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Acute lymphoblastic leukemia (ALL) is a hematological malignancy originating from B- or T-lymphoid progenitor
cells. Recent studies have shown that redox dysregulation caused by overproduction of reactive oxygen species
(ROS) has an important role in the development and progression of leukemia. The application of pro-oxidant
therapy, which targets redox dysregulation, has achieved satisfactory results in alleviating the conditions of and
improving the survival rate for patients with ALL. However, drug resistance and side effects are two major
challenges that must be addressed in pro-oxidant therapy. Oxidative stress can activate a variety of antioxidant
mechanisms to help leukemia cells escape the damage caused by pro-oxidant drugs and develop drug resistance.
Hematopoietic stem cells (HSCs) are extremely sensitive to oxidative stress due to their low levels of
differentiation, and the use of pro-oxidant drugs inevitably causes damage to HSCs and may even cause severe

bone marrow suppression.

acute lymphoblastic leukemia hematopoietic stem cells ROS oxidative stress

pro-oxidative therapy

| 1. Introduction

Acute lymphoblastic leukemia (ALL) is a type of acute leukemia that mainly manifests as abnormal clonal
proliferation of naive or mature T and B lymphocytes and their infiltration of bone marrow (BM), blood, or other
organs and tissues, causing BM hematopoietic dysfunction and immune dysfunction. ALL has diverse biological
characteristics and substantial clinical heterogeneity. With the continuous discovery of new therapeutic drugs and
the ongoing innovation of treatment strategies, the remission rate and survival rate for patients with ALL continue to
increase. However, the side effects of drugs and drug resistance in some patients remain problems requiring
urgent resolution in clinical ALL treatment.

BM is a major hematopoietic organ. In a hypoxic BM niche, the balance between the production and clearance of
reactive oxygen species (ROS) in normal hematopoietic stem cells (HSCs) is critical for the maintenance of normal
physiological function. Sufficient evidence indicates that imbalances in redox homeostasis are involved in the
development, progression, and relapse of leukemia . Redox dysregulation and increased ROS production are
well known and important characteristics of tumor cells, including leukemia cells (. In view of redox dysfunction, a
weakness of leukemia cells, the implementation of pro-oxidant therapy has created hope for the elimination of
leukemia cells. However, increased ROS levels can activate a variety of antioxidant mechanisms in leukemia cells

to protect them from oxidative stress injury. In addition, leukemia cells can modify the BM niche into a leukemia
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growth-permissive and normal hematopoiesis-suppressive leukemia niche, rendering the BM niche a sanctuary for
leukemia cells to avoid damage from pro-oxidant agents BI4IBl, These are important causes of leukemia cells’

resistance to pro-oxidant drugs and ALL relapse.

During the implementation of pro-oxidant therapy for leukemia, the cytotoxic effect of ROS on cells is not selective.
Pro-oxidant therapy is akin to a double-edged sword, affecting normal cells while killing tumor cells; for example, it
has toxic effects on BM-derived HSCs and can induce side effects such as BM suppression, affecting the
therapeutic effects on tumors and even endangering the lives of patients. Therefore, strengthening the cytotoxic
effect of ROS on tumor cells while avoiding oxidative damage to normal HSCs has become an important issue in

pro-oxidant therapy for leukemia.

| 2. ROS Sources and Effects

ROS are a class of oxygen metabolites that are more active than oxygen and oxygen-containing substances
derived from them. The major species of ROS include superoxide, hydrogen peroxide (H,O,), and hydroxyl
radicals (€. ROS production in the body is the result of the aerobic metabolism of cells. Approximately 2% of the
oxygen consumed by aerobic cells is estimated to be diverted to ROS generation .

