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Abstract
Oxidative stress is related to ageing and degenerative diseases, including cancer. However, a moderate amount of
reactive oxygen species (ROS) is required for the regulation of cellular signalling and gene expression. A low level of
ROS is important for maintaining quiescence and the differentiation potential of haematopoietic stem cells (HSCs),
whereas the level of ROS increases during haematopoietic differentiation; thus, suggesting the importance of redox
signalling in haematopoiesis. Here, we will analyse the importance of ROS for haematopoiesis and include evidence
showing that cells from leukaemia patients live under oxidative stress. The potential sources of ROS will be described.
Finally, the level of oxidative stress in leukaemic cells can also be harnessed for therapeutic purposes. In this regard, the
reliance of front-line anti-leukaemia chemotherapeutics on increased levels of ROS for their mechanism of action, as
well as the active search for novel compounds that modulate the redox state of leukaemic cells, will be analysed.
Keywords: Reactive oxygen species (ROS), Redox signalling, Oxidative stress, Haematopoietic stem cells (HSCs),
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Background
The emergence of oxygen in the Earth’s atmosphere,
more than 2 billion years ago, was a key event for life on
this planet. The access to oxygen allowed eukaryotic
cells to adopt a more efficient metabolism, which sped
up the evolution of eukaryotes. However, aerobic metabolism also has a dark side: the production of reactive
oxygen species (ROS) by the partial reduction of oxygen.
Some representative examples are superoxide (O2−),
hydrogen peroxide (H2O2) and hydroxyl radical (OH−)
[1]. ROS have traditionally been considered toxic
by-products of cellular respiration. They are highly reactive and are able to modify all kinds of biomolecules
in the cell. For this reason, oxidative stress has been
related to ageing [2] and pathological conditions such as
cancer [3]. However, during the last decades it has been
determined that a moderate production of ROS may be
required for the control of cellular signalling and gene
expression [4]. The term redox signalling is increasingly
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used, and should be distinguished from the concept of
oxidative stress.
Quantitatively, the mitochondrion is the most important
source of ROS in the cell. Some enzymatic systems also contributing to ROS production are xanthine oxidoreductase
(XOR), uncoupled NO synthase (NOS), cyclo-oxygenase
(Cox), cytochrome P450 mono-oxygenase, myeloperoxidase
(MPO), lipoxygenase and NADPH oxidases (Nox). Among
these cellular systems, the NADPH oxidase family has exclusively evolved to produce ROS as a primary function [5].
Curiously, the first member of the family, phagocyte oxidase,
was identified in the haematopoietic system. This enzyme
produces large amounts of ROS which are required for
pathogen elimination [5]. Genetic disorders associated with
this oxidase cause chronic granulomatous disease (CGD), an
innate immunity defect characterised by recurrent fungal
and bacterial infections [6]. In addition to Nox2, the catalytic
subunit of the phagocyte oxidase, there are 6 other family
members (Nox1, Nox3, Nox4, Nox5, Duox1 and Duox2).
Duox1 and 2 present a peroxidase-like domain and together
with Nox5 could be activated by calcium [5].
The production of intracellular ROS in response to
growth factors was suggested almost 40 years ago [7]. It
was later observed that low concentrations of H2O2
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induce cell growth [8]. Nowadays, there is a plethora of
evidence showing the importance of ROS production for
cellular signalling in response to growth factors and
other signals [9]. A proportion of ROS is catalytically
generated and eliminated in the cell in response to
extracellular signals. The fact that OH- removes electrons from surrounding biomolecules in an unspecific
manner and O2− signalling function requires its transformation into H2O2 suggests that H2O2 most likely
plays a role as a true second messenger [10]. On the
basis of this hypothesis, it would be interesting to elucidate how specificity is achieved in the context of redox
signalling. It is, however, tempting to speculate about
the formation of a ROS gradient from the source of production, where proteins under the influence of such a
gradient would be oxidised, while others out of reach
would be immune to increases in the level of ROS.
To fully comprehend the concept of redox signalling,
it is necessary to understand how ROS influence cellular
signalling and gene expression (Fig. 1). Compelling evidence suggests that the reversible oxidation of specific
amino acids, such as certain cysteine residues, regulates
protein function [10]. Modification of proteins with
reactive cysteines is thought to be a general mechanism
to mediate redox signalling. One of the best known examples is the family of the protein tyrosine phosphatases
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(PTPs). All these proteins are characterised by the
presence of a conserved cysteine residue required for
catalysis [11], which makes them highly susceptible to
oxidation [12]. Reversible oxidation of PTPs has been
suggested as an important mechanism in the regulation
of the activity of these enzymes in vivo [13].
The list of signalling proteins regulated through oxidation
is continuously growing. Serine/threonine phosphatases
can be inhibited [14], kinases are subject of either activation
or inhibition [15] and the activity of Rac1 [16] and RhoA
[17] GTPases is reported to be increased when key amino
acids are oxidized.
There is also a complex cross-talk between ROS and
Ca2+ levels. Calcium channels seem to be regulated by
redox mechanisms in different subcellular locations and,
concomitantly, ROS production by NADPH oxidases
and mitochondria may be induced by calcium [18].
The list of transcription factors, such as AP-1, p53,
NF-κB, or HIF1α, whose DNA binding affinity can be
inhibited by oxidation, is also growing. The AP endonuclease 1/redox factor 1 (APE1/Ref-1) complex, involved in
base excision repair, keeps transcription factors in a
reduced active state [19]. ROS have also been shown to
regulate the accumulation of transcription factors in the
nucleus, such as the Forkhead box protein O 4 (FOXO4)
[20] and nuclear factor erythroid 2-related factor 2 (Nrf2)

Fig. 1 General landscape of redox singnalling. Here we present the main molecular targets of ROS described to date: classical signalling proteins,
such as kinases, phosphatases or small GTPases; transcription factors and epigenetic modullators; and calcium fluxes, with which there exists a
complex cross-talk (see text). Red arrows mean inhibition of the target or process; green arrows mean activation; blue arrow with ‘~’ symbol
means that both activation and inhibition can be achieved depending on the specific target. Dotted lines indicate propose or not empirically
demonstrated relationship
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[21]. Interestingly, FOXOs and Nrf2 participate in cellular
response to oxidative stress, since they have the ability to
bind ARE (antioxidant response elements) and activate the
expression of antioxidant and detoxifying enzymes. The
activity of epigenetic modifiers, such as some histone deacetylases (HDACs), can also be inhibited by oxidation [22].

Redox signalling in haematopoiesis
Haematopoiesis constitutes one of the paradigms of
cell differentiation, since a single cell type, the haematopoietic stem cell (HSC), gives rise to all mature
blood lineages. Unlike other differentiation processes
restricted to embryonic development, blood cell production continues to occur throughout the entire life
cycle. To ensure correct haematopoiesis, the balance
between differentiation and self-renewal in HSCs
must be strictly regulated [23]. Moreover, the use of
HSCs in regenerative medicine is noteworthy, and a
better understanding of HSCs biology could contribute to improving their usefulness.
The niche contributes to the maintenance of a low level
of ROS in HSCs

Compelling evidence suggests that ROS are important to
regulate the balance between self-renewal and differentiation of adult stem cells. A low level of ROS would contribute to maintaining the pluripotency of these cells, whereas
a higher amount would commit them to a restricted lineage
[24]. In adults, HSCs reside and differentiate in bone
marrow (BM), where different cell types, soluble factors
and anatomical structures collaborate to maintain their
characteristics. This complex environment is generally
known as the niche [25], where different regions have been
distinguished: the endosteal niche, defined by the osteoblasts; the vascular niche, composed by BM sinusoidal
endothelial cells (BMSECs); and the perivascular niche,
where CXC chemokine ligand 12 (CXCL-12)-abundant reticular cells (CAR cells) and Nestin+ mesenchymal stem
cells are present [26]. Apart from comprising different cell
types, a fundamental difference among these niches is access to oxygen, which should be more readily available
within the vascular and perivascular niche than in the
endosteal niche.
The accepted idea is that most quiescent HSCs remain
under hypoxic conditions in BM [24]. A more restricted
access to oxygen would result in lower ROS content,
which could have relevant functional consequences. A
seminal contribution by Jang and Sharkis showed that a
high level of ROS is detrimental for HSCs function [27].
They characterized two different HSC populations according to the intracellular levels of ROS. The ROSlow
population showed greater quiescence and self-renewal
potential, while in the ROShigh population the haematopoietic reconstitution capacity was hampered. They also
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suggested that the ROSlow population is located within
the endosteal niche, where cells have less oxygen availability and therefore lower levels of intracellular ROS.
This situation would promote their quiescence and
maintain their reconstitution capacity. In addition to
their location, some work has highlighted the relevance
of niche cells in the maintenance of a reduced ROS concentration in HSCs through a transference of ROS from
these cells to BM stromal cells [28].
HSCs receive multiple stimuli from the surrounding
niche that influence their ability to remain quiescent,
undergo self-renewal or differentiate. One of the most
important signals is the stromal cell-derived factor-1
(SDF-1, also named CXCL12) which binds to the
CXCR4 receptor in HSCs. CXCL12 belongs to a large
family of chemoattractive cytokines that act through
G-protein-coupled receptors. This cytokine is produced
by CAR cells in the bone marrow niche, and was originally described as being involved in the proliferation of B
cell precursors. Later on its essential role for HSCs
homing was discovered [29]. The CXCL12/CXCR4 axis
regulates important processes such as homing, quiescence/proliferation or migration in these cells. Interestingly, protection against oxidative stress has recently
emerged as an important mechanism of CXCL12/
CXCR4 signalling in the maintenance of HSCs homeostasis [30]. As recently reviewed, the alteration of this
signalling pathway may contribute to leukaemogenesis
[31]. In addition to its involvement in haematopoiesis,
CXCL12/CXCR4 signalling is required for stem cell migration and homing in other developmental processes,
such cardiogenesis, angiogenesis and neurogenesis [29],
and also for cancer cell migration and metastasis [32].
Intrinsic factors that control ROS levels in HSCs

Several reports suggest that the most primitive HSCs,
those with the capacity for long-term reconstitution
(LT-HSCs), are located at the endosteal niche, where
they can face hypoxic conditions [33]. The lack of oxygen
requires for them to adopt an anaerobic metabolism,
which is linked to a decrease in ROS production [24].
However, there are some reports suggesting that the
reduced ROS content in HSCs is independent of their
anatomical location [34]. Therefore, besides localization
within BM niches, there must be intrinsic factors that contribute to maintaining the low levels of ROS detected in
HSCs. As will be discussed later on, some of these factors
have been revealed through gene-targeting experiments in
mice, where HSCs are shown to have an increased level of
ROS and an impaired functionality.
Hypoxia inducible factor 1 (HIF-1) is a transcription
factor essential for the adaptation to low O2 pressure.
HIF-1 is a heterodimeric protein that consists of a constitutively expressed subunit (HIF-1β) and an inducible

Prieto-Bermejo et al. Journal of Experimental & Clinical Cancer Research (2018) 37:125

subunit (HIF-1α) stabilised upon hypoxic conditions.
Under normoxia, HIF-1α hydroxylation targets the protein for degradation [35]. Stabilization of HIF1α in HSCs
seems to be important for maintaining the correct level
of ROS. It has been described how the lack of HIF1α in
HSCs leads to increased ROS production, which is
related to overproliferation, engraftment defects, loss of
stemness and senescence [36]. The expression of HIF1α
can promote anaerobic metabolism instead of mitochondrial oxidative phosphorylation in HSCs [37]. This fact,
together with reduced mitochondrial activity [24], would
lead to the limited production of ROS in these cells.
There is increasing evidence showing that the Forkhead O (FoxO) subfamily of transcription factors plays
an important role in the preservation of a low level of
ROS in HSCs, which protects them from oxidative
stress. The deletion of FoxO1, FoxO3 and FoxO4 in the
hematopoietic system leads to a dramatic decrease in
the number of HSCs, an increase of their cycling, and
the expansion of myeloid lineage cells. Moreover, their
reconstitution capacity is severely disrupted. These effects correlate with a significant increase in ROS in the
HSCs compartment; therefore, antioxidant treatment
could rescue the phenotype [38]. In agreement with
these findings, the deletion of FoxOs is reported to reduce HSCs quiescence and to impair their self-renewal
capacity as a consequence of the ROS-dependent
activation of the p38 mitogen-activated protein kinase
(MAPK) cascade [39].
The protein encoded by the ataxia–telangiectasia
mutated gene (Atm) coordinates the cellular response to
protect genomic stability against damage such as genotoxic and oxidative stress or DNA double strand breaks.
Mutant variants of this gene cause ataxia telangiectasia
[40], a disease characterised by severe neurological defects, and increased risk of developing T-and B-cell
lymphomas and leukaemias [41]. There is evidence suggesting that Atm gene plays a role in maintaining a low
level of ROS in HSCs. Atm loss correlates with a ROS
increase in HSCs and the activation of the p38 MAPK
cascade, which reduces the lifespan and the quiescence
of HSCs. Interestingly, treatment with antioxidants or
p38 inhibitors alleviates these effects [42].
Previous work has shown that p53 stabilization is required to avoid the exhaustion of HSCs upon oxidative
stress [43]. However, this is a complex situation, since
p53 accumulation can also lead to an increase in ROS;
thus, initiating a vicious cycle that induces HSCs cell
cycle arrest, senescence and eventually cell death [44].
Polycomb group (PcG) proteins are implicated in transcriptional repression through histone modifications,
and are known to control the self-renewal of stem cells
[45]. Deletion of one member of this family, Bmi1,
induces premature HSCs senescence and deficient
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self-renewal [46]. These effects could be related to an
increase in ROS. Also, it should be noted that Bmi1 can
regulate mitochondrial ROS production [47].
Furthermore, the overall ROS levels in cells are a
result of the balance between their generation and elimination. Although more work is still required to
further understand the relevance of this relationship, it
could be assumed that the activity of the cellular antioxidant systems is necessary for maintaining the low levels
of ROS observed in HSCs [48].
Redox signalling and the haematopoietic differentiation

