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Abstract. Renal cell carcinoma (RCC) is one of the most 
common urological malignancies occurring in adult human 
kidneys worldwide. Recent research on antitumor drugs has 
focused on plant extracts, a class of compounds that play 
critical roles in cancer treatment. The present study aimed 
to investigate the potential antitumor effect of ginkgolic acid 
(GA) in RCC. Transwell invasion assay, cell counting kit-8 
assay and flow cytometry were used to measure cell migra-
tion, cell viability and apoptosis, respectively. A network 
pharmacology approach was applied to identify pathway 
information, combining molecular docking techniques to 
screen for key target information. In the present study, GA 
inhibited the viability and proliferation of RCC cells (786-O 
and A498), both in vitro and in vivo, via G1 arrest. GA also 
reduced RCC cell invasion and migration. In addition, the 
epidermal growth factor receptor (EGFR) was identified as a 
critical target protein of GA, which significantly inactivated 
EGFR signaling in RCC (P<0.05). Collectively, the present 
study provided evidence that GA exerts its anticancer function 
by directly targeting the EGFR signaling pathway, revealing 
the potential of GA therapy for RCC.

Introduction

Renal cell carcinoma (RCC), the most common urogenital 
neoplasm, accounts for ~5% of human adult malignancies 
worldwide (1). It is estimated that 64,000 new cases and 14,000 
deaths occurred as a result of RCC in the United States in 
2017 (1). Additionally, the worldwide incidence and mortality 
rates of RCC are steadily increasing (1). To date, metastatic 
lesions are present in ~30% of patients at initial presentation 
due to an absence of symptoms at the early stages (2). Despite 
advances in therapeutic approaches, the prognosis of patients 
with RCC remains poor and <40% of patients survive ≥5 years 
post diagnosis, as therapeutic options are limited (3). Moreover, 
RCC recurrence is primarily due to the lack of routine adju-
vant therapy in the clinic, as RCC is both chemotherapy and 
radiotherapy resistant (4,5). Therefore, it is necessary to screen 
new compounds and develop novel targeted thera pies for RCC.

The leaves and seeds of Ginkgo biloba L., an ancient 
gymnosperm species, have a long history of use in traditional 
Chinese medicine (6,7). GA, which is characterized by a 
mixture of components containing 13-19 side chain carbon 
atoms at site 6 and 0-3 side chain double bonds, can be 
extracted from ginkgo fruit, exotesta and leaves (8-10). GA 
has been reported to display a wide range of bioactive prop-
erties, including antimicrobial, antivirus and molluscicidal 
activities (11). Accumulating evidence has demonstrated that 
several monomer structures of GA (C13:0, C15:0 and C17:1) 
exert antitumor activity in a number of human malignancies, 
including hepatocellular carcinoma as well as colon, breast 
and lung cancer (12-15). However, to the best of our knowl-
edge, no previous study has been conducted to investigate the 
pharmacological effect of GA in RCC.

Network pharmacology, a novel systems pharmacology 
model, was established to explore the therapeutic mechanism 
of individual drugs on the basis of pharmacokinetics synthesis 
screening, target identification and network analysis (16,17). 
A network pharmacology-based approach has displayed 
potential for investigating the therapeutic mechanism of 
natural agents in a number of malignancies, including lung 
cancer, breast cancer and hepatocellular carcinoma (18,19). 
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The identification of the therapeutic mechanism of GA could 
facilitate more precise GA application in malignant cancer 
treatment. Therefore, the present study utilized a network 
pharmacology-based approach to explore the key target of 
GA. Subsequently, molecular docking, a theoretical simula-
tion method, was used to analyze the interaction between 
molecules and to predict the binding site and affinity of GA to 
ensure the accuracy and effectiveness of the network analysis. 

