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Abstract

:

Autophagy is a critical cellular process that maintains homeostasis by recycling damaged or aberrant components. This process is orchestrated by a network of proteins that form autophagosomes, which engulf and degrade intracellular material. In cancer, autophagy plays a dual role: it suppresses tumor initiation in the early stages but supports tumor growth and survival in advanced stages. Chronic myeloid leukemia (CML), a hematological malignancy, is characterized by the Philadelphia chromosome, a chromosomal abnormality resulting from a translocation between chromosomes 9 and 22. Autophagy has emerged as a key factor in CML pathogenesis, promoting cancer cell survival and contributing to resistance against tyrosine kinase inhibitors (TKIs), the primary treatment for CML. Targeting autophagic pathways is being actively explored as a therapeutic approach to overcome drug resistance and enhance cancer cell death. Recent research highlights the intricate interplay between autophagy and CML progression, underscoring its role in disease biology and treatment outcomes. This review aims to provide a comprehensive analysis of the molecular and cellular mechanisms underlying CML, with a focus on the therapeutic potential of targeting autophagy.
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1. Introduction


Autophagy is a cellular mechanism that maintains homeostasis by eliminating invasive microorganisms, damaged organelles, and protein aggregates through lysosomal degradation [1]. This process involves the formation of an autophagosome, a double-membrane vesicle that encapsulates cellular components for degradation. As a lysosome-dependent catabolic process, autophagy is activated in response to cellular stresses such as nutrient starvation, oxygen deprivation, or pathogen invasion. It plays a dual role by recycling cytoplasmic components during stress and operating at baseline levels under normal physiological conditions. The dysregulation or imbalance of autophagy has been associated with the onset of various conditions, including neurodegenerative diseases, metabolic disorders, and cancer [2].



Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm driven by a chromosomal translocation between chromosomes 9 and 22. This genetic alteration produces the Philadelphia chromosome, a defining feature of CML. The BCR-ABL fusion protein is persistently active as a result of this translocation, which promotes unchecked cellular proliferation, suppresses apoptosis, and disrupts normal adhesion mechanisms [3]. Emerging evidence highlights the dual role of autophagy in CML progression and treatment response. Autophagy can enhance CML cell survival by providing essential nutrients and energy under stress conditions. Conversely, in specific contexts, such as during chemotherapy, autophagy may shift its role and contribute to cell death [4].



The inhibition of autophagy has emerged as a potential therapeutic strategy for CML. Preclinical trials have demonstrated that blocking autophagy can enhance the efficacy of chemotherapeutic agents in eradicating CML cells [5]. Findings from recent studies investigating the complex interplay between CML progression and autophagy further support the therapeutic potential of targeting this process [6]. Ongoing research aims to identify optimal strategies for modulating autophagy, with an emphasis on their clinical significance in CML treatment. This review provides a critical analysis of the current knowledge on the role of autophagy in the pathogenesis of CML, further evaluating its potential as a novel therapeutic intervention.




2. Insights into the Basics of Autophagy


The term “autophagy” was coined over 40 years ago by Christian de Duve, whose pioneering research revealed the process’s fundamental role in cellular biology. De Duve’s work originated from observations in rats, where administering the pancreatic hormone glucagon caused a significant decrease in the number of mitochondria and other vital cellular components within lysosomes [7]. The term itself is derived from the Greek words auto (“self”) and phagy (“to eat”), collectively describing the self-cannibalizing process through which cells degrade their own components. Autophagy facilitates the breakdown and recycling of cytoplasmic macromolecules, including proteins and lipids, providing energy and essential building blocks for cellular functions. This system is crucial for preserving the integrity of the genome, promoting cell survival, and regulating cellular metabolism [8,9]. Additionally, it serves as a cellular housekeeping mechanism, eliminating unwanted or harmful substances such as misfolded or aggregated proteins, oncogenic materials [10], damaged organelles [11,12], and invading pathogens like viruses. These components are degraded through a lysosome-dependent pathway [13].



Autophagy begins with the formation of an autophagosome, a double-membraned vesicle that encapsulates cellular components earmarked for degradation and recycling. These components include misfolded proteins, damaged organelles, and other cellular waste. The autophagosome subsequently fuses with a lysosome, a membrane-bound organelle containing enzymes that degrade the autophagosome’s contents. This tightly regulated process is activated in response to cellular stresses such as infections, oxidative damage, and nutrient deprivation. Autophagy plays a vital role in maintaining cellular homeostasis, particularly in cancer cells, which frequently encounter nutrient shortages and other stressors. However, dysregulated autophagy has been implicated in the pathogenesis of various diseases, including neurodegenerative disorders, metabolic conditions, and cancer.



Autophagy plays a vital role in targeting and eliminating malignant cells and toxic compounds that can contribute to cancer development. This process is essential for maintaining cellular homeostasis and supporting normal growth and development. However, its paradoxical role in cancer presents significant challenges. While autophagy can suppress tumor initiation, it can also promote metastasis and tumor recurrence. Furthermore, dysregulated autophagy enhances the resistance of cancer stem cells to chemotherapeutic agents and radiation, thereby complicating clinical management [14]. In the context of viral infections, autophagy intersects with various host cellular functions, including metabolism, immune responses, and cellular trafficking, which viruses exploit to ensure their survival and replication [15,16]. As a fundamental mechanism for degrading and recycling cellular components, autophagy is integral to both innate and adaptive immune responses, playing a crucial role in defending against viral pathogens [17,18].



The lysosome facilitates the degradation of cellular components through three primary forms of autophagy: micro-autophagy, macro-autophagy, and chaperone-mediated autophagy. In macro-autophagy, cytoplasmic contents are sequestered within the autophagosome, which subsequently fuses with the lysosome to form an autolysosome, where degradation occurs. In contrast, micro-autophagy involves the direct engulfment of cytoplasmic components by invaginations of the lysosomal membrane. Chaperone-mediated autophagy differs from the other two forms by exclusively targeting specific proteins, wherein the chaperone proteins, such as Hsc70, bind to the targeted proteins and transport them to the lysosomal membrane. Interaction with lysosomal-associated membrane protein 2A induces a conformational change that facilitates the translocation of these proteins into the lysosome, where they are degraded [19].



Autophagy has been extensively studied across various fields, including health, disease, degeneration, and hereditary or lifestyle-related conditions [13,20]. Although much of the research has concentrated on its roles in cancer [10], degenerative diseases [21], and microbial infections [13], the scope of autophagy’s functions is now being explored in a broader range of contexts.




3. Understanding the Molecular Machinery of Autophagy


Autophagy is regulated by a well-coordinated series of cellular signaling pathways, with various signals and cellular stresses contributing to the stimulation of this process [22]. The initiation of autophagy begins with autophagosome formation—double-membrane vesicles that interact with lysosomes to degrade unnecessary cellular components. The development and functionality of autophagosomes are significantly influenced by autophagy-related genes (ATGs) [23]. The molecular mechanism of an autophagy comprises four distinct phases: initiation, nucleation, maturation, and fusion, followed by the degradation of cellular constituents.



The evolutionarily conserved serine/threonine kinase mechanistic target of rapamycin (mTOR) plays a pivotal role in transmitting signals that stimulate autophagy and is essential for initiating the autophagic cascade. mTOR exists in two distinct complexes, mTORC1 and mTORC2, each of which regulates cellular energy homeostasis [24]. Autophagy and mTORC1 exhibit an inverse relationship, where the activation of one suppresses the other. For example, the PI3K/Akt pathway activates mTORC1, which inactivates autophagy by phosphorylating ULK1 (Unc-51-like autophagy-activating kinase) and ATG13, thereby suppressing the autophagic process [25]. Conversely, AMP-activated protein kinase (AMPK) stimulates autophagy by monitoring ATP and cellular energy levels [26]. Reduced ATP levels activate AMPK, which phosphorylates RAPTOR (regulatory-associated protein of mTOR) and TSC2 (TSC complex subunit 2), leading to the inhibition of mTOR and subsequent activation of the ULK1/2 complex [27]. The ULK1/2 complex, comprising ULK1 or ULK2 kinase, ATG13, ATG101, and FIP200 (also known as RB1CC1), works alongside ATG9 to facilitate autophagosome nucleation. The initiation of autophagy begins with the activation of the ULK1/2 complex, which triggers the formation of a double-membrane structure known as the phagophore. This process is mediated by the activation of the class III phosphatidylinositol 3-kinase (PI3K) complex [28] (Figure 1).



The class III PI3K complex is primarily responsible for the nucleation of the autophagic membrane. The phagophore, a double-membrane structure, forms through the regulation of several proteins, including AMBRA1, Beclin-1, VPS34, and mATG9 [29,30]. As the phagophore forms, it undergoes conformational changes, elongating and transforming into an isolation membrane, which has a characteristic cup-shaped structure. Beclin-1 is responsible for regulating membrane nucleation, and its interaction with Bcl-2 inhibits the process of autophagy. The disruption of the Bcl-2-Beclin-1 interaction allows Beclin-1 to associate with VPS34, a lipid kinase, triggering membrane nucleation and facilitating autophagy [31]. In addition to VPS34, Beclin-1 interacts with various mediators, including the UV radiation resistance-associated gene protein (UVRAG) [32], RUBICON, AMBRA1 [33], and ATG14L [34], to modulate membrane formation. VPS34, a class III phosphatidylinositol 3-kinase enzyme, generates phosphatidylinositol 3-phosphate (PI3P), a critical signaling molecule that drives autophagosome formation [35].



During the maturation phase, the isolation membrane expands and seals, forming a complete autophagosome. The binding of ATGs, facilitated by autophagic proteins within the PI3P-binding domain at the membrane nucleation site, supports the elongation and sealing of the autophagosome membrane. This step involves two critical protein conjugation processes essential for autophagosome formation. In the first step, ATG7 and ATG10 catalyze the conjugation of ATG5 and ATG12 proteins. Following this conjugation, the ATG5-12 assembly recruits ATG16L1, forming the ATG12–ATG5–ATG16L1 complex [36]. This complex binds to PI3P, produced by VPS34, on newly formed autophagosomal membranes through interaction with WIPI-2b [37]. In the second step, ATG7 and ATG3 conjugate LC3 protein to phosphatidylethanolamine, a lipid molecule [38]. ATG4 cleaves the precursor LC3 protein, exposing glycine residues at its carboxy-terminal, which results in the formation of the soluble LC3-I form. The ATG12–ATG5–ATG16L1 complex is essential for the lipidation of LC3-I to PE on the autophagosomal membrane surface, a process mediated by ATG7 and ATG3 [39]. This lipidation labels the membrane as autophagic by attaching LC3-I, a ubiquitin-like protein, to its surface. LC3-I interacts with cargo receptors, enabling the transport of autophagic cargo to the autophagosome. The lipid-modified version of LC3, referred to as LC3-II, facilitates autophagic degradation by interacting with cargo receptors such as SQSTM1/p62 and NBR1. These receptors promote cargo recruitment to LC3-II on the autophagosome surface, ensuring the efficient degradation of cellular materials [40] (Figure 1).



The final steps of the autophagy mechanism, fusion and degradation, begin with the transportation of autophagic vesicles to lysosomes for degradation. LC3 proteins attached to the autophagosome are recycled prior to fusion [41]. Fusion is facilitated by the coordinated action of SNARE proteins, such as STX17 and WAMP8, and lysosomal proteins, including LAMP2 and RAB proteins [42] (Figure 1). This process results in the formation of an autolysosome, where lysosomal proteases degrade the autophagic cargo. The breakdown products of autophagy, such as amino acids and fatty acids, are released into the cytosol and utilized as building blocks for various cellular processes.




4. Bi-Faceted Role of Autophagy in Cancer: Friend or Foe?


The role of autophagy in cancer development is complex and context-dependent, varying based on the type, stage, and genetic profile of the cancer [43]. In the early stages, autophagy acts as a protective mechanism by removing damaged organelles, misfolded proteins, and reactive oxygen species, thereby mitigating genomic instability and reducing the likelihood of cancer-causing mutations. However, in advanced stages, tumor cells exploit autophagy to adapt to stress and sustain their elevated metabolic demands, facilitating rapid growth and survival [44,45].



