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Background: The toxicity of Sunitinib limits its clinical application. A new compound AST-003 was 
designed and synthesized based on the structure of Sunitinib, and previous study has confirmed that AST-
003 has the same efficacy and less toxicity as Sunitinib. We conducted this study to further verify the effect of 
AST-003 on renal cell carcinoma (RCC) cells in vitro and its mechanism.
Methods: Five RCC cell lines, A498, 786-0, SW-13, Caki-1 and ACHN, were used. Cells were treated 
with different concentrations of AST-003, and the effect of AST-003 on cell viability was detected by MTT 
assay and IC50 was determined. Blank control group and AST-003 group were set to evaluate the effect of 
AST-003 on cell apoptosis and cell cycle. The effect of AST-003 on cell protein expression was detected by 
western blot.
Results: After treatment with AST-003, the viability of the above five RCC cells was significantly inhibited. 
The IC50 of AST-003 on A498, 786-0, SW-13, Caki-1 and ACHN were 7.396, 6.592, 3.803, 12.05 and 
3.422 μmol/L, respectively. Compared with the blank control group, the apoptotic rates were 52.37% and 
13.34% in A498 cells (P<0.001), 59.23% and 6.66% in 786-0 cells (P<0.001), 45.67% and 4.19% in SW13 
cells (P<0.001), 51.67% and 2.33% in Caki-1 cells (P<0.001), 55.40% and 5.50% in ACHN cells (P<0.001). 
Flow cytometry revealed that the proportion of cells in G0/G1 phase was significantly increased and the 
proportion of cells in S phase was significantly decreased in AST-003 group compared with blank control 
group, suggesting that AST-003 could block cells in G0/G1 phase. Western blot indicated that AST-003 
could induce the up-regulation of the protein expression levels of apoptotic genes Caspase3, Caspase8, 
Caspase9, Bax and tumor suppressor p53, and inhibit the phosphorylation of STAT3, mTOR, AMPK and 
ERK, as well as the expression of Bcl-2, MKK, MKKK, c-jun and Ras proteins.
Conclusions: We found that AST-003 could effectively promote the apoptosis of RCC cells in vitro and 
block the cells in the intercellular phase, and its mechanism was similar to that of Sunitinib, suggesting that 
AST-003 has the value for further research.
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Introduction

Renal cell carcinoma (RCC) is a common urological 
malignancy, ranking seventh (male) and tenth (female) 
among all tumors in the United States in incidence (1), of 
which 75–85% are clear cell carcinomas (2). Approximately 
33% of RCC patients would develop metastatic RCC 
(mRCC) (3). Since renal cancer is an angiogenic-rich 
tumor, anti-angiogenic tyrosine kinase inhibitor (TKI) is 
one of the main treatments for mRCC (4). Sunitinib is one 
of the representative drugs of TKI, and Food and Drug 
Administration (FDA) has approved it for the treatment 
of mRCC (5). However, due to its toxicity including 
hepatotoxicity and cardio-vascular toxicity, its clinical dose 
and efficacy have been greatly limited (6,7). In recent years, 
some scholars have designed and synthesized a series of 
compounds AST-001, AST-002, AST-003 and AST-004 
based on the structure of Sunitinib. Previous study has 
shown that AST-003 has similar in vitro tumor cell killing 
activity and stronger in vivo tumor growth inhibitory 
effect as Sunitinib, and has relatively lower toxicity (8). 
However, the effect of AST-003 on RCC cells in vitro was 
not described in detail in that study. Therefore, on the basis 
of that study, we conducted this study to further explore the 
effect and mechanism of AST-003 on RCC cells in vitro. 
We present the following article in accordance with the 
MDAR checklist (available at http://dx.doi.org/10.21037/
tcr-20-3330).

Methods

Compounds preparation

Sunitinib (SU11248) was purchased from Med Chem 
Express and AST-003 was provided by Professor Qing Li 
of Sun Yat-sen University in Guangzhou. According to the 
information provided, the preparation process of AST-003 
was as follows: first, AST-004 was prepared, formaldehyde 
(30%, 405 mg, 5 mmol) and Et3N (506 mg, 5 mmol) were 
added to the dimethylformamide (DMF) (14 mL) solution 
of Sunitinib (0.5 g, 1.25 mmol), and the mixture was 
stirred overnight at room temperature. After cooling to 
0 ℃ again, H2O was added to the mixture under stirring, 
the resulting yellow precipitate was filtered and collected, 
and dried in air to obtain Hydroxymethyl Sunitinib (AST-
004). Then 4-dimethylaminopyridine (DMAP) (50 mg) and 
(PhCO)2O (1.7 g, 7.7 mmol) were added to the Pyridine 
(50 mL) solution of AST-004 (1.65 g, 3.86 mmol), and the 
mixture was stirred at room temperature overnight. After 

