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Abstract: Neoplastic diseases are still a major medical challenge, requiring a constant search for
new therapeutic options. A serious problem of many cancers is resistance to anticancer drugs and
disease progression in metastases or local recurrence. These characteristics of cancer cells may be
related to the specific properties of cancer stem cells (CSC). CSCs are involved in inhibiting cells’
maturation, which is essential for maintaining their self-renewal capacity and pluripotency. They
show increased expression of transcription factor proteins, which were defined as stemness-related
markers. This group of proteins includes OCT4, SOX2, KLF4, Nanog, and SALL4. It has been noticed
that the metabolism of cancer cells is changed, and the demand for iron is significantly increased.
Iron chelators have been proven to have antitumor activity and influence the expression of stemness-
related markers, thus reducing chemoresistance and the risk of tumor cell progression. This prompts
further investigation of these agents as promising anticancer novel drugs. The article presents the
characteristics of stemness markers and their influence on the development and course of neoplastic
disease. Available iron chelators were also described, and their effects on cancer cells and expression
of stemness-related markers were analyzed.
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1. Introduction

Despite tremendous advances in medicine over the years, effective anticancer treat-
ment is still a therapeutic challenge. A growing problem in the successful neoplasm
treatment is the chemoresistance of cancer cells [1]. Multi-drug resistance requires a search
for new clinical solutions due to the inability to continuously increase the use of chemother-
apeutic agents. Resistance to anticancer drugs may be related to the specific properties
of cancer stem cells (CSCs) [2]. Expression of the transcription factor proteins, defined
as stemness-related markers, was demonstrated in CSCs [3]. These cells are involved in
inhibiting the maturation of CSCs, which is essential for maintaining their self-renewal ca-
pacity and pluripotency [4]. Successful inhibition of the expression of the stemness-related
markers was confirmed to be associated with a reduction in resistance to chemotherapeutic
agents and decreased tumor growth and CSCs migration. It has been shown that the
metabolism of cancer cells changes, and the demand for iron significantly increases. The
proper expression of genes, including genes encoding stemness-related markers, requires
constant access to an adequate iron level [5]. Therefore, a thesis has been made that reduc-
ing the availability of this element by chelating substances will decrease the expression
of stemness markers, thus causing CSCs to lose the ability of self-renew and a decrease
resistance to chemotherapy.

The article presents the stemness markers along with their characteristics and influence
on the development and course of neoplastic disease. Available iron chelators were also
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described, and their effects on cancer cells and expression of stemness-related markers
were analyzed.

2. Impact of Iron Chelators on the Cancer Cells

Iron metabolism in neoplastic cells is modulated in several ways to cover the increased
iron requirements. Cancer cells enhance iron uptake by the overexpression of transferrin
receptors 1 and 2 (TfR1, TfR2), which are responsible for the internalization of iron com-
plexed with transferrin (Tf) [6]. Increased expression of c-Myc was found to be correlated
with decreased expression of ferritin affecting the labile iron pool and increased level of
iron regulatory protein 2 (IRP2) that further upregulates TfR1 [7]. Iron chelators, with their
ability to sequester this pivotal metal, can influence the cancer cell metabolism in multiple
ways, mostly concentrated around inducing apoptosis and cell cycle arrest. Iron depletion
causes cell cycle inhibition by the downregulation of cell cycle-related proteins such as
cyclin D1, A, B, and cyclin-dependent kinase 2 (cdk2). On the other hand, expression of
protein p53 and n-Myc downstream-regulated gene-1 (Ndrg1) involved in pathways related
to apoptosis increases in the absence of iron. Proteins belonging to c-Jun amino-terminal
kinase (JNK) and p38 signal transduction pathways taking part in the cell cycle arrest are
also upregulated [6]. Other important points of cancer cell biology attacked by low iron
level are the modulation of histone methylation, decreased level of ribonucleotide reductase
(RR), and remodeling of the cancer microenvironment [8]. Some studies also imply that
chelators have the ability to increase the production of ROS in cancer cells, increasing
oxidative stress [9].

3. Stemness-Related Markers

CSCs are a crucial subpopulation of tumor cells due to their unique properties of
self-renewal ability and multilineage differentiation potential [5]. CSCs are essential in
the process of tumor initiation and play a significant role in the formation of metastases,
relapse, and chemoresistance [10]. CSCs are found to express markers that are manifested in
embryonic or adult stem cells, while these markers are not present in normal somatic cells.
As a consequence, cells gain a ‘stemness’ phenotype. Nowadays, nearly 25 transcriptional
factors (TFs) have been discovered to be expressed in stem cells. Among them, a group
creates a core regulatory network for embryonic stem cells (ESCs) maintenance and self-
renewal. This group contains OCT4, SOX2, KLF4, Nanog, and SALL4, highly expressed in
ESCs and suppressed in normal somatic cells. Numerous evidence revealed that embryonic
specific TFs are abnormally expressed in human tumor samples, suggesting the stemness
features. Currently, the presence of CSCs in cancer or cell culture could be confirmed by
detecting three or more markers, at least one of which is specific for the given type of
cancer [11]. Table 1 shows the stemness-related markers and their primary function in stem
cells and the types of neoplasms in which these markers are present and negatively affect
the prognosis.

Table 1. Characteristics of stemness-related markers, including their function, localization of expres-
sion, and types of neoplasms in which markers deteriorate prognosis.

Marker Function in Stem Cell Expressed in Tumor Types Poor Prognosis for Tumor Types References

SOX2 Stem cell self-renew and
pluripotency maintenance

Breast, colorectal, oral SCC,
glioblastoma, esophageal,

nasopharyngeal, prostate, ovarian,
non-small cell lung, head, and neck

SCC, liver, testis.

Stage I lung adenocarcinoma
Esophageal squamous cell carcinoma

Breast cancer
Squamous cell carcinoma

Gastric carcinoma
Prostate cancer

Small cell lung cancer
Ovarian carcinoma

[12–14]
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Table 1. Cont.

Marker Function in Stem Cell Expressed in Tumor Types Poor Prognosis for Tumor Types References

OCT4 Stem cell self-renew and
pluripotency maintenance

Bladder, brain, breast, cervical cancer,
oral squamous cell carcinoma,
hepatocellular carcinoma, lung

cancer, leukemia, ovarian,
mesothelioma, pancreas, prostate,

renal, seminoma, testis.

Bladder cancer
Esophageal squamous cell carcinoma

Medulloblastoma
Prostate cancer

[15–17]

Nanog Stem cell self-renew and
pluripotency maintenance

Breast, Gastric, Brain, Pancreatic,
Prostate, colon, renal, liver, Ovarian,

germ cell tumors

Breast cancer
Colorectal cancer

Gastric adenocarcinoma
Liver cancer

Non-small cell lung cancer
Ovarian Serous Carcinoma

[5,18–20]

c-Myc Stem cell self-renewal

Cervix, Testis, Lymphoma,
Leukemia, Stomach, Breast, Colon,
Myeloma, Lung, Brain, Head and
Neck, Pancreas, Prostate, Renal,

Salivary-gland, Urothelial carcinoma,
Neuroblastoma

Early carcinoma of the uterine cervix
Hepatocellular carcinoma [21–23]

KLF4 Stem cell self-renew and
pluripotency maintenance

Osteosarcoma, Leukemia, Myeloma,
Colon, Hepatocellular carcinoma,

Brain, Breast, Head and Neck, Oral,
Prostate, Testis

Breast cancer
Nasopharyngeal carcinoma

Colon cancer
Head and neck squamous cell

carcinoma
Oral cancer

[24–26]

SALL4
Stem cell self-renew and

pluripotency maintenance.
Differentiation regulation

Leukemia, Glioma, Breast, Liver,
Colorectal cancer, Ovarian, Testis,

Hepatocellular carcinoma

Hepatocellular carcinoma
Gliomas

Myelodysplastic syndromes
[27,28]

3.1. SOX2

SRY-Box Transcription Factor 2 (SOX2) is a stemness-related transcriptional factor
in charge of stem cell self-renew and pluripotency maintenance [5]. In the human body,
the SOX2 gene is located on chromosome 3 at position q26.3–27. This gene encodes a
protein of 317 amino acids, which could be modified through phosphorylation, acetylation,
methylation, etc. As a result of these modifications, SOX2 displays different activities [29].
The beginning of expression SOX2 occurs very early in embryonic development and plays
a crucial role in aggregating the pluripotent inner cell mass-the lack of SOX2 leads to
embryonic lethality [30]. In pluripotent stem cells, the retention of stemness is reached by
the so-called core transcriptional network consisting of SOX2 and the transcription factors:
OCT4 and Nanog. These three factors cooperate functionally to promote the expression
of pluripotency-associated genes (Nanog, OCT4, SOX2, among others) and suppress the
expression of genes associated with differentiation [31]. The expression of SOX2 can be
detected in embryonic neural progenitor cells (NPCs) and persists in adult neural stem cells
and NPCs in several neurogenic regions. In addition, mesenchymal stem cells (MSCs) have
been found to rely on SOX2 expression to maintain stemness, proliferation, and proper
differentiation. Deregulation of SOX2 expression is an important agent promoting the
pathogenesis of cancer. SOX2 is responsible for some characteristics of cancer cells such as
proliferation, epithelial–mesenchymal transition (EMT), migration, invasion, metastasis,
spherical and colony formation, tumor initiation, cancer stem cell formation, and resistance
to apoptosis and therapy [32]. SOX2 is found to be expressed in tumors of the brain,
breast, lung, liver, prostate, testis, and seminoma [33,34]. The expression of SOX2 correlates
with poor prognosis for stage I lung adenocarcinoma, squamous cell carcinoma, gastric
carcinoma, small cell lung cancer, and ovarian carcinoma [35,36]. In the primary tissue
of head and neck squamous cell carcinoma (HNSCC) patients, expression of SOX2 is
abnormal but stays standard in healthy tissue [37]. Investigation of HSNCC-represented by
line SNU1041-revealed that overexpression of SOX2 hastens the formation of sphere cells,
which are the hallmark of self-renewal properties [38].
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In addition to that, knocking down SOX2 in HNSCC CSCs deprives them of their self-
renewal ability, chemoresistance (resulting from ABCG2 suppression), invasion capacity,
and tumorigenicity in vivo [38]. In addition, SOX2 and OCT4 expression is positively
related to tumor aggressiveness in breast cancer [39].

