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Clinical trials suggest that non-small-cell lung cancer (NSCLC) patients with KRAS mutations and wild-type EGFR
have reduced benefits from gefitinib treatment. Ferroptosis is a new form of cell death that plays an important role in
mediating the sensitivity of EGFR-TIKs. Here, we explored the antitumor ability of gefitinib in combination with betulin to
overcome drug resistance through ferroptosis in wild-type EGFR/KRAS-mutant NSCLC cells. A549 and H460 cells were
treated with gefitinib and betulin, and cell viability, apoptosis, and migration ability were assessed using the CCK-8 assay,
flow cytometry, and wound-healing assay, respectively. Several cell death inhibitors were used to study the form of cell death.
Ferroptosis-related events were detected by performing reactive oxygen species (ROS) and iron level detection, malondial-
dehyde (MDA) assay, and glutathione (GSH) assay. EMT-associated proteins and ferroptosis-related proteins were detected
by using western blotting. A xenograft model was constructed in vivo to investigate the role of the combination treatment
of betulin and gefitinib in NSCLC tumor growth. Gefitinib in combination with betulin exhibited antagonistic effects on
cellular viability and induced cell apoptosis. It also induced ROS accumulation, lipid peroxidation, and GSH depletion and
induced ferroptosis-related gene expression. Moreover, ferroptosis inhibitors, but not inhibitors of other forms of cell death,
abrogated the effect of gefitinib in combination with betulin. Moreover, it also inhibited the tumor growth of NSCLC in
vivo. Our findings suggest that gefitinib in combination with betulin is a novel therapeutic approach to overcome gefitinib

resistance in EGFR wild-type/KRAS-mutant NSCLC cells by inducing ferroptosis.
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Lung cancer is still the main cause of cancer-related death
with a high incidence and mortality [1]. Non-small cell lung
cancer (NSCLC) is the most common histological subtype
of lung cancer, accounting for approximately 80% of all lung
cancer cases [2]. Although there has been progress in the
development of targeted therapies, the 5-year survival rate of
NSCLC is only approximately 15%, partly due to drug resis-
tance [1, 3].

Epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKIs) are widely used as targeted therapy in
NSCLC harboring mutations that activate EGFR. EGFR-
TKIs can inhibit the Ras-Raf-MEK-ERK signaling pathway
by blocking the activation of EGFR. However, EGFR-TKIs
cannot inhibit the activation of signaling in the presence
of wild-type EGFR or KRAS mutations since Ras is the
downstream effector of EGFR [4]. KRAS mutations are
mutually exclusive to EGFR mutations, so NSCLC patients
with KRAS mutations are primarily resistant to EGFR-TKIs,
such as gefitinib [5, 6]. Indeed, KRAS mutations were identi-
fied in 20-30% of NSCLC patients, resulting in poor overall

survival [7]. Therefore, it is urgent to develop new strategies
to treat NSCLC presenting KRAS mutations.

Ferroptosis is a newly discovered form of cell death that
is distinct from apoptosis, autophagy, and necrosis at the
morphological, biochemical, and genetic levels. It is charac-
terized by an iron-dependent accumulation of lipid perox-
ides [8]. Generally, ferric ion (Fe*") is imported into cells and
subsequently converted to ferrous ion (Fe**) in the endosome
[9]. Excessive amounts of Fe?* lead to the accumulation of
lipid ROS, thereby causing ferroptosis [10]. Recent reports
have shown that ferroptosis is implicated in multiple diseases,
including liver disease, kidney injury, and cancer [11].
Additionally, multiple solid tumor cells, including NSCLC
cells, exhibit an evident resistance to apoptosis [12]. But it
was suggested that therapy-resistant cancer cells were more
likely to be killed by ferroptosis [13]. For example, B-elemene
is a new ferroptosis inducer, and combinative treatment of
B-elemene and cetuximab is effective against KRAS-mutant
colorectal cancer cells [14]. Inhibition of GPX4, a critical
regulator of ferroptosis, overcomes resistance to Lapatinib
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by promoting ferroptosis in NSCLC cells [15]. Therefore,
the induction of ferroptosis has been proposed as a novel
strategy against therapy-resistant cancer cells.

