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Abstract

Reactive oxygen species (ROS) serve as typical metabolic byproducts of aerobic life

and play a pivotal role in redox reactions and signal transduction pathways. Contingent
upon their concentration, ROS production not only initiates or stimulates tumorigen-
esis but also causes oxidative stress (OS) and triggers cellular apoptosis. Mounting
literature supports the view that ROS are closely interwoven with the pathogenesis

of a cluster of diseases, particularly those involving cell proliferation and differentiation,
such as myelodysplastic syndromes (MDS) and chronic/acute myeloid leukemia (CML/
AML). OS caused by excessive ROS at physiological levels is likely to affect the functions
of hematopoietic stem cells, such as cell growth and self-renewal, which may contrib-
ute to defective hematopoiesis. We review herein the eminent role of ROS in the hema-
tological niche and their profound influence on the progress of MDS. We also highlight
that targeting ROS is a practical and reliable tactic for MDS therapy.
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Introduction

Over the past few decades, despite great advancements in therapy, cancer remains
a key challenge to human health and a leading cause of death globally [1]. Triggering
apoptotic signaling pathways using anticancer drugs to induce apoptosis is one of the
principal strategies for cancer treatment [2, 3]. However, the complicated pathogen-
esis and acquired or intrinsic resistance of several cancers make it difficult to kill cancer
cells effectively using therapeutic avenues, such as chemotherapy and radiotherapy [4].
Therefore, insights into the endogenous or exogenous factors influencing the etiology
are important for eliminating cancer cells. Reactive oxygen species (ROS) are byprod-
ucts of cell growth under aerobic conditions and are mainly derived from mitochondrial
metabolism [5]. Specifically, ROS encompass a group of derivatives of molecular oxygen
[e.g., superoxide anion radical (O3 ), hydroxyl radicals (OH’), hydrogen peroxide (H,0,),
and singlet oxygen (*O,)], which are formed by redox reactions or electron transfer in
the mitochondrial electron transport chain (ETC) [6]. One of the prominent hallmarks
of cancer cells is their high metabolic rate and uncontrolled proliferation [7]; therefore,
they maintain higher ROS production and exhibit more aberrant redox homeosta-
sis than noncancerous cells [8]. Several studies have emphasized that many transcrip-
tion factors involved in the regulation of redox homeostasis are activated by ROS [9].
In some cancers, low or moderate levels of ROS could promote cell proliferation, dif-
ferentiation, metastasis, and even chemoresistance, protecting cells from cytotoxic ROS
by acting as signaling molecules to activate antioxidant systems in response to stress [5,
10-12]. ROS, which are important signaling molecules, are often closely involved in the
pathogenesis of numerous diseases and influence tumorigenesis, such as myelodysplas-
tic syndromes (MDS) and chronic/acute myeloid leukemia (CML/AML) [13-17].

In all healthy cells, the regulation of redox homeostasis is essential for cellular mainte-
nance, proper execution, and survival. However, numerous pathological states are char-
acterized by an aberrant redox state in which the generation and elimination of ROS
are imbalanced, leading to oxidative stress (OS) [18]. OS is closely associated with many
pathological conditions, such as aging [19], Parkinson’s disease [20], Alzheimer disease
[21, 22], rheumatoid arthritis [23], cardiovascular diseases [24, 25], neurodegenerative
diseases [26, 27], diabetes [28], and cancer [29]. Compelling evidence has highlighted
that chronic OS affects the progression of several hematological malignancies, includ-
ing MDS and leukemia [30-32]. In this context, ROS are significant factors in tumor
formation and the response to antineoplastic therapy, and the role of ROS in inhibiting
or promoting malignant tumor onset may be determined by OS. This review aims to
investigate the role of ROS in MDS and discuss whether ROS is an attractive therapeutic
target for MDS treatment.

Formation of ROS and OS

Numerous physiological processes are accompanied by the formation of ROS and
reactive nitrogen species (RNS), which are unavoidable consequences of cellular
metabolism. ROS can be defined as nonradicals and free radicals (with one or more
unpaired electrons) derived from diatomic oxygen. Highly reactive superoxide radi-
cals (O5) derived from the monovalent reduction of oxygen are at the heart of a
range of potential chemical reactions [9], as well as the first step of ROS production
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(Fig. 1); For example, superoxide radicals can react with nitric oxide and mediate
RNS production. Commonly, rapid superoxide reactions with superoxide dismutases
(SODs) yield the versatile signaling molecule hydrogen peroxide (H,0O,). H,0,, a
membrane-permeable and moderately prooxidant molecule, is a key agent in redox
signaling, and its production is controlled by metabolic cues or numerous stress fac-
tors, including growth factors, chemokines, and physical stressors [33]. The elimina-
tion of H,O, is implemented by peroxiredoxins (PRX), glutathione peroxidase (GPX),
and catalase (CAT) in the thioredoxin (Trx) and glutathione (GSH) systems [34]. In
the low nanomolar range (intracellular concentrations below 100 nM), H,0, medi-
ates the reversible oxidation of cysteine residues via specific protein targets and
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Fig. 1 Basics of ROS. The formation of intracellular O5" could be deemed as a result of the activity of NOXs,
or oxidative phosphorylation in mitochondria. Superoxide molecule as a reductant or an oxidant lies at the

hub of a series of redox reactions. Mostly, superoxide radicals are catalyzed to H,O, by superoxide dismutases,

including cytosolic SOD1, mitochondrial SOD2, and extracellular SOD3. Alternatively, superoxide reacts with
NO'" to form strong oxidative ONOO™, which can mediate oxidative modification of protein residues and
induce RNS production. Physiological levels of H,O, are strictly regulated by multiple mechanisms, such

as acting with PRX, GPX, and CAT to form H,O, while H,0, is also able to oxidation cysteine residues on
proteins for signaling transduction. If, however, excessive H,0, is not controlled, it will be decomposed into
OH' in the presence of metal cations (e.g, Fe?* and Cu*). OH' can react with DNA and irreversibly damage
DNA base units and also reacts with RH, forming R". R further reacts with O,, building up RO" or ROO’, which
can cause lipid peroxidation by a series of reaction steps and ultimately subvert membrane stability and
permeabilization
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participates in the regulation of metabolic activity in response to external stress [9,
35, 36]. However, a supraphysiological concentration of H,O, (above 100 nM) can
irreversibly modify and cause permanent impairment of DNA, proteins, or biomole-
cules [36, 37], eventually leading to cell growth arrest or even senescence and death, a
condition known as OS (Fig. 2a), which is why cells have evolved professional defense
mechanisms to control and scavenge the accumulation of H,0, and often maintain it
at low or nontoxic threshold concentrations. Furthermore, the Fenton reaction, which
mostly involves the decomposition of excess H,0O, catalyzed by redox metals (e.g.,
Fe’" and Cu"), is the primary source of deleterious hydroxyl radicals (OH’) [38]. The
accumulation of hydroxyl radicals can damage DNA, resulting in genomic instability,
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Fig. 2 Intracellular concentration of H,O,, ROS levels, and OS. a Estimated ranges of H,O, concentration
concerning OS cellular responses. The intracellular physiological range of H,O, boasts a wide span from 1 to
100 nM, and cellular proliferation, differentiation, migration, and angiogenesis rely heavily on that appropriate
range. High concentrations of H,O, trigger cellular adaptive stress responses. Even higher levels result in
inflammatory responses, growth retardation, tumor growth, metastasis, and cell death through different
mechanisms. Green and orange coloring stands for principally eustress and distress responses, respectively.
Itis estimated that a 100-fold concentration gradient, which varies with cell type, the location inside cells,
and the activity of enzymatic sinks, gives a rough orientation from extracellular to intracellular [18, 279].

b Imbalance between oxidants and antioxidants causes OS and influences tumorigenesis. Excessive ROS
generation leads to prooxidative/antioxidative imbalance and OS, which could be detrimental and result in
cellular dysfunction or cell death. For tumor cells, a higher generation of ROS and an elevated redox state are
crucial for tumorigenesis. In addition, tumor cells are able to increase the antioxidant levels to alleviate the
cytotoxic effect of ROS and counteract OS-induced cell death
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which is significant in the etiology and pathogenesis of multiple tumors as well as in
protein structure and cellular membrane devastation by initiating lipid peroxidation
[39]. Thus, maintaining the homeostasis of free labile ferrous iron and cuprous ions
is critical for cells to take precautions against the formation of hydroxyl radicals. The
more perturbed the homeostasis of transition metal cations, the more cellular impair-
ment is induced by toxic hydroxyl radicals or metal ions.

OS can be considered to be a disorder in which ROS generation and elimination are
unbalanced, being inextricably linked to the pathology of many diseases [40], including
various carcinomas. Cells have complicated biochemical and epigenetic mechanisms
that maintain a relatively steady condition between prooxidative and antioxidative sys-
tems, and their disruption can result in physiological and pathological implications.
Through antioxidant defense mechanisms involving both enzymatic and nonenzymatic
antioxidants [41, 42], cells maintain low or moderate ROS levels under normal physio-
logical conditions, enabling cell growth and development. Further, in the functionality of
cells, ROS serve as signaling agents that can drive gene and protein expression also but
are protumorigenic [43, 44]. As overproliferation and aberrant metabolism of tumors are
commonly accompanied by high ROS generation, tumor cells adapt to the oxidative bur-
den and maintain a high antioxidant status to avoid the cytotoxicity of high ROS levels
[29]. However, excessive ROS reaching an uncontrolled or unscavenging status results
in senescence and cellular death. Therefore, antioxidative defenses are of great signifi-
cance in both signal transduction and counteracting ROS, which can maximally protect
biomolecules against oxidative damage. It is noteworthy that many cellular physiologi-
cal processes, such as proliferation and differentiation, cell growth, inflammation, and
host defense, are subject to high ROS levels to a large extent, and those processes can
be destroyed when the balance between uncontrolled ROS and antioxidants is affected
(Fig. 2b).

Typically, cells contain a spectrum of endogenous antioxidant enzymes, such as GSH,
GPX, SOD, CAT, PRX, and Trx, which can directly scavenge dangerous ROS (hydroxyl
radicals, peroxyl radicals, superoxides, and lipid peroxides) and maintain intracellu-
lar redox homeostasis [45, 46]. GSH, a tripeptide composed of glutamate, glycine, and
cysteine, is the most abundant intracellular antioxidant that participates in antioxidant
defense, subdues ROS to homeostatic levels, and maintains the essential thiol status of
proteins [47]. Two forms of GSH are possible: oxidized glutathione (GSSG), which is
generated by GSH and interacts with H,O,; meanwhile, GSSG can be biotransformed
into the reduced form of GSH in the presence of reductase catalyzed by nicotinamide
adenine dinucleotide phosphate (NADPH) as an electron donor. Significant changes in
the intracellular ratio of GSH to GSSG can be regarded as indicators of oxidative dam-
age [48]. GSH levels play a paramount role in malignant tumor development, which is
typically linked to proliferative responses and influences cell cycle progression, meta-
static invasion, and resistance to chemotherapy [48-50]. In addition, clinical survival
outcomes of patients with certain diseases are closely associated with GSH levels. The
majority of the intracellular GSH content of some neoplastic cells is commonly regulated
by GSH-related enzymes, and increased GSH levels are closely related to the activities of
y-glutamylcysteine ligase and y-glutamyl-transpeptidase, as well as high expression of
GSH-transporting export pumps.
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As elevated GSH levels are capable of boosting antioxidative ability and resistance to
OS, previous studies have observed that GSH levels tend to be elevated in a variety of
malignant tumors, including pancreatic adenocarcinoma [51] and liver [52], ovarian
[53], breast [54], and lung cancers [55]. In contrast, studies have observed reduced intra-
cellular GSH content and high ROS levels in bone marrow cells from patients with MDS
[56], indicating that these cells are under OS. These results suggest that the depletion of
glutathione or inhibition of GSH-related enzymes and enhanced cell OS may be effec-
tive methods for MDS treatment. Rasool et al. [57] analyzed 50 patients with leukemia,
including those with ALL and AML, and 20 healthy controls to explore various circulat-
ing biomarkers (OS markers, electrolytes, and vitamin E). They showed that enzymatic
and nonenzymatic antioxidant levels (GSH, SOD, CAT, GPX, and vitamin E), platelets,
and electrolytes (Ca and Mg) were decreased when compared with controls, whereas
malondialdehyde levels, which can reflect OS, were significantly enhanced in the disease
subtypes of leukemia. These results indicate that the pathological state in patients with
MDS and those with leukemia was inextricably associated with OS.

Source of ROS generation in hematopoietic cells

Mitochondria and mitochondrial ETC

Mitochondria are the metabolic centers of cells, play an essential role in various fun-
damental organismal processes, and serve as integral participants in the regulation of
cell signaling pathways. For instance, they are the major site of adenosine triphosphate
(ATP) generation by oxidative phosphorylation (OXPHOS), as well as participating in
ROS generation and consumption, heme synthesis, the tricarboxylic acid (TCA) cycle,
calcium signaling, epigenetic regulation, mitophagy, and apoptosis [58, 59]. Hemat-
opoietic stem cells (HSCs) are also regulated by these mitochondrial processes (Fig. 3a).
Mitochondrial ROS (mROS), a consequence of electron leakage during OXPHOS and
molecular O, reduction, are typical byproducts of mitochondrial respiration [60, 61].
It is well known that mROS encompass a series of major ROS, such as highly reactive
superoxide radicals (O "), noxious hydroxyl radicals (OH’), H,O,, and singlet molecular
oxygen (*O,). It is worth mentioning that there at least ten sites for O, generation in
mitochondria, and the complexes I, II, and III of the ETC are most conspicuous [62, 63].
Incomplete electron transport via ETC complexes I and II leads to the generation of O5~
in the mitochondrial matrix, as well as production in both the mitochondrial matrix and
the intermembrane when electronic leakage occurs at complex III [64, 65]. Under path-
ological conditions, complex III-generated O, commonly results from hypoxic signal-
ing and the activation of hypoxia-inducible factors [66]. In addition, the intermembrane
space O, is highly likely to engage in cellular signals transduction events, such as DNA
and protein modifications, as they can travel to the cytosol easily [62, 67, 68].

To maintain redox homeostasis within the mitochondria, superoxide radicals in the
cytosol, mitochondrial matrix, or intermembrane space are rapidly biotransformed
to H,O, in the presence of SODs. As noted above, H,0, decomposes to form OH' via
the Fenton reaction, and the elimination of OH' is regulated by catalase and peroxi-
dase in the Trx and GSH antioxidant systems. Approximately 90% of intracellular ROS
are produced by mitochondrial metabolism; mROS and related signaling pathways are
integral participants in a diverse array of processes, including senescence, apoptosis,
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Fig. 3 a Multiple mitochondrial processes regulate HSCs. HSCs are exceedingly sensitive to ROS (mainly
generated by mitochondrial metabolism) levels, which can directly influence their differentiation and
commitment. Excessive ROS levels invariably cause HSC pool exhaustion. Metabolites (e.g., fumarate,
succinate, NAD, and acetyl-CoA), produced by mitochondria through OXPHOS and the TCA cycle, could
impact the epigenetic landscape. For example, fatty acid oxidation in HSCs is required to support acetyl-CoA
production. Meanwhile, the mitochondrial dynamic regulatory protein Mfn2 inhibits NFAT activity by a
negative effect on intracellular calcium ions, thereby maintaining HSCs. Heightened calcium signaling
prompts mitochondrial activity and participates in HSC division. In addition, mitochondrial dynamics and
mitophagy are an integral part of HSC maintenance. Specifically, mitochondrial dynamics (e.g., fusion,
fission, and motility) together determine mitochondrial morphology and are conducive to mitochondrial
quality control and cellular stress response, while mitophagy can sweep away impaired mitochondria and
contribute to the normal function of HSCs. Red arrows represent mitochondrial-related processes, while
blue arrows stand for secondary effects. b Assembly of NOX isoforms. The NOX2 complex is composed of
cytosolic subunits (p47°"% p40PM* and p67°"*), a small GTPase Rac1/2, and membrane subunits (gp91°">,
and p22P"%). NOX1 is constituted of the NOX1 catalytic subunit (a homolog of gp91 Phoxy NOXO1 (a homolog
of p47P"®), NOXA1 (a homolog of p67P"®), and Rac1 subunit. The structure of NOX3 is similar to NOX1/2.
However, NOX4 constitutes membrane subunits p22°"%, and poldip2 is significantly different from other
NOXs. NOX5 boasts a special N-terminal domain that harbors four Ca?* binding sites and an EF-hand domain.
The DUOX1/2 has a unique N-terminal domain and EF hand-type Ca’*-binding pockets. The activation of
NOX1-3 needs cytosolic subunits, while NOX4 requires p22°"* and poldip2. Ca?* that binds to the EF-hand
domains is demanded in the activation of NOX5 and DUOX1/2

tumorigenesis, and development [69]. Previous studies have reported the critical role of
mitochondria and ROS in self-renewal [70, 71], differentiation [72], fate [73], and func-
tion [74].

NADPH oxidase (NOX) family proteins

NOX are multi-subunit protein complexes that belong to the NOX family. The classi-
cal NOX structure is composed of two membrane catalytic subunits (gp91P"* referred
to as NOX2 and p22P'¥), three cytosolic proteins (p47P"%%, p40Ph°%, and p67P'°¥), and
the G-protein Rac [75]. Seven NOX isoforms have been identified, including NOX2 and
its homologs (NOX1, NOX3, NOX4, and NOXS5), dual oxidase 1 (DUOX1), and dual
oxidase 2 (DUOX2) [76]. The NOX family was initially discovered in the phagocytic
membrane, and NOX2 was the first identified member of this family. NOXs are impor-
tant for mature phagocytes to exterminate pathogens and regulate immune defense
and inflammation [77]. Professional phagocytic cells (neutrophils, eosinophils, mono-
cytes, and macrophages) can use superoxide-produced NOXs as part of the antimicro-
bial mechanisms to derive large amounts of ROS [75]. The NOX family is one of the
major endogenous enzymes that can induce the cellular production of O;” and H,0O, by
transferring electrons from the cytosolic donor NADPH to the acceptor O, [75]. They
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are ubiquitously present in virtually all organs, tissues, and cells, and are closely linked
to cellular proliferation and differentiation, aging, apoptosis, and even the pathological
mechanisms of many diseases.

The subcellular localization of NOXs is significantly different, which is conducive to
local ROS production and cellular signal transduction. For instance, NOX1, NOX2,
NOX3, DUOX1, and DUOX2 are mainly found in the plasma membrane (PM); NOX5
is distributed in the endoplasmic reticulum (ER); and NOX4 is observed in the PM, ER,
and nucleus (N) [18]. In addition, there are marked distinctions in the tissue distribution
of the NOX family proteins: the colon boasts the most abundant expression of NOX1,
and NOX2 is primarily expressed in mature phagocytes; concurrently, the most abun-
dant tissues of NOX3, NOX4, NOX5, and DUOX proteins are the inner ear, kidney,
spleen and testis, and thyroid, respectively (Table 1) [78, 79].

