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Abstract

Autophagy is a physiological process in which cellular components are degraded by the lysosomal machinery. Thereby, organelles are
recycled and monomers are produced in order to maintain energy production. Current studies indicate autophagy might suppress or augment
survival of cancer cells. Therefore, by elucidating the role of autophagy in cancer pathogenesis, novel therapeutic intervention points may
be revealed. Leukemia therapy has advanced in recent years; but a definitive cure is still lacking. Since autophagy often is deregulated in
this particular type of cancer, it is clear that future findings will have clinical implications. This review will discuss the current knowledge of

autophagy in blood cancers.
© 2011 Elsevier Ireland Ltd. All rights reserved.

Keywords: Autophagy; Leukemia; Cell death; Chemotherapeutic resistance

1. Introduction

Autophagy is a signaling pathway which leads to degra-
dation of cellular components by lysosomal activity. Due
to an enhanced supply of monomers originating from the
cells own resources, this process is essential for survival
during stress. In addition, autophagy has been shown to be
important in a variety of other cellular processes including
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the recycling of aged or damaged organelles, remodeling
of cellular structures during development, cell death, and
protection against bacterial infection [1]. Since it is impor-
tant for homeostasis, defects in the autophagy pathway may
lead to diseases or malignancies [2]. The exact role of
autophagy in carcinogenesis, however, is still unclear but
recent work in this field has helped substantially to improve
our understanding. Leukemia is cancer of blood forming tis-
sues. According to their hematological origin, leukemia are
classified as myeloid or lymphoid. The myeloid lineage is
responsible for the production of blood cells other than lym-
phocytes. In correspondence with the hematopoietic lineage
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in which malignancy has occurred, leukemia are divided into
two main groups: acute and chronic. Although there are novel
approaches being developed for eradication of leukemic cells,
the route to a definitive cure is not easy and requires a better
understanding of intricate cellular mechanisms. Accumulat-
ing studies provided evidence of alterations in autophagy
pathway upon malignant transformation and treatment with
chemotherapy [3]. These findings suggest the importance of
this process as a possible target for the development of novel
therapeutic approaches in malignancies.

This review will compile what is known about the
intersection of autophagy and leukemia research in the fol-
lowing sections. Various types and progression pathways
of leukemias will be described first, and the mechanisms
of autophagy will be briefly presented. Lastly, the involve-
ment of autophagy in hematological malignancies will be
discussed.

2. Types and progression pathways of leukemia

Leukemia is the general term for hematological cancers
occurring in the tissues responsible for blood formation. Sim-
ilar to other types of cancers, leukemia are characterized by
uncontrolled proliferation of cells, either in bone marrow or
the lymphatic system. There are two main classes of leukemia
differing in their clinical and pathological properties. The
first type, acute leukemia, is known to be more common
in children and characterized by the rapid proliferation of
immature blood cells. The second type, chronic leukemia,
progresses more slowly and involves leukemic cells which are
relatively differentiated. Further classification of leukemia is
done based on the tissue of origin as lymphoid or myeloid,
which are explained in detail below.

Acute lymphocytic leukemia (ALL) occurs in cells called
lymphoblasts which normally differentiate into mature white
blood cells in healthy individuals. These undifferentiated
cells are found in excess numbers in the blood stream while
they are confined to the bone marrow in healthy people.
The main causes of the majority of ALL cases are not pre-
cisely known, but there are some genetic and chromosomal
aberrations documented in immature blasts. Key transcrip-
tion factors or signaling pathways proximal to the membrane
are thought to be targets of such aberrations. Transloca-
tions observed in ALL lymphoblasts involve the genes TALI,
AMLI, MLL, and TEL each of which is important in different
stages of hematopoiesis [4]. The affected genes determine
the subtype of ALL as either B-lineage or T-lineage spe-
cific ALL. Burkitt’s lymphoma, one type of ALL, involves
a translocation between the MYC gene and the genes encod-
ing light- or heavy chain immunoglobulin (Ig) proteins [5]. In
addition to major chromosomal aberrations, single nucleotide
polymorphisms (SNP) were shown to be associated with
the development of ALL. For example, SNPs in the genes
ARID5B and CEBPE were found to be significantly related
to ALL [6]. In addition to structural changes in the genome,

epigenetic mechanisms are also important for ALL. In sev-
eral studies, unusual levels of DNA methylation in ALL cells
were shown to result in the suppression of the WNT pathway,
P15™NK4B and p2]1€P1 [7-9] and upregulation of miR-128
[10].

Acute myeloid leukemia (AML) arises from the myeloid
lineage. Some myelodysplastic or myeloproliferative dis-
orders may turn into AML [11]. Chemotherapy may also
cause predisposition to AML. Especially chemotherapeu-
tic regimens involving topoisomerase II inhibitors [12] or
alkylating agents [13] were linked to such a predisposition.
Exposure to ionizing radiation also increases the incidence
of AML as observed in the surviving population of Japan
after atomic bombing [14]. There are also documented cases
in which AML was developed by multiple members of a
family exceeding the predictions of random chance events
suggesting that there might also be a hereditary basis of the
disease [15,16]. In part because of these differences, this
malignancy is grouped under four categories according to
WHO classification [17]: AML with recurrent genetic abnor-
malities, AML with multilineage dysplasia, therapy related
AML; and myelodysplastic syndrome (MDS), and lastly,
AML cases that are not suitable for classification in the previ-
ously groups. The most common genetic aberrations of AML
are t(8;21)(q22;q22) fusing the genes AMLI and ETO; inver-
sion of a portion of chromosome 16 causing the synthesis
of MYHI11/CBFB fusion protein; t(15;17)(q22;921) which
causes dominant expression of an abnormal retinoic acid
receptor by fusing the genes PML and RARw; and translo-
cations involving the 11g23 locus containing the MLL gene.
These chromosomal aberrations were observed in nearly 30
percent of AML cases [18,19]. In addition to these major
structural aberrations, numerous somatic mutations were
found to be associated with AML including mutations in
the NPM1, KRAS2, CEBPA, ETV6, JAK2, and TET2 genes
[20-26].

Besides the acute forms, leukemia can develop chroni-
cally in a less aggressive manner. The most frequent form of
leukemia is the chronic lymphocytic leukemia (CLL). Inci-
dence of CLL increases with age and is more common in men
than women. The disease is manifested by an increased num-
ber of CD5-positive B-cells in the bone marrow and blood
stream. Uniquely, the accumulated cells are quiescent in the
Gy phase unlike the aggressive nature of most cancerous cells
[27]. Yet the presence of increased numbers of those cells in
the bloodstream suggests that these cells have a diminished
ability for self-destruction through apoptosis. Several studies
aimed to shed light on the decreased ability of CLL cells to
undergo apoptosis. Overexpression of antiapoptotic BCL-2 is
thought to be important in evading apoptosis [28] while cell-
to-cell contact [29], and exposure to certain cytokines [30]
are also linked to avoiding this type of cell death. Studies in
CLL mouse models showed that the Tcl1-Akt, TNF-NF-«B,
and Bcl2-mediated antiapoptotic pathways are deregulated
[31]. Besides these irregularities, genetic aberrations were
also documented in the CLL cases including deletions in the
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long arms of chromosomes 13, 11 and 7, and trisomy of
chromosome 12 [32]. CLL can be examined in two patho-
genetically different classes [33]. The slowly progressing
subtype of CLL involves somatic mutations in immunoglob-
ulin variable heavy chain genes. In contrast the subtype with
non-mutant immunoglobulin genes has poor prognosis and
requires earlier treatments.

