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Uveal melanoma (UM), the most common intraocular malignancy in adults, is a rare subset of melanoma. Despite

effective primary therapy, around 50% of patients will develop the metastatic disease. Several clinical trials have been

evaluated for patients with advanced UM, though outcomes remain dismal due to the lack of efficient therapies.

Epigenetic dysregulation consisting of aberrant DNA methylation, histone modifications, and small non-coding RNA

expression, silencing tumor suppressor genes, or activating oncogenes, have been shown to play a significant role in UM

initiation and progression. Given that there is no evidence any approach improves results so far, adopting combination

therapies, incorporating a new generation of epigenetic drugs targeting these alterations, may pave the way for novel

promising therapeutic options. Furthermore, the fusion of effector enzymes with nuclease-deficient Cas9 (dCas9) in

clustered regularly interspaced short palindromic repeats (CRISPR) associated protein 9 (Cas9) system equips a potent

tool for locus-specific erasure or establishment of DNA methylation as well as histone modifications and, therefore,

transcriptional regulation of specific genes.
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1. Biology and Molecular Subtypes of Uveal Melanoma

Uveal melanoma (UM) is the most common primary cancer of the eye, causing fatal liver metastasis in up to half of the

patients . The average annual incidence varies widely according to ethnicity or latitude between less than 1 to more

than 9 per million population per year, with the highest incidence in white Caucasians . Primary UM is treated with

either surgery or radiation with a low local recurrence rate. However, there are no efficient therapies for metastatic UM,

and as a result, most of the patients survive less than 12 months after metastases diagnosis . A recent meta-analysis

including 912 metastatic UM patients reported the median OS 10.2 months (95% CI 9.5–11.0) . The UM tumors arise

from melanocytes located in the uveal layer of the eye, with the choroid the most frequent site (82%), followed by the

ciliary body (15%) and iris (3%) . G protein subunit alpha q (GNAQ) and G protein subunit alpha 11 (GNA11) hotspot

mutations, present in 83% of UM, are considered to be initiating events in UM tumorigenesis . Recurrent cytogenetic

abnormalities, including the most significant loss of one copy of chromosome 3 (M3) as well as 8p loss/8q gain, 6p gains,

and 1p deletion, also hold prognostic potential . Loss-of-function mutations in the BRCA1 associated protein 1 (BAP1)

gene, located on 3p21, accompanied by decreased BAP1 mRNA and protein expression, have been identified in M3-UM,

indicating that BAP1 abnormalities are highly correlated with the development of UM metastases. Patients with BAP1
mutations are generally younger, between 30 and 59 years, compared to the mean age at diagnosis, 62 years .

Gene expression profiling is considered an important prognostic tool that can predict metastatic risk with higher certainty

than clinical stage or chromosome 3 status. A commercially available expression panel of 15 genes, established by Castle

Biosciences, categorizes patients as Class 1 (low metastatic risk) or Class 2 (high metastatic risk) . Class 1 patients

are subdivided into Class 1a and Class 1b categories based on the key mutations and the number of 8q and 6p copies .

The 5-year screening of patients revealed significant differences in metastatic risk of Class 1a, 1b, and Class 2 UMs,

which are 2%, 21%, and 72%, respectively . Recently, Robertson and colleagues identified four molecularly distinct UM

subtypes, two associated with poor-prognosis M3 and two associated with better-prognosis disomy 3 (D3). Two

subgroups of M3 tumors possess diverse clinical outcomes and are related to different biological pathways. In the first

one, DNA damage repair, hypoxia-inducible factor 1 alpha (HIF1A), and MYC signaling are more prominent, while high

levels of mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt are more noticeable in the

other subgroup . This highlights the necessity for tailored therapeutic strategies that target these subtype-specific

molecular changes. Moreover, unsupervised consensus clustering of the most variable 1% of CpG probes brought in four

methylation clusters strongly associated with prognostic groups. UM in DNA methylation clusters 2 and 3 were highly

enriched (12 of 16 tumors) in SF3B1/SRFR2 mutations, whereas EIF1AX mutant tumors were only present in DNA

methylation cluster 1. Thus, D3 UM with EIF1AX versus SF3B1/SRFR2 mutations conveys diverse DNA methylation

patterns. M3 BAP1-aberrant UM tumors offered a single global DNA methylation profile .
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2. Role of Epigenetic Changes in UM Progression

Epigenetic alterations can result in aberrant gene regulation, thereby playing an essential role in tumorigenesis.