Materials and methods

Cell culture and chemicals. The human RCC cell lines 786-O 
and A498 were purchased from the Cell Bank of Type Culture 
Collection of the Chinese Academy of Sciences. Cells were 
grown in RPMI 1640 medium (Sigma-Aldrich; Merck KGaA) 
supplemented with 10% fetal bovine serum (HyClone; GE 
Healthcare Life Sciences) and 100 µg/ml penicillin/strep-
tomycin at 37˚C in a humidified incubator with 5% CO2. 
GA (C17:1; C24H38O3; Tauto Biotech Co., Ltd.; Fig. 1A) was 
dissolved in DMSO (Sigma-Aldrich; Merck KGaA) to make a 
20 mM stock solution. For cell treatment, 10 and 20 µM GA 
(diluted in RPMI 1640 medium) were used.

Cell viability assay. 786-O and A498 cells were seeded at a 
density of 1x103 cells per well in 96-well plates. After culture 
for 12 h at 37˚C, the medium was replaced with maintenance 
medium containing the desired concentrations (10 and 20 µM) 
of GA or DMSO. Cell viability was assessed after 72 h incuba-
tion at 37˚C using an MTT assay kit (Nanjing KeyGen Biotech 
Co., Ltd.) according to the manufacturer's protocols. DMSO 
was used to dissolve formazan crystals and absorbance was 
measured in each well at 450 nm using a 318C microplate 
reader (Shanghai Peiou Analytical Instruments Co., Ltd.).

Transwell invasion assay. To determine c ell invasion, inva-
sion assays were performed using 24-well Matrigel-coated 
invasion chambers (8-µm pore size; Corning Inc.). RCC cells 
were pre-treated with GA for 24 h, seeded into the upper 
chamber of the Transwell insert and incubated for 24 h at 37˚C. 
Subsequently, cells on the upper side of the membrane were 
wiped off and invading cells were fixed in 100% cold methanol 
at 4˚C for 20 min and stained with 0.2% crystal violet at room 
temperature for 30 min (Sigma-Aldrich; Merck KGaA). The 
stained cells were quantified under a light microscope, from 
five randomly selected fields of view (magnification, x400).

Wound healing assay. RCC cells were pre-treated with 10 and 
20 µM GA for 24 h at 37˚C and allowed to grow to 90-95% 
confluence without serum. The cell monolayers were scratched 
with a sterile 200-µl pipette tip. Subsequently, the cells were 
washed with RPMI 1640 medium to remove cell debris and 
fresh cell culture medium (RPMI 1640 medium supplemented 
with 10% FBS) was added. Images of the scratches were 
obtained at 0 and 24 h using a light microscope (magnification, 
x200). Migratory ability was measured as the percentage of 
wound closure with the initial wound width defined as 1. 

Cell cycle and early apoptosis assay. Cell cycle distribution 
and apoptosis were analyzed using the Annexin V-FITC 
Apoptosis kit (Solarbio Life Sciences) according to the 

manufacturer's protocols. Briefly, RCC cells were cultured in 
RPMI 1640 medium in 6-well plates at a density of 1x106 cells 
for 12 h at 37˚C. Then, the medium was replaced with RPMI 
1640 medium containing 20 µM GA. Cells were stained 
with Annexin V-FITC and propidium iodide buffer at room 
temperature for 15 min followed by the addition of Annexin V 
binding buffer. Cell cycle and apoptosis assays were performed 
on a BD Accuri C6 (BD Biosciences) flow cytometer and 
BD Accuri C6 software Version 1.0 (Becton, Dickinson and 
Company) was used to analyze the data.

