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Abstract: Autophagy is one of the main cellular catabolic pathways controlling a variety of
physiological processes, including those involved in self-renewal, differentiation and death.
While acute promyelocytic leukemia (APL) cells manifest low levels of expression of autophagy
genes associated with reduced autophagy activity, the introduction of all-trans retinoid acid
(ATRA)—a differentiating agent currently used in clinical settings—restores autophagy in these cells.
ATRA-induced autophagy is involved in granulocytes differentiation through a mechanism that
involves among others the degradation of the PML-RARα oncoprotein. Arsenic trioxide (ATO) is
another anti-cancer agent that promotes autophagy-dependent clearance of promyelocytic leukemia
retinoic acid receptor alpha gene (PML-RARα) in APL cells. Hence, enhancing autophagy may have
therapeutic benefits in maturation-resistant APL cells. However, the role of autophagy in response
to APL therapy is not so simple, because some autophagy proteins have been shown to play a
pro-survival role upon ATRA and ATO treatment, and both agents can activate ETosis, a type of cell
death mediated by the release of neutrophil extracellular traps (ETs). This review highlights recent
findings on the impact of autophagy on the mechanisms of action of ATRA and ATO in APL cells. We
also discuss the potential role of autophagy in the development of resistance to treatment, and of
differentiation syndrome in APL.

Keywords: Acute promyelocytic leukemia; all-trans retinoid acid; arsenic trioxide; autophagy; cell
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1. Introduction

1.1. Acute Promyelocytic Leukemia

Acute myeloid leukemia (AML) encompasses a class of hematological diseases that represent an
arrest of myeloid precursors at different stages of differentiation [1,2]. Acute promyelocyte leukemia
(APL) accounts for about 10% of all AML cases and is characterized by a clonal expansion associated
with a blockade of the terminal differentiation of promyelocytes into granulocytes. APL is mostly
caused by a reciprocal chromosomal translocation between the retinoic acid receptor alpha gene
(RARα) and promyelocytic leukemia (PML), and this affects a number of cellular processes, including
senescence, RNA processing and apoptosis [3,4]. The resulting chimeric PML-RARα retains the DNA
and ligand-binding domains of RARα. PML-RARα is assumed to be the critical oncogenic event that
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drives APL pathologies [3]. Two main mechanisms are proposed for this oncogenic function; they are
based on the ability of PML-RARα to repress both the PML/p53-driven senescence program through
disruption of PML nuclear bodies and the epigenetic transcription of the retinoic acid target genes [5]
(Figure 1). These target genes are involved in self-renewal or differentiation following recruitment
of transcription co-repressor complexes (COR). Yet, PML-RARα-driven APL development in murine
tumors requires secondary oncogenic events, such as Wilms’ tumor 1 (WT1), KRAS, NRAS mutations,
and fms-like tyrosine kinase 3 (FLT3) activation [6].

Figure 1. Mechanisms action of all-trans retinoic acid (ATRA) and arsenic trioxide (ATO) in
promyelocytic leukemia retinoic acid receptor alpha gene (PML-RARα)-positive acute promyelocytic
leukemia (APL) cells. In the absence of ATRA, heterodimers of retinoid X receptor (RXR)-RARα bind
to retinoic acid response elements (RAREs) and recruit co-repressors and histone deacetylases, leading
to the transcription repression of target genes. In APL cells, PML-RARα disrupts ATRA signaling
by enhancing the binding of transcriptional repressor complexes. ATRA, at pharmacological doses,
can bind to RARα moiety of PML-RARα and promote granulocytic differentiation of APL cells by
restoring the transcription of retinoic acid target genes via the recruitment of transcription co-activator
complexes to RAREs. High concentrations of ATRA can promote proteolysis of PML-RARα, leading to
the re-formation of nuclear bodies and clearance of APL. ATO also induces partial differentiation and
clearance of APL cells. This is mediated through binding of ATO to PML and PML-RARα, leading to
sumoylation and poly-ubiquitination and subsequently proteoslysis of the PML-RARα oncoprotein.
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1.2. The Modes of Action of APL Therapy

The great majority of acute promyelocytic leukemia patients (95%) are successfully cured in
clinical settings after introduction of two agents that both bind and directly target PML-RARα: all-trans
retinoic acid (ATRA); and arsenic trioxide (ATO) [7]. In this section, we briefly summarize the molecular
mechanisms of action and resistance to ATRA and ATO in APL cells [7–9].

1.3. All-Trans Retinoic Acid (ATRA)

The activity of ATRA is primarily mediated by its binding to the nuclear receptors retinoid X
receptor (RXR) and RARα [10]. These receptors bind as homodimers or heterodimers to a specific region
of DNA called retinoic acid response elements (RAREs) (Figure 1). In addition to its transcriptional
activity, RARα has other functions and can directly activate several signaling pathways [10].

In the absence of retinoid acid, RXR and RARα recruit co-repressors (silencing mediator of retinoic
acid and thyroid hormone receptor (SMRT)/nuclear receptor corepressor (NCoR1) associated with
histone deacetylases, leading to the transcription repression of target genes. Following binding of
retinoid acid to their cognate receptors, the co-repressor-histone deacetylase complex is dissociated and
the transcription co-activator complexes are recruited to RAREs, allowing the transcriptional activation
of different sets of genes. In APL, PML-RARα disrupts ATRA signaling in a dominant negative manner
by enhancing binding of transcriptional repressor complexes. In this context, only the addition of
pharmacological concentrations of ATRA (10−6 M) (i.e., higher than the physiological concentration)
can trigger transcriptional de-repression, and this occurs through dissociation of the transcriptional
co-repressors and activation of co-activators [11–13].

A body of evidence has revealed that ATRA also acts on the stability of the PML-RARα protein by
inducing its degradation through the proteasome and autophagy pathways-dependent mechanisms [14]
(Figure 1). Thus, ATRA has dual therapeutic effects in APL: transcription activation of differentiation
genes; and degradation of the PML-RARα oncoprotein. However, some patients are refractory to
initial ATRA treatment or relapse due to acquired resistance to ATRA after prolonged treatment and/or
incomplete clearance of leukemia-initiating cells residing in bone marrow.

Both clinical and cellular analyses revealed that resistance to retinoid acid therapy is caused
primarily by genetic mutations (deletion, missense and nonsense) in the ligand-binding domain of
PML-RARα [15]. These genetic changes may reduce the affinity of ATRA and prevent the release of
transcription repressor complexes even under pharmacological doses of ATRA.

Recently, the existence of mutations associated with ATRA resistance has been shown through
whole exome sequencing analysis of diagnosis and relapsed APL patients [16,17]. These studies
revealed that relapsing APL patients harbor at diagnosis high incidence of mutations affecting epigenetic
or transcriptional regulators (such as WT1, PML and RARA), as well as AT rich interactive domain 1B
(ARID1B), AT rich interactive domain 1A (ARID1A) and the MAP kinase pathway. These mutations
that are mostly preserved in the relapse APL clones are probability involved in the emergence of other
oncogenic alterations or mutations that ultimately impede therapy response.

1.4. Arsenic Trioxide

Arsenic trioxide (ATO) is commonly used, alone or in combination with ATRA, for the treatment
of APL. ATO has no therapeutic potential on different subtypes of APL (PLZF-RARα–driven APL),
due to the fact that the therapeutic efficiency of this drug is dictated by its binding to the PML moiety
of PML-RARα [18,19]. In normal cells, PML operates as a tumor suppressor protein through inducing
the formation of nuclear PML bodies, which ultimately leads to p53-driven senescence program.
The expression of PML-RARα in APL cells disrupts the formation of nuclear PML bodies, and this
consequently impairs the senescence onset [3,20]. The administration of ATO in APL cells causes
oxidation, sumoylation and subsequently poly-ubiquitination and proteasomal degradation of the
PML-RARα protein (Figure 1), leading to the re-formation of nuclear bodies and the induction of