Based on the source, ROS production can be divided into exogenous and endogenous production. Exogenous
ROS are formed via stimulation by exogenous factors, such as radiation and drugs. Endogenous ROS are
produced by mitochondrial and NADPH oxidase (NOX) pathways . Mitochondria are the main site of ROS
production in most eukaryotic cells. During aerobic respiration, most electrons are transported along the respiratory
chain and combine with molecular oxygen to form water. However, a small portion of electrons leak out of
respiratory chain enzyme complexes | and lll, resulting in single-electron reduction in molecular oxygen to form
strongly oxidative superoxide anions, which generate hydroxyl radicals and H,O, through specific chemical
reactions [, NOX, which is localized on the cell membrane, is a major source of ROS 19 External signals, such
as bacterial lipopolysaccharide, tumor necrosis factor-a (TNF-a), and interleukin (IL)-1, can stimulate rapid
activation of NOX, resulting in a substantial increase in oxygen consumption by cells and a reduction in oxygen
molecules to superoxide anions. Superoxide anions are catalyzed by dismutase to generate H,0O,, leading to a
rapid increase in ROS levels to eliminate invading pathogenic microorganisms. In addition, the endoplasmic
reticulum (ER) and some enzymes, such as lipoxygenase, cyclooxygenase, and xanthine oxidase, can also
generate ROS through chemical reactions 14,

Organisms have a complete antioxidant system, which is divided into enzymatic and nonenzymatic antioxidant
systems. Enzymatic antioxidant systems include superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx). The main function of these antioxidant enzymes is to catalyze the degradation of peroxides.
Among them, SOD and CAT are important components of the intracellular antioxidant defense system. SOD
includes copper (Cu)/zinc (Zn)-SOD in the cytoplasm and nucleus and manganese (Mn)-SOD in mitochondria.
SOD can catalyze superoxide anions to generate H,O, and O,. The main function of CAT in peroxisomes is to

catalyze H,0, to generate O, and H,O 111, GPx is an important intracellular enzyme, and in most cases, its activity
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depends on the micronutrient cofactor selenium. Thus, GPx, which is often referred to as a selenocysteine
peroxidase, can decompose H,O, into O, and H,O. GPx has a critical role in inhibiting lipid peroxidation and
therefore protects cells from oxidative stress (12, Nonenzymatic antioxidants include glutathione (GSH), thioredoxin
(Trx), vitamin C, vitamin E, carotenoids, flavonoids, melatonin, and other compounds (131 These nonenzymatic
antioxidants either scavenge free radicals by acting as hydrogen donors to provide hydrogen ions or alleviate
oxidative stress by chelating metal ions, trapping free radicals, and neutralizing peroxyl radicals 2415, Enzymatic
and nonenzymatic antioxidant systems act synergistically to provide comprehensive antioxidant protection for cells

and tissues.

Under normal circumstances, intracellular ROS production and clearance remain in dynamic equilibrium. An
appropriate ROS level is necessary for the maintenance of normal physiological functions. ROS can regulate cell
survival, growth, and differentiation and participate in immune and inflammatory responses. Ultraviolet radiation,
pathogen invasion, and inflammation may disrupt the redox state of cells and affect the expression of specific
genes through related signaling pathways, resulting in different physiological effects. Redox dysregulation, which is
caused by various factors, can lead to overproduction and accumulation of ROS, causing oxidative damage to
organelles, proteins, lipids, and DNA and thereby destroying the structural and functional integrity of cells and even
causing cell death L8171,

3. The Role of Redox Dyshomeostasis in the Occurrence of
ALL

ALL is a highly heterogeneous hematopoietic malignancy whose etiology and pathogenesis are extremely complex
and have yet to be fully elucidated. The occurrence of ALL is currently believed to not be caused by a single factor
but may be the result of interactions among various factors, including genetics, infection, ionizing radiation,
chemical substances, and immune dysfunction, in a complex environment. Clinical data indicate that most patients
with ALL harbor acquired genetic alterations that contribute to the increased proliferation, prolonged survival, or
impaired differentiation of lymphoid hematopoietic progenitors. Therefore, ALL can be regarded as a type of genetic

