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Abstract: Acute lymphoblastic leukemia (ALL), a remarkable cancer that mainly affects children,
has seen commendable advances in its treatment. However, the occurrence of relapses after initial
treatments poses a major threat and is one of the leading causes of cancer-related mortality in
pediatric patients. To address this problem, innovative therapeutic approaches for ALL need to
be continuously developed and refined. Synthetic lethality, an interaction between genes in which
alteration of only one allows survival, but simultaneous alteration of both leads to inviability, is
emerging as a promising therapeutic approach against ALL and other cancers. In this regard, the
review aims to examine the documented cases of synthetic lethality in ALL reported to date (2023)
and to elucidate the molecular mechanisms underlying this phenomenon. Furthermore, this review
explores possible targets that have so far gone unnoticed, justifying their importance in this context.
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1. Introduction

Leukemia constitutes a collective term for a diverse group of malignant disorders
characterized by the excessive production of abnormal cells in hematopoietic tissues,
such as bone marrow and the lymphatic system [1-3]. The classification of leukemias
encompasses several types, which are distinguished mainly by the speed of growth—acute
(fast) or chronic (slower)—and the type of cell originating, either myeloid (giving rise to
erythrocytes, platelets, monocytes, neutrophils, basophils and eosinophils) or lymphoid
(giving rise to T lymphocytes, B lymphocytes and NK cells) [4-6].

Leukemia is the most prevalent form of childhood cancer and accounts for approxi-
mately one-third of all pediatric cancer cases (children under 15 years of age) [7]. Within this
demographic group, acute lymphoblastic leukemia (ALL) outnumbers acute myelogenous
leukemia (AML) by five times, constituting about 78% of all childhood leukemia diag-
noses [1,8]. Among pediatric hematological malignancies, B-acute lymphoblastic leukemia
(B-ALL) ranks first, not only for being the most frequent, but also for being the leading
cause of cancer-related childhood mortality [7]. Indeed, the incidence of B-ALL has shown
a persistent increase over the years [9]. Meanwhile, T-cell-acute lymphoblastic leukemia
(T-ALL) accounts for 10% to 15% of childhood ALL cases. Historically, the prognosis
of children with T-ALL has been poor, but progressive improvement has been achieved
through intensified therapeutic approaches [10,11].

The treatment protocol for ALL comprises three crucial phases: induction (or remis-
sion), consolidation (or intensification) and maintenance (or continuation) [2]. Remission
induction therapy involves a combination of three drugs (a glucocorticoid such as pred-
nisone or dexamethasone, vincristine and asparaginase) or, in selected cases, a full four-drug
regimen (incorporating the aforementioned three plus an anthracycline). Administered
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for 4-6 weeks, this therapeutic protocol demonstrates impressive efficacy, achieving a
remarkable complete remission (CR) rate in approximately 98% of pediatric patients [2,12].
The consolidation phase, the second stage of treatment, is carried out to prevent the re-
emergence of leukemic cells. Therapeutic agents such as cyclophosphamide, cytarabine
and mercaptopurine are used for this purpose [13]. Finally, maintenance therapy aims to
maintain remission over a prolonged period, usually 2 to 3 years. This regimen involves
daily administration of mercaptopurine and weekly doses of methotrexate, occasionally
supplemented with vincristine and steroid pulses [2].