HSCs are influenced by numerous cytokines, growth factors and other soluble factors that instruct their
self-renewal, proliferation, differentiation or migration
within the different niches. It has long been known that
haematopoietic cytokine signalling is accompanied by
ROS formation [49]. It has also been described that the
levels of ROS in myeloid progenitors are higher than in
HSCs [38], and that an increase in ROS triggers myeloid
differentiation in animal models [50]. Some results have
shown the importance of a moderate increase in ROS
for the megakaryocytic differentiation of human HSCs
[51]. More recently, a progressive increase in ROS during HSCs differentiation has been described [52]. Bearing the aforementioned in mind, the importance of
redox signalling for haematopoiesis is unquestionable.
Thus, the signalling pathways regulating haematopoiesis
susceptible to redox regulation should be delineated. In
the following paragraphs the possibilities regarding this
association will be discussed.
An increase of ROS during haematopoietic cytokine
signalling is necessary for the complete activation of the
pathways that lead to differentiation, including AKT
[51]. The phosphoinositide 3-kinase (PI3K)/AKT/mTOR
(mammalian target of rapamycin) pathway is a good
example illustrating that an appropriate level of ROS is
essential for haematopoiesis. Simultaneous deletion of
AKT1 and AKT2 greatly increases the quiescence of
HSCs to the point of impairing their long-term reconstitution capacity [53]. This failed haematopoiesis correlates with a significant decrease in the ROS content of
HSCs. However, the application of exogenous ROS could
rescue the differentiation capacity of AKT1 and AKT2
deficient HSCs in vitro. On the contrary, constitutive
AKT activation increases HSCs cell cycling and leads to
leukaemogenesis [54]. Therefore, a proper supply of
redox signalling is important for the appropriate activation of AKT, which in turn is involved in maintaining
the correct level of ROS for HSCs differentiation.
The deletion of tuberous sclerosis complex (TSC) gene
product TSC1 suggests that mTOR inactivation represses mitochondrial biogenesis, which would maintain
low levels of ROS in the HSCs compartment [55].
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The MAPK pathways are involved in the transmission
of a great variety of extracellular signals, including those
regulating haematopoiesis [56]. MAPK activation can
sometimes be dependent on ROS production [57]. A sustained activation of the MEK/ERK pathway by thrombopoietin (TPO) is observed during megakaryocytic
differentiation [58]. The complete activation of the MEK/
ERK pathway depends on a moderate increase in ROS
production [51]. As mentioned above, the p38 MAPK
pathway can be aberrantly activated by oxidative stress,
thus impairing HSCs function and engraftment [42, 59].
Given the susceptibility of PTPs to oxidation, these
enzymes could be involved in the redox control of
haematopoiesis. As recently shown, SHP1 oxidation is
required for T cell development [60]. Gain-of-function
mutations in the PTPN11 gene, encoding SHP2, lead
to Noonan syndrome, juvenile myelomonocytic leukaemia (JMML), myelodysplastic syndrome, B cell
ALL, and AML. Some of these mutations have been
shown to induce an increase in cellular ROS, which
could alter the redox signalling balance and be related
to the pathogenicity [61].
Canonical Wnt signalling promotes β-catenin stabilisation, and has been related to the control of HSCs
homeostasis [62]. β-catenin levels are important for
regulating HSCs quiescence and the interaction with the
BM niche [63]. It has been shown that Wnt/β-catenin
can be under redox regulation by nucleoredoxin [64].
Moreover, β-catenin levels are controlled by the protein
tyrosine phosphatase PTPN13 [65]. Taking all these facts
into consideration, it is tempting to speculate that the
Wnt/β-catenin signalling could be a target of ROS
during haematopoiesis.

Oxidative stress and redox signalling in
leukaemia
Since leukaemogenesis is a multistep process, it is difficult to identify a single driving force. Mutations affecting
oncogenes, DNA repair genes and tumour suppressor
genes may be some of the causes of leukaemogenesis.
Such mutations would confer a proliferative advantage
to leukaemic cells and a way to avoid differentiation
[66]. With the discovery of oncogenes, a great deal of
cancer research has been focused on their alterations,
disregarding other cellular processes such as the metabolic changes that occur during tumour transformation.
Nowadays, the implication of the metabolic reprogramming exhibited by leukaemic cells is receiving much attention [67]. It has long been known that increased
production in ROS is one of the defining characteristics
of tumour cells [68], and leukaemic cells are no exception, as they also exhibit elevated level of ROS. This feature has been observed in numerous leukaemic cell lines
and also in the cells from patients with different types of
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leukaemia, such as chronic myeloid leukaemia (CML)
[69, 70], acute myeloid leukaemia (AML) [71], T-cell
acute lymphoblastic leukaemia (T-ALL) [72], acute
lymphocytic leukaemia (ALL) [73], chronic lymphocytic
leukaemia (CLL) [74], and in myeloproliferative neoplasms (MPNs) [75]. Therefore, it is generally accepted
that increased ROS production is important for the
progression of haematological malignancies [76, 77].
In this section some of the conditions that might
explain the situation of oxidative stress with respect to
leukaemic cells will be analysed. Moreover, we will delve
into the relationship between leukaemia-related oncogenes and oxidative stress.
Sources of ROS in leukaemia

Haematopoietic cytokine signalling occurs in parallel
with an increase in ROS production [49]. It has been
shown that TPO elicits ROS production in human
HSCs, an event required for their differentiation [51].
The results of other laboratories are in agreement with
this finding, thus highlighting the relevance of NADPH
oxidases for megakaryopoiesis [78]. Recent reports
suggest the implication of NADPH oxidases in the
differentiation of other haematopoietic lineages such as
macrophages [79] or granulocytes [80]. Different Nox
isoforms are found in haematopoietic cells with expression patterns that may vary among the different lineages
[81]. Taken together, these data support the idea that
NADPH oxidase-driven ROS production is important
for haematopoiesis.
Compelling evidence also illustrates the importance of
NADPH oxidases as a source of ROS in leukaemia.
Their enzymatic activity appears to be required for cell
proliferation in AML patients [71]. The presence of a
truncated form of the granulocyte colony-stimulating
factor (G-CSF) receptor is associated with a high risk of
developing AML. Interestingly, this defective receptor
induces an increase in ROS through NADPH oxidases,
which could be assumed to be related to disease progression [82]. It seems that Nox2 activity could account
for the immunoresistance of chronic myelomonocytic
leukaemia (CMML) [83] and CML cells [84]. There are
two different reports that link Nox5 activity with two
types of lymphoid leukaemia. Kamiguti et al. suggest that
Nox5-generated ROS contribute to the activation of
malignant B cells in hairy cell leukaemia through the
inactivation of SHP1 [85]. In addition, another report
supports the requirement of Nox5 for cell transformation driven by the human T-cell leukaemia virus type 1
(HTLV-1), which is associated with the development of
adult T-cell leukaemia (ATL) [86].
Although HSCs exhibit low mitochondrial metabolism,
recent work suggests the importance of mitochondrial
function for their survival [87] and self-renewal [88].
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Mitochondrial biogenesis is activated as HSCs differentiate
[89]. Additionally, their metabolism shift towards oxidative
phosphorylation, thus leading to increased ROS production,
which may drive their entry into the cell cycle [90, 91]. An
interesting question to be addressed in the future is
whether mitochondrial ROS regulate cellular signalling
during haematopoiesis. A recent report showing that mitochondrial ROS downregulate Notch signalling, an event
required for HSCs differentiation [52], supports this notion.
Almost a century ago, Otto Warburg demonstrated
that tumour cells display important differences with respect to their healthy counterparts in terms of the use of
glucose. Even in aerobic conditions, cancer cells produce
high amounts of lactic acid from glucose. In other
words, they rely on glucose fermentation as a way of
obtaining energy, a phenomenon known as “Warburg effect” [92]. Despite this metabolic adaptation, mitochondria remain functional and tumour cells can still carry
out an oxidative phosphorylation for energy production
[93]. In fact, it is accepted that mitochondrial respiration
contributes to tumourigenesis [94]. Some authors have
identified mitochondria as the main source of ROS in
leukaemia. A recent report suggests enhanced mitochondrial ROS production in CML patients [70]. Moreover,
Jitschin et al. have demonstrated that increased mitochondrial metabolism and biogenesis correlate with elevated ROS levels in CLL patients [95].
Mitochondrial DNA (mtDNA) is not packed as chromatin, and therefore is more susceptible to oxidative damage
than nuclear DNA. In addition, its lack of introns
increases the probability of mutations occurring within
coding regions. As a result, an increased mitochondrial
ROS production can jeopardise the stability of mtDNA.
Concomitantly, oxidative stress could promote DNA damage and mutation, which would lead to a further increase in ROS production that would eventually promote
leukaemogenesis [96]. In fact, mtDNA alterations are
thought to be a risk factor for developing leukaemia, drug
resistances, and disease progression. Mutations and alterations in mtDNA have been reported in the four main
types of leukaemia: CML [97, 98], AML [99], CLL [100],
and ALL [101]. More studies are needed to determine the
precise contribution of mitochondria, and their alteration,
to the oxidative stress status in leukaemia, and to dissect
the factors that increase mitochondrial ROS production.
However, the evidence accumulated so far supports the
importance of such contribution.
As will be discussed below, there are other potential sources of ROS in leukaemia. Although the
implication of ROS in this process has not yet been
proven, they have been associated with haematological malignancies. This raises the possibility that
other sources of ROS may also contribute to oxidative stress in leukaemia.
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Xanthine oxidoreductase (XOD) is involved in purine
catabolism and produces ROS as by-products. A high
XOD expression has been shown to correlate with
high-grade malignancy in solid tumours [102]. The
implication of XOD in leukaemia has not formally been
addressed. However, an increase of XOD activity in
AML patients has been reported [103, 104]. It is tempting to speculate that this enzyme may also contribute to
oxidative stress in leukaemia.
Lipoxygenases and cyclooxygenases participate in arachidonate metabolism for the production of eicosanoid
mediators. Two different studies from the same group
have recently shown the relevance of arachidonate
5-lipoxygenase (Alox5) [105] and arachidonate
15-lipoxygenase (Alox15) [106] genes for the survival of
CML leukaemia stem cells (LSC). The expression of both
genes is upregulated by BCR-ABL and is required for the
development of the disease in vivo. Although these studies
do not address whether lipoxygenases-derived ROS are required for disease onset, one could speculate about such a
possibility. Overexpression of cyclooxygenase-2 (Cox-2),
an enzyme also involved in arachidonate metabolism, has
been linked to different haematological malignancies and
is considered to be a poor prognostic factor [107].
Cytochrome P-450 enzymes (CYP) have an important
role as a detoxifying system. Certain CYP gene polymorphisms have been associated with a higher risk of developing different kinds of solid tumours [108]. In addition,
polymorphisms affecting CYP and other genes encoding
potential ROS sources, such as myeloperoxidase (MPO)
and NAD(P)H: quinone oxidoreductase 1 (NQO1), have
been related to a predisposition to develop ALL [109].
Antioxidant defences in leukaemic cells

As previously noted, the redox homeostasis depends on
the balance between ROS producers and cellular antioxidant systems. A defective antioxidant defence could
account for the increased levels of ROS detected in leukaemic cells. Indeed, this fact has been observed in both
myeloid and lymphoid leukaemias. The activity of several
antioxidant enzymes was reduced in CML patients [110].
Furthermore, the presence of an impaired antioxidant defence system has recently been reported in AML patients
[111]. The level of antioxidant enzymes, such as glutathione peroxidase, catalase and superoxide dismutase, is
reduced in ALL patients [74]. Moreover, a decrease in the
activity of catalase and superoxide dismutase, together
with a lower level of reduced glutathione, has been
detected in CLL samples [112].
Therefore, a diminished cellular antioxidant capacity
may explain the oxidative stress found in leukaemic
cells; however, this is not a general statement. In fact,
the antioxidant capacity is often increased in leukaemia
patient cells [113]. Depending on the scenario, certain
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antioxidant enzyme levels could be increased or
decreased. The down-modulation of some antioxidant
systems would contribute to the high level of ROS found
in these cells, while the upregulation of other systems
would allow the cells to survive under a situation of permanent oxidative stress without surpassing a deadly
threshold. In other words, modulation of antioxidant
defences allow leukaemic cells to increase their redox
signalling without setting in motion an irreparable state
of oxidative stress [113].
Leukaemic oncogenes induce ROS production

