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Abstract: Next-generation sequencing of samples from patients with acute myeloid leukemia (AML)
has revealed several driver gene mutations in adult AML. However, unlike other cancers, AML is
defined by relatively few mutations per patient, with a median of 4–5 depending on subtype. In this
review, we will discuss the most common driver genes found in patients with AML and focus on
the most clinically relevant ones that impact treatment strategies. The most common driver gene
mutations in AML occur in NPM1 and FLT3, accounting for ~30% each. There are now targeted
therapies being tested or already approved for these driver genes. Menin inhibitors, a novel targeted
therapy that blocks the function of the menin protein, are in clinical trials for NPM1 driver gene
mutant AML after relapse. A number of FLT3 inhibitors are now approved for FLT3 driver gene
mutant AML in combination with chemotherapy in the frontline and also as single agent in relapse.
Although mutations in IDH1/2 and TP53 only occur in around 10–20% of patients with AML each,
they can affect the treatment strategy due to their association with prognosis and availability of
targeted agents. While the impact of other driver gene mutations in AML is recognized, there is a
lack of data on the actionable impact of those mutations.
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1. Introduction to Acute Myeloid Leukemia (AML): Heterogeneity, Molecular Insights,
and the Role for Targeted Therapies and Genetic Profiling

Acute myeloid leukemia (AML) is a heterogeneous, hematologic malignancy that
disrupts hematopoiesis in the bone marrow due to the clonal proliferation of immature
myeloid cells [1–3]. Hematopoiesis is the process of stem cell differentiation and prolifer-
ation into functional components of peripheral blood and bone marrow [4]. AML is the
most common form of leukemia, with the incidence increasing by 15% in the past three
decades [5]. It is an aggressive, fatal disease, being the 11th most common cause of cancer
deaths [6]. Cancer is a disease in the aging population, with elderly adults aged 60 to
75 with AML having unfavorable genetic profiles and mutations associated with poor
prognosis [2,7]. In contrast, younger patients with AML typically have more favorable mu-
tation profiles [8]. However, the development of next-generation sequencing has unraveled
the molecular profile of AML for the investigation of novel targeted therapies, leading to
curative potential in some patients [2,9].

The pathogenesis of AML is driven by genetic alterations in cells that can affect signal
transduction, epigenetic modification, DNA repair, and apoptosis (Figure 1) [1]. Due to
its heterogeneity, genomic characterization is necessary to assess risk classification and
monitor disease progression, residual disease, and therapeutic resistance. The integration
of genetic profiling allows for personalized medicine and influences clinical decision-
making, ultimately impacting patient outcomes [10]. Targeted therapies and small molecule
inhibitors have been novel agents investigated to target genetic changes such as mutations
in leukemic cells and offer a less toxic treatment option. The European Leukemia Net (ELN)
2022 recommendations have been widely adopted by clinicians and researchers as the most
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up-to-date guidelines for risk stratification and prognostic management of AML [11]. These
guidelines consider the mutations mentioned in this review and classify patients with these
as favorable, intermediate, and adverse risks.
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Figure 1. Key Driver Mutations and Cellular Pathways in AML Pathogenesis. (a) Mutant IDH1 (cy-
toplasm) and IDH2 (mitochondria) enzymes produce elevated levels of the oncometabolite 2-hy-
droxyglutarate (2-HG), which inhibits chromatin-modifying enzymes such as histone and DNA de-
methylases, leading to a block in cellular differentiation, contributing to oncogenesis. (b) FLT3-ITD 
mutations lead to constitutive activation of the FLT3 receptor, triggering downstream signaling 
pathways including RAF/MEK/ERK, PI3K/AKT, and STAT pathways. This continuous signaling 
promotes cell proliferation, survival, and differentiation blockade, contributing to leukemogenesis. 
(c) TP53 mutations in AML impair the tumor suppressor functions of p53, which is activated in 
response to DNA damage stimuli, leading to disrupted apoptosis, senescence, DNA repair, and cell 
cycle arrest. This results in unchecked cell proliferation, genomic instability, and enhanced leuke-
mogenesis. (d) In AML with a mutated NPM1 gene, NPM1 is aberrantly expressed in the cytoplasm 
due to increased nuclear export (solid arrows) surpassing nuclear import (dotted arrow). Mutant 
NPM1 fails to stabilize TP53 in the nucleoplasm, which normally modulates stress response and 
growth suppression. 

The objective of this review is to introduce the most common driver mutations from 
each risk classification. We will discuss the biological consequences, clinical impact, and 

Figure 1. Key Driver Mutations and Cellular Pathways in AML Pathogenesis. (a) Mutant IDH1
(cytoplasm) and IDH2 (mitochondria) enzymes produce elevated levels of the oncometabolite 2-
hydroxyglutarate (2-HG), which inhibits chromatin-modifying enzymes such as histone and DNA
demethylases, leading to a block in cellular differentiation, contributing to oncogenesis. (b) FLT3-ITD
mutations lead to constitutive activation of the FLT3 receptor, triggering downstream signaling
pathways including RAF/MEK/ERK, PI3K/AKT, and STAT pathways. This continuous signaling
promotes cell proliferation, survival, and differentiation blockade, contributing to leukemogenesis.
(c) TP53 mutations in AML impair the tumor suppressor functions of p53, which is activated in
response to DNA damage stimuli, leading to disrupted apoptosis, senescence, DNA repair, and
cell cycle arrest. This results in unchecked cell proliferation, genomic instability, and enhanced
leukemogenesis. (d) In AML with a mutated NPM1 gene, NPM1 is aberrantly expressed in the
cytoplasm due to increased nuclear export (solid arrows) surpassing nuclear import (dotted arrow).
Mutant NPM1 fails to stabilize TP53 in the nucleoplasm, which normally modulates stress response
and growth suppression.

The objective of this review is to introduce the most common driver mutations from
each risk classification. We will discuss the biological consequences, clinical impact, and
clinical trial data of novel treatment options for FLT3-ITD, NPM1, TP53, and isocitrate
dehydrogenase 1 and 2 (IDH1/2).
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2. NPM1 Mutations in AML: Genetic Landscape, Clinical Features, and
Therapeutic Innovations
2.1. The Role of NPM1 Mutations in Leukemogenesis Synergistic Genetic Interactions: Impact of
Co-Occurring FLT3-ITD Mutations in AML

NPM1 mutations are among the most frequent genetic alterations in AML, occurring
in approximately 25–30% of adult AML cases [12,13]. These mutations typically involve
small insertions in exon 12, resulting in a frameshift that creates a novel C-terminus [14].
This alteration disrupts the nuclear localization signals (NLS) of the NPM1 protein, leading
to its aberrant accumulation in the cytoplasm [15] (Figure 1d). Normally, NPM1 shuttles
between the nucleus and cytoplasm, playing a crucial role in ribosome biogenesis, chro-
matin remodeling, and genomic stability. The cytoplasmic localization of mutant NPM1
disrupts its interactions with alternate reading frame (ARF) protein, which is crucial for
stabilizing p53 by inhibiting MDM2-mediated degradation [16]. As a result, the mutant
NPM1 protein impairs the p53 tumor suppressor pathway, reducing p53-mediated apopto-
sis and allowing myeloid cells to survive and proliferate unchecked [17]. Additionally, the
mutant NPM1 protein disrupts the nuclear export of ribosomal proteins and other tumor
suppressors, including ARF, further enhancing cellular proliferation and survival [18]. This
mislocalization also impairs the assembly and function of the nucleolus, leading to defects
in ribosomal RNA processing and biogenesis. These disruptions in nucleolar function
contribute to genomic instability and the leukemogenic process [14,15].

2.2. Synergistic Genetic Interactions and Prognostic Significance: Impact of Co-Occurring
FLT3-ITD Mutations in AML

NPM1 mutations often co-occur with other genetic alterations, notably FLT3 internal
tandem duplications (FLT3-ITD), which are found in 30–40% of NPM1-mutated AML
cases [19,20]. The coexistence of FLT3-ITD mutations exacerbates the leukemic phenotype
through enhanced activation of signaling pathways involved in cell proliferation and
survival, such as the PI3K/AKT and RAS/MAPK pathways [21,22]. This synergistic
interaction between NPM1 mutations and FLT3-ITD significantly impacts the pathogenesis
and clinical behavior of AML [23]. Studies have demonstrated that patients with concurrent
NPM1 and FLT3-ITD mutations exhibit a more aggressive disease course, characterized
by higher leukocyte counts and a higher incidence of extramedullary involvement. This
genotype–phenotype correlation underscores the critical role of these mutations in driving
AML pathogenesis and highlights the complexity of genetic interactions in this hematologic
malignancy [13,17,24].

Moreover, NPM1 mutations in AML are often associated with a favorable prognosis,
particularly without concurrent high-risk mutations such as FLT3-ITD. Studies have shown
that patients with NPM1-mutated AML tend to have higher complete remission rates and
longer overall survival compared to those without these mutations [14]. The favorable
prognosis is primarily observed in patients without FLT3-ITD or other adverse cytogenetic
abnormalities. For instance, patients with NPM1 mutations and wild-type FLT3 exhibit
a 5-year overall survival rate of approximately 60–70%, significantly better than patients
with other AML subtypes [13]. Despite the generally positive outlook for NPM1-mutated
AML, the presence of co-occurring mutations can alter this prognosis. For example, the
co-occurrence of FLT3-ITD mutations often mitigates the favorable prognosis conferred by
NPM1 mutations, resulting in a more aggressive disease course and poorer outcomes [25].
In a prospective study of 1540 patients, it was found that the prognosis of AML was
significantly influenced by the presence or absence of other driver mutations, rather than by
NPM1 mutations alone [17]. This underscores the importance of considering the mutational
landscape as a whole when assessing prognosis in AML. NPM1 mutations are also notable
for their impact on response to chemotherapy. Patients with NPM1-mutated AML often
show increased sensitivity to induction chemotherapy, resulting in higher rates of complete
remission [14]. However, the presence of additional mutations such as FLT3-ITD can lead
to shorter durations of remission and higher relapse rates. Thus, while NPM1 mutations



Cells 2024, 13, 1392 4 of 15

are a key prognostic biomarker in AML, clinical outcomes are heavily influenced by the
broader genetic context in which they occur [26].

