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Abstract
Objective: The aim of this study was to explore the potential involvement of the miR-493-5p/BRCA1 pathway 
in the anti-cell drug resistance activity of artesunate in lung carcinomas. 
Method: Two drug-resistant lung carcinoma cell lines, A549 and SBC-3, resistant to cisplatin (DDP) and 
adriamycin (ADM), respectively, and their parental cell lines (A549 and SBC-3) were used in this study. Cell 
viability was determined by an MTT assay. The relative expression of miR-493-5p and BRCA1 mRNA was 
analyzed by quantitative real-time PCR. The protein expression of BRCA1, breast cancer resistance protein 
(BCRP), and (p)PI3K/AKT was determined by a Western blot.
Result: Artesunate attenuated the viability of A549/DDP and SBC-3/ADM cells and suppressed the expression 
of BCRP, an important multidrug resistance protein in lung carcinoma cells, accompanied by upregulation 
of miR-493-5p and downregulation of BRCA1. In artesunate-treated A549/DDP and SBC-3/ADM cells, miR-
493-5p silencing reversed the anti-cell drug resistance activity of artesunate and resulted in increased cell 
viability and BRCP expression. Simultaneously, miR-493-5p silencing contributed to BRCA1 upregulation and 
phosphorylation of PI3K and AKT. As shown by a luciferase reporter gene assay, BRCA1 was a target gene for 
miR-493-5p, and its expression was negatively regulated by miR-493-5p. miR-493-5p silencing reversed the 
anticell drug resistance activity of artesunate, and this finding was further supported by a murine tumor-
bearing model.
Conclusion: The data support the anti-cell drug resistance activity of artesunate in lung carcinoma cells and 
sheds light on the role of the miR-493-5p/BRCA1 pathway in this process.
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nowned globally for its antimalaria activity [4]. Recently, 
artesunate has been recognized as an anticancer agent 
in various cancers, such as breast cancer [5], cervical 
cancer [6], and lung cancer [7]. In addition, accumulating 
evidence points to anti-tumor cell drug resistance ac-
tivity of artesunate in prostate cancer [8], head and neck 
cancer [9], and multiple myelomas [10]. However, to date, 
there is no direct evidence of an effective role of artesu-
nate in multidrug resistance of lung carcinoma. MicroR-
NAs (miRNAs) are a class of small noncoding RNAs with 
a length of ~22 nucleotides. Although they have no pro-
tein-coding ability, miRNAs are attracting widespread 
attention because of their regulatory role in functional 
protein expression via post-transcription modification 
processing. Unexpectedly, in previous studies, miRNAs 
interplaying with critical proteins developed into a mo-
lecular mechanism for drug resistance of lung carcino-
mas [11-13]. miR-493 has been recently recognized as an 
antitumor miRNA in breast cancer [14], gastric cancer 
[15], colon cancer [16], and lung cancer [17]. Research also 
showed that miR-493 was involved in regulating che-
moresistance of gastric cancer cells [18]. 

INTRODUCTION 
Lung carcinomas are a leading cause of cancer-related 
deaths worldwide [1]. According to data from the Na-
tional Cancer Center of China, among all types of cancer 
in China, lung cancer is responsible for the highest mor-
bidity and mortality. The treatment of lung carcinomas 
is hampered by the ineffectiveness of current therapy, 
leading to a poor prognosis [2]. Multidrug resistance of 
lung carcinoma cells remains a major problem that has 
yet to be resolved [2]. 
Antitumor agents for cancers have increasingly attract-
ed attention, particularly studies of Chinese traditional 
plant compounds. One such agent is artesunate, which 
has antineoplasmic activity. Artesunate belongs to drug 
monomers and is derived from the leaves of Artemisia 
annua L (also known as qinghao or sweet wormwood), 
a plant used in traditional Chinese medicine [3] and re-
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We previously investigated the role of artesunate in 
drug resistance of lung carcinoma cells and explored 
the potential involvement and downstream pathway 
of miR-493 in this process. Drug resistant-associated 
proteins regulated by miRNAs underlie the regulatory 
mechanism of drug resistance of cancer in various can-
cers [11]. The aim of this study was to determine the pos-
sibly regulated BRCA1, a tumor suppressor gene and 
drug-resistance related gene, in lung carcinomas [19], by 
miR-493 in artesunate-treated lung carcinoma cells.