Genetic alterations caused by chromosomal translocations or activating mutations are observed in several
leukaemia-related oncogenes. Recent evidence shows
that some of these changes are able to induce ROS production, which could be an important driving force for
leukaemogenesis.
BCR-ABL is probably one of the best examples of
leukaemia-driving oncogenes; the expression of the
chimeric BCR-ABL tyrosine kinase is sufficient for cell
transformation in CML [114]. Several reports support the
idea that BCR-ABL is able to induce ROS production
from different sources, including mitochondria [115], the
upregulation of NADPH oxidase activity [116] by increasing p47Phox expression [117] and an enhanced glucose
metabolism [118]. It seems that the increased ROS
production would be important for cell growth and transformation. The oxidative stress would increase genomic
instability and mutagenesis [119]. This vicious circle of
oxidative stress-DNA mutation could affect the BCR-ABL
gene itself, causing the occurrence of BCR-ABL protein
variants resistant to the standard tyrosine kinase inhibitors
(TKi) used in clinical practice [120]. About 30% of AML
patients exhibit internal tandem duplications in the
FMS-like tyrosine kinase-3 (FLT3) receptor, giving rise to
the FLT3/ITD oncokinase [121]. FLT3/ITD induces ROS
production through NADPH oxidases [122], which has
been suggested to contribute to leukaemic transformation
[121, 123]. Activating mutations in either NRAS or
KRAS genes occur in AML, juvenile myelomonocytic
leukaemia (JMML), chronic myelomonocytic leukaemia
(CMML) [124], childhood ALL [125] and myelodysplastic syndromes (MDS) [126]. It has long been known
that cell transformation by RAS relies on NADPH
oxidase-driven ROS production [127], which induces
growth factor-independent proliferation of human
CD34+ cells [128]. Thus, it has been proposed that
Ras-dependent ROS production could contribute to
leukaemogenesis [126].
The activating mutation of JAK2V617F often appears in
MPNs [129]. Recent reports detected an increased ROS
production in MPNs carrying the JAK2V617F mutation,
as a consequence of NADPH oxidase activation [75] or
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catalase downregulation [130]. Experimental evidence
supports the hypothesis that increased ROS production
in the HSC compartment would contribute to MPN
progression [130].
All the examples of oncogenes analysed so far encode
proteins that activate signal transduction pathways
driven by protein phosphorylation. It is intriguing that in
all these cases the activation of NADPH oxidases
contributes to increased ROS production. Although
there are other mechanisms through which these oncogenes may enhance ROS generation, it is reasonable to
consider the activation of NADPH oxidases as the most
likely cause. Thus, oxidation-mediated PTP inactivation
and subsequent boosting of phosphorylation cascades
driven by oncogenes through this mechanism could be
proposed.
The FIP1L1-PDGFRA fusion gene, which leads to the
constitutive activation of PDGF receptor, is the most frequent genetic defect in hypereosinophilic syndrome
(HES), and has been found in approximately 50% of
chronic eosinophilic leukaemia (CEL) patients. The
expression of this kinase has been associated with the
down-regulation of different antioxidant enzymes; thus,
suggesting an increase in ROS could be a possible oncogenic factor in this kind of leukaemia [131].
Mutations of the Isocitrate dehydrogenase 1 (IDH1)
and 2 (IDH2) genes have been recently found to be common in AML [132]. Most of them are gain-of-function
mutations. Instead of oxidising isocitrate to
α-ketoglutarate (α-KG), rendering NADPH, the mutant
enzymes reduce α-KG to 2-hydroxyglutarate (2-HG)
with the consumption of NADPH [133]. These
mutations alter redox homeostasis, first by diminishing
cellular NADPH content, and then because 2-HG acts
as an oncometabolite that contributes to leukaemia
transformation by increasing oxidative stress [134].

The use of ROS as a therapeutic target in
haematological malignancies
The permanent condition of the oxidative stress of leukaemic cells may offer interesting therapeutic options, and
as a result the possibility of developing redox chemotherapeutics has received much more attention in recent years
[135, 136]. In this regard, increasing or decreasing ROS
levels may provide a suitable global strategy against leukaemia (Fig. 2 and Table 1). Theoretically, a pro-oxidant
treatment could lead to an unbearable situation of oxidative stress incompatible with the viability of leukaemic
cells. Conversely, the reduction of ROS levels could also
be a feasible option due to the importance of ROS in sustaining leukaemic cell proliferation and survival. The
lower levels of ROS detected in healthy cells could offer a
certain type of specificity that would allow these cells to
survive or become less affected.
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Fig. 2 Redox-based treatment of haematological malignancies. The diagram shows three different approaches relying on ROS modulation of
leukaemic cells: increasing ROS either upon stimulation of their cellular sources or inhibition of the antioxidant systems, in order to exceed the
amount compatible with life, and decreasing the ROS, mainly by inhibition of cellular sources, thereby depleting the proliferative advantage that
these products provide to the cancer cell. Some examples of drugs or plausible therapeutic strategies and their cognate cellular targets illustrate
the three approaches described (see text for details). Dotted arrows with question marks indicate plausible but not completely established
mechanisms of action

Increasing oxidative stress contributes to the mechanism
of action of anti-leukaemia chemotherapeutics

This section will discuss how some front-line
anti-leukaemia chemotherapeutics alter the cellular
redox balance, which could be important for their
pharmacologic effect. A better understanding of this
question would help to improve their therapeutic effect
and overcome drug resistance.
AML still presents a great therapeutic challenge, of
which the initial treatment cycle consists of arabinocytosine (a.k.a. cytarabine), a purine analogue that interferes
with DNA replication, during 7 days, followed by
anthracyclines antibiotics for 3 days. This is followed by
additional chemotherapy or transplantation [137]. An
increase in intracellular ROS has been found to be associated with the mechanism of action of cytarabine [138].
In this study the source of ROS was identified as coming
from mitochondria. However, as reviewed elsewhere

[139], anthracyclines could induce ROS formation via
other mechanisms: (i) interacting with free iron and (ii) as
by-products of their own metabolism by enzymes such as
cytochrome P450 reductase, NADH dehydrogenase or
XO and thioredoxin reductase (TrxR) [138]. NADPH
oxidases are also implicated in anthracyclines-induced
increase of ROS [140–142]. A recent study related the efficacy and toxicity of anthracyclines to NADPH oxidase
polymorphisms [143]. The importance of ROS in the
mechanism of action of anthracyclines was also
highlighted by the fact that administration of antioxidants
reduced their cytotoxicity [144]. In addition, it has been
suggested that the enhancement of cellular antioxidant
systems, such as SOD2 [145] or glutathione [146], could
drive resistance to anthracyclines.
There is a significant number of novel compounds for
AML treatment, whose feasibility is currently being tested
in clinical trials [137]. Interestingly, the mechanism of
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Table 1 Chemotherapeutics that alter cellular redox balance
Compound

Status

ROS modulation

Clinical Trials

Arsenic trioxide
(As2O3, trisenox)

FDA-approved for the treatment
of relapsing AML.

↑ ROS:
Inhibits MRC, TrxR and SOD;
induces the expression of
Nox2 complex genes and
depletes Prx III

Phase II study of As2O3 plus decitabine and
cytarabine AML with p53 mutations
(NCT03381781, not yet recruiting).
Phase I studies of As2O3 plus decitabine
(NCT00671697, completed in 2011), plus
cytarabine and idarubicin (NCT00093483,
completed in 2009) for AML treatment.
Phase II/III study of As2O3 plus altezumab
and other chemoteraputic agents for AML
or MDS treatment (NCT00454480, completed).

Metformin

FDA-approved for the treatment
of type 2 diabetes.

↑ ROS:
Inhibits mitochondrial
ATP production

Phase II study for CLL treatment
(NCT01750567, recruiting).
Phase I study of metformin plus ritonavir
for relapsed/refractory MM or CLL treatment
(NCT02948283, active).
Phase I study for relapsed childhood ALL
(NCT01324180; completed).
Phase I study of metformin plus cytarabine
for relapsed/refractory AML treatment
(NCT01849276, active).

Tigecycline

FDA-approved for complicated
skin and intra-abdominal
infections.

↑ ROS:
Inhibits mitochondrial
biogenesis

Phase I study for AML treatment
(NCT01332786, completed in 2015).
In vitro study of tigecycline in cells from CML
patients (NCT02883036, not yet
recruiting).

NOV-002

Under clinical trial.

↑ ROS:
GSSG mimetic

Phase III study of NOV-002 plus cis-platinum
and placlitaxel for NSCLC treatment
(NCT00347412, completed in 2010).

2-methoxyestradiol
(2-ME, panzem)

FDA-approved for ovarian cancer,
metastatic malignant melanoma,
MM and pancreatic adenocarcinoma.

↑ ROS:
SOD inhibitor

Phase II study for the treatment of relapse
or plateau phase myeloma (NCT00592579,
completed in 2008).

Imexon

FDA-approved for pulmonary
arterial hypertension, ovarian
cancer, multiforme glioblastoma
and MM treatment.

↑ ROS:
GSH pool depletion

Phase I/II study in MM (NCT00327249,
completed in 2008).
Phase II study for the treatment of aggressive
lymphomas (NCT01314014, completed in 2014).

ATN-224

Under clinical trial.

↑ ROS:
SOD inhibitor

Phase I/II study of ATN-224 plus bortezomib
in MM patients (NCT00352742, completed
in 2008).

PX-12

Under clinical trial.

↑ ROS:
Thioredoxin system
inhibitor

Phase I (NCT00736372, completed in 2009)
and phase II studies (NCT00417287, completed
in 2009) against solid tumours.

Phenethyl
isothiocyanate
(PEITC)

Under clinical trial.

↑ ROS:
Export GSH outside
of the cell and inhibits
GPx

Phase I study for preventing lung cancer
(NCT00005883, completed).
PEITC as support care in head and neck cancer
patients (NCT03034603, recruiting).

GKT137831

Under clinical trial.

↓ROS:
NOX1 and NOX4 inhibitor

Phase II study for the treatment of patient with
type 2 diabetes (NCT02010242, completed
in 2015).

Allopurinol

FDA-approved for gout treatment
and as prophylaxis treatment to
prevent chemotherapy-induced
uric acid elevation.

↓ ROS:
XOD inhibitor

Phase II study of allopurinol in pediatric
ALL treatment to improve 6-mercaptopurine
treatment (NCT03022747, recruiting).

action of some of these agents might be related to the alteration of redox homeostasis. Enzymes that control DNA
epigenetic modifications, such as histone deacetylases
(HDACs), are among their targets. HDACs inhibitors
(HDACi), such as vorinostat, show anti-tumour capacity
and increase ROS production. The use of antioxidants
consistently reduces HDACi cytotoxicity [147], thus

