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Abstract
Background: Diversified histone deacetylation inhibitors (HDACis)
have demonstrated encouraging outcomes in multiple malignancies. N6-
methyladenine (m6A) is the most prevalent messenger RNA modification that
plays an essential role in the regulation of tumorigenesis. Howbeit, an in-depth
understanding of the crosstalk between histone acetylation and m6A RNA
modifications remains enigmatic. This study aimed to explore the role of histone
acetylation and m6A modifications in the regulation of tumorigenesis of ocular
melanoma.
Methods: Histone modification inhibitor screening was used to explore the
effects of HDACis on ocular melanoma cells. Dot blot assay was used to
detect the global m6A RNA modification level. Multi-omics assays, including

Abbreviations: ALKBH5, AlkB homolog 5 RNA demethylase; BRAF, b-raf proto-oncogene; CCK-8, Cell Counting Kit-8; ChIP, chromatin
immunoprecipitation; CRYBG3, crystallin beta-gamma domain containing 3; CUT&Tag, Cleavage Under Targets and Tagmentation; DAPI,
4’,6-diamidino-2-phenylindole; DOT1L, disruptor of telomeric silencing-1-like; EMT, epithelial-mesenchymal transition; FAT4, FAT tumor suppressor
homolog 4; FBS, fetal bovine serum; FTO, fat mass and obesity-associated protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GEPIA,
GeneExpression Profiling Interactive Analysis; HDACs, histone deacetylases; HDACis, histone deacetylation inhibitors; HINT2, histidine triad
nucleotide binding protein 2; HRP, horseradish peroxidase; H3K27Ac, acetylation of histone 3 at lysine 27; H3K9Ac, acetylation of histone 3 at lysine 9;
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RNA-sequencing, cleavage under targets and tagmentation, single-cell sequenc-
ing, methylated RNA immunoprecipitation-sequencing (meRIP-seq), and
m6A individual nucleotide resolution cross-linking and immunoprecipitation-
sequencing (miCLIP-seq), were performed to reveal the mechanisms of HDACis
on methyltransferase-like 14 (METTL14) and FAT tumor suppressor homolog 4
(FAT4) in ocular melanoma. Quantitative real-time polymerase chain reaction
(qPCR), western blotting, and immunofluorescent staining were applied to
detect the expression of METTL14 and FAT4 in ocular melanoma cells and
tissues. Cell models and orthotopic xenograft models were established to
determine the roles of METTL14 and FAT4 in the growth of ocular melanoma.
RNA-binding protein immunoprecipitation-qPCR, meRIP-seq, miCLIP-seq, and
RNA stability assay were adopted to investigate the mechanism by which m6A
levels of FAT4 were affected.
Results: First, we found that ocular melanoma cells presented vulnerability
towards HDACis. HDACis triggered the elevation of m6A RNA modification in
ocular melanoma. Further studies revealed that METTL14 served as a down-
stream candidate for HDACis. METTL14 was silenced by the hypo-histone
acetylation status, whereas HDACi restored the normal histone acetylation level
ofMETTL14, thereby inducing its expression. Subsequently, METTL14 served as
a tumor suppressor by promoting the expression of FAT4, a tumor suppressor,
in a m6A-YTH N6-methyladenosine RNA-binding protein 1-dependent manner.
Taken together, we found that HDACi restored the histone acetylation level of
METTL14 and subsequently elicited METTL14-mediated m6A modification in
tumorigenesis.
Conclusions: These results demonstrate that HDACis exert anti-cancer effects
by orchestrating m6A modification, which unveiling a “histone-RNA crosstalk”
of the HDAC/METTL14/FAT4 epigenetic cascade in ocular melanoma.

KEYWORDS
epigenetics, histone deacetylation inhibitors, melanoma, N6-methyladenine, histone-RNA
crosstalk

1 BACKGROUND

Histone acetylation is an essential epigenetic marker
for gene regulation. Histone acetylation is versatile and
highly dynamic, governing transcription, and indispens-
able in biological processes, including DNA repair, RNA
splicing, and stemness maintenance [1]. Moreover, dysreg-
ulation of histone acetylation homeostasis contributes to
diverse pathogenesis, especially in cancer [2]. For example,
nuclear receptor subfamily 4 group A member 1 pro-
moted the acetylation of histone 3 at lysine 27 (H3K27Ac)
in the tumor microenvironment, leading to the activa-
tion of tolerance-related genes, and thereby inducing T
cell dysfunction [3]. Histone acetylation is dynamically
erased by histone deacetylases (HDACs), the inhibitors of

which have beenwidely applied in clinical and pre-clinical
stages to treat diverse malignancies, including breast can-
cer [4], lung cancer [5], and melanoma [6]. For example,
HDAC inhibitors (HDACis) were shown to be promising in
combination with MEK inhibitors and anti-programmed
cell death 1 (PD-1) drugs in advanced uveal melanoma
[6, 7]. Taken together, these data indicated that histone
modifications play an essential role in the regulation of
carcinogenesis.
The N6-methyladenine (m6A) RNA modification is the

most prevalent messenger RNA modification and plays
an essential role in the regulation of RNA metabolism,
ranging from RNA processing, nuclear export, and RNA
translation to decay [8, 9]. Typically, dynamic m6A RNA
modifications are catalyzed by methyltransferase-like 3
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ZHUANG et al. 3

(METTL3) and METTL14, whereas they are erased by
AlkB homolog 5 RNA demethylase (ALKBH5) and fat
mass and obesity-associated protein (FTO) [10]. To date,
the loss of homeostasis of m6A RNA modification was
identified as an important trigger for multiple cancers,
including leukemia, breast cancer, and melanoma [11, 12].
For example, the loss of the m6A-binding protein YTH
N6-methyladenosine RNA-binding protein 1 (YTHDF1)
activated antigen-specific CD8+ T-cell response, making
YTHDF1 an anti-cancer target in immunotherapy [13].
In addition, we demonstrated that the downregulation
of m6A led to translational deficiency of histidine triad
nucleotide-binding protein 2 (HINT2), a tumor suppressor
in ocular melanoma [14]. These findings indicate that m6A
RNA modifications are important for carcinogenesis.
Ocular melanomas, including uveal melanoma and

conjunctival melanoma, exhibit an aggressive growth pat-
tern, with high rates of metastasis and mortality [15,
16]. Although ocular melanoma is rare, occurring in
only 0.5-10 per million people, it is receiving increas-
ing attention [15]. Both uveal melanoma and conjunctival
melanoma are sight- and life-threatening malignancies
that show distinct patterns of gene expression compared
to cutaneous melanoma. However, the effects of most
therapies on these genetic deficiencies remain unsatisfac-
tory. Importantly, HDACis demonstrated promising results
in the treatment of uveal melanoma [6, 7, 17, 18] and
conjunctival melanoma [19] in both clinical trials and
pre-clinical models. Intriguingly, decreased m6A levels,
associatedwith tumorigenicity,metabolic reprogramming,
and response to the anti-PD-1 blockade, served as a pro-
oncogenic factor in melanoma [20–23]. Albeit numerous
efforts have been made to explore the role of histone
acetylation and m6A modifications in the regulation of
tumorigenesis [24], a comprehensive understanding of
the crosstalk between these two essential modifications
is currently lacking. Thus, our study explored the effects
of HDACis on ocular melanoma cells and the global
m6A RNA modification level of ocular melanoma cells.
Multi-omics assays were performed to reveal the mecha-
nisms of HDACis on METTL14 and FAT tumor suppressor
homolog 4 (FAT4) in ocular melanoma. The expression
levels of METTL14 and FAT4 in ocular melanoma cells
and tissues were detected. Cell models and orthotopic
xenograft models were applied to determine the roles of
METTL14 and FAT4 in the growth of ocular melanoma.
RNA-binding protein immunoprecipitation-quantitative
real-time polymerase chain reaction (RIP-qPCR), methy-
latedRNA immunoprecipitation-sequencing (meRIP-seq),
m6A individual nucleotide resolution cross-linking and
immunoprecipitation-sequencing (miCLIP-seq), and RNA
stability assay were adopted to investigate the mechanism
by which m6A levels of FAT4 were affected.

