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Abstract. Non‑small cell lung cancer (NSCLC) is the most 
common type of lung cancer and the most common cause 
of mortality in patients with lung cancer. The efficacy of 
cisplatin‑based chemotherapy in NSCLC is limited by drug 
resistance, therefore, the development of novel anticancer 
agents is required to overcome cisplatin resistance. The present 
study investigated the anticancer activity of gambogenic 
acid (GNA), derived from gamboge, in the cisplatin‑resistant 
NSCLC cell line A549/Cis. GNA was revealed to have a potent 
inhibitory effect on cell growth in A549/Cis cells by blocking 
the cell cycle and inducing apoptosis. The investigation of the 
molecular mechanisms identified that GNA arrested the cell 
cycle at the G1 phase through the downregulation of cyclin Ds, 
cyclin dependent kinase (CDK)4 and CDK6, and the upregula-
tion of p53 and p21. In addition, GNA induced apoptosis by 
increasing the activation of caspase 3 and caspase 7, in addition 
to the cleavage of poly(ADP‑ribose) polymerase. The results of 
the present study supported the potential application of GNA 
in cisplatin‑resistant NSCLC.

Introduction

Lung cancer is the most commonly diagnosed cancer (11.6% 
of the total cases) and the leading cause of cancer‑associated 
mortality (18.4% of the total cancer‑associated mortality cases) 
globally (1). Non‑small cell lung cancer (NSCLC) accounts 
for ~83% of lung cancer cases, and the majority of patients 
with advanced NSCLC are treated with chemotherapy (2). 

Platinum‑based drugs, particularly cisplatin (Cis), are used in 
the treatment of numerous cancer types, including NSCLC (3). 
Cis is the most widely used drug in cancer therapy and the first 
Food and Drug Administration‑approved platinum compound 
for lung cancer treatment (4,5). However, the use of Cis in lung 
cancer chemotherapy is limited by the resistance of cells to 
the drug (6‑8). In order to enhance the therapeutic efficacy 
of currently available cytotoxic drugs and to identify novel 
anti‑tumor drugs, it is important to identify alternative strate-
gies to overcome Cis resistance and identify novel therapies.

Natural products are promising sources of anticancer 
agents and contribute substantially to cancer therapy  (9). 
Gambogenic acid (GNA), a natural compound derived from 
gamboge, has long been used in traditional Chinese medi-
cine (10). GNA exerts cytotoxicity in numerous human cancer 
lines (11‑16). In addition, previous studies have demonstrated 
that GNA may also enhance chemosensitivity in certain cancer 
cell types (17,18). However, to the best of our knowledge, it is 
not known whether GNA serves a function in the treatment of 
Cis‑resistant lung cancer. The chemical structure of GNA has 
an active bond (19), which may bind with the target protein, but 
the detailed molecular mechanism underlying its anticancer 
effects have not yet been fully elucidated. The present study 
investigated the anticancer effects and mechanisms of GNA 
on Cis‑resistant NSCLC cells. The present results suggested 
that GNA efficiently inhibited the proliferation of Cis‑resistant 
NSCLC cells in vitro, highlighting the potential application of 
GNA in NSCLC clinical studies.

Materials and methods

Cell culture. The human NSCLC cell line A549 and A549/Cis 
cells were obtained from The Cell Resource Center, Institute of 
Basic Medicine, Chinese Academy of Medical Sciences. The 
cells were cultured in DMEM (Corning Inc.), supplemented 
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.). 
All cells were cultured at 37˚C and 5% CO2. A549/Cis cells were 
cultured in the presence of 2 µM Cis (Selleck Chemicals), which 
were collected subsequent to two generations prior to the experi-
ments being performed. These cell lines grew in monolayers and 
when the confluence reached 70‑80%, they were passaged.
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MTT assay. Briefly, A549 and A549/Cis cells (3x103 cells/well) 
were added to 96‑well plates in 100 µl cell culture medium. 
The cells were treated with various concentrations of Cis 
(0, 2.5, 5, 10 or 20 µM) or GNA (0, 0.5, 1, 2, 4 or 6 µM; Fig. 1; 
purity >98%; Nanjing Dasf Biotechnology Co., Ltd.). GNA has 
poor aqueous solubility, and was dissolved in DMSO as the 
stock solution at a concentration of 20 mM, and then diluted 
to working concentration as required in complete culture 
medium immediately prior to use. The cells were then incu-
bated at 37˚C and 5% CO2 for 24, 48 or 72 h. Following the 
treatments, 20 µl/well MTT (Biosharp; 5 mg/ml) was added for 
further incubation at 37˚C for 4 h. The supernatant was then 
discarded and the formazan product was dissolved in DMSO. 
The optical density was measured at 490 nm in a Synergy H1 
Hybrid Multi‑Mode Microplate Reader (BioTeke Coporation) 
and the experimental results were recorded.