2.3. Conventional Chemotherapy and Innovations in Targeted Therapy: Current Treatment
Approaches for NPM1-Mutated AML, Efficacy of Menin Inhibitors and Combination Strategies

Despite the clear genetic and prognostic implications of NPM1 mutations in AML,
there are currently no FDA-approved targeted therapies specifically addressing this muta-
tion [13]. As such, the mainstay of treatment for NPM1-mutated AML remains conventional
chemotherapy, often comprising an anthracycline and cytarabine-based regimen [27]. These
patients typically achieve high complete remission rates, ranging from 70% to 90%, par-
ticularly in the absence of FLT3-ITD mutations. Supportive care, including hematopoietic
growth factors, transfusions, and prophylactic antibiotics, plays a crucial role in managing
treatment-related toxicities and complications [28]. Moreover, allogeneic hematopoietic
stem cell transplantation (HSCT) is considered in cases of relapsed or refractory disease,
although its role in NPM1-mutated AML is still being delineated [29].

Emerging therapies targeting the NPM1 mutation in AML have shown promise in
preclinical and early clinical studies, offering hope for improved outcomes in this subset of
patients. Menin is a protein encoded by the multiple endocrine neoplasia 1 (MEN1) gene
and was originally known as a tumor suppressor protein in endocrine glands. However,
now it has been discovered to play a role in leukemogenesis. It is a nuclear protein
expressed in multiple tissues that acts as a scaffold protein, interacting with chromatin
regulators and transcription factors to regulate gene expression [30]. Menin inhibitors
are small molecule inhibitors that have been discovered to block the interactions between
menin and other proteins [31]. One such agent, revumenib (SNDX-5613), a menin inhibitor,
was the first to disrupt the interaction between menin and MLL1, a critical component
in the leukemogenesis driven by NPM1 mutations [32]. Preclinical studies demonstrated
that revumenib effectively inhibits the proliferation of NPM1-mutant leukemic cells by
reactivating differentiation pathways and inducing apoptosis. A phase I/II clinical trial
(NCT04065399) has shown promising results, with an ORR of 53% and a CR rate of 33% in
patients with NPM1-mutant AML [32,33].

Another promising menin inhibitor, Ziftomenib (KO-539), is also being evaluated
for its efficacy in targeting NPM1 mutations. Preclinical studies have demonstrated that
Ziftomenib effectively inhibits the proliferation of NPM1-mutant leukemic cells by reac-
tivating differentiation pathways and inducing apoptosis [34]. A phase I/II clinical trial
(NCT04067336) is currently evaluating the safety and efficacy of Ziftomenib in patients with
relapsed or refractory AML, including those with NPM1 mutations [35]. Early results from
this trial have shown promising response rates, with an ORR of 29% in the NPM1-mutant
cohort [34].

Additionally, DSP-5336 is a menin inhibitor currently being evaluated for its poten-
tial to target NPM1-mutant AML. Preclinical studies suggest that DSP-5336, similarly to
other menin inhibitors, disrupts the menin–MLL1 interaction, leading to the inhibition
of leukemic cell proliferation and induction of differentiation and apoptosis. Specifically,
DSP-5336 has been shown to decrease the expression of downstream target genes such as
HOXA9 and MEIS1, which are crucial for the maintenance and proliferation of leukemic
stem cells. This disruption results in the reactivation of differentiation pathways and the
induction of cell cycle arrest, ultimately promoting apoptosis in NPM1-mutant leukemic
cells. Furthermore, DSP-5336 has demonstrated potent antileukemic activity in various
in vivo models, reducing tumor burden and extending survival in treated mice [36]. A
phase I/II clinical trial (NCT04988555) is ongoing to evaluate its safety and efficacy in
patients with relapsed or refractory AML [37].

Another emerging strategy involves the combination of menin inhibitors with other
targeted therapies. For instance, preclinical studies have suggested that combining menin
inhibitors with IDH inhibitors or BCL-2 inhibitors like venetoclax can enhance therapeutic
efficacy by targeting multiple leukemogenic pathways simultaneously [17]. A phase II
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trial (NCT04493138) is investigating the combination of Ziftomenib with venetoclax and
azacitidine in patients with newly diagnosed or relapsed/refractory AML harboring NPM1
mutations. Preliminary data indicate that this combination is well-tolerated and has shown
encouraging activity, with a complete remission (CR) rate of 45% [38].

In addition to menin inhibitors, other novel agents are being explored for their po-
tential to target NPM1-mutant AML [12]. For example, inhibitors of the bromodomain
and extraterminal (BET) proteins, which are involved in regulating gene expression, have
shown activity in preclinical models of NPM1-mutant AML. These inhibitors work by
downregulating the expression of genes that are critical for the survival and proliferation
of leukemic cells. A phase I trial (NCT02419417) is currently evaluating the BET inhibitor
CPI-0610 in combination with standard chemotherapy in patients with NPM1-mutant
AML [39].

3. FLT3 Mutations in AML: Pathogenesis, Clinical Impact, and Therapeutic Advances
3.1. Prevalence, Mechanism of Action, and Clinical Implications of Constitutive Receptor
Activation with FLT3 Mutations

With a frequent mutation rate in AML of about 20–30% occurring with an intermediate
prognosis and high relapse rates, the FMS-like tyrosine kinase 3 (FLT3) gene became a popular
target within the past decade [3,7]. The FLT3 internal tandem duplication (FLT3-ITD)
mutation is the most common FLT3 mutation and has been associated with greater inferior
survival than the FLT3 tyrosine kinase domain (FLT3-TKD) mutation, making FLT3-ITD
more clinically relevant [3,20,40,41]. AML patients with FLT3 mutations tend to have shorter
periods of remission, more frequent relapses, and worse overall survival outcomes than
AML patients without these mutations [42]. Normally, an FLT3 receptor binds to a ligand
produced by cells in the hematopoietic environment, leading to receptor dimerization and
autophosphorylation. This activates signaling pathways downstream like RAF/MEK/ERK,
PI3K/AKT, and STAT to control the differentiation and growth of hematopoietic cells while
inhibiting apoptosis (Figure 1b) [7]. In the FLT3-ITD mutation, the FLT3-ITD receptor
dimerizes with the wild-type receptor. This leads to constitutive activation independently
of binding to a ligand, leading to the potential for uncontrolled malignant proliferation
of hematopoietic cells [4]. This constitutive activation is the reason for FLT3-mutated
AML patients presenting with high blast counts at diagnosis. During clonal shifts, FLT3
mutations are poorly conserved, meaning the sequence can vary significantly in clones of
cancer cells over time.

3.2. The Complex Prognostic Landscape of FLT3-ITD Mutations in AML: Clonal Expansion,
Relapse Risk, and the Impact of Co-Occurring Mutations

The process of clonal expansion in relapsed AML with FLT3-ITD mutation is associated
with a high allelic ratio, indicating that a subclone at diagnosis has a growth advantage
and becomes the dominant clone at relapse [43]. However, some studies show that allelic
ratio does not necessarily contribute to the risk of relapse and prognosis, and it is no longer
considered on the ELN 2022 risk classification. This was due to the lack of standardization
in the assay to measure the FLT3 allelic ratio [44,45]. Approximately 75% of AML patients
continue to have the FLT3-ITD mutations at relapse from diagnosis, which indicates its role
as a driver mutation [46]. Using FLT3 mutations as the only biomarker for MRD has been
discouraged due to false negative MRD relapses due to missed clonal shifts [47]. FLT3-ITD
is associated with mutations in DNMT3A, contributing to an even worse prognosis. In
contrast, it is also associated with mutations in NPM1, which has a favorable prognosis on
its own, but the ELN 2022 guidelines now place FLT3-ITD mutations in the intermediate risk
category regardless of NPM1 co-occurrence [44]. FLT3-ITD is an important biomarker for
prognosis; however, clinical outcomes are ultimately impacted by co-occurring mutations
and characteristics at diagnosis.
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3.3. Targeted FLT3 Inhibitors in AML: Clinical Efficacy and Evolution of Treatment Landscape
with Midostaurin, Gilteritinib, Quizartinib, and Emerging Role of Crenolanib