Chronic myelogenous leukemia (CML) is the first type
of leukemia with pathogenesis resulting from a chromoso-
mal translocation. The resultant translocation structure is
called a Philadelphia chromosome (Ph) and occurs between
the long arms of chromosomes 9 and 22. This transloca-
tion drives the transformation to malignancy [34]. In Ph
(+) CML, this translocation brings the BCR and ABL genes
together. This fusion gene encodes a constitutive tyrosine
kinase that stimulates cell growth and division by phos-
phorylating downstream targets [35]. Although the results
of the translocation are well known, the causative factors
have not been yet enlightened. Increased incidence of CML
at atomic bombing sites suggests radiation exposure might
be partially responsible. The disease exhibits three phases:
chronic phase, accelerated phase, and blast crisis [36]. These
phases are distinguished from each other by their clinical
characteristics and by the results of laboratory tests. The
chronic phase is the initial stage and the disease eventually
progresses into the accelerated and blast crisis phases if left
untreated. With disease progression, novel genetic aberra-
tions and mutations are acquired [37]. One speculation for the
mechanism responsible for these changes is that the genomic
instability of cancer cells causes new mutations and chromo-
somal rearrangements. According to another hypothesis, the
same mechanisms which cause the translocation itself might
also trigger new genetic aberrations. The latter hypothesis is
especially supported for cases in which the accelerated phase
quickly transforms into the blast crisis phase. The response of
CML therapy has improved in recent years with the availabil-
ity of targeted tyrosine kinase inhibitors (TKIs), including
imatinib, nilotinib, and dasatinib. These chemotherapeutic
agents bind specifically to the ATP-binding domain of the
fusion protein and prevent subsequent phosphorylation of the
downstream players, thus directing leukemic cells to pro-
grammed cell death. By this mechanism, the numbers of
BCR/ABL-positive cells are decreased to undetectable lev-
els in most cases using imatinib treatment, which is the first
targeted drug developed. [38].

Leukemic cells may develop resistance to these
chemotherapeutic agents, an especially well-documented
phenomenon for imatinib therapy. Resistance might be con-
ferred by several mechanisms [39] including BCR/ABL
mutations, overexpression of MDR (Multi Drug Resistance)
genes responsible for expelling the drug from the cytoplasm
and deregulation of ceramide metabolism [40]. Moreover, a
recent study has showed that the BCR/ABL oncoprotein is not
absolutely required for the survival of CML stem cells. There-
fore, because of this insensitivity tyrosine kinase inhibitors
are unlikely to eliminate BCR/ABL(+) progenitors [41].

These findings indicate that there is a need for novel interven-
tion approaches for CML to obtain better leukemic clearance.

3. Autophagy: types and mechanisms

Autophagy is the cellular process in which cellular com-
ponents are degraded upon activation of the lysosomal
machinery. Targets of autophagy might be as small as pro-
teins or as large as organelles. Through this process, building
blocks of degraded components are liberated which are then
be reutilized for the energy production. Therefore autophagy
has importance for survival under stress conditions such as
nutrient deprivation [42]. The role of autophagy is not lim-
ited to supplying monomers for the production of energy.
Autophagy was shown to be important in the recycling of
aged organelles, remodeling of cellular structures during
differentiation, defense against pathogens, and cell death
[1,43,44]. Autophagic morphology was first observed in
the mammalian cells but elegant studies involving yeast
as a model system have primarily helped to delineate the
mechanism [1,2,44]. Our current knowledge indicates that
autophagy has essential functions for maintaining homeo-
stasis, and deregulation of this pathway is implicated in the
progression of diseases.

Autophagy can be classified into three groups: macroau-
tophagy, microautophagy, and chaperone-mediated
autophagy. In macroautophagy, a portion of cytoplasm
including cytosolic proteins, protein aggregates and/or
organelles is surrounded by a double-membraned structure
called the autophagosome (see Fig. 1) [45]. Following
fusion with the lysosomal membrane, the previously
sequestered materials are enzymatically degraded. TOR
(Target of Rapamycin-one type serine-threonine kinase) and
phosphatidylinositol 3-kinase (PI3K) proteins were found to
be important for signaling nutrient deprivation, and thus for
the induction of macroautophagy [46,47]. Induction of this
particular pathway is followed by nucleation, expansion and
completion of the autophagosome which is then fused with
the lysosome for degradation of autophagic bodies. In each of
these stages, distinct sets of ATG proteins (the AuTophaGy-
related protein family with at least 16 members in yeast) are
involved (see Fig. 1) [2]. Homologs of most of these genes
are also present in mammalian species and highly conserved
functions. Macroautophagy is a major degradation pathway
with a well-defined mechanism and the term “autophagy” is
mainly used to address this particular type. Microautophagy
refers to direct engulfment of the cytoplasmic portion by
the lysosome itself. Therefore the materials to be degraded
are not sequestered by the autophagosome; instead, they
are internalized to the lysosome by invaginations of the
lysosomal membrane. Because the internalized materials are
degraded along with portion of the lysosomal membrane,
this mechanism might be useful for resizing the lysosome
[48]. The third type of autophagy, chaperone-mediated
autophagy, is useful for the targeted break-down of long-
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Fig. 1. Signaling pathways regulating autophagy.

The process of autophagy is regulated by Autophagy-related genes (Atg) and their homologs in different eukaryotic cells. There are 35 different Atg family
genes discovered in Saccharomyces cerevisae and more than 15 in mamalian homologs.

Autophagosome formation

Autophagy begins with the generation of a phagophore assembly sites (PAS). Although the source of the first membrane structure is unclear, thereare strong
evidences that it comes from ER. Initiation of the phagophore structure depends on activity of Class-III phosphoinositide 3-kinase (PI3K) Vps34. Vps34 is
a protein complex that includes Atg6 (Beclin 1), Vps15 and Atgl4 proteins. Besides PI3KII Vsp34, other Atg family proteins (Atg5, Atgl2, Atgl6) are also
involved in the formation of the phagophore structure.

Autophagosome elongation

There are two types of ubiquitylation-like reactions that control autophagy. Atg5 and Atgl2 are involved in the first reaction and they are conjugated each other
in the presence of Atg7 and Atg10. The formation of this conjugation requires Vps34 activity

The second ubiquitylation-like reaction is the association of microtubule-associated protein 1 light chain 3 (MAP1-LC3; LC3) and phosphatidylethanolamine
(PE). The conjugation of Atg5-Atg12 may have roles in L3-I conjugation to PE. LC3-I is generated by Atg4 via cleavage of the C-terminus of LC3. Furthermore,
LC3-1I is formed by covalent binding of LC3 to PE. Phagophores are extended with Atg5-Atgl2-associated membranes which are targeted by LC3. LC3-II
is a unique protein that takes part in autophagosomes but not other vesicular structures Assesment of LC3-I to LC3-II conversion results in autophagosome
formation which gives an idea about autophagy level. As is mentioned above, there are two types of ubiquitylation that control autophagy and it is known that
these two systems are tightly related to each other. For example, Atg10 can ease association of LC3-I to PE.

Autophagosome maturation and fusion

Autophagosomes are transferred to the lysosomes from the cytoplasm via microtubules in a dynein-dependent manner and clumped near the nucleus, microtubule-
organising centre. After this transfer, the autophagosome associates with a lysosome and components of the two different compartment are mixed. However,
the mechanism of autophagosome and lysosome fusion is still unknown.

lived proteins. Proteins to be degraded are translocated to
the lysosome through a protein complex called LAMP-2A
(Lysososome-Associated Membrane Protein type 2A) which
is embedded in the lysosomal membrane [49]. Cytoplasmic
chaperone Hsp70 and lysosomal chaperone Hsp73 are
responsible for unfolding the target protein with a specific
motif and translocation into the lysosome [49,50]. This type
of autophagy provides another means of protein degradation
in addition to the ubiquitin-protease system (UPS) which
is a well-characterized mechanism of rapid degradation of
short-lived proteins. However, these two mechanisms of

protein degradation are not mutually exclusive as shown by
hindered UPS activity upon inhibition of autophagy [51,52].

