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Acute lymphoblastic leukemia (ALL) is the most common type of childhood cancer, with a feature of easy to induce multidrug
resistance and relapse. Abundant studies have proved that iron overload strengthens the growth and metastasis of tumor cells.
Herein, we found that deferoxamine (DFO) effectively decreased the concentration of intracellular iron in ALL cells. DFO
inhibited proliferation, induced apoptosis, and obstructed cell cycle of ALL cells, whereas DFO and dextriferron (Dex) used in
combination significantly decreased the sensitivity of ALL cells to DFO. Reactive oxygen species (ROS) level was reduced in ALL
cells treated with DFO, and the combination of DFO and Dex reversed the effects of DFO. In vivo, DFO inhibited mouse tumor
growth. Besides, cyclinD1, 3-catenin, c-Myc, hypoxia inducible factor 1 (HIF-1), p-p38MAPK, and p-ERK1/2 protein levels were
significantly downregulated, and the levels of prolyl hydroxylase-2 (PHD-2) were upregulated after treated with DFO, whereas
Dex treatment reversed those in vivo and in vitro. In conclusion, DFO inhibited the proliferation and ALL xenograft tumor
growth, obstructed the cell cycle, and induced apoptosis of ALL cells, probably via inactivating the ROS/HIF-1a, Wnt/fS-catenin,

and p38MAPK/ERK signaling.

1. Introduction

Acute lymphocytic leukemia (ALL) is a rare hematological
malignancy, contributing to about 20% of new acute leu-
kemias [1]. In the United States, in spite of aggressive first-
line treatment, the 5-year overall survival rates of the ALL
patients of 40-59- and 60-69-years-old are 24% and 18%,
respectively [2]. Recent advances of chemotherapy resultin a
good chance (approximately 85%) for a cure in children who
are newly diagnosed with ALL [3]. However, the remaining
15% of ALL children cannot survive due to multidrug re-
sistance and relapse [4]. Therefore, there is an urgent need
for new treatment methods to improve the survival rate of
ALL patients who have failed treatment or relapsed after the
initial response.

Studies have shown that ALL is related to excess iron in
the body [5]. Iron is an important nutrient and regulator for
physiological processes in cells. Iron can catalyze metabolic

activities, which is essential to cell survival and proliferation.
According to reports, many forms of cancer are associated
with massive iron overload, possibly due to the need for iron
as a cofactor to maintain the tumor growth and proliferation
[6, 7]. Iron deficiency reduced the aggressiveness of a variety
of tumor cells, which has important clinical value in the
treatment of leukemia [8, 9]. Iron chelator triapine has been
reported to be able to inhibit the ribonucleotide reductase
activity and tumor growth both in vivo and in vitro and has
been involved in the phase I and phase II clinical trials [10].
Besides, some other iron-chelating agents also have potential
antitumor activity, such as deferasirox [11], DpC [12],
Dp44 mT [13], gold tricarboxylic acid (ATA), and defer-
oxamine (DFO) [14]. According to the reports of Benadiba
et al. [15], DFO has significantly affected the survival of T
lymphoblastic leukemia/lymphoma cells to induce apoptosis
and demonstrated synergistic action with three ALL-specific
drugs: L-asparaginase, doxorubicin, and dexamethasone.
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Therefore, as a new type of antitumor drug, iron chelator
has attracted wide interest from scholars, but its specific
roles and potential mechanism by either disrupting intra-
cellular iron homeostasis or depleting intracellular iron in
acute lymphoblastic leukemia have not been fully elucidated.
Here, we assessed the tumor-suppressive effect and un-
derlying mechanism of DFO on ALL via targeting iron
metabolism. Our findings cast light on the development of
more effective treatments for acute lymphoblastic leukemia.

2. Materials and Methods

2.1. Cell Lines and Cell Culture. The acute lymphoblastic
leukemia cell lines Jurkat and NALM-6 were afforded from
the American Type Culture Collection (ATCC, USA) and
incubated using the RPMI-1640 (Sigma-Aldrich, Grand
Island, NY, USA)) comprised of 10% heat-inactivated fetal
bovine serum (FBS; GIBCO, MA, USA) and 50 units/ml
penicillin and 500 mg/ml streptomycin (GIBCO, USA). All
cells were constantly maintained in a humid atmosphere
containing 5% CO, at 37 °C.

2.2. CCK-8 Assays. Viability of ALL cells was assessed using
the CCK-8 assay. Briefly, NALM-6 and Jurkat cells
(2 x10* cells/well) were cultured in 96-well plates with 0, 5,
10, 50, 100, and 150 ymol/L deferoxamine (DFO) (Amadis
Chemical Company Limited, Shanghai, China) and incu-
bated for 48h at 37°C and 5% CO,. Then, 10 uL of CCK-8
(SevenBio, CA, USA) was aseptically added and incubated
for another 4h. Subsequently, the optical density (OD)
values were calculated at the absorbance of 450 nm via a
Varioskan™ LUX multifunction microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA).