Int. J. Mol. Sci. 2019, 20, 3559 4 of 16

senescence [21–23]. ATO can also induce apoptotic cell death and/or partial differentiation, depending
on the concentration used [23,24]. At low concentrations (0.1–0.5 µmol/L), ATO promotes differentiation
of APL cells, while at higher concentrations (0.5–2 µmol/L), it activates the intrinsic apoptotic cell death
(mitochondrial) pathway [24]. Therefore, the mechanisms of action of ATO and ATRA are different
in APL cells harboring PML/RARα. ATRA stimulates terminal differentiation of promyelocytes, and
conversely, amplification (proliferation and self-renewal) of the stem cells, while ATO induces both
apoptosis and differentiation in APL cells without any cytotoxic effect on stem cells [25]. Recently, new
links between ATO and other types of cell death (autophagy and ETosis) have been also described in
APL cells, which will be discussed later in this section [26]. These cumulative anti-leukemic effects of
ATO eventually lead to the eradication of leukemia-initiating cells, which explain why this drug is highly
effective as a single agent in APL patients (80%) while ATRA monotherapy causes relapsed disease in
the majority of patients. In several clinical settings, the combination of ATO with ATRA improved the
outcome of refractory and relapsed patients, making this treatment regimen the most effective therapy
for APL patients. In contrast to ATRA, little is known of the mechanism(s) of resistance to ATO. So far,
several mutations that lead to substitution of amino-acids in the PML domain of PML-RARα and affect
ATO binding sites have been identified in APL patients who are resistant to chemotherapy [21,27,28].
Alex et al. used the whole exome sequencing technique to understand ATO-resistance mechanisms in
APL and identified alterations in the redox system, the ubiquitin-proteasome degradation pathway and
the PI3-AKT signaling pathway [27]. Consistent with this report, the lower levels of ROS, glutathione
and glucose uptake have been observed in ATO-resistant NB4 cells, proposing metabolic rewiring
hypothesis as ATO-resistance mechanism in APL cells [29]. Furthermore, a recent report provided
evidence for the involvement of microenvironment-mediated drug resistance in ATO-treated APL cells,
which is driven by the nuclear factor kappa B (NF-kappa B) pathway [30]. Generally, ATO at therapeutic
concentration is well tolerated as its long-term toxicity is mild. However, several side effects, including
cardiac and liver damages, as well as differentiation syndrome, have been reported in the patients who
underwent chronic ATO therapy, as a single agent or in combination with ATRA [22,31].

1.5. Differentiation Syndrome

Differentiation syndrome (DS), previously named retinoic acid syndrome, is a common
life-threatening complication in patients with APL who are treated with ATRA and/or ATO [32,33].
The incidence of DS for patients treated with ATRA ranges from 2% to 31%, while this range for
patients treated with ATO is wider (7% to 60%). The incidence of DS induced by a combination of
ATO and ATRA is between 14% and 25% [34,35]. The onset of DS is initiated by an increase in white
blood cells (hyperleukocytosis) and patients present with the prominent signs of unexplained fever,
respiratory distress, weight increase, lower-extremity edema, dyspnea, pleural or pericardial effusions,
hypotension, and/or acute renal failure [36–38].

The physiopathology and diagnosis of DS are complex and still remain largely unknown [39].
However, it is believed that ATRA enhances the expression levels of cell adhesion molecules and
promotes an excessive systemic inflammatory response, which finally leads to endothelial cell
damage, capillary permeability, vessel occlusion, and massive tissue infiltration of differentiating
APL cells [32,39,40]. The hematopoietic growth factors, such as interleukin (IL)-1β, IL-6, IL-8, and
tumor necrosis factor (TNF), play a central role in DS through promoting leukocyte activation and the
binding of APL cells to endothelium [39,41]. Another molecular mediator for the development of DS
is cathepsin G, which increases capillary permeability and endothelium damage [42]. The optimal
therapeutic strategy for treatment of DS has not been yet established [43]. Corticosteroids are commonly
used as a preventive strategy for DS [32,44]. For example, the early administration of dexamethasone
(5–10 mg twice intravenously daily) is promising for DS prophylaxis [43,45]. However, in severe
DS cases (respiratory or acute renal failure), the interruption of ATRA and/or ATO treatment is
mandatory [44,46].
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2. The Autophagy Machinery and its Role in Cancer

Macroautophagy (hereafter referred to as autophagy) is a highly conserved lysosomal-dependent
catabolic process [47,48]. During autophagy, various intracellular materials including protein aggregates
and damaged organelles are sequestered within double-membrane vesicles (called autophagosomes)
and then delivered to lysosome for degradation and recycling. Autophagy is orchestrated by a
set of autophagy-related genes (ATGs) that are under the control of several signaling pathways,
including the mechanistic target of rapamycin kinase (MTOR) and AMP-activated protein kinase
(AMPK) axes [47,49,50] (Figure 2). The autophagy process occurs through a multistep process
involving initiation, elongation and maturation (Figure 2). The initiation step is the formation of the
initiation membrane or phagophore that requires the assistance of two complexes, the unc-51 like
autophagy activating kinase 1 (ULK1)/focal adhesion kinase family interacting protein of 200 kD
(Fip200) complex and the class II phosphoinositide 3-kinase (PI3K)/BECN 1 complex. This results in
the generation of phophatidyl inositol 3 phosphate, which subsequently binds to WD-repeat protein
interacting with phosphoinositides (WIPI) proteins effectors, allowing the recruitment of several
multiprotein complexes: ATG5-ATG12-ATG16L and the ATG8 family (LC3 or gamma-aminobutyric
acid receptor-associated protein (GABARAP)) conjugated with phosphatidylethanolamine to the
autophagosomal membrane. This step is cardinal for the expansion and closure of the autophagosomal
membrane. The last step is the degradation of the contents of the autophagosome by the lysosomal
acid hydrolases upon autophagosome–lysosome fusion, which allows the production of energy and
recycling of biomaterials (e.g., amino acids, free fatty acids and monosaccharides) [51,52]. In addition
to ATG proteins, selective autophagy requires a subset of proteins, named autophagic adapter proteins,
which recognize the cargoes (e.g., mitochondria, organelles, lipid droplets) and deliver them to the
autophagosome through their interaction with LC3/GABARAP via conserved W/F/YxxL/I/V [53,54].
The adaptor proteins can either directly bind to the cargoes as was seen for the adaptor proteins NIX
and family with sequence similarity 134 member B (FAM134B) or interact with ubiquitinated cargoes
though their ubiquitin binding domain as exemplified for p62/sequestosome 1 (SQSMT1), next to
BRCA1 gene 1 protein (NBR1), Optineurin and nuclear dot protein 52 kDa (NDP52) [55]. A body of
evidence indicates that autophagy plays a critical role in long-lived and non-replicative cells such
as quiescent cells as well as terminally differentiated cells [56]. Indeed, autophagy is essential for
proper hematopoesis and its deregulation is associated with several hematological diseases including
leukemia and lymphoma [57,58].

The relationship between autophagy and cancer is complex and depends on the type and stage
of tumors [48,59]. It is well documented that both deficiency and overactivation of autophagy can
contribute to the development and progression of cancers. On the one hand, autophagy functions
in tumor suppression by controlling cell proliferation, differentiation as well as sustaining genome
stability and cell homeostasis of normal cells; its inhibition thus contributes to the acquisition of a
malignant phenotype at early stages of tumorigenesis. On the other hand, autophagy is reactivated at
the advanced stages of malignancy to provide metabolic needs and promote tumor growth, invasion
and metastasis. Furthermore, a body of evidence revealed that autophagy controls cancer therapeutics
in both positive and negative ways [60,61]. Therefore, depending on the cancer type and context, both
inhibition and stimulation of autophagy have been proposed as potential approaches for the treatment
and prevention of cancers [59,62,63].
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Figure 2. Molecular mechanisms of autophagy. Autophagy is orchestrated by a set of autophagy-related
genes (ATGs) that are mostly under the control of the mechanistic target of rapamycin kinase (MTOR)
and AMP-activated protein kinase (AMPK) signaling pathways. MTOR represses autophagy by
suppressing the unc-51 like autophagy activating kinase 1/2 (ULK1/2) kinase complex activity while
AMPK is an activator of the ULK kinase complex. The initiation step is started by the formation
of a double membrane known as the phagophore, which required the assistance of two complexes,
including the ULK1/focal adhesion kinase family interacting protein of 200 kD (Fip200) complex and the
class III phosphoinositide 3-kinase (PI3K)/BECN 1 complex. The elongation step is mediated through
the recruitment of two conjugation complexes, including the ATG5-ATG12-ATG16L1 complex and the
ATG8 (LC3) complex. Upon autophagy, LC3 is first cleaved by ATG4 to produce LC3-I. The latter is
recruited to the autophagosomal membrane upon its conjugation to phosphatidylethanolamine. The
last step is the degradation of the contents of the autophagosome by the lysosomal acid hydrolases
upon autophagosome–lysosome fusion. The autophagy adaptor proteins (e.g., p62/ sequestosome 1
(SQSMT1)) interact with specific cargoes directly or through their ubiquitin binding domain, allowing
the deliverance of cargoes to autolysosomes for degradation.