Notably, the high incidence of relapses (in children it is around 10%, while in adults it
is close to 50%) after initial treatments represents a major challenge, constituting the main
cause of mortality in pediatric patients diagnosed with ALL [14]. Indeed, this problem
persists despite notable advances such as the introduction of multidrug chemotherapy regi-
mens, allogeneic hematopoietic stem cell transplantation (HSCT) and the recent integration
of CD19-targeted chimeric antigen receptor (CAR) T-cell immunotherapy [15,16]. Given
its relevance, there is an inherent need to evolve and improve ALL treatment strategies by
considering new and innovative approaches. In this regard, synthetic lethality has emerged
as a promising therapeutic avenue against ALL and other cancers. A synthetic lethality
interaction develops between two genes when alteration of only one allows survival, but
simultaneous alteration of both causes loss of viability (Figure 1) [17]. With this goal in
mind, the present review aims to showcase the synthetic lethality approaches described
for the treatment of ALL, while explaining the intricate molecular mechanisms underlying
these strategies. In addition, the review explores potential targets that have so far escaped
scrutiny, offering a reasoned justification for their importance in this particular context.
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Figure 1. Concept of synthetic lethality. Loss or inhibition of either of the protein products of
the 1 or 2 genes alone is viable. However, mutation or pharmacological inhibition of the protein
product of gene 2 in cells with a mutation of gene 1 results in synthetic lethality. Red stars indicate
deleterious mutations.
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2. Challenges in the Identification of Synthetic Lethal Interactions

Screening for synthetic lethal interactions poses three major challenges. First, by defini-
tion, these genetic interactions produce lethality, making mutant recovery and identification
difficult. Second, many synthetic lethal interactions are condition-dependent and may not
be conserved in all genetic contexts or in different cellular conditions. Third, synthetic
lethal interactions are rare, requiring a large number of mutant gene pair combinations to
be queried to identify synthetic lethal interactions [17]. For these reasons, most large-scale
synthetic lethal interaction studies have been carried out in budding yeast or fission yeast,
as technologies are available that facilitate the generation and high-throughput analysis
of double mutants under defined laboratory conditions. Advances in the field of RNA
interference (RNAi) and, more recently, CRISPR/Cas technology have made it possible to
conduct large-scale, unbiased synthetic lethality screening assays directly in human cell
cultures [18]. These technologies offer the potential to expand our understanding of syn-
thetic lethality interactions in the context of human disease, including cancer. In addition,
functional genomic screening, based on the genetic concept of synthetic lethality, offers a
promising avenue for the identification of potential drug targets. This strategy is in line
with the evolving landscape of personalized or precision medicine, where understanding
the tumor-specific genetic context is paramount to develop personalized and impactful
treatment strategies [19].

3. Synthetic Lethality Reports in ALL

Genomic studies in ALL samples have revealed a myriad of entities characterized by
distinctive driver mutations, often with unique gene expression profiles. These findings
have necessitated an expansion or revision of the 2016 World Health Organization (WHO)
classification (Table 1) [20]. Recognizing these genomic complexities is of paramount
importance, especially in the context of synthetic lethality, where the identification of
specific genetic interactions offers the promise of targeted therapeutic interventions [18].

Table 1. The International Consensus Classification of ALL (WHO).

B-Acute Lymphoblastic Leukemia (B-ALL)

B-ALL with recurrent genetic abnormalities

B-ALL with £(9;22)(q34.1;,q11.2)/BCR::ABL1

with lymphoid only involvement

with multilineage involvement
B-ALL with t(v;11q23.3)/KMT2A-rearranged
B-ALL with £(12;21)(p13.2;q22.1)/ETV6::RUNX1
B-ALL hyperdiploid
B-ALL low hypodiploid
B-ALL near haploid
B-ALL with t(5;14)(q31.1;q32.3) /IL3:IGH
B-ALL with t(1;19)(q23.3;p13.3) / TCF3::PBX1
B-ALL BCR::ABL1-like, ABL-1 class-rearranged
B-ALL BCR::ABL1-like, JAK-STAT-activated
B-ALL BCR::ABL1-like, NOS
B-ALL with iAMP21
B-ALL with MYC rearrangement
B-ALL with DUX4 rearrangement
B-ALL with MEF2D rearrangement
B-ALL with ZNF384 rearrangement
B-ALL with NUTM1 rearrangement
B-ALL with HLF rearrangement
B-ALL with UBTF::ATXN7L3/PAN3,CDX2 (“CDX2/UBTE”)
B-ALL with IKZF1 N159Y
B-ALL with PAX5 P80R
Provisional entities
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Table 1. Cont.

