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Abstract

Core-binding factor acute myeloid leukemia (CBF-AML), defined by the chromosomal
rearrangements t(8;21)(q22;q22) and inv(16)(p13q22)/t(16;16), has traditionally been classified as a
favorable-risk subtype of AML. Nevertheless, relapse occurs in approximately 30-40% of patients,
highlighting substantial biological and clinical heterogeneity within this entity. In this review, we
synthesize emerging evidence delineating the distinct molecular architecture and prognostic
divergence between RUNXI1:RUNXI1T1 and CBFB:MYH11 AML. We focus on the clinical
implications of measurable residual disease (MRD) dynamics and recurrent cooperating lesions,
including KIT, FLT3, RAS pathway genes, cohesin-complex alterations, and ZBTB7A, and critically
evaluate their impact on relapse risk and therapeutic decision-making. Current treatment paradigms,
centered on intensive chemotherapy and high-dose cytarabine consolidation, are reviewed alongside
evolving targeted, epigenetic, and immunotherapeutic strategies, with emphasis on distinguishing
practice-changing interventions from investigational approaches. Collectively, the available data
challenge a uniform “favorable-risk” designation for CBF-AML and support a shift toward fusion-
specificc, MRD-guided, and molecularly integrated management strategies. We propose a
contemporary framework in which dynamic MRD assessment and biological risk modifiers inform
treatment intensification, including selective use of targeted agents and allogeneic transplantation,
with the goal of achieving durable remissions and reducing relapse in this heterogeneous leukemia
subtype.

Keywords: CBF-AML; RUNX1:RUNX1T1 CBFB::MYH11; MRD

1. Introduction

Acute myeloid leukemia (AML) is a diverse cancer caused by the rapid growth of immature
myeloid precursor cells in the bone marrow [1]. In recent years, there has been remarkable change
regarding AML classifications. Modern classifications combine cytogenetic data with the new
knowledge from molecular genetics [2]. These updates have made it easier to define AML subtypes,
estimate prognosis, and improve treatment decisions. Among these different subtypes, core binding
factor AML (CBF-AML) defined by particular genetic rearrangements in CBF complex including
RUNX1:RUNXIT1 or CBFB:MYHI1. Although CBF-AML is considered a favorable-risk AML
subtype, recent data show significant genetic and clinical differences among patients. This favorable
cytogenetics yet non-negligible relapse risk, suggests that baseline classification alone is insufficient
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to guide contemporary clinical decision-making. About 30% of CBF-AML patients experience a
relapse, which underscores the need for continued research into prognostic factors and new
treatment methods [3]. In this narrative review, we critically synthesize current evidence on the
molecular landscape, prognostic modifiers, measurable residual disease (MRD), and therapeutic
strategies in CBF-AML, with an emphasis on clinically actionable factors. Rather than providing an
exhaustive catalog of genetic alterations, this review aims to contextualize emerging data within a
practical, risk-adapted framework to inform treatment decisions in adult patients with CBF-AML.

Recent studies report that CBF-AML is one of the more common cytogenetic subtypes of AML,
accounting for about 12-15% of adult AML cases [4]. CBF-AML is a unique cytogenetic classification
characterized by chromosomal alterations that impact the RUNX1 and CBFB genes. These genes are
essential for the formation of the CBF transcription complex, highlighting the distinct nature of this
subtype among the various forms of AML [4]. The detected alterations, t(8;21)(q22;q22) RUNX1-
RUNXIT1 and inv(16)(p13.1q22) or t(16;16)(p13;q22) CBFB-MYHI11, are associated with impaired
hematopoietic differentiation and leukemogenesis [5-7].

Prognostic variability and clinical challenges in CBF-AML are evident between its two main
cytogenetic subgroups: inv(16) and (8;21). The overall survival (OS) and relapse risk differ between
these subtypes. Studies report that the 3-year OS rate for patients with inv(16) is approximately 57.3%,
while it is lower, around 35.5%, for those with t(8;21) [4]. Long-term follow-up demonstrates that
relapse occurs in about 30% to 40% of CBF-AML patients overall, but inv(16) patients tend to have a
better prognosis with lower relapse rates compared to the t(8;21) subgroup [3,8,9]. These subtype-
specific differences demonstrate that CBF-AML is not a homogeneous favorable-risk entity and
underscore the need for subtype-directed risk stratification and individualized therapeutic strategies
to reduce relapse and improve long-term survival.

Methods

This narrative review was conducted to synthesize and critically evaluate current evidence on
the molecular heterogeneity, measurable residual disease (MRD), and therapeutic decision-making
in core binding factor acute myeloid leukemia (CBF-AML). A comprehensive literature search was
performed using PubMed/MEDLINE, Web of Science, and Scopus, covering publications from
January 2000 through June 2025.

Search terms included combinations of: “core binding factor AML,” “CBF-AML,”
“RUNX1::RUNX1T1,” “CBFB:MYHI11,” “measurable residual disease,” “MRD,” “KIT mutation,”
“FLT3,” "RAS,” “cohesin,” “gemtuzumab ozogamicin,” “epigenetic therapy,” and “allogeneic stem cell
transplantation.” Reference lists of relevant articles were manually screened to identify additional key
studies.

Eligible studies included peer-reviewed original research articles, prospective and retrospective

”

clinical studies, cooperative group trials, meta-analyses, and authoritative reviews focusing on adult
CBF-AML. Case reports, conference abstracts without full peer-reviewed publication, non—peer-
reviewed sources, and studies lacking clinical or molecular relevance were excluded. When
conflicting data were identified, greater weight was given to larger cohorts, prospective studies,
randomized trials, and meta-analyses.

Evidence was synthesized qualitatively with emphasis on clinical relevance, reproducibility of
findings, and implications for risk stratification and therapeutic decision-making. Given the
heterogeneity of study designs and outcomes, no formal meta-analysis was performed.