For detecting antiproliferative effects of DFO, ALL cells
(3 x 10° cells/well) were cultured for the indicated times (0, 1,
2, and 3 days). After incubation, the CCK-8 assay was
performed with standard procedures.

2.3. Detection of Intracellular Labile Iron Pool (LIP) Level.
The calcein-AM assay was used to detect the concentration
of intracellular iron of ALL cells. Briefly, the NALM-6 and
Jurkat cells (2 x 10° cells/well) were cultured with or without
DFO (100 umol/L) and dextriferron (Dex, 20 ug/mL)
(Sigma-Aldrich, St. Louis, MO, USA). After 24 h, cells were
labeled by the final concentration of 0.125 ymol/L calcein-
AM (Aladdin Bio-Chem Technology, Shanghai, China) for
another 10 min. These cells were then centrifuged and
washed twice to remove unbound fluorescent indicators and
resuspended in PBS. Trypan blue with a concentration of
0.25 ug/mL was added to quench the extracellular fluores-
cence, and the fluorescence intensity of cells was detected by
using a fluorescence spectrophotometer. Thereafter, iron-
chelating agent 2,2-bipyridyl (BIP) with a final concentra-
tion of 100 yumol/L was added and treated for 30 min. Then,
fluorescence intensity of cells was detected by using a
fluorescence spectrophotometer and the excitation (Ex)
wavelength was set at 495 nm and the emission wavelength
(Em) was set at 530 nm. The difference of fluorescence
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intensity between the two detection results was calculated,
which represented the content of intracellular calcein
binding iron, namely the intracellular LIP level.

2.4. Apoptosis Analysis. The NALM-6 and Jurkat cells
(1 x 10° cells/well) were incubated with DFO alone or in
combination with Dex for 48 h. After the cells were collected
and washed and resuspended with cold PBS, an annexin
V-PE/7-ADD apoptosis detection kit (BD Pharmingen™,
CA, USA) was employed to detect the apoptosis in ALL cells.
Eventually, total cell apoptosis was assessed using a Bec-
ton-Dickinson FACScan (BD Corporation, USA). Data
were analyzed using the E Cell Quest software version 2.0
(BD Corporation, USA).

2.5. Cell Cycle Analysis. The NALM-6 and Jurkat cells
(1 x 10 cells/well) were incubated with DFO alone or in
combination with Dex for 48 h. For the cell cycle assay, the
harvested cells were fixed with 75% ethanol at —20 °C
overnight. The cells were stained with 400 yL of PI (20 ug/ml)
and 100 4L of RNase A (100 yg/mL) for 30 min. Cell cycle was
detected using flow cytometry and analyzed via the ModFit
analysis software (Verity Software House, ME, USA).

2.6. Reactive Oxygen Species (ROS) Analysis. The NALM-6
and Jurkat cells (2 x 10° cells/mL) were collected to measure
the levels of ROS. DCFH-DA (10 yuM) was added into cell
suspension, and the cells were incubated for 30 min at 37 °C
in dark. Then, the cells were washed twice with PBS, and the
levels of ROS were evaluated on a Becton-Dickinson
FACScan flow cytometer at 488 nm.

2.7. In Vivo Experiment. Thirty BABL/c nude female mice
(5weeks, 18-22 g) were obtained from the Animal Center of
the Chinese Academy of Sciences and maintained in a
temperature- and light-controlled environment with free
access to water and food. NALM-6 cells (4 x10°/200 uL/
mouse) in a serum-free medium were hypodermically in-
jected into the flank of the nude mouse for establishing the
acute lymphocytic leukemia models. Mice were distributed
randomly into 3 treatment groups and were intraperito-
neally given saline, DFO (50 mg/kg/day), and (DFO 50 mg/
kg +Dex 5mg/kg/d) once a day for 34 days. The tumor
weight and volumes were measured and calculated every
week. After 35 days, the treated mice were sacrificed and the
tumors were dissected and assessed. All mice experiments
were performed in compliance with the animal protection
legislation and approved by the Animal Experimentation
Ethics Committees of Zhengzhou University (approval
number: 2018-KY-51).

2.8. Western Blot Analysis. Collected samples were lysed
with ice-cold RIPA lysis buffer (Sigma) supplemented with
protease inhibitors (Thermo Fisher). The concentration of
extracted proteins was quantified by the Braford method
(BioRad, Amersham, Sweden). The equal protein lysates
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were denatured in SDS sample buffer and separated by 10%
SDS-PAGE followed by electrotransfer onto the nitrocel-
lulose membrane. Membranes were blocked with 5%
skimmed milk powder for 30 min and incubated with pri-
mary antibodies (against Ki67, Bid, Bcl-xl, GAPDH,
B-catenin, cyclinD1, c-Myc, HIF-1a, PHD-2, p38MAPK,
p-p38MAPK, p-ERK1/2, and ERK1/2) overnight at 4°C and
subsequently hatched with the matching secondary anti-
bodies at room temperature for 2h. Protein signals were
visualized by using ECL reagent and exposed to the
ChemiDoc XRS system (Thermo, Bethesda, MD, USA).

