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 Background: Cisplatin (DDP)-based systemic chemotherapy has been widely used in the treatment of postoperative or ad-
vanced NSCLC patients, however, its effective rate is only 14~40%. HIF-2a can upregulate drug-resistant-relat-
ed genes expression and lead to chemotherapy resistance in many tumors. However, little is known about the 
relationship between HIF-2a and chemotherapy resistance of lung cancer cells.

 Material/Methods: In our study, the siRNA expression vectors targeting the HIF-2a gene were designed, constructed, and trans-
fected into A549 cells. MTT assay and western blot analysis of P-glycoprotein 1 (P-gp) were used to explore the 
transfer influence of HIF-2a gene silencing on the A549 cells in the cisplatin-based chemotherapy resistance.

 Results: After transfection with the siRNAHIF-2a into A549 cells, mRNA and protein expression of HIF-2a were downreg-
ulated. At the same time, expression of P-gp decreased significantly. Furthermore, the sensitivity to cisplatin 
significantly increased.

 Conclusions: The constructed siRNA expression vectors can effectively suppress the expression of HIF-2a and P-gp, which 
then can reverse the chemotherapy resistance of A549 cells.
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Background

Lung cancer is one of the most common causes of human 
cancer-related death worldwide and its incidence is still ris-
ing [1,2]. Non-small cell lung cancer (NSCLC) which mainly con-
tains adenocarcinoma, squamous cell carcinoma is the most 
common histological type of lung cancer [3]. Despite the diag-
nostic and treatment methods have undergone considerable 
advancements, the 5-year overall survival rate of NSCLC is still 
less than 15% [3,4]. Cisplatin (DDP)-based systemic chemo-
therapy is the main treatment of postoperative or advanced 
lung cancer [5], but mainly due to the resistance of lung can-
cer cells to DDP, its effective rate is only 14~40% [6]. The hu-
man multidrug resistance (Mdr1) gene, one of the most impor-
tant drug-resistant-related genes, encodes for P-glycoprotein 
1 (P-gp) and plays an important role in drug resistance of tu-
mor cell lines [7,8].

The hypoxic microenvironment of solid tumors is closely re-
lated to its resistance to chemotherapy. Hypoxia induces hy-
poxia inducible factors (HIFs) which upregulate the expres-
sion of drug-resistant-related genes and eventually leads to 
the resistance of tumor to chemotherapy [9–11]. The function 
of HIFs is mainly determined by HIF-1a and HIF-2a [12]. Our 
previous studies showed that HIF-2a may play a more impor-
tant role in tumorigenesis and tumor progression of human 
NSCLC [13-16]. In our present study, we inhibited the expres-
sion of HIF-2a gene in human lung adenocarcinoma (LUAD) 
A549 cells and observed the influence on the expression of 
Mdr1 gene and DDP chemotherapy resistance. We hoped that, 
by exploring the biological mechanism of HIF-2a in LUAD, we 
could provide new ideas and targets for reducing chemother-
apy resistance of LUAD.

Material and Methods

Main materials

The pGPU6/GFP/Neo expression vector was purchased from 
Shanghai GenePharma Co., Ltd. (Shanghai, China). The enzymes 
(T4 DNA ligase, BamH I, Bbs I, and Pst I enzymes), Escherichia 
coli JM109 cells, and Agarose Gel DNA Purification Kit Version 
2.0 were purchased form Takara Biomedical Technology Co., 
Ltd. (Beijing, China). The plasmid kit was purchased form Sigma 
Co., LLC. (Shanghai, China). The Lipofectamine 2000 and TRIzol 
reagent were purchased from Invitrogen Applied Biosystems 
(Shanghai, China). The primary antibodies (HIF-2a and P-gp) 
and the goat anti-mouse HRP-conjugated secondary antibody 
were purchased from Abcam (Shanghai, China). MTT was pur-
chased form Dojindo Laboratories (Kumamoto, Japan).

