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Although gene mutations and aberrant chromosomes are associated with

the pathogenesis and prognosis of uveal melanoma (UM), potential

therapeutic targets still need to be explored. We aim to determine the

predictive value and potential therapeutic target of EZH2 in uveal

melanoma. Eighty-five uveal melanoma samples were recruited in our

study, including 19 metastatic and 66 nonmetastatic samples. qRT-PCR,

immunohistochemistry staining, and western blotting were applied to detect

the expression of EZH2 and H3K27me3.We found that EZH2 (41/85, 48.24%)

and H3K27me3 (49/85, 57.65%) were overexpressed in uveal melanoma. The

expression of EZH2 was not significantly associated with metastasis. High

H3K27me3 expression was correlated with poor patient prognosis. UNC

1999, an EZH2 inhibitor, can downregulate H3K27me3 expression and has

the most potency to inhibit OMM1 cell growth by the cell cycle and

ferroptosis pathway. These results indicate that H3K27me3 can be a

biomarker predicting a poor prognosis of UM. EZH2 is the potential

therapeutic target for UM.
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Introduction

Uveal melanoma (UM), originating frommelanocytes, is one of the most common

melanomas after cutaneous melanoma. Metastases occur in approximately 50% of

UM patients, and about 90% of metastatic foci involve the liver with a poor prognosis

(Adriana et al., 2017). Once metastasis occurs, the survival time will not exceed one

year (Yonekawa and Kim, 2012). In the past 30 years, although primary UM was

treated positively, the 5-year survival rate of UM has not improved (Carvajal et al.,

2017).

Enhancer of zeste homolog 2 (EZH2) is the functional enzymatic component of

the polycomb repressive complex 2 (PRC2), which collaborates with polycomb
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repressive complex 1 (PRC1) to inactivate gene expression

(Kahn et al., 2016). EZH2 catalyzes the trimethylation of

histone 3 lysine 27 (H3K27me3), leading to the repression

of gene transcription and regulating proliferation and

differentiation in the growth process (Barsotti et al., 2015).

EZH2 is highly expressed in various tumors. The

overexpression of EZH2 is related to worse survival in NK/

T-cell lymphoma, prostate cancer, breast cancer, cutaneous

melanoma, gastric cancer, endometrial cancer, and esophageal

squamous cell carcinoma (Bachmann et al., 2006; Wei et al.,

2008; Cai et al., 2010; Liu et al., 2019). Even though EZH2

overexpression and gain-of-function present oncogenic

activity, EZH2 also plays a crucial role in tumor suppression,

such as myelodysplastic syndromes, myeloproliferative

neoplasms, and T cell acute lymphoblastic leukemia (Ernst

et al., 2010; Nikoloski et al., 2010; Ntziachristos et al., 2012).

Therefore, it is necessary to identify the overexpression of EZH2

and its therapeutic potential in uveal melanoma.

In addition to trimethylation, PRC2 also mediates mono

and dimethylation of H3K27 (Peters et al., 2003). In the

progress of EZH2 methylating H3K27, it can cause increased

H3K27me3 with a subsequent decrease in H3K27me1 and

H3K27me2 (McCabe et al., 2012; Barsotti et al., 2015).

Whereas more than 50% of total histone H3 is

H3K27me2 and H3K27me3, monomethylated H3K27

(H3K27me1) are substantially less abundant at about

10%–20% (Jung et al., 2010). The widespread deposition

of H3K27me2 is believed to protect target loci from

histone acetyltransferases (HATs) activity, ensuring

proper control of cell type-specific enhancement (Jung

et al., 2010). H3K27me3 is an epigenetic hallmark of gene

silencing but not H3K27me1 and H3K27me2 (Liu and Liu,

2022).

