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A B S T R A C T

As the most commonly occurring form of primary renal tumor, renal cell carcinoma (RCC) is a malignancy
accompanied by a high mortality rate. 3-phosphoinositide-dependent protein kinase 1 (PDK1) has been estab-
lished as a protein target and generated considerable interest in both the pharmaceutical and academia industry.
The aim of the current study was to investigate the effect of si-PDK1 on the RCC cell apoptosis, proliferation,
migration, invasion and epithelial mesenchymal transition (EMT) in connection with the PI3K-PDK1-Akt
pathway. Microarray analysis from the GEO database was adopted to identify differentially expressed genes
(DEGs) related to RCC, after which the positive expression of the PDK1 protein in tissue was determined ac-
cordingly. The optimal silencing si-RNA was subsequently selected and RCC cell lines 786-O and A498 were
selected and transfected with either a si-PDK1 or activator of the PI3K-PDK1-Akt pathway for grouping purposes.
The mRNA and protein expressions of PDK1, the PI3K-PDK1-Akt pathway-, EMT- and apoptosis-related genes
were then evaluated. The effect of si-PDK1 on cell proliferation, apoptosis, invasion and migration was then
analyzed. Through microarray analysis of GSE6344, GSE53757, GSE14762 and GSE781, PDK1 was examined.
PDK1 was determined to be highly expressed in RCC tissues. Si-PDK1 exhibited marked reductions in relation to
the mRNA and protein expression of PDK1, PI3K, AKT as well as Vimentin while elevated mRNA and protein
expressions of E-cadherin were detected, which ultimately suggested that cell migration, proliferation and in-
vasion had been inhibited coupled with enhanced levels of cell apoptosis. While a notable observation was made
highlighting that the PI3K-PDK1-Akt pathway antagonized the effect of PDK1 silencing. Taken together, the key
observations of this study provide evidence suggesting that high expressions of PDK1 are found in RCC, while
highlighting that silencing PDK1 could inhibit RCC cell proliferation, migration, invasion and EMT by repressing
the PI3K-PDK1-Akt pathway.

1. Introduction

Renal cell carcinoma (RCC) represents the most prevalent kidney

tumor, representing approximately 3% of all adult advanced tumors
[1]. RCC is characterized by>10 molecular and histological subtypes,
among which clear cell RCC (ccRCC) is the most commonly occurring
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accounting for 70% of all diagnosed cases [2]. Reports have indicated
that RCC develops in a slower more progressive manner, with some
long-term cases largely asymptomatic which may spread to the lymph
nodes, lung, liver and bone in the majority of cases [3]. However, as
one of the most fatal urological tumors in the world, RCC's early clinical
manifestation is largely nonspecific, which often results in diagnosis at
late stages [4]. Although typical treatment methods, including che-
motherapy, hormone therapy, and radiotherapy, have all been shown to
improve the overall survival rate of patients with RCC [5], approxi-
mately 20–40% patients run the risk of recurrence post surgery [1].
Epithelial mesenchymal transition (EMT) is a crucial element in the
event of distant metastasis and cancer recurrence [6]. The limited
molecular driving force of RCC leads to a general overall lack of effi-
cient treatment for patients who suffer from this progressive disease
[4].

3-phosphoinositide-dependent protein kinase 1 (PDK1), is a key
regulator of cell migration and chemotaxis and elicits is functions
through various components of signal transduction and cytoskeletal
dynamics, which have been reported to exhibit significant functions in
regulating migration in different kinds of epithelial cells [7]. As one of
the most important pathways, PI3K/Akt mediated signal transduction
possesses the ability to regulate metabolism, proliferation as well as the
survival of mammalian cells [8]. The PI3K/Akt pathway has been
linked with Insulin-like Growth Factors-1 (IGF-1)-induced cell survival,
with certain reports suggesting that the Akt pathway could be regulated
by PDK1 [9]. Cell survival and growth have been shown to be sig-
nificantly influenced through the AKT/PDK1 pathway via various me-
chanisms [10]. The expressions of phospho-PI3K, phospho-PDK1 and
phospho-AKT in RCC were significantly decreased by Tetrandrine (Tet),
while the phosphorylation of Akt has been highlighted as the re-
sponsible factor regarding the anti-metastatic effects in RCC induced by
Tet [11]. Tet is a bisbenzylisoquinoline alkaloid employed in the
treatment of hypertension, arrhythmic and rheumatism, exhibiting
cancer-suppressive powers in different kinds of cancers and acting to
inhibit growth and angiogenesis while elevating cancer apoptosis [11].
Although evidence has been provided highlighting the means by which
the PI3K/PDK1/Akt pathway is inhibited to restrain the abnormal
motility and proliferation of lung epithelial cells [12], there is a scarcity
of information regarding the connection between PDK1, the PI3K/
PDK1/Akt pathway and RCC. Hence the present study was performed to
validate the effect of siRNA-mediated silencing of PDK1 on the pro-
liferation, apoptosis and EMT of RCC cells with the involvement of the
PI3K/PDK1/Akt pathway.

2. Materials and methods

2.1. Ethics statements

The study was conducted with the approval of the clinical labora-
tory ethics committee of Jiangxi Cancer Hospital. All participating pa-
tients and their families singed informed consent documentation prior
to being enrolled into the study prior to specimen collection. The ex-
periment was performed in strict adherence with the Helsinki declara-
tion.

2.2. Microarray data analysis

The Gene Expression Omnibus (GEO) database was employed in
order to retrieve the gene expression chip of RCC using “Renal Cell
Carcinoma” as the key word, “Expression profiling by array” as type
and “Homo sapiens” as organism to screen out data expression chips that
contained RCC tissues and adjacent normal tissues. Finally, GSE6344,
GSE53757, GSE14762 and GSE781 were selected for further analysis.
The robust multiarray average (RMA) algorithm [13] in R language
Affy package (http://www.bioconductor.org/packages/release/bioc/
html/affy.html) was employed in the process of standardizing the

chip expression data. The t-test of limma package (http://master.
bioconductor.org/packages/release/bioc/html/limma.html) in R soft-
ware was used to identify the differentially expressed genes (DEGs)
between RCC tissue and adjacent normal tissues. Genes with |Log-
FoldChange| > 2.0 and p < 0.05 were identified as the significantly
differentially expressed. The heat map of the DEGs was drawn, and the
Venn on-line analysis tool Calculate and draw custom Venn diagrams
(http://bioinformatics.psb.ugent.be/webtools/Venn/) was applied for
comparison of DEGs in the 4 chips. Genes related to RCC were retrieved
in DisGeNET database (http://www.disgenet.org/web/DisGeNET/
menu/search? 4) which provided data pertaining to the links between
a large number of genes and diseases [14]. The Search Tool for the
Retrieval of Interacting Genes (STRING) (http://www.string-db.org/),
is a protein synthesis information online database, and the STRING tool
was adopted in order to analyze the interaction between DEGs and
disease-related genes. The confidence score > 0.4 was set when the
interaction relationship was predicted, and the gene interaction net-
work was visualized in the Cytoscape 3.6.0 software [15].

