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Abstract: Cancer is a multifactorial disease resulting from both genetic factors and epigenetic changes.
Histone acetylation, a post-translational modification, which alters chromatin architecture and regu-
lates gene expression is associated with cancer initiation, development and progression. Aberrations
in global histone acetylation levels are observed in various cancer cells and are also associated with
patients’ tumor aggressiveness. Therefore, histone acetylation may have prognostic utility and serve
as a potential biomarker of cancer progression and patients’ prognosis. The reversible modification of
histones by an acetyl group is versatile. One particular histone can be acetylated on different lysine
residues, subsequently resulting in different biological outcomes. Here, we discuss recent findings on
the acetylation of the highly conserved histone protein H3 in the context of cancer biology. Specifically,
we review the acetylation of particular H3 residues in various cancer types. We further highlight the
significance of H3 acetylation levels as a potential cancer biomarker with prognostic implications.
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1. Introduction

Cancer’s complexity, with incidence and mortality still growing in many countries,
makes it a life-threatening disease worldwide [1]. Clinical outcomes for cancer patients,
including, for example, metastatic potential, response to chemotherapy and risk of recur-
rence, often differ completely among patients with lesions with the same localization, stage
or histopathological and molecular cancer subtype [2–4]. Cancer is the first human disease
to be associated with epigenetic alterations [5]. Elucidating the role of epigenetic marks
such as histone acetylation and other post-translational modifications (PTMs) is key to
understanding the mechanisms of cancer cell proliferation and drug resistance and the
modifications in tumor microenvironment composition that favor tumor growth [6]. Given
its importance in the process of carcinogenesis, histone acetylation is being explored as
a molecular marker defining the oncogenic potential of different tumors together with
prediction of clinical outcomes [7].

Histones are highly conserved among Eukaryotes and are positively charged nuclear
proteins that form histone octamer, which acts as a linker, stabilizing the entire structure
of the nucleosome [8–10]. Various types of histone PTMs have been identified, with
prime modifications including acetylation, methylation, phosphorylation, ubiquitylation,
glycosylation, ADP-ribosylation, and many more described [11–14]. The general principle
relies on different chemical or protein moieties being covalently attached mainly to the
histones’ amino-terminal tail domains, although they may also be present in the core of
histones [15]. Histones’ PTMs are highly dynamic and reversible; they can be “written” and
“erased” by structurally related enzymes [13,16]. The combination of PTMs of the specific
residues of particular histones in the chromatin structure was defined as the “histone
code” [17], which resulted in a hypothesis stating that gene expression could be regulated
by the histones’ PTMs in a cell-type or context-specific manner [18].
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Acetylation (Ac) of histone proteins is one of the first described (ca. 60 years ago)
histone PTMs [19], and it plays an important structural and functional role in the nucleus.
The histone as an octamer consists of two copies of four core histones, namely H3, H4, H2A
and H2B, and is prone to be acetylated [15,20]. Acetylation alters chromatin structure and
thus influences gene expression [21–25]. Dysregulation of histone acetylation is associated
with cancer initiation, development and progression. Hence, enzymes involved in histone
acetylation and deacetylation are popular drug targets [26–28].

In recent years, it has become clear that there is crosstalk between various epigenetic
modifications, i.e., they act in coordination rather than independently to generate diverse
functional effects. For example, key epigenetic processes that are involved in the regulation
of gene expression, apart from histones’ modifications, are DNA methylation and the re-
cruitment of non-coding RNAs. A series of these events together form a complex epigenetic
landscape (recently reviewed in [29]).

The interplay between, for instance, histone acetylation and DNA methylation is
crucial for the regulation of gene expression and the overall structure of chromatin. DNA
methylation, which involves the addition of methyl groups to cytosine residues, often leads
to gene silencing by compacting the chromatin. On the other hand, histone acetylation
generally promotes a more relaxed chromatin structure, enhancing transcriptional activity.
Specific DNA methylation patterns can dictate the acetylation of histones, thereby control-
ling the availability of transcriptional machinery at gene promoters. Conversely, acetylated
histones can “attract” factors that either promote or inhibit DNA methylation, further
affecting gene expression. This complex interplay is essential not only for normal cellular
functioning but also for understanding diseases like cancer, where the balance between
these epigenetic modifications can be disrupted, leading to uncontrolled cell growth and
altered gene regulation [30–32]. Interestingly, it has been shown that the methylation status
of DNA in somatic cells is not static; rather, it is dynamically adjusted in relation to gene
activity. This regulation is facilitated by active demethylase enzymes that are influenced by
histone acetylation [33].

In this review, we highlight the importance of the acetylation of highly conserved
histone protein H3 in the context of cancer progression. We discuss the role of acetylation
of particular lysine residues on this histone in different cancer types. The review also
discusses the prognostic potential of this modification with the possibility of its use as a
potential cancer biomarker. Detailed knowledge of the role of acetylation at each specific
residue of histone H3 is a crucial step in deciphering the entire epigenetic landscape, which
is essential for understanding cancer as a complex and multifaceted disease.