4. Autophagy and cancer

The relationship between autophagy and cancer has been
a hot topic for years, and currently there are numerous
studies shedding light onto different aspects of this relation-
ship. As controversial as it sounds, there is evidence that
autophagy might have roles in both tumor suppression and
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tumor progression as extensively reviewed in other papers
[3,53-55]. Some studies have shown that the activity of
the autophagic pathway decreases in most cancerous cells
[56,57], suggesting that autophagy might be a suppressive
mechanism for cancer progression. The tumor-suppressive
effect of autophagy might be conferred by increased protein
degradation and/or by the clearance of damaged organelles
from the cytosol. Increased protein degradation might be
useful for diminishing the amounts of proteins stimulating
cell growth which may lead to uncontrolled cell division.
Autophagic disposal of organelles such as mitochondria and
peroxisomes that contain reactive oxygen species (ROS)
reduces the risk of mutations and genomic instability; there-
fore it might be acting by preventing a tumor initiation.
Promotion of tumorigenesis in several tissues of transgenic
mice with a disrupted Beclin-1 gene (ATG6), and a high
proportion of monoallelic Beclin-1 deletion in breast and
ovarian cancers agree with this hypothesis [58,59]. Beclin-
1 was also shown to interact with regulatory proteins of the
apoptotic pathway [60,61], and this raises questions that the
tumor suppressive function of Beclin-I might not necessarily
result from its involvement in autophagic activation. Instead
it might be regulating apoptosis to some extent. On the other
hand, it is evident that other autophagy-specific genes exert
tumor suppressive functions in the cell. One example is the
ATG4C gene which encodes a protease required for the pro-
cessing of LC3. Experiments with mice deficient in ATG4C
have increased risk of developing fibrosarcomas along with
reduced autophagic activity induced upon starvation [62].

In contrast to tumor suppressive effects, autophagy might
also contribute to cancer cell survival. Especially for rapidly
growing, solid tumors, autophagy might provide cells with
necessary nutrients from their own resources in an environ-
ment where nutrients and oxygen are scarce due to poor
vascularization [63]. The same hypothesis is valid for metas-
tasizing cells that experience nutritional deficiencies during
the process of migration. In support of this hypothesis, studies
showed that autophagic induction occurs upon detachment
from the extracellular matrix [64], which is precisely what
happens for metastasizing cancer cells. Autophagy might
also be useful for cancer cells by allowing disposal of dam-
aged mitochondria that would otherwise produce ROS and
harm the cell in such unfavorable conditions [65]. In addi-
tion, autophagy might also be involved in aggressiveness
and chemotherapeutic resistance of malignancy [66]. Sug-
gesting a possible role in the chemotherapeutic response,
autophagosomes were detected in cancer cells upon treatment
with various chemotherapeutic agents including tamoxifen,
temozolomide and resveratrol [67—-69].

Because autophagy may act for the benefit of cancer cells,
the possibility of targeting this pathway arises for a novel can-
cer therapy. Some preliminary studies with cell lines have
shown that blockage of the autophagy pathway may sensi-
tize cancer cells of different origins to chemotherapy and
radiotherapy [70-73]. However, autophagy is a useful and
necessary mechanism for the turnover of cellular compo-

nents and clearance of protein aggregates that might cause
cell death in healthy cells. This latter case is especially impor-
tant in neurons. When the dual effects of autophagy in tumor
suppression and progression are taken into consideration; its
usage in cancer therapy remains to be elucidated. If autophagy
is to be employed as a common therapeutic approach, alter-
ation of autophagy should probably be targeted manner to
cancer cells to prevent undesired effects on healthy cells.

5. Role of autophagy in leukemic cell death and
survival

5.1. Contribution of autophagy to cell death

In several studies, induction of autophagy was shown to
be important for the death of leukemic cells. In most of these
studies, autophagy was manifested upon treatment with dif-
ferent chemotherapeutic agents (Table 1). The widely used
tyrosine kinase inhibitor imatinib was shown to induce cel-
lular autophagy in a dose-dependent manner in a variety
of cell lines [74]. This observation might be indicative of
a novel mechanism of action for clearance of the malig-
nant cells by imatinib. However, the effect of autophagy in
imatinib therapy must be further delineated further because
increased autophagy was not directly related to cytotoxicity
in the cell lines used for this study. However, the ability of
imatinib to induce autophagy is exciting for providing novel
aspects for research to reveal what is happening at the cellular
level. The mTOR inhibitor everolimus (RADOO1) is another
chemotherapeutic agent that was documented to kill child-
hood ALL cells through activation of autophagy and was
also shown to provide a survival advantage to mice with ALL
by reducing the mass of leukemic cells [75,76]. A naturally
occurring phytoalexin called eupalinin A inhibits growth of
acute promyelocytic leukemia (APL, a subtype of AML) cells
by initiating autophagy which is independent of Beclin-1 but
triggered by mitochondrial damage [77]. By a similar mech-
anism, an extract of the recreational herb khat (Catha edulis)
causes cell death via autophagy in AML cells by damag-
ing mitochondria [78]. Induction of autophagic cell death
due to the loss of functional integrity of mitochondria was
also documented by other groups. Some triterpenoid deriva-
tives, novel anticancer drug candidates, were shown to induce
autophagic death in CML cells by causing mitochondritoxic-
ity [79]. Brevinin-2R, one type of defensin isolated from the
skin of frog Rana ridibunda, kills T-cell leukemia and B-cell
lymphoma cells selectively through autophagy, again with
the involvement of mitochondria [80]. Some novel quinoline-
like molecules with anti-cancer potential were also found to
be important for initiation of autophagy. This study, mito-
chondrial deformations were a concurrent with autophagic
induction, possibly indicating that mitochondria are also
involved in this scenario [81]. Novel anti-cancer therapeutic
compounds activating the autophagic pathway are not lim-
ited to the species previously stated. In addition to these,



280 H.A. Ekiz et al. / Critical Reviews in Oncology/Hematology 81 (2012) 275-285

Table 1

Effect of autophagy on cell death or survival/drug resistance with different chemotherapeutics and leukemia models.

Autophagic cytoprotection and drug resistance Autophagic cell death

Type of leukemia Drug treatment Type of leukemia Drug treatment

Childhood ALL Everolimus (RADO0O01) (75,76) CML INNO-406 (103)

APL (a subtype of AML) Eupalinin A (77) CML Imatinib (104)

AML Catha edulis extract (78) CML SAHA (HDAc inhibitor) (105)
CML Triterpenoids (79) APL Sodium selenite (106)

T-cell leukemia and B-cell Lymp. Brevinin-2R (80) T-cell ALL Triciribine (107)

Murine lymphoid leukemia Naphthalimides (82) B-cell CLL Dasatinib (112)

Human myeloid leukemia Vitamin D3 and K2 (83, 84)

Lymphoid leukemia Dexamethasone (85,86)
APL Platonin (87)

APL Arsenic tri-oxide (89,90)
Myeloid leukemia 2'-Deoxy-5-azacytidine (92)
B-cell CLL APOS866 (93)

AML GX15-070 (94)

TKI resistant CML Resveratrol (96,97)

some derivatives of naphthalimide were found to be potent
inhibitors of lymphoid leukemia in murine models [82] while
vitamins D3 and K2 were shown to inhibit human myeloid
leukemias [83,84]. Glucocorticoids such as dexamethasone
also contributed to autophagic death in leukemia of lymphoid
origin [85,86]. In addition to these compounds, platonin, a
photosensitizing compounds used in photodynamic therapy,
was also found to induce cell death in several leukemic cell
lines independent of the caspase pathway as is characteristic
of autophagy [87]. In another study, autophagy was shown
to be an important mechanism for cell death due to extensive
recycling of cellular organelles damaged from photodynamic
therapy in mouse lymphocytic leukemia cells [88]. Arsenic
tri-oxide is another compound which was shown to induce
cell death in APL cells via autophagy [89,90]. However
some other arsenicals did not show tumor suppressive effects
by activation of the autophagic pathway in a promyelocytic
leukemia cell line [91].

