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Abstract

Transcription factor acetylation is a critical yet often overlooked regulator of cell fate. Although traditionally studied in the context of
histone modifications, many acetyltransferases and deacetylases also modify transcription factors directly, thereby controlling lineage-
specific transcriptional programs. At the molecular level, acetylation fine-tunes transcription factor activity by modulating DNA binding,
protein stability, cofactor interactions, and nucleo-cytoplasmic trafficking. These molecular effects frequently intersect with other post-
translational modifications, establishing acetylation as a versatile molecular switch of transcriptional output. These molecular effects
scale into cellular outcomes that determine identity and plasticity. In pluripotent stem cells, defined acetylation events on core regulators
stabilize the pluripotency network and prime lineage-specific enhancers. In hematopoiesis, transcription factor acetylation modulates
transitions from stem and progenitor states to committed lineages, while in myogenesis, it governs progenitor differentiation and re-
generative capacity. Importantly, differential acetylation of distinct lysine residues can yield context-dependent outcomes, underscoring
the precision and adaptability of this modification in controlling cell identity. Recognizing transcription factor acetylation as a central
axis of epigenetic regulation reframes our understanding of lineage specification and cellular plasticity. Beyond developmental biol-
ogy, it provides a mechanistic rationale for therapeutic strategies that target acetylation dynamics, not only altering chromatin states
but also reprogramming transcription factor function. This review synthesizes current knowledge of transcription factor acetylation in
hematopoietic and myogenic contexts, highlighting its significance as a bridge between molecular mechanisms and cellular identity, and
as a promising target in disease intervention.
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1. Introduction
Protein acetylation, a reversible post-translational

modification involving the transfer of an acetyl group to
lysine residues, is a crucial post-translational modification
that significantly influences the activity of numerous pro-
teins and plays an essential role in regulating gene transcrip-
tion. This modification plays a central role in regulating
chromatin accessibility, transcription factor function, and
gene expression. Acetylation is dynamically controlled by
the opposing activities of histone acetyltransferases (HATs)
and histone deacetylases (HDACs). With respect to gene
expression, acetylation is most often associated with his-
tones, which are the core proteins around which DNA is
wrapped to form nucleosomes.

Like histones, transcription factors are also subjected
to post-translational modifications, including acetylation,
which control their ability to regulate gene expression net-
works. Transcription factors act as master regulators of cell
fate and are often found at the apex of a regulatory hier-
archy, controlling downstream gene expression programs
crucial for determining cell identity in a particular lineage.
Acetylation of transcription factors likely induce confor-

mational changes that substantially modify protein-DNA
as well as protein-protein interactions, thus governing the
function of transcription factors and their transcriptional in-
put directing cell fate.

In the present review, we aim to discuss the impor-
tance of transcription factor acetylation in the control of
cell fate. We do not provide an exhaustive list of acetylated
transcription factors, but we focus on master regulators of
the myogenic and hematopoietic lineage whose function is
fine-tuned by acetylation and other post-translational mod-
ifications. We also discuss how targeting (de)acetylation of
transcription factors could be an attractive therapeutic strat-
egy in cancer and other diseases.

2. Literature Review
2.1 Importance of Acetylation in the Control of Cell Fate
2.1.1 Acetylation of Transcription Factors in Myogenesis

Skeletal muscle formation, known as myogenesis, is a
highly intricate biological process that is meticulously or-
chestrated by a complex network of genetic and epigenetic
factors [1]. Acetylation is central to myogenesis as it reg-
ulates the function of numerous transcription factors cru-
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cially involved at different steps of the myogenic program,
from muscle stem cell self-renewal to terminal maturation.

2.1.1.1 PAXFamily. PAX (Paired Box) proteins are a fam-
ily of transcription factors with important roles in embry-
onic development, organogenesis and cell differentiation.
A subset of paired-box transcription factors, namely PAX3,
PAX4, PAX6 and PAX7, display the unique ability to rec-
ognize two distinct DNA sequences, the homeobox and the
paired box. Therefore, they can recognize target genes dis-
playing only a paired box, only a homeobox, or a combina-
tion of both [2]. Acetylation can also confer DNA-binding
preferences and thus change the repertoire of target genes
for a given transcription factor. One striking example is
PAX7, the canonical marker of adult muscle stem cells.

PAX7 undergoes post-translational modification via
acetylation on two specific lysine residues: K105, located
within its paired domain, and K193, which is unique to
PAX7 and lies between the paired and homeodomain [3].
Acetylation of these sites, particularly K193, is critical
for PAX7 transcriptional activity, as mutations at K193
(K193R) or both sites (K105/193R) significantly reduce
PAX7 ability to activate the Myf5 (Myogenic Factor 5) re-
porter gene [3]. These acetylation marks directly regulate
PAX7 recruitment to chromatin and, more specifically, its
binding to DNA via homeobox motifs. It has been demon-
strated in vitro that mutation of acetylated lysine residues
on PAX7 does not change its ability to bind paired boxes
[3]. In contrast, while the K105 mutation reduces home-
obox binding, the K193 mutation or a combination of both
mutations almost completely abolishes it, demonstrating
the role of acetylation in specifically recognizing home-
oboxes. Strikingly, the ratio of homeobox versus paired
box-containing PAX7 target genes is significantly different
in muscle progenitors compared to other cell types such as
the pituitary gland [2], suggesting that acetylation, at least
in part, confers cell type specificity for PAX7. Acetylation,
mediated by MYST Histone Acetyltransferase 1 (MYST1)
and reverted by Sirtuin 2 (SIRT2), promotes PAX7 tran-
scriptional activity and increases binding to homeobox mo-
tifs on DNA. Loss of PAX7 acetylation skews muscle stem
cells toward symmetric self-renewal and expands the pro-
genitor pool, but impairs differentiation and reduces the re-
generative muscle stem cell population after injury [3].

In muscle stem cells, PAX7 is also methylated on mul-
tiple N-terminal arginine residues region by the arginine
methyltransferase CARM1 [4]. Similarly to acetylation,
methylation drives the expression of Myf5 and drives stem
cell commitment. However, while acetylation increases the
DNA binding capacity of PAX7 on homeoboxes, methy-
lation does not change DNA binding, but instead enables
interaction with Mixed-Lineage Leukemia 1/2 (MLL1/2),
promoting the recruitment of the ASH2L:RBBP5:WDR5
(Absent, Small or Homeotic 2-like protein; Retinoblas-
toma Binding Protein 5; WD repeat domain 5) complex,

which mediates histone methylation on PAX7-bound loci.
When Coactivator-Associated Arginine Methyltransferase
(CARM1) is inhibited or depleted, PAX7 still occupies
chromatin, but MLL loading, histone tri-methylation and
Myf5 expression are reduced, indicating that methylation
is needed to couple chromatin binding with transcriptional
activation. Thus, Together, the data support a cooperative
model where acetylation stabilizes PAX7 chromatin bind-
ing at specific loci, whereas CARM1-dependent methyla-
tion enables coactivator recruitment and transcriptional out-
put, offering a direct route for metabolic cues to influence
fate decisions downstream the PAX7 lineage (Fig. 1). In-
terestingly, in a mouse model of Duchenne muscular dys-
trophy, defective muscle stem cells exhibit reduced his-
tone H3K4 trimethylation associated with a decrease in
PAX7 target gene expression [5], although a defect in PAX7
methylation or acetylation in dystrophic stem cells remains
to be been investigated. Additionally, sumoylation of PAX7
at K85 positively regulates PAX7 transcriptional activity in
myogenic cells, by an undefined mechanism that does not
involve its DNA binding ability [6]. PAX7 expression is
turned off during later stages of myogenic differentiation,
and sustained expression of PAX7 blocks terminal muscle
differentiation. Downregulation of PAX7 is achieved by
different molecular mechanisms, one of which is its cleav-
age on residue D187 by caspase 3 (CASP3) [7]. PAX7 har-
bors a consensus cleavage site for CASP3, and this cleav-
age generates two non-functional PAX7 fragments. Ac-
cordingly, CASP3 inhibition promotes self-renewal, while
its forced expression induces PAX7 cleavage and myogenic
differentiation. PAX7 is phosphorylated by CK2 at S201,
which prevents CASP3 cleavage [7] and also inhibits PAX7
ubiquitination and proteasomal degradation [8].

Many PAX proteins have been shown to be acety-
lated on different residues, some of which being conserved
across different PAX family members (Fig. 2). PAX3, like
PAX7, is a master regulator of myogenesis, particularly
during development, and its expression is sustained at the
adult stage in a subset of muscle stem cells [9]. In ad-
dition to myogenesis, PAX3 is critical for neurogenesis,
mediated by neural crest-derived progenitor cells. PAX3
is acetylated at lysine residues K437 and K475, particu-
larly in neural precursors [10]. Acetylation by coactivators
like p300/CBP enhances PAX3 ability to activate Neurog2
and repress Hes1, promoting neuronal differentiation over
stem cell maintenance. Deacetylation by SIRT1 results in
the opposite effect: increased Hes1 expression and main-
tenance of stem-like properties [10]. Although these ob-
servations were made in neural contexts and their impli-
cations for muscle progenitor fate remain to be fully ex-
plored, they suggest a general model in which PAX3 acety-
lation shifts cellular identity by modulating gene expres-
sion balance. PAX5 is also acetylated in vitro and in vivo
by p300 in hematopoietic cells [11]. This acetylation takes
place within the paired domain of PAX5, on lysine residues

2

https://www.imrpress.com


Fig. 1. PAX7 acetylation and methylation drive muscle stem cell commitment. In stem cells, PAX7 is not acetylated and not methy-
lated, precluding its recruitment to target genes such asMyf5, and preventing its interaction with theMLL1/2 complex. Inmore committed
stem cells, acetylation (by MYST1) drives PAX7 recruitment to target sequences, while methylation (by CARM1) allows the recruitment
of co-activator complexes, driving gene expression. Metabolite availability, such as NAD+ and acetyl-CoA, likely influence myo-
genic commitment by driving transcription factors post-translational modifications. Created in BioRender.com. Sincennes, M. (2025)
https://BioRender.com/tj3ww5h. PAX, Paired Box; MLL1/2, Mixed-Lineage Leukemia 1/2; MYST1, MYST Histone Acetyltransferase
1; CARM1, Coactivator-Associated Arginine Methyltransferase.