However, the indications of the level of H3K27me3 also

have two sides in different cancers. Indeed, H3K27me3 is

expressed at low-level in breast, ovarian, pancreatic cancers,

meningiomas, and malignant peripheral nerve sheath tumors,

and a reduction in H3K27me3 is a predictor of the poor

prognosis in patients with carcinoma (Wei et al., 2008;

Schaefer et al., 2016; Katz et al., 2018). But H3K27me3 is

elevated in hepatocellular carcinoma, nasopharyngeal

carcinoma, endometriosis, and prostate cancer, predicting

the poor prognosis (Cai et al., 2011a; Cai et al., 2011b;

Colón-Caraballo et al., 2015; Liu et al., 2016; Ngollo et al.,

2017).

Although many studies have described EZH2 and

H3K27me3 in different cancers, it is unclear whether the

EZH2 mutation exists in uveal melanoma and the effect of

EZH2 and H3K27me3 in uveal melanoma. There have been

two recent studies on EZH2 expression in UM. Cheng and

colleagues examined the expression level of EZH2 in

89 samples by IHC, suggesting that high EZH2 expression

was significantly associated with metastasis (Cheng et al.,

2017). Jin et al. (2020) found that overexpression of

EZH2 promoted the growth, migration, and invasion of UM.

Our study investigated the association between EZH2 and

H3K27me3 expression and prognosis. With the development

of selective EZH2 inhibitors, we attempt to reveal the roles of

EZH2 and H3K27me3 in uveal melanoma via small-molecule

EZH2 inhibitors, including GSK126, GSK503, EED226,

UNC1999, and EZP6438.

Materials and methods

Sample selection

The inclusion criteria was as follows: 1) Uveal melanoma

patients who underwent global enucleation in the Department

of Ophthalmology in China West Hospital from 2009 to 2017;

2) We can follow up on the endpoint (metastasis or non-

metastasis) by telephone. Eventually, 85 tumor samples from

uveal melanoma patients, all formalin-fixed and paraffin-

embedded (FFPE), 19 metastatic and 66 nonmetastatic, were

obtained from the Department of Pathology in China West

Hospital. Patient demographics, metastasis, and clinical and

pathological data were obtained from the clinical records. For

our study, the presence of metastasis was regarded as the

endpoint according to telephone follow-up. All participants

gave informed consent before the examination. The Ethics

Committee of West China Hospital, Sichuan University,

approved this study.

Immunohistochemical staining and
evaluation

Immunohistochemistry was performed on 5-μm-thick

formalin-fixed, paraffin-embedded (FFPE) tissue sections.

Sections were put in 0.2% potassium permanganate solution

for 20 min and 1% oxalic acid solution in 10 s for

depigmentation, following deparaffinization and antigen

retrieval. Sections were incubated at 4°C overnight with

EZH2 Rabbit Antibody (1:1000, Cell Signaling Technology,

3147, Beverly, MA, United States) and H3K27me3 Rabbit

Antibody (1:1000, Cell Signaling Technology, Beverly, 9733,

MA, United States). We used Vulcan Fast Red Chromogen

Kit 2(Biocare Medical, 1-800-799-9499) as a chromogenic

reagent. The slides were scanned automatically by a

NanoZoomer Digital Pathology System. The acquired pictures

were viewed with NDP view software. We counted 1,000 cells and

recorded the percentage of positive cells. We discretized the

continuous data of EZH2-positive cell percentage to the

categorical data from 0 to 3 (0, no staining; 1, ≤10%; 2, ≤30%;

3, >50%). The results were then subdivided into low (score = 0, 1)

and high (score = 2, 3) expression groups.
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Cell culture

The UMOMM1 cells were kindly provided by Dr. M. J. Jager,

Leiden University Medical Center, Leiden, and Dr. Renbing Jia,

Department of Ophthalmology, Shanghai Ninth People’s

Hospital, Shanghai Jiaotong University School of Medicine.

