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Abstract

Histone post-translational modifications (HPTMs) have emerged as crucial epigenetic regulators in urological malignancies, includ-
ing prostate, bladder, and renal cell carcinomas. This review systematically examines four key modifications—lactylation, acetylation,
methylation, and phosphorylation—and their roles in carcinogenesis. These dynamic modifications, mediated by “writers”, “erasers”,
and “readers”, influence chromatin structure and gene expression, thereby driving oncogenic processes such as metabolic reprogram-
ming, immune evasion, and treatment resistance. The newly discovered lactylation modification links cellular metabolism to epigenetic
regulation through lactate-derived histone marks, particularly in clear cell renal cell carcinoma, where it activates oncogenic pathways.
Acetylation modifications, regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs), modulate chromatin ac-
cessibility and are implicated in silencing cancer suppressors. Methylation patterns, controlled by histone lysine methyltransferases
(KMTs) and histone lysine demethylases (KDMs), demonstrate dual roles in gene regulation, with specific marks either promoting or
suppressing carcinogenesis. Finally, phosphorylation dynamics affect critical cellular processes such as cell cycle progression and DNA
repair. This review underscores the therapeutic potential of targeting these modifications, as evidenced by promising results with HDAC
and Enhancer of zeste homolog 2 (EZH2) inhibitors. However, challenges persist in clinical translation, including off-target effects
and the complexity of the cancer microenvironment. Future research should utilize multi-omics approaches to elucidate modification
crosstalk and develop precision therapies. Overall, this comprehensive analysis provides valuable insights into the epigenetic mech-
anisms underlying urological cancers and highlights remaining knowledge gaps and therapeutic opportunities in this rapidly evolving
field.
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1. Introduction genetic modification, influences gene transcription by regu-
lating chromatin accessibility [6]. Methylation involves the
addition of methyl groups to lysine and arginine residues on
histone proteins, regulating chromatin structure and play-
ing a vital role in preserving genomic stability, replication,
and accessibility [7]. Finally, phosphorylation modulates
the cell cycle and DNA repair through mechanisms such as

charge neutralization or protein interactions [8,9].

Epigenetics plays a pivotal role in determining cell
fate, tissue differentiation, and disease progression by reg-
ulating gene expression patterns without altering the under-
lying DNA sequence [1]. This field encompasses various
epigenetic modifications, including those to DNA and his-
tones, among others [2]. Histone modifications constitute
a crucial component of epigenetic regulation. Their mech-
anisms, including lactylation, acetylation, methylation, and
phosphorylation, have been elucidated through interdisci-
plinary studies involving various omics analyses and epi-
genetics research [3,4]. Histone lactylation, a newly identi-
fied epigenetic modification, involves the covalent attach-
ment of lactyl groups to lysine residues on proteins. This
modification is driven by lactate produced through cellu-

Research has demonstrated that dysregulation of those
histone modifications is intimately linked to cancer progres-
sion, metastasis, and drug resistance. The mechanisms by
which histone modifications drive malignant cancer pro-
gression, specifically through metabolic reprogramming,
immune evasion, and oncogene activation, have attracted
significant attention [10—12].

lar metabolism, which subsequently activates the transcrip-
tion and expression of downstream genes, thereby promot-
ing gene regulation [5]. Acetylation, a well-established epi-

Urological cancers primarily include prostate cancer
(PCa), bladder cancer, and renal cell carcinoma. Epidemi-
ological data from 2020 indicate that the age-standardized
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incidence rate of PCa was 29.3 per 100,000, accounting for
7.3% of all cancers. The incidence rates of bladder and kid-
ney cancers were 5.6 per 100,000 and 4.4 per 100,000, re-
spectively, correspondingly accounting for 3.0% and 2.2%
of all cancers. Notably, renal cell carcinoma comprises ap-
proximately 90% of all kidney cancer cases [13—15]. This
distribution pattern demonstrated a consistent trend from
1990t0 2019. Longitudinal comparative analysis further re-
veals that compared to 1990, the incidence of PCa increased
by 169.11%, while kidney and bladder cancers increased
by 154.78% and 123.34%, respectively. These trends un-
derscore a continuous increase in the global disease burden
of urological cancers. Given their high incidence, aggres-
siveness, and treatment resistance, these cancers represent
a significant global public health challenge [16,17]. Recent
studies have unveiled a close relationship between urolog-
ical cancers and histone modification mechanisms. For in-
stance, in clear cell renal cell carcinoma (ccRCC), inacti-
vation of the von Hippel-Lindau (VHL) tumor suppressor
gene leads to abnormal activation of the hypoxia-inducible
factor (HIF) pathway. This, in turn, results in enhanced
glycolysis and lactate accumulation. Lactate then induces
histone H3K 18 lactylation, which drives the activation of
the Platelet-Derived Growth Factor Receptor 8 (PDGFR3)
signaling pathway, thereby creating a metabolic-epigenetic
positive feedback loop that accelerates cancer progression
[18,19]. Despite these insights, current epigenetic thera-
pies for urological cancers face multiple challenges. The
intricate interaction networks between various modifica-
tion forms, such as the synergistic or antagonistic effects of
lactylation and acetylation, remain incompletely elucidated.
Additionally, the development of specific detection tools
and targeted inhibitors for novel modifications like lactyla-
tion is still lagging, thereby limiting their clinical transla-
tion.

This review systematically integrates the most re-
cent advancements in research concerning major histone
modifications—Ilactylation, acetylation, methylation, and
phosphorylation—within the context of urological cancers.
Our aim was to clarify the molecular regulatory mecha-
nisms of the various modification types and their pathologi-
cal roles in cancer growth and metastasis. Furthermore, the
review explores the clinical potential and challenges associ-
ated with therapeutic strategies targeting histone modifica-
tions, including histone deacetylase (HDAC) and Enhancer
of zeste homolog 2 (EZH2) inhibitors.

2. Literature Review

2.1 Overview of Epigenetic Modifications and Histone
Post-Translational Modifications

Epigenetic dysregulation, characterized by changes
such as DNA methylation, chromatin remodeling, and hi-
stone post-translational modifications, is a hallmark of var-
ious human diseases, including cancers [20]. Studies have
reported that histones play important roles in regulating

chromosome structure, gene expression, and the cell cy-
cle, as well as participating in DNA repair and maintain-
ing chromosome stability. Histones are proteins found in
the nuclei of eukaryotic cells that bind to DNA, regulating
processes that involve the DNA template. They are essen-
tial components of chromosomes. Double-stranded DNA
partially wraps around histones (H2A, H2B, H3, H4) to
form nucleosomes [21]. Additionally, the linker histone
HI binds to the DNA at either end of the nucleosome core
particle, helping to stabilize the nucleosome structure and
contributing to higher-order chromatin folding [22]. The
structure and distribution of histones can affect chromo-
some structure and function, thereby influencing the biolog-
ical characteristics of cells [23]. Therefore, histones within
chromatin are typically not static; their N-terminal lysine
residues are particularly prone to dynamic changes, known
as post-translational modifications (PTMs) [24].

Histone post-translational modifications (HPTMs) are
a primary epigenetic mechanism that regulates eukaryotic
chromatin structure and gene expression [25]. These mod-
ifications directly regulate chromatin relaxation or com-
paction, thereby determining gene activation or silencing.
This process is carried out by three classes of proteins,
known as “writers”, “erasers”, and “readers”. Writers are
involved in covalently adding specific chemical modifica-
tion groups (e.g., acetyl, methyl, and phosphate groups)
to amino acid residues. FErasers are responsible for re-
moving specific modification groups, such as those facili-
tated by Histone Deacetylases (HDACSs) and histone lysine
demethylases (KDMs). Readers contain specific domains
that recognize and bind to particular modification states on
histones, for example, proteins containing bromodomains
(BRD) [26-28]. The coordinated actions of these three
components may ultimately result in various outcomes, in-
cluding the covalent addition of functional groups or pro-
teins, the enzymatic cleavage of regulatory subunits, or the
breakdown of entire proteins. These outcomes alter the ac-
tivity, stability, signaling, and cellular localization of his-
tones, thereby enhancing the proteome’s functional diver-
sity [29].

HPTMs can alter the conformation of histones and in-
fluence DNA-related processes such as replication, tran-
scription, and repair, thereby controlling growth, tissue dif-
ferentiation, cellular reactivity, and biological phenotypes
without changing the underlying genetic sequence [30].
Different HPTM types, either individually or in combina-
tion, shape functional chromatin states. Proteins with spe-
cific effector functions selectively recognize these modifi-
cations to regulate gene expression and play a crucial role
in preserving equilibrium [31]. The extensively studied
modifications include acetylation and methylation of lysine
residues, as well as phosphorylation and ubiquitination on
serine/threonine residues [32]. Recently discovered histone
modifications, including histone lactylation, crotonylation,
and citrullination, have also shown significant clinical rele-
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vance [33-35]. Among these, the current focus in the field
of epigenetics is primarily on histone lactylation, acetyla-
tion, methylation, and phosphorylation. Therefore, we will
introduce the general mechanisms of these four modifica-
tion types and their associations with urological cancers.