Impaired autophagy has been widely associated with tumorigenesis, genomic instability, and malignant transformation. Notably, research has shown that mice with only a single functional copy of the autophagy-related gene Beclin-1 exhibit spontaneous tumor formation. Frequent allelic deletions of Beclin-1—ranging from 40% to 75%—have been identified in prostate, ovarian, and breast cancers, underscoring its role as a tumor suppressor gene [46,47]. Beclin-1, a key protein in the initiation of autophagy, interacts with and activates VPS34 via a highly conserved domain, driving autophagic activity. This functional domain, which activates VPS34, is likely integral to Beclin-1’s tumor-suppressive properties [48]. As a tumor suppressor, Beclin-1’s activity is regulated through interactions with proteins such as Bax-interacting factor-1 (Bif-1) and UVRAG, which enhance autophagy by stabilizing the Beclin-1–VPS34 complex [49]. Interestingly, several cancers—including stomach, bladder, prostate, breast, and colon cancers—exhibit disruptions in this pathway. These disruptions are frequently linked to monoallelic deletions or mutations in the UVRAG gene, along with reduced Bif-1 expression [50].



The disruption of key members of the PI3K/Akt signaling pathway significantly impacts tumorigenesis and autophagy dysfunction [51,52]. Studies on HT-29 colon cancer cell lines (Cellosaurus ID: CVCL_0320) have demonstrated that the PTEN tumor suppressor promotes autophagy by inhibiting the Akt survival pathway through its phosphoinositide phosphatase activity [53]. Thus, loss-of-function mutations in the PTEN gene or constitutive activation of Akt lead to suppressed autophagic activity [53]. The inhibition of autophagy results in the accumulation of p62 aggregates, which contribute to DNA damage, oxidative stress, and cytotoxicity. Impaired autophagy has been consistently associated with poor prognostic outcomes in various cancers [54,55]. The absence of PTEN or aberrant PI3K/Akt signaling can reduce autophagic activity, further promoting tumorigenesis [53,54,55]. These findings highlight the importance of autophagy in controlling and regulating tumor initiation, with its dysregulation serving as a potential contributor to cancer progression.



In established tumors, autophagy plays a critical role in meeting the high metabolic demands of rapidly proliferating cancer cells. By breaking down macromolecules, autophagy protects tumor cells from metabolic stress-induced necrosis and recycles essential building blocks to sustain their elevated metabolism [56]. Furthermore, hypoxic conditions promote both HIF-1-dependent and HIF-1-independent autophagy, enhancing tumor cell survival under low-oxygen environments [57]. Given its importance in tumor progression, it is unsurprising that key autophagy-related genes can become genetically silenced or that pharmacological inhibition of autophagy can induce tumor cell apoptosis. For instance, in mouse models, deletion of the autophagy-related gene FIP200 has been shown to significantly inhibit breast tumor growth [56].



Cancer cells harboring activating mutations in the HRAS or KRAS genes exhibit a pronounced dependence on autophagy, characterized by elevated basal autophagy rates even under normal growth conditions [54,58]. Studies on pancreatic cancer xenografts and murine models have demonstrated that inhibiting autophagy, either genetically or pharmacologically, leads to significant tumor regression [45,54,58]. In this context, autophagy serves as a critical mechanism for cancer cells to tolerate stress and secure alternative sources of nutrients and energy. By meeting their heightened metabolic demands, autophagy enables tumor cells to sustain growth and survival under challenging conditions.




5. Introduction to CML


CML is a malignant condition characterized by the abnormal proliferation of hematopoietic progenitor cells. It has been extensively studied and was the first malignancy to be associated with a chromosomal abnormality [58]. A hallmark of CML is the Philadelphia chromosome, resulting from a reciprocal translocation between chromosomes 9 and 22, designated t(9;22). This translocation creates the BCR-ABL1 fusion gene, which is essential for diagnosing and monitoring the disease. The unrelenting activation of the BCR-ABL1 protein’s tyrosine kinase function is a key factor promoting disease pathogenesis. Abnormal kinase signaling induced by BCR-ABL1 triggers a cascade of molecular events that disrupt normal cellular functions, leading to unchecked proliferation and an excessive accumulation of myeloid cells—a condition referred to as myeloid hyperplasia. This results in the indolent symptoms characteristic of the chronic phase of CML. If untreated, the disease can progress to blast crisis, a phase resembling acute leukemia. Common symptoms and signs of CML during the chronic phase include fatigue, splenomegaly, anemia, abdominal discomfort, and increased susceptibility to infections [59]. However, many patients may remain asymptomatic, with the condition often identified incidentally during routine medical evaluations [59].



The identification of the Philadelphia chromosome in individuals with CML was a landmark discovery, providing the first clear link between a chromosomal abnormality and a specific medical condition. The underlying biological mechanism of CML involves a genetic defect in blood stem cells responsible for producing myeloid cells. This defect arises from a chromosomal rearrangement, in which a segment of chromosome 9 fuses with chromosome 22, resulting in the Philadelphia chromosome and the formation of the distinctive BCR-ABL fusion gene.



A defining feature of CML is the Philadelphia chromosome, which arises from a specific chromosomal rearrangement known as a reciprocal translocation. This translocation occurs between the long (q) arms of chromosomes 9 and 22 at the precise breakpoints q34 and q11, respectively. It results in the juxtaposition of the BCR and ABL1 genes, forming the BCR-ABL fusion gene. This fusion gene encodes a protein exhibiting aberrant tyrosine kinase activity, which is a critical driver of CML pathogenesis (Figure 2). The BCR-ABL1 fusion gene combines the 3′ and 5′ ends of the ABL1 gene (also referred to as Abelson) through a process of recombination. This typically involves the joining of intron 13 or 14 of the BCR gene with a 140-kilobase segment of the ABL1 gene located between exons 1b and 2. However, the exact genomic breakpoints within the BCR and ABL1 genes can vary significantly [60]. Despite this variability, the predominant outcome of mRNA splicing involves the creation of BCR-ABL1 transcripts with either an e13a2 junction (joining BCR exon 13 and ABL1 exon 2) or an e14a2 junction (joining BCR exon 14 and ABL1 exon 2). These transcripts, formerly referred to as b2a2 and b3a2, respectively, encode the 210-kDa BCR-ABL1 protein, which is instrumental in driving the progression of CML.



The 210-kDa BCR-ABL1 protein identified in CML contains over ten distinct functional domains derived from both the BCR and ABL1 genes. Key domains from BCR include the Rho/GEF, Ser/Thr kinase, and dimerization (coiled-coil) domains. From ABL1, it incorporates the SH domains, actin- and DNA-binding domains, proline-rich region, nuclear localization signals, and nuclear entry signals. A critical feature of BCR-ABL1 is its SH1 tyrosine kinase domain, which plays a central role in CML pathogenesis and has been a focal point of research. Additionally, tyrosine-177 within the Ser/Thr kinase domain is essential for the proper functionality of BCR-ABL1 [61,62,63,64]. Interestingly, despite encompassing most of the ABL1 gene, BCR-ABL1 lacks the N-terminal myristoylation site present in the normal ABL1 protein. In the native ABL1 protein, myristoylation facilitates autoinhibition of SH1 kinase activity by interacting with the myristoylation-binding pocket. The absence of this regulatory site in BCR-ABL1 is thought to contribute to its constitutive kinase activity [65]. However, BCR-ABL1 retains the myristoylation-binding pocket, enabling the development of pharmaceutical interventions aimed at targeting this region. These therapies have shown promise in reducing BCR-ABL1 kinase activity allosterically, enhancing the effectiveness of treatments targeting CML [66]. BCR-ABL1 drives CML pathogenesis by activating downstream signaling pathways that promote cellular proliferation, migration, and survival. It phosphorylates several substrates, including CRKL, CBL, and STAT5, which in turn activate diverse pathways such as JAK/STAT, MAPK/ERK, and PI3K/Akt (Figure 3).



The JAK/STAT signaling pathway plays a pivotal role in regulating cellular growth and development across various leukemias. This pathway is initiated by JAK receptors, which activate STAT transcription factors. In CML, the BCR-ABL1 protein drives the activation of the JAK/STAT pathway, leading to the phosphorylation of STAT5 [67]. Activated STAT5, in turn, regulates the expression of genes such as c-Myc and Bcl-xL, both of which are key contributors to enhanced cell survival and proliferation (Figure 3).



Studies using CML models have shown that JAK2/STAT activation is directly enhanced by BCR-ABL1 kinase activity, promoting cell growth and survival [68,69]. Tyrosine-177, a critical site for BCR-ABL1 activation, has been identified as a phosphorylation target of JAK2. Mouse models in which STAT5 was conditionally deleted both prior to and after the onset of BCR-ABL1-induced CML have demonstrated the indispensable role of STAT5 in both the initiation and persistence of the disease [70].



BCR-ABL1-mediated phosphorylation of PI3K activates the PI3K/Akt signaling cascade, a critical pathway that promotes cell survival by inhibiting apoptosis. This pathway achieves anti-apoptotic effects primarily through the activation of proteins such as Bcl-2. PI3K proteins facilitate the communication between extracellular signals and transcription factor activation, thereby supporting cell growth and survival while suppressing programmed cell death [71]. Akt, a key downstream effector of PI3K signaling, plays a central role in this cascade. BCR-ABL1 utilizes adaptor proteins such as Grb2/Gab2 [72] and CBL [73] to initiate PI3K signaling. Early studies revealed that PI3K activity is essential for hematopoietic cell transformation in the presence of BCR-ABL1 [74]. Moreover, the PI3K/Akt pathway is crucial for sustaining CML, as inhibiting PI3K signaling effectively disrupts BCR-ABL1-driven oncogenic processes, leading to the elimination of early-stage CML cells [75]. In addition, PI3K activation stimulates the mTOR pathway [76], which regulates essential cellular processes such as protein synthesis, cell size, proliferation, and autophagy. Together, these interconnected pathways underscore the importance of PI3K signaling in the progression and maintenance of CML (Figure 3).



BCR-ABL1 phosphorylates RAF and MEK, activating the MAPK/ERK signaling pathway, which drives cell proliferation. The PI3K/Akt cascade complements this by promoting the transcription of key genes involved in cell cycle progression, such as cyclin D1. The deregulation of these pathways is a major driver of cancer development, with the aberrant activation of Ras GTPases and MEK kinase serving as a critical mechanism [77]. Cellular differentiation is initiated through membrane receptor binding, which triggers the transcription of growth factor genes. BCR-ABL1 amplifies Ras signaling by phosphorylating adaptor proteins such as Grb2 and Gab2, thereby enhancing cellular proliferation [78]. Notably, inhibiting Ras signaling has been shown to arrest the progression of BCR-ABL1-induced CML-like disease in mouse models [79]. Similarly, small-molecule MEK inhibitors have demonstrated efficacy in targeting early CML cells [80,81]. Despite progress in understanding these pathways, the specific contributions of the Ras-effector repertoire to disease progression remain poorly understood. One exception is NF-κB, a key transcription factor implicated in the progression of BCR-ABL1-induced CML. NF-κB is activated by BCR-ABL1/Ras signaling and plays a crucial role in sustaining the disease (Figure 3).



The advent of tyrosine kinase inhibitors (TKIs) revolutionized the management and treatment of CML, marking a significant therapeutic breakthrough. TKIs function by targeting the ATP-binding pocket of the BCR-ABL kinase, effectively inhibiting its activity. This disruption halts BCR-ABL-dependent signaling pathways that drive uncontrolled cell proliferation, ultimately inducing apoptosis in cancer cells. The success of TKIs in CML therapy underscores the pivotal role of BCR-ABL kinase activity in the molecular pathogenesis of the disease.