Xenograft implantation. Animal experiments were approved 
by The Animal Care and Use Committee of the Second 
Military Medical University (approval no. NMU20181032). 
Animals had free access to autoclaved chow diet and water 
in a pathogen‑free state, at 22±1˚C with 45±10% humidity 
and 12-h light/dark cycles. The health and behaviour of the 
mice were monitored every 12 h. Moribund mice (exhibiting 
anorexia, immobility or an unkempt coat) would be euthanized 
by CO2 at the rate of 3.5 l/min displacing 20% of the cage 
volume per minute. Death was verified by monitoring cessa-
tion of breathing. To detect the effect of GA on tumorigenicity 
in nude mice, 6-8-week-old male BALB/c mice (n=10; weight, 
20-30 g; Second Military Medical University) were injected 
subcutaneously with 786-O or A498 cells (1x107 dissolved in 
PBS per site; one tumor burden per mouse) on the right flank. 
Mice were randomly divided into two groups (n=5 per group) 
that either received an intragastric administration of GA 
(10 mg/kg) or 0.9% saline twice per week (13). At 6 weeks 
after GA injection, mice were euthanized by decapitation. The 
tumor volumes and weight were measured. Prior to 6 weeks 
after GA injection, no mice were euthanized or found dead. 

Protein‑protein interaction (PPI) network construction and 
analysis. The Online Mendelian Inheritance in Man (OMIM) 
Database (version 1.0; www.ncbi.nlm.nih.gov/omim), from which 
the original data used in the present study was obtained, is a 
central-level database covering relevant information and literature 
on human genetic diseases and gene loci. Data were input into 
the Search Tool for the Retrieval of Interacting Genes/Proteins 
(version 11.0; string-db.org) database for further network 
construction. The obtained PPI networks were then visualized 
using Cytoscape software (version 3.6.1; https://cytoscape.org). 
Topology analysis (CentiScaPe plug-in; version 2.2; http://apps.
cytoscape.org/download/stats/centiscape/) was used to identify 
key targets in the network. Degrees of betweenness were assessed 
using the key hubs of centrality, namely betweenness (the number 
between nodes) and closeness (the distance between nodes).

Molecular docking. The docking between GA and key targets 
of RCC was implemented using Sybyl X software (version 2.1.1; 
https://en.freedownloadmanager.org/Windows-PC/SYBYL-X.
html). The conformation of GA was downloaded from the 
Traditional Chinese Medicine Systems Pharmacology Database 
(version 1.0; https://tcmspw.com/tcmsp.php). The mol2 format 
file was further transformed and extracted by Openbabel 
software (release date, 2017-02-22; https://sourceforge.net/proj-
ects/openbabel/). The X-ray crystal structures of key targets 
were obtained from the RCSB Protein Data Bank (version 
1.0; www.rcsb.org). Prior to docking, targets were structurally 
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optimized by adding hydrogen atoms and removing water 
molecules, and the representative protein activity docking 
pockets were subsequently generated. Molecular docking was 
implemented based on the Docking Suite module (release date, 
2013-04-08; https://sourceforge.net/projects/wpfdocking/) and 
hydrogen bond stability and domain structure similarity were 
used to evaluate the reliability of results. The criteria of binding 
scoring: 0-3, Poor; 4-6, moderate; and 7-10, good.

Immunohistochemistry and immunoblotting assay. Cells 
were pre-treated with 10 ng/ml epidermal growth factor (EGF; 
PeproTech, Inc.) for 12 h at 37˚C. Immunohistochemical assays 
of xenografts were conducted using Ki-67 (cat. no. ab15580; 
1:50; Abcam) and EGF receptor (EGFR; cat. no. ab52894; 1:50; 
Abcam) monoclonal antibodies, as previously described (20). 
The expression level was analyzed from images obtained 
using a light microscope (magnification, x200) from five 
random fields of view. Immunoblot assays were performed as 
previously described (20). Primary antibodies included those 
targeted against phosphorylated (p)-EGFR (cat. no. 4370; 
1:1,000; Cell Signaling Technology, Inc.), EGFR (cat. no. 2085; 
1:1,000; Cell Signaling Technology, Inc.), p-Akt (Ser473; cat. 
no. 4060; 1:1,000; Cell Signaling Technology, Inc.), Akt (cat. 
no. 4691; 1:1,000; Cell Signaling Technology, Inc.), p-ERK 