Hoechst 33342 staining analysis. Briefly, A549/Cis cells 
(5x104 cells/well) were seeded into 12‑well plates and cultured 
at 37˚C for 24 h. Prior to GNA treatment, cells were observed 
by microscopy and recorded as the initial point. Then, the cells 
were treated with GNA (0, 2 or 4 µM) at 37˚C for 24 and 48 h. 
At the end of the various treatments, the cells were stained 
with Hoechst 33342 (10 µg/ml; Beijing Solarbio Science & 
Technology Co., Ltd.) for 20 min at 37˚C and changes in the 
cell morphology were observed by fluorescence microscopy 
(magnification, x200; Leica Microsystems GmbH).

Analysis of cell cycle and apoptosis. The cell cycle and 
apoptosis were analyzed by flow cytometry. For the cell cycle 
analysis, cells were harvested and washed twice with cold 
phosphate buffered saline (PBS), then fixed in precooled 70% 
alcohol overnight at ‑20˚C. Subsequent to washing in cold PBS 
3 times, cells were incubated with RNase (Tiangen Biotech 
Co., Ltd.; 0.5 mg/ml) solution at 37˚C for 1 h. Subsequently, 
propidium iodide (Beijing Solarbio Science & Technology 
Co., Ltd.; 10 µg/ml) was added to the cells and incubated at 
room temperature for 15 min. Then, the cell cycle analysis 
was performed using a BD FACSCelesta Flow Cytometer 
(BD Biosciences). The data were analyzed using Modifit LT 
5.0 software (Verity Software House, Inc.). Cell apoptosis 
was analyzed using an Annexin V‑APC/7‑amino‑actinomycin 
(7‑AAD) Apoptosis Detection kit (BioLegend, Inc.), according 
to the manufacturer's protocol. The stained cells were analyzed 
using a BD FACSCelesta Flow Cytometer (BD Biosciences) 
and the data were analyzed using FlowJo 7.6.1 software 
(FlowJo LLC).

RNA sequencing (RNA‑seq). The total RNA of A549/Cis cells 
treated with 4 µM GNA for 24 h was extracted using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following 
the manufacturer's protocol. The RNA‑seq was performed by 
LC‑Bio Technologies (Hangzhou) Co., Ltd. using an Illumina 
X10 (LC Sciences) following the manufacturer's protocol. 
StringTie (20) was used to analyze the expression levels for 
mRNAs by calculating the fragments per kilobase of transcript 
per million mapped reads. The differentially expressed mRNAs 
and genes were selected with log2 (fold change)>1 or log2 (fold 
change)<‑1 and with statistical significance (P‑value <0.05) using 
the R package ‑ Ballgown, as described previously (21). For the 

Gene Ontology enrichment (22,23) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (24‑26) pathway analysis, the 
Database for Annotation, Visualization and Integrated Discovery 
web server (http://david.ncifcrf.gov/) was used (27,28).

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). A549/Cis cells were harvested 24 h after 4 µM GNA 
treatment and the total RNA was extracted using the GeneJET 
RNA Purification kit (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. RT was conducted using the First 
Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). The 
following RT temperature protocol was used: 65˚C for 5 min, 
50˚C for 50 min and 85˚C for 5 min. qPCR was subsequently 
performed using the SYBR® Select Master Mix kit (Thermo 
Fisher Scientific, Inc.) and a QuantStudio 3 Real‑Time PCR 
system (Thermo Fisher Scientific, Inc.). The thermocycling 
conditions were as follows: 95˚C for 10  min, followed by 
40 cycles at 95˚C for 15 sec and 60˚C for 1 min. The primer 
sequences used for the qPCR are listed in Table I. Quantification 
was performed using the comparative 2‑∆∆Cq method (29). The Cq 
value for each sample was normalized to the value of GAPDH. 
The experiments were performed in triplicate.

