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Abstract: Melanoma, known for its aggressive nature and propensity for developing drug resistance,
remains a significant clinical challenge. The emergence of resistance to both targeted therapies (like
BRAF/MEK inhibitors) and immunotherapies is a major obstacle to achieving durable responses and
improving patient survival. HDACs, a class of epigenetic enzymes, modulate gene expression and
chromatin structure by removing acetyl groups from histone and non-histone proteins. In melanoma,
aberrant HDAC activity contributes to resistance through multiple mechanisms. HDACs influence
key oncogenic signaling pathways frequently dysregulated in melanoma, such as the MAPK,
PI3K/AKT, and WNT/B-catenin cascades. By altering the activity of these pathways, HDACs promote
the survival and proliferation of melanoma cells even in the presence of therapy. Beyond their direct
effects on tumor cells, HDACs also play a crucial role in shaping the tumor microenvironment. They
can suppress anti-tumor immune responses by reducing immune cell infiltration, modulating
cytokine production, and fostering an immunosuppressive milieu. This further contributes to
resistance to immunotherapies. Given the central role of HDACs in these resistance mechanisms,
HDAC inhibitors (HDACis) have emerged as potential therapeutic agents to restore drug sensitivity.
HDAC:s can induce cell death, inhibit proliferation, and enhance immune responses in melanoma
cells. Preclinical and clinical studies have explored the combination of HDACis with existing
therapies to overcome resistance. While promising, the clinical application of HDACis is
accompanied by challenges, including toxicity, the need for biomarkers to predict response, and the
optimization of combination strategies. Ongoing research is dedicated to developing more selective
and potent HDACis and to better understand how to effectively incorporate them into melanoma
treatment regimens. This review provides a comprehensive overview of the multifaceted ways in
which HDACs contribute to melanoma drug resistance and discusses the potential of HDAC-targeted
therapies to improve patient outcomes.
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1. Introduction

Melanoma, an aggressive and treatment-resistant form of skin cancer, continues to pose
significant challenges despite advancements in therapeutic strategies. As the deadliest form of skin
cancer, melanoma is highly metastatic and often exhibits resistance to conventional therapies,
resulting in poor prognosis and limited treatment options for advanced-stage patients. Conventional
chemotherapy, including agents such as dacarbazine, temozolomide, and platinum-based drugs,
often demonstrates limited efficacy due to intrinsic and acquired resistance mechanisms that
undermine treatment efficacy [1].

In recent years, the development of targeted therapies has revolutionized melanoma treatment.
The identification of driver mutations in genes such as BRAF (present in approximately 40-60% of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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melanomas), NRAS, and KIT has led to the development of molecularly targeted inhibitors that
specifically block oncogenic signaling pathways [2]. Among them, BRAF mutations are found in
approximately 50% of cutaneous melanomas, leading to constitutive activation of the mitogen-
activated protein kinase (MAPK) pathway. BRAF inhibitors (e.g., vemurafenib and dabrafenib) and
MEK inhibitors (e.g., trametinib and cobimetinib) have demonstrated significant clinical efficacy by
targeting the MAPK/ERK signaling pathway, resulting in improved progression-free survival in
patients with BRAF-mutant melanoma. However, these therapies are often plagued by the rapid
development of acquired resistance through compensatory activation of alternative pathways or
secondary mutations [3]. Parallel to targeted therapies, immunotherapy has emerged as a powerful
treatment modality for melanoma. Immune checkpoint inhibitors, particularly anti-PD-1 (e.g.,
pembrolizumab, nivolumab) and anti-CTLA-4 (e.g., ipilimumab) antibodies, have demonstrated
unprecedented success in enhancing antitumor immune responses and achieving durable responses
in a subset of patients [4]. Nevertheless, resistance to immunotherapy also remains a formidable
challenge, with many patients exhibiting primary or acquired resistance through mechanisms such
as impaired antigen presentation, alterations in immune cell composition within the tumor
microenvironment, and activation of immune-inhibitory pathways. Resistance mechanisms include
secondary mutations, activation of compensatory signaling pathways, and epigenetic modifications
[5]. Despite these advancements, therapeutic resistance remains a prevalent issue, necessitating the
exploration of novel targets and combination strategies to improve patient prognosis.

Epigenetic modifications control gene expression, at a transcriptional, post-transcriptional or
post-translational level, without altering the DNA nucleotides’ sequence. Epigenetic regulation plays
a crucial role in melanoma progression and drug resistance [6]. Histones facilitate the organisation of
DNA into nucleosomes and their acetylation status alters the formation of the chromatin structure.
The reversible acetylation and deacetylation are regulated by histone acetyltransferases (HATs) and
histone deacetylases (HDACs). Histone deacetylases (HDACs) are key epigenetic regulators that
modulate chromatin structure and gene expression by removing acetyl groups from histone and non-
histone proteins. These modifications alter the activation state of various intracellular networks,
including proliferation, differentiation, apoptosis, and immune evasion [7]. In melanoma,
dysregulated HDAC activity contributes to tumorigenesis, metastasis, and therapy resistance by
repressing tumor suppressor genes and promoting oncogenic signaling pathways [8].

Recent studies have highlighted the role of HDACs in drug-resistant melanoma [9-15]. HDACs
modulate key survival pathways such as the MAPK, PI3K/AKT, and WNT/B-catenin pathways,
contributing to resistance against targeted therapies and immune checkpoint inhibitors.
Additionally, HDACs regulate the tumor microenvironment by influencing immune cell infiltration,
cytokine production, and extracellular matrix remodeling.

Given their role in melanoma pathogenesis, HDAC inhibitors (HDACis) have been explored as
potential therapeutic agents. Several HDAC inhibitors, including vorinostat, romidepsin, and
panobinostat, have shown promise in preclinical and clinical studies [14]. These agents induce
apoptosis, inhibit tumor cell proliferation, and enhance the efficacy of existing therapies.
Combination strategies involving HDAC inhibitors and targeted or immunotherapies are being
actively investigated to overcome resistance and improve treatment outcomes.