2. Histone Acetylation Mechanism and Enzymes Involved

Acetylation is catalyzed by the lysine (K) acetyltransferases family of enzymes (KATs),
with many being able to modify a wide range of proteins. Histone acetylation is carried
out by a specific class of KATs, known as HATs, which transfer an acetyl group from
acetyl-coenzyme A (acetyl-CoA) to a specific ε-amino group of target K residues of his-
tones (Figure 1). HATs are divided into four major families based on sequence homology,
structural features and functional roles. These are as follows: GCN5 (general control
non-repressed protein 5)-related N-acetyltransferases (GNAT); p300 and CBP proteins
(protein of 300 kDa and CREB-binding protein); MYST (named for its members such as
MOZ, Ybf2/Sas3, Sas2, and Tip60) and Rtt109 (regulator of Ty1 transposition gene pro-
duction 109) [34,35]. This process can be reversed by HDACs. Histone deacetylases are
classified into two groups based on catalytic mechanisms, i.e., canonical zinc-dependent
(Zn2+-dependent) HDACs and sirtuins (SIRT) that utilize coenzyme nicotinamide adenine
dinucleotide (NAD+) as a cofactor [36]. Specifically, the HDACs’ mammalian family has
also been divided into four classes (I–IV) based on structural and functional characteristics.
The division is based on the sequence similarity with the yeast enzymes. Class I of HDACs
includes HDACs 1–3 and 8; class II HDACs 4–7 and 9–10; class III, also known as sirtuins,
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contains SIRT1–7; and class IV includes HDAC11. HDACs belonging to classes I, II and IV
are Zn2+-dependent enzymes [37].
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Both histone acetyltransferases and deacetylases are necessary for gene expression 
and its regulation [38]. HATs-induced gene expression is mediated by altering the spatial 
structure of the nucleosome, loosening the chromatin and increasing the availability of 
DNA for the number of sequence-specific transcription factors (TFs) [39]. In other words, 
acetylation within the histone tail brings modification of the lysine residues that allows 
the chromatin opening, due to suppressing the molecular interaction between positively 
charged lysine residues and negatively charged nucleosomal DNA. Acetylated lysine res-
idues mediate the binding of many bromodomain-containing (BRD-containing) TFs and 
chromatin remodeling complexes (e.g., BAF) to subsequently open chromatin [40]. The 
family of the BRD-containing acetyl-lysine binding proteins also includes the BET (the 
bromodomain and extra-terminal domain) family of proteins, namely BRD2, BRD3, BRD4 
and BRDT [41]. Pharmacological inhibition of BET proteins induces mitotic dysfunction, 
thus blocking the growth of triple-negative breast cancer (TNBC) cells [42]. 

The aberrant expression of HDACs in cancer made them prominent therapeutic tar-
gets. Many small-molecule HDAC inhibitors (HDIs) were developed, and they can be 
grouped according to their chemical structure [43]. Some of them are already accepted by 
the Food and Drug Administration (FDA) for the treatment of specific cancers, e.g., vori-
nostat for the treatment of advanced and refractory cutaneous T-cell lymphoma [44]; 

Figure 1. Schematic representation of histone acetylation and deacetylation process. Acetylation of
lysine (K) residues on substrate histone protein is carried out by histone acetyltransferases (HAT).
These enzymes are the so-called “writers” able to add acetyl groups mostly on histone tails. In
the acetylation reaction, acetyl coenzyme A (here Ac-CoA) is converted into coenzyme A (CoA).
Subsequently, acetylated histones impact chromatin’s structure, making it open and, as a consequence,
activating gene expression. The process is reversible due to the action of histone deacetylases (HDAC),
the “erasers” that remove the acetyl group from histone tails. This reaction releases acetate as a
by-product. Chromatin remains in its condensed, inactive (closed) form. This blocks transcription
machinery from accessing genes’ promoter regions and, in turn, represses gene expression. Created
with Biorender.com.

Both histone acetyltransferases and deacetylases are necessary for gene expression
and its regulation [38]. HATs-induced gene expression is mediated by altering the spatial
structure of the nucleosome, loosening the chromatin and increasing the availability of
DNA for the number of sequence-specific transcription factors (TFs) [39]. In other words,
acetylation within the histone tail brings modification of the lysine residues that allows
the chromatin opening, due to suppressing the molecular interaction between positively
charged lysine residues and negatively charged nucleosomal DNA. Acetylated lysine
residues mediate the binding of many bromodomain-containing (BRD-containing) TFs and
chromatin remodeling complexes (e.g., BAF) to subsequently open chromatin [40]. The
family of the BRD-containing acetyl-lysine binding proteins also includes the BET (the
bromodomain and extra-terminal domain) family of proteins, namely BRD2, BRD3, BRD4
and BRDT [41]. Pharmacological inhibition of BET proteins induces mitotic dysfunction,
thus blocking the growth of triple-negative breast cancer (TNBC) cells [42].

The aberrant expression of HDACs in cancer made them prominent therapeutic targets.
Many small-molecule HDAC inhibitors (HDIs) were developed, and they can be grouped
according to their chemical structure [43]. Some of them are already accepted by the Food
and Drug Administration (FDA) for the treatment of specific cancers, e.g., vorinostat for the
treatment of advanced and refractory cutaneous T-cell lymphoma [44]; others are the sub-
ject of investigation in several clinical trials for other types of cancers [43]. HDIs represent a
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promising class of compounds in cancer therapy as other drugs, e.g., targeting receptors in
solid tumors have limited efficacy as the cell may switch on alternative signaling pathways
or receptor mutations may occur. HDIs act at the nuclear level where many pathways
converge, though acting on specific deacetylases or selectively on the acetylation of individ-
ual lysines as presented in our previous studies [45]. Despite their potential, HDIs exhibit
pleiotropic effects and can also have side effects. However, clinical trials have demonstrated
manageable safety profiles for certain HDIs, making them attractive compounds for further
research and development in oncology. The current information regarding clinical trials
can be found at: https://clinicaltrials.gov/ or https://www.clinicaltrialsregister.eu/.

