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Crizotinib changes the metabolic pattern and inhibits ATP
production in A549 non-small cell lung cancer cells
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Abstract. Crizotinib, an inhibitor of the hepatocyte growth
factorreceptor oncogene, has been studied extensively regarding
its antitumor and clinically beneficial effects in non-small cell
lung cancer (NSCLC). However, crizotinib's effects on cancer
cell energy metabolism, which is linked with tumor prolif-
eration and migration, in NSCLC are unclear. Therefore, the
present study focused on crizotinib's effect on NSCLC glucose
metabolism. Crizotinib's effects on glucose metabolism,
proliferation, migration and apoptosis in A549 cells were
explored. Several other inhibitors, including 2-DG, rotenone
and MG132, were used to define the mechanism of action
in further detail. Data showed that crizotinib treatment
reduced A549 cell viability, increased glucose consumption
and lactate production, while decreased mitochondrial trans-
membrane potential (Aym) and ATP production. Crizotinib
treatment, combined with rotenone and MG132 treatment,
further inhibited ATP production and Aym and increased
reactive oxygen species content. However, crizotinib did not
suppress cell proliferation, migration, ATP production, Aym
or mitochondrial-related apoptosis signals further following
2-DG-mediated inhibition of glycolysis. These results
indicated that crizotinib induced low mitochondrial function
and compensatory high anaerobic metabolism, but failed to
maintain sufficient ATP levels. The alternation of metabolic
pattern and insufficient ATP supply may serve important roles
in the metabolic antitumor mechanism of crizotinib in A549
cells.
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Introduction

Lung cancer is the most common cancer worldwide (1). In
China in 2015, statistics showed that the lung cancer had
the highest rates of morbidity (0.73 million new lung cancer
cases) and mortality (0.6 million lung cancer deaths) (2).
In total, ~85% of lung cancer cases are non-small cell lung
cancer (NSCLC). Crizotinib, an inhibitor targeting the
oncogenes hepatocyte growth factor receptor (c-MET), ALK
and ROSI1, was approved in 2011 for use due to its antitumor
effects in patients with NSCLC displaying abnormal ¢c-MET
pathway activation (3). c-MET is a hepatocyte growth factor
receptor-induced tyrosine kinase that, when aberrantly
activated or amplified, activates various signaling transduc-
tion cascades (for example the PI3K/Akt/MAPK signaling
pathways), promotes tumorigenesis, metastasis, and drug
resistance and leads to poor prognosis (4,5).

Cellular metabolism is known to serve an important role in
tumor proliferation and migration. In the early 1960s, Warburg
showed that cancer cells are more likely to switch their energy
source from mitochondrial oxidative phosphorylation (in
normal cells) to glycolysis, and this switch has been named
the “Warburg effect’ (6). Glycolysis is inefficient in generating
ATP but produces more intermediates that promote tumor
survival (7). Metabolic alteration cells contribute to metastasis
of some tumor types (8,9), for example migratory/invasive
breast cancer cells specifically favor mitochondrial respira-
tion, leading to higher ATP levels compared with those found
in the primary tumor and circulating cells (10,11).

Crizotinib has been studied extensively regarding its anti-
proliferative, antimetastatic and clinically beneficial effects in
lung cancer (12,13). However, more research is needed to deter-
mine whether c-MET inhibition alters energy production in
NSCLC. Liu et al (14) reported that c-Met induces cytochrome
c release from mitochondria, blocks c-Met-augmented loss of
mitochondrial transmembrane potential (Aym) and inhibits
apoptosis (14). A previous study showed that, in HepG2 cells,
crizotinib does not affect mitochondrial respiration and has a
minimal effect on glycolysis (15). These conflicting findings
highlight the need to clarify the link between crizotinib and
metabolism in NSCLC.

The present study aimed to explore the role of altered
metabolic pattern following crizotinib treatment in A549 cells.
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To achieve this, the effects of crizotinib combined with several
metabolic inhibitors on energy production, Aym, reactive
oxygen species (ROS), proliferation and migration in NSCLC
were analyzed. The level of apoptosis and autophagy were also
analyzed. These experiments aimed to assess the relationship
between crizotinib-induced metabolic change and the cancer
cell death.