2.9. Statistical Analysis. All data were collected from three
separate experiments, and values were expressed as
mean + SD. Analyses were conducted using the SPSS 17.0
software. Differences between two groups were evaluated
using Student’s t-test, and multiple comparisons were con-
ducted by one-way analysis of variance (ANOVA). Differ-
ences were statistically significant when the P value <0.05.

3. Results

3.1. DFO Inhibits Cell Viability of Jurkat and NALM-6 Cells by
Reducing Iron Concentration. As demonstrated in
Figures 1(a) and 1(b), DFO significantly inhibited the via-
bility of Jurkat and NALM-6cells in a concentration-de-
pendent manner. Then, we chose DFO (100 yumol/L) for
subsequent functional analyses. To examine the abundance
of cellular labile iron pool in the ALL cell lines Jurkat and
NALM-6 cells, the calcein-AM assay suggested that Dex
effectively increased the concentration of intracellular iron,
whereas DFO effectively decreased the concentration of
intracellular iron in Figures 1(c) and 1(d).

3.2. DFO Inhibits Cell Proliferation of NALM-6 and Jurkat
Cells. To evaluate the potential effect of DFO on the prolif-
eration of ALL cells, the CCK-8 assay was also implemented.
The proliferation activity of NALM-6 and Jurkat cells subjected
to DFO (100 ymol/L) was suppressed in comparison with the
control, while the DFO (100 ymol/L) and Dex (20 yg/mL)
cotreated group inversed the inhibition effect in comparison to
the DFO group (Figures 2(a) and 2(b)). Western blot analyses
showed that Ki67 was reduced in the DFO-treated group
compared with the control group but increased in the com-
bination group compare to the DFO single-treatment group
(Figures 2(c) and 2(d)), which was in concordance with the
results of the CCK-8 assay. Moreover, in order to investigate
the effects of DFO on the cell cycle of NALM-6 and Jurkat cells,
the flow cytometry assay was performed. DFO reduced the
number of ALL cells at S stage, while the DFO and Dex
cotreated group attenuated the effect (Figures 2(e) and 2(f)).
Altogether, DFO suppresses the proliferative ability in ALL
cells, whereas Dex attenuated the inhibition.

3.3. DFO Promotes Apoptosis in ALL Cells. Abnormal growth
of tumor cells may be closely related to apoptosis [16]. The
DFO significantly promoted the apoptosis rates in NALM-6
and Jurkat cells, whereas Dex inhibited the increased apoptosis
induced by the DFO treatment compared with the DFO single
treatment in ALL cells (Figures 3(a) and 3(b)). The expression
of Bid and Bcl-xl was detected by western blot assays to explore
the underlying mechanism of DFO on regulating the apoptosis
of ALL cells. As shown in Figures 3(c) and 3(d), DFO elevated
the levels of Bid and decreased the levels of Bcl-xl in com-
parison with the control treatment, whereas the DFO and Dex
combination treatment reversed the effect of DFO treatment in
ALL cells (Figures 3(c) and 3(d)).

3.4. DFO Inhibits ROS Production in ALL Cell Lines. To
further explore the effects of DFO on ROS production in
ALL cells, flow cytometry assays were performed. As shown
in Figures 4(a) and 4(b), the results revealed that DFO
treatment significantly reduced the levels of ROS and Dex
reversed its effects. Furthermore, western blot results
showed that HIF-1a expression was obviously inhibited in
ALL cells treated with DFO, and PHD-2 expression was
significantly increased, whereas Dex reversed those effects of
DFO (Figures 4(c) and 4(d)). These results suggested that
DFO inhibited ROS production by repressing the
HIF-1a/PHD-2 pathway in ALL cells.

3.5. DFO Inhibits the Wnt/B-Catenin and ERK Cascades in
ALL Cell Lines. As shown in Figures 5(a) and 5(b), the
protein expression levels of c-Myc, cyclinD1, and -catenin
were lowered after DFO treatment, whereas Dex inverted
this affection. In addition, as shown in Figures 5(c) and 5(d),
DFO significantly downregulated p-ERK1/2 and p-
p38MAPK compared with the control. Moreover,
p-p38MAPK and p-ERK1/2 were upregulated in the DFO
and Dex cotreated group compare to the DFO-treated
group. All results indicated that that DFO exerted anti-
proliferation, obstructed cell cycle, and induced apoptosis in
ALL cells probably involved in the Wnt/B-catenin and
p38MAPK/ERK cascades.

