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ABSTRACT

Acute lymphocytic leukemia (ALL) is the most common leukemia in children, with the T-cell subtype (T-
ALL) accounting for 15% of those cases. Despite advancements in the treatment of T-ALL, patients still
face a dismal prognosis following their first relapse. Relapse can be attributed to the inability of
chemotherapy agents to eradicate leukemia stem cells (LSC), which possess self-renewal capabilities
and are responsible for the long-term maintenance of the disease. Mitochondria have been recognized as
a therapeutic vulnerability for cancer stem cells, including LSCs. Mitocans have shown promise in T-ALL
both in vitro and in vivo, with some currently in early-phase clinical trials. However, due to challenges in
studying LSCs in T-ALL, our understanding of how mitochondrial function influences self-renewal remains

ARTICLE HISTORY
Received 21 May 2024
Revised 22 December 2024
Accepted 24 January 2025

KEYWORDS
Mitochondria; OXPHOS;
metabolism; self-renewal;
leukemia stem cells; cancer
stem cells; T-ALL

limited. This review highlights the emerging literature on targeting mitochondria in diverse T-ALL
models, emphasizing specific mitochondrial vulnerabilities linked to LSC self-renewal and their potential

to significantly improve T-ALL treatment.

1. Introduction

Leukemia is the most prevalent pediatric cancer, representing
one-third of all childhood cancers. Acute lymphocytic leuke-
mia (ALL) accounting for more than 80% of those cases.! T-
cell acute lymphoblastic leukemia (T-ALL), characterized by
the malignant transformation of T-lymphocytes precursor
cells, represents 10-15% of pediatric ALL.>

The treatment of ALL has seen significant advancements; a
once fatal cancer with a survival rate of only 11% in the 1960s
now boasts a 90% cure rate for B-cell ALL (B-ALL).* However,
cure rates of T-ALL patients remain lower, at approximately
72%.%° Following the first relapse, T-ALL patients often
develop multi-drug resistance and become refractory to sec-
ond-line treatments.® These patients face a grim outlook.
Relapsed T-ALL patients have a 5-year overall survival (OS)
rate of 20-40%,” with a median OS of just 4-5 months.®

Relapse in leukemia is often attributed to the failure of
cytotoxic chemotherapy agents to eradicate leukemia stem
cells (LSCs), which may be quiescent or have inherent drug-
resistance mechanisms.” The cancer stem cell (CSC) hypoth-
esis posits that a small subset of cells within a tumor possesses
an indefinite ability to self-renew, is responsible for the long-
term maintenance of tumor growth, and can potentially repo-
pulate the cancer from just a single cell.'® Research into LSCs
in T-ALL has advanced significantly. Leukemia-initiating
activity being identified in a distinct subpopulation of cells in
patient samples,'" in T-ALL mouse'* and zebrafish models."
These cells can induce leukemia after transplantation to a
secondary host, retain the immunophenotypic characteristics

of the primary leukemia, and maintain the ability to self-renew
after serial transplantation.'*'> Consequently, the eradication
of LSCs holds great promise to achieve completed disease
regression and improved clinical outcomes for T-ALL.'®

Currently, no approved therapies are specifically designed
to target the self-renewal processes of leukemia stem cells in T-
ALL. Existing therapeutic strategies under development for T-
ALL predominantly focus on the modulation of dysregulated
signaling pathways, including Notch, mTOR, and PI3K."”
However, these pathways are also important in the develop-
ment and function of the normal hematopoietic system, and
their utilization to target LSCs has resulted in side effects
limiting their clinical applications.'"® Hence, there is a need
for innovative therapeutic approaches to effectively target
LSCs in T-ALL with an enhanced safety profile and increased
potential for a successful transition to clinical development.

The role of the mitochondria conferring stemness to cancer
stem cells'® and their contribution to drug resistance*” has been
increasingly recognized. This positions mitochondrial function
as a pivotal target for therapies aimed at eliminating CSCs.*' The
mitochondria in CSCs exhibit distinct characteristics compared
to those in the rest of the tumor. Those unique features may play
a central role in maintaining stemness and regulating cell pro-
liferation and apoptosis.'® Such features include mitochondrial
morphology,” subcellular localization,” the amount of mito-
chondrial DNA (mtDNA)** and mitochondrial metabolism.*
These characteristics have been extensively studied in CSCs and
compared to their differentiated counterparts in various cancers,
such as liver,” breast®” and oral®® cancers.

CONTACT Jessica S. Blackburn @jsblackbum@uky.edu @ Markey Cancer Center, University of Kentucky, 741 S. Limestone St. BBSRB 271, Lexington, KY 40536, USA

© 2025 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in

a repository by the author(s) or with their consent.


http://orcid.org/0000-0001-9464-3784
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2025.2460252&domain=pdf&date_stamp=2025-02-05

2 (&) M.A AL-HAMALY ET AL.

In T-ALL, targeting the mitochondria is emerging as a
promising strategy for anti-leukemia therapies, either as a
standalone treatment or in combination with conventional
chemotherapy agents.”® However, investigating mitochondrial
alterations specifically associated with stemness in T-ALL pre-
sents challenges, primarily due to the lack of definitive surface
markers for LSCs, necessitating functional assays to interro-
gate self-renewal.’® Despite these obstacles, the specific con-
tributions of mitochondria to LSC self-renewal are becoming
more apparent. This review will explore the current under-
standing and emerging insights into the role of mitochondria
in self-renewal, as well as the potential mitochondrial vulner-
abilities of LSCs.

2. T-ALL: epidemiology and current landscape
2.1. Genetic insights and treatment approaches

T-ALL accounts for 10-15% of pediatric ALL cases, with an
incidence 2-3 times higher in boys than in girls. These patients
often present with high initial white blood cell count, a higher
frequency of mediastinal mass, and neurological
abnormalities.”’ Genetic and epigenetic abnormalities in
immature thymocytes can lead to T-ALL or T-cell lympho-
blastic lymphoma (T-LBL)."**> Predominantly, three pathways
are dysregulated in T-ALL. First, over 90% of T-ALL cases can
be classified into subgroups based on the deregulation of T-
ALL transcription factors such as TALI, TAL2, and LMO2/
LYLI. Second, the aberrant activation of NOTCHI signaling,
either through activating mutations (in more than 75% of
cases) or mutations that inhibit the negative regulator
FBXW?7, leads to high Myc expression and uncontrolled cell
proliferation. Finally, there is often a deletion of the tumor
suppressor genes CDKN2A/CDKN2B.*

Treatment for newly diagnosed T-ALL patients involves
intensive chemotherapy structured in three phases: induction,
consolidation, and maintenance. The goal of induction therapy
is to restore normal blood cell levels, and it typically includes
vincristine, corticosteroids, and asparaginase with or without
anthracycline for 4-6 weeks. Following that, consolidation
therapy aims to eliminate the residual leukemia cells, which
is achieved using a combination of high-dose chemotherapy
agents, including methotrexate. Maintenance therapy lasts for
1-2 years and includes 6-mercaptopurine (6-MP) and metho-
trexate to prevent relapse.”* Hematopoietic stem cell trans-
plantation is reserved for adult T-ALL patients at high risk
for relapse.’