2. Clinical and Therapeutic Challenges in CBF-AML

A subset of CBF-AML cases arises as therapy-related AML (t-CBF-AML), typically following
prior cytotoxic therapy such as alkylating agents, topoisomerase II inhibitors or radiation [10]. Recent
analyses suggest that approximately 15-20% of CBF-AML cases are therapy-related rather than de
novo [11]. These patients are often older, with history of antecedent malignancies or prior cytotoxic
exposure, and frequently exhibit reduced organ reserve and increased comorbidities [11]. Although
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CBF-AML in general retains high sensitivity to intensive cytarabine-based therapy, multiple studies
now report inferior OS and higher relapse rates in t-CBF-AML compared to de novo CBF-AML [11-
13]. Importantly, emerging data suggest that the inferior outcomes in t-CBF-AML are driven
predominantly by host-related factors (such as older age, prior treatment-related organ toxicity and
reduced biologic reserve), rather than by fundamentally distinct leukemia biology [11]. For example,
in a recent single-center retrospective cohort of CBF-AML patients, the t-CBF-AML group had a
median age of 64 years compared to 48 years for de novo cases (p =0.001); 5-year OS for t-inv(16) was
significantly lower than that of de novo inv(16) (58.3% vs. 83.2%, p =0.033) [11]. Consensus guidelines
now emphasize that treatment decisions including choice of induction intensity, number of
consolidation cycles, maintenance strategies and consideration of allogeneic stem-cell transplant in
first remission should not rest solely on the therapy-related status, but rather be guided by a
comprehensive risk stratification incorporating MRD kinetics, additional adverse features and
patient fitness [10,14,15].

Limitations of Current Standard Therapies (7+3 Regimen, Consolidation)

The backbone of frontline therapy in fit CBF-AML patients remains intensive induction
chemotherapy (7+3: an anthracycline administered for 3 days plus 7 days of cytarabine) followed by
repeated cycles of intensive cytarabine as consolidation therapy [16]. Although this approach induces
CR in approximately 90% of patients, long-term outcomes remain suboptimal [17]. Pooled data
indicate that even with optimal therapy, 3-year OS is ~65-70% and 5-year OS only ~58-65%, reflecting
persistent relapse [17]. Thus, standard 7+3 plus consolidation cures only about half of CBF-AML
patients, underscoring a plateau of benefit from existing regimens. In an effort to overcome this
limitation, multiple trials have investigated the addition of targeted agents to the 7+3 backbone.
Results have been heterogeneous: for example, the CALGB 10801 phase II study of dasatinib plus
induction and consolidation reported a favorable 3-year disease-free survival (DFES) of ~75% and OS
of ~77% [18], whereas a subsequent phase III randomized trial (NCT02013648) did not demonstrate
a significant improvement in event-free survival (EFS) or OS with dasatinib (4-year EFS ~41% vs 44%;
4-year OS #76% vs 78%) [19]. This discrepancy underscores the challenges of translating early-phase
signals into consistent survival benefit in unselected CBF-AML populations.

By contrast, more robust evidence supports the integration of gemtuzumab ozogamicin (GO)
into frontline therapy. An individual-patient meta-analysis of five randomized controlled trials
(n=3,325) demonstrated that adding gemtuzumab ozogamicin (GO) to induction chemotherapy
significantly reduced relapse and improved OS at 5-6 years, but this benefit was confined mainly to
patients with favorable or intermediate cytogenetic risk rather than those with adverse cytogenetics
[20]. These findings underscore that, while the 7+3 backbone remains foundational, future
improvements in CBF-AML outcomes will likely come from integrating molecular profiling with
clinical risk factors to guide personalized therapeutic strategies beyond cytogenetic risk alone.

3. Molecular Basis of Heterogeneity in CBF-AML

The defining leukemogenic event in CBF-AML is disruption of the CBF transcriptional complex
through the RUNX1:RUNX1T1 or CBFB::MYH11 fusion proteins, establishing a distinct cytogenetic
subtype of AML. Despite this shared initiating lesion, CBF-AML exhibits marked biological and
clinical heterogeneity that cannot be explained by cytogenetics alone.

Emerging evidence indicates that the two canonical CBF fusion proteins differ in their
downstream transcriptional programs, epigenetic interactions, and dependence on cooperating
mutations, leading to divergent patterns of disease biology and treatment response. These differences
provide a mechanistic basis for the observed variability in relapse risk, sensitivity to chemotherapy,
and response to adjunctive therapies among patients with CBF-AML. Consequently, CBF fusions
should be viewed not as uniform prognostic markers, but as initiating events whose clinical impact
is shaped by additional molecular and context-dependent factors.
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3.1. The t(8;21)(q22;q22) Translocation and RUNX1-RUNX1T1 Fusion Gene

The t(8;21)(q22;q22) chromosomal translocation, present in approximately 5-10% of adult AML
cases, results in fusion of the RUNX1 gene on chromosome 21 with RUNX1T1 on chromosome 8 and
defines a major subset of CBF-AML [21]. The breakpoint typically occurs between exons 5 and 6 of
RUNX1, juxtaposing its RUNT DNA-binding domain with the NHR1-4 repression domains of
RUNXIT1, thereby generating the oncogenic RUNX1:RUNXI1T1 fusion transcript [22].

RUNX1-RUNX1T1 can be detected in the peripheral blood and bone marrow of t(8;21) AML
patients and is a sensitive marker for MRD monitoring [23]. It is also thought of as an early
leukemogenic event, being detectable in the neonatal blood spots of patients destined to develop
AML, and persisting in clones at relapse, emphasizing its importance in the initiation and
maintenance of disease [24]. However, the presence of RUNX1:RUNXI1T1 alone is insufficient to
drive overt leukemia, as evidenced by long latency periods and the requirement for cooperating
genetic and epigenetic alterations. This distinction has important clinical implications, as it explains
both the relative chemosensitivity of t(8;21) AML and the substantial heterogeneity in relapse risk.

Structural complexity further contributes to heterogeneity within t(8;21) AML. Cryptic or variant
translocations may escape detection by conventional cytogenetics and require fluorescence in situ
hybridization (FISH) or next-generation sequencing (NGS) for identification. Moreover, alternative
RUNX1:RUNX1T1 splice variants have been described and may influence transcriptional output and
clinical behavior, although their independent prognostic value remains incompletely defined and is
not yet actionable in routine practice [25,26].

inv(16)(p13q22)/t(16;16)(p13;q22) and the CBFB::MYH11 Fusion

The chromosomal inversion inv(16)(p13q22) and its less frequent variant t(16;16)(p13;q22) define
a distinct molecular subset of CBF-AML, historically associated with the FAB M4Eo phenotype but
more accurately characterized by its unique biological and clinical features. These rearrangements
result in fusion of the CBFB gene at 16q22 with MYHI11 at 16p13, generating the CBFB::MYHI11
oncofusion [22,27].

