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Abstract. Deferoxamine (DFO), an iron chelator, has numerous 
clinical applications for patients presenting with iron over-
load in regards to the improvement in the quality of life and 
overall survival. In addition, experimental iron chelators have 
demonstrated potent anticancer properties. The present study 
investigated the effects of DFO on TNF-related apoptosis-
inducing ligand (TRAIL)-induced apoptosis in colon cancer 
cells and and the mechanism involved. The experimental 
results showed that DFO treatment inhibited TRAIL-
mediated cancer cell apoptosis by increasing Akt activation 
and decreasing caspase activation in human colon cancer cells. 
Furthermore, DFO treatment induced autophagy flux, and 
chloroquine, an autophagy inhibitor, blocked DFO-mediated 
inhibition of TRAIL-induced apoptosis. The present study 
demonstrated that DFO inhibited TRAIL-mediated tumor 
cell death via the autophagy pathway, and the results suggest 
that potent anticancer agent, DFO, can be an inhibitor against 
antitumor therapy including TRAIL protein.

Introduction

Apoptosis is a common morphological form of programmed 
cell death that plays a critical role during development 
and homeostasis, and in many diseases including cancer, 
acquired immunodeficiency syndrome and neurodegenerative 
disorders (1). This type of apoptosis called programmed cell 
death type I can be triggered in tumor cells by anticancer 
agents (2,3). Tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) was first identified as a member of 
the TNF superfamily and can selectively induce apoptosis 
in tumorigenic or transformed cells, yet not in normal cells, 

highlighting its potential therapeutic application in cancer 
treatment (4).

Iron (Fe) is a useful target as it plays a critical role in 
proliferation involved in numerous metabolic pathways such 
as ATP generation, oxygen transport and DNA synthesis (5). 
A few pathways have been proposed in regards to iron-related 
carcinogenesis. Studies indicate that iron-induced oxidative 
stress may cause DNA, protein and organelle damage, through 
production of hydroxyl radicals and hydrogen peroxide via 
Haber-Weiss and Fenton-type reactions (6,7). Some studies 
suggest that dietary Fe restriction using iron chelators has 
been shown to decrease tumor proliferation in a number of 
in vitro and in vivo studies (8-10). Hershko reported that in 
preliminary studies, deferoxamine (DFO), an iron chelators, 
in combination with multidrug chemotherapy was effective in 
controlling several tumors (11).

DFO was developed more than 40 years ago and takes 
an active part as an iron chelator in the improvement of the 
quality of life and overall survival of patients presenting with 
iron overload (12). DFO binds iron tightly, and the iron-DFO 
complex is excreted in both urine and stool. DFO has been 
shown to be effective as an antitumor drug through several 
signaling pathways in tumor cells (9,10). DFO is well known 
to be used to induce hypoxia-inducible factor-1α (HIF-1α) as 
it mimics the hypoxic effects at 21% O2 (13). HIF-1α is a tran-
scriptional factor composed of α- and β-subunits and is a key 
regulator of metabolism to hypoxia (14). HIF-1 is involved in 
critical aspects of cancer biology such as angiogenesis, cell 
survival and invasion and intratumoral hypoxia, and genetic 
alterations can lead to HIF-1α overexpression, which has 
been related to increased patient mortality in several types 
of cancer (15).

Autophagy, ‘the eating of self’, was first coined by Deter 
and De Duve several decades ago and is mainly based on 
the observed degradation response to starvation or stress 
whereby mitochondria and cellular elements are digested by 
lysosomes (16). Autophagy, a common morphological feature 
in dying cells, appears to be one of the major functions to 
keep cells alive under stressful conditions (17). In cancer 
cells, autophagy can promote apoptosis in some cases (18,19). 
However, autophagy has a more crucial role in sustaining cell 
viability with defects in apoptosis (19-21). Hu et al suggested 
that hypoxia-induced autophagy promotes tumor cell 
survival (22). In the present study, we demonstrated that DFO 
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inhibits TRAIL-induced apoptosis via regulation of autophagy 
in colon cancer cells.