2.2. Addressing treatment challenges in T-ALL

Pediatric patients exhibit unique drug absorption and meta-
bolic profiles compared to adults, making toxicity a crucial
consideration in intensive chemotherapy protocols.*® Despite
high cure rates, treatment-related morbidity and adverse event
rates in pediatric T-ALL remain significant. Summers et al.
evaluated 120 children aged 1-21 with T-ALL to assess clini-
cally relevant adverse effects (AEs) resulting from chemother-
apy. The majority of patients, 70% during induction and 80%
during consolidation, experienced AEs.”” The chemotherapy-

induced gonadotoxic effects of chemotherapy pose another
significant concern. Close et al. categorized different leukemia
treatment protocols according to the risk they pose for gonadal
dysfunction/infertility. More than half (54%) of the ALL treat-
ment protocols present a high risk, particularly for male
patients, who comprise the higher proportion of the affected
demographic.*®

The emergence of Chimeric Antigen Receptors (CAR)-T
cell therapy (CAR T-cell) marked a significant breakthrough in
the treatment of hematological malignancies, offering a possi-
ble solution for the challenges associated with conventional
chemotherapies.”” CAR-T cells are engineered to identify anti-
gens presented by cancer cells and initiate a potent anti-tumor
response. In B-ALL, the US Food and Drug Administration
(FDA) approval of two CD19-targeted CAR-T cell therapies
has been particularly transformative for patients refractory to
initial chemotherapy or experiencing relapse,*’ with phase I
clinical trials in pediatric and adolescent patients reporting an
81% remission rate at day 28 post-infusion. These high remis-
sion rates have been confirmed by real-world data.*! However,
despite the promise of CAR-T cell therapies, they are asso-
ciated with significant limitations, including severe side effects
such as cytokine release syndrome and neurotoxicity.*> For
instance, 23-46% of patients treated with CAR-T therapies
experienced supraphysiological cytokine production, leading
to massive T-cell expansion, Macrophage Activation
Syndrome, renal failure, pulmonary edema, and immune effec-
tor cell-associated neurotoxicity.*> Additionally, the high cost
of FDA-approved CAR T-cell therapies raises serious concerns
about feasibility and affordability for the general patient
population.** Finally, no approved CAR-T is available for
standard clinical care for T-ALL patients. CD7 CAR-T cell
therapy is currently under investigation for T-ALL, with
ongoing clinical trials evaluating its safety and efficacy in
patients with CD7-positive malignancies.*>*” This gap in
available treatments highlights the urgent need for continued
research and development of effective therapies for T-ALL.

2.3. Prognostic indicators and relapse challenges

The most pressing challenge in the treatment of T-ALL across
pediatric and adult populations is the occurrence of relapse.*®
Minimal residual disease (MRD), defined as the persistence of
cancer cells post-treatment, is the most important prognostic
factor for assessing relapse risks.*” MRD levels are typically
assessed by flow cytometry, which has a detection threshold of
0.01%.>° More recently, clonoSEQ has been approved as a
next-generation sequencing (NGS) platform for MRD mea-
surement in ALL.”" This assay utilizes multiplex PCR and NGS
techniques to identify leukemia-specific B or T cell receptor
gene rearrangements.”> The NGS-based MRD testing boasts a
high sensitivity, estimated at 10~>* Momen et al. reported that
MRD detected exclusively by clonoSEQ but not by flow cyto-
metry corresponded to lower MRD values.”* Based on the
MRD scores at specific time points, patients are stratified
into standard, intermediate, and high-risk groups, enhancing
the predictive accuracy of patient outcomes.** The presence of
MRD is now considered the strongest predictor of patient
relapse.”> Yet, the limited tolerability of cytotoxic



chemotherapies makes achieving remission after a relapse
difficult, often leading to poor outcomes. For instance, in the
E2993/UKALL12 study, only 8 out of 123 adult T-ALL patients
who relapsed survived after a median follow-up of 5.2 years.”®
A similar retrospective analysis of relapsed pediatric T-ALL
patients showed a 10-year overall survival rate ranging from
13% to 29%,” highlighting the grim prognosis for patients
post-relapse.

In total, the field of pediatric T-ALL treatment faces three
critical challenges: the morbidities associated with chemother-
apy, the limitations of still-developing CAR T-cell therapies for
T-cell malignancies, and the bleak prognosis for patients who
relapse. These issues highlight a significant gap in effective
treatment strategies. To overcome these challenges, there is a
pressing need for innovative therapies that target the biological
underpinnings of the disease.

3. Targeting leukemia stem cells for improved
clinical outcomes

Intensive, cytotoxic chemotherapy remains the standard of
care in treating T-ALL and effectively eliminates proliferating
cells. However, these therapies often target the bulk of leuke-
mia cells indiscriminately, which can result in a dramatic
initial response but may fail to induce a complete and long-
term remission.”® This outcome is particularly evident in
patients with high MRD values, who are at greatest risk of
relapse. The ability of MRD cells to reform leukemia from low
cell numbers can be understood through the cancer stem cell
model. In T-ALL, this model highlights leukemia stem cells
(LSCs) as a critical subpopulation.”® These cells possess an
indefinite capacity for self-renew and are essential for sustain-
ing long-term tumor growth.®” Importantly, only the LSC

Leukemia
Stem Cell

Self- .
renewal

Unlimited l l l
! i ‘ }

Limited cell division & differentiation

O No Leukemia formation

CANCER BIOLOGY & THERAPY e 3

subset can reestablish leukemia, while the other, more differ-
entiated sub-populations have a limited capacity for long-term
self-renewal and proliferation (Figure 1a).'” Targeting and
eliminating these LSCs is essential for patients to achieve
durable remission (Figure 1b).>°

3.1. Challenges in defining leukemia stem cell markers in
T-ALL

A particular challenge in targeting T-ALL self-renewal involves
the lack of robust surface markers for LSCs in this disease. Cox
et al. utilized pediatric leukemia patient samples in engraft-
ment studies with NOD/SCID mice and demonstrated the
ability of CD34+/CD4- and CD34+/CD7- subfractions to
populate leukemia after serial passaging.’’ In contrast, Gerby
et al. reported that the CD34+/CD7- subpopulation isolated
from the peripheral blood of T-ALL patients contained normal
human progenitors that underwent normal hematopoietic dif-
ferentiation in vitro and in vivo. Instead, they described the
enrichment of LSCs in the CD34+/CD7+ fraction."' In addi-
tion, Chiu et al. showed that a subset of cells that are CD7
+CDla- from primary T-ALL patient samples are enriched for
LSC by xenograft studies in immune-deficient mice and noted
CD34 as a reliable stemness marker for some but not all of the
samples tested.””> Advanced single-cell sequencing technolo-
gies have also revealed significant heterogeneity within the
LSC population in T-ALL. Zhu et al. analysis used single-cell
transcriptomics and showed that cells expressing high levels of
TIM-3/HAVCR?2 were enriched for pathways associated with
hematopoietic stem cells, late hematopoietic progenitors, and
cellular quiescence. These cells also demonstrated the highest
leukemia-initiating capacity, confirmed by a limiting dilution
assay in immune-deficient mice. Almost every cell in this high

