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Background: Ras-related C3 botulinum toxin substrate 3 (Rac3) is overexpressed in
malignancies and promotes tumor progression. However, the correlations between Rac3
expression and the clinicopathological characteristics and prognoses of patients with
bladder cancer (BC) remain unclear.

Methods: Data from The Cancer Genome Atlas (TCGA) were used to analyze Rac3
expression in BC and normal bladder tissues and validated using the Oncomine database,
quantitative real-time PCR (qRT-PCR) and western blot. The Kaplan-Meier method was
used to analyze the relationship between Rac3 expression and the prognosis of patients
with BC. Cox univariate and multivariate analyses of BC patients overall survival (OS) were
performed. Signaling pathways that potentially mediate Rac3 activity in BC were then
analyzed by gene set enrichment analysis (GSEA).

Results: The Rac3 expression in BC tissues was significantly higher than that in normal
bladder tissues. Rac3 expression was significantly correlated with grade and stage.
Overexpression of Rac3 was associated with a poor prognosis. GSEA showed that
the cell cycle, DNA replication, p53 signaling pathway and mismatch repair were
differentially enriched in the high Rac3 expression phenotype. The qRT-PCR and
western blot results confirmed that the Rac3 expression in BC tissues was higher than
that in normal bladder tissues.

Conclusion: Rac3 is highly expressed in BC, which is related to the advanced
clinicopathological variables and adverse prognosis of patients with BC. These results
provide a new therapeutic target for BC.
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INTRODUCTION

Bladder cancer (BC) is one of the most common malignant tumors in the urogenital system [1] and is
pathologically divided into muscle-invasive bladder cancer (MIBC) and nonmuscle invasive bladder
cancer (NMIBC) [2]. NMIBC accounts for approximately 75% of all BC patients cases, and 10–30% of
patients have a poor prognosis and can further develop MIBC [3, 4]. MIBC has high rates of
malignancy, recurrence and mortality and high metastatic potential. BC treatment is expensive [5].
Although many treatments are available, the patient prognosis is poor, and the curative effect is not
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satisfactory [6]. The morbidity and mortality rates of BC in males
are higher than those in females, and most of these BC cases
originate from the urinary epithelium [4]. The high recurrence rate
and drug resistance of BC after surgery are challenging aspects of
clinical research and new biomarkers are urgently needed to
improve personalized treatment for patients with BC [7].
Therefore, it is important to find and study genes related to the
occurrence and development of BC to thus guide the treatment and
prognostic prediction of BC. Currently, no effective biomarkers are
available to predict adverse prognosis in BC.

Ras-related C3 botulinum toxin substrate 3 (Rac3) is a member
of the Rho GTPase family [8]. Rho and Rac GTPases can promote
cancer progression [9], and have a wide range of cellular roles,
including regulating cell migration and adhesion, mitosis, and
kinase activity [10]. The Rac3 gene is located on chromosome
17q23–25. Rac3 is active in combination with GTP and unactive in
combination with GDP. When Rac3 is activated, it is able to
stimulate efficiently the c-Jun amino-terminal kinase signaling
pathway [11]. It has been proven that Rac3 is highly expressed
in many tumors, such as prostate cancer [12] and brain tumors
[13]. However, Rac3 expression in BC has rarely been reported.

In this research, we first evaluated the expression of Rac3 in
patients with BC and studied its relationships with the
clinicopathological variables and overall survival (OS) of
patients with BC. Second, we analyzed the biological processes
and signal transduction pathways that may mediate Rac3 activity
in BC, which provides new ideas for the role of Rac3 in BC.

