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Abstract. Ferroptosis and hypoxia‑inducible factor 1α 
(HIF‑1α) have critical roles in human tumors. The aim of 
the present study was to investigate the associations between 
ferroptosis, HIF‑1α and cell growth in non‑small cell lung 
cancer (NSCLC) cells. The lung cancer cell lines SW900 and 
A549 were evaluated using reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) to detect the expression 
of HIF‑1α. Cell Counting Kit‑8, flow cytometry and Transwell 
migration assays were used to measure cell viability, apoptosis 
and invasion, respectively. The production of reactive oxygen 
species (ROS) and levels of malondialdehyde (MDA), gluta‑
thione (GSH) and ferrous ion (Fe2+) were determined using 
detection kits. The expression levels of glutathione peroxidase 
4 (GPX4) and Yes‑associated protein 1 (YAP1) were detected 
using RT‑qPCR and western blotting. The results showed 
that the expression of HIF‑1α was significantly upregulated 
in NSCLC cells compared with normal human bronchial 
epithelial cells. Small interfering RNA specific to HIF‑1α 
(si‑HIF‑1α) significantly decreased the proliferation and inva‑
sion of NSCLC cells and increased their apoptosis. si‑HIF‑1α 
also increased the levels of ROS, MDA and Fe2+ but decreased 

GSH and GPX4 levels in A549 cells. Additionally, si‑HIF‑1α 
increased phosphorylated (p‑)YAP1 levels, suppressed GPX4 
and YAP1 expression, and attenuated the YAP1 overexpres‑
sion‑induced changes in YAP1, p‑YAP1 and GPX4 levels 
and cell viability. The ferroptosis antagonist ferrostatin‑1 
partially attenuated the effects of si‑HIF‑1α on the NSCLC 
cells, while the ferroptosis agonist erastin further inhibited 
NSCLC growth by blocking HIF‑1α expression. In conclusion, 
the silencing of HIF‑1α induces ferroptosis by suppressing 
Hippo‑YAP pathway activation in NSCLC cells. The present 
study provides novel insights into the malignant progression of 
NSCLC and suggests that HIF‑1α is an effective target for the 
treatment of NSCLC.

Introduction

Non‑small cell lung cancer (NSCLC) is the most common 
type of cancer, accounting for ~85% of all cases of lung 
cancer, and is a major cause of cancer‑associated mortality 
worldwide (1). In the USA in 2020, there were estimated to 
be 228,820 new cases of lung cancer and 140,730 new deaths 
from lung cancer (2). The 5‑year survival rate of patients with 
metastatic NSCLC is estimated to be 6% (3). Despite recent 
advancements in medical treatment, the 5‑year recurrence 
rate of NSCLC remains high at >20% (4), indicating that it is 
important to elucidate the molecular mechanisms underlying 
the progression of NSCLC.

Ferroptosis is an iron‑dependent form of oxidative 
cell death triggered by the accumulation of lethal levels of 
lipid‑based reactive oxygen species (ROS) and lipid peroxida‑
tion (5,6). Studies have demonstrated that ferroptosis is critical 
in tumourigenesis, cancer development and therapy (7‑10). For 
example, ferroptosis is induced in pancreatic cancer cells by 
artesunate (11), in Huh‑7 hepatocellular carcinoma cells by 
sorafenib (12) and in human gastric cancer cells by erastin (13). 
Moreover, sorafenib has been reported to induce ferroptosis in 
NSCLC cells (14).

Hypoxia plays a critical role in tumourigenesis, metas‑
tasis and chemotherapy resistance in solid tumours (15‑17). 
The lack of oxygen enhances the expression and stability of 
hypoxia‑inducible factors (HIFs) such as HIF‑1α (18). HIF‑1α 
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increases the expression of vascular endothelial growth factor 
(VEGF) and promotes the proliferation and migration of 
cancer cells (19). Furthermore, HIF‑1α is detectable in 50% 
of solid tumours with high proliferative characteristics (17,20). 
Therefore, HIF‑1α is a potential target for cancer therapy. 
Additionally, recent studies have shown that HIF‑1α inhibits 
ferroptosis in hepatocellular carcinoma  (21) and gastric 
cancer (22). However, the association between HIF‑1α and 
ferroptosis during the development of NSCLC remains unclear.