Western blotting. Total protein was extracted from cells using 
RIPA lysis buffer (Beijing Solarbio Science & Technology Co., 
Ltd.) which contains 1% (V/V) phenylmethanesulfonyl fluoride 
(Beijing Solarbio Science & Technology Co., Ltd.). Nuclear 
proteins were prepared using a Nuclear and Cytoplasmic Protein 
Extraction kit (Wanleibio Co., Ltd.), according to the manu-
facturer's protocol. A BCA protein assay kit (Thermo Fisher 
Scientific, Inc.) was used to determine the protein concentra-
tion. Samples containing equal amounts of protein (30 µg) were 
loaded onto 10% gels (p53, nuclear p53, CDK6, Lamin B and 
GAPDH proteins) or 12% gels [p21, CDK4, growth arrest and 
DNA damage‑inducible α (GADD45A), cyclin D1, cyclin D3, 
cyclin B1, caspase 3/7, cleaved‑caspase 3/7, poly(ADP‑ribose) 
polymerase (PARP), cleaved‑PARP and GAPDH proteins], 
separated by SDS‑PAGE and transferred to polyvinylidene 
difluoride membranes (EMD Millipore). The membrane was 
blocked with TBS with Tween‑20 (1:1,000; TBST) containing 
1% BSA (Beijing Solarbio Science & Technology Co., Ltd.) 
for 1 h at room temperature and incubated overnight at 4˚C 
with specific primary antibodies against p21 (1:1,000; cat. 
no.  2947; Cell Signaling Technology, Inc.), GADD45A 
(1:1,000; cat. no.  4632; Cell Signaling Technology, Inc.), 
cyclin D3 (1:2,000; cat. no. 2936; Cell Signaling Technology, 
Inc.), cyclin D1 (1:500; cat. no.  WL01435a; Wanleibio 
Co., Ltd.), cyclin B1 (1:500; cat. no. WL01760; Wanleibio 
Co., Ltd.), CDK4 (1:500; cat. no. WL02274; Wanleibio Co., 
Ltd.), CDK6 (1:500; cat. no. WL01676; Wanleibio Co., Ltd.), 
caspase 3 (1:500; cat. no. WL01927; Wanleibio Co., Ltd.), 
cleaved‑caspase 3 (1:500; cat. no. WL01992; Wanleibio Co., 
Ltd.), cleaved‑caspase 7 (1:500; cat. no. WL02360; Wanleibio 
Co., Ltd.), PARP/cleaved‑PARP (1:500; cat. no. WL01932; 
Wanleibio Co., Ltd.), lamin B (1:500; cat. no.  WL01775; 
Wanleibio Co., Ltd.), caspase 7 (1:300; cat. no. sc‑56063; Santa 
Cruz Biotechnology, Inc.), p53 (1:500; cat. no. bsm‑33058M; 
BIOSS) and GAPDH (1:1,000; cat. no. bs‑0755R; BIOSS). 
Subsequent to washing three times with TBST, the membranes 
were incubated with the following horseradish peroxidase 
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(HRP)‑conjugated secondary antibodies: Goat anti‑mouse 
(1:3,000; cat. no. bs‑0296G‑HRP; BIOSS) and goat anti‑rabbit 
(1:3,000; cat. no. bs‑0295G‑HRP; BIOSS) for 2 h at room 
temperature. Following washing in TBST three times, immu-
noblots were visualized using an enhanced chemiluminescent 
substrate kit (Beijing Solarbio Science & Technology Co., 
Ltd.) under an Amersham Imager 600 system (GE Healthcare 
Life Sciences). Expression levels were quantified using ImageJ 
version 1.52 software (National Institutes of Health).