This review provides a comprehensive overview of the role of HDACs in melanoma drug
resistance. We discuss their classification, function, and mechanistic involvement in resistance
pathways. Additionally, we explore current therapeutic strategies targeting HDACs and highlight
the challenges and future directions in the field. Understanding the epigenetic mechanisms
underlying melanoma drug resistance may pave the way for novel treatment approaches, ultimately
improving patient outcomes.
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2. HDAC Biology and Classification

2.1. Overview of HDAC Biology

The human genome is composed of DNA tightly coiled around histone proteins, forming
compact chromosomes within 23 pairs of chromosomes, which contain approximately 6.47 billion
base pairs and encode over 20,000 genes. If the DNA from a single human cell were stretched out, it
would be about 2 meters long, yet fits into a nucleus of only 6 um in diameter due to chromatin
packaging [16,17]. This chromatin adopts a "beads-on-a-string" structure, where histone proteins (H1,
H2A, H2B, H3, and H4) interact with DNA, forming nucleosomes that further coil into compact 30
nm chromatin fibers [16]. Histone tails, which are rich in positively charged lysine and arginine
residues, facilitate interactions with the negatively charged DNA backbone. These histone proteins
are vital for regulating DNA accessibility for transcription and replication.

Histone acetylation and deacetylation, processes mediated by histone acetyltransferases (HATSs)
and histone deacetylases (HDACs), play a critical role in controlling gene expression. HATs
neutralize the positive charge on histones, loosening chromatin structure and allowing RNA
polymerase II to access DNA and initiate gene transcription. In contrast, HDACs restore the positive
charge on histones, tightening chromatin and preventing RNA polymerase from accessing the DNA,
thereby repressing gene expression [18]. This dynamic regulation of chromatin structure is essential
for maintaining a balanced gene expression profile. Disruptions in HAT and HDAC activity can lead
to aberrant gene expression, chromatin instability, and the development of epigenetic diseases. As a
result, regulating the activity of HATs and HDACs is crucial for proper gene expression, and HDAC
inhibitors are being explored as potential therapeutic agents for cancer and other diseases associated
with chromatin misregulation.

2.2. HDAC Classification and Function

HDACs are a family of enzymes that remove acetyl groups from histone and non-histone
proteins, leading to chromatin condensation and transcriptional repression [19]. They are classified
into four classes (Table 1) with class I and II HDACs primarily responsible for the deacetylation of
lysine residues on the N-terminal tails of histones. HDACs interact with various partners through
specific domains to regulate their activity.

e ClassIHDACs (HDACI, 2, 3, 8): Class | HDACs predominantly interact with corepressors such
as SMRT (Silencing Mediator for Retinoid and Thyroid receptors) and N-CoR (Nuclear Receptor
Corepressor). These corepressors contain LXXLL motifs, which bind to the repression domains
of HDACs, forming complexes that facilitate gene silencing. The catalytic domain of HDAC1/2
interacts with these corepressors and with histone tails or non-histone proteins, leading to the
deacetylation of lysine residues and chromatin condensation, preventing transcription of critical
genes involved in cell cycle regulation, apoptosis, and DNA repair [20]. Predominantly nuclear,
involved in cell proliferation, survival, and differentiation. These HDACs play a key role in
tumorigenesis by repressing tumor suppressor genes and promoting oncogenic pathways [21].

e Class I HDACs (HDAC4, 5, 6, 7, 9, 10): Class II HDACs are involved in regulating cellular
processes by interacting with kinase signaling pathways and transcription factors [22]. For
instance, HDAC6 interacts with tubulin, a non-histone protein involved in microtubule
dynamics. HDAC4 and HDACS interact with MEF2 (Myocyte enhancer factor 2), a transcription
factor involved in muscle differentiation and apoptosis [23]. HDACS, in particular, regulates
microtubule stability and autophagy, influencing cancer cell survival [24]. The non-histone
deacetylase domains Class II HDACs allow them to interact with cytoskeletal proteins and
transcription factors, such as BCL6 (involved in B-cell activation), which is important in

lymphoid malignancies like lymphoma [25]. Their ability to shuttle between the nucleus and
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cytoplasm and their regulation of transcriptional complexes make them critical in cancer cell
migration, invasion, and metastasis.

e Class III HDACs (Sirtuins): NAD+-dependent catalytic domain of sirtuins regulate the
acetylation of both histone and non-histone proteins [26]. They also interact with coactivators
such as PGC-la, a transcriptional coactivator involved in mitochondrial biogenesis and
metabolic regulation, and FOXO, a transcription factor linked to stress resistance and longevity
[27]. In cancer, the dysregulation of Sirtuins contributes to altered cellular metabolism, resistance
to cell death, and tumor progression. SIRT1 and SIRT3 have been implicated in melanoma
progression and resistance to targeted therapies. SIRT1 deacetylates p53, a tumor suppressor
protein, altering its function in DNA damage response and apoptosis. SIRT1 also interacts with
NF-«B, a transcription factor associated with inflammation and cancer progression [28].

e  Class IVHDAC (HDAC11): Shares characteristics with both Class I and Il HDACs and influence
immune cell function, particularly by interacting with immune-specific transcription factors
such as NF-kB and STAT proteins [29]. It plays a role in modulating inflammatory responses
and cytokine signaling. Additionally, HDACI11’s regulation of T cell differentiation and
macrophage polarization can impact cancer progression, as immune cells influence tumor

growth and metastasis [30].

Table 1. HDAC Classification and summarizes the drug resistant mechanisms in melanoma.

HDAC HDAC Localization Role in Melanoma Key Characteristics
Classification  Isoform(s)
Class I HDAC1, Nucleus - HDAC1 and HDAC2 -p53 Activation: Resistance to
HDAC2, are overexpressed in chemotherapy due to p53
HDACS, melanoma cells, mutations or silencing.
HDACS promoting proliferation
and migration.
- HDAC3 promotes - MAPK Pathway Re-
epithelial-mesenchymal  activation: Re-activation of
transition (EMT) and MAPK signaling after
enhances melanoma cell BRAF/MEK inhibition.
migration, invasion, and
metastasis.
Class II HDAC4, Nucleus, - HDAC4 and HDAC5 - Drug Efflux Pumps:
HDACS, Cytoplasm mediate changes in gene Overexpression of P-
HDAC?, expression that promote glycoprotein and MRP1
HDAC9 the resistance of efflux pumps contributing to
melanoma cells to resistance to
apoptotic signals. chemotherapeutic drugs like
doxorubicin.
Class III  SIRT1, Nucleus, - SIRT1 is linked to - Immune Escape: Sirtuins
(Sirtuins) SIRT2, Cytoplasm, melanoma  progression contribute to immune evasion
SIRT3, Mitochondria  and resistance by by inhibiting T-cell activation

maintaining the stemness

and promoting melanoma cell
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SIRTS5, of melanoma cells, survival in immune-dense
SIRT6 promoting survival environments.

under stress, and

enhancing DNA repair

mechanisms.

