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Abstract: Malignant melanoma is one of the representative skin cancers with unfavorable clinical
behavior. Immunotherapy is currently used for the treatment, and it dramatically improves clinical
outcomes in patients with advanced malignant melanoma. On the other hand, not all these patients
can obtain therapeutic efficacy. To overcome this limitation of current immunotherapy, epigenetic
modification is a highlighted issue for clinicians. Epigenetic modification is involved in various
physiological and pathological conditions in the skin. Recent studies identified that skin cancer,
especially malignant melanoma, has advantages in tumor development, indicating that epigenetic
manipulation for regulation of gene expression in the tumor can be expected to result in additional
therapeutic efficacy during immunotherapy. In this review, we focus on the detailed molecular
mechanism of epigenetic modification in immunotherapy, especially anti-PD-1/PD-L1 antibody
treatment for malignant melanoma.
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1. Introduction

The skin has a complex three-dimensional structure containing various component
cells and is an organ located in the outmost layer of the human body. The skin is exposed
to various influences from environmental alterations and stimuli, such as temperature,
chemicals, microorganisms, and medications [1–10]. Indeed, representative inflammatory
skin diseases such as psoriasis and atopic dermatitis are significantly influenced by various
environmental factors [11–15]. Because of its characteristics as an outer organ, the skin
is developed to tolerate, and is specialized to adapt to, these environmental changes [16].
As one of the explanations of this flexibility to these environmental factors, the epigenetic
alteration mechanism in the skin is well established.

Recent advancements in the knowledge gained from research demonstrate the im-
portance of epigenetic modification in the pathogenetic role of skin cancers [17–19]. The
tumor obtains advantages in development via epigenetic modification. In addition, these
epigenetic changes in the tumor drive the escape phenomenon in anti-tumor immune
responses [20,21]. However, there are a limited number of studies regarding the de-
tailed molecular mechanisms of epigenetic changes in both host immunity and malignant
melanoma.

Immunotherapy is currently developed for various tumors, and PD-1/PD-L1 targeted
therapy is especially widely used for advanced or metastatic malignancies, showing a high
therapeutic efficacy [22–24]. PD-1 is expressed on the surface of T cells following activation
and negatively regulates inflammation in infections and cancer [25,26]. T-cell proliferation,
cytokine production, and cytolytic activity are inhibited following PD-L1 binding to PD-1,
leading to functional inactivation of T cells [27]. The current problem is that not all patients
with malignant melanoma can obtain therapeutic efficacy [28,29]; therefore, it is desirable
to develop some additional therapeutic options for the enhancement of the efficacy of
immunotherapy.
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The aim of this study is to explore the future therapeutic candidate options for epige-
netic modifiers for combination with immunotherapy in malignant melanoma. To cover
the unknown mechanism underlying epigenetic changes in malignant melanoma, we also
explored the epigenetic changes in other tumors, to obtain a better understanding of the
epigenetic influence in PD-1/PD-L1-targeted immunotherapy.

2. Epigenetic Modification

The majority of DNA sequencing information does not change throughout life; how-
ever, the manipulation of gene expression is possibly mediated by the chemical modification
of DNA itself or by DNA-binding proteins such as histone [30–35] (Figure 1A). This epi-
genetic modification can alter the function of the skin, and it is possible for the skin to
adapt to these environmental changes [16,36]. In addition, epigenetic modification in the
skin influences various inflammatory skin diseases and cancers [37–40]. For these reasons,
the skin is recognized as one of the organs most influenced by the environments outside
the human body. In this section, we introduce representative epigenetic modifications
associated with immunotherapy against melanoma, to obtain a better understanding of
the detailed molecular mechanisms of epigenetic-modification-targeted therapy, which is
discussed in the following section.
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Figure 1. Epigenetic histone modification (A) Histone modification. DNA binds to histone for gene
repression, while the weak connection of DNA and histone activates gene transcription. (B) Histone
binds to DNA via voltage connection, which is canceled by HAT-mediated histone acetylation. HDAC
cancels the histone acetylation, leading to gene repression.

2.1. DNA Methylation

The CqG island is often influenced by DNA methylation because this site enriches
DNA regions with a cytosine nucleotide followed by a guanine nucleotide in a linear
sequence from a 5′ to 3′ direction. CqG islands are often observed in gene promoter sites.
DNA methylation basically silences targeted gene expression.

2.2. Histone Methylation

Histone methylation primarily targets histone H3 lysine residue and induces both
activation and suppression of gene transcription. Histone methyltransferase enhances the
methylation of histone, while histone demethylase cancels the methylation of histone.

2.3. Histone Acetylation

Histone acetylation targets the lysine residue of histone. DNA and histone bind to
each other via a voltage charge connection, and histone acetylation reduces the positive
charge in histone, resulting in a weakening of the voltage connection with DNA, leading
to the activation of gene transcription. Histone acetyltransferase (HAT) accelerates his-
tone acetylation, leading to the enhancement of gene transcription. In contrast, histone
deacetylase (HDAC) suppresses the acetylation of histone and represses gene transcription
(Figure 1B).



Int. J. Mol. Sci. 2022, 23, 1119 3 of 16

2.4. Histone Ubiquitination

Ubiquitination targets histone H2A and H2B, alters the chromatin structure, and
enhances the access of other enzymes involved in gene transcription. This epigenetic
modification occurs in both gene transcriptional activation and repression.

3. The Characteristics of Malignant Melanoma

Malignant melanoma is recognized as one of the most lethal skin cancers, derived
from the malignant transformation of melanocytes [41]. Melanoma is commonly observed
in the skin and rarely recognized in pigment-producing cells located in other sites, such
as the gastrointestinal tract, eye, and genitals [42–44]. Although the incidence rate is
different in each country, the incidence of malignant melanoma is gradually increasing
across the world [45,46]. Ultraviolet light exposure is one of the risk factors for malignant
melanoma. UV radiation dysregulates the tumor suppressor gene p53, which contributes
to the apoptosis of tumor cells [47].

Therefore, malignant melanoma is a representative highlighted skin cancer for clini-
cians to study with respect to the pathogenesis and therapeutic strategy. The therapeutic
strategy is based on the clinical stages according to the TNM classification [48].

In the past, the traditional therapeutic option dacarbazine was used for the treat-
ment of advanced-stage malignant melanoma; however, its efficacy could not achieve a
satisfactory level with respect to clinical outcomes [49]. However, this undesirable situa-
tion completely changed with the development of anti-PD-1/PD-L1 antibody treatment.
Anti-PD-1 antibody treatment dramatically improved the prognosis for advanced malig-
nant melanoma [50–52]. In addition, BRAF inhibitor plus MEK inhibitor combination
therapy is also available for malignant melanoma patients with positive BRAF mutation
(BRAFV600E/K mutation) [53,54]. Several gene mutations are known to be associated with
malignant melanoma [55]. One of the representative mutations is the BRAF gene, which is
involved in cell growth and apoptosis mediated by the mitogen-activated protein kinase
(MAPK) activation [56]. The BRAF V600 mutation is observed in approximately 50% of
malignant melanomas [57].

PD-1 is a type I transmembrane glycoprotein. The PD-1 cytoplasmic domain induces
negative cellular signals through its immunoreceptor tyrosine-based inhibitory motif (ITIM)
and immunoreceptor tyrosine-based switch motif (ITSM) [58]. PD-1-deficient mice devel-
oped lupus-like glomerulonephritis [59]. Furthermore, anti-PD-1 antibody administration
leads to autoimmune adverse events such as thyroiditis [60]. Therefore, PD-1 prevents
excessive immune reactions.

Currently, PD-1 and CTLA-4 are the therapeutic targets against malignant melanoma,
and anti-PD-1 antibody (nivolumab) and anti-CTLA-4 antibody (ipilimumab) are currently
used as single-agent or combination therapies for advanced or recurrent cases, as well as
adjuvant therapy after surgery. The overall one-year survival rate was better in patients
treated with nivolumab (72.9%) than in those treated with dacarbazine (42.1%) [49]. Recent
studies revealed that the efficacy of immunotherapy seems to depend on the clinical
subtypes of malignant melanoma. Acral melanoma, especially, showed a lower efficacy of
immunotherapy [61]. One of the reasons is that acral melanoma exhibits a lower mutation
burden, possibly leading to lower recognition of the antigen by host immune cells [62].
Since all cases could not obtain therapeutic efficacy using these immunotherapies [28,29],
an additional therapeutic combination option with immunotherapy is currently desired for
the treatment of malignant melanoma.

4. Epigenetic Modification and Potent Therapeutic Efficacy of the Combination with
Anti-PD-1/PD-L1 Antibody Treatment

In this section, we summarize the detailed molecular mechanisms of epigenetic modifi-
cation to clarify the possible beneficial impact on enhancing the efficacy of immunotherapy.
In addition, therapeutic outcomes of the combination therapy with anti-PD-1/PD-L1 anti-
body treatment are also discussed.
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5. HDAC Inhibitor Plus Anti-PD-1 Antibody Improves Survival

HDAC inhibitors have the potential to enhance anti-tumor immune reactions. Type I
HDAC inhibitors such as panobinostat, entinostat, and mocetinostat can enhance PD-L1
expression in melanoma both in vivo and in vitro. HDAC inhibitors show a synergy effect
with anti-PD-1 antibody treatment, giving an improved survival rate in a melanoma mouse
experiment [63]. In other tumors, the combination treatment of entinostat and anti-PD-1
antibody also improved survival in both a breast cancer mouse model and a metastatic
pancreatic cancer mouse model [64], suggesting that these combination therapies might be
useful for the treatment of various malignancies.

The efficacy of immunotherapy against persistent skin melanoma or uveal melanoma is
enhanced by HDAC inhibitor [65]. Entinostat upregulates HLA expression and PD-L1 in the
tumor [65]. A melanoma mouse model bearing B16-F10 melanoma cells treated with PD-1
showed a moderate therapeutic efficacy, which could be upregulated by entinostat [65].

A phase 2 clinical trial was conducted to clarify the efficacy of entinostat combined
with pembrolizumab in patients with metastatic uveal melanoma [66]. The objective
response rate was obtained in 14% of patients with metastatic uveal melanoma [66]. The
median progression-free survival was 2.1 months, and the median overall survival was
13.4 months [66]. Therefore, the combination therapy with HDAC inhibition and anti-
PD1 immunotherapy is expected to obtain better therapeutic outcomes in patients with
metastatic uveal melanoma [66].