2 METHODS

2.1 Cell lines and cell culture

Human uveal melanoma cells (MEL290, OMM2.3,
and OMM1) and human conjunctival melanoma cells
(CRMM1, CRMM2, and CM2005.1) were kindly provided
by Professor Martine J. Jager (Leiden University Medical
Center, Leiden, Netherlands). The uveal melanoma cell
line MUM2B was a gift from Professor John F. Marshall
(Centre for Tumor Biology, Cancer Research UK Centre of
Excellence, London, UK). The uveal melanoma cell line
92.1, human retinal pigment epithelial cell line ARPE-19
and cutaneous melanoma cell lines (A375 and SK28)
were purchased from American Type Culture Collection
(Manassas, VA, USA). PIG1, a normal human melanocyte
line, was provided by the Department of Ophthalmol-
ogy, Peking University Third Hospital (Beijing, China).
The culture medium used for MUM2B, MEL290, and
ARPE-19 cells was Dulbecco’s modified Eagle’s medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA).
The culture medium used for 92.1, OMM2.3, and OMM1
cells was RPMI-1640 medium (Gibco). Conjunctival
melanoma and PIG1 cells were cultured in Ham’s F12K
medium (Gibco). All culture media were supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% peni-
cillin/streptomycin. The cells were cultured at 37◦C in a
humidified 5% CO2 atmosphere. All in vitro cell lines were
validated by short tandem repeat profiling and confirmed
to be mycoplasma-free.

2.2 Histone modification inhibitor
screening

Histone modification inhibitors used for screening (Sup-
plementary Table S1) were purchased from Selleck (Shang-
hai, China). CRMM1, 92.1, and PIG1 cells were screened in
parallel with the inhibitors at a concentration of 1 μmol/L
in 96-well plates (Corning, Corning, NY, USA). After 24
h, cell viability was measured using a Cell Counting Kit-8
(CCK-8, Dojindo, Shanghai, China). The absorbance of the
sampleswasmeasured at 450 nmusing amicroplate reader
(Thermo Fisher Scientific). Inhibitors with an inhibitory
rate of >60% in ocular melanoma cells and <30% in PIG1
cells were selected. Further evaluation was performed
using a 3-fold dilution series of the selected inhibitors. Cell
viability was evaluated after 48 h using the CCK-8 assay.
The half-maximal inhibitory concentration (IC50) was cal-
culated using the Prism software (version 8.0; GraphPad,
San Diego, CA, USA). The selective index towards ocu-
lar melanoma cells was calculated as follows: selective
index = IC50 (average in tumor cells) / IC50 (normal
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4 ZHUANG et al.

cells) [25, 26]. The selective index > 5 was considered to
indicate sufficient selective inhibition efficacy on ocular
melanoma.

2.3 CCK-8 assay

PIG1, uveal melanoma, and conjunctival melanoma cell
suspensions were prepared at a concentration of 30,000
cells/mL. The cell suspension (100 μL/well) was seeded in
triplicates in 96-well plates. CCK-8 solution (10 μL/well)
was added for further detection. After incubation at 37◦C
for 2-4 h, absorbance was measured at 450 nm. Each
independent experiment was performed in triplicate.

2.4 Colony formation assay

PIG1, uveal melanoma, and conjunctival melanoma cells
were seeded at 500 cells/well and cultured in 12-well plates
(Corning). After 1-2 weeks of incubation at 37◦C, the cells
were gently rinsed with phosphate buffer solution (PBS),
fixed with methanol, and stained with 1% crystal violet for
at least 30 min. The excess dye was then rinsed and dried
in the air, and colonies were scanned by a flatbed scan-
ner (Hewlett-Packard, Palo Alto, CA, USA) and counted
by ImageJ software (version 1.8.0, National Institutes of
Health, Bethesda, MD, USA).

2.5 Transwell assay

A 24-well transwell system with 8-μm pore size polycar-
bonate filters (Corning) was used to detect the migration
ability of uveal melanoma and conjunctival melanoma
cells. To the upper chamber, 1.0 × 104-1.0 × 105 tumor
cells suspended in 200-250 μL culture medium with 2%
FBS were added, while the lower chambers were filled
with 600-650 μL culturemediumwith 10%FBS. After incu-
bation at 37◦C for 24 h, cells were fixed with methanol
and stained with 1% crystal violet (C8470, Amresco, San
Diego, CA, USA). The cells in the upper chambers were
removed, and those that migrated to the lower chambers
were photographed by ECLIPSE Ti inverted microscope
system (Nikon Precision, Shanghai, China) and counted by
ImageJ software.

2.6 Orthotopic xenograft assay

Animal experiments were approved by the Shanghai
JiaoTong University School of Medicine Animal Ethics
Committee (SH9H-2021-A058-SB) and compliedwith insti-
tutional and international guidelines for animal care and

use. Four-week-old BALB/c nude mice were obtained
from Slack Company (Shanghai, China) and raised in the
specific pathogen-free Laboratory Animal Room of the
hospital. After anesthesia with inhaled isoflurane (100150,
Yuyan Instruments, Shanghai, China), 2 × 104 92.1 cells
in 2 μL sterile PBS were injected into the right vitreous
cavity using a microscopic syringe (Hamilton, Reno, NV,
USA). The eyes were treated with erythromycin eye oint-
ment. Bioluminescence was detected using in vivo IVIS
spectrum imaging systems (PerkinElmer, Waltham, MA,
USA) 14 days after injection. All mice were subjected to
cervical dislocation 30 days after implantation. Humani-
tarian euthanasia should be carried out in advance when
intraocular tumors cause absolute glaucoma with severe
eye pain, or the mice are in poor general condition such as
rapid weight loss of more than 15%.

2.7 Western blotting assay

Western blotting was performed as previously described
[14]. Briefly, the polyvinylidene fluoride membranes
(Merck-Millipore, Shanghai, China) with the transferred
proteins were first incubated with a primary antibody
overnight at 4◦C, and then with a secondary anti-
body conjugated to a fluorescent tag or a horseradish
peroxidase (HRP) tag. The band signals were tested
using an Odyssey infrared imaging system (LI-COR,
Lincoln, NE, USA) or a chemiluminescence imaging
system (Tanon, Shanghai, China). Antibodies against
the following antigens were used: acetylation of his-
tone 3 at lysine 9 (H3K9Ac, 1:2,000, AM39038, Active
Motif, Tokyo, Japan), H3K27Ac (1:2,000, AM39034, Active
Motif), histone 3 (H3, 1:10,000, 17168-1-AP, Protein-
tech, Shanghai, China), METTL14 (1:1,000, ab220030,
abcam, Cambridge, MA, USA), METTL3 (1:1,000, 15073-
1-AP, Proteintech), Wilms tumor 1-associating protein
(WTAP) (1:1,000, 60188-1-lg, Proteintech), FTO (1:2,000,
27226-1-AP, Proteintech), ALKBH5 (1:5,000, 16837-1-AP,
Proteintech), YTHDF1 (1:5,000, 17491-1-AP, Proteintech),
YTHDF2 (1:5,000, 24744-1-AP, Proteintech), YTHDF3
(1:2,000, 25537-1-AP, Proteintech), FAT4 (1:1,000, ab130076,
Abcam), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:10,000, 60004-1-lg, Proteintech).

2.8 Immunohistochemistry (IHC)

Tissue slides embedded in paraffin were dewaxed, rinsed,
and heated to 95◦C. After repair with cell conditioning
solution, the slides were rinsed and reduced to 37◦C.
The slides were rinsed at 36◦C, primary antibody was
added and incubated for 16 min. After rinsing, UV RED
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ZHUANG et al. 5

UNIV MULT (Roche, Basel, Kanton Basel, Switzerland)
was added and incubated with slides for 12 min. UV RED
Enhancer (Roche) was added and incubated for 4 min.
After rinsing, UV Fast Red A UV Red Naphthol (Roche)
was added and incubated for 8 min. After rinsing, UV
Fast Red B (Roche) was added and incubated for 8 min.
The slide was rinsed, HEMATOXYLIN II (Roche) was
added, and incubated for 8 min. After washing, BLUING
REAGENT (Roche) was added and incubated for 4 min.
IHC scores were computed through multiplying staining
intensity grade (0, 1, 2, and 3 represented negative, weakly
positive, moderately positive, and strongly positive stain-
ing, respectively) by positive rate score (0, 1, 2, 3, and
4 represented positive areas of ≤5%, 6%–25%, 26%-50%,
51%–75%, and ≥76%, respectively) [27]. The following pri-
mary antibodies were used in this study: METTL14 (1:300,
HPA038002, Sigma-Aldrich) and FAT4 (1:300, #C48034,
Signalway Antibody, College Park, MD, USA).