The Hippo‑Yes‑associated protein (YAP) pathway influ‑
ences a wide variety of tumour types, including NSCLC (23). 
YAP1, a transcriptional activator of Hippo signalling, binds 
to and maintains the stability of HIF‑1α protein in the 
nuclei of tumour cells (24). YAP1 also promotes the prolif‑
eration, invasion, migration and chemoresistance of cancer 
cells (25,26). Wang and Liu (27) found that knockdown of the 
long non‑coding RNA GHET1 inhibited the hypoxia‑induced 
upregulation of HIF‑1α expression and nuclear translocation 
of YAP, thereby reducing the proliferation and invasion of 
triple‑negative breast cancer cells. Furthermore, YAP has been 
shown to promote ferroptosis in cancer cells including renal 
cell carcinoma (28), liver cancer (29) and colon cancer (30). 
Therefore, we hypothesised that HIF‑1α blocks ferroptosis in 
NSCLC by activating the Hippo‑YAP pathway.

In the present study, the proliferation, invasion, ferroptosis 
and oxidative stress levels of NSCLC cells were investigated 
after the silencing HIF‑1α with or without treatment with 
the ferroptosis antagonist ferrostatin‑1 (Fer‑1) or ferrop‑
tosis agonist erastin. Expression levels of the Hippo‑YAP 
pathway‑associated protein YAP1 and ferroptosis marker 
protein glutathione peroxidase 4 (GPX4) were also detected. 
HIF‑1α and ferroptosis were investigated as a therapeutic 
target and strategy, respectively, for the treatment of NSCLC.

Materials and methods

Cell culture. SW900 (cat.  no.  HTB‑59) and A549 
(cat.  no.  CRM‑CCL‑185) human NSCLC and BEAS‑2B 
(cat. no. CRL‑9609) human bronchial epithelial cell lines 
acquired from the American Type Culture Collection were 
used in the study. The SW900 and A549 cells were maintained 
in RPMI‑1640 (Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 4.5 g/l glucose, 4 mmol/l L‑glutamine, 10% foetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 
1% penicillin‑streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.). The BEAS‑2B cells were cultured in RPMI‑1640 
containing 10% FBS and 1% penicillin‑streptomycin. All 
cells were cultured in triplicate in 12‑well plates (1x105/cm2) 
at 37˚C with 5% CO2.

Cell transfection. Small interfering RNA (siRNA) specific to 
HIF‑1α (si‑HIF‑1α, 5'‑CGA​UGG​AAG​CAC​UAG​ACA​AAG‑3'), 
siRNA negative control (si‑NC, 5'‑CAC​UGA​UUU​CAA​AUG​
GUG​CUA​UU‑3') and a sequence for the overexpression (oe) of 
YAP1 (oe‑YAP1; Shanghai GeneChem Co., Ltd.) were cloned 
into lentiviral vectors (Lenti‑Mix: pMDLg/pRRE, pVSV‑G, 
pRSV‑Rev; Wuhan GeneCreate Biological Engineering Co., 
Ltd.). Lentivirus packaging plasmids (50 ng/µl) expressing 
si‑HIF‑1α, si‑NC, oe‑YAP1 and negative control for YAP1 
overexpression (oe‑NC) were constructed and transfected into 

SW900 and A549 cells using HighGene transfection reagent 
(ABclonal Biotech Co., Ltd.) at 37˚C for 72 h. The mRNA 
expression and protein levels of HIF‑1α and YAP1 were 
confirmed using reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) and western blotting, respectively.

Ferroptosis induction or inhibition. To induce ferroptosis, 
NSCLC cells were treated with 5  µg/ml erastin (Beijing 
Solarbio Science & Technology Co., Ltd.) for 24 h. Treatment 
with Fer‑1 (10 µmol/l; ABclonal Biotech Co., Ltd.) for 24 h 
was used to inhibit ferroptosis (7,31). The treatments were 
performed at 37˚C in the presence of 5% CO2.

Cell Counting Kit‑8 (CCK‑8) assay. The proliferation of 
SW900 and A549 cells was detected using a CCK‑8 assay 
(Beyotime Institute of Biotechnology). Cells (2x10 cells/well) 
were seeded into 96‑well plates (100 µl/well) and cultured 
for 24, 48, 72 and 96 h. The cells were then incubated with 
10 µl CCK‑8 solution for 2 h. A microplate reader (Wuxi 
Hiwell‑Diatek Instruments Co., Ltd.) was used to determine 
the optical density at 450 nm (OD450).