Under physiological conditions, CBFf, encoded by CBFB, heterodimerizes with RUNXI1 to
stabilize DNA binding and facilitate transcriptional activation of genes essential for myeloid
differentiation. In contrast, the CBFB:MYHI11 fusion protein disrupts this process by sequestering
RUNX1 into cytoplasmic aggregates, thereby preventing formation of functional CBF complexes and
suppressing RUNX1-dependent transcriptional programs [23,28]. Structurally, the fusion retains the
N-terminal domain of CBEFp fused to oligomerization-capable regions of MYH11, which contribute
to aberrant intracellular localization and dominant-negative activity [29]. Functionally, CBFB-MYH11
blocks myeloid differentiation, leading to an accumulation of immature progenitors, and acts as a
dominant-negative inhibitor of RUNXI1-mediated differentiation programs [30]. Similar to
RUNX1:RUNX1T1, CBFB:MYH11 acts as an initiating lesion that is insufficient on its own to induce
overt leukemia. Cooperative genetic events, most commonly involving signaling pathways (e.g., KIT,
RAS), epigenetic regulators (e.g., TET2, ASXL2), RNA splicing machinery, or cohesin complex
components, are typically required to complete leukemic transformation and modulate disease
behavior [31,32]. Clinically, the CBFB::MYH11 fusion transcript serves as a highly specific molecular
marker for diagnosis and measurable residual disease (MRD) monitoring in inv(16)/t(16;16) AML.
Although patients with this rearrangement generally demonstrate favorable initial responses to
intensive chemotherapy, relapse remains a significant clinical challenge, particularly in the presence
of high-risk secondary mutations. These observations underscore that, despite shared classification
as favorable-risk AML, inv(16)/t(16;16) cases exhibit clinically relevant heterogeneity that must be
integrated into risk-adapted treatment strategies [33]. (Figure 1)
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3.2. Clinical Phenotype and Treatment Sensitivity: Divergent Implications of CBF
Fusion Subtypes

Although both RUNX1:RUNXIT1 and CBFB:MYHI11 fusion proteins disrupt normal CBF
function through altered DNA binding and transcriptional repression, they differ in mechanistic
nuance and in their patterns of cooperating genetic events. These biological differences translate into
distinct clinical phenotypes and differential sensitivity to therapy. For example, recent work
demonstrated that in pediatric CBF-AML, exon 17 mutations of the proto-oncogene KIT (notably
D816 and N822) were strongly associated with adverse outcomes only in RUNX1::RUNXIT1 cases,
whereas no similar prognostic impact was observed in CBFB:MYHI11 patients [34]. While
extrapolation to adult populations should be approached with caution, these findings highlight
fusion-specific interactions between signaling mutations and disease biology. More direct evidence
of differential treatment sensitivity comes from large retrospective adult cohorts. A large
retrospective study (n=536) found that when using standard-dose versus intermediate-dose
cytarabine induction, CBFB::MYHI11 patients had no significant difference in outcome, but
RUNX1:RUNXI1T1 patients derived a statistically significant survival benefit from intermediate
dosing (5-year OS 77.7% vs 60.3%, P<0.001) [35]. These data suggest that fusion subtype influences
responsiveness to cytarabine-based regimens and that uniform treatment strategies may obscure
clinically relevant differences.

Despite these documented differences, major clinical guidelines (such as those from the
European Leukemia Net and other international consortia) continue to categorize both
RUNX1:RUNXIT1 and CBFB:MYH11 AML under the single favorable risk group but stop short of
recommending distinct therapeutic pathways for each fusion subtype. For example, MRD monitoring
is recommended in CBF-AML generally, but there is no current guideline-endorsed, fusion-specific
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algorithm (differing induction dose, consolidation strategy, owr HSCT indication) for
RUNX1:RUNXIT1 versus CBFB:MYH11 [36].

Taken together, the evidence indicates that key differences in treatment response and prognosis
exist between RUNX1:RUNX1T1 and CBFB:MYH11 AML. According to these results, treating both
subtypes with the same approach is probably not the best course of action. Rather, they encourage
the creation of molecularly informed, subtype-specific management algorithms that take into account
fusion type, cooperating mutations, MRD clearance Kkinetics, and possibly fusion-specific
maintenance or intensification of therapy. This molecular stratification should form the scientific
basis for future prospective clinical trials and eventual guideline refinement.

3.3. Cooperation with Secondary Mutations and Therapeutic Challenges

Although the primary fusion events in CBF-AML (such as RUNXI1:RUNXIT1 and
CBFB:MYHI11) clearly initiate the leukemic process, they are insufficient alone to drive full malignant
transformation. Instead, secondary mutations in genes involving signal transduction, chromatin
regulation, and the cohesin complex are frequently required and contribute to the observed clinical
heterogeneity and therapeutic resistance [37]

Among these cooperating events, mutations affecting signal transduction pathways—
particularly KIT and RAS family genes—are the most consistently observed and have the clearest
clinical relevance. Alterations in epigenetic regulators (such as TET2, ASXL2, and DNMT3A), cohesin
complex components, and RNA splicing factors occur less uniformly and appear to modulate disease
biology in a context-dependent manner rather than acting as universal prognostic determinants.

Importantly, the distribution and impact of these secondary mutations differ between
RUNX1:RUNX1T1 and CBFB:MYH11 AML, providing a molecular basis for divergent treatment
responses and relapse patterns. From a therapeutic perspective, this layered mutational architecture
limits the effectiveness of uniform treatment strategies and underscores the need for risk-adapted
approaches that integrate fusion subtype with cooperating genetic lesions (Table 1).

Table 1. Key Secondary Mutations and Prognostic Implications in Core Binding Factor AML.