Therefore, a complete overview of the epigenomic landscape is required to track the molecular events involved in the

initiation and progression of a particular disease. Epigenetic changes that, for example, silence tumor suppressor genes

or activate oncogenes include DNA methylation, histone modifications, and small non-coding RNAs. Many of them have

been associated with UM initiation and progression (Figure 1) .

Figure 1. Epigenetically altered genes in uveal melanoma (UM).

2.1. DNA Methylation

DNA methylation is a covalent modification with the addition of a methyl group [-CH3] to the cytosine residue in the CpG

dinucleotide sequence. Methylation/demethylation is an essential mechanism in maintaining cell- or tissue-specific gene

expression  . Correlation between gene expression profiles with global DNA methylome clusters identified so far in

prognostically distinct UM tumors, suggests an epigenetic contribution to the underlying molecular pathology that

produces this transcriptome .

Preferentially Expressed Antigen in Melanoma (PRAME) is an emerging epigenetic biomarker of metastasis in low-risk

UM tumors . It was shown that hypomethylation of specific CpG sites nearby the PRAME promoter resulted in its

transcriptional activation, correlated with high metastatic risk in both classes 1 UMs . There was a significant

association between the high expression level of the Deleted Split hand/Split foot 1 (DSS1) gene and some clinical-

pathological features. A recent study discovered that 64% of UMs showed higher expression of DSS1 than healthy

tissues. It was demonstrated that there is an inverse correlation between DSS1 expression activity and the methylation

status of its promoter .

Aberrant promoter hypermethylation of CpG islands plays a critical role in the inactivation of tumor suppressor genes in

cancer . Hypermethylation of p16, TIMP3, RASSF1A, RASEF, hTERT, and EFS genes have been reported in UM 

.

The Ras association domain family 1 isoform A (RASSF1A) gene is located on chromosome 3p21.3, and its absence or

inactivation has been proved to be a contributing factor in UM tumor formation and progression . It plays a crucial role

in cell-cycle regulation, apoptosis, and microtubule stability . Methylation of promoter sites of this gene control entry at

the retinoblastoma checkpoint and inhibits cyclin D1 protein accumulation at the post-transcriptional level, leading to cell-

cycle progression block from the G1 to the S phase. Though the methylation of RASSF1A may not be wholly responsible

for UM development, it could be a contributing factor in UM tumorigenesis . M3, which is related to the tumor’s metastatic

capacity, has been reported in approximately half of all UMs. Considering the position of RASSF1A on the p21.3 region of

chromosome 3, it could serve as a tumor suppressor gene whose silencing by methylation acts as a ‘second hit’ after

monosomy occurs .

The Ras and EF-hand domain-containing (RASEF) gene, located on chromosome 9, region q21 is a candidate tumor

suppressor gene. In 2007, UM cell lines and primary UM samples were screened for mutations in the RASEF gene

region. The authors discovered that all cell lines and samples that did not express RASEF contained a methylated

promoter, although those with RASEF expression lacked this methylation. They also demonstrated that methylation not

only co-occur with low expression but also with a homozygous genotype. These findings propose that a combination of

methylation and loss of heterozygosity may be the mechanism for loss of RASEF expression . Homozygous tumors with a

methylated RASEF promoter region tend to display reduced survival compared with heterozygous tumors without

methylation, suggesting loss of heterozygosity might be related to the aggressive behavior of the tumor .

A study by Venza and colleagues in 2015 showed that DNA methyltransferase 1 (Dnmt1) and Dnmt3b have a preeminent

role in P16INK4A (alias CDKN2A) repression. They demonstrated that epigenetic alterations in the P16INK4A and

P14ARF (the alternative reading frame protein product of the CDKN2A locus) genes were frequently associated with

cutaneous as well as UMs . Moreover, it was demonstrated that P16INK4A is frequently inactivated by

hypermethylation in both primary UM and UM cell lines, accompanied by a down-regulated expression of P16INK4A .