ARPE cell line was gifted by Dr. Kang Zhang, West China

Hospital, Sichuan University. Cultured explants were either

exposed to GSK126 (Selleckchem, S7061), GSK503

(Selleckchem, S7804), EED226 (Selleckchem, S8496),

UNC1999 (Sigma Aldrich Corp, SML0778), and EPZ6438

(Selleckchem, S7128).

Western blot

Primary antibodies included β-actin (1:2000; Abcam,

ab6276), histone H3 (1:1000, Cell Signaling Technology,

4499), EZH2 (1:1000, Cell Signaling Technology, 3147),

H3K27me3 (1:1000, Cell Signaling Technology), and H3K27ac

(1:1000, Cell Signaling Technology). The secondary antibodies

were LI-COR fluorescent antibodies (1:10000, LI-COR

926–32210, LI-COR 926–32211, LI-COR 926–68072). The

images were captured on the Odyssey CLx Infrared Imaging

System (LI-COR Biosciences, Lincoln, NE, United States).

Western blotting bands were quantified using Odyssey CLx

v2.1 software.

Quantitative real-time PCR

All samples were tested in duplicate to examine the mRNA

expression, and the average Ct values were used for

quantification. The primer sequences are shown in

Supplementary Table S1.

Iron staining

Cells were treated with or without 10 μM UNC1999 for 48 h

in glass bottom dishes. Then the cells were washed three times

with HBSS followed by incubation of 1 μM Ferro orange

(Dojindo, Japan) in HBSS for 30 min at 37°C and 5% CO2.

And then observe and photograph immediately using Super

Resolution Microscope (N-SIM S, Nikon).

Measurement of cellular reactive oxygen
species

The level of reactive oxygen species was measured using a

Reactive Oxygen Species Assay Kit (Beyotime Biotechnology,

China). Cells were seeded in 96-well plates and treated with

10 μM UNC1999 for 48 h. The cells were incubated with 10 μM

DCFH-DA for 20 min at 37°C and then measured at 488 nm

excitation and 525 nm emission by a fluorescence

spectrophotometer (BioTek).

The measure of malondialdehyde and
glutathione

The malondialdehyde (MDA) level was measured using

MDA Assay Kit (Dojindo, Japan) per the manufacturer’s

instructions. The glutathione (GSH) level was measured using

GSSG/GSH Quantification Kit II(Dojindo, Japan), following the

manufacturer’s instructions.

Transmission electron microscopy

Cells were collected in a centrifuge tube after treatment with

10 μM UNC1999 for 48 h and immediately fixed in 0.5%

phosphate-glutaraldehyde. Lilai biomedicine experiment center

post-fixed, embedded, cut, and imaged.

JC-1

Cells were treated with or without 10 μM UNC1999 for 48 h

in glass bottom dishes. The JC-1 Mitochondrial Membrane

Potential Assay Kit (MCE, China) was used to detect

mitochondrial membrane potential.

Mitochondrial respiration mito stress test

Mitochondrial respiration mito stress tests were performed

using XFe24 Seahorse Mitochondrial Respiration Mito Stress

Test (Agilent technologies, United States). The assay procedure

was performed according to the guidelines from the

XFe24 Seahorse Mitochondrial Respiration Mito Stress Test

(Agilent Technologies) (Divakaruni et al., 2014).

Bioinformatic analysis

In RNA-seq analysis, the following parameter settings were

applied: p-value cut-off = 0.01, log2FC (Fold change) cut-off = 1.

Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway enrichment analysis were

performed in the Database for Annotation, Visualization and

Integrated Discovery (DAVID), which is an online

bioinformatics tool. Protein-protein interaction (PPI) network

analysis was performed based on an online tool, Search Tool for

the Retrieval of Interacting Genes (STRING).
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Statistical analysis

Statistical analysis was performed using SPSS, version 23.0.

T-test was used when comparing the means of precisely two

groups. ANOVA and Chi-Squared tests were used when

comparing the means of more than two groups. The

correlation between two variables was tested with

Spearman’s rho correlation coefficients. We estimated

metastasis-free survival by the Kaplan-Meier method.