3.6. DFO Inhibits ALL Xenograft Growth. To further validate
the impact and the underlying mechanism of DFO in vivo,
NALM-6 xenograft mice were acquired by hypodermical
injection of NALM-6 cells. The xenograft tumor volume and
weight in the DFO group were decreased compared to the
saline group, while the DFO and Dex combination group
significantly reduced the change induced by DFO
(Figures 6(a) and 6(b)). Moreover, the western blot assay
showed that DFO treatment resulted in a decrease in the
protein levels of f-catenin, cyclinD1, c-Myc, p-p38MAPK,
and p-ERK1/2 compared to the saline treatment in the
tumor tissues, whereas DFO and Dex treatment in
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FiGure 1: DFO inhibits the cell viability of Jurkat and NALM-6 cells. (A, B) Cells were treated with DFO (0, 5, 10, 50, 100, and 150 ymol/L)
for 48 h. Proliferative viability was measured by CCK-8 assays. (C, D) Intracellular iron concentration was determined by the calcein-AM
assay after DFO treatment on ALL cell lines for 24 h. Data are presented as mean + SD, n=3. * P <0.05.

combination alleviated the abovementioned observations
(Figures 6(c) and 6(d)). Taken together, these results further
confirmed that DFO significantly exerted inhibition of ALL
via reducing intracellular iron levels in vivo and in vitro.

4. Discussion

In the United States alone, about 3000 children and teen-
agers are diagnosed with acute lymphocytic leukemia (ALL)
each year [17]. Iron is vital for the physiological function of
cells [18]. The abnormal iron metabolism and iron ho-
meostasis disorders have been considered as a vital factor of
the pathophysiology of various diseases such as cancer,
neurodegenerative disease, cardiovascular complications,
and infections [19]. Studies have shown that excessive iron
can induce tumor and promote tumor growth, whereas iron
deprivation can suppress tumor cell growth and promote
apoptosis, and the degree of influence varies with the dose
and the effect time of iron deprivation agent [20]. The study
by Becton et al. [21] has shown that DFO has antitumor
activity against malignant cells of patients with leukemia and
acute lymphocytic leukemia, acute myeloid leukemia, and
neuroblastoma. DFO is widely used for the treatment of iron
overload diseases, and its antitumor effect has attracted more
and more attention.

Iron-chelating agents exhibit potential as a new therapy
for cancer. In recent years, more and more research studies

have been conducted on the antileukemia effect of iron
chelators. For example, Chang et al. have reported that
deferasirox has strong antileukemia activity [22]. A large
number of in vitro, in vivo, and clinical studies reveal that
iron-depleting drugs can suppress the aggressiveness of
tumor cells and tumor xenografts via chelating intracellular
molecules and regulating the levels of iron-regulatory
protein and has obvious antiproliferative effects in cancer,
which has provided a new direction for anticancer therapies
[23, 24]. The study by Lee has verified that iron-chelating
agents either deferasirox (DFX) or deferoxamine (DFO)
could reduce the survival ability of leukemic cells in a dose-
dependent manner [25]. Interestingly, our results demon-
strated that DFO reduced the proliferation of NALM-6 and
Jurkat cells and growth of tumor xenografts, whereas Dex
attenuated the inhibition, indicating that iron-chelating
agent DFO could antagonize iron load and suppress the
proliferation and growth of ALL cells and tumor xenografts.

Studies have shown that iron chelation can be used to
inhibit the abnormal proliferation of tumor cells for the
reason that depletion of iron exhibits antitumor effects [26].
Yang et al. have shown that iron chelator inhibits the
proliferation of leukemia cells and induces apoptosis by
regulating the expression of apoptosis-related genes [27].
The study of Tomoyasu et al. has exhibited that iron-che-
lating agent can induce HL-60 and K562 apoptosis and the
mechanism is probably by arresting cells growth at the
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F1GURE 2: The effect of DFO on cell proliferative activity and cell cycle of Jurkat and NALM-6 cells. (A, B) Proliferation of cells treated with
DFO (100 umol/L), or DFO (100 umol/L) and Dex (20 pg/mL) in combination was measured by CCK-8 assays after culturing for indicated
time. (C, D) ALL cells were treated with DFO (100 umol/L) or DFO (100 pmol/L) and Dex (20 pg/mL) in combination for 48 h. Western blot
analyses for expression of Ki67 in ALL cells. (E, F) At 48h after indicated treatments (DFO (100 umol/L), or DFO (100 pmol/L) and Dex
(20 pg/mL)), cell cycle distribution of Jurkat and NALM-6 cells was determined by the flow cytometry assay. Data are presented as
mean +SD, n=3. * P<0.05.

