG4 and immune cell infiltration, the
MCP counter, xCell, CIBERSORT, and TIMER algorithms were used to estimate the levels
of various types of immune cells from TCGA-BLCA bulk RNA-sequencing data. We
showed significantly higher levels of Tregs, CD8+T cells, NK cells, CD4+T cells, neutrophils,
macrophages, and B cells in the high-GNG4 group (Figures 2E,F and S3A,B). Additionally,
the high-GNG4 group had a higher level of cytotoxic lymphocytes (Figure 2F). We also used
the MCP counter to calculate immune scores and estimate the abundance of various types
of immune cells in three validation sets (Figure S2C). Similarly, we confirmed substantial
immune cell infiltration in the high-GNG4 group in three validation sets. To our surprise,
fibroblasts also had a higher valuation score in the high-GNG4 group (Figure 2F). In
addition, the number and diversity of T-cell receptors (TCR) were higher in the high-GNG4
group than those in the low-GNG4 group (Figure S3C). Taken together, these results also
show that the high-GNG4 group had the status of a higher level of immune cell infiltration
environment but tended to be exhausted.

Genomic mutation is an important factor in the occurrence of malignant tumors, and
this factor affects treatment. Therefore, we employed the ‘maftools’ package to analyze the
somatic mutation profile between the high- and low-GNG4 groups in the TCGA-BLCA
cohort; the top 10 most commonly mutated genes in each group are shown in Figure 2A.
Previously published studies have claimed that genetic variations in the tumor suppressor
gene TP53 contribute to human cancers in different ways, whereas TTN mutation was
associated with responses to immunotherapy in solid tumors [35,36]. Similar to the previous
study, TP53 and TTN were critical genetic alterations in the pathogenesis of BLCA, and these
gene alterations were observed in both the high- and the low-GNG4 groups (Figure S4A).
Notably, RB1, FGFR3, HECTD4, KIAA1109, and TRPM2 occupied the top 5 positions among
the different mutant genes between high- and low-GNG4 groups (Figure S4B, p < 0.001). In
recent years, molecular classification (i.e., classification on the basis of genetic alterations
and expression) has diversified our knowledge of BLCA and offered a new framework
for the stratification and evaluation of responses to different treatment approaches [33,37].
The six consensus classes (LumNS, LumP, LumU, Ba/Sq, stroma-rich, and neuroendocrine
(NE)-like) are the most commonly recognized molecular subtypes of BLCA, which can
be mainly divided into basal and luminal subtypes. Interestingly, the mutation rate of
RB1 was 26.96% in the high-GNG4 group, and RB1 was also mutated in a high proportion
in the Ba/Sq group in the molecular classification of BLCA. Similarly, the mutation rate
was 21.18% in the low-GNG4 group, which is consistent with the results of mutations in
the LumP groups in the molecular classification of BLCA [33]. Thus, related mutations of
GNG4 can also directly classify BLCA. Then, we used the MCP counter to estimate the
infiltration abundance of different immune cells in GNG4 mutant groups. We defined
patients with RB1 and HECTD4 mutations (the related mutated genes in the high-GNG4
group) and those with FGFR3, KIAA1109, and TRPM2 mutations (the related mutated
genes in the low-GNG4 group) as the mutation group, and the rest were defined as the wild
group (WT). To our surprise, the results showed that the associated mutation group of the
high-GNG4 group also exhibited higher immune cell infiltration, whereas the associated
mutation group of the low-GNG4 group also exhibited lower immune cell infiltration
(Figure S4C,D).

