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Research on myeloid neoplasms, a field that has been driving scientific advances in cancer for over 50 years, has yielded many
discoveries that have fundamentally reshaped our understanding of cancer biology. These insights, often the product of leukemia
research, have been instrumental in developing more mechanism-based treatments in the early 2000s [1]. Recognizing epigenetic
dysregulation as a common disease mechanism in myeloid cancers has been groundbreaking regarding recent treatment
developments that exploit chromatin-based oncogenic mechanisms. In the case of acute myeloid leukemia (AML), sequencing
studies aimed at assessing the complement of genetic alterations demonstrated that more than 60% of AML cases harbored
disease-driving mutations in epigenetic regulators. This high prevalence underscores the importance of epigenetic dysregulation in
AML pathogenesis [2, 3]. Chromatin regulators commonly control disease-specific transcriptional programs, making them attractive
therapeutic targets to manipulate neoplastic gene expression programs, particularly in myeloid neoplasms. Several drugs targeting
epigenetic mechanisms and exploiting myeloid disease-specific dependencies have recently been approved for treating myeloid
neoplasms. Many additional drugs are currently being investigated in clinical trials, and numerous new compound developments
are being studied in preclinical studies. This manuscript will review (1) chromatin-based disease mechanisms, such as DNA
methylation, chromatin regulatory complexes, and histone modifications, currently investigated for therapeutic exploitation in
myeloid malignancies, and (2) therapeutic developments already approved or investigated for treating these diseases.
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EPIGENETIC TARGETS IN ACUTE AND CHRONIC MYELOID
CANCERS

Enzymes involved in DNA methylation (DNMT3A, TET2,
IDH1, IDH2)

The first epigenetic modification identified, DNA Methylation, was
initially linked to cellular differentiation processes [4]. The
detection of global hypomethylation [5], and hypermethylated
tumor suppressor genes in tumors and later discoveries that these
and other epigenetic modifications may regulate gene expression
marked the beginning of epigenetic therapy developments
altering these modifications [6].

Epigenetic modifier genes such as DNMT3A (DNA methyltrans-
ferase 3 alpha) and TET2 (ten-eleven translocation 2) play pivotal
roles in regulating gene expression through modification of the
DNA methylation landscape. Their alterations are frequently
implicated in the pathogenesis of myeloid neoplasms, including
AML, myelodysplastic neoplasia (MDS), and myeloproliferative
neoplasms (MPNs). Understanding the function and the impact of

mutations in these genes helps elucidate the complex mechan-
isms underlying myeloid malignancies and provides insights into
potential therapeutic targets.

DNMT3A functions as a DNA methyltransferase that adds
methyl groups to cytosine residues in DNA [7]. This methylation
generally leads to gene silencing. DNMT3A mutations are among
the most common genetic alterations observed in AML, found in
approximately 20-30% of cases [3, 8]. These mutations typically
result in a loss of function, leading to DNA hypomethylation and
subsequent dysregulation of gene expression. The most frequent
mutation, DNMT3A R882, disrupts the enzyme’s ability to
effectively methylate DNA, leading to the development and
progression of myeloid malignancies by affecting the expression
of genes involved in cell differentiation and proliferation [9, 10].
Recent studies provided evidence that patients with DNMT3A
mutations tend to have an inferior prognosis, with increased rates
of relapse and reduced overall survival compared to patients
without these mutations. These mutations are often present in
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hematopoietic stem cells and can persist in remission, suggesting
a role in disease relapse [11].

In contrast, TET2 is involved in DNA demethylation. It catalyzes the
conversion of methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmQC), an intermediate step in the active DNA demethylation
pathway [12, 13]. This modification can lead to gene activation.
Mutations in TET2 are also common in myeloid cancers, particularly
in MDS and MPNs, and are associated with a clonal advantage of
hematopoietic cells. The loss of TET2 function results in hypermethy-
lation and abnormal gene silencing, similar to DNMT3A mutations,
albeit through a contrasting mechanism of failing to remove methyl
marks (reviewed in [14]). Like DNMT3A, TET2 mutations are
associated with an adverse clinical outcome in a context-
dependent manner in various myeloid neoplasms [15, 16]. They
can lead to an increased risk of transformation from MDS to AML and
are associated with specific clinical features, such as monocytosis and
splenomegaly in MPNs. The presence of TET2 mutations has also
been linked to an enhanced response to hypomethylating agents in
treatment settings, indicating potential therapeutic implications [17].

The interplay between DNMT3A and TET2 in myeloid neoplasms
underscores a delicate balance in epigenetic regulation required for
normal hematopoiesis. Mutations that disrupt this balance lead to
the clonal expansion of myeloid cells and contribute significantly to
the malignant phenotype. Recent research into dual mutations in
DNMT3A and TET2 suggests a complex interaction in which these
mutations cooperate to promote leukemogenesis more effectively
than either mutation alone (reviewed in [18]).

Therapeutically, targeting the epigenetic dysregulation caused by
DNMT3A and TET2 mutations holds promise. Current approaches
include DNA methyltransferase inhibitors (also known as hypo-
methylating agents, HMA) and efforts to develop specific inhibitors
that can restore the normal function of these epigenetic modifiers.

IDH1 and IDH2 (isocitrate dehydrogenase 1 and 2) are citric acid
cycle enzymes that are recurrently affected by disease driving-
mutations in myeloid malignancies, particularly AML (8% and 9%
of cases, respectively) [2, 3, 19]. Mutated IDH1 and IDH2 enzymes
both acquire a neo-enzyme activity leading to the accumulation of
2-hydroxyglutarate (2-HG) and a concurrent decrease in alpha-
ketoglutarate (a-KG) [20, 21]. These citrate metabolizing enzymes
were linked to epigenetic processes when it was discovered that
2-HG induces DNA hypermethylation and impaired differentiation
in hematopoietic cells, at least partially by inhibiting the TET
oncogene family demethylating enzyme function [22]. In AML, a
global DNA hypermethylation pattern is similarly found in IDH1-
mutated, IDH2-mutated, and TET2-mutated genotypes. While
inducing similar DNA methylation patterns, the occurrence of
IDH and TET2 mutations is mutually exclusive in AML patients,
further supporting a common mechanism of leukemogenesis [22].
While responses to hypomethylating agents (HMAs) in IDH and
TET2 mutated myeloid neoplasms did not result in much better
responses than in unselected MDS/AML patients, the develop-
ment of selective inhibitors of mutated IDHT and IDH2 is a success
story of targeted therapy in these MDS/AML genotypes. Several
per oral small-molecule inhibitors have been investigated in
clinical trials and induced dramatic responses in IDHT or IDH2
mutated AML in various indications (reviewed in chapter 2). These
inhibitors all reduce blood 2-HG levels markedly and are,
therefore, likely to act via the above-proposed mechanism [23, 24].

Epigenetic complexes and associated proteins

Epigenetic regulation involves dynamic and reversible modifica-
tions orchestrated by three classes of proteins: writers that add
chemical groups (e.g., methyltransferases, acetyltransferases),
readers that recognize these modifications (e.g., bromodomain
proteins like ENL), and erasers that remove these marks (e.g.,
demethylases, deacetylases). Recent interest has expanded to
include lysine acetyltransferase (KAT)-containing complexes and
reader proteins such as ENL, which are integral to transcriptional
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elongation processes and represent additional therapeutic targets
for epigenetic modulation in myeloid malignancies [6].

