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Abstract

worldwide. Despite significant advancements in combined therapy, the numbers of lung cancer cases and deaths continue to rise.

Objective Lung cancer is one of the most commonly diagnosed cancers and the leading cause of cancer deaths
Thus, novel therapeutic strategies are necessary to improve cure rates. Methods The effect of concomitant use of deferoxamine and
chloroquine with frontline chemotherapy drugs was evaluated in lung cancer cells. The autophagy-dependent degradation of ferritin
(i.e. ferritinophagy) was determined by western blot and immunofluorescence. The cell proliferation was quantified by cell member
and cell cycle. The mitochondrial oxidative phosphorylation was determined by measuring the cellular oxygen consumption.
Results The iron chelator deferoxamine induced ferritinophagy in cancer cells, and this process was blocked by chloroquine, an
anti-malaria drug. Exposure of lung cancer cells to deferoxamine and chloroquine together inhibited mitochondrial oxidative
phosphorylation, caused the accumulation of G1 phase cells and blocked cell proliferation. More importantly, the use of
deferoxamine and chloroquine concomitantly with cisplatin or etoposide resulted in a significant increase in cytotoxicity in lung
cancer cells when compared with the same concentration of cisplatin or etoposide alone. Conclusion These data indicate the
efficacy of targeting ferritinophagy for the sensitization of iron-addicted cancer cells to chemotherapy, and introduce a potential

targeted therapeutic approach for the treatment of cancer.
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Lung cancer is the most commonly diagnosed
cancer worldwide!"!, comprising 13% new cancer
cases in males and 12% in females'”. As lung cancer
may remain asymptomatic and lacks early symptoms
and is discovered at advanced stages", its mortality
remains high, comprising 23% cancer-related deaths
in males and 22% in females™*. The five-year
survival rate of lung cancer various from 4%-17% in
patients based on the stage and regional differences'.
Strategies to treat lung cancer mainly include surgery,
chemotherapy, radiation therapy and
of the

advancement in combined therapy, the numbers of

immunotherapy”®. In spite

significant
lung cancer cases and deaths continue to rise!”. Only a
fraction of patients derive benefit from the immune
checkpoint inhibitors®®, and the chemotherapy just

slightly prolongs the survival among the advanced
disease, due to drug resistance and side effects. Thus,
novel therapeutic strategies are necessary to improve
cure rates.

Iron is a bio-trace element essential for cell
survival and cell proliferation. Compared with normal
cells, cancer cells grow rapidly and uncontrolledly,
and show a stronger dependence on iron. Cancer cells
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often exhibit high rate of iron metabolism, with
increased transferrin receptor 1 (TfR1) and LCN2
receptor (LCN2R), and down-regulated ferroportin
1), Elevated iron level increases cancer incidence and
contributes to tumor growth and progression!'*'?,
Therefore,

targeting iron transportation and

metabolism in cancer cells might be used as a
potential target for cancer therapy!*"'4.,

Iron ions transported into cells initially enter a
dynamic, exchangeable pool known as labile iron pool
(LIP)"*1° "and can be deprived by iron chelators!”.
The majority of the iron in LIP can directly be
incorporated into cofactors such as heme and iron-
sulfur clusters!'®. To avoid the generation of reactive
oxygen species (ROS), excessive iron is stored in the
form of ferritin'"”. When more iron is needed, ferritin
could be degraded via an autophagic pathway,
referred to as ferritinophagy® %, by which the stored
iron is released for utilization. Studies have revealed
that the C-terminal conserved domain of NCOA4
directly interacts with the ferritin heavy chain (FTH1),
thus mediates the ferritinophagy under iron deficiency
conditions. Under high iron conditions, NCOA4 is
degraded via the iron-dependent E3 ubiquitin ligase
HERC28%2!, Thus, targeting NCOA4-dependent iron
regulation might be an effective approach to combat
iron-addicted cancer cells.

We hereby provide direct evidence that
chloroquine (CQ), a drug long been used to treat or
prevent malaria, blocked the deferoxamine (DFO) -
induced, NCOA4-dependent, and autophagy-mediated
degradation of ferritin (i. e. ferritinophagy).
Concomitant exposure of cancer cells to DFO and CQ
inhibited mitochondrial oxidative phosphorylation,
caused the accumulation of G1 phase cells, blocked
cell proliferation, and potentiated the cytotoxicity of
cisplatin and etoposide in lung cancer cells.