B-Acute Lymphoblastic Leukemia (B-ALL)

B-ALL ETV6::RUNX1-like
B-ALL with PAX5 alteration
B-ALL with mutated ZEB2 (p.H1038R)/IGH::CEBPE
B-ALL ZNF384 rearranged-like
B-ALL KMT2A rearranged-like
T-acute lymphoblastic leukemia (T-ALL)

Early T-cell precursor ALL, BCL11B-activated

Early T-cell precursor ALL, NOS

T-ALL, NOS

Provisional entities
T-ALL with BCL11B-activated
T-ALL with TAL1/2-R
T-ALL with TLX1-R
T-ALL with TLX3-R
T-ALL with HOXA
T-ALL with LMO1/2-R
T-ALL with NKX2-R
T-ALL with SPI1-R
T-ALL with BHLH, other

Natural killer (NK) cell ALL

NOS: No other specification.

Currently, there are few reports studying synthetic lethality in the context of ALL.
However, this emerging strategy holds great promise as it may allow for personalized
treatments tailored to each patient’s unique genetic and molecular landscape. An illustra-
tive example of this phenomenon is seen in ALL patients harboring the Philadelphia (Ph)
chromosome [21,22]. The Ph chromosome is the most prevalent cytogenetic abnormality
among adult patients diagnosed with ALL, manifesting in approximately 20% to 30% of
all cases [23]. This aberration arises from a reciprocal translocation between the ABL1
oncogene on the long arm of chromosome 9 and a breakpoint cluster region (BCR) on the
long arm of chromosome 22 (t(9;22)(q34.1,q11.2) /BCR::ABL1). This translocation results
in the formation of a fusion gene, BCR-ABL1, which encodes an oncogenic protein with
constitutively active tyrosine kinase activity [24]. Patients with Ph-positive (Ph+) ALL
face a high risk of central nervous system (CNS) involvement and often experience an
aggressive clinical course. Historically, this subgroup has shown inferior results compared
to their Ph-negative (Ph-) counterparts, although this scenario has improved with the
introduction of tyrosine kinase inhibitors [25]. Synthetic lethality has been reported in Ph+
B-ALL cell lines when combining a phosphoinositide-3-kinase (PI3K) inhibitor, such as
taselisib, with olaparib, a poly(ADP-ribose) polymerase (PARP) inhibitor. This is because
taselisib causes a reduction in breast cancer 1 (BRCA1) and breast cancer 2 (BRCA?2) levels
that affects homologous recombination (HR) repair, and olaparib inhibits base excision
repair (BER). Both DNA repair pathways play a crucial role in preserving genomic stability.
Thus, Ph+ ALL cells show increased vulnerability to genetic instability secondary to BCRA1
downregulation and BER inhibition, ultimately leading to apoptosis [21]. Similarly, a
recent article reported synthetic lethality in relapsed ALL when mismatch repair (MMR)
deficiency coincides with targeting of DNA polymerase 3 (POLB). MMR deficiency has
been associated with thiopurine resistance and hypermutation in this disease. However,
downregulation of POLB levels increased sensitivity to thiopurines in resistant cells by also
altering the BER pathway. Meanwhile, the use of the POLB inhibitor oleanolic acid (OA)
in combination with thiopurines showed a synergistic effect, inducing cell death in ALL
cell lines, patient-derived xenograft (PDX) cells, as well as mouse xenograft models [26].
In an effort to improve the efficacy of Ph+ B-ALL treatment with a different approach, a
study analyzed the combination of BCR-ABL1 inhibition using the tyrosine kinase inhibitor
(TKI) nilotinib, together with the IREle RNase domain inhibitor MKC-8866. IRE1x as-
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sumes a critical role in the unfolded protein response (UPR) by performing messenger
RNA splicing of the transcription factor XBP1 [27]. XBP1 targets encode proteins that
contribute to improved folding and quality control of endoplasmic reticulum (ER) pro-
teins [28]. This therapy fights the disease through specific and complementary mechanisms
of action affecting UPR proteins, multiple inducers of apoptosis and negative regulators
of the cell cycle. It is important to note that p38 mitogen-activated protein kinase (MAPK)
activation, driven primarily by MKC-8866 activity, and Jun N-terminal kinase 1/2 (JNK1/2)
activation, a consequence of nilotinib treatment, are key factors contributing to the success
of combination therapy [22]. The UPR plays a crucial role in managing ER stress by halting
protein translation, eliminating misfolded proteins and activating signaling pathways that
enhance the synthesis of molecular chaperones involved in protein folding. If these targets
are not reached within a defined time frame or if prolonged disruption occurs, the UPR
triggers apoptosis [29].