MATERIALS AND METHODS

Data Sources
The BC cohort in The Cancer Genome Atlas (TCGA) database
contained 408 BC patients. The RNA-seq data of patients with BC
standardized by the fragments per kilobase of transcript permillion
fragments mapped (FPKM) and the corresponding clinical and
prognostic information were downloaded from the official TCGA
website (https://cancergenome.nih.gov/). The inclusion criteria for

patients in our study were as follows: 1) Rac3 expression values and
complete clinicopathological information including the age,
gender, grade, stage, and N stage; and 2) overall survival (OS).
Patients with a survival time of 0 months were excluded from our
study. Finally, we selected 357 patients with BC for further analysis
(Table 1). The Lee Bladder [14] and Sanchez-Carbayo Bladder 2
[15] datasets were obtained from the Oncomine database (https://
www.oncomine.org) to verify the Rac3 mRNA expression in BC
tissues and normal controls. GSE32894 was downloaded from the
Gene Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo/) to analyze the association between Rac3
expression and the prognosis of patients with BC. We collected
the clinicopathologic information from the three datasets
(Supplementary Tables S1–S4).

The genes coexpressed with Rac3 were retrieved and extracted
using the multi experiment matrix (MEM; https://biit.cs.ut.ee/
mem/index.cgi) and cBioPortal databases (http://www.
cbioportal.org/). The coexpressed genes in the two databases
were then overlapped in a Venn diagram (http://bioinfogp.cnb.
csic.es/tools/venny/). These coexpressed genes were subjected to
GO and KEGG enrichment analyses using the database for
annotation, visualization and integrated discovery (DAVID;
https://david.ncifcrf.gov/). The critical value for significant
gene enrichment functions was set at p < 0.05.

Gene Set Enrichment Analysis
GSEA is a computational method used to determine whether a
group of genes defined a priori shows statistical significance
between two biological states [16]. GSEA was performed using
GSEA3.0 (http://www.broad.mit.edu/gsea/), and patients with
BC were divided into a high-expression group and a low-
expression group according to the median Rac3 expression
level. The c2.cp.kegg.v6.2. symbols.gmt dataset was obtained
from the Molecular Signatures database (MSigDB) on the
GSEA website. Enrichment analysis was carried out by default
weighted enrichment statistics, and the analyses were randomly
repeated 1,000 times. Nominal p < 0.05 and a false discovery rate
(FDR) < 0.25 were used as the cutoff criteria.

Patients and Human Tissue Specimens
BC tissues and adjacent normal bladder tissues were collected
from 8 patients undergoing BC surgery at the Affiliated Haikou
Hospital of XiangyaMedical College, Central South University, in
2019. We compiled the clinical and pathological characteristics of
the 8 BC patients (Supplementary Table S5). Consent from all
patients and approval from the organizational ethics committee
were obtained before collection.

Quantitative Real-Time Polymerase Chain
Reaction
Total RNA and cDNA were obtained with TRIzol Reagent
(Vazyme, Nanjing, China) and TransScript One-Step gDNA
Removal (Vazyme) according to the manufacturers’
instructions. cDNA was amplified by qRT-PCR on a
LightCycler 480II system using SYBR qPCR Master Mix
(Vazyme). The oligonucleotide sequences of the primers were

TABLE 1 | Clinical characteristics of patients with BC in the TCGA database.

Characteristics Total % Rac3 expression values

Age at diagnosis (y) 62 (34–89) 6.40 (0.42–123.16)
Gender Male 263 73.67 6.41 (0.42–123.16)

Female 94 26.33 6.26 (0.66–105.29)
Grade High 339 94.96 6.64 (0.42–123.16)

Low 18 5.04 4.55 (1.19–12.82)
Stage I 1 0.28 3.37

II 100 28.01 5.51 (0.98–76.22)
III 130 36.42 7.06 (0.42–123.16)
IV 126 35.29 7.17 (1.62–68.32)

N stage N0 234 65.55 6.12 (0.42–123.16)
N1 43 12.04 7.37 (1.62–68.32)
N2 73 20.45 6.29 (1.62–46.46)
N3 7 1.96 15.53 (6.83–31.36)

BC, bladder cancer; TCGA, the Cancer genome atlas; N, lymph node metastasis; GO,
gene ontology; KEGG, kyoto encyclopedia of genes and genomes analyses of genes
coexpressed with Rac3.
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as follows: Rac3 (forward: 5′-CCTCCTTCGAGAATGTTCGT-3′
and reverse: 5′-AGGTATTTCACAGAGCCAATCT-3′) and
GAPDH (forward: 5′-CAGGAGGCATTGCTGATGAT-3′ and
reverse: 5′-GAAGGCTGGGGCTCATTT-3′). Rac3 mRNA
expression was calculated using the 2−ΔΔct method, and each
experiment was repeated three times.