3.2. OCT4

Octamer-binding transcription factor 4 (OCT4) is a homeodomain transcription factor
of the POU family and plays an essential role in regulating pluripotency during embryo-
genesis and tumorigenesis by managing pluripotency self-renewal abilities. In normal
mature organism cells, the OCT4 is undetectable, but its re-expression is highly connected
with tumor growth and progression of cancer [40]. The correlation between OCT4 and
the occurrence of CSCs was confirmed in various types of cancers, including melanoma,
prostate cancer, and hepatoma [41]. OCT4 expression increases as the degree of cell differ-
entiation decrease and remains highest for undifferentiated cells. It has been revealed that
cells that are chemotherapy-resistant present higher levels of OCT4 than chemotherapy-
sensitive ones [11]. The research results revealed that OCT4 expression is correlated with
poor clinical prognosis in hormone receptor-positive breast cancer, bladder cancer, and
adenocarcinoma of the lung [39]. Overexpression of OCT4 induces the activation of TCL1,
AKT, and ABCG2, mediating the process of chemoresistance [42]. According to these facts,
we might suspect that resistance to chemotherapy is connected with OCT4 expression level.
OCT4 expression is responsible for maintaining the properties of stem cells in lung cancer
cells. It is suggested that TNF-α, IL-1β, or IL-6 promote the expression of the OCT4 marker.
Lung cancer cells that overexpress OCT-4 secrete a macrophage colony-stimulating factor
(M-CSF), which stimulates tumor cells’ macrophage-mediated migration through blood
vessels. This combination of factors positively corresponds to the cancer relapse [41].

Moreover, lung cancer cells that overexpress OCT4 remain resistant to chemotherapeu-
tic agents used in conventional therapy, such as cisplatin, doxorubicin, and etoposide [43].
These cells are also not sensitive to targeted therapy with gefitinib [44]. The correlation
between increased OCT4 and SOX2 expression and cisplatin resistance also occurs in
mesothelioma cells [16]. CSCs are considered to be a cause of resistance to the standard
chemotherapy used in pancreatic cancer. In these cells, CD44 is overexpressed. This state
of affairs results in SOX2, OCT4, and Nanog upregulation, which leads to intensified clone
formation and cell growth and self-renewal [45].

Human hepatocellular carcinoma (hHCC) is highly aggressive, resulting from acquir-
ing the features of stem cells [46]. OCT4 expression promotes hHCC progression and plays
a crucial role in this process [47]. In addition, in the case of hHCC and head and neck cancer,
the upregulation of OCT4 is responsible for resistance to chemotherapy [42]. Compared to
control cells, a higher proliferation rate and higher resistance to hypoxia and cisplatin are
found in melanoma cells with exogenous OCT4 expression [48].

The expression level of OCT4, SOX2, and Nanog remains high in glioblastoma-derived
circulating tumor cells, making them resistant to temozolomide and gamma radiation
therapy [49]. The OCT4 knockdown reduces the stemness properties of germ cell tumors
and increases the sensitivity to cisplatin and irradiation used to treat lung and ovarian
cancer [50]. Furthermore, if OCT4 is knocked out, the proliferation rate of HCC decreases
and the EMT process becomes inverted.

3.3. Nanog

Homeobox protein Nanog is a stem cell transcriptional factor initially described in May
2003 [51]. Nanog plays a focal role in embryonic development, maintaining pluripotency
and being the downstream target of other pluripotency-related genes like SOX2 or OCT4.
The role of Nanog in embryonic development was found to be limited not only to the
early stages of development. Studies indicate the role of this transcription factor in the
development of ovary, testes, and tooth germ cells [52]. Expression of Nanog has also
been proven in cardiac mesenchymal stem cells [53]. The importance of Nanog in the



Int. J. Mol. Sci. 2022, 23, 89 5 of 16

postnatal stage of a healthy human organism decreases significantly with an expression on
mRNA or protein level found in only few organs, for example, the thyroid gland, the small
intestine, and the glandular cells of the uterine cervix. Considering the role of Nanog in the
regulation of stem cells differentiation, the role of this transcription factor in the process
of carcinogenesis seems obvious. Numerous studies proved this statement to be correct.
Nanog expression was very important in many different types of cancer, such as gastric,
rectal, breast, and pancreatic cancer. It can act as both a predictive or prognostic marker,
but there is evidence indicating that inhibition of Nanog inhibits stem-like properties of
cancer cells [54]. There is strong evidence that Nanog plays a role in maintaining CSC
phenotype. Increased Nanog level caused by hypoxia stimulated hypoxia-inducible factor
(HIF)-1α and HIF-2α increases the percentage of breast cancer stem cells [55]. ERK1/2-
Nanog signaling pathway enhances the stem-like phenotype of cells and epithelial to
mesenchymal transition in HNSCC [56]. An available study also showed that Nanog
overexpression mediates tobacco smoke-induced stem-like phenotype in renal cancer [20].

3.4. c-Myc

c-Myc, n-Myc, and l-Myc are fundamental transcription factors encoded by the proto-
oncogene family. During the normal process of embryogenesis, c-Myc and n-Myc factors
play a significant role as a regulator because the Myc family is essential for acquiring and
maintaining the stem-cell qualities. These properties give the cell the ability to self-renewal
and differentiation into multiple lines [57]. A wide range of services provided by c-Myc
includes its role in cell differentiation, growth, and division. This TF is also involved in
genome stability and angiogenesis [58]. It is also worth mentioning that c-Myc is involved
in the regulation of carcinogenesis and progression in various types of cancer [59]. Further-
more, c-Myc stimulates malignant transformation and has been found to be essential for
cancer stem cell properties [57,60]. In general, c-Myc is expressed in multiple adult tissues,
while its constitutive upregulation has been noticed in carcinoma of the colon, cervix, lung,
stomach, and breast [60]. Amplification and increased c-Myc oncogene expression are
strongly correlated with resistance to drugs used in cancer therapy [61]. c-Myc’s likely
mechanism of action contributing to drug resistance includes increased expression of genes
that promote cell survival, inhibit apoptosis, and destabilize the genome [58].

Cancer cells may also acquire c-Myc-mediated resistance to chemotherapy if they
previously received cisplatin [62]. In HNSCC, prior treatment with cisplatin may lead to
increased resistance to Palbociclib through a mechanism associated with increased c-Myc
expression. As proof of the c-Myc up-regulation in the acquisition of cancer cells resistance
to Palbociclib, it is reported that the simultaneous treatment with the c-Myc inhibitor JQ1
and Palbociclib resulted in a synergistic anti-tumor growth effect [63]. Overexpression of
c-Myc in human breast cancer cells could induce EMT [64].

The EMT is a critical process in which cells change their phenotypes from epithelial
toward more motile phenotypes with a higher ability to invade the surrounding tissue and
migrate. Consequently, EMT is highly connected with chemoresistance and the occurrence
of metastasis [65]. In urothelial carcinoma cell lines, the expression of c-Myc is correlated
with the expression of CD44, an integral cell membrane glycoprotein involved in cell
migration and tumor cell invasion and metastasis. Furthermore, in these cell lines, Kaplan–
Meier survival analysis showed a strong correlation between overexpression of c-Myc
and poor recurrence-free survival [23]. n-Myc and c-Myc are strongly interrelated in the
regulation of the neuroblastoma cancer stem cell phenotype and radio-resistance upon
glutamine deprivation. Glutamine deprivation with radiotherapy in n-Myc-amplified
neuroblastoma brings on the increased number of radioresistant cells that is associated
with up-regulation of c-Myc in these cells [22]. To sum up, as c-Myc is an essential regulator
of survival and growth of cancer, it is suggested that the c-Myc protein may be a potential
molecular target for cancer therapy.
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3.5. KLF4

Krüppel-like factor 4 (KLF4) is an evolutionary conservative transcription factor with
zinc finger motif [66]. The corresponding gene is located on chromosome 9. KLF4 belongs
to SP/KLF family and contains 483 amino acids [67]. This factor has a major role in the
evolution and functioning of many different tissues and organs. It maintains homeostasis
of intestinal epithelium by being a focal point of regulation in the development of goblet
cells and enterocytes [68]. KLF4 is responsible for regulating the position of Paneth cells
and is a critical network regulator regulating corneal homeostasis [69]. In skin, KLF4 was
found to be responsible for epidermal differentiation, the creation of epidermal barrier, and
promoting wound healing [70]. Other physiological functions of KLF4 include regulating
spermatogenesis, maintaining the integrity of the endothelial barrier, and reducing the
inflammatory response in kidneys [71].

KLF4 plays an important role in physiology and several pathological processes like
inflammation and radiation injury that outreach the subject of this review, but most notably
in the development and progression of cancer. KLF4 is a transcriptional factor whose role
in carcinogenesis is context-dependent, being upregulated or downregulated in different
types of cancer. Loss of KLF4 expression is frequent in gastric cancer, colorectal cancer,
intestinal cancer, bladder cancer, and lung cancer, acting as a tumor suppressor gene [72].
On the other hand, high expression of KLF4 is crucial for maintaining breast cancer stem
cells [73]. Increased expression was also found in HNSCC [74]. In the skin, overexpression
of KLF4 leads to dysplasia and eventually squamous cell carcinoma [75]. In 2006, KLF4 was
described as a stemness factor for the first time. There was proven that KLF4 overexpression
induced the dedifferentiation of adult mouse fibroblasts into pluripotent stem cells [76].
The fact that KLF4 is stemness factor suggests the association of KLF4 with cancer stem
cells. That correlation turned out to be correct and supported by studies showing the
role of KLF4 in promoting and maintaining cancer stem cells. Osteosarcoma cells that
overexpressed KLF4 displayed characteristics of cancer stem cells [24]. KLF4-DYRK2
pathway regulates the self-renewal of stem cells in chronic myeloid leukemia [25]. Another
study on hepatocellular carcinoma revealed the ability of KLF4 to turn noncancer stem
cells into cancer stem cells [26].

3.6. SALL4

In humans, the Sal-like protein 4 (SALL4) gene is located in 20q13.2 and belongs to
the Spat-Like gene family [77]. SALL4 is transcription factor with multiple Cys(2)his(2)
(C2H2)-type zinc finger domains in its structure [78]. SALL4 occurs as an essential part
of inner cell mass proper development during mice development [79]. Researchers also
provide evidence of SALL4 expression in the midbrain, left ventricular myocardium,
etc., [80]. Expression of SALL4 in ovary and testis in adult human tissue is almost iden-
tical to this one found in mice, with one exception being human CD34+ hematopoietic
stem/progenitor cells. What is more, SALL4 turned out to be also essential for pluripo-
tency of ESCs [80]. There is also evidence of SALL4 in the generation of iPS cells from
fibroblasts [81]. Defects of SALL4 are connected to multiple autosomal dominant diseases
such as Okihiro/Duane-radial ray syndrome, acro-renal-ocular syndrome, and Instituto
Venezolano de Investigaciones Cientificas syndrome [82]. Deregulation of SALL4 was
found in many different types of cancer such as leukemia, glioma, breast cancer, germ
cells tumor, and colorectal cancer. SALL4 is responsible for the transformation, survival,
metastasis, and drug resistance of cancer cells. SALL4 turned out also to be essential for
CSCs self-renewal [83]. Likewise, overexpression of SALL4 allows gastric cancer cells to
acquire stem cell properties [68].

