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Simple Summary

Acute myeloid leukemia (AML) is a cancer of white blood cells that typically affects older
adults. This cancer develops because of genetic mutations in immature stem cells. Over
time, as more mutations accumulate in a particular cell, the cell gains the ability to replicate
rapidly. There are many mechanisms through which genetic mutations occur. The treatment
for AML has changed significantly over the past 50 years, from a one-size-fits-all approach
with chemotherapy to a more targeted and individualized plans. Targeted therapies aim
to exploit genetic vulnerabilities that make cancer cells more sensitive to these therapies
than normal cells. We aim to review the current landscape of precision-targeted therapies
in AML through the lens of molecular oncology.

Abstract

Acute myeloid leukemia (AML) pathogenesis is deeply rooted in the concept of clonal
evolution, in which hematopoietic stem cells experience an initial genetic insult, followed
by the sequential acquisition of mutations leading to various disease phenotypes. Through
natural selection, a malignant clone can diversify and propagate with time. Aside
from clonal evolution, a number of time-honored principles of molecular oncology
account for the initiation and maintenance of AML. These principles include loss of
heterozygosity, genomic instability, epigenomic disruption, deregulation of signaling
pathways, anti-apoptotic mechanisms, and oncogene addiction. Such tenets of cancer
biology not only explain AML cellular behavior but also may inform target validation in
AML. Herein, we highlight the current state of targeted therapeutics, including the 14 novel
agents (beyond 7+3 chemotherapy) approved by the Food and Drug Administration, in the
context of these tenets and discuss future prospects by leveraging current knowledge of
AML genomics. Such therapeutic concepts, including synthetic lethality, are especially
relevant to TP53-mutant AML, as there are no unique therapies that have received
regulatory approval for this subset to date. We emphasize the emerging role of single-cell
genomics and multi-omics toward better understanding of AML biology and development
of future successful AML therapies.

Keywords: acute myeloid leukemia; precision therapy; synthetic lethality; targeted
therapeutics
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1. Introduction
Acute myeloid leukemia (AML) is a biologically heterogeneous hematologic malignancy

characterized by the clonal expansion of myeloid progenitors. AML is most common in older
adults, with a median age at diagnosis of 68 years. It is a relatively rare cancer, with 22,000 new
cases in the United States in 2026, comprising 1.1% of all new cancer diagnoses [1]. With
improvements in treatment and supportive care, the 5-year relative survival has improved
from 18.5% in 2000 to 33.4% for 2016–2022 SEER data. Historically, AML was treated with
intensive chemotherapy comprising cytarabine and an anthracycline, which, while effective,
causes significant myelosuppression and treatment-related toxicities in older patients. With
significant advances in the understanding of the molecular pathogenesis of AML, there are
now multiple targeted therapeutics that offer meaningful benefits in this population.

Our understanding of the genetic basis of AML has grown rapidly in the past
20 years. Once considered a single clinicopathologic diagnosis, AML is now characterized as
a group of biologically distinct sub-entities with recurrent genomic aberrations. Mutations
affecting epigenetic regulation, signaling pathways, differentiation, apoptosis, and genomic
instability all contribute to selecting for and maintaining aggressive clonal leukemic
populations and also provide potentially actionable therapeutic targets. In this review,
we discuss modern concepts on therapeutic targeting as well as the principles of molecular
oncology that form the basis of AML pathophysiology, and we highlight the current state
of targeted therapeutics and future prospects on drug development.

2. Tenets of Molecular Oncology Governing Myeloid Pathogenesis
2.1. Loss of Heterozygosity

One of the major principles of molecular oncology involved in malignant transformation
is loss of heterozygosity (LOH) (Figure 1). LOH is a category of genomic aberration in which
a cell possessing two different alleles at a genomic locus loses a single allele (copy-loss
LOH) and may involve the duplication of the remaining allele (copy-neutral LOH) [1]. The
remaining allele is then solely responsible for encoding the resulting protein. In AML, an
illustrative example of LOH involves TP53, which is the most common gene mutation
in human cancer and found in 10–15% of patients with AML [2,3]. TP53 mutations are
frequently seen in cases of AML with complex karyotype, advanced age, and prior exposure
to chemotherapeutics [4]. TP53 is a gene located on chromosome 17p13.1 that encodes
for the protein, p53, which is a nuclear transcription factor comprising DNA-binding
and transcriptional regulatory domains [5]. p53 is a crucial tumor suppressor that affects
hundreds of genes involved in cell cycle arrest or apoptosis [6]. In normal cells, p53 is kept
at low levels by murine double minute 2 (MDM2). p53 induces the expression of MDM2
which in turn promotes the degradation of p53 through ubiquitination [7]. However,
when faced with cellular stress, kinases such as Ataxia Telangiectasia Mutated (ATM) and
Ataxia Telangiectasia and Rad3-related (ATR) act to phosphorylate p53, stabilizing p53 and
inhibiting its interaction with MDM2 [8]. As levels of nuclear p53 increase, p53 can act on
downstream genes to facilitate cell cycle arrest and allow for DNA repair or apoptosis.

Mutations in TP53 that result in abnormal and nonfunctional p53 can occur
through multiple mechanisms. Single-allele mutations cause monoallelic TP53-mutant
AML, whereas copy-loss or copy-neutral LOH, a second TP53 mutation, or deletion of
chromosome 17p can cause biallelic TP53-mutant AML. From a clinical standpoint, this has
high relevance because “multi-hit” TP53 is a surrogate for biallelic TP53 disruption, and this
information is used to make informed decisions about patient care. Following acquisition of
a single TP53 mutation, loss of the remaining wild-type TP53 allele through LOH results in
biallelic TP53 inactivation and complete loss of function of p53, thereby leading to genomic
instability. The 2022 European LeukemiaNet (ELN) assigns an adverse risk category to
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those harboring TP53 mutations, as it carries a poor prognosis of ~6 months survival due
to high rates of treatment failure [9,10]. Recent studies have also shown that while there
are distinct co-mutational patterns, some studies have shown no difference in event-free
survival or overall survival between single-hit and multi-hit TP53-mutated AML [11]. In
summary, the oncologic principle of LOH (especially in the case of TP53-mutant AML)
governs disease biology and has important implications in risk stratification and prognosis,
within assay and copy-neutral LOH assessment limitations.

Figure 1. Key principles of molecular oncology involved in AML initiation and maintenance. The
major principles governing myeloid pathogenesis are illustrated (yellow stars) in relation to subcellular
localization. Synthetic lethality is a therapeutic strategy that may counteract loss of heterozygosity.

2.2. Genomic Instability

Genomic instability is core to the pathogenesis of cancer cell development. Genomic
instability in myeloid genomes can arise when a cell acquires an oncogenic mutation, such
as FLT3-ITD, RAS, or MYC. The resulting increase in proliferation causes replication stress
and further DNA damage [12,13]. These cells then rely on tumor suppressor genes such as
TP53 to cease the cell cycle and induce cell death. If TP53 function is lost, cells harboring
DNA damage can evade cell cycle arrest and apoptosis, allowing propagation of unrepaired
DNA lesions and chromosomal defects. The ongoing tendency to rapidly accumulate
mutations both at the DNA and chromosomal levels describes the process of genomic
instability [14]. In AML, the major form of genomic instability is chromosomal instability
(CIN), while other forms like microsatellite instability (MSI) are less common. CIN refers to
a high rate at which chromosomal structure and number change resulting from increased
chromosome mis-segregation in mitosis [15].

Complex karyotype AML (CK-AML) is defined as having three or more unrelated
chromosomal abnormalities in the absence of other class-defining genetic abnormalities
and comprises ~10% of all patients with AML [9,16]. The most common abnormalities in
CK-AML include loss of 5q, 7q, and 17p [17]. CK-AML is strongly associated with TP53
mutation, with one study finding that 70% of cases had TP53 alterations [18]. Another study
found that 16 of 17 patients with CK-AML had biallelic TP53 inactivation [19]. CK-AML is
frequently seen in therapy-related AML (t-AML), suggesting that prior stress selects for
cells with TP53 mutations capable of tolerating high rates of genomic instability. CK-AML
confers a very poor prognosis, with one study finding median overall survival of 143 days
in typical CK-AML and 369 days in atypical CK-AML [20].

https://doi.org/10.3390/cancers18142329

https://doi.org/10.3390/cancers18142329


Cancers 2026, 18, 2329 4 of 19

2.3. Epigenomic Disruption

Epigenetic regulation plays a key role in modifying cellular processes by altering gene
expression. The two major mechanisms of epigenetic regulation are DNA methylation
and histone modification. DNA methylation occurs when a methyl group is added to
a cytosine and in turn recruits proteins involved in gene repression or transcription
factor inhibition. DNA methylation mutations can result broadly in hypomethylation
or hypermethylation. These most commonly involve DNMT3A, TET2, and ASXL1, which
are frequently implicated in clonal hematopoiesis and progression to myelodysplastic
neoplasms (MDS) or AML [21].

DNMT3A is a DNA methyltransferase gene located on chromosome 2p23, and
mutations in this gene often occur in the methyltransferase domain, ultimately leading to
aberrant DNA methylation patterns at regions responsible for self-renewal, differentiation
block, and expansion of a pre-leukemic clonal population [22]. Missense mutations
involving the amino acid R882 are the most common culprits, although frameshift and
nonsense mutations also occur. Patients with DNMT3A mutations have been shown to
experience shorter overall survival compared to those without DNMT3A mutations [23].

TET2 is a ten-eleven translocation gene located on chromosome 4q24 that encodes
for a DNA demethylation enzyme. TET proteins oxidize 5-methylcytosine to generate
5-hydroxymethylcytosine, ultimately leading to demethylation [24]. There are multiple
TET genes, but TET2 is the most commonly mutated in myeloid malignancies and
is present in 10–20% of patients with AML. TET2 mutations are not independently
associated with adverse risk and have not been shown to impact response to therapy or
survival [25]. Importantly, mutations in isocitrate dehydrogenase 1/2 (IDH1/2) inhibit the
TET protein family and affect epigenetic regulation through similar mechanisms [26]. IDH1/2
and TET2 mutations are known to be mutually exclusive in myeloid pathogenesis [27].

ASXL1 is the additional sex combs-like 1 gene and controls epigenetic regulation
through histone modification rather than DNA methylation. ASXL1 complexes with BAP1
to facilitate the conversion of chromatin to heterochromatin, regulating transcriptional
activity. ASXL1 mutations occur predominantly through frameshift mutations, and
downstream effects include dysregulated chromatin accessibility and increased expression
of HOX genes, hindering hematopoietic stem cell (HSC) differentiation [28,29]. ASXL1
mutations are independently associated with poor overall survival and lower response
rates to therapy [30]. Together, these mutations illustrate how disruption of the epigenome
alters transcriptional programs, thereby contributing to leukemogenesis.

2.4. Deregulation of Signaling Pathways

While AML is a genetically heterogeneous disease, individual mutations converge
upon a limited number of critical signaling pathways that exhibit significant overlap. These
pathways allow for uncontrolled proliferation through complex mechanisms including
metabolic reprogramming, aberrant translation, and anti-apoptotic signaling. The key
pathways involved include RAF/MEK/ERK, PI3K/AKT/mTOR, and JAK/STAT. In AML,
these signaling cascades are more commonly initiated by upstream mutations rather
than changes within the signaling mechanisms themselves [31,32]. Mutations in FLT3,
KIT, and RAS produce their proliferative effect through activation of several of these
pathways at once [33]. The RAF/MEK/ERK and PI3K/AKT signaling network are involved
in a variety of cellular processes including cell cycle progression, differentiation, and
apoptosis [34]. The PI3K/AKT pathway specifically has been identified as a key mechanism
of clonal proliferation in AML, with one study showing 72.1% of adults with untreated
AML had constitutive activity of the activating residues [35]. The final major pathway
identified is the JAK/STAT signaling cascade. Unlike in myeloproliferative neoplasms
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where JAK2V617F is the driving mutation, upstream defects, including FLT3 and KIT, are
the activating signal. These upstream mutations can constitutively activate STAT signaling,
leading to an uncontrolled proliferative signal [36]. Overall, despite the complexity of
individual mutations identified in AML, they are funneled into discrete proliferation
signaling pathways that drive clonal expansion. These pathways have been difficult
to therapeutically target as they exhibit significant overlap and redundancy. Inhibiting
one pathway pushes cells to compensate toward reliance on an alternative pathway to
gain a survival advantage. Despite strong biologic rationale, direct downstream pathway
inhibition in AML has had limited clinical success as compared with targeting upstream
lesions such as FLT3, IDH1/2, or menin-dependent transcription, likely due to extensive
pathway crosstalk and compensatory signaling.