In contrast, other malignancies did not show the same therapeutic benefit with the
combination of HDAC inhibitor and anti-PD-1 antibody treatment. In a murine hepato-
cellular carcinoma model, an HDAC inhibitor, belinostat, activated the antitumor action
against hepatocellular carcinoma in combination with anti-CTLA-4, while anti-PD-1 ther-
apy could not obtain enough additive effect of the HDAC inhibitor against hepatocellular
carcinoma [67]. Another HDAC inhibitor, CG-745, showed a synergy effect with anti-PD-1
antibody treatment [68]. Therefore, the therapeutic effect might depend on the affinity of
the HDAC inhibitor under the tumor-specific microenvironment. The actual impact of the
HDAC inhibitor with anti-PD-1 antibody treatment is required to be verified by further
clinical trials.

6. HDAC Inhibitor Plus Anti-PD-1 Antibody Enhances Cytotoxic Reaction

Cytotoxic immune action is a representative anti-tumor immune response mediated
by CD8+ cells and NK cells. The combination therapy of entinostat and anti-PD-1 antibody
activates the functioning of cytotoxic CD8+ effector T cells to decrease tumor size [64].
Vorinostat or entinostat also enhances NK-cell-mediated tumor cell lysis [69]. A histone
deacetylase inhibitor, CG-745, also upregulates the anti-tumor action of anti-PD-1 anti-
body [68]. CG-745 activates IFN-γ expression, and cytotoxic T cell and NK cell prolifera-
tion [68]. CG-745 also impairs Treg proliferation and M2 macrophage polarization [68]. An
HDAC inhibitor treatment with chidamide alone enhances cytotoxic immune cell reaction
in triple-negative breast cancer [70].

HDAC inhibitor reactivates exhausted T cells via the alteration of the epigenetic
modification. A diethylenetriamine–vorinostat encapsulated siRNA-PD-L1 drug delivery
system was developed [71], and the vorinostat-loaded vesicle exhibited a high efficacy in
inducing a cytotoxic reaction and apoptosis in the tumor cells in vivo [71].

Granzyme B is reversible with respect to the anti-tumor cytotoxic effect exerted by
HDAC inhibitors [72]. Granzyme B is a serine protease that initiates cell apoptosis mediated
by activation of various caspases such as caspases 3 and 7, leading to DNA disruption [73].
Therefore, these cytotoxic molecules are essential for the anti-tumor immune response to
cancers [74,75] and are expected to be manipulated by the treatment with HDAC inhibitors.

7. HDAC Inhibitor Enhances PD-L1 Expression in Tumors

HDAC inhibitor activates PD-L1 expression in tumor cells both in vitro and in vivo [69].
These findings suggest that the HDAC inhibitor might obtain anti-tumor efficacy in com-



Int. J. Mol. Sci. 2022, 23, 1119 5 of 16

bination with PD-L1 inhibitor treatment. HDAC inhibitor also enhances other tumors’
PD-L1 expression. Chidamide upregulates the expression level of PD-L1 in cancer cells of
triple-negative breast cancer, contributing to T-cell recognition and PD-1/PD-L1 blockade
therapy response [70].

As the mechanism, chidamide could regulate PD-L1 transcription by affecting the
transcription factor STAT1 that binds to the promoter site of PD-L1 [76]. This HDAC
inhibitor effect seems to be a disadvantage for the anti-tumor immune response; therefore,
a single HDAC inhibitor treatment might not obtain enough therapeutic potency against
cancers, as shown in previous studies [77].

8. HDAC Inhibitor Enhances HLA Class I/MHC Class I Expression in Tumors

The combination of panobinostat with anti-PD-1/PD-L1 antibody enhances HLA class
I surface expression in Merkel cell carcinoma and the infiltration of CD8+ T cells into Merkel
cell carcinoma tumor tissue [78]. As one of the refractory mechanisms of PD-1/PD-L1
treatment, MHC class I was downregulated. HDAC inhibitors are expected to improve
this disadvantage of anti-PD-1/PD-L1 antibody treatment through the downregulation of
HLA class I during anti-PD-1/PD-L1 antibody treatment against Merkel cell carcinoma [78].
Additionally, chidamide upregulates the expression level of MHC class I and II in tumor
cells of triple-negative breast cancer [70]. Although the detailed mechanism is still unknown,
these findings suggest that anti-PD-1/PD-L1 antibodies against melanoma cells might also
impair HLA class I/MHC class I expression, which might be canceled by HDAC inhibitors.

9. HDAC Inhibitor Enhances MHC Class II in Tumors

MHC class II is a vital immune component that enhances the adaptive immune re-
sponse [79]. MHC class II expression is limited on the surface of antigen presentation
cells, and tumor cells also express MHC class II, which is closely related to the lympho-
cyte infiltration around the tumor [80]. The HDAC inhibitor upregulates MHC class II
expression in non-small-cell lung cancer, suggesting the efficacy of combination therapy
with anti-PD-1 antibody treatment [81]. In particular, MHC class II plays a crucial role in
antigen presentation to naïve T cells for the induction of cytotoxic T cells [82]. Therefore,
HDAC inhibitor treatment is expected to show the booster effect in combination with
immunotherapy.

10. HDAC6 Enhances Anti-Tumor Effects

HDACs expressions were closely associated with the prognosis in lung cancer in a
mouse experiment [83]. Low HDAC6 expression was closely associated with favorable
clinical behavior [83]. A selective HDAC6 inhibitor decreases IL-1β and IL-6 production and
PD-L1 expression in tumor cells [83]. The combination therapy with anti-PD-1 antibodies
activates cytotoxic CD8+ T-cell induction and decreases the tumor sizes [83]. Consistently,
the adoptive transfer of HDAC6-deficient CD8+ T cells to Rag1-deficient mice impairs
cytotoxic CD8+ T-cell responses against vaccinia infection and impairs perforin expression
in cytotoxic T cells [84], suggesting that the anti-tumor immune effect of HDAC6 is possibly
mediated by the upregulation of cytotoxic function.

11. HDAC3 Inhibitor for Upregulation of PD-L1 Expression

HDAC3 is a class I HDAC and plays a vital role in the regulation of gene transcription
in cooperation with nuclear repressor complexes containing nuclear receptor corepressor
(NCOR) or silencing mediator of retinoic and thyroid receptors (SMRT) corepressors [85–87].
HDAC3 suppresses PD-L1 transcription in B-cell lymphoma. HDAC3 inhibitor enhances
histone acetylation and recruitment of BRD4 at the promoter region of the PD-L1 gene, lead-
ing to transcriptional activation in B-cell lymphoma [88]. In addition, HDAC3 suppresses
DNMT1, which is a positive driver of PD-L1 transcription. HDAC3 inhibition can also
enhance PD-L1 expression in DC, and the combination therapy with anti-PD-L1 antibody
enhances anti-tumor effects [88]. Although HDAC3 inhibition can enhance PD-L1 in the
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tumor, PD-L1 in dendritic cells is also suppressed. Therefore, the combination therapy of
HDAC3 inhibitor plus PD-1/PD-L1-targeted therapy is also expected to obtain therapeutic
efficacy. In addition, HDAC3 inhibition might show cytotoxic tumor effects. HDAC3-
deficient CD8+ cells enhance granzyme B expression and anti-viral effects in a chronic viral
infection model [89], suggesting that HDAC3-targeted inhibition is a potent therapeutic
treatment against cancers via enhancement of cytotoxic molecule actions against cancer.

12. DNMT and HDAC6 Combination Inhibitor Treatment Enhances Cytotoxic
Immune Reaction in Ovarian Cancer

DNMT inhibitor treatment might also be desired for future epigenetics-targeted ther-
apies for malignant melanoma. An animal model of ovarian cancer shows an increased
cytotoxic reaction to tumor cells treated with a combination of HDAC6 and DNMT in-
hibitors via enhancement of the function of IFN-g-producing CD8+ cells, NK cells, and
NKT cells, leading to improvement in survival [90]. Although there is no study regarding
the combination with anti-PD-1/PD-L1 antibody, triple therapy of HDAC6 and DNMT
inhibitors and anti-PD-1/PD-L1 antibody might show a high therapeutic effect against
melanoma.

13. DNA Methylation Upregulates PD-1 and Decreases PD-L1/L2

Tumor carriers epigenetically modulate PD-1 expression, possibly by obtaining an
advantage for the immune escape phenomenon. Hepatocellular carcinoma patients’ PBMC
showed DNA methylation in T cells during early-stage hepatocellular carcinoma derived
from chronic hepatitis B and C. DNA methylation is associated with highly enriched
immune-function-associated genes such as PD-1 [91]. PD-1 methylation is identified as
a strong prognostic factor in diffuse low-grade glioma patients [92]. Therefore, DNA
methylation inhibitor treatment might be a therapeutic strategy for obtaining efficacy
against melanoma by suppression of PD-1 expression in immune cells.

Furthermore, 5hmC is an oxidative product in the process of active demethylation of
5mC mediated by the three ten-eleven translocation (TET) enzymes through the oxidative
conversion of 5-methylcytosine and 5hmC during cytosine demethylation [93,94]. There-
fore, high 5hmC reflects demethylation of the targeted gene, which impairs transcriptional
gene suppression. A low content of 5hmC at the PD-1 promoter is observed in effector
T cells and depends on the decreased expression of TET [95]. This finding supports the evi-
dence that DNA hypermethylation at the PD-1 promoter site leads to the downregulation
of PD-1 expression.

In contrast, DNA methylation decreases PD-L1 expression in colorectal cancer cells. A
DNA methyltransferase inhibitor, azacytidine, impairs oxymatrine-induced PD-L1 down-
regulation in IFN-γ-treated colorectal cancer cells [96]. Therefore, DNA-methyltransferase-
targeted inhibitor alone might show a disadvantage in reducing the immunological anti-
tumor effect. PD-L2 is designated CD273 and is one of the ligands for PD-1 [97]. PD-L2 acts
as a negative regulator for the adaptive immune response [98]. Therefore, PD-L2-targeted
treatment is one of the highlighted issues for cancer immunotherapy. Hypermethylation
in PD-L2 is closely related to the downregulation of PD-L2 and the enhancement of the
infiltration of CD8+ cells, leading to improvement in the survival of patients with gastric
adenocarcinoma [99]. DNA hypomethylation leads to the upregulation of PD-L2, which
reflects favorable clinical behavior with longer progression-free survival during anti-PD-1
antibody treatment [100]. Although DNA hypermethylation inhibitor enhances PD-L1/PD-
L2 expression, it also shows other anti-tumor effects. However, combination therapy with
anti-PD-1/PD-L1 antibody might mitigate this disadvantage of DNA methyltransferase
inhibitor.