LSCs escaping Relapse

therapy

Q)

Leukemia
eradication

Figure 1. Leukemia stem cells are responsible for the long-term maintenance of the disease and patient relapse. a: Leukemia stem cells are a subset of cells within T-
ALL that have the capacity to self-renew and regenerate disease from low cell number, compared to the rest of the population that have limited cell divisions. b:
Conventional chemotherapy drugs are targeted toward the rapidly proliferating leukemia cells and may not always eradicate LSCs, resulting in patient relapse.
Treatment strategies that combine LSC targeting therapies with conventional chemotherapy can eradicate the entire disease and prevent recurrence.
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TIM-3/HAVCR?2 expression group was able to induce T-ALL
development compared to 1 in 28 in the low-expression
group.”” In a related study, Panelli et al. reported that CD117
and CD82 characterized a distinct T-ALL subpopulation
enriched in MRD. This observation was further validated by
injecting CD117+CD82+ T-ALL cells into immune-deficient
mice at limiting dilution and finding enrichment in the leuke-
mia-initiating capacity in this population of cells in two inde-
pendent primary T-ALL samples.®* Taken together, these
findings imply that the LSC activity in T-ALL might originate
from different subpopulations of cells and underscore the
heterogeneity within LSCs. Until cell surface makers can be
reliably defined for LSCs in T-ALL, there is increasing depen-
dence on functional methodologies to assess LSC self-renewal
capabilities. Techniques such as the limiting dilution trans-
plantation studies in immune-deficient mice are widely used,”
696 and more recently, similar studies have been conducted in
syngeneic clonal zebrafish models.””*® Continued research is
needed to better understand LSC distribution in T-ALL and to
validate newly described surface markers across different T-
ALL animal models and patient samples. Ultimately, the iden-
tification of robust LSC surface makers will be critical for
advancing self-renewal-focused drug screens and the discovery
of novel therapeutic targets for T-ALL.

3.2. Mechanisms of leukemia stem cell survival and drug
resistance

Intriguingly, the prevalence of LSCs within the leukemia popu-
lation is closely linked to disease pathogenesis. Ho et al. mon-
itored a cohort of acute myelogenous leukemia (AML) patients
using limiting dilution analysis to quantity LSC frequency.
They observed a dramatic 9- to 90-fold increase in LSC fre-
quency between diagnosis and relapse,”” underscoring the
critical role LSCs play in disease progression and recurrence.
Another study found that the presence of LSCs in AML,
identified with a CD34+/CD38- immune phenotype, strongly
predicted patient outcomes.”” Patients with higher LSC fre-
quencies (>3.5%) had a median relapse-free survival of 5.6
months compared to 16 months for those with lower frequen-
cies of these cells,”" highlighting the significant impact of LSC
burden on clinical prognosis.

The relationship between LSC prevalence and patient prog-
nosis is evident. A deeper understanding of LSC biology is
crucial to addressing their role in disease progression and
treatment resistance, particularly their mechanisms of che-
moresistance and survival. Work in AML, where LSCs have
been well-characterized, shows that this cell type possesses
several unique properties that allow it to evade conventional
cytotoxic chemotherapy (Figure 2).”> Notably, LSCs have
higher expression of ATP-binding cassette (ABC) transporters,
which are key players in drug resistance. These include the
permeability glycoprotein (P-gp), breast cancer resistance pro-
tein (BCRP), and multidrug resistance-associated protein 1
(MRP1).”? Additionally, LSCs often exist in a state of dor-
mancy or slowed growth, allowing them to circumvent the
effects of antiproliferative chemotherapy agents.”* In T-ALL
patient-derived xenograft (PDX) mouse models, cells demon-
strating the slowest growth rate and highest retention of the

[

Arrest

Drug ‘
efflux @y ° Dormancy
) [ J

LSC Drug Evasion of

Resistance Apoptosis

Bone marrow Altered
niche s Signaling
/ pathways
;Wv‘;r:?,‘c SN

Figure 2. LSCs have unique mechanisms in place to overcome chemotherapy.
Leukemia stem cells develop multiple mechanisms to escape conventional che-
motherapy treatment including the expression of drugs efflux pumps, cell cycle
arrest, their interaction with the bone marrow micromovement and the altered
signaling and apoptosis regulation pathways.

cell proliferation stain CFSE were associated with stemness,
drug resistance, and high similarity to MRD cells.”” LSCs
maintain dormancy by activating pathways central to self-
renewal and stemness, such as the Wnt/B-catenin signaling
pathway. In T-ALL patients, about 85%of the patients have
an upregulation in the expression of B-Catenin and subsequent
high expression of Wnt target genes, including c-MYC, TCF,
and LEF.”® Single-cell sequencing of MRD samples in T-ALL
patients also identified high expression of B-Catenin in this
drug-resistant cell population.”” LSCs also display defects in
apoptosis-related signaling pathways, such as the upregulation
of the anti-apoptotic protein BCL-2.”®

While these intrinsic mechanisms are pivotal, the tumor
microenvironment (TME) also plays an essential role in main-
taining LSC survival and drug resistance. In normal tissues,
niches provide essential cues to regulate stem cell differentia-
tion and quiescence,”” and in cancer, these niches support
cancer stem cells by promoting self-renewal and recruiting
stromal and immune cells to drive tumor progression.*’ In
leukemia, the bone marrow niche, which tightly regulates
hematopoietic stem cells (HSCs),*" is co-opted by LSCs to
gain survival advantages and evade therapy.®” This niche-dri-
ven support includes mitochondrial transfer from stromal cells
to LSCs,*” cytokine-mediated signaling,** and the release of
extracellular vesicles,”” which collectively modulates drug
resistance pathways. By leveraging these niche-specific inter-
actions, LSCs evade therapeutic pressures, contributing to
MRD and increasing the likelihood of relapse.