Western Blot Analysis
Fresh frozen tissue samples were homogenized in lysis buffer
(Solarbio, Beijing, China) and quantified with an Easy Protein
Quantitative Kit (TransGen Biotech, Beijing, China). Fifty
micrograms of total protein lysate was loaded in each lane.
Proteins were separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to PVDF membranes (Biosharp, Guangzhou, China). The PVDF
membranes were incubated with anti-Rac3 (1:1,000; ab124943,
Abcam, Cambridge, United Kingdom) and anti-GAPDH (1:2,000;
Bioss, Beijing, China) antibodies overnight at 4°C. Then, the
membranes were incubated with the secondary antibodies
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(1:2,000; ab205718, Abcam, United States) and goat anti-mouse
IgG (1:2,000; ab205719, Abcam, United States) at room
temperature for 1.5 h. The membranes were visualized using an

EasySee® Western Blot Kit (TransGen Biotech). The experiment
was performed three separate times, and two parallel samples were
ran in each experiment.

Statistical Analysis
All statistical analyses were performed using R software (version
3.5.1) and GraphPad Prism (version 7.0). The difference in Rac3
expression between BC tissues and normal bladder tissues was
analyzed by the t-test. TheWilcoxon signed-rank test was used to
analyze the relationships between Rac3 and the
clinicopathological characteristics of patients with BC. The
log-rank and Gehan-Breslow-Wilcoxon tests in the Kaplan-
Meier method were used to analyze the OS of patients with
BC. Cox univariate and multivariate analyses were performed to
assess the OS of patients with BC. Signifcance was set at p < 0.05.

RESULTS

Overexpression of Rac3 in BC Tissues by
Dataset Analyses
The results of RNA-seq data analysis of TCGA databases showed
that the Rac3 expression in BC tissues was higher than that in

FIGURE 1 | High Rac3 expression in BC as determined by dataset analyses. (A) Rac3 expression in unpaired BC and normal bladder tissues in the TCGA cohort.
(B)Rac3 expression in paired BC tissues and normal bladder tissues in the TCGA cohort. Rac3mRNA expression profile in the Oncomine database: (C) Lee Bladder; (D)
Sanchez-Carbayo Bladder 2.
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normal bladder tissues (p � 6.155e − 11) (Figure 1A).
Considering individual differences, further analysis of 18
paired tissues showed that the Rac3 expression in BC tissues
was significantly higher than that in normal bladder tissues
(p � 1.507e − 07) (Figure 1B). In the Oncomine database, the
“Lee Bladder” dataset contains 126 superficial BC tissue samples,
62 invasive BC samples and 68 normal tissue samples, and the
“’Sanchez-Carbayo Bladder 2” dataset contains 81 invasive BC
samples and 48 normal tissue samples. Data from the Oncomine
database confirmed that the Rac3 expression in BC tissues (269
cases) was higher than that in normal bladder tissues (116 cases,
p < 0.001) (Figures 1C,D).

Correlation Between Rac3 Expression and
Clinicopathological Variables of BC
Patients
To analyze the correlations between Rac3 expression and the
clinicopathological variables of patients with BC, we collected
clinical data from 357 patients with BC from the TCGA database.
Rac3 expression was significantly associated with the tumor grade
(p � 0.03) (Figure 2A), as its expression increased with the grade.
In the ’Lee Bladder’ dataset, we also found that the expression of
Rac3 was significantly associated with the tumor grade (p � 0.031)
(Figure 2B). In the GSE32894 dataset, we found that expression

of Rac3 was significantly associated with the tumor grade
(p � 6.626e − 06) (Figure 2C) and stage (p � 0.004) (Figure 2D).