3. Histone H3

The way to mark post-translational modifications of histones has been standardized
by the Brno nomenclature, consisting of the name of the histone, abbreviation of amino
acid residues and the place and type of modification [46]. For example, H3K4ac indicates
the acetylation of a lysine (K) residue at the fourth position of the H3 histone.

Histone H3 has been the most extensively modified post-translationally among all
histones [47]. Thirteen acetylated K residues have been identified in human histone H3
(UniProt ID: P68431), according to the CPLM 4.0 database [48], (accessed on: 30 January
2024), including K4, K9, K14, K18, K23, K27, K36, K37, K56, K64, K79, K115 and K122
(Table 1). Most of them were reported to have an impact on patients’ outcomes in different
cancer types [49]. Notably, in Eukaryotes, histone variants exist [9], with several variants
for histone H3 identified in humans. These are categorized into canonical variants (H3.1
and H3.2) and replacement variants (H3.3, CENP-A, H3t, H3.X, and H3.Y). H3.1, H3.2 and
H3.3 are the most prevalent variants, sharing a high degree of sequence similarity (over
96% for H3.1/H3.2 vs. H3.3, and over 99% for H3.1 vs. H3.2). These variants may, therefore,
have similar PTMs on conserved amino acid residues. However, H3.1 and H3.2 are found
predominantly in heterochromatin, while H3.3 is associated with euchromatin [47].

Table 1. Acetylated lysines (K) with flanking sequences in histone H3 (UniProt ID: P68431). Flanking
sequences retrieved from the CPLM 4.0 database [48], accessed on 30 January 2024.

Position of Acetylated
Lysine (K) in H3

Flanking
Sequences

4 ----ARTKQTARKST

9 RTKQTARKSTGGKAP

14 ARKSTGGKAPRKQLA

18 TGGKAPRKQLATKAA

23 PRKQLATKAARKSAP

27 LATKAARKSAPATGG

36 APATGGVKKPHRYRP

37 PATGGVKKPHRYRPG

56 REIRRYQKSTELLIR

64 STELLIRKLPFQRLV

79 REIAQDFKTDLRFQS

115 NLCAIHAKRVTIMPK

122 KRVTIMPKDIQLARR

4. The Major H3 Modifications via Acetylation in Cancer

Changes in the acetylation of histone H3 may be associated with the degree of tumor
invasiveness. Depending on the type of modification, they may either be associated with
stimulation or inhibition of cancer cells’ growth (Figure 2). These depend on the context of

https://clinicaltrials.gov/
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the tumor, the cell type and the acetylation site as confirmed by both experimental data
in vitro and histopathological studies.
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The major H3 modifications are described below.

4.1. H3K4ac

Acetylation of histone H3 has frequently been associated with the activation or in-
hibition of promoters of specific genes involved in the proliferation of cancer cells. A
cell-type-specific pattern related to breast cancer and head and neck cancer can be observed.
The increased level of H3K4ac was discovered, for instance, in the proximity to promoter
regions of estrogen receptor (ER) signaling-responsive genes of MCF7 breast cancer (BC)
and MDA-MB-231 TNBC cell lines (see: Table 2 summarizing the selected H3 modifications
in various cancer cell lines). Particularly in MCF7 cells, increased levels of H3K4ac were
observed near the promoters of genes such as ESR1 (estrogen receptor α), PGR (proges-
terone receptor) and GREB1 (growth regulation by estrogen in breast cancer 1), an early
estrogen-responsive gene. Cell-specific patterns of H3K4ac enrichment at gene promoters
were detected for genes involved in the regulation of critical proteins associated with the
epithelial–mesenchymal transition (EMT). An increased level of H3K4ac was observed at
the VIM (vimentin) promoter in MDA-MB-231 cells, while the transcription factor GATA3
and its downstream target FOXA1 (forkhead box F1) exhibited a decreased level of H3K4ac
in MDA-MB-231 cells compared to MCF7 and MCF10A cells. Thus, H3K4ac was suggested
as an epigenetic modification associated with the early stages of BC cells’ carcinogene-
sis [50]. In line with this, H3K4ac in BC was also identified as a target of Tat-interactive
protein (TIP60) acetyltransferase (lysine acetyltransferase 5, KAT5), which belongs to the
MYST acetyltransferases’ family. Studies conducted on MCF7 (ER-positive) and MDA-MB-
231 (ER-negative) cells depleted of TIP60 in mice xenografts showed that TIP60 functions
in BC development are ER expression-dependent [51].

H3K4ac modification has also been found in the promoter regions of EMT marker
genes, such as CDH1 (E-cadherin), GLI1 (glioma-associated oncogene homolog 1) and SMO
(smoothened homolog precursor) of the Hedgehog signaling pathway, which is involved in
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cancer cell migration and invasion, as shown in the head and neck squamous cell carcinoma
(HNSCC) FaDu cell line [52]. Similarly, the progression and stemness of head and neck
cancer (cancer cells and tumor) are associated with other EMT-inducing genes, such as
TF FOXF1 and BMI1 (proto-oncogene Polycomb ring finger), which are most probably
regulated by H3K4ac modification [52,53]. The cross-talk between H3K4ac and the EMT
phenotype that results in cancer progression is also associated with the activity of HDACs,
whose inhibition enhances H3K4ac. It has also been shown that under hypoxia, HDAC3
removes the H3K4ac and regulates the EMT marker genes’ expression. This regulation may
be responsible for the hypoxia-induced EMT and metastasis [52,54].