3.3. Therapeutic strategies targeting leukemia stem cells

The intrinsic survival mechanisms and niche-driven support
that sustain leukemia stem cells (LSCs) highlight the challenges



of effectively targeting these cells. Building on this understand-
ing, researchers have developed therapeutic strategies aimed at
disrupting LSC survival and self-renewal pathways. Notable
success has been achieved with all-trans retinoic acid (ATRA)
in the treatment of acute promyelocytic leukemia (APL).
ATRA induces terminal differentiation of APL blasts into
functional granulocytes.*® This approach has successfully
been translated into clinical settings; patients receiving a com-
bination therapy of ATRA and arsenic trioxide (ATO) showed
superior outcomes compared to those on ATO monotherapy.
All patients (n = 20) treated with this combination remained in
remission, while 19% (n=37) of those receiving only ATO
relapsed within a median follow-up time of 18 months.*”

Similarly, targeting LSCs has gained traction in AML, with
the development of therapies designed to disrupt survival
pathways in these cells. Venetoclax, a BCL-2 inhibitor, success-
fully activates apoptotic pathways in LSCs and offers a new
therapeutic strategy for patients with high-risk or refractory
AMIL8889

In T-ALL, there are currently no therapies approved speci-
fically for targeting the LSC population. However, several
investigational therapeutics focus on modulating pathways
critical to T-ALL LSC activity (Table 1)."” For example,
Notch signaling, a central pathway in T-ALL development,
has long been an attractive target.'®* Early efforts involved y-
secretase inhibitors (GSIs), which block a critical step in Notch
activation.'” The y-secretase complex mediates a secondary
cleavage of the Notchl receptor to facilitate the release of
intracellular Notch, which is subsequently translocated to the
nucleus to activate transcription of Notch target genes.'*®
Several GSIs such as MK0752,'”” PF-03084014'® and BMS-
906024'% have undergone clinical trials in T-ALL patients."”
Other GSIs, including MRK-560,”" MRK-003,” and DAPT®?
have shown promise in pre-clinical studies, reducing LSC
frequency and inhibiting leukemia engraftment in murine
models. For instance, Habets et al. reported that inhibition of
a subclass of y-secretase complexes with MRK-560 signifi-
cantly reduced leukemia burden in four PDX models in vivo
2! However, despite these advances, the translation of GSIs to
standard clinical practice has been hindered by significant
gastrointestinal toxicities.' '

Monoclonal antibodies targeting Notch, such as OMP-
52M51, represent an alternative approach with fewer toxicities.
Pre-clinical studies using PDX models demonstrated that
treatment with the anti-Notch antibody significantly delayed
the engraftment of T-ALL cells. This includes PDX derived
from patients whose disease did not respond well to che-
motherapy or who relapsed. For example, mice treated with
anti-Notchl-treated mice were healthy or had low leukemia
burden compared to control animals, suggesting decreased
LSC function.''" Preliminary results from the phase I clinical
trial on OMP-52M51 in patients with hematologic malignan-
cies, including T-ALL, suggest a moderate efficacy and an
acceptable safety profile, with diarrhea noted as the most
common side effect.'"

The PI3K/Akt/mTOR signaling pathway is also implicated
in the self-renewal of LSCs in T-ALL."” This pathway is nega-
tively regulated by PTEN, a tumor suppressor gene altered in
11-27% of pediatric T-ALL cases.'"? Therapeutic inhibition of
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this pathways has shown promise in targeting LSC-enriched
populations. For instance, BKM120, a pan-PI3K inhibitor,
preferentially induced apoptosis in the side population (SP)
of cells enriched in LSCs, with a lesser effect on non-SP cells in
primary T-ALL patient samples.”® Similarly, the Akt inhibitor
MK-2206 induced apoptosis in a specific subset of cells (CD34
+/CD4-/CD7-), which is enriched in LSCs,”” further demon-
strating the potential of targeting this pathways.

In pre-clinical models, Guo et al. reported that the long-
term treatment (3-4 months) of pre-leukemic PTEN-deleted
mice with the mTOR inhibitor rapamycin blocked the LSC
self-renewal and prevented disease development.”® Schubbert
et al. demonstrated that treating mice engrafted with PTEN-
null T-ALL cells with a combination of rapamycin and the
MYC inhibitor JQI resulted in marked reduction of spleno-
megaly and significantly decreases in leukemia burden within
seven days. Importantly, this combination treatment was
found to significantly decrease the percent of Lin;CD3";c-
kit™¢ LSC-enriched subpopulation in the bone marrow.*®

However, targeting the PI3K/Akt/mTOR pathway presents
challenges due to its crosstalk with the Notch signaling path-
way. Inhibition of PI3K/mTOR can inadvertently activate
Notch signaling, which may lead to treatment resistance.”®'"*
This necessitates the need for combination therapies to simul-
taneously address interconnected signaling networks and
effectively manage disease.

The NOTCH and PI3K/Akt/mTOR signaling pathways are
also directly involved in regulating MYC expression, creating a
synergistic network critical for leukemic progression. Indirect
targeting of MYC has been vigorously investigated for
decades.'"” One promising strategy involves inhibiting MYC
gene transcription, with JQ1 as a prominent example. JQ1
selectively targets the acetyl-lysine recognition motif of the
BET family protein BRD4, leading to the suppression of
MYC transcription and a reduction in leukemic stem cell
frequency.'® Another approach targets MYC-MAX complex
formation, which is essential for MYC-mediated transcrip-
tional programs. Small molecule inhibitors 10,058-F4 and
MYCi975 have demonstrated efficacy in disrupting MYC -
MAX dimerization, resulting in suppressed growth of T-ALL
cell lines.'”" However, while these approaches show potential,
relatively few compounds have been investigated in the context
of LSCs in T-ALL, highlighting the need for further explora-
tion in this area.

The Wnt signaling pathway is crucial for self-renewal in
both normal''® and cancer stem cells'® and represents another
significant therapeutic target in T-ALL. Inhibition of Wnt
signaling in hematopoietic stem cells reduces their capacity
to self-renew and regenerate the hematopoietic system.''”
Dysregulated Wnt signaling is implicated in the malignant
transformation and the maintenance of LSCs in AML and
chronic myeloid leukemia (CML).M&11 1y T-ALL, Giambra
et al. observed activated Wnt signaling in a subpopulation of
cells enriched for LSCs in NOTCHI1-AE induced leukemia
mouse model. Their findings showed an 85-fold decrease in
LSC frequency following the transduction of leukemia cells
with a dominant negative TCF (dnTCF) that inhibited p-cate-
nin binding and prevented canonical activation of the
pathway.
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Pharmacological inhibition of Wnt signaling has shown
pre-clinical efficacy. For example, XAV-939 demonstrated
ability to inhibit the growth and proliferation of various T-
ALL cell lines and human PDX cells in vitro.'”> However, the
role of Wnt signaling in normal tissue regeneration and hema-
topoiesis presents a significant challenge for clinical transla-
tion due to associated side effects."*” To overcome this
challenge, our group utilized a zebrafish line that harbors a
Wnt/B-catenin reporter (6XTCF/LEF-miniP:dGFP) to repur-
pose FDA-approved compounds with established safety pro-
files as Wnt/B-catenin inhibitors. Erlotinib emerged as a top
hit and was found to inhibit the nuclear localization of -
catenin and reduce the expression of Wnt targets. Erlotinib
inhibited the self-renewal of human T-ALL cells in vitro and
reduced LSC frequency and delayed disease formation in zeb-
rafish models.®”

Despite significant progress in targeting T-ALL LSCs in cell
cultures and pre-clinical models, clinical application of most of
the inhibitors listed in Table 1 may be limited due to the dual
role of these signaling pathways in both LSC maintenance and
normal stem cell self-renewal. This overlap poses a major
challenge, as therapeutic interventions often result in signifi-
cant toxicity, making it difficult to exploit a therapeutic win-
dow. Identifying novel, LSC-specific targets that regulate self-
renewal and survival is critical to advancing the translatability
of research findings into clinical practice for T-ALL.