that are well conserved amongst other PAX proteins [11],
suggesting that acetylation on the paired domain by p300
could be a general mechanism to fine-tune gene expression
during cell commitment and differentiation. Mutation of
these lysine residues drastically impairs the activation of
PAX5 target gene expression in murine pro B cells, such
as Cd19 and Blnk [11]. PAX5 is also acetylated on K198
by p300/CBP-associated factor (PCAF), and deacetylation
of this residue par SIRT7 is important for B cell differen-
tiation [12]. Deacetylation by SIRT7 has been shown to
enhance PAX5 protein stability and to increase PAX5 DNA
binding. Thus, unlike PAX3 and PAX7, it seems that acety-
lation of PAX5 (at least on lysine K198) decreases its abil-
ity to activate gene expression during B cell differentiation.
Similarly, PAX6 is also negatively regulated by acetylation
in neural progenitor cells. PAX6 is acetylated by Lysine
Acetyltransferase 2A (KAT2A) (also called GCN5 (Gen-
eral Control Non-repressible 5)) [13]. KAT2A inhibition
in zebrafish is accompanied by an increase in PAX6 pro-
tein expression in neural stem cells and a phenotype of
small eyes. Acetylation by KAT2A enables degradation of

PAX6 via the ubiquitin-proteasome system. In that con-
text, three potential acetylation sites have been identified
for PAX6: K75, K264 and K270. Only K75 and K264 have
been shown to be involved in the regulation of PAX6 pro-
tein stability [13]. Overall, acetylation emerges as a con-
served yet context-dependent mechanism for fine-tuning
PAX transcription factor function. Thus, while acetyla-
tion of paired domain lysines appears as a shared regulatory
feature among PAX proteins, its functional outcome varies
from activating in muscle stem cells (PAX7) to destabiliz-
ing or repressing activity in neural and hematopoietic con-
texts (PAX5, PAX6).

2.1.1.2 MyoD. Myogenic Differentiation 1 (MyoD) is a
substrate for HATs such as p300/CBP and PCAF in vitro
[14]. The primary acetylation sites are K99, K102 and
K104, located at the boundary of its basic helix-loop-
helix (bHLH) DNA binding/dimerization domain [14,15].
While these lysines are not directly involved in DNA con-
tact, acetylation is hypothesized to induce a conformational
change in MyoD that enhances DNA binding. p300/CBP
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Fig. 2. Multiple members of the PAX family of transcription factors are subjected to acetylation. Multiple sequence alignment
of the paired domain from PAX1–PAX9 proteins. The consensus sequence is shown at the top, with conservation indicated by a color
scale (red = fully conserved, blue = low conservation). Magenta highlights mark lysine residues reported to be acetylated. The sequence
labeled PAX6R corresponds to Rattus norvegicus (rat) PAX6, as documented in acetylation studies.

can also acetylate MyoD at these same sites, similarly in-
creasing its transactivating capability [15]. Acetylation of
MyoD by PCAF increases its affinity for its DNA target
[14]. This effect, observed via electrophoretic mobility
shift assay (EMSA), includes an augmented DNA affin-
ity for both MyoD-specific DNA site and for MyoD/E12
heterodimers binding to the E box. K104 is not only
acetylated but also methylated: the lysine methyltrans-
ferase G9A methylates MyoD on K104, which suppresses
MyoD transcriptional activity, represses the myogenic pro-
gram, promotesMyoD ubiquitination and degradation, thus
maintaining an undifferentiated state [16]. Therefore, dur-
ing myogenic commitment, while PAX7 acetylation and
methylation cooperate together to activate target gene ex-
pression and stem cell commitment, MyoD is regulated
by the antagonism between methylation (inhibiting tran-
scriptional activity and maintaining stemness) and acety-
lation (driving gene expression and myogenic differenti-
ation). The functional importance of MyoD acetylation
has been demonstrated by non-acetylatable MyoD mutants
[17]. These mutants show reduced myogenic activity, de-
layed muscle regeneration in vivo, reduced differentiation
potential of myoblasts in vitro, and reduced ability to acti-
vate muscle-specific reporters. In contrast, a K104R sub-
stitution (which cannot be methylated or acetylated) has
been shown to rescue myogenic differentiation, increase
MyoD transcriptional activity (elevated Myog and Tnnt2
expression), and enhance protein stability, reflecting the
regulatory weight of K104 [16]. Acetylation of MyoD in-
fluences the kinetics and strength of transcription for dis-
crete subsets of genes by regulating chromatin access of
MyoD, histone acetylation, and RNA polymerase II recruit-
ment [18]. In undifferentiated myoblasts, MyoD is ex-
pressed but maintained in an inactive state through associa-

tion with histone deacetylase 1 (HDAC1), which maintains
MyoD in a deacetylated and transcriptionally repressed
form. MyoD and HDAC1 co-occupy the promoters of
muscle-specific genes such as Myog, thereby repressing
their expression. Upon differentiation signals, HDAC1 dis-
sociates from MyoD and is replaced by coactivators like
PCAF and p300/CBP [19], which coincides with MyoD
acetylation. This acetylation also promotes MyoD interac-
tion with other coactivators (PCAF, p300/CBP, SWI/SNF
(Switch/Sucrose Non-Fermentable) (BAF) chromatin re-
modeling complex) [20] and facilitates recruitment of RNA
Polymerase II to muscle gene promoters such as Myog,
Ckm, Actc1, Tnnt1, Tnnt2, Tncc, Tnnc2,Mef2a and Zfp238
[18]. Because acetylation and methylation are mutually ex-
clusive on the same lysine residue, modifications at K104
operate as an acetyl/methyl switch. G9Amethylation likely
prevents PCAF-dependent acetylation at K104, thereby
blocking MyoD activation and the downstream myogenic
program. HDAC inhibitors, such as sodium butyrate or
TSA, enhance MyoD acetylation and histone hyperacetyla-
tion at MyoD-binding sites, leading to enhanced expression
of muscle-specific genes at later stages.

All myogenic regulatory factors (MRFs), as bHLH
transcription factors, form heterodimers with ubiquitous
E-proteins (e.g., E12, E47) to bind E-box consensus se-
quences (CANNTG) in the regulatory regions of muscle-
specific genes, activating their expression. MyoD-E12
heterodimers, for instance, are known to collaborate
with members of the MEF2 family to activate muscle-
specific genes and myogenesis [21,22]. Although E-
protein transcription factor (E2A) is acetylated to control
hematopoiesis, as discussed below, it remains to be demon-
strated whether it is also acetylated in myogenic cells and
what its impact is on myogenesis.
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2.1.1.3 MEF2 Family. In addition to MRFs, the Myocyte
Enhancer Factor 2 (MEF2) proteins (MEF2A-D) serve as
key orchestrators of muscle cell fate, differentiation, and
regeneration. Importantly, MEF2 proteins lack intrinsic
myogenic activity but instead strengthen the activity of
myogenic bHLH proteins (MRFs), functioning as coacti-
vators. Acetylation is a critical post-translational mod-
ification for MEF2 activity. Specifically, Myocyte En-
hancer Factor 2C (MEF2C) is acetylated by p300. Six
acetylated lysines have been mapped to the transactiva-
tion domain of MEF2C. Four of these (K234, K239, K252,
and K264) are fully conserved across various MEF2 iso-
forms and species, suggesting a general, conserved mech-
anism. Acetylation of K4, located within the MADS box,
occurs at the onset of skeletal muscle differentiation and
leads to a more stable MEF2/DNA complex [19]. EMSA
experiments further revealed that a MEF2C mutant mim-
icking permanent acetylation (K4Q) exhibited a strongly
enhanced DNA-binding activity (at least 7-fold higher),
whereas a non-acetylatable mutant (K4R) bound DNA less
efficiently. The co-activator p300 is responsible for K4
acetylation and directly enhances MEF2 DNA-binding ac-
tivity [19]. Furthermore, acetylation of MEF2 is critical
for its synergistic cooperation with myogenic bHLH pro-
teins like MyoD. Studies show that the lack of K4 acety-
lation abolishes this functional interaction, leading to a de-
crease in myogenic conversion andMyosin heavy chain ex-
pression [19]. Overexpression of non-acetylatable MEF2C
mutants inhibits myogenic differentiation, underscoring the
critical role of acetylation in promoting myogenesis. These
mutants display reduced DNA binding activity, reduced ca-
pacity to activate gene transcription, inhibition of the syn-
ergistic effect with MyoD or myogenin in myogenic con-
version assays, and inhibition of myogenic differentiation
[19,23]. MEF2C is preferentially acetylated in differenti-
ating myocytes but not in undifferentiated myoblasts [19].
The model proposed is that MEF2 proteins are kept func-
tionally silent in myoblasts by deacetylation, resulting in
lowerDNAaffinity; a shift towards the acetylated form, sta-
bilized by p300, leads to the efficient activation of MEF2
upon differentiation [19,23]. Indeed, in proliferating my-
oblasts, MEF2 proteins are present but transcriptionally
silent due to their association with Class II histone deacety-
lases (HDACs) (HDAC4, HDAC5, HDAC7, and HDAC9),
which bind to MEF2 and repress its activity within the nu-
cleus. Upon differentiation signals, these Class II HDACs
dissociate from MEF2, thereby releasing the inhibition on
MEF2. This allows MEF2 to associate with HAT co-
activators like p300, stimulating MEF2-dependent gene
expression. In parallel, MYLK2 phosphorylates MEF2C
at T80, a modification that strengthens MEF2C interac-
tion with p300/PCAF and promotes their recruitment to
myogenic promoters (e.g. Myog), thereby increasing tar-
get gene activation [24]. Moreover, calcium/calmodulin-
dependent protein kinase (CaMK) signaling disrupts the

repressive MEF2-HDAC4/5 complex (without inhibiting
HDAC catalytic activity) and synergizes with p38-MAPK
inputs, creating a phosphorylation gate that licenses HAT
engagement at MEF2-bound loci [25]. Histone Deacety-
lase 3 (HDAC3) has also been shown to efficiently deacety-
late MEF2D in vitro and in vivo. Unlike Class II HDACs,
HDAC3 directly interacts with theMADSbox ofMEF2 and
associates withMEF2D,MEF2B, andMEF2C. HDAC3 re-
presses MEF2-dependent transcription and inhibits myoge-
nesis. The strong interaction between HDAC3 andMEF2D
observed in myoblasts diminishes significantly during dif-
ferentiation, suggesting a signal-responsive repressive role
[26].