Class IV HDAC11 Nucleus - HDACI1 is involved in - Metabolic Reprogramming;:
regulating cellular HDACI11 plays a role in
metabolism  and is regulating metabolic
implicated in melanoma pathways  that  provide
cells' adaptation to resistance to therapies
hypoxic conditions, targeting cellular metabolism.
which are prevalent in
the tumor
microenvironment.

Class I/Il Dual HDAC6 Nucleus, - HDAC6 regulates cell - EMT Induction: HDAC6

Cytoplasm motility and is crucial for promotes the expression of
the invasion and mesenchymal markers like N-
metastasis of melanoma cadherin and vimentin,
cells. contributing to the acquisition

of a drug-resistant phenotype.

Class I/Il Dual HDACI0 Nucleus, - HDACI10 is implicated - Cell Cycle Dysregulation:

Cytoplasm inmelanoma cell survival Inhibition of cell cycle

and resistance by
regulating both apoptotic
and cell cycle pathways.

checkpoints (via HDACI10)
contributes to resistance in
melanoma by promoting

unchecked proliferation.

3. Mechanistic Involvement of HDACs in Melanoma Drug Resistance

The mechanistic involvement of HDACs in melanoma drug resistance encompasses their ability
to modulate key oncogenic pathways, influence the tumor microenvironment, and alter the
expression of genes crucial for cell survival and therapeutic response (Figure 1).
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Figure 1. Mechanisms of HDAC-Mediated Drug Resistance in Melanoma.

3.1. Epigenetic Regulation of Drug Resistance Genes

Epigenetics (heritable non-structural changes in gene expression), is one of the major
mechanisms that pushes chemotherapy towards acquired resistance [6].

HDAC:s play a central role in the epigenetic regulation of gene expression by catalyzing the
removal of acetyl groups from histone tails, leading to chromatin compaction and transcriptional
repression. This activity can silence tumor suppressor genes and enhance the expression of
oncogenes, thereby contributing to melanoma development and resistance to various therapies [14].
Non-coding RNA (microRNAs) and DNA methylation processes, which are part of epigenetics, play
a role in the response of tumors to chemotherapy as well as acquired drug resistance [31,32].

One of the key mechanisms by which HDACs mediate drug resistance is through the repression
of pro-apoptotic genes. For example, HDAC1 and HDAC2 have been shown to downregulate the
expression of BIM, a pro-apoptotic protein that plays a crucial role in initiating cell death in response
to targeted therapies like BRAF and MEK inhibitors [33]. This downregulation of BIM reduces the
sensitivity of melanoma cells to these inhibitors, promoting their survival [34]. In addition to BIM,
HDACSs can also modulate the expression of other apoptosis-related genes, such as those in the
TRAIL/DR5 pathway, further contributing to the evasion of cell death [35]. Furthermore, HDACs
influence the expression of genes involved in DNA damage repair, such as BRCA1 and RAD51 [36].
By modulating the expression and activity of these repair genes, HDACs can enhance the ability of
melanoma cells to survive under therapeutic stress, such as that induced by chemotherapy or
radiation.

Beyond their effects on histone proteins, HDACs also regulate the acetylation status and activity
of various non-histone proteins, including transcription factors and signaling mediators. For instance,
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HDACS6 deacetylates HSP90, a chaperone protein that stabilizes several oncogenic client proteins,
including BRAF and AKT [37]. This deacetylation by HDAC6 can affect the stability and activity of
these proteins, influencing melanoma cell adaptation and resistance to targeted therapies [38].
Similarly, HDAC3 has been shown to interact with {3-catenin, a key effector of the WNT signaling
pathway, and modulate its transcriptional activity, thereby promoting immune evasion and reducing
the effectiveness of immune checkpoint inhibitors [39]. These examples illustrate the multifaceted
role of HDACs in epigenetic regulation and their impact on drug resistance in melanoma.

3.2. HDACs and Regulation of Drug Efflux Pumps

Drug efflux pumps, particularly ATP-binding cassette (ABC) transporters, play a significant role
in mediating drug resistance in melanoma and other cancers by actively transporting
chemotherapeutic agents out of the cells, thus reducing their intracellular concentration and
therapeutic efficacy.

P-glycoprotein (P-gp), also known as multidrug resistance protein 1 (MDR1) or ABCB, is a key
ABC transporter that confers resistance to a wide range of chemotherapeutic drugs. In melanoma,
HDACs have been implicated in the regulation of P-gp expression. Specifically, HDAC1 and HDAC2
can promote the transcription of P-gp by deacetylating transcription factors such as NF-xB and AP-
1, leading to their activation and increased binding to the MDRI promoter [40,41]. This increased P-
gp expression results in enhanced efflux of chemotherapeutic drugs like doxorubicin, cisplatin, and
taxanes, reducing their effectiveness [42].

In addition to P-gp, other ABC transporters, including multidrug resistance-associated proteins
(MRPs), such as MRP1 (ABCC1), MRP2 (ABCC2), and MRP5 (ABCCS5), also contribute to drug
resistance by effluxing various chemotherapeutic agents. HDACs, particularly HDAC2, have been
shown to regulate the expression of these MRPs as well [43]. Inhibition of HDAC activity, especially
using HDAC inhibitors, can downregulate the expression of these drug efflux pumps, thereby
increasing the intracellular accumulation of chemotherapeutic agents and restoring drug sensitivity
in melanoma cells.

3.3. HDACs and the Evasion of Apoptosis

Evasion of apoptosis, or programmed cell death, is a critical mechanism by which melanoma
cells develop resistance to therapy. HDACs play a pivotal role in regulating the expression and
activity of both pro-apoptotic and anti-apoptotic proteins, allowing melanoma cells to survive and
proliferate despite therapeutic intervention [1,43,44].

The tumor suppressor protein p53 is a key mediator of apoptosis in response to DNA damage
induced by chemotherapy and radiation [15]. Activation of p53 leads to the transcription of pro-
apoptotic genes, such as BAX and PUMA. However, HDACs, particularly HDAC1, HDAC2, and
HDACS, can deacetylate p53, thereby inhibiting its transcriptional activity and reducing its ability to
induce apoptosis [11,45]. This deacetylation of p53 impairs its binding to DNA and its ability to
activate the transcription of its target genes, contributing to the survival of melanoma cells in the
presence of DNA-damaging agents.