Materials and methods

Reagents. Crizotinib, rotenone and MG132 (Beyotime Institute
of Biotechnology) were dissolved in DMSO and stored at
-80°C. Before use, these reagents were diluted with RPMI-1640
culture media, so that the final DM SO concentration was <0.1%.
2-DG (Beyotime Institute of Biotechnology) was dissolved in
pure water, and diluted with culture media >100:1 before use.
Light chain 3 I/IT (LC3 I/II, cat. no. ab128025), and GAPDH
(cat. no. ab9485) antibodies were purchased from Abcam,
phosphorylated c-MET (p-c-MET; cat. no. 8198), c-MET
(cat. no. 3077) and BAX (cat. no. 2772), BCL2 (cat. no. 4223),
poly ADP-ribose polymerase (PARP; cat. no. 9542) and
tubulin (cat. no. 2146) antibodies were purchased from Cell
Signaling Technology, Inc.

Cell culture. The Clinical Research Center of Zhejiang
Provincial People's Hospital provided A549 cells which
original purchased from The Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences. Cells were
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS; Hyclone) and 1% penicillin-streptomycin
solution (Hyclone; Cyvita), and incubated at 37°C with
5% CO,. Cells were seeded at 50,000 cells/well in 24-well
or 6-well plates and cultured until 80-85% confluent before
experimental use.

Cell viability. After cells were treated with 0-100 uM
crizotinib or other inhibitors, including 10 nM rotenone, 10 mM
2-DG or 10 nM MG132 for 24 h, 10 ul MTS solution (Promega
Corporation) was added to the supernatant. After 1 h of
culture, an equivalent volume of supernatant was transferred to
96-well plates to determine the absorbance at 490 nm using an
Absorbance Plate Reader (BioTek Instruments, Inc.).

Metabolism analysis. After cells were treated for 24 h,
100 pl culture supernatant was collected to determine the
residual glucose concentration using a glucose assay kit
(Sigma-Aldrich; Merck KGaA) and absorbance at 540 nm.
Cells were washed with PBS, and 200 ul ATP lysate was
added to the collected homogenates for analysis as previously
described (16). Cellular levels of ATP was determined by
using an ATP Luminometric Assay kit (Beyotime Institute
of Biotechnology), lactate was tested by Lactic Acid assay kit
(Nanjing Jiancheng Bioengineering Institute), and total protein
was determined using the BCA Protein Assay kit (Beyotime
Institute of Biotechnology).

Mitochondrial membrane potential. After 24 h treatment
with 1 uM crizotinib or other inhibitors as aforementioned,
cells were loaded with mitochondrial membrane potential
dye JC-1 (Beyotime Institute of Biotechnology) for 20 min

at 37°C. Cells were digested with trypsin and washed with
PBS in preparation for BD FACSCanto II flow cytometry
(BD Biosciences) according to manufacturer instructions.
Red fluorescence signified high mitochondrial membrane
potential, and green fluorescence presented low mitochondrial
membrane potential. Data were analyzed by using FlowJo
software (version 10; FlowJo, LLC).

ROS analysis. After 24 h treatment with 1 M crizotinib or
the indicated inhibitors, cells were loaded with 2 mM ROS
fluorescence dye 2'7'-dichlorodihydrofluorescein diacetate
(Beyotime Institute of Biotechnology) for 15 min at 37°C.
Then cells were digested with trypsin and resuspended with
PBS for flow cytometry analysis as aforementioned.

Cell proliferation. The ratio of cell proliferation was
analyzed following EdU incubation (Beyotime Institute of
Biotechnology). Briefly, after treatment with 1 yM crizotinib
and various inhibitors, 10 uM EdU solution was added to
culture media and incubated at 37°C with 5% CO, for 2 h, then
the cells were fixed with 4% paraformaldehyde for 15 min and
permeabilized with 0.3% Triton X-100 for 15 min, both at room
temperature. After washed with PBS, the cells were stained
by Click Additive Solution and subjected to nuclear staining
with Hoechst. Images were captured using an inverted Nikon
Eclipse Ti fluorescence microscope (Nikon Corporation).
After digested, suspended cells were used for flow cytometer
analysis as aforementioned and the EdU-positive cell ratio was
analyzed by using FlowJo software.