3. Regulation of Autophagy in APL Cells at Basal Level and in Response to Treatment

The deregulation of constitutive autophagy in APL cells was revealed by clinical data showing
that primary blast cells of AML patients exhibit frequently lower expression levels of a variety of ATG
genes (i.e., ULK1, BECN1, ATG14, ATG5, ATG7, ATG3, ATG4B and ATG4C) as compared to mature
granulocytes from healthy donors [12,64] (Figure 3). These observations are found irrespective of the
genetic abnormality types and the karyotypes of AML samples, including APL primary blast cells. In
the same vein, analysis of blast cells of two APL patients showed a significant increase in the expression
of the ATG5 gene following introduction of ATRA [64]. The PU-1 transcription factor was shown to be
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responsible for the transcription induction of several ATG genes during ATRA-induced differentiation
of APL cells. MicroRNA-106a was also identified as a negative regulator of ULK1 expression levels in
APL cells [64]. Beside the autophagy machinery, we found that the mRNA expression levels of the
autophagy adapter p62/SQSTM1 are significantly downregulated in AML patient samples relative to
terminally differentiated granulocytes from healthy donors [65,66]. We showed that the activation
of the NF-kappaB transcription factor is required for p62/SQSMT1 upregulation during granulocytic
differentiation of APL cells. Moreover, the p62/SQSMT1 expression levels are also targeted by several
microRNA, including miR-17, -20, -93, and -106 that are expressed at higher levels in hematopoietic
blast cells than in mature myeloid cells [67]. Interestingly, high expression of p62/SQSTM1 was
associated with poor prognosis in human AML and loss of p62/SQSMT1 in murine in vivo models of
AML impairs leukemia progression and mitophagy, supporting the idea that p62 /SQSMT1 plays a
pro-leukemic effect in AML through an autophagy/mitophagy-dependent mechanism [68].

Altogether, the abovementioned data reveal that APL cells manifest low autophagy gene expression
levels associated with reduced autophagy activity, which may favor preleukemia development and
promote full leukemia transformation through cooperation with some oncogenic alterations (e.g.,
PML-RARα). It is worth noting that the expression of mRNA levels of ATG3, ATG4D, ATG5
and p62/SQSMT1 are also increased upon in vitro granulocytic differentiation of primary CD34+

progenitors, supporting the idea that upregulation of autophagy-related genes are common features
of granulocytes/neutrophil differentiation in both normal and APL blasts [64–66]. In fact, a recent
study reported that autophagy is required for metabolic adaptation and differentiation in normal
neutrophils [69].

In APL cells, PML-RARα was reported to repress PU-1-dependent transcription activation of
a broad range of genes including those involved in autophagy, underscoring the inhibitory effect
PML-RARα on autophagy [64,70]. A recent study provided evidence for a new function for PML
as a repressor of autophagy when associated at the mitochondrial-associated membrane (MAM) [6].
However, whether or not PML-RARα inhibits autophagy through its binding to MAM has not yet
been investigated. These observations differ however from data reporting that PML-RARα is involved
in constitutive activation of autophagy in APL cells [71]. The reason for seemingly opposite effects of
PML-RARα on the regulation of autophagy remains to be clarified.

4. Regulation of Autophagy during Differentiation of APL Cells by ATRA

We and others provided evidence that ATRA promotes the accumulation of autophagosomes
accompanied with the activation of the autophagy flux in APL cells (Figure 3). These responses
are associated with increased expression levels of several autophagy-regulatory proteins, including
BECN1, microtubule-associated protein 1S (MAP1S), DNA damage regulated autophagy modulator
1 (DRAM1), high–mobility group box 1 (HMGB1) and p62/SQSMT1, as well as downregulation of
pathways that repress autophagy (i.e., MTOR and B-cell lymphoma 2 (BCL-2)) [12,64,66,72,73].

The activation of autophagy in mature APL cells depends on a mechanism that involves
WIPI but not BECN1, suggesting that the complete autophagy machinery is dispensable for
differentiation-associated autophagy [70,72]. Pharmacological activation of autophagy by rapamycin
sensitizes APL cells to ATRA-induced differentiation, while silencing of WIPI and ATG7 attenuates
granulocytic differentiation, suggesting that autophagy elements (at least some ATGs) contribute to the
differentiation-promoting effect of ATRA [12,64]. Interestingly, we found that ATRA-induced autophagy
occurs in maturation-sensitive APL cells but not in maturation-resistant cells, linking autophagy defect
to differentiation resistance [66]. Similarly, ATRA-induced p62/SQSTM1 upregulation is observed
in maturation-sensitive APL cells but not in maturation-resistant cells, supporting the relationship
between p62/SQSMT1 upregulation and differentiation [66]. Interestingly, when differentiation was
reestablished in maturation-resistant APL cells (by addition of 8-CPT-cAMP to ATRA treatment),
autophagy activation and p62/SQSTM1 upregulation were both restored in these cells, underscoring
the idea that autophagy and differentiation are interconnected processes. Furthermore, matrine,
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an alkaloid found in plants from the genus Sophora, was shown to improve the differentiation
ability of ATRA-resistant APL cells through induction of autophagy and ubiquitin degradation
of PML-RARα [74]. In another study, the addition of lithium (an autophagy inducer) to ATRA
reactivated differentiation in ATRA maturation-resistant HL60-Diff-R AML cells, emphasizing the
concept that autophagy modulation may represent a means to restore differentiation [12]. One
proposed mechanism for the role of autophagy in differentiation relies on the selective degradation
of the PML-RARα oncoprotein by autophagy, which allows the release of differentiation blockade in
APL cells [14]. This occurs through several mechanisms: one study revealed the involvement of the
long-noncoding RNA (lncRNA) HOTAIRM1 in the induction of autophagy and the degradation of
PML-RARα. [75]. Another study showed that miR125B1 targets DRAM2 (a key regulator of autophagy)
leading to inhibition of PML-RARα degradation and differentiation [76]. It has also been shown that
in response to ATRA, the autophagy adapter p62/SQSMT1 interacts with PML-RARα through its
ubiquitin binding domain, resulting in PML-RARα degradation and differentiation activation [77]. In
addition, PML-RARα was also shown to interact with autophagy-linked FYVE-domain containing
protein (ALFY), an autophagy scaffold protein that assists p62 /SQSMT1 in the autophagy-dependent
degradation of ubiqutinated protein aggregates [78]. HMGB1 is another regulator of autophagy
involves in PML-RARα degradation in APL cells although the mechanism underlying this regulation
is not fully understood [73]. Knockdown of p62/SQSMT1 increased the abundance of ubiquitinated
protein aggregates in APL cells subjected to ATRA treatment, suggesting that PML-RARα is not the
sole protein degraded by the p62/autophagy pathway [66]. Besides clearing proteins, autophagy was
shown to be involved in selective lipid degradation during normal neutrophil differentiation [69].
Whether or not such selective autophagy occurs during the course of ATRA-induced granulocytic
differentiation of APL cells remains an open question.

Another mechanisms through which autophagy promotes APL differentiation relies on the
modulation of the NEDD8 E1 axis. Indeed, inhibition of neddylation by MLN4924 (a small molecule
that specifically blocks the activity of NEDD8 E1-activating enzyme) in APL cells resulted in autophagy
activation, which consequently enhanced ATRA-induced differentiation of APL cells [79].

It is worth nothing that ATRA is also able to promote autophagy and differentiation in myeloid
leukemia HL60 cells that do not express PML-RARα, supporting the idea that PML-RARα degradation
is not the sole mechanism through which autophagy promotes differentiation in response to ATRA [64].
Another possibility is that ATRA-induced autophagy provides metabolites and energy supply for
differentiation engagement, as shown for normal neutrophil maturation [69]. In fact, the identification
of additional mechanisms involved in this process will lead to a better understanding of the regulation
of myeloid differentiation by autophagy.

Finally, little is known about the individual role of each autophagy-regulatory protein in the
control of cell death and the self-renewal capacity of APL cells upon ATRA treatment. In this regard,
we found that, unlike WIPI and ATG7, BECN1 and p62/SQSMT1 are not involved in granulocyte
differentiation of APL cells, but rather protect cells against death, suggesting their pro-survival role
under this condition [12,66,70,72]. In another study, it was reported that ATG5 knockdown following
ATRA treatment causes APL cell death while limiting granulocytic differentiation, suggesting a distinct
role of ATG5 in regulation of cell fate relative to other ATG proteins [64].