suggesting the importance of increased ROS production
in the mechanism of action of HDACi. In addition, there
is a study showing that AML cells resistant to HDACi
exhibit higher antioxidant defences [148]. The aforementioned increase in ROS may be derived from mitochondria
[147] and NADPH oxidases [148]. The mechanism of action of other epigenetic enzyme inhibitors currently being
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tested for AML treatment, such as Lysine-specific
demethylase 1 (LSD1) [149] and Bromodomain and
Extra-Terminal proteins (BET) inhibitors [150], could also
be related to increases in ROS.
The cell cycle is another interesting molecular target
in AML and cyclin-dependent kinases (CDKs) inhibitors
are currently being studied in this respect [137]. Some
work supports the fact that the antiproliferative effect of
this type of inhibitors is linked to the induction of oxidative stress [151].
Leukaemic cells have a high concentration of ubiquitinated proteins [152]. Therefore, a number of proteasome
inhibitors have been tested for anti-leukaemic activity.
The first proteasome inhibitor approved by the FDA,
bortezomib, has shown effectiveness against multiple
myeloma (MM) [153], and it could also be used for
AML [154] or CLL [155] treatment; induced oxidative
stress is important for bortezomib cytotoxicity [156].
The treatment of acute promyelocytic leukaemia (APL)
with the pro-differentiation agent all-trans retinoic acid
(ATRA) is an effective strategy that would be interesting
to treat other types of leukaemia [157]. In cases of relapsed APL, arsenic trioxide (As2O3, Trisenox) is a good
drug choice, as it has been approved by the FDA against
this disease in combination with ATRA and anthracyclines
chemotherapy. Currently, As2O3 efficacy is being tested in
newly diagnosed APL patients, with complete remission
in 83–86% of patients and 3-year overall survival. As2O3
acts through different mechanisms such as stimulation of
differentiation, induction of apoptosis, and NF-κB inhibition [158]. However, it seems that its main effect would
be the induction of ROS accumulation. As2O3 can alter
the cellular redox homeostasis at different levels: (i) by inducing electron leakage from the mitochondrial respiratory chain [159] and (ii) through the expression of the
genes that code for the Nox2 complex-forming proteins
[160]. As suggested by the irreversible inhibition of TrxR
[161] and the depletion of peroxiredoxin III (Prx III)
[162], As2O3 may also diminish the cellular antioxidant
capacity, which would contribute to raise ROS levels. It is
noteworthy that As2O3 cytotoxicity inversely correlates
with the level of glutathione [163]. This is of key relevance, since the measurement of antioxidant defences in
patient samples could help to predict their responsiveness
to As2O3 or other pro-oxidant treatments, as previously
reported for paclitaxel, a chemotherapeutic that also
increases ROS [164]. This information could also help to
improve the effect of As2O3, by simultaneously targeting
various antioxidant cellular systems. In this regard, the reduction of glutathione has shown to increase the effectiveness of As2O3 [165]. Jeanne et al. have shown the
importance of ROS production in the molecular mechanism of action of As2O3. The oxidative stress induced by
As2O3 allows for PML/RARα dimerization through the
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formation of a disulfide bridge. Direct binding of As2O3 to
PML/RARα dimers induces the formation of multimers
and their association with the nuclear matrix in the
so-called nuclear bodies (NBs), where eventually sumoylation and degradation of PML/RARα occurs [166].
A striking observation is that, despite differences
between the mechanisms of action of all the previously
described chemotherapeutics, they share oxidative stress
as a mediator of their cytotoxic activity. This implies
that in the past leukaemia was unintentionally targeted
through redox mechanisms. The awareness of this fact
may have important practical consequences, since it
could help to improve therapeutic results, overcome
resistances and reduce toxic side effects. Regarding the
latter issue, the use of the tubulin inhibitor vincristine to
treat ALL is associated with neurotoxicity [167]. The
experimental evidence suggests that the cytotoxicity of
vincristine and other tubulin inhibitors, such as paclitaxel, is related to the induction of oxidative stress [168].
Importantly, the concomitant use of antioxidant molecules reduced the toxic side effects of paclitaxel and
other chemotherapeutics without compromising, or even
improving, therapeutic results [169].
Given the complexity of leukaemia and the multiple
factors contributing to its development, single-agent
treatments are sometimes not satisfactorily effective;
thus, combinatorial treatments are very common. The
combination of two of the previously mentioned chemotherapeutics would ensure that two different biological
processes relevant to leukaemic cells were targeted.
Additionally, the combined treatment would increase
oxidative stress (Table 1). Preclinical studies in leukaemic cell lines have shown a synergistic effect when
combining HDACi with proteasome inhibitors, which is
dependent on ROS production [170]. This result has led
to two recently conducted phase II clinical trials in
which the combination of bortezomib with vorinostat
was tested in AML (NCT00818649) and ALL
(NCT01312818). The combination of As2O3, bortezomib
and L-ascorbate was recently evaluated in a clinical trial
against relapsed or refractory MM with encouraging
results [171]. Recent clinical trials have tested the
combination of As2O3 with other compounds that also
can increase ROS levels in AML patients. Examples are
decitabine (NCT00671697, Phase I; NCT03381781,
Phase II); citarabine and idarubicin (NCT00093483,
Phase I); combination of altezumab with As2O3 and
other chemotherapeutics (NCT00454480, Phase II/III).
The ongoing search for novel chemotherapeutics that
increase ROS levels

Given the oxidative stress “addiction” displayed by
cancer cells, the promotion of their death through a
ROS “over-dose” is becoming a popular idea. The
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realisation that many chemotherapeutics increase the
oxidative stress has paved the way for the active search
for novel compounds that can increase ROS levels, as
recently reviewed [135]. Although some of these
compounds may not be very effective as single agents,
some reports suggest that they could potentiate the
effect of traditional therapy and help to overcome
resistance [172].
In the search for agents that alter cellular redox
homeostasis, the mitochondrion should be one of the
first targets considered. As reviewed elsewhere, the use
of mitochondrial inhibitors is a suitable strategy for inducing oxidative stress with a therapeutic purpose in
leukaemic cells [94]. Moreover, mitochondrion-targeting
drugs might also activate the intrinsic apoptotic pathway. Interestingly, metformin, an antidiabetic drug, has
been shown to inhibit mitochondrial ATP production
and increase ROS [173]. This drug is currently under
study in clinical trials for CLL (NCT01750567, phase II;
NCT02948283, phase I), relapsed childhood ALL
(NCT01324180, phase I), and relapsed/refractory AML
(NCT01849276, phase I). Adaphostine, initially described as a TKi, increases ROS levels by inhibiting
mitochondrial respiration [174], and can overcome resistance against imatinib in primary CML cells [175].
The safety of tigecycline, an antibiotic that inhibits mitochondrial biogenesis, has already been tested in AML
patients (NCT01332786, Phase I) [176]. An in vitro
study on the anti-leukaemic effect of tigecycline against
cells from CML patients (NCT02883036) is also
scheduled.
A recent report has shown the importance of limiting
ROS production by cellular antioxidant defences for cancer initiation [177]. This work revealed that glutathione
and thioredoxin are required for tumour initiation, and
that inhibition of these antioxidant systems hinders
tumour growth in a synergistic manner. This evidence
strongly suggests that targeting the cellular antioxidant
defences is an interesting strategy for fighting against
tumour cells. In line with this, there is a growing list of
preclinical studies testing the anti-tumour capacity of inhibitors for different antioxidant cellular systems, some
of which will be discussed below.
The glutathione/glutathione peroxidase (GSH/GPx)
system is a major regulator of redox homeostasis; therefore, its impairment may induce a severe oxidative stress
in the cells. NOV-002, a complex of oxidised glutathione
(GSSG) with cisplatin in a ratio of 1000:1, has shown effectiveness against non-small cell lung cancer (NSCLC)
(NCT00347412, Phase III). Imexon acts by depleting
glutathione levels [178]. Recent clinical trials have tested
imexon in MM (NCT00327249, phase I/II) and aggressive lymphomas (NCT01314014, phase II). Similarly,
glutathione depletion by buthionine sulfoximine (BSO)
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activates apoptosis in ALL cells [179] and increases
As2O3 activity [180], suggesting that the use of this type
of compounds to treat leukaemia could be an interesting
option.
Different SOD inhibitors, such as ATN-224 [172] or
2-methoxyestradiol (2-ME, panzem) [181], have shown
anti-leukaemic capacity in preclinical studies. Interestingly,
a recent report has identified 2-ME as capable of targeting
T-ALL pre-leukaemic stem cells without affecting normal
HSCs in a high-throughput screening [182]. Recent clinical
trials have tested the combination of ATN-224 and bortezomib in MM patients (NCT00352742, phase I/II), and
2-ME for targeting relapse or plateau phase myeloma
(NCT00592579, phase II).
A conceptually opposing strategy could be proposed on
the basis of some reports showing that SOD inhibits cancer cell growth. [183]. With this respect, the use of SOD
mimetics in combination of other chemotherapeutics that
increase ROS against cancer is being assessed [184]. These
compounds may have antioxidant activity by decreasing
superoxide levels, despite the fact that they can also increase the cellular level of H2O2. There is strong evidence
supporting the idea that these mimetics would preferentially target highly dividing tumour cells, thus potentiating
the effectiveness of other chemotherapeutics and reducing
their toxic side effects as shown by a recent clinical trial
(NCT00727922) [185].
Another body of research suggests that the thioredoxin redox system is an interesting drug target in
cancer [186]. Several molecules interfere with this
system, and some of them, such as PX-12 [187],
gliotoxin [188], and chaetocin [189], have shown
anti-leukaemic effects in preclinical studies. Recent
clinical trials have tested PX-12 against solid tumours
(NCT00736372, NCT00417287).
The heme oxygenase enzyme-1 (HO-1) catalyses
the degradation of heme group to ferrous iron, biliverdin and carbon monoxide (CO). Under oxidative
stress, HO-1 expression is induced by the NRF2
transcription factor as part of the cellular antioxidant defence response. HO-1 is upregulated in
some leukaemic cells [190], which could be a compensatory mechanism to cope with oxidative stress
[95]. It is noteworthy that HO-1 overexpression has
been related to drug resistance [191]. There is experimental evidence showing that targeting HO-1
may be an interesting strategy to i) fight haematological malignancies, and ii) overcome the resistance
to pro-oxidant drugs [190].
As previously mentioned, the activity of many transcription factors is inhibited by oxidation, where APE/
Ref-1 catalyses the reduction of several of them [19].
APE/Ref-1 inhibition induces sensitivity to anti-tumour
drugs [192]. This finding, as well as the development of
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several APE/Ref-1 inhibitors [193], suggests that this
protein could be a promising therapeutic target in the
treatment of leukaemia [192].
Another line of work in the search for pro-oxidant
chemicals is testing the anti-tumour activity of natural
derivatives, as some, such as parthenolide, triptolide and
avocatin B, have shown effectiveness against AML cells
[194]. Phenethyl isothiocyanate (PEITC), a compound
present in cruciferous vegetables, has made a stellar
apparition in the field of cancer therapeutics. There is a
vast number of preclinical studies revealing the
anti-tumour activity of PEITC, which is related to the induction of ROS [195]. Experimental evidence suggests
that PEITC may increase sensitivity to chemotherapy in
B-cell prolymphocytic leukaemia (B-PLL) patients [196],
and overcome resistance in CLL [197] and CML [198].
Recent (NCT00005883, Phase I) and ongoing
(NCT03034603) clinical trials will elucidate the potential
benefit of using PEITC as a nutritional supplement
against cancer.
Natural flavonoids can work either as ROS scavengers
or pro-oxidants. Several preclinical reports showed that
some natural flavonoids and their derivatives have
pro-apoptotic and cytotoxic effects against different
types of haematological malignancies. Interestingly,
many of the anti-leukaemic effects described in the literature for these compounds are linked to an increase in
oxidative stress [199].
Reducing ROS levels as a chemotherapeutic strategy

It can be suggested that reducing ROS levels may restrain
the development of these diseases, given the high degree
of oxidative stress typical of haematological malignancies.
In spite of this, and as discussed above, during the last
decade most efforts have been made to kill tumour cells
by a ROS overload. In this regard a common assumption
is that an antioxidant-rich diet might reduce the incidence
of leukaemia. However, the benefit of the antioxidants
used during the oncologic treatment is a matter of debate.
Some reports show that antioxidants can reduce the
cytotoxicity of many chemotherapeutics. Taking this into
account, it could be suggested that the use of antioxidants
during an oncologic treatment would be unadvisable.
However, there is also evidence showing that antioxidants
could reduce the toxic side effects caused by pro-oxidant
drugs [200]. Therefore, the use of antioxidants as adjuvants of oncologic treatments indeed requires further
evaluation to discover the way in which therapeutic
benefits can be attained [201].
An alternative to ROS-scavengers could involve the
inhibition of the source(s) of ROS production, whose
identification and further inhibition would be more effective than the use of antioxidants. As discussed above,
NADPH oxidases could be one of the sources of ROS in
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leukaemic cells. In addition, the over-expression of some
genes related to chemotherapeutic resistance, such as
HO-1, is under NADPH oxidases control [202]. Considering this, NADPH oxidases appear to be suitable
therapeutic targets in leukaemia. Preclinical data show
that the inhibition of NADPH oxidases is an effective
strategy to block the signalling cascades initiated by the
BCR-ABL and FLT3-ITD oncokinases in CML and AML
cells, respectively. This evidence supports the hypothesis
that the aforementioned proteins induce NADPH
oxidase-driven ROS production to maintain the signalling cascade fully active. Thus, the use of TKis and
NADPH oxidase inhibitors presents a strong synergistic
effect [81]. As discussed above, several oncogenes
increase ROS production through NADPH oxidases,
which turns these enzymes into desirable targets against
leukaemia. However, the development of novel and more
specific inhibitors against NADPH oxidases is still a
challenge [203]. The safety and efficacy of two novel
NADPH oxidases inhibitors (GKT136901 and
GKT137831) have been tested in diabetic patients
(NCT02010242). Once the suitability of these agents is
demonstrated, their use could be extended to the treatment of certain types of leukaemia.
The inhibition of ROS production by XOD is another
possibility for targeting leukaemic cells. Allopurinol, a
XOD inhibitor currently prescribed to gout patients, has
been considered since almost 50 years ago for the
treatment of haematological malignancies [204]. In
addition to modifying ROS levels, XOD is involved in
the metabolism of several drugs. Recent reports suggest
the utility of allopurinol to reduce chemotherapy toxicity
in leukaemia patients [205]. An ongoing clinical trial is
testing the feasibility of allopurinol to improve
6-mercaptopurine regimen in paediatric ALL treatment
(NCT03022747, phase II).
IDHs mutations in AML patients induce an increase
in ROS [206], and the use of IDH inhibitors can be seen
as a promising strategy against AML [207]. Thus, some
interesting questions to be addressed in future studies
are whether these inhibitors have the ability to reduce
the oxidative stress in leukaemic cells, and whether their
anti-tumour activity may be increased by the use of
other ROS-modifying agents.
Practical implications for the haematopoietic transplant

Allogenic BM transplantation has been considered for
decades as a good therapeutic option for different
haematological diseases [208]. As a result, improving
transplant outcome is of great importance. Although
HSCs live in a low oxygen concentration niche, which
limits the generation of ROS, the collection of donor
HSCs is carried out under atmospheric conditions and
could lead to the abrupt increase of ROS. Moreover,
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mobilization of HSCs in response to G-CSF is a common
strategy for collecting human HSPCs. However, this
mobilization occurs with an increase in ROS [209]. Given
the importance of redox homeostasis to regulate HSCs
quiescence and differentiation, it could be assumed that
the limitation of ROS generation in transplantable HSCs
would improve their reconstitution capacity.
There is a well-designed study conducted in an animal
model showing that the collection of HSCs in hypoxic
conditions significantly enhances transplant efficacy
[210]. Furthermore, it has been recently described that
the increase of ROS in HSCs correlates with a poor engraftment [211]. Therefore, it could be hypothesised that
pharmacological mitigation of the accumulation of ROS
could be also an interesting strategy to improve BM
transplantation. In fact, a recent report shows that
limiting mitochondrial oxidative stress with a MnSOD
mimetic improves the function of HSCs in animal
models of haematopoietic transplantation [212]. These
findings encourage further studies for improving transplantation through modulation of ROS levels.