2.5. Anti-Apoptotic Mechanisms

Apoptosis is an essential mechanism in all cells and allows for orderly cell death
in appropriate settings. It allows cells that have reached the end of their life cycle
or cells that have experienced irreparable stress to undergo destruction. The normal
process involves intrinsic and extrinsic signaling pathways. The extrinsic pathway is
triggered when extracellular ligands bind to cell death receptors on the cell’s outer
membrane [37]. The intrinsic pathway is activated in response to cellular stress to trigger
mitochondrial outer membrane permeabilization (MOMP) and the release of pro-apoptotic
factors which subsequently activate caspases and induce apoptosis [38]. This process
is tightly regulated by the ratio of pro-apoptotic and anti-apoptotic proteins, which
sit on the mitochondrial membrane and set the threshold for apoptosis. BCL-2 is an
anti-apoptotic protein that is often overexpressed in AML and inhibits MOMP [39]. As
leukemic cells accumulate mutations and become genomically more unstable, they are
pushed toward apoptosis through mitochondrial priming [40]. The cells that are able to
upregulate BCL-2 avoid apoptosis by restraining pro-apoptotic effector proteins, such
as BAX and BAK [37]. Recognition of this dependency led to the development of BCL-2
inhibitors, such as venetoclax, which was approved in 2020 for treatment of AML. Despite
this advancement, the presence of other anti-apoptotic proteins may allow leukemic cells
to gain adaptive resistance to BCL-2 inhibitors by selecting for populations that depend
on other proteins such as MCL-1 or BCL-XL [41]. Consequences of leukemic evolution
are gaining recognition, including acquired resistance to venetoclax through selection for
monocytic differentiation, increased dependence on alternative anti-apoptotic proteins
such as MCL-1 and BCL-XL, and activation of RAS/MAPK pathways.

2.6. Oncogene Addiction

Cancer cells accumulate many different genetic mutations that contribute to their
survival, but some exhibit intense dependence on a single mutation. The term “oncogene
addiction” describes this phenomenon and was first introduced in the early 2000s [42]. In
AML, the prototypic example is an activating FLT3 mutation which occur in approximately
30% of AML cases [43]. FLT3 is a transmembrane receptor tyrosine kinase expressed by
HSCs. When a FLT3 ligand binds to the receptor, multiple proliferative signaling pathways
are activated [44]. There are two forms of FLT3 mutations: internal tandem duplication
(ITD) and tyrosine kinase domain (TKD). FLT3-ITD mutations occur most commonly at the
juxtamembrane domain where a segment of DNA is duplicated and inserted in tandem,
causing constitutive activation [45]. FLT3-TKD is less common and typically results from a
point mutation in the kinase domain, changing the conformation and keeping the protein
active [46]. The clinical activity of FLT3 inhibitors in relapsed or refractory FLT3-mutated
AML provides strong evidence that these phenotypes are dependent on constitutive FLT3
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signaling for survival [47,48]. The sensitivity of FLT3-mutant AML to FLT3 inhibitors
suggests a state of relative oncogenic addiction to this mutation and provides the biologic
rationale for the development of FLT3-targeted therapies.

3. Development of Targeted Therapies Based on Principles of
Molecular Oncology
3.1. Targeting Aberrant Signaling

Midostaurin is a first-generation, type I multi-kinase inhibitor that binds FLT3 and
prevents receptor autophosphorylation, thereby disrupting downstream signaling and
inhibiting cell proliferation. It has been shown to induce apoptosis in leukemic cells
expressing both FLT3-ITD and FLT3-TKD mutations [31–33] (Table 1). In addition to FLT3,
midostaurin inhibits KIT, PDGFR-α/β, VEGFR2, and protein kinase C, resulting in broader
kinase activity and potential off-target toxicities.

Table 1. Summary of the 14 Contemporary FDA-Approved Agents in AML as of July 2026.

Mechanism Clinical Trial
Endpoints

Regulatory
Approval/Indication

Approval
Year and
Setting

Adverse Effects Reference

Midostaurin

Type 1 FLT3
inhibitor; also
inhibits KIT,

VEGFR2, and
PDGFR

Improved mOS
in combination

with 7+3 vs.
7+3 alone
(74.7 vs.

25.6 months;
HR = 0.78)

Newly diagnosed AML with
FLT3 mutation: 50 mg PO
twice daily on days 8–21

during induction and
consolidation

2017;
Frontline fit

Nausea; increased
ALT, hypocalcemia,

mucositis
[34] [CALGB

10603/RATIFY]

Gilteritinib Type 1 FLT3
inhibitor

Improved mOS
compared with
chemotherapy

(9.3 vs.
5.6 months),

CR rate 21.1%,
CR/CRh

rate 34.0%

Relapsed/refractory AML
with FLT3 mutation: 120 mg

PO daily
2018; R/R

Diarrhea,
transaminase

elevation, PRES,
pancreatitis, QT

interval
prolongation

[35] [ADMIRAL]

Quizartinib Type 2 FLT3
inhibitor

Improved
mOS in

combination
with 7+3 vs.

7+3 with
placebo
(31.9 vs.

15.1 months)

Newly diagnosed
FLT3-ITD-positive AML:

35.4 mg PO daily on days 8–21
during induction or days 6–19
of HiDAC consolidation, and

26.5 mg PO daily on days 1–14
and 53 mg PO daily thereafter

2023;
Frontline fit

QT interval
prolongation;

torsades de pointes

[38]
[QuANTUM-First]

Enasidenib Mutant IDH2
inhibitor

ORR 40%, CR
rate 19%, mOS

9.3 months,
median

duration of
response

5.8 months

Relapsed/refractory AML
with IDH2 mutation: 100 mg

PO daily
2017; R/R

Hyperleukocytosis,
differentiation

syndrome, indirect
hyperbilirubinemia

[49]

Ivosidenib Mutant IDH1
inhibitor

ORR 41%,
CR/CRi rate
30%, CR rate

21%

Relapsed/refractory AML
with IDH1 mutation: 500 mg

PO daily

2018;
Frontline

unfit, R/R

Hyperleukocytosis,
differentiation
syndrome, QT

interval
prolongation

[50]

Olutasidenib Mutant IDH1
inhibitor

ORR 48%, CR
rate 35%, mOS

11.6 months

Relapsed/refractory AML
with IDH1 mutation: 150 mg

PO BID
2022; R/R

Differentiation
syndrome,

transaminase
elevations

[51]

Revumenib Menin
inhibitor

CR + CRh
22.8%, ORR

63.2%

Relapsed/refractory acute
leukemia with KMT2A

rearrangement or
relapsed/refractory AML with

NPM1 mutation: PO twice
daily; dosing varies based on
body weight and concomitant

CYP3A4 inhibitor use

2024; R/R

Differentiation
syndrome, QT

interval
prolongation

[52]
[AUGMENT-101]
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Table 1. Cont.

Mechanism Clinical Trial
Endpoints

Regulatory
Approval/Indication

Approval
Year and
Setting

Adverse Effects Reference

Ziftomenib Menin
inhibitor

CR + CRh
22%, ORR
33%, mOS
6.6 months

Relapsed/refractory AML with
NPM1 mutation: 600 mg

PO daily
2025; R/R Differentiation

syndrome [53] [KOMET-001]

CPX-351

Liposomal
cytarabine/

daunorubicin;
DNA

damaging
agent

Improved
mOS

compared to
7+3 (9.5 vs.
5.9 months)

Newly diagnosed t-AML and
AML-MRC: fixed dose of

100 mg/m2 and 44 mg/m2 IV
on days 1, 3, and 5 during

cycle 1 of induction and days
1 and 3 during cycle 2 of
induction; fixed dose of

65 mg/m2 and 29 mg/m2 IV
on days 1 and 3 of

consolidation

2017;
Frontline fit
(secondary

AML)

Neutropenic fever,
hemorrhage,

systolic dysfunction
[54]

Gemtuzumab
ozogamicin

(GO)

Anti-CD33
antibody

conjugated to
calicheamicin;
causes DNA

strand scission
upon

internalization

Improved
two-year
event-free
survival
(40.8 vs.
17.1%)

and OS (53.2%
vs.

41.9%) with
addition of GO

Newly diagnosed CD33+
AML: 3 mg/m2 IV on days 1,
4, and 7 in combination with

7+3 chemotherapy;
monotherapy: 6 mg/m2 IV on
day 1 and 3 mg/m2 on day 8;

relapsed/refractory AML:
3 mg/m2 IV on days 1, 4,

and 7

2017;
Frontline fit,

R/R,
maintenance

Sinusoidal
obstruction
syndrome,
prolonged

thrombocytopenia

[55] [ALFA-0701]

Venetoclax BH3 mimetic;
BCL2 inhibitor

CR rate 36.7%
for 400 mg

dose, CR/CRi
rate 66.4%,
Improved
mOS with
venetoclax-

azacitidine vs.
azacitidine

(14.7 vs.
9.6 months)

Newly diagnosed AML in
combination with azacitidine

or decitabine or LDAC for
adults ≥ 75 years or who have

comorbidities that preclude
the use of intensive induction

chemotherapy: 400 mg PO
daily after ramp-up schedule

2018;
Frontline

unfit

Diarrhea,
hypokalemia,
tumor lysis
syndrome

[56] [VIALE-A]

Glasdegib SMO/Hedgehog
inhibitor

Improved
mOS (8.3 vs.
4.3 months)
and CR rate
(19.2% vs.
2.6%) with

glasdegib and
LDAC vs.

LDAC alone

Newly diagnosed AML in
combination with LDAC for

adults ≥ 75 years or who have
comorbidities that preclude
use of intensive induction

therapy: 100 mg PO daily on
days 1–28 of each 28-day cycle

2018;
Unfit, R/R Alopecia, dysgeusia [42] [BRIGHT

AML 1003]

Oral
azacitidine HMA

mOS
24.7 months,

median
relapse-free

survival
10.2 months

Maintenance therapy for
adults with AML in first

CR/CRi following intensive
induction chemotherapy who

are not candidates for
intensive curative therapy

2020;
Maintenance Vomiting, diarrhea [57] [QUAZAR

AML-001]

Oral
decitabine/

cedazuridine
HMA

CR 47%, CR +
CRh 63%,

mOS
15.5 months

Newly diagnosed AML in
adults ≥ 75 years or who have

comorbidities that preclude
the use of intensive induction

chemotherapy: 35 mg
decitabine/100 mg

cedazuridine PO daily on
days 1–5 with venetoclax

2026:
Frontline

unfit
Vomiting, diarrhea [58]

[ASCERTAIN-V]

Abbreviations: ALT, alanine transaminase; BCL2, B cell lymphoma 2; CALGB, Cancer and Leukemia Group B; CR,
complete remission; CRh, complete remission with partial hematologic recovery; CRi, complete remission with
incomplete count recovery; FLT3, FMS-like tyrosine kinase 3; IDH, isocitrate dehydrogenase; LDAC, low-dose
araC; ORR, overall response rate; mOS, median overall survival; PRES, posterior reversible encephalopathy
syndrome; R/R, relapsed, refractory; t-AML, therapy-related AML.

The pivotal phase III RATIFY trial demonstrated that the addition of midostaurin
to standard intensive chemotherapy in newly diagnosed FLT3-mutated AML (including
both ITD and TKD mutations) significantly improved overall survival and event-free
survival. Among patients aged 18 to 60 years, the addition of midostaurin reduced the
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risk of death by 22% (hazard ratio for death 0.78; one-sided p = 0.009) and increased
5-year overall survival, although transplant and censoring likely influenced interpretation
of median overall survival difference [34]. Ultimately, this trial led to FDA approval of
midostaurin for patients with newly diagnosed FLT3-mutated AML.