Both these studies also reported that loss of P16INK4A expression, attributable to CpG methylation, could be reversed

when treated with the demethylating drug 5-aza-2’-deoxycytidine (decitabine). Interestingly, in UM patients who possess a

tumor with a methylated P16INK4A promoter, metastasis tends to be more common. Therefore, modulation of abnormal

methylation could be considered a valid target for UM treatment .
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A recent study by Field and colleagues indicates that hypermethylation on chromosome 3 correlated with down-regulated

gene expression at several loci, including 3p21 where BAP1 is located. All Class 2 tumors contained a novel

hypermethylated site within the BAP1 locus, which reveals that BAP1 itself is epigenetically regulated. In functional

validation experiments, Bap1 knockdown in UM cell lines consisted of a similar methylomic repatterning with UM tumors,

enhanced for genes involved in axon guidance, melanogenesis, and development . This study provides evidence that

BAP1 loss leads to large-scale methylomic repatterning resulting in the Class 2 phenotype. Deciphering the role of

epigenetic deregulation could explain the loss of melanocytic differentiation and gain of neural crest-like migratory

behavior in Class 2 UMs.

2.2. Histone Modifications

Histone modification refers to the process of acetylation, phosphorylation, histone methylation, polyadenylation,

ubiquitination, and ADP ribosylation, achieved by the relevant enzymatic activity . Depletion of Bap1 protein trigger

hyperubiquitination of H2A in melanoma cells and melanocytes, bringing about loss of differentiation along with the gain of

stem-like properties  . On the contrary, treatment with histone deacetylase inhibitors (HDACis) in vivo in a xenograft

model reversed the H2A hyperubiquitination, which may have therapeutic potential for inducing prolonged dormancy of

micrometastatic UM disease . While Hdac4 is localized to the nucleus in BAP1-mutant UM cells and the cells in which a

BAP1 mutation was introduced using CRISPR-Cas9, it is restricted mainly to the cytoplasm in BAP1 wild-type UM cells

and in normal human uveal melanocytes. Hence, Bap1 can inhibit the epigenetic function of Hdac4, at least in part, by

diminishing its localization to the nucleus. Besides, short hairpin RNA (shRNA)-mediated depletion of Hdac4 in BAP1-

mutant UM cells significantly impeded cell proliferation . These findings suggest novel insights into the role of BAP1 in

development and cancer and propose HDACis as potential therapeutic agents for BAP1-mutant cancer’s treatment.

2.3. miRNA-Based Epigenetic Mechanism

Micro RNAs (miRNA) are among the most studied non-coding RNAs. They are short (17–22 nucleotides in length),

phylogenetically preserved single-stranded RNA molecules involved in the gene expression regulation. Their

dysregulation has been ascertained to confer resistance to apoptosis, promote cell-cycle progression, and enhance

invasiveness and metastasis of many cancers . A significant number of miRNAs have been shown to be differentially

expressed in UM cell lines and tumor tissues . The expression level of let-7b, miR-143, miR-193b, miR-199a, and miR-

652 were proved to be increased in Class 2 UMs, so they can be used to differentiate between Class 1 and Class 2 UM

tumors . Radhakrishnan and colleagues identified distinct miRNAs present in metastatic UM and absent in non-

metastasizing tumors .

Moreover, 96 miRNAs were reported altered in UM cell lines. Among them, 65 were downregulated, 28 upregulated, and 3

exhibited a different expression pattern . The pleiotropic nature makes miRNAs particularly attractive drug targets. MiR-

27a is an oncogenic miRNA overexpressed in various cancer types. Genistein was found to inhibit miR-27a expression in

highly aggressive UM cells in vitro and in vivo, thus increasing the expression of its target gene ZBTB10 significantly.

Therefore, the authors hypothesized that genistein growth inhibitory activities can be mediated via miR-27a regulatory

mechanism .

Treatment of UM cells with a DNA hypomethylating agent decitabine and HDACi trichostatin A (TSA), can regulate miR-

124a expression level via epigenetic mechanisms . Furthermore, decitabine was capable of enhancing miR-137

expression, which is generally epigenetically silenced during UM initiation , proving that individual epigenetic

mechanisms can interact with each other. The list of UM-associated miRNAs (reviewed in ) is continually expanding

along with the development of experimental methods and miRNA research tools. However, the identification of clinically

relevant target genes and corresponding biological pathways will pave the way for their therapeutic targeting.