2.2 Histone Lactylation
2.2.1 Overview and Regulation

Histone lactylation, a recently identified epigenetic
modification, is defined by the covalent attachment of a
lactyl group to lysine residues on proteins. This unique
functional modification relies on lactate produced by cel-
lular metabolism as a substrate. It facilitates gene regula-
tion by promoting the transcription and expression of down-
stream genes, thereby regulating various cellular biological
functions [36]. The functional significance of histone lacty-
lation has been demonstrated in diverse cellular processes;
for instance, it plays a critical role in regulating immune cell
function and polarization by directly activating transcrip-
tion of key genes involved in immune response [36]. Lacty-
lation sites have been discovered on core histones H3, H4,
H2A, and H2B. Among these sites, H3K4la and H3K18la
are the most common modification sites. These modifi-
cations can modulate diverse biological activities of can-
cer cells, including proliferation, invasion, and metastasis
[37,38]. Changes in these modification sites are strongly
linked to cancer malignancy and affect patient prognosis;
however, they also present new potential targets for cancer
diagnosis and treatment.

Recent research has increasingly focused on the role
of histone lactylation in regulating gene expression and
its contribution to cancer development. Histone lactyla-
tion can participate in cancer progression through vari-
ous pathways, including driving oncogene expression. It
is also closely linked to other types of epigenetic mod-
ifications in numerous malignancies [39—42]. Histone
lactylation strongly interacts with RNA modifications, and
together they accelerate cancer progression. Yu et al.
[40] and Xiong et al. [41] revealed that histone lacty-
lation can induce overexpression of m6A modification
enzymes, including methyltransferase-like 3 (METTL3).
Subsequently, METTL3 promotes JAK1 protein translation
and STAT3 phosphorylation through the m6A-YTHDF1
axis, thereby enhancing the immunosuppressive capacity
of Tumor-infiltrating Myeloid Cells (TIMs). METTL3 ex-
pression can be upregulated by lactate in the tumor mi-
croenvironment via H3K18 lactylation. Since sites in the
zinc-finger domain are crucial for capturing the target RNA,
their lactylation facilitates tumor progression. In pancre-
atic cancer, enhanced glycolysis results in elevated lactate
production and histone H3K18 lactylation. H3K18la be-
comes enriched at the promoters of protein kinases TTK
and BUBI1B, promoting their transcription and driving the
proliferation and invasion of pancreatic ductal adenocarci-
noma cells [43]. Furthermore, histone lactylation can en-
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hance the expression of genes that drive macrophage con-
version from the M1 to the M2 phenotype, thereby facilitat-
ing cancer initiation and progression [44]. M1 macrophages
exhibit anti-cancer activity, whereas M2 macrophages tend
to boost cancer growth and immune evasion. By regulat-
ing the polarization state of macrophages, histone lactyla-
tion plays a pivotal role in the cancer microenvironment
[45]. These observations suggest that lactylation regulates
gene expression and significantly alters cellular functions
and physiological processes.

Similar to other epigenetic modifications, histone
lactylation is a dynamic and reversible process controlled
by its writers and erasers. The full functionality of lacty-
lation may also require the involvement of specific read-
ers [5]. Writers and erasers, specifically lactylases and
delactylases, are two enzyme classes with contrasting activ-
ities. These enzymes are responsible for adding or remov-
ing lactyl groups from lysine residues. The readers specif-
ically identify these lactylations modification and mediate
various cellular functions [46]. However, because the dis-
covery of the lactylation process is relatively recent and the
understanding of its potential molecular mechanisms is still
incomplete, specific readers for lactylation remain uniden-
tified.

Information on the writers, erasers, and readers of
lactylation is limited. p300 is a confirmed writer for lacty-
lation; it facilitates histone lactylation in the presence of
lactate, thereby activating gene transcription [47]. CREB-
Binding Protein (CBP) has also been recognized as a writer.
These two enzymes may function independently or syner-
gistically to achieve the lactylation of specific proteins [48].
Recent studies have reported that lysine acetyltransferases
KAT2A, KATS5, KAT7, and KATS can act as lactylases to
catalyze lysine lactylation in mammals and stimulate the ex-
pression of related genes [49,50]. Research has confirmed
that KAT2A can associate with lactyl-CoA through ACSS2
to act as a lactyltransferase, inducing lactylation of H3K14
and H3K18 [51]. Meanwhile, the lactylation activity of
KATS enhances protein synthesis, contributing to colorec-
tal carcinogenesis [52].

Scientists have found that most known delactylation
enzymes exhibit interchangeability with deacetylation en-
zymes. Among these, Class I (HDAC1-3) and Class
II (SIRT1-3) HDACs are common delactylases. Class
I HDACs are highly effective erasers, possessing strong
delactylation activity, with HDAC1 and HDAC3 exhibiting
the strongest delactylation activity within this class [53,54].
Related studies have shown that in vitro, HDAC1-3 can
reduce the expression of H3K18la and H4K5la more than
sirtuin 1-3 (SIRT1-3). In vivo experiments indicated that
inhibitors of HDACI1-3 can increase the levels of ubiqui-
tin ligase Lysine lactylation [54]. Therefore, HDAC1-3
inhibitors could act as potential therapeutic agents to treat
diseases caused by lactylation. Within Class I1II HDACS,
SIRT3 acts as an eraser for lactylation at the H4K 16 site,
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preventing cancer cell proliferation by diminishing cyclin
E2 activity [55]. Additionally, SIRT3 can specifically regu-
late gene transcription through H3K9la modulation, thereby
impeding the progression of esophageal squamous cell car-
cinoma cells [56].

2.2.2 Histone Lactylation and Urological Cancers

Histone lactylation plays a noteworthy role in the on-
set and progression of various urological cancers. For in-
stance, in PCa, evodiamine has been found to inhibit the hi-
stone lactylation of HIF-1«, thereby enhancing the expres-
sion of Sema3A. This modulation suppresses angiogenesis
and induces ferroptosis, offering a potential therapeutic ap-
proach for managing PCa [57]. In bladder cancer, research
has indicated that Phosphofructokinase-1 (PFK-1) regulates
the lactylation of Zinc Finger E-Box Binding Homeobox
1 (ZEB1), thereby preventing cancer cell proliferation, mi-
gration, and invasion [58]. Inhibition of PFK-1 reduces lac-
tate production, which further suppresses the transcriptional
activity of ZEB1, emphasizing the crucial role of lactyla-
tion in bladder cancer progression. Furthermore, circXRN2
has been found to activate the Hippo pathway, which sup-
presses H3K18 lactylation, thereby inhibiting the expan-
sion and migration of bladder cancer cells [59]. Li et al.
[17] discovered that histone lactylation in bladder cancer
can activate transcription factors associated with cisplatin
resistance, and it indicated that histone H3K 18 lactylation
enhances Parkinson Disease Associated Parkin (PRKN) ex-
pression through epigenetic mechanisms within the blad-
der cancer microenvironment. This upregulation of PRKN
mediates mitophagy, facilitating M2 macrophage polariza-
tion, which drives immune evasion and bladder cancer pro-
gression. These findings suggest that histone lactylation
mechanisms are potential new targets for immunotherapy
in bladder cancer [60]. In ccRCC, VHL protein inactiva-
tion results in enhanced HIF activity, which increases gly-
colysis and lactate production, thereby triggering histone
lactylation [18]. Elevated histone lactylation levels are in-
dicative of poor prognosis and contribute to the progression
of ccRCC. Moreover, elevated lactate concentrations can
induce histone H3K 18 lactylation at the promoter regions
of PDGFR/3 [19], facilitating cancer cell proliferation, in-
vasion, and migration, thereby promoting the development
and advancement of ccRCC [61]. A detailed description of
the relevant mechanism is provided in Fig. 1 A.

To summarize the above, histone lactylation plays a
critical role in urological cancer progression by regulating
gene expression. Based on the pathways described above, it
is evident that there is a significant correlation between lac-
tate production, lactylation levels, and tumor cell behaviors,
an association verified in both bladder cancer and ccRCC.
It is worth noting that although the specific mode of ac-
tion between HIF-1a and histone lactylation varies, their
association has been demonstrated in both PCa and ccRCC;
in both cases, they are involved in regulating tumor pro-

gression. Targeting the lactate production process or HIF-
la-related regulation may become a common therapeutic
breakthrough for multiple urological cancer types.

These studies offer new insights into the metabolic and
epigenetic regulation of urological cancers, suggesting that
lactylation modifications could become important targets
for future therapeutic strategies. Understanding lactyla-
tion’s role in tumor progression and immune evasion could
help researchers develop new, targeted, and effective ther-
apeutic approaches.