drying, saturated NaHCO3 solution (20 mL) was added 
and the solution was extracted twice with EtOAc (20 mL 
each). The combined organic phase was dried (anhydrous 
Na2SO4), filtered, concentrated and purified by silica gel 
chromatography [with dichloromethane (DCM): MeOH 
=10:1] to obtain the yellow solid compound AST-003. AST-
003 and Sunitinib were dissolved in Dimethyl Sulphoxide 
(DMSO) to prepare a 10 mmol/L stock solution and stored 
in a −20 ℃ refrigerator for use (8). The study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013). This study was approved by the Ethics Committee 
of Peking University Cancer Hospital (2017-2-4). As this 
study did not contain human trials, the requirement for 
informed consent was waived by the Ethics Committee.

Cell lines

To determine the effect of AST-003 on different RCC 
cells in vitro, we selected five kinds of human RCC cells, 
including A498, 786-0, SW-13, Caki-1 and ACHN, 
which were provided by Professor Qing Li of Sun Yat-sen 
University. The above cell lines were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) containing 10% 
heat-inactivated Fetal Bovine Serum and 1% Penicillin/
Streptomycin (Hyclone) and placed in a 37 ℃ incubator 
containing 5% CO2. Cells were cultured in 16 cm2 flasks 
until cell confluence reached 80–90%, then digested and 
passaged with 0.5% Trypsin. Cells in logarithmic growth 
phase were taken for experiments.

Main reagents and instruments

RPMI-1640 (SH30809.01B), DMEM (SH30243.01B), 
Fetal Bovine Serum (SH30084.03) were purchased from 
Hyclone Company. Phosphate-Buffered Saline (PBS) 
(C10010500BT) was purchased from Life Technologies. 
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (MTT) (M5655-1G), Triton X-100 (T9284) 
were purchased from Sigma. Terminal-Deoxynucleotidyl 
Transferase Mediated Nick End Labeling (TUNEL) 
apoptosis detection kit (ATAK1001), Sodium Dodecyl 
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE) gel preparation kit and Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH) (ATPA00013Rb) 
were purchased from Pujian Biological Company. 
Electrochemiluminescence (ECL) (K-12043-D10) was 
purchased from Wuhan Juneng Interpretation Biological 
Company. Bicinchoninic Acid (BCA) protein quantitative 
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detection kit (P0009) was purchased from Biyuntian 
Company. Protein Pre-Staining Marker (61616) was 
purchased from Thermo Science. Apoptosis Detection 
Kit (A211-02) was purchased from Novozyme. RNase A 
solution (B500474) was purchased from Sangong Company. 
Propidium Iodide (PI) solution (421301) was purchased 
from Biolegend. Sheep anti-rabbit antibody (SA00001-2) 
and sheep anti-mouse antibody (SA00001-2) were purchased 
from Wuhan Sanying Company. Mitogen-activated Protein 
Kinase Kinase Kinase (MKKK) antibody, c-Jun antibody, 
Ras antibody were purchased from Abcam Company. 
Phosphorylated Signal Transducer and Activator of 
Transcription-3 (p-STAT3) antibody, Phospho-extracellular 
Signal-regulated Kinase (p-ERK) antibody, Phosphorylated 
Mammalian Target of Rapamycin (p-mTOR) antibody, 
Caspase3 antibody, Phosphorylated AMP-activated Protein 
Kinase-α (pAMPK-α) (Thr172) antibody, Phosphorylated 
Nuclear Factor-kappa B (PNF-κB) p65 (Ser536) antibody, 
Phospho-MKK3 (Ser189)/MKK6 (Ser207) (22A8) antibody 
were purchased from CST. STAT3 antibody, Cytochrome 
C antibody, Poly (ADP-ribose) Polymerase (PARP) 
antibody, Caspase8 antibody, Caspase9 antibody, Bcl-2 
antibody, Bax antibody, p65 antibody, Extracellular Signal-
regulated Kinase (ERK1/2) antibody, Mammalian Target of 
Rapamycin (mTOR) antibody, FasL antibody, p53 antibody, 
AMP-activated Protein Kinase-α1 (AMPK-α1) antibody, 
Tumor Necrosis Factor-α (TNF-α) antibody were purchased 
from Proteintech. The full-function microplate detector 
(PerkinElmer) was purchased from PerkinElmer EnVision. 
Flow cytometry (CytoFLEX S) was purchased from 
Beckman Coulter. Gel imaging system (ChemiDocTMXRS+) 
was purchased from Bio-Rad. Refrigerated centrifuge 
(Neofuge 15R), CO2 incubator (HF90), biological safety 
cabinet (HF-1200LC) were purchased from Heal Force. 
Inverted phase contrast microscopy (DP74) was purchased 
from Olympus. Electrothermal constant temperature 
water bath pot (HH-US-A) was purchased from American 
Standard Company. Electrophoresis apparatus (PP1152) 
and electrophoresis tank (MP-8001) were purchased 
from Cavoy Company. Decolorization shaker (TS-8S) 
was purchased from Qilinbeier Company. The ultrasonic 
crusher (JY92-IIN) was purchased from Xinzhi Company.