Gene/Mutatio ( (5 rz::;f E;eF Prognostic Impact in t(8;21) Prognostic Impact in ReI::Zen
n Class v AML) (RUNX1::RUNX1T1) inv(16) (CBFB::MYH11) ces

Highly Adverse (Increased Less Consistent/Less
relapse risk, shorter EFS/OS). Significant Adverse
Guide for Allo-HSCT in CR1. Impact

KIT (Exon 17 20%-45% (Higher
D816/N822) in t(8;21))

(34,38-
40)

Detected i
clectedim a Adverse (Predictive of

FLT3- subset; 4%-11% Adverse (Independent factor for .
. short progression-free  [41]
ITD/TKD (Less common poorer survival/relapse) survival (PFS))
than NK-AML) rviva
Frequent (Qverall Prognosis varies; potentially Higher prevalence;
RAS 15-20%); Highest . .
(NRAS/KRAS) in inv(16) (up t favorable when isolated (no  outcome influenced by (42-44)
in inv(16) (up to RTK mutations) co-mutations/allelic ratio

36%)
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3.4. FLT3 Mutations in CBF-AML: Infrequent but Clinically Relevant

Mutations in the FLT3 gene, including internal tandem duplications (FLT3-ITD) and tyrosine
kinase domain (FLT3-TKD) alterations, are detected in a minority of patients with CBF-AML and
occur less frequently than in AML with normal cytogenetics [49]. These mutations cause ligand-
independent activation of the FLT3 signaling pathway. As a result, they enhance cell proliferation
and block normal differentiation, contributing to leukemogenesis [50]. FLT3 mutations particularly
FLT3-ITD have been associated with adverse clinical outcomes in selected CBF-AML cohorts. In an
international collaborative study of 97 CBF-AML patients, FLT3-ITD was shown to be an
independent adverse prognostic factor [51]. From a therapeutic perspective, while FLT3 inhibitors
(such as quizartinib or other next-generation agents) offer hope, their effectiveness in CBF-AML is
still under investigation and the frequent emergence of resistance mechanisms remains a significant
challenge for long-term disease control [52,53]. Moreover, several FLT3 inhibitors such as
Midostaurin and Gilteritinib have become an integral part of therapy in FLT3-mutated AML, but
their specific effectiveness in CBF-AML remains insufficiently proven [54]. Ongoing research is
therefore focused on optimizing the use of FLT3 inhibition in CBF-AML through next-generation
agents and rational combination strategies, such as pairing FLT3 inhibitors with epigenetic therapies
or BCL2 inhibition, to overcome resistance and improve long-term outcomes [55].

3.5. KIT Mutations in CBF-AML: Subtype-Specific Risk Modifiers with Unresolved Therapeutic Implications

Mutations of the KIT gene are among the most common cooperating events in CBF-AML,
especially in the t(8;21) subgroup [38]. In CBF-AML, KIT mutations are detectable in roughly 20 % to
45 % of all cases [56]. In t(8;21) cases, high allelic ratios of KIT mutations have been linked to higher
white blood cell counts, shorter event-free survival (EFS) and increased relapse risk, whereas this
adverse effect appears less consistent in the inv(16) subgroup [38]. These data suggest that accurate
mutation detection is crucial for effective management, particularly because outcomes differ by
subtype, highlighting subtype-specific differences in clinical outcomes.

Despite the biological rationale for targeting KIT in CBF-AML, clinical evidence remains limited.
For instance, the phase II CALGB 10801 study combined Dasatinib plus standard chemotherapy in
CBF-AML and reported a 90% complete remission rate and 3-year OS of 77%, but outcomes were
similar in patients with and without KIT mutations, suggesting the inhibitor may not fully overcome
the adverse impact of KIT lesions [57]. Consistently, earlier studies evaluating single-agent dasatinib
maintenance in high-risk CBF-AML, including KIT-mutated cases, failed to meaningfully reduce
relapse rates [58]. These findings underscore key therapeutic gaps: the lack of randomized trials
specifically in CBF-AML, unclear patient-selection criteria (e.g., high allelic ratio of KIT mutations),
and the need to define whether KIT inhibition adds true long-term benefit beyond optimized
chemotherapy.

3.6. RAS Pathway Mutations in CBF-AML: Frequent but Largely Prognostically Neutral

RAS pathway gene mutations, including NRAS and KRAS, are frequently observed in CBEF-
AML, with a higher prevalence in inv(16) CBF-AML compared to t(8;21) CBF-AML. High mutant
allelic ratios of NRAS and KRAS mutations are associated with the absence of receptor tyrosine kinase
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mutations, such as KIT and FLT3, and are linked to a favorable prognosis, suggesting that RAS
mutations may define a distinct subgroup of CBF-AML with unique clinical outcomes [59,60].

However, based on our knowledge, no studies have demonstrated a significantly different
prognostic impact of RAS mutations between the inv(16) and t(8;21) subtypes, indicating that their
role in disease progression may vary depending on the specific genetic context. Additionally, RAS
mutations are commonly found in AML and myelodysplastic syndromes (MDS) and are associated
with disease progression and poor prognosis [61]. Notably, RAS mutations often co-occur with
cohesin mutations as AML progresses from MDS to secondary AML (sAML), suggesting a
cooperative role in leukemogenesis [62].

From a therapeutic perspective, targeting RAS directly has been historically difficult, so current
efforts have shifted to inhibiting downstream effectors. For example, in a phase II trial of the MEK
inhibitor Binimetinib (MEK162) in relapsed/refractory AML with RAS-mutations, only 1 out of 13
evaluable patients (*8%) achieved a complete response, indicating modest activity at best [44].
Another phase II study combining the MEK-inhibitor Trametinib with azacitidine and venetoclax in
RAS-pathway-mutated AML showed a 25% response rate in 16 heavily pre-treated patients, but the
median OS was only ~2.4 months and toxicity was substantial [63]. These data imply that while RAS-
pathway targeting is biologically plausible in AML, its translation into effective therapy in CBF-AML
is still far from optimal.