Gilteritinib is a second-generation, type I FLT3 inhibitor with greater selectivity
and potency against the active conformation of FLT3. It induces apoptosis in leukemic
cells harboring both FLT3-ITD and FLT3-TKD mutations [33]. Gilteritinib received
FDA approval for relapsed or refractory FLT3-mutated AML based on the results of
the phase III ADMIRAL trial. In this study, gilteritinib significantly improved overall
survival compared with salvage chemotherapy (median overall survival, 9.3 months
vs. 5.6 months). Gilteritinib also produced higher rates of complete remission and complete
remission with partial hematologic recovery compared with salvage chemotherapy
(34.0% vs. 15.3%) [35]. In 2024, a phase I/II study evaluating gilteritinib in newly
diagnosed FLT3-mutated AML patients who were unfit for intensive chemotherapy
reported a complete remission rate of 96%, suggesting the potential for expansion of
its therapeutic indications [36]. However, although early-phase studies showed promising
activity for newly diagnosed FLT3-mutant AML, preliminary data from the phase III
HOVON trial reported that gilteritinib did not improve overall survival compared with
midostaurin-based therapy. Therefore, midostaurin remains the standard FLT3 inhibitor in
combination with chemotherapy in the frontline setting, while gilteritinib continues to be
standard of care for relapsed or refractory FLT3-mutant AML.

Quizartinib is a second-generation, highly selective type II FLT3 inhibitor that binds
the inactive conformation of the FLT3 kinase domain, suppressing downstream signaling
pathways involved in cell proliferation and survival [37]. Although highly potent against
FLT3-ITD mutations, quizartinib has limited activity against FLT3-TKD mutations because
these alterations favor the active kinase conformation [33]. The phase III QuANTUM-First trial
demonstrated improved overall survival in patients with newly diagnosed FLT3-ITD-positive
AML when quizartinib was added to standard induction chemotherapy. Median overall
survival was 31.9 months in the quizartinib group compared with 15.1 months in the
placebo group, leading to FDA approval of quizartinib in combination with induction
and consolidation chemotherapy for newly diagnosed FLT3-ITD-positive AML [38].

Several additional studies have investigated the role of quizartinib in AML. The phase
III QuANTUM-R trial compared single-agent quizartinib with salvage chemotherapy in
relapsed or refractory FLT3-ITD-positive AML. Quizartinib improved overall survival
compared with chemotherapy, with a median overall survival of 6.2 months versus
4.7 months, respectively [39]. More recently, the phase II QUIWI study evaluated
quizartinib in patients with newly diagnosed FLT3-ITD-negative AML with a very low
allelic ratio (<0.03). Quizartinib treatment was associated with improved overall survival
(60.8% vs. 45.7% at 3 years) and prolonged event-free survival (20.4 vs. 9.9 months;
p = 0.046) [40]. These findings have led to the ongoing phase III QuANTUM-Wild trial,
which aims to confirm the benefits of quizartinib in this patient population.

While FLT3 inhibitors target an oncogenic driver mutation, other therapeutic strategies
have focused on signaling pathways that support leukemic stem cell survival and
proliferation. One such pathway is the Hedgehog signaling pathway, which works through
the transmembrane protein Smoothened (SMO) to ultimately induce expression of genes
involved in self-renewal and stem cell maintenance [41]. Leukemic stem cells are often more
resistant to chemotherapy than blast cells and rely on the Hedgehog pathway to persist,
later contributing to disease relapse. Glasdegib is an oral selective SMO inhibitor that
was developed to target these quiescent cells. When combined with low-dose cytarabine,
glasdegib was shown in a phase II trial to improve overall survival as well as rate of
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complete remission in patients with AML or high-risk MDS who were unfit for intensive
chemotherapy [42]. However, the follow-up phase III BRIGHT AML 1019 trial did not
find a survival benefit with the addition of glasdegib to intensive or non-intensive
chemotherapy [43]. While glasdegib is approved in combination with low-dose cytarabine
in those unfit for intensive chemotherapy, its use is limited given the negative findings in
BRIGHT AML 1019 and the widespread adoption of azacitidine and venetoclax.

3.2. Overcoming Differentiation Blockade

Normal HSC differentiation is a highly organized and sequential process. HSCs must
balance self-renewal with differentiation into myeloid and lymphoid progenitors. In AML,
many mutations can alter this process and create immature clonal populations. Several
therapies are available that release leukemic cells to follow their normal differentiation
rather than killing the immature cells.

Acute promyelocytic leukemia (APL) is a subtype of AML which is characterized
by the PML-RARA fusion protein [44]. This protein, created by the reciprocal t(15;17)
translocation, leads to differentiation blockade at the promyelocytic stage. In normal
cells, the RARA protein acts as a nuclear transcription factor that controls myeloid
differentiation. The PML protein acts as a tumor suppressor by maintaining PML
nuclear bodies, which mediate interactions between products of cellular stress, including
p53. When these proteins are fused together, they create a gain-of-function oncogene that
actively represses differentiation genes. The RARA protein is no longer able to facilitate
differentiation and the PML protein cannot mediate apoptosis.

Since its introduction as differentiation therapy for APL in 1988, all-trans retinoic acid
(ATRA) has remained the cornerstone of treatment [45]. ATRA binds to the PML-RARA fusion
protein and causes it to dissociate from corepressor complexes to reactivate differentiation
genes, thereby restoring genes required for granulocyte differentiation [46]. Tallman
et al. showed superior rates of disease-free and overall survival with the incorporation
of ATRA into induction and maintenance therapy compared with a chemotherapy-based
approach [47]. Modern APL treatment was established by the landmark study by Lo-Coco
et al., who showed significantly improved two-year event-free survival rates of 97% with the
addition of arsenic trioxide to ATRA compared to 86% for those who received ATRA and
chemotherapy [48]. The addition of arsenic also improved the probability of 2-year overall
survival from 91% to 99%, while reducing hematologic and infectious complications. More
recently, the phase III APOLLO trial showed improved rates of event-free survival,
molecular relapse after complete remission, and fewer adverse events with ATRA-ATO
when compared with ATRA with anthracycline-based chemotherapy in high-risk APL [59].

The most important complication of ATRA and arsenic is differentiation syndrome
(DS), which is characterized by fever, respiratory distress, edema, hypotension, among
other life-threatening conditions [60]. It originates from differentiation-driven pulmonary
cytokine production and recruitment and adhesion of inflammatory cells causing endothelial
activation and capillary leak [61,62]. Many centers incorporate preventative approaches
with corticosteroids, especially in patients with high leukocyte levels (>5–10 × 109/L) [63].
Treatment of overt DS is with corticosteroids and supportive care.

Although APL remains the prototypic example of differentiation targeted therapies,
differentiation blockade is not unique to APL. Similar principles have guided targeted
treatments in IDH1/2-mutated AML. Mutations in IDH1 and IDH2 are common and occur
in ~20% of patients with AML [64]. These gain-of-function mutations affect the Krebs
cycle and cause the abnormal reduction of alpha-ketoglutarate to 2-hydroxyglutarate
(2-HG). The production of 2-HG inhibits de-methylation enzymes such as TET, leading to a
hypermethylated state and repression of differentiation programs.
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Several IDH1/2 mutation-directed therapies have been developed to release this
differentiation blockade. Enasidenib is a selective inhibitor of mutant IDH2 and was the
first IDH2-targeted treatment developed. Stein et al. demonstrated that enasidenib lowered
in vivo plasma 2-HG and promoted myeloid differentiation [49]. Treatment with enasidenib
also led to DS in approximately 10% of patients. Soon after, DiNardo et al. showed similar
findings of durable differentiation-based clinical responses for the mutant IDH1 inhibitor
ivosidenib [50]. The phase III AGILE trial evaluated the addition of ivosidenib to azacitidine
for patients with IDH1-mutated AML who were ineligible for induction chemotherapy. They
found that the addition of ivosidenib significantly improved complete response rates,
event-free survival, and overall survival. These findings established mutant IDH1 inhibition
as a frontline therapeutic strategy and demonstrated that reversal of the differentiation
blockade could translate to meaningful survival benefits. Further evidence was provided
by olutasidenib, another highly selective IDH1 inhibitor, which demonstrated efficacy
in the relapsed/refractory population and among those who had previously received
ivosidenib [51].

3.3. Targeting Epigenetic Dysregulation

Mutations involving epigenetic dysregulation are some of the earliest mutations in
clonal hematopoiesis of indeterminate potential (CHIP) and MDS and are recognized as
hallmarks of AML. They create a molecular environment primed for self-renewal and
clonal expansion. Hypomethylating agents (HMA) were developed to broadly target the
epigenetic programming to return to a normal state of differentiation. The first HMA was
azacitidine, which is a cytidine nucleoside analog that incorporates into RNA and DNA
to form irreversible bonds with DNA methyltransferases. This results in degradation of
DNMT and remodeling of abnormal transcriptional programs to promote differentiation
and, importantly, to sensitize cells to other therapies [65].

Azacitidine was initially studied in MDS, where it showed great promise in increasing
overall survival. In the phase III trial by Fenaux et al., one-third of their study population
was later considered to have had AML, which led the authors to investigate azacitidine
in elderly patients with AML. Up to that point, treatment options for older patients or
those unfit for intensive chemotherapy were limited, which posed a difficult problem as the
average age at diagnosis is 69 years old. The authors found that azacitidine significantly
increased median overall survival as well as 2-year overall survival rates. This represented
a treatment paradigm shift, as older and unfit patients were now eligible for relatively
effective cancer-directed therapy. Decitabine is another HMA that showed similarly
meaningful response rates and acceptable tolerability in elderly AML populations. Despite
these advancements, outcomes with HMA monotherapy remained modest. In 2020, the
AML treatment landscape changed when VIALE-A demonstrated high remission rates and
meaningful survival improvements with the combination of azacitidine and venetoclax
compared with azacitidine and placebo in newly diagnosed patients with AML ineligible
for intensive chemotherapy. This trial changed the treatment approach by introducing
azacitidine as the backbone of therapy, paving the way for its combination with many other
targeted therapies. A recent phase 2b trial evaluated the fixed-dose all-oral combination
of decitabine-cedazuridine plus venetoclax for patients with newly diagnosed AML who
were unfit for intensive chemotherapy. The decitabine-cedazuridine combination achieves
systemic decitabine exposure comparable to intravenous administration, and the regimen
produced CR rates of 47%, CR/CRi rates of 63%, and a mOS of 15.5 months [58]. An
all-oral regimen has the potential to significantly improve patient quality of life and
caregiver burden.
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One such combination includes menin inhibitors, which constitute the most modern
targeted therapies. Menin is encoded by the gene MEN1 and functions as a chromatin-
associated scaffold protein involved in transcriptional regulation. In AML pathogenesis,
menin facilitates the interaction between mutated KMT2A fusion proteins and chromatin.
The result is constitutive activation of the oncogenes, HOXA9 and MEIS1 [66]. Menin also
plays a crucial role in NPM1-mutated AML, where the abnormal NPM1 protein utilizes
the normal KMT2A-menin complex to sustain HOXA9/MEIS1 expression [67]. NPM1
is the most common mutation in AML, present in up to 30% of cases [68]. The
KMT2A-menin interaction is essential for maintaining the leukemogenic transcriptional
program in both KMT2A-rearranged and NPM1-mutated AML, facilitating the self-renewal
of undifferentiated leukemic stem cells. Pharmacologic disruption of this interaction
suppresses this transcriptional program and promotes myeloid differentiation and leukemic
cell death. Revumenib was the first-in-class oral inhibitor of the menin-KMT2A interaction
and was shown to have high remission rates in relapsed and refractory KMT2A-rearranged
and NPM1-mutated AML [52]. Ziftomenib also showed similar clinical benefits in
heavily pretreated relapsed and refractory NPM1-mutated AML [53]. Collectively, these
studies established menin inhibitors as a novel therapeutic strategy that exploits shared
epigenetic and transcriptional dependencies in KMT2A-rearranged and NPM1-mutated
AML. Revumenib has FDA approvals in relapsed/refractory AML with susceptible NPM1
or KMT2A aberrations. Ziftomenib is approved for adults with relapsed/refractory AML
with susceptible NPM1 mutations.