Another study aimed to combine in vitro research with clinical observations, pointing
to H3K4ac as a target of the sirtuin family of NAD+-dependent protein deacetylase 1
(SIRT1). Based on 135 human breast tumors compared to the matched normal tissues
and five human-derived cell lines, an inverse correlation between SIRT1 and H3K4ac
as well as H3K9ac and H4K16ac expression patterns was shown. As documented in
recent studies, SIRT1 has also been identified as being overexpressed in breast cancer
tissues, where it is associated with worse overall survival and a higher possibility for
metastasis [55]. Overall, H3K4ac appears to be a target of deacetylase modifications from
various phylogenetically distinct families, each employing different catalytic mechanisms.
Consequently, this acetylation could represent a potential epigenetic target in breast cancer
treatment. For instance, targeting HDAC1 can impact SIRT1’s function, potentially offering
a novel therapeutic approach for treating breast cancer [55–57].

Table 2. An overview of the selected H3 modifications by acetylation across various cancer cell lines.

Acetylated
Residues Cancer Type/Cell Line(s) Associated

Gene(s) Biological Significance Ref.

H3K4ac breast cancer
(MDA-MB-231) TIP60

Early stages of breast cancer transformation;
initiation of EMT process; influence on
estrogen response.

[50,51]

H3K4ac head and neck squamous cell
carcinoma (FaDu) GLI1, SMO Involvement in cancer cell migration and invasion. [52]

H3K9ac breast cancer
(MDA-MB-231) TGF-β, SNA1/2 Enhancement of TGF-β signaling; control of

metastasis development. [58]

H3K9ac and
H3K27ac

acute myeloid leukemia
(HL-60, ML-2, MOLM-13 and
MV4-11)

GATA2, TAL1,
CEBPA, SPI1

Enhancement of the expression of key transcription
factors involved in differentiation therapy. [59]

H3K14ac renal cell carcinoma (786-O) PBRM1 Tumor suppressor activity of PBRM1; enhancement
of tumor growth upon dysregulation. [60]

H3K18ac lung cancer (A549) ING5 Decreased invasiveness of cancer cells. [61]

H3K18ac mantle cell lymphoma
(HBL-2) HDAC1 Promotion of cell survival and enhancement of

response to therapeutic agents. [62]

H3K23ac
glioblastoma
(LN428, LN340, U87, LN229,
D54, T98G, U251 and LN444)

TRIM24, KAT6B,
PIK3CA

Enhancement of cell proliferation
and tumorigenesis. [63]

H3K27ac esophageal squamous cell
carcinoma (Eca-109 and TE-1) CCAT1 Enhancement of cancer cell proliferation. [64]

H3K27ac lung squamous cell carcinoma
(H266, SK-MES-1) YAP1 Enhancement of cancer cell proliferation. [65]

H3K27ac acute myeloid leukemia
(MLL-AF10) EP300 Promotion of cancer cell survival and proliferation. [66]

H3K9ac
H3K27ac
H3K56ac

hepatocellular carcinoma
(PLC-8024)

ACACA, FASN,
ACSS1, ACSS2

Enhancement of cancer cell survival under
hypoxic stress. [67]
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4.2. H3K9ac

H3K9ac is considered as a marker of active chromatin preventing K9 methylation,
which is a signal for transcriptional silencing and the formation of heterochromatin [68].
For instance, in MDA-MB-231 TNBC cells, an increased level of H3K9ac was observed
in a chromatin region close to the promoter of TGFBR2 (transforming growth factor beta
receptor 2) regulated by the expression of SNAI1/2 (zinc finger proteins Snail and Slug
(SNAI1/2). This leads to enhanced transcription of transforming growth factor β (TGF-β)
and stimulation of the TGF-β pathway, which is a major regulator of cancer metastasis [58].

Depending on the cancer cell type, the different intensities of the H3K9ac level were
demonstrated. The majority of reports present the histological expression in patients’ tis-
sues. In prostate [69] and ovarian [70] tumors, the downregulation of H3K9ac has been
linked with tumor progression that underscores the significance of epigenetic mechanisms
during carcinogenesis. Quantitative immunohistochemistry with high-resolution digital
image analysis (DIA) of the nuclear chromatin enabled us to distinguish between dif-
ferent pre-cancerous prostatic pathologies and prostate adenocarcinoma [69]. Likewise,
in epithelial ovarian tumors, the decrease in H3K9ac levels was linked with the higher
histological grade and the clinical stage, suggesting that H3K9ac levels might act as a
potential biomarker for disease prognosis [70]. A similar study using standard immuno-
histochemical (IHC) examination of prostate cancer (PCA) tissues with antibodies against
various histones’ modifications revealed high heterogeneity in the pattern of chromatin
modifications. The analysis of histone modification patterns including H3K9ac as well as
H3K18ac and H4K12ac and methylation (H3K4me2 and H4R3me2) allowed us to divide
patients into two groups with varying risks of tumor recurrence, independently of other
clinicopathological features. The differences in epigenetic modifications were evident in
low-grade tumors; for example, in group 1, the median percent of cell staining for H3K9ac
was 90%, whereas that in group 2 was 16%. These findings suggest the potential role of
histone H3K9ac as an epigenetic tool for the identification of patients with different risks of
PCA recurrence [26].

