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Hypoxia-induced increases in AS49/CDDP cell drug resistance
are reversed by RNA interference of HIF-1a expression
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Abstract. This study aimed to investigate the effects of
knocking down hypoxia-inducible factor-la. (HIF-1a) through
RNA interference on hypoxia-induced increases in drug
resistance in A549/CDDP cells, and to study the underlying
mechanisms. A small interfering RNA (siRNA) eukaryotic
expression vector targeting HIF-la was constructed and
transfected into A549/CDDP cells treated with hypoxia. The
mRNA and protein levels of HIF-1a, multidrug resistance-1
(MDR1), and multidrug resistance-associated protein (MRP)
were determined by reverse transcription polymerase chain
reaction (RT-PCR) and immunocytochemistry. Cell viability
following treatment with cisplatin was determined by MTT
assay. Hypoxia increased the resistance of A549/CDDP cells
to cisplatin and this effect was reversed by the siRNA inhibi-
tion of HIF-1a expression. Expression of HIF-1a siRNA also
downregulated HIF-1a, MDR1 and MRP mRNA, and protein
expression in A549/CDDP cells treated with hypoxia (p<0.05).
Hypoxia-induced resistance of A549/CDDP cells to cisplatin is
reversed by the siRNA inhibition of HIF-1a expression. This
effect may be mediated by a decreased expression of MDR1
and MRP.

Introduction

Lung cancer, one of the most prevalent malignant tumors in
the world, is commonly treated by chemotherapy. However,
multidrug resistance (MDR) of lung cancer cells often leads
to a failure of chemotherapy and is an issue that should be
addressed. Expression of MDR1 and multidrug resistance-
associated protein (MRP) is closely related to MDR in lung
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cancer cells, and inhibiting the expression of these proteins
is capable of reversing MDR (1). Hypoxia-inducible factor-1a.
(HIF-1a), a transcription factor widely expressed in human
and animal cancer cells under hypoxic conditions (2), has
been shown to increase the expression of proteins that confer
MDR, including MDR1 and MRP (3,4). In the current study,
we examined the effects of a HIF-la-small interfering RNA
(siRNA) eukaryotic expression vector targeting HIF-1a and
transfected into the A549/CDDP-induced expression of MDR1
and MRP, and resistance to cisplatin in A549/CDDP cells.

Materials and methods

Cells. A549/CDDP cells (a cisplatin-resistant human lung
adenocarcinoma cell line) were purchased from the Cell Center
of Xiangya School of Medicine, Central South University
(Changsha, China).

Reagents. Antibodies to HIF-1a, MDR1 and MRP were
purchased from Beijing Zhongshan Golden Bridge
Biotechnology Company (China). All other reagents were
purchased from Invitrogen (USA).

HIF-la-targeted siRNA. siRNA was synthesized at
Guangzhou Rainbow Biotechnology Company (Guangdong,
China). We designed a siRNA oligonucleotide sequence
(AAGAGGTGGATATGTCTGG) that, according to the
sequence of human HIF-1a (GenBank Accession No. 22431),
targets a region with a GC content of 40-55%. According
to the sequence of the siRNA, a pair of complementary
oligonucleotide chains encoding a short hairpin siRNA
were designed (AAGAGGUGGAUAUGUCUGGUUC
UCCACCUAUACAGACC). A negative control siRNA was
also synthesized.

Cell culture and hypoxia treatment. A549/CDDP cells were
cultured in RPMI-1640containing 10% fetal bovine serum.
Cells were treated with 200 zmol/ml CoCl, to induce chemical
hypoxia (5) and were harvested when cell growth was in the
logarithmic phase.

Transfection of A549/CDDP cells. A549/CDDP cells (1x10%)
were seeded into 6-well plates. After 24 h, the cells were washed
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twice with serum-free RPMI-1640 and divided into 4 groups:
i) control (cultured with RPMI-1640 alone); ii) hypoxia-treated
(cultured with RPMI-1640 containing 10% fetal bovine serum
and 200 pgmol/ml CoCl,); iii) hypoxia-treated and control
siRNA and iv) hypoxia-treated and HIF-1a siRNA. For groups
3 and 4, cells were cultured with RPMI-1640 containing
10% fetal bovine serum and 200 pgmol/ml CoCl, for 24 h
until 30-50% confluence was achieved. The culture medium
was then replaced with 1.5 ml optimal medium and 1 h later
transfection was performed according to the manufacturer's
instructions. Lipofectamine™ 2000 (Invitrogen) was used at
a concentration of 10 mol/l and plasmid concentration was 4
mg/l. After 4-6 h, the transfection medium was replaced with
RPMI-1640 containing 10% fetal bovine serum. Transfection
efficiency was determined by fluorescence microscopy 24 h
following transfection and cells were harvested after 48 h.