2.3. Study subjects

A total of 112 patients (67 female and 45 male patients aged be-
tween 28 and 66 years and with a mean age of 49.2 years) with RCC
accepting surgical excision at Jiangxi Cancer Hospital were selected for
sample collection. The tissue samples were fixed in 10% formalin so-
lution, embedded in paraffin, then cut into 4 μm slices, and stored at
−80 °C. Among the 112 patients, there were 62 cases of lymph node
metastasis and 50 cases free of lymph node metastasis; 18 cases were
confirmed to be at stage I, 59 cases at stage II, 35 cases at stage III in
accordance with the WHO/ISUP grading system [16]; according to
tumor node metastasis (TNM) staging system [17], 26 cases were
confirmed to be at stage I/II, and 86 cases at stage III/IV. There were 58
cases with tumor diameter over or equal to 7 cm and 54 cases< 7 cm.
Patient inclusion criteria were as follows: [18] patients with RCC were
verified via CT scanning by a 64 bit sensor (Siemens, Erlangen, Ger-
many) [19], including clear cell RCC, papillary RCC, and eosinophilic
RCC; patients were yet to receive radiochemotherapy; patients free of
any systemic disease; patients with TNM classification including stage I,
II, III, and IV. Patient exclusion criteria: mental disorders and unable to
communicate; patients had other tumor disease or tumor history; al-
coholic and drug abusers; patients had undergone operations like gy-
necologic surgical procedures and cholecystectomy during the RCC
operation.

2.4. Immunohistochemistry

The tissues embedded in paraffin were cut into sections, then or-
derly placed in dimethylbenzene solution and immersed for 15min,
after which dimethylbenzene was replaced. The sections were hydrated
with absolute alcohol for 5min and then rehydrated for 5min with
replaced absolute alcohol. Afterwards, the sections were hydrated in a
successive fashion with 70% and 95% alcohol respectively for 10min.
Each section was then added with 3% H2O2 solution and was placed at
room temperature for 10min for blockade with endogenous peroxidase.
After the addition of citric acid buffer and incubation in a microwave
oven for 3min, antigen retrieval buffer was added to the sections and
placed at room temperature for 10min. The sections were then washed
three times with phosphate buffered saline (PBS). Normal goat serum
blocking solution (Shanghai Sangon Biological Engineering Co., Ltd.,
Shanghai, China) was added to the sections at room temperature for
20min. The sections were then added with diluted rat anti-PDK1
polyclonal antibody (1: 500, ab110025, Abcam, Cambridge, UK)
overnight at 4 °C after which they were washed three times with PBS.
The sections were then incubated with biotin-labeled goat anti-mouse
IgG secondary antibody (1: 200, A21210, AmyJet Scientific Inc.,
Wuhan, Hubei, China) for 30min, added with Strept Avidin-Biotin
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Complex (SABC) (Vector Laboratories, Inc., Burlingame, CA, USA) and
allowed to rest in an incubator at 37 °C for 30min. The sections were
respectively developed for 6min with one drop of developing solution
A, B, C of diaminobenzidine (DAB) Assay Kit (Sigma-Aldrich Chemical
Company, St Louis, MO, USA). Next, the sections were stained with
hematoxylin for 30 s and dehydrated with 70%, 80%, 90%, 95% and
absolute alcohol for 2min each time. The dimethylbenzene was used to
clear the sections twice (5min each time) with neutral resin employed
for sealing purposes. Finally, PBS solution replaced the primary anti-
body and was regarded as the negative control. The sections were ob-
served and recorded under the microscope (Olympus Optical Co., Ltd.,
Tokyo, Japan). Yellowish-brown in the cytoplasm was identified as
positive staining. Positive cells were averaged by randomly selecting
five high power visual fields under a 10× 40 times light microscope
(100 cells were counted in each field). Finally, the total percentage of
positive cells to total cells was calculated and considered to be re-
flective of the positive expression rate. The clinical results from RCC
patients were judged by H-score, using the total number of positive cells
and the degree of staining: H-score= π (i+ 1), i represented the degree
of staining (0, 1, 2, 3, 4), while π was reflective of the percentage of
cells that expressed various colors (ranging from 0–100%). The ex-
pression of PDK1 during our study was defined as high expression when
H-score score was over 100%, while low expression was considered to
be equal or< 100%.

2.5. Cell culture

RCC cell lines A498 [American Type Culture Collection (ATCC)] and
786-O (Wuhan Boster Biological Technology Co., Ltd., Wuhan, Hubei,
China) were selected for cell culture. The 786-O cell line was removed
from the liquid nitrogen tank followed by prompt water bating at 37 °C
in order to melt the freezing medium within 1min by means of repeated
oscillation. The cells were removed under sterile conditions, with the
cell suspension then transferred into a centrifuge tube, slowly added
with 2mL fresh Royal Park Memorial Institute (RPMI) 1640 medium
containing 10% fetal bovine serum (FBS) (Shanghai Sangon Biological
Engineering Co., Ltd., Shanghai, China). The cell suspension was sub-
sequently centrifuged, re-suspended with culture medium, and re-
peatedly triturated. The cells were then cultured in a 5% CO2 incubator
at 37 °C and sub-cultured after growing into a compact monolayer.
Then cells were placed in an environment with saturated humidity
conditions at 37 °C with 5% CO2, and then sub-cultured in RPMI1640
medium containing 10% FBS, 50 U/mL penicillin and 100 g/mL strep-
tomycin with medium changed at regular intervals every 2–3 d. Finally,
cells exhibiting good growth at the logarithmic growth phase were se-
lected for transfection.