Some NOXs (NOX1-4) require association with the transmembrane subunit p22Ph°*
to ensure correct posttranslational modification, membrane targeting, long-term stabil-
ity, and enzymatic activity; however, the structures and regulatory mechanisms of the
seven enzymes greatly vary (Fig. 3b). NOX1 activation, which leads to the reduction of
O, to superoxide, is completed by forming a complex with NADPH oxidase activator 1
(NOXA1), NADPH oxidase organizer 1 (NOXO1), and Racl GTPase [80]. The activation
of NOX2 is regulated by a set of complex protein—protein interactions (p22Ph°%, p47Phox,
p67Ph%%, pa0PhX and Rac), as previously reported [81]. Intriguingly, both the cytosolic
subunits (p47ph°x and p67ph°x) and activators (NOXA1 and NOXO1) can mediate NOX3
activation and are required for the p22Ph™
ide formation [82]. It is distinct from other NOXs. NOX4 with compositional activity
does not require cytoplasmic subunits to function, and it merely hinges on the p22Ph**

subunit in NOX3 activation and superox-

protein for ROS production. Studies have shown that NOX5 activation is mediated by
the intracellular Ca®* concentration, as it boasts a special N-terminal domain that con-
tains Ca*"-binding pockets that prompt NOX5 activation by extra elongation factor
(EF)-hand motifs [75, 83]. Similar to NOX5, DUOX1/2 protein activation is dependent

Table 1 Summary of major ROS generators in hematopoietic cells

Name Location Product Tissue distribution

Mt ETC Mitochondria O}y Ubiquitous

NOX1 PM o5 Colon epithelial cells, vascular smooth muscle, endosome

NOX2 (gp91 Phox)  PM, ER, ES oy Phagocytes, lymphocytes, neurons

NOX3 PM O}y Inner ear, fetal kidney, spleen

NOX4 ER, PM, nucleus  H,0, Kidney, endosome, vascular endothelial cells, vascular smooth
muscle

NOX5 ER Oy Spleen, testis, vascular smooth muscle

DUOX1 PM H,0, Thyroid, lung, prostate, testis, salivary glands, pancreas

DUOX2 PM H,0, Thyroid, intestinal tract

XOR Cyto, ExC O}y Liver, intestine, mammal gland

MPO PM HOCI Bone marrow, phagocyte

CYP3A4 ER O5/H,0,  Liver, small intestine, duodenum

CYP2D6 ER 0O;/H,0,  Liver, smallintestine

CYP2E] ER M Oy /H,0,  Liver

CYP4AT ER O;/H,0,  Kidney, liver
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on Ca’" because their structures have additional N-terminal domains with peroxidase
activity and intracellular EF hand-type Ca*" binding sites [84]. Additionally, dual oxi-
dase maturation factors play a paramount role in the posttranslational modification
and membrane targeting of DUOX1/2 [78]. Although each member of the NOX family
produces ROS, distinct types of ROS are generated. NOX1, NOX2, NOX3, and NOX5
mainly produce highly reactive O, and NOX4, whereas DUOX1/2 enzymes principally
generate H,O, (Table 1).

The NOX family has attracted considerable attention because of its involvement in the
pathogenesis and progression of numerous diseases, including various neoplasias. In
particular, the redox signaling molecule H,O,, which originates from the NOXs, plays a
critical role in hematopoiesis [85] and hematopoietic growth factor signaling [86]. Hole
et al. [87] reported that the constitutive activation of NOXs caused the generation of
extracellular ROS to be significantly augmented in more than 60% of patients with AML
and that the increased ROS prompted the proliferation of AML cells, as well as nor-
mal CD347 cells, to a lesser extent. Demircan et al. [88] analyzed the important role of
the NOX family member NOX4 in AML using human AML cells and mouse models.
They revealed that the proliferation ability and cell competition were reduced in fms-
like receptor tyrosine kinase 3-internal tandem duplication (FLT3-ITD)-positive human
AML cells upon inhibition of the enzymatic activity of NOX4 and p22P"°*, In contrast,
an augmented myeloproliferative phenotype was observed in the FLT3-ITD-triggered
knock-in mouse model after the deliberate deletion of NOX4. Meanwhile, NOX4 inacti-
vation leads to increased HSC numbers, and the reconstitution ability decreases slightly
in normal hematopoietic stem and progenitor cells (HSPCs).

Metabolic pathways
Specific metabolic pathways or enzyme activities are associated with cellular ROS gen-
eration, including polyamine metabolism, purine catabolism, activities of xanthine
oxidoreductase (XOR), myeloperoxidase (MPO), and cytochrome P450 (CYP) monoox-
ygenase enzymes. Mounting evidence strongly indicates that tumors contain higher lev-
els of polyamines and amine oxidases (AOs) than normal tissues; using primary amines
as electron donors, AOs can catalyze polyamines to form aldehydes, ammonia, and
H,0, in response to cellular signals and stress [89]. XOR is a rate-limiting enzyme that
converts hypoxanthine to xanthine and xanthine to uric acid [90]. Two interconverti-
ble forms of XOR are possible: mammalian XOR, which is constitutively a nicotinamide
adenine dinucleotide (NAD™)-dependent xanthine dehydrogenase, can be transformed
to xanthine oxidase (XO) either reversibly by the oxidation of two cysteine residues or
irreversibly by proteolysis [91]. XO catalyzes the reduction of O, to generate O, and
H,O, by transferring monovalent and divalent electrons [92]. Previous studies have
illustrated that XO can be activated by inflammatory stimuli or stem cell growth fac-
tors and is essential for the maintenance of mammalian target of rapamycin (mTOR)-
dependent translational regulation in human myeloid cells [93]. Moreover, XOR-derived
ROS can induce OS and enhance the interactions between leukocytes and endothelial
cells by increasing phagocytic adhesion [92].

MPO is a heme peroxidase that mainly exists in primary azurophilic granules,
whereas very small amounts of MPO are found in monocytes and certain macrophage
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subpopulations. MPO can catalyze chlorides to form hypochlorous acids that partici-
pate in other types of ROS production, including OH" and NO,Cl [10]. Notably, a recent
study has reported that the expression level of MPO strongly interferes with the sensi-
tivity of AML cells to cytarabine and plays a pivotal role in maintaining mitochondrial
metabolism and redox homeostasis [15]. The measurement of neutrophil MPO expres-
sion in peripheral blood can effectively exclude patients with suspected MDS [94]. In
addition, CYPs, which are part of the electron transport chain in the ER, are capable
of inducing ROS generation upon breakdown or uncoupling of the P450 catalytic cycle
[95]. As one of the primary sources of ROS, CYPs play a significant role in the oxidative
metabolism of several endogenous and exogenous compounds [96].

Functions of ROS in the hematological niche

Basics of the hematological niche

In the bone marrow (BM), HSCs and progenitor cells dwell within the so-called
hemopoietic niche, which is defined as cellular and molecular microenvironments that
ensure hematopoietic homeostasis, maintenance and regulation of HSC functions, con-
trol of their normal growth, self-renewal proliferation and differentiation, and migration
through the collaboration of cellular mechanisms. Typically, the hematological niche is
divided into two distinct compartments, viz. the osteoblastic marrow compartment and
the vascular marrow compartment, which are essential for hematopoiesis [97]. On the
basis of transgenic mouse models, various BM stromal, nonhematopoietic and hemat-
opoietic cell types, niche factors, and their receptors have been implicated in the regula-
tion of intricate hemopoietic niche activity (Fig. 4a) [98, 99].

Mature blood cells originate from a population of pluripotent HSCs that are mostly
quiescent while sporadically dividing and self-renewing to sustain the stem cell pool
and ensure continued blood cell replenishment [58, 100]. The growth of HSCs can be
divided into two phases: quiescent (cell cycle in the GO phase) and activated (cell cycle
in the G1-G2-S—M phase). Notably, during cell cycle progression triggered by elevated
intracellular ROS levels, activated HSCs can not only choose to proliferate and differen-
tiate to form multilineage blood cells but also reenter a quiescent state. The anatomical
location of endogenous HSCs is mainly adjacent to sinusoidal blood vessels and away
from arterioles after activation and proliferation [101, 102], whereas quiescent HSCs
are located in proximity to megakaryocytes and osteoblastic cell compartments [103,
104]. The distribution of HSCs in hematological niches may not be random and is likely
affected by the anfractuous cellular and molecular microenvironments in the BM. It is
becoming increasingly apparent that a variety of BM stromal cells, HSCs’ progeny, and
other cell types are involved in the regulation of HSC activity. Endothelial cells, perivas-
cular mesenchymal stromal cells (MSCs), adipose cells, and macrophages can produce
stem cell factor, CXC-chemokine ligand 12 cytokines, and other regulatory factors that
promote HSC self-renewal and are required for HSC maintenance [105-108]. Crosstalk
between nonhematopoietic and hematopoietic cell types and niche regulatory factors
ensures optimal growth of HSCs (Fig. 4b) [109].
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Fig. 4 a Cellular and molecular components of the HSC niche. The activity of HSC is regulated by various
nonhematopoietic and hematopoietic cell types and niche regulatory factors. The target map shows how
BM niche cells are indirectly or directly implicated in the regulation of HSCs through the synthesis of niche
factors in the form of cell-bounding or secretory molecules. The color of radial spokes represents the affected
HSC activity. Molecules with asterisks stand for involvement in BM regeneration after ablation. The bold
molecules indicate molecules for which functional data were obtained via cell-specific genetic evidence.
b The adult bone marrow HSC niche in homeostasis. Multiple cell types and niche regulatory factors are
implicated in the regulation of HSC activity in a direct or indirect manner. Vasculature and associated
stromal cells, including periarteriolar Nes-GFP"9" cells, NG2* cells, and MYH11* cells, as well as perisinusoidal
Nes-GFP'®" cells, CAR cells, and LEPR" cells, are the essential regulators for HSC maintenance. The sympathetic
nervous system nerves are involved in the mobilization of HSC, adipocytes perhaps negatively impact HSC
maintenance, and nonmyelinating Schwann cells may lead to HSC quiescence. Osteoblasts not only take
part in HSC regulation but also may play a prominent role in lymphoid progenitor regulation. Macrophages,
neutrophils, T4 cells, megakaryocytes, and other hematopoietic cells are the progeny that differentiate
from HSC. In addition, platelet-biased Vwf-GFP* HSCs are distributed in and regulated by separate BM niches
containing megakaryocytes, while myeloid-biased Vivf~GFP~ HSCs are localized in and regulated by separate
BM niches containing arterioles. ¢ The relationship between ROS levels and HSCs destiny. Maintenance of
low ROS levels is associated with hypoxic conditions and some regulators, such as HIF1, COX2, PGE2, CXCR4,
and CXCL12. Raised ROS could drive HSCs out of the quiescent state and differentiation into short-term
repopulating cells, and further differentiation into myeloid cells (e.g., erythrocytes, leukocytes, neutrophils,
basophils, eosinophils, monocytes, lymphocytes, and platelets). However, excessive ROS levels can prompt
the exhaustion of HSCs and then apoptosis/ferroptosis
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Fate of ROS and HSCs

In addition to the various cell types and regulatory factors in the BM niche micro-
environment, intracellular ROS are also implicated in the regulation of HSC activity.
Several studies have elucidated the prominence of ROS management in HSC func-
tions, including hematopoiesis, self-renewal, proliferation, differentiation, matura-
tion, migration, and chronological aging. Specifically, HSCs are extremely sensitive to
the intracellular redox state; thus, maintaining extremely low cellular ROS levels and
NOX expression levels is essential for HSCs to maintain quiescence [110]. Evidence
suggests that quiescent, proliferative, and differentiated stem cells boast distinct
amounts of intracellular ROS owing to their different metabolism. Low ROS levels,
which are regulated by both endogenous and exogenous factors, are required for the
maintenance of stem cell self-renewal, migration, and development, and the cell cycle
state [111, 112]. However, increased ROS seemingly drive HSCs out of quiescence
and trigger HSC differentiation, reducing their capacity for self-renewal, disrupting
the balance between self-renewal and differentiation, and exhausting the HSC pool if
not remedied, which, in turn, may promote the onset of certain types of disease [71,
97, 113, 114]. Therefore, intracellular ROS levels may determine the fate of stem cells
(Fig. 4c).

Regulation of hematopoietic homeostasis

Numerous scientific studies have shown that abnormal differentiation and self-renewal
of HSC can cause certain types of diseases. For example, MDS or leukemia results from
insufficient differentiation or uncontrolled self-renewal of HSC, whereas excessive dif-
ferentiation or insufficient self-renewal can contribute to the depletion of the HSC pool
[99]. To maintain hematopoietic homeostasis throughout the life cycle, the differentia-
tion, self-renewal, and aging of HSCs must be regulated. The forkhead box O (FOXO)
family of transcription factors (especially FOXO3), which serve as crucial regulators of
ROS levels in cellular antioxidative defense systems, is essential for maintaining the HSC
pool [115-117]. Yalcin et al. [118] studied FOXO3(—/—) mice and demonstrated that
FOXO3 regulation of HSC occurs mostly by regulating the redox state of HSC, in which
the loss of FOXO3 leads to elevated ROS accumulation and myeloproliferative syndrome
that can be partially rescued by antioxidant therapy. Furthermore, FOXO3 loss in HSCs
reduced the competitive repopulation ability and induced exhaustion of the HSC pool
in an in vitro model [115]. Importantly, previous studies have shown that FOXO3 is
involved in the regulation of mitochondrial metabolism in HSCs [119-121]. These find-
ings indicate that FOXO3(—/—) HSCs can cause fragmented mitochondria, increased
mitochondrial content, mitochondrial membrane potential (MMP), and glycolysis, but
reduced OXPHOS and ATP; the mitochondrial defects of HSC (rather than increased
ROS levels) are associated with the long-term competitive repopulation activity of
HSCs. Additionally, these studies also singled out the possibility that enhanced activity
of glycolysis may have a bearing on exit from quiescence and HSC activation in at least
some contexts [119], although the majority of literature has revealed that normal HSCs
reside in a low-oxygen niche environment and their energy demands are highly depend-
ent on the glycolytic pathway [122-124].
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In addition to FOXO3, several other genes participate in the regulation of mito-
chondrial metabolism and affect the function and fate of HSCs. Maryanovich et al.
[125] demonstrated that the ataxia—telangiectasia mutated (ATM)-mediated BH3
interacting domain death agonist (BID) pathway plays a critical role in the self-
renewal and quiescence maintenance of HSCs by regulating OS. Loss of BID phos-
phorylation results in HSC escape from the quiescent phase, HSC pool depletion,
and a significant reduction in HSC reproductive potential. In parallel, they found that
the mitochondrial carrier homologue 2 (MTCH2), downstream of BID, negatively
regulates mitochondrial OXPHOS and is indispensable for HSC homeostasis. Loss
of MTCH2 enhances the mitochondrial size and OXPHOS, increases ATP and ROS
levels, and triggers HSPC cycle entry [126]. Tai-Nagara et al. [127] demonstrated that
mortalin and DJ-1 act synergistically and are imperative for HSCs to maintain normal
physiological ROS concentrations and HSC numbers. Furthermore, a study on the
tuberous sclerosis complex (TSC)/mTOR signaling pathway showed that HSCs with
TSC1 deletion escaped quiescence and mitochondrial biogenesis, as well as a marked
reduction in hematopoiesis and self-renewal capability [128]. TSC1(—/—) activates
mTOR signaling in response to ROS generation in HSC. These findings indicate that
mitochondrial metabolism and intracellular ROS levels are important regulators of
HSC function and must be precisely regulated.

Pathophysiology of MDS

Classification of MDS

MDS is a hematological neoplasm with limited treatment strategies, being character-
ized by clonal propagation of HSCs, recurrent genetic abnormalities, myelodysplasia,
ineffective hematopoiesis, abnormalities in the peripheral blood, and a high intrinsic
risk of progression to AML [129, 130]. Patients with MDS have been stratified into five
risk groups according to the revised International Prognostic Scoring System (IPSS-R),
including IPSS-R very low, low, intermediate (up to 3.5 IPSS-R score points), high, and
very high risk, with distinct clinic outcomes in terms of survival and AML evolution
[131]. Recently, the World Health Organization and the International Consensus Clas-
sification have updated the latest classification of MDS, which is in favor of more holis-
tic risk-stratification schemes (e.g., IPSS-R). Notably, the new classification divides MDS
entities into those with well-defined genetic abnormalities and those with morphological
definitions, and places more emphasis on defining MDS typing from a genetic perspec-
tive than the previous version of risk-based typing (Table 2) [132, 133].

Molecular pathogenesis of MDS

MDS develops from the growth and spread of a clone with somatic mutations of hemat-
opoietic cells and generally evolves into AML (Fig. 5) [129]. The selection advantage
of clones is conferred by somatic genetic lesions described as driver mutations [134],
and the initial mutation takes place in HSCs with self-renewal capability. Meanwhile,
additional mutations that pertain to clonal progression may also occur in progenitor
cells, thereby bestowing the ability to self-renew [135]. Some mutation driver genes that
belong to distinct biological pathways can contribute to myelodysplastic neoplasm, and
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Table 2 The latest classification and defining characteristics of MDS [132]

Blasts Cytogenetics Mutations

MDS with defining genetic abnormalities
MDS-5g (MDS with low  <5% BM and < 2% periph-  5qg deletion alone, or with

blasts and isolated 59 eral blood one other abnormality
deletion) other than monosomy 7 or
7q deletion
MDS-SF3B1 (MDS with <5% BM and < 2% periph-  Absence of 5q deletion, SF3B1
low blasts and SF3B1 eral blood monosomy 7, or complex
mutation) karyotype
MDS-biTP53 (MDS with  <20% BM and peripheral ~ Generally complex Two or more TP53 muta-
biallelic TP53 inactiva- blood tions, or one mutation
tion) with evidence of TP53

copy number loss or
copy neutral loss of
heterozygosity
MDS, morphologically defined
MDS-LB (MDS with low  <5% BM and < 2% periph-
blasts) eral blood
MDS-h (hypoplastic
MDS)
MDS-IB (MDS with
increased blasts)
MDS-IB1 5-9% BM or 2-4% periph-
eral blood
MDS-I1B2 10-19% BM or 5-19%
peripheral blood or Auer
rods
5-19% BM; 2-19% periph-
eral blood

the majority of patients with MDS exhibit combinations of pathway mutations, which is
responsible for the heterogeneity of MDS [136-139].