Flow cytometry assay. NSCLC cell apoptosis was detected 
using an Annexin V‑FITC Apoptosis Detection Kit (Beyotime 
Institute of Biotechnology). In brief, 2x105 cells were resus‑
pended in 500 µl binding buffer and incubated with 5 µl 
Annexin V‑FITC for 30 min at 4˚C in the dark, followed by 
incubation with 5 µl propidium iodide for 5 min at 25˚C. The 
apoptosis rate was then detected using flow cytometry with 
a CytoFLEX S instrument (Beckman Coulter, Inc.) and Cell 
Quest software (version 5.2.1; BD Biosciences).

Transwell assay. Cell invasion was evaluated using 
Matrigel‑coated Transwell chambers (Corning, Inc.). NSCLC 
cells (1x106/ml) were seeded into the upper chambers filled 
with serum‑free RPMI‑1640. The lower chambers were filled 
with complete RPMI‑1640, and the cells cultured for 48 h 
at 37˚C with 5% CO2. Cells that adhered to the surface of the 
lower chamber were fixed and stained with 1% crystal violet 
(Beyotime Institute of Biotechnology) at room temperature for 
20 min. Cells were counted in digital photographs captured 
using a CKX53 microscope (Olympus Corporation).

RNA isolation and RT‑qPCR. RNA was isolated from NSCLC 
and BEAS‑2B cells using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). First‑strand cDNA was synthe‑
sised using a Fastingking gDNA Dispelling RT SuperMix 
kit (Tiangen Biotech Co., Ltd.) according to the manufac‑
turer's protocol. SYBR Green PCR Master Mix (Xiamen Life 
Internet Technology Co., Ltd.) and an MX3000P Fast RT‑PCR 
instrument (Agilent Technologies, Inc.) were used for qPCR 
analysis. The thermocycling conditions were as follows: 95˚C 
for 3 min; followed by 40 cycles of 95˚C for 12 sec and 62˚C 
for 40 sec. The expression levels of HIF‑1α and YAP1 were 
determined using the 2‑∆∆Cq method (32). GAPDH was used as 
an internal reference gene. The specific primers used for qPCR 
analysis were as follows: HIF‑1α forward, 5'‑AGA​GGT​TGA​
GGG​ACG​GAG​AT‑3' and reverse, 5'‑GCA​CCA​AGC​AGG​TCA​
TAG​GT‑3'; YAP1 forward, 5'‑TGA​CCC​TCG​TTT​TGC​CAT​
GA‑3' and reverse 5'‑GTT​GCT​GCT​GGT​TGG​AGT​TG‑3'; 
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GAPDH forward, 5'‑GCA​CCG​TCA​AGG​CTG​AGA​AC‑3' and 
reverse, 5'‑ATG​GTG​GTG​AAG​ACG​CCA​GT‑3'.

Western blot analysis. Proteins were isolated from NSCLC 
and BEAS‑2B cells using a radioimmunoprecipitation assay 
lysis buffer (Beyotime Institute of Biotechnology). The 
isolated protein samples were quantified using a bicinchoninic 
acid protein assay kit (Beyotime Institute of Biotechnology) 
and then protein samples (25 µg) were separated using 10% 
sodium dodecyl sulphate‑polyacrylamide gel electrophoresis 
(Beyotime Institute of Biotechnology). Immunoblotting anal‑
ysis was performed using polyvinylidene fluoride membranes 
(Beyotime Institute of Biotechnology). The membranes 
were blocked with 5% non‑fat milk for 6  min at room 
temperature. For the immunoblotting analysis, the membranes 
were incubated with specific primary antibodies, namely 
anti‑HIF‑1α (1:500; cat.  no.  ab51608; Abcam), anti‑GPX4 
(1:5,000; cat.  no.  ab125066; Abcam), anti‑YAP1 (1:5,000; 
cat.  no.  ab52771; Abcam), anti‑phosphorylated (p)‑YAP1 
(1:25,000; cat.  no.  ab76252; Abcam) and anti‑GAPDH 
(1:2,500; cat. no. ab9485; Abcam) antibodies, at 4˚C overnight. 
Horseradish peroxidase‑tagged goat anti‑rabbit IgG H&L 
(1:10,000; cat. no. A0516; Beyotime Institute of Biotechnology) 
was used as the secondary antibody and incubated with the 
membranes at room temperature for 1 h. An enhanced chemi‑
luminescence system (Pierce; Thermo Fisher Scientific, Inc.) 
and automatic digital gel image analysis system (Tanon 3500; 
Tanon Science & Technology Co., Ltd.) were used to analyse 
the target proteins.