As for other therapeutic options, 5-aza-2-deoxycytidine (DAC) is also clinically avail-
able and is used for the treatment of malignancies such as myelodysplastic syndrome [101].
Furthermore, combination therapy with anti-PD-1 antibody treatment showed favorable
clinical outcomes in lymphomas [102], suggesting its efficacy for melanoma.
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14. Lysine-Specific Histone Demethylase 1A (LSD1) Negatively Regulates Anti-Tumor
Immune Response

LSD1 is also known as lysine-(K)-specific demethylase 1A (KDM1A) and is a represen-
tative histone demethylase [103–105]. This histone demethylase promotes demethylation
of lysine residues, targeting histone 3, and lysines 4 and 9 (H3K4 and H3K9). LSD1-
deficiency activates T-cell infiltration around the tumor and promotes the anti-tumor effects
of anti-PD-1 antibody treatment in a mouse melanoma model [106]. Consistently, LSD1
expression shows a negative correlation with CD8+ cell infiltration [106], suggesting that
LSD1 inhibitor treatment might become a therapeutic candidate for the immunotherapy of
malignant melanoma.

LSD1 is negatively associated with the expression of PD-L1, in addition to the
T-cell-attracting chemokines CCL5, CXCL9, and CXCL10 [107]. The combination of LSD1
inhibitor plus anti-PD-1 antibody inhibits tumor growth and pulmonary metastasis via the
enhancement of CD8+ T-cell infiltration [107]. LSD1 inhibitor reactivates these chemokines,
mediated by increased H3K4me2 at proximal promoter regions [107].

LSD1 deficiency in tumor cells enhances the expression of TGF-β, which plays a vital
role in inhibitory effects on cytotoxic CD8+ T cells and subsequently impairs the anti-tumor
effect [108]. LSD1 and TGF-β inhibitors in combination with anti-PD-1 antibody treatment
enhance CD8+ cell infiltration and cytotoxic reaction [108].

Exhausted CD8+ T cells are recognized in patients with malignant tumors. Therefore,
the way to improve these exhausted CD8+ cells is a highlighted target during immunother-
apy. LSD1 is associated with these exhausted CD8+ T cells [20]. LSD1 increases exhausted
CD8+ T cells, which determine the anti-tumor cytotoxic reaction during anti-PD1 ther-
apy [20].

Several LSD1 inhibitors such as TCP are currently available as clinical cancer thera-
pies [109]. Although the detailed actions against melanoma remain unclear, these chemicals
are expected to show an enhancement of anti-tumor immune responses against melanoma.

15. DNA Hypermethylation in Pore-Forming Protein Perforin (PRF1)

PRF1 is a membrane-attack-complex/PRF (MACPF) protein family and plays an essen-
tial role in the functioning of active cytotoxic T cells and NK cells [110]. DNA methylation
in tissue-resident memory cells is associated with their function. DNA methylation in
PRF1 in tissue-resident memory cells was observed in 32.9% of urinary bladder cancer
patients. DNA hypermethylation in PRF1 is associated with increased PD-1 expression in
tumor tissue-resident memory cells, indicating the exhaustion of the immune function [111].
The detailed molecular mechanism of hypermethylation in PRF1 for the enhancement of
PD-1 remains unclear. As another role of PRF1 in anti-tumor immune response, PRF1
also maintains the expression of granzyme B in cytotoxic cells [112]. Therefore, DNA
hypermethylation inhibitors are also expected to show an enhancement of the cytotoxic
reaction in addition to the impairment of PD-1 expression.

16. EZH2 Reduces PD-1 Expression

EZH2 is a histone H3 lysine 27 methyltransferase with a component of Polycomb repres-
sive complex 2 (PRC2), and it acts as a downregulator for various targeted genes [113–115].
EZH2 is highly upregulated in various malignancies such as melanoma and plays a vi-
tal role in cell growth and proliferation; therefore, EH2 is highlighted as an anti-tumor
treatment [116–118]. EZH2 plays a role in the anti-tumor response of macrophages against
mesothelioma cells [119]. A EZH2 selective inhibitor reduces the cytotoxic activity of phago-
cytosis and induces PD-1 overexpression in macrophages, leading to the development of
tumor growth [119].

GSK126 is an EZH2 inhibitor with a potent blood–brain barrier permeability [120].
The combination of this EZH2 inhibitor and anti-PD-1 treatment showed an enhanced
anti-tumor effect in syngeneic mouse models. This combination therapy activates T-cell
infiltration and reduces tumor growth in murine models of GBM. GSK126 enhances IFN-γ
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production and subsequently promotes CXCL9 and CXCL10 secretion by the tumor cells,
leading to the migration of T cells around tumors [120].

The pharmacological inhibitors directory targets tumor cells and indirectly affects
the tumor microenvironment, especially immune cells. Because EZH2 inhibitors reduce
immune cell action in some parts, combination therapy with anti-PD-1/PD-L1 antibody
might obtain enough therapeutic potency for the EZH2 inhibitor. Tazemezostat is currently
undergoing clinical trials for various cancers such as lymphoma [Morschhauser, 2020
#194] and sarcoma [Gounder, 2020 #195], and shows therapeutic efficacy. Therefore, EZH2
inhibitors might be clinically available to confirm the anti-tumor action against melanomas.

17. Inhibition of Bromodomain and Extra-Terminal Domain (BET) Downregulates
PD-L1

BET proteins present two tandem bromodomains (BD1 and BD2), an extra-terminal
domain (ET), and a C-terminal domain (CTD), and they mainly recognize and connect
to the acetylated lysine of histone 4 [121]. BET proteins contribute to the recruitment of
other epigenetic proteins for transcriptional activation. A BET bromodomain inhibitor, JQ1,
decreases PD-L1 expression and tumor progression in prostate cancer models [122].

A BET inhibitor, iBET726, suppresses PD-L1 in addition to MHC class I and cancels the
immunotherapy effect in a melanoma model [65], suggesting a possible disadvantage of
the BET inhibitor in an anti-tumor immune response to melanoma. Therefore, a stimulant
for BET-targeted treatment may be expected to enhance the anti-tumor effect of PD-1/PD-
L1-targeted treatment against melanoma.

18. DNA Hypermethylation in TNFRSF9 during Anti-PD-1 Treatment

The T-cell costimulatory receptor TNFRSF9 is known as a novel target for immunother-
apy [123–125]. TNFRSF9 is expressed on the surface of certain immune cells such as
activated T cells and interacts with its ligand in activated antigen-presenting cells, leading
to the activation of immunity against cancer [126]. DNA hypermethylation at the TNFRSF9
promoter site is associated with a reduced TNFRSF9 mRNA expression and unfavorable
clinical behavior during anti-PD-1 antibody treatment [127], suggesting that the tumor
might drive another advantageous strategy against the anti-tumor immune response during
anti-PD-1 antibody treatment.

19. DNA Hypermethylation in RAD51B Upregulates PD-L1

RAD51B is essential for DNA repair and regulates various malignant proliferation
processes [128]. The methylation of RAD51B is correlated with patient outcome in non-
small-cell lung cancer. RAD51B methylation levels were positively related to high PD-L1
expression [129]. A highly upregulated PD-L1 is related to a favorable clinical response,
and patients with PD-1 blockade efficacy had higher RAD51B methylation levels [129].
Therefore, RAD51B methylation stimulants are expected to obtain therapeutic efficacy in
anti-PD-1/PD-L1 antibody treatment.

20. p300/CBP Activates Anti-Tumor Immunity Mediated by MHC Class I Upregulation
in Tumors

p300 and CPB modulate gene transcription through direct lysine acetyltransferase
catalytic activity for acetylation of histone or non-histone proteins [130,131]. They are
essential during the development of normal hematopoietic stem cells [132]. Recently, the
inactivation of CBP and p300 has been reported in malignancies [133]. The suppression
of MHC class I is one of the strategies for the immune escape phenomenon in cancer
cells, leading to lower efficacy for immunotherapy. p300/CBP positively regulates MHC-I
expression in the tumor cells [134]. Since the efficacy of the p300/CBP activator CTPB
was investigated in an in vitro experiment [135], this stimulant might obtain an anti-tumor
immune response to melanoma.
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21. KDM4A Suppresses Anti-Tumor Immune Response

KDM4A is a histone H3 lysine 9 trimethylation demethylase, and it plays a vital role
in malignancies [136–139]. KDM4A inhibition promoted the anti-tumor immune response
against squamous cell carcinoma [140]. The inhibition of KDM4A activates the formation of
liquid-like HP1γ puncta on heterochromatin and causes DNA replication, which promotes
intrinsic cGAS-STING signaling in the tumor cells [140]. STING signaling is a highlighted
immune regulator and enhances type I IFN production, leading to enhanced anti-tumor
immune response. Therefore, STING-targeted therapy is expected to be useful in cancer
immunotherapy in combination with anti-PD-1 antibody treatment. The combination ther-
apy of KDM4A inhibition and anti-PD-1 antibody suppresses tumor growth mediated by
activation of CD8+ T cells [140]. STING stimulants are currently expected as immunother-
apies [40]. The STING pathway also enhances autophagy as an anti-tumor effect [141],
in addition to DNA damage response to tumor cells [142] and MHC class I expression in
tumor and immune cells [143].

22. USP7 Upregulates PD-L1 in Tumors

Histone ubiquitination is one of the epigenetic histone modifications, and histones
are typically ubiquitinated on lysine residues contained within histone tails, leading to
transcriptional silencing [144]. Ubiquitin is removed from histones by a deubiquitinating
enzyme, leading to transcriptional activation. USP7 is a deubiquitinase that regulates many
diverse cellular processes, including tumor suppression. PD-L1 expression is positively
correlated with USP7 expression in gastric cancer [145]. USP7 suppression impairs PD-
L1/PD-1 interaction and enhances the cytotoxic reaction of T cells and the anti-tumor
immune response [145].

Although there has been no investigation into the effect of chemical USP7 inhibitors in
melanoma cells, the USP7 inhibitors FT827 and FT671 showed high potency for suppressing
USP7 activity in breast cancer cells [146]. These inhibitors are expected to advance to further
clinical trials for the treatment of melanoma.