(Thr202/Tyr204; cat. no. 4370; 1:1,000; Cell Signaling 
Technology, Inc.) and ERK (cat. no. 4370; 1:1,000; Cell 
Signaling Technology, Inc.). Horseradish peroxidase-conju-
gated secondary antibody (1:2,000; cat. no. ab6112; Abcam) 
was used. β-actin antibody (cat. no. ab8226; 1:5,000; Abcam) 
was used as a control. Relative protein expression and staining 
intensity was calculated based on the densitometric analysis by 
Image Lab software Version 3.0 (Bio-Rad Laboratories, Inc.).

Statistical analysis. All data are presented as the mean ± SD. 
SPSS software (version 18.0; SPSS Inc.) was used for statis-
tical analysis. The statistical significance between two groups 
was analyzed using an unpaired Student's t-test. One-way 
ANOVA followed by a Dunnett's post hoc test was performed 
to compare data among ≥3 groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

GA inhibits RCC cell proliferation in vitro and in vivo. To 
investigate the role of GA in RCC, human RCC cells (786-O 
and A498) were incubated with different concentrations of 
GA. An MTT assay was performed 72 h after treatment and 
a dose-dependent decrease in cell viability was observed 

Figure 1. Effect of GA on RCC cell proliferation. 786-O and A498 cells were pre-treated with or without 10 or 20 µM GA, as indicated. (A) Chemical structure 
of GA (C17:1; C24H38O3). (B) Representative images and quantification of cell viability (magnification, x200). Cell viability analysis was performed 72 h after 
treatment using an MTT assay. (C) Representative cell cycle plots and quantification 2 days after GA treatment (red, G0/G1 phase; green, S phase and purple, 
G0/M phase). Assessment of cell phase percentage was conducted using flow cytometry. (D) Representative images and quantification of subcutaneous 
xenograft tumors derived from mice in the GA and DMSO groups. Scale bar, 1 cm. Tumor weight was measured 6 weeks after injection. (E) Representative 
image and quantification of immunohistochemical staining for Ki‑67 (magnification, x200). n=5. *P<0.05. GA, ginkgolic acid; RCC, renal cell carcinoma.
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(Fig. 1B). In addition, GA increased the proportion of cells 
in the G0/G1 phase and decreased the proportion of cells 
in the S phase (Fig. 1C). However, GA treatment did not 
significantly affect RCC cell apoptosis (Fig. S1). Based on 
in vitro data, xenograft implantation in BALB/c nude mice 
was performed to clarify the effect of GA on RCC in vivo. 
RCC cell suspensions (1x107) were subcutaneously injected 
into nude mice. The tumor volumes and weights of the group 
treated with GA were significantly lower compared with 
those of the group treated with 0.9% saline (P<0.05; Figs. 1D 
and S2A). In the present study, the maximum diameter of a 
single tumor was 1.8 cm. However, no significant difference 
in body weight loss was observed between the two groups 
(Fig. S2C). Additionally, immunohistochemical staining 
revealed that GA significantly reduced Ki‑67 expression in 
the xenograft (P<0.05; Fig. 1E).

GA inhibits RCC cell invasion and migration. The effect of 
GA on the invasion and migration of RCC cells was evaluated 
using Transwell invasion and wound healing assays, respec-
tively. Transwell invasion assays showed that GA reduced the 
number of invading RCC cells in a dose-dependent manner 
(Fig. 2A). Consistent with this result, wound healing assays 
also showed that GA inhibited RCC cell migration in a 
dose-dependent manner (Fig. 2B). 

