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Downregulation of HIF-1a inhibits the proliferation and
invasion of non-small cell lung cancer NCI-H157 cells
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Abstract. Lung cancer, specifically non-small cell lung cancer
(NSCLC), is the leading cause of cancer-associated mortality
in the world. In previous years, almost no significant advance-
ments have been made towards the molecular characterization
of NSCLC, which highlights the requirement for novel target
genes. Hypoxia inducible factor-1a. (HIF-1a) is known to be
essential in tumorigenesis, as it regulates the expression of
numerous factors that are involved in angiogenesis, cellular
proliferation and apoptosis. However, no direct association
between HIF-1o and NSCLC treatment has previously been
established. The aim of the present study was to characterize
the effect of HIF-1a on NSCLC and to explore the possible
mechanism. Additionally, HIF-1a small interfering (si)RNA
and diamminedichloroplatinum (DDP) were used in combina-
tion to explore the combined effects on NSCLC cells. Lung
carcinoma NCI-H157 cells were treated with HIF-1a small
interfering (si)RNA, 5 ug/ml DDP or a combination of the
two, and the proliferation, apoptosis and invasion ability of the
cells were detected using a cell counting kit-8 assay, Annexin
V/propidiumiodide staining and a Transwell assay, respectively.
In addition, the protein levels of caspase-3/9, anti-apoptotic
protein B-cell lymphoma-2 (Bcl-2), vascular endothelial growth
factor (VEGF), pigment epithelium-derived factor (PEDF),
phosphoinositide 3-kinase (PI3K), phosphorylated (p-)PI3K,
protein kinase B (AKT), p-AKT, extracellular signal-regulated
kinase (ERK) and p-ERK were detected using western blot
analysis. Similar to DPP treatment, HIF-1a siRNA treatment
may reduce cell proliferation and the invasiveness of tumor
cells while promoting apoptosis. Additionally, HIF-1a siRNA
may increase the levels of the apoptotic proteins caspases 3
and 9 and inhibit the expression of Bcl-2. These anti-tumor
effects may be acting through the VEGF/PEDF, PI3K/AKT and
Raf/mitogen-activated protein kinase kinase/ERK signaling
pathways. The effects of HIF-1a siRNA may be strengthened
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by DDP. The present data indicated that HIF-1a siRNA is
important in the inhibition of NSCLC cells. Additionally, the
effects of HIF-1a siRNA may be strengthened by DDP, which
suggests that HIF-1a siRNA may be combined with DDP for
the treatment of tumors.

Introduction

Lung cancer is extremely harmful to human health and has
the highest worldwide incidence of all malignant tumors (1).
Overall, ~80% of lung cancers are classified as non-small
cell lung cancer (NSCLC) (2), which is the leading cause of
cancer-associated mortality in the industrialized world (3).
Despite the significant progress made in the treatment of
early-stage NSCLC, the survival rate of the advanced stage
NSCLC remains extremely low (4). Although several thera-
peutic targets have been developed previously, there continues
to be no effective therapeutic target for the augmentation of the
cure rate (5). Therefore, the development of novel and effective
therapeutic targets to successfully treat NSCLC is urgently
required (6,7). Additionally, novel methods to simultaneously
inhibit multiple therapeutic targets, including well-known
targets and innovative therapeutic targets, have been devel-
oped (8,9).

Hypoxia-inducible factor-la (HIF-1a) is widespread in
mammalian and human cells (10) under hypoxic conditions (11).
HIF-1a is a transcription factor indicated in extracts of a
hypoxia-induced cell nucleus (12,13). HIF-1a may promote the
transcription of hypoxia adaptation genes, including vascular
endothelial growth factor (VEGF) genes, by binding with the
promoter or enhancer region of these genes (10,14-16). Over-
expression of the HIF-1a protein has been detected in a variety
of malignant tumors and precancerous lesions (12,17), but has
never been indicated in normal tissues and benign lesions (18).
Certain studies have demonstrated that the overexpression of
HIF-1a is closely associated with tumor growth (19), angio-
genesis (20), invasion and metastasis (21-23), but the molecular
mechanisms and signaling pathways involved remain unclear.
Numerous studies have confirmed that HIF-1a is important
in hypoxia-mediated apoptosis and proliferation in testicular
tumor cells (14,24). Hypoxic environments widely exist in
NSCLC (25,26), which indicates the association between
HIF-1a and NSCLC (13,27). However, whether HIF-1a. is
associated with the proliferation and apoptosis of NSCLC
cells remains unclear.
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In the present study, the effects of HIF-1a knockdown on
the proliferation and invasion of NSCLC cells were investi-
gated, and the specific mechanisms and signaling pathways
were explored. The present study may provide support for the
drug development and clinical treatment of NSCLC.