Epigenetic alterations were also found to be important
for inducing cell death through autophagy. In a recent study,
prolonged exposure of myeloid leukemia cells to the DNA
demethylating agent 2'-deoxy-5-azacytidine (DAC) resulted
in increased erythroid and megakaryocytic differentiation
as well as increased leukemic cell death by promoting the
autophagic pathway [92]. APO866, an inhibitor of nicoti-
namide phosphoribosyl transferase, was shown to contribute
to autophagic cell death synergistically with apoptotic activa-
tor TRAIL in B-cell CLL [93]. In this recent report, APO866
resulted in the depletion of NAD and cellular ATP levels
leading to induction of autophagy. This process did not take
place in healthy leukocytes suggesting that such a com-
bination therapy might be a selective approach for CLL
treatment. The Bcl-2 homology domain 3 (BH3) mimetic,
GX15-070, was shown to induce autophagic cell death along
with increased apoptosis in AML cells [94]. However in
breast and cervical cancer cell lines, another BH3 mimetic,
gossypol, was shown to induce autophagy, leading to cyto-
protection, suggesting that targeting similar mechanisms may

have opposite outcomes in different cell types [95]. Tyrosine
kinase inhibitor sensitive and resistant CML cells were shown
to undergo autophagic cell death after treatment with resver-
atrol, a naturally occurring plant phytoalexin. This cell death
occurred JNK-mediated overexpression of p62 and activa-
tion of AMPK [96,97]. This suggests that autophagy might
be an important pathway for cell death in different chemother-
apeutic modalities. Indeed, in a recent study, genome-wide
analysis of DNA methylation patterns revealed that hyper-
methylation of autophagy-related genes correlated with poor
prognosis in CML cells indicating that blocking autophagy
reduces the leukemic cell clearance [98]. Refractory ALL
was sensitized to glucocorticoids and other cytotoxic drugs
by Bcl-2 antagonists in a process involving rapid activa-
tion of autophagy-dependent necroptosis which overcame
the block in mitochondria-dependent apoptosis. These results
suggested that manipulation of autophagy could have a trans-
lational aspect for multi-drug resistant leukemias [99].

5.2. Importance of autophagy in leukemic cell survival
and drug resistance

Because autophagy acts to the benefit of cells under nor-
mal physiological conditions, it may also provide advantages
to cancerous cells. There are reports indicating that autophagy
acts as a pro-survival mechanism and may contribute to
chemotherapeutic resistance in various leukemias. In some
studies, it was shown that inhibition of autophagy enhanced
the therapeutic potential of tyrosine kinase inhibitors in Ph
(+) malignancies [ 100-102]. In another study, the autophagic
response upon application of the second-generation tyrosine
kinase inhibitor INNO-406 was protective for BCR/ABL
positive cells [103]. Experiments done in various leukemia
cell lines and mouse fibroblasts have revealed that ima-
tinib treatment increases the amount of autophagosomes
which provide a cytoprotective effect [104]. In this study,
knockdown of autophagy-specific genes did not result in
complete loss of the protection, suggesting that autophagy
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was partially responsible for this observation. Targeting
autophagy in experimental settings involving chemothera-
peutics other than tyrosine kinase inhibitors was also shown
to have potential to enhance the chemotherapeutic outcome.
The tumor-suppressive efficacy of the histone deacetylase
inhibitor, SAHA was augmented when applied in combina-
tion with autophagy inhibitors in CML cells [105]. Selenium
is another chemotherapeutic agent for which the exact mech-
anism of action is currently the focus of active research.
While application of sodium selenite resulted in downregula-
tion of autophagy in APL cells, selenium-induced apoptosis
was shown to be enhanced upon suppression of autophagy
[106]. In this study, PI3K/Akt was found to be upregu-
lated in autophagy and downregulated in apoptosis in the
APL cell line NB4. Moreover, autophagy was linked to
the survival of NB4 cells. A recent report indicated that
the Akt inhibitor triciribine increased apoptosis in T-cell
ALL by a process in which autophagy played a defen-
sive role as shown by increased apoptosis when autophagy
was inhibited [107]. Similarly, suppression of autophagy
with shRNAs and specific inhibitors resulted in blocking
of PML-RARa oncoprotein degradation and granulocytic
differentiation in myeloid leukemia cells [108]. CML cells
expressing BCR/ABL oncoprotein at high levels were shown
to induce autophagy in order to recover from targeted and
nontargeted treatment options, indicating the protective effect
of autophagy in CML [109]. These findings are supported by
another recent report that indicated that the release of specific
damage-associated molecular pattern molecules (DAMPs)
after chemotherapy conferred drug resistance to leukemic
cells by activating the autophagic pathway [110,111]. In addi-
tion to these findings, B-cell CLL was also shown to develop
resistance to the tyrosine kinase inhibitor dasatinib by acti-
vating autophagy [112] In another report, overexpression of
the melanoma differentiation-associated gene-7/interleukin-
24 (mda-7/IL-24) was shown to induce autophagy and confer
survival advantage to leukemic cells [113]. Mda-7/IL-24 and
suppression of autophagy may have potential for leukemia
therapy since it selectively induces apoptosis in a variety of
cancer cells. In addition, autophagy was shown to exert pro-
tective functions on cellular physiology upon photodynamic
therapy (PDT). However, it was also shown that extensive
recycling of cellular components might cause cell death if
the PDT dosage is increased [114]. In the light of the cur-
rent literature, the cytoprotective effect of autophagy might
also be important for conferring chemotherapeutic resistance.
Thus targeting autophagy might provide novel approaches to
overcome the resistance frequently observed in the clinic.
This phenomenon is addressed by various other studies and
review papers [100,101,115-118].

6. Conclusion and future directions

Autophagy is currently one of the hottest topics in the
scientific arena, and more specifically, in cancer research.

Accumulating evidence indicates that this process is involved
in numerous physiological and pathophysiological condi-
tions. Increasing numbers of studies in this area are currently
unable to solve the controversial nature of autophagy from
the perspective of development of novel cancer therapeutics.
Our current knowledge leaves no doubt that autophagy has
great potential for the development of novel therapeutics.
However, further research should be done to delineate the
role of autophagy in cancer cell death and cell survival. One
important point to be elucidated is the determination whether
autophagy is directly responsible for the reported observa-
tions, or if it is a secondary response of cells to the specified
conditions. In addition, we need to gain a deeper under-
standing of autophagy in the discrimination of cell death and
cell survival. By achieving this, manipulation of autophagy
might emerge as a future cancer therapeutic. Indeed, there
are three phase II clinical trials that are currently recruiting
patients and which investigate the efficacy of hydroxychloro-
quine, an inhibitor of autophagy [119], in CML (clinical
trial identifier NCT01227135); in relapsed refractory mul-
tiple myeloma (NCT00568880); and in untreated B-CLL
(NCTO00771056). The latter trial will indicate the poten-
tial of autophagy inhibition itself as an anticancer approach
because B-CLL patients who have not previously received
any chemotherapy or immunotherapy are being included in
the trial. The other two trials aim to inhibit autophagy along
with the application of previously known chemotherapeu-
tic drugs to determine whether the refractory phenotype of
leukemia can be reversed by altering the autophagy pathway.
In addition to trials, there are numerous others that test the
effects of inhibition of autophagy in various cancer models
other than leukemias (reviewed in [120]).