The KMT2A gene, also known as MLL (Mixed Lineage Leukemia)
[25], plays a critical role in the pathogenesis of myeloid leukemias
through its involvement in chromatin modification and gene
expression regulation [26]. KMT2A encodes a histone methyl-
transferase primarily responsible for the methylation of histone H3
at lysine 4 (H3K4), a key epigenetic modification associated with
the activation of gene transcription. This activity is crucial for
properly regulating gene expression during development and
hematopoiesis [27]. However, when KMT2A is disrupted or altered
by chromosomal translocations [28], it leads to the formation of
fusion proteins that drive the development of leukemia by
hijacking normal cellular mechanisms and altering gene expres-
sion profiles [29]. KMT2A rearrangements (KMT2A-r) are prominent
drivers of aggressive acute leukemias, including acute myeloid
leukemia (AML), acute lymphoblastic leukemia (ALL), and leuke-
mias exhibiting mixed-lineage phenotypes, often referred to
historically as ‘mixed lineage leukemia’. KMT2A fusions are
particularly prevalent in pediatric AML, where they are associated
with distinct clinical and biological characteristics. These fusions
result from the KMT2A gene on chromosome 11923 being
aberrantly fused with over 70 different partner genes [30]. Such
translocations produce hybrid proteins that retain the N-terminal
portion of KMT2A, including its AT-hooks and DNA-binding motifs.
However, they replace the C-terminal SET domain, responsible for
its methyltransferase activity, with various portions of the fusion
partner. This structural alteration fundamentally changes the
protein’s function, leading to the dysregulation of gene expres-
sion. The mechanisms through which KMT2A fusions contribute to
leukemogenesis are multifaceted. First, the fusion proteins gain
the ability to aberrantly recruit additional chromatin modifiers,
including the super elongation complex (SEC) and the DOTI1L
histone methyltransferase, which are critical for the elongation
phase of transcription [31]. This recruitment leads to increased
transcriptional elongation at target gene loci, particularly affecting
genes involved in hematopoietic regulation and development.
KMT2A-rearranged leukemias characteristically exhibit marked
upregulation of homeobox A (HOXA) genes, especially HOXA9,
which are central to leukemic transformation. While HOXA gene
upregulation is a common feature, rare KMT2A rearrangements
may occur without pronounced HOXA dysregulation, highlighting
a degree of heterogeneity among these leukemias. Both homeo-
box A (HOXA) and MEIST transcription factor genes are crucial for
the maintenance of hematopoietic stem cells and progenitor cells,
thereby contributing to leukemic transformation [32]. Second,
KMT2A fusion proteins alter the chromatin landscape by changing
histone modification patterns, thereby affecting the expression of
a broad range of genes involved in cell cycle regulation, apoptosis,
and differentiation. The loss of normal KMT2A function further
exacerbates these changes, as the normal epigenetic regulation of
gene expression necessary for hematopoietic differentiation is
disrupted [27]. The clinical implications of KMT2A fusions in
myeloid leukemia are significant. These genetic aberrations are
associated with a poor prognosis, mainly due to the aggressive
nature of the resultant leukemia and its resistance to conventional
chemotherapies. Patients with KMT2A-rearranged leukemia often
exhibit high leukocyte counts, widespread infiltration of organs by
leukemic cells, and a higher incidence of relapse [33].

Menin, a protein encoded by the MENT (multiple endocrine
neoplasia 1) gene, is critically involved in various cellular
processes, including transcriptional regulation, proliferation, and
differentiation. It is known primarily for its role in the similarly
named multiple endocrine neoplasia type 1 syndrome, a familial
syndrome with autosomal dominant inheritance, where affected
patients develop tumors in various endocrine glands. These
patients carry germline mutations in the MENT gene, and
therefore, Menin is considered a tumor suppressor gene in
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Fig. 1

endocrine tissues [34]. However, several studies have demon-
strated that Menin serves as an oncogenic co-factor in specific
subtypes of acute leukemia, underpinning the highly context-
specific function of this protein. Menin itself has no enzymatic
function and does not harbor a chromatin-binding domain, but it
is a nuclear protein that functions as an adaptor within the KMT2A
chromatin complex [35]. The association of oncogenic KMT2A-
fusion proteins with Menin and LEDGF is required for its chromatin
binding, target gene expression such as the HOXA9 and MEIS],
and implicated the Menin-KMT2A interaction as a therapeutic
opportunity in these leukemias [36, 37]. Lens Epithelium-Derived
Growth Factor (LEDGF), also termed PSIP1, is a transcriptional co-
activator crucial for tethering proteins such as KMT2A fusion
proteins to chromatin, thereby facilitating aberrant transcriptional
activation of leukemic target genes such as HOXA9 and MEIS1.
Jolanta Grembecka’s group was the first to synthesize small
molecules targeting the KMT2A binding site in Menin to
specifically inhibit this protein-protein interaction (Fig. 1) and
demonstrated activity in KMT2A-rearranged leukemia models [38].
We recently demonstrated that the aberrant expression of MEIST,
PBX3, and several HOX transcription factor genes in the NPM1
mutated AML depend on the Menin-KMT2A (wildtype) protein
interaction, represent a therapeutic opportunity and early Menin
inhibitors had activity against preclinical models of this leukemia
subtype [39]. Shortly after those reports, several companies
developed clinical-grade oral Menin inhibitors with higher
specificity and potency that had dramatic effects in murine
models of KMT2A-rearranged and NPMI7-mutated AML and
eradicated disease in PDX models [40-43]. All of these menin
inhibitors that effectively disrupt the menin-MLL interaction lead
to decreased expression of KMT2A target genes, inducing
differentiation and apoptosis of leukemic cells, and have dramatic
activity in early clinical trials in patients with heavily pretreated
relapsed or refractory KMT2A-rearranged or NPMI7-mutated
AML [44, 45].

Polycomb repressive complexes (PRC), particularly PRC1.1, act
antagonistically to the KMT2A complex by catalyzing chromatin
compaction and transcriptional repression, thereby counterbalan-
cing KMT2A-mediated gene activation and contributing to the
intricate regulatory balance disrupted in leukemogenesis.
The Polycomb-repressive complex 2 (PRC2) catalytic subunit
enhancer of zeste 2 (EZH2) is a H3K27-specific methyltransferase
to maintain the formation of H3K27me3, a mark associated with
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transcriptional repression. The PRC2 complex can be seen as a
functional counterpart to the KMT2A complex and has, for
instance, been demonstrated to be essential for the regulation
of HOX transcription factor expression during development. EZH2
is commonly affected (activating) mutations in various tumors and
the specific small-molecule inhibitor Tazemetostat has been
approved for the treatment of follicular lymphoma. One preclinical
study implicated EZH2 in the pathogenesis of a murine KMT2A-
MLLT3 AML model, but generally, EZH2 does not seem to
represent an important driver in the pathogenesis of myeloid
neoplasms and is currently not considered a promising therapeu-
tic target these diseases [46, 471.

Other Histone in these diseases

LSD1 (lysine-specific demethylase 1), also known as KDM1A, is an
enzyme involved in the regulation of gene expression through
epigenetic modification. Its primary molecular function includes its
ability to demethylate lysine residues on histone proteins, which
impacts the transcriptional activity of genes [48, 49].
LSD1 specifically demethylates mono- and di-methylated lysine
4 (K4) and lysine 9 (K9) on histone H3. The demethylation of these
residues can lead to either transcriptional repression or activation,
depending on the site of demethylation and the broader
chromatin context. When LSD1 demethylates mono- and di-
methylated H3K4 (H3K4mel and H3K4me2), it is generally
believed to result in transcriptional repression. H3K4 methylation
is typically associated with active transcription and its inactivation
can silence gene expression. Moreover, LSD1 can demethylate
H3K9me1/2 in a context-dependent manner, which is generally
associated with transcriptional activation, as H3K9 methylation is a
marker of gene repression. LSD1 belongs to the flavin adenine
dinucleotide (FAD)-dependent amine oxidase family. It catalyzes
the oxidative demethylation of methylated lysine residues using
FAD as a cofactor. This process involves the oxidation of the
methyl group, leading to its release as formaldehyde. The activity
of LSD1 is modulated by its interaction with various co-repressors
and co-activators [49]. For example, it forms a complex with
COREST (co-repressor for element-1-silencing transcription factor),
which enhances its ability to repress transcription. The Nucleo-
some Remodeling and Deacetylase (NuRD) complex influences
myeloid cancers by regulating gene expression and maintaining
genomic stability. Loss of MBD3, a NuRD subunit, has been linked
to leukemogenesis, suggesting a tumor suppressor role in myeloid
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leukemia [48]. Additionally, depletion of CHD4, another NuRD
component, sensitizes AML cells to DNA-damaging agents,
indicating its involvement in DNA repair mechanisms within these
malignancies. By altering the methylation status of histones, LSD1
can affect chromatin structure and thus regulate access of the
transcriptional machinery to DNA. This is a key aspect of its role in
controlling gene expression. Beyond histones, LSD1 is known to
demethylate non-histone proteins, influencing their function and
stability. This broadens its impact on cellular processes. In
hematologic cancers, aberrant LSD1 activity can disrupt the
normal patterns of gene expression that are crucial for blood cell
development and function. LSD1 is involved in the regulation of
hematopoiesis, the process by which blood cells are formed. Its
dysregulation can contribute to the development of hematologic
malignancies by promoting the proliferation and survival of
malignant cells and inhibiting their differentiation [50]. LSD1 has
been particularly implicated in subtypes of leukemia, such as AML
[51]. LSD1 can be overexpressed or functionally altered, con-
tributing to leukemogenesis by affecting the expression of genes
involved in cell cycle regulation, apoptosis, and differentiation
[52]. Given its critical role in the pathogenesis of hematologic
cancers, LSD1 has emerged as a potential therapeutic target.
Inhibitors of LSD1 are being explored as treatments, with the idea
that inhibiting LSD1 could restore normal patterns of gene
expression, induce differentiation, and inhibit the growth of
cancerous cells. LSD1 may interact with other oncogenes or tumor
suppressors to drive cancer progression. In some cases, the
function of LSD1 is altered by its interaction with fusion proteins
or other oncogenic factors common in hematologic cancers
[53, 54].

