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Abstract. As one of the most commonly reported malignancies 
of the urinary system, clear cell renal cell carcinoma (ccRCC) is 
an advanced metastatic tumor with high mortality rates. The Rac 
family small GTPase 2 (RAC2) is a member of the Rho GTPases. 
Although Rho GTPases play an important role in numerous 
different types of tumor, whether they have functions in ccRCC 
remains uncertain. The present study utilized bioinformatics 
analyses in order to compare the expression levels of RAC2 in 
ccRCC tumors vs. adjacent tissues, and assessed the association 
between RAC2 expression and clinicopathological parameters. 
Furthermore, reverse transcription‑quantitative PCR, western 
blotting and immunohistochemistry assays were performed to 
validate RAC2 expression levels in human ccRCC tissues and 
cell lines. Functional experiments were also conducted in order 
to identify the roles of RAC2 in vitro. The results revealed that 
RAC2 was upregulated in ccRCC tissues and cell lines. In 
addition, elevated expression levels of RAC2 were significantly 
associated with a poor overall survival (P=0.0061), higher 
Tumor‑Node‑Metastasis stage and worse G grade. Receiver 
operating characteristic analysis indicated that high expression 
levels of RAC2 could be a diagnostic index for ccRCC (area 
under the curve, 0.9095; P<0.0001). Furthermore, knockdown 
of RAC2 in vitro attenuated the proliferation, migration and 
invasion of renal carcinoma cells. In conclusion, the results 
of the present study demonstrated that RAC2 may act as a 

promising prognostic and diagnostic biomarker of ccRCC, and 
could be considered as a potential therapeutic target for treating 
ccRCC.

Introduction

Renal cell carcinoma (RCC) is a malignant tumor originating 
in the renal parenchymal urothelial system. It is one of the 
most frequently observed malignant neoplasms in the urinary 
system, forming ~85‑90% of primary renal malignancies (1). 
At present, the number of new cases of renal cell cancer has 
been estimated to be 73,820; a total of 14,770 mortalities 
have been estimated in the USA  (2). Despite the various 
pathological types of renal cell carcinoma, >80% of RCCs are 
clear cell RCC (ccRCC) (1,3), which has high risk of metas-
tasis and poor response to chemoradiotherapy (4). Due to the 
relatively mild initial symptoms (low backache, hematuria and 
masses), certain patients with ccRCC have experienced local 
progression and distant metastasis at the time of diagnosis (5). 
Despite progress having been made in the diagnosis and treat-
ment of ccRCC in recent years, the prognosis of patients with 
renal cancer remains poor. Postoperative metastasis or local 
recurrence occurred in ~20‑40% of patients (6,7). Targeted 
drugs have been applied to patients with ccRCC; however, 
the overall survival (OS) of patients at the terminal stage of 
disease is unsatisfactory (8). As a result, efficient biomarkers 
are urgently required for early diagnosis and to determine the 
molecular mechanisms underlying ccRCC progression and 
metastasis.

Rac proteins (ras‑associated C3 botulinum toxin substrate) 
are a subfamily of Ras homology (Rho) small GTPases that 
consist of RAC1, RAC2, RAC3 and RhoG  (9). They are 
activated by guanine nucleotide exchange factors, which 
exchange GDP for GTP  (10). Studies have demonstrated 
various functions of Rho small GTPases, including regulating 
actin cytoskeleton rearrangement, regulating cell growth 
and maintaining stem cells during development  (11‑13). 
Furthermore, a number of reports have demonstrated the roles 
of this family in tumor progression (9,14‑16). Pei et al (15) 
demonstrated that RAC2 and transcription factor jun‑B serve 
as oncogenes in the tumorigenesis of NSCLC. In addition, 
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in a study focusing on glioblastoma, Lai et al (9) revealed 
that not just RAC1, but RAC2 and RAC3 are also essential 
for glioblastoma tumorigenesis. However, few studies have 
investigated these proteins in RCC.

RAC2 is a GTPase with a molecular weight of 21 kDa, 
which contains the catalytic subunit of NADPH oxidase (17). 
It is expressed primarily in hematopoietic cells, such as the 
lymph nodes, bone marrow and spleen, but not in normal 
kidney tissue (17). Numerous studies that have reported RAC2 
as important in cytoskeleton remodeling (18), host defense 
responses (19) and the expression of oncogenes (20). To the 
best of our knowledge, there are no studies focusing on RAC2 
and ccRCC currently published. Therefore, the present study 
investigated whether RAC2 expression was associated with 
clinicopathological characteristics and prognosis of ccRCC. 
Furthermore, the role of RAC2 in renal cell carcinoma was 
investigated in vitro. 