1 Materials and methods

1.1 Materials

DFO and MG132 were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Bafilomycin-Al (Baf-
Al) and chloroquine phosphate (CQ) were from
MedChemExpress (Monmouth Junction, NJ, USA).
5-Bromo-2'-deoxyuridine (BrdU) was from Sangon
(Shanghai, China). Pierce™ BCA protein assay kit

was from Thermo Fisher (Beijing, China). Cell
Counting Kit-8 (CCK-8) and Cell Cycle/Apoptosis kit
were from Yeasen (Shanghai, China).

Antibodies against FTH1 (ab75972) and NCOA4
(ab86707) were from Abcam (Cambridge, UK).
Antibodies against LC3 (2775) and BrdU (5292) were
form CST (Danvers, MA, USA). Antibodies against
FTL (10727-1-AP), Cyclin D1 (60186-1-AP), CDK4
(11026-1-AP) and CDK6 (14052-1-AP) were from
Proteintech (Rosemont, USA). Antibody against
B-actin (D191047) was from Sangon (Shanghai,
China). Antibody against P62 (PM045) was from
MBL (Tokyo, Japan). Horseradish peroxidase (HRP)-
conjugated and Alexa Fluor “488-conjugated
secondary antibodies were from Zhongshan Golden
Bridge (Beijing, China).

1.2 Cell culture

Human cervical cancer cell line HelLa, human
non-small cell lung cancer cell lines A549 and NCI-
H1299 were obtained from the American Type
Culture Collection (ATCC). HeLa and NCI-H1299
cells were grown in DMEM, and A549 cells were
cultured in FI12K medium, supplemented with 10%
fetal bovine serum in a humidified atmosphere of 5%
CO, at 37°C.

1.3 Immunoblot

Cells were washed by precooled phosphate
buffer solution (PBS) and total cell protein was
extracted by RIPA buffer. Immunoblot analysis was
performed as described previously®). The expression
profiles of the proteins were visualized by enhanced
chemiluminescence.
1.4 Immunofluorescence

Cells cultured on glass coverslips were treated
with DFO and/or CQ for 10 h, fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton
X-100, and blocked with 5% BSA. Then cells were
incubated with rabbit anti-LC3 primary antibody
(17 200) at 4°C overnight, washed with PBS, and
incubated with Alexa Fluor ®488-conjugated
secondary antibody (1 : 200) for 1 h. The nuclei were
stained by DAPI. The cells were viewed with an
Olympus FV1200 laser confocal scanning microscope.

1.5 Mitochondrial
assay

oxidative phosphorylation

Oxidative phosphorylation (OXPHOS) was
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measured with a Seahorse XF-24 extracellular
analyzer as described previously”). Cells were seeded
into a Seahorse XF-24 analyzer cell culture plate and
treated with DFO (10 pmol/L) and/or CQ (10 umol/L)
for 24 h. The oxygen consumption rate (OCR) was
detected based on the standard Mito-stress assay
protocol.

1.6 Cell proliferation assays

Cells were seeded into 6-well plates and treated
with DFO and/or CQ for 48 h. Then the cells were
fixed with 4% paraformaldehyde and stained with
0.1% crystal violet. The cell intensity was analyzed by
Imagel software.

For quantification of cell proliferation, cells were
seeded into 24-well plates and treated with DFO and/
or CQ for 24, 48 and 72 h. The number of viable cells
was counted with an automated cell
(Countstar).

For BrdU incorporation assay, cells were treated
with DFO and CQ for 36 h and then incubated with
BrdU (30 mg/L) for 30 min. Then cells were
harvested, fixed with precooled 70% ethanol, and
permeabilized with 1.5 mol/L HCI. Cells were then
incubated with anti-BrdU primary antibody (1 : 200)
and Alexa Fluor ®488-conjugated secondary antibody
(1 : 200). The percentage of BrdU-positive cells was
quantified by BD FACScalibur flow cytometry.

1.7 Analysis of cell cycle

The cell
cytometry?*. Briefly, cells were treated with DFO
and/or CQ for 18 h. Then cells were collected and
fixed with precooled 70% ethanol overnight, treated
with RNAse A, stained with PI, and analyzed by BD
FACSCalibur flow cytometry.