2.1.1.4 Targeting Acetylation as a Therapeutic Avenue
for Duchenne Muscular Dystrophy. The pivotal role of
histone and non-histone acetylation during myogenesis
represents an attractive target for drug development for
Duchenne muscular dystrophy (DMD), a severe muscle-
wasting disease. The therapeutic landscape for both on-
cology and non-oncology diseases has increasingly recog-
nized the profound impact of targeting protein acetylation
through HDAC inhibitors. While it is generally accepted
that these inhibitors mediate their action primarily by alter-
ing chromatin status, leading to changes in gene expression,
it is equally crucial to acknowledge their significant effects
through the acetylation status of non-histone proteins, in-
cluding a wide array of transcription factors. This broader
impact offers diverse mechanisms for therapeutic interven-
tion beyond just chromatin remodelling. HDAC inhibitors
have been shown to promote myogenesis and skeletal mus-
cle formation both in vitro and in vivo [27–30]. This is a
counterintuitive observation, since global histone acetyla-
tion levels normally decrease during myogenic differentia-
tion [31]. This suggests that HDAC inhibitors mediate their
effects, at least partly, through non-histone targets. Accord-
ingly, treatment with HDAC inhibitors increases the acety-
lation of MyoD in myoblasts [32], as well as the acetyla-
tion of MEF2 [26]. HDAC inhibitors also enhance muscle
regeneration through modifying histone acetylation at spe-
cific gene promoters, notably by inducing the expression of
the promyogenic gene Fst encoding the follistatin protein
[30].

The pan-HDAC inhibitor Givinostat has shown sig-
nificant promise in preclinical studies for Duchenne mus-
cular dystrophy [33]. It has been shown to improve mus-
cle function and histological parameters in murine mod-
els of DMD. Given this preclinical success, Givinostat re-
cently received its first approval in the USA for the treat-
ment of DMD, highlighting the direct clinical application
of HDAC inhibition in a non-oncology muscle disease and
its efficacy in improving muscle function in mouse models
[33]. This demonstrates that targeting the acetylation sta-
tus of proteins involved in myogenesis, including factors
like MyoD and MEF2, offers a viable therapeutic strategy

5

https://www.imrpress.com


for muscle disorders [33]. Yet, the use of HDAC inhibitors
for treating DMD poses challenges that remains to be ad-
dressed. First, Givinostat is not a cure for DMD, but in-
stead delays its progression. It is currently not clear whether
sustained HDAC inhibition can be tolerated and remain ef-
fective in a long-term perspective. Second, the beneficial
effects of these inhibitors are limited to the initial stages
of the disease in mouse models [34]. Accordingly, clini-
cal trials are currently restricted to young patients at early
stages of DMD development. Third, Givinostat is a pan
class I and class II HDAC inhibitor, meaning that its oral
administration in children is associated to many side effects
including diarrhea, abdominal pain and thrombocytopenia.
Consequently, the use of Givinostat is restricted to lower
dosages that may be less efficient. Developing more spe-
cific HDAC inhibitors which would limit toxicity and side
effects, while maintaining clinical benefits, is imperative to
improve the quality of life of treated DMD patients. Recent
work suggests that inhibiting different HDACs, including
HDAC6, improves the dystrophic phenotype in mice [35].
Additional research must be performed to precisely deci-
pher the combination of HDACs to be targeted bymore spe-
cific inhibitors to maximize clinical benefits while causing
milder adverse effects.

2.1.2 Acetylation of Transcription Factors in
Hematopoiesis

Hematopoiesis, like neurogenesis and myogenesis,
represents a robust and well-characterized model for dis-
secting how transcription factors govern lineage commit-
ment. Hematopoietic stem cells (HSCs), endowed with
self-renewal and multilineage differentiation capacities,
give rise to a diverse array of blood cells: erythrocytes,
granulocytes, monocytes, megakaryocytes, lymphocytes,
and dendritic cells through a tightly regulated, hierarchi-
cal cascade of fate decisions. These processes are orches-
trated by stage-specific transcriptional programs, driven by
a core regulatory network of TFs. Several master regula-
tors converge to maintain HSC identity and balance self-
renewal with differentiation. Runt-related transcription fac-
tor 1 (RUNX1), T-cell acute lymphocytic leukemia pro-
tein 1 (TAL1), GATA-binding transcription factors 1 and
2 (GATA1/2), purine-rich box 1 (PU.1), E2A and cellular
Myb transcription factor (c-MYB) act not in isolation but
as part of an integrated regulatory network [36], frequently
assembling into multiprotein complexes and sharing coacti-
vators such as p300 and PCAF, which mediate their acetyla-
tion and functional activation. Increasing evidence suggests
that post-translational modifications, particularly acetyla-
tion, play a crucial role in modulating the activity of these
factors by altering their DNA-binding affinity, transcrip-
tional potency, subcellular localization, and protein stabil-
ity. In addition, a common molecular mechanism seems
to regulate hematopoietic transcription factor activity, in
which acetylation is associated with increased transcrip-

tional activity, while phosphorylation (often mediated by
Ak strain transforming (AKT), Cyclin-dependent kinases
(CDKs) and mitogen-activated protein kinases (MAPKs))
primes hematopoietic transcription factors for their ubiqui-
tination (often mediated by STIP1 homology and U-box–
containing protein 1 (STUB1) and F-box and WD repeat
domain–containing protein 7 (FBXW7))and degradation by
the proteasome. This mechanism is exemplified belowwith
the case of RUNX1, E2A and TAL1.

2.1.2.1 RUNX1. RUNX1 (also known as AML1 (Acute
Myeloid Leukemia 1)) is a master transcription factor es-
sential for hematopoiesis, guiding the emergence of HSCs
and orchestrating their differentiation into all major blood
lineages [37]. Conditional knockout experiments indicate
that once HSCs are formed, RUNX1 is dispensable for their
maintenance. In contrast, conditional loss of RUNX1 dras-
tically impairs megakaryocytic and lymphoid differentia-
tion, while increasing the number of myeloid progenitors
which is associated with a mild myeloproliferative syn-
drome [37]. A key layer of RUNX1 regulation is acetyla-
tion, particularly by the histone acetyltransferase p300 [38].
This modification occurs specifically at two conserved ly-
sine residues, K24 and K43, in the N-terminal region of
RUNX1 [39]. Interestingly, acetylation does not regulate
the ability of RUNX1 to bind to cofactors, including p300
and Polyomavirus Enhancer-Binding Protein 2 beta sub-
unit (PEBP2β). Acetylation at these sites is essential for
RUNX1 DNA-binding activity. Indeed, acetylation signif-
icantly enhances RUNX1 sequence-specific DNA-binding
and transcriptional activation capacity, while mutation of
K24 and K43 abolishes acetylation and severely impairs
RUNX1 ability to bind DNA [39]. RUNX1 is also acety-
lated by KAT6A (MOZ), which also favors myeloid differ-
entiation [40]. In fact, the levels of the RUNX1-KAT6A
complex increase during myeloid differentiation. Notably,
acetylation of RUNX1 drives its capacity to transactivate
the Csf1 promoter, encoding an essential growth factor
for myeloid differentiation, which suggests that acetyla-
tion of RUNX1 is important for its capacity to regulate
myeloid commitment [39]. In support of these observa-
tions, it has been shown that overexpression of p300 or
KAT6A increases the capacity of RUNX1 to activate tran-
scription at the myeloperoxidase (Mpo) promoter and stim-
ulates myeloid differentiation in vitro [40,41].

Acetylation of RUNX1 is also central for its onco-
genic potential. While wild-type RUNX1 can efficiently
transform fibroblasts, an acetylation-deficient mutant of
RUNX1 fails to do so [39]. This has been confirmed in
the context of the RUNX1–RUNX1T1 (also called AML1-
ETO) fusion protein, derived from the t(8;21) translocation
in the context of acute myeloid leukemia. This key onco-
genic driver is acetylated by p300 on the same K24 and
K43 residues as wild-type RUNX1 [42]. Acetylation of
these residues have been detected in cell cultures, in mouse

6

https://www.imrpress.com


leukemic cells and also in human acute myeloid leukemia
primary samples. However, acetylation of K43, and not
K24, is specifically required for the oncogenic activity
of the fusion protein. Indeed, the RUNX1–RUNX1T1
fusion protein increases the self-renewal capacity of hu-
man HSPCs, while a K43R mutant of RUNX1–RUNX1T1
fails to perform this activity, likely due to its incapac-
ity to activate the expression of key target genes such as
Id1, p21 and Egr1. Acetylated K43, but not the non-
acetylated form, can recruit bromodomain-containing pro-
teins such as the TATA-binding protein-Associated Fac-
tors (TAF), partially explaining the molecular mechanism
by which acetylation confers oncogenicity for RUNX1–
RUNX1T1 [43]. Strikingly, expression of the K43R mu-
tant, or treatment with p300 inhibitors, fails to induce
leukemogenesis in mouse models in vivo [38,39]. p300
inhibitors significantly increased the median survival of
RUNX1–RUNX1T1-expressing mice, providing a poten-
tial therapeutic approach for t(8;21) AML and potentially
other AML subtypes. This highlights the direct therapeutic
potential of targeting the acetylation of a specific transcrip-
tion factor in a defined cancer context.

