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Abstract

Neoplastic expansion of myeloid cells is associated with specific genetic changes that lead to chronic activation
of signaling pathways, as well as altered metabolism. It has become increasingly evident that transformation
relies on the interdependency of both events. Among the various genetic changes, the oncogenic BCR–ABL ty-
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I. Introduction

THE ROLE OF OXIDATIVE STRESS has been a focus of cancer
research for years, and despite the considerable

progress in the field, little is known about the molecular
mechanisms contributing to cancer growth. It has been
widely accepted that oxidative stress through ROS (reac-
tive oxygen species) leads to DNA lesions and genomic mu-
tations. ROS refers to sequential intermediates generated
by univalent reductions of molecular oxygen through step-
wise electron transfer from the superoxide radical (O2•�),
to hydrogen peroxide (H2O2), and then to the hydroxyl rad-
ical (•OH), which can be reduced to water. Probably the
most relevant ROS for the regulation of signaling mecha-
nisms is H2O2, due to its long half-life relative to other ROS.
The importance of ROS in signaling of cancer cells is evi-
dent by the growth inhibitory and pro-apoptotic effects of
antioxidants. The molecular mechanisms that regulate
these biological effects are just beginning to emerge. It is
clear, however, that there is no master switch that regulates
all biological functions.

ROS are thought to be involved in the pathogenesis of
many different types of cancer. They can play a role in pro-
cesses that promote cell growth and regulate other biologi-
cal functions such as gene expression or migration of cells
(320). Interestingly, Suh et al. demonstrated that increased
production of ROS can lead to a transforming phenotype
(351). Overexpression of the O2•�-generating NADPH oxi-
dase catalytic subunit Nox1 in Ras-transformed NIH3T3
fibroblasts increases cell growth and induces tumors in
athymic mice. ROS are also formed in normal cells in re-
sponse to a variety of stimuli including UV irradiation or 
hematopoietic growth factors, such as thrombopoietin
(TPO), steel factor (SF), interleukin-3 (IL-3), granulocyte–
macrophage colony stimulating factor (GM–CSF), and oth-
ers (166, 320). Platelet-derived growth factor (PDGF)-depen-
dent increase of H2O2 was shown to induce tyrosine phos-
phorylation, mitogen-activated protein (MAP) kinase
stimulation, DNA synthesis, and chemotaxis (354). In all
these cases, it was suggested that ROS act as second mes-
sengers to regulate activities of redox-sensitive enzymes
(355, 365).

In addition to the direct induction of ROS through mito-
chondrial pathways, levels of ROS can be regulated indi-
rectly though a variety of pathways. For example, thiols such
as thioredoxin or glutathione reduce ROS, and it is possible
that growth stimuli in hematopoietic cells affect the activity

of one or more of these pathways. Superoxide dismutase
generates H2O2 from O2•�, while catalase reduces H2O2 to
water. The glutathione peroxidases, which also include the
phospholipid hydroperoxide glutathione peroxidase, reduce
peroxides by using reduced glutathione (GSH) as an elec-
tron donor and generating the oxidized dimeric form of glu-
tathione (GSSG). Another group of peroxidases are the per-
oxiredoxins (Prxs), previously characterized to be more
widely expressed and with higher binding affinities to hy-
droperoxides, making them a more efficient scavenger of
H2O2 (399). In eukaryotic cells, peroxiredoxins are proposed
to function both as antioxidants as well as regulators of
H2O2-mediated signaling. This proposed dual mechanism
has been conceptualized in the “floodgate hypothesis” (399).
The normal peroxiredoxin catalytic cycle in resting cells in-
volves the cyclic oxidation of the peroxidactic (catalytic) cys-
teine to sulfenic acid by H2O2, followed by the formation of
an intracellular disulfide bond. This in turn is subsequently
reduced by thioredoxin to its initial state. This way, perox-
iredoxins act as a peroxide floodgate, preventing H2O2 sig-
naling until the floodgate is opened. When a cell produces
a transient intracellular burst of H2O2, peroxiredoxins are
subject to overoxidation. Thioredoxins are inactivated under
these conditions, preventing the reduction of H2O2, thus ren-
dering the floodgate open and allowing for the signaling of
H2O2. There are also mechanisms of ROS regulation that do
not directly involve enzyme activities. ROS levels can fur-
ther be regulated by exogenous antioxidants such as �-toco-
pherols, �-carotene, or ascorbic acid. Spontaneous dismuta-
tion of O2•� results in the generation of H2O2. Reduction of
H2O2 in the presence of Fe2� or certain other metal ions can
yield •OH through the Fenton reaction. In addition to en-
zymes, antioxidants, and sulfhydryl groups, ROS can be
quenched by reacting with cellular molecules such as lipids
and DNA bases (137).

Cancer cells typically display chronic activation of signal-
ing mechanisms that lead to deregulation of growth. ROS
may contribute to these mechanisms, but elevated levels may
also be dependent on deregulated pathways. Consistent 
with an important role of ROS in signaling, there is an im-
balance between ROS production and scavenging. For ex-
ample, transformation of hematopoietic cells by the onco-
genic tyrosine kinase BCR–ABL is associated with a chronic
increase of intracellular ROS (319). The BCR–ABL fusion
protein in CML (chronic myelogenous leukemia) is gener-
ated by the Philadelphia (Ph) chromosome translocation
t(9;22)(q34;q11), and has elevated ABL tyrosine kinase ac-
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rosine kinase in patients with Philadelphia chromosome positive chronic myeloid leukemia (CML) has been a
focus of extensive research. Transformation by this oncogene is associated with elevated levels of intracellular
reactive oxygen species (ROS). ROS have been implicated in processes that promote viability, cell growth, and
regulation of other biological functions such as migration of cells or gene expression. Currently, the BCR–ABL
inhibitor imatinib mesylate (Gleevec) is being used as a first-line therapy for the treatment of CML. However,
BCR–ABL transformation is associated with genomic instability, and disease progression or resistance to ima-
tinib can occur. Imatinib resistance is not known to cause or significantly alter signaling requirements in trans-
formed cells. Elevated ROS are crucial for transformation, making them an ideal additional target for thera-
peutic intervention. The underlying mechanisms leading to elevated oxidative stress are reviewed, and signaling
mechanisms that may serve as novel targeted approaches to overcome ROS-dependent cell growth are dis-
cussed. Antioxid. Redox Signal. 10, 1813–1848.



tivity that is critical for transformation. In addition to
BCR–ABL, myeloproliferative diseases and myeloid leuke-
mias are frequently associated with mutations that activate
additional tyrosine kinases, including the Jak2V617F muta-
tion associated with myeloproliferative disorders (MPD),
TEL-ABL, FLT3.ITD, and TEL-PDGFR associated with acute
myeloid leukemias (AML) and others (for review, see 
ref. 22).

CML is considered a model disease in cancer biology, since
the BCR–ABL oncogene is well defined and is not only re-
quired but also likely sufficient for transformation by itself.
BCR–ABL-transformed cells show reduced growth factor re-
quirements, enhanced viability, and altered adhesion as a re-
sult of constitutive activation of signaling pathways such as
p21RAS, STAT5, and phosphatidylinositol 3–kinase (PI3K)
(Fig. 1). Interestingly, the peroxiredoxin family member Prx-
1 (PAG) was shown to interact with the Src homology-3
(SH3) domain of c-ABL (393). This domain is of significance
since mutation of the c-ABL SH3 generates a transforming
phenotype in fibroblasts but not in hematopoietic cells (170,
280). The interaction of Prx-1 with ABL results in the inhi-
bition of tyrosine phosphorylation and inhibition of cytosta-
tic effects induced by overexpression of c-Abl, effectively
linking redox mechanisms to the functional activation of
ABL. This functional interaction may be partially disrupted
in the BCR–ABL oncoprotein (393). Indirect evidence for el-
evated levels of ROS in primary CML cells has previously
been provided (165). Not only ROS by themselves, but also
mechanisms that lead to ROS production, as well as redox-
sensitive enzymes, may provide ideal targets for future ther-
apeutic intervention. In this review, the major molecular
mechanisms and targets of ROS in cancer cells that are
known to contribute to cell growth are summarized with an
emphasis on transformation by the BCR–ABL oncogenic ty-
rosine kinase.

II. Source of ROS in BCR–ABL Transformation

A. ROS are linked to a hyperactive glucose metabolism

A key factor in discerning the role and function of ROS is
to understand the mechanism of their generation. This will
be instrumental in understanding their contribution in sig-
nal transduction, viability, growth, and possibly genomic in-
stability. The exact mechanisms whereby different oncogenic
tyrosine kinases regulate intracellular ROS have not yet been

fully determined, however, there may be considerable over-
lap. The origin of ROS associated with BCR–ABL transfor-
mation is linked to the mitochondrial electron transport
chain and is under metabolic control in the cell (185, 319). In
BCR–ABL transformation, the electron transport inhibitor
rotenone and the Glut1 glucose transport inhibitor phloretin
lead to a reduction of ROS similar to that in cells treated with
the ABL kinase inhibitor imatinib (185, 319). Therefore, gen-
eration of ROS depends mainly on the supply of energy in
the form of glucose or pyruvate.

Increases in intracellular ROS associated with BCR–ABL
can be reduced by the glucose analog 2-DOG (2-deoxy-D-
glucose). Phosphorylation of 2-DOG to 2-DOG-6-phosphate
reduces the amount of intracellular glucose-6-phosphate
formation, which has been suggested to be involved in the
regulation of ROS levels (73). In cells transformed by the
BCR–ABL or v-Abl tyrosine kinases, the uptake of glucose
through the glucose transporter is tightly regulated by the
oncoprotein itself (8, 28, 33). Activated ABL kinases are likely
to regulate glucose uptake by increasing the affinity of Glut1
for glucose and regulating transporter activity, but there may
be additional mechanisms (7, 9, 103). Targeting the glucose
pathway with 2-DOG demonstrated potent anti-cancer 
activity of this drug in vitro by causing apoptosis, reduced
cell growth, and cooperative effects with imatinib. 2-DOG
can also reduce cell growth in hematopoietic cells trans-
formed by a mechanism different from that of BCR–ABL, in-
cluding leukemia, lymphoma, and multiple myeloma cell
lines (185).

Identifying targets for other signal transduction inhibitors
that are complementary to imatinib without adding toxicity
to normal cells is of great interest. This may be achieved
through pharmacological inhibitors with increased speci-
ficity such as the 2-DOG derivative 2-fluorodeoxy-D-glu-
cose, which efficiently inhibits glycolysis but may have a
smaller impact on cellular glycosylation (200). However, tar-
geting glycolysis may also inhibit cell growth and ROS lev-
els not only in BCR–ABL transformed cell lines, but also to
a certain extent in normal, growth factor-dependent cells.
This is in part due to the fact that transformation by
BCR–ABL as well as stimulation with hematopoietic growth
factors upregulates intracellular ROS levels in hematopoietic
cells (319, 320). However, the ROS pathway is chronically ac-
tive only in BCR–ABL transformed cells, suggesting that in-
deed a combination of traditional therapy with improved
inhibitors of glucose pathways may be beneficial for the
treatment of CML.

B. Warburg effect and signaling requirements for ROS

Cells transformed by BCR–ABL and other cancer cells tend
to have an active glycolysis, even under normoxic condi-
tions, and produce lactate to generate energy (‘Warburg ef-
fect’) (389). The enzymes involved in the glycolytic pathway
have been well characterized, but the significance of this dys-
regulation remains at the center of discussion since its dis-
covery �80 years ago by Otto Warburg. This apparent en-
ergetically inefficient way of glucose metabolism was viewed
by Warburg as a major requirement for transformation of
cancer cells, whereas others have considered this effect as an
epiphenomenon of transformation (115). It is suggested here
that the Warburg effect contributes to elevated ROS by pro-
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FIG. 1. Phenotypes of CML progenitors. In contrast to
CD34�CD38�lin� CML progenitors, signaling and biology
of normal CD34� progenitors is transient and ligand de-
pendent.
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viding substrate through a hyperactive glucose metabolism
and fueling the mitochondrial electron transport chain (Fig.
2). Therefore, in BCR–ABL transformed cells, elevated ROS
are expected to depend on mechanisms that regulate glucose
metabolism. There are likely other advantages for cancer
cells to utilize a hyperactive glucose metabolism, such as the
ability to generate ATP under hypoxic conditions. The sig-
naling requirements for the Warburg effect in cancer cells
are not well understood. In a recent study using microarrays
to evaluate the gene expression profile of BCR–ABL trans-
formed cells, it was demonstrated that the rate of glycolysis
is significantly increased in BCR–ABL expressing cells in a
PI3K-dependent manner, linking altered glucose metabolism
to a specific signaling event (154).

The PI3K/mTOR pathway is also of special interest for
BCR–ABL transformation due to its requirement for the in-
duction of elevated levels of intracellular ROS through in-
creased glucose metabolism (185). This is not a unique re-
quirement, and PI3K activation is, for example, also essential
in the PDGF receptor-dependent production of hydrogen
peroxide (20). Activation of the PI3K pathway has already
been shown to be important for transformation by BCR–ABL
(341). Inhibition of either PI3K or mTOR with specific in-
hibitors cooperates with imatinib in BCR–ABL transformed
cells, while having reduced or little effect on normal bone
marrow cells (188, 251). Evidence that the PI3K pathway is
critical for the generation of ROS comes from the finding that
BCR–ABL generated reduced levels of ROS in the Tyr177Phe
mutant, which is partially defective in its ability to activate
PI3K (185, 316). This BCR–ABL autophosphorylation site is
also a major binding site for the GRB2 adapter protein

through its SH2 domain (3, 281, 288). Tyr177 is also required
for full activation of the Ras pathway in Rat-1 cells (281), but
may be activated through different mechanisms in hemato-
poietic cell lines (71). In addition, mutation of Tyr177 to Phe
reduces the myeloproliferative disease induced by BCR–ABL
in favor of B- and T-lymphoid leukemias with prolonged la-
tency in mice (249, 412). ROS levels were found to be 77%
higher in the BCR–ABL expressing cells compared to the
parental growth factor deprived cells and introduction of the
Tyr177Phe mutation in BCR–ABL failed to increase intracel-
lular levels of ROS.