23. Summary of Epigenetic Alteration Influence in Immunotherapy

Table 1 summarizes the influence of epigenetic changes in immunotherapy. DNA
hypermethylation impairs the anti-tumor immune response. DNA hypomethylation has
become a strategy for malignant melanoma treatment. On the other hand, DNA hypomethy-
lation enhances PD-L1/PD-L2 expression and reduces the cytotoxic reaction against malig-
nant tumors. Therefore, a DNA hypomethylation agent, azacytidine, is useful to obtain
additional therapeutic efficacy in anti-PD-1/PD-L1 antibody treatment.

Histone acetylation mediated by HDAC inhibitors is expected to obtain additional
therapeutic efficacy in combination with an anti-PD-1/PD-L1 antibody. Histone acetylation
activates cytotoxic immune reactions to tumors and enhances MHC class I/class II expres-
sion in tumors. Since PD-L1 is also upregulated by HDAC inhibitor, anti-PD-1/PD-L1
antibody treatment is expected to cover this advantage.

In contrast, histone methylation reduces PD-1 expression and enhances the cytotoxic
reaction to tumors. KDM4A inhibitor accelerates histone methylation and activates cyto-
toxic immune reactions. EZH2 also enhances histone methylation and downregulates PD-1
expression.

Histone ubiquitination mediated by USP7 upregulates PD-L1 expression. Therefore, a
USP7-targeted inhibitor is expected as an additional combination therapy with an anti-PD-
1/PD-L1 antibody treatment.

Table 2 summarizes the currently available pharmacological epigenetic modifiers that
could be used in the future. HDAC inhibitors are currently being developed as a treatment
option for clinical patients and could be used practically as a clinical application in the
future. The clinical trial of the HDAC6 inhibitor nexturastat A has not yet been conducted.
Clinical trials of the DNTM inhibitor azacytidine and the EZH2 inhibitors tazemetostat
and GSK126 are currently being conducted with respect to various malignancies; therefore,
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these agents are also expected to confirm the efficacy of the anti-tumor immune response
in combination with anti-PD-1/PD-L1 antibody treatment.

Table 1. Epigenetic modifications and effects.

Epigenetic Modification Target Enzyme or Gene Effects

DNA hypomethylation DNA hypomethylation agent
Azacytidine

PD-L1↓
PD-L2↓

DNA hypomethylation DNMT inhibitor Cytotoxic immune reaction↑

Histone acetylation HDAC inhibitor

Cytotoxic reaction↑
PD-L1↑

MHC class I↑
MHC class II↑

Histone demethylation LSD1

Cytotoxic reaction↓
CD8↓

CCL5, CXCL9, CXCL10↓
PD-L1↓

DNA hypermethylation PRF1 PD-L1↑
Histone methylation EZH2 PD-1↓

Histone deacetylation BET inhibitor
JQ1

PD-L1↓
MHC class I↓

DNA hypermethylation RAD51B PD-L1↓
Histone acetylation p300/CBP MHC class I↑

Histone methylation KDM4A inhibition Cytotoxic reaction↑
Histone ubiquitination USP7 PD-L1↑

Table 2. The possible therapeutic epigenetic modifiers confirmed in this review.

Epigenetic Targets Agents

HDAC inhibitor

Panobinostat
Entinostat

Mocetinostat
Vorinostat
Chidamide

HDAC6 inhibitor Nexturastat A
DNMT inhibitor Azacytidine

EZH2 inhibitor Tazemetostat
GSK126

24. Conclusions

We summarized the current development of epigenetic-modification-mediated im-
munotherapy. Since there is a lack of knowledge regarding melanoma, these findings
were obtained from studies on other malignancies, but similar epigenetic influences are
expected with regard to cutaneous malignant melanoma. It is also desirable to identify
novel candidate molecules for immunotherapy, since the tumor side establishes a resistance
to these immunotherapies mediated by epigenetic modification mechanisms, to alter the
gene expression by acquired environmental conditioning. Therefore, epigenetics-targeted
therapy combinations might overcome the limitation of immunotherapy alone. However,
systemic epigenetic modifier application has an influence on both tumor and healthy cells.
Therefore, adverse reactions to the influence of these epigenetic modifiers must to be
examined.
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44. Tas, F.; Keskin, S.; Karadeniz, A.; Dağoğlu, N.; Sen, F.; Kilic, L.; Yildiz, I. Noncutaneous melanoma have distinct features from

each other and cutaneous melanoma. Oncology 2011, 81, 353–358. [CrossRef] [PubMed]
45. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Estimating the global cancer

incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J. Cancer 2019, 144, 1941–1953. [CrossRef]
46. Erdmann, F.; Lortet-Tieulent, J.; Schüz, J.; Zeeb, H.; Greinert, R.; Breitbart, E.W.; Bray, F. International trends in the incidence

of malignant melanoma 1953-2008–are recent generations at higher or lower risk? Int. J. Cancer 2013, 132, 385–400. [CrossRef]
[PubMed]

47. Yang, G.; Zhang, G.; Pittelkow, M.R.; Ramoni, M.; Tsao, H. Expression profiling of UVB response in melanocytes identifies a set of
p53-target genes. J. Investig. Dermatol. 2006, 126, 2490–2506. [CrossRef]

48. Gershenwald, J.E.; Scolyer, R.A.; Hess, K.R.; Sondak, V.K.; Long, G.V.; Ross, M.I.; Lazar, A.J.; Faries, M.B.; Kirkwood, J.M.;
McArthur, G.A.; et al. Melanoma staging: Evidence-based changes in the American Joint Committee on Cancer eighth edition
cancer staging manual. CA Cancer J. Clin. 2017, 67, 472–492. [CrossRef] [PubMed]

49. Robert, C.; Long, G.V.; Brady, B.; Dutriaux, C.; Maio, M.; Mortier, L.; Hassel, J.C.; Rutkowski, P.; McNeil, C.; Kalinka-Warzocha, E.;
et al. Nivolumab in previously untreated melanoma without BRAF mutation. N. Engl. J. Med. 2015, 372, 320–330. [CrossRef]
[PubMed]

50. Zimmer, L.; Livingstone, E.; Hassel, J.C.; Fluck, M.; Eigentler, T.; Loquai, C.; Haferkamp, S.; Gutzmer, R.; Meier, F.; Mohr, P.; et al.
Adjuvant nivolumab plus ipilimumab or nivolumab monotherapy versus placebo in patients with resected stage IV melanoma
with no evidence of disease (IMMUNED): A randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 2020, 395,
1558–1568. [CrossRef]

http://doi.org/10.1084/jem.20022235
http://doi.org/10.1073/pnas.192461099
http://www.ncbi.nlm.nih.gov/pubmed/12218188
http://doi.org/10.1038/nm955
http://doi.org/10.1016/S1470-2045(21)00545-3
http://doi.org/10.1016/S1470-2045(20)30494-0
http://doi.org/10.3389/fonc.2021.741746
http://doi.org/10.1038/ng1089
http://www.ncbi.nlm.nih.gov/pubmed/12610534
http://doi.org/10.1007/s00109-021-02141-8
http://doi.org/10.1038/ng1559
http://www.ncbi.nlm.nih.gov/pubmed/15920525
http://doi.org/10.3390/metabo11110792
http://doi.org/10.3390/genes12101614
http://www.ncbi.nlm.nih.gov/pubmed/34681009
http://doi.org/10.1016/j.jid.2020.10.012
http://doi.org/10.1126/sciimmunol.abe1935
http://doi.org/10.3390/diagnostics11112149
http://doi.org/10.3390/ijms22147538
http://doi.org/10.3390/cancers13225603
http://doi.org/10.1126/science.1253735
http://doi.org/10.1002/ijc.28625
http://doi.org/10.1159/000334863
http://www.ncbi.nlm.nih.gov/pubmed/22248874
http://doi.org/10.1002/ijc.31937
http://doi.org/10.1002/ijc.27616
http://www.ncbi.nlm.nih.gov/pubmed/22532371
http://doi.org/10.1038/sj.jid.5700470
http://doi.org/10.3322/caac.21409
http://www.ncbi.nlm.nih.gov/pubmed/29028110
http://doi.org/10.1056/NEJMoa1412082
http://www.ncbi.nlm.nih.gov/pubmed/25399552
http://doi.org/10.1016/S0140-6736(20)30417-7


Int. J. Mol. Sci. 2022, 23, 1119 13 of 16

51. Rozeman, E.A.; Menzies, A.M.; van Akkooi, A.C.J.; Adhikari, C.; Bierman, C.; van de Wiel, B.A.; Scolyer, R.A.; Krijgsman, O.;
Sikorska, K.; Eriksson, H.; et al. Identification of the optimal combination dosing schedule of neoadjuvant ipilimumab plus
nivolumab in macroscopic stage III melanoma (OpACIN-neo): A multicentre, phase 2, randomised, controlled trial. Lancet Oncol.
2019, 20, 948–960. [CrossRef]

52. Hodi, F.S.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Rutkowski, P.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced melanoma (CheckMate
067): 4-year outcomes of a multicentre, randomised, phase 3 trial. Lancet Oncol. 2018, 19, 1480–1492. [CrossRef]

53. Flaherty, K.T.; Infante, J.R.; Daud, A.; Gonzalez, R.; Kefford, R.F.; Sosman, J.; Hamid, O.; Schuchter, L.; Cebon, J.; Ibrahim, N.; et al.
Combined BRAF and MEK inhibition in melanoma with BRAF V600 mutations. N. Engl. J. Med. 2012, 367, 1694–1703. [CrossRef]

54. Johnson, D.B.; Flaherty, K.T.; Weber, J.S.; Infante, J.R.; Kim, K.B.; Kefford, R.F.; Hamid, O.; Schuchter, L.; Cebon, J.; Sharfman, W.H.;
et al. Combined BRAF (Dabrafenib) and MEK inhibition (Trametinib) in patients with BRAFV600-mutant melanoma experiencing
progression with single-agent BRAF inhibitor. J. Clin. Oncol. 2014, 32, 3697–3704. [CrossRef]

55. Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.; Bottomley, W.; et al.
Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949–954. [CrossRef]

56. Morrison, D.K. MAP kinase pathways. Cold Spring Harb. Perspect. Biol. 2012, 4, a011254. [CrossRef] [PubMed]
57. Long, G.V.; Menzies, A.M.; Nagrial, A.M.; Haydu, L.E.; Hamilton, A.L.; Mann, G.J.; Hughes, T.M.; Thompson, J.F.; Scolyer, R.A.;