One study proposed that administration of N-(3-oxododecanoyl)-L-homoserine lac-
tone (30C12-HSL) could induce synthetic lethality in refractory B-ALL when combined
with chemotherapeutic drugs. The underlying mechanism for this phenomenon in B-ALL
involves the overexpression of PON2, an arylesterase. PON2 plays a pivotal role by facilitat-
ing glucose uptake and energy production through the inhibition of the interaction between
glucose transporter 1 (GLUT1) and its stomatin (STOM) inhibitor, effectively mitigating the
energy crisis imposed by metabolic gatekeepers and promoting disease progression. In the
context of synthetic lethality, PON2 rapidly hydrolyzes 30C12-HSL, causing intracellular
acidification. This process leads to the activation of caspase-3, triggering a cascade of
events that ultimately results in cell death [30]. Particularly in B-ALL cells with elevated
WEET1 levels, one study mentioned synthetic lethality resulting from the combination of the
CHK1/CHK?2 inhibitor PF-0477736 and the WEEL1 inhibitor adavosertib (AZD1775) [31].
Both CHK1/2 and WEEI are cell cycle checkpoint kinases, and their sustained inhibition
leads to cell death [32]. Thus, the rationale for this drug regimen was to activate the
S-phase checkpoint and induce DNA damage, thereby elevating replicative stress and
causing the collapse of the replicative forks [31]. On the other hand, transcription factor 3
(TCF3)-hepatic leukemia factor (HLF)-positive B-ALL cell lines showed increased suscepti-
bility to olaparib and veliparib. This susceptibility is attributed to the TCF3-HLF protein,
which causes increased PARP activity and defective HR repair [33]. Notably, TCF3-HLF
ALL represents an exceptionally aggressive subtype characterized by a remarkably poor
outcome with existing standard treatment modalities, including chemotherapy and stem
cell transplantation [34].