Conclusions
The importance of ROS for the control of cellular signalling and gene expression is already a fully accepted
concept. The level of ROS must be strictly regulated to
control the biology of HSCs, suggesting the importance
of redox signalling in haematopoiesis. Cancer cells, including leukaemic cells, live under oxidative stress and it
is considered that an excessive level of ROS can contribute to proliferation and cell transformation. The potential sources of oxidative stress in leukaemic cells have
been reviewed. The high level of ROS found in
leukaemic cells certainly provides them with some advantages over healthy cells. However, this is a dangerous
pathway, since, as already discussed, the alteration of
ROS levels can jeopardise leukaemic cell proliferation
and viability. The search for novel therapeutic strategies
that either increase or reduce ROS levels represents an
interesting approach to combat leukaemia. Moreover,
there are different chemotherapeutic agents for treating
leukaemia that are currently used in clinical practice
whose activity relies on changes in the levels of ROS.
This condition should be exploited in order to boost
their activity.
Finally, given the importance of ROS for the control of
HSCs biology, the modulation of ROS levels as a powerful strategy to improve the haematopoietic transplant is
also proposed. Details regarding the involvement of ROS
in haematopoiesis and leukaemogenesis are slowly beginning to be revealed. Future studies should be focused
on defining the sources of ROS and their targets in
haematopoiesis, which undoubtedly will help clinicians
to improve the health of haematological patients.
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Acknowledgements
We thank Emma Keck for her help in editing the English.
Funding
Research at the AHH laboratory is funded by MINECO (BFU2014–56490-R),
and by the Ramón Areces Foundation (CIVP17A2822). R.P-B., M.R-G and A.P-F.
received pre-doctoral fellowships from the Regional Government of Castile &
Leon, Spain and European FEDER funds.
Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or
analysed during the current study.
Authors’ contributions
RPB contributed to the section “Redox signalling in haematopoiesis”. MRG
contributed to the sections “Oxidative stress and redox signalling in
leukaemia” and “The use of ROS as a therapeutic target in haematological
malignancies”. APF contributed to the section “The importance of reactive
oxygen species (ROS) in cellular signalling”. CIV contributed to the section
“The use of ROS as a therapeutic target in haematological malignancies”.
AHH developed the idea for the manuscript and wrote it. All authors have
approved the final version of the manuscript.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Prieto-Bermejo et al. Journal of Experimental & Clinical Cancer Research (2018) 37:125

Received: 11 April 2018 Accepted: 15 June 2018

References
1. Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol.
2003;552:335–44.
2. Kauppila TES, Kauppila JHK, Larsson NG. Mammalian mitochondria and
aging: an update. Cell Metab. 2017;25:57–71.
3. Galadari S, Rahman A, Pallichankandy S, Thayyullathil F. Reactive oxygen
species and cancer paradox: to promote or to suppress? Free Radic Biol
Med. 2017;104:144–64.
4. Sardina JL, López-Ruano G, Sánchez-Sánchez B, Llanillo M, HernándezHernández A. Reactive oxygen species: are they important for
haematopoiesis? Crit Rev Oncol Hematol. 2012;81:257–74.
5. Bedard K, Krause K-H. The NOX Family of ROS-generating NADPH oxidases:
physiology and pathophysiology. Physiol Rev. 2007;87:245–313.
6. Leiding JW, Holland SM. Chronic granulomatous disease. GeneReviews(®).
1993;367:753.
7. Mukherjee SP, Lane RH, Lynn WS. Endogenous hydrogen peroxide and
peroxidative metabolism in adipocytes in response to insulin and sulfhydryl
reagents. Biochem Pharmacol. 1978;27:2589–94.
8. Burdon RH, Gill V, Rice-Evans C. Cell proliferation and oxidative stress. Free
Radic Res Commun. 1989;7:149–59.
9. Sies H. Hydrogen peroxide as a central redox signaling molecule in
physiological oxidative stress: oxidative eustress. Redox Biol. 2017;11:613–9.
10. Forman HJ, Ursini F, Maiorino M. An overview of mechanisms of redox
signaling. J Mol Cell Cardiol. 2014;73:2–9.
11. Barford D, Flint A, Tonks N. Crystal structure of human protein tyrosine
phosphatase 1B. Science. 1994;263:1397–404.
12. Hernández-Hernández Á, Sánchez-Yagüe J, Martín-Valmaseda EM, Llanillo M.
Oxidative inactivation of human and sheep platelet membrane-associated
phosphotyrosine phosphatase activity. Free Radic Biol Med. 1999;26:1218–
30.
13. Meng TC, Fukada T, Tonks NK. Reversible oxidation and inactivation of
protein tyrosine phosphatases in vivo. Mol Cell. 2002;9:387–99.
14. Foley TD, Petro LA, Stredny CM, Coppa TM. Oxidative inhibition of protein
phosphatase 2A activity: role of catalytic subunit disulfides. Neurochem Res.
2007;32:1957–64.
15. Corcoran A, Cotter TG. Redox regulation of protein kinases. FEBS J. 2013;280:
1944–65.
16. Hobbs GA, Mitchell LE, Arrington ME, Gunawardena HP, Decristo MJ, Loeser
RF, et al. Redox regulation of Rac1 by thiol oxidation. Free Radic Biol Med.
2015;79:237–50.
17. Aghajanian A, Wittchen ES, Campbell SL, Burridge K. Direct activation of
RhoA by reactive oxygen species requires a redox-sensitive motif. PLoS One.
2009;4:e8045.
18. Hempel N, Trebak M. Crosstalk between calcium and reactive oxygen
species signaling in cancer. Cell Calcium. 2017;63:70–96.
19. Tell G, Quadrifoglio F, Tiribelli C, Kelley MR. The many functions of APE1/Ref1: not only a DNA repair enzyme. Antioxid Redox Signal. 2009;11:601–19.
20. Putker M, Madl T, Vos HR, de Ruiter H, Visscher M, van den Berg MCW, et al.
Redox-dependent control of FOXO/DAF-16 by Transportin-1. Mol Cell. 2013;
49:730–42.
21. Taguchi K, Motohashi H, Yamamoto M. Molecular mechanisms of the
Keap1-Nrf2 pathway in stress response and cancer evolution. Genes Cells.
2011;16:123–40.
22. Matsushima S, Kuroda J, Ago T, Zhai P, Park JY, Xie LH, et al. Increased
oxidative stress in the nucleus caused by Nox4 mediates oxidation of
HDAC4 and cardiac hypertrophy. Circ Res. 2013;112:651–63.
23. Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem cell
biology. Cell. 2008;132:631–44.
24. Ito K, Suda T. Metabolic requirements for the maintenance of self-renewing
stem cells. Nat Rev Mol Cell Biol. 2014;15:243–56.
25. Schofield R. The relationship between the spleen colony-forming cell and
the haemopoietic stem cell. Blood Cells. 1978;4:7–25.
26. Nakamura-Ishizu A, Suda T. Hematopoietic stem cell niche: an interplay
among a repertoire of multiple functional niches. Biochim Biophys Acta.
2013;1830:2404–9.
27. Jang YY, Sharkis SJ. A low level of reactive oxygen species selects for
primitive hematopoietic stem cells that may reside in the low-oxygenic
niche. Blood. 2007;110:3056–63.

Page 14 of 18

28. Taniguchi Ishikawa E, Gonzalez-Nieto D, Ghiaur G, Dunn SK, Ficker AM,
Murali B, et al. Connexin-43 prevents hematopoietic stem cell senescence
through transfer of reactive oxygen species to bone marrow stromal cells.
Proc Natl Acad Sci. 2012;109:9071–6.
29. Nagasawa T. CXCL12/SDF-1 and CXCR4. Front Immunol. 2015;6:301.
30. Zhang Y, Dépond M, He L, Foudi A, Kwarteng EO, Lauret E, et al. CXCR4/
CXCL12 axis counteracts hematopoietic stem cell exhaustion through
selective protection against oxidative stress. Sci Rep. 2016;6:37827.
31. Azizidoost S, Vijay V, Cogle CR, Khodadi E, Saki N. The role and clinical
implications of the endosteal niche and osteoblasts in regulating leukemia.
Clin Transl Oncol. 2017;19:1059–66.
32. Rezaeeyan H, Shirzad R, McKee TD, Saki N. Role of chemokines in metastatic
niche: new insights along with a diagnostic and prognostic approach.
APMIS. 2018;126:359–70.
33. Riether C, Schürch CM, Ochsenbein AF. Regulation of hematopoietic and
leukemic stem cells by the immune system. Cell Death Differ. 2015;22:187–98.
34. Nombela-Arrieta C, Pivarnik G, Winkel B, Canty KJ, Harley B, Mahoney JE,
et al. Quantitative imaging of haematopoietic stem and progenitor cell
localization and hypoxic status in the bone marrow microenvironment.
Nat Cell Biol. 2013;15:533–43.
35. Semenza GL. Hypoxia-inducible factors in physiology and medicine. Cell.
2012;148:399–408.
36. Takubo K, Goda N, Yamada W, Iriuchishima H, Ikeda E, Kubota Y, et al.
Regulation of the HIF-1α level is essential for hematopoietic stem cells. Cell
Stem Cell. 2010;7:391–402.
37. Simsek T, Kocabas F, Zheng J, Deberardinis RJ, Mahmoud AI, Olson EN, et al.
The distinct metabolic profile of hematopoietic stem cells reflects their
location in a hypoxic niche. Cell Stem Cell. 2010;7:380–90.
38. Tothova Z, Kollipara R, Huntly BJ, Lee BH, Castrillon DH, Cullen DE, et al.
FoxOs are critical mediators of hematopoietic stem cell resistance to
physiologic oxidative stress. Cell. 2007;128:325–39.
39. Miyamoto K, Araki KY, Naka K, Arai F, Takubo K, Yamazaki S, et al. Foxo3a is
essential for maintenance of the hematopoietic stem cell pool. Cell Stem
Cell. 2007;1:101–12.
40. Rothblum-Oviatt C, Wright J, Lefton-Greif MA, McGrath-Morrow SA, Crawford TO,
Lederman HM. Ataxia telangiectasia: a review. Orphanet J Rare Dis. 2016;11:159.
41. Savitsky K, Bar-Shira A, Gilad S, Rotman G, Ziv Y, Vanagaite L, et al. A single
ataxia telangiectasia gene with a product similar to PI-3 kinase. Science.
1995;268:1749–53.
42. Ito K, Hirao A, Arai F, Takubo K, Matsuoka S, Miyamoto K, et al. Reactive
oxygen species act through p38 MAPK to limit the lifespan of
hematopoietic stem cells. Nat Med. 2006;12:446–51.
43. Jung H, Kim MJ, Kim DO, Kim WS, Yoon SJ, Park YJ, et al. TXNIP maintains
the hematopoietic cell pool by switching the function of p53 under
oxidative stress. Cell Metab. 2013;18:75–85.
44. Abbas HA, Maccio DR, Coskun S, Jackson JG, Hazen AL, Sills TM, et al. Mdm2
is required for survival of hematopoietic stem cells/progenitors via
dampening of ROS-induced p53 activity. Cell Stem Cell. 2010;7:606–17.
45. Sauvageau M, Sauvageau G. Polycomb group proteins: multi-faceted
regulators of somatic stem cells and cancer. Cell Stem Cell. 2010;7:299–313.
46. Park IK, Qian D, Kiel M, Becker MW, Pihalja M, Weissman IL, et al. Bmi-1 is
required for maintenance of adult self-renewing haematopoietic stem cells.
Nature. 2003;423:302–5.
47. Liu J, Cao L, Chen J, Song S, Lee IH, Quijano C, et al. Bmi1 regulates
mitochondrial function and the DNA damage response pathway. Nature.
2009;459:387–92.
48. Wang K, Zhang T, Dong Q, Nice EC, Huang C, Wei Y. Redox homeostasis:
the linchpin in stem cell self-renewal and differentiation. Cell Death Dis.
2013;4:e537.
49. Sattler M, Winkler T, Verma S, Byrne CH, Shrikhande G, Salgia R, et al.
Hematopoietic growth factors signal through the formation of reactive
oxygen species. Blood. 1999;93:2928–35.
50. Owusu-Ansah E, Banerjee U. Reactive oxygen species prime Drosophila
haematopoietic progenitors for differentiation. Nature. 2009;461:537–41.
51. Sardina JL, López-Ruano G, Sánchez-Abarca LI, Pérez-Simón JA,
Gaztelumendi A, Trigueros C, et al. p22phox-dependent NADPH oxidase
activity is required for megakaryocytic differentiation. Cell Death Differ.
2010;17:1842–54.
52. Cao Y, Fang Y, Cai J, Li X, Xu F, Yuan N, et al. ROS functions as an upstream
trigger for autophagy to drive hematopoietic stem cell differentiation.
Hematology. 2016;21:613–8.