In addition to p53, HDACs regulate the expression and activity of other proteins involved in
apoptosis. For example, HDAC1 and HDACS3 can deacetylate and suppress the expression of p21, a
cyclin-dependent kinase inhibitor that can also function as a pro-apoptotic mediator [8]. Conversely,
HDAC s can upregulate the expression of anti-apoptotic proteins, such as Bcl-2 and Survivin [44].
These proteins inhibit mitochondrial outer membrane permeabilization, preventing the release of
pro-apoptotic factors like cytochrome ¢ and blocking the apoptotic cascade. By modulating the
balance between pro-apoptotic and anti-apoptotic factors, HDACs contribute to the ability of
melanoma cells to evade apoptosis and develop drug resistance.

3.4. HDACs and DNA Repair Mechanisms
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The ability of melanoma cells to efficiently repair DNA damage induced by chemotherapy and
radiation is a significant contributor to drug resistance. HDACs are involved in several DNA repair
pathways, and their dysregulation can enhance the capacity of melanoma cells to survive DNA-
damaging therapies.

Homologous recombination (HR) and non-homologous end joining (NHE]) are the two major
pathways that repair DNA double-strand breaks (DSBs), which are commonly induced by
chemotherapeutic agents like cisplatin and radiation. [46]. HDACs have been shown to interact with
key repair proteins involved in both HR and NHE]. For example, HDACs can deacetylate proteins
such as DNA-PKcs and Ku70/80, which are involved in NHE], and Rad51, which is crucial for HR,
thereby enhancing their activity and promoting efficient DNA repair [10,47,48]. This enhanced
DNA repair capacity enables melanoma cells to better tolerate and survive the DNA damage caused
by therapy.

Inhibition of HDAC activity can impair DNA repair mechanisms and sensitize melanoma cells
to chemotherapy and radiation [49,50]. HDACs also influence other DNA repair pathways, such as
base excision repair (BER), which repairs single-strand DNA breaks caused by alkylating agents and
oxidative stress [51]. HDACs can regulate the activity of proteins like Poly ADP-ribose polymerase
1 (PARP1), a key enzyme involved in DNA repair, by modulating its acetylation status [52]. Inhibition
of HDACs can lead to increased PARP1 activity and the accumulation of DNA damage, which can
sensitize melanoma cells to therapies that induce DNA damage.

3.5. HDACs and Epithelial-Mesenchymal Transition (EMT)-Mediated Drug Resistance

Epithelial-mesenchymal transition (EMT) is a cellular process by which epithelial cells lose their
cell-cell adhesion and polarity and acquire mesenchymal characteristics, including increased
motility, invasiveness, and resistance to apoptosis [53]. EMT plays a critical role in melanoma
metastasis and the development of drug resistance.

HDACs regulate the expression and activity of key transcription factors that drive EMT, such as
Snail, Slug, ZEB1, and Twist [54,55]. These transcription factors repress the expression of epithelial
markers like E-cadherin and promote the expression of mesenchymal markers, including N-cadherin,
vimentin, and fibronectin, leading to the acquisition of a more invasive and drug-resistant phenotype
[56]. HDACs can deacetylate these EMT-inducing transcription factors, enhancing their stability,
nuclear localization, and transcriptional activity, thereby promoting EMT and facilitating the
transition to a more drug-resistant, mesenchymal-like state [57]. Melanoma exhibits a remarkable
ability to undergo phenotypic switching, a process wherein melanoma cells transition between
different cellular states, including proliferative and invasive phenotypes [58]. A key transcription
factor involved in this process is ZEB1 (Zinc Finger E-box Binding Homeobox 1), which is a potent
inducer of epithelial-to-mesenchymal transition (EMT). ZEB1 represses the expression of epithelial
adhesion molecules, such as E-cadherin, and promotes the expression of mesenchymal markers,
including N-cadherin [59]. The upregulation of N-cadherin enhances cell-cell adhesion, contributing
to the invasiveness and metastatic potential of melanoma cells. Furthermore, ZEB1 activation is
tightly regulated by HDAC-mediated chromatin remodeling, which facilitates the transcriptional
repression of E-cadherin and other epithelial markers, supporting the mesenchymal phenotype. This
phenotypic switching not only enhances melanoma invasiveness but also confers resistance to
targeted therapies, complicating treatment outcomes [60]. The HDAC-driven regulation of ZEB1 and
N-cadherin expression represents a critical mechanism underlying melanoma drug resistance and
metastatic progression [61].

HDAC inhibitors have shown potential in reversing EMT in melanoma, restoring the expression
of epithelial markers, and reducing mesenchymal characteristics. This reversal of EMT can enhance
the sensitivity of melanoma cells to chemotherapy and targeted therapies by inhibiting the pathways
that mediate therapy resistance [62]. Targeting HDACs to reverse EMT represents a potential strategy
to reprogram melanoma cells and make them more susceptible to therapy.
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3.6. Role of HDACs in Tumor Microenvironment and Immune Evasion

The tumor microenvironment (TME), a complex milieu of cells, extracellular matrix, and
signaling molecules surrounding the tumor, plays a crucial role in melanoma progression and
therapy response. HDACs have emerged as key regulators of TME dynamics and immune evasion.

HDACs can promote angiogenesis, the formation of new blood vessels, by modulating the
expression of pro-angiogenic factors such as vascular endothelial growth factor (VEGF) [41].
Inhibition of HDACs can downregulate VEGF expression, impairing tumor vascularization and
limiting melanoma growth. Furthermore, HDACs influence the activity of cancer-associated
fibroblasts (CAFs), which contribute to tumor progression through extracellular matrix remodeling
and secretion of growth factors. HDACs can enhance the pro-tumorigenic properties of CAFs, further
supporting melanoma growth and metastasis [63].

HDAC:s also regulate the expression and activity of matrix metalloproteinases (MMPs), a family
of enzymes that degrade the extracellular matrix, facilitating melanoma cell invasion and metastasis
[64]. Beyond their effects on the TME, HDACs play a pivotal role in immune evasion, enabling
melanoma cells to escape immune surveillance. HDACs can suppress the expression of major
histocompatibility complex (MHC) molecules on melanoma cells, thereby reducing their recognition
and killing by cytotoxic T Iymphocytes [65]. Conversely, inhibition of HDACs has been linked to
increased MHC class I and II expression, enhancing the immune recognition of melanoma cells [66].
HDAC6-regulated adipokine leptin and resistin in melanoma which regulate FASN, Hsp90, Cav-1,
P-gp levels and reduces the therapeutic response [67].