Due to the poor outcomes of patients with FLT3-ITD mutations, the need for a targeted
therapy became clear. FLT3 inhibitors prevent downstream phosphorylation by compet-
itively inhibiting ATP binding at the site of the tyrosine kinase domain [48]. The first
FLT3 inhibitor to be FDA approved in 2017 was midostaurin, which evolved the treatment
landscape by being the first targeted therapy for AML to improve overall survival and is
now approved as a first-line treatment in addition to standard chemotherapy in those with
either an FLT3-TKD or FLT3-ITD mutation [49]. The phase III RATIFY study (NCT00651261)
compared midostaurin + standard chemotherapy vs. placebo + standard chemother-
apy in 717 patients. It significantly improved median overall survival (74.7 months vs.
25.6 months), with the 4-year overall survival rate being 51.4% vs. 44.3%, respectively [48].
Next, in 2018, came the approval of gilteritinib for relapsed/refractory AML patients,
which targets both FLT3-ITD and FLT3-TKD mutations. It was developed to target re-
lapsed/refractory AML due to the inability of midostaurin to establish a durable remission.
This phase III trial (NCT02421939) compared the use of gilteritinib vs. salvage chemother-
apy and respectively found a longer median overall survival (9.3 vs. 5.6 months) and higher
complete remission with full or partial hematologic recovery (34.0% vs. 15.3%) [50]. Due
to the mechanisms of resistance that still presented with gilteritinib over time, quizartinib
was developed to escape resistance and is distinguished from other FLT3 inhibitors by
binding to the hydrophobic region instead of the active site of FLT3 kinase and while it
is in its inactive conformation [51]. Quizartinib was FDA-approved in 2023 following a
phase III QuANTUM trial (NCT02039726) that compared the use of quizartinib vs. salvage
chemotherapy in AML patients with FLT3-ITD mutations only and respectively led to a
longer median overall survival in the intent-to-treat population (6.2 vs. 4.7 months) and
when censored for stem cell transplant (5.7 vs. 4.6 months) [52]. It included older patients
up to age 75, as compared to the RATIFY study in midostaurin, illustrating the feasibility of
using quizartinib in older populations that tend to have more toxicities. It is now approved
for use as a first-line therapy in newly diagnosed AML with FLT3-ITD mutation. An
emerging therapy that received FDA fast-track designation in 2017 is crenolanib, which has
shown promising results in relapsed/refractory AML [53]. It has the potential to overcome
mechanisms of resistance that are present in the use of quizartinib, such as FLT3 mutations
at D835 [54]. A phase III trial (NCT03258931) comparing the efficacy of midostaurin vs.
crenolanib is currently underway. Another FLT3 inhibitor being investigated in the early
trial phase is FF-10101, which can escape mechanisms of resistance by having activity
against FLT3-ITD and FLT3-TKD, as well as extracellular activating mutations [55].

4. TP53 Mutations in AML: Pathogenesis, Clinical Impact, and Emerging
Therapeutic Strategies
4.1. Prevalence, Mechanistic Disruption of Cell Function with TP53 Mutations in AML

TP53 mutations represent a significant subset of genetic alterations in AML, with
a prevalence of approximately 5–10% in newly diagnosed cases [25,56]. The TP53 gene,
located on chromosome 17p13.1, encodes the tumor protein p53, which is a crucial regulator
of genomic stability [15,57]. In AML, TP53 mutations often result in missense mutations
that produce a defective p53 protein, which accumulates abnormally within cells [58].
Normally, p53 acts as a transcription factor that regulates the expression of genes involved
in the DNA damage response, cell cycle arrest, and apoptosis (Figure 1c) [17,59]. Upon
detecting DNA damage, p53 induces the transcription of genes such as p21, GADD45,
and PUMA, which mediate cell cycle arrest and apoptosis to prevent the propagation of
damaged cells. However, mutant p53 proteins lose this functionality, impairing the DNA
damage response and allowing cells with genetic instability to survive and proliferate
unchecked [25,60].

The defective p53 protein is unable to bind to DNA effectively, which prevents it
from activating the transcription of its target genes essential for DNA repair and apoptosis.
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This loss of function results in the failure to arrest the cell cycle in response to DNA
damage, leading to the accumulation of additional genetic abnormalities [56]. Furthermore,
the inability of mutant p53 to induce apoptosis means that damaged cells can continue
to proliferate, contributing to leukemogenesis. Additionally, mutant p53 proteins can
exert a dominant-negative effect by forming hetero-oligomers with wild-type p53, thereby
inhibiting its tumor suppressor functions.

Mutant p53 can also gain oncogenic functions, known as gain-of-function (GOF)
mutations, which further drive tumorigenesis [61]. These GOF mutations can alter the
interaction of p53 with other cellular proteins, such as transcription factors and components
of the chromatin remodeling machinery, disrupting normal cellular processes. For example,
mutant p53 can interact with the transcriptional coactivator p300/CBP, leading to aberrant
gene expression that promotes cell survival and proliferation [62]. Additionally, the altered
interactions of mutant p53 with proteins involved in DNA repair, such as BRCA1 and
RAD51, can further compromise genomic stability [58,63,64].

Overall, TP53 mutations in AML result in a defective p53 protein that fails to maintain
genomic stability, regulate the cell cycle, and induce apoptosis. This loss of function,
combined with potential gain-of-function effects, drives leukemogenesis by allowing the
survival and proliferation of genetically unstable cells, contributing to the complexity and
aggressiveness of the disease [60].

4.2. Prognostic Implications of TP53 Mutations in AML: Challenges with Treatment Resistance
and Poor Clinical Outcomes

TP53 mutations in AML are associated with a markedly poor prognosis, characterized
by low complete remission rates, high relapse rates, and poor overall survival [25,56]. In
these patients, the presence of TP53 mutations contributes to genomic instability, leading
to a more aggressive disease phenotype and resistance to conventional therapies [65,66].
The prognostic significance of TP53 mutations is highlighted by their association with
poor treatment outcomes. For instance, patients with TP53-mutant AML typically exhibit
a median overall survival of less than 6 months, significantly shorter than those with
wild-type TP53 [17,67].

Biallelic TP53 mutations are strongly associated with extremely poor outcomes; in
contrast, monoallelic TP53 mutations, while still adverse, are generally associated with
a slightly better prognosis, with a 2-year OS of 4% versus 43%, respectively [68]. This
poor prognosis persists despite intensive chemotherapy or hypomethylating agents, as
TP53-mutant leukemic cells often exhibit resistance to these treatments [13]. Moreover,
TP53 mutations are frequently observed in therapy-related AML and secondary AML,
both of which are associated with particularly poor clinical outcomes [56,66]. The co-
occurrence of TP53 mutations with other high-risk genetic alterations, such as complex
karyotypes, further exacerbates the prognosis. In a study of 944 patients, it was found that
TP53 mutations were correlated with specific copy number alterations and a monosomal
karyotype, both indicators of dismal outcomes [25,65].

4.3. Novel Therapeutic Approaches: Potential of APR-246, MDM2 Inhibitors, and
Combination Therapies

Emerging therapies targeting TP53 mutations in AML are of significant interest due
to the poor prognosis associated with this genetic alteration. One of the most promis-
ing agents in this context is APR-246 (eprenetapopt), which aims to restore the normal
function of mutant p53 by refolding the defective protein into its wild-type conforma-
tion [69]. In preclinical models, APR-246 has demonstrated the ability to induce apoptosis
and inhibit tumor growth in TP53-mutant leukemic cells [70]. A phase II clinical trial
(NCT03745716) evaluating APR-246 in combination with azacitidine in patients with TP53-
mutant myelodysplastic syndromes (MDS) and AML reported a complete remission (CR)
rate of 50% and a median overall survival (OS) of 10.8 months. However, it is important to
note that despite initial promising results, subsequent studies have not confirmed long-term



Cells 2024, 13, 1392 8 of 15

efficacy, leading to the discontinuation of some trials involving APR-246 in combination
with azacitidine [71].

Another novel approach involves targeting MDM2, a negative regulator of p53 that
is often overexpressed in cancers, including AML. MDM2 inhibitors, such as idasanut-
lin, work by reactivating the p53 pathway, leading to apoptosis in p53-wildtype and
potentially in TP53-mutant cells through synthetic lethality mechanisms [34]. A phase
I/II trial (NCT02545283) investigating idasanutlin in combination with cytarabine in re-
lapsed/refractory AML showed an ORR of 29%, with some patients achieving durable
remissions [72]. However, these results have not been sufficient to advance the treatment
into later-stage clinical trials, highlighting the challenges in targeting the TP53-mutant
AML [72].

Combination therapies are also being explored to enhance the efficacy of emerging
agents. For example, a phase Ib/II study (NCT03931291) is evaluating the combination of
APR-246 with venetoclax and azacitidine in TP53-mutant AML [73]. Preliminary results
have shown that this triplet combination is well-tolerated and has led to high response
rates, with complete remission and an incomplete hematologic recovery rate of 58% in the
evaluable population. This combination aims to exploit the synergistic effects of reactivating
p53, inducing apoptosis through BCL-2 inhibition, and promoting differentiation with
azacitidine [71].

Furthermore, immune checkpoint inhibitors are being investigated in TP53-mutant
AML due to the potential for enhanced immune evasion in these tumors. A phase II trial
(NCT04284787) is assessing the combination of the anti-PD-1 antibody pembrolizumab with
azacitidine in TP53-mutant AML and MDS [74]. Early data suggest that this combination
can induce immune responses and lead to clinical remissions, highlighting the potential for
immunotherapy in this difficult-to-treat population [74]. Nonetheless, the long-term efficacy
and safety of immune checkpoint inhibitors in this context remain under investigation,
with mixed results from various trials.