disease 18],

To date, among the more than 200 reported chromosomal abnormalities in leukemias, balanced translocations are
the most common, leading to the generation of fusion genes 1229 Abnormal gene expression due to
chromosomal translocation or altered function of the encoded fusion protein impairs normal differentiation and
yields an aberrant self-renewal capacity, thus having an important role in the malignant transformation of normal
hematopoietic stem and progenitor cells (HSPCs). Translocation ETS leukemia-acute myeloid leukemia 1 (ETV6-
RUNXZ1) is a chimeric transcription factor that is more common in childhood ALL. The incidence of ETV6-RUNX1 is
considerably higher than that of ALL, suggesting the occurrence of additional genetic events during leukemic
transformation after birth (21, Through the establishment of an ETV6-RUNX1 transgenic mouse model, Kantner et
al. found that although no notable hematopoietic abnormalities were observed in mice, the ROS level in B cells
increased, and DNA damage also increased. These results indicated that expression of the oncogene ETV6-

RUNX1 might trigger the second strike by enhancing ROS production, eventually inducing leukemic transformation
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(211, Breakpoint cluster region-Abelson (BCR/ABL) is the most common chromosomal genetic abnormality in adult
patients with ALL, with a positivity rate of 20-40% (22, and encodes proteins with tyrosine kinase activity, promotes
cell proliferation, and inhibits apoptosis 23. However, the incidence of BCR/ABL-positive samples far exceeds that
of the associated leukemias, suggesting that the presence of the BCR/ABL fusion gene alone is insufficient to
trigger leukemia 24, Several recent studies have found that BCR-ABL oncoprotein-expressing cells are associated
with a relative increase in intracellular ROS [23, Studies have shown that BCR/ABL can influence ROS production
through manipulation of the NOX complex [28. |In addition, BCR-ABL can also activate the PI3K/AKT/mTOR
pathway to promote intracellular ROS production 231, Compared with normal cells, BCR/ABL-positive cells suffer
more oxidative DNA damage (including DNA double-strand breaks) and demonstrate an increased ability to survive
DNA damage. BCR/ABL stimulates the efficiency but decreases the fidelity of the repair mechanisms of double-
strand breaks, which may be the leading cause of the accumulation of chromosomal aberrations and subsequent

malignant lesions [,

To elucidate the role of ROS in the secondary gene events of ALL, Lim et al. recently investigated factors causing
mutations in Janus kinase JAK3, JAK1, and Ikzf3 (encoding Aiolos) using a B-cell acute lymphoblastic leukemia (B-
ALL) mouse model [28. JAKs are nonreceptor tyrosine kinases. Activation of the JAK/signal transducer and
activator of transcription (STAT) signaling pathway induces the transcription of genes involved in HSC
differentiation and proliferation. 22, Aiolos belongs to the Ikaros family and is an essential transcription factor for
lymphocyte differentiation B2, Abnormal expression of JAKs and Aiolos has been confirmed to be closely related to
the development of ALL 9Bl | im et al. found that most mutations with low variant-allele frequency were
associated with ROS-induced DNA damage. Application of the JAK inhibitor ruxolitinib can delay leukemia onset,
reduce ROS and ROS-induced gene expression signatures, and alter ROS-induced mutational signatures,
indicating that JAK mutations can alter the course of leukemia clonal evolution through ROS-induced DNA damage
(28 The clinical biochemical indices of patients with ALL showed a marked increase in the levels of
malondialdehyde, an important biochemical index for plasma oxidative stress 22, and a notable increase in the
levels of 8-oxodG and 8-OHdG, biomarkers of oxidative DNA damage in urine, in patients with ALL [33134] |n
addition, the level of oxidatively modified DNA bases in lymphocytes from children with ALL was markedly higher
than that in children without the disease B3[B8I37 Apundant evidence has shown that ROS have a vital role in
secondary gene events in ALL. However, the specific mechanism underlying the development and progression of

ALL remains to be further elucidated.