3.3. GNG4 as a Biomarker to Predict the Effect of Immunotherapy

As GNG4 is highly expressed in exhausted CD4+ T cells and its higher expression
is correlated with immune infiltration, we investigated whether GNG4 could be used as
a biomarker to predict the immunotherapeutic response to BLCA. Surprisingly, patients
with high GNG4 expression had a better response to immunotherapy (Figure 3A). Corre-
spondingly, patients in the high-GNG4 group had better OS and PFS rates than those in the
low-GNG4 group (Figure 3B,C). Similarly, results from the IMvogo210 dataset consistently
showed that higher GNG4 expression was linked to a better OS rate in patients undergoing
immunotherapy with BLCA (Figure 3D). Interestingly, GNG4 predicted the same prognosis
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for immunotherapy in a melanoma cohort (Figure 3E,F). According to these results, GNG4
may be employed as a biomarker to predict the immunotherapy response in BLCA b, as
well as in other cancer types.
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Figure 3. GNG4 as a biomarker to predict the effect of immunotherapy. (A). Boxplots showing
the proportion of responders between high-GNG4 and low-GNG4 groups in the GSE176307 cohort.
Overall survival (B) and progression-free survival (C) analysis between high-GNG4 and low-GNG4
groups that received immunotherapy in the GSE176307 cohort. (D). Overall survival analysis between
high-GNG4 and low-GNG4 groups that received immunotherapy in the IMvigor210 cohort. (E).
Boxplots showing the proportion of responders between high-GNG4 and low-GNG4 groups in
the PRJEB23709 cohort (SKCM). (F). Overall survival analysis between high-GNG4 and low-GNG4
groups that received immunotherapy in the PRJEB23709 cohort (SKCM).

3.4. GNG4 Is an Indicator of Poor Prognosis and Can Predict the Effect of Chemotherapy

GNG4 is positively correlated with overall survival under immunotherapy, but, we
found that higher expression of GNG4 was associated with worse overall survival (OS) and
progression-free survival (PFS) rates in BLCA patients who did not receive immunotherapy
(Figure 4A,B). Additionally, three BLCA validation cohorts also confirmed that GNG4
expression was an indicator of poor survival in BLCA patients (Figure 4C–E, Table S3).
Meanwhile, subgroup analysis of the pathological stage of tumors in the TCGA-BLCA
cohort revealed that the levels of GNG4 expression increased gradually from stage I to
stage IV (Figure 4F). Similarly, an identical upward trend of GNG4 expression was also
observed in the T-stage subgroup analysis of the TCGA-BLCA cohort (Figure 4G). GNG4
expression was also significantly increased in patients with lymph node metastases and
distal metastases (Figure 4G). In particular, we found that GNG4 was highly expressed
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in metastatic patients. This indicates that GNG4 may also be related to the progress of
BLCA. Molecular classifications of BLCA have been divided into six consensus classes
(LumNS, LumP, LumU, Ba/Sq, stroma-rich, and neuroendocrine (NE)-like), which are the
most commonly recognized molecular subtypes of BLCA [33,37] (Table S3). Interestingly,
we found that the high-level GNG4 expression group was mostly transformed from the
basal group (basal/squamous, Ba/Sq) and the stroma-rich group, whereas the low-level
GNG4 expression group was mostly from the luminal group (luminal papillary, LumP)
(Figure 4H). To examine whether GNG4 could predict the response to chemotherapy in
BLCA, we then performed an analysis of the GNG4 gene expression levels in patients with
different responses to chemotherapy based on the BLCA data from the TCGA database.
The results showed that a better response to chemotherapy occurred in the low-level GNG4
expression group (Figure 4I). Then, we also analyzed the differences in DNA repair gene
expression between the high-level and low-level GNG4 expression groups in BLCA. The
heatmap shows that the genes of DNA repair were highly expressed in the high-level GNG4
expression group (Figure 4J). Therefore, we concluded that the poor prognosis in the high-
level GNG4 expression group might be due to DNA repair, which leads to chemotherapy
resistance, whereas the low-level group had a better response to chemotherapy with a
better prognosis.
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survival analysis of high and low expression levels of GNG4 in TCGA-BLCA. (B). Progression-free
survival analysis between high and low expression levels of GNG4 in TCGA-BLCA. (C–E). Overall
survival analysis comparing high and low expression levels of GNG4 in three external, dependent
sets: GSE13507, GSE32894, and GSE70691. (F). Based on the TCGA data, the expression levels of the
GNG4 gene between the different groups of the main pathological stages (stage I, stage II, stage III,
and stage IV) of BLCA. *** p-value ≤ 0.001. (G). Based on the TCGA data, the expression levels of the
GNG4 gene between the different groups of the TNM pathological stages (stage T, stage N, and stage
M) of BLCA. **, p-value ≤ 0.01; *** p-value ≤ 0.001. (H). Sankey chart displaying the path analysis in
patients with BLCA between the published classification systems (LumP, LumU, stroma-rich, LumNS,
Ba/Sq, and NE-like) of BLCA and expression levels of GNG4. The line indicates the group; the
width of the lines signifies the number of patients who shifted from one state to another (n = 406).
(I). Based on the BLCA data in the TCGA database, the expression levels of the GNG4 gene between
the different groups of the response of patients to chemotherapy. *, p-value ≤ 0.05. (J). Differences
in the gene expression of DNA repair between high-level and low-level GNG4 expression groups
in BLCA.