DOTI1L (Disruptor of Telomeric silencing 1-Like) is associated
with KMT2A fusion proteins (Fig. 1) in KMT2A-rearranged AML, as
it interacts with many of the known fusion partner proteins of
KMT2A, such as AFF1 (also known as AF4), and MLLT3 (also known
as AF9). As the only known histone methyltransferase that
catalyzes the methylation of lysine 79 of histone H3 (H3K79),
leading to the formation of H3K79 di- and trimethylation (me2/
me3), DOTIL is integral to the regulation of gene expression
through epigenetic mechanisms [55]. The methylation of H3K79
influences chromatin structure and, consequently, the transcrip-
tional activity of genes critical for cell proliferation and differentia-
tion. In the context of AML with KMT2A rearrangements, DOT1L's
enzymatic activity becomes pathophysiologically significant. As
described earlier, KMT2A-fusion proteins aberrantly recruit chro-
matin modifiers such as DOT1L, resulting in sustained HOXA9 and
MEIS1 expression, which drives leukemogenesis by promoting
proliferation and blocking differentiation [56]. In normal cells, the
expression of these genes is tightly regulated and restricted to
specific stages of cell development [57]. However, in leukemic
cells, sustained expression of these genes due to aberrant DOT1L
activity contributes to the blockage of cellular differentiation and
the promotion of unchecked cellular proliferation, hallmark
features of leukemia. The critical role of DOTIL in driving
oncogenic gene expression programs has made it a target for
therapeutic intervention. Small-molecule inhibitors of DOT1L have
been developed and are currently under clinical investigation [56].
These inhibitors specifically target the methyltransferase activity
of DOTIL [58], aiming to reverse the aberrant methylation and
associated transcriptional programs that sustain leukemic cell
growth and survival.

PRMTS5 (protein arginine methyltransferase 5) is an epigenetic
modifier belonging to the family of protein arginine methyltrans-
ferases (PRMTs, currently known as PRMT1-11) that set post-
transcriptional modifications at histone and non-histone proteins.
While most histone-modifying enzymes are lysine-specific, PRMTs
catalyze methylation on arginine residues. PRMT5 belongs to the
type Il PRMTs that generate two of three types of methylated
arginine residues, monomethyl-arginine (MMA) and symmetric
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dimethylarginine (sDMA) [59]. PRMT5 forms a larger protein
complex with either WDR77 or MEP50, and its association with
one of these proteins is required for active enzyme function [60].
Although PRMT5 modifies also non-histone proteins, several
reports indicate that it may be a binding partner or associated
with the nuclear protein Menin. PRMT5 has been demonstrated to
alter H2AR3, H3R2, H3R8, H3R2, and H4R3, while it may have a
preference for histone 4. The symmetrical methylation of these
residues is associated with transcriptional regulation, in most
cases with gene silencing [61-63].

Besides transcriptional regulation via histone modification,
PRMT5 has been implicated in multiple cellular processes,
including alternative splicing, mRNA translation, and the DNA
damage response [64]. It has also been linked to the pathogenesis
of different cancer types, including solid tumors, lymphomas, and
myeloid neoplasms [65, 66]. Various inhibitors that block the
PRMT5 enzyme function have been developed and are currently
under clinical investigation for the treatment of many different
tumors, including myeloid malignancies.

In AML, PRMTS5 contributes to leukemogenesis by silencing key
regulatory genes. Notably, PRMT5 suppresses the expression of
SP1 and FLT3 through the repression of miR-29b [67]. Moreover,
PRMTS5 plays a pivotal role in safeguarding alternative splicing by
regulating serine/arginine-rich splicing factor 1 (SRSF1), a crucial
component of the splicing machinery [68]. Additionally, PRMT5
interacts with JAK2, leading to the downregulation of E2F target
genes, further promoting leukemogenesis [69].

In chronic myeloid leukemia (CML), PRMT5 is consistently
overexpressed, contributing to disease progression and resistance
to therapy [70]. Furthermore, recent studies highlight a novel
connection between PRMT5 and polo-like kinase 4 (PLK4) in AML
with TP53 mutations, wherein PRMT5 phosphorylation modulates
leukemic cell survival and proliferation [71]. Given its diverse
regulatory functions, PRMT5 emerges as a promising therapeutic
target in hematologic malignancies. Ongoing research into PRMT5
inhibitors may provide novel strategies to counteract its
oncogenic effects, offering new avenues for targeted therapies
in AML, CML, and other myeloid neoplasms.

BET-proteins

BET proteins, particularly bromodomain-containing protein 4 (BRD4),
are critical regulators of gene expression and chromatin dynamics
[48]. Through their tandem bromodomains, BET proteins recognize
acetylated lysines on histone tails, facilitating the recruitment of
transcriptional machinery and maintenance of transcriptional
elongation by RNA polymerase Il. BRD4 uniquely remains associated
with chromatin during mitosis, enabling transcriptional memory in
cell division. This epigenetic function plays a pivotal role in
regulating key oncogenic pathways, including MYC and NF-kB,
and maintaining cellular homeostasis [6].

In hematologic neoplasms, aberrant BRD4 activity contributes
to dysregulated transcriptional programs that drive malignancy. In
AML, BRD4 supports leukemogenesis by stabilizing MYC expres-
sion and activating anti-apoptotic pathways. Similarly, in myelo-
proliferative neoplasms (MPNs) and lymphoma, BRD4 is implicated
in the activation of inflammatory cytokine signaling and abnormal
cell proliferation [72].

Pharmacologic targeting of BET proteins, particularly with BET
inhibitors (BETis), has shown therapeutic promise [48]. Com-
pounds such as JQ1 and CPI-0610 disrupt BET protein interactions
with acetylated histones, downregulating oncogenic transcrip-
tional networks. In clinical trials, BETis have effectively reduced
tumor burden and modulated immune microenvironments in
hematologic malignancies.

Epitranscriptomic modifiers, including RNA methylation

Epitranscriptomic modifiers are enzymes and proteins that modify
and/or bind to RNA molecules post-transcriptionally, without
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altering the RNA sequence itself [73, 74]. This emerging field has
evolved in addition to modifications of DNA and histones that
affect gene expression. Modifications introduced by epitranscrip-
tomic modifiers regulate various aspects of RNA metabolism and
function. Over 100 different types of chemical modifications are
known to occur on RNA molecules. Among the most studied
modifications are N6-methyladenosine (m6A), 5-methylcytosine
(m5C), pseudouridine (W), and inosine (I). Each of these modifica-
tions can influence RNA stability and function in distinct ways
[73, 74]. First, epitranscriptomic modifications can regulate gene
expression through RNA splicing, export from the nucleus, RNA
stability, and translation efficiency. As one example, m6A
modification on mRNA can promote or inhibit translation
depending on the context and the proteins that recognize this
modification. Epitranscriptomic RNA modifications such as m6A
can affect the splicing of pre-mRNA and the stability of mature
mRNA, leading to changes in the types and quantities of proteins
produced in the cell [75]. Dynamic changes in these modifications
are also critical during developmental processes, for cell fate
decisions and differentiation programs at the stem- and
progenitor cell level. Likewise, cells can use RNA modifications
to respond to cellular stress, rapidly. Here, by altering the pattern
of RNA modifications, cells quickly adjust the expression of stress
response genes. Dysregulation of epitranscriptomic modifications
has been implicated in a range of diseases, including malignant
transformation, (hematologic) cancers, and degenerative diseases
(such as neurological disorders or metabolic diseases). During
malignant transformation, abnormal RNA modification patterns
can lead to the dysregulation of oncogenes and tumor
suppressor genes.