4. The mitochondria as a target organelle in T-ALL

Overcoming challenges associated with targeting traditional
signaling pathways in T-ALL has prompted increased investi-
gation into cancer cell metabolism, which has emerged as a
promising area of research.'*' Mitochondria are indispensable
organelles responsible for energy production, metabolic regu-
lation, and cell fate determination.'** In cancer, mitochondria
are not only the hub of metabolic reprogramming but also key
players in sustaining tumor survival, promoting proliferation,
and mediating drug resistance. Traditionally, cancer cells have
been characterized by their reliance on glucose for energy, a
phenomenon known as the Warburg effect.'*® However,
increasing evidence describes the central role of mitochondria
in regulating the metabolic switch between aerobic glycolysis
and oxidative phosphorylation (OXPHOS), enabling the high
rates of anabolism and bioenergetics necessary for oncogenic
transformation.'**

In addition to energy metabolism, mitochondria regulate
apoptosis through calcium signaling. Tumors can modulate
their sensitivity to apoptosis by altering calcium flux between
mitochondria and the endoplasmic reticulum (ER) via pro-
teins like the voltage-dependent anion channel (VDACQ),'*®
disrupting this critical signaling axis. Mitochondria-generated
reactive oxygen species (ROS) also play a pivotal role in cancer
progression, activating survival and metastatic pathways,
including nuclear factor—kB (NF-«B), PI3K/Akt, and the mito-
gen-activated protein kinase (MAPK)/extracellular-regulated
kinase 1/2 (ERK1/2) pathways.'*®'*” Therapeutic strategies
targeting mitochondrial ROS can overwhelm antioxidant
defenses, destabilize mitochondrial membrane potential, and
induce apoptosis.'**'*

CANCER BIOLOGY & THERAPY e 7

Drugs targeting mitochondrial metabolism have demon-
strated success in leukemias such as AML, CML, and CLL,
where they have overcome chemoresistance,'**"'** induced
apoptosis,>' and promoted cellular differentiation.'>® Recent
research in T-ALL has revealed similarly critical roles for
mitochondrial function. T-ALL cell lines exhibit increased
expression of OXPHOS genes compared to normal T cells
and other cancer cell lines.">* A metabolism-focused
CRISPR-Cas9 screen by Kong et al. identified mitochondrial
complex I as essential for T-ALL cell survival, with loss of these
genes proving lethal, especially in the presence of the mito-
chondria-targeted antioxidants like mito-vitamin E.
Subsequently, the use of Phenformin, an inhibitor of mito-
chondrial complex I and OXPHOS, significantly reduced T-
ALL burden in mouse models."** These findings highlight the
potential of targeting mitochondrial processes as a therapeutic
strategy for T-ALL.

4.1. Mitocans as a new treatment strategy for T-ALL

With the established importance of mitochondrial pathways in
T-ALL, the emergence of Mitocans - small molecule com-
pounds that precisely target and destabilize mitochondrial
functions - opens new avenues for effective treatment
strategies.'”® These compounds disrupt key mitochondrial
processes, including mitochondrial ATP and DNA synthesis,
the balance between OXPHOS and glycolysis, redox home-
ostasis, and mitochondrial-dependent apoptosis.'

Numerous mitochondrial targets in T-ALL have been iden-
tified and investigated for their therapeutic potential.
Hexokinase, a key enzyme linking glycolysis and mitochon-
drial metabolism, is one such target, and its inhibition induces
mitochondrial dysfunction and apoptosis in T-ALL cells.*®'*
Pro-apoptotic Bcl2 family proteins, which regulate mitochon-
drial membrane permeability, are also critical targets, with
studies showing their modulation can sensitize T-ALL cells
to apoptosis."**"'*> The mitochondrial voltage-dependent
anion channel (VDAC) plays a role in maintaining mitochon-
drial integrity and regulating metabolite exchange, making it
another promising target.'*® Additionally, therapeutic
approaches that destabilize mitochondrial redox homeostasis
have been shown to increase ROS levels in T-ALL, leading to
mitochondrial damage and cell death.'* "'

Mitocans are effective through several mechanisms, includ-
ing cytochrome c release,'” loss of mitochondrial membrane
potential,"””" disruption of the electron transport chain, and
ultimately, the failure of ATP production."” These effective
collectively impair mitochondrial function and drive apopto-
sis, offering a powerful approach to overcoming drug resis-
tance and eradicating leukemia cells. A comprehensive
summary of these studies is provided in Table 2.

5. The mitochondria as key driver of self-renewal in
T-ALL

The extensive investigation of mitochondrial function across
various cancers, including in T-ALL, has identified numerous
mitochondrial targets that have shown anti-cancer activity in
cell lines and animal models.””'”® This section focuses on



(panupuod)

(Buninual pue
pa19|dwod) ||| pue || ‘| aseyd sisoydody -1 TOW :®ul] 192 TTv-1 Kemyred Buijeubis YO w/My/MEld 4 ‘sabueyd Abojoydiow [eupuoydoup aulqendag
|ed1uldaid
:sbnup Jo uoneuiquod
(Burnidal)