Turning attention to T-ALL, a comprehensive genetic screening in a zebrafish T-ALL
model uncovered synthetic lethality between NU7026—an inhibitor targeting DNA-PK
and PI3K—and pladienolide B—an inhibitor of mRNA splicing. Additionally, synthetic
lethality was also observed when NU7026 was combined with thapsigargin, a noncom-
petitive inhibitor of sarco/endoplasmic reticulum Ca*? ATPase (SERCA) [35]. Enhancer
of zeste 2 polycomb repressive complex 2 (EZH2)-deficient T-ALL cells exhibit synthetic
lethality upon exposure to MK8776, a CHKI1 inhibitor. This phenomenon is due to the
fact that EZH?2 deficiency leads to MYCN-induced replication stress, which makes cells
more dependent on CHK1 activity for replication fork integrity [36]. Synthetic lethality
also occurred in chemoresistant NOTCH1-mutated T-ALL cells treated with IACS-010759,
a potent small molecule inhibitor of complex I of the mitochondrial electron transport
chain (ETC), together with L-asparaginase-based chemotherapy. This is because oncogenic
activation of NOTCHLI is associated with an increased reliance on glutamine-driven ox-
idative phosphorylation to generate ATP. Thus, inhibition of oxidative phosphorylation
combined with the glutaminase inhibitory activity of L-asparaginase effectively induces a
cellular transcriptomic and metabolic catastrophe that prevents leukemia progression [37].
T-ALL cells overexpressing LMO2 show high sensitivity to olaparib. Mechanistically, this
occurs because LMO?2 inhibits the recruitment of BRCA1 to double-strand breaks (DSBs)
by interacting with p53 binding protein 1 (53BP1) during repair [38]. The oncogenic KRAS
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G13D variant has been described to elevate the expression levels of components related
to the alternative nonhomologous end-joining (alt-NHE]) pathway in the T-ALL cell line
CCRF-HSB2. Indeed, this variant results in a preference for the use of the highly error-prone
alt-NHE] pathway for DNA DSB repair. In this regard, action on DNA ligase 3 (LIG3a) or
PARP1 inhibitors such as NU1025 specifically sensitizes KRAS-mutated cells to genotoxic
anticancer drugs such as daunorubicin, cytarabine or etoposide (VP-16), offering a promis-
ing avenue for improving therapeutic responses in the context of KRAS-mutated cells [39].
Lastly, in preclinical studies performed with leukemia cell lines and primary leukemia
samples, it was observed that TAL1-AKTE17K-positive T-ALL cells showed increased
sensitivity to PI3K inhibitors, namely dactolisib (BEZ235) and MK2206. This increased
sensitivity derives from the fact that, in the absence of AKT pathway activation, TAL1
exerts adverse effects by inducing positive regulation of proapoptotic genes. Likewise, in
the context of TAL1-AKTE17K-positive cells, a marked elevation of susceptibility to PARP
inhibitors such as olaparib was observed. This increased vulnerability may be attributed to
their increased reliance on DNA repair genes that span multiple pathways, with a greater
emphasis on the NER pathway. Thus, significant synergy was evident when olaparib
was combined with dactolisib in TAL1-AKTE17K-positive cells [40]. A comprehensive
compilation of all identified cases of synthetic lethality in ALL is presented in Table 2.

Table 2. Identified cases of synthetic lethality in ALL cell lines.

ALL Subtype Genes Involved Observations Reference
Disrupts HR and BER
PI3K repair pathways,
Ph+ ALL PARP cenes promoting genomic [21]
& instability and
triggering apoptosis.
Impacts BER repair,
POLB . . e
Ph+ ALL MMR genes increasing sensitivity [26]

to thiopurines.

Negatively influences
Ph+ ALL BER-ABL1 apor imc'l Pr(émOteS [22]
IRE1a RNase apoptosis inducers
and negative cell
cycle regulators.

PON2 hydrolyzes
30C12-HSL, leading
to intracellular
B-ALL ({:I?Ll;fle acidiﬁ?ation, and [30]
triggers
caspase-3-mediated
apoptosis.

Triggers S-phase
checkpoint activation

and induces DNA

B-ALL WEEL damage that increases [31]
CHK1/2 Lo,

replicative stress and

causes replication

fork collapse.
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Table 2. Cont.

ALL Subtype Genes Involved Observations Reference
TCEF3-HLF protein
TCF3-HLF increases PARP
TCES-HLEB-ALL PARP genes activity and defective (331
HR repair
EZH2 deficiency
induces
MYCN-driven
EZH2-deficient EZH2 replication stress, [36]
T-ALL CHK1 increasing CHK1

dependence for
replication fork
integrity.

Metabolic and
transcriptomic
catastrophe occurs
NOTCHI1-mutated NOTCH1 due to increased
T-ALL ETC genes reliance on
glutamine-driven
oxidative
phosphorylation.

LMO2 LMO?2 inhibits the

T-ALL recruitment of BRCA1 [38]
PARP1 to DSBs

KRAS mutated
KRAS-mutated KRAS-mutated variant potentiates
T-ALL PARP1 alt-NHE], increasing
sensitivity to DSBs.

TAL1-AKTE17K-
TAL1-AKTE17K- TAL1-AKTE17K positive T-ALL has an
positive T-ALL PARP genes increased dependence
on DNA repair genes.