4. Discussion

In this study, we found that GNG4 was specifically expressed in a subset of CD4+ T
cells with exhausted characteristics. The expression of GNG4 is positively correlated with
immune cell infiltrations and overall survival under immunotherapy. Interestingly, GNG4
expression is negatively correlated with overall survival and progression-free survival
in bladder cancer patients who did not receive immunotherapy, which might be because
GNG4 plays a role in developing chemo-resistance in bladder cancer.

GNG4 is an important component of the immune microenvironment in CRC [18]. In
our study, we for the first time showed that GNG4 was specifically expressed in CD4+ T
cells using BLCA single-cell RNA sequencing data. Notably, GNG4 was highly expressed
in a cluster of exhausted CD4+ T cells, which highly expressed PDCD1, CXCL13, BTLA,
and TIGIT. Correspondingly, we found that patients with high GNG4 expression were
indeed in an immune-inflamed tumor environment, not immune-excluded or an immune-
desert tumor environment [38]. Meanwhile, the levels of effector immune-infiltrating
cells, including NK cells, CD8+ T cells, macrophages, dendritic cells, and TH1 cells, were
also markedly increased in patients with high GNG4 expression. Similarly, the levels of
immunosuppressive cells, such as neutrophils, TH2 cells, and Tregs, were also significantly
increased. Exhausted cells are transformed from functional T-helper cells or effector cells.
Additionally, the high infiltration of exhausted CD4+ T cells often causes tumor cells to
evade the attack of the immune system, making the overall immune microenvironment
present a state of exhausted cells that are enriched but have lost toxic function. However,
after immunotherapy, the exhausted state of cells becomes an effector state, which increases
the inflammation of the overall microenvironment, which explains the positive association
between GNG4 expression and better response to immune checkpoint blockade (ICB)
immunotherapy, the first-line treatment for cisplatin-ineligible patients [39]. An effective
biomarker to predict ICB immunotherapy response is important for precise treatment.
However, although CD8+ T effector signatures, hypoxia-related genes, and PVR-related
genes have been shown to predict BLCA immunotherapy [40–42], these indicators often
involve more genes and are difficult to measure. GNG4 as a single gene may have the
advantage compared with these biomarkers. Additionally, GNG4 can also predict the
immunotherapy of melanoma, which may be an indicator of Pan-cancer. Moreover, GNG4
could also be served as a potential biomarker to predict response to chemotherapy, a
common and first-line treatment for BLCA [43]. We found that patients with low expression
of GNG4 had a better response to chemotherapy.

Molecular classifications of BLCA have been studied extensively [44–46]. The six
consensus classes (LumNS, LumP, LumU, Ba/Sq, stroma-rich, and neuroendocrine (NE)-
like) are the most commonly recognized molecular subtypes of BLCA, which can be mainly
divided into basal and luminal subtypes. We found that patients with high expression of
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GNG4 are often considered as the basal subtypes with RB1 and TP53 mutations. Patients
with low expression of GNG4 are often considered as the luminal subtypes with FGFR3
mutation. This indicates that GNG4 can be used as an important indicator of molecular
subtypes, which has not been found in other similar studies [33].

5. Conclusions

GNG4 was specifically expressed in exhausted CD4+ T cells. Higher GNG4 expression
indicates a state of immune inflammation and immune infiltration and can be used as a
potential biomarker to predict the response of both immunotherapy and chemotherapy
in BLCA.
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between high-level and low-level GNG4 expression groups in BLCA, Table S5: Enrichment pathways
of differentially expressed genes in GNG4 high-level group.