Statistical analysis. All data are presented as the mean ± SEM, 
unless otherwise stated, and represent three independent 
experimental repeats. SPSS 20.0 software (IBM Corp.) and 
GraphPad Prism 5.0 software (GraphPad Software, Inc.) 
were used for statistical analysis. One‑way ANOVAs were 
conducted to examine the differences among the multiple 
groups, followed by a Tukey's post‑hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

GNA inhibits growth and induces the apoptosis of A549/Cis 
cells. A549/Cis is a Cis‑resistant cell line derived from the 
A549 lung cancer cell line. To confirm its chemoresistance 
to Cis, A549 cells were exposed to Cis in vitro to establish 
A549/Cis cells. The MTT assay demonstrated that A549/Cis 
cells were significantly more resistant to Cis compared with 
the parental cells (P<0.001; Fig. 2A). The cytotoxic effect 
of GNA on A549 and A549/Cis cells was determined. Cells 
were treated with increasing concentrations of GNA for 24, 
48 and 72 h. Cell viability was measured using an MTT assay. 
As presented in Fig. 2B and C, GNA significantly decreased 
the viability of A549 and A549/Cis cells compared with the 
untreated group (P<0.001). GNA induced a high degree of cell 
death at a concentration of 6 µM only after 24 h. Accordingly, 
2 and 4 µM GNA was used in the subsequent experiments. 
Hoechst 33342 staining further demonstrated the inhibitory 
effect of GNA in A549/Cis cells (Fig. 2C and D). Compared 
with the untreated cells, the cells treated with GNA had inhib-
ited proliferation and exhibited morphological alterations. 
Furthermore, the nuclear condensation of GNA‑treated cells 
was also observed.

GNA induces cell cycle arrest and apoptosis in A549/Cis cells. 
To investigate the cellular process responsible for the inhibited 
proliferation by GNA treatment, the cell cycle and apoptosis 

were examined by flow cytometry in A549/Cis cells (Fig. 3). 
As presented in Fig. 3A and B, the cell cycle of A549/Cis cells 
was significantly arrested at the G1 phase following GNA 
treatment for 24 and 48 h compared with the untreated group 
(P<0.5). There was a significantly higher sub‑G1 population in 
the cells treated with 4 µM GNA for 48 h compared with the 
untreated group (P<0.001). Cell cycle arrest may induce cell 
death, which was measured using flow cytometry. The annexin 
V/7‑AAD double staining assay revealed that the apoptosis 
rate was significantly increased compared with the control 
group when A549/Cis cells were treated with 4 µM GNA for 
48 h (P<0.001; Fig. 3C and D).

Figure 1. Chemical structure of gambogenic acid.

Table I. Primer pairs for reverse transcription‑quantitative 
PCR.

Gene	 Primer sequence (5'→3')

GAPDH	 F: ACATCGCTCAGACACCATG
	R : TGTAGTTGAGGTCAATGAAGGG
GADD45A	 F: GGAGAGCAGAAGACCGAAAG
	R : AGGCACAACACCACGTTATC
CCND3	 F: AACTGTGCATCTACACCGAC
	R : GCCAGGAAATCATGTGCAATC
CCNB1	 F: GGCTTTCTCTGATGTAATTCTTGC
	R : GTATTTTGGTCTGACTGCTTGC
CDC20	 F: GATGTAGAGGAAGCCAAGATCC
	R : AAGGAATGTAACGGCAGGTC
CDC25B	 F: CCGAGAGCTGATTGGAGATTAC
	R : CACGATGTTGCTGAACTTGC
PCNA	 F: GTCTCTTTGGTGCAGCTCA
	R : ATCTTCGGCCCTTAGTGTAATG
PLK1	 F: ACAGTTTCGAGGTGGATGTG
	R : GGTTGATGTGCTTGGGAATAC
MCM2	 F: ATTTCGTCCTGGGTCCTTTC
	R : CGCTGGTAGTTCTGATAGATGG
MCM3	 F: AGCGAAGTGAGGATGAATCAG
	R : CTGTGTCACTGAAGTCATAGGG
MCM7	 F: GATGCCACCTATACTTCTGCC
	R : TCCTTTGACATCTCCATTAGCC
SERPINE1	 F: GTGGACTTTTCAGAGGTGGAG
	R : GAAGTAGAGGGCATTCACCAG
THBS1	 F: CTCCCCTATGCTATCACAACG
	R : AGGAACTGTGGCATTGGAG
CASPASE7	 F: CCTCGATACAAGATCCCAGTG
	R : GATTTCCAGGTCTTTTCCGTG
TNFRSF10B	 F: ACCACGACCAGAAACACAG
	R : CATTCGATGTCACTCCAGGG

GADD45A, growth arrest and DNA damage‑inducible α; CCND3, 
cyclin D3; CCNB1, cyclin B1; CDC20, cell division cycle 20; 
CDC25B, cell division cycle 25B; PCNA, proliferating cell nuclear 
antigen; PLK1, polo like kinase 1; MCM, minichromosome mainte-
nance complex component; SERPINE1, serpin family E member 1; 
THBS1, thrombospondin 1; TNFRSF10B, TNF receptor superfamily 
member 10b; F, forward; R, reverse.