Materials and methods

ccRCC tissue samples. A total of 120 pairs of ccRCC and 
adjacent normal renal tissues, as well as 10 benign renal 
angiomyolipoma tissues and renal cyst tissues were collected 
between May 2015 and May 2018 at the Department of Urology, 
Union Hospital, Tongji Medical College (Wuhan, China). 
The age range of these patients was 22‑79 years old. The 
adjacent normal renal tissues were collected ≥2 cm away from 
the edge of the tumor site. The proteins and RNA extracted 
from 50 pairs of these resected samples were analyzed via 
western blotting and reverse transcription‑quantitative PCR 
(RT‑qPCR). The remaining tissues were analyzed via immu-
nohistochemistry  (IHC). The basic clinical characteristics 
(age, sex, tumor size, tumor location and tumor stage) of the 
patients are presented in Table I. Fuhrman and TNM grading 
was conducted (21,22). No patients had received any adjuvant 
anticancer therapy prior to or following surgery. The present 
study was approved by the Human Research Ethics Committee 
of Huazhong University of Science and Technology. Written 
informed consent was provided by the patients or the patients' 
family. The study methodologies conformed to the standards 
set by the Declaration of Helsinki.

Cell culture. The human renal proximal tubular epithelial 
cell line HK‑2, and the following human renal cell carcinoma 
cell lines: 786‑O, OSRC‑2, ACHN, A498 and CAKI‑1, were 
employed in the present study, and were purchased from the 
American Type Culture Collection. HK‑2, 786‑O, OSRC‑2, 
ACHN, A498 and CAKI‑1 cells were used for RT‑qPCR and 
western blotting. 786‑O and ACHN cells were used for transient 
transfection, cell proliferation, migration and invasion assays. 
The cells were cultured in high glucose Dulbecco's Modified 
Eagle's medium (DMEM; Servicbio, Inc.) containing 10% 
fetal bovine serum (Biomart) and 1% penicillin‑streptomycin 
solution, and maintained in a humidified atmosphere with 
5% CO2 at 37˚C. 

Western blotting. Cells and tissues were lysed in radioimmu-
noprecipitation assay lysis (Servicbio, Inc.) buffer containing 
protease inhibitors. The protein concentration of each sample 
was measured using a BCA Protein Assay kit (Beyotime 

Institute of Biotechnology). For western blotting, 30  µg 
proteins were separated via SDS‑PAGE (12% gel) and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (EMD 
Millipore) at 300 mA for 90 min. The PVDF membranes were 
blocked with 5% non‑fat milk for 2 h at room temperature, and 
then incubated with specific primary antibodies against RAC2 
(1:1,000; ProteinTech Group, Inc., cat. no. 60077‑1‑Ig) and 
β‑actin (1:3,000; Abcam, ab8226) overnight at 4˚C. Following 
incubation with the primary antibodies, the membranes were 
incubated with the corresponding secondary antibodies 
(1:3,000; Servicebio, Inc.) for 2  h at room temperature 
following washing with TBST (3x10 min). Finally, the protein 
bands were visualized with Pierce™ ECL Western Blotting 
Substrate (Thermo Fisher Scientific, Inc., cat. no. 32106) using 
ChemiDoc‑XRS+ (Bio‑Rad Laboratories, Inc.).

RNA extraction and RT‑qPCR. Total RNA was isolated 
from tissues or cells using TRIzol® reagent (Thermo Fisher 
Scientific, Inc.). The concentration and purity of the RNA 
solution were detected using a NanoDrop 2000 spectropho-
tometer (NanoDrop Technologies; Thermo Fisher Scientific, 
Inc.). Extracted RNA was then reverse transcribed into cDNA 
using a Superscript II reverse transcription kit (Takara Bio, 
Inc.) according to the manufacturer's protocols. The reaction 
conditions were as follows: 37˚C for 15 min; 85˚C for 5 sec. 
Subsequently, the cDNA was subjected to qPCR using a 
SYBR‑Green master kit (ChamQ; Vazyme) on a LightCycler 
480  II (Roche Diagnostics) according to the manufac-
turer's protocols. The qPCR conditions were as follows: 
Pre‑denaturation at 95˚C for 3 min; 40 cycles of denaturation 
at 95˚C for 3 sec; annealing and extension at 60˚C for 20 sec. 
The housekeeping gene, GAPDH, was used to normalize the 
relative expression of RAC2 as an endogenous control by 
the comparative Cq (threshold cycle) method (2‑ΔΔCq)  (23). 
All RT‑qPCR reactions were performed in duplicate. The 
primers used to amplify RAC1, RAC2, RAC3, RhoG and 
GAPDH were chemically synthesized by TSINGKE. The 
primer sequences were as follows: RAC1: 5'‑ATG​CAG​GCC​
ATC​AAG​TGT​GTG​GTG‑3' (forward) and 5'‑TTA​CAA​CAG​
CAG​GCA​TTT​TCT​CTT​CC‑3' (reverse); RAC2: 5'‑CGT​CAG​
CCC​AGC​CTC​TTA​TG‑3' (forward) and 5'‑TCA​GGC​CTC​
TCT​GGG​TGA​G‑3' (reverse); RAC3: 5'‑CTC​CTA​CCC​CCA​
AAC​TGA​CG‑3' (forward) and 5'‑TCA​CAG​AGC​CCA​CCA​
ATC​TC‑3' (reverse); RhoG: 5'‑ACT​ACA​GCA​ACT​GCA​CCC​
ACG​A‑3' (forward) and 5'‑ACC​ACC​ACG​CAC​TTG​ATG​CTC​
T‑3' (reverse); and GAPDH: 5'‑AAA​AGC​ATC​ACC​CGG​AGG​
AGA​A‑3' (forward) and 5'‑AAG​GAA​ATG​AAT​GGG​CAG​
CCG‑3' (reverse).