Altogether, these findings support the idea that ATG proteins play distinct roles in APL cell fate
during ATRA-induced granulocytes differentiation. This observation should be taken into account
when autophagy modulation, alone or in combination with other drugs, is considered for the treatment
of APL cells. Thus, it would be interesting to carry out an in depth analysis on the role of ATG
proteins on APL cell fate with the ultimate objective to identify new targetable pathways that overcome
resistance to ATRA in APL patients. Likewise, the clinical significance of the pro-survival role of some
ATG proteins in the development of differentiation syndrome deserves to be investigated
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5. Regulation of Autophagy in APL Cells Following Arsenic Trioxide Treatment

Similar to ATRA, the PML-RARα oncoprotein can be subjected to degradation by ATO through
the autophagy machinery [14,77] (Figure 3). The contribution of autophagy in ATO-treated cells was
first reported by Isakson et al., who showed that, in response to ATO, APL cells display upregulation
of a subset of ATGs genes [14]. ATO promotes the co-localization of PML-RARα to the autophagy
adaptor p62/SQSMT1, leading to its degradation through autophagy in APL cells [77]. Although there
are multiple proteolytic pathways for the degradation of PML-RARα, autophagy seems to play a
determinant role in ATO-induced clearance of PML-RARα [14]. From a molecular point of view, both
ATO and ATRA inhibit MTOR, and subsequently decrease the phosphorylated form of the p70S6K
protein [14,72]. In addition, depletion of ULK 1 prevents ATO- and ATRA-mediated degradation of
PML-RARα in HeLa cells expressing PML-RARα, further supporting the conclusion that autophagy
induced by both drugs is MTOR-dependent [14]. However, ATRA-induced autophagy occurs through
a non-canonical autophagy pathway, as it does not require the BECN1 protein, whereas ATO-induced
autophagy involves a mechanism that depends on BECN1 [14,72,80]. Moreover, a study by Ganesan et
al. showed that proteasome inhibition along with ATO has an additive effect in inducing autophagy
and promoting PML-RARα degradation [81]. Interestingly, this therapeutic combination is effective in
relapsed APL patients. In parallel with these findings, another study demonstrated that autophagy is
a key mechanism for anti-leukemic effects of ATO in AML cell lines and leukemic progenitors from
AML patients, and this induction of autophagy flux is associated with mitogen-activated protein
kinase kinase (MEK)/extracellular signal-regulated kinase (ERK)-dependent autophagic cell death [82].
The anti-leukemic effects of ATO and ATRA can be both mediated by targeting APL cells through
ETosis, a type of cell death mediated by the release of neutrophil extracellular traps (ETs) [26,83].
APL cells and APL patients treated with moderate concentrations of ATO (0.5–0.75 µM) produce
ETs and undergo ETosis via MTOR-dependent autophagy [26]. Moreover, a dynamic function of
autophagy on the apoptotic effects of ATO has been also reported in human non-APL leukemia cell line
HL-60 [84]. Indeed, pharmacological inhibition of autophagy prior to ATO treatment (1 h) enhances
ATO-induced apoptosis, while autophagy inhibition after treatment with ATO (30 min) diminishes
cell death. The authors concluded that autophagy has a pro-survival role in ATO-treated cells at the
initiation stage, while it can kill the cells via apoptotic or autophagic cell death at the late stages [84].
On the other hand, it has been recently evidenced that microRNA-dependent control of autophagy
contributes in microenvironment-mediated drug resistance to ATO [85]. In this content, miR-23a-5p
represents an upstream factor in the upregulation of key autophagic genes, including AMBRA1, ATG2,
ATG9 and ATG13. In fact, pharmacological inhibition of autophagy was shown to be able to overcome
microenvironment-mediated ATO resistance implying the contribution of autophagy in resistance to
treatment [85]. Under these conditions, whether or not microRNA-dependent control of autophagy
contributes to the development of differentiation syndrome deserves to be investigated.
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Figure 3. Regulation of autophagy in APL cells. The mRNA expression levels of several autophagy
related genes are downregulated in APL immature blast cells relative to terminally differentiated
granulocytes. ATO and ATRA are two anticancer agents used in clinical settings for the treatment
of APL. Both agents induce autophagy through inhibition of MTOR and of ribosomal protein S6
kinase beta-1 (p70S6K), leading to the degradation of the PML-RARα oncoprotein, thus allowing the
establishment of granulocyte differentiation of APL cells. In addition, both ATRA and ATO can activate
ETosis, a type of cell death mediated by the release of neutrophil extracellular traps (ETs). Unlike ATRA,
ATO-induced autophagy relies on BECN1. However, some autophagy regulatory proteins (e.g., BECN1
and p62/SQSTM1) act as pro-survival factors in APL cells subjected to ATRA treatment. This might
contribute to the development of resistance to treatment and of differentiation syndrome in APL patients.
Moreover, several ATG genes are upregulated in response to ATO through a microRNA-dependent
mechanism. This constitutes another mechanism that might contribute to drug resistance in APL.

6. Conclusions

While autophagy is downregulated in APL cells, this process can be activated in response to
ATRA and ATO, two agents currently used in clinical settings. A body of evidence has revealed that
autophagy is involved in differentiation and degradation of the PML-RARα oncoprotein in response to
both ATRA and ATO treatment. Therefore, the induction of autophagy could be a desired strategy for
the differentiation therapy of APL. In this line, rapamycin and lithium, two well-known activators
of autophagy, may enhance therapeutic effectiveness of both ATRA and ATO in APL cells. We also
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showed that autophagy induced by nucleolar stress upon nucleostemin depletion can sensitize APL
cell lines to differentiation therapy with ATRA [86]. Identifying the content of the autophagosomes
that are degraded during differentiation should provide further insights into the molecular targets of
autophagy during myeloid differentiation.

However, there is another side of the coin, where autophagy, or more precisely some autophagy
regulatory proteins, operate as pro-survival factors in response to differentiation agents, as well as
to ATO treatment. This might ultimately be involved in the development of relapsed APL patients
who are resistant to treatment and/or patients that manifest differentiation (ATRA) syndrome, due
to the life-span extension of mature granulocytes. Moreover, autophagy has been shown to be
involved in microenvironment-mediated drug resistance in AML cells, as its inhibition along with
chemotherapy/ATO is potentially effective in the treatment of myeloid malignancies [85]. This suggests
that induction of differentiation by autophagy is not solely sufficient to successfully clear the leukemic
cells and provides the basis for using autophagy activators combined with cell death inducers in APL
therapeutics. Finally, the data obtained from APL on the role and regulation of autophagy might be
relevant to other malignancies, as both ATRA and ATO were shown to promote autophagy in non-APL
cancer cells.
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Abbreviations

AML Acute myeloid leukemia
AMPK AMP-activated protein kinase
APL Acute promyelocytic leukemia
ARID1B AT rich interactive domain 1B
ATG Autophagy-related gene
ATO Arsenic trioxide
ATRA All-trans retinoid acid
BCL-2 B-cell lymphoma 2
BNIP3 BCL2-interacting protein 3
DRAM1 DNA damage regulated autophagy modulator 1
ERK Extracellular signal-regulated kinase
FAM134B Family with sequence similarity 134 member B
FIP200 Focal adhesion kinase family interacting protein of 200 kD
FLT3 Fms-like tyrosine kinase 3
GABARAP Gamma-aminobutyric acid receptor-associated protein
HMGB1 High–mobility group box 1
LncRNA Long-noncoding RNA
MAM Mitochondrial-associated membrane
MAP1S Microtubule-associated protein 1S
MEK Mitogen-activated protein kinase kinase
MTOR Mechanistic target of rapamycin kinase
NBR1 Next to BRCA1 gene 1 protein
NCoR1 Nuclear receptor corepressor
NDP52 Nuclear dot protein 52 kDa
NEDD8 E1 NEDD8 activating E1 enzyme
NET (ET) Neutrophil extracellular trap
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NF-kappaB Nuclear factor kappa B
PI3K Phosphoinositide 3-kinase
PLZF-RARα Leukemia zinc finger-retinoic acid receptor α
PML Promyelocytic leukemia protein
RAR Retinoid acid receptor
RARE Retinoid acid response element
RXR Retinoid X receptor
SMRT Silencing mediator of retinoic acid and thyroid hormone receptor
SQSMT1 Sequestosome 1
TNF Tumor necrosis alpha
ULK1 Unc-51 like autophagy activating kinase 1
WIPI WD-repeat protein interacting with phosphoinositides
WT1 Wilms’ tumor 1

References

1. De Kouchkovsky, I.; Abdul-Hay, M. Acute myeloid leukemia: A comprehensive review and 2016 update.
Blood Cancer J. 2016, 6, e441. [CrossRef] [PubMed]

2. Döhner, H.; Weisdorf, D.J.; Bloomfield, C.D. Acute Myeloid Leukemia. N. Engl. J. Med. 2015, 373, 1136–1152.
[CrossRef] [PubMed]

