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Objective. To investigate the oncogenic effect and clinical significance of RAC2 in pancarcinoma from the perspective of tumor
immunity and cancer stem cell. Methods. After in-depth mining of TCGA, GEO, UCSC, and other databases, basic
information of the RAC2 gene and its expression in tumor tissues as well as the relationship between RAC2 and tumor were
analyzed based on survival, mutation, immune microenvironment, tumor stemness, and enrichment analysis on related
pathways. Results. RAC2 mRNA expression was increased in most tumor tissues and was associated with their prognosis.
Compared to normal tissues, the RAC2 mutation rate was higher in patients with skin melanoma, uterine sarcoma, and
endometrial cancer. RAC2 had a strong relation with immune cell infiltration, immunomodulators, immunotherapy markers,
cancer stem cell of THYM, and immune-related pathways. Conclusions. This study explored the potential importance of RAC2
in the prognosis, immunotherapy, and cancer stem cell of 33 cancers, laying the foundation for mechanistic experiments and
its future application in clinical practice. However, the results using bioinformatics methods could be affected by the
differences in patients across databases. Thus, the present results were preliminary and required further experimental validation.

1. Introduction

Cancer is a major cause of death all over the world. The most
common cancers include lung, colorectal, liver, gastric, and
breast cancers [1]. The rise of new incidence and mortality
from cancer and its impact on social life have attracted wide-
spread attention. Tumor bioinformatics database has pro-
moted the development of basic cancer research and
improved clinical efficacy. Due to the diversity and complex-
ity of tumorigenesis mechanisms, the specific role of many
genes in tumors is not clear. Therefore, it is of particular
significance to comprehensively analyze the expression and
mechanism of these genes and the possibility of clinical
application. RAC2 (Ras-associated C3 botulinum toxin sub-
strate 2) is a small-signal GTP enzyme. Small G proteins are
a class of low molecular weight proteins, which are molecu-
lar switches in cells mainly distribute in the cytoplasm or in

the inner plasma membrane, and can catalyze the intercon-
version between GTP and GDP [2]. It is composed of more
than 150 members. These members can be divided into five
subfamilies including Ras, Rho, Rab, Arf/Sar, and Ran [3].
RAC proteins are small G proteins of the Rho family that
participates in many regulatory pathways, including in gene
expression, cell proliferation, cell adhesion, and cytoskeleton
formation [4], which mainly include three different subfam-
ilies, namely, RAC1, RAC2, and RAC3 [5]. RAC1 has been
extensively studied in the Rac family, and it has been shown
to regulate cellular communication in tumors. RAC1 affects
tumor cell proliferation, migration, and metabolism by
regulating important target molecules in PAK kinase [6, 7],
cascade signaling pathway [8], and glycolytic signaling path-
way [9]. Rac2 is expressed exclusively in blood-derived cells
[10]. It has been shown to have key regulatory roles in regu-
lating cell signaling and actin-based cytoskeleton formation
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[11], mainly localized in the phagosomal membrane and can
be involved in hematopoietic cell formation [12]. There are
few studies on the role of RAC2 on tumors, and the molec-
ular mechanisms are not clear. Some experimental studies
on RAC2 mainly focus on individual tumor types, and the
existing studies do not comprehensively examine multiple
tumor types at the same time to determine their similarities
and differences. Using expression data from 33 human
cancers in large databases such as TCGA, RAC2 expression,
survival, mutation, immune microenvironment, and enrich-
ment analysis in various tumors can be explored. This study
preliminarily revealed the relationship of RAC2 in tumor
immunity and explored its potential mechanism so as to
provide a basis for further study of the relationship between
RAC2 and tumor.

2. Materials and Methods

2.1. Overview of Basic Gene Information. We first performed
the mapping of genes with RAC2 expression levels in various
tissues and cells under a normal state. The genomic map
information for the RAC2 gene in the UCSC genome
browser December 2013 (GRCh38/HG38) Assembly [13]
was obtained; meanwhile, we collected the gene dialogue
used to visualize RAC2 in different animals in the UCSC
Genome Browser. After logging in the online HPA (Human
Protein Atlas) database and entered “RAC2” to query the
status of RAC2 expression in different cells and tissues under
normal conditions, low specificity was considered as “ NX
(standardized expression) “ in at least one tissue/region/cell
type ≥ 1 but not elevated in any of them.