2.6. Vector construction

According to the PDK1 (NC_000002.12) sequence information in
Genebank, 3 interference sequences, si-PDK1–1, si-PDK1–2, si-PDK1–3
and NC (negative plasmids) were constructed, respectively (Table 1).
DNA oligo was chemically prepared by Shanghai Genechem Co., Ltd.
(Shanghai, China), inserted into plasmid containing the reporter gene
cGFP marker and Neomycin resistance gene for construction of siRNA
recombinant plasmid. The recombinant plasmid was then transformed
into a competent Escherichia coli strain DH5α cell (Dalian Takara Co.,
Ltd., Dalian, Liaoning, China). Several single colonies were selected in
the culturing process of a small number of bacteria. After the re-
combinant plasmid had been successfully constructed, the plasmid was
extracted and stored at −20 °C for further experiments after the
plasmid concentration had been measured. Prior to transfection, cells
exhibiting good growth condition were seeded in a 6-well plate at the
density of 5×103 cells. When cell coverage rate reached 50%~70%,
the cells were transfected with the medium replaced with a fresh
complete culture medium. The serum-and-antibiotic-free medium was

added with transfection reagent Lipofectamine 2000 (Invitrogen Inc.,
Carlsbad, CA, USA) while the recombinant lentiviral plasmid or virus-
containing supernatant infected by blank plasmid, was fully mixed,
allowed to rest at room temperature for 20min, dropped and then
mixed again in a culture plate with cells. After 6 h of conventional
culture, the medium was renewed with fresh complete culture medium.
Reverse transcription quantitative polymerase chain reaction (RT-
qPCR) methods were employed to determine the mRNA expression of
PDK1 gene, while the plasmid exhibiting the best silencing effect was
selected for subsequent transfection experimentation.

2.7. Cell grouping and transfection

After conventional detachment, A498 and 786-O cells were col-
lected and seeded into a 6-well culture plates and then assigned into 5
groups, respectively: blank group, NC group (transfected with empty
plasmid negative control), si-PDK1–1 group (transfected with si-PDK1),
IGF-1 group (added with activator IGF-1) and si-PDK1+ IGF-1 group
(transfected with si-PDK1 and added with activator IGF-1). On the day
before transfection, the culture medium was substituted with an anti-
biotic-free medium containing 10% FBS. In the event that the cells
reached 70% ~ 80% confluence, transfection was performed in strict
accordance with the instructions of Lipofectamine 2000 (Invitrogen
Inc., Carlsbad, CA, USA). IGF-1 (20 ng/mL, 105–01, Shanghai Puxin
Biological Technology Co., Ltd., Shanghai, China) was added in the IGF-
1 group and the si-PDK1+ IGF-1 group 30min before siRNA-PDK1
transfection [20]. After 4–6 h of transfection, the medium was replaced
with medium containing with serum, with the green fluorescent protein
detected in cells regarded to be an indication of successful transfection.
At 48 h after transfection, cell transfection was observed under an in-
verted fluorescence microscope (CFM-500E/CFM-500Z, Shanghai
Changfang Optical Instrument Co., Ltd., Shanghai, China), and the cells
were collected for subsequent experiments.

2.8. RT-qPCR

Total RNA was extracted using ultra-pure RNA Extraction Kit
(Dalian Takara Co., Ltd., Dalian, Liaoning, China) and primers of PDK1,
PI3K, AKT, E-cadherin, N-cadherin, Vimentin, PCNA, Bcl-2, Bax and
Caspase-3 were designed by primer design website and were synthe-
sized by Dalian Takara Co., Ltd. (Dalian, China) (Table 2). Total RNA
was reversely transcribed to cDNA using PrimeSeript@RT reagent Kit
(Dalian Takara Co., Ltd., Dalian, Liaoning, China) and kept at −20 °C
for reserve. The reaction solution was taken to carry out the fluores-
cence quantitative PCR, and the experiment was carried out according
to the instructions of SYBR Green RT-PCR reagent (Dalian Takara Co.,
Ltd., Dalian, Liaoning, China). Fluorescence quantitative PCR was
conducted using an ABI PRISM®7300 (Prism ®7300, Shanghai Kunke
Instrument Equipment Co., Ltd., Shanghai, China). The reaction con-
ditions were as follows: pre-denaturation at 95 °C for 10min and
40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 60 s,

Table 1
siRNA sequence.

Sequence (5′ – 3′)

si-PDK1-1 Sense: GGUUGUUGUUGGAGAAGCATT
Anti-sense: UGCUUCUCCAACAACAACCTT

si-PDK1-2 sense: GGUCAGUAGUCUUGUAAUATT
Anti-sense: UAUUACAAGACUACUGACCTT

si-PDK1-3 sense: CGAGAACAGCACACUUCAATT
Anti-sense: UUGAAGUGUGCUGUUCUCGTT

NC sense: UUCUCCGAACGUGUCACGUTT
Anti-sense: ACGUGACACGUUCGGAGAATT

Note: Si-PDK1, silence-3-phosphoinositide-dependent protein kinase-1; NC,
negative control.
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and extending at 72 °C for 1min. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene was regarded as the internal reference, while
the relative expression of the gene was calculated using the 2-ΔΔCT

method [21]. The mRNA expression of PDK1 in normal tissues and
mRNA expression of PDK1, PI3K, AKT, E-cadherin, N-cadherin, Vi-
mentin, PCNA, Bcl-2, Bax and Caspase-3 in transfected cells were then
calculated accordingly.