Enzyme‑linked immunosorbent assay. The levels of malo‑
ndialdehyde (MDA), glutathione (GSH) and ROS in A549 
cells were determined using corresponding commercial 
enzyme‑linked immunosorbent assay kits (cat. no. BC0025 
for MDA, Beijing Solarbio Science & Technology Co., Ltd.; 
cat. no. E‑BC‑K030‑M for GSH, Elabscience Biotechnology, 
Inc.; and cat. no. CA1410 for ROS, Beijing Solarbio Science 
& Technology Co., Ltd.). A microplate reader was used to 
measure the OD450 value.

Detection of ferrous iron (Fe2+) levels. The concentration of 
Fe2+ in A549 cells was determined using an iron colorimetric 
assay kit (cat. no. K390‑100; BioVision, Inc.). A microplate 
reader was used to determine the OD450 value.

Statistical analysis. All experiments were performed in 
triplicate. Statistical analyses were conducted using GraphPad 
Prism 7.0 software (GraphPad Software, Inc.). Experimental 
data are expressed as the mean  ±  standard deviation. 
Differences between two groups were analysed using an 
unpaired t‑test. Differences among three or more experimental 
groups were analysed using one‑way analysis of variance, 
followed by Tukey's test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Upregulation of HIF‑1α expression in NSCLC cells. The 
expression levels of HIF‑1α in SW900 and A549 NSCLC cell 
lines and BEAS‑2B normal bronchial epithelial cells were 

detected using RT‑qPCR and western blotting. The mRNA and 
protein expression levels of HIF‑1α in the NSCLC cells were 
significantly higher than those in the normal cells (P<0.01). In 
addition, the mRNA and protein expression levels of HIF‑1α 
in A549 cells were higher than those in SW900 cells (P<0.05; 
Fig. 1A and B). The knockdown of HIF‑1α in NSCLC cells by 
transfection with si‑HIF‑1α significantly decreased the mRNA 
and protein expression levels of HIF‑1α compared with the 
respective levels in cells transfected with si‑NC (P<0.01; 
Fig. 1C and D).

si‑HIF‑1α inhibits malignant progression and induces 
ferroptosis in NSCLC cells. The effects of HIF‑1α silencing 
on the malignant progression of NSCLC were investigated. 
The CCK‑8 assay showed that HIF‑1α silencing significantly 
suppressed the proliferation of SW900 and A549 cells 
compared with the proliferation in the respective si‑NC group 
(P<0.05; Fig. 2A). Additionally, the flow cytometry results 
showed that the silencing of HIF‑1α significantly increased 
the apoptosis of SW900 and A549 cells (P<0.01; Fig. 2B). 
Moreover, the knockdown of HIF‑1α significantly decreased 
the invasion ability of SW900 and A549 cells compared with 
that of the SW900 and A549 cells transfected with si‑NC 
(P<0.01; Fig. 2C). Based on the aforementioned results, A549 
cells were selected for further analysis.

Lipid peroxidation, GSH depletion and iron accumulation 
are reported to be critical events in ferroptosis (33). To explore 
whether HIF‑1α expression affects ferroptosis in NSCLC, 
the levels of ROS, MDA, GSH and Fe2+ in A549 cells were 
measured. si‑HIF‑1α transfection significantly increased the 
levels of ROS, MDA and Fe2+ and decreased the production 
of GSH in A549 cells, compared with the levels in A549 
cells transfected with si‑NC (P<0.01; Fig. 2D). GPX4 is a key 
indicator of ferroptosis  (34) and has a regulatory relation‑
ship with HIF‑1α (35). Therefore, the expression of GPX4 in 
NSCLC cells was evaluated. Western blotting showed that the 
knockdown of HIF‑1α in A549 cells significantly downregu‑
lated GPX4 expression compared with that in the si‑NC group 
(P<0.001; Fig. 2E).