Author Contributions: Z.Z., X.P. and T.S. designed this work. L.D., X.L., Z.L., C.Z., C.W. and W.M.
consolidated and analyzed the data. This manuscript was written by L.D. and X.L., Z.Z. and T.S.
edited and revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of
China [81772614]; National Key R&D Program of China [2017YFA0106700]; Program for Guangdong
Introducing Innovative and Entrepreneurial Teams [2017ZT07S096]. And The APC was funded by
China Postdoctoral Science Foundation Grant [2018M642773].

Institutional Review Board Statement: The patient data in this study were obtained from the
publicly available datasets for which patient informed consent was complete.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets provided in this study can be found in online repositories.
The names and accession number(s) of the repository can be found in the article material.

Acknowledgments: We would like to acknowledge the Bioinformatics Platform of Sun Yat-Sen
University Cancer Center that made this study possible.

Conflicts of Interest: The authors declare that they have no competing interests.

Abbreviations
BLCA bladder cancer
ICB immune checkpoint blockade
TMB tumor mutation burden
GPCRs G-protein-coupled receptors
CRC colorectal carcinoma
RNA-seq RNA sequencing
TCGA The Cancer Genome Atlas
FPKM Fragments per kilobase million
TPM transcripts per kilobase million

https://www.mdpi.com/article/10.3390/genes13040693/s1
https://www.mdpi.com/article/10.3390/genes13040693/s1


Genes 2022, 13, 693 11 of 13

GEO Gene Expression Omnibus
CNV copy number variation
MAF Mutation Annotation Format
PCA principal component analysis
PCs principal components
TME tumor microenvironment
OS overall survival
PFS progression-free survival
GO Gene Otology
TCR T-cell receptors

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef] [PubMed]
2. Cao, R.; Yuan, L.; Ma, B.; Wang, G.; Qiu, W.; Tian, Y. An EMT-related gene signature for the prognosis of human bladder cancer. J.

Cell Mol. Med. 2020, 24, 605–617. [CrossRef] [PubMed]
3. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBO-

CAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249.
[CrossRef] [PubMed]

4. Xu, Y.; Wu, G.; Li, J.; Li, J.; Ruan, N.; Ma, L.; Han, X.; Wei, Y.; Li, L.; Zhang, H.; et al. Screening and Identification of Key
Biomarkers for Bladder Cancer: A Study Based on TCGA and GEO Data. Biomed. Res. Int. 2020, 2020, 8283401. [CrossRef]

5. Witjes, J.A.; Bruins, H.M.; Cathomas, R.; Compérat, E.M.; Cowan, N.C.; Gakis, G.; Hernández, V.; Linares Espinós, E.; Lorch, A.;
Neuzillet, Y.; et al. European Association of Urology Guidelines on Muscle-invasive and Metastatic Bladder Cancer: Summary of
the 2020 Guidelines. Eur. Urol. 2021, 79, 82–104. [CrossRef]

6. Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; van der Heijden, M.S.; Balar, A.V.; Necchi, A.; Dawson, N.; O’Donnell, P.H.;
Balmanoukian, A.; Loriot, Y.; et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have
progressed following treatment with platinum-based chemotherapy: A single-arm, multicentre, phase 2 trial. Lancet 2016, 387,
1909–1920. [CrossRef]

7. Sharma, P.; Retz, M.; Siefker-Radtke, A.; Baron, A.; Necchi, A.; Bedke, J.; Plimack, E.R.; Vaena, D.; Grimm, M.O.; Bracarda, S.; et al.
Nivolumab in metastatic urothelial carcinoma after platinum therapy (CheckMate 275): A multicentre, single-arm, phase 2 trial.
Lancet Oncol. 2017, 18, 312–322. [CrossRef]

8. Kandoth, C.; McLellan, M.D.; Vandin, F.; Ye, K.; Niu, B.; Lu, C.; Xie, M.; Zhang, Q.; McMichael, J.F.; Wyczalkowski, M.A.; et al.
Mutational landscape and significance across 12 major cancer types. Nature 2013, 502, 333–339. [CrossRef]

9. Patel, V.G.; Oh, W.K.; Galsky, M.D. Treatment of muscle-invasive and advanced bladder cancer in 2020. CA Cancer J. Clin. 2020,
70, 404–423. [CrossRef]