Currently, targeting epitranscriptomic modifiers is being
explored as a therapeutic strategy in various diseases. METTL3 is
the core catalytic component of the m6A methyltransferase
complex (Fig. 1). It catalyzes the transfer of a methyl group to the
N6 position of adenosine residues in RNA. Through its role in m6A
RNA methylation, METTL3 indirectly influences gene expression.
METTL3 inhibitors work by binding to the METTL3 enzyme and
preventing it from catalyzing the m6A modification on RNA. This
inhibition results in changes in the expression and function of
genes that are regulated by m6A.

YBX1, which acts as an m5C reader, interacts with IGF2BPs to
stabilize key oncogenic transcripts such as MYC and BCL2 in AML
[76, 771. Its m6A-dependent regulation of RNA stability enhances
cell proliferation and survival. In myeloproliferative neoplasms
(MPN) [78], YBX1 contributes to disease persistence, making it a
therapeutic target in both AML and MPN. The inhibition of FTO,
ALKBH5, and YTH family proteins (YTHDF1/2 and YTHDC1) holds
therapeutic promise in hematologic malignancies. FTO and
ALKBH5, as m6A demethylases, modulate oncogenic mRNA
stability and translation, while YTH readers regulate mRNA fate
through binding m6A-modified transcripts. Targeting FTO
enhances leukemic cell apoptosis, inhibits proliferation, and
sensitizes cells to chemotherapy. ALKBH5 inhibition disrupts
stemness and tumor progression by destabiliziing m6A-modified
oncogenic transcripts. Inhibiting YTHDF1/2 or YTHDC1 blocks
m6A-mediated transcript stabilization, impacting pathways critical
for leukemia stem cell survival, and highlighting their potential in
epigenetic therapies for aggressive hematologic cancers [79].

Signaling into chromatin

Aberrant JAK2 signaling exerts profound effects on the epigenetic
landscape through direct histone modifications and secondary
mechanisms [80, 81]. Nuclear JAK2 phosphorylates histone H3 at
tyrosine 41 (H3Y41), displacing HP1a (CBX5) from chromatin,
which promotes euchromatin formation at promoters, gene
bodies, and cis-regulatory elements [82, 83]. This pathway
regulates the expression of critical genes such as NFE2 [84],
overexpressed in most myeloproliferative neoplasms (MPNs), and
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NANOG [85], essential for cytokine independence. Additionally,
JAK2 phosphorylates the histone demethylase KDM3A, enabling
the removal of H3K9 methylation at STAT3 binding sites, and
ensuring a permissive chromatin environment [86]. Histone
demethylases KDM4C and KDM3C were recently identified as a
signaling effector of mutated JAK2 and a target gene of the
transcription factor NFE2, which is overexpressed in myeloproli-
ferative neoplasms [84, 87, 88].

Histone acetylation represents another key layer of JAK2-driven
epigenetic dysregulation (Fig. 1). Activated STAT proteins recruit
acetyltransferases, including p300, CBP [89-91], and TIP60 [92], to
chromatin, enhancing transcriptional activity at inflammatory
pathway-regulated loci such as TNFa-NFkB [93-95]. This aberrant
acetylation recruits bromodomain proteins like BRD4, which
sustain inflammatory gene expression programs and MPN cell
fitness. Pharmacologic inhibition of BET proteins or HDACs [96]
effectively silences this aberrant signaling, with particular sensi-
tivity observed in CALR-mutant MPNs. Beyond chromatin, JAK2-
V617F impacts DNA methylation by phosphorylating TET2, leading
to global hypomethylation [97].

These findings highlight JAK2's multifaceted role of in driving
epigenetic dysregulation in MPNs and underscore its therapeutic
potential for targeted interventions.

TARGETING THE EPIGENETIC MACHINERY IN ACUTE MYELOID
LEUKEMIA

Hypomethylating Agents (Azacitidine, Decitabine, CC-486,
ASTX727)

The DNA hypomethylating agents (HMAs) decitabine (DEC) and
azacitidine (AZA), which inhibit DNA methyltransferases (Fig. 1),
were the first non-selective epigenetic drugs approved for the
treatment of AML and MDS with an excess of blasts.

Their use as single agents was long considered a standard-of-
care treatment for AML patients not eligible for intensive
chemotherapy. Randomized trials assessing decitabine monother-
apy (5 days) versus mostly low-dose Ara-C (LDAC) resulted in
higher CR rates (17.8% vs. 7.8%) and a non-significant trend
towards improved overall survival (OS, median: 7.7. vs. 5.0 months)
[98]. AZA single-drug treatment resulted in an OS increase over
three conventional care regimens (mainly consisting of LDAC) in
the AZA-AML-001 trial (10.4 vs. 6.5 months, p = 0.1) [99]. Although
HMA treatment is generally not considered a curative treatment
option for AML patients who are fit for intensive treatment, a
recent randomized trial compared an intensified 10-day DEC
regimen with conventional 7+ 3 intensive chemotherapy in
elderly fit unselected AML patients = 60 years who were intended
to receive consolidation therapy with allogenic stem cell
transplantation. In the overall cohort, DEC was not significantly
inferior to the conventional 7+ 3 arm (4-year OS: 26% vs. 30%,
p=0.68) with a median survival of only 15 vs. 18 months,
respectively [100].

While HMA treatment alone still has very limited activity against
AML, AZA has become indispensable as a combination partner for
the BCL2-inhibitor venetoclax (VEN) or the IDH1 inhibitor
ivosidenib (IVO, see below). In randomized phase-lll trials on
previously untreated elderly non-fit AML patients these regimens
significantly enhanced composite CR rates (AZA/VEN: 66.4% vs.
AZA: 28.3; AZA/IVO: 54% vs. AZA: 16%) and median OS (AZA/VEN:
14.7 vs. AZA: 9.6; AZA/IVO: 29.3 vs. AZA: 7.9 months) in unselected
AML and IDH1 mutated AML patients, respectively [101, 102].
While these AZA-containing doublet regimens are considered the
current standard of care regimens for non-intensive treatment, the
current clinical investigation focuses on the assessment of adding
a third targeted drug to these AZA-based doublet regimens for
enhancing survival rates of non-intensive AML treatment.

More recently, novel drug formulations of the parenterally
administered HMAs were developed and approved in specific
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indications for AML treatment based on randomized trials. An oral
decitabine/cedazuridine formulation [103, 104] has now been
approved for monotherapy treatment of high-risk MDS (U.S.) and
AML monotherapy (Europe) (Table 1). Also, an orally administered
version of azacitidine (CC-486) has been approved as main-
tenance after intensive chemotherapy. This formulation reduced
relapse risk and prolonged survival (median OS from 14.8 to
24.7 months) of elderly patients not considered candidates for
allogeneic SCT. Future studies will determine if these oral
formulations can replace conventional DEC or AZA in combination
regimens.

Inhibitors of Mutated Isocitrate Dehydrogenase 1 and 2 (IDH1
and IDH2)

The first selective oral inhibitors of mutant IDH1 and IDH2 were
ivosidenib (IVO) and enasidenib. Both drugs were approved for
the single-drug treatment of relapsed or refractory IDH1 or IDH2
mutated AML patients, based on non-randomized phase Il trials
[23, 24] in the U.S. and resulted in combined CR rates of 30.2% and
26.1% as oral single agents, respectively (Table 1). Very recently,
olutasidenib, a novel potent and selective oral inhibitor of IDH1,
was reported to induce combined CR rates of 35% in heavily
pretreated IDH1 mutated AML patients in a phase-ll trial and
subsequently approved for treatment in the U.S. Ivosidenib and
enasidenib were also quickly introduced into first-line treatment of
AML patients and both drugs induced durable remissions in
combination with AZA in previously untreated elderly patients,
not fit for intensive treatment: As indicated above, in a
randomized phase Il trial on IDH1 mutated AML patients, the
combination of IVO and AZA increased combined CR rates from
16% (AZA alone) to 54% and median OS from 7.9 to 29.3 months
[102].