6. Deciphering the Role of Autophagy in CML


Chronic myeloid leukemia (CML) is characterized by the Philadelphia chromosome, resulting from a translocation between chromosomes 9 and 22, which produces the BCR-ABL fusion gene. This gene is a significant catalyst for clonal expansion in myeloid lineage cells and is linked to the existence of aberrant hematopoietic stem cells (HSCs) that possess this genetic modification. The introduction of tyrosine kinase inhibitors (TKIs) has revolutionized the treatment of chronic myeloid leukemia (CML) by selectively targeting the BCR-ABL protein, thereby obstructing its oncogenic function and addressing the unchecked cell growth characteristic of this leukemia [82,83]. Recent investigations have shown the mechanisms by which BCR-ABL regulates autophagy through multiple interrelated pathways, including those associated with endoplasmic reticulum (ER) stress. ER stress [84] occurs due to the buildup of misfolded or unfolded proteins in the endoplasmic reticulum, activating the unfolded protein response (UPR) to re-establish proteostasis. The UPR initiates multiple downstream signaling pathways, including PERK-eIF2α, IRE1-XBP1, and ATF6, which are associated with the induction of autophagy as a protective cellular strategy. In CML, extended ER stress promotes autophagy to eliminate misfolded proteins and mitigate cellular damage, hence improving cancer cell survival in unfavorable settings and fostering treatment resistance. A notable mechanism by which BCR-ABL affects autophagy is through the stimulation of the PI3K/AKT signaling pathway. This pathway is essential for facilitating cell survival and proliferation; BCR-ABL amplifies AKT activity, resulting in the overexpression of mTOR, a principal negative regulator of autophagy [85]. This activation leads to the mTOR-mediated inhibition of autophagic mechanisms, therefore promoting the survival of leukemic cells.



Furthermore, BCR-ABL directly engages with Beclin-1, a crucial regulator of autophagy. BCR-ABL, via phosphorylation of certain tyrosine residues, reduces Beclin-1’s capacity to assemble autophagic complexes with positive regulators like UVRAG and simultaneously increases its association with negative regulators like RUBICON, thereby further suppressing autophagy. In addition, BCR-ABL affects the production of ATF5, a transcription factor that enhances mTOR expression. Activation of the PI3K/AKT pathway by BCR-ABL enhances ATF5 levels, resulting in increased mTOR activity and subsequent inhibition of autophagy. The MAPK signaling pathway is integral to this regulatory network; new discoveries indicate that BCR-ABL influences autophagy through interactions with LC3 family proteins via MAPK signaling [86]. The dual function of autophagy in chronic myeloid leukemia poses difficulties for treatment methods. Autophagy facilitates the survival of leukemic stem cells under stress circumstances, such as those caused by ER stress, hence contributing to resistance against TKIs. Conversely, the inhibition of autophagy has demonstrated the ability to sensitize CML cells to apoptosis, especially in scenarios when cells display resistance to TKIs. Notably, TKIs like imatinib can stimulate autophagy by suppressing mTORC1 activity and enhancing the expression of Beclin-1 and ATG5. BCR-ABL utilizes many pathways—such as PI3K/AKT/mTOR signaling, modulation of Beclin-1 and ATF5 regulation, MAPK signaling, and responses to ER stress—to carefully control autophagy in CML cells. Comprehending these systems underscores the intricacy of autophagic processes in CML and indicates prospective therapeutic targets that may improve treatment outcomes through the strategic modulation of these pathways.



Resistance to TKIs occurs in approximately 13% of CML patients [87], with autophagy playing a key role in this resistance. Both imatinib, a first-generation TKI, and ponatinib, a third-generation TKI, have been demonstrated to induce autophagy in resistant cells, which enhances both apoptosis and cytotoxic effects [88]. This autophagy provides cytoprotective benefits and reduces cell death, contributing to TKI resistance. Similarly, second-generation TKIs, such as nilotinib and dasatinib, also induce autophagy, apoptosis, and cytotoxicity in resistant cells [83]. Efforts to overcome TKI resistance have focused on suppressing autophagy to enhance TKI efficacy. A notable advancement involves improving the effectiveness of ponatinib by knocking down ATG7 or using hydroxychloroquine (HCQ) to inhibit mTOR and disrupt autophagic processes [89]. However, HCQ, the only FDA-approved autophagy inhibitor, has shown inconsistent efficacy in fully inhibiting autophagy. As an alternative, second-generation inhibitors such as Lys05 and PIK-III are under investigation. PIK-III specifically targets VPS34, while Lys05 acts as a lysosomotropic agent. Both inhibitors have been shown to suppress autophagy and promote cell death, leading to a reduction in initial CML cell populations [90]. Autophagy has also been implicated in resistance to other anticancer agents, including 20(S)-ginsenoside Rh2 [91] and diosgenin. These compounds induce autophagy alongside drug-mediated cell death in CML cells, which may hinder apoptosis and contribute to the development of drug resistance, particularly in K562 and U937 cells [92].



One study by Mitchell et al. [89] demonstrated that ponatinib-resistant CML cells can develop BCR-ABL-independent resistance through alternative activation of the mTOR pathway. The inhibition of mTOR in these cells not only sensitized them to apoptosis but also induced compensatory autophagy. This study emphasized combining mTOR inhibitors like NVP-BEZ235 with autophagy inhibitors. Hydroxychloroquine (HCQ) significantly enhanced the apoptosis of ponatinib-resistant CML cells both in vitro and in vivo, suggesting a potential therapeutic avenue to address resistance.



Another investigation by Elshazly et al. [93] examined the elevated levels of autophagy in resistant CML cell lines compared to their parental counterparts in which lapatinib-resistant cells exhibited increased autophagosome accumulation. When autophagy inhibitors were combined with lapatinib, there was a marked increase in cell death and a reduction in colony formation. This underscores the protective role of autophagy in mediating resistance and highlights how its inhibition can enhance the efficacy of TKIs.



Additionally, a study by Li et al. [94] explains the targeting energy metabolism, a strategy to overcome TKI resistance. Research demonstrated that combining 2-deoxy-D-glucose (2-DG), a glycolysis inhibitor, with imatinib resulted in significant reductions in cellular ATP levels and induced autophagic cell death. This effect was particularly pronounced in CML cells harboring the T315I mutation, one of the most challenging mutations conferring TKI resistance. These findings highlight that metabolic modulation, alongside autophagy inhibition, can sensitize resistant CML cells to TKIs.



In 2010, Altman and colleagues [95] developed a conditional model for hematopoietic cell culture by employing Cre-mediated excision of ATG3 to disrupt autophagy in cells reliant on growth stimuli. Their findings revealed that basal autophagy, though present at low levels, was highly dependent on autophagic processes in cells expressing BCR-ABL. Inhibiting autophagy through ATG3 deletion led to significant effects, including increased phosphorylation and the accumulation of p53, as well as the upregulation of p53 target genes, such as p21 and the pro-apoptotic Bcl-2 family protein Puma. Additionally, researchers observed elevated levels of ƴH2AX, a marker of DNA double-strand breaks, following ATG3 deletion. However, it remained unclear whether autophagy inhibition affected mitochondrial number or function. This uncertainty is notable, as mitochondrial activity could potentially contribute to increased DNA damage, a phenomenon previously reported in healthy hematopoietic stem cells (HSCs) [96,97].



Sheng and colleagues [85] demonstrated that FOXO4 plays a crucial role in the PI3K/Akt signaling pathway, through which BCR-ABL transcriptionally activates activating transcription factor 5 (ATF5). ATF5, in turn, stimulates mTORC1 transcription, which is required to suppress autophagy. These findings indicate that BCR-ABL enhances not only mTORC1 kinase activity but also its transcriptional expression. Furthermore, the study revealed that the initiation of autophagy by imatinib depended on the suppression of the PI3K/Akt/mTORC1 pathway. The constitutive activation of PI3K was shown to impair imatinib’s ability to induce autophagy, highlighting the interplay between these pathways. In a separate investigation, Yu et al. [98] reported that imatinib treatment reduced the expression of microRNA-30a (miR-30a) in CML cells. This reduction led to autophagy activation, as evidenced by increased expression of Beclin-1 and ATG5, key regulators of autophagy.



These findings collectively indicate that BCR-ABL suppresses autophagy through two distinct mechanisms. The first mechanism is mTORC1-independent and involves the induction of mir-30a expression, while the second is mTORC1-dependent, relying on increased mTORC1 activity and expression. The inhibition of mTOR using OSI-027, an inhibitor targeting both mTORC1 and mTORC2 complexes, was shown to induce protective autophagy in K562 cells. This suggests that active mTORC1 primarily mediates the suppression of autophagy. Furthermore, combining OSI-027 with CQ-mediated autophagy inhibition significantly enhanced apoptosis compared to OSI-027 treatment alone [99]. These observations indicate that autophagy may be critical for promoting survival and reducing apoptotic responses in CML cells following mTOR inhibition. Therefore, combining potent mTOR inhibitors with autophagy inhibitors could represent an effective therapeutic strategy to maximize treatment efficacy. Interestingly, the role of autophagy in CML appears to be complex. While autophagy typically functions as a tumor suppressor in healthy hematopoietic stem cells (HSCs), its role in CML differs, suggesting that targeting autophagy in this context holds potential as a therapeutic approach.



Autophagy plays a vital role in maintaining cellular homeostasis and is intricately regulated by the aforementioned key pathways, mTOR, PI3K/Akt, and AMPK, which are also central to CML pathogenesis. Interestingly, these pathways are also implicated in other diseases, such as neurodegenerative [100] and metabolic disorders [45]. In a study focused on neurodegenerative diseases [100], metformin was shown to induce autophagy through the AMPK-mTOR-ULK1 pathway and lysosomal-dependent chaperone-mediated autophagy via TAK1-IKK α/β-Hsc70 signaling, which reverses the molecular and behavioral phenotypes of Alzheimer’s disease. Similarly, resveratrol activates autophagy by inhibiting the Akt/mTOR pathway, improving cognitive function, and enhancing mitophagy through increased acidic vesicular organelle formation, LC3-II/LC3-I ratio, and expression of Parkin and Beclin-1. In metabolic disorders, such as atherosclerosis [101], the PI3K/Akt and mTOR pathways are also pivotal in regulating autophagy. For example, high glucose concentrations suppress the PI3K/Akt pathway, leading to proliferative dysfunction in endothelial cells (ECs), while hyperinsulinemia activates the MAPK pathway, promoting endothelial dysfunction and proatherosclerotic events. Caveolin-1, a marker for caveolar organelles, regulates autophagy by interacting with LC3 and the ATG5/ATG12/ATG16 complex during autophagosome formation, facilitating caveolin-1 degradation. In CML, autophagy supports leukemic stem cell survival and TKI resistance by leveraging the same mTOR, PI3K/Akt, and AMPK pathways, which are also critical in the pathogenesis of neurodegenerative and metabolic disorders.




7. Targeting Autophagy as a Therapeutic Intervention for CML


Currently, there are no clinically approved autophagy inhibitors specifically developed for therapeutic use. However, the anti-malarial drug HCQ, approved for treating inflammatory conditions such as rheumatoid arthritis, has demonstrated the ability to suppress autophagy [102]. HCQ accumulates in lysosomes, where it raises pH levels and disrupts the degradation of autophagic proteins. It has been widely studied as an autophagy inhibitor in over 40 clinical trials involving cancer patients, either as a standalone treatment or in combination with cytotoxic therapies [103,104]. Autophagy has been implicated in the persistence of CML stem cells, offering both a challenge and an opportunity for therapeutic intervention. Carew and colleagues [105] demonstrated that chloroquine (CQ), an autophagy inhibitor, enhanced the efficacy of the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) in primary CML cells resistant to imatinib. These findings suggest that autophagy contributes to the survival and drug resistance of BCR-ABL-driven CML cells. Recent studies have also identified alternative autophagy inhibitors, including macrolide antibiotics such as azithromycin [106] and clarithromycin [107], as well as desmethylclomipramine, a metabolite of a drug used for psychiatric conditions [107]. Carella et al. [108] observed improved treatment outcomes in four patients with advanced CML resistant to TKIs when clarithromycin was added to their therapy. However, further research is needed to determine whether the observed benefits are directly related to autophagy inhibition. Carella’s lab is currently investigating the autophagy-inhibiting potential of the clarithromycin concentrations used in their study.