si‑HIF‑1α inhibits Hippo‑YAP pathway activation in NSCLC 
cells. The underlying mechanism by which si‑HIF‑1α induced 
ferroptosis in NSCLC cells was then investigated. The 
Hippo‑YAP pathway regulates ferroptosis in cancer (36). Thus, 
cell viability was examined, as well as the expression of the 
Hippo‑YAP pathway regulator YAP1 and ferroptosis marker 
GPX4 in A549 cells using CCK‑8, RT‑qPCR and western blot‑
ting assays. As shown in Fig. 3A, YAP1 expression in A439 
cells was significantly increased following transfection with 
oe‑YAP1 compared with that in cells transfected with oe‑NC 
(P<0.001). RT‑qPCR analysis showed that suppression of 
HIF‑1α significantly downregulated the mRNA expression of 
YAP1 (P<0.05). Moreover, the silencing of HIF‑1α attenuated 
the oe‑YAP1‑induced upregulation of YAP1 mRNA expres‑
sion (P<0.01; Fig. 3B). The silencing of HIF‑1α also attenuated 
the increase in cell viability induced by oe‑YAP1 transfection 
(P<0.01; Fig. 3C). As shown in Fig. 3D, the p‑YAP1/YAP1 
ratio was significantly upregulated in the si‑HIF‑1α group 
compared with the si‑NC group (P<0.001). The inhibitory 
effect of oe‑YAP1 on the p‑YAP1/YAP1 ratio was significantly 
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attenuated by HIF‑1α silencing (P<0.001). Furthermore, 
si‑HIF‑1α transfection significantly suppressed GPX4 expres‑
sion compared with that in the si‑NC group (P<0.001), and the 
increase in GPX4 expression induced by YAP1 overexpression 
was significantly weakened by HIF‑1α silencing (P<0.01).

si‑HIF‑1α promotes ferroptosis by inhibiting Hippo‑YAP 
pathway activation in NSCLC cells. To confirm that 
si‑HIF‑1α‑induced ferroptosis plays an important role in 
NSCLC treatment, the proliferation and invasion of A549 
cells, and the oxidative stress and iron accumulation in these 
were cells investigated after treatment with Fer‑1 or erastin. 
As shown in Fig. 4A‑C, Fer‑1 significantly attenuated the 
inhibition of cell viability and invasion in A549 cells induced 
by si‑HIF‑1α; by contrast, erastin treatment augmented the 
si‑HIF‑1α‑induced suppression of A549 cell proliferation 
and invasion (P<0.05). The enzyme‑linked immunosorbent 
assay results indicated that Fer‑1 significantly inhibited the 
si‑HIF‑1α‑induced production of ROS, MDA and Fe2+ and 
reduction in GSH levels in A549 cells (P<0.01; Fig.  4D). 
By contrast, erastin treatment increased the production 
of ROS, MDA and Fe2+ and further reduced GSH levels 
in si‑HIF‑1α‑transfected A549 cells (P<0.01; Fig.  4D). 
Additionally, RT‑qPCR and western blot analyses showed that 
Fer‑1 and erastin treatment did not alter the HIF‑1α mRNA 
and protein levels of the A549 cells. However, Fer‑1 signifi‑
cantly increased the levels of YAP1 mRNA and GPX4 protein 
and decreased the p‑YAP1/YAP1 ratio compared with those 

in the si‑HIF‑1α group (P<0.05), while erastin augmented the 
si‑HIF‑1α‑induced downregulation of YAP1 mRNA and GPX4 
protein expression and upregulation of the p‑YAP1/YAP1 ratio 
(P<0.01; Fig. 4E and F).

Discussion

In recent years, ferroptosis has emerged as a strategy for 
cancer treatment. The present study evaluated the ability of 
HIF‑1α silencing to induce ferroptosis in NSCLC cells and 
investigated whether the underlying mechanism involves the 
inhibition of Hippo‑YAP pathway activation.

Hypoxia is a common condition in the tumour environ‑
ment due to the high proliferation rate of tumour cells (37‑39). 
HIF‑1α is an oncoprotein induced by intratumoural 
hypoxia  (40), which promotes tumour cell proliferation, 
metastasis and migration (15‑17,39). VEGF is a key contrib‑
utor to angiogenesis, and the inhibition of HIF‑1α has been 
shown to decrease VEGF expression in malignant glioma cells 
and reduce tumour growth (41). The present study confirmed 
that HIF‑1α is upregulated in NSCLC cells compared with 
normal bronchial epithelial cells. Furthermore, the inhibition 
of HIF‑1α significantly decreased the proliferation and inva‑
sion of NSCLC cells and increased their apoptosis. Therefore, 
the inhibition of HIF‑1α shows potential as a mechanism for 
NSCLC therapy.