Betulin (BT), a natural pentacyclic lupane-type triter-
pene, exhibits antitumor activity in multiple cancer types,
including breast cancer, colorectal cancer, and lung cancer
[16-18]. Betulin could induce cell cycle arrest, autophagy,
and apoptosis in cancer cells [17]. However, its role in ferrop-
tosis and its sensitivity to EGFR wild-type/KRAS-mutant
lung cancer cells are still unknown. Here, we demonstrated
that combinative treatment with betulin and gefitinib
induced ferroptosis and decreased the viability of EGFR
wild-type/KRAS-mutant NSCLC cells, which may provide
a potential therapeutic strategy for NSCLC patients with
KRAS mutations.

Materials and methods

Cell lines. The human NSCLC cell lines A549 and H460
(wild-type EGFR and KRAS mutation) were purchased from
the American Type Culture Collection (ATCC). These cells
were cultured in DMEM (Gibco; Thermo Fisher Scientific,
Inc.) containing 10% heat-inactivated fetal bovine serum
(FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a 5%
CO, atmosphere.

Reagents and antibodies. Betulin (#HY-N0083) and
gefitinib (#HY-50895) were purchased from MCE (Shanghai,
China). 3-methyladenine (#52767), Z-VAD-FMK (#S7023),
necrostain-1 (#S8037), ferrostatin-1 (#57243), liproxstatin-1
(#57699), and deferoxamine (#S5742) were purchased from
Selleck Chemicals (Houston, TX, USA). Antibodies against
E-cadherin (#14472), N-cadherin (#13116), Vimentin
(#5741S), GPX4 (#52455), FTH1 (#FTH1), HO-1 (#70081),
SLC7A11 (#12691), and GAPDH (#2118S) were purchased
from Cell Signaling Technology (Beverly, MA, USA).

Cell viability assay. Cell viability was measured using
the Cell Counting Kit-8 (CCK-8) (LJ621, Dojindo, Japan)
according to the manufacturer’s instructions. Cells were
seeded into 96-well flat-bottom plates at the density of 5,000
cells/well and incubated at 37°C for 24 h. The cells were then
treated with varying concentrations of betulin and gefitinib
for 24 h. After that, a microplate reader (BioTek Instruments
Inc.) was used to read the absorbance at 450 nm. Finally,
the obtained optical density (OD) values were analyzed via
GraphPad Prism software.

Apoptosis assay. For flow cytometry experiments, cells
were plated into 6-well flat-bottom plates at 2x10° cells/well
and treated with betulin, gefitinib, or a combination of these
for 24 h. After treatment, cells were collected for Annexin
V-FITC/PI staining according to the manufacturer’s instruc-
tions (MultiSciences Biotech Co., Ltd., China).

Wound-healing assay. Cells were plated into 6-well flat-
bottom plates at 5x10° cells/well overnight, and then the cell
layer was scratched with a sterile plastic tip in 0.5% serum
medium. Then, the cells were washed with PBS three times

and cultured with betulin, gefitinib, or a combination of these
for 12 h. The wound width of the cell layer was photographed
using a microscope at 40x magnification.

ROS detection. Cells were seeded into 6-well flat-bottom
plates and treated with betulin, gefitinib, or a combination
of these for 24 h. After treatment, cells were incubated with
DCFH-DA for 20 min at 37°C and washed three times
with PBS. Then, the cells were collected and fluorescence
measured by a microplate reader (Tecan, Switzerland) at
488 nm excitation and 525 nm emission, according to the
manufacturer’s instructions (Beyotime, China). The protein
concentrations were detected by using a BCA protein assay
kit (Beyotime, China).

Malondialdehyde (MDA) assay. MDA was detected using
an MDA assay kit according to the manufacturer’s instruc-
tions (Abcam, ab118970). The protein concentrations were
detected using a BCA protein assay kit (Beyotime, China).

GSH assay. GSH was detected using a GSH assay kit
according to the manufacturer’s instructions (Nanjing
Jiancheng, China). The protein concentrations were detected
using a BCA protein assay kit (Beyotime, China).