Immunohistochemistry (IHC) assay. The IHC assay was 
performed as previously described  (24). Briefly, ccRCC 
tissues and adjacent normal tissues were sequentially fixed 
in formalin at room temperature for 12 h, dehydrated and 
embedded in paraffin. Tissue sections were then incubated 
with a rabbit antibody against RAC2 (1:100; ProteinTech 
Group, Inc., cat. no. 60077‑1‑Ig) overnight at 4˚C. They were 
then rinsed three times with PBS and incubated with secondary 
antibodies that were conjugated to horseradish peroxidase 
(1:200; GB23303; Servicebio, Inc.) at room temperaturefor 2 h. 
Finally, tissues were observed in three randomly selected fields 
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under a light microscope (Olympus CX41‑32C02; Olympus 
Corporation) at 40, 100, and 200x magnification.

Knockdown of RAC2. Small interfering RNA (siRNA) oligonu-
cleotide sequences specifically targeting RAC2 (si‑RAC2) and a 
negative control (si‑NC) siRNA (cat. no. siN0000002‑1‑5) were 
obtained from Guangzhou RiboBio Co., Ltd. BLAST alignment 
of all siRNA sequences was performed to ensure off‑target 
effects were not exhibited within the sequences (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). For transient transfection, RCC 
cells were incubated in 6‑well plates until they reached 50% 
confluence. si‑RAC2 and si‑negative control (NC) with a final 
concentration of 50 nM were transfected with Lipofectamine® 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. Cells were collected for subsequent 
experiments 48 h post‑transfection. The si‑RAC2 sequence was 
as follows: 5'‑GCC​AAT​GTG​ATG​GTG​GAC​A‑3'.

Cell proliferation assay. ACHN and 786‑O cells had been 
transfected with si‑RAC2 or si‑NC 48 h before subsequent 

experimentation. Cells were inoculated on 96‑well plates at a 
cell density of 1x103 cells per well with 100 µl of medium. A 
cell proliferation assay was performed using a Cell Counting 
Kit‑8 (CCK8; Dojindo Molceular Technologies, Inc.) every 24 h 
for a total of 96 h, according to the manufacturer's protocols. 
CCK8 solution (10 µl) was added to each well. After incubation 
for 3 h at 37˚C, the optical density of each well was measured 
at 450 nm with a spectrophotometer to evaluate the quantity of 
living cells. Finally, the number of cells over 4 days were plotted 
in a graph that reflected the rate of cell proliferation.

Cell migration and invasion assays. Migration and invasion 
assays were performed as previously described (25). ACHN 
and 786‑O cells had been transfected with si‑RAC2 or si‑NC 
48 h before subsequent experimentation. Prior to the migration 
and invasion assays, cells were incubated in DMEM without 
serum for 6‑8 h. Boyden Transwell chambers and 24‑well 
plates (Corning Inc.) with 8‑µm membrane filters were used in 
the migration and invasion assays. Serum‑starved cells (1x105) 
were seeded into the upper chambers in serum‑free medium, 
and the lower chambers were filled with DMEM containing 
10% FBS. After incubation for 24 h at 37˚C, the lower chamber 
was washed twice with PBS and fixed with 100% methanol 
for 15 min at room temperature, and stained with 0.1% crystal 
violet dye for 20 min at room temperature. Following washing 
of the chamber again three times with PBS, non‑migrated 
and non‑invaded cells were removed from the upper chamber 
with a cotton bud. Migrated cells in lower chambers were 
observed in five randomly selected fields under a light micro-
scope (Olympus CX41‑32C02; Olympus Corporation) at 100x 
magnification. Based on the migration assay, a cell invasion 
assay was performed in Matrigel‑coated Transwell insert 
chambers (BD Biosciences), which had already been incubated 
at 37˚C for 6‑8 h. The remaining procedure was performed as 
described for the cell migration assays.