Analysis of cisplatin resistance by MTT assay. A549/CDDP
cells (5x10% were seeded into 96-well plates, and after 24 h,
cisplatin was added at varying concentrations (0, 10,40, 80, 100
and 200 umol/l). Each concentration was tested in quadrupli-
cate. After 72-h of treatment, 10 1 of MTT solution (5 mg/ml)
was added to each well. This was followed 4 h later by the
addition of 200 pl of dimethyl sulfoxide (DMSO) to each well
and the culture plate was then placed on an orbital shaker for
10 min to completely dissolve the formazan blue granules. The
optical density at 570 nM (ODs;,) was then measured using a
microplate reader. Inhibition of cell growth was calculated as:
1 — ODy;,, of the experimental group/ODs;, of the control group
and the median effective concentration (ICs,) for cisplatin
was calculated by weighted linear regression (6). The relative
reversal rate was calculated as: 1 — ICs, of treatment group/
IC,, of the control group.

Reverse transcription polymerase chain reaction (RT-PCR).
Total RNA was isolated and reverse transcribed, followed by
32 cycles of RT-PCR. The primer sequences used were:
MDRI (product: 334 bp) forward: 5'-GAAGGAAAAGAAAC
CAAC-3" and reverse: 5'-CAGGCACCAAAATGAAAC-3;
MRP (product: 314 bp) forward: 5'-TCGCTCACCCCTG
TTCTC-3' and reverse: 5'-CCACCTCCTCATTCG
CAT-3"; HIF-1a (product: 436 bp) forward: 5'-ATACCAA
CAGTAACCAACCT-3" and reverse: S TGAATAATA
CCACTCACAAC-3"; B-actin (product: 170 bp) forward:
5'-CTGGCACCACACCTTCTACAATGAGC-3' and reverse:
5'-GGGATAGCACAGCCTGGATAGCAACG-3'. Primers
were synthesized at Sangon Biotech (Shanghai, China). PCR
products were separated by electrophoresis in a 2.0% agarose
gel and the product bands were analyzed using a digital gel
imaging system.

Analysis of HIF-1a., MDRI and MRP protein expression. The
expression of HIF-1a, MDR1 and MRP proteins was analyzed
using the immunocytochemistry SP method. An antibody titer
of 1:100 for HIF-1a, MDR1 and MRP was used. Following
attachment to glass coverslips, cells were fixed using 4% para-
formaldehyde, washed 3 times with phosphate-buffered saline
(PBS), treated with 3% H,0O, at room temperature for 15 min,
washed again 3 times with PBS and then preblocked with goat
serum at room temperature for 15 min. The cells were then
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incubated with primary antibodies at 4°C overnight, washed
3 times with PBS, incubated with biotin-labeled secondary
antibodies at room temperature for 20 min, and again washed 3
times with PBS. The cells were then incubated with peroxidase-
conjugated streptavidin working solution at room temperature
for 20 min, followed by diaminobenzidine (DAB) staining,
hematoxylin-restaining, dehydration and mounting. A total
of 500 cells were counted in 5 random visual fields under a
microscope at a magnification of x400, and the percentage of
positive cells was calculated as cells with positive cytoplasmic
staining/total cells. The percentage of positive cells was
graded as follows: 0, <5%; 1, 5-25%; 2, 25-50%; 3, 50-75% and
4,>75%. Staining intensity was graded as follows: 0, blank and
unstained; 1, weak and faint yellow; 2, medium and yellow or
deep yellow and 3, strong and brown or reddish brown. Protein
expression levels were calculated as the sum of the grades for
staining intensity and the percentage of positive cells (7).

Statistical analysis. Statistical analysis was performed using
SPSS 12.0 and results were expressed as the mean + standard
deviation (SD). Comparison of multiple sample means was
performed using the Student-Newman-Keuls-q (SNK-q) test.
Two-factor and two-level data were analyzed by analysis of
variance for factorial design. A correlation between two sets
of data was performed using the rank correlation (Spearman
test). Statistical analyses were two-sided, with p<0.05 being
considered as significant.

Results

Effect of HIF-1a siRNA on the sensitivity of A549/CDDP cells
to cisplatin. The results of the MTT assay revealed that the
ICy, for cisplatin in A549/CDDP cells after 72 h treatment was
396.16+15.63 ymol/l; the I1Cs, in the hypoxia-treated group
was 453.87+11.26 ymol/l (p<0.05); the ICs, in the hypoxia- and
control siRNA-treated group was 463.89+12.89 ymol/l; and
the ICs, in the hypoxia- and HIF-1a siRNA-treated group was
234.63 + 13.21 pmol/l (Table I). The relative reversal rate in
HIF-1a siRNA-treated cells was calculated as 48%, indicating
that hypoxia increases the resistance of A549/CDDP cells to
cisplatin and that this could be reversed by treatment with
HIF-1a siRNA.