Confirmation that PI3K is likely to be important comes
from the observation that expression of an activated allele 
of PI3K in nontransformed cells results in production of 
ROS by itself (185). In these experiments, clonal populations
of BaF3 cells with doxycycline-inducible myristoylated
p110PI3K (myr-p110PI3K) were used and characterized for
altered levels of intracellular ROS in response to doxycycline.
Whereas doxycycline treatment by itself does not alter in-
tracellular ROS levels, induction of Myr-p110PI3K expres-
sion led to a significant increase in ROS from 43% to 54%
compared to untreated cells (185). The functional activation
of the PI3K pathway in these cell lines was confirmed by im-
munoblotting using phospho-specific antibodies against ac-
tivation sites in AKT and p70S6K, and a significant induc-
tion of phosphorylation at Ser473 in AKT and Thr421/Ser424
in p70S6K was observed, demonstrating the activation of
PI3K-dependent signaling pathways in cells expressing myr-
p110PI3K. Overall, these data suggest that activation of the
PI3K pathway is sufficient for the induction of elevated lev-
els of ROS.
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FIG. 2. Hypothetical model for the regulation of glycolysis and the induction of ROS by BCR–ABL. BCR–ABL regu-
lates the activation of the PI3K and Ras pathway in part through autophosphorylation of Tyr177, a binding site for the
GRB2 adapter protein. GRB2/SOS or GRB2/GAB2/SHP2 complexes bound to BCR–ABL activate Ras signaling,
GRB2/GAB2 complexes activate the phosphatidylinositol-3� kinase (PI3K) pathway. Myc and HIF-1 are key regulators of
glycolytic genes, downstream of PI3K and Ras. There are likely additional mechanisms that contribute to increased gly-
colysis by the oncoprotein under normoxic conditions (Warburg effect). This hyperactive glucose metabolism is required
for mitochondrial ROS production.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2071&iName=master.img-001.jpg&w=408&h=238


BCR–ABL activates PI3K likely through recruitment of the
scaffolding adapter Grb2/Gab2 complex to autophosphory-
lated Tyr177 in BCR (316). Gab2 and its associated proteins
may therefore be key mediators of ROS signaling in BCR–
ABL-transformed cells. It is of note that Gab2 is an essential
mediator of BCR–ABL transformation. Gab2 belongs to a
family of PH-domain containing adapter proteins that in-
cludes mammalian Gab1 (159) and Gab3 (397), as well as
Drosophila DOS (daughter of sevenless) (151, 290). Gab2 is
the target of several tyrosine kinases in response to multiple
cell stimuli (130, 131, 227, 250, 261, 396, 414). Signaling stud-
ies and additional genetic approaches have implicated Gab2
as a positive component of growth factor, cytokine, and anti-
gen receptor signal transduction that enhances signaling
(130, 131, 223, 227, 250, 261, 396, 414). However, Gab2 may
also have negative regulatory roles in T-cell receptor signal-
ing (287, 406). In BCR–ABL transformed cells, Gab2 is con-
stitutively tyrosine phosphorylated (130). As in the require-
ment for BCR–ABL driven ROS production, this
phosphorylation requires the Grb2 SH3 binding site in Gab2
as well as Tyr177 of BCR–ABL. This suggests that Gab2 phos-
phorylation by BCR–ABL is mediated by a Grb2/Gab2 com-
plex. This signaling complex is required for full activation of
the PI3K/Akt or Ras/Erk pathways and may also have an
important role for the induction of ROS since BCR–ABL is
unable to transform bone marrow cells from Gab2 (�/�)
mice (316). Although mice with Gab2 gene disruption have
an apparently normal hematopoietic phenotype with normal
numbers of stem cells and peripheral blood cells, the re-
sponsiveness of early hematopoietic cells to growth factors
is diminished (413). Gab2-deficient c-Kit�Lin�Sca-1� cells
responded poorly to stem cell factor, FLT3 ligand, or throm-
bopoietin, and deficiency of Gab2 in c-Kit�Lin� cells inter-
feres with signaling in the PI3K and MAPK pathway in re-
sponse to IL-3 (413). Additionally, Gab2 may not be the only
route from Tyr177 to the activation of the PI3K pathway (183)
and thus subsequent ROS production.

Interestingly, Gab2 phosphorylation dependent activation
of PI3K has also been associated with O2•� formation in Fc�
and fMLP (formyl-methionyl-leucyl-phenylalanine)-stimu-
lated cells (253). It is therefore likely that Gab2 may also have
a predominant role in the regulation of ROS in BCR–ABL
transformed cells. It still remains to be established whether
the likely requirement for Gab2/PI3K in the induction of
ROS also involves the regulation of the mTOR pathway, a
pathway that was identified as a key regulator of ROS (185).
This was done by treating BCR–ABL transformed cells with
rapamycin, an inhibitor of mTOR activity, and with wort-
mannin, an inhibitor of PI3K activity, as a positive control.
Both inhibitors significantly lowered intracellular ROS, re-
ducing the ROS levels by 29% with wortmannin and by 56%
with rapamycin treatment, compared to control cells (185).
Neither inhibitor reduced intracellular ROS to levels found
in untransformed cells, suggesting that there are additional
pathways involved in the regulation of ROS. Also, ra-
pamycin was more effective than wortmannin in reducing
ROS, which may indicate that mechanisms other than PI3K
regulate ROS through mTOR.

The activity of mTOR is regulated at least in part through
the PI3K effecter AKT and can be specifically inhibited by
rapamycin. mTOR has previously been implicated in nutri-
ent sensing by activating S6kinase and inducing gene ex-

pression (90, 282). Involvement of mTOR in the glucose-de-
pendent regulation of ROS in BCR–ABL-transformed cells
remains to be determined, although there is already indirect
evidence in favor of this. Most, if not all, glycolytic enzymes
are under the transcriptional control of Myc and/or HIF-1
(124). In response to H2O2, Myc is also known to increase
promotor activity of �-glutamyl-cysteine synthetase, a rate-
limiting enzyme for GSH biosynthesis which is required for
the maintenance of intracellular redox balance (27).

Myc expression is known to depend on Tyr177 in BCR–
ABL, and activated ABL induces Myc through the Ras path-
way (71, 416) and active Akt (340). Finally, HIF-1 expression
is dependent on an active PI3K/mTor pathway (239). There
are additional mechanisms that may contribute to the dys-
regulation of these molecules and pathways, leading to ele-
vated ROS. Targeting ROS by antioxidants as part of a reg-
ular diet, such as vitamin C or vitamin E, is thought to be
beneficial in reducing the risk for certain cancers and this
may depend in part on HIF-1 (16, 114). It is striking that in-
hibition of signaling mechanisms that lead to induction of
ROS are equally important for transformation. Targeting
these mechanisms is therefore likely to have beneficial ef-
fects for cancer treatment.

C. Rac and NADPH oxidases

BCR–ABL mediated transformation of hematopoietic cells
is dependent on various downstream signaling molecules
such as RAS and PI3K, and some of the properties of
BCR–ABL expressing cells are dependent on these effectors.
Specific inhibition of signaling molecules downstream of
BCR–ABL leads to a decreased transforming phenotype in
hematopoietic cells (for review, see ref. 385). The small GT-
Pase Rac is an important downstream effector of BCR–ABL
and was previously shown to be required for leukemogen-
esis (342). The family of Rac proteins includes three highly
homologous members that are ubiquitously expressed, with
the exception of Rac2, which seems more restricted to he-
matopoietic cells (134, 252, 336). Complex formation of
BCR–ABL with the hematopoietic specific protein Vav, a
GDP/GTP exchange factor, was shown to be necessary for
the activation of Rac (25). In murine models with Rac1 and
Rac2 gene disruption, the combination of both proteins has
been shown to be required for BCR–ABL-mediated trans-
formation (366). The small molecule Rac inhibitor NSC23766
showed efficacy in this model as well.

Rac functions as an important regulatory subunit of the
NADPH oxidase (Nox) complex. NADPH oxidase com-
plexes, in addition to mitochondria, generate significant
amounts of ROS by catalyzing the reduction of molecular
oxygen to superoxide anion (289). NADPH oxidase is a
multi-subunit enzyme consisting of a catalytic subunit
gp91phox (also termed as Nox2) and regulatory subunits
p47phox, p67phox, p22phox, and Rac. It was originally iden-
tified as an important mediator of host defense by phago-
cytes (17). However, later studies reported the presence of
Nox enzymes in various nonphagocytic cells and tissues (for
review, see refs. 117, 203). Localized production of ROS is
important to achieve a precise redox signaling effect in re-
sponse to the activation of specific receptors. NADPH oxi-
dases are now shown to localize to specific subcellular com-
ponents such as membrane ruffles (275), lamellipodial focal
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complexes (401), caveolae, lipid rafts (376, 381, 408), endo-
plasmic reticulum (13, 377), the perinuclear compartment
(217), and endosomes (218) (for review, see also ref. 375). The
family of Nox is comprised of Nox1-5 and Duox1-2 (related
dual oxidases). Function of Nox is regulated by a multitude
of factors (205). ROS generated by Nox are necessary for var-
ious normal physiological functions such as angiogenesis,
cell proliferation, and integrin signaling (204).

Due to the apparent connection between Nox and ROS, it
is likely that Nox-derived ROS can influence cancer devel-
opment and progression. Association between Nox activity
and human cancer has already been reported (for review, see
ref. 204). Nox are suggested to be the major producers of
ROS in many cancers including melanoma (41), glioblastoma
(66), prostate cancer (40, 219), and likely others. Recently, it
was shown in FLT3/ITD-positive AML cell lines and pri-
mary AML cells that there is increased ROS production that
correlates with activation of STAT5 and Rac1. Treatment of
cells with FLT3 inhibitor reduced the levels of ROS (309).
However, Nox as the major or only source of ROS in trans-
formation is a somewhat contentious point since the trans-
formation process correlates with increased cell growth and
thus mitochondrial activity. For example, in ovarian cancer
cells, it was observed that elevated levels of ROS were re-
duced by the Nox inhibitor diphenylene iodonium as well
as the mitochondrial electron chain inhibitor rotenone or spe-
cific knockdown of p47phox (402). Both ROS producing pro-
cesses may be connected or dependent on each other and
further studies are needed to have a better understanding
about the role of Nox in ROS dependent transformation by
BCR–ABL.

III. Regulation of Protein Function by ROS

Probably the most relevant form of redox regulated pro-
tein function for transformation involves the oxidation of
cysteine residues in the active site of protein tyrosine phos-
phatases (PTPases), leading to a loss of enzymatic activity
(312, 368). Modification of the thiol group in these cysteine
residues can either be transient or reversible and may not be
limited to these classes of proteins. It is conceivable that cys-
teine oxidation leads to conformational changes or makes
functional groups inaccessible, resulting in overall altered
protein function. Cysteine oxidation in PTPases involves
changes in either S redox state, such as in PTP1B (23, 24), or
S–S state, such as in the dual-specific phosphatidylinositol-
3� phosphatase PTEN (213) (see also Section VI. A). Never-
theless, it should be cautiously pointed out that these mod-
ifications do not necessarily alter protein function in a way
that one would anticipate supports transformation. It is ex-
pected that protein function is regulated at multiple levels
and that redox regulation may be superceded by other mech-
anisms. The accessibility of oxidized proteins could be re-
stricted, expression altered, or intracellular oxidative stress
could be more compartmentalized than previously thought.
Additionally, oxidative stress could affect some proteins to
a greater extent than others. Likely, multiple regulatory
mechanisms coexist at the same time.

Transformed cells are constantly exposed to intracellular
oxidative stress that has the potential to oxidize redox sen-
sitive groups. The source of ROS does not have to be nec-
essarily endogenous but can also result from the interac-

tion of the cancer cell with the microenvironment. In CML,
ROS levels in the cancer stem cell may be in part regulated
by the bone marrow microenvironment, which may also
provide stimuli to maintain viability and induce self-re-
newal during targeted therapy. It is critical to maintain ROS
at levels that induce neither apoptosis nor necrosis or cause
detrimental levels of protein, DNA, or lipid oxidation. Ox-
idized thiol groups are constantly ‘recycled’ through anti-
oxidant mechanisms that involve either thiol-containing
compounds or compounds with antioxidant activity (e.g.,
ascorbate). Probably the most important regulator of this
process is glutathione. The ratio between reduced glu-
tathione (GSH) and oxidized glutathione (GSSG) is a good
indicator of the intracellular redox status. Glutathione
works in concert with thioredoxin and nicotinamide ade-
nine dinucleotide phosphate (NADPH) to reduce thiol
groups and to maintain the cellular redox status at physi-
ological levels (for review, see ref. 102). Thioredoxin has a
dual function and has also been implicated in sensing
changes in redox status. It is found in a complex with Ask1
(apoptosis signal-regulated kinase1). When bound to Ask1,
reduced thioredoxin inhibits its kinase activity, which is re-
stored when oxidized thioredoxin is released (127, 307). A
similar process seems to regulate the functional activation
of JNK (c-Jun N-terminal kinase). The activity of JNK is in-
hibited by GST-� (glutathione S-transferase-�), which is in
a complex with JNK. Oxidized GST-� dissociates from JNK
and enables the kinase to function (1, 2). Even though these
are unique examples, there are likely additional proteins
and interactions involved in response to changes of the in-
tracellular redox status.

In contrast to other oxidative protein modifications, the re-
versible sulfhydryl group-dependent oxidative regulation of
cellular proteins is thought to be a rather specific process that
can direct protein function in a defined way. Nevertheless,
recent evidence suggests that protein carbonylation bears an
unexpected degree of specificity (4, 153). Carbonylation is a
result of increased levels of intracellular ROS and it is ex-
pected that mechanisms involved in regulating ROS would
also indirectly regulate protein carbonylation. Oxidative car-
bonylation leads to an irreversible modification that can be
caused either through reaction with other reactive carbonyl
groups in cellular molecules, or through metal-catalyzed ox-
idation. Even though there is abundant evidence that this
process occurs in human diseases, its role in cancer has not
been well defined (77, 215). A recent finding demonstrating
that transiently increased carbonylation correlates with acti-
vation of the endothelin-1 receptor in smooth muscle cells
hints at a potential role of this process in mitogenic signal-
ing (398). As a result of this modification, proteins are more
likely to undergo proteolytic degradation or aggregation
(266). In this context, the elimination of carbonylated pro-
teins during differentiation of embryonic stem cells has been
suggested to serve as a ‘rejuvenation process’. The interest-
ing finding here was that the load of damaged proteins was
limited to a small number of defined proteins, including
tubulin, actin, and the chaperones Hsp90, Gr75, and Hsc70,
thus hinting at the specificity of this process (153). Chaper-
ones have an important role in ROS-dependent protein mat-
uration and oncogenic transformation (see also Section VII).
Therefore, this mechanism involving metal-catalyzed oxida-
tion may open a venue to target cancer cell growth through
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metal chelators as a possible class of nonthiol dependent an-
tioxidants. It would now be interesting to see whether car-
bonylation of chaperones or other proteins is dependent on
oncogenic signaling, and if this plays a role in transforma-
tion of myeloid neoplasias or human cancers in general.