Similar findings were observed in patients with different histological types of tumors
(squamous cell carcinoma, SCC) and localizations (oral cancer). The level of H3K9ac was
lower in oral squamous cell carcinoma (OSCC) compared with premalignant lesions like
oral leukoplakia (OL), a common precursor of OSCC [71]. An even more detailed recent
analysis showed that H3K9ac was related to different stages of oral carcinogenesis, includ-
ing low- and high-grade dysplasia [72]. On the other hand, an increase in proliferation
markers such as Ki-67 and vimentin was observed from OL to OSCC, suggesting that
changes in H3K9ac levels occur during oral carcinogenesis and are associated with en-
hanced cell proliferation and possibly also EMT (the EMT markers in OSCC were recently
reviewed in: [73]). It was reflected by clinical data showing that lower H3K9ac levels in
OSCC tumors resulted in lower overall survival (OS) for patients [74]. Thereby, H3K9ac
could be regarded as a prognostic marker in the future. However, it requires further studies.

In contrast, in hepatocellular carcinoma (HCC), elevated levels of H3K9ac (in com-
parison to cirrhotic and normal liver tissue) were reported, suggesting that histone hyper-
acetylation participates in the pathogenesis of HCC [75]. These seem to be dependent on
histological cancer type and its location. It seems that these issues are also related to the
clinical outcome of the disease and patients’ fate. Dysregulation of H3K9ac, together with
methylation on the same moiety (H3K9me3), is associated with patients’ prognosis. For
instance, patients diagnosed with non-small cell lung cancer (NSCLC) exhibiting reduced
H3K9ac levels had longer disease-free survival (DFS) and OS [76], while lower H3K9ac
in gliomas was associated with worse OS and progression-free survival (PFS) [71] (see:
Table 3 summarizing the selected histone H3 acetylation across the selected cancer types in
the clinical context). In contrast, contradictory reports exist showing no association [77].
However, it could be related to the relatively low number of patients compared to the study
of Liu et al. [71].
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Acetylation of histone H3, particularly at specific H3K9 and H3K27 residues, plays a
significant role in regulating gene expression during the differentiation of acute myeloid
leukemia (AML) cells. The use of lysine deacetylase inhibitors, such as CM-444 and CM-
1758, has been shown to enhance H3 acetylation, which promotes the expression of key
transcription factors necessary for myeloid differentiation across various AML subtypes.
This suggests that targeted modulation of H3 acetylation in this hematopoietic malignancy
could represent a promising therapeutic strategy [59].

Table 3. Histone H3 acetylation across the selected cancer types in the clinical context.

Cancer Type H3 Levels Method(-s) Clinical Relevance
Number of
Cases/Study
Cohort

Patient Classification or
Outcome Ref.

Lung cancer
(NSCLC)

Decreased
H3K9ac level

Immunohistochemistry
(IHC)

Selecting early-stage
NSCLC patients for
adjuvant treatment

138
Longer disease-free
survival (DFS) and overall
survival (OS).

[76]

Breast cancer Increased H3K9ac
level IHC Potential prognostic

marker 235

Shorter breast
cancer-specific survival
(BCSS) and shorter
progression-free survival
(PFS).

[78]

Breast cancer

Decreased or
moderate
H3K9ac,
H3K18ac,
H4K12ac, levels

IHC
Significant clinical value
of differences across
breast cancer types

880

High relative levels of
global histone acetylation
detected in 93% of
luminal-like breast tumors
associated with a
favorable prognosis.

[79]

Colorectal
(CRC)

Increased
H3K56ac level IHC Significant clinical

prognostic value in CRC 254 Reduced tumor
recurrence; longer OS. [80]

Epithelial
ovarian
cancer

Increased H3K9ac
and H3K27ac
levels

IHC, histological
grading and clinical
staging

Potential prognostic
marker 365 Decreased OS and PFS. [81]

Oral
squamous
cell
carcinoma
(OSCC)

Decreased
H3K9ac levels IHC Potential prognostic

marker 86 Lower survival rates. [74]

Oral
squamous
cell
carcinoma
(OSCC)

Increased H3K9ac
and H3K18ac
levels

IHC

Aggressive clinical and
pathological
characteristics; potential
prognostic marker

100

Patients with OSCC
compared to normal oral
mucosa (NOM),
low-grade oral epithelial
dysplasia (OED) and
high-grade oral epithelial
dysplasia (OED).

[72]

Pancreatic
cancer

Decreased
H3K18ac level

Tissue microarrays
(TMAs) and IHC

Prognostic and predictive
biomarker 229 Predictor of poor OS. [82]

Pancreatic
cancer

Increased
H3K18ac level

IHC, patients’
clinicopathologic
parameters

Potential prognostic factor 119 Poor prognosis. [83]

Glioblastoma Decreased
H3K18ac level IHC Potential prognostic

marker 230 Increased survival. [71]

Glioblastoma
Decreased
H3K18ac level
(40% of cases)

IHC Further investigation
required 48 No association with OS. [77]

4.3. H3K14ac

In contrast to H3K4ac and H3K9ac, there is a limited number of reports describing
the potential role of H3K14 acetylation in cancer. It seems that elevated levels of H3K9ac-
H3K14ac similar to H3K18ac may be involved in the early events of thyroid tumorigenesis.
In comparison to normal tissues, patient-derived thyroid follicular adenomas and carcino-
mas (papillary, follicular and undifferentiated) displayed a differential expression. These
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modifications were suggested to be involved in the early events of thyroid tumorigenesis.
On the molecular level, based on in vitro experiments, the oncoproteins RET–PTC (rear-
ranged during transfection papillary thyroid carcinoma protein), RAS and BRAF increase
histone acetylation levels, while thyroid-stimulating hormone (TSH) regulates histone
acetylation in non-tumorigenic thyroid cells. This highlights the role of both neoplastic
transformation and hormonal stimulation in modifying the histone acetylation patterns of
thyroid cells [84].

