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Abstract

Background/Objectives: Quiescent leukemia stem cells (LSCs) are self-renewing, pluripo-
tent cells that present a major obstacle to the successful curative treatment of chronic
myeloid leukemia (CML). LSCs function independently of BCR::ABL1 signaling and persist
following tyrosine kinase inhibitor treatment. The mechanisms enabling LSC survival
are a central focus of current CML research. This review details the complex relationship
between signaling pathways and discusses recent advancements in energy metabolism
research within the pathogenesis of CML. Discussion: Energy metabolism is critical to
the biology of CML LSCs. These cells depend on oxidative phosphorylation (OXPHOS)
and mitochondrial homeostasis, utilizing fatty acid oxidation as their primary ATP source.
Research highlights significant alterations in signaling networks, marked by a dynamic
interplay among dominant pathways within the CML clone. While TGF-3-FOXO signaling
maintains the self-renewal capacity of quiescent LSCs, proliferating mature CML cells
rely heavily on glycolysis and the PI3K/Akt pathway. Furthermore, unique metabolic
traits of LSCs underscore the impact of leukemic cell-microenvironment interactions in
fostering a permissive niche. Conclusions: Fatty acid oxidation is critical to the survival
and self-renewal of CML LSCs. This adaptation of mitochondrial function is closely linked
to signaling alterations and entails an adjustment of mitochondrial respiration alongside
stimulated OXPHOS. Emerging research unveils many potential targets within metabolic
signaling that can be exploited to overcome these survival mechanisms, highlighting the

disruption of mitochondrial energy support as a promising strategy to selectively eradicate
CML LSCs.

Keywords: leukemia stem cell; oxidative phosphorylation; free fatty acid; transforming
growth factor beta; lysophospholipids; autophagy

1. Introduction

Quiescent leukemia stem cells (LSCs) form the foundation of residual disease in
chronic myeloid leukemia (CML) due to their inherent insensitivity to tyrosine kinase
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inhibitors (TKIs). These self-renewing, pluripotent myeloid stem cells can re-initiate leuke-
mogenesis following TKI discontinuation, representing a major obstacle to curative CML
treatment [1-3]. While inhibition of BCR::ABL1 tyrosine kinase signaling effectively elimi-
nates mature CML cells, it fails to eradicate persistent LSCs. Experiments with transgenic
mouse models and patient-derived in vitro CD34(+) CML cells confirm that the survival of
these stem cells is BCR::ABL1 kinase-independent [2,4,5].

The mechanisms enabling LSC survival during TKI treatment are a major focus of
current research, alongside efforts to achieve treatment-free remission in these patients. To
develop novel anticancer strategies that successfully target LSCs, it is crucial to understand
CML pathogenesis and elucidate the mechanisms underlying LSC survival. These po-
tentially curative approaches predominantly focus on BCR::ABL1-independent resistance
mechanisms [1,2,6].

Research evidence suggests several BCR::ABL1-independent mechanisms of CML
stem cell survival. These include the actions of cytokines and growth factors, the alternative
activation of signaling pathways, enhanced lipid mediator signaling, and dysregulated
immune responses. Additionally, alterations in the bone marrow (BM) microenvironment,
epigenetic modifications (such as DNA methylation, histone acetylation, and miRNA
expression), and alternative splicing have been implicated [1,2,4,7-11].

Alongside persistent LSCs, a subpopulation of progenitor stem-like CML cells can
emerge during therapy, possessing acquired drug resistance (treatment-resistant cells).
Their resistance primarily stems from genetic instability and secondary mutations within
the BCR::ABL1 oncogene or other genes critical for cell-cycle regulation and maintenance [3].
A significant portion of this TKI resistance arises from mutations within the kinase domain
of the BCR::ABL1 fusion protein, which can often be overcome by switching to alternative
TKIs (e.g., nilotinib, dasatinib, and bosutinib) or other drugs that inhibit tyrosine kinases.
Alternatively, resistance may develop from acquired mutations or the aberrant activation
of pathways downstream of BCR::ABL1 kinase activity [4,7]. Another important issue to
consider is the induction of antiproliferative effects in CML stem /progenitor cells by TKIs.
By blocking BCR::ABL1 activity, other independent signaling pathways remain unopposed,
leading to cell cycle arrest—a state known as induced quiescence (Table 1) [5,12].

Recent advances in understanding the unique aspects of LSC metabolism highlight
the contribution of leukemic cell interactions, including induced modifications that shape
a more permissive microenvironment for survival. A growing scientific field, known as
immunometabolism, explores the interconnection between cell activation signaling and
metabolic changes that further govern cell phenotype, function, and fate. Several cel-
lular metabolites serve as cofactors, enhancers, or inhibitors of enzymes, transcription
factors, and epigenetic modifiers involved in cell-cycle control and survival. Their activa-
tion network demonstrates that epigenetic and metabolic reprogramming are profoundly
intertwined. Mitochondria are central to this process, given their involvement in energy pro-
duction, redox reactions, cell death regulation, immune responses, and other physiological
processes [1-4,8,9].

This comprehensive narrative review explores and discusses the complex relationship
between signaling pathways and energy metabolism in CML, highlighting their profound
effects on cellular behavior and survival. The review presents the current understanding
of CML pathogenesis, focusing on recent and major findings that emphasize metabolic
alterations and related intercellular interactions within the BM microenvironment. Further-
more, the article summarizes proposed novel biomarkers of treatment response alongside
therapeutic strategies to address treatment resistance. To ensure a thorough synthesis, we
utilized an integrative approach in selecting studies published in peer-reviewed journals,
without limits on publication year or article type.
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Table 1. Summary of the baseline cellular characteristics in CML clone.
Cellular Predominant Cytogenetic Underly 118 Prohfera.tmg Cells vs. Current Treatment Mechanisms of Therapeutic
Cellular . Pathophysiological Leukemia Stem Cells . . References
Phase Characteristics . Strategies Resistance
Components Mechanisms (LSCs)
Proliferating CML cells TKI Resmta.nce: BCR::ABLl
(progenitor & precursor kinase domain mutations (e.g.,
prog p T315I), clonal evolution, and
cells) make up most of . . . L .
First-line: Tyrosine intrinsic LSC quiescence.
the CML clone. . - . .
These are highl Kinase Inhibitors Interaction with stromal cells
Amplification of L . - e (TKIs) like Imatinib, protects CD34+-enriched CML
. Constitutive activation of ~ sensitive to BCR::ABL1 . e
mature and maturing . L. Dasatinib, or cells from imatinib-induced
. Presence of the the BCR::ABL1 tyrosine targeted therapies like R : S .
. myeloid cells . . . . Nilotinib. apoptosis, maintaining them in a
Chronic . Philadelphia kinase, leading to TKIs. . . [1-7,13—
(neutrophils, . Interferon-alpha and quiescent state with elevated
Phase (CP) . . chromosome (Ph+) in unregulated cell LSCs are the rare, .. 21]
eosinophils, . . ¢ . hydroxyurea can also activity of ERK1/2 MAPK.
. all dividing cells. proliferation and reduced quiescent . . .
basophils) and blasts Apoptosis disease-initiatin be used. LSCs induce lipolysis in
(<10%). pop ' . & Standard TKI adipocytes and use FA for their
pluripotent cells with . .
unlimited self-renewal treatment fails to FAO. An exosome-mediated
capacity. and remain eradicate LCSs. autocrine loop in CML-derived
p B C}f?" ABLL- exosome-associated TGF-f31
. y activates anti-apoptotic
independent.
pathways.
Acquired kinase domain
. . mutations that evade TKI
Mounting burden of Disease acceleration Proliferating cells binding, drug efflux pumps, and
. Ph+ with additional . . include a higher burden Treatment: s g
immature driven by accumulating . . upregulation of alternative
. clonal chromosomal ; . . of blast-committed Second-generation or : . .
progenitors, e genetic/epigenetic - . . survival signaling pathways (e.g.,
; . abnormalities in Ph+ . . progenitors. third-generation .
WOTSEnINg anemia, — qls, such as trisom alterations and genomic LSCs acquire further TKIs (e.g., Ponatinib) WNT/-catenin).
Accelerated and fluctuating C y instability. < . & ! IL-6 /JAK-STAT3 activation [1-7,13,14,
8, trisomy 19, . . genetic mutations, sometimes followed . . .
Phase (AP) platelet counts. isochromosome 17 Acquired mutations or drivine the by allogeneic driven by external stimuli, 22-27]
Blasts (10-19%) in ’ the aberrant activation of & y 5

blood/marrow; >
20% basophils in
peripheral blood.

monosomy 7/7q
deletion, and variant
translocations.

pathways downstream of
BCR::ABL1 kinase
activity.

transformation and

expansion of more

primitive stem-like
clones.

hematopoietic stem
cell transplantation
(HSCT).

independent of BCR::ABL1, may
contribute to TKI resistance.
SIRT1 overexpression-driven
mitochondrial metabolic rewiring
associated with LSC maintenance
and TKI resistance.
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Table 1. Cont.
Cellular Predominant Cytogenetic Underly 18 Prohfera.tmg Cells vs. Current Treatment Mechanisms of Therapeutic
Cellular - Pathophysiological Leukemia Stem Cells . . References
Phase Characteristics . Strategies Resistance
Components Mechanisms (LSCs)
. Arr.e St. in cell . . Complete loss of oncogene
differentiation, massive Treatment: Intensive . .
! L addiction, rapid emergence of
accumulation of combination compound mutations. and
immature blasts, and chemotherapy (like p 7
. . . o : . expanded stem cell fractions that
Rapid proliferation =~ Complex karyotypes  activation of alternative . . AML/ALL regimens) - .
: . . Proliferating cells are are inherently drug-resistant.
of immature blasts, with multiple pathways (e.g., . plus a TKI, followed c
- .y ; immature blasts. LSCs . . DNA damage repair and gene
predominantly of additional WNT/ 3-catenin). . . by allogeneic HSCT if : B
o - include committed ; . instability.
myeloid origin, chromosomal Inefficient DNA damage the patient achieves a . . .
Blast Phase ) . : . Granulocyte- . Epigenetic dysregulation.
resembling acute abnormalities; repair mechanisms. . second chronic phase. . . [1-7,14,23,
(Blast . . . Macrophage Progenitors . Changes in drug influx/efflux
.. leukemia. behaves similarly to TP53 mutations. Various 24,28-37]
Crisis) . ) (GMPs) that have pumps.
More than 20% blasts acute leukemia. IKZF1 deletion. . chemotherapy : .
. . abnormally acquired . Dysregulated interactions
in BM; Reduced telomere Loss or dysfunction of . regimens .
. - stem-cell-like . . between hematopoietic and
extramedullary blast length and essential transcription s with/without TKIs
. . . ) . self-renewal capabilities. stromal cells.
proliferation. telomerase activity. ~ factor C/EBPw, including such as MSCs enhance the anti-apoptotic
its post-transcriptional hypomethylating capacity of CML Cellls) b};
modification by the agent (HMA) plus regulating apoptotic protein
hnRNP E2 RNA-binding venetoclax. oxpression
protein. P

FA—fatty acids, FAO—fatty acid oxidation, TP53—gene encoding the p53 protein, IKZF1—Ikaros encoding gene, MSCs—mesenchymal stem cells.
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2. Discussion
2.1. Signaling Networks in the Pathogenesis of CML

The BCR::ABL1 fusion gene, generated by the chromosomal translocation t(9;22), is
considered the cause of CML development. Detecting the BCR::ABL1 sequence is critical
for CML diagnosis, while measuring transcript levels is used to monitor patient response,
track treatment-free remission, and detect disease resistance or recurrence [6-8]. The
BCR::ABL1 fusion protein exhibits enhanced dimerization and sustained tyrosine kinase
activity, initiating a complex signaling cascade that dysregulates cellular homeostasis. This
cascade accelerates the cell cycle, inhibits apoptosis, and impairs DNA repair, rendering
cells largely independent of growth factors (Table 2) [4,7,28].

The initial phase of CML is characterized by the aberrant proliferation and survival of
granulocytic cells, with neutrophils comprising a major portion of the CML clone. Later, the
disease may progress into the blastic phase, marked by the accumulation of differentiation-
arrested blast cells; this is driven by molecular alterations such as the loss or dysfunction of
the essential transcription factor C/EBP«, including its post-transcriptional modification
by the hnRNP E2 RNA-binding protein [4,7,28,29].