IV. Regulation of BCR–ABL Function by 
Oxidative Stress

The ABL tyrosine kinase in the oncogenic BCR–ABL fu-
sion protein is constitutively active and its activity may in-
crease over time as the disease progresses from CML stable
phase to blast crisis (318). Also, the kinase activity of BCR–
ABL is regulated in vivo by cellular proteins that are thought
to bind reversibly and inhibit autophosphorylation of the ki-
nase (74). Transformation of hematopoietic cells by BCR–
ABL results in an increase in ROS compared to quiescent un-
transformed cells. This increase in ROS is directly due to
BCR–ABL kinase activity since it can be blocked by the ABL
tyrosine kinase inhibitor imatinib (319). BCR–ABL mimics
some signaling events induced by activated growth factor
receptors (318), and similar to BCR–ABL, activation of
growth factor receptors coincides with an increase of intra-
cellular ROS levels. These include the receptor for PDGF
(354), TGF-� (268), and GM-CSF (320). However, unlike li-
gand-stimulated growth factor receptors that cause only a
transient increase in intracellular ROS levels, BCR–ABL is
capable of inducing chronically high levels of ROS. In addi-
tion, antioxidants or antioxidant enzymes have been shown
to reduce tyrosine phosphorylation events in cells stimulated
with these growth factors. This is of interest, since transfor-
mation by BCR–ABL requires constitutive activation of its
ABL tyrosine kinase activity (88, 225).

Biological effects of BCR–ABL are therefore likely to be
stimulated through tyrosine phosphorylation of cellular pro-
teins, which in turn are regulated by PTPases. ROS such as
H2O2 have been implicated in the regulation of PTPase ac-
tivities (84). In hematopoietic cell line models, cellular pro-
tein tyrosine phosphatase activity is decreased by BCR–ABL
as well as H2O2 and the phosphatase inhibitor pervanadate
(319). Additional PTPases that have not been directly impli-
cated in BCR–ABL function are discussed later (Section VI,
A). Likely candidates that might regulate BCR–ABL function
are PTPases that are known to interact with the BCR–ABL
kinase such as SHP-1 (362), SHP-2 (361), or PTP1B (206). The
high level of tyrosine phosphorylation of SHP-1 (362) and
SHP-2 (361) in BCR–ABL expressing cells demonstrates an
imbalance between kinase and PTPase activities. Since
BCR–ABL transformed cells have increased levels of ROS
and decreased PTPase activity, it is likely that elevated ROS
contribute to these changes in PTPase activity. It will there-
fore be of interest to determine if oncogenic tyrosine kinases
like BCR–ABL are not only involved in generating ROS and
regulate the function of redox sensitive proteins but are also
regulated by redox-sensitive PTPases themselves (Fig. 3). Re-
duced PTPase activity in BCR–ABL transformed cells is con-
sistent with the known reduced alkaline phosphatase activ-
ity in CML cells (278). Both in vitro activities overlap since
PTPase activity as well as alkaline phosphatase activity can
be measured with the same substrates, including tyrosine
phosphorylated peptides and p-nitrophenyl-phosphate (262,
292, 346). It will be of interest to identify specific PTPases

that contribute to the observed reduction in PTPase activity
and to evaluate their response to changes in the cellular re-
dox status.

Not surprisingly, there is a significant overlap in tyrosine
phosphorylation patterns of signaling proteins induced by
BCR–ABL transformation and in H2O2 stimulated cells, in-
cluding c-CBL, SHC, or SHP-2. This also includes c-Abl, the
cellular form of the BCR–ABL oncogene. On the other hand,
ROS-dependent tyrosine phosphorylation of cellular pro-
teins can be decreased by reducing agents such as pyrroli-
dine dithiocarbamate (PDTC) and N-acetylcysteine (NAC)
(166, 320, 384). In BCR–ABL transformed cell line models,
antioxidants such as PDTC and NAC decrease tyrosine phos-
phorylation of cellular proteins (319). Reduced tyrosine
phosphorylation of BCR–ABL substrates is consistent with
activation of cellular PTPases, but could also be due to re-
duced BCR–ABL kinase activity. It is also possible that in ad-
dition to BCR–ABL, other tyrosine kinases previously acti-
vated by BCR–ABL are reduced in their activity. This could
be either a result of decreased BCR–ABL activity or a result
of direct inhibition by antioxidants. Indeed, BCR–ABL in
vitro tyrosine kinase activity towards its substrate CRKL is
reduced in PDTC-treated cells. Also, the in vitro kinase ac-
tivity towards CRKL in ABL immune complexes was found
to be elevated by H2O2 as well as pervanadate treatment of
untransformed cells (319). Thus, these data would favor a
mechanism whereby cellular ROS levels alter activity of one
or more PTPases, which then regulate the kinase activity of
both the BCR–ABL oncoprotein and c-ABL.

ROS contribute to several cellular functions and are
known to be involved in the regulation of signal transduc-
tion, gene expression, and proliferation. The growth-pro-
moting effect of ROS and the growth-inhibiting effect of an-
tioxidants are of interest. The available data suggest that the
mechanism involves enhanced tyrosine phosphorylation,
possibly by inhibiting one or more PTPases. ROS can regu-
late protein function in part through oxidation of redox-sen-
sitive cysteine residues in some proteins. It is likely that fur-

TYROSINE KINASES IN MYELOID NEOPLASIAS 1819

FIG. 3. The yin and yang of BCR–ABL and protein tyro-
sine phosphatases (PTPases). The BCR–ABL tyrosine kinase
activity is required for cell growth through phosphorylation
of specific ABL substrates, including BCR–ABL itself. De-
phosphorylation of BCR–ABL substrates is regulated
through PTPases. PTPase activity can be inhibited through
BCR–ABL-dependent ROS production. Oxidized (ox) PT-
Pases fail to dephosphorylate BCR–ABL and its phospho
substrates.
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ther characterization of redox-sensitive PTPases and other
proteins will be helpful in understanding the signaling of
BCR–ABL or other tyrosine kinase oncogenes and in partic-
ular their mechanism of transformation. Elevated ROS in
BCR–ABL transformed cells would also be expected to con-
tribute to the activation of additional effector kinases, in-
cluding Src family kinases (45), Pyk2 (RAFTK) (356), or oth-
ers. In particular the Src family kinase Hck, Fgr and Lyn have
been implicated in BCR–ABL mediated transformation, dis-
ease progression, and imatinib resistance of CML and Ph�
ALL (78, 163, 221, 349, 390).

Overall, the data at hand are consistent with a model in
which increased ROS amplify BCR–ABL signaling, possibly
amplified by simultaneous reduction in the activity of one
or more PTPases (Fig. 3). Since BCR–ABL kinase activity is
required for all aspects of transformation, altered glucose
metabolism and elevated ROS are a direct consequence of
BCR–ABL dependent signaling events. Increased glycolysis
and ROS production are not known to be sufficient for trans-
formation in hematopoietic cells but are likely to be required
for this process. Drugs that alter ROS metabolism or reacti-
vate PTPases are expected to antagonize BCR–ABL trans-
formation and point at new targets for treatment of CML.
Ideally, drugs that would be efficient in CML treatment
would lower ROS by directly targeting the ROS producing
enzymes or would supplement the antioxidative potential of
cells. Such drugs could be used in combination with BCR–
ABL kinase inhibitors such as imatinib to block BCR–ABL
signaling and thus progression of the disease.

V. Role of Hypoxia in the Regulation of ROS

Human cancers are often exposed to low oxygen levels, a
condition also termed hypoxia. Cells increase glucose uptake
and glycolysis under hypoxic conditions in order to com-
pensate for the decrease in respiration and ATP production
(the Pasteur effect). The Pasteur effect is dependent upon
hypoxia-inducible factor (HIF)-mediated transactivation of
genes encoding glycolytic enzymes (329). Physiological re-
sponses triggered by hypoxia impact all critical aspects of
cancer progression including transformation, differentiation,
glucose metabolism, genetic instability, increased ROS lev-
els, and other cellular functions, allowing cancer cells not
only to survive but to continue to proliferate and metasta-
size.

A. HIF-1� activation and ROS

Hypoxia is known to activate an �/� heterodimeric tran-
scription factor, HIF, and its activity is affected not only by
cellular oxygen levels but also by ROS that include O2•�,
hydrogen peroxide, and hydroxyl radical produced during
hypoxia (58). Hypoxic conditions lead to stabilization of the
HIF-1� protein, which can then trigger downstream HIF-tar-
get genes involved in various biological processes. Some of
these genes include those involved in the development and
functioning of the vascular system (such as VEGF and TGF-
�3) (52, 107), erythropoiesis (such as erythropoietin and
transferrin) (176, 301), cell proliferation and viability (such
as p21, CDC25A, and BNIP3) (44, 56, 140), and energy me-
tabolism (such as lactate dehydrogenase A and glucose trans-
porter1 and 3) (105, 119) (Fig. 4). Of particular interest are
the genes responsible for energy metabolism that eventually

lead to increased glucose uptake and mediate the switch to
glycolysis in the case of metabolic crisis such as hypoxia.

HIF-1� is stabilized under hypoxia but is rapidly degraded
under normoxic conditions by the ubiquitin–proteasome
pathway, a process mediated by prolyl hydroxylase. Prolyl
hydroxylases are enzymes that function as critical oxygen
sensors, requiring oxygen and 2-oxoglutarate as substrates,
and a nonheme iron as a cofactor. They target HIF-1�
through the hydroxylation of two conserved proline residues
(Pro402 and Pro564) in the oxygen-dependent degradation
domain of HIF-1� and trigger the VHL gene product bind-
ing for proteasomal degradation via the von Hippel–Lindau
ubiquitylation complex (164, 180). Changes in the cellular
levels of either the substrate, cofactors, or both would have
a possible outcome on the prolyl hydroxylase activity. This
is evident under conditions of low cellular oxygen levels.
Previous studies have demonstrated that chemical inhibitors
blocking the activity of prolyl hydroxylases, such as iron
chelators, or dimethyloxallyl glycine, which competes with
2-oxoglutarate for binding at the hydroxylase, prevent HIF
proline hydroxylation, causing accumulation, and hence sta-
bilization of HIF-1� (169).

A number of groups have previously reported increased
levels of ROS under hypoxic conditions, however others
have reported the reverse (63, 286). A possible explanation
for this controversy is the basal metabolism of the cell type,
and the degree and duration of oxidative stress experienced.
Although the role of hypoxia has been widely studied in
solid tumors, few studies demonstrate the effects of hypoxia
on hematological malignancies. In one study, it was shown
that hypoxia could modulate the BCR–ABL-dependent leu-
kemic phenotype. By using CD34� cells from CML patients,
it was shown that hypoxia inhibited the proliferation, in ad-
dition to maintaining the primitiveness of these cells, better
than normoxic conditions. Inhibition of BCR–ABL activity,
accompanied with activation of MAPK, also contributed to
the survival of these cells, thus implying a modulatory role
of hypoxia in the CML cell population (85). On the other
hand, there is evidence of an upregulation of VEGF, down-
stream of HIF-1, as well as HIF-1 in primary leukemic cells
(239), suggesting that these cells may require elevated levels
of HIF-1 accompanied by elevated levels of ROS in order to
stimulate growth signals.

To evaluate redox changes on the stabilization of the HIF-
1� subunit, the mitochondria-targeted antioxidant mi-
toubiquinone (MitoQ) was used (314). It was found that un-
der hypoxic conditions, MitoQ cancelled out the induction
of ROS along with the destabilization of HIF-1�, thus sug-
gesting that mitochondrial ROS are intrinsically linked to
HIF-1� during hypoxia. While the mechanistic investigations
by which the ROS signals are transduced to HIF-1� is un-
clear, multiple oncogenes may lead to elevated ROS, in-
cluding BCR–ABL (319). Murine pre-B cells expressing con-
stitutive tyrosine kinase activity such as BCR–ABL have been
shown to promote the expression of functionally active HIF-
1 (239), thus linking BCR–ABL to ROS and HIF-1�.

Another growth factor pathway of particular importance
for tumor growth and HIF activation includes the epidermal
growth factor (EGF) pathway. Signaling through the EGF re-
ceptor (EGFR) is common in tumor cells and ultimately con-
tributes to the production of factors responsible for tumor
cell growth and survival (222). More recently, a role for an
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alternate and novel mechanism, the ‘HIF-1�-Myc pathway’
has been identified in the regulation of hypoxia. In this 
pathway, HIF-1� counteracts the repressive activity of Myc
by displacing Myc from the CDKN1A promoter via pro-
tein–protein interactions. This pathway functions indepen-
dent of the hypoxia response element (HRE) and also 
contributes to the hypoxic downregulation of DNA repair
genes, MSH2 and NBS1, both of which have been shown to
be activated by Myc. In the same study, the cell cycle gene
CDC25A was identified by microarray analysis to be down-
regulated under hypoxic conditions (140). This is in agree-
ment with others that indicate cell cycle arrest by inhibiting
CDC25A under hypoxia.