91

11 ‘] 3seyd dplwepiyd |9pow asnow skemyied sisojdode pajeipaw-eupuoydonly | ‘uonejkioydsoyd aanepixo aplwepiyd
%01 |ed1ulRaid qiuiedy aseanap azis jown] ‘sisoydody  XQd N[ -1 TOW :S3Ul| [|92 TIY-L  PUB 3|24 pIde D11 3yl Ul PIAJOAUL SBWAZUT 4 ‘YDO [ewiXew pue |eseq 4 pue qiuiedy
2UOSeY1aWeXaP 01 UOIIRZIIISUIS
o1 |ed1ulRaid ‘ABeydoiny ‘sisoydody 1eN[ Ul 192 V-1 dAW ¢ uajIxowe |
YO [WIXeW pue [eseg 4 ‘LPUOYI0W O} WN|Nd1Ia4 djwse|dopus ayl
oL A1d1x03014) W3ID-44DD ‘1edn[ isaul| |99 TTY-1  WOJj J3jsuel) +zed) palelpaw-YEdsul J0 3sealdap e ul bunynsas uoniqiyul Yedsuj g uibuodsoysayx
051 A1d1x01014) W3D-44DD “1exnr :saulf 19 T1v-1 3se331 D WOIYI0IAD 8D | ‘dWIN 1 udjIxowe] ‘loipigeuur)
[IAERIETTo)
col A1d1x01014) 1eIn[ :dUl (192 TV-L 28D} 'SI9A3] SOY | {dWW 1 ‘ujwinain) ‘joipiqeuue’)
o1 [ed1ulpaid Ad1x03014) jnr LUl 193 TIV-L 40 t uipPw
uiwndINY ‘uld1SIUID
Lo |ed1ulRaid A1d1x01014) $-1TOW _ul [193 TIV-L dAW ¢ ‘u3a2IaNY ‘|o1RISASY
. [es1ulpaid sisoydody W3D-44DD “P-LTOW :saulf [|93 T1v-1 X0g | ‘g¥-IN PUe Z-17g ‘IX->g ‘UIAIAING ¢t a6eAed)]d dyvd CIWN
|ed1uldaid
:sbnup Jo uoneuiquod
(Buninidas pue paia|dwod)
1| ‘| 9seyd :duigeIdUan
(Buninual) Al aseyd
6 1034 pue pa3a|dwod) abeaesd
. | 35eYd XB|POIBUIA sisoydody 1B)N[ ‘-1 TOW :Saul] 192 T1V-1 dYVd ‘95e3[a1 2 3W0IYI0IA) ‘bwing pue wig | Ix-|2g pue zjpg + ‘dWIN 1 auIgeIdWID/66L-19V
4-A8/1G1
- [ed1ulpaid sisoydody ‘W3D-44DD ‘P-LTOW :Saulf |93 TTv-L 958331 d1V | ‘dINI 1 ‘S]2A3] SOY | LaHNd
9sealdsp
9zIS Jowin] ‘d)exajoylaw |9pow asnow Xdd ‘L)Y-1dOY ‘¥exynr
0oL [es1ulpaid 0} uoneziisuas ‘A1d1x01034) '€-1TOW ‘P-L10OW :saul] |93 T1V-L CIWHS dWIAZOS| [eupuoy>03iL JO uoRIgIyu| CNIHS
NS ‘8LNS ‘OvVD
6st |ed1ulpPald sisoydody ‘INVY ‘vL-W3D BNy :saul) (192 TTv-1 Kemyred Buljeubis YO1W/MY/MEID + ‘dIWIN 1 ‘S[9A3] SOY | SDAIIRALISP US04
|9pow asnow opedsed asedsed-g-pg/xeg-cd-1¥o3 | ‘uononpoid s1elde
- aseanap azls Jown] ‘sisoydody  XAd ‘Pb-1TOW “b-13 :Saul] 193 TTy-1  pue uoidwnsuod 9s0dNn|D | ‘YIO [eWIXew pue [eseg 4 ‘dNIN + ‘S|2A9] SOY | duauid-b
861 sisoydody 8TSNA 1edN[ :s3ul 192 T7v-L dWW 1 ‘S]2A9] SOY | ‘uoniqiyul HA1 ojewexQ
L Ad1x03014) W3D-44DD P-LT0OW :saulf [|93 T1v-1 dWIN t “S|2A9] SOY | |oesnig
61 fd1x03014) Saull 199 TV-1 S¢ 1Sd1D Pue [G4HLIW ‘TLWHS t qiuiejidi]
W3ID3-442D
o1 |ed1uldaid sisoydody “exan( ‘e-1TOW :saulj 192 T1v-1 28D | ‘se3dl 2 dWoIydoIk) (dWI 1 |olpigeuue)
|ed1ulaid :sbnip
4O uoIeUIqWIO) 10 dULDRUIND
(Buninidai pue paisjdwod) 9SBIIIDP zZIS Jown] pue |9pow asnow
ov 9seyd :1eISOULIOA ‘abeypo|q Abeydonpy ‘sisoxdody  Xad ‘-1 TOW ‘¥exanr :saul| 19 T1V-L NIYYVd | ‘ones xegq/z-pg t {-PW (W ¢ 3UIDBUIND/1LISOULIOA
i W3D-442D
M st |ed1ulpaid sisoydody ‘ddH ‘-LTOW “Jexnr :saulf |13 T1¥-1 LPW Y NNt 0ELLdM
:Y._ poL ! sisoydody enr Uyl |19 TIV-1 NIIYYd PUe [¥NId | ‘dWW t ‘S|2A9] SOY | 07655dD ploulqeuue)
= 51 [ed1ulpaid sisoydody jnr LUl 193 TIV-L NIIYYd PUe [)NId | ‘dWI 1 ‘S|9A9] SOY | aulpAounny
= (LN-L1)
z LD/W3D ‘WID-44DD auluosIageIkxoyIaW
2 Lo [ed1u1pald sisoydody ‘1N “B-LTOW :s3ul 119> T1v-1 Kemuyyed Buijeubis Yo w/BY/MEId + ‘dWIN t ‘SI9A9] SOY | -LL
< TOY8-INdY “IS-TTV ‘E-LTOW
s 61 |es1ulald sisoydouiaq ‘Abeydoiny “1exn( isaul| 192 1IV-L Ausuap aueiquiaw eLpUOYdONW | pue ‘Beisu) 4 ¢ xa|dwo)  S|aAd] SOY | V plde d100104
DuaIRPRY  4dbe1s yuawdonsp bnig W02INQ |eIBUID) Huisey ul pasn [ppow ay| Aujiqesauinp/1ab.e) [epuoydoH bnig

“TIV-1 Ul paisal sjuabe bunabiel-jepuoydoliw jo Alewwns ‘g djqey



>
o
<
o
w
T
f
=]
>
9
o]
=
]
[2a]
o
w
v
=z
<
v

"BIWAYNI| UO A||edy1dads pasndoy SaIpNIs [edIulDy,
‘}yeibousx panLRp-1udlled -Xdd ‘9Seujoxay -yH ‘a1es uondwnsuod usbAxQ -yYdO ‘|ennusiod sueiquiaw BLPUOLDOUIN -dWIN ‘Sa1Dads uabAxo anideay -SOY

LLL

9Ll

SLL

6vL

vLL

8€L

6€L

€L1
[4A)

LLL

9L

0L

691

891

Syl

Ll

(Buninual pue
po19|dwiod) Al

(pa13|dwod) | aseyd
531d
‘| aseyq

(Burnnda.)