RUNX1 is subjected to numerous post-translational
modifications including methylation, ubiquitination and
phosphorylation [44] (Fig. 3). Notably, the serine/threonine
kinase homeodomain-interacting protein kinase 2 (HIPK2)
phosphorylates RUNX1 and p300 [45]. Importantly, phos-
phorylation of RUNX1 is a prerequisite for the phospho-
rylation of p300, which stimulates its acetyltransferase ac-
tivity [45]. Similarly, KAT6A also preferentially interacts
with the phosphorylated form of RUNX1 [40], although the
specific phosphorylated residues have not been determined.
Presumably, the transcriptional potential of RUNX1 is fully
achieved by a cascade of events in which HIPK2 phospho-
rylates RUNX1 on S249 and S276, which induces HIPK2-
mediated p300 phosphorylation, stimulates p300 acetyl-
transferase activity and leads to p300-mediated RUNX1
acetylation.

Ubiquitination of RUNX1 seems to be mutually ex-
clusive with its acetylation. In fact, RUNX1 is ubiquiti-
nated by different E3 ubiquitin ligases including STUB1
and Deltex E3 ubiquitin ligase 2 (DTX2) on multiple lysine
residues including K43 [46,47], which is targeted for acety-
lation by p300. Expression ofDTX2 significantly decreases
the acetylation levels of RUNX1 and blocks its transactiva-
tion capacity on the myeloid-specific Csf1r reporter gene
[47]. Interestingly, overexpression of DTX2 and STUB1
blocks proliferation of specifically leukemic cells express-
ing RUNX1 and/or the RUNX1–RUNX1T1 fusion protein,
without affecting the growth of other leukemic cells [46,
47]. Accordingly, DTX2 and RUNX1 protein expression
are inversely correlated in many leukemic cell lines [47].
Phosphorylation of RUNX1 at S266 and T273, by many
members of the Cyclin-Dependent Kinase (CDK) family,
provokes the degradation of RUNX1 by the Anaphase-

Promoting Complex (APC), which is endowed with E3
ubiquitin ligase activity [48]. Interestingly, phosphoryla-
tion on S266/T273 is mutually exclusive with phosphory-
lation at S249/S276 [48]. Thus, while phosphorylation by
CDKs negatively regulate RUNX1 activity and is correlated
with a block in its acetylation, phosphorylation by HIPK2
potentiates RUNX1 acetylation and activity.

2.1.2.2 E2A. E2A, a ubiquitous bHLH transcription fac-
tor, comprises two isoforms, E12 and E47, and func-
tions as a heterodimerization partner for many cell type-
specific bHLH transcription factors, including TAL1
in hematopoiesis and MyoD in myogenesis [49]. In
hematopoietic stem cells, E2A sustains quiescence and
long-term self-renewal of hematopoietic stem cells, thereby
preventing stem-cell exhaustion. In addition, E2A is also
indispensable for establishing the lymphoid program [50].
These lineage decisions are enforced through E2A activa-
tion domains AD1 andAD3, which engage coactivators and
corepressors, ensuring appropriate chromatin and transcrip-
tional states during commitment. Several lines of evidence
demonstrated that E2A function is modulated by acetyla-
tion. In vivo and in vitro acetylation assays confirmed that
E2A is acetylated by p300/CBP and PCAF in conserved N-
terminal lysines, notably K34 and K334, with contributions
from K14/K101/K144 and K171-175 [51,52]. Directed
mutagenesis showed that removing these acetyl-acceptor
sites diminishes E2A acetylation and function, with K34
playing a dominant role [51,52]. Reporter assays demon-
strated that acetylation enhances E2A transcriptional output
[51]. At the complex level, E2A resides in high-molecular-
weight assemblies that co-immunoprecipitate with p300,
CBP, and PCAF; co-expression of these HATs increases
nuclear retention of E2A [52]. Concordantly, in neonatal
bone marrow, double-heterozygous (E2A+/−:p300+/−)
mice display a greater reduction in total and mature B-
lineage cells than either single heterozygote. This additive,
lineage-restricted effect fades in adulthood, consistent with
a stage-specific requirement for p300-mediated E2A acety-
lation during the perinatal wave of B-lymphopoiesis [52].
Counter-regulation by deacetylation further sharpens this
axis; E2A (E47) physically associates with SIRT1, which
reverses p300/CBP-driven acetylation; SIRT1 knockdown
increases Transcription Factor 3 (TCF3) and E2A protein
levels, implicating SIRT1 as a negative regulator of E2A
function in early B-cells [53]. Together, these findings
support a model in which dynamic acetylation of mul-
tiple N-terminal lysines stabilizes E2A within HAT-rich
complexes, prolongs its nuclear localization, and ampli-
fies lineage-appropriate transcriptional programs, thereby
steering hematopoietic progenitors toward lymphoid fates
while restraining alternative lineages. E2A is negatively
regulated by a mechanism involving its phosphorylation
and degradation. First, E2A is phosphorylated by CDKs
on S48 and S154, which negatively regulates its function
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Fig. 3. Interplay between different post-translational modifications: the example of RUNX1. RUNX1 phosphorylation by
homeodomain-interacting protein kinase 2 (HIPK2) facilitates p300-dependent acetylation of K24 and K43, which allows RUNX1 re-
cruitment to target genes that drive the myeloid program. In contrast, phosphorylation by cyclin-dependent kinases (CDKs) act negatively
on RUNX1 function by driving its ubiquitination and subsequent degradation by the proteasome. Created in BioRender.com. Sincennes,
M. (2025) https://BioRender.com/obhlmm6. RUNX1, Runt-related transcription factor 1.

[54]. E2A are ubiquitinated and degraded by the protea-
some by a mechanism involving the ubiquitin-conjugating
enzyme (E2) UBE2I (also called UbcE2A or Ubc9) as well
as the E3 ligase STUB1 [55,56]. Phosphorylation of E2A
by ERK1/2 is necessary for its proteasomal degradation,
and this process is mediated by NOTCH signaling [57].
Importantly, NOTCH signaling only induces E2A protein
degradation in cells expressing ERK1/2. Since NOTCH
signaling strongly favors T-cell differentiation over the B-
cell lineage, it is possible that E2A proteins are degraded in
thymic progenitors by a NOTCH-dependent phosphoryla-
tion/ubiquitination mechanism, whereas in B-cell progeni-
tors, E2A proteins are expressed and acetylated to activated
gene expression programs driving the B-cell fate. Whether
a similar regulatory mechanism exists in myogenesis and
in other lineages dependent on E2A activity remains to be
determined.

2.1.2.3 TAL1. TAL1 is a key transcription factor in
hematopoiesis, where it maintains HSCmultipotency while
guiding erythroid and megakaryocytic lineage commit-
ment. When mis expressed in lymphoid progenitors, TAL1
is a potent oncogene driving T-cell acute lymphoblastic
leukemia [58]. Depending on its interacting partners, TAL1
has the capacity to activate or to repress transcription. This
dual role is finely regulated by lysine acetylation. In vitro
and in vivo assays using [3H] acetate labeling identified
K221 and K222 as specific targets of KAT2B (P/CAF)-
mediated acetylation [59]. This modification enhanced
TAL1 binding to E-box elements and increased its tran-
scriptional output. Acetylation of TAL1 does not influ-
ence its capacity to interact with p300, KAT2B, or its het-
erodimerization partner E12. In sharp contrast, acetyla-
tion disrupts TAL1 association with the mSin3A-HDAC1
corepressor complex. Expression of KAT2B in erythroid
cells, but not a mutant lacking acetyltransferase activity, en-
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hances the expression of erythroid-specific genes such as
Hbb and Epb4.2. Thus, acetylation converts TAL1 from a
repressive to an activating transcription factor, promoting
the expression of erythroid-specific genes and driving ery-
throid differentiation [59]. TAL1 is also subjected to phos-
phorylation on different serine residues, some of which be-
ing driven by erythropoietin treatment, with various effects
on its transcriptional activity. Notably, phosphorylation by
AKT1 at T90 [60], which triggers the association between
TAL1 and the E3 ligase STUB1, ubiquitination of TAL1
and its degradation by the proteasome [61,62]. Since the
kinase AKT1 is activated by the TGFβ pathway, treatment
of hematopoietic and leukemic cells with TGFβ leads to the
degradation of TAL1 [61]. TGFβ is known to promote ter-
minal differentiation of erythroid cells. Together, these ob-
servations suggest a model in which during erythroid com-
mitment, TAL1 is first acetylated to drive the expression
of erythroid-specific genes, and is subsequently phospho-
rylated and ubiquitinated by a TGFβ and AKT1-dependent
mechanisms, leading to the degradation of TAL1 to al-
low terminal erythroid differentiation. Similarly, hypoxia
also triggers ubiquitination and proteasomal degradation of
TAL1, in a mechanism dependent on MAPK phosphoryla-
tion of TAL1 at S122 [63]. Degradation of TAL1 is also
induced by NOTCH signaling [62], involved in hematopoi-
etic stem cell self-renewal. Thus, post-translational modi-
fications of TAL1 fine-tune its association with E12/E47,
co-activator and co-repressor complexes and E3 ligases,
which regulated erythroid cell fate and most likely stem-
ness. Therefore, targeting TAL1 post-translational modifi-
cations could be relevant in the context of T-cell acute lym-
phoblastic leukemia.