B. Targeting HIF-1 pathways

ROS have more recently emerged as promising targets for
anticancer drug discovery. The use of potential targets, both

at the level of HIF-1 and HIF-1 downstream genes, in addi-
tion to those that regulate angiogenesis, are of major inter-
est. Due to the chemoresistant status of cancer cells induced
by hypoxia, it is important to develop and test novel thera-
peutic strategies targeting hypoxia. Among the glycolytic en-
zymes, hexokinase, GAPDH, lactate dehydrogenase, and
phosphofructokinase have been indicated as potential ther-
apeutic targets with known chemical inhibitors. Several com-
pounds have been evaluated for their role in inducing cell
death in cancer cells with mitochondrial defects or cells un-
der hypoxia, including 2-DOG. A more potent inhibitor is 3-
bromopyruvate (3-BrPA), inhibiting hexokinase II. Using hu-
man leukemia and lymphoma cells, the glycolytic pathway
could be inhibited with 3-BrPA inducing severe depletion of
cellular ATP in addition to significant cell death in these cells.
Moreover, this study also showed that by depleting ATP, 3-
BrPA could effectively kill cells with a multidrug-resistant
(MDR) phenotype (404). This approach of targeting the gly-
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FIG. 4. Regulation of HIF-1� by ROS. Under normoxic conditions, HIF-1� is present in the cytoplasm. Prolyl hydroxy-
lase enzyme is activated under normoxic condition. This allows for the complex formation with the von Hippel Lindau
protein (pVHL), followed by a rapid degradation of HIF-1� by the ubiquitin–proteasome system. Under hypoxic condi-
tions, HIF-1� is stabilized in its dehydroxylated state due to an inactive hydroxylase enzyme. The stable HIF-1� translo-
cates to the nucleus, where it accumulates and forms a dimer with the constitutively expressed HIF-1� in the presence of
a transcriptional coactivator p300, resulting in the intact HIF-1 complex. This complex binds to the hypoxia response ele-
ment (HRE), facilitating the transcriptional activity of hypoxia-induced genes. Elevated levels of ROS inhibit the prolyl hy-
droxylase activity.
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colytic pathway to minimize ROS may have broad applica-
tions in cancer therapy.

A number of anticancer agents have been shown to inhibit
HIF-1 activity, but with indirect evidence to prove their
specificity to HIF-1 (for review see ref. 277). They are cate-
gorized into two classes: small molecule inhibitors (target-
ing Hsp90, topoisomerase, microtubule modifier, Trx-1 in-
hibitor, histone deacytylase, proteasome, and others) and
inhibitors of signal transduction pathways (targeting PI3K,
mTOR, MEK, tyrosine kinase, ErbB2, EGFR, and COX2). Fur-
ther, a high throughput biological screen identified small
molecule inhibitors of the HIF-1 pathway. Using the National
Cancer Institute “Diversity Set”, comprising a library of 200
compounds representative of the greater chemical diversity,
four compounds with HIF-1 inhibiting as well as anticancer
properties were identified (294). Later, in an independent
study screening for additional HIF-1 inhibiting molecules,
two novel inhibitors, NSC-134754 and NSC-643735, were
identified. In addition to inhibiting HIF-1 activity, both at
the transcriptional as well as the translational level, NSC-
134754 also inhibited Glut-1 expression (65).

C. NF-�B activation by hyperactive glucose metabolism
and ROS

The transcription factor, NF-�B (nuclear factor-�B) is one
of the major intracellular targets of the glucose metabolism
pathway and oxidative stress (96). Increased levels of ROS
and increased glucose metabolism can both lead to NF-�B
activation (254, 284). Aberrant regulation of NF-�B leads to
a number of chronic diseases including autoimmunity, dia-
betes, and hematopoietic disorders. In resting cells, NF-�B is
present in the cytoplasm as an inactive heterodimer consist-
ing of the p50 and p65 subunits complexed with an inhibi-
tor protein subunit, I�B�. The activation of this molecule in-
volves the translocation of the heterodimer to the nucleus,
thus regulating the expression of a large number of genes
(283). It can be activated by a wide array of exogenous and
endogenous entities, including the BCR–ABL oncogene, hy-
perglycemia, ROS and DNA damage. In response to oxida-
tive stress, the I�B� subunit is phosphorylated at Ser32 and
36, leading to ubiquitination of lysine 21 and 22 and disso-
ciation from the complex. This results in degradation of I�B�

by the 26S proteasome and translocation of the functional
NF-�B to the nucleus, where it acts as transcriptional acti-
vator (144) (Fig. 5). Previous studies show that the activation
of NF-�B and the subsequent upregulation of NF-�B depen-
dent gene expression are significantly induced by the gen-
eration of ROS and that this response is a cell type and stim-
ulus specific phenomenon (37).

In addition to the induction of ROS in BCR–ABL trans-
formed hematopoietic cells (265, 319), the requirement for
NF-�B activation in BCR–ABL-mediated tumorigenesis and
transformation has been well documented (139, 187, 297).
The constitutive activation of NF-�B was also shown in Ph�
primary CML blasts. In an attempt to examine the mecha-
nisms involved in BCR–ABL-induced NF-�B/Rel activation,
I�B kinase (IKK) activity was not found to be deregulated.
Although the exact mechanism of NF-�B activation is not
known, phosphorylation at Tyr42 of the I�B� subunit may
be involved (325). Alternatively, increased activity of an ad-
ditional I�B� kinase or decreased activity of a related phos-
phatase may explain this process. On the other hand, Ras
was shown to be involved in the activation of NF-�B/Rel,
but the mechanism was independent of Grb2 and Grb10
binding to the BCR–ABL oncoprotein. There was also vari-
able involvement of the small GTPase Rac in NF-�B activa-
tion (187).

Many published reports to date stress the importance of
understanding the role of NF-�B activation mechanisms
upon stimulation of oxidative stress. It has been shown in
leukemic cells that NF-�B activation involves the tyrosine
phosphorylation of I�B� (357). In a recent study with leu-
kemic cells, the role of another molecule, SHIP-1 (SH2-con-
taining inositol 5�-phosphatase-1) in NF-�B activation in re-
sponse to H2O2 (�200 �M) was described. It was shown that
in SHIP-1 expressing leukemic cells exposed to oxidative
stress treatment, NF-�B was activated in an IKK-dependent
manner without tyrosine phosphorylation of I�B� (120).

Previous studies have confirmed that hypoxia-induced
ROS enhances the DNA binding of NF-�B through a redox-
dependent mechanism. Moreover, it was shown that an en-
hanced generation of ROS could also lead to the sensitiza-
tion of cancer cells to hypoxia and the activation of NF-�B
through c-Src stimulation (224). It has also been determined
that the expression of BCR–ABL leads to activation of NF-
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FIG. 5. ROS-induced activation of NF-�B.
NF-�B (p50/p65 dimer) is present in the cyto-
plasm as an inactive complex with a member of
the I�B inhibitor protein family (I�B�). Elevated
ROS lead to activation of the I�B� kinase (IKK).
IKK phosphorylates the NF-�B complex-associ-
ated I�B�. This is followed by a rapid degrada-
tion of I�B� by the ubiquitin-proteasome system.
Active NF-�B rapidly translocates from the cy-
toplasm to the nucleus where it binds specifi-
cally to DNA elements within the promoter re-
gions of target genes and activates their
transcription.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2071&iName=master.img-004.jpg&w=288&h=179


�B-dependent transcription through the nuclear transloca-
tion of NF-�B as well as by increasing the transactivation
function of the RelA/p65 subunit of NF-�B (141). Although
NF-�B has been shown to be anti-apoptotic, BCR–ABL has
been suggested to utilize alternative and multiple pathways
to protect from cell death (297). This is corroborated by oth-
ers whereby BCR–ABL signals to NF-�B activation through
a Ras-dependent pathway (71, 122). Further studies on key
intermediate regulators of NF-�B activation would be re-
quired to better understand and identify critical events as-
sociated with this process. Since NF-�B may not be the only
anti-apoptotic molecule in CML and related myeloid 
neoplasia, combination therapies are more likely to be 
successful.

D. Redox regulation of NF-�B

Accumulating evidence for the role of NF-�B in redox reg-
ulation provides a rationale for targeting the functional in-
hibition of NF-�B in BCR–ABL-positive leukemias. The fact
that some antioxidants have already demonstrated to be
strong inhibitors of NF-�B activation suggests that this may
be one of the pathways by which they protect against can-
cers. NAC and pyrrolidine dithiocarbamate (PDTC) are two
antioxidants that have been extensively used. Others include
vitamin E derivatives, �-lipoic acid, glutathione (GSH), and
thioredoxin (Txn). Inhibition of NF-�B activation can also be
achieved by the overexpression of antioxidant enzymes, in-
cluding superoxide dismutase, glutathione peroxidase, or
thioredoxin peroxidase. NAC acts by increasing intracellu-
lar levels of glutathione, directly scavenging oxidants such
as H2O2, hydroxyl radical, and hypochlorous acid, and
blocking NF-�B activation by preventing a decrease in in-
tracellular thiol levels (37). Furthermore, it was demon-
strated that NAC blocked NF-�B activation by diverse stim-
uli such as H2O2 in Jurkat T cells, and attributed this to the
suppression of ROS (327). A general inhibitor of NF-�B is
PDTC. In an independent study, it was first shown that
PDTC inhibited NF-�B activation by IL-1, TNF, PMA, LPS,
and H2O2 in a number of human lymphocytic cells as well
as a mouse fibroblast cell line (326). This provided strong ev-
idence for a central role of ROS in NF-�B activation.

Although accumulating evidence supports the notion that
ROS lead to the activation of NF-�B, it should be pointed out
that this effect may be cell type and pathway specific. H2O2

can negatively regulate cytokine-induced NF-�B activation
indirectly through the inhibition of IKK activity (121). Fur-
thermore, high levels of oxidized GSH can block the ubiq-
uitination of I�B�, exerting an inhibitory effect of ROS on
NF-�B (173). Despite the role of antioxidants in inhibiting
NF-�B activation, there is evidence that common antioxi-
dants such as NAC and PDTC may inhibit NF-�B activation
independent of their antioxidant function (42, 143, 337). This
is also supported by additional studies indicating the role of
ROS as antagonists, rather than agonists of NF-�B (for re-
view, see refs. 121, 135). Finally, redox regulation of NF-�B
may occur upstream from its activation. A recent study dem-
onstrated a positive-feedback mechanism for NF-�B, where
TNF-�-induced activation of NF-�B led to the upregulation
of NADPH oxidase activity. This increase in NADPH oxi-
dase activity resulted in increased ROS levels and a further
activation of NF-�B (116).

Additionally, the use of either antisense oligonucleotides
or transcription factor decoys to inhibit NF-�B activation re-
sults in loss of adhesion in tumor cells in culture (345), and
reduction of tumor formation in nude mice (155). Recently,
the sensitization of CML cells to Etoposide-induced apopto-
sis with the use of the NF-�B inhibitor MG132 (prevents
degradation of I�B), Bay11-7082 (inhibits cytokine-induced
I�B� phosphorylation), and Resveratrol (inhibits I�B kinase
activity) was reported (255). These results indicate the role
of NF-�B antagonists as chemosensitizers in the targeted
therapy of CML.

VI. Cell Cycle Regulation Through Redox Mechanisms

Cellular redox state is a delicate balance between the lev-
els of reactive ROS produced during metabolism and the
antioxidant systems that scavenge them. Though ROS are
notorious for their deleterious effects on disruption of mem-
brane integrity and DNA damage, literature supporting a
cell proliferative role of ROS at low thresholds is available
(299). Evidence for a threshold-dependent dual role for ROS
in regulating multiple biological processes was shown in
NIH3T3 cells, whereby 0.02–0.13 �M H2O2 enhanced cellu-
lar proliferation and treatment with 0.25–2 �M H2O2 resulted
in increased cell death (209). Thus, these significant differ-
ences in dose-dependent biological effects by H2O2 may
open a venue for targeted cancer therapies that can shift the
balance towards increased H2O2 levels and thus cell death
(see also Section X).

It is interesting to note that several cell cycle regulatory
proteins have redox-sensitive motifs such as cysteine
residues and metal co-factors in their active sites. This indi-
cates that changes in the intracellular redox state could play
a major role in regulating G0/G1 to S to G2 and M cell cy-
cle progression. This hypothesis of a redox cycle within the
cell cycle is supported by the observation that intracellular
protein bound and nonprotein sulfhydryl (–SH) and disul-
fide (–SS-) groups show cyclic changes in concentration dur-
ing different stages of cell cycle (69, 158, 236, 241, 245, 246).

The concept of a redox cycle regulating the cell cycle is
supported by a recent report (374). Budding yeast exhibit
a metabolic redox cycle consisting of a reductive nonrespi-
ratory phase and an oxidative respiratory phase. This meta-
bolic redox cycle coordinates with periods of gene expres-
sion regulating essential cellular and metabolic events
(374). Several genes regulating DNA replication and cell cy-
cle progression are expressed during its reductive phase
with cell cycle initiation occurring very late during the ox-
idative phase. A transient increase in pro-oxidant levels
early in G1 is required for these cells to transit from G1 into
the S phase. Inhibiting this pro-oxidant event using an anti-
oxidant such as NAC has been shown to arrest cells in the
G1 phase (246). In support of this, modulation of antioxi-
dant enzymes such as catalase (43) and GPx4 (386) has been
shown to affect cellular proliferation rate, as well as the G1
to S phase transition respectively. Overall, intracellular re-
dox state appears to be a critical cell cycle progression reg-
ulator.

The genomic mutations that lead to transformation in
myeloid leukemias can be quite different, but it is apparent
that cell growth is associated with deregulated tyrosine
kinase activity at some level (22). The kinase activity of
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BCR–ABL and related tyrosine kinase oncogenes is required
for factor independent growth and self renewal of stem cells.
Inhibition of the oncogenic kinase leads to G1 cell cycle ar-
rest, supporting the important role of these oncogenes for
progression from G1 to S phase of the cell cycle. Oxidative
stress may be sufficient to activate cellular signaling to pro-
mote cell cycle progression, but is insufficient to support cy-
cling of hematopoietic cells (320). It is likely that ROS sup-
port various signaling events and modulate or amplify
activities of multiple signaling pathways. General molecular
mechanisms that lead cells into S-phase are controlled by cy-
clin D (D1, D2 or D3), cyclin E (E1 or E2) and cyclin-depen-
dent kinases (cdk), together forming cyclin-dependent ki-
nase complexes (for review, see ref. 334). The major targets
of these complexes are the retinoblastoma protein (Rb) tu-
mor suppressor family proteins (Rb, p107, and p130). As a
consequence of Rb protein phosphorylation, members of the
E2F family of transcription factors become activated. Genes
that are regulated by E2F transcription factors are required
for S-phase entry. The detailed mechanisms are not of inter-
est here, and we focus instead on processes that are sensi-
tive to changes in the cellular redox status, initiated by ty-
rosine kinase oncogenes.