4. Iron Chelators

Iron metabolism in tumor cells is altered. Cancer cells have a huge need for high
intracellular iron concentrations due to their rapid self-metabolism and proliferation. This
requirement is manifested by high ferritin levels (light and heavy chain), the protein respon-
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sible for iron storage [84]. Iron chelators are small natural–derived from microorganisms
(siderophores)-or synthetic particles that can decrease the intracellular level of iron. The
group of iron chelators includes compounds such as 3-AP, SIHA, DFO, DFX, Dp44mT, EP,
CPX, which show the ability to sequester metals necessary for tumor growth, and due to
that fact, there is increasing interest in exploring their potential anticancer properties [85].
Among them, deferoxamine (DFO) and deferasirox (DFX) are approved by FDA in the
treatment of iron overload, which is secondary to repeated blood transfusions in patients
with leukemia [3]. The mode of action of chelators is based on proliferation inhibition,
apoptosis and differentiation induction, and inhibition of ribonucleotide reductase. Iron
chelators also induce cell cycle arrest and ROS generation [86].

4.1. Siderophores

Siderophores are low-molecular-mass Fe3+-specific chelators responsible for iron
uptake and storage. It has been noted that iron-dependent microorganisms synthesize
siderophores under iron stressed conditions to reduce iron toxicity [87]. There are a few
types of siderophores, which differ in chemical structure and properties [88]. Some of them
are presented and discussed below.

Deferoxamine (DFO)

Deferoxamine is one of the most widely used iron chelators. It is highly effective in
removing iron and has low toxicity. Clinically, it is used to treat chronic iron overload
in the body, e.g., in post-transfusion hemosiderosis. In addition to iron, DFO can chelate
other molecules such as aluminum. It is administered by subcutaneous infusions at a
dose of 40–60 mg/kg for 8–12 h, 3–5 times a week. Intravenous or, rarely, intramuscular
injections are also possible [89]. The antioxidant potential of DFO was also noted, which
appears to be independent of the chelating capacity of DFO and can be used in the treat-
ment of other pathologies. Iron chelators have a beneficial effect on tissue regeneration
due to their angiogenic effect and reduced damage caused by reactive oxygen species
(ROS) [90]. In an in vivo study on a hypoxic-damaged neonatal mouse brain model, a
neuroprotective effect of DFO was demonstrated. The exact mechanism of action is not
fully understood. However, DFO can increase hypoxia-inducible factor-1 alpha (HIF-1a),
which in turn increases VEGF levels and promotes angiogenesis [91]. It has also been
proven that DFO protects bone marrow-derived mesenchymal stem cells from apoptosis
by causing iron deficiency and reducing oxidative stress [92]. Numerous studies have
focused on identifying the potential benefits of iron chelators in oncology. DFO reduces
the chemoresistance of cancer cells, thereby increasing the anticancer effect of drugs, such
as cisplatin, in the treatment of ovarian cancer [84]. The reduced iron concentration by
iron chelators inhibits the proliferation of human lymphocytes B and T. The mechanism of
action is to reduce ribonucleotide reductase activity, thus inhibiting DNA synthesis and cell
proliferation. This process is reversible, the supply of Fe3+ restores the normal cell cycle,
which confirms the important role of this microelement in the described mechanism of
lymphocyte proliferation inhibition [93]. Furthermore, in clinical trials, the administration
of DFO (5-day course at 150 mg/kg/day) to patients with neuroblastoma reduced bone
marrow infiltration in seven out of nine patients without causing toxic effects [94]. Other
clinical trials (NCT03652467) are currently underway to investigate the safety and efficacy
of DFO in patients with unresectable hepatocellular carcinoma.

4.2. Synthetic Chelators
4.2.1. DFX

Deferasirox (DFX) is an orally administered drug to treat iron overload, most often
as a second-line drug in the case of DFO intolerance. Oral administration of DFX once a
day at a dose of 30–40 mg/kg/day is more convenient to use. However, this novel agent’s
long-term effectiveness and safety information are more limited than when compared
to DFO [95]. This chelator effectively reduces iron levels in patients with β-thalassemia
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major or post-transfusion secondary iron overload in both adult and pediatric patients [96].
However, it is worth mentioning that cases of severe toxicity following the administration
of DFO have been reported. The primarily renal or hepatic failure occurred in patients
treated with DFX [97]. Other side effects such as Fanconi syndrome and bone marrow
damage were also seen [98]. This damage mechanism is not fully understood, but the most
probable seems to be the toxic effect of DFX on mitochondria, the formation of ATP, and
thus the disturbance of the oxygen metabolism of cells [99].

Similar to DFO, also in the case of DFX, its potential anticancer effect was investigated.
Iron chelator DFX has been shown to potentiate the effects of standard chemotherapeutic
agents such as carboplatin, doxorubicin, or cisplatin in triple-negative breast cancers [100].
The above-mentioned anti-tumor action is based on inhibiting the proliferation of tumor
cells and the induction of apoptosis. Both DFO and DFX suppress the growth of esophageal
cancers in two esophageal adenocarcinoma cell lines, the squamous esophageal cell line
and in vivo studies with murine xenograft model. Chelating agents decreased intracellular
iron levels and thus reduced cell viability and proliferation of cancer cells. Furthermore,
iron chelators showed the ability to overcome chemoresistance, e.g., to cisplatin [101]. Oral
iron chelator also inhibits pancreatic cancer proliferation in a dose-dependent manner.
It has been shown that 10 µM DFX causes cell cycle arrest in the S phase, while 50 and
100 µM DFX leads to apoptosis. The suppression of neoplastic cells resulted from reduced
iron availability and was associated with the downregulation of transforming growth
factor-ß1 [102]. Recently, research has revealed that DFX can also inhibit pancreatic cancer
cells’ invasion by reducing Cdc42 and Rac1 activation [103].

4.2.2. Dp44mT

The iron chelator Dp44mT is an anticancer agent which increases the p-AMPK/AMPK
ratio in multiple tumor cell types [104]. The enzyme 5′-adenosine monophosphate-activated
protein kinase (AMPK) plays a role in pathways involving apoptosis. Dp44mT activates the
AMPK-dependent stress pathway in a variety of tumor cell types. This up-regulation of the
AMPK pathway mediated by Dp44mT was also revealed to inhibit fatty acid and protein
biosynthesis. All the above leads to the increased activity of regulators and downstream
catabolic pathways, such as autophagy in cancer cells [105]. In medulloblastoma cell lines
cultured in vitro with Dp44mT the sphere size and its stemness ability were significantly
decreased [106]. In vivo Dp44mT inhibits metastasis of HCC by suppressing EMT via
n-Myc downstream-regulated gene 2 [107]. In acute lymphoblastic leukemia, Dp44mT
induces apoptosis and cell cycle arrest at the G1/S stage [3]. Cell cycle arrest induced by
Dp44mT is a mechanism that leads to tumor growth arrest. In breast cancer cells, Dp44mT
causes DNA damage and selective inhibition of top2α activity. Dp44mT could act as a
substance with a synergistic effect to doxorubicin at low concentrations by enhancing its
cytotoxic effect on breast cancer cells [108].

4.2.3. Other Iron Chelators

Other chelators such as 3-AP, CPX, EP, SIHA show their unique mode of action in
leukemia treatment. For example, SIHA displayed the ability to induce apoptosis, cell cycle
arrest, and dissipation of the mitochondrial membrane, while EP-the thrombopoietin recep-
tor agonist-induces differentiation and G1 cell cycle arrest [3]. These chelators expressed
their anticancer effects in acute myeloid leukemia (AML). Notwithstanding their proven
mode of action, these chelators also require further investigation about their effect on the
expression of stemness-related markers in CSC.

5. Impact of Iron Chelators on CSC

The proven antitumor activity of chelating agents prompted researchers to further
investigations to elucidate their exact mechanism of action. A new direction of research is
studying the effect of iron chelators on markers of CSCs. Figure 1 shows the effect of iron
chelators on tumor stem markers and thus tumor progression.
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Since DFO and DFX are the most commonly used chelators, the effect on CSC was
studied mainly for these substances. Dp44mT and other chelators require more detailed
research on their effect on expressing stemness-related markers in CSC. Both DFO and
DFX inhibited the proliferation of miPS-LLccm cells, used as a CSC model. Additionally,
the expression of stemness markers including Nanog, SOX2, c-Myc, OCT3/4, and KLF4
also decreased. Interestingly, after using traditional anticancer drugs, such as cisplatin,
suppression of the tumor was noticed. However, there were no effects on stemness-related
markers [109]. It has been shown that DFO downregulates the expression of cancer stem
cell markers, including SOX2, Nanog, and c-Myc in two ovarian cancer cell lines (SKOV-3
and OVCAR-3) [84]. DFX has also been proved to be effective in altering the expression
of stemness markers. This iron chelator inhibited the expression of Nanog, c-Myc, SOX2,
OCT3/4, and KLF-4 in four cancer cell lines (HSC-2: Oral squamous cancer, TE-4, and
OE33: Esophageal cancer, and NT-2: Embryonal cell carcinoma) [110,111]. At the same
time, a decreased sphere formation ability of cancer cells was noticed [111].

Katsura et al. investigating the exact mechanism of action of iron chelators found
that DFX suppresses the Stat3 signaling pathway, which is related to the expression of
Nanog [112]. In turn, Narusaka et al. suspect that the effect of iron chelators on the stemness
of cancer cells is due to the induction of reactive oxygen species generation by DFO and
DFX [113]. Importantly, DFX exhibits a specific effect on tumor cells with high expression of
stem markers. Furthermore, studies on human fibroblast (non-cancerous) cells (WI38, FEF3)
showed only minimal toxicity of DFX, which indicates the selectivity of this substance
towards cancer cells [112].

In esophageal cancer, high Nanog expression correlates with chemoresistance to
conventional, neoadjuvant therapy and leads to poor overall survival. The studies of
Narusaka et al. showed a high expression level of stemness markers such as Nanog, c-Myc,
or KLF4 in esophageal squamous cancer cell lines (TE8) and adenocarcinoma cell lines
(OE33). Standard chemotherapy not only maintains the current expression level of the
stemness markers but also may increase it slightly; in comparison, iron chelators can lower
it. After culturing TE8 and OE33 cells with different concentrations of DFX for 48 h, most
stemness markers were suppressed. Furthermore, iron chelators also suppress cancer cell
proliferation. Moreover, in contrast to CDDP (cisplatin) causing the compensatory release
of the inflammatory cytokine Il-6, which worsens the prognosis, the use of iron chelators
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in therapy does not induce interleukin secretion. Overall, inhibition of the compensatory
IL-6 secretion and decreases of stemness caused by iron chelators may become a novel
therapeutic strategy for esophageal cancer [110].