Prieto-Bermejo et al. Journal of Experimental & Clinical Cancer Research (2018) 37:125

53. Juntilla MM, Patil VD, Calamito M, Joshi RP, Birnbaum MJ, Koretzky GA. AKT1
and AKT2 maintain hematopoietic stem cell function by regulating reactive
oxygen species. Blood. 2010;115:4030–8.
54. Kharas MG, Okabe R, Ganis JJ, Gozo M, Khandan T, Paktinat M, et al.
Constitutively active AKT depletes hematopoietic stem cells and induces
leukemia in mice. Blood. 2010;115:1406–15.
55. Chen C, Liu Y, Liu R, Ikenoue T, Guan K-L, Liu Y, et al. TSC–mTOR maintains
quiescence and function of hematopoietic stem cells by repressing mitochondrial
biogenesis and reactive oxygen species. J Exp Med. 2008;205:2397–408.
56. Geest CR, Coffer PJ. MAPK signaling pathways in the regulation of
hematopoiesis. J Leukoc Biol. 2009;86:237–50.
57. Sabio G, Davis RJ. TNF and MAP kinase signalling pathways. Semin
Immunol. 2014;26:237–45.
58. Jacquel A, Herrant M, Defamie V, Belhacene N, Colosetti P, Marchetti S, et al.
A survey of the signaling pathways involved in megakaryocytic
differentiation of the human K562 leukemia cell line by molecular and cDNA array analysis. Oncogene. 2006;25:781–94.
59. Chai X, Li D, Cao X, Zhang Y, Mu J, Lu W, et al. ROS-mediated iron overload
injures the hematopoiesis of bone marrow by damaging hematopoietic
stem/progenitor cells in mice. Sci Rep. 2015;5:10181.
60. Choi S, Warzecha C, Zvezdova E, Lee J, Argenty J, Lesourne R, et al. THEMIS
enhances TCR signaling and enables positive selection by selective
inhibition of the phosphatase SHP-1. Nat Immunol. 2017;18:433–41.
61. Xu D, Zheng H, Yu WM, Qu CK. Activating mutations in protein tyrosine
phosphatase Ptpn11 (Shp2) enhance reactive oxygen species production
that contributes to myeloproliferative disorder. PLoS One. 2013;8:e63152.
62. Florian MC, Nattamai KJ, Dörr K, Marka G, Überle B, Vas V, et al. A canonical
to non-canonical Wnt signalling switch in haematopoietic stem-cell ageing.
Nature. 2013;503:392–6.
63. López-Ruano G, Prieto-Bermejo R, Ramos TL, San-Segundo L, SánchezAbarca LI, Sánchez-Guijo F, et al. PTPN13 and β-catenin regulate the
quiescence of hematopoietic stem cells and their interaction with the bone
marrow niche. Stem Cell Reports. 2015;5:516–31.
64. Funato Y, Miki H. Redox regulation of Wnt signalling via nucleoredoxin. Free
Radic Res. 2010;44:379–88.
65. Sardina JL, López-Ruano G, Prieto-Bermejo R, Sánchez-Sánchez B, PérezFernández A, Sánchez-Abarca LI, et al. PTPN13 regulates cellular signalling
and β-catenin function during megakaryocytic differentiation. Biochim
Biophys Acta. 2014;1843:2886–99.
66. Kelly LM, Gilliland DG. Genetics of myeloid Leukemias. Annu Rev Genomics
Hum Genet. 2002;3:179–98.
67. Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s contributions to
current concepts of cancer metabolism. Nat Rev Cancer. 2011;11:325–37.
68. Szatrowski TP, Nathan CF. Production of large amounts of hydrogen
peroxide by human tumor cells. Cancer Res. 1991;51:794–8.
69. Al-Gayyar MMH, Eissa LA, Rabie AM, El-Gayar AM. Measurements of
oxidative stress status and antioxidant activity in chronic leukaemia patients.
J Pharm Pharmacol. 2007;59:409–17.
70. Nieborowska-Skorska M, Kopinski PK, Ray R, Hoser G, Ngaba D, Flis S, et al.
Rac2-MRC-cIII-generated ROS cause genomic instability in chronic myeloid
leukemia stem cells and primitive progenitors. Blood. 2012;119:4253–63.
71. Hole PS, Zabkiewicz J, Munje C, Newton Z, Pearn L, White P, et al.
Overproduction of NOX-derived ROS in AML promotes proliferation and
is associated with defective oxidative stress signaling. Blood.
2013;122:3322–30.
72. Silva A, Yunes JA, Cardoso BA, Martins LR, Jotta PY, Abecasis M, et al. PTEN
posttranslational inactivation and hyperactivation of the PI3K/Akt pathway
sustain primary T cell leukemia viability. J Clin Invest. 2008;118:3762–74.
73. Mazor D, Abucoider A, Meyerstein N, Kapelushnik J. Antioxidant status in
pediatric acute lymphocytic leukemia (ALL) and solid tumors: the impact of
oxidative stress. Pediatr Blood Cancer. 2008;51:613–5.
74. Sentürker S, Karahalil B, Inal M, Yilmaz H, Müslümanoglu H, Gedikoglu G,
et al. Oxidative DNA base damage and antioxidant enzyme levels in
childhood acute lymphoblastic leukemia. FEBS Lett. 1997;416:286–90.
75. Hurtado-Nedelec M, Csillag MJG, Boussetta T, Belambri SA, Fay M, Cassinat
B, et al. Increased reactive oxygen species production and p47phox
phosphorylation in neutrophils from myeloproliferative disorders patients
with JAK2 (V617F) mutation. Haematologica. 2013;98:1517–24.
76. Sallmyr A, Fan J, Rassool FV. Genomic instability in myeloid malignancies:
increased reactive oxygen species (ROS), DNA double strand breaks (DSBs)
and error-prone repair. Cancer Lett. 2008;270:1–9.

Page 15 of 18

77. Hole PS, Darley RL, Tonks A. Do reactive oxygen species play a role in
myeloid leukemias? Blood. 2011;117:5816–26.
78. McCrann DJ, Eliades A, Makitalo M, Matsuno K, Ravid K. Differential
expression of NADPH oxidases in megakaryocytes and their role in
polyploidy. Blood. 2009;114:1243–9.
79. Xu Q, Choksi S, Qu J, Jang J, Choe M, Banfi B, et al. NADPH oxidases are
essential for macrophage differentiation. J Biol Chem. 2016;291:20030–41.
80. Kwak HJ, Liu P, Bajrami B, Xu Y, Park SY, Nombela-Arrieta C, et al. Myeloid cellderived reactive oxygen species externally regulate the proliferation of myeloid
progenitors in emergency Granulopoiesis. Immunity. 2015;42:159–71.
81. Sánchez-Sánchez B, Gutiérrez-Herrero S, López-Ruano G, Prieto-Bermejo R,
Romo-González M, Llanillo M, et al. NADPH oxidases as therapeutic targets
in chronic myelogenous leukemia. Clin Cancer Res. 2014;20:4014–25.
82. Zhu QS, Xia L, Mills GB, Lowell CA, Touw IP, Corey SJ. G-CSF induced
reactive oxygen species involves Lyn-PI3-kinase-Akt and contributes to
myeloid cell growth. Blood. 2006;107:1847–56.
83. Aurelius J, Hallner A, Werlenius O, Riise R, Möllgård L, Brune M, et al.
NOX2-dependent immunosuppression in chronic myelomonocytic
leukemia. J Leukoc Biol. 2017;102:459–66.
84. Mellqvist UH, Hansson M, Brune M, Dahlgren C, Hermodsson S, Hellstrand K.
Natural killer cell dysfunction and apoptosis induced by chronic
myelogenous leukemia cells: role of reactive oxygen species and regulation
by histamine. Blood. 2000;96:1961–8.
85. Kamiguti AS, Serrander L, Lin K, Harris RJ, Cawley JC, Allsup DJ, et al.
Expression and activity of NOX5 in the circulating malignant B cells of hairy
cell leukemia. J Immunol. 2005;175:8424–30.
86. Shigemura T, Shiohara M, Kato M, Furuta S, Kaneda K, Morishita K, et al.
Superoxide-generating Nox5α is functionally required for the human
T-cell leukemia virus type 1-induced cell transformation phenotype.
J Virol. 2015;89:9080–9.
87. Bejarano-García JA, Millán-Uclés Á, Rosado IV, Sánchez-Abarca LI,
Caballero-Velázquez T, Durán-Galván MJ, et al. Sensitivity of
hematopoietic stem cells to mitochondrial dysfunction by SdhD gene
deletion. Cell Death Dis. 2016;7:e2516.
88. Ito K, Turcotte R, Cui J, Zimmerman SE, Pinho S, Mizoguchi T, et al. Selfrenewal of a purified Tie2+hematopoietic stem cell population relies on
mitochondrial clearance. Science. 2016;354:1156–60.
89. Mohrin M, Chen D. The mitochondrial metabolic checkpoint and aging of
hematopoietic stem cells. Curr Opin Hematol. 2016;23:318–24.
90. Kohli L, Passegué E. Surviving change: the metabolic journey of
hematopoietic stem cells. Trends Cell Biol. 2014;24:479–87.
91. Maryanovich M, Zaltsman Y, Ruggiero A, Goldman A, Shachnai L, Zaidman
SL, et al. An MTCH2 pathway repressing mitochondria metabolism regulates
haematopoietic stem cell fate. Nat Commun. 2015;6:7901.
92. Warburg O. On the origin of cancer cells. Science. 1956;123:309–14.
93. Moreno-Sánchez R, Marín-Hernández A, Saavedra E, Pardo JP, Ralph SJ,
Rodríguez-Enríquez S. Who controls the ATP supply in cancer cells?
Biochemistry lessons to understand cancer energy metabolism. Int J
Biochem Cell Biol. 2014;50:10–23.
94. Caino MC, Altieri DC. Molecular pathways: mitochondrial reprogramming in
tumor progression and therapy. Clin Cancer Res. 2016;22:540–5.
95. Jitschin R, Hofmann AD, Bruns H, Gießl A, Bricks J, Berger J, et al. Mitochondrial
metabolism contributes to oxidative stress and reveals therapeutic targets in
chronic lymphocytic leukemia. Blood. 2014;123:2663–72.
96. Chatterjee A, Dasgupta S, Sidransky D. Mitochondrial subversion in cancer.
Cancer Prev Res. 2011;4:638–54.
97. Flis K, Irvine D, Copland M, Bhatia R, Skorski T. Chronic myeloid leukemia
stem cells display alterations in expression of genes involved in oxidative
phosphorylation. Leuk Lymphoma. 2012;53:2474–8.
98. Kluza J, Jendoubi M, Ballot C, Dammak A, Jonneaux A, Idziorek T, et al.
Exploiting mitochondrial dysfunction for effective elimination of imatinibresistant leukemic cells. PLoS One. 2011;6:e21924.
99. Kang MG, Kim YN, Lee JH, Szardenings M, Baek HJ, Kook H, et al.
Clinicopathological implications of mitochondrial genome alterations in
pediatric acute myeloid leukemia. Ann Lab Med. 2016;36:101–10.
100. Cerezo M, Bandelt H-J, Martín-Guerrero I, Ardanaz M, Vega A, Carracedo A,
et al. High mitochondrial DNA stability in B-cell chronic lymphocytic
leukemia. PLoS One. 2009;4:e7902.
101. Kodroń A, Ghanim M, Krawczyk KK, Stelmaszczyk-Emmel A, Tońska K,
Demkow U, et al. Mitochondrial DNA in pediatric leukemia patients. Acta
Biochim Pol. 2017;64:183–7.