MATERIALS AND METHODS 
Cell culture and treatment

Two drug-resistant lung carcinoma cell lines, A549/
DDP (resistant to cisplatin) and SBC-3/ADM (resistant 
to adriamycin), and their parental cell lines, A549 and 
SBC-3 (obtained from ATCC) were cultured in RPMI-
1640 medium, supplemented with 10% fetal calf se-
rum and 1% penicillin–streptomycin solution. A549/
DDP and SBC-3/ADM were established by A549 and 
SBC-3 cells step by step and treated with increasing 
concentrations of DDP or ADM. The cells were main-
tained in a humidified atmosphere at 37° C with 5% 
CO2, and the medium was replaced with new medium 
every 2–3 days.
To evaluate the cell cytotoxic activity of DDP or ADM, 
the A549/DDP and A549 cells were exposed to DPP 
at concentrations of 12.5, 25, 50, 75, and 100 µM, and 
the SBC-3/ADM and SBC-3 cells were exposed to ADM 
at concentrations of 0.05, 0.1, 0.5, 1.0, and 2.0 µM. The 
cells were treated with combination treatment (25 µM 
DPP and 1.0 µM ADM) and different doses of artesu-
nate (7.5, 15, and 30 µM) or 15 µM artesunate (A549/
DDP and SBC-3/ADM cells). 

MTT assay 

An MTT assay was performed to evaluate the cytotox-
ic activity of DDP, ADM, and artesunate. The cells (1 × 

104/ml) were seeded into a 96-well plate, and different 
doses of DPP, ADM, or artesunate were added. The cells 
were cultured for 48 h and added with an MTT reaction 
kit. After incubation for 4 h, the reaction in each well 
was stopped. The generated formazan crystals of sam-
ples were resolved by wells to which 150 µl/ of dimeth-
yl sulfoxide (DMSO) was added per well. The OD value 
of each dissolution mixture was examined at 570 nm by 
a microplate reader.

Western blot analysis of the protein expression of 
breast cancer resistance protein (BCRP), BRCA1, PI3K/
AKT, and (p)PI3K/AKT

Cells or tumor tissues were collected for total protein 
extraction with RIPA lysis buffer, supplemented with 
protease inhibitor. Protein samples were quantified by 
the bicinchoninic acid method. Subsequently, an equal 
quantity of protein from all the protein samples was 
subjected to SDS-polyacrylamide gel electrophoresis. 
The proteins in the gel were then transferred to poly-
vinylidene fluoride membrane (Millipore), followed 
by incubation with primary antibodies against BCRP, 
BRCA1, PI3K/AKT, and (p)PI3K/AKT at 4° C overnight. 
The next day, the membranes were washed and incu-
bated with horseradish peroxidase-conjugated second-
ary antibody for 2 h at room temperature. Finally, target 
genes were visualized using an ECL Western blotting 
substrate kit. The electrophoretic band of β-actin was 
regarded as an internal control.

Quantitative real-time PCR (qRT-PCR) determination 
of the relative expression of miR-493-5p and BRCA1 
mRNA 

Cells or tumor tissues were collected for total RNA iso-
lation using an RNA extraction kit (Tiangen, Beijing, 
China), according to the manufacturer’s protocol. RNAs 
were subjected to reverse transcription using an miR-
NA First Strand Synthesis Kit (Takara, Dalian, China) or 
PrimeScript™ RT Master Mix (Takara, Dalian, China). 

Figure 1. Effect of artesunate on drug resistance of lung carcinoma cells. (A) An MTT assay detected the cell viability of lung 
carcinoma cell lines (A549 and SBC-3) and paired drug-resistant lung carcinoma cell lines (A549/DDP and SBC-3/ADM) after 
treatment with different doses of DDP or ADM. (B) Cell viability analysis of A549/DDP and SBC-3/ADM cells with combined 
treatment of DDP or ADM and doses of artesunate. (C) A Western blot assay determined BCRP expression in A549/DDP and SBC-3/
ADM cells with combined treatment of DDP or ADM and doses of artesunate. *P < 0.05 compared with A549, SBC-3, or A549/DDP 
with 25 μmol/L DDP treatment or SBC-3/ADM with 1.0 μmol/L ADM treatment.
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For the real-time PCR reaction, the cDNA product was 
amplified by SYBR® Premix Ex TaqTM II (Takara, Da-
lian, China) using an Applied Biosystems 7300 Fast Re-
al-Time PCR System. The U6 gene or GAPDH was used 
as an endogenous control.