Based on these data, the combination of IVO/AZA was approved
in the U.S. and Europe for this indication. However, a randomized
phase-ll trial assessing the combination of enasidenib and AZA vs.
AZA alone did not reach its primary OS endpoint.

While IDH2 mutated AML patients responded significantly
better with an overall response rate of 74% vs 36% (p = 0.0003),
overall survival was similar between the treatment groups, likely
influenced by patients progressing on AZA receiving the already
approved enasidenib as a second-line treatment [105].

Early clinical trials of IDH1/IDH2 inhibitors with induction
chemotherapy have shown promising results, instilling a sense
of optimism to increase responses and survival of IDH1-mutated
AML patients fit for intensive chemotherapy [106]. Results from
phase-lll studies (e.g.,, NCT03839771) designed to validate these
findings in a randomized, double-blinded manner are
expected soon.

Menin Inhibitors

The dramatic activity of Menin inhibitors in preclinical models
quickly led to clinical investigation of these drugs in KMT2A-
rearranged and NPMIi-mutated AML. Currently, five different
Menin inhibitors are being investigated as single agents or in
combinations in various indications in clinical trials.

A first Phase | trial (AUGMENT-101) assessed the oral single-
agent revumenib (SNDX-5613, a close homolog to VTP50469) in
heavily pretreated patients (n =68) with relapsed or refractory
KMT2A-rearranged or NPM1-mutated AML [44]. This first-in-human
dose escalation trial raised attention within the scientific commu-
nity as exploratory efficacy analyses demonstrated significant anti-
leukemic activity in heavily pretreated patients. The median
number of prior therapies was four, and 46% of the patients had
relapsed following allogeneic stem cell transplantation. Revume-
nib was well tolerated, with only 16.2% of patients experiencing
any grade 3 or higher treatment-related adverse event, the most
common being QT prolongation (13%).
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Of 60 patients available for the efficacy analysis, the overall
response rate (ORR, excluding partial responses) was 53%, with a
30% rate of complete remissions or complete remissions with
partial hematologic recovery (CR/CRh). 78% of the CR/CRh patients
achieved minimal residual (MRD) negativity, and the median
duration of any response was 9.1 months. Based on the
exploratory efficacy assessment from the phase |, the drug
received breakthrough designation from the FDA, and the
AUGMENT-101 trial subsequently entered phase Il. Issa and
colleagues recently reported the safety and efficacy evaluation
for the KMT2A-rearranged AML cohort [45]. Grade>3 adverse
events in n =94 evaluable patients included febrile neutropenia
(37.2%) and QT prolongation (13.8%), while grade=3 differentia-
tion syndrome, a now-known class effect of Menin inhibitors, was
observed in 16% of patients. In n =57 efficacy-evaluable patients,
the ORR was 68.2%, the CR/CRh rate was 22.8%, with 70% of
patients achieving MRD-negativity. Following a priority review of
these data, the FDA approved revumenib as a treatment for
KMT2A-rearranged acute leukemias in the relapsed or refractory
setting while awaiting the final analysis for the NPM7-mutated
AML subset (Table 1).

Promising exploratory efficacy data were also published from
another phase-la/lb trial (KOMET-001) assessing the Menin
inhibitor ziftomenib in heavily pretreated relapsed or refractory
AML, which also led to the assignment of breakthrough
designation status from the FDA [107]. Of 83 evaluable patients,
the most common grade>3 treatment-emergent adverse events
were anemia (24%), febrile neutropenia (22%), pneumonia (19%),
and differentiation syndrome (15%), but no QT prolongation. Of
36 patients with KMT2A-rearranged or NPM7-mutated AML that
were treated with the recommended phase-2 dose, the CR/CRh-
rate was 25%, and 35% in the NPMI-mutated AML cohort,
respectively [107]. Phase 2 trial assessment of ziftomenib in these
leukemia subtypes is ongoing.

Additional three other Menin inhibitors are currently being
investigated in early trials (bleximenib, also known as JNJ-
75276617 [e.g. in NCT04811560], enzomenib, also known as
DSP-5336 [e.g. in NCT04988555], and BMF-219 [in NCT05153330]).
Promising exploratory efficacy in relapsed or refractory KMT2A-r
and NPM71-mutated AML was recently reported from ongoing
analyses for the oral single-agents bleximenib and enzomenib
with CR/CRh rates of 48%, 63%, with both showing a beneficial
safety profile. Full data sets for publication are still pending
[108, 109].

Given the strong anti-leukemic activity of these compounds,
Menin inhibitors, including BN-104 (Revumenib), have demon-
strated remarkable clinical efficacy in heavily pretreated
relapsed or refractory (r/r) AML patients harboring KMT2A
rearrangements or NPM1 mutations. Current clinical evaluations
focus primarily on r/r settings, with investigations into first-line
applications ongoing. Astonishing response rates have been
reported for ziftomenib, bleximenib, and revumenib in combina-
tion with 7 +3 chemotherapy or azacitidine/venetoclax (AZA/
VEN), respectively.

Examples are early clinical trials assessing 7 +3 chemotherapy
in combination with ziftomenib or bleximenib as first-line
treatment, resulting in CR/CRh rates of 91% and 81%, in younger
patients with KMT2A-rearranged or NPM1-mutated AML [109, 110].
Similarly, in elderly unfit, previously untreated KMT2A-rearranged
or NPM1-mutated AML patients, the BEAT-AML consortium
reported data from an ongoing phase-l trial demonstrating an
ORR (excluding PR) of 100% and a CR/CRh rate of 77% for the
combination of revumenib with AZA/VEN [111]. Based on these
astonishing data, a pan-European/worldwide academic consor-
tium (EVOLVE investigators) is currently initiating a randomized,
double-blinded, phase-lll study, assessing the backbone of VEN/
AZA with and without revumenib.
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Anti-leukemic efficacy of drugs targeting other epigenetic
regulators (DOT1L, PRMT5, LSD1, BET, HDAC)

As DOT1L emerged as an essential molecular drug target in acute
leukemias harboring a KMT2A-fusion protein, small-molecule
inhibitors targeting DOT1L were developed to reverse aberrantly
expressed leukemic transcriptional programs in those leukemias.
Pinometostat, a highly specific and potent competitive inhibitor
of the DOT1L H3K79 methyltransferase, was efficient in preclinical
models but had poor oral bioavailability and a short half-life
in vivo. In a Phase | single-agent trial on heavily pre-treated
patients with relapsed or refractory KMT2A-rearranged acute
leukemia, pinometostat was therefore administered as a contin-
uous intravenous infusion in 28-day cycles. While the drug was
very well tolerated and dose-limiting toxicity was not reached in
any of the six dose cohorts, exploratory efficacy was modest, with
only two of 51 patients achieving complete remission [58]. Given
the challenges with administering pinometostat and its limited
activity in a rare leukemia subtype, clinical development of
pinometostat as a single agent was stopped but introduced into
trials assessing its combination with AZA or induction chemother-
apy (NCT03701295, NCT03724084). An exploratory efficacy analy-
sis of those studies is pending.

Based on the preclinical data described above, a number of
pharmaceutical companies developed small-molecule inhibitors to
inhibit the arginine methyltransferase activity of PRMT5. While
various PRMTS5 inhibitors are currently under clinical investigation
in various oncologic indications, two drugs were also assessed in
early clinical trials on patients with myeloid malignancies.
GSK3326595 was evaluated in phase /Il trials on 30 patients
with relapsed or refractory MDS, CMML, or AML. The activity was
limited in this heavily pre-treated heterogeneous patient cohort,
with only one patient exhibiting a complete marrow response and
four patients with stable disease [112]. In a phase | dose escalation
trial, another PRMTS5 inhibitor, JNJ-64619178, was assessed on 24
patients with lower-risk MDS. With a median treatment duration of
3.45 months, no dose-limiting toxicity was observed, and no
objective hematologic improvement or objective response was
observed in this low-risk patient population [113] (Table 1).

Early clinical trials assessing other drugs targeting the epigenetic
mechanisms indicated above, specifically non-selective histone
deacetylases (panobinostat, vorinostat, pracinostat) [114-116] and
one inhibitor of LSD1 (GSK2879552), showed minimal efficacy in early
clinical trials assessing relapsed or refractory AML [117]. Data
assessing drugs targeting these mechanisms may have a more
promising role in the treatment of MPNs, and therefore, they are
discussed in the MPN section of this paper.