2.2. mRNA and Protein Expression Analysis. We observed
the difference of RAC2 expression between adjacent normal
tumor tissues and specific tumor subtypes of different
tumors or TCGA projects (the short version of each tumor
is given in Figure S1) in TIMER2. To reduce the errors
caused by the algorithm from the database, “Expression
Analysis-Box Plot” module of the GEPIA2 network server
was used to obtain a box plot of expression difference
between tumor tissue and corresponding normal tissue in
the GTEx (genotype-tissue expression) database under the
criteria of the P value =0.01 and jlog 2FC ðfold changeÞj > 1
with “matching TCGA normal tissue and GTEx data”.
After clicking the “CPTAC” module of UALCAN (The
University of Alabama at Birmingham Cancer data analysis
Portal), we entered “RAC2” and selected the available data
sets of 10 tumors for analysis. In addition, a protein
expression map of RAC2 was obtained based on proteomics
expression profiles at various pathological stages at
UALCAN (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001).

2.3. Survival Prognosis Analysis.We explored the survival dif-
ferences between the high- and low-expressed RAC2 groups
using the Kaplan-Meier method to evaluate the RAC2 value
in prognosis. We investigated the relation between RAC2
expression and overall survival (OS), disease-specific survival
(DSS), and progression-free survival (PFI) using R language
and survival package on a uniform standardized pancancer

dataset downloaded from the TCGA database with multivari-
ate Cox regression analyses. After calculating hazard ratio
(HR), 95% confidence intervals, and log-rank P values, we
generated Kaplan-Meier survival plots. If the hazard ratio
was greater than 1 (HR > 1), this suggested that RAC2 expres-
sion was the promoter of death events.

2.4. Gene Variation Analysis. The genetic variation, muta-
tion frequency, mutation type, and copy number change
(CNA) of RAC2 in the TCGA database were detected on
the cBioPortal website. In the “Cancer Type Summary”
module, the mutation frequency, mutation type, and copy
number change (CNA) of all cancers in the TCGA database
were analyzed. With the “mutation” module construction,
we obtained information about the RAC2 mutation sites
indicated in the schematic diagram of the protein structure.
In the “Plots”module, we collected differences in overall sur-
vival, sex, and age of onset between the different subtypes of
RAC2-non-mutant cancers and RAC2-mutant cancers.
Summary data on the OS, DSS, disease-free survival (DFS),
and progression-free survival (PFS) of RAC2 patients with
and without mutations in the TCGA tumor database were
obtained from the “comparison” module. Finally, a survival
map was generated.

2.5. Potential Association Analysis with Immune-Related
Factors. We downloaded data on the relation between the
RAC2 mRNA expression and the expression of immuno-
modulators [14] (chemokines, receptors, MHCs, immuno-
suppressants, and immunostimulants) and immune
checkpoint [15] (inhibitors and stimuli) from the TCGT
database to explore their potential association. Four results
with the highest relevance were shown in a scatter plot. Studies
have demonstrated that [16] biomarkers such as TMB, MSI,
and neoantigens are closely related to the immune reaction.
Therefore, we also study the relationship of RAC2 expression
with these indicators in various tumors. Next, the matrix score
and immune score (http://bioinformatics.mdanderson.org/)
were calculated for each case using the ESTIMATE package.
The ESTIMATE algorithm [17] includes matrix score,
immune score, and estimation score.

2.6. Relationship between Cancer Stem Cell and Rac2 mRNA
Expression. We analyzed cancer stem cells by tumor stem-
ness. The RNA tumor stemness score was calculated by
mRNA features on the Sangerbox website and then inte-
grated with RAC2 expression data for each sample. Expres-
sion profile data (GSE158997) of THYM was obtained
from the GEO Dataset module on NCBI, the corresponding
platform data was GPL16686, and then, ID was transformed
with R software. Differential analysis was then performed
using the R software package limma (version 3.40.6) to
obtain differentially expressed genes (DEGs) between the
different comparison groups and the control groups. The
volcano map of the DEGs was drawn with the R software.
The top 50 DEG was visualized by R software. The coexpres-
sion networks in DEGs were constructed by WGCNA [18]
based on the scale-free topology criteria. We then used the
R software to analyze all DEG and determine the soft

2 Stem Cells International

http://bioinformatics.mdanderson.org/


threshold power to construct a weighted coexpression net-
work, clustering DEG into several modules with different
color labels. The modules most relevant to THYM were
determined as the key modules to further enrich the analysis
and get key genes. The stemness signatures and consensus
clustering of the key module genes were developed and
achieved from StemChecker (http://stemchecker.sysbiolab
.eu/) [19]. We then analyzed the molecular correlation to
obtain the relation between RAC2 and key cancer stemness
genes in THYM.