https://www.spandidos-publications.com/10.3892/mmr.2020.10909
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Differential gene expression and enrichment analysis in 
A549/Cis cells treated with GNA. To understand how GNA 
inhibits cell growth and promotes cell death in A549/Cis 
cells, an RNA‑seq assay was performed using samples from 
the control and GNA‑treated cells. Data analysis indicated 
that GNA treatment induced a global gene expression change 
(Fig. 4A). All genes whose threshold was restricted with a 
P‑value <0.05, fold change ≥2 or ≤0.5 were identified as differ-
entially expressed genes (DEGs). There were 353 upregulated 
DEGs and 425 downregulated DEGs in the cells treated with 
GNA; the DEGs are visualized in the volcano plot (Fig. 4B). 

To further investigate the function of DEGs, KEGG pathway 
analysis was performed. It was identified that the DEGs influ-
enced by GNA treatment were mostly enriched in pathways 
involved in the cell cycle, DNA replication and p53 signaling 
pathways associated with tumor proliferation (Fig. 4C). In 
addition, the DEGs associated with the cell cycle were further 
enriched (Fig. 4D).

Mechanisms of the anticancer effects of GNA in A549/Cis 
cells. To validate the RNA‑seq results, 14 DEGs were selected 
for RT‑qPCR analysis and GAPDH was used to normalize the 

Figure 2. GNA inhibits the cell growth of A549 and A549/Cis cells. (A) MTT assay was used to confirm the cell viability of A549 and A549/Cis cell lines 
subsequent to treatment with various concentrations of Cis for 48 h. (B) Cell viability of A549 cells treated with a range of concentrations of GNA for 24, 48 and 
72 h was measured by an MTT assay. (C) Cell viability of A549/Cis cells treated with a range of concentrations of GNA for 24, 48 and 72 h. (D) A549/Cis cells 
treated with specified concentrations of GNA were observed under an inverted fluorescent contrast phase microscope for the indicated time periods. Scale bar, 
100 µm; magnification, x200. (E) Quantification of cell counts. ***P<0.001 vs. control. GNA, gambogenic acid; Cis, cisplatin; ns, not significant.
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gene expression data. Among these genes, 4 were verified to 
be upregulated in GNA‑treated A549/Cis cells whereas the 
other 10 were identified as downregulated. In total, 10 genes 
[GADD45A, cyclin D3 (CCND3), cyclin B1 (CCNB1), cell 
division cycle 20, cell division cycle 25B, proliferating cell 
nuclear antigen, polo like kinase 1, minichromosome main-
tenance complex component (MCM)2, MCM 3 and MCM 7] 
were involved in the cell cycle, 6 genes [GADD45A, CCND3, 
CCNB1, SERPINE1, thrombospondin 1 and TNF receptor 
superfamily member 10b (TNFRSF10B)] were associated with 
the p53 signaling pathway and two genes (CASPASE7 and 
TNFRSF10B) were associated with apoptosis. The results of 
RT‑qPCR were consistent with the RNA‑seq analysis (P<0.05; 
Fig. 5A). To further investigate the underlying mechanisms 
of GNA‑induced cell cycle arrest and apoptosis, a western 
blotting assay was performed. The protein expression levels 
of the hub genes associated with the G1 phase cell cycle check-
point and apoptosis are presented in Fig. 5B, D and F. The 
data revealed that the protein levels of cyclin D1, cyclin D3, 
CDK4 and CDK6 were significantly downregulated (P<0.05), 
while the expression of p21, GADD45A, p53 and nuclear p53 
were significantly upregulated in A549/Cis cells following 
GNA treatment compared with the untreated group (P<0.05). 
Furthermore, the regulators of apoptosis were additionally 
detected subsequent to GNA treatment. GNA was able to 
significantly increase the protein levels of the precursor forms 
of caspase 3/7 and their active forms as well (P<0.05). The 
hallmark of apoptosis, PARP, which is associated with DNA 
repair, was revealed to be significantly upregulated (P<0.05), 

and its cleavage was significantly enhanced by GNA treatment 
in A549/Cis cells (P<0.05).