2.1.2.4 c-MYB. The transcription factor c-MYB is highly
expressed in hematopoietic stem cells, and its expression
decreases during differentiation [64]. Accordingly, c-MYB
plays a central role in hematopoiesis and is absolutely re-
quired for definitive hematopoiesis. In addition, aberrant
expression of c-Myb has been associated with different
forms of cancers including leukemia. Its transcriptional ac-
tivity is tightly controlled by post-translational modifica-
tions, among which lysine acetylation emerges as a criti-
cal regulatory mechanism. Acetylation by the coactivators
p300 and CBP targets five conserved lysines (K438, K441,
K471, K480, and K485) located within the negative regula-
tory domain of c-MYB [65,66]. In vitro and in vivo studies
revealed that these acetylation events strongly enhance c-
MYB DNA-binding affinity, transactivation potential, and
interaction with coactivators such as CBP [65,66]. Site-
directed mutagenesis of key lysines, particularly K438 and
K441, severely impaired c-MYB acetylation and function,
leading to reduced transcriptional output [65,66]. At the
physiological level, in a mouse model that compromises the
interaction between c-MYB and p300 (mutation M303V in
c-MYB), a 10-fold increase in the numbers of hematopoi-

etic stem cells has been observed, with a sharp decrease in
mature hematopoietic cells from all lineages (e.g., throm-
bocytosis, lymphopenia, eosinopenia) [67]. Collectively,
these findings position lysine acetylation as a pivotal switch
that modulates c-MYB activity and underscore its essen-
tial role at the apex of the hematopoietic hierarchy, con-
trolling early steps of stem cell commitment. In addition
to acetylation, c-MYB is also subjected to phosphoryla-
tion, ubiquitination and sumoylation, although the inter-
play between all these post-translational modifications have
not been directly addressed. However, some of these post-
translational modifications take place very closely to the
acetylation sites, suggesting that they may be mutually ex-
clusive. In fact, while acetylation of c-MYB in the re-
gion between K438 and K485 positively regulates its tran-
scriptional activity, phosphorylation on S528 negatively
regulates its activity [68]. However, a mutant that can-
not be phosphorylated does not equally impact all target
genes, since the expression of the stem cell marker Cd34
is more strongly affected [69], suggesting that phosphory-
lation on S528 specifically represses stemness genes, thus
controlling hematopoietic cell commitment and differen-
tiation. Accordingly, while c-MYB expression normally
maintainsmyeloblastic cells in an undifferentiated state, co-
expression of c-MYBwith Nemo-like kinase (NLK), which
phosphorylates c-MYB on multiple sites, abrogates this ef-
fect [70]. Phosphorylation by lymphocyte adaptor protein
(LNK) favors the interaction of c-MYB with the E3 ligase
FBXW7, mediating its ubiquitination and degradation by
the proteasome [71]. In addition, the negative regulatory
domain of c-MYB is also subjected to sumoylation onK499
and K523, which blocks c-MYB transactivation capacity
[72–74]. Small Ubiquitin-like Modifier (SUMO) conjuga-
tion does not interfere with c-MYB DNA binding. In con-
trast, the presence of SUMO molecules precludes the re-
cruitment of transcriptional co-activators such as p300 [75].
Blocking c-MYB sumoylation leads to an increase in his-
tone acetylation on the promoters of c-MYB target genes
and efficient gene expression. Therefore, it is tempting to
speculate that acetylation of c-MYB by p300 and sumoyla-
tion are twomutually exclusive post-translational modifica-
tions that act as a switch to convert c-MYB transcriptional
activity during hematopoietic cell differentiation.

2.1.2.5 GATA Family. GATA-binding protein 1 (GATA1)
and GATA2 are master regulators of hematopoiesis, con-
trolling hematopoietic stem cell biology and erythroid lin-
eage differentiation [76]. Loss of either Gata1 or Gata2
in mice leads to embryonic lethality associated with pro-
found hematopoietic defects. GATA2 plays a pivotal role
in the establishment and maintenance of HSCs, where its
high expression ensures stem cell quiescence by promoting
self-renewal and survival programs while actively repress-
ing differentiation. GATA1 drives erythroid and megakary-
ocytic differentiation by activating lineage-specific gene
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programs while repressing genes that maintain stemness or
promote alternative fates. One of its key roles is to dis-
place GATA2 in a process known as the “GATA switch”,
thereby silencing stemness-associated genes and promot-
ing terminal erythroid maturation. Multiple lines of evi-
dence establish lysine acetylation as a key regulatory in-
put on GATA1 and GATA2. Acetylation by p300 was
first demonstrated for GATA1 to occur on multiple residues
(K214, K218, K220) within its DNA-binding domain, lead-
ing to increased DNA binding and enhanced transcriptional
activity [77]. Accordingly, deleting residues 218–221
diminishes GATA1 transactivation capacity and impairs
megakaryocyte differentiation [78]. GATA1 is also acety-
lated by CBP on two different lysine-rich motifs, which
do not influence GATA1 DNA binding but strongly in-
crease its transcriptional activity [79]. In GATA1-deficient
erythroid cells, expression of mutant GATA1, in which
one motif or the other is deleted, strongly impairs ery-
throid differentiation in vitro, while a double mutant com-
pletely abolishes terminal differentiation. These mutants
retain their DNA-binding capacity and nuclear localiza-
tion, but fail to be recruited on erythroid target genes as
demonstrated by chromatin immunoprecipitation on multi-
ple erythroid-specific genes including globin genes, Zfpm1,
Ahsp and Klf1 [80]. Moreover, acetylated GATA1 is specif-
ically recognized by the bromodomain-containing protein
bromodomain-containing protein 3 (BRD3) [81]. In ery-
throid cells, BRD3 co-occupies GATA1-bound promoters
and enhancers, independently of the presence of histone
acetylation, and is mostly depleted in gene bodies. Phar-
macologic inhibition of BRD3 binding inhibits the expres-
sion of erythroid genes in a dose-dependent fashion and
impairs erythroid differentiation similarly to the phenotype
observed with acetylation-defective GATA1 mutants [81].
Together, these results indicate that acetylation is necessary
for chromatin engagement of GATA1 and functional activa-
tion of target gene expression, strongly supporting a model
in which acetylation is a central regulatory mechanism to
control GATA1 recruitment to its target genes, at least in
erythroid cells.

Moreover, the acetylation of GATA1 also regulates its
stability: while it enhances transcriptional activity, it simul-
taneously flags the protein for ubiquitin-mediated protea-
somal degradation [82]. This degradation is acetylation-
and phosphorylation-dependent, suggesting a coordinated
mechanism in which post-translational modifications cou-
ple transcriptional output with protein turnover. Indeed,
GATA1 is ubiquitinated and degraded by the proteasome
in a MAPK phosphorylation-dependent manner, but it has
been suggested that acetylation must be present for degra-
dation to occur [82]. Both acetylation and phosphoryla-
tion can occur independently (acetylation is not required for
phosphorylation, and vice versa). When GATA1 is solely
acetylated, it is transcriptionally active and is not degraded.
When it is both acetylated and phosphorylated, thenGATA1

is targeted to the ubiquitin-proteasome system. Moreover,
the model suggests that phosphorylation takes place pref-
erentially on DNA-bound acetylated GATA1 [82]. In ad-
dition, like what has been observed for TAL1, erythropoi-
etin treatment leads to increased GATA1 phosphorylation
on multiple amino acid residues, some of which being asso-
ciated with transcriptional activation, while others being as-
sociated with its degradation [82,83]. Together, these find-
ings highlight acetylation as a central regulator of GATA1,
linking its ability to activate lineage-specific transcription
to its controlled degradation, and ensuring precise regula-
tion of hematopoietic cell fate decisions.

Evidence suggests that acetylation of GATA1 not only
drives erythroid maturation, but is also a key mechanism
that must be targeted to allow alternative cell fates such as
myeloid differentiation. For example, it is well accepted
that the antagonism between GATA1 and the transcription
factor PU.1 drives erythroid versus myeloid cell commit-
ment [84]. GATA1 and PU.1 can bind together and mutu-
ally inhibit the activity of each other. In addition, PU.1 di-
rectly inhibits GATA1 acetylation in vitro and in vivo, with-
out altering GATA1 DNA binding capacity [85]. In fact,
PU.1 seems to generally repress CBP-mediated acetylation,
resulting in a blockade in the acetylation of many erythroid-
specific transcription factors, such asGATA1, but also of hi-
stone acetylation on erythroid promoters. Therefore, PU.1
targets histone and transcription factor acetylation to drive
myeloid differentiation at the expense of an erythroid cell
fate. In acute myeloid leukemia, the oncogenic fusion pro-
tein RUNX1–RUNX1T1 (AML1-ETO) operates by a sim-
ilar mechanism to inhibit alternative cell fates such as ery-
throid lineage commitment by directly blocking GATA1
acetylation [86]. TheNuclear HormoneReceptor 4 (NHR4)
domain of RUNX1T1 (ETO) is responsible for mediating
this effect, and accordingly, wild-type RUNX1 has no ef-
fect on GATA1 acetylation levels. Thus, these studies sug-
gest that blocking the acetylation of GATA1 is a prerequisite
to allow myeloid lineage commitment.

Like GATA1, GATA2 is also acetylated at distinct do-
mains, by the action of p300 and KAT2A [87]. Through
systematic lysine-to-alanine mutagenesis, six conserved ly-
sine clusters were identified as primary targets of p300.
Their acetylation enhances GATA2 DNA-binding affinity,
transcriptional activity, and nuclear retention. Importantly,
acetylation-defective mutants failed to activate transcrip-
tion despite retaining partial DNA-binding capacity, high-
lighting acetylation as a fine-tuner of GATA2 regulatory
output. Moreover, in myeloid cells, acetylation was also es-
sential for GATA2 ability to suppress proliferation, linking
this post-translational modification to its biological func-
tion in hematopoietic regulation [87]. Similarly to GATA1,
GATA2 is also phosphorylated by AKT1 and by MAPK,
which negatively regulates GATA2 activity, partly by im-
pairing its translocation to the nucleus and its DNA bind-
ing activity [88]. Again, a duality between acetylation and
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phosphorylation seems to appear as a general mechanism
controlling the action of hematopoietic transcription fac-
tors.