Additionally, other potential autophagy inhibitors, including Lys05 [109], mefloquine [110], and spautin-1 [111], have shown promising results in preclinical studies. Among the autophagy inhibitors evaluated beyond HCQ, Lys05, a trihydrochloride salt of the lead compound Lys01 has emerged as a promising candidate due to its increased potency and solubility for in vivo investigations. McAfee et al. [109] demonstrated that Lys01 was shown to be a 10-fold more potent autophagy inhibitor than HCQ, with its water-soluble derivative, Lys05, exhibiting enhanced lysosomal accumulation and deacidification. This pathway leads to significantly impaired autophagy and subsequent suppression of tumor growth. The Lys05 treatment resulted in a significant dose-dependent elevation of the LC3II/LC3I ratio, indicating increased autophagy inhibition, and also resulted in the accumulation of the autophagy cargo protein p62. Furthermore, following 14 days of treatment, Lys05-treated tumors had a sixfold increase in autophagic vesicles (AVs) relative to control-treated tumors, accompanied by significant tumor necrosis. These findings underscore Lys05’s effectiveness in preclinical cancer models and its promise as an autophagy inhibitor for therapeutic use in CML. Although research directly evaluating Lys05 in CML is scarce, its significant efficacy against autophagy-related survival mechanisms in alternative tumor models highlights its potential as a candidate for addressing TKI resistance in CML.



In addition to HCQ, celecoxib, a cyclooxygenase-2 (COX-2) inhibitor, has demonstrated potential anti-tumor benefits in solid tumors and has recently been examined for its anti-CML properties. Although the precise mechanisms of its activity in CML remain unclear, current research by Lu et al. [112] highlights its function as an autophagy inhibitor. In contrast to other inhibitors targeting the mTOR route to modulate autophagy, celecoxib does not influence phosphorylated mTOR or 4EBP proteins, signifying that it suppresses autophagy independently of the mTOR system. It was found to block autophagic flux at its late stages, leading to the accumulation of autophagic vesicles, similar to the effect of chloroquine (CQ) in inhibiting autophagy. These data indicate that celecoxib impedes the disruption of autophagic vesicles, resulting in the buildup of autophagy cargo. The research highlights celecoxib’s potential as a dual-function agent that suppresses COX-2 and targets autophagy, positioning it as a possible contender for overcoming TKI resistance in CML.



Apart from the use of autophagy inhibitors, it is well established that the activation of the ULK1 complex initiates autophagy. This makes ULK1, a druggable serine/threonine kinase, a promising target for autophagy suppression [113,114,115]. In a study on primitive leukemia cells, Ianniciello et al. [116] explored the role of ULK1 in regulating autophagy, differentiation, central carbon metabolism, and drug sensitivity. Their findings revealed that treatment with TKIs activated AMPK and ULK1, proteins integral to autophagy initiation. This activation led to increased autophagy in both patient-derived CML cells and cell lines with inherently low autophagy levels. Significantly, the researchers demonstrated that TKI-induced autophagy could be effectively reduced by either genetically deleting ULK1 or administering MRT403, a specific ULK1 kinase inhibitor. This intervention shifted the energy metabolism of CML cells from glycolysis to mitochondrial respiration, resulting in enhanced differentiation and oxidative stress mediated by reactive oxygen species (ROS). Moreover, the dual inhibition of BCR-ABL and ULK1 in animal models restored the normal ratio of immature myeloid and erythroid cells in the bone marrow and effectively targeted therapy-resistant CML leukemic stem cells. These findings support the idea that selective autophagy inhibition can enhance anticancer therapy. MRT403 is the first ULK1-specific inhibitor approved for preclinical animal studies in cancer and other diseases [117]. Additionally, the experimental ULK1 inhibitor DCC-3116 has entered Phase 1 clinical trials to evaluate its potential in treating RAS-driven cancers, both as a monotherapy and in combination with MAPK inhibitors. This ongoing trial, registered under ClinicalTrials.gov, identifier NCT04892017, aims to assess the therapeutic potential of ULK1 inhibition as a novel approach for certain tumor types [117].



The concurrent targeting of autophagy and BCR-ABL inhibition has surfaced as a viable approach to address the limitations associated with tyrosine kinase inhibitors (TKIs) in chronic myeloid leukemia (CML). Although TKIs like imatinib, dasatinib, and nilotinib have transformed CML therapy, their effectiveness is frequently diminished by resistance mechanisms, including autophagy-mediated survival pathways. Strategies using dual inhibition, such as the combination of BCR-ABL inhibitors with autophagy inhibitors, demonstrate promise in addressing these issues by concurrently targeting numerous survival processes.



To enhance treatment outcomes in CML, clinical trials have investigated the combination of TKIs with additional therapeutics to facilitate TKI-induced apoptosis and reduce resistance mechanisms. Research combining ruxolitinib with TKIs has demonstrated promising molecular responses; however, overall survival and progression-free survival have not improved (NCT03610971, Phase 2) [118]. The investigation of asciminib in conjunction with TKIs has been conducted (NCT04838041, Phase 2) [119], with smaller trials evaluating asciminib as a monotherapy or in combination with nilotinib, imatinib, or dasatinib (NCT04877522, Phase 4) [120]. Further trials have examined KRT-232, an innovative oral small molecule inhibitor of MDM2, alongside TKIs (NCT04835584, Phase 1/2) [121] and the novel drug ABL001 in conjunction with dasatinib, prednisone, and blinatumomab (NCT03595917, Phase 1) [122].



ASTX727 and dasatinib have been utilized in conjunction for the treatment of newly diagnosed Philadelphia chromosome or BCR-ABL-positive CML [123]. Moreover, hydroxychloroquine (HCQ) [89], a recognized autophagy inhibitor, has surfaced as a significant possibility for combination therapy by addressing autophagy-mediated survival pathways that facilitate TKI resistance. Strategies of dual inhibition utilizing TKIs and autophagy inhibitors not only undermine compensatory mechanisms but also provide a more precise method for eradicating leukemic stem cells (LSCs). This differs from conventional combinations of chemotherapy or immunomodulators, which frequently lead to increased systemic toxicity or neglect the significance of autophagy in resistance. Clinical trials with HCQ have yielded inconsistent outcomes due to difficulties in fully inhibiting autophagy; nonetheless, the creation of more effective inhibitors offers the potential for enhancing dual inhibition as a viable alternative to existing treatments.



Recent research by Iralde-Lorente et al. [124] has identified phosphate-containing compounds as potential inhibitors of the 14-3-3/c-Abl protein–protein interaction (PPI), a pathway implicated in the pathogenesis of chronic myeloid leukemia (CML). Pyridoxal phosphate (PLP) and inosine monophosphate (IMP) have been identified as binding agents to human 14-3-3σ, specifically targeting the protein’s amphipathic groove and functioning as weak inhibitors of the 14-3-3/c-Abl protein–protein interaction (PPI). The findings were corroborated by techniques including NMR, SPR, and fluorescence polarisation assays. These compounds demonstrated minimal cytotoxicity in human Hs27 fibroblasts, suggesting selectivity for cancer cells. This selectivity highlights the potential of targeting 14-3-3σ interactions as a therapeutic approach in c-Abl-dependent cancers, such as CML. The identification of these inhibitors facilitates the development of drugs targeting specific protein–protein interactions involved in oncogenic signaling pathways.



Chronic myeloid leukemia (CML) has focused on refining diagnostic approaches and exploring innovative therapeutic strategies to overcome resistance mechanisms and improve patient outcomes. These include RNA-based targeted gene sequencing, CAR-T cell therapy, and proteolysis-targeting chimeras (PROTACs), all of which offer new avenues to address the limitations of current treatments.



Traditional diagnostic methods, such as RNA-based targeted gene sequencing [125], primarily depend on DNA sequencing and exhibit limitations in identifying mutations that affect RNA splicing or expression levels, which may result in the oversight of clinically significant alterations. RNA-based targeted gene sequencing has emerged as a more effective diagnostic tool, providing enhanced sensitivity and specificity in the identification of mutations linked to CML. This method enables the detection of rare mutations, alternative splicing events, or gene fusions through direct analysis of transcripts, which may be missed by DNA-based approaches. The enhancement of diagnostic precision is essential for customizing treatment approaches, especially in detecting mutations that lead to resistance against tyrosine kinase inhibitors (TKIs). RNA sequencing can detect BCR-ABL mutations, including the T315I mutation, which can lead to the ineffectiveness of specific TKIs. The early identification of these mutations facilitates a more accurate selection of alternative therapies, including third-generation TKIs such as ponatinib or experimental agents that target novel resistance pathways. This technique facilitates a comprehensive understanding of disease biology by revealing mutations associated with disease progression and relapse.



Chimeric antigen receptor T-cell (CAR-T) therapy [126] has revolutionized the treatment landscape for hematologic malignancies, and its potential use in CML is currently under investigation. In pediatric patients with chronic myeloid leukemia experiencing recurrent relapses into the lymphoid blast phase, CD19-directed CAR-T cells have shown significant efficacy under compassionate use protocols. Patients who frequently do not respond to standard therapies because of resistance or intolerance demonstrated sustained remission following CAR-T therapy, underscoring its therapeutic potential. Kramp et al. [126] demonstrated that CAR-T therapy was well tolerated, exhibiting minimal adverse effects, while successfully achieving complete B-cell aplasia and sustaining detectable CAR-T cells in peripheral blood for up to 12 months. This sustained remission highlights the efficacy of CAR-T cells in eliminating resistant leukemic cells that escape standard therapies. This approach is in experimental stages for CML but its success in pediatric cases establishes a basis for further research and clinical trials. CAR-T therapy may demonstrate enhanced efficacy when combined with other treatments, such as TKIs, to address various mechanisms of resistance.



Proteolysis-targeting chimeras (PROTACs) [127] represent an emerging therapeutic strategy aimed at degrading specific oncogenic proteins through the ubiquitin–proteasome system. In contrast to traditional inhibitors that solely obstruct the function of target proteins, PROTACs promote their degradation, resulting in a more sustained therapeutic impact. In chronic myeloid leukemia (CML), PROTACs that target epigenetic regulators, including histone deacetylases (HDACs) and bromodomain and extraterminal domain (BET) proteins, have demonstrated considerable potential in preclinical models. Epigenetic dysregulation is integral to the pathogenesis of chronic myeloid leukemia (CML), facilitating the survival of leukemic stem cells and their resistance to tyrosine kinase inhibitors (TKIs). The selective degradation of epigenetic modulators by PROTACs disrupts the transcriptional programs sustaining CML cells, providing a novel mechanism to address resistance. Furthermore, PROTACs can be engineered to target various resistance-associated proteins, including mutant variants of BCR-ABL, offering an alternative to next-generation TKIs. Preclinical studies indicate that PROTACs can synergize with TKIs, thereby enhancing efficacy and reducing the development of resistance.



Several unresolved questions remain regarding the therapeutic application of autophagy inhibition. One of the main challenges is the development of more effective and targeted autophagy inhibitors suitable for clinical use. Addressing this issue will require close collaboration between the pharmaceutical industry and academic researchers. Additionally, it is essential to test these potential inhibitors using appropriate in vitro and animal models to ensure their safety and efficacy. It is important to recognize that drugs targeting different stages of autophagy may produce varying effects. For instance, while targeting the initiation or formation of autophagosomes may prove beneficial, suppressing the later stages of autophagy could be detrimental to cellular health. This underscores the need for a nuanced understanding of how different autophagy pathways impact cancer and other diseases. Another significant challenge lies in effectively monitoring autophagy in patient samples. Given the dynamic nature of this process, there is a critical need to develop minimally invasive, standardized, and reliable methods to measure autophagy consistently. Accurate and reproducible monitoring is essential for assessing the therapeutic impact of autophagy inhibitors in clinical contexts. Ongoing clinical trials investigating the use of HCQ to inhibit autophagy in cancer patients may provide valuable insights into some of these challenges. These studies hold promise for determining the feasibility of autophagy inhibition as a strategy to enhance the efficacy of existing anticancer therapies, paving the way for future advancements in this field.