Pathophysiology of MDS with isolated del(5q)

MDS with isolated del(5q) is caused by the deletion of the DNA region in the long arm
of chromosome 5. This genetic lesion is the initial driver mutation that results in the
haploinsufficiency of several genes, which subsequently drives clinical symptoms. Typi-
cally, ribosomal protein S14 (RPS14) and casein kinase 1 alpha 1 (CSNK1A1) are asso-
ciated with the dysplasia of erythrocytes, and RPS14 haploinsufficiency contributes to
macrocytic anemia in mutant erythroblasts [140]. CSNK1A1 haploinsufficiency is capa-
ble of endowing del(5q)-heterozygous stem cells with clonal growth superiority and then
expansion [141], which is responsible for the efficiency and high clinical remission rate
of lenalidomide in MDS with isolated del(5q) [142].

Mutation driver genes

In MDS patients, there are numerous mutation driver genes, which, through diverse
mechanisms, lead to clonal outgrowth, myeloproliferation, and propagation of myelod-
ysplastic hematopoiesis (Fig. 5). Only ASXL transcriptional regulator 1 (ASXL1), DNA
methyltransferase 3 alpha (DNMT3A), RUNX family transcription factor 1 (RUNX1),
splicing factor 3b subunit 1 (SF3B1), serine and arginine rich splicing factor 2 (SRSF2),
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Fig. 5 Occurrence and manifestations of myelodysplastic hematopoiesis. MDS develops from the growth
and propagation of a clone with somatic mutations of hematopoietic cells and generally evolves into AML.
The characteristics and clinical manifestations vary in different phases. First, an initial mutation occurs in HSC,
and additional mutations that pertain to clonal progression occur in progenitor or precursor cells, collectively
forming a local clone. Next, as time elapses, mutant stem cells migrate and dwell within other BM regions
(e.g., sternum, femur, and ilium) through peripheral blood to form local clones, and the condition is defined
as the clonal hematopoiesis of indeterminate potential (CHIP) phase when hematopoietic cells harboring
somatic mutations represent a minimum of 4% of all BM cells (corresponding to a minimum of 2% of the
mutation allelic frequency). Subsequently, clonal hematopoiesis gradually increases and ultimately becomes
the predominant cell population in the BM, which is called MDS or clonal cytopenia of undetermined
significance (CCUS). The abnormal hematopoiesis caused by clonal dominance is frequently linked to
additional somatic mutations. Ultimately, the emergence of additional driver mutations acquirement or
preexisting mutations results in the selection and leukemic transformation of subclones of hematopoietic
cells (highlighted in pale pink) with progressively damaged capacity for differentiation

and tet methylcytosine dioxygenase 2 (TET2) exhibit mutations in a minimum of
10% patients [138, 139, 143]. The most frequently mutated genes in MDS, TET2, and
DNMTS3A are essential for the differentiation of HSCs [144]. The heterozygous inacti-
vation of TET2 augments self-renewal and damage differentiation, resulting in clonal
growth of mutant stem cells and myeloproliferation [145]. DNMT3A ablation in the
hematopoietic system leads to myeloid transformation, affecting stem cell self-renewal,
myeloid differentiation, tissue tropism, and restricting progenitor expansion [146].

Abnormality of RNA splicing and aberrant gene transcripts

According to recent studies, SF3B1 mutation has been identified as a unique subtype
of MDS that encompasses more than 90% of MDS cases with ineffective erythropoie-
sis, and at least 5% ring sideroblasts [147, 148]. In proven cases, specific mutations or
comutations and the amount and type of mutations mostly tend to be unfavorable to
the prognosis of MDS patients, with certain exceptions where SF3B1 mutation confers
a superior outcome and prolonged survival [148—150]. In hematopoietic cells, roughly
half of the splicing events are performed by spliceosomes containing a mutant SF3B1

Page 15 of 38



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53 Page 16 of 38

splicing factor, which alters the recognition of RNA branch points and renders the pre-
ferred usage of cryptic 3 splice sites, finally causing aberrant transcripts of several genes
or in-frame isoform production (Fig. 6a) [151-153]. The situation involves erythrofer-
rone (ERFE): variant ERFE protein is conducive to increased iron absorption or paren-
chymal iron loading [153]. Furthermore, mutation driver genes SRSF2, U2 small nuclear
RNA auxiliary factor 1 (U2AF1), and the epigenetic regulator isocitrate dehydrogenase
1 and 2 (IDH1/IDH2) are recurrently mutated in numerous myeloid neoplasms and are
associated with unfavorable clinical prognosis [154—159]. Compared with spliceosome
gene SF3B1 mutations, SRSF2 and U2AF1 mutations result in different splicing abnor-
malities, mainly alterations in exon usage [151, 152, 160]. Their mutation is concerned
with augmented R-loop formation, which results in genomic instability and is always
associated with combinatorial mutation patterns [152, 161], such as the comutation of
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Fig. 6 a Role of abnormality of RNA splicing in the pathogenesis of SF3B1-mutated MDS. In hematopoietic
cells, normal spliceosomes implement roughly half of the splicing events, while the other half is performed
by spliceosomes containing a mutant SF3B1 splicing factor, which alters the recognition of RNA branch
points and renders the preferred usage of cryptic 3” splice sites located 10-30 base pairs farther upstream of
canonical sites, finally causing aberrant transcripts of several genes or in-frame isoforms production. However,
just small quantities of abnormal transcripts are detectable in SF3B1-mutated myelodysplastic cells owing

to the bulk of abnormal transcripts' rapid degradation through nonsense-mediated decay, which is primarily
caused by the inserted nucleotide sequence containing a premature termination codon. b Synergistic
interaction of aberrant splicing and epigenetic dysregulation in MDS. Mutation of SRSF2 renders the
preference alteration of the neomorphic splicing factor to specific exonic splicing enhancer motifs, in turn
causing alternative exon usage. Aberrant transcripts with a premature stop codon will be generated in the
process, with rapid degradation through nonsense-mediated decay or the production of mutated proteins,
resulting in different pathological outcomes. Mutation of IDH2 (R140Q) gives rise to the activation of the
neomorphic enzyme and, in turn, DNA hypermethylation, which sabotages epigenetic regulators'function
and drives the malignant advancement of the disease
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SRSF2 (P95H)-IDH2 (R140Q) found in MDS and AML [138, 162, 163]. Collectively, the
interaction between abnormality RNA splicing and epigenetic regulation control drives
the malignant advancement of MDS or AML (Fig. 6b).

ROS in the pathophysiology of MDS

Substantial literature supports that ROS play a paramount role in the occurrence of
numerous diseases, as they take part in the regulation of essentially all aspects of cel-
lular function (gene or protein expression, cellular growth, proliferation and differentia-
tion, and epigenetic modifications) [9]. More recently, enhanced ROS levels have been
observed in a wide variety of pathological states, such as neurodegenerative, autoim-
mune, cardiovascular, and metabolic diseases [21, 28, 164, 165], atherosclerosis [166,
167], cataracts [168], Fanconi anemia (FA), and hematological malignancies such as
MDS, and AML. Notably, patients with FA frequently develop MDS or AML. In this

subsection, we focus on the role of ROS in MDS development.

Generation of ROS in MDS

Pioneering studies have found that the presence of oxidized pyrimidine nucleotides in
the CD34" cells of patients with MDS and the oxidized pyrimidines were closely related
to increased plasma tumor necrosis factor-a and low concentration of GSH in BM
mononuclear cells [169]. It is currently clear that the oxidized purine and pyrimidine
nucleotides (DNA oxidative damage) are ubiquitously present in the BM CD34" cells of
patients with MDS when compared with controls [170], and enhanced ROS levels and
oxidative damage markers are also commonly detected. Furthermore, increased activity
of several antioxidant enzymes and reduced GSH levels have been observed in patients
with MDS [56, 171]. These observations suggest that these patients were under OS.

A plethora of studies suggest that inflammation and the inflammasome, pyroptosis,
ferroptosis, mitophagy, and even necroptosis are inextricably linked with ROS gen-
eration and affect the pathophysiology of MDS [172-174]. It is becoming more widely
recognized that inflammation is a characteristic of MDS, and previous studies have con-
firmed that activation of the NLR family pyrin domain containing 3 (NLRP3) inflammas-
ome is redox dependent as well as a hallmark of patients with MDS, which causes clonal
expansion and pyroptosis upon activation [175, 176]. Specifically, there is excessive pro-
tein content of alarmin S100A9 in MDS HSPCs and BM plasma, and S100A9 is capa-
ble of triggering pyroptosis through the activation of NOX, augmenting ROS levels, and
the activation of NLRP3 and B-catenin. Meanwhile, knockdown of or pharmacologically
inhibiting NLRP3, neutralizing S100A9, can alleviate pyroptosis, ROS accumulation,
and nuclear B-catenin in MDS, rendering restoration of colony-forming capacity and
efficient hematopoiesis [176]. Cluzeau et al. [177] reported that S100A9 directly inhib-
its the elaboration of erythropoietin and the endocrine response to anemia, while neu-
tralization or suppression of SI00A9 could reverse the processes and thus erythropoiesis
enhancement in patients with low-risk MDS (LR-MDS). Ji et al. [178] showed that path-
ologic levels of tumor necrosis factor-alpha and interleukin 6 suppressed erythroid col-
ony formation and drive ineffective erythropoiesis via ROS-induced caspase-3 activation
and apoptosis in a double knockout of mDial and mir-146a mouse model (mimicking
del(5q) MDS). Emerging data indicate that decitabine treatment causes ROS to augment,
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GSH depletion, GPX4 reduction, and subsequently ferroptosis and necroptosis in MDS
cells, and these results are also confirmed in iron overload (IOL) MDS mouse models
[179]. Ferroptosis or necroptosis induced by decitabine can be abrogated by ferropto-
sis or necroptosis inhibitors. Crucially, iron chelators also enhanced the effects of decit-
abine, indicating that ROS is an essential regulator of treatment outcomes.

Mitophagy is an evolutionarily conserved intracellular process that obviates dysfunc-
tional mitochondria to avoid their accumulation and is eminent in tumorigenesis and
treatment [180]. Caspase-dependent apoptosis, ROS-induced mitophagy/autophagy, and
accumulation of DNA and mitochondrial damage have been well demonstrated in MDS
[181, 182]. Studies indicate that mice manifest loss of HSC functions, myeloprolifera-
tion, augmented mitochondria and ROS in the HSPC compartment, and elevated DNA
impairment when conditionally deleting autophagy related 7 (Atg7) in the hematopoi-
etic system, indicating that Atg?7 is a crucial modulator of HSC maintenance [183, 184].
Additionally, Jiang et al. [185] observed that impairment in NIX-mediated mitophagy is
linked to the accumulation of ROS and damaged mitochondria in BM nucleated RBC of
MDS patients. Experiments in MDS mouse models showed elevated ROS levels caused
by dysregulated mitochondrial dynamics. To be specific, Aoyagi et al. [186] reported that
substantial dynamin-related protein 1 (DRP1)-dependent mitochondrial fragmentation
in HSPCs results in excessive ROS generation, inducing inflammatory signaling activa-
tion and ineffective hematopoiesis, which can be attenuated via DRP1 inhibition. Deacti-
vation of DRP1 in mitochondria can contribute to loss of regenerative potential of HSCs
while maintaining their quiescent state [187]. In addition, mitochondrial DNA muta-
tions that are tightly entangled with poor ETC function and increased ROS levels are
commonly detected in MDS. The importance of necroptosis in the pathogenesis of MDS
has been emphasized. Montalban Bravo et al. [174] reported that receptor interacting
serine/threonine kinase 1 (RIPK1, a member of the necroptosis complex component) is
highly expressed and associated with poor survival outcomes in MDS patients. Zinkel’s
group also presented similar results that necroptosis (predominantly RIPK1 expression)
is upregulated in MDS patients compared with control participants [188]. In summary,
ROS and OS are capable of inducing cell death (e.g., apoptosis, ferroptosis, pyroptosis,
necroptosis, and autophagy) and have been implicated in the pathogenesis and progres-
sion of MDS.

Inevitable IOL and iron chelation therapy (ICT)

Anemia-related symptoms, such as fatigue, resulting from hematopoietic dysplasia or
pancytopenia, commonly occur in most patients with low-risk MDS and lead to red
blood cell (RBC) transfusion dependence [189-191], which subsequently results in IOL
[192]. IOL is deleterious to cells and can catalyze H,O, to easily decompose into highly
reactive OH' by the Fenton chemistry reaction and are involved in the OS of patients
with MDS. Importantly, the accumulation of iron and ROS within BM CD34* cells may
contribute to genetic and chromosomal abnormalities, which, in turn, accelerate blast
proliferation and prompt MDS transformation into AML [192]. Therefore, it is not
surprising that IOL is considered the primary cause of OS in patients with MDS [17,
193]. In addition, IOL is closely associated with the survival outcome of patients with
MDS, which negatively affects organ function and clinical survival time [191, 194]. ICT
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is effective and feasible for the management of patients with MDS and can restore iron
balance and improve organ function and survival to near-normal levels, particularly in
patients with LR-MDS who are IOL [194-196].

The TELESTO trial found that, compared with placebo, IOL patients with low- to
intermediate-1-risk MDS show longer event-free survival without differences in over-
all survival upon ICT (deferasirox dispersible tablets) [197]. Leitch et al. reported that
patients with transfusion-dependent LR-MDS had significantly longer median overall
survival time after receiving ICT from the onset of transfusion dependence compared
with those who did not [198], and the survival advantage persisted even after conducting
a matched pair analysis that accounted for age, frailty, comorbidities, and R-IPSS [199].
Recent studies of 2200 patients with MDS, of whom 224 received ICT, also confirmed
that ICT can ameliorate the overall survival and hematopoiesis of transfused patients
with LR-MDS. ICT’s benefits for MDS patients vary depending on the circumstances,
and National Comprehensive Cancer Network (NCCN) guidelines recommend its usage
when ferritin levels surpass 2500 ng/mL [200].

Is targeting ROS for MDS therapy feasible?

Possible clinical implications of ROS activity in the hemopoietic system

Hematological malignancies resulting from abnormalities in the hematopoietic system
are highly correlated with altered ROS levels. Specifically, ROS are involved in crucial
aspects of hematopoiesis, including clonal evolution, hematological improvement, and
hematopoietic cell transplantation engraftment. MDS is a well-known clonal disease
characterized by elevated genetic instability [136]. In an expanded clone, the continu-
ous acquisition of mutations can first result in a myelodysplastic phenotype and then in
a leukemic phenotype through additional mutations [201, 202]. In patients with MDS,
IOL can lead to the disruption of ROS homeostasis and genomic instability of pre-leu-
kemia clones, which may be one of the possible reasons for clonal evolution to AML.
However, ICT is capable of improving hematopoietic insufficiency in MDS and slowing
the progression to AML [192, 193, 203]. In terms of ROS in hematological improvement,
studies have revealed that IOL significantly increases ROS levels in HSPCs, reduces
the immature hematopoietic cell ratio, and blunts their clonogenic capacity [204, 205].
IOL also increases ROS levels in MSCs of patients with high-risk MDS (HR-MDS) and
triggers oxidative injury through the activation of Wnt/B-catenin signaling pathways
[206]. Notably, the above effects can be rescued by the administration of iron chelators
or antioxidants [206, 207], implying that ROS activity may represent a potential target
for therapy. Overall, there is plentiful evidence that excessive free iron adversely affects
the hematopoietic microenvironment, resulting in ROS accumulation and affecting the
expression of genes that regulate and disrupt hematopoiesis [208]. In addition, several
major studies have elucidated the correlation between ROS activity and hematopoietic
impairment (Table 3).

Is there a case for targeting ROS in MDS?

Considering the continued interest in redox chemotherapeutics in recent years [209,
210] and the extensive impact of ROS on MDS pathophysiology and progression,
ROS may represent a novel potential therapeutic target for MDS. As discussed above,
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Table 3 Studies revealing the association between altered ROS levels and damaged hematopoiesis

ROS modulation

Description

Ref.

4 ROS: augments genomic instability

1 ROS: oxidative stress, triggering early
hematopoietic cell apoptosis

4 ROS: activation of ROS-related signaling
pathway

4 ROS: oxidative stress, DNA double-strand
breaks, cell cycle retardation

4 ROS: reduces the ratio and clonogenic
function of HSPCs

4 ROS: mitochondrial fragmentation and
enhanced autophagy in MSCs

4 ROS: retards the growth of immature
hematopoietic cells

J ROS: maintains the self-renewal and
multilineage differentiation potential of
human HSCs

4 ROS: suppression of apoptosis of hemat-
opoietic stem/progenitor cells

4 ROS: inhibits the reconstitution potential
of HSPCs

4 ROS: retards the proliferation and differen-
tiation of MSCs

4 ROS: lower membrane potential and DNA
damage of SdhcVe9E-derived HSCs

Excessive iron in MDS patients renders ROS
accumulation and then augments genomic
instability of the pre-leukemic clone, which
accelerates transformation to AML

In an IOL mouse model, leukemic blasts
infiltrated the liver and spleen, with fibrosis,
extensive necrosis of BM, and massive blast
accumulation. Meanwhile, iron is mutagenic
and thereby promotes clonal evolution in
MDS through DNA damage

Heightened ROS levels regulating the
expression of redox-sensitive transcrip-
tion factors (e.g., Nrf2, NF-kB, and HIF1) to
prompt leukemogenesis

Based on an MDS murine model, increased
ROS levels and mutation frequency in
NHD13 BMNCs were observed. In parallel,
DNA impairment and oncogenic mutations
caused by oxidative stress can expedite the
transformation of MDS to AML

IOL enhances ROS levels through NOX4 and
p38MAPK signaling, thereby affecting the
hematopoiesis of BM and the engraftment
of HSCs

IOL contributed to high ROS levels, lowered
cell viability and ATP concentrations, mito-
chondrial fragmentation, and autophagy in
MSCs. ICT or antioxidants could deteriorate
the change

Ferrous ammonium sulfate mediated
immature hematopoietic cells'growth
retardation and apoptosis by ROS activation
of p38MAPK and JNK pathways, which had
negative effects on hematopoiesis

The small-molecule antioxidant chrysin is
able to inhibit ROS-activated apoptosis, and
maintain multipotency and long-term activ-
ity of hematopoietic stem/progenitor cells

Alpha-lipoic acid can promote HPSC devel-
opment by upregulating HIF1a in response
to a hypoxic environment, also decreasing
ROS levels to inhibit HPSC apoptosis

lonizing radiation caused the rapid and
transient increase of ROS and then p38MAPK
pathway activation that affects the self-
renewal potential of human HSCs

IOL results in elevated ROS production and
activates Wnt/{-catenin signaling to engage
in MDS progression

Mitochondrial complex Il dysfunctions or
replicative stresses contribute to white
blood cell count decrease, macrocytic ane-
mia, thrombocytosis, as well as ROS accumu-
lation and DNA impairment of HSCs

Pullarkat et al. [280]

Chan et al. [281]

Zhou et al. [282]

Chung et al. [283]

Chai et al. [207]

Zheng et al. [284]

Tanaka et al. [285]

Li et al. [286]

Dong et al. [287]

Henry et al. [288]

Huang et al. [206]

Harada et al. [289]

malignant cells frequently harbor higher ROS levels than their normal counterparts.