2.3 Histone Acetylation
2.3.1 Overview and Regulation

Histone acetylation is a vital post-translational mod-
ification widely present in eukaryotic cells, playing an es-
sential role in regulating gene expression. This process typ-
ically occurs on lysine residues and is catalyzed by histone
acetyltransferases (HATs), with acetyl-CoA serving as the
acetyl group donor. This modification alters the interac-
tion strength between histones and DNA, reducing chro-
matin compaction and facilitating easier access for tran-
scription machinery to genes [6]. In addition to affecting the
chromatin structure, acetylation regulates chromatin func-
tions by recruiting non-histone reader proteins (e.g., BRD).
These reader proteins can modulate various processes, in-
cluding DNA repair, cell cycle advancement, and gene tran-
scription. By serving as docking sites for these proteins,
acetylated histones help orchestrate complex cellular events
beyond transcriptional regulation [62,63]. Acetylation is
specifically regulated by the balance between HATs and
HDAC:Ss. At the molecular level, acetylation regulates gene
expression through diverse mechanisms: it serves as a key
epigenetic mark defining active chromatin states, facilitates
enhancer formation and function, directly modulates the ac-
tivity of transcription factors and signaling proteins, and
influences the accessibility of genes to the transcriptional
machinery [64]. For example, acetylation sites on histone
H3, such as H3K27ac, serve as epigenetic markers of active
transcription regions. These sites are involved in the for-
mation of super-enhancers, which further regulate the ex-
pression of cell-specific genes. This highlights the role of
acetylation in fine-tuning gene expression and cellular iden-
tity [64]. Additionally, HATs, such as KAT6A, can acety-
late SMAD3, enhancing its transcriptional activity and pro-
moting cell proliferation and cancer metastasis [65]. His-
tone acetylation also plays a significant role in the cancer
microenvironment, particularly in the cancer immune eva-
sion process. Acetylation can modulate the activation of
immune-associated genes, thereby modulating the interplay
between cancer cells and the immune system [66].

Histone acetylation is essential for regulating cellular
metabolism and physiological conditions. Acetylation re-
actions rely on the cell’s metabolic state, particularly the
levels of acetyl-CoA. Acetyl-CoA not only serves as a di-
rect donor for acetylation reactions but also participates in
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Fig. 1. Epigenetic remodeling integrates metabolic cues to drive malignant progression in urological cancers. This schematic sum-
marizes four key classes of reversible epigenetic modifications—Ilactylation, acetylation, methylation, and phosphorylation—and their
functional interplay with metabolic rewiring in prostate cancer (red), renal cell carcinoma (green), and bladder cancer (orange/yellow).
(A) Lactylation Module: Glucose-derived lactate accumulation, driven by HIF signaling and metabolic enzymes (e.g., PFK-1, PRKN),
promotes histone lactylation (e.g., H3K18la), facilitating proliferation, migration, macrophage polarization, and ferroptosis resistance.
Evodiamine and related compounds inhibit this pathway. (B) Acetylation Module: Acetate metabolism (via MCT1) and P300-mediated
acetylation (H3K4Ac/H3K18Ac) regulate apoptosis, recurrence, and BNIP3/BTG3 signaling. Pharmacologic agents such as trichostatin
A can modulate this axis. (C) Methylation Module: Altered histone methylation (H3K4me2/3, H3K27me2/3, H3K9me2/3), governed
by G9a, EZH1/2, LSD1, and KDM6A, enhances migration, proliferation, and metastasis via pathways such as CCL2/Racl. EZH2 in-
hibitors offer therapeutic potential in renal cell and prostate cancers. (D) Phosphorylation Module: FAK and RB1 phosphorylation, along
with cell cycle-linked histone phosphorylation (H3S10p), activate oncogenic programs that drive proliferation and invasion in bladder
cancer (e.g., via COL8A1, FABP4, HBP17, RGS4). Emodin has been shown to attenuate these effects. VHL, von Hippel-Lindau; HIF,
hypoxia-inducible factor; ZEBI1, Zinc Finger E-Box Binding Homeobox 1; PFK-1, Phosphofructokinase-1; GPX4, Glutathione Perox-
idase 4; PRKC, Protein Kinase C; BTG3, B-cell Translocation Gene 3; BINP3, BCL2/Adenovirus E1B 19 kDa Interacting Protein 3;
MCT1, monocarboxylate transporter 1; SIRT2, Silent Information Regulator Two-related enzyme 2; CCL2, C-C Motif Chemokine Lig-
and 2; LNMAT1, lymph node metastasis-associated transcript 1; KDM6A, histone demethylase 6A; LSD1, Lysine-Specific Demethylase
1; AR, Androgen receptor; SPINKS5, Serine Peptidase Inhibitor, Kazal Type 5; EZH, Enhancer of zeste homolog 2; FAK, Focal Adhesion
Kinase; RB1, Retinoblastoma Protein 1; H1, Histone H1; COL8A1, Collagen Type VIII Alpha 1 Chain; FABP4, Fatty Acid Binding
Protein 4; HBP17, Heparin-Binding Protein 17; RGS4, Regulator of G-protein Signaling 4. The figure was created with Scientific Image
and Illustration Software | BioRender.
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metabolic pathways like fatty acid synthesis and the tricar-
boxylic acid (TCA) cycle, providing essential energy for
the cell [62]. Consequently, histone acetylation is strongly
associated with cellular metabolic activities and can con-
tribute to the cell’s response to environmental changes and
stress. For instance, in cancer cells, altered metabolic states
may affect acetyl-CoA levels, thereby influencing histone
acetylation and the expression of cancer-related genes. This
association highlights the potential impact of metabolic reg-
ulation on epigenetic modifications and gene expression in
disease contexts [67]. Acetylation further leverages its abil-
ity to regulate cellular metabolism by integrating and be-
coming a critical node in other cellular functions. For exam-
ple, lactate, a metabolic byproduct, can accumulate within
cells, altering metabolic pathways and activating HATs,
thereby elevating histone acetylation levels. This increase
in histone acetylation can regulate lipid metabolism, pro-
moting cancer cell proliferation and metastasis [68]. Addi-
tionally, research has revealed that the SPHK2/S1P signal-
ing axis is involved in the proliferation of smooth muscle
cells and vascular remodeling in pulmonary arterial hyper-
tension by regulating the acetylation status of H3K9 [69].
This indicates that acetylation is both a controller of gene
expression and an important participant in broader cellu-
lar functions and physiological processes. It is notewor-
thy that histone acetylation extends beyond the regulation
of genes and metabolism, playing crucial roles in control-
ling various cellular processes. Research has shown that
histone acetylation affects various biological functions of
cells, including division, proliferation, differentiation, and
apoptosis. It interacts with other epigenetic modifications,
like methylation and phosphorylation, to participate in the
intricate cellular regulatory networks [70]. Therefore, his-
tone acetylation is not only a significant focus in epigenetic
research but also a crucial aspect of studying diseases like
cancer. Recent studies have highlighted the important func-
tion of histone acetylation in cancer progression, prognosis,
and treatment response [71].

Conversely, histone deacetylation is a reversible pro-
cess catalyzed by HDACs. This reversibility allows cells to
quickly respond to changes in internal and external signals
by adjusting the dynamic balance between acetylation and
deacetylation, thereby flexibly modulating gene expres-
sion and maintaining precise regulation through epigenetic
mechanisms across a range of physiological and pathologi-
cal processes [72]. For instance, the dynamic regulation of
histone acetylation is essential at various stages of the cell
cycle. Acetylation facilitates the recruitment of transcrip-
tion factors and the activation of gene transcription, while
deacetylation helps maintain gene silencing [73].

Based on a search of public information available at
the https://clinicaltrials.gov database, current drug develop-
ment related to histone modifications primarily focuses on
acetylation and methylation. Research targeting these mod-
ifications has progressively advanced into clinical trials.

This focus suggests that the field is still predominantly cen-
tered on these traditional histone modification pathways.
Beyond the use of related drugs alone, clinical trials are in-
creasingly investigating combinations of targeted therapies
and epigenetic drugs. This approach aims to enhance the
treatment precision of various diseases (Table 1, Ref. [74—
90]).

2.3.2 Histone Acetylation and Urological Cancers

Abnormal changes in histone acetylation are strongly
linked to the initiation, progression, invasion, and drug re-
sistance of urological cancers. Comprehending the under-
lying mechanisms of histone acetylation and its role in can-
cer could provide new targets and strategies for therapeutic
intervention.

In ccRCC, an imbalance in histone acetylation is con-
sidered a significant cancer-driving mechanism. Stud-
ies have shown that HDACs are abnormally activated in
ccRCC, contributing to the silencing of several cancer sup-
pressor genes. For example, the BNIP3 gene is often un-
derexpressed in renal cancer tissues, a phenomenon closely
related to histone deacetylation. Experimental results in-
dicate that histone deacetylase inhibitors, such as tricho-
statin A (TSA), can restore the downregulated expression of
the BNIP3 gene. This restoration inhibits renal cancer cell
proliferation and promotes apoptosis [91]. Consequently,
restoring histone acetylation facilitates the reactivation of
these tumor suppressor genes, which may also inhibit renal
cancer growth by regulating pathways related to the cell cy-
cle and apoptosis.

Additionally, histone acetylation is closely related to
metabolic reprogramming in renal cancer. Renal cancer
cells often exhibit metabolic alterations, such as increased
lactic acid fermentation and upregulated lipid metabolism.
Studies have found that the high expression of monocar-
boxylate transporter 1 (MCT1) in ¢ccRCC correlates with
increased histone acetylation. MCT1 facilitates the trans-
port of metabolic products like acetate, thereby promoting
cellular energy metabolism, as well as cancer proliferation
and migration [92]. The regulation of MCT1 is linked to
the metabolic adaptability of cancer cells and can influence
histone acetylation, thereby affecting the cancer’s invasive
ability. Therefore, histone acetylation plays a significant
role in the metabolic reprogramming of renal cancer, sug-
gesting its potential as a novel therapeutic target.