5. IDH1/2 Mutations in AML: Pathogenesis, Clinical Impact, and Therapeutic Advances
5.1. Metabolic Disruption and Epigenetic Alterations: The Role of IDH Mutations
in Leukemogenesis

Isocitrate dehydrogenase (IDH) exists as two isoforms: IDH1 localized in the cytosol,
and IDH2 localized to the mitochondria, and they are mutated in about 20% of AML. Both
forms of IDH normally facilitate the reversible oxidative decarboxylation of isocitrate to
α-ketoglutarate in the tricarboxylic acid cycle [75]. This reaction reduces nicotinamide
adenine dinucleotide phosphate (NADP+) to NADPH, which is an essential cofactor for
many biochemical processes, and its homeostasis plays a role in many cancers [76]. Mu-
tations in IDH1/2 are gain-of-function mutations that instead convert its normal product,
α-ketoglutarate, to 2-hydroxyglutarate (2-HG), an oncometabolite that consumes NADPH
(Figure 1a) [77]. Additionally, 2-HG leads to mechanisms that trigger apoptosis, in which
anti-apoptotic B-cell lymphoma protein 2 (BCL-2) prevents apoptosis [78]. Consequently,
IDH mutant cells become dependent on BCL-2, making them more susceptible to BCL-2
inhibition, which is grounds for a therapy regimen we will mention later in this review.
The enzyme ten eleven translocation 2 (TET2) catalyzes the reaction to create the active
product for the demethylation of cytosine [79]. Mutations in TET2 and IDH1/2 are mutually
exclusive in AML patients, and loss-of-function mutations in TET2 have outcomes similar
to those of IDH1/2 mutants [80]. TET2 is dependent on α-ketoglutarate, to which 2-HG, the
structural analog and mutant IDH oncometabolite, binds and competitively inhibits TET2
function [81]. Consequently, 2-HG, specifically the R-enantiomer, disrupts cellular differen-
tiation through the inactivation of chromatin by DNA and histone hypermethylation of
the hematopoietic stem cell genome, contributing to leukemogenesis [80,82]. Mutations in
IDH have been detected before overt leukemia and especially in the presence of additional
driver mutations, likely rendering hematopoietic stem cells more susceptible to leukemic
transformation [83].
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5.2. The Controversial Prognostic Impact of IDH1/2 Mutations in AML

We have discussed examples of driver mutations in AML that contribute to favorable,
intermediate, and adverse risk. However, we now discuss the controversial prognostic
significance of IDH1/2 mutations, despite their high prevalence in AML [84]. There have
been various studies investigating the prognostic impact of IDH, and some demonstrate
that it may be dependent on the location of the mutation and the presence of the FLT3-ITD
genotype [85,86]. In a prospective analysis of AML patients with IDH mutations, it has been
shown that those with increased levels of 2-HG during complete remission had shorter
overall survival than patients with lower levels of 2-HG (p = 0.02) [87]. Patients with IDH
mutations also had an increased incidence of NPM1 and FLT3-ITD mutations, interme-
diate risk cytogenetics, and increased bone marrow blasts at diagnosis [88]. However,
co-occurring IDH mutations do not override the favorable prognosis of NPM1 mutations
in patients younger than 60 years old. Additionally, patients without co-occurring IDH,
NPM1, FLT3-ITD, or DNMT3A mutations had inferior outcomes [89]. Mutations at R132
in IDH1 and R172/R140 in IDH2 are associated with increased levels of 2-HG in AML
patients [77]. Additionally, the prognostic impact of the location of the mutation is incon-
sistent, with some studies showing that IDH2 mutations at R140 have a more favorable
prognosis than IDH1 mutations at R132, and other studies finding no significant differ-
ence [20,86]. However, IDH2 R140 mutations frequently cooccur with NPM1 mutations,
which is associated with a favorable prognosis in newly diagnosed AML but a poor prog-
nosis in relapsed/refractory AML [89,90]. The association with NPM1 may explain the
favorable prognosis with R140 IDH2 mutations. The unclear prognostic significance of
IDH mutations may be due to the vast heterogeneity of co-occurring mutations and the
various locations where they may occur, making genetic profiling and translational research
essential in clarifying the role of IDH in AML.

5.3. Targeting IDH Mutations in AML: Efficacy of IDH Inhibitors and Combination Therapies

IDH1 mutations have an extra level of complexity compared to IDH2 mutations, as
they are more prone to resistance [91]. Due to the recent discovery of the role of IDH
mutations in the survival outcomes of AML, targeted therapies have been developed to
inhibit the activity of IDH mutated enzymes. IDH inhibitors bind to the active site of the
IDH enzyme and prevent the release of 2-HG, restoring α-ketoglutarate levels and cellular
differentiation to normal. Differentiation syndrome is a common adverse effect occurring
in about 19% of patients treated with IDH inhibitors and can lead to tissue damage and
inflammation due to the proliferation of differentiated leukemic cells that alter cytokine
levels [92,93].

Ivosidenib was first FDA-approved in 2018 for relapsed/refractory AML patients
(NCT02074839) [94]. Following this, a phase III trial (NCT03173248) showed that the com-
bination of ivosidenib and azacitidine was effective in newly diagnosed AML patients with
IDH1 mutations. As of 2022, it is FDA-approved as a first-line therapy due to the AGILE
study showing a median overall survival of 24 months with ivosidenib and azacitidine and
7.9 months with placebo and azacitidine, (p = 0.001) [95]. However, it should be noted that
this study had limitations, including the control arm being sub-optimal care at the time
and the primary endpoint being changed [96]. A newer IDH1 inhibitor FDA-approved
in 2022, olutasidenib, has shown longer durations of complete remission in a phase I/II
study (NCT02719574) with IDH1 mutant AML patients compared to ivosidenib, although
it has not yet been investigated in a head-to-head trial [94]. In 153 relapsed/refractory
AML patients receiving olutasidenib as monotherapy, the median duration of complete
remission was 28.1 months, and the rate of complete remission was 32% [97].

As for IDH2 mutations, enasidenib was FDA-approved in 2017 for relapsed/refractory
AML patients, and a phase III trial (NCT02577406) comparing enasidenib to conventional
care regimens respectively showed improved event-free survival (4.9 vs. 2.6 months) and
overall response rate (40.5% vs. 9.9%), although the study did not indicate improved overall
survival [98].
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Due to the susceptibility of BCL-2 inhibition in IDH-mutant AML patients mentioned
previously, the combination of IDH inhibitors with venetoclax, a BCL-2 inhibitor, is being
explored. The phase Ib/II VIALE-A study (NCT03471260) evaluated the use of ivosidenib
and venetoclax with or without azacitidine as frontline therapy in relapsed/refractory
patients and showed that it was safe in IDH1-mutated myeloid malignancies and appeared
to escape mechanisms of resistance that have been observed with the use of single-agent
IDH inhibitors [99]. This study in the phase III setting may show the true use of ivosidenib
in frontline vs. relapsed/refractory patients with IDH mutations, due to the limitations of
past trials in the frontline setting.

6. Discussion

The role of driver mutations is critical in the pathogenesis and treatment of AML.
For an overview of AML driver mutations and therapy strategies, see Table 1. Prognosis,
treatment response, and overall patient outcomes are influenced by these genetic alter-
ations, but each patient is unique due to the heterogeneity of co-occurring mutations in
hematopoietic stem cells. Clinical trials have been successful in proving the efficacy of
targeted therapies for FLT3-ITD and IDH1/2, but finding a targeted agent for NPM1 and
TP53 remains a challenge.

Table 1. Overview of AML Driver Mutations and Therapy Strategies.

Driver Gene
Mutation

Biological
Consequence

Frequency in
AML (%)

Associated
Clinical
Features

Current FDA
Approved
Treatments

for AML

Emerging
Therapies References

FLT3-ITD

Constitutive activation
of the tyrosine kinase

receptor, leading to the
potential for

uncontrolled malignant
proliferation of

hematopoietic cells.

20–30% intermediate risk
(ELN 2022)

TN 1: midostaurin +
chemotherapy
(NCT00651261)
TN: quizartinib +
chemotherapy
(NCT02039726)
R/R: gilteritinib
(NCT02421939)

crenolanib
(NCT03258931) [1,3,7,48,50,52,54]

NPM1

Impairs the p53 tumor
suppressor pathway,

reducing apoptosis, and
disrupts the nuclear
export of ribosomal
proteins, allowing

myeloid cells to
proliferate.

30%

favorable
prognosis in the
absence of
FLT3-ITD
mutations
(ELN 2022)

TN: venetoclax +
hypomethylating
agent
(NCT02993523)
TN: chemotherapy

R/R:
ziftomenib
(NCT04067336)
R/R:
revumenib
(NCT04065399)

[3,100,101]

TP53

Failure to maintain
genomic stability,

regulate the cell cycle,
and induce apoptosis,

which drives
leukemogenesis by

allowing the survival
and proliferation of
genetically unstable

cells.

10% adverse risk (ELN
2022)

TN: venetoclax +
hypomethylating
agent
(NCT02993523)
TN: chemotherapy

Combination
therapies: [3,101]

IDH1/2

Disruption of cellular
differentiation through

the inactivation of
chromatin by DNA and

histone
hypermethylation,

contributing to
leukemogenesis.

IDH1: 5–10%
IDH2:

15–20%

Prognostic
significance is
controversial,
although
associated with
decreased
survival.

IDH1:
TN: ivosidenib +
azacitidine
(NCT03173248)
R/R: olutasidenib
(NCT02719574)
IDH2:
R/R: enasidenib
(NCT02577406)

Combination
therapies:
ivosidenib with
venetoclax ±
azacitidine
(NCT03471260)

[3,80,82,95,97,98]

1 Abbreviations: TN: Treatment Naïve; R/R: Relapsed/Refractory.
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7. Conclusions

There is a profound implication for driver mutations in the treatment of AML, and
advances in diagnostic assays for measuring residual disease are a topic of ongoing research,
in addition to exploring novel therapeutic agents. As our understanding of the molecular
underpinnings of AML deepens, the potential for precision medicine increases and offers
hope for less toxic and more effective therapies.
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7. Macečková, D.; Vaňková, L.; Holubová, M.; Jindra, P.; Klieber, R.; Jandová, E.; Pitule, P. Current knowledge about FLT3 gene
mutations, exploring the isoforms, and protein importance in AML. Mol. Biol. Rep. 2024, 51, 521. [CrossRef]

8. Hossain, M.J.; Xie, L.; Caywood, E.H. Prognostic factors of childhood and adolescent acute myeloid leukemia (AML) survival:
Evidence from four decades of US population data. Cancer Epidemiol. 2015, 39, 720–726. [CrossRef] [PubMed]

9. Dong, Y.; Shi, O.; Zeng, Q.; Lu, X.; Wang, W.; Li, Y.; Wang, Q. Leukemia incidence trends at the global, regional, and national level
between 1990 and 2017. Exp. Hematol. Oncol. 2020, 9, 14. [CrossRef] [PubMed]