3.4. Counteracting Anti-Apoptotic Mechanisms

AML cells are highly dependent on anti-apoptotic mechanisms. Measuring mitochondrial
apoptotic sensitivity using BH3 profiling, Vo et al. showed that degree of mitochondrial
priming correlated with treatment response, introducing BCL-2 inhibition as a potential
novel therapeutic class [69]. Two years later, the BCL-2 inhibitor ABT-199 (now venetoclax),
showed efficacy in mitochondrial targeting and cell death, prompting further clinical
testing [70]. When utilized for unfit patients or those with relapsed/refractory disease,
venetoclax monotherapy demonstrated a modest response rate and acceptable toxicity [71].
Given its limited efficacy alone, venetoclax was combined with other therapies, in hopes
of producing a synergistic effect. Azacitidine had become a commonly used backbone
for combinations given its efficacy and tolerability. The biologic rationale was that
altering the epigenetic environment increased mitochondrial priming and dependence on
BCL-2-mediated survival, thereby sensitizing cells to venetoclax-induced apoptosis. Then,
when venetoclax inhibits the anti-apoptotic function of BCL2, these mitochondrially primed
cells are able to undergo apoptosis. The VIALE-A trial established the combination of
azacitidine and venetoclax as the preferred standard-of-care for newly diagnosed AML
patients who were elderly or otherwise unfit for intensive chemotherapy [56]. Despite its
transformative impact on AML treatment, primary and acquired resistance to venetoclax
remains a significant challenge and is frequently driven by cellular adaptation and reliance
on alternative anti-apoptotic pathways. Efforts to overcome these escape mechanisms are
ongoing and include novel combination strategies and triplet regimens.

3.5. Targeting Cell Surface Antigens

CD33 is a transmembrane glycoprotein expressed on the surface of myeloid progenitors
and mature cells of the myeloid lineage. CD33 is downregulated as myeloid cells mature and
is largely absent from HSCs and nonhematopoietic cells and thus serves as an attractive
therapeutic target in AML. Most (90%) of patients with AML are CD33-positive and
efforts to target this receptor resulted in the development of gemtuzumab ozogamicin, an
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antibody-drug conjugate consisting of an anti-CD33 monoclonal antibody linked to the
cytotoxic agent calicheamicin [72]. In early trials, gemtuzumab ozogamicin monotherapy
demonstrated a relatively favorable safety profile [73]. Despite initially promising results,
interim analysis from the SWOG S0106 study that evaluated the addition of gemtuzumab
ozogamicin to induction or maintenance therapy did not show an improvement in rates of
remission and showed an increase in serious induction toxicity, such as hepatic sinusoidal
obstruction syndrome (SOS), leading to the temporary withdrawal of the agent from the
market [74]. The ALFA-0701 study shortly after revealed that using fractionated lower doses
of gemtuzumab ozogamicin allowed for safer and higher cumulative dose delivery and
significantly improved outcomes when added to standard induction treatment [55]. Further
identification of the optimal patient population was established through a meta-analysis
which found that survival benefits were most pronounced in the favorable and intermediate
risk category [75]. Currently, gemtuzumab ozogamicin is approved for use in newly
diagnosed CD33-positive AML in combination with standard induction chemotherapy, as
monotherapy in those unfit for intensive chemotherapy, in relapsed or refractory disease,
and as continuation therapy.

3.6. Exploiting Synthetic Lethality

Synthetic lethality describes the interaction between two genes whereby when one
gene is mutated, the cell is able to survive, but when both genes are dysfunctional, the
cell dies [76]. The cell depends on the non-mutated gene to accomplish functions essential
to cell survival to compensate for the mutated gene. This vulnerability was first targeted
in human cancers in 2005 when it was shown that BRCA1/2-mutant cells were highly
dependent on normal PARP1 activity. BRCA proteins are essential tumor suppressors that
repair DNA double-stranded breaks by homologous recombination. PARP1 proteins also
work to repair DNA damage, although through repair of single-strand breaks. Two studies
in 2005 showed that BRCA1/2-deficient cell lines were highly dependent on PARP1 activity
and the inhibition of PARP1 led to cell cycle arrest and apoptosis [77,78]. Importantly,
synthetic lethality represents a potentially tumor-specific therapy, as normal cells with
two functional proteins would be spared from cell death. The introduction of large-scale
next-generation sequencing has expedited and simplified the process of identifying genetic
interactions. As AML cells accumulate mutations, they become increasingly dependent
on alternative pathways, creating new vulnerabilities. The loss of one component of the
cellular machinery shifts that role to a backup mechanism. Unlike oncogene addiction,
which exploits dependence on a gain-of-function mutation, synthetic lethality arises from
dependencies created from a loss-of-function event.

Synthetic lethality has emerged as a promising new therapeutic strategy in AML,
although no such treatments have yet received regulatory approval. Mutant IDH1 and
IDH2 produce 2-HG, which leads to decreased DNA double-stranded break repair through
decreased ATM function [79]. As a result, leukemic cells become increasingly reliant on
PARP-dependent DNA repair pathways for survival. AML cells with IDH mutations were
sensitive to the PARP inhibitors, olaparib and talazoparib, in preclinical trials [79,80].
Ongoing clinical trials, including the PRIME trial, are testing the effectiveness of olaparib in
IDH1/2-mutant relapsed and refractory AML and MDS [81]. Another approach involved the
use of BCL-2 inhibitors in IDH1/2-mutant AML [82]. TP53-mutant AML is particularly well
suited to synthetic lethality therapeutic approaches. In the setting of TP53 mutation, the
leukemic cells increasingly accumulate genomic instability and replication stress. These cells
heavily rely on compensatory DNA damage response and cell-cycle checkpoint pathways
to maintain viability. Therapeutic inhibition of these backup pathways is an attractive
mechanism through which to selectively induce leukemic cell death in this ultra high-risk
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AML subtype. A very recent study showed the value of decitabine plus ATR inhibition
(as a synthetic lethal pair) in TP53-mutant AML [83]. Another recently discovered hit is
ADAR1 in TP53-mutant AML, as ADAR1 loss appears to result in exquisite sensitivity in
the setting of dysfunctional TP53 status [84]. Other synthetic lethality- approaches in AML
include the use of WEE1 inhibition with adavosertib in TP53-deficient AML [85]. In these
cells, TP53 mutation leads to loss of the G1 checkpoint and reliance on WEE1-mediated
G2 arrest. Inhibiting WEE1 leads to mitotic catastrophe and cell death. Collectively, these
approaches represent the potential of synthetic lethality to expand the repertoire of targeted
therapies in AML.

4. Conclusions and Future Outlook
4.1. Single-Cell Genomics Toward Resolving Clonal Architecture in AML

The introduction of next-generation sequencing (NGS) testing in AML has led to the
ability to more precisely risk-assess patients and has also led to the ability to carefully select
targeted therapeutics when appropriate. However, the major downside to conventional
NGS technologies for AML appraisal is that the assay is often performed in bulk on
bone marrow specimens and does not have the ability to resolve the clonal architecture
on a cell-by-cell basis. This limitation of bulk sequencing has important implications
in AML prognostication and management, as AML is a highly heterogeneous disease
defined by baseline mutations and susceptible to on-treatment clonal evolution within a
given patient. The lack of the ability to perform single-cell sequencing prevents a clinician
from understanding the plasticity of AML, which may change during each patient’s
treatment journey. Single-cell assays may be promising research tools rather than tools
in near-term routine clinical practice, given cost, turnaround time, standardization, and
reimbursement barriers.

Future research would benefit from exploring these aspects of single-cell genomics,
which have significant implications in the future of AML diagnosis, prognostication, and
treatment [86]. Characterization of individual cells is especially important for patients with
suspected biallelic TP53 mutation, as even a very small burden of biallelic TP53-mutant
cells may result in eventual relapse or contribute to refractory disease. Single-cell DNA
sequencing would be able to assess for biallelic mutations (and determine the allelic
state for particular gene mutations), and single-cell RNA sequencing would help assess
the functional genome through appraisal of transcripts. Single-cell genomics may be
particularly useful for MRD assessment, as MRD is a major predictor of clinical outcomes
and eventual disease relapse [87]. Scalability is currently a barrier, as the cost for
performing and standardizing single-cell sequencing can be prohibitive in resource-limited
medical centers.

4.2. Multi-Omics Toward Strategic Target Validation in AML

Contemporary assessments for AML typically involve cytogenetic analyses (for gross
structural abnormalities) and gene mutational analyses. Future prospects in AML disease
assessment extend beyond basic genomics; such assessments may include appraisal of
the epigenome, transcriptome, proteome, cell surfaceome, and the recombinome in select
patients. The integration of these techniques may help with precision prognostication and
possibly therapeutics in the future. Multi-omics can shed insight into disease behavior and
functional implications of genomic aberrations, as it can provide a 3-dimensional snapshot
of the key functionalities of the cell [88]. Multi-omics may assist with discerning between
causation and correlation, which is important in the field of AML as many recurrent
mutations are often passenger mutations rather than driver mutations. Multi-omics might
also assist with discerning between pre-leukemic clonal hematopoiesis, which is often
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harmless in the correct clinical context, and pathogenic hematopoiesis. In 10–20% of patients
with AML, the clinical ontogeny is related to prior therapy exposure (therapy-related), and
multi-omics might be able to determine the true ontogeny with regard to genotoxic stress
imparted by the prior exposure [89]. It may also assist in clonal dynamic modeling for
better ascertainment of the disease [90].

Within the realm of multi-omics for AML lies optical genome mapping, which is
an emerging technique that is being studied to bypass the limitations of conventional
cytogenetics. Optical genome mapping can provide high-resolution assessment of cryptic
structural variants or copy-number variations and might relay information about other
cellular processes [91–93]. This might have the most benefit in AML subtypes driven by
rare genomic abnormalities or in AML subtypes characterized by significant structural
changes such as TP53-mutant AML. Optical genomic mapping has the ability to detect
chromoanagenesis and changes in DNA ploidy, which has clinical implications for
responsiveness versus refractoriness to chemotherapy. In a multi-center study of optical
genomic mapping for 100 patients with AML, it was found that this technique was able to
identify important information in 13% of cases that had not been detected by conventional
cytogenetics [91]. In some cases, cryptic translocations can be uncovered with optical
genomic mapping in a seemingly normal bone marrow aspirate. The diagnostic utility of
optical genomic mapping may improve in the future as additional data accrues. However,
the technique still requires validation, viable sample/input DNA quality, workflow
integration, and correlation with conventional cytogenetics and NGS.

It is also important to recognize limitations associated with precision targeting
through multi-omics in AML. Although there are numerous benefits to multi-omics
approaches toward precision targeting in AML, enthusiasm may need to be tempered
because multi-omics faces the challenges of unknown data integrity, gaps in integration
of data sources, high operational costs, and lack of clinical validation in AML. As for data
integrity and integration gaps, the sources of raw data in AML multi-omics might not
be uniform across platforms, and heterogeneous data sets can introduce some scientific
error. Examples may include diverse detection limits for molecular signals (such as MRD
monitoring) and diverse methods for measurement of mutations in AML. Furthermore,
the biologically meaningful results might be shadowed by background noise in the
setting of highly complex data on AML epigenetics, genomics, transcriptomics, and
proteomics [94]. This is especially true for massive datasets in which a number of data
points may interfere with relevant conclusions. Operational costs are likely to be high given
the sophistication in methodologies required for comprehensive appraisal of leukemia
cells, and the high cost would subsequently pose issues with accessibility in community
oncology practices or in non-specialized treatment centers. Finally, since multi-omics is still
within the investigational phase, the field lacks clinical validation in patient datasets, so
additional work remains to be done in pilot cohorts, followed by larger registries [95].