Cell migration. Cell migration assays were performed on
24-well plates with Transwell inserts (BD Biosciences).
In total, 2x10* cells were seeded into the upper chamber
of the Transwell plates without FBS in the RPMI-1640
culture media, while lower chambers were RPMI-1640 with
10% FBS. In total, 1 uM crizotinib and inhibitors were added
to the media in both chambers. After incubation for 18 h at
37°C with 5% CO,, cells in the upper chamber were removed
with a swab, while cells in the lower chamber were fixed with
4% paraformaldehyde for 15 min at room temperature, stained
with crystal violet for 5 min at room temperature, and manu-
ally counted in at least five random fields under an inverted
Nikon Eclipse Ti microscope.

Wound healing assay. A scratch wound assay was used to
evaluate cell migration. The cell monolayer was scratched
with a 10-p pipette tip, and then washed three times with PBS.
Afterwards cells were treated for 18 h with 1 M crizotinib and
other inhibitors in serum-free culture media. The images of
scratch line were captured at two fixed positions at the begin-
ning and the end of the experiment by Nikon light microscope
at 100x magnification. These images were analyzed by Adobe
Photoshop (version CS6; Adobe) and the wound recovery was
calculated according to the reduction of wound area.

Western blotting. A549 cells were homogenized using RIPA
lysis buffer (Beyotime Institute of Biotechnology) after expo-
sure to 1 uM crizotinib and the aforementioned inhibitors.
Total protein of the cell lysates were determined by using BCA
Protein Assay kit as aforementioned and then cell lysates were
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Figure 1. Crizotinib decreases A549 cell viability and glucose metabolism. (A) Viability of A549 cells after 24 h treatment with various concentrations of
crizotinib. Treatment with 1-10 xM crizotinib (B) increased glucose consumption and (C) lactate content and (D) decreased ATP content of A549 cells.

“P<0.01, ""P<0.001 vs. DMSO control group.

boiled for 15 min. Equivalent amount of sample (50 pg protein
per lane) were loaded and separated by 10% SDS-PAGE,
and then transferred to polyvinylidene difluoride membranes
(EMD Millipore). The membranes were blocked with 5% skim
milk powder for 2 h at room temperature and then incubated
with LC3 I/11, p-c-MET, ¢-MET, BAX, BCL2, cleaved PARP,
tubulin and GAPDH antibodies (all 1:1,000) overnight at
4°C. Then the membranes were incubated with appropriate
HRP-conjugated goat anti-mouse (cat. no. HA1013) or goat
anti- rabbit (cat. no. HA1012) secondary antibodies (1:5,000;
Hangzhou HuaAn Biotechnology Co., Ltd.) for 1 h at room
temperature. Proteins were visualized using the ECL detection
system (Beyotime Institute of Biotechnology) and the Bio-Rad
gel documentation system (Bio-Rad Laboratories, Inc.).
Protein bands was analyzed by ImagelJ software (version 1.49;
National Institutes of Health).

Immunofluorescence. The level of LC3 was estimated by
immunofluorescence to analyze autophagy. A549 cells were
seeded on glass coverslips and cultured until 80% confluent.
After undergoing treatment for 18 h with 1 uM crizotinib,
the cells were fixed in 4% paraformaldehyde for 15 min at
room temperature and incubated with anti-LC3 I/IT antibody
(1:200) at 4°C overnight. Then cells were incubated with
1:1,000 Alexa 488-conjugated antibody (cat. no. 4412; Cell
Signaling Technology) for 1 h at room temperature, after that
DAPI staining solution (Beyotime Institute of Biotechnology)
was added to cells for 5 min at room temperature to indicate
nuclear fluorescence. Fluorescence microscopy images were
captured at x400 magnification.

