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Abstract. A‑kinase interacting protein 1 (AKIP1) has
previously been demonstrated to be overexpressed in clear
cell renal cell carcinoma (ccRCC) tissues and is associated
with patient prognosis. The aim of the present study was to
explore whether AKIP1 can affect the proliferation, inva‑
sion, migration and angiogenesis of ccRCC cells via its
interaction with Rac1. Furthermore, the influence of AKIP1
and therefore Rac1 on the expression of the downstream
ERK/cellular (c)‑Myc signaling pathway was explored. The
interaction between AKIP1 and Rac1 was determined using
co‑immunoprecipitation. The mRNA and protein expres‑
sion levels of AKIP1 and Rac1 in normal renal epithelial
cell lines and ccRCC cell lines were detected using reverse
transcription‑quantitative PCR (RT‑qPCR) and western
blotting, respectively. The transfection efficiency of small
interfering RNA‑AKIP1 and the Rac1 overexpression vector
were also confirmed using RT‑qPCR and western blotting.
The viability, proliferation, invasion and migration of ccRCC
cells following transfection were analyzed using the Cell
Counting Kit‑8, 5‑ethynyl‑2'‑deoxyuridine staining, Transwell
and wound healing assays, respectively. The tube formation
ability of HUVECs was assessed using the tube formation
assay. The protein expression levels of proliferation, invasion,
migration and tube‑formation‑associated proteins as well as
proteins associated with the ERK/c‑Myc signaling pathway,
were detected via western blotting. The results demonstrated
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that AKIP1 expression levels were increased in ccRCC cell
lines. AKIP1 knockdown inhibited the proliferation, invasion
and migration of ccRCC cells and HUVEC tube‑formation. In
addition, AKIP1 was demonstrated to bind to Rac1 in ccRCC
cells and AKIP1 downregulation inhibited Rac1 expression.
Furthermore, Rac1 overexpression reversed the effects of
AKIP1 knockdown on ccRCC cells. AKIP1 knockdown
also suppressed the ERK/c‑Myc signaling pathway, which
was reversed by Rac1 overexpression. In conclusion, AKIP1
knockdown potentially suppressed the proliferation, invasion,
migration and angiogenesis of ccRCC cells and inhibited the
ERK/c‑Myc signaling pathway by binding to Rac1.
Introduction
Clear cell renal cell carcinoma (ccRCC) is one of the
commonest tumors of the urinary system. Each year 202,000
cases of ccRCC are diagnosed and there are 102,000
ccRCC‑related deaths worldwide (1). In 2014 alone, there were
~66,800 newly confirmed cases and 13,860 ccRCC‑related
deaths in China (2). Although ultrasound and computed
tomography have been widely used in clinical practice, ~1/3
of patients with ccRCC have already developed local or distant
metastasis at the time of initial diagnosis and these patients
have a poor prognosis (3). Therefore, it is important to explore
and investigate novel diagnostic and therapeutic approaches
for the clinical treatment of patients with ccRCC.
A‑kinase interaction protein 1 (AKIP1) was initially
reported as novel human breast cancer‑associated gene 3,
which encodes a selectively splicing proline‑rich protein (4).
Increasing evidence suggests that AKIP1 dysregulation is
associated with physiological and pathological changes in
numerous human malignancies and may be involved in tumor
metastasis. It has previously been reported that in esophageal
squamous cell carcinoma (ESCC) cell lines and clinical
samples AKIP1 is upregulated which is associated with a poor
prognosis in patients with ESCC (5). In addition, another study
demonstrated that AKIP1 is a downstream target of NK2
homeobox 8 and a transcription factor of vascular endothelial
growth factor (VEGF)C, which can induce lymphangiogenesis
and lymphatic metastasis of ESCC (6). Furthermore, AKIP1