(pa1a(dwod) Al ‘jil Il ‘| @seyd
|es1ulPald
|ed1ulalg

[ed1ula1g

(pa13|dwiod) || ‘| aseyd
|ea1upald

[ed1ulpald
[ed1ugaid

e

BEVR|
|ea1upald
(Bumynidal) || ‘| 9seyd
|ea1upald

|ea1ulald

‘Il 'l 3seyd

sisoydody
9sea.dap
9z|s Jown] ‘saidessayiowayd
0} uonezpisuas ‘sisoydody
sisoydody

sisoydody
sisoydody
SP1031110205n|6 01 UOIIRZIUSUDS
A11x01014)
saidesayiowayd 0y
UOI1BZI}ISUIS ‘951D 9ZIS Jown |
sisoydody
saidesayrowayd
0} uonezpisuas ‘sisoydody

A11x01014)
Api1x03014)
sisoydody
sisoydosdap pue sisoydody
9sea1d3p 3zIs Jown] ‘sisoydody

sisoydody

18N[ “p-LTOW :S3Ulf 119> TIv-L

[Spow 3snow Xad v-L10W

‘L-ANQ ‘W3D-44DD saul| 192 11v-L

1eNy Bl (193 T1v-L
12-W3D “£D-WDD
“R3IN( “p-1TOW :$3Ul] 1193 TTv-L
yeyny BUlf (193 T1v-L
1BUN[ ‘- 1TOW Sdull (192 TTv-L
p-L1T0W dul] (192 TTv-1

[9pow asnow Xad
12-W3D =ul| [[93 TTV-L
LLE-AA-D0D ‘WID-44DD

‘P-1TOW “€-1TOW :saulf |93 T1V-1

18N ‘p-LT0W saull |19 TIY-L
1enr aul 192 T1v-L
1Bpn[ aul 192 T1v-L
8/-1NH ‘1&n[ :saulf |92 TIV-L
[9pow asnow
XAd ‘W3D-44DD :saulf 132 TIV-1

(1X-124/r pue 03N/r)
SaUO|D 31BN 1S3 |19 TIV-L

SIPA3] SOY |
SI9A3] SOY | ‘dLV 1 ‘YDO [ewixew pue |eseg 4
€-asedse] ‘Unf-d ‘egd ‘gyyN | ‘S19A3| SOY | ‘dWIN 1
DY 4 'pog | SO |
SI9A3] SOY + ‘dWIN
uoniqiyul yH

BLIPUOYD0}IW WOJ) UOIIRIDOSSIP YH ‘95e3[a 3 3W0IY0IA) ‘d1V +

suiyoid A|iwey Z|dg [BAIAINS-01d 4
*3523[34 D BWOIYD0IAD {[-PY Pue Z/2g + ‘dININ }

‘asea[al > awoayd0lk) ‘asedse) pue pig ‘xog | ‘W 4
2LIPUOYDOHW WO} UOIRIDOSSIP YH ‘95e3[34 D dWwoiyd03A)
¢ asedsed | ‘dWI 1
Dy t ‘ones xed/z-Pg t (AN ¢
€ DVQH pue
L DVQH 1d 142> ¢t 'dWI

a5e3[a1 > AWOIYD0IA) ‘g-6-asedse) ‘Xug | 'S]9AI| SOY | ‘dWI 1

abenea)d dyvd ‘8- €- 6-asedsed yog | /-PW €0V t 'SIaA3] SOY | dININ t

J-ey

aulPpAbi
D UIWeYIA ‘E) UlWenp

9PIXOLI} JIUISIY

|013RIDASDY
vd!g-€ ‘N1 'Da-T
91euowse( Ayl

€9¢-19v
Le/-19Y

LEL-19Y
sapndad
PaAUSP-1OYAA
(oquod z1)
sjuabe 5L pue Nidl
suiwelp
aud|Aylawexay |A19de1q

aplweplyd
Joipbuasuib-AxoipAy
-4 dpIsouasuln
sioMqiyut Abeydoiny
pue upadIAND

9dUsJ9joy

«obe1s Juswdojanap bnig

3wodINQ |eIdUIDH

Bunsay ur pasn [spow ay|

Ayjiqeiaunp/19bae) [eLpuoydONN

bnig

‘(Panunuo)) °z 3jqeL



10 (&) M.A.AL-HAMALY ET AL.

advancing the understanding of the specific contribution of
mitochondria to LSCs in T-ALL. While mitochondria are well
established as a general target in T-ALL, the evolving under-
standing of metabolic heterogeneity in cancer underscores the
importance of targeting mitochondrial vulnerabilities specific
to distinct tumor subpopulations, such as cancer stem cells
(CSCs) and LSCs.'”®

These subpopulations exhibit unique metabolic preferences
influenced by several factors such as their driving mutations,
cell of origin, epigenetic regulations, and tumor
microenvironment.'®® There is also increasing recognition of
bioenergetic heterogeneity among CSCs. Specifically, CSCs of
different tumors display different energy preferences (glycoly-
tic vs. OXPHOS) depending on their spatial location, oxygen
levels in the tissue, and prior exposure to chemotherapy.'®'

A large body of literature has evaluated the metabolic energy
preferences for LSCs in AML."®* Proteomics analysis comparing
LSCs with healthy age-matched hematopoietic stem and pro-
genitor cells (HSPCs) revealed a shift from glycolysis to predo-
minantly OXPHOS in LSCs.'®> Various studies have targeted
LSCs by inhibiting their OXPHOS metabolism. For instance,
Lagadinou et al. demonstrated that when OXPHOS was inhib-
ited by treatment with the mitochondrial inhibitors oligomycin
and FCCP, LSCs failed to switch to glycolytic metabolism,
indicating metabolic inflexibility, and then used ABT-263 to
induce death in the LSC subpopulation.”® This finding was
supported by Jones et al., who showed that LSCs utilize nutrients
such as amino acids and fatty acids to fuel OXPHOS for energy
production, and successfully targeted LSCs using a combination
of venetoclax and azacytidine to inhibit both mitochondrial
function and amino acid metabolism simultaneously.'®* The
investigation of mitochondrial function in self-renewal path-
ways in T-ALL offers a promising avenue for the development
of LSC-specific targeted therapies similar to those seen in AML.

In T-ALL, maintaining a critical mitochondrial mass may
be necessary for leukemia cells to mitigate the oxidative stress
induced by chemotherapy. Burt et al. observed the transfer of
mitochondria from mesenchymal stromal cells to T-ALL cells
in a co-culture model via tunneling nanotube structures.
Inhibiting these structures and thus depleting mitochondrial
mass led to excessive ROS accumulation in T-ALL cells.
Authors suggested that the protection of leukemia cells within
a specific niche may also explain the failure of ROS-inducing
therapies such as cytarabine (AraC) and daunorubicin to com-
pletely eradicate the disease in T-ALL patients.'®’

Expanding upon these insights into the importance of
mitochondria in T-ALL, Zhong et al. investigated the role of
the oxysterol-binding protein ORP4L in maintaining mito-
chondrial respiration in T-ALL by regulating calcium home-
ostasis. They found that primary T-ALL cells had increased
ATP production rates, basal respiration, and ROS production
compared to normal T cells. In addition, primary T-ALL cells
and T-ALL cell lines demonstrated a reduced capacity to
switch to aerobic glycolysis when treated with the mitochon-
drial inhibitor oligomycin. Short hairpin RNA (shRNA) tar-
geting ORP4L reduced ATP production and disturbed the
calcium mitochondrial signaling axis, resulting in low engraft-
ment of primary T-ALL cells in mice, indicative of impaired
self-renewal capabilities.'®® Subsequently, ORP4L was shown

to be selectively expressed on LSCs in AM, where knockdown
of ORPAL resulted in decreased colony formation and energy
production.'®” Most recently, it was discovered that ORP4L
deletion can prevent the induction of T-cell leukemogenesis by
human T-cell leukemia virus 1."*® Together, these findings
suggest a central role of mitochondrial metabolism and its
regulators in the development and maintenance of T-ALL.