The BCR::ABL1 oncoprotein initiates a multitude of intracellular signaling pathways,
either directly or indirectly. These include the RAS pathway, mitogen-activated protein
kinases (MAPK), the MYC proto-oncogene, signal transducer and activator of transcription
(STAT) transcription factors, and the phosphoinositide 3-kinase (PI3K)/Akt/mammalian
target of rapamycin complexes (mTORC) [4,7,38]. The more recently described WNT/3-
catenin/LEF-1 and Hedgehog (Hh) pathways are also important for the development
of myeloid leukemias and LSC maintenance. The survival of the malignant clone is
facilitated by the modulation of tumor-suppressor phosphatases and FOXO transcription
factor signaling, among other mechanisms, as well as by the increased expression of anti-
apoptotic proteins such as BCL-X(L). Furthermore, the expression of epigenetic modulators
is often altered in this context [4,7,13,39].

BCR::ABL1 activity causes constitutive activation of downstream RAS signaling cas-
cades, leading to MEK and MAPK activation, thereby supporting abnormal cell prolifera-
tion. The PI3K/Akt/mTORC1 signaling pathway is required for malignant transformation
in CML and governs proliferation in the vast majority of mature CML cells. This pathway
can be initiated by the BCR::ABL1 kinase or activated independently by other signaling
mechanisms, such as STATS5, as demonstrated in imatinib-treated patients. Central to its
downstream effects is the promotion of proliferation and cell survival via the activation of
mTORCT1 and the suppression of FOXO transcription factors [10,38].

https:/ /doi.org/10.3390/pathophysiology33030056


https://doi.org/10.3390/pathophysiology33030056

Pathophysiology 2026, 33, 56

6 of 38

Table 2. Major cytoplasmic and nuclear signaling events that regulate leukemia cell survival before and after TKI treatment.

Signaling Pathway Before TKIs Treatment After TKIs Treatment References
Protein kinase B (Akt) is a central component of the PI3K
pathway that controls downstream signaling networks, TKIs turn down the PI3K/AKT/mTOR pathwa
including mTORC1, FOXO, MYC, HIF-1«, and GSK3. ST e parwway.
. . . - HK?2 disruption induces Ca2+ -dependent calpain activation
Glycolytic enzyme hexokinase 2 (HK2) is a direct target of Akt; . . . -
. . ) . . . while perturbing ROS balance and glutathione homeostasis,
The PI3K/AKT/mTOR signaling it regulates glycolytic intensity and promotes pro-survival cues. . .°. . [40-45]
) . L ultimately driving cell death. PKM2 knockdown—or its
HK2 protects mitochondria from oxidative stress and promotes . . 2 . .
. . induced isoform switching to PKM1—triggers autophagic cell
autophagy during glucose starvation. death via Bcl-2 disruption and elevated ROS levels
Glycolytic enzyme PKM2 inhibits apoptotic pathways and P '
binds to STAT5A to induce cyclin D1 expression.
STATS5 induces transcription of target genes (e.g., cyclin D,
c¢-MYC, Bcl-2, and MMP-2).
The STAT5B isoform serves as a primary driver of
The BCR::ABL1/STATS5 axis leukemogenesis, with the suppression of [FN-a/'y responses TKIs normally shut down the STAT5 signaling. [7,46,47]

representing a key mechanism that facilitates malignant
transformation.
Maintaining high STATS5 levels promotes cell proliferation and
survival.

TGEF-f3/FOXO signaling is crucial for maintaining the
self-renewal capacity of LSCs. This network acts in conjunction
with Smad2/3 proteins.

TGF-$1 modulates the tumor microenvironment and immune
system—particularly Tregs.

BCR::ABL1 increases TGF-f3 /Smad-dependent transcriptional
activity; additionally, extrinsic (stromal) TGF-f3 contributes to
CML pathogenesis.

The TGF- /FOXO signaling

Upon TKI treatment, active FOXO upregulates BCL6 in CD34+
CML cells, which represses key targets—including Cyclin D2,
Bcl-xL, Arf, and p53—thereby protecting LSCs from TKI
toxicity.

In contrast, BCL6 remains repressed in untreated CML via
BCR::ABL1-dependent signaling.

[5,12,18-21,40,48-53]

AMPK regulates metabolic pathways by inhibiting mTOR,
suppressing ATP-consuming processes, and inducing
AMPK-dependent cytoprotective autophagy and
mitochondrial biogenesis.

The cascade promotes mitochondrial respiration (OXPHOS)
and lipid utilization (FAO).

The LKB1-AMPK pathway

TKI treatment triggered AMPK-mediated autophagy in
proliferating CML cells, forcing them to rely on mitochondrial
respiration for survival.

Autophagy protects LSCs following TKI and may contribute to
disease persistence.

[54-63]
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Table 2. Cont.

Signaling Pathway

Before TKIs Treatment

After TKIs Treatment

References

The Wnt/ 3-catenin signaling

It is required for the self-renewal of both normal and
neoplastic stem cells. It supports transcription of target genes
that drive the expansion of leukemic progenitors.

The WNT/ 3-catenin pathway is significantly involved in TKI
resistance. TKI-induced downregulation of miR-29 increases
CD70 expression, thereby enhancing downstream Wnt
signaling pathway activation.

[3,13,21,24,28-32,61]

The Hedgehog (Hh, SHH/SMO)
signaling

The Hh signaling controls vital downstream cell-cycle and
survival regulators (e.g., Cyclin D1 and Bcl2).

The Hh signaling cascade is highly active in LSCs, where it
mediates survival independently of BCR-ABL1 kinase activity.

[33,34]

The protein kinase C (PKC)
pathway

Crosstalk between PKC and BCR::ABL1 signaling promotes
leukemogenesis. Receptor-stimulated activation of
phospholipase C drives PKC activity, which subsequently
activates CRAF to engage the downstream RAF/MEK/ERK
cascade.

LSCs exhibit high PKCn transcript and protein levels. PKCn
activates the RAF/MEK/ERK signaling, promotes cell
proliferation, and inhibits apoptosis.

PKC-f3 overexpression participates in the resistance. ERK1/2
pathway mediates Alox5 upregulation by PKC-3 and induces
TKI-insensitivity through inactivation of PTEN.

[23,32,49]

The SIRT1/PGC-1«x axis

SIRT1 overexpression in LSCs is regarded as a key survival
mechanism activated downstream of BCR::ABL1/STAT5
signaling. However, SIRT1 activation is not entirely dependent
on BCR::ABL1 kinase activity.

SIRT1/PGC-1x axis drives metabolic alterations—a shift from
glycolysis toward OXPHOS.

SIRT1 overexpression correlates with enhanced conversion of
LC3, a key ubiquitin-like protein.

SIRT1 overexpression is involved in the mitochondrial
metabolic rewiring associated with LSC maintenance and TKI
resistance.

SIRT1/PGC-1« axis enhances OXPHOS capacity and TKI
resistance in LSCs.

[26,64-67]

GSK3—glycogen synthase kinase 3, HK2—hexokinase 2, LKB1—liver kinase B1, PKM2—pyruvate kinase muscle type 2, Alox5—Arachidonate 5-lipoxygenase, PTEN —phosphatase and
tensin homolog, a tumor suppressor, SIRT—sirtuin.
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Phosphoinositide 3-kinase, a lipid kinase, mediates activation of phosphoinositide-
dependent protein kinase 1 (PDK1), which together with mTORC?2 activates serine/threonine
kinase Akt (protein kinase B)—a central kinase in the pathway that controls downstream
signaling networks, including mTORC1, FOXO, MYC, HIF-1«, and glycogen synthase ki-
nase 3 (GSK3). Thus, the PI3K pathway plays key roles in regulating proliferation, survival,
metabolism, angiogenesis, and autophagy, while suppressing apoptosis (e.g., via inactiva-
tion of the proapoptotic molecule BAD). Furthermore, PI3K/ Akt signaling significantly
affects glucose metabolism and mitochondrial oxidative phosphorylation (OXPHOS), as
discussed in the following sections (Figure 1) [38-40,68].

BCR::ABL1

BCR::ABL1-positive proliferating cells
RAS/MAP/ERK

Wnt/Hedgehog
-Catenin JAK/STAT TGF-B1
STATS PI3K LKB1
STAT3 \L
BAD |_ _|
GSK3p AKT FOXO AMPK Fatty acids

Electron transport chain

\ _,A
Autophagy i ATP
I “"NADH .-'
Glycolysis FADH2 {
Yooy FAO
HK2
l mitochondria

PKM Acetyl CoA

Glutamate

Figure 1. Schematic overview of signaling networks in BCR::ABL1-positive proliferating CML
cells. The BCR::ABL1 oncoprotein initiates several signaling pathways (depicted by red arrows).
Proliferating mature CML cells rely heavily on the PI3K/Akt pathway for glycolysis and survival, a
pathway typically associated with the inactivation of FOXO transcription factors. Autophagy can
be upregulated by AMPK, elevated ROS levels, or other stimuli, whereas the PI3K/mTOR pathway
generally suppresses its activation. AMPK signaling functions as a central cellular energy sensor,
modulating metabolic pathways by inhibiting mTOR, suppressing ATP-consuming processes, and
enhancing fatty acid oxidation (FAO). Red arrows show direct stimulation by the oncogene. Orange
arrows follow intracellular stimulating actions, while green T-headed arrows reflect a blocking effect.
Blue arrows depict stimulating signaling in metabolic pathways and mitochondria. Light blue lines
below glycolysis represent glycolytic enzymes; HK2 and PKM denote hexokinase 2 and pyruvate
kinase muscle isoform, respectively. Bright red arrow depicts enhanced glycolysis.

The transcription factors STAT1, STAT3, and STATS activate key downstream path-
ways in CML. The BCR::ABL1 oncoprotein directly activates STAT5, which translocates
to the nucleus to induce transcription of target genes (e.g., cyclin D, c-MYC, Bcl-2, and
MMP-2). Due to the constitutive activity of the oncoprotein, STAT5 remains continuously
activated. Maintaining high STATS5 levels promotes cell proliferation and survival [7,46].
The STAT5B isoform serves as the primary initiator of leukemogenesis, with the suppres-
sion of IFN-« /v responses representing one of its mechanism that enables malignant
transformation [47]. Furthermore, high STAT5 expression can lead to imatinib resistance
and disease progression [4,69].

Although STAT3 and STATS5 are activated by distinct mechanisms and bind to different
genomic loci, they can exhibit significant functional crosstalk. Beyond directly binding to
gene promoter regions, their actions involve combined interactions with other transcription
factors, epigenetic regulation, and shaping of the chromatin landscape [46,47,69-72]. Addi-
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tionally, unphosphorylated STAT proteins can mediate non-canonical processes, including
transcriptional modifications (differing from those of phospho-STATs), alterations in mito-
chondrial function, and changes in chromatin structure [46,73]. Moreover, STAT3 activation
can be driven by external stimuli independently of BCR::ABL1, which may contribute to
TKI resistance [4,22].

Cross-talk among the PI3K/Akt, MAPK, TGFf3, and WNT signaling pathways reg-
ulates the switch between self-renewal and differentiation in pluripotent stem cells. This
network acts in conjunction with Smad2/3 proteins—the primary signal transducers of
TGFp superfamily receptors. When PI3K/ Akt is inhibited and the WNT pathway is acti-
vated, elevated Smad2/3 activity collaborates with (3-catenin to target genes required for
early differentiation [4,7,38,48].

2.1.1. Signaling Pathways in BCR::ABL1-Independent Resistance in CML

Chronic myeloid leukemia LSCs differ biologically from normal HSCs through their
heightened proliferative capacity, altered oxidative metabolism, and resistance to apoptosis.
Leukemic stem cells survive primarily through kinase-independent pathways. Studies
have identified aberrant expression of cell surface molecules on CML LSCs alongside
high heterogeneity among quiescent LSCs across genetic, epigenetic, and transcriptional
mechanisms. Accordingly, a number of alternative, BCR::ABL1-independent survival
pathways are being investigated in CML stem and progenitor cells, including epigenetic
alterations and BM microenvironment signals (Table 2) [11,23,49].

The protein kinase C (PKC) pathway plays an important role in leukemogenesis,
cooperating with BCR::ABL1 to promote cell proliferation and survival. Investigating
BCR::ABL1-independent imatinib resistance, Ma et al. identified elevated expression of
PKCn, a PKC family member that drives downstream activation of the RAF/MEK/ERK
axis. Mechanistically, PKCn activates CRAF, sustaining RAF/MEK/ERK signaling to
enhance cell survival and block apoptosis. Importantly, CML stem cells exhibit high PKCn
transcript and protein levels, which likely contribute to their intrinsic imatinib resistance.
Overexpression of another PKC family member, PKC-3, was also found to be significantly
related to TKI insensitivity in CML cell lines. This mechanism involves the ERK1/2 and
arachidonate 5-lipoxygenase (ALOX5) signaling pathways, which mediate the inactivation
of PTEN, a critical tumor suppressor gene [23,30,49].