2.7. Rac2-Related Gene Enrichment Analysis. The previous
study found a robust correlation between RAC2 and ACC,
BRCA, COAD, KICH, TGCT, and UVM, and GSEA (gene
set enrichment analysis) was used to study the functional
and pathway differences of RAC2 between low- and high-
expressed RAC2 groups in these cancers. Predefined gene
sets were obtained from the autologous MSigDB database.
The top five related signaling pathways of NES (normalized
enrichment score) were presented in the form of a graph.
We also performed GO (Gene Ontology) enrichment analy-
sis, first obtained the functional annotation chart data of BP
(biological process), CC (cellular component), and MF
(molecular function), conducted the enrichment analysis
with clusterProfiler package (version 3.14.3), and then used
ggplot2 to produce a chart for the top group in P value
(except for MF in BRCA).

2.8. Immunohistochemistry Verification. Using the HPA
database (Human Protein Atlas), we obtained IHC (immu-
nohistochemistry) images to show the RAC2 protein expres-
sion in cancers and the corresponding normal tissues. To
further validate the reliability of previous data, we purchased
three tissue microchips of breast cancer and their matching
paratumoral tissues from Shaanxi Ernan Biological Co.,
Ltd. After dewaxing and hydration, samples were first placed
in citrate buffer for pressure cooker antigen thermal repair
and then incubated at 4°C with RAC2 antibody (DF-6273,
affinity) overnight. After washing by PBS, the slices were
incubated with HRP-labeled goat anti-rabbit IgG polymer
secondary antibody (PV-6001; ZSGB-BIO) for 20 minutes
(min) at 37°C and washed by PBS three times (3min a time),
and fresh DAB color development solution (ZLI-9018) was
added for 3min before observation under a microscope.
Next, 1% hydrochloride alcohol differentiation solution
was added and then removed after 4 s, the samples were
rinsed under tap water for 3min, added with the return blue
liquid, and removed after 4-20 s. Again, the samples were
then rinsed under tap water for 3min. Gradient alcohol
dehydration was then performed. Finally, the neutral tree
gum sheet was sealed, and the results were observed under
a microscope.

3. Results

3.1. Overview of Basic Gene Information. To investigate the
basic information of human RAC2 (NM_002872.5 for
mRNA or NP_002863.1 for protein; Figure 1(a)). RAC2 is
located at positions 37200001-40600000 on chromosome

22. As shown in Figure 1(b), the RAC2 protein structure is
conserved in different vertebrates (such as human, chicken,
and monkey). We then determined the expression of
RAC2 in tissues, organs, and cells under physiological state.
As shown in Figure 1(c), RAC2 was expressed in all detected
tissues in the dataset in HPA, GTEx, and FANTOM5 (consis-
tent standardized expression value > 1). RAC2 gene expres-
sion was the highest in bone marrow, followed by lymph
node, thymus, tonsil, and spleen. We also analyzed the expres-
sion of RAC2 in different immune cells, and a low immune cell
specificity was observed (Figure 1(d)). The results suggested
that RAC2 was the highest in eosinophils, followed by neutro-
phils, basophils, T-regs, and NK cells.

3.2. mRNA and Protein Expression Analysis. The expression
of RAC2 in 33 tumors of TCGA was determined. Differen-
tially expressed RAC2 between cancer and adjacent normal
tissues was obtained from “Gene_DE” module of TIMER2.
As shown in Figure 2(a), in 9 cancer tissues, the expression
of RAC2 was higher than that of corresponding normal tis-
sues. In LUAD, LUSC (all P < 0:001), KICH, PRAD, STAD,
and THCA (all P < 0:01), the RAC2 expression was lower
than that of corresponding normal tissues. We further eval-
uated RAC2 expression in different cancers by supplement-
ing normal tissues from the GTEx dataset, and 16 kinds of
cancer were significantly increased in tumors with statistical
differences (Figure 2(b)). Here, the CPTAC database was
used to determine RAC2 expression at the protein level close
to the direct manifestation of the disease, and it contained a
large number of clinical data to verify the relationship
between protein and clinical manifestation. The results of
the CPTAC database filtered the cancers of BRCA, COAD,
KIRC, GBM, HNSC, LIHC, PAAD, and UCEC (all P <
0:01). The total protein expression of RAC2 in tissues was
higher than that in normal tissues (Figure 2(c)). RNA levels
(transcription levels) and protein levels (translation levels)
were consistent, and the results from the two databases cor-
roborated each other. We also observed the relationship
between RAC2 expression and cancer pathological stage.
RAC2 expression in ACC, KICH, KIRC, PAAD, SKCM,
STAD, and THCA all showed a P < 0:05 and was associated
with the pathological stage of the cancers (Figure 2(d)).