Small interfering RNA (siRNA) design and its recombined 
plasmid construction

To ensure that efficient siRNA sequences could be found, four 
siRNAs targeting HIF-2a gene (siRNAHIF-2a-1, siRNAHIF-2a-2, siR-
NAHIF-2a-3 and siRNAHIF-2a-4) (Table 1) and one nonsense siRNA 
(siRNANEG) referred to in the principles of siRNA design [17] 
were designed. The oligonucleotides were synthesized by the 
Sangon Biotech Company (Shanghai, China).

The synthesized single-stranded oligonucleotides were dis-
solved in Tris-EDTA buffer (pH 8.0), diluted to 100 μmol/L and 
annealed to form a short hairpin RNA (shRNA) template (50 μL 
total volume: 5 μL annealing buffer, 5 μL sense strand oligo, 
5 μL antisense strand oligo and 35 μL ddH2O (double distilled 
H2O)). By using a PCR instrument (Roto-Gene 3000, Corbett 
Research, Australia); the shRNA template was annealed as fol-
lows: 95°C for 5 minutes, 85°C for 5 minutes, 75°C for 5 min-
utes, 70°C for 5 minutes and stored at 4°C. Last, the generat-
ed shRNA (10 μmol/L) was diluted to 20 nmol/L for ligation. 
Restriction digestions were performed in 5 μL 10× buffer G. 
The solutions (5 μL 10× buffer G, 2 μL Bbs I, 2 μL BamH I, 2 μg 
pGPU6/GFP/Neo and ddH2O to a total volume of 50 μL) were 
mixed and digested at 37°C for one hour. Agarose Gel DNA 
Purification Kit Version2.0 was used to examine the product 
concentrations. Last, the product was diluted to 50 ng/μL. Then, 
ligations were performed. Briefly, 2 μL 10× T4 ligation buffer, 
1 μL pGPU6/GFP/Neo (Bbs I + BamH I), 1 μL shRNA template, 
1 μL T4 DNA ligase (5 U/μL) and 15 μL ddH2O were mixed and 
ligated at 22°C for one hour. Competent Escherichia coli JM109 
cells were grown on the Kanamycin-containing lysis buffer me-
dium plates at 37°C overnight. The colonies were picked and 
inoculated in 5 mL Kanamycin-containing lysis buffer medi-
um on a shaker at 37°C overnight. Alkaline lysis was used to 
extract the plasmids (pGPU6/GFP/Neo-siRNA). Then, the plas-
mids were digested sequentially with BamH I and Pst I. The 
positive recombinant vectors could be digested by BamH I, 
but could not be digested by Pst I. Two clones of each vector 
were selected for sequencing (Invitrogen Applied Biosystems, 
Shanghai, China).

Drug, cell lines, and cell culture

DDP was purchased from Bristol-Myers Squibb (NY, USA) and 
stored as a 3.3 mmol/L stock solution in 0.9% NaCl in the dark 
at room temperature. A549 cells were obtained from Shanghai 
Institutes for Biological Sciences, Chinese Academy of Sciences 
(SIBS, CAS, China) and cultured in DMEM media supplemented 
with 10% fetal bovine serum and 100 U/mL penicillin/strep-
tomycin at 37°C in a humidified incubator containing 5% CO2.
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Plasmid transfection

We performed the transfection according to the transfection 
protocol for Lipofectamine 2000. Before transfection, 2 μg re-
combinant plasmid DNA and 10 μL liposomes were separately 
dissolved in 250 μL serum-free DMEM medium and mixed af-
ter standing. Then the mixed solution was added into 1.5 mL 
serum-free DMEM medium, well-mixed and tiled on the rinsed 
A549 cells. After cultured for six hours at 37°C, the medium 
was aspirated and replaced with fresh medium and then con-
tinuously cultured for 24 or 48 hours at 37°C in hypoxic envi-
ronment (1% 02, approximately 5% CO2 and 95% N2).

The cells were divided into the following three transfec-
tion groups: pGPU6/GFP/Neo-siRNAHIF-2a (siRNAHIF-2a group), 
pGPU6/GFP/Neo-siRNANEG (negative control group) and 
a transfection reagent control (blank control group). The 
pGPU6/GFP/Neo plasmid can express green fluorescent pro-
tein (GFP). We selected five visual fields and counted 100 
cells under fluorescence microscopy (BX51, Olympus, Japan) 
at 24 or 48 hours after transfection and calculated the trans-
fection efficiency, respectively. Then, all the cells were collect-
ed for further study.