2.9 Immunofluorescence (IF)

Tissues embedded in paraffin were deparaffinized, rehy-
drated, fixed, and blocked with 5% normal goat serum, and
were then incubated with the primary antibody anti-Ki67
(1:400, ab15580, Abcam) at 4◦C overnight. Next, the tis-
sue slides were incubated with secondary antibodies for
60 min, and 4’,6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich, St. Louis, MO, USA) was used to counterstain
nuclei for 5 min. Digital images were acquired using a
ZEISS Axio Scope A1 upright microscope (Oberkochen,
Baden-Württemberg, Germany).

2.10 RNA extraction, reverse
transcription, and qPCR

Total RNA of ocular melanoma cells and normal cells
was extracted using an EZpress RNA purification kit
(B0004, EZBioscience, Beijing, China). Reverse transcrip-
tion was performed using a PrimeScript RT-PCR kit
(Takara Biotechnology, Dalian, Liaoning, China). qPCR
was performed using a standard SYBR Green PCR kit
(Applied Biosystems, Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. GAPDH was used
as an internal control. The primers used are listed in
Supplementary Table S2.

2.11 RNAm6A dot blotting assay

Total RNA was extracted from uveal melanoma cells,
conjunctival melanoma cells, cutaneous melanoma cells

and normal cells, and spotted onto nitrocellulose mem-
branes (Merck-Millipore). The membranes were then
cross-linked with ultraviolet light and blocked with 5%
milk for 1 h. The membranes were incubated with
m6A antibody (1:1,000, #56593S, Cell Signaling Tech-
nology, Boston, MA, USA) overnight at 4◦C, washed
three times with triethanolamine-buffered saline-tween
(TBST), and subsequently incubated with secondary goat
anti-rabbit IgG-HRP at room temperature for 1 h. The
membranes were then washed with TBST and visual-
ized using an imaging system (Tanon). Another mem-
brane was spotted and stained with 0.02% methylene blue
(Sigma-Aldrich) to ensure baseline consistency among the
different groups.

2.12 Tissue specimens

From January 2007 to December 2017, 56 human ocular
melanoma samples and 27 healthy human melanocytic
nevi samples were collected and pathologically confirmed
at the Shanghai Ninth People’s Hospital, Shanghai Jiao-
Tong University School of Medicine (Shanghai, China).
The ethics approval for the use of tissue specimens in this
study was obtained from Shanghai Ninth People’s Hos-
pital (SH9H-2019-T185-2). The sample list and follow-up
information were retrospectively obtained from the inpa-
tient history system and ocular tumor follow-up database.
Detailed sample information has been described (Supple-
mentary Tables S3-S5).

2.13 Small-interfering RNA (siRNA)

CRMM1 and 92.1 cells were seeded in 6-well plates at
approximately 300,000 cells per well and transfected with
siRNA using Lipofectamine 3000 in Opti-MEM (Gibco).
At 6 h later, the medium was replaced with a fresh com-
plete medium. RNA extraction, CCK-8 assay, Transwell
assay, and colony formation assay were performed after
48 h, and protein extraction was performed after 72 h.
Specific primers for silencing METTL14, FAT4, YTHDF1,
YTHDF2, and YTHDF3 are listed in Supplementary
Table S2.

2.14 Plasmid construction, lentiviral
packaging, and generation of stable cell
lines

To overexpress METTL14, a METTL14 cassette was gen-
erated by PCR, inserted into the pGMLV-6751 vector,
and verified by DNA sequencing. Short hairpin RNAs
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6 ZHUANG et al.

(shRNAs) and verified negative control sequences were
generated using PCR and cloned into the pGMLV-SC5
vector.
HEK239T cells were transfected with a mixture of 3 μg

plasmid, 3 μg pMD2.D plasmid, and 6 μg PsPax plas-
mid using Lipofectamine 3000 (Invitrogen, Carlsbad, CA,
USA) in Opti-MEM (Gibco). At 6 h later, the medium
was replaced with a fresh complete medium. The virus-
containing supernatant was collected 48 and 72 h after
transfection, filtered through a 0.45-mm cellulose acetate
filter, and concentrated using a Lenti-X Concentrator
(Takara). Medium containing 25 μL/mL concentrated
lentivirus and 5 ng/mL polybrene (Sigma-Aldrich) was
added to cells seeded 24 h before transduction, and the
cells were maintained in the virus-containing medium
for 48 h. Stable cell lines were selected by incubation
with 4 μg/mL puromycin (InvivoGen, Beijing, China)
for 2 weeks and maintained in a medium containing
1 μg/mL puromycin. The primer sequences are listed in
Supplementary Table S2.

2.15 Cleavage Under Targets and
Tagmentation (CUT&Tag), library
construction, and DNA sequencing

The CUT&Tag assay was performed as previously reported
[27]. Briefly, 1 × 105 cells were harvested, washed, and
mixed with activated concanavalin A-coated magnetic
beads (Bangs Laboratories, Fishers, IN, USA) at room tem-
perature for 15 min. The cells were incubated with primary
antibody (1:50) overnight at 4◦C, washed thrice, and then
incubated with secondary antibody (1:50) at room tem-
perature for approximately 1 h. After washing, the cells
were incubated in 100 μL of pA-Tn5 adapter complex
(∼40 nmol/L) at room temperature for approximately 1 h.
After washing, the cells were resuspended in Tagmenta-
tion buffer (50 μL) and incubated at 37◦C for 1 h. DNAwas
then purified and prepared for PCR. Pooled libraries were
purified using 1.1×AMPure XP beads. Paired-end Illumina
sequencing was performed using a HiSeq 4000 instrument
(Illumina, San Diego, CA, USA). Antibodies against the
following antigenswere used: H3K9Ac (1:2,000), H3K27Ac
(1:2,000).

2.16 Chromatin immunoprecipitation
(ChIP)

ChIP assays were performed as previously described, using
an EZ-Magna ChIP A/G kit (Millipore) [28]. Cells (1 × 108)
were lysed using cell lysis buffer and nuclear lysis buffer.
Cell lysates were sonicated for 10 min (10 s on and 15 s

off) on ice. Antibodies against H3K27Ac, H3K9Ac, and
IgG (ab172730, Abcam) were added to diluted chromatin
fragments. Protein A/G magnetic beads were applied to
each IP and incubated with rotation overnight at 4◦C.
DNAwas then removed from the protein/DNA complexes.
Purified DNA fragments were amplified by PCR. The spe-
cific primers used for the ChIP-PCR analysis are listed in
Supplementary Table S2.

2.17 RIP-qPCR

The RIP assay was performed using aMagna RIP Quad Kit
(Millipore). Briefly, 2.0 × 107 cells were treated with 100
μL of RIP lysis buffer, of which 10 μL of supernatant was
used as input, and 100μLof supernatantwas enrichedwith
antibody- or rabbit IgG-conjugated protein A/G magnetic
beads in IP buffer supplementedwithRNase inhibitors and
incubated overnight at 4◦C. After washing, the immuno-
precipitated RNA was digested, purified, and analyzed by
qPCR.

2.18 meRIP-seq

The meRIP assay was performed using a GenSeq m6A
meRIP kit (GenSeq, Shanghai, China) [14, 29]. Briefly,
total RNA was randomly fragmented using RNA frag-
mentation buffer and subjected to IP with an anti-m6A
antibody (ab151230, Abcam) and PGM magnetic beads
in IP buffer supplemented with RNase inhibitor. The
m6A-containing RNA fragments were eluted with MS
magnetic beads in RLT buffer and purified using TRI-
zol reagent. For the meRIP-seq, two sets of samples were
collected for duplicate biological replicates. The samples
were sequenced using an Illumina HiSeq 4000 plat-
form (Illumina). Three biological replicates were used for
meRIP-qPCR.