Differences were considered statistically significant when

the two-sided p value was less than 0.05. Data are

expressed as mean ± SD from at least three independent

experiments with triple replicates per experiment.

Results

Enhancer of zeste homolog 2 and
H3K27me3 were overexpressed in uveal
melanoma

To confirm EZH2 expression in UM, we first examined the

mRNA expression in ARPE19 and OMM1 cells. The results

showed an increased level of EZH2 mRNA in OMM1 cells

(Figure 1A). Western blot analysis also verified overexpression

of EZH2 and H3K27me3 in OMM1 cells (Figures 1B,C).

We found different shapes of tumors in uveal melanoma.

Figure 1D shows uveal melanomas that are presented as flat-

FIGURE 1
EZH2 and H3K27me3 were overexpressed in uveal melanoma. (A) Levels of EZH2 mRNA in OMM1 cells and ARPE19 cells. (B,C) Western blot
analysis verified overexpression of EZH2 and H3K27me3 in OMM1 cells. The position and background of Histone H3 (680 nm, red) and H3K27me3
(800 nm, green) are the same, and the fluorescence intensity represents the expression of the protein. (D) Four kinds of shapes in uvealmelanoma. (a)
flat-shaped (b) half-dome-shaped (c) dome-shaped (d) mushroom-shaped. (E) Five kinds of cell types. (a) spindle A cell type (b) spindle B cell
type (c) epithelioid cell type (d) mixed cell type (e) necrosis type (f) Homer-Wright rosettes (F) EZH2 and H3K27me3 expression by
immunohistochemical staining (a–d) high EZH2 expression; (e–h) high H3K27me3 expression; (i,j) low EZH2 expression; (k,l) low
H3K27me3 expression.
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(A), half-dome- (B), dome- (C), and mushroom-shaped (D).

The Bruch membranes were ruptured or vanished in half-

dome- (B), dome- (C), and mushroom-shaped (D) samples.

Unfortunately, due to the unstable paraffin section, it was

challenging to observe the tumor’s shape in some sections,

so we did not conduct a statistical analysis of the tumor

shape.

We showed the spindle A cell type (Figure 1Ea), spindle

B cell type (Figure 1Eb), epithelioid cell type (Figure 1Ec),

mixed cell type (Figure 1Ed), and necrosis type (Figure 1Ee).

Interestingly, Homer-Wright rosettes were detected in one

sample, indicating that uveal melanoma cells formed small

round shapes around the blood vessels (Figure 1Ef) (Miller

et al., 2012; Hakozaki et al., 2013).

In the TCGA database, we found the RNA expression level of

EZH2was correlated with the poor prognosis (Supplementary Figure

S1) (Li et al., 2021). In addition, we determined EZH2 and

H3K27me3 expression in UM via immunohistochemical staining.

Figures 1Fa–d shows representative high EZH2 expression in UM

samples, and Figures 1Fi,j shows low EZH2 expression. The

expression of EZH2 was increased in 41 of 85 (48.24%) UM

samples (Figure 2A). In addition, the difference between the high

and low expression of EZH2 was not statistically significant with

metastasis (Figure 2B).

H3K27me3 was highly expressed in 49 of 85 (57.65%) UM

samples (Figure 2A). Figures 1Fe–h shows representative high

H3K27me3 expression. Figures 1Fk,l shows low

H3K27me3 expression in UM samples by IHC. To confirm

the association between H3K27me3 expression and patient

survival, we applied statistical analysis and found that

H3K27me3 expression was significantly associated with

metastasis (p = 0.033). Kaplan-Meier curves showed that the

prognosis of patients with high H3K27me3 expression was worse

than that of other patients (p = 0.03) (Figure 2C).