Materials and methods

Reagents. The rabbit polyclonal anti-human caspase-3
(catalog no., Ab4051; dilution, 1:400), rabbit polyclonal
anti-human caspase-9 (catalog no., Ab2014; dilution, 1:1,000),
rabbit polyclonal anti-human VEGF (catalog no., Ab46154;
dilution, 1:1,000), mouse monoclonal anti-human pigment
epithelium-derived factor (PEDF; catalog no., Ab115489;
dilution, 1:1,000) and mouse monoclonal anti-human phos-
phoinositide 3-kinase (PI3K; catalog no., Ab86714; dilution,
1:1,000) antibodies were obtained from Abcam (Cambridge,
MA, USA). The rabbit polyclonal anti-human protein
kinase B (AKT; catalog no., 92728; dilution, 1:1,000), rabbit
polyclonal anti-human extracellular signal-regulated kinase
(ERK; catalog no., 9102; dilution, 1:1,000), rabbit monoclonal
anti-human phosphorylated (p-) ERK (catalog no., 4370S;
dilution, 1:1,000), rabbit polyclonal anti-human p-PI3K
(catalog no., 4228; dilution, 1:1,000) and rabbit monoclonal
anti-human p-AKT (catalog no., 4058S; dilution, 1:1,000) and
rabbit monoclonal anti-human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; catalog no., 5471; dilution, 1:1,500)
antibodies were obtained from Cell Signaling Technology,
Inc. (Danvers, MA, USA). The rabbit polyclonal anti-human
B-cell lymphoma-2 (Bcl-2; catalog no., Sc-492; dilution,
1:100) antibody was obtained from Santa Cruz Biotech-
nology Inc. (Dallas, TX, USA). Cell counting kit-8 (CCK-8)
was obtained from Boster Biological Engineering Co., Ltd.
(Wuhan, Hubei, China), Gibco Roswell Park Memorial
Institute (RPMI)-1640 medium was obtained from Thermo
Fisher Scientific (Waltham, MA, USA), HyClone fetal
bovine serum (FBS) was obtained from GE Healthcare Life
Sciences (Logan, UT, USA) and glutamine was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The TIANScript
reverse transcription (RT) and RNAsimple Total RNA kits
were obtained from Tiangen Biotech (Beijing) Co., Ltd.
(Beijing, China), the Super Moloney murine leukemia virus
(catalog no., PR6502) reverse transcriptase was obtained from
BioTeke Corporation (Beijing, China), diamminedichloroplat-
inum (DDP) was obtained from JRDun Biotechnology Corp.
(Shanghai, China), Invitrogen Lipofectamine 2000 (catalog
no., 11668027) was purchased from Thermo Fisher Scientific
and dimethyl sulfoxide was obtained from Sigma-Aldrich.
The primers were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China).

Cell culture. The lung carcinoma NCI-H157 cell line was
purchased from the Cell Culture Center of the Shanghai
Aiyan Biological Technology Co., Ltd. (Shanghai, China).
The cells were grown in RPMI-1640 medium containing
10% FBS and 2 mM glutamine in a humidified incubator
(Mco-15AC; Sanyo Electric Co. Ltd., Moriguchi, Osaka,
Japan) at 37°C in 5% CO,. The cells were split twice weekly
and cells that were in the logarithmic growth phase were
used for experiments.
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Small interfering (si)RNA design and transfection. An irrel-
evant negative control (MOCK), non-specific siRNA and
siRNA that target human HIF-1a, were designed and synthe-
sized by Sangon Biotech (Shanghai, China). The cells were
transfected with siRNA using Lipofectamine 2000, and the
RNA was extracted 48 h subsequent to transfection.