The list of the drugs under clinical trial for the treatment of CML that are BCR/ABL-positive at Phase 3 or Phase 4 is mentioned in Table 1.




8. Concluding Remarks and Future Perspectives


Autophagy, a conserved cellular process across various organisms, is essential for maintaining cellular homeostasis by eliminating damaged organelles and protein aggregates. This process is regulated by a complex signaling network involving numerous proteins and molecules. The dysregulation of autophagy has been implicated in a broad spectrum of diseases, including cancer, where its impact on tumor growth can be either promoting or inhibitory depending on the specific circumstances. CML is driven by the presence of a unique abnormal protein, BCR-ABL1, which results from a genetic fusion event. This misfolded protein triggers the transformation of hematopoietic progenitor cells into malignant cancer cells. Notably, autophagy is important for the survival of CML stem cells and contributes to resistance against TKIs, which are the current standard of care for CML. These insights highlight the dual role of autophagy in CML pathogenesis and its potential as a therapeutic target. Numerous clinical studies have explored the potential of autophagy inhibition to enhance the effectiveness of TKI therapy in treating CML. These studies have primarily focused on chloroquine and hydroxychloroquine, which have demonstrated the ability to inhibit autophagy and improve the anti-cancer efficacy of TKIs in preclinical models. Additional potential autophagy inhibitors, including azithromycin, clarithromycin, desmethylclomipramine, Lys05, mefloquine, and spautin-1, have also shown promise in preclinical research.



While these studies provide preliminary evidence supporting the benefits of autophagy inhibition in CML, significant challenges and unanswered questions remain. These include the need for more potent and selective autophagy inhibitors, the potential toxicity associated with blocking later stages of autophagy, and the development of reliable and minimally invasive methods for monitoring autophagy in patient samples. Research into the role of autophagy in CML and its potential as a therapeutic target is ongoing. Further studies are needed to determine the most effective strategies for autophagy inhibition and to fully evaluate the risks and benefits of this approach. A comprehensive understanding of these factors will be critical for optimizing the therapeutic potential of targeting autophagy in CML.







Author Contributions


S.A., S.K. and M.A.K. wrote the major parts of the manuscript and prepared the figures and tables. M.Z.N., Y.S.K., N.I. and A.A.S. revised the manuscript. M.A.A.A. and S.K. performed the bibliographic research and prepared the table and figures. W.A.S., M.A.K. and M.Z.N. conceptualized the study and oversaw the process. All authors contributed to writing the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research has been funded by Scientific Research Deanship at University of Ha’il-Saudi Arabia through project number RG-24 082.




Conflicts of Interest


The authors declare that they have no competing interests.




References


	



He, C.; Klionsky, D.J. Regulation mechanisms and signaling pathways of autophagy. Annu. Rev. Genet. 2009, 43, 67–93. [Google Scholar] [CrossRef]

	



Guo, F.; Liu, X.; Cai, H.; Le, W. Autophagy in neurodegenerative diseases: Pathogenesis and therapy. Brain Pathol. 2018, 28, 3–13. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Z.-J.; Liu, Y.-F.; Xu, L.-Z.; Long, Z.-J.; Huang, D.; Yang, Y.; Liu, B.; Feng, J.-X.; Pan, Y.-J.; Yan, J.-S.; et al. The Philadelphia chromosome in leukemogenesis. Chin. J. Cancer 2016, 35, 48. [Google Scholar] [CrossRef] [PubMed]

	



Helgason, G.V.; Mukhopadhyay, A.; Karvela, M.; Salomoni, P.; Calabretta, B.; Holyoake, T.L. Autophagy in chronic myeloid leukaemia: Stem cell survival and implication in therapy. Curr. Cancer Drug Targets 2013, 13, 724–734. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Xu, N.; He, B.; Pan, C.; Lan, Y.; Zhou, H.; Liu, X. Inhibition of autophagy enhances the selective anti-cancer activity of tigecycline to overcome drug resistance in the treatment of chronic myeloid leukemia. J. Exp. Clin. Cancer Res. 2017, 36, 43. [Google Scholar] [CrossRef]

	



Rothe, K.; Porter, V.; Jiang, X. Current Outlook on Autophagy in Human Leukemia: Foe in Cancer Stem Cells and Drug Resistance, Friend in New Therapeutic Interventions. Int. J. Mol. Sci. 2019, 20, 461. [Google Scholar] [CrossRef] [PubMed]

	



Deter, R.L.; De Duve, C. Influence of glucagon, an inducer of cellular autophagy, on some physical properties of rat liver lysosomes. J. Cell Biol. 1967, 33, 437–449. [Google Scholar] [CrossRef]

	



Antonioli, M.; Di Rienzo, M.; Piacentini, M.; Fimia, G.M. Emerging Mechanisms in Initiating and Terminating Autophagy. Trends Biochem. Sci. 2016, 42, 28–41. [Google Scholar] [CrossRef]

	



Deng, Z.; Purtell, K.; Lachance, V.; Wold, M.S.; Chen, S.; Yue, Z. Autophagy Receptors and Neurodegenerative Diseases. Trends Cell Biol. 2017, 27, 491–504. [Google Scholar] [CrossRef] [PubMed]

	



Yun, C.W.; Lee, S.H. The roles of autophagy in cancer. Int. J. Mol. Sci. 2018, 19, 3466. [Google Scholar] [CrossRef] [PubMed]

	



Shah, S.Z.A.; Zhao, D.; Hussain, T.; Sabir, N.; Mangi, M.H.; Yang, L. p62-Keap1-NRF2-ARE Pathway: A Contentious Player for Selective Targeting of Autophagy, Oxidative Stress and Mitochondrial Dysfunction in Prion Diseases. Front. Mol. Neurosci. 2018, 11, 310. [Google Scholar] [CrossRef]

	



Anding, A.L.; Baehrecke, E.H. Cleaning House: Selective Autophagy of Organelles. Dev. Cell 2017, 41, 10–22. [Google Scholar] [CrossRef]

	



Sharma, V.; Verma, S.; Seranova, E.; Sarkar, S.; Kumar, D. Selective Autophagy and Xenophagy in Infection and Disease. Front. Cell Dev. Biol. 2018, 6, 147. [Google Scholar] [CrossRef]

	



Lei, Y.; Zhang, D.; Yu, J.; Dong, H.; Zhang, J.; Yang, S. Targeting autophagy in cancer stem cells as an anticancer therapy. Cancer Lett. 2017, 393, 33–39. [Google Scholar] [CrossRef] [PubMed]

	



Chiramel, A.I.; Brady, N.R.; Bartenschlager, R. Divergent Roles of Autophagy in Virus Infection. Cells 2013, 2, 83–104. [Google Scholar] [CrossRef] [PubMed]

	



Lindsey, A.R.I.; Bhattacharya, T.; Newton, I.L.G.; Hardy, R.W. Conflict in the Intracellular Lives of Endosymbionts and Viruses: A Mechanistic Look at Wolbachia-Mediated Pathogen-blocking. Viruses 2018, 10, 141. [Google Scholar] [CrossRef]

	



You, L.; Jin, S.; Zhu, L.; Qian, W. Autophagy, autophagy-associated adaptive immune responses and its role in hematologic malignancies. Oncotarget 2017, 8, 12374–12388. [Google Scholar] [CrossRef]

	



Gkikas, I.; Palikaras, K.; Tavernarakis, N. The Role of Mitophagy in Innate Immunity. Front. Immunol. 2018, 9, 1283. [Google Scholar] [CrossRef] [PubMed]

	



Saftig, P.; Beertsen, W.; Eskelinen, E.-L. LAMP-2: A control step for phagosome and autophagosome maturation. Autophagy 2008, 4, 510–512. [Google Scholar] [CrossRef]

	



Fujikake, N.; Shin, M.; Shimizu, S. Association Between Autophagy and Neurodegenerative Diseases. Front. Neurosci. 2018, 12, 255. [Google Scholar] [CrossRef] [PubMed]

	



Metaxakis, A.; Ploumi, C.; Tavernarakis, N. Autophagy in Age-Associated Neurodegeneration. Cells 2018, 7, 37. [Google Scholar] [CrossRef]

	



Towers, C.G.; Thorburn, A. Therapeutic Targeting of Autophagy. EBioMedicine 2016, 14, 15–23. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-Virgilio, L.; Silva-Lucero, M.-D.; Flores-Morelos, D.-S.; Gallardo-Nieto, J.; Lopez-Toledo, G.; Abarca-Fernandez, A.-M.; Zacapala-Gómez, A.-E.; Luna-Muñoz, J.; Montiel-Sosa, F.; Soto-Rojas, L.O.; et al. Autophagy: A Key Regulator of Homeostasis and Disease: An Overview of Molecular Mechanisms and Modulators. Cells 2022, 11, 2262. [Google Scholar] [CrossRef] [PubMed]

	



Kroemer, G.; Mariño, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell 2010, 40, 280–293. [Google Scholar] [CrossRef]

	



Dan, H.C.; Ebbs, A.; Pasparakis, M.; Van Dyke, T.; Basseres, D.S.; Baldwin, A.S. Akt-dependent Activation of mTORC1 Complex Involves Phosphorylation of mTOR (Mammalian Target of Rapamycin) by IκB Kinase α (IKKα). J. Biol. Chem. 2014, 289, 25227–25240. [Google Scholar] [CrossRef] [PubMed]

	



Du, J.; Xu, M.; Kong, F.; Zhu, P.; Mao, Y.; Liu, Y.; Zhou, H.; Dong, Z.; Yu, Z.; Du, T.; et al. CB2R Attenuates Intervertebral Disc Degeneration by Delaying Nucleus Pulposus Cell Senescence through AMPK/GSK3β Pathway. Aging Dis. 2022, 13, 552–567. [Google Scholar] [CrossRef]

	



Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J. AMPK Phosphorylation of Raptor Mediates a Metabolic Checkpoint. Mol. Cell 2008, 30, 214–226. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Klionsky, D.J. The regulation of autophagy–unanswered questions. J. Cell Sci. 2011, 124, 161–170. [Google Scholar] [CrossRef]

	



Deng, R.; Zhang, H.L.; Huang, J.H.; Cai, R.Z.; Wang, Y.; Chen, Y.H.; Zhu, X.F. MAPK1/3 kinase-dependent ULK1 degradation attenuates mitophagy and promotes breast cancer bone metastasis. Autophagy 2021, 17, 3011–3029. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.M.; Jung, C.H.; Seo, M.; Otto, N.M.; Grunwald, D.; Kim, K.H.; Kim, D.H. The ULK1 complex mediates MTORC1 signaling to the autophagy initiation machinery via binding and phosphorylating ATG14. Autophagy 2016, 12, 547–564. [Google Scholar] [CrossRef]

	



Pattingre, S.; Tassa, A.; Qu, X.; Garuti, R.; Liang, X.H.; Mizushima, N.; Packer, M.; Schneider, M.D.; Levine, B. Bcl-2 Antiapoptotic Proteins Inhibit Beclin 1-Dependent Autophagy. Cell 2005, 122, 927–939. [Google Scholar] [CrossRef]

	



Liang, C.; Lee, J.-S.; Inn, K.-S.; Gack, M.U.; Li, Q.; Roberts, E.A.; Vergne, I.; Deretic, V.; Feng, P.; Akazawa, C.; et al. Beclin1-binding UVRAG targets the class C Vps complex to coordinate autophagosome maturation and endocytic trafficking. Nat. Cell Biol. 2008, 10, 776–787. [Google Scholar] [CrossRef] [PubMed]

	



Yazdankhah, M.; Farioli-Vecchioli, S.; Tonchev, A.B.; Stoykova, A.; Cecconi, F. The autophagy regulators Ambra1 and Beclin 1 are required for adult neurogenesis in the brain subventricular zone. Cell Death Dis. 2014, 5, e1403. [Google Scholar] [CrossRef]

	



Matsunaga, K.; Saitoh, T.; Tabata, K.; Omori, H.; Satoh, T.; Kurotori, N.; Maejima, I.; Shirahama-Noda, K.; Ichimura, T.; Isobe, T.; et al. Two Beclin 1-binding proteins, Atg14L and Rubicon, reciprocally regulate autophagy at different stages. Nat. Cell Biol. 2009, 11, 385–396. [Google Scholar] [CrossRef]