Moreover, HDACs can upregulate the expression of immune checkpoint molecules, such as
programmed death-ligand 1 (PD-L1), on melanoma cells, contributing to immune evasion by
inhibiting T-cell activation and promoting T-cell exhaustion [68]. Preclinical studies suggest that
combining HDAC inhibitors with immune checkpoint blockade can produce synergistic effects in
restoring antitumor immunity [69]. HDACs also modulate the production of cytokines and
chemokines within the TME, shaping the immune landscape and influencing the recruitment and
activity of immune cells. For example, HDAC inhibition can enhance the secretion of pro-
inflammatory cytokines, fostering an immune-permissive environment [70]. Conversely, HDACs can
also support the recruitment and function of regulatory T cells (Tregs), which suppress antitumor
immune responses [71]. Targeting HDACs to reduce Treg-mediated immunosuppression represents
a potential strategy to improve immune responses against melanoma.

The emergence of resistance to immune checkpoint inhibitors, such as anti-PD-1 antibodies, is a
major clinical challenge in melanoma treatment [72]. HDACs have been implicated in contributing to
PD-1 resistance by modulating the TME and immune evasion mechanisms. As mentioned earlier,
HDACs can upregulate PD-L1 expression, suppress antigen presentation, and promote Treg
function, all of which can reduce the efficacy of anti-PD-1 therapies. The combination of HDAC
inhibitors with immune checkpoint blockade is being actively investigated as a strategy to overcome
resistance and enhance antitumor immunity [69].

3.7. HDAC and Cross-Talk Pathways Leading to Melanoma Drug Resistance

HDACs contribute to melanoma drug resistance by engaging in complex cross-talk with several
key signaling pathways that regulate tumor cell survival, proliferation, and immune evasion.

HDACs can modulate the activity of the MAPK and PI3K/AKT pathways, which are critical for
cell growth and survival, and their dysregulation is frequently observed in melanoma [15]. HDAC-
mediated deacetylation can influence the expression and activity of components of these pathways,
leading to resistance to targeted therapies such as BRAF and MEK inhibitors [73]. HDACs can also
influence the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway by
modulating cytokine signaling. Alterations in the JAK/STAT pathway can contribute to immune
evasion and resistance to immune checkpoint inhibitors. By affecting cytokine signaling, HDACs can
help tumor cells escape immune surveillance [37]. HDACs also regulate the WNT/p-catenin signaling
pathway, which plays a role in melanoma progression and immune evasion. HDACs can modulate
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[3-catenin expression and activity, and elevated levels of 3-catenin have been associated with reduced
T-cell infiltration into the tumor microenvironment, contributing to resistance to immune checkpoint
inhibitors [74,75].

The tumor microenvironment (TME) and hypoxia significantly contribute to melanoma's
aggressive nature and its resistance to various therapeutic strategies. Hypoxic conditions, prevalent
in rapidly growing melanomas due to insufficient and abnormal vasculature, activate hypoxia-
inducible factors (HIFs), particularly HIF-1a and HIF-2a [76,77]. These transcription factors drive the
expression of genes involved in angiogenesis, metabolic reprogramming, survival, and invasion,
enhancing tumor aggressiveness and therapy resistance. HDACs, especially Class I and II HDACs,
have been demonstrated to influence the hypoxia-driven transcriptional program by modulating the
acetylation status of HIFs and associated co-factors. [77,78]. For example, HDAC inhibitors have
been shown to reduce HIF-1a transcriptional activity, thereby impairing the expression of VEGF and
other pro-angiogenic factors essential for melanoma survival and resistance [79]. Moreover, the
TME’s cellular composition, including immune cells, fibroblasts, endothelial cells, and extracellular
matrix components, creates a pro-survival niche that can mitigate the efficacy of HDAC-targeted
therapies. HDACs regulate immune evasion mechanisms by modulating the expression of immune
checkpoint molecules and the recruitment of immunosuppressive cells like regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs) [80]. Hypoxia further exacerbates this
immunosuppressive landscape by promoting HDAC-mediated silencing of tumor-associated antigen
expression and cytokine production [63]. The cooperative influence of HDACs, hypoxia, and TME
remodeling in melanoma has profound implications for drug resistance. Hypoxia-induced HDAC
activation enhances the plasticity of melanoma cells and induces phenotypic plasticity and therapy
resistance in melanoma via the tyrosine kinase receptors ROR1 and ROR2 [81].

4. Therapeutic Implications of Targeting HDACs

HDACs have emerged as critical regulators of melanoma progression and therapeutic
resistance, making them compelling targets for drug development. HDACs influence key oncogenic
signaling pathways, such as MAPK, PI3K/AKT, and NF-«kB, which are frequently deregulated in
melanoma and contribute to tumor proliferation, survival, and immune evasion [82]. Given the
challenges of treatment resistance, targeting HDACs has shown promise in restoring drug sensitivity
and improving therapeutic outcomes.

Several HDAC inhibitors (HDACis), including vorinostat, panobinostat, and entinostat, have
demonstrated preclinical efficacy in sensitizing melanoma cells to conventional therapies such as
BRAF/MEK inhibitors, chemotherapy, and immunotherapy [12,13,47,68]. Clinically, HDAC
inhibitors are being evaluated as monotherapies and in combination strategies to enhance the
durability of treatment responses. Emerging studies suggest that HDAC inhibition can modulate
immune checkpoint expression, potentially enhancing the efficacy of immunotherapies like anti-PD-
1/PD-L1 and anti-CTLA-4 antibodies. Furthermore, HDACis have been shown to impact the tumor
microenvironment by reducing fibrosis, altering immune cell infiltration, and reversing resistance-
associated epigenetic changes.

Despite these promising effects, challenges such as toxicity, lack of isoform specificity, and
resistance to HDACis remain barriers to clinical translation [83]. Addressing these limitations
through the development of selective HDAC inhibitors, optimized dosing regimens, and biomarker-
driven patient selection strategies is critical for realizing their full therapeutic potential. As research
advances, HDAC-targeted therapies may play a pivotal role in improving patient prognosis by
overcoming drug resistance, enhancing treatment efficacy, and extending survival in melanoma
patients.

4.1. Targeting HDACs to Overcome Drug Resistance in Melanoma
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Histone deacetylase inhibitors (HDACis) play a crucial role in overcoming drug resistance in
melanoma by reversing the deacetylation of histones and non-histone proteins, thereby altering
chromatin structure and transcriptional activity (Table 2).