S-phase [28]. Here, we observed that DFO promoted apo-  result in the abnormal production of ROS in ALL cells [29].
ptosis via regulating the expression of proapoptotic Bid and ~ In addition, a reported research has shown that iron pro-
apoptotic suppressor Bcl-xL and obstructed the cell cycle of ~ motes the carcinogenesis by inducing the production of ROS
ALL cell lines, while these effects were further abrogated  through activating JNK and MAPK pathways [30]. In this
when the iron levels increased. Iron is reported to be able to  study, DFO reduced the ROS levels in ALL cells, and the
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Ficure 3: The effect of DFO on cell apoptosis in Jurkat and NALM-6 cells. (A, B) The cells were treated with DFO, or DFO and Dex in
combination at indicated concentrations at 48 h, and the apoptosis rate was assessed by the flow cytometry assay. (C, D) The levels of Bid and
Bcl-xl were analyzed by western blot. Data are presented as mean +SD, n=3. * P <0.05.

effects were reversed by Dex, which suggests that iron re-
duction by DFO confers the inhibitory effects on ROS
production. HIF-1a, an important factor, is involved in cell
oxidative stress and inflammation [31]. We found that the
levels of HIF-1a were reduced in ALL cells treated with
DFO, and prolyl hydroxylase domain enzyme-2 (PHD-2)
expression was increased, whose effects were reversed by
Dex treatment. Our results were consistent with the reported
research by Janssens et al. [32]. They have confirmed that
higher levels of HIF-1a are expressed in MDS-MSC of the
iron-overload (IO) group than those in the non-iron
overload (NIO) group and high levels of ROS induce the
HIF-1a level to increase through inhibiting the PHD-2 in
MDS-MSC. These results suggested that iron depletion by
DFO inhibited ROS production by repressing the HIF-1a/
PHD-2 pathway in ALL cells. However, the previous study
has suggested a reverse effect which is that DFO induces the
increase of HIF-1a and DFO-induced leukemic cell apo-
ptosis by mitochondrial pathway-dependent and HIF-1la-
independent mechanisms [33]. These results suggest that

DFO-induced apoptosis and DFO-induced inhibition of
proliferation and ROS may involve in different initiating
signal pathways in different types of cells that remain to be
explored.

The Wnt/f-catenin signaling regulates the transcription
of various oncogenes, including cyclin c-Myc, cyclinD1, and
Bcl-w [34]. Abnormal activation of this signaling pathway
has been shown in various cancers, such as colorectal cancer,
lung cancer, breast cancer, ovary cancer, prostate cancer,
synovial sarcoma, and Schwann cell tumors [35]. The
widespread loss of control of the Wnt signaling in various
malignancies makes it an attractive therapeutic target [36].
Research on targeting Wnt/f3-catenin signal transduction in
cancers related to Wnt activation has opened up a new
avenue for the development of effective drugs to inactivate
the Wnt/B-catenin signaling [37].

Abnormal activation of the Wnt/B-catenin signaling
correlates with the prognosis of patients suffering acute
myeloid leukemia (AML) [38]. In addition, the Wnt/
p-catenin signaling is necessary for the development of
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F1GURE 4: The effects of DFO on ROS production in Jurkat and NALM-6 cells. (A, B) The ROS levels in cells treated with DFO, or DFO and
Dex in combination were detected by flow cytometry assays. (C, D) Western blot assays for detecting the HIF-1a expression and PHD-2
expression in cells. Data are presented as mean +SD, n=3. * P <0.05.

highly proliferative leukemia stem cells (LSCs), which is
believed to be able to maintain the survival of leukemia [39].
Furthermore, iron load in colorectal cancer cells can pro-
mote the Wnt signaling and cell proliferation [40], but iron
chelators, including deferoxamine, deferoxamine, and
ciclopirox, can inactivate the Wnt signaling, and AML
patients taking cyclohexanolamine show a significant de-
crease in the expression of the Wnt target gene AXIN2. A
reported study [41] has shown that depletion of iron
weakens the Wnt signaling pathway. Song et al. [42] have
reported that acyl compounds inhibit the stability of
B-catenin, prevent the transcription induced by Wnt sig-
naling, and further block the growth of cancer cells through
binding to iron. Collectively, the protein expression levels of
c-Myg, cyclinD1, and S-catenin were lower in DFO-treated
cells and tumor xenografts. However, the Dex and DFO
cotreated group alleviated the abovementioned observa-
tions, suggesting that DFO inhibits the ALL tumor probably
through inhibiting the Wnt/fB-catenin signaling, which

probably serves as a major mechanism in iron chelator-
mediated cell death of ALL cells by activating downstream
apoptotic cascade.