Our study demonstrated that EZH2 and H3K27me3 were

overexpressed in uveal melanoma. To determine the correlation of

the expression of EZH2 and H3K27me3 in uveal melanoma, we

applied Spearman analysis, which demonstrated the expression of

EZH2 and H3K27me3 was significantly positively correlated (r =

0.446, p < 0.01). The patients with high expression of EZH2 were

likelier to have a high expression of H3K27me3.

We applied statistical analysis to determine the association

between clinical characteristics and EZH2 and

H3K27me3 protein expression. The expression level of EZH2

was higher in those patients older than 50 (p = 0.027, OR = 3.531

95% CI 1.155–10.793) (Supplementary Table S2). The clinical

characteristics and the expression of H3K27me3 were not

statistically significant (Supplementary Table S3).

FIGURE 2
H3K27me3 was associated with prognosis. (A) The high expression of EZH2 accounted for 48%, and the high expression of
H3K27me3 accounted for 57% in uveal melanoma samples. (B) Kaplan-Meier curves showed that expression of EZH2 was not statistically significant
with metastasis. (C) Kaplan-Meier curves showed that the prognosis of patients with high H3K27me3 expression was worse than that of other
patients. (D) The growth curves and IC50 values. (E–F). EZH2, H3K27me3, and H3K27ac protein level after treatments of inhibitors of EZH2 by
Western blotting. Among these inhibitors, UNC1999 and EPZ6438 reduce the expression level of H3K27me3. The expression level of H3K27ac was
increased after treatment with EPZ6438. The position and background of Histone H3 (680 nm, red) and H3K27me3 (800 nm, green) are the same,
and the fluorescence intensity represents the expression of the protein. Data are expressed as mean ± SD from at least three independent
experiments with triple replicates per experiment. (*p < 0.05, **p < 0.01).
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Inhibitors of EZH2 suppress uveal
melanoma cell growth

To investigate the importance of EZH2 in uveal melanoma cells,

we examined several small-molecule methyltransferase inhibitors,

including UNC 1999, EPZ6438, GSK126, and GSK503, and the

embryonic ectoderm development protein (EED) inhibitor

EED226 in OMM1 cells. UNC1999 and GSK126 were able to

suppress the growth of OMM1 cells effectively. The growth

curves and IC50 values are shown in Figure 2D. Considering a

lower concentration of UNC1999 can effectively inhibit

OMM1 cells, we did further investigation. To understand how

UNC1999 affected cells, we applied Western blotting to examine

the expression levels of EZH2 and H3K27me3. Besides, we found

that UNC1999 could not reduce the expression level of

EZH2 protein but decreased the expression level of H3K27me3

(Figures 2E,F). In comparison, EPZ6438 also reduced the expression

level of H3K27me3. However, it could not inhibit OMM1 cell

growth. To detect this distinction, we also examined the

expression levels of H3K27ac. Interestingly, the expression level

of H3K27ac was increased with EPZ6438 treatment (Figures 2E,F).

UNC1999 gives rise to apoptosis in uveal
melanoma cells

To investigate the inhibitory effect of UNC1999 in

OMM1 cells, we evaluated apoptosis induced by UNC 1999.

OMM1 cells were treated with four different concentrations (5,

10, 15, 20 μM) of UNC1999 for 48 h and subjected to Annexin

V-FITC and PI staining for flow cytometric analysis. The results

showed that the four different concentrations gave rise to 19%,

26.3%, 31.7%, and 47.1% apoptotic cells, which was statistically

significant (Figures 3A,B). In the cell cycle, we found that

OMM1 cells were blocked at the S phase in the 5 and 10 μM

groups compared with the control group treated with

UNC1999 after 48 h (Figures 3C,D).

UNC1999 affects the cell cycle in uveal
melanoma cells

To understand howUNC1999 inhibits growth and to explore the

mechanism, we performed RNA sequencing with or without

UNC1999 treatment (5.0 μM) after 2 days in OMM1 cells. Six

samples were evaluated, including three control samples and three

samples treated with UNC1999. Average linkage hierarchical cluster

analysis indicated that UNC1999 samples differed significantly from

control samples, suggesting that UNC1999 treatment changed the

transcriptome significantly (Figure 4A).