10. Duncavage, E.J.; Bagg, A.; Hasserjian, R.P.; DiNardo, C.D.; Godley, L.A.; Iacobucci, I.; Jaiswal, S.; Malcovati, L.; Vannucchi, A.M.;
Patel, K.P.; et al. Genomic profiling for clinical decision making in myeloid neoplasms and acute leukemia. Blood 2022, 140,
2228–2247. [CrossRef] [PubMed]

11. Song, G.Y.; Kim, H.J.; Kim, T.; Ahn, S.Y.; Jung, S.H.; Kim, M.; Yang, D.H.; Lee, J.J.; Kim, M.Y.; Cheong, J.W.; et al. Validation of the
2022 European LeukemiaNet risk stratification for acute myeloid leukemia. Sci. Rep. 2024, 14, 8517. [CrossRef]

12. 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]

13. Döhner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Büchner, T.; Dombret, H.; Ebert, B.L.; Fenaux, P.; Larson, R.A.;
et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood 2017,
129, 424–447. [CrossRef]

14. Falini, B.; Mecucci, C.; Tiacci, E.; Alcalay, M.; Rosati, R.; Pasqualucci, L.; Starza, R.L.; Diverio, D.; Colombo, E.; Santucci, A.; et al.
Cytoplasmic Nucleophosmin in Acute Myelogenous Leukemia with a Normal Karyotype. N. Engl. J. Med. 2005, 352, 254–266.
[CrossRef]

15. 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]

16. Martelli, M.P.; Rossi, R.; Venanzi, A.; Meggendorfer, M.; Perriello, V.M.; Martino, G.; Spinelli, O.; Ciurnelli, R.; Varasano, E.;
Brunetti, L.; et al. Novel NPM1 exon 5 mutations and gene fusions leading to aberrant cytoplasmic nucleophosmin in AML. Blood
2021, 138, 2696–2701. [CrossRef] [PubMed]

https://doi.org/10.1016/j.leukres.2021.106727
https://www.ncbi.nlm.nih.gov/pubmed/34700049
https://doi.org/10.3390/jcm5030033
https://www.ncbi.nlm.nih.gov/pubmed/26959069
https://doi.org/10.1097/MOH.0000000000000567
https://www.ncbi.nlm.nih.gov/pubmed/31972687
https://doi.org/10.1007/s12032-017-0970-x
https://www.ncbi.nlm.nih.gov/pubmed/28470536
https://doi.org/10.1200/GO.23.00229
https://www.ncbi.nlm.nih.gov/pubmed/37992271
https://doi.org/10.1155/2022/1612702
https://www.ncbi.nlm.nih.gov/pubmed/35509847
https://doi.org/10.1007/s11033-024-09452-2
https://doi.org/10.1016/j.canep.2015.06.009
https://www.ncbi.nlm.nih.gov/pubmed/26159683
https://doi.org/10.1186/s40164-020-00170-6
https://www.ncbi.nlm.nih.gov/pubmed/32577323
https://doi.org/10.1182/blood.2022015853
https://www.ncbi.nlm.nih.gov/pubmed/36130297
https://doi.org/10.1038/s41598-024-57295-5
https://doi.org/10.1056/NEJMoa1516192
https://www.ncbi.nlm.nih.gov/pubmed/27276561
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1056/NEJMoa041974
https://doi.org/10.1038/nature12634
https://www.ncbi.nlm.nih.gov/pubmed/24132290
https://doi.org/10.1182/blood.2021012732
https://www.ncbi.nlm.nih.gov/pubmed/34343258


Cells 2024, 13, 1392 12 of 15

17. Levine, R.L.; Mardis, E.R. Hematology 2016 (ASH Education Program); American Society of Haematology: Washington, DC, USA, 2016.
18. Kelemen, K. The Role of Nucleophosmin 1 (NPM1) Mutation in the Diagnosis and Management of Myeloid Neoplasms. Life 2022,

12, 109. [CrossRef]
19. Thiede, C.; Steudel, C.; Mohr, B.; Schaich, M.; Schäkel, U.; Platzbecker, U.; Wermke, M.; Bornhäuser, M.; Ritter, M.; Neubauer, A.;

et al. Analysis of FLT3-activating mutations in 979 patients with acute myelogenous leukemia: Association with FAB subtypes
and identification of subgroups with poor prognosis. Blood 2002, 99, 4326–4335. [CrossRef]

20. Patel, J.P.; Gönen, M.; Figueroa, M.E.; Fernandez, H.; Sun, Z.; Racevskis, J.; Van Vlierberghe, P.; Dolgalev, I.; Thomas, S.; Aminova,
O.; et al. Prognostic relevance of integrated genetic profiling in acute myeloid leukemia. N. Engl. J. Med. 2012, 366, 1079–1089.
[CrossRef]

21. Kelly, L.M.; Liu, Q.; Kutok, J.L.; Williams, I.R.; Boulton, C.L.; Gilliland, D.G. FLT3 internal tandem duplication mutations
associated with human acute myeloid leukemias induce myeloproliferative disease in a murine bone marrow transplant model.
Blood 2002, 99, 310–318. [CrossRef]

22. Levis, M.; Pham, R.; Smith, B.D.; Small, D. In vitro studies of a FLT3 inhibitor combined with chemotherapy: Sequence of
administration is important to achieve synergistic cytotoxic effects. Blood 2004, 104, 1145–1150. [CrossRef] [PubMed]

23. Ravandi, F.; Kantarjian, H.; Faderl, S.; Garcia-Manero, G.; O’Brien, S.; Koller, C.; Pierce, S.; Brandt, M.; Kennedy, D.; Cortes, J.;
et al. Outcome of patients with FLT3-mutated acute myeloid leukemia in first relapse. Leuk. Res. 2010, 34, 752–756. [CrossRef]

24. Schnittger, S.; Bacher, U.; Kern, W.; Alpermann, T.; Haferlach, C.; Haferlach, T. Prognostic impact of FLT3-ITD load in NPM1
mutated acute myeloid leukemia. Leukemia 2011, 25, 1297–1304. [CrossRef] [PubMed]

25. 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]

26. DiNardo, C.D.; Pratz, K.; Pullarkat, V.; Jonas, B.A.; Arellano, M.; Becker, P.S.; Frankfurt, O.; Konopleva, M.; Wei, A.H.; Kantarjian,
H.M.; et al. Venetoclax combined with decitabine or azacitidine in treatment-naive, elderly patients with acute myeloid leukemia.
Blood 2019, 133, 7–17. [CrossRef]

27. Dombret, H.; Gardin, C. An update of current treatments for adult acute myeloid leukemia. Blood 2016, 127, 53–61. [CrossRef]
28. Tallman, M.S.; Gilliland, D.G.; Rowe, J.M. Drug therapy for acute myeloid leukemia. Blood 2005, 106, 1154–1163. [CrossRef]

[PubMed]
29. Gale, R.E.; Green, C.; Allen, C.; Mead, A.J.; Burnett, A.K.; Hills, R.K.; Linch, D.C. The impact of FLT3 internal tandem duplication

mutant level, number, size, and interaction with NPM1 mutations in a large cohort of young adult patients with acute myeloid
leukemia. Blood 2008, 111, 2776–2784. [CrossRef]

30. Issa, G.C.; Aldoss, I.; DiPersio, J.; Cuglievan, B.; Stone, R.; Arellano, M.; Thirman, M.J.; Patel, M.R.; Dickens, D.S.; Shenoy, S.; et al.
The menin inhibitor revumenib in KMT2A-rearranged or NPM1-mutant leukaemia. Nature 2023, 615, 920–924. [CrossRef]

31. Grembecka, J.; He, S.; Shi, A.; Purohit, T.; Muntean, A.G.; Sorenson, R.J.; Showalter, H.D.; Murai, M.J.; Belcher, A.M.; Hartley, T.;
et al. Menin-MLL inhibitors reverse oncogenic activity of MLL fusion proteins in leukemia. Nat. Chem. Biol. 2012, 8, 277–284.
[CrossRef]

32. Uckelmann, H.J.; Haarer, E.L.; Takeda, R.; Wong, E.M.; Hatton, C.; Marinaccio, C.; Perner, F.; Rajput, M.; Antonissen, N.J.C.; Wen,
Y.; et al. Mutant NPM1 Directly Regulates Oncogenic Transcription in Acute Myeloid Leukemia. Cancer Discov. 2023, 13, 746–765.
[CrossRef] [PubMed]

33. A Phase 1/2, Open-Label, Dose-Escalation and Dose-Expansion Cohort Study of SNDX-5613 in Patients with Relapsed/Refractory
Leukemias, Including Those Harboring an MLL/KMT2A Gene Rearrangement or Nucleophosmin 1 (NPM1) Mutation. 2019.
Available online: https://www.dana-farber.org/clinical-trials/19-467 (accessed on 16 August 2024).

34. Stein, E.M.; Aldoss, I.; DiPersio, J.F.; Stone, R.M.; Arellano, M.L.; Rosen, G.; Meyers, M.L.; Huang, Y.; Smith, S.; Bagley, R.G.; et al.
Safety and Efficacy of Menin Inhibition in Patients (Pts) with MLL-Rearranged and NPM1 Mutant Acute Leukemia: A Phase (Ph)
1, First-in-Human Study of SNDX-5613 (AUGMENT 101). Blood 2021, 138, 699. [CrossRef]

35. Wang, E.S.; Altman, J.K.; Pettit, K.; De Botton, S.; Walter, R.P.; Fenaux, P.; Burrows, F.; Tomkinson, B.E.; Martell, B.; Fathi, A.T. A
Phase 1/2 First in Human Study of the Menin-MLL(KMT2A) Inhibitor KO-539 in Patients with Relapsed or Refractory Acute
Myeloid Leukemia. Blood 2019, 136, 7–8.