RNA preparation and qRT-PCR

Cultured cells were collected and used to extract RNA 
by using TRIzol reagent. b-actin was used as an internal 
control. The qRT-PCR primer sequences for HIF-2a were: 
5’-GAAAACGAGTCCGAAGCC-3’ (sense) and 5’-CCCAAAA 
CCAGAGCCATT-3’ (anti-sense). The primer sequences for 
b-actin were 5’-CTCTTCCAGCCTTCCTTCCTG-3’ (sense) and 
5’-CAGCACTGTGTTGGCGTACAG-3’ (anti-sense). The qRT-PCR 
reaction included an initial denaturation step at 95°C for 90 
seconds, followed by 40 cycles of 95°C for five seconds and 
58°C for 30 seconds. The 2–DDCT method was used to calculate 
the relative HIF-2a expression levels. All experiments were 
performed at least three times.

Western blot

All cells were homogenized and treated with lysis buffer on 
ice, and b-actin was used as an internal control. The proteins 
were separated in SDS-PAGE gels and then transferred onto 
a PVDF membrane. After incubated with blocking buffer (5% 
BSA) for one hour at room temperature, the membrane was 
probed with the primary antibodies diluted in blocking buffer 
(HIF-2a 1: 200, P-gp 1: 500 or b-actin 1: 400) overnight at 4°C. 
After washing, the membrane was incubated with goat anti-
mouse HRP-conjugated secondary antibody (1: 5,000) for one 

Denomination Target sequence Single-strand oligonucleotide template

siRNAHIF-2a-1

5’-GGTGGAGCTAA
Sense: 
5’-CACCGGTGGAGCTAACAGGACATAGTTCAAGAGACTATGTCCTGTTAGCTCCACCTTTTTTG-3’

CAGGACATAG-3’
Antisense: 
5’-GATCCAAAAAAGGTGGAGCTAACAGGACATAGTCTCTTGAACTATGTCCTGTTAGCTCCACC-3’

siRNAHIF-2a-2

5’-GCCGTACTGTC
Sense: 
5’-CACCGCCGTACTGTCAACCTCAAGTTTCAAGAGAACTTGAGGTTGACAGTACGGCTTTTTTG-3’

AACCTCAAGT-3’
Antisense: 
5’-GATCCAAAAAAGCCGTACTGTCAACCTCAAGTTCTCTTGAAACTTGAGGTTGACAGTACGGC-3’

siRNAHIF-2a-3

5’-GCCATCATCTC
Sense: 
5’-CACCGCCATCATCTCTCTGGATTTCTTCAAGAGAGAAATCCAGAGAGATGATGGCTTTTTTG-3’

TCTGGATTTC-3’
Antisense: 
5’-GATCCAAAAAAGCCATCATCTCTCTGGATTTCTCTCTTGAAGAAATCCAGAGAGATGATGGC-3’

siRNAHIF-2a-4

5’-GCTTCAGTGCC
Sense: 
5’-CACCGCTTCAGTGCCATGACAAACATTCAAGAGATGTTTGTCATGGCACTGAAGCTTTTTTG-3’

ATGACAAACA-3’
Antisense: 
5’-GATCCAAAAAAGCTTCAGTGCCATGACAAACATCTCTTGAATGTTTGTCATGGCACTGAAGC-3’

siRNANEG

5’-TTCTCCGAACG Sense: 5’-CACCGTTCTCCGAACGTGTCACGTCAAGAGATTACGTGACACGTTCGGAGAATTTTTTG-3’

TGTCACGT-3’
Antisense: 
5’-GATCCAAAAAATTCTCCGAACGTGTCACGTAATCTCTTGACGTGACACGTTCGGAGAAC-3’

Table 1. HIF-2a target sequence and single-strand oligonucleotide template.
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hour at room temperature. Bands were visualized by ECL de-
tection. All experiments were repeated at least three times.