The regulatory mechanisms of histone acetylation
have also been extensively studied in other urological can-
cers. For instance, in kidney and bladder cancers, HDAC
overexpression has been linked to malignant progression
and drug resistance. The expression of the BTG3 cancer
suppressor gene in renal cancer is influenced by histone
modifications. Specifically, the removal of histone acetyla-
tion and the addition of methylation within the BTG3 gene
can hamper its inhibitory effect on cancer cell growth [93].
Conversely, restoring the expression of BTG3, which is cl-
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Table 1. Clinical Trials of Histone Acetylation-Targeting Drugs (2020-2025).

Drug

Combined with targeted therapy

Specific Actions

Act on cancers

Effectiveness

Current Progress

Chidamide [74]

Entinostat [75]

CC-486 + Romidepsin

[76]
Azacitidine + Vorinostat
[77]
Vorinostat +  Sirolimus
[78]

Vorinostat + Lenalidomide
[79]

5-Azacytidine + Phenylbu-
tyrate [80]
Vorinostat + Sorafenib [81]

Decitabine
Acid [82]

+  Valproic

Sintilimab 4+ Bevacizumab

Histone Deacetylase (HDAC) in-
hibitor

DNA methylation inhibitor and
HDAC inhibitor

DNA methylation inhibitor and
HDAC inhibitor

HDAC inhibitor an mechanistic
Target of Rapamycin (mTOR) in-
hibitor
HDAC

munomodulator

inhibitor and an im-

DNA methylation inhibitor and
HDAC activator

HDAC inhibitor and multi-kinase
inhibitor

DNA methylation inhibitor and
HDAC inhibitor

Enhances CD8+ T cell infiltra-
tion, reverses immunosuppres-
sive microenvironment

Inhibits HDAC, suppressed can-
cer proliferation

Synergistic epigenetic regulation

An epigenetic combination to re-

verse drug resistance

Dual pathway inhibition

Epigenetic regulation and im-

munotherapy

Synergistic epigenetic regulation

Epigenetic regulation and antian-

giogenic combination

Synergistic demethylation and
deacetylation

MSS/pMMR  col-

orectal cancer

Abdominal neuroen-
docrine cancer
Advanced solid can-
cer

Diffuse large B-cell
lymphoma
Advanced solid can-
cer

Multiple myeloma

Advanced solid can-
cer
Hepatocellular carci-

noma

Non-small cell lung
cancer

Triple group vs. double group: 18-week PFS rate 64.0%
vs. 21.7% (p = 0.003), ORR, 44.0% vs. 13.0% (p = 0.027)

4/5 cases showed stable disease, cancer growth rate reduced
to 17-68% of pre-treatment levels

ORR 0% (0/12), disease stabilization rate 41.7% (5/12);
significant reduction in LINE-1 methylation (p = 0.04)

No survival benefit (vs. standard chemotherapy); however,
it may enhance sensitivity to subsequent chemotherapy
Partial response: Hodgkin lymphoma (-78%), perivascular
epithelioid cell cancer (—54%); stable disease: liver cancer
and sarcoma

No PFS/OS benefit (median PFS 34 vs.
= 0.122), and poor tolerability (increased discontinuation

40 months, p

rates)
Low clinical benefit: 1 case SD (5 months), 26 cases PD

Disease control rate 77% (10/13), 2 cases long-term sta-
bility (>15 months); however, common grade 3 toxicity
(thrombocytopenia in 31%)

Fetal hemoglobin re-expression (7/7 cases); however, sig-
nificant neurotoxicity (2 grade 3 cases)

Phase II trial completed

Phase 11 trial (early ter-
mination)
Phase I trial completed

Phase II trial completed

Phase I trial completed

Phase III trial failed

Phase I trial completed

Phase I trial terminated

Phase I trial terminated
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Table 1. Continued.

Drug

Combined with targeted therapy

Specific Actions Act on cancers

Effectiveness

Current Progress

Romidepsin [83]

Panobinostat [84]

Vorinostat [85]

Decitabine + Panobinostat

+ Temozolomide [86]

Vorinostat + Temozolo-

mide [87]

Vorinostat [88]

CUDC-907 [89]

Panobinostat [90]

Single drug (HDAC inhibitor)

Single drug (HDAC inhibitor)
Single drug (HDAC inhibitor)
Epigenetic therapy and
chemotherapy

HDAC inhibitors and alkylating
agents

Single drug (HDAC inhibitor)

Single drug
(HDAC/Phosphatidylinositol
3-kinase(PI3K) dual inhibitor)
Single drug (HDAC inhibitor)

Induces cancer cell apoptosis Peripheral T-cell
lymphoma

Inhibits histone deacetylation Metastatic
melanoma

Regulates gene expression Cutaneous T-cell
lymphoma

Overcomes epigenetic drug resis- Metastatic

tance melanoma

Synergistic ~ epigenetic  and Pediatric

chemotherapy combination brain/spinal cord
cancer

Regulates the epigenetic aging Myeloproliferative

clock neoplasm

Dual blocking of epigenetic and Lymphoma/multiple

signaling pathways myeloma

Reduces JAK2 mutation burden ~ Myelofibrosis

ORR 25% (33/130), median response duration of 28
months; similar efficacy across treatment lines (>3 lines
ORR 25%)

ORR 0% (0/15), disease stabilization rate 27% (4/15)

ORR 29.7%, itch relief rate 32%; median response duration
>185 days

Disease control rate 27% (6/22), 1 case PR (-54%); no
dose-limiting toxicity

Recommended dose: Vorinostat 300 mg/m? + Temozolo-
mide 150 mg/m?; increased histone H3 acetylation

Methylation age (MA) positively correlated with Janus Ki-
nase 2 (JAK2) burden (r = 0.72); treatment brings MA
closer to actual age

ORR 14% (5/37), DLBCL subgroup ORR 56% (5/9); trans-
formed follicular lymphoma ORR 60% (3/5)

ORR 36% (8/22), median spleen reduction 34%, 1 case of
complete molecular remission

U.S. Food and Drug
Administration (FDA)
approved

Phase II trial negative
results

FDA approved

Phase I trial completed

Phase I dose determina-
tion

Phase II related analy-

S1S

Phase 11 recommended
dose 60 mg

Phase I trial completed



https://www.imrpress.com

osely related to regulating histone acetylation, can suppress
renal cancer cell proliferation. Thus, histone acetylation
not only restores the activity of cancer suppressor genes
like BTG3 but also impedes the malignant transformation
of renal cancer cells by regulating cell cycle- and apoptosis-
related pathways.

Similarly, studies have shown that acetylation levels in
prostate and bladder cancers can serve as valuable biomark-
ers for cancer progression, aiding in the identification of
high-risk patients. The dysregulation of histone acetyla-
tion fundamentally contributes to the eventual malignancy
of cancers [94,95]. These findings critically underscore the
existence of specific histone acetylation patterns that hold
prognostic significance. For instance, H3K18Ac/p300 in
PCa was correlated with Prostate-Specific Antigen (PSA)
level [94], while decreased H3K18Ac/H4Ac in muscle-
invasive bladder cancer was linked to increased aggressive-
ness [95]. These are not merely descriptive observations;
rather, they represent tumor-type-specific epigenetic signa-
tures with direct prognostic relevance. Studied on acety-
lation modifications in urological tumors are presented in
Fig. 1B.

Building upon the identification of promising targets
(summarized in Table 2, Ref. [52,55,96-109]) and the
rich tapestry of regulatory mechanisms uncovered by prior
studies—including HDAC overexpression, tumor suppres-
sor gene silencing, and distinct prognostic acetylation
marks—a compelling mechanistic foundation for translat-
ing histone acetylation biology into clinical applications
for urological cancers emerges. Current research consis-
tently highlights the critical role of histone acetylation in the
onset, advancement, and prognosis of urological tumors.
Therefore, targeting relevant enzymes, such as HDACs and
HATSs, offers significant therapeutic potential.

Specifically, exploiting these tumor-specific epige-
netic signatures holds promise for: (1) developing refined
diagnostic and prognostic biomarker panels (e.g., based
on H3K18Ac levels); and (2) guiding the clinical appli-
cation of targeted epigenetic therapies. Examples of such
therapies include HDAC inhibitors, like vorinostat and ro-
midepsin, which are used in clinical trials for prostate and
urothelial cancers (NCT01075308 and NCT01174199), and
potentially selective acetyltransferase modulators. There-
fore, future research should prioritize exploring precise tu-
mor classification and risk stratification based on integrated
epigenetic markers. This must occur alongside validating
the efficacy and optimizing the use of HDAC inhibitors and
other epigenetic-modulating drugs in well-defined patient
cohorts stratified by their acetylation profiles. Further in-
depth research into the role of histone acetylation in uro-
logical tumors is essential to fully realizing its potential as
a source of both biomarkers and therapeutic targets, ulti-
mately providing a robust theoretical and practical basis for
improving clinical outcomes.
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2.4 Histone Methylation
2.4.1 Overview and Regulation