As HIF‑1α contributes to the inhibition of ferroptosis in 
hepatocellular carcinoma, it has been reported as a potential 

Figure 1. Expression of HIF‑1α in NSCLC cells. (A) Expression of HIF‑1α mRNA in SW900 and A549 NSCLC cell lines and normal BEAS‑2B cells 
determined using reverse transcription‑quantitative polymerase chain reaction. (B) Results of the western blot analysis of HIF‑1α protein. In (A) and (B), 
**P<0.01 and ***P<0.001 vs. BEAS‑2B; and #P<0.05 and ##P<0.01 vs. SW900. (C) mRNA and (D) protein expression of HIF‑1α in NSCLC cells transfected 
with si‑HIF‑1α. In (C) and (D), **P<0.01 and ***P<0.001 vs. si‑NC. HIF‑1α, hypoxia‑inducible factor 1α; NSCLC, non‑small cell lung cancer; si‑HIF‑1α, small 
interfering RNA to HIF‑1α; si‑NC, small interfering RNA negative control.
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biomarker of poor post‑operative outcomes in this disease (21). 
Ferroptosis is a form of iron‑dependent, non‑apoptotic cell 
death induced by lipid peroxidation, system xc

‑ inhibitors 
and ROS accumulation  (42,43). Hypoxia accelerates lipid 

peroxidation, depletes intracellular GSH (44) and prevents 
ferroptosis  (45,46). These activities were evaluated in the 
present study following the knockdown of HIF‑1α. The results 
revealed that HIF‑1α knockdown significantly increased the 

Figure 2. Effect of si‑HIF‑1α on the proliferation, invasion and ferroptosis of NSCLC cells. Results of (A) Cell Counting Kit‑8, (B) flow cytometry and 
(C) Transwell invasion assays of NSCLC cells transfected with si‑HIF‑1α. (D) Levels of ROS, MDA, Fe2+ and GSH in A549 cells transfected with si‑HIF‑1α. 
Scale bar, 50 µm. (E) Protein expression of GPX4 in A549 cells transfected with si‑HIF‑1α. *P<0.05, **P<0.01 and ***P<0.001 vs. si‑NC. si‑HIF‑1α, small 
interfering RNA to hypoxia‑inducible factor 1α; NSCLC, non‑small cell lung cancer; ROS, reactive oxygen species; MDA, malondialdehyde; Fe2+, ferrous iron; 
GSH, glutathione; GPX4, glutathione peroxidase 4; si‑NC, small interfering RNA negative control; OD, optical density.

https://www.spandidos-publications.com/10.3892/ol.2023.13676
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ROS, MDA and Fe2+ levels and decreased the GSH levels of 
NSCLC cells, suggesting that HIF‑1α silencing facilitates the 
ferroptosis of these cells. Further, GPX4 is a prominent regu‑
lator of ferroptosis in cancer cells, and GSH depletion has been 
demonstrated to induce GPX4 inactivation and ferroptosis (34). 
Additionally, other studies have shown that the inhibition 
GPX4 leads to lipid peroxidation and ferroptosis (42,47,48). 
The present study showed that the transfection of NSCLC 
cells with si‑HIF‑1α downregulated GPX4 expression, which 
is consistent with the findings of previous research  (35). 
In addition, the effects of Fer‑1 and erastin, which are clas‑
sical antagonists and agonists of ferroptosis, respectively 
were investigated. Fer‑1 reversed the effects of si‑HIF‑1α on 
proliferation, invasion, ROS production, and Fe2+ and GPX4 
levels in NSCLC cells, whereas erastin enhanced these effects. 
These results support the hypothesis that HIF‑1α silencing 
inhibits malignant progression by promoting ferroptosis in 
NSCLC cells.