Cytotoxicity test

MTT assay was used to detect the effect of AST-003 on the 
proliferation and viability of RCC cells. Cells were seeded 

into 96-well plates, 7,000/well, and cultured at 37 ℃ for 
48 hours. When the cells were adhered to the wall, 200 μL 
of AST-003 and medium suspension were added into each 
well, and the concentrations of AST-003 were 0, 1/27, 1/9, 
1/3, 1, 3, 9, 27, 81, 243 μmol/L, respectively, and cultured 
at 37 ℃ for 48 h. Cells were then treated with 20 μL MTT 
solution (5 mg/mL) for 4 h, cultured at 37 ℃, and then 
150 μL DMSO was added to each well. Crystallization was 
dissolved by shaking for 10 min, and then the absorbance 
of cells at 490 nm wavelength (OD value) was immediately 
detected by automatic microplate reader. With the blank 
medium reading value as the background, the cell viability 
was calculated, the cell growth curve was depicted, and the 
IC50 of AST-003 for different RCC cells was calculated.

TUNEL apoptosis detection

Cells were cultured in 24-well plates at 37 ℃ and 5% CO2, 
with 5×104 cells per well. The cells were treated with drug 
the next day, and blank control group and AST-003 group 
were set up. The AST-003 group was added with AST-003, 
and the concentration in A498, 786-0, SW13, Caki-1 and 
ACHN cells were 7, 7, 4, 12 and 4 μmol/L, respectively. 
Climbing slices were collected, washed with PBS for  
5 minutes, fixed with 4% paraformaldehyde prepared with 
PBS for 30 minutes at room temperature, washed with 
PBS for 5 minutes, then permeated with PBS solution 
containing 0.1% TritonX-100 for 5–10 minutes, and finally 
washed with PBS three times for 5 minutes each time. The 
AST-003 group was added with 10 U/mL DNase I, and 
the blank control group was added with an equal volume 
of 1× DNase I Buffer. Both groups were added with 1× 
DNase I Buffer, and incubated in a wet box for 10 minutes. 
Remove the excess liquid, wash the slides thoroughly with 
deionized water for 3-4 times, and dilute the 10× reaction 
equilibrium solution with deionized water at 1:10 to 1× 
reaction equilibrium solution. TUNEL detection solution 
was prepared, then appropriate amount of TUNEL 
detection solution was added to each group of slices. After 
60 minutes of incubation in a wet box in the dark, the slices 
were soaked twice in PBS solution at room temperature for 
5 minutes each time, then the excess water on the slices was 
dried and 0.05 μg/mL of 4', 6-Diamidino-2-Phenylindole 
(DAPI) solution was dripped. The slices were incubated in 
a wet box in the dark for 10 minutes, soaked three times in 
PBS solution at room temperature for 5 minutes each time, 
sealed with anti-fluorescence quenching sealing agent, and 
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observed under a fluorescence microscope.

Flow cytometric apoptosis detection

Cells were cultured in 24-well plates at 37 ℃ and 5% CO2, 
with 5×104 cells per well, then treated with drug the next 
day, and blank control group and AST-003 group were set 
up. The AST-003 group was added with AST-003, and the 
concentration in A498, 786-0, SW13, Caki-1 and ACHN 
cells were 7, 7, 4, 12 and 4 μmol/L, respectively. Collect 
the cells, centrifuge at 1,000 rpm for 5 minutes, absorb the 
supernatant, wash once with PBS, centrifuge at 1,000 rpm 
for 5 minutes again, absorb the supernatant, add Annevix 
Binding Buffer (10×) to dilute, take 100 μL and resuspend, 
add 5 μL Annevix fluorescein isothiocyanate (FITC), in the 
dark at room temperature for 10 minutes, add 5 μL Annevix 
FITC, in the dark at room temperature for 15 minutes, then 
add 150 μL Annevix Binding Buffer for flow cytometric 
apoptosis detection.

Flow cycle detection

Cells were cultured in 24-well plates at 37 ℃ and 5% 
CO2, with 5×104 cells per well. The cells were treated with 
drug the next day, and blank control group and AST-003 
group were set up. The AST-003 group was added with 
AST-003, and the concentration in A498, 786-0, SW13, 
Caki-1 and ACHN cells were 7, 7, 4, 12 and 4 μmol/L, 
respectively. Cells were collected, centrifuged at 1,000 
rpm for 5 minutes, washed once with PBS, centrifuged at  
1,000 rpm for another 5 minutes, and then resuspended 
with 100 μL PBS. The cell suspension was added to 
pre-cooled Ethanol at −20 ℃, fixed overnight at 4 ℃, 
centrifuged at 1,000 rpm for 5 minutes to remove Ethanol, 
washed once with PBS, and centrifuged at 1,000 rpm 
for 5 minutes to remove Ethanol. Finally, 200–300 μL 
of Deoxyribonucleic Acid (DNA) staining solution was 
added to each group, and placed the tubes in the dark for  
15 minutes at room temperature for flow cycle detection.