A recent study conducted by Fiorillo et al. revealed that Deferiprone (DFP) inhibits
propagation of breast cancer CSC by targeting mitochondrial metabolism, glycolysis, and
increasing production of ROS. The authors showed a significant reduction in crucial cell
parameters like mitochondrial oxygen consumption (OCR) and extracellular acidification
rates (ECAR), providing data to explore another field of chelators’ impact on CSC biology.
It is very important to notice that tested concentrations of DFP work in a dose-dependent
manner and haven’t affected normal cell lines. Table 2 summarizes information on iron
chelators, including their effects on cancer cells and CSC phenotype.

Table 2. Summary of iron chelators and their effect on cancer cells and stemness-related markers.

Iron Chelator Substance Effectiveness in Oncology Impact on CSC Phenotype References

Siderophores Deferoxamine
(DFO)

DFO meaningly inhibits the
proliferation of leukemia cells.

Deferoxamine induces apoptosis in
ovarian cancer, and its cytotoxicity is

dose- and time-dependent.
Desferrioxamine and cisplatin may act
as a new effective combined therapy in

ovarian cancer.

In ovarian cancer stem cells, the
expression of cancer stem cell markers

such as SOX2, Nanog, and c-Myc is
decreased after treatment with DFO.

DFO significantly inhibits the
expression of stemness-related markers

such as Nanog and OCT3/4 in
miPS-LLCcm cells.

[84,109]

Synthetic chelators

Deferasirox (DFX)

In AML and ALL DFX exerts
antileukemia

activity by inhibiting extracellular
signal-regulated

kinase (ERK) phosphorylation,
repressing the

mammalian target of rapamycin
(mTOR) and NF-κB
signaling pathway.

In vitro administration of DFX inhibits
the proliferation of the hepatoma cell
line and induces caspase-3 activation

in a dose-dependent manner.
DFX inhibits the proliferation of

pancreatic cancer cells in a
dose-dependent manner. Also, in

pancreatic cancer, the cells treated by
DFX had significantly reduced invasive

ability compared with control cells.
Deferasirox effectively depletes iron
from esophageal tumor cells, which
results in the suppression of cancer

growth in vitro and in vivo.

DFX inhibits the proliferation and
expression of stemness markers such a
Nanog, SOX2, OCT3/4, KLF4, c-Myc

in the human cancer cell lines in a
dose-dependent manner.

Western blot analysis of miPS-LLCcm
cells showed that deferasirox

significantly suppresses expression of
the stemness markers Nanog, OCT3/4,

SOX2, c-Myc and KLF4 in a
dose-dependent manner.

[3,103,112]

Dp44mt

In a human colon cancer cell line
HT-29 and human prostate cancer cell

line DU145 the Dp44mT inhibits
TGF-β-induced

Epithelial-Mesenchymal Transition via
Up-Regulation of NDRG1.

In glioma cells, Dp44mT induces
apoptosis via RORA-mediated

NDRG2-IL6/JAK2/STAT3 signaling,
leading to tumor growth suppression.

Both in vitro and in vivo Dp44mT
suppresses osteosarcoma proliferation

migration and invasion.

not yet established [114]
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Table 2. Cont.

Iron Chelator Substance Effectiveness in Oncology Impact on CSC Phenotype References

Other chelators

EP induces differentiation and cell
cycle arrest at the G1 stage.

SIHA induces apoptosis, cell cycle
arrest and dissipation of the

mitochondrial membrane potential
3-AP, CPX act as ribonucleotide

reductase inhibitors

not yet established [3]

6. Summary

Iron metabolism is crucial for cancer cells. Iron chelators show anticancer activity and
can be a potential novel agent in oncological treatment. A promising therapeutic target
appears to be CSCs and their stemness-related markers. Thus far, the effectiveness of
two FDA-approved chelators, DFO and DFX, in suppressing the stemness of cancer cells
has been confirmed. Therefore, iron chelators could be used as an additional therapeutic
option, especially in cases of high expression of stemness-related markers in high-grade,
recurrent, and rapidly metastatic cancers. The widespread use of these chelating agents
and numerous studies on the safety of their use provide a real possibility of their clinical
use in cancer patients as a standard treatment. However, further research is needed to
determine the effect of other chelators on tumor cell stem markers and their potential utility
in cancer treatment.

Author Contributions: Conceptualization, J.S. (Julia Szymonik), T.G. and J.K.; validation, J.S. (Jolanta
Saczko), J.K. and B.P., data curation, J.S. (Julia Szymonik), K.W. and T.G.; writing—original draft
preparation, J.S. (Julia Szymonik), K.W. and T.G.; writing—review and editing J.K. and B.P.; visualiza-
tion, J.S. (Julia Szymonik) and T.G.; supervision, J.S. (Jolanta Saczko) and J.K.; project administration,
J.K.; funding acquisition, J.S. (Jolanta Saczko) and J.K. All authors have read and agreed to the
published version of the manuscript.

Funding: The publication was created as part of the activity of the Student Research Group “Biology
of Cancer Cell” at the Wroclaw Medical University (SKN No. K 148) and Statutory Funds of Depart-
ment of Molecular and Cellular Biology No.: SUB.D260.21.095. The publication was prepared under
the project financed from the funds granted by the Ministry of Education and Science in the “Regional
Initiative of Excellence” programme for the years 2019–2022, project number 016/RID/2018/19, the
amount of funding 9 354 023,74 PLN.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Adamska, A.; Elaskalani, O.; Emmanouilidi, A.; Kim, M.; Abdol Razak, N.B.; Metharom, P.; Falasca, M. Molecular and cellular

mechanisms of chemoresistance in pancreatic cancer. Adv. Biol. Regul. 2018, 68, 77–87. [CrossRef]
2. Shiokawa, D.; Sakai, H.; Ohata, H.; Miyazaki, T.; Kanda, Y.; Sekine, S.; Narushima, D.; Hosokawa, M.; Kato, M.; Suzuki, Y.;

et al. Slow-cycling cancer stem cells regulate progression and chemoresistance in colon cancer. Cancer Res. 2021, 80, 4451–4464.
[CrossRef] [PubMed]

3. Wang, F.; Lv, H.; Zhao, B.; Zhou, L.; Wang, S.; Luo, J.; Liu, J.; Shang, P. Iron and leukemia: New insights for future treatments. J.
Exp. Clin. Cancer Res. 2019, 38, 406. [CrossRef] [PubMed]

4. Chen, Y.; Fan, Z.; Yang, Y.; Gu, C. Iron metabolism and its contribution to cancer (Review). Int. J. Oncol. 2019, 54, 1143–1154.
[CrossRef]

5. Zhao, W.; Li, Y.; Zhang, X. Stemness-related markers in cancer. Cancer Transl. Med. 2017, 3, 87. [CrossRef]
6. Yu, Y.; Gutierrez, E.; Kovacevic, Z.; Saletta, F.; Obeidy, P.; Suryo Rahmanto, Y.; Richardson, D.R. Iron Chelators for the Treatment

of Cancer. Curr. Med. Chem. 2012, 19, 2689–2702. [CrossRef] [PubMed]
7. Wu, K.J.; Polack, A.; Dalla-Favera, R. Coordinated regulation of iron-controlling genes, H-ferritin and IRP2, by c-MYC. Science

1999, 283, 676–679. [CrossRef]
8. Wang, Y.; Yu, L.; Ding, J.; Chen, Y. Iron Metabolism in Cancer. Int. J. Mol. Sci. 2019, 20, 95. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jbior.2017.11.007
http://doi.org/10.1158/0008-5472.CAN-20-0378
http://www.ncbi.nlm.nih.gov/pubmed/32816913
http://doi.org/10.1186/s13046-019-1397-3
http://www.ncbi.nlm.nih.gov/pubmed/31519186
http://doi.org/10.3892/ijo.2019.4720
http://doi.org/10.4103/ctm.ctm_69_16
http://doi.org/10.2174/092986712800609706
http://www.ncbi.nlm.nih.gov/pubmed/22455580
http://doi.org/10.1126/science.283.5402.676
http://doi.org/10.3390/ijms20010095
http://www.ncbi.nlm.nih.gov/pubmed/30591630


Int. J. Mol. Sci. 2022, 23, 89 12 of 16

9. Shapira, S.; Raanani, P.; Samara, A.; Nagler, A.; Lubin, I.; Arber, N.; Granot, G. Deferasirox selectively induces cell death in the
clinically relevant population of leukemic CD34+ CD38− cells through iron chelation, induction of ROS, and inhibition of HIF1α
expression. Exp. Hematol. 2019, 70, 55.e4–69.e4. [CrossRef] [PubMed]

10. Prasad, S.; Ramachandran, S.; Gupta, N.; Kaushik, I.; Srivastava, S.K. Cancer cells stemness: A doorstep to targeted therapy.
Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165424. [CrossRef]

11. Villodre, E.S.; Kipper, F.C.; Pereira, M.B.; Lenz, G. Roles of OCT4 in tumorigenesis, cancer therapy resistance and prognosis.
Cancer Treat. Rev. 2016, 51, 1–9. [CrossRef] [PubMed]

12. Forghanifard, M.M.; Ardalan Khales, S.; Javdani-Mallak, A.; Rad, A.; Farshchian, M.; Abbaszadegan, M.R. Stemness state
regulators SALL4 and SOX2 are involved in progression and invasiveness of esophageal squamous cell carcinoma. Med. Oncol.
2014, 31, 922. [CrossRef] [PubMed]

13. Chen, Y.; Huang, Y.; Huang, Y.; Chen, J.; Wang, S.; Zhou, J. The prognostic value of SOX2 expression in non-small cell lung cancer:
A meta-analysis. PLoS ONE 2013, 8, 71140. [CrossRef]

14. Inoue, Y.; Matsuura, S.; Kurabe, N.; Kahyo, T.; Mori, H.; Kawase, A.; Karayama, M.; Inui, N.; Funai, K.; Shinmura, K.; et al.
Clinicopathological and survival analysis of Japanese patients with resected non-small-cell lung cancer harboring NKX2-1,
SETDB1, MET, HER2, SOX2, FGFR1, or PIK3CA gene amplification. J. Thorac. Oncol. 2015, 10, 1590–1600. [CrossRef] [PubMed]