Kefford, R.F. Prognostic and clinicopathologic associations of oncogenic BRAF in metastatic melanoma. J. Clin. Oncol. 2011, 29,
1239–1246. [CrossRef]

58. Mashima, E.; Inoue, A.; Sakuragi, Y.; Yamaguchi, T.; Sasaki, N.; Hara, Y.; Omoto, D.; Ohmori, S.; Haruyama, S.; Sawada, Y.; et al.
Nivolumab in the treatment of malignant melanoma: Review of the literature. Onco Targets Ther. 2015, 8, 2045–2051. [PubMed]

59. Nishimura, H.; Nose, M.; Hiai, H.; Minato, N.; Honjo, T. Development of lupus-like autoimmune diseases by disruption of the
PD-1 gene encoding an ITIM motif-carrying immunoreceptor. Immunity 1999, 11, 141–151. [CrossRef]

60. Gardiner, D.; Lalezari, J.; Lawitz, E.; DiMicco, M.; Ghalib, R.; Reddy, K.R.; Chang, K.M.; Sulkowski, M.; Marro, S.O.; Anderson,
J.; et al. A randomized, double-blind, placebo-controlled assessment of BMS-936558, a fully human monoclonal antibody to
programmed death-1 (PD-1), in patients with chronic hepatitis C virus infection. PLoS ONE 2013, 8, e63818. [CrossRef]

61. Nakamura, Y.; Namikawa, K.; Yoshino, K.; Yoshikawa, S.; Uchi, H.; Goto, K.; Nakamura, Y.; Fukushima, S.; Kiniwa, Y.; Takenouchi,
T.; et al. Anti-PD1 checkpoint inhibitor therapy in acral melanoma: A multicenter study of 193 Japanese patients. Ann. Oncol. Off.
J. Eur. Soc. Med. Oncol. 2020, 31, 1198–1206. [CrossRef]

62. Furney, S.J.; Turajlic, S.; Stamp, G.; Thomas, J.M.; Hayes, A.; Strauss, D.; Gavrielides, M.; Xing, W.; Gore, M.; Larkin, J.; et al. The
mutational burden of acral melanoma revealed by whole-genome sequencing and comparative analysis. Pigment Cell Melanoma
Res. 2014, 27, 835–838. [CrossRef]

63. Woods, D.M.; Sodré, A.L.; Villagra, A.; Sarnaik, A.; Sotomayor, E.M.; Weber, J. HDAC inhibition upregulates PD-1 ligands in
melanoma and augments immunotherapy with PD-1 blockade. Cancer Immunol. Res. 2015, 3, 1375–1385. [CrossRef] [PubMed]

64. Christmas, B.J.; Rafie, C.I.; Hopkins, A.C.; Scott, B.A.; Ma, H.S.; Cruz, K.A.; Woolman, S.; Armstrong, T.D.; Connolly, R.M.;
Azad, N.A.; et al. Entinostat converts immune-resistant breast and pancreatic cancers into checkpoint-responsive tumors by
reprogramming tumor-infiltrating MDSCs. Cancer Immunol. Res. 2018, 6, 1561–1577. [CrossRef]

65. Sah, V.R.; Karlsson, J.; Jespersen, H.; Lindberg, M.F.; Nilsson, L.M.; Ny, L.; Nilsson, J.A. Epigenetic therapy to enhance therapeutic
effects of PD-1 inhibition in therapy-resistant melanoma. Melanoma Res. 2021. [CrossRef] [PubMed]

66. Ny, L.; Jespersen, H.; Karlsson, J.; Alsén, S.; Filges, S.; All-Eriksson, C.; Andersson, B.; Carneiro, A.; Helgadottir, H.; Levin, M.;
et al. The PEMDAC phase 2 study of pembrolizumab and entinostat in patients with metastatic uveal melanoma. Nat. Commun.
2021, 12, 5155. [CrossRef]

67. Llopiz, D.; Ruiz, M.; Villanueva, L.; Iglesias, T.; Silva, L.; Egea, J.; Lasarte, J.J.; Pivette, P.; Trochon-Joseph, V.; Vasseur, B.; et al.
Enhanced anti-tumor efficacy of checkpoint inhibitors in combination with the histone deacetylase inhibitor Belinostat in a
murine hepatocellular carcinoma model. Cancer Immunol. Immunother. 2019, 68, 379–393. [CrossRef]

68. Kim, Y.D.; Park, S.M.; Ha, H.C.; Lee, A.R.; Won, H.; Cha, H.; Cho, S.; Cho, J.M. HDAC Inhibitor, CG-745, enhances the anti-cancer
effect of anti-PD-1 immune checkpoint inhibitor by modulation of the immune microenvironment. J. Cancer 2020, 11, 4059–4072.
[CrossRef]

69. Hicks, K.C.; Fantini, M.; Donahue, R.N.; Schwab, A.; Knudson, K.M.; Tritsch, S.R.; Jochems, C.; Clavijo, P.E.; Allen, C.T.; Hodge,
J.W.; et al. Epigenetic priming of both tumor and NK cells augments antibody-dependent cellular cytotoxicity elicited by the
anti-PD-L1 antibody avelumab against multiple carcinoma cell types. Oncoimmunology 2018, 7, e1466018. [CrossRef] [PubMed]

70. Tu, K.; Yu, Y.; Wang, Y.; Yang, T.; Hu, Q.; Qin, X.; Tu, J.; Yang, C.; Kong, L.; Zhang, Z. Combination of chidamide-mediated
epigenetic modulation with immunotherapy: Boosting tumor immunogenicity and response to PD-1/PD-L1 blockade. ACS Appl.
Mater. Interfaces 2021, 13, 39003–39017. [CrossRef] [PubMed]

71. Lu, F.; Hou, L.; Wang, S.; Yu, Y.; Zhang, Y.; Sun, L.; Wang, C.; Ma, Z.; Yang, F. Lysosome activable polymeric vorinostat
encapsulating PD-L1KD for a combination of HDACi and immunotherapy. Drug Deliv. 2021, 28, 963–972. [CrossRef]

72. Starkova, J.; Madzo, J.; Cario, G.; Kalina, T.; Ford, A.; Zaliova, M.; Hrusak, O.; Trka, J. The identification of (ETV6)/RUNX1-
regulated genes in lymphopoiesis using histone deacetylase inhibitors in ETV6/RUNX1-positive lymphoid leukemic cells. Clin.
Cancer Res. 2007, 13, 1726–1735. [CrossRef] [PubMed]

http://doi.org/10.1016/S1470-2045(19)30151-2
http://doi.org/10.1016/S1470-2045(18)30700-9
http://doi.org/10.1056/NEJMoa1210093
http://doi.org/10.1200/JCO.2014.57.3535
http://doi.org/10.1038/nature00766
http://doi.org/10.1101/cshperspect.a011254
http://www.ncbi.nlm.nih.gov/pubmed/23125017
http://doi.org/10.1200/JCO.2010.32.4327
http://www.ncbi.nlm.nih.gov/pubmed/26273207
http://doi.org/10.1016/S1074-7613(00)80089-8
http://doi.org/10.1371/journal.pone.0063818
http://doi.org/10.1016/j.annonc.2020.05.031
http://doi.org/10.1111/pcmr.12279
http://doi.org/10.1158/2326-6066.CIR-15-0077-T
http://www.ncbi.nlm.nih.gov/pubmed/26297712
http://doi.org/10.1158/2326-6066.CIR-18-0070
http://doi.org/10.1097/CMR.0000000000000791
http://www.ncbi.nlm.nih.gov/pubmed/34753889
http://doi.org/10.1038/s41467-021-25332-w
http://doi.org/10.1007/s00262-018-2283-0
http://doi.org/10.7150/jca.44622
http://doi.org/10.1080/2162402X.2018.1466018
http://www.ncbi.nlm.nih.gov/pubmed/30377559
http://doi.org/10.1021/acsami.1c08290
http://www.ncbi.nlm.nih.gov/pubmed/34433253
http://doi.org/10.1080/10717544.2021.1927246
http://doi.org/10.1158/1078-0432.CCR-06-2569
http://www.ncbi.nlm.nih.gov/pubmed/17325341


Int. J. Mol. Sci. 2022, 23, 1119 14 of 16

73. Velotti, F.; Barchetta, I.; Cimini, F.A.; Cavallo, M.G. Granzyme B in inflammatory diseases: Apoptosis, inflammation, extracellular
matrix remodeling, epithelial-to-mesenchymal transition and fibrosis. Front. Immunol. 2020, 11, 587581. [CrossRef]

74. Leger-Ravet, M.B.; Mathiot, C.; Portier, A.; Brandely, M.; Galanaud, P.; Fridman, W.H.; Emilie, D. Increased expression of perforin
and granzyme B genes in patients with metastatic melanoma treated with recombinant interleukin-2. Cancer Immunol. Immunother.
1994, 39, 53–58. [CrossRef] [PubMed]

75. Gamero, A.M.; Ussery, D.; Reintgen, D.S.; Puleo, C.A.; Djeu, J.Y. Interleukin 15 induction of lymphokine-activated killer cell
function against autologous tumor cells in melanoma patient lymphocytes by a CD18-dependent, perforin-related mechanism.
Cancer Res. 1995, 55, 4988–4994.