Materials and methods

Cell culture. The human colon cancer cell line HCT116 was 
obtained from the American Type Culture Collection (ATCC; 
Manassas, VA, uSA). Cells were cultured in RPMI-1640 
medium supplemented with 10% fetal bovine serum (both 
from Invitrogen-Gibco, Carlsbad, CA, uSA), 100 u/ml peni-
cillin, and 0.1 mg/ml gentamycin in a humidified incubator 
maintained at 37˚C and 5% CO2. Cells were treated for 24 h 
with DFO and then exposed for 6 h to 200 ng/ml TRAIL with 
or without the autophagy inhibitor chloroquine (10 µM) (both 
from Sigma-Aldrich, St. Louis, MO, uSA).

Crystal violet assay. Cell morphology was assessed micro-
scopically (inverted microscope, Nikon), and cell viability 
was determined by crystal violet staining, as previously 
described (23). Briefly, cells were stained for 10 min at room 
temperature with crystal violet solution (0.5% crystal violet 
in 30% ethanol and 3% formaldehyde), washed five times 
with water, and then dried. After that, the cells were lysed 
with 1% sodium dodecyl sulphate (SDS), and the absorbance 
was measured at 550 nm. Cell viability was calculated from 
the relative dye intensity of the samples compared to the 
controls.

Trypan blue exclusion assay. The number of viable cells was 
determined by trypan blue dye exclusion (Sigma-Aldrich) using 
a hemocytometer. The result was expressed as a percentage 
relative to the vehicle-treated controls.

Western blot analysis. HCT116 cells were lysed in lysis buffer 
[25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), pH 7.4, 100 mM NaCl, 1 mM ethylene diamine 
tetraacetic acid (EDTA), 5 mM MgCl2, 0.1 mM dithiothreitol 
(DTT) and a protease inhibitor mixture], and whole cell 
proteins were electrophoretically resolved on a 10-15% sodium 
dodecyl sulfate polyacrylamide gel and transferred to a nitro-
cellulose membrane. Immunoreactivity was detected through 
sequential incubation with primary antibodies, horseradish 
peroxidase-conjugated secondary antibodies, and enhanced 
chemiluminescence reagents (Westsave Gold Detection kit; 
AbFrontier Inc.). The primary antibodies used for immunob-
lotting were anti-human HIF-1α (BD Biosciences), anti-LC3B 
(Cell Signaling Technology), anti-P62 (Millipore Corporation), 
anti-phospho-AKT (Epitomics, Burlingame, CA, uSA) and 
anti-β-actin (Sigma-Aldrich). Images were examined using a 
Fusion Fx7 imaging system (Vilber Lourmat, ZI Sud Torcy, 
France). The densitometry of the signal bands was analyzed 
using Bio-1D software (Vilber Lourmat, Marne la Vallée, 
France).

Statistical analysis. The unpaired t-test or Welch's correc-
tion was used for comparison between the two groups. For 
multiple comparison, the one-way ANOVA followed by the 
Tukey-Kramer test was used. All statistical analysis was 
performed using GraphPad Prism software. Results were 
considered significant for values p<0.05, p<0.01 or p<0.001.

Results

DFO inhibits TRAIL-induced cell death in colon cancer 
cells. We examined whether DFO promotes or inhibits 
TRAIL-induced cell death and whether this effect is 
associated with induction of autophagy. We investigated 
the influence of DFO on TRAIL-mediated cytotoxicity in 
HCT116 colon cancer cells by images and crystal violet 
assay. HCT116 cells were exposed to DFO with or without 
TRAIL. The cell viability of the TRAIL-treated cells was 
decreased more than half according to images captured by 
light microscopy and crystal violet assay. The cell viability 
of the cells treated with DFO only was comparable to that of 
the untreated controls. These results revealed that DFO treat-
ment inhibited TRAIL-induced cytotoxicity in HCT116 colon 
cancer cells (Fig. 1A-C). Trypan blue exclusion assay was 
implemented for cell viability (Fig. 1D).

If cell death is induced by cytotoxicity in cells, then cells 
cannot generate exocytosis. Thus, trypan blue particles can 
flow in cells easily. For this reason, trypan blue dyed cells 
represent dead cells. These comprehensive results exhibited 
that DFO treatment inhibited cell death induced by TRAIL 
treatment dose-dependently. These results indicate that DFO 
was effective in preventing TRAIL-induced cell death in 
HCT116 colon cancer cells.