Statistical analysis. All experiments were repeated at least
three times and presented as mean + SD (unless otherwise
shown) and were analyzed using one-way ANOVA followed
by Tukey's post hoc test, or Student's unpaired two-tailed t-test
between two groups. GraphPad Prism 6 software (GraphPad
Software) was used for all analyses. P<0.05 was considered to
indicate a statistically significant difference.

Results

Crizotinib inhibits NSCLC cell viability and ATP production.
A549 cells were treated with 0-100 M crizotinib to evaluate

crizotinib's effect on A549 cell viability and metabolism. The
results demonstrated that 1-100 yM crizotinib significantly
inhibited A549 cell viability compared with untreated cells
(Fig. 1A). Further experiments demonstrated that 1 and 10 xM
crizotinib treatment induced increased glucose consumption
(P<0.01) and lactate production (P<0.01) compared with
the DMSO control (Fig. 1B and C); however, ATP content
decreased (P<0.001) (Fig. 1D). The experiments aforemen-
tioned were carried out on H1650 cell line after 1 M crizotinib
treatment and observed the same results of cell viability,
glucose consumption, lactate and ATP production (Fig. SI).
These results suggested that crizotinib inhibited NSCLC cell
viability and alternated the cell metabolism.

Crizotinib does not suppress metabolism in 2-DG-treated
cells. Overall, 10 nM rotenone (mitochondrial complex I
inhibitor) (17), 10 mM 2-DG (glycolysis inhibitor) (18) or
10 nM MG132 (proteasome inhibitor) (19) were added to A549
cells, in the presence or absence of crizotinib, to explore the
mechanism by which crizotinib interrupts energy metabolism.
All inhibitors rotenone, 2-DG and MG132 decreased A549 cell
viability (Fig. 2A). Combined 1 M crizotinib with rotenone
(P<0.05) or MG132 (P<0.05), further inhibited cell viability;
however, 1 uM crizotinib did not decrease cell viability in
conjunction with 2-DG-treatment (Fig. 2A). Crizotinib further
increased glucose consumption and lactate production in cells
treated with rotenone (P<0.05 and P<0.01) and MG132 (both
P<0.01), but not with 2-DG (Fig. 2B and C). ATP production
was decreased in cells treated with 2-DG (P<0.01) and rotenone
(P<0.05). Crizotinib did not further inhibit ATP production
mediated by 2-DG treatment (Fig. 2D). These results indicated
that crizotinib enhanced A549 cell glucose consumption and
anaerobic respiration; however, still induced low ATP levels.

Metabolic inhibitors interrupt crizotinib-mediated inhibition
of cell proliferation. Cell proliferation was assessed using
EdU incorporation, and typical microscope images are
shown in Fig. 3A. EdU-positive cell ratios were detected
using flow cytometry, and the typical histograms are shown
in Fig. S2. Similar to results obtained with cell viability, EQU
data showed that all 2-DG, rotenone, and MG132 treatments
inhibited the ratio of proliferating cells (Fig. 3B). Crizotinib
further decreased the proliferation ratio in rotenone (P<0.05)
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Figure 2. Effect of crizotinib treatment on A549 cell metabolism in conjunction with various inhibitors. After pretreatment with MG132, 2-DG and rotenone,
the effects of 1 M crizotinib on (A) cell viability, (B) glucose consumption, (C) lactate content and (D) ATP content were determined in A549 cells. "P<0.05,
“P<0.01 vs. respective crizotinib-treated group; “P<0.05, “P<0.01 vs. DMSO control group. Rot, rotenone.
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Figure 3. Effect of crizotinib on A549 cell proliferation in conjunction
with various inhibitors. (A) Representative EAU images of A549 cells after
treatment with crizotinib and inhibitors are shown in (magnification, x100).
(B) EdU-positive cell ratio was calculated using flow cytometry. "P<0.05,
""P<0.001 vs. respective crizotinib-treated group; “P<0.01 vs. DMSO

control group. Rot, rotenone.

and MG132-treated cells (P<0.05), but not in 2-DG-treated
cells (Fig. 3B). These results further verified the relationship

between cell proliferation and crizotinib-induced metabolic
alternation.