MTT assay

Initially, cells have been seeded into 96-well plates (3-wells per 
group, 2×104 cells per well) and hence to make it possible for 
overnight adherence. Then, medium without DDP was added 
to the control and blank wells, and medium in other wells was 
removed and replaced by various concentrations (0.01, 0.1, 1, 
and 10 μg/mL) of the DDP. After 24, 48, or 72 hours incuba-
tion in hypoxic environment, the cell growth status was mea-
sured. Then 20 μL of MTT was added to each well and incu-
bated for four hours. After aspiration of the culture medium, 
the resulting formazan was dissolved with 150 μL of dimeth-
ylsulfoxide (DMSO). After shaking for 10 minutes, optical den-
sity (OD) was determined by a microplate reader at the absor-
bance of each well at 490 nm wavelengths. All experiments 
were performed in triplicate, and the average of the results 
was calculated. Then, the IC50 was calculated.

Statistical analysis

All statistics are presented as means ±SD. Student’s t-test was 
used to analyze the data using SPSS 13.0 software (IBM, IL, 
USA). A value of p<0.05 was considered statistically significant. 
GraphPad Prism 6.02 software was used to make the graphs.

Results

Verification of the recombinant plasmid vectors and 
transfection efficiency

All recombinant plasmid vectors were tested with BamH I 
and Pst I. Successful digestion by BamH I, but not Pst I were 
observed in all recombinant plasmid vectors (Figure 1A). 
Sequencing verified that the siRNAs had been successfully 
cloned into the pGPU6/GFP/Neo vectors. Furthermore, the 
transfection efficiency was also evaluated. Figure 1B indi-
cated that the recombinant plasmid vector was transferred 

Blank control Negative control (48 after transfection) siRNAHIF-2α group (48 after transfection)

Phase contrast microscope

1

Pst I:siRNAHIF-2α-1 Pst I:siRNAHIF-2α-2 BamH I:siRNAHIF-2α-1 BamH I:siRNAHIF-2α-2

2 3 4 5 6 7 8 9 10 M 1 2 3 4 5 6 7 8 9 10 1

Pst I:siRNAHIF-2α-3 Pst I:siRNAHIF-2α-4 BamH I:siRNAHIF-2α-3 BamH I:siRNAHIF-2α-4

2 3 4 5 6 7 8 9 10 M 1 2 3 4 5 6 7 8 9 10

Negative control (24 after transfection) siRNAHIF-2α group (24 after transfection)

A

B

Figure 1.  Verification of the recombinant plasmid vectors and transfection efficiency. (A) Successful digestion by BamH I but not Pst I 
was observed in all recombinant plasmid vectors. (B) Recombinant plasmid vector was transferred into A549 cells with a high 
efficiency.
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into A549 cells with a high efficiency at 48 hours after 
transfection.

The inhibitive effect of siRNAHIF-2a-4 was the most obvious

The relative expression level of HIF-2a mRNA in four siRNA-

HIF-2a subgroups and the inhibitory rate of the four siRNAHIF-2as 
are shown in Table 2. We found that, in siRNAHIF-2a-4 subgroup, 
the relative expression level of HIF-2a mRNA was obvious de-
creased at both 24 and 48 hours after transfection compared 
with other three siRNAHIF-2a subgroups. Therefore, siRNAHIF-2a-4 
showed a higher inhibitory rate on HIF-2a mRNA expression 
compared with other three siRNAHIF-2as. Similar results were 
observed in HIF-2a protein expression. Table 3 and Figure 2A 
show that, compared with other three siRNAHIF-2a subgroups, 
the relative expression level of HIF-2a protein was obvious 
decreased at both 24 and 48 hours after transfection in siR-
NAHIF-2a-4 subgroup. Also, siRNAHIF-2a-4 showed a higher inhib-
itory rate on HIF-2a protein expression compared with oth-
er three siRNAHIF-2as. That is to say, siRNAHIF-2a-4 showed the 
most obvious inhibitory rate on both HIF-2a mRNA and pro-
tein. So, siRNAHIF-2a-4 was chosen as the interfering RNA in the 
following study.

siRNAHIF-2a-4 significantly suppressed the expression of 
HIF-2a mRNA and protein