Luciferase reporter gene assay 

Basing on the predicted pairing bases between the 
BRCA1 3’-untranslated region (3’-UTR) and miR-493-
5p, the BRCA1 3′-UTR was amplified and packaged into 
a luciferase vector forming a BRCA1 3’-UTR-WT (wild 
type) recombinant. A fragment of mutant pairing bases 
of BRCA1 3’-UTR was constructed into a BRCA1 3’-UTR-
Mut (mutant type) recombinant and regarded as a pos-

itive control. To determine the regulatory role of miR-
493-5p in BRCA1 3′-UTR activity, a BRCA1 3′-UTR-WT 
recombinant or BRCA1 3′-UTR-Mut recombinant was 
co-transfected with an miR-439-5p inhibitor or miR-
439-5p mimic into A549 cells or A549/DDP cells. After 
48 h transfection, the cells were harvested for lucifer-
ase activity analysis.

Murine tumor-bearing model

BALB/c nude mice (6 weeks) were subcutaneously in-
jected with 2 × 106 A549/DPP cells and randomly divid-
ed into four groups according to drug administration 
(DDP, DDP + artesunate, DDP + artesunate + negative 
control (NC), DDP + artesunate + lentivirus (LV) miR-

Figure 3. miR-493-5p silencing attenuated the anticell viability effect of artesunate. (A) Cell viability analysis of A549/DDP 
and SBC-3/ADM cells with co-treatment of 25 μmol/L DDP or 1.0 μmol/L ADM, 15 μmol/L ART, and an miR-493-5p inhibitor. (B) 
Determination of the BCRP level in A549/DDP and SBC-3/ADM cells co-treated with 25 μmol/L DDP or 1.0 μmol/L ADM or 15 μmol/
L ART and an miR-493-5p inhibitor. NC, negative control. *P < 0.05 compared with DDP or ADM; #P < 0.05 compared with DDP + ART 
+ NC or ADM + ART + NC.

Figure 2. Effect of artesunate on the expression of miR-493-5p and BRCA1. (A) qRT-PCR was performed to detect the relative 
expression of miR-493-5p and BRCA1 mRNA in A549/DDP and SBC-3/ADM cells with combined treatment of DDP or ADM and doses 
of artesunate. (B) Determination of BRCA1 protein level in A549/DDP and SBC-3/ADM cells with combined treatment of DDP or ADM 
and doses of artesunate. *P < 0.05 compared with A549 or SBC-3; #P < 0.05 compared with A549/DDP with 25 μmol/L DDP treatment 
or SBC-3/ADM with 1.0 μmol/L ADM treatment.
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to the anti-cell drug resistance activity of artesunate in 
lung carcinoma cells.

Artesunate contributed to upregulation of miR-493-5p 
and downregulation of BRCA1 in A549/DDP and SBC-
3/AD cells

The potential involvement of miR-493-5p and BRCA1 in 
the anti-cell drug resistance activity of artesunate was 
determined by examination of their expression levels 
in artesunate-treated A549/DDP and SBC-3/ADM cells. 
As shown in Figure 2A, the relative expression level 
of miR-493-5p gradually increased and that of BRCA1 
mRNA decreased in accordance with an increase in the 
dose of artesunate. Similar to BRCA1 mRNA, the ex-
pression level of the BRCA1 protein in A549/DDP and 
SBC-3/ADM cells was also reduced, depending on the 
artesunate dose administered (Figure 2B).

miR-493-5p silencing reversed the anti-cell drug resist-
ance activity of artesunate

To confirm the regulatory role of miR-493-5p in the 
anti-cell drug resistance activity of artesunate, we ex-
plored the effect of miR-493-5p silencing on the viabil-
ity of A549/DDP and SBC-3/ADM cells and found that 
miR-493-5p silencing reversed the anti-cell drug resis-
tance activity of artesunate and restored cell viability 
(Figure 3A). Furthermore, BCRP expression was upreg-
ulated in miR-493-5p inhibitor-transfected A549/DDP 
and SBC-3/ADM cells (Figure 3B).

miR-493-5p silencing was negatively correlated with 
the upregulation of BRCA1 pathway 