15. Balaji, R.; Kumar, P.; Garg, I.; Das, K. Primary pulmonary rhabdomyosarcoma in a child. J. Indian Assoc. Pediatr. Surg. 2017, 22,
57–59. [CrossRef] [PubMed]

16. Blum, W.; Pecze, L.; Felley-Bosco, E.; Wu, L.; de Perrot, M.; Schwaller, B. Stem Cell Factor-Based Identification and Functional
Properties of In Vitro-Selected Subpopulations of Malignant Mesothelioma Cells. Stem Cell Rep. 2017, 8, 1005–1017. [CrossRef]

17. Tang, Y.A.; Chen, C.H.; Sun, H.S.; Cheng, C.P.; Tseng, V.S.; Hsu, H.S.; Su, W.C.; Lai, W.W.; Wang, Y.C. Global Oct4 target gene
analysis reveals novel downstream PTEN and TNC genes required for drug-resistance and metastasis in lung cancer. Nucleic
Acids Res. 2015, 43, 1593–1608. [CrossRef] [PubMed]

18. Wang, D.; Lu, P.; Zhang, H.; Luo, M.; Zhang, X.; Wei, X.; Gao, J.; Zhao, Z.; Liu, C. Oct-4 and Nanog promote the epithelial-
mesenchymal transition of breast cancer stem cells and are associated with poor prognosis in breast cancer patients. Oncotarget
2014, 5, 10803–10815. [CrossRef] [PubMed]

19. Lu, X.; Mazur, S.J.; Lin, T.; Appella, E.; Xu, Y. The pluripotency factor nanog promotes breast cancer tumorigenesis and metastasis.
Oncogene 2014, 33, 2655–2664. [CrossRef]

20. Zhang, T.; Sun, H.; Liu, R.; Cao, W.; Zhang, T.; Li, E.; Sun, X.; Wu, W.; Yu, D.; Zhong, C. Nanog mediates tobacco smoke-induced
enhancement of renal cancer stem cell properties. Environ. Toxicol. 2020, 35, 1274–1283. [CrossRef]

21. Zhao, W.; Ji, X.; Zhang, F.; Li, L.; Ma, L. Embryonic Stem Cell Markers. Molecules 2012, 17, 6196–6236. [CrossRef]
22. Le Grand, M.; Mukha, A.; Püschel, J.; Valli, E.; Kamili, A.; Vittorio, O.; Dubrovska, A.; Kavallaris, M. Interplay between MycN

and c-Myc regulates radioresistance and cancer stem cell phenotype in neuroblastoma upon glutamine deprivation. Theranostics
2020, 10, 6411–6429. [CrossRef] [PubMed]

23. Chen, P.C.; Yu, C.C.; Huang, W.Y.; Huang, W.H.; Chuang, Y.M.; Lin, R.I.; Lin, J.M.J.; Lin, H.Y.; Jou, Y.C.; Shen, C.H.; et al. c-Myc
acts as a competing endogenous RNA to sponge miR-34a, in the upregulation of CD44, in urothelial carcinoma. Cancers 2019, 11,
1457. [CrossRef] [PubMed]

24. Qi, X.-T.; Li, Y.-L.; Zhang, Y.-Q.; Xu, T.; Lu, B.; Fang, L.; Gao, J.-G.; Yu, L.-S.; Zhu, D.-F.; Yang, B.; et al. KLF4 functions as
an oncogene in promoting cancer stem cell-like characteristics in osteosarcoma cells. Acta Pharmacol. Sin. 2019, 40, 546–555.
[CrossRef] [PubMed]

25. Park, C.S.; Lewis, A.H.; Chen, T.J.; Bridges, C.S.; Shen, Y.; Suppipat, K.; Puppi, M.; Tomolonis, J.A.; Pang, P.D.; Mistretta, T.A.; et al.
A KLF4-DYRK2–mediated pathway regulating self-renewal in CML stem cells. Blood 2019, 134, 1960–1972. [CrossRef] [PubMed]

26. Karagonlar, Z.F.; Akbari, S.; Karabicici, M.; Sahin, E.; Avci, S.T.; Ersoy, N.; Ates, K.E.; Balli, T.; Karacicek, B.; Kaplan, K.N.; et al.
A Novel Function for KLF4 in Modulating the De-differentiation of EpCAM−/CD133− nonStem Cells into EpCAM+/CD133+

Liver Cancer Stem Cells in HCC Cell Line HuH7. Cells 2020, 9, 1198. [CrossRef] [PubMed]
27. Zhang, L.; Yan, Y.; Jiang, Y.; Cui, Y.; Zou, Y.; Qian, J.; Luo, C.; Lu, Y.; Wu, X. The expression of SALL4 in patients with gliomas:

High level of SALL4 expression is correlated with poor outcome. J. Neurooncol. 2015, 121, 261–268. [CrossRef] [PubMed]
28. Wang, F.; Zhao, W.; Kong, N.; Cui, W.; Chai, L. The next new target in leukemia: The embryonic stem cell gene SALL4. Mol. Cell.

Oncol. 2014, 1, 969169. [CrossRef]
29. Liu, K.; Lin, B.; Zhao, M.; Yang, X.; Chen, M.; Gao, A.; Liu, F.; Que, J.; Lan, X. The multiple roles for Sox2 in stem cell maintenance

and tumorigenesis. Cell. Signal. 2013, 25, 1264–1271. [CrossRef] [PubMed]
30. Novak, D.; Hüser, L.; Elton, J.J.; Umansky, V.; Altevogt, P.; Utikal, J. SOX2 in development and cancer biology. Semin. Cancer Biol.

2020, 67, 74–82. [CrossRef]
31. Chen, X.; Vega, V.B.; Ng, H.H. Transcriptional Regulatory Networks in Embryonic Stem Cells. In Cold Spring Harbor Symposia on

Quantitative Biology; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 2008; Volume 73, pp. 203–209.
32. Hüser, L.; Novak, D.; Umansky, V.; Altevogt, P.; Utikal, J. Targeting SOX2 in anticancer therapy. Expert Opin. Ther. Targets 2018, 22,

983–991. [CrossRef]
33. Gillis, A.J.M.; Stoop, H.; Biermann, K.; van Gurp, R.J.H.L.M.; Swartzman, E.; Cribbes, S.; Ferlinz, A.; Shannon, M.; Oosterhuis,

J.W.; Looijenga, L.H.J. Expression and interdependencies of pluripotency factors LIN28, OCT3/4, NANOG and SOX2 in human
testicular germ cells and tumours of the testis. Int. J. Androl. 2011, 34, e160–e174. [CrossRef] [PubMed]

http://doi.org/10.1016/j.exphem.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/30414989
http://doi.org/10.1016/j.bbadis.2019.02.019
http://doi.org/10.1016/j.ctrv.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27788386
http://doi.org/10.1007/s12032-014-0922-7
http://www.ncbi.nlm.nih.gov/pubmed/24659265
http://doi.org/10.1371/journal.pone.0071140
http://doi.org/10.1097/JTO.0000000000000685
http://www.ncbi.nlm.nih.gov/pubmed/26536195
http://doi.org/10.4103/0971-9261.194629
http://www.ncbi.nlm.nih.gov/pubmed/28082783
http://doi.org/10.1016/j.stemcr.2017.02.005
http://doi.org/10.1093/nar/gkv024
http://www.ncbi.nlm.nih.gov/pubmed/25609695
http://doi.org/10.18632/oncotarget.2506
http://www.ncbi.nlm.nih.gov/pubmed/25301732
http://doi.org/10.1038/onc.2013.209
http://doi.org/10.1002/tox.22992
http://doi.org/10.3390/molecules17066196
http://doi.org/10.7150/thno.42602
http://www.ncbi.nlm.nih.gov/pubmed/32483461
http://doi.org/10.3390/cancers11101457
http://www.ncbi.nlm.nih.gov/pubmed/31569404
http://doi.org/10.1038/s41401-018-0050-6
http://www.ncbi.nlm.nih.gov/pubmed/29930276
http://doi.org/10.1182/blood.2018875922
http://www.ncbi.nlm.nih.gov/pubmed/31515251
http://doi.org/10.3390/cells9051198
http://www.ncbi.nlm.nih.gov/pubmed/32408542
http://doi.org/10.1007/s11060-014-1646-4
http://www.ncbi.nlm.nih.gov/pubmed/25359397
http://doi.org/10.4161/23723548.2014.969169
http://doi.org/10.1016/j.cellsig.2013.02.013
http://www.ncbi.nlm.nih.gov/pubmed/23416461
http://doi.org/10.1016/j.semcancer.2019.08.007
http://doi.org/10.1080/14728222.2018.1538359
http://doi.org/10.1111/j.1365-2605.2011.01148.x
http://www.ncbi.nlm.nih.gov/pubmed/21631526


Int. J. Mol. Sci. 2022, 23, 89 13 of 16

34. Leis, O.; Eguiara, A.; Lopez-Arribillaga, E.; Alberdi, M.J.; Hernandez-Garcia, S.; Elorriaga, K.; Pandiella, A.; Rezola, R.; Martin,
A.G. Sox2 expression in breast tumours and activation in breast cancer stem cells. Oncogene 2012, 31, 1354–1365. [CrossRef]
[PubMed]

35. Matsuoka, J.; Yashiro, M.; Sakurai, K.; Kubo, N.; Tanaka, H.; Muguruma, K.; Sawada, T.; Ohira, M.; Hirakawa, K. Role of the
stemness factors sox2, Oct3/4, and nanog in gastric carcinoma. J. Surg. Res. 2012, 174, 130–135. [CrossRef] [PubMed]

36. Li, X.; Wang, J.; Xu, Z.; Ahmad, A.; Li, E.; Wang, Y.; Qin, S.; Wang, Q. Expression of Sox2 and Oct4 and their clinical significance in
human non-small-cell lung cancer. Int. J. Mol. Sci. 2012, 13, 7663–7675. [CrossRef] [PubMed]

37. Schröck, A.; Bode, M.; Göke, F.J.M.; Bareiss, P.M.; Schairer, R.; Wang, H.; Franzen, A.; Kirsten, R.; van Bremen, T.; Queisser, A.; et al.
Expression and role of the embryonic protein SOX2 in head and neck squamous cell carcinoma. Carcinogenesis 2014, 35, 1636–1642.
[CrossRef]

38. Lee, S.H.; Oh, S.Y.; Do, S.I.; Lee, H.J.; Kang, H.J.; Rho, Y.S.; Bae, W.J.; Lim, Y.C. SOX2 regulates self-renewal and tumorigenicity of
stem-like cells of head and neck squamous cell carcinoma. Br. J. Cancer 2014, 111, 2122–2130. [CrossRef] [PubMed]