Lipid ROS detection. Cells were seeded into 6-well flat-
bottom plates and treated with betulin, gefitinib, or a combi-
nation of these for 24 h. After treatment, cells were incubated
with C11 BODIPY (Amgicam, China) for 30 min at 37°C in
the dark and washed three times with PBS. Then, the cells
were collected, and fluorescence was measured by a flow
cytometer according to the manufacturer’s instructions.

Iron measurement. Cells were seeded into 12-well flat-
bottom plates and treated with betulin, gefitinib, or a combi-
nation of these for 24 h. After treatment, cells were incubated
with Phen Green SK (Thermo Scientific, Fremont, CA, USA)
for 20 min at 37°C and washed three times with PBS. Then,
the cells were imaged by inverted fluorescence microscopy
(Olympus, Tokyo, Japan).

Western blot analysis. Cells were harvested and lysed in
ice-chilled RIPA buffer and protease inhibitors for 30 min
(Thermo Scientific, Fremont, CA, USA). Protein concentra-
tion was determined using a BCA protein assay kit (Beyotime,
China). Equal amounts of proteins were separated in an SDS—
PAGE gel and transfer-embedded onto PVDF membranes
(Millipore, Billerica, MA, USA). The blotted membranes
were blocked with 5% skimmed milk at room temperature for
1 h and incubated with primary antibodies at 4 °C overnight,
followed by a 3-times wash using TBST. Subsequently, the
membranes were conjugated with the respective secondary
antibodies for 1 h, followed by a 3-times wash using TBST.
An enhanced chemiluminescence kit (Millipore, Billerica,
MA, USA) was used to detect the signals.

Animal models. Animal protocols were approved by the
Institutional Animal Care and Use Committee at Soochow
University. All animal procedures complied with the
ARRIVE guidelines and were in agreement with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 8023, revised 1978). Nude
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mice (5 weeks) were purchased from SLAC Int. (Shanghai,
China). A549 cells (6x107/ml) were collected and mixed with
Matrigel (Corning, USA) at a 1:1 ratio by volume. Then, 100
pl cells were injected subcutaneously into the back region of
nude mice to generate tumors with a size of 100 mm?®. Mice
were randomly divided into four groups (n=5/group): the
control group, betulin group (10mg/kg), gefitinib group
(30 mg/kg), and the combined group. The control group was
orally administered vehicle, while the betulin group, gefitinib
group, and the combined group were orally administered
betulin, gefitinib, and betulin plus gefitinib every other day.
The tumor size and mice body weight were measured every
other day too, and the volume was calculated according to
the formula: tumor size (mm?*) = (length x width?) x 0.5.
Statistical analysis. All data were presented as mean + SD.
Comparisons among groups were performed using one-way
ANOVA. All statistical analyses were performed with
GraphPad Prism software. A p-value <0.05 was considered
statistically significant (*p<0.05; **p<0.01, and ***p<0.001).

Results

Combinative treatment of betulin and gefitinib was
effective against EGFR wild-type/KRAS-mutant NSCLC
cells. We first measured the effect of betulin and gefitinib
on EGFR wild-type/KRAS-mutant NSCLC cells A549 and
H460. The results showed that both gefitinib and betulin led
to dose-dependent inhibition of EGFR wild-type/KRAS-
mutant NSCLC cells (Figures 1A, 1B). To investigate the
synergetic effect of betulin and gefitinib, the CCK-8 assay
and software Calcusyn were used. A combination index
(CI) value greater than 1 indicated antagonism, whereas
a CI value lower than 1 indicated synergism. An optimal
synergetic effect was obtained when 5 uM gefitinib and 1 M
betulin were co-incubated (Figures 1C, 1D, Table 1). There-
fore, A549 and H460 cells were treated with 5 uM gefitinib
and 1 pM betulin for 24 h. The combination of gefitinib and
betulin markedly decreased cell viability compared to that of
controls (Figure 1E).