Discussion

The present study investigated the anticancer activity of GNA 
in A549/Cis cells and investigated the underlying molecular 
mechanisms. It was demonstrated that GNA exhibited potent 
inhibitory activities in A549/Cis cells. Based on the present 
data, GNA induced G0/G1 phase cell cycle arrest mainly 
by regulating the expression of the cyclin D‑CDK4/CDK6 
complex, p21 and p53. The cell cycle arrest subsequently 
triggers apoptosis through the activation of caspases in 
A549/Cis cells.

GNA, an active ingredient isolated from the traditional 
Chinese medicine gamboge, was revealed to have anti‑tumor 
activity in  vitro and in  vivo, and low toxicity to normal 
cells  (11,13,14,30). In the present study, GNA exhibited 
anti‑cancer effects on Cis‑resistant NSCLC cells, indicating 
that it additionally has the potential to overcome drug 
resistance in cancer. However, despite these advantages, the 
clinical use of GNA was limited due to its poor aqueous 
solubility, short elimination half‑life, low bio‑availability and 
excessive irritation to blood vessels by intravenous adminis-
tration (31). With the aim of overcoming these limitations, 
researchers have developed numerous nanocarrier drug 
delivery systems, including solid lipid nanoparticles, nano-
structure lipid carriers (32), liquid crystal dispersions (33) 
and mixed polymeric micelles  (34), which are able to 

Figure 3. Effects of GNA on cell cycle arrest and apoptosis in A549/Cis cells. (A) Ratio of the cell cycle phases of A549/Cis cells following GNA treatment for 
24 and 48 h. (B) Cell cycle populations following GNA treatment were estimated. (C) Percentage of apoptotic A549/Cis cells subsequent to GNA treatment 
for 24 and 48 h. (D) Quantification of apoptosis. Data are presented as the mean ± standard deviation of triplicate measurements. *P<0.05 and ***P<0.001 vs. 
control. GNA, gambogenic acid; Cis, cisplatin; ns, not significant.

https://www.spandidos-publications.com/10.3892/mmr.2020.10909
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enhance bio‑availability and retain antitumor effects. These 
novel formulations of GNA may be developed further for its 
clinical application.

The cell cycle serves an important function in main-
taining the dynamic balance between proliferation and 
cell death. Abnormal regulation of the cell cycle results in 
cancer development. Inhibition of the cell cycle is a known 
target for cancer therapy (35,36). Cell cycle progression is 
mainly regulated by cyclins, cyclin‑dependent kinases and 
cyclin‑dependent protein kinases inhibitors (CDKIs). The 

fluctuations in the cyclin levels during the cell cycle may 
activate CDK (37). The D‑type cyclins (D1, D2 and D3) are 
the first cyclins sensing the mitogenic signals and activate 
CDK4 and CDK6 in the G1 phase. At the G1/S checkpoint, the 
cyclin D‑CDK4/6 complex is crucial in regulating the G1/S 
phase transition. Phosphorylation of Rb by cyclin D‑CDK4/6 
and cyclin E‑CDK2 releases E2F, allowing the expression of 
genes that encode products necessary for S‑phase progres-
sion (38‑40). The inhibition of the CDK4/6‑cyclin D complex 
will cause cell cycle arrest  (41). The present results were 