76. Que, Y.; Zhang, X.L.; Liu, Z.X.; Zhao, J.J.; Pan, Q.Z.; Wen, X.Z.; Xiao, W.; Xu, B.S.; Hong, D.C.; Guo, T.H.; et al. Frequent
amplification of HDAC genes and efficacy of HDAC inhibitor chidamide and PD-1 blockade combination in soft tissue sarcoma.
J. Immunother. Cancer 2021, 9, e001696. [CrossRef] [PubMed]

77. Mashima, E.; Sawada, Y. Epigenetics of cutaneous sarcoma. Int. J. Mol. Sci. 2022, 23, 422. [CrossRef]
78. Ugurel, S.; Spassova, I.; Wohlfarth, J.; Drusio, C.; Cherouny, A.; Melior, A.; Sucker, A.; Zimmer, L.; Ritter, C.; Schadendorf, D.;

et al. MHC class-I downregulation in PD-1/PD-L1 inhibitor refractory Merkel cell carcinoma and its potential reversal by histone
deacetylase inhibition: A case series. Cancer Immunol. Immunother. 2019, 68, 983–990. [CrossRef]

79. Akbar, S.M.; Inaba, K.; Onji, M. Upregulation of MHC class II antigen on dendritic cells from hepatitis B virus transgenic mice
by interferon-gamma: Abrogation of immune response defect to a T-cell-dependent antigen. Immunology 1996, 87, 519–527.
[CrossRef]

80. Park, I.A.; Hwang, S.H.; Song, I.H.; Heo, S.H.; Kim, Y.A.; Bang, W.S.; Park, H.S.; Lee, M.; Gong, G.; Lee, H.J. Expression of the
MHC class II in triple-negative breast cancer is associated with tumor-infiltrating lymphocytes and interferon signaling. PLoS
ONE 2017, 12, e0182786. [CrossRef]

81. Neuwelt, A.J.; Kimball, A.K.; Johnson, A.M.; Arnold, B.W.; Bullock, B.L.; Kaspar, R.E.; Kleczko, E.K.; Kwak, J.W.; Wu, M.H.;
Heasley, L.E.; et al. Cancer cell-intrinsic expression of MHC II in lung cancer cell lines is actively restricted by MEK/ERK signaling
and epigenetic mechanisms. J. Immunother. Cancer 2020, 8, e000441. [CrossRef] [PubMed]

82. Freedman, A.S.; Freeman, G.J.; Rhynhart, K.; Nadler, L.M. Selective induction of B7/BB-1 on interferon-gamma stimulated
monocytes: A potential mechanism for amplification of T cell activation through the CD28 pathway. Cell. Immunol. 1991, 137,
429–437. [CrossRef]

83. Shin, H.S.; Choi, J.; Lee, J.; Lee, S.Y. Histone deacetylase as a valuable predictive biomarker and therapeutic target in immunother-
apy for non-small cell lung cancer. Cancer Res. Treat. 2021. [CrossRef]

84. Núñez-Andrade, N.; Iborra, S.; Trullo, A.; Moreno-Gonzalo, O.; Calvo, E.; Catalán, E.; Menasche, G.; Sancho, D.; Vázquez, J.; Yao,
T.P.; et al. HDAC6 regulates the dynamics of lytic granules in cytotoxic T lymphocytes. J. Cell Sci. 2016, 129, 1305–1311. [CrossRef]

85. Li, J.; Wang, J.; Wang, J.; Nawaz, Z.; Liu, J.M.; Qin, J.; Wong, J. Both corepressor proteins SMRT and N-CoR exist in large protein
complexes containing HDAC3. EMBO J. 2000, 19, 4342–4350. [CrossRef] [PubMed]

86. Guenther, M.G.; Barak, O.; Lazar, M.A. The SMRT and N-CoR corepressors are activating cofactors for histone deacetylase 3. Mol.
Cell Biol. 2001, 21, 6091–6101. [CrossRef]

87. Zhang, J.; Kalkum, M.; Chait, B.T.; Roeder, R.G. The N-CoR-HDAC3 nuclear receptor corepressor complex inhibits the JNK
pathway through the integral subunit GPS2. Mol. Cell 2002, 9, 611–623. [CrossRef]

88. Deng, S.; Hu, Q.; Zhang, H.; Yang, F.; Peng, C.; Huang, C. HDAC3 inhibition upregulates PD-L1 expression in B-Cell lymphomas
and Augments the efficacy of anti-PD-L1 therapy. Mol. Cancer Ther. 2019, 18, 900–908. [CrossRef] [PubMed]

89. Tay, R.E.; Olawoyin, O.; Cejas, P.; Xie, Y.; Meyer, C.A.; Ito, Y.; Weng, Q.Y.; Fisher, D.E.; Long, H.W.; Brown, M.; et al. Hdac3 is an
epigenetic inhibitor of the cytotoxicity program in CD8 T cells. J. Exp. Med. 2020, 217, e20191453. [CrossRef]

90. Moufarrij, S.; Srivastava, A.; Gomez, S.; Hadley, M.; Palmer, E.; Austin, P.T.; Chisholm, S.; Roche, K.; Yu, A.; Li, J.; et al. Combining
DNMT and HDAC6 inhibitors increases anti-tumor immune signaling and decreases tumor burden in ovarian cancer. Sci. Rep.
2020, 10, 3470. [CrossRef]

91. Zhang, Y.; Petropoulos, S.; Liu, J.; Cheishvili, D.; Zhou, R.; Dymov, S.; Li, K.; Li, N.; Szyf, M. The signature of liver cancer in
immune cells DNA methylation. Clin. Epigenet. 2018, 10, 8. [CrossRef]

92. Röver, L.K.; Gevensleben, H.; Dietrich, J.; Bootz, F.; Landsberg, J.; Goltz, D.; Dietrich, D. PD-1 (PDCD1) Promoter methylation is a
prognostic factor in patients with diffuse lower-grade gliomas harboring isocitrate dehydrogenase (IDH) mutations. EBioMedicine
2018, 28, 97–104. [CrossRef] [PubMed]

93. Inoue, A.; Zhang, Y. Replication-dependent loss of 5-hydroxymethylcytosine in mouse preimplantation embryos. Science 2011,
334, 194. [CrossRef]

94. Pastor, W.A.; Pape, U.J.; Huang, Y.; Henderson, H.R.; Lister, R.; Ko, M.; McLoughlin, E.M.; Brudno, Y.; Mahapatra, S.; Kapranov,
P.; et al. Genome-wide mapping of 5-hydroxymethylcytosine in embryonic stem cells. Nature 2011, 473, 394–397. [CrossRef]

95. McPherson, R.C.; Konkel, J.E.; Prendergast, C.T.; Thomson, J.P.; Ottaviano, R.; Leech, M.D.; Kay, O.; Zandee, S.E.; Sweenie,
C.H.; Wraith, D.C.; et al. Epigenetic modification of the PD-1 (Pdcd1) promoter in effector CD4(+) T cells tolerized by peptide
immunotherapy. Elife 2014, 3, e03416. [CrossRef] [PubMed]

96. Hua, S.; Gu, M.; Wang, Y.; Ban, D.; Ji, H. Oxymatrine reduces expression of programmed death-ligand 1 by promoting DNA
demethylation in colorectal cancer cells. Clin. Transl. Oncol. 2021, 23, 750–756. [CrossRef]

97. Wang, Q.; Bardhan, K.; Boussiotis, V.A.; Patsoukis, N. The PD-1 interactome. Adv. Biol. 2021, 5, e2100758. [CrossRef]

http://doi.org/10.3389/fimmu.2020.587581
http://doi.org/10.1007/BF01517181
http://www.ncbi.nlm.nih.gov/pubmed/8044827
http://doi.org/10.1136/jitc-2020-001696
http://www.ncbi.nlm.nih.gov/pubmed/33637599
http://doi.org/10.3390/ijms23010422
http://doi.org/10.1007/s00262-019-02341-9
http://doi.org/10.1046/j.1365-2567.1996.516576.x
http://doi.org/10.1371/journal.pone.0182786
http://doi.org/10.1136/jitc-2019-000441
http://www.ncbi.nlm.nih.gov/pubmed/32312906
http://doi.org/10.1016/0008-8749(91)90091-O
http://doi.org/10.4143/crt.2021.425
http://doi.org/10.1242/jcs.180885
http://doi.org/10.1093/emboj/19.16.4342
http://www.ncbi.nlm.nih.gov/pubmed/10944117
http://doi.org/10.1128/MCB.21.18.6091-6101.2001
http://doi.org/10.1016/S1097-2765(02)00468-9
http://doi.org/10.1158/1535-7163.MCT-18-1068
http://www.ncbi.nlm.nih.gov/pubmed/30824609
http://doi.org/10.1084/jem.20191453
http://doi.org/10.1038/s41598-020-60409-4
http://doi.org/10.1186/s13148-017-0436-1
http://doi.org/10.1016/j.ebiom.2018.01.016
http://www.ncbi.nlm.nih.gov/pubmed/29396294
http://doi.org/10.1126/science.1212483
http://doi.org/10.1038/nature10102
http://doi.org/10.7554/eLife.03416
http://www.ncbi.nlm.nih.gov/pubmed/25546306
http://doi.org/10.1007/s12094-020-02464-x
http://doi.org/10.1002/adbi.202100758


Int. J. Mol. Sci. 2022, 23, 1119 15 of 16

98. Xu, Y.; Wu, Y.; Zhang, S.; Ma, P.; Jin, X.; Wang, Z.; Yao, M.; Zhang, E.; Tao, B.; Qin, Y.; et al. A tumor-specific super-enhancer
drives immune evasion by guiding synchronous expression of PD-L1 and PD-L2. Cell Rep. 2019, 29, 3435–3447.e4. [CrossRef]

99. Lingohr, P.; Dohmen, J.; Semaan, A.; Branchi, V.; Dietrich, J.; Bootz, F.; Kalff, J.C.; Matthaei, H.; Dietrich, D. Clinicopathological,
immune and molecular correlates of PD-L2 methylation in gastric adenocarcinomas. Epigenomics 2019, 11, 639–653. [CrossRef]
[PubMed]

100. Hoffmann, F.; Zarbl, R.; Niebel, D.; Sirokay, J.; Fröhlich, A.; Posch, C.; Holderried, T.A.W.; Brossart, P.; Saavedra, G.; Kuster, P.;
et al. Prognostic and predictive value of PD-L2 DNA methylation and mRNA expression in melanoma. Clin. Epigen. 2020, 12, 94.
[CrossRef]

101. Wijermans, P.; Lübbert, M.; Verhoef, G.; Bosly, A.; Ravoet, C.; Andre, M.; Ferrant, A. Low-dose 5-aza-2’-deoxycytidine, a DNA
hypomethylating agent, for the treatment of high-risk myelodysplastic syndrome: A multicenter phase II study in elderly patients.
J. Clin. Oncol. 2000, 18, 956–962. [CrossRef]

102. Liu, Y.; Wang, C.; Li, X.; Dong, L.; Yang, Q.; Chen, M.; Shi, F.; Brock, M.; Liu, M.; Mei, Q.; et al. Improved clinical outcome in a
randomized phase II study of anti-PD-1 camrelizumab plus decitabine in relapsed/refractory Hodgkin lymphoma. J. Immunother.
Cancer 2021, 9, e002347. [CrossRef] [PubMed]