RNA detection. RNA molecules were extracted using the
RNAsimple Total RNA kit. Complementary DNA was synthe-
sized using the TIANScript RT kit. Quantitative polymerase
chain reaction (PCR) was performed to detect the RNA levels
of HIF-1a. GAPDH was used an internal control. The primers
used were as follows: HIF-1a forward, 5“-TCGGCGAAGTAA
AGAATC-3' and reverse, 5S"TTCCTCACACGCAAATAG-3";
and GAPDH forward, 5'-CACCCACTCCTCCACCTTTG-3'
and reverse, 5'-CCACCACCCTGTTGCTGTAG-3'. The results
were analyzed using Exicycler™ 96 (Bioneer Corporation,
Daejeon, South Korea). Each experiment was repeated 3 times.

CCK-8 assay. NCI-H157 cell viability was measured using
a CCK-8 assay with 2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium salt. The
NCI-H157 cells were seeded at a density of 5x10° cells per
well into a 96-well microplate and incubated for 24 h at 37°C.
The peripheral wells of the microplate were filled with 200 pl
sterile phosphate-buffered saline (PBS). Subsequent to the
addition of MOCK, 4 pmol HIF-la siRNA, 5 ug/ml DDP,
4 pmol HIF-1a siRNA + 5 ug/ml DDP or MOCK+ 5 ug/ml
DDP, the cells were incubated for 0, 24 and 48 h. Subsequently,
10 ul CCK-8 solution was added to each well and the wells
were incubated for 1 h at 37°C. Optical density (OD) was
measured at a wavelength of 450 nm using a Multiskan Spec-
trum microplate reader (Thermo Fisher Scientific).

Flow cytometry assay. The NCI-H157 cells were inoculated
into 6-well plates (5x10° cells/well). Subsequent to 24 h incu-
bation, siRNA or 5 yg/ml DDP were added to the cells and
the plates were incubated for another 24 h. The flow cytom-
etry assay was conducted according to the manufacturer's
protocol for Annexin V-fluorescein isothiocyanate (FITC)
Apoptosis Detection kit (Abcam, Cambridge, UK). Briefly,
NCI-H157 cells were routinely digested, washed with 500 pul
PBS and centrifuged at 200 x g for 5 min. The supernatant
was aspirated and 100 ul of Annexin V-FITC, at 1 g/ml in
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES;
Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China) buffer with 1.8 mM CaC,, Beijing Solarbio Science
& Technology Co., Ltd.), was added to the NCI-H157 cells
and incubated for 5-10 min at room temperature in the dark.
Finally, 1 ml of HEPES that contained 10 g/ml propidium
iodide was added. Samples were analyzed immediately using
flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).

Detection of the cell invasive capacity using a Transwell
assay. The Transwell chambers (Corning Inc., Corning, NY,
USA) were first coated with Matrigel (dilution, 1:3; BD Biosci-
ences) in Gibco serum-free RPMI-1640 for 2 h at 37°C. The
NCI-H157 cells were then digested with 0.25% trypsin (Beijing
Solarbio Science & Technology Co., Ltd.) to produce a single
cell suspension. The suspension was diluted to a density of
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Figure 1. Proliferation of NCI-H157 cells detected using a CCK-8 assay. NCI-H157 cells were transfected with HIF-1a siRNA or MOCK siRNA. (A) RNA
levels of HIF-1a was detected using a real-time polymerase chain reaction. Glyceraldehyde 3-phosphate dehydrogenase was used as an internal control.
NCI-H157 cells were treated as described in the Materials and methods. Cell growth was detected using the CCK-8 assay at (B) 0 h, (C) 24 h and (D) 48 h.
The data are expressed as the mean + standard deviation (n=6). “P<0.05, “P<0.01 vs. control. CCK-8, cell counting kit-8; HIF-1a., hypoxia-inducing factor-1a;
siRNA, small interfering RNA; MOCK, irrelevant; DDP, diamminedichloroplatinum; OD, optical density.