Accumulating evidence suggests that iron chelators in-
fluence the MAPK cascades, via dephosphorylate MAPKs,
such as MAPK/P38 kinase, ERK, and c-Jun N-terminal
kinase (JNK) [43], which are at the center of signaling
crosstalk of lymphoblastic activation [44]. Lee et al. [45] have
demonstrated that DFO can inhibit the growth and promote
apoptosis of IHOK and HN4 cells in a time-dependent and
dose-dependent manner via activating p38 MAP kinase and
ERK, all of which act as a downstream apoptotic cascade that
conducts the iron chelator-mediated cell death mechanism.
Studies by Kim et al. [46] have reported that p38 MAP kinase
and extracellular ERK are activated by chelator DFO at an
early stage of incubation. However, the data of Haigl et al.
[47] unveil that DFO and hypoxia treatment increases Spry4
expression, accompanied with inhibiting the activation of
ERK signaling. Similarly, our current study revealed that
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FiGure 6: Effect of DFO on the growth of NALM-6 xenograft. (A) The effect of DFO on the tumor volumes in xenograft mouse. (B) Tumor
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DFO markedly reduced the phosphorylation of p38MAPK
and ERK, indicating that p38MAPK/ERK arrested the cell
cycle and induced apoptosis by iron depletion.

5. Conclusion

In summary, DFO reduced the proliferation and tumor
growth, obstructed the cell cycle and ROS production, and
induced apoptosis of ALL cell lines by inactivating the HIF-
la/PHD-2, Wnt/f-catenin, and p38MAPK/ERK pathways
by iron depletion. Current results seem likely to generate an
interesting adjuvant therapy for the acute lymphocytic
leukemia and identify potential targets for anticancer
therapy.

Data Availability

All the data generated or analyzed during this study are
included within this article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

H.Y.and D. W. conceptualized the study and performed the
investigation. H. Y. was involved in the data curation and
wrote the original draft. L. W. and J. C. were involved in the
formal analysis. H. L. developed the study methodology.
Y. L. supervised the study and reviewed and edited the
manuscript. All authors have read and agreed to the pub-
lished version of the manuscript.

Acknowledgments

This study was supported by the Capacity Improvement
Project of Medical Institutions Directly Under Henan
Province (no. 2017.66).

References

[1] H. M. Lazarus and A. S. Advani, “When, how, and what cell
source for hematopoietic cell transplantation in first complete
remission adult acute lymphoblastic leukemia?” Hematology,
vol. 2012, no. 1, pp. 382-388, 2012.

[2] R. A. Larson, “Acute lymphoblastic leukemia: older patients
and newer drugs,” Hematology, vol. 82, no. 1, pp. 131-136,
2005.

[3] D. Bhojwani and C.-H. Pui, “Relapsed childhood acute
lymphoblastic leukaemia,” The Lancet Oncology, vol. 14, no. 6,
pp. €205-e217, 2013.

[4] K. J. August, A. Narendran, and K. A. Neville, “Pediatric
relapsed or refractory leukemia: new pharmacotherapeutic
developments and future directions,” Drugs, vol. 73, no. 5,
pp. 439-461, 2013.

[5] J. Blatt and S. Stitely, “Antineuroblastoma activity of des-
feroxamine in human cell lines,” Cancer Research, vol. 47,
no. 7, pp. 1749-1750, 1987.

[6] Z.Kovacevic, D. Kalinowski, D. Lovejoy et al., “The medicinal
chemistry of novel iron chelators for the treatment of cancer,”

Current Topics in Medicinal Chemistry, vol. 11, no. 5,
pp. 483-499, 2011.

[7] D. R. Richardson, D. S. Kalinowski, S. Lau, P. J. Jansson, and
D. B. Lovejoy, “Cancer cell iron metabolism and the devel-
opment of potent iron chelators as anti-tumour agents,”
Biochimica et Biophysica Acta, vol. 1790, no. 7, pp. 702-717,
2009.

[8] R.S. Moussa, K. C. Park, Z. Kovacevic, and D. R. Richardson,
“Ironing out the role of the cyclin-dependent kinase inhibitor,
p21 in cancer: novel iron chelating agents to target p21 ex-
pression and activity,” Free Radical Biology and Medicine,
vol. 133, pp. 276-294, 2019.

[9] V. Pullarkat, Z. Meng, C. Donohue et al., “Iron chelators
induce autophagic cell death in multiple myeloma cells,”
Leukemia Research, vol. 38, no. 8, pp. 988-996, 2014.

[10] C. R. Chitambar and W. E. Antholine, “Iron-targeting anti-
tumor activity of gallium compounds and novel insights into
triapine-metal complexes,” Antioxidants and Redox Signaling,
vol. 18, no. 8, pp. 956-972, 2013.

[11] I. Saeki, N. Yamamoto, T. Yamasaki et al., “Effects of an oral
iron chelator, deferasirox, on advanced hepatocellular car-
cinoma,” World Journal of Gastroenterology, vol. 22, no. 40,
pp. 8967-8977, 2016.