36. Eguchi, K.; Shimizu, T.; Kato, D.; Furuta, Y.; Kamioka, S.; Ban, H.; Ymamoto, S.; Yokoyama, A.; Kitabayashi, I. Preclinical
Evaluation of a Novel Orally Bioavailable Menin-MLL Interaction Inhibitor, DSP-5336, for the Treatment of Acute Leukemia
Patients with MLL-Rearrangement or NPM1 Mutation. Blood 2021, 138, 3339. [CrossRef]

37. Daver, N.; Ikezoe, T.; Watts, J.; Hosono, N.; Ogawa, Y.; Miyazaki, Y.; Erba, H.P.; Affinito, J.; Brooks, E.; Eguchi, K.; et al. A Phase
1/2, Open-Label, Dose-Escalation, Dose-Expansion Study of DSP-5336 in Adult Acute Leukemia Patients with and without
Mixed Lineage Leukemia (MLL)-Rearrangement or Nucleophosmin 1 (NPM1) Mutation. Blood 2021, 140, 3371–3372.

38. Abuasab, T.; Jabbour, E.J.; Short, N.J.; Konopleva, M.; Chien, K.S.; Mohamed, S.F.; Daver, N.; Kanagal-Shamanna, R.; Kantarjian,
H.; Garcia-Manero, G.; et al. Phase I/II Study of Azacitidine in Combination with Quizartinib for Patients with Myelodysplastic
Syndromes and Myelodysplastic/Myeloproliferative Neoplasms with FLT3 or CBL Mutations. Blood 2020, 138, 1536.

39. Hilton, J.; Cristea, M.; Postel-Vinay, S.; Baldini, C.; Voskoboynik, M.; Edenfield, W.; Shapiro, G.I.; Cheng, M.L.; Vuky, J.; Corr, B.;
et al. BMS-986158, a Small Molecule Inhibitor of the Bromodomain and Extraterminal Domain Proteins, in Patients with Selected
Advanced Solid Tumors: Results from a Phase 1/2a Trial. Cancers 2022, 14, 4079. [CrossRef]

https://doi.org/10.3390/life12010109
https://doi.org/10.1182/blood.v99.12.4326
https://doi.org/10.1056/NEJMoa1112304
https://doi.org/10.1182/blood.v99.1.310
https://doi.org/10.1182/blood-2004-01-0388
https://www.ncbi.nlm.nih.gov/pubmed/15126317
https://doi.org/10.1016/j.leukres.2009.10.001
https://doi.org/10.1038/leu.2011.97
https://www.ncbi.nlm.nih.gov/pubmed/21537333
https://doi.org/10.1182/blood-2011-08-375758
https://doi.org/10.1182/blood-2018-08-868752
https://doi.org/10.1182/blood-2015-08-604520
https://doi.org/10.1182/blood-2005-01-0178
https://www.ncbi.nlm.nih.gov/pubmed/15870183
https://doi.org/10.1182/blood-2007-08-109090
https://doi.org/10.1038/s41586-023-05812-3
https://doi.org/10.1038/nchembio.773
https://doi.org/10.1158/2159-8290.Cd-22-0366
https://www.ncbi.nlm.nih.gov/pubmed/36455613
https://www.dana-farber.org/clinical-trials/19-467
https://doi.org/10.1182/blood-2021-146944
https://doi.org/10.1182/blood-2021-152050
https://doi.org/10.3390/cancers14174079


Cells 2024, 13, 1392 13 of 15

40. Mead, A.J.; Linch, D.C.; Hills, R.K.; Wheatley, K.; Burnett, A.K.; Gale, R.E. FLT3 tyrosine kinase domain mutations are biologically
distinct from and have a significantly more favorable prognosis than FLT3 internal tandem duplications in patients with acute
myeloid leukemia. Blood 2007, 110, 1262–1270. [CrossRef]

41. Janke, H.; Pastore, F.; Schumacher, D.; Herold, T.; Hopfner, K.P.; Schneider, S.; Berdel, W.E.; Büchner, T.; Woermann, B.J.; Subklewe,
M.; et al. Activating FLT3 mutants show distinct gain-of-function phenotypes in vitro and a characteristic signaling pathway
profile associated with prognosis in acute myeloid leukemia. PLoS ONE 2014, 9, e89560. [CrossRef]

42. Moualla, Y.; Moassass, F.; Al-Halabi, B.; Al-Achkar, W.; Georgeos, M.; Yazigi, H.; Khamis, A. Evaluating the clinical significance of.
Heliyon 2022, 8, e11858. [CrossRef]

43. Daver, N.; Schlenk, R.F.; Russell, N.H.; Levis, M.J. Targeting FLT3 mutations in AML: Review of current knowledge and evidence.
Leukemia 2019, 33, 299–312. [CrossRef] [PubMed]

44. 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]

45. Linch, D.C.; Hills, R.K.; Burnett, A.K.; Khwaja, A.; Gale, R.E. Impact of FLT3(ITD) mutant allele level on relapse risk in
intermediate-risk acute myeloid leukemia. Blood 2014, 124, 273–276. [CrossRef]

46. Krönke, J.; Bullinger, L.; Teleanu, V.; Tschürtz, F.; Gaidzik, V.I.; Kühn, M.W.; Rücker, F.G.; Holzmann, K.; Paschka, P.; Kapp-
Schwörer, S.; et al. Clonal evolution in relapsed NPM1-mutated acute myeloid leukemia. Blood 2013, 122, 100–108. [CrossRef]

47. Heuser, M.; Freeman, S.D.; Ossenkoppele, G.J.; Buccisano, F.; Hourigan, C.S.; Ngai, L.L.; Tettero, J.M.; Bachas, C.; Baer, C.; Béné,
M.C.; et al. 2021 Update on MRD in acute myeloid leukemia: A consensus document from the European LeukemiaNet MRD
Working Party. Blood 2021, 138, 2753–2767. [CrossRef] [PubMed]

48. 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]

49. Starr, P. Midostaurin the First Targeted Therapy to Improve Survival in AML: Potentially Practice-Changing. Am. Health Drug
Benefits 2016, 9, 1–21.

50. 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. N. Engl. J. Med. 2019, 381, 1728–1740. [CrossRef]

51. Eguchi, M.; Minami, Y.; Kuzume, A.; Chi, S. Mechanisms Underlying Resistance to FLT3 Inhibitors in Acute Myeloid Leukemia.
Biomedicines 2020, 8, 245. [CrossRef]

52. 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]

53. Wang, E.S.; Goldberg, A.D.; Tallman, M.; Walter, R.B.; Karanes, C.; Sandhu, K.; Vigil, C.E.; Collins, R.; Jain, V.; Stone, R.M.
Crenolanib and Intensive Chemotherapy in Adults with Newly Diagnosed FLT3-Mutated AML. J. Clin. Oncol. 2024, 42, 1776–1787.
[CrossRef] [PubMed]

54. Galanis, A.; Ma, H.; Rajkhowa, T.; Ramachandran, A.; Small, D.; Cortes, J.; Levis, M. Crenolanib is a potent inhibitor of FLT3 with
activity against resistance-conferring point mutants. Blood 2014, 123, 94–100. [CrossRef]

55. Levis, M.; Perl, A.; Schiller, G.; Fathi, A.T.; Roboz, G.; Wang, E.S.; Altman, J.; Rajkhowa, T.; Ando, M.; Suzuki, T.; et al. A phase 1
study of the irreversible FLT3 inhibitor FF-10101 in relapsed or refractory acute myeloid leukemia. Blood Adv. 2024, 8, 2527–2535.
[CrossRef]

56. Welch, J.S.; Petti, A.A.; Miller, C.A.; Fronick, C.C.; O’Laughlin, M.; Fulton, R.S.; Wilson, R.K.; Baty, J.D.; Duncavage, E.J.; Tandon,
B.; et al. TP53 and Decitabine in Acute Myeloid Leukemia and Myelodysplastic Syndromes. N. Engl. J. Med. 2016, 375, 2023–2036.
[CrossRef]

57. Yoshida, K.; Toki, T.; Okuno, Y.; Kanezaki, R.; Shiraishi, Y.; Sato-Otsubo, A.; Sanada, M.; Park, M.-j.; Terui, K.; Suzuki, H.; et al.
The landscape of somatic mutations in Down syndrome–related myeloid disorders. Nat. Genet. 2013, 45, 1293–1299. [CrossRef]

58. George, B.; Kantarjian, H.; Baran, N.; Krocker, J.D.; Rios, A. TP53 in Acute Myeloid Leukemia: Molecular Aspects and Patterns of
Mutation. Int. J. Mol. Sci. 2021, 22, 10782. [CrossRef] [PubMed]

59. Wang, H.; Guo, M.; Wei, H.; Chen, Y. Targeting p53 pathways: Mechanisms, structures, and advances in therapy. Signal Transduct.
Target. Ther. 2023, 8, 92. [CrossRef]

60. Kuykendall, A.; Duployez, N.; Boissel, N.; Lancet, J.E.; Welch, J.S. Acute Myeloid Leukemia: The Good, the Bad, and the Ugly.
Am. Soc. Clin. Oncol. Educ. Book 2018, 38, 555–573. [CrossRef] [PubMed]

61. Xu-Monette, Z.Y.; Medeiros, L.J.; Li, Y.; Orlowski, R.Z.; Andreeff, M.; Bueso-Ramos, C.E.; Greiner, T.C.; McDonnell, T.J.; Young,
K.H. Dysfunction of the TP53 tumor suppressor gene in lymphoid malignancies. Blood 2012, 119, 3668–3683. [CrossRef]

62. Kaypee, S.; Sahadevan, S.A.; Patil, S.; Ghosh, P.; Roy, N.S.; Roy, S.; Kundu, T.K. Mutant and Wild-Type Tumor Suppressor p53
Induces p300 Autoacetylation. iScience 2018, 4, 260–272. [CrossRef]