3.7. ASXL1 and ASXL2 Mutations in CBF-AML: Frequency Does Not Equal Prognostic Impact

Mutations in ASXL family genes occur in CBF-AML with distinct distributions and differing
clinical implications. ASXL2 mutations are relatively frequent in RUNX1:RUNX1T1 (t(8;21)) AML,
reported in approximately 22-23% of cases, whereas ASXL1 mutations are less common and are
largely mutually exclusive with ASXL2 alterations [45]. From a prognostic perspective, ASXL1
mutations are well established as adverse risk factors across myeloid malignancies, including AML
more broadly [46]. However, their independent prognostic impact within CBF-AML appears less
consistent and may be modulated by fusion subtype and co-occurring genetic events. In contrast,
despite their relatively high prevalence, ASXL2 mutations in CBF-AML have not demonstrated a
reproducible, independent association with inferior survival when compared with ASXL2-wild-type
cases [45]. At present, the therapeutic implications of ASXL1 and ASXL2 mutations in CBF-AML
remain limited. Although epigenetic dysregulation provides a biological rationale for exploring
hypomethylating agents or histone deacetylase inhibition, there is currently no clinical trial evidence
supporting a mutation-specific benefit of these approaches in CBF-AML [64]. Consequently, ASXL1
and ASXL2 mutations should be regarded as markers of biological heterogeneity rather than
actionable drivers of treatment decisions in current clinical practice.

3.8. Cohesin Complex Alterations in CBF-AML: Markers of Clonal Evolution Rather than Immediate
Therapeutic Targets

Alterations affecting components of the cohesin complex, including STAG2, RAD21, SMCI1A,
and SMCS3, have been increasingly recognized across myeloid malignancies and are also observed in
a subset of patients with CBF-AML [65]. These mutations alter chromatin looping, transcriptional
regulation, and contribute to genomic instability; in the context of CBF-AML they often co-occur with
RAS-pathway lesions and may herald disease progression or resistance to therapy [66]. Current
research aims to map the vulnerabilities specific to cohesin-mutant leukemic clones and to test
therapeutic strategies targeting chromatin-architecture dependencies. In terms of treatment,
preclinical research such as PARP-inhibitor sensitivity in STAG2-mutant cells indicates that cohesin-
mutated AML may have synthetic-lethality potential, which may be significant in CBF-AML if such
lesions exist [67].
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3.9. ZBTB7A Mutations in CBF-AML: Recurrent in £(8;21) but Clinically Unresolved

Recent research has identified recurrent mutations in the transcription factor gene ZBTB7A
among patients with CBF-AML, particularly within the t(8;21) subtype. One study reported ZBTB7A
mutations in 23 % of t(8;21) cases (13 of 56) and demonstrated that these lesions often consisted of
missense or truncating changes affecting the zinc-finger C-terminal domain [47]. According to
functional studies, ZBTB7A suppression impairs its function as a transcriptional repressor, biases
progenitor differentiation toward monocytic lineage, and increases glycolysis, indicating a joint
carcinogenic role with the RUNX1:RUNXIT1 fusion [68]. A Japanese cohort study likewise found
ZBTB7A mutations exclusively in t(8;21) patients (9.8 %) but observed no statistically significant
impact on OS or event-free survival [48]. Altogether, these findings implicate ZBTB7A as a potential
tumor-suppressor gene cooperating in t(8;21)-driven leukemogenesis; however, the clinical utility of
its mutation status such as for risk stratification or therapeutic targeting has not yet been established
and warrants further investigation.

3.10. WT1 Alterations in CBF-AML: Adverse Marker or Surrogate of High-Risk Biology?

Mutations of the tumor-suppressor gene WT1 appear in a subset of CBF-AML cases, often co-
existing with high-risk lesions such as FLT3-ITD or KIT [69]. Clinical data show that WT1-mutated
AML patients tend to have worse outcomes and higher relapse risk; meanwhile, WT1-directed
immunotherapies (such as WT1 vaccines and T-cell therapies) are under investigation, although their
use in front-line CBF-AML remains experimental [69,70]. Available evidence suggests that WT1
alterations in CBF-AML may primarily reflect an underlying high-risk molecular background rather
than act as standalone drivers of adverse prognosis. Consequently, while WT1 mutation status may
contribute to risk assessment when integrated with other molecular features, it does not currently
mandate distinct therapeutic intervention in CBF-AML.

4. Molecular Risk Stratification and MRD-Guided Prognostic Modeling

Molecular risk stratification and MRD-guided prognostic modeling have become essential tools
in the management of CBF-AML [71]. Molecular risk stratification refers to the classification of
patients based on specific genetic and epigenetic abnormalities that influence disease behavior and
relapse risk [72]. Integration of these molecular markers improves the precision of traditional
cytogenetic classification by identifying patients at higher risk of relapse despite favorable baseline
features [71].

Although patients may have cytogenetically favorable features like t(8;21) or inv(16) certain
mutations such as KIT and FLT3, along with epigenetic changes play a key role in disease severity
and treatment resistance [73,74]. Thus, integrating these molecular abnormalities into risk
stratification models allows clinicians to identify patients at hidden high risk and tailor more precise,
risk-adapted therapies [59]. This advances beyond the traditional cytogenetic classification by
capturing the underlying biological heterogeneity that impacts prognosis and treatment response.

MRD refers to the small quantity of leukemic cells that remain in a patient after treatment, which
are below the detection limit of standard microscopic methods [75]. MRD plays a crucial role in
predicting relapse risk and informs therapeutic decisions, such as whether treatment intensification
or allogeneic stem cell transplantation is warranted [36]. At present, qPCR is the most established
and commonly applied method of assessing MRD in CBF-AML. This method enables the highly
sensitive detection of leukemia-specific fusion transcripts such as RUNX1-RUNXI1T1 in (8;21) and
CBFB-MYH11 in inv(16)/t(16;,16) AML with a sensitivity of 10 to 10 [71]. Several studies have
showed that the prognosis of MRD quantification via qPCR has very strong prognostic utility for
CBF-AML. For example, a finding of > 2-log reduction in transcript levels following the second
consolidation cycle is associated with an increased relapse rate [76]. Consecutive MRD
determinations allow for dynamic risk assessment and can incentivize pre-emptive actions such as
intensifying consolidation therapy, and considering allogeneic hematopoietic stem cell
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transplantation (allo-HSCT) in MRD positive patients [77,78]. Limitation to qPCR is that it is only
applicable to patients with a known and trackable fusion transcript, and is not applicable for other
subtypes of AML.