2

ZHANG et al: ROLE OF AKIP1 BINDING TO RAC1 IN CLEAR CELL RENAL CELL CARCINOMA CELLS

has been considered to be a potential metastatic agent in
numerous types of human cancers (7‑9). However, the clinical
significance of its molecular function and the underlying
mechanisms that promote distant metastasis are not well
understood, especially in ccRCC. The latest clinical data
suggests that AKIP1 expression is increased in ccRCC tissues
and that AKIP1 expression levels are positively associated
with TNM stage. These data also indicate that higher AKIP1
expression is associated with a worse prognosis (10). However,
whether AKIP1 serves a role in promoting tumor processes,
such as proliferation, invasion and migration in ccRCC cells,
remains to be elucidated and its potential underlying mecha‑
nism remains unknown.
A previous study reported that AKIP1 binds to Rac1 (11),
which is involved in promoting the formation of cancer stem‑
ness in ccRCC (12). Rac1 inhibition can reduce the malignant
progression of pituitary tumor‑transforming gene‑1‑positive
ccRCC (13), which indicates that Rac1 is involved in promoting
ccRCC progression. Furthermore, a previous study demon‑
strated that Rac1 activates the ERK signaling pathway to
promote colon cancer invasion and migration (14). In addition,
Kyoto Encyclopedia of Genes and Genomes analysis indi‑
cated that ERK can activate the downstream cellular (c)‑Myc
signaling pathway.
The aim of the present study was to investigate whether
AKIP1 can affect the proliferation, invasion, migration and
angiogenesis of ccRCC cells via its interaction with Rac1.
Furthermore, the influence of AKIP1 and Rac1 on the expres‑
sion of the downstream ERK/c‑Myc signaling pathway was
explored.
Materials and methods
Cell culture. Normal renal epithelial cell lines (HKC‑5 and
HK‑2), human umbilical vein endothelial cells (HUVECs) and
ccRCC cell lines (NRCC, Caki‑1 and A498) were purchased
from BioVector NTCC, Inc. HKC‑5 and HK‑2 cells were
cultured in minimum essential medium (MEM; Gibco;
Thermo Fisher Scientific, Inc.) containing 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin‑strepto‑
mycin. ccRCC cells were cultured in DMEM/F12 (Gibco;
Thermo Fisher Scientific, Inc.) containing 10% FBS and 1%
penicillin‑streptomycin. HUVECs were cultured in endothe‑
lial cell basal medium (EBM; Cambrex Bio Science Rockland
Ltd.) containing endothelial cell growth medium supplements
(EGM; Cambrex Bio Science Rockland Ltd.), 10% FBS,
100 IU/ml penicillin, and 100 mg/ml streptomycin. All cells
were cultured at 37˚C in a humidified atmosphere of 95% air
and 5% CO2. The approval of Ethics Committee of Beijing
Ditan Hospital was received for the use of human primary cell
lines.
Cell transfection. The small interfering (si)RNA‑negative
control (NC), siRNA‑AKIP1‑1/2, empty vector (Ov‑NC)
and Ov‑Rac1 constructs were purchased from Guangzhou
Ribo Biotechnology Co., Ltd. (https://www.ribobio.
com/). ccRCC cells were seeded into 6‑well plates at a
density of 1x105 cells/well in complete medium and were
cultured at 37˚C. When cells reached 70% confluency they
were transfected with siRNA‑NC (siB06525141922‑1‑5;

Figure 1. AKIP1 expression increases in ccRCC cell lines. (A) mRNA and
(B) protein expression of AKIP1 in ccRCC and normal renal epithelial cell
lines were detected by reverse transcription‑quantitative PCR and western
blotting. ***P<0.001 vs. HKC‑5 group. ccRCC, clear cell renal cell carcinoma;
AKIP1, a‑kinase interaction protein 1.