	



Devereaux, K.; Dall’armi, C.; Alcazar-Roman, A.; Ogasawara, Y.; Zhou, X.; Wang, F.; Yamamoto, A.; De Camilli, P.; Di Paolo, G. Regulation of Mammalian Autophagy by Class II and III PI 3-Kinases through PI3P Synthesis. PLoS ONE 2013, 8, e76405. [Google Scholar] [CrossRef] [PubMed]

	



Tsuboyama, K.; Koyama-Honda, I.; Sakamaki, Y.; Koike, M.; Morishita, H.; Mizushima, N. The ATG conjugation systems are important for degradation of the inner autophagosomal membrane. Science 2016, 354, 1036–1041. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, M.I.; Dooley, H.C.; Tooze, S.A. WIPI2b and Atg16L1: Setting the stage for autophagosome formation. Biochem. Soc. Trans. 2014, 42, 1327–1334. [Google Scholar] [CrossRef] [PubMed]

	



Walczak, M.; Martens, S. Dissecting the role of the Atg12–Atg5-Atg16 complex during autophagosome formation. Autophagy 2013, 9, 424–425. [Google Scholar] [CrossRef]

	



Lystad, A.H.; Carlsson, S.R.; Simonsen, A. Toward the function of mammalian ATG12–ATG5-ATG16L1 complex in autophagy and related processes. Autophagy 2019, 15, 1485–1486. [Google Scholar] [CrossRef]

	



Lamark, T.; Kirkin, V.; Dikic, I.; Johansen, T. NBR1 and p62 as cargo receptors for selective autophagy of ubiquitinated targets. Cell Cycle 2009, 8, 1986–1990. [Google Scholar] [CrossRef]

	



Kriegenburg, F.; Ungermann, C.; Reggiori, F. Coordination of Autophagosome–Lysosome Fusion by Atg8 Family Members. Curr. Biol. 2018, 28, R512–R518. [Google Scholar] [CrossRef] [PubMed]

	



Jager, S.; Bucci, C.; Tanida, I.; Ueno, T.; Kominami, E.; Saftig, P.; Eskelinen, E.-L. Role for Rab7 in maturation of late autophagic vacuoles. J. Cell Sci. 2004, 117, 4837–4848. [Google Scholar] [CrossRef] [PubMed]

	



Eisenberg-Lerner, A.; Kimchi, A. The paradox of autophagy and its implication in cancer etiology and therapy. Apoptosis 2009, 14, 376–391. [Google Scholar] [CrossRef] [PubMed]

	



White, E. Deconvoluting the context-dependent role for autophagy in cancer. Nat. Rev. Cancer 2012, 12, 401–410. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.J.; Chee, C.E.; Huang, S.; Sinicrope, F.A. The Role of Autophagy in Cancer: Therapeutic Implications. Mol. Cancer Ther. 2011, 10, 1533–1541. [Google Scholar] [CrossRef] [PubMed]

	



Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B. Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 1999, 402, 672–676. [Google Scholar] [CrossRef] [PubMed]

	



Shen, Y.; Li, D.-D.; Wang, L.-L.; Deng, R.; Zhu, X.-F. Decreased expression of autophagy-related proteins in malignant epithelial ovarian cancer. Autophagy 2008, 4, 1067–1068. [Google Scholar] [CrossRef] [PubMed]

	



Furuya, N.; Yu, J.; Byfield, M.; Pattingre, S.; Levine, B. The Evolutionarily Conserved Domain of Beclin 1 is Required for Vps34 Binding, Autophagy, and Tumor Suppressor Function. Autophagy 2005, 1, 46–52. [Google Scholar] [CrossRef]

	



Takahashi, Y.; Coppola, D.; Matsushita, N.; Cualing, H.D.; Sun, M.; Sato, Y.; Liang, C.; Jung, J.U.; Cheng, J.Q.; Mul, J.J.; et al. Bif-1 interacts with Beclin 1 through UVRAG and regulates autophagy and tumorigenesis. Nat. Cell Biol. 2007, 9, 1142–1151. [Google Scholar] [CrossRef] [PubMed]

	



Kung, C.-P.; Budina, A.; Balaburski, G.; Bergenstock, M.K.; Murphy, M. Autophagy in tumor suppression and cancer therapy. Crit. Rev. Eukaryot. Gene Expr. 2011, 21, 71–100. [Google Scholar] [CrossRef] [PubMed]

	



Noguchi, M.; Hirata, N.; Suizu, F. The links between AKT and two intracellular proteolytic cascades: Ubiquitination and autophagy. Biochim. Biophys. Acta (BBA) Rev. Cancer 2014, 1846, 342–352. [Google Scholar] [CrossRef] [PubMed]

	



Roy, S.; Debnath, J. Autophagy and tumorigenesis. In Seminars in Immunopathology; Springer: Berlin/Heidelberg, Germany, 2010; Volume 32, pp. 383–396. [Google Scholar]

	



Errafiy, R.; Aguado, C.; Ghislat, G.; Esteve, J.M.; Gil, A.; Loutfi, M.; Knecht, E. PTEN Increases Autophagy and Inhibits the Ubiquitin-Proteasome Pathway in Glioma Cells Independently of its Lipid Phosphatase Activity. PLoS ONE 2013, 8, e83318. [Google Scholar] [CrossRef] [PubMed]

	



Kimmelman, A.C. The dynamic nature of autophagy in cancer. Genes Dev. 2011, 25, 1999–2010. [Google Scholar] [CrossRef] [PubMed]

	



Mathew, R.; Karp, C.M.; Beaudoin, B.; Vuong, N.; Chen, G.; Chen, H.-Y.; Bray, K.; Reddy, A.; Bhanot, G.; Gelinas, C.; et al. Autophagy Suppresses Tumorigenesis through Elimination of p62. Cell 2009, 137, 1062–1075. [Google Scholar] [CrossRef]

	



Liu, E.Y.; Ryan, K.M. Autophagy and cancer–issues we need to digest. J. Cell Sci. 2012, 125, 2349–2358. [Google Scholar] [CrossRef] [PubMed]

	



Bellot, G.; Garcia-Medina, R.; Gounon, P.; Chiche, J.; Roux, D.; Pouysségur, J.; Mazure, N.M. Hypoxia-Induced Autophagy Is Mediated through Hypoxia-Inducible Factor Induction of BNIP3 and BNIP3L via Their BH3 Domains. Mol. Cell. Biol. 2009, 29, 2570–2581. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.-J.; Woo, S.-J.; Yoon, C.-H.; Lee, J.-S.; An, S.; Choi, Y.-H.; Hwang, S.-G.; Yoon, G.; Lee, S.-J. Involvement of Autophagy in Oncogenic K-Ras-induced Malignant Cell Transformation. J. Biol. Chem. 2011, 286, 12924–12932. [Google Scholar] [CrossRef]

	



Nowell, P.C.; Hungerford, D.A. Chromosome studies on normal and leukemic human leukocytes. J. Natl. Cancer Inst. 1960, 25, 85–109. [Google Scholar] [CrossRef] [PubMed]

	



Lak, E.R.; Tamaddon, G.; Ramzi, M.; Ranjbaran, R.; Abedi, E.; Sharifzadeh, S. The mRNA Expression of PTEN, LEF1, JAK3, LC3 and p62/SQSTM1 Genes in Patients with Chronic Myeloid Leukemia. Cardiovasc. Hematol. Agents Med. Chem. 2023, 21, 67–76. [Google Scholar]

	



Score, J.; Calasanz, M.J.; Ottman, O.; Pane, F.; Yeh, R.F.; Sobrinho-Simoes, M.A.; Kreil, S.; Ward, D.; Hidalgo-Curtis, C.; Melo, J.V.; et al. Analysis of genomic breakpoints in p190 and p210 BCR-ABL indicate distinct mechanisms of formation. Leukemia 2010, 24, 1742–1750. [Google Scholar] [CrossRef] [PubMed]

	



Chu, S.; Li, L.; Singh, H.; Bhatia, R. BCR-tyrosine 177 plays an essential role in Ras and Akt activation and in human hematopoietic progenitor transformation in chronic myelogenous leukemia. Cancer Res. 2007, 67, 7045–7053. [Google Scholar] [CrossRef]

	



Hantschel, O. Structure, Regulation, Signaling, and Targeting of Abl Kinases in Cancer. Genes Cancer 2012, 3, 436–446. [Google Scholar] [CrossRef] [PubMed]

	



Pendergast, A.M.; Quilliam, L.A.; Cripe, L.D.; Bassing, C.H.; Dai, Z.; Li, N.; Batzer, A.; Rabun, K.M.; Der, C.J.; Schlessinger, J.; et al. BCR-ABL-induced oncogenesis is mediated by direct interaction with the SH2 domain of the GRB-2 adaptor protein. Cell 1993, 75, 175–185. [Google Scholar] [CrossRef]

	



Zhang, X.; Subrahmanyam, R.; Wong, R.; Gross, A.W.; Ren, R. The NH(2)-terminal coiled-coil domain and tyrosine 177 play important roles in induction of a myeloproliferative disease in mice by BcrAbl. Mol. Cell Biol. 2001, 21, 840–853. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Adrian, F.J.; Jahnke, W.; Cowan-Jacob, S.W.; Li, A.G.; Iacob, R.E.; Sim, T.; Powers, J.; Dierks, C.; Sun, F.; et al. Targeting Bcr-Abl by combining allosteric with ATP-binding-site inhibitors. Nature 2010, 463, 501–506. [Google Scholar] [CrossRef] [PubMed]

	



Hennighausen, L.; Robinson, G.W. Interpretation of cytokine signaling through the transcription factors STAT5A and STAT5B. Genes Dev. 2008, 22, 711–721. [Google Scholar] [CrossRef] [PubMed]

	



Chai, S.K.; Nichols, G.L.; Rothman, P. Constitutive activation of JAKs and STATs in BCR-Abl-expressing cell lines and peripheral blood cells derived from leukemic patients. J. Immunol. 1997, 159, 4720–4728. [Google Scholar] [CrossRef] [PubMed]

	



Warsch, W.; Walz, C.; Sexl, V. JAK of all trades: JAK2-STAT5 as novel therapeutic targets in BCR-ABL1+ chronic myeloid leukemia. Blood 2013, 122, 2167–2175. [Google Scholar] [CrossRef]

	



Samanta, A.; Perazzona, B.; Chakraborty, S.; Sun, X.; Modi, H.; Bhatia, R.; Priebe, W.; Arlinghaus, R. Janus kinase 2 regulates Bcr-Abl signaling in chronic myeloid leukemia. Leukemia 2011, 25, 463–472. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.J.; Cheng, H.; Jia, S.; Wang, L.; Gjoerup, O.V.; Mikami, A.; Roberts, T.M. The p110alpha isoform of PI3K is essential for proper growth factor signaling and oncogenic transformation. Proc. Natl. Acad. Sci. USA 2006, 103, 16296–16300. [Google Scholar] [CrossRef] [PubMed]

	



Sattler, M.; Salgia, R.; Okuda, K.; Uemura, N.; Durstin, M.A.; Pisick, E.; Xu, G.; Li, J.L.; Prasad, K.V.; Griffin, J.D. The proto-oncogene product p120CBL and the adaptor proteins CRKL and c-CRK link c-ABL, p190BCR/ABL and p210BCR/ABL to the phosphatidylinositol-3′ kinase pathway. Oncogene 1996, 12, 839–846. [Google Scholar] [PubMed]

	



Sattler, M.; Mohi, M.G.; Pride, Y.B.; Quinnan, L.R.; Malouf, N.A.; Podar, K.; Gesbert, F.; Iwasaki, H.; Li, S.; Van Etten, R.A.; et al. Critical role for Gab2 in transformation by BCR/ABL. Cancer Cell 2002, 1, 479–492. [Google Scholar] [CrossRef] [PubMed]

	