Signaling pathways that bypass the BCR::ABL1 kinase often rely on WNT/ 3-catenin
and Hedgehog signaling in LSCs. Deregulation of the WNT/ 3-catenin pathway is impli-
cated in the pathogenesis of various neoplasia, including leukemogenesis. Upon binding to
its receptor, WNT inhibits 3-catenin phosphorylation, thereby preventing its degradation
and allowing the transcription of target genes that drive the expansion of leukemic progen-
itors. CML LSCs exhibit aberrant control of 3-catenin signaling, which is further supported
by the BCR/PI3K/AKT pathway. A gene expression profiling study found that deregula-
tion of the WNT pathway is largely responsible for TKI resistance and carries a negative
prognostic value. However, the loss of 3-catenin impairs the self-renewal of both normal
and CML cells. Additionally, the bone morphogenetic protein (BMP) signaling pathway,
typically originating from the BM, can activate pro-survival mechanisms in BCR::ABL1
oncogene-independent fashion. This pathway is highly deregulated in CML, with BMP4
directly or indirectly stimulating the WNT pathway [3,23,28,31,32].

The Hedgehog (Hh, SHH/SMO) signaling cascade is highly active in LSCs, where it
mediates survival independently of BCR-ABL1 kinase activity. Hedgehog ligands secreted
by BM stromal cells ultimately upregulate vital downstream cell-cycle and survival reg-
ulators (e.g., Cyclin D1 and Bcl2). Hedgehog signaling is activated in LSCs through the
upregulation of the transmembrane receptor Smoothened (SMO). Higher SMO expression
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has been detected in all Ph+ cells in the BM compared to normal hematopoietic cells in
mice. However, ABL inhibition in murine BCR-ABL-positive BM cultures decreases Smo
transcript levels by only 20%, indicating that additional, oncogene-independent mecha-
nisms account for its elevated expression. It is hypothesized that the oncogene may induce
constitutive Hh signaling or cause hyperresponsiveness to Hh ligand stimulation in these
cells. Additionally, SMO inhibition has been shown to reduce LSCs in vivo [33,34].

Epigenetic dysregulation is a well-established and common abnormality in tumori-
genesis. Epigenetic changes are also implicated in CML progression and TKI resistance.
Among others, expression of the SIRT1 deacetylase is higher in human CML CD34+ cells
than in normal cells, a feature that is partially independent of BCR::ABL1 activity. By
regulating the acetylation of several transcription factors, SIRT1 can significantly affect
cellular survival (see Section 2.2.6.) [34,74].

The mitochondrial translation pathway represents a molecular alternative to the
BCR::ABL pathway that can be exploited for LSC eradication [64]. A transcriptomic
analysis of the three-node miRNA feed-forward loop in CML revealed a novel mechanism
governing mitochondrial metabolic rewiring and cell senescence in CML leukemogenesis
with novel SIRT1 connections. Specifically, a SIRT1-dependent mechanism regulating
mitochondrial metabolism was found to involve a gene regulatory network composed
of miR-transcription factors—precisely miR-34a, miR-205, ETS1, and/or GFM1 mRNA.
Disrupting mitochondrial translation interferes with the cellular ability to perform terminal
oxidation [35,65,75].

Soluble factors and cellular components from the BM stroma can induce adaptive
signaling in adjacent leukemia cells, elevating apoptotic thresholds and sustaining sur-
vival. Several cytokines are being investigated as potential stimulators of LSC survival,
suggesting that an inflammatory microenvironment contributes to leukemogenesis. Whole-
transcriptome single-cell analysis of CML LSCs identified pathways of potential therapeu-
tic interest, including the transforming growth factor-beta (TGF-f3) and tumor necrosis
factor-alpha (TNF-«) pathways, which were characterized by a marked overexpression of
inflammation-associated genes (see Sections 2.1.2 and 2.3.) [4,23,76-78].

2.1.2. Cytokines in CML Pathogenesis

Increased levels of circulating proinflammatory cytokines have been reported in
patients with CML. Cytokines and chemokines are secreted both by leukemic cells and by
non-malignant immune and stromal cells within BM niches [14,76-79]. Research evidence
suggests that locally produced cytokines favor malignant hematopoiesis by activating
distinct signaling pathways—such as PI3K/Akt/mTOR and STAT3—thereby supporting
disease progression and TKI resistance. Consequently, cytokine-directed interventions
address BCR::ABL1-independent mechanisms and represent a promising strategy for future
CML management (Table 3) [4,25,76-78,80].

Tumor necrosis factor alpha (TNF-«) has been extensively investigated and shown
to play a significant role in CML pathogenesis [14,76-79]. For instance, Giustacchini et al.
demonstrated that, compared to normal hematopoietic cells, LSCs express higher levels of
inflammation-related genes, such as TNF-a and TGF-f3. Single-cell transcriptomics further
revealed that these two cytokines are associated with increased stem cell quiescence and
TKI resistance [79].

CML stem and progenitor cells produce higher levels of TNF-« than their normal
counterparts. This provides them with survival signals through the NF-«B/TNEF-o feedback
loop, IL-3 expression, and GM-CSF [3-chain receptor signaling. Importantly, TNF-« produc-
tion is independent of BCR::ABL1 kinase activity. Additionally, baseline TNF-« levels at
diagnosis were significantly higher in CML patients who failed to achieve remission after
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6 months of imatinib therapy compared to those who responded successfully [4,76-79,81].
TNF-« has several important metabolic implications. Specifically, it can stimulate lipolysis,
regulate lipid droplet dynamics, and promote triglyceride accumulation in differentiated
human adipocytes, which comprise a substantial portion of adult BM. Lipolysis is enhanced
through the activation of MEK/ERK and cAMP-dependent protein kinase A. Through
these same kinases, TNF-o suppresses peroxisome proliferator-activated receptor gamma
(PPAR-y) transcriptional activity and downregulates the expression of cell death-inducing
DFF45-like effector C (CIDEC), an important negative regulator of lipolysis [82—-84].

A recent work identified JAK1-STAT3-activating signaling and IL-6 as responsible for
TKI-resistant CML cases, proposing novel, potentially curative therapeutic targets in CML.
Indeed, the combined use of BCR::ABL1 and JAK1/2 selective inhibitors reduced CML cell
proliferation and induced apoptosis, even in quiescent LSCs [25]. Another study identified
MCP-1 and IL-6 as novel, strong, and predictive plasma biomarkers for treatment-free
remission in CML, among 20 cytokines tested. MCP-1 and IL-6 levels were markedly
increased in CML patients in treatment-free remission, whereas low MCP-1/IL-6 levels
were associated with poorer relapse-free survival [85].

Transforming growth factor beta (TGF-f3) is a pleiotropic cytokine that regulates a
wide array of cellular functions, and its aberrant signaling is implicated in numerous
diseases. Plasma TGF-3 levels are elevated in patients with CML; notably, treatment with
the TKI dasatinib significantly reduces these levels within 3 months. However, higher
baseline TGF-f levels correlate with a lower likelihood of achieving a favorable therapeutic
response. This pattern may be driven by the relationship between TGF-1 and regulatory
T cells (Tregs). Specifically, dasatinib-mediated inhibition of Treg suppressive function is
accompanied by decreases in both Treg frequency and serum TGF-f31 levels. Consequently,
TGEF-$ levels have been proposed as a predictive biomarker in CML [48,86,87].

2.1.3. Comparison of Major Signaling Pathways in CML LSCs vs. Mature CML Cells

In fast-proliferating CML cells, BCR::ABL1-mediated activation of the PI3K/Akt/
mTORCI1 pathway drives cellular metabolism and survival. In these cells, BCR::ABL1
activity is associated with the post-translational inactivation of FOXO transcription factors
(FOXO1, FOXO3a, and FOXO4). Conversely, in quiescent CML LSCs, Akt phosphorylation
levels decrease, whereas TGF-f3 signaling and its downstream target FOXO remain active.
Furthermore, FOXO phosphorylation levels are higher in CML cells than in normal CD34+
cells. Together, these findings underline TGF-3/FOXO signaling as crucial for maintaining
the self-renewal capacity of LSCs [5,12,40,50,51].

The PI3K and TGF-§ signaling networks appear to diverge in governing LSC fate.
Nevertheless, the complex interplay among TGF-f3, Akt, and FOXO activity in both normal
hematopoietic stem cells (HSCs) and LSCs remains highly context-dependent. Through
cell-intrinsic and cell-extrinsic mechanisms, TGF-31 modulates the tumor microenviron-
ment and immune system—particularly Tregs—thereby exerting dual pro- and anti-tumor
effects [5,11,12,50,51,87].

In experiments with leukemia-initiating cells (LICs), TGF-3 was associated with
decreased Akt phosphorylation and increased nuclear localization of FOXO3a, the predom-
inant FOXO isoform in these cells. On the other hand, FOXO3a is strongly regulated by
PI3K/ Akt signaling: active Akt phosphorylates nuclear FOXO3a, causing its export to the
cytoplasm and inhibiting its transcriptional activity, where it is subsequently degraded.
In quiescent CML LSCs, Akt activity is low; as a result, FOXO3a remains in the nucleus,
where it can induce G1 cell cycle arrest or apoptosis [12,50].
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Table 3. Cytokines implicated in the pathogenesis of CML.

Cytokine

Cellular Source

Biological Function in CML

References

Tumor necrosis factor-alpha
(TNF-«)

Primarily produced by activated macrophages and monocytes.

Secreted by T cells, B cells, dendritic cells, neutrophils, mast
cells, adipocytes, BMSCs.
CML stem/progenitor cells.

Supports the survival of malignant cells via the NF-«xB/p65
pathway, the GM-CSF common (-chain receptor, and IL-3
expression.

Enhances LSC growth via CXCR2 signaling.
Stimulates lipolysis & regulates lipid droplet dynamics, in
differentiated human adipocytes.

[8,9,15,76-79,88-90]

Interleukin 6 (IL-6)

Macrophages, BMSCs, T cells, osteoblasts, adipocytes.
CML stem/progenitor cells.

Establishes a paracrine feedback loop with BCR::ABL1 that
sustains leukemia development.
Interacts with the JAK/STAT signaling pathway.
Increased IL-6 levels drive LSC expansion.

[9,15,25,76-79,85,88-90]

Macrophages, monocytes, dendritic cells, B cells, neutrophils.

IL-1 receptors are elevated on the surface of LSCs,

Interleukin 1 beta (IL-1j3) . underscoring the influence of inflammatory signals. [8,9,15,23,30]
CML stem/progenitor cells. Elevated IL-1f3 helps CML cells evade apoptosis.
Interleukin 3 (IL-3) T cells, mast cells, al}d BMSCs. JAK2/STATS activation and growth factor (GF)-independent [76-79]
CML stem/progenitor cells. growth
. . IL-8 exhibits both autocrine and paracrine effects, thereby
Increased 8 (IL-8) Myeloid precursors, BMSCs, MSCs, resident macrophages, facilitating CML LSCs” adhesion to MSCs and sustaining their [66,91]

dendritic cells.

survival.

Transforming growth factor beta
(TGF-B)

Primarily produced by MSCs and osteoblasts.
CML stem/progenitor cells.
Also, stored in the bone matrix.

Regulates phosphorylation of Akt, facilitates activity of
FOXO3a transcription factor, thereby potentiating LSC
maintenance.

TGEF-{ as an extrinsic (stromal) source contributes to CML
pathogenesis. An autocrine loop was shown for CML-derived
exosome-associated TGF-31, which was followed by activation
of ERK/Akt/NEF-«B signaling and anti-apoptotic pathways.
TGF-f releases MMP-9 and alters the BM niche.

[11,13,48,50,51,55,78,86,
87,91-93]

Monocyte chemoattractant
protein-1 (MCP-1/CCL2)

Bone marrow stromal cells, MSCs, osteoblasts, endothelial
cells, adipocytes.
Mast cells of malignant clone.

Recruits monocytes and macrophages to the BM and spleen.
Creates a chronic inflammatory state that supports tumor
progression and angiogenesis.