60 nM), siRNA‑AKIP1‑1 (siG1281084018‑1‑5; 60 nM),
siRNA‑AKIP1‑2 (siG1281084034‑1‑5; 60 nM), Ov‑NC and
Ov‑Rac1 at 37˚C using Lipofectamine® 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.) for 24 h. The cells were collected
for further experimentation following 48 h of transfection.
Reverse transcription‑quantitative PCR (RT‑qPCR). Total
RNA was extracted from ccRCC cells using TRIzol® reagent
(Thermo Fisher Scientific, Inc.) and complementary DNA was
synthesized from RNA using the PrimeScript RT reagent kit
(Takara Bio, Inc.). The following temperature protocol was
used for reverse transcription: 37˚C for 50 min followed by
70˚C for 15 min. Subsequently, qPCR was performed using the
Kapa SYBR® FAST qPCR Master Mix (Takara Bio, Inc.) and
was analyzed using the MyGo PCR detection system (IT‑IS
Life Science Ltd.). The thermocycling conditions were: 10 min
initial denaturation at 94˚C, 15 sec denaturation at 94˚C and
30 sec of annealing at 55˚C (40 cycles) and final extension
for 1 min at 72˚C. The mRNA expression levels of AKIP1,
VEGFA, VEGFR2 and Rac1 were quantified using the 2‑∆∆Cq
method (15) and were normalized to the internal reference
gene GAPDH. The primer sequences used in the present study
are as follows: AKIP1 forward, 5'‑AGAACATCTCTAAGG
ACCTCTACAT‑3' and reverse, 5'‑TCCAGAATCA ACTGC
TACCACAT‑3'; VEGFA forward, 5'‑GGGCAGA ATCAT
CACGAAGT‑3' and reverse, 5'‑TGGTGATGTTGGACTCCT
CA‑3'; VEGFR2 forward, 5'‑CTCT TGG CCGTGGTGCCT
TTG‑3' and reverse, 5'‑GTGTGTTGCTCCTTCTTTCAAC‑3';
Rac1 forward, 5'‑AAAATGTCCGTGCAAAGTG GT‑3' and
reverse, 5'‑CTCGATCGTGTCT TTATCATCCC‑3'; GAPDH
forward, 5'‑AATGGACAACTGGTCGTGGAC‑3' and reverse,
5'‑CCCTCCAGGGGATCTGTTTG‑3'.
Western blotting. Total protein in ccRCC cells was extracted
using RIPA buffer (Beyotime Institute of Biotechnology)
and the protein concentration was determined using a BCA
Protein Assay Kit (Thermo Fisher Scientific, Inc.). Total
protein (40 µg total protein/lane) was separated using 10%
SDS‑PAGE. Separated protein was transferred to a PVDF
membrane (MilliporeSigma). Subsequently membranes
were blocked with 5% non‑fat milk for 1 h at room tempera‑
ture and were then incubated with primary antibodies
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Figure 2. AKIP1 knockdown inhibits the proliferation of ccRCC cells. (A) mRNA (B) and protein expression of AKIP1 in Caki‑1 cells transfected with
siRNA‑AKIP1‑1 and siRNA‑AKIP1‑2 were detected by reverse transcription‑quantitative PCR and western blotting. (C) The viability of Caki‑1 cells trans‑
fected with siRNA‑AKIP1 was analyzed by Cell Counting kit‑8 assay. (D) The expression of proliferation‑related proteins in Caki‑1 cells transfected with
siRNA‑AKIP1 was detected by western blotting. (E) The proliferation of Caki‑1 cells transfected with siRNA‑AKIP1 was analyzed by 5‑Ethynyl‑2'‑deoxyuridine
staining (magnification, x200). **P<0.01 and ***P<0.001 vs. control group; ##P<0.01 and ###P<0.001 vs. siRNA‑NC group. ccRCC, clear cell renal cell carci‑
noma; AKIP1, a‑kinase interaction protein 1; siRNA, small interfering RNA; NC, negative control.

overnight at 4˚C. The primary antibodies used were as
follows: Anti‑AKIP1 (1:1,000; cat. no. ab135996; Abcam),
anti‑Ki67 (1:5,000; cat. no. ab92742; Abcam), anti‑prolifer‑
ating cell nuclear antigen (PCNA; 1:5,000; ab92552; Abcam),
anti‑MMP2 (1:5,000; ab92536; Abcam), anti‑MMP9 (1:5,000;
ab76003; Abcam), anti‑VEGFA (1:1,000; ab214424; Abcam),
anti‑VEGFR2 (1:5,000; ab134191; Abcam), anti‑Rac1
(1:1,000; ab155938; Abcam), anti‑p‑ERK (1:1,000; ab201015;
Abcam), anti‑ERK (1:10,000; ab184699; Abcam), anti‑c‑Myc
(1:1,000; ab32072; Abcam) and anti‑GAPDH (1:2,500;
ab9485; Abcam). Membranes were then washed in TBS with
0.1% Tween‑20 three times. Following the primary incuba‑
tion membranes were incubated with the HRP‑conjugated