Histone methylation is an important post-translational
modification in epigenetics. By attaching methyl groups to
specific lysine or arginine residues of histones, this process
alters chromatin conformation and gene expression patterns
[110]. This process is catalyzed by histone lysine methyl-
transferases (KMTs), while its reversal, demethylation, is
mediated by lysine demethylases (KDMs). The coordinated
action of these enzymes determines gene expression states
and influences cell fate decisions [7,111]. Specifically,
KMTs methylate specific histone sites (e.g., H3K27), lead-
ing to chromatin condensation and gene repression. Con-
versely, KMDs reverse this effect, promoting chromatin re-
laxation and gene activation. Crucially, the specific methy-
lation site dictates the functional outcome. For instance,
methylation at loci like H3K4 activates gene expression,
while demethylases bidirectionally regulate transcriptional
outcomes [7,70]. Beyond regulating transcription factor ac-
tivity, histone methylation modifications also collaborate
with DNA methylation to maintain genomic integrity and
stability [7]. The intricate interplay between histone and
DNA methylation is mediated by specific reader proteins.
Histone methylation readers include plant homeodomains
(PHDs), while DNA methylation readers include SET- and
RING-associated (SRA), CXXC-type zinc finger protein
(CXXC), methyl-CpG binding (MBD), chromodomains,
and bromo adjacent homology (BAH) domains [112]. Fur-
thermore, histone methylation is closely linked to processes
such as DNA repair and gene replication, playing critical
roles in embryonic development, cell differentiation, and
stress responses [113]. Dysregulation of histone methyla-
tion, particularly in diseases like cancer, frequently leads
to aberrant gene expression and uncontrolled cell prolif-
eration. For instance, mutations or imbalances in histone
KMTs and KDMs are strongly associated with cancer pro-
gression in renal cell carcinoma [114]. SET domain bifur-
cated histone lysine methyltransferase 1 (SETDB1) exem-
plifies a histone methyltransferase crucial for gene silenc-
ing. This is achieved by attaching dimethyl or trimethyl
groups to histone H3 at lysine 9 (H3K9me2/3). This methy-
lation is essential for silencing endogenous retroviruses
(ERVs) and other genes, profoundly impacting cell fate de-
cisions [115,116].

Conversely, histone demethylation, primarily facili-
tated by demethylases like Lysine-specific Demethylase 2
(LSD2) (also known as KDM1B), plays a vital role in cellu-
lar functions. LSD2 not only removes methyl groups from
histones but also participates in DNA methylation, cancer
cell reprogramming, DNA damage repair, and other cru-
cial cellular processes. LSD2 exhibits tissue-specific ex-
pression and is closely linked to the progression of var-
ious cancer types [117]. Additionally, Lysine Demethy-
lase SA (KDMS5A), also known as Jumonji/ARID Domain-
Containing Protein 1A (JARID1A), specifically recognizes
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Table 2. Classification of histone-modifying enzymes and corresponding targeted research progress.

Modification Target Drug Mechanism/Function Associated Cancers Therapeutic Poten- Therapeutic Goal Experimental Outcome Status Evidence
tial Level
HDAC Class I Histone Deacetylase Inhibito- Bladder cancer Overcoming re- Enhancing the NCT03978624: Significant Ongoing Phase 2
(HDAC1.2.3) Entinostat rs, Inhibition of Treg Functio- sistance  to  im- efficacy of Pem- changes in the T-cell CD8 im- (NCT03978624)
n and enhancement of Immu- munotherapy brolizumab mune gene signature.
ne Checkpoint Response. Metastatic renal Enhancing T cell Restoring sensitivity NCT03024437:  Objective Re- Terminated Phase
cell carcinoma responses to immunotherapy  sponse Rate (ORR) of 21%. (NCT03024437) 1/Phase 2
NCT03552380: Objective Re- Terminated Phase 2
Histone acetyla- sponse Rate (ORR) of 8.3%. (NCT03552380)
tion/deacetylati- HDAC Class I, Vorinostat Histone Deacetylase Inhibi- Metastatic Enhancing radiosen- Conversion from NCT06145633: PSMA conver- Recruiting Phase 2
on IIb (HDACI- tors, Reverse epigenetic sil-  castration-resistant  sitivity PSMA-low to sion rate (ongoing). (NCT06145633)
3,6,10) encing and enhance antigen prostate cancer PSMA-high
expression. (mCRPC)
Advanced renal cell Overcoming re- Enhancing the NCT02619253: Objective Re- Completed Phase 1
carcinoma sistance  to  im- activity of Pem- sponse Rate (ORR) of 14%, with (NCT02619253)
munotherapy brolizumab a median Progression-Free Sur-
vival (PFS) of 3.8 months.
HDAC Class 111 N/A Deacetylation of  Signal Renal cell carci- Inhibition of tumori- Inhibition of the Inhibition of tumor proliferation In vitro/vivo[96] Preclinical
(SIRT1) Transducer and Activator noma genesis STAT3-FGB signal- to improve patient prognosis.
of Transcription 3 (STAT3) ing axis
and downregulation of Fib-
rinogen Beta Chain (FGB)
expression.
N/A Activation of the AMP- Inhibition of tumor Regulation of Inhibition of cell proliferation, In vitro [97] Preclinical
activated Protein  Kinase progression cellular energy migration, and invasion, while
(AMPK) signaling pathway. metabolism promoting apoptosis
HDAC Class I N/A Inhibition = of  Receptor- Prostate cancer Blocking innate im- Restoration of im- Inhibition of macrophage and In vitro [98] Preclinical
(SIRT3) interacting serine/threonine- mune evasion mune surveillance  neutrophil recruitment, which
protein kinase 3 (RIPK3)- promotes tumor progression.
mediated necroptosis.
N/A Regulation of mitochondrial Renal cell carci- Prognostic biomark- Suppression of tu- High expression is associated Clinical samples Translational

metabolism.

noma

ers and therapeutic

targets

mor progression

with poor prognosis (increased
grade, increased stage, decreased

treatment response).

[99]
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Table 2. Continued.

Modification Target Drug Mechanism/Function Associated Cancers  Therapeutic Poten- Therapeutic Goal Experimental Outcome Status Evidence
tial Level
N/A Regulation of mitochondrial Tumor  suppressor Prolongation of sur- Patients with high expression Clinical samples Translational
metabolism. factor vival have significantly prolonged [100]
survival.
N/A Downregulation of Rho Fam- Reversal of cisplatin Enhancement of Reduces cisplatin IC50 and in- /n vitro/vivo Preclinical
HDAC Class III . Bladder cancer . o
ily GTPase 3 (RND3) expres- resistance chemotherapy sensi- hibits tumor growth. [101]
(SIRT?) , -
sion through the decrease of tivity
H3K18ac or the increase of
H3K27me3.
N/A Synergistic inhibition of E- Inhibition of Blocking metastasis Knockdown promotes cell migra- In vitro [102] Preclinical
cadherin with EZH2. the Epithelial- tion and invasion and upregulates
Mesenchymal EMT markers.
Transition  (EMT)
process
N/A Drive metabolic stress adap- Prostate cancer Targeting Inhibition of prolif- Promotes tumor growth through Review [103] Mechanistic
tation. Castration-resistant ~ eration chromatin regulation. insight
prostate cancer
(CRPC)
HDAC Class IV N/A Core components of Prostate cancer Blocking  IncRNA Inhibition of tumor Brain Cytoplasmic RNA 1 Invitro [104] Preclinical
(HDACI11) the BCYRN1/miR-939- oncogenic pathways proliferation (BCYRNI) upregulation leads to
3p/HDACI1 signaling axis. increased HDACI11 expression,
which results in enhanced cell
proliferation, higher Gleason
scores, and increased lymph node
metastasis.
N/A Prognosis-related epigenetic Clear cell renal cell Prognostic biomark- Prediction of sur- High Expression: Significantly Clinical samples Translational
regulatory factors. carcinoma (ccRCC) ers and therapeutic vival outcomes associated with poor prognosis.  [105]
targets
E1IA Binding EP31670 Epigenetic drugs targeting Castration-resistant Targeting epigenetic This Phase I open- Not reported. Recruiting Phase 1
Lactylation/del- Protein p300 p300/CBP inhibit tumors by prostate cancer dependencies in label, multicenter, (NCT0548854)
actylation (p300)/CREB regulating gene expression. (CRPC), NUT car- aggressive can- dose-escalation
Binding Protein cinoma, Chronic cers with limited study will evaluate
(CBP) (histone Myelomonocytic treatment  options; the safety of oral
lactyltrans- Leukemia (CMML), potential synergistic EP31670 in patients
ferase) Myelofibrosis effects in cancers and determine its
relying on these maximum tolerated

pathways.

dose.
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Table 2. Continued.