Western blots

Cells were cultured in 10 cm dishes at 37 ℃ and 5% CO2, 
at 2×106/well, and treated with AST-003 the next day. The 
concentration of AST-003 in A498, 786-0, SW13, Caki-1 
and ACHN cells were 7, 7, 4, 12 and 4 μmol/L, respectively. 
After 48 hours, the cells were collected for western blots. 
Discard the culture medium, wash once with PBS, add 

lysate into each hole, blow several to make the lysate and 
cells fully contact, and place horizontally on ice for lysis 
for 10–20 minutes. Collect the cell precipitation and lysate, 
centrifuge at 12,000 rpm 4 ℃ for 3–5 minutes. Transfer the 
supernatant to a new 1.5 mL Eppendorf (EP) tube, take 
1–2 μL for the detection of total protein content by BCA 
kit. Add appropriate volume of 5× Loading, mix well, and 
boil for 5 minutes. After SDS-PAGE electrophoresis, the 
electroformed polyvinylidene fluoride (PVDF) membrane 
was removed and washed once with tris buffered saline 
tween (TBST), sealed with 5% milk/TBST at room 
temperature for one hour, and rinsed with TBST for  
2 minutes. The primary antibody was diluted with 1% 
bovine serum albumin (BSA)/PBST, and the membrane was 
sealed with a hybridization bag and refrigerated overnight 
at 4 ℃, then washed 3 times with PBST for 10 minutes 
each time. Then the PVDF membrane was placed in the 
secondary antibody labeled with Horseradish Peroxidase 
diluted with 5% Milk/PBST, incubated in a shaker at room 
temperature for one hour, and then washed three times with 
PBST for 10 minutes each time. Finally, equal amounts of 
Enhanced Luminol Reagent and Oxidizing Reagent diluted 
with appropriate amount of ddH2O were mixed and dripped 
onto the sealing membrane. The front of the PVDF film 
was touched down with the luminescent reagent, and the 
color was developed for 1.5–2 minutes, then the PVDF 
was turned over and the results were observed with a gel 
imaging system.

Statistical analyses

Statistical analyses were performed with Stata software 
(Version 15). The experimental data were expressed as 
mean and standard deviation. Comparisons between groups 
were performed using a two-tailed unpaired t-test. P values 
of <0.05(*), <0.01(**), <0.001(***) were determined to be 
statistically significant.

Results

Effect of AST-003 on proliferation viability of RCC cells

MTT assay was used to detect cell viability after 48 h 
of drug treatment, and cell growth curve was plotted to 
calculate the IC50 data of each cell. MTT assay results 
showed that the proliferation viability of the above five 
RCC cells was significantly inhibited after treatment with 
AST-003, and as the increase of AST-003 concentration, 
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the inhibitory effect was more obvious in a concentration-
dependent manner. The results showed that the IC50 of 
AST-003 was 7.396 μmol/L for A498 cell, 6.592 μmol/L 
for 786-0 cell, 3.803 μmol/L for SW13 cell, 12.05 μmol/L 
for Caki-1 cell and 3.422 μmol/L for ACHN cell. Figure 1 
shows the effect of AST-003 on the proliferation viability of 
different RCC cells.

Effect of AST-003 on apoptosis of RCC cells

After treated with AST-003, DAPI stained cells were 
observed under ultraviolet light excitation of fluorescence 
microscopy. It was found that the cell membrane of 
the blank control group was intact, the chromatin was 
evenly distributed, and showed uniform diffuse blue-
white fluorescence. In AST-003 group, some cells showed 
chromatin condensation and breakage, while the cell 
membrane was intact and showed dense blue-white granular 
fluorescence, forming apoptotic bodies. In FITC stained 

cells, AST-003 group showed a large amount of green 
fluorescence, suggesting a large number of cell apoptosis, 
while blank control group only showed a small amount 
of green fluorescence, suggesting only a small number of 
cell apoptosis. TUNEL apoptotic test results showed that 
the proportion of apoptotic cells in AST-003 group was 
significantly increased compared with blank control group 
in all these five kind cells, suggesting that AST-003 could 
significantly promote RCC cells apoptosis (Figure 2).