For more than a decade, autophagy has been thought to
be an important process in cancer biology. Numerous studies
have shown that autophagy contributes to both cancer cell sur-
vival and cell death. This multifaceted feature of autophagy
is contributed by two factors: the complexity of the sys-
tem which has numerous critical regulators and cross-talk
with other cellular processes which determine cell survival.
The functions of autophagy seem to differ among cell types
of different origin as similar experimental designs yielded
completely different observations when cellular origin was
altered. This suggests that different cellular pathways might
be modulating autophagy to some extent rendering it either as
a pro-survival or toxicity mechanism. More research should
be done to dissect such mechanistic differences between
various forms of cancer cells and non-malignant cells in
the body. As appealing as it sounds for cancer therapy,
altering autophagy could possibly have undesired outcomes
for healthy cells if it is nor regulated in a specific man-
ner. The search for autophagy-activating pathways that are
selectively activated in cancer cells would provide potential
targets for the development of selective therapeutics. One
good example for this approach is the search for hypoxia-
inducible pathways that activate autophagy [121,122]. Such
research might provide a selective means for eradication
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of solid tumors since such tumors experience hypoxia and
nutrient deprivation in poorly vascularized tumor tissue and
during metastasis. Similarly, understanding the distinct path-
ways activating autophagy in different forms of leukemia is
likely to produce novel targets for leukemia therapies, and
there is a need for more detailed studies that shed light on
cross-talk in malignancy. Another important future perspec-
tive for this area would be discriminating the involvement
of autophagy in different stages of leukomogenesis. Before
inhibiting the pathway, one would want to know which stage
of malignancy requires autophagy for cytoprotective effects.
Moreover, there might be a need for novel powerful tools
to assess whether autophagy is the causative factor for the
observed effects or if it is a secondary response of cells
and not particularly important for the decision of cellular
fate. In the latter case, drug resistance may appear simul-
taneously with autophagic induction; but inhibition of this
pathway might not be an efficient intervention since the main
pathways driving the process are not blocked. This suggests
that we need to know more about other cellular processes
that interact with autophagy and to decipher the cross-talk
among different mechanisms in order to develop an effi-
cient approach to increase leukemic cell death and reversal
of drug resistance. With this knowledge and understanding
of the molecular genetics underlying this complex process,
clinicians could identify patients who might benefit from an
approach involving alteration of the autophagy pathway with
inhibitors.

Conflict of interest

None of the authors have any interests which might influ-
ence the compilation of the current literature in this subject.
We apologize to the authors whose valuable studies were not
included here due to space limitations and the concentrated
scope of the review.

Reviewers

G. Vignir Helgason, Ph.D., University of Glasgow, Paul
O’Gorman Leukemia Research Center, 21 Shelley Road,
Glasgow, Scotland G12 8QQ, United Kingdom.

Youssef Zeidan, M.D., Ph.D., Stanford Cancer Center, 875
Blake Wilbur Drive, Standford, CA 94305, United States.

Jingdong Qin, Ph.D., University of Chicago, 5841 S Mary-
land Avenue, Chicago, IL 60637, United States.

Acknowledgement

This study was supported by the Turkish Academy of Sci-
ences, Outstanding Young Investigator Programme to Yusuf
Baran.

References

[1] Levine B, Klionsky DJ. Development by self-digestion: molecu-
lar mechanisms and biological functions of autophagy. Dev Cell
2004;6:463-77.

[2] Todde V, Veenhuis M, van der Klei 1J. Autophagy: principles
and significance in health and disease. Biochim Biophys Acta
2009;1792:3-13.

[3] Brech A, Ahlquist T, Lothe RA, Stenmark H. Autophagy in tumour
suppression and promotion. Mol Oncol 2009;3:366-75.

[4] Teitell MA, Mikkola HK. Transcriptional activators, repressors, and
epigenetic modifiers controlling hematopoietic stem cell develop-
ment. Pediatr Res 2006;59:33R-9R.

[5] Dalla-Favera R, Bregni M, Erikson J, Patterson D, Gallo RC, Croce
CM. Human c-myc onc gene is located on the region of chromosome
8 that is translocated in Burkitt lymphoma cells. Proc Natl Acad Sci
U S A 1982;79:7824-7.

[6] Papaemmanuil E, Hosking FJ, Vijayakrishnan J, et al. Loci on 7p12.2,
10921.2 and 14ql1.2 are associated with risk of childhood acute
lymphoblastic leukemia. Nat Genet 2009;41:1006—10.

[7] Roman-Gomez J, Cordeu L, Agirre X, et al. Epigenetic regulation
of Wnt-signaling pathway in acute lymphoblastic leukemia. Blood
2007;109:3462-9.

[8] Omura-Minamisawa M, Diccianni MB, Batova A, et al. Universal
inactivation of both p16 and p15 but not downstream components is
an essential event in the pathogenesis of T-cell acute lymphoblastic
leukemia. Clin Cancer Res 2000;6:1219-28.

[9] Roman-Gomez J, Castillejo JA, Jimenez A, et al. 5’ CpG island
hypermethylation is associated with transcriptional silencing of the
p21(CIP1/WAF1/SDI1) gene and confers poor prognosis in acute
lymphoblastic leukemia. Blood 2002;99:2291-6.

[10] Mi S, Lu J, Sun M, et al. MicroRNA expression signatures accu-
rately discriminate acute lymphoblastic leukemia from acute myeloid
leukemia. Proc Natl Acad Sci U S A 2007;104:19971-6.

[11] Sanz GF, Sanz MA, Vallespi T, et al. Two regression models and
a scoring system for predicting survival and planning treatment in
myelodysplastic syndromes: a multivariate analysis of prognostic
factors in 370 patients. Blood 1989;74:395-408.

[12] Pedersen-Bjergaard J, Andersen MK, Christiansen DH, Nerlov
C. Genetic pathways in therapy-related myelodysplasia and acute
myeloid leukemia. Blood 2002;99:1909-12.

[13] Le Beau MM, Albain KS, Larson RA, et al. Clinical and cytoge-
netic correlations in 63 patients with therapy-related myelodysplastic
syndromes and acute nonlymphocytic leukemia: further evidence for
characteristic abnormalities of chromosomes no. 5 and 7. J Clin Oncol
1986;4:325-45.

[14] Bizzozero Jr OJ, Johnson KG, Ciocco A. Radiation-related leukemia
in Hiroshima and Nagasaki, 1946—-1964.1. Distribution, incidence and
appearance time. N Engl J Med 1966;274:1095-101.

[15] Horwitz M, Goode EL, Jarvik GP. Anticipation in familial leukemia.
Am J Hum Genet 1996;59:990-8.

[16] Horwitz M. The genetics of familial leukemia. Leukemia
1997;11:1347-59.

[17] Vardiman JW, Harris NL, Brunning RD. The World Health Orga-
nization (WHO) classification of the myeloid neoplasms. Blood
2002;100:2292-302.

[18] Grimwade D, Walker H, Oliver F, et al. The importance of diagnostic
cytogenetics on outcome in AML: analysis of 1612 patients entered
into the MRC AML 10 trial. The Medical Research Council Adult and
Children’s Leukaemia Working Parties. Blood 1998;92:2322-33.

[19] Slovak ML, Kopecky KJ, Cassileth PA, et al. Karyotypic analysis
predicts outcome of preremission and postremission therapy in adult
acute myeloid leukemia: a Southwest Oncology Group/Eastern Coop-
erative Oncology Group Study. Blood 2000;96:4075-83.

[20] Smith ML, CavenaghJD, Lister TA, Fitzgibbon J. Mutation of CEBPA
in familial acute myeloid leukemia. N Engl J Med 2004;351:2403-7.



H.A. Ekiz et al. / Critical Reviews in Oncology/Hematology 81 (2012) 275-285 283

[21] Lee JW, Kim YG, Soung YH, et al. The JAK2 V617F mutation in de
novo acute myelogenous leukemias. Oncogene 2006;25:1434-6.