[12] Y. X. Xu, M. L. Zeng, D. Yu et al,, “In vitro assessment of the
role of DpC in the treatment of head and neck squamous cell
carcinoma,” Oncology Letters, vol. 15, no. 5, pp. 7999-8004,
2018.

[13] W. Jiang, S. Wang, M. Xiao et al, “Acetylation regulates
gluconeogenesis by promoting PEPCK1 degradation via
recruiting the UBR5 ubiquitin ligase,” Molecular Cell, vol. 43,
no. 1, pp. 33-44, 2011.

[14] A. Kuban-Jankowska, K. K. Sahu, M. Gorska-Ponikowska,
J. A. Tuszynski, and M. Wozniak, “Inhibitory activity of iron
chelators ATA and DFO on MCF-7 breast cancer cells and
phosphatases PTP1B and SHP2,” Anticancer Research, vol. 37,
no. 9, pp. 4799-4806, 2017.

[15] J. Benadiba, C. Rosilio, M. Nebout et al., “Iron chelation: an
adjuvant therapy to target metabolism, growth and survival of
murine PTEN-deficient T lymphoma and human T lym-
phoblastic leukemia/lymphoma,” Leukemia and Lymphoma,
vol. 58, no. 6, pp. 1433-1445, 2017.

[16] N. Schmitz, L. Trimper, M. Ziepert et al., “Treatment and
prognosis of mature T-cell and NK-cell lymphoma: an
analysis of patients with T-cell lymphoma treated in studies of
the German High-Grade Non-Hodgkin Lymphoma Study
Group,” Blood, vol. 116, no. 18, pp. 3418-3425, 2010.

[17] E. Ward, C. DeSantis, A. Robbins, B. Kohler, and A. Jemal,
“Childhood and adolescent cancer statistics, 2014,” CA: a
cancer journal for clinicians, vol. 64, no. 2, pp. 83-103, 2014.

[18] N. C. Andrews, “Disorders of iron metabolism,” New England
Journal of Medicine, vol. 341, no. 26, pp. 1986-1995, 1999.

[19] E. D. Weinberg, “The hazards of iron loading,” Metallomics,
vol. 2, no. 11, pp. 732-740, 2010.

[20] G.]. Kontoghiorghes, “How to manage iron toxicity in post-
allogeneic hematopoietic stem cell transplantation?” Expert
Review of Hematology, vol. 13, no. 4, pp. 299-302, 2020.

[21] D. L. Becton and P. Bryles, “Deferoxamine inhibition of
human neuroblastoma viability and proliferation,” Cancer
Research, vol. 48, no. 24 Pt 1, pp. 7189-7192, 1988.

[22] Y. C. Chang, W. J. Lo, Y. T. Huang et al., “Deferasirox has
strong anti-leukemia activity but may antagonize theanti-
leukemia effect of doxorubicin,” Leukemia and Lymphoma,
vol. 58, no. 9, pp. 1-12, 2017.



10

[23] K. Bajbouj, J. Shafarin, and M. Hamad, “High-dose defer-
oxamine treatment disrupts intracellular iron homeostasis,
reduces growth, and induces apoptosis in metastatic and
nonmetastatic breast cancer cell lines,” Technology in Cancer
Research & Treatment, vol. 17, Article ID 1533033818764470,
2018.

[24] Y. Kamihara, K. Takada, T. Sato et al., “The iron chelator
deferasirox induces apoptosis by targeting oncogenic Pyk2/
[S-catenin signaling in human multiple myeloma,” Oncotarget,
vol. 7, no. 39, pp. 64330-64341, 2016.

[25] D.-H. Lee, P. S. Jang, N. G. Chung, B. Cho, D. C. Jeong, and
H. K. Kim, “Deferasirox shows in vitro and in vivo antileu-
kemic effects on murine leukemic cell lines regardless of iron
status,” Experimental Hematology, vol. 41, no. 6, pp. 539-546,
2013.

[26] Y. Yu and D. R. Richardson, “Cellular iron depletion stim-
ulates the JNK and p38 MAPK signaling transduction
pathways, dissociation of ASK1-thioredoxin, and activation of
ASK1,” Journal of Biological Chemistry, vol. 286, no. 17,
pp. 15413-15427, 2011.

[27] Y. Yang, Y. Xu, A. Su, D. Yang, and X. Zhang, “Effects of
deferoxamine on leukemia in vitro and its related mecha-
nism,” Medical Science Monitor, vol. 24, pp. 6735-6741, 2018.

[28] S. Tomoyasu, K. Fukuchi, K. Yajima et al., “Suppression of
HL-60 cell proliferation by deferoxamine: changes in c-myc
expression,” Anticancer Research, vol. 13, no. 2, pp. 407-410,
1993.

[29] M. Abedi, S. Rahgozar, and A. Esmaeili, “Iron protects
childhood acute lymphoblastic leukemia cells from metho-
trexate cytotoxicity,” Cancer Medicine, vol. 9, no. 10,
pp. 3537-3550, 2020.