63. Gatz, S.A.; Wiesmüller, L. p53 in recombination and repair. Cell Death Differ. 2006, 13, 1003–1016. [CrossRef] [PubMed]
64. Arizti, P.; Fang, L.; Park, I.; Yin, Y.; Solomon, E.; Ouchi, T.; Aaronson, S.A.; Lee, S.W. Tumor suppressor p53 is required to modulate

BRCA1 expression. Mol. Cell Biol. 2000, 20, 7450–7459. [CrossRef]

https://doi.org/10.1182/blood-2006-04-015826
https://doi.org/10.1371/journal.pone.0089560
https://doi.org/10.1016/j.heliyon.2022.e11858
https://doi.org/10.1038/s41375-018-0357-9
https://www.ncbi.nlm.nih.gov/pubmed/30651634
https://doi.org/10.1182/blood.2022016867
https://www.ncbi.nlm.nih.gov/pubmed/35797463
https://doi.org/10.1182/blood-2014-02-554667
https://doi.org/10.1182/blood-2013-01-479188
https://doi.org/10.1182/blood.2021013626
https://www.ncbi.nlm.nih.gov/pubmed/34724563
https://doi.org/10.1056/NEJMoa1614359
https://doi.org/10.1056/NEJMoa1902688
https://doi.org/10.3390/biomedicines8080245
https://doi.org/10.1016/S1470-2045(19)30150-0
https://doi.org/10.1200/JCO.23.01061
https://www.ncbi.nlm.nih.gov/pubmed/38324741
https://doi.org/10.1182/blood-2013-10-529313
https://doi.org/10.1182/bloodadvances.2023010619
https://doi.org/10.1056/NEJMoa1605949
https://doi.org/10.1038/ng.2759
https://doi.org/10.3390/ijms221910782
https://www.ncbi.nlm.nih.gov/pubmed/34639121
https://doi.org/10.1038/s41392-023-01347-1
https://doi.org/10.1200/EDBK_199519
https://www.ncbi.nlm.nih.gov/pubmed/30231330
https://doi.org/10.1182/blood-2011-11-366062
https://doi.org/10.1016/j.isci.2018.06.002
https://doi.org/10.1038/sj.cdd.4401903
https://www.ncbi.nlm.nih.gov/pubmed/16543940
https://doi.org/10.1128/mcb.20.20.7450-7459.2000


Cells 2024, 13, 1392 14 of 15

65. Haferlach, T.; Nagata, Y.; Grossmann, V.; Okuno, Y.; Bacher, U.; Nagae, G.; Schnittger, S.; Sanada, M.; Kon, A.; Alpermann, T.; et al.
Landscape of genetic lesions in 944 patients with myelodysplastic syndromes. Leukemia 2014, 28, 241–247. [CrossRef] [PubMed]

66. Lindsley, R.C.; Mar, B.G.; Mazzola, E.; Grauman, P.V.; Shareef, S.; Allen, S.L.; Pigneux, A.; Wetzler, M.; Stuart, R.K.; Erba, H.P.;
et al. Acute myeloid leukemia ontogeny is defined by distinct somatic mutations. Blood 2015, 125, 1367–1376. [CrossRef]

67. Gröbner, S.N.; Worst, B.C.; Weischenfeldt, J.; Buchhalter, I.; Kleinheinz, K.; Rudneva, V.A.; Johann, P.D.; Balasubramanian, G.P.;
Segura-Wang, M.; Brabetz, S.; et al. The landscape of genomic alterations across childhood cancers. Nature 2018, 555, 321–327.
[CrossRef] [PubMed]

68. Fenwarth, L.; Vasseur, L.; Duployez, N.; Gardin, C.; Terré, C.; Lambert, J.; de Botton, S.; Celli-Lebras, K.; Turlure, P.; Cluzeau,
T.; et al. Prognostic Impact of Monoallelic Versus Biallelic TP53 Alterations in Intensively-Treated Adults AML Patients: A
Retrospective Study from the ALFA Group. Blood 2022, 140, 737–738. [CrossRef]

69. Zhang, Q.; Bykov, V.; Wiman, K.; Zawacka, J. APR-246 reactivates mutant p53 by targeting cysteines 124 and 277. Cell Death Dis.
2018, 9, 439. [CrossRef]

70. Wang, Z.; Hu, H.; Heitink, L.; Rogers, K.; You, Y.; Tan, T.; Suen, C.L.W.; Garnham, A.; Chen, H.; Lieschke, E.; et al. The anti-cancer
agent APR-246 can activate several programmed cell death processes to kill malignant cells. Cell Death Differ. 2023, 30, 1033–1046.
[CrossRef]

71. Sallman, D.A.; DeZern, A.E.; Garcia-Manero, G.; Steensma, D.P.; Roboz, G.J.; Sekeres, M.A.; Cluzeau, T.; Sweet, K.L.; McLemore,
A.F.; McGraw, K.; et al. Phase 2 Results of APR-246 and Azacitidine (AZA) in Patients with TP53 mutant Myelodysplastic
Syndromes (MDS) and Oligoblastic Acute Myeloid Leukemia (AML). Blood 2019, 134, 676. [CrossRef]

72. Andreeff, M.; Kelly, K.R.; Yee, K.; Assouline, S.; Strair, R.; Popplewell, L.; Bowen, D.; Martinelli, G.; Drummond, M.W.; Vyas, P.;
et al. Results of the Phase I Trial of RG7112, a Small-Molecule MDM2 Antagonist in Leukemia. Clin. Cancer Res. 2016, 22, 868–876.
[CrossRef]

73. Mishra, A.; Tamari, R.; DeZern, A.E.; Byrne, M.T.; Gooptu, M.; Chen, Y.B.; Deeg, H.J.; Gallacher, P.; Wennborg, A.; Hickman,
D.K.; et al. Phase II Trial of APR-246 in Combination with Azacitidine as Maintenance Therapy for TP53 Mutated AML or MDS
Following Allogeneic Stem Cell Transplant. Blood 2019, 138, 409.

74. Zeidan, A.M.; Boddu, P.; Wood, B.L.; Zelterman, D.; Little, R.F.; Ivy, S.P.; Caldwell, A.; Sanchez-Espiridion, B.; Alatrash, G.; Sharon,
E.; et al. Blast MRD AML-2: Blockade of PD-1 Added to Standard Therapy to Target Measurable Residual Disease (MDR) in
Acute Myeloid Leukemia (AML) 2- a Randomized Phase 2 Study of the Venetoclax, Azacitidine, and Pembrolizumab Versus
Venetoclax and Azacitidine As First Line Therapy in Older Patients with AML Who Are Ineligible or Who Refuse Intensive
Chemotherapy. Blood 2020, 136, 11–12. [CrossRef]

75. Pirozzi, C.J.; Yan, H. The implications of IDH mutations for cancer development and therapy. Nat. Rev. Clin. Oncol. 2021, 18,
645–661. [CrossRef]

76. Ju, H.Q.; Lin, J.F.; Tian, T.; Xie, D.; Xu, R.H. NADPH homeostasis in cancer: Functions, mechanisms and therapeutic implications.
Signal Transduct. Target. Ther. 2020, 5, 231. [CrossRef]

77. Dang, L.; White, D.W.; Gross, S.; Bennett, B.D.; Bittinger, M.A.; Driggers, E.M.; Fantin, V.R.; Jang, H.G.; Jin, S.; Keenan, M.C.; et al.
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 2009, 462, 739–744. [CrossRef] [PubMed]

78. 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]

79. Scourzic, L.; Mouly, E.; Bernard, O.A. TET proteins and the control of cytosine demethylation in cancer. Genome Med. 2015, 7, 9.
[CrossRef]

80. 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]

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

82. Lu, C.; Ward, P.S.; Kapoor, G.S.; Rohle, D.; Turcan, S.; Abdel-Wahab, O.; Edwards, C.R.; Khanin, R.; Figueroa, M.E.; Melnick,
A.; et al. IDH mutation impairs histone demethylation and results in a block to cell differentiation. Nature 2012, 483, 474–478.
[CrossRef]

83. Corces-Zimmerman, M.R.; Hong, W.J.; Weissman, I.L.; Medeiros, B.C.; Majeti, R. Preleukemic mutations in human acute myeloid
leukemia affect epigenetic regulators and persist in remission. Proc. Natl. Acad. Sci. USA 2014, 111, 2548–2553. [CrossRef]
[PubMed]

84. Kattih, B.; Shirvani, A.; Klement, P.; Garrido, A.M.; Gabdoulline, R.; Liebich, A.; Brandes, M.; Chaturvedi, A.; Seeger, T.; Thol,
F.; et al. IDH1/2 mutations in acute myeloid leukemia patients and risk of coronary artery disease and cardiac dysfunction-a
retrospective propensity score analysis. Leukemia 2021, 35, 1301–1316. [CrossRef]

85. Green, C.L.; Evans, C.M.; Hills, R.K.; Burnett, A.K.; Linch, D.C.; Gale, R.E. The prognostic significance of IDH1 mutations in
younger adult patients with acute myeloid leukemia is dependent on FLT3/ITD status. Blood 2010, 116, 2779–2782. [CrossRef]