2.9. Western blot analysis

The lysis of RCC tissues and adjacent normal tissues was performed
with protein lysate RIPA. After a 48 h period of transfection, the cells
were detached with 0.1% trypsin with the total protein then extracted
respectively. After centrifugation for 10min at 10000×g, the super-
natant was collected, and the total protein concentration was de-
termined with the bicinchoninic acid (BCA) protein quantitative Kit
(Beijing Cwbiotech Co., Ltd., Beijing, China) and preserved at −20 °C.
The protein was then added with the loading buffer, boiled for 10min
in a water bath prior to centrifugation. The protein was loaded, and
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was then conducted using a current of 25mA for 1 h. Finally transfer to
a polyvinylidene fluoride (PVDF) membrane at constant pressure of
60 V was performed. Membrane blockade was conducted with 5% skim
milk powder and then incubated with the following primary antibodies
for overnight reaction at 37 °C: rabbit anti-PDK1 (1: 1000; ab208187),
p-PI3K(1: 1000; ab182651), PI3K(1: 1000; ab151549), p-AKT (1: 500;
ab8933), AKT (1: 5000; ab64148), E-cadherin (1: 10000; ab40772), N-
cadherin (1: 1000; ab76057), Vimentin (1: 2000; ab92547), PCNA (1:

1000; ab18197), Bcl-2 (1: 1000; ab32124), Bax (1: 2000; ab32503),
caspase-3 (1: 500; ab13847), and GAPDH (1: 2500; ab9485) (Abcam,
Cambridge, MA, USA). The membrane was incubated for 2 h at room
temperature with the addition of horseradish peroxidase (HRP)-labeled
secondary antibody goat anti-rabbit IgG (1: 5000, A21020, Wuhan
Amyjet Scientific Co., Ltd., Wuhan, China). The enhanced chemilumi-
nescence (ECL, 10001, Beijing Keyushenlan Biotechnology Co., Beijing,
China) reaction solution was applied for developing purposes. Images
were acquired using gel. The target protein expression was measured as
the ratio of related genes and gray value of GAPDH (the internal re-
ference) using Bandscan 5.0 gel imaging software.

2.10. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

The cells were seeded into a 96-well plate with 5×103 cells in each
well (200 μL/well). Cells were transfected when the cell confluence
reached 70% - 80%. Three duplicated wells were set for each group.
MTT solution (20 μL, 5 g/L, GD-Y1317, Guduo biotechnology company,
Shanghai, China) was added to each culture well at 24 h, 48 h, 72 h of
transfection, respectively. After 4 h, with the supernatant solution dis-
carded, 150 μL of dimethyl sulfoxide (DMSO, D5879-100ML, Sigma-
Aldrich Chemical Company, St Louis, MO, USA) was added into each
well. The 96-well plate was then continually vibrated at a low speed for
10min. The optical density value (OD value) at 490 nm was measured
using a microplate reader (DG5031, Ba Jiu Industrial Co., Ltd.,
Shanghai, China). The experiment was repeated 3 times.

2.11. Flow cytometry

After transfection for 48 h, the cells (1× 106 cells/mL) at the
logarithmic growth phase were centrifuged at 178×g for 5min with
culture solution removed. The cells were washed once with incubation
buffer solution before centrifugation at 178×g for 5min. According to
the instructions of the Annexin-V-Fluorescein Isothiocyanate (FITC) cell
apoptosis detection kit (K201–100, BioVision, Inc., San Francisco, CA,
USA), Annexin-V-FITC/PI staining solution was prepared with Annexin-
V-FITC, propidium iodide (PI), and N-2-Hydroxyethylpiperazine-N′-2-
Ethanesulfonic Acid (HEPES buffer) at the proportion of 1: 2: 50. The
cells were re-suspended with 100 μL labeled solution and incubated for
10min at room temperature void of light. After centrifugation, the cells
were washed with incubation buffer and incubated for 20min at 4 °C
with fluorescent solution SA-FLOUS (Origin Biosciences Inc., Nanjing,
Jiangsu, China). Flow cytometry (CytoFLEX, CA92821, Beckman
Coulter, Inc., Chaska, MN, USA) was applied in order to detect apop-
tosis by means of examining the FITC and PI fluorescence using the
525 nm and 620 nm bandpass filter at a 488 nm wavelength.

After transfection for 48 h, the cells in logarithmic growth phase
were washed twice with PBS after which the supernatant was removed.
The cells were then added with 70% precooled ethanol (1 mL), tritu-
rated evenly and fixed overnight at 4 °C. The cells were then washed
twice with PBS and centrifuged at 178×g for 5min. PBS solution
(500 μL) was used to re-suspend the cells. PI (88,378, Sigma-Aldrich
Chemical Company, St Louis, MO, USA) and RNase A (GE101–01,
TransGen Biotech, Beijing, China) were added with the solution to the
final concentration of 50 μg/mL, and the cells were bathed at 37 °C for

Table 2
The primer sequence for RT-qPCR.

Gene Sequence (5′ – 3′)

PDK1 Forward primer: TGAACTGACCTTGCCACAT
Reverse primer: TGAAGCAGCACTGAACACG

PI3K Forward primer: GCCCAGGCTTACTACAGAC
Reverse primer: AAGTAGGGAGGCATCTCG

Akt Forward primer: ACTCATTCCAGACCCACGAC
Reverse primer: AGCCCGAATCGTTATCTT

E-cadherin Forward primer: GAGTGCCAACTGGACCATTC
Reverse primer: CACAGTCACACACGCTGACC

N-cadherin Forward primer: TTTTGCCCCCAATCCTAAGA
Reverse primer: CAGCGTTCCTGTTCCACTCAT

Vimentin Forward primer: GACGGTTGAAACTAGAGATGG
Reverse primer: GCTGGTAATATATTGCTGCA

PCNA Forward primer: TCCCTTACGCAAGTCTCAGC
Reverse primer: GTCCTTGAGTGCCTCCAACA

Bcl-2 Forward primer: ACGAGTGGGATGCGGGAGA
Reverse primer: CCAGGAGAAATCAAACAGAGGC

Bax Forward primer: GGATGCGTCCACCAAGAA
Reverse primer: TGTCCCGAAGGAGGTTTATT

caspase-3 Forward primer: TTGTGGAATTGATGCGTGAT
Reverse primer: TTCTGTTGCCACCTTTCG

GAPDH Forward primer: TTCTTTTGCGTCGCCAGCCGA
Reverse primer: GTGACCAGGCGCCCAATACGA

Note: RR-qPCR, reverse transcription quantitative polymerase chain reaction;
PDK1, 3-phosphoinositide-dependent protein kinase-1; PCNA, proliferating cell
nuclear antigen; PI3K, phosphoinositide 3-kinase; GAPDH, glyceraldehyde
phosphate dehydrogenase; E-cadherin; epithelial cadherin; N-cadherin, neural
cadherin; Bcl-2, B-cell lymphoma 2.