Vorinostat (SAHA), a pan-HDAC inhibitor targeting Class I, II, and IV HDACs, has been shown
to enhance drug efficacy by inhibiting drug efflux pumps and modulating the expression of genes
involved in cell survival and apoptosis [84]. It has also been shown to enhance the cytotoxic effects
of chemotherapy agents like dacarbazine by disrupting DNA repair mechanisms. However, the
clinical efficacy of vorinostat as a single agent in melanoma has been limited, partly due to its broad
spectrum of activity and associated toxicities [84,85]. Panobinostat, a potent pan-HDAC inhibitor, has
been explored in combination with BRAF inhibitors, but its clinical use has been limited by significant
toxicities. Panobinostat exhibits pro-apoptotic effects by acetylating p53 and Bax while
downregulating anti-apoptotic proteins such as Bcl-2 and Bcl-xL [86,87]. It also inhibits tumor growth
and metastasis by reversing EMT and has demonstrated synergy with BRAF inhibitors like
vemurafenib, improving therapeutic outcomes in BRAF-mutant melanoma [88].

Romidepsin, another pan-HDAC inhibitor, has demonstrated modest single-agent activity but
has shown more promise in combination with chemotherapy or immunotherapy. It can modulate the
expression of immune-related genes and enhance the anti-tumor immune response, potentially
overcoming resistance to immunotherapy [89]. It also upregulates p21, inducing cell cycle arrest, and
inhibits DNA repair proteins such as Ku70/80 and DNA-PKcs, rendering melanoma cells more
susceptible by oncogenic and immune pathways reprogramming [89,90]. Belinostat, primarily
targeting Class I and II HDACs, has been investigated in combination with dacarbazine, showing
some synergistic effects in preclinical models. It induces histone hyperacetylation, reactivating tumor
suppressor genes like p21 and p53, and inhibiting angiogenesis via downregulation of VEGF and
bFGF [91].

Valproic acid (VPA), a weaker HDAC inhibitor, also exhibits anti-melanoma effects by
modulating epigenetic modifications, promoting histone acetylation, and reactivating tumor
suppressor genes [15]. It sensitizes melanoma cells to chemotherapy by inhibiting drug efflux
transporters, reverses EMT, and enhances the effects of targeted therapies such as BRAF and MEK
inhibitors by modulating acetylation within the MAPK pathway [92]. Several novel HDAC inhibitors,
including entinostat (MS-275), tucidinostat, and trichostatin A (TSA), are being investigated for their
ability to overcome melanoma drug resistance [93-95]. Entinostat has shown promise in combination
with immune checkpoint inhibitors, potentiating anti-tumor immune responses and overcoming PD-
1 inhibitor resistance. Tucidinostat sensitizes melanoma cells to chemotherapy by modulating
apoptotic pathways and inhibiting DNA repair mechanisms, while TSA induces cell cycle arrest and
apoptosis in resistant melanoma cells. Recently Givinostat targets oncogenic BRAF in SK-MEL-28 and
A375 melanoma cells depending on p53 status [11]. Collectively, HDAC inhibitors represent a
promising therapeutic strategy to counteract drug resistance in melanoma by targeting multiple
resistance mechanisms, including drug efflux, apoptosis evasion, EMT, and impaired DNA repair.

Resistance to BRAF and MEK inhibitors often limits their effectiveness in mlenaoma. Combining
HDAC inhibitors with these targeted therapies are well tolerated and has shown promising [96]. For
instance, panobinostat, a pan-HDAC inhibitor, synergizes with vemurafenib, a BRAF inhibitor, by
inhibiting epithelial-mesenchymal transition (EMT) and reducing tumor invasion [86]. Similarly,
vorinostat enhances the effects of BRAF and MEK inhibitors by modulating key proteins in the
MAPK pathway, improving therapeutic outcomes [84,96].

Immune checkpoint inhibitors, such as anti-PD-1 and anti-CTLA-4, are central to melanoma
treatment, but many patients develop resistance. HDAC inhibitors, like entinostat, have been shown
to enhance the effectiveness of anti-PD-1 therapy by modulating the tumor microenvironment and
increasing T-cell infiltration [93,97]. Additionally, romidepsin has demonstrated the ability to
augment anti-tumor immunity by increasing tumor immunogenicity and activating CD8+ T cells [89].
Romidepsin also shown to enhances the effects of mTOR inhibitors and promoting apoptosis in
resistant melanoma cells [90]. Similarly, a combination of a JNK inhibitor with temozolomide showed
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a synergistic effect by interfering both with the tumor cells and the tumor microenvironment [63].
Recently HDACI, along with extra-terminal domain protein (BET) inhibitor mivebresib, showed a
reversal of gene signatures that are linked to increased metastatic risk in melanoma [98]. VPA also
shown the potential to serve chemosensitizer and radiosensitizer by DNA Double-strand Breaks for
Boronophenylalanine-mediated neutron capture therapy in melanoma cells [13,99-101]. Combining
HDAC inhibitors with other epigenetic modulators, such as DNA methyltransferase inhibitors, has
shown potential in overcoming resistance. Entinostat in combination with decitabine (a DNA
methyltransferase inhibitor) has been found to reactivate silenced tumor suppressor genes and
enhance treatment sensitivity in melanoma [93]. Clinical trials evaluating these isoform-selective
HDAC inhibitors, both as single agents and in combination, are ongoing and hold promise for

improving melanoma treatment outcomes.

Table 2. Summary of different HDAC inhibitors, their anticancer mechanisms in melanoma.

HDAC Class Mechanism of Action Combination Clinical Outcome
Inhibitor Specificity Therapy
Vorinostat Pan- Inhibits HDACs, leadingto BRAF/MEK Variable efficacy; Overcomes
(SAHA) HDAGI the accumulation of inhibitors; resistance in some cases but
acetylated histones and Chemotherapy  significant toxicities
non-histone proteins. observed.
Induces cell cycle arrest,
apoptosis, and
differentiation.
Romidepsin  Class I Potent inhibitor of Class I Chemotherapy; = Modest single-agent activity;
selective HDACs. Alters the Immunotherapy Synergistic effects in
expression  of  genes combination, but toxicity
involved in cell survival remains a concern.
and apoptosis.
Belinostat Pan- Inhibits Class I and II Dacarbazine; Limited efficacy as
HDACi HDACs. Modulates the PD-1inhibitors = monotherapy; Potential to
expression of oncogenes enhance immunotherapy
and tumor suppressor response.
genes.
Panobinostat Pan- Non-selective inhibitor of BRAF inhibitors; Significant toxicities; Efficacy
HDAG Class I, II, and Il HDACs. Bortezomib in overcoming resistance is
Disrupts multiple limited by adverse effects.
signaling pathways.
Entinostat Class I Selective inhibitor —of BRAF/MEK Promising preclinical results;
selective HDAC1 and HDACS. inhibitors; Clinical trials show potential
Restores the expression of Immunotherapy to enhance targeted therapy
tumor suppressor genes. and immunotherapy.
Givinostat Class II Inhibits HDAC6 and Chemotherapy; Preclinical efficacy in
selective HDACS8.  Affects cell Targeted reducing metastasis; Clinical
motility, invasion, and therapy trials ongoing.

immune modulation.