10. García-Regalado, A.; Guzmán-Hernández, M.L.; Ramírez-Rangel, I.; Robles-Molina, E.; Balla, T.; Vázquez-Prado, J.; Reyes-Cruz,
G. G protein-coupled receptor-promoted trafficking of Gbeta1gamma2 leads to AKT activation at endosomes via a mechanism
mediated by Gbeta1gamma2-Rab11a interaction. Mol. Biol. Cell 2008, 19, 4188–4200. [CrossRef]

11. Khan, S.M.; Sleno, R.; Gora, S.; Zylbergold, P.; Laverdure, J.P.; Labbé, J.C.; Miller, G.J.; Hébert, T.E. The expanding roles of Gβγ

subunits in G protein-coupled receptor signaling and drug action. Pharmacol. Rev. 2013, 65, 545–577. [CrossRef] [PubMed]
12. Crespo, P.; Xu, N.; Simonds, W.F.; Gutkind, J.S. Ras-dependent activation of MAP kinase pathway mediated by G-protein beta

gamma subunits. Nature 1994, 369, 418–420. [CrossRef] [PubMed]
13. Zhang, J.; Liu, W.; Liu, J.; Xiao, W.; Liu, L.; Jiang, C.; Sun, X.; Liu, P.; Zhu, Y.; Zhang, C.; et al. G-protein β2 subunit interacts with

mitofusin 1 to regulate mitochondrial fusion. Nat. Commun. 2010, 1, 101. [CrossRef]
14. Pal, J.; Patil, V.; Mondal, B.; Shukla, S.; Hegde, A.S.; Arivazhagan, A.; Santosh, V.; Somasundaram, K. Epigenetically silenced

GNG4 inhibits SDF1α/CXCR4 signaling in mesenchymal glioblastoma. Genes Cancer 2016, 7, 136–147. [CrossRef] [PubMed]
15. Bookout, A.L.; Finney, A.E.; Guo, R.; Peppel, K.; Koch, W.J.; Daaka, Y. Targeting Gbetagamma signaling to inhibit prostate tumor

formation and growth. J. Biol. Chem. 2003, 278, 37569–37573. [CrossRef] [PubMed]
16. Tang, X.; Sun, Z.; Runne, C.; Madsen, J.; Domann, F.; Henry, M.; Lin, F.; Chen, S. A critical role of Gbetagamma in tumorigenesis

and metastasis of breast cancer. J. Biol. Chem. 2011, 286, 13244–13254. [CrossRef]
17. Tanaka, H.; Kanda, M.; Miwa, T.; Umeda, S.; Sawaki, K.; Tanaka, C.; Kobayashi, D.; Hayashi, M.; Yamada, S.; Nakayama, G.; et al.

G-protein subunit gamma-4 expression has potential for detection, prediction and therapeutic targeting in liver metastasis of
gastric cancer. Br. J. Cancer 2021, 125, 220–228. [CrossRef]

18. Zhao, H.; Danli, S.; Qian, Z.; Ye, S.; Chen, J.; Tang, Z. Identifying GNG4 might play an important role in colorectal cancer TMB.
Cancer Biomark 2021, 32, 435–450. [CrossRef]

19. Lee, J.S.; Leem, S.H.; Lee, S.Y.; Kim, S.C.; Park, E.S.; Kim, S.B.; Kim, S.K.; Kim, Y.J.; Kim, W.J.; Chu, I.S. Expression signature
of E2F1 and its associated genes predict superficial to invasive progression of bladder tumors. J. Clin. Oncol. 2010, 28,
2660–2667. [CrossRef]