Increased ROS production leads to hyperactivation of ROS signaling pathways, exhaus-

tion of antioxidant defenses, and nonspecific oxidative damage to biomolecules, particu-

larly DNA and proteins [37]. Therefore, two approaches (prooxidant and antioxidant)
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can be used to manipulate ROS in malignant cells to achieve therapeutic effects. In this
section, we discuss the application of prooxidant and antioxidant approaches in MDS
treatment (Fig. 7).

The prooxidant approach

The prooxidant approach refers to the amplification of existing oxidative stress and
the disruption of redox homeostasis through the administration of prooxidants,
which can cause catastrophic oxidative injury and malignant cell death. For many
years, cytotoxic drugs have been the mainstay of treatment for hematological malig-
nancies, including MDS and AML. For instance, azacitidine (AZA), which acts as a
pyrimidine nucleoside analog of cytidine, disrupts the synthesis of DNA, mRNA, and
proteins [211]. Various mechanisms underlie the antineoplastic effects of AZA, such
as cytotoxic effects on abnormal hematopoietic cells in the BM, alteration of the cel-
lular redox status, and hypomethylation of DNA [212, 213]. Interestingly, conflicting
data exist regarding the effects of AZA on ROS production. A recent study sug-
gested that AZA treatment increases oxidative stress (decreased GSH levels, elevated
GSSG-GSH™ ratio in the erythrocyte, and increased lipid peroxidation) in patients
with MDS [214]. Klobuch [215] and colleagues showed that low-dose AZA combined
with PPARYy agonist pioglitazone and all-traus retinoic acid stimulates ROS produc-
tion and triggers phenotypical and functional differentiation of primary AML blasts
into neutrophil-like cells. However, in a case report, Hasunuma et al. [216] observed

Antioxidant approach

Maligant cell

Chemotherapeutic
stress agents-induced ROS

Pro-oxidant approach
Mitochondrial T
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Fig. 7 Manipulating ROS levels in MDS cells for therapeutic effects. Schematic representation of prooxidant
and antioxidant treatment as a therapy for MDS. The effects of prooxidant treatment are augmented ROS
generation, exhausting antioxidant defenses, subsequent unavoidable contributions to oxidative stress,
lipid peroxidation, DNA damage, and oxidation of proteins that contain redox-sensitive residues. Moreover,
enhanced ROS levels may be conducive to cell cycle progression in some situations, and also promote DNA
mutation, which may cause malignant cells to resist apoptosis. However, the application of antioxidants
acts against excessive ROS and reduces ROS signaling, oxidative stress, and proliferative drive. In addition,
antioxidant treatment could reduce cell cycle progression, and protect nonmalignant cells from oxidative

injury, especially when used in combination with chemotherapy
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decreased ROS levels in peripheral white blood cells and reduced dacron-reactive
oxygen metabolites (d-ROMs) in the serum of patients with MDS following AZA
treatment. The authors concluded that AZA therapy can ameliorate hematopoiesis
and weaken ROS and d-ROM generation.

Decitabine (also known as 5-aza-2-deoxcytidine, DAC) is a commonly used drug with
Food and Drug Administration (FDA) approval for the treatment of patients with MDS
and AML [217]. DAC induces ROS accumulation, cell cycle blockage, and apoptosis in
leukemic cells [218-220]. DAC promotes the expression of different NADPH oxidase
isoforms and increases the protein expression level of NOX4 in an ATM-dependent
manner [221]. Studies conducted by Wang et al. [222] revealed that DAC treatment leads
to ROS production, cell growth arrest, MMP reduction, and apoptosis in MSCs derived
from patients with MDS. Some chemical compounds with prooxidant properties are
effective against MDS and leukemic cell lines. A prototype example is the application of
arsenic trioxide (ATO) and all-trans retinoic acid (ATRA) in acute promyelocytic leuke-
mia (APL) treatment [223]. The major effect of ATO is the induction of ROS accumula-
tion, which alters cellular redox homeostasis by triggering electron leakage, irreversibly
inhibiting thioredoxin reductase, and depleting PRX III [224]. Research has indicated
that ATO augments ROS production via Trx inhibition and NOX activation, displaying
encouraging results in treatment of relapsed APL [225, 226]. In vitro results from Huang
et al. [227] suggested that DAC combined with ATO can induce MDS cell line apoptosis
via elevated ROS-related ER stress. Another in vitro study indicated that ATRA blocked
the activation of Nrf2 by activating the RARa—Nrf2 complex, rendering ROS accumula-
tion and ROS-dependent cytotoxicity in MDS and AML cells when combined with DAC
[228]. Other studies have demonstrated that several drugs can induce MDS cell death by
altering cellular ROS levels (Table 4).

The key role of antioxidants, particularly GSH and Trx, in all cells is to respond
to oxidative stress and buffer excess ROS. Thus, inhibition of intracellular antioxi-
dants is sufficient to subvert cellular redox homeostasis and kill tumor cells. Notably,
many antioxidant molecules are upregulated in tumor cells, which can influence the
therapeutic efficacy and augment drug resistance [49]. Taken together, introducing

Table 4 Drugs that alter cellular redox balance in MDS cells

Compound Results Ref.

AZA 1 ROS; 1 GSSG/GSH; 1 lipid peroxidation; | GSH Montes et al. [214]
DAC 4 ROS; | MMP Wang et al. [222]
DAC combined with ATO 1 ROS; 1 ER stress Huang et al. [227]
ATO combined with triptolide 1 ROS; 1 Bax; 1 caspase-3; | BCL-2 Hua et al. [290]
DAC combined with ATRA 4 ROS; 1 RARa-Nrf2 complex; | Nrf2 Wang et al. [228]
T-dCyd combined with venetoclax 4 ROS; | Nrf2; | HO-1; | BCL-2 Hu et al. [291]
Withaferin A 4 ROS; activation of JNK/AP-1 signaling Oben et al. [292]
Luteolin 1 ROS; 1 Bax/BCL-2; 4 activity of caspase-3, -8, -9 Dong et al. [293]
Ascorbic acid 4 ROS; cell cycle arrest Niu et al. [294]
Fucoidan 4 ROS; 1 caspase-3, -8, -9 Wei et al. [295]

DFX 1 ROS; | DNA oxidative damage Jiméne et al. [239]
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exogenous ROS or prompting their generation in MDS cells using drugs or chemo-
therapy may be attractive approaches for MDS treatment.

The antioxidant approach

The antioxidant approach aims to scavenge high physiological levels of ROS in some
types of cancer using antioxidant molecules. The basic rationale behind this approach
is that enhanced ROS accumulation facilitates carcinogenesis and tumorigenesis by
inducing gene mutations, increasing genetic instability, and activating prooncogenic
signaling [8, 229, 230]. High ROS levels caused by high-glucose conditions can pro-
mote the proliferation of pancreatic carcinoma cells [231]. However, there is still a
dispute regarding the therapeutic effect of the antioxidant approach in cancer treat-
ment. Some studies have argued that antioxidants protect not only healthy cells
but also tumor cells to avoid or reduce oxidative damage, thereby contributing to
the effectiveness of chemotherapy being seriously reduced. However, the endorsers
believe that antioxidant therapy may counteract chemotherapy-related cytotoxicity,
augment treatment response rates, and prolong patient survival. Indeed, several stud-
ies have supported antioxidant therapy as a viable option that reduces the toxicity of
chemotherapy by damaging malignant cells and does not interfere with chemotherapy
when the antioxidant is used concomitantly with chemotherapy [232, 233]. Therefore,
it is conceivable to harness an antitumor antioxidant approach with chemotherapy,
although the effect of antioxidant therapy in reducing ROS levels has not been widely
accepted [234, 235].

Deferasirox (DFX), an iron-chelating drug, is commonly used to treat IOL in patients
with LR-MDS [236]. It directly removes labile iron, reduces oxidative stress, improves
hematopoiesis, and delays leukemic transformation [237-239]. In addition to this, sev-
eral exogenous sources of natural or synthetic antioxidants have demonstrated therapeu-
tic potential for tumor treatment. Zhang et al. [240] reported that the antioxidant azelaic
acid can reduce ROS levels, elevate the total antioxidant capacity of AML cells, and
exhibit antileukemic effects. In leukemic cells, the natural compound ascorbic acid (also
referred to as vitamin C) has antiproliferative and proapoptotic activities [241], which
have also been observed for other antioxidants [242, 243]. Studies conducted by Jin et al.
[244] showed that compound Kushen injection (CKI) decreased ROS levels, inhibited
proliferation, and promoted apoptosis in AML cells. They also found that the expression
of PRX I and PRX II was upregulated, while that of Trx1 was downregulated upon CKI
administration. Meanwhile, the hematological parameters of patients with low- to inter-
mediate-risk MDS can be improved by amifostine [245, 246]. Notably, antioxidants com-
bined with specific chemotherapeutic agents result in positive benefits and improved
patient survival. Previous research has illustrated improved complete remission and
prolonged overall survival in patients with AML when vitamin C was administered in
combination with DCA [247]. Interestingly, GSH, vitamins, and N-acetylcysteine appear
to be the most common dietary antioxidants used in cancer treatment when combined
with chemotherapy/radiotherapy [232, 248].

Collectively, oxidative stress caused by chemotherapy/radiotherapy not only leads
to malignant tumor apoptosis but also augments genomic instability, which in turn
accelerates disease progression. In particular, MDS and AML are associated with the
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escalation of oxidative stress [97, 249]. Therefore, an antioxidant approach may be
conducive to relaxing DNA impairment and slowing disease progression to a certain
extent, and complementary effects may exist between chemotherapy and antioxidants.

Other therapeutic approaches for MDS

With the heterogeneous nature of MDS comes a need for complex and personalized
treatment strategies, and the current treatment therapeutic approaches are based on
risk-adapted therapy (by IPSS-R) (Fig. 8). Treatment for patients with LR-MDS (IPSS-R
score <3.5) aims to decrease transfusion requirements, improve living quality and sur-
vival, and prevent AML transformation. In the case of patients with HR-MDS, therapy
aims to prolong survival.

Treatment options for LR-MDS patients

There are several agents for treating LR-MDS patients, including erythropoiesis-stimu-
lating agents (ESAs), immunosuppressive agents, lenalidomide, hypomethylating agents
(HMAs), luspatercept, azanucleosides, imetelstat, thrombomimetic agents, canaki-
numab, as well as allogeneic stem cell transplantation (AlloSCT).

Treatment with ESAs is common practice in patients with anemia and LR-MDS.
Results from Platzbecker and colleagues showed a notable increase in erythropoiesis
responses and a decrease in transfusion incidence in weeks 5-24 of darbepoetin alfa
treatment compared with placebo in patients with LR-MDS, without differences among
the groups in terms of the occurrence of thromboembolic events, and transformation
to AML [250]. Notably, for eligible MDS patients with or having lost response to ESA,
adding the granulocyte colony-stimulating factor can improve response rates [251]. A
recognized characteristic of MDS is immune dysregulation, which results in ineffective

Proposed treatment algorithm for patients with MDS 2023

Lower risk / \ Higher risk

e IPSS low, intermediate-1 o |IPSS intermediate-2, high
e IPSS-R very low, low, o IPSS-R intermediate, high,
intermediate very high
e IPSS-M very low, low, o |IPSS-M moderate high,
moderate low high, very high
Any age Age <70-75 Age > 70-75
e Iron chelation e Lenalidomide (59-) o Intensive chemotherapy o HVIA (5-AZA/decitabine,
e Growth factors e Immunemodulation o HMA (5-AZA/decitabine, il @zgizlbine
o Luspatercept e Clinical trial oral decitabine) e Clinical trial
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Fig. 8 Proposed therapeutic algorithm for patients with MDS
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hematopoiesis and accelerates disease progress [252]. Immune-modulating agent
therapy may be therapeutically beneficial for patients with immune dysregulation. An
immense amount of clinical trials have delved into immunosuppressive therapy using
anti-thymocyte globulin alone or in combination with cyclosporine, displaying triline-
age response rates between 16% and 67% [253], and immunosuppressive therapy with
alemtuzumab (anti-CD52 antibody) exhibits significant activity and a high response rate
in MDS patients [254]. Canakinumab, an interleukin 1 beta (IL-1p) inhibitor, has been
explored in patients with LR-MDS. An ex vivo study revealed that the IL-1p-neutralizing
antibody canakinumab markedly enhanced the colony-forming activity of HSPCs when
cocultured with BM monocytes from SF3Bl-mutated LR-MDS [255]. Results from
phase II clinical trials confirmed that canakinumab is safe and effectively targets IL-1j3
signaling, and yielded durable response in LR-MDS patients with single somatic driver
mutation in TET2 or DNMT3A [256, 257]. Meanwhile, a multi-institution, open-label,
phase 1b/2 clinical trial (NCT04798339) is being carried out to evaluate the toxicity and
efficacy of canakinumab in combination with darbepoetin alfa in patients with LR-MDS
who have failed prior treatment with an ESA; results are expected in 2024-.

Although conventional or reduced-dose HMAs exhibit some activity in patients with
LR-MDS, the limited activity and transient response of HMAs following the failure of
ESAs as first-line therapy means they are seldom used [258]. Data show that CC-486
(an oral form of azacitidine) has a significant impact on RBC transfusion require-
ments and platelet responses, yet CC-486 treatment did not improve overall survival
[259, 260]. Importantly, there is currently no approval for the use of CC-486 in MDS,
and oral HMAs may play a part in patients with LR-MDS in the future. Lenalidomide is
considered the recommended therapy for patients with LR-MDS, anemia, good platelet
count, and isolated del(5q). Results from a phase III study showed that nearly a third
of lenalidomide-treated patients achieve RBC transfusion independence at greater than
or equal to 8 weeks, with 8.2 months of median response duration in LR-MDS patients
with non-del(5q) who are RBC transfusion dependent and ineligible for or refractory to
ESAs [261]. Lenalidomide is capable of elevating the erythroid response rate when com-
bined with ESA in LR-MDS patients with ESA resistance [262]. Notably, in patients with
TP53-mutated del(5q) MDS, the response rate to lenalidomide is negatively impacted by
TP53 mutation [263, 264].

Luspatercept was approved for patients with LR-MDS by the US FDA in 2020; it can
regulate the TGEF-beta signaling to ameliorate erythropoiesis and promote late-stage
erythroid maturation, and exhibits protracted clinical efficacy [265, 266]. Recently, the
COMMANDS trial, aimed at a comparative analysis of the effectiveness and safety of
luspatercept and epoetin alfa in managing patients with LR-MDS, showed that luspa-
tercept outperformed epoetin alfa in improving hemoglobin levels and attaining RBC
transfusion independence (TI) in ESA-naive patients with LR-MDS [267]. Neverthe-
less, these results require long-term follow-up and additional data to confirm. Several
studies have evaluated the safety and effectiveness of thrombopoietin agonists for treat-
ing patients with LR-MDS. Data from these studies show an impressive rise in platelet
responses and lower bleeding event episodes in eltrombopag (thrombopoietin agonist)
treated patients when compared with the placebo group, but without significant dif-
ference in terms of leukemic transformation [268]. However, more data are needed to
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support these results. The telomerase inhibitor imetelstat also shows clinical efficacy for
patients with LR-MDS. Clinical trials (NCT02598661) observed a significantly durable
TI rate in transfusion-dependent patients with LR-MDS after imetelstat treatment, and
patients with heavy transfusion and ineligible for or refractory to ESAs can also achieve
durable TT and clinical benefit [269, 270].

AlloSCT is currently the only potentially curative therapy for patients with MDS
[271]. AlloSCT is not recommended for patients with less advanced disease because a
good prognosis is achievable with standard care alone, and the potential favorable sur-
vival impact of AlloSCT cannot outweigh the early expected high mortality risk [272].
Patients who received multiple treatments (e.g., lenalidomide, HMAs, luspatercept, aza-
nucleosides, imetelstat, etc.) should be considered for transplantation and clinical trials.

Treatment options for HR-MDS patients

Treatment options for patients with HR-MDS are relatively scarce (Fig. 8), and for the
bulk of patients for whom intensive chemotherapy is not appropriate, azanucleosides
(AZA and DAC) remain the most commonly prescribed medication. Although DAC is
approved for MDS treatment in the USA, patients do not benefit from it in terms of
survival based on clinical data, and the optimal dosage and treatment schedule of DAC
remain uncertain [273-275]. Oral DAC/cedazuridine treatment has proven to be a
safe and effective substitute for intravenous DAC for patients with MDS, as shown in
a phase III clinical trial (NCT03306264) [276]. AZA has been studied in patients with
HR-MDS. The registration trial (AZA-001) found that patients who received azaciti-
dine showed a notable improvement in survival time compared with those who received
standard of care, including intensive chemotherapy (24.5 months compared with
15 months) [277]. The progression of MDS to AML transformation was notably delayed,
and the need for RBC transfusions and infection rates were also considerably amelio-
rated. As mentioned, oral azacitidine (CC-486) significantly affects platelet responses
and the need for RBC transfusions, and treatment with CC-486 did not increase overall
survival. CC-486 was proposed for maintenance therapy after AlloSCT in patients with
HR-MDS [278]. In addition, AlloSCT therapy has been discussed above and will not be
revisited in this subsection.

Conclusions and future perspectives

Despite advancements made in the field of medicine, MDS remains an intractable
problem that imposes a high disease burden on patients. The heterogeneous nature of
MDS necessitates sophisticated and personalized therapeutic strategies, and allogeneic
hematopoietic stem cell transplantation remains the only potentially curative therapy for
MDS among various approaches [236]. Therefore, the identification of novel therapeutic
targets is of paramount importance.

ROS have been implicated in metabolic regulation, stress responses, and redox signal-
ing. As ROS accumulation and oxidative damage are strongly associated with various
pathologies, including MDS and several forms of myeloid leukemia, interest in ROS
research has continued to grow in recent years. The observation of increased ROS and
OS in MDS, especially in patients with LR-MDS, suggests that ROS may be an attractive
therapeutic target and that ROS modulation therapy could be a useful approach for MDS
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treatment. Indeed, the prooxidant approach is the preferred choice for clinical first-line
treatment because chemotherapy triggers malignant tumor regression and apoptosis
by elevating ROS levels and OS. Furthermore, antioxidant approaches can augment the
cytotoxicity of chemotherapy and protect nonmalignant cells from oxidative damage.
Finally, identifying the source and species of ROS produced by MDS and targeting con-
trol-specific ROS-mediated signaling pathways by designing redox drugs may be viable
strategies for the management of MDS in the future. This review highlights ROS produc-
tion, which may play a pivotal role in the pathogenesis and treatment response of MDS.