Combinative treatment of betulin and gefitinib induced
cell apoptosis and suppressed the migration of EGFR wild-
type/KRAS-mutant NSCLC cells. To confirm whether the
treatment of betulin and gefitinib inhibited cell proliferation
through cell apoptosis, Annexin-V was measured through
flow cytometry. The results showed an increasing number
of dead cells after treatment with betulin and gefitinib
(Figure2A). Furthermore, to investigate whether the
co-treatment of betulin and gefitinib affected cell migration, a
wound-healing assay was performed. As shown in Figure 2B,
the combinative treatment of betulin and gefitinib markedly
suppressed the migration of A549 and H460 cells. Moreover,
western blotting was performed to detect several epithelial-
mesenchymal transition (EMT)-associated proteins. The
results showed downregulation of mesenchymal markers
Vimentin and N-cadherin and upregulation of the epithe-

lial marker E-cadherin in A549 and H460 cells after the
co-treatment of betulin and gefitinib (Figure 2C). Collec-
tively, the combination of betulin with gefitinib might induce
cell apoptosis and reduce the migration of EGFR wild-type/
KRAS mutant NSCLC cells by inhibiting EMT.

Ferroptosis inhibitors could partially block cell
death induced by a combined treatment of betulin and
gefitinib. The combination of betulin with gefitinib signifi-
cantly decreased cell viability by ~50% in A549 and H460
cells, whereas the apoptosis rates were ~8%, suggesting
a non-apoptotic mode of cell death after treatment with
betulin and gefitinib. To further investigate the mechanism
of the combinative treatment of betulin and gefitinib, A549
and H460 cells were treated with betulin and gefitinib in the
absence or presence of several cell death inhibitors. We found
that treatment combined with 3-methyladenine (3-MA, an
autophagy inhibitor), Z-VAD-FMK (a pan-caspase inhib-
itor), or necrostain-1 (a necroptosis inhibitor) did not
protect cells from death due to the treatment with betulin
and gefitinib. This indicated that there were other forms of
cell death regulating the cell death induced by betulin and
gefitinib (Figure 3A).

Moreover, we found that several ferroptosis inhibitors,
namely, ferrostatin-1 (Fer-1), liproxstatin-1 (Lip-1), and
deferoxamine (DFO), could almost completely rescue the
viability of A549 and H460 cells exposed to betulin and
gefitinib (Figure 3B). Therefore, combinative treatment with
betulin and gefitinib induced cell death mainly through
ferroptosis.

Ferroptosis contributed to cell death of EGFR wild-
type/KRAS-mutant NSCLC cells under the treatment of
betulin in combination with gefitinib. Ferroptosis is an iron-
dependent form of cell death resulting from the catastrophic
accumulation of lipid ROS [19]. To confirm whether ferrop-
tosis contributed to cell death under the treatment of betulin
in combination with gefitinib, several ferroptosis events were
detected in A549 and H460 cells. As shown in Figures 4A
and 4B, we found that ROS generation and MDA, which is
an oxidative stress marker, were significantly increased after
co-treatment of betulin and gefitinib. In contrast, GSH levels

Table 1. The combination index of gefitinib and betulin in A549 and
H460 cells.

A549 H460

Gefitinib Betulin Effect CI Gefitinib Betulin Effect CI

(M)  (uM) (M) (uM)
1 1 0.0699 1.119 1 1 0.0598 1.096
1 5 0.451 0.735 1 5 0.351 0.84
5 1 0.491 0.335 5 1 0.421 0.439
5 5 0.613 0.569 5 5 0.629 0.504
10 1 0.589 0.4 10 1 0.501 0.592
10 5 0.791 0.366 10 5 0.714 0.504
20 1 0.723  0.436 20 1 0.699 0.577
20 5 0.811 0.458 20 5 0.808 0.51
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Figure 1. Combinative treatment with betulin and gefitinib was effective against EGFR wild-type/KRAS-mutant NSCLC cells. A549 and H460 cells
were treated with gefitinib (A) or betulin (B) (1-100 uM) for 24 h. Cell viability was detected by the CCK-8 assay. Calcusyn software was used to gener-
ate a median-effect plot and dose-effect curve of the combination of betulin and gefitinib in A549 (C) and H460 (D) cells. E) A549 and H460 cells were
co-treated with betulin (1 uM) and gefitinib (5 uM) for 24 h, and cell viability was detected by the CCK-8 assay. Data from three independent assays