2.19 miCLIP-seq

Small-scale, single-base resolution m6Amethylome detec-
tion was carried out following procedures modified from
previous reports [14, 29]. Briefly, 100 ng of mRNA was iso-
lated from cell samples, fragmented to ∼100 nucleotides,
and incubated with anti-m6A antibody in IP buffer under
gentle rotation at 4◦C for 2 h. The mixture was then
irradiated using a CL-1000 ultraviolet crosslinker. After
irradiation, the mixture was incubated with pre-washed
Dynabeads Protein A (1001D, Life Technologies, Thermo
Fisher Scientific) at 4◦C for 2 h. After washing, the sam-
ples on the beads were subjected to dephosphorylation
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ZHUANG et al. 7

withT4polynucleotide kinase (M0201L,NewEnglandBio-
labs, Ipswich, MA, USA) at 37◦C for 20 min. The RNA was
then purified, subjected to library construction using the
SMARTer smRNA-Seq Kit (Clontech Laboratories, Shang-
hai, China) for Illumina according to the manufacturer’s
instructions, and sequenced using the Illumina HiSeq X
Ten platform (Illumina).

2.20 The Cancer Genome Atlas (TCGA)
database

TCGA (http://www.cbioportal.org) and GeneEx-
pression Profiling Interactive Analysis (GEPIA,
http://gepia.cancer-pku.cn) were queried to validate
the potential roles of FAT4, crystallin beta-gamma domain
containing 3 (CRYBG3), and Semaphorin 3D (SEMA3D)
in uveal melanoma. The database provides the transcrip-
tional landscape and follow-up information of 78 patients
with uveal melanoma.

2.21 Statistical analysis

GraphPad Prism software (version 8.0) was used for the
statistical analyses. Data are presented as mean ± stan-
dard deviation (SD), mean ± standard error of mean
(SEM), ormedianwith interquartile range as required, and
an unpaired two-tailed Student’s t-test or nonparametric
test was used to assess the differences between the two
groups. Survival plots were depicted with Kaplan-Meier
curves, and P values were calculated with the log-rank
test. P value < 0.05 was considered statistically signifi-
cant. The CancerSEA database (http://biocc.hrbmu.edu.
cn/CancerSEA/) was queried to validate that the func-
tional state METTL14 is related to uveal melanoma at
single-cell resolution.

3 RESULTS

3.1 HDACis exhibited tumor-selective
killing efficacy on ocular melanoma

Numerous inhibitors that target post-
translational histone-modifying enzymes have been
shown to suppress tumor growth and enhance sensitivity
towards chemo-/immunotherapy in ocularmelanoma. For
example, the inhibitor of disruptor of telomeric silencing-
1-like (DOT1L), a methyltransferase of histone H3 lysine
79 (H3K79), epigenetically silenced nicotinate phos-
phoribosyltransferase (NAPRT) expression through the
diminishment of dimethylation of H3K79 in the NAPRT

promoter, thereby inhibiting the malignant behaviors of
uveal melanoma [25]. The HDACi JSL-1 increased the
expression of tumor suppressor genes, such as p21, p27,
and p53, and abrogated the proliferation and metastasis
of uveal melanoma cells [30]. The HDAC2 inhibitor
santacruzamate A restored the normal acetylation level
of PD-L1, blocking its nuclear translocation and thereby
attenuating tumor angiogenesis of uveal melanoma [31].
To explore the clinical potential of these epigenetic drugs,
we performed high-throughput inhibitor library screen-
ing using 245 epi-drugs (Supplementary Table S1). The
first-round screening showed that 6 inhibitors, including
four HDACis, triggered > 60% inhibitory efficacy in both
ocular melanoma cell lines (92.1 and CRMM1) and <

30% in normal melanocytes (Figure 1A-B). Relative cell
viability of ocular melanoma cells (92.1 and OMM2.3)
compared to normal melanocytes (PIG1) in primary
screening and the scatter diagram of cell viability were
presented. LBH589 showed selective efficacy in killing
ocular melanoma cells (Supplementary Figure S1A-B). In
the second round of validation, we compared the IC50 of
each inhibitor between ocular melanoma cell lines and
normal melanocytes. Three HDACis, LBH589, RG2833,
and LMK-235, exhibited tumor-selective inhibition with
a selective index > 5 (Figure 1C). Among the 3 HDACis,
LBH589 exhibited the highest selective index (> 10) and
the lowest IC50 value in ocular melanoma cells (Supple-
mentary Figure S1C). Taken together, these data indicated
that LBH589 exhibited high efficacy and low toxicity in
treating ocular melanomas.
As LBH589 is an important member of the HDACi

family, we tested global histone acetylation levels in ocular
melanoma cells after LBH589 treatment. The levels of
histone acetylation markers (H3K27Ac and H3K9Ac) were
significantly increased in the 3 ocular melanoma cell lines
(Figure 1D-E). Notably, 100 nmol/L LBH589 induced a
saturated histone acetylation level; therefore, we chose
100 nmol/L as the working concentration of LBH589 in
this study. We found that the colony formation capacity
of ocular melanoma cells was significantly impaired after
100 nmol/L LBH589 treatment (Figure 1F-G). In addition,
ocular melanoma cells exhibited attenuated cellular
proliferation (Supplementary Figure S2A) and migra-
tion capacity (Supplementary Figure S2B) after LBH589
treatment. In contrast, 100 nmol/L LBH589 did not affect
colony formation (Figure 1F-G) and proliferation (Supple-
mentary Figure S2A) of normal melanocytes. To verify the
role of LBH589-induced inhibition in vivo, we established
an orthotopic ocular melanoma xenograft model by 92.1
cells with a luciferase tag (Figure 1H). Animal imaging
showed that LBH589-treated group exhibited decreased
bioluminescence intensity and tumor volumes compared
to the control group. These findings indicate that LBH589
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8 ZHUANG et al.

F IGURE 1 LBH589 selectively attenuates the oncogenesis of ocular melanoma. (A) Schematic diagram of high-throughput histone
modification drug screening procedures. Selective index = IC50 (average in tumor cells) / IC50 (normal melanocytes). (B) Heatmap of histone
modification drug screening results in ocular melanoma cell lines (92.1 and CRMM1) upon treatment with DMSO or inhibitors (100 nmol/L)
for 24 h. Data represent three biological replicates. (C) Selective indices of the six histone modification inhibitor candidates (LBH589,
I-BET726, RG2833, LMK-235, EED226, and Chidamide) for ocular melanoma cells. Each of these six inhibitors exhibited an inhibitory rate
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ZHUANG et al. 9

selectively inhibits malignant behavior in ocular
melanoma both in vitro and in vitro.

3.2 HDAC activated m6Amodification
via induction of METTL14 expression

To explore the downstream targets of LBH589, we per-
formed a high-throughput transcriptome analysis after
treating 92.1 cells with LBH589 (Figure 2A, deposited in
the GEO database, GSE214457). RNA-seq data showed a
dramatic transcriptional change, with 2,841 upregulated
and 2,086 downregulated genes. Notably, these down-
regulated genes were mainly enriched in cell cycle, cell
division, and DNA replication processes, which supports
the LBH589-induced inhibitory phenotype observed in
ocular melanoma (Figure 2B, Supplementary Figure S3).
Surprisingly, we observed that most upregulated genes
(1,776/2,841, 62.5%) presentedwith differentialm6Amethy-
lation levels (meRIP-seq andmiCLIP-seq data, GSE137675)
(Figure 2C), indicating that HDAC inhibition potentially
regulates global m6A methylation patterns. We then mea-
sured global m6A methylation levels using a dot blot
assay. We observed a decreased m6A methylation level in
melanoma cells than in normal melanocytes (Figure 2D),
which is consistent with otherm6A findings inmelanomas
[14, 21, 23]. More importantly, we found that global m6A
methylation increased following treatment with LBH589
in ocular melanoma cells (Figure 2E) than in cutaneous
melanoma cells (Supplementary Figure S4). These find-
ings indicate that HDAC inhibition restores m6A methy-
lation levels in ocular melanomas.
We then explored the molecular mechanism underlying

the LBH589-induced activation of m6A methylation.
We listed the RNA-seq data of m6A-related modifying
enzymes, including writer proteins (METTL3, METTL14,

and WTAP), eraser proteins (ALKBH5 and FTO), and
reader proteins (YTHDF1-3) (Figure 2F). The results
indicated that METTL14 was significantly increased
in LBH589-treated melanoma cells; however, other
m6A-related modifying enzymes remained unchanged
(Figure 2G-H). Importantly, METTL14 was activated at
both the mRNA (Supplementary Figure S5) and protein
levels (Figure 2I). Taken together, these data indicate
that HDAC inhibition induced a significant upregulation
of METTL14, resulting in activation of the global m6A
methylation level in ocular melanoma.