Table 3
Gene expression chip information of renal cell carcinoma.

Accession Platform Organism Sample

GSE6344 GPL97 Homo sapiens 10 normal and 10 renal cell carcinoma tumors
GSE53757 GPL570 Homo sapiens 72 renal cell carcinoma tumor tissues and 72 normal kidneys
GSE14762 GPL6480 Homo sapiens 10 renal cell carcinoma tumor samples and 12 normal renal tissue
GSE781 GPL97 Homo sapiens 5 normal and 12 renal cell carcinoma kidney tissue
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30min. Cell cycle was measured using flow cytometry by recording the
red fluorescence at an excitation wavelength of 488 nm.

2.12. Scratch test

The back of the six-well plate was marked with parallel lines at
0.5 cm intervals across the wells. The cells at the logarithmic growth

phase exhibiting good growth conditions were conventionally detached
and counted. The cells were then suspended with a complete culture
medium, and evenly inoculated into a 6-well plate (5× 105 cells/well).
The next day, wounds were created using a pipette tip using a vertical
orientation against the lines marked in the back of the plate. PBS so-
lution was used to gently wash the cells in order to remove the floating
cells, after which the cells were incubated with medium containing
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Fig. 1. GEO data analysis displays that PDK1 is associated with RCC. A, intersecting genes PDK1 and EGLN3 found in the top 60 DEGs of GSE6344, GSE53757,
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in the top color bar, and the sample number information is shown in Supplementary Table 1, and the vertical coordinate represents the DEGs. The histogram in the
upper right referred to the color gradation, of which each rectangle corresponded to an expression value of a sample, with the red color representing high expression
value and green color representing low expression value. E and F, expression change of PDK1 in GSE14762 and GSE781 chips. RCC, renal cell carcinoma; PDK1, 3-
phosphoinositide-dependent protein kinase-1; EGLN, the egg-laying abnormal-9; DEGs differentially expressed genes. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Higher positive expression rate of PDK1 is found in RCC tissues. A, the positive expression of PDK1 in adjacent normal tissues and RCC tissues of patients at
stage I (N=18, scare bar= 25 um); B, the positive expression of PDK1 in adjacent normal tissues and RCC tissues of patients at stage II (N=59, scare bar= 25 um);
C, the positive expression of PDK1 in adjacent normal tissues and RCC tissues of patients at stage III (N=35, scare bar= 25 um); The measurement data in figures
were presented as mean ± standard deviation and analyzed by unpaired t-test. *, p < 0.05 vs. adjacent normal tissues; RCC, renal cell carcinoma; PDK1, 3-
phosphoinositide-dependent protein kinase-1.
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Fig. 3. The mRNA and protein expression of PDK1 is significantly higher in RCC tissues than that in adjacent normal tissues. A, the mRNA expression of PDK1 in
normal and RCC tissues determined by RT-qPCR. B, the protein expressions of PDK1 in adjacent normal tissues and RCC tissues examined by western blot analysis; C,
protein bands of PDK1 in adjacent normal tissues and RCC tissues (N=35); *, p < 0.05 vs. adjacent normal tissues; The measurement data in figures were presented
as mean ± standard deviation and analyzed by unpaired t-test. RCC, renal cell carcinoma; PDK1, 3-phosphoinositide-dependent protein kinase-1; RT-qPCR, reverse
transcription quantitative polymerase chain reaction.
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0.2% bovine serum albumin (BSA) at 37 °C in a 5% CO2 incubator. At
the 0 h and 24 h time points, the cells were observed and photographed
under an inverted microscope. Finally, the migration distance between
the scratches on the cells was measured and recorded.

2.13. Transwell assay

Transwell chambers (3413, Beijing Uni Biological Technology Co.,
Ltd., Beijing, China) with filter membrane of 8 μm aperture were se-
lected. Matrigel (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) was melted at 2 °C–8 °C overnight. Matrigel (100 μL) was added
with the 300 μL serum-free culture medium and mixed evenly. The
diluted Matrigel was added to the apical chamber, which was covered
using a polycarbonate film at 37 °C for 30min until the Matrigel was
confirmed to have solidified. The cells collected from each group were
made into 2.5×106 cells/mL cell suspension. Cell suspension (200 μL)
was added to the basolateral chamber, and 500 μL culture medium
containing 10% FBS was also added to the basolateral chamber used as
a chemotactic factor. After incubation at 37 °C for 48 h, tumor cells that
failed to invade the stroma were removed with using cotton swabs. The

cells were then fixed by 4% paraformaldehyde for 30min, stained with
0.1% crystal violet. Five high magnification fields were randomly se-
lected, with the OD value at 570 nm measured and the average value
then obtained.

2.14. Statistical analysis

Statistical analyses were conducted using SPSS 21.0 software (IBM
Corp. Armonk, NY, USA). The experiments were conducted three times
in each group. Measurement data were expressed as mean ± standard
deviation. Comparisons between two groups were analyzed using un-
paired t-test. One-way analysis of variance (ANOVA) was used for
comparing data among multiple groups. Enumeration data were ex-
pressed as percentages, while comparisons between two groups were
performed using a chi-square test. p < 0.05 was indicative of statistical
significance.

3. Results

3.1. PDK1 and the PI3K/Akt pathway are related to RCC

DEGs with |LogFoldChange| > 2.0 and p < 0.05 were screened
based on RCC expression chips GSE6344, GSE53757, GSE14762 and
GSE781 in GEO database (Table 3). The top 60 DEGs of each chip were
compared and then used to construct a Venn map (Fig. 1A), with the
two intersecting genes, PDK1 and EGLN3 detected. RCC-related genes
were checked in DisGeNET and the following 20 genes were selected as
known RCC-related genes: VHL, TFE3, TP53, TSC1, PIK3CA, OGG1,
HNF1A, RNF139, EPAS1, TSC2, PTEN, MET, GSTM1, SDHB, GSTT1,
IL6, MTOR, KRT7, BIRC7, and PTGS2. The String tool then was used to
analyze the interaction between the intersecting DEGs as well as the
known RCC-related genes, in order to construct a gene interaction
network (Fig. 1B). A key observation revealed that in the gene inter-
action network, PDK1 was associated with two RCC-related genes,
PIK3CA and MTOR, and the related pathways of those three genes were
analyzed in KEGG website to found that PDK1, PIK3CA and MTOR were
all involved in the PI3K-Akt pathway (map04151: http://www.kegg.jp/
kegg-bin/highlight_pathway?scale=1.0&map=map04151). Numerous
studies have suggested that the activation of P13K-Akt pathway is re-
lated to RCC [22,23]. The heat map of top 20 DEGs in GSE6344
(Fig. 1C) and GSE53757 (Fig. 1D) was constructed, and demonstrated
that the expression of PDK1 were significantly increased in RCC tissues,
while abnormally high expressions were detected among the RCC tis-
sues in GSE14762 (Fig. 1E) and GSE781 (Fig. 1F) chips.