Prieto-Bermejo et al. Journal of Experimental & Clinical Cancer Research (2018) 37:125

102. Battelli MG, Polito L, Bortolotti M, Bolognesi A. Xanthine oxidoreductase in
cancer: more than a differentiation marker. Cancer Med. 2016;5:546–57.
103. Zhou F-L, Zhang W-G, Wei Y-C, Meng S, Bai G-G, Wang B-Y, et al.
Involvement of oxidative stress in the relapse of acute myeloid leukemia.
J Biol Chem. 2010;285:15010–5.
104. Abooali M, Lall GS, Coughlan K, Lall HS, Gibbs BF, Sumbayev VV. Crucial
involvement of xanthine oxidase in the intracellular signalling networks
associated with human myeloid cell function. Sci Rep. 2014;4:6307.
105. Chen Y, Hu Y, Zhang H, Peng C, Li S. Loss of the Alox5 gene impairs
leukemia stem cells and prevents chronic myeloid leukemia. Nat Genet.
2009;41:783–92.
106. Chen Y, Peng C, Abraham SA, Shan Y, Guo Z, Desouza N, et al.
Arachidonate 15-lipoxygenase is required for chronic myeloid leukemia
stem cell survival. J Clin Invest. 2014;124:3847–62.
107. Bernard M, Bancos S, Sime P, Phipps R. Targeting Cyclooxygenase-2 in
hematological malignancies: rationale and promise. Curr Pharm Des.
2008;14:2051–60.
108. Agundez J a G. Cytochrome P450 gene polymorphism and cancer. Curr
Drug Metab. 2004;5:211–24.
109. Sinnett D, Labuda D, Krajinovic M. Challenges identifying genetic
determinants of pediatric cancers - the childhood leukemia experience.
Familial Cancer. 2006;5:35–47.
110. Kumerova A, Lece A, Skesters A, Silova A, Petuhovs V. Anaemia and
antioxidant defence of the red blood cells. Mater Med Pol. 1998;30:12–5.
111. Zhou F, Pan Y, Wei Y, Zhang R, Bai G, Shen Q, et al. Jab1/Csn5-thioredoxin
signaling in relapsed acute monocytic leukemia under oxidative stress. Clin
Cancer Res. 2017;23:4450–61.
112. Oltra AM, Carbonell F, Tormos C, Iradi A, Sáez GT. Antioxidant enzyme
activities and the production of MDA and 8-oxo-dG in chronic lymphocytic
leukemia. Free Radic Biol Med. 2001;30:1286–92.
113. Irwin ME, Rivera-Del Valle N, Chandra J. Redox control of leukemia: from
molecular mechanisms to therapeutic opportunities. Antioxid Redox Signal.
2013;18:1349–83.
114. Melo JV, Barnes DJ. Chronic myeloid leukaemia as a model of disease
evolution in human cancer. Nat Rev Cancer. 2007;7:441–53.
115. Sattler M, Verma S, Shrikhande G, Byrne CH, Pride YB, Winkler T, et al. The
BCR/ABL tyrosine kinase induces production of reactive oxygen species in
hematopoietic cells. J Biol Chem. 2000;275:24273–8.
116. Naughton R, Quiney C, Turner SD, Cotter TG. Bcr-Abl-mediated redox
regulation of the PI3K/AKT pathway. Leukemia. 2009;23:1432–40.
117. Samimi A, Kalantari H, Lorestani MZ, Shirzad R, Saki N. Oxidative stress in
normal hematopoietic stem cells and leukemia. APMIS. 2018;126:284–94.
118. Kim JH, Chu SC, Gramlich JL, Pride YB, Babendreier E, Chauhan D, et al.
Activation of the PI3K/mTOR pathway by BCR-ABL contributes to increased
production of reactive oxygen species. Blood. 2005;105:1717–23.
119. Reddy MM, Fernandes MS, Salgia R, Levine RL, Griffin JD, Sattler M. NADPH
oxidases regulate cell growth and migration in myeloid cells transformed
by oncogenic tyrosine kinases. Leukemia. 2011;25:281–9.
120. Warsch W, Grundschober E, Berger A, Gille L, Cerny-Reiterer S, Tigan A-S,
et al. STAT5 triggers BCR-ABL1 mutation by mediating ROS production in
chronic myeloid leukaemia. Oncotarget. 2012;3:1669–87.
121. Sallmyr A, Fan J, Datta K, Kim KT, Grosu D, Shapiro P, et al. Internal tandem
duplication of FLT3 (FLT3/ITD) induces increased ROS production, DNA
damage, and misrepair: implications for poor prognosis in AML. Blood.
2008;111:3173–82.
122. Stanicka J, Russell EG, Woolley JF, Cotter TG. NADPH oxidase-generated
hydrogen peroxide induces DNA damage in mutant FLT3-expressing
leukemia cells. J Biol Chem. 2015;290:9348–61.
123. Jayavelu AK, Moloney JN, Böhmer FD, Cotter TG. NOX-driven ROS formation in
cell transformation of FLT3-ITD-positive AML. Exp Hematol. 2016;44:1113–22.
124. Braun BS, Shannon K. Targeting ras in myeloid leukemias. Clin Cancer Res.
2008;14:2249–52.
125. Liang DC, Shih LY, Fu JF, Li HY, Wang HI, Hung IJ, et al. K-Ras mutations and
N-Ras mutations in childhood acute leukemias with or without mixedlineage leukemia gene rearrangements. Cancer. 2006;106:950–6.
126. Rassool FV, Gaymes TJ, Omidvar N, Brady N, Beurlet S, Pla M, et al. Reactive
oxygen species, DNA damage, and error-prone repair: a model for genomic
instability with progression in myeloid leukemia? Cancer Res. 2007;67:8762–71.
127. Suh YA, Arnold RS, Lassegue B, Shi J, Xu X, Sorescu D, et al. Cell
transformation by the superoxide-generating oxidase Mox1. Nature. 1999;
401:79–82.

Page 16 of 18

128. Hole PS, Pearn L, Tonks AJAAJA, James PE, Burnett AK, Darley RL.
Ras-induced reactive oxygen species promote growth factorindependent proliferation in human CD34+ hematopoietic progenitor
cells. Blood. 2010;115:1238–46.
129. Barbui T, Thiele J, Vannucchi AM, Tefferi A. Rationale for revision and proposed
changes of the WHO diagnostic criteria for polycythemia vera, essential
thrombocythemia and primary myelofibrosis. Blood Cancer J. 2015;5:e337.
130. Marty C, Lacout C, Droin N, Le Couédic JP, Ribrag V, Solary E, et al. A role for
reactive oxygen species in JAK2 V617F myeloproliferative neoplasm
progression. Leukemia. 2013;27:2187–95.
131. Kahn JE, Dutoit-Lefevre V, Duban-Deweer S, Chafey P, Pottiez G, Lefranc D,
et al. Comparative proteomic analysis of blood eosinophils reveals redox
signaling modifications in patients with FIP1L1-PDGFRA-associated chronic
eosinophilic leukemia. J Proteome Res. 2011;10:1468–80.
132. Mardis ER, Ding L, Dooling DJ, Larson DE, McLellan MD, Chen K, et al.
Recurring mutations found by sequencing an acute myeloid leukemia
genome. N Engl J Med. 2009;361:1058–66.
133. Reitman ZJ, Yan H. Isocitrate dehydrogenase 1 and 2 mutations in cancer:
alterations at a crossroads of cellular metabolism. J Natl Cancer Inst. 2010;
102:932–41.
134. Abdel-Wahab O, Manshouri T, Patel J, Harris K, Yao J, Hedvat C, et al.
Genetic analysis of transforming events that convert chronic
myeloproliferative neoplasms to leukemias. Cancer Res. 2010;70:447–52.
135. Wondrak GT. Redox-directed Cancer therapeutics: molecular mechanisms
and opportunities. Antioxid Redox Signal. 2009;11:3013–69.
136. Trachootham D, Alexandre J, Huang P. Targeting cancer cells by ROSmediated mechanisms: a radical therapeutic approach? Nat Rev Drug
Discov. 2009;8:579–91.
137. Shafer D, Grant S. Update on rational targeted therapy in AML. Blood Rev.
2016;30:275–83.
138. Iacobini M, Menichelli A, Palumbo G, Multari G, Werner B, Del Principe D.
Involvement of oxygen radicals in cytarabine-induced apoptosis in human
polymorphonuclear cells. Biochem Pharmacol. 2001;61:1033–40.
139. Gewirtz DA. A critical evaluation of the mechanisms of action proposed for
the antitumor effects of the anthracycline antibiotics adriamycin and
daunorubicin. Biochem Pharmacol. 1999;57:727–41.
140. Spallarossa P, Altieri P, Garibaldi S, Ghigliotti G, Barisione C, Manca V, et al.
Matrix metalloproteinase-2 and -9 are induced differently by doxorubicin in
H9c2 cells: the role of MAP kinases and NAD(P)H oxidase. Cardiovasc Res.
2006;69:736–45.
141. Deng S, Kruger A, Kleschyov AL, Kalinowski L, Daiber A, Wojnowski L.
Gp91phox-containing NAD(P)H oxidase increases superoxide formation by
doxorubicin and NADPH. Free Radic Biol Med. 2007;42:466–73.
142. Gilleron M, Marechal X, Montaigne D, Franczak J, Neviere R, Lancel S.
NADPH oxidases participate to doxorubicin-induced cardiac myocyte
apoptosis. Biochem Biophys Res Commun. 2009;388:727–31.
143. Megias-Vericat JE, Montesinos P, Herrero MJ, Moscardo F, Boso V, Rojas L,
et al. Impact of NADPH oxidase functional polymorphisms in acute myeloid
leukemia induction chemotherapy. Pharmacogenomics J. 2017;18:301–7.
144. Doroshow JH. Prevention of doxorubicin-induced killing of MCF-7 human
breast cancer cells by oxygen radical scavengers and iron chelating agents.
Biochem Biophys Res Commun. 1986;135:330–5.
145. Pani G, Bedogni B, Anzevino R, Colavitti R, Palazzotti B, Borrello S, et al.
Deregulated manganese superoxide dismutase expression and resistance to
oxidative injury in p53-deficient cells. Cancer Res. 2000;60:4654–60.
146. Furusawa S, Kimura E, Kisara S, Nakano S, Murata R, Tanaka Y, et al.
Mechanism of resistance to oxidative stress in doxorubicin resistant cells.
Biol Pharm Bull. 2001;24:474–9.
147. Ruefli AA, Ausserlechner MJ, Bernhard D, Sutton VR, Tainton KM, Kofler R,
et al. The histone deacetylase inhibitor and chemotherapeutic agent
suberoylanilide hydroxamic acid (SAHA) induces a cell-death pathway
characterized by cleavage of bid and production of reactive oxygen species.
Proc Natl Acad Sci U S A. 2001;98:10833–8.
148. Hu Y, Lu W, Chen G, Zhang H, Jia Y, Wei Y, et al. Overcoming
resistance to histone deacetylase inhibitors in human leukemia with the
redox modulating compound β-phenylethyl isothiocyanate. Blood.
2010;116:2732–41.
149. Perillo B, Di SA, Cernera G, Ombra MN, Castoria G, Migliaccio A. Nuclear
receptor-induced transcription is driven by spatially and timely restricted
waves of ROS: the role of Akt, IKKα, and DNA damage repair enzymes.
Nucleus. 2014;5:482–91.

Prieto-Bermejo et al. Journal of Experimental & Clinical Cancer Research (2018) 37:125