3. De Thé, H.; Le Bras, M.; Lallemand-Breitenbach, V. The cell biology of disease: Acute promyelocytic leukemia,
arsenic, and PML bodies. J. Cell Biol. 2012, 198, 11–21. [CrossRef] [PubMed]

4. Thomas, X. Acute Promyelocytic Leukemia: A History over 60 Years—From the Most Malignant to the most
Curable Form of Acute Leukemia. Oncol. Ther. 2019, 7, 33–65. [CrossRef]

5. De Thé, H.; Pandolfi, P.P.; Chen, Z. Acute Promyelocytic Leukemia: A Paradigm for Oncoprotein-Targeted
Cure. Cancer Cell 2017, 32, 552–560. [CrossRef] [PubMed]

6. Ronchini, C.; Brozzi, A.; Riva, L.; Luzi, L.; Gruszka, A.M.; Melloni, G.E.M.; Scanziani, E.; Dharmalingam, G.;
Mutarelli, M.; Belcastro, V.; et al. PML-RARA-associated cooperating mutations belong to a transcriptional
network that is deregulated in myeloid leukemias. Leukemia 2017, 31, 1975–1986. [CrossRef] [PubMed]

7. Zhang, X.; Zhang, H.; Chen, L.; Wang, M.; Xi, J.; Liu, X.; Xie, M.; Li, D.; Gulati, E.S.; Gong, S.; et al. Arsenic
trioxide and all-trans retinoic acid (ATRA) treatment for acute promyelocytic leukemia in all risk groups:
Study protocol for a randomized controlled trial. Trials 2018, 19, 476. [CrossRef] [PubMed]

8. Tomita, A.; Kiyoi, H.; Naoe, T. Mechanisms of action and resistance to all-trans retinoic acid (ATRA) and
arsenic trioxide As2O3 in acute promyelocytic leukemia. Int. J. Hematol. 2013, 97, 717–725. [CrossRef]

9. Zhang, S.P.; Niu, Y.N.; Yuan, N.; Zhang, A.H.; Chao, D.; Xu, Q.P.; Wang, L.J.; Zhang, X.G.; Zhao, W.L.;
Zhao, Y.; et al. Role of autophagy in acute myeloid leukemia therapy. Chin. J. Cancer 2013, 32, 130–135.
[CrossRef]

10. di Masi, A.; Leboffe, L.; De Marinis, E.; Pagano, F.; Cicconi, L.; Rochette-Egly, C.; Lo-Coco, F.; Ascenzi, P.;
Nervi, C. Retinoic acid receptors: From molecular mechanisms to cancer therapy. Mol. Asp. Med. 2015, 41,
1–115. [CrossRef]

11. Germain, P.; Iyer, J.; Zechel, C.; Gronemeyer, H. Co-regulator recruitment and the mechanism of retinoic acid
receptor synergy. Nature 2002, 415, 187–192. [CrossRef] [PubMed]

12. Orfali, N.; O’Donovan, T.R.; Nyhan, M.J.; Britschgi, A.; Tschan, M.P.; Cahill, M.R.; Mongan, N.P.; Gudas, L.J.;
McKenna, S.L. Induction of autophagy is a key component of all-trans-retinoic acid-induced differentiation
in leukemia cells and a potential target for pharmacologic modulation. Exp. Hematol. 2015, 43, 781–793.
[CrossRef] [PubMed]

13. Perissi, V.; Staszewski, L.M.; McInerney, E.M.; Kurokawa, R.; Krones, A.; Rose, D.W.; Lambert, M.H.;
Milburn, M.V.; Glass, C.K.; Rosenfeld, M.G. Molecular determinants of nuclear receptor-corepressor
interaction. Genes Dev. 1999, 13, 3198–3208. [CrossRef] [PubMed]

14. Isakson, P.; Bjørås, M.; Bøe, S.O.; Simonsen, A. Autophagy contributes to therapy-induced degradation of the
PML/RARA oncoprotein. Blood 2010, 116, 2324–2331. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/bcj.2016.50
http://www.ncbi.nlm.nih.gov/pubmed/27367478
http://dx.doi.org/10.1056/NEJMra1406184
http://www.ncbi.nlm.nih.gov/pubmed/26376137
http://dx.doi.org/10.1083/jcb.201112044
http://www.ncbi.nlm.nih.gov/pubmed/22778276
http://dx.doi.org/10.1007/s40487-018-0091-5
http://dx.doi.org/10.1016/j.ccell.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29136503
http://dx.doi.org/10.1038/leu.2016.386
http://www.ncbi.nlm.nih.gov/pubmed/28025581
http://dx.doi.org/10.1186/s13063-018-2812-3
http://www.ncbi.nlm.nih.gov/pubmed/30185214
http://dx.doi.org/10.1007/s12185-013-1354-4
http://dx.doi.org/10.5732/cjc.012.10073
http://dx.doi.org/10.1016/j.mam.2014.12.003
http://dx.doi.org/10.1038/415187a
http://www.ncbi.nlm.nih.gov/pubmed/11805839
http://dx.doi.org/10.1016/j.exphem.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/25986473
http://dx.doi.org/10.1101/gad.13.24.3198
http://www.ncbi.nlm.nih.gov/pubmed/10617569
http://dx.doi.org/10.1182/blood-2010-01-261040
http://www.ncbi.nlm.nih.gov/pubmed/20574048


Int. J. Mol. Sci. 2019, 20, 3559 13 of 16

15. Gallagher, R.E.; Moser, B.K.; Racevskis, J.; Poiré, X.; Bloomfield, C.D.; Carroll, A.J.; Ketterling, R.P.;
Roulston, D.; Schachter-Tokarz, E.; Zhou, D.; et al. Treatment-influenced associations of PML-RARα
mutations, FLT3 mutations, and additional chromosome abnormalities in relapsed acute promyelocytic
leukemia. Blood 2012, 120, 2098–2108. [CrossRef] [PubMed]

16. Bally, C.; Lehmann-Che, J.; Cassinat, B.; Ades, L.; Letouze, E.; Hirsch, P.; Mozziconacci, M.J.; Raynaud, S.;
Delabesse, E.; Uzunov, M.; et al. Whole Exome Analysis of Relapsing Patients with Acute Promyelocytic
Leukemia. Blood 2016, 128, 2892–2892.

17. Madan, V.; Shyamsunder, P.; Han, L.; Mayakonda, A.; Nagata, Y.; Sundaresan, J.; Kanojia, D.; Yoshida, K.;
Ganesan, S.; Hattori, N.; et al. Comprehensive mutational analysis of primary and relapse acute promyelocytic
leukemia. Leukemia 2016, 30, 1672–1681. [CrossRef] [PubMed]

18. Chen, Z.; Brand, N.J.; Chen, A.; Chen, S.J.; Tong, J.H.; Wang, Z.Y.; Waxman, S.; Zelent, A. Fusion between
a novel Krüppel-like zinc finger gene and the retinoic acid receptor-alpha locus due to a variant t (11; 17)
translocation associated with acute promyelocytic leukaemia. EMBO J. 1993, 12, 1161–1167. [CrossRef]

19. Ruthardt, M.; Testa, U.; Nervi, C.; Ferrucci, P.F.; Grignani, F.; Puccetti, E.; Grignani, F.; Peschle, C.; Pelicci, P.G.
Opposite effects of the acute promyelocytic leukemia PML-retinoic acid receptor alpha (RAR alpha) and
PLZF-RAR alpha fusion proteins on retinoic acid signalling. Mol. Cell. Biol. 1997, 17, 4859–4869. [CrossRef]

20. Voisset, E.; Moravcsik, E.; Stratford, E.W.; Jaye, A.; Palgrave, C.J.; Hills, R.K.; Salomoni, P.; Kogan, S.C.;
Solomon, E.; Grimwade, D. Pml nuclear body disruption cooperates in APL pathogenesis and impairs DNA
damage repair pathways in mice. Blood 2018, 131, 636–648. [CrossRef]

21. Zhu, J.; Chen, Z.; Lallemand-Breitenbach, V.; de Thé, H. How acute promyelocytic leukaemia revived arsenic.
Nat. Rev. Cancer 2002, 2, 705. [CrossRef] [PubMed]

22. Mumford, J.L.; Wu, K.; Xia, Y.; Kwok, R.; Yang, Z.; Foster, J.; Sanders, W.E., Jr. Chronic arsenic exposure and
cardiac repolarization abnormalities with QT interval prolongation in a population-based study. Environ.
Health Perspect. 2007, 115, 690–694. [CrossRef] [PubMed]