Bioinformatics analysis. RAC2 mRNA expression levels 
and clinical data, including sex, age, Tumor‑Node‑Metastasis 
(TNM) stage, G stage and OS of The Cancer Genome Atlas 
(TCGA) clear cell renal cell carcinoma dataset (TCGA_KIRC) 
were downloaded from the Xena Functional Genomics Explorer 
of University of California Santa Cruz (https://xenabrowser.
net/heatmap/). The median of RAC2 expression was set as the 
cutoff point for dividing patients into high and low expression 
groups. Gumz renal, Lenburg renal, Jones renal and Yusenko 
renal datasets  (26‑29) were obtained from the Oncomine 
database (https://www.oncomine.org). In order to determine 
which RAC2 signaling pathways were involved in the patho-
genesis of ccRCC, a gene set enrichment analysis (GSEA; 
http://www.broadinstitute.org/gsea) was used with the Kyoto 
Encylopedia of Genes and Genomes and Gene Ontology data-
bases (c2.all.v6.2.symbols.gmt). For the enriched gene sets, 
after performing 1,000 permutations, the false discovery rate 
(FDR) value <0.25 and the P<0.05 were considered to indicate 
statistically significant enriched pathways (30). The protein 
expression level of RAC2 in ccRCC tissues was also obtained 
from The Human Protein Atlas (http://www.proteinatlas.org).

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism (version 7.0; GraphPad Software) and SPSS 

Table I. Clinical characteristics of patients with ccRCC.

Characteristic	 N (%)

Age
  Mean ± SEM, years	 53±13
Sex
  Male/female	 72/48
Tumor size
  Mean ± SEM, cm	 5.8±3.2
Location 
  Right/left	 63/57
T stage
  T1a	 26 (21.67)
  T1b	 53 (44.16)
  T2a	 16 (13.33)
  T2b	 11 (9.17)
  T3	 5 (4.17)
  T4	 2 (1.67)
  Unknown	 7 (5.83)
N stage
  N0	 106 (88.33) 
  N1	 14 (11.67)
M stage
  M0	 109 (90.83)
  M1	 11 (9.17)
Fuhrman grade
  1	 31 (25.83)
  2	 54 (45.00)
  3	 18 (15.00)
  4	 9 (7.50)
  Unknown	 8 (6.67)

SEM, standard error of the mean.
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Statistics (version 22.0; IBM Corp.). The Numerical data of 
each group are presented as the mean ± standard deviation. 
The significant differences in RAC2 expression between each 
ccRCC subgroup was analyzed using a Student's t‑test. A 
paired Student's t‑test was used to analyze RAC2 expression 
in tumor tissues and matched normal kidney tissues. The asso-
ciations between RAC2 expression and clinicopathological 
characteristics in patients with ccRCC were evaluated using 
Pearson's χ2 test. Receiver operator characteristic (ROC) curves 
and areas under the curve (AUC) were used to calculate the 
diagnostic values of RAC2 expression in patients with ccRCC. 
The association between RAC2 expression and OS was inves-
tigated using Kaplan‑Meier curves with log‑rank tests. P<0.05 
was considered to indicate a statistically significant difference. 

Results

RAC2 expression is upregulated and associated with 
numerous types of clinicopathological parameters in ccRCC. 
In order to determine whether Rac proteins are associated with 
the development of ccRCC, the mRNA expression values of 
the four members of this family (RAC1, RAC2, RAC3 and 
RhoG) were downloaded from TCGA database. In the heatmap 
constructed using these data, RAC2 was highlighted as having 
the most significantly different expression levels between 
ccRCC and normal tissues (Fig. 1). Furthermore, the mRNA 
expression levels of RAC1, RAC2, RAC3 and RhoG were 
determined in ccRCC tissues and adjacent normal tissues. The 
results revealed that the RAC2 was upregulated in the majority 
of tumor tissues than the other Rac proteins (Fig. S1A‑D); thus, 
RAC2 was selected for subsequent investigation.

RAC2 mRNA expression levels in ccRCC tissues 
were then compared with those in adjacent normal tissues 
downloaded from TCGA. RAC2 expression levels in tumor 
tissues were significantly higher than that in normal tissues 
(Fig. 2A and B). To confirm these results, the Oncomine data-
base was searched for RAC2 expression levels in ccRCC. The 
data from studies by Gumz et al, Lenburg et al, Jones et al and 
Yusenko et al supported our findings (Fig. 2C‑F) (26‑29). In 
addition, the present study analyzed the expression levels of 
RAC2 using 524 cases from TCGA database with different 
clinicopathological parameters. It was revealed that high 
expression levels of RAC2 were significantly associated with 
higher tumor T stage, distant metastasis, tumor lymph node 
metastasis (N stage), pathological TNM stage and advanced 

histological grade (G stage) in ccRCC (Fig. 2G‑K; Table II). 
However, no notable differences were observed between the 
RAC2 expression levels in patients aged ≥60 years and in 
those aged <60 years or between males and females. These 
results indicated that RAC2 expression levels are upregulated 
and significantly associated with T stage, N stage, M stage, 
TNM stage and G grade in ccRCC. 