However, the limited efficacy of some epigenetic drugs
observed in early clinical trials may reflect the fact that those
drugs commonly require several cycles of treatment until
treatment responses are seen. As these novel drugs are widely
tested in advanced-stage relapsed or refractory AML patients in
high need of quick responses, delayed clinical benefits may
remain unnoticed in such patient cohorts. Also, drugs aimed at
targeting distinct epigenetic mechanisms are - other than
chemotherapy or non-selective epigenetic drugs such as HMAs -
unlikely to be active in unselected AML patient cohorts.
Eliminating the possibility of false clinical failure of certain novel
epigenetic therapies due to those reasons will require a more
detailed preclinical characterization of drug responses and
modifications to future early clinical trial testing. Menin inhibitor
development and clinical investigation should be viewed as a role
model for such clinical assessments.

EPIGENETIC MODULATION IN CHRONIC MYELOID
NEOPLASMS: FOCUS ON MPN

Epigenetic dysregulation is a hallmark of chronic myeloid cancers
such as myeloproliferative neoplasms (MPNs) [80, 118], driving
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disease progression and resistance to conventional therapies
[118]. Epigenetic inhibitors, targeting key mechanisms such as
DNA methylation, histone acetylation, and bromodomain func-
tion, offer novel therapeutic avenues. Agents like BET inhibitors
and HDAC inhibitors have shown promise by modulating aberrant
gene expression, reducing inflammation, and altering the bone
marrow microenvironment. In MPNs, these inhibitors synergize
with JAK inhibitors to enhance clinical outcomes by targeting both
malignant clones and inflammatory signaling. Ongoing trials aim
to validate their efficacy, marking a transformative shift in the
treatment landscape of chronic myeloid neoplasms. Of note,
therapeutic strategies that not only alleviate symptoms but also
alter the disease’s natural progression are clearly needed. In this
context, epigenetic drugs show promise in modifying disease
pathways and improving clinical outcomes for myelofibrosis
patients [119].

Bromodomain/BET-Inhibitors

Recent studies explored the impact of dual targeting oncogenic
JAK/STAT signaling and inflammatory NF-kB pathways in myelo-
proliferative neoplasms (MPNs) [120]. Utilizing preclinical models,
the research identifies chromatin landscape alterations driven by
constitutive JAK2 activation, which enhance NF-kB signaling and
chronic inflammation, a hallmark of MPN pathogenesis. BET
bromodomain inhibition via JQ1 effectively attenuated NF-kB-
induced cytokine production and reduced bone marrow fibrosis.
When combined with JAK inhibitors, BET inhibition vyielded
synergistic effects, significantly decreasing inflammatory cyto-
kines, reversing fibrosis, and improving disease outcomes. This
dual-targeted approach not only mitigated MPN-associated
inflammation but also addresses limitations of JAK inhibitors,
including persistence and minimal fibrosis impact. These findings
provided a compelling rationale for clinical trials exploring
combined JAK/BET inhibition to achieve transformative therapeu-
tic outcomes for MPN patients.

Pelabresib (CPI-0610), an oral bromodomain and extra-terminal
domain (BET) inhibitor, represents a promising therapeutic
advancement for myelofibrosis (MF), a myeloproliferative neo-
plasm driven by JAK-STAT pathway dysregulation and character-
ized by bone marrow fibrosis, cytopenias, and systemic
inflammation [121] (Table 1). The Phase Il MANIFEST trial explored
pelabresib as monotherapy and in combination with ruxolitinib, a
JAK inhibitor, demonstrating significant improvements in spleen
volume, symptom burden, and bone marrow fibrosis, alongside
reductions in inflammatory cytokines and mutant allele fractions.
By targeting both oncogenic signaling and inflammatory path-
ways, pelabresib offers a dual mechanism to address unmet
needs in MF.

Using matching-adjusted indirect comparisons (MAIC), clinical
benefits relative to JAK inhibitor monotherapies, including
ruxolitinib, momelotinib, and fedratinib were evaluated [122].
Results show significantly greater spleen volume reduction
(SVR35) and symptom improvement (TSS50) at 24 weeks with
pelabresib-ruxolitinib, highlighting its potential as a superior
therapy.

The Phase Il MANIFEST-2 study evaluated the efficacy and
safety of pelabresib, a bromodomain and extraterminal domain
(BET) inhibitor, in combination with ruxolitinib, as a first-line
therapy for JAK inhibitor-naive patients with myelofibrosis (MF).
The study randomized 430 patients 1:1 to pelabresib plus
ruxolitinib or placebo plus ruxolitinib, with a primary endpoint
of spleen volume reduction (=35%) at week 24. Pelabresib-
ruxolitinib demonstrated a significantly higher spleen response
rate (65.9% vs. 35.2%, p < 0.001) compared to placebo-ruxolitinib,
with trends of improved symptom scores and reduced pro-
inflammatory cytokine levels.

The combination therapy also resulted in meaningful improve-
ments in bone marrow morphology, including reduced fibrosis
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and megakaryocyte density, and increased erythroid progenitor
cell proportions. Hemoglobin response and reduced transfusion
dependency further underscored its potential clinical benefits.
Adverse events, such as thrombocytopenia and anemia, were
manageable with dose modifications.

These findings establish pelabresib-ruxolitinib as a novel
therapeutic approach that surpasses the standard JAK inhibitor
monotherapy, addressing key unmet needs in MF. By mitigating
disease-associated inflammation and improving hematological
and morphological outcomes, this combination offers a significant
advancement in the treatment landscape for MF patients.
Ongoing evaluations will determine its long-term efficacy and
survival benefits [123].

BMS-986158, a potent BET inhibitor, demonstrated promising
efficacy in preclinical and early clinical trials for myelofibrosis (MF)
when combined with JAK inhibitors (ruxolitinib or fedratinib)
(Table 1). The Phase I/l CA011-023 study showed substantial
spleen volume reductions (SVR35) in 73% of treatment-naive and
58% of relapsed/refractory MF patients at 12 weeks. Disease
modification was indicated by reductions in JAK2V617F allele
burden. However, treatment-related adverse events, including
thrombocytopenia, neutropenia, and anemia, required manage-
ment. Despite encouraging results, development for myeloproli-
ferative neoplasms (MPNs) was recently discontinued, highlighting
challenges in advancing BET inhibitors for clinical use [124, 125].

Histone deacetylase inhibitors (HDACi) are widely studied
agents in myeloproliferative neoplasms (MPNs), targeting both
epigenetic dysregulation and inflammatory pathways. Preclinical
mechanisms include the modulation of JAK/STAT signaling,
suppression of inflammatory cytokines, and reversal of fibrosis
[126]. Synergistic effects with JAK inhibitors, such as ruxolitinib,
show promise in myelofibrosis, addressing key unmet needs like
bone marrow remodeling and disease progression.

In MPN, a recent pre-clinical study identified HDAC11 as a
critical driver of oncogenic hematopoiesis in while demonstrating
its dispensability for normal hematopoiesis [127]. Using selective
HDAC inhibitors and HDAC11-deficient mouse models, the
researchers reveal that HDAC11 modulates megakaryocyte
expansion, splenic architecture, and fibrosis in JAK2/MPL-driven
MPNs. HDAC11 inhibition impairs the survival and proliferation of
MPN cells without affecting normal hematopoietic cells, high-
lighting its therapeutic potential. The findings establish HDAC11
as a novel, selective target in MPNs, offering a promising avenue
to overcome the limitations of current JAK inhibitors and address
malignant hematopoiesis and fibrosis effectively. Likewise, HDAC8
has been identified as a therapeutic target in JAK2V617F-positive
MPN, in both, hematopoietic and stromal compartments. HDAC8
is overexpressed in mesenchymal stromal cells (MSC) from MPN
patients, supporting neoplastic hematopoiesis. Selective HDAC8
inhibition using PCI34051 impairs MSC-driven hematopoietic
support, induces apoptosis in MSC and malignant hematopoietic
cells, and reduces STAT3/STAT5 signaling [128].