We analyzed differentially expressed genes (DEGs) and

found 656 DEGs, including 207 upregulated genes and

449 downregulated genes (Figure 4B). All 656 DEGs were

analyzed by DAVID. The results of GO analysis indicated that

upregulated DEGs were primarily involved in endoplasmic

reticulum stress and apoptosis. The mentioned downregulated

FIGURE 3
UNC1999 gives rise to apoptosis in uveal melanoma cells. (A,B)OMM1 cells were treated with 5, 10, 15, and 20 μM for flow cytometric analysis.
(C,D)OMM1 cells were blocked at the S phase in both the 5 and 10 μM groups in the cell cycle. Data are expressed as mean ± SD from at least three
independent experiments with triple replicates per experiment. (*p < 0.05, **p < 0.01, ***p < 0.001).
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DEGs were mainly involved in mitotic cytokinesis

(Supplementary Table S4).

To better understand how DEGs worked in OMM1 cells

induced by UNC1999, we analyzed KEGG pathway enrichment

in DAVID. The results showed that the DEGs were particularly

enriched in the cell cycle, biosynthesis of antibiotics,

progesterone-mediated oocyte maturation, metabolic

pathways, and p53 pathway (Figure 4C). We then focused on

the cell cycle for further investigation. RT-PCR results confirmed

the expression changes of CCNB1, CCNB2, CCNA2, CDKN1A,

CDK1, and CDK2 in the cell cycle genes, which is consistent with

the RNA sequencing results (Figure 4D).

UNC1999 induces ferroptosis in uveal
melanoma

In the RNA sequencing and RT-qPCR results, we also

noticed the different expression genes involved in ferroptosis

pathways, including HMOX1, NRF2, TXNIP, FITH1, SQSTM1,

and KEAP1. Further experiments verified that

UNC1999 increased Fe2+, ROS (reactive oxygen species),

MDA (malondialdehyde), and decreased GSH (glutathione)

(Figures 5A–E). To verify the ferroptosis, we used

transmission electron microscopy to capture the ultrastructure

of OMM1 cells treated with UNC1999 for 48 h. We found the

volume of mitochondria decreased, the outer mitochondrial

membrane was disrupted, the mitochondrial ridge was

reduced or absent, and membrane density in certain areas was

increased (Figure 6A). To test the influence of metabolism on

mitochondria, we measured respiration using a Seahorse XF

analyzer. After 48 h treatment of UNC1999, maximal

respiration and ATP production were reduced (Figure 6B).

This suggested that UNC1999 can damage mitochondrial

respiratory capacity. The mitochondrial potential of

OMM1 cells was measured by the JC-1 Mitochondrial

Membrane Potential Assay Kit. JC-1 aggregated in the

mitochondrial matrix to form JC-1 dimerse of red

FIGURE 4
UNC1999 affects the cell cycle in OMM1 cells. (A) Cluster analysis of gene expression of the treatment of control and UNC 1999. (B)
207 upregulated genes and 449 downregulated genes in Volcano Plot. (C) Gene enrichment analysis using DAVID. (D) The relative mRNA levels of
indicated DEGs and indicated treatment group was analyzed by RT-PCR. Data are expressed as mean ± SD from at least three independent
experiments with triple replicates per experiment. (*p < 0.05, **p < 0.01, ***p < 0.001).
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fluorescence indicated the high mitochondrial potential of cells.

On the contrary, JC-1 monomers with low mitochondrial

potential were observed as green fluorescence. Red/Green

fluorescence intensity was significantly decreased after

treatment with UNC1999 (Figure 6C). This indicated the

mitochondrial membrane potential was reduced. These

findings provided direct evidence that UNC1999 can induce

ferroptosis in uveal melanoma.