Upregulation of RAC2 expression indicates a poor clinical 
prognosis. To estimate the prognostic value of RAC2, a 
Kaplan‑Meier survival analysis with log‑rank test was applied 
in order to determine whether OS was associated with RAC2 
expression. First, the 524 patients with ccRCC from TCGA 
database were divided into a relatively high RAC2 expression 
group and a relatively low RAC2 expression group using the 
median value of RAC2 mRNA expression level. The results 
revealed that the OS of the high RAC2 expression group was 
poorer (P=0.006; Fig. 3A). Further Kaplan‑Meier survival 
analyses regarding RAC2 expression were performed to assess 
the patients with ccRCC with different clinicopathological 
characteristics. According to the results from the present 
study, low RAC2 expression levels tended to indicate a good 

Figure 1. Heatmap of Rac protein family expression levels in samples from 
TCGA combined human clear cell renal cell carcinoma microarray dataset 
(n=606). Red indicates high expression; blue indicates low expression. 
KIRC, kidney renal clear cell carcinoma; RAC, Rac family small GTPase; 
RhoG, Rho family member G; TCGA, The Cancer Genome Atlas.

Table II. Association between RAC2 mRNA expression and 
clinicopathological parameters of patients with clear cell renal 
cell carcinoma.

	 RAC2 mRNA 
	 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
		  Low	 High
Parameter	 Number	  (n=262)	  (n=262)	 P‑value

Age (years)				    0.793
  <60	 244	 124	 120
  ≥60	 280	 138	 142
Sex				    0.462
  Female	 181	 95	 86
  Male	 343	 167	 176
T stage				    0.001a

  T1 or T2	 337	 187	 150
  T3 or T4	 187	 75	 112
N stage				    0.007
  N0 or NX	 509	 260	 249
  N1	 15	 2	 13
M stage				    0.006
  M0 or MX	 447	 235	 212
  M1	 77	 27	 50
G grade				    <0.001a

  G1 or G2orGx	 246	 149	 97
  G3 or G4	 278	 113	 165
TNM stage				    <0.001a

  I + II	 319	 180	 139
  III + IV	 205	 82	 123

aP<0.05.



INTERNATIONAL JOURNAL OF ONCOLOGY  55:  645-656,  2019 649

prognosis for male patients with ccRCC (P=0.0100; Fig. 3B) or 
those aged ≥60 years (P=0.0480; Fig. 3C) or in T1 + T2 stage 
(P=0.0197; Fig. 3D). These results indicated that RAC2 may 

be a potential prognostic biomarker in patients with ccRCC 
and that elevated RAC2 expression levels indicated relatively 
poor patient outcome.

Figure 2. RAC2 expression is upregulated in ccRCC, and is associated with various clinicopathological parameters in ccRCC tissues. The mRNA expression 
levels of RAC2 were obtained from TCGA dataset, which contained 72 adjacent normal tissues and 534 ccRCC tissues. (A) RAC2 expression was higher in the 
ccRCC tissues than in the adjacent normal tissues in the 72 paired tissues from patients with ccRCC. The mRNA expression levels of RAC2 were increased 
in (B) ccRCC tissues than in normal tissues in TCGA, (C) Gumz renal database, (D) Lenburg renal dataset, (E) Jones renal dataset and (F) Yusenko renal 
dataset. The high expression of RAC2 mRNA was associated with various clinicopathological factors: (G) T stage, (H) lymph node metastasis, (I) distant 
metastases, (J) TNM stage and (K) G grade. ****P<0.0001; ***P<0.001; **P<0.01. RAC2, Rac family small GTPase 2; ccRCC, clear cell renal cell carcinoma; 
KIRC, kidney renal clear cell carcinoma; TCGA, The Cancer Genome Atlas; TNM, Tumor‑Node‑Metastasis.
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RAC2 expression levels could be valuable for the clinical 
diagnosis of patients with ccRCC. In order to investigate the 
diagnostic role of RAC2 in ccRCC, a ROC curve was used 
to assess the clinicopathological factors of the patients. With 
the AUC, the diagnostic efficiency of RAC2 expression was 
presented. Generally, ccRCC could be sufficiently distin-
guished from normal tissues by RAC2 expression with an AUC 
of 0.9095 (P<0.0001; Fig. 4A). Furthermore, the diagnostic 
values of RAC2 expression levels were also analyzed in the 
subgroups as follows: G1 + G2 vs. G3 + G4 stage (AUC, 0.6337; 
P<0.0001; Fig. 4B); T1 + T2 vs. T3 + T4 stage (AUC, 0.6070; 
P<0.0001; Fig. 4C); N0 vs. N1 stage (AUC, 0.7916; P=0.0002; 
Fig. 4D); M0 vs. M1 stage (AUC, 0.6169; P=0.0011; Fig. 4C); 
stage I + II vs. stage III + IV (AUC, 0.6218; P<0.0001; Fig. 4F); 
OS‑good vs. OS‑poor (AUC, 0.5875; P=0.0011; Fig. 4G); and 
disease‑free survival (DFS)‑good vs. DFS‑poor (AUC, 0.5726; 
P=0.0190; Fig. 4H). Therefore, RAC2 may be a potential diag-
nostic biomarker for clear cell renal cell carcinoma.