Preclinical studies in myeloproliferative neoplasms (MPNs) have
evaluated several histone deacetylase inhibitors (HDACs), includ-
ing panobinostat, vorinostat, givinostat, and PCI34051 (HDACS-
specific) (Table 1). These inhibitors target class | and Il HDACs,
modulating epigenetic dysregulation and suppressing oncogenic
JAK/STAT signaling. Mechanistically, they reduce pro-inflammatory
cytokine production, promote apoptosis, and mitigate bone
marrow fibrosis. Notably, panobinostat and givinostat demon-
strate synergistic effects with JAK inhibitors, while HDACS8
inhibition selectively disrupts malignant stromal and hematopoie-
tic interactions. These findings establish HDAC inhibitors as
promising candidates to address MPN-associated inflammation,
fibrosis, and disease progression.

Panobinostat, a pan-HDAC inhibitor, and TG101209, a JAK2
inhibitor, have been studied in targeting JAK2V617F-positive
myeloproliferative neoplasms (MPNs). Panobinostat disrupts JAK2-
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hsp90 interactions, leading to proteasomal degradation of JAK2,
while TG101209 inhibits JAK2 autophosphorylation [129]. Com-
bined treatment enhances apoptosis, significantly reduces JAK/
STAT signaling, and demonstrates selective cytotoxicity against
mutant JAK2-expressing cells compared to normal progenitors.
These findings highlight the therapeutic potential of combining
HDAC and JAK inhibitors in addressing disease progression and
resistance in MPNs, providing a strong rationale for future clinical
investigations.

In a Phase | trial, panobinostat demonstrated tolerability and
clinical activity, with dose-limiting thrombocytopenia at 30 mg
thrice weekly identified as a challenge, but lower doses (25 mg
thrice weekly) were well tolerated. Among 18 patients, three
achieved clinical improvement with significant reductions in
palpable splenomegaly and anemia improvement. One patient
achieved near-complete remission after 15 cycles, and marrow
fibrosis resolution occurred after 16 cycles [130-132]. A Phase I
study evaluated 40 mg thrice weekly panobinostat in MF patients,
showing inhibition of JAK/STAT signaling, reduced JAK2V617F
allele burden, and decreased inflammatory cytokines. However,
limited clinical efficacy was observed due to poor tolerability, with
only 16 of 35 patients completing two treatment cycles. A single
patient met the International Working Group (IWG-MRT) criteria
for response. Combination therapy trials with ruxolitinib showed
synergistic efficacy in spleen volume reduction (SVR35 in 39%)
and prolonged treatment durations up to five years. However,
anemia, diarrhea, and thrombocytopenia were common toxicities.
This combination achieved a maximum tolerated dose (MTD) of
panobinostat 25 mg thrice weekly and ruxolitinib 15mg twice
daily [133].

Givinostat is a pan-HDAC inhibitor with activity against class |
and |l histone deacetylases, designed to modulate epigenetic
dysregulation and inflammatory signaling in myeloproliferative
neoplasms (MPNs). By suppressing aberrant cytokine production,
reducing JAK-STAT pathway hyperactivation, and mitigating
fibrosis, it aims to address key pathological features of MPNs
and improve clinical outcomes.

Recent studies investigated the effects of Givinostat (ITF2357)
on JAK2V617F-positive myeloproliferative neoplasms (MPNs).
Givinostat selectively inhibited proliferation, induced apoptosis,
and reduced erythroid differentiation in JAK2-mutated cells by
targeting key hematopoietic transcription factors, NFE2 and
C-MYB [134]. These effects occur through both JAK2/STATS
pathway inhibition and epigenetic modulation of histone acetyla-
tion. Givinostat demonstrates preferential activity against mutant
over wild-type JAK2 cells and effectively suppresses inflammatory
cytokine production. These findings highlight its dual mechanism
of action and therapeutic potential for overcoming disease
progression and inflammation in MPNs, supporting its ongoing
clinical evaluation. Givinostat has demonstrated significant
efficacy and tolerability in the treatment of myeloproliferative
neoplasms (MPNs), particularly polycythemia vera (PV). Its dual
action, targeting both inflammatory pathways and the JAK2/
STATS5 signaling cascade, underpins its therapeutic potential [135].
In a Phase Il trial (NCT00928707) evaluating givinostat in
combination with hydroxycarbamide (HC) for HC-refractory PV
patients, overall response rates (ORRs) were 55% and 50% at doses
of 50 and 100 mg/day, respectively, with marked improvements in
pruritus resolution (64-67%), hematologic control, and spleen size
reduction. Grade 3 adverse events (AEs) were infrequent (4.5%),
and treatment discontinuation occurred in only 18% of patients,
highlighting its favorable safety profile. In subsequent studies,
givinostat monotherapy and combination regimens demonstrated
durable responses, with hematocrit normalization achieved in up
to 56% of patients without phlebotomy dependence, along with
significant reductions in platelet counts, white blood cell levels,
and JAK2V617F allele burden [136]. The Phase Ib/Il study
(NCT01901432) established the maximum tolerated dose
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(100 mg twice daily), with 72.7-80.6% achieving complete or
partial responses after 12-24 weeks. Furthermore, a long-term
extension study (NCT01761968) confirmed sustained responses
over a median of four years, with normalization of spleen size and
elimination of pruritus in 89% of patients. A pivotal Phase Ill trial
was planned to compare givinostat with hydroxycarbamide as a
frontline treatment for high-risk PV patients (NCT04262141). This
study aimed to evaluate givinostat's efficacy in reducing
thromboembolic events and delaying progression to myelofibrosis
or AML. Ongoing investigations also include its application in
essential thrombocythemia (ET) and combination regimens with
other targeted therapies.

Vorinostat, a pan-HDAC inhibitor targeting class | and Il histone
deacetylases, is being developed for myeloproliferative neoplasms
to address epigenetic dysregulation and inflammatory signaling.
By promoting acetylation of histones and non-histone proteins,
vorinostat modulates gene expression, induces apoptosis, and
suppresses pro-inflammatory cytokine production, offering poten-
tial synergy with JAK inhibitors to mitigate fibrosis and disease
progression in MPNs. Vorinostat has shown efficacy in preclinical
models of myeloproliferative neoplasms, including essential
thrombocythemia (ET) and polycythemia vera (PV). It reduces
JAK-STAT pathway activation, induces apoptosis, and modulates
gene expression, including upregulation of CDKN1A [137]. In vitro
and in vivo, vorinostat decreases reactive oxygen species (ROS)
and tumor burden while promoting apoptosis, particularly in
granulocytic and monocytic lineages. A Phase Il trial demonstrated
normalization of blood counts and tumor burden reduction,
though severe toxicities limited tolerability. Combining vorinostat
with ROS-reducing agents enhances apoptosis synergistically,
suggesting potential for improved therapeutic strategies. Another
study found synergistic effects of ruxolitinib, a JAK1/2 inhibitor,
and vorinostat, a histone deacetylase (HDAC) inhibitor, in treating
JAK2V617F-positive myeloproliferative neoplasms (MPNs). Precli-
nical findings demonstrated enhanced apoptosis, G1-phase cell
cycle arrest, and reduced colony-forming capacity in JAK2-mutant
HEL cells and primary bone marrow mononuclear cells (BMMNCs)
from MPN patients. Combination therapy significantly diminished
phosphorylated STAT3 and AKT signaling and downregulated
anti-apoptotic genes like BCL2. In clinical settings, the dual
therapy improved efficacy, with stronger suppression of large
colony-forming unit populations compared to monotherapy [138].

Lysine-specific demethylase 1 (LSD1) is an epigenetic
regulator that modulates chromatin structure and gene expres-
sion through demethylation of histone H3 lysines [6]. LSD1 is
overexpressed in MPNs, contributing to aberrant hematopoiesis
and disease  progression  [139]. Inhibitors  targeting
LSD1 selectively impair the proliferation of malignant clones by
restoring tumor suppressive pathways and inducing apoptosis, as
shown in preclinical and clinical studies. These inhibitors also
reduce mutant allele burden, bone marrow fibrosis, and inflam-
matory cytokines, demonstrating potential for disease modifica-
tion in MPNs. The therapeutic efficacy of LSD1 inhibitors, such as
bomedemstat, positions them as promising candidates for
treating high-risk MPNs [118].

LSD1 inhibitors, particularly bomedemstat (IMG-7289) (Table 1),
represent a novel therapeutic approach for MPNs, with significant
progress made in their clinical development for essential
thrombocythemia (ET) and (pre-fibrotic) myelofibrosis (MF) [140].
Bomedemstat is an irreversible inhibitor of LSD1, an epigenetic
modulator essential for regulating chromatin architecture and
gene expression. Clinical studies have demonstrated its potential
to selectively target the malignant clone in MPNs, thereby
reducing disease burden while sparing normal hematopoiesis.