Metabolic inhibitors interrupt crizotinib-mediated inhibition
of cell migration. Transwell and wound healing assays were
performed to explore the effect of crizotinib on A549 cell
migration. Transwell experiments demonstrated that crizotinib
inhibited A549 cell migration across the membrane. 2-DG,
rotenone and MG132 also decreased cell migration (Fig. 4A).
When combined with rotenone (P<0.05) and MG132 (P<0.05),
but not 2-DG treatment, crizotinib further suppressed A549
cell migration (Fig. 4B). The wound healing assay showed that
2-DG, rotenone and MG132 treatment did not alter the wound
recovery ratio. Crizotinib treatment significantly reduced
the wound recovery compared with the DMSO-treated
group (P<0.01). For cells treated with 2-DG in the Transwell
experiment, crizotinib did not further narrow the width of
the scratch wound (Fig. 5A and B). These results suggested
the crizotinib-mediated inhibition of cell migration may be
associated with altered metabolism.

Crizotinib decreases the Aym and increases ROS content. It
was determined that crizotinib induced A549 cell Aym and
ROS content using flow cytometry. Crizotinib substantially
decreased high Aym level (JC-1 red fluorescence) compared
with the DMSO-treated group (P<0.01) (Fig. 6A). 2-DG and
rotenone decreased high Aym level compared with cells
only treated with DMSO, while crizotinib treatment further
decreased Aym in rotenone- (P<0.05) and MG132-treated
cells (P<0.05) (Fig. 6B). Low Aym level signal (JC-1 green
fluorescence) was not significantly different between any
of the groups (Fig. S3). Crizotinib induced significantly
high ROS level (P<0.01), while 2-DG, rotenone and MG132
alone increased ROS level in A549 cells compared with
the DMSO only treated group (P<0.05) (Fig. 6C). Only in
2-DG-treated cells did crizotinib not further increase ROS
content (Fig. 6D). These results showed that crizotinib
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Figure 4. Effect of crizotinib on A549 cell migration in conjunction with
various inhibitors in Transwell assays. (A) Representative images of A549
cell migration after treatment with crizotinib and inhibitors are shown in
(magnification, x100). (B) Cell migration ratios. ‘P<0.05, “"P<0.01 vs.
respective crizotinib-treated group; “P<0.01 vs. DMSO control group. Rot,
rotenone.

inhibited mitochondrial respiration and increased ROS,
and these crizotinib effects were limited by 2-DG-mediated
inhibition of glycolysis.

Crizotinib treatment induces mitochondrial-related
apoptosis. It was determined that crizotinib and inhibitors
induced apoptosis using western blotting. Crizotinib increased
BAX (P<0.01) and inhibited BCL-2 protein expression (P<0.01)
(Fig. 7A). All inhibitors (2-DG, rotenone and MG132) alone
did not change the protein levels of BAX or BCL-2. However,
treatment with 2-DG did not affect crizotinib-induced BAX
and BCL-2 alternations (Fig. 7B). Crizotinib enhanced
cleaved PARP protein level, which is an indispensable signal
in apoptosis cascade reaction (20), while the inhibitors did not
change the crizotinib-induced cleaved PARP level (Fig. 7A).
LC3 I/II protein levels were also evaluated using western blot
and immunofluorescence to determine whether crizotinib
induced autophagy. In A549 cells, 1 uM crizotinib decreased
p-c-MET levels (Fig. 6C). Crizotinib neither increased LC3 I/11
protein levels (Fig. 7C), nor induced autolysosome aggregation
(Fig. 7D). These results suggested that crizotinib activated the
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Figure 5. Effect of crizotinib on A549 cell migration in conjunction with
various inhibitors in the wound healing assay. (A) Representative images of
A549 cell scratches before (0 h) and after (18 h) treatment with crizotinib and
inhibitors are shown in (magnification, x40). Dotted lines show the original
edges immediately after scratch. (B) Wound recovery percentage was calcu-
lated in. "P<0.05 vs. respective DMSO control group. Rot, rotenone.

mitochondrial pathway of apoptosis, which is associated with
crizotinib-induced changes in metabolic pattern.