Skorski, T.; Bellacosa, A.; Nieborowska-Skorska, M.; Majewski, M.; Martinez, R.; Choi, J.K.; Trotta, R.; Wlodarski, P.; Perrotti, D.; Chan, T.O.; et al. Transformation of hematopoietic cells by BCR/ABL requires activation of a PI-3k/ Akt-dependent pathway. EMBO J. 1997, 16, 6151–6161. [Google Scholar] [CrossRef]

	



Klejman, A.; Rushen, L.; Morrione, A.; Slupianek, A.; Skorski, T. Phosphatidylinositol-3 kinase inhibitors enhance the anti-leukemia effect of STI571. Oncogene 2002, 21, 5868–5876. [Google Scholar] [CrossRef]

	



Mayerhofer, M.; Valent, P.; Sperr, W.R.; Griffin, J.D.; Sillaber, C. BCR/ABL induces expression of vascular endothelial growth factor and its transcriptional activator, hypoxia inducible factor-1alpha, through a pathway involving phosphoinositide 3-kinase and the mammalian target of rapamycin. Blood 2002, 100, 3767–3775. [Google Scholar] [CrossRef] [PubMed]

	



Steelman, L.S.; Franklin, R.A.; Abrams, S.L.; Chappell, W.; Kempf, C.R.; Basecke, J.; Stivala, F.; Donia, M.; Fagone, P.; Nicoletti, F.; et al. Roles of the Ras/Raf/MEK/ERK pathway in leukemia therapy. Leukemia 2011, 25, 1080–1094. [Google Scholar] [CrossRef] [PubMed]

	



Puil, L.; Liu, J.; Gish, G.; Mbamalu, G.; Bowtell, D.; Pelicci, P.G.; Arlinghaus, R.; Pawson, T. Bcr-Abl oncoproteins bind directly to activators of the Ras signalling pathway. EMBO J. 1994, 13, 764–773. [Google Scholar] [CrossRef] [PubMed]

	



Baum, K.J.; Ren, R. Effect of Ras inhibition in hematopoiesis and BCR/ABL leukemogenesis. J. Hematol. Oncol. 2008, 1, 5. [Google Scholar] [CrossRef] [PubMed]

	



Willig, J.B.; de Couto, N.M.G.; Vianna, D.R.B.; Mariot, C.d.S.; Gnoatto, S.C.B.; Buffon, A.; Pilger, D.A. Betulinic Acid-Brosimine B Hybrid Compound Has a Synergistic Effect with Imatinib in Chronic Myeloid Leukemia Cell Line, Modulating Apoptosis and Autophagy. Pharmaceuticals 2023, 16, 586. [Google Scholar] [CrossRef] [PubMed]

	



Pellicano, F.; Simara, P.; Sinclair, A.; Helgason, G.V.; Copland, M.; Grant, S.; Holyoake, T.L. The MEK inhibitor PD184352 enhances BMS-214662-induced apoptosis in CD34+ CML stem/progenitor cells. Leukemia 2011, 25, 1159–1167. [Google Scholar] [CrossRef] [PubMed]

	



Kazandjian, D. Multiple myeloma epidemiology and survival: A unique malignancy. Semin. Oncol. 2016, 43, 676–681. [Google Scholar] [CrossRef] [PubMed]

	



Bellodi, C.; Lidonnici, M.R.; Hamilton, A.; Helgason, G.V.; Soliera, A.R.; Ronchetti, M.; Calabretta, B. Targeting autophagy potentiates tyrosine kinase inhibitor–induced cell death in Philadelphia chromosome–positive cells, including primary CML stem cells. J. Clin. Investig. 2009, 119, 1109–1123. [Google Scholar] [CrossRef]

	



Yan, M.-M.; NI, J.-D.; Song, D.; Ding, M.; Huang, J. Interplay between unfolded protein response and autophagy promotes tumor drug resistance. Oncol. Lett. 2015, 10, 1959–1969. [Google Scholar] [CrossRef] [PubMed]

	



Sheng, Z.; Ma, L.; Sun, J.E.; Zhu, L.J.; Green, M.R. BCR-ABL suppresses autophagy through ATF5-mediated regulation of mTOR transcription. Blood 2011, 118, 2840–2848. [Google Scholar] [CrossRef] [PubMed]

	



Colecchia, D.; Rossi, M.; Sasdelli, F.; Sanzone, S.; Strambi, A.; Chiariello, M. MAPK15 mediates BCR-ABL1-induced autophagy and regulates oncogene-dependent cell proliferation and tumor formation. Autophagy 2015, 11, 1790–1802. [Google Scholar] [CrossRef]

	



Zhou, T.; Medeiros, L.J.; Hu, S. Chronic Myeloid Leukemia: Beyond BCR-ABL1. Curr. Hematol. Malign-Rep. 2018, 13, 435–445. [Google Scholar] [CrossRef]

	



Kayabasi, C.; Okcanoglu, T.B.; Yelken, B.O.; Asik, A.; Susluer, S.Y.; Avci, C.B.; Saydam, G.; Gunduz, C. Comparative effect of imatinib and ponatinib on autophagy and miRNome in chronic myeloid leukemia. Gene 2017, 637, 173–180. [Google Scholar] [CrossRef]

	



Mitchell, R.; Hopcroft, L.E.M.; Baquero, P.; Allan, E.K.; Hewit, K.; James, D.; Hamilton, G.; Mukhopadhyay, A.; O’prey, J.; Hair, A.; et al. Targeting BCR-ABL-Independent TKI Resistance in Chronic Myeloid Leukemia by mTOR and Autophagy Inhibition. JNCI J. Natl. Cancer Inst. 2018, 110, 467–478. [Google Scholar] [CrossRef] [PubMed]

	



Baquero, P.; Dawson, A.; Mukhopadhyay, A.; Kuntz, E.M.; Mitchell, R.; Olivares, O.; Ianniciello, A.; Scott, M.T.; Dunn, K.; Nicastri, M.C.; et al. Targeting quiescent leukemic stem cells using second generation autophagy inhibitors. Leukemia 2019, 33, 981–994. [Google Scholar] [CrossRef] [PubMed]

	



Zhuang, J.; Yin, J.; Xu, C.; Mu, Y.; Lv, S. 20(S)-Ginsenoside Rh2 Induce the Apoptosis and Autophagy in U937 and K562 Cells. Nutrients 2018, 10, 328. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.; Fan, J.; Wang, Q.; Ju, D.; Feng, M.; Li, J.; Guan, Z.-B.; An, D.; Wang, X.; Ye, L. Diosgenin induces ROS-dependent autophagy and cytotoxicity via mTOR signaling pathway in chronic myeloid leukemia cells. Phytomedicine 2016, 23, 243–252. [Google Scholar] [CrossRef]

	



Elshazly, A.M.; Xu, J.; Melhem, N.; Abdulnaby, A.; Elzahed, A.A.; Saleh, T.; Gewirtz, D.A. Is Autophagy Targeting a Valid Adjuvant Strategy in Conjunction with Tyrosine Kinase Inhibitors? Cancers 2024, 16, 2989. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zeng, P.; Xiao, J.; Huang, P.; Liu, P. Modulation of energy metabolism to overcome drug resistance in chronic myeloid leukemia cells through induction of autophagy. Cell Death Discov. 2022, 8, 212. [Google Scholar] [CrossRef] [PubMed]

	



Altman, B.J.; Jacobs, S.R.; Mason, E.F.; Michalek, R.D.; MacIntyre, A.N.; Coloff, J.L.; Ilkayeva, O.; Jia, W.; He, Y.-W.; Rathmell, J.C. Autophagy is essential to suppress cell stress and to allow BCR-Abl-mediated leukemogenesis. Oncogene 2011, 30, 1855–1867. [Google Scholar] [CrossRef] [PubMed]

	



He, W.; Liu, S.; Wei, W.; Qin, R.; Tan, J.; Tang, J.; Huang, Z.; Gao, M. mTOR inhibition by AZD2014 alleviates BCR::ABL1 independent imatinib resistance through enhancing autophagy in CML resistant cells. Am. J. Cancer Res. 2024, 14, 2770–2789. [Google Scholar] [CrossRef] [PubMed]

	



Mortensen, M.; Soilleux, E.J.; Djordjevic, G.; Tripp, R.; Lutteropp, M.; Sadighi-Akha, E.; Stranks, A.J.; Glanville, J.; Knight, S.; Jacobsen, S.-E.W.; et al. The autophagy protein Atg7 is essential for hematopoietic stem cell maintenance. J. Exp. Med. 2011, 208, 455–467. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Yang, L.; Zhao, M.; Zhu, S.; Kang, R.; Vernon, P.; Tang, D.; Cao, L. Targeting microRNA-30a-mediated autophagy enhances imatinib activity against human chronic myeloid leukemia cells. Leukemia 2012, 26, 1752–1760. [Google Scholar] [CrossRef]

	



Carayol, N.; Vakana, E.; Sassano, A.; Kaur, S.; Goussetis, D.J.; Glaser, H.; Druker, B.J.; Donato, N.J.; Altman, J.K.; Barr, S.; et al. Critical roles for mTORC2- and rapamycin-insensitive mTORC1-complexes in growth and survival of BCR-ABL-expressing leukemic cells. Proc. Natl. Acad. Sci. USA 2010, 107, 12469–12474. [Google Scholar] [CrossRef] [PubMed]

	



Corasaniti, M.T.; Bagetta, G.; Nicotera, P.; Maione, S.; Tonin, P.; Guida, F.; Scuteri, D. Exploitation of Autophagy Inducers in the Management of Dementia: A Systematic Review. Int. J. Mol. Sci. 2024, 25, 1264. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Kitada, M.; Ogura, Y.; Koya, D. Relationship Between Autophagy and Metabolic Syndrome Characteristics in the Pathogenesis of Atherosclerosis. Front. Cell Dev. Biol. 2021, 9, 641852. [Google Scholar] [CrossRef] [PubMed]

	



Helgason, G.V.; Karvela, M.; Holyoake, T.L. Kill one bird with two stones: Potential efficacy of BCR-ABL and autophagy inhibition in CML. Blood 2011, 118, 2035–2043. [Google Scholar] [CrossRef]

	



Swampillai, A.; Salomoni, P.; Short, S. The Role of Autophagy in Clinical Practice. Clin. Oncol. 2012, 24, 387–395. [Google Scholar] [CrossRef]

	



Carew, J.S.; Nawrocki, S.T.; Kahue, C.N.; Zhang, H.; Yang, C.; Chung, L.; Houghton, J.A.; Huang, P.; Giles, F.J.; Cleveland, J.L. Targeting autophagy augments the anticancer activity of the histone deacetylase inhibitor SAHA to overcome Bcr-Abl–mediated drug resistance. Blood 2007, 110, 313–322. [Google Scholar] [CrossRef]

	



Renna, M.; Schaffner, C.; Brown, K.; Shang, S.; Tamayo, M.H.; Hegyi, K.; Grimsey, N.J.; Cusens, D.; Coulter, S.; Cooper, J.; et al. Azithromycin blocks autophagy and may predispose cystic fibrosis patients to mycobacterial infection. J. Clin. Investig. 2011, 121, 3554–3563. [Google Scholar] [CrossRef] [PubMed]

	



Schafranek, L.; Leclercq, T.M.; White, D.L.; Hughes, T.P. Clarithromycin enhances dasatinib-induced cell death in chronic myeloid leukemia cells, by inhibition of late stage autophagy. Leuk. Lymphoma 2013, 54, 198–201. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, M.; Munarriz, E.R.; Bartesaghi, S.; Milanese, M.; Dinsdale, D.; Guerra-Martin, M.A.; Bampton, E.T.W.; Glynn, P.; Bonanno, G.; Knight, R.A.; et al. Desmethylclomipramine induces the accumulation of autophagy markers by blocking autophagic flux. J. Cell Sci. 2009, 122, 3330–3339. [Google Scholar] [CrossRef]

	



Carella, A.M.; Beltrami, G.; Pica, G.; Carella, A.; Catania, G. Clarithromycin potentiates tyrosine kinase inhibitor treatment in patients with resistant chronic myeloid leukemia. Leuk. Lymphoma 2012, 53, 1409–1411. [Google Scholar] [CrossRef]