A. Protein tyrosine phosphatases

The extent of tyrosine phosphorylation in a cell depends
on the activity of protein tyrosine kinases and protein tyro-
sine phosphatases. Under normal signal transduction pro-
cesses, the activity of protein tyrosine kinases and phos-
phatases is tightly regulated. There are �100 genes that
belong to the PTPase superfamily in the human genome. The
PTPase superfamily includes tyrosine-specific protein phos-
phatases, the CDC25 family of phosphatases, the VH1-like
dual specificity phosphatases, the low molecular weight
phosphatases, and lipid phosphatases. (14, 99, 369). During
normal signaling, PTPases remove the phosphate group
from proteins phosphorylated on tyrosine residues, and this
mechanism of protein phosphatases is crucial for the tran-
sient nature of signal transduction events.

In cells with oncogenic tyrosine kinases, this attenuating
mechanism is often deregulated. Of interest here is that PT-
Pases are highly sensitive to oxidation because of a critical
thiol group in the active site. All PTPases contain a highly
conserved 11 amino acid sequence that contains a critical cys-
teine residue: (Ile/Val)–His–Cys–Xxx–Ala–Gly–Xxx–Xxx–
Arg–(Ser/Thr)–Lys–Gly. Under normal cellular conditions
this cysteine is in thiolate form (84) and is involved in the
formation of a cysteinyl–phosphate intermediate within the
enzyme catalytic mechanism. Upon exposure to ROS, the
cysteine residue present in the active site gets oxidized, and
therefore acts as sensor of redox status in the cell. Oxidation
or mutation of this cysteine residue inactivates phosphatase
activity, thus implying a ubiquitous role for the active site
cysteine in response to ROS (23, 132).

It has now been shown that PTPases are transiently inac-
tivated by ROS, resulting in enhanced protein tyrosine phos-
phorylation. In a different cellular context, PTPase oxidation
can show various degree of susceptibility towards oxidants
(391). This could be partly due to different cellular levels of
antioxidant activity (244, 300). Previous results have directly
demonstrated that oxidative stress can efficiently reduce the

cellular PTPase activity and increase tyrosine phosphoryla-
tion of cellular proteins (106, 198, 355). In A431 cells, treat-
ment with epidermal growth factor led to an increase in in-
tracellular H2O2 production. This increase in H2O2 resulted
in selective oxidation of catalytic cysteine residue present in
the active site of protein tyrosine phosphatase 1B (212). In
vitro studies showed the reversible oxidation and inactiva-
tion of protein tyrosine phosphatases in Rat-1 cells (244).
H2O2 can specifically inhibit the protein tyrosine phospha-
tase activity of LAR (Leukocyte Antigen Related) and PTP1
(84). PTP1 is an intracellular tyrosine specific phosphatase
and LAR is a receptor-like protein tyrosine phosphatase.
PTP1B and LAR are shown to be important in the down-
regulation of insulin receptor mediated signaling events 
(5, 6, 199, 330). These phosphatases, in the presence of low
concentrations of H2O2, oxidize the cysteine residue present
in the phosphatase signature motif to a specific cysteine
sulfenic acid intermediate, and this is rapidly converted to a
cysteine sulfenyl–amide intermediate, resulting in a large
conformational change in the active site accompanied by in-
hibition of substrate binding (311). The cysteine sulfenic acid
intermediate cannot act against the phosphorylated sub-
strates. If high levels of oxidative stress continue to persist
in the cell, the sulfenic acid form of cysteine will be irre-
versibly oxidized to sulfinic and sulfonic acid. One known
notable exception to the irreversible mechanism is the ATP-
dependent reduction of sulfinic acid residues in some per-
oxiredoxins by sulfiredoxins (32, 175). The modified cysteine
sulfenic acid can be fully reactivated with thiols such as re-
duced glutathione (Fig. 6) (84). The activity of tyrosine phos-
phatases is also altered in BCR–ABL transformed cells. Over-
all, there is a fine balance between phosphatases and kinases
in the homeostatic mechanism of the cell, and it is likely that
changes in the oxidative state in the cell lead to an imbal-
ance that may amplify the signal sent from an activated ty-
rosine kinase.

1. PTEN. PTEN (phosphatase and tensin homolog deleted
on chromosome 10) is a dual-specific tyrosine/lipid phos-
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FIG. 6. Regulation of redox sensitive cysteines in PT-
Pases. Upon exposure to oxidative stress, cysteine present in
the active site of PTPases undergoes oxidation to form cys-
teine sulfenic acid. In the continued presence of ROS, active
site cysteine will be irreversibly oxidized to sufinic and sul-
fonic acid forms. The sulfenic acid form can be reduced to
cysteine by glutathionylation (see also ref. 24).
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phatase that dephosphorylates phosphotidylinositol 3,4,5-
trisphosphate (PIP3) by removing a phosphate group from
the 3�-hydroxyl position of the phosphoinositide inositol
ring. It is an important signaling molecule that regulates cell
growth, migration, and apoptosis, and is mutated in various
types of human cancers (67, 228). PTEN has a predominant
role in regulating PI3K function, and has been shown to have
particular importance in the attenuation of downstream sig-
naling molecules and thus PI3K-dependent ROS signaling.
The PI3K/AKT pathway is stimulated by a variety of growth
factors, cytokines, cell–matrix interactions, and the lipid
products generated by PI3K activity. PIP3 has been shown
to control many biological functions including cell prolifer-
ation, cell survival, growth, motility, and insulin responses
(210). Deregulated activation of the PI3K pathway aids
tumor formation by supporting S-phase entry as well as
causing resistance to apoptotic signals that would normally
help to restrict uncontrolled cell growth. By counteracting
PI3K/AKT signaling cascade, PTEN acts as an important
tumor suppressor (18, 55, 80, 110, 347, 352, 358). Interestingly,
there is also genetic evidence in Caenorhabditis elegans link-
ing the PTEN pathway to metabolism. Under nutrient de-
privation, larva development leads to formation of the dauer
form, an alternative diapause third stage larva, and G2 ar-
rest of germline precursors. Mutation of the PTEN homolog
daf18 can suppress this phenotype, and this may involve the
insulin receptor-like molecule daf-2 and the PI3K homolog
age-1 (109, 248). Whether a similar connection between PTEN
and metabolism (and thus oxidative stress) exists in mam-
malian cells or even in human cancers, still needs to be de-
termined.

Similar to the redox dependent regulation of protein de-
phosphorylation by PTPases, an increase in cellular ROS has
the potential to shift the balance towards increased phos-
photidylinositol-3�-phosphates through reduced PTEN ac-
tivity (Fig. 7). In vitro treatment of cells with hydrogen per-
oxide leads to a time and concentration dependent increase
in oxidation of PTEN (213). Inactivation of PTEN by H2O2

treatment also resulted in elevated concentration of PIP3 in
the PTEN-null glioblastoma cell line U87MG (214). H2O2-
treated PTEN likely forms disulfide bonds between sulf-
hydryl groups of cysteine residues. Mutational analyses of
PTEN suggested that Cys124 present in the signature motif

of PTEN forms a disulfide bond with Cys71 (213). The oxi-
dized PTEN can be converted to its active form by reducing
agents, suggesting a reversible redox regulation of PTEN un-
der physiological conditions. Interestingly, it has been sug-
gested that inactivation of PTEN by itself can lead to oxi-
dative stress and activation of PI3K, hinting at a positive
feedback mechanism (214).

Even though PTEN was originally described as a tumor
suppressor and a frequent target of mutations in solid tu-
mors, mutations in hematologic malignancies are rare and
have thus far been described in some forms of drug resistant
T-cell lymphoblastic leukemia (92, 272). Nevertheless, the
ROS-dependent inactivation of PTEN implies that H2O2 pro-
duced under disease conditions contributes to inhibition of
apoptosis, resulting in tumor formation. Large amounts of
ROS produced by tumor cells may therefore result in in-
creased tumor cell proliferation (49, 79, 264). In hematopoi-
etic cells transformed by BCR–ABL, activation of PI3K is suf-
ficient to lead to an increase in ROS (185). However, the exact
role of PTEN in the direct regulation of ROS and PI3K in he-
matopoietic cells still needs to be determined. It is possible
that there are additional PI3K independent pathways that
contribute to the regulation of ROS by BCR–ABL.

2. CDC25 phosphatases. Cell division cycle 25 (CDC25)
proteins are a highly conserved family of dual specificity
phosphatases, and in mammalian cells, three isoforms (A, 
B, C) have been identified (257, 304). The only known tar-
gets of CDC25 phosphatases are CDK–cyclin complexes 
(35) that serve as the master regulators of cell cycle pro-
gression. CDC25 proteins function by removing the in-
hibitory phosphate on CDKs to promote G1–S and G2–M
transitions through regulation of CDK1 and CDK2 (35).
CDC25 phosphatases are also key cell cycle checkpoint con-
trol components that are critical to maintain genomic stabil-
ity. When these pathways are defective, cells continue to di-
vide, and DNA lesions are potentially passed on to daughter
cells, thus resulting in the loss of genome integrity (for re-
view, see ref. 36).

CDC25 phosphatase functions are tightly regulated dur-
ing normal cell division, as well as in response to checkpoint
activation by multiple mechanisms such as inhibitory and
activating phosphorylation, changes in intracellular local-
ization and interactions with the 14-3-3 family of proteins.
For example, sequestration of CDC25C into the cytoplasm
during interphase leads to the inhibition of mitotic entry due
to maintained CDK1 phosphorylation (35, 152). In various
human cancers, the CDC25A and CDC25B isoforms have
been reported to be overexpressed (36, 51, 111). However,
the mechanisms by which CDC25 isoforms become deregu-
lated during tumorigenesis are not completely understood.
A recent study with the sesquiterpene Zerumbone in NB4
promyelocytic leukemia cells suggests that activation of 
the checkpoint kinase Chk1 correlated with inhibition of
CDC25C and association with 14-3-3 proteins through the
Ser216 phosphorylation site (403).

CDC25 proteins contain a cellular redox sensitive cysteine
residue in their active site (344). An additional regulatory
feature of CDC25s are cysteine residues within the conserved
DCR (Asp–Cys–Arg) motif. In the presence of altered redox
environment, these extra invariant cysteines (Cys384 in
CDC25A, Cys426 in CDC25B, and Cys330 in CDC25C) are
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FIG. 7. Regulation of PTEN by ROS. The dual-specific
lipid and protein tyrosine phosphatase PTEN dephosphory-
lates bioactive phosphatidylinositols in the 3� position. For
example, phosphatidylinositol(3,4,5)triphosphate [PI(3,4,5)P]
is dephosphorylated by PTEN to PI(4,5)P. In the presence of
ROS, PTEN is inhibited resulting in an increase of 3� phos-
phorylated phosphatidylinositols generated by PI3K.
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capable of forming intramolecular disulfide bonds in alter-
nate structures that render the CDC25s inactive. In CDC25A,
this intramolecular disulfide bond can be formed as a result
of tungstate treatment, presumably via oxidation to sulfenic
acid and subsequent attack by Cys384 (98). In the case of
CDC25B, disulfide bridging was observed in a crystal form
lacking a bound anion in the active state (298). On the other
hand, because sulfenic acid is unstable, further oxidation to
sulfinic acid (Cys-SO2

�) or sulfonic acid (Cys-SO3
2�) is also

observed, and leads to irreversible inactivation of the en-
zyme. Thus, reversible intramolecular disulfide bond for-
mation by the active site cysteine with the closely positioned
invariant cysteine might be a safety mechanism to prevent
irreversible inactivation of these proteins by ROS. Stability
of CDC25 proteins is influenced by this disulfide bond for-
mation, and therefore ROS play a key role in tumorigenesis
where stability of CDC25 can be a driving factor (Fig. 8). 

In vitro, CDC25C is rapidly degraded upon H2O2 oxida-
tive challenge through a nonproteasomal pathway. H2O2

treatment leads to an intramolecular disulfide bond between
the active site cysteine and the invariant cysteine near the
active site (321). Interestingly, CDC25A levels remained un-
altered in these experiments, hinting at a certain degree of
specificity in the redox response of CDC25 proteins. Also, a
double mutant incapable of forming a disulfide bond was
found to be insensitive to the oxidation and has lower bind-
ing to the 14-3-3 protein compared to disulfide bond form-
ing wild-type protein. It was suggested that disulfide bond
formation upon oxidation works as a switch for CDC25C to
modulate its interaction with 14-3-3, and that formation of
intramolecular disulfide bonds could be a protective mech-
anism against an irreversible oxidation of the active site
sulfhydryl group to sulfinic species (321).

The deregulation of CDC25 proteins is thought to occur
largely at the post-translational level. In acute myeloid leu-
kemia, increased proliferation in response to integrin acti-
vation by fibronectin correlated with accelerated S-phase en-
try and accumulation of CDC25A (101). The accumulation

of CDC25A was a result of decreased proteasomal degrada-
tion due to post-translational modifications, thus resulting
in increased protein stability. Evidence for a direct role of
ROS levels in the regulation of CDC25 phosphatases in CML
is not available; however, in a BCR–ABL transformed cell
line, the oncogenic kinase activity is required for elevated
CDC25A expression and cell growth (240). Inhibition of
BCR–ABL also correlates with persistent phosphorylation of
CDK2 (232). It is possible that increased ROS seen during
BCR–ABL mediated transformation would alter CDC25 pro-
teins so as to result in the deregulation of their function, thus
contributing to cellular transformation. This potential dis-
ease mechanism requires further investigation to gain a bet-
ter understanding of the role of CDC25 in the pathogenesis
of CML.

B. The FoxO subfamily of forkhead box proteins

The family of forkhead box (Fox) containing transcription
factors include a common conserved domain required for
DNA binding. Among the Fox family members (FoxA–FoxS),
the FoxO proteins and their orthologues have been impli-
cated in the oxidative stress response and may also serve to
regulate longevity (94, 146, 267, 388). The FoxO proteins were
originally identified in translocations associated with human
cancers (15, 34, 81, 112, 156, 276). In mice, FoxO proteins are
required for maintenance of the hematopoietic stem cell pool,
and mice lacking FoxO were found to have elevated ROS
and decreased expression of proteins regulating oxidative
stress (371). FoxO3 is likely to be required to protect ery-
throcytes from oxidative stress and maintain a normal life-
span (234). All three human FoxO proteins, FoxO1a (FKHR),
FoxO3a (FKHR-L1), and FoxO4 (AFX), can be phosphory-
lated by Akt (30, 46, 195, 296, 359). The activation status of
FoxO proteins is regulated by their phosphorylation through
activated Akt, a process which leads to inactivation and
translocation of FoxO from the nucleus to the cytoplasm (Fig.
9). Dephosphorylation of cytoplasmic FoxO converts it to the
active form with nuclear localization.