86. Green, C.L.; Evans, C.M.; Zhao, L.; Hills, R.K.; Burnett, A.K.; Linch, D.C.; Gale, R.E. The prognostic significance of IDH2 mutations
in AML depends on the location of the mutation. Blood 2011, 118, 409–412. [CrossRef] [PubMed]

https://doi.org/10.1038/leu.2013.336
https://www.ncbi.nlm.nih.gov/pubmed/24220272
https://doi.org/10.1182/blood-2014-11-610543
https://doi.org/10.1038/nature25480
https://www.ncbi.nlm.nih.gov/pubmed/29489754
https://doi.org/10.1182/blood-2022-163044
https://doi.org/10.1038/s41419-018-0463-7
https://doi.org/10.1038/s41418-023-01122-3
https://doi.org/10.1182/blood-2019-131055
https://doi.org/10.1158/1078-0432.Ccr-15-0481
https://doi.org/10.1182/blood-2020-139752
https://doi.org/10.1038/s41571-021-00521-0
https://doi.org/10.1038/s41392-020-00326-0
https://doi.org/10.1038/nature08617
https://www.ncbi.nlm.nih.gov/pubmed/19935646
https://doi.org/10.1038/nm.3788
https://www.ncbi.nlm.nih.gov/pubmed/25599133
https://doi.org/10.1186/s13073-015-0134-6
https://doi.org/10.1016/j.ccr.2010.11.015
https://www.ncbi.nlm.nih.gov/pubmed/21130701
https://doi.org/10.1016/j.ccr.2010.12.014
https://www.ncbi.nlm.nih.gov/pubmed/21251613
https://doi.org/10.1038/nature10860
https://doi.org/10.1073/pnas.1324297111
https://www.ncbi.nlm.nih.gov/pubmed/24550281
https://doi.org/10.1038/s41375-020-01043-x
https://doi.org/10.1182/blood-2010-02-270926
https://doi.org/10.1182/blood-2010-12-322479
https://www.ncbi.nlm.nih.gov/pubmed/21596855


Cells 2024, 13, 1392 15 of 15

87. DiNardo, C.D.; Propert, K.J.; Loren, A.W.; Paietta, E.; Sun, Z.; Levine, R.L.; Straley, K.S.; Yen, K.; Patel, J.P.; Agresta, S.; et al. Serum
2-hydroxyglutarate levels predict isocitrate dehydrogenase mutations and clinical outcome in acute myeloid leukemia. Blood
2013, 121, 4917–4924. [CrossRef]

88. DiNardo, C.D.; Ravandi, F.; Agresta, S.; Konopleva, M.; Takahashi, K.; Kadia, T.; Routbort, M.; Patel, K.P.; Brandt, M.; Pierce, S.;
et al. Characteristics, clinical outcome, and prognostic significance of IDH mutations in AML. Am. J. Hematol. 2015, 90, 732–736.
[CrossRef]

89. Zarnegar-Lumley, S.; Alonzo, T.A.; Gerbing, R.B.; Othus, M.; Sun, Z.; Ries, R.E.; Wang, J.; Leonti, A.; Kutny, M.A.; Ostronoff, F.;
et al. Characteristics and prognostic impact of IDH mutations in AML: A COG, SWOG, and ECOG analysis. Blood Adv. 2023, 7,
5941–5953. [CrossRef] [PubMed]

90. Issa, G.C.; Bidikian, A.; Venugopal, S.; Konopleva, M.; DiNardo, C.D.; Kadia, T.M.; Borthakur, G.; Jabbour, E.; Pemmaraju, N.;
Yilmaz, M.; et al. Clinical outcomes associated with NPM1 mutations in patients with relapsed or refractory AML. Blood Adv.
2023, 7, 933–942. [CrossRef] [PubMed]

91. Tyner, J.W.; Tognon, C.E.; Bottomly, D.; Wilmot, B.; Kurtz, S.E.; Savage, S.L.; Long, N.; Schultz, A.R.; Traer, E.; Abel, M.; et al.
Functional genomic landscape of acute myeloid leukaemia. Nature 2018, 562, 526–531. [CrossRef]

92. Zeidner, J.F. Differentiating the Differentiation Syndrome Associated with IDH Inhibitors in AML. Clin. Cancer Res. 2020, 26,
4174–4176. [CrossRef]

93. Fathi, A.T.; DiNardo, C.D.; Kline, I.; Kenvin, L.; Gupta, I.; Attar, E.C.; Stein, E.M.; de Botton, S.; Investigators, A.-C.-S. Differentia-
tion Syndrome Associated With Enasidenib, a Selective Inhibitor of Mutant Isocitrate Dehydrogenase 2: Analysis of a Phase 1/2
Study. JAMA Oncol. 2018, 4, 1106–1110. [CrossRef] [PubMed]

94. DiNardo, C.D.; Stein, E.M.; de Botton, S.; 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]

95. Montesinos, P.; Recher, C.; Vives, S.; Zarzycka, E.; Wang, J.; Bertani, G.; Heuser, M.; Calado, R.T.; Schuh, A.C.; Yeh, S.P.; et al.
Ivosidenib and Azacitidine in IDH1-Mutated Acute Myeloid Leukemia. N. Engl. J. Med. 2022, 386, 1519–1531. [CrossRef]
[PubMed]

96. Bhatt, A.; Powell, K.; Prasad, V. The AGILE trial of ivosidenib plus azacitidine versus azacitidine alone: How many limitations is
too many? Transl. Oncol. 2022, 25, 101523. [CrossRef]

97. 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]

98. de Botton, S.; Montesinos, P.; Schuh, A.C.; Papayannidis, C.; Vyas, P.; Wei, A.H.; Ommen, H.; Semochkin, S.; Kim, H.J.; Larson, R.A.;
et al. Enasidenib vs conventional care in older patients with late-stage mutant-IDH2 relapsed/refractory AML: A randomized
phase 3 trial. Blood 2023, 141, 156–167. [CrossRef] [PubMed]

99. Lachowiez, C.A.; Loghavi, S.; Zeng, Z.; Tanaka, T.; Kim, Y.J.; Uryu, H.; Turkalj, S.; Jakobsen, N.A.; Luskin, M.R.; Duose, D.Y.; et al.
A Phase Ib/II Study of Ivosidenib with Venetoclax ± Azacitidine in IDH1-Mutated Myeloid Malignancies. Blood Cancer Discov.
2023, 4, 276–293. [CrossRef]

100. Taylor, J.; Xiao, W.; Abdel-Wahab, O. Diagnosis and classification of hematologic malignancies on the basis of genetics. Blood 2017,
130, 410–423. [CrossRef] [PubMed]

101. 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]

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/10.1182/blood-2013-03-493197
https://doi.org/10.1002/ajh.24072
https://doi.org/10.1182/bloodadvances.2022008282
https://www.ncbi.nlm.nih.gov/pubmed/37267439
https://doi.org/10.1182/bloodadvances.2022008316
https://www.ncbi.nlm.nih.gov/pubmed/36322818
https://doi.org/10.1038/s41586-018-0623-z
https://doi.org/10.1158/1078-0432.CCR-20-1820
https://doi.org/10.1001/jamaoncol.2017.4695
https://www.ncbi.nlm.nih.gov/pubmed/29346478
https://doi.org/10.1056/NEJMoa1716984
https://www.ncbi.nlm.nih.gov/pubmed/29860938
https://doi.org/10.1056/NEJMoa2117344
https://www.ncbi.nlm.nih.gov/pubmed/35443108
https://doi.org/10.1016/j.tranon.2022.101523
https://doi.org/10.1182/bloodadvances.2022009411
https://www.ncbi.nlm.nih.gov/pubmed/36724515
https://doi.org/10.1182/blood.2021014901
https://www.ncbi.nlm.nih.gov/pubmed/35714312
https://doi.org/10.1158/2643-3230.BCD-22-0205
https://doi.org/10.1182/blood-2017-02-734541
https://www.ncbi.nlm.nih.gov/pubmed/28600336
https://doi.org/10.1056/NEJMoa2012971
https://www.ncbi.nlm.nih.gov/pubmed/32786187

	Introduction to Acute Myeloid Leukemia (AML): Heterogeneity, Molecular Insights, and the Role for Targeted Therapies and Genetic Profiling 
	NPM1 Mutations in AML: Genetic Landscape, Clinical Features, and Therapeutic Innovations 
	The Role of NPM1 Mutations in Leukemogenesis Synergistic Genetic Interactions: Impact of Co-Occurring FLT3-ITD Mutations in AML 
	Synergistic Genetic Interactions and Prognostic Significance: Impact of Co-Occurring FLT3-ITD Mutations in AML 
	Conventional Chemotherapy and Innovations in Targeted Therapy: Current Treatment Approaches for NPM1-Mutated AML, Efficacy of Menin Inhibitors and Combination Strategies 

	FLT3 Mutations in AML: Pathogenesis, Clinical Impact, and Therapeutic Advances 
	Prevalence, Mechanism of Action, and Clinical Implications of Constitutive Receptor Activation with FLT3 Mutations 
	The Complex Prognostic Landscape of FLT3-ITD Mutations in AML: Clonal Expansion, Relapse Risk, and the Impact of Co-Occurring Mutations 
	Targeted FLT3 Inhibitors in AML: Clinical Efficacy and Evolution of Treatment Landscape with Midostaurin, Gilteritinib, Quizartinib, and Emerging Role of Crenolanib 

	TP53 Mutations in AML: Pathogenesis, Clinical Impact, and Emerging Therapeutic Strategies 
	Prevalence, Mechanistic Disruption of Cell Function with TP53 Mutations in AML 
	Prognostic Implications of TP53 Mutations in AML: Challenges with Treatment Resistance and Poor Clinical Outcomes 
	Novel Therapeutic Approaches: Potential of APR-246, MDM2 Inhibitors, and Combination Therapies 

	IDH1/2 Mutations in AML: Pathogenesis, Clinical Impact, and Therapeutic Advances 
	Metabolic Disruption and Epigenetic Alterations: The Role of IDH Mutations in Leukemogenesis 
	The Controversial Prognostic Impact of IDH1/2 Mutations in AML 
	Targeting IDH Mutations in AML: Efficacy of IDH Inhibitors and Combination Therapies 

	Discussion 
	Conclusions 
	References