Abbreviations

'0, Singlet oxygen

ABT-199 Venetoclax

ALA Alpha lipoic acid

AllosCT Allogeneic stem cell transplantation
AML Acute myeloid leukemia

AOs Amine oxidases

APL Acute promyelocytic leukemia

ASXL1 ASXL transcriptional regulator 1

Atg7 Autophagy related 7

ATM Ataxia-telangiectasia mutated

ATO Arsenic trioxide

ATRA All-trans retinoic acid

AZA Azacitidine

Bax B-cell lymphoma 2 associated X protein
BCL-2 B-cell ymphoma 2

BID BH3 interacting domain death agonist
BM Bone marrow

BMNCs Bone marrow nucleated cells

CAR CXCL12-abundant reticular

CAT Catalase

CDC 39 CCR4-NQOT transcription complex subunit 1
CKI Compound Kushen injection

CML Chronic myeloid leukemia

CoQ10 Coenzyme Q10

COX2 Mitochondrially encoded cytochrome C oxidase Il

(2024) 29:53

CSNKTA1 Casein kinase 1 alpha 1
CXCL12 CXC-chemokine ligand 12

CXCL4 CXC chemokine ligand 4

CXCL4 CXC-chemokine ligand 4

CXCR4 C-X-C motif chemokine receptor 4
CYP Cytochrome P450

CYP2D6 Cytochrome P450 2D6
CYP2E1 Cytochrome P450 2E1
CYP3A4 Cytochrome P450 3A4

CYP450 Cytochrome P450

CYP4ATT Cytochrome P450 4A11

Cyto Cytosol

DAC Decitabine

DARC Duffy antigen receptor for chemokines
DFX Deferasirox

DNMT3A DNA methyltransferase 3 alpha
d-ROMs Dacron-reactive oxygen metabolites
DRP1 Dynamin-related protein 1

DUOX1/2 Dual oxidase 1/2

EF Elongation factor

ER Endoplasmic reticulum

ERFE Erythroferrone

ES Endosome

ESA Erythropoiesis-stimulating agents

ETC Electron transport chain

ExC Extracellular space

FA Fanconi anemia

FGF1 Fibroblast growth factor 1

FLT3-ITD Fms-like receptor tyrosine kinase 3-internal tandem duplication

FOXO Forkhead box O

Page 27 of 38



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53

gp130
GPX
GSH
GSSG
H,0,
HIF1
HMA
HO-1
HOBr
HOCI
HPSCs
HR-MDS
HSCs
HSPCs
ICT
IDH1/IDH2
I-1B
IL-7/10
oL
IPSS-R
LEPR
LR-MDS
MDS
Mfn2
MMP
MPO
mROS
MSCs
Mt ETC
MTCH2
mTOR
MYH11
NAC
NAD*
NADPH
Nes
NFAT
NF-kB
NG2
NHD13
NLRP3
NO
NOX
NOX1-5
NOXAT1
NOXO1
Nrf2

OXPHOS
PGE2

PRX

RARa
RBC

RIPK1
RNS
RO
ROO
ROOH
ROS
RPS14
RUNX1

Glycoprotein 130

Glutathione peroxidase

Glutathione

Oxidized glutathione

Hydrogen peroxide
Hypoxia-inducible factor 1
Hypomethylating agents

Heme oxygenase 1

Hypobromous acid

Hypochlorous acid

Human pluripotent stem cells.
High-risk myelodysplastic syndromes
Hematopoietic stem cells
Hematopoietic stem and progenitor cells
Iron chelation therapy

Isocitrate dehydrogenase 1/2
Interleukin 1 beta

Interleukin-7/10

Iron overload

Revised international prognostic scoring system
Leptin receptor

Low-risk myelodysplastic syndromes
Myelodysplastic syndromes
Mitofusin

Mitochondrial membrane potential
Myeloperoxidase

Mitochondrial ROS

Mesenchymal stromal cells
Mitochondrial electron transport chain
Mitochondrial carrier homologue 2
Mammalian target of rapamycin
Myosin heavy chain 11
N-acetylcysteine

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Nestin

Nuclear factor of activated T cells
Nuclear factor kB

Neural-glial antigen 2
NUP98-HOXD13

NLR family pyrin domain containing 3
Nitric oxide

NADPH oxidase

NADPH oxidase 1-5

NADPH oxidase activator 1

NADPH oxidase organizer 1

Nuclear factor erythroid-2 related factor 2
Oxygen

Superoxide anion radicals

Ozone.

Hydroxyl radicals

Peroxynitrite anion

Osteopontin

Oxidative stress

Oncostatin M

Oxidative phosphorylation
Prostaglandin E2

Plasma membrane

Peroxiredoxin

Hydrocarbon radicals

Retinoic acid receptor alpha

Red blood cell

Hydrocarbons

Receptor interacting serine/threonine kinase 1
Reactive nitrogen species

Alkoxyl radicals

Peroxyl radicals

Organic hydroperoxides

Reactive oxygen species

Ribosomal protein S14

RUNX family transcription factor 1

Page 28 of 38



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53

SCF Stem cell factor

SF3B1 Splicing factor 3b subunit 1

SNS Sympathetic nervous system

SOD Superoxide dismutase

SRSF2 Serine and arginine rich splicing factor 2
TCA Tricarboxylic acid

T-dCyd Thio-deoxycytidine

TET2 Tet methylcytosine dioxygenase 2
TGFR Transforming growth factor-$

Tl Transfusion independence

TNF Tumor necrosis factor

Treq cells Regulatory T cells

Trx Thioredoxin

TSC Tuberous sclerosis complex

U2AF1 U2 small nuclear RNA auxiliary factor 1
VCAM1 Vascular cell adhesion molecule 1
Vwf Von Willebrand factor

XO Xanthine oxidase

XOR Xanthine oxidoreductase

Author contributions

Ying Wang, Jing Du, and Yanchun Li conceived the manuscript. Junyu Zhang and Xiangmin Tong revised the final manu-

script. Ping Zhang, Yunyi Wu, and Junyu Zhou performed the critical literature review. Qiangan Jing and Chaoting Zhou
wrote the final manuscript. All authors read and approved the final manuscript.

Funding

This research was supported by the Zhejiang Provincial Natural Science Foundation of China (nos. LBY23H080004 and
LBY23H080005), the National Natural Science Foundation of China (nos. 82102938 and 82202429), and the Medical and
Health Science and Technology Project of Zhejiang Province (no. 2022KY455).

Availability of data and materials
Not applicable.

Declarations

Ethics

approval and consent to participate

Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conflicts of interest.

Received: 9 November 2023 Accepted: 27 March 2024
Published online: 14 April 2024

References

1.

2.
3.
4

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer J Clin. 2021;71(1):7-33.

Carneiro BA, El-Deiry WS. Targeting apoptosis in cancer therapy. Nat Rev Clin Oncol. 2020;17(7):395-417.

Strasser A, Vaux DL. Cell death in the origin and treatment of cancer. Mol Cell. 2020;78(6):1045-54.
Sarmento-Ribeiro AB, Scorilas A, Gongalves AC, Efferth T, Trougakos IP. The emergence of drug resistance to
targeted cancer therapies: clinical evidence. Drug Resist Updat. 2019;47: 100646.

Boese AC, Kang S. Mitochondrial metabolism-mediated redox regulation in cancer progression. Redox Biol.
2021;42:101870.

Nolfi-Donegan D, Braganza A, Shiva S. Mitochondrial electron transport chain: oxidative phosphorylation, oxidant
production, and methods of measurement. Redox Biol. 2020;37: 101674.

Zhu J, Thompson CB. Metabolic regulation of cell growth and proliferation. Nat Rev Mol Cell Biol.
2019;20(7):436-50.

Cheung EC, Vousden KH. The role of ROS in tumour development and progression. Nat Rev Cancer.
2022;22(5):280-97.

Lennicke C, Cochemé HM. Redox metabolism: ROS as specific molecular regulators of cell signaling and function.
Mol Cell. 2021;81(18):3691-707.

Zhang L, Wang X, Cueto R, Effi C, Zhang Y, Tan H, et al. Biochemical basis and metabolic interplay of redox regula-
tion. Redox Biol. 2019,26: 101284.

Jin P, Jiang J, Zhou L, Huang Z, Nice EC, Huang C, et al. Mitochondrial adaptation in cancer drug resistance: preva-
lence, mechanisms, and management. J Hematol Oncol. 2022;15(1):97.

Yang H, Villani RM, Wang H, Simpson MJ, Roberts MS, Tang M, et al. The role of cellular reactive oxygen species in
cancer chemotherapy. J Exp Clin Cancer Res CR. 2018;37(1):266.

Page 29 of 38



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53

22.

23.

24,

25.

26.

27.

28.

29.
30.

31
32.
33
34
35.
36.
37.
38.
39.
40.
41.

42.
43.

44,

45.

46.

47.

48.

49.

Robinson AJ, Hopkins GL, Rastogi N, Hodges M, Doyle M, Davies S, et al. Reactive oxygen species drive prolifera-
tion in acute myeloid leukemia via the glycolytic regulator PFKFB3. Can Res. 2020;80(5):937-49.

Sanjiv K, Calderon-Montano JM, Pham TM, Erkers T, Tsuber V, AImI6f |, et al. MTH1 inhibitor TH1579 induces oxida-
tive DNA damage and mitotic arrest in acute myeloid leukemia. Can Res. 2021;81(22):5733-44.

Hosseini M, Rezvani HR, Aroua N, Bosc C, Farge T, Saland E, et al. Targeting myeloperoxidase disrupts mito-
chondrial redox balance and overcomes cytarabine resistance in human acute myeloid leukemia. Can Res.
2019;79(20):5191-203.

Romo-Gonzalez M, Moreno-Paz S, Garcia-Herndndez V, Sdnchez-Guijo F, Herndndez-Hernédndez A. Inhibition of
xanthine oxidoreductase enhances the potential of tyrosine kinase inhibitors against chronic myeloid leukemia.
Antioxidants (Basel, Switzerland). 2020;9(1):74.

Kim CH, Leitch HA. Iron overload-induced oxidative stress in myelodysplastic syndromes and its cellular sequelae.
Crit Rev Oncol Hematol. 2021;163: 103367.

Sies H, Jones DP. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat Rev Mol Cell
Biol. 2020;,21(7):363-83.

Rea IM, Gibson DS, McGilligan V, McNerlan SE, Alexander HD, Ross OA. Age and age-related diseases: role of
inflammation triggers and cytokines. Front Immunol. 2018;9:586.

Dionisio PA, Amaral JD, Rodrigues CMP. Oxidative stress and regulated cell death in Parkinson'’s disease. Ageing Res
Rev.2021;67:101263.

Butterfield DA, Halliwell B. Oxidative stress, dysfunctional glucose metabolism and Alzheimer disease. Nat Rev
Neurosci. 2019;20(3):148-60.

Poprac P, Jomova K, Simunkova M, Kollar V, Rhodes CJ, Valko M. Targeting free radicals in oxidative stress-related
human diseases. Trends Pharmacol Sci. 2017;38(7):592-607.

Miglioranza Scavuzzi B, Holoshitz J. Endoplasmic reticulum stress, oxidative stress, and rheumatic diseases. Antioxi-
dants (Basel, Switzerland). 2022;11(7):1306.

Minzel T, Gori T, Bruno RM, Taddei S. Is oxidative stress a therapeutic target in cardiovascular disease? Eur Heart J.
2010;31(22):2741-8.

Daiber A, Hahad O, Andreadou |, Steven S, Daub S, Minzel T. Redox-related biomarkers in human cardiovascular
disease - classical footprints and beyond. Redox Biol. 2021;42: 101875.

Sumien N, Cunningham JT, Davis DL, Engelland R, Fadeyibi O, Farmer GE, et al. Neurodegenerative disease: roles
for sex, hormones, and oxidative stress. Endocrinology. 2021;162(11):bqab185.

Cecerska-Heryc E, Polikowska A, Serwin N, Roszak M, Grygorcewicz B, Heryc R, et al. Importance of oxidative stress
in the pathogenesis, diagnosis, and monitoring of patients with neuropsychiatric disorders, a review. Neurochem
Int. 2022;153:105269.

YuanT,Yang T, Chen H, Fu D, Hu Y, Wang J, et al. New insights into oxidative stress and inflammation during diabe-
tes mellitus-accelerated atherosclerosis. Redox Biol. 2019;20:247-60.

Hayes JD, Dinkova-Kostova AT, Tew KD. Oxidative stress in cancer. Cancer Cell. 2020;38(2):167-97.

Jitschin R, Hofmann AD, Bruns H, Giessl A, Bricks J, Berger J, et al. Mitochondrial metabolism contributes to oxida-
tive stress and reveals therapeutic targets in chronic lymphocytic leukemia. Blood. 2014;123(17):2663-72.

Udensi UK, Tchounwou PB. Dual effect of oxidative stress on leukemia cancer induction and treatment. J Exp Clin
Cancer Res CR. 2014;33:106.

Picou F, Vignon C, Debeissat C, Lachot S, Kosmider O, Gallay N, et al. Bone marrow oxidative stress and specific
antioxidant signatures in myelodysplastic syndromes. Blood Adv. 2019;3(24):4271-9.

Parvez S, Long MJC, Poganik JR, Aye Y. Redox signaling by reactive electrophiles and oxidants. Chem Rev.
2018;118(18):8798-888.

Lu J, Holmgren A. The thioredoxin antioxidant system. Free Radic Biol Med. 2014;66:75-87.

Rhee SG. H202, a necessary evil for cell signaling. Science. 2006;312(5782):1882-3.

He A, Dean JM, Lodhi l. Peroxisomes as cellular adaptors to metabolic and environmental stress. Trends Cell Biol.
2021,31(8):656-70.

Srinivas US, Tan BWQ, Vellayappan BA, Jeyasekharan AD. ROS and the DNA damage response in cancer. Redox Biol.
2019;25:101084.

Hassannia B, Vandenabeele P, Vanden BT. Targeting ferroptosis to iron out cancer. Cancer Cell. 2019;35(6):830-49.
Yin H, Xu L, Porter NA. Free radical lipid peroxidation: mechanisms and analysis. Chem Rev. 2011;111(10):5944-72.
Sies H. Oxidative stress: a concept in redox biology and medicine. Redox Biol. 2015;4:180-3.

Harris IS, DeNicola GM. The complex interplay between antioxidants and ROS in cancer. Trends Cell Biol.
2020;30(6):440-51.

Sies H, Berndt C, Jones DP. Oxidative stress. Annu Rev Biochem. 2017,86:715-48.

Perillo B, Di Donato M, Pezone A, Di Zazzo E, Giovannelli P, Galasso G, et al. ROS in cancer therapy: the bright side
of the moon. Exp Mol Med. 2020;52(2):192-203.

Gwangwa MV, Joubert AM, Visagie MH. Crosstalk between the Warburg effect, redox regulation and autophagy
induction in tumourigenesis. Cell Mol Biol Lett. 2018;23:20.

Niu B, Liao K, Zhou Y, Wen T, Quan G, Pan X, et al. Application of glutathione depletion in cancer therapy:
enhanced ROS-based therapy, ferroptosis, and chemotherapy. Biomaterials. 2021;277: 121110.

Cui Q Wang J-Q, Assaraf YG, Ren L, Gupta P, Wei L, et al. Modulating ROS to overcome multidrug resistance in
cancer. Drug Resist Updates. 2018;41:1-25.

Ogata FT, Branco V, Vale FF, Coppo L. Glutaredoxin: discovery, redox defense and much more. Redox Biol. 2021;43:
101975.

Kennedy L, Sandhu JK, Harper M-E, Cuperlovic-Culf M. Role of glutathione in cancer: from mechanisms to thera-
pies. Biomolecules. 2020;10(10).

Bansal A, Simon MC. Glutathione metabolism in cancer progression and treatment resistance. J Cell Biol.
2018,217(7):2291-8.

Page 30 of 38



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53

50.

52.

53.
54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Corso CR, Acco A. Glutathione system in animal model of solid tumors: from regulation to therapeutic target. Crit
Rev Oncol Hematol. 2018;128:43-57.

Jagust P, Alcald S, Sainz B Jr, Heeschen C, Sancho P. Glutathione metabolism is essential for self-renewal and chem-
oresistance of pancreatic cancer stem cells. World J Stem Cells. 2020;12(11):1410-28.

Vairetti M, Di Pasqua LG, Cagna M, Richelmi P, Ferrigno A, Berardo C. Changes in glutathione content in liver
diseases: an update. Antioxidants (Basel, Switzerland). 2021;10(3):364.

Nunes SC, Serpa J. Glutathione in ovarian cancer: a double-edged sword. Int J Mol Sci. 2018;19(7):1882.
Miran T, Vogg ATJ, Drude N, Mottaghy FM, Morgenroth A. Modulation of glutathione promotes apoptosis in triple-
negative breast cancer cells. FASEB J. 2018;32(5):2803-13.

Guo W, LiK, Sun B, Xu D, Tong L, Yin H, et al. Dysregulated glutamate transporter SLC1AT propels cystine uptake
via Xc- for glutathione synthesis in lung cancer. Can Res. 2021;81(3):552-66.

Goncalves AC, Cortesao E, Oliveiros B, Alves V, Espadana Al, Rito L, et al. Oxidative stress and mitochondrial dys-
function play a role in myelodysplastic syndrome development, diagnosis, and prognosis: a pilot study. Free Radic
Res. 2015;49(9):1081-94.

Rasool M, Farooq S, Malik A, Shaukat A, Manan A, Asif M, et al. Assessment of circulating biochemical markers and
antioxidative status in acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML) patients. Saudi J
Biol Sci. 2015;22(1):106-11.

Filippi MD, Ghaffari S. Mitochondria in the maintenance of hematopoietic stem cells: new perspectives and
opportunities. Blood. 2019;133(18):1943-52.

Heinke L. Mitochondrial ROS drive cell cycle progression. Nat Rev Mol Cell Biol. 2022;23(9):581.
Hernansanz-Agustin P, Enriquez JA. Generation of reactive oxygen species by mitochondria. Antioxidants (Basel,
Switzerland). 2021;10(3):415.

Mailloux RJ. An update on mitochondrial reactive oxygen species production. Antioxidants (Basel, Switzerland).
2020,9(6):472.

Quinlan CL, Perevoshchikova IV, Hey-Mogensen M, Orr AL, Brand MD. Sites of reactive oxygen species generation
by mitochondria oxidizing different substrates. Redox Biol. 2013;1(1):304-12.

Payen VL, Zampieri LX, Porporato PE, Sonveaux P. Pro- and antitumor effects of mitochondrial reactive oxygen
species. Cancer Metastasis Rev. 2019;38(1-2):189-203.