Modification Target Drug Mechanism/Function Associated Cancers  Therapeutic Poten- Therapeutic Goal Experimental Outcome Status Evidence
tial Level
KAT8 (histone N/A Promotion of protein synthe- Colorectal cancer Inhibition of lactyla- Inhibition of lactyla- Increased Glycolysis leads to In vitro [52] Preclinical
lactyltrans- sis through Eukaryotic Trans- tion may suppress tu- tion to block the syn- lactate accumulation, — KAT8
ferase) lation Elongation Factor 1 mor growth. thesis of oncogenic catalyzes eEF1A2 lactylation,
Alpha 2 (eEF1A2) lactylation proteins eEF1A2 activation results in
drives colorectal cancer pro- increased  protein  synthesis,
gression. Oncogenic Signaling Pathway
Activation: Activates pathways
such as mTOR.
KAT2A (histone AUTX-703 KAT2A inhibitors influence Relapsed/refractory Reversing abnormal Evaluation of Not reported. Recruiting Phase 1
lactyltrans- the epigenetic state of tumor acute myeloid gene expression in the drug’s safety, (NCT06846606)
ferase) cells by modulating this pro- leukemia (AML) tumor cells through tolerability, and
tein. and myelodysplastic epigenetic ~ regula- preliminary efficacy
syndromes (MDS)  tion.
SIRT3 (histone N/A Specific removal of H4K16la General mechanisms Regulation of gene Analysis of the bi- Higher de-lactylation activity In vitro [106] Structural
delactylase) modification. transcription ological function of on H4Kl16la compared to other biology
Kla sirtuins; development of a p-
H4K16laAlk probe to capture
SIRT3.
SIRT1/SIRT3 N/A Removal of histone/non- Hepatocellular carci- Regulation of Inhibition of the Knockout leads to the accumula- In vitro [55] Proteomics
(histone delacty- histone Kla modifications. = noma (HepG2) the glycolysis- Warburg effect tion of Kla substrates; PKM2-Kla
lase) epigenetics axis modification regulates metabolic
pathways and cell proliferation.
EZH2 (lysine m- EZH2 inhi- Blocking some of the enzym- . . Enhances anti-PD-1 To conduct a safety Not reported. In vivo Phase I/l
. Urothelial Carcinoma . . .. .
Methylation/de- ethyltransferase) bitors es needed for cell growth. (pembrolizumab) e- lead-in phase that (NCT03854474) clinical trial
. fficacy by reversing identifies the safe
methylation

immune silencing i-

n tumors

recommended phase
II dose for combi-
nation tazemetostat
and pembrolizumab
(MK-3475).
Improve  objective
response rate (ORR)
and progression-free
survival (PFS)
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Table 2. Continued.

Modification Target Drug Mechanism/Function Associated Cancers Therapeutic Poten- Therapeutic Goal Experimental Outcome Status Evidence
tial Level
Protein  Argi- Flavokawain Binding to the Y304/F580 Bladder cancer Novel epigenetic tar- Inhibition of histone Blocking H2A/H4 methylation; In vitro/vivo Preclinical
nine  Methyl- A (FKA) sites of PRMTS. geted therapy symmetric dimethy- in vitro proliferation inhibition [107]
transferase 5 lation with an IC50 of 8.2 uM; in vivo
(PRMTS5) (argi- tumor volume reduction by 62%.
nine methyl-
transferase)
LSD2 (Lysine- N/A Transcriptional control, Clear cell renal cell The presumed ther- The role of LSD2 Silencing LSD2 and KDMSA Clinical samples Phase II
specific chromatin  rearrangement, carcinoma (ccRCC) apeutic target of and KDMSA suppresses cell proliferation, in- [108] clinical trial
demethylase heterochromatin  formation, ccRCC demethylases in duces apoptosis, and causes cor-
2) growth factor signaling and the pathogenesis of responding cell cycle arrest.
somatic cell reprogramming. RCC
KDMS5 (Jumonji  CPI-455 KDMIA and KDMS5B both Prostate cancer Individual pharma- Develop new Genes upregulated with CPI-455 Experimental Preclinical
C domain- interact with the androgen cologic inhibition of therapies target- treatment are involved with the ri- [109]
containing receptor (AR) and promote Lysine Demethylase ing KDMIA and bosome and in neurological disor-
demethylases) androgen-regulated gene ex- 1A (KDMI1A) and KDM5B for cas- ders.
pression. Lysine Demethylase tration resistant
5 (KDMS5) by namo- prostate cancer
line and CPI-455 (CRPC); To find the
respectively, impairs feasibility of KDMS5
androgen regulated in the treatment of
transcription prostate cancer
Phosphorylation/ VEGFI.{/PDGFR/ Sorafenib Multi-target tyrosine kinase Metastatic renal cell Prevention of Prolongation of Not reported. Unknown Phase 2
dephosphorylati- RAF kinases inhibitors (TKIs). carcinoma metastatic recur- progression-free (NCT01444807)
on rence survival
VEGFR1/2/3 Tivozanib Highly selective VEGFR ty- Advanced renal cell Anti-angiogenesis  Improvement of ob- Objective Response Rate (ORR) Completed Phase 2

rosine kinase inhibitors.

carcinoma

jective response rate  of 24.4%; 12-week Progression- (NCT00502307)

Free Survival (PFS) rate: 64.5%
for Tivozanib vs 37.9%
placebo (p = 0.006).

for



https://www.imrpress.com

the trimethylation state of histone H3 at lysine 4
(H3K4me3) through its Prolyl Hydroxylase Domain-
containing Protein 1 (PHD1) domain. This recognition
allows KDMS5A to regulate the demethylation of target
genes. KDMS5A targets differentiation-dependent genes in-
volved in cell cycle regulation. During cell differentiation,
KDMS5A has been shown to play a key role by directly reg-
ulating methylation marks on target genes such as BRD2,
BRDS8, and HOXA [118]. Overexpression of KDMS5A is
closely associated with cancer progression, as it can repress
genes critical for controlling cell growth and differentiation
[119].

Beyond the interplay between methyltransferases and
demethylases, histone methylation modifications also in-
teract with other epigenetic modifications, such as DNA
methylation, to collectively regulate gene expression. In
PCa, elevated levels of H3K27me3 and H3K4me3, tar-
gets of the Polycomb Repressive Complex 2 (PRC2) com-
plex, contribute to aberrant epigenetic regulation [120].
H3K27me3, a crucial transcriptional repression mark, is
intimately linked to cancer invasiveness and metastasis in
non-small cell lung cancer (NSCLC) [121]. These stud-
ies have unveiled the complex mechanisms by which his-
tone methylation regulates gene expression, providing new
insights into epigenetic regulation. Lysine (K)-specific
demethylase 6B (KDM6B), a stress-induced H3K27me3
demethylase, exhibits a context-dependent oncogenic or
antitumor role in PCa. Specifically, increased KDM6B
mRNA and protein levels have been observed in PCa, es-
pecially in metastatic PCa and Castration-resistant prostate
cancer (CRPC) [122].

In recent years, research on histone methylation has
expanded beyond basic mechanistic exploration to include
clinical applications, particularly its promise as a target for
cancer therapy. Inhibitors of histone methylation enzymes,
such as EZH2 inhibitors, have entered clinical trials and
demonstrated promising results [123]. These studies have
advanced our comprehension of the mechanisms governing
histone methylation and provided novel insights for devel-
oping therapeutic strategies.

2.4.2 Histone Methylation and Urological Cancers

Histone methylation plays a crucial role in the initia-
tion and progression of urological cancers, particularly in
bladder cancer and renal cell carcinoma.

In bladder cancer, research indicates that lymph node
metastasis-associated transcript 1 (LNMAT1) is crucial for
facilitating lymph node metastasis by upregulating the ex-
pression of C-C Motif Chemokine Ligand 2 (CCL2). This
upregulation leads to the recruitment of cancer-associated
macrophages (TAMs), which are known to promote can-
cer progression and metastasis. LNMAT1 influences blad-
der cancer progression through epigenetic mechanisms by
increasing H3K4 trimethylation at the CCL2 gene locus.
This modification enhances CCL2 transcription, thereby
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promoting lymph node metastasis [124,125]. The role of
histone demethylase 6A (KDM6A) in bladder cancer has
also garnered considerable attention. Research shows that
KDMO6A restrains the migration and infiltration of bladder
cancer cells by demethylating H3K27me?2/3, which in turn
suppresses the activity of RACI1, a protein involved in cell
migration and metastasis. Loss of KDM6A function can
lead to increased cancer cell invasiveness, contributing to
aggressive cancer behavior. Restoring KDM6A function or
using EZH2 inhibitors, which target the opposing methy-
lation process, can effectively mitigate this metastatic ef-
fect [126]. Additionally, low doses of zinc oxide nanopar-
ticles (nZnO) have demonstrated anticancer effects in blad-
der cancer. Research indicates that nZnO can alter the
methylation state of H3K27 in bladder cancer cells, thereby
inhibiting cell migration and invasion. This effect is inde-
pendent of oxidative stress or DNA damage [127].

Histone methylation also plays a crucial role in renal
cell carcinoma. Studies have shown that H3K27 methyla-
tion is strongly linked to cancer staging and recurrence risk
in kidney cancer. Specifically, low levels of H3K27me3
are linked to higher Fuhrman grades and increased cancer
aggressiveness. Additionally, low H3K27me3 levels corre-
late with poorer progression-free survival [128]. The func-
tion of the histone demethylase LSDI1 in renal cancer has
also been investigated. LSD1 affects renal cancer progres-
sion by regulating the transcriptional activity of the andro-
gen receptor (AR). LSDI knockdown reduces the expres-
sion levels of AR target genes, thereby hindering the pro-
liferation and migration of renal cancer cells. Moreover, the
combination of LSD/ inhibitors, such as pargyline, and AR
inhibitors can remarkably suppress renal cancer cell prolif-
eration [129].