The cutoff value for Rac3 expression was 6.40 in the TCGA
database, and patients were divided into a high-expression group
and a low-expression group based on this value. Kaplan-Meier
survival analysis showed that patients with high Rac3 expression
had a worse prognosis than those with low expression over the
short term (range 1–95months) (log-rank test, p 1 � 0.049, Gehan-
Breslow-Wilcoxon test, p2 � 0.004) (Figure 3A). Cox univariate
analyses showed that Rac3 expression was associated with poor
prognosis (hazard ratio [HR]: 1.280, 95% confidence interval [CI]
� 1.091–1.502, p � 0.002), and other clinical variables associated
with poor survival included age, tumor stage and N stage. Cox
multivariate analyses showed that Rac3 was independently
associated with OS (HR: 1.019, 95% CI � 1.007–1.031, p �
0.002), and other factors affecting OS were age and tumor stage
(Table 2). In the GSE32894 dataset, Kaplan-Meier survival analysis
also showed that patients with high Rac3 expression had a worse
prognosis than those with low expression (p � 0.002) (Figure 3B).

Cluster Analyses of Genes Coexpressed
With Rac3
A total of 978 genes coexpressed with Rac3 were extracted from
the MEM with at least two independent gene probes.

FIGURE 2 | Correlations between Rac3 expression and clinicopathological variables. (A) Grade in the TCGA databases (WHO 2004). (B) Grade in the “Lee
Bladder” dataset (WHO 2004). (C) Grade in the GSE32894 dataset (WHO 1999). (D) Stage in the GSE32894 dataset. Correlation between Rac3 expression and the
prognosis of patients with BC.
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Additionally, 20,177 genes were coexpressed with Rac3 in
cBioPortal. The coexpressed genes obtained from the above
databases were intersected to obtain 913 genes for further
analysis (Figure 4).

To explore the potential mechanism of Rac3 in BC, genes
coexpressed with Rac3 were used to predict the function of Rac3.
The 913 coexpressed genes were analyzed by GO and KEGG with
DAVID. The results indicated that these coexpressed genes were
mainly enriched in signal transduction, regulation of signal
transduction by p53 class mediator, positive regulation of gene
expression, DNA replication, DNA repair and cell proliferation in
the biological process category (Figure 5A), in the transcription
factor complex and nucleolus in the cellular component category
(Figure 5B), and in transcription, sequence-specific DNA
binding, p53 binding and identical protein binding in the
molecular function category (Figure 5C). KEGG analysis
revealed that the genes coexpressed with Rac3 were mainly
enriched in the cell cycle, pathways in cancer, Ras signaling
and insulin signaling pathways (Figure 5D).

To explore the possible pathways by which Rac3 affects BC, we
performed GSEA. The results showed that the cell cycle, DNA
replication, p53 signaling pathway and mismatch repair were
differentially enriched with the phenotype of high Rac3
expression (Table 3) (Figure 6), which was basically
consistent with the pathway analysis of coexpressed genes.
These results suggested that Rac3 may be associated with the
cell cycle, DNA replication, p53 signaling pathway and mismatch
repair. GSEA results provide good insight into the mechanisms of
Rac3 in BC.

Validation of Rac3 Expression by qRT-PCR
and Western Blot
Finally, we analyzed the Rac3 mRNA and protein levels in 8 pairs
of BC and normal bladder tissues by qRT-PCR and western blot.
Compared with those in normal bladder tissues, both the Rac3

FIGURE 3 |Correlation between Rac3 expression and the OS of patients with BC (A) TCGA database. (B)GSE32894 dataset. p1 was determined by the log-rank
test, and p2 was determined by the Gehan-Breslow-Wilcoxon test.

TABLE 2 |Cox univariate andmultivariate analyses of the OS of patients with BC in
the TCGA database.