Perhaps the most important role for AML multi-omics lies within biomarker discovery
toward development of novel therapies, or at least selection of existing therapies in
the ideal clinical context. Multi-omics may provide information about molecular target
validation, typically including targets on the cell surface as well as intracellular targets,
on a patient-by-patient basis. For patients with medically complex subtypes of AML,
multi-omics might also pave the way for precision selection of therapeutics against the
most dominant clone at a given timepoint during the patient’s journey. The application of
multi-omics across human disease can pay major dividends in the coming years, especially
for diseases characterized by high biological diversity such as AML.

https://doi.org/10.3390/cancers18142329

https://doi.org/10.3390/cancers18142329


Cancers 2026, 18, 2329 15 of 19

Author Contributions: Conceptualization, R.Y. and S.A.P.; writing—original draft preparation, R.Y.,
M.M. and S.A.P.; writing—review and editing, R.Y., M.M., D.C., T.B. and S.A.P.; visualization, S.A.P.;
supervision, S.A.P. All authors have read and agreed to the published version of the manuscript.

Funding: TB received research funding from Takeda and Amgen; Honoraria from Amgen, Takeda,
Ascentage, Syndax.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: SAP served on Advisory Boards for Bristol Myers Squibb, Syndax, Taiho, and
Geron and received travel support for the 2024 Aplastic Anemia and MDS International Foundation
(AAMDSIF) conference.

References
1. Nichols, C.A.; Gibson, W.J.; Brown, M.S.; Kosmicki, J.A.; Busanovich, J.P.; Wei, H.; Urbanski, L.M.; Curimjee, N.; Berger, A.C.;

Gao, G.F.; et al. Loss of heterozygosity of essential genes represents a widespread class of potential cancer vulnerabilities. Nat.
Commun. 2020, 11, 2517. [CrossRef] [PubMed]

2. Kandoth, C.; McLellan, M.D.; Vandin, F.; Ye, K.; Niu, B.; Lu, C.; Xie, M.; Zhang, Q.; McMichael, J.F.; Wyczalkowski, M.A.; et al.
Mutational landscape and significance across 12 major cancer types. Nature 2013, 502, 333–339. [CrossRef] [PubMed]

3. Stengel, A.; Kern, W.; Haferlach, T.; Meggendorfer, M.; Fasan, A.; Haferlach, C. The impact of TP53 mutations and TP53 deletions
on survival varies between AML, ALL, MDS and CLL: An analysis of 3307 cases. Leukemia 2017, 31, 705–711. [CrossRef] [PubMed]

4. Shahzad, M.; Amin, M.K.; Daver, N.G.; Shah, M.V.; Hiwase, D.; Arber, D.A.; Kharfan-Dabaja, M.A.; Badar, T. What have we
learned about TP53-mutated acute myeloid leukemia? Blood Cancer J. 2024, 14, 202. [CrossRef] [PubMed]

5. Kastenhuber, E.R.; Lowe, S.W. Putting p53 in Context. Cell 2017, 170, 1062–1078. [CrossRef] [PubMed]
6. Fischer, M. Census and evaluation of p53 target genes. Oncogene 2017, 36, 3943–3956. [CrossRef] [PubMed]
7. Moll, U.M.; Petrenko, O. The MDM2-p53 interaction. Mol. Cancer Res. 2003, 1, 1001–1008. [PubMed]
8. Kruse, J.-P.; Gu, W. Modes of p53 Regulation. Cell 2009, 137, 609–622. [CrossRef] [PubMed]
9. Döhner, H.; Wei, A.H.; Appelbaum, F.R.; Craddock, C.; DiNardo, C.D.; Dombret, H.; Ebert, B.L.; Fenaux, P.; Godley, L.A.;

Hasserjian, R.P.; et al. Diagnosis and management of AML in adults: 2022 recommendations from an international expert panel
on behalf of the ELN. Blood 2022, 140, 1345–1377. [CrossRef] [PubMed]

10. Sallman, D.A.; Stahl, M. TP53-mutated acute myeloid leukemia: How can we improve outcomes? Blood 2025, 145, 2828–2833.
[CrossRef] [PubMed]

11. Badar, T.; Nanaa, A.; Atallah, E.; Shallis, R.M.; Craver, E.C.; Li, Z.; Goldberg, A.D.; Saliba, A.N.; Patel, A.; Bewersdorf, J.P.; et al.
Prognostic impact of ‘multi-hit’ versus ‘single-hit’ TP53 alteration in patients with acute myeloid leukemia: Results from the
Consortium on Myeloid Malignancies and Neoplastic Diseases. Haematologica 2024, 109, 3533–3542. [CrossRef] [PubMed]

12. Negrini, S.; Gorgoulis, V.G.; Halazonetis, T.D. Genomic instability—An evolving hallmark of cancer. Nat. Rev. Mol. Cell Biol. 2010,
11, 220–228. [CrossRef] [PubMed]

13. Sallmyr, A.; Fan, J.; Datta, K.; Kim, K.-T.; Grosu, D.; Shapiro, P.; Small, D.; Rassool, F. Internal tandem duplication of FLT3
(FLT3/ITD) induces increased ROS production, DNA damage, and misrepair: Implications for poor prognosis in AML. Blood
2008, 111, 3173–3182. [CrossRef] [PubMed]

14. Ferguson, L.R.; Chen, H.; Collins, A.R.; Connell, M.; Damia, G.; Dasgupta, S.; Malhotra, M.; Meeker, A.K.; Amedei, A.; Amin, A.;
et al. Genomic instability in human cancer: Molecular insights and opportunities for therapeutic attack and prevention through
diet and nutrition. Semin. Cancer Biol. 2015, 35, S5–S24. [CrossRef] [PubMed]

15. Yao, Y.; Dai, W. Genomic Instability and Cancer. J. Carcinog. Mutagen. 2014, 5, 163. [CrossRef] [PubMed]
16. Stölzel, F.; Mohr, B.; Kramer, M.; Oelschlägel, U.; Bochtler, T.; Berdel, W.E.; Kaufmann, M.; Baldus, C.D.; Schäfer-Eckart, K.;

Stuhlmann, R.; et al. Karyotype complexity and prognosis in acute myeloid leukemia. Blood Cancer J. 2016, 6, e386. [CrossRef]
[PubMed]

17. Mrózek, K.; Eisfeld, A.K.; Kohlschmidt, J.; Carroll, A.J.; Walker, C.J.; Nicolet, D.; Blachly, J.S.; Bill, M.; Papaioannou, D.; Wang, E.S.;
et al. Complex karyotype in de novo acute myeloid leukemia: Typical and atypical subtypes differ molecularly and clinically.
Leukemia 2019, 33, 1620–1634. [CrossRef] [PubMed]

18. Rücker, F.G.; Schlenk, R.F.; Bullinger, L.; Kayser, S.; Teleanu, V.; Kett, H.; Habdank, M.; Kugler, C.-M.; Holzmann, K.; Gaidzik,
V.I.; et al. TP53 alterations in acute myeloid leukemia with complex karyotype correlate with specific copy number alterations,
monosomal karyotype, and dismal outcome. Blood 2012, 119, 2114–2121. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18142329

https://doi.org/10.1038/s41467-020-16399-y
https://www.ncbi.nlm.nih.gov/pubmed/32433464
https://doi.org/10.1038/nature12634
https://www.ncbi.nlm.nih.gov/pubmed/24132290
https://doi.org/10.1038/leu.2016.263
https://www.ncbi.nlm.nih.gov/pubmed/27680515
https://doi.org/10.1038/s41408-024-01186-5
https://www.ncbi.nlm.nih.gov/pubmed/39562552
https://doi.org/10.1016/j.cell.2017.08.028
https://www.ncbi.nlm.nih.gov/pubmed/28886379
https://doi.org/10.1038/onc.2016.502
https://www.ncbi.nlm.nih.gov/pubmed/28288132
https://www.ncbi.nlm.nih.gov/pubmed/14707283
https://doi.org/10.1016/j.cell.2009.04.050
https://www.ncbi.nlm.nih.gov/pubmed/19450511
https://doi.org/10.1182/blood.2022016867
https://www.ncbi.nlm.nih.gov/pubmed/35797463
https://doi.org/10.1182/blood.2024024245
https://www.ncbi.nlm.nih.gov/pubmed/39236289
https://doi.org/10.3324/haematol.2024.285000
https://www.ncbi.nlm.nih.gov/pubmed/38813716
https://doi.org/10.1038/nrm2858
https://www.ncbi.nlm.nih.gov/pubmed/20177397
https://doi.org/10.1182/blood-2007-05-092510
https://www.ncbi.nlm.nih.gov/pubmed/18192505
https://doi.org/10.1016/j.semcancer.2015.03.005
https://www.ncbi.nlm.nih.gov/pubmed/25869442
https://doi.org/10.4172/2157-2518.1000165
https://www.ncbi.nlm.nih.gov/pubmed/25541596
https://doi.org/10.1038/bcj.2015.114
https://www.ncbi.nlm.nih.gov/pubmed/26771812
https://doi.org/10.1038/s41375-019-0390-3
https://www.ncbi.nlm.nih.gov/pubmed/30737482
https://doi.org/10.1182/blood-2011-08-375758
https://www.ncbi.nlm.nih.gov/pubmed/22186996
https://doi.org/10.3390/cancers18142329


Cancers 2026, 18, 2329 16 of 19

19. Fedenko, A.; Czapinska, H.; Krämer, A.; Stölzel, F.; Bochtler, T.; Bochtler, M. Etiology of TP53 mutated complex karyotype acute
myeloid leukemia. Leukemia 2026, 40, 444–448. [CrossRef] [PubMed]

20. Yoshida, S.; Onozawa, M.; Miyashita, N.; Kimura, H.; Takahashi, S.; Yokoyama, S.; Matsukawa, T.; Hirabayashi, S.; Mori, A.;
Kondo, T.; et al. Clinical Features of Complex Karyotype in Newly Diagnosed Acute Myeloid Leukemia. Blood 2022, 140,
3210–3211. [CrossRef]

21. Jaiswal, S.; Fontanillas, P.; Flannick, J.; Manning, A.; Grauman, P.V.; Mar, B.G.; Lindsley, R.C.; Mermel, C.H.; Burtt, N.; Chavez,
A.; et al. Age-related clonal hematopoiesis associated with adverse outcomes. N. Engl. J. Med. 2014, 371, 2488–2498. [CrossRef]
[PubMed]

22. Gozdecka, M.; Dudek, M.; Wen, S.; Gu, M.; Stopforth, R.J.; Rak, J.; Damaskou, A.; Grice, G.L.; McLoughlin, M.A.; Bond, L.;
et al. Mitochondrial metabolism sustains DNMT3A-R882-mutant clonal haematopoiesis. Nature 2025, 642, 431–441. [CrossRef]
[PubMed]

23. Ley, T.J.; Ding, L.; Walter, M.J.; McLellan, M.D.; Lamprecht, T.; Larson, D.E.; Kandoth, C.; Payton, J.E.; Baty, J.; Welch, J.; et al.
DNMT3A Mutations in Acute Myeloid Leukemia. N. Engl. J. Med. 2010, 363, 2424–2433. [CrossRef] [PubMed]

24. Guallar, D.; Bi, X.; Pardavila, J.A.; Huang, X.; Saenz, C.; Shi, X.; Zhou, H.; Faiola, F.; Ding, J.; Haruehanroengra, P.; et al.
RNA-dependent chromatin targeting of TET2 for endogenous retrovirus control in pluripotent stem cells. Nat. Genet. 2018, 50,
443–451. [CrossRef] [PubMed]

25. Gaidzik, V.I.; Paschka, P.; Späth, D.; Habdank, M.; Köhne, C.H.; Germing, U.; von Lilienfeld-Toal, M.; Held, G.; Horst, H.A.;
Haase, D.; et al. TET2 mutations in acute myeloid leukemia (AML): Results from a comprehensive genetic and clinical analysis of
the AML study group. J. Clin. Oncol. 2012, 30, 1350–1357. [CrossRef] [PubMed]

26. Xu, W.; Yang, H.; Liu, Y.; Yang, Y.; Wang, P.; Kim, S.H.; Ito, S.; Yang, C.; Wang, P.; Xiao, M.T.; et al. Oncometabolite
2-hydroxyglutarate is a competitive inhibitor of α-ketoglutarate-dependent dioxygenases. Cancer Cell 2011, 19, 17–30. [CrossRef]
[PubMed]