3.2. Higher PDK1 expression rate is determined in RCC tissues

In accordance with the immunohistochemistry results, PDK1 was
determined to possess varying degrees of expression in both the RCC
tissues and adjacent normal tissues. PDK1 was found to be mainly ex-
pressed in the cytoplasm and cell membrane of the tumor cells, with the
positive expression represented by yellow or brown granules (Fig. 2A).
The positive expression rate of PDK1 was determined to be
(22.22 ± 2.13)% in adjacent normal tissues and (82.12 ± 5.32)% in
RCC tissues of patients at stage I, (25.42 ± 2.05)% and
(73.05 ± 3.45)%, respectively of patients at stage II, and
(25.71 ± 1.56)% and (77.29 ± 3.26)%, respectively of patients at
stage III (all p < 0.05) (Fig. 2B). These findings demonstrated that RCC
tissues exhibited a higher positive rate of PDK1.

3.3. The higher expression of PDK1 is found in RCC tissues

RT-qPCR and Western blot analysis methods were employed in
order to detect the mRNA and protein expression of PDK1 in RCC tis-
sues and adjacent normal tissues. The results (Fig. 3A–C) demonstrated
that compared with the adjacent normal tissues, the RCC tissues

Table 4
The relationship between PDK1 and the clinicopathological factors of RCC cells.

Item n PDK1 protein expression p

High expression n
(%)

Low expression n
(%)

Gender 0.540
Male 45 32 71.11% 13 28.89%
Female 67 43 64.18% 24 35.82%
Age 0.217
< 50 68 49 72.06% 19 27.94%
≥ 50 44 26 59.09% 18 40.91%
TNM stage < 0.001
I/II 26 10 38.46% 16 61.54%
III/IV 86 65 75.58% 21 24.42%
Lymph node

metastasis
< 0.001

Yes 62 52 83.87% 10 16.13%
No 50 23 46.00% 27 54.00%
Tumor diameter

(cm)
0.426

< 5 54 34 62.96% 20 37.04%
≥ 5 58 41 70.69% 17 29.31%
WHO/ISUP grading 0.016
I 18 7 38.89% 11 61.11%
II 59 41 69.49% 18 30.51%
III 35 27 77.14% 8 22.86%

Note: RCC, renal cell carcinoma; TNM, tumor node metastasis; PDK1, 3-phos-
phoinositide-dependent protein kinase-1.
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Fig. 4. si-PDK1–1 is determined to be the best silencing plasmid through
comparison among 786-O cells transfected by NC, si-PDK1–1, si-PDK1–2, and
si-PDK1–3; *, p < 0.05 vs. the NC group; #, p < 0.05 vs. the si-PDK1–2, and si-
PDK1–3 groups; NC, negative control; si-PDK1, silence-3-phosphoinositide-de-
pendent protein kinase-1.
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displayed significantly elevated mRNA and protein expression of PDK1
(p < 0.05).

3.4. PDK1 is closely related with TNM stage, lymph node metastasis and
WHO/ISUP grading of RCC

Among the 112 cases of RCC tissues, there were 75 cases with high
expressions of PDK1, while 37 cases exhibited low expressions. The
protein expression of PDK1 was determined to be closely related to the
TNM stage, lymph node metastasis and WHO/ISUP grading (all
p < 0.05). There was no significant correlation detected between the
protein expression of PDK1 and gender, age and tumor diameter of
patients with RCC (all p > 0.05) (Table 4).

3.5. Effect of PDK1 siRNAs on expression of its mRNA

The mRNA expressions of PDK1 in the NC group, the si-PDK1-1
group, the si-PDK1-2 group and the si-PDK1-3 group were examined,
the results of which revealed (Fig. 4): the mRNA expression of PDK1
gene in 786-O cells in the si-PDK1-1 group, the si-PDK1-2 group and the
si-PDK1-3 group was lower than that of the NC group (p < 0.05), while
the mRNA expression of the PDK1 gene in the si-PDK1-1 group was the
lowest (p < 0.05). The obtained result demonstrated that si-PDK1-1
was the plasmid with the best silencing effect and therefore selected for
subsequent experiments.

3.6. Silencing of PDK1 inhibits the activation of PI3K-PDK1-Akt pathway
and the EMT of RCC cells, while promotes RCC cell apoptosis

In order to determine the levels of PDK1, PI3K-PDK1-Akt pathway-
related factors, apoptosis-related factors and EMT-related factors in
A498 and 786-O RCC cells, RT-qPCR and Western blot analysis methods
were employed. The results (Fig. 5) displayed there to be no significant
difference relating to the reactivity between A498 and 786-O cells in
addition to no significant difference detected regarding the expression
of PDK1, PI3K, AKT, N-cadherin, Vimentin, E-cadherin, Bax, caspase-3,
Bcl-2 and PCNA as well as the extent of p-PI3K and p-AKT between the
blank group and the NC group (p > 0.05). Comparisons between the
blank and NC groups, the si-PDK1 group displayed markedly reduced
mRNA and protein expression of PDK1, PI3K, AKT, N-cadherin,

Vimentin, Bcl-2, and PCNA, while significantly increased mRNA and
protein expression of E-cadherin, Bax, and caspase-3, greatly decreased
extent of p-PI3K and p-AKT as well as a decreased ratio of p-PI3K/PI3K
as well as a decreased p-AKT/AKT ratio (all p < 0.05). However, the
IGF-1 group exhibited significantly elevated mRNA and protein ex-
pression of PI3K, AKT, N-cadherin, Vimentin, Bcl-2, PCNA but reduced
E-cadherin, Bax, caspase-3, increased extent of p-PI3K and p-AKT as
well as elevated ratio of p-PI3K/PI3K, and p-AKT/AKT (all p < 0.05),
while with no remarkable difference found in the mRNA and protein
expression of PDK1 (p > 0.05). Compared with the blank and NC
groups, in the si-PDK1+ IGF-1 group, the mRNA and protein expres-
sion of PDK1 was greatly reduced (p < 0.05), the ratio of p-PI3K/PI3K
and p-AKT/AKT remained unchanged, with no significant difference
detected in the other genes (p > 0.05). The results revealed that PDK1
gene silencing could inhibit the activation of the PI3K-PDK1-Akt
pathway and the EMT of RCC cells, while promoting RCC cell apoptosis.