20. Sjödahl, G.; Lauss, M.; Lövgren, K.; Chebil, G.; Gudjonsson, S.; Veerla, S.; Patschan, O.; Aine, M.; Fernö, M.; Ringnér, M.; et al. A
molecular taxonomy for urothelial carcinoma. Clin. Cancer Res. 2012, 18, 3377–3386. [CrossRef]

http://doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://doi.org/10.1111/jcmm.14767
http://www.ncbi.nlm.nih.gov/pubmed/31657881
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1155/2020/8283401
http://doi.org/10.1016/j.eururo.2020.03.055
http://doi.org/10.1016/S0140-6736(16)00561-4
http://doi.org/10.1016/S1470-2045(17)30065-7
http://doi.org/10.1038/nature12634
http://doi.org/10.3322/caac.21631
http://doi.org/10.1091/mbc.e07-10-1089
http://doi.org/10.1124/pr.111.005603
http://www.ncbi.nlm.nih.gov/pubmed/23406670
http://doi.org/10.1038/369418a0
http://www.ncbi.nlm.nih.gov/pubmed/8196770
http://doi.org/10.1038/ncomms1099
http://doi.org/10.18632/genesandcancer.105
http://www.ncbi.nlm.nih.gov/pubmed/27382437
http://doi.org/10.1074/jbc.M306276200
http://www.ncbi.nlm.nih.gov/pubmed/12869546
http://doi.org/10.1074/jbc.M110.206615
http://doi.org/10.1038/s41416-021-01366-1
http://doi.org/10.3233/CBM-203009
http://doi.org/10.1200/JCO.2009.25.0977
http://doi.org/10.1158/1078-0432.CCR-12-0077-T


Genes 2022, 13, 693 12 of 13

21. McConkey, D.J.; Choi, W.; Shen, Y.; Lee, I.L.; Porten, S.; Matin, S.F.; Kamat, A.M.; Corn, P.; Millikan, R.E.; Dinney, C.; et al. A
Prognostic Gene Expression Signature in the Molecular Classification of Chemotherapy-naïve Urothelial Cancer is Predictive of
Clinical Outcomes from Neoadjuvant Chemotherapy: A Phase 2 Trial of Dose-dense Methotrexate, Vinblastine, Doxorubicin, and
Cisplatin with Bevacizumab in Urothelial Cancer. Eur. Urol. 2016, 69, 855–862. [CrossRef] [PubMed]

22. Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel, E.E., III; Koeppen, H.; Astarita, J.L.; Cubas, R.;
et al. TGFβ attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells. Nature 2018, 554, 544–548.
[CrossRef] [PubMed]

23. Rose, T.L.; Weir, W.H.; Mayhew, G.M.; Shibata, Y.; Eulitt, P.; Uronis, J.M.; Zhou, M.; Nielsen, M.; Smith, A.B.; Woods, M.; et al.
Fibroblast growth factor receptor 3 alterations and response to immune checkpoint inhibition in metastatic urothelial cancer: A
real world experience. Br. J. Cancer 2021, 125, 1251–1260. [CrossRef] [PubMed]

24. Gide, T.N.; Quek, C.; Menzies, A.M.; Tasker, A.T.; Shang, P.; Holst, J.; Madore, J.; Lim, S.Y.; Velickovic, R.; Wongchenko, M.; et al.
Distinct Immune Cell Populations Define Response to Anti-PD-1 Monotherapy and Anti-PD-1/Anti-CTLA-4 Combined Therapy.
Cancer Cell 2019, 35, 238–255.e236. [CrossRef] [PubMed]

25. Butler, A.; Hoffman, P.; Smibert, P.; Papalexi, E.; Satija, R. Integrating single-cell transcriptomic data across different conditions,
technologies, and species. Nat. Biotechnol. 2018, 36, 411–420. [CrossRef]

26. Wu, D.; Smyth, G.K. Camera: A competitive gene set test accounting for inter-gene correlation. Nucleic Acids Res. 2012, 40,
e133. [CrossRef]

27. Korsunsky, I.; Millard, N.; Fan, J.; Slowikowski, K.; Zhang, F.; Wei, K.; Baglaenko, Y.; Brenner, M.; Loh, P.R.; Raychaudhuri, S. Fast,
sensitive and accurate integration of single-cell data with Harmony. Nat. Methods 2019, 16, 1289–1296. [CrossRef]

28. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

29. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. ClusterProfiler: An R package for comparing biological themes among gene clusters. OMICS
2012, 16, 284–287. [CrossRef]

30. Li, B.; Severson, E.; Pignon, J.C.; Zhao, H.; Li, T.; Novak, J.; Jiang, P.; Shen, H.; Aster, J.C.; Rodig, S.; et al. Comprehensive analyses
of tumor immunity: Implications for cancer immunotherapy. Genome Biol. 2016, 17, 174. [CrossRef]