[30] J. L. Steegmann-Olmedillas, “The role of iron in tumour cell
proliferation,” Clinical and Translational Oncology, vol. 13,
no. 2, pp. 71-76, 2011.

[31] E. R. Watts and S. R. Walmsley, “Inflammation and hypoxia:
HIF and PHD isoform selectivity,” Trends in Molecular
Medicine, vol. 25, no. 1, pp. 33-46, 2019.

[32] J. Hu, F. Meng, X. Hu et al, “Iron overload regulate the
cytokine of mesenchymal stromal cells through ROS/HIF-1a
pathway in Myelodysplastic syndromes,” Leukemia Research,
vol. 93, Article ID 106354, 2020.

[33] M. Guo, L.-P. Song, Y. Jiang, W. Liu, Y. Yu, and G.-Q. Chen,
“Hypoxia-mimetic agents desferrioxamine and cobalt chlo-
ride induce leukemic cell apoptosis through different hypoxia-
inducible factor-la independent mechanisms,” Apoptosis,
vol. 11, no. 1, pp. 67-77, 2006.

[34] A. Lapham, J. E. Adams, A. Paterson, M. Lee, M. Brimmell,
and G. Packham, “The Bcl-w promoter is activated by beta-
catenin/TCF4 in human colorectal carcinoma cells,” Gene,
vol. 432, no. 1-2, pp. 112-117, 2009.

[35] E. M. F. de Sousa and L. Vermeulen, “Wnt signaling in cancer
stem cell biology,” Cancers, vol. 8, no. 7, 2016.

[36] N. Janssens, M. Janicot, and T. Perera, “The Wnt-dependent
signaling pathways as target in oncology drug discovery,”
Investigational New Drugs, vol. 24, no. 4, pp. 263-280, 2006.

[37] R. Stadeli, R. Hoffmans, and K. Basler, “Transcription under
the control of nuclear arm/f-catenin,” Current Biology,
vol. 16, no. 10, pp. R378-R385, 2006.

[38] R. Majeti, M. W. Becker, Q. Tian et al., “Dysregulated gene
expression networks in human acute myelogenous leukemia
stem cells,” Proceedings of the National Academy of Sciences,
vol. 106, no. 9, pp. 3396-3401, 2009.

Journal of Oncology

[39] Y. Wang, A. V. Krivtsov, A. U. Sinha et al., “The wnt/S-catenin
pathway is required for the development of leukemia stem
cells in AML,” Science, vol. 327, no. 5973, pp. 1650-1653, 2010.

[40] M. J. Brookes, J. Boult, K. Roberts et al., “A role for iron in
Wnht signalling,” Oncogene, vol. 27, no. 7, pp. 966-975, 2008.

[41] G. S. Coombs, A. A. Schmitt, C. A. Canning et al., “Modu-
lation of Wnt/fB-catenin signaling and proliferation by a
ferrous iron chelator with therapeutic efficacy in genetically
engineered mouse models of cancer,” Oncogene, vol. 31, no. 2,
pp. 213-225, 2012.

[42] S. Song, T. Christova, S. Perusini et al., “Wnt inhibitor screen
reveals iron dependence of S-catenin signaling in cancers,”
Cancer Research, vol. 71, no. 24, pp. 7628-7639, 2011.

[43] C. Guo, L.-]. Hao, Z.-H. Yang et al., “HIF-1aDeferoxamine-
mediated up-regulation of HIF-la prevents dopaminergic
neuronal death via the activation of MAPK family proteins in
MPTP-treated mice,” Experimental Neurology, vol. 280,
pp. 13-23, 2016.

[44] T. Yoshizawa, D. Hammaker, S. E. Sweeney, D. L. Boyle, and
G. S. Firestein, “Synoviocyte innate immune responses:
L. Differential regulation of interferon responses and the JNK
pathway by MAPK kinases,” The Journal of Immunology,
vol. 181, no. 5, pp. 3252-3258, 2008.

[45] S.-K. Lee, H.-J. Jang, H.-J. Lee et al., “p38 and ERK MAP
kinase mediates iron chelator-induced apoptosis and -sup-
pressed differentiation of immortalized and malignant human
oral keratinocytes,” Life Sciences, vol. 79, mno. 15,
pp. 1419-1427, 2006.

[46] B.-S. Kim, K.-H. Yoon, H.-M. Oh et al., “Involvement of p38
MAP kinase during iron chelator-mediated apoptotic cell
death,” Cellular Immunology, vol. 220, no. 2, pp. 96-106, 2002.

[47] B. Haigl, C. E. Mayer, G. Siegwart, and H. Sutterliity,
“Sprouty4 levels are increased under hypoxic conditions by
enhanced mRNA stability and transcription,” Biological
Chemistry, vol. 391, no. 7, pp. 813-821, 2010.