3.7. PDK1 gene silencing inhibits RCC cell proliferation

MTT assay was conducted in order to observe cell proliferation at
24 h, 48 h, and 72 h. The results (Fig. 6) indicated there was no sig-
nificant difference regarding proliferative ability between the A498 and
786-O cells in addition to know detected notable difference between
each group at the 24 h time point (p > 0.05). Compared with the blank
group and the NC group, the si-PDK1 group demonstrated decreased
cellular proliferative ability at the 48 h and 72 h time points
(p < 0.05), while the IGF-1 group illustrated increased cellular pro-
liferation ability at the 48 h and 72 h time points (p < 0.05). No sig-
nificant difference in relation to the proliferation abilities of the cells in
the si-PDK1+ IGF-1 group was detected (p > 0.05). The results sug-
gested that the inhibition of PDK1 could inhibit the proliferation of RCC
cells.

3.8. PDK1 gene silencing causes RCC cell cycle arrest

Flow cytometry was applied to examine cell cycle, the results
(Fig. 7A-B) of which revealed there to be no significant difference re-
garding cell cycle distribution between the A498 and 786-O cells in
addition to no statistical significance detected during each phase be-
tween the blank group, the NC group and the si-PDK1+ IGF-1 group

Fig. 5. Downregulated PDK1 regulates the PI3K-PDK1-Akt pathway. A, mRNA expression of related factors in A498 cells examined by RT-qPCR; B, protein expression
of related factors in A498 cells examined by western blot analysis; C, the protein ratio of A498 cells; D, the protein bands of related factors in A498 cells; E, mRNA
expression of related factors in 786-O cells examined by RT-qPCR; F, protein expression of related factors in 786-O cells examined by western blot analysis; G, the
protein ratio of 786-O cells; H, the protein bands of related factors in 786-O cells. The p-P13K antibody (1: 1000, ab182651, Abcam, Cambridge, UK) and p-AKT
antibody (1: 500, ab8933; Abcam, Cambridge, UK) were used in experiment and the protein expression of target gene was presented as the ratio of gray value of
related genes to internal reference GAPDH, which is determined using Bandscan 5.0 gel imaging software. *, p < 0.05 vs. the blank and NC groups. NC, negative
control; The measurement data in figures were presented as sample mean ± standard deviation and analyzed by one-way analysis of variance; the experiment was
repeated 3 times. RT-qPCR, reverse transcription quantitative polymerase chain reaction, PI3K, phosphoinositide 3-kinase; PDK1, 3-phosphoinositide-dependent
protein kinase-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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B Fig. 6. RCC cell proliferation was inhibited by si-
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and 72 h; B, the OD value of 786-O cells at 24 h, 48 h
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carcinoma; Si-PDK1, silence-3-phosphoinositide-de-
pendent protein kinase-1; IGF-1, Insulin-like growth
factor-1; NC, negative control.
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(p > 0.05). Compared with the blank group and the NC group, the si-
PDK1 group displayed promoted cell proportion at the G0/G1 phase,
and suppressed cell proportion at the S phase (p < 0.05) while the IGF-
1 group exhibited decreased cell proportion at the G0/G1 phase and
increased cell proportion at the S phase (p < 0.05). There was no

notable difference among the cells at the G2 phase between all the
groups (p > 0.05). These results indicated that silenced PDK1 could
arrest cells at the G0/G1 phase.
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Fig. 7. Effect of si-PDK1 on cell cycle in RCC cells, and PDK1 gene silencing causes RCC cell cycle arrest. A, cell cycle analysis produced by flow cytometry in A498
cells after transfection; B, percentages of A498 cells in G0/G1, S and G2/M phase; C, cell cycle analysis produced by flow cytometry in 786-O cells after transfection;
D, percentages of 786-O cells in G0/G1, S and G2/M phase; *, p < 0.05 vs. the blank and NC groups. The measurement data in figures were presented as sample
mean ± standard deviation and analyzed by repeated measurement analysis of variance; the experiment was repeated 3 times. Si-PDK1, silence-3-phosphoinositide-
dependent protein kinase-1; IGF-1, Insulin-like growth factor-1; NC, negative control; RCC, renal cell carcinoma.
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Fig. 8. PDK1 gene silencing suppresses RCC cell apoptosis. A, the apoptosis of A498 cells in each group; B, the apoptosis rate of A498 cells in each group; C, the
apoptosis of 786-O cells in each group; D, the apoptosis rate of 786-O cells in each group; *, p < 0.05 vs. the blank and NC groups; the measurement data in figures
were presented as sample mean ± standard deviation and analyzed by one-way analysis of variance; the experiment was repeated 3 times. Si-PDK1, silence-3-
phosphoinositide-dependent protein kinase-1; RCC, renal cell carcinoma; NC, negative control.
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3.9. PDK1 gene silencing promotes cell apoptosis

RCC cell apoptosis was also analyzed by means of flow cytometry,
the results of which (Fig. 8A-B) indicated there to be no difference in
terms of cell apoptosis between the A498 and 786-O cells. Compared
with the blank group and the NC group, the si-PDK1 group exhibited an
upward trend in cell apoptosis (p < 0.05), while the IGF-1 group dis-
played a decreasing trend regarding cell apoptosis (p < 0.05). There
was no significant difference regarding the apoptosis rate between the
blank group and the NC group (p > 0.05). The apoptosis rate in the si-
PDK1+ IGF-1 group was found not to be significantly different from
that in the blank and NC groups (p > 0.05). Based on our observations
we concluded that suppressed PDK1 enhanced the apoptosis of RCC
cells.