4.2. Combination Therapies with HDAC Inhibitors
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Given the complex mechanisms of drug resistance in melanoma, combination therapies
involving HDAC inhibitors have emerged as a promising strategy to enhance treatment efficacy and
overcome resistance. HDAC inhibitors can synergize with targeted therapies, chemotherapy, and
immunotherapy by modulating various cellular processes and signaling pathways.

4.2.1. HDAC Inhibitors and Targeted Therapies

The combination of HDAC inhibitors with BRAF and MEK inhibitors has shown potential in
overcoming resistance to targeted therapies in melanoma. HDAC inhibitors can restore the
expression of tumor suppressor genes and modulate signaling pathways that contribute to resistance,
such as the PI3K/AKT pathway. Preclinical studies have demonstrated that HDAC inhibitors can
enhance the anti-proliferative and pro-apoptotic effects of BRAF and MEK inhibitors in melanoma
cells [102]. Clinical trials evaluating these combinations have shown mixed results, with some studies
reporting improved progression-free survival but also increased toxicities. For instance,
panobinostat, a pan-HDAC inhibitor, synergizes with vemurafenib, a BRAF inhibitor, by inhibiting
epithelial-mesenchymal transition (EMT) and reducing tumor invasion [103]. Similarly, vorinostat
enhances the effects of BRAF and MEK inhibitors by modulating key proteins in the MAPK pathway,
improving therapeutic outcomes [84]. Further optimization of dosing regimens and patient selection
strategies is needed to maximize the therapeutic benefit of these combinations.

4.2.2. HDAC Inhibitors and Immunotherapy

The combination of HDAC inhibitors with immunotherapy, particularly immune checkpoint
inhibitors, represents a promising approach to enhance anti-tumor immune responses and overcome
resistance to immunotherapy [68]. HDAC inhibitors can modulate the expression of immune
checkpoint molecules, such as PD-L1, and enhance the infiltration and activity of anti-tumor immune
cells [70]. Preclinical studies have shown that HDAC inhibitors can synergize with immune
checkpoint inhibitors to promote tumor regression and prolong survival in melanoma models [72].
Clinical trials evaluating these combinations are ongoing and have shown some encouraging results,
with increased response rates and improved progression-free survival observed in some patients [93].
For example, entinostat has shown promise in combination with immune checkpoint inhibitors,
potentiating anti-tumor immune responses and overcoming PD-1 inhibitor resistance [59,63].
However, the optimal timing, dosing, and sequencing of these combinations need to be further
investigated to maximize their efficacy and minimize toxicity.

4.2.3. HDAC Inhibitors and Chemotherapy

HDAC inhibitors have also been explored in combination with conventional chemotherapy
agents to enhance their cytotoxic effects and overcome resistance. HDAC inhibitors can modulate
DNA repair mechanisms, cell cycle regulation, and apoptosis pathways, thereby increasing the
sensitivity of melanoma cells to chemotherapy. Preclinical studies have demonstrated synergistic
effects between HDAC inhibitors and chemotherapy agents such as dacarbazine and temozolomide
[104]. Clinical trials evaluating these combinations have shown limited success, with significant
toxicities and only modest improvements in efficacy observed in some studies. Further research is
needed to identify the most effective chemotherapy agents and dosing regimens for combination with
HDAC inhibitors in melanoma treatment.

4.3. Preclinical and Clinical Trial Outcomes of HDAC Inhibitors in Melanoma

Preclinical studies have demonstrated that HDAC inhibition can enhance drug sensitivity,
suppress tumor progression, and modulate immune responses.
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4.3.1. HDAC Inhibitors as Potential Adjuncts to Existing Melanoma Therapies

One of the primary mechanisms of resistance to BRAF inhibitors (vemurafenib, dabrafenib) and
MEK inhibitors (trametinib, cobimetinib) is the reactivation of the MAPK signaling cascade through
alternative pathways. HDAC inhibitors, particularly panobinostat and vorinostat, have been shown
to prevent this reactivation by modulating chromatin accessibility and repressing compensatory
signaling pathways [96]. In BRAF-mutant melanoma cell lines, HDAC inhibition led to the
downregulation of EMT markers, restoration of E-cadherin expression, and reduced tumor cell
invasiveness, all of which contribute to enhanced sensitivity to targeted therapy [58].

HDAC inhibitors have also demonstrated immunomodulatory effects by reprogramming the
tumor microenvironment (TME) and restoring antigen presentation. In melanoma models, entinostat
(HDAC1/HDACS3 inhibitor) and romidepsin (HDAC1/HDAC?2 inhibitor) have been shown to
upregulate MHC class I and II molecules, thereby enhancing melanoma antigen presentation to
cytotoxic T cells [66,93]. Additionally, HDAC inhibition reduces regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs), which are known to promote an immunosuppressive
microenvironment [71,80]. These findings provide a compelling rationale for combining HDAC
inhibitors with ICIs to overcome primary or acquired resistance to PD-1/PD-L1 blockade.

Melanoma cells frequently exhibit enhanced DNA damage repair capacity, contributing to
resistance against chemotherapy and radiation [105]. HDAC inhibitors, particularly vorinostat and
valproic acid, impair homologous recombination repair by downregulating RAD51 and BRCALI,
thereby increasing tumor vulnerability to DNA-damaging agents. Furthermore, HDAC inhibition
downregulates ATP-binding cassette (ABC) transporters such as P-glycoprotein (P-gp) and MRP1,
reducing drug efflux and enhancing intracellular accumulation of chemotherapeutics like
dacarbazine and temozolomide [106].

4.3.2. Clinical Trials: Evaluating HDAC Inhibitors in Melanoma Therapy

Despite encouraging preclinical data, clinical trials of HDAC inhibitors in melanoma have faced
challenges related to toxicity, limited efficacy as monotherapy, and patient selection.

A phase II trial of vorinostat (NCT00121225) in metastatic melanoma found that while some
patients exhibited stable disease, the overall response rate (ORR) was less than 10% [85]. The primary
limitations were hematologic toxicity (thrombocytopenia), fatigue, and gastrointestinal side effects,
highlighting the challenges of HDAC inhibition as a standalone therapy.