secondary antibody (1:2,000; cat. no. ab6721; Abcam) at room
temperature for 1 h. The blots were visualized using ECL
reagent (Pierce; Thermo Fisher Scientific, Inc.) and the band
intensity was semi‑quantified using ImageJ 1.51 software
(National Institutes of Health).
Cell Counting Kit‑8 (CCK‑8) assay. Following transfection,
ccRCC cells were seeded into 96‑well plates at a density
of 2x103 cells/well and were incubated for 24, 48 and 72 h
at 37˚C. A total of 10 µl CCK‑8 solution (Dojindo Molecular
Technologies, Inc.) was added to each well for 2 h at 37˚C.
The optical density at 450 nm was assessed using a microplate
reader.
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Figure 3. AKIP1 knockdown inhibits the invasion and migration of ccRCC cells. (A) The invasion (magnification, x100) and (B) migration of Caki‑1 cells
transfected with siRNA‑AKIP1 were determined by Transwell and wound healing assays (magnification, x200). (C) The expression of metastasis‑related
proteins in Caki‑1 cells transfected with siRNA‑AKIP1 was detected by western blotting. ***P<0.001 vs. control group; ###P<0.001 vs. siRNA‑NC group.
ccRCC, clear cell renal cell carcinoma; AKIP1, a‑kinase interaction protein 1; siRNA, small interfering RNA; NC, negative control.

5‑Ethynyl‑2'‑deoxyuridine (EdU) staining assay. Following
transfection, ccRCC cells were seeded into a culture flask
and incubated with diluted EdU solvent for 24 h at room
temperature. Subsequently, the cells were fixed with 4% para‑
formaldehyde for 10 min and stained with Alexa Fluor 594
(cat. no. ab150084; 1:200; Abcam) overnight at room tempera‑
ture. Cell nuclei were counterstained with DAPI for 15 min
at room temperature. Cell proliferation was observed using a
fluorescence microscope (Eclipse 80i; Nikon Corporation).
Transwell assay. Following transfection, ccRCC cells were
seeded at a density of 4x104 cells into the upper Transwell
chamber that was pre‑coated with Matrigel (BD Biosciences)
for 1 h at 37˚C. In the lower chamber 1 ml DMEM/F12 medium
was added. Subsequently the cells were incubated at 37˚C for
24 h. After removing the cells on the upper surface of the

chamber the remaining cells were fixed in 4% paraformal‑
dehyde for 10 min at room temperature. The cells were then
stained with 0.1% crystal violet (Sangon Biotech Co., Ltd.) for
1 h at room temperature. The number of cells was quantified
using a light microscope (Olympus Corporation) and invasive
ability was assessed using ImageJ 1.51 software.
Wound healing assay. Following transfection, ccRCC cells
were seeded into 6‑well plates and incubated until >90%
confluency. A sterile 200 µl pipette tip was used to create
a 0.5‑1 cm horizontal line. After washing with PBS the
scratched cells were cultured in serum‑free medium for 24 h.
The width of the scratch was imaged at 0 and 24 h using a
light microscope (Olympus Corporation) and the migratory
ability of the cells was quantified using ImageJ 1.51 software
(National Institutes of Health).
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Figure 4. AKIP1 knockdown inhibits the angiogenesis in ccRCC. (A) The angiogenesis in CM from Caki‑1 cells transfected with siRNA‑AKIP1 was detected
by HUVEC tube‑formation assay. The (B) mRNA and (C) protein expression of angiogenesis‑related proteins in CM from Caki‑1 cells transfected with
siRNA‑AKIP1 were detected by reverse transcription‑quantitative PCR and western blotting. **P<0.01 and ***P<0.001 vs. control (CM)+HUVEC group;
##
P<0.01 and ###P<0.001 vs. siRNA‑NC (CM)+HUVEC group. ccRCC, clear cell renal cell carcinoma; AKIP1, a‑kinase interaction protein 1; siRNA, small
interfering RNA; NC, negative control; CM, culture media.