The activity of FoxO proteins can also be positively regu-
lated by JNK (267, 387), a member of the MAPK family, ac-
tivated in response to cellular stress. It is this activity of JNK
that is also thought to contribute to altered lifespan. JNK and
Akt have opposing effects on FoxO function. Regulation of
FoxO in response to stress involves deacetylation through
the sirtuins (Sirt) a family of mammalian NAD-dependent
deacetylases. Sirt1 and FoxO proteins form a complex in re-
sponse to oxidative stress, whereby Sirt1 deacetylates the
transcription factor. As a result, FoxO proteins are less effi-
cient in inducing apoptosis but show increased efficiency in
regulating genes that cause cell cycle arrest and protect cells
from oxidative stress. Nevertheless, deacetylation by Sirt1
may have differential effects on the transcriptional activity
of FoxO proteins, dependent on the cellular context (47, 75,
256, 378). FoxO proteins also activate a feedback loop in
response to oxidative stress by inducing the expression of
detoxifying enzymes such as Mn superoxide dismutase
(194). Tyrosine kinase oncogenes with a constitutively active
PI3K/Akt pathway would be expected to suppress tran-
scriptional activation of FoxO target genes. The PI3K/Akt
pathway has already been shown to be crucial for transfor-
mation by BCR–ABL (340, 341) as well as other oncoproteins,
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FIG. 8. Role of ROS in CDC25 function. CDC25 phos-
phatases remove the inhibitory phosphates present on Cdk
proteins, facilitating the formation of an active Cyclin/Cdk
complex. Upon exposure to ROS, the redox-sensitive cys-
teine present in the active site of CDC25 forms a disulfide
bond with a neighboring cysteine to inhibit further irre-
versible oxidation, thus preventing cell cycle progression.
This pathway may be altered in transformed cells.
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indicating an important role for their down-stream targets
in this process.

Progress has been made in understanding and identifying
the role of FoxO targets in cell growth and viability, but it is
clear that there are additional activities regulated through
FoxO that are not well explained with known targets on
hand. A major transcriptional target for FoxO proteins is the
cyclin-dependent kinase (cdk) inhibitor p27Kip, effectively
leading to G1 cell cycle arrest and inhibiting S-phase entry
(243). In BCR–ABL-transformed cells, the FoxO3a transcrip-
tion factor has a negative role in cell growth (31, 192). Ex-
pression of cyclin D2 is required for transformation by
BCR–ABL (174); it is under transcriptional control and de-
pends on BCR–ABL kinase activity (83, 273). Activation of
FoxO3a correlates with repression of cyclin D, but it has not
been shown that this effect is regulated directly through al-
tered transcription by FoxO through direct DNA binding. In-
stead, it has been suggested that BCR–ABL inhibition leads
to activation of FoxO3a, and this will induce expression of
Bcl-6. In a second step, the transcriptional repressor Bcl-6
binds to the Stat5/Bcl-6 consensus site in the cyclin D2 pro-
moter, thus regulating transcriptional expression of the gene,
indirectly through FoxO3a (100).

Similarly, constitutively active forms of the FLT3 receptor
tyrosine kinase lead to activation of the PI3K/Akt pathway,
likely through a PI3K binding site in the carboxy terminal re-
gion of the FLT3 receptor (302). Pharmacologic inhibition of
PI3K results in growth arrest and apoptosis of human AML
cell lines expressing the FLT3-ITD tyrosine kinase oncopro-
tein. FLT3 stimulation by its natural ligand and constitutively
activated FLT3-ITD (internal tandem duplication) has been
shown to activate Akt and phosphorylate the FoxO3a tran-
scription factor (179, 322). Further, FLT3-ITD-induced phos-
phorylation of FoxO3a correlated with suppression of the
FoxO-target genes p27Kip and Bim, a pro-apoptotic Bcl-2 fam-
ily member (322). FLT3-ITD is therefore likely to promote cell
survival and proliferation through inhibition of FoxO3a-me-
diated upregulation of the p27Kip and Bim genes.

C. The Jak2/STAT5 pathway

The Jak/STAT pathway has been implicated in a variety
of solid tumors as well as hematologic disorders. Similar to

BCR–ABL (319), activated Jak2 has been associated with in-
creased intracellular ROS (384, 395). A Jak kinase inhibitor
was found to reduce ROS levels by �50% after a 2-day treat-
ment, compared to untreated cells. These changes were ob-
served in cell lines transfected to express the oncogenes com-
pared to parental cells or cells treated with specific tyrosine
kinase inhibitors when compared to control cells. The im-
portance of the Jak2 pathway in the growth of hematopietic
cells has become apparent with the identification of activat-
ing mutations in myeloproliferative diseases and myeloid
leukemias. A single activating point mutation leading to 
a V617F (Val617Phe) substitution in Jak2 has been reported
in patients with polycythemia vera, essential thrombo-
cythemia, idiopathic myelofibrosis, as well as in several
myeloproliferative disorders, and infrequently in myelodys-
plastic syndromes (26, 172, 177, 197, 216, 350, 415). In these
diseases, hematopoietic stem cells are mostly characterized
by hyper-responsiveness to growth factors, as well as par-
tial factor-independent growth.

The family of Janus kinases includes four members (Jak1-
3 and Tyk2) containing seven regions with significant se-
quence homology between the kinases, termed Jak homol-
ogy (JH) domains (405). The V617F substitution lies within
the pseudokinase domain of Jak2, and is likely to lead to
deregulated kinase activity. The tyrosine kinase domain (JH1
domain) is located within the carboxy terminus of the pro-
tein, and the adjacent pseudokinase domain (JH2 domain)
shows close homology to the JH1 domain. JH2 domains are
thought to negatively regulate the kinase activity associated
with the JH1 domain (226, 306). This domain is also required
for transformation by Jak2V617F and induction of ROS (395).
The detailed molecular requirements for Jak2 activation are
still being worked out and may require autophosphorylation
on multiple sites.

Another notable aspect of signaling by Jak2V617F is the
apparent requirement for expression of specific cytokine re-
ceptors. Even though Jak2V617F can directly transform
murine cells (172), the efficient induction of cell cycle pro-
gression may require growth factor receptor co-expression
(384). In this model, Jak2V617F readily induced partial
growth factor independence in BaF3 cells only in the pres-
ence of the erythropoietin receptor (EpoR), but wild-type
Jak2 did not increase cell growth in BaF3EpoR cells. The role
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FIG. 9. FoxO transcription factors are in-
volved in oxidative stress response. Pro-
apoptotic FoxO proteins are targets of the
Akt kinase, downstream of PI3K. Phospho-
rylated FoxO shuttles from the nucleus to
the cytoplasm. Phosphorylation of FoxO by
JNK partially opposes Akt effects. Sirt1
deacetylates FoxO in response to oxidative
stress and increases the efficiency of the
transcription factor to induce genes that
cause cell cycle arrest and protect from ox-
idative stress. Deacetylation of FoxO is
likely to have an altered transcriptional re-
sponse and may be less efficient in induc-
ing apoptotic signals, depending on the cel-
lular context.
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of active Jak2 on cell cycle distribution was determined in the
Jak2V617F positive erythroleukemia cell line HEL in response
to a Jak2 inhibitor (384). On average, Jak2 inhibition led to an
increase in the percentage of cells in G1-phase by 28%,
whereas the percentage of cells in S-phase decreased by 21%,
and those in G2/M-phase decreased by 7%. An intriguing
possibility could be that different in vivo disease phenotypes
associated with Jak2V617F are due to lineage specific genes
such as certain growth factor receptors, or they may simply
correlate with the expression levels of the Jak2 kinase. The
direct involvement of any of these mechanisms in a prolifer-
ative phenotype would require further evaluation.

Also, oncogenic fusion proteins of Jak2 with ETV6, PCM1,
or BCR have been described in different leukemias and
myeloproliferative disorders (129, 202, 279, 295). It has been
suggested that elevated Jak2 tyrosine kinase activity con-
tributes to transformation, likely in part through the STAT5
(signal transducer and activator of transcription 5) tran-
scription factor. Genetic modeling suggests that STAT5
genes support immature hematopoiesis, as mice with a tar-
geted disruption of STAT5A and STAT5B genes have re-
duced myeloid progenitor counts (363). Furthermore, STAT5
may also be required for normal fetal erythropoiesis (343).
A close link of Jak2 kinase activity to STAT5 activation is
also consistent with the fact that Jak2 knockout mice have
severely disrupted hematopoiesis that resembles the pheno-
type in mice with erythropoietin or erythropoietin receptor
gene disruption (184, 220, 258, 274, 400). Although activated
Jak2 is likely to be required for transformation in these dis-
eases, it may not be sufficient.

Interestingly, Jak2V617F signaling has also been linked to
increased ROS production. Both induction of Jak2 activity in
Jak2V617F transformed cells and constitutive active STAT5
expressed in murine cells increase ROS, likely in part
through the JakV617F/STAT5 pathway (384). Nevertheless,
constitutively active STAT5 may not necessarily act only as
transcriptional activator to induce ROS, but has also the po-
tential to activate the PI3K pathway through recruitment of
the scaffold Gab2 (142). Similar to BCR–ABL transformation,
the activation of PI3K may provide a crucial signal for the
Jak2/STAT5-dependent induction of ROS. On the other
hand, several antioxidants were found to dramatically re-
duce Jak2V617F-induced cell growth in a dose-dependent
manner, consistent with an important role of a high oxida-
tive state for cell growth in these cells. The effect of antiox-
idants on cell growth was tested using HEL cells, and in-
cluded NAC, Tiron (a vitamin E analog), and PDTC.
Treatment with 30 mM NAC, 3 �M Tiron, or 3 �M PDTC
led to a reduction in cell growth and reduced the cell num-
ber by �90% (384). These results suggest that a high oxida-
tive state is important to maintain cell growth in HEL cells.
This is in agreement with previous findings that treatment
of a growth factor deprived hematopoietic cell line with hy-
drogen peroxide is sufficient to promote G1 to S-phase cell
cycle transition (320) and reducing agents induce G1 cell cy-
cle arrest in a variety of models (186, 246, 331). The role of
ROS in cell cycle progression is not universal and even
though antioxidants inhibit proliferation, ROS are unlikely
to be sufficient for cell growth. In the human megakaryocytic
cell line M07e, hydrogen peroxide is insufficient to cause S
to M-phase cell cycle transition (320). Thus, though elevated
ROS are required for cell cycle progression, they are more

likely to support cellular growth functions than to initiate or
cause them.

The kinase activity of Jak2 is required for G1 to S-phase
progression, since inhibition of Jak2V617F with a pyridone-
containing tetracycle Jak kinase inhibitor (367) specifically
leads to G1 cell cycle arrest and reduced cell growth in HEL
cells (384). The observed reduction in cell growth correlated
with reduced tyrosine phosphorylation of STAT5 on its ac-
tivation site. STAT5 is a known substrate of Jak2 (128) and
activation of STAT5 has also been implicated in transforma-
tion by the BCR–ABL oncogene (338). This is of interest be-
cause activation of STAT5 by itself is sufficient to transform
hematopoietic cells (270). It is possible that activation of this
transcription factor is a common feature in myeloprolifera-
tive disorders and myeloid leukemias. Therefore, down-
stream targets of STAT5 deserve additional attention. Re-
duced cell growth may be a direct consequence of reduced
STAT5 phosphorylation, or may involve other Jak2 sub-
strates, such as VAV (335). The main mechanism involved
in inhibition of growth by Jak inhibition is G1 cell cycle ar-
rest with decreased cyclin D2 expression and increased
p27Kip expression (384) (Fig. 10). These experiments were
performed in cell lines expressing Jak2V617F compared to
parental cells, or in HEL cells in response to a Jak2 tyrosine
kinase inhibition.

Cyclin D proteins and p27Kip are critical cell cycle regula-
tors responsible for S phase entry (237, 285, 308, 372). It is
possible that regulation of the cell cycle inhibitor p27Kip

downstream of STAT5, in combination with redox-depen-
dent processes, may significantly contribute to the regula-
tion of G1/S-phase transition. The molecular mechanisms in-
volved in the suppression of p27Kip by the constitutively
active Jak2/STAT5 pathway are of future interest and re-
quire further evaluation. Overall, activation of the Jak2/
STAT5 pathway seems to be sufficient for the induction of
elevated levels of ROS and cyclin D2, as well as the sup-
pression of the cell cycle inhibitor p27Kip. Due to the fact that
a major effect of inhibiting active Jak2V617F is G1 cell cycle
arrest, it is likely that the efficacy of targeting this pathway
will be increased in vivo by combination with antioxidant
therapy or drugs that regulate the expression of cyclin D2 or
p27Kip.Future studies should look to further define the mo-
lecular mechanisms involved in transformation by activated
forms of Jak2, and to identify targets that would aid in the
development and implementation of targeted therapies.

D. A redox switch for Ras family proteins

Ras belongs to a family of small GTPases that includes
Rac, Rho, and others. There are a number of downstream ef-
fectors of Ras, including serine and threonine kinases such
as RAF, extracellular signal-regulated kinase, and PI3K, all
of which serve to regulate cell growth, apoptosis, and 
differentiation (328). In BCR–ABL transformation, Ras 
activity is regulated indirectly in part through Tyr177, an au-
tophosphorylation site in BCR (412). This site has been iden-
tified as a major Grb2 SH2 binding site in BCR–ABL (3, 281,
288). Grb2 is constitutively linked through SH3 domain in-
teractions to SOS, resulting in activation of Ras. A BCR–
ABL mutant with a phenylalanine substitution (Tyr177Phe)
reduced Ras activation in some assays (3, 281, 288). In he-
matopoietic cells, this BCR–ABL mutant can still activate Ras
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and can transform, suggesting that there are multiple path-
ways in BCR–ABL-transformed hematopoietic cells that lead
to activation of Ras.