1x10° cells/ml for use. A total of 800 ul culture medium
containing 20% FBS was added into the coated lower Tran-
swell chambers, and 200 pl of cell suspension was added into
the upper Transwell chambers at a density of 5x10* cells/well.
The plate was cultured for 24 h. The Transwell chambers
were removed and gently washed with PBS. The cells on
the upper layer of the microporous membrane were removed
using a cotton swab, fixed with paraformaldehyde (Beijing
Solarbio Science & Technology Co., Ltd.) for 20 min at room
temperature, and stained with hematoxylin staining solution
(Beijing Solarbio Science & Technology Co., Ltd.) for 3 min.
The cells that migrated to the lower layer of the microporous
membrane were counted in 5 fields under an inverted micro-
scope (Olympus IX71/IX81; Olympus Corporation, Tokyo,
Japan; magnification, x200) for each sample. The experiment
was repeated three times.

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation (SD). Data were evaluated using the SPSS 16.0
statistical software package (SPSS, Inc., Chicago, IL, USA).
Data were analyzed using one-way analysis of variance.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Knockdown of HIF-1o. by RNA interference decreased the
proliferation of NCI-H157 cells. siRNA that targets human
HIF-1a was designed and transfected into NCI-H157 cells.
HIF-la expression was inhibited by ~70% by HIF-la
siRNA (P<0.01; Fig. 1A), whereas HIF-1a expression remained
unaffected in the MOCK group. The type of HIF-1la siRNA
that inhibited HIF-1o expression was selected for additional
study.

The well-known anti-tumor drug DDP was used in
the present study. A CCK-8 assay was performed in order
to determine the effects of HIF-la siRNA administered
with or without DDP on the cell proliferation capability of
NCI-H157 cells. All groups possessed the same number of
cells at O h (Fig. 1B). The growth capacity of NCI-H157 cells
transfected with HIF-1a siRNA or treated with DDP was
significantly decreased at 24 h (Fig. 1C) and 48 h (Fig. 1D)
compared with the Control and MOCK groups (P<0.01).
More notably, the HIF-1a siRNA+DPP group demonstrated
a stronger inhibition of NCI-H157 cell proliferation compared
with the NCI-H157 cells that were treated with DPP or HIF-1a
siRNA separately (P<0.05). The present results indicate that the
downregulation of HIF-1oo may decrease the growth capacity
of NCI-H157 cells, and that this effect may be augmented by
DDP treatment.

HIF-1a knockdown increased the apoptosis of NCI-H157 cells.
To explore the involvement of HIF-la in cell apoptosis,
Annexin V/propidium iodide (PI) staining was performed.
As exhibited in Fig. 2, cell apoptosis was markedly increased
in the HIF-la siRNA, DDP, MOCK+DDP and HIF-la
siRNA+DDP groups, when compared with the expression in
the control group (P<0.01). In addition, the cell apoptosis of
the HIF-1a siRNA+DDP group was greater than that of the
HIF-1a siRNA, DDP and MOCK+DDP groups (P<0.01). The
present results indicate that the downregulation of HIF-1a
may increase the apoptosis of NCI-H157 cells, which may be
strengthened by DDP treatment.

HIF-1a knockdown decreased the invasion ability of
NCI-HI157 cells. Invasive ability is essential for the malig-
nant biological behaviors of tumors. The present study also
investigated whether HIF-1a affected the invasive ability of
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Figure 2. Apoptosis of NCI-H157 cells that were detected using Annexin V/propidium iodide staining in the (A) control (no treatment), (B) MOCK (con-
trols transfected with one irrelevant siRNA), (C) HIF-1a siRNA, (D) DDP, (E) MOCK with DDP and (F) HIF-1a siRNA with DDP groups. (G) Statistical
results of 3 experiments. The data are expressed as the mean + standard deviation (n=6). Data were analyzed using one-way analysis of variance. "P<0.05,
“P<0.01 vs. control. “P<0.01 vs. HIF-1a. siRNA, DDP and MOCK+DDP. HIF-1a, hypoxia-inducing factor-1a;; siRNA, small interfering RNA; MOCK, irrel-

evant; DDP, diamminedichloroplatinum.