1.8 Determination of cell viability

The cell viability was quantified by CCK-8 kit
following protocols we (23],
Briefly, cells cultured in 96-well plates were treated
with indicated concentrations of DFO, CQ, cisplatin
or etoposide for 48 h. Then the cells were incubated
with CCK-8 reagent for 2 h and the OD at 450 nm
was measured.

counter

cycle was analyzed by flow

described previously

1.9 Statistical analysis

All experiments were repeated for at least three
times. The differences were analyzed by two-side

Student’s #-tests between groups. The statistically
significant difference was indicated as *P < 0.05,
**P<0.01 and ***P < 0.001.

2 Results

2.1 Chloroquine inhibits deferoxamine—induced
ferritin degradation via the blockade of autophagy

DFO chelated and depleted extracellular free iron
ions, and induced the degradation of ferritin, as
evidenced by the decrease of ferritin heavy chain
(FTH1), ferritin light chain (FTL), and ferritin adaptor
protein NCOA4 (Figure la). Baf-Al and CQ, two
compounds known to inhibit autophagic flux, blocked
DFO-induced degradation of P62, FTH1, FTL and
NCOA4. On the contrary, MG132, an inhibitor of
proteasomes, showed no effect on ferritin degradation.
CQ also inhibited P62 and ferritin degradation in
A549 and NCI-H1299 lung cancer cells (Figure 1b),
suggesting that the DFO-induced ferritin degradation
depend on the autophagic pathway in different cancer
cells.

To further confirm the involvement of autophagy
in DFO-induced ferritin degradation (termed as
ferritinophagy), we observed the intracellular
localization of LC3. DFO treatment caused the
accumulation of LC3 puncta within cells (Figure 1c),
suggesting the elevated levels of autophagy. CQ
elevated LC3 level and increased the numbers of LC3
puncta, suggesting that CQ blocked DFO-induced
autophagic flux effectively.

2.2 Deferoxamine and chloroquine inhibits
mitochondrial oxidative phosphorylation

Iron is crucial for the mitochondrial electron
transfer chain complexes and thus plays key roles in
the maintenance of mitochondrial oxidative
phosphorylation®®. Given the fact that CQ inhibited
DFO-induced ferritinophagy and interfered the release
of stored iron in cancer cells, we determined the
impact of DFO and CQ on mitochondrial oxidative
phosphorylation. NCI-H1299 cells were incubated
with DFO (10 pmol/L) in the presence or absence of
CQ (10 umol/L) for 24 h, and the OCR (an index of
mitochondrial oxidative phosphorylation capacity)
was monitored at real time. Results shown in Figure 2
indicated that DFO or CQ showed no apparent effects
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Fig. 1 Chloroquine inhibits deferoxamine—induced ferritin degradation

(a) HeLa cells were treated with deferoxamine (DFO; 100 umol/L) in the presence or absence of Bafimycin-Al (Baf-A1l; 50 nmol/L), chloroquine
phosphate (CQ; 20 umol/L) and MG132 (5 umol/L) for 24 h. (b) A549 and NCI-H1299 cells were treated with DFO and/or CQ for 24 h. (c) HeLa

cells were treated with DFO and/or CQ for 10 h, and the intracellular localization of LC3 was observed by immunofluorescence. For quantification of

intracellular LC3 puncta, more than 30 randomly selected cells per coverslip were analyzed. ***, P<0.001 compared with control.

on the basal and maximal OCR in NCI-H1299 cells.
However, when cells were treated with DFO and CQ
concomitantly, the OCR was inhibited markedly. In
comparison with control cells, the basal OCR was
decreased by (26.9+1.3)% , the maximal OCR was
decreased by (33.9+6.7)% , and the ATP-generation

coupled OCR was decreased by (28.2+5.9)% in cells
treated with DFO and CQ concomitantly. These
results indicated a synergistic inhibition of

mitochondrial oxidative phosphorylation by DFO and
CQ.
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Fig.2 Deferoxamine and chloroquine inhibits mitochondrial oxidative phosphorylation
(a) NCI-H1299 cells were treated with DFO (10 pmol/L) and/or CQ (10 umol/L) for 24 h, and then the oxygen consumption rate (OCR) was

monitored with the Seahorse XF24-3 extracellular analyzer. The basal (b), maximal (c) and ATP production-coupled (d) OCR was calculated from

Figure 2a. The data were shown as X £ s of three independent experiments. *, P < 0.05; ** P <0.01; *** P<(.001 compared with control.