DFO mediates HIF-1α stabilization and Akt activation. We 
identified the proliferative and protective effects of DFO on 
cancer cells. We hypothesized that DFO would play a role of an 
HIF-1α inducer not an iron chelator, since HIF-1α is involved in 
critical aspects of cancer biology such as angiogenesis and cell 
survival (15). We investigated whether DFO induces HIF-1α 
stabilization by western blot analysis. As shown in Fig. 2A and 
B, the level of HIF-1α was increased in the DFO-treated group 
in a dose-dependent manner compared with the control group 
as detected by western blot analysis and densitometry. These 
results suggest that DFO leads to stabilization of HIF-1α. We 
investigated whether DFO affects survival and death signals. 
Akt affects cell survival and metastasis in many types of cells 
including colon cancer cells. Akt acts as a key signal that is 
associated with oncogenic receptors to many essential pro-
survival cellular functions in human cancer (24). Caspase-3 
plays a key role in regulating programmed cell death or 
apoptosis, a normal process required for maintenance of the 
regulation of physiological functions (25). Our data showed 
that DFO treatment recovered Akt activation from reduc-
tion by TRAIL treatment (Fig. 2A and C) and decreased the 
caspase-3 cleavage induced by TRAIL (Fig. 2A and D). Thus, 
these results suggest that DFO confers a protective effect from 
TRAIL in colon cancer cells.

DFO induces autophagic flux. LC3 protein is considered to 
be an autophagy marker and is localized and aggregated on 
autophagosomes. LC3 transforms from LC3-I to LC3-II during 
autophagosome formation (26). We examined whether DFO 
induces autophagy by assessing LC3 transformation. As shown 
in Fig. 3, the level of LC3-II was increased and P62 expression 
was decreased in the DFO-treated group in a dose-dependent 
manner compared with the control group as detected by 
western blot analysis and densitometry (Fig. 3A and B). P62 
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Figure 1. Deferoxamine inhibits TRAIL-induced cell death in colon cancer cells. (A) HCT116 colon cancer cells were pretreated with deferoxamine (Def) 
(24 h) in a dose-dependent manner, and then exposed to 200 ng/ml TRAIL for 6 h. Cell viability was measured by imaging with a light microscope (magnifica-
tion, x100). (B) Cell viability was measured by crystal violet assay. The bar graphs indicate (C) the average density of the crystal violet dyed cells and (D) cell 
viability as measured by trypan blue dye exclusion assay. *p<0.05, **p<0.01, ***p<0.001; significant differences between the control and each treatment group. 
TRAIL, tumor necrosis factor (TNF)-related apoptosis-inducing ligand.

Figure 2. Deferoxamine mediates HIF-1α stabilization and Akt activation. (A) HCT116 cells were treated with deferoxamine (Def) in a dose-dependent 
manner. The treated cells were assessed for HIF-1α and phosphorylation of Akt and caspase 3 cleavage by western blot analysis. Results were normalized 
to β-actin. The bar graphs indicate the averages of (B) HIF-1α stabilization, (C) phosphorylated-Akt and (D) cleaved-caspase 3 ratio. *p<0.05, **p<0.01, 
***p<0.001; significant differences between the control and each treatment group. TRAIL, tumor necrosis factor (TNF)-related apoptosis-inducing ligand; 
HIF-1α, hypoxia-inducible factor 1 α; p-Akt, phosphorylation of Akt; cas3, caspase 3; c-cas3, cleaved caspase 3; adj. volume, adjustment of volume (band 
volume minus background volume).
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is considered as a crucial mediator for target protein to the 
autophagy system in removal of aggregated proteins. P62 
is degraded by itself during autophagy (27). We used the 
autophagy inhibitor, chloroquine (CQ), that is widely used 
to inhibit the maturation of autophagosomes into degrada-
tive autolysosomes (18,28). We identified that DFO-induced 
upregulation of LC3-II was increased by CQ treatment since 
CQ inhibited the fusion of autophagosomes and autolyso-
somes (Fig. 3C). For this reason, P62 was increased by CQ 
treatment (Fig. 3C and D).