23. Zhou, G.B.; Zhao, W.L.; Wang, Z.Y.; Chen, S.J.; Chen, Z. Retinoic acid and arsenic for treating acute
promyelocytic leukemia. PLoS Med. 2005, 2, e12. [CrossRef] [PubMed]

24. Chen, G.Q.; Shi, X.G.; Tang, W.; Xiong, S.M.; Zhu, J.; Cai, X.; Han, Z.G.; Ni, J.H.; Shi, G.Y.; Jia, P.M.
Use of arsenic trioxide (As2O3) in the treatment of acute promyelocytic leukemia (APL): I. As2O3 exerts
dose-dependent dual effects on APL cells. Blood 1997, 89, 3345–3353. [PubMed]

25. Zheng, X.; Seshire, A.; Rüster, B.; Bug, G.; Beissert, T.; Puccetti, E.; Hoelzer, D.; Henschler, R.; Ruthardt, M.
Arsenic but not all-trans retinoic acid overcomes the aberrant stem cell capacity of PML/RARα-positive
leukemic stem cells. Haematologica 2007, 92, 323–331. [CrossRef]

26. Li, T.; Ma, R.; Zhang, Y.; Mo, H.; Yang, X.; Hu, S.; Wang, L.; Novakovic, V.A.; Chen, H.; Kou, J.; et al. Arsenic
trioxide promoting ETosis in acute promyelocytic leukemia through mTOR-regulated autophagy. Cell Death
Dis. 2018, 9, 75. [CrossRef]

27. Alex, A.A.; Chendamarai, E.; Ganesan, S.; Balasundaram, N.; Palani, H.K.; David, S.; Mathews, V. Arsenic
Trioxide Resistance: More to It Than Mutations in PML-RARα. Blood 2014, 124, 3605.

28. Hattori, H.; Ishikawa, Y.; Kawashima, N.; Akashi, A.; Yamaguchi, Y.; Harada, Y.; Hirano, D.; Adachi, Y.;
Miyao, K.; Ushijima, Y. Identification of the novel deletion-type PML-RARA mutation associated with the
retinoic acid resistance in acute promyelocytic leukemia. PLoS ONE 2018, 13, e0204850. [CrossRef]

29. Balasundaram, N.; Ganesan, S.; Palani, H.K.; Alex, A.A.; David, S.; Korula, A.; George, B.; Chomienne, C.;
Balasubramanian, P.; Mathews, V. Metabolic Rewiring Drives Resistance to Arsenic Trioxide in Acute
Promyelocytic Leukemia. Blood 2016, 128, 3956.

30. Chendamarai, E.; Ganesan, S.; Alex, A.A.; Kamath, V.; Nair, S.C.; Nellickal, A.J.; Janet, N.B.; Srivastava, V.;
Lakshmi, K.M.; Viswabandya, A. Comparison of newly diagnosed and relapsed patients with acute
promyelocytic leukemia treated with arsenic trioxide: Insight into mechanisms of resistance. PLoS ONE
2015, 10, e0121912. [CrossRef]

31. Chen, S.-J.; Zhou, G.-B.; Zhang, X.-W.; Mao, J.-H.; Chen, Z. From an old remedy to a magic bullet: Molecular
mechanisms underlying the therapeutic effects of arsenic in fighting leukemia. Blood 2011, 117, 6425–6437.
[CrossRef] [PubMed]

32. Sanz, M.A.; Montesinos, P. How we prevent and treat differentiation syndrome in patients with acute
promyelocytic leukemia. Blood 2014, 123, 2777–2782. [CrossRef] [PubMed]

http://dx.doi.org/10.1182/blood-2012-01-407601
http://www.ncbi.nlm.nih.gov/pubmed/22734072
http://dx.doi.org/10.1038/leu.2016.69
http://www.ncbi.nlm.nih.gov/pubmed/27063598
http://dx.doi.org/10.1002/j.1460-2075.1993.tb05757.x
http://dx.doi.org/10.1128/MCB.17.8.4859
http://dx.doi.org/10.1182/blood-2017-07-794784
http://dx.doi.org/10.1038/nrc887
http://www.ncbi.nlm.nih.gov/pubmed/12209159
http://dx.doi.org/10.1289/ehp.9686
http://www.ncbi.nlm.nih.gov/pubmed/17520054
http://dx.doi.org/10.1371/journal.pmed.0020012
http://www.ncbi.nlm.nih.gov/pubmed/15696202
http://www.ncbi.nlm.nih.gov/pubmed/9129041
http://dx.doi.org/10.3324/haematol.10541
http://dx.doi.org/10.1038/s41419-017-0018-3
http://dx.doi.org/10.1371/journal.pone.0204850
http://dx.doi.org/10.1371/journal.pone.0121912
http://dx.doi.org/10.1182/blood-2010-11-283598
http://www.ncbi.nlm.nih.gov/pubmed/21422471
http://dx.doi.org/10.1182/blood-2013-10-512640
http://www.ncbi.nlm.nih.gov/pubmed/24627526


Int. J. Mol. Sci. 2019, 20, 3559 14 of 16

33. Montesinos, P.; Sanz, M.A. The differentiation syndrome in patients with acute promyelocytic leukemia:
Experience of the pethema group and review of the literature. Mediterr. J. Hematol. Infect. Dis. 2011, 3,
e2011059. [CrossRef] [PubMed]

34. Jin, B.; Hou, K.; Liu, Y.; Yu, P. Leukocytosis and retinoic acid syndrome in patients with acute promyelocytic
leukemia treated with arsenic trioxide. Chin. Med. Sci. J. Chung-Kuo Hsueh Ko Hsueh Tsa Chih 2006, 21,
171–174.

35. Rogers, J.E.; Yang, D. Differentiation syndrome in patients with acute promyelocytic leukemia. J. Oncol.
Pharm. Pract. 2012, 18, 109–114. [CrossRef] [PubMed]

36. Cardinale, L.; Asteggiano, F.; Moretti, F.; Torre, F.; Ulisciani, S.; Fava, C.; Rege-Cambrin, G. Pathophysiology,
clinical features and radiological findings of differentiation syndrome/all-trans-retinoic acid syndrome. World
J. Radiol. 2014, 6, 583. [CrossRef] [PubMed]

37. Larson, R.S.; Tallman, M.S. Retinoic acid syndrome: Manifestations, pathogenesis, and treatment. Best Pract.
Res. Clin. Haematol. 2003, 16, 453–461. [CrossRef]

38. Frankel, S.R.; Eardley, A.; Lauwers, G.; Weiss, M.; Warrell, R.P. The retinoic acid syndrome in acute
promyelocytic leukemia. Ann. Intern. Med. 1992, 117, 292–296. [CrossRef] [PubMed]

39. Tallman, M. Retinoic acid syndrome: A problem of the past? Leukemia 2002, 16, 160. [CrossRef]
40. Luesink, M.; Pennings, J.L.; Wissink, W.M.; Linssen, P.C.; Muus, P.; Pfundt, R.; de Witte, T.J.; van der

Reijden, B.A.; Jansen, J.H. Chemokine induction by all-trans retinoic acid and arsenic trioxide in acute
promyelocytic leukemia: Triggering the differentiation syndrome. Blood 2009, 114, 5512–5521. [CrossRef]

41. Dubois, C.; Schlageter, M.H.; de Gentile, A.; Guidez, F.; Balitrand, N.; Toubert, M.E.; Krawice, I.; Fenaux, P.;
Castaigne, S.; Najean, Y. Hematopoietic growth factor expression and ATRA sensitivity in acute promyelocytic
blast cells. Blood 1994, 83, 3264–3270. [PubMed]

42. Seale, J.; Delva, L.; Renesto, P.; Balitrand, N.; Dombret, H.; Scrobohaci, M.; Degos, L.; Paul, P.; Chomienne, C.
All-trans retinoic acid rapidly decreases cathepsin G synthesis and mRNA expression in acute promyelocytic
leukemia. Leukemia 1996, 10, 95–101. [PubMed]

43. Rego, E.M.; De Santis, G.C. Differentiation syndrome in promyelocytic leukemia: Clinical presentation,
pathogenesis and treatment. Mediterr. J. Hematol. Infect. Dis. 2011, 3, e2011048. [CrossRef] [PubMed]

44. Wiley, J.; Firkin, F. Reduction of pulmonary toxicity by prednisolone prophylaxis during all-trans retinoic
acid treatment of acute promyelocytic leukemia. Australian Leukaemia Study Group. Leukemia 1995, 9,
774–778. [PubMed]