39. Gwak, J.M.; Kim, M.; Kim, H.J.; Jang, M.H.; Park, S.Y. Expression of embryonal stem cell transcription factors in breast cancer:
Oct4 as an indicator for poor clinical outcome and tamoxifen resistance. Oncotarget 2017, 8, 36305–36318. [CrossRef]

40. Patra, S.K. Roles of OCT4 in pathways of embryonic development and cancer progression. Mech. Ageing Dev. 2020, 189, 111286.
[CrossRef]

41. Lu, C.S.; Shiau, A.L.; Su, B.H.; Su, B.H.; Hsu, T.S.; Wang, C.T.; Su, Y.C.; Tsai, M.S.; Feng, Y.H.; Tseng, Y.L.; et al. Oct4 promotes M2
macrophage polarization through upregulation of macrophage colony-stimulating factor in lung cancer. J. Hematol. Oncol. 2020,
13. [CrossRef] [PubMed]

42. Wang, X.Q.; Ongkeko, W.M.; Chen, L.; Yang, Z.F.; Lu, P.; Chen, K.K.; Lopez, J.P.; Poon, R.T.P.; Fan, S.T. Octamer 4 (Oct4) mediates
chemotherapeutic drug resistance in liver cancer cells through a potential Oct4-AKT-ATP-binding cassette G2 pathway. Hepatology
2010, 52, 528–539. [CrossRef] [PubMed]

43. Chen, Y.C.; Hsu, H.S.; Chen, Y.W.; Tsai, T.H.; How, C.K.; Wang, C.Y.; Hung, S.C.; Chang, Y.L.; Tsai, M.L.; Lee, Y.Y.; et al.
Oct-4 expression maintained cancer stem-like properties in lung cancer-derived CD133-positive cells. PLoS ONE 2008, 3, e2637.
[CrossRef] [PubMed]

44. Mohiuddin, I.S.; Wei, S.J.; Kang, M.H. Role of OCT4 in cancer stem-like cells and chemotherapy resistance. Biochim. Biophys. Acta
Mol. Basis Dis. 2020, 1866, 165432. [CrossRef]

45. Gzil, A.; Zarębska, I.; Bursiewicz, W.; Antosik, P.; Grzanka, D.; Szylberg, Ł. Markers of pancreatic cancer stem cells and their
clinical and therapeutic implications. Mol. Biol. Rep. 2019, 46, 6629–6645. [CrossRef] [PubMed]

46. Murakami, S.; Ninomiya, W.; Sakamoto, E.; Shibata, T.; Akiyama, H.; Tashiro, F. SRY and OCT4 Are Required for the Acquisition
of Cancer Stem Cell-Like Properties and Are Potential Differentiation Therapy Targets. Stem Cells 2015, 33, 2652–2663. [CrossRef]
[PubMed]

47. Kim, R.-J.; Nam, J.-S. OCT4 Expression Enhances Features of Cancer Stem Cells in a Mouse Model of Breast Cancer. Lab. Anim.
Res. 2011, 27, 147. [CrossRef]

48. Kumar, S.M.; Liu, S.; Lu, H.; Zhang, H.; Zhang, P.J.; Gimotty, P.A.; Guerra, M.; Guo, W.; Xu, X. Acquired cancer stem cell
phenotypes through Oct4-mediated dedifferentiation. Oncogene 2012, 31, 4898–4911. [CrossRef] [PubMed]

49. Liu, T.; Xu, H.; Huang, M.; Ma, W.; Saxena, D.; Lustig, R.A.; Alonso-Basanta, M.; Zhang, Z.; O’Rourke, D.M.; Zhang, L.; et al.
Circulating glioma cells exhibit stem cell-like properties. Cancer Res. 2018, 78, 6632–6642. [CrossRef]

50. Song, B.; Kim, D.K.; Shin, J.; Bae, S.H.; Kim, H.Y.; Won, B.; Kim, J.K.; Youn, H.D.; Kim, S.T.; Kang, S.W.; et al. OCT4 directly
regulates stemness and extracellular matrix-related genes in human germ cell tumours. Biochem. Biophys. Res. Commun. 2018, 503,
1980–1986. [CrossRef]

51. Mitsui, K.; Tokuzawa, Y.; Itoh, H.; Segawa, K.; Murakami, M.; Takahashi, K.; Maruyama, M.; Maeda, M.; Yamanaka, S. The
homeoprotein nanog is required for maintenance of pluripotency in mouse epiblast and ES cells. Cell 2003, 113, 631–642.
[CrossRef]

52. Da Cunha, J.M.; Da Costa-Neves, A.; Kerkis, I.; Da Silva, M.C.P. Pluripotent stem cell transcription factors during human
odontogenesis. Cell Tissue Res. 2013, 353, 435–441. [CrossRef] [PubMed]

53. Garikipati, V.N.S.; Singh, S.P.; Mohanram, Y.; Gupta, A.K.; Kapoor, D.; Nityanand, S. Isolation and characterization of mesenchy-
mal stem cells from human fetus heart. PLoS ONE 2018, 13, e0192244. [CrossRef]

54. Saravi, O.E.; Naghshvar, F.; Torabizadeh, Z.; Sheidaei, S. Immunohistochemical expression of nanog and its relation with
clinicopathologic characteristics in breast ductal carcinoma. Iran. Biomed. J. 2019, 23, 184–189. [CrossRef]

55. Zhang, C.; Samanta, D.; Lu, H.; Bullen, J.W.; Zhang, H.; Chen, I.; He, X.; Semenza, G.L. Hypoxia induces the breast cancer stem
cell phenotype by HIF-dependent and ALKBH5-mediated m6A-demethylation of NANOG mRNA. Proc. Natl. Acad. Sci. USA
2016, 113, E2047–E2056. [CrossRef] [PubMed]

56. Huang, C.; Yoon, C.; Zhou, X.H.; Zhou, Y.C.; Zhou, W.W.; Liu, H.; Yang, X.; Lu, J.; Lee, S.Y.; Huang, K. ERK1/2-Nanog
signaling pathway enhances CD44(+) cancer stem-like cell phenotypes and epithelial-to-mesenchymal transition in head and
neck squamous cell carcinomas. Cell Death Dis. 2020, 11, 266. [CrossRef]

57. Yoshida, G.J. Emerging roles of Myc in stem cell biology and novel tumor therapies. J. Exp. Clin. Cancer Res. 2018, 37, 173.
[CrossRef]

http://doi.org/10.1038/onc.2011.338
http://www.ncbi.nlm.nih.gov/pubmed/21822303
http://doi.org/10.1016/j.jss.2010.11.903
http://www.ncbi.nlm.nih.gov/pubmed/21227461
http://doi.org/10.3390/ijms13067663
http://www.ncbi.nlm.nih.gov/pubmed/22837720
http://doi.org/10.1093/carcin/bgu094
http://doi.org/10.1038/bjc.2014.528
http://www.ncbi.nlm.nih.gov/pubmed/25321191
http://doi.org/10.18632/oncotarget.16750
http://doi.org/10.1016/j.mad.2020.111286
http://doi.org/10.1186/s13045-020-00887-1
http://www.ncbi.nlm.nih.gov/pubmed/32487125
http://doi.org/10.1002/hep.23692
http://www.ncbi.nlm.nih.gov/pubmed/20683952
http://doi.org/10.1371/journal.pone.0002637
http://www.ncbi.nlm.nih.gov/pubmed/18612434
http://doi.org/10.1016/j.bbadis.2019.03.005
http://doi.org/10.1007/s11033-019-05058-1
http://www.ncbi.nlm.nih.gov/pubmed/31486978
http://doi.org/10.1002/stem.2059
http://www.ncbi.nlm.nih.gov/pubmed/26013162
http://doi.org/10.5625/lar.2011.27.2.147
http://doi.org/10.1038/onc.2011.656
http://www.ncbi.nlm.nih.gov/pubmed/22286766
http://doi.org/10.1158/0008-5472.CAN-18-0650
http://doi.org/10.1016/j.bbrc.2018.07.145
http://doi.org/10.1016/S0092-8674(03)00393-3
http://doi.org/10.1007/s00441-013-1658-y
http://www.ncbi.nlm.nih.gov/pubmed/23736381
http://doi.org/10.1371/journal.pone.0192244
http://doi.org/10.29252/.23.3.184
http://doi.org/10.1073/pnas.1602883113
http://www.ncbi.nlm.nih.gov/pubmed/27001847
http://doi.org/10.1038/s41419-020-2448-6
http://doi.org/10.1186/s13046-018-0835-y


Int. J. Mol. Sci. 2022, 23, 89 14 of 16

58. Elbadawy, M.; Usui, T.; Yamawaki, H.; Sasaki, K. Emerging roles of C-myc in cancer stem cell-related signaling and resistance to
cancer chemotherapy: A potential therapeutic target against colorectal cancer. Int. J. Mol. Sci. 2019, 20, 2340. [CrossRef]

59. Kalkat, M.; De Melo, J.; Hickman, K.A.; Lourenco, C.; Redel, C.; Resetca, D.; Tamachi, A.; Tu, W.B.; Penn, L.Z. MYC deregulation
in primary human cancers. Genes 2017, 8, 151. [CrossRef]

60. Chanvorachote, P.; Sriratanasak, N.; Nonpanya, N. C-myc contributes to malignancy of lung cancer: A potential anticancer drug
target. Anticancer Res. 2020, 40, 609–618. [CrossRef]

61. Knapp, D.C.; Mata, J.E.; Reddy, M.T.; Devi, G.R.; Iversen, P.L. Resistance to chemotherapeutic drugs overcome by c-Myc inhibition
in a Lewis lung carcinoma murine model. Anticancer Drugs 2003, 14, 39–47. [CrossRef] [PubMed]

62. Parker, A.; Vaux, L.; Patterson, A.M.; Modasia, A.; Muraro, D.; Fletcher, A.G.; Byrne, H.M.; Maini, P.K.; Watson, A.J.M.; Pin, C.
Elevated apoptosis impairs epithelial cell turnover and shortens villi in TNF-driven intestinal inflammation. Cell Death Dis. 2019,
10, 108. [CrossRef]

63. Robinson, A.M.; Rathore, R.; Redlich, N.J.; Adkins, D.R.; VanArsdale, T.; Van Tine, B.A.; Michel, L.S. Cisplatin exposure causes
c-Myc-dependent resistance to CDK4/6 inhibition in HPV-negative head and neck squamous cell carcinoma. Cell Death Dis. 2019,
10, 867. [CrossRef] [PubMed]

64. Cho, K.B.; Cho, M.K.; Lee, W.Y.; Kang, K.W. Overexpression of c-myc induces epithelial mesenchymal transition in mammary
epithelial cells. Cancer Lett. 2010, 293, 230–239. [CrossRef] [PubMed]