HUVEC tube‑formation assay. The transfected ccRCC cells
were cultured in MEM until they reached 70% confluency.
Following washing with PBS, ccRCC cells were cultured in
serum‑free MEM for 48 h at 37˚C. The culture media (CM)
was collected following centrifugation at 500 x g at room
temperature for 10 min. Early passage (<Phase 4) HUVECs
were seeded at 3x104 cells/well on Matrigel‑coated 48‑well
plates. HUVECs were then incubated with the CM for 6 h
at 37˚C. HUVEC tube formation was observed and imaged
using a phase‑contrast inverted microscope.
Co‑immunoprecipitation (co‑IP). Following transfection,
ccRCC cells were lysed using RIPA lysis buffer (Beyotime
Institute of Biotechnology) containing 1% PMSF and 1% protease
inhibitor, centrifuged at 24,148.8 x g for 10 min at 4˚C. A part

of the cell lysate was isolated as input and 250 µl of lysates were
incubated with 1 µg anti‑AKIP1 (cat. no. LS‑C309384; LSBio)
or anti‑Rac1 (cat. no. sc‑514583; Santa Cruz Biotechnology, Inc.)
and homologous IgG antibodies (cat. no. ab172730; Abcam and
cat. no. sc‑2025; Santa Cruz Biotechnology, Inc.) at 4˚C over‑
night. Subsequently, 25 µl protein A/G beads (Cell Signaling
Technology, Inc.) were added to the lysis solution and the solu‑
tion was incubated for 1 h at 4˚C. Then, the supernatant was
centrifuged for 3 min at 1,509.3 x g at 4˚C. The beads were
extracted and were incubated with protein loading buffer
at 100˚C for 15 min to isolate the proteins, which were subse‑
quently detected via western blotting.
Statistical analysis. Data are presented as the mean ± SD.
All statistical analysis was performed using GraphPad
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Figure 5. AKIP1 binds to Rac1 in ccRCC cells and its downregulation inhibits the Rac1 expression. The (A) mRNA and (B) protein expression of Rac1 in
ccRCC cell lines and normal renal epithelial cell lines were detected by reverse transcription‑quantitative PCR and western blotting. ***P<0.001 vs. HKC‑5
group. The interaction of (C) AKIP1 and (D) Rac1 was confirmed by co‑immunoprecipitation assay. ***P<0.001 vs. input group; ###P<0.001 vs. IgG group.
(E) The expression of Rac1 in Caki‑1 cells transfected with siRNA‑AKIP1 was detected by western blotting. (F) The expression of AKIP1 in Caki‑1 cells
transfected with siRNA‑AKIP1 was detected by western blotting. ***P<0.001 vs. control group; ###P<0.001 vs. siRNA‑NC group. ccRCC, clear cell renal cell
carcinoma; AKIP1, a‑kinase interaction protein 1; siRNA, small interfering RNA; NC, negative control.

Prism 8.0 software (GraphPad Software, Inc.). One‑way
ANOVA followed by Tukey's post hoc test was used to
perform statistical analysis among more than two groups.
P<0.05 was considered to indicate a statistically significant
difference.
Results
AKIP1 expression levels increase in ccRCC cells. The results
demonstrated that AKIP1 mRNA and protein expression
levels were increased in ccRCC cells compared with normal
renal epithelial cells. Furthermore, AKIP1 mRNA and protein

expression levels in Caki‑1 cells were the highest among all
ccRCC cell lines tested (Fig. 1).
AKIP1 knockdown inhibits ccRCC cell proliferation. ccRCC
cells were transfected with siRNA‑NC or siRNA‑AKIP1‑1/2
and AKIP1 mRNA, and protein expression levels were
determined. The results demonstrated that AKIP1 mRNA
and protein expression levels were markedly decreased in the
siRNA‑AKIP1‑1/2 groups compared with siRNA‑NC group.
The transfection efficiency in the siRNA‑AKIP1‑1 group was
greater than that of the siRNA‑AKIP1‑2 group and therefore the
siRNA‑AKIP1‑1 group was selected for use in the subsequent
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Figure 6. AKIP1 participates in the proliferation of ccRCC cells by binding to Rac1. The (A) mRNA and (B) protein expression of Rac1 in Caki‑1 cells
transfected with Ov‑Rac1 were detected by reverse transcription‑quantitative PCR and western blotting. ***P<0.001 vs. Control group; ###P<0.001 vs. Ov‑NC
group. (C) The viability of Caki‑1 cells transfected with siRNA‑AKIP1 and Ov‑Rac1 was analyzed by Cell Counting Kit‑8 assay. (D) The expression of
proliferation‑related proteins in Caki‑1 cells transfected with siRNA‑AKIP1 and Ov‑Rac1 was detected by western blotting. (E) The proliferation of Caki‑1
cells transfected with siRNA‑AKIP1 and Ov‑Rac1 was analyzed by 5'‑Ethynyl‑2'‑deoxyuridine staining. **P<0.01 and ***P<0.001 vs. control group; #P<0.05,
##
P<0.01 and ###P<0.001 vs. siRNA‑AKIP1 group; ++P<0.01 and +++P<0.001 vs. siRNA‑AKIP1+Ov‑NC group. ccRCC, clear cell renal cell carcinoma;
AKIP1, a‑kinase interaction protein 1; siRNA, small interfering RNA; NC, negative control; Ov, overexpression.