The results of flow cytometry were shown in Table 1. The 
apoptotic rates of AST-003 group and blank control group 
in A498 cells were 52.37% and 13.34% (P<0.001), in 786-
0 cells were 59.23% and 6.66% (P<0.001), in SW13 cells 
were 45.67% and 4.19% (P<0.001), in Caki-1 cells were 
51.67% and 2.33% (P<0.001), in ACHN cells were 55.40% 
and 5.50% (P<0.001), respectively. In all cell lines, AST-
003 group showed significant increase in the proportion of 
apoptotic cells, suggesting that AST-003 could effectively 
promote RCC cell apoptosis (Figure 3).

Figure 1 Effect of AST-003 on viability of renal cell carcinoma cells. After treatment with AST-003, the viability of the five renal 
cell carcinoma cells was significantly inhibited, and the inhibition was more obvious with the increase of AST-003 concentration in a 
concentration-dependent manner. The results showed that (A) the IC50 of AST-003 for A498 cells was 7.396 μmol/L, (B) the IC50 of AST-
003 for 786-0 cells was 6.592 μmol/L, (C) the IC50 of AST-003 for SW13 cells was 3.803 μmol/L, (D) the IC50 of AST-003 for Caki-1 cells 
was 12.050 μmol/L, (E) the IC50 of AST-003 for ACHN cells was 3.422 μmol/L.
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Table 1 Effect of AST-003 on apoptosis of renal cell carcinoma cells

Cell Group
Apoptosis rate, %

P value
Early apoptosis Late apoptosis Total Mean SD

A498 Blank 3.93 10.07 14.00 13.34 0.60 <0.001

2.94 9.89 12.83

3.52 9.67 13.19

AST-003 22.32 30.45 52.77 52.37 0.38

22.41 29.90 52.31

22.06 29.96 52.02

786-O Blank 1.38 4.75 6.13 6.66 0.47 <0.001

1.61 5.24 6.85

1.55 5.46 7.01

AST-003 30.03 29.29 59.32 59.23 0.19

33.24 25.77 59.01

32.00 27.35 59.35

SW13 Blank 1.76 2.55 4.31 4.19 0.17 <0.001

1.65 2.34 3.99

1.55 2.72 4.27

AST-003 12.95 32.47 45.42 45.67 0.41

15.63 30.51 46.14

13.92 31.53 45.45

Caki-1 Blank 0.70 1.87 2.57 2.33 0.22 <0.001

0.61 1.52 2.13

0.69 1.60 2.29

AST-003 43.65 8.35 52.00 51.67 0.49

43.82 8.08 51.9

42.34 8.77 51.11

ACHN Blank 2.00 3.47 5.47 5.50 0.09 <0.001

1.86 3.57 5.43

1.97 3.63 5.60

AST-003 44.14 10.62 54.76 55.40 0.70

46.21 9.07 55.28

47.16 8.99 56.15

SD, standard deviation.
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Effect of AST-003 on cell cycle of RCC cells

The results of flow cytometry are shown in Table 2. In A498 
cells, the proportion of cells in G0/G1 phase in AST-003 
group was significantly higher than that in control group 
(57.10% vs. 47.38%, P<0.001), and the proportion of cells 
in S phase was significantly lower than that in control 
group (14.09% vs. 25.19%, P<0.001). In 786-0 cells, the 
proportion of cells in G0/G1 phase in AST-003 group was 
significantly higher than that in control group (65.53% vs. 
59.12%, P<0.001), and the proportion of cells in S phase 
was significantly lower than that in control group (8.00% 
vs. 13.96%, P=0.041). In SW13 cells, the proportion of cells 
in G0/G1 phase in the AST-003 group was significantly 
higher than that in the control group (61.22% vs. 54.24%, 
P<0.001), and the proportion of cells in S phase was 
significantly lower than that in the control group (10.25% 
vs. 20.38%, P<0.001). In Caki-1 cells, the proportion of cells 
in G0/G1 phase in AST-003 group was significantly higher 

than that in control group (72.08% vs. 64.92%, P<0.001), 
and the proportion of cells in S phase was significantly 
lower than that in control group (2.64% vs. 11.74%, 
P<0.001). In ACHN cells, the proportion of cells in G0/G1 
phase in AST-003 group was significantly higher than that 
in control group (74.89% vs. 68.33%, P=0.002), and the 
proportion of cells in S phase was significantly lower than 
that in control group (7.65% vs. 8.97%, P=0.048). In all 
these RCC cells, compared with the blank control group, 
the proportion of cells in G0/G1 phase in AST-003 group 
was significantly increased, while the proportion of cells in 
S phase was significantly decreased, suggesting that AST-
003 could block the cells in G0/G1 phase, reduce the rate 
of cell division and proliferation (Figure 4).