3.3 METTL14 was hypo-acetylated in
ocular melanoma

As METTL14 is involved in LBH589-mediated m6A acti-
vation, we tested the acetylation status and expression
level of METTL14 in ocular melanoma. Since HDACis
play an important role in the regulation of histone
acetylation [32], we performed high-throughput H3K27Ac
(GSE214464) andH3K9Ac (GSE162573) CUT&Tag to deter-
mine the histone acetylation pattern in ocular melanoma
cells (Supplementary Figure S6A). Notably, the METTL14
promoter was hypoacetylated in ocular melanomas, as
demonstrated by H3K27Ac (Figure 3A) and H3K9Ac
CUT&Tag (Supplementary Figure S6B). In contrast, a sig-
nificant acetylation signal was observed in the normal
melanocytes (PIG1). Subsequently, a ChIP assay confirmed
that ocular melanoma cells exhibited decreased H3K27Ac
(Figure 3B) and H3K9Ac intensity in the METTL14 pro-
moter (Supplementary Figure S6C) compared to that in
normal pigmented cells. Most importantly, HDAC inhibi-
tion further increased H3K27Ac (Figure 3C) and H3K9Ac
levels of METTL14 (Supplementary Figure S6D) in ocu-
lar melanoma cells. Taken together, these findings suggest

greater than 60% in ocular melanoma cells and less than 30% in PIG1 cells. Inhibitory rate (%) = 1 - cell viability (%). (D) Western blotting of
H3K9Ac and H3K27Ac relative to histone H3 in ocular melanoma cells (92.1, OMM2.3, and CRMM1) after treatment with different
concentrations of LBH589 for 24 h. Data are representative of triplicate experiments. (E) Densitometric analysis of the expression levels of
H3K9Ac and H3K27Ac relative to histone H3 in ocular melanoma cells (92.1, OMM2.3, and CRMM1) upon treatment with different
concentrations of LBH589. Data are presented as the mean ± SD of triplicate experiments. Significance was determined using unpaired
two-tailed Student’s t-tests. (F-G) A Colony formation assay was performed to assess the growth of normal melanocytes (PIG1) and ocular
melanoma cells (92.1, OMM2.3, and CRMM1) upon treatment with LBH589 (100 nmol/L). Representative images (F) of three experimental
replicates are shown. Data (G) are presented as the mean ± standard deviation of triplicate experiments. Significance was determined using
unpaired two-tailed Student’s t-tests. (H) Images acquired with an in vivo small-animal imaging system showing the suppression of
bioluminescent signals in orthotopic xenografts derived from cells pretreated with DMSO or LBH589 (100 nmol/L, 24 h) before intraocular
injection. Representative images of five biological replicates are shown. The data are presented as mean ± standard error of mean. Overall and
eyeball appearances showing the suppressive effects of LBH589 on tumor volumes in orthotopic xenografts. Representative images of five
biological replicates are shown. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: HDAC, Histone deacetylase; IC50, half maximal inhibitory
concentration; BET family, bromodomain and extra-terminal family; BETi, BET inhibitor; PRC2i, polycomb repressive complex 2 inhibitor;
rep, replicate; H3, histone 3; K9: lysine 9; K27: lysine 27; Ac, acetylation; DMSO, dimethylsulfoxide; ns, no significance.
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10 ZHUANG et al.

F IGURE 2 LBH589 fuels global m6A modification through activating METTL14. (A) Volcano plot showing 2,086 downregulated and
2,841 upregulated genes in LBH589-treated ocular melanoma cells (92.1) (|log2Fold Change| > 1, P < 0.05) compared to the control group.
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ZHUANG et al. 11

that METTL14 is hypoacetylated in ocular melanomas,
which could be rescued by HDAC inhibition.

3.4 METTL14 was downregulated and
served as a tumor suppressor in ocular
melanoma

We then tested the expression level of METTL14 in a
patient cohort using our tissue chip [14], containing 56 ocu-
lar melanoma samples and 27 healthy humanmelanocytic
nevi samples. Ocular melanoma exhibited downregu-
lated METTL14 expression compared to normal nevus
(Figure 3D). Data from single-cell sequencing of uveal
melanoma (GSE139829, analyzed using the CancerSEA
platform [33, 34]), revealed that METTL14 expression was
negatively correlated with multiple oncogenic pathways,
including invasion (R = -0.41, P < 0.001), metastasis (R = -
0.39, P < 0.001), epithelial-mesenchymal transition (EMT)
(R = -0.27, P < 0.001), inflammation (R = -0.25, P <

0.001), proliferation (R = -0.20, P < 0.001), and cell cycle
(R = -0.10, P < 0.001) (Figure 3E, Supplementary Figure
S7). Most importantly, elevated METTL14 expression was
associated with a decreased recurrence rate in our cohort
(log-rank P = 0.011) (Figure 3F). In addition, METTL14
expression was decreased in ocular melanoma cell lines,
both in the RNA (Supplementary Figure S8A-B) and pro-
tein levels (Supplementary Figure S8C). Taken together,
these data indicate that METTL14 serves as an important
tumor suppressor in ocular melanoma.
To elucidate the role of METTL14 in the tumorigene-

sis of ocular melanoma, we overexpressed METTL14 in
ocular melanoma cell lines. We constructed a plasmid
containing full-length METTL14 and packaged it into a
lentivirus for transfection. RNA (Supplementary Figure
S9A) and protein levels of METTL14 (Supplementary

Figure S9B) were significantly upregulated in METTL14-
overexpressing ocular melanoma cells. Following overex-
pression ofMETTL14, we observed a significant reduction
in colony formation (Supplementary Figure S9C) and
migration (Supplementary Figure S9D). We also silenced
METTL14 in ocular melanoma cells by transfecting them
with two shRNAs. The two shRNAs exhibited sufficient
knockdown efficacy in all ocular melanoma cell lines
(Supplementary Figure S10A-B). A significant increase in
colony formation (Supplementary Figure S10C) andmigra-
tion ability (Supplementary Figure S10D) were observed
in METTL14-knockdown ocular melanoma cells. Taken
together, these findings suggest that METTL14 is signifi-
cantly downregulated and functions as a tumor suppressor
in ocular melanoma.

3.5 HDACis suppressed ocular
melanoma via activation of METTL14

To explore the role of METTL14 in LBH589-mediated
tumor inhibition, we silenced METTL14 and then treated
ocular melanoma cells with LBH589. We observed
that LBH589-induced METTL14 activation was com-
promised after silencing METTL14, both in terms of
RNA and protein expression levels (Figure 3G-H). After
METTL14 knockdown, the extent of LBH589-mediated
tumor inhibition was partially compromised, including
colony formation (Figure 3I, Supplementary Figure
S11A) and migration (Figure 3J, Supplementary Figure
S11B). More importantly, targeted silencing of METTL14
also partially restored malignant growth in LBH589-
treated orthotopic xenografts (Figure 3K, Supplementary
Figure S11C). Taken together, these findings indicate
that METTL14-silenced cells are more resistant to HDAC
inhibition.