2.3
cell proliferation

We evaluated the influence of DFO and CQ on
cell proliferation. A549 cells and NCI-H1299 cells
were incubated with DFO (20 umol/L for A549 and
10 umol/L for NCI-H1299) in the presence or absence
of CQ (20 umol/L for A549 and 10 pmol/L for NCI-
H1299) for 48 h, then cells were stained with crystal
violet, and the number of cells was estimated. Results
shown in Figure 3a and 3b clearly indicated that DFO
exposure caused a significant growth retardation in
both A549 cells and NCI-H1299 cells, and the
concomitant addition of CQ further inhibited the
growth of cells. Next, we quantified the impact of
DFO and/or CQ on the growth of lung cancer cells.

Deferoxamine and chloroquine suppresses

The number of cells was counted 24, 48 and 72 h after
seeding with an automated cell counter. The results
shown in Figure 3c and 3d indicated that the number
of cells remained unchanged in cells exposed to DFO
and CQ concomitantly, suggesting the significant
suppression of cell proliferation.

To further confirm the suppression of cell
proliferation by DFO and CQ, we analyzed the DNA
replication in cancer cells by BrdU incorporation
assay?’?. As shown in Figure 3e and 3f, the
percentage of BrdU-positive cells was (50.8+3.6)%
(A549) and (49.8£1.7)% (NCI-H1299) in control
cultures, respectively. After DFO and CQ treatment,
the percentage of BrdU-positives cells decreased to
(27.444.6)% (A549) and (22.1+£2.7)% (NCI-H1299).
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Fig.3 Deferoxamine and chloroquine suppresses cell proliferation

A549 (a) and NCI-H1299 (b) cells were treated with DFO (A549, 20 umol/L; H1299 10 umol/L) and/or CQ (A549, 20 umol/L, H1299 10 umol/L)
for 48 h, stained with crystal violet, and the number of cells was estimated by ImagelJ software. A549 (c) and NCI-H1299 (d) cells were treated with
DFO and/or CQ for 24, 48, 72, 96 h, and quantified with an automated cell counter. A549 (e) and NCI-H1299 (f) cells were treated with DFO and/or
CQ for 36 h, labeled with BrdU, and the percentage of BrdU-incorporated cells was determined by flow cytometry. The data were shown as x % s of

three independent experiments. *, P < 0.05; **, P <0.01; *** P <0.001 compared with control.

24 Deferoxamine and chloroquine induces cell

cycle arrest

Since DFO and CQ suppressed cell proliferation
significantly in lung cancer cells, we analyzed their

impact on cell cycle. Flow cytometry analysis
indicated that the percentage of G1 phase cells was
(62.4+0.6)% (A549) and (55.4+0.3)% (NCI-H1299)
in untreated cells, respectively. Upon DFO and CQ
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treatment, the percentage of G1 phase cells increased
to (81.3+0.1)% (AS549) and (71.6£1.0)% (NCI-
H1299), as shown in Figure 4a and 4b. Immunoblot
analysis indicated that DFO and CQ decreased the
levels of G1/S phase-associated cyclin D1, CDK4 and
CDK6 (Figure 4c), suggesting that DFO and CQ
exposure caused the cell cycle arrest in cancer cells.
2.5 Deferoxamine and chloroquine potentiates
the cytotoxicity of cisplatin and etoposide

The above data demonstrated that CQ blocked
DFO-induced degradation,  inhibited
mitochondrial OXPHOS, induced cell cycle arrest,
and suppressed the proliferation of lung cancer cells.
Next, we evaluated the impact of DFO and CQ on the
cytotoxicity of chemotherapy drugs. Cisplatin and

ferritin

chemotherapy of lung cancer, induced cell death in
both A549 and NCI-H1299 cells. In cells treated with
10 umol/L cisplatin for 48 h, the relative viability was
(76.59+1.30)% (A549) and (83.91+1.07)% (NCI-
H1299). DFO and CQ further potentiated the
cytotoxicity of cisplatin (Figure 5a). In A549 cells
treated with 10 pmol/L cisplatin, 16 umol/L DFO and
10 pmol/L CQ for 48 h, the relative viability was
(36.93£0.96)% . In NCI-H1299 cells treated with
10 pmol/L cisplatin, 16 umol/L DFO and 10 pmol/L
CQ for 48 h, the relative viability was (49.48+1.57)%.
The cytotoxicity of etoposide could also be
potentiated by DFO and CQ (Figure 5b), suggesting
that DFO and CQ increased the sensibility to cisplatin
or etoposide in lung cancer cells in vitro.