In contrast, acetylation of H3K14 was reported as crucial for tumor suppressor func-
tions of polybromo-1 (PBRM1) in the 786-O kidney cancer cell line (renal cell carcinoma) [60].
Tethering PBRM1 to chromatin is facilitated by three bromodomains (BRD 2, 4 and 5), which
collaborate to bind H3K14ac with a high affinity. Genetically introduced mutations in the
BRD2 domain alone were able to impair these interactions and finally resulted in abolishing
PBRM1 molecular and anti-cancer activity [60]. However, this study performed on one
cancer cell line could suggest cell-type-specific interactions and should be validated on
patient-derived cancer tissues.

4.4. H3K18ac

The H3K18ac is considered as one of the general markers for active transcription. The
modification is also important for cancer development and progression as changes in the
genome-wide distribution of H3K18ac may regulate the gene expression programs that
drive oncogenic transformation [82,85], although the role is not entirely defined and may
have divergent effects.

In PCA, Lee and colleagues [86] found increased HAT activity, directed to specific
histone H3 sites in the castrate-resistant cell line (C4-2) compared to its hormone-sensitive
(LNCaP) counterpart. The progression to a resistant phenotype is accompanied by H3K18
hyperacetylation, upregulation of p300 activity, and downregulation of SIRT2 expres-
sion [86]. Selective deacetylation of H3K18ac by SIRT7 is necessary for maintaining features
such as anchorage-independent growth and escape from contact inhibition of human fi-
brosarcoma HT1080 and osteosarcoma U2OS cancer cells in vitro [85]. The mechanism
responsible for the regulation of H3K18 acetylation in lung cancer cells was described
by Zhang and colleagues [61]. Analysis of protein lysine acetylation in human NSCLC
A549 cells showed that inhibitor of growth 5 (ING5) protein, a candidate tumor suppressor,
promotes autoacetylation of p300 HAT at several lysine residues and the activation of p300
leads to acetylation of its target proteins, including H3 at position K18 [61].

Global changes in H3K18ac indicate the molecular heterogeneity of cancers and may
have a wide spectrum of clinical outcomes in cancer patients. Upregulated H3K18ac as
well as H4K12ac levels in pancreatic cancer have been described as independent prognostic
factors for poorer survival [83]. Moreover, low H3K18ac expression correlated positively
with the pancreatic cancer stage (stage I, II) [82]. In contrast, in another study, a decreased
H3K18ac level has been reported as an independent predictor of poor survival for patients
with stage I and II pancreatic adenocarcinoma [82]. Other studies reported that low levels
of H3K18ac have been linked with better survival for patients with glioblastoma and
esophageal squamous cell carcinoma (ESCC) [71,87]. Longer PFS and OS were observed
for patients with primary glioblastomas expressing lower levels of H3K18ac (<74% of
tumor cells) [71]. Similarly, patients with low expression of H3K18ac in ESCCs had better
survival, but this association was only significant in univariate analysis [87]. Contrarily,
in breast cancer, high levels of H3K18ac were associated with a more favorable prognosis
in patients. Overall, high expression of histone modifications was correlated with cancers
that were positive for steroid receptors, such as the androgen receptor, estrogen receptor,
and progesterone receptor, and also had upregulated E-cadherin epithelial marker, breast
cancer 1 gene (BRCA1) or downregulated p53 and human epidermal growth factor 2
(HER-2) genes [79]. Those findings confirm that histone modifications’ patterns show a
tissue- and/or time-specific heterogeneity. Hence, they may be used for predicting patients’
outcomes in different cancer types. However, H3K18ac is highly non-specific and cannot
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be used as a general marker of invasiveness, due to the tumor’s histological type and
its location.

The role of histone H3K18ac has also been investigated in hematopoietic malignancy–
mantle cell lymphoma, revealing that alkylating agents such as bendamustine and 4-
hydroperoxy-cyclophosphamide induce hyperacetylation of this specific histone residue.
The findings indicate that such hyperacetylation, achieved through downregulation of
SIRT7 and cleavage of HDAC3, enhances the global histone acetylation and cytotoxic effects
of HDAC inhibitors like romidepsin, highlighting a potential therapeutic approach for
targeting H3K18 modifications in this malignancy [62].