Next, we investigated the potentiating effect of miR-
493-5p on the BRCA1 pathway in artesunate-treated 
A549/DDP and SBC-3/ADM cells. miR-493-5p silenc-
ing resulted in upregulation of BRCA1 mRNA and the 
BRCA1 protein (Figs 4A and B). As the PI3K/AKT path-

493-5p inhibitor). After the cell injection, tumor vol-
ume was measured every 4 d. Drug administration 
commenced when the tumor volume was 100 mm3. 
DDP was delivered via an intraperitoneal injection, and 
artesunate was delivered via the oral route. A lentivi-
rus constructed miR-493-5p inhibitor (LV-miR-493-5p 
inhibitor) was administrated via an intravenous in-
jection through the tail. Tumor volume was measured 
continuously for 4 wk. The animals were then sacri-
ficed, and tumor tissues were removed for determina-
tion of miR-493-5p and BRCA1 expression.

Statistical analysis

Statistical analysis was performed with GraphPad 
Prism 5 software and version 15.0 SPSS software. Data 
were analyzed by a one-way analysis of variance or the 
student’s t test and represented as mean±SD. A two-
tailed P value less than 0.05 was considered statistical-
ly significant. 

RESULTS 
Artesunate improved the drug resistance of lung carci-
noma cells 

First, we evaluated the degree of drug resistance of two 
drug-resistant lung carcinoma cells lines, A549/DDP 
and SBC-3/ADM. The results revealed that A549/DDP 
and SBC-3/ADM showed resistance to DDP and ADM 
and that they exhibited higher cell viability than paired 
nondrug-resistant cells (A549 and SBC-3) at different 
drug doses (Figure 1A). The drug resistance of A549/
DDP to DDP and SBC-3/ADM to ADM was attenuated 
by artesunate in a dose-dependent manner (Figure 
1B). In addition, the protein level of BCRP, an import-
ant multidrug resistance protein in lung carcinoma 
cells [20] decreased in different doses of artesuna-
te-treated A549/DDP and SBC-3/ADM cells, pointing 

Figure 4. Effect of miR-493-5p silencing on BRCA1 and the PI3K/AKT pathway in artesunate-treated A549/DDP and SBC-3/
ADM cells. The cells were treated as in Figure 3 and harvested for analysis of (A) relative mRNA expression of BRCA1 and (B) protein 
expression of BRCA1, PI3K, p-PI3K, AKT, and p-AKT. *P < 0.05 compared with DDP or ADM; #P < 0.05 compared with DDP + ART + NC 
or ADM + ART + NC.
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way is a downstream pathway for BRCA1 in drug resis-
tance of NSCLC cell lines [20], we determined the phos-
phorylated level of PI3K and AKT in artesunate-A549/
DDP and SBC-3/ADM cells. The results revealed that 
artesunate inhibited the phosphorylation of PI3K and 
AKT. Notably, the inhibitory effect of artesunate on 
PI3K and AKT phosphorylation was alleviated by miR-
493-5p silencing, suggesting the responding BRCA1/
PI3K/AKT pathway to miR-493-5p in anti-cell drug re-
sistance activity of artesunate (Figure 4B).

miR-493-5p directly targeted BRCA1

Figure 5A shows the base pairing between miR-493-5p 
and BRCA1 3′-UTR, indicating potential direct binding 
between them. The results of the luciferase reporter 
gene assay demonstrated the regulatory role of miR-
493-5p in BRCA1 3′-UTR activity in A549 and A549/
DDP cells (Figure 5B). Consequently, BRCA1 mRNA and 
BRCA1 protein expression were enhanced by miR-493-
5p silencing in A549 cells and inhibited by miR-493-5p 
overexpression (Figure 5C).

Determination of the effect of miR-493-5p silencing on 
tumor growth in tumor-bearing mice following artesu-
nate administration

The effect of miR-493-5p silencing on the anti-cell 
drug resistance activity of artesunate was studied in an 
A549/DDP xenograft mice model by observing tumor 
growth (Figure 6A). Compared with DDP, artesunate 

treatment suppressed tumor volume, and the inhibitory 
effect of artesunate on tumor growth was substantially 
weakened in an LV-miR-493-5p inhibitor tumor xeno-
graft model. In accordance with the results of the cell 
experiments, the analysis of miR-493-5p and BRCA1 
in tumor xenografts showed that miR-493-5p was up-
regulated in mice with artesunate administration and 
downregulated in LV-miR-493-5p inhibitor tumor xe-
nografts. The BRCA1 protein level was lower in artesu-
nate-treated tumors and higher when miR-493-5p was 
silenced (Figure 6B).