27. Figueroa, M.E.; Abdel-Wahab, O.; Lu, C.; Ward, P.S.; Patel, J.; Shih, A.; Li, Y.; Bhagwat, N.; Vasanthakumar, A.; Fernandez,
H.F.; et al. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair
hematopoietic differentiation. Cancer Cell 2010, 18, 553–567. [CrossRef] [PubMed]

28. Gao, X.; You, X.; Droin, N.; Banaszak, L.G.; Churpek, J.; Padron, E.; Geissler, K.; Solary, E.; Patnaik, M.M.; Zhang, J. Role of ASXL1
in hematopoiesis and myeloid diseases. Exp. Hematol. 2022, 115, 14–19. [CrossRef] [PubMed]

29. Asada, S.; Goyama, S.; Inoue, D.; Shikata, S.; Takeda, R.; Fukushima, T.; Yonezawa, T.; Fujino, T.; Hayashi, Y.; Kawabata, K.C.; et al.
Mutant ASXL1 cooperates with BAP1 to promote myeloid leukaemogenesis. Nat. Commun. 2018, 9, 2733. [CrossRef] [PubMed]

30. Pratcorona, M.; Abbas, S.; Sanders, M.A.; Koenders, J.E.; Kavelaars, F.G.; Erpelinck-Verschueren, C.A.; Zeilemakers, A.;
Löwenberg, B.; Valk, P.J. Acquired mutations in ASXL1 in acute myeloid leukemia: Prevalence and prognostic value. Haematologica
2012, 97, 388–392. [CrossRef] [PubMed]

31. Tvedt, T.H.; Nepstad, I.; Bruserud, Ø. Antileukemic effects of midostaurin in acute myeloid leukemia—The possible importance
of multikinase inhibition in leukemic as well as nonleukemic stromal cells. Expert Opin. Investig. Drugs 2017, 26, 343–355.
[CrossRef] [PubMed]

32. Shimony, S.; Stahl, M.; Stone, R.M. Acute Myeloid Leukemia: 2025 Update on Diagnosis, Risk-Stratification, and Management.
Am. J. Hematol. 2025, 100, 860–891. [CrossRef] [PubMed]

33. Chen, P.H.; Jhou, H.J.; Lee, C.H. Tyrosine kinase inhibitor maintenance therapy after stem cell transplantation for FLT3-mutated
acute myeloid leukemia. Cochrane Database Syst. Rev. 2025, 4, CD016090. [CrossRef] [PubMed]

34. Stone, R.M.; Mandrekar, S.J.; Sanford, B.L.; Laumann, K.; Geyer, S.; Bloomfield, C.D.; Thiede, C.; Prior, T.W.; Döhner, K.; Marcucci,
G.; et al. Midostaurin plus Chemotherapy for Acute Myeloid Leukemia with a FLT3 Mutation. N. Engl. J. Med. 2017, 377, 454–464.
[CrossRef] [PubMed]

35. Perl, A.E.; Martinelli, G.; Cortes, J.E.; Neubauer, A.; Berman, E.; Paolini, S.; Montesinos, P.; Baer, M.R.; Larson, R.A.; Ustun,
C.; et al. Gilteritinib or Chemotherapy for Relapsed or Refractory FLT3-Mutated AML. N. Engl. J. Med. 2019, 381, 1728–1740.
[CrossRef] [PubMed]

36. Short, N.J.; Daver, N.; Dinardo, C.D.; Kadia, T.; Nasr, L.F.; Macaron, W.; Yilmaz, M.; Borthakur, G.; Montalban-Bravo, G.;
Garcia-Manero, G.; et al. Azacitidine, Venetoclax, and Gilteritinib in Newly Diagnosed and Relapsed or Refractory FLT3-Mutated
AML. J. Clin. Oncol. 2024, 42, 1499–1508. [CrossRef] [PubMed]

37. Bruzzese, A.; Martino, E.A.; Labanca, C.; Mendicino, F.; Lucia, E.; Olivito, V.; Rossi, T.; Neri, A.; Morabito, F.; Vigna, E.; et al.
Advances and Challenges in Quizartinib-Based FLT3 Inhibition for Acute Myeloid Leukemia: Mechanisms of Resistance and
Prospective Combination Therapies. Eur. J. Haematol. 2025, 114, 584–595. [CrossRef] [PubMed]

38. Erba, H.P.; Montesinos, P.; Kim, H.-J.; Patkowska, E.; Vrhovac, R.; Žák, P.; Wang, P.-N.; Mitov, T.; Hanyok, J.; Kamel, Y.M.; et al.
Quizartinib plus chemotherapy in newly diagnosed patients with FLT3-internal-tandem-duplication-positive acute myeloid
leukaemia (QuANTUM-First): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2023, 401, 1571–1583.
[CrossRef] [PubMed]

https://doi.org/10.3390/cancers18142329

https://doi.org/10.1038/s41375-025-02835-9
https://www.ncbi.nlm.nih.gov/pubmed/41419603
https://doi.org/10.1182/blood-2022-157874
https://doi.org/10.1056/NEJMoa1408617
https://www.ncbi.nlm.nih.gov/pubmed/25426837
https://doi.org/10.1038/s41586-025-08980-6
https://www.ncbi.nlm.nih.gov/pubmed/40239706
https://doi.org/10.1056/NEJMoa1005143
https://www.ncbi.nlm.nih.gov/pubmed/21067377
https://doi.org/10.1038/s41588-018-0060-9
https://www.ncbi.nlm.nih.gov/pubmed/29483655
https://doi.org/10.1200/jco.2011.39.2886
https://www.ncbi.nlm.nih.gov/pubmed/22430270
https://doi.org/10.1016/j.ccr.2010.12.014
https://www.ncbi.nlm.nih.gov/pubmed/21251613
https://doi.org/10.1016/j.ccr.2010.11.015
https://www.ncbi.nlm.nih.gov/pubmed/21130701
https://doi.org/10.1016/j.exphem.2022.09.003
https://www.ncbi.nlm.nih.gov/pubmed/36183966
https://doi.org/10.1038/s41467-018-05085-9
https://www.ncbi.nlm.nih.gov/pubmed/30013160
https://doi.org/10.3324/haematol.2011.051532
https://www.ncbi.nlm.nih.gov/pubmed/22058207
https://doi.org/10.1080/13543784.2017.1275564
https://www.ncbi.nlm.nih.gov/pubmed/28001095
https://doi.org/10.1002/ajh.27625
https://www.ncbi.nlm.nih.gov/pubmed/39936576
https://doi.org/10.1002/14651858.CD016090
https://www.ncbi.nlm.nih.gov/pubmed/40292732
https://doi.org/10.1056/NEJMoa1614359
https://www.ncbi.nlm.nih.gov/pubmed/28644114
https://doi.org/10.1056/NEJMoa1902688
https://www.ncbi.nlm.nih.gov/pubmed/31665578
https://doi.org/10.1200/jco.23.01911
https://www.ncbi.nlm.nih.gov/pubmed/38277619
https://doi.org/10.1111/ejh.14383
https://www.ncbi.nlm.nih.gov/pubmed/39763167
https://doi.org/10.1016/S0140-6736(23)00464-6
https://www.ncbi.nlm.nih.gov/pubmed/37116523
https://doi.org/10.3390/cancers18142329


Cancers 2026, 18, 2329 17 of 19

39. Cortes, J.E.; Khaled, S.; Martinelli, G.; Perl, A.E.; Ganguly, S.; Russell, N.; Krämer, A.; Dombret, H.; Hogge, D.; Jonas, B.A.;
et al. Quizartinib versus salvage chemotherapy in relapsed or refractory FLT3-ITD acute myeloid leukaemia (QuANTUM-R): A
multicentre, randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 2019, 20, 984–997. [CrossRef] [PubMed]

40. Montesinos, P.; Rodríguez-Veiga, R.; Bergua, J.M.; Algarra Algarra, J.L.; Botella, C.; Rodríguez-Arbolí, E.; Bernal, T.; Tormo, M.;
Calbacho, M.; Salamero, O.; et al. Quizartinib for Newly Diagnosed FLT3-Internal Tandem Duplication-Negative AML: The
Randomized, Double-Blind, Placebo-Controlled, Phase II QUIWI Study. J. Clin. Oncol. 2026, 44, 42–53. [CrossRef] [PubMed]

41. Lainez-González, D.; Serrano-López, J.; Alonso-Domínguez, J.M. Understanding the Hedgehog Signaling Pathway in Acute
Myeloid Leukemia Stem Cells: A Necessary Step toward a Cure. Biology 2021, 10, 255. [CrossRef] [PubMed]

42. Cortes, J.E.; Heidel, F.H.; Hellmann, A.; Fiedler, W.; Smith, B.D.; Robak, T.; Montesinos, P.; Pollyea, D.A.; DesJardins, P.; Ottmann,
O.; et al. Randomized comparison of low dose cytarabine with or without glasdegib in patients with newly diagnosed acute
myeloid leukemia or high-risk myelodysplastic syndrome. Leukemia 2019, 33, 379–389. [CrossRef] [PubMed]

43. Sekeres, M.A.; Montesinos, P.; Novak, J.; Wang, J.; Jeyakumar, D.; Tomlinson, B.; Mayer, J.; Jou, E.; Robak, T.; Taussig, D.C.; et al.
Glasdegib plus intensive or non-intensive chemotherapy for untreated acute myeloid leukemia: Results from the randomized,
phase 3 BRIGHT AML 1019 trial. Leukemia 2023, 37, 2017–2026. [CrossRef] [PubMed]

44. Sirulnik, A.; Melnick, A.; Zelent, A.; Licht, J.D. Molecular pathogenesis of acute promyelocytic leukaemia and APL variants. Best
Pract. Res. Clin. Haematol. 2003, 16, 387–408. [CrossRef] [PubMed]

45. Meng-er, H.; Yu-chen, Y.; Shu-rong, C.; Jin-ren, C.; Jia-Xiang, L.; Lin, Z.; Long-jun, G.; Zhen-yi, W. Use of All-Trans Retinoic Acid
in the Treatment of Acute Promyelocytic Leukemia. Blood 1988, 72, 567–572. [CrossRef]

46. Nasr, R.; Guillemin, M.C.; Ferhi, O.; Soilihi, H.; Peres, L.; Berthier, C.; Rousselot, P.; Robledo-Sarmiento, M.; Lallemand-Breitenbach,
V.; Gourmel, B.; et al. Eradication of acute promyelocytic leukemia-initiating cells through PML-RARA degradation. Nat. Med.
2008, 14, 1333–1342. [CrossRef] [PubMed]

47. Tallman, M.S.; Andersen, J.W.; Schiffer, C.A.; Appelbaum, F.R.; Feusner, J.H.; Ogden, A.; Shepherd, L.; Willman, C.; Bloomfield,
C.D.; Rowe, J.M.; et al. All-trans-Retinoic Acid in Acute Promyelocytic Leukemia. N. Engl. J. Med. 1997, 337, 1021–1028. [CrossRef]
[PubMed]

48. Lo-Coco, F.; Avvisati, G.; Vignetti, M.; Thiede, C.; Orlando, S.M.; Iacobelli, S.; Ferrara, F.; Fazi, P.; Cicconi, L.; Bona, E.D.; et al.
Retinoic Acid and Arsenic Trioxide for Acute Promyelocytic Leukemia. N. Engl. J. Med. 2013, 369, 111–121. [CrossRef] [PubMed]

49. Stein, E.M.; DiNardo, C.D.; Pollyea, D.A.; Fathi, A.T.; Roboz, G.J.; Altman, J.K.; Stone, R.M.; DeAngelo, D.J.; Levine, R.L.; Flinn,
I.W.; et al. Enasidenib in mutant IDH2 relapsed or refractory acute myeloid leukemia. Blood 2017, 130, 722–731. [CrossRef]
[PubMed]