Figure 3. The invasive ability of NCI-H157 cells was detected using a Transwell assay. (A) Control group, no treatment. (B) MOCK group, controls transfected
with irrelevant siRNA. (C) HIF-1a siRNA group. (D) DDP group. (E) MOCK+DDP group. (F) HIF-1a siRNA+DDP group. (G) Statistical results of 3 experi-
ments. The data are expressed as the mean + standard deviation; n=6. Data were analyzed using one-way analysis of variance. P<0.05, “P<0.01 vs. control.
“P<0.01 vs. HIF-1a siRNA, DDP and MOCK+DDP. HIF-1a, hypoxia-inducing factor-1a; siRNA, small interfering RNA; DDP, diamminedichloroplatinum.

NCI-H157 cells. An in vitro invasion assay was performed
in chambers that had the upper wells coated with Matrigel
in order to mimic the extracellular matrix. In sharp contrast
to the control cells, the HIF-1a siRNA group, DDP group,
Mock+DDP group and HIF-1a siRNA+DDP groups demon-
strated a dramatically reduced invasive ability (P<0.01; Fig. 3).
The number of invasive cells in the HIF-1la siRNA+DDP
group was significantly increased compared to the number
in the HIF-1a siRNA or DDP groups (P<0.05, P<0.01). The
present results indicate that the downregulation of HIF-1o. may
decrease the invasive ability of NCI-H157 cells, which may be
potentiated by DDP treatment.

Associated proteins were regulated by the downregulation of
HIF-1a. The results of the invasion assay indicated the involve-
ment of HIF-1a in the proliferation, apoptosis and invasion of
NCI-H157 cells. To investigate the possible mechanisms, the
expression levels of associated proteins were determined using
western blotting. There were no evident differences observed
in the levels of detected proteins between the control and
MOCK groups (Fig 4). The expression levels of caspases 3
and 9 were significantly increased in the HIF-1a siRNA, DDP,
MOCK+DDP and HIF-la siRNA+DDP groups (P<0.01),
whereas the expression levels of Bcl-2, VEGF, p-PI3K and
p-AKT were decreased. Additionally, the effect of HIF-1a
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Figure 4. (A) The expression of caspase 3, caspase 9, Bcl-2, VEGF, p-PI3K and p-AKT was detected using western blotting. (B) Quantification of the
western blotting membrane signal intensity was performed, and the statistical results of the 3 experiments were presented. The data are expressed as the
mean * standard deviation (n=6). "P<0.05, “P<0.01 vs. control. *P<0.01 vs. HIF-1a siRNA, DDP and MOCK+DDP. Bcl-2, B-cell lymphoma-2; VEGF, vascular
endothelial growth factor; PEDF, pigment epithelium-derived factor; PI3K, phosphoinositide 3-kinase; P-PI3K, phosphorylated-PI3K; AKT, protein kinase B;
P-AKT, phosphorylated-AKT; ERK, extracellular signal-regulated kinase; P-ERK, phosphorylated-ERK; HIF-1a, hypoxia-inducing factor-la; siRNA, small
interfering RNA; DDP, diamminedichloroplatinum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

knockdown on the expression of these proteins was strength-
ened by DDP treatment.

Discussion

HIF-1a knockdown in NCI-H157 cells may inhibit cell prolif-
eration and promote cell apoptosis. Previously, an increase
in HIF-la expression was indicated to be associated with
the progression of gastric cancer (28). Wang et al indicated
an association between the breast cancer diffused optical
tomography-synthesis diagnostic index and the expression of
HIF-1a (29). Zhou et al indicated that HIF-1o. may promote
breast cancer growth (30). Similar to previous studies, the
results of the CCK-8 assay in the present study indicated that
HIF-1a knockdown may inhibit NCI-H157 cell proliferation
(Fig. 1), which was similar to the effect of the anticancer drug
DDP.