103. Sprüssel, A.; Schulte, J.H.; Weber, S.; Necke, M.; Händschke, K.; Thor, T.; Pajtler, K.W.; Schramm, A.; König, K.; Diehl, L.;
et al. Lysine-specific demethylase 1 restricts hematopoietic progenitor proliferation and is essential for terminal differentiation.
Leukemia 2012, 26, 2039–2051. [CrossRef] [PubMed]

104. Schooley, A.; Moreno-Andrés, D.; De Magistris, P.; Vollmer, B.; Antonin, W. The lysine demethylase LSD1 is required for nuclear
envelope formation at the end of mitosis. J. Cell Sci. 2015, 128, 3466–3477. [CrossRef]

105. Agarwal, S.; Bonefas, K.M.; Garay, P.M.; Brookes, E.; Murata-Nakamura, Y.; Porter, R.S.; Macfarlan, T.S.; Ren, B.; Iwase, S. KDM1A
maintains genome-wide homeostasis of transcriptional enhancers. Genome Res. 2021, 31, 186–197. [CrossRef] [PubMed]

106. Sheng, W.; LaFleur, M.W.; Nguyen, T.H.; Chen, S.; Chakravarthy, A.; Conway, J.R.; Li, Y.; Chen, H.; Yang, H.; Hsu, P.H.; et al. LSD1
ablation stimulates anti-tumor immunity and enables checkpoint blockade. Cell 2018, 174, 549–563.e19. [CrossRef] [PubMed]

107. Qin, Y.; Vasilatos, S.N.; Chen, L.; Wu, H.; Cao, Z.; Fu, Y.; Huang, M.; Vlad, A.M.; Lu, B.; Oesterreich, S.; et al. Inhibition of histone
lysine-specific demethylase 1 elicits breast tumor immunity and enhances antitumor efficacy of immune checkpoint blockade.
Oncogene 2019, 38, 390–405. [CrossRef]

108. Sheng, W.; Liu, Y.; Chakraborty, D.; Debo, B.; Shi, Y. Simultaneous inhibition of LSD1 and TGFβ enables eradication of Poorly
immunogenic tumors with anti-PD-1 treatment. Cancer Discov. 2021, 11, 1970–1981. [CrossRef]

109. Fang, Y.; Liao, G.; Yu, B. LSD1/KDM1A inhibitors in clinical trials: Advances and prospects. J. Hematol. Oncol. 2019, 12, 129.
[CrossRef]

110. Romero, C.A.; Sánchez, I.P.; Gutierrez-Hincapié, S.; Álvarez-Álvarez, J.A.; Pereañez, J.A.; Ochoa, R.; Muskus-López, C.E.; Eraso,
R.G.; Echeverry, C.; Arango, C.; et al. A novel pathogenic variant in PRF1 associated with hemophagocytic lymphohistiocytosis. J.
Clin. Immunol. 2015, 35, 501–511. [CrossRef]

111. Hartana, C.A.; Ahlén Bergman, E.; Broomé, A.; Berglund, S.; Johansson, M.; Alamdari, F.; Jakubczyk, T.; Huge, Y.; Aljabery,
F.; Palmqvist, K.; et al. Tissue-resident memory T cells are epigenetically cytotoxic with signs of exhaustion in human urinary
bladder cancer. Clin. Exp. Immunol. 2018, 194, 39–53. [CrossRef]

112. Hartana, C.A.; Ahlén Bergman, E.; Zirakzadeh, A.A.; Krantz, D.; Winerdal, M.E.; Winerdal, M.; Johansson, M.; Alamdari, F.;
Jakubczyk, T.; Glise, H.; et al. Urothelial bladder cancer may suppress perforin expression in CD8+ T cells by an ICAM-1/TGFβ2
mediated pathway. PLoS ONE 2018, 13, e0200079. [CrossRef]

113. Yoo, K.H.; Hennighausen, L. EZH2 methyltransferase and H3K27 methylation in breast cancer. Int. J. Biol. Sci. 2012, 8, 59–65.
[CrossRef]

114. Chase, A.; Cross, N.C. Aberrations of EZH2 in cancer. Clin. Cancer Res. 2011, 17, 2613–2618. [CrossRef] [PubMed]
115. Chou, R.H.; Yu, Y.L.; Hung, M.C. The roles of EZH2 in cell lineage commitment. Am. J. Transl. Res. 2011, 3, 243–250. [PubMed]
116. Paskeh, M.D.A.; Mehrabi, A.; Gholami, M.H.; Zabolian, A.; Ranjbar, E.; Saleki, H.; Ranjbar, A.; Hashemi, M.; Ertas, Y.N.;

Hushmandi, K.; et al. EZH2 as a new therapeutic target in brain tumors: Molecular landscape, therapeutic targeting and future
prospects. Biomed. Pharmacother. 2021, 146, 112532. [CrossRef]

117. Adibfar, S.; Elveny, M.; Kashikova, H.S.; Mikhailova, M.V.; Farhangnia, P.; Vakili-Samiani, S.; Tarokhian, H.; Jadidi-Niaragh, F.
The molecular mechanisms and therapeutic potential of EZH2 in breast cancer. Life Sci. 2021, 286, 120047. [CrossRef] [PubMed]

118. Hanaki, S.; Shimada, M. Targeting EZH2 as cancer therapy. J. Biochem. 2021, 170, 1–4. [CrossRef]
119. Hamaidia, M.; Gazon, H.; Hoyos, C.; Hoffmann, G.B.; Louis, R.; Duysinx, B.; Willems, L. Inhibition of EZH2 methyltransferase

decreases immunoediting of mesothelioma cells by autologous macrophages through a PD-1-dependent mechanism. JCI Insight
2019, 4, e128474. [CrossRef]

120. Ratnam, N.M.; Sonnemann, H.M.; Frederico, S.C.; Chen, H.; Hutchinson, M.N.D.; Dowdy, T.; Reid, C.M.; Jung, J.; Zhang, W.;
Song, H.; et al. Reversing epigenetic gene silencing to overcome immune evasion in CNS malignancies. Front. Oncol. 2021, 11,
719091. [CrossRef]

121. Stathis, A.; Bertoni, F. BET proteins as targets for anticancer treatment. Cancer Discov. 2018, 8, 24–36. [CrossRef] [PubMed]
122. Mao, W.; Ghasemzadeh, A.; Freeman, Z.T.; Obradovic, A.; Chaimowitz, M.G.; Nirschl, T.R.; McKiernan, E.; Yegnasubramanian, S.;

Drake, C.G. Immunogenicity of prostate cancer is augmented by BET bromodomain inhibition. J. Immunother. Cancer 2019, 7, 277.
[CrossRef]

http://doi.org/10.1016/j.celrep.2019.10.093
http://doi.org/10.2217/epi-2018-0149
http://www.ncbi.nlm.nih.gov/pubmed/30821175
http://doi.org/10.1186/s13148-020-00883-9
http://doi.org/10.1200/JCO.2000.18.5.956
http://doi.org/10.1136/jitc-2021-002347
http://www.ncbi.nlm.nih.gov/pubmed/33820822
http://doi.org/10.1038/leu.2012.157
http://www.ncbi.nlm.nih.gov/pubmed/22699452
http://doi.org/10.1242/jcs.173013
http://doi.org/10.1101/gr.234559.118
http://www.ncbi.nlm.nih.gov/pubmed/33414108
http://doi.org/10.1016/j.cell.2018.05.052
http://www.ncbi.nlm.nih.gov/pubmed/29937226
http://doi.org/10.1038/s41388-018-0451-5
http://doi.org/10.1158/2159-8290.CD-20-0017
http://doi.org/10.1186/s13045-019-0811-9
http://doi.org/10.1007/s10875-015-0169-x
http://doi.org/10.1111/cei.13183
http://doi.org/10.1371/journal.pone.0200079
http://doi.org/10.7150/ijbs.8.59
http://doi.org/10.1158/1078-0432.CCR-10-2156
http://www.ncbi.nlm.nih.gov/pubmed/21367748
http://www.ncbi.nlm.nih.gov/pubmed/21654879
http://doi.org/10.1016/j.biopha.2021.112532
http://doi.org/10.1016/j.lfs.2021.120047
http://www.ncbi.nlm.nih.gov/pubmed/34653429
http://doi.org/10.1093/jb/mvab007
http://doi.org/10.1172/jci.insight.128474
http://doi.org/10.3389/fonc.2021.719091
http://doi.org/10.1158/2159-8290.CD-17-0605
http://www.ncbi.nlm.nih.gov/pubmed/29263030
http://doi.org/10.1186/s40425-019-0758-y


Int. J. Mol. Sci. 2022, 23, 1119 16 of 16

123. Cho, J.W.; Son, J.; Ha, S.J.; Lee, I. Systems biology analysis identifies TNFRSF9 as a functional marker of tumor-infiltrating
regulatory T-cell enabling clinical outcome prediction in lung cancer. Comput. Struct. Biotechnol. J. 2021, 19, 860–868. [CrossRef]
[PubMed]

124. Sangsuwannukul, T.; Supimon, K.; Sujjitjoon, J.; Phanthaphol, N.; Chieochansin, T.; Poungvarin, N.; Wongkham, S.; Junking,
M.; Yenchitsomanus, P.T. Anti-tumour effect of the fourth-generation chimeric antigen receptor T cells targeting CD133 against
cholangiocarcinoma cells. Int. Immunopharmacol. 2020, 89, 107069. [CrossRef]

125. Anderson, M.W.; Zhao, S.; Freud, A.G.; Czerwinski, D.K.; Kohrt, H.; Alizadeh, A.A.; Houot, R.; Azambuja, D.; Biasoli, I.; Morais,
J.C.; et al. CD137 is expressed in follicular dendritic cell tumors and in classical Hodgkin and T-cell lymphomas: Diagnostic and
therapeutic implications. Am. J. Pathol. 2012, 181, 795–803. [CrossRef] [PubMed]

126. Glorieux, C.; Huang, P. CD137 expression in cancer cells: Regulation and significance. Cancer Commun. 2019, 39, 70. [CrossRef]
127. Fröhlich, A.; Loick, S.; Bawden, E.G.; Fietz, S.; Dietrich, J.; Diekmann, E.; Saavedra, G.; Fröhlich, H.; Niebel, D.; Sirokay, J.; et al.