Effects of hypoxia and HIF-1a siRNA on the expression of
HIF-1a mRNA in A549/CDDP cells. HIF-1a. mRNA expres-
sion was measured 48 h following transfection with siRNA
(Fig. ). HIF-la mRNA was expressed in all 4 treatment groups
and was increased under conditions of hypoxia. Treatment
with HIF-1a siRNA reversed the hypoxia-induced increase in
HIF-1a mRNA expression (p<0.05).

Effects of hypoxia and HIF-1a. siRNA on the expression of
MDRI and MRP mRNA in A549/CDDP cells. MDRI1 and
MRP mRNA expression levels were measured 48 h following
transfection with siRNA (Fig. 2). MDR1 and MRP mRNAs
were expressed in all 4 treatment groups and were increased
by hypoxia treatment. Treatment with HIF-1a siRNA reversed
the hypoxia-induced increase in expression of MDRI1 and
MRP mRNAs (p<0.05). Spearman's rank correlation analysis
revealed that the expression of HIF-la mRNA was positively
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Table I. The effect of HIF-1a siRNA on the sensitivity of A549/CDDP cells to cisplatin (mean + SD, n=4).

Group 1Cs, (umol/1) Relative reversal rate
Control 396.16 + 15.63 -
Hypoxia-treated 45387 £ 11.26° -
Hypoxia- and control siRNA-treated 463.89 +12.89 -

Hypoxia- and HIF-1a-siRNA-treated 234,63 £13.21*° 48.3%

“Statistical significance compared to the control group, p<0.05; "Statistical significance compared to the hypoxia-treated group, p<0.05. siRNA,
small interfering RNA; HIF-1a, hypoxia-inducible factor 1a.
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Figure 1. The effects of hypoxia and HIF-1o. siRNA on the expression of HIF-lo mRNA in A549/CDDP cells. (A) The expression of HIF-la mRNA was
measured by RT-PCR. M, 100-bp DNA marker; lane 1, control group; lane 2, hypoxia-treated group; lane 3, hypoxia-treated and control siRNA group; lane 4,
hypoxia- and HIF-1a siRNA-treated group. (B) Quantification of results shown in (A). HIF-1a, hypoxia-inducible factor la; siRNA, small interfering RNA;
RT-PCR, reverse transcription polymerase chain reaction.
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Figure 2. The effects of hypoxia and HIF-1a siRNA on the expression of MDR1 and MRP mRNAs in A549/CDDP cells. (A and C) The expression of
MDR1 and MRP mRNA was measured by RT-PCR. M, DNA bp ladder; lane 1, control group; lane 2, hypoxia-treated group; lane 3, hypoxia- and control
siRNA-treated group; lane 4, hypoxia- and HIF-1a siRNA-treated-group. (B and D) Quantification of results shown in (A and C). MDR1, multidrug resis-
tance-1; MRP, multidrug resistance-associated protein; HIF-1a, hypoxia-inducible factor la; siRNA, small interfering RNA; RT-PCR, reverse transcription
polymerase chain reaction.
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Figure 3. The effects of hypoxia and HIF-1a siRNA on the expression of HIF-1a protein in A549/CDDP cells. (A-D) The expression of HIF-1a. protein was
analyzed by immunocytochemistry. (A) Control group; (B) hypoxia-treated group; (C) hypoxia- and control siRNA-treated group; (D) hypoxia- and HIF-1a
siRNA-treated group. (E) Grading of positive protein staining in all 4 groups. HIF-1a, hypoxia-inducible factor la; siRNA, small interfering RNA.
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Figure 4. The effects of hypoxia and HIF-1a siRNA on the expression of MDRI1 protein in A549/CDDP cells. (A-D) The expression of MDR1 protein was
analyzed by immunocytochemistry. (A) Control group; (B) hypoxia-treated group; (C) hypoxia- and control siRNA-treated group; (D) hypoxia- and HIF-1a
siRNA-treated group. (E) Grading of positive protein staining in all 4 groups. HIF-1a, hypoxia-inducible factor la; siRNA, small interfering RNA; MDRI,
multidrug resistance-1.
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Figure 5. The effects of hypoxia and HIF-1la siRNA on expression of MRP protein in A549/CDDP cells. (A-D) The expression of MRP protein was ana-
lyzed by immunocytochemistry. (A) Control group; (B) hypoxia-treated group; (C) hypoxia- and control siRNA-treated group; (D) hypoxia- and HIF-1la
siRNA-treated group. (E) Grading of positive protein staining in all 4 groups. HIF-1a, hypoxia-inducible factor la; siRNA, small interfering RNA; MRP,
multidrug resistance-associated protein.
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correlated with that of MDR1 and MRP (r’=0.814 and 0.815,
respectively; p<0.05 in each case).