[25,76-78,85,88-90]

Bone marrow stromal cells (BMSCs), mesenchymal stem cells (MSCs), leukemia stem cell (LSC), granulocyte/macrophage-colony stimulating factor (GM-CSF), matrix metalloproteinase-9
(MMP-9).
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Experiments using mouse models demonstrated that Foxo3a deficiency impedes the
propagation of CML cells. Specifically, the pool of Foxo3a -/- LICs significantly decreased
following serial BM transplantation. Similar reductions in colony-forming capacity and
confirmation of the critical role of TGF-f3 /FOXO signaling were observed in primary human
CML LICs [50]. Functionally, FOXO3a undergoes various post-translational modifications
that fine-tune its activity, stability, DNA binding, and intracellular localization [51,94-96].
An interconnection between the PI3K pathway and the cellular localization of the FOXO1
transcription factor has also been described in CML. TKI-resistant cells with activated
PI3K/ Akt signaling exhibit increased Akt-mediated FOXO1 phosphorylation, leading to
its cytoplasmic sequestration and reduced nuclear accumulation. Upon PI3K/ Akt pathway
inhibition, FOXO1 translocates to the nucleus [4,97].

Research also indicates that FOXO transcription factors underpin the antiproliferative
activity of TKIs. By suppressing PI3K/Akt signaling, TKIs induce unopposed FOXO
activation, triggering cell cycle arrest. While this suppresses proliferation, it also induces
a protective state in CML cells against genetic instability and apoptosis. Pellicano et al.
demonstrated that dasatinib significantly reduces FOXO phosphorylation and promotes the
nuclear translocation of total FOXO1 and FOXO3a, thereby enhancing their transcriptional
activity. Furthermore, shRNA-mediated knockdown of FOXO3a sensitized CML cells to
TKI-induced apoptosis [5].

Key FOXO target genes include CCND1 (Cyclin D1), ATM, CDKN1C (p57), and BCL6.
As a central mediator of FOXO signaling, BCL6 supports CML stem cell survival under TKI
pressure. Upon TKI treatment (24 h), active FOXO upregulates BCL6 in CD34+ CML cells.
In turn, BCL6 represses key targets—including Cyclin D2, Bcl-xL, Arf, and p53—thereby
protecting LSCs from TKI toxicity. In contrast, BCL6 remains repressed in untreated CML
via BCR::ABL1-dependent signaling [5,52,53].

Notably, TGF-f3 exerts distinct effects on FOXO3a activation and localization in LICs
versus non-LICs (progenitor cells), differential pathways that guide the survival of these
two leukemic sub-populations. In non-LICs, FOXO3a activation following TKI treatment
leads to cell cycle arrest and apoptosis via TNF-«- or p53-dependent pathways [5,50,98].

In a genome-wide transcriptomic comparison, the authors observed greater simi-
larity in expression patterns between CML LSCs and normal HSCs than between CML
LSCs and CML progenitor cells. Nevertheless, the study reports a downregulation of
pro-differentiation and TGF-3/BMP signaling pathways in CML LSCs (CD34+ CD38—
ALDHhigh [aldehyde dehydrogenase activity]) relative to normal HSCs. This was ac-
companied by a marked suppression of TGF-f3/BMP transcriptional output alongside the
activation of pathway antagonists [11].

Moreover, co-culture systems with stromal cells modulate the effects of TGF-f3 and
other soluble factors, underscoring the importance of microenvironmental interactions in
tuning malignant cell behavior. Actually, the colony-forming capacity of LSCs was unaf-
fected when cells were cultured in a stroma-free system with TGF-§ inhibitors, suggesting
that an additional extrinsic (likely stromal) source or mechanism of TGF-f contributes to
CML pathogenesis [11,50,51].

2.1.4. The BCR::ABL1 Oncoprotein Degradation

Recent research underlines the BCR::ABL1 degradation process as a potent thera-
peutic strategy—one superior to merely inhibiting fusion protein activity and promising
for overcoming TKI resistance. Several key regulatory molecules mediate the ubiquitin-
proteasome degradation pathway for both mature and immature BCR::ABL1 proteins.
Among these, heat-shock proteins (HSPs) play a central role in modulating ubiquitination
and subsequent proteasomal degradation. Additionally, the BCR::ABL1 fusion protein
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can be degraded via the autophagy-lysosome pathway and caspase-mediated cleavage.
Mechanistically, alterations in chaperone and co-chaperone dynamics direct BCR::ABL1
to the proteasome, destabilizing or dephosphorylating the protein and rendering it more
susceptible to degradation. Several compounds have demonstrated efficacy in promoting
BCR::ABL1 degradation by compromising its structural stability. Furthermore, multiple
HSP90 inhibitors effectively disrupt the interaction between BCR::ABL1 and HSP90, ac-
celerating its clearance. Moreover, Yang and colleagues demonstrated that heat stress
facilitates BCR::ABL1 oligomerization and triggers its degradation via c-Cbl-mediated,
non-canonical K27-linked ubiquitination involving the PI3K-p85x pathway in Ph+ ALL
patients [99-103]. However, this strategy may be less effective against quiescent LSCs, as
their survival is independent of BCR::ABL1 kinase activity and they remain refractory to
TKIs. Nevertheless, various autophagy-related mechanisms are being actively investigated
as potential therapeutic targets in LSCs [1-5,104], which will be discussed in detail below.

2.2. Energy Metabolism in CML Cells

Recent studies report that cancer stem cells exhibit metabolic flexibility, enabling them
to alternate between glycolysis and OXPHOS in response to environmental cues to secure
energy, evade apoptosis, and escape immune surveillance. This metabolic switch is intrinsic
to leukocytes and occurs physiologically during activation, allowing them to adapt their
energy demands to the inflammatory response [3,12,40,54,105].

Proliferating BCR::ABL1-positive cells show high glycolytic activity. However, ima-
tinib administration markedly suppresses cytosolic glycolysis, accompanied by a shift
toward increased mitochondrial fatty acid oxidation (FAO) and elevated tricarboxylic
acid (TCA) cycle intermediates. This mitochondrial energy supply appears essential for
sustaining BCR::ABL1-active CML cell survival during TKI exposure [41,106,107].

2.2.1. Metabolic Roles of the PI3K/Akt/mTOR Axis

As previously noted, the majority of proliferating mature CML cells exhibit robust
BCR::ABL1 signaling accompanied by activation of the PI3K/Akt/mTORC1 pathway,
which exerts a profound impact on malignant cell metabolism. Broadly, PI3K/ Akt signal-
ing promotes glycolysis by upregulating glucose transporters (e.g., the high-affinity glucose
transporter GLUT1) and key glycolytic enzymes, while suppressing glycogen synthase
kinase 3 (GSK3). PI3K/ Akt signaling promotes de novo lipid synthesis and directly stim-
ulates cholesterol and fatty acid (FA) biosynthesis, while inhibiting gluconeogenesis and
FAOQ, in part by directly phosphorylating peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1«). Additionally, it modulates the pentose phosphate pathway
(PPP), mitochondrial oxidative phosphorylation (via complex I activity), and redox home-
ostasis by replenishing the cytosolic pool of NADPH, a key reducing agent. Overall, the
PI3K/ Akt pathway acts to store energy and mitigate oxidative stress [10,40,68,108-110].

Protein kinase B (Akt) is a central component of the PI3K pathway, playing a key role
in regulating cellular metabolism through its effects on enzymes, nutrient transporters,
and signaling networks. Akt substantially influences enzymes that regulate glycolysis.
For instance, the glycolytic enzyme hexokinase 2 (HK2) is a direct target of Akt; this
interaction exerts bidirectional effects on glycolytic intensity and promotes pro-survival
cues [40,42,111]. Specifically, HK2 binds to the voltage-dependent anion channel on the
outer mitochondrial membrane (OMM), inhibiting apoptosis by limiting the opening of
the mitochondrial permeability transition pore (mPTP) [40,111,112]. HK2 also binds to
mitochondria-associated membranes (MAMs)—the communication sites between the OMM
and ER—where it helps regulate Ca2+ turnover. The displacement of HK2 from MAMs
promotes Ca2+ release, triggering Ca2+-dependent calpain activation and ultimately cell
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death [40,43]. Under hypoxic conditions, another example of the Akt/HK?2 axis involves
HK?2 forming a complex with fructose-2,6-bisphosphatase (TIGAR, a p53-inducible protein).
This complex amplifies the PPP, thereby boosting NADPH production and suppressing
mitochondrial ROS generation [40,113]. While HK2 protects mitochondria from oxidative
stress, it also promotes autophagy during glucose starvation [42,44].

In CML, the detachment of HK2 from mitochondria promotes collateral sensitivity in
multidrug-resistant cells that rely primarily on glycolysis for ATP production. This detach-
ment disrupts ROS levels and glutathione homeostasis, ultimately increasing intracellular
drug accumulation and inducing cell death. Consequently, manipulating HK2 represents a
promising therapeutic strategy to overcome resistance in chemotherapy-refractory CML
patients [114].

Pyruvate kinase (PK) is another key regulatory glycolytic enzyme modulated by the
PI3K pathway. Pyruvate kinase exists in four tissue-specific isoforms, with the PKM?2
(muscle type 2) isoform expressed in all proliferating cells, including tumors [40,41,115].
The PI3K pathway regulates PKM2 via the mTOR/c-Myc/hnRNP/PKM signaling cascade.
Additionally, under IGF-1-induced PI3K activation, Akt can directly interact with and
phosphorylate PKM2 [40,41,115]. In its dimeric or “low-activity” form, PKM2 acts as a
protein kinase, whereas the tetrameric form functions as an active pyruvate kinase [116].
Consequently, dimeric PKM2 diverts glycolytic intermediates toward anabolic pathways
for the biosynthesis of amino acids, lipids, and nucleotides [117,118]. Furthermore, dimeric
PKM2 can translocate to the nucleus, mitochondria, or extracellular space. Upon nuclear
translocation, PKM2 binds to STAT5A to induce cyclin D1 expression [40,107,118,119].

Studies have reported multiple binding partners of PKM2 and their associated ef-
fects on gene transcription, epigenetic and post-translational modifications, and exosome-
mediated communication. Consequently, PKM2 is recognized as a key glycolytic enzyme
involved in intercellular communication with significant potential for microenvironment
reprogramming [117,118]. High expression of PKM2 in cancer cells plays a specific role in
their metabolic reprogramming toward aerobic glycolysis [40,107,118,119]. In CML, PKM2
levels are significantly elevated, promoting glycolysis, biosynthetic pathways, redox home-
ostasis, cell survival, and drug resistance. Indeed, higher PKM2 expression is observed in
TKI-resistant primary CML cells, whereas PKM2 knockdown reduces glycolysis and lactate
production, suppresses cell growth, and induces apoptosis [120,121].

As a phosphotyrosine-binding protein, PKM2 interacts with several key partners,
including the BCR::ABL1 kinase, with evidence suggesting reciprocal modulation between
them. By interacting with Bcl-2 under oxidative stress, or with p53 in the presence of the
MDM2 oncogene, PKM2 inhibits apoptotic pathways. Conversely, PKM2 knockdown—or
its induced isoform switching to PKM1—triggers autophagic cell death via Bcl-2 disruption
and elevated ROS levels [41,45]. Additionally, PKM2 phosphorylates STAT3, enhancing
its transcriptional activity toward target genes such as MEKS5 [116-118,122]. Interestingly;
extracellularly secreted dimeric PKM2 promotes colon cancer cell migration by activating
the PI3K/Akt and Wnt/ 3-catenin signaling cascades [123].

2.2.2. CML Stem Cell Metabolism

Unlike normal HSCs and rapidly proliferating CML cells, CML LSC metabolism relies
on increased OXPHOS and FA metabolism. A genome-wide comparative study demon-
strated altered cellular functions in CML LSCs relative to normal HSCs, highlighting the
upregulation of gene sets related to oxidative metabolism—including the mitochondrial in-
ner membrane, electron transport chain (ETC), mitochondrial matrix, NADH-to-ubiquinone
activity, and the Krebs/TCA cycle [11]. Nevertheless, LSCs remain metabolically less active
than the bulk of their clonal progeny. Compared to healthy HSCs, LSCs exhibit metabolic
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flexibility by utilizing diverse fuel sources, including glucose, fatty acids, amino acids, and
anaplerotic substrates such as glutamate [3,124]. Evidence also indicates that distinct CML
LSC subpopulations possess unique metabolic profiles [15].

Using single-cell RNA sequencing and metabolomic profiling, recent work identified
a subset of deeply quiescent LSCs. To avoid oxidative stress and maintain low metabolic
activity, these persistent LSCs suppress mitochondrial complex I while relying on FAO for
energy, allowing them to persist during therapy. Furthermore, the study highlights the
potential of a CBP/ 3-catenin antagonist to disrupt this quiescence and drive differentiation,
thereby restoring sensitivity to TKIs [125].