50. DiNardo, C.D.; Stein, E.M.; Botton, S.D.; Roboz, G.J.; Altman, J.K.; Mims, A.S.; Swords, R.; Collins, R.H.; Mannis, G.N.; Pollyea,
D.A.; et al. Durable Remissions with Ivosidenib in IDH1-Mutated Relapsed or Refractory AML. N. Engl. J. Med. 2018, 378,
2386–2398. [CrossRef] [PubMed]

51. de Botton, S.; Fenaux, P.; Yee, K.; Récher, C.; Wei, A.H.; Montesinos, P.; Taussig, D.C.; Pigneux, A.; Braun, T.; Curti, A.; et al.
Olutasidenib (FT-2102) induces durable complete remissions in patients with relapsed or refractory IDH1-mutated AML. Blood
Adv. 2023, 7, 3117–3127. [CrossRef] [PubMed]

52. Issa, G.C.; Aldoss, I.; Thirman, M.J.; DiPersio, J.; Arellano, M.; Blachly, J.S.; Mannis, G.N.; Perl, A.; Dickens, D.S.; McMahon, C.M.;
et al. Menin Inhibition With Revumenib for KMT2A-Rearranged Relapsed or Refractory Acute Leukemia (AUGMENT-101). J.
Clin. Oncol. 2025, 43, 75–84. [CrossRef] [PubMed]

53. Wang, E.S.; Montesinos, P.; Foran, J.; Erba, H.; Rodríguez-Arbolí, E.; Fedorov, K.; Heiblig, M.; Heidel, F.H.; Altman, J.K.; Baer,
M.R.; et al. Ziftomenib in Relapsed or Refractory NPM1-Mutated AML. J. Clin. Oncol. 2025, 43, 3381–3390. [CrossRef] [PubMed]

54. Lancet, J.E.; Uy, G.L.; Cortes, J.E.; Newell, L.F.; Lin, T.L.; Ritchie, E.K.; Stuart, R.K.; Strickland, S.A.; Hogge, D.; Solomon, S.R.; et al.
CPX-351 (cytarabine and daunorubicin) Liposome for Injection Versus Conventional Cytarabine Plus Daunorubicin in Older
Patients With Newly Diagnosed Secondary Acute Myeloid Leukemia. J. Clin. Oncol. 2018, 36, 2684–2692. [CrossRef]

55. Castaigne, S.; Pautas, C.; Terré, C.; Raffoux, E.; Bordessoule, D.; Bastie, J.-N.; Legrand, O.; Thomas, X.; Turlure, P.; Reman, O.;
et al. Effect of gemtuzumab ozogamicin on survival of adult patients with de-novo acute myeloid leukaemia (ALFA-0701): A
randomised, open-label, phase 3 study. Lancet 2012, 379, 1508–1516. [CrossRef] [PubMed]

56. DiNardo, C.D.; Jonas, B.A.; Pullarkat, V.; Thirman, M.J.; Garcia, J.S.; Wei, A.H.; Konopleva, M.; Döhner, H.; Letai, A.; Fenaux,
P.; et al. Azacitidine and Venetoclax in Previously Untreated Acute Myeloid Leukemia. N. Engl. J. Med. 2020, 383, 617–629.
[CrossRef] [PubMed]

57. Wei, A.H.; Döhner, H.; Pocock, C.; Montesinos, P.; Afanasyev, B.; Dombret, H.; Ravandi, F.; Sayar, H.; Jang, J.H.; Porkka, K.; et al.
Oral Azacitidine Maintenance Therapy for Acute Myeloid Leukemia in First Remission. N. Engl. J. Med. 2020, 383, 2526–2537.
[CrossRef]

58. Roboz, G.J.; Zeidan, A.M.; Mannis, G.N.; Montesinos, P.; Arnan, M.; Savona, M.R.; Odenike, O.; McCloskey, J.K.; Amin, H.V.;
Fathi, A.T.; et al. All-Oral Treatment of Newly Diagnosed Acute Myeloid Leukemia. N. Engl. J. Med. 2026, 394, 2107–2116.
[CrossRef] [PubMed]

https://doi.org/10.3390/cancers18142329

https://doi.org/10.1016/s1470-2045(19)30150-0
https://www.ncbi.nlm.nih.gov/pubmed/31175001
https://doi.org/10.1200/jco-25-01841
https://www.ncbi.nlm.nih.gov/pubmed/41082703
https://doi.org/10.3390/biology10040255
https://www.ncbi.nlm.nih.gov/pubmed/33804919
https://doi.org/10.1038/s41375-018-0312-9
https://www.ncbi.nlm.nih.gov/pubmed/30555165
https://doi.org/10.1038/s41375-023-02001-z
https://www.ncbi.nlm.nih.gov/pubmed/37604981
https://doi.org/10.1016/S1521-6926(03)00062-8
https://www.ncbi.nlm.nih.gov/pubmed/12935958
https://doi.org/10.1182/blood.V72.2.567.567
https://doi.org/10.1038/nm.1891
https://www.ncbi.nlm.nih.gov/pubmed/19029980
https://doi.org/10.1056/NEJM199710093371501
https://www.ncbi.nlm.nih.gov/pubmed/9321529
https://doi.org/10.1056/NEJMoa1300874
https://www.ncbi.nlm.nih.gov/pubmed/23841729
https://doi.org/10.1182/blood-2017-04-779405
https://www.ncbi.nlm.nih.gov/pubmed/28588020
https://doi.org/10.1056/NEJMoa1716984
https://www.ncbi.nlm.nih.gov/pubmed/29860938
https://doi.org/10.1182/bloodadvances.2022009411
https://www.ncbi.nlm.nih.gov/pubmed/36724515
https://doi.org/10.1200/jco.24.00826
https://www.ncbi.nlm.nih.gov/pubmed/39121437
https://doi.org/10.1200/jco-25-01694
https://www.ncbi.nlm.nih.gov/pubmed/40997296
https://doi.org/10.1200/JCO.2017.77.6112
https://doi.org/10.1016/S0140-6736(12)60485-1
https://www.ncbi.nlm.nih.gov/pubmed/22482940
https://doi.org/10.1056/NEJMoa2012971
https://www.ncbi.nlm.nih.gov/pubmed/32786187
https://doi.org/10.1056/NEJMoa2004444
https://doi.org/10.1056/NEJMoa2510223
https://www.ncbi.nlm.nih.gov/pubmed/42235013
https://doi.org/10.3390/cancers18142329


Cancers 2026, 18, 2329 18 of 19

59. Platzbecker, U.; Adès, L.; Montesinos, P.; Ammatuna, E.; Fenaux, P.; Baldus, C.; Bernardi, M.; Berthon, C.; Bocchia, M.; Bonmati,
C.; et al. Arsenic Trioxide and All-Trans Retinoic Acid Combination Therapy for the Treatment of High-Risk Acute Promyelocytic
Leukemia: Results From the APOLLO Trial. J. Clin. Oncol. 2025, 43, 3160–3169. [CrossRef] [PubMed]

60. Montesinos, P.; Bergua, J.M.; Vellenga, E.; Rayón, C.; Parody, R.; de la Serna, J.; León, A.; Esteve, J.; Milone, G.; Debén, G.; et al.
Differentiation syndrome in patients with acute promyelocytic leukemia treated with all-trans retinoic acid and anthracycline
chemotherapy: Characteristics, outcome, and prognostic factors. Blood 2009, 113, 775–783. [CrossRef] [PubMed]

61. Brown, D.C.; Tsuji, H.; Larson, R.S. All-trans retinoic acid regulates adhesion mechanism and transmigration of the acute
promyelocytic leukaemia cell line NB-4 under physiologic flow. Br. J. Haematol. 1999, 107, 86–98. [CrossRef] [PubMed]

62. Woods, A.C.; Norsworthy, K.J. Differentiation Syndrome in Acute Leukemia: APL and Beyond. Cancers 2023, 15, 4767. [CrossRef]
[PubMed]

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

64. Issa, G.C.; DiNardo, C.D. Acute myeloid leukemia with IDH1 and IDH2 mutations: 2021 treatment algorithm. Blood Cancer J.
2021, 11, 107. [CrossRef] [PubMed]

65. Cogle, C.R.; Scott, B.L.; Boyd, T.; Garcia-Manero, G. Oral Azacitidine (CC-486) for the Treatment of Myelodysplastic Syndromes
and Acute Myeloid Leukemia. Oncologist 2015, 20, 1404–1412. [CrossRef] [PubMed]

66. Zhou, X.; Lu, R. HOXA9/MEIS1 targets in leukemia: Reinforced signaling networks and therapeutic opportunities. Haematologica
2023, 108, 1205–1207. [CrossRef] [PubMed]

67. Kühn, M.W.; Song, E.; Feng, Z.; Sinha, A.; Chen, C.W.; Deshpande, A.J.; Cusan, M.; Farnoud, N.; Mupo, A.; Grove, C.; et al.
Targeting Chromatin Regulators Inhibits Leukemogenic Gene Expression in NPM1 Mutant Leukemia. Cancer Discov. 2016, 6,
1166–1181. [CrossRef] [PubMed]

68. Papaemmanuil, E.; Gerstung, M.; Bullinger, L.; Gaidzik, V.I.; Paschka, P.; Roberts, N.D.; Potter, N.E.; Heuser, M.; Thol, F.; Bolli,
N.; et al. Genomic Classification and Prognosis in Acute Myeloid Leukemia. N. Engl. J. Med. 2016, 374, 2209–2221. [CrossRef]
[PubMed]

69. Vo, T.T.; Ryan, J.; Carrasco, R.; Neuberg, D.; Rossi, D.J.; Stone, R.M.; Deangelo, D.J.; Frattini, M.G.; Letai, A. Relative mitochondrial
priming of myeloblasts and normal HSCs determines chemotherapeutic success in AML. Cell 2012, 151, 344–355. [CrossRef]
[PubMed]

70. Pan, R.; Hogdal, L.J.; Benito, J.M.; Bucci, D.; Han, L.; Borthakur, G.; Cortes, J.; DeAngelo, D.J.; Debose, L.; Mu, H.; et al. Selective
BCL-2 Inhibition by ABT-199 Causes On-Target Cell Death in Acute Myeloid Leukemia. Cancer Discov. 2014, 4, 362–375. [CrossRef]
[PubMed]

71. Konopleva, M.; Pollyea, D.A.; Potluri, J.; Chyla, B.; Hogdal, L.; Busman, T.; McKeegan, E.; Salem, A.H.; Zhu, M.; Ricker, J.L.;
et al. Efficacy and Biological Correlates of Response in a Phase II Study of Venetoclax Monotherapy in Patients with Acute
Myelogenous Leukemia. Cancer Discov. 2016, 6, 1106–1117. [CrossRef] [PubMed]

72. Amadori, S.; Stasi, R. Monoclonal antibodies and immunoconjugates in acute myeloid leukemia. Best Pract. Res. Clin. Haematol.
2006, 19, 715–736. [CrossRef] [PubMed]

73. Sievers, E.L.; Larson, R.A.; Stadtmauer, E.A.; Estey, E.; Löwenberg, B.; Dombret, H.; Karanes, C.; Theobald, M.; Bennett, J.M.;
Sherman, M.L.; et al. Efficacy and Safety of Gemtuzumab Ozogamicin in Patients With CD33-Positive Acute Myeloid Leukemia
in First Relapse. J. Clin. Oncol. 2001, 19, 3244–3254. [CrossRef] [PubMed]

74. Petersdorf, S.H.; Kopecky, K.J.; Slovak, M.; Willman, C.; Nevill, T.; Brandwein, J.; Larson, R.A.; Erba, H.P.; Stiff, P.J.; Stuart, R.K.;
et al. A phase 3 study of gemtuzumab ozogamicin during induction and postconsolidation therapy in younger patients with
acute myeloid leukemia. Blood 2013, 121, 4854–4860. [CrossRef] [PubMed]

75. Hills, R.K.; Castaigne, S.; Appelbaum, F.R.; Delaunay, J.; Petersdorf, S.; Othus, M.; Estey, E.H.; Dombret, H.; Chevret, S.; Ifrah,
N.; et al. Addition of gemtuzumab ozogamicin to induction chemotherapy in adult patients with acute myeloid leukaemia: A
meta-analysis of individual patient data from randomised controlled trials. Lancet Oncol. 2014, 15, 986–996. [CrossRef] [PubMed]