RAC2 is highly expressed in ccRCC cells and tissues. In order 
to verify the expression levels of RAC2 in RCC cells, RT‑qPCR 
and western blot assays were performed. Compared with that of 

HK‑2, whether at the mRNA or protein levels, RAC2 expression 
levels in RCC cell lines, including 786‑O, OSRC‑2, CAKI‑1, 
A498 and ACHN, were upregulated (Fig. 5A‑C). As for the 
ccRCC tissues, similarly, total RNA and protein were isolated 
and it was observed that RAC2 expression levels were mark-
edly higher in tumor tissues when compared with the adjacent 
normal tissues (Fig. 5D). Furthermore, IHC was performed in 
ccRCC tissues, adjacent normal tissues and benign renal tumor 
tissues. RAC2 was primarily located in the cytoplasm and 
membranes of cancer cells and renal tubular epithelial cells. 
These results demonstrated that, with the increase of Fuhrman 
grade, the expression levels of RAC2 appeared to increase 
(Fig. 5E). The IHC data of RAC2 in ccRCC was also collected 
from The Human Protein Atlas (Fig. S1E).

RAC2 is involved in biological pathways associated with the 
pathogenesis ccRCC. In order to determine how RAC2 is 
involved in ccRCC pathogenesis, GSEA was performed using 
TCGA database with the aim of obtaining more information 
regarding the biological pathways associated with this disease. 
As demonstrated by the results of the present study, activated 
gene sets associated with the Toll‑like receptor signaling 

Figure 3. High RAC2 mRNA expression is associated with poor OS in patients with ccRCC. Patient samples from The Cancer Genome Atlas were separated 
into two groups: Those with low RAC2 expression and those with high RAC2 expression. (A) OS of patients with ccRCC was associated with RAC2 expres-
sion. OS subanalysis in regards to RAC2 expression was conducted in subgroups of patients with ccRCC: (B) Male, (C) age ≥60 years and (D) T1 + T2 stage. 
RAC2, Rac family small GTPase 2; ccRCC, clear cell renal cell carcinoma; OS, overall survival.
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pathway normalized enrichment score (NES), 2.25; P<0.01; 
FDR=0; Fig. 6A), Janus kinase/signal transducer and activator 
of transcription (JAK/STAT) signaling pathway (NES, 2.11; 
P<0.01; FDR<0.01; Fig. 6B), p53 signaling pathway (NES, 
1.80; P<0.01; FDR=0.03; Fig.  6C), apoptosis (NES, 1.75; 
P<0.01; FDR=0.05; Fig. 6D), cell cycle (NES, 1.67; P=0.04; 
FDR=0.08; Fig. 6E) and the MAPK signaling pathway (NES, 
1.57; P=0.02; FDR=0.13; Fig.  6F) were more relevant to 
patients with higher RAC2 expression than those with lower 
expression.

RAC2 facilitates the proliferation, invasion and migration 
of RCC cells in vitro. In order to investigate the function of 
RAC2 on the biological behaviors of renal cancer, RCC cell 
lines were transfected with si‑RAC2 to downregulate the 
expression of RAC2. Significantly decreased RAC2 mRNA 
and protein expression levels were detected in ACHN cells 
and 786‑O cells compared with the corresponding control 
(Fig. 7A and B). Following transfection, cell proliferation 
assays, which were performed with the prior‑transfected 
ACHN and 786‑O cells, demonstrated that cell proliferation 
was significantly inhibited with RAC2 knockdown compared 
with the corresponding control (Fig. 7C and D). In addition, 
cell migration and invasion assays were conducted, which veri-
fied that downregulation of RAC2 significantly attenuated the 
cell migration and invasive abilities of the cells (Fig. 7E‑H). 