	



McAfee, Q.; Zhang, Z.; Samanta, A.; Levi, S.M.; Ma, X.-H.; Piao, S.; Lynch, J.P.; Uehara, T.; Sepulveda, A.R.; Davis, L.E.; et al. Autophagy inhibitor Lys05 has single-agent antitumor activity and reproduces the phenotype of a genetic autophagy deficiency. Proc. Natl. Acad. Sci. USA 2012, 109, 8253–8258. [Google Scholar] [CrossRef]

	



Sharma, N.; Thomas, S.; Golden, E.B.; Hofman, F.M.; Chen, T.C.; Petasis, N.A.; Schönthal, A.H.; Louie, S.G. Inhibition of autophagy and induction of breast cancer cell death by mefloquine, an antimalarial agent. Cancer Lett. 2012, 326, 143–154. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Xia, H.; Kim, M.; Xu, L.; Li, Y.; Zhang, L.; Cai, Y.; Norberg, H.V.; Zhang, T.; Furuya, T.; et al. Beclin1 Controls the Levels of p53 by Regulating the Deubiquitination Activity of USP10 and USP13. Cell 2011, 147, 223–234. [Google Scholar] [CrossRef]

	



Lu, Y.; Liu, L.-L.; Liu, S.-S.; Fang, Z.-G.; Zou, Y.; Deng, X.-B.; Long, Z.-J.; Liu, Q.; Lin, D.-J. Celecoxib suppresses autophagy and enhances cytotoxicity of imatinib in imatinib-resistant chronic myeloid leukemia cells. J. Transl. Med. 2016, 14, 270. [Google Scholar] [CrossRef] [PubMed]

	



Petherick, K.J.; Conway, O.J.; Mpamhanga, C.; Osborne, S.A.; Kamal, A.; Saxty, B.; Ganley, I.G. Pharmacological inhibition of ULK1 kinase blocks mammalian target of rapamycin (mTOR)-dependent autophagy. J. Biol. Chem. 2015, 290, 11376–11383. [Google Scholar] [CrossRef]

	



Martin, K.R.; Celano, S.L.; Solitro, A.R.; Gunaydin, H.; Scott, M.; O’Hagan, R.C.; Shumway, S.D.; Fuller, P.; MacKeigan, J.P. A Potent and Selective ULK1 Inhibitor Suppresses Autophagy and Sensitizes Cancer Cells to Nutrient Stress. Iscience 2018, 8, 74–84. [Google Scholar] [CrossRef] [PubMed]

	



Dikic, I.; Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 349–364. [Google Scholar] [CrossRef]

	



Ianniciello, A.; Zarou, M.M.; Rattigan, K.M.; Scott, M.; Dawson, A.; Dunn, K.; Brabcova, Z.; Kalkman, E.R.; Nixon, C.; Michie, A.M.; et al. ULK1 inhibition promotes oxidative stress–induced differentiation and sensitizes leukemic stem cells to targeted therapy. Sci. Transl. Med. 2021, 13, eabd5016. [Google Scholar] [CrossRef]

	



A Phase 1/2 Study of DCC-3116 in Patients with MAPK Pathway Mutant Solid Tumors—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://clinicaltrials.gov/ct2/show/NCT04892017?draw=2 (accessed on 10 January 2025).

	



Full Text View—Treatment Free Remission After Combination Therapy with Ruxolitinib Plus Tyrosine Kinase Inhibitors—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://www.clinicaltrials.gov/study/NCT03610971?cond=CML&term=combination%20therapy&aggFilters=status:rec&limit=25&page=1&rank=1 (accessed on 10 January 2025).

	



Protocol Number: HJKC3-0003. Treatment Free Remission After Combination Therapy with Asciminib (ABL001) Plus Tyrosine Kinase Inhibitors (TKI) in Chronic Phase Chronic Myeloid Leukemia (CP-CML) Patients Who Relapsed After a Prior Attempt at TKI Discontinuation—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://www.clinicaltrials.gov/ct2/show/NCT04838041?draw=2 (accessed on 10 January 2025).

	



Asciminib Roll-Over Study—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://www.clinicaltrials.gov/study/NCT04877522?cond=CML&term=combination%20therapy&aggFilters=status:rec&limit=25&page=1&rank=3 (accessed on 11 January 2025).

	



KRT-232 and TKI Study in Chronic Myeloid Leukemia—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://www.clinicaltrials.gov/study/NCT04835584?cond=CML&term=combination%20therapy&aggFilters=status:rec&limit=25&page=1&rank=4 (accessed on 11 January 2025).

	



ABL001 + Dasatinib + Prednisone + Blinatumomab in BCR-ABL+ B-ALL or CML—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://www.clinicaltrials.gov/study/NCT03595917?cond=CML&term=combination%20therapy&aggFilters=status:rec&limit=25&page=1&rank=5 (accessed on 11 January 2025).

	



ASTX727 and Dasatinib for the Treatment of Newly Diagnosed Philadelphia Chromosome or BCR-ABL Positive Chronic Myeloid Leukemia in Chronic Phase—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://www.clinicaltrials.gov/study/NCT05007873?cond=CML&term=combination%20therapy&aggFilters=status:rec&limit=25&page=1&rank=6 (accessed on 11 January 2025).

	



Iralde-Lorente, L.; Tassone, G.; Clementi, L.; Franci, L.; Munier, C.C.; Cau, Y.; Mori, M.; Chiariello, M.; Angelucci, A.; Perry, M.W.D.; et al. Identification of Phosphate-Containing Compounds as New Inhibitors of 14-3-3/c-Abl Protein–Protein Interaction. ACS Chem. Biol. 2020, 15, 1026–1035. [Google Scholar] [CrossRef]

	



Shanmuganathan, N.; Wadham, C.; Thomson, D.; Shahrin, N.H.; Vignaud, C.; Obourn, V.; Chaturvedi, S.; Yang, F.; Feng, J.; Saunders, V.; et al. RNA-Based Targeted Gene Sequencing Improves the Diagnostic Yield of Mutant Detection in Chronic Myeloid Leukemia. J. Mol. Diagn. 2022, 24, 803–822. [Google Scholar] [CrossRef] [PubMed]

	



Kramp, L.-J.; Heydrich-Karsten, C.; Sembill, S.; Karow, A.; Lion, T.; Chitadze, G.; Suttorp, M.; Cario, G.; Metzler, M. CAR-T cells for the treatment of pediatric chronic myeloid leukemia in repeatedly relapsed lymphoid blast phase. Ann. Hematol. 2024, 103, 4811–4815. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Wang, A.; Shi, Y.; Dai, M.; Liu, M.; Cai, H.-B. PROTACs in Epigenetic Cancer Therapy: Current Status and Future Opportunities. Molecules 2023, 28, 1217. [Google Scholar] [CrossRef] [PubMed]

	



Sustained Treatment-Free Remission in BCR-abl+ Chronic Myeloid Leukemia—Full Text View. ClinicalTrials.gov. (n.d.). Available online: https://clinicaltrials.gov/ct2/show/NCT02602314?term=NCT02602314&draw=2&rank=1 (accessed on 26 April 2023).

	



Randomized Evaluation of Radotinib Versus Imatinib in Phase III Study for Efficacy with Chinese Patients (RERISE China)—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://clinicaltrials.gov/ct2/show/NCT03722420?term=NCT03722420&draw=2&rank=1 (accessed on 26 April 2023).

	



ASCIMINIB in Monotherapy for Chronic Myeloid Leukemia in Chronic Phase (CML-CP) with and Without T315I Mutation—Full Text View. ClinicalTrials.gov. (n.d.). Available online: https://clinicaltrials.gov/ct2/show/NCT04666259?draw=2 (accessed on 26 April 2023).

	



Study of Efficacy of CML-CP Patients Treated with ABL001 Versus Bosutinib, Previously Treated with 2 or More TKIS—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://clinicaltrials.gov/ct2/show/NCT03106779?recrs=d&cond=Chronic%2BMyeloid%2BLeukemia%2C%2BBCR%2FABL-Positive&phase=23&draw=2&rank=5 (accessed on 26 April 2023).

	



Dasatinib Holiday for Improved Tolerability—Full Text View. ClinicalTrials.gov. (n.d.). Available online: https://clinicaltrials.gov/ct2/show/NCT02890784?term=NCT02890784&draw=2&rank=1 (accessed on 26 April 2023).

	



A Study of Oral Asciminib Versus Other TKIS in Adult Patients with Newly Diagnosed ph+ CML-CP—Full Text View. Full Text View—ClinicalTrials.gov. (n.d.). Available online: https://clinicaltrials.gov/ct2/show/NCT04971226?recrs=d&cond=Chronic%2BMyeloid%2BLeukemia%2C%2BBCR%2FABL-Positive&phase=23&draw=2&rank=7 (accessed on 26 April 2023).








[image: Biomolecules 15 00215 g001] 





Figure 1. Molecular process of autophagy is delineated into four stages: initiation, nucleation, maturation, and the final steps of fusion and degradation. 
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Figure 2. Occurrence of the Philadelphia chromosome results from a chromosomal translocation event where the genetic material is exchanged between chromosome 9 and chromosome 22. 
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Figure 3. Activation of various signaling pathways by BCR-ABL protein, resulting in increased cell survival and reduced apoptosis. 
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Table 1. Ongoing therapeutic clinical trials for the treatment of CML.
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	Clinical Trial No.
	Phase
	Targeted Drug
	Title of Study
	References





	NCT03610971
	Phase 2
	Ruxolitinib

BCR-ABL Tyrosine Kinase Inhibitor (TKI)
	Treatment Free Remission After Combination Therapy With Ruxolitinib Plus Tyrosine Kinase Inhibitors
	[118]



	NCT04838041
	Phase 2
	Asciminib 40 MG

Asciminib 40 MG

Asciminib 80 MG

Imatinib

Nilotinib

Dasatinib
	Protocol Number: HJKC3-0003. Treatment Free Remission After Combination Therapy With Asciminib (ABL001) Plus Tyrosine Kinase Inhibitors (TKI) in Chronic Phase Chronic Myeloid Leukemia (CP-CML) Patients Who Relapsed After a Prior Attempt at TKI Discontinuation
	[119]



	NCT04877522
	Phase 4
	Asciminib

Imatinib

Nilotinib

Bosutinib

Dasatinib
	Asciminib Roll-over Study
	[120]



	NCT04835584
	Phase 1, Phase 2
	KRT-232

Dasatinib

Nilotinib
	KRT-232 and TKI Study in Chronic Myeloid Leukemia
	[121]



	NCT03595917
	Phase 1
	ABL001

Dasatinib

Prednisone

Blinatumomab
	ABL001 + Dasatinib + Prednisone + Blinatumomab in BCR-ABL+ B-ALL or CML
	[122]



	NCT02602314
	Phase 4
	Imatinib

Nilotinib
	Sustained Treatment-free Remission in BCR-ABL+ Chronic Myeloid Leukemia (SUSTRENIM)
	[128]



	NCT03722420
	Phase 3
	Radotinib Imatinib
	Randomized Evaluation of Radotinib Versus Imatinib in Phase III Study for Efficacy with Chinese Patients
	[129]



	NCT04666259
	Phase 3
	ABL001
	Asciminib in Monotherapy for Chronic Myeloid Leukemia in Chronic Phase (CML-CP) With and Without T315I Mutation (AIM4CML)
	[130]



	NCT03106779
	Phase 3
	Asciminib Bosutinib
	Study of Efficacy of CML-CP Patients Treated with ABL001 Versus Bosutinib, Previously Treated With 2 or More TKIs
	[131]



	NCT02890784
	Phase 3
	Dasatinib
	Dasatinib Holiday for Improved Tolerability (DasaHIT)
	[132]



	NCT04971226
	Phase 3
	Imatinib Nilotinib Bosutinib Dasatinib Asciminib
	A Study of Oral Asciminib Versus Other TKIs in Adult Patients with Newly Diagnosed Ph+ CML-CP
	[133]
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