Discussion

In our study, EZH2 expression in OMM1 cells at the mRNA

level was higher than in ARPE cells. In accordance with the

mRNA level, EZH2 protein expression in uveal melanoma cells

was higher than that in normal ocular cells, and the same result

was detected for H3K27me3 expression. We investigated the

expression of EZH2 and H3K27me3 in 85 UM samples. We

confirmed that EZH2 (48%) and H3K27me3 (58%) were both

overexpressed. Cheng and colleagues found that high

EZH2 expression was associated with metastases (p = 0.035).

In the TCGA database, the mRNA expression level of EZH2 was

correlated with the poor prognosis. But in our study,

EZH2 protein expression was not associated with overall

survival. This difference may result from different sample

sources and our low rate of metastasis (22%) compared with

theirs (35%). We also found that H3K27me3 protein expression

was correlated with poor overall survival.

Previously, high H3K27me3 expression was identified as a

predictor of the poor prognosis in hepatocellular carcinomas,

nasopharyngeal carcinoma, urothelial carcinoma of the bladder

and so on (Cai et al., 2011a; Cai et al., 2011b; Liu et al., 2013).

EPZ6438 (tazemetostat), an EZH2 inhibitor, is an FDA-approved

drug for epithelioid sarcoma and follicular lymphoma in 2020.

There are 28 ongoing studies studying EPZ6438 alone and in

combination with other medications in a phase 1/2 clinical trial

(resource: https://clinicaltrials.gov/). In our research,

H3K27me3 was an independent factor for the poor prognosis

of UM. The overall survival of UM patients with high

H3K27me3 expression was shorter than that of UM patients

with low H3K27me3 expression. In addition,

H3K27me3 expression was positively associated with the

metastasis of UM. This phenomenon indicates that high

H3K27me3 could be a biomarker predicting UM patient

survival and metastasis.

Inhibitors of EZH2 are effective in many cancers, such as

lymphoma, melanoma, colorectal cancer, breast cancer, and

lung cancer (Yan et al., 2017). Additionally, in Jin’s study,

92.1, Mel270 and Omm2.3, and OMM1 cell lines have a high

level of expression of EZH2. And they all can be inhibited by

UNC1999. Transduction by lentiviral shRNA against EZH2

prohibited melanosphere formation and serially-replating

FIGURE 5
UNC1999 induced ferroptosis. (A,B) The intracellular iron level was increased in OMM1 cells after treatment with UNC1999. (C–E) ROS, MDA,
and GSH content were measured in OMM1 cells after treatment with UNC 1999. Data are expressed as mean ± SD from at least three independent
experiments with triple replicates per experiment. (*p < 0.05, **p < 0.01, ***p < 0.001).
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ability in 92.1 and Mel270 cells. And depletion of EZH2

suppressed the migration of UM cells (Jin et al., 2020). A

previous study reported that EZH1/2 dual inhibitors have

more significant activity than EZH2 selective inhibitors

(Honma et al., 2017; Rizq et al., 2017). UNC1999 is an

inhibitor of wild-type and mutant EZH2 and EZH1 (Konze

et al., 2013). Compared with GSK126, GSK503, EPZ6438, and

EED226, UNC1999 manifested the most potency.

UNC1999 inhibited uveal melanoma cell proliferation and

reduced H3K27me3 protein expression most effectively.

Although EZH2, but not EZH1, is a core factor for

maintaining global H3K27me3 levels, EZH1 compensates

for the function of EZH2 in cells depleted of EZH2 (Shen

et al., 2008; Sashida and Iwama, 2017). This may be why the

EZH1/2 dual inhibitor is more active than the EZH2 selective

inhibitors GSK126, GSK503, and EPZ6438. This mechanism

successfully catalyzes H3K27 methylation despite inhibition

of EZH2.