Discussion

In the present study, crizotinib treatment inhibited A549 cell
proliferation, migration, ATP production and Aym, while
crizotinib induced high glucose consumption, lactate and
ROS content and activated mitochondrial-related apoptosis
signals. However crizotinib treatment did not further suppress
proliferation and migration ability after 2-DG-mediated
inhibition of glycolysis. These data indicated that crizotinib
inhibits mitochondrial respiration and, to compensate,
enhances anaerobic respiration, but still failed to maintain
sufficient ATP content. Crizotinib-induced insufficient ATP
supply may play an important role in its antitumor effects.
Energy production is important for all cancer cell
activity (9). Glucose metabolism produces a supply of the
energy source ATP and numerous intermediaries necessary
for cell proliferation and migration. Cancer cells usually
display altered metabolic pattern to survive. Enhanced
glycolysis or anaerobic respiration in cancer cells metabolizes
more glucose compared with normal cells, which mainly
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Figure 6. Effect of crizotinib on A549 cell mitochondrial membrane potential and ROS level. (A) Representative flow cytometer of JC-1 red fluorescence after
1 uM crizotinib and inhibitors treatment. (B) Mean of JC-1 red fluorescence in every group. (C) DCFH fluorescence represent ROS level and (D) means of
ROS fluorescence. 'P<0.05, “P<0.01 vs. respective crizotinib-treated group; “P<0.05 vs. DMSO control group. Rot, rotenone; ROS, reactive oxygen species;

DCFH, 2',7'-dichlorodihydrofluorescein diacetate.

depended on aerobic respiration (21), and accumulating lactate
produces an acidic microenvironment (7,22). Thus, therapeutic
targeting of glycolysis is an important and effective antitumor
strategy (23,24). However, a growing number of studies have
shown that some cancer cells do not show enhanced glycolysis,
but rather still rely on oxidative phosphorylation (25,26).
Previously, the complexity of metabolic reprogramming
was demonstrated by differences in glucose metabolism in
primary, circulating and metastatic tumor cells (9,10).

It was reported that inhibition of c-MET enhances
oridonin-mediated reduction of Aym, resulting in the apop-
tosis of A549 cells (14). Therefore, it was hypothesized that
crizotinib might also alter metabolism in NSCLC cells. In
the present study, 1-100 M crizotinib was shown to inhibit
A549 cell viability, and 1 uM crizotinib was shown to inhibit
ATP production and reduce Aym; however, this treatment
also stimulated glucose consumption and lactate produc-
tion. A previous study suggested that there is a close link
between attenuated mitochondrial bioenergetic function and
enhanced glycolysis in A549 cells (27). The current results
indicated that crizotinib suppressed mitochondrial oxida-
tive phosphorylation and may compensate via enhanced
glycolysis and anaerobic respiration in A549 cells. However,
this compensation still failed to maintain ATP levels. It
was also observed this phenomenon in another NSCLC cell
line, H1650 cells, which showed similar results after treat-
ment with 1 #M crizotinib (Fig. S1). However, in head and

neck squamous cell carcinoma, crizotinib caused a notable
decrease in glycolytic capacity and inhibited lactate produc-
tion (28). In hepatic cancer HepG2 cells, crizotinib did not
affect mitochondrial oxidation and only weakly affected
glycolysis (15). These findings suggest the crizotinib may
exert different effects in different types of cancer depending
on different metabolic pattern. The primary lung cancer
AS549 cell line depends partly on mitochondrial oxidative
phosphorylation for ATP production (29,30) and A549 cells
consume much more oxygen compared with metastatic tumor
cells, such as H1299 and H460 (31).