[37]

[39]

[40]

4. Exploring Synthetic Lethality Targets for ALL

The heterogeneity of ALL, characterized by diverse genetic mutations and altered
gene expression, adds a layer of complexity to the identification of synthetic lethal pairs of
broad applicability. The challenge is not only to identify these pairs but also to discern their
relevance in a specific context, taking into account the various subtypes and individual
variations within ALL patients. However, there are some avenues that merit further
exploration in future research. For example, the combination of the mechanistic target of
rapamycin kinase (mTOR) inhibitor sirolimus and methotrexate showed a synergistic effect
on B-ALL cells, both in vitro and in vivo. Mice xenografted with ALL cells that underwent
the dual treatment regimen achieved sustained and durable complete remission, in marked
contrast to the outcome of single-agent treatments, which initially resulted in a partial
response before eventually progressing. The observed effect can be attributed, at least
partially, to the decrease in dihydrofolate reductase (DHFR) expression, a consequence
of the sirolimus-induced decrease in cyclin D1 levels [41]. In the same line of research,
sirolimus also potentiated the cytotoxicity of dexamethasone in some ALL cell lines and
prolonged event-free survival in ALL xenograft models. These effects were attributed to
induction of cell arrest, depolarization of the mitochondrial membrane, inactivation of
the PI3K pathway and activation of caspases 3 and 9 [42]. Given these considerations,
mTOR emerges as a viable candidate to determine its potential synthetic lethality in specific
ALL contexts.
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In Ph+ ALL patients, the concurrent administration of a cyclosporine with dasa-
tinib has been observed to increase the peak plasma concentrations of dasatinib. These
higher plasma concentrations are closely related to enhanced tyrosine kinase inhibition,
which correlates with improved disease control in murine models [43]. The underly-
ing rationale for this synergistic interaction involves the identification of a noncanonical
WNT/Calcineurin/nuclear factor of activated T-cells (NFAT) signaling cascade, which
acts as an escape route mechanism in BCR-ABL1-positive cells following exposure to
TKIs [44]. In this sense, induction of synthetic lethality could be achieved by inhibition
of this pathway using WNT inhibitors or NFAT inhibitors. In addition, this has the po-
tential advantage of reducing the required doses of dasatinib and thereby mitigating
the reported hematological toxicities [43]. Other potential targets in Ph+ ALL, which
could be explored for their potential synthetic lethality in conjunction with ABL1 hyper-
activity, were identified using a CRISPR-based genotoxic assay against DNA-damaging
agents. Among these targets are the fucose-1-phosphate guanylyltransferase (FPGT)-
cardiac troponin I-interacting kinase (TNNI3K), NADH:ubiquinone oxidoreductase sub-
unit C1 (NDUFC1), (3-1,3-galactosyltransferase 6 (B3GALT6), neuromedin U receptor 2
(NMUR?2), AP2-associated kinase 1 (AAK1), zinc finger X-linked duplicated A (ZXDA), cal-
pastatin (CAST), y-aminobutyric acid type A receptor subunit y2 (GABRG2), GFB-induced
factor 2 (TGIF2), crystallin S (CRYGS) and family with sequence similarity 105, member B
(FAM105B) [45,46]. It is crucial to note that these predictions must undergo experimental
validation to corroborate their significance, and it is imperative to thoroughly elucidate the
molecular mechanisms involved.

The combination of dasatinib with dexamethasone showed remarkable pharmaco-
logical synergy, resulting in resensitization of glucocorticoid-resistant ALL cell lines and
patient-derived xenograft samples. Furthermore, this drug combination had a significant
impact on the expansion of T-ALL in immunocompromised mice. This response can be
attributed, in part, to inhibition of the lymphocyte-specific protein tyrosine kinase (LCK)
pathway, which ultimately leads to cell cycle arrest [47]. Furthermore, desatinib-mediated
LCK inhibition, together with mTORC1 inhibition, has been documented to produce potent
cell killing in T-ALL cells through downregulation of antiapoptotic myeloid cell leukemia
1 (MCL1) protein expression [48]. Thus, the possible synthetic lethal interaction between
LCK and mTOR warrants further investigation in future studies.