Chronic phase CML LSCs highly express mitochondrial respiratory chain genes and
exhibit upregulated mitochondrial respiration and increased TCA cycle flux. Additionally,
several studies show high ROS levels in these cells, which may be related to increased
mitochondrial respiration [3,55,75,126,127]. Moreover, new evidence points to significant
roles for lipid mediators, such as lysophospholipid (LysoPL) and branched-chain amino
acid (BCAA) metabolism, in LSC survival, stemness, and TKI resistance [10,85].

Fatty acid and amino acid metabolism significantly contribute to maintaining OX-
PHOS in LSCs, with FAO playing a crucial role in their survival and self-renewal. FAO
yields key metabolic intermediates that drive energy production while coordinating in-
tracellular signaling, gene transcription, and protein function. Primarily, elevated FAO
supports OXPHOS by supplying acetyl-CoA to the TCA cycle, thereby enhancing ATP
production [15,54,56,73,127].

Furthermore, acetyl-CoA can exit mitochondria through the citrate-pyruvate cycle.
Under glucose-deprived conditions, FAO-derived acetyl-CoA is utilized to produce cytoso-
lic NADPH, among others, thereby compensating for the reduced PPP-derived NADPH.
Acetyl-CoA is used to form citrate and malate, which are then converted by isocitrate
and malate dehydrogenases, respectively, to produce NADPH. This way, NADPH signifi-
cantly supports antioxidant regeneration, ameliorates redox imbalance, and helps in the
repression of ROS-induced apoptosis [54,56-60].

Furthermore, acetyl-CoA can exit the mitochondria via the citrate-pyruvate shuttle.
Under glucose-deprived conditions, FAO-derived acetyl-CoA is utilized to generate cytoso-
lic NADPH, thereby compensating for the decline in PPP-derived NADPH. Specifically,
acetyl-CoA contributes to the formation of citrate and malate, which are subsequently
converted by cytosolic isocitrate dehydrogenase and malate dehydrogenase to produce
NADPH. The resulting NADPH supports antioxidant regeneration, mitigates redox imbal-
ance, and suppresses ROS-induced apoptosis [54,56-60]. Moreover, increased production
of acetyl-CoA enhances histone and protein acetylation by providing the acetyl donor
required by histone acetyltransferases. This modification promotes chromatin relaxation,
thereby increasing DNA accessibility and modulating gene expression [56].

Increased FAO in CD34+ CML cells is associated with elevated acylcarnitine levels and
the accumulation of metabolites that enrich both the TCA cycle and the amino acid pool.
Additionally, TCA cycle flux is supported by enhanced activity of the anaplerotic enzyme
pyruvate carboxylase, which catalyzes the conversion of pyruvate to oxaloacetate [128].
Comparative metabolic profiling reveals that CD34+ stem-cell-enriched CML cells exhibit
elevated levels of glycerol-3-phosphate and carnitine, alongside depleted FFAs such as
oleic and stearic acids, relative to differentiated CD34- CML cells [75].

Research shows that FAO plays a critical role in mediating tumor cell chemoresistance
by promoting autophagy, modulating apoptotic pathways, and facilitating immune evasion.
By generating NADPH and inducing autophagy, FAO reduces ROS levels and suppresses
apoptosis [54,129]. In chemoresistant breast cancer models, enhanced FAO was shown to
activate STAT3 via acetylation, which upregulates long-chain acyl-CoA synthetase 4 and
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subsequently drives phospholipid biosynthesis. These newly synthesized phospholipids
integrate into mitochondrial membranes, increasing their lipid content, structural integrity,
and membrane potential, ultimately conferring greater resistance to apoptosis [130].

In their study, Ye et al. demonstrated that leukemia cells exhibit higher rates of FAO
compared to non-leukemia cells, with LSCs (Lin-) showing elevated FAO relative to more
differentiated leukemia cells (Lin+). In a murine BC-CML co-culture model with adipocytes,
a subpopulation of LSCs utilized gonadal adipose tissue (GAT) as a metabolic niche,
suggesting that FAO regulation varies across LSC subpopulations. Additionally, targeting
mitochondrial carnitine palmitoyltransferase-1 (CPT1) with etomoxir reduced FAO by
approximately 60%, indicating that peroxisomal FAO makes a substantial contribution to
total FAO in CML LSCs [15].

Several studies report that FAO is activated and supported by BM adipocytes. In
an in vitro study of acute monocytic leukemia (AMoL) cells under nutrient starvation,
co-culture with BM adipocytes increased malignant cell viability to a greater extent than
co-culture with mesenchymal stem cells (MSCs). Mechanistically, this protection was
driven, at least in part, by the upregulation of BcI2 mRNA and the induction of a heat shock
protein (HSP) chaperone response [61]. These findings indicate that FAO in malignant
cells is activated by co-culture with BM adipocytes. Correspondingly, ketone body levels,
produced by FAO, were higher in co-culture media than in control media. Furthermore, a
significant upregulation of HADHA, a crucial component of the mitochondrial trifunctional
protein (MTP) catalyzing the final steps of FAO, confirmed that BM adipocytes stimulate
FAO in AMoL cells. Crucially, these alterations in lipid metabolism are required for the
anti-apoptotic effects observed in this system, as FAO inhibition using a selective CPT1
inhibitor completely abolished adipocyte-mediated protection [56,61].

Co-culture with BM adipocytes upregulated the stress-response kinases p-AMPK
(AMP-activated protein kinase) and p-p38 MAPK alongside autophagy, while downregu-
lating Akt/mTOR signaling via p-Akt depletion. Concurrently, elevated levels of major
aerobic glycolysis products were detected, suggesting the activation of anaplerotic path-
ways that support mitochondrial FAO [61,131].

Gene expression analysis revealed elevated levels of lipid metabolism proteins in
AMOoL cells compared to control cells, including PPARy, FABP4, CD36, and CPT1. Once
activated, PPARy upregulated its downstream target genes, such as FABP4, CD36, and
BCL2 [61,132]. PPARY is a nuclear receptor that regulates glucose and lipid metabolism
and serves as a master regulator of adipogenesis [133]. Additionally, upregulation of the
adiponectin receptor 1 (ADIPOR1) gene in AMoL cells further promoted AMPK pathway
activation, complementing the finding that BM adipocytes express and secrete significantly
higher levels of adiponectin than parental MSCs [61].

These findings demonstrate the downregulation of several genes, including HK2,
AGTRL1 (apelin receptor), ghrelin, CCL2 (MCP-1), PPP3R1 (calcineurin B), and TP53
(p53). Notably, AGTRLI1 regulates glucose and lipid metabolism by enhancing glucose
uptake while suppressing adipogenesis and lipolysis [61,134-136]. Overall, this study
demonstrates a metabolic shift toward enhanced fatty acid uptake, FAO, and AMPK
pathway activation, coupled with the downregulation of pathways supporting glucose
uptake and glycolysis, such as PI3K/ Akt signaling and its downstream targets (Figure 2).
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Figure 2. Schematic overview of signaling and metabolic pathways in quiescent CML LSCs. Although
the BCR::ABL1 oncoprotein initiates several signaling cascades (red arrows), quiescent CML LSCs
remain highly insensitive to these actions. PI3K/ Akt signaling is downregulated, suppressing glucose
uptake and glycolysis. Instead, the TGF-f3/FOXO signaling pathway is critical for maintaining LSC
self-renewal; TGF-f3 reduces Akt phosphorylation, enabling FOXO3a nuclear localization to drive the
transcription of its target genes, including those involved in autophagy. Stromal TGF-f3 sources can
influence LSC metabolism. Furthermore, CML LSC survival relies on elevated OXPHOS and fatty
acid metabolism, with FAO supporting antioxidant regeneration and inhibiting apoptosis. CML LSCs
display significantly higher autophagic flux and AMPK signaling pathway activity. Red arrows show
direct stimulation by the oncogene. Orange arrows follow intracellular stimulating actions, while
green T-headed arrows reflect a blocking effect. Blue arrows depict stimulating signaling in metabolic
pathways and mitochondria. Light blue lines below glycolysis represent glycolytic enzymes; HK2
and PKM denote hexokinase 2 and pyruvate kinase muscle isoform, respectively. Bright red arrows
show upregulated processes, while black arrows show downregulated processes.

2.2.3. Lysophospholipids in CML

Beyond serving merely as energy sources, lipids play a far broader role in cancer patho-
genesis. They act as bioactive signaling molecules—such as sphingosine-1-phosphate (S1P),
PGE2, lipoxin, and ceramide—and actively participate in epigenetic modifications through
fatty acylation [137-139]. Proper lysophospholipid (LysoPL) metabolism is required for the
maintenance of CML LSCs in vivo. The LysoPL pathway produces lipid second messengers
that mediate regulatory signaling in an oncogene-independent manner [10,133].

Researchers demonstrated that the Gdpd3 gene, which encodes a lysophospholipase
D enzyme, is highly expressed in murine CML LSCs compared to normal stem cells.
Lysophospholipase D is an ER membrane-associated enzyme that converts LysoPL to
lysophosphatidic acids (LPAs) within the glycerol phosphate pathway. Disruption of
this enzyme altered the levels of specific LPAs and lipid mediators in CML stem cells.
Furthermore, Gdpd3 deficiency impaired the self-renewal capacity of CML LSCs and at-
tenuated their ability to cause disease relapse [10,133]. Moreover, mice overexpressing
human GDPD3 in the liver showed significantly increased hepatic LPA production and ele-
vated FA uptake compared to control animals, but without affecting de novo FA synthesis,
triglyceride content, or normal circulating lipid concentrations [131].

Specifically, Gdpd3 acts as a key suppressor of the AKT/mTORC1 pathway in CML
stem cells. In Gdpd3-deficient cells, hyperactivation of this pathway disrupts LSC quies-
cence. By inhibiting Akt, GDPD3 promotes the nuclear localization and transcriptional
activity of Foxo3a, as well as the nuclear interaction between Foxo3a and (3-catenin [10,12].
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Previous studies have established that Wnt/ 3-catenin signaling is required for the self-
renewal of both normal and neoplastic stem cells [13,61]. Furthermore, the levels of
prostaglandins, eicosanoids, and docosanoids were decreased in Gdpd3-deficient CML
cells. Overall, these findings highlight GDPD3 as a primary repressor of proliferation and a
critical driver of LSC self-renewal [10].

Beyond LysoPL and PPARY signaling, other lipid-related enzymes—such as arachi-
donate 5-lipoxygenase (Alox5) and arachidonate 15-lipoxygenase (Alox15)—are critical
for CML LSC survival. These targets have also been proposed for combination therapy to
overcome resistance to TKIs [10,140].

2.2.4. The AMPK Signaling and Autophagy in CML

AMPK signaling acts as a central cellular energy sensor. It is activated by metabolic
stress, low intracellular energy levels (low ATP), ER stress, hypoxia, ROS, and stimulation of
the adiponectin receptor, among other factors. During energy stress (glucose-deficient con-
ditions), the Liver Kinase B1 (LKB1)-AMPK cascade promotes mitochondrial respiration
(OXPHOS) and lipid utilization (FAO). AMPK regulates metabolic pathways by inhibit-
ing mTOR (forming a negative feedback loop), suppressing ATP-consuming processes,
and inducing AMPK-dependent cytoprotective autophagy and mitochondrial biogene-
sis [55,59-61]. Upon activation, AMPK increases FAO while suppressing FA, sterol, and
glycogen synthesis. It enhances TCA cycle capacity, including anaplerosis, while maintain-
ing NADPH levels in tumor cells. Mechanistically, AMPK promotes FAO by stimulating the
phosphorylation of acetyl-CoA carboxylase (ACC), thereby inhibiting ACC and reducing
malonyl-CoA—an allosteric inhibitor of CPT1A and CPT1B [56,141]. Additionally, the
LKB1-AMPK axis counteracts oxidative stress caused by impaired glycolysis or high OX-
PHOS, protecting cancer cells from apoptosis during energy deprivation [54,58,60]. How-
ever, under severe ATP depletion, AMPK can also initiate cell death pathways [55,106,142].