Effect of AST-003 on protein expression in RCC cells

The effect of AST-003 on RCC cell protein expression in 

Figure 3 Effect of AST-003 on apoptosis of renal cell carcinoma cells. (A) In A498 cells the apoptosis rates of AST-003 group and blank 
control group were 52.37% and 13.34% (P<0.001). (B) In 786-0 cells, the apoptotic rates of AST-003 group and blank control group were 
59.23% and 6.66% (P<0.001). (C) In SW13 cells, the apoptosis rates of AST-003 group and blank control group were 45.67% and 4.19% 
(P<0.001). (D) In Caki-1 cells the apoptosis rates of AST-003 group and blank control group were 45.67% and 4.19% (P<0.001). (E) In 
ACHN cells the apoptosis rate of AST-003 group and blank control group was 55.40% and 5.50% (P<0.001). In all cell lines, the proportion 
of apoptotic cells in AST-003 group was significantly higher than that in blank control group, suggesting that AST-003 could effectively 
promote the apoptosis of RCC cells. ***P<0.001.
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Table 2 Effect of AST-003 on cell cycle of renal cell carcinoma cells

Cell Cycle Group
Proportion, %

P value
Test 1 Test 2 Test 3 Mean SD

A498 G0/G1 Blank 47.30 47.96 46.87 47.38 0.55 <0.001

AST-003 56.98 57.70 56.62 57.10 0.55 

S Blank 24.95 26.38 24.23 25.19 1.09 <0.001

AST-003 14.79 13.37 14.11 14.09 0.71 

G2/M Blank 21.20 21.55 21.58 21.44 0.21 0.013

AST-003 22.83 24.08 22.87 23.26 0.71 

786-0 G0/G1 Blank 58.77 59.76 58.82 59.12 0.56 <0.001

AST-003 65.58 65.58 65.42 65.53 0.09 

S Blank 16.44 10.40 15.04 13.96 3.16 0.041

AST-003 7.43 6.94 9.62 8.00 1.43 

G2/M Blank 18.08 20.79 20.48 19.78 1.48 0.104

AST-003 21.67 21.82 21.32 21.60 0.26 

SW13 G0/G1 Blank 54.20 54.93 53.60 54.24 0.67 <0.001

AST-003 61.53 61.25 60.88 61.22 0.33 

S Blank 20.45 20.12 20.58 20.38 0.24 <0.001

AST-003 10.47 10.05 10.24 10.25 0.21 

G2/M Blank 21.83 20.65 20.52 21.00 0.72 0.428

AST-003 20.89 20.93 19.56 20.46 0.78 

Caki-1 G0/G1 Blank 64.04 64.80 65.92 64.92 0.95 <0.001

AST-003 72.81 71.93 71.50 72.08 0.67 

S Blank 12.37 11.75 11.10 11.74 0.64 <0.001

AST-003 2.14 3.32 2.45 2.64 0.61 

G2/M Blank 15.04 15.90 15.05 15.33 0.49 0.001

AST-003 18.97 18.75 18.10 18.61 0.45 

ACHN G0/G1 Blank 67.27 68.23 69.49 68.33 1.11 0.002

AST-003 76.19 74.17 74.31 74.89 1.13 

S Blank 9.74 8.47 8.70 8.97 0.68 0.048

AST-003 7.98 7.83 7.13 7.65 0.45 

G2/M Blank 17.03 16.84 15.82 16.56 0.65 0.012

AST-003 15.07 14.10 14.18 14.45 0.54 

SD, standard deviation.
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vitro was qualitatively analyzed using Western Blot. The 
results showed that compared with the control group, 
AST-003 could induce the up-regulation of the protein 
expression levels of apoptotic genes Caspase3, Caspase8, 
Caspase9, Bax and tumor suppressor p53, and inhibit the 
phosphorylation of STAT3, mTOR, AMPK and ERK, 
as well as the expression of Bcl-2, MKK, MKKK, c-jun 
and Ras proteins, while there was no significant change in 
the expression of Cytochrome C, PARP, p65, TNF-α and 
FasL in the above five cells with GAPDH as the internal 
reference (Figure 5).

Discussion

Tumor growth depends on nutrients transported by 
blood vessels, and relevant studies have confirmed that 
angiogenesis is of great importance in the occurrence and 
development of tumors (9), while Receptor Tyrosine Kinase 
(RTK) plays an important role in tumor angiogenesis (10), 
and in a series of signal transduction pathways in cell cycle. 
Many types of tumors induce the growth, proliferation 
and differentiation of tumor cells via the dysfunction of 
RTK (11). Vascular Endothelial Growth Factor Receptor 