NGS has become a new major player in the field of MRD detection since it is a method with high
genomic coverage that enables assessment of a broad spectrum of somatic mutations associated with
AML [79]. In contrast to qPCR that can only address fusion transcripts, NGS can monitor mutation
clearance or clonal evolution of several genes involved in leukaemogenesis [80] NGS has clear
advantages over qPCR in situations where qPCR does not work due to the absence of fusion
transcripts, or when tracking multiple co-occurring mutations is required [81]. Further, NGS also
permits the detection of subclonal populations and preleukemic clones which may persist after
therapy and contribute to relapse.

The MRD in CBF-AML presents several distinct challenges despite its recognized prognostic
value. First, although RT-qPCR or flow cytometric methods (FCM) can detect low levels of residual
disease, a significant majority of relapses occur too quickly after molecular detection for intervention
to change outcome. One study found that ~74 % of relapses progressed to morphologic disease in
under 100 days, offering inadequate lead time for pre-emptive treatment [82]. Second, there is no
universally accepted standard for MRD thresholds (e.g., log-reduction magnitude), optimal timing
of sampling (bone marrow vs. peripheral blood, every 3 months vs. more frequent), or which assay
(qPCR vs. NGS vs. FCM) should be used for CBF-AML specifically (71,82,83). Overcoming these
obstacles will require harmonized methods, more frequent or real-time monitoring, and prospective
trials that link MRD-guided decisions with improved outcomes. (Table 2)

Table 2. Comparison of Molecular Methods for Minimal Residual Disease (MRD) Monitoring in CBF-AML.
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5. Emerging Therapeutic Strategies Addressing Heterogeneity
5.1. Targeted Therapy in CBF-AML

Targeted therapies in AML recent approaches to the biological delineation of AML by molecular
profiling, identifying recurrent genetic and epigenetic alterations in AML, have promoted the
development of targeted therapies directed toward specific leukemogenic pathways [86].

5.2. KIT Inhibition

KIT activating mutations are observed in 20-40% of CBF-AML cases, with a higher rate of relapse
and OS [39]. These mutations lead to constitutive signaling of the KIT receptor tyrosine kinase (RTK),
leading to leukemia [43]. There has been preclinical activity with TKIs dasatinib and midostaurin in
models of KIT-mutated AML, and both agents are in clinical trials [87]. Dasatinib plus chemotherapy
works well with reducing MRD in patients with CBF-AML and KIT mutations [88].

5.3. Exploratory Strategies: Menin Inhibition and Novel Combinations

Menin inhibitors disrupt oncogenic transcriptional programs driven by KMT2A rearrangements
and aberrant HOXA/MEIS1 activation. While these agents have shown compelling activity in
KMT2A-rearranged and NPM1-mutated AML, their relevance to CBF-AML remains exploratory [89].
While these agents have shown compelling activity in KMT2A-rearranged and NPM1-mutated AML,
their relevance to CBF-AML remains exploratory. Preclinical studies suggest that a subset of CBF-
AML may exhibit sensitivity to menin inhibition, but clinical validation is currently lacking, and this
strategy should be considered hypothesis-generating at present [90].

5.4. Practice-Changing Targeted Therapy: Gemtuzumab Ozogamicin

Gemtuzumab ozogamicin (GO) is an anti-CD33-directed antibody-drug conjugate that delivers
a chemotherapeutic agent (calicheamicin) directly to leukemic cells expressing CD33, which is
expressed on the majority of AML blasts [91]. GO was initially approved in 2000, and was withdrawn
in 2010 due to toxicity and lack of efficacy, but was re-approved in 2017 after new dosing and
favorable results in clinical trials [92]. CBF-AML shows a marked sensitivity to GO. These subtypes
have often been observed to show strong CD33 expression and low multidrug resistance gene
expression, which make them particularly suitable for treatment with GO [93,94]. A study
demonstrated that adding GO to intensive chemotherapy (IC) significantly benefits patients with
CBF-AML. In a retrospective multi-center analysis including 265 patients, those treated with GO
showed a higher 2-year OS rate (90% vs. 80%) and improved 2-year event-free survival (51% vs. 36%)
compared to those who did not receive GO [93]. Moreover, the ALFA-0701 study and other meta-
analyses reported that, in patients with favorable-risk cytogenetics, including CBF-AML, the addition
of GO to standard chemotherapy significantly increased event-free survival and reduced relapse rates
[95,96]. These findings have resulted in the incorporation of GO into frontline therapy for CBF-AML
in many clinical practice recommendations. While effective, GO use must be accompanied by
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frequent monitoring due to the risks of hepatotoxicity and veno-occlusive disease risks, especially in
patients who will go onto hematopoietic stem cell transplantation in the future. Choosing the right
patient and dose of GO (i.e., low-dose fractionated) is critical to maximize benefit and limit toxicity
[97].

5.5. Promising but Unproven Approaches: FLT3 Inhibition

Currently, several FLT3 inhibitors are being studied for their efficacy in treating CBF-AML,
particularly in patients with FLT3 mutations. Key FLT3 inhibitors under investigation include:
Midostaurin: The first FLT3 inhibitor approved by the FDA, used in combination with chemotherapy
in newly diagnosed FLT3-mutated AML. It shows clinical benefit by improving survival when added
to standard induction regimens [98].

Gilteritinib: A potent and selective FLT3 inhibitor active against both FLT3-ITD and TKD
mutations [99]. Studies demonstrate good tolerability and efficacy, including ongoing studies
combining gilteritinib with chemotherapy in newly diagnosed and relapsed AML [54,100].

Crenolanib: A second-generation FLT3 inhibitor targeting both ITD and TKD mutations,
including [101]. It is being evaluated in phase I/II trials both as monotherapy and in combination with
chemotherapy or ICT [102].