PPI network and topology analysis. The interaction network 
was constructed based on OMIM original data and is depicted 
in Fig. 3, and included 549 nodes and 11,836 edges. Larger areas 
and deeper colours represent higher node connectivity, which 
likely indicates greater importance of the node in the network. 
The results displayed the scale-free property of the network, 
meaning the number of nodes decreases as the number of edges 
in the network increases. Betweenness degree was used to 
distinguish these highly connected key nodes from other nodes 
in the network (Fig. 4). Finally, 15 key targets were selected: 
Tumor protein p53, 284 points; albumin, 267 points; AKT1, 
251 points; vascular endothelial growth factor A, 243 points; 
insulin, 230 points; interleukin 6, 223 points; JUN, 215 points; 
tumor necrosis factor, 213 points; MYC, 211 points; phosphati-
dylinositol-4,5-bisphosphate 3-kinase catalytic subunit-α, 208 
points; EGFR, 198 points; mitogen-activated protein kinase 1, 
186 points; transforming growth factor β1, 185 points; BCL2, 
179 points; and STAT3, 173 points.

GA inactivates the EGFR pathway in RCC. Molecular 
docking, a tool for studying the interaction strength between 
molecules, was used to explore the accuracy and effectiveness 
of the PPI network. To assess the reliability of the aforemen-
tioned drug-target interactions and to further investigate 
binding mode and affinity, molecular docking models were 

Figure 2. GA inhibits the migration and invasion ability of RCC cells. (A) Matrigel-coated invasion chamber following treatment with DMSO or GA (10 or 
20 µM) and quantification of the number of invading cells in each chamber (magnification, x400). (B) Wound healing assays were performed in RCC cells 
treated with DMSO or GA (10 or 20 µM). Representative images were obtained at 0 and 24 h (magnification, x100). Quantification of migratory distance. Scale 
bar, 100 µm. n=5. *P<0.05, as indicated. GA, ginkgolic acid; RCC, renal cell carcinoma.
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constructed for GA and the 15 key targets. Analysis of the 
binding data indicated stable conformational binding and good 
scoring (>7 points) of EGFR to GA (9.4558 points; Fig. 5A). 

Immunohistochemical staining displayed lower EGFR expres-
sion in the xenograft after GA treatment compared to before 
treatment (Fig. 5B). The immunoblotting assay demonstrated 
that EGFR, p-Akt and p-Erk (downstream of the EGFR 
signaling pathway) were significantly downregulated after GA 
treatment in xenografts, as well as in vitro (P<0.05; Fig. 5C).

Discussion

Despite great advances in cancer therapy, major limitations 
still exist in the management of RCC (21). Moreover, patients 
with metastatic RCC have a short life expectancy (median 
overall survival, 22.5 months) (22). Extracts from natural 
plants are becoming an increasingly popular strategy to 
identify novel antitumor compounds (23,24). Recently, several 
studies have reported that GA displays promising antitumor 
activities (12‑15). Therefore, identification of the regulatory 
mechanism of GA in tumorigenesis would provide valuable 
insight for the treatment of malignancies. Collectively, the 
results of the present study indicated that GA suppressed 
the development of RCC. These results were consistent with 
previous studies demonstrating that GA plays an inhibitory 
biological role in cancer (12-15,25). However, the biological 
effect of GA on RCC was observed at high concentrations of 

Figure 3. Protein-protein interaction network including 549 nodes and 11,836 edges. Larger areas and deeper colours represent higher node connectivity.

Figure 4. Topological analysis. The higher the degree of the node, the more 
important the node is in the network. unDir, undirected index.
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GA in vitro and it is uncertain whether this concentration would 
be possible in vivo. Therefore, further in vivo investigation 
(pharmacokinetics and toxicology analysis) is required.