Figure 4. Gene expression profiling of GNA‑treated and untreated A549/Cis cells. (A) Heat map of the hierarchical clustering of significant differential genes 
(P‑value <0.05) identified in A549/Cis cells treated with 4 µM GNA for 24 h. (B) Volcano plot presenting the significant differentially up‑ and downregulated 
genes in A549/Cis cells subsequent to GNA treatment compared with untreated cells. (C) Top 20 enrichment Kyoto Encylopedia of Genes and Genomes path-
ways of the DEGs. (D) Expression of DEGs associated with the cell cycle pathway. GNA, gambogenic acid; Cis, cisplatin; DEGs, differentially expressed genes.
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Figure 5. Mechanisms underlying GNA‑induced cell cycle arrest and apoptosis. (A) Relative expression of GADD45A, CCND3, CCNB1, CDC20, CDC25B, 
PCNA, PLK1, MCM2, MCM3, MCM7, THBS1, SERPINE1, CASPASE7, TNFRSF10B and GAPDH were identified in A549/Cis cells treated with different 
concentrations of GNA for 24 h by reverse transcription‑quantitative PCR. (B) Western blot analysis and (C) quantitative results of p53, GADD45A, p21, 
cyclin D1, cyclin D3, CDK4, CDK6 and cyclin B1 in whole cell lysates of A549/Cis cells treated with different doses of GNA for 24 h. The levels of GAPDH 
were used as loading controls. (D) Western blot analysis and (E) quantitative results of p53 in the nucleus of A549/Cis cells treated with different doses of GNA 
for 24 h. The levels of lamin B were used as loading controls. (F) Representative blots and (G) quantitative results of the expression of caspase 3, caspase 7 
and PARP subsequent to GNA treatments. *P<0.05, **P<0.01 and ***P<0.001 vs. untreated group. GNA, gambogenic acid; Cis, cisplatin; ns, not significant; 
GADD45A, growth arrest and DNA damage‑inducible protein GADD45 α; CCND3, cyclin D3; CCNB1, cyclin B1; CDC20, cell division cycle 20; CDC25B, 
cell division cycle 25B; PCNA, proliferating cell nuclear antigen; PLK1, polo like kinase 1; MCM, minichromosome maintenance complex component; 
THBS1, thrombospondin 1; TNFRSF10B, TNF receptor superfamily member 10b; PARP, poly(ADP‑ribose) polymerase.
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consistent with these observations. Previous studies also 
demonstrated that GNA may induce cell cycle arrest at the G1 
phase in cancer cells (11,13). Consequently, the results of the 
present study on the regulatory proteins responsible for G1/S 
transition indicated that GNA arrested the cell cycle at the G1 
phase by downregulating cyclin D‑CDK4/6 complex proteins. 
The CDKI family member p21 (also known as p21WAF1/Cip1) 
serves an important function in binding to the cyclin‑CDK 
complex and suppressing its catalytic activity, causing cell 
cycle arrest  (42,43). Inactivation of the cyclin D‑CDK4/6 
complex by p21 may inhibit Rb phosphorylation and induce 
G1 phase cell cycle arrest (44). The present study observed 
that p21 was also altered by GNA. In addition, p21 is a direct 
transcriptional target of p53 and is required for p53‑dependent 
cell cycle arrest (45). GADD45A is a protein that may inacti-
vate cyclin B1 through a p53‑dependent/independent pathway; 
upregulation of GADD45A may be regulated by p53. These 
results suggested that the elevated protein expression of p53 in 
response to GNA exposure may be involved in G1 phase arrest 
by increasing the p21 protein level.

Cell cycle inhibition would subsequently induce apoptosis 
in cancer therapy (46). In the present study, it was identified 
that the percentage of A549/Cis cells in the G1 phase increased 
following GNA treatment for 24 and 48  h. However, the 
apoptotic rate of A549/Cis cells had no statistical difference 
following 24 h GNA treatment and significant differences only 
occurred 48 h later following 4 µM GNA treatment. The present 
results demonstrated that apoptosis may be a result of cell cycle 
arrest, which supports the cell cycle inhibitory effect of GNA. 
Apoptosis is important as it serves a pivotal function in growth 
inhibition, and the agents that induce apoptosis in tumor cells 
may be useful for the treatment of malignancies (39). Apoptosis 
is primarily executed by a family of proteases known as the 
caspases  (47). Caspase 3/7 are the executors of apoptosis, 
which are responsible for the definite cleavage of cellular 
components (48). Activation of caspase 3/7 may trigger PARP, 
which eventually results in apoptosis (49). In the present study, 
the activation of caspase 3/7, in addition to cleaved PARP, 
were observed following GNA treatment. In summary, it was 
hypothesized that GNA induced cell cycle arrest, which results 
in apoptosis via the activation of caspases in A549/Cis cells.

In conclusion, the present study demonstrated that GNA 
is a natural and effective compound that exerts anticancer 
effects against A549/Cis cells by inducing apoptosis via cell 
cycle arrest at the G1 phase. GNA induced G1 phase cell cycle 
arrest through the regulation of cyclin D1, cyclin D3, CDK4, 
CDK6, p21 and p53, which subsequently resulted in apoptosis 
via the activation of caspase 3/7 in A549/Cis cells. The present 
evidence supported the potential application of GNA as a 
promising drug in the treatment of Cis‑resistant NSCLC.
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