Bleier L, Wittig |, Heide H, Steger M, Brandt U, Droese S. Generator-specific targets of mitochondrial reactive oxy-
gen species. Free Radical Biol Med. 2015;78:1-10.

Brand MD. Mitochondrial generation of superoxide and hydrogen peroxide as the source of mitochondrial redox
signaling. Free Radical Biol Med. 2016;100:14-31.

Klimova T, Chandel NS. Mitochondrial complex Il regulates hypoxic activation of HIF. Cell Death Differ.
2008;15(4):660-6.

Diebold L, Chandel NS. Mitochondrial ROS regulation of proliferating cells. Free Radical Biol Med. 2016;100:86-93.
Yan J, Jiang J, He L, Chen L. Mitochondrial superoxide/hydrogen peroxide: an emerging therapeutic target for
metabolic diseases. Free Radical Biol Med. 2020;152:33-42.

Porporato PE, Filigheddu N, Pedro JMB, Kroemer G, Galluzzi L. Mitochondrial metabolism and cancer. Cell Res.
2018;28(3):265-80.

Le Q Yao W, ChenY, Yan B, Liu C, Yuan M, et al. GRK6 regulates ROS response and maintains hematopoietic stem
cell self-renewal. Cell Death Dis. 2016;7: €2478.

Ito K, Hirao A, Arai F, Matsuoka S, Takubo K, Hamaguchi |, et al. Regulation of oxidative stress by ATM is required for
self-renewal of haematopoietic stem cells. Nature. 2004;431(7011):997-1002.

CaoY, Fang Y, Cai J, Li X, Xu F, Yuan N, et al. ROS functions as an upstream trigger for autophagy to drive hemat-
opoietic stem cell differentiation. Hematology. 2016;21(10):613-8.

Chakrabarty RP, Chandel NS. Mitochondria as signaling organelles control mammalian stem cell fate. Cell Stem
Cell. 2021;28(3):394-408.

Morganti C, Ito K. Mitochondrial contributions to hematopoietic stem cell aging. Int J Mol Sci. 2021;22(20):11117.
Begum R, Thota S, Abdulkadir A, Kaur G, Bagam P, Batra S. NADPH oxidase family proteins: signaling dynamics to
disease management. Cell Mol Immunol. 2022;19(6):660-86.

Ogboo BC, Grabovyy UV, Maini A, Scouten S, van der Vliet A, Mattevi A, et al. Architecture of the NADPH oxidase
family of enzymes. Redox Biol. 2022;52: 102298.

Vermot A, Petit-Hartlein I, Smith SME, Fieschi F. NADPH oxidases (NOX): an overview from discovery, molecular
mechanisms to physiology and pathology. Antioxidants (Basel). 2021;10(6):890.

Lambeth JD, Kawahara T, Diebold B. Regulation of Nox and Duox enzymatic activity and expression. Free Radical
Biol Med. 2007;43(3):319-31.

Bedard K, Krause KH. The NOX family of ROS-generating NADPH oxidases: physiology and pathophysiology.
Physiol Rev. 2007;87(1):245-313.

Parascandolo A, Laukkanen MO. Carcinogenesis and reactive oxygen species signaling: interaction of the

NADPH oxidase NOX1-5 and superoxide dismutase 1-3 signal transduction pathways. Antioxid Redox Signal.
2019;30(3):443-86.

Rastogi R, Geng X, Li F, Ding Y. NOX activation by subunit interaction and underlying mechanisms in disease. Front
Cell Neurosci. 2017;10:301.

Schroeder K, Weissmann N, Brandes RP. Organizers and activators: cytosolic Nox proteins impacting on vascular
function. Free Radical Biol Med. 2017;109:22-32.

Giardino G, Cicalese MP, Delmonte O, Migliavacca M, Palterer B, Loffredo L, et al. NADPH oxidase deficiency: a
multisystem approach. Oxid Med Cell Longev. 2017. https://doi.org/10.1155/2017/4590127.

Magnani F, Nenci S, Fananas EM, Ceccon M, Romero E, Fraaije MW, et al. Crystal structures and atomic model of
NADPH oxidase. Proc Natl Acad Sci USA. 2017;114(26):6764-9.

Sardina JL, Lopez-Ruano G, Sanchez-Sanchez B, Llanillo M, Hernandez-Hernandez A. Reactive oxygen species: are
they important for haematopoiesis? Crit Rev Oncol Hematol. 2012;81(3):257-74.

Page 31 of 38


https://doi.org/10.1155/2017/4590127

Jing et al. Cellular & Molecular Biology Letters (2024) 29:53 Page 32 of 38

86.

87.

88.

89.

90.

92.

93.

94,

95.
96.
97.
98.
99.
100.

101.

102.
103.

109.
110.

11

112,

13.

114.

115.

116.

17.

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(9):2928-35.

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(19):3322-30.
Demircan MB, Schnoeder TM, Mgbecheta PC, Schroeder K, Boehmer F-D, Heidel FH. Context-specific effects of
NOX4 inactivation in acute myeloid leukemia (AML). J Cancer Res Clin Oncol. 2022;148(8):1983-90.

Agostinelli E, Vianello F, Magliulo G, Thomas T, Thomas TJ. Nanoparticle strategies for cancer therapeutics: nucleic
acids, polyamines, bovine serum amine oxidase and iron oxide nanoparticles. Int J Oncol. 2015;46(1):5-16.
Furuhashi M. New insights into purine metabolism in metabolic diseases: role of xanthine oxidoreductase activity.
Am J Physiol Endocrinol Metab. 2020;319(5):E827-34.

Bortolotti M, Polito L, Battelli MG, Bolognesi A. Xanthine oxidoreductase: one enzyme for multiple physiological
tasks. Redox Biol. 2021;41: 101882.

Battelli MG, Polito L, Bortolotti M, Bolognesi A. Xanthine oxidoreductase-derived reactive species: physiological
and pathological effects. Oxid Med Cell Longev. 2016;2016:3527579.

Abooali M, Lall GS, Coughlan K, Lall HS, Gibbs BF, Sumbayev V. Crucial involvement of xanthine oxidase in the
intracellular signalling networks associated with human myeloid cell function. Sci Rep. 2014;4:6307.

Raskovalova T, Berger MG, Jacob MC, Park S, Campos L, Aanei CM, et al. Flow cytometric analysis of neutrophil
myeloperoxidase expression in peripheral blood for ruling out myelodysplastic syndromes: a diagnostic accuracy
study. Haematologica. 2019;104(12):2382-90.

Ames BN, Shigenaga MK, Hagen TM. Oxidants, antioxidants, and the degenerative diseases of aging. Proc Natl
Acad Sci USA. 1993;90(17):7915-22.

Bhattacharyya S, Sinha K, Sil PC. Cytochrome P450s: mechanisms and biological implications in drug metabolism
and its interaction with oxidative stress. Curr Drug Metab. 2014;15(7):719-42.

Pilo F, Angelucci E. A storm in the niche: iron, oxidative stress and haemopoiesis. Blood Rev. 2018;32(1):29-35.

Wei Q, Frenette PS. Niches for hematopoietic stem cells and their progeny. Immunity. 2018;48(4):632-48.

Pinho S, Frenette PS. Haematopoietic stem cell activity and interactions with the niche. Nat Rev Mol Cell Biol.
2019;20(5):303-20.

Laurenti E, Gottgens B. From haematopoietic stem cells to complex differentiation landscapes. Nature.
2018;553(7689):418-26.

Kunisaki Y, Bruns I, Scheiermann C, Ahmed J, Pinho S, Zhang D, et al. Arteriolar niches maintain haematopoietic
stem cell quiescence. Nature. 2013;502(7473):637.

Crane GM, Jeffery E, Morrison SJ. Adult haematopoietic stem cell niches. Nat Rev Immunol. 2017;17(9):573-90.

Ye Z-W, Zhang J, Townsend DM, Tew KD. Oxidative stress, redox regulation and diseases of cellular differentiation.
BBA-Gen Subjects. 2015;1850(8):1607-21.

Bruns |, Lucas D, Pinho S, Ahmed J, Lambert MP, Kunisaki Y, et al. Megakaryocytes regulate hematopoietic stem cell
quiescence through CXCL4 secretion. Nat Med. 2014;20(11):1315-20.

Ding L, Saunders TL, Enikolopov G, Morrison SJ. Endothelial and perivascular cells maintain haematopoietic stem
cells. Nature. 2012;481(7382):457-U65.

Greenbaum A, Hsu YMS, Day RB, Schuettpelz LG, Christopher MJ, Borgerding JN, et al. CXCL12 in early mesenchy-
mal progenitors is required for haematopoietic stem-cell maintenance. Nature. 2013;495(7440):227-30.

Himburg HA, Termini CM, Schlussel L, Kan J, Li M, Zhao L, et al. Distinct bone marrow sources of pleiotrophin
control hematopoietic stem cell maintenance and regeneration. Cell Stem Cell. 2018;23(3):370.

Zhou BO, Yu H, Yue R, Zhao Z, Rios JJ, Naveiras O, et al. Bone marrow adipocytes promote the regeneration of stem
cells and haematopoiesis by secreting SCF. Nat Cell Biol. 2017;19(8):891.

Morrison SJ, Scadden DT. The bone marrow niche for haematopoietic stem cells. Nature. 2014;505(7483):327-34.
Jang Y-Y, 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(8):3056-63.

Ludin A, Gur-Cohen S, Golan K, Kaufmann KB, Itkin T, Medaglia C, et al. Reactive oxygen species regulate hemat-
opoietic stem cell self-renewal, migration and development, as well as their bone marrow microenvironment.
Antioxid Redox Signal. 2014;21(11):1605-19.

Wilson A, Laurenti E, Oser G, van der Wath RC, Blanco-Bose W, Jaworski M, et al. Hematopoietic stem cells revers-
ibly switch from dormancy to self-renewal during homeostasis and repair. Cell. 2008;135(6):1118-29.

Tothova Z, Kollipara R, Huntly BJ, Lee BH, Castrillon DH, Cullen DE, et al. FoxOs are critical mediators of hematopoi-
etic stem cell resistance to physiologic oxidative stress. Cell. 2007;128(2):325-39.

Rizo A, Olthof S, Han L, Vellenga E, de Haan G, Schuringa JJ. Repression of BMIT in normal and leukemic human
CD34(+) cells impairs self-renewal and induces apoptosis. Blood. 2009;114(8):1498-505.

Miyamoto K, Araki KY, Naka K, Arai F, Takubo K, Yamazaki S, et al. Foxo3a is essential for maintenance of the hemat-
opoietic stem cell pool. Cell Stem Cell. 2007;1(1):101-12.

Menon V, Ghaffari S. Transcription factors FOXO in the regulation of homeostatic hematopoiesis. Curr Opin Hema-
tol. 2018;25(4):290-8.

Miyamoto K, Miyamoto T, Kato R, Yoshimura A, Motoyama N, Suda T. FoxO3a regulates hematopoietic homeosta-
sis through a negative feedback pathway in conditions of stress or aging. Blood. 2008;112(12):4485-93.

Yalcin S, Marinkovic D, Mungamuri SK, Zhang X, Tong W, Sellers R, et al. ROS-mediated amplification of AKT/mTOR
signalling pathway leads to myeloproliferative syndrome in Foxo3(-/-) mice. EMBO J. 2010,29(24):4118-31.
Rimmele P, Liang R, Bigarella CL, Kocabas F, Xie JJ, Serasinghe MN, et al. Mitochondrial metabolism in hematopoi-
etic stem cells requires functional FOXO3. EMBO Rep. 2015;16(9):1164-76.

Ferber EC, Peck B, Delpuech O, Bell GP, East P, Schulze A. FOXO3a regulates reactive oxygen metabolism by inhibit-
ing mitochondrial gene expression. Cell Death Differ. 2012;19(6):968-79.

Yeo H, Lyssiotis CA, Zhang YQ, Ying HQ, Asara JM, Cantley LC, et al. FoxO3 coordinates metabolic pathways to
maintain redox balance in neural stem cells. EMBO J. 2013;32(19):2589-602.



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53 Page 33 of 38

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

134.

135.
136.

143.
144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Simsek T, Kocabas F, Zheng JK, DeBerardinis RJ, Mahmoud Al, Olson EN, et al. The distinct metabolic profile of
hematopoietic stem cells reflects their location in a hypoxic niche. Cell Stem Cell. 2010;7(3):380-90.

Takubo K, Nagamatsu G, Kobayashi CI, Nakamura-Ishizu A, Kobayashi H, Ikeda E, et al. Regulation of glycolysis by
Pdk functions as a metabolic checkpoint for cell cycle quiescence in hematopoietic stem cells. Cell Stem Cell.
2013;12(1):49-61.

Unwin RD, Smith DL, Blinco D, Wilson CL, Miller CJ, Evans CA, et al. Quantitative proteomics reveals posttransla-
tional control as a regulatory factor in primary hematopoietic stem cells. Blood. 2006;107(12):4687-94.
Maryanovich M, Oberkovitz G, Niv H, Vorobiyov L, Zaltsman Y, Brenner O, et al. The ATM-BID pathway regulates
quiescence and survival of haematopoietic stem cells. Nat Cell Biol. 2012;14(5):535-U185.

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.

Tai-Nagara |, Matsuoka S, Ariga H, Suda T. Mortalin and DJ-1 coordinately regulate hematopoietic stem cell func-
tion through the control of oxidative stress. Blood. 2014;123(1):41-50.

Chen C, LiuY, Liu RH, lkenoue T, Guan KL, 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(10):2397-408.

Cazzola M. Myelodysplastic syndromes. N Engl J Med. 2020;383(14):1358-74.

Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM, et al. The 2016 revision to the World Health
Organization classification of myeloid neoplasms and acute leukemia. Blood. 2016;127(20):2391-405.
Pfeilstocker M, Tuechler H, Sanz G, Schanz J, Garcia-Manero G, Solé F, et al. Time-dependent changes in mortality
and transformation risk in MDS. Blood. 2016;128(7):902-10.

Khoury JD, Solary E, Abla O, Akkari Y, Alaggio R, Apperley JF, et al. The 5th edition of the World Health Organi-
zation classification of haematolymphoid tumours: myeloid and histiocytic/dendritic neoplasms. Leukemia.
2022,36(7):1703-19.

Arber DA, Orazi A, Hasserjian RP, Borowitz MJ, Calvo KR, Kvasnicka H-M, et al. International Consensus Classifica-
tion of myeloid neoplasms and acute leukemias: integrating morphologic, clinical, and genomic data. Blood.
2022;140(11):1200-28.

The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium. Pan-cancer analysis of whole genomes.
Nature. 2020;578:82-93. https://doi.org/10.1038/541586-020-1969-6.

Henkin RI. Clinical and therapeutic implications of cancer stem cells. N Engl J Med. 2019;381(10): e19.

Bejar R, Stevenson K, Abdel-Wahab O, Galili N, Nilsson B, Garcia-Manero G, et al. Clinical effect of point mutations
in myelodysplastic syndromes. N Engl J Med. 2011,364(26):2496-506.

Yoshida K, Sanada M, Shiraishi Y, Nowak D, Nagata Y, Yamamoto R, et al. Frequent pathway mutations of splicing
machinery in myelodysplasia. Nature. 2011;478(7367):64-9.

Papaemmanuil E, Gerstung M, Malcovati L, Tauro S, Gundem G, Van Loo P, et al. Clinical and biological implications
of driver mutations in myelodysplastic syndromes. Blood. 2013;122(22):3616-27.

Haferlach T, Nagata Y, Grossmann V, Okuno Y, Bacher U, Nagae G, et al. Landscape of genetic lesions in 944 patients
with myelodysplastic syndromes. Leukemia. 2014,28(2):241-7.

Schneider RK, Schenone M, Ferreira MV, Kramann R, Joyce CE, Hartigan C, et al. Rps14 haploinsufficiency causes a
block in erythroid differentiation mediated by ST00A8 and S100A9. Nat Med. 2016,22(3):288-97.

Schneider RK, Adema V, Heckl D, Jaras M, Mallo M, Lord AM, et al. Role of casein kinase TA1 in the biology and
targeted therapy of del(5q) MDS. Cancer Cell. 2014;26(4):509-20.

Kronke J, Fink EC, Hollenbach PW, MacBeth KJ, Hurst SN, Udeshi ND, et al. Lenalidomide induces ubiquitination
and degradation of CK1a in del(5g) MDS. Nature. 2015;523(7559):183-8.

Yang L, Rau R, Goodell MA. DNMT3A in haematological malignancies. Nat Rev Cancer. 2015;15(3):152-65.
Buscarlet M, Provost S, Zada YF, Barhdadi A, Bourgoin V, Lépine G, et al. DNMT3A and TET2 dominate clonal hemat-
opoiesis and demonstrate benign phenotypes and different genetic predispositions. Blood. 2017;130(6):753-62.
Moran-Crusio K, Reavie L, Shih A, Abdel-Wahab O, Ndiaye-Lobry D, Lobry C, et al. Tet2 loss leads to increased
hematopoietic stem cell self-renewal and myeloid transformation. Cancer Cell. 2011;20(1):11-24.

Guryanova OA, Lieu YK, Garrett-Bakelman FE, Spitzer B, Glass JL, Shank K, et al. Dnmt3a regulates myeloprolifera-
tion and liver-specific expansion of hematopoietic stem and progenitor cells. Leukemia. 2016;30(5):1133-42.
Malcovati L, Karimi M, Papaemmanuil E, Ambaglio |, Jadersten M, Jansson M, et al. SF3B1 mutation identifies a
distinct subset of myelodysplastic syndrome with ring sideroblasts. Blood. 2015;126(2):233-41.

Malcovati L, Stevenson K, Papaemmanuil E, Neuberg D, Bejar R, Boultwood J, et al. SF3B1-mutant MDS as a
distinct disease subtype: a proposal from the International Working Group for the prognosis of MDS. Blood.
2020;136(2):157-70.

Dalton WB, Helmenstine E, Pieterse L, Li B, Gocke CD, Donaldson J, et al. The K666N mutation in SF3B1 is associ-
ated with increased progression of MDS and distinct RNA splicing. Blood Adv. 2020;4(7):1192-6.

Bersanelli M, Travaglino E, Meggendorfer M, Matteuzzi T, Sala C, Mosca E, et al. Classification and personalized
prognostic assessment on the basis of clinical and genomic features in myelodysplastic syndromes. J Clin Oncol.
2021;39(11):1223-33.