150. Zhou B, Mu J, Gong Y, Lu C, Zhao Y, He T, et al. Brd4 inhibition attenuates
unilateral ureteral obstruction-induced fibrosis by blocking TGF-β-mediated
Nox4 expression. Redox Biol. 2017;11:390–402.
151. Zhang S, Bao Y, Ju X, Li K, Shang H, Ha L, et al. BA-j as a novel CDK1
inhibitor selectively induces apoptosis in cancer cells by regulating ROS. Sci
Rep. 2015;5:13626.
152. Masdehors P, Merle-Béral H, Magdelénat H, Delic J. Ubiquitin-proteasome
system and increased sensitivity of B-CLL lymphocytes to apoptotic death
activation. Leuk Lymphoma. 2000;38:499–504.
153. Rosiñol L, Oriol A, Teruel AI, De La Guía AL, Blanchard M, De La Rubia J,
et al. Bortezomib and thalidomide maintenance after stem cell
transplantation for multiple myeloma: a PETHEMA/GEM trial. Leukemia.
2017;31:1922–7.
154. Csizmar CM, Kim DH, Sachs Z. The role of the proteasome in AML. Blood
Cancer J. 2016;6:e503.
155. Faderl S, Rai K, Gribben J, Byrd JC, Flinn IW, O’Brien S, et al. Phase II study of
single-agent bortezomib for the treatment of patients with fludarabinerefractory B-cell chronic lymphocytic leukemia. Cancer. 2006;107:916–24.
156. Ling Y-H, Liebes L, Zou Y, Perez-Soler R. Reactive oxygen species generation
and mitochondrial dysfunction in the apoptotic response to Bortezomib, a
novel proteasome inhibitor, in human H460 non-small cell lung Cancer
cells. J Biol Chem. 2003;278:33714–23.
157. Kayser S, Schlenk RF, Platzbecker U. Management of patients with acute
promyelocytic leukemia. Leukemia. 2018;32:1277–94.
158. Emadi A, Gore SD. Arsenic trioxide - an old drug rediscovered. Blood Rev.
2010;24:191–9.
159. Pelicano H, Feng L, Zhou Y, Carew JS, Hileman EO, Plunkett W, et al.
Inhibition of mitochondrial respiration: a novel strategy to enhance druginduced apoptosis in human leukemia cells by a reactive oxygen speciesmediated mechanism. J Biol Chem. 2003;278:37832–9.
160. Chou W-C, Jie C, Kenedy AA, Jones RJ, Trush MA, Dang CV. Role of NADPH
oxidase in arsenic-induced reactive oxygen species formation and
cytotoxicity in myeloid leukemia cells. Proc Natl Acad Sci. 2004;101:4578–83.
161. Lu J, Chew E-H, Holmgren A. Targeting thioredoxin reductase is a basis for
cancer therapy by arsenic trioxide. Proc Natl Acad Sci. 2007;104:12288–93.
162. Vivas-Mejía PE, Ozpolat B, Chen X, Lopez-Berestein G. Downregulation
of the c-MYC target gene, peroxiredoxin III, contributes to arsenic
trioxide-induced apoptosis in acute promyelocytic leukemia. Int J
Cancer. 2009;125:264–75.
163. Fruehauf JP, Meyskens FL. Reactive oxygen species: a breath of life or
death? Clin Cancer Res. 2007;13:789–94.
164. Ramanathan B, Jan KY, Chen CH, Hour TC, Yu HJ, Pu YS. Resistance to
paclitaxel is proportional to cellular total antioxidant capacity. Cancer Res.
2005;65:8455–60.
165. Maeda H, Hori S, Ohizumi H, Segawa T, Kakehi Y, Ogawa O, et al. Effective
treatment of advanced solid tumors by the combination of arsenic trioxide
and L-buthionine-sulfoximine. Cell Death Differ. 2004;11:737–46.
166. Jeanne M, Lallemand-Breitenbach V, Ferhi O, Koken M, Le Bras M, Duffort S,
et al. PML/RARA oxidation and arsenic binding initiate the Antileukemia
response of As2O3. Cancer Cell. 2010;18:88–98.
167. Tay CG, Lee VWM, Ong LC, Goh KJ, Ariffin H, Fong CY. Vincristine-induced
peripheral neuropathy in survivors of childhood acute lymphoblastic
leukaemia. Pediatr Blood Cancer. 2017;64:e26471.
168. Alexandre J, Batteux F, Nicco C, Chéreau C, Laurent A, Guillevin L, et al.
Accumulation of hydrogen peroxide is an early and crucial step for
paclitaxel-induced cancer cell death both in vitro and in vivo. Int J Cancer.
2006;119:41–8.
169. Alexandre J, Nicco C, Chéreau C, Laurent A, Weill B, Goldwasser F, et al.
Improvement of the therapeutic index of anticancer drugs by the
superoxide dismutase mimic mangafodipir. J Natl Cancer Inst.
2006;98:236–44.
170. Yu C, Rahmani M, Conrad D, Subler M, Dent P, Grant S. The proteasome
inhibitor bortezomib interacts synergistically with histone deacetylase
inhibitors to induce apoptosis in Bcr/Abl+ cells sensitive and resistant to
STI571. Blood. 2003;102:3765–74.
171. Berenson JR, Matous J, Swift RA, Mapes R, Morrison B, Yeh HS. A phase I/II
study of arsenic trioxide/bortezomib/ascorbic acid combination therapy for
the treatment of relapsed or refractory multiple myeloma. Clin Cancer Res.
2007;13:1762–8.
172. Lee K, Briehl MM, Mazar AP, Batinic-Haberle I, Reboucas JS, GlinsmannGibson B, et al. The copper chelator ATN-224 induces peroxynitrite-

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.
187.

188.

189.

190.

191.

192.

193.

Page 17 of 18

dependent cell death in hematological malignancies. Free Radic Biol Med.
2013;60:157–67.
Kelly B, Tannahill GM, Murphy MP, O’Neill LAJ. Metformin inhibits the
production of reactive oxygen species from NADH: ubiquinone
oxidoreductase to limit induction of interleukin-1β (IL-1β) and boosts
interleukin-10 (IL-10) in lipopolysaccharide (LPS)-activated macrophages.
J Biol Chem. 2015;290:20348–59.
Le SB, Hailer MK, Buhrow S, Wang Q, Flatten K, Pediaditakis P, et al.
Inhibition of mitochondrial respiration as a source of adaphostin-induced
reactive oxygen species and cytotoxicity. J Biol Chem. 2007;282:8860–72.
Chandra J, Tracy J, Loegering D, Flatten K, Verstovsek S, Beran M, et al.
Adaphostin-induced oxidative stress overcomes BCR/ABL mutationdependent and -independent imatinib resistance. Blood. 2006;107:2501–6.
Reed GA, Schiller GJ, Kambhampati S, Tallman MS, Douer D, Minden MD,
et al. A phase 1 study of intravenous infusions of tigecycline in patients
with acute myeloid leukemia. Cancer Med. 2016;5:3031–40.
Harris IS, Treloar AE, Inoue S, Sasaki M, Gorrini C, Lee KC, et al. Glutathione
and Thioredoxin antioxidant pathways synergize to drive Cancer initiation
and progression. Cancer Cell. 2015;27:211–22.
Dvorakova K, Payne CM, Tome ME, Briehl MM, McClure T, Dorr RT. Induction
of oxidative stress and apoptosis in myeloma cells by the aziridinecontaining agent imexon. Biochem Pharmacol. 2000;60:749–58.
Schoeneberger H, Belz K, Schenk B, Fulda S. Impairment of antioxidant
defense via glutathione depletion sensitizes acute lymphoblastic leukemia
cells for Smac mimetic-induced cell death. Oncogene. 2015;34:4032–43.
Tanaka Y, Komatsu T, Shigemi H, Yamauchi T, Fujii Y. BIMEL is a key effector
molecule in oxidative stress-mediated apoptosis in acute myeloid leukemia
cells when combined with arsenic trioxide and buthionine sulfoximine. BMC
Cancer. 2014;14:27.
Gao N, Rahmani M, Dent P, Grant S. 2-Methoxyestradiol-induced apoptosis
in human leukemia cells proceeds through a reactive oxygen species and
Akt-dependent process. Oncogene. 2005;24:3797–809.
Gerby B, Veiga DFT, Krosl J, Nourreddine S, Ouellette J, Haman A, et al.
High-throughput screening in niche-based assay identifies compounds to
target preleukemic stem cells. J Clin Invest. 2016;126:4569–84.
Weydert CJ, Waugh TA, Ritchie JM, Iyer KS, Smith JL, Li L, et al.
Overexpression of manganese or copper-zinc superoxide dismutase inhibits
breast cancer growth. Free Radic Biol Med. 2006;41:226–37.
Karlsson JOG, Ignarro LJ, Lundström I, Jynge P, Almén T. Calmangafodipir
[Ca4Mn(DPDP)5], mangafodipir (MnDPDP) and MnPLED with special
reference to their SOD mimetic and therapeutic properties. Drug Discov
Today. 2015;20:411–21.
Coriat R, Alexandre J, Nicco C, Quinquis L, Benoit E, Chéreau C, et al.
Treatment of oxaliplatin-induced peripheral neuropathy by intravenous
mangafodipir. J Clin Invest. 2014;124:262–72.
Mukherjee A, Martin SG. The thioredoxin system: a key target in tumour and
endothelial cells. Br J Radiol. 2008;81(SPECIAL ISSUE):S57–68.
Tan Y, Bi L, Zhang P, Wang F, Lin F, Ni W, et al. Thioredoxin-1 inhibitor PX12 induces human acute myeloid leukemia cell apoptosis and enhances the
sensitivity of cells to arsenic trioxide. Int J Clin Exp Pathol. 2014;7:4765–73.
Hubmann R, Hilgarth M, Schnabl S, Ponath E, Reiter M, Demirtas D, et al.
Gliotoxin is a potent NOTCH2 transactivation inhibitor and efficiently
induces apoptosis in chronic lymphocytic leukaemia (CLL) cells. Br J
Haematol. 2013;160:618–29.
Truitt L, Hutchinson C, DeCoteau JF, Geyer CR. Chaetocin antileukemia
activity against chronic myelogenous leukemia cells is potentiated by bone
marrow stromal factors and overcomes innate imatinib resistance.
Oncogene. 2014;3:e122.
Li Volti G, Tibullo D, Vanella L, Giallongo C, Di Raimondo F, Forte S, et al.
The Heme oxygenase system in hematological malignancies. Antioxid
Redox Signal. 2017;27:363–77.
Doi K, Akaike T, Fujii S, Tanaka S, Ikebe N, Beppu T, et al. Induction of haem
oxygenase-1 by nitric oxide and ischaemia in experimental solid tumours
and implications for tumour growth. Br J Cancer. 1999;80:1945–54.
Fishel ML, Colvin ES, Luo M, Kelley MR, Robertson KA. Inhibition of the
redox function of APE1/Ref-1 in myeloid leukemia cell lines results in a
hypersensitive response to retinoic acid-induced differentiation and
apoptosis. Exp Hematol. 2010;38:1178–88.
Laev SS, Salakhutdinov NF, Lavrik OI. Inhibitors of nuclease and redox
activity of apurinic/apyrimidinic endonuclease 1/redox effector factor 1
(APE1/Ref-1). Bioorg Med Chem. 2017;25:2531–44.

Prieto-Bermejo et al. Journal of Experimental & Clinical Cancer Research (2018) 37:125

194. Siveen KS, Uddin S, Mohammad RM. Targeting acute myeloid leukemia
stem cell signaling by natural products. Mol Cancer. 2017;16:13.
195. Gupta P, Wright SE, Kim SH, Srivastava SK. Phenethyl isothiocyanate: a
comprehensive review of anti-cancer mechanisms. Biochim Biophys Acta.
2014;1846:405–24.
196. Nachat A, Turoff-Ortmeyer S, Liu C, McCulloch M. PEITC in end-stage B-cell
prolymphocytic leukemia: case report of possible sensitization to salvage
R-CHOP. Perm J. 2016;20:74–81.
197. Trachootham D, Zhang H, Zhang W, Feng L, Du M, Zhou Y, et al. Effective
elimination of fludarabine-resistant CLL cells by PEITC through a redoxmediated mechanism. Blood. 2008;112:1912–22.
198. Zhang H, Trachootham D, Lu W, Carew J, Giles FJ, Keating MJ, et al.
Effective killing of Gleevec-resistant CML cells with T315I mutation by a
natural compound PEITC through redox-mediated mechanism. Leukemia.
2008;22:1191–9.
199. Menezes JCJMDS, Orlikova B, Morceau F, Diederich M. Natural and synthetic
flavonoids: structure–activity relationship and chemotherapeutic potential
for the treatment of leukemia. Crit Rev Food Sci Nutr. 2016;56:S4–28.
200. Garcia JS, Huang M, Medeiros BC, Mitchell BS. Selective toxicity of investigational
Ixazomib for human leukemia cells expressing mutant cytoplasmic NPM1: role of
reactive oxygen species. Clin Cancer Res. 2016;22:1978–88.
201. Bonner MY, Arbiser JL. The antioxidant paradox: what are antioxidants and
how should they be used in a therapeutic context for cancer. Future Med
Chem. 2014;6:1413–22.
202. Singh MM, Irwin ME, Gao Y, Ban K, Shi P, Arlinghaus RB, et al. Inhibition of
the NADPH oxidase regulates heme oxygenase 1 expression in chronic
myeloid leukemia. Cancer. 2012;118:3433–45.
203. Altenhöfer S, Radermacher KA, Kleikers PWM, Wingler K, Schmidt HHHW.
Evolution of NADPH oxidase inhibitors: selectivity and mechanisms for
target engagement. Antioxid Redox Signal. 2015;23:406–27.
204. Watts RW. Allopurinol in the therapy of neoplasia and blood diseases.
Metabolic aspects. Ann Rheum Dis. 1966;25(6 Suppl):657–9.
205. Giamanco NM, Cunningham BS, Klein LS, Parekh DS, Warwick AB, Lieuw K.
Allopurinol use during maintenance therapy for acute lymphoblastic
leukemia avoids mercaptopurine-related hepatotoxicity. J Pediatr Hematol
Oncol. 2016;38:147–51.
206. Abdel-Wahab O, Levine RL. Metabolism and the leukemic stem cell. J Exp
Med. 2010;207:677–80.
207. Fujii T, Khawaja MR, DiNardo CD, Atkins JT, Janku F. Targeting isocitrate
dehydrogenase (IDH) in cancer. Discov Med. 2016;21:373–80.
208. Fabricius WA, Ramanathan M. Review on haploidentical hematopoietic cell
transplantation in patients with hematologic malignancies. Adv Hematol.
2016;2016:5726132. 8 pages
209. Tesio M, Golan K, Corso S, Giordano S, Schajnovitz A, Vagima Y, et al.
Enhanced c-met activity promotes G-CSF-induced mobilization of
hematopoietic progenitor cells via ROS signaling. Blood. 2011;117:419–28.
210. Mantel CR, O’Leary HA, Chitteti BR, Huang X, Cooper S, Hangoc G, et al.
Enhancing hematopoietic stem cell transplantation efficacy by mitigating
oxygen shock. Cell. 2015;161:1553–65.
211. Kong Y, Song Y, Hu Y, Shi M-M, Wang Y-T, Wang Y, et al. Increased reactive
oxygen species and exhaustion of quiescent CD34-positive bone marrow
cells may contribute to poor graft function after allotransplants. Oncotarget.
2016;7:30892–906.
212. Zhao Y, Carroll DW, You Y, Chaiswing L, Wen R, Batinic-Haberle I, et al. A
novel redox regulator, MnTnBuOE-2-PyP5+, enhances normal hematopoietic
stem/progenitor cell function. Redox Biol. 2017;12:129–38.

Page 18 of 18