65. Raja, R.; Pandey, A.; Kumar, P. Epithelial to mesenchymal plasticity: Role in cancer progression. Front. Biosci. Landmark 2020, 25,
838–873. [CrossRef] [PubMed]

66. Shields, J.M.; Christy, R.J.; Yang, V.W. Identification and characterization of a gene encoding a gut-enriched Kruppel-like factor
expressed during growth arrest. J. Biol. Chem. 1996, 271, 20009–20017. [CrossRef] [PubMed]

67. Ghaleb, A.M.; Yang, V.W. Krüppel-like factor 4 (KLF4): What we currently know. Gene 2017, 611, 27–37. [CrossRef]
68. Li, I.C.; Chan, C.T.; Lu, Y.F.; Wu, Y.T.; Chen, Y.C.; Li, G.B.; Lin, C.Y.; Hwang, S.P.L. Zebrafish krüppel-like factor 4a represses

intestinal cell proliferation and promotes differentiation of intestinal cell lineages. PLoS ONE 2011, 6, e20974. [CrossRef] [PubMed]
69. Swamynathan, S.K.; Davis, J.; Piatigorsky, J. Identification of candidate Klf4 target genes reveals the molecular basis of the diverse

regulatory roles of Klf4 in the mouse cornea. Investig. Ophthalmol. Vis. Sci. 2008, 49, 3360–3370. [CrossRef]
70. Ou, L.; Shi, Y.; Dong, W.; Liu, C.; Schmidt, T.J.; Nagarkatti, P.; Nagarkatti, M.; Fan, D.; Ai, W. Kruppel-like factor KLF4 facilitates

cutaneous wound healing by promoting fibrocyte generation from myeloid-derived suppressor cells. J. Investig. Dermatol. 2015,
135, 1425–1434. [CrossRef] [PubMed]

71. Mreich, E.; Chen, X.M.; Zaky, A.; Pollock, C.A.; Saad, S. The role of Krüppel-like factor 4 in transforming growth factor-β-induced
inflammatory and fibrotic responses in human proximal tubule cells. Clin. Exp. Pharmacol. Physiol. 2015, 42, 680–686. [CrossRef]
[PubMed]

72. Hu, W.; Hofstetter, W.L.; Li, H.; Zhou, Y.; He, Y.; Pataer, A.; Wang, L.; Xie, K.; Swisher, S.G.; Fang, B. Putative tumor-suppressive
function of Krüppel-like factor 4 in primary lung carcinoma. Clin. Cancer Res. 2009, 15, 5688–5695. [CrossRef] [PubMed]

73. Yu, F.; Li, J.; Chen, H.; Fu, J.; Ray, S.; Huang, S.; Zheng, H.; Ai, W. Kruppel-like factor 4 (KLF4) is required for maintenance of
breast cancer stem cells and for cell migration and invasion. Oncogene 2011, 30, 2161–2172. [CrossRef]

74. Tai, S.K.; Yang, M.H.; Chang, S.Y.; Chang, Y.C.; Li, W.Y.; Tsai, T.L.; Wang, Y.F.; Chu, P.Y.; Hsieh, S.L. Persistent Krüppel-like factor
4 expression predicts progression and poor prognosis of head and neck squamous cell carcinoma. Cancer Sci. 2011, 102, 895–902.
[CrossRef]

75. Huang, C.C.; Liu, Z.; Li, X.; Bailey, S.K.; Nail, C.D.; Foster, K.W.; Frost, A.R.; Ruppert, J.M.; Lobo-Ruppert, S.M. KLF4 and PCNA
identify stages of tumor initiation in a conditional model of cutaneous squamous epithelial neoplasia. Cancer Biol. Ther. 2005, 4,
1401–1408. [CrossRef]

76. Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by
Defined Factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

77. Tatetsu, H.; Kong, N.R.; Chong, G.; Amabile, G.; Tenen, D.G.; Chai, L. SALL4, the missing link between stem cells, development
and cancer. Gene 2016, 584, 111–119. [CrossRef]

78. De Celis, J.F.; Barrio, R. Regulation and function of Spalt proteins during animal development. Int. J. Dev. Biol. 2009, 53, 1385–1398.
[CrossRef] [PubMed]

79. Elling, U.; Klasen, C.; Eisenberger, T.; Anlag, K.; Treier, M. Murine inner cell mass-derived lineages depend on Sall4 function. Proc.
Natl. Acad. Sci. USA 2006, 103, 16319–16324. [CrossRef] [PubMed]

80. Koshiba-Takeuchi, K.; Takeuchi, J.K.; Arruda, E.P.; Kathiriya, I.S.; Mo, R.; Hui, C.C.; Srivastava, D.; Bruneau, B.G. Cooperative
and antagonistic interactions between Sall4 and Tbx5 pattern the mouse limb and heart. Nat. Genet. 2006, 38, 175–183. [CrossRef]
[PubMed]

81. Tsubooka, N.; Ichisaka, T.; Okita, K.; Takahashi, K.; Nakagawa, M.; Yamanaka, S. Roles of Sall4 in the generation of pluripotent
stem cells from blastocysts and fibroblasts. Genes Cells 2009, 14, 683–694. [CrossRef] [PubMed]

82. Paradisi, I.; Arias, S. IVIC syndrome is caused by a c.2607delA mutation in the SALL4 locus. Am. J. Med. Genet. Part A 2007, 143,
326–332. [CrossRef] [PubMed]

83. Zhang, X.; Yuan, X.; Zhu, W.; Qian, H.; Xu, W. SALL4: An emerging cancer biomarker and target. Cancer Lett. 2015, 357, 55–62.
[CrossRef]

http://doi.org/10.3390/ijms20092340
http://doi.org/10.3390/genes8060151
http://doi.org/10.21873/anticanres.13990
http://doi.org/10.1097/00001813-200301000-00006
http://www.ncbi.nlm.nih.gov/pubmed/12544257
http://doi.org/10.1038/s41419-018-1275-5
http://doi.org/10.1038/s41419-019-2098-8
http://www.ncbi.nlm.nih.gov/pubmed/31727874
http://doi.org/10.1016/j.canlet.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20144848
http://doi.org/10.2741/4837
http://www.ncbi.nlm.nih.gov/pubmed/31585920
http://doi.org/10.1074/jbc.271.33.20009
http://www.ncbi.nlm.nih.gov/pubmed/8702718
http://doi.org/10.1016/j.gene.2017.02.025
http://doi.org/10.1371/journal.pone.0020974
http://www.ncbi.nlm.nih.gov/pubmed/21687630
http://doi.org/10.1167/iovs.08-1811
http://doi.org/10.1038/jid.2015.3
http://www.ncbi.nlm.nih.gov/pubmed/25581502
http://doi.org/10.1111/1440-1681.12405
http://www.ncbi.nlm.nih.gov/pubmed/25882815
http://doi.org/10.1158/1078-0432.CCR-09-0310
http://www.ncbi.nlm.nih.gov/pubmed/19737957
http://doi.org/10.1038/onc.2010.591
http://doi.org/10.1111/j.1349-7006.2011.01859.x
http://doi.org/10.4161/cbt.4.12.2355
http://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://doi.org/10.1016/j.gene.2016.02.019
http://doi.org/10.1387/ijdb.072408jd
http://www.ncbi.nlm.nih.gov/pubmed/19247946
http://doi.org/10.1073/pnas.0607884103
http://www.ncbi.nlm.nih.gov/pubmed/17060609
http://doi.org/10.1038/ng1707
http://www.ncbi.nlm.nih.gov/pubmed/16380715
http://doi.org/10.1111/j.1365-2443.2009.01301.x
http://www.ncbi.nlm.nih.gov/pubmed/19476507
http://doi.org/10.1002/ajmg.a.31603
http://www.ncbi.nlm.nih.gov/pubmed/17256792
http://doi.org/10.1016/j.canlet.2014.11.037


Int. J. Mol. Sci. 2022, 23, 89 15 of 16

84. Wang, L.; Li, X.; Mu, Y.; Lu, C.; Tang, S.; Lu, K.; Qiu, X.; Wei, A.; Cheng, Y.; Wei, W. The iron chelator desferrioxamine synergizes
with chemotherapy for cancer treatment. J. Trace Elem. Med. Biol. 2019, 56, 131–138. [CrossRef] [PubMed]

85. Buss, J.; Torti, F.; Torti, S. The Role of Iron Chelation in Cancer Therapy. Curr. Med. Chem. 2005, 10, 1021–1034. [CrossRef]
[PubMed]

86. Chang, Y.C.; Lo, W.J.; Huang, Y.T.; Lin, C.L.; Feng, C.C.; Lin, H.T.; Cheng, H.C.; Yeh, S.P. Deferasirox has strong anti-leukemia
activity but may antagonize theanti-leukemia effect of doxorubicin. Leuk. Lymphoma 2017, 58, 2176–2184. [CrossRef]

87. Haas, H.; Eisendle, M.; Turgeon, B.G. Siderophores in fungal physiology and virulence. Annu. Rev. Phytopathol. 2008, 46, 149–187.
[CrossRef] [PubMed]

88. Khan, A.; Singh, P.; Srivastava, A. Synthesis, nature and utility of universal iron chelator—Siderophore: A review. Microbiol. Res.
2018, 212-213, 103–111. [CrossRef]

89. Kontoghiorghes, G.J.; Pattichi, K.; Hadjigavriel, M.; Kolnagou, A. Transfusional iron overload and chelation therapy with
deferoxamine and deferiprone (L1). Transfus. Apher. Sci. 2000, 23, 211–223. [CrossRef]

90. Holden, P.; Nair, L.S. Deferoxamine: An Angiogenic and Antioxidant Molecule for Tissue Regeneration. Tissue Eng. Part B Rev.
2019, 25, 461–470. [CrossRef]

91. Sarco, D.P.; Becker, J.; Palmer, C.; Sheldon, R.A.; Ferriero, D.M. The neuroprotective effect of deferoxamine in the hypoxic-ischemic
immature mouse brain. Neurosci. Lett. 2000, 282, 113–116. [CrossRef]

92. Khoshlahni, N.; Sagha, M.; Mirzapour, T.; Zarif, M.N.; Mohammadzadeh-Vardin, M. Iron depletion with deferoxamine protects
bone marrow-derived mesenchymal stem cells against oxidative stress-induced apoptosis. Cell Stress Chaperones 2020, 25,
1059–1069. [CrossRef]

93. Lederman, H.M.; Cohen, A.; Lee, J.W.W. Deferoxamine: A reversible S-phase inhibitor of human lymphocyte proliferation. Blood
1984, 64, 748–753. [CrossRef] [PubMed]