experiments (Fig. 2A and B). Following siRNA‑AKIP1 trans‑
fection, the viability of Caki‑1 cells (Fig. 2C) was decreased
and the protein expression levels of proliferation markers
including Ki67 and PCNA were also downregulated, which
implied the inhibition of cell proliferation (Fig. 2D). The
proliferation of Caki‑1 cells was also suppressed by AKIP1
knockdown (Fig. 2E).
AKIP1 knockdown inhibits the invasion and migration of
ccRCC cells. The results demonstrated that the invasion and
migration of Caki‑1 cells were inhibited in the siRNA‑AKIP1
group compared with the control group, whereas no change

was observed between the siRNA‑NC and control groups
(Fig. 3A and B). The protein expression levels of metas‑
tasis‑associated proteins including MMP2 and MMP9 were
downregulated by AKIP1 knockdown, suggesting that AKIP1
deficiency hampered the metastasis in ccRCC cells and they
were not affected in the siRNA‑NC group (Fig. 3C).
AKIP1 knockdown inhibits angiogenesis in ccRCC cells.
The CM of siRNA‑NC‑transfected Caki‑1 cells had no
effect on HUVEC tube‑formation, whereas tube formation
was suppressed by AKIP1 knockdown (Fig. 4A). In addi‑
tion, the mRNA and protein expression levels of VEGFA
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Figure 7. AKIP1 participates in the invasion and migration of ccRCC cells by binding to Rac1. (A) The invasion and (B) migration of Caki‑1 cells transfected
with siRNA‑AKIP1 and Ov‑Rac1 were determined by Transwell and wound healing assays. (C) The expression of metastasis‑related proteins in Caki‑1 cells
transfected with siRNA‑AKIP1 and Ov‑Rac1 was detected by western blotting. ***P<0.001 vs. control group; ###P<0.001 vs. siRNA‑AKIP1 group; +++P<0.001
vs. siRNA‑AKIP1+Ov‑NC group. ccRCC, clear cell renal cell carcinoma; AKIP1, a‑kinase interaction protein 1; siRNA, small interfering RNA; NC, negative
control; Ov, overexpression.

and VEGFR2 in HUVECs were decreased in the CM of
siRNA‑AKIP1‑transfected Caki‑1 cells (Fig. 4B and C).
AKIP1 potentially binds to Rac1 in ccRCC cells and AKIP1
downregulation inhibits Rac1 expression. The results
demonstrated that Rac1 mRNA and protein expression
levels were increased in ccRCC cells and that the highest
expression levels of Rac1 were demonstrated in Caki‑1 cells
(Fig. 5A and B). co‑IP experiments demonstrated that Rac1
co‑precipitated with AKIP1 when an anti‑AKIP1 antibody
was used and AKIP1 co‑precipitated with Rac1when an
anti‑Rac1 antibody was used (Fig. 5C and D). Following
Caki‑1 cell transfection with siRNA‑NC and siRNA‑AKIP1
the results demonstrated that there was no obvious
change in expression levels of Rac1 and AKIP1 in the
siRNA‑NC group, whereas expression of Rac1 and AKIP1
decreased in the siRNA‑AKIP1 group compared with the
control (Fig. 5E and F).