According to some studies, AMPK activators may exert anti-leukemic effects
against Ph+ leukemic cells, especially when combined with TKIs and autophagy in-
hibitors [106,142,143]. As a crucial cellular adaptation, autophagy is triggered by impaired
energy metabolism, subsequently supporting mitochondrial activity to overcome energy
imbalance. Coupled with heightened mitochondrial function, autophagy serves as an
essential process for LSC quiescence and survival. Autophagy often acts as a protective
mechanism in tumor cells, including imatinib-treated BCR::ABL1-expressing cells and the
CD34+ 38— stem/progenitor cell population; notably, CD34+ CML LSCs display signifi-
cantly higher autophagic flux compared to normal HSCs [55,58,144-146].

The BCR::ABL1/PI3K/Akt/mTOR signaling typically conveys autophagy inhibition
through several mechanisms, including ATF5-mediated regulation of mTOR transcription,
induction of miR-30a expression, and downregulation of key autophagy genes. It is
hypothesized that autophagy is suppressed primarily to enable and conserve biosynthetic
processes for cell proliferation and to prevent degradation of the oncoprotein. TKI treatment
can restore autophagy and enable cell survival, thereby antagonizing the drug’s own
proapoptotic effects. However, evidence also demonstrates that autophagy is essential for
BCR::ABL1-dependent leukemogenesis. Although the oncogene suppresses autophagy,
leukemic cells remain heavily dependent on the pathway to survive severe cellular stresses,
such as nutrient or growth factor deprivation. Beyond metabolic status, autophagy is
dictated by dominant signaling cascades, genetic profiles, cell types, and tumor stages.
Furthermore, autophagy can exploit distinct mechanisms to modulate cellular stress, which
will be discussed in the following sections [4,28,38,41,55,131,145,147,148].

In a study using K562 cells with active BCR::ABL1 signaling (and therefore not LSCs),
continuous imatinib treatment inhibited glycolytic activity and induced autophagy, as
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evidenced by AMPK pathway activation. These cells subsequently relied on mitochondrial
functions to maintain viability. Surprisingly, prolonged exposure to these conditions in-
creased the sensitivity of CML cell lines to TKI-induced cell death. Indeed, imatinib-treated
cells exhibited higher mitochondrial activity, elevated mitochondrial membrane potential
(MMP), and increased cell death upon treatment with an ATP-synthase inhibitor [106].
Perhaps, despite FAO’s association with cancer progression and chemoresistance, high
FAO activity ultimately exhausts FA pools and suppresses de novo phospholipid biogene-
sis [130], in the absence of microenvironmental lipid salvage.

The upregulation of mitochondrial biogenesis-related genes is observed in many
OXPHOS-dependent cancers. CML LSCs exhibit elevated mitochondrial biogenesis—
characterized by increased mitochondrial number, mass, and membrane potential (MMP)—
features critical for their survival. Higher MMP is associated with altered electron transport
and NAD+ regeneration, leading to a shift in the NAD+/NADH ratio. Furthermore, AMPK
contributes to the replenishment of NADPH levels by stimulating the PPP [54,55,63,149].

To counteract BCR::ABL1-independent resistance, several studies propose targeting
autophagy in combination with TKIs or mTOR inhibitors as a novel therapeutic strategy
in CML [28,150,151]. Autophagy protects CML stem cells following TKI administration
and may contribute to disease persistence. Imatinib has been shown to induce autophagy
in various CML cell types through ER stress and intracellular calcium depletion. This
autophagic response is independent of BCR::ABL1 activity and uncoupled from imatinib-
induced apoptosis. Importantly, suppressing autophagy—such as through the knockdown
of autophagy-related genes (ATG5 and ATG7)—enhances TKI efficacy and can substantially
eliminate CML stem cells [60,145,148].

Activation of the ULK1 serine/threonine kinase complex represents an initiation
step of autophagy under stress, connecting upstream energy sensors (such as mTOR)
to downstream autophagosome assembly. Inhibiting ULK1 in combination with TKIs
selectively targets CML LSCs, leading to a loss of quiescence, elevated oxidative stress,
induction of differentiation, and resensitization to TKIs [146,152,153].

Moreover, the significance of autophagy is particularly evident in cells with acquired
TKI resistance. Imatinib-induced autophagy was associated with reduced ROS levels—
exerting a seemingly cytoprotective effect—as well as elevated intracellular glutamate
levels. Findings indicate that acquired TKI resistance relies heavily on glutamine and
other amino acid metabolic pathways. Specifically, high glutamine consumption and
glutamate production drive self-protective mechanisms that boost proline synthesis to
support proliferation, alongside glutathione metabolism for ROS scavenging. These and
similar autophagy-related mechanisms of oxidative stress modulation (e.g., the KEAP1-
NRF2 axis and PGC-1x-dependent antioxidant response) appear to protect mitochondria
from degradation in LSCs [106,127,154]. The interplay between elevated ROS levels, AMPK
activation, and autophagy is thought to keep ROS below the threshold that would otherwise
trigger LSC differentiation [55].

Autophagy is also tightly linked to TGF-f3 and FOXO signaling, aligning with AMPK
activity under metabolic stress. TGF-f promotes the FOXO3a-mediated transcription of
autophagy genes [55]. Similarly, AMPK phosphorylates FOXO3a to drive the expression of
mitochondrial, autophagy-related (BECN1, MAP1LC3B), and antioxidant genes (e.g., thiore-
doxin). Conversely, the loss of FOXO activity markedly increases ROS levels [5,94,155,156].

The ubiquitin-proteasome pathway and autophagy-related mechanisms are also being
investigated as targeted therapeutic interventions in CML. One example is disulfiram,
which synergizes with TKIs to target resistant cells and LSCs [104]. A study by Zeng
and colleagues showed that disulfiram destabilizes glutathione peroxidase 4 (GPX4) by
binding to HSPAS, thereby promoting GPX4 ubiquitination and degradation. This loss of
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GPX4 intensifies lipid peroxidation, triggering ferroptosis and subsequently eradicating
TKI-insensitive LSCs. Further delineation of the mechanisms targeting this regulatory
network could profoundly impact tumor biology.

2.2.5. The PPAR-y Coactivator (PGC)-1«, Autophagy and Oxidative Stress

The transcription co-activator PGC-1« is another major player in the homeostasis of en-
ergy metabolism, influencing mitochondrial function, biogenesis, and oxygen consumption
rate. PGC-1a expression and activity are regulated by multiple factors, including extracel-
lular stimuli, cellular stressors, hormones, and cytokines. For instance, the NF-«B, MAPK,
or Akt signaling pathways can modulate PGC-1o transcription, whereas AMPK, MAPK,
Akt, and S6 kinase are involved in its post-translational regulation [26,54,66,157-161].

In CML, PGC-1« is upregulated in stem/progenitor cells and plays an integrative role
in metabolic fitness, thereby supporting the viability of leukemia cells. Consequently, it
enhances mitochondrial activity and increases OXPHOS, helping cells evade apoptosis by
promoting ATP production during bioenergetic stress [161]. High PGC-loc expression has
also been linked to TKI resistance in CML stem/progenitor cells, whereas its inhibition
sensitizes cells to apoptosis when combined with nilotinib. However, PGC-lx may play a
dual role in malignancies, often depending on tissue specificity [26,54,66,157-160].

The AMPK/PGC-1« axis regulates cellular energy balance. AMPK increases the
transcriptional activity of PGC-1«, which is required for the expression of AMPK-induced
genes, including those mediating mitochondrial function [161]. Additionally, as mentioned,
AMPXK activates cytoprotective autophagy while suppressing ATP-consuming processes
and modulating ROS levels. Thereby, this signaling network serves to maintain energy
homeostasis and protect leukemia cells from apoptotic stimuli [127,149,162]. Nevertheless,
in situations of prolonged oxidative stress or when ATP levels are sufficiently low, this
energy-guided signaling network is disrupted. Consequently, different outcomes may arise,
such as ROS-induced differentiation of CML LSCs or sustained AMPK activation, which
can initiate regulated cell death pathways. In addition, prolonged overproduction of ROS
inhibits autophagy and decreases PGC-1«x activity [54,55,142,155].

PGC-1a serves as an important regulator of ROS-scavenging mechanisms; it is acti-
vated under oxidative stress and responds by upregulating the antioxidant defense system.
However, evidence indicates that PGC-1« and NF-«B are reciprocally regulated. Specifi-
cally, during inflammation, NF-«B activation and the associated increase in ROS suppress
PGC-1« transcription; conversely, diminished PGC-1« levels and the resulting loss of
antioxidative support promote NF-«kB activity [161,163].

The relationship between PGC-1x and autophagy operates in a dynamic, context-
dependent manner. In the presence of high FFA levels, PGC-1x gene repression occurs
through non-CpG methylation of its promoter as a form of metabolic adaptation to down-
regulate mitochondrial biogenesis and density. In their study, Barres et al. also demonstrate
the same effects after exposure to inflammatory cytokines (e.g., TNFo) using primary hu-
man myocytes [164]. In contrast, both saturated and unsaturated FAs can trigger autophagy,
albeit via distinct molecular mechanisms [165]. Fatty acid-induced autophagy serves as an
important pro-survival mechanism in CML. For instance, a study on autophagic cell death
in the K562 cell line highlighted the impact of the FA derivative AIC-47 (a 3-decenoic acid
analogue) and its modulation of the PKM isoform expression profile. The authors observed
that forcing a switch from PKM2 to PKM1 expression compels cells to rely on OXPHOS,
which subsequently triggers autophagic cell death by elevating ROS levels. Furthermore,
AIC-47-mediated repression of BCR::ABL1 signaling occurred via the PPARy/3-catenin
pathway and the downregulation of c-Myec. This delineates a clear mechanism by which
FAs modulate autophagic flux in BCR::ABL1-positive cells [41].
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However, studies also show discrepancies in cellular responses to FAs depending on
experimental design and timing. Palmitate can either stimulate or inhibit AMPK signaling,
depending on the cell type and concentration [165,166]. A comparative study evaluating the
cellular effects of multiple FAs, including parameters linked to autophagy, demonstrated
that trans-unsaturated FAs were less active in stimulating a stress response than their
cis-isomers and were unable to stimulate an autophagic response. Furthermore, several
trans-unsaturated FAs were highly efficient at suppressing the autophagy and ER stress
induced by palmitic acid in cultured human cells [167].

2.2.6. Sirtuins in the Regulation of Metabolic Signaling in CML

Silent information regulators (sirtuins, SIRTs) are NAD+ -dependent deacetylases
and signaling proteins involved in critical biological processes. They act as stress sensors
that regulate the cell cycle, maintain redox balance, and enhance mitochondrial function.
Decreased glycolytic flux and associated alterations in the NAD+/NADH ratio activate
sirtuins. A key regulatory event is mediated by SIRT1, which deacetylates PGC-1o in an
NAD-dependent manner, reflecting the cellular energy status. Beyond PGC-1«, sirtuin
target proteins include p53, NF-kB, FOXOs, HMGCS?2, superoxide dismutase 2, structural
proteins, and the DNA repair enzyme Ku70 [26,67,94,160,168,169].

SIRT1-mediated deacetylation is a pivotal post-translational modification that fine-
tunes FOXO3a activity. Under oxidative stress, SIRT1 decreases the expression of the pro-
apoptotic protein Bim via FOXO3a—thereby preventing cell death—while upregulating
antioxidant enzymes (e.g., MnSOD) and cell-cycle arrest genes (e.g., cyclin-dependent
kinase inhibitor 1B). Working alongside SIRT2, SIRT1 enables cells to repair DNA damage
prior to division [26,94-96]. Nevertheless, hyperactivated SIRT1 in CML cells has been
reported to impair DNA repair fidelity, thereby promoting the accumulation of genetic
mutations that confer drug resistance [74].

SIRT1 overexpression in CML LSCs is regarded as a key survival mechanism activated
downstream of BCR::ABL1/STATS signaling. STATS appears to directly upregulate the
SIRT1 promoter; however, STAT5 knockdown only partially suppresses SIRT1 expression,
indicating that SIRT1 activation is not entirely dependent on BCR::ABL1 kinase activity.
Accordingly, dual targeting of SIRT1 and BCR::ABL1 kinase improved survival in an animal
model of CML [64].

SIRT1 overexpression is involved in the mitochondrial metabolic rewiring associated
with LSC maintenance and TKI resistance [26,65]. Studies show that the SIRT1/PGC-1«x
axis drives metabolic alterations—specifically a shift from glycolysis toward OXPHOS—in
a colon cancer model [170]. Moreover, suppressing the SIRT1/PGC-1x/NRF2 pathway
increases the susceptibility of wild-type p53 cancer cells to oxidative stress and apopto-
sis [171]. Furthermore, SIRT1 overexpression correlates with enhanced conversion of LC3,
a key ubiquitin-like protein essential for autophagosome formation, in K562 cells [67].