76. O’Neil, N.J.; Bailey, M.L.; Hieter, P. Synthetic lethality and cancer. Nat. Rev. Genet. 2017, 18, 613–623. [CrossRef] [PubMed]
77. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.; Hickson, I.; Knights,

C.; et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature 2005, 434, 917–921. [CrossRef]
[PubMed]

78. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.; Helleday, T. Specific
killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 2005, 434, 913–917. [CrossRef]
[PubMed]

79. Molenaar, R.J.; Radivoyevitch, T.; Nagata, Y.; Khurshed, M.; Przychodzen, B.; Makishima, H.; Xu, M.; Bleeker, F.E.; Wilmink,
J.W.; Carraway, H.E.; et al. IDH1/2 Mutations Sensitize Acute Myeloid Leukemia to PARP Inhibition and This Is Reversed by
IDH1/2-Mutant Inhibitors. Clin. Cancer Res. 2018, 24, 1705–1715. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18142329

https://doi.org/10.1200/jco-25-00535
https://www.ncbi.nlm.nih.gov/pubmed/40825164
https://doi.org/10.1182/blood-2008-07-168617
https://www.ncbi.nlm.nih.gov/pubmed/18945964
https://doi.org/10.1046/j.1365-2141.1999.01671.x
https://www.ncbi.nlm.nih.gov/pubmed/10520028
https://doi.org/10.3390/cancers15194767
https://www.ncbi.nlm.nih.gov/pubmed/37835461
https://doi.org/10.1182/blood-2013-10-512640
https://www.ncbi.nlm.nih.gov/pubmed/24627526
https://doi.org/10.1038/s41408-021-00497-1
https://www.ncbi.nlm.nih.gov/pubmed/34083508
https://doi.org/10.1634/theoncologist.2015-0165
https://www.ncbi.nlm.nih.gov/pubmed/26463870
https://doi.org/10.3324/haematol.2022.281779
https://www.ncbi.nlm.nih.gov/pubmed/36005566
https://doi.org/10.1158/2159-8290.Cd-16-0237
https://www.ncbi.nlm.nih.gov/pubmed/27535106
https://doi.org/10.1056/NEJMoa1516192
https://www.ncbi.nlm.nih.gov/pubmed/27276561
https://doi.org/10.1016/j.cell.2012.08.038
https://www.ncbi.nlm.nih.gov/pubmed/23063124
https://doi.org/10.1158/2159-8290.Cd-13-0609
https://www.ncbi.nlm.nih.gov/pubmed/24346116
https://doi.org/10.1158/2159-8290.Cd-16-0313
https://www.ncbi.nlm.nih.gov/pubmed/27520294
https://doi.org/10.1016/j.beha.2006.05.001
https://www.ncbi.nlm.nih.gov/pubmed/16997179
https://doi.org/10.1200/jco.2001.19.13.3244
https://www.ncbi.nlm.nih.gov/pubmed/11432892
https://doi.org/10.1182/blood-2013-01-466706
https://www.ncbi.nlm.nih.gov/pubmed/23591789
https://doi.org/10.1016/S1470-2045(14)70281-5
https://www.ncbi.nlm.nih.gov/pubmed/25008258
https://doi.org/10.1038/nrg.2017.47
https://www.ncbi.nlm.nih.gov/pubmed/28649135
https://doi.org/10.1038/nature03445
https://www.ncbi.nlm.nih.gov/pubmed/15829967
https://doi.org/10.1038/nature03443
https://www.ncbi.nlm.nih.gov/pubmed/15829966
https://doi.org/10.1158/1078-0432.Ccr-17-2796
https://www.ncbi.nlm.nih.gov/pubmed/29339439
https://doi.org/10.3390/cancers18142329


Cancers 2026, 18, 2329 19 of 19

80. Gbyli, R.; Song, Y.; Liu, W.; Gao, Y.; Biancon, G.; Chandhok, N.S.; Wang, X.; Fu, X.; Patel, A.; Sundaram, R.; et al. In vivo
anti-tumor effect of PARP inhibition in IDH1/2 mutant MDS/AML resistant to targeted inhibitors of mutant IDH1/2. Leukemia
2022, 36, 1313–1323. [CrossRef] [PubMed]

81. Chandhok, N.S.; Wei, W.; Bindra, R.; Halene, S.; Shyr, Y.; Li, J.; Berens, M.; Karlovich, C.; Ivy, S.P.; Prebet, T. The PRIME Trial:
PARP Inhibition in IDH Mutant Effectiveness Trial. a Phase II Study of Olaparib in Isocitrate Dehydrogenase (IDH) Mutant
Relapsed/Refractory Acute Myeloid Leukemia and Myelodysplastic Syndrome. Blood 2019, 134, 3909. [CrossRef]

82. Chan, S.M.; Thomas, D.; Corces-Zimmerman, M.R.; Xavy, S.; Rastogi, S.; Hong, W.J.; Zhao, F.; Medeiros, B.C.; Tyvoll, D.A.; Majeti,
R. Isocitrate dehydrogenase 1 and 2 mutations induce BCL-2 dependence in acute myeloid leukemia. Nat. Med. 2015, 21, 178–184.
[CrossRef] [PubMed]

83. Baeten, J.T.; Agashe, S.; Tabet, I.; Wooldridge, J.T.; Carter, A.; Butler, J.N.; Miller, C.A.; Helton, N.; Quinet, A.; Johansson, K.B.; et al.
Synthetic lethality of decitabine plus ATR inhibition for TP53-mutated AML. Blood Adv. 2026, 10, 2506–2520. [CrossRef] [PubMed]

84. Rodriguez, Y.; Alexe, G.; Taillon, A.; Schneider, C.; Stegmaier, K. ADAR1 Is a Vulnerability in TP53-Mutant Acute Myeloid
Leukemia. Blood 2024, 144, 2717. [CrossRef]

85. Srivastava, A.; Heckman, C.A.; Miettinen, J.J.; Harismendy, O. Indicators of Response to the Wee1 Inhibitor Adavosertib in Acute
Myeloid Leukemia. Blood 2023, 142, 5007. [CrossRef]

86. Ediriwickrema, A.; Gentles, A.J.; Majeti, R. Single-cell genomics in AML: Extending the frontiers of AML research. Blood 2023,
141, 345–355. [CrossRef] [PubMed]

87. Ediriwickrema, A.; Aleshin, A.; Reiter, J.G.; Corces, M.R.; Köhnke, T.; Stafford, M.; Liedtke, M.; Medeiros, B.C.; Majeti, R.
Single-cell mutational profiling enhances the clinical evaluation of AML MRD. Blood Adv. 2020, 4, 943–952. [CrossRef] [PubMed]

88. Anandappa, A.J.; Xiao, W.; Miles, L.A. Single cell sequencing in acute myeloid leukemia: Linking genotype to functional
phenotype for precision risk stratification and treatment decisions. Hum. Pathol. 2026, 106174. [CrossRef] [PubMed]

89. Patel, S.A.; Zhu, V.; Gerber, W.K.; Suzuki, S.; Barker, C.; Hutchinson, L.; Khedr, S.; Cachia, D.; Mangaonkar, A.A.; McGuiness,
M.E.; et al. Ontogeny and Natural History of Therapy-Related Clonal Hematopoiesis From a Multidisciplinary CHIP Clinic. Am.
J. Hematol. 2026, 101, 1915–1927. [CrossRef] [PubMed]

90. Patel, S.A.; Cerny, J.; Gerber, W.K.; Ramanathan, M.; Ediriwickrema, A.; Tanenbaum, B.; Hutchinson, L.; Meng, X.; Flahive, J.;
Barton, B.; et al. Prognostic heterogeneity and clonal dynamics within distinct subgroups of myelodysplastic syndrome and acute
myeloid leukemia with TP53 disruptions. EJHaem 2023, 4, 1059–1070. [CrossRef] [PubMed]

91. Levy, B.; Baughn, L.B.; Akkari, Y.; Chartrand, S.; LaBarge, B.; Claxton, D.; Lennon, P.A.; Cujar, C.; Kolhe, R.; Kroeger, K.; et al.
Optical genome mapping in acute myeloid leukemia: A multicenter evaluation. Blood Adv. 2023, 7, 1297–1307. [CrossRef]
[PubMed]

92. Tang, G.; Wei, Q.; Klausner, M.; Zou, Y.S.; Toruner, G.A. Optical genome mapping in myeloid neoplasms. Hum. Pathol. 2026,
106176. [CrossRef] [PubMed]

93. Bidet, A.; Laharanne, E.; Dos Santos, M.; De Grande, A.C.; Leguay, T.; Pigneux, A.; Frison, E.; Achard, S.; Dupont-Moufakkir, S.;
Klein, E.; et al. Optical genome mapping detects cryptic high-risk and targetable abnormalities in adult AML. Br. J. Haematol.
2026, 208, 1232–1239. [CrossRef] [PubMed]

94. Ismail, S.I.; Saad, C.; Elrayess, M.A.; Khleifat, A.A.L.; Hendi, N.N.; AlSarraj, Y.; Messai Badji, R.; Muftah, W. Mapping the path to
clinical implementation of multi-omics. Nat. Genet. 2026. [CrossRef] [PubMed]

95. Mohr, A.E.; Ortega-Santos, C.P.; Whisner, C.M.; Klein-Seetharaman, J.; Jasbi, P. Navigating Challenges and Opportunities in
Multi-Omics Integration for Personalized Healthcare. Biomedicines 2024, 12, 1496. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers18142329

https://doi.org/10.1038/s41375-022-01536-x
https://www.ncbi.nlm.nih.gov/pubmed/35273342
https://doi.org/10.1182/blood-2019-129168
https://doi.org/10.1038/nm.3788
https://www.ncbi.nlm.nih.gov/pubmed/25599133
https://doi.org/10.1182/bloodadvances.2025018369
https://www.ncbi.nlm.nih.gov/pubmed/41610325
https://doi.org/10.1182/blood-2024-208594
https://doi.org/10.1182/blood-2023-188608
https://doi.org/10.1182/blood.2021014670
https://www.ncbi.nlm.nih.gov/pubmed/35926108
https://doi.org/10.1182/bloodadvances.2019001181
https://www.ncbi.nlm.nih.gov/pubmed/32150611
https://doi.org/10.1016/j.humpath.2026.106174
https://www.ncbi.nlm.nih.gov/pubmed/42208774
https://doi.org/10.1002/ajh.70374
https://www.ncbi.nlm.nih.gov/pubmed/42157378
https://doi.org/10.1002/jha2.791
https://www.ncbi.nlm.nih.gov/pubmed/38024632
https://doi.org/10.1182/bloodadvances.2022007583
https://www.ncbi.nlm.nih.gov/pubmed/36417763
https://doi.org/10.1016/j.humpath.2026.106176
https://www.ncbi.nlm.nih.gov/pubmed/42217833
https://doi.org/10.1111/bjh.70349
https://www.ncbi.nlm.nih.gov/pubmed/41622767
https://doi.org/10.1038/s41588-026-02663-2
https://www.ncbi.nlm.nih.gov/pubmed/42414591
https://doi.org/10.3390/biomedicines12071496
https://www.ncbi.nlm.nih.gov/pubmed/39062068
https://doi.org/10.3390/cancers18142329

	Introduction 
	Tenets of Molecular Oncology Governing Myeloid Pathogenesis 
	Loss of Heterozygosity 
	Genomic Instability 
	Epigenomic Disruption 
	Deregulation of Signaling Pathways 
	Anti-Apoptotic Mechanisms 
	Oncogene Addiction 

	Development of Targeted Therapies Based on Principles of Molecular Oncology 
	Targeting Aberrant Signaling 
	Overcoming Differentiation Blockade 
	Targeting Epigenetic Dysregulation 
	Counteracting Anti-Apoptotic Mechanisms 
	Targeting Cell Surface Antigens 
	Exploiting Synthetic Lethality 

	Conclusions and Future Outlook 
	Single-Cell Genomics Toward Resolving Clonal Architecture in AML 
	Multi-Omics Toward Strategic Target Validation in AML 

	References