Sorafenib: Sorafenib, a multi-kinase inhibitor targeting FLT3-ITD mutations, has demonstrated
efficacy in multiple clinical settings. In a randomized controlled trial, sorafenib maintenance stem cell
transplantation significantly improved relapse-free survival in FLT3-ITD AML patients [103]. Despite
its therapeutic benefits, sorafenib’s use is tempered by notable toxicity concerns. High rates of
toxicity-related treatment interruption have been reported, indicating the need for careful
management and dose adjustments in clinical practice [104]. Overall, while effective, sorafenib’s
tolerability profile necessitates vigilant monitoring to maintain its clinical benefits.

FF-10101: A novel covalent FLT3 inhibitor designed to overcome resistance mutations. It binds
irreversibly to FLT3 kinase and shows promising preclinical activity, currently in early phase clinical
trials [105,106].

5.6. Epigenetic Therapies in CBF-AML: Context-Dependent and Largely Investigational

Epigenetic dysregulation, particularly aberrant DNA methylation and altered histone
acetylation, is a central pathogenic mechanism in AML [107]. As a result, inhibitors targeting DNA
methyltransferases (DNMT) and histone deacetylases (HDAC) are actively under investigation as
potential therapeutic agents, with several compounds being evaluated in clinical trials for their ability
to restore normal gene expression patterns and suppress leukemic cell growth [107-109]. DNA
methyltransferase inhibitors (DNMTi) such as azacitidine and decitabine can restore normal gene
expression and indicate that leukemic cells are sensitivized to chemotherapy [110].

Azacitidine is primarily indicated for the treatment of AML patients who are not candidates for
intensive chemotherapy, including some with CBF-AML in specific settings. Clinical studies have
shown that azacitidine, either alone or in combination with other agents, provides clinical benefit by
improving OS and delaying progression, especially in older or unfit patients [111]. A recent
multicenter retrospective study demonstrated moderate clinical activity and good tolerability of
hypomethylating agents like azacitidine in relapsed/refractory CBF-AML patients and those unfit for
intensive chemotherapy [112]. However, there are studies reporting differences in response to
azacitidine between inv(16) and t(8;21) subtypes of CBF-AML. For instance, a recent multicenter
retrospective analysis showed that azacitidine combined with venetoclax (VEN-HMA) resulted in
higher complete remission rates and better 2-year OS trends in patients with inv(16)/t(16;16) AML
compared to those with t(8;21) AML, where responses were suboptimal [113]. The poorer response
in £(8;21) AML may be related to distinct molecular features and mutations such as KIT D816, which
was frequently associated with treatment failure in this subgroup [113]. These findings suggest that
although both subtypes are grouped as CBF-AML, they behave differently biologically and respond
differently to hypomethylating agent-based therapies like azacitidine. Moreover, genomic studies
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highlight that mutations in chromatin modifiers and cohesins are more common in t(8;21) AML,
contributing to its distinct clinical behavior and possibly its differential response to epigenetic
therapies [110].

Decitabine has shown clinical utility in CBF-AML primarily as a maintenance therapy and in
patients unfit for intensive chemotherapy [114]. A multicenter retrospective French study reported
moderate efficacy of hypomethylating agents including decitabine in relapsed/refractory CBF-AML,
with an overall response rate of about 49% and an improved survival in responders [112].
Maintenance therapy with decitabine after achieving first remission has been evaluated in clinical
trials, including patients with CBF-AML, showing safety and potential to prolong disease-free
survival, especially in patients with measurable residual disease after remission [115]. However,
larger randomized controlled trials specifically assessing decitabine’s impact exclusively in CBF-
AML remain limited, and further studies are warranted to fully define its role. There is clinical
evidence comparing decitabine response in inv(16) versus t(8;21) subtypes of CBF-AML. A phase 2
study of decitabine maintenance therapy in 31 CBF-AML patients (14 with t(8;21), 17 with inv(16))
found that both groups benefitted from decitabine, with many patients achieving molecular
remission [116]. A study by He et al. investigated why patients with the t(8;21) chromosomal
translocation in AML respond better to decitabine-based treatments compared to other AML
subtypes. The study analyzed DNA methylation patterns in bone marrow samples from patients with
t(8;21) and non-t(8;21) AML. It identified 1,377 regions with differential methylation associated
specifically with t(8;21) AML that responded to decitabine treatment. Analysis revealed specific
regions of aberrant methylation linked to the t(8;21) subtype, with LIN7A found to be
hypermethylated and transcriptionally repressed in these patients. Notably, reduced expression of
LIN7A correlated with poorer clinical outcomes. Functional experiments demonstrated that
treatment with decitabine led to demethylation and reactivation of LIN7A, which in turn enhanced
the effectiveness of concurrent cytarabine therapy by promoting leukemic cell apoptosis. Conversely,
lowering LIN7A levels impaired this therapeutic response, indicating that LIN7A is a crucial
mediator and potential biomarker for predicting decitabine sensitivity in t(8;21) AML [117].
Therefore, decitabine represents a promising epigenetic therapeutic option in CBF-AML, especially
as maintenance therapy for patients who achieve remission. While evidence suggests efficacy in both
inv(16) and t(8;21) subtypes, with molecular markers such as LIN7A influencing sensitivity, further
large-scale, randomized trials are necessary to better define its optimal clinical use and personalize
treatment strategies.

Histone deacetylase inhibitors (HDACis) have been studied as epigenetic therapies in CBF-AML
[108]. Among the HDACis explored, panobinostat and vorinostat have shown potential to enhance
efficacy [118]. Natural compounds such as baicalein, which inhibit HDAC1 and HDACS, have
demonstrated growth suppression and apoptosis induction specifically in CBF-AML cell lines,
including those with AML1-ETO and CBF(3-MYHI11 fusions [109]. These inhibitors may promote
degradation of fusion proteins and restore acetylation of important regulatory proteins, contributing
to their anti-leukemic effects [64,109]. However, HDACis as monotherapy have shown limited
clinical efficacy in AML, and their greatest promise lies in combination regimens with chemotherapy
or other epigenetic agents like DNMT inhibitors [64]. Currently, there are no extensive clinical studies
explicitly comparing the response to panobinostat among different mutations within CBF-AML. Most
available data on panobinostat focus on its efficacy in t(8;21) AML models, showing promising
preclinical results and synergy with other agents like arsenic trioxide, but mutation-specific
differential responses within CBF-AML have not been clearly delineated [119]. Additionally,
preclinical data using models of t(8;21) AML have demonstrated a robust antileukemic response to
panobinostat, independent of p53 status or classical apoptotic pathways, suggesting subtype-specific
molecular mechanisms of sensitivity [120]. While these findings imply possible differential responses
in CBF subtypes, comprehensive comparative clinical trials assessing panobinostat’s efficacy across
CBF-AML cytogenetic subgroups are lacking. More research is needed to clarify whether distinct
molecular features translate to varied therapeutic outcomes with panobinostat between the inv(16)
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and t(8;21) subtypes. Studies investigating vorinostat in CBF-AML are relatively scarce and have
produced inconsistent findings. For example, one clinical trial reported that administering higher
doses of cytarabine in younger AML patients, with or without vorinostat, did not improve treatment
outcomes [121]. In contrast, preclinical research has demonstrated that vorinostat induces apoptosis
and differentiation, suggesting that epigenetic modulation by vorinostat might offer potential
therapeutic benefits in CBF-AML [122]. This dichotomy highlights the need for further focused
studies to clarify vorinostat's clinical value in this AML subtype.