Clinical
variables

Univariate analysis Multivariate analysis

HR 95% CI p Value HR 95% CI p
value

Rac3 1.280 1.091–1.502 0.002 1.019 1.007–1.031 0.002
Age 1.040 1.021–1.059 2.31e −

05
1.035 1.017–1.054 0.000

Gender 0.896 0.617–1.301 0.564 — — —

Stage 1.941 1.529–2.464 5.05e −
08

1.522 1.037–2.232 0.032

N stage 1.617 1.358–1.924 6.35e −
08

1.212 0.896–1.637 0.211

BC, bladder cancer; OS, overall survival; N, lymph nodemetastasis; Rac3, ras-related C3
botulinum toxin substrate 3; HR, hazard ratio; CI, confidence interval.

FIGURE 4 | Venn diagram showing the overlap of coexpressed genes
between MEM and cBioPortal. Abbreviation: MEM: multi experiment matrix.
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mRNA (p � 0.0014) (Figure 7A) and protein expression (p �
0.0078) (Figure 7B) were increased in BC tissues.

DISCUSSION

Members of the Rho GTPase family are related to tumorigenesis
and are important regulators of cellular functions [17]. Many
studies have reported the expression and function of Rac3 in
cancers, such as esophageal [17], breast [18–21] and gastric

cancer [22]. but its expression and function in BC are still
unclear. Recently, some studies have used databases to analyze
the prognostic relevance of Rac3 in BC [23–27], but strict
inclusion criteria were in place for the patients with BC in this
study, and the number of patients we analyzed was different. We
first performed Kaplan-Meier survival analysis, followed by
univariate and multivariate Cox analysis. Qiu et al. [23] and
Liu et al. [24] screened only prognostic immune-related genes
with univariate Cox analysis, while Na et al. [25] and Tang et al.
[26] used prognostic immune-related genes for multivariate Cox
analysis. However, we used Rac3 and clinicopathological
variables for multivariate Cox analysis. Therefore, the results
we obtained are different.

The TCGA project, launched by the United States in 2005,
aims to apply genomic analysis techniques to study genomic
changes in cancer to enable early diagnosis, treatment and
prevention of cancer. Oncomine is a large database of cancer
gene chips, representing 65 gene chip datasets, 4,700 chips, and
expression data for 480 million genes. In this study, data from the
above databases were used to determine that Rac3 is highly

FIGURE 5 | Cluster analyses of genes coexpressed with Rac3. (A) Biological process. (B) Cellular component. (C) Molecular function. (D) KEGG. FDR, false
discovery rate.

TABLE 3 | The enriched pathways associated with Rac3 expression.

Gene set ES NES NOM p-val FDR q-val

Cell cycle 0.65 2.34 ≤0.001 0.000
DNA replication 0.77 2.29 ≤0.001 0.000
p53 signaling pathway 0.58 1.71 0.027 0.137
Mismatch repair 0.71 1.75 0.001 0.030

ES, enrichment score; NES, normalized enrichment score; NOM, nominal; FDR, false
discovery rate.
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expressed in BC and that its expression is related to advanced
clinicopathological variables and can predict poor prognosis.
Rac3 expression was shown to be higher in lung
adenocarcinoma tissues than in normal tissues and was an
independent risk factor for N stage, which was associated with
poor survival [28]. The activation of Rac3 is associated with an
invasive and metastatic phenotype of breast cancer cells [19].
siRNA-mediated depletion of Rac3 strongly inhibits the invasive
behaviors of glioblastoma and breast carcinoma cells [18].
However, the effect of Rac3 on the biological function of BC
cells needs to be verified by experiments.