DISCUSSION  
ADM- and DDP-based chemotherapies are commonly 
used clinically for pulmonary malignant tumors. How-
ever, resistance of cancer cells to these agents results 
in treatment failure [21]. Recently, Chinese traditional 
medicines have attracted attention as effective antitu-
mor agents for various cancers. The antitumor activity 
of artesunate has been demonstrated in a wide range 
of cancers [22]. The present study showed that artesu-
nate treatment resulted in an effective improvement in 
the cell drug resistance of lung carcinoma to ADM and 
DDP. Thus, artesunate can be regarded as an effective 
anti-cell drug resistance agent. 
Evidences pointing to the tight relationship between 
miRNAs and carcinogenesis promote the investigation 
of mechanism by which miRNAs mediate multi-drug 
resistance of cancer cells [23]. The data in the present 

Figure 5. miR-493-5p targetedBRCA1. (A) Representation of base pairing between miR-493-5p and BRCA1 3′-UTR-WT and 
matched base pairing between miR-493-5p and BRCA1 3′-UTR-Mut. (B) A luciferase reporter assay was performed to analyze 
relative luciferase activity of the 3′-UTR of BRCA1 in A549 cells and A549/DDP cells. (C) Determination of the BRCA1 mRNA and 
BRCA1 protein in A549 cells after transfection with an miR-493-5p inhibitor and in A549/DDP cells after transfection with an miR-
493-5p mimic. *P < 0.05 compared with NC or pre-NC.
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study suggested that miR-493, a recently identified an-
titumor miRNA [24,25], mediated the process of anti-cell 
drug resistance of lung carcinoma cells by artesunate. 
Previous research reported that miR-493 was down-
regulated in several cancers. Accordingly, upregulation 
of miR-493 by vector-mediated gene transfection con-
tributed to inhibition of proliferation and metastasis of 
gastric cancer cells [26] and impairment of cancer cell 
growth and migration of lung cancer [17] and bladder 
cancer [25]. Our data suggested that miR-493-5p was 
increasingly expressed in the process of anti-cell drug 
resistance of lung carcinoma cells by increased concen-
trations of artesunate in both A549/DDP and SBC-3/
ADM cells, pointing to the involvement of miR-493 in 
the anti-cell drug resistance activity of artesunate. This 
idea was confirmed by observation of the reversal ef-
fect of miR-493-5p silencing on cell viability protection 
of artesunate. These data confirmed the anti-chemore-
sistant role of miR-493 [15]. 
We also observed downregulation of BRCA1, accom-
panied by miR-493-5p upregulation, in artesuna-
te-treated A549/DDP and SBC-3/ADM cells. Ectopic 
expression of BRCA1, a gene conferring susceptibility 
to early-onset breast and ovarian cancer [27] and a tu-
mor-suppressive protein [28], was recently reported in 
patients with metastatic non-small cell lung cancer 
who received cisplatin-based chemotherapy [19]. Our 
data also revealed upregulation of BRCA1 mRNA and 
the BRCA1 protein, as well as an increase in the phos-
phorylation of PI3K/AKT, a known downstream path-
way for BRCA1 [20], in artesunate-treated A549/DDP 
and SBC-3/ADM cells when miR-493 was silenced. 
These data pointed to the possible regulatory mecha-
nism of miR-493 in the BRCA1 pathway. Control modes 
of miRNA for gene expression mainly focus on the di-
rectly complementary combination of them to target 
genes transcript. Data from a bioinformatics analysis 
suggested that BRCA1 may be a potential target gene 
for miR-493-5p. The results of the luciferase reporter 
gene assay confirmed this idea. Based on these data, 

we conclude that BRCA1/PI3K/AKT signals serve as a 
downstream pathway for miR-493 and that together 
they form a molecular mechanism by which artesunate 
exhibits anti-cell drug resistance activity against lung 
carcinomas. 
In summary, this study is the first to demonstrate the 
anti-cell drug resistance activity of artesunate against 
lung carcinoma cells and to shed light on the potential 
molecular mechanism underlying this activity, which 
involves miR-493-5p/BRCA1 and the downstream 
PI3K/AKT pathway. The findings provide evidence for 
the use of artesunate as a treatment for lung carcinomas.
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