According to the second hit theory, the occurrence of leukemia is the result of the accumulation of multiple gene
abnormalities. Abnormal gene expression activates specific signaling pathways to promote the malignant
transformation of cells. PIBK/AKT/mTOR, MAPK kinase (MEK)/extracellular signal-regulated kinase (ERK), and
JAK/STAT are the major signaling pathways of oxidative stress and are also the representative signaling pathways
for abnormal activation of leukemia cells 2839 |n normal HSCs, overactivation of the above oxidative stress
pathways promotes the production and intracellular accumulation of ROS, severely disturbs the normal biological
functions of HSCs, and has an important role in leukemia progression 2839 Recent studies have shown that
abnormal expression of a variety of genes activates the related oxidative stress pathway, thereby affecting ALL

progression. These genes mainly include Notch, PTEN, RAS, and IL-7 and its receptor (IL-7R). (1) Notch encodes
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a transmembrane receptor that regulates normal T cell development. Mutations in this gene are common in T cell
acute lymphoblastic leukemia (T-ALL). In T-ALL cells, the withdrawal of Notch signals prevents stimulation of the
mTOR pathway by mitogenic factors, indicating that Notch has a positive regulatory role in the mTOR pathway 22,
Mutant Notch can activate the mTOR pathway through the PI3K/AKT pathway or through activation of c-Myc
without relying on the PI3K pathway 2941 (2) PTEN is a tumor suppressor gene closely related to tumor
development. Its encoded protein has dual protein/lipid phosphatase activity and is a major phosphatase with a
negative regulatory effect on the PI3K/AKT pathway 2. Mutation or deactivation of PTEN after translation can
result in chronic activation of PI3BK/AKT/mTOR signaling in ALL cells, y-secretase inhibitor (GSI) resistance, and
inhibition of p53-mediated apoptosis 1. (3) RAS is a proto-oncogene, and its encoded proteins are small
GTPases, which act as molecular switches. Activated RAS promotes ROS production through NOX stimulation [43]
and transduces signals from a variety of cell surface receptors to downstream signaling pathways, such as
PIBK/AKT/mTOR and MAPK, to regulate a number of cell fate decisions. RAS-activating mutations and Notch
mutations synergistically promote the development and progression of T-ALL 4], (4) IL-7 and IL-7R are required
for normal lymphocyte development. Without them, severe combined immunodeficiency occurs. However,
excessive activation of IL-7/IL-7R signaling activates the three oxidative stress signaling pathways,
PISK/AKT/mTOR, MEK/ERK, and JAK/STAT, to promote the development of ALL and the resistance of ALL cells to
chemotherapeutic drugs 28431 |im et al. found that ROS induced by IL-7 in the downstream JAK/STAT pathway
positively increased JAK/STAT signaling and that the occurrence of B-ALL and the survival of B-ALL cells were
dependent on high levels of ROS driven by IL-7-dependent JAK/STAT signaling [28l. Silva et al. reported a positive
feedback interaction between the IL-7-mediated PI3K/AKT signaling pathway and ROS. Moreover, activation of this
pathway upregulated glucose transport protein type 1 and increased glucose uptake by T-ALL cells. The use of
ROS scavengers inhibited the viability of T-ALL cells or even led to cell death 8], These results suggest that ROS
not only drive the development of ALL but are also indispensable for the survival of ALL cells. The major redox
signaling pathways associated with ALL transformation are shown in Figure 1, and the corresponding targeted

drugs are shown in Table 1.
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Figure 1. Activated oxidative stress signaling pathways involved in the pathogenesis of ALL. Increases in
oncogene-, chemical drug-, or radiation-induced ROS production or abnormal expression of relevant genes leads
to activation of three major oxidative stress signaling pathways, PISK, MEK, and JAK, thus promoting the
differentiation and proliferation of leukemia cells. Additionally, activation of oxidative stress signaling pathways
promotes mitochondrial ROS production through enhanced oxidative metabolism, which further activates the three
oxidative stress signaling pathways, thereby forming a positive feedback signaling pathway. A series of
mechanisms in leukemia cells prevent excessive ROS production, thus avoiding cell injury or death (see the text
for details). This figure was drawn based on existing research data; its accuracy and more precise signaling
mechanisms must be confirmed and supplemented by extensive, in-depth studies. mitoKrp, mitochondrial ATP-

sensitive K* channel.