The role of G9a, a histone methyltransferase that cat-
alyzes the dimethylation of H3K9, in kidney cancer therapy
has garnered significant attention. Research has found that
(G9a facilitates the onset and advancement of renal cancer
by methylating H3K9 at the SPINK5 gene locus, thereby
suppressing its expression. Specific inhibition of G9a was
shown to significantly suppress the growth, migration, and
infiltration of renal cancer cells both in vitro and in vivo.
These findings imply that targeting G9a may represent a
promising new treatment strategy for renal cancer [130].
Studies on methylation modifications in urological cancers
are shown in Fig. 1C.

To summarize the above, dysregulation of histone
methylation (H3K4me3, H3K27me3, H3K9me?2) and their
modifying enzymes (KDMO6A, LSD1, G9a) constitute key
epigenetic driving factors in urological cancers. By aber-
rantly regulating the expression of oncogenes or tumor sup-
pressor genes, these dysregulations promote malignant tu-
mor behaviors (proliferation, invasion, and metastasis) and
serve as important prognostic markers and potential thera-
peutic targets.
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2.5 Histone Phosphorylation
2.5.1 Overview and Regulation

Histone phosphorylation refers to the transfer of phos-
phate groups by protein kinases from ATP to specific amino
acid residues on histones, typically at their N-terminal tails.
This modification predominantly occurs on serine, thre-
onine, and tyrosine residues [131]. As a crucial post-
translational modification, histone phosphorylation plays
a vital regulatory role in chromatin dynamics and various
core cellular functions, including apoptosis, chromatin re-
modeling, DNA damage repair, transcriptional activation,
and mitosis. The dynamic addition and removal of phos-
phate groups on histones are orchestrated by specific en-
zymes: histone kinases of the protein kinase (PK) family are
responsible for adding phosphate groups to tyrosine, ser-
ine, or threonine residues, while histone phosphatases of the
protein phosphatase (PP) family are responsible for remov-
ing them. Two primary mechanisms affecting chromosome
structure and function have been identified [132]. The first
involves the neutralization of the histones’ positive charge
by negatively charged phosphate groups, which decreases
the affinity between DNA and histones, thereby promoting
chromatin relaxation. The second mechanism involves the
creation of recognition surfaces by phosphorylation. These
can interact with protein recognition modules, facilitating
engagement with specific protein complexes. These mech-
anisms collectively enable histone phosphorylation to flexi-
bly regulate chromatin structure and recruit specific effector
proteins, mediating a diverse range of biological functions
whose effects can vary depending on the context and the
proteins involved.

Many histone phosphorylation events are particularly
prominent during meiosis and mitosis in most eukaryotes,
including yeast, plants, and animals. These and other modi-
fications play roles in gene transcription, DNA repair, apop-
tosis, and chromosome condensation. Key examples of hi-
stone phosphorylation events include H3S10ph, H3T3ph,
and H2AT120ph [133]. For instance, Vega FM et al.
[134] found that VRK serine/threonine kinase 1 (VRK1)
directly targets nucleosome phosphorylation, specifically
H2AT120ph, and can also phosphorylate various tran-
scription factors, including Tumor Protein p53 (p53), Jun
Proto-Oncogene (c-Jun), Activating Transcription Factor
2 (ATF2), and Cyclic Adenosine Monophosphate (cAMP)
Response Element-Binding Protein (CREB), thereby influ-
encing gene transcription. Komar and Juszczynski [135]
discovered that in healthy cells, H2AT120ph governs the
hierarchical arrangement of other histone modifications,
which are involved in forming protein-binding scaffolds,
regulating transcription, inhibiting repressive epigenetic
signals, and safeguarding gene regions from heterochro-
matin spread. Furthermore, McIntosh [136] highlighted the
crucial role of H3S10ph in ensuring prompt condensation
and separation of chromosomes, which is essential for ac-
curate genetic material transmission during cell division.
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2.5.2 Histone Phosphorylation and Urological Cancers

Histone phosphorylation modifications play a signif-
icant role in the onset and progression of urological can-
cers. They are primarily involved in processes such as cell
growth, differentiation, and programmed cell death. Addi-
tionally, certain histone phosphorylation marks can serve
as biomarkers for specific cancers, aiding in assessing their
progression and prognosis. Notably, research on the de-
velopment and progression of bladder cancers is quite ad-
vanced.

Studies have found elevated levels of phospho-histone
H3 at serine 10 (pH3Ser10) in bladder cancer tissues. Ther-
apeutic agents, such as emodin, can inhibit histone H3
(serine 10; H3S10) phosphorylation while simultaneously
promoting H3K27me3 to suppress cancer growth [137].
Furthermore, the phosphorylation level of histone H1 sig-
nificantly increases throughout the progression of bladder
cancer [138]. Analysis using liquid chromatography-mass
spectrometry (LC-MS) has demonstrated that the phospho-
rylation level of H1 gradually increases from normal blad-
der epithelial cells to low-grade bladder cancer, and subse-
quently to high-grade bladder cancer cells. This change in
phosphorylation levels is strongly linked to cell cycle pro-
gression. Specifically, the observed increase in phosphory-
lation levels during the transition from the GO/G1 phase to
the M phase suggests its potential as a proliferation marker
[138].

In ccRCC, studies have revealed that FK506 Binding
Protein 10 (FKBP10) promotes metabolic reprogramming
in cancer by facilitating the phosphorylation of lactate dehy-
drogenase A (LDHA) at the tyrosine 10 site. This, in turn,
enhances cancer cell proliferation and metastasis, as well as
the Warburg effect, which supports the metabolic demands
of cancer cells. The interaction between FKBP10 and
LDHA is crucial for regulating this process. Additionally,
FKBP10 modulates sensitivity to HIF2« inhibitors. By reg-
ulating LDHA phosphorylation, FKBP10 influences the re-
sponse of cancer cells to HIF2« inhibitors, thereby offering
new insights for cancer treatment strategies [139]. Another
study indicated that Focal Adhesion Kinase (FAK kinase)
promotes the phosphorylation of p850 at the tyrosine 464
site, which facilitates its translocation into the nucleus. This
nuclear translocation regulates cell cycle progression by in-
hibiting RB1 expression, thereby promoting carcinogenesis
[140]. The nuclear translocation of p8523 not only depends
on the kinase activity of FAK but also involves interactions
with histone methyltransferases EZH1/EZH2. These inter-
actions, in turn, regulate the activation of genes associated
with the cell cycle. These findings underscore the complex
roles of histone phosphorylation, alongside other epigenetic
modifications, in the progression of renal cell carcinoma
[140]. Studies on phosphorylation modifications in urolog-
ical cancers are presented in Fig. 1D.

To summarize the above, these studies indicate that hi-
stone phosphorylation modifications are not only important
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epigenetic markers in urological cancers but also present
potential therapeutic targets. By regulating these phospho-
rylation events, it may be possible to develop novel ther-
apeutic strategies for treating urological cancers. For in-
stance, in bladder cancer, pH3Ser10 and H1 phosphoryla-
tion drive proliferation and cell cycle progression, while in
ccRCC, the FKBP10/LDHA-Y 10 axis enhances the War-
burg effect via metabolic-epigenetic crosstalk, influencing
HIF2« inhibitor response. By regulating these phosphory-
lation events and their associated pathways, it may be possi-
ble to develop novel therapeutic strategies for treating uro-
logical cancers.

3. Discussion and Prospect

Histone modifications, as core mechanisms of epi-
genetic regulation, play complex and crucial roles in
the onset, progression, and treatment resistance of uro-
logical cancers. This review systematically examined
the molecular mechanisms and functions of four modi-
fication types—Ilactylation, acetylation, methylation, and
phosphorylation—in urological cancers. It revealed the
dynamic and plastic nature of the epigenetic regulatory
network while highlighting knowledge gaps in current re-
search.

3.1 Cooperative and Antagonistic Interactions Among
Modifications

Histone modifications do not exist in isolation; rather,
they regulate gene expression through metabolic repro-
gramming, enzyme activity interactions, and chromatin
state alterations. To illustrate this, we present two exam-
ples:

® Metabolic Coupling of Lactylation and Acetyla-
tion: Lactylation relies on lactate, produced through gly-
colysis, as a substrate, while acetylation is regulated by
acetyl-CoA levels. In ccRCC, VHL inactivation activates
the HIF pathway, enhancing both glycolysis (lactate pro-
duction) and acetyl-CoA synthesis. Notably, p300 func-
tions as a shared writer enzyme for both histone lactyla-
tion (H3K18la) and acetylation (H3K18ac). This suggests
an enzymatic hub that integrates metabolic signals into
chromatin regulation. This dual activity implies that ele-
vated p300 activity under hypoxic and glycolytic conditions
could synchronize lactylation and acetylation at promoters
of oncogenes like PDGFR 3, amplifying transcriptional ac-
tivation [18,19]. This enzymatic convergence, combined
with substrate availability, may represent a critical node for
metabolic-epigenetic coupling in tumor progression.

@ Functional Antagonism of Methylation and Phos-
phorylation: In bladder cancer, spatiotemporal distribu-
tion differences between H3K4me3 (a methylation mark)
and H3S10ph (a phosphorylation mark) may determine the
“promote/inhibit” state of gene transcription. For example,
LNMAT1 can inhabit H3K4me3 to activate CCL2 expres-
sion, while H3S10ph may antagonize this process through
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chromatin compaction. This suggests that the dynamic bal-
ance between these modifications influences the metastatic
potential of cancers [124,135].