45. Tallman, M.S.; Andersen, J.W.; Schiffer, C.A.; Appelbaum, F.R.; Feusner, J.H.; Ogden, A.; Shepherd, L.;
Rowe, J.M.; François, C.; Larson, R.S.; et al. Clinical description of 44 patients with acute promyelocytic
leukemia who developed the retinoic acid syndrome. Blood 2000, 95, 90–95. [PubMed]

46. Sanz, M.A.; Montesinos, P.; Vellenga, E.; Rayón, C.; de la Serna, J.; Parody, R.; Bergua, J.M.; León, A.; Negri, S.;
González, M.; et al. Risk-adapted treatment of acute promyelocytic leukemia with all-trans retinoic acid and
anthracycline monochemotherapy: Long-term outcome of the LPA 99 multicenter study by the PETHEMA
Group. Blood 2008, 112, 3130–3134. [CrossRef] [PubMed]

47. Feng, Y.; He, D.; Yao, Z.; Klionsky, D.J. The machinery of macroautophagy. Cell Res. 2014, 24, 24–41.
[CrossRef]

48. Galluzzi, L.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, J.M.; Cecconi, F.; Choi, A.M.; Chu, C.T.;
Codogno, P.; Colombo, M.I.; et al. Molecular definitions of autophagy and related processes. EMBO J. 2017,
36, 1811–1836. [CrossRef]

49. Boya, P.; Reggiori, F.; Codogno, P. Emerging regulation and functions of autophagy. Nat. Cell Biol. 2013, 15,
713–720. [CrossRef]

50. Kroemer, G.; Mariño, G.; Levine, B. Autophagy and the Integrated Stress Response. Mol. Cell 2010, 40,
280–293. [CrossRef]

51. Klionsky, D.J.; Codogno, P. The mechanism and physiological function of macroautophagy. J. Innate Immun.
2013, 5, 427–433. [CrossRef]

52. Levine, B.; Kroemer, G. Biological Functions of Autophagy Genes: A Disease Perspective. Cell 2019, 176,
11–42. [CrossRef]

53. Gatica, D.; Lahiri, V.; Klionsky, D.J. Cargo recognition and degradation by selective autophagy. Nat. Cell Biol.
2018, 20, 233–242. [CrossRef]

http://dx.doi.org/10.4084/mjhid.2011.059
http://www.ncbi.nlm.nih.gov/pubmed/22220256
http://dx.doi.org/10.1177/1078155211399163
http://www.ncbi.nlm.nih.gov/pubmed/21364078
http://dx.doi.org/10.4329/wjr.v6.i8.583
http://www.ncbi.nlm.nih.gov/pubmed/25170395
http://dx.doi.org/10.1016/S1521-6926(03)00043-4
http://dx.doi.org/10.7326/0003-4819-117-4-292
http://www.ncbi.nlm.nih.gov/pubmed/1637024
http://dx.doi.org/10.1038/sj.leu.2402344
http://dx.doi.org/10.1182/blood-2009-02-204834
http://www.ncbi.nlm.nih.gov/pubmed/8193361
http://www.ncbi.nlm.nih.gov/pubmed/8558945
http://dx.doi.org/10.4084/mjhid.2011.048
http://www.ncbi.nlm.nih.gov/pubmed/22110898
http://www.ncbi.nlm.nih.gov/pubmed/7769839
http://www.ncbi.nlm.nih.gov/pubmed/10607690
http://dx.doi.org/10.1182/blood-2008-05-159632
http://www.ncbi.nlm.nih.gov/pubmed/18664623
http://dx.doi.org/10.1038/cr.2013.168
http://dx.doi.org/10.15252/embj.201796697
http://dx.doi.org/10.1038/ncb2788
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1159/000351979
http://dx.doi.org/10.1016/j.cell.2018.09.048
http://dx.doi.org/10.1038/s41556-018-0037-z


Int. J. Mol. Sci. 2019, 20, 3559 15 of 16

54. Johansen, T.; Lamark, T. Selective autophagy mediated by autophagic adapter proteins. Autophagy 2011, 7,
279–296. [CrossRef]

55. Khaminets, A.; Behl, C.; Dikic, I. Ubiquitin-Dependent and Independent Signals In Selective Autophagy.
Trends Cell Biol. 2016, 26, 6–16. [CrossRef]

56. Clarke, A.J.; Simon, A.K. Autophagy in the renewal, differentiation and homeostasis of immune cells. Nat.
Rev. Immunol. 2019, 19, 170. [CrossRef]

57. Djavaheri-Mergny, M.; Giuriato, S.; Tschan, M.P.; Humbert, M. Therapeutic Modulation of Autophagy in
Leukaemia and Lymphoma. Cells 2019, 8, 103. [CrossRef]

58. Orsini, M.; Morceau, F.; Dicato, M.; Diederich, M. Autophagy as a pharmacological target in hematopoiesis
and hematological disorders. Biochem. Pharmacol. 2018, 152, 347–361. [CrossRef]

59. White, E. The role for autophagy in cancer. J. Clin. Investig. 2015, 125, 42–46. [CrossRef]
60. Levine, B.; Packer, M.; Codogno, P. Development of autophagy inducers in clinical medicine. J. Clin. Investig.

2015, 125, 14–24. [CrossRef]
61. Thorburn, A.; Thamm, D.H.; Gustafson, D.L. Autophagy and Cancer Therapy. Mol. Pharmacol. 2014, 85,

830–838. [CrossRef]
62. Levy, J.M.M.; Towers, C.G.; Thorburn, A. Targeting autophagy in cancer. Nat. Rev. Cancer 2017, 17, 528.

[CrossRef]
63. Galluzzi, L.; Pietrocola, F.; Bravo-San Pedro, J.M.; Amaravadi, R.K.; Baehrecke, E.H.; Cecconi, F.; Codogno, P.;

Debnath, J.; Gewirtz, D.A.; Karantza, V.; et al. Autophagy in malignant transformation and cancer progression.
EMBO J. 2015, 34, 856–880. [CrossRef]

64. Jin, J.; Britschgi, A.; Schläfli, A.M.; Humbert, M.; Shan-Krauer, D.; Batliner, J.; Federzoni, E.A.; Ernst, M.;
Torbett, B.E.; Yousefi, S.; et al. Low Autophagy (ATG) Gene Expression Is Associated with an Immature AML
Blast Cell Phenotype and Can Be Restored during AML Differentiation Therapy. Oxid. Med. Cell. Longev.
2018, 2018, 1482795. [CrossRef]

65. Ségal-Bendirdjian, E.; Tschan, M.P.; Reiffers, J.; Djavaheri-Mergny, M. Pro-survival role of p62 during
granulocytic differentiation of acute myeloid leukemia cells. Mol. Cell. Oncol. 2014, 1, e970066. [CrossRef]

66. Trocoli, A.; Bensadoun, P.; Richard, E.; Labrunie, G.; Merhi, F.; Schläfli, A.M.; Brigger, D.; Souquere, S.;
Pierron, G.; Pasquet, J.M.; et al. p62/SQSTM1 upregulation constitutes a survival mechanism that occurs
during granulocytic differentiation of acute myeloid leukemia cells. Cell Death Differ. 2014, 21, 1852.
[CrossRef]

67. Meenhuis, A.; van Veelen, P.A.; de Looper, H.; van Boxtel, N.; van den Berge, I.J.; Sun, S.M.; Taskesen, E.;
Stern, P.; de Ru, A.H.; van Adrichem, A.J.; et al. MiR-17/20/93/106 promote hematopoietic cell expansion by
targeting sequestosome 1-regulated pathways in mice. Blood 2011, 118, 916–925. [CrossRef]

68. Nguyen, T.D.; Shaid, S.; Vakhrusheva, O.; Koschade, S.E.; Klann, K.; Thölken, M.; Baker, F.; Zhang, J.;
Oellerich, T.; Sürün, D.; et al. Loss of the selective autophagy receptor p62 impairs murine myeloid leukemia
progression and mitophagy. Blood 2019, 133, 168–179. [CrossRef]

69. Riffelmacher, T.; Clarke, A.; Richter, F.C.; Stranks, A.; Pandey, S.; Danielli, S.; Hublitz, P.; Yu, Z.; Johnson, E.;
Schwerd, T.; et al. Autophagy-Dependent Generation of Free Fatty Acids Is Critical for Normal Neutrophil
Differentiation. Immunity 2017, 47, 466–480. [CrossRef]

70. Brigger, D.; Proikas-Cezanne, T.; Tschan, M.P. WIPI-dependent autophagy during neutrophil differentiation
of NB4 acute promyelocytic leukemia cells. Cell Death Dis. 2014, 5, e1315. [CrossRef]