(B) GO analysis showing the functions of the downregulated genes in ocular melanoma cells (92.1). Three biological replicates were analyzed.
(C) Venn diagram showing the overlap between 2,841 genes upregulated after LBH589 treatment and 2,357 inequable m6A methylated genes
in ocular melanoma (92.1). (D) m6A dot blot of global m6A levels in normal control cells (ARPE-19 and PIG1), ocular melanoma cells (OMM1,
OMM2.3, MUM2B, OCM1, 92.1, MEL290, CM2005.1, CRMM2, and CRMM1), and cutaneous melanoma cells (A375 and SK28). (E) m6A dot
blot of m6A levels in ocular melanoma cells (92.1, OMM2.3, and CRMM1) after treatment with different concentrations of LBH589 for 24 h.
The images are representative of experimental triplicates. Data are presented as the mean ± standard deviation of triplicate experiments.
Significance was determined using unpaired two-tailed Student’s t-tests. (F) Heatmap of the relative expression levels of m6A-related genes in
DMSO- and LBH589-treated groups. (G) RNA-seq results showing the fold change in expression levels of m6A-related genes in ocular
melanoma cells (92.1) after LBH589 treatment. (H) IGV tracks forMETTL14 from RNA-seq data in DMSO- and LBH589-treated ocular
melanoma cells (92.1). Three biological replicates were analyzed. (I)Western blotting of m6A-related proteins relative to GAPDH in ocular
melanoma cells (92.1 and CRMM1) upon treatment with LBH589 at different concentrations. *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviations: RNA-seq, RNA sequencing; GO, Gene Ontology; m6A, N6-methyladenine; IGV, Integrative Genomics Viewer; No., number;
TSS, transcriptional start site. METTL14, methyltransferase-like 14; METTL3, methyltransferase-like 3; WTAP, Wilms tumor 1-associating
protein; ALKBH5, AlkB homolog 5 RNA demethylase; FTO, fat mass and obesity-associated protein; YTHDF1, YTH N6-methyladenosine
RNA binding protein 1; YTHDF2, YTH N6-methyladenosine RNA binding protein 2; YTHDF3, YTH N6-methyladenosine RNA binding
protein 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DMSO, dimethylsulfoxide; ns, no significance.
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12 ZHUANG et al.

F IGURE 3 METTL14 is downregulated and serves as a tumor suppressor in ocular melanomas. (A) IGV tracks from CUT&Tag analysis
showing H3K27Ac enrichment at the promoter region ofMETTL14 in ocular melanoma cells and normal melanocytes. Three biological
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ZHUANG et al. 13

3.6 FAT4 is the downstream target of
METTL14

We then explored the mechanism underlying the tumor-
suppressive role of METTL14 in ocular melanomas. Using
multi-omic analysis (Figure 4A), we identified three
genes (CRYBG3, FAT4, SEMA3D) that met the follow-
ing criteria: upregulated after METTL14 overexpression
(blue circle, GSE215095) and LBH589 treatment (brown
circle, GSE214457), positively correlated with METTL14
in TCGA cohort (red circle, R > 0.3, P < 0.05), and
downregulated in tumors (green circle, GSE176345) with
hypo-m6A modification levels (yellow circle, GSE137675).
Notably, among these three genes, only FAT4 exhibited a
prognostic value (Figure 4B, Supplementary Figure S12)
and parallel expressionwithMETTL14 in the TCGA cohort
(R= 0.471, P< 0.001, Figure 4C). Notably, FAT4 expression
was significantly increased afterMETTL14 overexpression
(Figure 4D) and LBH589 treatment (Figure 4E), as demon-
strated by the RNA-seq chromatogram. More importantly,
we found that FAT4 expression was induced by LBH589
treatment and associated with METTL14 expression, both
at the RNA and protein levels (Figure 4F-G). Taken
together, these data indicated that FAT4 may partici-

pate in METTL14-mediated tumor inhibition in ocular
melanoma.

3.7 FAT4 acted as a tumor suppressor in
ocular melanoma

Although FAT4 serves as a conventional tumor suppressor
in many cancers [35–38], its function in ocular melanoma
remains enigmatic. We tested the expression of FAT4
in ocular melanoma samples and cell lines. Similar to
METTL14, FAT4 levelswere significantly decreased in clin-
ical samples of ocular melanoma (Figure 5A), which was
associated with a reduced recurrence rate (Figure 5B).
Importantly, FAT4 RNA and protein levels were also
decreased in ocular melanoma cell lines (Figure 5C-E). To
evaluate the role of FAT4 in METTL14-mediated tumor
suppression, we silenced FAT4 expression in METTL14-
overexpressed ocular melanoma cell lines (Figure 5F).
Interestingly, knockdown of FAT4 attenuated METTL14-
mediated tumor inhibition, including colony formation
ability (Figure 5G, Supplementary Figure S13A) andmetas-
tasis capacity (Figure 5H, Supplementary Figure S13B).
Similarly, in the orthotopic xenograft model, silencing

replicates were analyzed. (B) ChIP-qPCR assay of H3K27Ac status at theMETTL14 TSS region in ocular melanoma cells (92.1, OMM2.3, and
CRMM1) and normal control cells (PIG1 and ARPE-19) compared with IgG. Data are presented as the mean ± SD of triplicate experiments.
Significance was determined using unpaired two-tailed Student’s t-tests. (C) ChIP-qPCR assay of H3K27Ac status at theMETTL14 TSS region
in ocular melanoma cells (92.1 and CRMM1) after LBH589 exposure compared to the DMSO-treated group. Data are presented as the mean ±
SD of triplicate experiments. Significance was determined using unpaired two-tailed Student’s t-tests. (D) The IHC assay showed that
METTL14 in ocular melanoma and normal melanocyte samples. Representative images were shown. IHC scores of METTL14 in ocular
melanoma tissues (n = 56) and normal melanocyte tissues (n = 27) are presented as the median with interquartile range. Significance was
determined using unpaired Mann-Whitney nonparametric test. (E) Correlation analysis ofMETTL14 expression and functional states in
single-cell datasets from CancerSEA (GSE139829). Significance was determined using Pearson correlation analysis (filtered by correlation
strength < -0.1, P < 0.001). (F) Kaplan–Meier analysis of the correlation between IHC scores of METTL14 and recurrence-free rate in the
internal cohort (n = 56). Significance was determined by a two-sided log-rank test. (G) qPCR data showingMETTL14 expression in ocular
melanoma cells (92.1 and CRMM1) after DMSO or LBH589 exposure inMETTL14 knockdown or control groups, respectively. Data are
presented as the mean ± SD of triplicate experiments. Significance was determined using unpaired two-tailed Student’s t-tests. (H) Western
blotting of METTL14 relative to GAPDH in ocular melanoma cells (92.1 and CRMM1) after DMSO or LBH589 exposure inMETTL14
knockdown or control groups, respectively. The images are representative of experimental triplicates. (I) A colony formation assay was
performed to assess the growth of ocular melanoma cells (92.1 and CRMM1) upon DMSO or LBH589 treatment inMETTL14 knockdown or
control groups, respectively. The colony formation assay data are presented as the mean ± SD of triplicate experiments. Significance was
determined using unpaired two-tailed Student’s t-tests. (J) A transwell assay was performed to assess the cell migration ability of ocular
melanoma cells (92.1 and CRMM1) upon DMSO or LBH589 treatment inMETTL14 knockdown or control groups, respectively. Data are
presented as the mean ± SD of triplicate experiments. Significance was determined using unpaired two-tailed Student’s t-tests. (K) Images
acquired with an in vitro small animal imaging system showing bioluminescent signals in orthotopic xenografts derived from 92.1 cells upon
DMSO or LBH589 (100 nmol/L, 24 h) treatment inMETTL14 knockdown or control groups, respectively. Representative images of five
biological replicates are shown. Data are presented as the mean ± SEM. The overall and eyeball appearances exhibited tumor volumes in the
orthotopic xenografts. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: UM, uveal melanoma; CUT&Tag, Cleavage Under Targets and
Tagmentation; No., number; rep, replicate; METTL14, methyltransferase-like 14; IGV, Integrative Genomics Viewer; NC, normal control;
H3K27Ac, acetylation of histone 3 at lysine 27; ChIP, Chromatin immunoprecipitation; qPCR, quantitative real-time polymerase chain
reaction; TSS, transcriptional start site; EMT, epithelial-mesenchymal transition; SD, standard deviation; SEM, standard error of mean;
DMSO, dimethylsulfoxide; IHC, immunohistochemistry; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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14 ZHUANG et al.