4.5. H3K23ac

In addition to its role in gene expression regulation, acetylation also plays a crucial role
in signaling pathways. Acetylation can, for instance, activate the TRIM24 (tripartite motif-
containing 24) protein. In glioblastoma cells, H3K23ac generated by lysine acetyltransferase
6A (KAT6A, also known as MOZ and MYST3) is associated with TRIM24. Consequently,
TRIM24 promotes phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA) expression and AKT phosphorylation, leading to the activation of PI3K/AKT
signaling, hence enhancing glioma cell proliferation and tumorigenesis [63]. Additionally,
in estrogen receptor-driven (ER-driven) BC, the TRIM24 protein acts as a “reader” of
dual histone marks within the same histone tail (H3K4me0 and H3K23ac). By binding to
the chromatin and the ER, TRIM24 activates estrogen-dependent genes involved in cell
proliferation and tumor development. Moreover, the expression of TRIM24 is negatively
correlated with the OS of non-metastatic BC patients [88]. Furthermore, the depletion of
acetyltransferase KAT6B in small cell lung cancer (SCLC) enhances cancer growth in vitro
and in vivo, while its restoration inhibits cell growth and formation of metastases. The
KAT6B tumor suppressor role is mediated through the acetylation of H3K23 and subsequent
regulation of downstream genes [89].

4.6. H3K27ac

Histone acetylation may also be a signal for activation of long non-coding RNAs (lncR-
NAs). This plays a regulatory role in oncogenesis as reported for H3K27ac, which activates
colon cancer-associated transcript-1 (CCAT1) lncRNA in ESCC. The gain of H3K27ac at the
promoter of CCAT1, in ESCC cells (Eca-109) compared with human esophageal epithelial
cells (HET-1A) indicates that this modification accounts for CCAT1 dysregulation. Knock-
ing down CCAT1 resulted in decreased proliferation and migration of ESCC cells through
the regulation of the genes linked to cell proliferation, motility and adhesion. Moreover,
the expression of CCAT1 was significantly increased and correlated with poor outcomes in
ESCC [64]. Similarly, the H3K27ac-mediated activation of long intergenic non-protein cod-
ing RNA 519 (LINC00519) lncRNA was reported to promote lung squamous cell carcinoma
(LSCC) progression by sponging miR-450b-5p and miR-515-5p to upregulate Yes-associated
protein 1 (YAP1; transcriptional regulator) and enhance LSCC growth and metastasis [65].

The importance of H3K27ac was also revealed in a comprehensive study of the chro-
matin landscape of high-grade gliomas in children and young adults by Krug and col-
leagues [90]. The analysis of patient-derived primary cell lines expressing H3K27WT (wild
type, unmodified) or H3.3K27M (mutated) revealed global loss of H3K27me3 and gain of
H3K27ac in H3.3K27M-containing samples. Using tumor-derived isogenic models that
bear this mutation, the authors showed that H3K27ac enrichment at repeat elements in
H3.3K27M gliomas increases their expression, conferring sensitivity to epigenetic therapies
for this type of tumor [90].

4.7. H3K36ac

Histone H3 modification of lysine at position 36 has been described as a highly
conserved modification from yeast to mammals. It is found mostly on the promoters of
genes transcribed by RNA-polymerase II. A protein complex termed SAGA (Spt-Ada-
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Gcn5 acetyltransferase) contains histone acetyltransferase (Gcn5), specifically acetylates
H3K36, in vitro and is also required for this modification in vivo, suggesting its role in
transcriptional regulation [91]. H3K36ac has been linked to the cell cycle. It reaches its
highest levels during the S-G2 phase when homologous recombination occurs. Interestingly,
another epigenetic modification of residue 36 on H3, namely H3K36me3, peaks in the G1
phase of the cell cycle and coincides with a DNA repair mechanism via non-homologous
end joining (NHEJ) [92]. While the tumor-suppressive function of H3K36me3 has been
recognized in several cancer types, little is still known regarding the role of H3K36ac in
cancer. Recently, it was shown that a nuclear protein LOXL2 (lysyl oxidase-like 2) acts
as a deacetylase, targeting the removal of acetyl groups from H3K36. Overexpression of
LOXL2 decreased cancer cell proliferation and suppressed the growth of xenograft tumors
in animal models. Conversely, deficiency in LOXL2 led to increased acetylation of H3K36,
which in turn increased the expression of various genes associated with tumor progression.
The deficiency of LOXL2 in female mice caused abnormal cell proliferation and signal
transduction, leading to organ enlargement and tumor development in the uterus. Reduced
nuclear expression of LOXL2 was additionally linked to poor outcomes in patients with
uterine endometrial cancer [93].

4.8. H3K56ac

Specifically, H3K56ac, in contrast to other acetylation sites, exhibits a particularly close
association with cellular metabolism. Acetylation of H3K56 is sensitive to metabolite levels
in the extracellular milieu and it participates in the response to DNA damage by altering
the chromatin structure [94].

In hepatocellular carcinoma (HCC), cells exposed to hypoxia (a condition, in which
oxygen is deficient) upregulate acetyl-CoA synthetases (ACSS1 and ACSS2), leading to
increased H3 acetylation and the expression of lipogenic genes such as ACACA (acetyl-
CoA carboxylase alpha) and FASN (fatty acid synthase). This suggests that acetate serves
as an epigenetic metabolite. Acetate is able to induce H3 acetylation in dose- and time-
dependent manners. The increased levels of H3K9ac, H3K27ac and H3K56ac at ACACA
and FASN promoters, which upregulate their expression, lead to increased lipid synthesis
and enhanced cancer cell survival [67].

The study performed on different cancer cell lines showed that changes in an external
environment (fresh to conditioned medium, the addition of lactate) and cell density influ-
ence the dynamics of H3K56ac in response to DNA damage caused by various genotoxic
agents. H3K56ac levels after DNA damage depend on the extracellular metabolites, which
impact the structure of chromatin by regulating levels of chromatin-modifying enzymes
SIRT1 and SIRT6. A high level of H3K56ac is important for DNA repair because it reduces
the probability of introducing the mutations associated with cancer development [95].