Figure 4 Effect of AST-003 on cell cycle of renal cell carcinoma cells. (A) In A498 cells , the proportion of cells in G0/G1 phase in AST-
003 group was significantly higher than that in control group (57.10% vs. 47.38%, P<0.001), and the proportion of cells in S phase was 
significantly lower than that in control group (14.09% vs. 25.19%, P<0.001). (B) In 786-0 cells, the proportion of cells in G0/G1 phase in 
AST-003 group was significantly higher than that in control group (65.53% vs. 59.12%, P<0.001), and the proportion of cells in S phase was 
significantly lower than that in control group (8.00% vs. 13.96%, P=0.041). (C) In SW13 cells, the proportion of cells in G0/G1 phase in the 
AST-003 group was significantly higher than that in the control group (61.22% vs. 54.24%, P<0.001), and the proportion of cells in S phase 
was significantly lower than that in the control group (10.25% vs. 20.38%, P<0.001). (D) In Caki-1 cells, the proportion of cells in G0/G1 
phase in AST-003 group was significantly higher than that in control group (72.08% vs. 64.92%, P<0.001), and the proportion of cells in S 
phase was significantly lower than that in control group (2.64% vs. 11.74%, P<0.001). (E) In ACHN cells, the proportion of cells in G0/G1 
phase in AST-003 group was significantly higher than that in control group (74.89% vs. 68.33%, P=0.002), and the proportion of cells in S 
phase was significantly lower than that in control group (7.65% vs. 8.97%, P=0.048). It is suggested that AST-003 could block RCC cells in 
G0/G1 phase. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5 The effect of AST-003 on protein expression in renal cell carcinoma cells. The results showed that with GAPDH as the internal 
reference, AST-003 could induce the up-regulation of the protein of apoptotic genes Caspase3, Caspase8, Caspase9, Bax and tumor 
suppressor p53, inhibit the phosphorylation of STAT3, mTOR, AMPK and ERK, and inhibit the expression of Bcl-2, MKK, MKKK, c-jun 
and Ras.
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(VEGFR) has tyrosine kinase activity, can activate 
intracellular signaling pathways, and ultimately cause 
tumor angiogenesis (12). Platelet-Derived Growth Factor 
Receptor (PDGFR) also has tyrosine kinase activity and is 
overexpressed in many tumors. During tumor proliferation, 
PDGFR is upregulated, stimulating the growth and 
proliferation of stromal cells and fibroblasts around 
endothelial cells (11,13).

Sunitinib, as a multi-targeted TKI, can block both the 
VEGFR and PDGFR signal transduction pathways, thus 
achieving a stronger anti-angiogenesis effect. In addition, 
Sunitinib can also inhibit other RTKs, such as basic 
Fibroblast Growth Factor (bFGF), Fetal Liver Kinase 3 
(Flk3) and cytokine receptor (c-Kit) (14). Clinical studies 
have confirmed that Sunitinib can effectively increase the 
survival of patients with mRCC and reduce the tumor 
volume, and it was approved by the FDA in 2006 for 
the treatment of mRCC (5). In the field of renal cancer, 
because advanced renal cancer is insensitive to radiotherapy 
and chemotherapy, Sunitinib treatment is of great  
significance (15). However, the limitations of Sunitinib are 
also very obvious, which has greater cardiotoxicity, and 
can also lead to hypertension, hand-foot syndrome, bone 
marrow suppression, thyroid dysfunction, etc. (6,7,16). 
Although Sunitinib is generally safe, these toxic side effects 
still limit the clinical use of Sunitinib, and even some 
patients have to discontinue treatment because they cannot 
tolerate the toxicity.

Because Sunitinib acts as a multi-targeting TKI and 
participates in multiple cell signal pathways in vivo, the 
mechanism of these toxicities is not completely clear at 
present. Some studies suggest that these toxicities may 

be mainly related to the blockage of multiple signaling 
pathways, impaired angiogenesis, blockage of Nitric Oxide 
(NO) pathway, oxidative stress, etc. (17) or may also be 
related to the characteristics of its high tissue distribution (18).  
Therefore, it is possible to reduce the occurrence of 
related toxicity by reducing the distribution concentration 
in tissues. To this end, a team led by Professor Qing Li, 
Sun Yat-sen University, China, used a prodrug strategy 
to modify Sunitinib, designed and synthesized four 
compounds, AST-001, AST-002, AST-003, AST-004, and 
finally found that AST-003 produced better efficacy in 
tumor xenograft models while also improving the tolerance 
of mice (8). Figure 6 shows the comparison of the molecular 
structures of Sunitinib and AST-003. The main difference 
between the two is that AST-003 has an additional group on 
the basis of the molecular structure of Sunitinib. In terms 
of safety, previous study has shown that AST-003 is less 
stable in vivo than Sunitinib, and therefore has lower tissue 
concentrations and less toxicity. Animal experiment has 
confirmed that mice treated with AST-003 had lower levels 
of Sunitinib at the end of the 2-week treatment period. 
Lower tissue exposure doses resulted in better tolerance, 
and short-term high-dose experiment showed that mice 
tolerated AST-003 at least twice as much as Sunitinib. 
In terms of efficacy, although the tissue distribution 
concentration of AST-003 was lower than that of Sunitinib, 
the efficacy was superior to that of Sunitinib. At high doses 
(45 mg/kg), both AST-003 and Sunitinib could completely 
inhibit tumor growth, but at lower doses (5 and 15 mg/kg), 
AST-003 had a stronger inhibitory effect on tumor growth 
than Sunitinib. AST-003 also produced higher efficacy in 
tumor xenograft models, suggesting that AST-003 could 