Additional experiments aimed to explore the details of
crizotinib treatment on cell metabolism. A549 cells were
pretreated with 2-DG, rotenone and MG132 to block specific
pathways. 2-DG competes with glucose and can be transported
into cells, but cannot be used as a substrate in glycolysis (18).
It has been reported that 2-DG decreases the migration of
triple-negative breast cancer cells, supporting a link between
metabolic dysfunction and decreased migration (32). A previous
study demonstrated that 2-DG attenuates ATP production, and
also inhibits mitochondrial bioenergetics (33). 2-DG combined
with other antitumor drugs, such as metformin, propranolol or
docetaxel, effectively prevents cell proliferation and induces
apoptosis in prostate cancer cells and other solid tumors, for
example NSCLC and adenoid-cystic carcinoma (34,35). The
present study observed that 2-DG inhibited ATP production,
proliferation and migration of A549 cells. However, crizotinib
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in 2-DG-pretreated cells did not further inhibit ATP produc-
tion, Aym or ROS level. These data indicated that crizotinib
enhanced cell glycolysis, which can be blocked by 2-DG
pretreatment, and consequently induced notably lower glucose
consumption and ATP production. These results demonstrated
that different metabolic patterns in cancer cells may cause
variable responses to crizotinib therapy.

Rotenone is a specific inhibitor of the mitochondrial respi-
ratory chain complex I (17). Rotenone decreases breast cancer
cells, pancreatic cancer cells and lung cancer cell survival in
low glucose conditions in vitro (17). The present study showed
that rotenone alone notably suppressed ATP production, Aym
and cell proliferation. Combined with rotenone, treatment with
crizotinib further decreased cell proliferation and migration,
which suggested that crizotinib affects not only mitochondrial
oxidation but also other signaling pathways.

Low Aym induces cytochrome c release from the mito-
chondria and also initiates apoptosis (36). The BCL family of
proteins serve a role in regulation of mitochondrial membrane
permeability and the mitochondrial apoptotic pathway (37).
The present study determined the pro-apoptotic BAX and
antiapoptotic BCL-2 protein levels (37). The results showed
that crizotinib induced high BAX and low BCL-2 protein
expression, while in 2-DG-pretreated cells, crizotinib did
not further change the BAX and BCL-2 protein levels, which
was consistent with the results in the metabolism and Aym
experiments. It has been reported that crizotinib induces
apoptosis in H2228 lung cancer cells (38). The present study
detected cleaved PARP to analyze A549 cell apoptosis. The

data showed that crizotinib induced high cleaved PARP levels
in A549 cells with or without metabolic inhibitors, which
suggested that crizotinib induced apoptosis.

Reportedly, 4-8 yM crizotinib treatment induces autophagy
in lung cancer cell lines, including SPC-A1 and H827 (39).
There is evidence that autophagy-induced protein degeneration
can fuel cellular metabolism, and autophagy inhibition
impairs the proliferation of tumor cells (40). However, in the
present study, LC3 I/II protein was not significantly increased
or aggregated following treatment with 1 xM crizotinib. It was
also demonstrated that the ubiquitin-proteasome inhibitor
MG132 was ineffective in blocking the effect of crizotinib
on ATP production, cell proliferation and migration. These
findings indicated that low concentrations of crizotinib
may not interrupt protein degradation via autophagy or the
ubiquitin-proteasome pathway. The present study indicated
that the alternation of metabolic pattern serves important roles
in the antitumor effect of crizotinib, which may contribute to
different therapy outcomes in a clinical setting. However, in
the present study, the molecular mechanisms underpinning
crizotinib-induced metabolic alternation were not resolved,
therefore in the future more molecular experiments are needed
to investigate these.

In conclusion, the present study reported that crizotinib
treatment inhibited proliferation, migration and cellular ATP
production and induced mitochondrial apoptosis in A549
cells. Further experiments with metabolic inhibitors clarified
that crizotinib shifted metabolic pattern and suppressed
ATP supply, leading to low mitochondrial function and
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compensatory high anaerobic respiration. These alternations
of metabolic pattern and insufficient ATP supply may play
important roles in anti-tumor effect of crizotinib.
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