As shown in Figure 2B, compared with blank control group, 
the expression level of HIF-2a mRNA was significantly lower 
in siRNAHIF-2a-4 subgroup at both 24 and 48 hours after trans-
fection (all p<0.05). Also, the expression level of HIF-2a mRNA 
in siRNAHIF-2a-4 subgroup was significantly lower than in nega-
tive control group at both 24 and 48 hours after transfection 
(all p<0.05) (Figure 2B). At either 24 or 48 hours after trans-
fection, the expression level of HIF-2a mRNA in negative con-
trol group was observed slightly lower than the blank control 
group, however, there was no significantly difference between 
them (all p>0.05) (Figure 2B). Figure 2C shows the expression 
level of HIF-2a protein in blank control, siRNAHIF-2a-4 and neg-
ative control group. Similar to HIF-2a mRNA, the expression 
of HIF-2a protein was significantly lower in siRNAHIF-2a-4 sub-
group at both 24 and 48 hours after transfection compared with 
blank control or negative control group (all p<0.05) (Figure 2D). 
However, the expression of HIF-2a protein in blank control 
group and negative control group showed no significantly dif-
ference at either 24 or 48 hours after transfection (all p>0.05) 
(Figure 2D). So, we concluded that siRNAHIF-2a-4 could signifi-
cantly suppress the expression of HIF-2a mRNA and protein.

Group
24 h after transfection 48 h after transfection

RE IR (%) RE IR (%)

siRNAHIF-2a-1  0.74±0.09  26.07±9.15  0.67±0.07  33.38±7.05

siRNAHIF-2a-2  0.71±0.13  28.76±12.88  0.37±0.08  62.46±7.71

siRNAHIF-2a-3  0.67±0.09  32.71±8.50  0.44±0.17  55.84±16.77

siRNAHIF-2a-4  0.39±0.05  60.63±5.10  0.20±0.04  80.00±3.55

Table 2. The relative expression of HIF-2a mRNA in four siRNAHIF-2a subgroups.

RE – relative expression; IR – inhibitory rate.

Group
24 h after transfection 48 h after transfection

RE IR (%) RE IR (%)

siRNAHIF-2a-1  0.82±0.10  8.47±5.72  0.88±0.07  6.17±2.77

siRNAHIF-2a-2  0.84±0.20  8.29±6.97  0.36±0.03  61.72±0.89

siRNAHIF-2a-3  0.57±0.05  36.14±5.17  0.42±0.08  54.90±7.66

siRNAHIF-2a-4  0.61±0.02  31.69±11.56  0.16±0.03  82.87±4.09

Table 3. The relative expression of HIF-2a protein in four siRNAHIF-2a subgroups.

RE – relative expression; IR – inhibitory rate.
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The sensitivity of A549 cells to DDP was reversed by 
siRNAHIF-2a-4

The experimental data showed that siRNAHIF-2a-4 significantly 
reduced IC50 of A549 cells at 24, 48 and 72 hours compared 
with blank control group (all p<0.05) (Figure 3A). And, when 
compared with negative control group, the similar results were 
observed in siRNAHIF-2a-4 subgroup (all p<0.05) (Figure 3A). 
However, compared with blank control group, the IC50 of A549 
cells in negative control group showed no significant change 
(all p>0.05) (Figure 3A). Therefore, we believed that siRNAHIF-2a-4 
could reverse the sensitivity of A549 cells to DDP.

siRNAHIF-2a-4 decreased the expression of P-gp

The P-gp expression in the three groups at 24 and 48 hours af-
ter transfection were shown in Figure 3C. Compared with the 
blank control group, siRNAHIF-2a-4 significantly decreased the 
P-gp expression at both 24 and 48 hours after transfection 
(all p<0.05) (Figure 3B). When compared with negative control 
group, the P-gp expression was also significantly decreased by 
siRNAHIF-2a-4 (all p<0.05) (Figure 3B). However, there was no sig-
nificant difference of P-gp expression between the blank con-
trol group and negative control group (all p>0.05) (Figure 3B).