were pooled. *p<0.05; **p<0.01; **p<0.001

were remarkably decreased in cells treated with both betulin
and gefitinib (Figure 4C). Moreover, we found that the level
of lipid ROS was markedly increased after combinative treat-
ment of gefitinib and betulin (Figure 4D). Accordingly, we

determined the intracellular chelatable iron in A549 and H460
cells using the fluorescent indicator Phen Green SK (PGSK),
the fluorescence of which is quenched by iron. The propor-
tion of PGSK-positive cells was remarkably decreased under
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Figure 2. Betulin and gefitinib treatment leads to apoptosis of EGFR wild-type/KRAS-mutant NSCLC cells. A) Representative results of Annexin V-
FITC/PI dual staining and quantitative analysis after treatment with betulin (1 uM) and gefitinib (5 uM) for 24 h. Data from three independent assays
were pooled. B) Representative results of the wound-healing assay after treatment with betulin (1 pM) and gefitinib (5 uM) for 24 h. C) The expression
of EMT-related proteins was detected by western blot after treatment with betulin (1 uM) and gefitinib (5 uM) for 24 h. *p<0.05; **p<0.01; ***p<0.001

betulin treatment in combination with gefitinib (Figure 4E),
suggesting that the iron level was increased. Taken together,
these results indicated that ferroptosis might play an impor-
tant role in the cell death of KRAS-mutant NSCLC cells
treated with betulin in combination with gefitinib.

To further determine the ferroptosis induced by the
combinative treatment of betulin and gefitinib, western
blotting was performed to detect the expression of several
ferroptosis-related proteins. The expression of SCL7A11,
GPX4, and FTHI, which are negative regulators of ferrop-
tosis, was significantly decreased under the combinative
treatment of betulin and gefitinib. Moreover, the positive

regulatory protein HO-1 was increased (Figure 4F). Taken
together, these findings reiterated that the combination of
betulin with gefitinib could trigger ferroptosis in KRAS-
mutant NSCLC cells.

Combinative treatment with betulin and gefitinib
exerted antitumor effects on EGFR wild-type/KRAS-
mutant NSCLC cells in vivo. To study the therapeutic poten-
tial of combinative treatment with betulin and gefitinib, A549
cells were injected into nude mice to generate tumors. The
tumor-bearing mice were randomly divided into four groups
and orally administered vehicle control, betulin, gefitinib,
or betulin plus gefitinib every other day. We found that the
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Figure 3. The effects of cell death inhibitors on betulin- and gefitinib-treated EGFR wild-type/KRAS-mutant NSCLC cells. A549 and H460 cells were
treated with betulin and gefitinib in combination with other cell death inhibitors (A) or ferroptosis inhibitors (B) for 24 h. Cell viability was detected
by the CCK-8 assay. Data from three independent assays were pooled. *p<0.05; **p<0.01; **p<0.001

combination treatment of betulin and gefitinib significantly
inhibited tumor growth (Figure 5A and B). Moreover, the
bodyweight of nude mice demonstrated no significant differ-
ences among different groups, suggesting desirable safety in
combination-treated mice (Figure 5C).

Discussion

Lung cancer is one of the most common malignancies and
progressed rapidly [20]. KRAS is one of the most common
forms of a mutated oncogene in cancer, and the frequency
of KRAS mutations is particularly high in colorectal, pancre-
atic, and lung cancers [21]. KRAS mutation is often associ-

ated with poor prognosis and drug resistance [22]. Gefitinib,
an EGFR-targeting agent, has been clinically investigated to
treat colorectal cancer, whereas it was shown that gefitinib
exhibited no benefit in patients with EGFR wild-type/
KRAS-mutant NSCLC [23]. In parallel, betulin was reported
to have a wide spectrum of antitumor activity in multiple
cancer types, including lung cancer [17]. And betulin in
combination with sorafenib, a multi-targeted kinase inhib-
itor, enhances the anti-tumor effect on NSCLC cells [24].
However, the effects of the combinative treatment of gefitinib
and betulin have not been investigated.