Overall, epigenetic therapies in CBF-AML should be viewed as adjunctive or investigational
approaches rather than standard frontline options. Their optimal use will depend on careful patient
selection, disease context (e.g., unfit, relapsed, or MRD-positive settings), and integration with
molecular and MRD-guided risk stratification. Prospective, subtype-focused clinical trials are
required to clarify their role in personalized CBF-AML management. (Table 3)

Table 3. Summary of Key Targeted and Epigenetic Therapeutic Strategies for Core Binding Factor AML.
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protein degradation. models. specific CBF subtypes.

5.7. Role of Hematopoietic Stem Cell Transplantation in High-Risk and Relapsed Patients

Most patients with CBF-AML achieve durable remissions with intensive chemotherapy alone,
particularly when high-dose cytarabine is incorporated into consolidation regimens. Consequently,
allogeneic hematopoietic stem cell transplantation (allo-HSCT) is not routinely recommended in first
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complete remission (CR1) for patients with standard-risk CBF-AML [126]. Allo-HSCT can be seen in
limited circumstances when there is a high relapse risk even with favorable cytogenetics [127]. The
allo-HSCT is primarily recommended for patients with CBF-AML who exhibit MRD after initial
treatments or harbor KIT gene mutations [40]. These mutations, particularly frequent in cases with
the t(8;21) translocation, are linked to a poorer prognosis and an increased chance of relapse [128]. In
addition, other molecular abnormalities with adverse prognostic implications may also justify
consideration for allo-HSCT. Patients with standard-risk CBF-AML typically receive consolidation
chemotherapy without routine allo-HSCT in first remission, due to generally favorable outcomes.
However, those with high-risk features such as MRD positivity, KIT mutations (especially exon 17
mutations), and certain co-occurring genomic alterations are candidates for allo-HSCT as a more
intensive therapeutic approach to improve long-term survival [40,128,129]. Studies emphasize the
heterogeneity within CBF-AML subtypes and the need for tailored treatment strategies based on
molecular risk profiling [130,131]. This approach aligns with evidence from recent clinical studies
and consensus guidelines, underscoring the importance of molecular and residual disease evaluation
in transplant decision-making for CBF-AML.

Timing of allo-HSCT is important. Transplantation in patients in CR2 after relapse is also
associated with a better survival benefit than non-transplant but inferior to upfront transplant in
patients with molecular high-risk [71,127]. There is a delicate balance replacing the risk of relapse
against the risk of morbidity/mortality from transplant. Individualized assessments based on age,
donor availability, comorbidities, and dynamic molecular assessments must also be incorporated into
the decision to undergo allo-HSCT in CR1(132). Although autologous transplantation has been
investigated in CBF-AML, it has no reported benefit over high-dose chemotherapy and lacks a graft-
versus-leukemia effect. In CBF-AML, the choice between autologous stem cell transplantation
(ASCT) and allo-HSCT remains complex. Data from the EBMT registry (2024) analyzing 1901 patients
transplanted in CR1 showed that allo-HSCT was associated with higher non-relapse mortality
compared to ASCT [133]. Outcomes of matched sibling donor allo-HSCT were comparable to ASCT,
suggesting that allo-HSCT may not confer a universal survival advantage for standard-risk patients
in CR1 and is often reserved for those with higher risk or relapse [133]. Therefore, personalized
treatment decisions based on molecular risk, MRD, and patient condition are essential in determining
the optimal transplantation approach for CBF-AML.

6. Conclusions

CBF-AML constitutes a biologically distinct yet clinically heterogeneous subgroup of AML
defined by RUNX1:RUNXIT1 and CBFB:MYHI1 fusions. Although high remission rates are
routinely achieved with intensive chemotherapy, relapse remains a persistent challenge driven by
fusion-specific biology, cooperating molecular lesions, and dynamic MRD behavior. Accumulating
evidence demonstrates that favorable cytogenetics alone are insufficient to capture relapse risk or
guide contemporary treatment decisions.

This review highlights that molecular heterogeneity within CBF-AML has direct clinical
implications. Secondary mutations, most notably KIT in a fusion-dependent context, modify relapse
risk, while MRD kinetics consistently emerge as the most powerful determinant of outcome and
therapeutic escalation. Accordingly, MRD-guided strategies, rather than uniform cytogenetic
classification, should form the backbone of risk-adapted management in CBF-AML. Among targeted
approaches, gemtuzumab ozogamicin represents the most clearly validated adjunct to frontline
therapy, whereas kinase inhibitors, epigenetic therapies, and immunotherapeutic strategies currently
remain context-dependent or investigational.

Looking forward, the clinical paradigm in CBF-AML must evolve from a binary favorable-risk
label toward an integrated, biology-driven framework that incorporates fusion subtype, cooperating
mutations, and MRD dynamics. Prospective clinical trials specifically designed to test fusion- and
MRD-adapted therapeutic algorithms are essential to refine patient selection for treatment
intensification, including allogeneic transplantation. Ultimately, durable remission in CBF-AML will
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depend on personalized strategies that translate molecular insight into rational, risk-adapted clinical
decision-making.
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