Shiozawa Y, Malcovati L, Galli A, Sato-Otsubo A, Kataoka K, Sato Y, et al. Aberrant splicing and defective mRNA
production induced by somatic spliceosome mutations in myelodysplasia. Nat Commun. 2018;9(1):3649.
Pellagatti A, Armstrong RN, Steeples V, Sharma E, Repapi E, Singh S, et al. Impact of spliceosome mutations on RNA
splicing in myelodysplasia: dysregulated genes/pathways and clinical associations. Blood. 2018;132(12):1225-40.
Bondu S, Alary A-S, Lefévre C, Houy A, Jung G, Lefebvre T, et al. A variant erythroferrone disrupts iron homeostasis
in SF3B1-mutated myelodysplastic syndrome. Sci Transl Med. 2019;11(500):eaav5467.

Thol F, Kade S, Schlarmann C, Loffeld P, Morgan M, Krauter J, et al. Frequency and prognostic impact of mutations
in SRSF2, U2AF1, and ZRSR2 in patients with myelodysplastic syndromes. Blood. 2012;119(15):3578-84.

Cazzola M, Della Porta MG, Malcovati L. The genetic basis of myelodysplasia and its clinical relevance. Blood.
2013;122(25):4021-34.


https://doi.org/10.1038/s41586-020-1969-6

Jing et al. Cellular & Molecular Biology Letters (2024) 29:53

156.

157.

158.

159.

160.

162.

163.

164.

165.

166.

167.

168.

169.

172.

173.

174.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Li B, Zou D, Yang S, Ouyang G, Mu Q. Prognostic significance of U2AF1 mutations in myelodysplastic syndromes: a
meta-analysis. J Int Med Res. 2020;48(3):300060519891013.

Dang L, Yen K, Attar EC. IDH mutations in cancer and progress toward development of targeted therapeutics. Ann
Oncol. 2016,27(4):599-608.

Makishima H, Yoshizato T, Yoshida K, Sekeres MA, Radivoyevitch T, Suzuki H, et al. Dynamics of clonal evolution in
myelodysplastic syndromes. Nat Genet. 2017;49(2):204-12.

Gangat N, Patnaik MM, Tefferi A. Myelodysplastic syndromes: contemporary review and how we treat. Am J Hema-
tol. 2016;91(1):76-89.

Kim E, llagan JO, Liang Y, Daubner GM, Lee SCW, Ramakrishnan A, et al. SRSF2 mutations contribute to myelodys-
plasia by mutant-specific effects on exon recognition. Cancer Cell. 2015;27(5):617-30.

Chen L, Chen J-Y, Huang Y-J, Gu Y, Qiu J, Qian H, et al. The augmented R-Loop is a unifying mechanism for myelod-
ysplastic syndromes induced by high-risk splicing factor mutations. Mol Cell. 2018;69(3):412-25.

Yoshimi A, Lin K-T, Wiseman DH, Rahman MA, Pastore A, Wang B, et al. Coordinated alterations in RNA splicing and
epigenetic regulation drive leukaemogenesis. Nature. 2019;574(7777):273-7.

Stein EM, Fathi AT, DiNardo CD, Pollyea DA, Roboz GJ, Collins R, et al. Enasidenib in patients with mutant IDH2
myelodysplastic syndromes: a phase 1 subgroup analysis of the multicentre, AG221-C-001 trial. Lancet Haematol.
2020;7(4):e309-19.

Phull AR, Nasir B, Ul Haq I, Kim SJ. Oxidative stress, consequences and ROS mediated cellular signaling in rheuma-
toid arthritis. Chem Biol Interact. 2018;281:121-36.

Ochoa CD, Wu RF, Terada LS. ROS signaling and ER stress in cardiovascular disease. Mol Aspects Med.
2018;63:18-29.

Byon CH, Heath JM, Chen Y. Redox signaling in cardiovascular pathophysiology: a focus on hydrogen peroxide
and vascular smooth muscle cells. Redox Biol. 2016;9:244-53.

Forrester SJ, Kikuchi DS, Hernandes MS, Xu Q, Griendling KK. Reactive oxygen species in metabolic and inflamma-
tory signaling. Circ Res. 2018;122(6):877-902.

Ruiss M, Findl O, Kronschldger M. The human lens: an antioxidant-dependent tissue revealed by the role of caf-
feine. Ageing Res Rev. 2022;79: 101664.

Peddie CM, Wolf CR, McLellan LI, Collins AR, Bowen DT. Oxidative DNA damage in CD344 myelodysplastic cells is
associated with intracellular redox changes and elevated plasma tumour necrosis factor-alpha concentration. Br J
Haematol. 1997;99(3):625-31.

Novotna B, Bagryantseva Y, Siskova M, Neuwirtova R. Oxidative DNA damage in bone marrow cells of patients
with low-risk myelodysplastic syndrome. Leuk Res. 2009;33(2):340-3.

Bowen D, Wang L, Frew M, Kerr R, Groves M. Antioxidant enzyme expression in myelodysplastic and acute
myeloid leukemia bone marrow: further evidence of a pathogenetic role for oxidative stress? Haematologica.
2003;88(9):1070-2.

Sallman DA, Cluzeau T, Basiorka AA, List A. Unraveling the pathogenesis of MDS: the NLRP3 inflammasome and
pyroptosis drive the MDS phenotype. Front Oncol. 2016;6:151.

Grignano E, Birsen R, Chapuis N, Bouscary D. From iron chelation to overload as a therapeutic strategy to induce
ferroptosis in leukemic cells. Front Oncol. 2020;10: 586530.

Montalban-Bravo G, Class CA, Ganan-Gomez |, Kanagal-Shamanna R, Sasaki K, Richard-Carpentier G, et al. Tran-
scriptomic analysis implicates necroptosis in disease progression and prognosis in myelodysplastic syndromes.
Leukemia. 2020;34(3):872-81.

Sallman DA, List A. The central role of inflammatory signaling in the pathogenesis of myelodysplastic syndromes.
Blood. 2019;133(10):1039-48.

Basiorka AA, McGraw KL, Eksioglu EA, Chen X, Johnson J, Zhang L, et al. The NLRP3 inflammasome functions as a
driver of the myelodysplastic syndrome phenotype. Blood. 2016;128(25):2960-75.

Cluzeau T, McGraw KL, Irvine B, Masala E, Ades L, Basiorka AA, et al. Pro-inflammatory proteins STO0A9 and

tumor necrosis factor-a suppress erythropoietin elaboration in myelodysplastic syndromes. Haematologica.
2017;102(12):2015-20.

MeiY, Zhao B, Basiorka AA, Yang J, Cao L, Zhang J, et al. Age-related inflammatory bone marrow microenviron-
ment induces ineffective erythropoiesis mimicking del(5q) MDS. Leukemia. 2018;32(4):1023-33.

Lv Q, Niu H, Yue L, Liu J, Yang L, Liu C, et al. Abnormal ferroptosis in myelodysplastic syndrome. Front Oncol.
2020;10:1656.

Panigrahi DP, Praharaj PP, Bhol CS, Mahapatra KK, Patra S, Behera BP, et al. The emerging, multifaceted role of
mitophagy in cancer and cancer therapeutics. Semin Cancer Biol. 2020,66:45-58.

Houwerzijl EJ, Pol HWD, Blom NR, van der Want JJL, de Wolf JTM, Vellenga E. Erythroid precursors from patients
with low-risk myelodysplasia demonstrate ultrastructural features of enhanced autophagy of mitochondria.
Leukemia. 2009;23(5):886-91.

Farquhar MJ, Bowen DT. Oxidative stress and the myelodysplastic syndromes. Int J Hematol. 2003;77(4):342-50.
Mortensen M, Soilleux EJ, Djordjevic G, Tripp R, Lutteropp M, Sadighi-Akha E, et al. The autophagy protein Atg7 is
essential for hematopoietic stem cell maintenance. J Exp Med. 2011;208(3):455-67.

Gomez-Puerto MC, Folkerts H, Wierenga ATJ, Schepers K, Schuringa JJ, Coffer PJ, et al. Autophagy proteins ATG5
and ATG? are essential for the maintenance of human CD34(+) hematopoietic stem-progenitor cells. Stem Cells.
2016;34(6):1651-63.

Jiang H, Yang L, Guo L, Cui N, Zhang G, Liu C, et al. Impaired mitophagy of nucleated erythroid cells leads to
anemia in patients with myelodysplastic syndromes. Oxid Med Cell Longev. 2018;2018:6328051.

Aoyagi Y, Hayashi Y, Harada Y, Choi K, Matsunuma N, Sadato D, et al. Mitochondrial fragmentation triggers ineffec-
tive hematopoiesis in myelodysplastic syndromes. Cancer Discov. 2022;12(1):250-69.

Kopinski PK, Singh LN, Zhang S, Lott MT, Wallace DC. Mitochondrial DNA variation and cancer. Nat Rev Cancer.
2021,21(7):431-45.

Page 34 of 38



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53 Page 35 of 38

188.

189.

190.

192.

193.

194.

195.

196.
197.

198.

200.

201.

202.

203.

204.

205.

206.

207.

208.

200.

210.
211,
212.

213.

214.

215.

216.

218.

219.

Zou J, Shi Q, Chen H, Juskevicius R, Zinkel SS. Programmed necroptosis is upregulated in low-grade myelodysplas-
tic syndromes and may play a role in the pathogenesis. Exp Hematol. 2021;103:60-72.

Germing U, Oliva EN, Hiwase D, Almeida A. Treatment of anemia in transfusion-dependent and non-transfusion-
dependent lower-risk MDS: current and emerging strategies. Hemasphere. 2019;3(6): e314.

Scalzulli E, Pepe S, Colafigli G, Breccia M. Therapeutic strategies in low and high-risk MDS: what does the future
have to offer? Blood Rev. 2021;45: 100689.

Kaphan E, Laurin D, Lafeuillade B, Drillat P, Park S. Impact of transfusion on survival in patients with myelodysplastic
syndromes: current knowledge, new insights and transfusion clinical practice. Blood Rev. 2020;41: 100649.

Wang Y, Huang L, HuaY, Liu H, Jiang H, Wang H, et al. Impact of iron overload by transfusion on survival and
leukemia transformation of myelodysplastic syndromes in a single center of China. Hematology (Amsterdam,
Netherlands). 2021,26(1):874-80.

Shenoy N, Vallumsetla N, Rachmilewitz E, Verma A, Ginzburg Y. Impact of iron overload and potential benefit from
iron chelation in low-risk myelodysplastic syndrome. Blood. 2014;124(6):873-81.

Schmid M. Iron chelation therapy in MDS: what have we learnt recently? Blood Rev. 2009;23(Suppl 1):521-5.
Leitch HA. Controversies surrounding iron chelation therapy for MDS. Blood Rev. 2011;25(1):17-31.

Zeidan AM, Griffiths EA. To chelate or not to chelate in MDS: that is the question! Blood Rev. 2018;32(5):368-77.
Angelucci E, Li J, Greenberg P, Wu D, Hou M, Montano Figueroa EH, et al. Iron chelation in transfusion-dependent
patients with low- to intermediate-1-risk myelodysplastic syndromes: a randomized trial. Ann Intern Med.
2020;172(8):513-22.

Leitch HA, Parmar A, Wells RA, Chodirker L, Zhu N, Nevill TJ, et al. Overall survival in lower IPSS risk MDS by receipt
of iron chelation therapy, adjusting for patient-related factors and measuring from time of first red blood cell
transfusion dependence: an MDS-CAN analysis. Br J Haematol. 2017;179(1):83-97.

Garcia-Manero G. Myelodysplastic syndromes: 2023 update on diagnosis, risk-stratification, and management. Am
J Hematol. 2023,;98(8):1307-25.

Hoeks M, Yu G, Langemeijer S, Crouch S, de Swart L, Fenaux P, et al. Impact of treatment with iron chelation
therapy in patients with lower-risk myelodysplastic syndromes participating in the European MDS registry. Hae-
matologica. 2020;105(3):640-51.

Steensma DP, Bejar R, Jaiswal S, Lindsley RC, Sekeres MA, Hasserjian RP, et al. Clonal hematopoiesis of indetermi-
nate potential and its distinction from myelodysplastic syndromes. Blood. 2015;126(1):9-16.

Kennedy JA, Ebert BL. Clinical implications of genetic mutations in myelodysplastic syndrome. J Clin Oncol.
2017;35(9):968-74.

Gattermann N, Finelli C, Della Porta M, Fenaux P, Stadler M, Guerci-Bresler A, et al. Hematologic responses to
deferasirox therapy in transfusion-dependent patients with myelodysplastic syndromes. Haematol the Hematol J.
2012,97(9):1364-71.

Chai X, Zhao M-F, Li D-G, Meng J-X, Lu W-Y, Mu J, et al. Establishment of an mouse model of iron-overload and its
impact on bone marrow hematopoiesis. Zhongguo Yi Xue Ke Xue Yuan Xue Bao. 2013;35(5):547-52.

Jin X, He X, Cao X, Xu P, Xing Y, Sui S, et al. Iron overload impairs normal hematopoietic stem and progenitor

cells through reactive oxygen species and shortens survival in myelodysplastic syndrome mice. Haematologica.
2018;103(10):1627-34.

Huang L, Liu Z, Liu H, Ding K, Mi F, Xiang C, et al. Iron overload impairs bone marrow mesenchymal stromal

cells from higher-risk MDS patients by regulating the ROS-related Wnt/B-Catenin pathway. Stem Cells Int.
2020;2020:8855038.

Chai X, Li D, Cao X, Zhang Y, Mu J, Lu W, et al. ROS-mediated iron overload injures the hematopoiesis of bone mar-
row by damaging hematopoietic stem/progenitor cells in mice. Sci Rep. 2015;5:10181.

Isidori A, Borin L, Elli E, Latagliata R, Martino B, Palumbo G, et al. Iron toxicity - its effect on the bone marrow. Blood
Rev. 2018;32(6):473-9.

Hegeds C, Kovécs K, Polgér Z, Regdon Z, Szabé E, Robaszkiewicz A, et al. Redox control of cancer cell destruction.
Redox Biol. 2018;16:59-74.

HelfingerV, Schroder K. Redox control in cancer development and progression. Mol Aspects Med. 2018;63:88-98.
Scott LJ. Azacitidine: a review in myelodysplastic syndromes and acute myeloid leukaemia. Drugs.
2016;76(8):889-900.

Grovdal M, Karimi M, Tobiasson M, Reinius L, Jansson M, Ekwall K, et al. Azacitidine induces profound genome-
wide hypomethylation in primary myelodysplastic bone marrow cultures but may also reduce histone acetylation.
Leukemia. 2014;28(2):411-3.

Leone G, Teoflli L, Voso MT, Lubbert M. DNA methylation and demethylating drugs in myelodysplastic syndromes
and secondary leukemias. Haematologica. 2002;87(12):1324-41.

Montes P, Guerra-Librero A, Garcia P, Cornejo-Calvo ME, Lépez MDS, Haro TD, et al. Effect of 5-Azacitidine
treatment on redox status and inflammatory condition in MDS patients. Antioxidants (Basel, Switzerland).
2022;11(1):139.

Klobuch'S, Steinberg T, Bruni E, Mirbeth C, Heilmeier B, Ghibelli L, et al. Biomodulatory treatment with Azacitidine,
all-trans retinoic acid and pioglitazone induces differentiation of primary AML blasts into neutrophil like cells
capable of ROS production and phagocytosis. Front Pharmacol. 2018;9:1380.

Hasunuma H, Shimizu N, Yokota H, Tatsuno |. Azacitidine decreases reactive oxygen species production in periph-
eral white blood cells: a case report. World J Clin Cases. 2020;8(22):5657-62.

Short NJ, Kantarjian H. Hypomethylating agents for the treatment of myelodysplastic syndromes and acute
myeloid leukemia: past discoveries and future directions. Am J Hematol. 2022;97(12):1616-26.

Shin DY, Park Y-S, Yang K, Kim G-Y, Kim W-J, Han MH, et al. Decitabine, a DNA methyltransferase inhibitor, induces
apoptosis in human leukemia cells through intracellular reactive oxygen species generation. Int J Oncol.
2012;41(3):910-8.

LiL, LiuW, Sun Q, Zhu H, Hong M, Qian S. Decitabine downregulates TIGAR to induce apoptosis and autophagy in
myeloid leukemia cells. Oxid Med Cell Longev. 2021;2021:8877460.



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

232.

233.

234.

235.

236.
237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

Du F, Jin T, Wang L. Mechanism of action of Decitabine in the treatment of acute myeloid leukemia by regulating
LINC00599. Anal Cell Pathol (Amst). 2023;2023:2951519.

Fandy TE, Jiemjit A, Thakar M, Rhoden P, Suarez L, Gore SD. Decitabine induces delayed reactive oxygen species
(ROS) accumulation in leukemia cells and induces the expression of ROS generating enzymes. Clin Cancer Res.
2014,20(5):1249-58.

Wang L, Guo X, Guo X, Zhang X, Ren J. Decitabine promotes apoptosis in mesenchymal stromal cells isolated
from patients with myelodysplastic syndromes by inducing reactive oxygen species generation. Eur J Pharmacol.
2019;863: 172676.

Kayser S, Schlenk RF, Platzbecker U. Management of patients with acute promyelocytic leukemia. Leukemia.
2018,32(6):1277-94.

Prieto-Bermejo R, Romo-Gonzalez M, Perez-Fernandez A, ljurko C, Hernandez-Hernandez A. Reactive oxygen spe-
cies in haematopoiesis: leukaemic cells take a walk on the wild side. J Exp Clin Cancer Res. 2018;37:1-18.
Kaweme NM, Zhou S, Changwe GJ, Zhou F. The significant role of redox system in myeloid leukemia: from patho-
genesis to therapeutic applications. Biomark Res. 2020;8(1):1-12.

Wang J, Li L, Cang H, Shi G, Yi J. NADPH oxidase-derived reactive oxygen species are responsible for the high
susceptibility to arsenic cytotoxicity in acute promyelocytic leukemia cells. Leuk Res. 2008;32(3):429-36.

Huang L, Liu Z, Jiang H, Li L, Fu R. Decitabine shows synergistic effects with arsenic trioxide against myelodysplas-
tic syndrome cells via endoplasmic reticulum stress-related apoptosis. J Investig Med. 2019,67(7):1067-75.

Wang L, Zhang Q Ye L, Ye X, Yang W, Zhang H, et al. All-trans retinoic acid enhances the cytotoxic effect of decit-
abine on myelodysplastic syndromes and acute myeloid leukaemia by activating the RARa-Nrf2 complex. Br J
Cancer. 2023;128(4):691-701.

Idelchik MDPS, Begley U, Begley TJ, Melendez JA. Mitochondrial ROS control of cancer. Semin Cancer Biol.
2017;47:57-66.

Gorrini C, Harris IS, Mak TW. Modulation of oxidative stress as an anticancer strategy. Nat Rev Drug Discov.
2013;12(12):931-47.

Luo J, Xiang Y, Xu X, Fang D, Li D, Ni F, et al. High glucose-induced ROS production stimulates proliferation of
pancreatic cancer via inactivating the JNK pathway. Oxid Med Cell Longev. 2018;2018:6917206.