3.3. Survival Analysis Data. The relationship between RAC2
gene expression and the prognosis of cancer patients was
analyzed from OS, DSS, and PFI. OS results showed a signif-
icant correlation (Figure 3(a)) between RAC2 and ACC,
BRCA, LAML, LGG, SKCM, THYM, and UVM. DSS results
showed significant prognostic relation between RAC2 and
ACC, BRCA, KIRC, LGG, SKCM, STAD, and UVM
(Figure 3(b)). PFI results demonstrated a significant progno-
sis correlation between RAC2 and ACC, BLCA, BRCA,
GBM, LGG, LIHC, PRAD, STAD, and UVM (Figure 3(c)).
These outcomes indicated that low RAC2 expression may
be associated with poor prognosis in 5 cancers; however,
high RAC2 expression may be associated with poor progno-
sis in 6 cancers. Finally, we screened the tumor types with
RAC2 gene expression and OS for further study.
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3.4. Analysis of Gene Variation. Human cancers develop as a
result of the accumulation of genetic alterations. Therefore,
we analyzed RAC2 gene variation in pancancer from the
TCGA cohort. As shown in Figure S2a, RAC2 showed the
highest change frequency (P > 3%) in cutaneous
melanomas with “mutation” and “amplification” as the

dominant types. In the cases of UCS, amplification was the
major form, with an alteration frequency of approximately
3.5%. RAC2 changes in THYM and TGCT were mainly
characterized by deep deletion, whereas all RAC2 changes
in CESC were multiple alterations. In conclusion, RAC2
changes were characterized by “mutation” and
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GRCh38/hg38RAC2
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Figure 1: Structural characteristics of RAC2 in different species and the levels of RAC2 expression in different tissues and cells under normal
physiological states. (a) Genomic localization of the human RAC2 gene. (b) Visualization of RAC2 gene conservation analysis in different
animals. (c) Expression analysis of the RAC2 genes in different tissues. (d) Consensus datasets in different blood cells using HPA, Monaco,
and Schmiedel expression analysis.
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“amplification” in most cancers (Figure 3(a)). The types,
sites, and cases of RAC2 mutations are shown in
Figure S2b. The results indicated that “missense
mutations” were the predominant type of RAC2 gene
alterations and that X12_splice/G12W alterations (detected
in KIRC and SKCM) induced configuration (Figure 3(b)).
In the TCGA cohort, the OS of RAC2 missense-mutant
cancers (median, 26.83; interquartile range, 12-48) and
RAC2 splicing-mutant cancers (median, 30.61;
interquartile range, 9.75-59.81) were not statistically
different from those with RAC2 nonmutant disease

(median, 23.59; interquartile range, 12.59-44.91). The
diagnosis age of RAC2 missense-mutant cancer patients
(median,5 7.5; interquartile range, 51.75-69) and RAC2
splicing-mutant cancer patients (median,73; interquartile
range, 61.25-81) was not statistically different from the
those with RAC2 nonmutant disease (median, 60;
interquartile range, 25-69). In terms of sex, patients with
RAC2 missense-mutant cancer (female, 50%; male, 50%),
RAC2 splicing-mutant cancer (female, 37.5%; male,
62.5%), and RAC2 nonmutant cancer (female,52.23%;
male,47.77%) were statistically different; however, because
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Figure 2: Survival analysis of RAC2 in pancancer. Prognostic analysis of RAC2 by multivariate Cox regression: (a) the observation of the
overall survival of 33 tumors by RAC2; (b) the observation of disease-specific survival in 33 tumors by RAC2; (c) results of RAC2 on
pancancer progression interval; (d) cancers with a significant prognostic association with RAC2 in pancancer overall survival; (e) cancer
where RAC2 is significantly associated with prognosis in pancancer disease-specific survival; (f) cancers with a significant prognostic
association with RAC2 in the pancancer progression-free interval period.
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of the small number of cases, the reliability of the results
cannot be fully confirmed. Furthermore, we examined the
association between RAC2 genetic mutations and clinical
survival outcomes in various cancers. As shown in