GA suppresses tumor growth and invasion via various 
signaling pathways, including the hepatocyte growth 
factor/c-Met signaling pathway in hepatocellular carci-
noma (12), the protein kinase AMP-activated catalytic subunit 
α2 signaling pathway in colon cancer (13), the NF-κB signaling 
pathway in breast cancer (14) and the PI3K/Akt/mTOR 
signaling pathway in lung cancer (15). A number of studies 
have reported that, in addition to inducing cell cycle arrest, 
GA also increases apoptosis in colon cancer and hepatocel-
lular carcinoma (26,27). Therefore, it is difficult to clarify the 
antitumor mechanism of GA in RCC. Network pharmacology 
provides a strategy to investigate complex mechanisms of drug 
action and to identify potential drug targets (28). In a network 
pharmacology system, therapy response can be taken into 
account based on the robustness of complex disease networks 
in dealing with node attacks (node linking degree) due to 
inherent diversity and redundant compensation signaling path-
ways (12,19). The result of network pharmacology is a highly 
resilient network system with topological interaction (19,29). 
Therefore, computational prediction with a PPI network and 
topology analyses reveals the potential interactions among 
compounds and multiple signaling transduction molecules 
underlying a disease phenotype (30). According to the algo-
rithm value, 15 key targets associated with RCC were identified 
in the current study. Furthermore, analysis of the molecular 
docking model demonstrated a stable conformational affinity 
between EGFR and GA. EGFR was validated as a direct target 

for GA both in vitro and in vivo. Furthermore, GA negatively 
modulated p-Akt and p-Erk expression via the EGFR/Akt/Erk 
signaling pathway in RCC cells. However, the mechanism of 
EGFR protein degradation (autophagy and ubiquitination) 
requires further investigation.

EGFR belongs to the ErbB family of receptor tyro-
sine kinases, which can be activated by several ligands, 
including EGF, transforming growth factor-α, amphiregulin, 
heparin-binding EGF, β-cellulin and epiregulin (31-34). In 
humans, EGFR is upregulated and/or activated in various 
malignancies and suppression of EGFR activation is consid-
ered a valid strategy for tumor treatment (34,35). Akt and 
Erk are downstream signaling molecules of EGFR, and the 
aberrant activation of either triggers a cascade of proliferative 
responses (36). Akt and Erk phosphorylation are increased 
when EGFR is activated in RCC (37,38). Previous studies 
have provided direct evidence that the EGFR signaling 
pathway is highly activated in RCC progression and EGFR 
expression is associated with prognosis in patients with clear 
cell RCC (38-40). Furthermore, inactivation of the EGFR 
signaling pathway inhibited RCC cell migration and invasion 
in vitro (41). These data imply that activation of the EGFR 
signaling pathway may be an important event that occurs 
during RCC development. The present study demonstrated 
that GA, which acts as a suppressor of EGFR, exhibited a 
biological effect in RCC cells via the EGFR/Akt/Erk signaling 
pathway.

The present study investigated the molecular mechanism by 
which GA exerts its negative effects on proliferation, invasion 
and migration in human RCC cells. GA significantly inhibited 

Figure 5. GA exerts its function via suppressing the EGFR pathway. (A) Binding interaction model of EGFR and GA. (B) Mice were injected subcutaneously 
with 786-O cells (1x107 cells) followed by intragastric administration of GA (10 mg/kg) or 0.9% saline twice per week. Representative image and quantification 
of immunohistochemical staining for EGFR in the xenograft (magnification, x200). (C) 786‑O cells were pre‑treated with 10 ng/ml EGF for 12 h at 37˚C 
followed by DMSO or GA for 48 h at 37˚C. The expression of p‑EGFR, EGFR, p‑Akt, Akt, p‑Erk1/2 and Erk1/2 was analyzed by immunoblotting. β-actin 
was used as an internal control. n=5. *P<0.05, as indicated. GA, ginkgolic acid; EGFR, epidermal growth factor receptor; EGF, epidermal growth factor; 
p, phosphorylated.
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the EGFR signaling pathway by directly binding to EGFR. 
The downstream targets of EGFR, including p-Akt and p-Erk, 
were also downregulated following GA treatment. EGFR, as a 
novel target of GA, may be a promising therapeutic agent for 
human RCC.
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