These interactions highlight the complexity of the
metabolism-epigenetics network. Current research often
focuses on changes in cancer mechanisms driven by single
modifications. However, the efficacy of targeted therapies
aimed at single modifications may be limited by compen-
satory mechanisms and could even lead to the emergence
of resistance. Multi-omics technologies, such as ChIP-seq
combined with metabolomics, should be utilized in future
research to unravel the spatiotemporal interaction patterns
among histone modification types.

3.2 Emerging Therapeutic Targets Across Histone
Modifications

The intricate roles of histone modifications in urologi-
cal cancers underscore their potential as therapeutic targets.
While clinical trials have primarily focused on HDAC and
EZH2 inhibitors (Table 1), emerging research highlights ad-
ditional promising targets across the lactylation, acetyla-
tion, methylation, and phosphorylation pathways. Table 2
summarizes key molecular targets, their mechanisms, and
associated cancers, providing a roadmap for future preci-
sion therapies. For instance, in bladder cancer, HDAC1-3
overexpression correlates with tumor suppressor silencing
and chemoresistance [16], making isoform-specific HDAC
inhibition a strategic focus. Similarly, lactylation writ-
ers (e.g., p300, CBP, KAT2A) and erasers (e.g., HDACS3,
SIRT3) offer novel avenues, particularly in ccRCC and
PCa, where metabolic-epigenetic crosstalk drives progres-
sion [18,19,57]. In methylation, KDM6A loss promotes
bladder cancer invasiveness [126], while EZH2/G9a in-
hibitors show efficacy in renal cancer [130]. Phospho-
rylation targets like H3S10ph and LDHA at tyrosine 10
site regulate cell cycle and metabolic reprogramming in
bladder and kidney cancers [137-140]. Future efforts
should prioritize developing isoform-specific inhibitors and
combinatorial regimens targeting these nodes to overcome
microenvironment-driven resistance.

3.3 Therapeutic Vulnerabilities From Epigenetic Enzyme
Dysregulation in Urological Cancers

Dysregulation of histone-modifying enzymes creates
targetable vulnerabilities in urological cancers, particularly
in bladder cancer and renal cell carcinoma.

In bladder cancer, AT-rich Interaction Domain 1A
(ARID1A) inactivation (~20% of tumors) drives depen-
dency on PI3K/AKT/mTOR signaling through the upreg-
ulation of the noncanonical subunit PIK3R3 and the sup-
pression of the MAPK pathways. This confers sensitivity
to EZH2 inhibitors (e.g., GSK126), which restore the ex-
pression of PIK3IP1—a negative regulator of PI3K that in-
duces proteasomal degradation of PIK3R3. Synergistic tu-
mor suppression is achieved by combining EZH2 and PI3K
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inhibitors, offering a rational strategy for ARID1A-mutant
tumors [141]. Concurrently, loss of the H3K27 demethy-
lase KDMOA activates pro-inflammatory pathways (e.g.,
IL6 and CCL2), promoting M2 macrophage polarization
and cancer stemness. Such tumors exhibit vulnerability
to dual inhibition of IL6 and CCL2, and compensatory
targeting with EZH2 inhibitors to counteract accumulated
H3K27me3 [142].

In renal cell carcinoma, metabolic-epigenetic
crosstalk defines unique therapeutic windows. The on-
cometabolite L-2-hydroxyglutarate (L-2HG) accumulates
independently of IDH mutations, inhibiting TET enzymes
and reducing global ShmC levels. This epigenetic silenc-
ing can be reversed by restoring L-2HG dehydrogenase
(L2HGDH), suppressing tumor growth [143]. VHL-
deficient ccRCC further exploits the FKBP10-LDHA axis.
FKBP10 stabilizes phosphorylated LDHA, enhancing
glycolysis and histone lactylation. Crucially, FKBP10
inhibition disrupts the HIF-driven metabolic loop and
sensitizes tumors to HIF2a blockers (e.g., PT2385)
[139].  Epigenetic silencing of the tumor suppressor
Serine Peptidase Inhibitor, Kunitz Type 2 (SPINT2) via
promoter hypermethylation (30—40% of ccRCC) is another
vulnerability. Demethylating agents (e.g., 5-azacytidine)
could reactivate SPINT2, inhibiting ERK/MAPK-driven
migration.

Metabolic rewiring in renal cell carcinoma also inter-
sects with immune evasion. Glutamine overexpression and
lipid efflux create immunosuppressive niches, rendering
KDMO6A- or PBRM 1-mutant tumors susceptible to glutam-
inase inhibitors, which, together with PD-1 blockade, rein-
vigorate CD8+ T cells [144,145]. The collagen modifier
P4HA1, overexpressed in ccRCC, correlates with immune
infiltration and checkpoint markers (e.g., PD-L1), nominat-
ing it as a candidate for immunotherapy-potentiating strate-
gies [146].

Collectively, epigenetic lesions (e.g., ARIDIA,
KDM6A, SPINT2) and metabolite-driven dysregulation
(L-2HG, histone lactylation) expose context-specific de-
pendencies across urological malignancies. Targeting these
nodes—via enzyme inhibitors, epigenetic modulators, or
immunometabolic ~ combinations—exploits  synthetic
lethality and may overcome resistance to conventional
therapies.

3.4 Challenges in Clinical Translation

Despite the promising efficacy of targeted therapies,
including HDAC and EZH2 inhibitors, against histone
modifications in basic research, their clinical translation
faces multiple challenges. Existing inhibitors, such as TSA
and SAHA, often target multiple classes of HDACs, which
may disrupt the epigenetic homeostasis of normal cells, re-
sulting in adverse effects like bone marrow suppression and
cardiotoxicity. The development of inhibitors for novel
modifications, such as lactylation, remains underexplored.
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It is crucial to prioritize the identification of highly specific
targets among writer or eraser enzymes, such as KAT2A
and HDACS3, to minimize off-target effects and improve
therapeutic specificity. Additionally, the immunosuppres-
sive microenvironment of urological cancers can poten-
tially weaken the effects of epigenetic therapies. For in-
stance, in bladder cancer, histone lactylation can promote
M2 macrophage polarization through PRKN-mediated mi-
tophagy. M2 macrophages then secrete IL-10 or TGF-£,
which may further suppress T-cell activity, establishing a
feedback cycle that contributes to treatment resistance. This
underscores the necessity for strategies that can alter the
cancer microenvironment to improve the effectiveness of
epigenetic therapies [60].

These challenges highlight the individualized and
comprehensive requirements of epigenetic therapies. In the
future, it will be necessary to employ more diverse epige-
netic research methods to uncover systematic and consis-
tent epigenetic patterns that can refine target research. It
will also be important to integrate various conditions and
explore drugs targeting the same or multiple histone modi-
fication targets across different patient scenarios. This ap-
proach addresses the variability in therapeutic efficacy due
to individual patient circumstances that affect the response
to epigenetic-related drugs.

3.5 Limitations

First, this study provides an overview of four histone
modification types that are relatively well-studied in the
context of urological cancers. Given the diverse types of
histone modifications, we focused on these four due to the
depth of current research. However, research on other mod-
ification types is equally important and should not be un-
derestimated. Second, many conclusions were drawn from
cell or animal models, as validations in large-scale clini-
cal cohorts are lacking. Finally, the analysis of interac-
tions between modifications often relies on indirect evi-
dence, requiring further validation through techniques such
as CRISPR screening or molecular dynamics simulations.

4. Conclusion

Histone post-translational modifications—lactylation,
acetylation, methylation, and phosphorylation—stand as
central epigenetic regulators in the pathogenesis and pro-
gression of urological cancers. This review synthesized
evidence demonstrating how these dynamic modifications
rewire oncogenic metabolism, silence tumor suppressors,
drive immune evasion, and fuel treatment resistance in
prostate, bladder, and renal cell carcinomas. The newly
discovered lactylation modification, driven by glycolytic
flux, exemplifies the critical intersection between cellular
metabolism and epigenetic reprogramming, particularly in
VHL-deficient renal cancers, where it amplifies PDGFRf
signaling. Acetylation imbalances, mediated by disrupted
HAT/HDAC activity, alter chromatin accessibility to pro-
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mote oncogene activation in prostate and bladder malignan-
cies. Methylation dynamics, governed by KMT/KDMs like
EZH2 and KDM6A, dictate spatial gene expression patterns
linked to metastasis and chemoresistance. Phosphorylation
cascades further modulate cell cycle progression and DNA
repair, with kinases like FAK integrating epigenetic and sig-
naling networks in renal carcinogenesis. Despite promising
therapeutic advances—including HDAC inhibitors in clin-
ical trials and the emergence of EZH2-targeting agents—
significant challenges hinder translation. These include off-
target effects of broad-spectrum epigenetic drugs, compen-
satory crosstalk between modifications, and the immuno-
suppressive tumor microenvironment.

Moving forward, integrating multi-omics approaches
to decode modification crosstalk, developing modification-
specific biomarkers for patient stratification, and designing
combinatorial regimens that couple epigenetic drugs with
immunotherapy or metabolic inhibitors will be essential di-
rections to investigate. Such efforts will transform our un-
derstanding of the metabolism-epigenetics nexus and pro-
pel targeted epigenetic interventions toward clinical reality
in urological oncology.
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