Hepatic cholesterol has been previously reported to acti-
vate HIF-1a, which may in turn damage the liver cells (31).
Jo et al indicated that glucosamine hydrochloride may be
used to treat oral tumors that demonstrate a high expression
of HIF-1a, through reducing HIF-1a expression (32). Similar
to the study by Jo et al (32), the Annexin V/PI staining data
from the present study indicates that HIF-1a knockdown may
promote the apoptosis of NCI-H157 cells (Fig. 2), which was
the same effect that was caused by DDP. Additionally, the

effects of HIF-1a knockdown on cell proliferation and apop-
tosis were strengthened by DDP, which indicated that HIF-1a
siRNA may be combined with DPP for tumor therapy.

HIF-1a knockdown significantly reduced the invasive
ability of NCI-H157 cells. It has been previously reported that
HIF-1a overexpression may be a useful independent prog-
nostic biomarker in gastric cancer (33). Hypoxia is considered
to be an important stimulus for tumor angiogenesis, as hypoxia
may induce HIF-la overexpression and therefore activate
platelet-derived growth factor (PDGF) (34). Preventing the
microenvironmental adaptations of tumors by reducing the
expression of HIF-1a may be a good method to inhibit cranio-
pharyngioma (35). However, the role of HIF-1a on the cell
invasion of NSCLC has not yet been studied. In the present
study, the invasion ability of NCI-H157 was significantly
decreased by HIF-la knockdown (Fig. 3). Notably, HIF-1a
siRNA and DDP demonstrate combined effects. Therefore
HIF-1a siRNA may be combined with anti-tumor drugs for
tumor treatment.

There are certain signaling pathways that are affected
by HIF-la knockdown. Mitochondria-mediated apop-
tosis is regarded as the major apoptotic pathway (36), and
caspases 3 and 9 may be used as markers of cell apoptosis.
Bcl-2 is an anti-apoptotic protein (37). As revealed in Fig. 4,
HIF-1a knockdown significantly increased the expression of
caspases 3 and 9, but notably decreased Bcl-2 expression. The
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present data indicated that HIF-1a knockdown may induce
mitochondria-mediated apoptosis.

The PI3K/Akt and Raf/MEK/ERK signaling pathways
are important in the process of tumor development (38). In a
previous study, the PI3K/AKT pathway and the transcription
of HIF-1a were activated in a cellular model of oral-esoph-
ageal carcinogenesis (39). Numerous studies have reported
that HIF-1a expression may lead to organ damage through
the MEK/ERK signaling pathway (40-42). Exposure of the
neonatal rat brain to hypoxia-ischemia was demonstrated to
cause a neonatal brain injury due to the increase of HIF-1a
protein levels and the activation of ERK and AKT (43). In this
study, HIF-1a knockdown significantly decreased the phos-
phorylation of PI3K and Akt.

Angiogenesis is required for the growth and metastasis
of invasive tumors. VEGF is reported to induce endothelial
cell proliferation and promote cell migration, and is therefore
important in angiogenesis (34,44). PEDF is considered to be an
effective inhibitor of angiogenesis by reducing the expression
of VEGF (45). In the present study, HIF-1a knockdown was
demonstrated to downregulate VEGF and upregulate PEDF,
which indicated that there were inhibitory effects of HIF-1a
knockdown on the VEGF/PEDF pathway.

In addition, the effects of HIF-1a siRNA on the aforemen-
tioned signaling pathways may be strengthened by DDP, which
provided additional confirmation in the present study that HIF-1a
siRNA may be combined with DDP for tumor treatment.

In the present study, the knockdown of HIF-la was
suggested to inhibit the cell proliferation and invasion ability
of NCI-H157 cells, which may be associated with the regu-
lation of the PI3K/AKT, Raf/MEK/ERK and VEGF/PEDF
pathways. The knockdown of HIF-la may also increase
mitochondria-mediated cell apoptosis. Furthermore, HIF-1a
siRNA may inhibit tumor growth more effectively when
treated with DDP simultaneously.

The present study provides an experimental basis for
additional studies that investigate the role of HIF-1a in tumor
progression, although the detailed mechanisms remain to be
explored. The present study expands the current understanding
of tumor growth and provides an important combined approach
for the treatment of tumors.
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