[22] Bollag G, Adler F, elMasry N, et al. Biochemical characterization of a
novel KRAS insertion mutation from a human leukemia. J Biol Chem
1996;271:32491-4.

[23] Barjesteh van Waalwijk van Doorn-Khosrovani S, Spensberger D, de
Knegt Y, Tang M, Lowenberg B, Delwel R. Somatic heterozygous
mutations in ETV6 (TEL) and frequent absence of ETV6 protein in
acute myeloid leukemia. Oncogene 2005;24:4129-37.

[24] Gelsi-Boyer V, Trouplin V, Adelaide J, et al. Mutations of polycomb-
associated gene ASXL1 in myelodysplastic syndromes and chronic
myelomonocytic leukaemia. Br J Haematol 2009;145:788-800.

[25] Delhommeau F, Dupont S, Della Valle V, et al. Mutation in TET2 in
myeloid cancers. N Engl J Med 2009;360:2289-301.

[26] Falini B, Mecucci C, Tiacci E, et al. Cytoplasmic nucleophosmin in
acute myelogenous leukemia with a normal karyotype. N Engl ] Med
2005;352:254-66.

[27] Reed JC. Molecular biology of chronic lymphocytic leukemia. Semin
Oncol 1998;25:11-8.

[28] Molica S, Mannella A, Crispino G, Dattilo A, Levato D. Comparative
flow cytometric evaluation of bcl-2 oncoprotein in CD5+ and CD5—
B-cell lymphoid chronic leukemias. Haematologica 1997;82:555-9.

[29] Lagneaux L, Delforge A, Bron D, De Bruyn C, Stryckmans P. Chronic
lymphocytic leukemic B cells but not normal B cells are rescued from
apoptosis by contact with normal bone marrow stromal cells. Blood
1998;91:2387-96.

[30] Castejon R, Vargas JA, Romero Y, Briz M, Munoz RM, Durantez A.
Modulation of apoptosis by cytokines in B-cell chronic lymphocytic
leukemia. Cytometry 1999;38:224-30.

[31] Pekarsky Y, Zanesi N, Ageilan RI, Croce CM. Animal mod-
els for chronic lymphocytic leukemia. J Cell Biochem 2007;100:
1109-18.

[32] Dohner H, Stilgenbauer S, Benner A, et al. Genomic aberrations
and survival in chronic lymphocytic leukemia. N Engl J Med
2000;343:1910-6.

[33] Staudt LM. Molecular diagnosis of the hematologic cancers. N Engl
J Med 2003;348:1777-85.

[34] Tough IM, Court Brown WM, Baikie AG, et al. Cytogenetic studies
in chronic myeloid leukaemia and acute leukaemia associated with
monogolism. Lancet 1961;1:411-7.

[35] Deininger MW, Goldman JM, Melo JV. The molecular biology of
chronic myeloid leukemia. Blood 2000;96:3343-56.

[36] Silver RT. Chronic myeloid leukemia. Hematol Oncol Clin North Am
2003;17:1159-73, vi-vii.

[37] Faderl S, Talpaz M, Estrov Z, Kantarjian HM. Chronic myelogenous
leukemia: biology and therapy. Ann Intern Med 1999;131:207-19.

[38] Sawyers CL, Hochhaus A, Feldman E, et al. Imatinib induces hemato-
logic and cytogenetic responses in patients with chronic myelogenous
leukemia in myeloid blast crisis: results of a phase II study. Blood
2002;99:3530-9.

[39] Hochhaus A, Kreil S, Corbin AS, et al. Molecular and chromosomal
mechanisms of resistance to imatinib (STIS71) therapy. Leukemia
2002;16:2190-6.

[40] Baran Y, Salas A, Senkal CE, et al. Alterations of
ceramide/sphingosine 1-phosphate rheostat involved in the regulation
of resistance to imatinib-induced apoptosis in K562 human chronic
myeloid leukemia cells. J Biol Chem 2007;282:10922-34.

[41] Corbin AS, Agarwal A, Loriaux M, Cortes J, Deininger MW, Druker
BJ. Human chronic myeloid leukemia stem cells are insensitive
to imatinib despite inhibition of BCR-ABL activity. J Clin Invest
2011;121:396-409.

[42] Tsukada M, Ohsumi Y. Isolation and characterization of autophagy-
defective mutants of Saccharomyces cerevisiae. FEBS Lett
1993;333:169-74.

[43] Bergamini E. Autophagy: a cell repair mechanism that retards ageing
and age-associated diseases and can be intensified pharmacologically.
Mol Aspects Med 2006;27:403-10.

[44] Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy fights
disease through cellular self-digestion. Nature 2008;451:1069-75.

[45] Mizushima N, Ohsumi Y, Yoshimori T. Autophagosome formation in
mammalian cells. Cell Struct Funct 2002;27:421-9.

[46] Pattingre S, Espert L, Biard-Piechaczyk M, Codogno P. Regulation
of macroautophagy by mTOR and Beclin 1 complexes. Biochimie
2008;90:313-23.

[47] Kihara A, Noda T, Ishihara N, Ohsumi Y. Two distinct Vps34
phosphatidylinositol 3-kinase complexes function in autophagy and
carboxypeptidase Y sorting in Saccharomyces cerevisiae. J Cell Biol
2001;152:519-30.

[48] Mijaljica D, Prescott M, Klionsky DJ, Devenish RJ. Autophagy
and vacuole homeostasis: a case for self-degradation? Autophagy
2007;3:417-21.

[49] Majeski AE, Dice JE. Mechanisms of chaperone-mediated autophagy.
Int J Biochem Cell Biol 2004;36:2435-44.

[50] Dice JE. Chaperone-mediated autophagy. Autophagy 2007;3:295-9.

[51] Korolchuk VI, Menzies FM, Rubinsztein DC. A novel link
between autophagy and the ubiquitin—proteasome system. Autophagy
2009;5:862-3.

[52] Korolchuk VI, Mansilla A, Menzies FM, Rubinsztein DC. Autophagy
inhibition compromises degradation of ubiquitin-proteasome path-
way substrates. Mol Cell 2009;33:517-27.

[53] Meijer AJ, Codogno P. Autophagy: regulation and role in disease. Crit
Rev Clin Lab Sci 2009;46:210-40.

[54] Corcelle EA, Puustinen P, Jaattela M. Apoptosis and autophagy: tar-
geting autophagy signalling in cancer cells - ‘trick or treats’? FEBS J
2009;276:6084-96.

[55] Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell
2008;132:27-42.

[56] GunnJM, Clark MG, Knowles SE, Hopgood MF, Ballard FJ. Reduced
rates of proteolysis in transformed cells. Nature 1977;266:58—60.

[57] Kisen GO, Tessitore L, Costelli P, et al. Reduced autophagic activity
in primary rat hepatocellular carcinoma and ascites hepatoma cells.
Carcinogenesis 1993;14:2501-5.

[58] Qu X, Yu J, Bhagat G, et al. Promotion of tumorigenesis by het-
erozygous disruption of the beclin 1 autophagy gene. J Clin Invest
2003;112:1809-20.

[59] Liang XH, Jackson S, Seaman M, et al. Induction of autophagy and
inhibition of tumorigenesis by beclin 1. Nature 1999;402:672—6.

[60] Takahashi Y, Coppola D, Matsushita N, et al. Bif-1 interacts with
Beclin 1 through UVRAG and regulates autophagy and tumorigene-
sis. Nat Cell Biol 2007;9:1142-51.

[61] Liang XH, Kleeman LK, Jiang HH, et al. Protection against fatal
Sindbis virus encephalitis by beclin, a novel Bcl-2-interacting protein.
J Virol 1998;72:8586-96.