Figure 3(d), the DFS prognosis was better in SKCM
patients without RAC2 modification. However, compared
with the RAC2 changes, the OS, DSS, and DFS were not
significantly different.
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Figure 3: Mutational signature of the RAC2 gene in different tumor tissues of TCGA: (a) mutation frequency and mutation type; (b) mutant
site of RAC2; (c) in the 3D structure of RAC2, the frequency of the mutation site alteration is the highest (X12_splice/G12W); (d)
relationship between RAC2 mutation and overall survival; (e) relationship between RAC2 mutation and age of onset; (f) relationship
between RAC2 mutation and sex; (g) correlation between the RAC2 mutation and the OS, DSF, DFS, and PFS rates of SKCM.
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Figure 4: RAC2 mRNA expression and protein levels in human cancers. (a) The RAC2 mRNA expression in different cancer or some
cancer subtypes and the corresponding adjacent tissues was analyzed by TIMER2. (b) Box plots comparing RAC2 expression levels in 10
cancers (TCGA project) relative to control tissues (GTEx database). (c) The expression levels of total RAC2 protein in normal tissues
versus BRCA, KIRC, COAD, GBM, and HNSC. (d) Stage-dependent expression levels of RAC2. According to TCGA data, the mRNA
expression levels of RAC2 at different pathological stages of 7 cancers.
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3.5. Analysis of Data of Immune Infiltration.High expression
of RAC2 in immune tissues, organs, and cells could be found
in Figure 4; thus, it was speculated that the role of RAC2 in
antitumor may be correlated to immunity. Positive associa-
tions of RAC2 with large amounts of immunomodulators
were found (Figure S3). In chemokines and their receptors,
the expression of RAC2 was positively correlated with
CCL4 in KICH, CCL4, CCL5, and CXCL9 in TGCT.
Figure 5 shows the relationship between RCA2 and MHC
genes, and RAC2 expression was positively associated with
HLA-DRA, HLA-DQA1, HLA-DPA1, and HLA-DPB2 in
KICH. In the immune checkpoint inhibitors (Figure 6(a)),
RAC2 expression was positively associated with LGALS9 in
KICH, CD96, TIGIT, and PDCD1 in TGCT. Furthermore,
RAC2 expression was positively related to TMB in COAD
but negatively connected with TMB in 9 cancers
(Figure 6(b)). RAC2 was positively associated with MSI in
COAD and negatively associated with MSI in ACC, DLBC,
HNSC, LGG, OV, STAD, TGCT, and UCS (Figure 6(c)).
We then investigated the relation between RAC2 and NEO
(Figure 6(d)). The data showed that the upregulated RAC2
levels were significantly correlated with the number of
neoantigens in COAD. The correlation between RAC2
levels and immune scores was calculated, and we estimated
the stromal scores and immune scores for estimate scores
in 33 cancer types. Among 33 cancers, 32 of them were

statistically significant, among which DLBC was not
statistically significant; moreover, the stromal score of
TGCT was negatively correlated with RAC2 expression
(Figure 7). The top three tumors with a significant
association between RAC2 and stromal scores were LGG,
KICH, and GBM. The top three tumors with a significant
association between RAC2 and immune scores were
TGCT, LGG, and KICH (Figure S4). Furthermore, to
elucidate the relation between RAC2 and the immune cells
in the pancancer of TME, the ssGSEA algorithm was
applied to determine the immune cell abundance on the
corresponding datasets. The results showed that RAC2
maintained a close association with these immune cells in
33 cancers. In particular, elevated RAC2 maintained a
significant positive relationship with CD4+T cells, CD8
+T cells, NK cells, neutrophils, and macrophages
(Figure 8). The details of these immune cells in the various
algorithms are shown in additional Figure S3-8. We also
analyzed the relationship between fibroblasts and RAC2
and found that RAC2 was positively associated with
COAD, LUAD, and PCPG and was negatively associated
with THYM (Figure 9).

3.6. Relationship between RAC2 Expression and Cancer Stem
Cell. Cancer stem cell (CSC) refers to cells in tumors with
the ability to self-renew and produce heterogeneous tumor
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Figure 5: The relationship between (Figure 7) RAC2 expression and the immune checkpoint, TMB, MSI, and NEO in pancancer.
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cells [20]. The stem cell index (stemness indices) is an indi-
cator to describe the similarity between tumor cells and stem
cells. mRNAsi is an indicator that describes the degree of
similarity of tumor cells to stem cells and can be considered
as a quantification of CSCs [21]. From Figure 9(a), it can be
seen that RAC2 was significantly and positively related with
the tumor stemness of THYM and was significantly nega-
tively associated with LGG, GBM, and KICH. As shown in
Figure 9, RAC2 was significantly positively associated with
tumor stemness in THYM and negatively related with
LGG, GBM, and KICH. We therefore further investigated
the THYM and found 853 differential genes in THYM com-
pared with normal people; specifically, 524 were downregu-
lated, and 329 were upregulated (Figure 9(b)). The top 50
differential genes were shown in Figure 9(c). After further
processing of the identified 853 DEGs with the WGCNA