Figure 6 Comparison of the molecular structures of Sunitinib and AST-003. The main difference between the two is that AST-003 has 
an additional group (within the dotted frame) on the basis of the molecular structure of Sunitinib. AST-003 is less stable than Sunitinib, 
resulting in lower tissue concentrations and less toxicity.

Sunitinib AST-003
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kill cells faster and irreversibly. Stronger efficacy and lower 
tissue stability resulted in significantly lower tissue exposure 
of AST-003 than Sunitinib, thus significantly lower  
toxicity (8).

A series of compounds were synthesized and AST-
003 was found in previous study (8). However, in vitro 
experiments, only morphological changes of treated RCC 
cells were described in that study. On the basis of that 
study, we further studied the effect of AST-003 on RCC 
cells in vitro, detected the IC50 of AST-003 on different 
RCC cells, and explored the possible mechanism of AST-
003 promoting apoptosis from the perspective of cell cycle 
and protein expression. We included A498, 786-0, SW-13, 
Caki-1 and ACHN, five common RCC cells, and analyzed 
the IC50 of AST-003 for different cells. The results showed 
that AST-003 had the strongest inhibitory effect and the 
lowest IC50 on ACHN, and the highest IC50 for Caki-1. 
Apoptosis test confirmed that AST-003 could significantly 
promote the apoptosis of RCC cells. Flow cytometric 
detection indicated that the proportion of cells in G0/G1 
phase was significantly increased and the proportion in S 
phase was significantly decreased after AST-003 treatment, 
which confirmed that AST-003 could block the cells in G0/
G1 phase. Thus, it can be seen that AST-003 has a pro-
apoptotic effect on five kinds of RCC cells.

To clarify the mechanism of AST-003 promoting RCC 
cell apoptosis, we analyzed the effect of AST-003 on RCC 
cell protein expression. Previous in vitro cell study showed 
that AST-003 could significantly inhibit the phosphorylation 
of STAT3 and also reduce the phosphorylation of many 
downstream signaling proteins, including MEK, ERK and 
AKT (8). Our study confirms again that, like Sunitinib, 
AST-003 can effectively inhibit STAT3 signaling pathway 
while inhibiting the phosphorylation of ERK signaling 
protein, suggesting that AST-003 and Sunitinib have similar 
mechanism of action, consistent with the conclusions of 
previous study. At the same time, we also found that AST-
003 can downregulate the activities of AMPK, MKK and 
MKK kinases, which are located upstream of STAT3, 
suggesting that AST-003 can block the ERK/MKK/
MKKK/AMPK signal pathway upstream of STAT3. In 
addition, we also found that AST-003 could induce the 
up-regulation of the protein expression levels of apoptotic 
genes Caspase3, Caspase8, Caspase9, Bax and tumor 
suppressor p53, while inhibiting the protein expression of 
c-jun and Ras proto-oncogenes. The expression of mTOR 
and Bcl-2 genes can also be inhibited by AST-003. Studies 

have shown that mTOR signaling pathway plays a key 
role in cell growth, protein translation, cell autophagy and 
metabolism, while abnormal regulation of mTOR signaling 
pathway is closely related to cell proliferation (19), and Bcl-
2 is an anti-apoptotic gene (20). Thus, the mechanism of 
AST-003 is similar to that of Sunitinib, but on this basis, 
AST-003 may act on more targets, regulate the expression 
of multiple genes, and block multiple signal transduction 
pathways, which may explain why AST-003 has a stronger 
efficacy than Sunitinib observed in previous study.

Since our study is still in a relatively early stage and is 
mainly used to verify the inhibitory effect of AST-003 on 
RCC cells in vitro, we did not set up a standard Sunitinib 
control group. The present results show that the inhibitory 
effect of AST-003 on RCC cells is clear and the mechanism 
might be similar to that of Sunitinib. Further studies will 
be conducted to evaluate the inhibitory effect of AST-003 
on RCC in animals, and Sunitinib will be used as a standard 
control to understand the differences between the two in 
terms of efficacy and safety in animals, so as to provide 
sufficient evidence for subsequent human trials.

Conclusions

Overall, our study found that AST-003 could effectively 
promote the apoptosis of RCC cells in vitro and block the 
cells in the intercellular phase, and the mechanism was 
similar to that of Sunitinib, suggesting AST-003 has the 
value of further research.
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