[62] Marino G, Salvador-Montoliu N, Fueyo A, Knecht E, Mizushima N,
Lopez-Otin C. Tissue-specific autophagy alterations and increased
tumorigenesis in mice deficient in Atg4 C/autophagin-3. J Biol Chem
2007;282:18573-83.

[63] Levine B. Cell biology: autophagy and cancer. Nature
2007;446:745-7.

[64] Lock R, Debnath J. Extracellular matrix regulation of autophagy. Curr
Opin Cell Biol 2008;20:583-8.

[65] Karantza-Wadsworth V, Patel S, Kravchuk O, et al. Autophagy
mitigates metabolic stress and genome damage in mammary tumori-
genesis. Genes Dev 2007;21:1621-35.

[66] Kondo Y, Kanzawa T, Sawaya R, Kondo S. The role of autophagy
in cancer development and response to therapy. Nat Rev Cancer
2005;5:726-34.

[67] Bursch W, Ellinger A, Kienzl H, et al. Active cell death induced by the
anti-estrogens tamoxifen and ICI 164 384 in human mammary carci-
noma cells (MCF-7) in culture: the role of autophagy. Carcinogenesis
1996;17:1595-607.

[68] Kanzawa T, Germano IM, Komata T, Ito H, Kondo Y, Kondo S. Role
of autophagy in temozolomide-induced cytotoxicity for malignant
glioma cells. Cell Death Differ 2004;11:448-57.



284 H.A. Ekiz et al. / Critical Reviews in Oncology/Hematology 81 (2012) 275-285

[69] Opipari Jr AW, Tan L, Boitano AE, Sorenson DR, Aurora A, Liu JR.
Resveratrol-induced autophagocytosis in ovarian cancer cells. Cancer
Res 2004;64:696—703.

[70] Amaravadi RK, Yu D, Lum JJ, et al. Autophagy inhibition enhances
therapy-induced apoptosis in a Myc-induced model of lymphoma. J
Clin Invest 2007;117:326-36.

[71] Apel A, Herr I, Schwarz H, Rodemann HP, Mayer A. Blocked
autophagy sensitizes resistant carcinoma cells to radiation therapy.
Cancer Res 2008;68:1485-94.

[72] Tiwari M, Bajpai VK, Sahasrabuddhe AA, et al. Inhibition of N-
(4-hydroxyphenyl)retinamide-induced autophagy at a lower dose
enhances cell death in malignant glioma cells. Carcinogenesis
2008;29:600-9.

[73] Ito H, Daido S, Kanzawa T, Kondo S, Kondo Y. Radiation-induced
autophagy is associated with LC3 and its inhibition sensitizes malig-
nant glioma cells. Int J Oncol 2005;26:1401-10.

[74] Ertmer A, Huber V, Gilch S, et al. The anticancer drug imatinib
induces cellular autophagy. Leukemia 2007;21:936—42.

[75] Crazzolara R, Bradstock KF, Bendall LJ. RAD0OO1 (Everolimus)
induces autophagy in acute lymphoblastic leukemia. Autophagy
2009;5:727-8.

[76] Crazzolara R, Cisterne A, Thien M, et al. Potentiating effects of
RADOO1 (Everolimus) on vincristine therapy in childhood acute lym-
phoblastic leukemia. Blood 2009;113:3297-306.

[77] Itoh T, Ito Y, Ohguchi K, et al. Eupalinin A isolated from Eupatorium
chinense L. induces autophagocytosis in human leukemia HL60 cells.
Bioorg Med Chem 2008;16:721-31.

[78] Bredholt T, Dimba EA, Hagland HR, et al. Camptothecin and khat
(Catha edulis Forsk.) induced distinct cell death phenotypes involv-
ing modulation of c¢-FLIPL. Mcl-1, procaspase-8 and mitochondrial
function in acute myeloid leukemia cell lines. Mol Cancer 2009;8:
101.

[79] Samudio I, Kurinna S, Ruvolo P, et al. Inhibition of mitochondrial
metabolism by methyl-2-cyano-3,12-dioxooleana-1,9-diene-28-oate
induces apoptotic or autophagic cell death in chronic myeloid
leukemia cells. Mol Cancer Ther 2008;7:1130-9.

[80] Ghavami S, Asoodeh A, Klonisch T, et al. Brevinin-2R(1) semi-
selectively kills cancer cells by a distinct mechanism, which
involves the lysosomal-mitochondrial death pathway. J Cell Mol Med
2008;12:1005-22.

[81] Hurren R, Zavareh RB, Dalili S, et al. A novel diquinolonium displays
preclinical anti-cancer activity and induces caspase-independent cell
death. Apoptosis 2008;13:748-55.

[82] Van Quaquebeke E, Mahieu T, Dumont P, et al. 2,2,2-Trichloro-
N-({2-[2-(dimethylamino)ethyl]-1,3-dioxo-2,3-dihydro-1H-be
nzo[de]isoquinolin-  5-yl}carbamoyl)acetamide =~ (UNBS3157),
a novel nonhematotoxic naphthalimide derivative with potent
antitumor activity. ] Med Chem 2007;50:4122-34.

[83] Wang J, Lian H, Zhao Y, Kauss MA, Spindel S. Vitamin D3
induces autophagy of human myeloid leukemia cells. J Biol Chem
2008;283:25596-605.

[84] Yokoyama T, Miyazawa K, Naito M, et al. Vitamin K2
induces autophagy and apoptosis simultaneously in leukemia cells.
Autophagy 2008;4:629-40.

[85] Laane E, Tamm KP, Buentke E, et al. Cell death induced by dex-
amethasone in lymphoid leukemia is mediated through initiation of
autophagy. Cell Death Differ 2009;16:1018-29.

[86] Grander D, Kharaziha P, Laane E, Pokrovskaja K, Panaretakis
T. Autophagy as the main means of cytotoxicity by gluco-
corticoids in hematological malignancies. Autophagy 2009;5:
1198-200.

[87] Chen YJ, Huang WP, Yang YC, et al. Platonin induces autophagy-
associated cell death in human leukemia cells. Autophagy
2009;5:173-83.

[88] Kessel D, Arroyo AS. Apoptotic and autophagic responses to
Bcl-2 inhibition and photodamage. Photochem Photobiol Sci
2007;6:1290-5.

[89] Yang YP, Liang ZQ, Gao B, Jia YL, Qin ZH. Dynamic
effects of autophagy on arsenic trioxide-induced death of human
leukemia cell line HL60 cells. Acta Pharmacol Sin 2008;29:
123-34.

[90] Goussetis DJ, Altman JK, Glaser H, McNeer JL, Tallman MS,
Platanias LC. Autophagy is a critical mechanism for the induc-
tion of the antileukemic effects of arsenic trioxide. J Biol Chem
2010;285:29989-97.

[91] Charoensuk V, Gati WP, Weinfeld M, Le XC. Differential cytotoxic
effects of arsenic compounds in human acute promyelocytic leukemia
cells. Toxicol Appl Pharmacol 2009;239:64-70.

[92] Schnekenburger M, Grandjenette C, Ghelfi J, et al. Sustained expo-
sure to the DNA demethylating agent, 2’-deoxy-5-azacytidine, leads
to apoptotic cell death in chronic myeloid leukemia by promot-
ing differentiation, senescence, and autophagy. Biochem Pharmacol
2011;81:364-78.

[93] Zoppoli G, Cea M, Soncini D, et al. Potent synergistic inter-
action between the Nampt inhibitor APO866 and the apoptosis
activator TRAIL in human leukemia cells. Exp Hematol 2010;38:
979-88.

[94] Wei Y, Kadia T, Tong W, et al. The combination of a histone
deacetylase inhibitor with the BH3-mimetic GX15-070 has synergis-
tic antileukemia activity by activating both apoptosis and autophagy.
Autophagy 2010;6:976-8.