In ET, bomedemstat has shown efficacy in normalizing platelet
counts, alleviating symptoms, and reducing inflammatory cytokine
levels. A Phase Il trial (NCT04254978) demonstrated that patients
treated with bomedemstat experienced durable hematologic
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responses, with improvements in total symptom scores (TSS)
and no significant treatment-related cytopenias, a common
challenge with current therapies.

In MF, bomedemstat has been evaluated in a Phase I/Il trial
(NCT03136185) enrolling patients who were refractory to or
intolerant of JAK inhibitors like ruxolitinib or fedratinib. The trial
revealed reductions in spleen volume, bone marrow fibrosis, and
pro-inflammatory cytokines, with 25% of patients achieving
a=50% reduction in TSS at week 12 and 14% attaining a =35%
reduction in spleen volume (SVR35). Importantly, bomedemstat
was well-tolerated, with dysgeusia being the most frequently
reported adverse event, and no significant dose-limiting toxicities
observed. Additionally, this agent reduced the mutant allele
burden in approximately one-third of patients, suggesting its
potential disease-modifying effects [141].

Bomedemstat’'s mechanism of action, which involves increasing
tumor suppressor protein p53 levels and reducing anti-apoptotic
factors like BCL-xL, underpins its therapeutic efficacy. Its effects are
further amplified by its ability to reduce megakaryocyte hyper-
plasia and inflammatory cytokine levels, key drivers of fibrosis and
disease progression in MF [140].

Ongoing trials are extending the evaluation of LSD1 inhibitors.
A global multicenter Phase Il trial is currently assessing
bomedemstat in a larger cohort of ET patients, including those
resistant or intolerant to standard therapies. Moreover, combina-
tion studies are exploring the potential synergy between LSD1
inhibitors and other agents, such as JAK inhibitors, in MF to
enhance outcomes and minimize toxicities [141].

These clinical advances underscore the transformative potential
of LSD1 inhibitors as a targeted therapeutic strategy for MPNs. By
addressing unmet needs such as mutant allele burden reduction,
disease symptom alleviation, and fibrosis reversal, LSD1 inhibitors
could redefine the treatment landscape for high-risk ET and MF,
particularly for patients with limited therapeutic options.

Hypomethylating agents (HMAs), such as azacitidine and
decitabine, are increasingly utilized in MPNs and myelodysplastic/
myeloproliferative (MDS/MPN) overlap neoplasms, particularly in
advanced disease stages. These agents target aberrant DNA
methylation, a hallmark of clonal evolution in these conditions, to
modulate gene expression and promote hematopoietic rebalan-
cing. HMAs are most commonly employed in hyperproliferative
states, accelerated-phase MPNs, and blast-phase MPNs (MPN-BP),
where leukemic transformation limits the efficacy of conventional
therapies. Preclinical studies suggest that HMAs enhance the
efficacy of JAK inhibitors by modulating cytokine signaling and
epigenetic dysregulation, addressing both the proliferative and
inflammatory components of disease.

A Phase Il study was conducted to assess the safety and efficacy
of ruxolitinib in combination with azacitidine in patients with
myelofibrosis. Encouraging response rates were observed, with
significant spleen volume reductions and improvements in bone
marrow fibrosis, while manageable hematologic toxicities were
reported [142]. Also, the efficacy and safety of ruxolitinib in
combination with azacytidine were investigated in a phase Il trial
involving patients with myelodysplastic neoplasia / myeloproli-
ferative neoplasms (MDS/MPNs) [143]. A response rate of 57% was
observed, with improved outcomes particularly in patients with
MDS/MPN-unclassifiable, while the combination was well toler-
ated, with manageable hematologic toxicities.

In accelerated and blast-phase MPNs, azacitidine monotherapy
has shown hematologic and clinical responses in approximately
30-40% of patients, with median overall survival ranging from
6-12 months. Azacitidine monotherapy has been investigated in
patients with accelerated-phase (AP) and blast-phase (BP)
myeloproliferative neoplasms (MPNs) who are ineligible for
intensive chemotherapy or allogeneic hematopoietic cell trans-
plantation [144-147]. A French national multicenter cohort study
included 149 patients over 60 years old, treated with azacitidine

SPRINGER NATURE



M.W.M. Kiihn et al.

1834

alone (n=60) or in combination with other agents (n =89). The
median overall survival (OS) for the entire cohort was 0.67 years,
with a three-year OS of 13%. Patients receiving azacitidine
monotherapy had a median OS of 0.58 years, compared to 0.84
years in those receiving combination therapies. The overall
response rate was 54% for azacitidine monotherapy and 64% for
combination therapies. Notably, patients treated with azacitidine
alone were more likely to have complex karyotypes (53% vs. 30%)
and TP53 mutations (44% vs. 19%), both associated with poorer
outcomes [148]. Combination regimens with JAK inhibitors, such
as ruxolitinib or fedratinib, have been explored to improve
outcomes. A phase 1/2 clinical trial was conducted to evaluate the
combination of ruxolitinib and decitabine in patients with post-
myeloproliferative neoplasm acute myeloid leukemia (post-MPN
AML) [149]. Despite a modest response rate and a median survival
of 6.9 months, the combination was found to be tolerable, and a
subset of patients who underwent allogeneic hematopoietic cell
transplantation exhibited prolonged survival. The combination of
ruxolitinib and decitabine was evaluated in a phase 2 trial for
patients with myeloproliferative neoplasms in accelerated and
blast phases. A response rate of 44% was reported, with a median
overall survival of 9.5 months, indicating a potentially viable
treatment option for this high-risk patient population [150].
Currently, the FAMY trial is a Phase I/l study evaluating the
combination of oral azacitidine (CC-486) and fedratinib in patients
with accelerated-phase (AP) and blast-phase (BP) MPNs. The trial
aims to assess the safety, tolerability, and preliminary efficacy of
this combination therapy. Patients receive oral azacitidine once
daily on days 1-14 of a 28-day cycle, alongside fedratinib
administered daily [151]. Clinical trials combining azacitidine with
ruxolitinib demonstrated synergistic effects, leading to spleen
volume reductions, improved symptom control, and molecular
responses in 50-60% of patients. These combinations also showed
promise in MDS/MPN overlap syndromes, such as chronic
myelomonocytic leukemia (CMML), with response rates of up to
40% in selected cohorts. The combination of HMAs with
venetoclax (HMA-Ven) has emerged as a promising approach,
yielding response rates of 44-53% and a median OS of
7-9 months. This synergy is attributed to enhanced apoptosis
via BCL-2 inhibition alongside epigenetic reprogramming. Inten-
sive chemotherapy regimens, such as cytarabine and daunorubi-
cin (7+3) or FLAG-IDA, achieve higher initial responses, with
complete remission (CR) rates of up to 30% [144-147]. However,
these strategies are limited by significant toxicity and short-lived
responses unless followed by allogeneic hematopoietic stem cell
transplantation (HSCT). A multicenter retrospective study evalu-
ated venetoclax with azacitidine or decitabine in 32 patients with
MPN-BP. Complete remission (CR) or CR with incomplete count
recovery (CRi) was achieved in 44% of patients, with higher rates
observed in the absence of complex karyotype or RAS mutations.
The median overall survival was 8 months, and 43% of responders
successfully underwent allogeneic hematopoietic stem cell
transplantation. Compared to historical controls receiving hypo-
methylating agents alone, venetoclax-based combination therapy
demonstrated superior response rates (44% vs. 4%) and median
survival (8 vs. 5.5 months), supporting its potential as a bridge to
transplantation [152]. Despite these advances, challenges such as
treatment-related cytopenias and relapse underscore the need for
optimized regimens and patient stratification to maximize clinical
benefit. A study investigated the combination of interferon-alpha2
(IFN), azacitidine (Aza), and ruxolitinib for treating accelerated-
phase (AP) and blast-phase (BP) MPN [153]. Azacitidine enhanced
interferon signaling, reducing leukemia stem cell signatures and
colony-forming potential by 50-70%. Preclinical data suggest the
triple therapy synergistically targets malignant clones (via IFN and
Aza) while ruxolitinib mitigates inflammation, offering a promising
strategy to improve outcomes in treatment-resistant MPN.
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