Table 1. ALL redox signaling pathway targets and representative drugs.

Signaling Representative . .
Pathway Targets Drugs Antileukemic Effect Refs
BCR/ABL Tyrosine Imatinib First-generation TKI that can block the ATP- [47]
kinase inhibitor binding sites of BCR-ABL and prevent
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Sl;gtrm!’l:)? Targets Reprg:;s;;atlve Antileukemic Effect Refs
(TKI) activation of the conformation of oncogenic
proteins
Second-generation TKI and high-affinity
Nilotinib aminopyrimidine-based ATP-competitive [48]
inhibitor with more specific inhibition of
BCR/ABL activity
Second-generation TKI that can bind to
Dasatinib inactive and active BCR/ABL kinase and (48]
inhibit Src family kinases and c-Kit
Third-generation TKI and potent dual inhibitor
Bosutinib of Src and ABL kinases \{vith Ionger-term_ safety a9
than second-generation and other third-
generation TKIs
Third-generation TKI that is effective for known
Ponatinib mutations in imatinib-resistant genes (501
(including T315I)
Inhibits the activity of Notch signaling by
BMS-906024 downregulating the expression of multiple [51]
known target genes of Notch but has no
marked effect on c-Myc
Notch _ y-.ss.acretase
inhibitor (GSIs) Downregulates the level of the Notch
intracellular domain and the expression of
PF-03084014 Notch target genes Hes-1 and c-Myc and 52]
induces cell cycle arrest and apoptosis of T-
ALL cells
PIBK/AKT/mTOR Downregulates the level of AKT
Idelalisib phosphorylation in B-ALL cells, inhibits cell 53]
proliferation, and blocks the homing of B-ALL
PI3K-3 cells into the bone marrow
inhibitor
Downregulates the phosphorylation levels of
NVP-BKM120 AKT and mTOR in T-ALL cells, inhibits cell (4]
cycle progression, and promotes apoptosis
Downregulates AKT phosphorylation levels in
both T-ALL and B-ALL cell lines (it can also
AKT inhibitor MK-2206 promote PTEN phosphorylation in B-ALL cell 53]
lines), inhibits cell proliferation, and promotes
apoptosis
PISK/mMTOR P1-103 More potent than inhibitors that are selective (561
inhibitor only for PI3K or for mTOR and can effectively
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Signaling
Pathway

Representative

Drugs Antileukemic Effect Refs

Targets

induce cell cycle arrest and apoptosis in T-ALL
cells
DAafAavAanaAann~
JAK1/2 inhibitor that can reduce ROS and
JAK/STAT JAK inhibitor Ruxolitinib ROS-induced gene expression signatures and (28]

osis in
inhibit the growth of leukemia cells
Selumetinib Reduce ERK phosphorylation and induce
RAS MEK inhibitor Trametinib apoptosis in the RAS-mutant MLL-rearranged 57 yandez,
MEK162 ALL cells de. J

Exp. Clin. Cancer Res. 2018, 37, 125.

I’S. Burt, R.; Dey, A.; Aref, S.; Aguiar, M.; Akarca, A.; Bailey, K.; Day, W.; Hooper, S.; Kirkwood, A.;
4(1@#\9@?( Bﬁ.g\umgﬂomﬁlIc&&'lkﬁ%’ﬁnitochondria to rescue acute lymphoblastic

leukemia cells from oxidative stress. Blood 2019, 134, 1415-1429. _
The hypoxic BM niche Is not only a habitat for HSCs but also a natural sanctuary for malignant blood cells.