Rac1 overexpression reverses the effects of AKIP1 silencing on
the proliferation of ccRCC cells. The results demonstrated that
Ov‑Rac1‑transfected Caki‑1 cells exhibited upregulated Rac1
mRNA and protein expression levels (Fig. 6A and B). Rac1
overexpression also improved the viability of Caki‑1 cells and
promoted the protein expression of Ki67 and PCNA compared
with the siRNA‑AKIP1 group (Fig. 6C and D). In addition,
EdU staining indicated that Rac1 overexpression reversed the
effect of AKIP1 knockdown and enhanced the proliferation of
Caki‑1 cells (Fig. 6E).
Rac1 overexpression reverses the impacts of AKIP1 silencing
on the invasion and migration of ccRCC cells. The results
demonstrated that Rac1 overexpression increased the invasion
and migration of Caki‑1 cells transfected with siRNA‑AKIP1
(Fig. 7A and B). In addition, Rac1 overexpression upregulated
the protein expression levels of MMP2 and MMP9 in Caki‑1
cells transfected with siRNA‑AKIP1 (Fig. 7C). These results
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Figure 8. AKIP1 participates in the angiogenesis in ccRCC by binding to Rac1. (A) The angiogenesis in CM from Caki‑1 cells transfected with siRNA‑AKIP1
and Ov‑Rac1 was detected by HUVEC tube‑formation assay. The (B) mRNA and (C) protein expression of angiogenesis‑related proteins in CM from Caki‑1
cells transfected with siRNA‑AKIP1 and Ov‑Rac1 were detected by reverse transcription‑quantitative PCR and western blotting. ***P<0.001 vs. control (CM)+
HUVEC group; ##P<0.01 and ###P<0.001 vs. siRNA‑AKIP1 (CM)+HUVEC group; ++P<0.01 and +++P<0.001 vs. siRNA‑AKIP1+Ov‑NC (CM)+HUVEC group.
CM, culture media; ccRCC, clear cell renal cell carcinoma; AKIP1, a‑kinase interaction protein 1; siRNA, small interfering RNA; NC, negative control;
Ov, overexpression.

Figure 9. AKIP1 regulates the expression of ERK/c‑Myc signaling pathway in ccRCC cells by binding to Rac1. The expression of p‑ERK, ERK and c‑Myc in
Caki‑1 cells transfected with siRNA‑AKIP1 and Ov‑Rac1 was detected by western blotting. ***P<0.001 vs. control group; ###P<0.001 vs. siRNA‑AKIP1 group;
+++
P<0.001 vs. siRNA‑AKIP1+Ov‑NC group. ccRCC, clear cell renal cell carcinoma; AKIP1, a‑kinase interaction protein 1; siRNA, small interfering RNA;
NC, negative control; Ov, overexpression; c‑Myc, cellular‑Myc.
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indicated that Rac1 overexpression may be able to reverse the
effect of AKIP1 knockdown on the invasion and migration of
Caki‑1 cells.
Rac1 overexpression reverses the impacts of AKIP1
knockdown on the angiogenesis in ccRCC cells. The results
demonstrated that HUVEC tube‑formation was increased in
the CM of Caki‑1 cells transfected with siRNA‑AKIP1 and
Ov‑Rac1, compared with the CM of Caki‑1 cells transfected
with siRNA‑AKIP1 alone (Fig. 8A). The mRNA and protein
expression levels of VEGFA and VEGFR2 were upregulated in
HUVECs cultured in the CM of Caki‑1 cells transfected with
siRNA‑AKIP1 and Ov‑Rac1, compared with the CM of Caki‑1
cells transfected with siRNA‑AKIP1 alone (Fig. 8B and C).
Rac1 elevation countervails the impacts of AKIP1 depletion on
the expression of ERK/c‑Myc signaling pathway-associated
proteins in ccRCC cells. The results demonstrated that AKIP1
knockdown inhibited the expression of phosphorylated
(p)/total (t)‑ERK and c‑Myc in Caki‑1 cells. Furthermore, Rac1
overexpression increased the expression levels of p/t‑ERK and
c‑Myc in Caki‑1 cells transfected with siRNA‑AKIP1 (Fig. 9).
Discussion
AKIP1 was first identified in breast and prostate cancer cell
lines and serves an important role in normal physiological
processes (4). Recently, AKIP1 has been reported to act as
an oncogene in common malignant tumors, including lung,
liver and breast cancer, participating in the physiological and
pathological changes of malignant tumors and promoting
malignant biological behaviors, such as tumor proliferation,
invasion and metastasis (6,9,16). AKIP1 is highly expressed in
cervical cancer cells and the inhibition of AKIP1 expression
in cervical cancer cells suppresses cell proliferation, tumor
growth and angiogenesis in BALB/c nude mice (17). AKIP1
overexpression is also involved in cell proliferation, clonal
formation and angiogenesis (17). A previous study reported
that AKIP1 expression is upregulated in liver cancer tissues
and is associated with early recurrence and a poor prognosis
in patients. In vitro, AKIP1 promotes tumor cell invasion and
colony growth and in vivo it promotes intrahepatic and lung
metastasis (18). Although AKIP1 expression was previously
demonstrated to be increased in ccRCC tissues, the regulating
role of AKIP1 in the proliferation, invasion, migration and
angiogenesis of ccRCC cells remains unknown. The results
of the present study demonstrated that AKIP1 expression
levels were upregulated in ccRCC cells consistent with
previous studies. To assess the biological function of AKIP1
in ccRCC cells, the expression levels of AKIP1 in Caki‑1
cells were knocked down using siRNA‑AKIP1. The results
demonstrated that AKIP1 knockdown potentially inhibited
the proliferation, invasion, migration and angiogenesis of
Caki‑1 cells.
A previous study reported that AKIP1 can bind to
Rac1 (11). The present study demonstrated an interaction
between AKIP1 and Rac1, and that AKIP1 knockdown down‑
regulated Rac1 expression levels. Rac1, as a member of the
Rho family, serves a role in cell proliferation, cell survival,
cytoskeleton remodeling and gene transcription (19). Rac1 is