[95] Gao P, Bauvy C, Souquere S, et al. The Bcl-2 homology domain
3 mimetic gossypol induces both Beclin 1-dependent and Beclin 1-
independent cytoprotective autophagy in cancer cells. J Biol Chem
2010;285:25570-81.

[96] Puissant A, Robert G, Fenouille N, et al. Resveratrol promotes
autophagic cell death in chronic myelogenous leukemia cells via INK-
mediated p62/SQSTM1 expression and AMPK activation. Cancer Res
2010;70:1042-52.

[97] Puissant A, Auberger P. AMPK- and p62/SQSTMI-dependent
autophagy mediate resveratrol-induced cell death in chronic myel-
ogenous leukemia. Autophagy 2010:6.

[98] Dunwell T, Hesson L, Rauch TA, et al. A genome-wide screen iden-
tifies frequently methylated genes in haematological and epithelial
cancers. Mol Cancer 2010;9:44.

[99] Bonapace L, Bornhauser BC, Schmitz M, et al. Induction of
autophagy-dependent necroptosis is required for childhood acute lym-
phoblastic leukemia cells to overcome glucocorticoid resistance. J
Clin Invest 2010;120:1310-23.

[100] Bellodi C, Lidonnici MR, Hamilton A, et al. Targeting autophagy
potentiates tyrosine kinase inhibitor-induced cell death in Philadel-
phia chromosome-positive cells, including primary CML stem cells.
J Clin Invest 2009;119:1109-23.

[101] Mishima Y, Terui Y, Taniyama A, et al. Autophagy and autophagic
cell death are next targets for elimination of the resistance to tyrosine
kinase inhibitors. Cancer Sci 2008;99:2200-8.

[102] Salomoni P, Calabretta B. Targeted therapies and autophagy:
new insights from chronic myeloid leukemia. Autophagy 2009;5:
1050-1.

[103] Kamitsuji Y, Kuroda J, Kimura S, et al. The Bcr-Abl kinase
inhibitor INNO-406 induces autophagy and different modes of cell
death execution in Ber-Abl-positive leukemias. Cell Death Differ
2008;15:1712-22.

[104] Ohtomo T, Miyazawa K, Naito M, et al. Cytoprotective effect
of imatinib mesylate in non-BCR-ABL-expressing cells along
with autophagosome formation. Biochem Biophys Res Commun
2010;391:310-5.

[105] Carew JS, Nawrocki ST, Kahue CN, et al. Targeting autophagy aug-
ments the anticancer activity of the histone deacetylase inhibitor
SAHA to overcome Bcr-Abl-mediated drug resistance. Blood
2007;110:313-22.

[106] Ren Y, Huang F, Liu Y, Yang Y, Jiang Q, Xu C. Autophagy inhibition
through PI3 K/Akt increases apoptosis by sodium selenite in NB4
cells. BMB Rep 2009;42:599-604.



H.A. Ekiz et al. / Critical Reviews in Oncology/Hematology 81 (2012) 275-285 285

[107] Evangelisti C, Ricci F, Tazzari P, et al. Preclinical testing of the Akt
inhibitor triciribine in T-cell acute lymphoblastic leukemia. J Cell
Physiol 2011;226:822-31.

[108] Wang Z, Cao L, Kang R, et al. Autophagy regulates myeloid
cell differentiation by p62/SQSTM1-mediated degradation of PML-
RARalpha oncoprotein. Autophagy 2011:7.

[109] Crowley LC, Elzinga BM, O’Sullivan GC, McKenna SL. Autophagy
induction by Ber-Abl-expressing cells facilitates their recovery from
a targeted or nontargeted treatment. Am J Hematol 2011;86:38-47.

[110] LiuL, Yang M, Kang R, et al. DAMP-mediated autophagy contributes
to drug resistance. Autophagy 2011;7:112—4.

[111] Liu L, Yang M, Kang R, et al. HMGB1-induced autophagy pro-
motes chemotherapy resistance in leukemia cells. Leukemia 2011;25:
23-31.

[112] Amrein L, Soulieres D, Johnston JB, Aloyz R. p53 and autophagy
contribute to dasatinib resistance in primary CLL lymphocytes. Leuk
Res 2011;35:99-102.

[113] Yang C, Tong Y, Ni W, et al. Inhibition of autophagy induced
by overexpression of mda-7/interleukin-24 strongly augments the
antileukemia activity in vitro and in vivo. Cancer Gene Ther
2010;17:109-19.

[114] Kessel D, Reiners Jr JJ. Apoptosis and autophagy after mitochon-
drial or endoplasmic reticulum photodamage. Photochem Photobiol
2007;83:1024-8.

[115] Carew JS, Nawrocki ST, Cleveland JL. Modulating autophagy for
therapeutic benefit. Autophagy 2007;3:464-7.

[116] Carew JS,Nawrocki ST, Giles FJ, Cleveland JL. Targeting autophagy:
anovel anticancer strategy with therapeutic implications for imatinib
resistance. Biologics 2008;2:201-4.

[117] Calabretta B, Salomoni P. Inhibition of autophagy: a new strategy to
enhance sensitivity of chronic myeloid leukemia stem cells to tyrosine
kinase inhibitors. Leuk Lymphoma 2011;52(Suppl. 1):54-9.

[118] Puissant A, Robert G, Auberger P. Targeting autophagy to fight
hematopoietic malignancies. Cell Cycle 2010;9:3470-8.

[119] Ramser B, Kokot A, Metze D, Weiss N, Luger TA, Bohm M.
Hydroxychloroquine modulates metabolic activity and proliferation
and induces autophagic cell death of human dermal fibroblasts. J
Invest Dermatol 2009;129:2419-26.

[120] Chen N, Karantza V. Autophagy as a therapeutic target in cancer.
Cancer Biol Ther 2011;11:157-68.

[121] Wilkinson S, O’Prey J, Fricker M, Ryan KM. Hypoxia-selective
macroautophagy and cell survival signaled by autocrine PDGFR
activity. Genes Dev 2009;23:1283-8.

[122] Wilkinson S, Ryan KM. Growth factor signaling permits
hypoxia-induced autophagy by a HIFlalpha-dependent. BNIP3/3L-
independent transcriptional program in human cancer cells.
Autophagy 2009;5:1068-9.

Biography

Yusuf Baran has been working as an associate in the
Department of Molecular Biology and Genetics, at {zmir
Institute of Technology. His career in cancer research began
at Middle East Technical University (METU) which is
especially renowned in the area of molecular biology. Under-
standing cell death mechanisms in leukemias constituted the
particular aim of his masters and doctoral education both
of which were completed at METU. During his PhD edu-
cation at METU, he worked in the Medical University of
South Carolina; Holling Cancer Center, USA. After earn-
ing his PhD degree, he worked as a visiting researcher in
Gulhane Medical School, Medical and Cancer Research Lab-
oratory. Thereafter he joined the Department of Molecular
Biology and Genetics of Izmir Institute of Technology where
he became associate professor. He established the “Cancer
Genetics Research Laboratory” in this university. Currently,
he has seven graduate students working in my lab and he
is the principal investigator of six ongoing projects. He was
also awarded with an “Outstanding Young Scientist Award”
in 2010 by the Turkish Academy of Sciences.



	Role of autophagy in the progression and suppression of leukemias
	1 Introduction
	2 Types and progression pathways of leukemia
	3 Autophagy: types and mechanisms
	4 Autophagy and cancer
	5 Role of autophagy in leukemic cell death and survival
	5.1 Contribution of autophagy to cell death
	5.2 Importance of autophagy in leukemic cell survival and drug resistance

	6 Conclusion and future directions
	Conflict of interest
	Reviewers
	Acknowledgement
	References