Singh K, Bhori M, Kasu YA, Bhat G, Marar T. Antioxidants as precision weapons in war against cancer chemotherapy
induced toxicity—exploring the armoury of obscurity. Saudi Pharm J. 2018;26(2):177-90.

Luo M, Zhou L, Huang Z, Li B, Nice EC, Xu J, et al. Antioxidant therapy in cancer: rationale and progress. Antioxi-
dants (Basel, Switzerland). 2022;11(6):1128.

Khurana RK, Jain A, Jain A, Sharma T, Singh B, Kesharwani P. Administration of antioxidants in cancer: debate of the
decade. Drug Discov Today. 2018;23(4):763-70.

Petronek MS, Stolwijk JM, Murray SD, Steinbach EJ, Zakharia Y, Buettner GR, et al. Utilization of redox modulating
small molecules that selectively act as pro-oxidants in cancer cells to open a therapeutic window for improving
cancer therapy. Redox Biol. 2021;42: 101864.

Platzbecker U. Treatment of MDS. Blood. 2019;133(10):1096-107.

Kikuchi S, Kobune M, lyama S, Sato T, Murase K, Kawano Y, et al. Improvement of iron-mediated oxidative DNA
damage in patients with transfusion-dependent myelodysplastic syndrome by treatment with deferasirox. Free
Radical Biol Med. 2012;53(4):643-8.

List AF, Baer MR, Steensma DP, Raza A, Esposito J, Martinez-Lopez N, et al. Deferasirox reduces serum ferritin

and labile plasma iron in RBC transfusion-dependent patients with myelodysplastic syndrome. J Clin Oncol.
2012;30(17):2134-9.

Jiménez-Solas T, Lopez-Cadenas F, Aires-Mejia |, Caballero-Berrocal JC, Ortega R, Redondo AM, et al. Deferasirox
reduces oxidative DNA damage in bone marrow cells from myelodysplastic patients and improves their differen-
tiation capacity. Br J Haematol. 2019;187(1):93-104.

Zhang D, Luo Z, Jin Y, Chen Y, Yang T, Yang Q, et al. Azelaic acid exerts antileukemia effects against acute myeloid
leukemia by regulating the Prdxs/ROS signaling pathway. Oxid Med Cell Longev. 2020;2020:1295984.

Travaglini S, Gurnari C, Antonelli S, Silvestrini G, Noguera NI, Ottone T, et al. The anti-leukemia effect of ascor-

bic acid: from the pro-oxidant potential to the epigenetic role in acute myeloid leukemia. Front Cell Dev Biol.
2022;10:930205.

Ghanem P, Zouein A, Mohamad M, Hodroj MH, Haykal T, Abou Najem S, et al. The Vitamin E derivative gamma
tocotrienol promotes anti-tumor effects in acute myeloid leukemia cell lines. Nutrients. 2019;11(11):2808.

Hodroj MH, Al Bast NAH, Taleb RI, Borjac J, Rizk S. Nettle tea inhibits growth of acute myeloid leukemia cells in vitro
by promoting apoptosis. Nutrients. 2020;12(9):2629.

JinY,Yang Q, Liang L, Ding L, Liang Y, Zhang D, et al. Compound kushen injection suppresses human acute
myeloid leukaemia by regulating the Prdxs/ROS/Trx1 signalling pathway. J Exp Clin Cancer Res CR. 2018;37(1):277.
Schanz J, Jung H, Woermann B, Gassmann W, Petersen T, Hinke A, et al. Amifostine has the potential to induce
haematologic responses and decelerate disease progression in individual patients with low- and intermediate-
1-risk myelodysplastic syndromes. Leuk Res. 2009;33(9):1183-8.

Cetiner M, Firath Tuglular T, Ozen Al Ahdab Y, Al Ahdab H, Kése M, Noyan F, et al. Amifostine treatment in patients
with myelodysplastic syndrome. Turk J Haematol. 2005;22(3):117-23.

Zhao H, Zhu H, Huang J, Zhu Y, Hong M, Zhu H, et al. The synergy of Vitamin C with decitabine activates TET2 in
leukemic cells and significantly improves overall survival in elderly patients with acute myeloid leukemia. Leuk
Res. 2018;66:1-7.

Nakayama A, Alladin KP, Igbokwe O, White JD. Systematic review: generating evidence-based guidelines on the
concurrent use of dietary antioxidants and chemotherapy or radiotherapy. Cancer Invest. 2011;29(10):655-67.
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(20):15010-5.

Page 36 of 38



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53 Page 37 of 38

250.

252.
253.
254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

2609.

270.

271.

272.

273.

274.

Platzbecker U, Symeonidis A, Oliva EN, Goede JS, Delforge M, Mayer J, et al. A phase 3 randomized placebo-
controlled trial of darbepoetin alfa in patients with anemia and lower-risk myelodysplastic syndromes. Leukemia.
2017,;31(9):1944-50.

Kelaidi C, Park S, Sapena R, Beyne-Rauzy O, Coiteux V, Vey N, et al. Long-term outcome of anemic lower-risk
myelodysplastic syndromes without 5q deletion refractory to or relapsing after erythropoiesis-stimulating agents.
Leukemia. 2013;27(6):1283-90.

Olnes MJ, Sloand EM. Targeting immune dysregulation in myelodysplastic syndromes. JAMA. 2011;305(8):814-9.
Parikh AR, Olnes MJ, Barrett AJ. Immunomodulatory treatment of myelodysplastic syndromes: antithymocyte
globulin, cyclosporine, and alemtuzumab. Semin Hematol. 2012;49(4):304-11.

Sloand EM, Olnes MJ, Shenoy A, Weinstein B, Boss C, Loeliger K, et al. Alemtuzumab treatment of intermediate-1
myelodysplasia patients is associated with sustained improvement in blood counts and cytogenetic remissions. J
Clin Oncol. 2010;28(35):5166-73.

Schneider M, Rolfs C, Trumpp M, Winter S, Fischer L, Richter M, et al. Activation of distinct inflammatory pathways
in subgroups of LR-MDS. Leukemia. 2023;37(8):1709-18.

Garcia-Manero G, Adema V, Urrutia S, Ma F, Yang H, Ganan-Gomez |, et al. Clinical and biological effects of Canaki-
numab in lower-risk myelodysplastic syndromes (MDS): results from a phase 2 clinical trial. Blood. 2022;140(Sup-
plement 1):2078-80.

Rodriguez Sevilla JJ, Adema V, Chien KS, Ganan-Gomez |, Montalban-Bravo G, Urrutia S, et al. A phase 2 study of
Canakinumab in patients with lower-risk myelodysplastic syndromes or chronic myelomonocytic leukemia. Blood.
2023;142(Supplement 1):1866.

Tobiasson M, Dybedahl I, Holm MS, Karimi M, Brandefors L, Garelius H, et al. Limited clinical efficacy of azacitidine
in transfusion-dependent, growth factor-resistant, low- and Int-1-risk MDS: results from the nordic NMDSGO8A
phase Il trial. Blood Cancer J. 2014;4(3): e189.

Garcia-Manero G, Gore SD, Kambhampati S, Scott B, Tefferi A, Cogle CR, et al. Efficacy and safety of extended
dosing schedules of CC-486 (oral azacitidine) in patients with lower-risk myelodysplastic syndromes. Leukemia.
2016;30(4):889-96.

Garcia-Manero G, Santini V, Aimeida A, Platzbecker U, Jonasova A, Silverman LR, et al. Phase Ill, randomized,
placebo-controlled trial of CC-486 (oral azacitidine) in patients with lower-risk myelodysplastic syndromes. J Clin
Oncol. 2021;39(13):1426-36.

SantiniV, Aimeida A, Giagounidis A, Gropper S, Jonasova A, Vey N, et al. Randomized phase Il study of lena-
lidomide versus placebo in RBC transfusion-dependent patients with lower-risk non-del(5g) myelodysplastic
syndromes and ineligible for or refractory to erythropoiesis-stimulating agents. J Clin Oncol. 2016,34(25):2988-96.
Toma A, Kosmider O, Chevret S, Delaunay J, Stamatoullas A, Rose C, et al. Lenalidomide with or without erythro-
poietin in transfusion-dependent erythropoiesis-stimulating agent-refractory lower-risk MDS without 5q deletion.
Leukemia. 2016;30(4):897-905.

Negoro E, Radivoyevitch T, Polprasert C, Adema V, Hosono N, Makishima H, et al. Molecular predictors of response
in patients with myeloid neoplasms treated with lenalidomide. Leukemia. 2016;30(12):2405-9.

Jadersten M, Saft L, Smith A, Kulasekararaj A, Pomplun S, Géhring G, et al. TP53 mutations in low-risk myelodys-
plastic syndromes with del(5q) predict disease progression. J Clin Oncol. 2011;29(15):1971-9.

Fenaux P, Platzbecker U, Mufti GJ, Garcia-Manero G, Buckstein R, Santini V, et al. Luspatercept in patients with
lower-risk myelodysplastic syndromes. N Engl J Med. 2020;382(2):140-51.

Bataller A, Montalban-Bravo G, Soltysiak KA, Garcia-Manero G. The role of TGF in hematopoiesis and myeloid
disorders. Leukemia. 2019;33(5):1076-89.

Platzbecker U, Della Porta MG, Santini V, Zeidan AM, Komrokiji RS, Shortt J, et al. Efficacy and safety of luspatercept
versus epoetin alfa in erythropoiesis-stimulating agent-naive, transfusion-dependent, lower-risk myelodysplastic
syndromes (COMMANDS): interim analysis of a phase 3, open-label, randomised controlled trial. Lancet (London,
England). 2023;402(10399):373-85.

Oliva EN, Alati C, Santini V, Poloni A, Molteni A, Niscola P, et al. Eltrombopag versus placebo for low-risk myelodys-
plastic syndromes with thrombocytopenia (EQoL-MDS): phase 1 results of a single-blind, randomised, controlled,
phase 2 superiority trial. Lancet Haematol. 2017;4(3):e127-36.

Steensma DP, Fenaux P, Van Eygen K, Raza A, SantiniV, Germing U, et al. Imetelstat achieves meaningful and dura-
ble transfusion independence in high transfusion-burden patients with lower-risk myelodysplastic syndromes in a
phase Il study. J Clin Oncol. 2021;39(1):48-56.

Platzbecker U, Santini V, Fenaux P, Sekeres MA, Savona MR, Madanat YF, et al. Imetelstat in patients with lower-

risk myelodysplastic syndromes who have relapsed or are refractory to erythropoiesis-stimulating agents
(IMerge): a multinational, randomised, double-blind, placebo-controlled, phase 3 trial. Lancet (London, England).
2024,403(10423):249-60.

Vittayawacharin P, Kongtim P, Ciurea SO. Allogeneic stem cell transplantation for patients with myelodysplastic
syndromes. Am J Hematol. 2023;98(2):322-37.

de Witte T, Bowen D, Robin M, Malcovati L, Niederwieser D, Yakoub-Agha |, et al. Allogeneic hematopoietic

stem cell transplantation for MDS and CMML: recommendations from an international expert panel. Blood.
2017;129(13):1753-62.

LUbbert M, Suciu S, Baila L, Ruter BH, Platzbecker U, Giagounidis A, et al. Low-dose decitabine versus best support-
ive care in elderly patients with intermediate- or high-risk myelodysplastic syndrome (MDS) ineligible for intensive
chemotherapy: final results of the randomized phase Il study of the European Organisation for Research and
Treatment of Cancer Leukemia Group and the German MDS Study Group. J Clin Oncol. 2011;29(15):1987-96.
Kantarjian H, Oki Y, Garcia-Manero G, Huang X, O'Brien S, Cortes J, et al. Results of a randomized study of 3 sched-
ules of low-dose decitabine in higher-risk myelodysplastic syndrome and chronic myelomonocytic leukemia.
Blood. 2007;109(1):52-7.



Jing et al. Cellular & Molecular Biology Letters (2024) 29:53 Page 38 of 38

275. Steensma DP, Baer MR, Slack JL, Buckstein R, Godley LA, Garcia-Manero G, et al. Multicenter study of decitabine
administered daily for 5 days every 4 weeks to adults with myelodysplastic syndromes: the alternative dosing for
outpatient treatment (ADOPT) trial. J Clin Oncol. 2009,27(23):3842-8.

276. Garcia-Manero G, McCloskey J, Griffiths EA, Yee KWL, Zeidan AM, Al-Kali A, et al. Oral decitabine-cedazuridine ver-
sus intravenous decitabine for myelodysplastic syndromes and chronic myelomonocytic leukaemia (ASCERTAIN):
a registrational, randomised, crossover, pharmacokinetics, phase 3 study. Lancet Haematol. 2024;11(1):e15-26.

277. Fenaux P, Mufti GJ, Hellstrom-Lindberg E, Santini V, Finelli C, Giagounidis A, et al. Efficacy of azacitidine compared
with that of conventional care regimens in the treatment of higher-risk myelodysplastic syndromes: a randomised,
open-label, phase Il study. Lancet Oncol. 2009;10(3):223-32.

278.  Platzbecker U, Middeke JM, Sockel K, Herbst R, Wolf D, Baldus CD, et al. Measurable residual disease-guided treat-
ment with azacitidine to prevent haematological relapse in patients with myelodysplastic syndrome and acute
myeloid leukaemia (RELAZA2): an open-label, multicentre, phase 2 trial. Lancet Oncol. 2018;19(12):1668-79.

279. Sies H. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: oxidative eus-
tress. Redox Biol. 2017;11:613-9.

280. Pullarkat V. Objectives of iron chelation therapy in myelodysplastic syndromes: more than meets the eye? Blood.
2009;114(26):5251-5.

281. Chan LSA, Gu LC, Rauh MJ, Wells RA. Iron overload accelerates development of leukaemia: evidence from a mouse
model. Blood. 2010;116(21):122.

282. Zhou F, Shen Q, Claret FX. Novel roles of reactive oxygen species in the pathogenesis of acute myeloid leukemia. J
Leukoc Biol. 2013;94(3):423-9.

283. ChungVJ, Robert C, Gough SM, Rassool FV, Aplan PD. Oxidative stress leads to increased mutation frequency in a
murine model of myelodysplastic syndrome. Leukemia Res. 2014;38(1):95-102.

284. Zheng Q, ZhaoY, Guo J, Zhao S, Fei C, Xiao C, et al. Iron overload promotes mitochondrial fragmentation in
mesenchymal stromal cells from myelodysplastic syndrome patients through activation of the AMPK/MFF/Drp1
pathway. Cell Death Dis. 2018,9(5):515.

285. Tanaka H, Espinoza JL, Fujiwara R, Rai S, Morita Y, Ashida T, et al. Excessive reactive iron impairs hematopoiesis by
affecting both immature hematopoietic cells and stromal cells. Cells. 2019;8(3):226.

286. LiY,He M, Zhang W, Yang M, Ding Y, Xu S, et al. Antioxidant small molecule compound chrysin promotes the self-
renewal of hematopoietic stem cells. Front Pharmacol. 2020;11:399.

287. Dong Y, BaiJ, Zhang Y, Zhou Y, Pan X, Li X, et al. Alpha lipoic acid promotes development of hematopoi-
etic progenitors derived from human embryonic stem cells by antagonizing ROS signals. J Leukoc Biol.
2020;108(6):1711-25.

288. Henry E, Souissi-Sahraoui |, Deynoux M, Lefévre A, Barroca V, Campalans A, et al. Human hematopoietic stem/
progenitor cells display reactive oxygen species-dependent long-term hematopoietic defects after exposure to
low doses of ionizing radiations. Haematologica. 2020;105(8):2044-55.

289. Harada K, Yahata T, Onizuka M, Ishii T, Aziz lbrahim A, Kikkawa E, et al. Mitochondrial electron transport chain
complex Il dysfunction causes premature aging of hematopoietic stem cells. Stem Cells. 2023;41(1):39-49.

290. Hua H-Y, Gao H-Q, Sun A-N, Cen J-N, Wu L-L. Arsenic trioxide and triptolide synergistically induce apoptosis in the
SKM-1 human myelodysplastic syndrome cell line. Mol Med Rep. 2016;14(5):4180-6.

291. HuX, LiL, Nkwocha J, Sharma K, Zhou L, Grant S. Synergistic interactions between the hypomethylating agent
thio-deoxycytidine and venetoclax in myelodysplastic syndrome cells. Hematol Rep. 2023;15(1):91-100.

292. Oben KZ, Alhakeem SS, McKenna MK, Brandon JA, Mani R, Noothi SK, et al. Oxidative stress-induced JNK/AP-1
signaling is a major pathway involved in selective apoptosis of myelodysplastic syndrome cells by Withaferin-A.
Oncotarget. 2017,8(44):77436-52.

293. Dong W, LinY, Cao Y, LiuY, Xie X, Gu W. Luteolin induces myelodysplastic syndrome-derived cell apoptosis via
the p53-dependent mitochondrial signaling pathway mediated by reactive oxygen species. Int J Mol Med.
2018;42(2):1106-15.

294.  Niu H-Y, Shao Z-H, Wang H-Q. Inhibitory effect of ascorbic acid on myelodysplastic syndrome cells and its mecha-
nism. Zhongguo Shi Yan Xue Ye Xue Za Zhi. 2021;29(6):1851-7.

295. Wei C, Xiao Q, Kuang X, Zhang T, Yang Z, Wang L. Fucoidan inhibits proliferation of the SKM-1 acute myeloid
leukaemia cell line via the activation of apoptotic pathways and production of reactive oxygen species. Mol Med
Rep. 2015;12(5):6649-55.

Publisher’s Note

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



	Role of reactive oxygen species in myelodysplastic syndromes
	Abstract 
	Introduction
	Formation of ROS and OS
	Source of ROS generation in hematopoietic cells
	Mitochondria and mitochondrial ETC
	NADPH oxidase (NOX) family proteins
	Metabolic pathways

	Functions of ROS in the hematological niche
	Basics of the hematological niche
	Fate of ROS and HSCs
	Regulation of hematopoietic homeostasis

	Pathophysiology of MDS
	Classification of MDS
	Molecular pathogenesis of MDS
	Pathophysiology of MDS with isolated del(5q)
	Mutation driver genes
	Abnormality of RNA splicing and aberrant gene transcripts

	ROS in the pathophysiology of MDS
	Generation of ROS in MDS
	Inevitable IOL and iron chelation therapy (ICT)


	Is targeting ROS for MDS therapy feasible?
	Possible clinical implications of ROS activity in the hemopoietic system
	Is there a case for targeting ROS in MDS?
	The prooxidant approach
	The antioxidant approach

	Other therapeutic approaches for MDS
	Treatment options for LR-MDS patients
	Treatment options for HR-MDS patients


	Conclusions and future perspectives
	References