Furthermore, we compared cell proliferative, migration and 
invasive abilities between untransfected 786‑O cells and trans-
fected si‑NC 786‑O cells. The results (Fig. S2A‑D) revealed no 
significant cytotoxicity of the siRNA delivery method. These 
results indicated that RAC2 may contribute to the prolifera-
tion, migration and invasion of RCC cells.

Discussion

ccRCC is an advanced metastatic tumor with high mortality. 
Currently, <6‑10% of patients with ccRCC have charac-
teristic symptoms, such as lower backache, hematuria and 
masses. This can result in patients being diagnosed at a more 
advanced stage of disease, whereby metastases have already 
developed (31,32). Partial or total nephrectomy is currently the 
main treatment method for ccRCC; however, ~35% of patients 
with clinical T1 stage ccRCC still experience recurrence or 
metastasis following surgery (33). The therapeutic effects of 
other treatment methods, such as radiotherapy, chemotherapy 
or targeted drug therapy remain unsatisfactory for those with 
advanced stage renal cancer. Although immunotherapy is 
considered to be very promising for treating RCC currently, 
anti‑cytotoxic T‑lymphocyte protein 4 drugs and anti‑PD‑L1 
(programmed cell death 1 ligand 1) drugs are still being evalu-
ated in clinical trials (34,35). It is critical to further analyze 
potential tumor‑associated proteins and develop personalized 

Figure 4. RAC2 expression may be a diagnostic biomarker in patients with ccRCC. (A) RAC2 effectively discriminated between ccRCC and paired normal 
tissues (AUC 0.9095; P<0.0001). Receiver operating characteristic curve subanalysis was performed with respect to the following subgroups of patients with 
ccRCC: (B) G grade, (C) T stage, (D) lymph node metastasis, (E) distant metastases, (F) Tumor‑Node‑Metastasis stage, (G) overal survival and (H) disease free 
survive. RAC2, Rac family small GTPase 2; ccRCC, clear cell renal cell carcinoma; AUC, area under the curve; OS, overall survival; DFS, disease‑free survival.
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precision‑based care for ccRCC (36). According to recent 
studies, perilipin (PLIN)2, PLIN3, regulator of calcinerurin 
1 and certain other biomarkers may be useful in the diagnosis 
and prognosis of renal cancer (5,23,37). In addition, the results 
of the present study provide evidence to suggest that RAC2 
may also be a potential biomarker.

The Rho GTPases family consists of Rac, Rho, Cdc42 
subfamilies and other less studied GTPases (38). They serves 
important roles in a diverse range of fundamental cellular func-
tions through the regulation of actin contraction and peripheral 
actin structures, including cell morphology, locomotion and 

polarity (39). As a result, certain physiological process, such 
as cell growth, cell division and cell survival, are associated 
with the Rho GTPases. Recently, an increasing number of 
studies have suggested that the Rho GTPases, particularly Rac 
GTPases, are primarily involved in the signaling networks of 
malignant cell transformation and metastasis, and thus, may be 
potential therapeutic targets in cancer (40,41). These findings are 
consistent with the GSEA of the present study regarding RAC2. 
The Toll‑like receptor signaling pathway, JAK/STAT signaling 
pathway, p53 signaling pathway, cell cycle, apoptosis pathway 
and MAPK signaling pathway are all classical pathways that 

Figure 5. RAC2 was up‑regulated in RCC cells and tissues. (A and B) Reverse transcription‑quantitative PCR assays of RAC2 mRNA expression in normal 
renal tubular epithelial cells (HK‑2) and renal cancer cell lines (A498, ACHN, CAKI‑1, OSRC‑2, 786‑O), and in 50 paired tissue samples of patients with 
ccRCC. (C and D) Western blot assays of RAC2 expression in normal renal tubular epithelial cells (HK‑2) and in renal cancer cell lines (A498, ACHN, 
CAKI‑1, OSRC‑2, 786‑O) and in 50 paired tissue samples of ccRCC patients. (E) Immunohistochemistry for RAC2 expression in ccRCC tissues, adjacent 
normal tissues and renal angiomyolipoma tissues. The inset images are the lower magnification of the same tissue as that presented in the larger image of each 
set. Magnification, x40 and x200. RAC2 expression was normalized to β‑actin expression. The values of each group are presented as the mean ± standard 
deviation. Bars represented the means of three independent experiments. ****P<0.0001; **P<0.01 vs. HK‑2. RAC2, Rac family small GTPase 2; ccRCC, clear 
cell renal cell carcinoma.
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are involved in cell proliferation, cell migration, cell death, 
tumorigenesis or drug resistance (http://software.broadinsti-
tute.org/gsea/index.jsp). These findings suggested that RAC2, 
as a member of the Rac subfamily, may be a critical element in 
oncogenesis and tumor development.