package in the R software, we built a scale-free coexpression
network (scale-free R2 > 0:86) with a soft threshold power of
20. In the subsequent analysis, the soft threshold weight β
was set to 20 as the scale independence reached 0.86
(Figure 10(a)) and had a relatively close average connectivity
(Figure 10(b)). DEGs were clustered into 3 modules, and the
smallest module was 30. The DEGs were shown in
Figure 10(c). We calculated and plotted the correlation
between each module and the THYM (Figure 10(d)). The
results showed that blue (-0.88) and turquoise (0.9) were
the most negative and positive modules associated with
THYM, respectively. Among them, the turquoise module,
including 129 DEGs, was considered the key modules asso-
ciated with THYM. The top 50 DEGs are in the turquoise
module. We processed these key module genes with the
StemChecker tool. The composite gene set of different cell

1,000

r = –0.25
p = 6.6e-3

TCGA-THYM (N = 118)

–500

500

0

St
ro

m
al

Sc
or

e

–1,000

–1,500

4 5 6 7
RAC2 expression

8 9

(a)

1,000

r = 0.04
p = 0.81

TCGA-DLBC (N = 46)

–500

500

0

St
ro

m
al

Sc
or

e

–1,000

–1,500

4 5 6 7
RAC2 expression

8 9

(b)

4,000

r = 0.54
p = 3.6e-10

TCGA-THYM (N = 118)

2,000

3,000

Im
m

un
eS

co
re

1,000

0

4 5 6 7
RAC2 expression

8 9

(c)

4,000

r = 0.42
p = 3.8e-3

TCGA-DLBC (N = 46)

2,000

3,000

Im
m

un
eS

co
re

–1,000

0

4 5 6 7
RAC2 expression

8 9

(d)

Figure 6: Correlation between the RAC2 expression and the ESTIMATE score.
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Figure 7: ssGSEA analysis of the relationship between RAC2 levels and immune infiltration in the TME.
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Figure 8: Different algorithms were used to explore the potential correlation between the RAC2 gene expression levels and the levels of
cancer-associated fibroblast infiltration in different types of cancer tissues.
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Figure 9: We compared the correlation between RAC2 and the stemness index of each tumor and the expression profile of DEGs between
THYM and normal subjects by RNA tumor stemness score. (a) RAC2 was positively associated with tumor stemness in THYM and related
to LGG, GBM, and KICH. (b) Volcano plot of differential gene expression levels between THYM versus controls. (c) Top 50 differential
genes between THYM and controls.
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Figure 10: WGCNA of differential genes in THYM versus controls. (a) Estimation of the soft thresholds for the scale-free coexpression networks.
(b) Average connectivity. (c) Cluster dendrogram of all differential genes. (d) Correlation between each module and THYM patients or controls.
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types was the combination of all selected stemness traits of
the corresponding cell type. A total of 26 THYM key tumor
stem genes in THYM were obtained by including gene
enrichment (Figure 11(a)) in different stem cell types, key
module genes, and stem gene enrichment (Figure 11(b)).
The key module genes were the transcription factor targets
(Figure 11(c)). We then analyzed the molecular correlation
of RAC2 with these 26 genes; the top ten correlations were
shown in Figure 11(d).

3.7. Enrichment Analysis of RAC2-Related Partners. To fur-
ther study the molecular mechanisms of RAC2 in tumori-
genesis, we performed a series of pathway enrichment
analyses on ACC, BRCA, COAD, KICH, TGCT, and
UVM. As shown in Figure 12, KEGG pathway analysis
showed that RAC2 may be involved in “cytokine receptor
interaction,” “chemokine signaling pathway,” “antigen pro-
cessing and presentation,” and other related pathways in
the process of tumor pathogenesis. In addition, GO enrich-

ment data further indicated that differential genes were
enriched for immunity in a single tumor, such as “humoral
immune response mediated by calculating immunoglobu-
lin” in BP, “immunoglobulin complex” in CC, and “antigen
binding” in MF. It is interesting that the “intestinal
immune network for iga production” pathway was simulta-
neously enriched in the GO enrichment analysis and
KEGG pathway analysis, suggesting that RAC2 may also
affect gut function.