KeURohailk, RllsdriddenijinBHePENErscHR. cderaiZoe bl .tytBosalipreceismoacuipdviephobiaste daukeimime
forralisnuseniimelirgitdn eisbeslonTiehe ststrdheisomier ey iotypredtrdtoed stdbdiligbed4@4ee and
relapdddn leukemia 8. A large body of evidence has shown that in a hypoxic environment, the ROS level and its
SORIRIR; *Rﬁé%u‘r%%rﬁaﬂt.; PR S BRARF ALYV BERHRIRICT . SRR3R kARYaE gScape. and
ep'%@ﬁ%ﬁs@ﬁ”@?;sparker, C.; Harrison, S.; et al. Stromal cell-mediated mitochondrial redox adaptation

_ regulates drug resistance in childhood acute lymphgblastic leukemia. Oncotarget 2015, 6, 43048—
Slmdlflar to HSCs,~ primitive leukemia cells also have 'self-renewal, self-differentiation,” and self-proliferation

capacities, and their relatively low intracellular ROS levels are conducive to cell survival and stemness
Daibleaande A, idorhprreX dithZ e, i4. ledRem. Yells, withLinghérd proiigergting Boevigles©freacie! in
priroisygesurpeciese(R@Spand anitophagnisribie s heah andteadhinihianianpies csfl puksinidrests 261
Gia@peoktHenawlbrhhdlihds 2e-3dst aggressive leukemia-initiating cells (LICs) in T-ALL model mice and

"R S §E RGBSR A P AR (B8RS BSiRg S SieRRE Fedhe 2741 of
LIC§£[%]6§uggesting that the behavior of ALL cells is closely related to ROS levels and oxidative stress status.

Simllatito/otHehsigs bt chhckt cWanguienrdtsisaraobreactivergx yoenl e e snAig e MapiolgapHaskr,
a |dejecanceatt tbiesaipyndp Dlosiss20di1edderid 2bHd 83fnly gain energy through mitochondrial respiration and

YRGB ORERE OLRAAY, B HRNY R BUBE DRSS, LRARG, T HBh GBS VEED 2 agiema

Q
cel, et Akl JPIRLREL R A3 IRRRY BYSROIER R, SRR ARl e s oo A

chrgH%an){.elgﬂﬁp(ﬁﬁllgyI;p)eé{p%l,\_;grl%gwmyelocytlc leukemia cell lines, indicating that constitutive activation of NOX
is another important source of ROS in leukemia cells [64][65][66] | the in vitro culture of T-ALL cells, the inhibition of

1S Tdt- 1M AR asry HHE N Riitt RYeMRAe Tan e g a0 g WAk b RaBHNR NI S SBFFESoth
abrEGABERHRN BY, NRX R M NARIR H ONRSHRI A RO e RRICK iR #30%hel hitBRd R espiratory
19hainy MOK e Isziie, ain saiices THiBtReMUATRRAS AR Srdicsln Flnsrdirs diverpund
thagirdvitPiiablastio e REANMElF o MiiRfaHS PUTERIS NEse ATIRR) HHRE X dR92 Fap PXigze WHBH to catalyze

the production of ROS, suggesting that in addition to the mitochondrial respiratory chain and NOX complex, certain

metabolic/detoxification pathways in lymphoblastic leukemia cells are also important sources of ROS production
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187 | grhadidition Crdvt e Adkibdolyah dDeAo Feirst tling ahedé tieecasitioxlidaobddatipe xmdske pdismaa sel §8ARY /mTOR,
MEg2EA B seu( ARKEB AT utadhioregeessx klieheaGBOR Atleiafd ndlam erdatalated ndhid e etisd gati OXickaiok
hordedetas® gridukdeanditcadd Mecka2ed B, RS28/i293.