Exposure to various chemotherapeutic drugs, such as vincristine, daunorubicin, etopo-
side, cytosine arabinoside, dexamethasone and asparaginase, followed by treatment with
the FMS-related receptor tyrosine kinase 3 (FLT3) inhibitor CEP-701, demonstrated a syner-
gistic killing effect on KMT2A-rearranged ALL cell lines (specifically, HB-1119 and SEM-K2
cells). Mechanistically, CEP-701 induces cell cycle arrest in the G1 phase and increases
sensitivity to the action of chemotherapeutic drugs to subsequently activate proapoptotic
signals [49]. Another study suggested that the use of inhibitors directed against FLT3 and
TGFf1 could prove to be a valuable strategy to eradicate minimal residual disease (MRD)
in KMT2A-rearranged ALL [50]. Concurrently, MRX-2843, a small molecule that acts as a
dual inhibitor of MERTK and FLT3 kinases, demonstrated strong synergy with vincristine
to prevent proliferation of B-ALL and T-ALL cell lines. This effect was further corroborated
in an orthotopic murine xenograft model designed specifically for thymus precursor T-
ALL [51]. All these observations suggest that FLT3 could be a potential target for synthetic
lethality in KMT2A-rearranged ALL. Furthermore, predictions indicate that FLT3 inhibition
could potentially exhibit synthetic lethality when combined with silencing of proteinase 3
(PRTN3), protein tyrosine phosphatase receptor type K (PTPRK), eukaryotic translation
initiation factor 1 (EIF1), Kelch domain-containing 7A (KLHDC7A), adrenoceptor x2A
(ADRA2A), RAB5B, thrombospondin 3 (THBS3), transmembrane protein 214 (TMEM214),
acyl-CoA dehydrogenase family member 9 (ACAD?9), pantothenate kinase 4 (PANK4),
cystatin 8 (CSTS8), and collagen type V a3 chain (COL5A3) [45,46]. Experimental research is
vital to validate potential synthetic lethality and ensure its safety for implementation in
future studies.
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Recent studies have revealed a remarkable upregulation of PARP enzymes in T-ALL
patients, which intricately influences the expression and post-transcriptional modification
of the TET1 gene [52]. The increased expression of TET1 in T-ALL cells establishes an
increased susceptibility to olaparib. This increased sensitivity derives from the ability of
olaparib to counteract TET1 activity, a crucial mechanism that is biologically significant [53].
Thus, combining PARP inhibitors with TET1 silencing or employing its inhibition by small
molecules such as NSC-370284 may pave the way to synthetic lethality. This strategic
approach holds promise for synergistically targeting key pathways, potentially improving
therapeutic outcomes in a synergistic manner.

Combination therapy of ABT-737, a B-cell lymphoma 2 (BCL-2) inhibitor, and N-(4-
hydroxyphenyl)retinamide, a retinoid receptor activator, synergistically induced B-ALL cell
death. This effect was due to phosphorylation of MCL-1 via JNK activation and facilitated
by the production of reactive oxygen species (ROS). In addition, the combined treatment
caused depolarization of the mitochondrial membrane and activation of caspases 3, 8 and
9 [54]. In another study, it was observed that the combination of ABT-737 with the multi-
TKI sunitinib showed synergy in the elimination of KMT2A-rearranged ALL cells. This
could suggest synthetic lethality between BCL-2 inhibition and receptor tyrosine kinase
(RTK) signaling [55].