3. Epigenetic Editing

Due to the reversible nature of epigenetic changes, converting them to a “normal-like” chromatin landscape is feasible

using “designed modular tools” . The fundamental structure of editing tools includes a programmable DNA-binding

domain and an epigenetic effector domain of interest. The zinc finger nucleases (ZFN), transcription activator-like effector

(TALE), and nuclease-deficient Cas9 (dCas9) are three different programmable DNA-recognition domains which have

been broadly used in epigenome editing, the most promising derivative technology of genome editing . The epigenetic

effectors are diverse, ranging from the writers, erasers, and readers, depositing, removing, or detecting DNA and histone

modification marks as well as artificial transcription factors .
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 Epigenetic Editing Using CRISPR/dCas9

The clustered regularly interspaced short palindromic repeats (CRISPR) bacteria primitively used associated protein 9

(Cas9) system for their defense against bacteriophages. Recently this system is receiving remarkable attention by its

rising role in the treatment of genetic disorders and cancer . CRISPR system consists of an RNA-guided Cas9

endonuclease protein, which has the potential to be repurposed for editing both the genome and epigenome with

significant efficiency . This system can dramatically accelerate cancer research progress, either by screening for novel

therapeutic targets, developing cancer therapies or by functional genome/epigenome editing. Therefore, it can be

considered a robust weapon in the arsenal of future cancer treatment .

Two de novo DNA methyltransferases (Dnmt3a/b) are responsible for establishing DNA methylation in mammalian cells

and Dnmt1 for its maintaining. Furthermore, demethylation is feasible through oxidation of the methyl group by TET (ten–

eleven translocation) dioxygenases to build 5-hydroxymethylcytosine, and then its recovery into unmodified cytosine by

whether DNA glycosylase-initiated base excision repair or DNA replication-dependent dilution .

It was demonstrated that fusion of mutant form of Cas9 without endonuclease activity known as dCas9, with the Dnmt3a

or Tet1 enzyme could provide a potent tool for targeted erasure or establishment of DNA methylation, respectively. In 2016

Rudolf Jaenisch group successfully repurposed the CRISPR/Cas9 system to rearrange the targeted genomic sequences’

methylation status. dCas9 protein was fused either to the Dnmt3a (dCas9-Dnmt3a) or the catalytic domain of Tet1

(dCas9-Tet1) to predictably edit the epigenetic state of specific sequences .

To methylate genomic sites of interest by raising the local Dnmt3a concentration dCas9 protein was fused to repetitive

peptide epitopes (SunTag), recruiting multiple copies of antibody-fused Dnmt3a (dCas9-SunTag-Dnmt3a). The authors

reported that dCas9-SunTag-Dnmt3a can significantly boost CpG methylation at the HOXA5 locus in human embryonic

kidney (HEK293T) cells and thus inhibit HOXA5 gene expression, not to mention its minimal impact on the global DNA

methylome and transcriptome .

By gaining insight into the crucial role of molecular abnormalities, including epigenetic changes in cancer initiation,

progression, and metastasis, there is a great demand for modern technologies to restore these aberrations. Therefore, in

the coming years, the CRISPR-Cas system will play a notable role in cancer research. Repurposing this system to

modulate the epigenome of cancer cells grant novel cancer therapies, albeit the employment of this platform, poses

enormous challenges . Taking together, dCas9-Dnmt3a/Tet1 could be an appropriate tool for implementing the new

therapeutic strategies for UM (Figure 2) and other cancer types.

Figure 2. Epigenetic editing by CRISPR/dCas9, allowing for locus-specific control of epigenetically regulated gene

expression, provides a more specific alternative to epigenetic drugs. DNA methylation or histone modifications can be

restored using dCas9 protein fused or non-covalently bound to epigenetic effectors, derived from writers or erasers. Gene

expression has been activated by DNA demethylation using Tet1, H3K27 acetylation by p300, or H3K4 trimethylation by

PRDM9. The antagonistic effect can be achieved either by promoter methylation employing Dnmt3a, removal of a methyl

group from H3K4me1/2 and H3K9me2 by LSD1 or deacetylation of H3K27ac by HDAC3.
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