B T AT A A L e o S S e A SR o )
The7rgf]6?e7,4?e'dox dysregulation may be one of the causes of the increase in ROS levels in leukemia cells.
1gebiurkep, € A\ ,chaylarted. @ .cdBraled 3dvtiyRate af ghitatbiame éattechijexiovikhewtigtaikigityseél ALL and
normisamittazolan ancirnide sha08ided 3n88ddi0&hzymes, CAT, GPx, and SOD, in blood lymphocytes in
R T G R R oy g S Y o A S e T
oxidative status and antioxidant defense of patients with ALL and found that CAT and SOD activities in the whole
18ebd aGuRBRiSFIRNE YelthrO 1o i g aiasnt & e D anay iatSSiMHe QuifaliveritbesfoldNMAd that SOD
acti§tAatisRaRdrcALRNCRBRS R CRlteAisLBl. 200”208 &r Mahmoud et al. found that the plasmatic

13CARHONCAIRNASAREN the Rigsma Jevgls of redicee GG e ieNated h RRIRIISHER AtrhAnstiteay SOD
actfibaansHGRE [sHfioYeres o ralviFer AR AL hTRIARSEIET NS YA Al W BaEse Y Iyl of

Mn-SOD in patients with ALL were substantially higher than those in normal controls, but as the disease subsided,
18, M98 S 1R'D5h RebreARla el Ry iRORacYR AL LNl Gula SPReHrS RS IG LR Rb IRl
bet\ll(veéjel?\emi!r%'reﬂ?rs‘r%uaé%'s Ca)rr(]ecgtlnl%lr%rc]lélélr', t @'e%% |r919 ngSe%?éh_ger&irQQS suggest that changes in the antioxidant

1efehsracamaiy. bf Bidlogliisahayouets!ftad éo Kaeesice @poh éptrgitopnenrtARE StinediskazeGhd1BF c8Gte of
tre@®@m2nt. At the onset of leukemia, the decreased antioxidant defense may be related to the occurrence of events

such as oxidative DNA dama%e and genaomic instability. During the progression and treatment stages of leukemia,
20. Marincevic-Zuniga, Y.; Dahlberg, J.; Nilsson, S.; Ralne, A.; Nystedt, S.; Lindqvist, C.M.; Berglund,
increased antioxidant defense may be an adaptive response to the incréase in oxidative stress, enabling leukemia
C.; Abrahamsson, J.; Cavelier, L.; Forestier, E.; et al. Transcriptome sequencing in pediatric
cells to survive under high levels of oxidative stress and to even antagonize the cytotoxic effects of chematherapy
acute lymphoblastic leukemia identifies fusion genes associated with distinct DNA methylation
drugs and develop drug resistance.
profiles. J. Hematol. Oncol. 2017, 10, 148.

2. Kang@iopirentdadsplodvessioelofjigukenBauert, the; eistdrzlienaipn@usemsiaratiogS el N C Stoikstrbe
initiBte & TVMORNDEL Mddwseneattivehoigiss sheRES aord thévethite frclinealditionust DNACelataad@aR
accBdeHgomgmpta@apmmemgmmmgﬂetive damage or cell death, which requires real-time and dynamic
regulation of intracellular oxidation and antioxidant status.. This. regulation process not only depends on th

22.Juric, D.; Lacayo, N.J.; Ramsey, M.C.; Racevskis, J.; Wiernik, P.H.; Rowe, J.M.; Goldstone, A.H.;
partlc,lgatlon of the intracellular antioxidant defense system but also involyes a series of other complex intracellular

O’Dwyer, P.J.; Palietta, E.; Sikic, B.I. Differential gene expression patterns and interaction
and extracellular mechanisms. The GSH redox system Trepresents one of the most important cellular defense

networks in BCR-ABL-positive and -negative adult acute lymphoblastic leukemias. J. Clin. Oncol.

systzeorr(l)s7 aa%inst 2>:<Lideit%/295tress, and high intracellular GSH levels have been linked to treatment resistance in
leukemia cells 23], The Trx 'system is another major cellular antioxidant network and is composed of NADPH, Trx