expressed at low levels or not at all in normal human tissues,
but it is increased in pancreatic (20), prostate (21), breast (22)
and colorectal cancer (23), and other malignant tumor tissues
or cells. In addition, this high expression of Rac1 is closely
related to the degree of differentiation of tumor cells, the path‑
ological classification, TNM staging and other phenotypes. A
previous study using renal cancer tissues also demonstrated
that Rac1 activation leads to renal cancer infiltration (24). The
present study demonstrated that Rac1 expression levels were
also upregulated in ccRCC cells, which was consistent with
Rac1 expression levels in other types of cancer. These results
indicated that Rac1 overexpression could potentially reverse
the downregulation of AKIP1 to promote the proliferation,
invasion, migration and angiogenesis of Caki‑1 cells.
Rac1 activates the ERK signaling pathway in hepatocel‑
lular carcinoma and colon cancer to regulate the proliferation,
invasion and migration of cancer cells (25,26). Zhao et al (27)
reported that the slit guidance ligand 2/roundabout guidance
receptor 1 axis promotes the malignant progression of osteo‑
sarcoma cells via activation of the proto‑oncogene tyrosine
protein kinase Src/ERK/c‑Myc/6‑phosphofructo‑2-kinase/fruc‑
tose‑2,6‑bisphosphatase 2 signaling pathway. ERK1/2 promotes
aerobic glycolysis of hepatocellular carcinoma cells via the
regulation of differentiation inhibitor 1 expression and via
the formation of an intracellular message transfer chain
with c‑Myc (28). The ERK/c‑Myc signaling pathway is also
suppressed to reduce the proliferation of human epithelial
ovarian cancer cells (29). In the present study it was demon‑
strated that AKIP1 knockdown suppressed the expression levels
of p‑ERK and c‑Myc by downregulating Rac1 expression.
However, Rac1 overexpression reversed this inhibitory effect,
which potentially activated the ERK/c‑Myc signaling pathway.
In conclusion, AKIP1 knockdown potentially suppressed
the cell proliferation, invasion, migration and angiogenesis of
ccRCC cells and may have suppressed the ERK/c‑Myc signaling
pathway by binding to Rac1. However, this phenomenon was
potentially reversed by Rac1 overexpression. Therefore, the
results of the present study provided a theoretical basis for
the treatment of ccRCC and showed an interaction between
AKIP1 and Rac1, while the functional relationship between
these two proteins will be explored in the future.
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