71. Huang, Y.; Hou, J.K.; Chen, T.T.; Zhao, X.Y.; Yan, Z.W.; Zhang, J.; Yang, J.; Kogan, S.C.; Chen, G.Q. PML-RARα
enhances constitutive autophagic activity through inhibiting the Akt/mTOR pathway. Autophagy 2011, 7,
1132–1144. [CrossRef] [PubMed]

72. Trocoli, A.; Mathieu, J.; Priault, M.; Reiffers, J.; Souquere, S.; Pierron, G.; Besançon, F.; Djavaheri-Mergny, M.
ATRA-induced upregulation of Beclin 1 prolongs the life span of differentiated acute promyelocytic leukemia
cells. Autophagy 2011, 7, 1108. [CrossRef] [PubMed]

73. Yang, L.; Chai, W.; Wang, Y.; Cao, L.; Xie, M.; Yang, M.; Kang, R.; Yu, Y. Reactive oxygen species regulate the
differentiation of acute promyelocytic leukemia cells through HMGB1-mediated autophagy. Am. J. Cancer
Res. 2015, 5, 714–725. [PubMed]

http://dx.doi.org/10.4161/auto.7.3.14487
http://dx.doi.org/10.1016/j.tcb.2015.08.010
http://dx.doi.org/10.1038/s41577-018-0095-2
http://dx.doi.org/10.3390/cells8020103
http://dx.doi.org/10.1016/j.bcp.2018.04.007
http://dx.doi.org/10.1172/JCI73941
http://dx.doi.org/10.1172/JCI73938
http://dx.doi.org/10.1124/mol.114.091850
http://dx.doi.org/10.1038/nrc.2017.53
http://dx.doi.org/10.15252/embj.201490784
http://dx.doi.org/10.1155/2018/1482795
http://dx.doi.org/10.4161/23723548.2014.970066
http://dx.doi.org/10.1038/cdd.2014.102
http://dx.doi.org/10.1182/blood-2011-02-336487
http://dx.doi.org/10.1182/blood-2018-02-833475
http://dx.doi.org/10.1016/j.immuni.2017.08.005
http://dx.doi.org/10.1038/cddis.2014.261
http://dx.doi.org/10.4161/auto.7.10.16636
http://www.ncbi.nlm.nih.gov/pubmed/21673516
http://dx.doi.org/10.4161/auto.7.10.16623
http://www.ncbi.nlm.nih.gov/pubmed/21691148
http://www.ncbi.nlm.nih.gov/pubmed/25973309


Int. J. Mol. Sci. 2019, 20, 3559 16 of 16

74. Wu, D.; Shao, K.; Zhou, Q.; Sun, J.; Wang, Z.; Yan, F.; Liu, T.; Wu, X.; Ye, B.; Huang, H.; et al. Autophagy and
Ubiquitin-Mediated Proteolytic Degradation of PML/Rarα Fusion Protein in Matrine-Induced Differentiation
Sensitivity Recovery of ATRA-Resistant APL (NB4-LR1) Cells: In Vitro and in Vivo Studies. Cell. Physiol.
Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2018, 48, 2286–2301. [CrossRef] [PubMed]

75. Yang, L.; Wang, H.; Shen, Q.; Feng, L.; Jin, H. Long non-coding RNAs involved in autophagy regulation. Cell
Death Dis. 2017, 8, e3073. [CrossRef] [PubMed]

76. Zeng, C.W.; Chen, Z.H.; Zhang, X.J.; Han, B.W.; Lin, K.Y.; Li, X.J.; Wei, P.P.; Zhang, H.; Li, Y.; Chen, Y.Q.
MIR125B1 represses the degradation of the PML-RARA oncoprotein by an autophagy-lysosomal pathway in
acute promyelocytic leukemia. Autophagy 2014, 10, 1726–1737. [CrossRef]

77. Wang, Z.; Cao, L.; Kang, R.; Yang, M.; Liu, L.; Zhao, Y.; Yu, Y.; Xie, M.; Yin, X.; Livesey, K.M.; et al. Autophagy
regulates myeloid cell differentiation by p62/SQSTM1-mediated degradation of PML-RARα oncoprotein.
Autophagy 2011, 7, 401–411. [CrossRef]

78. Schläfli, A.M.; Isakson, P.; Garattini, E.; Simonsen, A.; Tschan, M.P. The autophagy scaffold protein ALFY is
critical for the granulocytic differentiation of AML cells. Sci. Rep. 2017, 7, 12980. [CrossRef]

79. Liu, S.; Wan, J.; Kong, Y.; Zhang, Y.; Wan, L.; Zhang, Z. Inhibition of CRL-NEDD8 pathway as a new approach
to enhance ATRA-induced differentiation of acute promyelocytic leukemia cells. Int. J. Med. Sci. 2018, 15,
674–681. [CrossRef]

80. Qian, W.; Liu, J.; Jin, J.; Ni, W.; Xu, W. Arsenic trioxide induces not only apoptosis but also autophagic cell
death in leukemia cell lines via up-regulation of Beclin-1. Leuk. Res. 2007, 31, 329–339. [CrossRef]

81. Ganesan, S.; Alex, A.A.; Chendamarai, E.; Balasundaram, N.; Palani, H.K.; David, S.; Kulkarni, U.; Aiyaz, M.;
Mugasimangalam, R.; Korula, A.; et al. Rationale and efficacy of proteasome inhibitor combined with arsenic
trioxide in the treatment of acute promyelocytic leukemia. Leukemia 2016, 30, 2169–2178. [CrossRef]

82. Goussetis, D.J.; Altman, J.K.; Glaser, H.; McNeer, J.L.; Tallman, M.S.; Platanias, L.C. Autophagy is a critical
mechanism for the induction of the antileukemic effects of arsenic trioxide. J. Biol. Chem. 2010, 285,
29989–29997. [CrossRef]

83. Ma, R.; Li, T.; Cao, M.; Si, Y.; Wu, X.; Zhao, L.; Yao, Z.; Zhang, Y.; Fang, S.; Deng, R.; et al. Extracellular
DNA traps released by acute promyelocytic leukemia cells through autophagy. Cell Death Dis. 2016, 7, e2283.
[CrossRef] [PubMed]

84. Yang, Y.; Liang, Z.; Gao, B.; Jia, Y.; Qin, Z. Dynamic effects of autophagy on arsenic trioxide-induced death of
human leukemia cell line HL60 cells. Acta Pharmacol. Sin. 2008, 29, 123. [CrossRef] [PubMed]

85. Ganesan, S.; Kumar Palani, H.; Lakshmanan, V.; Balasundaram, N.; Alex, A.A.; David, S.; Venkatraman, A.;
Kulkarni, U.P.; George, B.; Srivastava, A. Stromal-Cells Downregulate MiR-23a-5p Levels in Myeloid
Leukemic Cells to Activate Protective-Autophagy Against Chemotherapeutic Agents. Blood 2017, 130, 3780.

86. Fakhimahmadi, A.; Nazmi, F.; Rahmati, M.; Bonab, N.M.; Hashemi, M.; Moosavi, M.A. Nucleostemin
silencing induces differentiation and potentiates all-trans-retinoic acid effects in human acute promyelocytic
leukemia NB4 cells via autophagy. Leuk. Res. 2017, 63, 15–21. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1159/000492646
http://www.ncbi.nlm.nih.gov/pubmed/30114705
http://dx.doi.org/10.1038/cddis.2017.464
http://www.ncbi.nlm.nih.gov/pubmed/28981093
http://dx.doi.org/10.4161/auto.29592
http://dx.doi.org/10.4161/auto.7.4.14397
http://dx.doi.org/10.1038/s41598-017-12734-4
http://dx.doi.org/10.7150/ijms.23782
http://dx.doi.org/10.1016/j.leukres.2006.06.021
http://dx.doi.org/10.1038/leu.2016.227
http://dx.doi.org/10.1074/jbc.M109.090530
http://dx.doi.org/10.1038/cddis.2016.186
http://www.ncbi.nlm.nih.gov/pubmed/27362801
http://dx.doi.org/10.1111/j.1745-7254.2008.00732.x
http://www.ncbi.nlm.nih.gov/pubmed/18158874
http://dx.doi.org/10.1016/j.leukres.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29096331
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Acute Promyelocytic Leukemia 
	The Modes of Action of APL Therapy 
	All-Trans Retinoic Acid (ATRA) 
	Arsenic Trioxide 
	Differentiation Syndrome 

	The Autophagy Machinery and its Role in Cancer 
	Regulation of Autophagy in APL Cells at Basal Level and in Response to Treatment 
	Regulation of Autophagy during Differentiation of APL Cells by ATRA 
	Regulation of Autophagy in APL Cells Following Arsenic Trioxide Treatment 
	Conclusions 
	References