Sirtuins regulate the expression of genes involved in FA metabolism, thereby sup-
porting both FAO and OXPHOS. Specifically, SIRT1 is associated with distinct OXPHOS
gene expression signatures [26]. Furthermore, key enzymes such as CPT1A and long-
chain acyl-CoA dehydrogenase (LCAD) are directly activated through sirtuin-mediated
deacetylation [56,172]. Knockdown and transgenic mouse experiments demonstrate that
the SIRT1/PGC-1 axis is a critical contributor to enhanced OXPHOS capacity and TKI
resistance in CML LSCs [26,64,66].

Using a transgenic CML mouse model, Abraham and colleagues observed that genetic
deletion of SIRT1 significantly reduced basal and maximal mitochondrial respiration, as
well as mitochondrial reserve capacity, compared with control CML c-Kit+ cells. Con-
versely, SIRT1-deleted CML cells exhibited no significant alteration in maximal glycolysis
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or glycolytic reserve. The inhibitory effects of SIRT1 deletion on mitochondrial function
were not observed in normal hematopoietic stem/progenitor cells [26].

Interestingly, leucine supplementation increased SIRT1 expression and stabilized
mitochondprial function in high-fat diet-induced obese mice. This was concordant with
the deacetylation of PGC-1oc and FOXO1, as well as the upregulation of genes control-
ling FAO. Ultimately, leucine attenuated mitochondrial dysfunction in obese mice [173].
It is also worth noting that SIRT3 plays a critical role in mitochondrial homeostasis by
modulating major pathways involved in mitochondrial function and biogenesis, includ-
ing FOXO3. In AML, SIRT3 has been shown to confer chemoresistance by regulating
OXPHOS [27,111,174,175].

Overall, altered mitochondrial respiration with stimulated OXPHOS in CML LSCs
aligns with SIRT1/PGC-1« axis-mediated adaptations in mitochondrial function and energy
production. Collectively, these findings indicate that sirtuins represent potential therapeutic
targets for overriding survival mechanisms and overcoming drug resistance in CML LSCs.

2.3. Involvement of BM Microenvironment in CML

Another important aspect in CML is the reciprocal interaction between leukemic cells
and the BM microenvironment. The HSC niche comprises various cell types, including mes-
enchymal stem/stromal cells (MSCs), adipocytes, endothelial cells, fibroblasts, osteoblasts,
and megakaryocytes. In adults, adipocytes occupy up to 70% of the total BM volume. The
emergence of a CML clone alters both the cellular composition and molecular milieu of the
HSC niche, creating a tumor-supportive microenvironment that sustains LSCs. Accumulat-
ing evidence suggests that TKI resistance is at least partly driven by this dysregulated BM
microenvironment [8,78,124,176].

Numerous soluble factors—including cytokines, chemokines, and growth factors
such as IL-1, IL-6, TNF-a, MIP-1t/ 3, MCP-1, and G-CSF—participate in this crosstalk,
delivering signals that preferentially favor malignant over normal HSCs [8,78,79,85]. For
example, TNF-« alters chemokine ligand and receptor expression in a murine CML model,
thereby driving LSC proliferation and self-renewal. This pathway operates through the
upregulation of CXCL1 in stromal progenitors and CXCR2 in LSCs, which directly supports
the leukemic clone [8,76-78]. Furthermore, elevated IL-8 expression acts via autocrine
and paracrine signaling, thereby facilitating LSC adhesion to MSCs and sustaining their
survival [177].

Single-cell transcriptomic analyses have demonstrated a cell-extrinsic disrup-
tion of hematopoiesis in CML, revealing heterogeneity within the leukemic stem cell
compartment—notably a distinct subpopulation that persists despite prolonged ther-
apy [79]. Mesenchymal stromal cells exert immunoregulatory functions and pro-
tect CD34+ CML progenitors from imatinib via direct contact and paracrine signal-
ing [13,91-93,137]. Specifically, the CXCL12 (SDF-1)/CXCR4 interaction between MSCs
and CML cells protects leukemic cells from caspase-3-dependent apoptosis [173].

It has been reported that MSCs support quiescence in CML cell lines and can inhibit
CML cell proliferation in vitro by producing high levels of IFN-«. MSCs prevent apoptosis
in CML cells by downregulating Cyclin D2, caspase-3, and Bax; modulating the expression
of apoptosis-related proteins such as Bcl-2; secreting IL-7; and activating JAK1-STAT5
signaling in a BCR::ABL1-independent manner [36,37,91]. In the blast phase, MSCs enhance
the anti-apoptotic capacity of CML cells by regulating apoptotic protein expression and
activating the Wnt/ 3-catenin signaling pathway [13,36].

Interaction with stromal cells protected N-cadherin- and CD34-enriched CML cells
from imatinib-induced apoptosis, maintaining them in a quiescent, non-cycling state char-
acterized by elevated phosphorylation of ERK1/2 MAPK (via the actin cytoskeleton) and
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SMAD1/8. Notably, prolonged stromal contact induced persistent TKI resistance even
after detachment from the stroma [13,16,178]. In contrast, Jalilivand et al. showed that
healthy donor BM MSC-exosomes inhibit key signaling pathways in AML cells. Specifically,
these exosomes downregulated JAK2, STAT3, and STAT5 expression—thereby blocking
JAK/STAT signaling and suppressing leukemic growth. This effect was mediated by up-
regulation of ROS, p53, p21, BAX, and FOXO4, accompanied by concomitant reduction in
BCL2 and c-Myc [17,179].

Tumor-associated adipocytes (TAAs) have been shown to support cancer cell prolif-
eration and disease progression. This complex bidirectional dialogue is driven largely by
cancer cells and is centered around lipid metabolism. Upon co-culture with cancer cells,
adipocytes undergo significant structural and functional alterations. Additionally, these re-
modeled adipocytes secrete a variety of adipokines and exosomes, thereby reprogramming
cancer cell metabolism [88,177,179,180].

Tumor-associated stromal cells actively exchange metabolites with malignant cells [99].
In leukemia, LSCs establish a close functional interplay with surrounding adipocytes.
Specifically, BM adipocytes play a critical role in hematologic malignancies by secreting
key bioactive factors, including adipokines and FFAs [15,89]. Research evidence indicates
that leukemic blasts expand within an adipocyte-rich environment in the BM, where AML
and BP-CML cells exploit nearby adipocytes to meet their bioenergetic and biosynthetic
demands. Adipocytes serve as a critical energy source by releasing FAs for use by LSCs,
thereby supporting their viability. Consequently, these LSCs exhibit enhanced TCA cycle
and FAO, accompanied by broad TCA substrate utilization [3,15,131,177].

AML blasts induce metabolic remodeling in TAAs via activation of hormone-sensitive
lipase and transcriptional upregulation of the lipid chaperone FABP4, significantly enhanc-
ing intercellular FA transport. Adipocytes integrate FABP4 into the plasma membrane and
release it extracellularly, enabling leukemic cells to take up FABP4 and accelerate FA inter-
nalization. Furthermore, FABP4 drives additional non-transport signaling events, including
the upregulation of FA transporters such as CD36 (fatty acid translocase). CD36 promotes
FA uptake and acts as a downstream target of the IL-6/STAT3 signaling axis [177,180-182].

Activation of lipolysis in adipocytes releases FAs that further promote STAT3 phospho-
rylation, thereby inducing its non-genomic regulatory effects on lipid metabolism. STAT3
inhibits enzymes in the glycerolipid synthesis pathway involved in TG synthesis. In this
manner, STAT3 dictates the metabolic fate of FAs within adipocytes without altering the
rate of lipolysis [182-184].

In a mouse model of blast crisis CML, Ye et al. identified a distinct CD36+ LSC
subpopulation harboring a supportive, drug-resistant niche within gonadal adipose tissue.
These LSCs stimulated adipocyte lipolysis to fuel their own FAO—a trait particularly
pronounced in CD36+ relative to CD36- LSCs, and one that was selectively blocked by
CD36 inhibition. Gonadal adipose tissue containing LSCs released significantly higher
levels of free FAs and FABP4 than control tissue. Phenotypically, LSCs adopted a pro-
inflammatory profile characterized by marked upregulation of IL-1, IL-6, TNF-&, CXCL1-3,
and GM-CSF. Notably, CD36+ LSCs maintained lower ATP levels than glycolysis-dependent
CD36- LSCs and demonstrated heightened resistance to Complex I inhibition. This CD36+
subset exhibited relative quiescence, marked by elevated cell cycle inhibitors (e.g., Foxol)
and reduced expression of cell cycle drivers like Myc [15].

Adipocytes are a key source of adipokines, including pro-inflammatory cytokines,
chemokines, and angiogenic factors such as IL-6, TNF-«, IL-1, MCP-1, CCL5, MMP-11,
and VEGF. Pro-inflammatory cytokines secreted by adipocytes may partially drive FA
release [89,90,185,186].
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Exosomes in CML

Exosomes present a vital means of crosstalk between leukemic and stromal cells.
In vitro and in vivo studies report that CML-derived exosomes promote the proliferation
and survival of the malignant clone through several mechanisms. An exosome-mediated
autocrine loop was demonstrated for CML-derived exosome-associated TGF-31, leading
to the downstream activation of ERK/Akt/NF-«B signaling and anti-apoptotic pathways.
Specifically, exosome-targeted CML cells (LAMA84 cell line) demonstrated increased levels
of anti-apoptotic proteins (Bcl-w, Bel-xL, and survivin) and reduced levels of pro-apoptotic
proteins (Bad, Bax, and Puma). Inhibition of the TGF-f31 receptor significantly reversed
these exosome-mediated changes. This autocrine loop is further supported by evidence that
the BCR::ABL1 oncogene upregulates TGF-31 expression [18,19,187]. Importantly, exposure
of the K562 leukemia cell line to a TKI significantly reduced total exosome release [20,21].

Wei et al. demonstrated across multiple cell types that tumor cell exosome secretion is
governed by PKM2, showing a positive correlation between exosome release and aerobic
glycolysis. Specifically, PKM2 phosphorylates synaptosome-associated protein 23 (SNAP-
23), promoting SNARE complex assembly (which mediates membrane fusion) and driving
exosomal exocytosis. This secretory pathway relies heavily on robust aerobic glycolysis,
with exosome output scaling directly with PKM2 levels. Furthermore, exosomal membranes
harbor various TNF superfamily members, and TNF-o-driven aerobic glycolysis accelerates
exosome release from tumor cells [9,188]. Fatty acid oxidation, which is vital for LSC
survival, was also shown to contribute to extracellular vesicle biogenesis in normal H5Cs
through NADPH production [189].

Corrado et al. demonstrated that CML-derived exosomes (LAMAS84 cell line) modulate
the BM microenvironment via activation of the EGF receptor on stromal cells (HS5 and
primary BM stromal cells). This activation is mediated by exosomal amphiregulin (AREG,
an EGF family ligand) binding to the EGF receptor on stromal cells, which triggers signaling
that upregulates the SNAIL transcription factor and its downstream targets, MMP-9 and
IL-8, thereby driving CML cell proliferation. Additionally, CML exosomes induce annexin
A2 expression, enhancing the adhesion of CML cells to the stromal monolayer [177,190,191].

Importantly, AREG is produced by genotoxically damaged stromal cells that have
entered senescence. Via paracrine signaling, AREG induces programmed cell death 1 ligand
(PD-L1) expression in cancer cells, thereby impairing anti-tumor immune clearance. AREG
also sustains the suppressive function of Tregs through the EGFR/GSK-33 /Foxp3 signaling
axis. Ultimately, these mechanisms drive acquired treatment resistance and promote cancer
progression [186,192].

3. Conclusions

A growing body of evidence reveals numerous novel, BCR::ABL1 kinase-independent
survival mechanisms in CML stem /progenitor cells that could serve as therapeutic targets.
Current findings highlight substantial metabolic reprogramming in LSCs that profoundly
affects their survival. Indeed, alterations in energy metabolism—specifically elevated FAO
and enhanced OXPHOS, which are inseparable from mitochondrial function—constitute
a distinct metabolic hallmark of CML LSCs. This metabolic network in CML is closely
regulated by an interplay of intracellular, extracellular, oncogenic, and physiological signals
and drives the adaptation of LSCs to their microenvironment.