With the development of high-throughput sequencing and new
computing methods, accumulating evidence shows that multiple
genes interact with one another and influence the occurrence and
development of tumors. Wang et al. [29] used KEGG to identify
significant pathways for the differential expression of coding genes
and their subsets. To investigate the function of Rac3, we carried out
GO and KEGG analyses of genes coexpressed with Rac3. The
biological processes enriched by genes coexpressed with Rac3
include signal transduction, regulation of signal transduction by
p53 class mediator, DNA replication, DNA repair, mitotic nuclear
division and cell proliferation. KEGG pathway analysis showed that

FIGURE 6 | Gene set enrichment analysis of Rac3 in BC. (A) cell cycle, (B) DNA replication, (C) p53 signaling pathway, and (D)mismatch repair were differentially
enriched with the phenotype of high Rac3 expression.
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genes coexpressed with Rac3 were significantly enriched in the cell
cycle and pathways in cancer. GSEA can be used to elucidate
biological pathways in which genes are involved [30]. Cantini
et al. [31] used GSEA to identify signaling pathways modulated in
cell lines upon the silencing of single microRNAs. Menzl et al. [32]
used GSEA to identify mTOR signaling pathway that is perturbed in
the absence of CDK8 and experimentally confirmed that CDK8 plays
an important role in the mTOR signaling pathway. GSEA using
TCGA data further showed that the cell cycle, DNA replication, p53
signaling pathway and mismatch repair were differentially enriched
with the phenotype of high Rac3 expression. We found that genes
coexpressing with Rac3 were associated with signal transduction,
DNA replication, cell proliferation, the cell cycle and pathways in
cancer, and we speculate that Rac3 may also be related to these
pathways. Furthermore, we found that Rac3 was associated with the
cell cycle, DNA replication and p53 signaling pathway as determined
by GSEA. The cell cycle is reportedly involved in the development of
cancer [33]. Liu et al. [34] found that knockdown of Rac3 led toG2/M
phase cell cycle arrest and excess cell accumulation in the G1 and S
phases. Wang et al. [35] found that silencing Rac3 could significantly
inhibit cell growth, reduce colony formation, arrest the cell cycle and
promote apoptosis in lung adenocarcinoma. The Rac effector p21-
activated kinase (Pak) is associated with active Rac3, the Rac3-Pak
pathway is critical for DNA synthesis, and hyperactive Rac3 controls
the proliferation of breast cancer cells by a p21-activated kinase-
dependent pathway [20]. Long noncoding RNAs (lncRNAs) regulate
the p53 signaling pathway in BC [29, 36]. TMEM40 plays an
important role in proliferation and apoptosis via the p53 signaling
pathway in BC [37]. The study also has some limitations. We were
unable to provide information regarding the cellular biological
functions and mechanisms of Rac3 in BC, and the sample size
was too small. Thus, more experiments are needed to validate these
findings in the future.

CONCLUSION

In this research, we found that Rac3 is highly expressed in BC and
is a potential prognostic marker in patients with BC. Our study
provides a good idea for the mechanism of Rac3 in BC. However,
experiments are needed to explain the molecular mechanisms and
functions underlying the promotion of BC development by Rac3.

DATA AVAILABILITY STATEMENT

The datasets used and/or analyzed during the current study are
available from TCGA, Oncomine and GEO databases.

ETHICS STATEMENT

The study was performed in accordance with the Declaration of
Helsinki and the approval was obtained from the ethical approval
board of Affiliated Haikou Hospital of Xiangya Medical College,
Central South University.

AUTHOR CONTRIBUTIONS

MC, ZN and HC acquired data and performed data analysis. MC
and YG designed the study. MC and XW wrote the manuscript.
Study was supervised by SZ and CZ.

FUNDING

This study was supported by Hainan Provincial Natural Science
Foundation of China (Grant No. 2017CXTD010), the Finance
science and technology project of hainan province (Grant No.
ZDYF2019163 and ZDKJ2017007), the National Science
Foundation of China (Grant No. 81760465 and 81460450).

CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.por-journal.com/articles/10.3389/pore.2021.598460/
full#supplementary-material.

FIGURE 7 | Rac3 expression in BC tissues. (A) The Rac3 mRNA expression was analyzed in paired tumor and normal bladder tissues by qRT-PCR. (B) The Rac3
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