Autophagy inhibitor blocks DFO-mediated inhibition of 
TRAIL-induced apoptosis. We analyzed the cell viability 
using CQ to investigate the effect of DFO on the activation 
of autophagy. We identified that the protective effect of DFO 
was reversed by CQ in regards to cell viability by crystal violet 
assay and graphical analysis (Fig. 4A and B). Photographed 
images and trypan blue exclusion assay were implemented 
for cell viability. Inhibition of cell death by DFO treatment 
was reversed by CQ pre-treatment (Fig. 4C and D). These 
results strongly indicate that DFO treatment inhibits TRAIL-
mediated cytotoxicity through induction of autophagy.

Discussion

Deferoxamine (DFO), an iron chelator, has been reported to 
induce hypoxia and HIF-1α expression (29). HIF-1α is a crucial 
mediator of the physiological response to hypoxia, and its 
dysfunction promotes cancer angiogenesis and metastasis (30). 

We identified that DFO induced HIF-1α stabilization. Several 
studies indicate that HIF-1α induces autophagy in the cellular 
response to hypoxia (31-33). One limitation of our study 
was that we did not verify whether DFO induced autophagy 
through HIF-1α stabilization.

Studies suggest that autophagy is a double-edged sword, 
with both beneficial and harmful potential in cancer (34). 
Autophagy is the cellular pathway that mediates lysosomal 
degradation of intracellular long-lived macromolecules or 
organelles for subsequent reuse under starvation, or stress 
such as oxidative stress, endoplasmic reticulum stress, accu-
mulation of abnormal protein and physiological conditions 
of differentiation (35,36). Autophagy inhibitor, chloroquine 
(CQ), is widely used to inhibit the maturation of autophago-
somes into degradative autolysosomes (37). We identified that 
CQ, DFO and TRAIL-treated cells underwent cell death to 
a greater extend than DFO and TRAIL-treated cells (Fig. 4). 
We suggest that DFO-induced autophagy is a protective effect 
against TRAIL in colon cancer cells. CQ-mediated inhibition 
of autophagy interrupted the protective effect of autophagy.

Many studies suggest that TRAIL induces autophagy in 
several types of cancer cells (38,39). Yet, our results showed 
that TRAIL treatment did not mediate autophagy marker, 
LC3-II (Fig. 3A). Rather, TRAIL-treated LC3-II transforma-
tion was decreased when compared with the control. Thus, 
we suggest that TRAIL is not associated with autophagy in 
HCT116 colon cancer cells. Ikeda et al proposed that DFO 
promoted Akt activation (40). As shown in Fig. 2A and C, DFO 
treatment activated Akt phosphorylation dose-dependently. 

Figure 3. Deferoxamine regulates autophagy. (A) HCT116 colon cancer cells were treated with deferoxamine (Def) (24 h) in a dose-dependent manner. The 
treated cells were assessed for LC3B production by western blot analysis. Results were normalized to β-actin. (B) The bar graph indicates the averages of 
the P62 expression ratio. (C) HCT116 colon cancer cells were pretreated with autophagy inhibitor (chloroquine; CQ) (1 h) and then exposed to deferoxamine 
(200 µM) for 24 h. (D) The bar graph indicates the averages of the P62 expression ratio. *p<0.05, **p<0.01, ***p<0.001; significant differences between the 
control and each treatment group. TRAIL, tumor necrosis factor (TNF)-related apoptosis-inducing ligand; adj. volume, adjustment of volume (band volume 
minus background volume).
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These findings support our suggestion that DFO protects 
against TRAIL-induced cell death through survival signaling 
in colon cancer cells.

The crosstalk between autophagy and apoptosis is intricate 
and sometimes contradictory; however, it is an important 
determinant of the overall fate of the cell. This report is the 
first to indicate that DFO-mediated autophagy may play a 
critical role in cell protection against TRAIL-induced cyto-
toxicity in colon cancer.

The purpose of the present study was to investigate the role 
of DFO in TRAIL-induced cell death and the possible mecha-
nism in human colon cancer cells. The results indicated that 
DFO-induced autophagy flux inhibited the TRAIL-mediated 
anticancer effect and also suggest that DFO can be a suppressor 
of anticancer therapy, particularly in TRAIL-mediated 
colorectal cancer therapy.
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