4. Implications for Patient Care and Future Directions

Metabolomic profiling and bioanalysis reveal pronounced metabolic alterations in
CML patients, particularly within energy and nucleotide pathways [192]. Several studies
have evaluated metabolite levels in the blood plasma and leukocytes of CML patients

https:/ /doi.org/10.3390/pathophysiology33030056


https://doi.org/10.3390/pathophysiology33030056

Pathophysiology 2026, 33, 56

26 of 38

in relation to TKI response and overall prognosis. For instance, myristic acid, d-sorbitol,
and glycerol have emerged as potential biomarkers for TKI responsiveness, while gluta-
mate, hypoxanthine, and D-galactonic acid were key metabolites differentiating patients
who achieved a deep molecular response from those with suboptimal outcomes. Overall
metabolic profiles clearly distinguished newly diagnosed CML patients from those receiv-
ing TKI therapy, with alterations being more pronounced in leukocytes than in patient
plasma. Newly diagnosed patients show increased intracellular levels of phosphorylated
hexoses in leukocytes alongside decreased plasma hexose levels—a shift attributed to
hyperactivation of the PI3K pathway. TKI treatment reversed these alterations, reducing
leukocyte levels of phosphorylated hexoses while restoring plasma levels to control values.
Additionally, newly diagnosed patients exhibited a decline in 3-phosphoglycerate and most
TCA cycle intermediates relative to the TKI-treated group. Consequently, TKI-mediated
suppression normalized TCA cycle parameters [107,110,128,192].

Unlike the majority of amino acids, which were elevated compared to controls, as-
partate levels were markedly reduced. Furthermore, distinct differences in amino acid
and acylcarnitine profiles were observed between responders and non-responders to TKI
therapy. A markedly different metabolic signature was also associated with dasatinib
treatment compared to imatinib or nilotinib. Broadly, newly diagnosed CML patients
exhibit pronounced systemic metabolic disruptions that tend to normalize following TKI
therapy [107,110,128,192].

A study evaluating a panel of metabolic biomarkers in CML identified several differen-
tially expressed metabolites compared to healthy controls. Newly diagnosed CML patients
exhibited elevated levels of lactic acid, carbohydrates, glycine, and isoleucine alongside
decreased levels of FAs. Among the evaluated biomarkers, glycerol and myristic acid (a
long-chain saturated FFA) showed the strongest association with TKI response. Further-
more, TKI treatment effectively restored the metabolic profile toward healthy control levels
in TKI-sensitive patients achieving optimal therapeutic responses, unlike in TKI-resistant
individuals (Table 4) [107].

Of note, dasatinib was observed as a potent inducer of PGC-1x expression across
various adipocyte subtypes in both lean and obese mice. Elevated hepatic PGC-1« levels
upregulated gluconeogenic gene expression, triggering glucose intolerance in obese, but not
lean, mice. This PGC-1o induction is proposed to stem from dasatinib-mediated inhibition
of multiple off-target kinases beyond BCR::ABL1. Therefore, glucose homeostasis should
be closely monitored in obese and diabetic CML patients receiving dasatinib [27].

Levels of the branched-chain amino acid isoleucine were significantly higher in the
plasma of CML patients compared to healthy controls. Beyond protein synthesis, this
amino acid participates in signaling pathways and glucose metabolism [107]. A significant
limitation of measuring metabolites as circulating biomarkers in CML, and in general, is that
numerous confounding factors can influence blood levels, including nutrition, medications,
and chronic diseases [107,110,128].

The findings of this review underscore the formidable complexity of metabolic and
signaling pathways, complicating efforts to elucidate the pathophysiological mechanisms
underlying LSC survival. To address this challenge, recent advancements have focused
on combination therapies to overcome LSC resistance. Abundant evidence indicates that
targeting metabolic vulnerabilities alongside TKIs represents a promising therapeutic
strategy for improving CML patient outcomes. Moving forward, future research directions
center on utilizing cytokines as therapeutic targets or biomarkers, alongside disrupting
protective LSC niches within the BM microenvironment.
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Table 4. Comprehensive summary of signaling and metabolic pathways, metabolic biomarkers, and their changes following TKI treatment in CML progenitor vs.
stem cells.

CML Progenitor Cells Leukemia Stem Cells (LSCs) References

The downregulation of PI3K/ Akt signaling.
The TGF- /FOXO signaling
The Liver Kinase B1 (LKB1)-AMPK cascade.

The PI3K/Akt/mTOR signaling The AMPK-FOXO3a axis

The BCR::ABL1/STAT5/SIRT1 axis [13,26,40,42,61,94,95,97,

Signaling pathways The RAS/RAF/MAPK pathway The WNTY/B-catenin pathway 111,134-136,155,156].
The NF-xB pathway The Hedgehgg (Hh, SHH/SMO) signaling
The protein kinase C (PKC) pathway
The SIRT1/PGC-1« axis. SIRT1 overexpression in CML LSCs is regarded as a key
survival mechanism.
CML LSC metabolism relies on increased OXPHOS and FA metabolism. FAO plays a
crucial role in LSC self-renewal.
The PI3K/ Akt signaling supports glucose uptake and glycolysis. FAO-derived acetyl-CoA is utilized to generate cytosolic NADPH, which supports
HK2 protects mitochondria from oxidative stress and promotes antioxidant regeneration and suppresses ROS-induced apoptosis. FAO activates
autophagy during glucose starvation. STAT3 via acetylation, leading to increased phospholipid biosynthesis and greater
Metabolic pathwavs The PI3K/PKM2 axis diverts glycolytic intermediates toward anabolic mitochondrial resistance to apoptosis. [3,10,11,26,40,41,55,60,85,
p o4 pathways for the biosynthesis of amino acids, lipids, and nucleotides. LSCs exhibit metabolic flexibility by utilizing diverse fuel sources, including glucose, 114-118,124,130,134]
PKM2 also plays a role in redox homeostasis. fatty acids, amino acids, and anaplerotic substrates such as glutamate
PKM2 knockdown reduces glycolysis, inhibits cell growth, and induces =~ The AMPK-FOXO3a axis has been shown to regulate autophagy-related genes and
apoptosis. antioxidant genes. AMPK suppresses ATP-consuming processes and stimulates PPP,
replenishing NADPH.

Glutamate and branched-chain amino acids pathways.

In CML LSC, key transcriptional regulators include: FOXO3a, 3-catenin, GLI (of the [10,23,33,34,38,46,61,75,
Hh pathway), SIRT1, PPARy, PGC-1«. 101,132]

Key transcriptional

BCR-ABL activity relies on STAT5, c-MYC, and NF-«B.
regulators

Treatment-naive (TN) patients show increased levels of phosphorylated hexoses in leukocytes alongside decreased plasma hexose levels.
They exhibit elevated levels of lactic acid, carbohydrates, and glycine, alongside decreased levels of fatty acids.
Mpyristic acid, glycerol, and d-sorbitol levels were reduced, while d-galactose, d-glucose, and myo-inositol were increased in TN patients.
Increase in 3-phosphoglycerate. Increased levels of glutamate and malate.
Aspartate levels are markedly reduced in TN patients.
Levels of the branched-chain amino acid isoleucine were significantly higher in the plasma of CML patients.

Metabolic biomarkers [75,92-94,110,116,192]

TKI treatment reduced leukocyte levels of phosphorylated hexoses, while restoring plasma levels to control values.
Mpyristic acid, glycerol, and d-sorbitol show elevated levels in TKI-sensitive patients.

Biomarker changes D-galactose, d-glucose, and myo-inositol decreased following TKIs.
following TKI Decrease in glycolytic intermediates including 3-phosphoglycerate in TKI-sensitive patients. [75,92-94,110,116,192]
treatment Higher concentrations of malate, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), hypoxanthine, D-galactonic acid, hippurate, citramalate, glutamate,

xanthine, and 3-hydroxybenzoic acid were detected in those with suboptimal TKI response.
Medium- and long-chain leukocyte acylcarnitines were reduced in non-responders to TKI therapy.

FAO—fatty acid oxidation, HK2—hexokinase 2, NADPH—nicotinamide adenine dinucleotide phosphate, PKM2—pyruvate kinase muscle type 2, PPP—pentose phosphate pathway,
TCA—tricarboxylic acid, TN—treatment-naive.
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Quiescent LSCs survive by rewiring their energy metabolism, depending heavily
on mitochondrial OXPHOS and FAO. Moreover, emerging studies emphasize the signif-
icance of autophagy and redox balance within an intricate network that controls energy
metabolism in leukemia cells. Therefore, further investigations are needed to decipher
the links among autophagy, the AMPK/SIRT/FOXO/PGC-1« signaling cascade, and
LSC maintenance. A deeper understanding of these associations will guide the future
development of more effective anti-leukemic strategies to counteract CML LSC survival.
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Abbreviations

The following abbreviations are used in this manuscript:

ACC acetyl-CoA carboxylase
ADIPOR adiponectin major receptor
AGTRL apelin receptor

Akt protein kinase B

ALDH aldehyde dehydrogenase
ALL acute lymphoblastic leukemia
Alox arachidonate lipoxygenase
AML acute myeloid leukemia
AMoL acute monocytic leukemia
AMPK AMP-activated protein kinase
AREG amphiregulin

ATG autophagy-related gene

ATM ataxia-telangiectasia mutated
BAD Bcl-2-associated death promoter
BCAA branched-chain amino acid
Bcl-2 B-cell lymphoma 2

Bcl-6 B-cell lymphoma 6

BCL-X(L) B-cell lymphoma-extra large
breakpoint cluster region (BCR) and Abelson murine leukemia viral oncogene

BCR:ABLL ) smolog 1 (ABL1)

BM bone marrow

BMP bone morphogenic protein
cAMP cyclic adenosine monophosphate
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CDKNI1C
CIDEC
CML
CPT1
CXCL
EGF
ERK
ETC

FA
FABP4
FAO
FOXO
Gdpd3
GLUT
GM-CSF
GSK3
HIF-1«
HK
HSC
HSP
IFN
JAK
KEAP1
LCAD
LEF-1
LIC
LKB1
LSC
LysoPL
MAM
MAPK
MCP-1
MDM2
MMP
MMPs
mPTP
MSC
mTORC
MTP
NADPH
NF-«B
NRF2
OMM
OXPHOS
PDK1
PD-L1
PGC-1a
PI3K
PIP3

PK
PKM
PPAR-y
pPPP
PUMA

cyclin-dependent kinase inhibitor 1C

cell death-inducing DFF45-like effector CCD—cluster of differentiation
chronic myeloid leukemia

carnitine palmitoyltransferase 1

chemokine C-X-C motif ligand

epidermal growth factor

extracellular signal-regulated kinase

electron transport chain

fatty acid

fatty acid-binding protein 4

fatty-acid oxidation

forkhead box O

Glycerophosphodiester Phosphodiesterase Domain Containing 3
glucose transporter

granulocyte-macrophage colony-stimulating factor
glycogen synthase kinase 3

hypoxia-inducible factor 1

hexokinase

hematopoietic stem cells

heat shock protein

interferon

Janus kinase

Kelch-like ECH-associated protein 1

long-chain acyl-CoA dehydrogenase

lymphoid enhancer-binding factor 1
leukemia-initiating cells

liver kinase B1

leukemia stem cells

lysophospholipid

mitochondria-associated membranes
mitogen-activated protein kinases

monocyte chemoattractant protein-1

mouse double minute 2, an oncogene
mitochondrial membrane potential

matrix metalloproteinases

mitochondrial permeability transition pore
mesenchymal stem cells

mammalian target of rapamycin complexes
mitochondrial trifunctional protein

nicotinamide adenine dinucleotide phosphate (reduced)
nuclear factor kappa B

Nuclear factor erythroid 2-related factor 2

outer mitochondrial membrane

oxidative phosphorylation
phosphoinositide-dependent protein kinase 1
programmed cell death 1 ligand

peroxisome proliferator-activated receptor gamma coactivator 1-alpha
phosphoinositide 3-kinase

phosphatidylinositol (3,4,5)-trisphosphate
pyruvate kinase

pyruvate kinase muscle (M) type

peroxisome proliferator-activated receptor gamma
pentose phosphate pathway

p53 upregulated modulator of apoptosis
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RAS rat sarcoma pathway
SDF stromal cell-derived factor
SIRT1 sirtuin molecule 1
SMAD suppressor of mothers against decapentaplegic, transcription factors
SNAP synaptosome-associated protein
SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor
STAT signal transducer and activator of transcription
TAA tumor-associated adipocytes
TCA tricarboxylic acid cycle
TGEp transforming growth factor beta
TIGAR TP53-induced glycolysis and apoptosis regulator
TKI tyrosine kinase inhibitors
TNF-o tumor necrosis factor alpha
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