Previous studies have suggested that Rac proteins were 
upregulated in various different types of tumor and could serve as 
a prognostic biomarker, including in prostate (42), testicular (43), 
ovarian (44), lung (45) and gastric cancer (46). RAC1 was reported 
to accumulate in the nucleolus and participate in the synthesis 
of ribosomal RNA in lung cancer cells (47,48). Furthermore, 
particular attention has been paid to RAC1‑targeting drugs. Rac1 
inhibitors, such as NSC23766, which specifically disrupts RAC1 

interaction with Tiam1 and Trio (39,40,49), have been developed. 
However, few studies have focused on Rac proteins and RCC. 
In the present study, the heatmap depicting RAC1, RAC2, 
RAC3 and RoG expression levels in normal tissues and ccRCC 
tissues suggested that the differences in expression existed most 
frequently in RAC2 instead of RAC1; current understanding of 
the specific function of RAC2 remains limited. Several studies 
have suggested that RAC2 is associated with myeloid cell 
dysfunction and myeloid leukemia (50‑52). 

In the present study, the clinical data downloaded from 
TCGA KIRC database and Oncomine database were assessed, 
and it was revealed that RAC2 was upregulated in ccRCC 
tissues compared with in normal tissues. Analysis of clinical 

Figure 6. RAC2 regulates certain tumor‑related pathways. Enrichment curves are shown for activated gene sets related to the (A) Toll like receptor, (B) JAK 
STAT and (C) P53 signaling pathways, (D) apoptosis, and the (E) cell cycle and (F) MAPK signal pathways. RAC2, Rac family small GTPase 2; NES, normal-
ized enrichment score; FDR, false discovery rate; JAK, Janus kinases; STAT, signal transducer and activator of transcription proteins; MAPK, mitogen‑activated 
protein kinase.
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characteristics demonstrated that higher expression levels of 
RAC2 were associated with higher clinical and pathological 
grade and poorer OS in patients with ccRCC. However, with the 

ROC analyses, it was hypothesized that RAC2 is a diagnostic 
index for patients with different clinicopathological param-
eters. The differential expression levels of RAC2 were verified 

Figure 7. RAC2 promotes the proliferation, invasion and migration of RCC cell lines in vitro. (A and B) Reverse transcription‑qauntitative PCR and western 
blotting assays of RAC2 knockdown in ACHN and 786‑O cells; β‑actin was used as a loading control. (C and D) Cell counting kit‑8 assays detected the effects 
of RAC2 knockdown on the proliferation of ACHN and 786‑O cells. (E‑H) Representative images of migration and invasion assays performed using ACHN 
and 786‑O cells (magnification, x100). Data are presented as the mean ± standard deviation from three independent experiments. ****P<0.0001; ***P<0.001; 
**P<0.01 and *P<0.05 vs. si‑NC. RAC2, Rac family small GTPase 2; ccRCC, clear cell renal cell carcinoma; NC, negative control; si‑RNA, small interfering 
RNA; OD value, optical density value.
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in 50 pairs of ccRCC tissues and matched normal tissues 
collected in our hospital, as well as in RCC cell lines. In order 
to validate the hypothesis that RAC2 promoted renal cancer 
progression, GSEA analyses and functional experiments were 
performed in the present study. The results demonstrated that 
RAC2 participated in a number of tumor‑associated pathways, 
and that downregulated RAC2 suppressed the proliferative, 
migration and invasive abilities of RCC cells. 

To the best of our knowledge, the present study is the 
first to report that RAC2 may be a potential diagnostic and 
prognostic biomarker that promotes tumor progression in 
ccRCC. The results from the present study also indicated that 
downregulated expression of RAC2 attenuated the prolifera-
tion, migration and invasion of RCC cells, providing further 
evidence that RAC2 may serve as a therapeutic target for 
ccRCC. However, there are limitations to our study. First, the 
association between RAC2 expression and the ccRCC biolog-
ical behaviors was not confirmed in vivo. Furthermore, the 
underlying molecular mechanism by which RAC2 facilitates 
renal cell carcinoma was not investigated thoroughly. Hence, 
further research is required in order to overcome these issues.

In conclusion, the results from the present study demon-
strated that high expression levels of RAC2 were associated 
with poor overall survival and higher tumor grade in patients 
with ccRCC, which, to the best of our knowledge, is the first 
time this has been reported. In addition, low expression levels 
of RAC2 may decrease the proliferation, migration and inva-
sion ability of RCC cells in vitro. The aforementioned results 
indicated that RAC2 may be a promising prognostic and diag-
nostic biomarker for renal cancer, and thus, be considered as a 
potential therapeutic target for treating ccRCC.
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