Ras activity itself is regulated in part through a redox
switch within Ras. Normally, Ras is active when bound to
GTP, and intrinsic GTP hydrolysis converts Ras to the inac-
tive GDP-bound form. In addition to guanine nucleotide ex-
change factors, oxidation of Cys118 by ROS in Ras has been
suggested to activate its guanine nucleotide exchange activ-
ity to convert Ras to the GTP-bound state (207). Also, Ras is
not only regulated by ROS but reactive nitrogen species can
increase its activity as well (208). A major target of Ras is Raf
kinase and its downstream effectors, which are crucial for
cell growth. Cys118 is contained within the nucleotide bind-
ing pocket, and it is thought that oxidation of Ras enhances
the release of GDP from Ras, thus enabling it to return to its
active GTP-bound form (Fig. 11). A mechanism by which ox-
idized Ras regulates this process through O2

�• has recently
been proposed, and it involves the formation of a 5-Oxo-GDP
intermediate with low affinity to Ras (149). In the case of ni-
trogen dioxide radicals (•NO2), a reactive nitrogen species,
it has been shown in more detail that its interaction with
Cys118 in Ras leads to radical formation, which is transferred
to GDP. GDP then forms intermediates with •NO2 until it is
decarboxylated and forms the 5-nitro-GDP derivative, which
dissociates from Ras and allows GTP binding (147, 150). In
addition to Ras, there are likely other Ras family proteins or
Ras related proteins that are regulated through an analogous
mechanism (148).

VII. Heat-Shock Proteins

Cells react to oxidative stress in a carefully orchestrated
response, mainly regulated through inducible protective
mechanisms within the cells. As part of this response, heat-
shock proteins (Hsps) are induced or activated, including
Hsp70 and Hsp90 (123, 339). Hsps can act as molecular chap-
erones and help various proteins in folding and subsequent
maturation. Altering the protein stability of tyrosine kinase,
oncoproteins may represent a useful strategy for treatment
of the associated disease. Hsp90 is an abundant cytosolic pro-
tein that gains full function only with the help of partner pro-
teins such as Hsp70, Hsp40, p23, Hip, and Hop (57). Inacti-
vation of Hsp90 using benzoquinone ansamycins such as
geldanamycin (GA), or its less toxic analogues such 17-AAG
(17-allylamino-17-demethoxygeldanamycin), results in dis-
sociation of Hsp90 from its client proteins and is followed
by rapid degradation of proteins that require this chaperone
for maturation or stability (324, 348). GA and 17-AAG down-
regulate intracellular BCR–ABL protein levels by shifting the
binding of BCR–ABL from Hsp90 to Hsp70. The proteasome
inhibitor PS-341 reduced both GA and 17-AAG-mediated
downregulation of BCR–ABL levels and inhibited apoptosis
of HL-60/BCR–ABL and K562 cells (260). Therefore, it has
been suggested that degradation of BCR–ABL is of protea-
somal nature (Fig. 12).

Although GA targets only Hsp90, the relative levels of
both Hsp90 and Hsp70 may be important for growth and
transformation of cells (263). GA and 17-AAG have also
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FIG. 10. Hypothetical model for the regulation of the Jak2/STAT5 pathway through ROS. STAT5 is a substrate of
Jak2V617F and deregulated activation by itself is sufficient to promote growth in hematopoietic cells. Jak2 inhibition cor-
relates with reduced ROS, G1 cell cycle arrest, decreased cyclin D2 expression, and increased p27Kip expression. Cyclin D
proteins and p27Kip are critical cell cycle regulators responsible for S-phase entry. Regulation of cyclin D2 and the cell cy-
cle inhibitor p27Kip in combination with redox-dependent processes promotes G1/S-phase transition downstream of
Jak2V617F/STAT5, likely through increased Rb phosphorylation and E2F activation as well as the expression of STAT5 spe-
cific genes.
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been shown to be effective against the imatinib-resistant
mutations T315I and E255K of the BCR–ABL kinase in vitro
(125). The combination of imatinib and 17-AAG led to syn-
ergistic effects in primary chronic phase CML cells (291),
but 17-AAG alone may not be sufficient in cells that over-
express BCR–ABL as the leading mechanism of imatinib

resistance (370). Even though Hsp70 and Hsp90 are not di-
rectly involved in cell cycle progression, they are crucial
for the functional expression of the BCR–ABL tyrosine ki-
nase and have an important role in the initial step of trans-
formation. Targeting ROS may therefore in part reduce the
functional expression of BCR–ABL through reduced
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FIG. 11. Redox-mediated regula-
tion of Ras. The Ras oncogene cycles
between an inactive GDP-bound and
active GTP bound form to modulate
its association with downstream tar-
gets. The Ras nucleotide exchange
factor SOS catalyzes the replacement
of GDP with GTP from Ras. In the
presence of ROS, oxidation of cys-
teine 118 in Ras, enhances the release
of GDP, enabling it to return to the
active GTP-bound form.

FIG. 12. Regulation of BCR–
ABL maturation by heat shock
proteins (Hsps). Maturation of the
BCR–ABL precursor (pre) is regu-
lated through the interaction of
Hsps and co-chaperones, includ-
ing Hsp40, Hsp70, Hsp90, Hip,
Hop, p23, and likely others. Ex-
pression of Hsp70 is required for
activation of Hsp90 and the matu-
ration of BCR–ABL. Hsp70 ex-
pression is induced by ROS and re-
quires BCR–ABL kinase activity.
Inhibition of Hsp90 by gel-
danamycin leads to ubiquitination
of BCR–ABL and proteasomal
degradation, resulting in reduced
expression.
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Hsp70 levels, and thus disruption of its interaction with
Hsp90.

VIII. Nrf2–-A Crucial Oxidative Stress 
Response Regulator

Nrf2 (NF-E2-related factor-2) is a key element in the reg-
ulation of the oxidative stress response and is instrumental
for the induction of several antioxidant enzymes through
antioxidant responsive elements (ARE) in their respective
promoters. In recent years Nrf2 has been studied predomi-
nantly as a factor involved in oxidative and chemical induced
environmental stress (171, 191). There is little to no direct ev-
idence that Nrf2 is required for normal homeostatic mecha-
nisms; however, there is abundant evidence that Nrf2 is re-
quired to maintain cellular oxidative stress homeostasis.
Mice with Nrf2 gene disruption exhibit no apparent defects
during embryogenesis, undergo normal development and
are fertile, thus suggesting that Nrf2 function can be substi-
tuted by other factors, such as the related transcription fac-
tors NFE2 or Nrf1 (61). However, this possibility is not sup-
ported by findings that combined deficiency of NFE2 and
Nrf2 had no significant effect on erythroid maturation and
globin gene expression in mice (235). Also, targeted disrup-
tion of Nrf1 resulted in anemia and was embryonic lethal in
mice, demonstrating that Nrf2 cannot substitute for Nrf1
function (59). On the other hand, mice with Nrf2 gene dis-
ruption are more sensitive to some chemical compounds,
and Nrf2 is required for detoxification that involves expres-
sion of �-glutamylcysteine synthase, glutathione S-trans-
ferase, and NADPH quinone oxidoreductase (60, 62, 93, 167,
201, 293). This clearly signifies a unique role for Nrf2 in the
cellular stress response, and implicates it as a master regu-
lator for this process. Due to the function of Nrf2 in the ox-
idative stress response, its role in diseases associated with
oxidative stress has been well recognized, including lung in-
jury, inflammation, lung cancer, or other cancers and dis-
eases. Nevertheless, little is known about the role of Nrf2 in
hematologic malignancies. It is conceivable that the major
regulatory mechanism for Nrf2 and its transcriptional tar-
gets are quite similar in different cellular contexts. Even
though Nrf2 may not directly be involved in driving cell cy-
cle progression, its function as critical regulator of cellular

redox homeostasis makes it a pivotal player in cellular
growth pathways.

The activity and expression of Nrf2 is under tight post-
transcriptional control by its negative regulator, Keap1
(Kelch-like ECH-associated protein 1). In the absence of ox-
idative stress, unmodified Keap1 binds tightly to Nrf2.
Keap1 is localized to the cytoplasm and thus inhibits Nrf2
nuclear translocation (168). It should be noted that this func-
tion of Keap1 is somewhat controversial due to the fact that
there is no good evidence that the stoichiometry of the Nrf2-
Keap1 complex changes upon stress stimuli. As a result of
nuclear translocation, the binding of Nrf2 to ARE sites and
transcriptional activation is initiated. In addition to poten-
tially retaining Nrf2 in the cytoplasm, Keap1 also targets
Nrf2 for ubiquitination and subsequently proteasomal
degradation (410). Redox-sensitive cysteine residues in
Keap1 are likely to function as a sensor for oxidative stress
and trigger dissociation of Keap1 from Nrf2. The Nrf2-Keap1
complex recruits cullin family ubiquitin E3 ligases, prefer-
ably Cul3 (72, 190, 411), that functions to transfer activated
ubiquitin to Nrf2, thus promoting poly-ubiquitination and
proteasomal degradation. The role of Keap1 in this process
may not only be to prevent Nrf2 from nuclear translocation,
but also to help Cul3 and other proteins in this complex rec-
ognize the target protein for ubiquitination. Although this
model appears straight-forward, several reports support al-
ternative models of action, and additional research is re-
quired to explain the nuclear shuttling of Nrf2 as well as its
transcriptional regulation (409). In the nucleus, Nrf2 forms
heteromeric complexes with Jun or small Maf family tran-
scription factors, resulting in transcriptional activation of cy-
toprotective phase 2 genes in response to ARE site binding
(233, 380) (Fig. 13). 

The role of Nrf2 in CD34� hematopoietic cells has not
been well characterized. Nrf2 can be induced in response to
hematopoietic growth factors, including thrombopoietin as
well as erythropoietin (364). The breast cancer susceptibility
gene 1 (BRCA1) was found to increase Nrf2 activity by
stimulating ARE-dependent transcription (19). BRCA1 was
shown, at least in one report, to be reduced in expression by
BCR–ABL (86). This introduces the possibility that ROS in
BCR–ABL transformation are elevated in part through a
compromised Nrf2 due to lack of BRCA1 expression. How-
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FIG. 13. Schematic model of Nrf2 regulation
by ROS. Nrf2 exists as a complex with Keap1,
which recruits Cul3-containing E3 ubiquitin
ligase. In response to Nrf2-inducers such as
ROS, Keap1 undergoes modification, resulting
in decreased activity of the Keap1-containing
E3 ubiquitin ligase, and subsequent stabiliza-
tion of Nrf2. Increased amounts of Nrf2 are
likely to saturate the binding sites of Keap1, re-
sulting in nuclear translocation of free Nrf2.
Nrf2 then forms a dimer with small Maf fam-
ily transcription factors (sMaf), which bind to
ARE to activate the transcription of its down-
stream genes.
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ever, these findings, as well as a casual relationship between
BRCA1 expression and Nrf2 function, still need to be con-
firmed in the context of CML.

Another potential regulatory mechanism of Nrf2 func-
tion in CML involves the Bach2 transcription factor. It has
recently been suggested that this protein contributes to re-
duction of the apoptotic response to oxidative stress in
BCR–ABL transformed cells (407). The gene was originally
identified as a transcriptional target of BCR–ABL kinase ac-
tivity in lymphoid cells (82). Bach2 is of interest since it can
inhibit the expression of at least one major Nrf2 target pro-
tein, heme oxygenase-1 (HO-1) (407). In BCR–ABL ex-
pressing cells, Bach2 is phosphorylated through a
PI3K/S6kinase-dependent mechanism that inhibits nuclear
translocation. Furthermore, overexpression of Bach2 leads
to reduced cell growth when compared to control trans-
fected cells (407).

In CML, BCR–ABL kinase activity is required for induc-
tion of HO-1, and hemin-induced overexpression leads to
imatinib resistance in vitro (238). HO-1 is also one of the ma-
jor transcriptionally repressed genes in response to Bach2 in
BCR–ABL positive cells (407). Under physiological condi-
tions, HO-1 expression is induced by Nrf2 and inhibited by
Bach1, both interacting with the same promoter element (11,
353). In conjunction with a small Maf protein, Bach1 acts as
a transcriptional repressor and binds to ARE, thus quench-
ing the target gene expression and opposing the function and
gene expression of the Nrf2 transactivator (271, 353). Con-
sidering the central role of Nrf2 in the antioxidant stress re-
sponse, a better understanding of the functional regulation
of Nrf2 expression and nuclear translocation is likely to yield
potential targets for drug development. Enhancing Nrf2
function is expected to be beneficial for the treatment of can-
cers with elevated ROS, and is likely to directly affect via-
bility and growth of cancer cells.

IX. Transformation and Genomic Instability

Of particular relevance to human CML is the fact that an
increase in ROS could also have long-term consequences for
genetic stability. BCR–ABL is likely sufficient to cause CML,
but over time other genetic events occur and the disease pro-
gresses to an acute leukemia. CML is typically characterized
by phases of variable duration, starting with an initial
chronic phase (CP), followed by progression to accelerated
phase (AP) and finally resulting in blast crisis (BC) (315).
There are three different sized BCR–ABL fusion proteins that
can differ in the associated clinical phenotype. Occasionally,
BCR–ABL fusions are associated with Ph positive acute lym-
phoblastic leukemia (ALL) or the rare chronic neutrophilic
leukemia (97, 305, 383). Cells expressing the chimeric BCR–
ABL oncoprotein show signs typical of malignant trans-
formation, including excessive cell growth of immature
myeloid cells with lack of differentiation and inhibition of
apoptosis (193). In addition, the BCR–ABL oncoprotein de-
creases an apoptotic reaction to mutagenic stimuli, which in
turn results in a survival advantage to neoplastic clones (95).
In many model systems, BCR–ABL completely abrogates
growth factor dependence, and has been associated with
reduced requirement for growth factors in primary hemato-
poietic cells. It is clear, however, that there are other activi-
ties of BCR–ABL that remain poorly understood, in particu-

lar the propensity for CML to evolve into blast crisis. It is
this phenotype that gives direct clues to the genomic insta-
bility associated with BCR–ABL transformation, and is of in-
terest in the context of ROS.

The intracellular ROS levels are not only quenched by en-
zymes, antioxidants, and sulphydryl groups, but also by re-
acting with DNA bases. Both O2•� and •OH are radicals
with unpaired electrons that have the potential to cause cel-
lular damage. For example, •OH can modify the DNA bases
adenosine, guanosine, thymidine, or cytosine, and lead to
derivatives such as 5-formamido-4,6-diamino-pyrimidine, 8-
hydroxy-guanine, thymine glycol, and 5-hydroxy-cytosine,
respectively (138). Although these modifications can be effi-
ciently removed by DNA repair mechanisms, we had previ-
ously formulated the original hypothesis that in BCR–ABL-
transformed cells a persistent increase in ROS could lead to
accumulation of genomic mutations (319). Recently, it was
shown that BCR–ABL induced chronic oxidative DNA dam-
age results in double-strand breaks and that these lesions are
repaired imperfectly, resulting in a high rate of point muta-
tions (265). In stable phase CML, ROS have the potential to
lead to additional mutations that could contribute to pro-
gression of CML (Fig. 14).