Comprehensive analysis of tumor necrosis factor receptor TNFRSF9 (4-1BB) DNA methylation with regard to molecular and
clinicopathological features, immune infiltrates, and response prediction to immunotherapy in melanoma. EBioMedicine 2020, 52,
102647. [CrossRef]

128. Havre, P.A.; Rice, M.C.; Noe, M.; Kmiec, E.B. The human REC2/RAD51B gene acts as a DNA damage sensor by inducing G1
delay and hypersensitivity to ultraviolet irradiation. Cancer Res. 1998, 58, 4733–4739.

129. Guerreiro, I.M.; Barros-Silva, D.; Lopes, P.; Cantante, M.; Cunha, A.L.; Lobo, J.; Antunes, L.; Rodrigues, A.; Soares, M.; Henrique,
R.; et al. RAD51B(me) Levels as a potential predictive biomarker for PD-1 blockade response in non-small cell lung cancer. J. Clin.
Med. 2020, 9, 1000. [CrossRef]

130. Gu, W.; Roeder, R.G. Activation of p53 sequence-specific DNA binding by acetylation of the p53 C-terminal domain. Cell 1997, 90,
595–606. [CrossRef]

131. Blobel, G.A. CREB-binding protein and p300: Molecular integrators of hematopoietic transcription. Blood 2000, 95, 745–755.
[CrossRef] [PubMed]

132. Rebel, V.I.; Kung, A.L.; Tanner, E.A.; Yang, H.; Bronson, R.T.; Livingston, D.M. Distinct roles for CREB-binding protein and p300
in hematopoietic stem cell self-renewal. Proc. Natl. Acad. Sci. USA 2002, 99, 14789–14794. [CrossRef]

133. Mullighan, C.G.; Zhang, J.; Kasper, L.H.; Lerach, S.; Payne-Turner, D.; Phillips, L.A.; Heatley, S.L.; Holmfeldt, L.; Collins-Underwood,
J.R.; Ma, J.; et al. CREBBP mutations in relapsed acute lymphoblastic leukaemia. Nature 2011, 471, 235–239. [CrossRef]

134. Zhou, Y.; Bastian, I.N.; Long, M.D.; Dow, M.; Li, W.; Liu, T.; Ngu, R.K.; Antonucci, L.; Huang, J.Y.; Phung, Q.T.; et al. Activation of
NF-κB and p300/CBP potentiates cancer chemoimmunotherapy through induction of MHC-I antigen presentation. Proc. Natl.
Acad. Sci. USA 2021, 118, e2025840118. [CrossRef] [PubMed]

135. Hegarty, S.V.; O’Leary, E.; Solger, F.; Stanicka, J.; Sullivan, A.M.; O’Keeffe, G.W. A small molecule activator of p300/CBP histone
acetyltransferase promotes survival and neurite growth in a cellular model of Parkinson’s disease. Neurotox. Res. 2016, 30,
510–520. [CrossRef]

136. Black, J.C.; Manning, A.L.; Van Rechem, C.; Kim, J.; Ladd, B.; Cho, J.; Pineda, C.M.; Murphy, N.; Daniels, D.L.; Montagna, C.;
et al. KDM4A lysine demethylase induces site-specific copy gain and rereplication of regions amplified in tumors. Cell 2013, 154,
541–555. [CrossRef] [PubMed]

137. Jin, X.; Xu, H.; Wu, X.; Li, T.; Li, J.; Zhou, Y.; Dan, H.; Jiang, L.; Zeng, X.; Ji, P.; et al. KDM4A as a prognostic marker of oral squamous
cell carcinoma: Evidence from tissue microarray studies in a multicenter cohort. Oncotarget 2017, 8, 80348–80357. [CrossRef]

138. Sun, S.; Yang, F.; Zhu, Y.; Zhang, S. KDM4A promotes the growth of non-small cell lung cancer by mediating the expression of
Myc via DLX5 through the Wnt/β-catenin signaling pathway. Life Sci. 2020, 262, 118508. [CrossRef] [PubMed]

139. Massett, M.E.; Monaghan, L.; Patterson, S.; Mannion, N.; Bunschoten, R.P.; Hoose, A.; Marmiroli, S.; Liskamp, R.M.J.; Jørgensen,
H.G.; Vetrie, D.; et al. A KDM4A-PAF1-mediated epigenomic network is essential for acute myeloid leukemia cell self-renewal
and survival. Cell Death Dis. 2021, 12, 573. [CrossRef]

140. Zhang, W.; Liu, W.; Jia, L.; Chen, D.; Chang, I.; Lake, M.; Bentolila, L.A.; Wang, C.Y. Targeting KDM4A epigenetically activates
tumor-cell-intrinsic immunity by inducing DNA replication stress. Mol. Cell 2021, 81, 2148–2165.e9. [CrossRef]

141. Yamashiro, L.H.; Wilson, S.C.; Morrison, H.M.; Karalis, V.; Chung, J.J.; Chen, K.J.; Bateup, H.S.; Szpara, M.L.; Lee, A.Y.; Cox, J.S.; et al.
Interferon-independent STING signaling promotes resistance to HSV-1 in vivo. Nat. Commun. 2020, 11, 3382. [CrossRef] [PubMed]

142. Wu, J.; Dobbs, N.; Yang, K.; Yan, N. Interferon-independent activities of mammalian STING mediate antiviral response and tumor
immune evasion. Immunity 2020, 53, 115–126.e5. [CrossRef] [PubMed]

143. Zebertavage, L.K.; Alice, A.; Crittenden, M.R.; Gough, M.J. Transcriptional upregulation of NLRC5 by radiation drives STING-
and interferon-independent MHC-I expression on cancer cells and T cell cytotoxicity. Sci. Rep. 2020, 10, 7376. [CrossRef]

144. Sun, Z.W.; Allis, C.D. Ubiquitination of histone H2B regulates H3 methylation and gene silencing in yeast. Nature 2002, 418,
104–108. [CrossRef]

145. Wang, Z.; Kang, W.; Li, O.; Qi, F.; Wang, J.; You, Y.; He, P.; Suo, Z.; Zheng, Y.; Liu, H.M. Abrogation of USP7 is an alternative
strategy to downregulate PD-L1 and sensitize gastric cancer cells to T cells killing. Acta. Pharm. Sin. B 2021, 11, 694–707. [CrossRef]

146. Turnbull, A.P.; Ioannidis, S.; Krajewski, W.W.; Pinto-Fernandez, A.; Heride, C.; Martin, A.C.L.; Tonkin, L.M.; Townsend, E.C.;
Buker, S.M.; Lancia, D.R.; et al. Molecular basis of USP7 inhibition by selective small-molecule inhibitors. Nature 2017, 550,
481–486. [CrossRef] [PubMed]

http://doi.org/10.1016/j.csbj.2021.01.025
http://www.ncbi.nlm.nih.gov/pubmed/33598101
http://doi.org/10.1016/j.intimp.2020.107069
http://doi.org/10.1016/j.ajpath.2012.05.015
http://www.ncbi.nlm.nih.gov/pubmed/22901750
http://doi.org/10.1186/s40880-019-0419-z
http://doi.org/10.1016/j.ebiom.2020.102647
http://doi.org/10.3390/jcm9041000
http://doi.org/10.1016/S0092-8674(00)80521-8
http://doi.org/10.1182/blood.V95.3.745.003k05_745_755
http://www.ncbi.nlm.nih.gov/pubmed/10648382
http://doi.org/10.1073/pnas.232568499
http://doi.org/10.1038/nature09727
http://doi.org/10.1073/pnas.2025840118
http://www.ncbi.nlm.nih.gov/pubmed/33602823
http://doi.org/10.1007/s12640-016-9636-2
http://doi.org/10.1016/j.cell.2013.06.051
http://www.ncbi.nlm.nih.gov/pubmed/23871696
http://doi.org/10.18632/oncotarget.18302
http://doi.org/10.1016/j.lfs.2020.118508
http://www.ncbi.nlm.nih.gov/pubmed/33002480
http://doi.org/10.1038/s41419-021-03738-0
http://doi.org/10.1016/j.molcel.2021.02.038
http://doi.org/10.1038/s41467-020-17156-x
http://www.ncbi.nlm.nih.gov/pubmed/32636381
http://doi.org/10.1016/j.immuni.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32640258
http://doi.org/10.1038/s41598-020-64408-3
http://doi.org/10.1038/nature00883
http://doi.org/10.1016/j.apsb.2020.11.005
http://doi.org/10.1038/nature24451
http://www.ncbi.nlm.nih.gov/pubmed/29045389

	Introduction 
	Epigenetic Modification 
	DNA Methylation 
	Histone Methylation 
	Histone Acetylation 
	Histone Ubiquitination 

	The Characteristics of Malignant Melanoma 
	Epigenetic Modification and Potent Therapeutic Efficacy of the Combination with Anti-PD-1/PD-L1 Antibody Treatment 
	HDAC Inhibitor Plus Anti-PD-1 Antibody Improves Survival 
	HDAC Inhibitor Plus Anti-PD-1 Antibody Enhances Cytotoxic Reaction 
	HDAC Inhibitor Enhances PD-L1 Expression in Tumors 
	HDAC Inhibitor Enhances HLA Class I/MHC Class I Expression in Tumors 
	HDAC Inhibitor Enhances MHC Class II in Tumors 
	HDAC6 Enhances Anti-Tumor Effects 
	HDAC3 Inhibitor for Upregulation of PD-L1 Expression 
	DNMT and HDAC6 Combination Inhibitor Treatment Enhances Cytotoxic Immune Reaction in Ovarian Cancer 
	DNA Methylation Upregulates PD-1 and Decreases PD-L1/L2 
	Lysine-Specific Histone Demethylase 1A (LSD1) Negatively Regulates Anti-Tumor Immune Response 
	DNA Hypermethylation in Pore-Forming Protein Perforin (PRF1) 
	EZH2 Reduces PD-1 Expression 
	Inhibition of Bromodomain and Extra-Terminal Domain (BET) Downregulates PD-L1 
	DNA Hypermethylation in TNFRSF9 during Anti-PD-1 Treatment 
	DNA Hypermethylation in RAD51B Upregulates PD-L1 
	p300/CBP Activates Anti-Tumor Immunity Mediated by MHC Class I Upregulation in Tumors 
	KDM4A Suppresses Anti-Tumor Immune Response 
	USP7 Upregulates PD-L1 in Tumors 
	Summary of Epigenetic Alteration Influence in Immunotherapy 
	Conclusions 
	References