In the present study, a high concentration of EPZ6438 had

the most minor potency against cell viability. In Schoumacher’s

letter, EPZ6438 (0–10 μM) treatment decreased

H3K27me3 expression, showing inhibitory potency in

EZH2 activity. However, it was challenging to inhibit UM

cell line (92.1, MP41, MP46, MP65) growth (Schoumacher

et al., 2016). Huang used 83 cancer cell lines derived from

hematologic malignancies, breast cancer, liver cancer,

pancreatic cancer, and lung cancer, most of which had high

levels of EZH2 expression (Huang et al., 2018). After treatment

with EPZ6438, they compared sensitive and insensitive cells,

showing that H3K27ac levels were increased and

H3K27me3 levels were decreased in insensitive cells (Huang

et al., 2018). These findings indicated that upregulation of

FIGURE 6
UNC1999 caused structural damage and dysfunction in mitochondria. (A) Transmission electronmicroscopy image shows the ultrastructure of
OMM1 cells treated with UNC1999 for 48 h. The volume of mitochondria decreased, the outer mitochondrial membrane was disrupted, the
mitochondrial ridge decreased orwas absent, andmembrane density in certain areas was increased in the UNC1999 group. (B)Oxygen consumption
rate (OCR) curves and Seahorse XF analyzer measurements of mitochondrial respiration of OMM1 cells. After 48 h treatment of UNC1999,
maximal respiration and ATP production were reduced. (C) Themitochondrial membrane potential of OMM1 cells by JC-1 assay. Data are expressed
as mean ± SD from at least three independent experiments with triple replicates per experiment. (*p < 0.05, **p < 0.01, ***p < 0.001).
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H3K27ac is associated with resistance to EZH2 inhibition. We

found that EPZ6438 could not inhibit OMM1 cell growth but

could abolish the H3K27me3 protein expression. We

speculated that this phenomenon was related to the

increased level of H3K27ac. To further explore the reason

for this effect, we found that the level of H3K27ac was

upregulated after treatment with EPZ6438. This result shows

that H3K27ac alteration is associated with resistance to EZH2

inhibition in OMM1 cells. This could provide a strategy for the

treatment of small molecule inhibitors of UM. We determined

drug resistance according to the response to the treatment and

the level of H3K27ac.

Ferroptosis, a newly programmed cell death, has been

associated with breast cancer, ovarian cancer, lung cancer, renal

cell carcinoma, and even involves tumorigenesis, progression, and

metastasis (Xie et al., 2016; Lee et al., 2018). In the RNA sequencing

and RT-qPCR results, we also found some genes associated with

the ferroptosis pathway, such as HMOX1, NRF2, TXNIP, FITH1,

SQSTM1, and KEAP1 (Chang et al., 2018; Kim et al., 2020; Luo and

Ma, 2021). Recently, two articles reported the critical role of

ferroptosis in uveal melanoma by bioanalysis of public

databases (Jin et al., 2021; Luo and Ma, 2021). In our study,

the HMOX1 gene expression was significantly enhanced.

Increased free iron, generation of reactive oxygen species

(ROS), and accumulated lipid peroxides contribute to ferroptosis.

These morphology changes are depicted by condensation of

mitochondria, reduction of mitochondrial cristae, and

decrease in mitochondrial size (Dixon et al., 2012). In our

study, we found the inhibitor UNC1999 also can increase the

level of Fe2+, ROS(reactive oxygen species), MDA

(malondialdehyde), and decrease GSH (glutathione). At the

same time, it can damage the structure and metabolism of

mitochondria and contribute to ferroptosis.

In summary, we found overexpression of EZH2 and

H3K27me3 in UM. This is the first study to detect the

expression of H3K27me3 in UM by IHC. H3K27me3 can

serve as a biomarker predicting the poor prognosis.

UNC1999 can inhibit OMM1 cell growth by downregulating

H3K27me3 involving the cell cycle and ferroptosis pathway.

These results indicate that EZH2 is a potential therapeutic

target in UM.
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