3.8. Histochemical Results. Finally, to further compare
whether RAC2 expression differed in tumor tissues and cor-
responding normal tissues, we first confirmed from the HPA
database that RAC2 was highly expressed in BRCA, COAD,
LIHC, LUAD, and PRAD. Then, immunohistochemical
staining (IHC) for BRCA was also performed (Figure 13).
The IHC results showed that RAC2 was significantly highly
expressed in the luminal A, luminal B, Her-2-positive, and
triple-negative types (Figure 14).
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Figure 11: The overlap between genes in key gene modules and stem cell types is shown in the overlapping radar chart. (a) The statistical
detail table displays the significance of the enrichment of genes included in composite gene sets for the different stem cell types among the
key genes found in StemChecker. (b) The significance of gene enrichment of selected stem traits in key module genes found in StemChecker.
(c) The significance of gene enrichment as transcription factor targets among key module genes identified in StemChecker. (d) Molecular
correlation of the top ten RAC2 with the key tumor stemness genes for THYM. P value was calculated by the hypergeometric test to
assess the degree of enrichment of the fully annotated human genome. The P value was adjusted with Bonferroni correction to show
genetic overlap between key gene modules and stem cell types.
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Figure 12: The KEGG/GO enrichment pathway analysis for ACC, BRCA, COAD, KICH, TGCT, and UVM.
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Figure 13: Results of immunohistochemical staining of the RAC2 gene in the HPA database in five tumors and their corresponding adjacent
tissues. The expression of the RAC2 gene was significantly higher in BRCA, COAD, LIHC, LUAD, and PRAD than in the corresponding
normal tissues.
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4. Discussion

Previous studies have proved that Rac GTpase is a key sig-
naling component controlling cell adhesion, migration, pro-
liferation, and survival in actin cytoskeletal tissues and
mammalian cells [22, 23]. Researches have been increasingly
focused on analyzing the role of RAC2 in cancer, and much
literature has demonstrated the important role of RAC2 in
inhibiting the growth and metastasis of tumor. For example,
Xia et al. found that reduced RAC2 expression inhibits oste-
osarcoma expression through suppressing the Wnt pathway
[24]. Liu et al. demonstrated that low expression of RAC2
may reduce the ability of renal clear cell carcinoma cells to
proliferate, migrate and invade in vitro, and serve as prog-
nostic biomarkers [25]. In addition, in a study of glioblas-
toma, Lai et al. revealed that apart from RAC1, RAC2 and
RAC3 contribute to the development of glioblastoma [26].
However, the functional relation between RAC2 and tumor
and whether it drives or inhibits tumor pathogenesis
remained poorly understood. Previous studies limited
RAC2 assessment on a few types of cancer, and the role of
other tumor types remained elusive. RAC2 in generalized
cancer analysis was rarely conducted. Thus, here, we per-
formed a pancancer analysis of RAC2. Our integrated anal-
yses were based on data from TCGA, CPTAC, and GEO
databases to explore the molecular characterization and gene
expression of RAC2 in 33 different tumors. RAC2 survival
prognostic analyses, gene changes, immune infiltration,
and enrichment analyses were systematically performed.

After a comprehensive analysis of the differences in
RAC2 expression between tumor tissues and control tissues
in databases such as TCGA and GTEx, the potential research
significance of RAC2 in many cancers was identified. We
found that compared with normal tissues, RAC2 expression
was significantly elevated in most cancer tissues. Besides,
RAC2 expression was deficient in normal tissues and rela-
tively high in immune organs and tissues such as bone mar-
row, lymph, thymus, tonsil, and various types of immune
cells. Due to the overexpression status of RAC2 in pancan-
cer, we next explored its prognostic significance. It was
found that RAC2 expression had prognostic value in some
cancers, for example, RAC2 affected the overall survival rate
of ACC, BRCA, LAML, LGG, SKCM, THYM, and UVM.
Especially in ACC, BRCA, and UVM, RAC2 expression
affected their OS, DSS, and PFI. As expected, RAC2 may

be a biomarker of prognosis in many cancers; however, its
prognosis varies across cancers, and these results should be
further evaluated from multiple aspects.

From the perspective of immune invasion, we systemati-
cally associated RAC2 with immune characteristics in the
tumor microenvironment (TME) [27], including immuno-
modulators, immune checkpoint inhibitors, and tumor-
infiltrating immune cells (TIICs). Our results showed a high
expression of RAC2 in TME of many cancer types and were
significantly positively associated with immunomodulators,
immune checkpoint inhibitors, and immune cell infiltration.

MHC/HLAI class expression can be upregulated in
immunotherapy, leading to T cell-mediated tumor regres-
sion [28, 29]. RAC2 was positively correlated with MHC/
HLAI expression; therefore, it may be effective in tumor
immunotherapy in inhibiting immune escape. The CXC
motif chemokine ligand family in immunomodulators is
widely involved in immune cell recruitment and influences
tumor progression, such as tumor migration and angiogene-
sis [30]. Interestingly, based on our previous results, RAC2
expression was increased in ovarian cancer. In survival anal-
ysis, low RAC2 expression was associated with poor progno-
sis, and RAC2 was negatively related to CXCL1. These
contradictory results may be due to the fact that the develop-
ment of tumors was the result of a combination of effects,
and analysis of a single molecule was insufficient to elucidate
the overall immune role of RAC2 in tumor microenviron-
ment. Immune checkpoint inhibitors are currently the most
popular tumor immunotherapy. With the development of
high-throughput sequencing technology, an increasing
number of immune checkpoints are being identified [30].