31. Becht, E.; Giraldo, N.A.; Lacroix, L.; Buttard, B.; Elarouci, N.; Petitprez, F.; Selves, J.; Laurent-Puig, P.; Sautes-Fridman, C.;
Fridman, W.H.; et al. Estimating the population abundance of tissue-infiltrating immune and stromal cell populations using gene
expression. Genome Biol. 2016, 17, 218. [CrossRef] [PubMed]

32. Aran, D.; Hu, Z.; Butte, A.J. xCell: Digitally portraying the tissue cellular heterogeneity landscape. Genome Biol. 2017, 18, 220.
[CrossRef] [PubMed]

33. Kamoun, A.; de Reynies, A.; Allory, Y.; Sjodahl, G.; Robertson, A.G.; Seiler, R.; Hoadley, K.A.; Groeneveld, C.S.; Al-Ahmadie,
H.; Choi, W.; et al. A Consensus Molecular Classification of Muscle-invasive Bladder Cancer. Eur. Urol. 2020, 77, 420–433.
[CrossRef] [PubMed]

34. Hu, J.; Yu, A.; Othmane, B.; Qiu, D.; Li, H.; Li, C.; Liu, P.; Ren, W.; Chen, M.; Gong, G.; et al. Siglec15 shapes a non-inflamed tumor
microenvironment and predicts the molecular subtype in bladder cancer. Theranostics 2021, 11, 3089–3108. [CrossRef] [PubMed]

35. Olivier, M.; Hollstein, M.; Hainaut, P. TP53 mutations in human cancers: Origins, consequences, and clinical use. Cold Spring
Harb. Perspect. Biol. 2010, 2, a001008. [CrossRef] [PubMed]

36. Yang, Y.; Zhang, J.; Chen, Y.; Xu, R.; Zhao, Q.; Guo, W. MUC4, MUC16, and TTN genes mutation correlated with prognosis, and
predicted tumor mutation burden and immunotherapy efficacy in gastric cancer and pan-cancer. Clin. Transl. Med. 2020, 10, e155.
[CrossRef] [PubMed]

37. Compérat, E.; Oszwald, A.; Wasinger, G.; Hansel, D.E.; Montironi, R.; van der Kwast, T.; Witjes, J.A.; Amin, M.B. Updated
pathology reporting standards for bladder cancer: Biopsies, transurethral resections and radical cystectomies. World J. Urol. 2021,
40, 915–927. [CrossRef]

38. Chen, D.S.; Mellman, I. Elements of cancer immunity and the cancer-immune set point. Nature 2017, 541, 321–330. [CrossRef]
39. Lopez-Beltran, A.; Cimadamore, A.; Blanca, A.; Massari, F.; Vau, N.; Scarpelli, M.; Cheng, L.; Montironi, R. Immune Checkpoint

Inhibitors for the Treatment of Bladder Cancer. Cancers 2021, 13, 131. [CrossRef]
40. Chen, X.; Xu, R.; He, D.; Zhang, Y.; Chen, H.; Zhu, Y.; Cheng, Y.; Liu, R.; Zhu, R.; Gong, L.; et al. CD8(+) T effector and

immune checkpoint signatures predict prognosis and responsiveness to immunotherapy in bladder cancer. Oncogene 2021, 40,
6223–6234. [CrossRef]

41. Liu, Z.; Tang, Q.; Qi, T.; Othmane, B.; Yang, Z.; Chen, J.; Hu, J.; Zu, X. A Robust Hypoxia Risk Score Predicts the Clinical Outcomes
and Tumor Microenvironment Immune Characters in Bladder Cancer. Front. Immunol. 2021, 12, 725223. [CrossRef] [PubMed]

42. Luo, C.; Ye, W.; Hu, J.; Othmane, B.; Li, H.; Chen, J.; Zu, X. A Poliovirus Receptor (CD155)-Related Risk Signature Predicts the
Prognosis of Bladder Cancer. Front. Oncol. 2021, 11, 660273. [CrossRef] [PubMed]

43. Lenis, A.T.; Lec, P.M.; Chamie, K.; Mshs, M.D. Bladder Cancer: A Review. JAMA 2020, 324, 1980–1991. [CrossRef] [PubMed]
44. Damrauer, J.S.; Hoadley, K.A.; Chism, D.D.; Fan, C.; Tiganelli, C.J.; Wobker, S.E.; Yeh, J.J.; Milowsky, M.I.; Iyer, G.; Parker, J.S.; et al.