3.10. PDK1 gene silencing lowers RCC cell migration

Scratch test methods were employed to help detect cell migration,
the results (Fig. 9A-B) of which revealed there to be no significant
difference between the cell migration of the A498 and 786-O cells. After
24 h, compared with the blank group and the NC group, the IGF-1
group demonstrated significantly increased cell migration distance
(p < 0.05), indicating enhanced migration ability, while the si-PDK1
group had significantly decreased cell migration distance (p < 0.05),
indicating reduced migration ability. No remarkable difference in terms
of cell migration distance in the si-PDK1+ IGF-1 group was detected
when compared with the blank and NC groups (p < 0.05). Based on
the above result, we concluded that, PDK1 gene silencing can inhibit
RCC cell migration.

3.11. PDK1 gene silencing suppresses invasive ability of RCC cells

Transwell assay was adopted to detect the cell invasion, and the
results (Fig. 10 A-B) showed that there was no significant difference in
cell invasion between A498 and 786-O cells and no significant differ-
ence was found among the blank group, the NC group and the si-
PDK1+ IGF-1 group. Compared with the blank group and the NC
group, the IGF-1 group show displayed markedly up-regulated cell

density with stronger invasion ability, while the si-PDK1 group dis-
played greatly down-regulated cell density with decreased invasion
ability (all p < 0.05). Consequently, PDK1 gene silencing was de-
termined to significantly reduce the invasive ability of the RCC cells.

4. Discussion

As a highly invasive disease ranking 13th among all known tumors
RCC [24] is widely known to exhibit intrinsic insensitivity to che-
motherapy and radiotherapy, with surgery remaining the only remedial
tactic against RCC, highlighting the urgent need for novel RCC treat-
ment methods [25]. PDK-1 functions as an essential signaling member
in the PI3K pathway, playing a central role in RCC [26,27]. The aim of
the current study was to elucidate the mechanism by which PDK1 is
associated to RCC with the involvement of PI3K-PDK1-Akt pathway.
Our observations revealed that interfering with the expression of PDK1
gene could inhibit the activation of the PI3K-PDK1-Akt pathway, ulti-
mately inhibiting the EMT of RCC, which resulted in the prevention of
proliferation and promotion of RCC cell apoptosis.

Initially, the results of this study demonstrated that si-PDK1 up-
regulated the protein and mRNA expression of E-cadherin while it
down-regulated the protein and mRNA expression of vimentin, and
subsequently inhibited the EMT. A previous study suggested that EMT
is an orderly, polygenic biological process that functions as a significant
role in tumor cell chemoresistance, invasion, and metastasis [28].
Studies have shown that inducing EMT and JunB, PDK1 promotes cell
invasion and proliferation, and metastasis in gallbladder cancer [29].
Feng et al. asserted that vascular remodeling was regulated and EMT
was promoted in cardiac development by PDK1 [30]. All the above
findings were strongly consistent with the findings of our study.

A key observation of the current study revealed that silenced PDK1
decreased the extent of p-PI3K and p-AKT and decreased ratio of p-
PI3K/PI3K and the ratio of p-AKT/AKT, suggesting that the activation
of the PI3K-PDK1-Akt pathway was inhibited by si-PDK1 through pro-
hibiting the phosphorylation of PI3K and AKT. Studies have indicated
that the refined and balanced regulation of the PDK1-Akt pathway is an
important factor for cardiovascular development, as either a less ac-
tivity or higher intensity of the Akt pathway elevated developmental
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Fig. 9. IGF-1 promotes the cell migration while si-PDK1 prevents the cell migration. A-B, the migration of A498 cells in each group; C-D, the migration of 786-O cells
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abnormalities [30]. Xu et al. suggested that with the help of PDK1, Akt
is activated through the phosphorylation of Thr308 of Akt, and the
activated Akt phosphorylates numerous substrates, further affecting
numbers of physiological and cellular processes, such as cell cycle,
cellular growth, survival, apoptosis, and migration [28]. Moreover,
current literature has suggested that the dephosphorylation of PDK-1 is
related to the induction of apoptosis which further negatively influ-
ences the new cell proliferation rate [31]. The investigation conducted
by Vanhaesebroeck et al. revealed that PDK1 exists in a phosphorylated,
active configuration under basal conditions and is refractive to extra
phosphorylation and activation upon cell promotion with agonists
which activated PI3K [32].

In addition, we arrived at the conclusion based on our findings that
RCC cells, PDK1 was highly expressed and the PI3K-PDK1-Akt pathway
was activated. Furthermore, si-PDK1 could prohibit the activation of
the PI3K-PDK1-Akt pathway and further promote the apoptosis of RCC
cells and suppress the RCC cell proliferation, invasion, and migration.
In line with our study, Baumunk et al. also found evidence of high
expressions PDK1 in RCC [27]. Reports have indicated that the PI3K/
Akt pathway plays an important role in regulating cell proliferation and
maintaining the biological characteristics of malignant cells [28]. A

previous study suggested that suppressed PDK1/Akt kinase could in-
hibit the cell proliferation and promote apoptosis in oophoroma cells
[33]. IGF-1 is a recognized anti-apoptotic and pro-survival factor and
the PI3K/Akt pathway is involved in cell survival induced by IGF-1,
which is in accordance with our own experiment results [9]. The
apoptosis of myeloid leukemia cells has been implicated in the upre-
gulation of Bax and caspase-3 expression, which is strongly related to
the inactivation of the PI3K/Akt pathway [34].

5. Conclusions

The key observations of the current study suggest that siRNA tar-
geting PDK1 in RCC cells inhibited the EMT, and promoted the RCC cell
apoptosis and inhibited proliferation, invasion, and migration through
suppressing the activation of the PI3K-PDK1-Akt pathway (Fig. 11).
PDK1 may serve as a potential novel therapeutic target in RCC. There
were certain limitations faced by our study including the number of
histological samples or the use of methods, indicating that further
studies on the prognostic significance of PDK1 are required in the future
to further verify our findings.
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