GATA3 is a lineage gatekeeper in hematopoiesis in-
duced during early T-cell specification. It activates T-
lineage specific genes such as the ones encoding the T
cell receptor (TCR), CD4, CD8 and IL5, while repress-
ing alternative B-cell and myeloid programs [89]. A de-
cisive layer of regulation is lysine acetylation near the sec-
ond zinc finger. A conserved basic KRR amino acid triad
(K305–R306–R307) located between the two zinc fingers
and conserved in GATA1/2 has long been employed as a
dominant negative mutant for GATA3 activity [90]. The
KRR mutation to alanine residues (AAA) does not affect
GATA3 expression, its nuclear localization or its DNA
binding function. However, the mutant is capable of block-
ing GATA3 transcriptional activity [90]. It has later been
discovered that this KRR region functions as an acetylation
hub that governs coactivator engagement rather than DNA
recognition [91]. Biochemical mapping shows that p300
acetylates K305 and neighboring lysines (K293, K347).
Pulse-labeling in primary splenocytes confirms physiologi-
cal acetylation of GATA3 in vivo [91]. Converting the KRR
motif to alanines reduces acetylation by approximately 75%
without altering DNA binding and abolishes GATA3–p300
synergy in reporter assays. A mouse model has been gen-
erated in which the hypo-acetylated form (KRR-GATA3) is
specifically expressed in the T lineage. These mice present
a decrease in Th2 effector genes (IL-4, IL-5) and an im-
balance in the proportion of T cells:B cells in the spleen,
peripheral blood, lymph nodes and Peyer’s patches. This
change is mostly due to a defect in T-cell homing, resulting
in an impaired immune response in these mice [91]. To-
gether, these findings support a model in which acetylation
centered on the KRR motif acts as a molecular rheostat that
strengthens coactivator recruitment and enhancer output at
lineage-appropriate loci, thereby promoting Th2 differenti-
ation, T cell homing and balanced GATA3-driven cell-fate
decisions. In addition to acetylation, GATA3 is subjected to
phosphorylation on a motif located very closely to the KRR
motif [92]. Phosphorylation on this motif by AKT regu-
lates the recruitment of co-activators and co-repressors on
GATA3 target genes and impacts the fate of Th2 cells [92],
although the interplay between acetylation and phosphory-
lation on these two adjacent motifs has not been directly
investigated.

Interestingly, the E3 ligase FBXW7 ubiquitinates both
GATA2 and GATA3 to promote their proteasomal degra-
dation in a phosphorylation-dependent manner. GATA2
is phosphorylated by CDK1 on T176 [93], while GATA3
is phosphorylated by CDK2 on T156 [94]. Conditional
knockout of Fbxw7 in hematopoietic cells results in in-
creased GATA protein levels, associated to hematopoietic
stem cell exhaustion and a predisposition to T cell leukemia
[95], while conditional knockout in the T lineage drastically

perturbs T cell development [94], suggesting that ubiqui-
tination by FBXW7 during lineage commitment is a key
regulatory process to control GATA transcription factor ac-
tivity, with a profound impact on the hematopoietic cell hi-
erarchy.

2.1.2.6 Myeloid Drivers: PU.1 and C/EBPα. PU.1, a
member of the ETS family of transcription factors, is a key
regulator of hematopoietic lineage specification, orches-
trating the balance between myeloid and lymphoid differ-
entiation while maintaining HSC quiescence under home-
ostatic and inflammatory conditions. As discussed ear-
lier, GATA1 and PU.1mutual repression directs hematopoi-
etic cell fate towards the erythroid or myeloid lineage
[84]. Beyond transcriptional control, PU.1 activity is finely
modulated by post-translational modifications, particularly
acetylation. PU.1 is acetylated in vivo, and this mod-
ification plays a distinct role in its regulatory functions
[96,97]. Histone acetyltransferases such as p300 and CBP
enhance PU.1’s transactivation capacity, with p300 ex-
erting the strongest effect via a direct interaction depen-
dent on residues 7–30 of the N-terminal activation domain
[96]. Chromatin immunoprecipitation further confirmed
that p300 is recruited alongside PU.1 at endogenous target
enhancers, such as the immunoglobulin κ 3′ enhancer, indi-
cating a functional interplay. Mutational analysis revealed
that specific lysines within the DNA-binding domain (no-
tably K170/171 and K206/208) are required for full tran-
scriptional activation, cofactor recruitment, and repression
of lineage-inappropriate genes [96]. Acetylation-deficient
PU.1 mutants retained some transactivation ability but lost
repressive functions, particularly on the c-myc promoter,
due to impaired interaction with the mSin3A corepressor
[97]. Notably, these mutants failed to inhibit erythroid dif-
ferentiation or suppress β-globin expression in erythroid
progenitor cells, and were unable to induce apoptosis or
downregulate survival genes such as Myc and Bcl2, under-
scoring the role of acetylation in PU.1-mediated lineage re-
striction and growth control [97]. Thus, acetylation of PU.1
is essential for inhibiting the erythroid program while pro-
moting myeloid cell fate. Paradoxically, HDAC inhibition
by trichostatin A increased PU.1 acetylation but repressed
its transcriptional activity on inflammatory gene promoters
like Il1b and Csf2ra, suggesting that hyperacetylation dis-
rupts functional protein–protein interactions or the compo-
sition of transcriptional complexes. Altogether, these find-
ings highlight a nuanced role for acetylation in fine-tuning
PU.1’s transcriptional output, not only by enhancing coacti-
vator function but also by regulating lineage fidelity, repres-
sion of alternate fate programs, and control of proliferation
and apoptosis in hematopoietic progenitors.

C/EBPα is a master regulator of myeloid lineage com-
mitment and differentiation, particularly of granulopoiesis.
C/EBPα is acetylated by p300 [98–100] and GCN5 [101,
102]. Acetylation takes place at multiple lysine residues,
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many of which being located within the DNA-binding and
the leucine zipper domains. Acetylation does not seem to
affect C/EBPα protein expression or cellular localization.
However, acetylation perturbs the capacity of C/EBPα to
bind DNA and thus negatively regulates C/EBPα activity
[103]. Infection of myeloid cells with acetylation-mimetic
mutants of C/EBPα leads to defects in granulocytic dif-
ferentiation ex vivo [101]. During myeloid differentiation,
GCN5 expression is progressively decreased, leading to
deacetylation of C/EBPα, and presumably to an increase
in its transcriptional activity. Acetylation of C/EBPα is
also regulated by interaction with PU.1 [100], suggesting
that the interplay between different acetylated transcription
factors controls myeloid lineage differentiation. C/EBPα
negatively regulated by sumoylation, which promotes its
ubiquitination and proteasome degradation [104]. Sumoy-
lation also hinders the recruitment of the SWI/SNF chro-
matin remodeling complex on C/EBPα target genes, The
E3 ligase FBXW7 is responsible for ubiquitinating C/EBPα
to promote adipogenic cell fate [105], but whether this
holds true in the hematopoietic system remains to be de-
termined. It is interesting to note that acetylation of spe-
cific lysine residues of C/EBPα has been associated with
an increase in transcriptional activity [98,99], in contrast to
most acetylation sites being involved in inhibiting C/EBPα
function. Acetylation of C/EBPα by p300 and its deacetyla-
tion by SIRT1 are important for the expression of mitochon-
drial genes and regulate mitochondrial respiration [98]. By
maintaining a delicate balance between self-renewal and
quiescence, this acetylation-sensitive transcriptional net-
work ensures the preservation of stem cell integrity and re-
sponsiveness to differentiation cues.

2.1.3 Acetylation of Transcription Factors in Neurogenesis
and Pluripotency

Neurogenesis is the process bywhich neural stem cells
(NSCs) differentiate into neurons. Upon activation, NSCs
enter the cell cycle, proliferate and commit into neurob-
lasts, which differentiate into neurons (reviewed in [106]).
While transcription factor acetylation appears to be a gen-
eral mechanism controlling hematopoietic and myogenic
cell fate, there are fewer examples of transcription factor
acetylation in the control of neurogenesis. For example,
NEUROD1 has been shown to be acetylated by p300 in
pancreatic cells [107], but the relevance of this acetyla-
tion in the context of neurogenesis has yet to be exam-
ined. Acetylation of two paired-box transcription factors,
PAX3 and PAX6, has been documented in the context of
neurogenesis. PAX3 acetylation acts as a molecular switch
controlling the balance between stem cell maintenance and
neurogenic commitment. Notably, PAX3 acetylation me-
diates its capacity to drive the expression of two of its tar-
get genes: Hes1, involved in stem cell self-renewal; and
Neurog2, associated with neurogenic commitment. When
PAX3 is deacetylated, Hes1 expression is favored and stem

cell maintenance is the preferred output [10]. In contrast,
acetylation of PAX3 promotes neuronal differentiation at
the expense of stemness, by driving the expression of Neu-
rog2 [10]. In addition to PAX3, PAX6 acetylation also con-
trols the balance between neural stem cell self-renewal and
differentiation, by a distinct mechanism. Acetylation of
PAX6 by KAT2A promotes PAX6 proteasomal degradation
in zebrafish [13]. On the opposite, KAT2A inhibition leads
to increased PAX6 protein levels and to increased prolifera-
tion of neural stem cells, while blocking their differentiation
[13].

One family of transcription factors, the SRY-related
HMG-box (SOX) family, plays crucial roles in various de-
velopmental processes, including cell differentiation and
stem cell maintenance. There are 20 SOX proteins in hu-
mans, which are widely expressed in embryonic as well
as adult tissues. They are extensively regulated by acety-
lation on multiple lysine residues, with SOX2 acetylation
being largely studied and serving as a paradigm for other
SOX family members. Acetylation of SOX proteins occurs
both at conserved lysines within the HMG-box (e.g., SOX2
K97/K105/K111, SOX4 K95, SOX9 K61), where it gen-
erally supports transcriptional activity, and at unique sites
outside the HMG-box, such as SOX9 K253/K398, where
the precise contribution is less clear (Fig. 4). In addition,
acetylation in localization signals (SOX2K75 in the nuclear
export signal (NES) and SRY K136 in the nuclear local-
ization signal (NLS)) regulates stability and nuclear trans-
port. In muscle cells, SOX4 is acetylated on K95 by KAT5
(originally named TIP60) [108]. This acetylation mark is
critical for myoblast differentiation, as a mutated SOX4 on
the acetylation site cannot rescue myogenic differentiation
defects observed in vitro upon SOX4 knockdown. Acety-
lation of SOX4 is important to mediate its transcriptional
activity and to regulate the expression of target genes in-
volved in cell signaling, migration and adhesion, such as
Cald1 [108]. KAT5 also acetylates SOX9 on K61, K253
andK398 [109]. KAT5 potentiates the transcriptional activ-
ity of SOX9 during chondrogenesis, however this enhanced
activity does not seem to be dependent on direct acetylation
of SOX9 [109].