Proteasome inhibitors, such as bortezomib, exhibit highly cytotoxic effects on NOTCHI-
overactivated T-ALL cells. Mechanistically, bortezomib represses transcription of NOTCH1
and downstream effectors, such as HES1, GATA3, RUNX3 and nuclear factor kB (NF-«xB)
(p65 and p50). This occurs through downregulation of the central transactivator Sp1 and its
dissociation from the NOTCHI1 promoter [56]. Similar effects were observed with withaferin
A, which induces inhibition of protein translation mediated by elF2A phosphorylation [57].
In this context, co-inhibition of NOTCHLI, together with proteasome inhibition, could poten-
tially engender a synthetic lethality interaction within NOTCH1-overactivated T-ALL cells.
Further research is needed to thoroughly validate and elucidate the mechanistic intricacies
of this potential interaction. Other targets predicted to exhibit synthetic lethality along
with NOTCHLI inhibition include casein 3 (CSN2), keratin 31 (KRT31), matrix metallopep-
tidase 2 (MMP2), zinc finger protein 83 (ZNF83), aminolevulinate dehydratase (ALAD),
cell division cycle 45 (CDC45), FRAT regulator of WNT signaling pathway 1 (FRAT1),
methyltransferase-like 25 (METTL25), aspartylglucosaminidase (AGA), carboxypeptidase
Z (CPZ), keratin-associated protein 15-1 (KRTAP15-1) and RAB40C [45,46]. It is impera-
tive to note that these predictions must undergo rigorous experimental confirmation to
thoroughly assess their applicability and safety.

Studies indicate that simultaneous action against receptor tyrosine kinase-like orphan
receptor 1 (ROR1) and inhibition of B-cell receptor (BR) signaling is more effective in
eliminating ROR1-positive B-ALL cells, suggesting a synthetic lethality interaction between
the ROR1 and BR pathway [58]. Inhibition of ROR1 with KAN0441571C has also shown
synergy with the BCL2 inhibitor venetoclax [59].

5. Conclusions and Future Directions

Synthetic lethality is gaining attention as a promising therapeutic avenue for ALL and
other cancers. The concept revolves around exploiting specific vulnerabilities of cancer cells
without affecting normal cells, thus offering a targeted therapeutic strategy. Furthermore,
since these treatments are more personalized, they should have limited adverse effects
and require lower doses of drugs to be effective. Despite this, its practical application
faces significant challenges that require careful consideration. The intricate landscape
of genetic interactions and the unique molecular profile of ALL present complexities in
identifying robust synthetic lethal pairs. Moreover, translating these findings into effective
and safe clinical interventions requires a thorough understanding of the dynamic interplay
within the cellular machinery. For these reasons, unfortunately only one synthetic lethal
interaction—that between PARP and BRCA1 and/or BRCA2—has successfully moved from
discovery to clinical approval. Specifically in the ALL context, it is noteworthy that most
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synthetic lethality findings, so far, have been identified only in cell lines, with a limited
number in murine models. For this reason, the ALL treatment landscape lacks ongoing
clinical trials dedicated to exploring synthetic lethality strategies. In this sense, to change
this trend, it is imperative to broaden the scope of research and address the associated
challenges through interdisciplinary collaboration.

The WHO classification for ALL is primarily a genome-based classification of entities
that has been updated based on extensive research conducted over the past decade. In the
context of this manuscript, the meticulously identified distinct driver mutations deserve
consideration for their potential to induce synthetic lethality when combined with inhibition
of other genes. This inhibition can be achieved through the use of inhibitory drugs, by
causing metabolic changes, or by genetic modifications employing techniques such as
CRISPR-Cas9, among others. Overall, the translation of synthetic lethality into therapeutic
strategies is aided by the synthesis of genetic interaction data from model organisms, tumor
genomes and human cell lines. Advances in next-generation sequencing technologies are
facilitating the identification of numerous ALL-specific mutations and alterations in gene
expression, providing potential targets for a synthetic lethality approach. High-throughput
analyses, encompassing genomic, transcriptomic, proteomic and metabolomic data, could
play a crucial role in delineating synthetic lethality targets and unraveling the underlying
mechanisms. Given the inherent complexity of this molecular network, machine learning
and artificial intelligence emerge as valuable tools for discerning synthetic lethality targets
in ALL patients. The design and development of small molecules capable of modulating
the activity of key enzymes becomes more relevant, especially if their activity can develop
synthetic lethality in conjunction with prevalent ALL mutations.

While current research predominantly emphasizes certain subtypes of ALL, it may be
prudent to explore synthetic lethal interactions within each of the subtypes outlined in the
2016 World Health Organization (WHO) ALL classification. This is particularly relevant for
those subtypes that are associated with poor clinical prognosis for patients.
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