Given their ability to suppress MAPK pathway reactivation, HDAC inhibitors have been tested
in combination with BRAF and MEK inhibitors. In a phase I trial (NCT02032810) evaluating
panobinostat + vemurafenib, the combination showed improved disease control rates compared to
vemurafenib alone [86]. However, dose-limiting toxicities, including QT prolongation and
myelosuppression, required careful dose adjustments, underscoring the need for isoform-selective
HDAC inhibitors with improved safety profiles [9].

Immune checkpoint inhibitors (ICIs) have revolutionized melanoma treatment, but many
patients develop resistance. The PEMDAC phase II trial (NCT02697630) evaluated entinostat in
combination with pembrolizumab (anti-PD-1) in patients with ICI-resistant melanoma [93,107]. The
study found that HDAC inhibition restored sensitivity to PD-1 blockade in a subset of patients,
leading to prolonged responses. However, the trial also reported immune-related adverse events
(irAEs), including colitis and hepatitis, raising concerns about unintended immune modulation.

Similarly, a phase I/Il trial (NCT03024437) testing romidepsin + nivolumab (anti-PD-1)
demonstrated increased tumor T-cell infiltration, although the clinical responses remained modest
[108]. These findings highlight the potential for HDAC inhibition to reprogram the TME in favor of
anti-tumor immunity, but also emphasize the need for better biomarkers to identify patients most
likely to benefit from this approach.
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5. Challenges and Risks

Despite the therapeutic potential of HDAC inhibitors in melanoma, several challenges remain
that need to be addressed to improve their clinical efficacy and safety.

5.1. Pleiotropic Effects and Dose-Limiting Toxicity

HDAC inhibitors affect multiple cellular processes beyond tumor suppression, leading to
systemic toxicity. Common adverse effects include myelosuppression, gastrointestinal distress,
neurotoxicity (cognitive impairment, mood changes), and cardiac toxicity (QT prolongation). These
toxicities have limited the maximum tolerated dose (MTD) in clinical trials, reducing their therapeutic
window.

5.2. Lack of Isoform Selectivity and Off-Target Effects

Many first-generation HDAC inhibitors target multiple HDAC isoforms, resulting in
widespread epigenetic alterations. To mitigate this issue, isoform-selective HDAC inhibitors (e.g.,
HDAC®6-selective drugs) are being developed to improve safety while maintaining anti-tumor
efficacy.

5.3. Resistance Mechanisms and Tumor Adaptation

HDAC inhibition can induce compensatory activation of alternative survival pathways, such as
JAK/STAT, NF-«xB, and WNT/B-catenin signaling, allowing melanoma cells to evade therapy. To
address this, researchers are investigating dual epigenetic targeting strategies, such as combining
HDAC inhibitors with DNA methyltransferase (DNMT) inhibitors or BET inhibitors, to prevent
adaptive resistance.

5.4. Immune Modulation: A Double-Edged Sword

While HDAC inhibitors can enhance immune responses by increasing tumor immunogenicity,
they can also suppress innate immune function by altering cytokine secretion or promoting Treg-
mediated immunosuppression. This underscores the need for careful dose optimization and
biomarker-driven patient selection to maximize therapeutic benefit while minimizing unintended
immune dysregulation.

6. Future Directions

A key unresolved question is the precise contribution of individual HDAC isoforms to drug
resistance in melanoma. While HDAC1, HDAC2, and HDAC6 have been implicated in resistance
mechanisms, the roles of other HDAC family members remain poorly understood. Investigating the
isoform-specific functions of HDACs could help refine therapeutic targeting strategies and minimize
adverse effects. Additionally, the mechanisms by which melanoma cells adapt to prolonged HDAC
inhibition require further exploration. Evidence suggests that epigenetic plasticity enables melanoma
cells to bypass HDACi-induced cytotoxicity, but the specific molecular pathways involved are not
well-defined. Understanding these compensatory mechanisms could guide the development of
combination therapies to prevent or overcome resistance.

Future research should also focus on the potential of HDACis to enhance the efficacy of
immunotherapy. While preclinical studies suggest that HDACis can modulate immune checkpoint
expression and promote T-cell infiltration, clinical trials assessing their synergistic effects with
immune checkpoint inhibitors are still limited. Identifying biomarkers that predict response to
HDACis in combination with immunotherapies could facilitate patient stratification and improve
clinical outcomes. Another promising avenue for future investigation is the interplay between
HDACs and non-coding RNAs, such as microRNAs and long non-coding RNAs, which are


https://doi.org/10.20944/preprints202504.0662.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 April 2025 d0i:10.20944/preprints202504.0662.v1

16 of 23

increasingly recognized as key regulators of drug resistance. Deciphering these epigenetic networks
could reveal novel therapeutic targets and biomarkers for melanoma treatment.

Lastly, the development of reliable epigenetic biomarkers to predict response to HDAC-targeted
therapies remains an unmet need. Given the complexity of epigenetic regulation, integrating multi-
omics approaches, such as transcriptomics, chromatin accessibility profiling, and proteomics, could
provide a comprehensive understanding of HDAC-driven resistance mechanisms. Advances in
single-cell epigenomics may also help identify subpopulations of melanoma cells that are particularly
susceptible to HDAC inhibition, paving the way for personalized treatment strategies. Addressing
these challenges will be crucial for maximizing the therapeutic potential of HDACis in overcoming
drug resistance in melanoma.

7. Conclusions

While HDAC inhibitors (HDACis) hold significant promise for overcoming drug resistance in
melanoma, several challenges must be addressed to realize their full therapeutic potential. One
major obstacle is the toxicity associated with HDACis, which can hinder their clinical application.
The non-selective nature of some HDAC inhibitors can lead to off-target effects, impacting healthy
tissues and causing adverse side effects. Additionally, the transient effects of HDACis pose a
challenge to their long-term effectiveness in melanoma treatment.

Future research should prioritize the development of isoform-selective HDAC inhibitors. These
selective inhibitors aim to minimize off-target effects, reducing toxicity and improving the safety
profile of HDAC inhibitors. Identifying predictive biomarkers is another crucial area of focus.
Biomarkers can aid in patient stratification, enabling clinicians to personalize treatment strategies
and accurately predict which patients are most likely to respond to HDAC inhibitor therapy.

Furthermore, exploring novel combination therapies is essential. Combining HDAC inhibitors
with other epigenetic modulators or immune-modulating agents may enhance therapeutic efficacy
by simultaneously targeting multiple resistance mechanisms. Finally, a deeper understanding of the
resistance mechanisms that melanoma cells develop against HDAC inhibitors is critical. Elucidating
these mechanisms will facilitate the development of more effective combination approaches and
optimize the integration of HDAC inhibitors into melanoma treatment regimens.
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