Acetylation of SOX2 is involved in the maintenance
of embryonic stem (ES) cell pluripotency but is also impor-
tant for reprogramming somatic cells into induced pluripo-
tent stem cells [110,111]. In ES cells, SOX2 is acetylated
by p300/CBP on multiple lysine residues, the majority of
which being located within the DNA-binding domain of
SOX2 (the HMG-box) [111]. SOX2 can be deacetylated
by SIRT1 [110] and HDAC4 [112]. Acetylation on K97,
K105, and K111 residues promotes the interaction between
SOX2 and transcriptional cofactors from the steroid recep-
tor coactivator (SRC) family, which likely maintains ES
cell pluripotency by driving self-renewal [113]. On the
other hand, acetylation of K75 located in the NES strength-
ens SOX2 interaction with Chromosome Region Mainte-
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Fig. 4. Multiple members of the SRY-related HMG-box (SOX) family of transcription factors are subjected to acetylation. Mul-
tiple sequence alignment of the HMG box domain from SOX1-SOX21 and SRY proteins. The consensus sequence is shown at the top,
with conservation indicated by a color scale (red = fully conserved, blue = low conservation). Magenta highlights mark lysine residues
reported to be acetylated. The sequence labelled SOX2 M corresponds to Mus musculus (mouse) SOX2, as documented in acetylation
studies.

nance 1 (CRM1), a nuclear export receptor [111]. Acetyla-
tion of K75 thus promotes nuclear export and proteasomal
degradation of SOX2 thereby lowering nuclear SOX2 and
biasing toward differentiation. It is interesting to note that
SRY, another member of the SOX family, is acetylated by
p300 in its NLS (on K136), which promotes its nuclear re-
tention [114]. This indicates that acetylation of transcrip-
tion factors in their NES and NLS is a common mecha-
nism to control nuclear/cytoplasmic shuttling of transcrip-
tion factors, notably SOX family members.

A second regulatory hub (K115–T116/118–K117–
K119), where methylation and phosphorylation directly in-
tersect with acetylation. Methylation of K119 by SET
domain–containing protein 7 (SET7) represses SOX2 activ-
ity and licenses WW domain–containing E3 ubiquitin pro-
tein ligase 2 (WWP2)-dependent ubiquitination and degra-
dation, while AKT phosphorylation of the neighboring
threonine 116 in human and T118 in mouse embryonic
stem cells (ESCs) antagonizes K119me and blocks Ubiqui-
tin Protein Ligase E3 Component N-Recognin 5 (UBR5)-
mediated ubiquitination at K115, thereby stabilizing SOX2
[115,116]. Within this same cluster, K117 and K119 are
subjected to acetylation in vitro by p300/CBP [111], which
positions acetylation to potentially compete sterically or
electrostatically with K115 ubiquitination and K119methy-
lation. However, there is no direct evidence that K117ac
or K119ac per se increase SOX2 stability, so these should
be treated as competitive marks rather than proven stabi-

lizers. Together, these modifications define an acetylation-
centered switch that directs SOX2 fate. First, K75 acety-
lation promotes CRM1-dependent export and proteasomal
turnover, lowering nuclear SOX2 and thereby permitting
differentiation. Second, SET7-mediated K119 methyla-
tion earmarks SOX2 for ubiquitylation and degradation, re-
inforcing differentiation. Third, AKT phosphorylation at
T116/118 antagonizes K119 methylation and K115 ubiqui-
tylation, stabilizing a nuclear, transcription-competent pool
of SOX2 that supports stemness/self-renewal. Acetylation
at K117 or K119 could, in principle, compete with nearby
degradative marks, but current evidence does not demon-
strate a direct stabilizing effect of these acetylation marks
in cells. Together, these findings highlight acetylation as a
versatile and context-dependent mechanism that fine-tunes
SOX family function.

It is interesting to note that defects in acetylation
and deacetylation are commonly associated to neurologi-
cal disorders and neurodegenerative conditions. For ex-
ample, in amyotrophic lateral sclerosis (ALS), Alzheimer’s
and Huntington’s diseases, histone acetyltransferase activ-
ity is decreased and the availability of acetyl donors in
the brain is also diminished. This dual inhibition results
in profound changes in histone acetylation [117]. These
alterations play a key role in disease etiology by drasti-
cally changing gene expression patterns, leading to neu-
ronal death, impaired memory and cognitive decline. The
protective role of HDAC inhibition in Alzheimer’s disease
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is well documented in cellular and animal models [118] and
undoubtedly represent a promising therapeutic avenue for
neurocognitive disorders. Similarly, HDAC inhibitors were
proven effective in mouse models of ALS [119], and se-
lective HDAC3 inhibitors improve the phenotype of Hunt-
ington’s disease in mice [120]. However, as observed for
the treatment of DMD, using HDAC inhibitors in the treat-
ment of neurological diseases brings significant challenges
relative to toxicity and side effects. An additional barrier
that comes into play when treating neurological disorders is
brain permeability of HDAC inhibitors, which limits drug
delivery. In addition, the specific implication of individ-
ual HDACs in mediating neuroprotective effects remains
to be clarified. Importantly, HAT activators, with the ex-
ample of N-(4-Chloro-3-trifluoromethyl-phenyl)-2-ethoxy-
6-pentadecyl-ben-zamide (CTPB), are being developed and
tested as an alternative to HDAC inhibitors with the hope of
restoring acetylation in neurodegenerative diseases [117].
Such compounds have been shown to efficiently cross the
blood-brain barrier and may be more specific compared to
HDAC inhibitors. Although the acetylation of non-histone
proteins and transcription factors (alpha-tubulin, Tau, p53,
NK-kB) is impaired in neurodegenerative diseases such as
Alzheimer’s [118], their involvement in disease etiology, as
well as their attractiveness as therapeutic targets, remains
to be determined. More recently, acetylation defects have
been associated with neurodevelopmental disorders such as
Rett syndrome, Fragile X syndrome and autistic spectrum
disorder (ASD), as well as with epilepsy and anxiety [121].
Moreover, missense variants in HDAC3 have been associ-
ated with a rare neurodevelopmental disorder [122], while
some cases of intellectual disability syndromes are caused
by HDAC4 haploinsufficiency [123]. The HDAC inhibitor
valproic acid is commonly used for treating epilepsy and is
currently tested in clinical trials as a therapeutic option for
anxiety. Furthermore, it has been proposed that HDAC in-
hibition might mitigate ASD symptoms [121] and amelio-
rate the phenotype of Tuberous Sclerosis Complex (TSC)
disorder in mice [124]. Although it is too early to under-
stand how non-histone and transcription factor acetylation
contribute to the etiology of these diseases, it becomes clear
that acetylation of histones and non-histone proteins have
the potential of becoming attractive therapeutic targets for
neurological diseases.

2.2 Pleiotropic Molecular Roles of Transcription Factor
Acetylation in the Control of Gene Expression

Acetylation was shown to directly increase DNA-
binding affinity for numerous transcription factors, includ-
ingMyoD, MEF2, RUNX1 and c-MYB, as discussed in the
previous sections. In addition, as exemplified by PAX7,
acetylation can fine-tune DNA binding capacity to favor
recruitment to a subset of target genes, for fine-tuning lin-
eage commitment. However, although most transcription
factors are positively regulated by acetylation, in some

cases, acetylation impairs transcriptional activity. For ex-
ample, most Forkhead transcription factor family mem-
bers are negatively regulated by acetylation. Forkhead box
O1 (FOXO1) has been shown to be acetylated by CBP
and deacetylated by SIRT1 [125] and SIRT2 [126,127].
A mutant FOXO1 that cannot be acetylated displays in-
creased transactivation potential [125], which is mediated
by a higher affinity for DNA [128]. Similarly, FOXO4 tran-
scriptional activity is decreased by CBP-mediated acety-
lation [129,130]. FOXO3 is also deacetylated by sirtuins
[131,132], which increases FOXO3 DNA binding and en-
hances the expression of its target genes, notably Cdkn1b,
Sod2 and Bcl2l11 [132]. Similarly, acetylation of FOXA1
by p300 seems to reduce FOXA1 affinity for DNA probes
in vitro [133]. In addition to increasing DNA binding, it has
been proposed that deacetylation of Forkhead family mem-
bers favors their nuclear localization [134].

Similar to transcriptional activators, transcriptional re-
pressors can also be subjected to acetylation. For example,
the transcriptional repressor GFI1, a cell fate determinant
involved in hematopoietic stem cell function and in T cell
lymphomagenesis, is acetylated in mammalian cells, which
prevents its interactionwith p53 and leads to a de-repression
of p53 pro-apoptotic target genes [135]. Acetylation also
controls the function of the transcriptional repressor Zinc
finger E-box–binding homeobox 1 (ZEB1), an important
regulator of T cell differentiation, also involved in the reg-
ulation of epithelial-mesenchymal transition in cancer cells.
Acetyl-mimetic and acetyl-deficient ZEB1 mutants were
generated and demonstrated that acetylation of ZEB1 pref-
erentially leads to a repression of epithelial genes, thus pro-
moting tissue invasion and metastasis [136].

In addition to controlling DNA-binding affinity and
sequence recognition, acetylation of transcription factors
can also influence their protein stability or their capacity
to mediate protein-protein interactions, as discussed below
and represented in Fig. 5.

Bromodomains are recognized “readers” of lysine
acetylation, and they are well characterized to bind acety-
lated histone tails to transduce the signal to modulate gene
expression. Strikingly, bromodomains can also bind to
non-histone proteins that are acetylated. This is the case
for the transcription factor MyoD, for which acetylation is
specifically recognized by the bromodomain of CBP. Mu-
tants of MyoD that cannot be acetylated fail to recruit CBP
to activate muscle-specific genes [20]. Similarly, acety-
lation of the RUNX1–RUNX1T1 fusion protein creates a
docking site for bromodomain-containing proteins such as
TAFs, which initiates transcription [43]. Finally, the bro-
modomain of BRD3 recognizes acetylated GATA1 to pro-
mote erythroid cell fate [81].