Another key facet of mitochondrial function explored in T-
ALL is OXPHOS. Baran et al. described a functional link
between activating NOTCH! mutations in T-ALL and
OXPHOS. Bioinformatics analysis of T-ALL data sets indi-
cated the Notch-1 bound target genes were predominantly
associated with the OXPHOS pathway and mitochondrial
electron transport chain. This connection was biologically
validated using pre-LSCs from the murine SCL-LMOI trans-
genic model, where activation of Notch transformed these cells
into hypercompetitive leukemia-propagating cells, leading to
aggressive T-ALL without any latency. Moreover, in the pre-
sence of the activating Notchl ligand DL4, inhibition of
OXPHOS with the small molecule TACS-010759 effectively
suppressed T-ALL development in a dose-dependent manner.
Notably, cells were insensitive to treatment in the absence of
the ligand, further linking Notch activation to OXPHOS in T-
ALL. TACS-010759 also significantly reduced the basal and
maximal oxygen consumption rates, as well as ATP produc-
tion, across 11 different T-ALL cell lines, with a higher statis-
tical significance in NOTCH-mutant cells compared to normal
T lymphocytes. The bioenergetic changes correlated with
decreased viability in T-ALL cell lines, patient-derived xeno-
grafts, and patient-derived primary samples. These findings
emphasize the critical role of mitochondrial metabolism in the
activation of pre-LSCs and the maintenance of disease in the
context of activated Notch, one of the most prevalent driver
mutations in T-ALL.">*

Conversely, other studies have indicated a different mito-
chondrial adaptation in T-ALL, where there is a shift toward
glycolysis for maintaining self-renewal. Fahy et al. examined
T-ALL cells within the context of the bone marrow microen-
vironment to explore mechanisms of therapy resistance. LSCs
are thought to predominantly reside in the hypoxic bone
marrow niche.'” Under hypoxic conditions designed to
mimic the bone marrow microenvironment, T-ALL cells
entered a state of growth arrest, or dormancy, and exhibited
increased chemotherapy resistance. These traits are character-
istic of the LSC phenotype. When exposed to low oxygen
levels, primary T-ALL cells had reduced retention of the
MitoTracker stain, indicating reduced mitochondrial content,
and increased levels of mitochondrial depolarization, indica-
tive of decreased mitochondrial activity. In addition, elevated
lactate levels in the cell culture media suggested a shift toward
anaerobic glycolysis. These data suggest a significant metabolic
rewiring of mitochondria in response to hypoxic conditions,
such as may be found in the LSC bone marrow niche.'®

Building on these insights into metabolic adaptation,
Gachet et al. examined genetic factors contributing to poor
prognosis in T-ALL associated with chromosome 6q deletion
and found a ribosomal-mitochondrial axis involved in leuke-
mogenesis. Their integrated genomic approaches identified
SYNCRIP and SNHG5 as candidate haploinsufficient genes.
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Silencing these genes significantly accelerated the Tall/Lmol/
Notchl-induced T-ALL development in mice. CRISPR/Cas9
mediated deletion of those two genes in the CCRF-CEM
human T-ALL cell line led to global downregulation of ribo-
somal pathways and oxidative phosphorylation. Clones lacking
these genes had reduced mitochondrial respiration and
enhanced glycolysis compared to non-edited controls, indica-
tive of profound metabolic shifts. Moreover, to directly assess
the impact of reduced OXPHOS on leukemogenesis, PDX-
derived human T-ALL cells were treated with tigecycline, an
inhibitor of mitochondrial protein translation, followed by an
in vitro limiting dilution assay and immunotyping. Tigecycline
treatment induced a shift toward the greater CD34 and lower
CDS8 expression indicative of increased clonogenicity.'”® These
findings highlight the complex interplay between genetic
mutations and alterations in the cell’s energy metabolism, in
this case through the ribosomal-mitochondrial axis, that
impact the self-renewal properties of the LSC.

While the role of mitochondrial metabolism in T-ALL self-
renewal is increasingly recognized, there remains a lack of
consensus on the specific contributions of mitochondria, as
evidenced by the conflicting findings summarized in Table 3.
One potential explanation for these discrepancies is that many
findings related to altered mitochondrial metabolism were
byproducts of research focused on another primary target
rather than from direct interrogation of mitochondrial func-
tions in T-ALL self-renewal. An unbiased, systematic investi-
gation of key targets known to regulate mitochondrial
processes, followed by functional assays of self-renewal, could
conclusively link mitochondrial function to LSC frequency or
other indicators of self-renewal. Additionally, metabolic het-
erogeneity within different T-ALL models may contribute to
inconsistent findings, leading to diverse interpretations of
metabolic alterations. Ultimately, addressing these discrepan-
cies through comprehensive and targeted research could lead
to significant advancements in mitochondrial-focused thera-
pies in T-ALL, enhancing treatment strategies for this challen-
ging leukemia subtype.

6. Conclusion

Poor post-relapse outcomes remain a significant challenge in
treating T-ALL. Targeting leukemia stem cells holds consider-
able promise for eliminating relapse and improving patient
outcomes. However, targeting the canonical signaling path-
ways central to LSC function, such as Notch, Akt, and Wnt,
is complicated by dose-limiting side effects due to their impor-
tance in normal tissue development and homeostasis.
Metabolic heterogeneity within tumors is increasingly
recognized, with cancer stem cells, including LSCs, often exhi-
biting metabolic phenotypes distinct from the bulk tumor.
This highlights the potential of targeting metabolic pathways
to specifically inhibit self-renewal and LSC function. In this
review, we analyzed the role of the mitochondria in the context
of T-ALL self-renewal. Although Mitocans are widely used as a
general T-ALL target, few studies detail the specific contribu-
tions of mitochondria to T-ALL LSC maintenance and beha-
vior. This gap in knowledge can be partly explained by the
current lack of robust surface markers for LSCs in T-ALL and

the need for functional assays to accurately assess LSC
enrichment.

Moving forward, there is an opportunity to systemically
dissect the role of various mitochondrial processes in T-ALL
self-renewal. Such investigations could provide promising ave-
nues for therapy development, leading to the identification of
targeted agents that specifically disrupt self-renewal in T-ALL
and possibly other cancer stem cells with similar metabolic
dependencies.
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