In NSCLC tissues, SIRT6 mRNA and protein levels were downregulated compared
to normal lung tissue, and SIRT6 expression was inversely correlated with H3K56ac
levels. Moreover, higher SIRT6 expression was associated with early TNM stages (I-II),
negative lymph node metastases, and longer OS and metastasis-free survival (MFS) [96].
A similar relationship was observed in patients with CRC, where lower nuclear ex-
pression of H3K56ac and SIRT1 was observed in cancer compared to normal tissues.
Importantly, higher nuclear levels of H4K16ac and H3K56ac were associated with better
patients’ survival and a lower chance of disease recurrence. These results indicate that
concomitant analysis of several markers helps to better understand the role of histone
modifications in cancer development [80] and that the H3K56ac level could serve as a
useful cancer biomarker.

4.9. H3K64ac

Di Cerbo and colleagues used nanoLC-MS/MS (nano liquid chromatography coupled
to tandem mass spectrometry) to identify novel histone H3 modifications. Among these,
they found H3 acetylation at lysine 64 (H3K64ac); a modification enriched in euchromatin.
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They showed that this modification can directly impact the stability and dynamics of nucle-
osomes, thereby influencing transcriptional regulation [97]. Acetylation of lysine residues
64 and 122 in the globular domain of histone H3 (H3K64ac and H3K122ac, respectively)
marks active gene promoters and also a subset of enhancers [98]. The possible role of these
modifications in cancer is still to be elucidated.

5. Discussion

It has been well documented that acetylation of highly conserved histone protein
H3 influences the expression of various genes, which in turn affects cell division and
proliferation depending on the cellular environment. Various studies across cancer cell line
models have identified acetylation marks on histones H3 (e.g., H3K4ac, H3K9ac, H3K27ac)
as being strongly associated with cancer progression, invasion and metastasis.

Acetylation at lysine 4 (K4) of H3, identified particularly in promoter regions of genes
involved in the estrogen receptor signaling pathway, regulates their expression and is
implicated in the progression of luminal breast cancer [50]. However, the prognostic value
of this modification may be limited to breast cancer subtypes. Additionally, global levels
of acetylation at other residues, e.g., H3K9ac, have also been suggested as prognostic
markers in breast cancer, with increased levels linked to shorter breast cancer-specific
survival (BCSS) and shorter progression-free survival (PFS). Yet, the modification may not
be specific to cancer subtypes, regions of the same tumor and tumor stages.

What is more, different cancer types, including lung, breast, colorectal, bladder and
prostate cancers, reveal distinct associations between histone acetylation levels and clinical
outcomes. Thus, the same modifications can have different implications. In some cases,
acetylation levels do not correlate with disease stage and/or clinical outcomes. These also
limit the prognostic utility.

Emerging evidence has also highlighted the role of histone H3 acetylation in hematopoi-
etic malignancies such as leukemia and lymphoma [59,62,99].

Altered acetylation patterns, particularly at H3K9 and H3K27, have been linked to
the dysregulation of genes involved in hematopoiesis and immune response pathways,
contributing to leukemia and lymphoma. For instance, increased H3K27ac in acute
myeloid leukemia (AML) has been associated with poor prognosis and resistance to
therapy. In contrast, in certain lymphomas, reduced global H3 acetylation levels correlate
with better responses to histone deacetylase inhibitors, suggesting a context-dependent
therapeutic opportunity.

Therefore, there is a need for a comprehensive understanding of the biological signifi-
cance of H3 acetylation across different cancer types and stages. It is also important to not
only consider the levels of these modifications but also the complete information on the
enzymes involved in specifically acetylating and deacetylating various lysine residues on
H3. While H3 acetylation levels serve as strong indicators of cancer progression from initia-
tion to aggressive metastatic phenotypes, further research is necessary to validate these
modifications as reliable prognostic markers and therapeutic targets. Last but not least,
accurate measurement and quantification of histone modification levels pose significant
challenges and limitations in their immediate application in clinical settings.

6. Conclusions and Perspectives

Histone H3 acetylation plays a pivotal role in gene expression regulation, DNA dam-
age repair and modulation of cellular signaling or protein–protein interactions, affecting
cell division and proliferation in various cancer types, including breast, lung, colorectal,
bladder and prostate cancers, as a consequence. Specific acetylation marks on histone H3
have emerged as strong indicators of cancer progression, invasion and metastasis. However,
the prognostic value of these modifications can vary significantly across different cancer
subtypes and stages, reflecting the complexity and heterogeneity of cancers. This, in turn,
complicates the use of acetylation patterns as prognostic markers and therapeutic targets.
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To advance the field, future research should focus on some key aspects. Firstly, there
is a need for comprehensive studies to identify novel acetylation profiles and understand
their in-depth role in cancer progression across diverse cancer types. This research could
reveal new biomarkers for early detection and prognosis and even help in treatment
response prediction. Additionally, improved methodologies for measuring and quantifying
histone acetylation levels are essential to translate the findings into clinical practice. Lastly,
understanding the specific enzymes involved in acetylation and deacetylation processes
can provide insights into the regulatory mechanisms, thus facilitating the development
of targeted therapies. Advancing knowledge in these areas holds promise for enhancing
cancer management, ultimately improving patients’ outcomes.
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