In this study, we observed promising effects of the combi-
nation of gefitinib and betulin in EGFR wild-type/KRAS-
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Figure 4. The effects of betulin and gefitinib on ferroptosis-related proteins and events in EGFR wild-type/KRAS-mutant NSCLC cells. A549 and H460
cells were co-treated with betulin (1 uM) and gefitinib (5 uM) for 24 h. Cellular ROS (A), GSH (B), MDA (C), and lipid ROS levels (D) were detected.
E) Representative results of PGSK staining and quantitative analysis after treatment with betulin (1 uM) and gefitinib (5 uM) for 24 h. F) The expres-
sion of ferroptosis-related genes was detected by western blot after co-treatment with betulin (1 uM) and gefitinib (5 uM) for 24 h. Data from three

independent assays were pooled. *p<0.05; **p<0.01; **p<0.001

mutant NSCLC cells. These in vitro studies confirmed that
the combination of gefitinib with betulin induced more
cell death in EGFR wild-type/KRAS-mutant NSCLC cells
A549 and H460 than in cells treated with each compound
alone. The optimal synergetic effect was obtained with 5 uM
gefitinib and 1M betulin. Moreover, gefitinib in combi-
nation with betulin obviously regressed EGFR wild-type/

KRAS-mutant NSCLC cell migration by inhibiting EMT.
More importantly, our results showed that the combina-
tive treatment of gefitinib and betulin markedly suppressed
tumor growth in vivo.

Ferroptosis is a new form of regulated cell death, which
is remarkably distinct from other types and is characterized
by the accumulation of ROS from iron metabolism and lipid
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Figure 5. The antitumor effect of combinative treatment with betulin and gefitinib in vivo. Nude mice with human A549 subcutaneous xenografts were
orally administered vehicle control, betulin (10 mg/kg), gefitinib (30 mg/kg), and betulin plus gefitinib every other day for two weeks. A) Tumor size was
monitored every other day using a sliding caliper. The volume was estimated using the following formula: tumor size (mm?®) = (length x width?) x 0.5.
After excision from the mice, tumors were photographed and weighed (B). C) The bodyweight of the mice was measured every other day. *p<0.05;

©+p<0.01; **p<0.001

peroxidation [10]. There is evidence for the role of ferrop-
tosis in mediating the sensitivity of EGFR-TIKs [14, 25].
Indeed, ferroptosis was reported to mediate the apoptosis
of RAS-mutant cancer cells [10]. For example, cetux-
imab enhances the cytotoxic effect of RSL3 by promoting
RSL3-induced ferroptosis in KRAS mutant colorectal cancer
cells [26]. Here, we demonstrated that ferroptosis is a key
regulator of cell death induced by the combinative treatment
of gefitinib and betulin. Our results showed that ferroptosis
inhibitors abrogated the cell death induced by the combina-
tive treatment of gefitinib and betulin, whereas autophagy,
pan-caspase, or necroptosis inhibitors did not affect cell
viability. Several proteins responsible for the regulation of
iron metabolism and lipid peroxidation have been involved
in ferroptosis. For example, GPX4 and SLC7AI11 inhibit
ferroptosis by limiting lipid peroxidation, and FHT1 inhibits
ferroptosis by reducing the levels of iron whereas HO-1
induces ferroptosis by promoting iron overload [19]. Treat-
ment with gefitinib in combination with betulin induced
several ferroptosis events and induced the expression of
ferroptosis-related proteins. More importantly, the combina-
tive treatment of betulin and gefitinib remarkably reduced
the levels of iron in NSCLC cells, supporting that ferroptosis
was induced by betulin and gefitinib treatment.

Taken together, our results suggest for the first time that
the combinative treatment of gefitinib and betulin is effec-
tive against EGFR wild-type/KRAS-mutant NSCLC cells by
inducing ferroptosis. Our study also provides a novel strategy
for combinative therapies of NSCLC patients with KRAS
mutations.
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