23dRasadaand Baneathida.;@apeioith dlebeehI\iés. iicHirpendbntRivasidasdsewisiodidedd=insian, imbve
readtivenaaggd¥. SndLaibgbrWp &ieR WithLadast irtativukiae praragielacmatepnigtshcolliMaldedatiage L
(15 apngt seiatival thipssgbrinodidlatéon i<y elinhe InaadeNd AK txid 8Ky 8 3SIgN sthtiBI ¢, abrenimgélght 2diGthe
maidtEnaAc@ 3d&dir invasiveness. As mentioned above, Notch is frequently activated by mutations in T-ALL, and

APAEA N PREISIRAIRSAR, IR SRR RSB oty LB T O SRR STFRERRB B Hove ver.
oGl AR QB AHHES R ARy SIS HRISIE AR AR 8L e funtrelated transcription factor

(RUNX) pathway, thereby inhibiting intracellular ROS accumulation and facilitating the maintenance of LIC activity

62 |n addition, numerous studies have shown that various antioxidant proteins, such as nuclear factor erythroid 2-

https://encyclopedia.pub/entry/10343 9/14



Redox Control in ALL | Encyclopedia.pub

2|t faktdr; TS . @nd Gianelioky gehasPrid@g - B, ; Bsheéadseianddant neyhatonyDrol&algiahdRgnBaddant
responéesffinall.DelISEHIEH M. Activation of the PISK/mTOR pathway by BCR-ABL contributes to

increased production of reactive oxygen species. Blood 2005, 105, 1717-1723.

Extracellularly, ALL cells establish extenswe contact with the BM niche via chemokines, adhesion molecules, and

26. Irwin, M. |v?ra Del Vﬁ” ChanI J. Redomcontrol of leukemia: Flmmolecular
exosomes an )[I‘a sform the B nIC e |nt0 eu emla rowt ermissive and norma ematop0|e5|s suppresswe

Ieulzpa%(fg] %ﬂ:\%ntg angpo%[ea&%ustllﬁv?\gpo{ tAJLnLItE:% sﬁ]ng%%doxﬁ%%efﬁosn'rﬂgr?tl [—]OE'J%d(:eLrS oxu? L}tl?/e]é:t)’r%ss conditions,
28MROptpradiMde; Goaeniire Kaldliepianeds, AvhiBtidieapdsion c8ls Sétoeski rddBClRAMBLqrambtesduce oxidative
stresscdamdgtipnivhaluignuiongl bersaticitse ndultd iy yrestitatiee shruhgepotoxislstresis Beukemiging
nandQsA2Z NI9K 9ich Adere discovered by Rustom et al. in 2004 using a three-dimensional live cell microscopy,
Ao BRSHE R R BIRTR RRCreidif e TR R Al R Dl °
o DI S5 RiatiToda. B8, G, S9Er <P S AR AR RSP HORAIES (Qdimg s
et R ST AL ol A HESERIE B0 A Sl e e een i e e
to %Sﬁ:%lar%gaoﬂﬂ'&s e%(ﬂlggaé% oxidative stress, thereby reducing intracellular ROS levels and avoiding
chemotherapeutic drug-induced death . Therefore, the BM niche inhabited by ALL cells has become an important

29 reteagher FithBinitRy 688! mmeSstaalandRlaiy. oklearkasess u&inaBoehrdaMngBReT & tidYid MRh
barfl&r ¥eRukemtsQuliss MidenBraaetinkribhdidhic At pRIMGHSEN AR Slidan ehalag Mo I8 GRS 1Rs
recehibdhoag Brealeresvismh acdiedyepphoblastic leukemia. Oncotarget 2017, 8, 89923—-89938.

30. Georgopoulos, K. The making of a lymphocyte: The choice among disparate cell fates and the
IKAROS enigma. Genes Dev. 2017, 31, 439-450.
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