Discussion

As mentioned above, the hypoxic microenvironment of solid tu-
mor is closely related to its resistance to chemotherapy. In the hy-
poxic area of solid tumors, due to the inefficient vascular supply, 
the effective plasma concentrations of chemotherapeutic drugs 
are insufficient and the efficacies of chemotherapeutic drugs are 
reduced [18]. Only in an aerobic environment, can many chemo-
therapeutic drugs fully play their roles [18]. In addition to more 
direct mechanisms, there are also indirect machineries involved 
in the development of therapeutic resistance. The hypoxia-driv-
en proteome and genome changes and clonal selection which 
lead to resistance to anticancer chemotherapy are considered as 
the indirect machineries [19,20]. Tumor cells formed by hypox-
ic-driven clonal selection often have a stronger ability to prolif-
erate, invade and metastasize [21,22]. HIFs play important roles 
in the development of therapeutic resistance. It has been report-
ed that HIF-1a plays an important role in chemotherapy resis-
tance of tumor cells [23–25]. In previous studies, we demonstrat-
ed that HIF-2a may play a more important role in tumorigenesis 
and tumor progression of human NSCLC [13–16]. However, lit-
tle is known about the relationship between HIF-2a and che-
motherapy resistance of tumor cells. In this study, the most ef-
ficient siRNAHIF-2a (siRNAHIF-2a-4) was constructed, screened out 
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Figure 2.  Relative expression level of HIF-2a mRNA and protein. (A) The expression of HIF-2a protein in all four siRNAHIF-2a subgroups. 
(B) Compared with blank control and negative control group, the expression level of HIF-2a mRNA is significantly decreased 
in siRNAHIF-2a-4 subgroup at both 24 and 48 hours after transfection. (C) The expression of HIF-2a protein in blank control, 
siRNAHIF-2a and negative control group. (D) The expression level of HIF-2a protein is significantly decreased in siRNAHIF-2a-4 
subgroup at both 24 and 48 hours after transfection when compared with blank control and negative control group. 
* p<0.05.
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and transfected into A549 cells. Compared with the two control 
groups, in siRNAHIF-2a-4 subgroup, the expression of HIF-2a mRNA 
and protein were significantly downregulated and the sensitivi-
ty to cisplatin was significantly increased. Therefore, we consid-
ered that HIF-2a higher-expression leaded to the chemotherapy 
resistance of A549 cells to DDP, while downregulation of HIF-
2a reverse the chemotherapy resistance of A549 cells to DDP. 
However, the major mechanism for why HIF-2a promotes the 
chemotherapy resistance of A549 cells to DDP is still not clear.

It has been reported that enhanced detoxification, decreased 
drug accumulation, and increased DNA repair efficiency were 
the major mechanisms of resistance to platinum [26–28]. Among 
these, decreased drug accumulation was the most universal 
mechanism [29–31]. It has been noted that in tumor cell lines, 
multidrug resistance is an important mechanism of drug resis-
tance [7]. Gatti et al. reported that ATP-binding cassette trans-
porters (ABC-transporters) can modulate drug resistance [32]. 
P-gp, belonging to ABC-transporters, is responsible for decreased 
drug accumulation in multidrug-resistant cells and often medi-
ates the development of resistance to anticancer drugs [33,34]. 
Thus, we investigated the relationship between HIF-2a and 
P-gp. In our study, we found that compared with the two con-
trol groups, the expression of P-gp in siRNAHIF-2a-4 subgroup was 

significantly downregulated. Combing the aforementioned ex-
perimental results, we speculated that the silencing of HIF-2a 
gene could suppress the expression of P-gp in a hypoxic envi-
ronment, which is valuable for reversing the chemotherapy resis-
tance in LUAD. In conclusion, we believe that specific siRNA can 
downregulate the expression of P-gp by targeting HIF-2a gene 
and can decrease the resistance of DDP towards tumor cells.

Conclusions

DDP-based chemotherapy plays an important role in the com-
prehensive treatment of NSCLC. However, the emergence of re-
sistance to chemotherapy has seriously affected the effect of 
chemotherapy. Our study confirmed the important role HIF-2a 
played in chemotherapy resistance of LUAD and provided exper-
imental evidence for reversing the chemotherapy resistance of 
LUAD by RNA interference. We hope our study may ultimately 
lead to a better utilization of DDP-based antitumor agents and 
thereby improve the chemotherapeutic efficacy in LUAD patients.
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