94. Donfrancesco, A.; Deb, G.; Dominici, C.; Pileggi, D.; Castello, M.A.; Helson, L. Effects of a Single Course of Deferoxamine in
Neuroblastoma Patients. Cancer Res. 1990, 50, 4929–4930. [PubMed]

95. Dou, H.; Qin, Y.; Chen, G.; Zhao, Y. Effectiveness and safety of deferasirox in thalassemia with iron overload: A meta-analysis.
Acta Haematol. 2019, 141, 32–42. [CrossRef] [PubMed]

96. Vlachaki, E.; Agapidou, A.; Spanos, G.; Klonizakis, P.; Vetsiou, E.; Mavroudi, M.; Boura, P. Five Years of Deferasirox Therapy for
Cardiac Iron in β-Thalassemia Major. Hemoglobin 2015, 39, 299–304. [CrossRef]

97. Ramaswami, A.; Rosen, D.J.; Chu, J.; Wistinghausen, B.; Arnon, R. Fulminant Liver Failure in a Child with β-Thalassemia on
Deferasirox: A Case Report. J. Pediatr. Hematol. Oncol. 2017, 39, 235–237. [CrossRef]

98. Rafat, C.; Fakhouri, F.; Ribeil, J.A.; Delarue, R.; Le Quintrec, M. Fanconi Syndrome Due to Deferasirox. Am. J. Kidney Dis. 2009, 54,
931–934. [CrossRef] [PubMed]

99. Gottwald, E.M.; Schuh, C.D.; Drücker, P.; Haenni, D.; Pearson, A.; Ghazi, S.; Bugarski, M.; Polesel, M.; Duss, M.; Landau, E.M.;
et al. The iron chelator Deferasirox causes severe mitochondrial swelling without depolarization due to a specific effect on inner
membrane permeability. Sci. Rep. 2020, 10, 1577. [CrossRef] [PubMed]

100. Tury, S.; Assayag, F.; Bonin, F.; Chateau-Joubert, S.; Servely, J.L.; Vacher, S.; Becette, V.; Caly, M.; Rapinat, A.; Gentien, D.; et al.
The iron chelator deferasirox synergises with chemotherapy to treat triple-negative breast cancers. J. Pathol. 2018, 246, 103–114.
[CrossRef] [PubMed]

101. Ford, S.J.; Obeidy, P.; Lovejoy, D.B.; Bedford, M.; Nichols, L.; Chadwick, C.; Tucker, O.; Lui, G.Y.L.; Kalinowski, D.S.; Jansson,
P.J.; et al. Deferasirox (ICL670A) effectively inhibits oesophageal cancer growth in vitro and in vivo. Br. J. Pharmacol. 2013, 168,
1316–1328. [CrossRef]

102. Harima, H.; Kaino, S.; Takami, T.; Shinoda, S.; Matsumoto, T.; Fujisawa, K.; Yamamoto, N.; Yamasaki, T.; Sakaida, I. Deferasirox, a
novel oral iron chelator, shows antiproliferative activity against pancreatic cancer in vitro and in vivo. BMC Cancer 2016, 16, 702.
[CrossRef] [PubMed]

103. Amano, S.; Kaino, S.; Shinoda, S.; Harima, H.; Matsumoto, T.; Fujisawa, K.; Takami, T.; Yamamoto, N.; Yamasaki, T.; Sakaida, I.
Invasion inhibition in pancreatic cancer using the oral iron chelating agent deferasirox. BMC Cancer 2020, 20, 681. [CrossRef]

104. Krishan, S.; Sahni, S.; Leck, L.Y.W.; Jansson, P.J.; Richardson, D.R. Regulation of autophagy and apoptosis by Dp44mT-mediated
activation of AMPK in pancreatic cancer cells. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165657. [CrossRef]

105. Krishan, S.; Richardson, D.R.; Sahni, S. The Anticancer Agent, Di-2-Pyridylketone 4,4-Dimethyl-3-Thiosemicarbazone (Dp44mT),
Up-Regulates the AMPK-Dependent Energy Homeostasis Pathway in Cancer Cells. Biochim. Biophys. Acta Mol. Cell Res. 2016,
1863, 2916–2933. [CrossRef] [PubMed]

106. Bisaro, B.; Mandili, G.; Poli, A.; Piolatto, A.; Papa, V.; Novelli, F.; Cenacchi, G.; Forni, M.; Zanini, C. Proteomic analysis of
extracellular vesicles from medullospheres reveals a role for iron in the cancer progression of medulloblastoma. Mol. Cell. Ther.
2015, 3, 8. [CrossRef] [PubMed]

107. Wang, J.; Yin, D.; Xie, C.; Zheng, T.; Liang, Y.; Hong, X.; Lu, Z.; Song, X.; Song, R.; Yang, H.; et al. The iron chelator Dp44mT inhibits
hepatocellular carcinoma metastasis via N-Myc downstream-regulated gene 2 (NDRG2)/gp130/STAT3 pathway. Oncotarget 2014,
5, 8478–8491. [CrossRef] [PubMed]

108. Rao, V.A.; Klein, S.R.; Agama, K.K.; Toyoda, E.; Adachi, N.; Pommier, Y.; Shacter, E.B. The iron chelator Dp44mT causes DNA
damage and selective inhibition of topoisomerase IIA in breast cancer cells. Cancer Res. 2009, 69, 948–957. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jtemb.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31466045
http://doi.org/10.2174/0929867033457638
http://www.ncbi.nlm.nih.gov/pubmed/12678674
http://doi.org/10.1080/10428194.2017.1280604
http://doi.org/10.1146/annurev.phyto.45.062806.094338
http://www.ncbi.nlm.nih.gov/pubmed/18680426
http://doi.org/10.1016/j.micres.2017.10.012
http://doi.org/10.1016/S0955-3886(00)00089-8
http://doi.org/10.1089/ten.teb.2019.0111
http://doi.org/10.1016/S0304-3940(00)00878-8
http://doi.org/10.1007/s12192-020-01142-9
http://doi.org/10.1182/blood.V64.3.748.748
http://www.ncbi.nlm.nih.gov/pubmed/6380622
http://www.ncbi.nlm.nih.gov/pubmed/2379156
http://doi.org/10.1159/000494487
http://www.ncbi.nlm.nih.gov/pubmed/30504715
http://doi.org/10.3109/03630269.2015.1064003
http://doi.org/10.1097/MPH.0000000000000654
http://doi.org/10.1053/j.ajkd.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19493602
http://doi.org/10.1038/s41598-020-58386-9
http://www.ncbi.nlm.nih.gov/pubmed/32005861
http://doi.org/10.1002/path.5104
http://www.ncbi.nlm.nih.gov/pubmed/29876931
http://doi.org/10.1111/bph.12045
http://doi.org/10.1186/s12885-016-2744-9
http://www.ncbi.nlm.nih.gov/pubmed/27582255
http://doi.org/10.1186/s12885-020-07167-8
http://doi.org/10.1016/j.bbadis.2019.165657
http://doi.org/10.1016/j.bbamcr.2016.09.011
http://www.ncbi.nlm.nih.gov/pubmed/27639899
http://doi.org/10.1186/s40591-015-0045-3
http://www.ncbi.nlm.nih.gov/pubmed/26464805
http://doi.org/10.18632/oncotarget.2328
http://www.ncbi.nlm.nih.gov/pubmed/25261367
http://doi.org/10.1158/0008-5472.CAN-08-1437
http://www.ncbi.nlm.nih.gov/pubmed/19176392


Int. J. Mol. Sci. 2022, 23, 89 16 of 16

109. Ninomiya, T.; Ohara, T.; Noma, K.; Katsura, Y.; Katsube, R.; Kashima, H.; Kato, T.; Tomono, Y.; Tazawa, H.; Kagawa, S.; et al. Iron
depletion is a novel therapeutic strategy to target cancer stem cells. Oncotarget 2017, 8, 98405–98416. [CrossRef]

110. Narusaka, T.; Ohara, T.; Noma, K.; Nishiwaki, N.; Katsura, Y.; Kato, T.; Sato, H.; Tomono, Y.; Kikuchi, S.; Tazawa, H.; et al. Nanog
is a promising chemoresistant stemness marker and therapeutic target by iron chelators for esophageal cancer. Int. J. Cancer 2021,
149, 347–357. [CrossRef] [PubMed]

111. Ohara, T.; Katsura, Y.; Noma, K.; Narusaka, T.; Kato, T.; Sato, H.; Komoto, S.; Tomono, Y.; Ninomiya, T.; Tazawa, H.; et al. Abstract
LB-045: Iron depletion suppress the stemness markers and functions of cancer stem cells. Cancer Res. 2018, 78, LB-045. [CrossRef]

112. Katsura, Y.; Ohara, T.; Noma, K.; Ninomiya, T.; Kashima, H.; Kato, T.; Sato, H.; Komoto, S.; Narusaka, T.; Tomono, Y.; et al. A
novel combination cancer therapy with iron chelator targeting cancer stem cells via suppressing stemness. Cancers 2019, 11, 177.
[CrossRef] [PubMed]

113. Narusaka, T.; Ohara, T.; Noma, K.; Katsura, Y.; Nishiwaki, N.; Tabuchi, M.; Fushimi, T.; Ogawa, T.; Takeda, S.; Komoto, S.; et al.
Abstract 1155: Stemness control by iron chelator is a novel therapeutic strategy for esophageal cancer. Cancer Res. 2019, 79, 1155.
[CrossRef]

114. Han, L.; Cai, Q.; Tian, D.; Kong, D.K.; Gou, X.; Chen, Z.; Strittmatter, S.M.; Wang, Z.; Sheth, K.N.; Zhou, J. Targeted drug delivery
to ischemic stroke via chlorotoxin-anchored, lexiscan-loaded nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 1833–1842.
[CrossRef] [PubMed]

http://doi.org/10.18632/oncotarget.21846
http://doi.org/10.1002/ijc.33544
http://www.ncbi.nlm.nih.gov/pubmed/33662150
http://doi.org/10.1158/1538-7445.am2018-lb-045
http://doi.org/10.3390/cancers11020177
http://www.ncbi.nlm.nih.gov/pubmed/30717462
http://doi.org/10.1158/1538-7445.am2019-1155
http://doi.org/10.1016/j.nano.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27039220

	Introduction 
	Impact of Iron Chelators on the Cancer Cells 
	Stemness-Related Markers 
	SOX2 
	OCT4 
	Nanog 
	c-Myc 
	KLF4 
	SALL4 

	Iron Chelators 
	Siderophores 
	Synthetic Chelators 
	DFX 
	Dp44mT 
	Other Iron Chelators 


	Impact of Iron Chelators on CSC 
	Summary 
	References