F IGURE 4 FAT4 serves as the downstream candidate of METTL14. (A) Venn diagram identifying CRYBG3, FAT4, and SEMA3D as
downstream target candidates of METTL14. (B) Kaplan-Meier analysis showing the correlation betweenMETTL14 expression and overall
survival in TCGA-uveal melanoma patients stratified byMETTL14 expression levels. Statistical significance was determined using a two-sided
log-rank test. (C) Correlation analysis ofMETTL14 and FAT4 expression in the TCGA-uveal melanoma cohort. Significance was determined
using Pearson’s correlation analysis (R = 0.471, P < 0.001). (D) IGV tracks for FAT4 from RNA-seq data in the control and
METTL14-overexpressed ocular melanoma cell lines. Biological triplicates were analyzed. (E) IGV tracks for FAT4 from RNA-seq data in
control and LBH589-treated ocular melanoma cell lines. Biological triplicates were analyzed. (F) Real-time PCR (top) data showing FAT4
expression in ocular melanoma cells (92.1 and CRMM1) after DMSO or LBH589 treatment inMETTL14 knockdown group and control group,
respectively. Data are presented as the mean ± SD of triplicate experiments. Significance was determined using unpaired two-tailed Student’s
t-tests. Western blotting (bottom) of FAT4 relative to GAPDH in ocular melanoma cells (92.1 and CRMM1) after DMSO or LBH589 treatment
inMETTL14 knockdown group and control group, respectively. Representative images from three experimental replicates are shown. (G)
Real-time PCR (top) data showing FAT4 expression in control andMETTL14-overexpressed ocular melanoma cells (92.1 and CRMM1).
Western blotting (bottom) of FAT4 relative to GAPDH in control andMETTL14-overexpressed ocular melanoma cells (92.1 and CRMM1). Data
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ZHUANG et al. 15

of FAT4 counteracted METTL14 overexpression-induced
tumor inhibition (Figure 5I, Supplementary Figure S13C).
Taken together, these results indicate that FAT4 partici-
pates in the inhibitory network mediated by METTL14 in
ocular melanoma.

3.8 YTHDF1 recognition of m6A
modification enhanced RNA stability of
FAT4

Since METTL14 is responsible for “writing” m6A modifi-
cation, we next tested whether FAT4 expression was mod-
ulated by METTL14 in an m6A modification-dependent
manner. Congruent with the fact that METTL14 was
expressed at low levels in these cells, we found that FAT4
was hypomethylated in ocular melanoma cell lines using
miCLIP-seq (Figure 6A) andmeRIP-seq (Figure 6B).More-
over, using RIP, we found that FAT4 was significantly
hypo-m6A-methylated in ocular melanoma cells (Supple-
mentary Figure S14A). Importantly, exogenous METTL14
expression further increased them6Amethylation levels of
FAT4 (Supplementary Figure S14B). Taken together, these
data indicate that METTL14 is responsible for catalyzing
m6A methylation of FAT4mRNA.
As YTHDF family proteins are responsible for the recog-

nition of m6A methylation, which plays an important
role in determining their RNA fate [10, 39], we then
explored the function of these “readers” in FAT4 regula-
tion. Using RIP-PCR, we found that FAT4 mRNA specifi-
cally bound to YTHDF1 in both normal melanocytes and
METTL14-overexpressed ocular melanoma cells, while a
weak interaction signalwas observed between other reader
proteins (YTHDF2 and 3) and FAT4 mRNA (Figure 6C).
Consequently, silencing YTHDF1 significantly inhibited
FAT4 expression, whereas FAT4 expression remained
unchanged in YTHDF2/3-silenced cells (Figure 6D). Inter-
estingly, exogenous expression of METTL14 increased the
stability of FAT4 mRNA, which was associated with ele-
vated expression of FAT4 inMETTL14-overexpressed cells
(Figure 6E, purple). Moreover, silencing of YTHDF1 signif-
icantly impaired FAT4 RNA stability (Figure 6E, brown)
and abrogated METTL14-mediated function (Figure 6E,
green). Interestingly, a significant positive correlation was
observed between FAT4 and YTHDF1 (R = 0.359, P <

0.001) (Figure 6F). These findings indicated that YTHDF1
promotes FAT4 expression, which depends on METTL14-
mediated m6A modification (Figure 6G).

4 DISCUSSION

HDACis are the first epigenetic drugs used in cancer
treatment, making them the largest group of United
States Food and Drug Administration-approved epidrugs
[40, 41]. Although HDACis exhibit anti-cancer activity in
both in vitro and in vitro models of ocular melanoma,
the underlying mechanism remains to be fully eluci-
dated. For example, HDACis significantly inhibited the
proliferation and metastasis and promoted apoptosis of
ocular melanoma cells [42]. Moreover, HDAC inhibition
increased human leukocyte antigen class I expression in
uveal melanoma, demonstrating that HDACis potentially
influenced the outcome of immunotherapy [43]. Further-
more, HDACis selectively inhibited the Wnt/β-catenin
pathway and downregulated the percentage of aldehyde
dehydrogenase activity-positive cells, leading to a decrease
in cancer stemness [30]. In this study, we revealed that
METTL14 was a downstream factor involved in the anti-
cancer efficacy exhibited by LBH589 in ocular melanoma,
which indicated that m6A is dynamically regulated by
histone acetylation.
m6A methylation is the most prevalent mRNA modifi-

cation that occurs in almost every category of eukaryotes.
Aberrant m6A modifications were frequently identified in
many cancers, including melanoma [14], cervical cancer
[44], lung cancer [45], and colon cancer [46]. Notably, sev-
eral studies showed that m6A hypomethylation supported
melanoma tumorigenesis and progression, particularly in
metabolic reprogramming and resistance towards anti-PD-
1 blockade [20–23].
In this study, we identified that METTL14 was silenced

by hypo-histone-acetylation in ocular melanoma. Notably,
after silencing METTL14, the extent of HDACi-mediated
tumor inhibition was partially compromised, both in vitro
and in vitro. We found that METTL14-silenced cells were
more resistant to HDAC inhibition compared to con-
trol cells. This finding agreed with the tumor-suppressor
function of METTL14 and previously reported single-cell
analysis data [34, 47-49]. Also, this indicated that LBH589

are presented as the mean ± SD of triplicate experiments. Significance was determined using unpaired two-tailed Student’s t-tests. *P < 0.05,
**P < 0.01, ***P < 0.001. Abbreviations: HDACis, histone deacetylation inhibitors; m6A, N6-methyladenine; CRYBG3, crystallin beta-gamma
domain containing 3; SEMA3D, Semaphorin 3D; FAT4, FAT Tumor Suppressor Homolog 4; METTL14, methyltransferase-like 14; TCGA, The
Cancer Genome Atlas; IGV, Integrative Genomics Viewer; RNA-seq, RNA sequencing; rep, replicate; TSS, transcriptional start site; No.,
number; DMSO, dimethylsulfoxide; SD, standard deviation; NC, normal control; oe, overexpression; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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16 ZHUANG et al.

F IGURE 5 FAT4 acts as a tumor suppressor. (A) The IHC assay showed that FAT4 in ocular melanoma and normal melanocyte
samples. Representative images were shown. IHC scores of FAT4 in ocular melanoma tissues (n = 56) and normal melanocyte tissues (n = 27)
are presented as the median with interquartile range. Significance was determined using unpaired Mann-Whitney nonparametric test. (B)
Kaplan–Meier analysis of the correlation between IHC scores of FAT4 and recurrence-free rate in the internal cohort (n = 56). Significance
was determined by a two-sided log-rank test. (C) Real-time PCR data showing the expression levels of FAT4 in ocular melanoma cell lines and
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ZHUANG et al. 17

exerted its anticancer effect not only in anm6A-dependent
manner but also possibly by other downstream effectors.
In this study, we also found that the m6A methyla-

tion level was decreased in cutaneous melanoma cells
(A375 and SK28), but it was not increased following treat-
ment with LBH589. We speculated that m6A methylation
was not the downstream targets of HDACis in cuta-
neous melanoma. Previous studies revealed that HDACis
suppressed proliferation, apoptosis, and migration of cuta-
neous melanoma cells [50–52], suggesting that HDACis
prevented cutaneous melanoma progression independent
of m6A methylation. For example, HDACis disrupted
HDAC6-protein phosphatase 1 (PP1) complex to release
the active PP1 that dephosphorylated protein kinase
B and blocked its carcinogenic signaling in cutaneous
melanoma [53]. The HDACi ITF2357 targeted b-raf proto-
oncogene (BRAF) in melanoma cells, induced a switch
from autophagy to classic apoptosis, and reduced the via-
bility of BRAF-mutated melanoma cells [54]. The YTHDF
family, m6A reader proteins, recognize and bind to m6A-
modified genes to regulate their expression through mod-
ulating mRNA structure, mRNA splicing, mRNA stability,
mRNA export and translation efficiency [12, 55]. It was
known that YTHDF1 could improve translation by inter-
acting with ribosomes and translation-initiating factors
[56]. In our study, the results demonstrated that YTHDF1
recognized the m6A modification of FAT4 mRNA and
enhanced FAT4 mRNA stability, thus enhancing FAT4
expression. Notably, YTHDF1 may enhance expression of
target molecules through the promotion of the translation
capacity, which awaits further explorations.
FAT4 belongs to the FAT protein family, which was

first identified as a tumor suppressor in mammals. FAT4
exerted onco-suppressive roles in multiple malignant
tumors, including colorectal cancer [57], gastric cancer