etoposide, two frontline drugs used for the
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Fig.4 Deferoxamine and chloroquine causes cell cycle arrest
A549 (a) and NCI-H1299 (b) cells were treated with DFO (A549, 20 pmol/L; H1299 10 umol/L) and/or CQ (A549, 20 pmol/L; H1299 10 umol/L)
for 18 h, and the cell cycle was analyzed by flow cytometry. (c) A549 and NCI-H1299 cells were treated with DFO and/or CQ for 24 h, and the levels

of cell cycle-related proteins cyclin D1, CDK4 and CDK6 were analyzed by immunoblot. The ratio of CDK/B-actin was calculated with ImagelJ. The

data were shown as x + s of three replicates. *, P <0.05; **, P <0.01; *** P <0.001 compared with control.
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Fig. 5 Deferoxamine and chloroquine potentiates the sensibility to cisplatin or etoposide
AS549 and NCI-H1299 cells were treated with indicated concentrations of DFO, CQ, cisplatin(a) and/or etoposide(b) for 48 h. The cell viability was

detected by CCK-8 assay. The data were shown as x + s of six replicates.

3 Discussion

Autophagy is an evolutionarily conserved
adaptive process that occurs in response to different
forms of stress, including nutrient deprivation, growth
factor depletion, and infection™, with its main
cellular

function to provide nutrients for vital

functions via lysosome-associated breaking down of

macromolecules**3!.

Autophagy also selectively
eliminates unwanted, potentially harmful cytosolic
material, such as damaged organelles or protein
aggregates, and thus modulates many pathologies,
including neurodegeneration, infectious diseases and
cancer®”. There is growing evidence that autophagy
can help cope with intracellular and environmental
stresses, such as hypoxia, nutrient shortage, or drug
treatment, thereby favoring tumor progression!*’),
Accordingly, autophagy inhibition could improve
therapeutic outcomes for patients with advanced
cancer®. Among the many inhibitors for autophagy,

CQ, a drug long been used to treat or prevent malaria,

attracted much more attention. Several clinical trials
that have been conducted or are in progress have
shown favorable effects of CQ as novel antitumor
drugt>; however, effective repurposing of existing
CQ derivatives for cancer has been limited by a

t3] Thus, targeting specific

missing molecular targe
autophagic pathways might improve the anticancer
effects of autophagy inhibitors.

Compared with non-cancerous epithelial cells,
lung cancer cells are characterized by rapid
proliferation and vigorous metabolism, which are
empowered by a higher requirement for iron”*’**. For
example, Fe-S clusters and heme are essential
for the

mitochondria.

transfer within the
DNA

synthesis and repair, such as ribonucleotide reductase
[40]

cofactors electron

Enzymes responsible for
and DNA helicases, also contain iron as cofactors
Recently, it has been documented that NCOA4
mediates the autophagic degradation of ferritin (7. e.
ferritinophagy), which plays essential roles in the
maintenance of cellular iron hemostasis by facilitating
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ferritin iron storage or release according to demand™*'!.
Thus, we selected ferritinophagy as the potential
target of CQ, and investigated the effects of CQ on the
energy metabolism, proliferation, and cell death in
lung cancer cells.

We start our investigation by treating cancer cells
with DFO, an FDA-approved iron chelator for the
treatment of acute and chronic iron overload in
clinic®. DFO chelated extracellular iron™!, and
caused the blockage of iron absorption. Prolonged
exposure of cancer cells to DFO depleted the
LIP[20'22],
ferritinophagy, by which iron was released from
ferritin. CQ inhibited DFO-induced ferritinophagy
effectively, as evidenced by the blockade of
degradation of ferritin and NCOA4. The inhibition of
ferritinophagy by CQ decreased mitochondrial

intracellular and triggered the

oxidative phosphorylation, induced cell cycle arrest,
suppressed cell proliferation, and potentiated the
cytotoxicity of frontline chemotherapy drugs cisplatin
and etoposide.

Our data suggested that DFO, an FDA-approved
drug for iron overload, in combination with CQ, an
FDA-approved drug for malaria, potentiated the
efficacy of two chemotherapy drugs in vitro.
However, there are still some issues to be addressed
before in vivo experiments and clinical trials. The
limitation of DFO application in clinic is the very
short plasma half-life™* in vivo. We hypothesized that
a cancer tissue-targeted, nanomedicine-based drug
carrier for DFO and CQ co-delivery might be a

promising strategy to solve these problems.
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