We found that RAC2 was positively correlated with
many classical immune checkpoint molecules, suggesting
that most of these immune checkpoints were closely related
to RAC2 expression levels. RAC2 may be a new immune
checkpoint. In addition, TMB and MSI showed significant
associations with RAC2 in COAD in this study. TMB, which
is the total number of somatic nonsynonymous mutations
per megabyte (Mut/Mb), is related with the synthesis of
abnormal proteins [31, 32]. These proteins can activate anti-
tumor response as a neoantigen [33]. TMB is a useful esti-
mate of tumor-neoantigen burden [34]. MSI is a robust
phenotype of mutant caused by DNA mismatch repair
defects [34]. It is a potentially important biomarker for pre-
dicting ICI response [33, 34]. NEO is a tumor-specific
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Figure 14: Immunohistochemical staining of RAC2 in different subtypes of BRCA. RAC2 was significantly highly expressed in luminal A,
luminal B, Her-2 positive, and triple-negative types.

14 Stem Cells International



antigen derived from nonsynonymous mutations, which is
effective in escaping immune effect, antitumor immune
response, and successful cancer immunotherapy. RAC2
was negatively correlated with TMB, MSI, and NEO in
ACC and positively correlated with three biomarkers in
COAD. This indicated the potential of RAC2 as an immuno-
therapeutic target for ACC and COAD. Tumor-infiltrating
immune cells (TIICs) play an important part in the antitu-
mor mechanism of TME [35]. T cells can destroy tumors
and are critical in tumor antigens [36]. Rac2−/−T cells were
used to analyze whether Rac2 deletion affected T cell activa-
tion by Yu et al. [37]. The results showed that phosphoryla-
tion of ERK1/2 and P38 was lower, and antigen-induced
calcium 2 + flux was also lower. In addition, RAC2-
deficient mice had defects in receptor aggregation during
the stimulation of T cell and the differentiation of Th1
[38]. These results suggested that Rac2 deficiency affected
transcriptional activation and cytoskeletal recombination
during T cell stimulation. NK cells as powerful effector cells
of innate immunity can be the first to be detected and can
activate immune defense functions. NK cells eliminate trans-
formed cells and protect normal and healthy cells [39]. Acti-
vation of GTpaseRac is associated with cytotoxicity
mediated by NK cells [40]. However, its role and upstream
regulatory factors were still unclear. Tabellini et al. found
that germline activation mutations in RAC2 induce PI3K
activation [41]. PI3K is a contributing factor in many impor-
tant aspects of NK cell biology like development, matura-
tion, homing, and function [42]. Therefore, RAC2 may
play a tumor-suppressive role in immune cell infiltration.
However, studies have also shown that RAC2 also promotes
cancer development. Joshi et al. [43]. In vitro and in vivo
experiments on Lewis lung cancer, melanoma, pancreatic
cancer, and neuroblastoma showed the downstream of
a4B1 integrin and MCSF receptors and that RAC2 was acti-
vated to inhibit tumor development, metastasis, and macro-
phage differentiation into the M2 phenotype, thereby
promoting tumor growth, angiogenesis, and invasion.

In addition, to further explore the impact of RAC2 on
tumor etiology or pathogenesis, we conducted the enrich-
ment analysis on RAC2. A series of enrichment analyses
demonstrated that several tumors had a strong association
with RAC2. We also observed that “cytokine receptor inter-
action,” “chemokine signaling pathway,” and “antigen pro-
cessing and presentation” were enriched in the high
expression group of RAC2. This was a validation of the pre-
vious studies on immune infiltration, which showed the
association of RAC2 with the immune microenvironment.

In summary, RAC2 played an important and bidirec-
tional regulatory role in immune infiltration. This was the
first study focusing on the effect of RAC2 in pancancers
and provided an innovative perspective on the role of
RAC2 in cancer immunotherapy.

However, there were some limitations in this study.
Firstly, the study of RAC2 expression in various cancers
and its mechanism of action was incomplete. For example,
the histology of methylation, phosphorylation, and other
modifications has not been studied. The specific role of var-
ious parts of the antitumor immune cycle was not explored.

Secondly, this paper was based on bioinformatics research,
and the results were preliminary and should be studied by
conducting more experiments.
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