Effects of hypoxia and HIF-1a. siRNA on the expression of
HIF-1a protein in A549/CDDP cells. HIF-1a. protein expres-
sion was analyzed by immunocytochemistry (Fig. 3). HIF-1a
protein was expressed in all 4 treatment groups and was
increased by hypoxia treatment. Treatment with HIF-1a siRNA
reversed the hypoxia-induced increases in HIF-1a protein
expression (p<0.05).

Effects of hypoxia and HIF-1o. siRNA on the expression of
MDRI protein in A549/CDDP cells. MDRI1 protein expres-
sion was analyzed by immunocytochemistry (Fig. 4). MDR1
protein was expressed in all 4 treatment groups and was
increased by hypoxia treatment. Treatment with HIF-1a
siRNA reversed the hypoxia-induced increases in MDR1
protein expression (p<0.05).

Effects of hypoxia and HIF-1a. siRNA on the expression of
MRP protein in A549/CDDP cells. MRP protein expression
was analyzed by immunocytochemistry (Fig. 5). MRP protein
was expressed in all 4 treatment groups and was increased by
hypoxia treatment. Treatment with HIF-1a siRNA reversed the
hypoxia-induced increase in MRP protein expression (p<0.05).

Discussion

Although chemotherapy is an essential approach to treating
lung cancer, MDR of lung cancer cells often leads to the failure
of therapy. MDR is associated with multiple genes, most
notably MDR1 and MRP (1). MDRI1 plays essential roles in
the absorption, distribution, metabolism and excretion of drugs,
and affects drug resistance through decreasing the cellular
concentration of chemotherapeutic agents (8). MRP functions
as a transporter of GSH-X complexes and mediates the accu-
mulation and excretion of drugs in cytoplasmic vesicles (4).
HIF-1a plays essential roles in the regulation of MDRI1 and
MRP, and may be induced in the hypoxic microenvironment
of cancers (9). In the present study, we found that hypoxia
increased the resistance of A549/CDDP cells to cisplatin
and increased the expression of HIF-1a, MDR1 and MRP.
Furthermore, increases in HIF-la expression were positively
correlated with those of MDR1 and MRP. Consistent with our
current findings, Wartenberg et al found that HIF-1a expression
was increased in cancer cells under hypoxic conditions, leading
to the up-regulation of MDR1 (10). Furthermore, in A549 cells,
a positive correlation between HIF-1a and MDRI1, and MRP
expression has also been observed (4), suggesting that hypoxia-
induced drug resistance in A549/CDDP cells may be due to the
HIF-1a-mediated upregulation of MDR1 and MRP.

The recent emergence of RNA interference (RNA1)
technology potentially provides a new approach for using
gene therapy to bypass MDR in a number of types of cancer.
Nieth er al used RNAI to inhibit MDRI expression to 9% in
a human pancreatic cancer cell line (EPP85-181RDB) and a
human gastric cancer cell line (EPG85-257RDB), and conse-
quently decreased resistance to adriamycin to 11 and 42%,
respectively (11). Duan ef al used RNAi to inhibit MDR1
expression in 2 human ovarian cancer cell lines (SKOV-3TR
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and OVCARSTR) and decreased their resistance to taxol by
7- and 12.4-fold, respectively (12). In the present study, the
results of the MTT assay revealed that hypoxia was capable
of increasing the resistance of A549/CDDP cells to cisplatin
and that this could be reversed by knocking down HIF-1a
with siRNA, with the relative reversal rate being 48%. HIF-1a.
siRNA also downregulated the expression of mRNA and
protein for HIF-1a, MDR1 and MRP in A549/CDDP cells
treated with hypoxia, indicating that the downregulation of
HIF-1a expression was capable of repressing the expression of
MDRI1 and MRP. Spearman analysis revealed that the expres-
sions of HIF-1a,, MDR1 and MRP was positively correlated.
In conclusion, our study shows that hypoxia induces MDR in
cancer cells and that this may be reversed by the siRNA knock-
down of HIF-1a. These data suggest that RNAi, which targets
HIF-1a, may be a useful approach to treating cancer in vivo.
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