Depending on the cellular context, acetylation can
positively or regulate protein stability. As discussed ear-
lier, acetylation simultaneously enhances GATA1 tran-
scriptional activation and mediates its degradation by the
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Fig. 5. Functional consequences of transcription factor acetylation. Acetylation of transcription factors, catalyzed by histone acetyl-
transferases (HATs) such as p300/CBP or PCAF, can regulate multiple aspects of their activity beyond histone modification. The addition
of acetyl groups to lysine residues alters the conformation, charge, and protein-protein interactions of transcription factors, leading to dis-
tinct functional outcomes. These include: (1) DNA binding, changes in acetylation can enhance or reduce transcription factor affinity for
target gene promoters/enhancers (e.g., PAX7, MyoD, RUNX1); (2) Nuclear-cytoplasmic shuttling, acetylation may influence the subcel-
lular localization of transcription factors, enabling export to or retention within the nucleus (e.g., GATA2, NOTCH1); (3) Protein-protein
interactions, acetylation can promote or disrupt interactions with coactivators, corepressors, or other transcription factors, modulating
gene regulatory networks (e.g., MyoD, RUNX1, GATA1); and (4) Protein stability, acetylation can protect transcription factors from
ubiquitin-mediated proteasomal degradation or, in some cases, target them for turnover (e.g., GATA1, PAX6, NOTCH1). These mod-
ifications integrate upstream signalling cues into transcriptional responses, influencing cell fate decisions in normal development and
disease. PCAF, p300/CBP-associated factor; PAX, Paired Box; MyoD, Myogenic Differentiation 1; GATA2, GATA-binding protein 2;
NOTCH1, Notch homolog 1.

ubiquitin-proteasome pathway [82]. Similarly, acetyla-
tion of PAX6 induces its degradation by the ubiquitin-
proteasome system [13]. In contrast, the NOTCH family
of transcription factors is stabilized by acetylation. The
Notch family (NOTCH1-4) mediates a highly conserved,
cell-cell signaling system that shapes cell-fate decisions,
differentiation, proliferation, and tissue patterning. Upon
ligand binding, NOTCH receptors are cleaved by proteoly-
sis to release the Notch intracellular domain (NICD), which
translocates to the nucleus and activates target genes such
as the well-characterized HES and HEY (Hairy/Enhancer-
of-split related with YRPW motif) genes. Notably, among
the four paralogs, acetylation of NOTCH1 and NOTCH3
has emerged as a context-dependent modulator of signaling
output and, consequently, of cell fate. Reversible acetyla-
tion of the Notch1 intracellular domain (NICD1) is a key
post-translational mechanism that calibrates signaling am-
plitude, duration, and subcellular routing, with direct con-
sequences for cell fate. Acetylation of conserved lysines
(K1774, K1780, K1781, K1782) by p300 and PCAF pro-
longs NICD1 half-life and augments transcriptional out-

put, whereas the NAD⁺-dependent deacetylase SIRT1 binds
NICD1 and removes these acetylation marks to promote
turnover [137]. In endothelial cells, loss of SIRT1 sensi-
tizes the pathway to the Delta-like ligand 4 (DLL4) lig-
and, elevates HES/HEY target expression, and reduces vas-
cular branching in zebrafish and mice [137]. Acetylation
also dictates nuclear topology; NICD1 has been shown
to localize to the nucleolus, a process that is dependent
on acetylation and deacetylation by SIRT1 [138]. Fi-
nally, in Notch1-driven leukemias, HDAC3 shapes NICD1
acetylation and stability; HDAC3 loss or inhibition re-
duces Notch target expression despite stabilizing NICD1,
and an HDAC3-insensitive NICD1 variant is more sta-
ble yet less transcriptionally competent, underscoring that
productive lineage outcomes depend on chromatin context
and cofactor engagement, not stability alone [139]. In
contrast to NOTCH1, where acetylation generally stabi-
lizes NICD and prolongs signaling, NOTCH3 carries con-
served RBP-Jκ–associated module (RAM)-domain lysines
(K1692, K1731) whose acetylation by p300 has the op-
posite effect [140]. Acetylated NOTCH3 is preferentially
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ubiquitinated and degraded, shortening Notch3 intracellu-
lar domain (N3IC) half-life and dampening transcriptional
output (e.g., at the pTα promoter). HDAC1 reverses this
by deacetylating N3IC. Accordingly, a non-acetylatable
mutant (K1692R/K1731R) is more stable, more transcrip-
tionally active, and enhances T-cell proliferation, whereas
HDACi treatment in NOTCH3-transgenic mice enforces
hyperacetylation, reduces NOTCH3 levels, and CD4⁺CD8⁺
double-positive thymocyte pools, and stops NOTCH3-
driven T-cell acute lymphoblastic leukemia [140]. Thus,
acetylation serves as a positive regulator of NOTCH1 sig-
naling but a negative regulator of NOTCH3 by regulating
their protein stability, leading to divergent cell-fate out-
comes.

2.3 Conformational Changes Mediated by Acetylation

Addition of one or multiple acetyl groups to a protein
can directly alter the protein structure and can alternatively
change its DNA or protein binding affinity. Since acety-
lation of histones is known to introduce a negative charge
that diminishes their affinity for DNA, one could expect that
the same observation applies to transcription factors. This
is the case for FOXO transcription factors, for which acety-
lation negatively regulates DNA binding. Acetylation of
FOXO1 takes place in the DNA binding domain and likely
neutralizes positive charges that are involved in DNA con-
tact [128,141].

However, as discussed in the previous sections, many
transcription factors have increased affinity for DNA when
acetylated, which is counterintuitive. The two first ex-
amples to be documented are the acetylation of p53 and
GATA1, which strikingly stimulates DNA binding [77,
142]. In EMSA assays, not only acetylated GATA1 dis-
played increased recognition of its target DNA sequence,
but in addition, the mobility of the protein-DNA com-
plex was altered, suggesting a conformational change. In-
deed, while two different GATA1-DNA complexes were
observed for the non-acetylated GATA1, only the slowly
migrating complex was observed for acetylated GATA1.
Furthermore, the complex involving acetylated GATA1mi-
grated slightly faster compared to the non-acetylated one,
an observation that was even more striking when the DNA
sequence contained twoGATA1 binding sites instead of one
[77].

For p53, acetylation takes on multiple sites includ-
ing a region of 30 amino acids located at the C-terminal
of the protein, which is well characterized to regulate
sequence-specific DNA binding by p53. Indeed, the C-
terminal region mediates intramolecular interactions with
the DNA binding domain, preventing DNA binding. This
intramolecular « tail-core » interaction must be disrupted to
allow DNA sequence recognition. This can be achieved us-
ing an antibody that binds to the C-terminal domain of p53
[143], and presumably by acetylation of the C-terminal tail
[142]. Similar mechanisms have been suggested for the E2

promoter–binding factor (E2F) family of transcription fac-
tors, in which acetylation, occuring in a helix adjacent to
the DNA-binding domain, could induce a conformational
change that would facilitate access to DNA [144]. In ad-
dition to the C-terminal tail, p53 is acetylated within its
DNA-binding domain at K120, which specifically mediates
the expression of pro-apoptotic target genes such as Bax,
without affecting the expression of genes involved in cell
cycle arrest. Thus, acetylation confers DNA binding speci-
ficity for p53. Crystal structures have been generated for
acetylated or non-acetylated p53, in complex with different
DNA sequences (Bax responsive element or consensus p53
responsive element) [145]. It has been demonstrated that
acetylation of K120 increases the flexibility of the L1 loop
of p53, which enables different DNA-binding modes for
acetylated p53 compared to the non-acetylated form. The
proposed model suggests that non-acetylated p53 forms a
similar complex regardless of its binding to Bax recogni-
tion sequence or consensus sequence. However, acetylated
p53 bound on Bax responsive element triggers a conforma-
tional change both in the protein and in DNA, while only a
protein conformational change (and not a DNA conforma-
tional change) is observed when acetylated p53 is bound to
a consensus response element [145]. Together, these obser-
vations confirm that acetylation can induce conformational
changes that determine the architecture of promoter-bound
transcriptional complexes on DNA.

Recent advances in deep learning tools to predict 3D
protein structure will undoubtedly contribute to better de-
ciphering how single amino acid modifications impact in-
tramolecular protein conformation and their capacity to me-
diate protein-DNA and protein-protein interactions. Such
prediction tools were recently employed to model how
adding acetyl groups to Krüppel-like factors (KLFs) im-
pacts their capacity to mediate protein-protein interactions
with known binding partners [146]. Notably, it was found
that acetylation of KLF1, KLF5 and KLF6 displaces exist-
ing intermolecular interactions with protein partners such as
CBP, WWP1, activating transcription factor 3 (ATF3) and
c-Jun (Jun proto-oncogene), while forming new binding in-
terfaces, resulting in more stable interactions. In contrast,
the interaction between KLF4 and p300 is destabilized by
acetylation, confirming previous observations. Depending
on the cellular context, KLFs can act as transcriptional ac-
tivators or repressors and can exhibit tumor suppressive or
oncogenic functions. The authors propose a model in which
acetylation modulates the strength of interaction with tran-
scriptional co-activators and co-repressors, thus fine-tuning
the capacity of KLFs to control key processes such as pro-
liferation and apoptosis [146]. This dynamic interplay can
determine whether KLF act as tumor suppressors or pro-
mote oncogenesis, depending on the cellular context.
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3. Conclusions
The action of HAT and HDAC inhibitors extends sig-

nificantly to non-histone proteins, particularly transcription
factors, where their acetylation status directly impacts pro-
tein function, including stability, enzyme activity, subcel-
lular localization, and interactions with DNA or other pro-
teins. Acetylation influences diverse cellular processes, in-
cluding differentiation, proliferation, and stress responses.
The studies summarized here show that acetylation can
have either activating or repressive effects depending on
the transcription factor and cellular context. Importantly,
dysregulated acetylation is implicated in human disease, in-
cluding malignancies, and neuromuscular disorders such as
Duchenne muscular dystrophy, where impaired acetylation
of transcription factors contributes to defective muscle re-
generation. As a result, targeting acetylation and its regula-
tors holds significant therapeutic potential.
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