Mutations that cause resistance to the small molecule ki-
nase inhibitor imatinib are of major clinical relevance in the
treatment of CML. Resistance to imatinib is defined as the
lack of complete hematological response in patients with
chronic phase disease or as a lack of return to chronic phase
for patients in acute phase, in blast crisis CML, or with Ph�
ALL. Imatinib was developed by Druker and colleagues
(imatinib mesylate, Gleevec/Glivec, CGP57148B), as an ABL
tyrosine kinase inhibitor (88). It is an inhibitor of the 2-pheny-
lamino pyrimidine class that binds to and stabilizes the in-
active form of BCR–ABL (48, 323). Targeted therapy with
imatinib has led to a revolution in the treatment of CML.
With this treatment, �95% of patients in chronic phase can

RODRIGUES ET AL.1832

FIG. 14. Hypothetical model (flow chart) for the role of
oxidative stress in disease progression of CML.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2071&iName=master.img-013.jpg&w=192&h=223


achieve a complete hematologic remission and �60% can
achieve a major cytogenetic response. However, most pa-
tients in blast crisis either do not respond or relapse shortly
after an initial response (303). Imatinib also possesses in-
hibitory properties against the ARG, PDGFR, and c-Kit ty-
rosine kinase family members (48, 269). The long-term ef-
fects of imatinib and its ability to cure CML as a single agent
are unknown. The primary effect of imatinib on BCR–ABL
expressing progenitor cells seems to be inhibition of prolif-
eration rather than induction of apoptosis (29, 160). Thus, it
is possible that as a single drug, imatinib may not be suffi-
cient to completely eradicate BCR–ABL-positive stem cells
from the body as it holds the activity of the tyrosine kinase
oncoprotein dormant. The resistant cells include CD34�
CD38- leukemic “stem cells” that are thought to be the source
of cells that can lead to hematologic relapse due to new mu-
tations (70). In vivo, it is thought that these cells are not de-
pendent on BCR–ABL because of viability and growth sig-
nals from the microenvironment, and that the notion of
“oncogene addiction” does not apply to stem cells. The stro-
mal cell microenvironment is likely to play a crucial role in
providing a sanctuary for this cell population. It is an unan-
swered question, whether these cells show increased DNA
lesions and if they have a susceptibility towards stromal cell
derived stimuli, leading to DNA lesions during therapeutic
treatment.

There are several molecular mechanisms that lead to ima-
tinib resistance, however, the major cause seems to be ge-
nomic instability associated with BCR–ABL transformation.
The most frequent clinically relevant mechanisms that alter
imatinib sensitivity in BCR–ABL transformed cells are point
mutations within the ABL kinase domain. Imatinib-resistant
mutations may precede exposure to imatinib in some cases,
and may ultimately expand as the patient is treated with ima-
tinib. To date, �50 different point mutations encoding dis-
tinct single amino-acid substitutions in the BCR–ABL kinase
domain have been identified in 50–90% of relapsed CML pa-
tients (38, 39, 126, 157, 332). These mutations are more fre-
quently observed in relapsed patients when compared to pri-
mary resistant patients (38, 157). Mutations of residues
located in BCR–ABL domains (P-loop, T315 proximal region,
catalytic domain, activation loop) prevent the kinase from
achieving the conformation required to bind imatinib (39,
360, 382). Resistance to imatinib can also be caused by rare
overexpression of the BCR–ABL protein due to gene ampli-
fication (126, 211). In pharmacological mechanisms of ima-
tinib drug resistance, transmembrane proteins involved in
ion transport (50, 145, 162, 229, 230) and plasma protein bind-
ing (113) have been implicated.

There are additional mutations in Ph� cells that appear
to bear more relevance during disease progression from sta-
ble phase to blast crisis. However, there does not appear to
be a particular mutation that drives transformation in any
specific way. It is possible that accumulation of additional
mutations may be sufficient for transformation by them-
selves, independent of BCR–ABL. In one study involving 36
patients with paired cytogenetic analyses (pretherapy/re-
fractory or resistant disease), 19 patients showed a variety of
chromosomal aberrations in addition to the Ph chromosomal
translocation (157). Also, it has recently been suggested that
the tumor suppressor p53 is selectively activated by imatinib
in BCR–ABL expressing cells and 6% (3 out of 50 samples)

of CML patients showed p53 mutations that were not pres-
ent in the pre-imatinib samples (394). Thus, it is possible that
p53 is one potentially important regulator of imatinib resis-
tance in CML. These different mechanisms causing imatinib
resistance are consistent with genomic instability associated
with BCR–ABL transformation.

The underlying cause for genomic instability by BCR–ABL
or other tyrosine kinase oncogenes is poorly understood. In
general, genomic instability is thought to be a two-phase pro-
cess, in which at first mostly random lesions or modifica-
tions are introduced into genomic DNA. In a second step,
DNA checkpoints fail to efficiently arrest cells and activate
appropriate DNA repair mechanisms. There are six major
DNA repair pathways required for the maintenance of ge-
nomic stability including homologous double-strand break
repair, nonhomologous endjoining, base excision repair, nu-
cleotide excision repair, mismatch repair, and translesional
DNA synthesis (for review, see ref. 12). An inactivation or
reduced activity of any one of these pathways results in var-
ious genomic alterations that augment genomic instability,
and ultimately have the potential to alter cellular signaling
pathways and result in a transforming phenotype or drug
resistance. It has long been known that there are frequent cy-
togenetic changes in addition to the Philadelphia chromo-
some that may contribute to progression from stable phase
to blast crisis CML (10, 108). Similarly, in murine models,
BCR–ABL is sufficient to cause a lethal transforming phe-
notype (76, 118, 182, 242), and the oncoprotein has been sug-
gested to cause secondary mutations as well (53, 54, 86, 189,
310). In murine cell line models, oxidative stress contributes
to oxidative DNA damage and the induction of imatinib-re-
sistant BCR–ABL mutants (196, 265). Therefore, mutations
depend on signaling mechanisms downstream of Tyr177 in
BCR–ABL through increased ROS (196). This mechanism is
sufficient to be the major cause for genomic instability, al-
though it should be noted that there are additional factors
that have the potential to contribute to this as well (21, 87,
89, 161, 231).

X. Targeting ROS in Cancer Therapy

One current goal in targeted therapies for malignancies
with activated tyrosine kinases is to identify new compounds
that can bind to and inhibit the kinase and are less affected
by mutations through their static conformation. Due to the
role of the BCR–ABL tyrosine kinase oncogene, specific in-
hibitors are not only expected to reduce transforming activity
of the kinase, but also to reduce intracellular ROS. Second
generation ABL inhibitors are designed to have increased po-
tency of inhibition, bind to the active and inactive ABL ki-
nase conformation, or target the substrate binding pocket in
ABL. AMN107 (nilotinib, Novartis, Basel, Switzerland) is an
anilio-pyrimidine derivative that is structurally related to
imatinib (392) and was found to be 10- to 25-fold more po-
tent compared to imatinib in reduction of both autophos-
phorylation and proliferation. However, clones carrying
Y253H, E255V, G250E, and T315I mutations are all markedly
resistant at in vitro doses (392). The pyridol pyrimidine BMS-
354825 (dasatinib, Bristol-Myers Squibb, New York, NY) is
a novel ABL inhibitor that also shows activity towards Src
kinases (333). The T315I substitution is at least one known
BMS-354825 resistant mutant (333). Unlike imatinib, the ABL
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inhibitor ON012380 was specifically designed by Onconova
Therapeutics (Princeton, NJ) to block the substrate binding
site rather than the ATP binding site and shows activity to-
wards the T315I mutant (133). Similarly, the ABL inhibitor
adaphostin (NSC 680410) shows activity against imatinib re-
sistant mutants (64). There are additional ABL inhibitors at
various stages of testing, but inhibitors with sufficient effi-
cacy for treatment of imatinib resistant CML have yet to be
identified. Additional approaches would reduce the ROS
production through targeted approaches towards ROS pro-
ducing pathways as outlined above. Nevertheless, dietary
supplements that are expected to reduce oxidative stress
have not found to be beneficial for the treatment of most can-
cers (136). It is conceivable that a more direct approach with
novel small molecule drugs that mimic antioxidant enzyme
activities, including superoxide dismutase and catalase, will
be more successful. The SOD mimetic M40403 (Metaphore
Pharm, Fort Lee, NJ) has shown efficacy in targeting cancer
cells and reduces a hyperactive glucose metabolism as well
(104, 313). Similar approaches would have to be carefully
tested since some apoptotic mechanisms require elevated
ROS (Fig. 15). 

On the other hand, further elevation of ROS in cancer
cells may be sufficient to trigger apoptosis or necrosis. It
should be emphasized that cellular oxidative stress is not
simply the result of increased ROS production, but has
been generally viewed as an imbalance between oxidative
stress inducing and scavenging mechanisms. There is reg-
ulation on several levels, including compartmentalization,
different sensitivity of signaling pathways to changes in
ROS, and differential expression of key regulatory pro-
teins, which overall may lead to a specific outcome. Thus,

a general change in ROS is the result of individual signal-
ing events and the cellular response to it. The cause for in-
creased ROS and the biological result, from a signaling
point of view, may depend on the cellular context and open
the possibility for individually targeted approaches (for re-
view, see ref. 178).

Inhibition of superoxide dismutase by 2-methoxyestradiol
had been identified as a targeted approach to kill leukemia
cells but not normal lymphocytes through elevation of in-
tracellular ROS to levels that induce cell death (165). How-
ever, even though the efficacy of this and related drugs has
been demonstrated, the actual growth inhibiting mechanism
may include other primary targets. It cannot be excluded that
increased ROS are simply a required signaling effect during
drug-induced apoptosis, instead of being the cause for cell
death. In BCR–ABL transformed cells, 2-methoxyestradiol is
more likely to act through destabilization of microtubules
(317). Cells undergo a mitotic arrest in G2/M phase in re-
sponse to this drug, which is also evident by an overall in-
crease in cell size. In these experiments, no significant in-
crease in ROS was observed (317). Nevertheless, it is of note
that this approach may be suitable to target therapy-related
drug resistance with clinically relevant mutations in the
BCR–ABL kinase domain.

More recently, inhibition of glutathione peroxidase
through �-phenylethyl isothiocyanate has been shown to be
effective against BCR–ABL transformed cells, likely through
a high oxidative state as a result of the depleted glutathione
pool (373). �-Phenylethyl isothiocyanate is already known to
be an inhibitor of glutathione peroxidase activity (379), but
it is likely that there are additional targets that may be in
part inhibited through covalent binding (247). If glutathione
peroxidase is indeed the major relevant target for this drug,
accentuation of intracellular oxidative stress may prove to
be a useful strategy to specifically target cancer cells. Even
though this strategy may be effective, it could have some ob-
vious drawbacks on genomic stability.

Elevated ROS are known to be associated with genomic
instability. For example, mice with disruption of the CuZn-
SOD gene have an increased rate of liver cancer (91). Also,
mice with targeted disruption of Prdx1, a member of the per-
oxiredoxin family of antioxidant enzymes, have a shortened
lifespan due to the development of severe hemolytic anemia
and malignant cancers, including lymphomas, sarcomas, and
carcinomas. Prdx1-deficient fibroblasts show decreased pro-
liferation and increased sensitivity to oxidative DNA dam-
age, ultimately implicating Prdx1 as an important defense
against oxidants in aging mice (259). Thus, the long-term
consequences of this ‘high redox’ approach on genomic
stability should be carefully considered. To date, the only
known curative treatment for CML is bone marrow trans-
plantation from matched donors. A magic bullet would have
the ability to eradicate all neoplastic clones that harbor the
BCR–ABL transcript, however, it may still be sufficient to de-
velop drugs that at least inhibit the expansion of BCR–ABL-
positive stem cells. This goal will not be easily achieved with
currently available drugs, and alternative strategies are ur-
gently needed. It seems that ROS themselves, as well as path-
ways that lead to or synergize with elevated ROS, are ad-
ditional potential targets for drug development and may
suppress or delay the induction of resistant mutants and dis-
ease progression.
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FIG. 15. Effect of altered ROS levels on cancer cell biol-
ogy. Increased intracellular levels of ROS cannot only con-
tribute to oxidative DNA damage, but also have the poten-
tial to alter viability or cell growth. Either high or low
amounts of ROS lead to apoptosis or cell cycle arrest. Ex-
cessive amounts of ROS will result in necrosis. Antioxidants,
such as the superoxide dismutase mimetic M40403, can
lower ROS and inhibition of glutathione peroxidase through
�-phenylethyl isothiocyanate (�-PEITC) can increase ROS,
both resulting in the killing of cancer cells.
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XI. Conclusions

ROS play an important role in processes that promote cell
growth, viability, and regulate other biological functions
such as gene expression or migration of cells. However, they
have also been implicated in processes that are detrimental
to complex eukaryotic life, including aging, a variety of
chronic diseases, and cancer development. The exact mech-
anism of ROS action has not been entirely elucidated, and
further characterization of redox sensitive proteins will be
helpful in understanding the signaling pathways involving
ROS and, in particular, its contribution to transformation. It
is possible that in vivo ROS simply synergize with cellular
functions instead of regulating them. The source of ROS is
not necessarily endogenous, as it is true for BCR–ABL trans-
formation, but can also be exogenous, for example through
the inhalation of tobacco smoke (68) or through chronic in-
flammation (181). In CML, previous data suggest a model in
which ROS do not only support cell growth but also signif-
icantly contribute to genomic instability by causing a per-
sistent increase in oxidative DNA adducts and a lack of ap-
propriate DNA repair (196, 319). Since a hyperactive glucose
metabolism induced by BCR–ABL is crucial for the genera-
tion of ROS (185), the identification of molecular mechanisms
that lead to this dysregulation is beneficial for the develop-
ment of novel therapies. Increased glucose metabolism is a
common feature among metabolically active hematopoietic
cells and the efficacy of targeting this pathway will likely be
increased in vivo by combination with standard therapy, such
as imatinib treatment. New therapeutic approaches that re-
duce ROS have the potential to be of tremendous value, not
only in CML, but likely also in other cancers with elevated
ROS.
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