The Hippo signalling pathway has tumour suppressing 
effects, and YAP acts as an oncogene in most tumour 
cells (24,49). Hypoxia promotes the nuclear localisation of 
YAP and decreases the phosphorylation of YAP in cancer 
cells (24). In addition, YAP promotes the proliferation and 

chemoresistance of cancer cells (26,50,51), and also contrib‑
utes to the invasion and migration of NSCLC cells  (26). 
A previous study has shown that hypoxia enhances the 
binding of YAP to HIF‑1α in the nucleus and maintains the 
stability of HIF‑1α protein (24). The results of the present 
study showed that transfection with si‑HIF‑1α decreased 
the expression of YAP1 in NSCLC cells, and attenuated 
the oe‑YAP1‑induced changes in YAP1 and p‑YAP1 levels, 
suggesting that the silencing of HIF‑1α inhibits activation 
of the Hippo‑YAP pathway. Furthermore, the upregulation 
of GPX4 induced by oe‑YAP1 was attenuated by HIF‑1α 
silencing. These results indicate that the silencing of HIF‑1α 
promotes ferroptosis by suppressing Hippo‑YAP signalling 
pathway activation.

The present study had some limitations. First, the patho‑
logical mechanisms affecting the growth of cancer cells are 
complex, and ferroptosis is only one such mechanism; the 
other mechanisms that may be involved were not evaluated. 
Second, HIF‑1α affects NSCLC cell ferroptosis and may be 
involved in multiple pathways in addition to the Hippo‑YAP 
pathway. Finally, additional experimental data obtained from 
techniques such as confocal microscopy or fluorescent probe 
analyses are required to confirm the results.

Figure 3. si‑HIF‑1α inhibits Hippo‑YAP pathway activation in non‑small cell lung cancer cells. (A) Relative mRNA expression of YAP1 in A549 cells trans‑
fected with oe‑NC and oe‑YAP1. ***P<0.001 vs. oe‑NC. (B) Relative expression of YAP1 mRNA in cells transfected with si‑HIF‑1α and/or oe‑YAP1. (C) Cell 
Counting Kit‑8 assay results showing the viability of A549 cells. (D) Fold‑change in the p‑YAP1/YAP1 ratio and GPX4 protein expression assessed using 
western blot analysis. *P<0.05 and ***P<0.001 vs. si‑NC; ^^P<0.01 and ^^^P<0.001 vs. oe‑YAP1. si‑HIF‑1α, small interfering RNA to hypoxia‑inducible factor 1 
α; YAP, Yes‑associated protein; p‑, phosphorylated; oe‑YAP1, overexpression of YAP1; oe‑NC, overexpression negative control; si‑NC, small interfering RNA 
negative control; GPX4, glutathione peroxidase 4; OD, optical density.
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Figure 4. si‑HIF‑1α promotes ferroptosis by inhibiting Hippo‑YAP pathway activation in non‑small cell lung cancer cells. (A) Cell Counting Kit‑8 assay 
results. (B) Quantified Transwell invasion assay results and (C) representative images of invaded A549 cells. Scale bar, 50 µm. (D) ROS, MDA, Fe2+ and GSH 
levels in A549 cells. (E) Relative mRNA expression of HIF‑1α and YAP1 in A549 cells. (F) Protein levels of HIF‑1α, p‑YAP1/YAP1 and GPX4 in A549 cells. 
**P<0.01 and ***P<0.001 vs. si‑NC. ^P<0.05, ^^P<0.01 and ^^^P<0.001 vs. si‑HIF‑1α. HIF‑1α, hypoxia‑inducible factor 1 α; si‑HIF‑1α, small interfering RNA to 
HIF‑1α; YAP, Yes‑associated protein; p‑, phosphorylated; ROS, reactive oxygen species; MDA, malondialdehyde; Fe2+, ferrous iron; GSH, glutathione; GPX4, 
glutathione peroxidase 4; PBS, phosphate‑buffered saline; Fer‑1, ferrostatin‑1; si‑NC, small interfering RNA negative control; OD, optical density.
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In conclusion, HIF‑1α expression is upregulated in NSCLC 
cells. The silencing of HIF‑1α inhibited the proliferation and 
invasion of NSCLC cells and induced their ferroptosis; it also 
suppressed activation of the Hippo‑YAP pathway. Moreover, 
erastin further enhanced the effect of si‑HIF‑1α whereas Fer‑1 
counteracted the effect of si‑HIF‑1α. These results suggest that 
HIF‑1α silencing promotes ferroptosis in NSCLC cells via 
the inhibition of Hippo‑YAP pathway activation. Therefore, 
HIF‑1α is a potential target for NSCLC therapy.
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