[58] and esophageal squamous cell carcinoma [59] and
prevented various oncogenic events, involving EMT and
stemness promotion [54, 59]. For example, FAT4 medi-
ated the activity of phosphoinositide-3 kinase (PI3K)
to stimulate autophagy, suppressed EMT and inhibited
tumor progression in colorectal cancer [57]. FAT4 acti-
vation triggered Hippo signaling and constrained yes-
associated protein nuclear translocation to arrest cell
cycle, suppressed cell proliferation, prevented stemness
and promoted senescence in lung cancer [54]. In this
study, we revealed that the METTL14/FAT4 signaling
cascade was important for tumor suppression in ocular
melanoma. Generally, HDACis partially restored the his-
tone acetylation level of METTL14 and thereby induced
FAT4-mediated tumor-suppressive signaling pathways in
ocular melanoma (Figure 7). Therefore, a “targeted m6A
reprogramming strategy” provided an avenue to explore
epigenome dynamics during tumorigenesis.
The limitations of this study were as follows. Firstly, in

our study, the HDACi/METTL14/FAT4 signaling cascade
was established based on immortal cell lines, which awaits
further validation by using primary ocular melanoma
cells. Secondly, the intraocular xenograft model was con-
structed using ocular melanoma cell lines, which may
be different from clinical patient samples. Thirdly, some
data were validated using clinical samples, but the cohort
size was small, and there was no match between the
tumor group and the normal control group. Lastly, this
study found that HDACi up-regulated the m6A modifi-
cation level of FAT4 by activating METTL14, promoted
the expression of FAT4 and inhibited the growth of ocu-
lar melanoma, but other possible downstream effector
molecules of HDACi were not explored. The above prob-
lems can be further explored and solved in the follow-up
study.

retinal pigment epithelial cells, relative to normal melanocytes. Data are presented as the mean± SD of triplicate experiments. Significance
was determined using unpaired two-tailed Student’s t-tests. (D) Western blotting of FAT4 relative to GAPDH in ocular melanoma cells, retinal
pigment epithelial cells, and normal melanocytes. The images are representative of experimental triplicates. (E) Integrative Genomics Viewer
tracks showing the expression levels of FAT4 from RNA-seq data in ocular melanoma cells and normal melanocytes. The biological triplicates
were analyzed. (F) Western blotting of FAT4 relative to GAPDH in control orMETTL14-overexpressed ocular melanoma cells (92.1 and
CRMM1) upon FAT4 knockdown or not. The images are representative of experimental triplicates. (G) A colony formation assay was
performed to assess the growth of control orMETTL14-overexpressed ocular melanoma cells (92.1 and CRMM1) upon FAT4 knockdown. Data
are presented as the mean ± SD of triplicate experiments. Significance was determined using unpaired two-tailed Student’s t-tests. (H) A
transwell assay was performed to assess the cell migration ability of control orMETTL14-overexpressed ocular melanoma cells (92.1 and
CRMM1) upon FAT4 knockdown. Data are presented as the mean ± SD of triplicate experiments. Significance was determined using unpaired
two-tailed Student’s t-tests. (I) Representative images from five biological replicates showing the bioluminescent signals (top) and eyeball
appearances (bottom) of orthotopic xenografts derived from control orMETTL14-overexpressed ocular melanoma cells (92.1 and CRMM1)
upon FAT4 knockdown. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: FAT4, FAT Tumor
Suppressor Homolog 4; IHC, immunohistochemistry; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SD, standard deviation;
RNA-seq, RNA sequencing; rep, replicate; TSS, transcriptional start site; No., number; METTL14, methyltransferase-like 14; NC, normal
control; oe, overexpression; SEM, standard error of mean.
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18 ZHUANG et al.

F IGURE 6 The YTHDF1 recognition of FAT4 m6A modification enhances RNA stability. (A-B) Integrative Genomics Viewer tracks
showing m6A status at FAT4 from miCLIP-seq (A) and meRIP-seq (B) data in ocular melanoma cells and normal melanocytes. (C) RIP-qPCR
assay of YTHDF1, YTHDF2, and YTHDF3 status in the transcripts ofMETTL14 in ocular melanoma cells (92.1) and normal melanocytes
(PIG1). Data are presented as the mean ± SD of triplicate experiments. (D) Western blotting of FAT4, YTHDF1, YTHDF2, and YTHDF3
relative to GAPDH in control or YTHDF1/2/3 knockdown ocular melanoma cells (92.1) and normal melanocytes (PIG1). (E) Lifetime FAT4
mRNA levels in control orMETTL14-overexpressed ocular melanoma cells upon YTHDF1 silencing. (F) Correlation analysis of FAT4
expression and YTHDF1 expression in TCGA-uveal melanoma cohort. Statistical significance was determined using Pearson’s correlation
analysis (R = 0.359, P < 0.01). (G) Schematic diagram of the regulatory mechanism by which METTL14 functions as a tumor suppressor in
ocular melanoma. METTL14 deposits m6A modifications in FAT4 transcripts YTHDF1 recognizes m6A modification sites in FAT4mRNA and
enhances its stability, which facilitates the expression of FAT4 protein. *P < 0.05, **P < 0.01. Abbreviations: FAT4, FAT Tumor Suppressor
Homolog 4; rep, replicate; m6A, N6-methyladenine; meRIP-seq, methylated RNA immunoprecipitation sequencing; miCLIP-seq, m6A
individual-nucleotide-resolution cross-linking and immunoprecipitation; No. number; RIP, RNA-binding protein immunoprecipitation;
qPCR, quantitative real-time polymerase chain reaction; YTHDF1, YTH N6-methyladenosine RNA binding protein 1; YTHDF2, YTH
N6-methyladenosine RNA binding protein 2; YTHDF3, YTH N6-methyladenosine RNA binding protein 3; METTL14, methyltransferase-like
14; NC, normal control; oe, overexpression; SD, standard deviation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TCGA, The Cancer
Genome Atlas.
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ZHUANG et al. 19

F IGURE 7 Schematic diagram depicting that HDAC inhibitors exert anti-cancer effects by HDAC/METTL14/FAT4 axis in ocular
melanoma. In normal melanocytes, histone acetylation (H3K9Ac and H3K27Ac) at the transcription start site maintains the transcription of
METTL14. Aberrant hypoacetylation “locks” the expression ofMETTL14, which contributes to the tumorigenesis of uveal melanoma. Target
correction by the pan-HDAC inhibitor, LBH589, which acts as an “unlocking key” to restore the acetylation levels of histone H3 at the
transcription start site ofMETTL14, exerts a potent anti-tumor effect. Abbreviations: H3, histone 3; H3K9Ac, acetylation of histone 3 at lysine
9; H3K27Ac, acetylation of histone 3 at lysine 27; HDAC, histone deacetylase; HDACi, histone deacetylase inhibitor; METTL14,
methyltransferase-like 14; FAT4, FAT Tumor Suppressor Homolog 4.

5 CONCLUSIONS

Taken together, our study revealed that histone acetylation
was an important regulator of the m6A methylation land-
scape in ocular melanoma. LBH589 inhibited HDACs and
activated histone acetylation of METTL14, which subse-
quently mediated m6A modification in tumorigenesis. In

addition, METTL14 served as a tumor suppressor by pro-
moting the expression of FAT4, a tumor suppressor, in an
m6A-YTHDF1-dependent manner. These results revealed
the mechanism by which the HDACi LBH589 inhibited
cancer progression via reprogramming m6A methylation,
unveiling a novel histone-RNA crosstalk epigenetic mech-
anism in the oncogenesis of ocular melanoma.
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