Intrinsic subtypes of high-grade bladder cancer reflect the hallmarks of breast cancer biology. Proc. Natl. Acad. Sci. USA 2014, 111,
3110–3115. [CrossRef] [PubMed]

http://doi.org/10.1016/j.eururo.2015.08.034
http://www.ncbi.nlm.nih.gov/pubmed/26343003
http://doi.org/10.1038/nature25501
http://www.ncbi.nlm.nih.gov/pubmed/29443960
http://doi.org/10.1038/s41416-021-01488-6
http://www.ncbi.nlm.nih.gov/pubmed/34294892
http://doi.org/10.1016/j.ccell.2019.01.003
http://www.ncbi.nlm.nih.gov/pubmed/30753825
http://doi.org/10.1038/nbt.4096
http://doi.org/10.1093/nar/gks461
http://doi.org/10.1038/s41592-019-0619-0
http://doi.org/10.1093/nar/gkv007
http://doi.org/10.1089/omi.2011.0118
http://doi.org/10.1186/s13059-016-1028-7
http://doi.org/10.1186/s13059-016-1070-5
http://www.ncbi.nlm.nih.gov/pubmed/27765066
http://doi.org/10.1186/s13059-017-1349-1
http://www.ncbi.nlm.nih.gov/pubmed/29141660
http://doi.org/10.1016/j.eururo.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31563503
http://doi.org/10.7150/thno.53649
http://www.ncbi.nlm.nih.gov/pubmed/33537076
http://doi.org/10.1101/cshperspect.a001008
http://www.ncbi.nlm.nih.gov/pubmed/20182602
http://doi.org/10.1002/ctm2.155
http://www.ncbi.nlm.nih.gov/pubmed/32898332
http://doi.org/10.1007/s00345-021-03831-1
http://doi.org/10.1038/nature21349
http://doi.org/10.3390/cancers13010131
http://doi.org/10.1038/s41388-021-02019-6
http://doi.org/10.3389/fimmu.2021.725223
http://www.ncbi.nlm.nih.gov/pubmed/34484235
http://doi.org/10.3389/fonc.2021.660273
http://www.ncbi.nlm.nih.gov/pubmed/34150627
http://doi.org/10.1001/jama.2020.17598
http://www.ncbi.nlm.nih.gov/pubmed/33201207
http://doi.org/10.1073/pnas.1318376111
http://www.ncbi.nlm.nih.gov/pubmed/24520177


Genes 2022, 13, 693 13 of 13

45. Al-Ahmadie, H.; Netto, G.J. Updates on the Genomics of Bladder Cancer and Novel Molecular Taxonomy. Adv. Anat. Pathol.
2020, 27, 36–43. [CrossRef]

46. Lopez-Beltran, A.; Cimadamore, A.; Montironi, R.; Cheng, L. Molecular pathology of urothelial carcinoma. Hum. Pathol. 2021,
113, 67–83. [CrossRef]

http://doi.org/10.1097/PAP.0000000000000252
http://doi.org/10.1016/j.humpath.2021.04.001

	Introduction 
	Materials and Methods 
	Data Collection and Processing 
	Single-Cell Transcriptome Sequencing and Data Preprocessing 
	Functional and Pathway Enrichment Analysis of Bulk RNA-Seq 
	Immunological Characteristics of the TME in BLCA 
	Prediction of the Molecular Subtypes in BLCA 
	Statistical Analysis 

	Result 
	GNG4 Is a Biomarker of Exhausted CD4+ T Cells in BLCA 
	High Expression of GNG4 Reveals High Immune Infiltration but Tends to Be Exhausted 
	GNG4 as a Biomarker to Predict the Effect of Immunotherapy 
	GNG4 Is an Indicator of Poor Prognosis and Can Predict the Effect of Chemotherapy 

	Discussion 
	Conclusions 
	References

